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Abstract. Common ash (Fraxinus excelsior L.) is an important part of the forest, shelterwood and
ornamental stands. The health status of F. excelsior has recently deteriorated in many regions,
due to climate change, anthropogenic stress, diseases and phytophagous insects. The effects of
these factors are manifested in symptoms, the prevalence and severity of which depend on local
conditions, in particular forest site conditions, stand composition, and structure. The aim of the
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research was to identify the forest site conditions and other stand characteristics most favourable
for the prevalence and severity of symptoms of ash decline in Zhytomyr Polissya. The tasks were: to
evaluate the common ash health condition, the symptoms of its decline, and their prevalence and
severity in relation to forest category, forest site conditions, main forest forming tree species, ash
origin, age, and relative stocking density. The majority of the ash stands surveyed were found to be
weak. The health condition of F. excelsior deteriorates with age. It is worse in forest belts, in damp
relatively fertile forest site conditions (C,), in the stands of vegetative origin, with a lower relative
stocking density, and in the stands with Alnus glutinosa as the main forest forming species. Dry
branches, epicormic shoots, collar rot, and ash bark beetles were the most common symptoms of
ash weakness. The prevalence and severity of most of these symptoms were the highest in the forest
shelter belts, in the damp relatively fertile forest site conditions (C)), in the stands of vegetative
origin, with a lower relative density of stocking and older than 60 years. It is necessary to monitor
the health status of F. excelsior in order to detect pathological processes and to select trees for
selective sanitary felling in time. The severity of collar rot increased at the relative stocking density
of 0.8. It was proposed to grow F. excelsior in mixed stands mainly with Quercus robur and to give
preference to seed origin. It is necessary to monitor the health status of F. excelsior in order to
detect pathological processes and to select trees for selective sanitary felling in time

Keywords: tree health condition; dry branches; epicormic shoots; collar rot, bark beetles;
prevalence (of symptoms); severity (of symptoms)

Introduction

Ash trees are key species in forest plantations in
the Zhytomyr Polissia region, and their health
plays a crucial role in maintaining the ecologi-
cal balance of local forest ecosystems. Damage
to these trees can signal alarming changes in
the ecosystem, caused by both biotic (pests,
diseases) and abiotic factors (climate change,
environmental pollution) factors. Identifying
and analysing damage symptoms allows for the
timely diagnosis and control of diseases and
pests, thus contributing to the conservation of
ash populations in Polissia. This is particularly
important in the context of the spread of dan-
gerous pathogens, such as the emerald ash bor-
er, which has already caused significant damage
to ash trees in Europe. Research into damage
symptoms will also help to develop effec-
tive methods for protecting and restoring forest
plantations, which supports the preservation
of biodiversity and enhances the resilience of

forest ecosystems to external stresses. The con-
servation of Fraxinus excelsior is also of econo-
mic importance, as these trees are valuable for
forestry and can be used in various industries.

The health status of Common ash (Frax-
inus excelsior L.) has deteriorated in many
regions, due to climate change and anthro-
pogenic stress, which has increased the sus-
ceptibility of trees to biotic damage. N. La Por-
ta et al. (2022) provide an overview of the main
bacterial pathogens of trees, the current meth-
ods of bacteria detection, and the efforts to in-
crease tree resistance.

Ash dieback (caused by Hymenoscyphus
fraxineus) is widespread in many European
countries. M.K. Hordkova et al. (2023) deter-
mined the prevalence of ash dieback in Slovakia
using species-specific primers. Infected trees
were detected in different stands, wherever the
host was present.
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Mixed infestations of the same trees with
different pests and pathogens have been re-
ported in many regions. S. Peters et al. (2023)
in Germany found a fungal pathogen (Armil-
laria sp.) in the stem collar necrosis without
the presence of H. fraxineus. In the next study,
these authors S. Peters et al. (2024) analysed
interactions of multilocus genotypes (MLGs)
of H. fraxineus with other fungi from stem collar
necroses. In six German federal states, L. Lysen-
ko et al. (2024) analysed the prevalence of fungal
communities, including H. fraxineus, in soil and
fine roots. They estimated a higher diversity in
soil samples than in root-associated samples.

R. Vasaitis (2024) mentioned two alien
invasive pathogens and pests of ash trees in
Ukraine: the fungus Hymenoscyphus fraxineus,
and the xylophagous beetle Agrilus planipennis.
The area of A. planipennis invasion comprised
13.3 hectares in 2019 in the Luhansk region,
expanding to 1211.7 hectares in the Luhansk,
Kharkiv, and Kyiv regions by 2023. Infested
trees are often colonised by bark beetles Hyl-
esinus crenatus and H. varius. Observations by
B. Laz (2024) in Turkey showed that 28 % of the
ash trees (Fraxinus angustifolia Vahl) were infest-
ed by Zeuzera pyrina L. (Lepidoptera: Cossidae).

V. Meshkova et al. (2021) confirmed the
presence of ash dieback by molecular meth-
ods in samples from different natural zones of
Ukraine, except for the southern regions. The
prevalence of ash dieback among other fac-
tors of ash weakening was investigated in geo-
graphical provenance tests in the Sumy region.
A. Goychuk et al. (2022) identified the causes
of forest deterioration in Zhytomyr Polissya,
and studied the aetiology and pathogenesis
of ash diseases. An increase in the prevalence
of typical symptoms of bacterial diseases, die-
back, vascular (graphiosis, tracheomycosis),
and fruiting bodies of wood-destroying fungi
was observed. Bacterial disease and dieback
were the most acute pathological processes.

A. Goychuk et al. (2023) characterise the typi-
cal symptoms, pathogenesis, and causal agents
of bacterial diseases affecting forest trees in
Ukraine, in particular of Fraxinus excelsior
caused by Pseudomonas syringae pv. savasta-
noi. Infection has been shown to damage trees
when they are two or three years old, affecting
stems, branches, shoots, and inflorescences.
However, the disease can only be diagnosed
when tumours have formed. The data obtained
provide an approach for effective disease detec-
tion and plant protection. V.L. Borysova (2021)
studied the health of common ash in the Left-
bank Forest Steppe of Ukraine and evaluated
the prevalence of the foliage-damaging insects,
bark beetles, wood-destroying fungi, bacterio-
sis, and ash dieback in the Kharkiv, Sumy, and
Poltava regions, taking into account weather,
forest site and stand characteristics.

To prevent the deterioration of ash stands
the researchers have focused on identifying the
direct and indirect causes of ash decline and
the main symptoms for their detection in mon-
itoring programmes. Remote sensing tech-
nologies can help to obtain fast and repeated
information on ash damage on a large spatial
scale. M. Gasparovi¢ et al. (2023) described
themonitoringofashdiebackusingremote sens-
ing technologies. However, such an approach
was effective in Croatia only for narrow-leaved
ash, which forms homogeneous forest stands.
Therefore, the ground survey remains the most
reliable method of forest health monitoring.

The aim of the research was to identify the
forest site conditions and other stand charac-
teristics most favourable for the prevalence
and severity of symptoms of ash decline in
Zhytomyr Polissya. The tasks were: to evalu-
ate the common ash health, the symptoms of
its decline, and their prevalence and severity
in relation to forest category, forest site condi-
tions, main forest forming tree species, ash ori-
gin, age, and relative stocking density.
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Materials and Methods

The field research was carried out in 2023 in
the forests of the Branch “Zvyagelske Forestry”
(Ukraine). The climate was moderately conti-
nental and favourable for the growth of trees
and shrubs characteristic of the forest vegeta-
tion zone (Buzun et al., 2018). In order to select
the sub-compartments for sample plots, the
database of the Ukrainian State Forest manage-
ment Planning Association (n.d.) was analysed.
As the main forest forming species, common
ash grew only on 2.5 ha, but it grew in compo-
sition with English oak (Quercus robur L.) and
Black alder (Alnus glutinosa L.) on 180 ha. most
of the ash stands were located in the Horod-
nytsky Forestry.

Among ash sub-compartments, there
were three stand categories (forest greenary,
commercial forest, and forest shelterbelts),
three forest site conditions (moist relatively
fertile - C,; moist relatively fertile - D,, damp
relatively fertile - C,), three main forest form-
ing tree species (A. glutinosa, Q. robur, and F.
excelsior), different origin (vegetative, natural
seed and planted seed), age (<30; 31-60, and
>60 years) and relative stocking density (0.6,
0.7, and 0.8) were chosen. Fourteen sample
plots were laid. For twenty ash trees in each
sample plot, the health condition class and
the symptoms of ash damage (dry branches,
epicormic shoots, collar rots, and bark beetle
infestation) were selected.

The health condition class was assessed
visually according to the Resolution of the Cab-
inet of Ministers of Ukraine No. 756 (2016):
1 - healthy; IT - weakened; III — severely weak-
ened; IV - desiccated; V — recently diceased;
VI - deseased more than one year ago. For
each sample plot, two health condition indices
were evaluated: HCI, , - for all trees (living and
dead) and HCI, , (only for living trees) (Guide-
lines ..., 2020). The prevalence of dry branches,
epicormic shoots, collar rots, and bark beetle

infestation was estimated as the percentage of
trees with the given symptoms in each sample plot.

The prevalence of bark beetles was esti-
mated by the presence of entry or exit holes in
the bark in the lower 2 m of the tree. The tree
was considered infested if at least one hole was
detected. Dry branch severity was scored as a
percentage for each tree and then converted
into points: 0 — 0%; 1 point — <10%; 2 points —
11-50%; 3 points — 51-75%; 4 points — >75%
(Guidelines ..., 2020). The severity of epicormic
shoots was scored in three classes: 1 point -
single; 2 points — abundant; 3 points — total
stem coverage. Collar rot severity was scored in
four classes according to the spread of necrosis:
0 - absent; 1 point — <25% of circumference; 2
points - 26-50% of circumference; 3 points —
51-75% of circumference; 4 points — >75% of
circumference (Guidelines ..., 2020).

Microsoft Excel and the statistical soft-
ware package PAST (Hammer et al, 2001)
were used for data analysis and visualisation.
Prevalences of symptoms were compared us-
ing a z-test (Peck et al., 2020). The difference
between the proportions was considered sig-
nificant for P=0.05 at Z>1.96. The study met
the ethical standards of the Convention on Bi-
ological Diversity (1992) and the Convention
on the Trade in Endangered Species of Wild
Fauna and Flora (1973).

Results and Discussion

The surveyed stands represent forest green are-
as, commercial forests, and forest shelter belts.
The health condition of F. excelsior is the best in
forest green areas and worst in the forest shel-
ter belts (Fig. 1a). According to the HCI, which
considers all living and dead trees (HCI, ), the
inspected ash trees are “weakened” and accord-
ing to the HCI, which considers only living trees
(HCI__), the stands are “healthy”. Dry branches
in the crown were the most common symptoms
of tree weakness (Table 1).
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Table 1. The prevalence of certain symptoms

of F. excelsior weakness in the different stand categories

A Prevalence, %
Stand categories - -
Dry branches Epicormic shoots Collar rot Bark beetles
Forest green areas 83.6+3.70a 32.5+4.68a 11.3%£3.16a 4.5%£2.07a
Commercial forest 84.6*3.61a 38.1£4.86ab 13.1+3.38a 7.3%£2.59a
Forest shelter belts 86.5+3.42a 51.5+5.00b 20.0£4.00a 8.5+2.79a

Note: letters show significant differences inside each column at p<0.05

Source: developed by the authors

The lowest proportion of trees with dry
branches was found in the forest green areas and
the highest in the forest shelter belts. Epicormic
shoots, collar rot, and bark beetle infestation
were also the most common in the shelter belts
but less common than dry branches (Table 1).

The severity of “dry branches” increased
from forest green areas to forest shelter belts
(Fig. 2a). The severity of epicormic shoots and
collar rots was also highest in shelter belts.
Ashes have the worst health in the damp rel-
atively fertile forest site conditions (C,), where
both health condition indices are characteris-

tic of weakened trees (Fig. 1b). Tree health in
the moist relatively fertile forest site conditions
(C,) was slightly better than in the moist fertile
forest site conditions (D,). However, both health
condition indices assess tree health between
“healthy” and “weakened”.

Dry branches dominate among damage
symptoms (Table 2). Dry branches, epicormic
shoots, collar rot, and bark beetle infestation
were the most common in the damp relatively
fertile forest site conditions (C,) and least com-
mon in the moist relatively fertile forest site
conditions (C,).

Table 2. The prevalence of certain symptoms
of F. excelsior weakness in the different forest site conditions

Forest site Prevalence, %
conditions Dry branches Epicormic shoots Collar rot Bark beetles
C, 83.6+3.70a 32.2%+4.67a 11.1£3.14a 5.3+2.25a
C, 86.7+3.40a 52.0+5.00b 19.5%£3.96a 9.8+2.97a
D, 84.8+3.59% 40.0%4.90ab 12.0+3.25a 6.0+2.37a
Note: letters show significant differences inside each column at p<0.05
Source: developed by the authors
Vol. 15, No. 4, 2024 Ukrainian Journal of Forest and Wood Science 12
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Figure 1. Health condition index of F. excelsior depending on site and stand parameters
Note: HCI , - health condition index for the trees of the 1-4™ classes of health condition; HCI, , - health
condition index for the trees of the 1-6™ classes of health condition; site and stand parameters: a) stand
categories; b) forest site conditions; ¢) main forest-forming tree species; d) stand origin; e) stand age; f) relative
density of stocking
Source: developed by the authors

The severity of most symptoms of tree lowest in the moist relatively fertile forest site
damage was also the highest in the damp rela-  conditions (C,) (Fig. 2b). The severity of collar
tively fertile forest site conditions (C,) and the  rot was the same in C, and D,.
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Figure 2. Severity of some symptoms

of F. excelsior deterioration in relation to site and stand parameterss
Note: site and stand parameters: a) stand categories; b) forest site conditions; c) main forest-forming tree
species; d) stand origin; e) stand age; f) relative density of stocking
Source: developed by the authors

The health of ash was worst in the forest the main forest forming species (Fig. 1c). How-
stands with Common alder (A. glutinosa) as ever, even in these stands, the health condition
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index of ash does not exceed 2 points. In the
stands with English oak (Q. robur) the differ-
ence between the two health indices is mini-
mal (HCI, ,=1.5; HCI _,=1.4), and in the stands
with F. excelsior this difference is maximal
(HCI, ,=1.9; HCI, ,=1.6).

Dry branches in ash trees were the most
common in the forest stands with different main
forest forming species (Table 3). The proportion
of ash trees with dry branches exceeded 80% in
all stand groups and was lowest in the stands
with oak as the main forest forming species.

Table 3. The prevalence of certain symptoms
of F. excelsior weakness in the different forest forming species

Forest forming Prevalence, %
species Dry branches Epicormic shoots Collar rot Bark beetles
Alnus glutinosa 86.7+3.40a 52.0+5.00b 19.5£3.96b 9.8+2.97a
Quercus robur 83.2+3.74a 29.4+4.55a 9.3+2.90a 5.3+2.23a
Fraxinus excelsior 86.0+3.47a 50.0+5.00b 20.0+4.00b 6.0+2.37a

Note: letters show significant differences inside each column at p<0.05

Source: developed by the authors

The prevalence of trees with epicormic
shoots, collar rot and bark beetle attack was
lowest in stands with oak as the main for-
est forming species (Table 3). The severity
of ash damage symptoms was also minimal
in oak stands (Fig. 2c). However, the severity
of collar rot was similar in the forest stands
with oak and ash as the main forest forming
species (0.4 points) and lower than in alder
stands (0.5 points). F. excelsior was present in
forest stands of vegetative, natural seed, and
planted seed origin. The ash trees of vegeta-
tive origin had the worst condition (HCI =
=2.0; HCI _, = 1.8), the trees of planted seed

origin had the best condition (HCI, = 1.9;
HCI ,=1.6) (Fig. 1d).

The prevalence of certain symptoms of
ash damage was also the highest in the vegeta-
tive stands and the lowest in the planted seed
stands (Table 4). However, the prevalence of
dry branches exceeded 80% in all origins. The
prevalence of ash trees with epicormic shoots
in seed stands was significantly lower than
in the stands of vegetative origin. The preva-
lence of collar rot and bark beetle infestation
was also the highest in vegetative stands, with
a significant difference only for collar rot be-
tween vegetative and planted seed stands.

Table 4. The prevalence of certain symptoms
of F. excelsior weakness depending on the forest stand origin

L. Prevalence, %
Stand origin " .
Dry branches Epicormic shoots Collar rot Bark beetles
Vegetative 86.8+3.38a 53.3+4.99a 21.3+4.10b 9.3+£2.91a
Seed, natural 84.6+3.61a 38.8+4.87b 13.7+£3.43ab 6.2*2.41a
Seed, planted 83.2+3.74a 29.0£4.54b 8.8+2.83a 5.6%2.30a

Note: letters show significant differences inside each column at p<0.05
Source: developed by the authors

Despite the high prevalence of dry branch-
es in the crowns of ash trees, the severity of this
symptom was relatively low. At the same time,

according to this indicator, the same regularity
was found - the greatest severity of dry branch-
es in trees of vegetative origin and the least —
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in trees of planted seed origin (Fig. 2d). The
severity of epicormic shoot development also
decreased in ash trees from vegetative to seed
origin (Fig. 2d).

Considering the uneven distribution of
ash stands by age classes, all surveyed stands
were divided into three age intervals for the
assessment of tree health and the prevalence
and severity of individual symptoms: up to 30

years, 31-60 years and over 60 years. The HCI
increased with age (Fig. 1e). According to HCI ,
ash stands up to 30 years old can be considered
healthy. At the same time, by HCI, , such stands
are weakened. Stands older than 30 years are
weakened when considering both viable and all
ash trees. The prevalence of dry branches tend-
ed to increase with age but without significant
differences between age groups (Table 5).

Table 5. The prevalence of certain symptoms
of Fraxinus excelsior weakness in different age groups

Prevalence, %
Age, years
Dry branches Epicormic shoots Collar rot Bark beetles
<30 83.0+3.76a 27.5+4.47a 8.0+2.71a 5.8%2.33a
31-60 85.0+3.57a 42.0+4.94b 15.5+3.62a 6.0£2.37a
> 60 85.3%3.54a 43.3+4.96b 16.0+3.67a 7.7+2.66a

Note: letters show significant differences inside each column at p<0.05

Source: developed by the authors

The prevalence of epicormic shoots, collar
rot, and bark beetle infestation also increases
with age. However, the differences are signif-
icant only for epicormic shoots (Table 5). The
severity of dry branches and epicormic shoots
also increases with age (Fig. 2e). However, the
severity of collar rot over 60 years is less than
in 31-60 years. At all levels of relative stocking

density (0.6-0.8), the HCI indicates tree weak-
ness (Fig. 1f). The stands with the lowest rela-
tive stocking densities had the poorest health.
The prevalence of dry branches, epicormic
shoots, collar rot, and bark beetle infestation
tended to decrease with increasing stocking
density of ash stands (Table 6). However, these
differences are not significant.

Table 6. The prevalence of certain symptoms
of F. excelsior weakness at different relative stocking densities

Relative stocking Prevalence, %
density Dry branches Epicormic shoots Collar rot Bark beetles
0.6 85.7+3.50a 46.2+4.99a 17.2+3.77a 7.2+2.58a
0.7 84.0%3.66a 35.0+4.77a 12.0+3.25a 5.2%2.22a
0.8 84.1+3.66a 34.4+4.75a 11.2+3.15a 7.4%2.62a

Note: letters show significant differences inside each column at p<0.05

Source: developed by the authors

The severity of dry branches, epicormic
shoots, and collar rot also tended to decrease
with increasing relative stocking density of
ash stands (Fig. 2f). Thus, the assessment of

common ash health and symptoms of its de-
terioration confirms the dependence of their
prevalence and severity on stand category,
forest site conditions, main forest forming
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tree species, ash origin, age, and relative
stocking density.

Tree health has deteriorated in many re-
gions. The most common approach is to as-
sesses the degree of ecosystem degradation.
J. Maes et al. (2023) assessed the health of for-
est ecosystems in Europe on a scale from 0 (de-
graded ecosystem) to 1 (pristine or protected
forest). One third of the forest area was found
to be in decline.

In order to prevent forest degradation
and mitigate its consequences, forest health
is monitored by the condition of the crown and
trunk and some specific signs that allow the
identification of the pest or pathogen. Accord-
ing to the Resolution of the Cabinet of Minis-
ters of Ukraine No. 756 (2016), the main crite-
rion for sanitary felling is the tree health class.
However, all trees (living and dead) are included
in the calculation of the health condition index,
which does not show the dynamics of tree mor-
tality. In the present study, both health condi-
tion indices (HCI, for living trees and HCI,  for
all trees) were calculated and compared for dif-
ferent site and stand parameters: stand catego-
ries; forest site conditions; main forest forming
tree species; stand origin; stand age; relative
stocking density (Fig. 1).

European monitoring programmes assess
defoliation and discolouration to compare the
dynamics of trees and stand health in various
regions (Manual..., 2010). In Ukraine, exten-
sive forest monitoring (I Level), harmonized
with the European ICP Forest monitoring pro-
gramme (Manual..., 2010), has been carried out
for 30 years. monitoring data on the health of
Fraxinus sp. in Ukraine for 15 years have been
analysed by T. Pyvovar et al. (2022). The high-
est degree of defoliation was observed in the
Steppe zone, the most acute tree mortality in
the forest zone, and the most stable health con-
dition in the Forest-Steppe zone. Of all the ash
trees surveyed in Polissya, 42% were damaged,

with diseases dominating. This was explained
by the wetter climate of the forest zone com-
pared to the Forest Steppe and Steppe zones. In
the forest-steppe zone, almost half of the ash
damage (48.2%) was caused by abiotic factors.
At the same time, in the forest-steppe zone,
pathogen damage to ash increased by 21.9%
over 15 years, reaching 56% in 2011-2015. In
the steppe zone, insects were the main cause
of damage to ash trees. The prevalence of trees
with ash dieback increased from the forest to
the steppe zone, and the prevalence of bacte-
riosis decreased from the forest to the steppe
zone. The prevalence of wood-destroying fun-
gi on ash was the highest in the forest-steppe
zone, and of tuberculosis — in the forest and
forest-steppe zones.

New pests and diseases have spread. An em-
erald ash borer (Agrilus planipennis Fairmaire,
1888 (Coleoptera: Buprestidae)), originating
from Asia, invaded North America and Russia at
the end of the 20" century and was discovered
in the Luhansk region of Ukraine in 2019 and is
already present in Kyiv in 2024 (State Service
of Ukraine..., 2024). ]. Sun et al. (2024) describe
the seasonal development of this pest, its char-
acteristics, and tree damage. The larvae devel-
op under the bark and gradually gnaw through
the conductive tissues, often bringing path-
ogens into the tree, leading to tree mortality.
They mentioned the importance of searching
for resistant trees for more effective forest pro-
tection. So-called ash dieback was discovered
in Europe in the 1990s. E. Baxter et al. (2023)
in Ireland described its symptoms — reduction
of tree increment, leaf size, discolouration and
premature leaf fall, appearance of ulcers on the
trunk and shoots, and dieback of small branch-
es. Therefore, assessing defoliation alone is not
enough to know the health of a tree.

V. Meshkova et al. (2021) studied the prev-
alence of ash dieback among other factors of
ash deterioration in geographical provenance
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tests in the Sumy region. Root rot, ash dieback,
and infestation by ash bark beetle (Hylesinus
crenatus (Fabricius, 1787): Coleoptera: Scolyt-
idae) were found in all proveniences. Root rot
was found in all ash proveniences. The ash bark
beetle was not found in the proveniences from
the Western and Right Bank Forest Steppes.
Hymenoscyphus fraxineus was isolated from the
trunks of ash trees, and identified by molecular
methods and confirmed to be pathogenic. For
seven years, the health condition index, inci-
dence, and severity of ash dieback increased in
all provenances except the Steppe.

In the current study, the prevalence and
severity of dry branches, epicormic shoots,
collar rot, and bark beetles were compared
for different site and stand parameters: stand
categories; forest site conditions; main forest
forming tree species; stand origin; stand age;
relative stocking density (Fig. 2). The health
status of F. excelsior was best in green forest
areas and worst in forest shelterbelts. This
can be explained by the negative impact of
timber harvesting on all components of forest
ecosystems, especially the soil, the trees, and
the regeneration of the forest. I.C. Cantar et
al. (2022) monitored the health of remaining
trees after logging in Romania to determine
the tolerance threshold of trees to logging.
They developed equations taking into account
the relationship between the size of the healed
damage and the diameter of the trees.

S.V. Sydorenko et al. (2020) studied the
protective forest belts in the Kharkiv region
(Ukraine). According to their health status,
the forest shelterbelts were characterised as
weakened and severely weakened. Among the
pests, 23 xylophagous and 21 phyllophagous
insect species were identified. However, most
of them can only colonize weakened and se-
verely weakened trees. The study showed that
the combined effect of the absence and neglect
of forestry and agrotechnical interventions in

the shelterbelts caused partial tree mortality,
resulting in the spread of pathogens and in-
sect pests that invaded individual trees in the
forest stands. O.A. Kuznetsova et al. (2023) as-
sessed such symptoms of decline of Ulmus sp.
together with some specific indicators which
made it possible to establish the characteristics
of the spread of bacterial and fungal diseases,
and bark beetles in shelter belts along the Ky-
iv-Kharkiv highway.

In the current survey dry branches in the
crowns were the most common symptoms of
tree weakening (Table 1). It is known that dry
branches can be the result of various causes.
S.V. Sydorenko et al. (2020) found maple trees
with dry branches remaining in the crowns in
shelterbelts restored after verticillosis. Long-
term retention of dry branches in the crown
leads to the classification of such trees as se-
verely weakened or even desiccated, while the
crown gradually recovers. An objective assess-
ment of tree health can only be made after sev-
eral years of monitoring.

Ash dieback is the most serious disease
affecting Fraxinus sp. in different regions and
stands. It is named after the appearance of dry
branches in the crowns. A. Benigno et al. (2023)
in Central-Northern Italy found that the se-
verity of ash dieback was higher in sites under
environmental stress (mild dry winters, and hot
dry summers) or anthropogenic stress (logging
and fires).

In the present study, ashes were least
healthy in the damp relatively fertile forest site
conditions (C,), where both health condition
indices were characteristic of weakened trees
(Fig. 1b), and in the forest stands with common
alder (Alnus glutinosa) as the main forest-form-
ing species (Fig. 1c). However, under wetter
conditions, alder was the dominant species.
V. Borysova (2021) studied the health status
of common ash in the Left-bank Forest Steppe
of Ukraine. In her sample plots, the prevalence
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of symptoms depended on the cause of the pa-
thology, the type of forest site conditions, and
some other forest characteristics. For example,
ash dieback was prevalent in fresh fertile forest
site conditions and bacteriosis was prevalent in
the fresh fertile, humid fertile, and humid rela-
tively fertile forest site conditions.

In the current survey, the prevalence of
trees with dry branches, epicormic shoots,
collar rot and bark beetle infestation was the
lowest in the stands with oak as the main for-
est forming species (Table 3). However, the
severity of collar rot was similar in the forest
stands with oak and ash as the main forest
forming species (Fig. 2c). This may be explained
by the dependence of collar rot severity on soil
moisture. G.]. Langer et al. (2022) within the
FraxForFuture project show that soil moisture
promotes the prevalence and severity of collar
rot caused by Phytophthora, Armillaria and ash
dieback. These pathogens often occur together
and it is sometimes difficult to determine the
primary cause of tree decline.

The poorest health of vegetative origin
trees in the current survey (Fig. 1d) may be ex-
plained by the younger age of the planted trees,
which were in the best health (Fig. le). The
prevalence of most symptoms of tree decline
increased with the age of the ash, except for
collar rot (Fig. 2e). Such trees are easily detect-
ed and could be removed by selective sanitary
felling in previous years.

As forest health continues to decline, it is
important to identify disease-resistant trees
and propagate their progeny for planting in
new forests. R.K. Stanley et al. (2023) found
that Fraxinus pennsylvanica marshall trees are
resistant to the emerald ash borer. However,
many years are needed to support this trait
in the offspring. J. Meger et al. (2024) in Po-
land, using six significant single nucleotide
polymorphism loci, proposed 300 F. excelsior
trees from 30 populations for future breeding

programmes to control ash dieback. J. Roz-
sypalek et al. (2023) injected ash trees infected
with H. fraxineus with fungicides and observed
a complete cessation of necrosis growth dur-
ing the first three months after injection.
However, until these programmes are imple-
mented, monitoring remains the most effec-
tive control measure, along with continued
sanitary felling of infested or infected trees.
Regular inspections help to identify early
signs of damage, allowing timely interven-
tion. In addition, the removal of affected trees
prevents the spread of pests and diseases to
healthy parts of the forest.

Conclusions

According to the health condition index, the
inspected ash stands are weakened and their
health deteriorates with age. The health con-
dition of ash is the worst in the shelterbelts,
in the damp relatively fertile forest site con-
ditions (C)), in the stands of vegetative origin,
with a lower relative stocking density and in the
stands with Alnus glutinosa as the main forest
forming species. Dry branches are the most fre-
quent symptom of ash tree damage (over 80%
of trees). This symptom is most frequent in the
shelterbelts, in the damp relatively fertile forest
site conditions (C)), in the stands of vegetative
origin, with a lower relative stocking density
and older than 60 years.

The prevalence and severity of epicormic
shoots were the highest in the forest shelter
belts, in damp relatively fertile forest site con-
ditions (C,), and in the stands of vegetative or-
igin. These indicators increased with tree age
and decreased with the relative stocking densi-
ty. Collar rot was the most frequent and severe
symptom of ash damage in the forest shelter-
belts, in the stands of vegetative origin, in the
damp relatively fertile forest site conditions
(C), and in the stands with Alnus glutinosa as
the main forest forming species. The severity
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of collar rot increased at the relative stocking of the trees in order to detect pathological pro-
density of 0.8. The highest prevalence and se-  cesses in good time and to remove infected or
verity of bark beetle infestation were found in  infested trees immediately.
the forest shelter belts and, in the damp, rela-
tively fertile forest site conditions.

