FORESTRY IDEAS, 2021, vol. 27, No 2 (62): 470-482

MODELLING AND FORECASTING THE IMPACT
OF CLIMATE CHANGE ON FORESTS OF UKRAINE
FOR 21ST CENTURY TIME HORIZON

Ihor F. Buksha, Tetiana S. Pyvovar, Maksym |. Buksha,
Volodymyr P. Pasternak’, and Taras |. Buksha

Ukrainian research institute of forestry and forest melioration named after G.M. Vysotsky
(URIFFM), Laboratory of forest monitoring and certification, 96 Pushkinska Str., 61024 Kharkiv,
Ukraine. "E-mail: pasternak65@uriffm.org.ua

Received: 05 October 2021 Accepted: 29 November 2021

Abstract

In Ukraine and elsewhere on the planet, study of climate change effects on forests is of
great public interest. The study aimed to evaluate climate humidity dynamics in the 21st century
according to Vorobiev indicator under RCP 4.5 and RCP 8.5 scenarios. E-OBS and EURO-COR-
DEX project climate data were used. Climate humidity indicator by Vorobiev was used to assess
the suitability of climatic conditions for forests (suitable conditions are from fresh to wet forest
types). In the current climate condition in Ukraine the climate humidity varies from very dry in the
south to very wet in the Carpathians. Dry (30 %) and fresh (40.1 %) types dominate. Compar-
ing to 1961-1990, aridity has increased, boundaries of climatic zones shifted by 1 class to the
north for the plains of Ukraine and to higher elevation for the Carpathians. In the Forest and the
Forest-Steppe zones the fresh climate prevails, wet climate becomes less represented. Climate
condition suitable for forests covers about 50 % of the country area. Both scenarios show a fur-
ther aridity increase and climate zones shift to the north. Under the RCP 4.5, the areas of wet
and fresh climate are expected to decrease with substitution by dry climate. In 2040-2060 the
area of conditions suitable for forests will decrease to 37 % of the country area, and to 30 % in
2080-2100. Favourable conditions for the forest will remain only in the Carpathians, the western
Forest-Steppe and partly in Forest zones. Under the RCP 8.5 scenario, the process of climate
aridization will accelerate: dry climate types are expected to dominate. The area suitable for forest
conditions will decrease significantly to 30 % in the middle and to 10 % at the end of the century.

Key words: climate zones, main trees species, RCP 4.5, RCP 8.5 scenarios, soil humidity
index, Vorobiev climate indices.

Introduction

Climate change is a real threat to forest
ecosystems in the temperate climate.
Many climate-related studies (Dyderski
et al. 2018, Buras and Menzel 2019) pre-
dicted shifting of natural ranges of main

forest forming species in Europe due to
unfavourable future climate conditions. In
such conditions forests become vulnera-
ble to biotic damage and fires.

The earlier study in Ukraine (Shviden-
ko et al. 2017) predicted deterioration of
climate conditions (under scenario A1B)
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(IPCC 2000) for forest vegetation due to
climate aridization in the 21st century.
Water stress is the major limiting factor for
forest distribution in Ukraine. Within sce-
nario A1B, the area with unsuitable growth
conditions for major forest forming spe-
cies will substantially increase by the end
of the century, occupying a major part of
Ukraine. It is expected that the boundary
of conditions that are favourable for for-
ests will shift to north and northwest, and
forests of the xeric belt will be the most
vulnerable.

In this study we used the climate sce-
narios of The Intergovernmental Panel on
Climate Change (IPCC AR5 2014), focus-
ing on average values of climate indices,
which gradually change within decades.
The study aimed to evaluate climate hu-
midity dynamics in the 21st century ac-

cording to Vorobiev indicator in Ukraine
under RCP 4.5 and RCP 8.5 scenarios.

Our tasks were to reveal temperature
trends, create maps of climate humidity
and its zoning, evaluate total forest area
and distribution of main tree species for-
est stands distribution by climate zones,
and perform correlation analysis of local
soil humidity of forest stands with climate
humidity indices.

Materials and Methods

The area of study was the whole territory
of Ukraine. For the classification of the ter-
ritory we used forestry zones of Ukraine
according to Gensiruk et al. (1981)
(Fig. 1).

