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Puzrina et al.

Abstract. The aim of the study was to assess the sanitary condition of ash trees of the genus
Fraxinus spp. on the territory of NULES of Ukraine and to monitor the number of invasive species
Agrilus planipennis. The inventory data of 2021-2023 were presented, where it was noted that the
condition of 66% of ash trees was characterised as good. A detailed survey in 2024 revealed a rapid
deterioration of ash trees throughout the study area. It was found that a significant weakening of
Fraxinus spp. trees was noted on the territory of the Botanical Garden of the National University
of Life Sciences of Ukraine and near the stadium. It was worth noting that 13% of trees without
signs of damage were located in the depths of the forest, as the emerald ash borer was a potential
feeder for trees growing openly, although with a significant distribution the insect can inhabit
trees in the depths of the plantation. During the detailed forest pathology survey, Agrilus
planipennis adults and D-shaped flight holes were found. The number of typical D-shaped flight
holes per 1 dm? was calculated to determine the density of settlement and production of young
beetles. The maximum number of exit holes per 1 dm? was 4.2+ 1.8, so with an average number of
exit holes of 1-2.4 per 1 dm?, 35 to 100% of the trees inhabited by the moth could dry out within
2-3 seasons. To determine the number and distribution of Agrilus planipennis adults, pheromone
traps’ surveys with artificially synthesised pheromone and traps without pheromone to attract
insects by colour were conducted. According to the results of the counts, it was found that adults

of Agrilus planipennis were presented only in traps with artificially synthesised pheromones

Keywords: Fraxinus spp.; monitoring; Agrilus planipennis; pheromone traps; invasive species

Introduction

Forests were increasingly being affected by a
variety of impacts from biological invasions,
including the spread of invasive species that
spread naturally or by humans. Urban forests
are more adversely affected because they are
strongly affected by anthropogenic influence
(Sovakov et al., 2020). Invasive species had a
possibility to expand and represent a poten-
tial threat to the flora and fauna of natural
ecosystems, such species created competition
in ecological niches, and if widespread, could
cause the extinction of native species, displac-
ing them and reducing ecosystem biodiversi-
ty. Given their high ecological potential, such
species had a wide ecological amplitude, stress
tolerance, intensive population growth, and a
high degree of naturalisation. Aggressive spe-
cies used the resources of the new environment
that were not available to native species and
significantly affect the ecosystem’s homeosta-
sis, transforming it.

According to A.M. Liebhold et al. (2017),
under intense impacts, the consequences of
invasion included changes in the composition
of tree species, changes in forest succession,
reduced biodiversity, and altered nutrient,
carbon, and water cycles resulting from com-
petition with native species, as well as trophic
impacts that can lead to major changes in the
structure of the biocenosis. R. Vasylyshyn et
al. (2023) researched those irreversible chang-
es in the natural environment due to increased
synanthropisation, in particular of the adven-
tive flora and fauna, had a destructive impact on
the development of vegetation cover and nega-
tively affected the ability of forest ecosystems
to effectively ensure the bioproduction process.

Trees of the ash genus Fraxinus spp. had
significant ecological and economic potential,
were typical mesotrophs and occurred as sub-
dominants in forest ecosystems. The research-
ers showed that due to climate change, there
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was a problem of ash tree drying out, the main
causes of which were climatic factors, chalar
necrosis caused by the invasive pathogen Hy-
menoscyphus fraxineus L. and the ash borer
Agrilus planipennis Fairmaire L. (emerald ash
borer (EAB), which in the future may leaded to
the complete disappearance of ash trees from
forest ecosystems (Drogvalenko et al., 2019;
Meshkova et al., 2024). Natural ash-dominat-
ed forests were concentrated mainly on rich
loamy and clayey soils in river floodplains and
were characterised by a diverse species compo-
sition of trees, shrubs, and grasses. I. Matsiakh
& V. Kramarets (2014) noted that derivative ash
plantations most often grow on forest loamy
soils and podzolized chernozems in the zone of
oak and mixed forests, mostly single-aged, sim-
plified structure, usually artificially created on
the site of cut down complex oak forests. On the
territory of Ukraine, stands of ash covered an
area of 390,4 thousand hectares and were most
often founded in the Forest-Steppe (57.7%),
mainly in its right-bank part (38.4%), a sig-
nificant part grew in the Steppe zone (32.0%),
mainly in its north, as well as in Polissya — 4.8%,
mountainous Crimea - 2.8% and the Carpathi-
an zone — 2.7% (Bala, 2016). The authors S. Ko-
val et al. (2023) claimed that in such planta-
tions, along with ash, common oak (Quercus
robur L.), common hornbeam (Carpinus betu-
lus L.), forest beech (Fagus sylvatica L.), heart-
leaved linden (Tillia cordata Mill.), and sharp-
leaved maple (Acer platonoides L.) could grow.
Black elderberry (Sambucus nigra L.) and blood-
red sweed (Swida sanguinea L.) were found in
the undergrowth.

Significant fluctuations in the drying area
from year to year could be attributed to a varie-
ty of factors, thus, the reasons for the deteriora-
tion of the sanitary condition of ash plantations
were climate change and anthropogenic pres-
sure, which caused outbreaks of mass reproduc-
tion of insects and epiphytosis of pathogens.

Thus, the assessment of the sanitary condition
of plantations, early diagnosis of pathogens
and the dynamics of insect numbers were rel-
evant in a comprehensive study of ash tree
drying factors. The priority was to identify the
causes of ash drying in the study area and find
effective measures to slow down this process in
order to avoid disrupting the stable functioning
of forest ecosystems. This was especially true in
urbanised areas, where the ecosystem functions
of green spaces were an important component
of creating a comfortable living environment
(Vasylyshyn et al., 2023).

The aim of the study was to investigate
the main factors of the rapid deterioration of
the sanitary condition of trees of the ash genus
Fraxinus spp. due to the invasion of Agrilus pla-
nipennis using pheromone monitoring.

Materials and Methods

The object of the study was the main factors
of rapid drying of trees of the ash genus Frax-
inus spp. under the intensive influence of nat-
ural factors. The subject of the study was the
monitoring of the spread of the invasive species
Agrilus planipennis on the trees of the ash genus
Fraxinus spp. on the territory of the National
University of Life and Environmental Sciences
(NULES) of Ukraine, Kyiv.

The surveys were based on the materials of
the inventory of green spaces on the territory
of NULES of Ukraine, which were conducted in
2021-2023 by the Department of Forest Mensu-
ration and Forest Management. The inventory
of trees was carried out in accordance with the
regulations, namely the “Instruction on Inven-
tory of Green Areas in Settlements of Ukraine”,
approved by the Order of the State Committee
for Construction, Architecture and Housing
Policy of Ukraine No. 226 of 24.12.2001 (Order
of State Committee..., 2001).

During the inventory, the category of the
tree’s qualitative condition was established:
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good, satisfactory, unsatisfactory. According
to the guidelines, healthy trees were in a good
condition, normally developed, with dense
foliage, evenly distributed on the branches,
leaves of normal size and colour, no signs of
diseases and pests, wounds, damage to the
trunk and skeletal branches, or hollows. Sat-
isfactory condition — trees were healthy, but
with signs of slow growth, with an unevenly
developed crown, few leaves on the branches,

minor mechanical damage and small hol-
lows. Unsatisfactory condition - trees were
very weakened, trunks were curved, crowns
were poorly developed, there were dry and
drying branches, the growth of annual shoots
was insignificant, trunks were mechanically
damaged, hollows (Order of State Commit-
tee..., 2001). The mapping of the trees and the
general area was carried out using Quantum
GIS 3.22 software (Fig. 1).

Figure 1. Fragment of the mapping of trees and the general area
Note: trees of the ash genus Fraxinus spp. were marked in yellow on the map

Source: developed by the authors

Detailed forest pathological surveys in the
centres of drying out of ash trees of the genus
Fraxinus spp. were carried out in accordance
with generally accepted methods (Goychuk et
al., 2012; Methodological guidelines..., 2020;
Puzrina et al., 2022). To determine the number
and distribution of Agrilus planipennis adults,
pheromone traps (glue and barrier) with arti-
ficially synthesised Agrilus planipennis phero-
mone (produced by BioChemTech, Ukraine) and
traps without pheromone with green and pur-
ple insect attraction were used (Matsiakh, 2019;
International Plant Sentinel Network, 2023)
(Fig. 2). Pheromone traps were hung at a height
of 3.0 to 4.0 m above the ground on the first

living branch of ash. Barrier and glue traps were
used to capture Agrilus planipennis adults, for
this purpose they were attached to the trunk
of living trees between living and dead shoots.
When hanging the traps, weather conditions
and the duration of the flight of adults of the
ash emerald ash borer Agrilus planipennis
were taken into account (Puzrina et al., 2022;
Levchenko et al., 2023). The number of adults
was monitored after 14 days.

The collection of experimental materi-
al was carried out in the following sequence:
transfer of insects from the collector to the
container and identification of insects in Petri
dishes (Fig. 3).
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Figure 2. General view of tree traps
Source: photo by the authors

Figure 3. Collecting insect from traps
Source: photo by the authors

Number of insect populations that inhabit-
ed trees in the drying centres, namely the num-
ber, prevalence, production of young beetles
(number of flight holes) and settlement density,

were counted by the pallet method on model
trees of common ash (Methodological guide-
lines..., 2020; Puzrina et al., 2022). Within the
identified settlement areas, counting pallets to
determine the density of settlement and the pro-
duction of young beetles by the number of typ-
ical D-shaped flight holes per 1 dm?were used.
The average number of exit holes was calculated
by counting on three sides of each tree from the
location. The average population size of Agrilus
planipennis was calculated based on the results
obtained at the specified location. Experimen-
tal studies of plants complied with national and
international recommendations. The authors
followed the standards of the Convention on Bi-
ological Diversity (1992). In the office, the work
was limited to processing the collected mate-
rials and analysing the results of the research.

Results and Discussion

During the inventory and mapping work in
2023 (Bilous et al., 2024), it was found that there
were 167 ash trees on the territory of NULES of
Ukraine. Their main localisation was found in
the Botanical Garden (89 trees) and in the area
near the stadium (44 trees) (Fig. 4).

Figure 4. Fragment of mapping of common ash trees near the stadium of NULES of Ukraine
Note: trees of the ash genus Fraxinus spp. were marked in yellow on the map

Source: developed by the authors
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The mapping data shows that the ash trees
were in a regular planting along the stadium
stands. During the inventory of 2023, the general
condition of ash trees was determined based on
the results of a reconnaissance survey (Fig. 5).

unsatisfactory, 3%

,31%

¥

32
%
s o> T

Figure 5. General condition of ash trees
of the genus Fraxinus spp. (as of 2023)
on the territory of NULES
Source: developed by the authors

It should be noted that according to the in-
ventory in 2023, trees of the ash genus Fraxinus

spp. were dominated by trees in good and sat-
isfactory condition, and no visual signs of tree
weakening during the inventory were noted.
During the current reconnaissance survey in
June 2024, pathological signs of ash trees dry-
ing out, namely crown defoliation and the pres-
ence of dry tops, were detected (Fig. 6).

A detailed survey revealed a rapid deterio-
ration of ash trees throughout the study area.
The results of the survey indicated a deteriora-
tion in the sanitary condition (Table 1).

Figure 6. Crown defoliation and ash tree dryness
Source: photo by the authors

Table 1. Results of surveys of Agrilus planipennis ash damage

Number of trees, amount
Tree location (address) - - - }n-cludlng

total no signs of |signs of initial| moderately severely

damage damage damaged damaged
7, Horikhuvatskyi Shlyakh Str. 2 1 1 - -
7a, Horikhuvatskyi Shlyakh Str. 1 - 1 - -
3, Horikhuvatskyi Shlyakh Str. 1 1 - - -
11, Horikhuvatskyi Shlyakh Str. 9 2 6 1 -
8, Blakytnoho Str. 2 - 2 - -
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Table 1, Continued

Number of trees, amount
Tree location (address) including
total no signs of |signs of initial | moderately severely
damage damage damaged damaged
4, Orikhuvatska Str. 7 2 4 1 -
12B, Heroiv Oborony Str. 1 1 - - -
12, Heroiv Oborony Str. 4 1 2 1 -
4, Selykhozemichnyi Ln. 3 - 2 1 -
14, Heroiv Oborony Str. 1 1 - - -
18A, Heroiv Qborony Str. 44 _ 4 28 12
(stadium)
16, Polkovnyka Potekhina Str. 3 - 2 1 -
2A, Heroy'%v Oborony Str. 39 12 21 33 23
(Botanical garden)
Total 167 21 45 66 35

Note: signs of initial damage - dry tops, presence of adults; moderately affected - openwork, drying out of
individual shoots, presence of bark cracking; severely affected — defoliation, crown 50%, drying out of parts of

the tree, bark peeling
Source: developed by the authors

It was found that a significant weakening of
ash trees of the Fraxinus spp. genus was noted
on the territory of the Botanical Garden of the
NULES of Ukraine (21 trees with signs of initial
damage, 33 and 23 ash trees moderately and
severely damaged, respectively, and 12 trees
without signs of damage) and near the stadi-
um (4 trees with signs of initial damage, 28 and
12 common ash trees moderately and severely
damaged, respectively) (Fig. 7). 13% of trees
without signs of damage were located in the
depths of the forest, and as for the emerald ash
borer, potential hosts were trees growing open-
ly, although with a significant distribution the
insect was able to inhabit trees in the depths
of the forest were noted (Meshkova et al., 2024).

For successful and effective control of the
ash emerald ash borer, its early detection was
very important. The first emergence of Agrilus
planipennis beetles coincided with the flower-
ing period of Robinia pseudoacacia L., which
occured in May-June in Ukraine, so this pheno-
logical indicator could serve as an indicator of
the appearance of ash borer adults in different
regions (Herms & McCullough, 2019).

no signs
severely of damage
affected 21% 13%
‘ initial
moderately mf;ggon

ffected 39%

Figure 7. General condition of trees of the ash
genus Fraxinus spp. (as of 2024)
Source: developed by the authors

Adults fed on ash leaves, after reaching sex-
ual maturity, they mated in the crowns of trees,
and females laid eggs on the surface or in cracks
in the bark. The peak of egg laying and larval
emergence usually occurred between early June
and mid-August, depending on the region and
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weather conditions. The egg stage usually last-
ed from 7 to 18 days, which also depended on
temperature. The newly hatched larvae make
their way through the bark to the cambium,
consuming phloem and outer xylem, forming
powder-filled passages (Matsiakh, 2019).

In the first year of settlement, it was dif-
ficult to diagnose the presence of Agrilus pla-
nipennis. The first signs of infestation could be
bird pecking of the bark and the presence of
larval burrows under the bark. The characteris-
tic D-shaped holes on trunks and branches ap-
peared in the next year after the infestation of
trees by the bark beetle. Infested trees usually
had a thinned crown, dechromed leaves, swell-
ing, cracks and necrosis on branches and thin
trunks. Secondary shoots developed along the
trunk and in the basal part of the trunks. In the
third year of settlement, the crown was signif-
icantly thinned out, with many branches dying
off and numerous D-shaped flight holes on the
trunk and branches.

A clear sign of Agrilus planipennis infes-
tation was the presence of D-shaped holes for
adults to exit, which were difficult to detect but

a reliable sign that the population was growing.
As the insect’s population grows, its natural en-
emy was the woodpecker (Schans et al., 2020).

During a detailed forest pathology survey,
adults of Agrilus planipennis and characteristic
D-shaped flight holes were found (Fig. 8).

The number of typical D-shaped exit holes
per 1 dm? was used to determine the settle-
ment density and production of young beetles
(Table 2).

Figure 8. Adults and flight holes of the ash

emerald ash moth Agrilus planipennis
Source: photo by the authors

Table 2. Degrees of settlement of Agrilus planipennis trees

) Number of Production of stem pests
Location of trees (address) (average number of exit holes
trees, amount and average error per 1 dm?)
7, Horikhuvatskyi Shlyakh Str. 2 2.2%+0.2
7a, Horikhuvatskyi Shlyakh Str. 1 2.7%1.3
3, Horikhuvatskyi Shlyakh Str. 1 0
11, Horikhuvatskyi Shlyakh Str. 9 0.9%0.2
8, Blakytnoho Str. 2 0
4, Orikhuvatska Str. 7 2.6+0.6
12B, Heroiv Oborony Str. 1 0
12, Heroiv Oborony Str. 4 0
4, Selykhozemichnyi Ln. 3 1.3+0.2
14, Heroiv Oborony Str. 1 0
18A, Heroiv Oborony str. (stadium) 44 4.2+1.8
16, Polkovnyka Potekhina Str. 3 1.1%£0.3
2A, Heroyiv Oborony str. (Botanical Garden) 89 3.8%1.1
Total 167 -

Source: developed by the authors
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The number of typical D-shaped exit holes
per 1 dm? was used to determine the settlement
density and production of young beetles (Ta-
ble 2). According to D. Crook et al. (2012) and
1. Matsiakh (2019), males and females were sen-
sitive to ultraviolet light, violet and green ranges

of the electromagnetic spectrum, and fertilised
females were also sensitive to light in the red,
with beetles attracted to green or violet traps set
both in open spaces and under the canopy of the
plantation. The trees on which pheromone traps
were hung were marked on the map (Fig. 9).

Figure 9. Location of the traps
Note: A — glue trap with pheromone; B - barrier transparent trap with purple stripes without pheromone;
C - barrier transparent trap without pheromone; D - barrier transparent trap with green stripes without
pheromone; E — barrier transparent trap with pheromone
Source: developed by the authors

During the inspection of the traps, the ef-
fectiveness of their use was assessed, but some
traps were blocked by leaves, which was asso-
ciated with a decrease in daylight hours and a
slowdown in photosynthesis, which caused the
physiological process of leaf fall.

According to A. Morozko et al. (2021), dif-
ferent trophic groups of insects damaged plant
parts, caused damage to the assimilation ap-
paratus, young shoots, generative organs, and
trunk, respectively, but the spread of phy-
tophages and their impact on plants depends
on the insect species, population density, and
plant response to damage, which has been con-
firmed by our research. According to the results
of species diversity determination, it could be
noted that the traps were mainly used for cap-
turing insects of the Coleoptera order. In the

barrier transparent trap with purple stripes
without pheromone, representatives of the
families Curculionidae and Chrysomelidae were
found, in the barrier transparent trap without
pheromone, insects of the subfamily Scolytinae
of the family Curculionidae dominated. Repre-
sentatives of the order Hymenoptera were found
only in the barrier transparent trap with green
stripes without pheromone. The family Bupres-
tidae was represented by Agrilus planipennis,
but adults were presented only in traps with
artificially synthesised pheromones, so it could
be noted the low efficiency of green and purple
traps. It should be noted that all detected in-
sects except Agrilus planipennis were not poten-
tial pests of ash trees of the genus Fraxinus spp.

The issue of Agrilus planipennis spread was
quite relevant, as the invasive species had no
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natural enemies in our environment, which
made it difficult to control. The issue of pen-
etration and biology of invasive organisms
was being studied by specialists of a separate
working group of IUFRO, Invasive Species Spe-
cialist Group — ISSG, World Conservation Un-
ion — IUCN, European Plant Protection Organ-
isation — EPPO, and a system of inventory of
invasive species for Europe — Delivering Alien
Invasive Inventories for Europe — DAISIE - has
been created (Roques et al., 2010).

The emerald ash borer (Agrilus planipennis,
EAB) had been a focus of global entomolog-
ical and forestry research due to its devastat-
ing impact on ash tree species (Fraxinus spp.)
worldwide. Its rapid expansion and destructive
behaviour have been extensively studied across
various ecological, geographical, and manage-
ment contexts.

The spread of the invasive species Agrilus
planipennis Fairmaire. (Coleoptera: Buprestidae)
caused intensive mortality of ash trees of the
genus Fraxinus spp. in plantations throughout
Europe (Flo et al., 2015) and North America
(Sun et al., 2024). Agrilus planipennis originates
from China and Korea, where it primarily at-
tacks trees under stress, where the coevolu-
tionary resistance mechanisms against this
pest are weakened. According to V. Meshkova et
al. (2024), the ash emerald ash borer was first
discovered in the eastern part of Ukraine (Lu-
hansk region) in 2019 and was spreading in all
plantations with ash trees very fast. The ongo-
ing infestation of Agrilus planipennis in Ukraine
mirrors global trends while presenting unique
challenges due to the region’s specific ecolog-
ical and climatic conditions. Studies such as
those by T.V. Kucheryavenko et al. (2019) and
V. Meshkova et al. (2024) provided critical in-
sights into local dynamics, which are essential
for developing tailored management strategies.
The rapid spread of the pest in Kyiv in a short
time indicated an increased threat of further

spread to the West (Meshkova et al., 2024). The
role of host plants in shaping EAB distribution
had been a recurring theme in literature. It
should be noted that in its natural range (East
Asia). Agrilus planipennis settles only on dying
trees of the genus Fraxinus spp. and caused
minor damage to viable plants. Y. Dang et
al. (2021) conducted a retrospective analysis
using native range data to identify factors af-
fecting the distribution of invasive wood-bor-
ing insects like EAB. Their findings underscore
the critical importance of host tree availability
and physiological condition in facilitating pest
establishment and spread.

Management of invasive species included
prevention of arrival. eradication of new pop-
ulations. biological control. selection of host
trees for resistance. and the use of cultural
practices (silviculture and restoration) to min-
imise their impact. In the future. the world’s
forests were likely to be subjected to an in-
creasing number of invasions. and effective
management will require greater international
cooperation and interdisciplinary integration.
A.M. Liebhold et al. (2017) examined the dy-
namics of invasive species within forest eco-
systems, focusing on the ecological, economic,
and management challenges posed by such in-
vasions. Their research identified several criti-
cal factors that facilitated invasions, including
global trade, climate change, and the character-
istics of the invaded ecosystems.

Given the sharp decline in the share of ash
in forests, UK scientists R.]. Mitchell et al. (2014)
conducted a special study of the potential loss
of ash from the forest. It was found that 955
species were trophically associated with trees
of the ash genus Fraxinus spp: 12 birds, 28
mammals, 58 bryophytes, 68 fungi, 241 inverte-
brates, 548 lichens. There were 45 species that
occurred only on ash trees, and 62 species that
were associated with ash trees and occasionally
use other trees, but proved that no other tree

Vol. 16, No. 1, 2025

Ukrainian Journal of Forest and Wood Science 17



Infestation of ash emerald ash borer Agrilus planipennis Fairmaire...

species could replace ash for supporting com-
plex trophic chains. Tree species that support-
ed more species associated with ash cannot re-
place it in terms of ecosystem functions.

As aresult of climate change the boundaries
of invasive species’ ranges have been changing;
under favourable conditions, they began to ac-
tively increase in number and spread, and with
long-term adaptation to local conditions, they
were able to maintain a population size suffi-
cient for survival and mass dispersal. N. Puz-
rina et al. (2022) established that outbreaks of
stem pests due to extreme temperatures and
droughts had been observed in deciduous and
coniferous plantations, and according to I. Mat-
siakh (2019), one of the factors of Agrilus pla-
nipennis spread was hot summers, which was
confirmed by our observations. Further moni-
toring studies and the search for ways to solve
the problem of Agrilus planipennis spread were
naturally necessary.

Conclusions

Significant weakening of ash trees of the ge-
nus Fraxinus sp. was noted on the territory of
the Botanical Garden of the NULES of Ukraine
(21 trees with signs of initial damage, 33 and
23 ash trees moderately and severely damaged,
respectively, and 12 trees without signs of dam-
age) and near the stadium (4 trees with signs
of initial damage, 28 and 12 common ash trees

species diversity of insects using pheromone
traps, it was noted the effectiveness of traps
with artificially synthesised pheromones for
Agrilus planipennis, in all other traps insects of
the order Coleoptera, which are not potential
pests of ash trees Fraxinus sp.

Among the promising areas of solving
the problem of mass ash drying out, scientists
identified the following: search for new meth-
ods and means of protecting ash plantations;
determination of resistance criteria and selec-
tion of plants that were resistant to diseases;
development of technologies and production
of genetically modified plants with increased
resistance.

Invasive insects and diseases could have
catastrophic economic and environmental con-
sequences for the structure and functioning
of forest ecosystems. They could destroy large
areas of forests, leading to loss of biodiversi-
ty, changes in the composition of forests and
disruption of ecological processes. Therefore,
further studies aimed at identifying the pe-
culiarities of the development of the ash nar-
row-bodied emerald ash borer Agrilus planipen-
nis and its distribution were necessary to assess
the probability of the species spreading, threats
to the condition of plantations, as well as for
supervision and control, in particular, with the
participation of natural enemies.
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IuBasist siceHeBOi cmaparaoBoi 31aTku Agrilus planipennis Fairmaire,
(Coleoptera: Buprestidae) Ha TepuTopii HarjioHabHOro yHiBepcureTy
6iopecypcis i npupogokopucryBanss: (HYBiIl) Vkpaiuu

Harasis ITy3pina
KaHgmpar ciibCbKOrOCIofapCcbKMx HayK, JOLEHT
HarnionanpHMit yHiBepcuTeT 6iopecypciB i MpUpOIOKOPUCTYBaHHS YKRpaiHu
03041, Byn. Tepoi O6oponn, 15, m. Kuis, Ykpaina
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AHoTtanig. CTaTTs IpuCBsUYeHa TUTAHHIO CTPIMKOTO TMOTipIIeHHS CaHITaApHOTO CTaHY JAepeB Poay
siceH Fraxinus sp. Ha Teputopii HYBIll Ykpainy, cipyunHeHOro iHBasi€lo siceHeBOI cMapargoBoil
3natku Agrilus planipennis Fairmaire, (Coleoptera: Buprestidae). MeTa mOCTiIKeHb OIiHKA
CaHITapHOrO CTaHy JiepeB popy siceH Fraxinus sp. Ha Teputopii HYBIll Ykpainu Ta MOHITOpUHT
YMCeNbHOCTI iHBasiliHOro Bumy Agrilus planipennis. HaBemeHo maHi inBeHTapumsanii 2021-2023
POKiB, e BimmiueHO, O cTaH 66 % HepeB POAY SICEH XapaKTepuU3YEThCS SIK mobpwmit. Ilim yac
MPOBEMIEHHS JeTANTbHOrO o6cTeXXeHHs 2024 POKYy BCTAHOBJIEHO CTPiMKe IOTipIIEHHS CTaHy
JlepeB siCeHs Ha BCili MOCTiAKyBaHiii TepuTopii. BcTaHOBIEHO, 1[0 3HAaUHE OCTAaG/IeHHS OepeB
pony Fraxinus sp. BimmiueHo Ha Teputopii BoraniuHoro camy HYBill Ykpainu Ta 6ins cramioHy.
Bigmiuaemo, mo 13 % gepeB 6e3 03HAK ypaskeHHS PO3TalllOBaHi B INIMOMHI JIiCOBOTO MaCUBY, TaK
SIK JJIS1 CMapargoBoi 371aTKM MOTEHLiMHUMY SKUBUTEISIMU € JepeBa, 1[0 POCTYTh BiKPUTO, Xoua
32 3HAYHOTO PO3IOBCIOIPKEHHS KOMaxa MOXKe 3acesiaTy AepeBa y mMOMHI HacamkeHHS. ITig yac
MPOBEIEHHS AETATbHOTO JIiCOTIATONIOTiYHOTO 0OCTEXXEHHS BUSBIEHO iMaro Agrilus planipennis Ta
xapakTepHi D-1iofi6Hi BMAbOTHI OTBOpH. ITim yac mMpoBemeHHS MigpaxyHKiB KiTbKOCTi TUTOBUX
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Infestation of ash emerald ash borer Agrilus planipennis Fairmaire...

D-nomi6HMX BUJTOTHMX OTBOPIB Ha 1 IM? BM3HAYAJIY IIITbHICTh ITOCETIEHHS Ta MPOTYKITiI0 MOTOANX
skyKiB. KinbKicTh BMIBOTHMX OTBOPIiB MakcMMasibHO Ha 1 nam? craHoBuTh 4,2 * 1,8, BimTak mpu
cepeHiit KiTbKOCTi BUIbOTHUX OTBOPIB 1-2,4 Ha 1 AmM? IpoTIroM 2-3 ce30HiB MOske BCOXHYTH Bif,
35 mo 100 % 3aceneHux 3/1aTKOIO iepeB. [IJ1s1 BUSHAUEHHS YMCETbHOCTI Ta MOIIMpeHHs imaro Agrilus
planipennis nipoBomwIu O6GTiKM 3@ IOMOMOIrOl0 ()EepOMOHHMX IMACTOK 3 IITYYHO CUHTE30BAHUM
dbepomoHOM Ta MacTKu 6e3 BUMKOPUCTAHHSI (EPOMOHY 3 MPUBAOIIOBAHHSIM KOMax Ha Komip. 3a
pe3yabTaTamMmyu OOJiKiB BCTAHOBJIEHO, IO imMaro Agrilus planipennis HasiBHi TilIbKM y MacTKax 3
MITYYHO CMHTE30BaHMMM hepOMOHAMMU

KmouoBi cimoBa: Fraxinus sp.; MOHITOpUHT; Agrilus planipennis; epoMoHHi macTkyu; iHBa3iitHi
BUIIU
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Abstract. The energy use of forest biomass is an important component of modern bioeconomics,
which affects the dynamics of forest cover, the balance of greenhouse gases, and the ecological
sustainability of forest ecosystems in regions with active harvesting of wood raw materials. The
purpose of the study was to assess the environmental impact of using forest biomass in energy,
identifying changes in forest cover, and analysing CO, emissions compared to fossil energy
sources. A combination of theoretical analysis of literature sources and empirical analysis of
Sentinel-2 and Landsat satellite data (2015-2024) was used. A comparative analysis of changes in
forest cover is performed using Normalised Difference Vegetation Index and normalised burning
ratio indices. CO, emissions were calculated based on Intergovernmental Panel on Climate
Change emission factors for biomass, coal, and natural gas. In the regions of active biomass
use (Amazon, Southeast Asia), forest cover is reduced by 0.8-1.5% annually, while in countries
with developed forest policies (Canada, Finland), forest areas remain stable. CO, emissions
from biomass (112 kg/GJ) are higher than natural gas (56 kg/GJ]) but lower than coal emissions
(97.5 kg/GJ). Assessment of the relationship between forest ecosystems and climatic factors
showed that a reduction in forest cover leads to a loss of water retention capacity (up to 20%)
and an increase in soil erosion by 3-4 times. The results of the study confirmed the need to
introduce environmentally responsible approaches to Forest Resource Management. The use of
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Sustainable forestry and energy production from biomass...

close-to-nature forestry methods, the development of satellite monitoring, and the introduction
of certification standards can contribute to maintaining ecosystem balance

Keywords: satellite monitoring; deforestation; carbon balance; greenhouse gases; climate change;

anthropogenic impact

Introduction

Sustainable forest development is one of the
key areas of environmental and economic poli-
cy in the modern world aimed at supporting the
ecosystem functions of forests and the rational
use of their resources. Forest ecosystems per-
form critical functions, including preserving
biodiversity, regulating carbon balance and
climate processes, maintaining water regimes,
preventing soil erosion, and providing material
resources for society. However, in the face of in-
creasing anthropogenic stress, climate change
and increased demand for renewable energy
sources, there is a need to develop effective ap-
proaches to forest management that will ensure
their rational use without compromising envi-
ronmental balance.

The use of wood biomass as an energy re-
source contributes to decarbonising the econ-
omy and reducing dependence on fossil fuels
but requires compliance with the principles of
sustainable forest management. It is important
to balance the energy needs and environmental
sustainability of forest ecosystems by applying
evidence-based approaches to resource base
assessment, environmentally sound harvesting
methods, and monitoring the long-term effects
of bioenergy.

International organisations play an impor-
tant role in shaping the principles of sustaina-
ble forestry and bioenergy development. Food
and Agriculture Organization (2024) develops
global forest management strategies to reduce
forest degradation. European Environment
Agency (2024) assesses the impact of forest
management on climate and biodiversity by

developing recommendations for integrating
bioenergy into sustainable development strat-
egies. The UN-sponsored REDD+ programme
helps reduce greenhouse gas emissions through
forest protection and sustainable use. These ini-
tiatives provide aframework for the development
of forest bioeconomics and decarbonisation.

Research on sustainable forestry and the
use of biomass for energy needs is actively con-
ducted in various regions of the world, which
indicates a global interest in the development
of bioeconomics and ecosystem conservation
(Murtezaj et al., 2024). In the Western Balkans,
M. Bojovi¢ et al. (2024) analysed the potential
of agroforestry systems for energy develop-
ment, emphasising the importance of integrat-
ed forest management. In Europe, A. Marin et
al. (2021) investigated the state of forests, as-
sessing their role in maintaining biodiversity
and adapting to climate change. Research-
ers M. Kocoglu et al. (2024), in a global study,
evaluated the impact of forest ecosystems on
carbon balance, and V. Imbrenda et al. (2023)
reviewed the socio-economic aspects of forest-
ry in Europe. F. Latterini et al. (2023) analysed
the current state of forest operations in beech
forests in Europe and Western Asia, focusing
on the impact of timber harvesting and forest
management methods. Approaches to the use
of biomass vary by region. The EU, Canada,
Sweden, Finland, and the United States are ac-
tively developing bioeconomics, making com-
prehensive use of forest resources. In Brazil and
Chile, integrated forestry systems are being
implemented that combine timber harvesting
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with forest restoration. In Central and Eastern
Europe, attention is paid to balanced forest
management to preserve environmental and
economic functions (Vasylyshyn et al., 2023).
Evaluating the effectiveness of these approach-
es and their integration into national energy
independence strategies is a critical task.

Current research focused on the transition
to sustainable bioeconomics, optimal use of
forest resources, and assessment of their envi-
ronmental impact. L. Prendi & A. Murrja (2023)
showed that the integration of a “green” econ-
omy contributes to economic growth, but its
implementation requires effective regulation
and substantial investment in the sustainable
management of natural resources. Researchers
O. Hoda & G. Angjeli (2023) investigated the
dynamics of Environmental growth and es-
tablished that the successful implementation
of bioenergy programmes largely depends on
government support and compliance with in-
ternational standards. Analysis performed by
Z. Nedi¢ et al. (2024) demonstrated that the
transition to circular bioeconomics is possible
only if economic incentives are created for en-
terprises that use low-carbon technologies in
the forest and energy sectors. In turn, P. Anttila
& H. Verkerk (2022) considered the factors that
determine the availability of forest biomass for
energy needs, establishing a relationship be-
tween the level of harvesting, environmental
conditions, and long-term resource sustaina-
bility. Authors U. Vilhar et al. (2022) analysed
the consequences of large-scale forest distur-
bances, noting that such changes substantially
affect hydrological processes, in particular, the
balance of karst waters, which can lead to eco-
system degradation.

Despite substantial progress in the exami-
nation of bioenergy, the long-term environmen-
tal impact of the use of forest biomass, in par-
ticular, its role in regulating the carbon balance
and changes in forest ecosystems in various

climatic conditions, remains insufficiently in-
vestigated. The lack of integrated approach-
es combining satellite monitoring, emission
modelling, and sustainable forest management
strategies necessitates further scientific devel-
opment. The aim of the study was to assess the
environmental impact of biomass use on ener-
gy needs in the context of sustainable forest-
ry, to determine its impact on the dynamics of
forest ecosystems, and to analyse changes in
forest cover and CO, emissions from burning
forest biomass. The following tasks were solved
to achieve this goal: analyse the principles of
sustainable forest resources management and
their importance for the conservation of bio-
diversity and ecosystem services; assess the
efficiency of using forest biomass as an energy
source based on the analysis of changes in for-
est cover from satellite images in regions with
active use of biomass; calculate the level of CO,
emissions from burning forest biomass com-
pared to fossil energy sources, which allowed
determining the main factors of environmental
sustainability of forest bioenergy systems.

Materials and Methods

The research methodology combined theoreti-
cal and empirical approaches for a comprehen-
sive analysis of sustainable forestry and the use
of biomass in the energy sector. The theoret-
ical part included an analysis of scientific lit-
erature and reports of international organisa-
tions devoted to forest resource management,
bioeconomics, and the environmental impact
of biomass use. Special attention was paid to
research on the principles of sustainable forest
management, the impact of biomass on green-
house gas balance, and the role of forest ecosys-
tems in maintaining climate balance (Sorge et
al., 2022; Favero et al., 2023; Raihan, 2023a).
The object of the study was natural and artifi-
cially created forest ecosystems used for bioen-
ergy, in particular, boreal, temperate, and mixed
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forests. The subject of the study is the ecolog-
ical aspects of the use of biomass for energy
needs and their impact on the sustainability of
forest ecosystems.

The geographical focus covered regions
with active biomass use, in particular, countries
of Northern Europe (Sweden, Finland), as well
as Canada and the United States, which have
substantial forest resources and are actively
developing bioenergy. Countries of the Balkan
region, in particular, Albania, where harvest-
ing of wood biomass is an important sector of
the economy, were also considered. In addi-
tion, the study includes regions of Southeast
Asia, Central Africa, and the Amazon, as they
experience substantial changes in forest cover
due to the use of biomass as the main source of
energy and the active transformation of natu-
ral forests into agricultural land. The choice of
territories was driven by their leading role in
the development of bioeconomics, the scale of
wood biomass harvesting, and the environmen-
tal challenges associated with its use, including
deforestation of ancient forests, changes in the
natural landscape, and carbon emissions from
wood processing.

The study was based on the combined use
of quantitative and qualitative analysis meth-
ods to assess changes in forest cover, the impact
of biomass harvesting on forest ecosystems,
and greenhouse gas emissions. Iatellite imag-
es obtained from the Sentinel-2 missions con-
ducted by the European Space Agency (France)
and Landsat-8/9, which are managed by the
National Oceanic and Atmospheric Adminis-
tration and the National Aeronautics and Space
Administration (USA), were used to analyse
changes in forest cover. The analysis was con-
ducted for the period 2015-2024, which allowed
assessing long-term trends in changes in the
area of forests used for biomass harvesting and
the impact of anthropogenic stress. The images
were selected seasonally to avoid the impact of

snow cover and ensure the accuracy of calcu-
lations. A comparative analysis was performed
between the reference years 2015, 2018, 2021,
and 2024 to determine the dynamics of changes
in forest ecosystems. Satellite images were pro-
cessed using geoinformation systems ArcGIS
(Esri, USA) and Google Earth Engine (Google,
USA), which identified changes in forest cover
in regions of active biomass harvesting. The use
of the Normalised Difference Vegetation Index
provided for the estimation of the density of
vegetation cover, while the normalised burning
ratio was used to determine degraded areas.
The comparative analysis method was used
to assess the impact of biomass use on green-
house gas emissions. CO, emissions from burn-
ing forest biomass were calculated compared to
fossil energy sources such as coal and natural
gas. Data for calculations were obtained from
open environmental monitoring databases, in
particular, the European Environment Agency
(2024), Intergovernmental Panel on Climate
Change Emission Factors Database (Green-
house Gas Protocol, n.d.), reports of the Inter-
national Energy Agency (n.d.). Carbon dioxide
emissions were calculated using the formula (1):

E=AxEF, 1)

where E - total CO, emissions (tonnes); A —
amount of biomass or fossil fuel burned (GJ);
EF - emission factor (kg CO,/G]), depending on
the fuel type. The values of the emission coef-
ficients were taken from the Intergovernmental
Panel on Climate Change (2022) database: for
wood biomass - 112 kg CO,/GJ, for coal — 94-
101 kg CO,/G]J, for natural gas - 56 kg CO,/GJ.
In addition to estimating CO, emissions,
the study considered the Life Cycle Assessment
of biomass, including harvesting, transporta-
tion, and incineration processes. This allowed
comprehensively assessing the ecological sus-
tainability of forest bioenergy systems, deter-
mining their potential for decarbonisation of
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the energy sector, and assessing the risks of
degradation of forest ecosystems as a result of
intensive use of wood biomass.

The study was based on the principles of
academic integrity and compliance with eth-
ical standards of scientific activity. The use of
satellite data and environmental reports was
conducted in accordance with open-source li-
censing requirements.

Results

Sustainable forestry principles

and their role in biodiversity conservation
Sustainable forest development is an integral
part of global environmental policy aimed at
ensuring the long-term use of forest resources
while maintaining their environmental sus-
tainability and biodiversity. The main objective
is to harmonise the environmental, economic,
and social aspects of forest management, which
implies compliance with scientifically based
principles of sustainable forest management.
These include adaptive forest management, re-
ducing the negative impact of timber harvest-
ing on ecosystems, introducing methods for
restoring forest areas, and preserving biodiver-
sity through the introduction of regulatory and
certification mechanisms (Raihan, 2023b).

One of the most important principles is to
ensure ecosystem balance through environ-
mentally responsible logging. The introduc-
tion of selective and Mosaic logging instead
of continuous logging reduces habitat loss for
rare species of flora and fauna. In the Scandi-
navian countries, in particular, in Sweden and
Finland, the approach of “Close-to-Nature
Forestry” has long been used, which involves
maintaining the natural composition of for-
ests, using mixed plantings and gradual log-
ging that does not disrupt the ecosystem bal-
ance (Favero et al., 2023). This approach is also
actively used in Germany, where research has
shown its positive impact on biodiversity and

maintaining the sustainability of forest ecosys-
tems (Sorge et al., 2022).

Another important aspect of sustainable
forest management is certification systems,
such as the Forest Stewardship Council and the
Programme for the Endorsement of Forest Cer-
tification, which define environmental stand-
ards for logging companies. In Canada and
the United States, more than 80% of industrial
forests are subject to these standards, which al-
lows controlling the level of deforestation and
restoration of forest areas. In developing coun-
tries, in particular, in Latin America and South-
east Asia, certification is less widespread, which
creates risks for forest ecosystem services and
contributes to illegal logging (Huettmann &
Young, 2022).

Biodiversity conservation also depends on
measures to restore degraded forest areas. In
the countries of the European Union, reforesta-
tion programmes are being implemented aimed
at restoring natural tree species and the ecosys-
tem functions of forests. For example, the EU Bi-
odiversity Strategy 2030 initiative provides for
increasing the area of protected forests and re-
storing disturbed ecosystems (European Com-
mission, n.d.). Similar programmes are being
implemented in the United States and Canada,
where government support is aimed at the af-
forestation of territories after forest fires and an-
thropogenic deforestation (Favero et al., 2020).

Modern satellite monitoring methods and
geographic information systems are widely
used for effective forest management. Satellite
images Sentinel-2 and Landsat-8/9 are used to
analyse changes in forest cover and assess the
level of forest degradation as a result of bio-
mass harvesting. Analysis of satellite data for
the period 2015-2024 indicates substantial loss
of forest cover in areas of intensive forest man-
agement, especially in the rainforests of South-
east Asia and the Amazon, where deforestation
has a substantial impact on the global balance
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of CO, emissions. Additionally, the geoinfor-
mation systems ArcGIS (Esri, USA) and Goog-
le Earth Engine are used to identify long-term
trends in forest cover changes, assess the lev-
el of recovery, and form recommendations for
sustainable forest management policies.

Sustainable forest development is based
on the introduction of environmentally re-
sponsible forest management approaches
that consider biodiversity conservation, eco-
system services support, and biomass man-
agement (Table 1).

Table 1. Basic principles of sustainable forestry
and their implementation in different regions of the world

Principle

Description

Implementation example

Biodiversity conservation

Restriction of deforestation in
natural forests, creation of nature
protection zones

Forest Stewardship Council
certification in Canada, USA

Restoration of forest ecosystems

Afforestation programmes,
support for natural renewal

EU Biodiversity Strategy 2030

Close-to-nature Forestry

Use of mixed plantings, selective
logging, forest structure regulation

Forestry practices in Finland,
Sweden, Germany

Monitoring by satellite systems

Analysis of changes in forest cover
and assessment of degradation

Sentinel-2, Landsat-8/9

Source: compiled by the authors based on analysis of the data A. Favero et al. (2020; 2023), S. Sorge et al. (2022)

These tables show substantial variability in
approaches to implementing the principles of
sustainable forestry in different regions of the
world. Differences in environmental conditions,
economic opportunities, and legal require-
ments affect the nature of forest management
strategies. For example, countries with devel-
oped environmental regulation systems are
more effective in implementing certification
systems and satellite monitoring, while regions
with high anthropogenic pressure are dominat-
ed by measures to restore forest ecosystems.
An important factor is the adaptation of close-
to-nature forestry methods to local conditions,
which allows for a balance between economic
benefits and environmental sustainability. The
use of technological solutions, such as satellite
monitoring, contributes to more accurate mon-
itoring of forest conditions, but its effective-
ness depends on political will and institutional
support at the national level (Moroz, 2024).

Applying the principles of sustainable
forestry is a critical tool for preserving biodi-
versity and ensuring the long-term ecological
sustainability of forest ecosystems. Region-
al differences in the implementation of these
principles indicate the need to adapt manage-
ment methods to local conditions, consider-
ing economic, climatic, and social factors. The
integration of modern technologies, such as
satellite monitoring and certification systems,
allows effectively assessing the state of forests
and optimise their use. An integrated approach
to forest management, combining environmen-
tal, economic, and social aspects, is a prereq-
uisite for achieving sustainable forest sector
development.

Use of biomass for energy production

and efficient forest management

Forest biomass is an important compo-
nent of renewable energy, helping to reduce
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dependence on fossil fuels and providing oppor-
tunities for decarbonisation of the energy sec-
tor. The use of wood biomass for energy produc-
tion includes burning wood residues, processing
wood into pellets, and producing synthetic
fuels. However, the effectiveness of bioenergy
largely depends on regional approaches to for-
est management, in particular, the level of for-
est regeneration, environmental monitoring,
and sustainable forest management policies
(Golub et al., 2017).

Estimating CO, emissions from biomass
use is a critical factor when comparing it with
traditional energy sources. Despite the fact that
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wood is considered a carbon-neutral fuel, the
processes of its harvesting, transportation, and
incineration are accompanied by greenhouse
gas emissions. According to the Intergovern-
mental Panel on Climate Change (2022) data-
base, the average level of CO, emissions from
burning wood biomass is 112 kg of CO,/G],
which is higher than that of natural gas (56 kg
of CO,/GJ) but lower than that of coal (94-101 kg
of CO,/GJ). Formula (1) was used to estimate
carbon emissions in forest bioenergy systems,
which accounts for the level of energy consump-
tion and the corresponding Intergovernmental
Panel on Climate Change coefficients (Fig. 1).

97.5

Coal Natural gas

Energy source

Figure 1. Comparison of CO, emissions from different energy sources (kg CO,/GJ)
Source: compiled by the authors based on analysis of the Intergovernmental Panel on Climate Change (2022)

The comparison results show that the use
of wood biomass for energy production has
both advantages and limitations. The main
argument in favour of biomass is its potential
carbon neutrality since trees absorb CO, during
growth, compensating for emissions from com-
bustion. However, this effect is achieved only
if the principles of sustainable forest manage-
ment are observed and the balance between har-
vesting and forest regeneration is maintained.

Studies show that the efficiency of bio-
mass as an energy source is highly dependent
on regional conditions. For example, in the

Scandinavian countries and Canada, effec-
tive forest resource management models have
been implemented, which allows maintaining a
balance between biomass harvesting and nat-
ural forest restoration. In countries with less
developed environmental regulatory systems,
intensive use of wood biomass can lead to loss
of forest cover and reduced ecosystem func-
tions. Additional analysis allowed assessing the
potential sustainability of bioenergy systems
compared to other fuels and comparing key in-
dicators of biomass efficiency compared to oth-
er energy sources (Table 2).
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Table 2. Comparative analysis of the efficiency of using biomass and other fuels

Indicator Biomass Coal Natural gas Solar energy
CO, emissions (kg/GJ) 112 97.5 56 0
Energy efficiency ratio (%) 35-45 33-38 45-50 18-22
Resource availability Renewable Limited Limited Unlimited
Environmental impact Affects forests High impact Moderate impact | Minimal impact

Source: compared by the authors based on the analysis of data from European Environment Agency (2024),
Intergovernmental Panel on Climate Change (2022), International Energy Agency (n.d.)

Analysis of the efficiency of using biomass
for energy production has shown that it can be
an alternative to fossil fuels, but its sustainabil-
ity depends on compliance with environmental
principles. CO, emissions from biomass remain
higher than those of natural gas but lower
than those of coal. Therewith, the life cycle of
biomass considers forest regeneration, which
potentially reduces its environmental impact.
Regional approaches to the use of biomass play
a crucial role in its efficiency. Countries with
developed forest policies perform substantially
better in balancing the use of biomass and eco-
system conservation. Technological develop-
ment is also an important factor: the combined
use of biomass and solar energy can ensure a
stable supply of renewable energy with mini-
mal impact on the environment.

The use of wood biomass as an energy
source is an important area of renewable en-
ergy development, but its effectiveness largely
depends on the rational management of forest
resources. The results of the study show that a
balanced approach to the harvesting and use of
biomass can help reduce greenhouse gas emis-
sions and, at the same time, prevent the deple-
tion of forest ecosystems. Innovative methods
for monitoring forest cover, regulating wood
harvesting, and introducing environmentally
friendly biomass processing technologies are
instrumental in this process. Optimising these
processes will reduce environmental risks and

improve the efficiency of the bioenergy sector
in the context of global decarbonisation.

Dynamics of changes in forest cover

and its environmental consequences
Changes in forest cover reflect the balance be-
tween the processes of restoration and degra-
dation of forest ecosystems, determining their
resistance to anthropogenic and natural fac-
tors. The assessment of changes in forest area
was based on an analysis of Sentinel-2 and
Landsat-8/9 satellite images over four refer-
ence years: 2015, 2018, 2021, and 2024. The use
of satellite data allowed analysing long-term
changes in forest areas in regions of active bi-
omass harvesting and identifying areas with an
increased risk of degradation.

In the period 2015-2024, a gradual re-
duction in Woodlands was recorded, which is
confirmed by the analysis of the Normalised
Difference Vegetation Index and the normal-
ised burning ratio. The greatest loss of forest
cover was observed in tropical regions, where
Normalised Difference Vegetation Index lev-
els were 18% lower in 2024 compared to 2015,
indicating intense ecosystem degradation.
Thereby, in temperate latitudes, the reduction
in forest area during this period ranged from
6% to 10%, depending on the level of wood bi-
omass harvesting and the implementation of
forest restoration policies. Data for individual
reference years reveal a gradual increase in the
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intensity of logging. In 2018, forest area loss-
es compared to 2015 amounted to 3.4%, while
in 2021, this figure reached 7.8%. The latest
analysis for 2024 confirmed further forest de-
clines, especially in regions with high levels of
industrial forest use, such as the Amazon, Cen-
tral Africa, and Southeast Asia.

A comparison of changes in the normal-
ised burning ratio index shows an increase in
the number of degraded forest plots. If in 2015
this indicator was stable, then in 2018 it grew
by 5%, in 2021 — by 9%, and in 2024 - by 13%.
This confirms an increase in deforestation, for-
est fires, and other processes that contribute to
ecosystem destruction. Forest areas bordering
agricultural land and areas with a high level of
urbanisation were particularly vulnerable. In
the Amazon basin, active deforestation leads to
a decrease in humidity levels and an increase in
the frequency of fires, which further accelerates
the degradation processes (Raj et al., 2023). In
Indonesia and Malaysia, the deforestation of
tropical forests is associated with the expansion
of oil palm plantations, which leads to the loss

1000
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of unique biotopes and negatively affects local
ecosystems (Farooq et al., 2022). In Europe, for-
est degradation is most intensively observed in
the Carpathians, where the reduction of con-
tinuous forest areas threatens biodiversity and
ecosystem functioning (Fatima et al., 2024).

Analysis of satellite images and geoinfor-
mation systems ArcGIS, Google Earth Engine
also allowed evaluating the effectiveness of
forest conservation and restoration measures.
The data show that regions where active re-
forestation programmes are being implement-
ed demonstrate stabilisation or even a slight
increase in forest cover. For example, in North-
ern Europe and Canada, forest areas in 2024 re-
mained virtually unchanged compared to 2015,
which is due to the introduction of strategies
for close-to-nature forestry and control over
logging activities (Salam, 2024). Such technol-
ogies provide a comprehensive approach to the
analysis of ecosystem changes and help model
scenarios for further forest development under
the influence of climate change and anthropo-
genic factors (Fig. 2).

Figure 2. Changes in forest cover in selected regions (2015-2024)
Source: compared by the authors
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The graph presents substantial region-
al differences in forest cover changes over the
period 2015-2024, reflecting different levels of
Environmental Management and approaches
to sustainable forest management. In North-
ern Europe and Canada, forest areas remained
stable due to the introduction of nature con-
servation and logging controls. Thereby, a
substantial reduction in forest cover in the re-
gions of Southeast Asia indicates the intensive
exploitation of forest resources for agriculture
and energy, which has serious environmental
consequences. The Balkans are experiencing a
gradual reduction in forest cover due to timber
harvesting and the expansion of agricultural
land (Bragina et al., 2018). In Albania, as part of
the Balkan region, forest cover is also decreas-
ing, which may be due to illegal logging and
increased use of wood for energy purposes, de-
spite the implementation of forest restoration
programmes (Shumka et al., 2021).

The identified trends highlight the im-
portance of strengthening international coop-
eration in the field of forest conservation and
introducing stricter regulatory mechanisms
for controlling logging. In addition, the results
obtained confirm the need to develop adaptive
forest ecosystem management strategies that
consider both environmental and socio-eco-
nomic factors.

Interaction of forest ecosystems with other
natural processes and ecological balance

Forest ecosystems are important regulators
of global ecological processes, in particular,
the carbon cycle, hydrological balance, and
soil cover stability, ensuring the resilience of
the biosphere to external changes. One of the
main functions of forests is the accumulation
and conservation of carbon, which is conduct-
ed through the processes of photosynthesis,
the accumulation of organic matter, and car-
bon deposition in the soil. Forests absorb about

2.6 billion tonnes of CO, annually, which is
equivalent to 30% of anthropogenic greenhouse
gas emissions (Ibrahim & Lukman, 2022). The
largest carbon reserves are found in the Ama-
zon, Congo, and Indonesia rainforests, but their
destruction due to logging and land-use chang-
es leads to CO, emissions because of the miner-
alisation of organic matter (Balan et al., 2021).

In addition to regulating carbon balance,
forests play a fundamental role in water con-
servation. They retain moisture, regulate the
amount and quality of water in catchment ar-
eas, affect groundwater levels, and prevent the
degradation of aquatic ecosystems. Changes in
forest cover can lead to changes in hydrologi-
cal cycles, which is confirmed by studies on the
relationship between forest ecosystems and
water resources in Europe, North America, and
Asia. Deforestation in mountainous areas leads
to an increase in erosion processes, which in
turn worsens water quality and reduces its nat-
ural filtration potential (Anderson-Teixeira et
al., 2013; Dunlap & Schramski, 2024).

