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Babyn et al.

Abstract. Consideration of the role of green spaces in urban landscaping is extremely important, as
they not only decorate the urban landscape, but also effectively reduce air pollution, regulate the
microclimate and play an important role in improving the ecology and quality of life of residents.
The purpose of the study was to determine the influence of urban environmental factors on the
development and secondary metabolism of plants of the genus Cercis L. Plants growing in Kyiv
(Ukraine) under conditions with different air humidity, anthropogenic load, and excess or lack
of insolation were selected for the study. Plant growth processes were studied by morphometric
parameters of annual shoots of Cercis siliquastrum ‘Alba’ and Cercis canadensis L. growing under
different conditions. Morphometric methods, fluorescence microscopy, high-performance thin-
layer chromatography and regression analysis were used in the study. The research data show that
insufficient sunlight has a negative impact on shoot growth. The specificity of the phenolic profiles
that can be used to distinguish between the species Cercis canadensis L. and Cercis siliquastrum
‘Alba’ was established. The principal component analysis confirmed that phenolic profiles depend
on habitat conditions and affect plant growth and development. The Gaussian model was used
to analyse the growth dynamics of annual shoots during the growing season, which allowed us
to describe the specifics of internode formation during the growing season quite accurately. This
model allowed us to detect the phenomenon of the last internodes falling off at the end of the
growing season, which caused the deviation of the morphometric parameters of metameres from
the normal distribution along the time axis. Anatomical studies confirmed that the separation of
one or more of the last internodes was due to active corking of the internal tissues of the stem,
blocking of the xylem and formation of a separating layer, which led to the fall of the shoot tip. This
phenomenon shows signs of plant adaptation to low temperatures in winter. The tops of the shoots
often do not have time to lignify and accumulate the required amount of cryoprotectants. With the
formation of a separating layer, the available energy resources are redistributed to the lateral buds,
which receive the necessary resources to prepare for the winter period and provide new growth in
the next growing season. The adaptive potential of the two species of the genus Cercis L. confirms
the prospects of their use in urban ecosystems, which can positively affect the conservation of
biodiversity in general

Keywords: Judas-tree; environmental factors; green spaces; flavonoids; adaptation

Introduction

Green spaces in the urban greening system play
a crucial role in the landscape and architectur-

of plants for urban landscaping in accordance
with their environmental characteristics.

al, sanitary and hygienic, utilitarian and deco-
rative, and other aspects of urban autecological
relations. In particular, all green spaces reduce
the level of gas and dust pollution, improve the
microclimate by reducing the ambient temper-
ature and increasing humidity, but different
species cope with these tasks in different ways,
so the question arises of the correct selection

Due to climate change and a significant in-
crease in anthropogenic impact, it is necessary
to expand the range of planting materials when
creating urban plantings. As noted by N. Sey-
idoglu Akdeniz (2020), the use of plants of
the genus Cercis L. for urban landscaping with
white, pink, and purple colours gives a sense
of calm, continuity and vitality, which, in turn,

Vol. 15, No. 1, 2024
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plays an important role in the recreation of ur-
ban populations.

Results of the study by N. Nuzhyna et
al. (2022) on determining plant drought resist-
ance, based on the indicators of leaf water con-
tent and moisture loss per unit time, indicate
that Cercis canadensis L. is quite drought-resist-
ant. The paper reveals new aspects of plant ad-
aptation to changing environmental conditions,
and considers strategies for plant survival in a
rapidly changing climate. According to A. Ne-
jad et al. (2018), lead exposure at a dose of 30 mg/1
had a negative effect on the development of C.
siliquastrum L.: the area of the leaf blade, the
length of shoots, and the water content in the
leaves decreased. However, this effect was offset
by the use of nitrates (100 mg/1). These results
indicate the importance of studying plant inter-
actions with toxic metals and possible measures
to reduce their exposure. According to F. Vigno-
li et al. (2021), the use of lawns alone reduces
the temperature of the asphalt surface by 0.5°C,
and in combination with trees and shrubs - by
about 0.9°C, which reduces the negative impact
of “heat islands” in the urban environment. In
addition, such an ecosystem approach to the
arrangement of lawns, trees and shrubs contrib-
utes to improving air quality and the overall ur-
ban climate. Green spaces help absorb water and
reduce the risk of flooding, helping to create a
more sustainable and environmentally balanced
environment. These positive properties of green
spaces confirm the importance of their imple-
mentation for achieving sustainable develop-
ment and improving the quality of life in cities.

Moreover, according to H. Bahri (2021),
concentration of flavonoids in flowers of Cer-
cis siliquastrum L. decreases as they develop,
and the content of terpenes, on the contrary,
increases, which may indicate changes in sec-
ondary metabolism depending on the phase of
plant development. These detected changes in
the chemical composition of flowers of Cercis

siliquastrum L., in particular, reduction in the
concentration of flavonoids and increase in the
content of terpenes may also be of practical im-
portance in the context of using these plants
in landscape design or urban landscaping,
based on their characteristics and adaptive prop-
erties. Given that changes in secondary metabo-
lism may be associated with growth and develop-
ment phases, further study of these mechanisms
may help develop strategies to optimise growing
conditions of Cercis siliquastrum L. to increase
the biological activity and stability of these
plants in various environmental conditions.

The study by A. Delbari et al. (2019) on the
absorption of cadmium and lead by the roots of
two plant species of the genus Cercis L. helped
to identify the difference between them in re-
sistance to soil contamination with toxic met-
als. It is evident that Cercis siliquastrum L. ex-
hibit various reactions to the presence of these
toxic metals, which may be of practical impor-
tance for their use in phytoextraction or phy-
tostabilisation programmes of contaminated
soils. Consideration of these interactions can
be important for sustainable management of
the urban environment and the effective use of
plants in phytoremediation processes.

The purpose of the study is to investigate
the bioecological features of plants of the genus
Cercis L. and the correlation between morpho-
metric and biochemical parameters.

Materials and Methods

The research was conducted between January
2023 and September 2023.

Conditions for the growth of research objects.
The selected research objects were located in
Kyiv, in particular, in the Shevchenkivskyi dis-
trict (Fig. 1). The city’s climate is moderately
continental, with mild winters and rather hot
summers. The average temperature in July and
January was +22°C and -2.8°C, respectively
(Osadchyy et al., 2013).

Vol. 15, No. 1, 2024
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Figure 1. Layout of Cercis L. plantations in Kyiv
Source: compiled by the authors

The habitats of all plants can be condi-
tionally divided according to the influence of
external factors, such as air pollution, solar in-
solation, and soil salinity. For example, plants
growing in the O.V. Fomin Botanical Garden
were exposed to an average level of insolation
(the amount of direct sunlight is about 6 hours
per day) and air pollution, and the absence of
soil salinity. Trees growing near the Beresteyska
metro station had a high level of insolation (di-
rect sunlight for about 10 hours a day) and were
exposed to high levels of air pollution because
they were located on the southern border of
the Nyvky park. The plants growing on Tabirna
Street were in shady conditions (the amount of
direct sunlight was about 3 hours per day). The
level of salinity was determined conditionally,
depending on the distance of plants from pe-
destrian paths or highways. In particular, the
plants growing in the park on Kirponos Street
were characterised by a high level of insolation
and soil salinity, as the plants grew in close
proximity to the roadway and pedestrian path.

During the survey of plants of the genus
Cercis L., their condition was evaluated on a
5-point scale for assessing the condition of
woody plants in outdoor plantings according to
the method (Kuznetsov et al., 2000):

% 5 points (trees without suppressed
growth, with a full leaf surface);

% 4 points (trees with growth that gener-
ally correspond to the norm and with approxi-
mately 20-25% of the inactive surface);

% 3 points (trees with weakened growth,
which have about 50% of the inactive leaf sur-
face);

% 2 points (trees with suppressed growth,
the growth rate of current growth is almost
nonexistent, have about 75-80% of the inactive
leaf surface);

% 1 point (dead and drying, without cur-
rent growth of trees with 100% inactive leaf
surface).

Morphometric method. The analysis of
morphometric parameters of shoots was car-
ried out to assess the features of plant growth
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processes depending on the growing condi-
tions. Sampling was carried out in 5 localities.
A total of 15 plants were used in the experi-
ment. The length and diameter of internodes
of annual shoots of 14 C. canadensis L. plants
and shoots of 1 C. siliquastrum ‘Alba’ plant
(n=75) were measured.

Secondary metabolite profiling method. The
separation of substances was performed by
high-performance thin-layer chromatography
(HPTLC) on Silicagel G 60 (Merck) plates in a
solvent system: ethyl acetate-formic acid-ace-
tic acid-water (v/v/v/v — 100:11:11:25). The re-
sulting chromatograms were treated with 0.5%
NP reagent in ethyl acetate, followed by treat-
ment with 1.0% PEG (polyethylene glycol) 400
and heating at 90°C for 1 min. Flavonoids and
other polyphenols on the chromatogram were
detected in ultraviolet light (A max =365 Nm).
The Rf (retention index) values of individual
compounds were determined photodensito-
metrically using the Sorbfil TLC Videodensi-
tometer computer programme.

Autofluorescence of shoot tissues was
studied on an inverted microscope using a mul-
tichannel fluorescent imaging system (EVOS FL
System, ThermoFisher Scientific, USA).

Method of statistical data processing. The
measurement results are presented as the av-
erage value * standard error (x*SE). The signif-
icance of the difference (p<0.05) between the
obtained data was determined by variance anal-
ysis (one-way ANOVA) using Tukey’s post-hoc
test in the XLSTAT software suite (Addinsoft
Inc., USA, 2010). Principal component analysis
(PCA) and cluster analysis were performed in the
XLSTAT software suite. Sigma Plot 12.0 (Systat
Software, Inc.) was used for regression analysis.

Object of study — the object of study is the
external state of plants C. canadensis L. and
C. siliquastrum ‘Alba’ and their sensitivity to ur-
ban environmental factors. The study was con-
ducted in compliance with the Convention on
Biological Diversity (1992) and the Convention

on the Trade in Endangered Species of Wild
Fauna and Flora (1973).

Annual shoots were collected from plants
growing within the city of Kyiv. Sample prepa-
ration included cleaning of dirt and removal of
unnecessary plant residues, followed by deter-
mining metric parameters (internode length
and diameter). The parameters were measured
using a caliper and the results were recorded in
Microsoft Excel, followed by analysis of the data.

Results

Cercis canadensis L.— a tree up to 18 m high, with
a spreading crown and a black and grey crust,
sometimes it is a large shrub, which makes it
attractive and versatile in terms of use in land-
scape compositions (Fedorovskyi et al., 2013).
Young shoots are reddish-brown. The leaves
are cordate and rounded, 6-12 cm wide. Like the
European species, it blooms before the leaves
open in May. Flowers are pink to purple in col-
our, 1.0-1.2 cm long, in bunches on branches or
on trunks (cauliflory — development of flowers
from dormant buds on the trunk), very decora-
tive (Domshyna & Shcherbak, 2015). Its natural
habitat is North America. It most often grows
on rich soils in lowlands and near marshes, and
is moisture-loving. It is found in undergrowth,
in valleys on the edges, in sparse forests. In the
conditions of Kyiv, it regularly flowers and bears
fruit (Kalinichenko, 2003; Zayachuk, 2014)

The general condition of the plantings
varies: the condition of the plantings growing
near the Beresteyska metro station was ap-
proximately 35 years old and rated at 4 points
(dry branches, trunk damage or stunted de-
velopment); trees growing on Tabirna Street
were approximately 15-20 years old and rated
at 3 points; the condition of plantings growing
on Kirponos Street and the territory of the In-
stitute of Horticulture of the NAAS of Ukraine
was approximately 15-25 years old and rated
at 4-5 points. The condition of C. canadensis
L. and C. siliquastrum ‘Alba’ growing on the
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territory of O.V. Fomin Botanical Garden is rat-  old and 20 years old, respectively (Fig. 2). De-
ed as “good” - there is a small number of dry tailed evaluation information for each tree is
branches and the trees are about 40-45 years  provided in Table 1.

Figure 2. General view of plantings of Cercis canadensis L.
Note: a — group of plants near the Beresteyska metro station; b — a plant on Tabirna Street; c — group of plants
on Kirponos Street; d — cauliflory phenomenon
Source: photo by the authors

Table 1. Condition and location coordinates of the plants under study

No.| Coordinates Code Plant condition Location 'I‘ype. of
assessment plantings
50.3831696 . . % . .
1 30.5027045 S1 4 0.V. Fomin Botanical Garden*| Single planting
50.3831696 . .
2 30.5027045 S7 4 O.V. Fomin Botanical Garden Group
50.351953 Institute of Horticulture of . .
3 30.442145 S8 5 NAASU Single planting
4 S9 3
5 S2 4
6 50.459376 S10 4
7 30'. 41985 8, S3 4 Beresteiska metro station Group
8 S4 4
9 S5 4
10 S11 2
11 50.459444 S13 3 Tabirna Street Single planting
12 30.421137 S14 3 Tabirna Street Single planting
15 50.3831696 515 >
14 30.5027045 S12 3 Kirponos Street Group
15 S6 4
Note: *Cercis siliquastrum ‘Alba’; NAASU - National Academy of Agrarian Sciences of Ukraine
Source: compiled by the authors
The dynamics of shoot development and (_O N ((x—x°)>z>
growth during the growing season is quite ac- f=a-exp\ P (1)
curately described by the Gaussian function,
which under ideal conditions is bell-shaped As can be seen from the regression models
with a peak in the centre or close to it: below (Fig. 3), the peaks of the curves are shifted
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to the right, which may indicate that the plants
do not have enough sum of active temperatures
to complete the processes of lignification of
shoots and a full transition to winter. In addition,

during the observation of plants during the grow-
ing season, it was found that Cercis canaden-
sis L. is characterised by the separation and
falling of one or more of the last internodes.
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Figure 3. Dynamics of changes in the length of internodes
of annual shoots during the growing season

Source: developed based on the authors’ research
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A decrease in the approximation coeffi-
cients of the Gaussian model describing the dy-
namics of changes in the length of internodes is
associated with a shift of the maximum growth

Table 2. Morphometric parameters of plants Cercis L. (x+SE, n=5)

peak to the right in the time coordinate. Indi-
cators of the length and diameter of internodes
of annual shoots and their ratio, depending on
the place of plant growth, are shown in Table 2.

5% “ég . Internode length (1), cm Diameter (d), cm I/d _5
5 fi% i
8% B¢ 1 3 5 1 3 5 1 3 s | 2%
won | o | S e e em am en s s wm
v | o | 36 2 am om lam on en e e
oo se | 28 Ln e amen s m wn
oo | s anm omam e e e,
wow| G I s e om en s mews
BSI | 66 | g | 4as | +00 | %0016 | 20018 | 200 | 4008 | +295 | 00 | 2054
BS1) | 68 | 431 | was | =00 | 20031 | 20031 | 00 | %019 | s6 | 00 | 253
CO19| T | oo | sot6 | %00 | 0009 | %0013 | ‘00 | %02 | 14 | 00 | 156
com| o | 2 aeamw onan e me
con | | b 3 3 o lem en T m me
woo | A amom aman am wm o,
o | oa | 58 35 L memem e em g
o | e | b 35 4w len omaw un e,

Note: A — Beresteyska metro station; B — Tabirna Street; C — Kirponos Square, D — Institute of Horticulture of
NAAS of Ukraine; E - O.V. Fomin Botanical Garden (E1 - Cercis siliquastrum ‘Alba’; E2 — Cercis canadensis L.);
where “17,“3”, “5” — first, middle, and last internodes
Source: compiled by the authors

Table 2 shows an inverse relationship be-
tween the length of the internode and its diam-
eter. For plants growing in conditions of shad-
ing or high humidity, this ratio increases, which
is generally typical for plants that usually grow

in lighted areas. It was also found that in Cer-
cis L. plants, probably due to the insufficient
amount of the sum of active temperatures, the
process of development of a separate cell layer
begins, which blocks the transport system and
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the supply of nutrients to the top of the shoot
(Fig. 4). This process was more active in plants

in sunny areas, possibly due to the more inten-
sive growth of annual shoots.

Figure 4. Process of separation of the last internodes on the tops of shoots of Cercis canadensis L.

Note: a — upper internode separation zone
Source: developed by the author

In the places of “scarring”, and living parts
of the internode and those that began to die,
the development of a layer of cells similar to
the periderm was observed. The overgrown
periderm thickens in the area of the conductive
bundles, which leads to a blockage of nutrient

supply to the shoot apex. As a consequence of
this process, the last internodes die off. Hy-
pothetically, this process is genetically deter-
mined and is aimed at protecting the apical
meristem during the dormant period of plants
in winter (Fig. 5).

Figure 5. Autofluorescence of annual shoot node tissues

in the zone of separating layer formation (radial section)
Note: a — cortex; b — phloem; ¢ — xylem; d — core parenchyma; e — separation layer; Ap — apical part; Bs — basal
part; DAPI (Aexc=357/44 nm; Aem=447/60 nm); GFP (Aexc=482/25 nm; Aem=524/24 nm)

Source: developed based on the authors’ research
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Biochemical profiling of secondary me-
tabolites of periderm and bark of annual
plant shoots of Cercis canadensis L. iden-
tified 15 substances that, according to Rf
indicators and the specifics of autofluores-
cence in ultraviolet (UV) (A=365 Nm), belong
to phenol carboxylic acids, their conjugants
and flavonoids. Based on the results of clus-
ter analysis, according to the characteristics
of phytochemical profiles, 3 main groups of
plants were identified. For plants that have
developed the first cluster, it is characteristic
that they grow in sunny areas without signs
of shading, but there are no substances with
Rf~0.69 and Rf~0.77. Plants that are combined
according to the biochemical profile in the

second cluster are characterised by the pres-
ence of flavonoids with Rf~0.69 and Rf~0.77.
Externally, these plants have no signs of
growth suppression, without much damage to
the trunk or tree as a whole. 3 out of 5 plants
grow in a group planting, other plants also
grow in a sunny area, and their age is in the
range of 25-35 years. In addition, the plant
under the code S5 is characterised by a fairly
high concentration of the substance Rf~0.69
and Rf~0.77. This plant developed chloro-
phyll-deficient leaves during the growing
season. There may be a certain relationship
between the increased concentration of sub-
stances and depigmentation of the leaf plate,
which requires additional research (Fig. 6).

|

Figure 6. Chlorophyll-deficient (a) and normal (b) leaf

Source: developed by the authors

The third cluster was divided into 2 sub-
clusters. In one of them, a substance with an
Rf of~ 0.39 was found, which was not present
in any sample of the bark and periderm of
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Figure 7. Results of cluster (AHC) (a) and biplot principal component analysis (PCA) (b)

Source: developed by the authors
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These plants grow in shaded conditions
and in drafts. Given a direct relationship be-
tween the lighting mode and the synthesis of
phenols, phenolic compounds play an impor-
tant role in protecting plants from ultraviolet
radiation. And the synthesis centres of some of
these substances are partially connected with
chloroplasts. This explains the reduced concen-
tration of substances in the periderm and bark
of plants of this subclaster.

Based on the results of biplot analysis based
on principal components (PCA), it was found
that the total variance for the main components
F1 and F2 is 44.68% (Fig. 7). According to the
first main component, substances with a signif-
icant contribution to the total dispersion of Rf~
0.97; 0.37 and Rf~ 0.93; 0.27 are distinguished.

Discussion

According to X.-C. Li et al. (2021), the centre
of origin and further distribution of the genus
Cercis L. are sub-tropical climate zones and
southern warm temperate climates in Asia,
southern Europe, and the southwestern United
States. And the Paleogene fossils from Eurasia
and North America indicate a long history of
the genus. Cercis L. in the middle and low lati-
tudes of the Northern Hemisphere. The modern
natural range of the genus is part of the Hol-
arctic realm, some areas of which are separated
by The Atlantic and Pacific oceans, but as noted
by L. Koldar et al. (2001), the similarity of spe-
cies growing in North America and Southern
Europe is explained by the fact that the flora of
these territories has common features, which
are due to the fact of the existence of Laura-
sia — the continent that united North America
and Eurasia. In particular, this is the basis for
the study by C. Davis et al. (2002), arguing that
Cercis canadensis L. from the eastern part of
North America is more closely related to Cercis
siliquastrum L., which grows in the western part
of Europe. The similarity of plants within the

same genus is often confirmed by biochemical
studies. This is due to the fact that the synthe-
sis of secondary metabolites plays an important
role in adaptation processes. The author of this
study found similarities in the phenolic profiles
of plants that grew in different parts of Kyiv. It
is assumed that the similarity of phytochemical
profiles is due not only to growing conditions
and environmental factors, but also to genetic
similarity. In addition to this, it is revealed that
the process of separation of the last internodes
is inherent not only for Cercis canadensis, but
also for Cercis siliquastrum ‘Alba’.

Flavonoids have a direct or indirect effect
on plant nutrition and growth (Likhanov et
al., 2023). According to S. Hassan et al. (2012),
flavonoids, depending on their structure, cause
positive chemotaxis of rhizobia, are able to
suppress root pathogens, chelate soil nutrients,
etc. Under the conditions of pathological pro-
cesses with the development of lifetime wood
defects, the composition of flavonoids chang-
es (Likhanov et al., 2019). In particular, it was
found that plants that grew under stressful
conditions (shading, drafts, soil salinisation,
etc.) had less saturated phytochemical profiles.
During the studies, it was found that plants
that grew in sunny areas have flavonoids with
Rf~0.69 and Rf~0.77. According to A. Saman-
ta et al. (2011), flavonoids protect plants from
various biotic and abiotic stresses and can act
as a unique UV filter, function as signalling
molecules, allelopathic or antimicrobial pro-
tective compounds. In particular, as noted by
A. Rehman et al. (2023), plant heat resistance
depends on a complex interaction of various
factors, including activation of heat stress re-
sponses, signalling pathways, and plant hor-
mone biosynthesis. This intricate network of
mechanisms leads to the production of several
secondary metabolites that play a crucial role
in improving plants’ ability to cope with high
temperature stress. E. Kog et al. (2023) indicate
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that an increase in the content of secondary
metabolites in the plant may indicate a close
relationship between secondary metabolites
and tolerance to biotic and abiotic factors. J.
Al-Khayri et al. (2023) confirm that due to the
action of secondary metabolites, plants can
synthesise natural insecticides-repellents.
Given that secondary metabolites perform a
variety of functions, including mediating in-
teractions between organisms, responding to
environmental factors, and protecting plants
from infections, pests, and herbivores. Simi-
larly, plant microbiomes are directly or indi-
rectly involved in many of the above process-
es, controlling plant metabolism. In particular,
J. Herlina et al. (2022) concluded that plants
can influence their microbiome by releasing
various compounds, and also found that the
microbiome can influence the host plant’s me-
tabolome. In addition to the protective func-
tion, flavonoids can be considered as unique
indicators of plant condition, with the deter-
mination of growing conditions. According to
the study by A. Salatino et al. (2000), the pres-
ence of kaempferol glycosides is characteristic
of taxa Cercis L. from sufficiently moistened
regions, while plants from arid growing con-
ditions do not have them. According to E. Ew-
ais (1997), various plant species are resistant
to excessive heavy metal content in the soil.
The researcher suggests that an integral indi-
cator of the toxic effect of metals on plants is
the inhibition of their growth and a decrease
in vegetative mass. In addition, plants grow-
ing near roadways are exposed to increased
negative effects of urban environmental fac-
tors. In these studies, Cercis canadensis trees
growing directly near the roadway had a more
depressed state than other specimens in group
plantings. In the phytochemical profile of this
plant, a substance (Rf~0.39) was found, the
presence of which can be a marker of plant
stress on the action of negative factors.

At the same time, under the conditions
of optimising the care of plants, carrying out
additional measures, creating lawns, they can
improve the ecological state of the urban en-
vironment, in particular, reduce the tempera-
ture and increase humidity, retain small dust
particles, etc. As noted by V. Shlapak (2006),
plants of the genus Cercis L., although require
optimal humidity, they are better able to toler-
ate a lack of moisture than an overabundance
of it, since, according to the researcher, when
the soil moisture is 80%, plant development is
suppressed, which eventually leads to death.
Plants growing in urban environments suffer
not only from insufficient amounts of micro-
and macronutrients, but also from the negative
effects of heavy metals, which accumulate due
to their absorption through the root system or
leaves. Different plant species are resistant to
excessive heavy metal content in the soil. An
integral indicator of the toxic effect of metals
on plants is the suppression of their growth and
a decrease in vegetative mass.

L. Koldar et al. (2022) give an example that
due to the dense crown and rather large leaf
blade, plants of this genus can retain small par-
ticles of dust and heavy metals. According to
L. Hakimi et al. (2015), Cercis L. can be an indi-
cator of the presence of heavy metals in the soil,
in particular cadmium, due to the plant’s ability
to accumulate it in the leaves. Based on the re-
search data, it can be assumed that due to the
high drought resistance, dense crown, and large
leaves of the plant of the genus Cercis L., they
are able to create large shady spaces, which will
increase the level of comfort for urban residents.

Conclusions

A number of patterns were observed. In particu-
lar, when measuring the length and diameter,
it was found that in plants that grew in shaded
areas, the last internodes had signs of freezing.
As a result of the conducted studies, the inverse
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relationship between the diameter of inter-
nodes and their length was established. Dur-
ing the observation, the effect of total death of
the last internodes at the top of annual shoots
was revealed. Phenolic profiles of experimental
plants showed that the accumulation of second-
ary metabolites depends on environmental con-
ditions, humidity, and the level of solar insola-
tion. It was also experimentally confirmed that
plants within the genus can be distinguished
based on the variability of phenolic profiles.

Plants of the genus Cercis L. have fully
adapted to the climatic and urban conditions of
growth. It is possible that this is facilitated by
the phenomenon of death of one or more upper
internodes, as an adaptation to possible freez-
ing of the ends of shoots. Based on anatomical
and histological studies, it was found that in
the shoots, at the points of separation, the con-
ductive bundles are blocked due to the develop-
ment of the periderm. Because of this, the sup-
ply of nutrients to the last 2-3 internodes stops.
It is established that the profiles of phenolic
compounds that accumulate in the periderm
directly depend on the place of growth and the
general condition of the plant, in particular, the
accumulation of phenolic compounds occurs
more intensively in plants growing in sunny
areas. The relationship between the growth of
shoots and the accumulation of secondary me-
tabolites in them, as a reaction to plant growth
conditions, is also given.

Lower saturation of phytochemical profiles
and concentrations of individual compounds is

characteristic of young plants and those with
signs of suppressed growth in shaded areas.
Plants of the genus Cercis L. require a high lev-
el of insolation. Perhaps this is due to the fact
that the natural range of the genus is formed in
territories with a Mediterranean and mild At-
lantic climate. Thus, when landscaping urban
areas, it is critical for plants of this genus to se-
lect habitat conditions that correspond to the
plants’ needs for high levels of insolation and
sensitivity to drafts. In general, these species
are resistant to air and soil pollution by heavy
metals and can be recommended for urban
landscaping.

Further research could include analysis of
the variability of responses to different types of
pollution in the urban environment and con-
sideration of interactions between different
elements of the urban landscape and plants.
Understanding these aspects can help develop
effective urban green space management strat-
egies aimed at preserving biodiversity and im-
proving the quality of the urban environment.
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Brums ¢akTopiB MicbKOro cepemoBuiia Ha MmopgomeTpuuHi
MOKa3HMKY Ta HAKOIIMYEHHS BTOPMHHMX METa00JIiTiB y maroHax
Cercis canadensis L. Ta Cercis siliquastrum ‘Alba’
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AHoranis. BpaxyBaHHSI poji 3eleHMX HacaakeHb Y MiCbKOMY O3e/leHeHHI HaA3BUYaiiHO
aKkTyaJibHe, OCKiIbKY BOHM He JIMIIIe TPUKPANIa0Th MiCbKUii TaHAIadT, a i eeKTMBHO 3MEHIIYIOTh
3a6pyIHEHHS TOBITPSI, PETy/IIOI0Th MiKPOKJIIMAaT Ta BigirpaloTh BaKIMBY POJb Y IMOKpallleHHi
€KOJIOTii Ta IKOCTi KUTTSI MeIIKaHIIiB. MeTOo10 JOC/iiskeHHsT 6y/10 BCTAHOBJIEHHS BIUIMBY YMHHUKIB
MiChKOTO CEpeIOBUINA Ha PO3BUTOK i BTOPMHHMI MeTabosi3m pociuH poxy Cercis L. [y fOCTi ke Hb
6y710 06paHO POCIMHH, SIKi 3pocTaloTh y MicTi KuiB (YkpaiHa) B yMoBax pi3HOi BOJIOTOCTi MOBITpA,
aHTPOIIOTeHHMM HaBaHTaKeHHSIM, HaJJIMITKOM ab0 HecTauero iHcosslii. ITpoiecu poctTy pocine
BUBYAJIM 38 MOPPOMETPUUHMMM TTOKA3HUKAMM OJHOpiuHMX naroHiB Cercis siliquastrum ‘Alba’ Ta
Cercis canadensis L., 110 3pOCTalOTh 3a Pi3HMX YMOB. Y IOCTiIKEeHHSIX BUKOPUCTOBYBAIY METOIM
mopdomeTpii, duryopeciieHTHOI MiKPOCKOITii, BUCOKOe(eKTUBHOI TOHKOIIApOBOi xpoMaTorpadii
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Ta MeTOAM perpeciiftHoro aHamisy. JlaHi JOCTiIsKeHb CBiIUaTh, 1110 HEIOCTATHS KiTbKICTh COHSUHOTO
CBiT/Ia HEraTMBHO BIUIMBAE Ha picT maroHiB. BcraHoBneHa cnenydivicTs deHonbHMUX MpodiniB
3a SIKUMM MOXKHa po3pisHsaTu Bupu Cercis canadensis L. Ta Cercis siliquastrum ‘Alba’. Anamni3
TOJIOBHMX KOMIIOHEHT MiATBepAuB, 1o (eHoNbHI npodini 3aneskaTh BiJj yMOB MiCIe3pOCTaHHSI
Ta BIUIMBAIOTh Ha PIiCT i pO3BUTOK pOCIMH. [ aHasi3y AMHAMiKM POCTY OJHOPIYHMX IaroHiB
MPOTSATOM BereTallii BMKOPUCTOBYBa/lM Mojenb layca, sKa A03BOMMIA AOBOJII TOYHO OMMCATU
cnerndiky GopmMyBaHHS MiKBY3JiB MPOTSITOM BereTaliifHoro mepioma. L Momenb mo3oimmia
BUSIBUTU (DEHOMEH BifMagy OCTaHHIX MKBY3J/IiB HAITPUKIHIIi BereTarlii, uepes II0 CIIOCTEPiraaoch
BimxumieHHS MOpGOMETPUYHMX ITOKA3HMKIB MeTaMepiB Bii HOpMaJIbHOTO PO3IIOAITY 1O OCi yacy.
AHaTOMIYHI AOCTiIKEHHS MiATBEPAVIIN, IO BiTiIEHHS OGHOTO a60 IeKiTbKOX OCTAHHIX MisKBY3JIiB
BiOyBasoCh uepes akKTMBHE KOPKOBiHHS BHYTPIllIHiX TKAaHWH cTe6s1a, 6lI0KYBaHHS pO6OTU KCUIEMU
i dopmyBaHHS BifAibHOTO APy, 0 MTPU3BOAWIO IO BignamaHHs BepXiBKM raroHa. OmycaHmit
(eHomeH Mae 03HaKM afarnTaiii poCJIMHY IO HU3bKMUX TEMIIEPATYP Y 3MMOBMUII ITepiof. BepxiBku
MaroHiB YacTo He BCTUTAIOTh 3[€PEB’STHITH i HAKOMMMYUTY HEOOXigHY KiJIbKiCTh KPiOIPOTEKTOPIB.
3a yMOB (hOpPMYBaHHS Bif[i/IbHOTO IAPy MOCTYITHI eHepreTU4Hi pecypcy Mepepo3NnoAisTioThCs
B 6iuHi G6PYHBKM, SIKi OTPUMYIOTh HEOOXimHi pecypcy Ijisl MiATOTOBKM IO 3MMOBOTO Iepiomy i
3a6e3MeuyroTh HOBMII TIPUPICT Y HACTYIIHMII BereTaliiHUil mepion. AJANTUBHMII MOTEHLias
IocnimkeHux BUaiB poxy Cercis L. miaTBepsKye MepCreKTUBHICTb iX BUKOPUCTAHHS B 03e/IeHeHHi
MiChKMX €KOCUCTEM, 1110 MOKE MO3UTUBHO BIUIMHYTY Ha 30epeskeHHs 6i0pisHOMAaHITTS B LIIJIOMY

KiiouoBi ciioBa: iofjyiHe IepeBO; €KOJOTiUHI UMHHMKM; 3€/IeHi HacaIkeHHs; (aaBoHOImu;
ajanraris
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Abstract. The relevance of modern environmental issues requires comprehensive approaches to
the restoration and preservation of natural ecosystems, specifically through ecological restoration
as a tool to eliminate the effects of anthropogenic interventions. The purpose of this study was
to survey the territory of the Kakhovka Reservoir using remote sensing and to propose a way to
restore the historical territory of the Kakhovka Reservoir of Velykyi Luh. The following research
methods were employed: empirical, analysis and systematisation, remote sensing, geographic
information systems. The study consisted of two main stages. The first stage included an analysis
of the dynamics of the historical territory of Veliky Luh, from the end of the 19* century to the
present day. The second stage involved comparing the dynamics of the area’s restoration using
19t-century mapping data and 21st-century satellite imagery. The use of modern technologies,
including the analysis of satellite images of the degraded area and three indices of the EO Browser
software, such as the differential vegetation index, the normalised differential humidity index, and
the differential water index, helped to obtain data on the state of vegetation and water resources in
the study area. The analysis of the patterns between these indicators made it possible to determine
the close interaction between plant growth rates and their moisture availability. The biomass
growth on the territory of the Kakhovka Reservoir was measured from the moment of dewatering to
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Recovery of Velykyi Luh...

November 2023. The results obtained indicate that it is possible to effectively restore the ecosystem
of the Velykyi Luh through ecological restoration. This process involves the selection of optimal
biotopes for the restoration of the historic area, which is a crucial step in conserving biodiversity and
stabilising the natural environment in the Kakhovka Reservoir. The findings of the study on a new
approach to ecological restoration based on high-precision technologies and in-depth analysis of
ecosystem dynamics will contribute to the development of scientific approaches to the restoration of

natural landscapes and will be an important contribution to modern environmental practice

Keywords: remote sensing of land; vegetation; ecology; regeneration; historical area

Introduction

In the light of current environmental challeng-
es, addressing the loss and degradation of natu-
ral ecosystems requires the implementation of
comprehensive measures, including the active
use of ecological restoration. The key purpose
of this aspect is to restore ecosystems affected
by anthropogenic interventions and identify
opportunities to use restoration as a means of
eliminating the effects of human activity that
adversely affects the natural environment.

It is possible to obtain information about
any object or process without direct contact
with them using remote sensing (RS). Accord-
ing to S.0. Dovhyi et al. (2019), remote sensing
is a thematic analysis of both natural and artifi-
cially generated radiation of the earth’s surface
in the ultraviolet to radio wave ranges. The de-
velopment of geodetic and cartographic knowl-
edge has made it possible to link a satellite im-
age to a concrete location on the earth’s surface
that it represents. S.A. Shevchuk (2022) showed
that monitoring remote sensing data allows
identifying hydraulic, water management,
and water objects that have been damaged or
subjected to negative anthropogenic impacts
during hostilities. The tasks set are not trivial,
but the use of modern remote sensing and ge-
ographic information technologies (GIT) helps
to systematically obtain and interpret data on
photometric parameters of individual water
bodies and catchment areas in a wide spectral

range with the necessary resolution and fre-
quency of information updating, and to assess
their sanitary and biological characteristics.
C.B. Pande et al. (2024) considered that remote
sensing provides opportunities for obtaining
valuable information about various objects,
enabling monitoring of the surface and the
dynamics of ongoing processes, and is widely
used around the world. In India, remote sensing
is used to assess the soil cover in winter and to
detect changes in the impact on evapotranspi-
ration parameters. In the United States, remote
sensing is used to assess high-resolution forest
cover in an ecologically diverse landscape (Zu-
rqani, 2024). Flood mapping in Pakistan is car-
ried out using remote sensing and geographic
information systems (GIS) (Ghouri et al., 2023).
In the Kashmir Himalayas, the dynamics of
wetlands are being assessed based on satellite
Earth observation data (Alam et al., 2023). The
use of remote sensing is associated not only
with uninhabited areas, but also with inhabited
ones, as it is also used to map and monitor cit-
ies (Kumar et al., 2023).