The data obtained indicate the need to  None.
grow ash of seed origin in mixed stands with
oak. In view of the spread of native and alien
ash pests, it is necessary to monitor the health  None.
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Cumnromu nomkomkeHHs1 Fraxinus excelsior
y JKuromupcskomy Iomicci

OneHa AHppeeBa

JTOKTOP CiTbChKOTOCIIOapChKUX HAYK, TOLIEHT
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AnoTaiis. Buuenns sicens 3puuaiinoro (Fraxinus excelsior L.) € BasKIMBMUM Yepe3 ii0ro MoripiueHui
CaHITapHUI CTaH, SIKU CIPUYMHEHUI 3MiHOI KIiMaTy, aHTPOIIOTeHHMM HaBaHTasKEeHHSIM,
XBOPO6aMM Ta MOMKOKEeHHSIMMU (iTodaris, 10 3a1eKaTh Bill TOKaIbHUX YMOB i TUITY HacaIKeHb.
MeTo10 BOCTiIKeHHS 6y/10 BU3HAYUTH JIICOPOCIMHHI YMOBM Ta iHIII XapaKTepUCTUKYU HacalKeHb,
SIKi HAMGINMbIIO MIpOI0 CHPUSTIAUBI AJ9 TIOMIMPEHHS Ta PO3BUTKY CUMIITOMIB OC/IabIeHHS
sceHa y JXurtomupcbkomy Iomicci. JocmimkeHHS MpoBedeHO Ha NpuKIaai ¢imii «3BArenbcbke
JlicoBe rocriogapctBo». OIiHEHO CaHITapHMII CTaH JepeB siCeHa 3BUMYAMHOT0, CUMIITOMIB iXHbOTO
oClabeHHsT Ta 3aJeKHOCTi IXHiX MOIIMPEeHHsS Ta iHTEHCMBHOCTI Bim Kareropii JiciB, Tumy
JIiCOPOCMHHMUX YMOB, TOJIOBHOI JTiCOYTBOPIOBAJILHOI TIOPOAM, TIOXOKeHHS JepeB sCceHa, BiKy Ta
BiTHOCHOI TOBHOTM HAacaIkeHb. BiMbIIICTh 0OGCTEXKEHMX HACAKEHb BUSIBWINUCS OCTAGIEHUMMU.
BcTaHOBIIEHO, 1110 caHiTapHMit cTaH F. excelsior moripiyeTobes 3 BikoM. BiH € Haiiripummm y 1icoBux
cmyrax, y cupomy cyrpyai (C,), y HacaJkeHHSX BEreTaTMBHOIO IMOXO[KEHHS, 3 HaliMeHILO0
BiIHOCHOIO ITOBHOTOI0 Ta 3 Alnus glutinosa siK rOJIOBHOIO JIiCOYTBOPIOBAIbHO MTOpoAot0. HaitbimbIin
MOIIMPEHi CUMIITOMM OC/TAGeHHsT sICeHa — CyXi TiJIkY, BOASHI MAaroHy, OKOPEHKOBi THMJI Ta
TOCeNIeHHST SICEHOBUX Jy0O0imiB. ITOMMpeHiCTh Ta iHTEHCUBHICTh GiNBIIOCTI CUMITOMIB 6imu
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HaBUIMMM Yy JTiCOBUX CMyTax, cupomy cyrpyai (C,), y Haca/UKeHHSIX BETeTaTUBHOTO IMOXO/XKeHHS,
3 BimHOCHOIO moBHOTOW 0,6 i Bikom moHapm 60 pokiB. [HTEHCUBHICTH PO3BUTKY OKOPEHKOBUX
rHuiIeit Gyna 6inpioro 3a BimHOcHOI moBHOTM 0,8. PekomeHnmoBaHO BupoinyBatu F. excelsior y
MilllaHMX HacaJKeHHSX, IMepeBakHO pa3oM i3 Quercus robur i HagaBaTu TepeBary HaCiHHEBOMY
MTOXOMIKEHHI0. 3a3Hau€eHo, 10 [JI1 BUACHOI imeHTuUdiKalii maToMoriyHMx MpoleciB Ta Bimbopy
JlepeB y BUOipKOBi caHiTapHi pyoKku He0OXiIHO 3[1iliCHIOBaTY MOHITOPUHT CAHITAPHOTO CTaHY JepeB
F. excelsior. Pe3ynbTaTyl AOCTIIKEHHS MOKHA BPAXOBYBATH JIJISI BUSIBJIEHHS OCEPEIKiB IIKiTHUKIB i
36yIHMKIB XBOPOO i 3armobiraHHs 0c/1abIeHHIo i1 3armberi JTiciB

KirouoBi cimoBa: caHiTapHMIi CTaH iepeB; Cyxi TiIKM; BOZSIHI IaTOHM; OKOPEHKOBI THUJII, KOpoinu;
MOMIVPEHHS CUMIITOMIB; iIHTEHCUBHICTh PO3BUTKY CUMIITOMiB
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Abstract. Issues related to forest growth are essential in the forest management system.
Reforestation, forest care, logging, and other activities require continuous improvement and
new approaches to planning and implementation over time. This should be done in compliance
with the principles of sustainable, continuous, and rational use of forest resources. Therefore,
the study aimed to analyse scientifically based approaches to forest restoration, thinning, and
principal felling and suggest optimal methods for growing Scots pine forests in Polissya. It was
analysed scientific research, compared experimental data on different methods of Scots pine
growing, and critically assessed the “Rules for Principal Felling” requirements for conducting
Shelterwood cutting in Scots pine forests. On one- and three-year-old fell areas of Polissya, the
optimal natural regeneration of Scots pine is observed in a wet subir, minimal - in a fresh bir,
and average - in a fresh subir and a wet bir. On a one-year-old Scots pine fell area, dense natural
regeneration is observed up to 50 m from the neighbouring forest. It becomes medium at 51-100
m and rare beyond 100 m. The maximum stocking (420-436 m® per hectare) and optimal stand
structure at 51 years can be achieved through linear thinning. Creating Scots pine forests in a
fresh subir with Common oak is irrational, as oak cannot survive in the stand. Deciduous species,
such as Common oak, appear naturally in such areas after 30 years and can form a second layer in
the stand. The use of nature-saving technologies for clear-cutting allows for the preservation of
undergrowth. The last round of shelterwood cuttings in pine forests with viable undergrowth of
more than 8,000 units per hectare should not be scheduled in 4-7 years, as required by the “Rules
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for Principal Felling”. The study results can be used to improve regulatory documents and offer
practical recommendations for the rational growing of Scots pine forests in Polissya

Keywords: natural forest regeneration; Scots pine; care cuttings; forest stand; principal felling

Introduction

The issue of growing Scots Pine forests in Polis-
sya is essential to ensure their sustainable de-
velopment and biodiversity conservation. The
sustainable development and biodiversity con-
servation of pine forests are crucial, allowing
forestry specialists to optimize forestry prac-
tices according to regional environmental and
climatic conditions. The growing of Scots pine
forests in Polissya presents specific challenges
due to the region’s soil and climate conditions,
necessitating a holistic approach considering
environmental, forestry, and economic factors
and implementing suitable forestry practices.
The research on the biological sustainability of
forest stands is a crucial subject studied by sci-
entists in various countries, including Ukraine.
This research covers measures to encourage
natural regeneration, thinning techniques and
technology, and the implementation of contin-
uous cover forestry.

In a study by J. Brichta et al. (2020), the
authors researched how stand density and soil
preparation methods affect the natural regen-
eration of pine forests. The research revealed
that for the regeneration of Scots pine, reducing
stand density to 0.4 during gradual felling is op-
timal, as it creates better conditions for germi-
nation and has a positive effect on the soil. Fur-
thermore, the treatment with a forestry routing
cutter was the most effective soil preparation
method. As an alternative to clear-cutting, the
researchers recommend gradual felling with
preliminary soil preparation to mitigate the ad-
verse effects of climate change.

It is important to note that in addition to
the density and age of the stand, other factors

influence the natural regeneration of Scots
pine. These factors include grass cover density,
forest floor thickness, and microrelief. Accord-
ing to a study by M. Shevchuk et al. (2021), the
best Scots pine regeneration occurs when the
grass cover closure is low (0.1-0.4) or medium
(0.5-0.7). The ideal litter thickness for seed-
lings is 1-3 cm in 68-year-old stands, 3-6 cm
in 65, and up to 2 cm in fell areas. The most
favourable conditions for undergrowth occur
when the litter thickness ranges from 1 to
6 cm, and the terrain is flat. The authors rec-
ommend clearing dense understorey 2-3 years
before principal felling.

The study conducted by Ukrainian scien-
tists V. Lavnyy et al. (2022) found that natural
reforestation is most successful in areas with
low and sparse grass cover, allowing seedlings
to grow without hindrance. In these conditions,
there is an increase in seedlings and under-
growth of Scots pine during the growing sea-
son. To improve seed germination, researchers
recommend soil mineralization, which can lead
to an 80% increase in viable self-seeding and
undergrowth. It is also important to promptly
remove weeds and unwanted vegetation to pro-
tect the seedlings.

This principle, as per R. Jandl et al. (2019),
involves maximizing the natural seed potential
of forests to establish biologically sustainable
and highly productive forest stands. The au-
thors emphasize that climate change necessi-
tates more adaptive forest management. The
uncertainty surrounding the extent of climate
change and the response of forests, along with
the limited interpretation of climate change
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experiments, presents foresters with a wide
range of practical options but few clear recom-
mendations for making management decisions
on the best ways to manage forests. Conse-
quently, this issue remains relevant and is the
focus of research by many scientists.

The study by Y. Nuutinen & J. Miina (2023)
examined the effects of corridor thinning
on the growth of Scots pine stands aged 20-
50 years. The research revealed that trees locat-
ed 2-3 meters from corridors that are 3-5 me-
ters wide experience higher annual volume
growth, particularly in the first 4-5 years after
felling. The growth of edge trees compensated
for 40% of the losses caused by tree felling in
the corridors. The authors emphasize the need
for further research to determine the long-term
effects and optimal corridor width.

Silvicultural measures for forest care at
different ages can be used to manage the im-
pact of environmental factors and maintain
sustainable natural or partially natural forests.
In a study by F. Huth et al. (2022), the natural
regeneration of Scots pine was studied, and
the authors found that adjusting the density
of the upper layer of the forest stand had a sig-
nificant impact on this process. They observed
that reducing the number of trees in the up-
per layer from 400 to 230 per hectare after
thinning had a notable effect on the absolute
density of natural regeneration. The measures
have a more significant impact on the growth
and development of seedlings. A higher tree
layer density, specifically more than 300 trees
per hectare, leads to a high initial natural re-
generation density. However, after five years,
it leads to significant losses in growth and a
decrease in viability. A lower stand density
of 200-300 trees per hectare ensures better
growth of natural regeneration but requires
more maintenance. There’s a risk of seedling
suppression by ground vegetation. Therefore,
adjusting the upper stand layer density can be

an effective silvicultural measure in establish-
ing sustainable natural forests dominated by
Scots pine.

In summary, it is significant to note that
natural pine forests demonstrate higher re-
sistance to various natural factors, including
climate change. As per W. Beese et al. (2019),
these forests are well adapted to specific soil
conditions, which helps their sustainability
and productivity as they mature. As noted by
J. Miettinen et al. (2024), given the significant
advantages of natural forests over forests of
artificial origin, promoting the emergence of
natural regeneration and its preservation in
some cases remains a complex and unsolved
forestry task, as the success of such measures
depends on several factors (environmental
and weather conditions, silvicultural stand
indicators, frequency of seed production of
the parent stands, and biological character-
istics of the tree species). Therefore, one of
the most relevant areas of forestry research is
the study of interdependencies between en-
vironmental factors, forest management, and
the processes of growth and development of
forest ecosystems in the context of the for-
mation of biologically sustainable, time-con-
tinuous, and productive stands in the face of
climate changes.

The study aimed to scientifically explore
approaches to forest regeneration, thinning,
and principal felling and to recommend the
most effective methods for growing Scots pine
forests in Polissya.

Materials and Methods

The research was conducted using the meth-
od of analysis. The research focused on stud-
ying the natural Scots pine regeneration
processes and the methods for growing pine
forests in Polissya. The references and rel-
evant aspects analysed in this study were
summarized in Table 1.
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Table 1. Information sources and aspects studied

References

Aspects analysed

V. Borodavka & O. Borodavka (2022)

M. Gordienko & N. Gordienko (2005), | Natural Scots pine regeneration in various types of bir and subir
V. Levchenko (2007), M. Gordienko et | forests (fresh bir (A,), wet bir (A,), fresh subir (B,), wet subir (B,), fresh
al. (2007), A. Vyshnevsky (2010),|sugrud (C,)), beneath the canopy of various types of Scots pine stands:
S. Drobush & V. Levchenko (2011), | high- (0.8 and above), medium- (0.6-0.8) and low-density (0.4-0.5);
the regeneration also occurs in clearcut areas of different ages in the
Ukrainian Polissya.

al. (2019), V. Lavnyy et al. (2022),
A. Zawadzka & A. Slupska (2022),
J. Miettinen et al. (2024)

P. Brang et al. (2018), R. Jandl et | Growing Scots pine forests

Source: developed by the authors

Using the description method, it was pre-
sented experimental studies by V. Svyryden-
ko et al. (2006) from the paper “Growth and
productivity of artificially created Scots pine
forest in fresh subsoil conditions depending
on the method and regimes of silvicultural
care”. The growing of single-species Scots pine
stands of artificial origin in the conditions of
fresh subir (B,) in Plesetske (Dzvinkivske)
forestry of the Boyarka Forest Research Sta-
tion (FRS) was carried out in six experimental
sections (A, B, C, D, E, F) measuring 40x50 m
(area 0.2 ha) each. The Scots pine stand was
established by mechanized planting of sin-
gle-species Scots pine forest on a complete-
ly uprooted clearcut area, with planting sites
placed 1.5 m width between rows and 0.75 m
distance in rows. Section A controlled other
sections (B, C, D, E, F), and only dead trees
during the stand’s life were cut down in this
section. Buffer zones 5.0 m wide between the
sections on all sides were arranged. From the
age of 11, pre-commercial thinning was car-
ried out in section B at a low intensity (up to
15% of the stand’s stock), maintaining a stand
density of 0.9; in section C, high intensity (26-
35% of the stand’s stock) was applied, main-
taining a stand density of 0.7; in section D, an
average intensity (16-25% of the stand’s stock)
was used, maintaining a stand density of 0.8.

Pre-commercial thinning was carried out
manually in the A, B, C, and D sections using
a selective method. In section D, thinning was
done using a linear method at 11 years, with
every second row of trees being cut down and
the row spacing doubled from 1.5 to 3.0 me-
ters. In section E, the thinning was carried out
in two stages: at 11 years, every fourth row
of trees was cut down, and at 15 years, every
second row was cut down. The felled trees in
sections D and E were bundled and skidded by
tractor to an upper storage area. The compar-
ison method matched Scots pine stands’ silvi-
cultural and taxation parameters grown under
various regimes and thinning methods. Atten-
tion was also given to comparing Scots pine
stand stocks and the formation of the spatial
and parametric structure in the six sections (A,
B, C, D, E) at the age of the first thinning (25
years) and late thinning (51 years).

The paper used the analogy method to
describe the creation and development of for-
est stands in the fresh subir (B,) conditions of
Polissya, which should match the characteris-
tics of natural stands in specific forest vegeta-
tion conditions. It highlights the importance
of growing long-lived, highly productive, and
biologically resistant forest stands, consid-
ering natural changes and growth processes.
Forest management should focus on growing
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native forest stands consisting of tree species
that best adapt to the forest and vegetation
conditions.

The authors used critical evaluation to an-
alyse the requirements of the Rules for Princi-
pal Felling (Order of the State..., 2009) for the
thinning cycle and the amount of natural re-
generation of economically valuable tree spe-
cies of seed origin up to 0.5 m in height during
shelterwood cutting in Scots pine forests. They
also paid attention to growth inhibition (such
as insignificant height growth, pale green nee-
dles, and shortened, medium, or low density)
and loss of viability with the age of natural
regeneration of Scots pine without sufficient
light beneath the canopy of parent stands.

The analysis focused on clear-cutting tech-
nology for principal felling, clearing areas from
slash, tree felling, and skidding directions. It
also promoted employee awareness to maxi-
mize preserving natural forest regeneration.

Results and Discussion

Natural forest seed regeneration is an essen-
tial mechanism for long-term sustainability
and biodiversity for forest ecosystems. It can
be an influential factor in maintaining the for-
est’s genetic diversity, as the new generation of
trees comes from the seeds of different parent
trees. This process also allows forests to adapt
to changing environmental conditions and
maintain ecological balance. Forest ecosystems
can regenerate through natural regeneration
and maintain productivity and stability without
significant human disturbances. Natural forest
seed regeneration occurs in four stages: 1) tree
seed-bearing, 2) seed germination and seedling
formation, 3) seedling growth and develop-
ment, and 4) growth and development of the
undergrowth. The process concludes with the
closure of the young forest generation. Table 2
illustrates suitable and unsuitable conditions
for natural forest seed regeneration.

Table 2. Conditions for natural forest seed regeneration in clear-cut areas

Suitable

Unsuitable

Maximum light supply

There is a risk of damage to the young forest
generation from frost and high air temperatures

Absence of root competition from the parent trees

Drying of the surface soil layer

Intensive forest floor decomposition
and its disappearance

The positive impact of certain grass species
(Chamaenerion angustifolium (L.) Scop.,
Calluna vulgaris (L.) Hill.)

Soil compaction by sedge and cereal grass species
and growth of tree vegetation

Source: developed by the authors based on A. Shvidenko & B. Ostapenko (2001)

A rapid change in the growth and develop-
ment conditions in clear-cut areas often leads
to the forest regeneration that appears beneath
the forest canopy, once in the open space, can-
not withstand the change in living conditions
and usually dies. After cutting down the parent
stand, the growth of light-loving Scots pine
adapts to the new conditions relatively quickly
compared to shade-tolerant tree species. The
more rapidly the light regime and soil moisture

conditions change after the stand is cut down
(causing changes in photosynthesis, transpira-
tion, metabolism, etc.), the worse, the younger
generation of the forest tolerates them and the
faster it dies.

The success of natural seed regeneration
largely depends on the conditions of the forest.
The regeneration of a particular plant improves
with increasing soil moisture and fertility. For
instance, different types of forest vegetation
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conditions (FVC) affect the natural Scots pine
regeneration. The optimal FVC sequence for re-
generation is as follows: wet subir (B,) — fresh
subir (B,) — wet bir (A,) — fresh bir (A,) (Dro-
bush & Levchenko, 2011).

The amount of natural forest regenera-
tion is directly influenced by soil moisture.
Specifically, beneath the canopy of Scots pine
stands in fresh subir (B,), there were 0.3 to
0.7 thousand seedlings per hectare. In the
transition from fresh to wet subir (B, ,), the
amount of natural forest regeneration ranged
from 0.2 to 4.8 thousand seedlings per hec-
tare, and in wet subir (B,), it ranged from 0.6
to 12.4 thousand seedlings per hectare. The
most common natural Scots pine regenera-
tion was observed under parent stands with a
density of 0.6-0.8. Deviations from this den-
sity, either higher or lower, decreased seed-
ling emergence and undergrowth preserva-
tion. In high-density stands (0.8 and above),

this is due to the lack of light for natural
pine regeneration and a forest floor depth. In
low-density stands (0.4-0.5), it is due to the
intensive growth of herbaceous plants (Gord-
ienko et al., 2007).

Thus, natural Scots pine regeneration
should be used, considering suitable (seed
availability; less physical evaporation of mois-
ture from the surface soil layers; reduced tem-
perature fluctuations; absence or slight soil
compaction by sedge and cereal vegetation)
and unsuitable (insufficient light; root compe-
tition from parent trees; depth of forest floor)
conditions beneath the forest canopy and the
effect of positive and negative factors on the
clear-cut areas. Dense natural Scots pine re-
generation (exceeding 8 thousand pcs. per ha)
on a one-year-old clear-cut area typically forms
around 50 m from the uncut part of the parent
pine stand, particularly from the prevailing
westerly winds (Fig. 1).
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Figure 1. Distribution of natural Scots pine regeneration in fresh subir (B,)
on a one-year-old clear-cut area of Dzvinkivske forestry in Boyarka FRS

Note: numerator — thousand pcs. per ha, denominator
Source: V. Levchenko (2007)
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Further west to east is a zone of medium
natural Scots pine regeneration 51-100 meters
away and a zone of rare natural regeneration at
101 meters or more. The dense and medium re-
generation zone covers about 25% of the clear-
cut area, while the rare regeneration zone cov-
ers about 50%. These details are essential when
planning measures to promote regeneration
(Levchenko, 2007).

Research by V. Borodavka & O. Borodav-
ka (2022) revealed that in the logging blocks of
Western Polissia, after carrying out narrow strip
clear-cuts (up to 50 m in width) in wet sub-
ir (B,) forest type, there were between 8.4 and
17.3 thousand natural Scots pine regenerations
per hectare. Furthermore, the undergrowth dis-
tribution was uniform, and the average share of
viable natural regeneration was 78%. In forest
areas, after clearcutting, the recovery of vegeta-
tion cover is slow, with herbaceous species dom-
inating in the initial stages of succession. The
total recovery of the forest ecosystem can take
decades or even centuries, depending on factors
such as soil compaction, climate, and the availa-
bility of seed sources (Buma & Wessman, 2011).
However, a study by H.D. Reategui et al. (2021)
on the impact of partial stand retention during
clearcutting on natural regeneration processes
in Swedish boreal forests found that this ap-
proach promotes a higher diversity of valuable
tree species, their composition, and structure
compared to traditional clearcutting methods.
Thus, because of clear-cutting, a sharp change
in environmental factors is observed in a for-
ested area that was covered with forest, leading
to the disappearance of the forest environment

that had been formed over decades. According
to V. Lavnyy et al. (2022), rapid changes like
these cause a significant reduction in the diver-
sity of soil organisms, including invertebrates,
fungi, and bacteria, which negatively impacts
the decomposition of organic matter, biological
nutrient cycling and soil humus formation. It is
important to note that the growth of seedlings
or self-seeding of previous natural regenera-
tion in areas where clear-cutting has occurred
is hindered, leading to subsequent drying out.

The process of forest regeneration con-
cludes with the crowns of the young stands
closing. Later, when crowns are deeply inter-
grown in single-species young stands and mi-
nor species in mixed stands threaten the main
species, thinning should be initiated to create
the optimal growth and development condi-
tions for the preferred trees.

Thinning operations in young pine stands
are conducted manually using a selective
method. Consequently, there is a need for more
workers in sparsely populated areas of Ukraine,
resulting in delays in these operations. This
problem is solved through linear thinning in
young stands of artificially grown pine. Re-
search by V. Svyrydenko et al. (2006) studied
the impact of thinning in different methods
and under various rarefaction regimes in sin-
gle-species Scots pine forests of artificial origin.
The study found that after the first thinning at
the age of 25, the most extensive stand stock
(344 m® ha) was observed in the control group
(section A), where no thinning was carried out,
and the stand was formed by the natural rare-
faction process (Table 3).

Table 3. Taxonomic forest stands parameters in sections of the permanent plot
in block 27 of Dzvinkivske forestry, Boyarka FRS, after thinning at 25 years

Average
Sections | Stand composition | Stand density . d Stan‘l stock,
height (H), m DBH, cm m*/ha
A 100% Scots pine 1.00 15.6 13.0 344
B 100% Scots pine 0.73 17.0 16.0 260
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Table 3, Continued

Sections | Stand composition | Stand density . Average Stanc! stock,
height (H), m DBH, cm m*/ha
C 100% Scots pine 0.79 16.5 15.4 287
D 100% Scots pine 0.72 16.8 15.8 253
E 100% Scots pine 0.70 16.7 15.7 254
F 100% Scots pine 0.70 16.0 14.9 252

Source: V. Svyrydenko et al. (2006)

The stands’ stock in section D was
254 m3/ha, where every second row of trees
was cut through linear thinning at 11 years of
age. In section E, the stock level was 252 m3/
ha. Here, every fourth row of trees was cut
through linear thinning at 11 years of age,
and every second row was cut at 15. In sec-
tions B, C, and D, where thinning was carried
out manually with different intensities (weak
in section B, strong in section C, and medium
in section D) in a selective manner, the stock

level after thinning was higher compared to
sections D and E, where linear thinning was
carried out. After thinning, lower stands’
stock was observed in sections B, C, and D
(380-406 m3/ha), and the highest stock levels
were found in sections D (436 m3/ha) and E
(420 m3/ha), where thinning was carried out
using a linear method. This contributed to
forming a more optimal spatial and paramet-
ric structure of the stands compared to sec-
tions B, C, and D (Table 4).

Table 4. Taxonomic forest stands parameters in sections of the permanent plot
in block 286 (27) of Plesetske (Dzvinkivske) forestry, Boyarka FRS, after thinning at 51 years

Sections Stand Stand : Average Stand stock,
composition density height (H), m DBH, cm m3/ha
A 100% Scots pine 0.69 25.5 25.5 413
B 100% Scots pine 0.68 25.6 25.5 406
C 100% Scots pine 0.67 25.5 25.8 398
D 100% Scots pine 0.63 26.4 25.8 380
E 100% Scots pine 0.73 25.8 25.5 436
F 100% Scots pine 0.67 26.7 25.5 420

Source: developed by the authors

In single-species Scots pine young stands
with row spacing of 1.5-2.0 m, growing in fresh
subir (B,), thinning can be omitted. It is recom-
mended to begin treatment at the age of 11-13
years, thinning in a linear method by cutting
down every 4th row of trees. As the tree canopy
closes after cutting down the rows in the third
year, it is advisable to carry out the treatment at
the age of 14-16 years by cutting down the trees
of the middle row in three-row strips. When

cutting rows, the trees’ crowns grow towards
the free space, so selective sampling of trees
in the rows should not be delayed for up to 20
years. Timely selection of trees makes it possi-
ble to form symmetrical crowns with respect to
the trunks, ensuring stand growth without the
need for thinning for up to 25 years.

Linear thinning by cutting down every sec-
ond row of trees at 11-13 years is impractical.
This method disrupts the stand canopy and
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causes a sharp change in the microclimate,
leading to soil compaction. Linear thinning is
suitable for Scots pine, which stands up to 20
years old and is technologically simpler than
selective cutting. It is recommended that linear
thinning from the main skidding road be com-
menced by cutting down trees with a chainsaw.
Increasing the distance between rows of trees
allows the use of technological corridors for
skidding the logged trees with small tractors
equipped with hydraulic grippers to the upper
storage area.

Forest stands should grow using native tree
species best suited to the specific forest condi-
tions. However, sometimes, foresters introduce
native tree species into artificial forests without
considering their bioecological properties. In
such cases, attempts to achieve the desired com-
position and stand layers in the future are futile.

In the fresh subir (B,) conditions of Ukrain-
ian Polissya, native stands consist mainly of
Scots pine in the first layer and Common oak
in the second layer. It is inefficient to simulta-
neously introduce pine and oak rows into these
stands, as Scots pine grows faster and overshad-
ows the oak, drying out due to lack of sunlight.

Research by V. Svyrydenko et al. (2005)
found that in single-species Scots pine stands
of artificial origin in fresh subir conditions (B2),
deciduous tree species, such as common oak,
naturally start to appear after 30 years of age.
This occurs when suitable environmental con-
ditions (light, heat, moisture) are established
in the stand to support their average growth
and development. The appearance of deciduous
species in the forest area is linked to deciduous
trees in the nearby top layer of stands.

In a fresh subir (B,), it is not suitable to
establish pine-oak stands and plant oak and
pine seedlings simultaneously. In this case, the
productivity of a mixed oak-pine stand is lower
than that of a single-species Scots pine stand
(Svyrydenko et al., 2005).

The dominant forestry practice in Ukraine
is clear-cutting. Maintaining natural forest re-
generation under the forest canopy relies on
equipment, technological processes, organ-
ization, and logging operations. Therefore,
clear-cutting should be conducted using envi-
ronmentally friendly technologies to maximize
the preservation of economically valuable tree
species. Before clear-cut starting, it’s essential
to mark out skid trails on the logging area, de-
termine the direction and angle of tree felling
(up to 40°), designate areas for stacking the
felling slash, and plan methods for clearing
the logging area while considering the natural
regeneration of the forest on the site. It’s also
crucial to educate employees about the signif-
icance of maximizing the preservation of the
undergrowth of economically valuable tree spe-
cies. By using this approach to clear-cutting, it’s
possible to preserve most of the natural regen-
eration of the forest in the parent stand.

According to the Rules of Principal Felling
(Order of the State..., 2009), shelterwood cut-
ting in Scots pine stands is carried out. The fi-
nal shelterwood cutting step in pine stands is
scheduled for 4-7 years if there is a viable un-
dergrowth of economically valuable tree spe-
cies of seed origin up to 0.5 m in height and
in the amount of at least 8 thousand pcs per
hectare evenly distributed over the area. With
such a recurrence period in pine stands, in the
absence of sidelight, the natural regeneration
of Scots pine is usually depressed - resulting in
insignificant growth in height, pale green nee-
dles, shortened, medium or low density, etc. It
is important to have viable Scots pine under-
growth in a stand over 0.5 meters in height. It
would not be economically rational to ignore
the presence of such undergrowth. Consider-
ing the requirements of the Rules (Order of the
State..., 2009) for the final step of shelterwood
cutting in pine stands and the current state of
natural regeneration of Scots pine beneath the
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canopy of parent stands, it is considered appro-
priate that if there are more than 8 thousand
viable economically valuable tree species per
hectare in pine stands, the final step of shelter-
wood cutting should be appointed without con-
sidering the period of repetition and without
dividing the undergrowth by height. Appoint-
ment of the final step of shelterwood cuttings
in Scots pine stands is advisable only in the ab-
sence of natural regeneration or undergrowth
of economically valuable tree species in less
than 8,000 pieces per hectare within 4-7 years.

In developed countries, there is a growing
interest in using non-clearcutting methods and
close-to-nature forestry, which involves or-
ganizational and forestry measures to restore
and establish sustainable, multi-age, complex
stands of natural and combined origin. This
interest is driven by modern advances in sci-
ence and technology and a deep study of forest
ecology and ecosystem formation processes.
In the research by A. Zhezhkun et al. (2023),
the authors studied the effectiveness of non-
clearcut methods and their impact on the natu-
ral regeneration of Scots pine forests. The study
found that after the initial step of shelterwood
cutting in mature pine stands, which reduced
the stand density to 0.3-0.4 for 4-5 years, the
density of pine undergrowth was 8-20 thousand
per hectare, evenly distributed across the site.
The preservation of the undergrowth after the
initial cutting was between 71-96. At the age of
5-7 years, the formation of mixed pine stands of
different ages was noted. It was also observed
that 11 years after the second step of shel-
terwood cutting, mixed pine stands resulting
from natural and combined forest regeneration
methods had formed. Therefore, the authors
suggest that using non-clearcutting systems is
advisable to establish sustainable and complex
forests through close-to-nature silviculture
and sustainable forest management, ensuring
the continuity of forest cover.

L. O’Brien et al. (2021) also share this opin-
ion, noting that non-clearcutting methods are
closer to the forest’s nature, aimed at preserv-
ing biodiversity, stand structure, forest soil, and
forest ecosystem functions than traditional
clearcutting, and have significant advantages.
Therefore, it is advisable to carry out harvesting
in ways and technologies that will maximise
the preservation and restoration of the forest’s
nature.

Researchers and forestry practitioners face
a particular challenge in studying how various
silvicultural measures and technologies impact
the growth and development of forest stands. In
the paper by N. Saarinen et al. (2020) scientists
investigated how different levels of thinning in
45-70-year-old stands affected the growth of
individual Scot’s pine trees. The study involved
sampling trees for cutting using bottom, top,
and combined methods. The authors found that
the most significant increase in trunk diame-
ter at a height of 1.3 meters and trunk volume
occurred with thinning at an intensity of over
35% using the bottom method. The highest
tree height growth was observed in the control
plots without silvicultural measures. This in-
dicator increases significantly with a decrease
in thinning intensity. Similar results were ob-
tained by E. Valinger et al. (2018). Their study
indicates that different thinning methods and
intensities can significantly affect Scots pine’s
height, diameter, and stock due to changes in
light, temperature conditions, and soil mois-
ture. This is important for practical silviculture,
as it allows one to choose optimal thinning
strategies based on forest growing objectives
— whether to maximize stock, obtain trunks of
a particular shape, or promote natural regen-
eration. Additionally, the results demonstrate
that the impact of thinning can vary depend-
ing on forest conditions, highlighting the im-
portance of considering typological features
when planning forest management measures.
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The natural regeneration of Scots pine
forests is crucial for maintaining biodiversity
and ecological balance in forest ecosystems.
According to A. Felton et al. (2020), naturally
regenerated pine forests have a more complex
structure, contributing to more resilient forest
ecosystems with higher biodiversity. After silvi-
cultural measures are taken to enhance the nat-
ural regeneration process, the stand is charac-
terized by favourable ecological conditions for
the emergence of economically valuable tree
species. The authors emphasize that natural
Scots pine forests are more resilient to climate
change, have a higher capacity to sequester
carbon, and are better adapted to specific for-
est conditions, ensuring their stability and pro-
ductivity until maturity. According to D. Simon
& A. Ameztegui (2023), the study also under-
scores the significant impact of thinning on the
provision of ecosystem services in Scots pine
forests. These findings highlight the necessity
of adaptive forest management, considering
various forestry objectives and future climate
change, to ensure sustainable forest manage-
ment and preserve forest ecosystem functions.

