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Abstract. The relevance of the study is determined by the need to preserve natural values, which
are considered the heritage of all mankind, namely the primaeval forests and old-growth beech
forests of the UNESCO World Natural Heritage. The aim of the research was to study the state
and structure of the beech primaeval forest in the national nature park “Zacharovanyi Krai”. For
the study, a permanent sample plot of 1 ha (100x100 m) was laid down in the prevailing forest
type — moist pure beech forest. This plot is located in the optimal forest-growing conditions for
European beech (Fagus sylvatica L.) within the Vyhorlat-Hutyn volcanic ridge of the Ukrainian
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Carpathians. It was found that the beech forest stand on the plot is pure in composition and
complex in form, characterised by different development phases (age groups by diameter): the first
layer stand belongs to the mature age group (senile), the second layer - to the middle-aged group,
and the third - to the pole (virginal). It was determined that 95% of the primaeval forest stock is
the stock of the first layer, while the share of commercial trees of the first layer is 89% (66% of the
total volume of stem wood of trees on the permanent sample plot). The main types of damage
in the site are caused by abiotic factors. As a result of such damage, 43 m3-ha! of deadwood was
recorded, characterised by all 5 stages of decomposition. Under the canopy of the stand, 10,375
pcs-ha™! of undergrowth was recorded, of which the share of beech is 88%. Beech undergrowth is
weakly differentiated by age groups: it was recorded only in the group of 7-year-olds and older and
well-differentiated by height groups. By age group, undergrowth belongs to the juvenile-immature
age state. The herbaceous cover is typical for nemoral forests. The presence of stationary research
plots in the National Nature Park “Zakharovanyy Kray” makes it possible to constantly monitor the

trends of natural development of the ecosystem — the beech primaeval forest

Keywords: Ukrainian Carpathians; stand; undergrowth; deadwood; ecosystem

Introduction

Beech primaeval forests hold multifaceted sci-
entific, natural, ecological, and social signifi-
cance. However, the increase in human activi-
ty and climate change threatens these natural
complexes, making research relevant. Under-
standing the current state of beech primaeval
forests enables the development of effective
measures for their protection and manage-
ment, contributing to the preservation of these
unique ecosystems for future generations.

According to V.I. Parpan et al. (2017), pri-
maeval forests are forest ecosystems (commu-
nities) that have arisen and developed naturally
under the influence of only natural forces and
phenomena and have undergone a complete
cycle of development without significant hu-
man interference. Their species, age and spatial
structure are determined only by factors of the
natural environment.

Considering the characteristic cenotic
peculiarities of primaeval forests, S. Stoy-
ko (2018) defines them as follows: a primae-
val forest is an ecosystem formed during phy-
locenogenesis, in which all age groups are

wrepresented — from juvenile to the disinte-
gration group of the cenosis, the relationships
between the autotrophic and heterotrophic
blocks and the pedosphere, and therefore it
functions as a self-regulating ecosystem.

As of 2020, 97 thousand hectares of pri-
maeval forests, quasi-virgin forests, and nat-
ural forests have been identified in Ukraine
(Shparyk et al., 2021). According to A. Smali-
ychuk (2019), at the beginning of 2018, over 94
thousand hectares of primary natural forests
were identified in the Ukrainian Carpathians,
of which about 53% are classified as primaeval
forests. The researcher noted that about half of
the identified natural forests in the region have
protected status, and the same share belongs to
the Emerald Network.

In terms of administrative regions, the
largest area of natural forests is found in the
Zakarpattia Region, accounting for 71% of
their total area (Smaliychuk & Gribener, 2018).
Beech natural forests predominate by main tree
species (58%), which in the prevailing forest
types (moist pure beech forest — 18%, moist
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pure sub-beech forest — 18%), mainly form pure
beech stands.

Intensification of primaeval forest research
began two decades ago, which is obviously as-
sociated with the inclusion of Carpathian beech
primaeval forests in the list of UNESCO World
Natural Heritage sites. At the same time, beech
primaeval forests were studied mainly on the
territory of the Carpathian Biosphere Reserve
(Trotsiuk et al., 2012; Kabal et al., 2021), in the
national nature parks of the Carpathian region
and in other protected areas, which led to the
proposal to expand the national nature parks.
L.F. Shyshkanynets et al. (2023) noted that with-
in the territory of the potential expansion of
the national nature park “Zacharovanyi Krai”,
2,178.5 ha of primaeval forests, 1,197.0 ha of
natural forests, 881.2 ha of old-growth forests,
and 275.0 ha of primaeval forests were identi-
fied. The corresponding sites require effective
conservation within the framework of a multi-
functional object of the natural reserve fund —
the national natural park.

It is also worth noting that research on the
territory of the Carpathian Biosphere Reserve is
conducted with the support of the Swiss Fed-
eral Institute for Forest, Snow and Landscape
Research (WSL) and has a systematic character.
The corresponding studies are conducted on
a 10-hectare plot using a specially developed
methodology by B. Commarmot et al. (2013). In
the rest of the Carpathian region, research on
beech primaeval forests mostly does not have a
systematic character.

The aim of this work is to study the primae-
val beech (Fagus sylvatica L.) forest in the ter-
ritory of the NNP “Zacharovanyi Krai”, which
is a UNESCO World Natural Heritage site. To
achieve this aim, the following main research
objectives have been set: to investigate the
state, structure, and development dynamics of
the beech primaeval forest in the most wide-
spread forest type — moist pure beech forest.

Materials and Methods

In the National Nature Park (NNP) “Zacha-
rovanyi Krai” (Ukraine, Zakarpattia Region),
research on primaeval forests began in 2013:
a permanent sample plot (PSP) of 1 hectare
(100x100 m) was established, and informa-
tion about it is provided in the publication by
L.F. Shyshkanynets et al. (2019). In addition,
studies of myxomycetes of beech primaeval
forests have been conducted (Dudka & Kry-
vomaz, 2013).

It is worth noting that on July 7, 2017, two
areas (clusters) of the NNP (Irshavka — 93.94 ha
and Velykyi Dil - 1,164.16 ha) were included
in the list of UNESCO World Natural Heritage
sites (Hamor, 2023). The Irshavka cluster con-
sists of primaeval forests of the Pidhirnianske
forestry, while the Velyky Dil cluster consists of
primaeval forests of the Pidhirnianske forestry
(18%), old-growth forests of the Ilnytske for-
estry (59%), and primaeval forests of the state
enterprise (SE) “Dovzhanske Forestry-Hunting
Management” (FHM) (23%) (Shyshkanynets et
al., 2019). At the same time, the corresponding
plots in the SE “Dovzhanske FHM” are agreed
upon for inclusion in the NNP. The PSP is locat-
ed in the Irshavka cluster.

In 2023, trees with a diameter >6 cm were
numbered on the PSP and the boundaries of the
plot were restored in situ. Tree inventory was
carried out using a measuring fork: diameters
were measured in 2-centimeter increments at
breast height (1.3 m), classified by species. At
the same time, technical suitability categories,
Kraft classes, and sanitary conditions were as-
sessed (Grom, 2007; Methodical recommenda-
tions..., 2011; Sanitary Forests..., 2016). Tree
heights and crown lengths were measured us-
ing a height measurer Vertex IV (Sweden) on 36
trees: from the middle, upper, and lower levels
(12 trees in each layer).

The sanitary condition index was calculat-
ed using formula (1):
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1
I = 3E5-1 K mj, M)

where I is the sanitary condition index;
K...K, are the tree condition categories; n,...
n, are the number of trees in each condition
category; N is the total number of trees consid-
ered. If I < 1.5, the stand is considered healthy;
1.6-2.5 — weakened; 2.4-3.5 - severely weak-
ened; 3.6-4.5 — drying out; >4.6 — dried up.

The Kraft class index was calculated using
formula (2):

IK = Zjvzll(j nj/ Z?’:ln'; (2)

where [ is the Kraft class index; K....K; are the
Kraft class categories; n,...n, are the number of
trees in each category; N is the total number of
trees considered.

To assess defoliation, the atlas of the loss
of the assimilation apparatus in forest trees
(Borecki & Keczynski, 1992) was used. Based on
the defoliation of trees, the average value of the
feature was determined for the tree species and
stand, and the stand was classified according to
damage to one of four degrees: undamaged (0) —
defoliation <10%; slightly damaged (1) — 11-
25%; moderately damaged (2) — 26-60%; severe-
ly damaged (3) - 61-90%; dead (4) — 91-100%.

To determine the stability of the beech
forest stand, the stability coefficients (ratio of
crown length to tree height) and slenderness
(ratio of tree height to its diameter) were also
determined (Cherniavskyi, 2006). Additionally,
a transect measuring 10x100 m was laid out in
situ in the middle of the PSP (along the slope),
within which trees were assessed according to
the IUFRO (International Union of Forest Re-
search Organizations) classes.

When calculating the Cox clumping index,
the transect was first divided into subplots of
a fixed size (10x10 m). The index was deter-
mined by the formula (3) as the ratio of the
variance of the number of trees in the subplots

to the average number of trees (Kaganjak & Re-
hush, 2014):

Ic = ;; (3)

where I_is the Cox index; ¢* is the variance; n
is the average number of trees per subplot, pcs.
The Cox index can take the following values:
I <1.0 indicates a uniform distribution of trees;
I >10 indicates a clumped distribution of trees;
I.= 1.0 is characteristic of a random distribu-
tion of trees.

The accounting of self-seeding and un-
dergrowth was carried out within the transect.
For this purpose, 20 plots of 2x2 m were laid
out, evenly spaced from each other (2 within
a square of 10x10). Within the plots, natural
regeneration was assessed by species, height
groups, age, and condition. Age was determined
by the number of increments (whorls) in the
individual, and condition by the presence of
damage. Individuals without signs of damage
and with good annual increments were classi-
fied as healthy; those with slight annual incre-
ments (<5 mm), occasional dry branches, minor
mechanical damage to the trunk (bark dam-
age less than 1/4 of the trunk perimeter), and
the presence of galls were classified as slight-
ly weakened; individuals with 1/3 of the tree
dried (broken) were classified as moderately
weakened; those with up to 3/4 of the tree dried
(broken), and a trunk tilt greater more than 45°
were classified as severely weakened.

The description of the herb cover was car-
ried out by species, assessing the abundance
of the species according to the H.M. Vysotsky
scale (Methodical recommendations..., 2011).
The study was conducted in accordance with
the Convention on Biological Diversity (1992)
and the Convention on the Trade in Endangered
Species of Wild Fauna and Flora (1973). As for
deadwood, it was counted during the general
inventory of trees on the PSP, classifying it as
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standing deadwood or damaged, and assessing
it according to the five stages of decomposition
(Commarmot et al., 2013). Additionally, within
the transect, wood residues or branches with a
diameter of >7 cm that were not included in the
previous inventory were counted

Results and Discussion

On the territory of the NNP “Zacharovanyi
Krai”, 300.5 hectares of beech primaeval for-
ests have been identified (Order of the Ministry
of Ecology and Natural Resources of Ukraine
No. 161, 2018).

The predominant forest type for the growth
of primaeval forests is moist pure beech forest

(D,-B) - 264.9 ha (D - trophotope, characteris-
ing the most fertile soils (habitat conditions);
3 — hygrotope, characterising moist soils; B —
beech forest, the predominant (indigenous)
species for these habitat conditions) and fresh
pure beech forest (D,-B) - 35.6 ha (2 - hygro-
tope, characterising fresh soils).

The PSP is located in the predominant
forest type (D,-B), which makes it possible
to monitor the dynamics of development of
the beech primaeval forests growing in these
conditions. A more detailed silvicultural-tax-
ation characteristic of the beech forest stand
(primaeval forest), where the PSP is located, is
given in Table 1.

