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Abstract. The study was aimed at identifying the key factors that affect the sanitary condition of
pine forests in Polissia under climate change, as well as developing recommendations for their
adaptation to new environmental challenges. For the analysis, 30 trial plots of 0.1 hectare each were
laid out, where pine stands of different age classes were studied. The work recorded key climate
trends: the average annual temperature increased by 1.2°C over the period 1968-2024, precipitation
decreased by 25 millimetres, and the hydrothermal moisture coefficient decreased from 1.3 to 0.9,
indicating drought. In regions with a moisture deficit, the proportion of dry-topped trees increased
from 8% to 20%, and root sponge damage from 5% to 12%. Decreased soil moisture levels disrupted
transpiration, limited photosynthesis and reduced wood growth by 18% compared to healthy trees. It
was found that the number of pine sawfly and bark beetles increased by 67% and 150%, respectively,
in dry conditions. The analysis showed that mechanical damage caused by strong winds creates
conditions for the active spread of pests and diseases. The results obtained indicate that climate
change has caused degradation of forest stands due to increased physiological stress of trees. To
adapt, the authors propose the selection of resistant pine varieties, the introduction of irrigation
systems, monitoring of forest conditions using geographic information technologies, and an increase
in the area of forestry in favourable areas. These measures will help preserve forest ecosystems in
the region in the face of climate change
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Introduction

Climate change is one of the most pressing chal-
lenges of the modern world, affecting ecosystems
on a global scale.Forests,in particular pine forests
in Polissia, are under significant anthropogenic
and climatic pressure, which manifests itself in
the form of rising temperatures, decreasing pre-
cipitation, frequent extreme weather events and
moisture deficit. These factors disrupt the sani-
tary condition of forests, causing trees to dry out
and spread pests and diseases. Polissia’s forests
play an important ecological role, including main-
taining biodiversity, regulating water regimes,
and providing valuable resources such as timber.
However, increasing physiological stress due to
environmental degradation threatens their sus-
tainability. Scientific approaches to assessing the
impacts of climate change on forest ecosystems
are critical to developing adaptation measures
that can sustain these ecosystems in the long term.

The decrease in soil moisture is one of the
most important factors that disrupts the water
balance of trees and their physiological activity.
V. Turko & V. Moroz (2023) noted that insufficient
soil moisture leads to reduced transpiration of
pine trees, which in turn affects photosynthetic
activity and metabolic processes in wood. Their
results also show that insufficient transpiration
significantly affects the ability of trees to main-
tain water balance in dry conditions, but the study
did not consider the long-term effects of these
changes in the context of the Polissia climate.

Pests, such as pine beetle and bark beetles,
are another significant factor contributing to the
degradation of forest stands in drought condi-
tions. V. Moroz & Y. Nykytiuk (2021) noted that
under conditions of moisture deficit, the num-
ber of pine beetles can double, and the activity
of bark beetles can increase by more than 150%.
Their study showed that weakened trees become
an easy target for these pests, which accelerates
the drying out of trees. The authors also noted
that the pests develop resistance to standard con-
trol measures under high temperatures, but their
findings did not take into account the specific
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interaction between the pests and the mechani-
cal damage to trees often caused by storms.

Mechanical damage caused by strong winds
is an important additional factor in the degrada-
tion of forest stands. S.K. Ghosh et al. (2022) in-
vestigated the impact of storms on the structural
integrity of pine trees and found that damaged
trees become more vulnerable to bark beetles
and root diseases such as sponge. According to
them, strong winds contribute to the spread of
pathogens through mechanical cracks in tree
trunks. At the same time, the authors’ study did
not include a comprehensive analysis of the syn-
ergy between mechanical damage and drought,
which is relevant for Polissia.

Root sponge is one of the most common
diseases of pine trees, which significantly affects
their viability. A. Buras et al. (2023) studied the
impact of the disease on the physiological state
of stands and found that affected trees reduce
wood growth by 15-20%. In addition, they found
that root sponge infection increases under con-
ditions of prolonged periods of moisture deficit.
However, their study focused mainly on the condi-
tions in Central Europe, leaving aside the specific
climate conditions of Polissya.

The physiological stress caused by water
deficit is exacerbated by climatic factors such as
rising temperatures. H. Dang et al. (2021) showed
that with decreased soil moisture, transpiration
decreases by 30%, which is accompanied by im-
paired photosynthesis and reduced biomass
production. Their study confirmed the critical
importance of water regime for maintaining the
stability of forest stands, but did not take into ac-
count the long-term impact of climate change on
the dynamics of these processes.

Among the physiological consequences of
climate change, an increase in the level of oxi-
dative stress is of particular importance. E.X. El-
lis et al. (2024) proved that under conditions of
chronic drought, oxidative stress becomes the
main cause of tree cell damage. They found a 25-
30% decrease in antioxidant protective activity,
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which makes trees more vulnerable to external
stressors. However, their study did not consider
the specifics of the impact of oxidative stress on
pine forests in Polissia.