Another important ecological process that
depends on the state of forests is the protection
of soil from erosion. The root system of trees
prevents soil erosion, reduces the risk of land-
slides, and preserves land fertility. In countries
with a high level of erosion hazard, in particular,
in southern Europe, afforestation programmes
are used to stabilise soils and reduce the nega-
tive effects of water and wind erosion (Wani &
Sahoo, 2021). The impact of forest ecosystems
on soil conservation is particularly important
in agricultural regions, where land degradation
can lead to reduced yields and the deterioration
of agricultural landscapes (Melo et al., 2021).

Climate change has a substantial impact
on the stability of forest ecosystems, increasing
the risks of pest spread, the frequency of fires,
and changes in species composition. Accord-
ing to forecasts, an increase in average annual
temperatures and changes in precipitation can
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affect the stability of forests in the middle and
northern latitudes, causing a decrease in forest
productivity and loss of biodiversity (Baciu et
al., 2021; Grebner et al., 2021). It is necessary
to introduce approaches to nature forestry, in-
crease the diversity of tree species, and develop

strategies for adapting to extreme weather con-
ditions to adapt forest ecosystems to climate
change. The interaction of forests with natural
processes forms mechanisms of ecological sta-
bility that affect CO, emissions, hydrological
cycles, and soil stability (Table 3).

Table 3. Relationship between forest ecosystems, carbon balance,
water regime and erosion processes in different regions of the world

Region Biomass carbon | Water retention capacity Soil erosion rate
Reserve (MT/ha) of forests (mm/year) (t/ha/year)

Amazon 230 850 0.5
Northern Europe 150 780 2.1
Central Africa 220 810 0.5
East Asia 170 690 3.5
Southeast Asia 190 720 2.9
Canada 180 760 1.8
United States (continental) 160 700 2.6
Australia 140 670 3.9

Source: compiled by the authors based on analysis of the data E.M. Bdlan et al. (2021), A. Ibrahim &

A.H. Lukman (2022)

These tables present substantial regional
differences in the ability of forest ecosystems
to maintain carbon balance, regulate water
regimes, and prevent soil erosion. High water
retention capacity and carbon storage are char-
acteristic of rainforests, which ensures their
important role in global climate processes.
However, in regions with active anthropogenic
impact, in particular, in areas of intensive forest
management, there is increased soil erosion,
which can negatively affect the productivity of
ecosystems and the sustainability of local wa-
ter resources. The identified patterns highlight
the importance of adaptive forest management
strategies aimed at minimising degradation
processes and maintaining the stability of nat-
ural systems.

The results confirm that forest ecosystems
are an important regulator of natural process-
es, ensuring carbon balance, water stability,
and soil protection from erosion. Analysis of
regional features shows that the effectiveness

of these functions depends on climatic con-
ditions, the type of forest, and the level of
anthropogenic impact, which highlights the
need for an adaptive approach to forest man-
agement. Implementing sustainable forest
management strategies can help strengthen
ecosystem balance, minimise the negative im-
pact of climate change, and preserve critical
ecosystem services.

Recommendations for optimising

the use of forest biomass in the context

of climate change

The use of forest biomass as a renewable en-
ergy source plays an important role in the
global decarbonisation strategy, but the ef-
fectiveness of its application largely depends
on forest management methods. In the face
of climate change, it is necessary to introduce
integrated approaches to biomass harvesting
that will contribute to the conservation of bio-
diversity and ecological sustainability of forest
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ecosystems. It is proved that sustainable devel-
opment of the forest sector is possible only if
ecosystem approaches to forest management
are integrated, including adaptation to extreme
climatic phenomena, improving resource effi-
ciency, and introducing innovative wood pro-
cessing technologies (Baciu et al., 2021).
Climate change has a substantial impact
on forest ecosystems, causing changes in tem-
perature and precipitation regimes, the spread

of pests, an increase in the frequency of fires
and forest degradation. Studies show that an
increase in the average annual temperature by
1.5-2°C over the next decades can substantially
reduce the productivity of forests in the mid-
dle and northern latitudes. In addition, climate
change affects the carbon balance: reduced
forest cover and increased carbon load due to
frequent fires can lead to a loss of the natural
ability of forests to absorb CO, (Table 4).

Table 4. Impact of climate change on forest ecosystems in different regions of the world

Possible adaptation

increased periods of drought

Region Main climate changes Impact on forests
measures
Reduced precipitation, Increased frequency of Expansion of afforestation
Amazon forest fires, rainforest

degradation programmes, fire control

Rising temperatures,

Northern Europe - .
increasing storms

Increased damage from
hurricanes, pest spread

Strengthening selective
forestry, monitoring forest
health

Central Africa

Increase in the average
annual temperature

Reduced tree growth,
reduced biomass

Use of drought-resistant
species, forest reclamation

East Asia

Uneven precipitation,
monsoon changes

Increased risk of soil erosion
and flooding of woodlands

Engineering soil protection,
flood control

Canada

Reducing the freezing

Loss of boreal forests,

Transition to more

period of soils

migration of tree species

sustainable forest species

Source: compiled by the authors based on analysis of the data D.L. Grebner et al. (2021), A. Kumar et al. (2022)

These tables indicate substantial variabil-
ity in the impact of climate change on forest
ecosystems depending on the region. In tropi-
cal and subtropical forests, rising temperatures
and changes in humidity conditions cause bi-
odiversity degradation and increase the risk of
forest fires. In temperate climates, the main
threats are changes in the structure of forest
stands and the spread of pests, while in arid re-
gions such as Australia, there is an increase in
the frequency of catastrophic fires.

One of the key areas of adaptation of the
forest sector is the introduction of principles of
close-to-nature forestry. This includes main-
taining mixed plantings, selective logging, and
regulating the age structure of woodlands. Such
methods can reduce the impact of logging on
the environment, improve the restoration of

stands, and increase the resistance of forests to
droughts, diseases, and pests (Hernandez-Mor-
cillo et al., 2022). In addition, it is important
to expand the use of agroforestry — the inte-
gration of forest ecosystems into agricultural
landscapes. This will help increase the sustain-
ability of forest systems, minimise degradation
risks, and provide additional sources of biomass
without putting excessive strain on natural for-
ests (Raihan, 2023a).

The development of technologies for gen-
erating energy from biomass plays an essential
role in improving the efficiency of resource
use. The use of cogeneration plants, the bio-
chemical processing of wood biomass, and ad-
vanced gasification technologies can increase
the efficiency of biofuel systems and reduce
CO, emissions (Tampekis et al., 2024). Another
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important area is the introduction of certifica-
tion standards for sustainable forest manage-
ment, such as Forest Stewardship Council and
Programme for the Endorsement of Forest Cer-
tification, which guarantee the environmental
responsibility of bioenergy companies (Mishra
& Agarwal, 2024). This contributes to the trans-
parency of the biomass market and ensures the
environmental compliance of production.

Adapting the forest sector to climate
change requires an integrated approach, in-
cluding the introduction of environmentally
friendly harvesting methods, the development
of monitoring systems, and increased regula-
tion in the field of forest management. It is im-
portant to ensure a balance between the energy
potential of forest biomass and the preserva-
tion of the ecosystem functions of forests. The
introduction of modern bioenergy technologies
and improved sustainable development policies
will help reduce greenhouse gas emissions and
supplement the resilience of forest resources to
climate change. The implementation of these
measures will ensure the long-term stability of
the bioenergy sector and contribute to the effi-
cient use of natural resources.

Discussion

The results show substantial variability in ap-
proaches to forest management and biomass
use, which is confirmed by a comparative anal-
ysis with other studies. Comparing the obtained
data with the scientific works of international
researchers allows identifying general trends
and conflicting aspects regarding the environ-
mental sustainability of forest management.
Examination of the efficiency of using bi-
omass for energy needs has shown that its po-
tential largely depends on regional forest man-
agement strategies. Similar conclusions were
drawn by A. Favero et al. (2023), who emphasise
the need to integrate bioenergy into the overall
decarbonisation policy, nevertheless note that

uncontrolled harvesting of wood biomass can
lead to negative environmental consequences.
The results obtained confirm this statement be-
cause the analysis of satellite images indicates
a decrease in the area of forest cover in regions
of intensive biomass use. A. Favero et al. (2020)
demonstrate that, despite the reduction of for-
est areas, their role in carbon sequestration re-
mains substantial if sustainable forest manage-
ment measures are implemented.

The study confirmed that the effective use
of forest biomass as an energy resource directly
depends on forest ecosystem management strat-
egies and forest restoration measures. The re-
sults prove that regions with clear mechanisms
for controlling and regulating logging have a
higher level of forest cover conservation, which
is consistent with the findings of T. Farooq et
al. (2022), which established a relationship be-
tween the intensity of wood biomass harvesting
and the spatial distribution of carbon in forest
ecosystems. Similar conclusions were drawn by
S. Fatima et al. (2024), noting the importance of
an integrated approach to agroforestry to en-
sure the sustainability of the bioenergy sector.

In matters of forest ecosystem manage-
ment, the results of the analysis partially coin-
cide with the conclusions of S. Sorge et al. (2022),
emphasising the importance of socio-ecologi-
cal aspects in forest management. The authors
state that the lack of an integrated approach
to forest management can lead to a conflict
between economic and environmental goals.
This study supports this thesis, as the regions
with active logging have a higher level of soil
erosion and a lower ability of forests to retain
moisture. In addition, A. Raihan (2023b) under-
lines that the sustainability of the forest sector
is determined not only by economic incentives
but also by policy decisions and the availabil-
ity of effective environmental programmes.

Regarding the changes in forest cover, the
results are consistent with the conclusions
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made by F. Huettmann & B. Young (2022) that
modern approaches to able forestry are not al-
ways effective since they allow the depletion of
natural forests even in certified regions. This
study showed that regions with active imple-
mentation of close-to-nature forestry, such as
Scandinavia, have shown a stable level of forest
cover over the past decade. This confirms the hy-
pothesis put forward by A. Raj et al. (2023) that
adaptive forest management is a fundamental
factor in maintaining their ecological balance.

The assessment of CO, emissions from
burning forest biomass compared to fossil fu-
els confirmed that bioenergy can play a posi-
tive role in reducing carbon emissions only if
the scale of harvesting is strictly controlled and
forest resources are effectively managed. This is
consistent with the results of A. Salam (2024),
stressing the role of digital technologies and
remote monitoring tools in optimising the use
of woodlands. Similar conclusions are present-
ed in a paper of A. Ibrahim & A. Lukman (2022),
which emphasises the need to estimate carbon
reserves in biomass to determine its real po-
tential as an energy source. The results of the
analysis of the impact of large-scale biomass
harvesting on the ecological balance of forest
ecosystems showed an increase in the level of
soil degradation and changes in the water re-
gime in regions with high logging intensity.
Findings alike were discovered by E. Bdlan et
al. (2021), investigating the impact of agri-
cultural and bioenergy activities on the state
of forest landscapes. ]J. Dunlap & J. Schram-
ski (2024) confirm that estimating biomass
losses that can store carbon in the long term is
crucial for developing strategies for the envi-
ronmentally sustainable use of forest resourc-
es. An assessment of the impact of changes in
forest cover on the water balance and carbon
cycle has shown that forest ecosystems are im-
portant regulators of greenhouse gas emissions
and water regimes, which is consistent with

the statement of F. Melo et al. (2021). A study
by these authors confirmed that changes in for-
est cover substantially affect the relationship
between water, energy, and food resources. In
turn, G. Baciu et al. (2021) focus on the need to
integrate the economic and environmental as-
pects of forest ecosystem services assessment,
which correlates with the data obtained on the
substantial impact of large-scale logging on the
stability of natural processes.

The study on the dynamics of changes in
forest cover and its ecological functions con-
firmed the importance of integrated approach-
es to forest ecosystem management. Analysis
of satellite data and vegetation indices showed
a close relationship between anthropogenic
impact, climate change, and forest bioproduc-
tivity, which is consistent with the results of
K. Anderson-Teixeira et al. (2013), who deter-
mined that climate change affects the dynam-
ics of forest restoration, slowing their growth
and changing the structure of ecosystems.
Similar conclusions were drawn by A. Wani &
G. Sahoo (2021), highlighting the critical role
of forests in maintaining biodiversity and the
stability of ecosystem processes. The results
of the forest management effectiveness study
indicated that regions with a high level of use
of geoinformation technologies and monitor-
ing systems show lower rates of degradation of
forest ecosystems, which is consistent with the
conclusions of D. Grebner et al. (2021). A study
by A. Kumar et al. (2022) also affirms that the
introduction of geoinformation technologies,
satellite monitoring, and algorithms for as-
sessing the state of forests helps to reduce the
risks of ecosystem degradation and increases
the efficiency of forest management. The use of
integrated spatial data analysis models makes
it possible to predict changes in forest cover
and their consequences for ecosystem services,
which is confirmed by M. Herndndez-Morcil-
lo et al. (2022).
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The results of this study also showed that
adaptive measures for the sustainable use of bi-
omass and the prevention of negative environ-
mental impacts are critical to maintaining the
sustainability of forest ecosystems. This is sup-
ported by a publication by A. Raihan (2023b),
who analysed integrative approaches to the
assessment of ecosystem services and proved
the importance of combining environmental,
social, and economic aspects in forest man-
agement. Thereby, S. Tampekis et al. (2024)
note the need to improve forest management
planning to increase the resilience of forest
landscapes to climate change, which is con-
firmed by the data obtained in this study. The
assessment of forest restoration measures and
the reduction of the impact of logging activi-
ties on ecosystems confirmed the effectiveness
of programmes aimed at afforestation and the
natural renewal of forests (Ivanyuk et al., 2024).
This is in line with the results of R. Mishra &
R. Agarwal (2024), who review approaches to
restoring degraded forests and argue that long-
term adaptive management strategies ensure
environmental stability. A similar conclusion
was achieved by E. Nungula et al. (2024), who
proved that the combination of forest and agro-
forestry management contributes to improving
soil quality and water balance.

The review of the effectiveness of mod-
ern forest management technologies also re-
vealed that the use of automated systems for
planning and forecasting the dynamics of for-
est ecosystems improves the efficiency of bi-
omass harvesting and reduces environmental
risks. The findings of A. McEwan et al. (2020),
who analysed the prospects for industrial for-
estry and emphasised the importance of in-
novative approaches in planning logging op-
erations, support this statement. R. Gupta &
L. Sharma (2019) confirmed that the use of
process-oriented models, such as 3-PG, allows
predicting the growth of forest ecosystems,

optimising management decisions, and ensur-
ing a balance between biomass harvesting and
forest conservation. The results of the study
also confirmed the importance of a trade-off
between biomass production and biodiversity
conservation, which correlates with the find-
ings of J. Rybar & M. Bosela (2023), who ana-
lysed the correlation between the intensive use
of forest resources and the conservation of nat-
ural ecosystems in Europe.

Summarising the results of the study
showed that effective forest management re-
quires a balance between environmental sus-
tainability, economic interests, and the impact
of climate change. The analysis confirmed the
correlation between the introduction of sus-
tainable forest management methods and the
reduction of the negative impact of the bioen-
ergy sector on forest ecosystems. Comparison
with other studies has shown that the use of
technological solutions, adaptive forestry, and
integrated approaches to biomass management
contributes to the conservation of biodiversity
and the maintenance of natural processes. The
results obtained are consistent with the conclu-
sions of international scientific papers and em-
phasise the need for further research in the di-
rection of optimising the use of forest biomass
in the context of climate change.

Conclusions

The study allowed assessing the impact of sus-
tainable forestry and biomass use on ecologi-
cal balance and identifying trends in changes
in forest ecosystems in the context of climate
change and the growth of the bioenergy sector.
Analysis of current approaches to forest man-
agement has shown that the most effective
strategies include limiting deforestation in nat-
ural forests, creating protected areas, certifying
forest products (Forest Stewardship Council,
Programme for the Endorsement of Forest Cer-
tification), and taking measures for active forest
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restoration. In regions where close-to-nature
forestry has been introduced, forest areas re-
main stable or show a tendency to recover, for
example, in Canada and the Nordic countries.

Comparison of CO, emissions with dif-
ferent energy sources confirmed that burning
wood biomass (112 kg CO,/GJ]) generates less
greenhouse gases compared to coal (aver-
age 97.5 kg CO,/GJ) but more than natural gas
(56 kg CO,/G]). However, the long-term balance
of emissions depends on the level of forest res-
toration: in countries with high standards of
forest management (Sweden, Finland), the level
of biomass harvesting is compensated by the
natural reproduction of forest ecosystems.

Dynamics of changes in forest cover and
its environmental consequences Based on the
analysis of Sentinel-2 and Landsat satellite
images for the period 2015-2024, it was deter-
mined that in tropical regions such as the Am-
azon and Southeast Asia, forest areas decreased
by 0.8-1.5% annually due to intensive biomass
harvesting and land use changes. Therewith, in
the European Union and Canada, forest areas
remained stable or showed an increase of 0.2-
0.5% because of the afforestation and natural
renewal programmes.

Forest ecosystems perform crucial func-

150 Mt/ha. Thereby, the water retention capac-
ity of forests is crucial for maintaining water
balance, especially in regions with arid climates
such as Australia (670 mm/year). It was estab-
lished that the loss of forests in tropical regions
leads to an increase in the level of soil erosion
by 3-4 times, which leads to land degradation
and a decrease in their productivity.

Optimising the use of forest biomass in
the face of climate change requires combining
sustainable harvesting methods with effec-
tive forest management policies. The intro-
duction of low-emission technologies for bio-
mass processing and an increase in the share
of fast-growing tree crops will help reduce the
environmental burden. The expansion of satel-
lite monitoring will provide for a more accurate
monitoring of the dynamics of changes in for-
est cover, and economic incentives for certified
forestry will increase environmental respon-
sibility. Further studies should include more
detailed regional estimates and use multi-year
carbon balance data. It is also important to con-
sider the socio-economic factors that affect the
development of the bioenergy sector and its
impact on the environment.
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AHoranisg. EHepreTMyHe BUKOPUCTAHHS JiCOBOI 6ioMacu € BasKIMBOIO CK/IQIOBOI0 Cy4acHOi
6i0eKOHOMIiKM, SIKa BIUIMBAE Ha OMHAMIKY JiCOBOTO IMOKPMBY, GaJiaHC MapHMKOBMX TasiB Ta
€KOJIOTiUHY CTilKiCTh JTiICOBMX €KOCUCTEM y PerioHax 3 akTMBHOIO 3aroTiBjelo JepeBHOi CUPOBUHNA.
MeTol0 [OCTiIKEeHHSI € OIliHKAa eKOJIOTiYHMX HAaCHiAKiB BUKOPUCTAHHS JicoBoi 6Giomacu B
€HepreTulli, BUsBIEHHS 3MiH y JIicCOBOMY NOKPUBI Ta aHasi3 BUKuAiB CO, IOPIiBHAHO 3 BUKOTIHUMMU
IskepermaMy eHeprii. BURopucTaHo MoegHaHHSI TEOPETUYHOTIO aHaJli3y JIiTepaTypHUX JKepes Ta
eMITipMYHOTO aHali3y JaHuX CymyTHMKIB Sentinel-2 ta Landsat (2015-2024 pp.). [TopiBHSIbHMIT
aHasli3 3MiH JiCOBOrO TOKPUBY BMKOHAHO 3 BUKOPUCTAHHSM iH/EKCiB HOPMaIi30BaHOTO
pi3HMIIEBOTO BereTaliifHOTO iHAEKCY Ta HOPMasi30BaHOTO KoedilieHTa BUIaMoBaHHS. Bukuan
CO, pospaxoBani Ha OCHOBi Koe(ilieHTiB BMKMIIB MiKYypAmOBOi IpynM €KCIepTiB 3i 3MiHM
KIiMaty [j1s1 6ioMacy, ByTi/uIs Ta IPUPOSHOro rasy. Y perionax akTMBHOTO BUKOPUCTaHHS 6iomacu
(Amasonis, IliBmeHHo-CxinHa Asis) micucTicTh ckopouyeTbest Ha 0,8-1,5 % miopiuHO, TOHi SIK y
KpaiHax 3 pO3BMHEHOIO JIicoBow moniTukoio (Kanama, @iHISH/ISN) JiCOBi MJIONII 3aIMIIAI0THCS
crabinpHumu. Buxknan CO, 3 6iomacy (112 xr/TIX) Bumi, HiX 3 npupogHoro rasy (56 kr/TIx),
ane HWKYi, HIX 3 Byriwisa (97,5 kr/TIK). O1iHKa B3a€MO3B>SI3KY MiX JTICOBMMM €KOCHCTEMaMU
Ta KIMatTuuHMMMU (GaKkTopamMu II0Ka3ye, IO 3MeHIIeHHS JiCUCTOCTi MPU3BOAUTH A0 BTPATU
BOIOYTpUMYI0UOi 3maTHOCTI (Mo 20 %) Ta 36inbliueHHs eposii IPyHTIB y 3-4 pasu. Pesymbratu
IOC/TiKEeHHS TiATBEPAKYIOTh HEOOXiIHICTh BIIPOBA/KEHHS €KOJIOTIUHO BiTIOBigaIbHMX MiX0IiB
IO YIIpaBJIiHHS JIICOBMMM pecypcaMu. BukopucTaHHs HabIVKeHUX 0 MPUPOIY METO/IiB BeIeHHS
JIICOBOTO T'OCMOIAapCTBa, PO3BMUTOK CYITyTHMKOBOTO MOHITOPMHIY Ta 3aIlpOBayKeHHSI CTaHIApPTiB
ceprudikarlii MOXyTb CIIpusITH 36€peskeHHI0 eKOCYCTEMHOI piBHOBATK

KiouoBi cj1oBa: CymyTHMKOBMIT MOHITOPMHT; BMpPYOKa JIiCiB; BYIJIEIeBUiT GaslaHC; MapHUKOBI
rasy; 3MiHa KJIiMaTy; aHTPOIIOTeHHWi BIUIUB
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Abstract. The purpose of this study was to analyse physiological and morphological changes in the
most common woody species of the forest ecosystem under the influence of climate change and to
investigate the adaptive mechanisms that these species use to overcome stressful weather conditions.
The study examined the impact of global climate change on the biological characteristics of Scots
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pine, northern red oak, and silver birch. In particular, the adaptive mechanisms of trees that allow
them to survive and adapt to changing conditions were analysed. The influence of an increase in
average temperature, changes in precipitation regimes, and extreme weather events on the growth,
development, and reproduction of woody plants was considered. Field monitoring methods and
laboratory experiments were used to collect data on physiological and morphological changes that
occur with tree species groups under the influence of climatic pressure. The results of the study
showed that global climate change can lead to significant changes in the species composition of
forests, their productivity and overall environmental sustainability. The findings highlight the need
for adaptive strategies for forest management and biodiversity conservation in the face of global
climate change. The study also examined guidelines for practical actions aimed at mitigating the
negative effects of climate change on forest ecosystems. The vulnerability of Ukrainian forests to
climate change in the 21t century in comparison with the climate norm (1961-1990) was assessed.
Recommendations for assessing the impact of climate change on forests, analysing phytodiversity
and environmental regimes based on forest monitoring data in the context of regulatory legal acts
of Ukraine, in particular, the state forest management strategy until 2035 and recommendations
of the state forest cadastre of Ukraine are provided. The results of the study can be used to develop
forest management strategies, implement adaptation measures in forestry, and to monitor the
state of forest ecosystems and predict their resilience to climate change within the framework of
national environmental programmes

Keywords: climate pressure; biodiversity; physiological changes; forest productivity; ecosystem
monitoring; adaptation mechanism

Introduction

The urgency of climate change is extremely
high at the global level, as it directly affects the
state of natural ecosystems and their functions.
Climate change, including rising average tem-
peratures, changes in precipitation patterns,
and the frequency and intensity of extreme
weather events, significantly affect the biologi-
cal characteristics of many ecosystems, particu-
larly forest ecosystems, where tree species play a
key role in maintaining biodiversity, regulating
water balance, and influencing the carbon cycle.

In this context, the study of the impact of
global climate change on the biological charac-
teristics of tree species is of critical importance
for ensuring ecosystem stability and sustaina-
ble development. In the context of globalisation
and intensive use of natural resources, under-
standing the dynamics of ecosystem responses

to climate change is essential for developing ef-
fective adaptation strategies and management
measures (Floqi et al., 2009).

Scientific research in this area is of great
importance not only for expanding theoretical
knowledge, but also for practical solutions that
can contribute to the preservation of the bio-
geocoenosis in changing climatic conditions.
Research on the impact of climate factors on
ecosystems is conducted in various scientific
disciplines, such as ecology, botany, climatolo-
gy, and agronomy.

I. Buksha et al. (2023) emphasised the im-
portance of monitoring environmental chang-
es, highlighting the development of adaptation
strategies for tree species in the face of increas-
ing climate stress. M.M. Radomska et al. (2022)
investigated the relationship between climate
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factors and plant biodiversity, noting that
changes in temperature and humidity can sig-
nificantly affect the structure and function of
natural communities, in particular forest eco-
systems, including protected ones, which leads
to a decrease in species diversity. A.A. Miniay-
lo et al. (2014) focused on the analysis of the
impact of climate change on forest ecosystems
in Ukraine, the development of measures to re-
duce their negative impact, and adaptation of
forest stands through improved resource man-
agement, selection of sustainable tree species,
forest restoration, and economic assessment of
the risks and opportunities arising from these
changes. O. Furdychko et al. (2021) argued in
their paper that climate is one of the most pow-
erful environmental factors determining the
evolution ofthe biosphere and the organic world.

Z.M. Budnik et al. (2023) investigated the
impact of environmental factors on forest eco-
systems in Ukraine to predict the amount of
forest resources for forestry and woodworking
industries. This allows for the development of
measures to prevent climate change and adapt
forests, which helps to assess the productivi-
ty and condition of forests in the medium and
long term. These studies confirm the need for
an urgent response in the natural resource
management system.

Studies of the forest-steppe zone of
Ukraine illustrate how different tree species
adapt to specific regional conditions (Furdych-
ko et al., 2021). For example, Scots pine (Pinus
sylvestris L.) it is the dominant species in the
forests of Sumy Oblast due to its rapid growth
and resistance to cold. Among the leading for-
est-forming regions is the silver birch (Betu-
la pendula Roth.), while the northern red oak
(Quercus rubra L.) is one of the most common
non-native species.

Global climate changes can significantly
affect the state of forest-forming species, which
will lead to a decrease in the productivity of

forest ecosystems, and changes in species com-
position and adaptation mechanisms (Yanit-
skyi, 2024). Therefore, the analysis of these
aspects is important for developing strategies
for forest management and biodiversity conser-
vation. The purpose of the study was to analyse
physiological and morphological changes in
the most common (autochthonous and alloch-
thonous) tree species of the forest ecosystem
under the influence of climate changes, to in-
vestigated the adaptive mechanisms that these
species use to overcome stressful climatic con-
ditions. The main objectives of this study were:

% to consider the main biological prop-
erties of tree species in forest ecosystems of
Ukraine and their response to environmental
changes, in particular in a changing climate;

% to assess possible changes in the species
composition, productivity and sustainability
of forest ecosystems in Ukraine in the coming
years in the context of global warming;

% to analyse existing forest management
strategies, identify their gaps, and propose ef-
fective solutions to improve the viability of for-
est ecosystems.

Materials and Methods

In this paper, a comprehensive methodolo-
gy involving both field and laboratory studies
was used to analyse the relationship between
climate change and adaptive responses of tree
species. Key woodlands on the territory of
forest-steppe Ukraine were selected as the re-
search area, in particular, in Poltava, Sumy, and
part of Chernihiv oblasts, where the main tree
species to be studied (Scots pine, northern red
oak, and silver birch) were represented. In gen-
eral, the study covered the period 2021-2023
and the spring, summer, and autumn seasons.
The final generalisation of the data was carried
out based on the results of research in 2023.
During field monitoring, systematic mon-
itoring of tree species during the growing
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season was carried out, in particular, calcu-
lating the height, trunk diameter, and general
health of plants. Phenological observations
were carried out aimed at studying the timing
of flowering, vegetation, and leaf fall. A laser
rangefinder (Leica LRF 1600, Switzerland) was
used to measure the height of trees. Alterna-
tively, telescopic altimeters were used to man-
ually measure the height of trees, which allows
for obtaining height data at different levels. A
calper (Mitutoyo CD-6’CS, Japan) and a special-
ised diameter (Forestry Suppliers tree Diameter
Tape, USA) were used to accurately measure the
trunk diameter at breast height. Soil humidity
and temperature sensors were used to assess
environmental conditions that affect plant
health. Field monitoring was carried out during
the spring and summer seasons, when plants
were actively growing.

Laboratory tests were also a significant part
of the study. Samples of the leaves and bark of
tree species were selected for further analysis
for physiological characteristics such as chlo-
rophyll content, photosynthetic activity lev-
els, and resistance to mechanical damage. Leaf
samples were processed in a laboratory to de-
termine the chlorophyll content using a spec-
trophotometer (Thermo Scientific NanoDrop
2000, USA), which helped to obtain accurate
data on the concentration of chlorophyll A and
B in leaf tissue. The chlorophyll fluorescence
method was used to analyse the level of pho-
tosynthetic activity, which included measuring
the parameters of photosynthetic activity and
quantum yields of photosynthetic reactions.

For the analysis of climate data, mete-
orological data obtained from local weather
stations were used to assess changes in tem-
perature, precipitation, and the frequency of
extreme weather conditions between 1990 and
2024. Statistical methods have been applied
to process and analyse the collected data, in-
cluding correlation analysis, importance of

variables, and multivariate analysis, to deter-
mine the relationship between climate factors
and the biological characteristics of trees. Due
to the analysis of variance (AOVA), the growth
rates of trees at different temperatures and
humidity levels were compared to determine
the optimal conditions for their development.
The Fischer criterion (F-test) helped to deter-
mine whether the difference in tree growth
is significant under the influence of different
climatic conditions. The Mann-Whitney U-test
was used to study the effect of different precip-
itation levels on the survival of tree species in
extreme droughts.

To calculate biological indicators, the au-
thors used instructions on methods of biologi-
cal and agrochemical studies of plants and soils.
Chlorophyll fluorometry was used to measure
the efficiency of photosynthetic processes in
the most common woody species of forest eco-
systems in the Poltava, Sumy, and Chernihiv
oblasts — Scots pine (Pinus sylvestris), north-
ern red oak (Quercus rubra), and silver birch
(Betula pendula). The study was conducted in
the summer and autumn periods to assess the
resistance of these species to climate change,
in particular, rising temperatures and changes
in humidity. The study was conducted using a
portable PAM-2500 (Pulse Amplitude Modula-
tion) fluorimeter, which allows measuring the
rate of induced chlorophyll fluorescence and
evaluating the functioning of photosystem II
(FSII). The main parameters that were meas-
ured were:

1. Fv/Fm - maximum possible quantum
output ratio of FSII photochemistry in the dark.

2. Y(II) - actual quantum yield of FSII dur-
ing light adaptation.

3. NPQ - non-photochemical quenching,
showing the level of plant protective responses
to stress.

The key equation for calculating the quan-
tum yield of photosystem IT was (1):
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Y () = Ty ()

where F‘m - maximum fluorescence under light
adaptation; F_ - fluorescence in a stationary
state.

As part of a study on the impact of climate
change on Scots pine (Pinus sylvestris), northern
red oak (Quercus rubra, and silver birch (Betu-
la pendula) were air temperature and humidi-
ty monitoring throughout the growing season.
These indicators were crucial for assessing
stressful conditions affecting the physiological
state of plants and for predicting future chang-
es in forest ecosystems. Monitoring was carried
out using two types of devices. HOBO U23 Pro
v2 — air temperature and humidity recorder
that allows obtaining accurate data in real time.
TFA Dostmann manual thermohygrometer was
used for periodic checks and verification of
the received data. Monitoring was carried out
for six months from April to September, when
environmental conditions most significantly
affect the vegetation processes of tree species.
Significant fluctuations in air temperature and
humidity were recorded. To assess the effect of
temperature and humidity on plant physiolog-
ical processes, the plant moisture availability
index (MAI) was used, which was calculated us-
ing the equation (2):

P
MAI =, 2)

where P - average humidity for the period; T —
average temperature for the period.

To calculate the biomass of trees, an equa-
tion was used that considers the parameters of
height and diameter at breast height (DBH) (3):

M=axDBH, 3)

where M — plant biomass (in kg); DBH - trunk
diameter at breast height (usually at a height of
1.3 m from the ground, in cm); a and b — spe-
cies-specific constants that were selected de-
pending on the type of tree or region. All the

information received was collected, system-
atised, and analysed to form generalisations
that can provide recommendations for forest
management in the context of global climate
change and biodiversity conservation.

The analysis of international and national
legislation was carried out using the compara-
tive legal method by contrasting international
agreements, such as Convention on Internation-
al Trade in Endangered Species of Wild Fauna
and Flora (1973), Convention on Biological Di-
versity (1992), United Nations Framework Con-
vention on Climate Change (1992) and Fourth
National Climate Assessment (2018), with na-
tional legislation in the field of forest protec-
tion, in particular the Law of Ukraine No. 1264-
XII “On Environmental Protection” (1991) and
the Forest Code of Ukraine (1994). This helped
to identify the effectiveness of legal regulation
in various jurisdictions and assess the com-
pliance of national norms with international
standards in the context of forest resource pro-
tection and sustainable management.

In the course of conducting this study,
all the ethical standards specified in the
above-mentioned legislative acts were ob-
served. All research practices related to the
collection of data on vegetation and trees were
carried out in accordance with the principles of
sustainable use of natural resources and protec-
tion of biodiversity. This ensures a responsible
attitude to the environment and supports the
ecological sustainability of forest ecosystems.

Results

Studies of adaptive mechanisms and physio-
logical and morphological changes in woody
species such as Scots pine, northern red oak,
and silver birch under the influence of climate
change reflect diverse responses to stressful
conditions. The study, which concerned chang-
es in the intensity of photosynthesis in tree
species under the influence of climate change,
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was conducted during the spring and summer
seasons. It is this period that is critical for the
growth and active development of trees, since
then photosynthetic activity is the highest, and
the response of plants to stress factors (rising
temperature, falling humidity) can be most
noticeable (Stojko, 2011). For Scots pine: the
intensity of photosynthesis decreased by 15-
20% with an increase in temperature by 2-3°C.
Northern red oak showed a smaller decrease in
photosynthesis (by 10-12%), as its leaves have
better resistance to overheating. Silver birch
was more vulnerable, losing up to 25% of its
photosynthetic activity at similar tempera-
ture increases. The above-mentioned studies
of photosynthetic intensity were conducted in

the forests of Poltava (Table 1), Sumy (Table 2),
and Chernihiv (Table 3) oblasts, in particular,
in oak-pine forests and oak-broad-leaved for-
est communities. The forests of this region, lo-
cated on the border of the forest-steppe zone
of Ukraine, are characterised by a significant
variety of tree species, which provides favour-
able conditions for studying the impact of cli-
mate change on photosynthetic processes and
adaptive mechanisms. Due to the diverse types
of forest in the Poltava Oblast, the results of
these studies allow assessing how different
environmental conditions affect the physio-
logical responses of tree species under the in-
fluence of stressful climate factors caused by
climate change.

Table 1. Indicators of photosynthetic intensity of the main tree species of the Poltava Oblast

Plant type Temperature Spring perioq (c_hangg in Summer perio.d (changg in
rise photosynthetic intensity) photosynthetic intensity)
Scots pine +1°C -12% -15%
Scots pine +2-3°C -15% -20%
Northern red oak +1°C -8% -10%
Northern red oak +2-3°C -10% -12%
Silver birch +1°C -15% -20%

Source: compiled by the authors

Table 2. Indicators of photosynthetic intensity of the main tree species of the Sumy Oblast

Plant type Temp?rature Spring period_ (c_hangg in Summer perio_d (changg in
rise photosynthetic intensity) photosynthetic intensity)
Scots pine +1°C -11% -19%
Scots pine +2-3°C -15% -24%
Northern red oak +1°C -7% -10%
Northern red oak +2-3°C -9% -14%
Silver birch +1°C -13% -22%

Source: compiled by the authors

Table 3. Indicators of photosynthetic intensity of the main tree species of the Chernihiv Oblast

Plant type Temperature Spring period_ (ghangg in Summer perio'd (changg in
rise photosynthetic intensity) photosynthetic intensity)
Scots pine +1°C -9% -17%
Scots pine +2-3°C -12% -20%
Northern red oak +1°C -5% -8%
Northern red oak +2-3°C -7% -10%
Silver birch +1°C -10% -28%

Source: compiled by the authors
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Scots pine in Sumy and Chernihiv oblasts
also experienced a decrease in photosynthetic
activity in the summer, which indicates its sen-
sitivity to temperature increases. Despite this,
it showed certain adaptive mechanisms that al-
lowed it to partially compensate for the decline
in photosynthesis. Northern red oak has demon-
strated good resistance to temperature changes
due to its powerful root system and ability to
effectively regulate the water balance, which
reduces the negative impact of high tempera-
tures. Compared to other species, silver birch
was the most vulnerable to climate change, es-
pecially during the summer heat, which led to a
significant decrease in the intensity of photo-
synthesis. These results highlight how different
tree species respond to rising temperatures in
different areas of the forest-steppe zone, which
can serve as a basis for further research and de-
velopment of adaptation strategies (Shvyden-
ko et al., 2014; Oliynyk & Viter, 2021).

In comparison with the climate norm of
1961-1990, the forecast for 2029-2034 for the
intensity of photosynthesis in the most com-
mon tree species in Ukraine indicates signifi-
cant changes in physiological processes caused
by climate change, in particular, global warm-
ing (Climate Change 2021..., 2021). According
to the climatic norm, average annual temper-
atures were significantly lower, which limited
the growing season. In the warming conditions,
the growing season is expected to lengthen,
especially in comparison with the norm, which
will contribute to an increase in photosynthe-
sis in the transition seasons (spring and au-
tumn). For example, in 1961-1990, the photo-
synthetic activity of pine trees decreased with
the onset of autumn cold weather, and now
this process lasts longer due to the later arriv-
al of cold weather (Moroz, 2024). The climat-
ic norm assumed a more even distribution of
precipitation, which maintained a stable water
balance of plants. Current forecasts show that

summer periods of drought, which were previ-
ously less common, will increase significantly.
This will lead to a decrease in photosynthesis
in species that are sensitive to water scarci-
ty, such as silver birch, which showed a more
stable level of photosynthesis under normal
climatic conditions (Shevchenko et al., 2014).
The increased concentration of carbon dioxide
in the atmosphere, which has increased in the
last decade, will contribute to increased pho-
tosynthesis in species such as northern red oak
in the initial stages of adaptation. However, if
current global warming trends continue, this
positive effect will be offset by other stressors
(Ivanova et al., 2021). According to the norms
of 1961-1990, the species demonstrated a sta-
ble habitat. Now, due to rising temperatures,
ranges are predicted to shift to the north,
which will have consequences for photosyn-
thesis and overall forest productivity. For ex-
ample, Scots pine may begin to disappear from
the southern regions of Ukraine, which was
not observed during the climatic norm. Thus,
compared to the period 1961-1990, global
warming and climate change caused both pos-
itive and negative changes in the intensity of
photosynthesis.

Tables 4-6 show the average values of
key indicators of the level of protective reac-
tions of tree species that were studied as part
of the experiment. These indicators include:
the maximum quantum efficiency coefficient
of photosystem II, which allows assessing the
level of stress in plants; the quantum yield of
photosystem II, which shows the efficiency of
photosynthetic processes; and the photopro-
tection indicator, which characterises the abil-
ity of plants to dissipate excess light energy to
avoid damage. Based on the results of measur-
ing the efficiency of photosynthetic processes
in the most common tree species, the follow-
ing average values were obtained for different
tree species.
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Table 4. Average values of indicators that reflect the level
of protective reactions of trees in the forests of the Poltava Oblast

Tree type Fv/Fm Y(II) NPQ

Scots pine 0.78 0.35 2.1
Northern red oak 0.81 0.4 1.9

Silver birch 0.75 0.32 2.4

Source: compiled by the authors

Table 5. Average values of indicators that reflect the level
of protective reactions of trees in the forests of the Sumy Oblast

Tree type Fv/Fm Y(I) NPQ

Scots pine 0.76 0.34 2.2
Northern red oak 0.8 0.42 2

Silver birch 0.73 0.3 2.5

Source: compiled by the authors

Table 6. Average values of indicators that reflect the level
of protective reactions of trees in the forests of the Chernihiv Oblast

Tree type Fv/Fm Y{I) NPQ

Scots pine 0.77 0.36 2.3
Northern red oak 0.82 0.43 1.8

Silver birch 0.72 0.28 2.6

Source: compiled by the authors

Scots pine in the forests of the Poltava
Oblast showed an average Fv/Fm value of 0.78,
which indicates minor photochemical distur-
bances, but an increased NPQ value (2.1) indi-
cates activation of protective mechanisms in
response to stressful conditions, in particular
drought. Northern red oak showed the highest
values of Fv/Fm (0.81) and Y(II) (0.4), which in-
dicates a more efficient photosynthetic appara-
tus, but a lower level of NPQ (1.9), which may
mean less stress resistance compared to pine.
Silver birch showed the highest level of NPQ
(2.4), indicating an increased stress response to
exposure to high temperatures and low humid-
ity, which are characteristic of climate change.

In the Sumy Oblast, Scots pine showed an
average FV/Fm value of 0.76, which indicates
minor photochemical disturbances, but an in-
creased NPQ value (2.2) indicates activation

of protective mechanisms under stress, in par-
ticular, drought. Northern red oak in the Sumy
Oblast showed higher indicators of Y(II) (0.42),
suggesting more efficient operation of the pho-
tosynthetic apparatus, but with NPQ (2), which
indicates moderate stress resistance compared
to pine. Silver birch shows the highest level of
NPQ (2.5), which indicates an increased stress
response to exposure to high temperatures and
low humidity.

In the Chernihiv Oblast, Scots pine also
showed satisfactory FV/Fm values (0.77), with
NPQ (2.3) indicating its ability to adapt to
stressful conditions. Northern red oak in the
Chernihiv Oblast showed the highest values of
Fv/Fm (0.82) and Y(II) (0.43), which indicates
a high efficiency of photosynthesis, but with
a lower NPQ (1.8), which may indicate lower
stress resistance. Silver birch in the Chernihiv
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Oblast also has a high level of NPQ (2.6), indi-
cating strong stress reactions.

The quantum vyield FSII under normal
conditions should be approximately 0.83, but
due to climate change, slightly reduced val-
ues for all species were observed, which in-
dicates the influence of stressors (Murchie &
Lawson, 2013). Based on these trends, photo-
chemical efficiency indicators are expected to
decrease further in all the studied species in
the period 2029-2034, if climatic conditions
(rising temperatures and decreasing precipita-
tion) remain at the same level. This can lead to
a gradual decrease in the overall productivity
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of these forests and, consequently, their ability
to recover sustainably.

Monitoring climate conditions such as
temperature and humidity was an important
part of the study to assess stressors affecting
the condition of trees and their biological prop-
erties (Lindsey & Dahlman, 2020). Based on
the data obtained, significant fluctuations in
temperature and humidity were recorded dur-
ing this time, which allowed assessing stressful
conditions for forest ecosystems. The average
values of temperature and humidity at differ-
ent stages of the growing season were as fol-
lows (Figs. 1 and 2).

H Average values of t

July August September

Figure 1. Average temperature values for the study months in three regions

Source: compiled by the authors
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Figure 2. Average air humidity values by study month in the three regions

Source: compiled by the authors

These data are summarised based on
the results of studies conducted in the Pol-
tava, Sumy, and Chernihiv regions, which
reflects general trends in the impact of cli-
mate changes on the physiological processes

of tree species in the forest-steppe zone of
Ukraine. The MAI score helped assess stress
levels for plants at different stages of the
growing season. For example, in June in the
Poltava Oblast:
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55.1

MAI June = 22 = 2.65,
20.8
47.8
Sumy Oblast:
MAI June = 22 = 2.73,
19.5

MAI July = 5’5 =1.84.

Chernihiv Oblast:

MAI June = 2% = 2.57,
21

46.5
MAI July = 222 = 1.95.

The low index in July indicated a critical
level of water stress for pine and birch trees. The
forecast for 2029-2034 shows a possible increase
in temperature by another 1-2°C, which will
lead to a further decrease in humidity, especial-
ly in July-August. This can cause severe water
stress in tree species and a decrease in their vi-
ability. An increase in the frequency of droughts

is a possible scenario, which is especially dan-
gerous for silver birch and northern red oak.

It was important to analyse the growth rate
of plants and their biomass indicators during the
study. Scots pine has reduced its leaf area by 10%
in drought conditions. Northern red oak lost up
to 8% of the leaf area, but adapted faster to the
changes. In silver birch, the leaf area decreased
by 15%, which was also accompanied by a de-
crease in the amount of chlorophyll. Scots pine
showed a 5-7% decrease in annual growth un-
der stressful climatic conditions. Northern red
oak reduced its growth rate by 4-6%, but due to
its deep root system, it retained its productivity.
Silver birch experienced the greatest decline -
by 10-12%, especially in drought conditions.

Evaluation of the morphological charac-
teristics of trees showed that pine trees have a
thickening of the bark tissue by 10-15%, which
increases resistance to drought. Northern red
oak increased wood density by 5-7% in response
to stress (Table 7). Silver birch exhibited less
adaptive plasticity, showing a change only in the
number of shoots formed (a decrease of 20%).

Table 7. Morphological characteristics of the main tree species in comparison
with the climatic norm of 1961-1990, average values for three areas of research

Tree type Parameter Norm (1961-1990) | Current state Deviation, %
Height of young trees (m/year) 0.6 0.55 -8.33
Height of adult trees (m/year) 0.4 0.35 -12.5
Diameter of young trees (cm/year) 1 0.9 -10
. Diameter of adult trees (cm/year) 0.6 0.55 -8.33
Scots pine -
Biomass of young trees (t/ha) 2.7 2.7 0
Biomass of adult trees (t/ha) 4 4 0
Needle length (cm) 7.5 6.9 -8
Number of small roots (%) 10 12 +20
Height of young trees (m/year) 0.5 0.45 -10
Height of adult trees (m/year) 0.3 0.25 -16.67
Diameter of young trees (cm/year) 0.8 0.7 -12.5
Northern | Diameter of adult trees (cm/year) 0.5 0.4 -20
red oak Biomass of young trees (t/ha) 3.2 3.2 0
Biomass of adult trees (t/ha) 5 5 0
Leaf area (cm?) 100 115 +15
Root system depth (m) 2 2.36 +18
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Table 7, Continued

Tree type Parameter Norm (1961-1990) | Current state Deviation, %
Height of young trees (m/year) 0.7 0.65 -7.14
Height of adult trees (m/year) 0.45 0.4 -11.11
Diameter of young trees (cm/year) 1.2 1.1. -8.33
. . Diameter of adult trees (cm/year) 0.8 0.7 -12.5
Silver birch Biomass of young trees (t/ha) 3.8 3.8 0
Biomass of adult trees (t/ha) 4.5 4.5 0
Leaf thickness (mm) 1.5 1.35 -10
Main root length (m) 1.5 1.32 -12

Source: developed by the authors based on O. Shevchenko & S. Snizhko (2019), and V.O. Balabukh (2013)

Tree biomass calculation indicators show
the amount of organic mass accumulated in
the wood, root system, leaves, and other parts
of the plant. They are important for assessing
the ecological role of forests, the ability of trees
to accumulate carbon, and regulate the carbon
cycle. For example, if for Scots pine the value
of the constants a=0.05 and b = 2.5, and the

diameter of the tree at chest height is 25 cm,
the equation will look like this:

M=0.05x25%5~49.67 kg.

These calculations are important for esti-
mating carbon stocks in forest ecosystems and
studying environmental changes under the in-
fluence of climate (Fig. 3).

Silver birch (mature trees) I = Average

biomass(kg/sq m)

Silver birch (young trees) |

Northern red oak (mature tree-s) | —

Northern red oak (young trees) |

Scots pine (mature trees) |

Scots pine (young trees) |

0 2 4

6 8 10 12 14 16 18 20

Figure 3. Indicators of biomass of tree species, average values for three study areas

Source: compiled by the authors

The data obtained in the study allow ana-
lysing and determining the main adaptive
mechanisms of tree species of the forest eco-
system under study, which are important for
their survival and function in the context of
climate change. Scots pine adapts to dry condi-
tions by reducing the leaf surface area (needles),
which helps to reduce water evaporation. Nee-
dles often become thinner and have a smaller

surface area. Pine has a deep root system that
allows it to extract water from the lower lay-
ers of the soil during droughts. During the cold
season, pine has the ability to synthesise anti-
freeze substances (for example, sugars), which
protects cells from damage from low temper-
atures. Pine can recover from forest fires due
to cones that open only at high temperatures,
and sowing seeds in places cleared of burning
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materials. Northern red oak has the ability to
adapt to changes in moisture due to its pow-
erful and widely branched root system, which
allows it to get water from different layers of
the soil. Oak leaves can change their shape and
size depending on environmental conditions.
Under stressful conditions, the leaves may be-
come smaller, which reduces water evapora-
tion. Oaks have a long life cycle and can recover
slowly, which helps them withstand prolonged
climate change and environmental stresses.
Oaks have a high ability to accumulate energy
reserves in their roots and trunks, which al-
lows them to withstand periods of stress. Silver
birch has a high growth rate and the ability to
quickly recover from damage, which allows it to
successfully compete for resources in the face
of rapid changes. Birch can grow in a variety of
soil types, including poor and acidic soils, due
to its symbiotic relationship with root fungi,
which help it absorb the necessary elements.
Trees of this species have phytochemicals that
repel many pests and pathogens, which helps
it to maintain its health even in conditions of
environmental stress. Birch leaves can adapt to
changes in light and moisture conditions, for
example, by changing their shape and size to
optimise photosynthetic activity.

All of these species have common adaptive
mechanisms, such as changing the shape, size,
and thickness of leaves, needles, or roots, stor-
ing energy as spare substances for use under
stressful conditions, and being able to recover
quickly from environmental stresses such as
droughts or floods (Resolution of the..., 1995;
Miniaylo et al., 2014).

These adaptation methods allow tree spe-
cies to maintain their viability and functional-
ity in changing climates, ensuring their resil-
ience and longevity in forest ecosystems. The
results of field work and experimental studies
clearly demonstrate significant changes in the
biological characteristics of tree species in the

context of global climate change. Observations
of growth rates, productivity, and morphologi-
cal changes in Scots pine, northern red oak, and
silver birch indicate clear deviations from the
climatic norm of 1961-1990. Studies have clear-
ly shown that existing climate changes have a
significant impact on the biological character-
istics of tree species in forest ecosystems. Ob-
servations of growth rates, productivity, and
morphological changes confirm the need for
urgent search and development of new forest
management strategies. Given the identified
trends, the task of creating adaptive manage-
ment approaches that will ensure the effective
conservation and sustainable use of forest re-
sources in the context of global climate change
is extremely urgent.

The state forest management strategy until
2035 in Ukraine can play a key role in ensuring
the adaptation of forest ecosystems to glob-
al climate change (Order of the..., 2021). The
strategy includes risk assessment for different
forest zones, which will identify the most vul-
nerable regions, development of recommenda-
tions for changing reforestation and forestry
practices that consider new climatic conditions,
in particular, changes in the species composi-
tion of forests, development of programmes for
the conservation of biodiversity, including for
the support of rare and threatened species. The
introduction of monitoring systems to track
changes in biodiversity and conservation effec-
tiveness is part of the strategy (Convention on
International..., 1973; Solomakha et al., 2020).

Forests play a key role in combating cli-
mate change and promoting sustainable de-
velopment because of their ability to absorb
carbon, maintain biodiversity, and ensure the
sustainable use of natural resources. Their
conservation and restoration are important for
regulating global climate processes, as forests
act as huge reservoirs for carbon, absorbing
up to 30% of greenhouse gas emissions caused
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by human activities (Hartmane et al., 2024).
Through photosynthesis, trees absorb carbon
dioxide (CO,) from the atmosphere, fixing it in
its biomass, including trunks, roots and leaves.
Conservation of existing forests and restoration
of felled areas contribute to reducing CO, con-
centrations in the atmosphere, which is crucial
for mitigating the effects of global warming.
Young trees absorb carbon faster during ac-
tive growth, and older forests store significant
amounts of carbon in the soil and wood (Tyk-
honova et al., 2024). Thus, the restoration of
forest stands and sustainable management of
existing forests allow both the capture of new
carbon and the storage of previously accumu-
lated carbon in soil systems. According to re-
search, plantation forests have the potential
to absorb carbon quickly, but it is older wood-
lands that contribute most to long-term carbon
storage. This means that a strategy to combat
climate change should combine both planting
new trees and preserving old ecosystems that
are carbon “warehouses”. In the long run, forest
conservation can help to stabilise the climate
by balancing the carbon cycle and reducing
greenhouse effects (Didukh et al., 2024).

The use of forest resources in a circular
economy makes them a key element of sus-
tainable development. The circular economy
involves the rational use of resources, waste
reduction and maximising the efficiency of
renewable natural resources such as wood.
Forests are becoming important suppliers of
biomass that can be used for the production
of bioenergy, building materials, and even for
the production of biodegradable materials
that replace plastics. Forest-based bioeconom-
ics promotes economic growth while reducing
dependence on fossil energy sources (Mish-
enin & Oliynyk, 2010; Shtuk, 2022). Wood and
other forest products are renewable resources
that can be reused and recycled. For example,
wood waste can be recycled to create biofuels or

compost, which reduces carbon emissions and
promotes cyclical use of resources. Forests also
play an important role in supporting ecosystem
services such as water conservation, preventing
soil erosion, and providing habitat for many
plant and animal species. The integration of
forest resources into the circular economy al-
lows not only to ensure the sustainable use of
natural resources, but also to preserve ecosys-
tem functions that are vital for ecological bal-
ance (Kirchherr et al., 2017). However, the use
of forests in bioeconomics requires a balanced
approach, since excessive or uncontrolled use
of wood can lead to ecosystem degradation.
Modern technologies, such as remote sensing
and geoinformation systems, contribute to
more accurate monitoring of the state of for-
ests, helping to identify negative trends in for-
est stands and implement timely measures for
restoration and protection.

Discussion

The study of the impact of global climate
change on the biological characteristics of
tree species in forest ecosystems is of great
importance not only for science, but also for
practical aspects of forest management. The
findings highlight important trends that may
have long-term implications for biodiversity,
ecosystem functioning, and climate change ad-
aptation strategies. The study of the biological
characteristics of trees has shown that an in-
crease in temperature and changes in humidity
regimes have a noticeable effect on the growth
and productivity of tree species. For example,
species that have adaptive mechanisms, such as
increased root systems or reduced foliage, have
been found to have a better chance of surviving
in a changing climate.

The study, in particular, demonstrated that
these adaptations not only contribute to the
survival of individual species, but can also af-
fect the overall structure of forest communities.
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The data obtained can also serve as a basis for
formulating evidence-based recommendations
for managing forest resources in the face of cli-
mate change. This is consistent with the study
by I. Buksha et al. (2023), who noted that some
tree species show particular sensitivity to cli-
mate change, while others can adapt to new
conditions. Such observations highlight the im-
portance of monitoring tree species and their
adaptation strategies. Experiments have shown
that changes in temperature significantly af-
fect photosynthetic processes in tree species,
which, in turn, leads to changes in the structure
of forests. Our results support this trend, as it
was found that an increase in the average an-
nual temperature leads to an increase in the in-
tensity of photosynthesis in some species, such
as Scots pine.