Table 1. Silvicultural-taxation characteristics of beech forest stand (primaeval forest)
based on forest management materials (2011, 2021 years)

©» =) P
(] =) %] 7] @ ]
gl g & < 2 s s | E £ F| B |f §|E
5] & 5 58 g- % ° © - 7 g a =
& g g 8 S 0 = |8 8 5 8%
RIS 5 g $ = oz & & £ EF 2
g S < = 4 g K
2011
[V}
g 7Fa.sy.(210)3Fa. | 210 | 35 | 56 i N,
2 | 13| 283 v (100) 00 | 28 | 3 1 | DB | 055 | 360 | ,. | 800
£
5 2021
[=W
221 [ 35 | 52
7Fa.sy.(221)3Fa. i N,
173283 | 1T Fa sy 40 {4101 22 | 24 | 1 | DsB| 065 | 430 | ,. | 800

Note: Fa.sy. - European beech; stand composition — the proportion of the species (genus) in the total stock

expressed in tenths of a unit; HASL - height above sea level; Havg. - the average height of the stand; DanA — the

average diameter of the stand
Source: developed by the authors

It is worth noting that over a 10-year pe-
riod, the stand stock per hectare has increased
significantly (by 19%): apparently, the data
from the 2013 studies were taken into ac-
count by the taxator (Table 2). According to
the results of the 2013 studies (Table 2), it was

found that the beech stand on the PSP is pure
in composition and complex form: the middle
and lower layers are pronounced. At the same
time, the share of stem wood of trees growing
in the first layer is dominant, accounting for
92.7% (404 m3ha™').
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Table 2. Silvicultural-taxation characteristics of beech primaeval forest on the PSP, 2013

Stan.d. Distribution Species N, H m D .em G, M,
composition by levels pcs-ha! avg? avg’ m?*ha! m3ha!
First Fa.sy. 124 35.1 52.5 26.85 401
10 Fa.sy.+Ac. Second Fa.sy. 57 21.5 22.6 2.28 23
ps. Third Fa.sy. 267 9.7 10 2.11 9
First Ac.ps. 1 37.5 52.0 0.21 3
Total living 449 31.45 436
Dead lying Fa.sy. 15 42.5 2.13 27
Dead standing Fa.sy. 25 44.2 3.84 49
Total dead 40 5.97 76

Note: Fa.sy. - European beech, Ac.ps. - sycamore, N — number of trees per 1 hectare; H,, - the average height
of the stand; D, - the average diameter of the stand; G — absolute density expressed in square meters per

1 hectare; M — wood stock expressed in cubic meters per 1 hectare

Source: developed by the authors

As a result of repeated surveys in 2023 at
the PSP, it was found that the total number of
trees and the sum of cross-sectional areas de-
creased by 6 and 3%, respectively (Table 3).
At the same time, the stock increased by 10%,
which is apparently explained by an increase

in the average height of the first layer stand:
heights were measured in different trees. It
is also worth noting that in a complex beech
stand, not all tree tops are well visible, which
complicates the process of measuring heights
in the same trees.

Table 3. Silvicultural-taxation characteristics of beech primaeval forest on the PSP, 2023

= = N, ~ "
- .g .g % pcs-ha! E » £
g 'g '-'g g ) Davg’ ZG’ -1 Z}VI’ -1 E -e—t(e .:—f
@ E' 2 E- total | Fa.sy. " cm | m*ha’)m*ha é © f
8 5 [ ©
First 137 136 37.7 48.0 27.3 454.6 | 0.61 la(c)
10 Fa.sy.+Ac.ps. Second | 79 79 18.8 18.0 2.1 18.7 0.06 2
Third 207 207 9.8 8.0 1.2 6.9 0.05 2
The entire stand 423 422 - - 30.6 480.2 0.72 -
100 largest trees 99 98 37.8 54.0 24.4 408.4 0.55 la
Standing dead trees
e tum‘%’ mortality) 5 5 70 | 100 | 0.1 03 | 000 | 5a
Standing dead parts of the
stem with lying parts of 7 7 33.0 62.0 2.3 34.0 0.05 2
crowns (natural mortality)
Dead parts of stems
(assqrtments) and dead ) ) ) ) ) 3.8 ) )
lying parts of trees
(assortments)

Note: Fa.sy. - European beech, Ac.ps. - sycamore; N — number of trees per 1 hectare; H, .- the average height
of the stand; D, - the average diameter of the stand; G - absolute density expressed in square meters per 1
hectare; M — wood stock expressed in cubic meters per 1 hectare; P - relative density; 1a (c), 2, 5a — indicators
characterising stands by height and diameter

Source: developed by the authors
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The share of stem wood of trees growing
in the first layer has not changed significantly
compared to 2013 and is 95% (454.6 m3-ha).
90% of the stock of the main layer (408.4
m3ha) is the stock of the 100 largest trees. At
the same time, the trees of the first layer belong
to the 1a height class. The share of stem wood
of trees of the second and third layers is insig-
nificant (5%), and the trees belong to the 2nd
height class, which is evident: they grow under
the canopy of the main layer.

On the PSP, the largest number of trees was
counted in the lowest thickness steps of the
third layer (Fig. 1, Table 3). At the same time,
according to their technical suitability, the trees
belong to the firewood category. There are com-
mercial trees in the second layer, but their share
is insignificant (Table 3). It is worth noting that

90

N W b U O N ©
o O o o o o o

Number of trees, pcs. (third layer)

—_
o

o

trees with a diameter of >22 ¢cm were classified
as commercial (taking into account the presence
of assortments of the quality class D, in the di-
ameter group 20-24 cm, for the beech species).
The largest number of commercial trees was
counted in the first layer, which is 89% of the
total number of trees in the layer. At the same
time, the stock of commercial trees on the PSP
is 317 m*ha’!, or 66% of the total volume of stem
wood of trees on the PSP. Moreover, the share of
commercial wood of the first layer complies with
standards. As for the share of commercial wood
in the second layer: it is significantly small-
er, which is characteristic of the correspond-
ing stands. This is explained by the following:
trees with a diameter of >22 c¢cm were classi-
fied as commercial, while trees with a diame-
ter of >6 cm were considered for the inventory.

18
16
m Third layer
. S
m First layer 1 3§
Second layer S
10 2o
+— C
g 58
- QO
Lo
6 €
=R
4 =
| || 1 O | 0
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Figure 1. Distribution of the number of trees within the layers

Source: developed by the authors

Regarding deadwood: on the permanent
sample plot, the volume of natural losses
amounts to 34.3 m3hal. At the same time,
the site is dominated by standing deadwood
or damaged (to the point of growth cessation)
stem parts with lying crown parts, the volume of

which is 34 m*>ha! (Table 4). These are mainly
trees that have reached the age of physiologi-
cal maturity and have been damaged by abiot-
ic and biotic factors (windbreak, tinder fungus,
etc.). They are characterised by stages 1-4 of
deadwood decomposition. The volume of dead
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stem parts and dead lying parts of trees that
are not included in the above list is 9 m3-ha-l.
They are mainly characterised by stages 3-5 of
decomposition.

According to the degree of degradation of
the photosynthetic apparatus, the beech stand

on the PSP belongs to the “slightly damaged”
stage (Table 4). At the same time, the loss of
leaf mass in the trees of the main layer is some-
what higher than in the trees of the subordinate
layer, which is obvious, based on the physiolog-
ical condition (age) of the stand.

Table 4. Indicators of beech stand condition on a permanent sample plot, 2023

Distribution of trees by category <
£ of technical suitability o
<4 ] >< =
5 X 1 < < < E ©»
> S g 2 g £ g S g g
2 3] 3] A S = = = g g
o _ ) Q ] 2 A g ) =
S o g R ~ SN =] = =1 =t =
=] = BN = 9 5] o <] 7] =1
2 I £ 8 =] ° 38 b= = © I} )
2 g g & S w8 I & > &, 2
£ E |z : 3 2 g £
- & | 5 :
[>] ] 2 ;‘g
. 89 29 19 1
First 618 201 13.2 4.9 22.6 2.6 1.8 0.57 0.79
1 13 65 1
Second 13 16.3 313 13 14.4 - 2.0 0.67 1.04
. 207 4
Third - - 98.1 19 16.5 - 2.1 0.65 1.24
Total 90 42 291 12 - - - 0.60 0.97

Source: developed by the authors

The distribution of trees by Kraft classes
was carried out for the trees of the first layer. It
was found that the Kraft class index is 2.6. The
share of trees assigned to the II Kraft class is
predominant and comprises 38.0%. The share
of trees assigned to the IIT and IV Kraft classes is
smaller and comprises 23.4 and 25.6%, respec-
tively. At the same time, the share of trees as-
signed to IV* and IV® comprised 11.7 and 13.9%,
respectively. The smallest share is that of trees
assigned to the I Kraft class — 12.4%. The ab-
sence of trees assigned to the 5% Kraft class
(0.7% of trees are assigned to V¥) is explained by
the fact that the stand is complex: the remain-
ing trees on the PSP form underlying layers.

According to sanitary conditions, the beech
stand is weakened: the sanitary condition

index fluctuates within 1.8-2.1, depending on
the layer (Table 4). The most damage is ob-
served in the first layer (Table 5). At the same
time, the most common damages are cracks —
13.2% (frost cracks - 6.3%), mechanical dam-
age (7.6%) and side-dryness (6.9%). In the sec-
ond layer, the predominant type is mechanical
damage (3.8%). For the third layer, stem (7.1%),
windthrow (5.7%) and canker (4.7%). It is worth
noting that canker is found only on trees of the
third tier. After calculating the stability coeffi-
cients, it has been established that the beech
primaeval forest on the PSP is resistant to en-
vironmental factors: the crown length is 0.57
for trees of the first layer and 0.67 and 0.65 for
trees of the second and third layers, respective-
ly (Table 5, Fig. 2).
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Table 5. Distribution of trees by type of damage on the PSP, 2023

” Share of trees by type of damage (%)
-
) o v
= o0
= b=° ?E‘P 0 2] 'g g )
-~ < —
B 1E4 3 ¢ |8 2|2 2 Bz k5§ ¢ ¢
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First 13.2 | 7.6 6.9 5.6 | 4.2 4.2 4.2 4.2 4.2 3.5 2.8 8.2 | 68.8
Second 3.75 | 2.5 2.5 1.25 | 1.25 2.5 |13.75
Third 3.3 1.9 0.5 7.1 5.7 0.9 | 4.7 1.5 | 25.6

Source: developed by the authors
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Figure 2. Tree heights, lengths of stems and crowns within layers on the PSP

Source: developed by the authors

The slenderness coefficient for the first lay-
er is optimal (0.79), for the second layer — lim-
iting (1.04), and for the third — minimal (1.24).
The corresponding coefficients confirm that the
stand is developing naturally (Cherniavskyi et
al., 2006). It is also worth noting that there is
a strong correlation between tree diameter and
height, and significant correlations between
diameter and crown and stem lengths (Fig. 2).

A more detailed study of the beech pri-
maeval forest was conducted on a PSP transect
(Table 6). The silvicultural-taxation indica-
tors of the stand on the transect reflect (pro-
portionally) the corresponding indicators of
the stand on the PSP, but are slightly lower.
Specifically, along the transect, 35 trees were
recorded, which constitutes 8.3% of the total
number of trees on the PSP; the stock volume
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is 26.5 m>-ha'!, accounting for 5.5% of the stock
on the PSP. Moreover, the distribution of trees
along the transect is uniform.

Regarding the comprehensive stability
of the beech stand (IUFRO classes): along the

Table 6. Silvicultural-

transect, there are predominantly middle-lay-
er trees that are well-developed (with good vi-
tality), of average increment (mostly co-dom-
inant), valuable, with good stems and long
crowns (Table 7).

taxation characteristics

of beech primaeval forest on the transect, type of tree placement

>
=1 = o
=] c - ] o ¥
< E S P & g o o g 55
g8 R Z < B < & = < £ £ s g
s & =] 3 H ¥ o " 9 ° 9
g g~ 2 = a & g S &5
15 % o ol
o -
a
First 7 37.7 50.0 1.4 23.9
10Fa.sy. Second 8 18.8 18.0 0.2 2.0
0.65 uniform
Third 20 9.8 8.0 0.1 0.6
The total stand 35 - - 1.7 26.5

Note: Fa.sy. ~European beech; N — number of trees per 1 hectare; H, - the average height of the stand; D, -
the average diameter of the stand; G — absolute density expressed in square meters per 1 hectare; M — wood

stock expressed in cubic meters per 1 hectare
Source: developed by the authors

Table 7. Distribution of beech trees by IUFRO classes along the transect

Layer Vitality Position Sllv‘l;lllll;ural Merchantability Crown length
2.3 1.8 2.4 4.7 5.5 4.3

Source: developed by the authors

After counting the undergrowth, it was
found that beech undergrowth is mainly found
under the canopy of the mother stand, which is
poorly differentiated by age groups: it belongs
to the 7-year-old group and older (88.0%). The
undergrowth is well differentiated by height
groups: its largest number is in the 26-50 cm
height group - 33.7% and the lowest is in the
height group up to 25 cm - 4.8% (Table 8). In
other height groups, the number of under-

growth ranges from 10.8 to 21.7%. The share of
sycamore (Acer pseudoplatanus L.) undergrowth
is insignificant and is 11.0%.