Ecological restoration is key to counteract-
ing anthropogenic biodiversity degradation and
reducing disaster risk. However, there is limit-
ed knowledge of the barriers that prevent wider
adoption of restoration practices, despite the
high-level political priority to halt biodiversi-
ty loss. Ecologists are looking for opportunities
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to turn restoration projects into long-term hy-
pothesis-driven ecological restoration experi-
ments, and for funding, time, and institutional
support to do so. R.E. Young et al. (2023) iden-
tified eight principles for ecological restoration:
involving stakeholders; applying different types
of knowledge; obtaining information from rel-
evant reference ecosystems, considering en-
vironmental changes; sustaining ecosystem
restoration processes; evaluating against clear
goals and objectives using measurable indica-
tors; aiming for the highest degree of restora-
tion; obtaining cumulative value when applied
at large scales; and application of continuous
restoration activities. The environment that has
been restored after considerable human impacts
on the river environment may have a higher or
lower ecological value compared to the original
state. However, in the context of an anthropo-
centric assessment, such restored environments
are certainly much more valuable today than
they were before the restoration programme.
Ecological restoration is used to restore ar-
eas around the world. In China, W. Hong et
al. (2024) used indices of damage to the green
space ecosystem and its ability to recover to
build a discrimination matrix for an ecological
recovery model under 12 different scenarios.
T. Alamenciak et al. (2023) described that forest,
peatland, grassland, and lake ecosystems are
being restored through ecological restoration in
Canada. The practice of ecological restoration,
as a deliberate activity that initiates or acceler-
ates the restoration of an ecosystem (which has
been degraded, damaged, or destroyed), factor-
ing in its integrity and stability, includes a wide
range of projects. These include erosion control,
reforestation using local plant genetic resourc-
es, removal of introduced species and weeds,
revegetation, reclamation of disturbed lands,
river revitalisation, reintroduction of native
species, and improvement of habitat and habitat
quality for target species (Restoration Ecology,

n.d.). The territory can be restored using various
methods, including ecological restoration, rec-
lamation, and bioremediation. P. Li et al. (2022)
note that technologies related to ecological riv-
er restoration are essential for improving river
habitat and biodiversity, as well as for restoring
river ecosystem functions. Revegetation is used
to artificially restore soil fertility and vegetation
cover after anthropogenic disturbance of nature.
The treatment of water, soil, and atmosphere
using the metabolic potential of biological ob-
jects (plants, fungi, insects, worms, bacteria) or
their enzymes is possible using a set of methods
referred to as bioremediation.

The purpose of this study was to investi-
gate the territory of the Kakhovka Reservoir us-
ing remote sensing and to propose a method of
restoring the Velykyi Luh on the territory of the
Kakhovka Reservoir.

Objectives: to study the territory of the Ve-
lykyi Luh in the historical aspect; to analyse the
dewatered territory of the Kakhovka Reservoir
using remote sensing; to investigate and com-
pare the territory of the Kakhovka Reservoir
during the 19™-21% centuries in the EO Browser
software using the normalised differential wa-
ter index, normalised differential vegetation
index, normalised differential humidity index;
based on the analysis, to propose optimal biot-
opes for the restoration of the historical territo-
ry by means of ecological restoration.

Materials and Methods

The study of the historic territory of Velykyi
Luh was carried out in two stages between June
and December 2023. The first stage analysed
the territory of the Velykyi Luh from the end
of the 19t century to 2024 on the territory of
the Kakhovka Reservoir from a historical per-
spective. The second stage was a comparison of
the dynamics of the restoration of the Velykyi
Luh area using a map and 21%*-century satellite
images. Access was gained to the state of the
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vegetation on the territory of the Velykyi Luh of
the Kakhovka Reservoir. To determine the rela-
tionship between plant growth rates and their
moisture availability, the regularity between
the normalised differential vegetation index
(NDVI) and the normalised differential mois-
ture index (NDMI) in the territory of the Velykyi
Luh was analysed. The normalised differential
water index (NDWI) (1) was used to analyse
the dynamics of the water surface from 1990 to

2010. The normalised differential water index is
the most appropriate index for mapping water
bodies. Water bodies have a value greater than
0.5. Vegetation is characterised by lower values.
Artificial objects have positive values from 0 to
0.2 (NDWL..., n.d.).

B03 — B08
B03 + B08’ @

where B0O3 — Band 3 — Green — 560 nm; BO8 -
Band 8 — Near infrared (NIR) — 842 nm (Table 1).

NDWI =

Table 1. Specification of spectral bands for the Sentinel-2 satellite

Band Central wavelength, nm
1 443
2 490
3 560
4 665
5 705
6 740
7 783
8 842
9 865
10 1380
11 1610
12 2190

EO Browser software with access to Senti-
nel-2 and Landsat 4-5 TM satellites was used
to determine NDVI, NDMI, and NDWI. Archival
images and data from 2020-2023 were analysed.
Satellite images were selected with 0% cloud
coveradge. The authors received and analysed
6 data each from the NDVI and NDMI indices.
EO Browser software was used for digital map
processing. NDVI was calculated using formula
(2) and can range from -1 to 1, where negative
values indicate water:

B08 — B04 (2)

NDVI = ,
B08 + B04

where BO8 — Band 8 — Near-infrared (NIR) —
842 nm; BO4 - Band 4 — Red — 665 nm (Table 1).

The range of NDVI values is from -1 to 1.
Negative NDVI values (values approaching -1)
indicate approaching water. Values close to
zero (from -0.1 to 0.1) indicate a location on ex-
posed rocks, sand, or snow. Low positive values
are typical for shrubs and grasslands (approx-
imately 0.2-0.4), while high values are typical
for temperate forest vegetation (values close to
1). The index was calculated according to the
emission or reflection from the red channel of
about 0.66 pm and the near-infrared channel of
about 0.86 pym (Gao, 1996).

NDMI is a normalised difference moisture
index with near-infrared (NIR) and short-wave
infrared (SWIR) bands for displaying mois-
ture. NDMI was used to monitor changes in
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leaf water content. The SWIR bands depend on
changes in the water content of the vegetation
and the structure of the spongy mesophyll of the
plant canopy. The water content does not affect
the NIR but depends on the internal structure
of the leaves and the dry matter content of the
leaves. The NDMI was calculated and is found
according to the formula (3) and can vary from -1
to 1. Negative values may indicate a water stress.

B08 — B11
B08 + B11’

NDMI = (3)
where BO8 — Band 8 — Near-infrared (NIR) —
842 nm; BI11 - Band 11 - Shortwave Infrared
(SWIR) — 1610 nm (Table 1).

The normalised differential moisture in-
dex (NDMI) is used to determine the moisture
content of vegetation and monitor drought
(NDML..., n.d.). The range of NDMI values is
from -1 to 1. Negative NDMI values (values
close to -1) correspond to open ground. Values
close to zero (-0.2-0.4) indicate water stress.

Velykyi Luh

&

High positive values correspond to a high vege-
tation cover that is not under water stress (ap-
proximately 0.4-1). Based on the data obtained,
biotopes were selected for the ecological resto-
ration of the historical area of Velykyi Luh on
the territory of the Kakhovka Reservoir. The
study was conducted following the Convention
on the Trade in Endangered Species of Wild
Fauna and Flora (1973) and the Convention on
Biological Diversity (1992).

Results and Discussion

Velykyi Luh is the historical name of the area,
a giant river floodplain (over 400 km?) that ex-
isted on the left bank of the Dnipro River, be-
tween the Dnipro and the left tributary of the
Konka River and stretched in a wide strip along
the right bank from the mouth of the Serednia
Khortytsia River. The entire area belonged to
the Zaporizhzhian Sich and is therefore a cru-
cial historical monument of the Ukraine (Fig. 1)
(Solodko et al., 2024).

i—lerodotus’ Hylaea. The ancient Greeks
called all the floodpains from Khortytsia
to modern-day Nova Kakhovka Hylaea

Before the construction of the HPP
@ Dnipro riverbed
Forests
Swamps
Dnipro riverbed after the
construction of the HPP

Dnipro riverbed after
the HPP explosion as
of July 23

Figure 1. Velykyi Luh

Source: P. Solodko et al. (2024)
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Velykyi Luh was flooded by the waters of the
Kakhovka Reservoir (Fig. 2a) in 1955-1957, except
for some areas. The reservoir was 230 km long
and had an average width of 9.4 km (maximum
width of 24 km). The area was 2,155 km? and the
volume of water was 18.2 km?®. The coastline was
896 km long. As a result of the reservoir creation,
about 90 villages and the historical monument
of Ukraine, Velykyi Luh, where rare plants grew,
were flooded (Fig. 2b). Even after the flooding
of the Velykyi Luh, unique vegetation was pre-
served among the remains of the floodplains,

including relict, endemic, and rare plant groups:
Salvinia natans L., Trapa natans L., Nymphoides
peltata (S.G. Gmel.) O. Kuntze), Aldrovanda vesic-
ulosa L., Nymphaea alba L., Nuphar lutea L., Sag-
ittaria sagittifolia L., Glyceria arundinacea Kunth,
Ceratophyllum tanaiticum Sapjegin and Cerato-
phyllum submersum L. On the islands and ele-
vations of the left-bank sandy terrace (arena) of
the Velykyi Luh, thickets of the endemic Betula
borysthenica Klokov have been preserved. These
phytocoenosis are listed in the Green Book of
the Ukraine (Veliky Luh..., 2023).

a)

b)
Figure 2. Satellite images of the Kakhovka Reservoir and Velykyi Luh
Note: a) territory of the Kakhovka reservoir; b) territory of the Velykyi Luh

Source: ArcGIS Online internet service and Maxar satellite

A comparable trend was observed in Aus-
tralia in the second half of the 19% century,
when thousands of dams were built, including
446 large dams (crest height >10 m). Flow regu-
lation has altered the hydrology of major rivers
and is recognised as a major cause of declining
conditions in many Australian river and flood-
plain ecosystems (Arthington & Pusey, 2003).
Prior to the flooding of the Velykyi Luh area,
the floodplains were inundated with water from

early spring to early summer. In April, during
the floods, the floodplains were almost a con-
tinuous expanse of water. The maximum water
level occurred in late April and early May, and
the minimum was in September and October
(Petrochenko, 2009). Having investigated the
dynamics of the water surface of the Kakhovka
Reservoir from 1990 to 2010 using the normal-
ised differential water index (NDWI), it was
found that it stayed unchanged (Fig. 3).

Figure 3. Satellite images of water surface dynamics from 1990 to 2010
Note: a) 1990; b) 2000; c) 2010
Source: EO Browser software, Landsat 4-5 TM L1 satellite, NDWI script
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On 6 June 2023, as a result of the full-scale
invasion, Russian troops blew up the dam of the
Kakhovka hydroelectric power station, which

a)
Figure 4. Dynamics of Kakhovka Reservoir dewatering and riverbed restoration
(June-November 2023)

Note: a) 5 June; b) 20 June; c) 7 November

Source: EO Browser software, Sentinel-2 L2A satellite

The changes in the territory of the Ve-
lykyi Luh disturbed by anthropogenic impact,
which arose as a result of the dewatering of the
Kakhovka Reservoir, were analysed using the
NDVI and NDMI indices in the EO Browser soft-
ware. The normalised differential vegetation in-
dex (NDVI) is a simple but effective indicator for
quantifying green biomass (NDVI..., n.d.). It is
an indicator of vegetation health based on how
plants reflect waves of light of a certain length.

Having analysed the satellite images of
Figures 5a, 5b, 5¢c (NDVI) and Figures 5d, 5e, 5f

led to the reservoir being dewatering. The wa-
ter rapidly began to recede, which led to the re-
lease of the Velykyi Luh to the surface (Fig. 4).

(NDMI) for 2020, a trend was found that as of
10 June, the vegetation condition was charac-
terised by optimal indicators (NDVI within 0.6-
1 and NDMI within 0.4-1) and did not indicate
the presence of water stress (Fig. 5d). As of 5
July, this indicator was deteriorating (Fig. 5e),
with NDVI ranging within 0.3-1 and NDMI -
within -0.2-0.4.) On 28 October, the vegetation
condition went from optimal to standard (NDVI
within 0.2-1 and NDMI within -1-0.4), while the
area around the Kakhovka Reservoir began to
show signs of water stress (Fig. 5f).

Figure 5. Quantification of green biomass and determination of the moisture content of
vegetation in the Kakhovka Reservoir as of 2020.
Note: a) 2020-06-10 NDVI; b) 2020-07-05 NDVI; c) 2020-10-28 NDVI; d) 2020-06-10 NDMI; e) 2020-07-05
NDMI; f) 2020-10-28 NDMI
Source: EO Browser software, Sentinel-2 L2A satellite
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Having analysed the satellite images in
Figures 6a, 6b, 6¢ (NDVI) and Figures 6d, 6e, 6f
(NDMI) for 2023 and compared them with anal-
ogous images of 2020 (Fig. 5a, 5b, 5¢ - NDVI and
Fig. 5d, 5e, 5f - NDMI), the previously identified
trend was recorded. There is also a difference
in the 2023 indicators for June 5 (Fig. 6d, NDVI
0.8-1, NDMI 0.7-1) and November 7 (Fig. 6f,
NDVI 0-0. 5, NDMI -1--0.5) compared to the
2020 indicators for 10 June (Fig. 5d, NDVI 0.6-1,
NDMI 0.4-1) and 28 October (Fig. 5f, NDVI 0.2-1,
NDMI -1-0.4). As of 5 June 2023 (Fig. 6d, NDMI
0.7-1), the moisture content of vegetation was

significantly higher compared to 10 June 2020
(Fig. 5d, NDMI 0.4-1). However, by 7 November,
the situation had changed dramatically (Fig. 6f,
NDMI -1--0.5), and if by 19 August 2023 (Fig. 6e,
NDVI 0.6-1, NDMI 0-0.4) the NDVI indicators
were better compared to the relative humidity
indicators by 5 July 2020 (Fig. 5e, NDVI 0.3-1,
NDMI -0.2-0.4), the indicators for 7 November
2023 (Fig. 6f, NDVI 0-0.5, NDMI -1--0.5) were
characterised by a small amount of biomass and
critically lower moisture content in the vegeta-
tion around the Kakhovka Reservoir than on 28
October 2020 (Fig. 5f, NDVI 0.4-1, NDMI -1-0.4).

Figure 6. Quantification of green biomass and determination of the moisture content of
vegetation on the territory of the Kakhovka Reservoir as of 2023
Note: a) 2023-06-05 NDVI; b) 2023-08-19 NDVI; c¢) 2023-11-07 NDVI; d) 2023-06-05 NDMI; e) 2023-08-19

NDMI; ) 2023-11-07 NDMI

Source: EO Browser software, Sentinel-2 L2A satellite

The method of ecological restoration is the
most suitable for the restoration of historic are-
as. This method has a wide range of applications
and is supported by accumulated experience in
the environmental field. Ecological restoration
should also factor in the spread of exotic plant
species that can colonise a natural area. The
spread of exotic populations can occur in the
early stages of invasion in large natural areas
that are not strictly monitored (D’Antonio &
Meyerson, 2002). Invasive plants pose a consid-

erable threat to biodiversity, ecosystem man-
agement, agriculture and forestry, etc.

Based on the analysis conducted (Fig. 5-6),
it was found that the Kakhovka Reservoir con-
tributed to the relative stability of the water
balance for vegetation. After the explosion of
the Kakhovka Hydroelectric Power Plant, the
gradual dehydration of the reservoir led to a
stressful condition of the plants, which in-
creased over the course of six months. However,
there have also been positive changes, and
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the water balance is now optimal as a result
of natural vegetation regeneration. Thus, the
vegetation that appears on the territory of the
reservoir is not subject to water stress (NDMI
approximately 0.4-1) and contributes to the
formation of the necessary moisture. As a re-
sult, ecological restoration and biotopes res-
toration will contribute to the formation of
the necessary water balance in this area. When
carrying out ecological restoration, it is nec-
essary to factor in the impact of exotic species
that may complicate the restoration process.

At the same time, there may be circumstances
where their removal may have unintended neg-
ative consequences or their use for restoration
is desirable (D’Antonio & Meyerson, 2002). To
achieve a sustainable outcome in restoring for-
mer coastal environments, a balance must be
struck between ecological and human objec-
tives (Chenoweth, 2006).

The area of the Velykyi Luh study area was
measured (Fig. 7), which is 1,615.8 km?, and
the dynamics of biomass increase during Au-
gust-November 2023 was calculated (Table 2).

Measurement result

1,615.8 sq. km

Figure 7. The area of the Velykyi Luh study area

Source: Arc GIS online service, Maxar satellite

Table 2. Biomass area and its increase on the territory of the Kakhovka Reservoir

Date Biomass area, km? | Increase in biomass area, km? Biomasi';x:;le; 2{;3;’ to/ootal area
19 August ~311.48 - 19.27
8 September ~570.22 258.74 35.29
7 November ~737.61 167.39 45.65

Source: developed by the authors of this study

After the Kakhovka HPP was blown up
and the territory of the Kakhovka Reservoir
was drained, vegetation (biomass) was rapidly
restored (Figs. 8a, 8b, 8c). From 19 August to
7 November 2023, the biomass area increased
by 237% (Table 2). This shows the favoura-
ble conditions for further restoration of the

historical part of Velykyi Luh through eco-
logical restoration. As of 25 November 2023,
willow stands formed on the territory of the
dewatered Kakhovka Reservoir (Belousova,
2023). This indicates the beginning of the for-
mation of full-fledged floodplain willow and
poplar stands, which were common in this
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area before the 1950s when the reservoir was
created. In general, the main woody plants
that grew on the territory of the Velykyi Luh

are considered Quercus L., Pyrus communis L.,
Salix L., Populus nigra L., Malus sylvestris Mill.
(Kashchenko, 1917).

Figure 8. Dynamics of biomass area growth in the Kakhovka Reservoir
Note: a) 2023-08-19; b) 2023-09-08; c) 2023-11-07
Source: EO Browser software, Sentinel-2 L2A satellite

Based on the study conducted, it was found
that the restoration of the historical territory
of the dewatered Kakhovka Reservoir, namely
the Velykyi Luh, is possible through ecological
restoration. This involves the creation of three
main biotopes on the reservoir territory, name-
ly Pannonian and Pontic sandy steppes, meso-
phyllic permanent grasslands of the plains, and
floodplain forests. The first biotope is the Pan-
nonian and Pontic sandy steppes (Kuzemko,
2022), which should be created in the eastern,
southern, and central parts of the reservoir, as it
is mainly formed on less developed soils, while
the central, southern, and eastern parts of the
reservoir are predominantly sandy plains. It
includes the following vascular plants: Secale
sylvestre, Carex colchica, Festuca beckeri, Stipa
borysthenica, Thymus pallasianus, Tragopogon
borystenicus, Astragalus varius, Achillea micran-
tha, Agropyron dasyanthum, Jacobaea borysthen-
ica, Dianthus platyodon, Agropyron lavrenkoa-
num, Koeleria glauca aggr, Asperula graveolens,
Centaurea arenaria aggr, Euphorbia seguieriana,
Erysimum montanum, Anchusa gmelinii, Jurinea
longifolia, Chondrilla juncea, Minuartia viscosa,
Artemisia campestris aggr. Bryophytes: Cerato-
don purpureus, Polytrichum piliferun, Syntrichia
ruralis. Rare species: Agropyron dasyanthum,
A. cimmericum, Allium savranicum, Alyssum

savranicum, Carex liparocarpos, Centaurea ap-
pendicata, C. breviceps, C. donetzica, C. konkae,
C. margaritacea. The second proposed biotope
is mesophyllic permanent grassland of the
plains, which is mainly grassland for grazing
(Kuzemko, 2022) in the northern and north-
eastern parts of the reservoir, which will provide
favourable conditions for livestock. It includes
the following vascular plants: Achillea millefo-
lium aggr, Trifolium pratense, Lotus corniculatus,
Trifolium repens, Schedonorus pratensis, Galium
verum, Prunella vulgaris, Convolvulus arvensis,
Centaurea jacea subsp. jacea, Scorzoneroides au-
tumnalis, Carex praecox, Ranunculus acris aggr.,
Potentilla argentea, Medicago lupulina, Agrostis
capillaris. Bryophytes: Thuidium delicatulum,
Atrichum undulatum, Brachythecium rutabulum.
Rare species: Anacamptis coriophora, Carex se-
calina, Fritillaria meleagroides, Gladiolus tenuis.
The following may also grow: Quercus, Populus
nigra, Malus sylvestris, Pyrus communis, Betula
borysthenica. The third biotope is floodplain
forests, which develop on river sediments with-
in the floodplain in the western and eastern
parts of the reservoir, where the highest con-
centration of rivers is found. Floodplain forests
can be represented by the following woody and
herbaceous plants: Quercus, Pyrus communis,
Salix, Populus nigra, Malus sylvestris, Betula
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borysthenica. Rorippa brachycarpa, Vicia hirsuta,
Carex melanostachya, Elatine alsinastrum, Vicia
villosa, Allium regelianum, Dianthus guttatus,
Phalacrachena inuloides, Crepis ramosissima,
Damasonium alisma, Achillea micranthoides,
Linaria biebersteinii, Gratiola officinalis, Buto-
mus umbellatus, including rare plants: Salvin-
ia natans, Trapa natans, Nymphoides peltata,
Aldrovanda vesiculosa, Nymphaea alba, Nuphar
lutea, Sagittaria sagittifolia, Glyceria arundina-
cea, Ceratophyllum tanaiticum, Ceratophyllum
submersum and bryophytes: Sampylium stella-
tum, Calliergonella cuspidata, Plagiomnium me-
dium, Drepanocladus aduncus, Fissidens adian-
thoides, Bryum pseudotriquatrum, Aulacomnium
palustre, Thuidium philibertii,

Global warming, urbanisation, intensifi-
cation of human activity (drainage reclama-
tion, agricultural use, and chemicalisation of
watershed soils, growth of settlement land,
uncontrolled extraction of water from under-
ground horizons, unauthorised amber mining,
etc.) and great pressure on river ecosystems
have led to ecosystem degradation, reduction
of biotopes and biodiversity, and loss of their
functions. P. Li et al. (2022) investigated the ap-
plication of ecological restoration technologies
aimed at improving biodiversity and river eco-
systems, which is determined by the research
and implementation of innovative approach-
es. These technologies include methods of re-
storing natural vegetation, regenerating water
basins and managing anthropogenic impacts
for the balanced functioning of river ecosys-
tems. The study of this issue reveals the effec-
tiveness and possibilities of using ecological
technologies to improve the state of biodiver-
sity and ecosystems in rivers. V.0. Martyniuk &
0O.V. Tomchenko (2021) considered the use of
remote sensing tools in the study of lakes in
the Polissia region, which opens the possibili-
ty of a detailed assessment of natural and an-
thropogenic transformations of these water

systems. The analysis of satellite images allows
identifying changes in the landscape, as well
as the impact of anthropogenic activities on
the hydrological and ecological aspects of the
lake environment. This innovative approach
allows effectively monitoring and responding
to changes, contributing to the scientific un-
derstanding and effective management of the
Polissia region’s natural resources.

J. Chenoweth (2006) reflected the estab-
lishment of sustainable goals for ecological
restoration, using evidence from the restora-
tion of river systems in Israel. The cited study
defined concrete and sustainable goals for im-
proving the river environment and developing
strategies and technologies to achieve these
goals. The implementation of sustainable goals
for the restoration of river ecosystems in Israel
contributes to improving the quality of natural
resources and ensuring environmental sustain-
ability. Y. Zhang et al. (2024) found that to com-
bat environmental degradation and promote
ecosystem resilience, China made considerable
investments in ecological restoration of terri-
tories during 2009-2019. They noted that they
have identified key aspects and technological
tools that have helped to achieve positive re-
sults in the field of environmental restoration
in this period. The study aims to identify and
understand the factors that have determined
the success of environmental measures in China
and their contribution to the sustainability of
natural systems. S. Poikane et al. (2024) noted
that the most effective and widely used restora-
tion measures target nutrient loading (both in
the catchment and in the lake), while hydrolog-
ical modifications and implementation of natu-
ral solutions are less commonly used. According
to D. Galea & J.E. Major (2024) from Eastern
Canada, ecological restoration is possible even
on severely degraded sites in two years, provided
the site preparation factor: growth and biomass
using four early successional species (Betula
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papyrifera Marshall., Betula populifolia Marshall.,
Alnus viridis Vill. subsp. crispa Ait., Alnus inca-
na L. subsp. rugosa Du Roi.) is used. The scale of
ecosystem degradation is enormous: over 75%
of the land has been severely altered by human
activities, and one million species are threat-
ened with extinction (Alamenciak et al., 2023).
According to A. Tamura (2016), who investigated
this phenomenon in the forests of eastern Japan,
ecological restoration of old wet forests is possi-
ble due to seeds staying in the soil.

Ecosystem restoration is not just about
protecting wildlife. Nature contributes to hu-
manity’s overall health and well-being and
provides considerable social and economic
benefits. But today we are losing nature at an
unprecedented rate (Factsheet 2. Economic...,
2023). To determine the possibility of restoring
the flooded historical area — the Velykyi Luh of
the Kakhovka Reservoir, which has undergone
changes due to anthropogenic impact, the au-
thors conducted a spectral analysis of the ter-
ritory of the Kakhovka Reservoir. F.H. Alexan-
der et al. (2022) note that spectral analysis can
be used to determine the characteristics of ob-
jects by their reflection or emission in different
spectral ranges. The spectra of vegetation have
two general forms: green and moist (photo-
synthetic) and dry non-photosynthetic. Green
vegetation has an absorption of less than 1 pm
due to chlorophyll. Those with a wavelength
of more than 0.9 pm are dominated by liquid
water. Dry vegetation shows an uptake domi-
nated by callulose, as well as lignin and nitro-
gen. R.A. Ryerson & A.N. Rencz (1999) analysed
the use of remote sensing in land management
sciences, which is determined by its powerful
potential for collecting information about the
Earth. This method helps to obtain data from a
large area, studying various aspects of geology,
hydrology, and other branches of Earth science.
The use of remote sensing in land management
studies helps to analyse the dynamics of chang-

es in natural processes and the interaction of
various ecosystem components.

The ecological restoration of the Kakhovka
Reservoir to restore the Velykyi Luh is consid-
ered a vital step in preserving natural diversity
and restoring lost ecosystems. This process in-
volves not only the restoration of natural vege-
tation, but also active consideration of natural
processes and the wetland environment. The
spectral analysis and investigation of the ter-
ritory’s characteristics, carried out using mod-
ern methods, help to create scientifically based
approaches to restoration, contributing to the
sustainable development of the Velykyi Luh
ecosystem at the Kakhovka Reservoir.

Conclusions

The destruction of the Kakhovka HPP is an en-
vironmental crime with grave consequences for
the Ukraine. The territory of Velykyi Luh is an
important historical monument of the Ukraine
and needs to be restored. By analysing the water
surface dynamics from 1990 to 2010 using the
NDWI, it was found that for 30 years the water
surface of the Kakhovka Reservoir stayed almost
unchanged until the moment of the explosion.
Using NDVI, NDMI, and NDWI together with sat-
ellite images in the EO Browser software, it was
possible to determine the dynamics of the water
surface and vegetation, considering the mois-
ture availability in the reservoir area. By quanti-
fying green biomass and determining the mois-
ture content of the vegetation on the territory of
the Kakhovka Reservoir, it was found that grad-
ual dehydration led to a stressful state of plants
around the reservoir, which only increased from
6 June to the end of 2023. The NDVI and NDMI
indices are dynamic and demonstrate the con-
sequences of the damaged area as a result of an-
thropogenic impact and its recovery. The green
biomass, which has increased by 237% since the
dewatering, contributes to the formation of the
necessary water balance. Based on the analysis
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of historical sources, three biotopes (Pannonian
and Pontic sandy steppes, mesophyllic perma-
nent grasslands of the plains, and floodplain
forests) were proposed to help restore the his-
torical territory of the Velykyi Luh. It was found
that based on the analysis of images and mois-
ture indices, focusing on the state of vegetation
and water resources, it is possible to effectively
select biotopes for ecological restoration. Pres-
ently, nature is initiating its own process of re-
generation of the Velykyi Luh, and without ac-
tive human involvement, the restoration of this
historic area is unlikely.

Future research may be aimed at continu-
ing to monitor the dynamics of vegetation bio-
mass growth after the ecological restoration of
the dewatered part of the Kakhovka reservoir,
as well as the dynamics of the restoration of the
Velykyi Luh river network.
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BizHoBneHHs1 Besmkoro JIyry IIISIXOM €KOJIOTiYHO1 pecTaBpaiiii
KaxoBCcbKOro Bo0CXOBUIIIA
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AHoTamig. AKTyaJbHICTb Cy4acHOi eKOJIOTiuHOI Mpo6GJeMaTuKM BMMAarae€ KOMILIEKCHUX
ITiIXOAIB OO BigHOBJIEHHS Ta 36epeskeHHS MPUPOIHMUX €KOCUCTEM, 30KPEMA UYepe3 BUKOPUCTAHHS
eKOJIOTiYHOI pecTaBpallii SIK iHCTPYMEHTY JJisl YCYHEeHHSI HacC/liIKiB aHTPONOreHHMUX BTpy4aHb.
MeTa nmocmimkeHHSI — OOGCTeXMTM TepuTOpilo KaxoBCbKOrO BOJOCXOBMIIA 32 [JOTIOMOTOIO
IUCTAHIITHOTO 30HTyBaHHS 3eMJIi Ta 3aIIPOMOHYBATH CITOCI6 BiTHOBIEHHS iCTOPUYHOI TepUTOPii
KaxoBcpkoro BomocxoBuina Bemmkoro Jlyry. 3acTOCOBaHO METOAM HOCTiAKEHb: eMITipUYHi,
aHasmi3 1 cucremarusailis, OUCTaHIIiliHe 30HOyBaHHS 3eMJli, reoiHdoOpMaliifiHi cuUcTeMu.
HocmimkeHHST CKIafasocs 3 ABOX OCHOBHMX eTamiB. [lepiimit eTam BK/IOYaB aHasi3 AMHAMIKU
icropuunoi Teputopii Bennkoro JIyry, 3 Kinis XIX cTomiTTs no HuHi. Ipyruii etan nepenbavyan
TIOPiBHSIHHS JMHAMIKM BiJHOBJIEHHSI TaHOi TepUTOpii, BUKOPUCTOBYIOUM Kaprorpadiuni gaxi XIX
CTOMITTSL Ta CynyTHMKOBI 3HiMKM XXI CTOMTTS. 3aCTOCYBaHHSI Cy4yaCHUX TEXHOJOTril, 30Kpema
aHaJi3 CYMyTHUKOBUX 300paskeHb JerpafloBaHOi TepuTopii Ta TPbOX iHIEKCIB IPOrpaMHOTO
3a6e3mneueHHs EO Browser, Takux sIK qudepeHLiiioBaHnii BeretaiiiiHui iHgekc, HopMasi3oBaHMit
IudepeHLiiiHMi iHAeKc Bomorocri, nydepeHLiiHKI iHIeKC BOAU, LO3BOIWIIO OTPUMATH laHi 00
CTaHy POCIMHHOCTI Ta BOGHUX PeCypcCiB Ha IOCTiIKyBaHilt TepUTOpii. AHAJTi3 3aKOHOMiPHOCTE Mi>K
MMM ITOKa3HUKaM¥ J03BOJIMB BU3HAUUTU TiCHY B3a€MO/Ii10 MisK TeMITaMM 3POCTaHHS POCIMH Ta iX
BOJIOro3abesmneveHicTio. Byio BuMipstHo mpupict 6iomacy Ha TepuTopii KaxoBChKOT0 BOJOCXOBUIIIA
3 MOMEHTY 3HeBOHeHHsI 1o ucTonazga 2023 poky. OTpumaHi pe3ynbTaTy BKa3yIOTh HA MOK/INBICTh
edexTUBHOrO BiTHOBIEHHSI eKocucTeMu Bemmkoro JIyry nuissxom eKosioriuHoi pecraspariii. Lleit
rpoiiec nepembavac BUOip ONTUMAaJbHMX 6iOTOMIB /IS BifHOBIEHHS iCTOpUYHOI MicLIeBOCTi, 110
€ BXK/IMBUM KPOKOM Y 36epekeHHi 6i0pisHOMaHITTs Ta cTabinizauii mpupomHOro cepeoBuia Ha
TepuTopii KaxoBchbKoro BogocxoBuilia. Pe3ynbraTi JOCTIAKEeHD i3 3aCTOCYBaHHSI HOBOTO MigX0My
IO eKOJIOTiuHOI pecTaBpallii, 110 6a3yeThCsI Ha BUCOKOTOUHMX TEXHOJIOTISIX Ta IMIMOOKOMY aHastisi
IVHaAMiKM €KOCUCTeM CIPUSITUMYTh PO3BUTKY HAYKOBMX ITiIXOiB OO BiZHOBJIEHHS IIPUPOIHUX
naHAmadTiB i CTAaHYTH BasKIMBUM BHECKOM Y CyYaCHY €KOJIOTiYHY MPAKTUKY

KiniouoBi coBa: aucTaHliiiHe 30HAYBAHHS 3€MJIi; POCJAMHHICTb; €KOJIOTisS; pereHeparis;
icTOpMYHa MiCleBiCTb
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Abstract. One of the key problems that arise in the reproduction of forests in the paradigm of
sustainable development of the forest industry is the volume of reforestation, which requires
its correlation. This problem requires attention, since effective afforestation and reforestation
determine the stability of the ecosystem and the importance of forest resources for the conservation
of biodiversity in the forest sector. The purpose of the study is to investigate the features of artificial
forest reproduction in the conditions of the forest-steppe climatic and geographical zone. The
methodological basis for organising observations included field survey of planting material plots,
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Strategies and challenges of artificial forest reproduction...

monitoring the state of crops on the area, conducting analytical substantiation of progressive
experience, and evaluating the final results obtained. The study was conducted in the Korsun-
Shevchenkivskyi forest enterprise branch of the state enterprise “Forests of Ukraine”. The dynamics
of annual volumes of artificial forest reproduction, considering the predominant tree species during
2012-2021, is presented. Additionally, the advantages and disadvantages of transplanting of main
and related species in the presented forest conditions were analysed. During this period, there
is a fluctuation in the volume of artificial forest reproduction in the forest districts under study.
With regard to the transplanting of main and related species, it is worth noting its advantages in
ensuring biodiversity and rapid forest regeneration. However, there are disadvantages, such as the
possibility of losing genetic diversity and considering local conditions for effective seating. As a
result, the study helped to determine the trends and features of forest reproduction in these forest
districts, and to note the advantages and disadvantages of transplanting of the main and related
breeds in various forest-growing conditions. The enterprise is actively implementing measures
for forest reproduction, focusing on intensive planting of forest crops. This is achieved by placing
plantations in areas that have been subjected to continuous sanitary and reforestation logging.
One of the key tasks of the enterprise is to ensure high productivity of forest crops in the region.
For this purpose, significant amounts of reforestation work are carried out, including systematic
soil preparation and careful selection of optimal species for specific conditions. Considering the
recommendations of forest management, an integrated approach to reforestation is reflected,
which ensures sustainable and productive ecosystems in the region. The developed strategies can
serve as an important tool for introducing innovations in the field of forestry

Keywords: forest conditions; transplanting; forest crops; reforestation; productivity of forest crops

Introduction

The issue of restoring forest resources, in par-
ticular their expansion to increase the share of
forest cover in Ukraine, closely correlates with
significant tree felling, the impact of planetary
climate changes, shifting groundwater levels,
floods that provoke natural and other disasters.
Therefore, it is logical that in modern condi-
tions, the restoration, preservation and repro-
duction of forests is considered by the world
establishment as a guarantee of an environ-
mentally stable future of humanity. The imple-
mentation of the model of sustainable devel-
opment of the forest industry can be successful
only if the main problems inherent in Ukrainian
reforestation and afforestation are solved. The
key tasks are to overcome these problems and
ensure the systematic reproduction of forests in
sufficient volumes, which is a necessity today.

Among the key problems in forest reproduction
in the paradigm of sustainable development of
the industrial sector, a small share of affores-
tation and reforestation at the proper level is
singled out. Insufficient afforestation makes it
difficult to maintain forest cover at the required
scientifically proven level in certain regions of
the country. High-quality reforestation, in par-
ticular artificial, even with sufficient regulatory
measures, it is not possible to guarantee the
reproduction of full-fledged forest cenoses, in
particular, the creation of ecosystems with high
biological resistance, which are as close as possi-
ble in composition and shape to natural stands.

