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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

30
25
20

15
E I I
0

April

[¢,]

June

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
70 65.3
60
50
40
30
20
10
0

60.2
55.1

April May June

58.6
478 50.3
=== Humidity index (%)
July August September

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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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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Skliar et al.

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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