Regarding the condition of the under-
growth, the proportion of individuals catego-
rised as healthy and insignificantly weakened
predominates, comprising 44.6% and 45.8%
respectively. The shares of individuals catego-
rised as moderately and severely weakened are
insignificant, each accounting for 4.8%.
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Table 8. Distribution of the number of undergrowth within the transect

2 Number of undergrowth by age and height groups (cm), pcs.-ha'/%

3]

Q 1-year- | 2-3 | 4-7 | over 7 < ) ) 101- 151- S

& old |yo|yo. vo. Total | <25 | 26-50 |51-100 150 250 >250 | Total
Fa.s 9,125 | 9,125 | 250 | 2,750 | 1,625 | 1,250 | 2,250 | 1,000 | 9,125

Y- 88.0 88.0 2.4 26.5 15.7 12.1 21.7 9.6 88.0
Ac.DS 125 1,000 | 1,125 | 250 750 125 | 1,125

ps- 1.2 9.6 10.8 2.4 7.2 1.2 10.8
Co.av. 125 125 125 125

R 1.2 1.2 1.2 1.2
Total 125 10,250 | 10,375 | 500 | 3,500 | 1,750 | 1,250 | 2,250 | 1,125 | 10,375

1.2 98.8 | 100.0 4.8 33.7 16.9 12.1 21.7 10.8 | 100.0

Note: Fa.sy. — European beech; Ac.ps. — sycamore; Co.av. - common hazel

Source: developed by the authors

In addition to the above species, spruce (Pi-
cea abies L.) undergrowth is also found within
the PSP. His species appeared in the area due
to the arrival of seeds from an adjacent area
where a derivative spruce plantation is growing.
The undergrowth on the PSP is almost absent:
Sorbus aucuparia L. and Corylus avellana L. are
occasionally found. The herbaceous cover is
typical for the corresponding forest stand: Gali-
um odoratum (L.) Scop. — 2, Rubus hirtus Waldst.
et Kit. - 1, Gymnocarpium dryopteris L.) Newm. —
p, Athyrium filix-femina (L.) Roth — p, Dryopteris
filix-mas (L.) Schott — p, Dentaria glandulosa
Waldst.et Kit. — n, Oxalis acetosella L. - u. In the
place where surface water comes to the surface,
the herbaceous cover is more diverse (about
0.05 ha), in addition to the above species, there
are: Impatiens noli-tangere L. — 3, Urtica dioica
L. — 2, Symphytum cordatum Waldst. et Kit. ex
Willd. - p, Chrysosplenium alternifolium L. — p,
Lamium maculatum L. — n, Myosotis sylvatica
Ehrh. ex Hoffm. — u. Summer aspect: 15.06-
17.08. Fagetum asperulosum. The area features
an outcrop of rocky formations on the surface.
Type of growing conditions: D*“, (wet fairly fer-
tile forest site conditions subtype of the moist
fairly site condition).

The study of primaeval forests in the
Ukrainian Carpathians, particularly in Zakar-
pattia, began in the 1930s by the Czech re-
searcher A. Zlatnik in 1938 (Stoyko, 2013). The
further history of primaeval forest research
within the Ukrainian Carpathians is covered
in the studies of U. Brandli & J. Dowhan-
ytsch (2003), F. Hamor & P. Veen (2008). Accord-
ing to forest management zoning ning (Hol-
ubets, 2003), the research on the PSP concerns
the Volcanic Carpathians (Vyhorlat-Hutyn
ridge) and intermountain depressions. The
vast majority of research on beech primaeval
forests in the Ukrainian Carpathians relates
to the Mountain Carpathian forestry district.
Thus, P.M. Ustymenko & D.V. Dubyna (2014) es-
tablished that about 3,000.0 hectares of beech
forests on the territory of the Synevyr National
Nature Park have the characteristics of primae-
val forests. The researchers conducted geobo-
tanical descriptions on the corresponding sites.
The research of M.V. Sayats (2009) is dedicated
to the beech primaeval forests of the Uzhan-
sky National Natural Park, whose territory is
an integral part of the “Eastern Carpathians”
international biosphere reserve. It is worth
noting that virgin forests are preserved in the
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Uzhanskyi National Nature Park, and reserves
of beech and beech-spruce forests were created
in 1908-1913 (Stoyko, 2018). Repeated studies
by Z. Hruby (1997) of the cenotic and age struc-
ture of this primaeval forest, on the experimen-
tal plots of A. Zlatnik showed that the stock has
not changed significantly (Sayats, 2009).

More long-term studies by Yu. Shparyk et
al. (2018), and V. Trotsiuk et al. (2012), which
cover the issues of the state and structure of
beech primaeval forests, were conducted on the
territory of the Carpathian Biosphere Reserve.
The authors considered how the diversity of cli-
matic conditions, soil types and relief influence
the formation and development of these unique
ecosystems. Studying these influences helps to
better understand the processes taking place
in beech primaeval forests and contributes to
their effective management and preservation.

The authors of this study note that even
though the above studies were conducted in dif-
ferent institutions and forestry (forest-growing)
districts, they were carried out in homogeneous
growing conditions (forest type D.-B) and in
the alti altitude range, which is optimal for the
growth of beech forests. The stands are homoge-
neous in terms of the composition of the stand,
however, there is a difference in the wood stock:
in the Carpathian Biosphere Reserve, the stock
is higher, which is evidently due to the greater
participation of species in the stand composition
and the phase (interval of beech tree diameters
on the permanent sample plot) of the beech pri-
maeval forest’s development (Yanovska, 2015).
In particular, the first layer stand belongs to
the overmature (post-senile) age group. In the
NNP, the interval of diameters of beech trees on
the site is smaller, and the stands are also char-
acterised by different phases of development
(age groups by diameters): the stand of the first
layer belongs to the mature age group (senile),
the second layer to the middle-aged group,
and the third layer to the pole (virginal) group.

An important structural feature of pri-
maeval forests is also that the first layer of the
primaeval forest is the main biogeocenotic ho-
rizon, which holds the majority of the forest’s
wood stock: in the NNP, the corresponding
sharewas 92.7%in 2013 and 95% in 2023. On the
PSP in the Carpathian Biosphere Reserve, the
corresponding share is identical (about 93%).

The hypothesis that the primaeval forest is
a stable ecological system is confirmed by the
stability and slenderness coefficients of the
stand. At the same time, the prevailing types of
damage on the site are cracks, mechanical dam-
age, and side dryness — damage caused mainly
by abiotic factors. However, their share is not
significant, which is reflected in the commer-
cial structure of the stand: in the first layer, the
share of commercial trees is 89% or 66% of the
total volume of stem wood of trees on the PSP.

The resilience of this ecosystem to the
influence of abiotic factors is confirmed by
research on the territory of the Carpathi-
an Biosphere Reserve. Thus, according to
Yu.S. Shparyk et al. (2018), a windfall in 2007,
from which more than 25% of trees were lost
in individual thickness steps, did not destroy
the primaeval forest — within three years af-
ter the disaster, the fullness of the stand was
restored, and the decrease in wood stock did
not exceed 10%. M.V. Kabal et al. (2021) note
that at the research station, where more than
80% of the trees were felled by a catastrophic
storm after 12 years sufficient natural renew-
al and the formation of a young forest were
found - which indicates a tendency to recov-
er. As a result of the functioning of the eco-
system, it is characterised by different stages
of development, including decay: on the plot,
were recorded about 43 m*ha™ of deadwood,
characterised by five stages of decomposition.
Dry standing or damaged (to the point of stop-
ping growth) parts of the stems with lying parts
of the crown (34 m3ha'!) predominate. Long-
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term studies have established that the amount
of dead wood can vary significantly, depending
on natural factors, including the aforemen-
tioned windfalls.

An important component of the primaeval
forest is also its “potential” (undergrowth) — a
sufficient number of tree species that can po-
tentially fully replace the maternal stand. Dur-
ing the study, 10,375 pcs-ha! of undergrowth
were recorded, of which beech accounts for
88.0% (Table 7). Beech undergrowth is weak-
ly differentiated by age groups: only in the
group of 7-year-olds and older was record-
ed and well-differentiated by height groups.
The absence of undergrowth in younger age
groups is explained by the biology of the tree
species: fruiting intervals (average yields are
observed every 1(4)-6 years) and canopy clo-
sure (due to insufficient light, a significant
amount of self-seeding dies in the first year
of life). However, this amount of undergrowth
is optimal for these conditions and the natu-
ral development of the ecosystem (phase of
development). According to Yu.S. Shparyk &
I.M. Yanovska (2017), about 26,000 pcs-ha! of
undergrowth were recorded in a monodomi-
nant beech primaeval forest under the condi-
tions of a moist pure beech forest. The larger
amount of undergrowth is explained, obvious-
ly, by the age of the maternal stand (belongs
to the post-senile age group) and the partic-
ipation of other species in the composition
of the maternal stand. In particular, the re-
searchers recorded a significant number of
other species in the undergrowth. V. Lavnyy et
al. (2021) note that natural regeneration of
tree species is well formed in the “gaps” of
the forest canopy in beech primaeval forests.
At the same time, its quantity increases with
the increasing size of the gaps in the canopy.

Under the canopy of the monodominant
beech primaeval forest, the herbaceous cover
is typical for nemoral forests. Moreover, the

same vegetation is also found at the research
station in the Carpathian Biosphere Reserve.

Conclusions

The state, structure, and dynamics of develop-
ment of a beech primaeval forest in the condi-
tions of a moist pure beech forest were studied.
It was established that the stand of the first
layer belongs to the mature age group (senile),
the second layer to the middle-aged group, and
the third to the pole stage (virginal). It was de-
termined that 95% o of the primaeval forest’s
stock is from the first layer, while the share of
commercial trees of the first layer is 89% (66%
of the total volume of stem wood of trees on the
PSP). The main types of damage on the site are
damage caused by abiotic factors. As a result of
the corresponding damage, about 43 m3-ha! of
deadwood was recorded, which has all 5 stages
of decomposition.

Under the canopy of the maternal stand,
10,375 pcs-ha! of undergrowth were record-
ed, of which beech accounts for 88.0%. Beech
undergrowth is weakly differentiated by age
groups: only in the group of 7-year-olds and
older was recorded and well-differentiated by
height groups. By age group, the undergrowth
belongs to the juvenile-immature age state.

The beech primaeval forest in the corre-
sponding growing conditions develops natural-
ly, under the influence of only natural forces and
phenomena, without significant human inter-
vention, and its species, age, and spatial struc-
ture are determined by environmental factors.

Further research on the state and structure
of beech primaeval forests may include a more
detailed study of the dynamics of changes in
the composition and functioning of the ecosys-
tem over time, as well as an analysis of the im-
pact of various factors, including anthropogen-
ic and climatic, on its stability and self-renewal
ability. Additional research may also focus on
assessing the vulnerability of these ecosystems
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to environmental changes and developing ad-
aptation strategies to the future challenges
they face. Furthermore, it is possible to conduct
research aimed at understanding the relation-
ships between beech primaeval forests and oth-
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AHoTanis. AKTYalbHICTh JOCTiIKEeHHS BU3HAUAETHCS HEOOXiIHICTIO 36epeXXeHHS MPUPOSHUX
IIIHHOCTE, SIKi BBa)KalOThCS HaJOaHHSIM YChOTO JIIOACTBA, — IMpaliciB i cTapoBiKOBMX OGYKOBMX
jiciB BcecBiTHbOI npupopHoi craguiau IOHECKO. MeTowo po6otu 6y/0 AOCTIAUTM CTaH Ta
CTPYKTYpy GYKOBOTO TMPAaJIiCy HAI[iOHAJbHOTO MPUPOTHOTO IMapKy «3auapoBaHuMil Kpaii». st
JOCTiIKeHHS 3aK/IaJeHO MOCTiiHy Mpo6HY IuioIny po3Mipom 1 ra (100x100 M) B mepeBaskarouomMy
TUIT JIicy — BOJIOTiit uMCTiit 6yunHi. laHa IijITHKa PO3TallloBaHa B ONITUMAa/IbHMX JIJIsT GyKa JTiCOBOTO
(Fagus sylvatica L.) nicopocIMHHUX yMOBax, y Mesxkax BuropnaT-I'yTMHCBKOI BYJIKaHiUHOI Ipsiu
Vkpaincbkux Kapmat. BcraHoBieHo, 10 6yKOBMIT JIiCOCTaH Ha OITHII € YMCTUM 3a CKJIaJloM Ta
CKIaIHUM 32 hopmoro, SIKOMY TTpUTaMaHHi pi3Hi Gasu po3BUTKY (BiKOBi rpymnu 3a AiamMeTpamu):
JlepeBOCTaH IePIIOro SIPyCcy HAJMEKUTb 10 CTUIJIOL BiKOBOI TPyIu (CeHibHOI), APYTOro SIipycy — 0
CepemHbOBIKOBOI, a TPETHOTO — 10 JKEPAHSIKY (BipriHiNbHOT). BusHaueHo, mo 95 % 3armacy npamicy —
1Ie 3arac Iepiioro sIPycy, Mpy LbOMY YacTKa AiIOBUX JlepeB IMepPIIOTo SIPyCcy CTaHOBUTH 89 %
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(66 % Bin 3aranbHOro 06’€My CTOBOYPHOI IepeBMHM JAepeB Ha TOCTiliHil MpoO6Hii o).
OCHOBHMMM BMIAMM IIOIIKOKEHb HA IISHII € TOIIKOMKEHHS CIPUYMHEHi abioTMuHMMM
YMHHUKAMMU. Y Pe3y/abTaTi BiAMOBIZHMX MOIIKOIKEHb, 00MiKOBaHO 43M3 ra”! MepTBOi AepeBUHN,
SIKiii mpuTaMaHHi Bci 5 crafmiit posknany. ITin HameToMm JLepeBocTaHy obmikoBaHo 10375 mTra’!
ITiIpoCTy, yacTKa 6yKa y CKIafi Ikoro craHoBUTb 88 %. [TimpicT 6yka ciabo nudepeHiiiiioBanmii 3a
BiKOBMMMU I'pyTiamMu: 06;1iKOBaHO JIMIIe y TPYTIi 7-piuHOro Biky i cTapiie Tamobpe nudepeHiiioBanmit
3a BUCOTHMMM TrpynaMu. 3a BiKOBOIO TPYIIOK MiAPIiCT HaJeXUTh [0 IOBEHiIbHO-iMaTypHOTO
BiKOBOTO cTaHy. Tpap’siHe BKPUTTSI € TUTIOBUM [IJIs1 HEMOpaIbHMX JiiciB. HasiBHICTh cTarjioHapHMUX
IIJISTHOK AOC/TiIKeHb Y HallilOHAJIbHOMY MIPUPOAHOMY TAapKy «3auapoBaHuit Kpaii» Ja€ MOKINBICTh
MOCTi/THO BiICTEXXYBaTU TeHAEHLIii MPUPOJHOTO PO3BUTKY eKOCHCTEMY — GYKOBOTO Ipaicy