The search for new ways of a balanced
ecological and economic approach in forestry
in the context of sustainable development is
highlighted in the studies by O. Furdychko et
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al. (2021a; 2021b), that present a multi-factor
model for predicting the state of forest ecosys-
tem recovery by 2035. The researchers point to
the fact that the social aspect of the balance of
forest fund use in Ukraine is determined by the
impact of forestry on the local population. En-
suring social responsibility in forestry involves
balanced access to forest resources for local
communities, providing jobs and community
participation in forest management decisions.
An important aspect is the preservation of tra-
ditional forest use and the promotion of rural
development through effective forest manage-
ment. M. Sobkowiak et al. (2020) reviewed the
implementation of government programmes
for biodiversity conservation and the impor-
tance of climate change for forest management
decision-making. The researchers focused on
exploring the relationship between conserva-
tion strategies and climate change adaptation
strategies, providing important insights into
how these two aspects interact in shaping ef-
fective forest management. The results of their
study point to the need to integrate biodiversi-
ty and climate change adaptation strategies to
create more integrated and sustainable forest
management.

A number of researchers pay considerable
attention to the problems of natural renewal of
oak forests during logging of the main use in
protective and recreational forests. I.S. Neyko et
al. (2022) found that the main objectives of af-
forestation and reforestation in the future are
to increase forest area by restoring natural eco-
systems and preserving existing forests. To do
this, it is necessary to take measures for forest
planting, creating new tree stands, and ensur-
ing proper care at all stages of development. An
important task is to introduce modern methods
of forestry aimed at preserving natural resourc-
es and balanced use of forest biogeocenoses.

In the study by R. Hazarika et al. (2021),
reforestation is seen from the perspective of
species introduction as a way to increase forest

cover, in particular, through genetic diversity
of forests and national legislation on trade and
use of forest reproductive material (FRM) are
key aspects of forest management and adapta-
tion to climate change in European countries.

Changes in forest cover are a major factor in
local climate change around the world, as they
affect both albedo and evapotranspiration (ET).
Deforestation and afforestation are expected to
have opposite effects on surface albedo and ET
rates, and thus have different effects on Earth’s
surface temperature (Prevedello et al., 2019).

The process of implementing large-scale
afforestation projects should consider glob-
al changes in circulation and their impact on
the remote climate. R. Portmann et al. (2022)
analysed national datasets for tree species Pi-
cea abies, Pinus sylvestris, P. pinaster, Fagus syl-
vatica, Fraxinus excelsior, Quercus robur, Q. ru-
bra, and Q. Petraea. Given the large number of
species under consideration, it is important to
note that the impacts of afforestation and de-
forestation on climate are complex and depend
on specific ecosystems and geographical condi-
tions. Understanding these processes is key to
effective forest management and maintaining
climate sustainability on a global scale.

S. Jansen et al. (2019) discussed the esti-
mated genetic impact of transferred FRM (for-
est reproductive material) on local tree popula-
tions, reviewed legislation and documentation
processes for their compliance. The study by
S. Jansen et al. (2019) examined in detail the
putative genetic effects of transferred FRM
(forest reproductive material) on local tree
populations. The researchers covered not only
scientific information, but also considered im-
portant aspects of the legislative environment
and documentation processes to ensure that
the use of FRM meets the requirements of laws
and regulations. An important element of the
study was the investigation of the influence of
transferred forest reproductive material on the
genetic structure of local tree populations. The
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researchers identified which aspects of genetic
diversity can be changed or improved by imple-
menting FRM, and considered possible impacts
on ecosystems and the cost of biodiversity. In
the context of reviewing legislation and doc-
umentation processes, the researchers deter-
mined what rules and requirements should be
considered when using transported FRM. This is
important for ensuring long-term sustainabili-
ty and effective management of forest resourc-
es, and for ensuring compliance with the health
and development of local tree ecosystems.

The purpose of the study was to investigate
the characteristic features of artificial forest
reproduction in the climatic and geographical
region of the forest-steppe.

The objective of the study was to character-
ise the dynamics of annual volumes of artificial
forest reproduction in the Korsun-Shevchen-
kivskyi forest enterprise by the predominant
tree species; to highlight the advantages and
disadvantages of transplanting of the main and
related species in the specified forest conditions.

Materials and Methods

The study was conducted during 2012-2021 on
the territory of Vyhraiv, Kvitky, Kumeiky, Kor-
sun, Tahancha, and Yasnozirya forestry sec-
tions (Korsun-Shevchenkivskyi forest enter-
prise branch, Cherkasy Oblast, Ukraine). The
paper used a variety of resources and meth-
odologies for a comprehensive analysis of the
research subject. The theoretical approach in-
volved analysing, synthesising, deducing, in-
ducing, comparing, concretising, and generalis-
ing scientific sources related to the contextual
problem. Additionally, the study of regulatory
documents (project of the forestry development
organisation) (Ukrainian State Design Forestry
Production Association, n.d.) related to the ob-
ject of research was conducted. The empirical
method included such methodological founda-
tions as the organisation of observations (field
survey of planting material plots, monitoring of
the state of crops on the area), the of analytical

substantiation of progressive experience, the
assessment of the final results, and the descrip-
tion of the structure of the subject matter. For
objective data collection and their subsequent
analysis to obtain comprehensive information
on the state of the forest ecosystems, empiri-
cal research tools were used (collection of ac-
tual data, generalisation, systematisation, in
particular, forestry and ecological ones — when
studying the typological characteristics of for-
est plantations; generalisation — to record the
general features of a certain set of objects and
to make a transition from the individual to the
general, that is, to generalise the results of re-
search; by visual assessment of seedlings on the
plantation, description of the research object).
Methods of detection, including field mapping,
and interpretation, including functional and
analytical methods, were also used to study
the structure of the vegetation cover. To ana-
lyse the current stages of growing forest crops
and investigate the features of phytocenoses of
pine forests of the Korsun-Shevchenkivskyi for-
est enterprise branch, early office analysis was
carried out. Based on the forest management
documentation of the enterprise, it was deter-
mined that the most characteristic site is lo-
cated on the territory of the Korsun-Shevchen-
kivskyi forest enterprise, and this served as
the basis for determining the study areas. The
research was conducted in compliance with
the Convention on the Trade in Endangered
Species of Wild Fauna and Flora (1973) and the
Convention on Biological Diversity (1992).

Forest nurseries are an integral part of
the forestry process of the Korsun-Shevchen-
kivskyi forest enterprise branch. In particular,
the Kumeiky forestry established a sowing de-
partment and a decorative nursery of a tempo-
rary forest nursery, where 1-2-year-old Scots
pine seedlings and 2-year-old European spruce
seedlings grow (Fig. 1). In the temporary nurs-
ery of the Kvitky forestry, annual seedlings of
common oak and northern red oak were grown
(Fig. 2, 3).
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Figure 1. General view of the temporary
nursery of the Kumeiky forestry
Source: photo by O. Zabrodotskyi, I. Chemerys

Figure 2. General view of the temporary
nursery of the Kvitky forestry section
Note: general view of forest crops with a predominant
tree species of common oak established in spring

2022
Source: photo by O. Zabrodotskyi, I. Chemerys

Figure 3. General view of forest crops after
mechanised care in the row spacing of forest
crops by MTZ-82 tractor (Belarus), combined

with Kanzas-170 (Ukraine)
Note: the photo shows 4-year-old cultures of common
oak, Kvitky forestry
Source: photo by O. Zabrodotskyi, I. Chemerys

This strategic decision was aimed at im-
proving the sustainability and productivity of
forest ecosystems in the region. The period of
transition of forest crops to land covered with
forest vegetation was determined for about
6-7 years, depending on the main species. Soil
preparation included furrowing with an MTZ-
82 tractor (Minsk Tractor Works, Belarus) using
a PKL-70 combined forest plough (SPETSLIS-
MASH LLC, Ukraine). This process took place in
September-November for spring planting and
in August for autumn planting. 2-3 weeks be-
fore planting forest crops, deep nonmouldboard
cultivation of the soil was carried out, while ni-
trogen fertilisers were applied at the rate of 70
kg/ha of ammonium nitrate. For these works,
the MTZ-82 tractor (Minsk Tractor Works, Be-
larus) was used in combination with RN-60.80
tractor-mounted ripper (LLC SPETSLISMASH,
Ukraine). In the areas where the cover of ma-
drones and other cereal plants was found, her-
bicides with contact action from the glyphos-
phate group, such as Clinic, Roundup, Felix,
and Uragan-Forte, were applied. The dosage
was 3-7 litres per 1 hectare of active substance.
To carry out these activities, an MTZ-82 tractor
(Minsk Tractor Works, Belarus) with an ON-400
mounted sprayer was used by spraying the drug
on the leaf surface during the growing season
and vegetation height of 20 cm or above. Plant-
ing of crops was carried out using Kolesov’s
planting iron. Annual seedlings of Scots pine,
common oak, northern red oak, black walnut,
and black locust tree, obtained from their own
nurseries, were used for planting. In the areas
where multi-age May beetle larvae were record-
ed, material with a root system treated with
Prestige or Aktara preparations was used dur-
ing planting. Forest crops received care for five
years according to a specific scheme, which pro-
vided for a gradual reduction in the intensity of
work: starting with five rows of row spacing and
mechanised cultivation using MTZ-82 (Minsk
Tractor Works, Belarus) with KLB-1.7 combined
forest plough (LLC SPETSLISMASH, Ukraine),
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the row spacing was reduced at each subse-
quent stage. The lines were handled manual-
ly throughout the period. In addition, with a
mortality of more than 15%, the addition of
forest crops with the main species was carried
out to maintain the sustainability of the eco-
system and ensure optimal growth. Possible
areas for improving forest culture activities at
the enterprise include the following aspects:
expansion of work aimed at natural renew-
al, especially in conditions that contribute to
this; implementation of furrowing to promote
the natural renewal of forest tree species; use
of high-quality planting material with im-
proved hereditary properties; use of plants
with a closed root system to ensure better
survival and development; establishment of a
seed bank for storing and using seed material
in lean years; effective use of internal reserves
to ensure sustainable seed production and re-
duce dependence on purchases. These areas
are aimed at optimising the processes of forest
culture activities, preserving biodiversity and
ensuring the sustainability of forest ecosys-
tems at the enterprise.

Results and Discussion

The technological process of creating forest
crops is a complex of agrotechnical, silvicul-
tural, sanitary and protective and other tech-
niques aimed at growing forest crops with the
help of machines, materials, mechanisms, as
well as organising their implementation. Agro-
technical methods of planting forest crops are
determined by various factors, such as the
nature of the terrain, the type of forest con-
ditions, and the category of forest-cultivated
area. Silvicultural techniques are determined
by the orientation of plantation in accordance
with its intended purpose. Biological meth-
ods include the use of pest control products.

Sanitary protection techniques include the
implementation of sanitary selective logging
and other measures to improve the condition
of forest stands. The Korsun-Shevchenkivskyi
forest enterprise branch has improved and im-
plemented agricultural techniques for growing
planting material in forest nurseries in for-
est-steppe conditions. This technology must
be considered and followed at all stages of the
production process. Conventional methods
of sowing in beds have been replaced by new
approaches that involve the use of longitudi-
nal rows and strips. This decision is substan-
tiated by studying the optimal parameters for
seedling placement, growth, and development.
Seeding rates, optimal sowing depth, tim-
ing and structure of crops were established.
The efficiency of using fertilisers in the cor-
responding geographical areas of Ukraine, to
ensure optimal plant nutrition and increase
yields, was considered. All these measures are
aimed at improving the quality and quantity
of planting material obtained, and optimising
agricultural processes in forestry (Debryni-
uk, 2013).

The existing nurseries on the enterprise
almost completely meet the needs for planting
material. The sowing department uses breed-
ing material collected from family and clone
plantations, and from permanent and tempo-
rary forest seed plots. Based on the average
annual production volumes of forest crops,
the required volume in planting material is
calculated, which corresponds to 95.1 thou-
sand seedlings. This indicator is considered
to determine the area of the sowing and nurs-
ery departments. In the sowing sector of the
nursery, the following species are grown: Scots
pine (Pinus sylvestris L.), common oak (Quercus
robur L.), black walnut Juglans nigra L.), north-
ern red oak (Quercus rubra L.) (Table 1).
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Table 1. Dynamics of annual volumes of artificial forest reproduction in the
Korsun-Shevchenkivskyi forest enterprise branch by predominant tree species during 2012-2021

Planting and sowing forest
Year of incl. by predominant tree species Total, ha
establishment Scots pine Common oak Black walnut | Northern red oak
ha % ha % ha % ha %

2012 75 61.9 21.1 17.4 11.2 9.2 13.8 114 121.1

2013 115.6 82.5 16.9 12.1 5.6 4 2 1.4 140.1

2014 102.6 79.7 21.6 16.8 4.5 3.5 - - 128.7

2015 136 85.3 13.4 8.4 10.1 6.3 - - 159.5

2016 141.2 81.7 18 10.4 13.6 7.9 - - 172.8

2017 140.3 86.3 15.6 9.6 6.6 4.1 - - 162.5

2018 75.5 72.9 25.4 24.5 - - 2.6 2.5 103.5

2019 57.3 64.6 30.9 34.8 0.5 0.6 - - 88.7

2020 63.8 63.4 35.8 35.6 1.1 1.1 - - 100.7

2021 43.5 50.3 36.4 42.1 6.6 7.6 - - 86.5

Total 950.8 75.2 235.1 18.6 59.8 4.7 18.4 1.5 1,264.1
Averagefor 10 | g5y | 755 | 935 18.6 6.0 4.7 1.8 1.5 126.4

years

Note: includes the volumes of reproduction of Vyhraiv, Kvitky, Kumeiky, Korsun, Tahancha, and Yasnozirya

forestry sections

Source: developed by the authors based on the Ukrainian State Design Forestry Production Association (n.d.)

Forest transplanting has its advantages, in
particular, the possibility of planting already
grown plants on forest-cultivated areas that
can immediately compete with grass vegeta-
tion. However, planting seedlings or saplings
is often used to establish forest cultures, as
this simplifies the care process and ensures a
certain level of plant safety. Among the dis-
advantages of transplanting, there are signif-
icant costs associated with the cultivation of
planting material, namely: the creation, main-
tenance, selection, and transportation of seed-
lings, and the payment of wages to employees.

In the context of this forest enterprise,
three main methods of artificial reproduction
of forest crops are defined: sowing, planting,

and a combination of both previous methods.
In the future, it is planned to recreate forest
ecosystems by artificial plantings on the edg-
es of logging sites within the forest fund of
enterprise on a total area of 638.6 hectares,
while natural restoration was planned on a
total area of 225.3 hectares. Forestry has ac-
tually completed work on an area of 2,493.1
hectares, including 655.3 hectares of natural
regeneration. There are no protective forest
plantations on lands unsuitable for agricul-
tural production, which are not included in
the area of the forestry enterprise due to the
lack of regulatory and economic documents
confirming the right to permanent use of land
(Table 2).
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Table 1. Implementation of the main types of forest restoration work in 2014-2023

Average annual implementation in ha
Main types of work Total, ha 2014.202 in the year preceding the
-2023
current forest management

1. Reproduction of forests, total, incl. 2,493.1 249.3 255.1

<% forest sowing - - -

< forest planting 2,493.1 249.3 255.1

2. Reforestation: 2,360.5 236.0 235.0

<% incl. reconstruction of plantations - - -

3. Afforestation: 132.6 13.3 20.1

<% in clearings, wastelands, 132.6 13.3 20.1

<% on unsuitable land of other land users - - -

4. Natural renewal 655.3 65.3 55.8

5. Creation of protective forest stands on ) ) )

the lands of other users

<% including shelterbelts - - -

16n icl)l\/:slg;giesseeds of tree and shrub species 27 21 21
Z;e’lcailgstli?lgn(:lfrz?reiclelslngs of tree and shrub 10.0 1.0 1.0

Source: developed by the authors based on the Ukrainian State Design Forestry Production Association (n.d.)

Forest management measures related to
reforestation methods, selection of the main
species, soil preparation under 84% mechani-
sation conditions, and types of forest crops are
carried out at the proper level at the enterprise.
However, it is necessary to introduce addition-
al techniques for creating forest crops for such
species as northern red oak, European spruce,
European larch, common ash, black walnut, and
black alder in the forest fund of the forestry en-
terprise on an area of 156.7 hectares or 16.5%.
This will improve and enrich the diversity of
species in the created forest plantations, which
also corresponds to the types of growing con-
ditions of these tree species. Forest crops are
planted using two methods: 70% of the area is
planted manually, and 30% using mechanised
means. During 2012-2021, ten treatments of
forest crops was carried out. In total, during
this period of time, an area of 3,901.6 hectares
was cultivated, which is 106% of the planned
volume. The mechanised approach to crop
care is 8.7%. The system of measures aimed at

forest crops in recent years has covered the use
of a chemical method on a total area of 76.0
hectares. In 2012, Uragan-Forte (active ingre-
dient: glyphosate) was used in forest crops of
Scots pine on an area of 17.2 hectares. The main
species were added to forest crops when the
mortality was 15% or more. On average, addi-
tional measures were implemented annually
on a total area of 205 hectares. The number of
plantings and mixing schemes of forest crops
correspond to the technological schemes that
were designed as part of forest management.
The timing of the transfer of forest crops to for-
est vegetation is carried out in accordance with
the established regulatory documents (Fuchylo
& Kyrylko, 2022; Kychylyuk et al., 2022).
Forestry enterprise facilitated the natu-
ral renewal, in particular, by fertilising the soil
with minerals on an area of 305.3 hectares on
plots during logging of the main use. Howev-
er, the implementation of these events did not
always lead to the desired result. The transfer
of forest plots to those covered with forest
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vegetation after the implementation of meas-
ures to promote natural renewal in the forestry
enterprise did not take place.

The production site designed reconstruc-
tion of low-value and low-top plantings on an
area of 34.3 hectares, including continuous re-
constructive logging on 34.3 hectares. The next
step is to create forest plantations of common
oak on the same area. Practical restoration was
carried out on an area of 33.0 hectares of black
locust trees. It is important to note that the im-
plementation of this economic measure did not
significantly improve the species composition
and expected changes in the derived stands. It
was planned to carry out natural renewal on an
area of 225.3 hectares, of which 200.2 hectares
were provided in cutting areas of audit design.

Natural recovery was observed with the
participation of black locust tree and black alder
in open forest areas and cutting areas devoid of
forest vegetation on a total area of 402.3 hec-
tares. In particular, black locust tree success-
fully populated the slopes of various exposures,
while black alder prevailed in conditions with
high humidity levels. These natural processes
gave positive results and did not cause changes
in the main species, given the specific natural
conditions. The satisfactory condition of forest

crops of the 1%t and 2™ quality class in unclosed
forest areas is 83.1%, while in areas converted
to forest grasses, this class is only 62.4%. It is
important to note that no unsatisfactory forest
crops were found, which indicates the effective-
ness of silvicultural work in the enterprise. This
was achieved due to the timely implementation
of measures to restore plantings on logging
sites of the main use and sanitary logging of
valuable forest-forming species. Care at a suf-
ficient level with the necessary agrotechnical
techniques also plays an important role in en-
suring the stable condition of forest crops.

The forestry enterprise needed an aver-
age of 5,285.0 kg of seeds to perform reforest-
ation operations over the past two years. Seed
collection was carried out from isolated trees
with the best condition, located in parks, forest
strips and on permanent seed plots. The total
amount of seeds harvested over the past two
years is 4,324.0 kg, of which 33.5% were collect-
ed on permanent seed plots for common oak. It
is also important to note that some of the seeds
were imported from other districts of the region
(Table 3). The forestry enterprise has created a
permanent forest seed base for the purpose of
growing high-quality planting material with
valuable hereditary properties (Table 4).

Table 3. Dynamics of forest seed harvesting volumes
in the state enterprise Korsun-Shevchenkivskyi forest enterprise during 2012-2021

Tree species Harvested seeds per year, kg
P 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021
Common oak | 1,300 | 1,500 | 1,700 | 3,763 | 3,040 | 565 | 3,130 | 3,390 | 3,700 | 6,450
Nortgzin red | 958 | 1060 | 920 400 | 2,690 | 2,432 | 1,300 | 980 | 1,600 | 1,600
Black walnut | 2,500 | 3,099 | 2,840 | 2,480 | 3,110 | 2,870 | 1,933 | 2,108 | 1,906 | 2,920
Common - - - - - 108 62 60 58 120
walnut
Scotspine | 160 150 179 111 100 129 70 51.5 | 59.3 | 43.1
Other 20 20 15 10 10 10 - 285 | 265 13
Total 4,938 | 5829 | 5654 | 6,764 | 8,950 | 6,114 | 6,495 | 6,618 | 7,350 | 11,146
From them
for pSp - 500 300 - 500 - - 500 | 1900 | 500

Note: PSP —permanent seed plantation

Source: developed by the authors based on the Ukrainian State Design Forestry Production Association (n.d.)
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Table 3. Availability of planting material according to the balance (2013-2022)

Standard seedlings and rooted cuttings, thousand units
Balance for availability | used in autumn | availability as balance
spring, year according to for plantin'g, of January 1 of need f9r
the autumn | supplementing, | the reporting everything | excess |shortage
inventory and selling year
2022 684.7 184 500.7 445.7 55 -
2021 725.2 114.4 610.8 608.4 2.4 -
2020 1,001.6 - 1,001.6 903.3 98.3 -
2019 1,187 229 958 816.9 151 9.9
2018 1,177 312 865 815 50 -
2017 1,264 250 1,014 977 69 32
2016 1,777 290 1,487 1,541.2 - 54.2
2015 1,221 138 1,083 1,102 - 19
2014 1,098.9 171 927.9 950.7 0.2 23
2013 2,010.6 184.6 1,826 1,526.8 355 55.8

Source: developed by the authors based on the Ukrainian State Design Forestry Production Association (n.d.)

From the presented statistical results (Ta-
ble 3) it can be seen that the dynamics of the
volume of harvesting of forest seeds increased
significantly in 2021, increasing from 111% to
500% compared to 2012. However, the volume
of pine seed harvesting in 2021 decreased by
27% compared to 2012.

At the enterprise, there are nurseries with a
total area of 4.6 hectares, of which 1.0 hectares
are intended for temporary use. The productive
area of nurseries is 4.5 hectares, and the aver-
age annual number of seedlings grown over the
past two years is 379.5 thousand units. Of this
total number: 11.6 thousand units of Scots pine;
5.2 thousand units of Crimean pine; 9.2 thou-
sand units of European spruce; 0.5 thousand
units of larch; 2.7 thousand units of northern
white cedar; 4.5 thousand units of juniper;
0.3 thousand units of other species; 96.7 thou-
sand units of common oak; 0.6 thousand units
of Norway maple; 22.9 thousand units of small-
leaved linden; 190.8 thousand units of black
locust tree; 5.8 thousand other tree species;
28.7 thousand units of shrub species.

The forestry uses two greenhouses with an
area of 447 m? to grow planting material. An av-
erage of 43.15 thousand plant cuttings with a

well-developed root system are grown in these
greenhouses annually, which are then used for
decorative purposes. In particular, this applies
to seedlings of common box, European spruce,
northern white cedar, Scots pine, common juni-
per, and common ninebark. Currently, the exist-
ing nurseries in the forestry enterprise fully pro-
duce the necessary amount of planting material,
and therefore, their further expansion is not
planned. Planting material that is grown in for-
est nurseries finds its application to improve the
condition of forest crops and landscaping the ter-
ritories where the forestry enterprise is located.

The forest fund of Ukraine corresponds to
anareaof 10.4 million hectares, which nowadays
has a significant predominance of artificial plan-
tations — forest crops — over natural formations.

V.M. Maurer (2012) noted that the state of
provision of planting material for reforestation
in Ukraine now requires attention and analysis.
One of the key problems is the lack of availabili-
ty and variety of planting material for the resto-
ration of forest areas. It is necessary to address
the issue of providing high-quality and adapted
seedlings of the main tree species that play an
important role in reforestation. In addition, it
is important to improve planting technologies
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and introduce new methods to improve the ef-
ficiency and sustainability of reforestation. The
development and implementation of national
strategies and programmes aimed at improving
the supply of planting material are identified as
priority tasks for the conservation and restora-
tion of forest cover in Ukraine (Hensiruk, 2002).

A.N. Nekos & M.Z. Rego (2015) present
an approach to identifying high conservation
value forests (HCVF). It is determined that the
main principles of conservation and reproduc-
tion of forest resources aimed at improving the
environmentally useful properties of wood are
the achievement of environmentally oriented
forest management with the study and consid-
eration of forest resources depending on zoning
and integrated ecological and economic forest
management with environmentally advanced
technologies.

Using a high-resolution spatial analysis of
global drylands, 448 million hectares suitable
for afforestation were identified, and the con-
centration of forestry in areas with a net cool-
ing effect alone would use up half the area and
double the compensation for emissions, report
S. Rohatyn et al. (2022). This discovery not only
highlights the significant opportunities for for-
est growth in the country, but also highlights
the need for strategic planning and priority
measures to promote forestry. The application
of this approach in forest management can
become a key area for a balanced approach to
solving problems and setting priorities in the
field of providing planting material for for-
est restoration in Ukraine. In the fight against
global climate change, in order to restore bio-
diversity and increase the income level of local
residents around the world, forest planting ac-
tivities are being accelerated. While afforesta-
tion programmes can mitigate not only global
climate change itself, but also its adverse ef-
fects in the form of drying out, report A. Staal et
al. (2024). Reforestation in Europe is increas-

ing summer precipitation locally, according to
a new analysis of precipitation measurements
across the continent. These programmes are
becoming a key tool for managing the carbon
cycle and conserving water resources, providing
a positive impact on biodiversity and the local
environment. Effective afforestation is expect-
ed to help restore ecosystems and create a sus-
tainable, carbon-neutral environment, which
will help counteract climate change and ensure
balanced development for local communities.
J. Baker (2021) argues that real tree planting
levels can mitigate future droughts that are ex-
pected due to climate change. Tree planting is
defined by the researcher as an effective meas-
ure in the fight against droughts, since the for-
est cover can affect the hydrological cycle and
the storage of ground water. Given that trees
release less water during the transpiration pro-
cess in winter than plants in summer, they can
affect the reduction of evaporation and, conse-
quently, the storage of moisture in natural eco-
systems. The results of this study highlight the
importance of careful planning and implemen-
tation of tree planting programmes as part of a
strategy to adapt to climate change and over-
come its negative impacts, in particular, in the
form of droughts.

The problems of reforestation and affores-
tation in the lowland part of Ukraine are given
attention in a number of scientific and practical
studies, which reveal the features of techno-
logical processes for the establishment of for-
est stands. In particular, O.T. Danchuk (2004)
investigated aspects of factors affecting the
biological stability of forest biocenoses involv-
ing introducers, and possible changes in the
genetic structure of populations of native and
introduced breeds during reforestation activ-
ities. Determining the impact of introduction
on biodiversity and interactions between dif-
ferent species, O.T. Danchuk (2004) identified
key aspects that determine the sustainability
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and long-term sustainability of ecosystems.
The study points to the need to consider ge-
netic aspects in reforestation programmes
and strategies to preserve natural biodiversity
and improve ecosystem sustainability in forest
management. V.I. Bilous (2009) made a signif-
icant contribution to understanding the fea-
tures of growing and breeding common oak in
the forests of Ukraine. The researcher focused
on a detailed investigation of the biological and
forest properties of this species, considering in-
traspecific variability and identifying outcomes
that are important for further breeding and
management of forest resources. The studies by
V.1. Bilous (2009) and Y. Yelisavenko et al. (2023)
highlight how important it is to consider com-
mon oak as a key element of forestry, given its
multifaceted characteristics. The results of the
study open up new opportunities for optimising
the management of this species and developing
breeding strategies.

The natural conditions of the region un-
der study create favourable soil and climat-
ic conditions for the successful cultivation of
highly productive pine stands, and other val-
uable tree species. In modern conditions, the
production of forest crops must necessarily be
aimed at using methods of restoration and af-
forestation based on the principles of close to
nature forestry. This includes the creation and
cultivation of biologically sustainable plant-
ings, considering the conservation of natural
resources and biodiversity. The enterprise car-
ries out practical complete independent har-
vesting of seeds, but in case of its insufficiency,
purchases are made from neighbouring enter-
prises. The grown planting material almost all
corresponded to standard sizes, which made
it suitable for planting on forestry plots. The
enterprise performed a significant amount of
reforestation work, in particular by increas-
ing the volume of forest crops planted. This
was achieved by creating forest crops in areas

where continuous sanitary and reforestation
logging was carried out. The recommendations
of forest management regarding reforestation
methods, soil preparation, and rock mixing
were mainly considered and implemented by
forestry enterprises. The company’s task was
to ensure high productivity of forest crops in
the region. To achieve this goal, significant
amounts of reforestation work have been car-
ried out, including soil preparation and selec-
tion of optimal rocks. An important aspect was
the consideration of fresh hornbeam-oak-pine
subor forest types, where an increase in the
area of Scots pine and a decrease in common
oak were substantiated.

Conclusions

The Korsun-Shevchenkivskyi forest enterprise
branch effectively implements agrotechnical
techniques for organising production activities
in forestry. The enterprise considers the topog-
raphy, type of forest conditions, and category
of forest area when creating forest plantations.
Forestry measures include the establishment
of plantations in accordance with their intend-
ed purpose, the use of pest control products,
and sanitary protection measures. Agricultural
techniques for cultivating planting material in
forest nurseries were introduced, and bedding
methods were replaced. Analysis and rationing
of seed sowing was carried out based on geo-
graphical conditions. The reforestation pro-
gramme planned to reforest 638.6 ha, while
the enterprise actually implemented the pro-
gramme on 2,493.1 ha.

Forest management activities include fell-
ing, selection of main species, and soil prepara-
tion with a high level of mechanisation. Devia-
tions from the project were recorded for some
species, which contributed to their diversity.
Planting of forest crops was carried out man-
ually and technically. 10 treatments were car-
ried out, which is 106% of the planned amount.
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The use of machinery during maintenance was
8.7%. Chemical treatment was carried out on
76.0 ha. Promotion of natural forest regener-
ation through soil mineralisation on 305.3 ha
has not always been successful. Forest nurser-
ies are almost completely provided with plant-
ing material using breeding material.

Further research will focus on finding ef-
fective methods for managing forest resourc-
es to ensure their sustainability and use in an
environmentally balanced way, and developing
strategies for preserving soil cover and water
resources in the forest-steppe zone.

The disadvantages of transplanting are the Acknowledgements
cost of growing planting material. Planting can ~ None.
take place i iety of , includi d- .
? e place in Ejl varie y.o ways, including see Conflict of Interest
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Anotanis. Cepef KITIOUOBUX MMPO6IEM, 10 BUHMKAIOTDh Y BiATBOPEHHI JIiCiB y mapajgurMi crajioro
PO3BUTKYJTiCOBOI TajTy3i, BapTO BiI3HAUMUTY OOCSITJIiCOBiTHOBIEHHSI, SIKMi1 TOTPEBYE i1Oro KOpeJsiii.
3asHaueHa MpobiemMa BUMarae yBaru, OCKiJibkKu eeKTHBHE JIiCOPO3BEINEHHS Ta JIiCOBiTHOBIEHHS
BM3HAUYAIOTh CTAbGibHICTh €KOCHCTEMM Ta BASKIMBICTH JIICOBMX pecypciB sl 306epekeHHS
6iopi3HOMAaHITTS JTicOBOTO ceKTOpy. MeTOI0 PO6GOTH € ieTalibHe BUBUEHHS 0COGIMBOCTEN IITYUHOTO
BiITBOpeHH: JliciB B yMoBax JlicocTernoBoi kiiMato-reorpadiuyHoi 30HKM. MeTomonmorivuni 3acaau
opraHisariii crrocTepeskeHb BKITIOUAJIV [TOJIbOBE 0OCTEKEHHS [iJITHOK CaIMBHOTO MaTepiasty, Harisi,
3a CTaHOM IIOCiBiB Ha IUIOIIi, 3/1i/ICHEHHS aHAIITUYHOTO OOGIPYHTYBAHHS ITPOrPECUBHOTIO JIOCBiTY,
OIliHKa OJlepyKaHMX KiHIIe BUX ITiICYMKiB. [JOC/iisKe HHS Tpoxoamio B pinii «KopcyHb-1lleBueHKiBCbKe
sicoe rocriomapctBo» JIT «Jlicu Yrpainw». [IpefcTaBaeHo IMHAMIKY IIOPiYHMX OOCSTIB IITYYHOTO
BiATBOPEHHS JTiCiB 3 ypaxyBaHHSIM MepeBaskalunx nepeBHUX BUAIB rpoTsarom 2012-2021 poxkis.
IlomaTKoOBO, TPOBEIEHO aHAaJIi3 MepeBar i HeloiKiB BUKOPUCTAHHSI PO3CAJHUIITBA TOJIOBHUX Ta
CYIIyTHIX MTOPiJ, B IpeJcTaBAeHMX JiCOPOCIMHHNX YMOBax. B 3a3HaueHMi1 nepiog, crocrepiraeTbest
KOJIVMBAHHSI 0OCSITIB IITYYHOTO BiAITBOPEHHS JIiCiB y pO3MISSHYTUX JicHUITBaX. [Ilo0 po3caiHUIITBA
TOJIOBHUMX Ta CYNYTHIX MOpif, CJIif Big3HAUMTK 1iOT0O TepeBaru y 3abesreueHHi 6i0pisHOMaHITTsI
Ta MIBUAKOTO BiIHOBJEHHS JiciB. OmHAK iCHYIOTb HEeHOJiKM, TaKi SIK MOXIMBICTD BTpaTu
TreHeTUYHOI Pi3HOMAaHITHOCTi Ta BpaxyBaHHSI MiCIIeBUX YMOB ISl €(DeKTUBHOTO PO3CaskeHHS. Y
MiICYMKY, ITOCTiI3KeHHSI JO3BOIMIO BU3HAUMUTHM TEHIEHIIil Ta 0COGAMBOCTI BiITBOPEHHS JICiB Y
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BKa3aHMX JIICHMULTBAX, @ TAKOX Bij3HAUUTM IepeBary Ta HeAONiKM PO3CaJHMUILTBA TOJOBHUX Ta
CYNYTHIX MOpif y pi3HMX JiCOPOCAMHHMX YMOBax. [0CogapcTBO akKTMBHO BIIPOBAKYE 3aXOAU
3 BiITBOPEHHS JiCiB, 30CepeasKyI0UNCh Ha iHTEHCMBHOMY 30ilblIeHHI OGCSTIB MOCANOK JIiCOBUX
KynbTyp. Lle mocsiraeTbcs 3aBAsIKM PO3MIillleHHI0O HacalkeHb Ha TepUTOPisix, SIKi MmigmaBanyuch
CYLIIbBHMM CaHITapHUM Ta JTiCOBiZHOBHMM pybKam. OZHMM 3 KIIOUOBUX 3aBAAaHb TOCIIONAPCTBA
€ 3a6e3mevyeHHsT BUCOKOI MPOAYKTUBHOCTI JiCOBMX KYJAbTYpP B perioHi. IJisi LIbOTO BUKOHYIOTHCSI
3HAYHi 06CATM POOGIT 3 JIiCOBiIMHOBIEHHS, BKIIOYAIOUM CUCTEMATUYHY IiATOTOBKY IPYHTY Ta
peTeNbHMit BUOGIP ONMTUMMAIbHUMX TIOpiA IUIsi KOHKPETHMX YMOB. BpaxoByoouu peKoMeHpallii
JCOBIOPSIIKYBAaHHSI, BiZoOpaskeHO KOMIUIEKCHUI TiXiz 4O JIiCOBiIHOB/IEHHS, Ikl 3a6e3meuye
CTiiiKi Ta MPOLYKTUBHI eKoCuCcTeMU B perioHi. Po3pobieHi cTpaTerii MOKyTb CTyTyBaTU BasKIMBUM
iHCTpyMeHTOM JJIs1 BIIPOBaIskeHHST iHHOBAILi# y cdepy icoBOro rocrnomapoBaHHs

KnrouoBi c/1oBa: JIiCOPOCAMHHI yYMOBM; PO3CATHMUIITBO; JIICOBi KyAbTYpM; JIICOBiIHOBJIEHHS;
MPOAYKTUBHICTD JTICOBUX KY/IBTYD
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Abstract. The current state of dark coniferous forests on Earth is a bio-indicator of global
environmental change, in particular, the process of gradual degradation of tree species of the
genera Pine, Spruce and Fir, due to the negative impact of anthropogenic activities, abiotic and
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Ulcerative tumour-like disease...

biotic factors. The purpose of the study is to establish the symptoms, prevalence and harmfulness
of the causative agent of ulcerative tumour-like disease on the shoots and trunks of white fir.
The research was conducted on the territory of the forest fund of the Pokuttia Carpathians, in
particular, within the branch Kutske forestry of the State Specialised Economic Enterprise “Forests
of Ukraine” in the Kosivske forest enterprise. The study uses classical phytopathological and
mycological methods, which are used to investigate the aetiology of the disease, analyse typical
symptoms (starting from the early stages), and perform microscopy of the affected parts of fir. The
symptoms, aetiology, and pathogenesis of white fir ulcer-like disease, which tends to spread, were
investigated. A new name for the disease is substantiated, in particular, it is proposed to use the
name “ulcerative tumour-like disease” of fir instead of the current name “cancer”. It is shown that
a typical sign of infection is the development of tumours, which eventually transform into ulcers. It
was found that the tumour-like type of lesion prevails on the undergrowth of fir, and on plants of
the upper tiers — ulcerative. It is noted that a typical sign of ulcerative tumour-like disease of white
fir is also the presence of pathologies such as “witches’ broom”. It is proposed to remove affected
trees with typical signs of infection with ulcerative tumour-like disease to reduce the infectious
background, especially during lighting and cleaning, since affected trees are not released from
infection. Therefore, assessing the risk of infection of white fir trees with ulcerative tumour-like
disease at the level of specific stands and ensuring an appropriate response to potential infection

risks is an important part of sustainable forest management

Keywords: Abies alba; rusty fungi; biotic factors; symptoms; aetiology; pathogenesis

Introduction

The problem of dieback of dark coniferous for-
ests with the participation of woody species of
genera Pinus L., Picea A. Dieter and Abies Mill.
in the the world is gaining more and more scale,
as their sanitary condition acts as a global bi-
ological indicator of environmental changes.
Among the main hypotheses of this phenom-
enon, there are three main factors: abiotic, bi-
otic, and anthropic, which are the foundation of
the polyfactorial concept. The impact of abiotic
factors, such as climate change and excessive
soil moisture, is significant in the process of
forest dieback: Biotic aspects, in particular, the
spread of diseases and pests, also proved to be
important factors leading to a decrease in the
hardiness of dark coniferous forests. Measures
to regulate the impact of anthropic factors,
such as unstable forest management and insuf-
ficient environmental protection, are becoming

extremely important for preserving biodiversi-
ty and ensuring the stability of dark coniferous
forest ecosystems.