Geographic information systems (GIS) and
other modern monitoring technologies are
important tools for analysing changes in the
sanitary condition of forests. M. Hartmann et
al. (2023), A.K. Bose et al. (2022) emphasised the
effectiveness of GIS in the early diagnosis of deg-
radation processes, in particular tree drying. They
also pointed out that these technologies allow for
real-time assessment of pest risks, but their study
was limited to lowland forests, making it difficult
to adapt the results to the worse environmental
conditions of Polissia.

The study aimed to assess key climate trends
and their impact on the health status of pine for-
ests in Polissia, as well as to develop practical
measures to ensure the adaptation of these eco-
systems to climate change.

The study identified the following objectives:
to study the impact of climate change, such as in-
creased temperature, decreased precipitation and
reduced hydrothermal coefficient, on the health
of pine forests; to analyse the dynamics of pests
and tree diseases in arid conditions; to study
physiological changes in trees, including transpi-
ration activity, photosynthesis, and wood growth;
and to develop practical recommendations for
adapting Polissia forests to climate change.

Materials and Methods
The study was conducted in 2020-2024 in the
Polissia region of Ukraine, in particular in the Zhy-
tomyr and Kyiv regions. The objects of the study
were pine forests (Pinus sylvestris L.) belonging
to different age classes and growing in natural
conditions of fresh subsoil. It was established 30
trial plots (15 plots in each oblast) of 0.1 ha each,
covering areas with different levels of climate
change impact, including altitude, soil types and
microclimatic features. The geographical coor-
dinates of the test plots were determined using
a Garmin GPSMAP 64st (USA) and are located

within 50°15’53"N 28°40'36"E (Zhytomyr region)
and 50°27'00”N 30°31'00"E (Kyiv region).

To assess the sanitary condition of the stand,
it was used the methodology of categorising trees
by sanitary characteristics in accordance with For-
est Stewardship Council (FSC) standards. The as-
sessment was carried out by recording such signs
as dryness, pest or disease damage, mechanical
damage and other pathologies. A Nikon Forest-
ry Pro Il laser height meter (Japan) was used to
determine the height of the trees, and the diame-
ter at breast height was measured with a Haglof
Mantax Precision diameter tape (Sweden).

Climatic parameters, including mean annual
air temperature, precipitation, and hydrothermal
coefficient of humidification (HCH), were ob-
tained from the Ukrainian Hydrometeorological
Centre for the period 1968-2024. Temperature
was measured in degrees Celsius (°C), and pre-
cipitation in millimetres (mm). The HCH was cal-
culated using the Selyaninov formula (1), which
takes into account the ratio of precipitation to the
sum of active temperatures above 10°C during
the growing season:

%P

0,1XXtgcr>10

HCH = (1)
where: Y P - total precipitation per month, in mm;
>t - the sum of the average daily temperature
above 10°C. The dynamics of pests was studied
using pheromone traps Csalomon (Hungary),
which were placed in the test plots at a height of
1.5-2 m from the ground. The traps were collected
every two weeks during the growing season. The
detected pests were identified by morphological
features using an Olympus SZ61 binocular micro-
scope (Japan). For the study of phytodiseases, mo-
lecular diagnostics was carried out by polymerase
chain reaction (PCR). DNA was extracted from the
tissues of root sponge (Heterobasidion annosum)
using a Qiagen DNeasy Plant Mini Kit (Germany),
and amplification was performed on an Applied
Biosystems 2720 thermocycler (USA). The data
obtained were analysed using the CLC Genomics
Workbench software.
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Correlation analysis was performed to an-
alyse the relationship between climate change
and the sanitary condition of forest stands. The
number of damaged trees affected by pests or
diseases was compared with the average annu-
al temperature, precipitation and HCH. Statistical
calculations were performed using SPSS Statis-
tics software (version 27, IBM, USA). Correlation
analysis to assess the strength and direction of
the relationship between variables included the
method of determining the Pearson correlation
coefficient (r). The significance of the correlation
was tested at the level of p<0.05.

To assess the impact of solar activity, it was
used data on the Wolf number obtained from
the international solar activity centre Solar In-
fluences Data Centre (SIDC). These data were
compared with the number of major pests by
year. Histological studies of tree tissues were
performed using a Leica RM2125 RTS microtome
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(Germany). Samples were fixed in 10% neutral
formalin, dehydrated, embedded in paraffin and
sections were made 5-7 pm thick. Haematoxylin
and eosin staining allowed assessing pathologi-
cal changes in the tissues.