The Fourth National Climate Assess-
ment (2018), as part of the US Climate Change
study, highlighted the importance of adaptive
strategies for maintaining ecosystem sustaina-
bility. The assessment focuses on the urgency
of taking measures to minimise the effects of
global warming. The analysis is consistent with
the provisions of this report, as it also examines
the impact of climate change on forest ecosys-
tems and biodiversity, in particular, on the ad-
aptation strategies of tree species in response
to rising temperatures and changing humidity
regimes. This study is part of an overall trend
aimed at predicting and minimising the nega-
tive effects of climate change.

United Nations Framework Convention on
Climate Change (1992) is an important interna-
tional agreement aimed at reducing greenhouse
gas emissions and stabilising the climate. It
emphasises the need for adaptive measures to
prevent the negative effects of climate change,
including the conservation of natural ecosys-
tems. The analysis of environmental processes
carried out within the framework of this project
is consistent with the goals of the convention,

focusing on the study of the impact of climate
change on forest ecosystems and the develop-
ment of strategies for adapting tree species to
changing environmental conditions. However,
the results of this study also show that not all
species respond equally to climate change. For
example, in conditions of reduced humidity, a
decrease in productivity was observed in silver
birch, which may be conditioned by its high
sensitivity to water deficiency. This is an im-
portant aspect, as it indicates potential risks for
specific species that may be displaced by more
resilient competitors in a changing climate.

The adaptive mechanisms of tree species in
response to climate change are also worth ana-
lysing. As indicated by O. Shevchenko (2017)
and Z.M. Budnik et al. (2023), some species are
capable of changing morphological character-
istics to ensure their survival. This includes
changes in leaf size, shape, and depth of the
root system. For example, in the present study,
Scots pine showed a marked increase in the root
system, which may indicate its ability to adapt
to conditions of limited water supply.

V.S. Oliynyk & R.M. Viter (2021) focused
on studying the impact of climate change on
ecological processes in forest ecosystems. The
researchers considered how rising tempera-
tures and changing humidity patterns can af-
fect the growth, productivity, and resilience of
tree species. They also focused on the adaptive
mechanisms that different species use to sur-
vive under stress, in particular, the study of
morphological changes in root systems and leaf
mass. The current study provides new data on
specific morphological changes in Scots pine
under elevated temperature conditions, such as
a marked increase in the root system, indicating
the adaptive mechanisms of this plant. Thus,
the results of this study complement the con-
clusions of the above researchers, expanding
the understanding of the adaptive responses of
tree species at the local level.
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Yu. Shtuk (2022) analysed climate change
in Ukrainian cities, considering their impact on
urban infrastructure and ecosystems, with a fo-
cus on forecasts for the end of the 21 century
based on representative concentration path-
ways (RCP) scenarios. The researcher noted
that changes in temperature and reduced wa-
ter resources can seriously affect urban living
conditions. The current study also includes
forecasts of the impact of climate change on
the biological characteristics of tree species in
forest ecosystems. Although the above study
focused on an urban context, this project offers
predictions about how global climate change
might affect specific plant species, highlighting
the importance of analysing not only urban but
also natural ecosystems in the face of climate
change. This analogy demonstrates the need
for an integrated approach to studying the im-
pact of climate change on various aspects of the
environment.

The results are important for understand-
ing the impact of global climate change on tree
species. Adaptive mechanisms such as root sys-
tem changes and photosynthetic activity have
been found to contribute to the survival of cer-
tain species under stress. This can affect the bi-
odiversity and functioning of forest ecosystems.
Knowledge of these adaptations is important
for developing forest management strategies
that will help to maintain ecological balance
and maintain ecosystem resilience in the face
of climate change. The conducted research
opens up a number of areas for further study.
Firstly, it is important to conduct long-term
monitoring of tree species to better understand
how climate change affects their growth and
adaptation mechanisms. In particular, it will be
of interest to study how different types of soils
and landscapes affect the adaptation of species
to changing conditions. Secondly, it is promis-
ing to study the impact of climate change on
interactions between different species in forest

ecosystems. This will help to understand how
changes in one species can affect other species
and the ecosystem as a whole.

The adaptive mechanisms of tree species in
the context of climate change should continue
to be studied to develop effective forest man-
agement strategies. This includes integrating
research results into natural resource manage-
ment policies, which are critical to ensuring
the sustainable development of forest ecosys-
tems. The results indicate the need to develop
new forest management models that consider
the specific adaptive mechanisms of tree spe-
cies. Understanding how climate change affects
morphological and functional characteristics
can serve as a basis for shaping environmental
policy. This knowledge is important not only
for the scientific community, but also for prac-
tical management decisions. In particular, it is
worth focusing on preserving biodiversity and
maintaining ecosystem stability. In light of the
findings, further research should focus on the
long-term effects of climate change that may
affect the future of forest ecosystems.

Conclusions

The study, conducted to analyse physiologi-
cal and morphological changes in Scots pine,
northern red oak, and silver birch under the in-
fluence of climate change, revealed significant
adaptive mechanisms that these species use
to overcome stressful conditions. In particular,
it was found that an increase in average tem-
perature and changes in precipitation regimes
negatively affect the growth and development
of these trees. Findings show that when the
temperature increased by +1°C, the intensity of
photosynthesis in Scots pine decreased by 12-
15% in the Poltava Oblast, while in the Sumy
and Chernihiv Oblasts the drop reached 11-19%
and 9-17%, respectively. The greatest losses of
photosynthetic activity were recorded in the
summer, when the temperature increased by
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2-3°C, especially vulnerable was the silver birch,
which showed a decrease in the intensity of pho-
tosynthesis up to 28% in the Chernihiv Oblast.

Analysis of the level of protective reactions
of tree species confirmed the presence of various
adaptive mechanisms. For example, the average
NPQ values for Scots pine in the Poltava Oblast
reached 2.1, which indicates the activation of
photoprotective mechanisms under stress. In
Sumy and Chernihiv oblasts, NPQs for pine
trees were higher (2.2 and 2.3, respectively),
which indicates an increased response to stress-
ful conditions. Northern red oak showed more
stable FV/Fm and Y(II) scores, indicating bet-
ter adaptation to climate change in all regions.

According to MAI calculations, in June in
the Poltava Oblast, this figure was 2.65, and
in July it decreased to 1.89, which indicates a
critical level of water stress for pine and birch.
Sumy Oblast showed similar trends: MAI in
June was 2.73, and in July - 1.84. Chernihiv
Oblast had the highest MAI in June (2.57) and
the lowest level in July (1.95), which indicates
the influence of high temperatures on the wa-
ter supply of plants.

The identified adaptations include changes in
the morphology of leaves and root systems,
which allows plants to optimise water and nu-
trient supply under stress. Important recom-
mendations for further research are the devel-
opment of methods for monitoring the impact
of climate change on forest ecosystems, which
may include analysis of phytodiversity and en-
vironmental regimes. This will better assess the
vulnerability of forests to climate change and
provide more effective conservation strategies.

The conditions of this study are that it was
conducted for a limited period, which may not
reflect long-term trends in changes in vegeta-
tion and their adaptation to climate. The results
may be specific to the regions under study and
cannot be directly generalised to other climatic
or geographical areas. Consideration of these
aspects in subsequent research will help to bet-
ter understand the processes of adaptation of
forest species to climate change and identify
more effective approaches for their conserva-
tion in the face of global warming.
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BikTopis Ckisp
IoxTop 6GionoriuHmMx HayK, mpodecop
CyMCbKMI HalliOHAJIbHMII arpapHuUit YHiBepCUTET
40000, Byn. l'epacuma KonapatbeBa, 160, M. Cymu, YKpaina
https://orcid.org/0000-0002-1301-7384
MapwuHa lllepcTiok
Kaumgumat 6i0/0riuHuX HayK, TOLEHT
CyMCbKMIt HalliOHaAbHMIT arpapHuii yHiBepCUTeT
40000, Byn. l'epacuma Kongpatbesa, 160, M. Cymu, Ykpaina
https://orcid.org/0000-0002-4983-6453
Mapis lllenemok
Kaugumoar ciibCbKOrOCIIOAapChbKUX HAYK, AOLEHT
BonuHcpkuit HallioHaAbHMI yHiBepcuTeT iMeHi Jleci YkpaiHKu
43025, mpocrnexT Bomi, 13, m. JIyubk, Ykpaina
https://orcid.org/0000-0002-9234-8324
Haranis KoBasbuyk
Kangmmar ciibCbKOroCIomapcbKux HayK, AOIEHT
JIyIpKuit HalliOHAJIbHWI TEXHIYHMI YHiIBEPCUTET
43018, Bysn. JIbBiBCbKa, 75, M. JIyuibK, YKpaiHa
https://orcid.org/0000-0003-3632-4253
JAmurtpo MaTioxa
AcmipaHTt
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40007, Byn. XapkiBcbKa, 116, m. Cymu, Ykpaina
https://orcid.org/0009-0002-1053-6450

AHoTanisg. MeTta [IaHOTO [OOWIiIKeHHS — aHami3 ¢isiomorivanx i mMopdonoriuaux 3miH y
HAMMOIMpPEeHIMMX AepeBHUX BUMAIB JIiCOBOi €KOCMCTEeMM ITif, BIUIMBOM KIIMAaTUYHMX 3MiH, a
TaKOX AOCTiKeHHsI afanTalliiiHuX MeXaHi3MiB, SIKi 1i BUAM BUKOPUCTOBYIOTH JJIS1 TIOJOaHHS
CTPECOBUX MOTOAHUX YMOB. Y HOCTiIKEHHI PO3I/ISIAA€ThCS BIUIMB ITI0OAIbHUX 3MiH KJIiMaTy Ha
6iosoTiuHI XapaKTepUCTUKM COCHUM 3BMUUATHOI, my6a 4epBOHOTO i 6Gepes3u MoBuUcIoi. 30Kpema,
aHaJIi3yI0ThCS aIaTITalliliHi MexaHi3MM IepeB, SIKi J03BOJISIOTh iM BYOKMBATHM Ta IPYCTOCOBYBATHCH
IO YMOB, IIO 3MiHIOIOTbCS. BUBUYEHO BIUIMB TMiJBUINEHHS CepelHbOI TeMrlepaTypu, 3MiHU
PEeKMMIB OITafiB Ta eKCTPeMaIbHUX ITOTOIHMX SIBUII HAa PiCT, PO3BUTOK i pO3MHOKEHHSI IepeBHUX
pOCIMH. BUKOpuUCTaHi MeTOAM TMOJIbOBOTO MOHITOPMHIY Ta JaGOpaTOpHi eKCIepUMEHTH IJist
360py maHux npo ¢isionoriuni Ta Mopdosoriuni 3MiHH, 110 Bin6yBalOThCS 3 BULOBUMMU IPYTIaMu
JlepeB IIiJi BIVIMBOM K/IIMaTMYHOTO TUCKY. Pe3yabTaTy JOCTiIKeHHS TTOKa3yITh, 0 I0OaIbHi
3MiHM KJIiMaTy MOXYTh IPU3BECTM [0 3HAUHUX TpaHcopmalliii y BMIOBOMY CKJIafi JiciB,
iXHbOI MPOIYKTUMBHOCTI Ta 3arajbHOI €KOJOTiuHOi cTiiikocTi. OTpMMaHi maHi MiAKPeCcTio0Thb
HeOOXiHICTb afamTalliifiHNX CTpaTeriii JJIg YIPaBiHHS JICOBUMM pecypcamy Ta 36epekeHHS
6iopi3HOMAHITTS B yMOBax IMOGAMbHUX KAIMAaTUUHMX 3MiH. JIOCTIIKEHHSI TaKOXX PO3IVISIAE
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IHCTPYKIi 711 MPakTUUHUX [il, CIIPSIMOBAHMX Ha TOM SIKIIEHHSI HeTaTMBHUX HACTIAKIB 3MiHU
KJIiMaTy Ha J1icoBi ekocuctemu. OLiHEHO BPa3aMBOCTi JIiciB YKpainu y 3B’13Ky 3i 3MiHOI KJIiMaTy
y XXI cTomiTTi HOPiBHSIHO i3 KJIiMaTUUHOI HOpMOIO (1961-1990 pp.). HamaHi pekoMeHaaiii uono
OILiHIOBaHHS BIUIMBY KJIIMaTMYHMX 3MiH Ha Jicy, aHasidy ¢iTOpi3HOMaHITTS Ta eKOJOTiuHMX
peXMMiB 3a JAaHMMM MOHITOPMHTY JIiCiB Y KOHTEKCTi HOpMAaTMBHO-IIPaBOBMX aKTiB YKpaiHWu,
30KpeMa, lepskaBHOI cTpaTerii yrnpasainHs gicamu 10 2035 poky Ta peKoMeHAallii JlepskaBHOTO
JicoBOro KagacTpy YKpainu. Pe3ynbraTtu OCTIIKEHHS MOXKYTb 6TV BUKOPVUCTaHI IIs1 PO3POOKMU
cTparTeriit ynmpasJiHHS JiCOBMMM pecypcaMu, BIIPOBA/PKeHHS afanTalliiiHMX 3aXO0/iB y JIiCOBOMY
rOCIIOJAPCTBi, @ TaKOX [JIsI MOHITOPMHTY CTaHY JIiCOBMX €KOCMCTeM i NMPOTHO3YBaHHS iXHbOI
CTIiMIKOCTi 1O KJIiMaTMUYHMX 3MiH y paMKax HalliOHaJbHMX €KOJIOTiYHMX [Tporpam

KimouoBi ciioBa: KiiMaTMuHMiT TUCK; 6GiopisHOMaHITTS; Gi3ionoriuHi 3MiHM; MPOXYKTUBHICTD
JIiciB; MOHITOPMHT €KOCUCTEM; afalTalliliHi MexaHi3Mu
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Brovko et al.

Abstract. The aim of the study was to monitor the impact of anthropogenic trampling of gray forest
soil on their content of water, air, solid particles and the mass of fine and coarse roots. The contents
of mass of solid particles, volume of air, water and its permeability were determined according to
generally accepted methods using of measuring cylinders. Soil roots colonization was measured by
the method of “monoliths”. It was found out that under the impact of anthropogenic trampling,
water reserves in the upper 50-centimeter layer of soils were 1.6-5.3% higher than under matured
oak-hornbeam stand without visible signs of degradation, and the soil water saturation coefficient
during the research was lower (0.21-0.43%) than the optimal values (0.80%). At the same time, the
greatest destruction changes were experienced by the researched physical indicators in a humus
horizon of gray forest soils. An increase of solid particles (by 14.1-22.8%), decrease of air pores
(by 32.0-44.3%) and the mass of fine roots of trees (by 84.6-91.2%) in the 10-cm soil layer were
recorded. It is found that in the event of cessation of trampling of the path surface, the natural
recovery of degraded physical indicators in compacted soils happens most intensively in the
5-centimeter horizon. At the same time the changes in the decrease of solid particles (by 9.9%), an
increase of pores (by 39.1%) and fine roots of trees (by 330.0%) were observed over a 15-year period.
The obtained quantitative and relative indicators of the content in anthropogenically compacted
soils of solid particles, water and air explain the features of its settlement by roots of vegetation,
and also indicate the applied significance of the results presented in the study

Keywords: soil compaction; permeability; park plantings; aboveground cover; soil colonisation

by roots

Introduction

Anthropogenic trampling of the soil surface
is most significantly manifested within urban
landscapes especially in green plantations,
where the negative consequences of trampling
are manifested due to the deterioration of their
ecological functions, as well as in soil dehumifi-
cation and increased manifestation of external
signs of erosion processes and a decrease in the
number, or even the complete disappearance of
certain species from plant communities. Usual-
ly, soil compaction causes functional changes in
edaphotopes, and also affects the quantitative
and relative indicators related to the species
composition of plant cover and affect the mi-
croclimatic indicators of the surrounding areas.

Studies on this topic have been con-
ducted in various regions, highlighting the
consequences of human activities. N. Nir et
al. (2022) analysed the long-term paedogenic
and geomorphological effects of human tram-
pling. Their findings indicate that persistent
recreational impacts lead to soil compaction,

changes in water infiltration, and erosion, with
far-reaching consequences for ecosystems. Re-
searches D. Selesa & A. Cerda (2020) present-
ed a comprehensive review of soil erosion on
mountain trails caused by recreational activ-
ities. The researchers emphasised the role of
soil hydro-physical properties in degradation
processes, particularly the reduction in mois-
ture retention and infiltration capacity under
human pressure. Numerous studies on tram-
pling of recreational areas have confirmed the
reduction in the number of woody and herba-
ceous species, their cover density, reduction in
increment of wood and suppression of growth
(Atic et al. 2009; Li et al., 2020).

Scientists M. Kissling et al. (2009) investi-
gated short- and long-term effects of trampling
in suburban beech forests. They observed that
trampling causes soil compaction, reduces or-
ganic matter content, and disrupts microbial
processes. These changes impair soil fertili-
ty and natural nutrient cycling. Ya. Henyk et
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al. (2014) examined changes in the physico-
chemical properties of soils in urban parklands
and woodlands in Ukraine under recreational
load. Their findings revealed decreased poros-
ity, reduced water permeability, and increased
soil compaction due to trampling, which limits
root growth.

The beginning of digressive changes in
phytocenoses that occur during trampling is
visually determined by the degree of degrada-
tion of vegetation cover. With permissible soil
compaction, the result of trampling is clearly
visible within the paths, playgrounds, recrea-
tional objects, which can be evaluated by the
degree of recreational digression and degrada-
tion of grass cover (Lenevych et al. 2021; Kal-
ahroudi et al., 2023).

The problems associated with anthropo-
genic soil trampling began to take on clear out-
lines from the second half of the 20™ century
and have now become the subject of research
by both researches and scientists in various
fields of knowledge, which relate to the ecology
of plantations of natural and artificial origin.
During this long period, it was found that soil
compaction causes changes in the structure
of the soil, as well as their physical properties.
This is manifested in changes in soil porosity,
deterioration of their temperature regime and
water-physical properties. These changes neg-
atively affect the nutrition regime of woody and
herbaceous plants. In particular, O. Ryzhov et
al. (2014) studied that for sandy soils, the op-
timal density (volumetric mass) is within 1.20-
1.45 g/m®. If the soil compaction is 1.20 g/m3
and less - the soil is not retained moisture. The
plants suffer greatly from its lack. It negatively
affects the growth and functioning of the root
systems of woody plants.

The mentioned information on wa-
ter-physical properties refers to different types
of soils, and therefore the clarification of the
impact of anthropogenic on their forest vege-
tation properties should be carried out with the

involvement of the same type of research meth-
ods with subsequent detailing and clarification
of the obtained results.

The main aim of the study was to find
quantitative and relative indices that reflect
the impact of anthropogenic trampling on the
water content, solid particles and cracks in gray
forest soils and their population by roots.

Materials and Methods

The research was conducted in compliance with
the ethical standards set forth in the Conven-
tion on Biological Diversity (1992). The research
object was a path located in the southern part
of Holosiivo Park of Culture and Recreation
named after Maksym Rylskyi, in the Kyiv city.
The height of exceedance, in the range from
the lower dam of the third Horikhuvatskyi pond
(coordinates: 50°23°26"" N and 30°30°88"" E) to
the stop of bus 212 (coordinates 50°23°46”" N
and 30°30°24"" E), reaches 50 m and the ob-
jects of this study are at an altitude of 155-160
m above sea level. The current contours of the
path were formed more than 30 years ago, as a
result of annual trampling of the soil surface by
residents of the areas adjacent to the park, va-
cationers and students studying at the National
University of Life and Environmental Sciences
of Ukraine (Brovko et al., 2023).

The formation of the research object oc-
curred in the summer of 2004, when a Tilia
cordata Mill. tree blocked a hiking trail due to a
windstorm (Nesterov, 2007). The field research
was carried out in August 2019 and the desk
work — in 2020-2021. The study was conducted
within the path, which was located in 90-year-
old oak-hornbeam stand in the park space of
the Kyiv city, in order to estimate the impact
of anthropogenic pressure on the changes of
water-physical indicators in the gray forest
soils. The path was trampled under the plan-
tation formed of deciduous woody plants,
among which, at the time of the research,
five species dominated, and their share in the
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composition of the tree layer was Quercus ro-
bur L., Betula pendula Roth., Carpinus betulus
L., Tilia cordata Mill., Acer platanoides L., which
indicates its derivative origin, because it grows
in the area belonging to hornbeam groves (Ho-
losiivskyi National Nature Park, n.d.).

The diameters of the trees were quite vari-
able and ranged from 20 cm (hornbeam, sapling
origin) to 50 cm (birch, seed origin), and the
height of the trees that formed the main lay-
er of the plantation reached from 22 up to 27
m, which in terms of productivity corresponds
to higher classes of productivity. Intermediate

values of biometric indicators were observed
in the rest of the trees present on the site. The
canopy closure, during the vegetation period
of the trees, reaches more than 0.9 units. That
prevents the penetration of sun’s rays under
the canopy on hot summer days, providing the
much-desired coolness for park visitors.

Studies conducted by Y. Nesterov (2007) in
this area of Holosiivskyi Park showed the dry-
ing out of birch and its loss from the stand. It is
also worth noting that over the past 15 years in
this phytocenosis there has been a drying up of
the birch (Fig. 1a).

Figure 1. Dead trunks of birch within the path area
Note: a) trunks that have fallen from the composition of the stand; b) fallen trunk near the path; c) trunk that
fell into an area without visible signs of trampling the soil
Source: authors’ photo

Usually, the root systems of birches die,
and therefore their trunks fall out of the
ground, both near anthropogenically trampled
areas (Fig. 1b), and in areas where the soil sur-
face does not have visible signs of trampling of
grass cover (Fig. 1c), which testifies to the com-
plexity of this phenomenon, which is appar-
ently connected not only with the compaction
of the soil layer, but also with the birch reach-
ing the age of natural ripeness.

Tree trunks with dead roots, after being
blown down by the wind, not only clutter up the
territory of the park and worsen the aesthetic
appeal of the area, but also become inhabited by
different pathogens and wood-destroying fun-
gi, in particular Fomitopsis pinicola and Fomes
fomentarius, which significantly accelerate the
natural decomposition of dead wood.

Soils within the studied part of the park,
by the nature of changes in the structure of the
soil profile, belonged to partially transformed
upper horizons with a preserved natural pro-
file and according to classification (Pozniak &
Teleguz, 2021) were identified as anthropogen-
ic-natural subtypes that belong to types of nat-
ural soils. According to Y. Nesterov (2007) these
were gray forest soils. That type of soil formed
on loess loams. They were characterised by a
humus horizon 20-22 c¢m thick, an insignificant
humus content (up to 2%) and unsatisfactory
aeration of the upper layers of the soil, which
against the background of the available acidi-
ty (saline pH =4.3-4.5) negatively affected the
course of microbiological processes and as a re-
sult, it was manifested by a weak mobilisation
of mobile forms of nitrogen.
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The study of the impact of soil compaction
on the content of water resources in them and
on their settlement by roots was carried out
within three locations of this plantation. The
first (1), without visible signs of anthropogen-
ic trampling of the grass topsoil, was located
at coordinates 50°23°36"" N and 30°29°50"" E
and served as a “control”. The second, a path
that had been used as intended for over three
decades (2). The site where samples were tak-
en for research was located at the coordinates
50°23°20"" N and 30°29°49”" E. There was no
vegetation cover on the surface of the path
(Fig. 1). The third part of the path, which had
not been used for its functional purpose for the
past 15 years (3), due to the fact that dead trunks
of Tilia cordata Mill fell across the path in 2007
year (Nesterov 2007) and Betula pendula Roth.,
which made it impossible for park visitors to
pass comfortably along this part of the path. The
coordinates of the sampling site for the study
were 50°23°29”" N and 30°29°52”" E. At the time
of the survey, this part of the path was littered
with the remains of a dead birch trunk that fell
in 2014, and its natural overgrowth, occurred
due to self-sowing of Ulmus scabra L., (there
were up to 5 pc./m?). The height of the seedlings
reached up to 2.2 m, and the diameters of their
trunks at the root neck — up to 2.6 cm. It was
also worth noting that lower biometric indica-
tors of the trunks were observed in the seed-
lings that grew in the central part of the path.

Water and physical properties of studied
soils were determined in 3-5 repetitions. Test
samples were selected in every 5 cm in the
depth to 50 cm. In particular, soil moisture in
its natural state was determined according to

formula (1):
- "
T M

Wy, -100, 1)
where: W, - soil moisture in its natural state,
in weight %; W, - the mass of water that evap-
orated from the weight of the soil during its

drying, g; M, — weight of the soil in a com-
pletely dry state, g.

The compaction of the soil structure in a com-
pletely dry state was determined by formula (2):

@)

where: D, — compaction of the soil in a com-
pletely dry state, g/cm?; E — mass of wet soil in
the cylinder, without the mass of the cylinder,
g; V — the volume of the cylinder used for soil
sample selection, cm®; W, — water content in
the soil, in its natural state, in weight %.

The calculation of the water content in the
upper 50-centimeter soil layer was carried out
according to formula (3):

_ E100
S T v-(100+wWy)’

B=a-d,h, 3)

where: B — water content, m3/ha; a - moisture
content of the soil layer, in weight %; d, - com-
paction of the soil layer, g/cm?; h - soil layer in
which the water content was determined, cm.

The water permeability of the upper
10-centimeter layer of soil was determined by
alternating water pressure to wet the soil out-
side the recording site, the cylinder that limited
the contours of the site was placed in the mid-
dle of a larger cylinder (52.78 cm?) filled with
water. During the experiment, the same water
level was maintained in both cylinders. Calcu-
lation of water permeability of the soil was car-
ried out according to formula (4):

K=K @)
where: K — water permeability of the soil, ml/h;
G - the amount of water supplied to the ac-
counting site, 1000 ml; S - the area of the ac-
counting site, 26.86 cm?; T — duration of water
absorption, h; K, - coefficient of reduction to a
temperature of 10°C (1.0075).

The assessment of water permeability
of the soil, within the studied locations, was
carried out according to the Kaczynski scale.
The scale consists of 6 positions, namely
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(in mm/hour): failed — >1000; excessively high —
1000-500; the best — 500-100; good - 100-70;
satisfactory — 70-30; unsatisfactory - <30.

To determine the content of solid particles,
water, air, cracks and the coefficient of their
saturation with water, cylinders with a volume
of 61.64-67.40 cm3 were used. Soil in an undis-
turbed state was collected in cylinders in 5-fold
repetition, weighed on the laboratory scales,
the obtained results were recorded in the field
journal. After that, the soil cylinders were satu-
rated with water until the change in their mass
stopped. Then, repeated weighing of cylinders
with soil saturated with water was carried out.
The obtained data and the mass of the soil at
natural humidity were converted to completely
dry soil according to formula (5):

My-100
Nes = ————,
Ve-(100+Wp)

©)

where: M, — mass of soil in a completely dry
state, in 100 cm?, g; M, — soil mass, in a cylinder
at natural water content, g; V - cylinder vol-
ume, cm®; W, — water content in the soil under
natural conditions of determination, %.

The content of the soil, in cylinders satu-
rated with water, under natural humidity and
in a completely dry state, was converted to its
content in 100 cm?, by dividing the mentioned
indicators by the volume of the cylinders that
contained the soil, and the obtained result was
multiplied by 100 (cm?).

The content in 100 cm® of solid particles
(absolutely dry soil), water (the difference be-
tween the soil saturated with water and the
absolute dry mass of the soil, identified as the
content of cracks), air (water that displaced the
air) was determined, in %, by formula (6):

_ Mp-100
Nyw

Xp s ©

where: X, — content in 100 cm® of the soil of
the studied components, in % by volume;

M, - content in 100 cm® of the studied compo-
nent, g; M, - content in 100 cm® of soil com-
pletely saturated with water, g.

The coefficient of water saturation of cracks
in the soil was determined by formula (7):

Kyw = S_Z, (7
where: K|, — soil water saturation coefficient,
under natural conditions, a dimensionless val-
ue; M,, — water content in 100 cm® of soil un-
der natural conditions of determination, g;
M, — water content that filled all the cracks in
100 cm?® of sail, g.

The content of roots in the upper 50-cen-
timeter soil layer at the studied locations was
determined by the monolith method (Pozniak
& Teleguz, 2021) in 5-fold repetition. Soil sam-
ples with roots were taken with a drill with a
cross-sectional area of 55.39 cm? and a height
of the working surface of 10 cm. The root mass
content in the studied soil layer was determined
according to the method described in the article
F. Brovko et al. (2023).

The average values were calculated us-
ing Microsoft Excel and STATISTICA 8.0 pro-
gramme packages (Paianok & Zadorozh-
nia, 2020). The significance of the difference
between the means of obtained data was evalu-
ated using Student’s t-test.

Results

The results of determining the water content
under the canopy of a 90-year-old stand are
shown in the Table 1. The data shows that in the
upper 50-cm soil layer at the three studied lo-
cations, the quantitative indicators of water re-
serves had insignificant differences (Student’s
criterion 0.2-2.7). In particular, at the location
without signs of trampling, a 50-cm layer of
gray forest soils contained 476.2%5.79 m3/ha of
water. At the same time, on the section of the
path, which has been used as intended for more
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than 30 years, the water reserves in the 50-cm
soil layer were 5.3% higher than on the “con-
trol” and amounted to 501.6*7.46 m3/ha, which,
in our opinion, is due to the lack of water tran-
spiration by plants within the path, and at the
location where the path was decommissioned

15 years ago, the difference with the “control”
was only 1.6%, which in quantitative terms is
identified by the indicator 483.9 + 7.66 m3/ha
and is associated with physiological by the con-
sumption of water by the plants inhabiting the
path space.

Table 1. Water content in the upper 50-cm layer of gray forest soils formed on loess-like loams

Under the canopy of a 90-year-old plantation, composition* 1Qr2Cb4Bp2Ap1Tc
Depth of (lgi‘gl\itsh:fut relatlzjz of Crepath Tk relativel

e | wampling, | Dwellr | oo | et | control”

m*ha > | years, m%ha % t m3/ha % t
0-5 67.0+5.09 73.6+2.82 109.8 1.1 64.7+1.78 96.6 0.4
5-10 74.6+1.49 83.9+4.32 112.4 2.0 73.3%1.03 98.2 0.7
10-15 50.0+3.04 47.7+1.94 95.4 0.6 51.2+0.79 104.2 0.4
15-20 46.2+1.86 46.6+3.14 100,9 0.1 46.7+0.30 101.1 0.3
20-25 37.3+1.66 38.8+1.57 104.0 0.7 39.3%£1.02 105.4 1.0
25-30 39.8%1.36 41.6+2.98 104.5 0.6 40.4%0.92 101.5 0.4
30-35 38.9+3.57 41.5%£1.72 106.9 0.7 41.1+0.88 105.6 0.4
35-40 39.7+£1.24 43.4%2.54 109.3 1.3 41.6%0.59 104.8 0.6
40-45 38.9%1.11 39.5+1.92 101.5 0.3 40.9+1.01 195.1 1.3
45-50 43.8+3.38 45.0£1.28 102.7 0.3 44.7%1.20 102.0 0.2
¥ 0-50 476.2+5.97 501.6+7.46 105.3 2.7 483.9%7.66 101.6 0.8

Note: *) Qr — Quercus robur L.; Cb — Carpinus betulus L.; Bp — Betula pendula Roth.; Ap - Acer platanoides L.; Tc —
Tilia cordata Mill. Table value of quantiles of Student’s test (t) at probability level 0.05-2.8

Source: developed by the authors

Determination of water saturation coeffi-
cients of cracks in the upper 50-centimeter soil
layer (Table 2) showed that at the time of the
survey, their field indicators were outside the
optimal values typical for woody plants (0.80),
and significant differences between the ob-
tained values were traced up to 45-centimeters
deep. At the location 1 (“control”), the coeffi-
cients of water saturation of cracks were in the
range of 0.13-0.23 units, and on the exploited
path they were 22.2-87.0% higher than on the
“control”. At the location where the path has
not been operated for the last 15 years, the

difference between the saturation coefficients
compared to the “control” was smaller and
amounted to 16.7-66.7%. It is also worth not-
ing that the studied sites are located at high-
land (155-160 m above sea level), and there-
fore, the mode of providing them with water
resources occurs exclusively due to atmospher-
ic precipitation and significantly depends on
their presence or absence, as well as on their
frequency of precipitation, intensity and dura-
tion in time. The rate of water seepage in differ-
ent locations of anthropogenic trampling of the
path is shown in the Table 3.
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Table 2. Coefficient of saturation of cracks with water in the 50-cm soil layer, volume %

Under the canopy of a 90-year-old plantation, composition 1Qr2Cb4Bp2Ap1Tc

Depth, | (1) without_Sig'ns (2) used for relatli)\é:ltyOf S peh e relatively

on 9‘f tramp!’l nog, more than 30 “control” (3) unused ofor 15 “control”

control”, % vears, % % ‘ years, % % p
0-5 0.21+0.008 0.39+0.006 185.7 18.0 0.26+0.004 123.8 4.5
5-10 0.23%0.006 0.43+0.006 187.0 25.5 0.34%+0.005 147.8 14.1
10-15 0.18+0.004 0.24+0.006 133.3 8.3 0.30+0.004 166.7 5.0
15-20 0.16+0.004 0.23+0.006 143.8 9.7 0.26*0.003 162.5 20.0
20-25 0.16+0.004 0.20+0.008 125.0 4.5 0.22+0.002 137.5 13.3
25-30 0.17+0.003 0.20%0.006 117.6 4.5 0.21+0.002 123.5 11.1
30-35 0.17+0.003 0.21+0.009 123.5 4.2 0.21+0.003 123.5 9.5
35-40 0.13£0.002 0.23£0.007 176.9 13.7 0.20£0.002 153.8 25.0
40-45 0.18+0.004 0.22+0.002 122.2 8.9 0.21£0.002 116.7 6.7
45-50 0.21%0.005 0.22+0.003 104.8 1.7 0.22+0.004 104.8 1.6

Note: table value of quantiles of the Student’s test (t) at a probability level of 0.05-2.8

Source: developed by the authors

Table 3. The rate of water filtration in the upper 10-cm layer of gray forest soils

Obiect The place of determination, under the Depth of Water Relatively
nunllber canopy of a 90-year-old tree stand, determination, | filtration rate, “control”
composition 1Q0r2Cb4Bp2Ap1Tc cm mm/h % t
1 Location — without signs of trampling 0-5 226%6.9 100.0 -
“control” 5-10 191£5.0 100.0 -
Locations - part of the path:
2 which has been used as intended for more 0-5 22%0.7 9.7 29.4
than 30 years 5-10 18+0.7 9.4 34.3
0-5 76+1.2 33.6 | 21.4
3 15 years after the end of its intended use
5-10 78+1.9 40.8 | 21.1

Note: table value of quantiles of the Student’s test (t) at a probability level of 0.05-2.3

Source: developed by the authors

The data of Table 3 indicate that the com-
paction of the upper 10-cm layer significantly
affects their ability to absorb and filter water.
Thus, at the location 1, in our case the “con-
trol”, it was the “best” rate of water filtration,
and its quantitative indicators were in the range
of 191 +5.0-226*6.9 mm/h and significantly
prevailed (t =21.1 - 34.3). The rate of water fil-
tration on the path, where the compacted soils
were characterised by “unsatisfactory” filtration,
which was in the range of 18+0.7-22+0.7 mm/h,

and this was only 9.4-9.7% of the values obtained
on “control”. Removal of a part of the path from
operation (location 3) shows that over a 15-year
period compacted gray forest soils are only able
to partially restore the rate of water filtration (up
to 76 £1.2-78#1.9 mm/h) in a natural way, and
this is 33.6-40.8% of the indicators characteriz-
ing the control location and convincingly indi-
cates the need to develop more effective meas-
ures related to the prevention of anthropogenic
trampling on soil compaction.
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The upper 10-centimeter layer of gray forest
soils within the existing path was characterised
by a lower rate of water filtration (by 10 times)
than locations without signs of trampling, and
this significantly increased the probability of
the occurrence and development of erosion
processes. At the same time, during heavy rains
or downpours, water erosion centres began to
form on the edges of the path, where the soil
was less compacted than in the central parts of
the path. With increasing angles of inclination
of the soil surface on the path and with the con-
centration of water flows, the entire trampled
part of the path can be eroded.

As evidenced by the data shown in Figure
2, anthropogenic trampling causes significant

Roots, ge?
«600+550+500-450-400-350-300-250-200-150-100 -50 0 50 100

005 | [

a Roots, grr?

changes in the ratio of solid particles, air and
water in their upper 45-cm layer (t=3.0-42.7)
and negatively affects its population with phys-
iologically active (fine) roots. In particular, at
the first location without signs of the above-
ground cover (Fig. 2a), the content of hard par-
ticles per unit of soil volume have been varied
from 65.0+0.90 till 77.2% + 0.32. At the same
time, cracks were characterised by fairly good
aeration (18.6+0.35-27.7+0.98%) and insuffi-
cient water saturation (3.2 +0.07 - 7.3+ 0.09%).
It was at this location, in the 50-cm soil lay-
er of the 90-year-old stand under study, the
highest content of physiologically active roots
(1087 £5.5 g/m?), of which 72% of roots mas-
tered the upper 15-cm layer.

“600-550-500-450-400-350-300-250-200-150-100 -50 0 S0 100

005
§ o0s-10

= 10-15
§ 18:20

b Roots, gar?
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-
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Figure 2. The content of hard particles, air, and water in the 50-cm layer

of soils and its population with fine roots at the locations
Note: a) without visible signs of trampling of the topsoil; b) part of the path used by pedestrians for more than
30 years; c) part of the path that has not been used for the last 15 years

Source: developed by the authors

During the study at the first location, it
was found out that of the available 1943.4 g/
m? coarse roots of the birch in the upper 20-
cm layer of light gray forest soil, 50.8% be-
longed to the dead, which is actually the main
reason for the presence of dead trunks of the
birch on the site, with root systems that have

completely fallen out of the soil. The account-
ing of existing roots with the involvement
of the monolith method showed (Fig. 3) that
their largest mass (2423.9 = 3.79 g/m?) was
observed in the upper 50-centimeter layer
at the control location (Fig. 3a). Of the total
mass of roots belonging to woody plants, the
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fraction of fine roots was 44.9% (1088.3+5.43),
and coarse — 55.1% (1335.6 £ 4.58 g/m?). At
the same time, the largest mass of fine roots

0 20 40 60 80 100

0 20 40 60 80 100

Content, %

100

(410.2 £6.73 g/m?), which was 37.7% of their
total mass, in the upper 5-centimeter layer
have been recorded.

0 50 100 150 200 250 300 350 400 450
Content roots, g-m?

0 50 100 150 200 250 300 350 400 450
Content roots, g-m?

0 50 100 150 200 250 300 350 400 450
Content roots, g-m*

Legend:
solid partirfos; D - air; - water; - - small roots of woody plants.

Figure 3. Inhabitation by roots of the upper 50-centimeter soil layer at locations
Note: a) without visible signs of trampling of the topsoil; b) part of the path used by pedestrians for
more than 30 years; c) part of the path that has not been used for the last 15 years

Source: developed by the authors

Coarse roots dominated the 10-15 cm
soil layer (Fig. 3a, 3c). Their share, from the
total mass of available roots, was 22.9%
(306.5 £ 8.50 g/m?). The bulk of the available
roots (74.0%) grew in the 20-cm layer of the
soils. Roots of herbaceous plants, dominated
by Carex pilosa Scop. and Asarum europaeum L.,

mastered the upper 15-centimeter layer. The
mass of their roots was 165.3%1.35 g/m? which
was 4.8 times less than the fine roots of trees
that inhabited the same soil layer. The max-
imum share of the mass of the roots of grass
plants (55.1%) was recorded at this location was
in the 0-5 cm layer. With depth, the content of
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roots decreased to 34.0% in the 5-10-cm layer
and to 10.9% in the 10-15-cm layer.

At the second location, where a part of
the path has been used for more than 30 years
(Fig. 3b), the action of anthropogenic tram-
pling significantly affects the population of the
50-centimeter layer of soil (t,=276.9). After all,
their mass decreased by 40.6% compared to the
“control” and during the experimental work, it
was identified at the level of 983.4+3.56 g/m?.
Trampling had a particularly unfavourable ef-
fect on the development of fine roots in woody
plants. Their mass, in comparison with the
“control”, decreased by 4.3 times and amount-
ed to only 275.9+0.45 g/m?. Coarse roots, more
resistant to soil compaction, this is indicated by
their mass (725.5+3.25 g/m?), which decreased
in comparison with the “control” by 1.8 times.
It is also worth noting that there were no herba-
ceous plants at this location, and the fine roots
of woody plants, in order to master the compact-
ed layers of the soil, penetrated them through
the dead fragments of coarse roots (Fig. 4).

Figure 4. Fine roots of woody plants growing
in a fragment of a dead coarse root

(second location)
Source: authors’ photo

At the third location, where a part of the
path has not been used for the last 15 years
(Fig. 1c), certain changes related to the im-
provement of the ecology of the environment

took place during this period. In particular, her-
baceous plants settled on the site, among which
Asarum evropaeum L. and Impatiens parviflora
DC. occupied a dominant position. Pulmonaria
oficinalis L. and Lamium galeobdolon L. occurred
singly. Their height did not exceed 16 cm, and
their roots, at the time of the study, mastered
only the upper 10-centimeter soil layer. At the
same time, the mass of the roots was insignif-
icant and amounted to 67.6 £0.87 g/m?. From
this mass, 58.4% of the roots were developed
in the 0-5 cm soil layer, and 41.6% - in the
5-10 cm layer.

The total mass of the roots of woody plants
inhabiting a 50-cm thick layer of gray forest
soils at the third locations was 1545.7+11.20 g/
m?, which was 63.8% of the total mass of roots
recorded in the “control” and 23.2% more, than
in the second location. Actually, it is by this
percentage that the total mass of roots at this
location has increased over the past 15 years. At
the same time, the mass of fine roots was 45.7%
of their mass in the “control” (496.6 g/m?),
and the increase in mass for this root fraction
over the last 15 years was 22.0%. The mass of
recorded coarse roots was 78.6% of their mass
in the “control” (1049.1 # 13.29 g/m?), and the
increase in the mass of coarse roots over the
last 15 years was on the order of 25.2%. Within
a 50-centimeter layer of soil, the largest mass of
fine roots (3.2 times more than on the existing
path) was recorded in a 5-10-centimeter soil
layer, and coarse roots (1.5 times more) — in the
10-15-centimeter layer of soil.

In the process of restoring the water-phys-
ical properties of gray forest soils, the 7-year-
old self-seeding Umus scabra deserves special
attention, which actually significantly contrib-
uted to the increase (by 23.2%) of the root mass
within this location. Roots of Ulmus scabra, in-
habiting excessively compacted surface layers
of the soil, loosen them, and hyphae of fungi,
which settle on fine roots and form mycorrhiza,
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facilitate access to seedlings of water, nutrients
and minerals. In the soil of location 3, at a depth
of 5-10 centimetres it’s observed vertically di-
rected soil passages formed by earthworms. The
passages were mainly grouped in 3-5 pieces and
their diameter reached 6 mm.

In particular, common earthworms, in park
phytocenoses, provided that bioturbations are
involved, such as digging, production of copro-
lites, mixing of organic materials and mineral
particles, can effectively influence both the
physical and biological properties of soils. Af-
ter all, earthworms, penetrating the soil, build
burrows that increase the space of cracks,
transport organic matter during the production
of coprolites, grind organic materials during
their decomposition, and also provide plants
with nutrients due to their concentration in the
walls processes, change the diversity and con-
tribute to the growth of the activity of microbial
communities due to the selective consumption
of certain groups of microorganisms.

Discussion

Scientific data related to the content of solid
particles, air and water in the upper 50-cen-
timeter layer of gray forest soils, as well as
their population with the roots of woody and
herbaceous plants, have been expanded and
clarified by F. Brovko et al. (2023). The obtained
data on the water properties of gray forest soils
clarify and supplement the information on the
water-physical properties of brown mountain
forest soils (Lenevych, 2020) and sod-layered
soils surveyed in the Oleksandria park, which is
located near active roots in the soil layer, due to
the prevention of its compaction in the stands
of woody plants (Dragan, 2012).

For the gray forest soils exposed within the
forests of the dendrology park “Oleksandria”,
there are compaction changes in the range from
0.85 to 1.59 g/m3. At the same time, in cells with
a density of 1.18-1.36 g/m® above-ground grass

cover is preserved, and in places with a com-
paction of 1.46-1.59 g/m3 — grass cover is ab-
sent (Dragan, 2012). According to F. Brovko et
al. (2023), within the hornbeam groves growing
in Holosiivo park, the significant influence of
anthropogenic trampling on the compaction of
gray forest soils was traced to a depth of 45 cm.
At the same time, the maximum rates of soil
compaction (38.0% higher than in the control)
were characteristic of the upper 0-5 cm layer,
and the minimum (4.9%) were observed in the
40-45 cm layer.

Research by P. Teyluk et al. (2022) indicates
that recreational trampling can lead to changes
in the microrelief of territories, which in turn
affects the redistribution of moisture. After all,
along the paths the soil is compacted and the
relief is lowered. A berm is formed along the
path, along which water flows during precip-
itation. This contributes to the development
of erosion processes and is manifested in the
washing away of soil from its surface, which is
also confirmed by our research (Fig. 1b).

Field studies conducted within the exam-
ined locations, with different manifestations of
the intensity of trampling and compaction of
the soil surface, show that the degree of changes
in their water and physical properties depends
on the combination of individual components
of the complex of ecological factors that dom-
inate within the path. At the same time, their
manifestation usually occurs due to a violation
of the water-air regime of soils, a decrease in
porosity and water content in their upper soil
layers (Korkang, 2013).

Research by S.A. Lei (2004) quantitatively
investigated the impact of various recreation-
al activities on soil properties in a blackbrush
(Coleogyne ramosissima) shrubland. The find-
ings indicated that human trampling, biking, and
off-road motor vehicle traffic adversely affect
soil properties by compacting the soil, leading to
reduced porosity and increased soil penetration
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resistance. Research confirms the conclusion
of O. Lenevych (2020) that within the path, in
the absence of anthropogenic influence, the
soil that has undergone degradation process-
es is able to restore its natural state over time.

In particular, the water content in the
upper 50-cm layer of gray forest soils, at the
time of the study, on the active path was
501.6 *7.46 m*/ha, and on the decommissioned
path — 483.9 + 7.66 m3ha. The water content
within the 5-centimeter layers of the soil profile
differed from its values obtained in the “con-
trol”. On the path that has been in use for more
than 30 years, the difference was 1.5-12.4%, and
on the path that was decommissioned 15 years
ago, the difference was smaller and was at the
level of 1.1-5.6%. However, the obtained values
of the Student’s criterion (t=0.2-2.7) indicate
the absence of a significant difference between
the indicators of water content at the studied
locations. The numerical values of the water
content (476.2 #5.97 - 501.6 * 7.46 m3/ha and
the coefficients characterizing the saturation of
cracks with water 0.13-0.43 units, recorded in
the upper layers of the 50-centimeter soil layer,
were beyond the optimal values (0.80 units) and
indirectly indicated the dependence of their wa-
ter regime on the presence or absence of atmos-
pheric precipitation, its duration and frequency.

F. Brovko et al. (2023) researched that the
highest indicators of anthropogenic trampling
were observed on the path, which was used as
intended for more than 30 years, namely in its
upper 10-centimeter layer, where the soil (com-
pared to the location without signs of trampling)
had a 32.1-38.0% higher compaction and corre-
spondingly, the content is smaller by the same
percentage. The content of solid particles per
unit volume of soil was higher by 14.1-22.8%,
and the population of the studied layer by fine
roots of woody plants was lower by 84.6-91.2%.

The water permeability of the soil, in this
layer, had the lowest indicators, because the

rate of water filtration was at the level of 18-
22 mm/h, which is 90.3-90.6% less than in the
control. Under the certain environmental con-
ditions that can cause a threat from the devel-
opment of erosion processes on the paths, with
similar soil compaction. The given data are con-
sistent and do not contradict the data obtained
on the path network of the “Boykivshyna” Na-
tional Nature Park (Lenevych et al., 2023).

The infiltration resistance and water pene-
tration were most sensitive to soil compaction,
as also confirmed by studies conducted A. Ferre-
ro & J. Lipiec (2000). They indicated that the de-
crease in hydraulic properties in the most com-
pacted soils occurred due to lower macroporosity.

It is also worth noting that at the location
where a part of the path has been operated for
more than 30 years, in the upper 50-cm layer
of gray forest soils, the total mass of the roots
that populated them was 983.4+3.56 g/m?, and
this is only 40.6% of the total mass of roots re-
corded at the studied location without signs of
trampling. At the same time, the share of fine
roots inhabiting this layer of soil was much
smaller (23.7%) than coarse roots (54.3%), and
their mass was at the level of 257.9 £0.45 g/m?
and 725.5 +3.25 g/m? respectively. Such ratio
between the fractions of the investigated roots,
as evidenced by Z.H. Kalahroudi et al. (2023) as-
sociated with mechanical damage and death of
part of fine roots as a result of over-compaction
of the upper soil layers.

After the cessation of anthropogenic tram-
pling, the natural processes of restoration of
degraded soils, as it happened in our case, at a
location where the path has not been used for
the past 15 years, begin within the path. The
restoration begins with the fall of leaves on the
surface of the path and continues thanks to the
formation of the forest litter on it, its settlement
by self-seeding Ulmus scabra and the appear-
ance of earthworms in the surface layer of the
soil. Intensification of processes, as noted by
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0. Lenevych (2020), occurs in the autumn-win-
ter period, during the greatest fluctuations in
the temperature regime on the soil surface and
is mostly associated with freezing or thawing of
the soil in its upper layers. The changes in the
physical properties of the upper 10-cm layer of
light gray forest soils after trampling stopped
indicate that during the last 15 years, at this lo-
cation (compared to the part of the path where
the soil has been trampled for more than 30
years), there has been an improvement in their
quantitative and relative indicators. In par-
ticular, as evidenced by F. Brovko et al. (2023),
there was a decrease in soil compaction (by
16.9-19.5%) and the content of solid particles
per unit volume (by 6.2-9.9%), as well as an in-
crease in the percentage of cracks per unit vol-
ume of soil (by 23.6-39.1%) and the mass of fine
roots of woody plants (by 3.2-3.3 times).

At the location where the path has been
trampled for more than 30 years, the upper
10-centimeter soil layer contained 31% of fine
roots, compared to their mass recorded in the
50-centimeter soil layer (255 %= 0.4 g/m?), and
at the location where the path was not trod-
den during the last 15 years, the content of fine
roots of woody plants was higher (51%), and
their mass in a 50-cm soil layer was 495+5.1 g/
m?. Evaluating the total content of the roots of
woody plants in a 50-centimeter layer of soil,
at a location where the path has not been tram-
pled for the past 15 years, it should be noted
that the total mass of roots exceeded the mass
of roots recorded at a location where the soil
had been trampled for 30 years by 57.2%, and
their mass was 1545.7 = 11.20 g/m2. The mass
of fine roots prevailed by 92.6% and was at
the level of 496.6 £5.09 g/m?, and the mass of
coarse roots was greater by 44.6% and was es-
timated at 1049.1+13.29 g/m? The data indi-
cate that the main mass of fine roots of woody
plants master the upper 10-centimeter soil lay-
er and do not contradict the quantitative and

relative indicators obtained for sod-layered
soils (Ryzhov & Brovko 2014).

Thus, at the studied locations, the mois-
ture regime of gray forest soils is formed due
to atmospheric precipitation. At the same time,
water reserves in the upper 50-centimeter layer
of soils under the canopy of the studied stand,
both in the cells that were not trampled and
within the paths, did not have significant dif-
ferences, and a significant impact of trampling
on the content of solid particles, water, air and
roots of woody plants in the soil was traced to a
depth of 40 centimeters.

Conclusions

The quantitative indicators of water reserves
in the upper 50-cm layer of gray forest soils
under the canopy of the studied 90-year-old
stand at the three surveyed locations were
marked by insignificant differences (Stu-
dent’s criterion t =0.2-2.7). In particular, at
the location without signs of trampling, the
water content was observed at the level of
476.2 £5.79 m%/ha, at the location where the
path has been used for its purpose for more
than 30 years, the water reserves were 5.3%
higher, and at the location where the path was
removed from operation 15 years ago, the dif-
ference was at the level of 1.6%.

The coefficients of water saturation of the
cracks in the upper 50-centimeter soil layer
were beyond the optimal values (0.80), and sig-
nificant differences between the obtained coef-
ficients were observed up to a depth of 45 cm.
At the location without visible signs of tram-
pling, the coefficients of saturation of cracks
with water were within 0.13-0.23 units, and on
the exploited path they were 22.2-87.0% high-
er. At the location where the path has not been
exploited for the past 15 years, the difference
between the coefficients saturation, in com-
parison with the first location, was lower and
amounted to 16.7-66.7%.
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The most intensive water filtration was ob-
served at the location without visible signs of
trampling and was 191+5.0-226* 6.9 mm/h. At
the location where the path was in use for more
than 30 years, water filtration rates were only
9.4-9.7%, and at the location where the path
was decommissioned 15 years ago, water filtra-
tion rates were 33.6-40.8% of the rates obtained
at the control location.

It was found that under the influence of
anthropogenic trampling, there are significant
changes in the ratio of solid particles, air and
water in their upper 45-centimeter soil layer
(t=3.0-42.7), and the lowest content of solid
particles (65.0+0.90-77.2% *0.32 per unit vol-
ume of soil), was observed at the first location,

and 1.0-10.6% respectively higher than in the
first location.

The largest mass of roots (2423.9+3.79 g/
m?) was observed in the upper 50-cm layer, at
the location, without visible signs of trampling
of the topsoil. Of their total mass, the fraction of
fine roots was 44.9%, and coarse roots — 55.1%.