J. Dlugosiewicz et al. (2019) found that the
success of natural forest regeneration is signif-
icantly influenced by soil fertility and moisture
content. The authors studied the effectiveness
of natural and artificial Scots pine regeneration
in different forest types. They emphasized that
the restoration method significantly affects
forest growth parameters and silvicultural and
economic indicators, especially in fresh, moist
conditions. Forest stands established through
artificial regeneration exhibit better growth
rates in the first few years than those natural-
ly regenerated. However, after 5-6 years, nat-
urally regenerated stands catch up and show
higher viability and resistance to harmful in-
sects and forest diseases. The paper also notes
that in contrast to young forest stands, areas
with natural regeneration require intensive

silvicultural treatments with shorter inter-
vals. Scientists point out that forests of natu-
ral origin are characterised by high biological
stability and are genetically and ecologically
better suited to specific forest conditions. This
is a fundamental silvicultural argument, given
the current climate instability and its impact
on forest phytocoenoses. Therefore, foresters
can consider these features and implement
approaches of close-to-nature silviculture in
their forest management practices.

A study by A. Zawadzka & A. Slups-
ka (2022) found that the natural regeneration
of Scots pine beneath forest canopy enhances
the resilience and viability of forest ecosystems.
This conclusion was drawn after observing the
natural regeneration of Scots pine beneath
the canopy of a sparse forest following hurri-
cane winds. The researchers’ main goal was
to improve current forestry practices and de-
velop methods for establishing diverse stands
through natural regeneration. The authors
highlight that more than 65% of the studied
Scots pine seedlings are of high or good quality
and are viable. The most significant reforest-
ation was found in plantations >40 years old,
with a density of 0.5-0.6. Thus, the researchers
recommend that natural forest regeneration be
considered to restructure pine monocultures,
increasing their resilience to negative natural
factors. This approach is presented as an alter-
native method of restoring pine forests in areas
exposed to strong winds.

When growing forests, it’s essential to
consider the physical and geographical condi-
tions, forest vegetation, tree species’ bio-eco-
logical properties, the forest stands’ paleo-
climate, and human activity. Natural forest
regeneration should be fully implemented in
areas with favourable forest conditions. Fur-
ther formation of forest stands by pre-com-
mercial thinning should be carried out using
rational growing regimes and cutting methods
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based on forest-typological knowledge of na-
tive stands in specific forest types. The tech-
nology and process of harvesting should be
determined based on the presence or absence
of undergrowth of economically valuable tree
species on the forest plot.

Conclusions

The analysis of scientifically based approach-
es to forest regeneration, formation, thinning,
and principal felling forms the basis for imple-
menting optimal methods for growing Scots
pine forests in Polissya. The primary focus is
maximizing Scots pine’s natural regeneration,
particularly in wet subir conditions (B,), where
this process is most effective. It is crucial for
forest areas where clear-cutting occurs up to
50 meters from the edge of the uncut part of
the forest due to prevailing winds, contributing
to Scots pine’s dense natural regeneration.

In artificially created young Scots pine
stands characterized by high productivity
and row spacing of 1.5-2.0 m, pre-commer-
cial thinning is recommended using a linear
method. This method has an advantage due
to its better silvicultural impact on the stand
and contributes to forming the optimal spa-

areas where the issue of attracting labour can
be problematic.

In the fresh subir (B,) of Ukrainian Polissia,
the optimal approach to forest regeneration is
to create single-species Scots pine stands. Once
the stand is 30 years old, thinning should be
carried out, considering the presence of native
species, such as Common oak and others. These
species can form a second layer in the future,
enhancing the sustainability and ecological
value of the forest stands.

Harvesting should prioritize environmen-
tally friendly technologies that ensure the pres-
ervation of natural regeneration, especially of
the main species, such as Scots pine. The final
step of shelterwood cutting in Scots pine for-
ests should be carried out only if there is a via-
ble stand of economically valuable tree species,
with at least 8,000 trees per hectare, without
differentiation by height. This approach en-
sures sustainable forest development and pre-
serves its economic and environmental value.

Further research will involve an in-depth
analysis and synthesis of new research results
on the growing of Scots pine forests in Polissya.
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Axotanig. IlMTaHHS, TOB’SI3aHi 3 BUPOLIYBAaHHSM JIiCiB, € aKTyaJIbLHUMM B CUCTEMi BeIEHHS
JIiCOBOTO rOCIOAapCTBa, OCKIIbKM JIiCOTIOHOBJIEHHS, AOTJISIZ, 3 JIiCOM, PyOKM Ta iHIIIi 3aX0AY 3 4aCOM
MOTPe6YIOTh YAOCKOHAJIEHHS Ta HOBUX MiAXOAIB 0 iX TUIaHYBaHHS i BUKOHAHHS 3 TOTPUMAHHSIM
MIPUHIIATIB HEBUCHAXKIMBOTO, 6e3MepepBHOro i pallioHaJIbHOTO BUKOPUCTAHHS JTICOBMUX PECYPCiB.
Tomy MeTOI0 HOCTiIKeHHs 610 TpoaHasIi3yBaTy HAyKOBO OOIPYHTOBAHI MiIX0M 10 BiTHOBIEHHS
JliciB, 31iiicHEHHS PyOOK JOIISIAY, PyOOK rOJIOBHOTO KOPUCTYBAHHS Ta 3aIPOITIOHYBATY ONITMMAaTbHi
LUISIXM BUPOIIYBaHHS COCHOBUX JiciB Ilomiccst. IlpencraBieHO aHali3 HAayKOBUX AOCTiIKeHb,
MOPiBHSIHHS €KCIIePUMEHTATbHUX JAHUX BUPOIIYBaHHS COCHOBUX HACA[KEHb Pi3HUMMU CTIOCO6aMM,
HAJJaHO KPUTUYHY OIiHKY BMMoram «IIpaBm pyboK TOJTOBHOTO KOPUCTYBAHHSI» O MPOBEIEHHS
PiBHOMipHO-TIOCTYMOBUX PYOOK y COCHOBMX JiicaX. BcTaHOB/IEHO, IO HA OFHO- i TPUPIUHUX
3py6ax Ilosiccst onTuManbHe MPUPOIHE TIOHOBJIEHHSI COCHU CIIOCTEPITaEThCS Y BOJIOTOMY Cy60pi,
MiHiMa/lbHe —y CBiskoMy 60Dy, a cepeJHe — y CBisKoMy cy6opi Ta Bosioromy 60py. ['ycTe MOHOBIEHHS
COCHM Ha OJHOpPIUYHMX 3pyOax Big3HauaeTbcs Ao 50 M, cepenHe — Ha Bigcrani 51-100 m, pigke —
6inpme 100 m Big Hespy6aHoro Jjicy. MakcumanbHi 3amacu (420-436 m3/ra) Ta onruMasnbHa
CTPYKTypa AepeBOCTaHiB y Bili 51 pOKy AOCATArOTbCS MMiC/AsS JiHIMHUX PYOOK MPOUMIIEHHS.
CTBOpEHHS JTICOBUX KYJIbTYP COCHU Y CBixkOMY cy6opi 3 1y6oM € HepallioHaJTbHUM, OCKITbKM Ty6
BUIIAA€ 3 HAcaaKeHHS. JIMCTSHI BUAY, 30KpeMa Iy6, 3’IBJITIOThCS IPUPOIHUM IIISIXOM Ticas 30
POKiB i MOKyTb chopmyBaTu apyruii sipyc. [Ipupono3s6epiraroui TeXHOMOTIi CYIIbHOMICOCIUHMX
pPYyOOK TOJIOBHOTO KOPUCTYBAHHS 36epiraioTh mifgpict. OcTaHHil npuitoM piBHOMipHO-TIOCTYIOBUX
pPYOOK y COCHOBMX JIicax 3 JKUTTE3ZATHUM IIiIPOCTOM IMOHAA, 8 THC. IIIT./TA He BAPTO NMPU3HAYATU
yepe3 4-7 poKiB, K BMMaramTh «[IpaBujia pyObOK TOJIOBHOTO KOPMUCTYBaHHSI». PesyimbraTi
IOCTTiIPKeHHST MOKYTb CTaTV OCHOBOIO [IJIs1 BAOCKOHA/IEHHSI HOPMAaTMBHO-TIPABOBUX JOKYMEHTIB Ta
MPaKTUYHMUX peKOMeHAlliil o0 pallioHaJIbHOTO BUPOIIyBaHHS COCHOBUX JTiciB [Tomiccst

KirouoBi cioBa: mpupoHe MOHOBIEHHS JIiCY; COCHA 3BMUAliHA; PYOKM MOISY; 1€PeBOCTaH;
PYOKM rOI0BHOIO KOPUCTYBAHHSI
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to control them. The purpose of the study was to determine the sanitary state of spruce stands
and pheromone monitoring of xylophage insect populations. The degree of damage to the spruce
plantation was determined in accordance with the scale of sanitary state indices as a weighted
average value of the assessment of the distribution of trees of different categories of condition.
Based on the results of accounting on the test areas, the sanitary state index (average category) of
the spruce stand was calculated, it was found that the most vulnerable to pathological factors were
trees in the smallest (8, 12, and 16 cm, respectively) and the largest (44 cm) diameter class. The use
of pheromone monitoring to assess the state of forest stands was aimed at identifying the presence
of harmful organisms in a certain territory, determining their species composition, abundance, and
development dynamics. In the forest area where the pheromone survey was carried out, insects were
found and identified, including the sharp-dentated bark beetle Ips acuminatus, European spruce
bark beetle Ips typographus, spruce wood engraver Pityogenes chalcographus, synanthropic species
of depressed flour beetle Palorus depressus, and the predatory ant beetle Thanasimus formicarius.
The largest number of individuals in traps was recorded in the European spruce bark beetle during
the entire observation period, where from 10 to 15 individuals were caught for each trap, as well as
in a synanthropic species Palorus depressus. The potential reproduction opportunities of xylophage
insect populations were analysed, and the population of Ips typographus has the highest settlement
density, the number of beetles of the younger generation or the production of stem pests of which
averaged 34 holes per 1 dm™. Despite the low density of the settlement, Pityogenes chalcographus
has the ability to attack almost healthy trees and forms continuous mass populations in the
surveyed plantings together with the European spruce bark beetle. The results obtained will be
useful for monitoring and controlling pests, which will allow timely detection and assessment of
the level of threat to forest stands

Keywords: phytophagous insects; accounting; pheromone traps; Ips typographus; Pityogenes
chalcographus

Introduction

Forest ecosystems play a key role in the eco-
logical evolution of the biosphere and main-
taining its natural state, especially in the mod-
ern technological period, when the balance
of oxygen and carbon is disturbed under the
influence of anthropogenic factors. The com-
position of forests is undergoing changes, the
age structure of forests is changing, the stabil-
ity and viability of spruce forests are sharply
reduced, and their mass death occurs. The area
of forest landscapes continues to decline cat-
astrophically, and researchers emphasize that
the natural process of forest ecosystem devel-
opment ensures the stability of mixed forest

stands and their viability, and high productiv-
ity of spruce forests under appropriate plant
growth conditions.

According to O. Jakoby et al. (2019), spruce
stands, especially monocultures, are in a state
of degradation and mass drying out. There
are several main reasons for the degradation
of spruce crops, including, in particular, a de-
crease in diversity and increased vulnerability
to pathogens and pests, disruption of the vital
activity of not only the ground part, but also
root systems. A decrease in growth and a mas-
sive increase in spruce monoculture prevails in
mature forests, although smaller volumes are
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also observed in middle-aged ones, and even
less often in young stands.

P. Lehmann et al. (2020) investigated that
the European spruce (Picea abies (L.) Karst.) has
a significant potential for forest restoration,
is easily grown in nurseries, successfully takes
root in cutting areas, and grows quickly, and its
wood is valuable on the market. However, there
are certain negative aspects in its genetic struc-
ture, such as low wind resistance, vulnerability
to rotting diseases of the root system, attacks
of phytophagous insects, etc. This is confirmed
by the increase in the number of wind trees and
the breaking off of spruce branches due to the
influence of climatic abiotic factors on spruce
stands, and the drying up of plantings due to
the intensive spread of pathogens and a com-
plex of insects-phytophagous, which was con-
sidered in the study by T. Hlasny et al. (2023). It
should also be noted that for a significant time
of the last century in monodominant spruce
plantations in Ukraine, there was a decrease in
growth, dryness, and mass drying of spruce.

As noted by S. Karvemo et al. (2023), spruce
forests in Europe are experiencing large-scale
drying caused by spruce bark beetle (Ips ty-
pographus L.), natural phenomena, and periods
of drought that are becoming more frequent
as a result of climate change. S. Berthelot et
al. (2021) proved that tree diversity creates an
environment where favored coniferous species
are less accessible to bark beetles. Ips typogra-
phus is one of the most important species that
affect the forest ecosystems of Eurasia, causing
massive mortality of the host tree Picea abies
(Hofmann et al., 2024). Global warming and ex-
treme climate events have caused unprecedent-
ed outbreaks of xylophage insects in coniferous
forests around the world (Marini et al., 2017),
hence, J. Romeiro et al. (2023) suggested that
an effective forest management strategy should
assess the structure and composition of plant-
ings to determine potential damage from bark

beetles. Coniferous tree species weakened by
abiotic and biotic factors are susceptible to bark
beetle colonization. L. Lehmanski et al. (2023)
found that a significant proportion of trees with
weakened protection create favourable condi-
tions for the accumulation of insect popula-
tions, but the mechanisms that encourage the
search for nutrient plants by pioneer beetles
are still unknown to many species, including
Ips typographus. Consequently, dendrophilous
insects have a significant impact on the pro-
ductivity and stability of stands, since damage
can lead to changes in forest biocenoses and
even drying out.

The purpose of the study was to investigate
the main factors of drying out of spruce stands
with an assessment of the sanitary state and
analysis of the species composition of xylophage
insects by conducting pheromone monitoring.

Materials and Methods

Object of research - the main factors of drying
out of spruce stands under the intense influ-
ence of abiotic and biotic factors. The subject of
the study — pheromone monitoring of insects —
xylophages of spruce stands.

The study was conducted during 2023 in a
plantation dominated by Picea abies in the for-
estry part of the green zone forests of the Ple-
setsk Forestry of the separate subdivision of the
National University of Life and Environmental
Sciences of Ukraine “Boyarka Forest Research
Station”, forest crops of heterogeneous com-
position, namely 30% of Norway spruce (Picea
abies) aged 46 years, 20% Norway spruce (Pi-
cea abies) aged 62 years, 20% Scots pine (Pinus
sylvestris), 30% European white birch (Betula
pendula) of natural origin and a slight admix-
ture of European aspen (Populus tremula) and
common oak (Quercus robur), with an uneven
forest density of 0.85, growth class 1. To de-
termine the dynamics of pathological process-
es and the volume of drying, field studies and
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information from the database of scientif-
ic data of the separate subdivision “Boyarka
Forest Research Station” of the National Uni-
versity of Life and Environmental Sciences of
Ukraine were used.

Detailed forest pathological surveys in the
spruce dieback areas were carried out by lay-
ing out temporary trial plots around existing
group tree dieback areas, according to gener-
ally accepted methods (Goychuk et al., 2012;
Methodological guidelines..., 2020; Puzrina et
al.,, 2021) and in accordance with regulatory
reference materials (Standard of organizations
of Ukraine..., 2007). The state of forest stands
was determined by the average sanitary state
index of trees (I)), the health of each tree was
determined in accordance with the sanitary
rules in the forests of Ukraine (Resolution of
the Cabinet of Ministers of Ukraine..., 2016).

The following studies were carried out dur-
ing the fieldwork on the trial areas:

1. Assessment of sanitary state: sanitary
state (Is) of plantings were calculated using the
equation (1):

I =20, M
where I - index of sanitary state of plantings;
k -k, — tree state category (from I to VI); n, -
number of trees of the corresponding state cat-
egory; N - total number of trees in the sample.

The degree of damage to plantings with a
preference in the composition of Norway spruce
was determined in accordance with the scale of
values of sanitary state indices as a weighted
average value for assessing the distribution of
trees of different categories of condition. Based
on the results of accounting for test areas, the
index (average category) of the sanitary state of
the spruce stand was calculated

According to the sanitary state indices,
plantings are characterised by the following
indicators: 1.0-1.50 - healthy; 1.51-2.50 -

weakened; 2.51-3.50 — severely weakened;
3.51-4.50 - drying; 4.51-6.00 - dry (Methodo-
logical guidelines..., 2020; Puzrina et al., 2021).

2. Determination of the entomocomplex
of insects-phytophagous: identification and
counting of insects-xylophages of Norway
spruce were carried out. Insect species, their
abundance, and distribution in plantings were
determined using pheromone traps. A barri-
er-type trap with a replaceable glass collector
and a dispenser with artificially synthesized
pheromone was used for accounting Ips ty-
pographus (manufacturer - BioChemTech,
Ukraine). Phenological observations and de-
tection of bark beetles during pheromone
surveillance lasted from the second ten days
of April to the first ten days of October (Za-
vada, 2017; Levchenko et al., 2023). Barrier
traps were used to detect bark beetles of sub-
family Scolytinae, to catch adult bark beetles,
a pheromone dispenser was attached to the
trunk of live trees at the border between live
and dead branches (Fig. 1).

Pheromone traps were hung at a height of
1.3 to 1.5 m above the ground at a distance of at
least 15 m from each other and 20 meters from
the wall of the forest and living trees. When
hanging traps, temperature conditions and
emergence periods of the bark beetle imago of
Ips typographus were considered (Zavada, 2017;
Puzrina et al., 2021). Control of the number of
bark beetles in traps was carried out every 7-10
days and ended on October 7. During the in-
spection, the traps were regularly checked and
cleaned, as dead insects can scare away other
insects from the population with their scent.

The population indices of insects that in-
habited trees in the drying areas were deter-
mined by the pallet method on model spruce
trees (Methodological guidelines..., 2020;
Puzrina et al., 2021). The state of the popu-
lation and its impact on forest stands help to
assess the quantitative characteristics of the
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number of emergence holes) and the density
of the settlement.

insect population, in particular: the number,
prevalence, production of young beetles (the

Figure 1. Pheromone trap “Barrier” and a dispenser
with artificially synthesized pheromone of Ips typographus

Source: photo by the authors

When studying the settlement density Ips
typographus, model trees were cleaned of knots,
and a 10 cm wide part of the bark was removed
from the base to the top. To determine the set-
tlement density by the number of mother galler-
ies per 1 dm?and production of young beetles by

the number of emergence holes per 1 dm? (Ta-
ble 1, Fig. 2) the method of accounting palettes
was used at the settlement sites of each insect
species of the bark beetle subfamily Scolytinae.

The collected material was analysed in the
laboratory conditions (Fig. 3).

Table 1. Criteria for assessing the density
of xylophage insects and the number of young generations

Numerator - settlement density, (number of mother galleries);
. denominator - the number of the younger generation
Species (emergence holes), units-dm
low average high
2.5 or less 2.6-6.0 6.1 or more
Ips typographus
10.0 or less 10.1-15.0 15.1 or more
10.0 or less 10.1-20.0 20.1 or more
Pityogenes chalcographus
20.0 or less 20.1-30.0 30.1 or more
2.0 or less 2.1-5.0 5.1 or more
Ips acuminatus
6.0 or less 6.1-10.0 10.1 or more

Source: Methodological guidelines for monitoring, recording and forecasting the spread of forest pests and
diseases for the flat part of Ukraine (2020), N. Puzrina et al. (2021)
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Figure 2. Bark beetle passages and emergence holes

Source: photo by the authors

Figure 3. Identification of bark beetles

Source: photo by the authors

The Konus Trinocular Biorex 3 Biological
1,000X microscope was used to identify and
photograph captured bark beetles. The authors
adhered to the Convention on Biological Di-
versity (1992) standards and Convention on
the Trade in Endangered Species of Wild Fau-
na and Flora (1973), so experimental studies of
plants corresponded to national and interna-
tional guidelines.

Results and Discussion

The development of drying foci in the study
area began with a single death of trees dur-
ing 2022, but already in 2023 group death
prevailed, which tended to expand with the
appearance of block and continuous foci over
the entire area (Fig. 4). Based on the results
of a continuous list of trees of the surveyed
plantings on an area of 2.8 hectares, the
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sanitary state index of tree species was es-
tablished. The amplitude of the sanitary state
index from 2.43 to 4.05 indicates an almost

uniform nature of weakening and allows iden-
tifying a number of factors that cause their
weakening (Table 2).

Figure 4. Plantation under study (drying focus)

Source: photo by the authors

Table 2. Sanitary state index

Tree species NlImeer of :Irees of tlllleI corresplti;ldmg caz;egory, ul;;;s Sanitary state index
Picea abies 9 119 546 398 47 425 1V,05
Pinus sylvestris 29 97 79 36 5 11 11,70
Quercus robur 0 1 7 21 0 0 111,68
Betula pendula 6 29 58 87 0 13 111,46
Populus tremula 2 8 5 0 0 1 11,43
Alnus glutinosa 4 9 48 43 0 3 111,32

Source: compiled by the authors

Assessing the sanitary state of a stand
with a composition of 30% Norway spruce (Pi-
cea abies) aged 46 years, 20% Norway spruce
(Picea abies) aged 62 years, 20% Scots pine
(Pinus sylvestris), 30% European white Birch
(Betula pendula) of natural origin and a slight
admixture of European aspen (Populus trem-
ula) and common Oak (Quercus robur) for the
main tree species, it should be noted that the
plantings have an average sanitary state index
of IV,05 and belong to the drying ones. As can
be seen from the analysis of the obtained data
from a continuous list of trees of other species,

the Betula pendula and Quercus robur trees in
the plantation are severely weakened.

It was found that trees without damage
prevailed in the growth of trees with existing
pathological signs of weakening and with in-
dicators of wood decomposition. In accord-
ance with the distribution of trees by diame-
ter class, trees of different diameters died in
the drying cells. Comparing the distribution
of trees by categories of sanitary state in dif-
ferent diameter classes with the average for
planting, it can be noted that the most vul-
nerable were trees in the smallest (8, 12 and
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16 c¢m, respectively) and the largest (44 cm)
diameter class (Fig. 5). Notably, trees with a
5.19
47 4
I B 395 328
8 12 16

20 24

Sanitary state index
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diameter of 44 c¢cm as part of the plantation
were 62 years old.
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Figure 5. Distribution of Picea abies trees of different diameter class

Source: compiled by the authors

In the resulting drying foci, the number
of bark beetles was concentrated, followed by
the settlement of adjacent spruce trees, the ex-
pansion of existing ones and the development
of new foci. Spruce trees of different diameter
class with a predominance of larger specimens
died in the drying foci. In general, during 2022-
2023, in plantings with signs of drying out due
to the spread of foci of pathological death of
trees, the total relative loss in the number of
trunks increased, and the condition of very
weakened trees worsened to drying out (av-
erage index — IV,05). Such dynamics of drying
out due to the spread of insect populations-xy-
lophages is inherent in coniferous stands, in
particular for pine stands, such dynamics were
noted by A.M. Zhezhkun (2021) and N. Puzri-
na et al. (2022). Stem pests participate in the
decomposition of wood of individual branches,
parts of trunks and whole trees during feeding,
but certain species of xylophagous insects un-
der favorable conditions for reproduction and
a sharp increase in the population can cause
damage to viable trees, which is confirmed by
N. Puzrina et al. (2022) in pine plantings and
the results obtained for plantings with a pre-
dominance of common spruce.

Pheromone monitoring of forest stands
provides information about the presence of

foci of phytophagous insects in the plantings,
helps to determine the species composition,
number and dynamics of potential expansion
of the focus in plantings with an available food
base. It becomes possible to determine the
rate of population spread and the variability of
morphological features of adult insects during
the summer period, especially when the popu-
lation density is low (the initial phase of focus
development) and predict the timing of for-
est protection measures. Among the various
forestry measures to reduce economic losses
during outbreaks of bark beetle populations,
sanitary tree felling is a method that is often
practiced both in Europe and in North Amer-
ica, but in Ukraine, the ban on cutting down
freshly planted trees during the “silence peri-
od” from April 1 to June 15 reduces the effec-
tiveness of control of xylophage insects (Kra-
marets & Matsiakh, 2018).

The main tasks of using pheromone traps:
detection of new foci; establishment of focus
boundaries; establishment of the dynamics of
phytophagous insect swarm; creation of the
so-called “sexual vacuum” and disorientation
of males to reduce the number with the help
of pheromone traps, that is, violation of pher-
omone communication between the sexes (Mu-
jezinovic et al., 2023). According to research
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by C. Fettig & A. Munson (2020) and M. Braca-
lini et al. (2024), it is possible to use pheromone
traps with bark beetle aggregation inhibitors.
Notably, the use of pheromones does not pol-
lute the environment, as they are environmen-
tally safe and act selectively on insects of a par-
ticular species. However, not all individuals are
attracted to artificial pheromones; part of the
population is insensitive to them and gives ar-
tificial pheromone-resistant offspring that are
also resistant to these pheromones, so if traps
are used for several years, a significant part of
the population may not respond to the phero-
mone (Fruhbrodt et al., 2023).

Insects were found and identified in the
drying foci, including the sharp-dentated bark
beetle Ips acuminatus Gyll., European spruce

bark beetle Ips typographus L., spruce wood en-
graver Pityogenes chalcographus L., synanthrop-
ic species Palorus depressus Fabricius, and en-
tomophagous Thanasimus formicarius. Among
them, the largest number of individuals was the
European spruce bark beetle. During the entire
period of observations of the traps, the capture
of an adult European spruce bark beetle in the
amount of 10-15 individuals per trap and syn-
anthropic species Palorus depressus was record-
ed singly. Some species of predatory entomo-
phagouses, in particular ant beetle Thanasimus
formicarius L., fell into the traps, and one of the
traps contained the tanner beetle Prionus cori-
arius L., but their number was small and did not
exceed one individual per trap during the ten-
day catch period (Fig. 6).

Figure 6. Entomocomplex of spruce stands

Source: photo by the authors

To determine the degree of settlement
of spruce by xylophage insects, model trees
were used, each of them was cleaned of
knots, and the length of areas of thin and
thick bark was determined. Separately, on
dry and drying trees, the species composi-

tion was determined and the density of the
settlement was taken into consideration,
that is, the average number of species of the
subfamily Scolytinae families Curculionidae
per square decimeter of the trunk surface
was determined (Table 3).

Table 3. Degrees of tree colonization by xylophage insects

. Density of settlements, mother Production of stem pests, emergence
Species . i _
galleries per 1-dm? holes per 1-dm™
Ips typographus 22.8+6.4 high 33.6%£2.9 high
Pityogenes 6.4+0.2 low 32.4%1.2 average
chalcographus
Ips acuminatus 0.3%0.1 low 1.1+0.2 low

Source: compiled by the authors
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The identified populations of xylophagous
insects are characterized by different degrees
of settlement, and they are also observed on
trees of different categories, but only very
weakened Norway spruce trees contained sin-
gle specimens of Ips acuminatus. The popu-
lation of Ips typographus has the highest set-
tlement density, the number of beetles of the

younger generation or the production of stem
pests of which averaged 34 holes per 1 dm™
(Fig. 7). Despite the low density of the settle-
ment, Pityogenes chalcographus has the abili-
ty to attack almost healthy trees and forms
continuous mass populations in the surveyed
plantings together with the European spruce
bark beetle.

Figure 7. Production of stem pests

Source: photo by the authors

The process of degradation of spruce for-
ests is highlighted in a number of studies by
forestry scientists back in the 19™-20% cen-
turies (Austara et al,, 1986; Christiansen &
Bakke, 1989), when global climate warming,
anthropogenic air and soil pollution, etc., were
not yet noted. According to research by V. Kra-
marets & I. Matsiakh (2018) xylophage insects
have a significant impact on the deterioration
of spruce forests after their weakening under
the influence of various factors (dry periods,
thinning of stands due to logging, etc.). The
largest number of species belongs to the fam-
ily Curculionidae), in particular from the sub-
family Scolytinae, in particular, the spruce tree
is actively inhabited by the European spruce
bark beetle Ips typographus and its accompa-
nying bark beetle species, which is confirmed

by the current study. The researchers note that
the drying processes of spruce and other tree
species were previously explained as a con-
sequence of the action of a single factor, but
in forest biocenoses there is often a complex
action of pathogens, ecological groups of in-
sects-phytophagous, and factors of inanimate
nature, the influence of which can be signifi-
cantly modified by protective mechanisms

S. Hofmann et al. (2024) identified spe-
cies-specific features of Ips typographus, which
contribute to mass outbreaks, include the abil-
ity to successfully populate even healthy trees
due to intraspecific pheromone communica-
tion, high fecundity, and phenological plastici-
ty. Ips typographus is a multivoltine bark beetle
that can form up to three generations per year.
Most of the beetle’s life cycle occurs under the
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bark, where it reproduces and develops in the
phloem. Consequently, the process of develop-
ment of foci of mass reproduction of xylophage
insects includes different phases, each of which
differs in the typical population size, which is
confirmed by N. Puzrina et al. (2022) in studies
on pine plantations and current surveys. Popu-
lation dynamics of Ips typographus in space and
time, from the phases of low beetle numbers
(endemic stage) to population growth and the
outbreak stage, and especially in the dispersal
stage, it is characterized by the search for a
suitable habitat and nutrient plant. According
to N. Puzrina et al. (2022), near mass breeding
areas, where the population size is too large,
migration centers are usually formed, where
insects migrate to look for new places to settle.
Migration foci exist for several years, until the
population completely dissipates and does not
return to the initial number.

S. Netherer et al. (2024) concluded that dur-
ing the epidemic phase, mass aggregation using
sex pheromones leads to rapid colonization of
Norway spruce trees (Picea abies), which was
also noted during the current study of spruce
stands. They noted that the European spruce
bark beetle is one of the most dangerous spruce
pests. It penetrates under the bark of the tree
and feeds on its cambial tissues, which leads to
the death of the tree. During a drought, when
the tree is already weakened, the bark beetle
has a better chance of successful settlement
and reproduction. In addition, the bark beetle
is often a carrier of pathogenic fungi, such as
fungi of the genus Ophiostoma, which can cause
additional damage to the tree. These fungi
spread through the vascular system of the tree,
which leads to an even greater weakening of the
spruce and accelerates its death.

According to the research by P. Lehmann et
al. (2020), due to climate change, the distribu-
tion of most insect species is determined by
temperature-dependent population dynamics

and trophic interactions. In a chronic pest fo-
cus, insects that attack trees are usually in
a phase of increasing or concentrated abun-
dance, due to the formation of populations
with reduced density. L. Meshkova et al. (2017)
note that they are characterized by a relatively
moderate level of insect numbers (although it
is increased compared to healthy forests) and
a limited number of trees that have withered in
the current year. Episodic foci, or foci of mass
reproduction, are characterized by a short (3-5
years) period of development, a high level of
population size and a significant volume of dry-
ing trees. In both cases, reversible and irreversi-
ble consequences for forest stands are possible,
but in the latter case, when mass reproduction
of insects occurs, complete destruction of the
forest is usually observed.

Thus, the deterioration of the sanitary state
of plantings of Norway spruce is the result of
a complex impact of various factors, including
abiotic and biotic factors, such as pathogens,
insects, climate change, and human activity.
Forest degradation includes the loss of resist-
ance of trees to various negative factors, such
as diseases and pest attacks, and a decrease in
wood growth. To prevent environmental threats
in spruce stands, it is effective to control pests
and pathogens, as well as control and monitor-
ing of xylophage insect populations and their
population dynamics using pheromone traps,
in particular.

Conclusions

An assessment of the sanitary state of the
plantation with a composition of 30% Norway
spruce (Picea abies) aged 46 years, 20% Norway
spruce (Picea abies) aged 62 years, 20% Scots
pine (Pinus sylvestris), 0% European white birch
(Betula pendula) of natural origin and a slight
admixture of European aspen (Populus trem-
ula) and common Oak (Quercus robur) and it
was found that due to the Norway spruce that
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prevails in the composition, the plantings are
classified as drying with a sanitary state index
of IV,05. For Pinus sylvestris, this indicator was
11,70; for Quercus robur — 111,68; for Betula pen-
dula - T11,46; for Populus tremula - 11,43; for
Alnus glutinosa — 111,32 respectively. For Picea
abies, the distribution of trees by categories
of sanitary state in different diameter classes
was compared with the average indicators for
the stand, and a significant deterioration in the
sanitary state of trees with the smallest (8, 12
and 16 cm, respectively) and the largest (44 cm)
diameter class (age 62 years) was found.
During the surveys, insects were identified
in pheromone traps, including Ips acuminatus
with low settlement density (0.3 = 0.1 moth-
er galleries per 1-dm2) and the production of
young beetles (1.1 +0.2 emergence holes per
1-dm2), Pityogenes chalcographus with low

settlement density values (22.8 * 6.4 mother
galleries per 1-dm) and production of young
beetles (33.6 2.9 emergence holes per 1-dm?),
respectively.