Forests in Ukraine totally cover about
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Fig. 1. Forestry zones of Ukraine (Gensiruk et al. 1981).
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9.7 mill hectares, which makes 15.9 % of
the total country area (Forest ... 2012).
Forests are mainly located in three zones:
Forest zone, Forest-Steppe and Carpathi-
an Mountains. Each zone is characterized
by specific climate and soil conditions,
which influence to forest structure and
composition.

According to the Forest stand-wise
inventory database (2011) in highlands
of the Carpathian Mountains, the main
forest forming tree species is Norway
spruce (Picea abies (L.) Karst.), lower
in Carpathians and in the western part
of Forest-Steppe grow mainly European
beech (Fagus sylvatica L.) and Common

hornbeam (Carpinus betulus L.), in the
Forest zone the most widespread tree
species are Scots pine (Pinus sylvestris
L.) and silver birch (Betula pendula L.), in
the Forest-Steppe zone deciduous stands
prevail, with predominance of English oak
(Quercus robur L.), on sandy soils in this
zone grow Scots pine stands, in wet site
conditions all over the country grow black
alder (Alnus glutinosa (L.) Gaertn.) forests
(Table 1). The lowest area of forests is in
the Steppe zone, and they are mainly arti-
ficial with English oak, Scots pine, Crime-
an pine (Pinus nigra subsp. palassiana
(Lamb)) and black locust (Robinia pseu-
doacacia L.).

Table 1. Distribution of forests of the main trees species within forestry zones
of Ukraine, in %.

Forestry zone F . Q. P. . P All
sylvatica robur sylvestris abies forests

Carpathian Mountains 82.7 6.3 0.7 93.8 221
Forest zone 0 13.8 66.7 2.8 31.6
Forest-steppe zone 12.7 66.9 26 3.4 33
Crimean Mountains 4.6 0 0.1 0 3.3
Steppe zone 0 13 6.5 0 9.9
Ukraine (whole territory) 100 100 100 100 100
_Share of species areas atcountry level 9 28 8 .7 . 100
Areas*, mill ha 0.86 1.81 2.40 0.63 7.58

Note: * Data on forest areas subordinated to SFRAU from forest inventory database as of

01.01.2011.

In this study, only forest areas that
subordinate to State Forest Resources
Agency of Ukraine (SFRAU) (Forest ...
2012) available at the forest inventory da-
tabase were included in calculations. Dis-
tribution of four main forest-forming spe-
cies in Ukraine of the area covered with
forest vegetation, respectively (Forest ...
2012) within climate zones under different
time periods and climate scenarios, was
evaluated.

Average monthly precipitation and air
temperature at 7371 points of climate grids

in Ukraine for the past climate (baseline
period) 1961-1990, recent climate 1991—
2010 (E-Obs data), and projected climate
under scenarios RCP 4.5 and RCP 8.5 for
2021-2040, 2041-2060 and 2081-2100
(EURO-CORDEX Data 2021) were used
as primary climate data for further calcu-
lations. We compared distributions with
those at the baseline period (1961-1990).

Forest management in Ukraine is
based traditionally on forest typological
basis, which among other includes cli-
mate characteristics according to Voro-
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biev (1961). The climate classification
was developed by Vorobiev (1961) for
forest areas of USSR, and detailed for
Ukraine, as a component of forest typol-
ogy classification of forest stands and
classification of edaphic conditions. This
index is easy to calculate on the basis of
monthly average climate data, and results
can be compared with data obtained for
1960, when boundaries of climate zones
under Vororbiev humidity index were sim-
ilar to natural climatic zones. The limita-
tions of the method are that decreasing of
index values is observed both in case of
decreasing precipitation and temperature
growth, and in case of decreasing of win-
ter period the index will include data of the
annual temperature and precipitations. In
this study these limitations were not con-
sidered.

So climate change evaluation using
Vorobiev humidity index can be the basis
for substantiation of changes in traditional
silvicultural practice in Ukraine: as differ-

ent silviculture measures, rotation period,
tree species for reforestation.