It’s worth continuing research related to
the elucidation of the dynamics of natural over-
growth of trampled space with woody and her-
baceous plants, as well as the dynamics of res-
toration of soil density, solid particle content,
pores, and roots of vegetation in the studied
plantation.
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AHoTanis. MeTol0 [AOCTiIXeHb CTaa0 BUSIBAEHHS BIUIMBY aHTPOIIOTEHHOTO BUTOITYBaHHS
cipux JicOBMX I'PYHTIiB Ha YMIiCT y HUX BOJIOTHM, IOBITpSI, TBEPAMX YACTOK Ta Macu OpiGHUX i
rpyoux KOpeHiB. YMiCT BOAM i BOZONPOHMKHICTL I'PYHTIB BM3HAYAIM 3@ 3arajibHOTIPUITHATUMU
MeTOAMKAaMM, @ BMICT TBEPIMX YACTOK, BOAY i MOBITPsSI B OAMHMUII 06’€MY I'PYHTY — 3a JOTIOMOTOIO
MipHUX UWIiHAPIB. 3acesieHHsI IPYHTY KOPEHSIMM BU3HAYAIM METOHOM «MOHOJITiIB». 3’ICOBaHO,
11O IiJ], BIVIMBOM @HTPOIIOT@HHOTO BUTONITYBAaHHSI 3a1lacy BOLM Y BepXHbOMY 50-CaHTMMETPOBOMY
MpoLIapKy I'PyHTIB 6yau Ha 1,6-5,3 % 6inburi, Hixk mig 90-piuHMM 1y60BO-IrpabOBUM HaCaIKEHHSIM
6e3 BUIMMMUX O3HAK Jerpanariii, a koedillieHT HaCMYEHHS I'PYHTY BOJOIO, IIifl 4ac IIPOBEIEHHS
mocimkenb, O6yB Hwkuum (0,21-0,43 %) 3a ontumanbHi 3HaueHHS (0,80 %). Ilpu 1mbOMY,
Ha6GIMbIIMX merpafganiiiHux 3MiH mgocmimkeHi (isuuHi TOKAa3HMKM 3a3HABAAM Y BEPXHii
10-caHTMMepOBiit TOBHIi Cipux micoBMX TPyHTIB. TyT 6yn0 3acdikcoBaHO 306i/MbIIEHHS YMiCTy
TBEpAVX YaCTOK I'PyHTY (Ha 14,1-22,8 %), a TaKOX 3MeHIleHHs 06’eMy mmapuH (Ha 32,0-44,3 %)
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Ta Macy (isionorivHO akKTMBHMX KOPEHiB AepeBHUX pocivH (Ha 84,6-91,2 %). [TokasaHo, 1m0 y pasi
MIPUIIMHEHHS BUTONITYBaHHS [TIOBEPXHi CTEXKY, IPUPOAHE BiJHOBIEHHS erpafgoBanux GizsuuHmux
MMOKA3HMKIB B VIIIIbHEHUX I'PYHTaX HalliHTEHCHBHIIlle BiIOyBa€eThCS y BepXHill 5-CaHTMMeTPOBiii
ToBIi. IIpu 11poMy, 3a 15-piunnit nmepion, croctepiraaucsi 3MiHM y 3MeHIIeHHI YMiCTy TBepauXx
YyacTok (Ha 9,9 %), 36inbuieHHi yMmicTy mmapuH (Ha 39,1 %) ta disionoriuHo akTMBHUX KOpeHiB
IepeBHUX pocauH (Ha 330,0 %). HaykoBa HOBM3HA TIOJATAE€ B TOMY, IO OTpMMaHi KiJbKicHi Ta
BiIHOCHI MTOKAa3HMKM YMICTy B aHTPOIOTe€HHO-YIiIIbHEHUX I'PYHTaX TBEPAMX YaCTOK, MOBITPs Ta
BOJIY MOSICHIOIOTH OCOOIMBOCTI JI0TO 3acesleHHsT KOPeHSIMU IePeBHMX i TPaB'STHMX POCIMH, a TAKOX
CBiguaTh Ipo NpMKIaJHe 3HaUeHHS pe3y/bTaTiB, IPeCTaBleHNX Y JOCTiIKeHH]

KniouoBi cioBa: yIIiIbHEHHS I'PYHTY; BOAOIPOHMKHICTb; MapKOBi HAcayKeHHS; HaA3eMHUI
TIOKPVB; 3aCeJIeHHSI I'PYHTY KOPiHHSIMBOJIOTE CepefoBUIle; KOMMBAHHS TeMITePATypU Ta BOJIOTOCTi;
pyiiHiBHE HaBaHTasKeHHSI
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sustainability, the labour market, investment attractiveness and financial flows in the regions. A
comprehensive approach was used, including statistical analysis of data, comparative assessment of
changes in the forest industry, and forecasting of possible economic consequences under different
scenarios. The study found that between 2015 and 2024, global forest cover loss reached 10 million
hectares annually, leading to a reduction in timber stocks and a 15-25% increase in prices in the
most affected regions. The decline in forest area has had a direct impact on employment in the
forestry industry, causing a 20-30% reduction in jobs in the sector in Southeast Asia and Latin
America, where logging is an important source of income. The results show that the reduction in tax
revenues from the forestry industry and the shrinking of local budgets have led to limited funding
for social programmes and infrastructure projects in rural areas. The analysis also showed that
illegal deforestation remains a serious problem, as up to 30% of the global timber market may be of
illegal origin, undermining the economic stability of the industry and complicating international
regulation. The loss of biodiversity and soil erosion has led to an increase in the cost of ecological
restoration of forest areas, which in some countries has exceeded USD 5 billion. Comprehensive
measures to reduce economic risks are proposed, including the introduction of strict regulatory
mechanisms, the development of FSC certification, stimulating investment in forest restoration,
and the introduction of digital monitoring technologies, including satellite surveillance and the
use of drones. The results of the study can contribute to the development of strategies for forest
management, environmental control, reduction of economic risks, implementation of monitoring
technologies and assessment of the impact of forest degradation on regional development

Keywords: environment; sustainable development; ecosystem; erosion; biodiversity

Introduction

The degradation of forest landscapes is one of
the most acute environmental and economic

area was about 10 million hectares, which led to
an increase in the cost of timber, a reduction in

problems of our time, affecting the sustaina-
ble development of society, ecosystem balance
and economic security of regions. Forest eco-
systems perform key functions in conserving
biodiversity, regulating climate, maintaining
water balance and providing natural resourc-
es for the economy. However, large-scale de-
forestation, soil erosion, climate change and
anthropogenic pressure pose significant eco-
nomic risks, which manifest themselves in the
reduction of forest resources, loss of jobs, re-
duced investment attractiveness and increased
socio-economic instability.

According to the Food and Agriculture Or-
ganisation of the United Nations (n.d.), between
2015 and 2024, the average annual loss of forest

production capacity in the forest industry and
a decrease in local community income. Illegal
deforestation, which accounts for up to 30% of
the global timber market, significantly increas-
es financial risks for state budgets, reduces the
competitiveness of legal enterprises and exac-
erbates the problem of the shadow economy in
the sector. The consequences of forest degra-
dation are particularly noticeable for countries
whose economies are heavily dependent on
the forest sector, in particular for countries in
Southeast Asia, Latin America and Eastern Eu-
rope (Moroz, 2024). The loss of forest areas in
these regions has led to a 20-30% reduction in
employment in the logging industry, which has
led to an outflow of labour to other sectors and
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increased social instability. In addition, the loss
of biodiversity and destruction of soil cover re-
quire additional costs for environmental resto-
ration, which in some countries exceed billions
of dollars (Soloviy, 2016).

The problem of forest landscape degra-
dation and its economic consequences is the
subject of numerous scientific studies. The
loss of forest resources causes significant fi-
nancial losses, reduced employment, and a
decline in the investment attractiveness of
regions. Assessment of economic risks in this
area is relevant, but not sufficiently researched.
F. Sourokou et al. (2024) noted that economic
methods for assessing forest degradation are
used to a limited extent, which makes it dif-
ficult to develop effective policies to prevent
losses. Sustainable management of forest re-
sources is a key tool for their conservation. Ac-
cording to the study by E. Khazieva et al. (2022),
overgrowth of pastures with shrubs is one of
the main signs of landscape degradation. The
use of geoinformation technologies allowed the
authors to identify the main factors of this pro-
cess, including changes in land use and climate
fluctuations. The emphasis is placed on the
need for economic mechanisms to mitigate the
negative effects.

Based on the results of E. Duulatov et
al. (2021), intensive soil erosion leads to a
significant reduction in productive forest are-
as. Modelling using the Revised Universal Soil
Loss Equation (RUSLE) methodology allowed
the authors to estimate the loss of fertile soil,
which complicates forest management and cre-
ates economic risks for the logging sector. The
environmental consequences of forest degrada-
tion are assessed in the work by G. Donbaeva et
al. (2024). The decline in the populations of
animals and plants dependent on forest ecosys-
tems not only increases environmental insta-
bility, but also threatens economic sectors such
as ecotourism and agriculture.

The reduction in the area of floodplain
forests in the Naryn Valley leads to a decrease
in the regulatory role of forests in water con-
servation, as confirmed by N. Degembaeva et
al. (2022). The study demonstrates the need to
strengthen the policy of preserving floodplain
ecosystems as a factor in maintaining the sta-
bility of the region’s water resources. Z. Yu et
al. (2024), in their work, focused on assessing
the risks of land degradation on the Elk Plateau,
where significant soil erosion poses a serious
threat to agriculture and forestry. The work
of A. Ibraimova et al. (2023) proves that forest
degradation has a direct impact on the well-be-
ing of the population that depends on natural
resources. In the Chui Oblast of Kyrgyzstan,
traditional agricultural and forestry enterprises
are losing productivity, forcing local residents
to change their activities and look for new eco-
nomic strategies.

Significant experience in addressing land
degradation has been gained in the European
Union. As noted by Y.O. Mynko (2024), the inte-
gration of modern land management methods
and environmental and economic measures
can effectively reduce the negative impact of
anthropogenic factors. The issue of forest deg-
radation as a result of military operations is
considered by A.Y. Herman (2024). War contrib-
utes to the destruction of ecosystems, which
necessitates costly environmental restoration
programmes. The approaches proposed by the
author may be useful for the territories affected
by military operations. The processes of adap-
tation to environmental challenges through the
introduction of “green” economic strategies are
considered by O.S. Chmyr & T.K. Kvasha (2013).
The analysis of sustainable development indi-
cators demonstrates the need for multi-level
management that takes into account both envi-
ronmental and socio-economic aspects.

Thus, current research confirms that for-
est landscape degradation has a multifaceted
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impact on the economy, environment and so-
cial processes. The use of the latest technolo-
gies, implementation of regulatory measures,
promotion of sustainable forest management
and development of international forest con-
servation programmes are key strategies to
overcome the effects of degradation and ensure
economic stability of the regions. Therefore,
this study provides a comprehensive analysis of
the economic risks caused by the degradation
of forest landscapes, identifying their impact
on the forest sector, employment, regional de-
velopment and investment attractiveness. Par-
ticular attention is paid to the mechanisms for
minimising negative economic consequences
through the introduction of sustainable forest
management, environmental regulation and
modern forest monitoring technologies.

Materials and Methods

The main sources of data were the reports of
the Food and Agriculture Organization of the
United Nations (n.d.), the World Wide Fund
for Nature (WWF), and the World Bank (2024),
which contain up-to-date information on the
dynamics of forest area loss, the economic im-
pact of forest degradation, and the level of em-
ployment in the forest industry (Soloviy, 2016).

The methodological basis of the study in-
cluded several key approaches that allowed for
a comprehensive assessment of the economic
risks of forest degradation. Firstly, a statistical
analysis of data on the scale of deforestation
in 2015-2024 was conducted based on official
statistics (Food and Agriculture Organization
of the United Nations, n.d.; Soloviy, 2016). Data
on deforestation rates in South America (Bra-
zil, Paraguay), Asia (Indonesia), Africa (Dem-
ocratic Republic of Congo, Nigeria, Ghana),
Europe (Ukraine, Romania, Finland, Sweden),
and North America were used, as these regions
demonstrate different forest management
models and have a significant impact on global

deforestation processes. In South America, de-
forestation is driven by agricultural expansion,
in Asia by palm oil production, and in Africa by
illegal logging and agricultural development.
The choice of European countries allows us to
compare the consequences of illegal logging
(Ukraine, Romania) and the effectiveness of
sustainable forest management (Finland, Swe-
den). We also examine trends in employment in
the logging sector and the dynamics of timber
prices in these regions.

Economic forecasting methods were used
to assess the economic consequences of forest
degradation. Three possible scenarios for the
development of the forestry sector were mod-
elled: a pessimistic scenario that assumes un-
controlled deforestation, a baseline scenario
that reflects current trends, and an optimistic
scenario that assumes the introduction of ef-
fective mechanisms for monitoring and restor-
ing forests. Economic modelling allowed us to
estimate possible changes in tax revenues, in-
vestment activity, and the overall impact of the
decline in forest resources on the gross domes-
tic product (GDP) of the regions.

Geoinformation analysis played an impor-
tant role in the study, as it made it possible to
visualise the degradation of forest landscapes.
For this purpose, satellite images and map data
were used to identify the regions with the most
intense deforestation. Particular attention was
paid to the analysis of illegal logging, which re-
mains one of the main causes of economic in-
stability in the forest sector.

The comparative analysis examined the
effectiveness of various forest management
strategies, such as the Forest Stewardship
Council International (n.d.) certification sys-
tem, environmental taxation, and the develop-
ment of alternative sources of income, includ-
ing ecotourism and recreational use of forests.
International experience in combating illegal
logging was assessed, including an analysis of
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carbon credit mechanisms, the Regulation (EU)
No. 995/2010 of the European Parliament and
of the Council “Laying down the obligations of
operators who place timber and timber products
on the market Text with EEA relevance” (2010)
and the Soy Moratorium (2024).

Modern methods of assessing the eco-
logical state of forest ecosystems were used
to monitor biodiversity. The use of automat-
ed camera traps provided data on changes in
wildlife populations, and deoxyribonucleic acid
(DNA) analysis of soil samples made it possi-
ble to assess changes in the microflora of forest
soils. The classical Shannon and Simpson indi-
ces were used to quantify biodiversity, which
made it possible to assess the impact of forest
degradation on ecological balance.

Scenario analysis allowed us to assess the
possible consequences of changes in forestry
policy. The impact of regulatory measures on
regional economies, employment levels, and the

12.5

prospects for the development of green tech-
nologies that could reduce the economy’s de-
pendence on timber harvesting was considered.

Results

The impact of deforestation

on the economy of the forest sector

The degradation of forest landscapes caused
by deforestation, soil erosion and biodiversity
loss have a significant impact on the forestry
sector’s economy and regional development.
According to the Food and Agriculture Or-
ganization of the United Nations (n.d.), in the
period from 2015 to 2020, global forest cov-
er loss was approximately 10 million hectares
annually, and this trend continued to grow in
the following years. This leads to a decrease in
available timber reserves, which in turn leads
to higher prices for timber. Figure 1 illustrates
the dynamics of forest cover loss over the peri-
od 2015-2024.
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Figure 1. Dynamics of forest cover loss (2015-2024)
Source: compiled by the authors based on source Food and Agriculture Organization of the United Nations (n.d.)

The decline in forest resources direct-
ly affects employment in the forest industry.
According to the World Bank (2024), the re-
duction in forest areas and timber harvesting
leads to a decrease in demand for labour in
this sector. This is especially noticeable in re-
gions where the forest industry is the main
source of employment. Between 2010 and 2020,
South America lost approximately 2.6 million
hectares of forest annually, which negatively
impacted employment in the forestry sector.

More than 90 per cent of people living below
the poverty line depend on forests for food, fire-
wood, and livelihoods.

Using satellite images from NASA and Eu-
ropean Space Agency (2023), combined with GIS
analysis, the most critical deforestation areas
were identified for the period 2015-2024 (Glob-
al Forest Watch, n.d.). According to the analysis,
the largest losses of forest cover were observed
in the Amazon (about 1.2 million hectares an-
nually, Indonesia (900 thousand hectares), and
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Central Africa (650 thousand hectares). Car-
tographic models visualised the dynamics of
changes in forest cover, which showed the une-
venness of the deforestation process. In particu-
lar,inEurope,asignificant reductionin forestarea
was recorded in the Carpathian region (Ukraine,
Romania), where about 400 thousand hectares of
forest were lost between 2015 and 2024 due to
active logging and insufficient control over ille-
gal logging (Soloviy, 2016; Miniaylo et al., 2020).

An assessment of economic losses showed
that the reduction in forest areas directly af-
fected the timber market and employment in
the industry. In Southeast Asia, the reduction
of forest resources has led to a 20-30% increase
in the cost of timber, which has led to a reduc-
tion in production capacity in the woodworking
industry (Food and Agriculture Organization
of the United Nations, n.d.). In Latin Ameri-
ca, losses from illegal logging are estimated at
USD 5-7 billion annually, and in Africa at USD
3-4 billion (World Bank, 2024). In countries
with strict forestry control mechanisms in place
(e.g., under the European Timber Regulation
(EUTR)), the situation has stabilised. In particu-
lar, in Finland and Sweden, illegal logging does
not exceed 5% of the total volume of timber
harvesting, while in Brazil and Indonesia this
figure reaches 30-40% (EU rules against..., n.d.).

A comparative analysis of international
initiatives, such as the Amazon Soy Morato-
rium and the EUTR, has shown that their im-
plementation helps to reduce deforestation.
For example, after the introduction of the

Amazon Moratorium in 2006, deforestation
rates in Brazil decreased by 84% in certified ar-
eas (Soloviy, 2016). In the European Union (EU),
the share of illegal timber in imports decreased
by 15% in 2023 after the EUTR requirements
were tightened (EU rules against..., n.d.). How-
ever, in countries where control mechanisms re-
main weak (e.g., Nigeria, Ghana, and Paraguay),
illegal logging continues to grow, undermining
the economic stability of the industry and in-
creasing financial risks (Food and Agriculture
Organization of the United Nations, n.d.).
Reduced logging has a negative impact on
local budgets, which leads to reduced funding
for social programmes. In Canada, where the
forestry industry generated USD 34 billion in
2013, the decline in logging has led to a re-
duction in funding for education and health-
care in rural communities (World Bank, 2024).
In Ukraine, the decline in timber exports (USD
507 million in 2004) affected budget revenues,
which affected the financing of schools and
hospitals (World Bank, 2024). In Latin Ameri-
can countries (Brazil, Chile), the annual loss
of 2.6 million hectares of forest has reduced
community incomes, forcing governments to
cut spending on healthcare, education, and
infrastructure (Green Climate Fund..., 2021).
According to the WWF, deforestation and for-
est degradation in tropical regions have a direct
impact on the health and well-being of local
communities (Soloviy, 2016). Figure 2 shows
a visual comparison of GDP losses in different
regions of the world due to forest degradation.

m GDP losses due to deforestation (%)

oO-_NwWh~UO

Europe South America

Africa

Asia North America

Figure 2. The impact of deforestation on regional GDP
Source: compiled by the authors based on I. Soloviy (2016)
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Thus, deforestation has a complex nega-
tive impact on regional development, reducing
budget revenues, reducing employment and
slowing economic growth. This confirms the
need to develop effective forest management
strategies that combine economic and environ-
mental interests.

A comparative analysis of the Forest Stew-
ardship Council (FSC) certification policy has
shown that its implementation helps to reduce
illegal logging, increase transparency of the
timber market and attract investment in the
sustainable development of the forest sector. In
the EU, more than 50% of commercial timber
is certified according to FSC standards, which
ensures stable market conditions and promotes
the growth of forest products exports (Food and
Agriculture Organization of the United Nations,
n.d.). At the same time, in countries with a low
level of certification, such as Ukraine, Romania,
and Indonesia, illegal logging remains a serious
problem that negatively affects financial flows
and investment attractiveness of the industry
(Soloviy, 2016). An analysis of economic indica-
tors has shown that countries with a developed
FSC certification system (Finland, Sweden, Can-
ada) have a stable level of employment in the
forest industry, while in regions with a low level
of certification (Brazil, Paraguay, Ghana), the
number of jobs in the industry has decreased by
15-25% due to illegal logging and a shrinking
resource base (World Bank, 2024).

Instability in the forestry sector caused by
the degradation of forest resources reduces its
investment attractiveness. The depletion of
forests leads to a reduction in available timber
reserves, making long-term investments risky.
According to the Food and Agriculture Organ-
ization of the United Nations (n.d.), about 10
million hectares of forest disappear every year
worldwide, which negatively affects the avail-
ability of raw materials for the forest industry.
In regions with high deforestation rates, such

as the Amazon, Central Africa, and Southeast
Asia, there is a gradual withdrawal of inves-
tors who fear a shortage of timber in the future
(Flatpacked forests..., n.d.).

Climate change, including rising average
temperatures,changesinprecipitationand more
frequent natural disasters (fires, floods), con-
tribute to the degradation of forest landscapes,
which in turn affects the economic stability of
the regions. Forest fires, floods, and droughts
cause significant economic losses. For example,
in 2021, large-scale fires in the United States
destroyed more than 2.2 million hectares of for-
est, resulting in billions of dollars in losses and
a number of companies’ refusal to invest in the
region (National Integracy Fire Center, 2025).

Another important factor that reduces the
investment attractiveness of the industry is the
spread of illegal logging. Illegal deforestation
creates an unstable business environment and
can also lead to sanctions and trade restrictions
from international markets. According to the
WWF, up to 30% of timber in global circulation
may be of illegal origin, which undermines confi-
dence in the industry and makes it less attractive
to international investors (Soloviy, 2016). Large
corporations avoid investing in regions where
government control over logging is weak, fear-
ing reputational risks and legal complications.

Reduced investment in the forestry in-
dustry leads to a general slowdown in its de-
velopment, especially in the area of techno-
logical modernisation. Projects to introduce
zero-waste production, automate timber har-
vesting, and create new logistics centres are be-
ing halted due to a lack of funding. For example,
in Southeast Asia, more than 15% of woodwork-
ing plants closed in 2015-2024 due to the de-
pletion of forest resources and a lack of stable
supplies of raw materials. In Africa, low levels
of investment in forest infrastructure hinder
local economic development and job creation
(World Bank, 2024).
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Lack of funding also hinders the develop-
ment of environmental technologies in forest-
ry. Investors are reluctant to invest in the re-
search and development of biotechnology for
forest restoration, satellite deforestation moni-
toring systems, and other innovative solutions.
In 2021, global investments in green technol-
ogies in the forestry sector decreased by 15%,
which slowed down the implementation of
many sustainable forest management projects
(World Bank, 2024). This could lead to further
deterioration of forests and an even greater re-
duction in investment in the future.

In order to overcome investment risks,
international financial institutions and en-
vironmental organisations are developing
mechanisms to support the sustainable de-
velopment of the forest industry. The World
Bank (2024) and the Green Climate Fund (GCF)
have allocated more than USD 500 million to
finance environmental initiatives in the for-
est industry aimed at reducing deforestation,
restoring degraded forests, and developing
alternative sources of income for local com-
munities (Green Climate Fund Board..., 2021).
In addition, the European Investment Bank
(EIB) (n.d.) also provides loans and grants to
support sustainable forest management pro-
grammes, particularly in developing countries
(Indonesia, Brazil). In 2023, the international
LEAF Coalition initiative raised USD 1.5 bil-
lion from governments and the private sector
to protect tropical forests and support local
communities dependent on forestry (LEAF Co-
alition commitments..., 2022). In addition, the
introduction of international environmental
standards, such as Forest Stewardship Council
International (n.d.) and Programme for the En-
dorsement of Forest Certification (PEFC) (n.d.)
certification, helps to increase the transparen-
cy of the logging business, combat illegal log-
ging, and attract responsible investors. Many
governments in the European Union, Canada,

and the United States are tightening require-
ments for timber imports, giving preference to
products that meet these certification stand-
ards. This encourages companies to switch to
environmentally responsible forest manage-
ment and ensures the long-term financial sta-
bility of the forestry sector.

Factors causing instability in the forestry
sector include variability in regulatory poli-
cies, increased illegal logging, and changes in
demand for timber. This reduces the invest-
ment attractiveness of the industry, as com-
panies assess the increased risks of investing
in regions with unstable forest management.
The high level of risks associated with resource
depletion, natural disasters and illegal logging
makes investors look for more reliable indus-
tries to invest in. This, in turn, slows down the
development of the forestry industry, reduces
investment in technology and leads to further
environmental degradation. To stabilise the
situation, it is necessary to strengthen national
and international control over logging, encour-
age environmentally responsible business and
create financial mechanisms to compensate for
investment risks.

Violations of environmental regulations
and illegal logging can have serious financial
consequences for forestry companies. Govern-
ments in many countries, including the United
States, Canada, Germany, France, the United
Kingdom, Brazil, Indonesia and Australia, are
introducing strict regulatory mechanisms to
combat illegal logging and ecosystem degra-
dation. For example, in the European Union,
Regulation (EU) No. 2023/1115 of the Euro-
pean Parliament and of the Council “On the
Making Available on the Union Market and the
Export from the Union of Certain Commodi-
ties and Products Associated with Deforest-
ation and Forest Degradation and repealing
Regulation (EU) No. 995/2010” (2023), ban-
ning the import of timber grown in deforested
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areas. Such measures impose additional costs
on companies operating in the forestry sector,
reducing its investment attractiveness.

One of the most famous examples of in-
ternational regulation is the Soy Moratori-
um (2024), which was introduced in 2006 to
combat illegal deforestation in Brazil. Under
this initiative, major agribusiness companies,
including Archer Daniels Midland (ADM),
Cargill and Bunge, refused to purchase soy-
beans grown on land that had been cleared by
deforestation after July 2008 (ADM Statement
on..., 2019; Cargill in the Amazon..., 2019;
Amazon soy moratorium, n.d.). ADM, one
of the world’s largest food corporations, has
stated that it does not buy soy from deforest-
ed areas of the Amazon and does not make
investments in these areas. Similar policies
are followed by Cargill and Bunge, which
control a significant share of the global soy-
bean market. The refusal of these companies
to purchase agricultural products associated
with illegal deforestation has contributed to
a significant reduction in deforestation in the
region. In particular, during the first years of
the moratorium, deforestation related to soy
production decreased by 84%, and the share of
soy grown on land cleared after 2008 fell be-
low 1% of total production in the Amazon (Soy
Moratorium, 2024).

In addition to Brazil, similar mechanisms
are used in other countries. For example, the
EUTR, which prohibits trade in illegally har-
vested timber (Regulation (EU) No. 995/2010
of the European Parliament and of the Coun-
cil, 2010). Companies that cannot prove the
legality of their products face severe fines and
the risk of losing partners. In 2021, France
and Germany tightened controls on timber
imports, which affected the market for sup-
pliers from countries where illegal logging is
common (EU rules against..., n.d.). High reg-
ulatory risks and fines are also relevant for

Indonesia. In 2021, the country tightened con-
trol over timber exports by introducing new
measures to combat illegal logging, including
the requirement for companies to confirm the
legality of their products through the Timber
Legality Verification System (SVLK) (Wicak-
sono, 2021). This has significantly reduced
the level of illegal timber trade. As a result,
Indonesia has achieved a 70% reduction in
illegal logging compared to previous years
(Ma’ruf, 2021).

Fines and regulatory restrictions affect not
only direct participants in the forest industry,
but also international investors. Large financial
institutions, such as the World Bank (2024) and
the International Monetary Fund (IMF) (n.d.),
often require compliance with environmental
standards before allocating funds for infra-
structure projects. For example, in 2022, the
European Investment Bank (2020) refused to
finance large-scale logging projects in South-
east Asia due to high environmental risks and
insufficient control over illegal logging.

Thus, deforestation has a complex neg-
ative impact on the economy of the forestry
sector, causing a decrease in the resource base,
loss of jobs, lower incomes of local communi-
ties, reduced investment, and increased regu-
latory risks. Companies and countries that fail
to implement effective deforestation control
mechanisms face severe fines, restricted ac-
cess to international markets, and loss of in-
vestor confidence. This underscores the need
to strengthen environmental responsibility
and develop more sustainable approaches to
forest management.

Effective control over forest resources is
a key factor in the fight against illegal logging
and forest degradation. Modern monitoring
methods allow timely detection of violations,
assessment of the scale of losses, and forecast-
ing of possible economic and environmental
consequences (Table 1).
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Table 1. Methods for monitoring deforestation

Monitoring method Description

Advantages

Satellite monitoring

Use of satellite images (NASA, ESA) for
global monitoring of forest cover changes.

Global coverage, the ability to analyse
changes in real time.

Drone technology

Use of drones to detect illegal logging and
monitor the state of forest ecosystems.

High accuracy, ability to work in hard-
to-reach areas.

GIS analytics

Modelling the effects of deforestation,
analysing economic losses and predicting
changes in the landscape.

Enables informed decision-making for
sustainable forest management.

Source: compiled by the authors based on V. Myroniuk et al. (2024)

Thus, modern methods of monitoring de-
forestation play a crucial role in controlling
logging, preventing illegal activities and devel-
oping sustainable forest management strate-
gies. The use of satellite technologies, drones
and GIS-analytics allows for a timely response
to threats, minimising the economic and envi-
ronmental risks associated with the degrada-
tion of forest ecosystems.

The impact of soil erosion in forested areas
on the regional economy

Soil erosion in forested regions causes signifi-
cant economic losses, affecting various sectors
of the economy. Firstly, the decline in forest
productivity due to erosion leads to a loss of po-
tential for forest regeneration. Eroded soils lose
a significant amount of humus, which reduces
their fertility and complicates reforestation
processes. For example, in the US Midwest, ero-
sion rates average 12.5 tonnes of soil per hec-
tare per year, reaching 250 tonnes in the most
problematic cases. This leads to the loss of top-
soil, which is rich in organic matter, which neg-
atively affects land productivity. Globally, soil
degradation also leads to significant losses of
humus. Every year, about 23.7 million tonnes of
humus are lost due to erosion, which negatively
affects soil bioproductivity (Soil erosion, 2017).
The loss of soil fertility leads to a reduction in
the productivity of forest plantations, which di-
rectly affects the economic stability of regions
dependent on the forest industry.

Second, soil erosion leads to increased in-
frastructure costs due to damage to roads, dams,
and buildings caused by landslides. The devel-
opment of ravines and siltation of water bodies
reduce the area of arable land and require ad-
ditional investment in the restoration and pro-
tection of infrastructure. According to research
by the University of Central Asia (n.d.) of Envi-
ronmental Studies, annual nutrient losses due
to erosion in Kazakhstan and Uzbekistan are
up to 700,000 tonnes of nitrogen compounds,
320,000 tonnes of phosphate fertilisers and
250,000 tonnes of potassium salts. This is equiv-
alent to the loss of the ability to grow more than
900,000 tonnes of grain crops annually, which
significantly affects the region’s food security.

Third, erosion worsens the water regime,
reducing the quality of water resources. For
example, siltation of reservoirs due to erosion
processes globally reduces the water capacity
of reservoirs by 1%-2% annually, which signif-
icantly affects water supply and increases the
cost of water treatment. This phenomenon is
particularly acute in China, India and sub-Sa-
haran Africa (Nigeria and Kenya). In China,
particularly in the Huang He River basin, soil
erosion has caused sediment to accumulate in
reservoirs, reducing their capacity and increas-
ing the risk of a water crisis. In India, the sil-
tation of the Ganges and Brahmaputra rivers is
limiting water supplies for agriculture and the
energy sector, forcing the government to in-
vest heavily in dredging. In the Sahelian region
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of Africa, intensive erosion has caused degra-
dation of water bodies, making it difficult for
industrial and agricultural facilities to access
water, which negatively affects economic de-
velopment (Soloviy, 2016).

Soil erosion causes significant losses to
agriculture, especially through wind erosion,
which damages spring sprouts of crops such as
sugar beet, sunflower, and corn. Wind erosion
results in the loss of up to 24 billion tonnes
of topsoil globally each year, which has a sig-
nificant impact on yields. In arid regions such
as Central Asia (Kazakhstan, Turkmenistan),
soil blowing can destroy up to 25% of crops,
forcing farmers to spend additional money on

reseeding and protecting their fields (Food and
Agriculture Organization of the United Na-
tions, n.d.).

Thus, soil erosion in forested regions has a
complex negative impact on the economy, re-
quiring the implementation of effective meas-
ures to prevent and minimise its consequences.
Soil erosion monitoring in forest regions is an
important tool for assessing its effects and de-
veloping strategies to combat land degradation.
Modern technologies make it possible to track
changes in soil cover, analyse the level of silta-
tion of water bodies and predict further chang-
es in the landscape. Table 2 shows the main
methods of erosion monitoring.

Table 2. Methods monitoring soil erosion

Monitoring method

Description

Advantages

Radar images of satellites

Recording changes in land cover using
satellite technology.

Allows tracking erosion over large
areas in real time.

Assessment of the level of siltation

It helps to determine the degree of

consequences.

Hydrological analysis of rivers and other water bodies to : Lot
4 g 4 determine the impact of erosion. water pollution and flooding risks.
. Predicting future changes in relief It helps to develop strategies to
MOdelh?Ea?gj:l dscape and assessing possible economic combat erosion and restore degraded

land.

Source: compiled by the authors based on European Space Agency (2023)

The use of these methods allows identify-
ing erosion risks in a timely manner and taking
appropriate measures to minimise them. The
introduction of satellite monitoring, hydrolog-
ical analysis and digital modelling of landscape
changes helps to preserve forest ecosystems
and protect natural resources.

The impact of biodiversity changes

on the economics of the forest sector
Biodiversity loss has long-term economic con-
sequences for regions where forestry plays an
important role. The loss of species diversity
disrupts the ecological balance, leading to a de-
crease in the productivity of forest ecosystems,
reduced economic opportunities and increased

costs of forest management. The decline in
ecosystem services has a significant impact on
economic processes, as forests perform a natu-
ral function of climate regulation, air and wa-
ter purification, soil conservation and nutrient
cycling. For example, in the tropical Amazon
region, the loss of forest area has reduced the
region’s ability to retain moisture, leading to
more frequent droughts and a negative impact
on agriculture (de Sousa et al., 2016). The de-
cline in these services leads to an increase in
public spending on ecosystem restoration and
climate change mitigation measures.

Losses for the pharmaceutical and food
industries are associated with the disappear-
ance of rare plant species with high economic

Vol. 16, No. 1, 2025

Ukrainian Journal of Forest and Wood Science 92



Albanbaeva et al.

value. According to the World Health Organiza-
tion (2013), about 80% of the world’s popula-
tion uses medicinal plants to treat various dis-
eases, and many of these plants grow in forests.
The disappearance of rare species, such as the
African yohimbe or the South American lapa-
cho, leads to a reduction in potential resources
for the production of new medicines. In addi-
tion, forest degradation reduces the diversity
of wild fruits, nuts and honey plants, which is
detrimental to the food industry.

The decline in tourist attraction is anoth-
er significant economic impact of biodiversity
loss. Forest ecosystems attract millions of tour-
ists who visit national parks, nature reserves
and recreational areas. For example, in 2023,
the global ecotourism market was estimated to
be worth USD 191.3 billion, and its growth is
directly dependent on the preservation of the
natural environment. In countries where for-
ests are degrading, such as Brazil and Indone-
sia, due to the disappearance of species, there is
an outflow of tourists, which leads to economic
losses for local communities and tourism-relat-
ed businesses (Ecotourism Market Size..., 2024).

Reducing the resilience of forest ecosys-
tems makes them more vulnerable to diseases
and pests, which leads to additional costs for
pest control and forest fires. In 2020, the Czech
Republic, Germany, and Austria suffered the
largest losses due to bark beetles. In the Czech
Republic, a large-scale epidemic led to an over-
supply of timber, which reduced its value and
forestry companies’ revenues. In Germany, the
drying out of spruce forests led to a sharp in-
crease in emergency logging, a glut of timber on
the market, and financial losses for companies.
In Austria, significant damage to forests, espe-
cially in the Alps, led to a decline in production
in the woodworking industry and job losses.
In general, the bark beetle epidemics in these
countries have led to lower timber prices, high-
er costs of sanitary felling, and economic losses

for the forestry sector (Food and Agriculture Or-
ganisation of the United Nations, n.d.). This has
led to significant economic losses in the forestry
sector and the need to allocate additional funds
for sanitary felling and forest restoration. Thus,
biodiversity loss leads to significant economic
losses affecting various industries, from forest-
ry and pharmaceuticals to tourism and agricul-
ture. Biodiversity loss and climate change pose
significant economic risks, especially in sectors
such as agriculture and infrastructure. Climate
change is leading to an increase in average an-
nual temperatures and uneven distribution of
precipitation, which negatively affects yields.
For example, in the United States, particularly
in North Dakota, farmers are facing the need to
adapt crop rotations and production systems
due to changing climate conditions. This re-
quires additional investment in new technolo-
gies and practices, which increases production
costs (Hughes, 2024).

Extreme weather events, such as floods and
heat waves, cause damage to infrastructure,
resulting in significant costs to rebuild. In the
United States, for example, floods and extreme
heat accelerate the deterioration of bridg-
es, many of which were built decades ago and
were not designed to withstand modern climate
stresses. This poses a safety hazard and requires
significant financial resources for repair and
modernisation (Hughes, 2024). In general, the
combination of biodiversity loss and climate
change increases economic risks, in particular
through reduced agricultural productivity and
increased costs for infrastructure maintenance
and restoration. This requires the implementa-
tion of effective forest management strategies
and biodiversity conservation as a key factor in
economic stability. To effectively monitor the
state of biodiversity, modern methods are used
to assess changes in wildlife populations, soil
microflora, and species composition of forest
ecosystems (Table 3).
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Table 3. General characteristics of test areas

Monitoring method Description

Advantages

Automatic camera
traps

Use of cameras with motion sensors
to monitor wildlife populations in the
natural environment.

Provides accurate data on species
abundance and behaviour without
human intervention.

DNA analysis from soil
samples

Determining changes in the microflora
and composition of soil organisms by
analysing soil samples.

It helps to identify species, including
rare and endangered species, without
the need for direct observation.

Indices biodiversity

Quantification of changes in the species
composition of flora and fauna using
special indices (e.g., Shannon index,

Simpson index).

Provides a comprehensive analysis of
biodiversity dynamics and helps to
predict environmental changes.

Source: compiled by the authors based on A.F. O’Connell et al. (2011)

These methods help to identify threats to
biodiversity, analyse environmental trends and
develop strategies for the conservation of nat-
ural ecosystems. Automated camera traps pro-
vide continuous monitoring of animal popula-
tions, helping to combat poaching and evaluate
the effectiveness of conservation measures.

Economic consequences of forest
degradation for regional development

The degradation of forest landscapes has se-
rious economic implications for regional de-
velopment, as it affects employment, financial
flows, the investment climate and demographic
processes. The loss of forests not only reduces
economic activity in the logging sector, but also
affects related industries such as construction,
woodworking, agriculture, and tourism. Re-
duced budget revenues are one of the most vis-
ible consequences of forest degradation. Log-
ging companies and woodworking enterprises
generate a significant share of tax revenues for
local budgets. For example, in Canada, the for-
estry industry provides more than USD 12 bil-
lion in tax payments annually, but due to the
reduction in forest area and restrictions on log-
ging, this figure may decrease (Natural Resourc-
es Canada & Canadian Forest Service, 2020).
A similar situation is observed in Southeast
Asian countries, where illegal logging leads to
the shadow economy and a reduction in official

budget revenues (Food and Agriculture Organi-
zation of the United Nations, n.d.).

Successful and problematic reforestation
projects in different countries demonstrate the
importance of a comprehensive approach and
consideration of local conditions.

In Indonesia, Eden Reforestation Projects
launched a large-scale mangrove restoration
initiative in 2017 on the island of Biak in Papua
province. During the first year, more than 1.7
million trees were planted, and as of November
2020, more than 22 million trees were planted in
10 project locations. This success highlights the
importance of collaboration between interna-
tional organisations and local communities to
achieve sustainable results in forest restoration
(Eden Reforestation Projects plants..., 2020).

In Brazil, in December 2024, a plan was an-
nounced to restore 40 million hectares of de-
graded rangeland through commercial reforest-
ation, including eucalyptus plantations. While
this may contribute to economic development
and carbon sequestration, critics have raised
concerns about the impact of eucalyptus mon-
ocultures on biodiversity and water resources.
This example demonstrates the difficulty of
balancing economic interests with environ-
mental sustainability in forest restoration pro-
jects (Hillsdon, 2024).

In countries heavily affected by deforesta-
tion, such as Indonesia and Brazil, governments
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are forced to spend billions of dollars on green-
ing and protecting natural landscapes. Indone-
sia has introduced a moratorium on deforest-
ation of old-growth forests and peatlands, and
is reviewing plantation licences. Deforestation
rates have decreased, but illegal logging re-
mains a problem (Soloviy, 2016). Brazil plans to
restore 40 million hectares of grassland through
eucalyptus plantations, which is controversial
due to possible negative impacts on biodiversi-
ty and water resources (Hillsdon, 2024).

Demographic changes are a consequence
of the decline in economic activity in regions
affected by forest degradation. Job losses in the
forestry industry, wood processing and related
sectors lead to population migration. In Latin
America, deforestation combined with climate
change is creating conditions that are forcing
people from forested regions to seek employ-
ment in urban areas. For example, in Brazil, the
loss of jobs in the forestry industry led to the
migration of about 15% of the population from
rural Amazonian regions in 2015-2020 (World
Bank, 2024).

Declining land and property values are
another long-term consequence of forest deg-
radation. Areas that have lost forests become
less attractive to investors as they lose their
environmental and recreational benefits. In the
United States and Canada, the market value of
deforested land can fall by 30-50%, especially
if it has become prone to erosion or has lost its
economic value. In countries where forested ar-
eas are of tourist value, such as Switzerland or
Finland, landscape degradation can reduce the
flow of tourists and, consequently, the region’s
income (Food and Agriculture Organization of
the United Nations, n.d.). Thus, the economic
consequences of forest landscape degradation
go far beyond the forest sector. They affect tax
revenues, necessitate additional environmental
expenditures, cause demographic changes, and
lead to a decline in land and property values.

This calls for an integrated approach to natural
resource management, including sustainable
forest management, investment in ecosystem
restoration and the creation of alternative eco-
nomic opportunities for regions dependent on
the forest sector.

The degradation of forest landscapes is
the result of not only environmental but also
socio-economic factors that largely determine
the extent of deforestation and the rate of de-
pletion of forest resources (Shuplat et al., 2022).
One of the key factors is corruption in the for-
estry sector, which facilitates illegal logging and
export of products without proper control. The
absence of effective monitoring allows business
entities to circumvent restrictions, manipulate
reporting and exploit forest resources beyond
the established environmental standards. This
creates a shadow timber market, which un-
dermines the economic stability of the forest-
ry sector and complicates its regulation at the
state level (Key corruption risks..., 2025).

Economic pressure caused by the growing
demand for wood in the construction, industri-
al, and energy sectors has a significant impact
on deforestation. Infrastructure development,
production of paper, furniture, and biofuels
stimulate an increase in timber harvesting,
which poses risks to forest ecosystems. This is
especially true in countries where forestry is a
strategic sector of the economy and legislative
regulation remains weak. In Ukraine, the partial
lifting of the moratorium on timber exports has
led to increased timber harvesting, which has
exacerbated the problem of deforestation and
increased economic risks for the timber process-
ing industry (Yaroshchuk, 2018; Turchyn, 2024).

Social factors also play an important role
in forest degradation. In regions where for-
estry is the main source of employment, the
population is dependent on timber harvesting,
making it difficult to implement restrictions
and environmental restoration programmes.
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Low awareness of the long-term consequenc-
es of deforestation and the lack of alternative
sources of income force local communities to
maintain intensive use of forest resources. In
such circumstances, insufficient funding for
environmental programmes and the lack of ef-
fective government support mechanisms only
exacerbates the problem. In view of the above,
a comprehensive approach to regulating the
industry is needed to reduce socio-econom-
ic pressure on forest resources. This includes
strengthening control over logging, eliminating
corruption schemes, creating economic incen-
tives for the development of alternative ma-
terials and technologies, and supporting local
communities through sustainable development
and ecotourism programmes. Only a systemat-
ic approach will reduce the negative impact of
anthropogenic factors and ensure a balance be-
tween economic interests and the preservation
of forest ecosystems.

Ways to reduce economic risks associated
with forest degradation
Reducing economic risks caused by forest land-
scape degradation requires a comprehensive ap-
proach that includes a sustainable approach to
forest management, effective economic mech-
anisms and innovative technological solutions.
One of the key ways to minimise economic risks
is Forest Stewardship Council Internation-
al (n.d.) certification, which guarantees that
timber harvesting meets environmental and so-
cial standards. The introduction of this certifi-
cation allows controlling logging, ensuring the
rational use of resources and reducing illegal
logging. In EU countries, where more than 50%
of commercial timber is certified by FSC, this
approach helps to increase investment in the
sustainable development of the forestry sector.
Another method is agroforestry, which in-
volves planting trees to combat soil erosion.
Combining agriculture with forest plantations

not only protects soil but also improves yields.
For example, in China, a large-scale greening
programme called the Great Green Wall has
helped to stop the expansion of deserts and
increase the productivity of agricultural land
(Hillsdon, 2024). In addition, the development
of renewable sources of income, such as ecot-
ourism and recreational areas, contributes to
economic growth without harming forests. In
Sweden and Canada, forest parks and protect-
ed areas generate millions of dollars in revenue
each year, supporting local communities and
promoting conservation. In Sweden, national
parks and nature reserves generate significant
ecotourism revenues, funded by the state and
the private sector. Investments are directed to
the development of infrastructure, eco-camps,
and tourist routes (Swedish Environmental
Protection..., n.d.). In Government of British
Columbia (n.d), two funds of CAD 60 million
each have been created to support ecotour-
ism and forest conservation. The projects are
funded by the government and private donors,
which ensures sustainable development and
protection of forest ecosystems. An effective
way to regulate deforestation is through envi-
ronmental taxation, which involves imposing
taxes on logging and timber use. In a number
of countries, such as Finland and Norway, the
introduction of environmental taxes has helped
to reduce deforestation and stimulate the use of
recycled raw materials (Yegorova, 2015).
Another important mechanism is the fi-
nancing of forest restoration through govern-
ment and international subsidies. For example,
in Germany, government support for the Forest
Ecosystems programme allowed for the plant-
ing of more than 30 million trees in 2014-2024,
which significantly improved forest health and
helped reduce soil erosion (Walcott et al., 2022).
At the international level, the GCF is a key do-
nor supporting climate initiatives, including re-
forestation projects. In 2023, the GCF approved
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USD 2.1 billion in funding for 34 new projects,
expanding its portfolio to USD 13.5 billion
(Green Climate Fund Board..., 2021).

Another promising area is carbon credit
mechanisms, which involve the sale of certifi-
cates for forest conservation. This mechanism
allows companies to offset their CO5 emissions
by investing in reforestation projects. For exam-
ple, Brazil and Indonesia have raised hundreds
of millions of dollars through the carbon credit
market, which has helped reduce deforestation
in these countries (World Bank, 2024).

Innovative technologies also play a key
role in forest conservation. The use of drones
for monitoring allows for real-time tracking
of deforestation, detection of illegal logging,
and assessment of the state of forest ecosys-
tems. In Costa Rica, where drones are used to
monitor logging, the level of illegal logging has
decreased by 35% (World Bank, 2024). Anoth-
er innovation is the introduction of artificial
intelligence for risk prediction, which allows
analysing satellite data and identifying areas at
risk of deforestation. In the United States, such
a system is used to assess the impact of cli-
mate change on forests, which allows for timely

development of adaptation strategies (National
Integracy Fire Center, 2025).

Reducing dependence on wood is also pos-
sible through the development of alternative
materials, such as biodegradable polymers, re-
cycled composites, and bamboo. For example,
Japan is actively using innovative materials
based on mushroom mycelium and agricultur-
al waste to replace wood in construction and
packaging (Alaneme et al., 2023). The introduc-
tion of a sustainable approach to forest man-
agement, financial mechanisms to stimulate
forest conservation, and innovative technolo-
gies are key ways to minimise economic risks
associated with forest landscape degradation.
Effective monitoring, the development of envi-
ronmental entrepreneurship, and international
cooperation will help preserve forest resources
and ensure the economic stability of regions
that depend on the forest sector. To assess pos-
sible ways of developing the forestry sector, it
is advisable to consider three main scenarios:
pessimistic, basic and optimistic. They demon-
strate different approaches to forest manage-
ment and their possible economic consequenc-
es (Table 4).

Table 4. Forecast scenarios for the forestry sector

Scenario Main characteristics Consequences Examples of countries
Lack of effective control, Reduced forest resources, loss Liberia, Democratic Republic
increased illegal logging, of biodiversity, soil erosion, of Congo, Bolivia - high rates

Pessimistic | weak environmental policy, reduced productivity of the of deforestation, weak control,
low level of investment in | forest industry, economic losses lack of sustainable forest
reforestation. and reduced employment. management programmes.
Maintaining the current Moderate reduction in forest . . .
forest management policy | area,increase in timber prices, Ukrz}me, Brazil, Incilone.sm L
- A . - - environmental legislation is
Basic w1thout131gmﬁcant rgforms, risks fpr the timber 1.ndustry, in place, but control remains
partial reforestation, partial compensation for insufﬁcient and partial
limited control over losses through restoration reforestation is unl(Jierwa
deforestation. programmes. Y-
Introduction of strict Stabilisation of forest resources, | Finland, Sweden, Germany —
controls, digital forest sustainable economic growth, developed sustainable forest
Optimistic monitoring, gxpar}sion creation. of new jobs, reduction management systems,
of FSC certification, of regional dependence on FSC certification, digital
development of ecotourism logging, improvement of the monitoring of forest
and alternative sectors. environmental situation. resources.

Source: compiled by the authors
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The presented scenarios allow assessing
the long-term consequences of different man-
agement strategies. It is evident that a passive
approach to management (pessimistic sce-
nario) causes significant environmental and
economic risks, while the baseline scenario
only partially compensates for the negative
impacts. The optimistic scenario, which en-
visages the implementation of strict control
measures, the development of sustainable for-
est management models and support for local
communities, is the most promising option for
ensuring economic stability and conservation
of natural resources.

Discussion

The results of the study demonstrated a signif-
icant impact of forest landscape degradation
on the economic stability of regions, which is
consistent with the findings of other studies.
The work of K. Navare et al. (2021) emphasised
the importance of integrating circular economy
principles for biological cycles, which helps to
reduce economic losses caused by deforesta-
tion. The use of regulatory mechanisms, such
as FSC certification, is confirmed by the above
guidelines for stabilising economic losses in the
forest sector. The study by H. Kassa et al. (2022)
demonstrated that the restoration of forest
landscapes in Ethiopia through the implemen-
tation of large-scale programmes helped to re-
duce soil erosion and economic risks. Success-
ful examples of regional greening programmes
confirm the effectiveness of such initiatives,
such as those justified in the study.

The analysis presented by S. Eshetu et
al. (2024) indicates the effectiveness of moni-
toring erosion processes and the introduction
of the latest technologies for landscape restora-
tion. The data obtained on economic losses due
to soil erosion are in line with the results of the
study, which showed significant losses in agri-
culture due to wind erosion. The monitoring of

land degradation in Central Asia, highlighted
by L. Jiang et al. (2022), in demonstrated the
effectiveness of using geographic information
technologies to track changes in landscapes.
The use of such technologies supports the con-
clusions about the importance of GIS monitor-
ing for assessing the economic impact of forest
degradation.

The results confirm the importance of
monitoring forest landscape degradation for
the economic stability of regions. The study
by H. Bo et al. (2023) focuses on the classifi-
cation of agricultural land productivity degra-
dation, which makes it possible to assess the
impact on the economy and identify areas for
intervention. The use of integrated monitoring
approaches, such as land use change analysis,
allows not only to record the level of degrada-
tion but also to identify the main causes of this
process (Skydan et al., 2021). This approach fa-
cilitates the development of targeted strategies
aimed at reducing economic losses by adapting
land use to changing environmental condi-
tions. This confirms the expediency of a sys-
tematic approach to monitoring, which allows
predicting the long-term effects of degradation
and taking timely measures to mitigate them.

The practice of tropical forest restoration
described by Y. Indrajaya et al. (2022), demon-
strates a significant positive effect from the im-
plementation of restoration programmes. The
use of modern technologies and a scientifically
based approach to forest restoration contrib-
utes to increasing the resilience of ecosystems
to the impact of erosion processes. Reducing
erosion as a result of such measures is closely
linked to reducing economic risks arising from
soil loss, reduced yields and increased costs of
restoration (Pichura et al., 2023). In addition,
such programmes support the socio-econom-
ic development of regions by providing addi-
tional sources of income for local communities
and creating new opportunities for attracting
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investment in sustainable forestry. The effec-
tiveness of such initiatives confirms the need
for their further implementation and scaling up.

The results of T. Fremout et al. (2021) show
the importance of a properly selected tree spe-
cies composition to ensure the sustainability
of forest landscapes in changing climatic con-
ditions. The use of biodiversity as a basis for
restoration measures shows high efficiency
in terms of long-term economic benefits. In
the work of R.K. Mishra & R. Agarwal (2024),
the authors substantiated a sustainable ap-
proach to the management of degraded areas,
which includes a combination of environmen-
tal and economic instruments. The application
of such approaches provides comprehensive
support for restoration processes. The study
by W. Shao et al. (2024) proposes an improved
model for assessing land degradation, which
allows for a more accurate determination of
the scale of the problem and its impact on the
economy. The use of integrated models helps to
improve the efficiency of decision-making on
the management of degraded areas.

The results of the analysis confirmed the
significant impact of forest landscape degra-
dation on environmental sustainability and
economic development of regions, which
is consistent with the findings of S. Shah &
D. Race (2024). The study emphasises the im-
portance of Reducing Emissions from De-
forestation and Forest Degradation (REDD+)
programmes as an effective tool to combat de-
forestation. These programmes help to reduce
greenhouse gas emissions by implementing
measures for forest conservation, restoration
and sustainable management of forest re-
sources. The application of such mechanisms
in regions with high deforestation rates pro-
vides a comprehensive impact on the environ-
mental and economic situation, reducing the
risks of ecosystem degradation. The study also
points out the importance of involving local

communities and international support, which
allows for effective implementation of pro-
grammes and improves their effectiveness.
The effectiveness of REDD+ confirms the need
for further development of such initiatives to
maintain environmental sustainability and
reduce economic risks associated with forest
landscape degradation.

The study by Z. Du et al. (2024) found that
the dynamics of land use change in the steppe
regions of Eurasia directly affects the extent
of land degradation. These results confirm the
conclusions about the need for a systematic
approach to landscape management to reduce
negative economic consequences. The analysis
of U. Khujanazarov et al. (2024) demonstrated
the effectiveness of monitoring the dynam-
ic state of the vegetation cover of pastures in
the Kashkadarya basin. The results confirm the
feasibility of using integrated monitoring ap-
proaches to ensure sustainable landscape man-
agement, similar to those proposed in the data
presented here.

M.R. Saoum & S.K. Sarkar (2024) drew at-
tention to changes in mangrove forests and their
impact on the environment. The estimation
of economic losses due to the degradation of
mangrove ecosystems correlates with the con-
clusions about the economic consequences of
forest landscape degradation in coastal regions.
Y.H. Khachoo et al. (2024) emphasised the eco-
nomic consequences of changes in land use and
land cover, which also includes a reduction in
carbon stocks. The use of Google Earth Engine
for the analysis confirms the effectiveness of the
latest technologies in studying such changes,
which is consistent with the results obtained.
S. Kumi et al. (2024) identified barriers and op-
portunities in restoring degraded forest land-
scapes in Ghana. The analysis confirmed that
the successful implementation of restoration
programmes requires taking into account so-
cio-economic factors, which coincides with the
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conclusions about the need for an integrat-
ed approach to solving degradation problems.