Knrouosi cmoBa: Ykpainchki KapriaTu; fepeBocTaH; MiJipicT; MepTBa JiepeBiHa; eKOCuCcTeMa
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Use of environmental indicators to assess the state of forest ecosystems

was evaluated. Field studies were conducted to determine the soil acidity, the biomass of plants
and animals in anthropogenic and natural forest areas, followed by statistical analysis of the data.
The degree of degradation of forest areas as a result of human activity was determined and the
environmental consequences of these changes for natural systems were evaluated. The results
showed that anthropogenically modified areas have reduced biomass (100 t/ha) and species
diversity (20 plant species), increased soil acidity (pH 6.5-7) and high concentrations of nitrates
and phosphates, compared to mixed forests, where biomass reaches 200 t/ha, species diversity —
50 species of flora, and soil acidity varies from moderately acidic to neutral (pH 5.5-6). These
data confirmed the negative impact of human activity on ecosystems, in particular on biomass
and soil acidity. It was established that environmental indicators allow forming a comprehensive
picture of the state of ecosystems, which is necessary for making informed management decisions
aimed at preserving and restoring ecosystems, and at effective management of natural resources.
The results obtained demonstrated serious environmental problems as a result of anthropogenic
impact on forest ecosystems. A decrease in biomass and species diversity, and an increase in soil
acidity in anthropogenic zones indicate the need for urgent implementation of measures for the
conservation and restoration of natural forests. The study will be useful in the context of long-
term monitoring of ecosystems, which would allow a more detailed investigation of the dynamics
of their changes

Keywords: bioindicators; biodiversity; sustainable development; environmental monitoring;

natural environment

Introduction

Forest ecosystems perform critical ecological
functions that are fundamental to maintain-
ing the health of the planet. These functions
include maintaining biodiversity, which en-
sures the existence of various plant and animal
species, regulating the water cycle that affects
climatic conditions, and preserving soil re-
sources that are important for agriculture and
food security. However, anthropogenic impacts,
including deforestation, pollution and climate
change, pose significant threats to the health
and functioning of these ecosystems. Deter-
mining the state of forest systems is a complex
task that requires an integrated approach, be-
cause it is associated with a variety of factors
that affect them, such as changes in the species
composition of flora, soil degradation, and so-
cio-economic factors that can affect the man-
agement of forest resources. It is important to

conduct regular monitoring and assessment of
the state of forest ecosystems to timely detect
negative changes and take appropriate meas-
ures for their conservation and restoration.
Modern research actively highlights the use
of various environmental indicators for mon-
itoring the state of the environment. F. Pen-
drill et al. (2019) investigated the role of various
environmental indicators in monitoring forest
ecosystems in the context of climate change.
They focus on integrating vegetation biomass
and soil quality data for a comprehensive eco-
system assessment, so their study highlights the
importance of a multi-factor approach to more
accurately assess the impact of climate change
on forest ecosystems. R. Pilli & A. Pase (2018),
A.M.I. Kallio (2024) focus on methods for meas-
uring biodiversity as indicators of environmen-
tal change in forests. They compare different
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approaches to assessing species diversity, not-
ing the advantages and disadvantages of each
method, which helps to determine the most ef-
fective tools for monitoring forest ecosystems.

A. Koshel et al. (2024) and S. Hiraha-
ra (2020) offered new methods for assessing the
state of forest ecosystems, in particular, by ana-
lysing soil and water pollution levels. The stud-
ies by these researchers demonstrate how these
indicators can be used to identify problem areas
and predict environmental changes. R. Haines-
Young & M. Potschin (2017) examined the
role of environmental indicators in territory
planning and forest management. Their study
emphasised the importance of integrating en-
vironmental data into management strategies
to preserve ecosystems and improve their sus-
tainability. N. Tsehelnyk (2021) analysed envi-
ronmental indicators in the context of regional
ecosystems, this study highlighted the impor-
tance of local factors in monitoring and manag-
ing forest ecosystems, and the role of national
and international standards. S. Liu et al. (2023)
and S. Huang et al. (2011) focused on the use
of remote sensing to assess the state of forest
ecosystems. Their results show how the latest
technologies can be used to collect data on en-
vironmental indicators, which allows for more
efficient resource management. I. Hartmane et
al. (2024) examined the application of environ-
mental indicators to assess the health of for-
est ecosystems under variable environmental
conditions. Their study examined various ap-
proaches to collecting and integrating them to
assess the overall state of ecosystems.

The conclusions of these studies indicate
significant progress in the development and
application of environmental indicators for
monitoring forest ecosystems. Despite this,
many of these studies do not comprehensively
cover the relationship between different envi-
ronmental indicators and their ability to re-
flect dynamic changes in ecosystems. Existing

research mainly focuses on individual aspects,
such as air or water pollution levels and species
diversity, without properly integrating these
data into an overall assessment of the state of
ecosystems. This leads to a lack of understand-
ing of how these indicators interact with each
other and how their changes can affect overall
environmental stability. It is important to pay
attention to the need to develop integrated
models that consider not only individual indi-
cators, but also their interaction, to provide a
more accurate and comprehensive assessment
of the environmental state. Such approaches
can contribute to better management of natu-
ral resources and conservation of biodiversity,
because only through systematic analysis can
key factors affecting the health of ecosystems
be identified. In this context, there is an ur-
gent need for a comprehensive study that will
help to better understand the effectiveness
and accuracy of environmental indicators for
a comprehensive assessment of forest ecosys-
tems. This research is important because forest
ecosystems perform critical functions such as
maintaining biodiversity, regulating climate,
and providing ecosystem services that direct-
ly affect human well-being. The problematic
issue of this study is to determine which envi-
ronmental indicators most adequately reflect
changes in the state of forest ecosystems in the
context of various anthropogenic impacts, such
as deforestation, pollution, and climate change.

The purpose of the study is a detailed anal-
ysis of the effectiveness of various environmen-
tal indicators in determining the state of forest
ecosystems, and an assessment of their ability
to provide reliable data for making informed
management decisions.

Materials and Methods

The study was conducted from July 2023 to
June 2024 in the forest ecosystems of the Sumy
Oblast, Ukraine. The study covered three sites in
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different types of forest ecosystems within the
Sumy geobotanic district, in particular: mixed
forests, coniferous forests, and areas affected
by anthropogenic impact. Throughout the year,
research was conducted to assess seasonal fluc-
tuations in environmental indicators and their
changes due to various factors. Various types of
forest plots were selected to ensure represent-
ativeness, including natural and anthropogenic
areas. The sample included vegetation, soil, and
water samples.

Vegetation species diversity was deter-
mined by detailed identification of plants in
samples that were collected at each individual
site. This process included not only a descrip-
tion of the flora found at these sites, but also
a systematic count of the number of species,
which allows for a more in-depth analysis of the
ecosystem. The study also considered various
factors, such as environmental conditions, soil
types, and climatic conditions that can affect
plant distribution and growth, so the results con-
tribute to a better understanding of the region’s
biodiversity and its ecological relationships.

Standard instruments for field measure-
ments and laboratory materials for analysis
were used. To collect data on vegetation bio-
mass and species diversity, calipers were used
to measure tree diameter, squares to assess
vegetation cover, and trimmers to take plant
samples. Chemical analyses of soil and wa-
ter were performed using spectrophotometers
(model UV-1800, Shimadzu, Japan) to deter-
mine the level of pollutants, pH meters (model
pH 3110, Wissenschaftlich-Technische Werk-
stdtten, Germany) to assess acidity, and scales
(ExplorerEX2202, Ohaus, USA) to accurately
measure samples. Aerial photography was used
to assess changes in the landscape and biomass
(drone — DJI Phantom 4 RTK, DJI, China).

For contextual comparison, archival data
on forest ecosystems of Sumy Oblast and regu-
latory documents on the management of forest

resources in Ukraine were used, namely: Forest
Code of Ukraine (1994) - the main regulation of
relations in the field of forest protection, use,
and reproduction. The Law of Ukraine No. 1264-
XII “On Environmental Protection” (1991) — de-
fines the general principles of environmental
protection, including forest resources. The Law
of Ukraine No. 2456-XII “On the Nature Reserve
Fund of Ukraine” (1992) - regulates the crea-
tion, organisation and protection of territories
and objects of the nature reserve fund, which
include forest ecosystems. The Law of Ukraine
No. 1862-1V “On Ecological Audit” (2004) — es-
tablishes the legal basis for ecological audit,
which includes an assessment of the ecologi-
cal state of forest resources. Resolution of the
Cabinet of Ministers of Ukraine No. 521-2014-p
“On Approval of the Regulation on State Con-
trol in the Field of Forestry” (2014) - regulates
state control over the use and protection of for-
est resources.

The pilot study followed institutional, na-
tional and international guidelines. The au-
thors of the study followed the standards of
Convention on Biological Diversity (1992) and
Convention on International Trade in Endan-
gered Species of Wild Fauna and Flora (1979).

Results

Analysis of environmental indicators in differ-
ent types of forests is a key to understanding
their resilience and adaptive capabilities in re-
sponse to changing environmental conditions.
For mixed forests that include both coniferous
and deciduous species, it is important to assess
their biodiversity and ecological functions that
determine their ability to regenerate and main-
tain resilience. Coniferous forests, due to their
specific flora and fauna, have unique needs that
require a separate approach to monitoring the
impact of anthropogenic changes (The Law of
Ukraine No. 1862-1V, 2004). On the other hand,
anthropogenic sites often lose some of their
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natural function, which requires special meas-
ures to restore ecological balance. After con-
ducting an experiment, the following results
were obtained. The average vegetation biomass
in mixed forests was 200 t/ha, which indicates
significant ecosystem productivity. This result
is closely related to the large species diversi-
ty, which includes numerous species of trees,
shrubs, and herbaceous plants. It is important
to note that mixed forests are characterised not
only by a variety of species, but also by a high
density of vegetation, which creates optimal
conditions for the development of various or-
ganisms. Such ecosystems play a critical role in
maintaining ecological balance, as they provide
habitat for many animal species, including birds,
mammals, and invertebrates. The conservation
and protection of such forests is extremely im-
portant for the conservation of biodiversity,
as they serve as a food source and shelter for
many living things. Mixed forests contribute to
climate regulation by preserving carbon and re-
ducing the negative impact of climate change.

The average biomass in coniferous forests
was 160 t/ha, i.e., a decrease in biomass, which
can be explained by the relatively low diversity
of vegetation species, and a limited amount of
undergrowth. This phenomenon is conditioned
by the specifics of the ecological conditions that
form coniferous forests. Usually, such forests
are characterised by a more uniform vegetation
structure, which leads to the fact that the un-
dergrowth, which includes young trees, shrubs,
and herbaceous plants, often does not develop
properly. The lack of developed undergrowth
negatively affects the total amount of biomass
in these ecosystems, as the undergrowth per-
forms important ecological functions, such as
providing an environment for many animal and
plant species, and maintaining soil structure.
Thus, to maintain the health and sustainabili-
ty of coniferous forests, it is important to con-
sider the conservation of species diversity and

undergrowth development. Preserving species
diversity not only contributes to environmen-
tal sustainability, but also provides a balance in
the ecosystem that allows it to adapt to climate
change and other environmental challenges.
Undergrowth development can be achieved
through active conservation measures, such
as planting new plants, controlling pests and
diseases, and managing forest resources, which
will create more favourable conditions for the
growth and development of various types of
vegetation.