Climate humidity was modelled us-
ing Vorobiev's method (Vorobiev 1961),
according to which the climate type is a
function of heat and moisture availability
on the territory. Heat availability (T) and
moisture availability (W) were evaluated
using the formula (1):

W %—o.ozsszrmon >0, (1)
mon

where: > Ty, >0 is the sum of average
monthly air temperatures for the months
with above-zero temperatures; and
R, .0 1S the amount of precipitation for
the months with above-zero temperatures.

Climate humidity index W was used to
assess the suitability of climatic conditions
for forests, suitable conditions ranged 2—6
(fresh climate and above) (Table 2), below
this range only intrazonal forest vegeta-
tion can grow.

Table 2. Climate humidity zones by Vorobiev and main climate indicators.

Climate Class Climate index Colour Conditions Average* Average*
zone name w W range for forest 2 Rionso 2T om0
Extremely dry -1 <22 1N 415.3£11 177.9+2
Very dry 0 -2.2--0.8 Unsuitable 392.947.3 142.8+1.2
Dry 1 -0.8-06 472.846.8 129.1+0.9
Fresh 2 0.6-2.0 531+5.2 115.7+£0.7
Humid 3 20-34 619+13.3 109.8+1.4
Moist 4 34-48 Suitable 732.6+19 104.4+2
Wet 5 48-6.2 728.7+11.6 91.4+1.3
Very wet 6 >6.2 772.3+22.6 78.3+2

Note: * average values of indicators used for calculations of W index + confidence interval.

For description of forest site condi-
tions in Ukraine the classification of Al-
ekseev-Pogrebniak is used (Ostapenko
and Tkach 2002), which includes a com-
bination of soil fertility and humidity. In
this study we used only soil humidity in-
dex (hygrotop) (classes have the same

numbers and names as climate humidity
classes (Table 2), and ranged from 0 to 5).

Forest stand-wise inventory database
(18,649 forest compartments of 297 for-
estry enterprises) as of 01.01.2011 was
used as a source of forest data and data
on soil humidity. GIS of forestry enterpris-
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es boundaries, and forestry zones (Gen-
siruk et al. 1981) were used for mapping
and evaluation of forest and climate vari-
ables.

QGIS and R were used to create maps,
classify data, and calculate areas distribu-
tion. Statistical analysis of data was per-
formed using SPSS program.

Results and Discussion

In the recent climate (1991-2010), the av-
erage annual air temperature in Ukraine
has increased by 0.8 °C compared to
the baseline climate (1961-1990). At the
same time, the average temperature of
the coldest winter month and the warmest
summer month has increased significant-
ly (by 2 °C and 1.5 °C, respectively). The
RCP 4.5 scenario predicts a steady rise
in temperature: compared to the basic cli-
mate by 1.2—1.8 °C in 2021-2040, by 1.8—
2.3 °C in the middle of the century, and by
2.3-3.0 °C at the end of the century. For
the RCP 8.5 scenario the warming rate will
accelerate — in the middle of the century
expected temperature values will be the
same as predicted under the RCP 4.5 at
the end of the century, and by 2081-2100
the temperature may increase by 5.1 °C.
At the territory of Ukraine in 1961—
1990, climate humidity varied (Fig. 2) from
very wet (6) in the Carpathians to very dry
(0) in the Southern Steppe, with dry (1)
and fresh (2) types predominating. Very
dry type prevailed in the Southern Steppe
region, dry climate was represented in the
Northern Steppe, and partially at the For-
est-steppe, fresh type of climate dominat-
ed in the Forest-steppe and Forest zones,
wet climate was represented in the West-
ern Forest-Steppe, partly in Forest zone;
in the Carpathian Mountains the condi-
tions were the wettest: here climate varied

from fresh to very wet.

In the recent climate (1991-2010),
compared to the past, an increase in cli-
mate aridity in all regions was observed.
The zone of very dry climate spread to the
south of the Northern Steppe region, and
the fresh climate (2) covered almost the
whole territory of the Forest zone, while
the area of moist climate (3) significant-
ly decreased, and it remained in the Lviv
region and in the Carpathians, where the
area of very wet (6) climate decreased. In
fact, the climate conditions in the Forest
zone have become similar to those in the
Forest-Steppe (Fig. 2).