Predictors or factors of “primary” influ-
ence include abiotic abnormalities (climate
aridisation, exposure to ultraviolet radiation
and stratospheric ozone, and anthropic pres-
sure (anthropogenic air pollution and forestry
activities that lead to changes in the species
composition of stands (Meshkova et al., 2018;
Hunova et al., 2019). Phytocenotic prerequi-
sites for the dieback of Abies alba Mill. in Forest
cenoses, which were considered in the paper
by M.I. Soroka et al. (2019), involve complex
interactions between different plant species
and environmental factors. Propensity of Abies
alba Mill. to drying time is determined by the
composition and structure of the surrounding
vegetation, soil characteristics and climatic
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conditions in specific cenoses of Kutske forest-
ry. Understanding these phytocenotic dynamics
is essential for implementing effective conser-
vation and management strategies to overcome
the challenges of Abies alba Mill. drying out in
this forest enterprise.

According to R.C. Cobb & M.R. Metz (2017)
biotic factors are considered to be secondary,
reinforcing the role of previous ones and lead-
ing to irreversible changes in forest ecosys-
tems. They noted that the spread of pathogens
in forest ecosystems not only causes diseases,
but also contributes to interaction with vari-
ous disorders, such as insect pests and extreme
weather conditions. The relationship between
tree diseases and forest disturbances creates
feedback, where the presence of one element
increases the likelihood and severity of the oth-
er, leading to a complex cycle for forest health
and sustainability. I.N. Pavlov et al. (2020)
found that the impact of invasive pest species
is recognised as the most significant on the
planet’s dark coniferous forests — Polygraphus
proximus Blandford and Ips typographus Lin-
naeus, which cause mass tree death and alter
the composition, structure, and function of for-
ests. J.L. Morris et al. (2018) described that bark
beetles become influential agents of change
in socio-ecological systems, significantly af-
fecting forest ecosystems. Their attacks, often
caused by environmental stressors, can lead to
widespread tree mortality, altering the compo-
sition and structure of forests. The impact of
bark beetle activities extends far beyond envi-
ronmental changes, affecting forest-dependent
economic activities and challenging established
forest-related social dynamics. According to
forecasts, prolonged warming during the 21st
century will contribute to the mass develop-
ment of bark beetle populations in ecosystems
where they were previously limited by climatic
conditions (Robbins et al., 2020). Therefore, de-
spite the high natural resistance of fir and fir-
beech forests compared to pure spruce forests to

most adverse environmental factors (Zhang et
al., 2018; Lukashchuk et al., 2023), a detailed
study of pathologies of biotic origin is the ba-
sis for developing a strategy for forest conser-
vation and biodiversity maintenance. .M. Kul-
banska et al. (2022) considered that increased
resistance of fir and fir-beech stands may occur
due to allelopathic effects, for example, Fagus
sylvatica. At the same time, a decrease in the
proportion of deciduous tree species in the
fir forest stand that are not infected with the
same types of diseases as fir can contribute to a
general decrease in the resistance of the stand
to the occurrence of infectious epiphytotics.

Thus, despite the fact that the species com-
position of potential predictors of the influence
of biotic origin on the condition of white fir is
more or less outlined, some issues, in particular,
regarding the substantiation of the names of dis-
eases, aetiology, features of symptoms with si-
multaneous exposure to different species, have
not yet been considered. Therefore, the purpose
of this study is to determine the signs, spread,
and effect of ulcerative tumour-like disease
factor on the branches and trunks of white fir.

Materials and Methods

Field studies of the symptoms and spread of
ulcerative tumour-like disease on shoots and
trunks of white fir were conducted during the
growing season of 2023 on the territory of forest
plantations of the Pokuttia Carpathians within
the forest fund of the Kutske forestry branch
of the State Specialised Enterprise “Forests
of Ukraine”. Two trial plots were established,
which differ in the main silvicultural and inven-
tory indicators, but fully represent the typical
conditions of the study area.

Trial area No. 1 was established in block 23,
stratum 13 of the Kosivske forestry. The height
above sea level is 540 m, the slope is 25°. The
total area of the compartment — 0.3 hectares.
Forest stand composition — 90% fir 10% spruce +
beech. Age - 93 years. Average height — 28.0 m,
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average diameter — 40.0 cm, density — 0.50, re-
serve — 460 m®xha'. Quality index - I. The for-
est type — fresh fir mixed beech forest (-).

Trial area No. 2 is established in block 31,
stratum 9 of the Kosiv forestry. The height
above sea level is 790 m, the slope is 36°. The
total area of the compartment — 11.5 hectares.
Forest stand composition — 70% fir 20% spruce
10% beech. Age — 103 years. Average height —
25.0 m, average diameter — 36.0 cm, density —
0.40, reserve — 300 m®xha'. Bonitet — II. The
forest type is wet beech mixed fir forest (-). The
silvicultural and taxation characteristics of the
trial areas are given according to the taxation
descriptions of the enterprises provided by the
Ukrderzhlisproekt production association. In
total, 214 specimens of white fir were registered
within the test areas, classified as undergrowth.
To assess the prevalence and harmfulness of
the disease, the degree of thickness, not the age
of woody plants, was taken into account. This
is conditioned by the fact that the undergrowth
(even within the same height) has a different
(sometimes by decades) age, which is the norm
for white fir and reflects its high shade toler-
ance, and the ability to wait for a long time for a
free “window” in the stand.

Special macroscopic, microscopic, and my-
cological research methods were used to de-
termine the species composition of infectious
disease pathogens. Identification of the col-
lected phytopathological material was carried
out directly using light microscopy methods
in the Educational and Scientific Laboratory of
Biotechnology and Cellular Engineering of the
National University of Life and Environmental
Sciences of Ukraine.

Based on a detailed analysis of the ulcer-
ative tumour-like disease of white fir, certain
features in the symptoms of the pathological
processwere determined, in particular, two types
of lesions were identified. Type 1 (usually char-
acteristic of fir undergrowth) is characterised
by the development of more or less extensive

(sometimes up to 15-20 cm) muff-like tumours
encircling the trunk (shoot). Such tumours from
the moment of development have a surface
with longitudinal and transverse cracks, which
is generally uncharacteristic for fir of any age.

Over time, some tumours of this type de-
velop stepped ulcers, most often near knots on
the trunks. Type 2 (typical for plants of older
age groups and trees of the upper tiers) is char-
acterised by the development of muff-like tu-
mours, the edges of which are not clearly de-
fined, often without changing the structure of
the bark (longitudinal and transverse cracks,
characteristic of type 1 lesions, do not develop).
However, a characteristic transverse ulcer (deep
crack) is formed, which in symptoms resembles
an open form of transverse oak cancer with a
similar effect on the physiological state of the
plant. That is why even in the reporting materi-
als of forestry enterprises, this disease is called
“transverse cancer” of fir.

To establish the morphometric parame-
ters of witches’ brooms, the length of shoots
and needles was measured, and the number
of needles, lateral buds of regular branching
and lateral axillary buds was calculated. Latin
names of higher plant species are given based
on: World Flora Online (n.d.), mycobiotes —
based on: Index Fungorum (n.d.). The degree of
damage to trees was determined by condition
categories (Resolution of the Cabinet of Min-
isters of Ukraine No. 756, 2016). Calculations
and statistical processing of data were carried
out using Microsoft Excel software suite. The
research was conducted in compliance with the
standards specified in the Convention on Bio-
logical Diversity (1992) and the Convention on
the Trade in Endangered Species of Wild Fauna
and Flora (1973).

Results

The causative agent of ulcerative tumour-like
disease of white fir is a diverse fungus with a
complete development cycle Melampsorella
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caryophyllacearum J. Schrot. (outdated name —
Melampsorella cerastii, synonym - Melamp-
sorella elatina (Alb. & Schwein.) Arthur 1907)
(Scholler et al., 2022). Spermogonia on the up-
per surface of the needles between the epider-
mis and cuticle, yellow to honey-yellow, dotted,
100-120%30-50 ym in size, clearly protruding
from the epidermis. Aecium on the lower sur-
face of needles in the form of yellowish stripes
located along the central vein. Aeciospores are
ellipsoid or angular, with pink-orange contents,
15-20x18-20 pm; the shell is colourless, warty,
1-2 pm thick. Uredinium mainly on the under-
side of the needles, small, rounded, 0.1-0.5 mm
in diameter, yellow, formed directly in the
stomata. Uredospores are ellipsoid or almost
spherical, 15-30x14-24 pm, with yellow-or-
ange contents; the shell is colourless, bristly.
Telium on the underside of the leaves develops
more or less whitish or ochreous-yellow spots.
Teleutospores are grouped in the cells of the
epidermis, spherical, ellipsoid or angular, ir-
regular, 15-25 pm in diameter, with colourless
or yellowish contents; the shell is colourless,
smooth, 1 pm thick. Spermogonial (0) and ae-
cial (I) stages of pathogen development occur
on needles of Abies alba Mill., and urediniost-
adia (IT) and teliostadia (III) develop on plants
from the Clove family (Caryophyllaceae), in par-
ticular, on common starwort (Stellaria graminea
L.) and greater starwort (S. holostea L.), water
chickweed (S. aquatica Scop.), species of the ge-
nus Cerastium (Cerastium L.) and others. Cur-
rently, it is known that the endemic Turkish fir
species Abies nordmanniana subsp. equi-trojani
(Asch. & Sint. ex. Boiss.) Coode & Cullen is also
sensitive to this pathogen (Keles et al., 2021).
The first symptoms of the lesion appear
on young branches and shoots, on which muff-
like thickenings develop (Fig. 1). Next spring, a
witches’ broom sprouts vertically from the buds
of infected shoots in the places where tumours
form, which has the appearance of a cluster of
dense shortened shoots with short yellow-green

needles (Fig. 2). Starting from mid-summer, the
needles of witches’ brooms develop aecial spor-
ulation, which has the appearance of orange or
yellowish cylindrical pustules filled with ae-
ciospores. Aecias develop on the underside of
needles, along the middle vein. The affected
needles eventually completely fall off. In the
following years of pathology development, new
shoots appear on the witches’ brooms, and new
aecia develop on them. Usually, several bushes
of witches’ brooms with a diameter of up to 60
cm, and sometimes more, appear at the crown of
the tree. The life cycle of witches’ broom can last
for 20 years or more. Very rarely (within the sta-
tistical margin of error), a witches’ broom with
perennial needles was found, which is not char-
acteristic of the ulcerative tumour disease of
white fir. Obviously, such witches’ brooms have
a different origin, which requires further study.

Figure 1. Muff-like thickenings —
initial stage of pathogenesis of ulcerative
tumour-like disease of white fir

Source: photo by the authors
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Figure 2. The development of witches’
brooms in the crown of white fir trees is a
typical symptomatic sign of Melampsorella

caryophyllacearum infection
Source: photo by the authors

On the affected trunks, a closed-type
thickening with longitudinal surface cracks is
formed. Over time, the crust cracks and falls off,
partially exposing an open stepped ulcer (Fig.
3). Growths can appear along the entire length
of the trunk, often several at once. From the
affected shoots, the mycelium of the pathogen
penetrates directly into the tree trunk, where it
causes the process of necrotisation of the cam-
bial layer, as a result of which atypical thicken-
ings form on the trunk, usually covered with a
crust with longitudinal and transverse cracks.
On the affected shoots, yellowish needles ap-
pear locally, intensively crumbling. Over time,
the crust cracks, partially falls off, exposing an
open step wound, cracks on the surface of which
begin to deepen. Growths are formed along the
entire length of the tree trunk. Affected white

fir trees can show signs of weakening for several
decades. The condition of infected woody plants
significantly depends on the location of ulcera-
tive tumour lesions on the trunk. The most dan-
gerous lesions are those that develop in the sub-
crown part of the trunk, leading to its dieback.

Figure 3. Cancerous and ulcerative wounds
of various types of white fir
Note: a — on shoots; b, ¢ — on trunks
Source: photo by the authors
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The disease causes weakening and dieback
of white fir, especially undergrowth, reduces the
yield of commercial wood, contributes to the in-
fection with rot pathogens, in particular, Phell-
inus hartigii (Allesch. & Schnabl.) Pat. and the
development of foci of stem pests. As evidenced
by the studies, quite often the fir undergrowth
is significantly weakened and dieback if there
are only closed tumours on the trunk without
exposing the wood (without ulceration). Trees
of older age groups mainly develop ulcers
(common or stepped) located across the trunk.

Based on a detailed analysis of the ulcer-
ative tumour-like disease of white fir, certain
features in the symptoms of the pathological
process were determined, in particular, two
types of lesions were identified. Type 1 (usu-
ally characteristic of fir undergrowth) is char-
acterised by the development of more or less
extensive (sometimes up to 15-20 cm) muff-
like tumours encircling the trunk (shoot). Such
tumours from the moment of development
have a surface with longitudinal and transverse
cracks, which is generally uncharacteristic for
fir of any age. Over time, some tumours of this

type develop stepped ulcers, most often near
knots on the trunks. Type 2 (typical for plants
of older age groups and trees of the upper tiers)
is characterised by the development of muff-
like tumours, the edges of which are not clearly
defined, often without changing the structure
of the bark (longitudinal and transverse cracks,
characteristic of type 1 lesions, do not develop).
However, a characteristic transverse ulcer (deep
crack) is formed, which in symptoms resembles
an open form of transverse oak cancer with a
similar effect on the physiological state of the
plant. Perhaps that is why, even in the reporting
materials of forestry enterprises, this disease is
called “transverse fir cancer”.

Accounting data on the spread of ulcera-
tive tumour-like disease on the undergrowth
and trees of white fir of the upper tiers of the
stand with a division into degrees of thickness
and types of lesions (1 and 2) indicate the su-
periority of type 1 of lesions in young white
fir trees (Table 1). The table does not consider
dead white fir trees of various degrees of thick-
ness that did not have symptoms of ulcerative
tumour-like damage.

Table 1. Spread of ulcerative tumour-like disease

on the undergrowth and trees of white fir of the upper tiers

Number of ulcerative tumour-like
Degree of Total Including lesions by type Total Spread
thickness, recordefi infecte(.l Type 1 Type 2 lesigns, _of the
cm trees, units | trees, units units disease, %
units ‘ % units ‘ %
Undergrowth
2 62 43 84 81.6 19 18.4 103 69.4
4 49 24 46 88.5 6 11.5 52 49.0
6 43 10 20 714 8 28.6 28 23.3
8 31 12 7 63.6 4 36.4 11 38.7
10 18 3 66.7 2 33.3 6 16.7
12 11 1 2 66.7 1 33.3 3 9.1
Total 214 93 163 - 40 - 203 -
Upper tier trees
28 26 1 0 0.0 1 100.0 1 3.8
32 71 3 0 0.0 3 100.0 3 4.2
36 119 4 1 20.0 4 80.0 5 3.4
40 186 15 3 15.8 16 84.2 19 8.1
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Table 1, Continued

Number of ulcerative tumour-like
Degree of Total Including lesions by type Total Spread
| ey units | trees, anits | P 1 Typez | IOER | disease, %
units % units %
Upper tier trees
44 18 2 0 0.0 2 100.0 2 11.1
48 6 4 0 0.0 4 100.0 4 66.7
52 1 0 0.0 1 100.0 1 14.3
56 3 1 0 0.0 1 100.0 1 33.3
Total 436 31 4 - 32 - 36 -

Note: affected plants include undergrowth that had both symptoms of type 1 and 2 lesions, and witches’
brooms. There were often plants whose only visual sign of infection was witches’ broom; type 1 tumour-like
growths (without ulcers) and type 2 — ulcerative tumour-like (stepped for undergrowth and young plants) and

transverse (for trees of the upper tiers)
Source: compiled by the authors

Notably, there is no correlation between
the height of the undergrowth and its age - to
a greater extent, this depends on stressful (de-
pressing) factors for plants. It is established
that the average distribution rate of ulcerative
tumour-like disease is equal to 43.5% on the
undergrowth. The largest number of fir spec-
imens with typical visible signs of infection is
attributed to the smallest degrees of thickness.
Accordingly, the total number of lesions (total-
ling type 1 and type 2) was also highest on trees
with 2 and 4 cm thicknesses. Note that the type
of ulcerative tumour disease lesion also pre-
vailed in the undergrowth, that is, tumour-like
formations on shoots and trunks without ul-
cers. At the same time, the disease is found not
only on trunks, but also on shoots. The affected
young undergrowth is usually depressed, and a
significant percentage of plants are dead.

The report also covers 436 specimens of
white fir of the upper tiers. The average spread
of ulcerative tumour-like disease is 7.1%. The
largest number of fir specimens with typical
visible signs of infection is attributed to aver-
age (36-44 cm) degrees of thickness. The total
number of lesions (total type 1 and type 2) was
the highest on trees of 40 cm thickness (this

trend can be explained by the fact that in the
studied plantings, the most common were trees
that reached 40 cm in diameter). Note that on
trees of older age groups, type 2 of ulcerative
tumour-like disease prevailed, that is, there are
ulcerative tumor-like and transverse growths
(inflows). It is known that any ulcers (inflows,
tumours) weaken the plant, but its death (due
to the objective characteristics of obligate
pathogens, in particular, the causative agent
of ulcerative tumour-like disease of fir) is quite
rare. This happens if more than 2/3 of the trunk
is ringed and more than its perimeter. Such
trees are mainly windbreak due to the defeat
of their pathogens by stem rot, most often on
fir it is Hartig’s white trunk rot, which affects
the tree with the core exposed and causes core
corrosion rot.

In addition, a typical sign of ulcerative tu-
mour-like disease of white fir is the presence of
pathologies such as witches’ broom, which oc-
curs due to excessive bud formation. The nee-
dles on witches’ brooms are shorter and wider
compared to healthy needles and fall off annu-
ally during August and September. It is estab-
lished that in the crown, the witches’ broom is
formed exclusively on the side branches, closer
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to the top of the shoot. Visually, on the exam-
ined specimens of undergrowth, and on trees of
older age groups, including model trees of 60-
80 years of age, which were selected by us for

other studies (in particular, tracheid pathology
of white fir), witches’ brooms were registered in
the crown, which differed in morphometric in-
dicators (Table 2).

Table 2. Morphometric parameters of shoots on the witches’ broom of white fir

Shoot Indicator
brzr:;l;:ng Shoot length, mm Buds of regular Double shoot, units/ | Axillary buds, units
branching, units 10 mm shoot
WBS NS WBS NS WBS NS WBS NS
3 42.4%2.1 | 50.9%3.7 | 3.2%0.2 2.4+0.2 17.1#0.5 | 14.6%1.5 | 9.4%0.8 1.6%0.4
4 31.5%1.2 | 27.8%2.4 | 2.2#0.1 0.7%0.1 14.3%0.2 | 16.9£1.4 | 8.0%0.2 1.0£0.1
5 32.4%1.0 | 18.5%¥1.3 1.6%0.1 0.1+0.03 | 13.7#0.2 | 18.1+0.8 7.2+0.1 0.05
6 25.1¥0.4 - 1.0£0.1 13.4%0.1 - 3.6%0.1 -
7 15.2+0.4 - 0 9.5+0.1 - 1.4%0.1 -

Note: WBS - witches’ broom shoot, NS - normal shoot (control); 3-7 branching order, + sign means that this
feature in shoots of the same branching order of the witches’ broom and control has statistically significant

errors (at P<0.05)
Source: compiled by the authors

In 5 years, a system of branches consisting
of five orders is developed from a lateral bud on
the second order axis of branching of the witch-
es’ broom shoot, while a normally developed
shoot forms only three orders of branching.

In length, the shoots of the witches’ broom
of the third order are smaller than normal, but
they develop significantly more buds of regu-
lar branching and axillary buds, half of which
will develop secondary shoots next year. Shoots
of the fourth order of the witches’ broom are
longer than normal shoots, but they develop
almost three times as many shoots of regular
branching and 8 times as many axillary buds,
about 30% of which will germinate next year.
Shoots of the fourth order of branching de-
veloped from axillary buds are 20-25% shorter
than shoots of regular branching, their growth
characteristics depend on the location on the
shoot: longer ones are formed from axillary
buds developed in the upper half of the shoot,
and short ones - in the lower part. On normal
shoots of the fourth order, only 1-2 axillary buds
develop, and they remain dormant. Witches’

broom shoots of the fifth order of branching are
much longer and develop 16 times more lateral
buds than normal shoots, approximately 90%
of the shoots of which do not develop buds of
regular branching at all. Axillary buds on nor-
mal shoots of the fifth order of branching are
not developed, in the shoots of the witches’
broom they continue to develop in large num-
bers. Shoots of the sixth and seventh orders of
branching are not formed on normal shoots,
and more than 60% of all axes are formed in the
shoots of the witches’ broom on these orders.
Normal shoots and witches’ broom have differ-
ent orientation in space: normal ones are char-
acterised by plagiotropic (perpendicular to the
axis of the tree trunk and parallel to the plane
of the Earth) arrangement of shoots, shoots of
witches’ broom grow orthotropically (parallel
to the axis of the trunk or at an acute angle to
it). The above results show that the shoots of
the witches’ broom differ from the shoots of
the normal part of the crown. This information
indicates significant differences in the mor-
phometric parameters of normal fir shoots and
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shoots on which the witches’ broom was de-
veloped. The main difference is the abundant
branching, due to which a denser fragment of
the crown is formed, which is visually easily de-
tected. There was also a dead white fir tree with
no signs of ulcerative tumour disease (bacterial
wetwood (causative agent — Lelliottia nimipres-
suralis (Carter 1945) and burn-type diseases).

A. Goychuk et al. (2022) described that the
overall sanitary condition of dark coniferous
forests forms a close correlation between bi-
otic predictors and abiotic factors. Currently,
the phytopathogenic bacterium Lell iottia nimi-
pressuralis (Carter 1945) (Brady et al., 2013) is
a major contributor to the general pathology of
white fir, characterised by its dynamic spread
within the range of forests with white fir and
causing massive mortality of trees of different
age groups. I. Kulbanska et al. (2022) investi-
gated that the main symptoms of infection of
fir trees with bacterial dropsy include the de-
velopment of cracks and ulcers on shoots and
trunks, detachment of the rhytidome, abun-
dant exudate discharge, exposure of the pri-
mary bark and phloem, trees form a typical
“hedgehog-like” appearance due to the mass
development of water shoots. These results
highlight the importance of studying and un-
derstanding the complex of symptoms for early
diagnosis and effective control of this bacterial
disease. According to A. Madmony et al. (2018),
causes of weakening and death of trees of the
genus Picea are fungi of the genus Fusarium
sp. and the species Heterobasidion parviporum
Niemeld & Korhonen, which cause root rot of
varying intensity. Their study aimed to under-
stand how these environmental factors affect
the production of monoterpenes, which are
important secondary metabolites in plant de-
fence mechanisms. The revealed differences
in monoterpene responses in the two clones
reveal a complex interaction between drought
stress and fungal infection in the formation of

chemical defence mechanisms of Norwegian
spruce. Reports of massive outbreaks of these
phytopathogens have been confirmed by re-
searchers from different countries.
Researchers from Finland M.M. Miiller et
al. (2018) conducted extensive surveys to map
the geographical distribution of infection Het-
erobasidion, identifying key factors that affect
its distribution, such as climatic conditions,
tree species composition, and forest manage-
ment. These studies provide valuable informa-
tion on the spatial patterns of Heterobasidion
root rot, helping forest managers to implement
targeted disease management strategies and
sustainable forest practices in northern Fin-
land. According to the data of Polish research-
ers P. Lech et al. (2020), damage to white fir
and Scots pine trees in the forests of Central
Europe caused by the massive spread of Viscum
album L., which was monitored during 2008-
2018. Systematic surveys were conducted to as-
sess the prevalence and distribution of infesta-
tions on various tree species in Poland’s forest
ecosystems. The results of this study provide
valuable information on time patterns and fac-
tors influencing the spread of European mis-
tletoe, which is essential information for forest
management practices and strategies aimed at
reducing the impact of mistletoe on tree health
and overall forest ecology in Poland. The path-
ogenic impact on white fir seedlings in forest
nurseries by the fungus Phytophthora abietivo-
ra was considered by D.W. Li et al. (2019). The
discovery of Phytophthora abietivora on fie trees
in Connecticut highlights the need for vigilance
in monitoring and managing emerging threats
to tree health in the region. However, the least
attention of researchers is paid to the disease,
which is known as “fir cancer”, “fir broom rust”,
etc. Only some results of studies of rust fungi of
the order Pucciniales are known, in particular,
Melampsorella caryophyllacearum J. Schroter
(Keles et al., 2021), which cause the witches’
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broom pathology on white fir trees. The findings
revealed how the fungus, which causes powdery
mildew, affects visual and internal features of
Abies nordmanniana subsp. equi-trojani, pro-
viding valuable information about the ecolog-
ical interactions between the pathogen and
the host tree. To understand a particular plant
pathology, well-established types of diseas-
es are usually used, which are based solely on
symptoms, that is, on anatomical and morpho-
logical features. When determining the types
of diseases, the causes of their occurrence are
usually not considered. In particular, there is a
clear definition and understanding of “ulcers”
as a type of disease — infectious or non-infec-
tious, that is, depressions on plant organs (usu-
ally trunks) surrounded by living tissue (small
ulcers are called anthracnose). Various thick-
enings, growths, in particular muff-like ones,
have the common name “tumours” (this type of
disease has a different nature of origin, in fact,
and like other types of diseases). As for the term
“cancer” (as a type of disease), it is usually not
distinguished among plant diseases as a sep-
arate type of disease. Although now the term
“cancer” defines diseases (types of diseases)
that are characterised by the development of
tumours (growths), ulcers, difficult-to-heal or
non-healing wounds (often with the release of
oleoresin, exudate, etc.). All these names (ulcer,
tumour, growth, etc.) are different types of dis-
eases that do not allow adequately understand-
ing the symptoms of a particular pathology. In
any case, if necessary and to preserve the es-
tablished names of diseases, in terms such as
“cancer ulcers” (these are different types of dis-
eases), the word “cancer” should be put in quo-
tation marks. In terms of symptoms, the disease
under study most closely corresponds to the
name “ulcerative tumour-like disease”, since
in the initial stages of the disease, a tumour
(growth) is developed first and over time, a com-
mon, but more often a stepped ulcer is formed.

Conclusions

Based on the study of the current sanitary con-
dition of Abies alba Mill. trees growing in the
Pokuttia Carpathians, typical symptomatic
signs of the ulcerative tumour disease of plants
of different age groups were recorded and
identified. The causative agent is an obligate
phytopathogen Melampsorella cerastii Wint.
(=Melampsorella caryophyllacearum J. Schrot.).
This pathology in the scientific and educational
literature is associated with outdated names —
“fir cancer”, “rusty fir cancer”, “transverse fir
cancer”, “stepped fir cancer”, etc., which are
based solely on anatomical and morphological
features and do not consider the aetiology. The
main symptoms of the pathogenesis of ulcera-
tive tumour-like disease of white fir are the for-
mation of typical muff-like growths on young
branches and shoots, and witches’ brooms.
There are two types of course of this disease, in
particular, the type manifests itself in the form
of muff-like thickenings and is characteristic
mainly for the growth of fir. In Type 2 of the
disease, deep transverse ulcers with cracks are
formed. Ulcerative tumour-like disease of white
fir is widespread in the forests of the Pokuttia
Carpathians, the average spread rate is 43.5%
on undergrowth and 7.1% on trees of older age
groups. The development of this pathology
leads to a general weakening of white fir trees,
which makes them sensitive (susceptible) to
other environmental factors.

Given the significant spread of ulcerative
tumour-like disease of white fir, which tends to
increase, further research should be aimed at
reducing the infectious background in stands
with the participation of white fir in the ter-
ritory of the Pokuttia Carpathians. For this
purpose, the disease should be detected first
of all on the undergrowth in fir forests. Trees
with signs of ulcerative tumour-like disease
(development of tumours, witches’ brooms,
ulcers) must be removed from the stand and
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then disposed of. The same applies to white agent, like other obligate pathogens, stimulates
fir trees at the stage of lightening, thinning plant growth and development in the initial
and clearing — trees with symptoms of damage  stages of pathology.

should be removed. Special attention should be

paid not only to the affected trunks, but also to

the affected lateral branches of young trees, as  None.
the primary infection occurs through the nee-

dles and then spreads throughout the plant. It

should also be borne in mind that the causative ~ None.
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AHoranig. CyyacHuil CTaH TEMHOXBOWHUX JIiciB 3emsi € 6i0iHOAMKATOPOM TITOOGAIBHUX 3MiH
HaBKOJIMIIHBOTO CEpeloBUINA, 30Kpema Ipolecy IIOCTYMOBOI Jerpajgaiii JepeBHUX BUIIB
pomiB CocHa, SnuHa Ta Snuiisi, 06YyMOBIEHOTO HETaTMBHUM BIUIMBOM aHTPOIYHOI HisNTIbHOCTI,
aGioTMYHUX Ta OGIOTMYHUX UMHHMKIB. METOI0 MOCTi[KeHHSI € BCTAHOBJIEHHSI CUMIITOMATUKM,
MTOMIMPEHOCTi Ta IKOAOUYMHHOCTI 30yIHMKA BUPA3KOBO-ITYyXJIMHOMOAIOHOT XBOPOOY HA MaroHax
i croBbypax sumui 6inoi. JocmigkeHHS] MPOBOAWIM Ha TepuTopii JicoBoro ¢oHay ITOKyTChKUX
Kapmnar, 30kpema y mexxax ¢inii «KyTcbke jicoBe rocromapctBo» Jlep>kaBHOTO CITeliaai30BaHOTO
rOCIIOAAPChKOTO miampueMcTBa «Jlicu Ykpainu» y KociBcbkomy micHUIITBI. Y po6OTi BUKOPUCTAHO
KJIacuuHi (iTomaToMoriuHi Ta MiKOJOTiUHI MeToaM, 3a JOIMOMOIOI0 SIKMUX JOCTIIKEeHO eTionoriio
3aXBOPIOBAHHSI, aHaJi3 TUIIOBOI CUMIITOMATUKM (TTOUMHAKOYM 3 PAHHIX eTariB), IPOBeIEHO
MIiKpPOCKOTIiI0 ypaskeHMX YaCTUH Sauli. JJOCTipkeHO CUMMIITOMAaTMKYy, eTiONOrilo Ta IaToreHes
BUPA3KOBO-MYXIMHONOAIOGHOT XBOpOoOM s 6inoi, sika Mae TeHAEHII0 OO MOIIMPEHHSs.
OO6rpyHTOBaHO HOBY Ha3BY XBOPOOY, 30KpeMa IMPOITOHYEThCSI BUKOPUCTOBYBATY 3aMiCTh BXKMBAHOL
HasBU «pak» SUIMII — «BUPA3KOBO-IyXJIMHOMOAiIOHA XBopoba» suniii. [TokasaHo, IO TUIIOBOIO
o3HaKow iH}iKyBaHHS € GOpMyBaHHS MyXJMH, SIKi 3 YacOM TPaHCHOPMYIOTHCS Y BUPA3KHU.
BcTaHOBIIEHO, 110 HA MiIPOCTi SUTUIII TIepeBaskae MyXJIMHOTOAIOHMI TUT YpaskeHHsI, @ Ha POCIMHAX
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BEPXHIX SIPYCiB — BUPA3KOBMIi. 3a3HAYAETHCS, 1[0 TUTIOBOIO 03HAKOIO BUPA3KOBO-ITYXIMHOIOMiOHOT
XBOpO6U smnili 617101 TAKOX € HASBHICTb MATOJOTII TUITY «BimbMMUHA MiT/aa». [IPOMOHYETbCS ISt
3MeHIIeHHS iH}eKIitHOro GOoHY BUIAISITU YpaXkeHi epeBa i3 TUITOBMMYM O3HaKaMu iHDiKyBaHHS
BMPA3KOBO-TIYXJIMHOBUIHOI XBOPOOM, OCOGIMBO TPU OCBITJIEHHSX i MPOUYMCTKAX, OCKiIbKU
ypakeHi mepeBa Bin iHdekIlii He 3BiIbHSIOTbCSA. TakKMM YMHOM, OLIiHKA PU3UKY, CIIPUYMHEHOTO
indikyBaHHSIM epeB suili 6i0i BUPa3KOBO-MYyXIMHOBUIHOK XBOPOOOIO Ha PiBHi KOHKPETHMX
JIepeBOCTaHiB, i 3a0e31eueHHsT HaJIeXKHOI peakiiii Ha IMOTeHIiHI PU3MKIU 3apaskeHHS € BaXKIMBOIO
YaCTMHOIO CTAJIOTO YIIPABIiHHS JlicaMu

KmiouoBi cnoBa: Abies alba; ipxkacti rpubu; 6i0TMUHI UYMHHUKM; CUMIITOMATUKA; €TiOJOTis;
raroreHes
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Abstract. The functional load of forests necessitates the activation of meliorative measures to
optimize the functioning of agrolandscape complexes. These measures contribute to improving
the environmental situation and advancing towards sustainable functioning of forest ecosystems.
Therefore, the study of the structural and species formation of forest ecosystems is of significant
scientific interest. The aim of the article was to analyse the impact of agroforestry measures on
the process of forming the structure of forest ecosystems through a comprehensive examination
of interrelationships. The research utilized general scientific methods, including specification,
deduction, systemic analysis, synthesis, and abstraction, as well as formalization. During the
study, vectors of organizing optimized systems of protective forest plantations were analysed,
and environmental protection priorities for the development of agroforestry ecosystems were
substantiated. Basic principles of managing the agroforestry complex based on sustainable land use
were identified, including a comprehensive approach, ecologization of the process, and continuous
monitoring. The study revealed current ecological consequences of irrational melioration for
forest plantations, such as increased erosion processes and land resource degradation. Risks and
challenges requiring preventive solutions were identified. It was proven that increasing the share of
agroforestry plantations would allow optimizing the environmental situation in Ukraine, promoting
the regeneration of the natural resource base, restoring landscapes, and minimizing land resource
degradation processes. The article proposed key measures to optimize the environmental situation
at the local level of forest ecosystems, as well as preventive measures to prevent destructive
impacts, including the improvement of legal support and the implementation of strict measures
of responsibility for irrational resource use. The value of the conclusions lies in their practical
application for monitoring the state and the process of forming the structure of forest ecosystems
under the influence of agroforestry measures. They also contribute to the effective development of
preventive and regenerative protective measures and the formation of balanced forest ecosystems

Keywords: protective plantations; erosion processes; monitoring; zoning; potential risks;
assortment of woody plants

Introduction

The actualization of environmental issues in  the regional environmental situation while si-

the functioning of modern agrolandscapes is
primarily attributed to the irrational use of
land, which does not ensure adherence to op-
timal ecological parameters for territory func-
tioning. Protective forest plantations (PFPs)
are positioned as a fundamental component
of agroforestry ecosystems and, therefore, re-
quire proper attention to the identification and
implementation of landscape-ecological prin-
ciples in their formation. The system of meas-
ures for forest melioration in agrolandscape
complexes should ensure the optimization of

multaneously guaranteeing the development
towards sustainable agricultural functioning. It
can be argued that the agroforestry complex op-
erating in Ukraine is identified as insufficiently
effective. According to official data, soil erosion
phenomena lead to significant annual loss-
es amounting to 9 billion UAH (Furdychko &
Tymochko, 2020).