The average biomass in anthropogenically
modified areas was 100 t/ha. In these areas, a
significant decrease in biomass was observed,
which was a consequence of the active use of
land resources and changes in natural condi-
tions that significantly affected ecosystems.
This decline in biomass can be caused by a
number of factors, including intensive agricul-
ture, which involves excessive use of chemical
fertilisers and pesticides, urbanisation, which
leads to the destruction of natural habitats, and
climate change, which causes extreme weather
events and disrupts the usual ecological bal-
ance. Such processes lead to the degradation of
natural habitats, a decrease in the diversity of
flora and fauna, and to a decrease in soil pro-
ductivity, which has serious consequences for
agriculture and food security. It is important
to take urgent measures to restore these areas,
in particular through the introduction of sus-
tainable farming practices, the conservation of
natural resources, and the creation of protect-
ed areas that will not only contribute to the
conservation of biodiversity, but also ensure
environmental sustainability for future gener-
ations, allowing them to enjoy the richness of
nature that is available today. To summarise,
it is worth adding that mixed forests have the
highest biomass, as shown in Figure 1, due to
their large species diversity and dense vege-
tation, which contributes to high ecosystem
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productivity. Coniferous forests have less bio-
mass due to the uniformity of vegetation and
poor undergrowth. Anthropogenically modified
areas have the lowest biomass due to active
land use and ecosystem degradation. It is im-
portant to take measures to restore such areas
and preserve the natural balance.

250
200
150
100+
50
" Mixed forest Coniferous Anthropogenically
forest modified areas

Figure 1. Distribution of vegetation biomass
in different types of forests, t/ha
Source: developed by the authors based on Forest

Code of Ukraine (1994)

Based on the results of the analysis of the
species diversity of vegetation, the following
data were obtained: mixed forest — 50 plant
species were identified, which indicates a high
species diversity and richness of the flora of
this region. This is evidence of ecological sta-
bility and ecosystem health, as species diversity
is an important indicator of biological activity
and adaptive capacity of nature. The mixed for-
est in which these species have been recorded
is characterised by a variety of both woody and
herbaceous plants, which creates unique condi-
tions for the development of many animal and
plant species, and provides important ecolog-
ical functions such as air purification, water
conservation and soil fertility support. During
the study of coniferous forest, 35 plant species
were identified, which indicates an average lev-
el of flora diversity in this region. Coniferous
forests, which occupy a significant part of the
territory, are characterised by a smaller number

of plant species compared to other types of for-
ests. This is conditioned by the fact that conif-
erous forests mainly consist of coniferous trees,
such as pines, firs and firs, which create special
conditions for the growth of other plants. As a
result, the undergrowth in such forests is less
developed, which limits the opportunities for
the development of broad-leaved plants and
herbaceous species, so the ecosystem of conif-
erous forests is more homogeneous, which af-
fects the overall biodiversity of these territories.
As aresult of the conducted studies, 20 different
plant species were identified in anthropogeni-
cally modified areas, which indicates a low level
of biodiversity in these ecosystems. However, a
significant decrease in species diversity in these
areas is caused by many factors related to hu-
man activity, including urbanisation, agricul-
tural expansion, and environmental pollution,
which lead to reduction in flora. As a result, not
only the number of species decreases, but also
the sustainability of ecosystems, which can have
negative consequences for the ecological balance
and environmental health. Figure 2 shows the
number of plant species in each type of forest.
60

50 4

40
30
20

104

‘ Anthropogenically
modified areas

Coniferous
forest

Mixed forest

Figure 2. Distribution of species diversity
in different types of forests,
number of plants species
Source: developed by the authors based on Forest
Code of Ukraine (1994)

Soil acidity was assessed using pH meters,
which made it possible to obtain accurate data
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on the level of acidity in different areas. The
results showed that in mixed forest, the pH of
the soil ranges from 5.5 to 6, which indicates a
moderately acidic reaction. This level of acidi-
ty is optimal for the growth and development
of many plant species, as it promotes better
absorption of nutrients. Moderately acidic soil
provides a balance between the availability of
trace elements, such as iron and manganese, and
prevents excessive activity of toxic elements, so
this pH level creates favourable conditions for
various plant species, which allows them to de-
velop effectively and ensure high yields. In co-
niferous forests, the pH of the soil, which ranges
from 4.5 to 5, indicates an acidic environment
that can have a significant impact on the eco-
system. In such conditions, specific conditions
for plant growth are created, since many plant
species prefer acidic soils. Coniferous forests,
which are usually characterised by a high level of
soil acidity, create special ecological niches that
affect the species diversity of the undergrowth.
This environment promotes the development of
certain plant species that can adapt to such con-
ditions, and also limits the distribution of oth-
er species that require less acidic soils, so soil
acidity is an important factor determining the
ecological structure and biodiversity of conif-
erous forests. The anthropogenically modified
areas had a soil pH ranging from 6.5 to 7, which
is considered neutral to alkaline, which is opti-
mal for most crops. Neutral acidity in these are-
as can be a consequence of the use of fertilisers
that contain a variety of macro- and microele-
ments necessary for plant growth. In addition,
anthropogenic factors, such as changes in land
cultivation methods, the use of agrochemicals,
and the impact of agricultural activities, can
significantly affect the chemical composition of
the soil, highlighting the importance of moni-
toring soil pH to ensure sustainable farming
and preserve soil fertility. Figure 3 shows the
maximum soil pH values for each forest type.

Anthropogenically
modified areas

Coniferous
forest

Mixed forest

Figure 3. Maximum level of soil acidity
in different types of forests, soil pH
Source: developed by the authors based on Forest
Code of Ukraine (1994)

Indicators of nitrate and phosphate con-
centrations are important components in deter-
mining the level of water pollution, since their
excessive presence can indicate a negative im-
pact of anthropogenic activities on ecosystems.
Measuring nitrate and phosphate concentra-
tions allows not only to assess the current state
of water, but also to identify potential sources of
pollution, which is crucial for developing effec-
tive environmental protection measures (Mat-
kivskyi & Taras, 2024). The study found that
the level of water pollution in the mixed forest
was assessed as moderate, which indicates that
there are no serious environmental threats to
the environment and public health. The con-
centrations of nitrates and phosphates shown
in Table 1 remained within acceptable limits,
which indicates the effectiveness of water qual-
ity control measures. It also highlights the im-
portance of maintaining ecological balance, as
the stable state of water resources is crucial for
maintaining biodiversity and ecosystem health.
Such results may indicate the proper state of
water protection zones, which serve as natu-
ral barriers that prevent water pollution. Com-
pliance with the standards established for the
protection of water resources is an important
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indicator of the effectiveness of environmental
policy in the region, which indicates the need
to continue monitoring and implement addi-
tional measures to maintain high water quality
and ensure sustainable development of the ter-
ritory (The Law of Ukraine No. 1264-XII, 1991;
The Law of Ukraine No. 2456-XII, 1992). The
concentrations of nitrates and phosphates in
the coniferous forest samples under study were
recorded at a level slightly higher than the rec-
ommended norms, as can be seen from Table
1, however, these indicators did not reach crit-
ical levels that could significantly affect the
environmental situation or public health. This
indicates the relative stability of the ecological
state in the region, but it is important to contin-
ue systematic monitoring of these parameters.
Regular monitoring will ensure their stability
within safe values, and timely detection of any
deviations that may lead to potential negative
consequences for the environment and human
health. Therefore, systematic monitoring is an
important tool for maintaining environmen-
tal balance and preventing possible threats.

Increased levels of environmental pollutants
were found in anthropogenic sites, indicating
a significant impact of anthropogenic factors
such as industrial activity, agriculture, and ur-
banisation. Nitrate and phosphate concentra-
tions exceed the permissible limits, which is
described in detail in Table 1. This is a wake-
up call and indicates serious water pollution,
which can have negative consequences not only
for ecosystems, but also for human and animal
health. Increased levels of these pollutants can
lead to degradation of water resources, which
will affect the quality of water used for drink-
ing and irrigation of crops. In the face of global
climate change and growing pressures on nat-
ural resources, urgent measures must be taken
to monitor and reduce pollution. This should
include developing and implementing effec-
tive waste management strategies, improving
wastewater treatment technologies, and en-
hancing environmental education among the
population. Only thro ugh joint efforts can we
ensure environmental safety and preserve nat-
ural resources for future generations.

Table 1. Concentrations of pollutants in water of different types of forest areas

Type of forest Nitrates (mg/1) Phosphates (mg/1)
Mixed forest 5 0.5
Coniferous forest 6.5 0.7
Anthropogenically modified areas 12 1.2

Source: developed by the authors

The data obtained confirmed that the neg-
ative impact of anthropogenic factors on the
state of forest ecosystems is significant and
has numerous negative consequences. In par-
ticular, several key aspects were identified that
indicate this. Reduction of vegetation biomass
in anthropogenically modified areas compared
to natural forests. This suggests that human ac-
tivities such as deforestation, urbanisation, and
agricultural development lead to a significant

reduction in vegetation, which affects the
ecosystem services that forests provide, such
as air purification and biodiversity conserva-
tion (Resolution of the Cabinet of Ministers of
Ukraine No. 521-2014-p, 2014). Reduction of
species diversity in anthropogenically modi-
fied areas due to changes in natural conditions
and human intervention. This means that as a
result of anthropogenic impacts, such as the
introduction of invasive species, pollution,
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and habitat changes, many plant and animal
species are lost, which can lead to a violation
of the ecological balance and reduce the sus-
tainability of ecosystems Increased levels of
water pollution and changes in soil acidity in
anthropogenically modified areas. In particular,
water pollution from industrial waste and ag-
ricultural pesticides negatively affects aquatic
ecosystems, while changes in soil acidity can
lead to degradation of soil resources and re-
duced forest productivity, which can also have
serious consequences for the health of plants
and animals that depend on these ecosystems.
Thus, the results highlight the need to take
urgent measures to preserve and restore forest
ecosystems, and to reduce the negative impact
of anthropogenic factors on the environment.
The study also analysed the effectiveness
of various environmental indicators to deter-
mine the state of forest ecosystems and assess
their ability to provide reliable data for man-
agement decisions. A key indicator of ecosys-
tem productivity is vegetation biomass. The
results showed that mixed forests have the
highest biomass of 200 t/ha compared to co-
niferous forests (160 t/ha) and anthropogeni-
cally modified areas (100 t/ha). High levels of
biomass in mixed forests confirm their signif-
icant ecological productivity, while reduced
biomass in anthropogenic areas indicates a
negative impact of human activity. Vegetation
biomass is an important indicator for assessing
ecological productivity and ecosystem health
for several reasons. It reflects the total amount
of organic mass produced by plants, and thus
serves as an indicator of ecosystem productivi-
ty, noting its ability to effectively use resources
for plant growth and development. Higher bi-
omass is often associated with greater species
diversity and the ecosystem’s ability to main-
tain diverse ecological niches, which contrib-
utes to the overall health of the ecosystem.
In addition, vegetation performs numerous

ecological functions such as water retention,
soil structure maintenance, and climate regu-
lation, providing important functions for bio-
diversity. Therefore, the analysis of vegetation
biomass is key to assessing the ability of eco-
systems to maintain ecological balance and ef-
fectively perform their functions.

Species diversity is critical to ecological sta-
bility. The results of the study show that mixed
forests have the most plant species (50), while
coniferous forests — 35, and anthropogenically
modified areas — 20. The high species diversity
in mixed forests indicates their ecological sta-
bility and ability to support diverse ecological
functions. Species diversity is an important in-
dicator of ecological sustainability, as it reflects
the ability of an ecosystem to support diverse
species and functions that ensure its stability
and adaptability. A wide variety of species con-
tributes to an increase in ecological poverty,
which helps the ecosystem adapt to changes
such as climate change or environmental dis-
turbances. This diversity also supports complex
interactions between species, which contrib-
utes to the sustainability of the ecosystem and
its ability to recover from stressful conditions
or disturbances. That is, high species diversity is
important for maintaining functional integrity
and ecological balance in natural systems. Soil
acidity affects the availability of nutrients for
plants. The results of the experiment showed
that mixed forests have moderately acidic soil
(pH 5.5-6), coniferous forests have acidic soil
(pH 4.5-5), and anthropogenic altered areas
have neutral or alkaline soil (pH 6.5-7). This
indicates the specific environmental conditions
of each type of forest. Soil acidity is an impor-
tant environmental indicator, as it directly af-
fects the availability of nutrients for plants. The
optimal pH level ensures efficient absorption
of elements such as iron and calcium, which is
critical for plant growth and development. De-
viations from normal pH values can limit the
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availability of these elements, which leads to a
decrease in plant productivity and a violation
of the ecological balance. This indicator affects
microbiological activity, since some beneficial
microorganisms that maintain soil fertility
have specific pH requirements. Accordingly,
monitoring of soil acidity is key to maintaining
the ecological sustainability and productivity of
ecosystems, as it helps to identify and correct
problems that may arise as a result of its degra-
dation or pollution.

Nitrate and phosphate concentrations are
crucial for assessing water pollution. In mixed
forests, the level of pollution was moderate, in
coniferous forests — slightly increased, and in
anthropogenically modified areas — high. This
indicates a different level of anthropogenic
impact on water resources. Monitoring nitrate
and phosphate concentrations is important be-
cause these elements are key indicators of wa-
ter pollution. High concentrations of nitrates
and phosphates can indicate a negative impact
of anthropogenic factors, such as agriculture or
industrial activity, leading to problems such as
eutrophication of water bodies. Eutrophication
causes excessive algae growth, which can dis-
rupt the ecological balance, reducing oxygen
levels in the water and harming aquatic or-
ganisms. Therefore, monitoring these concen-
trations is crucial for assessing water quality,
ensuring sustainable water management, and
preventing serious environmental problems.
Combined analysis of biomass, species diversi-
ty, soil acidity, and water pollution levels pro-
vides a comprehensive picture of the state of
forest ecosystems. These indicators provide im-
portant information for making informed man-
agement decisions aimed at preserving and re-
storing ecosystems. Systematic monitoring and
analysis of environmental indicators are criti-
cal to developing effective management strat-
egies and ensuring the sustainability of natural
resources in the long term.