Both scenarios of future climate
showed further increase in climate aridity
and shifts of class boundaries in the north-
ern direction. An extremely dry climate is
expected to appear in the south. Under
the RCP 4.5 scenario, the areas of wet
and fresh types of climates are expected
to decrease while dry climate types are
expected to grow. In the middle of the
century, the total area with dry climate
conditions (sum of classes -1, 0 and 1)
will occupy 63.2 % of the country’s area,
and by the end of the century — 70.5 %
(Table 3). Climate conditions suitable for
forest (fresh type of climate) will remain
only at the Carpathians, western part of
the Forest-Steppe and the western and
northern part of the Forest zone.

If the RCP 8.5 scenario is implement-
ed, the process of climate aridization will
accelerate: in the middle of the century it
is expected that dry climate types will oc-
cupy about 69.6 %, and at the end of the
century — 89.7 % of the territory of Ukraine
(Table 3). Accordingly, the area of climate
conditions suitable for forest (classes 2—6)
will decrease significantly: up to 30.4 % in
the middle of the century, and up to 10.3 %
at the end of the century. If the pessimistic
scenario is implemented at the end of the
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indicator of climate humidity by Vorobjov

CLIMATE BASELINE

1961-1990

RCP 4.5

RCP 4.5

CURRENT CLIMATE

Extremely dry (-1)
Very dry (0)

Dry (1)

Fresh (2)

Humid (3)

Moist (4)

Wet (5)

Very wet (6)

EEREENOEN

1991-2010

RCP 4.5

2021-2040

RCP 8.5

2041-2060

RCP 8.5

2081-2100

RCP 8.5

2021-2040

2041-2060

2081-2100

Fig. 2. Climate humidity W zones in past climate, recent climate, projected climate
under RCP 4.5 and RCP 8.5 scenarios.

century, favourable conditions for forests
will remain in the Carpathians, and in the
western Forest-Steppe (Lviv region) and
partly in the Forest zone, while in the rest
of the territory more arid conditions typical
of the Steppe zone will be formed. Bound-
aries of climate types will shift to the north-
west: in the middle of the century the sig-
nificant changes are expected in the For-
est-Steppe zone (except its western part),
as well as in the central part of the Forest

zone. Conditions in the Northern steppe
will be similar to the Southern steppe.

Analysis of forested area distribu-
tion by climate humidity zones (Table 4)
showed, that in the past and in recent cli-
mates the majority of forests (about 80 %)
were located in climate zones from fresh
to very wet. Tree species are well adapted
to such conditions, because the majority
of Ukrainian forests were planted mostly
after Il World War.
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Table 3. Total area of Ukraine distribution by climate humidity zones, in %.

RCP 4.5 RCP 8.5
Class W 11996;0‘ 12909110_ 2021— 2041- 2081-  2021— 2041— 2081-
2040 2060 2100 2040 2060 2100
Extr.dry(-1) 0 0 0 0.2 0.7 0.1 0.7 18.7
Verydry 0) 124 186 219 287  36.1 254 356 287
Dry (1) 358 310 324 344 337 348 333 423
Fresh (2) 31.0  40.1 373 304 240 341 2541 7.8
Humid (3)3  17.2 7.3 5.6 3.9 35 3.1 3.0 1.2
Moist (4) 0.8 1.0 1.0 1.1 1.4 1.1 1.3 1.2
Wet (5) 0.7 1.1 1.0 0.9 0.5 1.0 0.8 0.1
Very wet (6) 2.2 0.9 0.8 0.4 0.1 0.5 0.2 0
Total 100 100 100 100 100 100 100 100

Table 4. Forest area of Ukraine distribution by climate humidity zones, in %.

RCP 4.5 RCP 8.5
Class W 11996;0_ 12909]10_ 2021- 2041-  2081- 2021- 2041- 2081-
2040 2060 2100 2040 2060 2100

Extr. dry (-1) 0 0 0 0 0 0 0 3.0
Very dry (0) 2.0 2.6 33 6.1 10.2 4.2 9.0 16.2
Dry (1) 18.1 17.8 22.9 26.1 29.7 27.0 30.3 52.3
Fresh (2) 34.3 51.2 48.8 45.5 39.3 471 40.6 14.0
Humid (3)3 26.9 12.5 9.7 7.8 8.7 7.2 5.5 9.3
Moist (4) 2.2 4.9 5.2 5.8 11.0 5.8 7.6 5.2
Wet (5) 4.6 5.1 7.9 8.7 1.1 8.7 6.9 0.0
Very wet (6)  11.9 5.9 2.3 0 0 0 0 0
Total 100 100 100 100 100 100 100 100

Projected climate will change the cept Steppe and Crimean Mountains). Cli-

distribution of forested areas within cli-
mate zones: by the middle of the centu-
ry the share of forests in suitable climate
condition will amount to 67.8 % in RCP
4.5, and 60.7 % in RCP 8.5. By the end
of the century these values will decrease
to 60.1 % in RCP 4.5, and only 28.5 % in
RCP 8.5.