Results

An analysis of the Polissia region’s climate data
for the period 1968-2024 shows significant
changes in key climate indicators that are of
great importance to the ecosystem, including
the state of pine forests, which are the main for-
est-forming species in the region (Table 1). Over
these 56 years, air temperature increased by an
average of 1.2°C, reaching 8.6°C in 2018-2024.
The largest changes were recorded in the sum-
mer,when temperatures not only exceeded long-
term averages but also reached extreme values
more often, which creates increased stress on
forest ecosystems.

Table 1. Climate indicators of the Polissia region (average values for decades)

W T Wm G

Average annual temperature, °C 7.4 7.6 7.8 8.1 8.5 8.6

Average annual precipitation, mm 620 615 610 605 600 595
HCH 1.3 1.2 1.1 1.0 0.9 0.9

Source: processed by the author

The rise in temperature was accompanied
by an uneven distribution of precipitation, which
was another key change in climate conditions.
Total annual precipitation decreased by only
25 mm, but this figure does not reflect a signif-
icant change in its seasonal distribution. The
growing season, which is critical for the growth
and development of trees, was characterised by
a significant moisture deficit due to long periods
without rain. This led to a decrease in soil mois-
ture levels, which became particularly noticeable
during periods of active pine growth. In winter,
rising temperatures resulted in more frequent
thaw episodes, which were accompanied by the
formation of an ice crust that impedes normal
gas exchange in the soil and can cause damage
to root systems. In the spring, earlier snowmelt

combined with a lack of uniform precipitation
led to a deterioration in conditions for the initial
phase of forest growth.

The HCH, which is a complex indicator that
considers the relationship between precipitation
and temperature, has shown a significant dete-
rioration in recent decades. In the period 1968-
1977, the average value of the HCH was 1.3,
which characterises the conditions of excessive
moisture favourable for the growth and develop-
ment of pine forests. However, by 2018-2024, this
figure dropped to 0.9, indicating that the region
is transitioning to moderate drought conditions.
This is an important signal of the deterioration of
the hydrothermal balance in the Polissia region.

The decline in the HCH has serious environ-
mental consequences, as moisture levels play
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a key role in the formation and maintenance of
natural ecosystems. A decrease in moisture levels
leads to a deficit of soil moisture, which negative-
ly affects physiological processes in trees, includ-
ing photosynthesis, transpiration, and biomass
accumulation. In pine forests, this is manifested
through reduced wood growth rates, decreased
crown density, and increased vulnerability to
stressors such as pests, diseases, and droughts.

The decline in HCH is a crucial factor affect-
ing the stability of pine stands, especially in nat-
ural fresh-successional conditions. Under mois-
ture deficit, there is a decrease in wood growth,
which is confirmed by long-term field studies. In
particular, the deterioration of the sanitary condi-
tion of forest stands in Zhytomyr region coincid-
ed with periods of abnormally high temperatures
in 2010-2020. An additional negative factor that
significantly affects the sanitary condition of pine
forests is the increasing frequency of extreme
weather events. Strong winds cause mechani-
cal damage to trees, including dryness, branch
breakage, and even partial uprooting of weak-
ened trees. Such damage significantly reduces
the trees’ resistance to pests and pathogens. For
example, mechanically damaged trees become a
favourable environment for the spread of the root
sponge (Heterobasidion annosum), which can in-
fect neighbouring trees through the root system,
creating foci of infection in forest stands.

This phenomenon is particularly noticeable
in regions with low HCH, where climatic condi-
tions make it difficult to regenerate damaged
trees. In such areas, the share of trees with me-
chanical damage increased from 15% in 1980 to
35% in 2020 (Moroz & Nykytiuk, 2021). Reduced
moisture availability, rising temperatures, and fre-

quent weather anomalies create additional stress
for trees, which reduces their defence potential,
including their ability to secrete resin, which is a
natural barrier to pests.

Affected areas of the forest become centres
of active reproduction of the pine sawfly (Neo-
diprion sertifer) and other pests. The increase in
the number of these insects in damaged forest
stands reached 50-70% compared to healthy are-
as. A similar situation is observed with bark bee-
tles, whose populations increase significantly in
drought conditions and after mechanical damage.
This leads to a chain reaction: mechanical dam-
age increases the vulnerability of trees to pests,
and the spread of pests contributes to further
deterioration of the sanitary condition of forests.
Such climate change has a significant impact on
the forest ecosystems of Polissia, in particular on
the ability of pine trees to adapt to new condi-
tions. For example, prolonged periods of drought
affect the depth of penetration of root systems,
which reduces their ability to receive moisture
and nutrients. At the same time, changes in the
temperature regime led to a reduction in the pe-
riod of active photosynthesis, which negatively
affects the overall condition of the stand.