Discussion

The study carefully analysed a number of en-
vironmental indicators, in particular biomass,
species diversity and soil acidity in forest eco-
systems of the Sumy region. This integrated
approach helped to better understand environ-
mental trends and identify changes that occur
in these systems under the influence of natural
and anthropogenic factors. The findings re-
vealed clear differences between different types
of forests, such as coniferous, deciduous, and
mixed forests, and between anthropogenically
modified areas, which confirms and comple-
ments existing scientific data in this area.

The results of the conducted studies indi-
cate that anthropogenically modified areas are
characterised by significantly lower biomass and
higher soil acidity. These facts confirm the neg-
ative impact of human activities on ecosystems,
which is a serious problem for the conservation
of biodiversity and ecological balance. Studies
conducted by R. Bun et al. (2024) and J. Reiff et
al. (2024) are consistent with these findings be-
cause it details the increase in greenhouse gas
emissions resulting from military operations
in Ukraine. This increase in emissions not only
worsens the state of the environment, but also
contributes to a further increase in the level of
acidity in anthropogenically modified areas.
The increase in soil acidity is a consequence of
increased pollution caused by various factors,
in particular, the loss of organic components in
the soil, which, in turn, negatively affects land
fertility and the ability of ecosystems to recover
(Gonfa, 2024).

In the course of the study, it was found
that species diversity in forests decreases due
to intensive land use, which partially echoes
the findings of V. Myroniuk et al. (2022) and
D. Pilling et al. (2020). They analysed in detail
the impact of wildfires on various landscapes
in Eastern Ukraine, focusing on how such nat-
ural disasters can change ecosystems and their
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biological diversity. The researchers stressed
the importance of systematic monitoring and
effective management of forests after fires,
as this is crucial for restoring ecosystems and
maintaining their health. They noted that these
strategies should also be applied to anthropo-
genically modified areas where human activi-
ty has significantly affected natural processes.
This highlighted the need to integrate environ-
mental principles into land management prac-
tices to ensure the sustainable development of
forest ecosystems and preserve their biological
diversity in the future.

The results of the study confirm the im-
portance of using environmental indicators for
a comprehensive assessment of the health of
forest ecosystems. This is consistent with the
findings presented in the papers by L. Qiao et
al. (2022), V. Carignan & M. Villard (2002),
L. Su et al. (2024). Environmental indicators
play a key role in understanding changes oc-
curring in ecosystems, as they help to identify
trends and patterns that may indicate the state
of the environment. In addition, these indi-
cators provide a reliable basis for developing
strategies for the conservation and manage-
ment of natural resources. The use of indicators
for monitoring ecosystems has become an im-
portant tool that allows not only to assess the
sustainability of ecosystems, but also to analyse
their performance in various conditions, which
contributes to making informed decisions in
the field of environmental management and bi-
odiversity conservation (Fedoniuk et al., 2024).

The study found that a high level of spe-
cies diversity has a positive impact on ecosys-
tem services, which is confirmed by E. Babur et
al. (2022). This study highlights the critical
importance of biodiversity for monitoring the
sustainability of forest ecosystems, as species
diversity ensures the stability and adaptability
of ecosystems to environmental changes. The
high level of biodiversity in the forests studied

not only contributes to better functioning of
ecosystems, but also increases their ability
to recover from environmental stresses such
as climate change or anthropogenic impacts.
This suggests that the conservation and main-
tenance of biodiversity is key to ensuring the
sustainability and productivity of forest ecosys-
tems in the long term (Bragina et al., 2018).
The research results highlighted the urgent
need for further research, particularly in the con-
text of climate change and its impact on forest
ecosystems, which are important for biodiver-
sity and environmental stability. The study by
H. Beygi Heidarlou et al. (2023) highlighted the
importance of using environmental indicators
for a comprehensive assessment of forest health
in the long term. These indicators may include
species diversity, soil and water conditions, and
other factors affecting ecosystems. This high-
lights the need for continuous monitoring and
detailed analysis of changes caused by global
climate change; as such changes can have seri-
ous consequences for the ecological balance and
sustainable development of forest resources.
Research conducted by N. Kovalchuk &
N. Tolstushko (2022) identified a significant
impact of the war in Ukraine on forest phyto-
cenoses, which is an important aspect of envi-
ronmental changes in the region. The present
study confirms these findings by demonstrat-
ing in detail the negative changes in ecosys-
tems resulting from human activity and mili-
tary conflicts. These changes include, but are
not limited to, reduced species diversity, deg-
radation of natural habitats, and disruption of
ecological balances. L. Bezlatnia et al. (2024)
also stressed the critical importance of biodi-
versity conservation for providing ecosystem
services such as air purification, climate reg-
ulation, and food security support. Their find-
ings support the results that highlight the im-
portance of biodiversity for ecosystem health
and their ability to adapt to environmental
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changes, highlighting the need for action to
protect and restore natural ecosystems, espe-
cially in the face of current challenges related
to conflict and climate change.

Results of studies conducted by M. Jens-
sen et al. (2021) and P. Eslaminejad et al. (2020),
concerned the methodology for assessing the
integration of forest ecosystems in Germany,
which is based on quantitative indicators. These
results not only confirm the validity of the re-
search methodology, but also highlight the
importance of using clear, evidence-based indi-
cators for a comprehensive assessment of the
state of ecosystems, which is critical to ensur-
ing effective management of natural resources
and biodiversity conservation. The use of such
indicators allows not only to monitor changes
in ecosystems, but also to develop strategies for
their conservation and restoration, which is an
integral part of sustainable development.

M. Ali Mustofa (2022) emphasised the
extreme importance of ecotourism as a tool
for socio-economic development, and for the
conservation of natural ecosystems. Ecotour-
ism not only contributes to economic growth,
but can also become an important factor in
developing effective forest conservation strat-
egies in Ukraine (Trusova et al., 2020). This
approach involves the active participation of
local communities in the conservation of nat-
ural resources, which, in turn, can encourage
the development of eco-tourism in regions rich
in natural resources. Implementation of such
strategies can significantly support the health
of forest ecosystems, preserve their biodiversi-
ty, and promote the economic development of
local communities that depend on the sustain-
able use of natural resources. Thus, ecotourism
becomes not only a means of generating profit,
but also an important element in preserving
the environment and developing regions.

E.B. Salas (2024) and R. Zuccarini et
al. (2020) provided detailed data on changes in

forest area in Ukraine, which is an important
aspect for a deeper understanding of gener-
al trends in the country’s forest cover. These
data can serve as a basis for comparison with
these results, which allows identifying specific
regional features and changes in ecosystems.
The decline in forest cover in Ukraine may be
partly due to anthropogenic impacts such as
deforestation, environmental pollution, and
climate change (Belmega et al., 2024). These
factors require serious attention from the state
and society to ensure sustainable forest man-
agement, which will contribute to the conser-
vation of biodiversity and environmental sta-
bility in the region.

Summarising, the results of the study not
only confirm the conclusions of previous stud-
ies, but also complement them, providing new
data on the impact of anthropogenic factors,
such as changes in land use, air and water pol-
lution, and climate change on the state of for-
est ecosystems in Ukraine. These new findings
are extremely important for understanding the
complex relationships between human activity
and natural processes occurring in forests. They
can serve as a basis for developing effective
forest conservation and restoration strategies,
which is critical in the context of global chang-
es, such as climate warming, and local environ-
mental challenges faced by various regions of
Ukraine. The development of such strategies
will not only preserve biodiversity, but also
provide environmental, economic, and social
benefits for future generations.

Conclusions

The study found that anthropogenically modi-
fied territories in the Sumy Oblast have signifi-
cantly reduced biomass and increased soil acid-
ity compared to natural forests. It is revealed
that species diversity in forest ecosystems is
directly related to the level of anthropogenic
impact, where intensively exploited territories
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show less diversity of flora and fauna. The
obtained qualitative indicators confirm the
negative impact of anthropogenic factors on
ecosystems, which is consistent with the results
of international studies on biodiversity loss and
forest degradation.

Assessment of environmental indicators
such as vegetation biomass, species diversity,
soil acidity, and nitrate and phosphate con-
centrations is a key to providing reliable data
for making informed management decisions. It
was found that mixed forests with high biomass
(200 t/ha) and the greatest plant species diver-
sity (50 species) show the highest ecological
productivity and stability, which indicates their
ability to support various ecological functions.
Compared to them, coniferous forests (biomass
160 t/ha, 35 species of flora) and anthropo-
genically modified areas (biomass 100 t/ha, 20
species of plants) show lower productivity and
stability. Soil acidity, which varies from moder-
ately acidic to neutral depending on the type of
forest, affects the availability of nutrients for
plants, and high concentrations of nitrates and
phosphates in anthropogenic areas indicate
problems with water pollution. These indicators
allow to develop a comprehensive picture of
the state of ecosystems, which is necessary for
making informed management decisions aimed

ures to reduce anthropogenic impact. The data
confirm trends in environmental degradation
as a result of human activities, which have sig-
nificant implications for biodiversity and eco-
system services. It is recommended to focus on
developing and implementing strategies to re-
duce anthropogenic impact, such as preserving
natural forests, restoring degraded areas, and
controlling resource use. It is also necessary to
strengthen monitoring of the ecological state
of forests and regularly update data on the state
of ecosystems.

Further research may focus on the impact
of climate change and human activity on en-
vironmental performance, and on long-term
monitoring of changes in forest ecosystems. It
is also useful to investigate the effectiveness of
various methods of forest restoration and natu-
ral resource management.

The main limitations include the limited
scale of the study, which may affect the gen-
erality of the results, and the possible unre-
liability of some measurements due to envi-
ronmental changes. In addition, the impact of
other potential factors, such as climate change
or the impact of biological invasions, has not
been considered in detail and may affect the ac-
curacy of the data obtained.
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AHoTanisg. MeToo T0oCTiIReHHsT 6yB BCeO6iuHMIT aHasi3 e(eKTUBHOCTI €KOJIOTiUHMX TTOKAa3HUKIB
y BU3HAUEHHI CTaHy JIiCOBMX €KOCMHCTeM, a TaKOX IX 3JATHOCTi Bimo6paskaTu 3MiHM B
ekosoriuHomy GastaHci. ITig yac mOCIiaskeHHsT 6y/I0 OLiHEHO BILIMB aHTPOIOTeHHMX (aKTOPiB
Ha 6iomacy, KMCIOTHICTb I'PYHTY Ta BUAOBE Pi3HOMAHITTSI JicoBUX ekocucTeM B CyMChbKiit
o6nacti Ykpainu. IIpoBeeHO MOMIbOBi JOC/TiIKEHHS, e BU3HAYAIMUCS KUCIOTHOCTHICTD I'PYHTY,
6iomMaca poC/IMH i TBApMH Ha aHTPOMOTEHHO 3MiHEHUX i TPUPOSHUX AiISTHKAX JIiCiB 3 MOJAIbIINM
CTaTUCTUYHMM aHaJi30M JaHMUX. Bu3HaueHO CTYIiHb Jerpajallii JicoBUX TepUTOPiii BHACIIIOK
JIIOJICHKOI HisUTBHOCTI Ta OIL[iHEHO eKOJIOTiUHi HAWIAKM LIMX 3MiH IJIS IPUPOIHUX CUCTEM.
Pe3ynbTaTy MoKasasi, 10 aHTPOTIOT@HHO 3MiHEeHi MiNSHKM MaloTh 3HMKeHY Giomacy (100 1/
ra) i BumoBe pizHOMaHiTTa (20 BMIIB POCIMH), MiIBUILEHY KUCJIOTHICTH IPyHTY (pH 6,5-7)
Ta BUCOKiI KOHIeHTpalii HiTpaTiB i docdaris, B MOpiBHSIHHI 3 MillaHuMu jgicamu, ne 6iomaca
nmocsirae 200 T/ra, BUIoOBe pisHOMaHITTS — 50 BuAiB (opu, a KUCIOTHICTh I'PYHTY Bapiloe Bif,
MMOMipHO KMUCJIOrO A0 HeiiTpanbHoro (pH 5,5-6). Li mani migTBepauiayM HeraTUMBHMII BILIUB
JIIOMICHKOI AiSITbHOCTI HA eKOCMCTEeMMY, 30KpeMa Ha 6ioMacy Ta KMCIOTHICTb I'PYHTY. BcTaHOBIEHO,
10 eKOJIOTiUHi MOKa3HUKM AO03BOJSIIOTh GOPMyBaTy KOMIUIEKCHY KapTMHY CTaHy €KOCUCTEM,
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IO € HEeOOXiMHOW MJIsT MPUMHSITTSI OOTPYHTOBAHMX YIPABIiHCHKUX DPillleHb, CIIPSIMOBAHUX Ha
30epekeHHsT Ta BiJHOBJIEHHS €KOCHCTEM, a TAaKOX Ha e(peKTUBHE YIPABIiHHS MPUPOTHUMU
pecypcamu. OTpuMaHi pe3ylIbTaTM MPOLEMOHCTPYBaIM CEPItO3Hi eKoJoriuHi mpo6meMu B
HaCliIOK aHTPOIIOTEHHOTO BIUIMBY Ha JIiCOBi ekocucTeMy. 3MeHIIeHHs 6ioMacu Ta BUIOBOTO
pi3HOMAaHITTS, a TaKOX MiABUIEHHSI KUCAOTHOCTI I'PYHTY B AQHTPOIIOT@HHO 3MiHEHMX 30HAX
BKasylOTh Ha MOTpeby B TEPMiHOBOMY BITPOBA/)KEHHI 3aX0[iB [JIsT 30epekKeHHs i BiIHOBIEHHS
NPUPOIHMX JiciB. JocmimkeHHsS Oyme KOPUCHUM Y KOHTEKCTi JOBTOCTPOKOBOTO MOHITOPUHIY
€KOCUCTEM, IO AO3BOIUTH Gi/IbIIl 1€TAIbHO BUBUUTY AUHAMIKY iX 3MiHM
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Analysis and forecasting of the scale and impact of forest fires...