By the average values soil humidity in-
dex in forests, zones can be arranged in
descending order: Carpathians (2.9); For-
estzone (2.7), Forest-steppe (2.2), Steppe
(1.4) and Crimea Mountains (1.3) (Ta-
ble 5). This ranking generally corresponds
to regions ranked by climate humidity (ex-

mate humidity in the Carpathians is much
higher than the weighted average soil hu-
midity index, which is explained by the high
amount of precipitations and mountain re-
lief and low thickness of mountain soils.
The opposite figure is in Forest zone: the
average soil humidity index is significantly
higher than the average W index, which is
explained by the low relief and the ability
of soils of the region to retain moisture. In
the Steppe zone, the average value of soil
humidity is higher than the climatic index,
which is due to the fact that in this region
the forests are intrazonal vegetation and
confined to wetter habitats.
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Table 5. Average values of soil humidity index (2011), climate humidity index (W)
and class (Class W) for 1961-1990.

Climate humidity Climate humidity

Zone Soil humidity index index W* class W**
Ukraine 2.2+0.04 1.8+0.1 2.3+0.07
Carpathians 2.9+0.03 6.3+0.2 4.94+0.2
Forest zone 2.7+0.05 1.91£0.04 2.4+0.02
Forest-steppe 2.2+0.04 1.310.07 2.1+£0.8
Steppe 1.4+0.05 -0.5+0.07 0.7+0.06
Crimean mountains 1.3+0.1 0.71£0.3 1.5+0.2

Note: * Climate humidity index W — absolute values of Vorobiev index, ** climate humidity

class W — classified data.

In order to check the relationship,
found by Vorobiev (1961), we carried out
correlation analysis between the humidity
of the modern climate in Ukraine accord-
ing to the W index, Class W (for the pe-
riod 1961-1990) and local soil humidity
as the weighted average indices for each

forestry enterprise (Table 6). It showed a
significant positive correlation between
the studied indicators for Ukraine as a
whole and its forest regions: Carpathi-
ans, Forest, and Forest-Steppe zones.
For the Steppe correlation is significant at
p<0.01.

Table 6. Results of correlation analysis of average values of soil humidity index
with climate humidity index (W) and class (Class W).

Correlation Climate . Forested . Forest Forest
. . Ukraine Carpathians Steppe
index index area zone steppe
Kendall tau Class W 0.602**  0.485** 0.275** 0.112** 0.380** 0.076*
R W 05827 0471 02607 0.153™ 0379 _ 0.065"
Spearman’s Class W 0.746**  0.612** 0.355** 0.140** 0.478** 0.093*
....Rho W 07737 06527 03677 0.229™ 05397 _ 0.093"
Number of 2336 1704 344 504 856 560

forest sites

Note: * Correlation is significant at the level of 0.05; ** Correlation is significant at the level of

0.01.

Climatic conditions according to the
humidity index cause the formation of
zonal hydrological conditions, respective-
ly, the increase in climate aridity causes
changes in humidity: hydrological regime
and groundwater levels. In recent years,
a decrease in the groundwater level in
the Forest zone was observed (State ...
2021) and an increase in the frequency of
wildfires in forests and peatlands (Sosh-
enskyi et al. 2021), which indicates that

soils become dryer, and, accordingly, the
soil humidity index decreases. On the oth-
er hand, local intrazonal conditions formed
under certain relief and water availability
that may significantly differ from the zonal
ones. Some of such places can remain fa-
vourable for forests.