The sanitary condition of pine forests in Polis-
sia clearly depends on climatic conditions, espe-
cially the level of moisture, which is determined
by the HCH. In regions with sufficient moisture,
where the HCH exceeds 1.0, the stands demon-
strate a stable ecological condition with minimal
signs of pathology. Such areas are characterised
by a low incidence of dry tops and diseases such
as root sponge (Heterobasidion annosum), indicat-
ing optimal conditions for tree growth and regen-
eration (Table 2).

Table 2. Categorisation of the sanitary condition of pine trees depending on the HCH

Indicator HCH>1.0 HCH=1.0 HCH<1.0
Share of dry-topped trees, % 8.0 14.5 20.0
Root sponge infestation, % 5.0 8.0 12.0
Total level of damage, % 13.0 22.5 32.0

Source: processed by the author
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However, in arid zones, where the HCH drops
below 1.0,there is a sharp deterioration in the san-
itary condition of the stands. Reducing the level of
available moisture creates conditions for physio-
logical stress in trees,reducing their ability to with-
stand pathogens and pests. Out of 30 test plots, it
was observed that the proportion of dry-top trees
increases from 8% in regions with sufficient mois-
ture to 20% in areas with moisture deficit. In ad-
dition, the prevalence of root sponge is increasing
in arid areas: while it affects 5% of trees in humid
conditions, this figure reaches 12% in arid areas.

These changes are largely due to a decrease
in soil and atmospheric moisture, which disrupts
the water balance of trees. The lack of moisture
limits transpiration, weakens plant immunity and
promotes the development of pathogens that ac-
tively use the weakened state of trees to repro-
duce. In particular, the root sponge becomes more
aggressive in conditions of reduced soil moisture,
which further complicates the situation.

The increase in the frequency of dry tree can-
opy in arid regions is a consequence of reduced
moisture availability, which negatively affects the
vital activity of trees, in particular photosynthesis.
Moisture deficit causes a disturbance in the water
balance, which causes needles to lose turgor and
gradually die, leading to a decrease in the pho-
tosynthetic surface of the tree, which is critical
for maintaining its physiological processes. Trees
with significant damage to the upper tiers of the
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crowns, where photosynthetic activity is most in-
tense, lose up to 18% of their growth compared to
healthy trees. The reduction in growth is directly
related to the restriction of the production of or-
ganic substances necessary for growth and tissue
regeneration. This also reduces the ability of trees
to adapt, as energy resources are spent on com-
pensating for damage rather than strengthening
the structure. In addition, damage to the upper
tiers of crowns increases the impact of environ-
mental stresses such as drought, as it reduces the
ability of trees to transpire, which is important for
maintaining temperature balance and protecting
against overheating. Affected trees become more
vulnerable to pathogens, which further reduces
their viability and threatens the sustainability of
the entire forest.

In addition, in regions with a moisture deficit,
there is an increase in the number of trees affect-
ed by pests (Table 3). In particular, populations of
pests such as the pine sawfly (Diprion pini) have
been found to increase rapidly in dry years when
air humidity drops to critical levels, in particular
below 30%. This phenomenon is explained by the
weakening of trees under the influence of stress
caused by a lack of moisture. Trees experiencing a
moisture deficit reduce the production of protec-
tive resinous substances, which makes them more
vulnerable to pests. This dynamic is an additional
factor that threatens the stability of forest ecosys-
tems in arid regions.

Table 3. The number of main pests and the frequency of disease attacks in pine forests

Indicator HCH>1.0 HCH=1.0 HCH<1.0
Pine sawfly, individuals/100 trees 45 60 75
Bark beetles, individuals/100 trees 20 35 50
Root sponge damage, % 5 8 12
General level of damage, % 10 18 28

Source: processed by the author

The incidence of root sponge disease (Het-
erobasidion annosum) is also increasing signifi-
cantly in regions with low HCH. This disease not
only weakens the physiological state of trees,
but also significantly reduces their mechanical

stability,increasing the risk of falling during strong
wind loads or storms. Affected trees demonstrate
weakened connections between the tissues of the
root system, which negatively affects their ability
to withstand external influences.
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An analysis of histological sections of wood
showed that trees affected by root sponge have
up to 30% more necrotic changes in the structure
of the root system compared to healthy trees. This
includes degeneration of the vascular system, re-
duced water and nutrient conductivity, and loss
of structural integrity of the wood. These changes
significantly limit the trees’ ability to regenerate
and contribute to their further degradation.

Physiological changes in pine stands caused
by moisture deficit include a significant decrease
in chlorophyll content in needles, which reach-
es 12% compared to trees with sufficient mois-
ture. A decrease in chlorophyll content indicates
a weakening of photosynthetic activity, as this
pigment is responsible for absorbing light and
generating energy for tree growth. In addition,
moisture deficit leads to metabolic disorders, in-
cluding the transport of nutrients and water in
the vascular system of wood.