The issues of agroforestry and its correla-
tion with the structural features of forest plan-
tations have become the subject of scientific
research by several Ukrainian scientists. Some
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experts argue that forestry should be identi-
fied as part of a large multifunctional system
of comprehensive natural resource use and
reproduction, requiring the application of a
principle of comprehensive research (Skliar
et al., 2019). For instance, the position of
I. Koval (2023) convincingly illustrates the in-
efficiency of organizing forestry management,
leading to the irrational use of natural and eco-
nomic resources, lack of investments, and loss
of development prospects. At the same time,
S.M. Abu Dib (2022) advocates for the need to
update an innovative position for adjusting
the species composition of forest ecosystems
based on the principles of sustainable resource
use, landscape preservation, and mitigation of
destructive consequences of excessive anthro-
pogenic pressure.

Recent works by researchers S. Amons &
O. Krasnyak (2023) emphasize that systems
of special protective forest plantations have
a significantly more positive impact on the
ecological condition in agroecosystems com-
pared to individually formed forest belts.
H.I. Kravchuk & A.I. Hutsol (2019) consider
the conceptual principles of optimizing PFP
systems in agrolandscape complexes, focusing
on increasing the quantitative and qualitative
indicators of protective forest cover on agri-
cultural territories, which will significantly en-
hance the ecological functionality of PFPs.

Ukrainian scientists O.A. Bida et al. (2022)
argue for the urgent need for institutional
changes and adaptation of the existing regu-
latory framework to current sustainable de-
velopment requirements. According to these
scientists, implementing such conceptual pre-
requisites will ensure the optimization of forest
ecosystem areas based on a functional-zonal
principle and become an ecological founda-
tion for further sustainable development of
agrolandscapes. Researchers O. Savchuk &
A. Liubchych (2019) highlight aspects of

compliance between the application of the re-
source potential of forest plantations and their
extended regeneration. They see the introduc-
tion of an integrated forest management sys-
tem as a priority. According to them, it is nec-
essary to designate protected areas of a known
area where ecological processes can occur natu-
rally without being restricted by anthropogen-
ic factors. At the same time, scientists propose
transforming the forestry sector, prioritizing
the satisfaction of the needs of the natural en-
vironment in areas related to agrolandscapes.

Most Ukrainian scientists agree on the pri-
ority of issues related to protecting agroland-
scapes from pollution and degradation, the
need to preserve biodiversity, and the forma-
tion of an ecological basis for forestry. Despite
the significant contributions of researchers
to the field of scientific research in this study,
there is a limitation in exploring the possibil-
ities of restructuring the structure of forest
plantations within agroforestry complexes. The
purpose of this research is a detailed analysis
of the vectors of mutual influence between the
agroforestry system and the structural forma-
tion of forest ecosystems, with the identifica-
tion of priority directions for regenerative and
preventive measures.

Materials and Methods

During this scientific research, a combination
of general scientific methods was applied. The
theoretical foundation was laid by contempo-
rary relevant scientific works, sectoral Ukrain-
ian and foreign literary sources, publications
in specialized journals, monographs, materials
from scientific conferences, regulatory docu-
ments, statistical information, and practical
results related to optimizing the agroforestry
system.

The scientific methodological basis of the
study was built on the principles of comprehen-
sive and systematic approaches to the analysis
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of agroforestry measures and their systems as
multi-vector formations in the functioning of
forest and agrolandscape ecosystems. This ap-
proach allowed for the identification of concep-
tual principles within a comprehensive method-
ology for researching the optimization of forest
plantations within agrolandscape complexes,
based on landscape-ecological differentiation.
The abstraction method was employed in the
research process to identify basic categorical
concepts and form a concept of the integrated
process of the agroforestry system as a struc-
turally consequential set of relationships. The
abstract-logical method was applied to individ-
ualize the conceptual apparatus in the research
field, form theoretical generalizations, and draw
conclusions. Additionally, the method of transi-
tioning from abstract to concrete was utilized,
sequentially implementing general theoret-
ical information on the impact of agroforestry
measures on the formation of forest ecosystems
structure into specific vector analysis of activi-
ties in the investigated field in Ukraine.

Synthesis and system analysis methods
were involved in the research process to extract
the essence of the functionality of the study
object, identify priority strategic directions for
optimizing agroforestry in Ukraine, primarily in
terms of its impact on the formation of forest
ecosystems. Furthermore, through analytical
processing of information arrays, the research
identified characteristic features of mutual in-
fluence among components of the agroforest-
ry system, highlighting priority indicators of
mutual influence and prospective development
directions for improving the existing situation.
The effectiveness assessment of the agrofor-
estry measures system aimed at stabilizing
ecosystems was realized using the method of
system analysis.

The specification method was employed
during the research to document the signifi-
cance and effectiveness of the management-

functional system for local agroforestry com-
plexes. Using the specification method, the
assortment of tree and shrub species for pro-
tective forest plantations based on land-
scape-typological criteria was justified, along
with outlining optimal conditions and effective
solutions for the preservation and regeneration
of agrolandscapes and forest plantations, while
simultaneously mitigating risks to the natural
environment through preventive measures.

The comparison method was used to iden-
tify the specifics of the development of agro-
forestry systems in Ukraine based on indicators
of quantitative and qualitative dynamics. The
inductive method was applied for effective pre-
dictive analysis of characteristic features of the
agroforestry system’s functioning in Ukraine.
The deductive method was utilized to record
practical proposals for improving the national
management system for agro-amelioration and
afforestation.

To document priority directions for pro-
spective optimization of the national agrofor-
estry system in accordance with the principles
of sustainable natural resource use, the formal-
ization method was applied. Moreover, through
the functionality of this method, the signifi-
cance of anthropogenic impact for the effective
functioning and stability of agrolandscapes was
emphasized. The study established the limits
of transformative processes in the agroforestry
system, forming conclusions for future practi-
cal implementation in the scientific-practical
transformation system for managing agrofor-
estry complexes. Throughout the research, the
provisions of the Convention on Biological Di-
versity (1992) were adhered to.

Results

The most influential structural element of the
phytomeliorative system is identified as the
engineering-protective vector of activity, fo-
cusing on the formation of specific plantations
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aimed at protecting landscapes from erosion
processes. Agroforestry, primarily, involves the
creation of protective forest plantations, most
commonly represented in the form of field pro-
tection forest strips (FPFS) and their systems
(Mishenin et al., 2021a). The main conceptual
direction of agroforestry measures is the opti-
mization of conditions for the development of
agricultural crops to increase their productivity.
It is worth noting that the system of forming
protective forest plantations significantly af-
fects the structure of forest ecosystems.

The interdependence of indicators of age
and species structure of the forest ecosystem
and agroforestry measures is primarily actu-
alized by inefficient land use and non-com-
pliance with optimal landscape functional
parameters. The primary practical function of
linear-type PFPs should be the formation of
an ecological framework for the agrolandscape
(Abu Dib, 2022). However, as of today, their
quantitative and qualitative condition does not
meet minimum requirements that could ensure
proper functionality. In Ukraine, there is an un-
balanced ratio of agricultural land to forests,
deterioration of the functional state of PFPs,
minimization of their area, and weakening of
protective and meliorative functions. An im-
portant problem is the inefficiency of the con-
struction of protective plantations, significant-
ly reducing their agromeliorative functionality.

Overall, the destruction of the protec-
tive function of agrolandscapes through PFPs
in Ukraine, as well as the improper structur-
al-functional state of forest ecosystems, is due
to a significant slowdown in the process of
creating new plantations and worsening their
forestry condition, disrupting their structure.
Intensive erosion phenomena and prolonged
droughts, caused by climate change, are not
compensated by existing systems of linear pro-
tective forest plantations, which protect only

30% of agrolandscapes (Kravchuk & Hutsol,
2019). The situation is complicated by the elim-
ination of agroforestry services, the minimi-
zation of stimulating innovative innovations,
and the lack of proper legal support and strict
responsibility for irrational land use. Protective
forest plantations form the ecological basis for
the effective functioning of agrolandscapes, but
their shortage and inadequate qualitative con-
dition do not meet current needs.

The optimal structure of PFPs by species
components significantly influences the indi-
cators of agroforestry efficiency in different re-
gions of Ukraine. Conversely, meliorative meas-
ures significantly affect the formation of the
structure of forest ecosystems (Abu Dib, 2022;
Savchuk & Liubchych, 2019). Optimal place-
ment of PFPs within agroforestry ecosystems,
correct composition of tree species structure,
identification of destruction factors, involve-
ment of innovative technological and mana-
gerial solutions can synergistically provide the
highest ecological effect of agroforestry, in-
cluding the process of forming the structure of
forest ecosystems.

Protective forest plantations, essentially
cultural biocoenoses, are characterized by uni-
form spatial distribution. Regarding vertical
structure, four main layers are distinguished
(crown, shrub, herbaceous, and ground lay-
ers) (State Agency of Forest..., 2020; Amons &
Krasnyak, 2023). FPES, in this context, per-
form water protection, soil protection, and cli-
mate-regulating functions. Today, these protec-
tive forests differ in age, structure, and species
composition. In Ukraine, among the species
structure, red oak (Quercus rubra), American
ash (Fraxinus americana L.), small-leaved lime
(Tilia cordata Mill.), field maple (Acer campes-
tre L.), green ash (Fraxinus lanceolata Borkh.),
and black locust (Robinia pseudoacacia L.) are
most commonly found (Fig. 1).
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Figure 1. The structure of protective forest plantations within
the agricultural landscapes of Ukraine
Source: compiled by the authors based on State Agency of Forest Resources of Ukraine (2020)

Overall, in Ukraine, the indicator of pro-
tective afforestation coverage averages 1.4%,
while the optimal level is 4-5% (Kravchuk &
Hutsol, 2019). Thus, it can be seen that the area
of protective forest plantations needs to be in-
creased by at least three times to optimize the
agro-landscape protection system. However,
currently, there is a reverse trend in Ukraine,
causing significant concern among scientists.
The priority functionality in the system of PFPs
is determined by the structure of the planta-
tion, which is a combination of parameters
such as species composition, canopy structure,
and width. Dense and open basic constructions
are usually distinguished, with intermediate
constructions between them. The analysis of
the taxonomic characteristics of forest planta-
tions within agro-forest-meliorative complex-
es, representative of the territory of Ukraine,
convincingly positions species such as common
oak, weeping birch, common ash, and poplar as
priorities. They are recommended as the main
species in PFPs, ensuring effective protection of
agro-landscapes (Abu Dib, 2022). It is evident
thatan optimized PFPs system should guarantee
the formation of a stable agro-forest landscape,
stabilization of local and regional ecological

conditions, and the provision of optimal con-
ditions for the functioning of agro-landscapes.

The moisture-regulating properties of pro-
tective forest plantations are determined by a
combination of aspects such as the compre-
hensive interaction of all forest elements, the
functionality of the forest litter, optimal soil
structure, conditions for vertical water drain-
age, snowdrift prolongation, and protection
against soil freezing. Anti-erosion forest plan-
tations have specific functionality that miti-
gates erosion processes, regenerates the condi-
tion of erosion-affected soils, and ensures the
balance of landscapes. It is important to note
that the forest litter has significant water con-
servation and soil-protective value. It protects
the soil from erosion, excessive compaction,
and drying while acting as a filter. The litter al-
lows excess moisture to pass through, promotes
the transfer of surface run-off to groundwater,
optimizes the physical structure of the soil, and
contributes to the intensive biological cycling
of substances in the forest plantation (Bida
et al., 2022). The water conservation properties
of the forest litter are crucial for the sustainable
functioning of agro-forest-meliorative com-
plexes, leading to specific requirements for the
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structure of protective plantations. It should en-
sure the formation of litter with improved qual-
ities, including significant thickness and loose-
ness, as well as a high calcium content. Shrubby
species, as well as linden, ash, pine, oak, and
birch, meet these requirements (Furdychko &
Tymochko, 2020; Abu Dib, 2022). Moreover, they
have maximum water-holding capacity.

As an optimum, the model of the optimal
structure of PFPs should be positioned consid-
ering the functionality of their structure, with
a focus on prioritizing species optimization
directions. On arable slopes, it is appropriate
to apply the functionality of protective and
wind-regulating forest strips. It is evident that
in the development of fringe and protective
forest plantations, their most effective design
solutions should be implemented, considering
the natural features of regional ecosystems.
For instance, open forest belts are advisable in
regions with dust storms, and windbreaks are
suitable for locations with cold and snowy win-
ters. It is worth noting that FPFS (Forest Pro-
tective and Functional Systems), depending on
the concept of agro-forest-melioration system,
are formed in a pure or mixed form. Typically,
they include one main species with slow growth
rates. To enhance the protective functions
of FPFS, a fast-growing species is introduced
into the inter-forest row. On chestnut soils
and southern chernozems, it is advisable to in-
troduce up to 35% of low-growing shrubs in a
rotational pattern with tree species (Schwarz
et al., 2021; Amons & Krasnyak, 2023). FPFS on
irrigated lands are usually formed with an open
structure in combination with windbreaks.

Anti-erosion plantations with the most
optimal composition are positioned as mixed
plantations with a combination of tree spe-
cies and shrubs. Functional features determine
their optimal structure. The implementation
of effective PFPs systems is also influenced by
natural-climatic features and landscape char-

acteristics. Additionally, the process is affected
by the possibilities of agronomy in providing
favourable development conditions. During the
practical implementation of agro-meliorative
measures, these requirements are often over-
looked, leading to the destruction of meliorative
characteristics and a decrease in the efficiency
of PFPs (Savchuk & Liubchych, 2019; Pan-
tera et al., 2021). However, research indicates
a significant ecologically stabilizing effect of
agro-forest-meliorative plantations. The funda-
mental goal of optimizing the species structure
of PFPs is to maximize the utilization of natural
potential, considering the type of forest plant
conditions. This potential can be effectively
manifested only in conditions favourable for a
particular species. In addition, determining fac-
tors for choosing the optimal structure of PFPs
include their species diversity, the selection of
effective main and accompanying species, their
purpose, territorial location, and mixing.

The formation of PFPs in terms of their
species categories currently cannot guarantee
the prospective optimal balance between pro-
tective forests and plantations. The intensifi-
cation of agro-forest landscapes for production
purposes has significantly reorganized land
resources, intensifying processes of deforest-
ation and erosive destruction. Under these
circumstances, the significance of PFPs with
different purposes as a priority stabilizing fac-
tor in agro-forest ecosystems is highlighted.
The experience of developed countries regard-
ing the successful implementation of modern
agro-meliorative systems underscores the need
to revitalize protective forest plantations as a
fundamental structural unit of contemporary
agro-landscapes. For instance, the Sloping Ag-
ricultural Land Technology (SALT) method is
successfully used to combat soil erosion and
enhance crop yields (Zinngrebe et al., 2020). In
this approach, both protective tree-shrub plan-
tations and vegetables/legumes are planted
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in contour lines across slopes. This way, trees
prevent erosion processes, and their leaves and
organic matter enrich the soil.

In the United States, there is an effective
combination of trees and shrubs with agricul-
tural crops and livestock on the same land plot.
This method improves soil fertility, prevents
erosion, and promotes biodiversity (Schwarz
et al., 2021). There is an urgent need to estab-
lish comprehensive protective forest systems
for agro-landscapes of various scales, including
through the integration of individual PFPs and
areas earmarked for future afforestation. The
concept of enhancing the functionality of pro-
tective plantations of different purposes should
be based on a landscape-ecological approach,

ensuring the formation of a stable agro-forest
landscape. Such an approach will stabilize the
environmental situation, regenerate regional
resource potential, create optimal conditions for
the development of agro-landscape complexes,
and contribute to the balanced functioning of
forestry in the agrosphere, enhancing the effec-
tiveness of the biospheric functionality of for-
est ecosystems. An algorithm for the effective
planting of trees to fulfil protective functions
can be proposed, consisting of five qualitative
stages of development for massive anti-erosion
forest plantations (Table 1). The phased nature
of the formation scheme ensures the effective-
ness of the regeneration of the ecological bal-
ance in areas affected by erosion processes.

Table 1. Stages of ecological regeneration of agrolandscapes using protective forest plantations

Stage number | Period, years

Qualitative changes in the landscape

I 1-7

The gradual influence of artificially created protective forest plantations
on ecological parameters, the reduction of the manifestation of erosion
processes, the beginning closure of plantations.

I 8-14

Closure of the canopy, formation of a protective layer of forest litter,

minimization of erosion, activation of biological soil processes, succes-
sion of living above-ground cover.

I

15-30

Intensive differentiation of trees, formation of tree stands and other com-
ponents of the protective plantation (undergrowth, undergrowth, living
topsoil), optimization of soil properties, establishment of a small cycle of
substances, complete cessation of the development of erosion processes.

v

31-55

Formation of sustainable forest ecosystems, regeneration of lost soil
properties, intensification of soil formation processes, formation of the
ability of protective forest plantations to natural recovery and anti-ero-

sion impact on adjacent territories.

A% after 55

Restoring the ecological balance of eroded territories, increasing the
area of their optimization impact on the landscape.

Source: compiled by the authors based on O.I. Furdychko & I.I. Tymochko (2020), A. Pantera et al. (2021),

S.M. Abu Dib (2022)

Forest species in agro-forestry systems
(main, accompanying, shrub) are identified
based on the characteristics of forest conditions
and soil-climatic features (Ladychenko et al.,
2022). Typically, the structure is formed by one
main species, with a mandatory proportion of
accompanying species. To enhance protective

efficiency and biological resilience, the intro-
duction of shrub species, often fruit-bearing, is
considered appropriate for Steppe and Southern
Forest-Steppe forest plantations. The common
oak is identified as the primary main species
for forest belts in Polissia, Chernozem Steppe,
and Forest-Steppe, being a tall and long-lived
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species (Abu Dib, 2022; Savchuk & Liubchych,
2019). It is established that the extreme rows of
protective plantations should include accom-
panying fruit-bearing species, such as common
pear, cherry, white mulberry, wild apple, and
walnut. In Polissia and Forest-Steppe, pendu-
lous birch is introduced in the extreme rows,
while in the middle rows, common pine is con-
sidered appropriate. However, the formation of
pure pine plantations is considered inefficient.

In Steppe conditions, honey locust is suit-
able as a fast-growing species on chernozem
soils, while for the Southern Steppe, small-
leaved elm and white acacia are the priority
species. Poplar plantations are formed in both
pure and mixed forms, alternating with accom-
panying fruit-bearing species in Forest-Steppe
and Polissia, while in Steppe, a combination
with shrub species is preferred (Kravchuk &
Hutsol, 2019; Amons & Krasnyak, 2023). The
optimization of the structure of forest planta-
tions with agro-meliorative functional orien-
tation requires the mandatory consideration of
soil conditions. It is advisable to prefer species
that, based on years of experience, demon-
strate maximum local resistance and longevity
(such as sharp-fruited ash, Japanese sopho-
ra, feathered elm) (Kravchuk & Hutsol, 2019;
Koval, 2023). On stony soils, coniferous species
should be included in the structural-species
composition of plantations. On irrigated lands,
it is appropriate to form forest plantations, in-
volving species like walnut and various types
of poplar. On saline soils, tree species such as
Crimean pine, narrow-leaved olive, Tatar hon-
eysuckle, and Canadian redbud should be intro-
duced (Mishenin et al., 2021b).

The process of forming an optimal struc-
ture for forest ecosystems within agro-me-
liorative complexes involves maximizing
the share of protective forest plantations in
all natural zones of Ukraine, optimizing the
species composition of PFPs, implementing

agro-meliorative measures and protective
afforestation, applying monitoring of PFPs
based on geoinformation technologies. Such a
conceptual approach allows the regeneration
of the environmental potential and increases
the resilience of forest-meliorative ecosys-
tems, optimize the placement of protective
forest plantations, increase the yield of agri-
cultural crops, and ensure the additional ab-
sorption of greenhouse gases.

Discussion

The features of the relationship between
the agroforestry meliorative system and the
structure of forest ecosystems have long been
a subject of broad scientific interest among
modern researchers. Many scientists focus on
the general aspects of the impact of agro-ame-
lioration on forest plantations within agro-
ecosystems, as well as on the ecological and
economic consequences of irrational forest
meliorative measures or their absence. Each of
them has made a significant contribution to un-
derstanding the relationships between soil and
phytocoenosis or laid the foundations for sus-
tainable agrolandscape use through agroforest-
ry methods. For instance, S. Fahad et al. (2022)
argue that protective forest plantations are the
basis for soil protection against erosion process-
es, positioning themselves as the foundation
of forest melioration. S. Jiang et al. (2022) and
F.M. Santos et al. (2021) emphasize the undenia-
ble impact of PFPs on increasing crop productiv-
ity, optimizing temperature and water regimes,
and preventing soil degradation. Scientists see
an additional positive effect in reducing wind
speed, protecting against excessive drying and
blowing away of the top fertile soil layer.
Analysis of current scientific research sum-
marizes that areas with existing PFP systems
in agricultural landscapes create significantly
more favourable ecological conditions for the
sustainable functioning of agrolandscapes.
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Modern researchers, led by S. Chen et al. (2022),
highlight the crucial importance of the optimal
species structure of PFPs for the performance
indicators of the agroforestry melioration sys-
tem. These research results align with conclu-
sions in the context of updating the algorithm
for effective structuring of forest ecosystems
within agroforest landscape complexes. The
main idea of these findings is further devel-
oped in the works of F. Montagnini & S. del
Fierro (2022) and Y. Zinngrebe et al. (2020),
who suggest that for the optimization of FPFS
in Ukraine, a profound reconstruction and re-
generation of protective forest plantations are
necessary. According to researchers, this work
should be carried out based on scientifical-
ly grounded recommendations within special
state programs, including those outlined in
the “Concept of Agroforestry Development in
Ukraine” (2013). Scientists forecast that prior-
ity directions in scientific and practical work in
this area should include restoring the protec-
tive functions of forest strips, ecological bal-
ance, and stimulating the productivity of agro-
landscapes.

Z. Marais et al. (2022) in their research
draw special attention to the need for improv-
ing the management system for agroforestry
melioration development, their accounting,
and control, which would, to some extent, sta-
bilize existing negative natural processes in
agrolandscapes. This fact is developed in the
scientific works of D. Octavia et al. (2022), em-
phasizing the multiple increase in the risks of
destructive consequences of prolonged anthro-
pogenic influences and highlighting the need
for effective protection of agrolandscapes. A
comprehensive approach to the functioning of
agroforestry meliorative complexes involves
indicating aspects of the local ecological sit-
uation. The basis of intensive ecological im-
pact by PFPs should consist of main long-lived
tree species at the land use boundaries and in

large crop rotations. Simultaneously, the pre-
condition for the effectiveness of optimization
measures is the updating of the regulatory
framework and legal field in the field of agro-
forestry melioration (Prakhovnik et al., 2022).
This issue is developed in the works of modern
scientists M. Santos et al. (2022) and S. Sorge
et al. (2022). Researchers emphasize that with
effective management regulation of the in-
crease in PFP areas and the fundamental con-
ceptual provisions of agroforestry melioration,
significant ecological and economic effects can
be achieved. The conclusions of scientists need
to be supplemented in terms of differentiating
the above-mentioned effect, as, according to
the current research, it can manifest directly,
such as increasing crop yield or protecting land
from erosion, as well as indirectly, in terms of
preserving biological diversity and optimizing
the local and regional ecological situation.
Comparing the results of this study with
M.T. Sri Budiastuti et al. (2021), the common
conclusion is that the primary causes of the
destruction of protective plantations are iden-
tified as their unsatisfactory sanitary condition,
uncontrolled growth processes, and irrational
structural and species composition. However,
the main precondition for the degradation of
the agroforestry melioration system is the legal
vulnerability of FPFS (Puzrina et al., 2022). This
thesis is consistent with the works of scientists
J. Xiao & K. Xiong (2022), who argue that, most-
ly, official information regarding the real qual-
itative and quantitative state of FPFS does not
correspond to reality today. The absence of san-
itary and care logging is a separate problem that
has intensified during wartime. This is empha-
sized by several researchers, including G.C. de
Mendonga et al. (2022). Correlating the state-
ments of scientists with the results of this study,
it can be highlighted that due to the disruption
of the structure, protective forest plantations
become overgrown, weed-infested, and filled
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with unwanted shrubby vegetation, losing their
water-regulating and ventilating properties.

The pressing issue is the need to create
unified synergized systems of protective for-
est plantations for various natural-ecological
conditions, studied during the research, and
also discussed in the works of D.A. Martin et al.
(2020) and V. Rolo et al. (2023). Scientists ad-
vocate for fundamental changes in the legal
regulation of stabilizing components of agro-
ecosystems by achieving their optimal ratio,
sustainable functioning, and increased produc-
tivity. Despite the identical results of this study
to the conclusions of other researchers, it is
essential to emphasize the significance of the
relationships between the state of individual
forest ecosystems and the agrolandscape com-
plex as a whole. The concept of optimizing the
structure of forest ecosystems affected by agro-
forestry melioration measures should be based
on landscape management principles involving
agroforestry methods, following the principles
of balanced sustainable development (Abaikyzy
et al., 2020). Similarly, scientists A. Nuddin et al.
(2019) draw attention to the need for time-
ly monitoring of the agroforestry melioration
system. It is challenging to disagree with the
researchers’ conclusions, considering the risks
of indirect impacts that often go unnoticed but
are equally significant due to their continuous,
multifaceted, and large-scale nature. The main
direction of optimization in the studied area,
according to scientists, should be the creation
of a unified database of forest-taxon character-
istics of agroforestry plantations. For effective
inventory and monitoring of agroforestry plan-
tations, the application of unmanned aerial ve-
hicles, geoinformation technologies, and online
cartographic services is considered prospective
(Fedoniuk & Skydan, 2023).

O.P. Tkachuk & N.G. Viter (2022) in their
scientific research correlate with the findings of
this study regarding the need to form PFPs in

an optimal volume, creating opportunities for
optimizing Ukraine’s national ecological net-
work, regenerating natural ecosystems and ag-
rolandscapes, ensuring favourable conditions
for increased productivity and agricultural eco-
logicalization, as well as actively influencing
regional climatic characteristics. Despite the
numerous publications dedicated to agrofor-
estry melioration, there is a need for detailed
research on its impact on the structure of forest
ecosystems within a unified landscape com-
plex. Despite the active position of leading sci-
entists in the field of agroforestry melioration,
the overall state of the industry in Ukraine is
undergoing gradual destruction, and protective
forest strips suffer from uncontrolled logging
(Reshetilov, 2022). Therefore, the topicalization
of the issues of protective forest cultivation and
the popularization of the studied topics in the
scientific community are deemed necessary.
The aim of future scientific research in
this direction should be to identify strategic
priorities for the formation and integration of
practical measures to optimize the structure
of agroforestry protective plantations. In the
functional aspect of further research, it is con-
sidered appropriate to apply landscape-ecolog-
ical principles as the basis for the concept of
forming a sustainable agroforestry landscape.
This concept should ensure the maximum effi-
ciency of rational placement and optimal ratio
of PFPs in agrolandscape complexes, compli-
ance with their regulatory parameters, and a
rational structural-species configuration.

Conclusions

The process of implementing the principles
of sustainable land use and the development
of agroecosystems involves optimizing the
structure of protective plantations through
the application of innovative approaches to
agroforestry melioration algorithms. During
the conducted research, the vector nature of
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interdependencies between the agroforestry
melioration system and the structure of related
forest ecosystems was clarified. The peculiari-
ties of the destruction of the agroforestry me-
lioration system in Ukraine were identified. It
was established that the optimization system
of measures based on scientific grounds for the
formation of sustainable agroforestry meliora-
tive complexes in Ukraine is currently not func-
tioning properly. The study identified the ur-
gent need for the development of optimization
measures for the formation of a stable genetic
forest component of agroecosystems based on
landscape-ecological differentiation.

The research successfully identified the
features of the species structure of protective
forest plantations in Ukraine, pinpointing the
basic priority tree species for the formation of
functional PFPs. The primacy of conceptual
landscape-ecological principles and the prin-
ciples of developing a sustainable agroforestry
landscape during the optimization of the struc-
ture of protective forest plantations of various
purposes were substantiated. The adaptation of
regulatory and legal support and control in the

geoinformation system capabilities, were jus-
tified. During the research, significant efforts
were synergized to demonstrate the need for
vectoring the impact of agroforestry meliora-
tion on the structure of forest ecosystems in
terms of stabilizing the environmental state,
preserving the natural resource potential, and
providing optimal conditions for increasing the
productivity of agrolandscapes. Recommenda-
tions regarding the assortment of tree species
for protective forest plantations under different
forest-plant conditions were developed.

Based on the conclusions obtained from
the research, priority directions for further sci-
entific research on the investigated topic were
developed, justifying the need to update the is-
sues of the agroforestry melioration system in
Ukraine at the national level. The necessity for
a deep and detailed development of practical
measures for the regeneration of forest ecosys-
tems within agroforestry meliorative complex-
es, in the aspect of optimizing the structure of
plantations, was highlighted.
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AHoTanis. ®yHKIiOHAJbHEe HABAaHTAXXEHHSI JICiB 3YMOBJIIOE aKTyami3alilo MeaiopaTMBHUX
3axO/iB i orTuMi3saii GpyHKIioHyBaHHS arponaHamabTHUX KoMIUIeKciB. LIi 3axomu cripusitoTh
MOKpAIlleHHIO eKOJIOTiuHOi cuTyalii Ta pO3BUTKY B HalpSIMKy CTiliKOoro QyHKILiOHYBaHHS
jicoBux ekocucremM. Came TOMY [JOCTIIKEHHSI CTPYKTYPHO-BUIOBOTO (DOPMYBaHHSI JTiCOBUX
eKOCUCTeM BUKIMKAE CYTTEBMII HAyKOBMII iHTepec. Mera craTTi mnonsiraia y TMpPOBeJeHHi
aHaJli3y BIUIMBY arpojicoMesliopaTMBHMX 3aXOMiB Ha Mpolec (OpMyBaHHSI CTPYKTYpPU JTiCOBUX
€KOCHCTEM Yy CYKYITHOCTi B3a€MO3B’SI3KiB. [JOC/Ti)KEHHSI TPOBOAMIIOCH i3 3ayYeHHSIM 3aralbHUX
MeTO[[iB HAayKOBOTO TIi3HAHHS, Y TOMY YMC/Ii, KOHKpeTu3allii, JefyKilii, CICTEMHOrO aHaJi3y,
cuHTe3y Ta abcrparyBaHHs, dopmaisanii. Ilig yac rnmpoBemeHHS AOCTIIKEHHS TPOaHaai30BaHO
BEKTOPU OpraHi3zanii ONTMMi30BaHMX CUCTEM 3aXMCHUX JIICOBUX HACAIKeHb, OOIPYHTOBAHO
MIPUPOIOOXOPOHHI ITPIOPUTETM PO3BUTKY arpojiiCOBMX eKOCUCTEM. BoKpeMieHO 6a30Bi MPpUHIIATIA
YIIpaB/IiHHSI KOMIUIEKCOM arposiicoMestiopallii Ha 3acajgax CTajoro MPUPOJOKOPUCTYBAHHS, cepe,
SIKMX — KOMIUIEKCHMI IiAXiJ, eKOJori3allis MMpollecy Ta IMOCTiiHUIT MOHITOPMHT. B mocmimkeHHi
BUSIBJIEHO aKTya/IbHi €KOJIOTiUHiI HACIigKM HepallioHAJIbHOI Mejtiopaliii s JTiCOBUX HaCaIKeHb,
30KpeMa, MOCWJIeHHS epOo3ilfHMX TPOoIeciB Ta Jerpajallilo 3eMelbHUX PecypciB, BMOKPEMJIEHO
PU3VKM Ta BUKJIUKM, KOTPi BUMAaraloTh MPEeBEHTUBHUX pillleHb. [[0BeIeHO, 1110 301/IbIIIeHHS YaCTKI
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arposicomMesniopaTMBHMX HacaJskeHb JACTh 3MOTY ONTMMIi3yBaTy €KOJIOTiUHy CUTYyalli0 B YKpaiHi,
CIpusiTUMe pereHepallii mpupoaHOi pecypcHoi 6a3yu Ta BiMHOBIEHHIO JaHAMAGTIB, MiHIMi3ye
npouecu aerpafaiiii 3eMe/lbHMX pecypciB. 3alponoHOBAHO OCHOBHI 3ax0oAy 3 ONTUMi3allil
eKOJIOTiYHOI cMTyallii Ha JIOKaJIbHOMY PiBHi JIiICOBMX €KOCUCTEM, a TAKOXX IIPEBEHTUBHI Mipu AJis
3amo6iraHHs eCTPyKTUBHOMY BIUIMBY, 30KpeMa, BIOCKOHAJI€HHS IMPaBOBOTO 3abe3TeueHHs
Ta BIPOBAJKeHHSI KOPCTKUX Mip BiATNOBiAaNIbHOCTI 3a HepaljioHaJIbHE PeCYypCOKOPUCTYBAHHS.
LIiHHiCTh BUCHOBKIB BOAYAETHCS B AOIITbHOCTI IX MPaKTUYHOI'0 BUKOPYCTAHHSI 111 MOHITOPMHTOBUX
JIOCIiIKeHb CTaHy Ta Ipolecy (GOPMYBaHHSI CTPYKTypM JICOBUMX €KOCUCTEM IIiJi BIUIMBOM
peasizatii arposicomeniopaTMBHUX 3aX0/iB, 8 TAKOX 3347151 eheKTUBHOI pO3POOKM IIPeBEHTUBHUX
i pereHepauiiftHKX 3aXMCHUX Mip Ta HopMyBaHHS 36aaHCOBAHUX JTICOBUX €KOCUCTEM

KniouoBi ©r1oBa: 3axMCHi HacaJkeHHS; epo3iliHi Mpolecu; MOHITOPUHI; paliOHYBaHHS;
MOTeHIIi}iHI PU3VUKN; aCOPTUMEHT IePEBHUX POCJINH
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Abstract. The study considers the issues of introduction and reintroduction of the Red Book
species of checker tree in the system of decorative gardening, forest protection, and forest
ecosystems. That is why the purpose of the study was to monitor the green corridors of rural and
urban ecosystems of the forest-steppe zone of Ukraine, to investigate and select the best forms of
checker tree in terms of morphological characteristics and physiological properties for promising
areas of distribution and conservation in the form of pure and mixed plantings. The following
methods were used in the research: route, field, biometric, laboratory, comparative analysis,
mathematical and statistical. New forms of checker tree were introduced, studied in in situ and
ex situ conditions, and selected for the prospects of their further introduction and reintroduction
into the ecological network of Ukraine and conservation to activate trophic, phoric, and other
types of biotic interactions in a single territorial ecosystem. Sparsely distributed biotypes of
Torminalis glaberrima (Gand.) Sennikov & Kurtto f. Intermedia Kossetz were found in the zone
of green corridors of rural and urban ecosystems of the forest-steppe zone of Ukraine. Some
specimens of these biotypes were identified as valuable material for introduction into the system
of fruit and ornamental gardening, including parks and monuments of landscape art, as well
as natural monuments, protected tracts, sanctuaries and reserves of pure and mixed plantings,
alleys, forest reclamation strips, etc. It was established that the elements of originality of the
selected forms of checker tree — Eva, Podolianochka and Slavka - are the specificity of the crown
shape, which determines the level of productivity, small and medium growth force, normal
reaction to pruning (which affects the size and yield of fruits), high degree of flowering (60-80%),
increased fruit size (diameter of more than 2 cm), increased fruit weight (1.8-2.1 g), increased
number of fruits on the stem (>20 units), a pleasant and harmonious taste of fruits, high quality
of fruits, lack of periodicity in fruiting in nature and in culture, high xenogamy (69-75%), high
yield of fruits from the plant, increased winter hardiness (7.5 pt.), high drought resistance (8 pt.)
and resistance to pests, including pear leaf blister mite (7-9 pt.). The findings can be used in the
future to replenish pure and mixed plantings in the ecological network of Ukraine

Keywords: Torminalis glaberrima (Gand.) Sennikov & Kurttof. Intermedia Kossetz.; biochemical
properties; new biotypes; replenishment of the ecological network; Red Book species; ascorbic
acid content

Introduction

Forest ecosystems, as an object of the ecologi-
cal network, are considered necessary as reser-
voirs of biological diversity, oxygen producers,
and carbon dioxide sinks. Modern threats to
forest ecosystems, such as the loss of biodiver-
sity, often disrupt their biological integrity and
ecological functions. M. Breil et al. (2023) note
that broad-leaved forests are characterised by
a higher albedo, are marked by reduced sto-
matal resistance and greater branching of the
root system, compared to coniferous forests,

in addition, deciduous forests, which include
checker trees, absorb less solar radiation spec-
tra, and therefore, the process of evaporation of
accumulated water is less intense. But histor-
ically, deciduous forests were used for cutting
and clearing land for agricultural purposes, and
then gave way to urbanisation. As reported by
H. Lundmark (2020), in Europe, forests have
been used since prehistoric times for various
purposes, such as forest pastures, silvicultural
reclamation, and logging.
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Currently, only 1% of the original forest re-
mains in Central Europe (Sabatini et al., 2021).
In this regard, the introduction of endangered
species stocks, which have almost no viable
places for reintroduction to foreign locations,
is gaining relevance. Therefore, significant pro-
gress has also been made for some ecologically
threatened and endangered species, with new
biotechnological advances that have made re-
introduction affordable (Douglass et al., 2023).
However, as noted by M. Gastauer et al. (2021),
environmental laws in many countries require
theuseofnative speciestorestore destroyedland
through the reintroduction of native species. As
noted by C.E. Aslan (2019), alien plant species
intentionally imported or distributed natural-
ly from neighbouring areas can harm public
health, biodiversity, and the overall ecosystem.