Tree species can grow in a cer-
tain range of environmental conditions.
European beech stands in the current
climate grow in a narrow range of soll
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humidity (2 and 3). Comparison of the
distribution of forest areas of the studied
species with the data of climate humidity
W (Table 7) showed that in the Western
part of the Forest-Steppe zone, condi-
tions for beech will become drier, which
will negatively affect their health con-
dition. Norway spruce stands grow in
a wide range of soil humidity from 1 to

5, (the weighted average index is 3.0).
Stands in more dry conditions will be po-
tentially most vulnerable to increasing cli-
mate aridity. Among the studied species,
oak is less demanding of soil humidity: it
grows in the range of soil humidity from
0 to 4 (average index — 2.1); Scots pine
grows in the range from 0 to 5, (average
index — 2.3).

Table 7. Main tree species area distribution by humidity climate zones (Class W), in %.

Class W o8 A - Z(():;f.s 2081-  2021- R2co4P18--5 2081
1990 2010
2040 2060 2100 2040 2060 2100
Scots pine
Extr. dry (-1) 0 0 0 0 0 0 0 1.4
Very dry (0) 1.4 14 15 35 7.1 2.3 5.6 10.3
Dry (1) 13 119 162 222 321 224 306 734
Fresh (2) 489 774 785 715 587 732 618 145
Humid (3)3 36.2 9 32 24 1.7 1.6 15 0.4
Moist (4) 0.3 04 04 03 0.4 0.3 0.3 0.1
Wet (5) 0.1 01 0.1 0.1 0 0.1 0.1 0
Very wet (6) 0.2 0.1 0 0 0 0 0
Total 100 100 100 100 100 100 100 100
""""""""""""""""""""""""""" Englishoak T
Extr. dry (-1) 0 0 0 0 0 0 1.3
Very dry (0) 0.3 10 15 6.1 13.0 2.7 116 275
Dry (1) 279 296 414 467 464 481 496  59.1
Fresh (2) 424 561 472 402 340 428 338 11.1
Humid (3)3 270 M4 87 6.0 5.8 5.4 4.0 0.9
Moist (4) 1.0 15 08 0.9 0.7 0.9 0.9 0.0
Wet (5) 0.8 04 03 00 0.0 0.0 0.0 0.0
Very wet (6) 0.5 00 00 00 0.0 0.0 0.0 0.0
Total 100 100 100 100 100 100 100 100
""""""""""""""""""""""""" Norway spruce T
Extr. dry (-1) 0 0 0 0 0 0 0
Very dry (0) 0 0 0 0 0 0.1
Dry (1) 0 01 02 05 1.7 0.5 1.6 12.6
Fresh (2) 3.4 79 85 103 137 104 147 9.9
Humid (3)3 9.4 10 95 M7 161 11.6 6.3 46.9
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1961 1991 RCP 4.5 RCP 8.5
Class W 1990 2010 2021- 2041- 2081-  2021- 2041- 2081-
2040 2060 2100 2040 2060 2100
Moist (4) 53 171 228 219  60.9 219 293 306
Wet (5) 9.1 245 431 555 7.6 55.5  48.2 0
Verywet (6) 727 404 16 0 0 0 0 0
Total 100 100 100 100 100 100 100 100
"""""""""""""""""""""""" Europeanbeech
Extr. dry (-1) 0 0 0 0 0 0
Very dry (0) 0 0 0 0 0 2.2
Dry (1) 2.2 22 22 22 2.2 2.2 3 19.4
Fresh (2) 5.3 98 93 196 252 209 244 286
Humid 3)3 222 34 365 285 355 272 229 313
Moist (4) 74 197 208 269 328 269 357 184
Wet (5) 264 216 255 229 @ 44 22.9 14 0
Verywet(6) 365 127 67 0 0 0 0 0
Total 100 100 100 100 100 100 100 100