Introduction

One of the main environmental challenges fac-
ing Ukraine is the destruction of forests in the
north-eastern part of Zhytomyr Oblast due to
forest fires. Forest ecosystems in Ukraine are im-
portant regulators of climate and biodiversity.
The destruction of forests due to fires worsens
the quality of soils, water resources, and threat-
ens the existence of many species. The prob-
lem of the study is that the impact of the Rus-
sian-Ukrainian war contributes to an increase
in the area of forests covered by the fire. Dur-
ing the full-scale Russian invasion of Ukraine,
more than 3 million ha of forest were affected.
According to the State Ecological Inspectorate,
approximately 23.3 thousand ha of forests have
been burned, some of which have been lost
forever (Environmental terrorism of..., 2023).

O.V. Kratko & S.V. Kratko (2023) found that
thousands of hectares of forest stands were
damaged due to fires after the hostilities. Ac-
cording to the results of this study, it was noted
that the most damaged areas were forests in the
Luhansk Oblast. I.V. Rybalova et al. (2020) noted
the largest excess of heavy metals in the soil of
coniferous forests of the Chuguivskyi district
of the Kharkiv Oblast was noted as a result of a
forest fire, in particular copper, zinc, and man-
ganese. According to the conclusions obtained,
it was found out that for copper, the excess was
3.41 times, zinc — 2.87 times, and manganese —
2.24 times. E. Korotetska et al. (2022) reported
the need for statistical analysis and forecasting
of the state of forest resources in the Lviv and
Kharkiv oblasts. It was established that as a re-
sult of a large number of fires, forest stands in
the Kharkiv Oblast were in the worst condition
compared to the forests of the Lviv Oblast.

A.S. Melnychenko (2023) identified the
presence of a problem of chemical contamina-
tion in accidents with the release of toxic gases.
It is recommended to use chemical neutralisers
to maintain a high intensity of gas deposition

from the atmosphere. I. Patsev et al. (2023) in-
dicated the presence of a problem of mechani-
cal and fire damage to forest lands in the Zhyto-
myr Oblast. They noted that during the military
operations in the period from February 2022 in
the Zhytomyr Oblast, 120,000 ha of forest were
destroyed. B.V. Molodets (2019) addressed an
issue related to the negative effects of wildfires
that occurred in the USA from 1992 to 2015. As
a result, a product for automated fire risk fore-
casting was developed. Problem raised in the
study by S. Tiwari et al. (2022) consisted in the
fact that an increase in the solubility of phos-
phorus in dust and ash occurred with a decrease
in PH. It was noted that although acidic soils
have a lower pH level, they may have a high-
er sorption capacity, which leads to a higher
amount of phosphorus extracted compared to
alkaline soils.

M. Garcia-Carmona et al. (2022) outlined
the problem of the risk of soil erosion after a
forest fire. It was proved that the development
of mosses significantly affected the physical
and chemical properties of the soil after forest
fires. R.E. Loeb & H. Mao (2021) noted that an
increase in the pH level can lead to a decrease
in reforestation for some tree species. It was
found that applying fertilisers to increase the
content of phosphorus, potassium, magnesium,
and calcium did not lead to a change in natural
recovery. D.B. Johnson et al. (2024) investigated
the problem of increasing pH and decreasing
carbon content in organic soil after a fire pe-
riod. As a result of the research conducted by
D.B. Johnson et al. (2024), forest fires can lead
to complex changes in the composition of the
soil microbial community. The content of poly-
cyclic aromatic hydrocarbons at pyrogenic sites
remained unexplored.

The purpose of the study was to determine
the features of background areas and soils af-
fected by a fire in the ground cover as a result of
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military operations. Research objectives: devel-
opment of a mathematical model for predicting
forest fires based on the Bayes’ statistical math-
ematical model; investigation of soil degrada-
tion after fires.

Materials and Methods

During the soil contamination study, the
methodology used was regulated by the State
Standard of Ukraine DSTU 4287:2004 (2004),
DSTU ISO 10381-2:2004 (2004). Field studies
were conducted on sites located in the Bekhy
forestry branch of the state enterprise (SE)
“Forests of Ukraine” Korosten forest hunting

enterprise (Korosten FHE), which is located in
the north-eastern part of Zhytomyr Oblast.

Sections were excavated at each of the
sites (30 sites in total). Soil samples were taken
from each section along the soil horizons for
further analysis. Soil samples were taken for
analysis in the first half of August 2023. Sam-
ples were dried at room temperature in the
shade. The soils were sifted through a sieve
with holes of 0.25 mm and 1 mm, depending
on chemical analysis. 15 fires were recorded
in the branch of Korosten FHE for the period
2022-2023. The total area covered by the fires
was 15.13 ha (Fig. 1).

m Bekhy forestry

Bohuniya forestry

3
37 |

25 2 2 2
2,

®m Ushomyr forestry

1,51 1

Korabelne forestry

Turchynka forestry

1 11 1 1 I I
1 A ) ,
m Stanyshiv forestry
0,51 0 0 0 0
) Levkiv forestry

2022

2023

Figure 1. Dynamics of the number of cases of forest fires
in the Korosten FHE branch of the SE “Forests of Ukraine” for the period 2022-2023

Source: compiled by the author

According to the Korosten FHE branch
and the State Emergency Service of Ukraine in
Zhytomyr Oblast, 5 fires were recorded in three
forestries in 2022, covering an area of 12.1 ha.
In 2023, 10 fires were registered on the territo-
ry of seven forest districts, however, compared
to 2022, the area covered by fires has become
three times smaller and amounted to 3.03 ha.
The study used the Bayesian statistical model
to improve the accuracy of predicting the oc-
currence of forest fires. Potentiometric method
for studying the pH of an aqueous suspension
on the Expert-01 ionometer (manufactured by

Orion company, Ukraine). Titrimetric method
for determining organic carbon according to
L.V. Tiurin using phenylanthranilic acid. To de-
termine the pH of water extraction by potentio-
metric method and the organic carbon content,
6 sites were studied: burned areas in 2023, are-
as affected by the fire in 2022, and background
areas. Areas were selected on microrelief (mi-
crodepressions and microhills). 87 samples
were selected at key sites based on the genetic
horizons of soil profiles. The gradation of age
groups of plantings by age was divided into the
following categories:
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% young stands (Y): plantings under 20
years of age;

<% middle-aged stands (M): plantings aged
from 21 to 40 years;

<% ripening stands (R): plantings aged from
41 to 60 years;

% mature stands (Mat): plantings aged
from 61 to 80 years;

% overripe stands (Ovr): plantings over 80
years of age.

The following calculations were carried
out: organic carbon content by horizons and its
subsequent averaging; pH content by horizons
and its subsequent averaging; calculation of
the probability of each hypothesis; calculation
of the probability of the appearance of the at-
tribute k in compartment H;, The area of forest
lands of the Bekhy forestry dlStrlCt was divided
into 120 compartments, so 120 hypotheses H1,
H2,...,H120can be distinguished The probabil-
ity of each hypothesis was calculated using the
equation (1):

P(H) =2, (1)

where: Y% P(H)=1; P(H,) - a priori probability
of hypothesis H;; Sy, — area of the forestry com-
partment; S - total area of all the forestry com-
partments under study.

Calculation of the probability of occur-
rence of the attribute k in compartment H, was
determined by equation (2):

P(ky/Hp) = =1, @

where: P(k,/H) - probability of occurrence of
the attribute k, in compartment H; S - forest
area in the compartment; Sy, — area of the for-
estry compartment.

The probability of fire occurrence was esti-
mated using the Bayes’ equation (3):

P(H;) P(K/H;)

P(HI/K) = S o rasmy &)

where: P(H,) - a priori probability of the Hi hy-
pothesis; K - event characterised by a certain
set of attributes k, k,, ... k ; n - total number
of possible hypotheses; P(H/K) - a posteriori
probability of the Hi hypothesis after the re-
sults for the complex of attributes of the event
K became known; P(K/H,) - probability of oc-
currence of the event K with the H, hypothesis.

Results

The territory of the Korosten FHE branch was
characterised by the Class 1 of fire danger. The
estimated logging area for the main use for
2010-2018 was 63830 m®, of which: young co-
niferous species — 37220 m3, hardwood species —
12900 m?, of which 12900 m?® was in the oak
working circle. For analysis, the Bekhy forestry
department of the Korosten FHE branch was se-
lected, where a large forest fire occurred in May
2023, covering an area of 1.2 ha (Fig. 2). The area
of forests of the Bekhy forestry was 7602 ha.

0.0

Area not affected by fire, ha
m Forest area affected by the fire, ha

Area of marsh covered by fire, ha

Figure 2. Analysis of the area of land plots
covered by a fire in the Bekhy forestry in 2023
Source: compiled by the author

Using statistics, the fire hazard of each of
the compartments throughout the territory
of the Bekhy forestry was estimated and fire
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hazard classes were determined. To determine
the probability of a fire in the forest, an area
of 4 compartments was taken (50, 51, 60, 61),
the total area of which was 270.4 ha with forest
stands. According to equation 1, it was deter-
mined that:

P(Hs,) = 20 = 1% — 938,
P(Hs;) = ot = 20— 929
P(Hg) = 0 = 2 = 0,18,
P(Hg,) = et = 20— 014

To determine the risk of fire probability in
each of the compartments, the following char-
acteristics were determined: k, - composition
of forest stands; k, - crop density; k, — age of
forest stands; k, — type of forest conditions.
Main forest stands of the Bekhy forestry: k,, -
Scots pine (Sp); k,, — white birch (Wb); k,, -
common oak (Co); k , - black alder (Ba); k. —
aspen (A). For each of the compartments, the
average value of Scots pine and common oak as
a percentage was determined from the formula
of rock composition. Table 1 shows the taxation
characteristics of compartment 50.

Table 1. Taxation indicators for compartment 50

Stratum Area, ha con?];?)lsli(:ion Plangtrl(r)lgls) age Rel?;;z;i;and Forest type
1 0.5 10Sp+Wb 5 0.7 B3 OP
2 7 10Sp+Wb 6 0.6 A2P
3 8.5 7Sp3Wb+Co 8 0.7 C2 HOP
4 2 10Sp 3 0.7 B2 OP

Note: wet oak-pine subor (B3 OP); fresh pine forest (A2 P), fresh hornbeam-oak-pine sugrud (C2 HOP), fresh

oak-pine subor (B2 OP)
Source: compiled by the author

Pine stands were the most fire-hazardous in
compartment 50. Most of the territory of the com-
partment 50 contained Scots pine stands, the aver-
age value of which was 90%. Equation (2) is used to
determine its average value for compartment 50:

0.5%1+7%14+8.5%0.7+2*1

P(ky;/Hgo) = 103

= 0.15.

Table 2 shows the taxation characteristics
of compartment 51.

Table 2. Taxation indicators for compartment 51

Stratum Area, ha Stan_d‘ Plantings age Relatlve_stand Forest type
composition group density
1 0.7 10Sp+Ba 5 0.8 B3 OP
2 9 8Sp2Wb+Co 6 0.9 C2 HOP
3 9.5 8Sp2Wb+Co 8 0.8 C2 HOP
4 3 10Sp 3 0.9 B2 OP
Source: compiled by the author
Pine stands were the most fire-hazardous P(ky;/Hsq) = 0'7*1+9*°'5;09'5*°'8+3*1 =0.19.

in compartment 51. The average value of pine
stands was 90%. Equation (2) is used to deter-
mine its average value for compartment 51:

Table 3 shows the taxation characteristics
of compartment 60.
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Table 3. Taxation indicators for compartment 60

Stratum Area, ha Stan‘d. Plantings age Relatlve.stand Forest type
composition group density
1 0.4 10Co+Ba 4 0.9 B3 OP
2 6 6Co4Wb+A 7 0.8 C2 HOP
3 5 6Co+4Wb+A 9 0.7 C2 HOP
4 8 10Co 4 0.6 B2 OP
Source: compiled by the author
Common oak stands were the most fire-haz- P(ky3/Hgo) = W = 0.38.

ardous in compartment 60. The average value of
commonoakstandswas80%.Equation(2)isusedto
determine its average value for compartment 60:

Table 4 shows the taxation characteristics
of compartment 61.