Pheromone monitoring determines the
species composition of xylophage insects, the
rate of population spread, the variability of
morphological features of adult insects during
the summer period, and predict the timing of
forest protection measures. Therefore, in or-
der to preserve natural complexes and proper-
ly maintain the forest fund in an appropriate
sanitary state for the implementation of pro-
tective, water-regulating, aesthetic and sani-
tary-hygienic functions of forests, it is neces-
sary to constantly monitor and take a set of
measures to improve the sanitary condition.
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Anoranig. Komaxy-kcmiodaru MOKYTb 3aBIATM 3HAYHOI ITKOM JTicaM, BUKIUKAIOUM BCUXAHHS
nepeB. ®epOMOHHMIT MOHITOPMHT [O3BOJISIE BYACHO BUSIBUTU TIOSIBY IMX IIKIZHUKIB i BXUTU
3axOfiB ISl iX KOHTpOm0. MeTa MOCIIIKEHHS TOJSraja y BU3HAUEHHI CAHiTapHOTO CTaHy
SUTMHOBOTO HACa/KeHHS Ta (HepOMOHHOTO MOHITOPUMHTY TIOMY/sALiid KoMax-Kcuiodaris.
CTyniHb TOUIKOMKEHHSI HACAJKEHHSI SUIMHM 3BUYAHOI BM3HAYaNM BiAIOBIIHO MO IIKaIN
3HAYEeHb iHJEKCiB CAaHITApHOTO CTaHy SIK CepedHbO3BaskeHe 3HAUeHHS OLIiHKM PO3IIOAiTy AepeB
pisHMX KaTeropiit crany. 3a pesynbTaTaMy OOJIKiB Ha MPOOHMX IIIOIIAX PO3PaxXOBaHO iHIEKC
(cepemHIO KaTeropirw) caHITAPHOTO CTaHY SUIMHOBOTO JI€PEBOCTAHYy 3arajioM, BCTAHOBJIEHO, IO
Haii6iNbII yPasaMBUMU O TTATONOTIYHMX UYMHHMKIB BUSABWINCS JepeBa B HaliMeHmuX (8, 12 Ta
16 cM BifIOBigHO) Ta HaitbinbuIOMY (44 €M) CTYIEHSX TOBIIMHU. BuKopucTaHHs GepoMOHHOIO
MOHITOPUHIY [JISI OLIHKM CTaHy JIICOBMX HACaIKe€Hb MaJlo Ha METi BUSBJIEHHS HAsSIBHOCTI
HIKiJJIMBUX OPraHi3MiB Ha IEeBHili TepUTOpii, BU3HAUEHHS iX BUIOBOIO CKJIaAdy, YMCEIbHOCTI Ta
IVHAMiKVM PO3BUTKY. Y JIiCOBOMY MacuBi, e 6yo mpoBeneHo ¢hepoMOHHMIT 06JTiK, BUSIBIIEHO Ta
imeHTM(dikoBaHO KOMax, BK/IIOUAIOUM BEPIIMHHOIO Kopoiga Ips acuminatus, kopoima-tumnorpada
Ips typographus, rpaBepa 3BudyaitHoro Pityogenes chalcographus, cuHanTpornHoro Buay Palorus
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depressus Ta XuKoro Mmypaxosxyka Thanasimus formicarius. Haii6inbia KibKicTb 0COOMH y MacTKax
dixkcyBanacs y kopoima-tunorpada MNpoTIroM YCbOro Iepiofy crocTepeskeHb, Ae Ha KOXKHY
MAaCTKy BimmosmoBasocs Bix 10 1o 15 oco6uH, a TaKOX y CMHAHTpOIHOTO BuAy Palorus depressus.
IIpoaHani30BaHO TMOTEHLiHI MOXIMBOCTI PO3MHOXKEHHSI TOMY/sILili Komax-Kcuaodaris,
Haii6iNbIIy IibHICTD MMOCENeHHS Ma€e MONynsis Ips typographus, 9MCcenbHICTh KYKiB MOJIOLOTO
TTOKOJIiHHS 260 TIPOAYKIIisl CTOBOYPOBUX IIKiTHUKIB SKOTO CTAHOBWIA B CEpeIHbOMY 34 OTBOPU
Ha 1 v 2. He3Baskarouu Ha HM3bKY LIITBHICTh TTOCEeHHS, Pityogenes chalcographus mae 30aTHiCTh
aTaKkyBaTM MPAKTUYHO 3I0POBi JlepeBa i B 06CTesKyBaHOMY HacakKeHHi GopMye CYITibHi MacoBi
MOMyJIsILii CIiibHO i3 KopoimoMm-tunorpadom. OTpuMaHi pe3ynbTaT GYAYTh KOPUCHUMU IJIs
MOHITOPMHIY i KOHTPOJIIO LIKiJHMKIB, [0 TO3BOJINTDH BUaCHO BUSIBUTY Ta OLLiIHUTY PiBEHb 3arPO3U
IIJIS JTiICOBUX HacaakeHb

KiniouoBi cioBa: komaxu-gitodaru; o65ik; ¢pepomMoHHi mactku; Ips typographus; Pityogenes
chalcographus
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Abstract. To ensure the durability and safe operation of wood composite products, it is necessary to
clearly understand how operating conditions affect the adhesive properties of materials. The aim
of the study was to experimentally investigate the influence of operating conditions on the change
in weight and size of samples with a base of chipboard and medium-density fibreboard, laminated
with oak veneer using glues of different degrees of moisture resistance was experimentally
investigated. The regularities of these factors effects on the materials and the strength of the glue
joint have been established. It was found that the increase in weight of samples with a chipboard
base was at the level of 6.25%. For medium-density fibreboard, the value was slightly different
and was 4.3%. If the environmental conditions were combined, the indicators of chipboard and
medium-density fibreboard samples decreased to 3.72 and 2.99%, respectively. It had also been
established that the most stable was glue “Rakoll Express D3”. While the worst performance was
demonstrated by the glue “Woodmax WR 13.50M”. The maximum increase in linear dimensions
was recorded in chipboard samples with “Rakoll Express D3” glue — 5.25%. Stability coefficients
were calculated, indicating a significant decrease in strength, especially under the influence of
humidity and temperature at the same time. The least stable was the combination of medium-
density fibreboard and “Woodmax WR 13.50M” glue. Instead, the best resistance was demonstrated
by the combination of chipboard with “Rakoll Express D3” glue. It was found that the humidity
of the environment has a more significant influence on the linear dimensions. The use of wood
composites in structures where materials are exposed to changes in temperature, humidity, and
ultraviolet radiation is important to ensure the long-term service and reliability of such products

Keywords: wood materials; operating conditions; linear dimensions; wet environment;
temperature and humidity fluctuations; destructive pressure

Introduction

As the increase in greenhouse gas emissions
due to industrial development accelerates
global warming, architecture in the 21 cen-
tury is moving toward meeting not only struc-
tural stability, but also energy efficiency and
environmental considerations. Along with re-
liability, building codes and standards require
buildings to be airtight, which helps save en-
ergy and avoid structural damage, as well as
providing good sound and thermal insulation
(Lysenko et al., 2019).

Gluing is an important technological stage
of connection in many industries, including
furniture. The adhesive joint is gaining more
and more interest due to the increasing demand
for the combination of disparate structural ele-
ments When two materials are in contact, proper

adhesion between them is essential. Therefore,
according to M. Derikvand et al. (2021), it is
necessary to successfully combine methods of
achieving the required joint strength, even be-
tween different types of wood materials. A. Piz-
zi & K.L. Mittal (2018) noted that the main
reason adhesion cannot be clearly defined is its
very complex nature. Adhesion research over
the years has resulted in a more consistent and
multidirectional definition of adhesion.

People have long built construction using
wooden elements. The large size and uniform-
ity of the properties of Cross Laminated Timber
Structures (CLT) panels determine their poten-
tial for construction (bearing walls, floors). As
with solid wood, CLT structures are significant-
ly affected by the humidity of the environment.
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F. Brandstitter et al. (2023) showed that mois-
ture transport model can be used to realistically
simulate moisture absorption and drying under
adverse conditions. The effect of adhesive lines
connecting the layers of CLT panels during
the experiment on moisture transfer was in-
vestigated. It was found that the adhesive line
has little effect on the moisture content of the
surface layers of CLT, but the effect increases
towards the middle layer. However, the envi-
ronmental conditions of the operation of these
panels were not investigated.

Research into the manufacture of bonded
structures and their manufacturing processes
has contributed to finding ways to make such
products cheaper. This approach can provide
a significant reduction in overall construction
costs. The main aim of the work by P. Resnais et
al. (2021) was to study the use of residual mate-
rials resulting from the processing of CLT pan-
els. That is, assessed the possibility of repro-
cessing residual materials resulting from the
processing of glued wooden structures. During
the testing of the panels, two main objectives
were realized: to compare the technical charac-
teristics of the remnants of the CLT panels with
the classic CLT panel and to evaluate the effect
of two types of resins (melamine-urea-formal-
dehyde (MUF) and polyurethane (PU)) on the
structural properties of the recycled CLT mate-
rials. Research results show that the recycling
of glulam construction waste can give good re-
sults, and the waste of CLT panel production can
be successfully used in construction, reducing
the cost of CLT panel production. However, the
influence of operating environment conditions
on such products has not been investigated.

Many studies have been directed to the
modification of adhesive compositions. Thus,
V.G. Ravindra (2023) investigated the effect of
adding N-methylol acrylamide (NMA) co-mon-
omer to PVA-based wood glue on water resist-
ance and thermal stability. Compared with the

traditional water-resistant wood adhesives,
the water resistance of the polymer-based
starch-stabilized PVAc-NMA emulsion ad-
hesive was similar to that of the PVA-stabi-
lized PVAc-NMA emulsion-based adhesive.
The cross-linking reaction between the amide
groups of the copolymer chain and the hydrox-
yl groups of aluminium chloride and starch
and PVA forms a cross-linked structure, which
occurs quickly at room temperature, accord-
ing to Fourier transform infrared analysis.
The effectiveness of starch-stabilized PVA-
NMA wood adhesives was evaluated by meas-
uring the shear stress of wood joints in water
according to the EN 204:2002 (2002), EN 205:
2003 (2003) D3 standard. The starch-modified
adhesive demonstrated superior water resist-
ance, mechanical strength characteristics, and
geometric stability in contrast to cross-linked
stabilized PVA wood adhesive.

The use of dry powder mixtures of poly-
ester resins is encouraged in adhesive struc-
tures using environmentally safe technology.
As a result of experimental studies by S. Ma-
zurchuk et al. (2023), proved the convenience
of plywood production based on dry adhesive
mixtures of polyester resins was substantiated.
The strength limit of the surface layer of ply-
wood was proven to exceed 1.2 times the stand-
ard value for plywood pressed at 200°C and 1.04
times the standard value at 240°C. With regard
to the chipping strength of the adhesive layer
of the plywood, an improvement was observed.
The obtained indices exceeded the standard
values after dry exposure and after dipping for
both types of plywood - 2.13, 1.86, 1.88 and
1.73 MPa at the standard 1.5 MPa. The chem-
ical changes in the wood during pressurization
at high temperatures were not analysed.

The chipboard industry cannot meet the
needs of the market, so fillers have been used
to save raw materials. Also, their use helps to
change the properties of plates and expands
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the scope of their use. M.E. Ergun et al. (2023)
investigated the effect of adding different pro-
portions of activated carbon (0, 1.5, 4.5 and
7.5%) on the physical properties (density, mois-
ture content, swelling in thickness and water
absorption) of chipboard. As a result, it was
found that the density became greater and the
water content decreases with an increase in the
content of activated carbon. This indicates im-
proved dimensional stability and water resist-
ance. The mechanical properties (internal joint
strength, modulus of rupture, and modulus of
elasticity) are significantly improved with the
addition of activated carbon. The actual analy-
sis showed that the addition of activated carbon
reduced in mass loss by 6.15% compared to the
control group. There is no data on the surface
characteristics of the material and the ability to
joint with other materials.

Usually, products made of wood and wood
materials are within wide limits of temperature
and humidity conditions of the environment.
Their surface can be protected by applying
paint and varnish materials, including oil-wax-
es. This measure slightly extends the service
life of the products. It is also possible to apply
adhesive compositions of various degrees of
resistance, which will ensure the dimensional
stability of the elements and reliability. In this
regard, there is a need to establish the physical
and mechanical parameters of the adhesive lay-
er depending on the influence of various envi-
ronmental factors, which determined the need
to conduct this study.

Based on the analysis of literary sources, it

was established that not only the characteris-
tics of wood or wood materials are important
for the manufacture of a durable construction
or product. The technical parameters of the ap-
plied glues also affect the strength of the ele-
ments due to the formation of stable adhesives.
Adhesive compositions should be characterized
by non-toxicity, economic efficiency, easy ap-
plication and resistance to atmospheric influ-
ences. These provide the basis for conducting
studies to determine the parameters that war-
rant the use of wood and wood material adhe-
sives in the manufacture of various products.
The aim was experimental substantiation
of the stability of the adhesive joint based on
glues of different degrees of water resistance
under the influence of temperature and humid-
ity changes. To achieve the aim, the task was set
to conduct a set of this research to determine
the influence of the operating environment of
the product on the change in physical char-
acteristics and strength of the adhesive layer.

Materials and Methods

The choice of material for facades and furniture
frames has a significant impact on the quali-
ty and appearance of the final product. Medi-
um-density fibreboard (MDF) and chipboard
have their advantages and are used in various
products. For the study, these two bases were
faced with oak veneer using three brands of
glues — Rakoll Express (D3) (Germany), Rakoll
ECO-4 (D4) (Germany), Woodmax WR 13.50M
(D3) (WR) (Poland) — which were chosen based
on the prioritization method (Table 1).

Table 1. The final matrix for calculating the complex priority of glue

Glue priority according to indicators | Indicator priority Comprehensive
Glue brand ..
1 2 3 4 5 number | value priority
Rakoll Express D3 0.26 0.22 0.27 0.23 0.20 1 0.17 0.24
Rakoll ECO-4 0.13 0.20 0.23 0.23 0.16 2 0.15 0.19
FOLLMANN FOLCO
LIT D4 W91 0.17 0.20 0.18 0.23 0.17 3 0.20 0.19
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Table 1, Continued

Glue priority according to indicators | Indicator priority Comprehensive
Glue brand rehe
1 2 3 4 5 | number | value priority
FOLLMANN FOLCO
LIT X 3000 0.17 0.20 0.18 0.16 0.25 4 0.26 0.19
Glue Woodmax WR
13.50M, class D3 0.26 0.18 0.14 0.14 0.22 5 0.22 0.18

Note: 1 - glue viscosity, mPa-s; 2 — density, kg/m®; 3 - consumption norm, g/m?; 4 - minimum pressing time,
min.; 5 - price
Source: compiled by the authors

Glue was applied with rollers for a more
uniform distribution of glue. Gluing took place
on a vacuum press — holding for 15 minutes
at a temperature of 55 °C, pressing pressure
of 0.7 atm. (Fig. 1). After technological aging,
the pressed plates were cut into samples of
50x50 mm size.

Figure 2. Experimental samples with an MDF/
chipboard base are faced with oak veneer using
glues of various degrees of water resistance
Note: 1 - control samples; 2 — aging in conditions of
high humidity; 3 — at elevated temperature (+80°C);
4 - at low temperature (-15°C); 5 - combined
influence of environmental conditions (humidity,

high and low temperature)
Source: compiled by the authors

During the experiment, a comprehensive
approach was employed to experimentally
determine the effectiveness of the adhesive
joint by examining the resistance of the adhe-
sive layer to degradation following exposure

Figure 1. Preparation of samples t? varying temPerature and humid.ity condi-

Note: a — pressing of plates, b — cutting of tions. The testing method for resistance to
experimental samples atmospheric fluctuations involved simulating
Source: compiled by the authors the effects of external environmental condi-
tions on the stability of the adhesive layer

For experiments, the samples were divided to assess changes in evaluation metrics be-
into 5 groups and labelled accordingly (Fig. 2). fore and after the temperature and humidity
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alterations. The test cycle of changes in
temperature and humidity fields on the ad-
hesive layer of wood included several stages
(Fig. 3). At the beginning, the samples were
moistened with a sprayer and kept at a tem-
perature of 20 # 2°C and a relative humidity
of 97+ 3% for 6 hours. Then holding at a low

temperature -15* 3°C for 6 hours. Then con-
ditioning at a temperature of 20+ 2°C and a
relative humidity of 65 * 3% for 6 hours. At
the end of keeping the samples at a high tem-
perature 80 % 2°C for 6 hours. Each stage was
accompanied by weighing and measuring the
dimensions of the samples.

Figure 3. Exposure of experimental samples in different temperature and humidity conditions
Note: a — humid environment, b — high temperature (80+2)°C, ¢ — low temperature (-15+3)°C

Source: compiled by the authors

To determine the operational stability of
the adhesive layer, the strength of the con-
nection during chipping and the influence of
environmental factors on this indicator were
determined. Determination of the amount of
moisture absorption by the samples was car-
ried out according to the method, the essence
of which was the periodic determination of the
amount of absorbed moisture after exposure in
different temperature and humidity conditions
(Tsapko et al., 2022).

Determination of the strength of adhe-
sive layers was carried out in accordance with
ISO 9653:1998 (1998).

Results and Discussion

During the exposure of the samples in differ-
ent climatic conditions, the change in their hu-
midity at the end of each cycle (the duration of
the cycle is 6 days) was determined. For greater
convenience, the average values for each of the
groups were calculated (Table 2).

Table 2. Change in weight of samples in different environmental conditions

Weight, g
Operating initial | 1 2 3 4 |initial| 1 2 3 4
environment | Glue value cle cle | cycle cle | value | cycle cle cle | cycle
conditions il y th y ¢k cy oy ¢k
chipboard medium-density fibreboard
The humidity | D3 | 28.17 | 29.28 | 29.39 | 29.70 | 29.98 | 33.31 | 33.83 | 33.98 | 34.41 | 34.63
9fthe D4 28.42 | 29.36 | 29.64 | 30.12 | 30.14 | 34.20 | 34.83 | 35.39 | 35.51 | 35.83
environment
(97%) WR | 28.36 | 29.37 | 29.76 | 29.97 | 30.14 | 33.11 | 33.59 | 34.02 | 34.19 | 34.49
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Table 2, Continued

. Weight, g
er?vgf;;t:ili ¢! Glue | nitial |1 2 3 4 |initial| 1 2 3 4
1 1 1 1 1 1 1 1 1 1
conditions value | cycle 'cyc e | cycle | cycle | value cy'rc e cyc. e | cycle | cycle
chipboard medium-density fibreboard
Ambient | D3 | 2841 | 27.18 | 2691 | 27.02 | 27.98 | 33.71 | 32.41 | 32.15 | 32.25 | 33.03
temperature | D4 | 28.55 | 27.34 | 27.10 | 27.22 | 28.13 | 34.43 | 33.21 | 32.92 | 33.06 | 33.87
(+80°C) WR | 29.50 | 27.91 | 27.63 | 27.78 | 28.77 | 33.19 | 31.82 | 31.56 | 31.69 | 32.54
Ambient | D3 | 28.30 | 2833 | 28.20 | 28.28 | 28.00 | 33.51 | 33.53 | 33.55 | 33.45 | 33.28
temperature | D4 | 28.56 | 28.66 | 28.61 | 28.54 | 28.38 | 34.02 | 34.23 | 34.23 | 34.14 | 34.00
15°C) | WR | 29.04 | 29.00 | 28.78 | 28.87 | 28.63 | 32.94 | 32.92 | 32.94 | 32.84 | 32.70
Combination | D3 | 28.40 | 27.54 | 27.65 | 27.19 | 27.47 | 33.55 | 32.52 | 32.50 | 32.21 | 32.45
_of D4 | 28.83 | 27.87 | 27.99 | 27.54 | 27.81 | 34.27 | 33.42 | 33.49 | 33.07 | 33.35
environment
parameters | WR | 29.34 | 28.14 | 28.27 | 27.77 | 28.06 | 33.23 | 32.25 | 32.39 | 31.93 | 32.24

Source: compiled by the authors

Analysing the results of the Table 2, it
is noted that in conditions of high humidity,
an increase in the weight as of chipboard and
MDF samples is observed. The largest weight
increase occurs in chipboard samples — 6.25%
versus 4.3% for MDF. When the samples are
kept at a high temperature, a predicted de-
crease in weight is observed. However, towards
the end of the experiment, a slight increase in
the weight of chipboard and MDF samples is
observed, which may mean some problems in
observing the conditions of the experiment. In
general, the weight of the samples decreased
by only 1.84%. At low temperatures, the weight
of the samples practically does not change (the
mass decreases by 0.77%). Under combined

environmental conditions, chipboard and MDF
samples show a decrease in weight by 3.72 and
2.99%, respectively.

In general, the humidity of the environ-
ment has the greatest influence on the change
in the weight of the samples. Thus, the con-
ducted studies allow us to conclude that chip-
board and MDF are sensitive to the influence
of the humidity of the environment, which
leads to the absorption of moisture by the ma-
terial, an increase in its weight and the stabil-
ity of the adhesive layer. Also, during the ex-
periment, the dimensions of the experimental
samples were fixed. The percentage change in
the linear dimensions of the samples was de-
termined (Table 3).

Table 3. The influence of environmental conditions
on the change in the linear dimensions of the samples

Operating e.n'vironment Glue Change of linear dimensions, [%]

conditions chipboard MDF
o D3 +0.20 +5.25 +0.33 +0.07 +2.99 0.00
Té’lfv?r‘gﬁﬁgt‘;f7t2e D4 1015 | +444 | +022 | +0.10 | +428 | +0.08
WR +0.18 +2.94 +0.10 +0.08 +3.85 +0.07
) D3 -0.17 -1.20 -0.15 -0.18 -2.02 -0.13
Amblerzigg’?cp)erature D4 -0.13 -0.97 -0.12 -0.39 -1.54 -0.12
WR -0.05 -2.10 -0.28 -0.23 -0.88 -0.12
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Table 3, Continued

Operating environment Glue Change of linear dimensions, [%]
conditions chipboard MDF
. D3 -0.02 -0.60 -0.13 -0.03 -0.60 -0.03
Amb‘e?fnggerature D4 002 | -055 | -002 | -007 | -079 | -015
WR +0.08 -0.74 -0.08 -0.03 -0.69 -0.03
L D3 +0.01 -0.56 -0.10 -0.16 -2.31 -0.02
_Combination of D4 -0.06 -0.61 0.00 -0.19 -2.07 -0.10
environment parameters
WR -0.12 -1.36 -0.27 +0.08 -2.02 -0.07

Source: compiled by the authors

In a wet environment there is an increase
inthelinear dimensions of samples for all types
of glue and materials. The largest increase was
noted in samples with a chipboard base with
D3 glue (up to 5.25% along the length). At an
elevated temperature, the size of the samples
decreases for all variants of the samples. The
largest decrease is observed for MDF with D4
glue (up to 2.07% in width). At low tempera-
tures, changes in size are insignificant — they
range from 0-0.08%. Under the conditions of
combined influence (humidity and different
temperature values), slight changes in dimen-
sions are observed, mainly a decrease in the
range of 0-0.27%.

In general, samples glued with WR are
more stable. And samples with a chipboard

base show greater sensitivity to changing con-
ditions than with MDF. The largest change in
linear dimensions occurs in the thickness of
the samples, because the inner layer of sheet
materials is usually less dense than the outer
ones. At the same time, the amount of changes
in the bases is different, which is due to the
difference in the structure of the materials.
Namely, the size of the chip fraction used in
the inner layers of chipboard and the more
uniform fibre structure of MDF.

With regard to the main experiment (de-
termination of the destructive pressure on the
adhesive joint after exposure of the samples in
different climatic conditions using a tearing
machine) - a visual assessment of the fracture
surface after loading is shown in Figure 4.

Figure 4. Pressure of samples in the tearing machine during determination
of the strength limit of the adhesive joint
Note: a — MDF base; b — the base of chipboard
Source: compiled by the authors
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The nature of the destruction for sam-
ples with different bases is slightly different.
In samples with a chipboard base, veneer de-
struction is observed under a certain pres-
sure, while in samples with MDF, the veneer
remains intact. This is explained by the dif-
ferent density of these materials.

On the peeled veneer, the base material
remains over the entire area, which indicates
strong adhesive connections regardless of the

conditions before the experimental exposure
of the samples. The nature of the destruction
of the samples mainly occurred along the ma-
terial of the base, with separation of the outer
layer of the base to the veneer. Only in some
cases was veneer destruction observed.

The indicators of the destructive pres-
sure on all groups of samples are shown in
Figure 5 in the form of diagrams for visual
comparison.

140
’ m chipboard MDF
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(0]
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:,40
(72}
: 11 11 11 1
n ey 11 1 111 1
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a b d e

Figure 5. The maximum breaking load of test samples
Note: 1 - glue D3; 2 — glue D4; 3 — glue WR; a — control; b — after exposure in a humid environment; c -

after exposure to elevated temperature; d — after exposure in a freezer; e — a combination of temperature and

humidity conditions
Source: compiled by the authors

Analysing the obtained results, it was es-
tablished that for the control samples, the
highest destructive pressure was recorded for
chipboard with D3 glue (130.03 N), and the
lowest for MDF with WR glue (72.99 N). In con-
ditions of high humidity, the pressure on the
adhesive joint decreased for all samples, except
for chipboard with WR. The biggest decrease in
MDF with WR glue is 45%. At elevated temper-
ature, a decrease in the value of the destructive

pressure is also observed for all samples. The
biggest decrease - 34% - in samples with a
chipboard base with D3 glue. In conditions of
low temperature, the pressure decreased not so
significantly, by a maximum of 18% for chip-
board with D4 glue. With the combined effect
of the factors, the largest load reduction in
chipboard with WR glue is by 42%. Stability
coefficients were calculated to determine the
influence of environmental factors (Table 4).
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Table 4. Indicators of stability of the adhesive seam depending on the operating environment

Research samples The influence of environmental' cor.ld'itions
on the stability of the adhesive joint

Basis Type of glue humidity tem:)l:fgture low temperature ocfo :)T;::E;Z?s
D3 0.87 0.61 0.85 0.62
Chipboard D4 0.73 0.51 0.58 0.64
WR 0.85 0.66 0.82 0.51
D3 0.82 0.61 0.80 0.70
MDF D4 0.72 0.55 0.58 0.72
WR 0.45 0.39 0.59 0.69

Source: compiled by the authors

If the glue is not heat- stable enough, the
glued joint may fail to maintain its adhesion.
J. Vanérek et al. (2024) studied the behaviour of
gluedjointsbased on phenol-resorcinol-formal-
dehyde (PRF), polyurethane (PUR) and emul-
sion polyisocyanate (EPI) under the influence
of long-term and short-term elevated temper-
atures. Calorimetric analysis revealed that the
onset of thermal degradation occurred at 135°C
for EPI and around 160°C for both PRF and PUR.

Therefore, the toughness of the adhesive
joint is negatively affected by both increased hu-
midity and the temperature of the environment,
especially the combination of temperature and
humidity conditions. The combination of MDF
base and WR glue turned out to be the least sta-
ble.Instead, the best stability was demonstrated
by combining the chipboard base with D3 glue.

The applications of wooden structures are
quite varied, as they are utilized in the con-
struction of external walls and roofs, window
frames, and doors, suitable for both dry and wet
environments. Research conducted by S. Dabin
& K. Keonho (2022) on the impact of the pro-
duction environment on the effectiveness of
bonding cross-laminated timber (CLT) with
polyurethane (PUR) adhesive demonstrated
that adjusting the pressing time based on the
adhesive’s open time significantly enhances
adhesive strength under production conditions.
The peeling tests performed under consistent

relative humidity and adhesive conditions re-
vealed that the temperature of the production
environment affects the reliability of the glue.

Strengthening structural elements with
the help of reinforcing tapes is a widely adopt-
ed technique of increasing the durability of
buildings. Here, the most important element
is the adhesive layer, which is involved in the
stresses transfer between the aggravated ele-
ment and the reinforcing tape. Studies A. Sze-
wczak (2021) show the possibility of changing
the adhesive’s bonding strength by changing
composition and application surface of the ad-
hesive. The results obtained from the tests sug-
gest that the method of surface modification,
along with the outlined adjustments, can be
tailored to the specific conditions of adhesive
application. Similar reinforcement was carried
out by I. Yalgin & R. Esen (2023) with industrial
wood species. Was found that the type of glue
and the process of lamination have a positive
influence on the mechanical properties of the
material. The essence of this method is to first
compress the wooden boards for 10 minutes and
then perform lamination. Fiberglass and carbon
fibre are suitable as reinforcing elements.

Also, increasing the adhesion strength and
water resistance of wood glue can be achieved
by varying the SPI concentration, pressing
temperature, and pressing time. D. Vnucec et
al. (2016) thermally modified commercial SPI
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in a vacuum chamber at 50°C. Distilled water
dispersions with SPI mass fractions of 9.09,
9.91, 10.71, 11.50, and 12.28% were prepared.
The effective penetration (EP) and tensile shear
strength of beech wood samples jointed under
the same gluing conditions (in accordance with
European standards EN 204 and EN 205) were
evaluated. It has been found that the viscosity
of the glue increased with increasing SPI con-
centration. EP rose with increasing viscosity
and SPI mass fraction up to 11.50%, after which
it started to decline. The optimal pressing tem-
perature determined for this glue was 110°C,
with an optimal pressing time of 10 minutes.

In the course of the experiment, it was es-
tablished (Fig. 5, Table 4) that, regardless of the
glue, samples with MDF as a base withstand
less pressure than samples with chipboard
(the reason for this effect is discussed above),
in general, this difference is 35.38%. Based on
the results, it became possible to evaluate the
influence of different environmental parame-
ters on the change in the linear dimensions of
samples with different materials and adhesives
(Table 3). The combination of MDF and WR glue
turned out to be the most stable.

In order to reduce water absorption, ther-
mal modification of curd is widely practiced
today. In particular, the possibility of using
various cellulose-containing materials for the
manufacture of furniture panels is being inves-
tigated. Therefore D.P. Ribeiro et al. (2020) eval-
uated the effect of different levels of heat treat-
ment (170, 200 and 230°C) on the properties of
plates made from sugar cane. The experimental
panels were evaluated according to their phys-
ical (density, degree of compression, moisture,
water absorption and swelling) and mechanical
(internal connection, tensile strength modulus,
flexural modulus) properties. Thermal treat-
ment of cane at 230°C contributed to a signif-
icant improvement in the quality of plates. A
decrease in water absorption and swelling of

the panels in thickness and an increase in the
values of the modulus of elasticity were ob-
served. This result confirms the great potential
of using 230°C processing for the production of
sugarcane slabs.

In accelerated climate aging tests, com-
ponents are often subjected to multifactor
loading. An example of such climatic stress
is ripening at high temperatures and humidi-
ty (Yang et al., 2021). During the experiment,
the connections are subjected to climatic loads
from thermal shocks and the influence of high
temperature and humidity. As a result, it was
found that the dominant aging factor depends
on the type of glue.

The humidity of the environment has a sig-
nificant effect on the strength of the adhesive
connection. In all cases, there is a decrease in
strength compared to the control samples. The
biggestdecreaseisforMDFwithWRglue (by55%).

Indeed, wood-based products typically face
significant limitations regarding water expo-
sure. In their work, R. Magalhaes et al. (2021)
investigated the influence of the plate humid-
ity on its physical and mechanical properties.
Medium-density fibreboard (MDF) from differ-
ent European manufacturers were stored for 9
weeks under specific conditions (approximate
temperature range 15-20°C and 50-85% RH). A
notable correlation between the moisture con-
tent of MDF and the internal strength of the
glue joint was identified, revealing a decreas-
ing linear relationship. It was also observed
that this effect is reversible — upon drying, the
strength of the internal joint increases again.