The study by S. Bayraktar et al. (2024) ex-
amined the directions of land degradation
within the Istanbul metropolitan area, covering
four decades. The results indicate a significant
impact of urbanisation and land use changes on
the state of land resources. The assessment of
the dynamics of degradation underlines the im-
portance of long-term monitoring, which allows
not only to identify the main factors of degra-
dation, but also to predict its consequences for
the economic development of regions (Ada-
menko et al., 2023). This confirms the need to
integrate monitoring into spatial planning pro-
cesses to reduce the negative impact of degra-
dation on ecosystem services and the economy.

The evaluation of the research results
emphasises the importance of integrated ap-
proaches to managing degraded landscapes.
Taking into account environmental, economic
and social aspects provides a comprehensive
understanding of the scale of the problem and
allows for the development of targeted strate-
gies to reduce economic risks. This approach
contributes to the effective restoration of forest
and land resources, which is of particular im-
portance for regions with different natural con-
ditions and the degree of anthropogenic impact.
The use of modern technologies and monitor-
ing models helps to improve the efficiency of
management decision-making and ensure the
resilience of landscapes to negative factors.

Conclusions

The study showed that the degradation of forest
landscapes has a complex impact on the econo-
my of regions where the forest sector plays a key
role. It was found that the annual loss of forest
cover in the world reaches 10 million hectares,
which leads to a decrease in the resource base
of wood, an increase in its cost and a reduction
in the production capacity of the woodworking

industry. In Southeast Asia and Latin America,
this has resulted in a 15-25% reduction in em-
ployment in the forestry sector and a decrease
in tax revenues to local budgets.

Estimates of economic losses have shown
that illegal logging causes annual losses of USD
5-7 billion in Latin America and USD 3-4 bil-
lion in Africa. At the same time, in countries
with developed FSC certification mechanisms,
illegal logging does not exceed 5% of total log-
ging, which ensures the stability of the industry
and attracts investment. An analysis of inter-
national regulatory measures (EUTR, Amazon
Soy Moratorium) has shown that strengthen-
ing control over forest management helps to
reduce deforestation and increase the market
sustainability of forest products.

Erosion processes in forested regions have
been found to worsen soil fertility, making re-
forestation more difficult. For example, in Ka-
zakhstan and Uzbekistan, annual nutrient losses
due to erosion lead to a decrease in agricultural
land productivity, which poses a threat to food
security. In addition, siltation of reservoirs in-
creases water and energy costs by 1-2% annually.

The decline in biodiversity in forest eco-
systems reduces their resistance to pests and
diseases, causing losses to wood processing
companies. For example, in the Czech Republic
and Germany, large-scale bark beetle epidemics
have led to an oversupply of timber, which has
reduced its value and reduced the profits of for-
estry companies. In addition, the decline in bi-
odiversity has a negative impact on the tourist
attractiveness of the regions, which affects the
income of local communities.

To mitigate the economic risks caused by
forest degradation, it is necessary to strength-
en control over illegal logging, expand the FSC
certification system and develop alternative
revenue streams such as ecotourism. Encour-
aging investment in forest monitoring tech-
nologies, including satellite imagery, drones
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and GIS analysis, is also important. A promis-  degradation in Central Asia, which will allow
ing area is the development of carbon credits, for more accurate risk forecasting and the de-
which would allow for the attraction of funding  velopment of adaptive strategies for managing
for forest conservation. forest landscapes.

Further research should focus on assessing
the effectiveness of innovative forest manage-
ment methods and analysing the impact of cli-  None.
mate change on reforestation dynamics. In ad-
dition, it is necessary to expand the empirical
base on the economic consequences of forest None.
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MOB’I3aHMX 3 Jierpajallicio jJicoBux JaHmmadTis

Ikunaus Anbanoaesa

Marictp
Kuprusbkuii nep>kaBHMi yHiBepcuTeT iMeHi I. ApabaeBa
720026, Byn1. Pa33akoBa, 51A, M. Binikek, Kuprusbka Pecry6mika
https://orcid.org/0000-0003-3558-7107
JKu6exk AmepkynoBa
Crapinii BUK/Iagad
Kuprusbkuii nep>kaBHuit yHiBepcuTeT iMeHi I. ApabaeBa
720026, Bys1. Pa33akoBa, 51A, M. Binikek, Kuprusbka Pecry6mika
https://orcid.org/0009-0006-5416-167X
Ajirynp YanganoaeBa
IloKTOp MemaroriyHmx HayK, mpodecop
Kuprusbkuii nep>kaBHuit yHiBepcuTeT iMeHi I. ApabaeBa
720026, Bys1. Pa33akoBa, 51A, M. Bimkek, Kuprusbka Pecry6mika
https://orcid.org/0009-0003-8107-2697
Payman6ek 3aitHieB
Kangupgat eKOHOMiYHMX HayK
Kuprusbkuii gepskaBHmii yHiBepcuTeT iMmeHi I. ApabGaeBa
720026, Byi1. PazsakoBa, 51A, M. bimkek, Kuprusbka Pecry6mika
https://orcid.org/0009-0001-3721-8172
PyctamGek AcaHOB
KaHaumaT eKOHOMiUHMX HayK
Kuprusbkuii nep>kaBHui yHiBepcuTeT iMeHi I. ApabaeBa
720026, Byn1. Paz3akoBa, 51A, M. bimkek, Kuprusbka Pecry6ika
https://orcid.org/0009-0005-0166-9229

AHoTanisg. MeTo AOCTiIKeHHS GY/I0 OLiHUTY €KOHOMIUHi PU3MKY, CIIPUUYMHEH] Jerpajalliero
sicoBux JaHamadTis, Ta iX BIVIMB HA €KOHOMIKY JIiCOBOTO CEKTOPY i perioHaJbHMI PO3BUTOK. B
XO[Ii aHaMi3y 6yJ0 MpoaHasi30BaHO BIUIMB BUPYOKM JiCiB, epo3ii I'PYHTIB, BTpaTu 6i0pi3HOMAaHITTS
Ta 3MiHM KJIiMaTy Ha CTilKiCTb JiCOBOTO TOCIIOapCTBA, PUHOK Ipalli, iHBeCTULiiiHY TPUBAOIUBICTD
Ta GiHAHCOBi MOTOKM B perioHax. BUKOpMCTaHO KOMIUIEKCHU IMiJIXi[, 10 BK/IIOYAE CTATUCTUIHMI
aHaji3 JaHuX, MOPIBHSIIbHY OIlIHKY 3MiH Yy JICOBiii Taaysi Ta MPOTHO3YBAaHHS MOXJIMBUX
€KOHOMIUHMX HACTIIKIB 3@ Pi3HMMM CLIEeHapisIMM PO3BUTKY MOmii. TocmimKeHHS 1TOKa3aio, Mo B
nepiog 3 2015 o 2024 pik rmo6asbHa BTpaTa JIiCOBOrO MOKPUBY csraia 10 MilbitoHiB rekTapiB
[IOPIYHO, 10 MPU3BOAMIO JO CKOPOYEHHS 3araciB JepeBMHM Ta 3POCTAaHHS IiH Ha Hei Ha 15-
25 % y HaM6iNbII MOCTPaKOANIUX perioHaxX. 3MeHIIeHHs TUTomli JiciB 6e3mocepesHbO BIUTUHYIIO
Ha 3aiHATICTD Y JiCOBIiit ramysi, CIPUUMHMUBIIN CKOPOYEHHST pOOOUMX MicIb y ceKTopi Ha 20-30 %
y IliBmeHHo-CxifHiit A3ii Ta JIaTMHCBKii AMepulli, e JicO3aroTiBis € BasKIMBUM IyKepeioM
Ioxomy. Pe3ynbTaTy MokasyioTh, [0 CKOPOUYEHHS MMOJATKOBMX HAJXOIKeHb BiM JicoBOi ramysi ta
3MEHIIeHHST MiCIeBUX OIOKETIB MPU3BEIU 10 06MeskeHHST GiHAHCYBaHHS COLiAIbHUX MPOrPam
Ta iHPPACTPYKTYPHUX MPOEKTIB Y CibCHKili MicIIeBOCTi. AHaJIi3 TAaKOX TOKa3as, 1[0 HeJlerajibHa
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BUpYOKa JIiCiB 3aJMIIAETHCSI CEPIIO3HOI0 MPO6IEMOI0, OCKiIbKM A0 30 % CBiTOBOTO PUHKY
IePeBMHM MOXe MaTy HeJleTalbHe MOXOKeHHS, IO MiJpuBae eKOHOMIUHY CTabiIbHICTD ramysi
Ta yCKJIQJHIOE Mi’KHApOLHe perylioBaHHs. BTpaTa 6i0pisHOMaHITTSI Ta epo3ist IPYHTIB IpU3Benn
[0 36i/blIIeHHsT BUTPAT Ha eKOJIOTiuHe BiTHOBJIEHHS JiCOBUX TEPUTOPIii, SIKi B Jeskux KpaiHax
nepeBUIIMIM 5 MinbsipriB momapiB CIIHA. 3amponoHOBaHO KOMIUIEKCHI 3aXOmM AJisSl 3HUKEHHS
€KOHOMIUHMX PU3UKIB, cepel SIKMX 3alpoBajisKeHHSI KOPCTKUX PETYISITOPHUX MeXaHi3MiB,
po3BuUTOK FSC-ceprudikanii, cTMmMynoBaHHS iHBECTUII y BiIHOBIEHHS JIiCiB, BITPOBAKEHHSI
IMGPOBUX TEXHOJIOTi/ I MOHITOPUHTY, 30KpeMa CYITyTHMKOBOTO CIIOCTePEsKeHHSI Ta BUKOPUCTaHHS
IpOHiB. Pe3ynbraTu MOCTIIKeHHS MOXKYTb CIIPUSITUM PO3POOII CTpareriii yrpaBiiHHS JIiCOBUM
rOCIIOIapCTBOM, €KOJIOTIYHOTO KOHTPOJIO, 3HIDKEHHSI eKOHOMIUHMX DPM3MKiB, BIIPOBaJKEHHS
TEeXHOJIOTi/i MOHITOPMHTY Ta OL[iHKM BIUIMBY Jerpazallii JiciB Ha perioHaabHMUI1 PO3BUTOK

Ki1io4oBi cJioBa: JOBKI/UIS; CTa/IMiT PO3BUTOK; EKOCKCTEMA; €po3ist; 6iopisHOMaHITTS
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effective plant species for urban landscaping were black poplar, which had the highest particulate
matter filtration capacity (9.8 g/m?year PM2.5 and PM10) and high CO, uptake (24 kg/tree/year),
Tatar maple, which provided significant air pollution reduction (7.5 g/m?/year PM2.5 and PM10)
and CO, capture (18 kg/tree/year), common pine, which showed high efficiency in particulate
matter reduction (8.7 g/m?/year PM2.5 and PM10) and carbon dioxide uptake (22 kg/tree/year), and
Tien Shan spruce, which combined air cleaning ability (7.9 g/m?%/year PM2.5 and PM10) with high
CO, uptake (21 kg/tree/year). These plant species demonstrate a high ability to absorb pollutants
and reduce air temperature by 3.2-4.5°C in summer. In Kyrgyzstan, the area of green spaces in
cities is 12% of the total area, which is significantly lower than in developed countries such as
Singapore (47%), Germany (40%, Canada (38%) and Sweden (44%). In Bishkek, the capital of
Kyrgyzstan, there are 9 m? of green spaces per inhabitant, while in Singapore this figure reaches 50
m? and in Germany 38 m?2. Analyses of international experience revealed that developed countries
actively applied innovative landscaping methods. Singapore made extensive use of vertical gardens
and water-saving technologies, Germany prioritised the regeneration of natural areas and the
creation of eco-parks, Canada implemented integrated forest protection programmes, and Sweden
introduced adaptive landscaping and sustainable forest planting. These measures contributed to
significant improvements in the environmental sustainability of urban environments. The findings
of the study emphasise the need for an integrated approach to urban greening in Kyrgyzstan, based
on the selection of the most sustainable tree and shrub species, as well as the introduction of
modern greening technologies

Keywords: sustainable development; green infrastructure; climate adaptation; biodiversity; urban
greening

Introduction

The research relevance is determined by the
increasing urbanisation and deterioration of
the environmental situation in cities, which
leads to significant air pollution, temperature
increase and decrease in biodiversity. With cli-
mate change and increasing building density,
green spaces are becoming one of the key tools
for creating a sustainable and comfortable ur-
ban environment. Woody and shrubby plants
not only improve air quality by absorbing car-
bon dioxide (CO,) and filtering particulate mat-
ter (PM2.5 and PM10) but also contribute to
reducing the heat island effect and increasing
urban adaptation to changing climatic con-
ditions. The problems of the study are related
to the insufficient area of green spaces in cit-
ies, the lack of a systematic approach to their

placement and the lack of data on the most ef-
fective plant species for improving the ecolog-
ical situation. Kyrgyzstan was chosen for the
analysis due to its low level of urban green space,
significant air pollution, heat island effect and
the need to adapt the international experience
to improve environmental sustainability. In
Kyrgyzstan, there was a decrease in green spac-
es, which increased the problems of air pollu-
tion and overheating in the urban environment,
while in Germany, Canada, Sweden and Singa-
pore, programmes to expand green areas and
integrate green solutions into urban infrastruc-
ture were actively developed. The comparative
analysis of international experience identified
the best practices of green space management
and adapt them to the conditions of Kyrgyzstan,
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which can contribute to improving the qual-
ity of life and sustainable urban development.

As shown by R. Absatarov et al. (2024), sig-
nificant changes in the composition of tree and
shrub plantations were observed in the south-
ern regions of Kyrgyzstan, which influenced
the local climate and biodiversity. The study
confirmed the importance of preserving natu-
ral representatives of the genus Salix L. under
increasing anthropogenic pressure. According
to K. Mehta et al. (2021), the condition of flood-
plain ecosystems in the highlands of Kyrgyzstan
was closely related to the level of energy con-
sumption of the local population. The authors
noted that the degradation of green spaces in
these regions exacerbated the problems of mi-
croclimate change, which required the devel-
opment of comprehensive measures for their
restoration. As noted by S. Missall et al. (2022),
the use of floodplain forests in Central Asia,
particularly in the Naryn region of Kyrgyzstan,
affected the ecological balance and sustainabil-
ity of forest ecosystems. The authors empha-
sised that rational management of these areas
could contribute to water conservation and cli-
mate change mitigation. A study by H. Cohen et
al. (2021) confirmed that tree and shrub plant
diversity is directly related to the abundance of
urban pollinators, which are crucial for main-
taining biodiversity.

According to N. Zhang et al. (2022), the
aesthetic perception of green spaces affects
the quality of life of the population by reducing
stress levels and increasing the social activity
of urban dwellers. Furthermore, S.K. Braman &
B. Griffin (2022) determined that the expansion
of urban green spaces and the use of flowering
shrubs promotes the maintenance of insect
pollinator populations, which is critical for
maintaining ecosystem connectivity. As shown
by M.G. Mitchell & T. Devisscher (2022) the lev-
el of urbanisation has a significant impact on
landscape structure and the functionality of

ecosystem services provided by urban forests.
The study concluded that high building densi-
ty reduces the biological productivity of green
spaces, which in turn reduces their ability to
mitigate the negative effects of urbanisation.
According to K. Isinkaralar (2024), trees in
urban environments can be used as natural bio-
monitors to determine the level of air pollution
by heavy metals. This monitoring method im-
proved the accuracy of technogenic emissions
impact assessment on urban ecosystems and
allowed to identification of areas with the high-
est concentration of pollutants. As shown by
M. Mngadi et al. (2022) remote sensing methods
and the use of biophysical parameters assessed
the primary productivity of tree plantations
in urban environments. The results confirmed
that restored green spaces have a significant
potential for carbon sequestration and, there-
fore substantial for climate change mitigation.
As concluded by ].D. Karimi et al. (2021a),
the spatial configuration of urban green spaces
is substantial in the distribution of ecosystem
services. The study demonstrated that uniform
and cohesive placement of plantings contrib-
utes to more effective temperature reduction
and air purification, compared to dispersed
green spaces. According to N. Hosseinpour et
al. (2022), the integration of urban agriculture
into park spaces can significantly enhance their
ecological and social value. The study identified
that such initiatives not only increase green
spaces but also involve the local population in
maintaining and developing green infrastruc-
ture. Lastly, S. Yilmaz et al. (2022) revealed that
different urban development patterns signif-
icantly affect air pollution levels and thermal
comfort. The study demonstrated that areas
with a high density of greenery have better air
quality and thermoregulation compared to ar-
eas with little or no green space. The research
confirms that green spaces are central to the re-
duction of air pollution, mitigating the effects
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of urbanisation and improving the microcli-
mate of cities.

The study aimed to assess the impact of
green spaces on urban ecology and compare
Kyrgyzstan’s greening strategies with interna-
tional experience. The study objectives includ-
ed assessing the effectiveness of tree and shrub
plantations in reducing air pollution and regu-
lating the microclimate, as well as a comparative
analysis of the greening strategies of Kyrgyzstan,
Singapore, Germany, Canada and Sweden.

Materials and Methods

The study analysed black poplar (Populus
nigra), Tatar maple (Acer tataricum), small-
leaved linden (Tilia cordata), birch (Betula
pendula), common pine (Pinus sylvestris), Tien
Shan spruce (Picea schrenkiana), honeysuckle
(Lonicera) and cotoneaster (Cotoneaster), ac-
counting for their impact on air quality, mi-
croclimate regulation and biodiversity main-
tenance. The information base was based on
official statistical data reflecting the current
state of green areas in Bishkek, Osh, Karakol
and Tokmak for 2016-2024, including the
number and species diversity of tree and shrub
plantations, their spatial distribution and
impact on environmental parameters (Orlo-
va, 2023; Green City Action..., 2024). Statisti-
cal methods were used to analyse the data by
assessing the significance of differences and
correlation analysis. In particular, Student’s
t-test was used to compare the mean values
of environmental parameters in greened and
non-greened areas, Mann-Whitney U-test to
test differences in the distribution of numer-
ical indicators between groups of countries,
Fisher’s criterion to assess the relationship
between the level of greening and the decrease
in air temperature, and Pearson’s correlation
analysis to determine the degree of relation-
ship between the density of green spaces and
the level of air pollution. The data collected

assessed the degree of effectiveness of green
spaces in reducing air pollution, their ability
to absorb carbon dioxide (CO,), filter particu-
late matter (PM2.5 and PM10), and their role
in maintaining and enhancing biodiversity in
urban environments. The performance of tree
and shrub plantations was assessed using a
5-point scale, where 5 points for plants with
maximum performance in all parameters, 4
points with high but not maximum, 3 points
with average values, 2 points with low perfor-
mance, and 1 point with minimal contribution.

Additionally, data from international or-
ganisations including the United Nations En-
vironment Programme (2023), the Food and
Agriculture Organisation of the United Na-
tions (2025), and government agencies in Ger-
many (Blecken et al., 2025), Canada (Canada’s
climate plans..., 2023), Sweden (Biosphere re-
serves for..., n.d.) and Singapore (National En-
vironment Agency, 2025) responsible for en-
vironmental planning and urban green space
management were used. The programmes of
Germany, Canada, Sweden and Singapore were
chosen because these countries demonstrate
different effective approaches to greening:
Germany’s natural area regeneration, Can-
ada’s forest protection, Sweden’s adaptive
landscaping, Singapore’s vertical gardens and
water conservation. Their government agen-
cies are developing strategies that improve
the environmental sustainability of cities,
which makes their experience valuable for
Kyrgyzstan. The choice of Singapore, Germany,
Canada and Sweden is since these countries,
despite different climatic conditions, effec-
tively adapt landscaping to urban space. Can-
ada and Sweden implement sustainable forest
plantations in cool climates, Singapore devel-
ops vertical greening and water conservation
in tropical climates, and Germany uses eco-
parks and restoration of natural areas in tem-
perate zones. This identified key differences in
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approaches to green space development and
management, identified factors influencing
the effectiveness of green spaces, and assessed
potential opportunities for adapting success-
ful strategies in the Kyrgyz context.

The methodological part of the study was
based on statistical analysis and quantitative
data processing methods. To assess the effec-
tiveness of tree and shrub plantations in reduc-
ing air pollution in 2024, indicators of carbon
sequestration (CO,), the degree of particulate
matter capture and filtration of gaseous pol-
lutants were used. The effectiveness of tree and
shrub plantations in supporting biodiversity
was assessed by the number of species living in
green areas, species diversity index and avail-
ability of food resources for birds and pollina-
tors. For this purpose, data on the number and
species composition of plants, their resistance
to adverse factors of the urban environment,
as well as their role in creating favourable con-
ditions for birds, insect pollinators and other
representatives of urban fauna were analysed.
The method of comparative analysis was used
to identify the most effective plant species rec-
ommended for wide use in urban landscaping.
The study included calculations of the average
air purification capacity of different species
of woody and shrubby plants, as well as their
contribution to the formation of ecologically
sustainable urbanised ecosystems. Calculation
of pollutant uptake by plants was performed ac-
cording to formula (1):

A=CxVxT, (1)

where A - total volume of absorbed pollutants
(g/m?); C — average concentration of pollutants
(g/m3); V - volume of air passing through the
vegetation (m3); T — measurement time (h).
The use of trend analysis methods for
climate data identified long-term changes in
air temperature in cities depending on the

degree of greening and offered recommen-
dations for improving the efficiency of green
areas in combating the heat island effect. The
data for Kyrgyzstan was compared with simi-
lar indicators from developed countries, which
identified effective strategies for managing
urban green spaces and adapting them to the
region’s conditions.

A comprehensive approach, including
statistical, comparative and spatial analysis,
was used to comprehensively assess the role
of green spaces in the urban environment,
identify the most effective tree and shrub
species in terms of improving air quality and
biodiversity, and identify promising areas for
the development of urban greening policy in a
changing climate.

Results

Analysis of statistical data for Kyrgyzstan
showed that black poplar (Populus nigra) was
the most effective among the considered spe-
cies in many ecological parameters. It had the
highest capacity to capture particulate matter
(9.8 g/m?%/year) and the most significant level
of carbon dioxide absorption (24 kg/tree/year).
In addition, poplar showed high efficiency
in the absorption of nitrogen oxides (3.6 g/
m?/year) and sulphur dioxide (2.4 g/m?/year),
which indicated its ability to filter harmful
gases from automobile emissions and indus-
trial activities. Data were obtained through
analysis of landscaping programmes, field
measurements and a comparative study of the
effectiveness of tree plantations in urban en-
vironments. However, despite these positive
qualities, poplar also had some disadvantages.
It was characterised by rapid growth, which
required regular sanitary pruning and mainte-
nance. In addition, its pollen and fluffy seeds
could cause allergic reactions in the popula-
tion, which limited its use in certain areas of
Bishkek (Table 1).
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Table 1. Efficiency of tree and shrub plantations in reducing air pollution in Kyrgyzstan (2024)

) )
G WAy T < ) =
SESE §< § < § < =
. S=aw mug oxum Y=BN c°.
Plant species 287 2 SE& SEE QEE 9 &
2EES ) SH S =
EEE 22 2 Z E<
Cags =] ] ] &
=i
Black poplar (Populus nigra) 9.8 24 3.6 2.4 4.5
Tatar maple (Acer tataricum) 7.5 18 2.9 1.8 3.7
Small-leaved linden (Tilia cordata) 6.9 16 2.5 1.7 3.2
Hanging birch (Betula pendula) 6.2 14 2.3 1.5 2.8
Scots pine (Pinus sylvestris) 8.7 22 3.2 2.1 4
Tien Shan spruce (Picea schrenkiana) 7.9 21 3 2 3.9
Honeysuckle (Lonicera) 4.1 9 1.8 1.2 2
Cotoneaster (Cotoneaster) 4.7 11 2 1.3 2.2

Source: compiled by the authors based on M. Orlova (2023)

Tatar maple (Acer tataricum) also demon-
strated high efficiency in air purification, al-
though its performance was slightly lower
than that of poplar. It absorbed 7.5 g/m?/year of
particulate matter and 18 kg/tree/year of car-
bon dioxide, with a temperature reduction ef-
fect of 3.7°C. This confirmed that maple could
be used as one of the main species for urban
landscaping in Kyrgyzstan. Its advantage was
its resistance to pollution, high longevity and
ability to support biodiversity, which made it
particularly valuable for creating urban parks
and green spaces.

Small-leaved linden (Tilia cordata) showed
similar results to maple, demonstrating the
ability to capture 6.9 g/m?*/year of particulate
matter and absorb 16 kg/tree/year of CO,. Its im-
portance lies in its ability to attract pollinators,
which had a positive impact on the biodiversity
of urban ecosystems. However, linden required
more care and regular irrigation, which could be
a limitation in the arid climate of Kyrgyzstan.

Among coniferous trees, the highest effi-
ciencies were recorded for common pine (Pinus
sylvestris) and Tien Shan spruce (Picea schren-
kiana). Pine demonstrated the ability to cap-
ture 8.7 g/m*/year of particulate matter and

absorb 22 kg/tree/year of carbon dioxide and
efficiently absorbed nitrogen oxides (3.2 g/m?%/
year) and sulphur dioxide (2.1 g/m%/year). Tien
Shan spruce showed similar results, although
its particulate matter uptake was slightly lower
(7.9 g/m?/year). An important advantage of coni-
fers was their ability to maintain air purification
efficiency during winter when deciduous trees
lose their leaves and cease to fulfil their filter-
ing function. This indicated the need to include
conifers in urban landscaping programmes,
especially in areas with high air pollution.

Shrub plantations demonstrated moder-
ate effectiveness in reducing air pollution but
played an important role in maintaining biodi-
versity and creating barrier zones along roads
and industrial areas. Honeysuckle (Lonicera)
had relatively low particulate matter capture
(4.1 g/m%/year) and CO, uptake (9 kg/tree/year),
but its advantages were drought tolerance and
its ability to stabilise the soil by preventing
erosion. Cotoneaster (Cotoneaster) performed
slightly better, capturing 4.7 g/m?/year of par-
ticulate matter and absorbing 11 kg/tree/year
of CO,. Its main advantage was its small size,
which made it suitable for landscaping court-
yard areas and transport interchanges.

Vol. 16, No. 1, 2025

Ukrainian Journal of Forest and Wood Science

113



Ecological role of tree and shrub plantations...

Theanalysis oftemperature impacts showed
that trees with a wide crown, such as poplar,
maple and linden, had the most pronounced ef-
fect on temperature reduction. In areas of Bish-
kek with their dense planting, temperatures
decreased by 3.2-4.5°C, indicating a significant
contribution of these plants to reducing the
heat island effect (Kulikov et al., 2023). Coni-
fers also contributed to temperature reduction,
but their effect was less pronounced, ranging
from 3.9-4°C (Air Quality Central Asia Dialogue
Platform, 2024). Shrubs had a minimal impact
on the temperature regime but provided addi-
tional shade and reduced moisture evaporation
from the soil surface. The biodiversity indica-
tors confirmed that maple, linden and spruce
were of the greatest importance for maintain-
ing the urban ecosystem. These species pro-
vided habitat for pollinating insects, birds and
small mammals, which helped to maintain the
ecological balance in the urban environment.
At the same time, poplar and birch showed
only an average ability to maintain biodiversi-
ty, which was explained by their lower attrac-
tiveness for local animal and insect species.

Thus, the data analysis showed that the
most effective tree species for urban greening

in Kyrgyzstan were poplar, maple, pine and
spruce (Bakirov et al., 2021). Poplar provided
maximum filtration of particulate and gase-
ous pollutants but required regular mainte-
nance. Maple and linden combine high CO,
absorption capacity with biodiversity sup-
port, making them optimal for urban parks
and squares (Kunakh et al., 2021). Coniferous
trees significantly improved the air cleaning
in winter and provided a moderate temper-
ature drop. Shrubs had a supporting effect,
protecting urban areas from pollution and
stabilising soil processes.

The first significant indicator analysed was
the average percentage of green space in cit-
ies. In Kyrgyzstan, it was only 12%, which was
much lower than the level of green space in de-
veloped countries (Momosheva et al., 2024). In
Singapore, this indicator reached 47%, which
was explained by the active implementation
of the “garden city” concept, including vertical
gardening, park areas and urban forests (Bar-
boza et al., 2021; Feng, 2021). In Germany, Can-
ada and Sweden, the percentage of green space
was also high (40%, 38% and 44%, respective-
ly), demonstrating systematic public policies
to protect and expand green spaces (Table 2).

Table 2. Comparative analysis of green areas in Kyrgyzstan
and other countries (Singapore, Germany, Canada, Sweden)

Country Kyrgyzstan Singapore Germany Canada Sweden
Average percentage of
green space in cities (%) 12 47 40 38 44
Number of trees per
1000 inhabitants (pcs.) 45 150 110 130 140
Average temperature 35 59 4.8 45 47
drop in summer (°C) : : : . .
CO, uptake (kg/m*/year) 18 27 25 24 26
Main types of green Poplar, maple, | Palms, ficuses, | Beech, oak, Maple, ale, Pine, ale,
spaces pine, ale rain trees linden, maple pine, aspen birch, linden
The number of parks
and green areas 23 350 295 310 270
in the capital (pcs.)
Green spaces per
capita (m?) 9 50 38 42 45
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Table 2, Continued

Country Kyrgyzstan Singapore Germany Canada Sweden
Level of investment in
greenery 5 320 280 260 275
(million USD/year)
Local Vertical Regeneration | Comprehensive Adapt1ye
e . landscaping,
Greening strategies initiatives and | gardening, of natural forest sustainable
g 8l government | water-saving areas, eco- protection forest
programmes | technologies parks programmes plantations

Source: compiled by the authors based on Biosphere reserves for man and nature (n.d.), S. Tsoka et al. (2021),
Canada’s climate plans and targets (2023), United Nations Environment Programme (2023), L. Blecken et
al. (2025), Food and Agriculture Organisation of the United Nations (2025), National Environment Agency (2025)

Another important parameter was the num-
ber of trees per 1,000 inhabitants. In Kyrgyzstan,
this indicator was 45 trees, which was the low-
est among the countries studied. In contrast,
Singapore had 150 trees per 1,000 inhabitants,
and Germany, Canada and Sweden had 110, 130
and 140 trees, respectively. The high density of
trees in these countries provided improved air
quality, reduced noise levels and increased the
overall environmental sustainability of urban
environments (Quaranta et al., 2021; Vasyly-
shyn et al., 2023). The average summer temper-
ature reduction also demonstrated significant
differences between countries. In Kyrgyzstan,
the average temperature reduction due to green
spaces was 3.5°C, while in Singapore it reached
5.2°C, and in Germany, Canada and Sweden
4.8°C, 4.5°C and 4.7°C, respectively. This was
attributed to the high density and diversity of
tree and shrub plantations in developed coun-
tries, as well as the use of modern landscap-
ing technologies such as vertical gardening
and the use of green roofs (Meo et al., 2021).

The CO, absorption indicator confirmed
the importance of green spaces for the urban
ecosystem. In Kyrgyzstan, this indicator was 18
kg/m, /year, which was the lowest value among
the countries studied. In Singapore, trees ab-
sorbed 27 kg/m,/year, and in Germany, Canada
and Sweden 25, 24 and 26 kg/m,/year, respec-
tively. The high values in developed countries

were attributed not only to the large green are-
as but also to the active support of sustainable
forest plantations and the use of ecologically
adapted tree species with high carbon seques-
tration capacity (Romanchuck et al., 2017; Ko-
limenakis et al., 2021). Data on the number of
parks and green spaces in the capital also re-
vealed significant differences. There were only
23 parks in Bishkek, which was significantly
lower than in other countries. Singapore had
350 parks, Germany 295, Canada 310 and Swe-
den 270. The high number of parks in developed
countries has been attributed to long-term
government programmes aimed at increasing
green space, which has helped to improve the
urban environment and public health (Prysh-
chepa, 2019; Nguyen et al., 2021; Bidolakh &
Kolesnichenko, 2023).

Another important indicator was the
amount of green spaces per capita. In Kyr-
gyzstan, this indicator was 9 m?, which was 4-5
times lower than in developed countries. In Sin-
gapore, this indicator reached 50 m?, in Germa-
ny 38 m?, in Canada 42 m? and in Sweden 45 m?.
These data confirmed that developed countries
created favourable conditions for the expan-
sion of green spaces, while in Kyrgyzstan there
was a shortage of places for planting trees and
shrubs (Khan et al., 2022). No less significant
factor was the level of investment in landscap-
ing. In Kyrgyzstan, only 5 million USD per year
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was allocated for landscaping, which is doz-
ens of times less than in developed countries.
In Singapore, the figure was USD 320 million,
in Germany USD 280 million, in Canada USD
260 million, and in Sweden USD 275 million.
High investment in green spaces in developed
countries ensured effective restoration of green
spaces, support for parks, and the introduction
of innovative solutions such as rain gardens
and vertical gardens (World Bank, 2023).

The last aspect of the analysis was greening
strategies. In Kyrgyzstan, greening was mainly
implemented through local initiatives and gov-
ernment programmes, which limited its scale
and effectiveness (Green City Action..., 2024).
In Singapore, best practices including vertical
gardening and water conservation systems were
applied, maximising the efficiency of available
land resources (Klaus & Kiehl, 2021). Germa-
ny has implemented projects to restore natu-
ral areas and create eco-parks (Serra-Llobet et
al., 2022), Canada integrated forest protection
programmes (Ibrahim & Johansson, 2021),
and Sweden adaptive landscaping for climate

30
25

20

15

10

5

0
N

CO, absorption/Particulate
matter capture

change (Petersson et al., 2022).

Thus, the analysis demonstrated that the
level of urban greening in Kyrgyzstan remained
significantly lower than in developed countries.
The main constraints were insufficient green
space, low tree density, weak support for bio-
diversity and insufficient funding for greening
programmes. In contrast, green infrastructure
in developed countries has been actively de-
veloping due to high investment, the use of
modern technologies and a comprehensive
approach to protecting and expanding urban
green spaces.

The first parameter to be analysed was CO,
uptake. The data showed that black poplar ab-
sorbed the highest amount of carbon dioxide
(24 kg/tree/year), making it one of the most ef-
fective species in terms of improving air quality.
The high level of CO, absorption was explained
by intensive physiological growth processes,
as poplar is characterised by rapid biomass
growth. However, its high-water demand and
relatively short life cycle could reduce its long-
term ecological sustainability (Fig. 1).

o = N W H» 01 O
Biodiversity (score 1-5)

mmmm CO, uptake (kg/tree/year)
Capture of particulate matter (PM2.5, PM10), g/m?/h
Biodiversity (score 1-5)

Figure 1. Effectiveness of different types of tree

and shrub plants in reducing air pollution and increasing biodiversity
Source: compiled by the authors based on E. Khazieva et al. (2022)
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Among conifers, common pine and Tien
Shan spruce also showed significant carbon
dioxide uptake rates of 22 and 21 kg/tree/year,
respectively. Their photosynthesis and carbon
sequestration capacity were maintained all year
round, making them indispensable in urban
landscaping, especially in regions with pro-
nounced seasonality. The second important pa-
rameter was particulate matter capture (PM2.5,
PM10), which also varied according to the mor-
phological characteristics of the plants. The
highest efficiency in particulate matter reten-
tion was demonstrated by black poplar, which
retained 9.8 g/m*/fyear. This was explained by
its broad crown and high density of leaf cover.
However, this indicator required regular main-
tenance, as the accumulation of pollutants on
leaves could reduce their photosynthetic activity.

Common pine and Tien Shan spruce also
showed good results in particulate matter re-
tention (8.7 and 7.9 g/m?%year, respectively).
Coniferous trees, having needle-shaped leaves,
retained not only dust particles but also gase-
ous pollutants. Their air filtration capacity re-
mained high in winter when deciduous trees
lost their efficiency. Deciduous species such
as Tatar maple, small-leaved linden and birch
showed moderate results in particulate matter
capture (7.5, 6.9 and 6.2 g/m?/year, respective-
ly). These trees were characterised by medium
crown density, but their ability to clean the air
was enhanced by their high tolerance to urban
conditions and long growing seasons.

The last parameter of the analysis was the
impact of the plantations on biodiversity. The
assessment was carried out on a 5-point scale,
with Tatar maple, small-leaved linden and Tien
Shan spruce having the highest scores (5 points).
These species provide optimal living condi-
tions for pollinating insects, birds and small
mammals, which contributes to the formation
of sustainable urban ecosystems. In contrast,
honeysuckle and cotoneaster, being shrubby

plantations, received a lower score (2 and 3
points respectively). Despite their ability to cre-
ate hedges and provide additional protection
from pollutants, their contribution to biodiver-
sity was limited. However, such shrubs effec-
tively served as buffer zones, especially along
transport routes. Thus, the data analysis con-
firmed that to achieve the maximum environ-
mental effect in cities, it is necessary to apply an
integrated approach to landscaping, combining
different types of tree and shrub plantations.
The largest contribution to climate adap-
tation came from temperature reduction (35%),
which confirmed the importance of green spac-
es in combating the heat island effect. In Bish-
kek, where the level of greenery remained low,
temperatures in the city’s central areas could
be 5-7°C higher in summer than in suburbs
with natural vegetation. With a lack of parks
and shady streets, this effect was exacerbated
by the high concentration of asphalt and con-
crete, which absorb solar radiation. In contrast,
in Singapore, where urban architecture was in-
tegrated with vegetation, dense tree canopies
and green roofs provided a 3-5°C drop in air
temperature. In Berlin and Stockholm, green
corridor technologies were also actively used
to ensure the circulation of cool air and reduce
overheating of built-up areas (Fig. 2).

®m Temperature drop

Humidification of the
atmosphere

CO, absorption
m Air filtration

m Reduced thermal
radiation

Figure 2. The role of green spaces in urban
climate adaptation and heat island mitigation
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The second significant climate adaptation
mechanism was air filtration (25%), which is
particularly relevant for megacities with high
levels of pollution. Bishkek suffered from signif-
icant emissions of pollutants, including PM2.5
and PM10, due to the operation of industrial
enterprises and heavy traffic. The absence of
dense green areas along transport routes result-
ed in high concentrations of harmful substances
in the surface layer of the atmosphere. In cities
with developed greening programmes, such as
Berlin and Ottawa, trees and shrubs were used
as natural filters that retain dust and harmful
gases. In Singapore, special attention was paid
to the introduction of vertical gardens, which
provide additional air purification and reduce
air temperature in high humidity conditions.

Humidification of the atmosphere (15%)
also accounted for a significant share of climate
adaptation. In Bishkek, where the arid climate
was combined with a small number of water
bodies, the lack of greenery led to excessive
drying of the air in summer. Trees, with their
ability to evaporate moisture through their
leaf stomata, contributed to a local increase in
humidity and improved the microclimate. In
Stockholm and Ottawa, where climatic condi-
tions are more humid, landscaping was used
to maintain the natural balance of evaporation
and protect against overheating. In Singapore,
evaporative cooling was actively used in ar-
chitecture: vertical greening systems provided
additional humidification of the air, which re-
duced stress on the human body.

Another important adaptation mechanism
was the reduction of thermal radiation (15%),
which is especially relevant for densely built-up
cities. In Bishkek, due to insufficient landscap-
ing, buildings and roads heated up during the
day and radiated heat at night, increasing the
average daily air temperature. In Berlin, where
“green streets” with dense plantings along the
roads and shady park areas were practised, the

effect of thermal radiation was much lower. In
Singapore and Ottawa, the widespread use of
green roofs and green facades reduced the heat
load on buildings, which reduced the need for
air conditioning and lowered overall energy
consumption.

CO, absorption (10%) was also an impor-
tant function of green spaces, especially in the
context of global climate change. In cities with
high industrialisation and heavy traffic, carbon
dioxide emissions remained at critical levels.
In Bishkek, where environmental programmes
to reduce CO, emissions were underdeveloped,
green spaces could play a more significant role
in carbon sequestration. In Ottawa and Stock-
holm, urban forests served as natural CO,
“sinks”, reducing carbon dioxide concentra-
tions and improving air quality. In Singapore,
innovative green facade technologies comple-
ment traditional trees, increasing the city’s
overall carbon sequestration capacity.

The analysis showed that green spaces are
central to the climate adaptation of cities, reduc-
ing the heat island effect, improving air quality
and providing comfortable living conditions. In
Bishkek, where the density of green areas re-
mained low, high temperatures in the urban
environment, increased air pollution and low
humidity levels were observed, which negative-
ly affected the microclimate. In contrast, in Sin-
gapore, Berlin, Ottawa and Stockholm, green-
ery has been integrated into urban architecture,
providing multi-level climate adaptation.

Discussion

The results of the study confirmed the signif-
icant impact of tree and shrub plantations on
improving the environmental situation in Kyr-
gyz cities. The study determined that green
spaces effectively reduce air pollution by re-
taining particulate matter (PM2.5 and PM10)
and absorbing CO,. The most effective species
were black poplar, Tatar maple, lodgepole pine
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and Tian Shan spruce, which have a high air fil-
tration capacity. At the same time, shrubs such
as honeysuckle and cotoneaster showed mod-
erate efficiency but played an important role
in creating buffer zones along roads. A com-
parative analysis of the greening of Kyrgyzstan
and successful countries (Singapore, Germany,
Canada, Sweden) revealed a significant gap in
terms of the area of green spaces and the num-
ber of trees per capita. In Singapore, Germany,
Canada and Sweden, vertical gardens, green
roofs and the integration of green spaces with
urban infrastructure are widely used to reduce
the heat island effect and improve the microcli-
mate (Kovach et al., 2024; Ryzhova et al., 2024).

As shown by ].D. Karimi et al. (2021b), the
ecosystem services of urban landscapes can
be significantly improved with proper spatial
planning. The study determined that an even
distribution of green spaces helps reduce air
pollution and improves the climate resilience
of urban environments. These results partial-
ly coincide with the findings of this study, as
the high density of tree and shrub plantations
was also found to significantly reduce air pol-
lution and regulate microclimate. However, in
contrast to the study by J.D. Karimi et al., the
presented study addressed specific plant spe-
cies, analysing their effectiveness in reducing
pollutants and maintaining biodiversity. This
makes this study more detailed and applied, as
it identifies the most effective tree and shrub
species adapted to the climatic conditions of
Kyrgyzstan and proposes specific measures for
greening. As determined by S. Xie et al. (2022),
water bodies in combination with green spaces
are key to urban biodiversity conservation, es-
pecially among bird populations. The authors’
study in Beijing showed that areas adjacent to
water bodies have higher avifauna abundance
due to the combination of water and vegeta-
tion. This study also confirmed that the density
and diversity of tree plantations have a positive

effect on biodiversity, but the main focus is on
their ability to reduce air pollution and increase
the climate resilience of cities. This study does
not look at the impact of water bodies but fo-
cuses on terrestrial ecosystems. This makes it
more relevant to regions with limited water
bodies, such as Kyrgyzstan, where special at-
tention needs to be paid to urban greening to
improve the environmental situation.

As determined by D.]. Kotze et al. (2022) es-
tablished that urban forests provide favourable
conditions for invertebrates, including insect
pollinators, which play a key role in maintaining
ecosystem functions. The study demonstrated
that the higher the density and species diversi-
ty of tree plantations, the greater the number of
insects that can be observed in urban environ-
ments. The data overlap with the results of this
study, as the role of green spaces in maintain-
ing biodiversity was also identified. However,
in contrast to the study by D.]. Kotze et al., this
study addressed the effects of tree plantations
on air quality and climate adaptation rather
than fauna. In addition, a quantitative analysis
of the effectiveness of individual plant species
was conducted, which makes this study more
applicable and useful for the development of
urban greening programmes in Kyrgyzstan. As
demonstrated by A. Francini et al. (2022), or-
namental plants can significantly contribute to
the provision of ecosystem services, including
air filtration and temperature regulation. Their
study confirmed that the use of ornamental
plants can play an important role in creating
sustainable urban ecosystems. The data over-
laps with the presented study, as it is also con-
firmed that green spaces have a positive impact
on urban microclimate and air quality. However,
this study focuses predominantly on tree and
shrub species, making it more relevant for the
development of long-term greening strategies.
In addition, a detailed quantitative assessment
of their ecological effectiveness was conducted,
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which provides more specific recommendations
for selecting plants for urban landscaping in
Kyrgyzstan.

As noted by C. Farrell et al. (2022), it is nec-
essary to account for the ecological resilience of
the plant species used to improve the efficiency
of green infrastructure. The study demonstrat-
ed that the introduction of native and adapted
tree species contributes to more stable and re-
silient urban ecosystems. This study supports
this conclusion as it is also discovered that the
selection of certain tree and shrub species has
a significant impact on reducing air pollution
and regulating temperature in urban environ-
ments. However, the presented study quanti-
tatively analyses the effectiveness of specific
plant species, which makes it more detailed.
These results are particularly important for
Kyrgyzstan, where it is necessary to address
local climatic conditions and select the most
appropriate tree and shrub species for urban
landscaping. As revealed by K. Pukowiec-Kur-
da (2022), the urban ecosystem services as-
sessment index accounts for pollution levels,
climate resilience and biodiversity in urban
greening planning. The study determined that
cities with high levels of greening show better
indicators of ecological conditions and comfort
of the urban environment. These results par-
tially coincide with this study as the relation-
ship between green spaces and environmen-
tal parameters of the urban environment was
also found. However, in contrast to the index
approach of K. Pukowiec-Kurda, this study an-
alysed specific plant species in detail, which al-
lows for the development of targeted greening
strategies adapted to the climatic conditions of
Kyrgyzstan. This renders the results more ap-
plied and useful for the development of specif-
ic recommendations to improve environmental
policy in the cities of the region.

K.S. Prendergast et al. (2022) determined
that the composition of native bee populations

in urbanised landscapes depends on a variety of
factors including vegetation density, availabili-
ty of flowering plants and landscape diversity.
The study determined that cities with a high
degree of landscaping have a greater species
diversity of bees, which contributes to biodi-
versity. The data overlaps with the results of
this study, which also identified the role of tree
and shrub plantations in maintaining ecosys-
tem functions. However, this study emphasises
the impact of green spaces on air quality and
microclimate regulation. Thus, the presented
results add to existing knowledge by expand-
ing the understanding of how urban vegetation
contributes not only to biodiversity but also to
pollution and temperature reduction.

As shown by H. Sensoy & M. Tanyel (2022),
evergreen trees and conifers are substantial in
regulating the water balance of the urban en-
vironment, especially in conditions of heavy
rainfall. Their study confirmed that such plan-
tations reduce the rate of precipitation, re-
ducing soil erosion and increasing the ability
of soils to absorb moisture. The data partially
coincide with the results of this study, as it also
confirmed that tree and shrub plants perform
significant ecological functions in the urban
environment. However, this study does not fo-
cus on water balance, but rather on the impact
of vegetation on climate adaptation and air
purification. Nevertheless, these results can be
incorporated into the selection of tree species
for urban greening in Kyrgyzstan, ensuring not
only improved microclimate but also optimal
water management.

As demonstrated by M.C. Jung et al. (2021)
the heterogeneity of the urban landscape sig-
nificantly influences the relationship between
tree cover density and surface temperature.
The study determined that dense green spac-
es contribute to a significant decrease in tem-
perature, especially in areas with high built-up
areas. These results are in full agreement with
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the findings of this study, which also found that
tree and shrub plantations play a key role in re-
ducing the heat island effect. However, in con-
trast to the study by M.C. Jung et al., this study
places greater emphasis on tree and shrub plant
species and their effectiveness in reducing tem-
perature. This approach allows not only to con-
firm the overall effect of landscaping, but also
to identify specific plant species most suitable
for the climatic conditions of Kyrgyzstan.

As identified by A. Aziz et al. (2023), rap-
id changes in peri-urban landscapes impact
the provision of ecosystem services including
temperature regulation, air quality and social
amenities. Their study established that inten-
sive urban development leads to the reduction
of green spaces, which negatively affects the
ecology and comfort of residents. These results
partially correlate with the current study as a
significant role of green spaces in improving
the quality of life in urban areas was also iden-
tified. In contrast to A. Aziz et al., this study
concentrated on specific tree and shrub species
and their effectiveness in reducing air pollution
and regulating microclimate. This makes the
results more practical for developing targeted
landscaping strategies adapted to the condi-
tions of Kyrgyzstan. Thus, the presented results
confirm the main conclusions of previous stud-
ies but also expand them by offering a detailed
quantitative assessment of the impact of tree
and shrub plantations on reducing air pollu-
tion, regulating temperature and maintaining
ecosystem functions in cities.

Conclusions

The study revealed significant differences in the
ecological functions of different plant species.
The most ecologically efficient were black pop-
lar (Populus nigra) absorbing 24 kg CO, annually
and trapping 9.8 g/m? of particulate matter per
year, Tatar maple (Acer tataricum) with 18 kg
CO, and 7.5 g/m? respectively, and small-leaved

linden (Tilia cordata) 16 kg CO, and 6.9 g/m? of
particulate matter. The same species contribut-
ed to the most significant cooling of the envi-
ronment during the hot season by 3.5-4.5°C. A
comparative analysis of green spaces has shown
that Kyrgyzstan lags significantly behind the
world leaders. The share of green spaces in the
country’s cities is only 12%, which is signifi-
cantly lower than in Singapore (47%), Germany
(40%), Canada (38%) and Sweden (44%). There
are only 45 trees per 1,000 inhabitants in Kyr-
gyzstan, compared to 150 in Singapore, 110 in
Germany, 130 in Canada and 140 in Sweden.
The Kyrgyz capital has 9 m? of green space per
inhabitant, compared to 50 m? in Singapore,
38 m? in Germany, 42 m? in Canada and 45 m?
in Sweden.

Leading countries are actively implement-
ing progressive greening practices: Singapore
is developing vertical greening and water-sav-
ing technologies, Germany is restoring natural
areas and creating eco-parks, Canada is imple-
menting programmes to protect forests, and
Sweden is applying adaptive greening methods.
To improve the environmental situation, cities
in Kyrgyzstan need to expand the area of green
spaces and increase funding for environmental
programmes. Currently, investments in green
spaces amount to only USD 5 million per year,
which is not comparable to Singapore (USD
320 million) and Germany (USD 280 million). It
is recommended to develop integrated strate-
gies that include greening rooftops, expanding
park areas and preserving existing plantings.
The limitations of this study include insuffi-
cient consideration of the seasonal dynamics
of plant efficiency and the specifics of climatic
conditions in different regions of the country.
Promising areas for further research include
studying long-term trends in greening, assess-
ing the role of water bodies and developing ad-
aptation strategies for the urban landscape to
climate change.
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AHorTanisg. MeToio qocmimkeHHsT 6y/I0 BU3HAYEHHST BIUIMBY 3€JI€eHUX HacaIkeHb Ha €KOJIOTiuHYy
CTifiKiCTh MICT Ta BM3HAUEHHS HAMGIAbII pe3yJbTaTMBHMX METOMIiB O3€eJeHeHHs. Y paMKax
IOC/TiIKEeHHST MMPOBEIEHO aHali3 BIUIMBY DPi3HUX BUAIB JE€PEBHUX i UarapHMKOBUX POCAMH Ha
3HIDKEHHS PiBHSI 3a0PYIHIOBATbHUX PEYOBMH, BKIIOUHO 3 TBepAMMU yacTuHKamu (PM2.5 i PM10)
i ByIeKMWIMM Tra3oM, a TaKoX IXHbOI 3aTHOCTi O PeTyII0BaHHSI TeMIIEpaTypHOIO PEXUMY Ta
CTBOpPEHHSI KOMGOPTHUX KIIMATUYHUX YMOB. Pe3ynbraTy 3acBigumian, mo HajiedeKTUBHIMMU
BUJIAM¥ POCJMH IJIsI MiCbKOTO O3€JIeHeHHSI Oy/IM TOIOJSI YOPHA, IO Ma€ Haibilblry 3[aTHICTDb
Io dinprparnii TBepaux vyactTuHOK (9,8 r/m%/pik PM2.5 i PM10) i BMCcOKuit piBeHb ITOIJIMHAHHS
CO, (24 xr/mepeBo/pik), KIeH TaTapCbKuii, IO 3abe3meuye 3HAYHE 3MEHIIeHHSI 3a0pymHeHHS
noBitpsa (7,5 r/m*pik PM2. 5 i PM10) i BnosmoBanna CO, (18 kr/mepeBo/pik), cocHa 3BMYaliHa,
sIKa TIOKa3yBaJsia BUCOKY e(deKTUBHICTb y 3HVDKEHHI PiBHSI TBEpAMX YacTUHOK (8,7 r/m%/pik PM2.5
i PM10) i B momiMHaHHI BYITIEKUCIOTO ra3y (22 Kr/mepeBo/piK), a TAKOX cMepeka TSHb-11aHbCbKa,
10 TMOEIHYBAja 34aTHICTh 10 OunineHHs moBiTps (7,9 r/m%/pik PM2.5 i PM10) 3 BMCOKMM piBHEM
noryHanHa CO, (21 xr/mepeBo/pix). 1li BMOM POCIMH [JEMOHCTPYIOTh BMCOKY 3/JaTHICTh [0
TIOT/IMHAHHS 3a0PYAHIOBAIbHUX PEUYOBMH i 3HMKEHHST TeMIIepaTypy TOBIiTps B JiTHil mepion Ha
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3,2-4,5 °C. Y KupruscraHi 1ioia 3eleHUX HacapkeHb y MicTaxX CTaHOBUTH 12 % Bin 3aramabHOI
TepUTOPIi, 110 3HAYHO HUKUE, HIXK Y PO3BUMHEHMX KpaiHax, Takux sk Cinramyp (47 %), HimeuunHa
(40 %), Kanaga (38 %) i lBewnis (44 %). V cromuui Kupruscrany, bilikexy, Ha OZHOTO >KUTes
npumnazgae 9 m? 3eleHNX HacaaKeHb, TOAi sIK y CiHramypi 1eit mokasHuk csrae 50 m?, a B Himeuunsi
38 m?. AHali3 Mi>KHapOJHOTO JOCBiIy BUSIBUB, IO PO3BUHEHI KpaiHM aKTMBHO 3aCTOCOBYBaJIU
iHHOBaIlilfHI MeTomM o3eneHeHHs. Y CiHramypi IIMPOKO BUKOPUCTOBYBAIM BepPTUKaIbHI caau
i TexHoiorii Bomo36epexkeHHs,, y HiMeuumni mpiopuTeT HamaBaayu pereHeparlii IpUPOIHNUX
TepUTOpiii i CTBOpeHHI0 eKomapkiB, y KaHami peasizoByBasM KOMIUIEKCHI MPOrpamMu 3axuUCTY
niciB, a y IlIBernii BmpoBamXyBasM aJalTUBHI MeTOAM O3eJeHEeHHS Ta CTiliki jicorocagku.
i 3axomm cOpusiv 3HAYHOMY IMOMIMIIEHHIO eKOJOTiUHOI CTiliKOCTi MiChbKOTO CepefoBMIIA.
BUMCHOBKY TOCTiIKEHHS MTiJKPECTIOITh HEOOXiIHICTh KOMITJIEKCHOTO MiAXO0TY 10 O3eJIeHEeHHS MiCT
Kupruscrany 3 ypaxyBaHHSIM BMOOPY HaMCTIMKIiLIMX JepeBHUX i YarapHMKOBUX BUIIB, & TAKOXK
BIIPOBA/IKEHHSI CyYaCHUX TEXHOJIOTiH 03eleHeHHSs

KmiouoBi ©1oBa: cramuii poO3BUTOK; 3eleHa iHGpPaAcTpyKTypa; KIiMaTWUHA ajariTallis;
6iopisHOMaHITTS; ypOaHicTUUHE 03e/IeHEHHS
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Abstract. The integration of forestry and agricultural practices contributes to the environmental
sustainability and economic development of rural areas, especially in regions with soil
degradation. The purpose of the study was to assess the impact of agroforestry systems on
land productivity, conservation of natural resources, and socio-economic development of
local communities; to identify barriers and prospects for their further implementation. The
methodology included statistical analysis, comparison of the effectiveness of various agroforestry
models, and assessment of economic and environmental indicators. The study showed that the
area of land involved in agroforestry is 150-200 thousand hectares (10% of agricultural land).
Forest and pastoral systems have reduced farmers’ feed costs by 20-25%, and the use of mixed
agroforestry models has increased crop yields by 14% compared to traditional farming. It was
established that the level of organic matter in the soils of such systems is almost twice as high as
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in traditional agricultural landscapes, and erosion processes are reduced by 20-30%. Forest stands
within the framework of agroforestry contribute to the conservation of biodiversity, in particular,
an increase in the number of useful pollinating insects by 40%, and the restoration of populations
of small mammals and birds. It was also found that the decentralisation of forest management
has led to the creation of more than 60 forest cooperatives that ensure effective management of
forest resources and increase the economic sustainability of local communities. It was found that
the main obstacles to the development of agroforestry in Albania are the lack of state support,
financial constraints, technological gaps, and low awareness of farmers. The results of the study
indicate the need to create financial incentives, develop forest cooperatives, spread innovative
technologies, and expand information support for farmers. The practical significance of the study
lies in the development of a comprehensive strategy for sustainable agricultural development,
which will contribute to improving land productivity, economic stability of local communities,
and adaptation to climate change

Keywords: sustainable development; soil erosion; agroforestry; environmental sustainability;

land productivity; economic adaptation

Introduction

Integrating forestry and agricultural practices
is a key area for sustainable rural development,
especially in countries with high levels of soil
erosion and environmental challenges, such as
Albania. Land degradation caused by intensive
farming and overgrazing negatively affects the
productivity of the agricultural sector, which
requires the introduction of new approaches to
natural resource management. Agroforestry is
seen as an effective strategy for preserving soil
fertility, regulating water balance, and improv-
ing the economic stability of rural communities.
However, studies indicate a lack of development
of mechanisms for financial support of agrofor-
estry and a lack of clear regulatory measures,
which limits its implementation at the national
level. In addition to environmental aspects, the
relevance of the study is also conditioned by the
economic feasibility of developing agroforestry,
which allows farmers to diversify their sources
of income through the cultivation of tree crops,
medicinal plants and the development of ec-
otourism. In the EU countries, such practices
receive significant financial support, while in

Albania, incentive mechanisms remain insuffi-
ciently developed.