So taking into account the correla-
tion analysis (Table 6) the indirect im-
pacts of projected climate change at the
site level are likely to occur: as lowering
groundwater levels, drying of small rivers
and other water bodies etc. Such a phe-
nomenon has already been observed in
many regions of Ukraine. Consequences
of climate change are observed now: for-
est stands become more susceptible to
damaging agents, including biotic (pests
and diseases) and abiotic (fires) damage.
During last decade massive Scots pine
(Tkach and Meshkova 2019, Meshkova
2021) and Norway spruce decline caused
by bark-beetles (Parpan et al. 2014),
diseases of Norway maple (Meshkova
and Davydenko 2016) and common ash
(Davydenko and Meshkova 2017) were
reported in different regions of Ukraine.
According to statistical data of the State
Agency of Forest Resources of Ukraine
(Bondar 2019) for the period 2009 -
2018 the trend to increasing of forest
dieback area (from 176,000 ha in 2009

to 413,000 ha in 2018) was revealed. In
2019 the total area of declined Scots pine
(Pinus sylvestris) forests was 222,000 ha,
Norway spruce (Picea abies) — 27,000 ha,
English oak (Quercus robur) — 100,000 ha
and at stands of other species — 64,000 ha
(Bondar 2019). In 2018, catastrophic mor-
tality of pine forests caused by bark beetle
Ips acuminatus outbreaks mainly in For-
est zone was observed.

For recent decades the frequency of
large wildfires in Ukraine significantly in-
creased, especially in 2020 when the cat-
astrophic fires took place: 74,600 ha of
forests were damaged (Soshenskyi et al.
2021), this figure is 4.9 times higher than
the previous fire maximum (15,300 ha)
registered in 2014 (year of war conflict
in the Eastern Ukraine). Large fires took
place in pine forests in Forest zone, as
well as in Northern Steppe zone. The in-
cidence of forest fires depends species
composition of forests and correlates with
precipitation amounts during warm period
(Zibtsev et al. 2019).
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According to the latest data (Shparyk
et al. 2020), climatic changes in the Car-
pathians have already occurred and led to
a shift in the altitude boundaries of veg-
etation zones, changes in trees species
composition, Norway spruce decline, and
reduction of soil humidity by 1-2 classes.
The area of Norway spruce decreases,
while the area of beech stands increases.
Projected climate change will lead to fur-
ther changes in the altitudinal zonation of
the Carpathians. Unfortunately, the latest
data on the soil humidity indices in forests
and their dynamics in other regions of
Ukraine are not available today, reduction
of soil humidity in other regions should be
expected.

Projected climate changes are very
rapid, so tree species and forest eco-
systems cannot adapt to them, so in the
business as usual case, decreasing of
forest area is expected. The probability of
natural zones shifting to the north is very
high, even under the optimistic scenario.
The extension of the steppe ecoregion is
forecasted. Under new climate conditions
shifting of natural ranges of the main tree
species, e.g. Pinus sylvestris, Quercus ro-
bur, Fagus sylvatica to the north is prob-
able (Shvidenko et al. 2017, Dyderski et
al. 2018, Buras and Menzel 2019). Condi-
tions favourable for Picea abies stands will
remain at higher altitudes in the Carpathi-
an Mountains, while at lower elevations
they will be replaced by Fagus sylvatica.

Measures for adaptation of forests
in Ukraine to projected climate change
should be developed. It is very important
is to maintain existing forests, and gradu-
ally replace coppice oak stands with seed,
the pure pine stands with mixed one, im-
provement of species composition, taking
into account species adaptive capacity,
conservation of the gene pool of native
tree and shrub species, improve the tech-

nology of creating forest culture and grow-
ing of drought-resistant seedlings. In the
steppe zone, special attention should be
paid to protection against forest fires.

Conclusions

Our study showed that projected climate
conditions in Ukraine in the 21st century
due to climate warming and aridization will
become unfavourable for forest vegeta-
tion across large areas all over the coun-
try. Projected climate change negative ef-
fect in terms of forest areas is expected to
be the biggest in Forest-Steppe and For-
est zones. Under new climate conditions
by the middle of the century, the share of
forests in suitable climate conditions will
amount to 67.8 % or 60.7 % of the current
forested area, depending on scenario, by
the end of the century these figures may
amount to 60.1 % or 28.5 % depending on
scenario.

Significant deterioration of forest health
condition is expected all over the country.
There is a big risk of forest decline over
large territories, partly caused by out-
breaks of pests and diseases outbreaks
and forest fires. With unfavourable climate
conditions forests may remain only locally,
as intrazonal vegetation in wet sites.

To reduce the negative consequences
of climate change on forests, it is neces-
sary to develop and implement multiple
adaptation measures, taking into account
local site conditions and tree species
composition.
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