Interesting in this direction are the stud-
ies of various modifications of oriented strand
board (OSB). T. Pipiska et al. (2020) acetylated
spruce (Picea abies L. Karst) fibers using acetic
anhydride or thermally modified at 180°C. It
was established that the equilibrium moisture
content of boards with a modified outer layer
did not differ from reference boards. Acetylated
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chipboard and cork particle board had a signif-
icant increase in water resistance. Acetylation
increased the strength of the internal joint. The
results provide a comparison between differ-
ent chipboard modifications and show a new
opportunity to reduce the impact of water on
chipboard.

Thus, the analysis of adhesives of differ-
ent degrees of moisture resistance and exper-
imental studies to determine the effects of
temperature and humidity fluctuations on the
glued layer and the maximum destructive force
indicate changes in the characteristics of the
adhesive joint. The following studies will allow
to investigate the transformation of the surface
of the adhesive contact of wood and wood ma-
terials, which is destroyed under the affect of
temperature and humidity instability. It is also
advisable to determine those parameters that
significantly influence the beginning of the
conversion process of the destruction of the
adhesive layer. A promising research direction
is establishing the processes of interrelation
between the constituent components of glues
and their properties of glues, as well as their in-
fluence on processes of adhesion with wooden
materials and the long life of the product.

Conclusions

The largest percentage increase in mass occurs
in chipboard samples (6.25% versus 4.3%). At
the same time, the action of frost showed the
least impact (the weight of the samples de-

(3.96% on thickness and 0.13% on planar di-
mensions A change in size in terms of thickness
was noted, while the indicators for chipboard
and MDF are slightly different This is due to the
difference in the structures of these materials.

Elevated temperature also leads to a no-
ticeable weakening of the strength of the ad-
hesive joint. The greatest decrease in the sta-
bility factor is observed for MDF with WR glue
(by 61%). The effect of low temperatures is less
noticeable, but also leads to a reduction in the
fastness of the seam by 15-42%, depending on
the base material and glue. The combined ac-
tion of humidity and temperature changes has
a strong negative impact. The greatest reduc-
tion in the stability factor is observed for chip-
board with WR glue (by 49%).

Therefore, the comprehensive research
carried out in the work made it possible to as-
sess the degree of influence of typical operating
conditions of furniture in the kitchen on the
strength of the adhesive joint and justify the
optimal choice of base materials and glue to
ensure the necessary strength and durability of
the products. In future studies, it is worth ex-
panding the list of researched wood composite
materials that were not included in this work. It
is also advisable to modify the coating material
using various methods and determine the pos-
itive or negative impact of the measures taken
on the durability of the finished product.
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AHoTauig. [Ijig 3a6e3medeHHsT JOBIrOBiYHOCTI Ta 6e3mevyHoi ekcruryaTallii BUpoOiB i3 mepeBHUX
KOMITIO3UTiB HEOOXiAHO UiTKO pO3yMiTu, SIK YMOBM €eKCIUTyaTallii BIUIMBAIOTh Ha ajresiiiHi
BJIACTMBOCTI MatTepiamiB. MeTol po6OTHM OyI0 eKCIIepMMEHTaJbHO AOCTIAUTU BIUINB YMOB
ekcrutyataiii Ha 3MiHYy MacKu Ta pO3MipiB 3pa3kiB B OCHOBi SIKMX AepeBMHOCTpYkkoBa ([CIT)
Ta cepeqHboi miabHOCTI (MDF) 1umMTa, IIMOHOBAaHMX AY60M 3 BUKOPUCTAHHSAM KieiB pi3HOro
CTYTIEHIO BOJIOTOCTIKOCTi. BCTaHOB/IEHO 3aKOHOMIPHOCTI BIVIMBY JaHuX (hakToOpiB Ha MaTepianu
Ta MillHiCTb KJIe/f{0BOTO 3’¢IHAHHS. BUsIBIeHO, 1110 36i/blIIeHHsT Macu y 3paskiB 3 ocHoBow JICIT Ha
piBHi 6,25 %. [Inst MDF 3HaueHHs Oemio BiapisHsiocs i craHoBWwIO 4,3 %. IIpu 1oeaHaHHI BIUIMBY
yMoB cepenoBuina Ha 3pa3ku JJCIT i MDF mokasHMkyM 3MeHIIyBanucs oo 3,72 ta 2,99 % BifgnoBigHo.
TaKkosX BCTAaHOBJIEHO, 110 HajicTiliKimmm 6yB Kiteit «Rakoll Express D3». Tofi SIK Haiiripiiri mokasHUKU
pomeMOHCTPyBaB Kieit «Woodmax WR 13.50M». MakcuMasibHe 361IbIIIEHHS JTiHITHUX pO3MipiB
3adikcoBano y 3paskis [ICII 3 kieem D3 - 5,25 %. PozpaxoBaHo KoedillieHTH CTiiiKOCTi, 10 CBigYaTh
PO 3HAUHEe 3HVKEHHST Mil[HOCTi 0COGIMBO TiJ BIUIMBOM BOJIOTOCTi Ta TEMITEPATYPU OJHOUYACHO.
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HaiimeHnri crifikum 6ymo nmoemnanHs MDF ta kieto WR 13.50M. Hatomicts kom6inHattist ICIT i kineto
D3 BusaBWIaCS HaliKkpaliolo. BusBiaeHo, 1110 Ha JIiHiliHi po3Mipu 611bIll BaroMmum GakTOPOM BIUIUBY
6ys1a BOJIOTICTDb cepemoBuiia. BUKOPUCTaHHS AepeBHMX KOMIIO3UTIB Y KOHCTPYKILiSIX, e MaTepiaau
ITiIal0ThCS BIUIMBY 3MiH TeMIlepaTypu, BOJIOTOCTI Ta yibTpadioneToBOro BUIIPOMiIHIOBAHHS, €
BaKIMBUM [IJ1s1 3a6€31eUeHHsT TPUBAIO] CIy>KOM Ta HaZiliHOCTI TakKMX BUPOOiB

KirouoBi cy1oBa: IepeBHi MaTepiaan; yMOBM eKCIUTyaTallii; cTabiibHiCTh TEOMETPUYHMX PO3MipiB;
BOJIOTE CEepeOBUIIE; KOMMBAHHS TEMIIEPATYPU Ta BOJIOTOCTi; PyiiHiBHE HABaHTaKEeHHSI
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degraded lands and improving ecosystem functions was addressed. The research methodology
was based on the synthesis and analysis of data from various scientific sources, and the use of
theoretical models and field observations. Regions of Ethiopia, Kenya and Malawi were addressed
in the analysis of the effects of multi-level forest belts and mixed crops on reducing erosion,
improving soil structure and restoring biodiversity. The results of the study demonstrated that
agroforestry interventions in these countries significantly reduced the intensity of water and
wind erosion, improved soil water-holding capacity and restored the hydrological cycle. Forest
belts increased moisture storage in arid regions of Ethiopia, improved crop yields by creating
a favourable microclimate in Kenya, and protected rangeland ecosystems from degradation in
Malawi. These interventions also increased soil organic carbon content, reducing the need for
mineral fertilizers and minimizing anthropogenic impacts on the environment. The findings
confirm the versatility of agroforestry approaches for land restoration and adaptation to climate
change. The results demonstrated the importance of integrating agroforestry technologies into
sustainable natural resource management systems, which emphasizes the need for scaling up in
regions prone to land degradation, including the Kyrgyz Republic

Keywords: forest plantations; spatial planning; ecosystem services; land restoration; water

balance management

Introduction

Agroforestry is one of the most promising tech-
nologies for sustainable land management and
restoration of degraded ecosystems. Modern
climate change, intensification of agricultural
production and increased anthropogenic pres-
sure on natural systems significantly increased
soil erosion, which in turn has a negative im-
pact on productivity and ecosystem functions.

The research relevance of the issue is de-
termined by the global nature of the problem
of land degradation, which affects both agri-
cultural areas and natural ecosystems. Current
trends in land use intensification, urbanisation
and climate change substantially increased soil
erosion, which negatively impacts soil produc-
tivity, environmental sustainability and the
ability to support ecosystem functions (Kerim-
khulle et al., 2023; Santosa et al., 2024). This
creates serious environmental, social and eco-
nomic risks.

Soil degradation is caused by a combination
of natural and anthropogenic factors. Water

erosion associated with intense precipitation
and surface runoff leads to the loss of topsoil,
which is rich in nutrients. Wind erosion, typical
for steppe and arid regions, is exacerbated by
the lack of vegetation cover, blowing away the
fertile layer and deteriorating the soil structure.
These processes not only reduce the agronomic
value of soils but also exacerbate climate change
through the release of carbon dioxide stored in
the soil profile. Agroforestry is the subject of
intensive research in scientific circles due to its
significant role in protecting soil, restoring de-
graded land and increasing the sustainability of
agroecosystems. A. Kaur et al. (2023) analysed
the role of agroforestry systems in soil con-
servation and sustainable agricultural produc-
tion. The study highlighted the employment
of forest belts as the primary way to reduce
soil loss and increase water retention capacity.

M.K. Jhariya et al. (2022) also addressed the
management of soil organic carbon in agro-
forestry systems. They emphasised that the
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accumulation of organic carbon in the soil not
only improves soil structure and fertility but
also contributes to the restoration of degrad-
ed land. M.T.S. Budiastuti et al. (2021) studied
agroforestry as a vegetation management strat-
egy to combat forest degradation in Indonesia.
This study highlighted that the integration of
woody and herbaceous plants into forest eco-
systems reduces erosion losses and helps sta-
bilise ecosystem processes. B.C. Rodriguez et
al. (2022) addressed the use of legumes in agro-
forestry systems. The study emphasises that
such plants are central to strengthening the
sustainability of soil systems.

D. Jinger et al. (2023) analysed the resto-
ration of degraded land in India by introduc-
ing agroforestry. Furthermore, the authors
emphasised that forest belts contribute to the
restoration of biodiversity by providing habi-
tat for different species of organisms. T.]. Sau-
er et al. (2021) analysed agroforestry practices
for soil protection and sustainable agriculture.
The study highlighted the significance of such
systems for increasing the resilience of agri-
cultural land to climate change. S. Kumar et
al. (2024) considered agroforestry as a sus-
tainable way to combat the climate crisis and
increase the productivity of agricultural land.
S. Kumar et al. highlighted that the integration
of woody and shrubby plants into agricultural
landscapes helps stabilise soils, improve wa-
ter retention capacity and restore ecosystem
services such as the hydrological cycle. More-
over, T. Plieninger et al. (2020) investigated the
impact of agroforestry systems on sustainable
landscape management. The study concluded
that such systems help conserve biodiversity,
improve ecosystem services and restore de-
graded lands. D.A. Martin et al. (2020) explored
how land use history affects ecosystem services
and the conservation value of tropical agrofor-
estry systems. The study demonstrated that
such systems have high potential to restore

ecosystem functions, improve soil health and
maintain natural balance in regions with inten-
sive land use. M. Ghimire et al. (2024) reviewed
agroforestry systems, addressing their role in
improving food security and supporting rural
livelihoods. The study confirmed that forest
belts play a key role in protecting soil, restoring
structure and increasing the productivity of ag-
ricultural systems.

The aim of this study was to analyse the po-
tential of agroforestry systems in protecting soil,
restoring degraded land and improving ecosys-
tem functions. The objectives of the study were
to analyse the effectiveness of forest shelter-
belts and mixed crops in reducing soil erosion,
to examine their role in restoring biodiversity
and ecosystem services, and to evaluate spatial
planning techniques for adapting agroforest-
ry measures to different climatic conditions.

Materials and Methods

For this study, data for the year 2023 were an-
alysed to incorporate current indicators of the
effects of agroforestry on soil health in Ethiopia,
Kenya and Malawi (Nkansah-Dwamena, 2023;
Koné & Galiegue, 2023; Dagar et al., 2024). This
time interval was chosen to assess recent chang-
es and the effectiveness of interventions in the
short term. This time interval was chosen to
analyse recent changes and assess the sustain-
ability of the results in the relatively short term.

This study was based on the generalisa-
tion and analysis of existing scientific data
related to agroforestry as an effective method
of soil erosion control and restoration of eco-
system functions. The main objective was to
systematise knowledge on the role of agrofor-
estry in reducing land degradation, increasing
soil productivity and strengthening ecosystem
resilience. For this purpose, literature sourc-
es including research results, and data on the
practical application of the methods were an-
alysed (Kraft et al., 2021; Singh & Singh, 2024).

Vol. 15, No. 4, 2024

Ukrainian Journal of Forest and Wood Science 74



Yzakanov et al.

Theoretical models based on digital elevation
maps and climatic data were used to ensure the
representativeness of the analyses (Amin et
al., 2023). Optimal forest strip patterns on
slopes, hilly terrain and flat areas were inves-
tigated. Multilevel strips incorporating woody,
shrub and herbaceous plants were studied, as
well as crop mixing technologies aimed at en-
hancing the ecological functions of agrofor-
estry systems.

An important part of the study was to in-
vestigate the environmental issues of land
degradation. For this purpose, existing data on
water and wind erosion, extent and impact on
agricultural areas were analysed (Panagos et
al., 2021). A data systematisation method (Sys-
tematization of statistical data and..., 2022)
was used for the study to analyse the main ero-
sion factors such as intensive tillage, lack of
vegetation cover and climate change. This ap-
proach provided an assessment of the potential
of agroforestry in reducing soil degradation and
greenhouse gas emissions by reducing organic
carbon content.

A comparative analysis method was used
for the study to compare data on the functions
of forest shelterbelts from different sources and
regions (Kaluza, 2023). This approach ensured
the identification of patterns in the effective-
ness of forest strips to prevent soil erosion,
improve water balance and reduce wind speed.
Comparison of the data assessed the versatil-
ity and adaptability of forest belts to different
landscape and climatic conditions. To analyse
the effectiveness of agroforestry measures, a
modelling method (Vayansky & Kumar, 2020)
was used to predict the effect of forest strips
and crop mixing technologies on reducing
erosion and restoring soil water balance. This
method was used to study the long-term impact
of agroforestry measures on agroecosystems
under different natural and climatic conditions.
To clarify theoretical data on the ecological

benefits of agroforestry reclamation, the study
used a field evaluation method (Field stud-
ies, 2024). This approach included observations
and data collection in areas with field-protect-
ed forest strips in different natural-climatic
zones. The field assessment allowed to study
the impact of forest strips on soil moisture re-
tention, stabilisation of groundwater table and
reduction of dependence on artificial irrigation.

Soil moisture, surface runoff rate and veg-
etation condition were recorded during field
studies. Observations were conducted both in
arid regions, where special attention was paid
to the ability of forest strips to reduce evapo-
ration and increase soil water storage, and in
zones with high erosion levels, where their role
in protecting the fertile layer was assessed.

Results

The efficiency of agroforestry as an erosion
control method. Scientific evidence confirms
that the creation of shelterbelts improves soil
physicochemical properties, including in-
creased humus content, water retention ca-
pacity, and restoration of microbial activity
(Kraft et al., 2021; Singh & Singh, 2024). These
changes help reduce greenhouse gas emissions
by enhancing carbon storage in the soil profile
(Yang et al., 2024). An analysis of the literature
has also shown that improving soil structure as
a result of agroforestry activities has a positive
impact on the restoration of ecosystem func-
tions, such as regulating the hydrological cycle
and increasing soil biological activity (Forest
and landscape restoration and..., 2022; Shlapak
& Zvorska, 2024).

The analysis of the data presented in Table
1 demonstrated a significant positive impact of
agroforestry on key soil parameters in Ethiopia,
Kenya and Malawi (Amin et al., 2023). Before
the introduction of agroforestry, the level of
water erosion in these countries ranged from 16
to 18 tonnes per hectare per year, indicating a
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high degree of topsoil loss. After the measures,
the values decreased to 5-7 t/ha per year, which
indicated a 60-70% reduction in erosion. This

reduction was attributed to the creation of for-
est belts that slowed down surface water runoff
and improved soil structure.

Table 1. Efficiency of agroforestry as an erosion control method

g fg iz z® E3 i
8o = "g'g' - S - dq": - “a - E=l=]
Ef% % | 2% | €% | 8% | <%
Parameter - g5 S = = = == g B
£ 98 a8 ] = 58 28
2% fF BT | BT i3 | it
@ 2 g & Mo § & =i
Level of water erosion (t/ha per year) 18 7 16 6 17

Organic carbon content (%) 1 1.8 1.1 1.9 1.2 2

CO. emissions (t/ha per year) 3 1.5 2.8 1.3 2.9 1.4
Water retention in the soil (mm per m?) 110 150 115 158 112 160
Soil biological activity (soil health) 0.6 1.3 0.7 1.5 0.6 1.4

Source: compiled by the authors based on the Systematization of statistical data and the development and
application of a methodology for assessing the impact of the use of the intellectual property system (2022),

J.C. Dagar et al. (2024)

The organic carbon content of soils before
the interventions was low, indicating land deg-
radation. In Ethiopia, Kenya and Malawi, it was
1%, 1.1% and 1.2%, respectively. After the in-
troduction of agroforestry measures, this figure
increased to 1.8%, 1.9% and 2%. This increase
of 50-67% is due to the accumulation of organic
matter, which has restored soil fertility and im-
proved carbon storage properties.

Before the measures, carbon dioxide emis-
sions were at the level of 2.8-3 tonnes per hec-
tare per year, which indicated a significant im-
pact on the climate. After agroforestry, these
figures decreased by more than 50%, reflecting
an increase in soil carbon storage and an overall
improvement in soil condition. This was made
possible by planting trees and shrubs that effec-
tively sequester carbon and prevent its release
into the atmosphere. Water retention in the soil
has also improved significantly. In Ethiopia,
Kenya and Malawi, before the project, they were

110-115 mm/m?, and afterwards they increased
to 150-160 mm/m?2. The 30-40% increase in
moisture availability for plants is particularly
important for agricultural needs in arid regions.

The forest strips not only improved infiltration
of precipitation but also reduced evaporation,
helping to stabilise the water balance.

Soil biological activity before the introduc-
tion of agroforestry measures was extremely
low and was 0.6-0.7, indicating a decrease in
microbiological activity and degradation of the
soil ecosystem. After the interventions, the val-
ues increased to 1.3-1.5, indicating a recovery
of microbiological processes and improved soil
health. These changes are attributable to the
creation of multi-level forest strips, which pro-
moted the development of soil microorganisms
due to favourable conditions and enrichment
with organic matter.

The overall analysis of the data showed
that each of the three countries showed signif-
icant improvements in all the parameters stud-
ied. Successful implementation of agroforestry
has reduced erosion, increased organic carbon
content, reduced carbon dioxide emissions, in-
creased soil water retention and restored bio-
logical activity. These results confirm the high
effectiveness of agroforestry as a way to com-
bat land degradation and restore ecosystem
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functions. The improvements recorded in Ethi-
opia, Kenya and Malawi emphasise the im-
portance of an integrated approach to natural
resource management. The implementation
of agroforestry practices has proven its ability
to ensure the sustainable development of land
ecosystems in the face of climate change and
anthropogenic pressures.

Impacts of field-protected forest belts. Pro-
tective forest strips are essential for soil pro-
tection from erosion processes and the creation
of sustainable agricultural ecosystems. A study
identified that the use of such strips significant-
ly reduces the intensity of water and wind ero-
sion (Panagos et al., 2021). Forest plantations
slow down wind speeds, reducing the damaging
effects on soils, and help retain surface water,

preventing washing away (R & Richard, 2022).
The analysis of the table above demon-
strates a significant positive impact of agrofor-
estry measures implemented in Ethiopia, Kenya
and Malawi on key parameters of soil condition
and water balance. Let’s look at the changes
in the main indicators. The intensity of water
erosion before the introduction of forest belts
ranged from 16 to 18 tonnes per hectare per year,
which indicates high losses of fertile soil layer
due to surface runoff. After the introduction of
forest belts, this figure dropped to 5-7 tonnes
per hectare per year, indicating a 60% reduction
in erosion. This result was achieved by reduc-
ing the water flow rate, improving soil struc-
ture and preventing washout. Ethiopia, where
initial erosion levels were highest, showed a
particularly significant reduction (Table 2).

Table 2. Impacts of field-protected forest belts

. No forest | With forest . .
Metric Country belts belts Effect of implementation
Water erosion intensity Ethiopia 18 7 A 60% reduction in surface runoff.
(tonnes/ha/year)
Wind erosion intensity Ethiopia 6 2 Reduced by more than half due to
(tonnes/ha/year) lower wind speeds.
_ANO,
Soil moisture (%) Ethiopia 12 19 Increasg by 30 4.0/° due to reduced
evaporation and improved structure.
Evaporation of moisture - Reduced by 40% due to wind
. Ethiopia 28 16 . . - .
from the soil surface (mm) protection and microclimate creation.
L Increase by 30% due to improved water
2
Water balance (mm/m?) Ethiopia 110 150 retention capacity of the soil.
Water erosion intensity A 60% reduction due to reduced
Kenya 16 6
(tonnes/ha/year) surface runoff.
Wind erosion intensity Reduced by more than half due to
Kenya 7 3 .
(tonnes/ha/year) lower wind speeds.
_ANO,
Soil moisture (%) Kenya 14 20 Increasg by 30 4.0/0 due to reduced
evaporation and improved structure.
Evaporation of moisture Kenva 30 15 Reduced by 40% due to wind
from the soil surface (mm) Y protection and microclimate creation.
Increase by 30% due to improved water
2
Water balance (mm/m”) Kenya 115 158 retention capacity of the soil.
Water erosion intensity Malawi 17 5 A 60% reduction in surface runoff.
(tonnes/ha/year)
Wind erosion intensity . Reduced by more than half due to
Malawi 8 2 .
(tonnes/ha/year) lower wind speeds.
_AN©,
Soil moisture (%) Malawi 13 21 Increase' by 30 4.04) due to reduced
evaporation and improved structure.
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Table 2, Continued

. No forest | With forest . .
Metric Country belts belts Effect of implementation
Evaporation of moisture . Reduced by 40% due to wind
. Malawi 29 15 - . - .
from the soil surface (mm) protection and microclimate creation.
. Increase by 30% due to improved water
2
Water balance (mm/m?) Malawi 112 160 retention capacity of the soil.

Source: compiled by the authors based on J. Kaluza (2023) and E. Nkansah-Dwamena (2023)

The intensity of wind erosion, which was at
6-8 tonnes per hectare per year before the intro-
duction of the forest belts, has also been more
than halved to 2-3 tonnes per hectare. This re-
sult reflects the importance of forest belts as a
barrier that reduces wind speed and protects the
soil from blowing away. This effect is particularly
noticeable in arid areas such as Malawi, where
wind erosion has been a significant problem.

Soil moisture increased by 30-40%, rising
from 12-14% to 19-21% after the introduction
of the forest belts. This improvement is attrib-
uted to reduced evaporation and increased soil
moisture retention due to the shading provid-
ed by multi-level plantations. This effect was
particularly pronounced in Kenya, where water
balance has played a key role in ensuring sus-
tainable agricultural production. Evaporation
of moisture from the soil surface decreased by
40%, dropping from 28-30 mm to 15-16 mm.
This decrease is due to the creation of a more
favourable microclimate, where forest belts
protect the soil from direct sunlight and winds.
Ethiopia, which is severely affected by an arid
climate, has demonstrated the greatest effec-
tiveness in this regard (Handiso et al., 2024).

The water balance, which reflects the soil’s
ability to retain moisture, improved by 30%, ris-
ing from 110-115 mm/m? to 150-160 mm/m?.
This improvement has significantly reduced the
dependence of agricultural land on artificial ir-
rigation and ensured stable production even in
a changing climate. Particularly high growth
was recorded in Malawi, where the use of forest
belts minimised moisture loss.

Efficiency of agroforestry methods. The
method of multilevel forest strips provided a
multilateral impact on soil and the environ-
ment. A 40-70% reduction in wind speed helped
to reduce wind erosion and preserve topsoil. In
Ethiopia’s Central Rift Valley, tiered forest belts
with Faidherbia albida and Acacia nilotica spe-
cies strengthened soil, reduced water runoff
and protected against erosion. In Kenya, such
strips, including Grevillea robusta, reduced soil
temperatures by 2-5°C, increasing yields by
20-30% and increasing biodiversity by 150%.
In Malawi, Sesbhania sesban shrubs and grasses
improved water-holding capacity by 30-40%,
helping to restore pasture and protect soil from
wind erosion. This was particularly relevant in
Ethiopia and Kenya, where strong winds have
traditionally exacerbated the problem of fer-
tile layer loss. The plains of Kenya and Malawi
showed improved microclimates by increasing
soil moisture by 15-25%. The increase in mois-
ture favoured crop growth conditions, allowing
crops to adapt to periods of drought. A 2-5°C
decrease in air temperature in the vicinity of
forest belts was recorded in the drylands of
Ethiopia. This effect reduced temperature stress
in plants, which in turn increased productivity.
Forest belts were critical in creating favourable
conditions for agricultural activities in a region
where high temperatures posed a serious threat
to crop yields (Dobhal et al., 2024).
Intercropping methods have proven effec-
tive in improving soil fertility and optimising
resource use. In Malawi and Kenya, soil fertility
was increased by 20-30% through enrichment
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with organic carbon and nitrogen. This process
reduced the dependence on mineral fertilisers,
which was especially important in Ethiopia,
where the restoration of the natural nutrient cy-
cle reduced fertiliser costs by up to 50%. These
changes emphasised the importance of a mul-
ti-level approach to agroecosystem manage-
ment, where the combined use of trees, shrubs
and herbaceous plants contributed to sustaina-
ble agricultural development (Naumova, 2024).

Crop vyield increases of 15-25% were ob-
served in Kenya and Malawi. This was possible
due to improved soil structure and moisture
retention properties. Forest strips protected
the soil from evaporation and promoted even
distribution of moisture, which increased water
availability to plants. As a result, agricultur-
al ecosystems in these countries have become
more resilient to climate change and anthropo-

genic pressures. Spatial planning of forest strips
reduced water erosion by 50-80% in Ethiopia
and Kenya. This result was achieved through
optimal spacing of strips, which prevented soil
washing away and preserved soil fertility. The
use of geographic information systems (GIS) in
Kenya and Malawi increased the protected area
by 30-40%. This ensured efficient use of land
resources, especially in regions with intensive
agricultural activities.

Increases in land use efficiency of up to 25%
have been recorded in agricultural regions of
Ethiopia and Kenya. Forest belts and intercrop-
ping technologies have played an important role
in creating systems that optimally combine eco-
logical and agricultural functions. This has con-
tributed not only to the conservation of natural
resources but also to increasing the economic
returns from agricultural activities (Table 3).

Table 3. Effectiveness of agroforestry methods (2023)

Method Metric

Results Application examples

Reduced wind speed

40-70%, which reduced wind
erosion and preserved the

Ethiopia and Kenya are regions
with intense wind erosion,
where the strips have shown

topsoil. high efficiency.

Multi-level

forest belts Increasing soil moisture

15-25%, improving the
microclimate and conditions
for crop growth.

Kenya and Malawi are flat

regions with a favourable

climate for improving the
microclimate.

Reduced air temperature in
the vicinity of the strips

2-5°C, which reduces
temperature stress in plants.

Ethiopia - regions with an
arid climate, where lower
temperatures have improved
crop productivity.

Increase soil fertility

20-30% due to enrichment
with organic carbon and

Malawi and Kenya are
regions where soil fertility
has increased due to organic

nitrogen.
processes.

Up to 50%, thanks to the

Ethiopia - regions where

Crop MIXIng Reducgd fertiliser restoration of the natural restoring nutrient cycling has
technologies requirements . s
nutrient cycle. reduced fertiliser use.
15-25%, by improving Kenya, }\/!alaw1‘— there has be:'en
. . . a significant improvement in
Increasing crop yields soil structure and water . .
. . the productivity of agricultural
retention properties.
ecosystems.
Ethiopia, Kenya — areas with
Spatial Reduced water erosion 50-80%, due to the optimal high rates of water erosion,
planning location of forest belts. where the strips prevented soil

washout.
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Table 3, Continued

Method Metric Results Application examples
30-40%, through the use Kenya and Malawl are regions
L . where GIS analytics have been
Increase the protected area of geographic information .
systems successfully used to optimise
Spatial Y ’ land resources.
lannin, iopi — aegri
p g ) - Up to 25%, due to an Ethlopla, Kenya — agricultural
Improving the efficiency of inteerated approach to regions where forest belts have
land use § PP contributed to more efficient
planning. land use.

Source: compiled by the authors based on I. Vayansky & S.A. Kumar (2020), S. Koné & X. Galiegue (2023)

The overall analysis of the table shows that
the introduction of agroforestry practices in
Ethiopia, Kenya and Malawi has had a positive
impact on soil health, agricultural productiv-
ity and ecosystem resilience. These changes
highlighted the importance of an integrated
approach to natural resource management. The
results confirmed that agroforestry methods
are an effective tool for restoring degraded land
and adapting to climate change.

Increase biodiversity and stabilise the hy-
drological cycle. Figure 1 shows the distribu-
tion of two key parameters — biodiversity and
soil water holding capacity - for Ethiopia, Ken-
ya and Malawi in 2023. The visualisation was
used to assess the contribution of each country
to the overall environmental sustainability of
the regions.

Biodiversity represented in terms of species
was highest in Ethiopia, reflecting the country’s
considerable ecosystem diversity. Kenya ranked
second, with a moderate level of biodiversi-
ty, and Malawi was third with a slightly lower
score. This distribution underlined the differ-
ences in natural conditions and the success of
agroforestry measures aimed at restoring eco-
systems. In terms of water-holding capacity,
Ethiopia was also a leader, reaching the highest
values among the three countries. Kenya was
slightly behind but showed a steady increase
due to measures to improve soil characteristics.
Malawi, despite making a smaller contribution,

showed a marked improvement in water reten-
tion, which was particularly important for re-
gions with an increased risk of drought.

m Kenya — water-holding capacity
Ethiopia — water-holding capacity
m Malawi — Biodiversity
m Kenya — Biodiversity
m Ethiopia — Biodiversity
Malawi — Water holding capacity

Figure 1. Increasing biodiversity and
stabilising the hydrological cycle
Source: compiled by the authors based on Field

studies (2024), S.N. Nakouwo & D. Zhang (2024)

Synergies between ecosystem characteris-
tics, such as increased biodiversity and hydro-
logical cycle restoration, in Ethiopia, Kenya and
Malawi confirmed the effectiveness of agrofor-
estry approaches and their long-term sustaina-
bility. These results indicated that agroforestry
could be a systemic strategy for restoring eco-
logical balance and maintaining land produc-
tivity. The simultaneous improvement of eco-
system functions highlighted the importance

Vol. 15, No. 4, 2024

Ukrainian Journal of Forest and Wood Science 80



Yzakanov et al.

of an integrated approach to natural resource
management, where each measure reinforced
the impact of the others. Forest belts and mixed
plantations have created multi-layered eco-
systems capable of performing a wide range of
functions. In Ethiopia, these measures provided
habitat for native plants and animals, including
rare species, while in Kenya and Malawi, they
improved the conditions for soil microorgan-
isms. Tree and shrub plantations reduce tem-
peratures, protect the soil from drying out and
store organic carbon, which enriches the soil
and increases the resilience of ecosystems to
extreme climatic events, especially droughts.

The increase in biodiversity has re-
stored complex ecosystem linkages that have
strengthened long-term sustainability. In Ken-
ya, pollinating insects have found favourable
conditions, contributing to crop development.
In Malawi, birds and small mammals have sta-
bilised ecosystem processes by interacting with
vegetation. These changes reduced the vulner-
ability of ecosystems to climate change, en-
suring their adaptation to external influences.
One of the key results was the restoration of
the hydrological cycle. In Ethiopia, forest belts
slowed down water runoff, increased rainfall
infiltration and stabilised groundwater levels,
reducing the risk of flooding and the impact of
drought. In Kenya and Malawi, improved soil
water-holding capacity has increased the avail-
ability of water for crops, reducing the need for
artificial irrigation and water costs.