Weakening of photosynthetic activity is a key
factor that causes a decrease in wood growth,
stunted growth of young shoots and loss of trees’
ability to adapt to external stressors. Studies also
show that weakened trees are more likely to be
targeted by pests such as bark beetles and path-
ogens, such as fungi of the genus Heterobasidion.
This is due to a decrease in the production of pro-
tective resinous substances that normally inhibit
the growth of pathogens and repel pests.

Pest and disease damage to pine forests is
an important factor that significantly affects their
sanitary condition, especially in the context of cli-
mate change. Increasing average annual temper-
atures and decreasing precipitation create ideal
conditions for an increase in the number of pests
such as pine sawfly (Neodiprion sertifer), bark bee-
tles and other insects that can actively damage
trees weakened by environmental stressors. The
weakening of trees is caused by a lack of mois-
ture, which significantly reduces their natural
defences, including the ability to secrete resin,
which is a barrier to pests.

Field studies confirm a significant depend-
ence of pest activity on HCH. In regions with a

HCH of less than 1.0, which are characterised by
dry conditions, the number of pine beetle infes-
tations reached 75 individuals per 100 trees. This
is 67% more than in regions with a HCH of more
than 1.0, where the number of pests was only
45. This trend can be explained not only by the
weakness of trees due to lack of moisture, but
also by the fact that dry conditions are favour-
able for pest reproduction, as they reduce the
effectiveness of natural predators and entomo-
phages that control pest populations. Bark bee-
tles also show a clear correlation with soil and
air moisture levels. In areas with low HCH, their
numbers reached 50 individuals per 100 trees,
which was 2.5 times higher than in regions with
sufficient moisture, where the number of bark
beetles was only 20. Such a significant increase
in bark beetle populations in arid conditions in-
dicates their ability to quickly adapt to climate
change and attack trees whose defence mecha-
nisms are significantly weakened.

The study of the impact of climate change
and solar activity on pine forests confirmed the
significant role of environmental factors in shap-
ing their sanitary condition. A long-term increase
in the average annual air temperature, accom-
panied by a decrease in precipitation, creates
favourable conditions for the spread of pests
and diseases. In particular, rising temperatures
promote the development of pathogens such as
the root sponge (Heterobasidion annosum), which
is particularly active in trees in conditions of low
soil moisture.

In addition to climate change, solar activity,
as measured by the Wolfe number, has a signifi-
cant impact on the spread of pests. The data show
that an increase in the intensity of solar activity
correlates with an increase in the number of pine
sawfly (Neodiprion sertifer). In the years with the
highest solar activity (2019-2021), the number
of this pest increased by 15%. This phenomenon
can be explained by the cumulative impact of
solar radiation on environmental conditions, in
particular on the microclimate in forests, which
favours the development of pests.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 1



Climate change has significantly affected
the structure and condition of pine forests.In arid
regions, there has been a marked decrease in
tree density, which is associated with an in-
crease in mortality due to moisture deficit. In
areas with high intensity of solar activity, stem
damage caused by increased stress from ultra-
violet radiation was recorded more often. These
changes indicate that traditional approaches
to forest management may not be sufficient
to maintain ecological balance in the face of
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new climate challenges (Levchenko & Gumeni-
uk, 2024). Adaptation of forest ecosystems re-
quires the implementation of integrated forest
management systems (Table 4). This includes
the selection of resistant pine varieties that can
better tolerate higher temperatures, moisture
deficits and intense solar radiation. The use of
biological methods of pest control, such as the
introduction of entomophages, can significantly
reduce the negative impact of pests on forest
stands.

Table 4. Recommendations for adapting pine forests to climate change

Climatic conditions

Recommendations

Expected effect

Arid regions (HCH<1.0)

Introduction of drip irrigation

Reducing stress from moisture

deficit
Areas with high solar activity Use of blologlcpaelsp;;oducts against  Reducing theinnsuergtt;er of harmful

Regions with frequent diseases

Selection of varieties resistant to
fungal diseases

Improved resistance to pathogens

Areas with variable precipitation

Mulching the soil to preserve
moisture

Increased tree vitality

Source: developed by the author

Remote sensing and regular monitoring of
forest conditions will allow for a prompt re-
sponse to changes in the sanitary condition of
plantations. The introduction of geographic in-
formation systems and the use of satellite data
will help to identify damage at an early stage,
which will prevent the spread of pests and dis-
eases. It is also advisable to update the regula-
tory framework for forest management to take
into account climate change, which will allow
for more effective conservation of pine forests
as a valuable natural resource.

In addition, it is recommended to increase the
area under forestry in regions with medium hu-
midity, such as the central part of Polissia. These
areas are optimal for growing new forest stands
due to favourable hydrothermal conditions that
ensure stable tree growth. Expansion of forest
areas in these regions will help compensate for
the losses caused by degradation of plantations
in arid zones and contribute to the preservation
of ecosystem functions of forests.