Y.A. Othman et al. (2023) note that the
conservation of endangered plant species in
their native regions is crucial. According to
].M. Werres (2018), checker tree is one of the tree
species that is on the verge of extinction, which
inevitably affects the normal course of biologi-
cal processes, for example, plants of this species
are the food base for many birds and mammals,
etc. In this regard, it is necessary to monitor
the biodiversity of forest ecosystems, preserve
checker trees and select the most productive
and ecologically adaptive specimens, whose
high vitality will determine their growth and
development in the forest ecosystem. It should
be borne in mind that if checker trees have
been eradicated from certain forest ecosystems
where they previously existed, new specimens
that will make up the re-introduced population
should be taken from wild populations. When
selecting tree specimens for reintroduction, it
is important to consider local adaptation, adap-
tation to ex situ conditions, the possibility of in-
breeding and outbreeding depression, and the
taxonomy, ecology, and genetic diversity of the
original population. Therefore, care should be

taken to avoid inbreeding and inbreeding de-
pression. During reintroduction of species, it is
proposed to cover as much genetic diversity as
possible, which is measured as heterozygosity.

Plants undergoing reintroduction may
show reduced fitness if they are not sufficient-
ly adapted to local environmental conditions.
In this regard, researchers should consider
the ecological similarity of source and recip-
ient sites when choosing populations for re-
introduction. As noted by M. Lof et al. (2019),
to ensure the functioning of the ecosystem in
the future, checker tree recovery programmes
must integrate ecological knowledge, best
practices and regeneration systems, overcome
biotic and abiotic disturbances, and adapt to
future forest landscapes. In this regard, his-
torically, the source of plant material for rein-
troduction has followed the “local is best” rule
as the best way to preserve local adaptations,
with specimens for reintroduction selected
from the closest geographical population. For
plants, minimisation of adaptation to captivity
is usually achieved by obtaining plant material
from a seed bank, where specimens are stored
as seeds collected in the wild and have not had
the opportunity to adapt to captive conditions.
However, this method is only possible for plants
with dormant seeds.

According to M.M. Rahman et al. (2018),
ex situ conservation of endangered species
of checker tree is important for sustainable
use of forest genetic resources in Ukraine.
N.P. Schpak et al. (2020) substantiated the fea-
sibility of introducing checker tree into horn-
beam, beech or oak cultures as a fitting species
and as a forest soil structurer. However, the
issues of targeted introduction and reintro-
duction to the ecological network system of
Ukraine remain open. As stated By I. Robian-
syah & Dodo (2022), for the successful pro-
cess of reintroduction of checker tree, among
other things, it is important to involve local
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communities in the care or supervision of
plants, and to prevent and reduce disturbances
in the area of conservation activities and for the
effective management of certain activities.

Reintroduction of checker tree in light
broad-leaved forests and oak stands, where
they fell under the influence of anthropogen-
ic factors, contributes to the restoration and
preservation of plants. This strategy may in-
volve planting them in pristine forest ecosys-
tems or restoring degraded ecosystems that
promote long-term plant viability. An impor-
tant part of this approach is to integrate man-
agement with the environment to ensure their
long-term conservation.

The purpose of the study was to monitor the
green zone of rural and urban ecosystems of the
forest-steppe zone of Ukraine to select the best
forms of checker tree in terms of morphological
characteristics and physiological properties for
promisingareasoftheirintroductionandreintro-
duction into the ecological network of Ukraine.

Materials and Methods

Stationary research was conducted on the terri-
tory of the Institute of Horticulture of the Na-
tional Academy of Agrarian Sciences (NAAS) of
Ukraine and its scientific network (Lviv Oblast)
during 2017-2021, expeditionary research -
2015-2021 in forest parks of rural and urban
ecosystems in Kamianets-Podilskyi district of
Khmelnytskyi Oblast (Ukraine). The search for
checker tree localities was carried out in the
Kamianets-Podilskyi district (green zone of the
urban ecosystem of Kamianets-Podilskyi, the
outskirts of the Suprunkivtsi village).

To select the best forms of checker trees,
the methodology of forestry and taxation
studies by N. Anuchin and R. Anoshin was
used to determine the biometric parameters
of the stand. Phenological observations were
performed according to N.I. Bazilevich. The
flowering phase and fruiting abundance were

evaluated according to V.G. Kapper. Consider-
able attention was paid to the study of mor-
phological features of the inflorescence, flow-
er, and focused on the definition of the degree
of flowering. Biometric assessments of plants
included determining: height, growth strength,
direction of placement of skeletal branches,
position relative to the trunk and angle of their
placement, crown and trunk diameter, crown
density and shape, tree habitus.

At the Institute of Horticulture of the Na-
tional Academy of Agrarian Sciences of Ukraine
and its scientific network, grafted plantations
of selected checker tree forms were established
(ex situ) and studied for biometric parameters,
winter hardiness (Sokolov, 1957), and drought
resistance (Pyatnitsky, 1976).

To investigate specimens of checker tree
by morpho-physiological characteristics and
properties, several breeding forms were se-
lected: Eva, Podolianochka, and Slavka, the in-
traspecific taxon of which was Torminalis gla-
berrima (Gand.) Sennikov & Kurtto, belonging
to the variety T. glaberrima (Gand.) Sennikov &
Kurtto. f. intermedia Kossetz. In addition, mor-
phological features of vegetative and genera-
tive buds, shoots, leaves (density of placement
at the end of the shoot, size, intensity of green
colour, cross-section profile, intensity of an-
thocyanin colour, glossiness, pubescence on the
upper and lower sides, type and format of the
apex, shape of the base and edge, type of vena-
tion, number of blades, time of onset of yellow,
red leaf colour time of leaf fall), inflorescenc-
es (type, diameter, number of flowers), flowers
(diameter, calyx in height, position of the stig-
ma relative to the anthers, pedicel by length,
shape of anthers, number of anthers, colour of
the base of the staminate thread, colour of the
underside of the petals, position of the petals,
location of the petals, number of petals, colour
of the anther), fruit (height, width, diameter,
uniformity of ripeness, main colour of the peel,
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glossiness of the peel, density of the lenticel
location, weight, surface texture, aroma, shape,
peduncle in length, pubescence of the peel, villi
in density, colour of the villi, depth of the ca-
lyx, colour of the pulp, weight of 1,000 fruits,
number of fruits on the corymb, the number of
seeds in the fruit). The abundance of fruiting

was evaluated on a 6-point scale of visual yield
assessment according to V.G. Kapper. Pheno-
logical observations were performed according
to I. Beideman.

Drought resistance during the growing sea-
son was determined on the scale by S.S. Pyat-
nitsky (1976) (Table 1).

Table 1. Scale of evaluation of checker tree plants for drought resistance

Signs of drought resistance Score

No signs of drought damage 5
Leaves lose water in the daytime, are in a state of plasmolysis, restore turgor in the dark 4
Leaves of the lower tier lose colour, dry up and fall off, but the shoots of the upper tier 3
are characterised by normal growth and development

Almost all leaves dry out without changing colour, but the shoots do not lose their 9
viability and next season resume development due to apical buds.

Almost all leaves and tops of annual shoots dry out without changing colour 1
Plant dies 0

Source: S.S. Pyatnitsky (1976)

The intensity of damage by pests and
diseases was determined visually guided by
the educational and methodological work of
.M. Mrynskyi & T.M. Tymoshchuk (2022). The
analysis of the age structure of checker tree
habitat areas was carried out following the gen-
erally accepted methodology and according to
the recommendations of L.V. Semechkin and
E.N. Ioshchenko & N.N. Lashchinsky. The de-
gree of flowering was estimated according to
0.A. Kalinichenko (2003), abundance of fruit-
ing —according to V.G. Kapper.

Determination of taste and tasting as-
sessment was carried out according to S.O Tk-
achyk (2016), Methodology for examination of
fruit, berry, nut, and grape plant varieties for
distinction, homogeneity, and stability (2022).

Biochemical analyses of checker tree fruits
were carried outin the laboratoryof selectionand
technology of growing berry crops and the labo-
ratory of post-harvest quality of fruit and berry
products of the Institute of Horticulture of the
National Academy of Sciences and independent
laboratories for assessing the quality of fruits.

The content of pectin substances was monitored
according to DSTU 8069:2015 (2017), ascorbic
acid - DSTU ISO 6557-2:2014 (2015). The study
considered the standards of the Convention on
the Trade in Endangered Species of Wild Fauna
and Flora (1979) and Convention on Biological
Diversity (1992). The study data were statisti-
cally processed in the Excel-2007 software suite.

Results and Discussion

In September 2022, new forms of checker tree
were included in the Genetic Bank of Ukraine
based on a successful examination conducted by
the National Centre for Plant Genetic Resources
of Ukraine (Kharkiv). The introduced specimens
were studied for morphological traits, biologi-
cal properties, and economic characteristics
and are stored in the collection of the Institute
of Horticulture of the National Academy of
Agrarian Sciences of Ukraine (Novosilky village,
Fastiv district, Kyiv Oblast) and the Podilska
Rozkish fruit and berry mini-nursery (Muksha
Kitaygorodska village, Kamianets-Podilskyi
district, Khmelnytskyi Oblast).
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The Evaspecimen of checkertree (certificate
No. 2375, National catalogue No. UN0700091)
belongs to the category of wild form, discov-
ered and selected in 2015 at the border of Su-
prunkivtsi village (Kamianets-Podilskyi district,
Khmelnytskyi Oblast). The wild form of Eva is
registered as a sample of the gene pool based
on the following originality elements: a combi-
nation of fruit weight of 2.1 g, fruit diameter of
2.2 cm, ascorbic acid content (55 mg/100 g of
raw weight), tasting score of fruits of 8 points,
high winter hardiness (7 pt.), drought resist-
ance (8 pt.), with a fruit yield of 12.5 kg/plant.

In addition, the plants of are characterised by
high plasticity relative to pruning, early time of
maximum fruiting in culture (at the 3" year), a
high degree of flowering — 60-80%, increased
self-fertilisation — 69%.

Signs of identification of a sample of
checker tree Eva, which determine its differ-
ence (morphological, biochemical, etc.) life
form - a conical tree with a rounded crown,
a high number of skeletal branches (>10) and
strong branching. The angle of position of skel-
etal branches relative to the trunk is 45° at a
height of 1.5 m (Fig. 1).

Figure 1. Plant (tree) of the wild form of Eva checker tree

Source: photo by the authors

Plants of the Eva specimen are character-
ised by high growth power (0.36 m/vegetation).
The size of the vegetative buds is small (6 mm),
the colour of the vegetative bud is dark cherry,
the position of the vegetative bud relative to
the shoot is slightly deviated. The time of the
beginning of the development of vegetative
buds is average (the end of the 3 ten days of
March - the beginning of the 1st ten days of
April) and the time of flowering of vegetative
buds (the appearance of leaves) is also average
(the 2™ ten days of April). Annual shoot: medi-

um thickness (4.5 mm). The colour of the bark
of the annual shoot is olive-grey with numerous
lenticels, which give it a specific grey hue. The
size of the bud base on an annual shoot is aver-
age (6 mm). The intensity of the green colour of
the leaf is moderate, the size of the leaf is aver-
age (13.2x11.9 cm), the shape is pointed-ovate
lobed and dissected, the leaf type is simple,
and the type of its tip is pointed and drawn,
the shape of the base is slightly truncated or
notched, the shape of the edge is biserrate,
the length of the petiole is medium (4 cm), the
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pubescence on the upper side of the leaf is ab-
sent, the lower side is absent or weak, the num-
ber of blades on the leaf is 7. The density of leaf
placement at the top of the shoot is average

_ blade depth

(4 units). It was found that the time of the onset
of yellow leaf colour is average (the end of the
2" — beginning of the 3" ten days of September)
and the time of leaf fall is also average (Fig. 2).

Figure 2. Leaf (a) and inflorescence (b) of checker tree form Eva

Source: photo by the authors

The inflorescence of Eva checker tree is
a medium-sized corymb (average diameter —
18 cm), the flower is medium in diameter (d=1.6
cm), five — petalled, the perianth petals are
white, intersecting, placed horizontally (Fig. 2).
Placement of the flower stigma relative to the
anthers is lower. The number of stamens is 20.
The colour of the anthers is dark yellow or yel-
low and orange. Pedicel pubescence is weak.
The number of flowers on the corymb is aver-
age (48). The fruit of the plants is an apple, with
a large diameter (d=2.2 cm). It should be noted
that the time of the beginning of flowering is
average (the beginning of the 2™ ten days of
May). The degree (signs) of flowering is a maxi-
mum of 4 points, or 60-80%, which is very good
in rank. The self-fertilisation rate of Eva plants
is high (69%). The ripeness group of the Eva
sample is average. The time of the beginning of
maturation depends on weather conditions and
may fall at the end of the 3 ten days of Au-
gust, and the 1st ten days of September or the
2nd ten days of October. A similar dependence is
observed with regard to the onset of the phases

of vegetative buds, budding and flowering, etc.
Morphological characteristics of the fruit are
as follows: the fruit is tall (2.3 cm), medium in
width (2.5 cm), medium weight (2.1 g), colour —
light brown, pulp colour - brown, shape - ellip-
tical or broadly oval, peduncle is long (5.5 cm),
depth of the calyx - closed, lenticels are located
on the skin tightly, the texture of the skin sur-
face is smooth or slightly rustling, the skin pu-
bescence is weak, the colour of the pubescence
(villi) is white (Fig. 3).

Figure 3. Checker tree fruits of the Eva form
Source: photo by the authors
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The taste of the fruit is moderately sweet
with a slight sourness, fruity with hints of dried
apricots. The tasting rating of fruits is high
(8 points). The number of seeds in the fruit is
small (0-3 units). The seed colour is light chest-
nut or brown. Uniformity of fruit ripening: uni-
form (in culture) and not uniform (in nature).
The number of fruits on the corymb is average
(19). The abundance of fruiting of plants is av-
erage or good — 3.5 points. It is established that
the time (age) of the onset of maximum fruiting
from the seedling is late (8 or more years), but
the time (age) of the onset of maximum fruit-
ing on the scion is early and is 2-3 years. It was
found that checker tree plants are very plastic
and in culture, subject to the observance of care
systems, are able to form a high fruit yield at
the age of 10-15 years, exceeding 10 kg/plant.
For wild-type Eva plants, the average fruit yield
at the age of 29 is about 12.5 kg/plant. The
fruiting cycle is periodic.

The Podolianochka specimen of checker
tree (certificate No. 2377, National catalogue
No. UN0700092) belongs to the category of wild
form, discovered and selected in 2015 in the
park area of Kamianets-Podilskyi, Khmelnitskyi
Oblast. The wild form of Podolianochka was reg-
istered as a sample of the gene pool based on
the following elements of originality: a combi-
nation of fruit weight of 1.9 g, a high number of
fruits per stem — more than 20 units, drought re-
sistance of 8 points, resistance to pear leaf blis-
ter mite of 9 points, with a fruit harvest of more
than 10 kg from a plant at the age of 10 years.
Pleasant harmonious taste of fruits. Cup-shaped
crown, low growth force (0.25 m/vegetation),
good reaction to pruning, no periodicity in fruit-
ing in nature and culture, self-fertility — 75%.

Signs of identification of the wild form
Podolianochka, which determine its differ-
ence: life form - a tree that ranges in habitus
from straight to sprawling, the crown shape
is transversely elliptical, a high number of

skeletal branches (>10), strong branching, the
angle of position of skeletal branches relative
to the trunk is 55° at a height of 1.5 m (Fig. 4).

Figure 4. Plant (tree) of the wild form
of Podolianochka checker tree
Source: photo by the authors

Plants of Podolianochka form are charac-
terised by a small size of vegetative bud (6 mm),
the colour of vegetative bud is dark cherry, the
shape of vegetative bud is blunt ovate, the po-
sition of vegetative bud relative to the shoot is
slightly deviated, the intensity of green leaf col-
our is moderate, the leaf size is average, the leaf
type is simple, the leaf shape is pointed-ovate
dissected, leaf petiole length is average (4 cm),
the inflorescence is a medium-sized corymb,
with a diameter of 17 cm, flower in diameter —
medium, perianth petals — white, intersecting,
horizontally arranged, number of flowers in in-
florescence — medium (45 units). Morphologi-
cal features of fruits: medium diameter (d=1.7
cm), medium weight (1.8 g), shape - elliptical,
or broadly oval, peduncle is long (5 cm), calyx
is shallow (>1 mm), colour - light brown, pulp
colour — brown, seed colour - light chestnut or
brown (Fig. 5).
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Figure 5. Leaves and fruits of the wild form
of Podolianochka checker tree
Source: photo by the authors

The taste of the fruit is moderately sweet
with a slight sourness, fruity with hints of dried
apricots, excellent aftertaste of dried fruits. It
is also worth noting that the number of fruits
on the corymb is average (11). The time of the
beginning of ripening of fruits in the wild state
is average (1% ten days of September), in culture
on a scion — early (on 2"-3" years). The abun-
dance of fruiting is average and is 3.5 points
(average or good harvest). The average fruit
yield at the age of 30 years is 10.6 kg/plant. The
ripeness group is average.

The Slavka specimen of checker tree
(certificate No. 2376, National catalogue
No. UN0700090) belongs to the category of
wild form, discovered and selected in 2015 in
the park area of Kamianets-Podilskyi, Khmel-
nitskyi Oblast. The wild form of Slavka is reg-
istered as a sample of the gene pool based
on the following elements of originality: the
specificity of the crown shape (cup-shaped),
which determines the level of productivity, low
growth force (0.25 m/vegetation, good reaction
to pruning (which affects the size and yield of
fruits), increased fruit weight (1.9 g), high num-
ber of fruits on the stem (>20), pleasant harmo-
nious taste of fruits, lack of periodicity in fruit-
ing in nature and in culture, high self-fertility
(75%), increased yield of fruits from the plant

(>15 kg/plant), by year (5 t/ha), increased win-
ter hardiness (2 pt.), high drought resistance
(4.5 pt.), high resistance to pear leaf blister
mite (9 pt.).

Signs of identification of the Slavka speci-
men that determine its difference (morpholog-
ical, biochemical, etc.): life form — a sprawling
tree, crown shape — cup-shaped, a high number
of skeletal branches (>10), strong branching,
the angle of skeletal branches relative to the
trunk is 55° at a height of 1.4 m (Fig. 6).

Figure 6. Plant (tree) of the wild form
of Slavka checker tree
Source: photo by the authors

Plants of the above form are also charac-
terised by a large size of the vegetative bud
(>8 mm), the position of the vegetative bud
relative to the shoot is compressed. The time
of the beginning of the development of vegeta-
tive buds is average (the end of the 3™ ten days
of March - the beginning of the 1% ten days of
April), the time of flowering of vegetative buds
(the appearance of leaves) is average (2™ ten
days of April) and the time of flowering is also
average (the beginning of the 2™ ten days of
May). Morphological characteristics of the leaf
are as follows: the intensity of the green colour

Vol. 15, No. 1, 2024

Ukrainian Journal of Forest and Wood Science 97



Ecological and biological features...

of the leaf is moderate, the size of the leaf is
average (11.5x9.9 cm), the leaf type is simple,
the shape of the leaf is pointed-ovate lobed,
the length of the leaf petiole is medium (4 cm),
there is no pubescence on the upper and lower
sides, the type of the tip is pointed — stretched,
the shape of the base is notched, the shape of
the edge is biserrate, the number of blades is 7,
the length of the petiole is average (4 cm), the
density of placement at the end of the shoot
is average (6 units). The time of the beginning
of yellow leaf colour is average (late 2™ — ear-
ly 3 ten days of September). The time of leaf
fall is also average and falls on (3™ ten days of
October). Checker trees are characterised by an
inflorescence in the form of a corymb of medi-

um size, with a diameter of 20 cm, the flower
is average in diameter (d=1.5 cm), the perianth
petals are white, intersect, placed horizontally.
The number of flowers on the corymb is great-
er than for Eva and Podolianochka forms, and
averages 58. Self-fertilisation for this specimen
is high (more than 75%). Next, the study con-
siders the morphological parameters of fruits:
diameter - large (2.4 cm), density of the loca-
tion of lenticels — average, shape — elliptical,
or broadly oval, peduncle length - long (5 cm),
skin hairines — present, villi — whitish, colour -
light brown, colour of the fruit pulp — brown,
seed colour - light chestnut or brown. The fruit
is tall (1.8 c¢m), average in width (1.5-2.2 cm),
and the height-to-width ratio is average (Fig. 7).
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Figure 7. Leaves and fruits of the wild form of Slavka checker tree

Source: photo by the authors

The tasting score of the fruit is above aver-
age or 7 points. The taste of the fruit is moder-
ately sweet with a slight sourness, fruity with
hints of dried apricots and raisins. The time of
the beginning of fruit ripening is average (1%t
ten days of September). The average fruit yield
at the age of 29 years is more than 15 kg/plant.

Notably, for new forms of checker trees, in
addition to morphology, a biochemical analysis
of fruits was carried out. It was found that for
the forms of Slavka and Podolianochka, fruits
in technical ripeness are characterised by an in-
creased content of total sugars and polyphenolic
compounds, compared to the Eva form (Table 2).
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Table 2. Biochemical properties of fruits of new forms of checker tree

Qualitative parameters of the fruit Form
Eva Slavka Podolianochka
Vitamin C, mg/100 g 55.0 38.0 48.0
Sugars (total amount), % of raw weight 8.6 12.43 10.4
Dry matter, % of raw weight 44.3 42.12 42.1
Dry soluble substance, % of raw weight 36.5 12.5 22.5
Titrated organic acids, % of raw weight 1.9 1.8 1.9
Pectin substances, % of raw weight 2.72 0.72 2.54
Polyphenolic compounds, mg/100 g 425.6 711.0 441.0
Flavonoids, mg/100 g of raw weight 6.7 6.9 6.0
Anthocyanins, mg/100 g of raw weight 0.6 0.7 0.7
Chalcones, mg/100 g of raw weight 2.44 2.6 2.17
Tasting score, points (1-9)** high (8.0) 7.0 8.0
Sugar-acid index (SAI) 5.7 5.8 5.6

Fruit taste

moderately sweet
with a slight
sourness, fruity
with hints of dried

moderately sweet
with a slight
sourness, fruity
with hints of dried

moderately sweet
with a slight
sourness, fruity
with hints of dried
apricots, excellent

apricots apricots and raisins | aftertaste of dried
fruits
Transportability, score (1-9) 9 8 8

Source: developed by the authors

Despite certain differences in the indica-
tors of biochemical properties, the fruits of all
the studied forms of checker tree have the same
SAI and a high tasting score.

In parallel with the study of morpholog-
ical characteristics of plants and biochemical
properties of fruits, their ecological properties,
namely, resistance to adverse biotic and abiotic

environmental factors, were investigated (Ta-
ble 3). According to Table 3, the forms of check-
er tree are characterised by high resistance to
pests, above average and increased winter har-
diness, and high drought resistance, which is
important in the case of introduction of these
forms into the areas of unstable or insufficient
moisture in Ukraine.

Table 3. Resistance of new forms of checker tree to adverse biotic and abiotic environmental factors

Ralt.), score (1-9)

Form
Factor Eva Podolianochka Slavka
pear _lgaf blister mite (Eriophyes 8 8 9
piri Pagenst.), score (1-9)
rowan aphids (Dentatus sorbi 7 7 7

winter hardiness, according to

S.Ya. Sokolova, points (1-8) freezes)

6 (above average, the
top of annual shoots

6 (above average, the
top of annual shoots
freezes)

7.5 (the top of annual
shoots rarely freezes)

drought resistance, according to
S.S. Pyatnitsky, score (1-5)

4.5 (high, leaves lose their turgor during the day, wither, but restore it at
night), for young plants — medium, 4 pt.

Source: developed by the authors
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According to the findings, the new forms
seemed well adapted to the complex of weath-
er and climatic factors of the northern for-
est-steppe of Ukraine, in particular, according
to the results of overwintering, the average
winter hardiness score was 2.5 points. The
period of fruit fall. Long-term fruit ripening
(1.5 months): beginning — 2" ten days of Au-
gust, end — late September. Fruits can remain
on the tree until the first frost, and then grad-
ually fall off. It was found that the phenophase
of “budding” lasts from April 22 to May 5, and
the phenophase of “flowering” takes place from
May 8 to May 22. The duration of these pheno-
phases is 18-28 days and depends on the tem-
perature regime.

After the 2018 harvest year, in the follow-
ing 2019-2021 years of research, checker tree
slowly restores the fruiting energy.

For example, the “fruit ripening” phase in
2015 fell on August 5, and full fall ended on
August 15, and in 2018, fruit ripening occurred
on September 15, and mass fall — on September
28. In checker trees, this period varies by al-
most a month in different years. Under favour-
able weather conditions, the ripening period of
fruits occurs in the 1st ten days of September;
they are juicy and much larger, fall off com-
pletely after the first frost.

The average vegetation period is 216 days.
The growth period of shoots lasts 143-189 days.
Then the plant enters the dormant period,
which lasts an average of 150 days.

The analysis and systematisation of the
literature revealed that the species of checker
tree (Torminalis glaberrima (Gand. Sennikov&
Kurtto) is a forest, medicinal, fruit plant that
belongs to a monotypic genus Torminalis
Medik., family Rosaceae, and until recently its
official name was Sorbus torminalis (L.) Crantz,
first published in 1763 by the German bota-
nist Heinrich Johann Nepomuk von Crantz,
and until 2017 belonged to the genus Sorbus,

representing the section Torminaria. However,
based on statements of A. Kurtto et al. (2018),
species with simple leaves traditionally belong
to the genus Sorbus, and as noted by EY.Y. Lo
& M.]. Donoghue (2012) is considered to form a
separate monophyletic group.

As noted by Y. Prokopuk et al. (2022), check-
er tree is one of the most valuable hardwoods
in Europe, in particular Torminalis glaberrima,
which has prospects in green landscape con-
struction, including urban forestry, especially
in regions with predicted edaphotope moisture
deficiency. According to V. Sarv et al. (2020),
checker tree fruits have a therapeutic effect, as
they show high antioxidant activity due to the
high content of phenolic and flavonoid com-
pounds, tannins. Therefore, fruits have long
been used to treat, including various inflam-
mations, intestinal disorders, etc. According
to A. Aytin et al. (2018), checker tree wood is
fine-grained, very dense and has good flexural
strength, it is used for the manufacture of var-
ious materials. In particular in the past, such
wood was used for the manufacture of screws
for wine presses, billiard tables, musical instru-
ments, turning products, flutes, keys for pianos,
organs, harpsichords and bagpipes, bases for
measuring instruments, etc., since the wood of
these plants does not expand or contract.

Based on an in-depth analysis of the theo-
retical material, L. Lanier et al. (1990) note that
the range of checker trees covers certain terri-
tories of Ukraine (Podillia, Bukovina, Eastern
Carpathian Foothills, Transcarpathia, Crimea),
and other European countries (Great Britain,
France, Italy, Switzerland, Austria, Czech Re-
public, Slovakia, Denmark, Germany, Poland,
Romania, Hungary, Bulgaria, Moldova, Sakart-
velo, etc.), in particular, which are located on
the territory of the Balkans (Croatia, Montene-
gro, Bosnia and Herzegovina, North Macedonia,
Albania, Greece) and the Pyrenees (Portugal,
Spain) peninsulas, and in certain areas of West
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Asia (Turkey, Iran, Azerbaijan, Armenia) and
North-West Africa (Lebanon, Syria, Morocco,
Algeria). Notably, this species was introduced
to the territory of the United States of America,
Washington state.

Torminalis glaberrima (Gand.) Sennikov &
Kurtto includes two varieties: Torminalis glaber-
rima var. torminalis (range: Europe, north-west-
ern Africa) and Torminalis glaberrima var. cau-
casica (mountain ecosystems of the Caucasus
and Elbrus). L.V. Markivska et al. (2020), quot-
ing E.C. Gabrielyan, notes that in addition to
the above-mentioned varieties, according to
the degree of dissection of the leaf blade, there
are also Torminalis glaberrima var. pinnatifida.
Based on the morphological characteristics
of fruits, L.V. Markivska et al. (2020), quoting
M.I. Kosets, identifies 3 mutational forms, em-
phasising their ancient origin: Sorbus tormina-
lis (L.) Crantz f. genuiana Kossetz, S. torminalis
(L.) Crantz f. intermedia Kossetz and S. tormina-
lis (L.) Crantz f. dolichocarpa Kossetz.

In Ukraine, checker tree is not subject to se-
lective felling and is protected as a rare and val-
uable native species in the Dniester Canyon and
Chernivtsi regional landscape parks, Karmeliuk-
ove Podillia and Podilski Tovtry national nature
parks (NPP), Crimean, Karadazh, Yalta moun-
tain and forest nature reserves, and Medobo-
ry (a protected area within the Pidvolochysk
and Husiatyn districts of Ternopil Oblast), and
protected areas of Vinnytsia, Ternopil, Iva-
no-Frankivsk, and Chernivtsi oblasts, have been
listed in the Red Book of Ukraine since 2009
with the endangered status. Unlike in Ukraine,
in France, the checker tree is not threatened
with extinction and the International Union for
Conservation of Nature (IUCN) classifies it as
a species with a low risk of extinction, but lo-
cally it is considered vulnerable, in particular,
in the Nord-Pas-de-Calais (former French re-
gion). In the forest ecosystems of south-western
Germany, on behalf of the Federal Agency for

Agriculture and Food of this country, dur-
ing 2010-2013, 80 thousand rare species of
checker tree were registered, individual spec-
imens, in particular near Blankenheim (North
Rhine-Westphalia), acquired the status of nat-
ural monuments (Latté, 2021). In Poland, the
checker tree has been under strict protection
since 1946, is included in the Red List of this
country and is almost threatened with extinction
and is protected in such reserves as: Czerwona
Roza, Brzeki, Biatowodzka Goéra, Wawoz Lipa,
Ustronie, etc. (Kazmierczakowa et al., 2016).

L. Willey (2020) reports that only 2% of
the UK’s territory is occupied by forests, so the
preservation of seeds of ancient forest spe-
cies-indicators, including checker tree (Tormi-
nalis glaberrima), is crucial.

According to M.C. Rivers & E. Beech (2017)
internationally, checker tree is on the Global
Red List and in the European Red List of Trees
(Rivers) in the category of Least Concern (LC or
LR/Ic) (Rivers et al., 2019). N.P. Schpak (2019)
emphasises the importance of in vitro methods
in combination with ex situ as a means of pre-
serving and maintaining the level of stability of
checker tree species.

Checker tree plants are mesomorphic, scl-
eromorphic nanophanerophyte or phanero-
phyte can often be found in association with
oak, beech, ash, hornbeam. Checker tree is dis-
tributed in the undergrowth of oak and beech
forests, or ecotone between beech and oak for-
ests, and in mountain oak forests. As noted by
L.V. Markivska et al. (2020) and N.P. Schpak et
al. (2020), for the renewal of checker trees, the
taxation component of plantings includes up to
8 units of oak, 3 — hornbeam, 2 — ash, 1 — related
species, including checker tree.

Young checker trees are not demanding for
lighting and grow well in partial shade, unlike
older plants. The fruit is a food base for many
birds and some mammals, which makes the
tree ecologically important. M. Kovanda (1992)
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notes that the life span of checker tree exceeds
300 years, in particular, 280 and 300-year-old
specimens were found in the Czech Republic
(the town of Ti$nov in the Brno-Venkov district
of the South Moravian region and the town of
Zelezn4 Ruda in the Klatovy district of the PIl-
zen region). According to Monumentaltrees
(n.d.) on the territory of Austria (Brand-Laaben,
Neulengbach, in the Vienna forest, as well as on
the outskirts of the village of Kropfsdorf near
the town of Michelbach, Lower Austria) there
are several very tall trees over 25 m.

Checker tree Torminalis glaberrima) is a de-
ciduous tree up to 25 m (30 m) tall by biomor-
phology, with a trunk diameter of 15-75 cm
(up to 1 m), and a growth rate of about 0.5 m
during the growing season. Notably, in Germa-
ny, in particular in Hengstberg, east of Gross
Lengden in the south of Lower Saxony, checker
tree plants, which do not dominate in any for-
est group and are usually found individually or
in groups, are 35 m high. The crown of checker
trees is dense, narrow in habitus, and in individ-
ual specimens — wide. According to the shape of
the top, they range from cone-shaped, semicir-
cular, ovate, inversely ovate, elongated, rounded
to opposite elliptical. The root system of plants
is buried up to 3 m. Buds are yellow-green, yel-
low-olive, not pubescent, sticky, very small,
small, medium and large in size, round-ovate,
round-elongated in shape, and also character-
ised by different apices: blunt, rounded, and
pointed. In addition, vegetative buds at the an-
gle of placement relative to the shoot are very
or slightly deviated, pressed. The leaves of plants
are green, alternate, simple, about 20 cm long,
up to 10 cm wide, palmate-lobed, and the blades
at the top are pointed, their number is from 3
to 7. Inflorescence — corymb-shaped. The fruit
is an apple up to 15 mm long, with a diame-
ter of about 10 mm, the skin colour is light or
dark brown, less often red-brown. According to
reports of P.A. Thomas (2017), checker tree is

diploid (2n=34) or exclusively triploid
(2n=3x=51), its plants are characterised by
cross-pollination (alogamy), autogamy accounts
for only about 1%. Due to cross-pollination,
checker trees are characterised by xenogamy
or pollination with transferred pollen from one
flower to the stigma of the pistil of another flow-
er of a particular plant, which, according to the
authors (Moskalets et al., 2020) is close to 75%.
By hybridisation, checker tree develops diploid
and polyploid hybrids with representatives of
the genus Aria (Pellicer et al., 2012), in particu-
lar, hybrids with mountain ash of the subgenus
or genus Aria develops forms that belong to the
genus Karpatiosorbus, rowan trees of subgenera
(or genera) Aria and Sorbus - forms belonging to
the genus Scandosorbus (= Borkhausenia), with
species of the genus Malus — hybrids that are al-
located to the genus x Torminalis Holub. Accord-
ing to K.P. Latté (2021) hybridisation between
Torminalis glaberrima and different species from
the genus Aria (in particular Sorbusaria) gave an
opportunity to create species Sorbus latifolia and
Sorbus bristoliensis. In addition, as evidenced by
T. Rich et al. (2022), checker tree gave rise to nu-
merous taxa in Sorbus nothosubgenus Tormaria
Majovsky & Bernatova, and several taxa in Sorbus
nothosubgenus Triparens M. Lepsi & T.C.G. Rich,
and thus it is an important ancestral species.

In natural conditions, it is possible to se-
lect forms of checker tree with valuable eco-
nomic characteristics that can be effectively
used in the conditions of fruit, decorative gar-
dening, forestry (Grynyk et al., 2019). Accord-
ing to C.M. Piagnani et al. (2018) and V. Loewe-
Munos et al. (2020) mixed plantings of checker
tree with other species allow selecting speci-
mens with the best wood quality.

Summing up the above, it can be noted that
increasing the attention of the fruit and berry
sector of agriculture and forestry to checker
tree, and the search and selection of new eco-
logical and adaptive forms for introduction into
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the system of the ecological network has pros-
pects and ecological importance for combining
with the biocenotic link, preserving as a Red
Book species in Ukraine.

Conclusions

New forms of checker tree — Eva (UN 0700091),
Slavka (UN 0700090), and Podolianochka
(UN 0700092) — were selected and studied. They
were included in the Genetic Bank of Plants
of Ukraine in 2022 by the National Centre for
Plant Genetic Resources of Ukraine (Kharkiv).