Air quality has also improved significantly.
Forest belts in all three countries effectively ab-
sorbed carbon dioxide, reducing greenhouse gas
e missions and contributing to the fight against
global climate change. At the same time, trees
and shrubs released oxygen, improving atmos-
pheric conditions. Forest belts trapped dust and
aerosol particles, which had a positive impact
on the health of the local population and agri-
cultural productivity.

The findings highlighted the need to scale
up agroforestry activities in Ethiopia, Kenya
and Malawi as a key tool for sustainable devel-
opment. The implementation of these meas-
ures helped to restore degraded ecosystems,
improve conditions for agriculture, improve the
quality of life of the population and strengthen
natural systems. These measures should form
the basis for long-term planning in regions
with high environmental and climate risk.

Discussion

The results of the study showed that agrofor-
estry measures are a key method in improving
the condition of degraded land, restoring eco-
system functions and increasing the resilience
of agroecosystems. In countries such as Ethi-
opia, Kenya and Malawi, reductions in water
erosion have reached 60-70% and wind erosion
over 50%, highlighting the importance of forest
belts and intercropping techniques for soil pro-
tection. These measures changed soil structure,
including increased organic carbon and water
holding capacity, strengthening the basis for
sustainable agriculture. Restoring ecosystem
connectivity has improved resilience to climate
change and anthropogenic impacts. These
results confirm that multi-level forest belts
and mixed plantations are effective solutions
for maintaining ecosystem stability (Floqi et
al., 2009; Skydan et al., 2021).

Thus, the results demonstrate that agrofor-
estry provides integrated restoration of natural
processes, creating both ecological and eco-
nomic benefits. J.M.S. Tomar et al. (2021) em-
phasised the role of agroforestry in combating
soil degradation and mitigating climate change.
J.M.S. Tomar et al. (2021) emphasise the impor-
tance of integrating agroforestry practices to
improve the resilience of land systems and re-
duce water erosion. This study concurs with the
finding of a 50-80% reduction in water erosion
but adds a detailed analysis of spatial planning
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to adapt forest strips to specific terrain con-
ditions. In addition, J.M.S. Tomar et al. (2021),
this study addressed the reduction in wind ero-
sion and improving soil water-holding capacity,
which enhances the overall understanding of
agroforestry effectiveness.

R. Kaushal et al. (2021) addressed the ben-
efits of agroforestry for soil and water conser-
vation, emphasising the importance of forest
plantations in slowing down erosion processes
and improving soil structure. The results are
consistent with these findings on the role of
tiered forest belts in soil protection and fertil-
ity enhancement. However, this study provides
a more detailed analysis of the methods of se-
lecting trees, shrubs and herbaceous plants for
the establishment of forest belts, concerning
local climatic conditions. In addition, this study
includes an analysis of the use of crop-mixing
technologies to integrate ecological and agri-
cultural functions, whereas the work of R. Kau-
shal et al. (2021) did not cover these aspects.

M. Jafari et al. (2022) emphasized on bio-
logical control of soil erosion using agrofor-
estry technologies in arid regions. They em-
phasised the importance of forest plantations
in improving soil resistance to water erosion.
M. Jafari et al. (2022) included an integrated
approach that considers both water and wind
erosion as well as cumulative impacts on ag-
ricultural systems. In addition, the contribu-
tion of agroforestry to the restoration of eco-
system services such as the hydrological cycle
and air quality improvement was considered,
which is absent in the analysis of M. Jafari et
al. (2022). This study complements their find-
ings by showing that forest strips not only pre-
vent erosion but also contribute to stabilising
the water table and improving soil moisture.
V.P. Gupta (2020) emphasises the role of agro-
forestry in soil protection and health improve-
ment. The study emphasised reducing ero-
sion losses and increasing soil organic carbon

content. This study also considers these aspects
but extends the approach by analysing spatial
planning and the use of crop-mixing technol-
ogies. For instance, this study shows that the
introduction of tiered forest strips and mixed
planting increases the organic carbon con-
tent by 20-30% and the water-holding capaci-
ty of the soil is increased by 80%. In contrast
to the study by V.P. Gupta, this study covered
the impact on biodiversity and restoration of
ecosystem services such as hydrological cycle
and air quality. S. Fahad et al. (2022) focused
on the role of agroforestry systems in improv-
ing soil health, especially in the context of soil
structure and nutrient content. The results of
S.Fahad et al. (2022) were consistent with these
findings of restoring soil fertility and reducing
the need for mineral fertilisers. However, this
study emphasised complementing these factors
by improving water balance and increasing crop
yields (up to 25%), which is not highlighted by
S.Fahad et al. (2022). In addition, this study de-
tailed methods of adapting agroforestry to local
climatic and soil conditions, which expanded
the application value.

X.Zhu et al. (2020) addressed the reduction
of water, soil and nutrient losses and pesticide
pollution reduction in agroforestry systems.
Researches confirmed the importance of forest
strips in preventing water erosion and nutrient
retention. These results complemented these
findings by showing a reduction in both water
and wind erosion, as well as biodiversity resto-
ration, which was not considered by X. Zhu et
al. (2020). The inclusion of data on spatial plan-
ning and the use of mixed crops in this study
demonstrates a more systematic approach,
allowing both ecological and agrarian aspects
to be considered. M.A. Marques et al. (2022) in-
vestigated the rehabilitation of degraded land
and soil management using agroforestry sys-
tems. Scientists emphasised the importance of
restoring soil structure and improving water
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retention properties. This study also highlight-
ed these aspects but added detailed analyses
of spatial planning and plant species selection
for different climatic zones. For instance, this
study demonstrated an 80% increase in soil
water-holding capacity and a role in reducing
dependence on artificial irrigation, which was
not highlighted in the work of M.A. Marques et
al. (2022). The study by G. Sahoo et al. (2020)
emphasised the use of agroforestry for the res-
toration of forest and landscape systems. The
findings of S. Sahoo et al. (2020) on the role of
forest strips in soil erosion protection concur
with these findings. However, this study added
analyses of mixed crops and multi-tiered strips
to examine plant interactions at different eco-
system tiers. In addition, this study provides
more detailed data on the 140% increase in
biodiversity, demonstrating the integrated res-
toration of ecosystem functions, including the
creation of new habitats. ].C. Dagar et al. (2020)
investigated the use of agroforestry systems to
restore degraded landscapes. They observed re-
duced erosion losses and improved soil struc-
ture, which was supported by these results.
However, this study went further by showing
not only effects on soil but also the restora-
tion of the hydrological cycle, improvement
of air quality, and reduction of greenhouse gas
emissions. The implementation of geographic
information systems for spatial planning con-
sidered in this study adds an applied aspect that
is missing in the work of J.C. Dagar et al. (2020),
S. Lebrazi & K. Fikri-Benbrahim (2022) high-
lights the importance of woody legume crops
in improving soil health and increasing soil fer-
tility. These results support these findings by
showing an increase in organic carbon content
by 20-30%. However, this study includes supple-
menting these findings by analysing crop mix-
ing technologies that ensure the integration of
legume plant functions with other crop types.
This achieves not only improved soil structure,

but also a 50% reduction in fertiliser require-
ments, making the approach more sustainable.

The study by G. Jalilova et al. (2024) in four
districts of South Issyk-Kul demonstrated that
modern farmers are aware of the existing prob-
lems and their contribution to the decline in
agricultural productivity and increased vulner-
ability to environmental change. An important
problem of the absence of a mechanism for the
exchange of agricultural knowledge between
farmers was identified, as it is difficult for them
to determine where and from whom to gain
experience. It is proved that the integration of
elements of agricultural consulting into the en-
vironment of farms has the potential to signif-
icantly stimulate the positive dynamics of agri-
cultural development. The practical value of the
research results is seen in the possibility of us-
ing them to mitigate the process of adaptation
of agricultural production in developing coun-
tries to inevitable climate change. A compari-
son of the results shows that agroforestry is an
effective tool for restoring degraded land, im-
proving ecosystem functions and increasing the
sustainability of agricultural systems. The main
findings confirm a significant reduction in ero-
sion losses, improved soil structure, increased
fertility and restoration of the hydrological cy-
cle. The study also emphasises the importance
of forest belts and intercropping techniques for
creating sustainable agricultural ecosystems.

A distinctive feature of this study is the in-
tegrated approach, including the adaptation of
methods to different climatic conditions, the
use of spatial planning and the analysis of bi-
odiversity restoration. The results demonstrate
the systemic impacts of agroforestry, covering
both ecological and economic aspects. Thus,
the study provides a broader picture of the im-
pacts of agroforestry activities, rendering the
data an important contribution to the devel-
opment of sustainable land use and ecosystem
restoration.
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Conclusions

The study confirmed the high importance of
agroforestry as an effective and comprehensive
approach to restoring degraded land, increasing
the resilience of agroecosystems and adapting
to climate change. The study of methods such
as shelterbelts, crop intercropping and spa-
tial planning has identified specific examples
of their effectiveness in different regions. The
study found that the use of forest belts reduces
water erosion by 60-70% and wind erosion by
50-60%. For instance, in Ethiopia, rainfall in-
filtration increased by 35%, which significant-
ly reduced the risk of flooding. In Malawi, the
water-holding capacity of the soil has improved
by 30%, which has ensured sustainable agricul-
tural development. These results demonstrate
that forest belts not only stabilise the soil but
also contribute to the accumulation of organic
carbon, increasing soil fertility.

Crop mixing technologies have also shown
this importance. For instance, in Kenya, the in-
troduction of legumes into the rotation with
cereals reduced the use of mineral fertilisers by
50%, improving the natural nitrogen cycle. In

it possible to optimise the placement of forest
belts, considering local natural and climatic
conditions. As a result, in Ethiopia, forest belts
on slopes prevented the formation of gullies,
and in Malawi, their placement on flat areas en-
sured a uniform reduction in erosion processes.

Agroforestry has also proven effective in
restoring ecosystem services. For example, in
Kenya and Malawi, stabilising the hydrological
cycle has led to improved water quality, reduced
need for artificial irrigation and reduced risk of
droughts. Forest belts have also helped to re-
duce dust and greenhouse gas concentrations,
improving air quality and reducing climate
impacts. These results highlight the versatility
and adaptability of agroforestry technologies to
different natural and climatic conditions. Not
only do they improve soil quality and increase
biodiversity, but they also ensure ecosystem re-
silience and agricultural productivity. The find-
ings of the study highlight the need to scale up
such measures and further study their impact
to create even more effective approaches to
natural resource management.
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AHoTanisg. MeTow [oCTiIKeHHS OylI0 BUSBIEHHS KIIOYOBMX UYMHHMKIB i MexaHi3MiB, M0
3a6€e3MMeuyioTh IMJBUIIEHHS CTifKOCTi TIPYHTIB Ta arpoeKkoCHCTeM uepe3 3aCTOCYBAaHHS
arposicoMeniopaTMBHUX TEXHOJOTii B YMOBaxX MiHAMBOrO KiiMaty. [locaimkeHHs 6yo
30cepeykeHe Ha BIUIMBI MOe3aXMCHUX JIiCOBUX CMYT, TEXHOJIOTi# 3MilllyBaHHS KyJIbTYp Ta METO/iB
MIPOCTOPOBOTO IVIAHYBAaHHS Ha BiZJHOBJIEHHS J1erpaloBaHMX 3eMeJlhb i MOMIMNIIeHHs eKOCUCTEMHUX
dynk1it. Metomosorist JOCTiMKEHHST IPYHTYBajacs Ha y3araJbHeHHI Ta aHaji3i JaHux 3 pisHUX
HayKOBMX JKepell, a TAKOXX Ha BMKOPUCTAHHI TEOPETUYHMUX MOZeJeil i ObOBUX CIIOCTEPEsKeHb.
OcHoBHa yBara npupinsinacst perionam Ediomii, Kenii Ta Masnasi, me mpoBoguian aHasi3 BIUIMBY
6araTopiBHEBUX JIICOBMUX CMYT i 3MilllaHMX KY/IbTYP Ha 3HMKEHHS epO3iiHIX MPOIIECiB, MOITIIIeHHS
CTPYKTYpU IPYHTY Ta BiZHOBIeHHs Giopi3HOMaHITTS. Pe3ynbTaTu LOCTiIKeHHS! MOKas3auu, IO
arposiicoMesniopaTUBHI 3aX0AY B LIMX KpaiHax Jajay 3MOTY 3HAYHO 3HU3UTU iHTeHCUBHICTb BOLHOL
Ta BiTPOBOI epo3ii, MOMINIINTH BOLOYTPUMYBaAbHY 3JaTHICTb I'PDYHTY Ta BiTHOBUTH riAPOIOTiUHMI
uyki. B Ediomnii micoBi cMyry cripusiiv miBUILIEHHIO BOJIOTO3aracy I'pyHTY B IIOCYIUIMBUX perioHax,
y KeHii — mosinieHHI0 BPOKaHOCTI Ci/TbCHKOTOCMOAAPCHKUX KYJIBTYD 32 PaXyHOK CTBOPEHHS
CIIPUSTAMBOIO MiKpOK/IiMaTy, a B MasiaBi — 3aXMCTy TTaCOBUITHMX €KoCUcTeM Bin merpaparnii. LIi
3aXOI TAKOX CITPHUSIV 301IbIIIEHHIO BMiCTY OPTaHiYHOTO BYIVIELIO B IPYHTI, 110 3HMU3MIIO IOTPe6Y
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B MiHepaJbHUX JN06pPMBax i MiHiMi3yBajio aHTPOIOTEHHMIT BIIMB Ha HABKOJIMIITHE CEPeNOBUIIE.
BUCHOBKM MiTBEPIKYIOTh YHIBEPCATBHICTh arpoicoMeniopaTMBHUX MiAXOMiB IJ1s1 BiTHOBIEHHS
3eMeJIbHMX PecypciB Ta ajamnTtaiii o kiiMaTMuyHuX 3MiH. OTpuMaHi pe3yabTaTy AEMOHCTPYIOTh
3HauyLIiCTh iHTerpauii arponicoMeniopaTMBHMX TEXHOJOTI/i y CUCTEMM CTaJIOr0 YIPaBIiHHS
TIPUPOAHUMMU PeCcypcamiu, 0 HAroJIoIIye Ha HeoOXiZHOCTI MaciITabyBaHHS B perioHaX, CXMJIbHUX
[Io merpapariii 3emesib, 30KkpeMa B Kuprusbkiii Pecry6smiiri

KnrouoBi c1oBa: icoBi HacakKeHHs ; TPOCTOPOBE IVIAHYBAHHS; €EKOCUCTEMHi TIOCTyTHM; 3eMeslbHe
BiTHOBJIEHHS; YITPaB/IiHHS BOTHUM 6ajlaHCOM ; YIIpaBIiHHS BOTHUM GajaHCOM
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change scenarios, and an evaluation of data about tree physiological processes, including
photosynthesis, root development, and tree growth. The primary conclusions of the study
indicated that climate change could exacerbate stressors for certain tree species, perhaps
resulting in the substitution of these species with those that are more resilient or less dependent
on specific climatic conditions. The results are important for predicting further changes in forest
ecosystems and developing recommendations for their conservation. One of the key conclusions
was the need to adapt forestry to new climate conditions, including the selection of climate-
resistant tree species and the use of strategies to restore degraded forests. It is also relevant to
improve the effectiveness of monitoring the state of forest ecosystems to respond to changes
promptly and prevent the degradation of forest resources. Predicting possible climate change
and analysing local conditions allowed for more effective planning of measures to conserve
biodiversity and forest ecosystem services. Taking into account the data obtained, it is possible
to create recommendations for sustainable forest management, which will help preserve their

ecological and economic value in the face of climate change

Keywords: flora; biodiversity; environment; species vulnerability; vegetation

Introduction

Climate change represents a significant chal-
lenge of our era, impacting all ecosystems glob-
ally, including forests. Forests are essential for
delivering ecosystem services, including carbon
sequestration, water balance regulation, biodi-
versity conservation, and soil erosion preven-
tion. Forests harbour almost 80% of terrestri-
al species and furnish resources for billions of
individuals who rely on them to satisfy their
needs (Huang et al., 2024). Nevertheless, in-
creasing temperatures, alterations in precipi-
tation patterns, and the prevalence of extreme
weather events provide a significant danger to
the integrity of forest ecosystems. An elevation
in average air temperature results in alterations
in the photosynthetic activity of flora, poten-
tially leading to a decline in arboreal growth
and output. Under high temperatures, plants
can show signs of stress, such as stomatal clo-
sure, which reduces carbon dioxide consump-
tion and, consequently, reduces photosynthetic
activity. Simultaneously, alterations in precip-
itation patterns result in droughts or, alterna-
tively, heightened precipitation, so impacting

the hydrological regime in forests. This ad-
versely affect the growth of tree root systems,
as insufficient moisture may result in the mor-
tality of young plants or diminish their capacity
to respond to severe situations.

The occurrence of extreme weather events,
including hurricanes, floods, wildfires, and
frosts, can inflict physical harm on trees and
lead to the devastation of forest stands. For ex-
ample, climate change can facilitate the spread
of new pests that are detrimental to forest
health and can weaken forests’ resilience to
stress. A concerning element of climate change
is its effect on the species makeup of forests.
Changes in climate conditions may lead to the
gradual displacement of certain tree species
that are unable to adapt to new temperature
and humidity conditions in favour of more re-
silient or invasive species (Skliar et al., 2020).

Given these issues, it is essential to ex-
amine the adaptation mechanisms of forest
ecosystems to climate change. Research fo-
cused on elucidating the physiological mech-
anisms of trees, their resilience and adaptive
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capacity, and the formulation of appropriate
forest management strategies in response to
climate change is crucial for the preservation
of these vital ecosystems in the future. Achiev-
ing sustainable development and forest con-
servation for future generations necessitates a
thorough examination of the effects of climate
change on forest ecosystems and associated
ecosystem services.

J. Huang et al. (2024) investigated how pho-
tosynthetically active radiation affects the dy-
namics of sap flow at different stages of forest
succession in subtropical forests. The authors
noted that light intensity is a critical factor for
tree growth, but questions remain about adap-
tation to climate change in different regions.
The impact of altitude and slope exposure on
carbon storage in Himalayan Forest soils was
analysed by S. Kumar et al. (2024), focusing on
the ecosystem processes that contributed to
carbon storage in different landscape condi-
tions and considering these aspects as a means
of supporting natural climate change mecha-
nisms. D. Srivastava (2024) focused on the bi-
ological aspects of climate-induced changes in
ecosystems and offered practical recommen-
dations for the adaptation of forest systems. A
separate section was devoted to the ecosystem
services of forests, their conservation, and their
role in global environmental stability.

A. Sojitra et al. (2024) underscored the
necessity of an interdisciplinary approach to
forest research in relation to climate change,
highlighting the importance of future research
planning, while also indicating the ongoing re-
quirement for practical recommendations for
the conservation of certain forest types. The
possibility of using controlled species migra-
tion to reduce the impact of climate change
was considered by W. Xu & S. Prescott (2024).
They noted the promise of this approach, but
that it requires additional experimental ev-
idence. J. Konic et al. (2024) evaluated the

contribution of imported trees to ecosystem
services in Austrian woods. Despite the poten-
tial of introduced species, there are gaps in the
study of their long-term impact on biodiversity.

Long-term changes in radial tree growth
in mixed forests in China were investigated by
X. Gong et al. (2024). The scientists analysed
how climate change affected tree growth, in
particular, whether these changes contributed
to the spread of deciduous species. The study
showed that changing climatic conditions could
create more favourable conditions for decid-
uous species compared to conifers, which was
important for predicting the future dynamics of
these forests. S. Tampekis et al. (2024) presented
the concept of planning and managing forestry
operations using the principles of functional
complex systems’ science. The authors devel-
oped a systematic management method that
considered the influence of multiple elements
on the resilience of forest ecosystems and en-
abled forest adaptation to climate change.
V. Kutskyi & I. Lakyda (2024) examined the in-
fluence of climatic variables on the distribution
of this species, used modelling techniques to
forecast future alterations in pine distribution.
The work is aimed at improving conservation
and management strategies for this species
in changing ecological conditions. Finally,
V. Kyyak et al. (2022) analysed the impact of
climate change on habitats and proposed sci-
ence-based methods for their conservation. In
particular, they considered adaptive manage-
ment strategies aimed at minimizing biodiver-
sity loss and maintaining ecosystem resilience.

Despite significant focus on the effects of
climate change on forests, numerous inquir-
ies persist. The long-term effects on species
composition and ecosystem services offered
by forests remain little comprehended. There
is a deficiency of generalized data regarding
the adaptive potential of various tree species
within a regional framework. This study aims to
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evaluate the effects of climate change on ar-
boreal growth and development, examine al-
terations in the species composition of forest
ecosystems, and ascertain the implications of
these changes for forest ecosystem services.
The primary emphasis was on elucidating the
methods by which trees adapt to fluctuating
climatic circumstances, alongside formulating
recommendations for the conservation and
sustainable use of forest resources amid cli-
mate challenges.

Materials and Methods

Several theoretical methods were used to assess
the impact of climate change on forest ecosys-
tems, allowing for a comprehensive analysis
and formulation of recommendations for the
conservation of these ecosystems in the future.
First, the analytical method was applied, which
consisted of a thorough study of scientific lit-
erature and existing studies describing the im-
pact of climate change on various aspects of
forest ecosystems. This included the physiolog-
ical processes of trees, alterations in forest spe-
cies composition, and modifications in forest
ecosystem functions, such as carbon sequestra-
tion, water circulation, and soil stabilization.
The analytical strategy enabled to consolidate
data from several research undertaken globally
and locally, enhancing our comprehension of
the possible effects of climate change on forest
ecosystems.

As the study was of a theoretical nature,
a significant part of the work was focused on
systematizing and analysing the available data.
This encompassed an examination of many pa-
pers detailing climate change and its effects
on forests across diverse geographical areas. A
review of studies examining alterations in tem-
perature, precipitation, and extreme weather
events and their effects on forest ecosystems
was undertaken (Forzieri et al., 2022; Seidl &
Turner, 2022). This enabled the evaluation of

the resistance levels of various tree species to
climate change and alterations in forest struc-
ture resulting from these causes. The findings
from experimental studies by other researchers
regarding the impact of climate change on the
physiological processes of trees, encompassing
photosynthesis, growth, and root system devel-
opment, were also analysed, contributing to a
more comprehensive understanding of the in-
teraction between trees and climatic conditions,
as well as their adaptive capacity to change (De
Frenne et al., 2021; Varol et al., 2021).

The comparative analysis method enabled
the comparison of several approaches to eval-
uating the effects of climate change on forest
ecosystems, namely by contrasting different cli-
mate change scenarios, including alterations in
temperature and humidity, and analysing their
influence on diverse forest kinds. The compari-
son study facilitated the identification of forest
ecosystems most susceptible to climate change
and determined which tree species might adapt
or extend their ranges.

The study was conducted in accordance
with the ethical standards set out in the Con-
vention on Biological Diversity (1992) and the
Convention on International Trade in Endan-
gered Species of Wild Fauna and Flora (1973).
This guaranteed that the research adhered to
international norms for the conservation of
natural resources and biodiversity, assuring
that the outcomes would not adversely affect
ecosystems and endangered species.

Results and Discussion

The impact of climate change on tree growth
and development

Climate change affects woody plants’ key physio-
logical processes, altering their growth, develop-
ment, and resilience through interrelated factors
like rising temperatures, shifting precipitation
patterns, and more frequent extreme weather
events that can amplify each other’s impacts.
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An elevation in mean annual temperatures
alters the dynamics of photosynthesis, tran-
spiration, and respiration in trees. For many
tree species, optimal photosynthetic condi-
tions depend on a certain temperature range.
Increasing the temperature up to this range
can increase the activity of photosynthetic
enzymes, in particular rubisco, which leads to
an increase in productivity. However, at tem-
peratures above the optimum, enzyme activity
decreases, and photosynthesis becomes less ef-
ficient, increasing the risk of heat stress. Heat
stress also affects plant structures. In conifers,
chloroplast damage is observed, which reduces
carbon assimilation. In deciduous trees, tissue
development processes are disrupted, and leaf
expansion slows down. At the same time, the
duration of the dormant period is reduced in
many species, causing trees to enter the active
growth phase prematurely, making them vul-
nerable to spring frosts. In regions with short
winters, this cycle disruption can lead to yield
losses and tree exhaustion (Allen et al., 2010;
Forzieri et al., 2022).

Reduced precipitation in arid regions caus-
es a chronic moisture deficit, which leads to a
reduced water supply in the root system. This
directly reduces transpiration and reduces the
amount of nutrients reaching the leaves, dis-
rupting photosynthesis. This is especially crit-
ical for young trees, whose root system is not
yet sufficiently developed to access deep aqui-
fer. In regions with excessive precipitation, the
risk of soil flooding increases, which causes a
lack of oxygen for the roots. Under anaerobic
conditions, root decay is activated, which sig-
nificantly weakens trees. In addition, constant

humidity creates favourable conditions for
the development of fungal infections that can
spread rapidly through the wood (Korner, 2021;
Seidl & Turner, 2022).

Droughts significantly reduce transpira-
tion, which leads to the drying of leaves and
shoots. In the case of prolonged droughts, a
tree can lose its secondary roots, which are re-
sponsible for water absorption, making it more
vulnerable to other stress factors. Frosts are
particularly dangerous for young shoots and
flowers, which often develop after the short-
ened winter period. Even short-term exposure
to low temperatures can cause damage to cell
membranes, leading to tissue necrosis (Natal-
chuk & Rudnyk-Ivashchenko, 2024). In colder
regions, this can reduce tree survival, reduce
productivity and even cause death. Floods, in
turn, damage the root system, cause soil ero-
sion and create unfavourable conditions for
rooting. The result is a decrease in the resil-
ience of forests to windstorms and damage to
the mechanical structure of trees.

Warming creates favourable conditions for
many insects, such as bark beetles or sawflies,
which reproduce and spread faster (Shahini et
al., 2024). New warm regions become available
for invasive species that were previously re-
stricted to cold temperatures. Increased humid-
ity favours the development of fungal diseases,
such as fusarium or rust, which attack leaves,
branches, and wood (Table 1). Affected trees
often have reduced vigour and become more
vulnerable to other stress factors. At the same
time, some diseases that were previously con-
sidered insignificant can become epidemic due
to changes in environmental conditions.

Table 1. Impact of climatic factors on physiological processes of trees and their consequences

The climate factor

Physiological effects

Consequences for trees

Increase in temperature

Disruption of photosynthesis,
reduction of dormancy

Exhaustion, heat stress, risk of
frost

Precipitation deficit

Water stress, reduced transpiration

Reduced growth, root death
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Table 1, Continued

The climate factor

Physiological effects

Consequences for trees

Excessive rainfall

Flooding of the root system

Root rot, fungal infections

Frequent droughts Disruption of the water balance Leaves drying out, trees dying
Frosts Tissue necrosis Reduced productivity, damage to
young shoots
Spread of pests Invasions of new species Damage to wood, reduction of

biodiversity

Fungal diseases

Damage to leaves, branches, wood

Reduced viability, slower growth

Source: C.D. Allen et al. (2010), C. Korner (2021)

To formulate successful methods for adapt-
ing forest ecosystems to climate change, it is
essential to consider the ecological traits of
various tree species, their resilience to water
scarcity, excessive moisture, thermal stress, and
biotic influences. Trees with high resistance to
flooding, such as white willow (Salix alba), black
poplar (Populus nigra) and aspen (Populus trem-
ula), are well suited to high humidity. For ex-
ample, in regions with frequent flooding, these
species demonstrate stable viability due to their
ability to form adventitious roots and anaerobic
respiration. However, even these species require
adaptation measures such as soil reclamation
to reduce the duration of water stagnation.

Pine (Pinus sylvestris), oak (Quercus ro-
bur) and juniper (Juniperus communis) are well
suited to regions with low rainfall. These spe-
cies demonstrate the ability to conserve water
due to their smaller leaf blade, waxy coating
on needles or leaves, and strong root systems
that reach deep aquifers. In countries with
Mediterranean climates, the olive tree (Olea
europaea) has successfully adapted to extreme
droughts through stomatal transpiration reg-
ulation mechanisms (Shahini et al., 2009; Ni-
inemets, 2010).

The duration of adaptation to climate
change varies for different species. For exam-
ple, Scots pine shows the first signs of adap-
tation to rising temperatures in 10-15 years,
which is reflected in changes in the chemical
composition of wood and the structure of the

root system. Common oak takes about 20-30
years to fully adapt to lower precipitation due
to the formation of deeper roots. Moisture-lov-
ing species such as poplar or willow adapt more
slowly, as their adaptation mechanisms are lim-
ited to physiological processes without signifi-
cant changes in tissue structure (Intergovern-
mental Panel on Climate Change, 2021).

Enhancing the resilience of forest ecosys-
tems necessitates the integration of biological,
engineering, and management strategies. Se-
lecting species that combine high levels of pro-
ductivity with adaptive resilience is a key step.
For example, in drought conditions, the use of
lodgepole pine hybrids with resistance to water
deficit can be an effective solution. In humid
regions, it is advisable to implement drainage
and mulching systems to maintain a stable lev-
el of soil moisture. Adapting forests to climate
change is a protracted endeavour necessitating
continuous ecosystem monitoring and the im-
plementation of innovative management strat-
egies aimed at conserving natural resources
and biodiversity.

Changes in the species composition of for-
est ecosystems

Climate change is altering forest ecosystems’
species composition by transforming the grow-
ing conditions for various tree species. Through
rising temperatures, altered precipitation
patterns, and more frequent extreme weath-
er events like droughts, frosts, and floods, it’s
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reshaping competitive dynamics between spe-
cies while affecting their geographic distribu-
tion and survival rates. Cold-loving tree spe-
cies, such as spruce, white fir and larch, are the
most vulnerable to warming. They traditionally
grow in cold climates and have a limited abil-
ity to adapt to higher temperatures. As tem-
peratures rise, their ranges shift northwards
or upwards to higher mountainous areas. This
leads to a decline in their numbers in their usu-
al territories, where the climate is no longer
optimal for their growth. At the same time,
warmer climatic conditions are contributing to
the expansion of the ranges of warmth-loving
species, such as fluffy oak, Scots pine and other
species that can withstand higher temperatures
and less humid conditions. These species are
actively developing new ecological niches in
regions that are becoming warmer, which can
change the balance between different types of
forests. Climate change also has a significant
impact on moisture-loving trees. Rising tem-
peratures combined with insufficient moisture
are leading to a decline in species such as com-
mon oak, linden, or alder. These species require
stable moisture for normal growth, and water
shortages are becoming a serious problem for
their survival. Alterations in the quantity and
distribution of precipitation result in modi-
fications to forest structure, as moisture-de-
pendent plants are progressively supplanted by
more drought-tolerant species like oak or pine
(De Frenne et al., 2021; Varol et al., 2021).

At the same time, climate change creates
favourable conditions for invasive tree spe-
cies. For example, Gleditsia or Amorpha bush,
which are highly adaptable to environmental

changes, can expand their ranges to new re-
gions, occupying vacant ecological niches. They
are able to quickly develop new territories and
often displace native species, which leads to a
decrease in biodiversity and disruption of nat-
ural ecological links in forests. Climate change
affects the structure of forest communities,
changing not only the composition of species
but also the physiological characteristics of for-
est ecosystems. For example, in regions where
temperatures are rising, coniferous forests may
gradually change to mixed or deciduous forests,
reducing the overall density of forest cover and
changing the nature of the undergrowth and
reducing soil fertility. These changes not only
affect the aesthetic appearance of forests but
also impair crucial ecosystem functions like
water purification, moisture retention, and
soil conservation, while climate change further
threatens vulnerable species such as conifers,
reducing their ability to perform vital ecologi-
cal services including carbon sequestration and
erosion protection. At the same time, replacing
these species with more heat- and drought-tol-
erant species may help maintain some ecosys-
tem functions, but reduce overall forest biodi-
versity (Penuelas & Boada, 2003).