The analysis of scientific sources showed a
growing interest in integrating forestry and ag-
ricultural practices as a means of ensuring sus-
tainable development and economic growth in
Albania. Studies have confirmed the importance
of combining economic, environmental and
policy approaches to regulating agroforestry,
but have identified a number of gaps in under-
standing the long-term consequences of these
processes. The study by E. Kumi (2024) focused
on assessing environmentally sustainable eco-
nomic development in Albania. The researcher
proved that an unbalanced policy in the field
of environmental management restrained the
potential for sustainable growth and required
more effective mechanisms of state support
for agroforestry. M. Bojovi¢ et al. (2024) ana-
lysed the possibilities of agroforestry systems
for providing sustainable energy in the Western
Balkans. The researchers found that agroforest-
ry can help to diversify energy resources and
reduce greenhouse gas emissions.
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The policy of agricultural development in
the context of European integration of Albania
and North Macedonia was studied by A.M. Sto-
jcheska et al. (2024). The researchers have found
that the harmonisation of agricultural policy
with EU requirements required a broader intro-
duction of environmentally sustainable land use
methods, in particular, agroforestry. The study
by E. Gjokutaj (2021) considered the impact of
economic and fiscal policies on agriculture in
Albania. The researcher proved that financial
constraints and regulatory barriers negatively
affected the introduction of agroforestry, but
its development could contribute to improv-
ing the efficiency of agricultural production.

The study by I. Canfora (2025) reviewed
the implementation of pre-accession assis-
tance tools for rural development. The re-
searcher found that financial support for
agroforestry could become an important area
of the national policy for improving the eco-
nomic stability of the agricultural sector. The
study by J. Veleshnja (2024) showed that the
development of ecotourism contributed to the
improvement of the economic situation in ru-
ral areas. The researcher proved that the com-
bination of forestry and agricultural resources
created additional opportunities for diversifi-
cation of income sources.

The challenges of sustainable rural de-
velopment were addressed in the paper by
E.Lika (2021). The researcher found that the in-
tegration of forestry and agricultural practices
helped to reduce the risks of land degradation
and increase the productivity of the agricultur-
al sector. Ultimately, B. Kullolli (2023) analysed
the legal regulation of the use of forest resourc-
es. The researcher found that the lack of a clear
legislative framework limited the development
of agroforestry, which required the develop-
ment of new regulatory initiatives. Overall, an
analysis of available research has confirmed
the importance of integrating forestry and

agricultural systems for Albania’s economic and
environmental sustainability. The scientific
literature revealed a lack of comprehensive re-
search on the long-term economic and envi-
ronmental effects of agroforestry, which justi-
fied the need for further research in this area.

The purpose of this study was to assess the
current state of agroforestry in Albania, identi-
fy the main challenges of its implementation,
and develop recommendations for adapting
successful European practices to local condi-
tions. To achieve this goal, several tasks were
set: to assess the current state of agroforest-
ry in Albania and the main environmental
challenges associated with land degradation;
to carry out an economic analysis of the ef-
fectiveness of various models of agroforestry
and their impact on the profitability of farms;
to develop recommendations for improving
the state policy of support for agroforestry, in
particular, financial incentives and regulatory
mechanisms aimed at improving the efficiency
of integrated land use systems.

Materials and Methods

The main sources of information were data
from the Ministry of Agriculture and Rural De-
velopment of Albania, which contain detailed
information on the area of forestry and agricul-
tural land, the level of soil erosion, the produc-
tivity of agroforestry systems and the level of
income of farms. An important component of
the study was materials from the Food and Ag-
riculture Organisation (2025), which highlight
the impact of agroforestry on yields, economic
stability of rural communities, and opportuni-
ties for adaptation to climate change. The an-
alytical reports of the European Forestry Insti-
tute (Bojovic et al., 2024), which contain data
on the economic efficiency of various agrofor-
estry models and their contribution to the de-
velopment of regional agricultural ecosystems,
were also used.
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The method of economic analysis was
used to assess the effectiveness of agrofor-
estry systems in comparison with traditional
agriculture. Land productivity, farmers’ ex-
penses for feed and fertilisers, and additional
sources of income from agroforestry (for ex-
ample, growing wood, fruit crops, medicinal
plants, honey) were investigated. The analysis
of financial barriers included the study of the
lack of subsidies, limited credit opportunities,
and low level of state support for farmers im-
plementing agroforestry systems.

The forecasting method was used to deter-
mine possible scenarios for the development
of agroforestry in the short and medium term.
Econometric modelling was performed, which
included an analysis of changes in yields, farm-
ers’ income levels, and the expansion of land
areas used for agroforestry. The model variables
included indicators of soil erosion, precipita-
tion, average annual temperature, and econom-
ic costs of farming (Ministry of Environment of
Albania, 2023). This allowed assessing the ef-
fectiveness of possible policy measures and fi-
nancial incentives to support farmers.

A comparative analysis of the main mod-
els of agroforestry used in Albania, in particular
forest-pastoral systems, forestry and protective
forest belts, was carried out. The economic ef-
ficiency, land productivity, and environmen-
tal impact of each model were evaluated. The
analysis was based on quantitative indicators,
including yield levels, farmers’ incomes, and
reduced feed costs. The study analysed the in-
ternational experience of the EU countries, in
particular Germany and France, in implement-
ing agroforestry practices.

The influence of agroforestry systems on
soil condition and water balance was assessed.
The level of organic matter in soils, changes in
humus content and indicators of water reten-
tion capacity in regions where agroforestry sys-
tems were introduced were investigated. The

analysis of erosion processes was carried out,
which helped to determine the effectiveness of
protective forest belts and forest-pastoral sys-
tems in reducing land degradation.

Results

The integration of forestry and agricultural
practices in Albania is an important aspect of
sustainable rural development, contributing
to the conservation of natural resources, in-
creasing land productivity and strengthening
the economic potential of local communities.
The total area of forest land in the country is
approximately 1.05 million hectares, which is
about 36% of the total territory of the country.
The area of agricultural land reaches 695 thou-
sand hectares, of which a significant part was
subjected to erosion processes due to intensive
agriculture and overgrazing of livestock. In the
context of land degradation, an important area
has become the introduction of agroforestry
systems that help to stabilise soils, regulate
water balance, and increase the stability of ag-
ricultural landscapes.

The area of land used for agroforestry is ap-
proximately 150-200 thousand hectares, which
corresponds to 10% of the total area of agri-
cultural land (Food and Agriculture Organiza-
tion, 2025). The main regions where such prac-
tices are actively developing are mountainous
areas in the north and centre of the country,
in particular, the districts of Kukes, Diber, and
Korcha. The introduction of tree stands with-
in agricultural land has become widespread
among local farmers, which is explained by the
positive impact of such systems on maintain-
ing soil fertility and protecting crops from cli-
matic extremes. Of particular importance is the
forest-pastoral system, which combines tree
cultivation with grazing, which is a traditional
practice in many Albanian regions.

A comparative analysis of various models
of agroforestry shows that land productivity
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significantly depends on the type of integrat-
ed system. In particular, forestry demonstrates
the highest yield among agroforestry models,
since the combination of fruit trees with field
crops helps to preserve soil moisture and im-
prove soil structure. For comparison, farmers
using forest pastoral systems report a 20-25%
reduction in feed costs, since livestock has ac-
cess to natural feed sources in forest ecosys-
tems (Bojovi¢ et al., 2024). Protective forest
belts show the best results in reducing erosion,
which is important for regions with intensive
agricultural production.

Among the typical models of integration
of forestry and agriculture, forest-pastoral

systems, forest gardening, and the creation of
protective forest belts are distinguished. For-
est-pastoral systems are the most common form
of use of forest areas in agriculture, especially
in foothill areas, where oak and chestnut for-
ests serve as a natural food base for sheep and
goats. Forestry, in particular, the cultivation of
nut and fruit trees (for example, almonds, figs,
pomegranates) in combination with tradition-
al field crops, shows stable growth, since this
model provides additional sources of income
for farmers. Protective forest belts are mainly
used in areas with intensive agricultural pro-
duction, their purpose is to reduce wind erosion
and preserve soil moisture (Table 1).

Table 1. Main models of integration of forestry and agricultural practices in Albania

. istribution Economi Environmental im
Model type Main features Dist !)ut ° conomic vironmenta pact
regions advantages on forest ecosystems
Forest and Grazing of . Increase livestock Presg rving f orest cover,
. - Kukes, Diber, .. maintaining biodiversity, and
pastoral livestock in forest productivity, reduce . -
Lezha reducing fire risks through
system areas feed costs .
vegetation control
.. Income Improving the soil structure,
Combining . - . . .
R > Korcha, Berat, diversification, increasing the number of useful
Forestry fruit trees with - . . T .
o Vlora increasing soil pollinating insects, and reducing
traditional crops - .
fertility erosion
. . Microclimate stabilisation, wind
. Forest belts . Reducing erosion, . -
Protective Durres, Fier, | . . erosion reduction, drought
around . improving the water -
forest belts . Tirana A protection, and support for local
agricultural land regime
ecosystems
Improving .
. Restoration of forest ecosystems
Collective forest Northern management . . A ’
Forest - . . reduction of illegal logging,
- management by and central | efficiency, improving . - .
cooperatives . . . conservation of biodiversity
local communities regions community well- -
being through rational use of resources

Source: compared by the authors based on European Commission (2023), Ministry of Environment of
Albania (2023), M. Bojovi¢ et al. (2024), Food and Agriculture Organization (2025)

The policy of decentralising forest man-
agement, which began in 2015, has played a key
role in the development of Integrated forestry
and agricultural systems. According to the new
management model, a significant part of the
forest areas was transferred to the disposal of
local authorities, which allowed communities
to independently develop sustainable forest

management strategies (Ministry of Environ-
ment of Albania, 2023). One of the positive re-
sults of this process was the creation of more
than 60 forest cooperatives that ensure effec-
tive management of natural resources and con-
tribute to the economic development of local
communities. However, decentralisation has
also revealed a number of problems, including
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a lack of funding for local administrations and
difficulties in controlling illegal logging.

In addition to financial and regulatory bar-
riers, social factors also play an important role
in the development of agroforestry. A survey
of farmers in the regions of Kukes, Diber and
Korcha showed that only 35% of respondents
are familiar with the benefits of agroforestry,
and another 40% believe that the introduc-
tion of tree stands can reduce their produc-
tivity in the short term (Food and Agriculture
Organization, 2025). One of the main reasons
for the low level of implementation is limited
access to information, and insufficient con-
sulting support from government agencies
and research centres. In EU countries such
as Germany and France, the introduction of
agroforestry practices was conditioned by ac-
tive information campaigns and state train-
ing programmes for farmers. In Germany,
the Agroforestry-Forderung programme has
been in operation since 2005, which provides
farmers with subsidies of up to 200 EUR/ha
annually for the integration of tree stands
into agricultural land, which has increased
the area of agroforestry by 15% over the past
decade. In France, under the Plan de Dévelop-
pement Rural, farmers receive compensation
for the creation of protective forest belts and
mixed systems, which has led to an increase
in agroforestry areas by 25% since 2010. Both
countries actively use information campaigns
and educational programmes: in Germany, the
Deutscher Agroforstverein initiative organis-
es seminars and online platforms for farmers,
while in France, the National Institute INRAE
has developed educational modules for agri-
cultural colleges, through which more than
5,000 farmers have received specialised train-
ing. Scientific and technical support, includ-
ing the use of drones to monitor the condition
of trees and soils, has reduced maintenance
costs by 30%. Environmental results are also

impressive: in Germany, forest-pastoral sys-
tems have reduced CO, emissions by 2.5
tonnes/ha/year, and in France, protective for-
est belts increased the yield of vineyards by 12-
18% (European Commission, 2023).

One of the main limitations of the intro-
duction of agroforestry systems remains the
low level of funding for farmers who want to
apply these methods. Currently, Albania does
not have special subsidies or tax incentives
for farmers implementing agroforestry, which
significantly limits the development opportu-
nities of the sector. Most international funding
programmes, such as the Global Environment
Facility and the United Nations Development
Programme (2024), are aimed at universal for-
est conservation rather than promoting the in-
tegration of forestry and agricultural practices.
Compared to EU countries such as France or Ger-
many, where farmers receive up to 200 EUR/ha
of annual support for agroforestry, Albania has
not yet created an effective financial mecha-
nism to encourage this area.

These data indicate a significant potential
for integrating forestry and agricultural prac-
tices in Albania. Through this interaction, the
conservation of natural resources is achieved,
land productivity increases, and the economic
opportunities of the rural population are im-
proved. However, the further development of
such models requires comprehensive govern-
ment support, including funding for local ini-
tiatives, infrastructure development, and dis-
semination of scientific knowledge to farmers.

Integration of forestry and agricultural
practices is a key approach to ensuring the en-
vironmental sustainability of agricultural land-
scapes. In Albania, these systems contribute to
improving soil fertility, preserving biodiversity,
and stabilising the water balance. Given the
high level of erosion processes in the moun-
tainous and foothill regions of the country, the
introduction of agroforestry systems plays an
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important role in reducing the risks of degra-
dation of natural resources and increasing land
productivity.

Agroforestry contributes to the restoration
of soil fertility, which is especially important
in regions with high erosion rates. Planting
perennial trees in combination with agricul-
tural crops reduces wind and water erosion,
which is confirmed by research by the Minis-
try of Agriculture and Rural Development of

Albania. Increasing the level of organic matter
in soils due to leaf litter and root exudates of
trees contributes to the formation of a stable
humus structure, which improves the water re-
tention capacity and microbiological activity
of soils. In regions where mixed forest pasto-
ral systems are used, the level of erosion has
decreased by 25-30% compared to traditional
pastures. Table 2 shows the impact of agrofor-
estry on soil indicators.

Table 2. Impact of agroforestry on soil and ecosystem indicators

. Traditional Forest ecosystems
Indicator agriculture Agroforestry wuhoyt agricultural
influence
Organic matter level (%) 1.5 3 4.5
Humus content (%) 2.5 5.2
Erosion reduction (%) 0 20 50
Soil moisture retention capacity (%) 35 50 65
Forest floor density (t/ha) 0.5 1.8 3

Microbial content in the soil (species/gramme of soil) 104 10° 100
Soil carbon reserve (t/ha) 3.2 6.8 9.5

Biodiversity of litter insects (species/m?) 4-6 12-15 20-25
Number of useful fungi in the soil (U/g) 50 130 250

Ecosystem stability (rating) Low Average High

Source: compared by the authors based on M. Bojovi¢ et al. (2024), Food and Agriculture Organization (2025)

The data in Table 2 show that the level of
organic matter in soils where agroforestry is
used is almost twice as high as in traditional ag-
ricultural systems. A similar trend is observed
in the humus content, which is directly related
to the stability of the soil structure and its fer-
tility. One of the most important indicators is
the reduction in the level of erosion, which in
integrated systems reaches 20%, while in tra-
ditional agriculture this indicator is practically
absent due to excessive land exploitation. Anal-
ysis of the obtained data from the point of view
of ecology and forest resource management in-
dicates significant advantages of agroforestry
systems in supporting the ecosystem functions
of the soil. In particular, the indicators of mois-
ture retention capacity in such systems are sig-
nificantly higher than in traditional agriculture,

which helps to reduce the risk of soil degrada-
tion and improve their resistance to climate
change. Although forest ecosystems without
agricultural influence have the highest mois-
ture retention capacity, agroforestry can act as
an effective intermediate option for optimising
the use of natural resources.

The density of forest floor, which is an im-
portant indicator of the productivity of forest
ecosystems, in agroforestry systems reaches 1.8
t/ha, which is three times higher than in tradi-
tional agriculture. This contributes to improved
soil microflora, increased biodiversity, and a
more efficient carbon cycle, which are impor-
tant factors in the sustainability of forest land-
scapes. The content of microorganisms in the
soil also shows positive dynamics: their con-
centration in agroforestry systems is an order
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of magnitude higher than in traditional agricul-
ture, which indicates active biochemical pro-
cesses and improvement of the soil ecosystem.
An important aspect of the analysis is the car-
bon Reserve in the soil, which in agroforestry
systems is 6.8 t/ha, which is more than twice as
high as in traditional agriculture. This indicates
that such systems can play an important role in
the global carbon balance and be an effective
measure to mitigate climate change. The biodi-
versity of litter insects, which are key indicators
of ecosystem stability, also shows a significant
improvement: in agroforestry systems, it reach-
es 12-15 species/m?, while in traditional agri-
culture this indicator is minimal.

Special attention should be paid to the
number of useful fungi in the soil, which in
agroforestry systems reaches 130 U/g, which
helps to increase the trophic chain and
strengthen the natural mechanisms of nutri-
ent regulation. An important final indicator
is the stability of the ecosystem: if tradition-
al agriculture is characterised by low sustain-
ability, and natural forest ecosystems - high,
then agroforestry provides an average level of
ecological stability, creating a balance between
the economic use of land and their ecological
potential. In general, these results indicate
that agroforestry contributes to improving
the ecological state of soils, increasing their
productivity and resistance to degradation. In
the context of bioeconomics, such systems can
play a key role in ensuring the environmental-
ly balanced use of forest resources, contribute
to the conservation of biodiversity and be an
effective tool for adapting to climate change.

Another important environmental im-
pact is the conservation of biodiversity, espe-
cially in the mountainous regions of Albania,
where natural ecosystems have undergone
significant anthropogenic impacts. The in-
troduction of agroforestry methods contrib-
utes to the maintenance of stable ecosystem

links between species, which is confirmed by
field studies in the Vjosa Region (Bojovi¢ et
al., 2024). In areas where forestry and mixed
crop cultivation systems were introduced, an
increase in the number of beneficial pollinat-
ing insects was recorded by 40%, and an in-
crease in the diversity of soil microorganisms,
which play a key role in maintaining natural
processes of organic matter decomposition. In
addition, forest stands provide conditions for
restoring populations of small mammals and
birds, which is an indicator of ecosystem sus-
tainability. The integration of forestry and ag-
ricultural practices also contributes to the im-
provement of the hydrological regime, which
is particularly important for maintaining land
productivity in the face of climate change. In
particular, mixed agroforestry systems con-
tribute to the regulation of surface runoff and
the preservation of soil moisture, which re-
duces the risk of land degradation. The intro-
duction of perennial tree stands in agricultural
landscapes helps to stabilise the groundwater
level and reduce moisture loss from the soil,
which is especially important for arid regions.
However, the impact of climate change re-
mains a key challenge for the effective imple-
mentation of agroforestry. It is predicted that
by 2050, the average annual temperature in
Albania will increase by 1.3-2.2°C, which will
lead to an increase in evaporation of soil mois-
ture, especially in low-lying areas. In addition,
uneven precipitation distribution can lead to
more frequent periods of drought, which will
negatively affect yields. For example, in the
central and southern regions, there is already
a decrease in precipitation by 2.1-4.3%, which
threatens to reduce the efficiency of tradition-
al agriculture. The introduction of mixed for-
est-agrarian systems can become a key tool for
reducing climate risks, since tree stands help
regulate the microclimate, reduce soil erosion,
and maintain water balance.
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In areas with implemented forest-agrarian
systems, the level of soil moisture retention is
on average 15-20% higher than in regions with
traditional agriculture. Thus, the integration of
forestry and agricultural practices has signifi-
cant environmental benefits, in particular, the
preservation of soil fertility, the maintenance
of biodiversity, and the improvement of water
balance. The implementation of these methods
contributes to long-term environmental stabil-
ity and ensures the adaptation of agricultural
landscapes to climate challenges, which is stra-
tegically important for the sustainable develop-
ment of rural areas in Albania. The integration
of forestry and agricultural practices not only
contributes to the environmental sustainabili-
ty of agricultural landscapes, but also provides
economic benefits for rural communities. The
use of agroforestry methods can increase the
profitability of farms by diversifying sources of
income, increasing land productivity and de-
veloping new economic sectors, in particular,
ecotourism.

One of the main advantages is to increase
profitability by expanding the range of mar-
ketable products. Agricultural producers who
introduce agroforestry receive income not only
from traditional crops, but also from wood, food
products (nuts, fruit trees), medicinal plants,
honey and mushrooms. Tree stands are the ba-
sis of sustainable forest-agrarian systems, as

they provide synergy between agricultural pro-
duction and forest resources. For example, in
the Korcha Region, the average profit of farm-
ers before the introduction of agroforestry was
5,000 USD/ha per year, and after the introduc-
tion — 6,000 USD/ha per year, which indicates a
20% increase (Food and Agriculture Organiza-
tion, 2025). This growth is conditioned not only
by the diversification of products, but also to the
environmental sustainability that trees provide:
they reduce soil erosion, improve its structure
and create a microclimate favourable for crops.

Another important economic aspect is the
assessment of land productivity in agroforestry
systems in comparison with traditional agricul-
ture. Studies show that land where an integrat-
ed approach is applied (trees+crops) has a yield
of 0.5 t/ha higher. In particular, in traditional
agriculture, the average yield was 3.5 t/ha,
while in agroforestry systems this indicator in-
creased to 4.0 t/ha, which is equivalent to an
increase of 14%. A key role in this is played by
tree stands, which stabilise the water balance,
maintain soil moisture and reduce the impact
of climatic extremes, ensuring long-term pro-
ductivity of land. This is conditioned by im-
proved microclimatic conditions, increased
soil moisture levels, and reduced risks of land
degradation. Table 3 presents a comparison of
the economic indicators of conventional agri-
culture and agroforestry systems.

Table 3. Comparison of the profitability of agroforestry and traditional forestry

Indicator Traditional forestry Traditional agriculture Agroforestry
Profit per 1 ha (USD/year) 2,000 5,000 6,000
Payback period (years) 20-30 1-3 5-7
Wood, nuts,
Additional sources of income Wood None medicinal plants,
honey
Investment level (USD/ha) 1,500 500 2,000
Moderate, possible Positive, reducing
Impact on the ecosystem negative consequences High, soil erosion ero’sion
due to logging

Source: compared by the authors based on M. Bojovic et al. (2024), Food and Agriculture Organization (2025)
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Analysis of the economic indicators of tra-
ditional forestry, traditional agriculture, and
agroforestry shows that integrated agrofor-
estry systems have significant advantages in
both financial and environmental aspects. One
of the key indicators is profitability: revenues
per hectare in traditional forestry are about
USD 2,000 per year, in traditional agriculture —
USD 5,000 per year, while in agroforestry sys-
tems this figure reaches USD 6,000 per year. This
growth is driven by product diversification, as
farmers receive additional income from wood,
nuts, medicinal plants, and honey in addition to
their main agricultural activities. An important
economic factor is the return-on-investment
period. Traditional forestry has the longest
payback period - from 20 to 30 years, which is
conditioned by the slow growth of wood pulp
and the need for long-term investments before
making the first profit. In traditional agricul-
ture, this period is much shorter and amounts
to 1-3 years, which is explained by the annual
harvest. Agroforestry shows an intermediate
option - 5-7 years, which, although longer than
traditional agriculture, is offset by higher prof-
itability and stable incomes in the long term.

Investment costs per hectare in tradition-
al forestry reach USD 1,500 per hectare, which
includes reforestation costs, plantation main-
tenance, and long-term management. In tra-
ditional agriculture, the level of investment is
lower — about USD 500 per hectare, which is ex-
plained by the intensive use of soils without the
need for long-term investments in tree crops.
At the same time, in agroforestry systems, this
figure is USD 2,000 per hectare, since it re-
quires additional investment in forest stands,
but at the same time provides a more stable
economic effect. From an ecological stand-
point, traditional forestry has a moderate im-
pact on ecosystems, but there may be negative
consequences due to intensive logging, which
can disrupt the balance of forest biocoenoses.

Traditional agriculture has the greatest neg-
ative impact on the environment, causing soil
erosion, reduced humus levels, and loss of bi-
odiversity due to intense agricultural impacts.
In turn, agroforestry provides a positive impact
on the ecosystem, since the combination of tree
stands with agricultural crops helps to reduce
erosion processes, improve soil structure and
increase biodiversity.

Thus, the results of the analysis show that
agroforestry is an effective model of land man-
agement that combines economic benefits and
environmental sustainability. Such a system
can optimise land use, reduce the risks asso-
ciated with soil degradation, and ensure long-
term economic efficiency for farms. In addition,
agroforestry can play an important role in the
development of a sustainable bioeconomy, as it
contributes to maintaining the productivity of
agricultural landscapes, preserving ecosystem
services, and mitigating the effects of climate
change. Another promising area is the devel-
opment of ecotourism, which is an important
source of income for rural communities that ac-
tively use forest resources. In Albania, there is
an increase in demand for ecotourism, especial-
ly in mountainous regions, where local com-
munities organise agrotourism routes, tasting
tours using local products, walks in forests and
eco-farms. In the mountainous regions of Leja
and Kukes, the average annual income of local
farms from ecotourism by 2018 was USD 6,000,
while in 2023 this figure increased to USD 7,500-
8,000, which indicates a 25-30% increase.

Thus, the integration of forestry and agri-
cultural practices not only increases the prof-
itability of agriculture, but also creates a sus-
tainable economic base for the development
of local communities, reducing their depend-
ence on traditional agriculture. Investments
in agroforestry contribute to the development
of long-term economic benefits by increasing
land productivity, more efficient use of natural
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resources and the development of new econom-
ic activities, in particular ecotourism. Despite
significant environmental and economic bene-
fits, the integration of forestry and agricultural
practices in Albania faces a number of barriers
that limit its widespread implementation. The
main challenges are related to financial, legal,
technological, and social factors that affect the
effectiveness of agroforestry development.

One of the key constraints is financial
instability and limited investment in forest
agrarian systems. Despite international initia-
tives such as the United Nations Development
Programme (2024) and the Global Environ-
ment Facility, which are aimed at supporting
sustainable land use, the lack of government
subsidies and low lending to farmers and forest
enterprises make it difficult to adapt agrofor-
estry methods. The high initial costs of creat-
ing mixed forest systems, the need for a long
payback period, and limited financial incentives
create significant barriers for small and medi-
um-sized forest users. In addition, the lack of
investment in the restoration of degraded for-
est areas limits the opportunities for the de-
velopment of multifunctional forestry, which
is important for improving the environmental
sustainability of regions.

The second significant barrier is legal and
regulatory restrictions. In the process of de-
centralising forest management, which began
in 2015, local communities were granted the
right to use forest land, but the legal status of
many lands remains uncertain. The insuffi-
cient legislative framework for property rights
and long-term use of natural resources makes
it difficult to attract investment in forest res-
toration and the development of sustainable
forest agrarian systems. In particular, the lack
of clearly defined rules for the use of forests
leads to their degradation due to poor use of
resources, which reduces the ecosystem func-
tions of forest areas.

Technological limitations also affect the
pace of implementation of forest agrarian
practices. The lack of scientifically based rec-
ommendations for adapting agroforestry to
specific natural conditions in Albania, limited
access to modern technologies for managing
forest ecosystems, such as remote monitoring
of the state of forest stands, the use of drones
to assess biodiversity and analyse degradation
processes, significantly reduce the effective-
ness of these methods. The lack of specialised
educational programmes and advisory support
for forest users further complicates the integra-
tion of modern technologies into forestry.

A significant factor influencing the spread
of agroforestry is the social perception and lev-
el of awareness of the local population about
its advantages. Research shows that most forest
owners and farmers prefer traditional farming
methods because of a lack of understanding of
the long-term environmental and economic
benefits of implementing forest farming sys-
tems. The lack of organised cooperatives and
support from local authorities contributes to
the preservation of conservative approaches to
forest management.

An additional challenge is the impact of
climate change, which is already having signif-
icant implications for Albania’s forest ecosys-
tems. It is predicted that by 2050, the average
annual temperature in the country will increase
by 1.3-2.2°C, which will be accompanied by a
decrease in precipitation by 2.1-4.3% and an
increase in the frequency of extreme weather
events, such as droughts and heavy downpours.
These changes can lead to degradation of for-
est ecosystems, increased risk of forest fires,
loss of biodiversity, and reduced productivity
of tree stands. Mountain forests are particu-
larly vulnerable, where a violation of the water
regime and an increase in the average annual
temperature can lead to changes in the species
composition of trees, a decrease in the area of
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moisture-loving forest ecosystems and an ac-
celeration of soil erosion processes.

Increasing climate risks also affect forestry,
increasing the need for adaptation strategies.
In particular, it is necessary to develop reforest-
ation programmes using drought-resistant and
biodiversity-rich tree species, create protective
forest belts to reduce the risk of erosion and
land degradation, and introduce environmental
monitoring systems to predict changes in forest
ecosystems.

Thus, overcoming the challenges that hin-
der the integration of forestry and agricultural
practices in Albania requires a comprehensive
approach. The development of effective finan-
cial mechanisms for the restoration of forest
resources, the improvement of the legal frame-
work for rational forest management, the intro-
duction of modern technologies for monitoring
the state of forests and educational programmes
for forest users and farmers are necessary steps
to ensure the ecological sustainability of forest
areas. Integrating these factors will help to re-
duce forest degradation, improve their ecosys-
tem functions, and ensure long-term sustaina-
ble development in the region.

The integration of forestry and agriculture
has significant potential for sustainable rural
development in Albania. It is important not only
to use agroforestry as a tool for increasing agri-
cultural productivity,but also its role in preserv-
ing and restoring forest ecosystems. To achieve
long-term efficiency, it is necessary to imple-
ment comprehensive measures aimed at form-
inga policy of integrated management of forests
and agricultural landscapes, expanding finan-
cial support, introducing modern technologies
in the forest sector, and improving the environ-
mental sustainability of degraded territories.

In the future, the key task will be to de-
velop a national strategy for the development
of agroforestry, which will include measures
to restore degraded forest landscapes and

strengthen the ecosystem functions of forests.
It is planned to create support programmes
not only for farmers, but also for forest sector
enterprises engaged in forest restoration, cul-
tivation of multifunctional forest stands, and
development of forest bioeconomics. Consid-
ering the experience of EU countries such as
France and Germany, it is worth implementing
financial mechanisms aimed at stimulating
agroforestry in the context of forest conser-
vation, in particular, through subsidies, tax
incentives and, investments in expanding the
area of mixed forests.

In addition to financial support, the devel-
opment of the scientific and technological base
for monitoring the state of forests, expanding
the use of innovative forestry methods and
improving the efficiency of forest ecosystem
management will play a significant role. The
creation of research centres to study the rela-
tionship between forestry and agroforestry will
allow adapting forest models to the specific
natural and climatic conditions of Albania. The
use of the latest technologies, such as remote
monitoring of forests, analysis of satellite data
to assess the dynamics of changes in forest cov-
er, development of water management systems
in forest regions, will contribute to improving
the ecological sustainability of forests.

The approach to integrated forest manage-
ment and social responsibility of communities
for the conservation of forest resources play a
significant role in the development of agrofor-
estry. The expansion of the network of forest
cooperatives will contribute to the efficient
use of natural resources and the creation of
local economic initiatives in the forest sector.
An important area will also be the involvement
of the local population in forest restoration
programmes and the development of multi-
functional forest ecosystems, which will create
additional employment opportunities and in-
crease the income of forest communities.
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Special attention should be paid to envi-
ronmental aspects. It is expected that the in-
troduction of agroforestry will contribute to the
restoration of degraded forest ecosystems and
improve their ecological functions. Restoration
of forests in arid regions will help to stabilise
the microclimate, reduce erosion processes,
and increase the level of carbon conservation in
soils. It is predicted that over the next decade,
forest areas that have been partially degraded
due to intensive farming and overgrazing can
be restored by 15-20% due to the introduction
of mixed agroforestry systems.

In addition to increasing farmers’ incomes,
the introduction of agroforestry will create
economic benefits for the forest industry. In
particular, the wood supply will increase due
to the expansion of the area of multifunction-
al forest stands, which will contribute to the
development of forest bioeconomics and the
creation of new sources of income through the
processing of wood raw materials. It is also pos-
sible to reduce the cost of reforestation through
natural mechanisms of forest regeneration in
mixed systems. As a result, the share of wood
produced under sustainable forestry can grow
by 10-15%, which will contribute to the devel-
opment of the market for environmentally cer-
tified wood and reduce dependence on imports
of forest products.

Due to these steps, the share of agroforest-
ry can grow to 25% of the total area of agricul-
tural land over the next decade, which will have
a positive impact on the state of forests. It is
expected to increase the area of restored forest
ecosystems, which will help to reduce the level
of forest degradation by 30-40% and improve
biodiversity in regions that are currently under
environmental pressure. The integrated imple-
mentation of these measures will contribute to
economic growth and environmental stability,
adaptation to climate change and sustainable
development of Albania’s forest areas.

Discussion

The results of the study confirm the importance
of integrating forestry and agricultural practic-
es for the sustainable development of rural are-
as in Albania. It was established that the use of
agroforestry systems contributes to increasing
land productivity, reducing erosion processes
and improving the economic well-being of local
communities. The findings are consistent with
previous studies that focus on the need for anin-
tegrated approach to agricultural development
in the face of current environmental challenges.

It was confirmed that rural development
requires integrated strategies that cover envi-
ronmental, social, and economic aspects. Anal-
ysis of sustainable rural development policies
within the Smart Village concept presented
in the study by M. Osmani (2023) emphasises
the need for digital technologies and effective
management of natural resources to improve
the standard of living in rural communities.
The introduction of agroforestry corresponds
to these approaches, since it involves optimis-
ing land use, reducing the environmental bur-
den and developing cost-effective management
models. The study showed that financial sup-
port for farmers is a critical factor for the large-
scale implementation of agroforestry systems.
The lack of financial incentives, subsidies and
public funding programmes remains one of the
main obstacles to the development of this area.
The study by P. Ymeri (2022) emphasises that
insufficient state support and lack of financial
incentives significantly slow down the transi-
tion to sustainable land use, especially in the
countries of the Balkan region.

The issue of land consolidation also plays
a significant role in improving the efficiency
of agriculture and the use of natural resourc-
es (Zorin, 2024). According to the analysis by
F. Sallaku et al. (2010), land consolidation con-
tributes to the rational use of territories, which
is especially important for the introduction of
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agroforestry systems. Albania is experiencing
significant land fragmentation, which makes
it difficult to integrate forest practices into ag-
ricultural production. The results of the study
confirm that combining land resources within
cooperative management can help improve the
efficiency of agroforestry systems. Social as-
pects of agroforestry development also remain
an important factor. As indicated by D. Shehu et
al. (2013), low awareness of local communi-
ties about the long-term economic and envi-
ronmental benefits of agroforestry remains a
significant barrier to its development. Similar
trends can be seen in Albania, where a signifi-
cant proportion of farmers adhere to traditional
management methods, which limits the intro-
duction of integrated approaches to natural re-
source management.

From the standpoint of environmental
sustainability, the results of the study confirm
the conclusions of S. Fatima et al. (2024) on the
positive impact of sustainable forestry on soil
health, biodiversity, and climate change adap-
tation. Agroforestry helps to increase the lev-
el of organic matter in soils, reduce wind and
water erosion, and improve the water balance
in agroecosystems (Muminova et al., 2023).
It is important that the introduction of agro-
forestry systems can play a significant role in
mitigating the effects of climate change already
observed in the region. In an international con-
text, the development of agroforestry can be
linked to general trends in forest sector reform
in developing countries (Belmega et al., 2024).
The study by E.K. Nambiar (2021) on Vietnam
demonstrates that integrating forestry into
agricultural production can significantly in-
crease productivity, ensure farmers’ access to
fair markets, and promote economic growth in
rural communities. A similar approach can be
applied in Albania through the introduction of
cooperative models for forestry and agricultural
resources management.

The results are consistent with conclusions
of A. Raihan et al. (2024) on the importance of
combining economic growth, energy innova-
tion, and sustainable natural resource manage-
ment to reduce greenhouse gas emissions. The
introduction of agroforestry in Albania can help
to reduce the carbon footprint of the agricultur-
al sector, which meets European environmental
standards. One of the key aspects of sustainable
development is the integration of education-
al, managerial, and environmental strategies
into rural development. As indicated by Y. Yu et
al. (2024), education and competence develop-
ment among the local population are impor-
tant factors for the successful implementation
of sustainable practices. Insufficient awareness
and access to modern farming practices re-
mains one of the main obstacles to the expan-
sion of agroforestry. The results of this study
confirm that increasing the level of knowledge
of farmers through educational initiatives and
information campaigns will contribute to more
active implementation of agroforestry systems.

The development of agroforestry is also
part of a broader process of restoring multi-
functional cultural landscapes that combine
traditional farming methods and modern inno-
vative approaches (Drobitko & Alakbarov, 2023;
Moroz, 2024). S. Wang (2004) emphasised that
the concept of sustainable forest management
can have different interpretations depending
on the economic, social, and environmental
context. The analysis carried out in this study
confirmed that in the case of Albania, sustaina-
ble forest development largely depends on the
integration of forestry and agricultural prac-
tices. In contrast to the general approach of
S. Wang, the results obtained were aimed at spe-
cific mechanisms of adaptation of agroforestry
to the natural and climatic conditions of the
country. The study by J. Gupta et al. (2022) em-
phasises the importance of agroforestry waste
management to improve the environmental
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efficiency of agriculture. In Albania, the possi-
bility of using biomass derived from agroforest-
ry systems can contribute to the development of
renewable energy and reduce carbon emissions
(Shumka et al., 2021). From the standpoint of
macroeconomic trends, the integration of for-
estry into agricultural production corresponds
to global approaches to a green economy. The
study by M. Riviere et al. (2020) considered the
evolution of integrated economic models used
in the forest sector and their adaptation to new
environmental and market conditions. The
study confirmed the need to develop economic
models that consider the relationship between
forestry and agricultural systems.

Agroforestry is also seen as part of a cli-
mate change adaptation strategy. The study
by D. Ntawuruhunga et al. (2023) confirms
that adaptive agroforestry systems can help to
preserve soil moisture, reduce erosion, and in-
crease the resilience of agricultural landscapes
to climate change. In Albania, the expected
increase in average temperatures and reduced
precipitation by 2050 requires the develop-
ment of effective water management methods,
which can be achieved through the introduc-
tion of protective forest belts and the use of
perennials in agricultural systems. The analysis
of the regional policy of sustainable develop-
ment confirms that the successful implemen-
tation of agroforestry is possible only under
the conditions of an effective territorial policy.
T. Schulz et al. (2023) analysed trade-offs and
conflicts between economic development and
sustainable forest management. The study
also confirmed the existence of contradictions
between economic interests and environmen-
tal priorities, in particular in the financing of
forest restoration programmes. The lack of
agreed financial mechanisms and land-use dis-
putes identified in this study reflect the general
trends described by the researcher, in particu-
lar, difficulties in implementing policies that

combine economic growth with the conserva-
tion of natural resources.

Special attention should be paid to social
factors affecting the development of agrofor-
estry. As noted in the study by S. Gatama et
al. (2024), issues of gender equality and the in-
volvement of various social groups in the man-
agement of natural resources are important
for ensuring sustainable development. In the
case of Albania, the establishment of cooper-
ative forms of forest management can help to
increase social cohesion and involve local com-
munities in decision-making on the use of for-
est resources. The study by P. Datta et al. (2024)
demonstrates that the interaction between
agroforestry, animal husbandry, and agriculture
in Bangladesh can increase land productivity
and promote sustainable management of natu-
ral resources. A similar approach can be applied
in Albania, where the integration of animal
husbandry and agroforestry, in particular, in the
form of forest-pastoral systems, helps to reduce
farmers’ feed costs and maintain biodiversity.

The analysis showed a significant impact of
agroforestry on the ecological sustainability of
forest ecosystems and their economic prospects
in Albania. M. Sotirov et al. (2015) considered
the integration of forest policy in the Europe-
an context, where special attention was paid to
coordinating strategies for sustainable forest
management and their multifunctional use. The
problems identified in this study, in particular,
the uncertainty of land status and the lack of
financial support mechanisms, partially coin-
cide with the conclusions of M. Sotirov et al. on
barriers to the implementation of integrat-
ed forest management. However, the current
study focused on local aspects, while the Eu-
ropean study covered a broader regional scale.

The analysis of economic opportunities for
forestry development in Albania has certain
parallels with the conclusions of J. Arce (2019).
The researcher emphasised the importance
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of forests as a driver of sustainable economic
growth and job creation. The study also con-
firmed that the development of forest cooper-
atives and the integration of forest land into
regional economic processes contribute to in-
creasing employment and income diversifica-
tion in rural areas. The difference was that the
global analysis by J. Arce considered the overall
economic role of forests, while this study spec-
ified ways to implement financial mechanisms
for the development of agroforestry.

Considerable attention in modern re-
search is paid to the use of digital technologies
for monitoring the state of forests. A. Kafy et
al. (2023) proved that the use of satellite data
and remote sensing allows more effectively
assessing changes in forest cover and carbon
storage. Although the technological aspects
were considered in less detail in this study, it
was found that the lack of monitoring systems
makes it difficult to manage natural resources.
The findings confirm the need to implement
digital solutions in the field of forestry, which is
consistent with the opinion of A. Kafy et al. on
the importance of geoinformation technologies
in the conservation of forest ecosystems.

The importance of forests in combating cli-
mate change was a central issue in the study by
A. Raihan (2023a). The researcher investigated
the role of forest ecosystems in reducing green-
house gas emissions and the impact of environ-
mentally oriented practices on the carbon bal-
ance. The results of the analysis confirmed that
agroforestry contributes to the accumulation of
carbon in forest soils, and reduces the level of
erosion, which is a critical factor in the context
of climate change mitigation.

The economic aspects of forest manage-
ment were the subject of a separate study by
A. Raihan (2023b), where financial support
mechanisms for sustainable forest manage-
ment were considered. This study confirmed
that the lack of subsidies and concessional

lending creates significant obstacles to the ex-
pansion of agroforestry systems. The conclu-
sions regarding economic constraints coincide
with the results of A. Raihan, who stressed the
need to use market mechanisms to finance for-
est conservation activities.

Thus, the results of the study confirm the
need for an integrated approach to the devel-
opment of agroforestry in Albania, including fi-
nancial incentives, development of educational
initiatives, effective land management, and ad-
aptation to climate change. The alignment of
these factors with international practices will
contribute to the creation of a sustainable and
cost-effective agricultural system that meets the
current challenges of sustainable development.

Conclusions

The study confirmed that the development of
agroforestry in Albania is a key area for im-
proving the sustainability of forest ecosystems,
their restoration, and improving forest resource
management. The integration of forestry prac-
tices with agriculture contributes to the conser-
vation of biodiversity, improving the microcli-
mate, and reducing the risks of degradation of
natural landscapes. It was studied that the area
of forest land in the country is approximately
1.05 million hectares, of which a significant
part was negatively affected due to overgrazing,
irrational land use, and climate change.

The results of the study show that the
spread of mixed agroforestry systems can in-
crease the ecological stability of forest ecosys-
tems. In particular, the restoration of degraded
woodlands through the combination of tree
stands and grazing contributes to the natural
restoration of forest floor and stabilisation of
soil moisture levels. Forest-pastoral systems
reduce fire hazards by controlling excess veg-
etation, and improve soil quality by accumu-
lating organic matter. It was determined that
protective forest belts play an important role in
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preventing erosion processes and restoring
forest landscapes. The analysis showed that
the use of these systems helps to reduce soil
erosion by 30-40% and stabilise the microcli-
mate, which is critical for forest ecosystems in
mountainous areas. Forestry and mixed forest
systems have also been shown to improve soil
quality and contribute to increased carbon re-
serves, which is important in the context of cli-
mate change mitigation.

It was predicted that by 2050, under the
influence of climate change, forest ecosystems
in Albania may undergo a significant trans-
formation: an increase in the average annu-
al temperature by 1.3-2.2°C and a decrease in
precipitation by 2.1-4.3% may lead to degrada-
tion of mountain forests and a reduction in the
area of moisture-loving forest formations. In
this regard, the conservation of existing wood-
lands, the introduction of natural forest renew-
al programmes, and the integration of adap-
tive management methods, such as the use of
drought-tolerant tree species and the creation
of forest buffer zones to protect water resourc-
es, are important measures. The main limita-
tion of agroforestry development remains the
lack of financial mechanisms aimed at support-

degradation. The study also identified short-
comings in the legislative framework: uncer-
tainty of ownership rights to forest land and poor
efficiency of local management hinder long-
term planning of forest restoration measures.

The results suggest the establishment
of national forest restoration support pro-
grammes, which will include financial incen-
tives for farmers and forest users implement-
ing mixed forest systems. Important measures
include the introduction of remote monitoring
of the state of forests, the expansion of the net-
work of forest cooperatives, and the creation
of programmes for the protection of mountain
forest regions. For further research, it is advis-
able to focus on assessing the impact of various
agroforestry models on the productivity of for-
est ecosystems and the effectiveness of finan-
cial incentives for forest restoration. In particu-
lar, it is necessary to explore the possibilities
of implementing environmental certification
systems for wood and assess the potential for
the development of forest bioeconomics as a
mechanism for promoting sustainable forest
management.
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AHorauig. IHTerpailis JsicorocnofapCcbKux Ta CiTbCbKOTOCIIOAAPCHKUX IMPAKTUK CIIPUSE
€KOJIOTiUHil CTiIKOCTi Ta €EKOHOMIUHOMY PO3BUTKY CiJIbCbKUX TEPUTOPIiii, 0COGIMBO B perioHax
3 Jerpajalieio rpyHTiB. MeTow JOCTiIKeHHS OY/I0 OLiHUTK BIUIMB CUCTEM arposicomesniopairii
Ha TPOMYKTUBHICTh 3eMeJb, 36epeskeHHs] MPUPOAHUX PEeCcypciB Ta colliaabHO-€KOHOMiuHMit
PO3BUTOK MiCII€BUX I'POMA; BUSIBUTHU Oap’€py Ta MePCHEKTUBY iX MOJAIBIIOTO BIIPOBAIKEHHSI.
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MeTomoJ/1orist JOCTiAKeHHST BKII0Uaaa CTAaTUCTUYHII aHasli3, MTOPiBHSIHHS e(peKTUBHOCTI pi3HMUX
MoJeseii arporicoMmeniopailii, oliHKy eKOHOMIYHMX Ta eKOJIOTTYHMX MOKA3HMKIiB. JoCTimKeHHS
1OKa3ajao, 10 IUIOLIA 3eMeb, 3aJyueHUX N0 arpomicomenmiopanii, craHoButs 150-200 Tuc.
ra (10 % cinpcpkorocnofapcbkux yrifb). JIicoBi Ta macoBMIIHI CUCTeMM 3MEHLIMIM BUTPATU
dbepmepiB Ha Kopmu Ha 20-25 %, a BUKOpPUCTAHHSI 3MilllaHMX MOJejeii arposicoMenriopariii
MiIBUIMIIO BPOKAMHICTb CiTbChKOTOCIIONAPChKMX KYAbTYP Ha 14% MOPIiBHSHO 3 TpagullifiHUM
3eMJIepo6CTBOM. BCTaHOBJIEHO, IO piBeHb OPraHiuHOI PEUYOBMHM B I'PYHTAX TAKUX CUCTEM
Maiike BABiUi BUIIMIAL, HiK Y TPAAMLIMHUX CiIBCHKOTOCIOAAPChKUX JaHAmadTax, a eposiiHi
npouecu 3MeHINyITbest Ha 20-30 9%. JlicoBi Haca[keHHS B paMKax arposicomesnioparii
CIIPUSIOTH 36epeskeHHI0 6i0pi3HOMAaHITTS, 30KpeMa, 36ibIIeHHI0 KiJIbKOCTI KOPMCHUX KOMax-
3anmmTioBaviB Ha 40 %, BiHOBJIEHHIO TTOTYJISLIi i APiOHMX ccaBIliB i TTaxiB. TaK0OX OY/I0 BUSBJIEHO,
110 AelleHTpasisallisl yrpaBaiHHS JiCOBUMM TOCIIOJApPCTBOM IMIpM3Besa 10 CTBOPeHHS moHan 60
JIiCOBMX KOOTEpaTuBiB, sIKi 3ab6es3neuyioTh edeKTUBHE YIIPaBIiHHS JIiCOBUMMU pecypcamu Ta
i IBUIYIOTh EKOHOMIUHY CTiliKiCTh MicIieBMX rpoMaj. BusiBieHo, 110 OCHOBHMMMU ITepeIkogaMmu
DI PO3BUTKY arposicoMeniopariii B An6anii € BificyTHICTb AepskaBHOI MigTpuMKu, GiHaHCOBI
06MeskeHHsI, TEXHOIOTiUHi ITporayHi Ta HU3bKa 00i3HaHicTh hepmepiB. Pe3yabTaT JOCTi K HHS
BKa3yIOTh Ha HEOOXigHICTb CTBOpeHHST (PiHAHCOBUX CTUMYIIiB, PO3BUTKY JIiCOBUX KOOIMEPaTHBiB,
MOIIMPEHHST iIHHOBALi/IHMX TeXHOJIOTii Ta po3mmpeHHs iHdopMmauiiHoi migTpuMku Gepmepis.
[IpakTYHEe 3HAYEHHS JOCTi[KeHHSI TIOJSITae y po3pobIli KOMIUIEKCHOI CcTpaTerii crajoro
PO3BUTKY CiIbCHKOTO TOCIIOAAPCTBA, SIKa CHPUSITUME MiJBUIIEHHIO MPONYKTUBHOCTI 3eMerb,
€KOHOMiUHi cTabiIbHOCTI MicIIeBMX TPOMAJ, Ta afarTalii 10 3MiHU KJIiMaTy

KiiouoBi ciioBa: cranuit po3BUTOK; epo3is I'PyHTIB; arposiicoMeniopallisi; eKoJoTidHa CTilKiCTb;
MPOAYKTUBHICTh 3€MejIb; eKOHOMiUHa afarnTallis

Vol. 16, No. 1, 2025 Ukrainian Journal of Forest and Wood Science 148



Received: 22.10.2024; Revised: 28.01.2025; Accepted: 27.02.2025

UKRAINIAN

FOREST AND UKRAINIAN JOURNAL OF FOREST AND WOOD SCIENCE

WOOD SCIENCE

Journal homepage: https://forestscience.com.ua/en
Ukrainian Journal of Forest and Wood Science, 16(1)

UDC 630:355.01
DOI: 10.31548/forest/1.2025.149

The impact of combat actions on forest ecosystems:
Challenges for environmental, national security and state resilience

Oleh Semenenko’

Doctor of Military Sciences, Professor
Central Research Institute of the Armed Forces of Ukraine
03049, 28B Povitrianykh Syl Ave., Kyiv, Ukraine
https://orcid.org/0000-0001-6477-3414
Anatolii Volobuiev
Doctor of Technical Sciences, Senior Researcher
Central Research Institute of the Armed Forces of Ukraine
03049, 28B Povitrianykh Syl Ave., Kyiv, Ukraine
https://orcid.org/0000-0001-9415-0736
Yurii Kliat
PhD in Technical Sciences, Associate Professor
Central Research Institute of the Armed Forces of Ukraine
03049, 28B Povitrianykh Syl Ave., Kyiv, Ukraine
https://orcid.org/0000-0002-8267-3748
Oleksandr Fedchenko
PhD in Technical Sciences
Central Research Institute of the Armed Forces of Ukraine
03049, 28B Povitrianykh Syl Ave., Kyiv, Ukraine
https://orcid.org/0000-0002-2514-978X
Roman Cherniavskyi
Senior Researcher
Central Research Institute of the Armed Forces of Ukraine
03049, 28B Povitrianykh Syl Ave., Kyiv, Ukraine
https://orcid.org/0009-0000-3566-5350

Abstract. This study aimed to analyse the impact of active military actions on biodiversity and
forest resources. The research employed the following methods: analysis of satellite data from
open sources and media reports, as well as methods of generalisation and systematisation. It was
established that the accumulation of dry biomass following fires has contributed to the spread

Suggested Citation:

Semenenko, O., Volobuiev, A., Kliat, Yu., Fedchenko, O., & Cherniavskyi, R. (2025). The impact of combat actions
on forest ecosystems: Challenges for environmental, national security and state resilience. Ukrainian Journal of
Forest and Wood Science, 16(1), 149-176. doi: 10.31548/forest/1.2025.149.