Morphological studies have revealed a weak
growth force of checker trees of the Eva, Slav-
ka, and Podolianochka forms. It has been doc-
umented that the habitus of Eva is conical, that
of Podolianochka - from straight to spreading,
and that of Slavka is spreading. In the open
area, various crown shapes are noted: in Eva —
elongated, in Slavka — rounded, and in Podo-
lianochka - transversely elliptical. New forms
have strong branching. For the forms under
study, the anthocyanin colour of the top of the
young shoot is moderate, and the colour of the
annual shoot is dark brown. Regarding vegeta-
tive buds, differences are found in the shape of
the tip: Eva — pointed, Podolianochka — blunt,
Slavka — rounded. The size of vegetative buds
varied, but all forms are characterised by their
pressing. Morphological differences in the
leaves were found to be insignificant: the den-
sity of placement, length, width of the leaves —
average, green colour — moderate, cross-sec-
tional profile shape - straight or slightly
concave, anthocyanin colour — weak or absent.

As for the morphological characteristics of
the flower, it was noted that the pedicel is long
(1.5-2 mm), the colour of the anther is yellow
and orange, the petal shape is rounded, the
pistil stigmas are lower than the anther height,
i.e., heterostylic or equipetal, which leads to
better contact of insects with pollen during
nectar collection.

It is worth noting that the new forms of
checker trees are not characterised by uniform
ripening of elliptical fruits. If the size of the
fruit for the Eva and Podolianochka forms is
large, then for Slavka it is very large. However,
the Slavka form is distinguished by its greater
weight and aroma.

It was found that the elements of orig-
inality of the Slavka form are a feature of
the crown shape (cup-shaped), which deter-
mines the level of productivity, low growth
force (0.25 m/vegetation), good tolerance of
pruning (which affects the size and yield of
fruits), increased fruit weight (1.9 g), high
number of fruits on the stem (>20), pleasant
and harmonious taste of fruits, lack of peri-
odicity in fruiting in nature and in culture,
high self-fruitfulness (75%), increased yield
of fruits from the plant (>15 kg/plant), by year
(5 t/ha), increased winter hardiness (7.5 pt.),
high drought resistance (8 pt.), high resist-
ance to pear leaf blister mite (9 pt.). Elements
of originality of the Podolianochka form are
the average growth force (0.25 m/vegetation),
high degree of flowering (70%), uniform rip-
ening of fruits in culture, high fruit weight
(1.8 g), average ripeness group, increased
content of ascorbic acid in fruits. It was found
out that the elements of originality of the Eva
form are high plasticity in terms of pruning,
increased fruit weight (2.1 g), large size of
fruits (fruit diameter — 2.2 cm), high degree
of flowering (60-80%), increased self-fertili-
ty (69%), increased content of ascorbic acid
(55 mg/100 g of raw weight), high tasting
score of fruits (5 pt.), above average winter
and increased drought resistance, early time
of maximum fruiting in culture (on the 3%
year), increased fruit yield from the plant
(12.5 kg).

Further research may be devoted to ensur-
ing the successful survival of selected forms of
checker trees in new conditions.
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Exosoro-6ionoriuHi oco6mmBocTi Biziopanux ¢popm 6epeKru TiKapcbKoi
JJISL YCITIITHO1 aApecHOoi iHTPOAYKIIii Ta peiHTpomyKiLii
B eKOMepexXy YKpaiHu
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Anoramnis. B crarti posmisiHyTO NpO6GIEMAaTMKy OO iHTPOAyKUii i peiHTpoOmyKuii
YEepBOHOKHIDKHOTO BUAY Oepeky JiKapcbkoi B CUCTEMY JeKOPaTMBHOTO CaJiBHMIITBA Ta
nico3axucHMX i micoBux ekocucteM. Came TOMY MeTOIO pO60TH 6y/10 TPOBECTY MOHITOPUHT 3eJIeHUX
KOPUIOPIB CiIbCHKMX i MiCbKMX €KOCHCTEM JIICOCTEIIOBOI 30HM YKpaiHu, JOCTiIAUTY Ta BigiopaTtu
Kpailli 3a MopdosoriunmMu o3Hakamu i pisionoriuammu BactTuBocTsIMM popmu 6epeku TiKkapCcbKoi
IS TIEPCTIEKTUBHMX HAIPSIMiB MOIIMPEHHS i 30epeKeHHS Y BUIISII YMCTUX i MillIaHUX HacaIKeHb.
V HayKOBUX MOCTiIKEHHSIX 3aCTOCOBAHO TaKi METOIM: MapIIPyTHMIA, TTOIbOBUIT, GiOMeTPUUHMIA,
nabopaTopHuit, OPiBHSVIBHOTO aHaji3y, MaTeMaTUYHO-CTaTUCTUYHMIL. B mpolieci BUKOHaHHS
po6OTHM iHTPOOYKOBAHO, BUBUEHO B YMOBAax in sity Ta ex sity Ta Bimi6paHo HOBi dopmu 6epexu
JIiKapcbKOi [i1s1 MepCreKTUB MOoJaIbLIOo] iX IHTPOAYKIii Ta peiHTPOAYKILii B eKoMepexy YKpaiHu
Ta 36epekeHHs IJis1 aKTUBaLii TpodiuHMx, POpUUHMX Ta iHIIMUX TUIIIB GiIOTUUYHMUX B3aEMOii B
€OMHIN TepUTOpiabHINi eKocucTeMi. Y 30HI 3e/IeHUX KOPUIOPIB CITbCHbKMX i MiCbKMX €KOCUCTEM
JicocternoBoi 30HU YKpaiHM BUSIBIeHO Masomnoipeni 6ioturnv Torminalis glaberrima (Gand.)
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Ecological and biological features...

Sennikov & Kurtto f. Intermedia Kossetz. Jlesiki ek3eMIUISIpM LIMX GiOTUIIIB BU3HAUEHO SIK LIiIHHMUIA
MaTepian [1Jis BBeleHHs B CUCTeMY IUIOIOBOTO i IeKOPATUBHOIO CaliBHUIITBA, BKIIFOUAIOUY ITaPKM-
MaM’SITKM CaJI0BO-ITAPKOBOTO MUCTEITBA, & TAKOX IMaM’SITHUKM TIPUPOIM, 3aTOBigHI ypoumiia,
3aKa3HMKU i 3aMOBiGHUKY UMCTUX i MilllaHUX HacaIykeHb, ajei, JicoMeniopaTUBHI CMYTH, TOIIO.
BcTaHOBIIEHO, 1110 e/leMeHTaMy HOBU3HM Bifiiopanux dopm 6epeku nikapcbKoi €Ba, [TomonsHouKa
i CnaBka € 0co6MMBiCTh GOpMM KPOHH, SIKA BM3HAYAE PiBeHb MPOAYKTMBHOCTI, Maia i cepemHst
cuIa poCTy, HOpMaJIbHA peakilis Ha hopMyrouy 06pi3Ky (110 BIUTMBAE HA KPYITHICTh i YPOXKAHICTh
IJIOJiB), BUCOKA CTYIiHb UBITIHHS (60-80 %), KpyIHO IUTiHICTH (miamMeTp IUIomy TMOHAJ 2 CM),
migBuineHa maca rony (1,8-2,1 r), Bucoka KilbKicTh MofiB Ha cyrwrigni (220 1IT.), mpueMHO-
TapMOHIIiHUI1 CMaK IIJIOZiB, BUCOKA SIKiCTh IJIOJiB, BiICYTHICTh MePiOAUYHOCTI B IJIOAOHOIIEHHS
B MPUPOAI i B KyJAbTYpPi, BUCOKA KceHoraMist (69-75 %), BUCOKa ypOXKaifHICTb TUIOMAIB 3 POCIMHH,
ITiABUIEHA 3MMOCTIiNiKicTb (7,5 6.), BUCOKA MOCYXOCTiliKicTh (8 6.) i CTiliKiCTh J0 MIKiIHMUKIB, Y T. Y.
rpymieBoro kiinyka (7-9 6.). Pe3yabTaTyt ZOCTIIKEHb MOXKYTh OYTM BUKOPUCTAHI B MepCreKTUBi
TTOTIOBHEHHSI YMCTUX i MilllaHMX HACaKeHb €KOJIOTiYHOI Mepeski YKpaiHu

Kimouosi cioBa: Torminalis glaberrima (Gand.) Sennikov & Kurttof. Intermedia Kossetz.; 6ioxiMmiuHi
BJIACTMBOCTi; HOBi GiOTUIIM; TIOTIOBHEHHSI €KOJIOTIYHOI MepeXi; YepBOHOKHVDKHUI BUM; BMICT
acKopb6iHOBOI KMCIOTHU
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Abstract. The relevance of the topic is justified by the diversity of unique natural ecosystem objects
in the territories of Kosovo and North Macedonia, where forestry activities are traditional. The aim
of the study is to analyse the current state of ecosystem services provided by forests in Kosovo and
North Macedonia in the context of their assessment and development prospects. Several general
scientific empirical and theoretical research methods were employed, including comparison,
generalization, analysis, synthesis, and abstract-logical methods. The article characterizes the
current state of forest resource utilization in Kosovo and North Macedonia, highlighting key issues
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Ecosystem services of forests...

services. The study justifies indicators of the level of forest resource utilization in Kosovo and
North Macedonia, examining the percentage ratio of forest cover indicators in the Western Balkan
countries. The relationship between land areas of different categories and purposes in Kosovo is
analysed, along with the designation of protected areas within forested areas in North Macedonia.
The necessity of conducting an economic assessment of specific ecosystem services provided by
forests is justified. Six methods used in the economic valuation of natural goods resulting from
forest resource utilization are detailed, deemed most suitable for the Western Balkan countries.
A comprehensive list of the most relevant functions of forests requiring economic assessment is
compiled. Throughout the justification of all stages of the work, specific ecosystem services provided
by forests that may gain greater importance in the future are identified. The practical significance
of the study lies in forming the fundamental methodological aspects that can be utilized in the
assessment of ecosystem services provided by forests

Keywords: natural forest complexes; Western Balkans; euro integration; climate change;

qualitative and quantitative indicators

Introduction

Within the framework of the processes of rapid
European integration, the policies of the Western
Balkan countries aim to address environmental
issues and conservation of natural resources in
accordance with the norms and standards of the
European Union related to standards for forest
management, biodiversity conservation, forest
fire control, and conservation of effective eco-
system forest services. Kosovo and North Mac-
edonia, as countries with relatively unstable
socio-economic development indicators, espe-
cially Kosovo with its precarious political situa-
tion, are obligated to incorporate the principles
of the European Green Deal (2023) for the pres-
ervation of surrounding ecosystems and forest
resources into their development strategies.
The issue of the insufficient balance in the
functioning of ecosystem services provided by
forests has become significantly more acute in
Kosovo in recent times due to various factors.
Over the past few years, forested areas have
been excessively exploited and logged, primar-
ily to meet the heating needs of the local pop-
ulation. Additionally, there is a lack of effective
mechanisms for managing forest resources, and

comprehensive programs for the development
and protection of forested areas at the national
level are nearly non-existent. If such programs
do exist, they often involve tasks that are chal-
lenging to implement, while regulatory acts are
not adapted to modern conditions and the needs
of the forestry sector in the context of climate,
hydrological problems, and soil degradation.

It is worth noting, that in North Macedo-
nia, other problems related to the insufficient
provision of ecosystem services by forests in-
clude illegal logging, the use of forested areas
for other purposes, pollution with harmful sub-
stances due to anthropogenic activities, and the
impact of other negative factors resulting from
rapid urbanization. Loss of forest cover and low
efficiency in forest regeneration are also nota-
ble issues. Forest resources have always held a
fundamental place in the overall state system
of the Western Balkans region. Therefore, it is
essential to conduct an economic assessment of
ecosystem services provided by forest resourc-
es. This serves as a crucial tool for ensuring sus-
tainable forest management and the preserva-
tion of their natural capital. Such an assessment
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plays a role in justifying the value of ecosystem
services and evaluating the economic indica-
tors of the indirect services of forests, such as
climate regulation, soil moisture conservation,
and others, which are inherently challenging to
measure (Tykhonova et al., 2021).

F. Humolli et al. (2023) consider the utiliza-
tion of Kosovo’s forest resources within the con-
text of its significant physical-geographical and
tourist potential. The prevalence of extensive
forested areas, nature conservation lands, and
the diversity of biota, unique landscapes, and
flora characterize the natural ecosystems of the
country as an important recreational and tourist
asset. In this context, references to forest protec-
tion directions and the designation of lands for
recreational and nature conservation purposes
are crucial. The creation of a database of na-
ture conservation objects, forest inventory, and
the formation of a tourism management system
are possible through the application of effective
qualitative and quantitative analysis methods.

Scholars A. Bajraktari et al. (2020) examine
the advantages of Kosovo’s territorial location
at the centre of the Balkans concerning eco-
nomic opportunities based on the use of nat-
ural resources, particularly forests. The authors
note that the creation of new borders and trade
restrictions between Kosovo and neighbouring
countries following the breakup of Yugoslavia
has changed the quantity and type of available
timber. Despite political or economic factors, the
forest and wood processing industry in Kosovo
remains a crucial element of the national econ-
omy with potential for further development.

D. Sanchez et al. (2023) conduct an envi-
ronmental assessment of Kosovo in the context
of the negative problem of climate change us-
ing Google Earth Engine tools. One of the main
elements in the research structure is the crea-
tion of a large-scale deforestation model over
the last few years. This allows for the analysis of
the temporal function and the determination of

changes that have occurred for specific ecosys-
tem services of the forest, such as reforestation
speed and timber reserves.

A. Sertolli et al. (2023) examine the features
of the functioning of natural forest complexes
in the context of utilizing forestry waste for
renewable energy purposes in Kosovo. The re-
search results also highlight that Kosovo’s for-
ests currently provide an exceptionally high po-
tential as a source of energy from biomass. This
type of utilization of forest resources aligns
with the directions of the European Green Deal
initiative and the development of quality in-
dicators for forest ecosystem services. Explor-
ers Q. Ramshaj et al. (2021) conduct a detailed
analysis of the current state of biodiversity in
the natural forest complexes of Kosovo. The
research reveals that many plant species are
under the threat of extinction. Therefore, it is
crucial to preserve and restore a wide range of
different tree species, plants, animals, and mi-
croorganisms that interact with each other, cre-
ating ecological connections that contribute to
maintaining balance in the system.

However, the issues of balanced use of for-
est resources in Kosovo and North Macedonia
are not fully explored in the scientific litera-
ture, despite the unique natural ecosystems
and landscapes of these countries and their sig-
nificant socio-economic potential for the full
revival of the forest industry and the provision
of high-quality ecosystem services. The aim of
the article is to substantiate the main reasons
for the disruption of the cycle of effective forest
ecosystem services in the territory of Kosovo
and Northern Macedonia, and to identify areas
of improvement in the utilisation of forest re-
sources through modern methods of economic
valuation of forest ecosystem services.

Materials and Methods

The information base of the research was the
data from the International Monetary Fund
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report on “Mitigation and Adaptation Chal-
lenges: How RSF (Resilience and Sustainability
Facility) reform measures are aligned with the
Green Agenda for the Western Balkans” (Re-
public of Kosovo..., 2023), which dealt with
government policies and commitments from
Kosovo regarding climate change, adaptation,
and prioritization of the forestry sector to en-
hance environmental sustainability. According
to the report formed by the representatives of
the Economic Commission for Europe, the Food
and Agriculture Organization of the United Na-
tions, the Committee on Forests and Forest In-
dustries and the European Forestry Commission
on Forestry activities of the FAO Regional Office
for Europe and Central Asia (2021), the report
analysed the forestry activities of the FAO Re-
gional Office for Europe and Central Asia ana-
lysed the current state of forest resources use
in the territory of Kosovo and Northern Mac-
edonia. Based on the Berlin initiative and the
standing working group of the Regional Rural
Development in South Eastern Europe (SWG)
and their report Supporting the Regional Expert
Working Group on Sustainable Forest Manage-
ment in the Western Balkan Region (2022), the
current state of forest management in Northern
Macedonia and Kosovo was substantiated, in
particular the ecosystem services of the forests
of these countries were analysed in detail, as
well as the main challenges currently existing in
the field of forest management.

The scientific research was based on eco-
nomic laws (law of self-interest, law of sup-
ply and demand) (Adam Smith Project, 2023),
ecological laws (laws of biodiversity, climate
change, toxic and hazardous substances,
land, and water) (International Environmen-
tal Law..., 2017), their concepts and catego-
ries, as well as the main policy directions of
European Green DEAL initiatives and modern
geographical theories. The results of the work
were substantiated by analysing the problem of

declining indicators of forest ecosystem servic-
es and comparing the territorial development
of natural forest complexes of two countries of
the same historical and geographical region.

As a methodological basis, the general sci-
entific methods of research were applied:

- method of analysis to substantiate the ra-
tio of forest cover characteristics on the terrain
of the Western Balkan states; characterization
of the ratio of land area of different categories
and purpose on the territory of Kosovo; de-
scription of the ratio of protected areas within
forest areas on the territory of Northern Mac-
edonia; formation of the main methodological
aspects that can be used in the assessment of
forest ecosystem services;

« synthesis method for studying the peculi-
arities of forest natural complex functioning in
its integrity and mutual connection of its parts
on the territory of Kosovo and Northern Macedo-
nia, with the establishment of current problems
of full utilization of forest ecosystem services;

» comparison method to characterize the
current quantitative and qualitative indicators
of forest lands on the territory of Kosovo and
Northern Macedonia; substantiation of the
problems of forest resources use affecting the
quality of forest ecosystem services on the ter-
ritory of Kosovo and Northern Macedonia;

« generalization method to justify the need
for economic valuation of specific forest ecosys-
tem services; presentation of methods used in
the economic valuation of forest ecosystem ser-
vices; in the context of economic, social and envi-
ronmental aspects, further research directions in
the field of prospective sustainable development
of forest ecosystem services in the territory of
Kosovo and Northern Macedonia were justified;

« abstract-logical method to clarify the
essence of the main concepts, definitions, and
categories in the field of forest ecosystem ser-
vices and their economic valuation, as well as in
generalizing and drawing conclusions.
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During the study, the provisions of the
international treaty aimed at preserving bi-
ological diversity — Convention on Biological
Diversity (1992) and the norms of the Conven-
tion on the Regulation of International Trade
in Endangered Species of Wild Fauna and Flora
(CITES) (1973) were considered.

Results

The area occupied by forest resources is defined
as a land plot with crown cover of trees of differ-
ent species, or of the same type more than 10%
and an area of more than 0.5 ha, where trees are
able to reach a minimum height of 5 m and a
maximum height of more than 100 m (Repub-
lic of Kosovo..., 2023). Forest resources are an
important component of nature that includes
various elements that can be utilized for differ-
ent needs.

The ecosystem services of forests represent
various useful functions and benefits that for-
ests provide to people and other elements of the
ecosystem. These services can be direct or indi-
rect benefits, and they fulfil various ecological,
economic, and social functions. Supply of wood
and other forest products — the use of wood for
construction, furniture, sports equipment, and
musical instruments. Other forest products are
needed for the food and medical industries.
Water regulation - forest management plays
an important role in water conservation and

M Forest cover indicator (%)

filtration, regulating water flows and ensuring
water quality for different ecosystems and us-
ers. Climate regulation - trees absorb carbon
dioxide, produce oxygen and influence the cli-
mate, which is important to combat climate
change. Soil conservation — forest complexes
help prevent soil erosion, preserve soil fertil-
ity, and improve soil morphological structure.
Biodiversity — forest complexes promote the
growth and maintenance of a large variety of
plant, animal, and microorganism species (Zeki
Baskent, 2021; Dashtbozorgi et al., 2023). Rec-
reational opportunities — areas occupied by
forests serve as places for tourism, recreation,
sports, and other recreational activities, which
affect people’s physical and mental health. Cul-
tural heritage — some forest areas are natural
monuments with a centuries-old history re-
flecting the culture and traditions of a region or
country. For a full economic valuation of forest
ecosystem services, the current advantages and
disadvantages of forest natural complexes as a
whole should be analysed.

Forest cover varies across the western
countries of the Balkan region. The largest
forest area is characterized by Bosnia and
Herzegovina. At the same time, the countries
presented in this study, namely Kosovo and
North Macedonia, occupy the median forest
cover in the overall ranking of countries in the
Western Balkans (Fig. 1).

Montenegro 48 .4
Northern Macedonia 79
Kosovo 44.7
Bosnia and Herzegovina 63
Albania 45.6
0 10 20 30 40 50 60 70

Figure 1. Percentage of forest cover in the countries of Western Balkans
Source: developed by the authors based on source data Forestry activities of the FAO Regional Office for Europe

and Central Asia (2021)
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It is important to note that the nation-
al policy directions for the effective manage-
ment of forest resources are provided by the
relevant executive authorities. For example, on
the territory of Kosovo there is the Ministry of
Agriculture, Forestry and Rural Development,
which is subordinated to a separate executive
body, the Forestry Agency. At the same time, in
Northern Macedonia there is a sector of forest-
ry and hunting, the peculiarity of this country
is that the control over the lawful use of for-
est resources is carried out thanks to the Forest

Settlements
4%

Water fund
0.50%

Other wetlands
0.10%

Other land
4%

Police, which has responsibilities for the pro-
tection of forests in accordance with the Forest
Law (2009) and is part of the Ministry of Agri-
culture, Forestry and Water Management (Sus-
tainable Forest Management..., 2022).

The largest inventory of forests on the ter-
ritory of Kosovo was conducted in 2012 and at
that time the forest area was 481 thousand ha,
respectively about 50% of the country’s total
area (Fig. 2). Since 2012 until now, changes in
the forest area have been continuously moni-
tored.

Meadows
15%
Forest
45%
Other forest
Arable land land

29% 3%

Figure 2. Percentage of land area of different categories and intended use in Kosovo
Source: developed by the authors based on source data Forestry activities of the FAO Regional Office for Europe

and Central Asia (2021)

Since 2018, the implementation of the “Na-
tional Forestry and Reforestation Programme
of Kosovo”, which will run until 2027, as well as
the National Forest Health Programme (NFHP)
2018-2027 is taking place on the territory of
Kosovo. The main objectives of these pro-
grammes are to increase the forest area by 5%.
However, according to experts’ assessments,
these programmes contain rather complicated
plans for implementation, as there is currently
a shortage of highly qualified specialists in the
forestry sector. In particular, insufficient fund-
ing of the programme also limits the imple-
mentation of its main goal. The main problems

inhibiting the quality ecosystem services of
forests in Kosovo are (Veselaj & Mustafa, 2015;
Nichiforel et al., 2021):

= more than 10% of the forest area is neg-
atively affected by biotic and abiotic agents,
which resulted in damage of 5.8 million m® of
trees;

« forest fires, which occur in most cases due
to the negligence of forest visitors or farmers,
disturb forest areas in more than 12 thousand
ha of the total forest area;

- cattle grazing causes mechanical damage
to forestry lands on about 2 thousand ha of the
total forest area;
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- unfavourable weather conditions and cli-
matic factors, such as drought and frost, affect
the qualitative and quantitative properties of
forests.

According to the latest forest inventory
data, 40% of public forests and 29% of private
forests in Kosovo are subject to uncontrolled or
illegal logging. This situation is caused by the
low socio-economic standard of living of rural
inhabitants. At the same time, large amounts
of forest residues are often left in the forest
after logging, causing loss of forest fibre, in-
creased insect pests and increased risk of forest
fires (Sustainable Forest Management..., 2022).
Soil degradation, in particular erosion inherent
in mountainous areas, is the cause of decreas-
ing quantitative indicators of forest resources,
disturbing the integrity of surrounding ecosys-
tems and reducing biodiversity.

Private forest owners do not currently pro-
duce quality forest management plans. Cur-
rently, the average private ownership of forest
land is about 1.5 ha. As for Northern Macedo-
nia, compared to Kosovo, the country has twice
as much land area and forest natural complexes
cover about 1 million ha, which is also twice as
much. Accordingly, the forest area in Northern

Protected

Landscape
0.004%

A
AN
Nature Park
1%

Natural
Monument
34%

Macedonia accounts for 40% of the country’s
territory (Ramshaj et al., 2021). Currently, the
functioning of the forestry sector in Northern
Macedonia is regulated by a few regulations,
the most important of which is the document
“Strategy for Sustainable Development of For-
estry 2006-2026” (Sustainable Forest Manage-
ment..., 2022). The key objectives of this Strat-
egy are: balanced development of forest lands;
protection of natural forest complexes, bio-
diversity; control of changing climatic condi-
tions; implementation of effective mechanisms
against soil degradation and desertification;
effective spatial planning.

The main monitoring and evaluation of
forest ecosystem services is carried out by the
state enterprise “National Forests” and institu-
tions for the management of protected areas.
It is important to note that conservation and
forest management in the territory of Northern
Macedonia are identical concepts, which have a
special role and importance. Thus, according to
the intended purpose, more than 140 thousand
ha of the total forest land area are special pur-
pose forests, which include objects of national
parks and multifunctional areas, as well as ob-
jects of natural reserve fund (Fig. 3).

Multipurpose
zone
e 11%
|
Special Nature

Reserve
3%

National Park
51%

Figure 3. Percentage of protected areas within forested areas in North Macedonia
Source: developed by the authors based on source data Forestry activities of the FAO Regional Office for Europe

and Central Asia (2021)
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Private ownership dominates 11 per cent of
the country’s total forest land area, most of which
is held by individuals or legal entities. It is im-
portant to note that private owners initiated the
creation of the National Association of Private
Forest Landowners (NAPFO). This organization
has more than 200 forest management units in
its membership, and is also engaged in the de-
velopment of forest management plans, which
are formed and improved every 10 years (Pérez-
Sanchez et al., 2021; Morgan et al., 2022). It is
also a positive practice that the country’s lead-
ership is trying to improve the level of training
of forestry specialists by creating special school
classes of forestry and landscape architecture.
Such classes are currently established in 2 gen-
eral education schools, and the Faculty of For-
estry at the University of St Cyril and Methodius
in Skopje is the highest institution for training
forestry and landscape architecture special-
ists (Sustainable Forest Management..., 2022).

Even though the policy of North Macedo-
nia aims to preserve the ecosystem services

of forests at the heart of which solutions for
reducing the risks of natural disasters, forest
fires and ensuring hydrological balance, bal-
anced land management in mountain land-
scapes, still some problems can be highlighted:
insufficiently regulated legislative framework;
lack of a complete, updated inventory of forest
lands; lack of up-to-date indicators of quanti-
tative and qualitative characteristics of forests;
increase in the risk of forest degradation and
forest degradation in the mountain landscapes.
Forest ecosystem services cover a wide range
of benefits and services provided to society, the
economy, and the environment. Considering
the characteristic features of the functioning
of the forestry sector on the territory of North-
ern Macedonia and Kosovo, it will be relevant
for these countries to conduct an economic
valuation of specific forest ecosystem services
(Table 1).

The economic valuation of forest ecosys-
tem services is a complex process involving dif-
ferent methodologies and approaches (Fig. 4).

Table 1. Features of the economic assessment of forest ecosystem services
in Kosovo and North Macedonia

Forest ecosystem service

Features of evaluation

Water conservation

Forests act as natural filters that improve water quality.
The assessment may include measuring reductions in water

treatment costs.

Biodiversity

Woodlands are home to many species of plants and animals.
Biodiversity valuations may include the cost of conserving
unique species and their genetic material.

Mitigating climate change

Trees absorb carbon dioxide, which mitigates the effects of
climate change. Assessment may include measuring reduction in

cost of climate disasters.

Recreational opportunities

Forests provide places for rest and recreation. However,
economic assessment may include measuring profits from

tourism and active recreation.

Provision of timber and non-timber
products

Forests are a source of building materials, wood, cellulose,
medicinal plants and other products. The assessment describes

the market price of these materials.

Source: developed by the authors according to source Forestry activities of the FAO Regional Office for Europe

and Central Asia (2021)
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Methods of geographic
information analysis

Non-marketing
evaluation method

Market price
method

Replacement
cost method

Preference
method

Social capital
method

Figure 4. Methods used in economic valuation of forest ecosystem services

Source: developed by the authors

Thus, the economic valuation of forest
ecosystem services aims to determine the
value and importance of the various benefits
and forest ecosystem services. Figure 4 pre-
sents six best-practice methods for econom-
ic valuation of forest ecosystem services for
the territory of Kosovo and North Macedonia.
The market price method is based on existing
market prices of forest products and services,
such as timber, forest products, tourism, and
recreation. This method is applicable to those
services that have direct commercial value.
The replacement cost method calculates the
replacement costs of ecosystem services, for
example, if water or soil values are lost due to
deforestation. The costs of restoring or cre-
ating alternative systems can serve as a basis
for valuation. The preference method meas-
ures people’s willingness to pay to conserve
or restore ecosystem services. It can involve
various survey and analysis techniques, such
as contingent analysis, in which interviewees
express their willingness to pay for certain
benefits.

The social capital method compares chang-
es in social capital (e.g. health, education,
safety) before and after changes in forest eco-
systems. This method seeks to link ecosystem
services to societal well-being and living stand-
ards. The non-market valuation method has
no obvious market analogue, in the context of
climate regulation, biodiversity maintenance,
aesthetic values. Various methods are used
here, including expert judgement and life cy-
cle value methods. Geo-information analysis
methods rely on the use of geospatial data to
assess and mapping ecosystem services, which
can include estimating soil coverage, changes
in vegetation, water quality and other parame-
ters (Crivellaro et al., 2021).

The assessment of forest ecosystem servic-
es is a complex and multidimensional process
that involves analysing various aspects such as
biodiversity, climate regulation, water resources
and others. The main aspects of the methodolo-
gy that can be used in the assessment of forest
ecosystem services in the territory of Kosovo and
Northern Macedonia are summarized in Table 2.
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Table 2. Characteristics of the main methodological aspects that can be used in assessing forest

ecosystem services

Methodological aspects

Characteristic

Identification and
classification of services

Identification of various ecosystem services of forests. This may
include services related to timber, water, climate, biodiversity,
recreation and other aspects.

Quantification

Measuring or estimating the quantities and characteristics associated with
the provision of ecosystem services. For example, volume of wood, amount

of carbon, species diversity.

Selection of assessment
methods

Selection of assessment methodology depending on specific services
and data availability. Various methods may include economic methods,
geographic information analysis, biophysical modelling.

Valuation of non-market
services

For services that do not have direct market equivalents (e.g. climate
regulation, maintaining biodiversity), use methods such as contingent
analysis or preference methods to measure people’s willingness to pay

for these services.

Data Integration

Integrate results from different sources and valuation methods to form an
overall picture of the value of ecosystem services.

Time frame

Accounting for temporary changes in the provision of ecosystem
services and their values. This may include analysing trends and

predicting future changes.

Stakeholder involvement

Involving stakeholders in the assessment process, such as local
communities, businesses, and government agencies. This will help to
accommodate different points of view and needs.

Results report

Generating reports describing methodology, data, results, and
conclusions. Documenting all methodology and data used is important
for transparency and reusability.

Update and adjustment

Regularly update assessments to reflect changes in forest conditions,
including due to climate change, human impacts and other factors.

Source: developed by the authors

The future of forest ecosystem servic-
es depends on several factors such as climate
change, technological advances, social and
economic transformations. However, some
forest ecosystem services may become more
important in the future, in particular: carbon
storage and offsetting services may become
more popular due to increasing attention to
climate change (Weiss et al., 2019). Forests can
be used to produce carbon credits and other
emission reduction instruments. Forests are
major sources of biodiversity, and services re-
lated to conserving the gene pool of forest spe-
cies and maintaining biodiversity may increase

in importance in the future. Some forest spe-
cies may contain various bioactive substances
with medicinal properties. The development of
forest medicine as a separate branch and bio-
pharmacy may bring out new possibilities for
medical utilization of forest resources. The use
of modern technologies such as satellite data,
drones and artificial intelligence can improve
forest management to optimize the supply of
various ecosystem services.

Discussion

Forest ecosystem services play a key role in en-
suring the stability of natural ecosystems and
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human well-being. The economic valuation
of these services is important for sustaina-
ble development and efficient environmental
management. Forests provide a wide range of
ecosystem services, including purifying air and
water, supporting biodiversity, regulating cli-
mate, supplying timber for industrial purposes,
and providing raw materials for pharmaceuti-
cals and nutrition. Assessing the economic val-
ue of these services helps to understand their
importance to the economy and society. Forests
provide recreation and leisure areas, improving
people’s physical and mental health. In doing
so, economic valuation helps to account for
these positive impacts on quality of life. The
ecosystem services of forests act as natural bar-
riers, protecting against landslides, floods, and
other natural disasters (Ospanova et al., 2021).
Economic valuation incentivizes the develop-
ment of sustainable forestry practices, balanc-
ing timber extraction with the preservation of
ecosystem functions. Justifying the total return
from forestry operations to the national eco-
nomic system helps in determining optimal
natural resource management strategies and
managing the risks associated with the loss of
ecosystem services.

X. Naime et al. (2020) from Norway and
Mexico explore the characteristics of natural
regeneration of secondary forests as an impor-
tant source for the provision of forest ecosys-
tem services to meet consumer needs. The au-
thors also note that balanced land management
is also critical for climate change mitigation.
However, to maximize natural regeneration,
synergies between different types of forest
ecosystem services and consumers need to be
established. In doing so, scientists recommend
applying economic valuation of forest ecosys-
tem services through contingent valuation and
direct market value methods. Such a method
is appropriate for determining the stocks of
wood and carbon sinks in young and secondary

forests. As a result of the study, it was possible
to establish that for consumers or landowners it
would be more economically efficient to natural-
ly regenerate older forest areas because young
secondary forests are valued for the future, not
for the present. Natural regeneration of forests
is the key to the provision of all other services
and goods resulting from forest management
(Onopriienko et al., 2023). It is worth agreeing
with the fact that balanced management and ra-
tional utilization of forest resources is the key to
a faster recovery of the qualitative and quanti-
tative properties of forests. This study notes the
extraordinary role of forests in preventing active
climate change, but does not detail the processes
of natural forest regeneration.

D. Saha & A. Taron (2023) from India and
Sri Lanka explore the general concept of forest
natural complexes ecosystem and their impor-
tance for maintaining sustainable ecological
and economic development of the country.
The forest ecosystem is fundamental to eco-
nomic-ecological permanence. India is home
to the largest forest complex on planet earth,
the Sundarbans. It is this complex that provides
numerous ecosystem services to the forest
dwellers and the local rural population. In this
study, scientists used the non-market valuation
or contingent valuation method to determine
the personal contribution that the population
is willing to make to accelerate the natural re-
generation processes of the forest. Currently,
consumers are willing to forego excessive cut-
ting of timber or obtaining other forest prod-
ucts during active forestry activities (Ivanova
et al., 2023). This position of the population
allows the largest forest area on the planet to
have a perspective of development and future.
The present study confirms the importance of
the results of the work from India and Sri Lan-
ka because the key role in the conservation of
natural resources, in particular natural forest
complexes, is played by human consciousness
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and understanding of the fact that the present
requires the population of the planet Earth to
understand the significant damage from exces-
sive anthropogenic pressure. In this analysis,
the authors present information revealing the
problem of rather uncontrolled deforestation in
both Kosovo and Northern Macedonia. Large-
scale forest fires are not uncommon as a result
of farmers’ activities in Kosovo.

K. Shrestha et al. (2023) from Nepal and
Switzerland note the importance of research
on the features of biodiversity as an important
ecosystem service of forests in the territories of
the Far Eastern Himalayas. The paper finds that
most of the studies conducted recently have
analysed the quantity of timber reserves, water
use patterns, and recreational services. Only
15% of all studies focus on biophysical char-
acterization and assessment of socio-cultural
aspects. The authors also advise that during
the study of ecosystems. their forest services
should be considered in an integrated manner,
rather than individual components of natural
forest complexes. In doing so, the causes and
issues that influenced the disruption of the
overall ecosystem cycle should be justified. This
paper shares the importance of research in the
context of an integrated study of all ecosystem
services, at least a brief analysis of them to en-
able the formation of an overall system, as each
country will have its specificities, considering
climatic, resource, socio-economic and politi-
cal aspects. In the present study results, experts
note that a full economic valuation of the use
of forest resources and the provision of related
ecosystem services requires an analysis of cur-
rent advantages and disadvantages in the func-
tioning of forest natural complexes as a whole.

F.A. Taye et al. (2021) from Denmark and
Australia consider the importance of me-
ta-analyses of the economic value of global for-
est ecosystem services in the context of an ef-
fective tool for understanding and assessing the

contribution of forests to the economy and the
overall well-being of society. Such analyses sys-
tematize and synthesize existing economic re-
search and data aimed at determining the value
of the diverse ecosystem services that forests
provide. The value of conserving the unique
plant and animal species that exist in forests
can be determined based on the value to sci-
ence, the potential medicinal or biotechnologi-
cal value of some species (Skliar et al., 2020).
Forests influence atmospheric composition by
deepening carbon and providing other climate
services. The value of services can be deter-
mined in the context of reducing greenhouse
gas emissions and building climate resilience.
Forests offer places for recreation, tourism, and
other recreational activities. The value of this
service can be determined through the tourism
industry and other ways of spending time in
forests (Hrynyk et al., 2023). Meta-analyses can
help to establish an overall picture of the eco-
nomic value of forest ecosystem services and
their impact on the sustainable development of
society. It is also important to consider social
and environmental aspects when considering
the value of forests to society. In the current
results of the study, the authors partially an-
alysed forest natural complexes, considering
their contribution to the national economic
system.