These measures should be implemented in
close cooperation with local communities, whose
involvement will ensure better adaptation to the
socio-economic conditions of the region. Educa-
tional campaigns aimed at raising environmental
awareness and citizen participation in the plan-
ning and maintenance of new plantations will lay
the groundwork for the long-term sustainability
of these measures. It is also important to integrate
these initiatives into local development pro-
grammes,which will optimise the use of resources
and gain additional support at the national level.

Discussion
An analysis of climate change in the Polissia
region over the past 56 years has shown a sig-
nificant increase in the average annual air tem-
perature by 1.2 °C, accompanied by significant
changes in the seasonal distribution of precip-
itation. This research has confirmed that such
changes affect the region’s ecosystems, especially
the state of pine forests. J. Li et al. (2023) noted
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that an increase in temperature in summer cre-
ates conditions for increased tree stress, which is
consistent with the results obtained. According to
L. Matallana-Ramirez et al. (2021), the impact of
heat stress is exacerbated by long periods with-
out rain. This is confirmed by the above analysis
of changes in the hydrothermal coefficient.

Calculations of the hydrothermal coefficient
showed a decrease from 1.3 to 0.9, indicating a
transition to moderate drought conditions. This
is a determining factor in the deterioration of
the sanitary condition of pine stands. B. Sensuta
& S. Wilczynski (2022) emphasised the critical
role of soil moisture in maintaining tree viability,
which correlates with the results of field studies.
A. Acarer (2024) also confirmed that moisture
deficit reduces transpiration and biomass accu-
mulation, which is consistent with observations
in areas with a low hydrothermal coefficient.

Extreme weather events, such as strong
winds and droughts, have a significant impact
on pine forests, contributing to mechanical dam-
age to trees. The proportion of trees with me-
chanical damage has increased to 35% in arid
regions. K. Mechergui et al. (2021) pointed to an
increase in the vulnerability of damaged trees to
pests and diseases, which is consistent with the
results above, which showed an increase in the
number of pine beetle in such conditions. A. En-
riqguez-de-Salamanca (2024) emphasised the im-
portance of sanitary measures to limit the spread
of pests, which confirms the need for an integrat-
ed approach to forest management.

Climate change has also led to an increase
in the number of bark beetles and the spread of
root sponges, which significantly weaken trees. It
was found that in arid regions, the proportion of
trees affected by root sponge reached 12%, which
correlates with the research of X. Ouyang et
al. (2022), which indicate an increase in the ag-
gressiveness of pathogens under conditions of
moisture deficit. M. Mikalajdnas et al. (2021) also
noted that root diseases increase the risk of tree
fall during storms, which correlates with the ob-
servation in the Polissia region.

Physiological changes caused by climatic
factors clearly demonstrate a significant impact
on the state of pine forests in the Polissia region.
This research has confirmed that a decrease in
the chlorophyll content of needles is accompa-
nied by impaired transpiration, which makes it
difficult to maintain the water balance of trees.
The decrease in photosynthetic activity has led to
a reduction in wood growth to critical levels. The
analysis of wood sections revealed up to 30% of
necrotic changes in the structures of the root sys-
tem, which reflects the accumulation of physio-
logical stress in trees. These results coincide with
the studies of N. Markos et al. (2023), which also
indicated the impact of moisture deficit on root
tissue damage. T. Dimitrijevic et al. (2023) empha-
sised that in arid regions, reduced wood growth is
a common consequence of climate change, which
is consistent with the reductions in photosyn-
thetic activity and reduced adaptive capacity of
trees that it was found in current research.

Increasing pest populations, such as pine
beetle and bark beetle, pose a serious threat to
the sustainability of pine forests in the region.
This current research has confirmed that the
reduced production of protective resinous sub-
stances, which is typical for trees in drought
conditions, greatly facilitates the spread of pests.
This correlates with the findings of V. Loewe-
Munoz et al. (2024), who pointed out the crucial
role of these substances in counteracting the
invasion of insect pests. Additionally, the obser-
vations of the current study show that in regions
with low SOC, natural predators that usually
control pest populations lose their effectiveness
due to moisture deficits. This is confirmed by the
research of R.M. Navarro-Cerrillo et al. (2022),
who focused on the impact of drought condi-
tions on the ecological balance in forest ecosys-
tems. Thus, it was found that the combination of
weakening of the natural resistance of trees and
a decrease in the activity of natural predators
contributes to an uncontrolled increase in the
number of pests, which negatively affects the
sanitary condition of pine forests.
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The sanitary condition of pine forests dete-
riorates significantly under the influence of ex-
treme temperatures and reduced precipitation.
The results of the study showed that in arid zones,
the proportion of dry-topped trees increased to
20%. J. Stolz et al. (2021) highlighted that such
changes reduce the photosynthetic activity and
adaptive potential of trees, which correlates with
the above data. J. Brichta et al. (2024) also point-
ed out the critical role of water balance in main-
taining the sustainability of forest stands, which
is confirmed by the results of the above studies.