‘Corresponding author

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


https://orcid.org/0000-0001-6477-3414
https://orcid.org/0000-0001-9415-0736
https://orcid.org/0000-0002-8267-3748
https://orcid.org/0000-0002-2514-978X
https://orcid.org/0009-0000-3566-5350

The impact of combat actions on forest ecosystems...

of wildfires. The formation of crater-like depressions due to explosions altered the composition
of forest stands and the water balance, affecting the region’s water supply and leading to either
waterlogging or desiccation. The study’s findings indicated that in 2024, following shelling in a
forested area near the village of Buda-Babynetska in the Kyiv Region, the forest cover within a
25-metre radius was destroyed. This included plant species such as Scots pine (Pinus sylvestris),
pedunculate oak (Quercus robur), and silver birch (Betula pendula). The analysis of information
from open sources and media reports demonstrated that ruderal species, such as common ragweed
(Ambrosia artemisiifolia L.) and black locust (Robinia pseudoacacia L.), had colonised damaged
areas. This indicated active vegetation establishment by species capable of rapid recovery following
disturbances. In explosion crater zones, revegetation processes progressed slowly. For instance, in
one of the craters within Hetmanskyi National Natural Park in Sumy Region, only a few specimens
of ragweed and black locust were recorded, while another crater remained devoid of any vegetation.
To facilitate forest restoration in Ukraine following the cessation of active hostilities, the application
of mycorrhizal fungi, the use of container-grown seedlings, and hydroseeding were recommended.
The findings on the condition of forested areas may contribute to the development of strategies for

the conservation and restoration of fire-damaged forest ecosystems

Keywords: fires; craters; invasions; ruderal plant species; biodiversity; vegetation cover

Introduction

One of the primary ecological challenges fac-
ing Ukraine has been the destruction of forests
through fires. Forest ecosystems in Ukraine
play a vital role in climate regulation and biodi-
versity conservation. The destruction of forests
by fires has degraded soil and water resources,
posing a threat to the existence of many spe-
cies. The relevance of this research stems from
the fact that one of the key ecological and eco-
nomic problems is the environmental pollu-
tion of Ukraine due to the military actions of
the Russian occupying forces. The loss of forest
areas through fires, particularly those caused
by shelling and the use of military equipment,
has had catastrophic consequences for envi-
ronmental quality. The disruption of carbon
absorption, water cycle maintenance, and the
destruction of habitats for many flora and fau-
na species through fires have led to soil deg-
radation, reduced water resource quality, and
threats to biodiversity, resulting in long-term
impacts on ecosystems (Fedoniuk et al., 2024).

The concentration of various pollution sources
in occupied settlements is very high. Without
comprehensive research into the effects of for-
est fires, risks to ecosystems and society may
arise, as the degradation of forest ecosystems
directly affects climate regulation, biodiversity,
and the quality of life for the population. Spe-
cifically, without proper attention to forest res-
toration, ecosystems will be unable to perform
their natural climate and water resource regula-
tion functions, leading to further environmen-
tal degradation and increased negative impacts
on public health. Therefore, the importance of
this research lies not only in nature conserva-
tion but also in ensuring the long-term stabili-
ty of ecosystems and preserving life-supporting
functions for society.

The research problem focused on the fact
that the impact of the Russian-Ukrainian war has
contributed to an increase in the area of forests
affected by fire. According to an investigation
by journalists from NGL.media, “To cut it all”,
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during the full-scale Russian invasion of Ukraine
(February 2022 to April 2024), over 60,000 hec-
tares of forest in temporarily occupied Ukrain-
ian territories were permanently destroyed
(Verbovska & Tuziak, 2024). The existence of
this problem was confirmed by the fact that the
introduction of toxic substances into the soil
due to bombardments and the use of chemical
agents for military purposes resulted in signif-
icant ecosystem pollution. The excessive con-
centration of heavy metals has deteriorated the
physicochemical properties of the soil, reduced
its fertility and hindered normal plant growth.

The issue of forest stand damage due to
post-combat fires was particularly acute in
the Luhansk Region, where 16,500 hectares of
forests were damaged between February 2022
and April 2022. The issue was investigated by
O.V. Kratko & S.V. Kratko (2023). Their research
demonstrated that explosions and bombard-
ments, as well as forest and steppe fires in the
Luhansk, Zhytomyr, Kyiv, Kherson, Chernihiv,
and Poltava regions, led to a reduction in biodi-
versity within protected natural areas and dis-
rupted forest ecosystems.

A pressing problem was the necessity to
conduct statistical analysis and forecast the
condition of forest resources in Ukrainian re-
gions, particularly in the Lviv and Kharkiv re-
gions. Research in this area was undertaken by
E. Korotetska et al. (2022). The findings of these
scientists revealed a significant difference in
the state of forests between the two regions.
Specifically, the forest stands in the Kharkiv
Region were found to be in a worse condition
compared to the forests of the Lviv Region,
which is attributed to the high number of fires.

Concurrently, the study of ecological as-
pects of forest restoration in anthropogenical-
ly degraded areas has been an important topic
for contemporary ecologists. In their research,
V.B. Levchenko & T.S. Ganzhaliuk (2022) pro-
posed an innovative technology for growing

forest seedlings with a closed root system, which
significantly increased their survival rate after
forest fires. This research demonstrated the
importance of improving reforestation meth-
ods to prevent further ecosystem degradation.
Particular attention was drawn to the in-
creased risk of forest fires due to combat actions
and mine laying, as investigated by Y.M. Sen-
chikhin (2022). The author showed that the
highest number of fires in Ukraine (2,381 cas-
es) was recorded in March 2022, resulting in
damage to 748,116 hectares of forests, with the
Kherson and Kharkiv regions and the Chorno-
byl zone being the most affected. The study of
these data highlighted the importance of devel-
oping new approaches to the prevention and
control of forest fires in conflict conditions.
The issue of mechanical and fire damage
to forest lands in the Zhytomyr Region has be-
come particularly acute due to the ongoing mil-
itary actions since February 2022. According to
research by I. Patsev et al. (2023), approximately
120,000 hectares of forest were destroyed in the
region, which negatively impacted the ecolog-
ical state of forest ecosystems. The significant
environmental damage inflicted on the forests of
the Zhytomyr Region by combat actions under-
scores the urgent need for forest ecosystem res-
toration and the implementation of new forest
management methods in wartime conditions.
The study of the problem of pine mistletoe
infestation on the growth of pine trees has been
relevant in current conditions. O.E. Sakici et
al. (2023) recommended developing strategies
aimed at reducing infection levels, such as the
timely removal of infected trees and the imple-
mentation of preventive measures to reduce the
spread of mistletoe in the future. The recom-
mended approaches are important directions for
preserving the health of forest ecosystems and
enhancing their resistance to diseases and pests.
The issue of forest fire management re-
mains relevant in the context of climate change
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and increasing human activity, as demonstrat-
ed in the research of A.P. Singh (2024). Given
climate change and intensified human activi-
ties, the development of effective national and
regional strategies for the prevention, suppres-
sion, and restoration of forest ecosystems is
crucial for preserving the natural environment.

In 2024, insufficient attention has been paid
to a comprehensive approach to studying the
long-term effects of combat actions, deforest-
ation, fires, and pollution on forest ecosystems,
their restoration, and their resilience to further
changes. This research aimed to analyse the
negative factors during combat actions that
cause damage to forest ecosystems, as well as to
identify the main strategies for mitigating the
consequences and measures for post-war resto-
ration. The study’s objectives included analys-
ing the impact of military actions on forest eco-
systems, identifying the main factors of forest
damage resulting from combat actions, and de-
veloping recommendations for forest restora-
tion in Ukraine after the end of active hostilities.

Materials and Methods

The study employed methods to assess the eco-
logical state of forest ecosystems and analyse
degradation processes resulting from military
actions, as established by legislative acts: the
State Standard of Ukraine No. ISO 14001:2015
“Environmental management systems. Re-
quirements and guidelines for use” (2015), the
Convention on Biological Diversity (1992), and
the Forest Code of Ukraine (1994).

The study utilised the method of analysing
satellite data from open sources and media to
identify the main ecological consequences of
military actions on forest ecosystems, collect
and systematise facts about soil and water re-
source pollution, and analyse the impact of
explosives and fires on vegetation and biodi-
versity. The method of generalisation and sys-
tematisation was used to form a comprehensive

assessment of ecological changes in forests
caused by combat actions, to structure informa-
tion on negative impact factors and their con-
sequences, and to develop conclusions about
long-term ecological risks and possible path-
ways for forest ecosystem restoration.

Satellite data was obtained from open
sources, such as official satellite imagery plat-
forms and scientific publications, as well as
from the commercial satellite company Planet
Labs, which provided access to high spatial and
spectral resolution satellite imagery (3 m/pixel)
captured by the PlanetScope satellite system.
These images are designed for detailed moni-
toring of localised damage, including crater for-
mation and vegetation cover degradation.

Research on the effects of explosions and
fires was conducted throughout 2024 in the
Hetmanskyi National Natural Park in the Sumy
Region and the forested area near the village of
Buda-Babynetska in the Kyiv Region. The study
of the impact of military actions on forest mas-
sifs was carried out in four areas located in the
Sumy, Kyiv, Chernihiv, and Luhansk regions of
Ukraine, as these territories were the most se-
verely affected by military actions. A separate
survey was conducted in the Zalissia National
Natural Park (Hoholivski Hai tract), located on
the border of the Kyiv and Chernihiv regions.
Studies were conducted in damaged pine forest
areas, assessing ruderal and adventive vegeta-
tion cover, analysing the herbaceous layer, and
assessing the degree of forest stand damage af-
ter combat actions. These territories recorded
instances of forest fires, explosions, mechanical
destruction of forests by military equipment,
and toxic substance contamination.

All sites were examined for mechanical
damage and soil contamination. Soil samples
were collected from horizons 0-10 c¢m, 10-
30 c¢cm, and 30-50 cm to assess changes in dif-
ferent layers. In each study area, 3-5 replicated
test plots measuring 10 x 10 m were established.
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From each plot, 5-point samples were collect-
ed and then mixed to obtain an average sam-
ple weighing 500 g. These methods were used
because collecting soil samples at different
depths allowed for the assessment of the con-
tamination level and its vertical migration.

Archival data that could allow for the as-
sessment of changes in forest conditions be-
fore and after military actions are limited, so
the comparison of forest conditions was based
on the analysis of open sources, field observa-
tions, and expert assessments (Almost 19 thou-
sand..., 2024; As a result..., 2024; Examination
of a..., 2024; Marchan, 2025).

Cartographic work was also conducted to
determine the boundaries of damaged areas and
estimate the extent of forest cover changes. The
condition of the vegetation cover was assessed
using descriptive and quantitative methods. It
was determined which plant species had recov-
ered after explosions, fires, and other damage.
Changes in vegetation composition were mon-
itored using square quadrats, which allowed for
the determination of the percentage coverage
of the area by herbaceous and shrub vegetation.
The spread of ruderal species, such as common
ragweed (Ambrosia artemisiifolia) and black lo-
cust (Robinia pseudoacacia), in explosion sites
was assessed.

Results

The war has had a profoundly negative impact
on forest ecosystems. Forests have been used
as natural cover for military equipment and
personnel and have been subjected to armed
shelling, resulting in extensive damage. Shell-
ing from various types of weapons has led
to the destruction of trees, soil degradation,
chemical contamination, and loss of biodiver-
sity. Furthermore, explosions and fires have
disrupted the ecological balance, altering the
composition of forest stands and causing long-
term environmental consequences. Specifically,

there has been a mass die-off of trees, which in
turn has led to the replacement of native spe-
cies with less resilient ones. Explosion craters
have formed, and mechanical destruction of
soil has occurred due to the digging of trenches
and fortifications by military equipment. Soils
and groundwater have been contaminated with
ammunition residues, fuels and lubricants (pet-
rol, liquefied natural gas, and motor oils), heavy
metals, and toxic chemicals. Explosions, fires,
and mechanical damage have resulted in the
death of animals and plants, leading to forced
fauna migration.

When trees are damaged or completely
destroyed, and dry biomass accumulates, for-
est fires spread more easily. Explosions cre-
ate crater-like depressions in the ground and
disrupt vegetation cover, altering the water
balance of forests and leading to either water-
logging or drying out of forest areas. This re-
duces the water supply to the forest, as natural
vegetation layers that help retain moisture in
the soil are lost. Such changes result in faster
soil drying and an increased risk of erosion.
The accumulation of dry biomass after fires
further promotes the spread of fire, which also
has consequences for the water balance. After
such fires, the ground surface loses its ability
to retain moisture as organic residue layers are
burned, and elevated temperatures dry out the
soil. If these processes create craters or signifi-
cant damage to vegetation cover, it encourages
water accumulation in lower parts of the ter-
rain, creating conditions for rising groundwa-
ter levels.

According to the Northern Forestry Of-
fice, 25 fires occurred in the Chernihiv Region
in 2024, caused by artillery shelling, shell ex-
plosions, and the fall of rocket and drone frag-
ments (Marchan, 2025). These fires affected
93.71 hectares of forest areas in the Cherni-
hiv Region. In total, 151 fires occurred in the
Sumy and Chernihiv regions due to military
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actions in 2024, resulting in damage to more
than 427 hectares of forest. According to re-
ports from the Rubizhne City Military Admin-
istration website and materials provided by
the Sievierodonetsk City Environmental As-
sociation Green World and the human rights
organisation “Environment. People. Law”, as
of 2022 (no new data is available due to the
occupation of the region by Russian troops),
28,000 hectares of forests, predominantly co-
niferous, were damaged during combat actions
in the Luhansk Region. According to the press
service of the Kyiv City State Administration,
it is known that since the beginning of the
full-scale military actions in 2022-2024, over
1,300 trees have been damaged in the Svia-
toshyn Forest Park Enterprise and 0.5 hectares
of forest areas in the Darnytsia Forest Park En-
terprise (As a result..., 2024).

According to materials provided by the
Ukrainian National News Agency Ukrinform,
as of 2024, 18,500 hectares of forests in the
Sumy and Chernihiv regions remain mined
(Almost 19 thousand..., 2024). Following
de-occupation, 16,600 hectares of forests were
cleared of mines in 8 branches of the state en-
terprise “Forests of Ukraine”, 5 of which are in
the Sumy Region and 3 in the Chernihiv Re-
gion, while another 18,500 hectares require
demining. The largest area of demined forests
was in the Chernihiv branch of state enter-
prise “Forests of Ukraine” with 9,500 hectares.
The territory under the jurisdiction of the
Konotop branch of state enterprise “Forests
of Ukraine,” covering more than 6,700 hec-
tares, remains the most potentially contami-
nated with explosive ordnance. L. Shumilo et
al. (2023) reported that in the temporarily oc-
cupied territories of the Luhansk Region, ap-
proximately 8,600 hectares of forest were lost
due to illegal logging and other actions by the
occupiers between 2014 and 2020 (no new data
is available due to the occupation of the region

by Russian troops). According to information
provided by experts from the society organi-
sation Ecoaction, as of 2023, 126,000 hectares
of forests in the Kyiv Region were damaged by
combat actions, fires, and explosions of am-
munition (As a result..., 2024). It is worth not-
ing that a complete assessment of biodiversity
losses, including the decline of certain animal
populations, requires further research and
monitoring, as many areas remain dangerous
or inaccessible for detailed surveys.

The products of combustion and explo-
sions (nitrogen oxides (NO,), carbon monoxide
(CO), heavy metals — lead (Pb), cadmium (Cd),
mercury (Hg), uranium (U)) persist in the envi-
ronment for extended periods, causing deterio-
ration in air quality and plant health. Nitrogen
oxides accumulate in plants, where they are
converted into nitrates. Elevated concentra-
tions of nitrate compounds (NO,’), particularly
sodium, calcium, and ammonium nitrates, have
a toxic effect on plant stands, disrupting nor-
mal metabolism. Nitrogen oxides negatively
impact plant chlorophyll, reducing the efficien-
cy of photosynthesis, which leads to decreased
energy production and slowed plant growth.
The release of nitrogen oxides generates free
radicals that damage plant cells, including cell
membranes, proteins, and DNA. The increased
soil acidity caused by acid rain makes heavy
metals in soil layers more soluble and capable
of penetrating deeper soil layers and aquifers.
This can lead to groundwater contamination
with heavy metals. Specifically, excessive lead
concentrations in water can be toxic to humans
who consume the water; high cadmium content
can impair kidney function and cause other
serious health problems; and copper and zinc
in high concentrations can cause intoxication
and water quality degradation. Table 1 presents
data on heavy metal contamination of soils un-
der forest stands at various depths in damaged
forest areas.
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Table 1. Heavy metal contamination of soils
under forest stands at various depths in damaged forest areas

. Forest stand
Forest area | Depth, cm | Pb, mg/kg | Cd, mg/kg | Hg, mg/kg | U, mg/kg | Soil pH composition
0-10 85 1.2 0.15 2.3 5.2 Scots pine
Buda- 10-30 54 0.8 0.09 1.7 5.5 | (Pinussylvestris),
Babynetska pedunculate oak
30-50 22 0.4 0.05 1.1 5.8 (Quercus robur)
Hetmanskyi 0-10 97 1.5 0.18 2.7 5.1 Pedunculate oak
National 10-30 63 0.9 0.12 1.9 54 (Quercus robur),
Natural Park, silver birch
Crater No. 1 30-50 27 0.5 0.06 1.3 5.7 (Betula pendula)

Source: created by the authors

The analysis of the obtained data on heavy
metal contamination in damaged forest soils
revealed the following patterns: in all stud-
ied forest areas, the concentrations of Pb, Cd,
Hg, and U were higher in the upper (0-10 cm)
soil layer and gradually decreased with depth.
These data are consistent with the processes
of migration and accumulation of pollutants in
surface layers due to atmospheric precipitation,
biological absorption, and the limited mobility
of heavy metals in the soil. The highest levels of
contamination were recorded in Crater No. 1 of
the Hetmanskyi National Natural Park, which
could indicate more intense anthropogenic
pressure or specific soil characteristics. In the
Buda-Babynetska forest area, slightly lower
levels of Pb, Cd, Hg, and U were observed, but
they still indicate significant contamination.
In the upper soil layer, the pH was lower (5.1-
5.2), which could contribute to greater heavy
metal mobility. With increasing depth, the pH
increased (up to 5.8), which could reduce heavy
metal availability due to the formation of less
soluble compounds. Areas covered with pedun-
culate oak, silver birch, and Scots pine may have
varying degrees of influence on heavy metal
migration due to differences in root systems
and litter properties. For example, oak might
promote greater heavy metal accumulation in
the litter layer, while pine might result in less
leaching of metals into deeper layers.

High levels of carbon monoxide have al-
tered the concentration of chlorophyll in plants,
reducing their ability to transport oxygen and
limiting oxygen access to plant tissues, thereby
impairing respiration and reducing photosyn-
thetic efficiency. The decrease in photosyn-
thetic efficiency and the increase in gas ex-
change disturbances in plants has led to a loss
of soil fertility and a reduction in agricultural
crop productivity, which in turn has affected
yields. Although CO itself is not highly aggres-
sive to plant tissues, it can interact with other
air pollutants, such as ozone or sulphur dioxide,
to form toxic compounds that damage plant
cells and the tissues of roots, stems, and leaves.

Lead accumulates in the roots, stems, and
leaves of plants, disrupting normal water and
nutrient absorption and causing a reduction
in plant growth and development. Lead can
inhibit the activity of essential enzymes, such
as catalase, peroxidase, and other antioxidant
enzymes, causing disruptions in metabolic
processes, including water balance and photo-
synthetic functions. This toxic metal disrupts
the transport of vital ions (calcium, magne-
sium, and potassium) across cell membranes,
affecting the plant’s electrolyte balance and
its ability to maintain normal water pressure
levels within cells. Lead can also hinder seed
germination and root growth, limiting the
plant’s ability to develop and adapt normally in
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contaminated environments. Additionally, by
affecting the DNA structure of plants, it can
lead to mutations and disruptions in replica-
tion and transcription mechanisms, ultimately
impacting plant reproduction and survival.

Cadmium readily penetrates plants, accu-
mulating in tissues and causing toxic effects
such as the disruption of cellular metabolism
of essential minerals like calcium, magnesi-
um, and potassium, and a reduction in protein
synthesis, leading to impaired enzyme system
function. This results in decreased growth,
plant vitality, and a reduction in their vita-
min content. Cadmium reduces chlorophyll
activity, disrupting photosynthesis processes
through damage to chloroplasts and decreased
energy production for metabolic processes. It
induces oxidative stress, leading to the for-
mation of free radicals that can damage lipid
cell membranes, disrupting their integrity and
function. Cadmium can replace essential ele-
ments, such as calcium (Ca), magnesium (Mg),
and potassium (K), in plant cells, leading to
disruptions in various biochemical processes
and even halting growth.

Mercury, which settles in the stem and root
parts of plants, reduces their photosynthetic
capacity and induces oxidative stress. Mercu-
ry can be toxic to cells, damaging membranes
and DNA, which leads to disruptions in plant
growth and development. Gradually, mercury
can accumulate in soil and water, potentially
contaminating water resources and food chains,
and negatively affecting animals and humans.

Mercury can inhibit the activity of enzymes
involvedinphotosyntheticprocesses,suchasrib-
ulose-1,5-bisphosphate carboxylase/oxygena-
se (RuBisCO). This results in a decrease in pho-
tosynthetic activity, reducing the amount of or-
ganic matter produced and lowering plant pro-
ductivity. An important function of RuBisCO is
carboxylation. RuBisCO adds a molecule of car-
bon dioxide (CO,) to ribulosel,5bisphosphate, a

five-carbon sugar, resulting in the formation of
two molecules of 3-phosphoglycerate. This step
is the first stage in carbon fixation and organic
compound synthesis. RuBisCO also performs
oxygenation. RuBisCO can bind oxygen (O,)
instead of CO,, leading to a process called pho-
torespiration. Photorespiration is less efficient
than photosynthesis because it reduces plant
productivity by consuming energy for process-
es that do not result in the synthesis of organic
compounds.

As uranium is a toxic element for the root
system, it causes changes in its structure and
function, which disrupts water and nutrient ab-
sorption and slows down overall plant growth.
High concentrations of uranium can lead to the
oxidation of cellular components, impairing
their function and reducing photosynthetic ef-
ficiency, which in turn decreases the production
of organic compounds. Uranium is a radioactive
element, so its accumulation in plants leads to
radiation exposure of cells. This causes muta-
tions at the genetic level, affecting the repro-
ductive capacity of plants and reducing their
resistance to stress factors. This heavy metal
affects soil acidity, altering its chemical com-
position and the availability of micronutrients
to plants. This leads to a deficiency of essential
growth elements such as calcium, magnesium,
and phosphorus. The toxic metal can alter soil
microbial activity, which in turn reduces the
availability of nutrients for plants and their
ability to resist diseases and stress. The disrup-
tion of water-regulating, soil-protecting, clima-
teregulating, and sanitary-hygienic functions
of forests has negatively impacted local and
global climates.

The long-term impact of heavy metal con-
tamination on ecosystems, particularly ground-
water, can have serious consequences, includ-
ing for human health. Heavy metals, such as
cadmium, mercury, lead, copper, and others,
can penetrate soil and groundwater as a result
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of industrial emissions, agricultural practices
(e.g., the use of pesticides and fertilisers), or
the aftermath of forest fires, which contribute
to the release of pollutants from soils. Once in
the soil, heavy metals can accumulate in vari-
ous soil horizons, including aquifers, and grad-
ually migrate into groundwater. As groundwa-
ter is often used for drinking water supplies,
heavy metal contamination can lead to a dete-
rioration in water quality, posing serious risks
to public health. The toxicity of mercury, cad-
mium, and lead can lead to chronic diseases,
including kidney and nervous system disorders,
as well as an increased risk of cancer.

Analysis of information from open sourc-
es has identified the following key factors that
have impacted forest ecosystems during com-
bat actions: damaged and destroyed trees due
to explosions, fires, and the passage of mili-
tary equipment; accumulated heavy metals,

explosive residues, fuel, and other toxic sub-
stances; detonation of munitions and ignition
of military vehicles; the spread of pests and tree
diseases; restricted access to forest areas due to
mines and unexploded ordnance; and unburied
remains of deceased humans and animals.

The impact of aerial vehicles, such as
planes, helicopters, rockets, and drones, car-
rying ammunition, explosives, and fuel, has
caused significant damage to forest ecosystems.
The blast wave, shrapnel, and other fragments
have broken tree trunks, branches, and roots,
resulting in mechanical damage to plants and
triggering forest fires. Powerful explosions have
formed craters, leading to tree falls, damage to
root systems, and disruption of the soil layer.
A similar rocket explosion occurred in February
2024 in a forested area near the village of Bu-
da-Babynetska, Kyiv Region. Figure 1 shows the
crater formed by the rocket explosion.

Figure 1. Crater formed by a rocket impact southeast
of the village of Buda-Babynetska, Kyiv Region, in 2024
Source: Examination of a rocket crater in the Kyiv region (2024)

Employees of the human rights organi-
sation “Environment. People. Law” recorded
the presence of a water-filled crater, and upon
inspection of the area, the destruction of for-
est cover within a radius of approximately
25 meters was discovered. The formation of a

water-filled crater indicated the destruction
of the soil cover, which led to changes in the
hydrological regime of the area and compli-
cated the natural restoration of the ecosys-
tem. The destruction of mixed forest cover
near the village of Buda-Babynetska within a
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25-metre radius indicated the loss of tree spe-
cies (Scots pine (Pinus sylvestris), pedunculate
oak (Quercus robur), silver birch (Betula pendu-
la)) and shrub vegetation (common hazel (Co-
rylus avellana), alder buckthorn (Frangula al-
nus), elder (Sambucus nigra)), which negatively
impacted biodiversity, microclimate, and eco-
system functions, particularly air quality due
to reduced photosynthetic activity. Addition-
ally, soil and water contamination occurred
due to explosive residues and heavy metals,
causing long-term consequences for vegeta-
tion and fauna. The introduction of chemical
substances into the soil altered the hydrolog-
ical state of the area. Furthermore, explosions
generated toxic inorganic and organic com-
pounds, such as carbon monoxide, nitrogen
dioxide, nitrogen oxides, and formaldehyde,
which negatively affected the environment
(Resolution of the..., 2021).

Mechanical damage was inflicted on trees
and shrubs by ammunition fragments and small
arms fire. Weakened plants were more suscep-
tible to diseases and pests, as their immune
and defence mechanisms were compromised.
Moreover, non-viable plants were more prone
to ignition, as their tissues were dry and easily
combustible. Broken plant fragments served as
ground fuel and leaf litter, increasing the risk of
forest fire spread.

Forest fauna has been negatively impacted
by various factors, including ecosystem chang-
es, pollution, disruption of natural conditions
due to human activity, forest fires, invasive spe-
cies, and climate change. One consequence of
these changes has been the transformation of
vegetation cover, which is particularly noticea-
ble in wartime conditions. In partially damaged
or completely destroyed areas, synanthropi-
sation processes have intensified, leading to
the active spread of ruderal species. L. Zavia-
lova et al. (2022) analysed the role of ruderal
plants in the restoration of vegetation cover in

transformed areas. Their research showed that
the process of vegetation regrowth in cleared
forest areas with destroyed upper tree canopy
occurred relatively quickly. However, the re-
growth in craters formed by artillery shell explo-
sions was extremely slow, with almost no vege-
tation observed in the first year after the impact
of military actions. Researchers noted the ap-
pearance of only a few common ragweed (Am-
brosia artemisiifolia L.) and black locust (Robinia
pseudoacacia L.) plants in one crater at the site
of burned military equipment (Fig. 2), while
no plants appeared in another crater (Fig. 3).

Figure 2. A crater area after shelling in 2022
with damaged military equipment,
overgrown with Ambrosia artemisiifolia L.
and Robinia pseudoacacia L.
Source: L. Zavialova et al. (2022)

Due to its high resistance to adverse en-
vironmental conditions, particularly drought,
common ragweed is capable of rapidly colo-
nising damaged or burned lands. Additionally,
this species has a high capacity for seed repro-
duction, allowing it to quickly occupy new ter-
ritories and dominate them. The black locust
actively spreads after ecosystem disturbances,
thanks to its ability to grow rapidly and adapt
to various conditions, including those created
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after the burning of military equipment. The
consequences of ragweed and black locust pro-
liferation in these areas are significant. Rag-
weed, in particular, has a substantial impact
on local flora, displacing native species and
reducing biodiversity. Its aggressive reproduc-
tion disrupts natural food chains, as it is not
always a primary food source for local animal
species. Furthermore, ragweed is a potent al-
lergen, significantly increasing the allergenic
burden on the population, and causing seasonal
allergies and other illnesses in people sensitive
to its pollen. This leads to negative socio-eco-
nomic consequences, including an increase in
illnesses among the population, a decrease in
labour productivity, and an increase in health-
care costs. Figure 2 depicts a post-shelling cra-
ter overgrown with adventive plants Ambrosia
artemisiifolia L. and Robinia pseudoacacia L.,
also showing a localised area with partially de-
stroyed military equipment. In 2022, in the Het-
manskyi National Natural Park, within the Ne-
skuchanske forestry in the Sumy Region, where
combat actions occurred, craters 0.5 and 1 me-
ter deep showed no signs of herbaceous cover
or regrowth of annual plants. This is attributed
to the high degree of damage to the soil and
vegetation cover due to the thermal impact of
the explosion and the absence of a seed bank of
adventive plant species in the soil. Figure 3 pre-
sents a photograph of a crater area after shell-
ing, with a completely destroyed herbaceous
cover due to a fire that occurred in 2022.

Figure 3 demonstrates a crater area after
shelling in 2022, where the herbaceous cover
was completely destroyed by fire, indicating
the severe ecological consequences of combat
actions, particularly soil cover degradation and
vegetation loss. The presence of damaged areas
poses a threat of outbreaks of alien species such
as curlycup gumweed (Grindelia squarrosa),
common ragweed (Ambrosia artemisiifolia L.),
spiny burr grass (Cenchrus longispinus (Hack.)

Fernald), oleaster (Elaeagnus angustifolia L.),
and black locust (Robinia pseudoacacia L.), and
has caused changes in soil structure, reduced
soil fertility, and slowed down natural ecosys-
tem recovery processes. Also, the fire resulted
in the displacement of local plant species such
as timothy-grass (Phleum pratense L.), red fes-
cue (Festuca rubra L.), red clover (Trifolium
pratense L.), and common bentgrass (Agrostis
tenuis Sibth.). The loss of these plants has led
to a decrease in biodiversity and disruption of
vegetation cover structure, complicating the
self-restoration processes of meadow ecosys-
tems. Moreover, the physicochemical proper-
ties of the affected soil areas have significant-
ly changed, including increased acidity and
decreased humus content, which negatively
impact further vegetation succession. In such
conditions, the advantage was with adventive
species resistant to stress factors, which could
alter the ecological balance and cause second-
ary degradation of biogeocoenoses. Table 2
presents data on the spread of ruderal and ad-
ventive species in damaged forest areas and the
reduction of forest cover.

Figure 3. A crater area after shelling
in 2022 with completely destroyed
herbaceous cover due to fire

Source: L. Zavialova et al. (2022)
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Table 2. Spread of ruderal and adventive species
in damaged forest areas and reduction of forest cover
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Hetmanskyi National Death of Quercus
Natural Park, Crater No. 2 90 10 8 0 30 robur
L TTas Damaged Pinus
Hoholivski Hai tract 50 35 5 4 15 sylvestris

Source: created by the authors

Table 2 shows that a significant spread of
ruderal (Ambrosia artemisiifolia) and adventive
(Robinia pseudoacacia) species was observed in
damaged forest areas, which correlated with the
degree of forest stand damage and the reduc-
tion in forest cover. The greatest losses of forest
cover were observed in the Hetmanskyi Nation-
al Natural Park (30%), where forest stand dam-
age reached 90% and the death of pedunculate
oak (Quercus robur) was noted. In the crater
near the village of Buda-Babynetska, forest cov-
er decreased by 25% due to the destruction of
young pine and oak trees, with 70% forest stand
damage. In the Hoholivski Hai tract, with 50%
forest stand damage, forest cover decreased by
only 15%, indicating a comparatively higher re-
silience of this community.

The lowest herbaceous cover (10%) was
observed in the Hetmanskyi National Natural
Park, which may indicate high soil degrada-
tion or slow vegetation recovery. The highest
herbaceous cover (35%) was recorded in the
Hoholivski Hai tract, which could be a result
of active vegetation regrowth in damaged ar-
eas. The highest level of common ragweed
(15%) was found in the crater near the village
of Buda-Babynetska, indicating the aggressive
spread of this allergenic species in degraded ar-
eas. Black locust (4%) was more prevalent in the

Hoholivski Hai tract, which may indicate active
succession towards false acacia. The territory of
the Zalissia National Natural Park (Hoholivski
Hai tract), located in the forest area of the Brova-
ry District of the Kyiv Region and the Cherni-
hiv District of the Chernihiv Region, showed
ruderalisation of the herbaceous layer (Fig. 4).

Figure 4. Damage to Scots pine trees (Pinus
sylvestris L.) as a result of shelling in 2022
Source: L. Zavialova et al. (2022)

In the upper tier of coniferous forests, the
presence of weed species from the Chenopodi-
um L. s.l. a genus of the Amaranthaceae family
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led to a change in the composition and struc-
ture of the forest biocenosis, a reduction in
biodiversity, and competition for resources be-
tween native and invasive species, indicating
significant anthropogenic pressure or natural
changes. Damage to the upper tree canopy and
soil cover due to military actions created con-
ditions for the introduction and establishment
of adventive alien plant species. In 2014, during

research in the Trokhizbenskyi Steppe branch
of the Luhansk Nature Reserve of the Nation-
al Academy of Sciences of Ukraine, which was
affected by combat actions and the movement
of military equipment from the Rostov Region
of Russia (Fedenko, 2023), the appearance of
a new species of adventive plant, Sporobolus
cryptandrus (Torr.) A. Gray, a perennial bunch-
grass, was recorded for the first time (Fig. 5).

Figure 5. The emergence of the adventive plant sand dropseed (Sporobolus cryptandrus (Torr.)
A. Gray) on sands in the Trokhizbenskyi Steppe branch of the Luhansk Nature Reserve in 2014

Source: G.V. Gouz & V.V. Timoshenkova (2017)

The invasive species Sporobolus cryptan-
drus (Torr.) A. Gray, found on sparsely vegetated
sandy areas, has led to the displacement of local
species such as feather grass (Stipa spp.), nar-
row-leaved bluegrass (Poa angustifolia), spring
sedge (Carex praecox), fringed pink (Dianthus
pseudosquarrosus), and spurge (Euphorbia spp.).
Shelling of forests has resulted in the death and
injury of animals, forcing them to migrate and
move into open areas in search of safety. Ad-
ditionally, loud noises and stressful conditions
have negatively affected the reproductive ca-
pacity of domestic and wild animals, reducing
their populations. Research by D.A. Buyval &
A.M. Pasternak (2024) has shown that elevat-
ed levels of the metabolite Bhydroxybutyrate
in the milk of cattle indicate reproductive

impairment, leading to a decrease in overall
herd productivity and a reduction in the ani-
mals’ ability to reproduce. Military actions have
significantly impacted trophic chains in forest
biocenoses through the destruction or substan-
tial reduction of populations of certain species,
leading to a disruption of the ecological bal-
ance. The death of predatory animals (wolves,
foxes, lynxes, and birds of prey) has resulted in
uncontrolled growth of their prey populations
(small mammals such as hares, voles, various
rodent species, and birds), while the reduction
in herbivore populations, including deer, elk,
roe deer, and wild boar, has affected vegetation
regeneration. Research on the ecological con-
sequences of military actions on the environ-
ment has revealed that in the long term, such
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changes can lead to a depletion of biodiversity,
alteration of ecosystem structure, and even its
degradation. Furthermore, soil damage, con-
tamination with toxic substances, and disrup-
tion of natural self-purification mechanisms
complicate ecosystem recovery for decades.

The occurrence and spread of fires in nat-
ural ecosystems were influenced by favourable
weather conditions, forest site types, and spe-
cies composition, all of which increased the
risk of natural fire hazards. During wartime, the
causes of fires included the use of incendiary
munitions, the deliberate burning of dry her-
baceous cover and forest vegetation for tactical
purposes — to create barriers, obstacles or to al-
ter the direction of forest fires — and to control
fire spread or reduce fire hazards. Significant
damage was inflicted on biocenoses following
forest fires. The destruction of plants, animals,
and microorganisms led to ecosystem collapse
and biodiversity loss. Combustion products,
including smoke and toxic substances, were
released into the atmosphere and spread over
long distances, polluting the air and causing
global environmental problems.

During combat actions, when firefighting
was not conducted, fires spread over large are-
as. Z. Cheng et al. (2023) noted that after forest
fires, insect pests (pine mistletoe (Viscum, fam-
ily Viscaceae), bark beetles (Scolytinae Latreille,
family Curculionidae), tortrix moths (Tortricidae
or Olethreutidae, family Lymantriidae), termites
(Isoptera, family Termitidae)) proliferated,
and fungal diseases spread, including ringless
honey mushroom (Armillaria tabescens, genus
Armillaria) and root rot (Heterobasidion anno-
sum, genus Heterobasidion), wood-decay fun-
gi (genera Phellinus and Trametes), white rot
(genera Ganoderma and Fomes), and arbuscular
mycorrhizal fungi of the genera Glomus, Amb-
ispora, Paraglomus, and Acaulospora. Tree dis-
eases such as pine rust, fusarium wilt, and pine
pitch canker also spread, leading to vegetation

damage and deterioration of forest ecosystem
conditions. As forests lost important functions
such as soil protection, water resource regula-
tion, sanitary-hygienic, and ecological roles,
landscape degradation, soil erosion, and water
resource quality deterioration occurred. As a
preventive measure against pine rust, fusarium
wilt, and pine pitch canker, as well as pests, the
treatment of seedlings and young pine trees
with the bioorganic composition Mehanit Nir-
bator is recommended. This composition is
based on biochemical fractions of basidiomy-
cetes and is recommended for use by the De-
partment of Physiology, Plant Biochemistry
and Bioenergetics of the National University of
Life and Environmental Sciences of Ukraine.
The research findings of O. Golan et
al. (2022) demonstrated that the use of trap
trees and treatment with the natural insecti-
cide bifenthrin reduced the number of dead
trees in stands, indicating the effectiveness
of such measures in preventing the spread of
bark beetles. K. Youssef (2023) found in his
research that latent infections of Scots pine
tree roots in areas with a low risk of root rot
disease (Heterobasidion annosum s. l.) were
quite common. Moreover, these infections
were more frequent in areas with a higher site
index, suggesting a greater likelihood of tree
infection in more fertile soils. N. Erbilgin et
al. (2021) reported that pines subjected to bark
beetle attacks and drought exhibited a signifi-
cant decrease in carbohydrate reserves, which
limited their ability to synthesise protective
diterpenes and increased the likelihood of tree
death due to physiological depletion and me-
chanical damage to vascular tissue by beetles.
In a study by C.]. Fettig et al. (2020), it was
found that low doses of the chemical agent
verbenone SPLAT® Verb (7 grams per tree)
were effectively used to protect pine trees
from a type of bark beetle, the mountain pine
beetle (Dendroctonus ponderosae Hopkins),
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providing long-term protection of trees from
pests. J. Kuang et al. (2024) found that the use
of multi-temporal satellite data significantly
improved the accuracy of monitoring forest
stands affected by pine wilt disease compared
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to using single-time satellite images. Forests
in active combat zones, affected by fires, cover
19.5% of Ukraine’s territory (Fig. 6). This area
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Figure 6. Map of combat actions in Ukraine as of 2" March 2025

Source: DeepState (n.d.)

The map illustrates the situation on the
front line in Ukraine as of 2" March 2025. It in-
cludes data on active combat zones (dark red or
brown), temporarily occupied territories (red),
and territories liberated between late March
2023 and early April 2024 (blue). Combat actions
in the conflict zone have negatively impacted
forests, increasing the risk of large-scale fires.

Forest fires have been a significant source
of environmental pollution and greenhouse
gas emissions. As of early 2024, more than

8,000 hectares of forest land in temporarily
occupied territories and combat zones were
affected by forest fires, resulting in CO, emis-
sions of 2,300 tonnes (based on estimates that
49,600 hectares were burned in 214 days of full-
scale war, resulting in 14,336,000 tonnes of CO,
emissions) (Occupants announce area..., 2024).
The destruction of forests has also affect-
ed the local climate, causing changes in pre-
cipitation patterns and increasing the risk of
droughts, which negatively impact agricultural
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production and, in turn, affect the country’s
food security. However, these impacts are not
limited to the local level. Large-scale forest
fires in Ukraine also contribute to global cli-
mate change, as CO, emissions from burned
forests increase the overall concentration of
greenhouse gases in the atmosphere.

Research indicates that significant losses of
forest cover can lead to a reduction in precipita-
tion due to the disruption of local and regional
water cycle mechanisms. Forests play a crucial
role in moisture evaporation and cloud forma-
tion, and their degradation can cause changes
in atmospheric circulation, reduced air humid-
ity, and prolonged periods of drought in the
European region. Furthermore, the reduction
in forest area has decreased their ability to ab-
sorb CO,, which has amplified the greenhouse
effect and contributed to overall warming. For-
est ecosystem restoration is a critical task for
mitigating climate change and preserving eco-
logical balance. In addition to directly reducing
CO, emissions, reforestation will contribute to
the restoration of local water balance and re-
duce the risk of extreme weather events, such as
droughts and abnormal temperatures.

The movement of military equipment has
resulted in the breaking of trees and shrubs,
the destruction of herbaceous cover, damage
to plant roots, and soil compaction, which
has hindered natural regeneration. Trees were
felled and used to create shelters, dugouts,
and camouflage structures to conceal military
equipment, reducing its visibility from the air
and the likelihood of detection by the enemy.
It is important to note a trend towards a 5% de-
crease in carbon content at an average soil tem-
perature of 15°C after forest clearing and the
digging of equipment emplacements, leading
to the destruction of the soil’s humus horizon
and a reduction in its fertility in 2024.

The construction of dugouts, defensive
fighting positions, and trenches have disrupted

the fertile soil layer by mixing it with deeper,
less fertile horizons, reducing its biological ac-
tivity. Furthermore, soil compaction and ero-
sion processes have led to ecosystem degrada-
tion. Military activities have altered the terrain
in forest environments, creating new depres-
sions (defensive fighting positions, trenches,
and craters) and destroying hills and irregu-
larities, which has changed the hydrological
regime of the area, promoting waterlogging or,
conversely, increasing the risk of erosion. The
main measures for restoring damaged ecosys-
tems after the cessation of hostilities include
soil remediation, tree and herbaceous cover
planting, restoration of the water regime, and
gradual natural ecosystem recovery. The eco-
logical consequences of destroying plant root
systems in forest ecosystems include the de-
struction of soil structure, reduced soil erosion
resistance, and decreased moisture retention,
leading to land degradation and biodiversi-
ty loss. Alternative methods for camouflaging
military equipment that would cause less envi-
ronmental damage include the use of camou-
flage nets, natural terrain irregularities, artifi-
cial shelters made from environmentally safe
materials, and digital technologies to reduce
visibility in infrared and radar ranges.

Forest ecosystems play a key role in ensur-
ing the ecological security of the state, as their
primary function is to regulate water balance,
maintain soil fertility, and preserve biodiversi-
ty. In addition to their ecological significance,
forests are also a source of resources for for-
estry, hunting, and agriculture. Uncontrolled
logging, driven by military needs and the use
of wood as fuel, has had negative consequences
for forest ecosystems, leading to reduced for-
est cover, habitat destruction, decreased forest
capacity to absorb carbon dioxide (CO,), hy-
drological imbalance, desertification, and the
transformation of forests into areas unsuita-
ble for regeneration, biodiversity loss, and soil

Vol. 16, No. 1, 2025

Ukrainian Journal of Forest and Wood Science

164



Semenenko et al.

degradation and fertility reduction. Moreover,
these negative impacts have led to changes in
microclimate, increased erosion risk, and re-
duced access to natural resources, contributing
to food crises in affected regions, particularly
in the eastern and southern regions of Ukraine.
It is important to note that the destruction of
the Kakhovka Hydroelectric Power Plant has
led to the destruction of the irrigation system
in southern regions, negatively impacting agri-
culture and food security.

According to the Accounting Chamber of
Ukraine, during the full-scale Russian invasion
of Ukraine (as of the end of 2022; more current
data as of 2025 is unavailable due to martial
law), 3 million hectares of forest were dam-
aged and permanently destroyed (Panchen-
ko et al., 2023). The restoration of damaged
and burned forests will take 20-30 years. Ac-
cording to information provided by the Oper-
ational Headquarters for Recording Environ-
mental Crimes, the regions most affected by
mining and forest fires due to enemy shelling
and deliberate arson were: Chernihiv Region,
where nearly 400,000 hectares of forest were
damaged; Sumy Region, where approximately
290,000 hectares of forest plantations were de-
stroyed; Luhansk Region, where approximately
200,000 hectares of forest were lost; and Kyiv,
Zhytomyr, and Kharkiv regions, where 120,000
to 160,000 hectares of forest land were dam-
aged in each region.

Military actions have significantly impact-
ed the biodiversity of the terrestrial plant layer
through mechanical damage to vegetation dur-
ing the movement of equipment, construction
of fortifications, and explosions. This has led
to the destruction of natural habitats, a reduc-
tion in species numbers, and even the complete
elimination of rare flora. Plants that grow only
in specific ecological conditions have been par-
ticularly affected. These include endemic spe-
cies (such as those from the Caryophyllaceae

or Orchidaceae families), relict species (such
as yew (Taxus baccata), ginkgo (Ginkgo biloba),
sundew (Drosera), dwarf palmetto (Sabal minor),
and white waterlily (Nymphaea alba)), as well as
red-listed plants (such as edelweiss (Leontopo-
dium alpinum) or pheasant’s eye (Adonis verna-
lis)), which have a limited distribution range.

Unburied bodies of deceased soldiers and
animals have become a source of disease trans-
mission, including infectious diseases (such as
tularemia, leptospirosis, anthrax, and rabies),
which are transmitted through contact with
the body or from insects that infest the corps-
es. Zoonoses, such as rabies and salmonellosis,
are spread through contact with dead animals.
Insects such as flies, ticks, and fleas, which act
as vectors for infection, have also proliferated.
The improper burial of bodies in forests leads
to groundwater contamination, including the
leaching of toxic substances like ammonia from
the bodies into the soil and groundwater, the
contamination of aquifers with pathogens that
can cause diseases in humans and animals, and
the release of various biological agents and or-
ganicresidues,resultingin ecosystemimbalance
and environmental resource contamination.

Territories contaminated with unexploded
mines and ordnance due to military actions can
be categorised into several types: areas with
active mines or unexploded ordnance posing
an immediate threat to humans and animals;
forest massifs where reforestation is impossible
due to the danger of active mines and ordnance;
and areas requiring specialised treatment and
clearance before they can be used for forestry or
other activities. The destruction of forest eco-
systems has significantly impacted the econo-
mies of regions where forestry is the primary
sector. Mass forest losses have reduced timber
harvesting volumes, led to job losses, and de-
prived local populations of income. Further-
more, the mining of forest areas due to com-
bat actions has made their use for economic
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purposes impossible in the long term, posing
a threat to human life, limiting regional eco-
nomic development opportunities, and requir-
ing significant financial resources for demining
and restoration. Consequently, poverty levels
have risen among the population, particularly
in rural areas where forests are a source of in-
come. The loss of natural resources has forced
people to migrate, contributing to demographic
changes and weakening local communities.
Postconflict forest restoration is a com-
plex process that requires a comprehensive ap-
proach, including natural regeneration mech-
anisms and targeted ecosystem restoration
measures. One of the key natural mechanisms
is the symbiosis of mycorrhizal fungi with plant
root systems, which improves nutrient access,
enhances resistance to drought and patho-
gens, and accelerates forest soil recovery. Soil
microorganisms play an important role in this
process, ensuring organic matter decomposi-
tion, nitrogen enrichment, and the creation
of favourable conditions for tree seed germi-
nation. Additionally, forests can self-regener-
ate through seed regeneration and vegetative
reproduction, which depends on the ability of
certain tree species to form root offspring and
adapt to altered environmental conditions. To
accelerate natural recovery, a set of measures
aimed at stabilising the ecosystem and restor-
ing forest cover must be implemented. First and
foremost, the condition of soils and ecosystems
must be assessed through laboratory analysis of
heavy metal, explosive residue, and toxic ele-
ment contamination, as well as an evaluation of
soil erosion and moisture levels. One effective
measure is the introduction of mycorrhizal fun-
gi, which helps improve soil biota and stimulate
tree growth. Additionally, the use of seedlings
with a closed root system is advisable, as it in-
creases their survival rate and ensures rapid
restoration of forest areas. To stabilise the soil
and prevent erosion processes, hydroseeding,

which involves sowing herbaceous plants and
shrubs with added fertilisers and mulch, can
be used. Phytoremediation, the planting of
plants capable of accumulating and neutralis-
ing heavy metals, such as poplar, willow, and
sunflower, is a crucial component of the re-
covery process. Furthermore, the use of green
manure crops, particularly lupine and clover,
helps improve soil structure and facilitate its
recovery. Monitoring the condition of forest
ecosystems should be carried out through the
observation of flora and fauna, remote sensing,
and the use of bioindicators, such as lichens
and mosses, to assess atmospheric pollution
levels. Therefore, effective post-conflict forest
restoration requires the integration of natural
regeneration mechanisms with modern tech-
nologies, including mycorrhisation, planting of
trees with a closed root system, hydroseeding,
and the application of biological preparations,
which will promote rapid ecosystem recovery,
enhance their ecological resilience, and ensure
biodiversity conservation.

The National Council for the Recovery of
Ukraine from the War has developed a draft
of the Recovery Plan of Ukraine (draft) (2022),
which includes materials from the Working
Group “Environmental Security”. In total, the
Recovery Plan of Ukraine includes 76 envi-
ronmental projects with a total budget of EUR
25.5 billion. The Recovery Plan of Ukraine in
the field of environmental safety envisages the
implementation of measures in three stages:
the first stage (2022) has already been complet-
ed. It involved the development of a methodol-
ogy for determining damage and losses caused
by the destruction or damage of Ukraine’s for-
est fund, forest plant species, and damage to
bioresources. The second stage (2023-2025) is
to include the development of an Action Plan
for the implementation of the State Strate-
gy of Forest Management in Ukraine up to
2035, the implementation of projects for the

Vol. 16, No. 1, 2025

Ukrainian Journal of Forest and Wood Science

166



Semenenko et al.

restoration and modernisation of environ-
mental infrastructure, and the introduction
of modern technologies to reduce pollution
and improve environmental quality. The third
stage (2026-2032) aims to achieve sustainable
development, integrate environmental stand-
ards into all sectors of the economy, and ensure
environmental safety at the national level. The
presence of craters formed by explosions, as
well as the destruction of vegetation cover, has
led to the disruption of the hydrological regime,
particularly changes in the water balance of
forest areas. The restoration of Ukraine’s forest
ecosystems after the hostilities is necessary, in-
cluding the implementation of measures such
as soil decontamination from toxic substanc-
es, vegetation cover restoration, and water re-
source monitoring.

Discussion

Analysing the obtained research results, it can
be concluded that the increased intensity of
wildfires due to military actions has negatively
impacted natural ecosystems. In particular, one
of the most critical problems was the disruption
of vegetation recovery, which led to biodiversity
loss and changes in the structure and function-
ing of forest phytocoenoses, with long-term
consequences for the stability and resilience of
these ecosystems.

It was established that the increased in-
tensity of wildfires and deforestation in tempo-
rarily occupied territories and combat zones in
2024 had severe negative consequences for the
ecosystem, particularly for forest soils, due to a
decrease in soil organic carbon content. A simi-
lar issue was raised by F. Niccoli et al. (2023). The
authors found that fires significantly reduced
the ability of trees to photosynthesise and ab-
sorb carbon dioxide (CO,) due to defoliation
and crown damage. The results of the current
study did not align with the conclusions of F.
Niccoli et al., as the current study investigated

the impact of soil organic carbon on forest eco-
systems rather than the physiological state of
trees, as in the research by the analysed au-
thors. In the case of the conducted research, the
impact of soil organic carbon may be a longer-
term process, with its consequences becoming
apparent over a more extended period. In the
short term, even if trees have sustained signif-
icant damage, the soil may continue to change
due to the burning of organic matter and the
disruption of soil structures. The research by
F. Niccoli et al. was conducted in central Ita-
ly, while the present study was carried out in
Ukraine, leading to differences in conclusions.
Geographical factors, such as climate, soil
types, flora, and fauna, can influence the recov-
ery of forest ecosystems after fires. The current
study employed methods assessing soil organic
carbon content, focusing on the chemical and
physical characteristics of the soil, whereas
F. Niccoli et al. research concerned tree physiol-
ogy. The response to fires may vary depending
on the type of forest ecosystem (e.g., coniferous
or deciduous forests). It is important to consid-
er that soil organic carbon in deciduous forests
generally has different properties than in conif-
erous forests. Fires can have varying impacts on
different tree types and, consequently, on soil
organic carbon.

The reduction in soil organic carbon con-
tent in forest ecosystems in temporarily occu-
pied territories and combat zones in 2024 is
directly related to the impact of deforestation
and the digging of emplacements for mili-
tary equipment, which affected the topsoil
layer (Matkivskyi & Taras, 2024). J. Adkins &
J.R. Miesel (2021) have also studied this topic.
Their research showed that at high soil temper-
atures (up to 200°C), the soil’s ability to absorb
carbon decreased. Similar conclusions were
reached in the presented study, as the results
indicate a trend towards a decrease in carbon
content at an average soil temperature of 15°C
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after deforestation, leading to the destruction
of the soil’s humus horizon and a reduction in
its fertility.

According to the conclusions of the current
study, soil organic carbon content decreased
by 5% in 2024, which is associated with soil
degradation following deforestation. E. Grie-
co et al. (2024) also studied this problem. They
found that the conversion of primary forests
to other land cover types significantly affected
total carbon stocks, particularly aboveground
biomass carbon and soil organic carbon. A 5%
reduction in soil organic carbon content af-
ter deforestation is a significant indicator, as
organic carbon is a crucial component of soil
ecosystems and plays a key role in maintain-
ing soil fertility and climate stability (Lozin-
ska et al., 2024). In pristine forest ecosystems,
soil organic carbon content can vary, but it
is generally significantly higher compared to
anthropogenically altered areas (Kruglov et
al., 2023). For example, soil organic carbon
content in natural forests can range from 20
to 80 t/ha, depending on the forest type, cli-
matic conditions, and soil type. This correlates
with data obtained by E. Grieco et al., who
found that the conversion of primary forests
to other land cover types, such as agricultural
or industrial land, reduces soil organic carbon
due to a decrease in aboveground biomass. A
5% reduction in carbon content can have seri-
ous long-term consequences (Romanchuck et
al., 2017). If this process continues, it can
lead to soil degradation, reduced soil capaci-
ty to retain moisture and nutrients, as well as
decreased biodiversity and increased green-
house gas emissions. Furthermore, long-term
carbon loss can impair the ability of ecosys-
tems to recover from anthropogenic changes.
Thus, comparing the results of this study with
the research of E. Grieco et al. confirmed that
changes in soil organic carbon after deforest-
ation are critical for ecosystem stability and

require urgent measures for the preservation
and restoration of forest ecosystems.