In general, climate change affects the spe-
cies composition of forest ecosystems through
complex interactions between temperature,
precipitation, moisture, and competition be-
tween species. These changes can lead to sig-
nificant structural changes in forests, as well
as the loss of some ecological functions, such
as biodiversity stability and water regulation.
Table 2 illustrates the responses of various tree
species to climate change.

Table 2. Effects of climate change on the species composition
of forest ecosystems and its repercussions

Type of changes

Examples of species that respond

Consequences

Warming Spruce, fir, larch

Range reduction, migration to mountainous
areas or north

Moisture deficiency Common oak, linden, alder

Loss of productivity, degradation of ecosystems
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Table 2, Continued

Type of changes | Examples of species that respond Consequences
Expand}ng our Fluffy oak, Scots pine Replacement of cold-loving species, expansion
habitats to warmer regions
Infestation Gleditsia, Amorpha Displacement of native species, reduction of

natural diversity

Structural changes

Deciduous forests instead of conifers

Reduction of density, change in functional
characteristics of ecosystems

Source: J. Pefiuelas & M. Boada (2003), D.M. Richardson & M. Rejmanek (2011)

Changing forest species composition af-
fects the economy by reducing resource avail-
ability, changing forest productivity and in-
creasing management costs. For example, the
shrinking ranges of cold-loving species such
as spruce and fir reduce the amount of valua-
ble timber used in construction and furniture
production. At the same time, the expansion
of warmth-loving species, such as fluffy oak, is
changing the structure of raw materials, which
requires the woodworking industry to adapt.
The moisture deficit, which leads to a loss of
productivity in species such as linden and al-
der, affects forestry, which depends on a stable
supply of resources.

Invasive species, such as Gleditsia, create
additional costs for their control, which in-
crease as they spread. The lack of adaptation to
local climatic conditions and the poor quality
of their wood limits their economic value, while
threatening to lose natural forest resources.

Invasive species management strategies
include several approaches aimed at reducing
their negative impact on forest ecosystems.
Early detection and monitoring are key meas-
ures that allow localizing new areas of inva-
sive species using modern technologies such
as remote sensing and GIS systems. Physical
removal of young trees of invasive species,
combined with planting of native resistant
species, helps to preserve natural biodiversity.
Simultaneously, the implementation of bio-
logical control strategies, including the utili-
zation of natural predators of invasive species,

aids in diminishing their populations without
adversely affecting ecosystems. Encouraging
the planting of native tree species adapted
to climate change ensures their superiority
over invasive species. This measure is impor-
tant for creating sustainable forest planta-
tions. Raising environmental awareness and
informing local communities about the neg-
ative effects of invasive species is paramount.
The integrated application of these strategies
contributes to the adaptation of forest eco-
systems to climate change, while maintaining
their ecological stability and economic value.

Ecosystem services of forests in the context
of climate change

Forests are one of the key components of the
global ecosystem, performing numerous func-
tions that maintain ecological balance. Some
of the most important functions of forests in-
clude carbon sequestration, water cycle reg-
ulation, soil erosion protection, biodiversity
maintenance, water filtration and ensuring
the stability of local climatic conditions. All
these processes are being seriously disrupt-
ed, which affects not only the condition of the
forests themselves, but also human well-being.
The ability of forests to absorb carbon dioxide,
which is the main greenhouse gas, is critical
to slowing global warming. This process de-
pends on the level of photosynthetic activity
of trees, their growth, and biomass accumu-
lation. Climate change, such as rising average
annual temperatures and frequent droughts,
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significantly reduces the efficiency of photo-
synthesis, especially in moisture-loving species
such as fir, beech, or oak. As a result, trees grow
more slowly, which reduces the amount of car-
bon that is sequestered and retained in forests.
Moreover, catastrophic weather phenomena,
including wildfires and hurricanes, facilitate
the swift release of carbon sequestered in wood,
transforming forests from natural carbon sinks
into sources of carbon dioxide.

The root systems of trees play a key role
in retaining moisture in the soil, preventing it
from evaporating and running off quickly dur-
ing storms. In arid conditions, trees, especially
those with shallow root systems such as alder
or aspen, are unable to maintain the required
level of soil moisture. This leads to the deple-
tion of aquifers and increased droughts, which
negatively affects both local ecosystems and
agriculture. Erosion protection and soil stabi-
lization are important functions of forests, es-
pecially in mountainous and sloping areas. Cli-
mate change, which is leading to more extreme
precipitation events and increased intensity
of storms, is exacerbating erosion processes.
In areas where forest cover is degraded due to
drought or felling, soil becomes more vulner-
able to leaching. This not only reduces soil

fertility, but also leads to flooding in low-lying
areas due to the accumulation of sediment in
water bodies (Abbass et al., 2022).

The water filtration capacity of forests re-
lies on the diversity of tree species and their
efficacy in purifying water from detrimental
contaminants. Under climate change, the risk
of losing this mechanism increases as species
diversity decreases, and invasive plants spread.
Monocultures, which are often created for re-
forestation, have a limited ability to filter wa-
ter because their root system does not provide
sufficient interaction with soil microorganisms
that are involved in natural water purification.
Maintaining the biodiversity of forests is the
basis of their ecological sustainability, but this
process is also under threat. Climate change is
disrupting the ecological balance, contributing
to the displacement of some species by others
that are less vulnerable to changing conditions
(Ismayilzada et al., 2023). For example, the
spread of invasive species such as Gleditsia or
Amorpha often leads to the displacement of na-
tive species such as linden or maple (Table 3).
This disrupts the complex ecological relation-
ships that maintain the stability of forest eco-
systems, including interactions between trees,
pollinating insects, birds and other organisms.

Table 3. Ecosystem services of forests and their disruption under climate change

Ecosystem service

Disruption due to climate
change

Environmental impacts

Carbon sequestration

Reduced photosynthesis,
emissions from fires

Increasing CO, levels in the
atmosphere, increasing the
greenhouse effect

Regulation of the water cycle

Moisture deficit, reduced water

Deteriorating access to water,

retention increasing frequency of droughts
. . Loss of forest cover, increased Soil destruction, increased flood
Erosion protection .
surface run-off risk
Water filtration Decrease in tree diversity, spread Accumulatior.l of ha.rmful
of monocultures substances in aquifers

Supporting biodiversity

Displacement of native species,
loss of interconnections between
organisms

Reduced ecological sustainability
of forests, disruption of ecosystem
functionality

Source: K. Abbas et al. (2022), A. Lubek et al. (2021)
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To preserve the ecosystem services of for-
ests in the context of climate change, it is nec-
essary to implement adaptation measures, such
as enriching forests with resilient tree species,
creating conservation corridors and managing
water resources. At the same time, it is impor-
tant to reduce anthropogenic pressure on for-
ests, in particular by reducing illegal logging
and promoting natural forest regeneration.

Climate change poses unprecedented chal-
lenges for forest conservation, demanding both
proactive management and flexible adaptation
strategies. A critical focus lies in preparing for-
est plantations for shifting climate patterns
through careful tree species selection. Forest-
ers must identify varieties capable of thriving
under higher temperatures and water scarcity.
This often means leveraging native species al-
ready adapted to changing conditions while
thoughtfully introducing hardy newcomers that
can weather future climate shifts. Biodiversity
plays a vital role in maintaining healthy for-
ests — the more diverse an ecosystem, the bet-
ter it can withstand environmental pressures.
Building climate resilience requires transition-
ing away from monocultures toward mixed-spe-
cies and natural forest systems that better mir-
ror nature’s complexity. Mixing tree species
and incorporating natural plant communities
reduces the risks of diseases and pests, which
are a serious threat to monotonous forests.

The creation of nature conservation cor-
ridors is also an important element of adapta-
tion. Thanks to such corridors, plant and animal
populations can be maintained and preserved,
which contributes to the conservation of bio-
diversity. Water management is another critical
aspect. The introduction of technologies that
promote water conservation, such as irrigation
and protection against surface run-off, can in-
crease the efficiency of water use in forest eco-
systems. Additionally, establishing a rainwa-
ter harvesting system can help maintain soil

moisture levels during dry periods. Conserva-
tion and restoration of degraded forests is an
important area of adaptation. This can include
measures to restore natural ecosystems, such
as reforesting areas that have lost cover and
supporting natural regeneration processes. The
education and engagement of local communi-
ties in forest management activities are crucial
components of adaptation. Enhancing public
knowledge on the significance of forests and
their ecological role fosters the development of
local conservation projects. Community partici-
pation in forest restoration programmes can en-
sure their sustainability and long-term results.
Protecting and restoring the ecosystem
functions of forests is also an important as-
pect. Forests perform numerous ecological
functions, such as carbon sequestration, water
balance regulation and protection against soil
erosion. Monitoring climate change and the
state of forest ecosystems is equally important.
Regular monitoring facilitates the timely iden-
tification of alterations, including increasing
temperatures, variations in precipitation, and
the advent of novel pests or illnesses, so ena-
bling a swift reaction to these developments.
This will make it possible to make the necessary
management decisions based on scientific data
and predict possible changes in the future.
Reducing greenhouse gas emissions is
another important area. Proactive measures
to mitigate emissions will aid in decelerating
climate change and alleviating its adverse ef-
fects on forest ecosystems. Forests are crucial
for sustaining the carbon balance as carbon
reservoirs; thus, their protection and regener-
ation are vital for addressing climate change
(Huseynli et al., 2024). Education and public
engagement significantly contribute to for-
est conservation. Enhancing knowledge of the
significance of forests and their contribution
to combating climate change fosters commu-
nity initiatives for forest conservation and
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participation in replanting efforts. The engage-
ment of local communities in the preservation
of forest ecosystems guarantees their sustain-
ability and enduring outcomes. The develop-
ment of adaptation strategies for forestry and
agriculture will help avoid conflicts between
the use of forest resources and ecosystem con-
servation. This entails a sustainable methodol-
ogy for utilizing forest resources that preserves
the ecological functions of forests and sustains
their resilience to climate change. Taking these
factors into account will allow forest ecosys-
tems to maintain their functions even in the fu-
ture, contributing to the stability of ecological
processes on the planet.

A reduction in trees’ capacity to sequester
carbon results in heightened greenhouse gas
concentrations in the atmosphere, hence ex-
acerbating global warming. This therefore in-
fluences climatic conditions, augmenting the
frequency and severity of extreme meteorolog-
ical phenomena, including hurricanes, floods,
and droughts. This results in increased costs for
infrastructure restoration, as well as increased
costs for adaptation to new climate conditions.
Secondly, the decline in water quality due to the
loss of forests has a negative impact on public
health. Forests perform an important function
of water filtration, and their degradation leads
to water pollution. This can cause an increase
in the incidence of diseases among the popula-
tion, which, in turn, creates additional financial
burdens on the healthcare system.

Social impacts also include reduced re-
sources for local communities that depend on
forests for their livelihoods. Many people, espe-
cially in rural areas, rely on forests for timber,
medicinal plants, food, and even income from
ecotourism. The loss of these resources can lead
to lower living standards, increased poverty and
social tensions in these communities. The dis-
appearance of species that play an important
role in agroecosystems can lead to lower crop

yields and, as a result, food shortages. This may
trigger social conflicts due to competition for
limited resources. Thus, the economic and so-
cial consequences of the loss of forest ecosys-
tem services are complex and multifaceted, re-
quiring urgent response and implementation of
measures to conserve and restore them.

A. Lubek et al. (2021) analysed the impact
of climate change on the functional diversity
of ecosystems, in particular on the distribu-
tion of lichens, which are indicators of ecolog-
ical condition. The results of the study showed
that invasive tree species, such as Gleditsia, are
displacing native species, which has a negative
impact on biodiversity. The authors also noted
that such changes contribute to the imbalance
of ecosystems, creating new challenges for for-
est management.

The importance of modelling future forest
change scenarios was highlighted by J. Huang
et al. (2021), who used virtual reality data to
predict climate impacts on forests. This is con-
sistent with the study’s findings on the need
to develop adaptation strategies for forest-
ry. L. Suz et al. (2021) emphasized the critical
role of mycorrhiza in the adaptation of trees to
stressful conditions, in particular under condi-
tions of moisture deficit. The study confirmed
that changes in the precipitation regime neg-
atively affect the ability of trees to maintain
water balance, which reduces the efficiency of
forests in performing key ecosystem functions.
Similar results were reported by L. Nunes et
al. (2021), who analysed the impact of climate
change on forests in the Mediterranean region
and highlighted the need for adaptation meas-
ures to stabilize these functions.

The research indicated that increasing
temperatures induce alterations in the pho-
tosynthetic mechanisms of trees, particularly
conifers, which possess a restricted capacity
to acclimate to thermal stress. N. Naudiyal et
al. (2021) noted that species such as Abies and
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Picea are particularly vulnerable to warming,
which changes their potential distribution
range. Y.-S. Wang & J.-D. Gu (2021) investigated
the adaptation mechanisms of mangrove eco-
systems to heat and moisture stress. This indi-
cates the universality of mechanisms that may
be common to different types of ecosystems.

S. Bandh et al. (2021) analysed the spread
of invasive species in the context of climate
change and noted that this can reduce the
functionality of local ecosystems. The results
showing changes in the photosynthetic ac-
tivity of trees and their adaptive mechanisms
to water stress are in line with the findings of
Y. Liu et al. (2020), who emphasized the impor-
tance of mycorrhiza in ensuring nutrient me-
tabolism under climate change. P. Baldrian et
al. (2023) emphasized that the forest microbi-
ome is essential for the resilience of tree spe-
cies to climate change, corroborating findings
on the interaction between root systems and
soil bacteria.

The findings on the replacement of less
resilient tree species with more adapted ones
are confirmed by X. Morin et al. (2021), which
highlights changes in the species structure of
tree communities through succession models.
They pointed out that a decline in the number
of certain species can have negative conse-
quences for forest stability. The result indicates
a necessity for additional investigation into the
relationship between tree species and microbial
populations to enhance the adaptive potential
of forests. The study’s findings, which reveal a
decline in forests’ capacity to control the wa-
ter cycle, align with the analysis conducted by
F. Orsi et al. (2020), who noted the loss of es-
sential ecosystem services resulting from forest
degradation in Europe.

A. Ali (2023) emphasized the importance
of an integrative approach to preserve forest
ecosystem services in the face of global change.
The results obtained on the degradation of

certain tree species under the influence of
changes in temperature and precipitation
are confirmed by the findings of J. Blanco &
Y. Lo (2023). The identified changes in species
composition and adaptive capacity of tree spe-
cies correlate with their recommendations on
the need to apply integrated methods to pre-
dict the consequences. The study also found
a decrease in the carbon sequestration ca-
pacity of forests due to loss of productivity
and tree degradation. This is in line with the
findings of the scientists, who emphasized
that new modelling approaches can improve
the accuracy of assessing changes in forest
ecosystem functions under climate change.
The results on the reduction of cold-loving
species’ ranges and the expansion of warm-lov-
ing and invasive species are in line with the
findings of S. Chivulescu et al. (2023). Their
study noted that maintaining forest resilience
is key to ensuring ecological balance, particu-
larly in the face of climate change, as observed
in the peri-urban forests of Romania. The data
obtained confirm the importance of imple-
menting adaptation measures, in particular
through maintaining biodiversity and preserv-
ing the resilience of forests. The researchers
noted that the transition to mixed forests and
the integration of protected areas into the man-
agement structure can significantly increase
climate change resilience. Studies on the in-
creased spread of tree pests and diseases under
the influence of climate change are consistent
with the findings of ]. Guegan et al. (2023). They
highlighted that climate change facilitates the
proliferation of novel pests and pathogens that
endanger the stability of forest ecosystems.
The findings validated the intricate and
multifaceted influence of climate change on
forest ecosystems. Consistency with interna-
tional research highlights the global impor-
tance of adaptation strategies for maintaining
forest stability and functionality. This work
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enhances the comprehension of forest pro-
cesses and can provide a foundation for for-
mulating successful forest ecosystem manage-
ment strategies.

Conclusions

The research established that climate change,
characterized by elevated temperatures, altered
precipitation patterns, and a rise in extreme
weather occurrences, significantly affects for-
est ecosystems, including tree physiological
processes, species composition, and ecosystem
functioning. Variations in temperature and hu-
midity directly influence the growth and devel-
opment of trees, modifying their capacity for
photosynthesis, growth, and root system for-
mation. As a result, some tree species may be
vulnerable to changes, leading to their replace-
ment by more resilient species or to a reduction
in the number of trees of certain species.
Modifications in forest species composi-
tion, particularly the displacement of tree spe-
cies, are increasingly influencing the capacity
of forests to fulfill their ecological roles, such as
carbon sequestration, water regulation, erosion
mitigation, and soil stabilization. Disruption of
these functions can have serious consequences
for climate, agriculture and water resources, in
particular by reducing the ability of forests to
absorb carbon dioxide and maintain water flow
in ecosystems. A comparative investigation of
various climate change scenarios indicates that
forest ecosystems exhibiting high biodiver-
sity are more tolerant to the adverse impacts
of climate change. Consequently, conserving
and restoring biodiversity is essential for the
response of forests to climate change. Specifi-
cally, altering forest structures and substituting
non-adapted species with more climate-resil-
ient varieties can be a crucial measure in safe-
guarding forest ecosystems for the future.

It has been proven that adapting forestry to
new conditions is a crucial undertaking in the
context of climate change. It is essential to for-
mulate and execute forest management meth-
ods that would aid in preserving their ecolog-
ical functions and stability. This encompasses
the selection of climate-resilient tree species
capable of enduring elevated temperatures, al-
tered precipitation patterns, and other harsh
weather phenomena. To preserve the ecosys-
tem services of forests, methods should be used
to restore degraded forests and prevent the
degradation of forest land. Given the identified
trends and changes, there is a growing need for
regular monitoring of forest ecosystems.

Despite the importance of the results, the
study has several limitations. One of the main
ones is the lack of accurate experimental data
on changes in forest ecosystems as a result of
climate change. The theoretical nature of the
study limits the ability to accurately predict
the impact of changes on specific forest areas,
as different regions may respond differently to
climate change. It should also be borne in mind
that factors not directly related to climate, such
as anthropogenic pressure, can have a signifi-
cant impact on the state of forest ecosystems.
Further study should focus on creating more
precise models to forecast the effects of climate
change on forest ecosystems, including local
variables. This involves examining the adaptive
strategies of tree species in response to climate
change and formulating techniques for the con-
servation and restoration of forest ecosystems
threatened by global climate change.
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3aMOpPO3KH, BIUIMBAIOTh Ha CTAaH JiCOBMX €KOCUCTEM, a TaKOX BM3HAUUTU MOSKJIMBI HaCTigKMU
17151 X 6iopisHOMaHITTS Ta cTabisbHOCTI. [JOCTiIKeHHS BKIIOYAIO aHaJIi3 HayKOBOI JIiTepaTypu,
KOMITapaTMBHMII aHali3 pi3HUX CLeHapiiB KAiMaTUMUHMX 3MiH, 8 TAKOX OLIiHKY HasBHUX JaHUX
npo disionoriyHi mpoiecu AepeB, TaKuX SIK (POTOCUHTE3, PO3BUTOK KOPEHEBOi CUCTEMMU Ta
3pocTaHHs JepeB. OCHOBHUMM pe3yibTaTaMy JOCTiIKeHHS CTai BUCHOBKM TIPO Te, 10 3MiHU
KJIIMaTy MOXYTb CITPUSITU TIOCUJIEHHIO CTPECOBUX (PaKTOPIB [IJisI JeSTKUX BUJIiB IePEB, 1110 B CBOIO
yepry Moxke Mpu3BeCTU A0 3aMiHM JepeBHUX BUIIB Gi/IbII CTifiIKMMMY a60 MEHII BUMOIJIMBUMMU
0 KIiMaTUYHUX yMOB. OTpuMaHi pe3yabTaT¥ MalTh BaXK/IMBe 3HAUEHHS [IJISI ITPOTHO3YBAHHS
MOJAJIBIINX 3MiH y JIICOBMX €KOCHMCTeMax Ta PO3pOOKM peKoMeHZaliil ajis ix 30epeskeHHS.
OgHMM 3 K/IIOUOBMX BMCHOBKIB 6y/la HeoOXigHiCcTh amamTaliii JIicOBOTO TOCIOAApCTBa [0
HOBUX KJIIMaTUYHMX YMOB, 1[0 BK/IIOYA€ BMUOIp CTIMKUX 0 3MiH KIiMaTy BU[IiB IepeB, a TAKOXK
BUKOPMCTAHHSI CTpaTeriii AJjisl BiIHOBJIEHHS AerpagoBaHuX JiciB. TakoxX BaXJIMBO MiABUIIATHI
e@eKTUBHICTh MOHITOPUHIY CTaHY JIiICOBUX €KOCKCTEM JIJIsl CBOEUACHOTO pearyBaHHS Ha 3MiHU
Ta 3anobiraHHsl gerpapgariii JicoBux pecypciB. [IpOrHO3yBaHHSI MOXK/IMBUX 3MiH Yy KjiMaTi
Ji aHai3 JIOKAJIbHUX YMOB JO3BOAMIO ebeKTUBHillle TIAHYBAaTU 3aXOOM IMOAO 36epeskeHHS
6i0pi3HOMAaHITTS Ta €KOCUCTEMHMX IMOCTYT JTiciB. BpaxoByioun oTpuMaHi gaHi, MOKHA CTBOPUTH
peKoMeH/alii IJs CTifIKOTo YIIpaBIiHHS JlicaMu, 10 CIIPUSITUMe 36epeskeHHIO X eKOJMOTiuHO1 Ta
€KOHOMiUHOI 1[iHHOCTi B yMOBax 3MiH KIiMaTy

KiatouoBi c1oBa: ¢uiopa; 6iopi3HOMaHITTS; HABKOJMIIHE CepeNoBMINE; BPas3JMBICTh BUIIB;
POCIIMHHICTh
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Abstract. The relevance of the study is due to the need to improve the quality of planting material
and expand the range of ornamental plants for landscaping urbanised areas. The aim of the
study was to improve the technology of privet propagation, taking into account the biological
characteristics and factors affecting the rooting process, such as the use of root formation
stimulants and the choice of substrates. Comparison of rooting of green and lignified cuttings
revealed different efficiency depending on the substrates and root formation stimulants used,
in particular, Rizopon, Heteroauxin super and Grandis. The experiments showed that the most
effective root stimulant was Rizopon, which increased the percentage of rooting of cuttings by
5-10% compared to the control. The highest rooting rates were observed in Ligustrum vulgare L.
and its cultivars ‘Atrovirens’ and ‘Aurea’, reaching 96 %. The substrate based on peat and river
sand (2:1) was the most optimal for most species, while for Ligustrum ibota ‘Musli’ the use of
pure river sand was more effective. The results of propagation by lignified cuttings showed an
order of magnitude higher percentage of rooting for most of the studied plants, in particular, L.
vulgare L., and its cultivars, the percentage of rooting ranges from 86-96%, while rooting by green
cuttings — from 85-90%. In the case of L. ovalifolium Hassk. These indicators were somewhat lower
but satisfactory, lignified cuttings 75-92%, green cuttings 74-90%. L. ibota ‘Musli’ and Ligustrum
japonicum ‘Green Century’ have mediocre rooting results both with lignified and green cuttings,
L. ibota ‘Musli’ when propagated by lignified cuttings had a result in the range of 12-14%, and
lignified cuttings 66-68%. L. japonicum ‘Green Century’ had a higher percentage of rooting when
propagated by lignified cuttings 47-62%. The results of the study can be used to increase the
efficiency of privet propagation and improve the technology of growing high-quality planting
material resistant to the conditions of the urbanised environment. These studies serve as an
informational scientific basis for improving the systems of ornamental seedling production

Keywords: ornamental nursery; vegetative propagation; green plantings; substrate; rootability;
urban environment; morphometric indicators

Introduction

Plants play an important role in creating a
comfortable and healthy climate in urban land-
scapes. In general, they have a positive effect
on both the psycho-emotional state of a person
and air quality, reducing the level of pollution
and preserving the ecological integrity of urban
ecolandscapes. When planning urban green
spaces at the macro and regional levels, it is
extremely important to study plant species of
urban green spaces and introduce new species
taking into account climatic conditions envi-
ronmental pollution.

J.C.Fisher et al. (2022) described the impor-
tance of plants in urban environments, demon-
strating that an increase in the number of

flowering plants in cities positively affects
people’s mental wellbeing, highlighting the
role of urban biodiversity in enhancing the
quality of life in cities. This is complemented
by the research of S. Ghafari et al. (2020) and
T. Blanusa et al. (2019), who assess plant spe-
cies for urban green spaces. They emphasized
the importance of selecting appropriate plant
species, particularly for hedges, that contrib-
ute to urban biodiversity and the well-being of
residents. O. Strashok (2022) also examined the
significant role of urban plants in shaping the
microclimate of modern cities, along with their
recreational and aesthetic functions. The study
highlighted the impact of climate change and
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temperature variability on plant growth and
development, focusing on the adaptive poten-
tial of plants in the urban environment, par-
ticularly in Kyiv.

An important element of urban green spac-
es is privet (Ligustrum). This is determined not
only by its aesthetic qualities but also by its abil-
ity to adapt to various growing conditions, in-
cluding care practices, as noted by H.B. Lukash-
chuk (2020). S.I. Kuznetsov et al. (2020) and
J. Dong et al. (2021) described common privet
as a highly winter- and drought-resistant plant,
undemanding to soil, tolerating slight soil sa-
linity, and thriving well in urban environments,
particularly in conditions of air pollution. Spe-
cial attention is given to its resistance to dust
and gas, as highlighted by T. Tkachenko et
al. (2023). With the increasing popularity of
this plant, there is a need to provide high-qual-
ity planting material.

As stated by V.M. Maurer (2019), to obtain
uniform seedlings, including privet (Ligustrum),
the vegetative propagation method was most
often used, namely, cuttings, since it allowed to
preserve the genetic features of the mother plant
and obtain material that corresponds to the
specified characteristics, for example, the col-
our of the leaves, or crown shape. However, the
propagation process requires the improvement
of scientific and agrotechnical methods to im-
prove the quality and efficiency of growing priv-
et (Ligustrum) planting material and its cultivars.

The study of factors affecting the
root-forming ability of shoots and the subse-
quent growth of these plants is a key aspect for
improving cultivation technology. As noted by
E. Kentelky et al. (2021), biological features of
the taxon, parameters of the physiological state
of plants, rooting conditions and the use of
various drugs can affect the reproduction pro-
cess. In particular, E.M. Badawy et al. (2020) in
their study described the process of reproduc-
tion of Ligustrum ovalifolium L., where the main

emphasis was placed on the timing of cutting
material harvesting, as well as the effect of aux-
ins on the quantity and quality of root forma-
tion. P. Basuchaudhuri (2021) researched the
effect of auxins on the rooting ability of the
cutting material, in particular, the most popular
and most reliable hormone for rooting is IBA —
indolylbutyric acid, although NAA - naphthy-
lacetic acid was also used. H. Chen et al. (2023)
investigated the effect of different concentra-
tions of indole-3-acetic acid (IAA), indole-3-bu-
tyric acid (IBA) and indene-naphthaleneacetic
acid (ABT-1) on rooting and dynamic changes
in endogenous hormone content in cuttings.
Additionally, I. Karakas & B. Izci (2024) ex-
plored the application of auxins (IBA 2000 ppm
and NAA 1000 ppm) for the rooting of lavender
cuttings. In turn, K. Chinnasamy et al. (2024)
analysed the effects of auxin at various concen-
trations, specifically IBA and NAA (1000, 2000,
3000, 4000, and 5000 ppm), on the rooting of
Morus indica L. cuttings. The effect of auxins
on the rooting of cuttings was also investigat-
ed by V.R. Fursa & A.P. Pinchuk (2024), in par-
ticular the use of the following stimulants was
described: Rhizopon AA (1%) (powder, 3-in-
dolylbutyric acid (IBA), 1-Naphthylacetic acid
(NOA) and 3-Indoleacetic acid (IC)), succinic
acid and potassium humate. Certain aspects of
the technology of growing privet (Ligustrum), in
particular Ligustrum ovalifolium, Ligustrum ibo-
ta and Ligustrum japonicum, remain under stud-
ied by researchers and require a deeper study.
The aim of this study was to improve the
technology for cultivating planting materi-
al that preserves the ornamental traits of the
parent privet (Ligustrum) plants and their cul-
tivars, taking into account all aspects of their
biological characteristics and factors affecting
propagation. To achieve this goal, the following
tasks were outlined: to assess the reproductive
capacity of cuttings and to develop scientific
recommendations for optimal cutting practices
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for these plants. This approach to the research
will support the improvement of privet (Ligus-
trum) cultivation methods and contribute to
the development of more effective strategies
for producing high-quality, uniform planting
material that can be used in urban landscaping.

Materials and Methods

Studies on vegetative propagation of species and
cultivars of the genus Ligustrum were conducted
during the period 2022-2024. During the study,

ethical standards outlined in the following were
adhered to Convention on Biological Diversi-
ty (1992) and Convention on the Trade in Endan-
gered Species of Wild Fauna and Flora (1973).

Theresearchused speciesofthe genus Ligus-
trum L. and their cultivars, in particular: Ligus-
trum vulgare L., L. vulgare ‘Atrovirens’, L. vulgare
‘Aurea’, Ligustrum ovalifolium Hassk., L. ovalifo-
lium ‘Aureum’, L. ovalifolium ‘Green Diamond’,
L. ovalifolium “Vicaryi’, Ligustrum ibota ‘Musli’,
Ligustrum japonicum ‘Green Century’ (Fig. 1).

Figure 1. Decorative qualities of leaves of mother plants of certain cultivars of the Ligustrum L
Note: a — L. ovalifolium ‘Aureum’, b — Ligustrum ibota ‘Musli’, ¢ — L. ovalifolium ‘Vicaryi’, d — L. ovalifolium ‘Green

Diamond’
Source: photos made by the authors

In general, such an assortment of species
and cultivars was due to a wide range of shapes
and colours of leaves, their most frequent use in
landscaping, and the availability of these plants
in garden centers and nurseries of Ukraine. All
the mentioned plants grow both in open ground
and in container culture, in particular Ligustrum
ibota ‘Musli’, Ligustrum japonicum ‘Green Cen-
tury’, in the nursery of the Educational-scientif-
ic-production laboratory of tree nursery, repro-
duction of forests and land reclamation of the
department of reproduction of forests and for-
est land reclamation of the National University
of Life and Environmental Sciences of Ukraine.

Mother plants, from which cuttings were
taken, were aged from 3 to 5 years. There were
no signs of damage by pests or diseases. As for

growing conditions, these plants grew on soils
of medium fertility and moisture in partial
shade. Propagation of experimental plants was
carried out by two methods, lignified — winter,
and green — summer cuttings (Maurer, 2019), in
greenhouse conditions.

The method of propagation by lignified
and green cuttings was carried out according
to the methods used by the botanical garden of
the National Academy of Sciences of Ukraine
(Kolesnichenko et al., 2008), however, the main
methods of propagation were adapted in the
author’s modification, taking into account the
characteristics of the species and cultivars of
the studied plants. In the process of reproduc-
tion by lignified cuttings from mother plants
during the rest period, at the end of February,
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the beginning of March, shoots were pre-cut,
from which cuttings of 8-10 ¢cm size were sub-
sequently formed, approximately 3-4 buds,
such cuttings were 5-8 mm in diameter, the up-
per section is straight, the lower one at an angle
of 45°. In the process of planting, the cuttings
were deepened by 50-60% of the total length.

When propagating with green - sum-
mer cuttings, cuttings from the current year’s
shoots were used, which actually finished or are
finishing their growth and did not have time
to become woody, in particular, the period was
chosen from the end of July to the beginning of
August. The length of the cuttings was on aver-
age 5-8 ¢cm, with one or two internodes (how-
ever, in the case of Ligustrum ibota ‘Musli’, the
number of internodes was 4-5, due to the pecu-
liarity of the shoot structure). Accordingly, the
upper cut was made 1 cm above the leaf peti-
ole, and the lower one 1-3 cm below the petiole.
Also, in order to prevent excessive evaporation
of moisture, the leaf plates were cut in half. The
temperature regime in this method was 25-30
°C and air humidity — 85-95%.