The impact of solar activity on the sanitary
condition of pine forests was significant and re-
quires more detailed study. It was found that the
number of pine sawfly increased by 15% during
increased solar activity, which correlates with
microclimate changes that promote the develop-
ment of pests. These results confirm the findings of
K.Bowman & X.Chen (2022), who emphasised the
correlation between solar radiation intensity and
the spread of insect pests. D. Karnosky et al. (2003)
added that an increase in ultraviolet radiation af-
fects the formation of a drier microclimate in for-
est stands, creating conditions for the activation of
pests. The findings are consistent with the identi-
fied trends showing how changes in solar activity
affect the biological balance of pine ecosystems.

Recommendations for adaptation of pine for-
ests to climate change include the introduction of
drip irrigation, the use of biological products for
pest control and the selection of resistant pine
varieties. R.S. Pacaldo et al. (2024) noted the ef-
fectiveness of biological control of pests, which
is supported by research proposals for the inte-
gration of these methods into forest management
systems. D. Nadal-Sala et al. (2017) also pointed
out the importance of remote sensing for moni-
toring forest health, which is consistent with rec-
ommendations on the use of geographic informa-
tion systems.

Involvement of local communities in forest
management is a key factor for the conservation
of Polissia ecosystems. The participation of lo-
cal residents in forest restoration activities not
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only increases the effectiveness of such initia-
tives, but also increases the level of community
responsibility for the state of forests. The study
showed that communities that are actively in-
volved in environmental programmes are reduc-
ing uncontrolled deforestation and improving the
quality of restoration work. A.L. Giambelluca et
al. (2024) emphasised the importance of inte-
grating educational campaigns that teach local
residents effective reforestation methods, which
is consistent with the above recommendations
for the development of environmental educa-
tion. According to a study by X. Tang et al. (2021),
community involvement in local development
programmes increases the resilience of forests to
climate change, creating conditions for the long-
term conservation of forest resources. The results
of the current study also highlight that cooper-
ation with communities will ensure better con-
sideration of local environmental conditions and
facilitate forest adaptation to climate challenges,
which is in line with the findings of other authors.

An integrated approach to forest manage-
ment, including the introduction of modern mon-
itoring methods, selection of resistant varieties
and community engagement, is essential for the
adaptation of forest ecosystems to climate chal-
lenges. M. Tsaktsira et al. (2023) emphasised the
importance of updating the regulatory framework
for forest management, which coincides with the
recommendations of the study of the sanitary
condition of pine forests in Polissia. D. Nadal-Sala
et al. (2021) also highlighted the need to expand
the area of afforestation in favourable regions,
which is consistent with the findings on optimising
forest management in the face of climate change.

Overall, the conducted research highlights
the complex and multidimensional impact of cli-
mate change, moisture deficit, and solar activity
on the sanitary condition and stability of pine
forests in the Polissia region. The observed de-
terioration in hydrothermal balance, increased
frequency of extreme weather events, and rising
pest and disease pressures significantly reduce
the resilience of pine ecosystems. Long-term
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changes in key climatic indicators, coupled with
physiological stress in trees, have led to a decline
in growth rates, crown density, and adaptive ca-
pacity, especially in arid zones.

Conclusions

The study of climate change in the Polissia re-
gion over the period 1968-2024 revealed a signif-
icant increase in the average annual temperature
(+1.2°C) and a decrease in the HCH level from 1.3
to 0.9, indicating a deterioration in moisture con-
ditions. Changing climatic conditions have had a
negative impact on pine forests, causing moisture
deficits, frequent droughts and extreme weather
events that increase stress on trees. Soil moisture
deficit and frequent winter thaws have contribut-
ed to the deterioration of forest health, including
an increased risk of root sponge disease (Het-
erobasidion annosum) and an increase in pest pop-
ulations such as pine sawfly and bark beetle. In re-
gions with a HCH below 1.0, the number of pests
increased to 75 individuals per 100 trees, which is
twice as high as in areas with sufficient moisture.

The analysis of pine physiological processes
showed a decrease in photosynthetic activity and
chlorophyllaccumulation inthe needles,which re-
duced wood growth and the adaptive potential of
trees.Changes in the temperature regime affected
the duration of active pine growth, and mechani-
cal damage to trees due to strong winds increased

For the adaptation of pine forests, it is rec-
ommended to introduce drip irrigation, select
resistant tree varieties, mulch the soil and use
biological products against pests. Regular moni-
toring using geographic information systems and
the involvement of local communities in forest
management will help preserve forests in the
new climate conditions. Prospects for further re-
search include modelling adaptation strategies
and studying the long-term impact of climate
change on forest ecosystems.