It was noted that in January 2024, more
than 8,000 hectares of forest land were affected
by forest fires in temporarily occupied territo-
ries and active combat zones, resulting in CO,
emissions of 2,300 tonnes and the accumulation
of greenhouse gases in the atmosphere. A. Bri-
to et al. (2022) studied a similar problem. The
scientists found that increased greenhouse gas
emissions and deforestation had severe conse-
quences for the local ecosystem, including a re-
duction in biodiversity, forest degradation, and
disruption of the water balance, as well as a de-
crease in groundwater levels, which negatively
affected agricultural production. This assertion
can be agreed with, as the degradation of forest
ecosystems indeed reduces the ability of forests
to absorb carbon dioxide, further increasing the
concentration of greenhouse gases.

High concentrations of zinc, manganese,
copper, lead, and other metals in soil after the
2022-2024 forest fires posed a danger to the
environment (Biyashev et al., 2024). G. Singh et
al. (2021) raised a similar issue. The authors ob-
tained results showing that the metal pollution
index ranged between 1.84 and 6.62, and plants
growing in areas S10 to S17 accumulated par-
ticularly high concentrations of metals. The as-
sertion of G. Singh et al. can be agreed with, as
the process of phytoextraction can negatively
affect plant growth, reduce their viability, and
even cause death.

It was established that soil compaction in
2022-2024 due to the movement of heavy mili-
tary equipment and vehicles caused damage to
its structure and degradation of the soil envi-
ronment. M.R. Shaheb et al. (2021) have stud-
ied a similar issue. The researchers obtained
results showing that soil compaction increased
its bulk density and strength, decreased porosi-
ty and hydraulic properties, and slowed the root
growth of forest plant species. The assertion of
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M.R. Shaheb et al. can be agreed with, as de-
layed root growth indeed reduces the efficiency
of nutrient and water absorption by plants.

It was found that after fires caused by mili-
tary actions in 2014, a new species of adventive
plant, sand dropseed (Sporobolus cryptandrus
(Torr.) A. Gray), appeared in the Trokhizbenskyi
Steppe branch of the Luhansk Nature Reserve,
displacing local species such as feather grass
(Stipa spp.), narrow-leaved bluegrass (Poa an-
gustifolia), spring sedge (Carex praecox), fringed
pink (Dianthus pseudosquarrosus), and spurge
(Euphorbia spp.). A.K. Verma et al. (2024) have
studied a similar issue. In their research, the
authors found that invasive plant species not
only increased the frequency and intensity of
forest fires but also changed the structure of
local ecosystems, suppressed the growth of na-
tive species, and created conditions conducive
to the further spread of invasive plants. This as-
sertion should be agreed with, as invasive spe-
cies are indeed capable of accumulating large
amounts of dry biomass, which becomes highly
flammable material.

It was demonstrated that the upper parts of
plants, particularly trees, shrubs, and grasses,
were most vulnerable to fires. A similar study
was conducted by A. Ishak (2024). The research-
er’s results showed that during periods of low
humidity and high temperatures, the protected
and tourist zones of the national park were par-
ticularly vulnerable to forest fires. This asser-
tion can be agreed with, as low humidity reduc-
es the water content in plants and soil, making
them more susceptible to ignition, and high
temperatures promote faster drying of vegeta-
tion and increase the likelihood of outbreaks.

For the effective protection of Scots pine
trees against pathogens of pine rust, fusarium
wilt, and pine pitch canker, as well as against
pests such as pine mistletoe (Viscum, family
Viscaceae), bark beetles (Scolytinae Latreille,
family Curculionidae), tortrix moths (Tortricidae

or Olethreutidae, family Lymantriidae), and oth-
er insect pests, the use of the innovative prepa-
ration Mehanit Nirbator is recommended. This
preparation is based on biochemical fractions
of basidiomycetes and is designed for the res-
toration of forest resources after fires. K. Zhang
& J. Stenlid (2023) studied a similar issue. Their
research revealed that protocols for monitoring
and managing Scots pine blister rust epidemics,
designed to detect the rust fungus (Cronartium
pini), were effective and specific for identifying
this fungus in Scots pine samples. Using these
protocols, they were able not only to detect the
presence of this pathogen in asymptomatic and
symptomatic trees but also to track the emer-
gence of Scots pine blister rust in Northern Eu-
rope. The conclusion of K. Zhang & ]. Stenlid
is agreeable, as the application of these devel-
oped protocols allows for the timely detection
and control of the spread of Scots pine blister
rust, contributing to the effective management
of the phytosanitary condition of forest stands
and reducing economic and ecological losses.
It was observed that at the crater site re-
sulting from shelling in 2022 within the Het-
manskyi National Natural Park, specifically in
the Neskuchanske forestry of the Sumy Region,
there has been a proliferation of non-native
plant species such as curlycup gumweed (Grin-
delia squarrosa), common ragweed (Ambrosia
artemisiifolia L.), spiny burr grass (Cenchrus
longispinus (Hack.) Fernald), oleaster (Elaeagnus
angustifolia L.), and black locust (Robinia pseu-
doacacia L.). This has led to the displacement
of native plant species, including timothy-grass
(Phleum pratense L.), red fescue (Festuca rubra
L.), red clover (Trifolium pratense L.), and com-
mon bentgrass (Agrostis tenuis Sibth.). A similar
issue was studied by M. Harrison et al. (2024).
Their research indicated that the burned for-
est not only experienced significant structural
and microclimatic changes but also suffered
substantial biodiversity loss, particularly in
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the species diversity of trees, molluscs, and
butterflies. The conclusions of M. Harrison et
al. are valid, as the loss of habitats, changes in
resource availability, and other ecological fac-
tors following a fire can significantly alter an
ecosystem.

This section has reviewed studies on the
ecological consequences of forest fires and mil-
itary-related activities on natural ecosystems.
Particular attention was paid to the impact on
forest soils, specifically the reduction of soil or-
ganic carbon, which is a crucial factor in main-
taining soil health and ecosystem stability. In
the context of the studied ecological impacts
of forest fires and military activities on natural
ecosystems, especially forest soils, it is neces-
sary to consider possible strategies for the res-
toration of damaged forest areas. These include
implementing measures to restore biodiversity
through the planting of native trees and plant
species that support natural ecosystem regen-
eration. Habitat restoration programs for native
species, such as feather grass, sedge, and oth-
er grasses, will help prevent the displacement
of local species by invasive plants. This can be
achieved through methods to control invasive
species, such as mechanical removal or limiting
their spread using chemical or biological means.

Conclusions

During the 2024 study, the following tasks were
carried out: as a result of the analysis of the im-
pact of military actions on forest ecosystems,
it was found that military activities caused se-
rious ecological consequences, including the
transformation of vegetation cover, a decline in
biodiversity, and disruption of trophic chains.
In identifying the main factors of forest dam-
age, it was noted that the primary causes were
fires resulting from military actions, leading to
the death of a portion of the flora and fauna, as
well as the spread of pests and diseases among
woody plants. Recommendations for forest

restoration were developed, and a set of meas-
ures was proposed for the rehabilitation of for-
est ecosystems, including strategies for com-
bating invasive species, restoring soil cover, and
preserving biodiversity.

Based on theoretical research using open-
source information, it has been shown that in
2014, the emergence of a new species of adven-
tive plant, sand dropseed, was first recorded in
the Trokhizbenskyi Steppe branch of the Lu-
hansk Nature Reserve of the National Academy
of Sciences of Ukraine. This led to the displace-
ment of native species such as feather grass,
narrow-leaved bluegrass, spring sedge, fringed
pink, and spurge. The impact of explosions and
forest fires destroyed important tree and shrub
species, including Scots pine, pedunculate oak,
and silver birch, as well as shrubs like common
hazel, alder buckthorn, and elder. Following the
damage to territories and the formation of cra-
ters, there was a noticeable spread of invasive
species, particularly ragweed and black locust.
The loss of native plant species, such as timo-
thy-grass, red fescue, red clover, and common
bentgrass, disrupted the structure of the herba-
ceous cover, negatively affecting food chains in
forest ecosystems. The replacement of natural
species with ruderal and invasive plants altered
ecosystem functions, such as carbon sequestra-
tion, soil stability, and water balance.

For the effective restoration of forest eco-
systems following military actions, it is pro-
posed to conduct a detailed analysis of soils to
determine the level of contamination by heavy
metals, toxic elements, and explosive residues.
The introduction of mycorrhizal fungi into
soils damaged during military activities is rec-
ommended, as it will contribute to faster eco-
system and forest biota recovery. For the rapid
restoration of forest areas, it is advisable to use
seedlings with a closed root system, which in-
creases their survival rate in damaged soil con-
ditions. Hydroseeding herbaceous plants and
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shrubs with added fertilisers and mulch can
help restore soil cover more quickly, protecting
it from erosion, improving soil structure, and
increasing its fertility.

The limitation during the 2024 study of ar-
eas affected by forest fires was the unavailabili-
ty of data on the precise level of soil contamina-
tion with heavy metals and explosive residues
in some zones. This limited the ability to accu-
rately assess the extent of contamination and

pressure on forest ecosystems after military ac-
tions, and the potential impact of invasive spe-
cies on biodiversity and ecosystem resilience.
The prospect for further research includes con-
ducting more detailed monitoring of ecological
changes in regions damaged by military actions
to develop more effective methods for restoring
forest ecosystems.
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AHoTanis. MeTo 10oC/TimKeHHS OYB aHaTi3 BIUIMBY aKTUBHMX BifiCbKOBUX [Tiii HAa 6i0pi3HOMaHITTS
Ta JicoBi pecypcu. Y mocmiiskeHHi BUKOPUCTAHO TaKi METOMM: aHasi3 CYMyTHUKOBUX NAaHUX 3
BiAKpUTUX IKepen Ta moBimomsieHb 3MI, a TaKOXX MeTOOM y3araJibHEHHSI Ta CUCTeMaTu3allii.
BcTaHOBJIEHO, IO HAKOMMYEHHST Cyx0i 6iomMacy mic/s MOXeX CIIPUSIO TOMMPEHHIO JIiCOBUX
TOXKeX. YTBOPEHHSI KpaTepomnofiOHMX 3araJuH BHACGIJOK BMOYXiB 3MIiHMIO CKJIaf, JTiCOBUX
HacagKeHb Ta BOOHMII 6ajaHC, MO BIUIMHYJIO HAa BOJOIIOCTAYAHHSI PETiOHy Ta IMPU3BEIO [0
Tepe3BOJIOKEHHST a00 BUCYIIYBAaHHS 3eMeJb. Pe3ynbTaTy JOCTiIKeHHS CBiguaTh, mo y 2024
potii micist o6CTpiny TicoBoro MacuBy mo6ausy cena byma-ba6unenbka Kuiscbkoi o6macti 6ymno
3HUIIEHO JTICOBUIT TOKPUB Y pajiiyci 25 meTpis. Cepel HMUX Taki BUIM POCIVH, SIK COCHA 3BUYAliHA
(Pinus sylvestris), my6 yepenruatuii (Quercus robur) ta 6epesa cpibnscra (Betula pendula). Ananis
iHpopMallii 3 BigKpUTKUX IKepesi Ta MoBigoM/IeHb y 3acobax MacoBoi iHdopmaliii mokasas, 10
pyAepanbHi BUAM, Taki IK am6po3is nmonmuonucra (Ambrosia artemisiifolia L.) Ta 1o601a 4opHa
(Robinia pseudoacacia L.), KOJOHi3yBaaM TMOWKOMKeHI HiASTHKKA. Lle CBimuUMTh IMPO aKTUBHE
3aCeJIeHHST POCIMHHOCTI BUAAMM, 3MaTHMMM O IMBUIKOTO BiTHOBJIEHHS ITiC/IS MOPYIIeHb. Y
30HaX BMOYXOBUX KpaTepiB MPOIECH BiTHOBIEHHST POCIMHHOTO MTOKPUBY BilOYBaIMCs TIOBiTBHO.
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Hamnpukiaz, B omHOMY 3 KpaTepiB [eTbMaHChKOI'0 HalliOHAJIbHOTO MIPUPOJHOTO NMapKy B CyMChKiit
o6macti 6ymo 3adikcoBaHO uiIe Kiibka eK3eMIUIIpiB aM6po3ii Ta YopHOI capaHu, TOi SIK iHIINMiT
KpaTtep 3aJuImBcs 6e3 Oyab-siKo1 POCAMHHOCTI. [Is1 CIPUSIHHS BiZHOBJIEHHIO JIiciB B YKpaiHi
MiC/IsT IPUMMHEHHST aKTUBHUX 60II0BMX [Iiii 6GYJI0 PEKOMEHIOBAaHO 3aCTOCYBaHHSI MiKOPU3HUX
rpubiB, BUKOPUCTAHHS CaJKaHIIiB, BUPOIEHNX Y KOHTelHepax, Ta rizpornociBy. OTpumani nani
PO CTaH JIiCOBUX MaCHUBiB MOXYThb CIIPUSITU pO3po06IIi cTpaTeriit 36epeskeHHS Ta BiJHOBJIEHHS
TTOLIKO/IKeHUX TOYKesKaMU JIiCOBUX €KOCUCTEM

KimiouoBi ciroBa: moskexki; BOpOHKM; iHBasii; pymepanbHi BUAM POCIUH; Oiopi3HOMAaHITTS;
POCIIMHHMI IOKPUB
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Water resources as a factor of ecological sustainability...

in the water resources of Kyrgyzstan and Kazakhstan during 2014-2024 and determine their impact
on the ecological sustainability of forest ecosystems. The research methods included the analysis
of hydrological data on the quantity and quality of water resources during the specified period, and
the analysis of scientific sources on the relationship between water balance, biodiversity, and soil
conditions. In particular, the water level in large rivers (Naryn, Ili), changes in water temperature,
chemical pollution, and the dynamics of forest areas were analysed. The results showed that
the water level in the Naryn River decreased by 8% due to melting glaciers and increased water
intake, while in the Ili River this figure was 6% due to reduced inflows from China and increased
water consumption. The average water temperature increased by 1.0-1.2°C, which reduced the
concentration of dissolved oxygen and negatively affected biodiversity. Water pollution from
industrial and agricultural discharges increased by 10-15%, exacerbating the degradation of coastal
ecosystems and biodiversity. The data indicate the relative stability of the overall forest fund of
Kyrgyzstan, but there is a decrease in the area of land covered with forest, which raises concerns
about the effectiveness of conservation measures. Reforestation shows unstable dynamics due to
climate change and water scarcity. The reduction in forest areas was 5% in Kyrgyzstan and 7% in
Kazakhstan, with the largest losses observed in the Ili River basin. The decrease in biodiversity in
Kazakhstan reached 12%, while in Kyrgyzstan, the decrease in forest area worsened the water stress
in mountainous regions. The findings highlight the close relationship between the state of water

resources and the ability of forest ecosystems to perform ecological functions

Keywords: climate change; biodiversity; biogeocoenosis; river basins; vegetation

Introduction

Water resources play a critical role in ensuring
environmental sustainability, especially in for-
est ecosystems, which are important natural
regulators of climate, water balance, and biodi-
versity. Kyrgyzstan and Kazakhstan, located in
Central Asia, are countries with diverse land-
scapes, where forests perform a key function in
maintaining ecosystem balance. However, these
countries face numerous challenges in the field
of water resources management, which makes
it necessary to investigate this issue in depth.
The importance of water resources in forest
ecosystems is conditioned by their ability to re-
tain soil moisture, regulate runoff, and ensure
the stability of local and regional climatic con-
ditions. However, climate change, forest degra-
dation and poor use of water resources threaten
the sustainable functioning of these ecosystems
(Mustafayeva & Tagiyev, 2023). In particular, in

Central Asia, reduced snow reserves, water pol-
lution, and increased anthropogenic impact put
significant pressure on natural systems (On-
gayev et al., 2024). Moreover, the transnational
nature of many water basins in the region re-
quires international cooperation to effectively
manage and conserve these resources.
Research in the field of water resourc-
es management in Central Asia covers a wide
range of topics. In particular, A.M. Anghelescu
& L.D. Onel (2024) analysed the role of the Eu-
ropean Union in developing water management
policies in the region, focusing on examples of
the Aral Sea demonstrating the need for inter-
national cooperation to overcome the water
crisis. Other researchers consider the reproduc-
tion of forest resources in the context of sus-
tainable development. For example, K.T. Abaye-
va et al. (2024) emphasised the need to optimise
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forest management in Kazakhstan, in particu-
lar, through the integration of water-saving
technologies. Research in the field of water
resources management in Central Asia covers
a wide range of topics. In particular, S. Mis-
sall et al. (2022) investigated the rational use
of forests along water basins in Kyrgyzstan, em-
phasising their role in maintaining the water
balance. B. Atantayeva et al. (2024) considered
the problems of ecosystem conservation and
security on the example of the territory of “Se-
mey Ormani” in Kazakhstan, emphasising the
need for integrated management of forest and
water resources. X. Wang et al. (2020) focused
on assessing water security and resource devel-
opment in Central Asia, which is important for
maintaining ecosystem stability in the region.
In turn, O. Abraliyev et al. (2024) investi-
gated the optimisation of irrigated land use in
Kazakhstan, pointing out the importance of a
systematic approach to water resources manage-
ment. The study by A. Ozenbayeva et al. (2022)
considered the legal aspects of the regulation of
transboundary water resources of the Republic
of Kazakhstan, in particular, the existing inter-
national treaties, national legislation and mech-
anisms of water resources management in the
context of regional cooperation were analysed.
Thus, there are a significant number of studies
that cover certain aspects of water resources in
the region, but not enough attention is paid to
their impact on the ecological sustainability of
forest ecosystems and the prospects for coop-
eration between Kyrgyzstan and Kazakhstan.
Gaps in the coverage of water resources in
Central Asian Forest ecosystems include in-
sufficient analysis of the relationship between
climate change, the state of water resources
and environmental sustainability. In addition,
the effectiveness of existing cooperation strat-
egies between countries, in particular, in the
field of forest and aquatic ecosystems conser-
vation, is relevant. Thus, the study is focused

on investigating the role of water resources in
ensuring the ecological sustainability of for-
est ecosystems in Kyrgyzstan and Kazakhstan,
considering current challenges and opportuni-
ties for cooperation. Its purpose was to analyse
the relationship between the state of water re-
sources and the stability of forest ecosystems,
assess the impact of water scarcity on forest
landscapes, and identify effective approaches
to their conservation and management.

Materials and Methods

A comprehensive approach was used to con-
duct the study, including the collection, anal-
ysis, and synthesis of data from various sourc-
es. The main materials of the study included
official statistics, environmental reports and
information obtained from the state registers
of water and forest resources of Kyrgyzstan and
Kazakhstan. The data used covered the peri-
od from 2014 to 2024, which allowed tracking
the dynamics of changes in the state of water
resources and their impact on forest ecosys-
tems. Data on the state of water resources in
Kyrgyzstan were obtained from the Ministry of
Natural Resources, Ecology and Technical Su-
pervision of the Kyrgyz Republic (n.d.), which
included information on the water level in key
rivers and lakes of the country, and the Nation-
al Statistical Committee of the Kyrgyz Repub-
lic (n.d.). For Kazakhstan, data from the Min-
istry of Ecology and Natural Resources of the
Republic of Kazakhstan (n.d.) were used, which
contained statistics on water consumption, the
level of water pollution, and the hydrological
state of rivers. In addition, information from
the Bureau of National Statistics (n.d.) on the
economic aspects of the use of water resources
in forestry was attracted.

Materials from the state registers of the
forest fund of both countries were used to as-
sess the ecological sustainability of forest
ecosystems. The data included indicators of
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biodiversity, the area of forest stands, and their
ecological state. In particular, official reports of
the State Register of the Forest Agency of the
Kyrgyz Republic (n.d.) and similar structures in
Kazakhstan were considered (Ministry of Ecol-
0gy..., n.d.). Regional forest restoration pro-
grammes, such as the “Zhasyl E1” programme
in Kazakhstan, which aims to increase forest
cover, were also taken into account. In addition,
the study was based on an analysis of the scien-
tific literature on the relationship between wa-
ter resources and forest ecosystems in the con-
text of environmental sustainability (Decree of
the Government of the Republic of Kazakhstan
No. 632 “On the..., 2005). In particular, papers
that consider regional aspects of changes in the
water balance and their impact on forest eco-
systems, papers that analyse the mechanisms
of adaptation of forest ecosystems to chang-
es in the water regime, and studies on natural
resource management based on environmen-
tal factors were analysed (Missall et al., 2022;
Wang et al., 2022).

The study included several stages of work-
ing with data. At the first stage, the initial in-
formation necessary for creating a single da-
tabase was systematised and processed. The
main focus was on the development of struc-
tured data on quantitative indicators of water
resources, forest cover area, biodiversity level,
and economic aspects of the use of natural re-
sources in Kazakhstan and Kyrgyzstan. Python
and Microsoft Excel software tools were used to
process large amounts of data. Python was used
to automate data collection, processing, and
pre-analysis processes, while Microsoft Excel
provided additional verification of the received
data and its visual structuring.

The second stage of the study included a
qualitative analysis of scientific literature and
statistical reports related to water resources
management, the state of forest cover, and the
impact of anthropogenic and climatic factors
on environmental sustainability in the region.
The main focus was on materials that highlight
local features of the relationship between water
resources and forest ecosystems. The collected
data helped to identify key impact factors and
assess their significance for ensuring ecosystem
sustainability.

At the final stage, the results obtained were
synthesised, which allowed formulating con-
clusions about the impact of water resources
on forest ecosystems. The results of the anal-
ysis contributed to a better understanding of
the main dependencies and helped to identify
recommendations for water management to
maintain environmental sustainability. The in-
tegrated approach provided a deep study of the
problem and allowed to formulate conclusions
that are relevant both for the scientific com-
munity and for practical use. Overall, the study
was based on the integration of statistical and
analytical data to gain a comprehensive un-
derstanding of the relationship between water
resources and the ecological sustainability of
forests in the region.

Results

General state of water resources of the re-
gions under study. Analysis of data on water
resources of Kyrgyzstan and Kazakhstan for the
period 2014-2024 indicates significant changes
in the level of water supply, water quality, and
hydrological state of key reservoirs in the re-
gion (Table 1).
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Table 1 shows the instability of the water
balance in Kazakhstan, where the annual runoff
varies from 87.3 to 160 mln. m®, which indicates
the impact of climate change. Although fresh
water intake remains stable (21.6-24.9 min. m?®),
the load on water resources reaches a critical
34%, and a decrease in the per capita intake
indicates an increase in demographic pressure.
In Kyrgyzstan, there is a stable intake of water
from natural sources (8,017.9-8,872.5 mln. m?®)
and a gradual increase in water consumption,
which in 2023 reached 6,028 mln. m®, main-
ly for agriculture. Compared to Kazakhstan,
Kyrgyzstan has a lower level of load on water
resources, but its dependence on groundwater
and irrigation increases. In Kazakhstan, the
high level of resource exploitation and instabil-
ity of the water balance require the introduc-
tion of effective water resources management.

In Kyrgyzstan, the average water level
in the main rivers, in particular in the Naryn
River, decreased by 8% compared to the initial
period of the study. The main reason for this is
the intense melting of glaciers caused by an in-
crease in average annual temperatures, which
leads to a decrease in the total ice cover and,
accordingly, long-term water reserves in rivers.
In addition, climate change is accompanied by
an increase in the frequency of droughts and a
shift in snowmelt regimes, which leads to addi-
tional stressful conditions for water resources.
Anthropogenic impact, in particular, water in-
take for irrigation agriculture and hydropower,

further exacerbates the situation (Ushkaren-
ko et al., 2024). An increase in the average
summer water temperature by 1.2°C leads to
a decrease in the concentration of dissolved
oxygen, which negatively affects the chemical
composition of water and the biodiversity of
aquatic ecosystems. In addition, according to
research, river water pollution caused by dis-
charges from industrial and agricultural enter-
prises has increased by 15% over the past dec-
ade (Wang et al., 2022).

In Kazakhstan, there is a similar trend of
decreasing water resources, in particular in the
Ili River basin During the analysed period, the
water level in the basin decreased by 6%. The
main factors are an increase in domestic wa-
ter consumption, in particular in agriculture,
where the area of irrigated land is actively ex-
panding, and a reduction in the inflow of water
from China, which is conditioned by the inten-
sive use of water resources for the economic
development of Xinjiang. Lower water levels in
Lake Balkhash, which is heavily dependent on
the Ili River, have led to degradation of coast-
al forest ecosystems, reduced biodiversity, and
soil salinisation. An increase in the water tem-
perature in the lake by 1.0°C, together with an
increase in the level of pollution by 10%, leads
to an increase in negative environmental con-
sequences, since pollution is usually caused by
the flow of chemicals from agricultural waste-
water and industrial enterprises (Kusmambetov
& Suleimenova, 2022) (Table 2).

Table 2. Changes in the state of water resources
in Kyrgyzstan and Kazakhstan for the period 2014-2024

Indicator

Kyrgyzstan

Kazakhstan

Average water level drop -8%

-6%

Increased seasonal
fluctuations in water levels

+10% variation

+8% variation

Water temperature rise

+1.2°C

+1.0°C

Pollution increase (water
quality index)

+15% (increase in the concentration of
harmful substances)

+10% (growth in industrial and
agricultural wastewater)
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Table 2, Continued

Indicator

Kyrgyzstan

Kazakhstan

Reduced dissolved oxygen
concentration

-0.5 mg/L (average reduction of 8%)

-0.3 mg/L (average 5% reduction)

Increased water consumption
(agriculture)

+12% compared to 2014

+18% compared to 2014

Source: compiled by the authors based on K.D Kusmambetov & S.Z. Suleimenova (2022), W. Liu et al. (2023),

G.N. Yusupova et al. (2024)

The results of the study indicate the need
to introduce adaptive measures in the field of
water resources management. In particular, it
is recommended to optimise water consump-
tion, modernise irrigation systems, and reduce
the anthropogenic load on river basins. This
will not only preserve water quality, but also
improve the ecological state of water bodies,
which is important for ensuring long-term en-
vironmental sustainability of the region. In ad-
dition, the study highlights the importance of
modernising water infrastructure, considering
conflicts of interest between different water
users, which is crucial for developing effective
water management strategies (Yusupova et
al., 2024). In addition, economic approaches
demonstrate that the introduction of econom-
ic incentives can become an effective means of
optimising water use, which, in turn, will help to
reduce the negative impact on water resources.

Generalisation of findings and analysis of
data for 2014-2024 indicate that in order to
ensure the sustainability of water resources
in Kyrgyzstan and Kazakhstan, it is necessary
to implement integrated measures aimed at
preserving water quality, modernising infra-
structure and optimising water consumption.
These measures should consider both natu-
ral and anthropogenic factors affecting water
resources, which will reduce environmental
stress and contribute to the long-term stabili-
ty of the region.

State of forest ecosystems in Kazakhstan
and Kyrgyzstan. The ecological sustainability
of forest ecosystems in the region has under-
gone significant changes under the influence of
water resources, which is directly reflected in
the area of plantings, forest structure and bio-
diversity level (Table 3).

Table 3. State of forest ecosystems of Kazakhstan and Kyrgyzstan for the period 2014-2023

. = «© - T s:': nE
Sa s &= =) E0s =) =) =E°)

S¢q g8 g5 §24 LEE S22 sg8

5 Ecs&' 28%s 2 72032 %a R AR

o 2he E7E 2o Sk g S8 3 593 225

= §8% | g% | g% @g= | Bgs | BEE | BEY

o

s SEE | SE g8 | z2® | 23° | 2%

= 29 < ~ 3
2014 29.3 12.6 4.6 1,171.8 706.3 1.5 25.0
2015 29.3 12.7 4.6 1,172.0 704.2 2.2 18.1
2016 29.4 12.7 4.7 1,172.0 704.1 3.7 33.2
2017 29.8 12.9 4.7 1,172.0 704.1 2.4 13.7
2018 30.1 12.9 4.7 1,172.0 704.1 2.4 10.3
2019 30.0 13.1 4.8 1,172.0 704.1 2.9 5.3

Vol. 16, No. 1, 2025 Ukrainian Journal of Forest and Wood Science 183



Water resources as a factor of ecological sustainability...

Table 3, Continued
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2020 30.0 13.3 4.9 1,172.0 704.1 1.8 9.0
2021 30.6 13.6 5.0 1,171.9 704.0 0.7 6.5
2022 30.9 13.7 5.0 1,171.8 703.9 1.6 11.1
2023 30.9 13.7 5.0 1,171.7 703.9 1.6 12.5

Source: compiled by the authors based on National Statistical Committee of the Kyrgyz Republic (n.d.), Minis-
try of Ecology and Natural Resources of the Republic of Kazakhstan (n.d.), Bureau of National Statistics (n.d.)

Official data indicate the stability of the
total forest fund of Kyrgyzstan, which dur-
ing 2014-2023 remained at the level of about
1,172 thous. ha. At the same time, the area
of land covered with forest decreased from
706.3 thous. ha in 2014 to 703.9 thous. ha in
2023, which raises concerns about the effec-
tiveness of measures to preserve existing for-
ests. Reforestation shows uneven dynamics: if
in 2016 this indicator reached a peak (3.7 thous.
ha), then in subsequent years the area of new
plantings significantly decreased, reaching only
1.6 thous. ha in 2023.

However, independent studies indicate a
more alarming state of forest resources. In Kyr-
gyzstan, water scarcity, which is aggravated by
a decrease in the volume of ice cover and unfa-
vourable climatic conditions, led to a reduction
in the area of forest stands by 5% over the ana-
lysed period. This is especially acute in moun-
tainous areas, where lack of humidity limits the
natural processes of forest regeneration. Insuf-
ficient water resources lead to a decrease in the
density of plantings, slowing down the growth
of trees and increasing their vulnerability to
pests and diseases, which together leads to a
decrease in the number of key tree species by
about 10% (Missall et al., 2022). This, in turn,
negatively affects the ecosystem functionali-
ty of forests, reducing their ability to perform
important environmental services such as

carbon uptake and biodiversity maintenance.
The decrease in the area of forest-covered land
may be underestimated due to insufficient
monitoring and limited assessment methods.
In addition, there is a deterioration in the qual-
ity of forests due to damage to stands, which is
confirmed by significant fluctuations in wood
harvesting. For example, in 2019, this figure
was only 5.3 thous. m®, while in 2023 it in-
creased to 12.5 thous. m®, which is partly con-
ditioned by sanitary logging. To prevent further
degradation of forest ecosystems in Kyrgyzstan,
it is necessary to strengthen monitoring, devel-
op comprehensive forest restoration measures,
and improve forest resource management.
Official data show that in Kazakhstan, the
total area of land covered with forest increased
from 12.6 min. ha in 2014 to 13.7 mlin. ha in
2023, and forest cover remains stable at 5%
(Ministry of Ecology..., n.d.). However, these
data do not fully reflect the actual state of for-
est ecosystems, especially in regions suffering
from water scarcity, soil degradation and ero-
sion processes, in particular, in the Ili River ba-
sin. There is a decrease in the area of forest cov-
er by 7%, which is associated with a complex of
factors, including a decrease in the water level,
which affects soil moisture, increased erosion
processes, and degradation of soil resources.
Insufficient moisture caused by a decrease in
water reserves leads to a loss of soil fertility,

Vol. 16, No. 1, 2025

Ukrainian Journal of Forest and Wood Science

184



Karaeva et al.

which limits the ability of forests to self-heal.
Soil degradation in the Ili River basin leads to
a decrease in biodiversity: the number of both
endemic and economically important tree spe-
cies has decreased by 12% (Abayeva et al., 2024;
Atantayeva et al., 2024). These changes place an
additional burden on the ecological system, as
reduced diversity weakens the ability of forest
ecosystems to adapt to stressful impacts such
as droughts and climate change.

Forest restoration programmes, among
which the “Zhasyl E1” initiative in Kazakhstan
occupies a leading place, demonstrate a certain
local efficiency, which explains the increase
in total areas covered by forest (Forest Agency
of..., n.d.). This programme aims to increase
forest cover by planting new plantings and re-
storing degraded areas. However, at the region-
al level, the impact of such measures is insuffi-
cient to fully compensate for losses caused by
water scarcity and erosion processes. In addi-
tion, in many regions, there is a need for inte-
grated measures that combine the modernisa-
tion of irrigation systems, the use of the latest
technologies for monitoring the state of forests
and optimisation of water consumption, which
would allow for more efficient restoration of
forest resources.

Another significant problem is the change
in the structure of forest stands. A decrease in
water volumes leads to a transition from dense,
multi-species forests to sparse forest-steppe
formations that are less resistant to external
influences. This negatively affects the ability
of forest ecosystems to provide important en-
vironmental services, such as carbon uptake,
biodiversity maintenance, and microclimate
management. Changes in the composition of
the species fund caused by water scarcity have
long-term consequences for regional environ-
mental sustainability, which is enhanced by an
increase in anthropogenic load. However, there
are positive examples in some areas. According

to the latest data, some regions of Kyrgyzstan
show gradual restoration of woodlands due to
local ecosystem restoration programmes. These
programmes include improving irrigation sys-
tems, using state-of-the-art monitoring tech-
nologies, and specialised forest management,
which contributes to the stabilisation or even
small growth of forest cover in individual areas.
For example, in the Naryn region, the govern-
ment has introduced a programme for the res-
toration of forests, which provides for the use
of local seedlings and the use of modern tech-
nologies for monitoring the state of woodlands
(Missall et al., 2022). These measures help not
only to restore the area of forest cover, but also
improve its quality by optimising irrigation sys-
tems and maintaining the water regime, which
is critical for biodiversity conservation. Howev-
er, even these successful local examples cannot
compensate for the overall downward trend in
forest cover, which requires the development of
integrated strategies at the regional level.
Thus, the overall state of forest ecosystems
in Kyrgyzstan and Kazakhstan indicates a signif-
icant reduction in the area of forest stands and a
decrease in the level of biodiversity due to water
scarcity and related environmental problems. To
ensure the long-term environmental sustaina-
bility of the region, it is necessary to implement
integrated measures aimed at modernising
water infrastructure, optimising irrigation sys-
tems, and developing regional forest restoration
programmes. Such measures will contribute not
only to the restoration of woodlands, but also
to the preservation of their ecological func-
tionality, which is critical for maintaining the
sustainability of natural systems in the region.

Water resources as a key factor of ecolog-
ical sustainability of forest ecosystems in
Kyrgyzstan and Kazakhstan. Water resources
are one of the most important factors deter-
mining the ecological sustainability of forest
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ecosystems. In Central Asian regions such as
Kyrgyzstan and Kazakhstan, where water avail-
ability is limited by geographical and climatic
conditions, the role of water balance in main-
taining forest life is becoming critical. Forest
ecosystems, in turn, provide a range of ecosys-
tem services, including climate regulation, bi-
odiversity conservation, water intake, and soil
stabilisation. Thus, there is a close relationship
between the state of water resources and the
ability of forests to function as environmentally
sustainable systems.

In Kyrgyzstan, water resources play a cru-
cial role in maintaining mountain forests, which
are a source of ecosystem services for both local
communities and the region as a whole (Kaldy-
baev et al., 2024). Rivers such as the Naryn form
the backbone of the country’s water balance,
providing the soil moisture needed for trees
and other plants to grow. However, due to a de-
crease in the average water level due to climate
changes, there is a gradual reduction in the area
of forest cover. Lack of water affects the growth
rate of trees, reduces their viability and abili-
ty to renew naturally (Yanitskyi, 2024). Com-
bined with the increasing frequency of extreme
weather events, such as droughts, this puts ad-
ditional pressure on forest ecosystems.

In Kazakhstan, the situation is even more
critical due to the relatively low water supply
and high level of anthropogenic load on water
resources. Irrigation systems designed primar-
ily for agricultural needs consume significant
amounts of water, reducing its availability to
natural ecosystems. For example, in the Ili Riv-
er basin, a decrease in the water level directly
affects the degradation of forests in its flood-
plain, which are an important component of
the region’s ecosystem balance (Abraliyev et
al., 2024). Such changes lead to an increase in
the vulnerability of forests to soil erosion, a de-
crease in biodiversity, and a decrease in their
ability to absorb carbon dioxide.

An important factor that worsens the sit-
uation is climate change. An increase in the
average annual temperature, a decrease in pre-
cipitation, and an increase in its uneven dis-
tribution lead to a gradual depletion of water
resources (Belmega et al., 2024). This creates
a negative feedback loop, where a decrease in
the area of forests that serve as natural regu-
lators of the hydrological cycle contributes to
an even greater water shortage in ecosystems.
This dynamic is particularly noticeable in the
semi-desert and steppe zones of Kazakhstan,
where woodlands have a limited adaptive ca-
pacity for droughts.

Forward-looking estimates show that with-
out effective water management, both coun-
tries may face further degradation of forest
ecosystems. In Kyrgyzstan, the area of forests
is expected to decrease by 5-7% over the next
10 years if the water level drops by 10% (Mis-
sall et al., 2022). In Kazakhstan, similar losses
can reach 8-10%, especially in regions with a
high density of irrigation systems (Abraliyev et
al., 2024). Such trends will not only affect en-
vironmental sustainability, but will also have
serious socio-economic consequences associat-
ed with reduced availability of resources for the
local population.

To ensure the sustainability of forest eco-
systems, it is necessary to implement integrat-
ed measures that include effective water man-
agement, modernisation of irrigation systems
and the creation of water protection zones. In
particular, strategic restoration of catchments
in the mountainous regions of Kyrgyzstan can
help stabilise the water level in rivers. In Ka-
zakhstan, measures to improve the efficiency
of water use in agriculture are important, which
will increase the availability of water resources
for natural ecosystems. In addition, it is neces-
sary to encourage forest restoration through
the introduction of adaptive vegetation species
that can survive in harsher climates.
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Consequently, water resources play a key
role in ensuring the ecological sustainability
of forests in Kyrgyzstan and Kazakhstan. Their
scarcity has a direct negative impact on the
functioning of forest ecosystems, creating a
threat to their existence in the long term. Con-
sidering current trends, immediate measures
for the conservation and rational use of water
resources are critical to maintaining the viabili-
ty of forests and preserving their ecological role
in the region.

International cooperation water and forest
resources management. The management of
transboundary water resources is critical for
the ecological sustainability of forest ecosys-
tems in Kyrgyzstan and Kazakhstan. Common
river basins, such as the Naryn and Ili, require
coordination of efforts by both countries to en-
sure the rational use of water resources and the
conservation of biodiversity.

President of Kazakhstan Kassym-Jomart
Tokayev announced the creation of the Minis-
try of Water Resources and Irrigation of the Re-
public of Kazakhstan (n.d.), a specialised agen-
cy that will deal with solving water problems
both within the country and in cooperation
with neighbouring states. The move under-
scores Kazakhstan’s commitment to sustaina-
ble water management and the introduction of
green technologies.

Kyrgyzstan and Kazakhstan actively coop-
erate in the field of water resources manage-
ment, especially in relation to transboundary
rivers. One of the key initiatives is the Law of
the Kyrgyz Republic No. 47 “On Ratification of
the Agreement between the Government of the
Kyrgyz Republic and the Government of the Re-
public of Kazakhstan on the Use of Interstate
Water Management Structures on the Chu and
Talas Rivers” (2001). This agreement provides
a legal basis for joint management and main-
tenance of water bodies, ensuring the rational

use of water resources and maintaining ecolog-
ical balance in the basins of these rivers. Within
the framework of this agreement, a joint com-
mission has been established that coordinates
the actions of both countries in the operation
and maintenance of water management facil-
ities. This includes joint monitoring of water
resources, exchange of information on hydro-
logical indicators, and coordination of water
use plans. Such cooperation contributes to the
effective management of water resources and
prevents possible conflicts related to their use.
Regarding forest resources, there is cur-
rently no information on specific joint pro-
grammes between Kyrgyzstan and Kazakhstan.
However, both countries are aware of the im-
portance of preserving forest ecosystems and
may consider developing joint initiatives in this
area. This may include sharing experiences in
reforestation, joint research, and developing
strategies to adapt forests to climate change.
Expanding cooperation in the field of forest
resources can be an important step to ensure
the ecological sustainability of the region and
the conservation of biodiversity. Joint efforts
to manage both water and forest resources will
contribute to sustainable development and en-
vironmental security in both countries.
Investment in infrastructure is also a key
element of cooperation. Co-financing projects
aimed at improving irrigation systems, water
conservation and restoring degraded forest
areas will contribute to the sustainable devel-
opment of both countries. An example of suc-
cessful international cooperation is the Ukrain-
ian-Romanian partnership in the field of water
management, which is implemented within
the framework of the Agreement between the
Government of Ukraine and the Government of
Romania “On Cooperation in the Field of Water
Management in Border Waters” (1997), where
joint efforts are aimed at rational and environ-
mentally sound use of water and other natural
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resources of the Danube, Tisa, Prut, and Sirey
river basins. The implementation of such initi-
atives between Kyrgyzstan and Kazakhstan will
contribute to strengthening the ecological sus-
tainability of forest ecosystems and ensuring
the sustainable development of the region.

Discussion

The results obtained confirm the general trends
of changes in the water resources of Kyrgyzstan
and Kazakhstan described in the literature. In
particular, an analysis of Kyrgyzstan’s water
resources revealed an 8% decrease in the water
level in the Naryn River due to melting glaciers
and anthropogenic impact. This is consistent
with the conclusions obtained by N.M. Nuralie-
va (2022), who noted that Kyrgyzstan’s glaciers
are significantly reduced by climate change,
which in the long run reduces the availability of
water resources for economic and environmen-
tal needs. In Kazakhstan, a 6% decrease in the
water level in the Ili River basin and the deg-
radation of coastal ecosystems are consistent
with the findings of Y. Yu et al. (2021), which
indicated a significant impact of human activ-
ity, in particular, the intensification of agricul-
tural water consumption and changes in water
management at the interstate level. Similarly,
K. Orazaliev et al. (2024) emphasised that re-
ducing the flow of water from China to the Ili
basin, associated with the economic develop-
ment of Xinjiang, is becoming a key problem
for Kazakhstan, creating tension in the use of
transboundary waters. The problems of water
pollution were also confirmed by A. Tursu-
nova et al. (2022). The researchers noted that
the increase in industrial and agricultural dis-
charges into water bodies of Kazakhstan and
Kyrgyzstan by 10-15% is a consequence of inef-
ficient water resources management and insuf-
ficient environmental control.

L.Andersson & E. Ardfors (2021) focused on
assessing the possibilities of forest restoration

in Kazakhstan, which partially coincides with
the results obtained on the ecological sustaina-
bility of forest ecosystems. However, unlike the
current approach, which considers the impact
of water resources on the state of forest ecosys-
tems, this study focuses more on reforestation
strategies without a detailed analysis of water
supply as a key environmental factor.

The results confirm the importance of in-
tegrating water management and environmen-
tal policy, as indicated in the literature. B. Su-
laimanova et al. (2023) considered the role of
investment and innovation in the sustainable
management of agricultural resources in Kyr-
gyzstan, in particular, in the context of the
green economy. The study focused on the need
to invest in the modernisation of irrigation sys-
tems and the use of innovative technologies
for water conservation. The results support
these conclusions, as the degradation of aquat-
ic ecosystems in Kyrgyzstan is largely caused
by outdated water management methods that
need to be reformed through the introduction
of new technologies. The study by S. Giritlioglu
& N. Tsoy (2024) emphasised the importance
of water security for regional stability by ana-
lysing the relationship between Uzbekistan
and Afghanistan. It was pointed out that water
management in Central Asia is often accompa-
nied by geopolitical tensions that increase the
risks of environmental degradation. While the
findings focus on Kyrgyzstan and Kazakhstan,
they also highlight the impact of transbounda-
ry water use on ecosystem degradation. In par-
ticular, the reduced flow of water from China to
the Ili basin is an example of similar problems
that threaten regional stability.

B. Janusz-Pawletta et al. (2024) examined
the role of stakeholder dialogue in improving
water management in Central Asia. The re-
searchers emphasised that effective coopera-
tion between the countries of the region is key
to ensuring sustainable water use. The results
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obtained support this thesis, since the measures
proposed in the paper, such as the moderni-
sation of irrigation systems and the creation
of water protection zones, require interstate
coordination to achieve success. The study by
N. Osmonova (2020) was devoted to the analysis
of sustainable cooperation in the use of trans-
boundary waters on the example of the Chu and
Talas River basins. It was indicated that sus-
tainable development is possible if a balance is
achieved between economic needs and environ-
mental requirements. Similarly, the results of the
study showed that the growing anthropogenic
burden on water resources, both in Kyrgyzstan
and Kazakhstan, threatens the ability of forest
ecosystems to perform ecosystem functions.

Research by A.N. Rakhimzhanov et
al. (2021) was devoted to the assessment of the
state of turang forests in the south-east of Ka-
zakhstan, which has certain common aspects
with the results obtained on the ecological sus-
tainability of forest ecosystems. The main dif-
ference is that the researcher focuses on local
changes in the structure of forest cover and deg-
radation under the influence of anthropogenic
and natural factors, while the current study
analyses the relationship between the state of
forests and the dynamics of water resources
at the broader regional level. A. Aidaraliev et
al. (2024) highlighted Kyrgyzstan’s contribu-
tion to solving global problems of sustainable
mountain development. Special attention was
paid to the need to conserve water resources
in the context of growing climate challenges.
The results confirm this approach, because the
melting of glaciers and the reduction of water
resources in Kyrgyzstan, recorded in the study,
are key factors affecting the ecological sustain-
ability of the region.

The study by A. Hamidov et al. (2022) ana-
lysed the integration of the water-energy-food
approach to ensure the sustainable develop-
ment of socio-ecological systems in Central

Asia. The researchers emphasise the impor-
tance of an interdisciplinary approach for effec-
tive management of natural resources, which is
also relevant for the Naryn and Ili River basins
considered in the study. The results confirm
that water scarcity negatively affects not only
ecosystems, but also food security, which re-
quires a comprehensive approach to developing
adaptation strategies. E. Ahmadov (2020) con-
sidered the issues of water resources manage-
ment for achieving sustainable development in
Azerbaijan. The researcher focused on the need
for rational use of water resources, moderni-
sation of water infrastructure, and creation of
water protection zones. This supplements the
conclusions of this study, which also suggest
the modernisation of irrigation systems and the
creation of protected areas to preserve environ-
mental sustainability.

In turn, the study by S. Kitaibekova et
al. (2023) evaluated forest ecosystem services
in “Burabai” national park, which provides val-
uable information about the socio-economic
significance of forest ecosystems. Compared to
the results obtained, which focus on the ecolog-
ical aspects of the impact of water resources on
forest ecosystems, this study is more focused on
the economic assessment of ecosystem services,
which complements the study, adding a practi-
cal perspective on the use of forest resources.
Thus, the results confirm the conclusions of
previous studies, emphasising the need for in-
tegrated water management, modernisation of
irrigation systems, and adaptive reforestation
to ensure the ecological sustainability of the re-
gion. The results of the study specify the scale
of changes, in particular quantitative losses of
water and forest resources, which complements
the available literature with new data.

Conclusions

Analysis of the water resources of Kyrgyzstan
and Kazakhstan for the period 2014-2024
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revealed significant changes in water supply
and water quality. In Kyrgyzstan, the average
water level in the main rivers, in particular in
Naryn River, decreased by 8% compared to the
beginning of the study. This is conditioned by
the intense melting of glaciers due to an in-
crease in average annual temperatures, which
leads to a decrease in the ice sheet and long-
term water reserves. Anthropogenic impact, in
particular, water intake for irrigation and hy-
dropower, worsens the situation. Increasing the
average summer water temperature by 1.2°C
reduces the concentration of dissolved oxygen,
negatively affecting the chemical composi-
tion of water and biodiversity. River pollution
from industrial and agricultural discharges has
increased by 15% over the past decade. In Ka-
zakhstan, there is a similar trend: the water lev-
el in the Ili River basin decreased by 6% during
the analysed period. This is conditioned by an
increase in domestic water consumption, espe-
cially in agriculture, and a reduction in water
inflows from China due to the intensive use of
resources for Xinjiang’s development. The de-
cline in the water level in Lake Balkhash, which
depends on the Ili River, has led to the degra-
dation of coastal forests, reduced biodiversity
and salinisation of soils. A 1.0°C increase in the
lake’s water temperature and a 10% increase in
pollution exacerbate the negative environmen-
tal impacts, as the pollution is caused by chem-
icals from agricultural and industrial runoff.
The forest ecosystems of Kazakhstan and
Kyrgyzstan are significantly affected by water
scarcity and climate change. In Kyrgyzstan, a
5% reduction in forests is caused by melting
glaciers and reduced humidity, which compli-
cates their regeneration, reduces biodiversity
and weakens ecosystem functionality. In Ka-
zakhstan, a 7% decrease in forest area, in par-
ticular in the Ili River basin, is associated with
a decrease in water levels, soil degradation, and
loss of species diversity (by 12%). Positive local

initiatives, such as the “Zhasyl E1” programme
in Kazakhstan and the restoration of forests
in Kyrgyzstan, have limited impact. Long-term
sustainability requires comprehensive strate-
gies: water management modernisation, irriga-
tion optimisation, and the introduction of mod-
ern natural resource management technologies.
The analysis shows that the water balance
directly affects biodiversity conservation, soil
stability, and the ability of forests to perform
their ecosystem functions. The conditions of
limited water availability typical of Central Asia
are compounded by climate change, which leads
to a decrease in water resources, a reduction in
forest areas, and an increase in their vulnera-
bility to degradation. In Kyrgyzstan, the biggest
challenges relate to mountain forests, which
depend on the stability of the river catchment
area, while in Kazakhstan, significant pressure
is caused by irrigation systems that reduce the
availability of water for natural ecosystems.
Increasing water scarcity creates negative
feedback, where reducing the area of forests
increases water stress in the region. Projected
forest cover losses over the next decade indi-
cate the need for immediate action to mitigate
this impact. Effective water management, mod-
ernisation of irrigation systems, creation of wa-
ter protection zones and introduction of adap-
tive reforestation methods can help to stabilise
the ecological balance. Strategic measures are
aimed not only at preserving forest ecosystems,
but also at ensuring their role as regulators of
the hydrological cycle, which is important for
the socio-economic well-being of the region.
International cooperation in water and for-
est management is key to ensuring environmen-
tal sustainability in Kyrgyzstan and Kazakh-
stan. The joint management of transboundary
water resources, in particular the Naryn and Ili
rivers, promotes water management and pre-
vents environmental problems. The agreement
between the governments of both countries
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on the use of water management facilities on  will help to improve environmental security
the Chu and Talas rivers is an important step  and sustainable development in the region.

for sustainable water use. The development
of collaborative forest resource initiatives, in
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AHoOTaNis. AKTYaIbHICTh OOCTIAKEHHS 3yMOBJIeHAa 3pOCTAalOUMM BIUIMBOM 3MiHM KIiMaTy
Ta aHTPONOTEHHOTO HABAHTAXEeHHS HAa BOJHI pecypcH, SIKi MaloTh BUpilllajbHe 3HAYEHHS
IJIST TiATPMMaHHS eKoJoriyHoi criiikocTi sicoBux ekocuctem lleHTpanbHOi A3ii. MeTom
IOCTiIKeHHST 6Y/I0 OLiHUTK 3MiHM BOOHMX pecypciB Kupruscrany i KasaxcraHy IpoTSIrom
2014-2024 pp. Ta BU3HAUUTM IX BIUIMB Ha €KOJIOTIUHY CTiliKiCTh JIiCOBUX eKOocucTeM. MeTonu
JIOCTiIKeHHSI BKIIOUa/IM aHasli3 TiIPOMOriYHMX TaHUX 1100 KiTbKOCTI Ta SKOCTi BOGHUX pecypciB
3a BKa3aHMii Iepiofl, a TAKOX aHa/li3 HAayKOBUX [Kepes MO0 B3a€MO3B’SI3Ky MiXX BOIHUM
6ayaHcoM, 6i0Opi3HOMAaHITTSIM Ta CTAHOM I'PYHTIB. 30KpeMa, 6y/I0 IIpoaHasi3oBaHO piBeHb BOAU
y Benmkux piukax (HapuH, [1i), 3MiHU TemmepaTypu BOaM, XiMiuHe 3a0pyIHEHHS Ta AMHAMIKY
nicoBux rwion]. Pe3yapTaTy mokasanu, o piBeHb Boau B piuli HapuH 3HM3MBCS Ha 8 % uepes
TaHeHHs JIbOLOBUKIB i 36i/bliIeHHsT BOZ03a60opy, B TOI Yac sIK B piulli I 1ei MoKa3sHUK CKIaB
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Karaeva et al.

6 % uepe3 3MeHIIeHHS MPUIUIMBY Boau 3 Kutaio i 36iablieHHs BOAOCMOKMBaHHS. CepemHst
TeMrepaTtypa Boau 3pocia Ha 1,0-1,2°C, 1m0 mpu3Besno 10 3HMKeHHSI KOHIIeHTpallii pO3YMHEeHOTo
KVMCHIO Ta HEraTMBHO BIUIMHY/JIO Ha Oiopi3sHOMaHIiTTS. 3a0pyqHEHHS BOOM MPOMUCIOBUMM Ta
CiJTbChKOTOCTIONAPCHhKUMM CKMAaMu 3pocio Ha 10-15 %, 110 mocuiniio gerpagaliito npubepesk Hux
ekocucTeM Ta 6iopizHOMaHiTTS. [laHi CBigUaTh MPO BiTHOCHY CTabi/IbHICTh 3arajabHOIO JIiICOBOTO
dougy Kupruscrany, aje CIIOCTepira€TbCsl 3MeHIIeHHS IUIOLIi 3eMesib, BKPUTUX JIiCOM, IO
BUK/IMKAE 3aHETNOKOEHHS 1010 e(PeKTUBHOCTI MPUPOIOOXOPOHHMUX 3aXO/iB. JIicOBigHOBIEHHS
IeMOHCTPYE HecTabiNibHY AMHaMiKy depe3 3MiHy KiaiMaTy Ta gedinut Boayu. CKOpOUEHHS
JicOBUX TUIOI cKaano 5 % y Kupruscraui ta 7 % y KasaxcraHi, mpuuoMy Haii6Ginbini BTpaTu
criocTepiraloTbest B 6aceitHi piukm Imi. 3meHineHHs 6iopisHoManiTTs B KasaxcraHi gocsrio
12 %, a B KupruscraHi CKOpoueHHSI TIJIOIIi JIiCiB MOCUJIMIO BOJHUI CTpeC y TipChbKUX perioHax.
OTpuMaHi JaHi MigKpeca0Th TiCHUI B3a€MO3B’SI30K MisK CTAHOM BOJHMX PECYPCIB i 34aTHICTIO
JIiICOBMX €KOCMCTEM BMKOHYBATM €KOJIOTiUHi QYHKIIii

KirouoBi citoBa: 3MiHa KiimMaTy; 6i0pisHOMaHITTs; 6ioreoieH03; piukoBi 6aceiiHm; POCIMHHICTD
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