For rooting, clean river sand (Il in the table)
and a mixture of river sand with neutral peat
in a ratio of 1:2 (I in the table) was used as a
substrate. As an auxiliary factor for improv-
ing rooting indicators, powdered preparations
(powder) that stimulate the formation of roots
were also used. Accordingly, the content of the
active substance in these preparations is indi-
cated by the manufacturers as follows, Rizopon
AA Proszek 1% — 5-(3-indolylbutyric acid) 9.9 g/
kg, Heteroauxin Super — indolyl-3-acetic acid
potassium salt 50 g/kg, Grandis-Indolyl-3-bu-
tyric acid 6 g/kg.

The peculiarity of the use of these drugs
was to apply the powder to the lower section of
the cuttings, for both methods, the same length
of 1-1.5 cm. Measurement results were present-
ed as mean # standard error (x = SE). The signif-
icance of the difference (p <0.05) between the
obtained data was determined by the method of
variance analysis (one-way ANOVA) using Tuk-
ey’s a posteriori test in the XLSTAT program.

Results and Discussion

When carrying out a comprehensive analysis
of the influence of propagation methods, type
of substrate and the use of stimulators on the
rooting of green and lignified cuttings of vari-
ous species and cultivars of privet (Ligustrum),
special attention was paid to the comparisons
between the different stimulators of root for-
mation and their rooting conditions.

The obtained results indicate a significant
variability of rooting percentages depending
on the applied methods and rooting condi-
tions. It was found that some types of privet
responded better to certain stimulants and
conditions, while others were less sensitive to
the changed factors and showed a mediocre
rooting result.

When propagating by lignified cuttings,
the rooting of all studied cultivars and spe-
cies is partially different (Table 1). Thus, under
control conditions, that is, without the use of
drugs, the highest rooting rate of 90.2-92.0% is
in Ligustrum vulgare L. and its cultivars ‘Atro-
virens’, ‘Aurea’ (Fig. 2), in the first (peat+sand)
substrate, when using the second (sand) sub-
strate, rooting is somewhat less, and varies in
all plants differently.
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Table 1. Indicators of the percentage of rooting
of lignified cuttings, with the use of root formation stimulators

f root
No The name of the Control, % TZIpi roat 'ers
) plant 7 Rizopon, % eteroauxin Grandis, %
super, %
Substrate I I I I I I I 1
1 | LigustrumvulgareL. | 90.2*14% | 89.6*114 | 954055 | 9] 4*134 | 92 4+152 | 89 8045 | 93 *0-55 | 90,4055
2 | L. vulgare ‘Atrovirens’ | 93.6°0% | 88.8*217 | 96.2°1:64 | 93,8084 | 92,2164 | 9] 0100 | 94,4207 | 92 6167
3 L. vulgare ‘Aurea’ 91.8°228 | 85.0*1%8 | 94.6*114 | 91.2110 | 91.6°055 | 86.4°0% | 91.0*122 | 89.6*1-52
4 | L.ovalifolium Hassk. | 89.4°1% | 85.8°164 | 9224150 | 91,0100 | 92,0122 | 90.0°071 | 89.8°145 | 88.2°1%0
5 L Zvlfr’gi‘l’rlr'l”m 65.60% | 59.6°152 | 84.8'045 | 78,8150 | 85.0°07 | 77.2°084 | 82,8045 | 756114
6 | L ""“g{;’ﬁl“o'z d(,}reen 82.5°156 | 73.8°130 | 84.4°055 | 77.8:130 | 80,0158 | 7507100 | 80.2:17 | 77.2:08
7 L. O\zfclﬁ’;’l“m 92.0°15% | 82,415 | 913116 | 8827164 | 90,4708 | 84,4114 | 91,0071 | 84,8150
8 L’S“f]f/[rﬁ’s'ii’,b"m 12,4206 | 9.8°084 | 31114 | 14,0°14 | 14,4207 | 12,623 | 13.2°205 | 12,0°1
9 L’g"“(‘frz:r’l”cfgﬁggr’;“’" 6T.1°051 | 55.0°245 | 66,208 | 62.8°045 | 47.0%255 | 542716 | 51,416 | 5624150

Note: the significance of the difference p<0.05
Source: developed by the authors
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Ligustrum vulgare L. L. vulgare "Atrovirens’

L. vulgare "Aurea’

Figure 2. Results of rooting of lignified cuttings of Ligustrum vulgare L.
and cultivars ‘Atrovirens’, ‘Aurea’

Source: developed by the authors

In particular, Ligustrum vulgare L. cultivars,
as well as two plants of L. ovalifolium Hassk,
showed relatively good results and L. ovalifoli-
um ‘Vicaryi’. In turn, L. ovalifolium ‘Aureum’ and

Ligustrum japonicum ‘Green Century’ showed
mediocre results of rooting, and amounted to
no more than 65-67%. Ligustrum ibota ‘Mus-
li’ had the worst rooting rates in the control
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conditions, namely 9.8%, although the use of
the first substrate had a more positive effect on
its rooting, and is 12.4%.

According to the results of the use of root
formation preparations, it is possible to see
positive dynamics in the rooting of almost all
experimental privet plants. The most optimal

LB

95 r

a0 F

85

a0 r

Rocting, %

"
;

75 F

oy

variant of the stimulator was Rizopon, %, in
contrast to the control, the percentage of root-
ing increased on average by almost 5% for all
plants. Ligustrum vulgare L. has the highest in-
dicators — 95.4%, L. vulgare ‘Atrovirens’ — 96.2%
(Fig. 3) in the first substrate, and 93.8% in the
second.

Control |

. Rizopon |
. ﬂ [ Heteroauxin super |

I Grandis |
- M Rizopon I

Il Control 11

M Hetercauxin super ||

M Grandis Il

85
L. ovalifolium
‘Aureum’

Ligustrum
ovalifolium Hassk.

L. ovalifolium
‘Green Diamond’

L. ovalifolium
‘Vicaryi’

Figure 3. Results of rooting of lignified cuttings of Ligustrum ovalifolium Hassk.
and its cultivars ‘Aureum’, ‘Aurea’, ‘Green Diamond’, “Vicaryi’

Source: developed by the authors

In the case of L. ovalifolium ‘Aureum’, ‘Vi-
caryi’ (Fig. 3), the use of rooting drugs generally
has a positive effect on the formation of roots,
and an increase in results up to almost 20% is
observed in fact for all drugs, which cannot be
said for Ligustrum japonicum ‘Green Century’
(Fig. 4) when using stimulants, there was no
desired increase in rooting rates. Ligustrum ibo-
ta ‘Musli’ (Fig. 4) reacted positively to the use
of drugs, but still the percentage of rooting is
extremely small, and is 14.4%, when using Het-
eroauxin super. Comparing the rooting results
of all three drugs, the most optimal for use was
Rizopon, and to a lesser extent Grandis, in rela-
tion to Heteroauxin super, a positive rooting dy-
namics is observed, but it differs from the con-
trol conditions by a not very large percentage.
As in the control conditions, the first substrate
(peat+sand) is the best for rooting almost all

plants, but the rooting of Ligustrum japonicum
‘Green Century’ in the second substrate (sand)
turned out to be an order of magnitude higher
under the condition of using rooting prepara-
tions, on average this percentage was 4%-7%,
which is not observed in control conditions.
The condition of the root system for all
studied species and cultivars of privet is good,
although the intensity of branching in individ-
ual cultivars was much greater, and even the
average number of roots in rooted cuttings
differed. Thus, Ligustrum vulgare L. (Fig. 5a),
L. vulgare ‘Atrovirens’ (Fig. 5b) and L. vulgare
‘Aurea’ (Fig. 5c¢) had a more branched root
system. The formation of roots was observed
along the entire length of the cutting, start-
ing from the soil surface, that is, the roots of
these plants were formed not only from the
lower section of the cutting, but also from
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lentils, which are characteristic of this species
and its cultivars. The average number of roots
for Ligustrum vulgare and cultivars was about
12-15 sproutings. Also, intensive branching of
secondary roots was observed in these plants,
which was not observed in other plants. Root
formation in L. ovalifolium Hassk., L.ovalifo-
lium ‘Aureum’ (Fig. 5d), L. ovalifolium ‘Green
Diamond’ (Fig. 5e) and L. ovalifolium ‘Vicaryi’
(Fig. 5f) occurred only from the lower section

of the cuttings, since this species and its cul-
tivars do not have such an intensive formation
of lentils on the shoots, or according to obser-
vations, they are absent at all. In general, root
formation in all cultivars, including the spe-
cies plant, is similar. The average number of
roots also ranges from 8 to 11 sproutings. In
contrast to Ligustrum vulgare, intensive forma-
tion of second-order roots was not observed in
these plants.

19
Contral |
17
Rizopon |
15 Heteroauxin
- = super |
g 13 [ Grandis |
B
[=]
=1 B contral II
g [l Rizopen I
Heteroauxin
7 u super |l
. B Grandis I
Ligustrum ibota ‘Musli’
70
Contral |
65
Rizopon |
e P
60 m Heteroauxin

super |

55 -- [ Grandis |
i M Control 11
50
== B Rizopon Il
45 Heteroauxin
u super ||
40 M Grandis Il

Ligustrum japonicum ‘Green Century’

Figure 4. Results of rooting of lignified cuttings of Ligustrum ibota ‘Musli’
and Ligustrum japonicum ‘Green Century’

Source: developed by the authors
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Figure 5. The nature of the development of the root system by lignified cuttings

of privet species and cultivars, when using the stimulator Rizopon
Note: a - Ligustrum vulgare L, b — L. vulgare ‘Atrovirens’, ¢ — L. vulgare ‘Aurea’, d — L. ovalifolium ‘Aureum’, e —
L. ovalifolium ‘Green Diamond’, f — L. ovalifolium ‘Vicaryi’, g — Ligustrum ibota ‘Musli’, h — Ligustrum japonicum
‘Green Century’
Source: photos made by the authors

The character of the development of the
root system in Ligustrum japonicum ‘Green
Century’ (Fig. 5h) is not bad, however, unlike L.
vulgare and L. ovalifolium, the intensity of root
growth in this plant is somewhat slowed down.
The average number of roots was 4-6 sprout-
ings. A characteristic feature of this plant is
that the formed roots, although not long, have a
comparatively greater thickness, approximately
1.5-2 times greater than those of other cultivars

and species. Ligustrum ibota ‘Musli’ (Fig. 5g) has
the lowest rooting rates among experimental
plants (Table 1). In general, the development of
roots in this plant is also not satisfactory, since
the number of roots on all rooted cuttings was
mostly 1-2 sproutings.

In contrast to propagation by lignified cut-
tings, rooting results from green cuttings are
somewhat lower, and also vary under different
conditions and for different plants (Table 2).
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Table 2. Indicators of the percentage of rooting
of green cuttings, with the use of stimulators of root formation

f Root
The name of the Type of Rooters
No lant Control, % Het .
P Rizopon, % € eroalzxm Grandis, %
super, %
Substrate I II I I I I I i
1 | Ligustrum vulgare L. | 86.8 110 | 85.0 *122 | 91.2°084 | 89,8045 | 90,2045 | 88,0 *122 | 91.0*224 | 87.8 *1:10
2 Iftrf)‘gi‘e’;es 88.8°044 | 82,2410 | 91,0071 | 87.2°084 | 87,6055 | 83,6182 | 89.4°152 | 8547152
3 | Lvulgare‘Aurea’ | 83.4°0% | 83.2%150 | 89.2*152 | 87.2 %164 | 87.6°241 | 85.4°055 | 88.4 241 | 5.4 °241
4 | L ovalifolium Hassk. | 84.2 %% | 77.6°207 | 88.8°045 | 83.81% | 83.6 167 | 78.6 1% | 86.4 270 | 81.4 2%
5 Lj’;’ﬂé{‘ﬁ;“’" 81.0°10t | 75,6114 | 94,8105 | 89,0000 | 914055 | 83,8192 | 89,6152 | 84,8 ‘084
6 ‘Gfég;“g{gfﬁ‘o'ﬁ § | 746 T0.27195 | 86,6711 | 81.2°0% | 83.0°14 | 76,071 | 84.275%5 | 81871
7 L"\‘]’fclgc;’;’l“’" 82.541%9 | 75408 | 83,608 | 764207 | 81.4*578 | 7584150 | 83,205 | 754167
8 ngufli/;ﬁrsr;il’bom 34,924 | 35,825 | 66,5166 | 68.4°055 | 66,2460 | 68.4°241 | 66.0 2% | 64,227
Ligustrum
9 | japonicum ‘Green | 21.0 2% | 17.0°22¢ | 42.8*2 | 38.0°255 | 41.8*277 | 33.0°23¢ | 44.0°265 | 35.2 25
Century’

Note: the significance of the difference p<0.05
Source: developed by the authors

Control samples Ligustrum vulgare L.
(Fig. 6), L. ovalifolium Hassk. (Fig. 7) and their
cultivars mostly have similar rooting results,
and the difference in the number of rooted cut-
tings both in the first and in the second sub-
strates is not very different. In general, when
using a substrate made of peat and sand, the
quantitative indicator of rooting is 2-5% high-
er, in contrast to pure sand, precisely for these
plants. However, considering two other species,
in particular Ligustrum ibota ‘Musli’ and Ligus-
trum japonicum ‘Green Century’ (Fig. 8), it was

shown completely different dynamic. Thus,
the percentage of rooting by green cuttings of
Ligustrum ibota ‘Musli’ is actually three times
higher than propagation by lignified cuttings,
although in general this result is not satisfac-
tory and is only 34-35%. Ligustrum japonicum
‘Green Century’, in contrast to the method of
propagation by lignified cuttings, showed a
much worse result. The percentage of rooting
in the control sample in two substrates was 17-
21%, which is 2.5 times less compared to ligni-
fied cuttings.
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Figure 6. Rooting results of green cuttings of Ligustrum vulgare L.
and cultivars ‘Atrovirens’, ‘Aurea’
Source: developed by the authors
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Figure 7. Rooting results of green cuttings of Ligustrum ovalifolium Hassk.
and its cultivars ‘Aureum’, ‘Aurea’, ‘Green Diamond’, ‘Vicaryi’

Source: developed by the authors

Rooting indicators with the use of rooting
stimulants also remain relatively stable. Accord-
ing to the results of Table 2, it is possible to follow
the same dynamics as in the case of propagation
by lignified cuttings, that is, the highest per-
centage of rooting in all plants is observed when
using Rizopon rooting agent, the quantitative
indicators of rooting with its use are increased

by 3-5%. The highest rates of rooting when us-
ing this drug can be seen in the following plants:
Ligustrum vulgare L. — 91.2%, L. vulgare ‘Atro-
virens’ — 91.0% (Fig. 6) and L. ovalifolium ‘Aure-
um’ (Fig. 7) with the highest rate — 94.8%. In par-
ticular, these results were obtained when using
the first substrate (peat + sand, 1:1), but in pure
river sand the percentages are slightly lower.
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Figure 8. Rooting results of green cuttings of Ligustrum ibota ‘Musli’
and Ligustrum japonicum ‘Green Century’

Source: developed by the authors

In turn, the percentage of rooting that ex-
ceeds 90 can also be observed with the use of
other drugs, in particular with the use of “Het-
eroauxin super”, good results are obtained in
Ligustrum vulgare L. - 90.2% (Fig. 6), and L. oval-
ifolium “Aureum” — 91.4% (Fig. 7) while when
using the Grandis stimulator, a high rate of
rooting is noticeable only in Ligustrum vulgare
L.-91.0%, the tendency of better rooting in the
first substrate usually remains.

L. ovalifolium Hassk. (Fig. 7) and its culti-
vars generally responded positively to the use
of root-forming preparations. Thus, the rate of
rooting varies between 81-88%. Using a mix-
ture of peat and sand (1:2) as a substrate shows
positive dynamics for these plants. When us-
ing L. ovalifolium ‘Vicaryi’ as pure river sand
(Fig. 7), the quantitative index of rooting is
significantly lower in contrast to the main
substrate, and ranges from 75.4% to 76.4%,
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while the use of the first substrate (peat +sand)
showed 81.4%-83.6%.

It is also necessary to note the positive
dynamics of rooting with green cuttings for Li-
gustrum ibota ‘Musli’. Compared to the results
of rooting with lignified cuttings in this case,
the percentage of rooting is actually 2-3 times
higher. In particular, in the control conditions,
it was only 34.9-35.8% (Fig. 8), and already with
the application of rooting preparations, the
rooting indicators actually doubled: Rizopon -
68.4%; Heteroauxin super — 68.4%; Grandis —
64.2%. It is also worth noting that Ligustrum
ibota ‘Musli’ has somewhat higher percentages
of rooting in clean river sand.

Regarding the rooting of Ligustrum japon-
icum ‘Green Century’ (Fig. 8), it can be noted
that when propagating with green cuttings, the

a.
e.f

number of rooted cuttings is slightly less than
the method of propagating with lignified cut-
tings. Accordingly, in the control conditions in
the first substrate 21.0%, and with the use of
drugs this indicator ranges from 41.8 to 44.0%.

The development of the root system when
propagated by green cuttings, as in the case of
lignified cuttings, differs depending on the spe-
cies. The principle of root formation in Ligus-
trum vulgare L. (Fig. 9a) and its cultivars ‘Atro-
virens’ (Fig. 9b) and ‘Aurea’ (Fig. 9c) is similar
to lignified cuttings, i.e. root growth takes place
along the entire length of the cutting, including
the lower cuts and nodes. The average number of
well-developed roots was 6-9 sproutings. Also,
to a greater extent, the formation of roots of the
second order is characteristic for a species plant,
while their formation is less intense in cultivars.

blll

Figure 9. The character of the development of the root system, when propagating by green

cuttings, species and cultivars of privet, after using the stimulator Rizopon
Note: a - Ligustrum vulgare L, b — L. vulgare ‘Atrovirens’, ¢ — L. vulgare ‘Aurea’, d — L. ovalifolium ‘Aureum’, e — L.
ovalifolium ‘Green Diamond’, f — L. ovalifolium ‘Vicaryi’, g — Ligustrum ibota ‘Musli’, h — Ligustrum japonicum

‘Green Century’
Source: photos made by the authors
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Formation and development of roots in
Ligustrum ovalifolium Hassk. and cultivars ‘Au-
reum’ (Fig. 9d), ‘Green Diamond’ (Fig. 9e) and
‘Vicaryi’ (Fig. 9f) is markedly different from
Ligustrum vulgare. In particular, root growth
takes place only from the lower section of the
cutting. The average number of roots for this
species and cultivars is uniform for all and var-
ies between 3-4 sproutings. It is also possible to
note the formation of roots of the second order,
while cuttings of L. ovalifolium ‘Green Diamond’
(Fig. 9e) did not form such roots. It is worth
noting that, in general, the process of rooting
and root development of Ligustrum ibota ‘Musli’
(Fig. 9g) and Ligustrum japonicum ‘Green Cen-
tury’ (Fig. 9h), is much better when propagated
by green cuttings. The average number of roots
was 4-5 pieces, and the growth of second-order
roots also began to some extent in Ligustrum
ibota ‘Musli’, however, in Ligustrum japonicum
‘Green Century’ the development of such roots
was not observed. The formation of roots oc-
curred mainly from the lower part of the cuttings.

The production of high-quality planting
material is always relevant, as it ultimately de-
termines the viability and longevity of green
plantings, their ornamental appeal, and aes-
thetic value. For this reason, the propagation
of plants is a subject of study for researchers
across various disciplines.

In his work, V.M. Novosad (2014) described
the reproduction of Ligustrum vulgare L. by veg-
etative and generative methods. Among the
main aspects of the technique that was used,
the following can be noted: propagation was
carried out by green cuttings in the summer,
their length was 10-15 cm. In turn, propagation
was carried out in open ground. Rooting rates
ranged from 70 to 100%. On opinion, propaga-
tion by this method in the open ground under
the condition of a constant increase in tem-
perature every year is quite problematic, as
there is a need for constant control of the root-
ing conditions. The author also describes the

process of propagation of Ligustrum vul-
gare L. and Ligustrum ovalifolium ‘Aureum’ us-
ing the same method, although the cuttings
were planted in greenhouses during intensive
growth, in particular before the flowers bloom.
Thus, the results of this experiment were quite
low, and in general amounted to 10-20%. On
opinion, such a result was caused by failure to
comply with the terms of harvesting cuttings,
since during this period the shoots are just be-
ginning to grow and do not have the potential
to root. V.M. Novosad (2014) also explored the
process of propagation of Ligustrum vulgare L.
by lignified cuttings where the amount of root-
ed material was more than 80%. In the conclu-
sions, the author recommended green cuttings,
since the number of rooted cuttings was the
highest, although the method of propagation
by lignified cuttings also showed a high result.
According to observations, in particular, in con-
trolled greenhouse conditions, it will be better
to use lignified cuttings.

Ligustrum vulgare L. was also propagated by
AV. Melnyk & V.S. Tokman (2023). In their re-
search, they examined the process of propagat-
ing privet by lignified cuttings, where planting
was carried out in greenhouse conditions. The
main emphasis in this work was on the thick-
ness of the cutting material. In particular, the
author noted that as the thickness of the cut-
tings increases, there was an improvement in
the biometric indicators of such material. In
their work, they took shoots with a thickness of
5 mm to 8 mm. After rooting, parameters of cut-
tings were measured. The most productive was
the material with the largest thickness — 8 mm,
and the increase in above-ground and mass and
mass of the root system in comparison with
the thinnest cuttings — 5 mm was 215%. It was
taking into account this approach to the prop-
agation of Ligustrum vulgare L., however, taking
into account the morphometric and biological
features of the studied species and cultivars,
certain corrections were made.
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Propagation of Ligustrum vulgare was
also carried out by J. Hansen & K. Kris-
tiansen (2000). In their research, they described
the rooting process of cuttings, where they paid
special attention to the influence of the date of
planting and the location of the experiment on
the percentage of rooting. The authors noted
that the percentage of rooting was significant-
ly higher in the second year of the experiment
(75%) compared to the first (60%). In addition,
rooting of cuttings was found to be about 80%
by September 10, after which this rate dropped
sharply to 20% for planting in October. Howev-
er, bud growth and plant survival were largely
independent of the date of planting or location
of the experiment. It was taking into account
such regularities in the process of conducting
the research, but made certain corrections tak-
ing into account the biological features of Li-
gustrum species and cultivars.

In their study, M.]. Monder & A. Pachol-
czak (2023) demonstrated the effects of bi-
ostimulants and rooting agents such as auxins
on plant development processes. It is important
to note that among the preparations used were
powders containing 0.4% indolylbutyric acid
(IBA) and 0.2% naphthylacetic acid (NAA), as
well as plant extracts, in particular prepara-
tions based on seaweed and humic substances.
These rooting stimulants affected the content
of polyphenolic acids in plants, which may in-
dicate their participation in rhizogenesis pro-
cesses. Although changes in polyphenol con-
tent were not clearly correlated with rooting
percentage or cutting quality, their effect on
rooting activation was significant.

N. Aguirre-Acosta et al. (2023) studied the
genetic diversity of Ligustrum lucidum (glossy
privet) in fragmented habitats in Argentina.
They found lower genetic diversity in fragment-
ed populations, but age-related effects reduced
fragmentation impact. Younger trees had high-
er diversity, suggesting multiple introduction

events. The study highlighted that bird-medi-
ated seed dispersal maintains landscape con-
nectivity and enhances genetic diversity.

Several studies have examined the eco-
logical and horticultural aspects of Ligustrum,
contributing to the improvement of prop-
agation techniques for urban applications.
Y. Wang et al. (2024) explored the phylogenetic
diversity and interspecies competition within
Ligustrum species, focusing on the adaptive
radiated varieties. The study highlighted the
impact of evolutionary processes on species
diversity, which was important for selecting
Ligustrum species suited for urban greening.
The findings suggested that understanding
phylogenetic relationships could guide the se-
lection of robust cultivars with better adapt-
ability to urban conditions.

Scientists J.J. Rycyna et al. (2024) evaluat-
ed three Ligustrum cultivars in Florida, assess-
ing both their landscape performance and fruit
characteristics. The study provided valuable in-
sights into the ornamental and functional ben-
efits of different Ligustrum cultivars for urban
green spaces, particularly in terms of aesthetic
appeal and ease of maintenance. The findings
indicated that Ligustrum cultivars varied in
their growth habits and resilience, which was
vital when selecting the best material for urban
greening projects.

Collectively, these studies contributed to a
deeper understanding of the ecological, horti-
cultural, and agronomic features of Ligustrum,
providing a basis for improving propagation
technologies. Efficient propagation methods,
such as cuttings and tissue culture, were essen-
tial for producing uniform and healthy planting
material, ensuring successful urban greening
initiatives. In this study, rooting stimulants
were also used for propagation of Ligustrum
species and cultivars, confirming their effec-
tiveness in increasing rooting percentage in
different plant species.
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Conclusions

As a result of the conducted research aimed at
improving the technology for growing privet
(Ligustrum) planting material and its cultivars
for urban landscaping, it can be noted that the
use of rooting stimulators is quite effective.
The most positive impact on the rooting of
both green and woody cuttings was observed
with the Rizopon preparation, which, on av-
erage, increased the rooting percentage by
5-10% compared to the control. The highest
rooting rates were observed with Ligustrum
vulgare L. and its cultivars ‘Atrovirens’ and ‘Au-
rea’, reaching up to 96% rooting when using
this preparation. The factor of using the sub-
strate is also quite important, in particular, the
substrate based on peat and river sand (2:1) is
the most optimal for most of the studied spe-
cies and cultivars, providing better rooting
compared to clean river sand. As for Ligustrum
ibota ‘Musli’, the optimal substrate for rooting
was pure river sand.

The method of propagation by lignified
cuttings is the most optimal for such species
as Ligustrum vulgare L., Ligustrum ovalifolium
Hassk. and most of their cultivars. The per-
centage of rooting compared to green cuttings
is 4-6 units higher. In addition, the rooting
rates of Ligustrum japonicum ‘Green Century’
are also much higher when used for propagat-
ing lignified cuttings. While Ligustrum ibota

observed in L. vulgare cuttings, especially
when stimulants were used. In other species
(for example, L. ovalifolium ‘Aureum’), root for-
mation was concentrated mainly in the lower
part of the cuttings.

Thus, during the further cultivation of
rooted cuttings, must be obtained high-qual-
ity planting material of privet species and cul-
tivars, which can later be used in the creation
of various landscaping elements. For example,
the species Ligustrum vulgare L. and Ligustrum
ovalifolium Hassk., due to their strong branch-
ing of the root system, will be most optimally
used for creating live fences near roads. Their
cultivars are more suitably used in more pro-
tected spaces, in flowerbeds, or at a certain
distance from roads, when creating topiary
figures or combined colour groups.

Further studies should focus on examin-
ing the long-term effects of rooting stimula-
tors on the growth and development of plants
after transplanting, as well as optimizing
substrate composition to improve rootability.
Research could also be aimed at improving
plant care technologies after rooting to en-
sure their stable development and enhance
the quality of planting material, which in turn
will assist in the use of these plants for city
landscaping.
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AHoTalis. AKTyaJIbHiCTb JOCTiIKEHHS 3yMOBJIeHA ITOTPe6OI0 Y IMOKPAIlleHHi IKOCTi T0CaIKOBOTO
MaTepiany Ta po3IMMUPEeHH] aCOPTUMEHTY AeKOPATUBHUX POCIVH IJIsl 03eJIeHeHHS ypOaHi30BaHMUX
TepuTopiii. MeToI0 JOCTiIKeHHS 6Y/I0 BIOCKOHAJEHHS TEXHOJIOTii PO3MHOKEHHS OUPIOUMHA 3
ypaxyBaHHSAM 6i070TiUHMX 0CO6AMBOCTEN Ta (GAKTOPiB, [0 BIUVIMBAIOTh HA MPOIIEC YKOPiHEHHS,
TaKMX SIK BUKOPUCTaHHSI CTUMYJISITOPIB KOpEeHeyTBOPeHHs Ta BMOIp cybcTpaTiB. Y pesynabTaTi
TOPiBHSIHHS YKOPiHEHHS 3eJIeHUX Ta 3[epeB’sIHiNX KMUBIiB BCTAHOBJIEHO Pi3HY e(peKTUBHICTh
3aJIeSKHO BiJl BUKOPUCTAHUX CYOCTPATIB i CTUMYJISITOPiB KOPEHEYTBOPEHHS, 30KpeMa Ipernaparis
Rizopon, «TerepoaykcuuH cymep» Ta Grandis. EKcrepMMeHTM IIOKasaau, IO HAaGiabII
eexTMBHMM CTUMYISITOPOM KOPEHEeyTBOpeHHsI OyB Ipemapar Rizopon, sikuii migBUIyBaB
BiZICOTOK yKOpiHeHHSI XMBIiB Ha 5-10 %, mopiBHSHO 3 KOHTposem. HaiiBuiii MOKasHUKU
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Derii et al.

yYKOpiHeHHs crmoctepiramcs y Ligustrum vulgare L. ta ii KynbTuBapiB ‘Atrovirens’ i ‘Aurea’,
nmocsiratount 96 %. Cyberpat Ha ocHOBi Topdy Ta piukoBoro micky (2:1) 6yB HaliONMTUMAaIbHIIIUM
onas  G6imbmocti BuAiB, Tomi sk mas Ligustrum ibota ‘Musli’ edbeKTMBHIIIMM BUSIBUIOCS
3aCTOCYBAHHS YMCTOTO PIYKOBOTO TiCKY. Pe3y/nbTaTy PO3MHOXKEHHSI 3[IepeBSIHITMMU SKUBLISIMU
MOKa3aJM Ha TMOPSAOK BUIIUI BifCOTOK YKOpiHEHHS /sl 6iMbLIOCTI IOCTIIKYBAHUX DPOCIMH,
30KpeMma, Ligustrum vulgare L., Ta ii KyJbTUBapiB, BilCOTOK YKOPiHEHHST KOJMBABCS B MeXax 86-
96 %, Tomi SIK YKOpiHEHHS 3eJIEHMMU KUBLISIMU — B Mekax 85-90 %. YV Bumnazaky 3 L. ovalifolium
Hassk. [TaHi MOKasHMKM €10 MEHIIi, TpoTe 6ynu 3aI0BIIbHUMMA: 3IepeBsIHiIi KuBIi 75-92 %,
3eneHi xuBLi 74-90 %. Ligustrum ibota ‘Musli’ ta Ligustrum japonicum ‘Green Century’ maun
rnocepefHi pe3yabTaTy YKOPiHEHHS SIK 3[ePeBSIHIIMMU TaK i 3eJleHUMU XUBLSIMU, Ligustrum
ibota ‘Musli’ mpu po3MHOKeHHi 3[jepeBSIHITMMM KUBLSIMU Majia pe3yabTaT B Mexkax 12-14 %, i
3mepeRsTHIMMU 66-68%. Ligustrum japonicum ‘Green Century’ Mae 6i/1b1nii BilCOTOK yKOpPiHEHHSI
MpY PO3MHOXKEHHI 3IepeBSIHiMMMM KUBISIMU 47-62 %. PesynbTaTu OOCTIIKEHHS MOKHA
BUKOPUCTATY AJIS TMiJBUINEHHS e(eKTUBHOCTI PO3MHOXEHHSI OUPIOUMHM Ta BIOCKOHATEHHS
TEXHOJIOTii BUPOIYBaHHS SIKICHOTO IMOCAZAKOBOTO MaTepiany CTilikoro 10 yMOB yp6aHi30BaHOTO
cepenoBuina. i gocmimskeHHST CIYTYIOTh iHGOPMAIiifTHOI HaYKOBOIO OCHOBOK YIOCKOHAJIEHHS
CUCTEeM J1eKOPaTUBHOTO PO3CaLHUIITBA

KirouoBi c/1oBa: 1eKOpaTMBHE PO3CAAHNUIITBO; BETeTaTMBHE PO3MHOKEHHS ; 3eJIeH]i Haca/lsKEeHHS;
cyb6CcTpaT; YKOpiHIOBaHICTh; ypbocepenoBuile; MOPHOMeTpUYHi ITOKA3HUKI
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