The study has certain limitations, including
insufficient detail on local environmental con-
ditions and the impact of anthropogenic factors,
such as logging and pollution, which can exac-
erbate the negative effects of climate change. In
addition, the analysis was based on long-term av-
erages, which may not consider short-term fluc-
tuations in climate parameters and their impact
on pine forests. Prospects for further research
include expanding the number of test plots, in-
tegrating remote sensing to monitor forest condi-
tions, and modelling possible scenarios for forest
ecosystems to adapt to climate change. It is also
important to study the genetic characteristics of
pine trees’ resistance to drought, diseases, and
pests to develop breeding programmes aimed at
creating sustainable forest plantations.
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Bnnue KnimaTUYHUX 3MiH Ha caHiTapHUI CTaH COCHOBMX NiicocTaHiB Moniccsa

Bipa Mopos

KaHanaaT cinbCbKOrocnonapCbKmx HayK, AOLEHT
3axigHOYKpaiHCbKMIA HaLiOHaNbHWUIA YHiBEpCUTET
46009, Byn. JlbBiBCbKa, 11, M. TepHoninb, YkpaiHa
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AHoTauifa. JocnipkeHHs Oyno CnpsAMOBaHE Ha BM3HAYEHHS! KJ/IOYOBMX UMHHMWKIB, SIKi BMIMBAOTb
Ha CaHiTapHWiA CTaH COCHOBMX NicocTaHiB y Monicci B yMOBax KNiMaTMUYHMX 3MiH, @ TakoX po3pobutu
pekoMeHpaaLii ang ix aganTauii 4O HOBUX €KONMOriYHMX BUKAMKIB. [Ins aHanisy 3aknageHo 30 npobHux
aingHok no 0,1 rektapa, Ha AKMX AOCNIAXYBaNu COCHOBI AepeBOCTaHM Pi3HMX BiKOBMX KnaciB. Y xomi
po60TK 3aikCOBAHO KNHOYOBI KMIMATUUHI TEHAEHLiT: cepeAHbOpiYyHa TeMnepaTypa 3a nepiog 1968-2024
pokis 3pocna Ha 1,2°C, KinbKicTb onaais 3MeHWwMnaca Ha 25 MinimMeTpis, a rinpoTepMidHmit KoediLieHT
3BONIOXEHHS 3HM3MBCS 3 1,3 no 0,9, wo ceiguntb Npo nocyxy. Y perioHax i3 aediuMToM BONOMM YacTka
cyxoBepxux aepes 3pocnia 3 8 % no 20 %, a ypakeHHs KopeHeBor rybkoto — 3 5 % 00 12 %. 3HMXKEHHS
piBHS FPYHTOBOI BOOMM NOPYLWMAO TpaHcnipaLito, 06Mexuno GoToCUHTES i 3HU3UNO0 NPUPICT fepEBUHU
Ha 18 % nopiBHAHO 3i 300poBMMU AepeBaMU. BUsBNEHO, L0 YMCENbHICTb COCHOBOIO NUAbLLMKA | KOPOiAiB
36inbwmnaca Ha 67 % i 150 % BianoBiAHO y MocywnMBMX yMoBax. AHani3 nokasas, WO MeXaHiyHi
NOLWWKOMXKEHHS, CMPUYMHEHI CUIBHUMMU BiTPaMu, CTBOPHOKOTb YMOBU AN aKTUBHOMO NOLUMPEHHS WKIAHWKIB
ixBop06.0TpuMaHi pe3ynbTaTi CBiAYaTh, WO KAIMATUYHI 3MiHM CNPUYMHUAM AerpafaLlito NicOCTaHiB Yepes
nocuneHHs disionoriyHoro ctpecy aepes. s afanTauii 3anponoHOBaHO CENEKLLiK0 CTIMKMX COPTIB COCHM,
BMNPOBA)KEHHS 3pOLIYBaNbHUX CMCTEM, MOHITOPUHI CTaHy NiCiB i3 BUKOPUCTAHHAM reoiHhopMaL,iiHUX
TEXHONOriM Ta 36iNblIeHHs NIOLi NiCOPO3BEAEHHS Y CMPUSTIMBMX 30HAX. 3aCTOCYBaHHS LMX 3aXOAiB
CnpusTUMe 36epexeHHI0 NiCOBMX EKOCUCTEM Y perioHi B yMOBax 3MiH KniMaTy

KniouoBi cnoBa: nocyxa; rinpotepMiuHuii KoedilieHT; CyXoBepXicTb; €KONOriYHi YNHHWMKM; KOpeHeBa
rybka
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