In summary, the forest ecosystem services
and other natural complexes not only sustain
nature, but are critical to sustainable develop-
ment and human well-being. Conservation and
sustainable management of ecosystems are key
to safeguarding these important services for
future generations. For example, forests are
an important element of ecological resilience,
facilitating adaptation to changes in the nat-
ural environment and the robust functioning
of ecosystems. Trees and vegetation keep the
soil layer from degradation processes and pre-
vent erosion. This helps maintain soil fertility
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and prevents pollution of water bodies. Forests
create natural landscapes that are attractive for
recreation, tourism and leisure, contributing to
the physical and mental health of people.

Conclusions

Forest ecosystem services are the diverse bene-
fits and functions that forests provide to the en-
vironment, society, and the economy. They in-
clude aspects such as climate regulation, water
harvesting and filtration, biodiversity, provi-
sion of timber, honey, and medicinal plants, as
well as recreational and cultural values. These
services play a key role in sustainable develop-
ment, maintaining the ecological balance and
well-being of countries, regions.

Despite numerous challenges, the eco-
system services of forests in the territory of
Kosovo and Northern Macedonia are a signifi-
cant source of economic potential. An effective
forest management policy can be the first step
in achieving the desired high income from the
forest industry in the system of national econ-
omy, as well as sustainable future develop-
ment of forest ecosystem services. Due to the
unique configuration of relief on the territory
of the Western Balkans, the identity of geolog-
ical and pedological composition and climatic
conditions, it is possible to develop ecotour-
ism in Kosovo and Northern Macedonia, which

the socio-economic development of rural ar-
eas. In this case, the consumer demand of the
population can be provided with various eco-
system services of forests, in particular, the use
of wood, technical, medicinal, and other forest
products.

Sustainable development of forest eco-
system services is a key aspect of ensuring the
ecological balance and well-being of society
and requires a comprehensive and integrat-
ed approach that considers economic, social
and environmental requirements. In particu-
lar, further research directions in the field of
prospective sustainable development of forest
ecosystem services could be: integration of for-
est ecosystem services into regional and local
development strategies; developing financial
instruments such as carbon credit markets to
create economic incentives for the conserva-
tion and restoration of forest ecosystem ser-
vices; building collaborative work with local
communities, forest owners, businesses, and
government will promote a balanced approach
to managing forest ecosystem services; design-
ing green infrastructure based on forest ecosys-
tem services; development and implementation
of effective legal mechanisms is a key factor in
ensuring the sustainable development of forest
ecosystem services.

will involve forest areas as a territorial basis Acknowledgements
for the provision of this ecosystem service. At  None.
the same time, the preservation of the qualita- .
. o . Conflict of Interest
tive and quantitative properties of forest lands
in these countries plays a considerable role in  None.
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AHoOTaIisl. AKTYa/IbHICTh TEMY 3yMOBJIEHA Pi3HOMaHITTSIM YHiKaIbHUX IPUPOIHUX €KOCUCTEeMHUX
06’ekTiB Ha TepuTopisx KocoBo Ta IliBHiuHOiI MakemoHii, me sicorocrmomapcbka isIbHICTD €
TpaauiiiiHow. MeTow [OOCTIIKEeHHS € aHalli3 CyuyacHOTO CTaHy eKOCUCTeMHUX ITOC/YT, IO
HagatoTbes yicamu B KocoBo Ta IliBHiuHi MakeooHii, B KOHTEKCTi iX OI[iHKM Ta MEPCIIeKTUB
PO3BUTKY. BMKOpMCTAHO HM3KY 3arajJilbHOHAyKOBMX €MITIDUYHUX 1 TeOpeTUYHUX MeTO[iB
TMOCTiIKeHHS, 30KpeMa TOpiBHSHHS, y3araJibHeHHs, aHaji3, CMHTe3, a6CTPaKTHO-JOTiUHMUI
MeTof. Y CTaTTi OXapaKTepu30BaHO Cy4YyaCHMII CTaH BMKOPUCTAHHS JIiCOBUX pecypciB y KocoBo
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Rexhepi et al.

Ta IliBHiuHili MakemoHii, BMOKpEMJIEHO KJIIOUOBi MpoGIeMy B YIPaBJiHHI JiICOBUMU 3€MJISIMM,
30KpeMa Ti, IO MePeIIKoKal0Th PO3BUTKY €KOCUCTEMHMX TOCTYT. Y MOCTiIKEeHHI OGIPYHTOBAHO
ITIOKa3HMKM PiBHSI BUKOPUCTAHHS JIicOBUX pecypciB y KocoBo Ta IliBHiuHiV MakenoHii Ha OCHOBI
aHai3y BifCOTKOBOTO CHiBBiJHOIIEHHSI MOKA3HMKIB JIICMCTOCTI B KpaiHax 3aximHux bBaskaH.
ITpoaHani30BaHO CIMiBBiIHOLIEHHS MiX 3€MeJbHMMM IJIOLAMM Pi3HMX KaTeropiit Ta LiiboBOro
npusHaueHHs B KocoBo, a Takok BU[iJIEHHS MPUPOAOOXOPOHHUX TEPUTOPiit y Meskax JIiCOBUX
macuBiB y ITiBHiuHii1 MakemoHii. OGIpyHTOBAHO HEOOXigHICTb MPOBEIEHHSI eKOHOMIUHOI OLIiHKM
KOHKPETHMX €KOCHCTEeMHUX IOC/YT, IO HAJAThCs JTicamu. JJeTaabHO OMMCAaHO IIiCTh METO[iB
€KOHOMIUHO{ OIiHKM TTPUPOIHUX 6J1aT, OTPUMAHMX B Pe3y/IbTaTi BUKOPUCTAHHS JIiCOBUX PECYPCiB,
SIKi BB@)KAIOTHCS HAMOUIBII MpUAATHUMM s Kpaid 3aximuux Bankad. CKaafeHO BUYEPITHMIA
nepeiik HaibimbIl BaskIMBMX (YHKLIN JiciB, sIKi MOTpeOYyIOTh eKOHOMIiuHOI OLiHKM. B xomi
OOGI'PYHTYBAHHSI BCiX eTariB poboTy BU3HAYEHO crienydbiyHi eKoCUCTeMHi MOCTYTH, 0 HaJal0ThCSI
jgicamMm, SIKi MOXYTb HaOGyTu OiNbIIOTO 3HAUYEeHHS B MaiiOyTHbOMY. IIpakTMuUHE 3HAYeHHS
IOCTiIKeHHS TTosrae y GopmyBaHHI GyHIAMEHTAIbHUX METOMOMOTIUHMX aCIEKTIiB, SIKi MOXYTb
6yTV BUKOPUCTAHI MPY OI[iHIIi eKOCUCTEMHMX MTOCIYT, 10 HaJAI0ThCS JTicaMmu

Kiio4oBi csioBa: npupoiHi 1icoBi KomIuieken; 3axinHi bamkaHu; eBpoiHTerparis; 3MiHa KiimMary;
SIKiCHI Ta KiJIbKiCHi TOKa3HUKMA
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Zibtsev et al.

Abstract. The russian military aggression and the related socio-economic and environmental
consequences have significantly affected the climate and production of ecosystem services through
damage to forests, ecosystems, landscape fires and emissions of gases into the atmosphere. The
study aims to estimate carbon dioxide emissions due to landscape fires in Ukraine during the year
2022. The OroraTech wildfire monitoring technology was used to detect fires, while perimeters of
burned areas were delineated with Sentinel 2 time series. The Copernicus Dynamic Land Cover map
was used to extract burned land covers. Emissions were calculated based on the intensity of fires
(dNBR) with the share of burned biomass in different types of land cover. Biomass models were
selected considering the dominant tree species within a specific region and the species structure
of the sown areas of croplands. The volume of biomass losses was estimated as a result of fires of
different severities. It was estimated that during in 2022, landscape fires burned 749.5 thousand
hectares thereof: croplands — 419.1 thousand hectares; other natural vegetation — 273.8 thousand
hectares; conifer forests — 31.1 thousand hectares; other forests — 25.5 thousand hectares. The
impact of the war on landscape fires is confirmed by the large proportion of fires in the 60-kilometre
buffer zone along the frontline — 68.9% of the total area of fire. Among all fires, 42.5% of fires
occurred in the occupied territory. Total CO, emissions from all types of landscape fires reached
5.20 million tons and other greenhouse gases — 0.28 million tons. It is the first detailed mapping
of landscape fires with an analysis of each polygon for the whole territory of Ukraine. The results
provide important information for assessing the loss of ecosystem services and estimating carbon
dioxide emissions as well as for confirming the impact of hostilities on landscape fires

Keywords: wildfires; burned area; CO, emissions; land cover type; biomass; mapping

Introduction

An unprovoked russian full-scale military inva-
sion that started on February 24, 2022, result-
ed in unprecedented consequences for people,
infrastructure, and environment. In particular,
disturbances related to battles, shelling, mili-
tary vehicles and infantry activities, and fortifi-
cation facility establishment occurred on areas
of millions of hectares, including protected are-
as. Landscape fires, i.e., forest fires, intentional
but uncontrollable burning of vegetation resi-
dues on cultivated lands (croplands, pastures),
uncultivated grasslands or degraded lands, and
associated greenhouse gas emissions, became
one of the most essential and wide-scale con-
sequences of the war.

Carbon emission assessment of wildfires
is an important part of the development of a
new green climate global policy and action

plan similar to Green Deal or others. L. Volk-
ova et al. (2022) found that a loss of just 1%
biomass could be detected between low- and
high-severity fires with foliage and partial bark
combustion and unburned stem wood. Carbon
emissions from forest fires in 2020 across the
western United States were in a range from
18.60+1.04 Mg C-ha!to 29.70+1.66 Mg C-ha!
(Bartowitz et al., 2022). According to S. Ger-
rand et al. (2021) average tree C losses were
114.0 Mg C ha! (std. dev. #9.9 Mg C ha™) in
wet riparian sites and 86.9 Mg C ha'! (std. dev.
*13.5MgCha!)inthedryvalleysite ofthe south-
ern Canadian montane valley ecosystem, in
Waterton Lakes National Park, Alberta Canada.

As a result of high-intensity fires, high
tree mortality converts live trees to deadwood,
which gradually decomposes. J.E. Stenzel et
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al. (2019) found that high-intensity fire com-
busts less than 5% of live tree biomass in ma-
ture stands. The regional emissions estimates
using widely implemented combustion coef-
ficients are 59%-83% higher than emissions
based on field observations.

Despite a significant number of publica-
tions on carbon emissions after fires (Zheng et
al., 2021), this issue has been researched frag-
mentarily in Ukraine. Assessment of carbon
losses using remote sensing methods in Ukraine
was implemented for the Chornobyl Exclusion
Zone (CEZ) (Matsala et al., 2023). In this publi-
cation, post-fire carbon stock on training forest
polygons was calculated by applying local com-
bustion factors within the CEZ. The relative
carbon loss was derived using the stand-alone
delta of backscatter at vertical-horizontal po-
larisation or based on the model calibrated with
four SAR-based predictors. The total loss of car-
bon stock resulting from the 2020 catastrophic
wildfire was estimated at 156.3 Gg C. Carbon
loss in Scots pine stands was 7.4+2.8 Mg C-ha™'.
The estimated average carbon loss based on
inventory data is 9.3%#5.1% and the mean pre-
dicted carbon loss was 11.0+4.1%. According to
L.A. Pysarenko & M.V. Savanets (2020), the av-
erage long-term values of carbon emissions for
the territory of Ukraine vary within the limits of
0.2-1.0 ggm?month . For dry particle flows, the
average values are mainly 1.0-3.0 g-m*month.
According to the 2023 National Inventory Re-
port (NIR) (2023), the CO, emissions from for-
est fires were 5.75 kt in 2021.

There have been only a few studies to es-
timate carbon emissions from fires during the
war in Ukraine, mainly due to data gaps in such
assessment. Among them the most completed
assessment of the joint team of L. de Klerk et
al. (2023), who provided the first and second
interim assessments. One of the good reviews
of the problem of estimating carbon emissions
from fires was made by S. Malo (2023). The main

methodological issues of carbon emissions es-
timation are assessing the burn area, determin-
ing the type of affected vegetation, estimating
the total biomass, and calculating the propor-
tion of biomass burned. The main research ob-
jective of this study is to estimate carbon emis-
sions from landscape fires in Ukraine in 2022.

Materials and Methods

The carbon emissions in 2022 were calculated
throughout the entire territory of Ukraine. The
research was conducted following the Conven-
tion on Biological Diversity (1992) and the Con-
vention on the Trade in Endangered Species of
Wild Fauna and Flora (1973). To achieve the
aim of the study, it was necessary to calculate
the following indicators: burned areas and fire
severity; carbon emission from forest fires; car-
bon emission from cropland burning; and car-
bon emissions from fires within other natural
landscapes.

Burned areas and fire severity

Two remote sensing data sources were har-
nessed for fire detection and burn area delin-
eation. The special wildfire monitoring service
OroraTech was used to detect ignition locations.
The system uses aggregated data from over 20
satellites for tracking daily fire. It combines
different fire detection approaches provided by
more than 20 satellites for the daily identifica-
tion of fire locations. A time series of Sentinel
2 (Level 2A) surface reflectance data was used
for mapping the fire perimeter based on the
identified ignition points and corresponding
dates. Scene Classification (SCL) band classes
were applied to exclude clouds, cloud shadows,
and snow. Median image mosaics, generated
within a 14-day timeframe, were utilized to
manually outline fire perimeters. The Coper-
nicus Dynamic Land Cover 100 m resolution
map (2019) was used for land cover type iden-
tification within the established fire polygons
(Buchhorn et al., 2020). The delta NBR (dNBR,
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Normalised Burn Ratio) approach was applied
to assess burn severity (Key & Benson, 2006).
Pre-fire image mosaics were created by select-
ing the pixels with the highest NBR values in the
40-day window before the fire. Then, post-fire
median mosaics were created from cloud-free
images within 5, 10, 15, ..., and 40-day intervals
after the fire. The burn severity was mapped
using maximum dNBR-value composites ob-
tained for the specified post-fire intervals. This
iterative method mitigated the impact of po-
tential vegetation regrowth during the post-fire
period and ensured sufficient cloud-free data
coverage. The dNBR values were categorized
into three discrete burn severity classes: low
(0.090-0.179), medium (0.180-0.549), and high
(more than 0.550) (Myroniuk et al., 2022). Mean
values of burn severity levels were calculated
for different land cover types (coniferous for-
ests, broadleaf forests, croplands, other natural
vegetation, and urban territories), which were
subsequently used in carbon loss assessments.
The study primarily focused on the emission of
carbon compounds such as CO,, CO, and CH,,
which constitute 95% of wildfire emissions (Ur-
banski, 2014).

Carbon emission from forest fires

Species and age structure of forest stands were
used for carbon emissions estimation. The age
and species structure of forest stands deter-
mine the total volume of biomass and the level
of biomass losses from fires of different inten-

sity. According to the latest data of the forest
assessment in Ukraine (Handbook of the Forest
Fund of Ukraine, 2012), the distribution of for-
ested area between coniferous and broadleaved
species was estimated for each administrative
oblast (region) of Ukraine. Then, their areas
were distributed between young, middle-aged
and premature, mature and overmature forest
stands. Further, the total volume of biomass
within the classified forest stands was esti-
mated using mathematical models, compiled
by A.Z. Shvidenko et al. (2014) and A.M. Bil-
ous (2018). The models were selected consid-
ering the dominant tree species within a spe-
cific region: coniferous (pine, spruce), broadleaf
(oak, beech, birch, aspen, and alder). Different
types of forest fires as a surface, canopy (crown)
or combined can form different degrees of dam-
age: low (damage to the upper layer of the litter,
ground cover, undergrowth and slight burning
of the bark of tree stems), medium (damage to
the bark of tree stems and lower branches of the
crown, destruction of trees of category IV and V
according to the Kraft scale) and high (destruc-
tion of a significant number of elements of the
forest stand). There is lack of scientific publica-
tions on forest biomass losses due to different
intensities of forest fires in Ukraine. Thus, the
study used only limited scientific data (Bartow-
itz et al., 2022; Matsala et al., 2023) and experts’
estimates. Coefficients of forest biomass losses
due to forest fires are presented in Table 1.

Table 1. Average forest biomass losses coefficients due to forest fires, %

Fire Component of forest biomass
e grou; severi
Age group 1 evz‘ll él\%R Stem** | Bark Branches | Undergrowth* Litter
Coniferous species

Low 10 10 30 30

Young (0-20 years) Medium 20 X 30 50 50
High 40 X 60 100 100
Low X X 10 30 30

Young (21-40 years) Medium 1 20 50 50
High 2 40 95 95
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Table 1, Continued

Fire Component of forest biomass
Age group 1 e\szi‘lle;i\tﬁ;R Stem**| Bark Branches | Undergrowth* Litter
ddl dand Low X X X 30 30
Middle-aged and premature Medium . 1 . 50 50
(41-80 years) -
High X 2 5 90 90
d Low X X X 30 30
Mature and overmature Medium . < . 50 50
(81 years and older) -
High X 1 5 90 90
Deciduous species
v Low 5 X 10 20 20
oung -
(0-20 years) Me<.11um 10 X 20 30 30
High 30 X 40 80 70
. Low X X X 20 20
oung -
(21-40 years) Me<;11um X 1 10 30 30
High X X 30 70 70
. Low X X X 20 20
Middle-aged and premature Medium . N N 25 30
(41-100 years) -
High X 1 X 65 70
Low X X X 15 20
Mature and overmature Medium . . . 25 20
(101 years and older)
High X X X 65 70

Note: * Undergrowth (living ground cover, young trees, and brushwood); ** — Stem with bark
Source: K.J. Bartowitz et al. (2022), M. Matsala et al. (2023)

The carbon emissions as a result of forest fi-
res were calculated using the following equation:

Cem:Mfr'ch.Klf’ (1)

where C, - volume of carbon emissions, t; M, -
dry matter mass of individual components of
biomass, t; K, - coefficient of carbon content in
a component of biomass (bark, branches - 0.5;
leaves, living ground cover, litter - 0.45); K, -
coefficient of forest biomass loses due to forest
fires of different severity (Table 1).

Carbon emission from fires on cropland
Dominant crop species within the sown areas
were determined using the crop area distribu-

tion in different regions of Ukraine. According
to the Ministry of Agrarian Policy and Food of
Ukraine, in 2022, wheat, barley, sunflower, and
corn dominated among crops, covering almost
85% of the sown areas. The following ratios of
the mentioned crops were used: wheat — 37.3%,
barley - 10.8%, sunflower — 26.1%, and corn -
25.8%. Yields of the crops (in t-ha™') within each
region was determined based on national sta-
tistics data (Verner, 2021). Biomass volume was
determined by the coefficients of the total yield
of surface and root crop residues (Table 2) with
the yields of crop species considered (Kokhana
& Glushchenko, 2015).

Table 2. Coefficients of yield residues depending on crop harvests

Crops Coefficient of the total yield o_f by- Non-marketable biomass remaining on field, %
products, stubble, and root residues by-products stubble and root residues

Wheat 1.5 53 47

Barley 1.3 52 48
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Table 2, Continued

c Coefficient of the total yield of by- Non-marketable biomass remaining on field, %
rops products, stubble, and root residues by-products stubble and root residues
Sunflower 3.5 50 50
Corn 1.4 58 42

Source: A.V. Kokhana & L.D. Glushchenko (2015)

The calculations considered that not only
by-products but also the main crop would be
lost due to fire in the 60-km buffer zone during
May and July 2022, as a high density of shelling
was observed. Volumes of carbon emissions as
a result of fire on croplands were calculated by
the following equation:

C,.=B, K, K, 2)

where C, - volume of carbon emissions, t; B -
plant biomass in a completely dry state, t; K .-
coefficient of carbon content in a unit of bio-
mass (0.45); K, — coefficient that considers the
fire severity (low — 0.9; medium and high - 1.0).
Carbon emission from fires on other natural
landscapes

Using the Official website of the State Sta-
tistics Service of Ukraine (n.d.) for geodesy,

cartography, and cadastre, the regional struc-
ture of other landscape types was determined.
In 2020, the regional structure of landscapes, in
addition to forest areas and arable land, also in-
cludes hayfields, fallows, and pastures. Accord-
ing to the Land Directory of Ukraine (2020), the
share of each of the listed types of agricultural
landscapes within each region was calculated.
Productivity and biomass volumes were deter-
mined by types of landscapes. The productivity
of the mentioned types of landscapes (in t-ha™')
within each region is estimated following scien-
tific data from numerous botanical and ecolog-
ical publications and grouped by natural zones
of Ukraine (Table. 3). Biomass losses are differ-
entiated depending on the level of site damage
and the type of landscape. Equation 2 was used
to estimate carbon emissions from fires within
other natural landscapes.

Table 3. Productivity of certain types of landscapes within natural zones

Dry matter yield, t-ha!
Natural zone
Hayfields Pastures Fallows
Steppe 2.7 2.4 1.8
Forest steppe 4.2 3.8 2.8
Ukrainian Polissya 3.8 34 2.5
Ukrainian Carpathians 3.2 2.8 2.1

Source: M.I. Stakal (2020), V.I. Grigoriev et al. (2021)

As a result of applying the described algo-
rithm by category (forest fires, fires on crop-
land, fires on other natural landscapes) burned
areas by burn severity classes, biomass and car-
bon losses and greenhouse gas emissions were
determined.

Results and Discussion

The total area of landscape fires in Ukraine in
2022 reached 749.5 thousand hectares. The ma-
jority of the affected territories were agricultur-
al lands (croplands), accounting for 419.1 thou-
sand hectares, and other natural vegetation
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(abandoned lands) amounting to 273.7 thousand
hectares. Forest fires burned 56.7 thousand hec-
tares. In total, about 20 thousand fires were de-
tected in 2022. A significant proportion of these
fires occurred within a 60-kilometer buffer zone
along the frontline, comprising 69% of the total
fire-affected area, and 43% of all fires occurred
in occupied territories (Zibtsev et al., 2023). The
territories most affected by fires are those where

Legend
Zone of active armed conflict
and occupied territories

I Burned area

SRB

5

active military operations were ongoing in the
eastern, southern, and northern parts of Ukraine.
Specifically, the most significantly impacted
regions were Donetsk (146.3 thousand hec-
tares), Kherson (84.1 thousand hectares), Kyiv
(70.9 thousand hectares), Zaporizhia (65.6 thou-
sand hectares), Luhansk (65.6 thousand hec-
tares), Mykolaiv (47.7 thousand hectares),
and Kharkiv (42.6 thousand hectares) (Fig. 1).

Figure 1. Distribution of fire perimeters in 2022 over the territory of Ukraine

Source: S. Zibtsev et al. (2023)

The distribution of the area affected by fires
of different severity levels (based on dNBR val-
ues) showed that natural landscapes were most-
ly affected by medium burn severity (43.6-47.7%

of total area). High fire severity (ANBR >0.550)
observed on a small proportion of forested ar-
eas and, among all other land categories, high
fire severity prevailed on croplands (Table 4).

Table 4. Assessing the condition of woody plants

Proportion of fire severity classes, %
Land category A "

Low Medium High

Coniferous forest 51.9 43.6 4.5

Other forest 46.8 44.4 8.8
Other natural vegetation 34.0 47.7 18.3
Cropland 22.7 45.9 314

Total 29.1 46.3 24.6

Source: calculated by the authors
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Emissions of carbon dioxide from land-
scape fires in Ukraine reached 5.20 million
tons in 2022 (Table 5). Carbon emissions were
largest from fires on croplands (59%) and on
uncultivated land (24%). Forest fires emitted
over 16.9% of total carbon emissions (12.6%
from fires in pine forests and 4.3% in broadleaf
and mixed forests). Average carbon losses per 1
hectare during fires in coniferous forests were
more than 2 times higher compared to other
landscape types and broadleaf forests. Such

high carbon losses are associated with signif-
icant fuel load in pine forests and higher fire
intensity. In broadleaf prevailing fires of low
intensity burning dry surface fuel.

Results of the assessment done by
L. de Klerk et al. (2023) showed a significantly
different distribution of areas of fires by land
cover types in comparison with current results
(Table 6): 11.3% less area of fires on agricul-
tural lands and 78.6% less area of fires in other
landscapes (abandoned lands).

Table 5. Burned area, biomass and carbon losses, CO, emission by land category

Land B::::d Biomass Biomass Carbon Carbon emfs(:izon gregltll}lli)l;lse
) -ha-! -ha! g
category thous. ha loss, Mt loss, t-ha loss, Mt loss, t-ha Mt gases, Mt
Coniferous 31.1 0.33 10.66 0.14 4.59 0.53 0.05
forest
Other forest 25.5 0.17 6.49 0.07 2.69 0.25 0.02
Other
natural 273.8 0.78 2.83 0.35 1.28 1.28 0.06
vegetation
Cropland 419.1 1.90 4.54 0.86 2.05 3.14 0.15
Total 749.5 3.18 4.33 1.42 1.89 5.20 0.28
Source: calculated by the authors
Table 6. Comparison of areas of fire on land categories
in L. de Klerk et al. (2023) report and current study
Land catego Area of landscape fires, thous. | Area of landscape fires, hous. Difference
gory ha (de Klerk et al., 2023) ha (current study) Hectare %
Forests 58.9 56.7 2215 3.9
Agricultural lands 371.7 419.1 -47409 | -11.3
Other landscapes 58.6 273.7 -215167 | -78.6

Source: prepared by the authors based on L. de Klerk et al. (2023)

Even though in our assessment the area of
fires on croplands and grasslands was more than
262.6 thousand ha, the calculated carbon emis-
sions from such types of lands in the study of
L. de Klerk et al. (2023) were 11.69 million tons
higher (Table 7). The reason for such difference
is a peculiarity of the methodology for calcu-
lating biomass burned during fires for different
types of natural and cultural landscapes. The

release of carbon during forest fires according
to L. Klerk et al. (2023) is 210.8 t-ha’!, while in
our study this indicator is on average 13.7 t-ha’!
(15 times lower). Among all landscape fires in
2022 in Ukraine, only a small share are forest
crown fires that result in immediate biomass
burning and carbon release. Fire weather dur-
ing the fire season of 2022 was rather safe in the
northeastern and eastern regions of Ukraine
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and close to pretty safe in the 2013 year. More
complete burning of biomass was typical for
open types of landscapes (agricultural lands and
other landscapes). Another source of differenc-
es with the report of L. de Klerk et al. (2023) is

methodological approaches in assessing the pro-
ductivity of biomass on agricultural lands and
other landscapes, which also contributed to an
overestimation of 49.6-50.3% for CO, emissions
in the L. de Klerk et al. (2023) report (Table 7).

Table 7. CO, emissions in the different land categories

Land category CO,, Mt CO,, Mt CO,, t-ha! CO,, t-ha!
(current study) | (de Klerk et al., 2023) | (current study) | (de Klerk et al., 2023)
Forests 0.78 12.41 13.7 210.8
Cultivated lands **3.14 *4.19 7.5 11.3
Other landscapes 1.28 0.41 4.7 7.0
Total 5.20 17.01 - -

Note: *all agricultural lands included croplands, pastures, and haymakers; **croplands
Source: developed by the authors based on L. de Klerk et al. (2023)

L. de Klerk et al. (2023) used data on fires
(number of fires, fire start and end time, coordi-
nates of the boundaries of each fire, land cate-
gories for each fire) from fire prevention infor-
mation systems: Fire Information for Resource
Management System (FIRMS) (n.d.) and the Eu-
ropean Forest Fire Information System (EFFIS)
(n.d.). Following the data given by L. de Klerk et
al. (2023), 75% of forest fires in 2022 occurred in
coniferous forests, 21% in broadleaf forests, and
4% in mixed forests. It is assumed that 75% of
fires are canopy (crown), 25% — surface.

According to current research data, 55%
(31.1 thousand hectares) of forest fires occurred
in coniferous forests, mostly pine stands while
45% (25.5 thousand hectares) — in broadleaf
and mixed forests. Analysis of the dNBR index
showed that 30% of the fire areas are of low se-
verity — weak or average surface fires. At this
level, only the upper layer of the forest litter,
the living above-ground forest grasses and,
partially, undergrowth burns out. The bark of
trees can be burned up to 1 meter in height
with some temperature impact on external live
layers of stems. More heavy impact on stands
occurred with intensive ground fires (up to 1.5
flame length) that were a case in 46% of areas of
fires, while severe impact (crown fires) occurred

in 24% of all fires. In the L. de Klerk et al. re-
port (2023), it is assumed that 70% of forest bi-
omass is lost due to the impact of crown fires
that resulted in carbon emissions in the year
of fires according to the Tier 1 approach of the
Intergovernmental Panel on Climate Change
(IPCC) guidelines. The average stock of wood
was taken at the level of 233 m3®ha'. The same
approach was used when estimating emissions
from forest fires in the 2023 National Inventory
Report (NIR) (2023).

L. de Klerk et al. (2023) considered emis-
sions of other greenhouse gases: carbon mon-
oxide (CO), methane (CH,), non-methane
volatile organic compounds (NMVOC) and ni-
trogen compounds (N,0, NOx). According to
S. Urbanski (2014), emission factors are 1600-
1641 (wildfire), 1705 (grassland) g/kg CO,; 95-
135 (wildfire), 61 (grassland) CO; 3.38-7.38,
1.95 (grassland) CH4; 23.15-33.87 (wildfire),
16.87 (grassland) NMOC; 1.0-2.0 (wildfire),
2.18 (grassland) NOx, the share of others is in-
significant. According to H. Keith et al. (2014)
in temperate Australian forests, 6-7% of bio-
mass is lost as a result of low-severity wildfires
and 9-14% as the result of high-severity wild-
fires. Direct emissions occurring during forest
fires are caused by the burning of such forest
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combustible materials as leaves, branches,
woody debris, and other organic material on
the soil surface. The proportion of the total
carbon stock burned was relatively small (more
than half of the stock losses from burning came
from short-lived biomass components). A sig-
nificant proportion of biomass, although not
burned, is redistributed to dead components.
The decomposition of these components and
new recovery have the largest impact on carbon
stocks in the coming decades. M.D. Hurteau &
M.L. Brooks (2011) noted that long-term effects
of fire are manifested in indirect fire emissions
from the long-term decomposition of trees that
have dried up, but not consumed by fire; this
source can be as much as three times the size
of direct carbon emissions. Established car-
bon dioxide emissions for forests during fires
were 13 times lower compared to the data of
L. de Klerk et al. (2023). Such differences were
caused by significant differences in calculation
methods: this article considered carbon emis-
sions directly during a fire without addressing
long-term changes in the redistribution of car-
bon in fire-damaged forests caused by post-fire
tree mortality.

Conclusions

Russian military aggression against Ukraine
has caused a drastic increase in the number and
area of forest fires in Ukraine. Besides disturb-
ing forests and open natural landscapes, bio-
diversity and negative social impacts, wildfires
also produce large amounts of carbon emis-
sions. Based on the data on wildfires mapped by
the authors using remote sensing data of Sen-
tinel 2 satellite images, this paper presents the
results of the assessment of carbon emissions
from landscape fires that occurred in Ukraine in
2022. The war was found to be a major factor
in the fire situation, with 69% of the total area
affected by fires in the 60-kilometre buffer zone
along the frontline. In general, in 2022, there
were about 20 thousand landscape fires on a

total area of 749.5 thousand hectares, with the
most affected agricultural land (arable land) —
56%, other natural vegetation (abandoned
land) - 37%, and forest fires — 7%.

It was estimated that direct emissions of
carbon dioxide due to landscape fires in 2022
amounted to 0.78 million tons (775348.8 tons)
on forest lands, on croplands — 3.14 million
tons (3142750.8 tons), other landscapes 1.28
million tons (1280089.4 tons). Compared to de
Klerk et al. (2023), the area of forest fires in our
study was smaller by 3.9%, while fires on agri-
cultural lands were higher by 11.3%, and other
landscape fires by 78.6%.

To obtain more accurate data on carbon
emissions from fires in Ukraine’s natural land-
scapes and to assess the negative environmen-
tal consequences caused by the war, it is neces-
sary to conduct massive fieldwork to establish
burning intensity (burn severity) for different
types of landscapes. The next step to improve
the proposed methodology for estimating car-
bon emissions after a fire is to predict the post-
fire dynamics of forest ecosystems, which may
include the recovery or degradation of damaged
territories. The results also are an important
step toward collecting scientifically proven ev-
idence of the ecocide of the russian war against
Ukraine of the war in international courts.
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AHoranis. BijicbkoBa arpecis pociiicbkoi denepaltlii Ta mos’si3aHi 3 Helo COLiaIbHO-eKOHOMIUHI Ta
€KOJIOTiUHi HaCTiAKY CYTTEBO BIUIMHY/IM Ha KJIiMaT Ta BUPOOGHUIITBO €KOCUMCTEMHMX MOCTYT Yepes
TTOIIKOIKEHHS JIiciB, ekocucTeM, jJaHAmadTHI MOXexki Ta BUKUAM TasiB B aTMocdepy. MeToio
TOCITiTKeHHS 6YJTI0 OI[IHUTY BUKUIM BYTJIEITI0 BHACTI IOK IaHA A THMX IMOXKEX B YKpaiHi yImpomoBK
2022 poxky. [I1s1 BUSIBJIEHHSI TTOKeK BUKOPUCTOBYBAIACS TEXHOJIOTiSI MOHITOPUHTY JIiCOBUX TTOXKEK
OroraTech, a mepuMeTpy MPOIiIeHUX BOTHEM [AiJITHOK OKPECTIOBAINCS 3a AOTIOMOTOI YaCOBUX
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Zibtsev et al.

DSIIiB CYIyTHUKOBUX 3HIMKiB Sentinel 2. 751 po3MoAiny mMpoiieHnX MoskeskaMy TUIOIN, 38 TUITaMU
3eMHOTO TTOKPMBY BUKOpUCTOBYBasnacsi kapra Copernicus Dynamic Land Cover. Bukuau Byrieito
Oy/u po3paxoBaHi 3a JaHUMU iHTeHCUBHOCTI 1okexk (ANBR) Ta uacTku crianeHoi 6iomacu B pisHUX
TUIaX 36 MHOTO ITOKpUBY. Mozei 6iomacy 6y 06paHi 3 ypaxyBaHHSIM TOMiHYIOUMX IepeBHUX ITOPi
Y KOHKpPETHOMY PeTiOHi Ta JOMiHYI040i BUI0BOI CTPYKTYPM IOCiBHUX IIJIOL Ci/TbChKOTOCIIOAaPChKIUX
KyabTyp. O6CSTM BTPAT 6ioMacH OI[iHIOBAIMCS 3 BpaXyBaHHIM iHTEHCUMBHOCTI ITOsKeX. [TigpaxoBaHo,
mo mpotsirom 2022 poKy Ionia JaHmmadTHUX ToKeX csirayaa 749,5 tuc. ra, 3 Hux 419,1 tuc. ra
Ha OPHMX 3eMJIsIX; 273,8 Tuc. ra B iHIMX MPUPOTHUX TUIIAX POCIMHHOCTI; 31,1 THC. ra B XBOMHNUX
micax; 25,5 Tuc. ra B iHIIMX jTicax. Briius BiitHYM Ha TaHaAIIadTHI TTOKeKi MiATBEPIKYETHCS BEIUKOIO
YACTKOI0 MOXKeX y 60-KioMeTpoBiit 6ydepHiit 30Hi B3ZOBXK JiHii ppoHTYy — 68,9 % Bim 3araabHOi
mommi nosxkesk. Cepep ycix moskesk 42,5 % Toskesxk cTanucst Ha OKyroBaHii Teputopii. CymapHi
sukuayu CO, Bif ycix BuziB JaHama@THUX MOKeXK cArHyau 5,20 MJIH TOHH, a iHIIMX MapHUKOBUX
rasiB — 0,28 MiH TOHH. Ile mepiie getaabHe KapTorpadyBaHHs JaHAMAOTHUX MTOXKEXK 3 aHATi30M
KOXXHOTO TIONITOHY [Jis Bciel TepuTopii YKkpaiHm. PesynbraTit JOCTiIKEHHS HAJalOTh BaKIUBY
iHdopmarito I OLUiHKM BTPAT eKOCUCTEMHMX MTOCTYT Ta OLiHKM BUKHUIIB BYTJIEII0, & TAKOXK JJIst
MigTBePIKeHHS BIUIMBY O0MOBMX il Ha JaHAMAbTHI MTOXKEXi

Knrouosi cnmoBa: jticoBi moxexi; Buropina moma; Bukuay CO,; TUII IPYHTOBOTO IIOKPUBY;
6iomaca; kaprorpadyBaHHS
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