Table 4. Taxation indicators for compartment 61

Stratum Area, ha conf;t)?)rsli(:ion Plar;;:ﬁ; age Rel?it::;(seii;and Forest type
1 0.3 10Co+A 6 0.8 B3 OP
2 5 6Co4Wb+Ba 8 0.9 C2 HOP
3 8 6Co4Wb+A 10 0.6 C2 HOP
4 9 10Co 7 0.4 B2 OP

Source: compiled by the author

Common oak stands were the most
fire-hazardous for compartment 61. The aver-
age value of oak stands was 82%. Equation (2)
is used to determine its average value for com-
partment 61:

P(k13/H61) — O.3*1+5*1-(i)—8*1+9*1 = 055,

The most fire-prone areas were those with
a stand density of 0.7, 0.8, and 0.9. According to
the stand density, the following groups can be
distinguished: k,, — density 0.7-1; k,, — densi-
ty 0-0.6. There are medium-sized (1, 2, 3, and 4
strata) plantations in compartment 50. Accord-
ing to equation (2), the average value of stand
density for compartment 50 was calculated:

0.5+8.5+2

P(ky1/Hso) = ——-—=10.1.

On the territory of compartment 51 there
are high-quality (1, 2, 3, and 4 strata) plantings.

Using equation (2), the average stand density
value for compartment 51 was calculated:

0.74+9+9.5+3

P(k,,/Hsy) = =0.27.
On the territory of compartment 60, there
are high-density (1% and 2" strata) and medi-
um-density (3 and 4% strata) stands. Using
equation (2), the average stand density value
for compartment 60 was calculated:
P(ky1/Hgo) = = = 0.22.

On the territory of compartment 61 there
are high-density (1% and 2" strata) and medi-
um-density (3" stratum) and low-density (4™
stratum) stands. Using equation (2), the aver-
age stand density value for compartment 61
was calculated:

0.3+5

P(ky1/He1) = % = 0.13.
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The following age groups are distinguished:
k,, — age groups 2 and 3 (young stands of Class
1 and 2 up to 40 years); k., — age groups 4 and 8
(others over 40 years old). In compartment 50,
on average, by age group, plantings belong to
ripening stands (71-80 years), which was 90%.
Fire hazard class 1 — presence of plantings of
age groups 2 and 3 (4" stratum):

2 —
103

0.01.

S
P(k3;/Hso) = 5:31 =
50

Fire hazard classes 2-4 — age groups 4-8
(1%, 27 and 3" strata):

pa%ﬂﬂm)=:Zz=ﬁ%=015
In compartment 51, on average, by age
group, plantings belong to ripening stands (71-
80 years), which was 90%. Fire hazard Class 1 —
presence of plantings of age groups 2 and 3 (4"
stratum):

S 3
P&Mﬂhgzsf%:gzon&
51

Fire hazard classes 2-4 - presence of plant-
ings of age groups 4-8 (1%, 2", and 3™ strata):

19.2

S
PG%JHM)=§%<=;;=02¢
51

In compartment 60, on average, by age
group, plantings belong to ripening stands (71-
80 years), which was 90%. Fire hazard classes
2-4 - presence of plantings of age groups 4-8
(1%, 2", and 4™ strata) and 9 (3™ stratum):

Sks, _ 19.4
He 50

P(ksp/Heo) = s = = = 0.38.
0

In compartment 61, on average, by age
group, plantings belong to ripening stands (71-
80 years), which was 90%. Fire hazard classes
2-4 - presence of plantings of age groups 4-8
(1%, 2 and 4™ strata) and 9 (3 statum):

Sky, _ 22.3
= = 0.55.

P(k32/Hgq) = Sn
60

For compartment 50:
Fire hazard class 1 (4™ stratum):

P(k4q1/Hso) = P(k3;/Hgo) =

Jar = 2001
Sug, 103 e

Fire hazard class 2 (2" and 3" strata):

=0.15.

S 7+8.5
P(ky,/Hso) = S:“ = o3
50

Fire hazard class 3 (1 stratum):

05 _
103

s
P(ky3/Hso) = S:ZZ = 0.004.
0

For compartment 51:
Fire hazard class 1 (4" stratum):

S 3
P(kyq/Hsq) = P(k3q/Hgq) = S:i =0 0.03.
51

Fire hazard class 2 (2 and 3" strata):

9+9.5
80

=0.23.

S
P(k42/Hs1) = Ski =
Hsy
Fire hazard class 3 (1t stratum):
S 80

Pm“ﬂgg=%%=91=am&
51

For compartment 60:
Fire hazard class 1 (4" stratum):

=2 =0.16.

S
P(k41/Heo) = P(k31/Heo) = 5:31 50
60

Fire hazard class 2 (2 and 3" strata):

5~ 0.22.
50

S
P(k4z/Hgo) = 5:42 =
60

Fire hazard class 3 (1%t stratum):

Sky, _ 0.4
mmgm@=£ =2, = 0.008.
60

For compartment 61:
Fire hazard class 1 (4" stratum):

=2 =022

P(ky1/He1) = P(k31/Hgq) = 0

Skay
SHey
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Fire hazard class 2 (2" and 3" strata):

N 5+8
P(ky,/Hgy) = S:“ =--=032

Fire hazard class 3 (1% stratum):

S 0.3
P(kyz/Hgy) = S:“ = =0.007.
61

The probability of fire occurrence in com-
partment 50 was calculated:
Fire hazard class 1:

P(H,,)P(K/H,,) =P(H, Pk, /Hy)
P(k, /Hy )Pk, /H )Pk, /Hy) =
=0.38+x0.15%0.1x0.01«0.01 =0.0000005.

Fire hazard class 2:

P(H,)P(K,/Hy)) = P(Hy Pk, /Hs)
P(k, /Hy,)P(k,/Hy )Pk, ,/Hy)) =
=0.38+0.15%0.1%0.15%0.15=0.0001.

Fire hazard class 3:

P(H,)P(Ky/Hy)) = P(H, Pk, /Hs)
Pk, /Hy) P/ Hy Pk, /Hy) =
=0.38+0.15%0.1x0.15+0.004=0.000003.

According to the calculation results, fire
hazard class 2 is most probable for compart-
ment 50. The probability of fire occurrence in
compartment 51 was calculated:

Fire hazard class 1:

P(H,)P(K/H;,) =P(H, Pk, /Hy)
P(k, /H; )Pk, /H; Pk, /H; )=
=0.29%0.19+0.27%0.03+0.03=0.00001.

Fire hazard class 2:
P(H51)P(KZ/I_ISI) = P(HSI)P(kl 1/H51)

P(kZI/I—ISI)P(kSZ/HSI)P(k42/H51) =
=0.29+0.19%0.27+0.24%0.23 =0.0008.

Fire hazard class 3:

P(H,)P(Ky/H,) =P(H, Pk, /Hy))
Pk, /Hs P (ks /Hy )Pk, /Hy,) =
=0.29%0.19+0.27%0.24+0.008 =0.00002.

According to the calculation results, fire
hazard class 2 is most likely for compartment
51. The probability of fire occurrence in com-
partment 60 was calculated:

Fire hazard class 1:

P(H)P(K/Hy,) =P(H, Pk, /Hy)
P(k, /H)P(k,,/Hy )Pk, /Hy) =
=0.18+0.38+0.22%0.38+0.16 =0.0009.

Fire hazard class 2:

P(H,)P(K/H,) =P(Hy)P(k ,/H,)
P(k, /Hgo)P(k,,/Hy )P(k/Hy) =
=0.18+0.38+0.22+0.38+0.22=0.001.

Fire hazard class 3:

P(H,)P(Ky/Hy,) =P(H Pk, /Hy)
Pk, /Hey) Pk /Ho P, /He) =
=0.18+0.38+0.22%0.38+0.008 =0.00004.

According to the calculation results, fire
hazard class 2 is most probable for compart-
ment 60. The probability of fire occurrence in
compartment 61 was calculated:

Fire hazard class 1:

P(H,)P(K /H,)=P(H, )P(k /H,)
P(k, /H, )Pk, /H )P(k, /H,) =
=0.14%0.55%0.13+0.55%0.22=0.001.

Fire hazard class 2:
P(H,,)P(K/H, )=PH")P(k /H, )

P(kZ1/H61)P(k32/H61)P(k4Z/I—I()1) =
=0.14+0.55+0.13%0.55%0.32=0.001.
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Fire hazard class 3:

P(H, )P(K,/H, )=P(H, )Pk /H,)
P(k, /H)P(k,,/H, )Pk, /H, )=
=0.14%0.55%0.13%0.55+0.007 =0.00003.

For compartment 61, fire hazard classes
1 and 2 are most likely. To determine the full
probability of Class 2 fire in the forest, the K
event was selected:

2

P(K,) =P(H,)P(K;/Hy,) + P(H,,)
P(Ky/Hy,) + P(Hy)P(Ky/Hyy) + P(H, )P(R/H,,) =
=0.0001+0.0008 +0.001 +0.001 =0.0029.

Using equation 3, the fire hazard of each
compartment was estimated:

P(Hso /Ky) = P2/ Man) — SA = 0,034,
P(Hs: /Ky) = " rRe = 3008 = 0.27,
P(Heo/Ky) = "ol = 200 = 0.34.
P(Her/Kp) = Pt B Met) — B0V — 0,34,

According to calculations, among compart-
ments 50, 51, 60, 61, the most probable occur-
rence of a Class 2 fire is in compartments 60,
61, 51, and 50. The soils of the Bekhy forestry
of the Korosten FHE are characterised by a neu-
tral or slightly alkaline reaction. The results of
the study of acid-base conditions in the studied
soils exposed to fire are presented in Table 5.

Table 5. Indicators of average pH values in soils depending
on the location in the terrain by burning areas and background area

Indicator pH
e —

Plot No. 1 affected by fire in 2022 pp . .
Microdepression Lower horizon 7.35
P Upper horizon 7.35

Plot No. 2 affected by fire in 2023 pp . .
Microdepression Lower horizon 7.55
P Upper horizon 7.35
Microhill Lower hor%zon 8.4
Upper horizon 7.8

Background areas i

Microdepression Lower horizon 8.1
P Upper horizon 7.9

Source: compiled by the author

The measured pH values in the burning
and background areas, mainly in the microre-
lief, showed the following results. In all soils,
the pH values vary from the upper horizons to
the lower ones from neutral to slightly alkaline.
In the background plots, an increase in PH was
observed at microhills and microdepressions
of increase to the lower horizons. The lowest
pH value is achieved in the upper horizons of
soils of microhills and microdepressions (7.8

and 7.9, respectively). The highest pH value of
background sites was observed in the lower soil
horizons of 8.1 on microdepressions and 8.4 on
microhills. At the site of fires in 2022, there was
also an increase in the reaction of the environ-
ment to the lower soil horizons and a higher pH
value at microhills. The highest indicator was
observed in the lower horizons: on microhills —
7.55, on microdepressions — 7.35. The minimum
values were reached in the upper horizons of
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microhills and microdepressions (7.38 and 7.35,
respectively). In the areas of fires in 2023, the
pH value differed in microrelief. Mostly on mi-
crodepressions, the pH is slightly higher in the
upper part of the profile (7.35) than on micro-
hills (7.3). The maximum pH value was reached
in the lower soil horizon (Cca or Cs) and was
7.35 on microhills and 7.55 on microdepres-
sions. Probably, the tendency to decrease the
pH values in post-fire soils is explained by the
fact that ash water-soluble compounds, pene-
trating into the soil, saturate the absorption
complex with alkaline earth elements, com-
pared to background areas.

The most important negative environmen-
tal effect of fires is the loss of organic matter by
the ecosystem as a whole, including the loss of
soil organic matter (Matkivskyi & Taras, 2024).
With the help of studies, it was found that in
soils exposed to thermal effects, a tendency to
reduce the humus content in the 0-10 cm layer
was observed. Fires have the greatest impact di-
rectly on the upper humus horizon of soils. The
organic carbon content of the forests is decreas-
ing from baseline to fire. In background areas,
organic carbon values are higher than in areas
of fires of different ages. The maximum organic
carbon content in background soils ranged from
0.4% in microhills to 0.7% in microdepressions.
The maximum value of organic carbon in back-
ground soils ranged from 0.4% in microhills
and 0.7% in microdepressions. The 2022 fire
site showed a slight increase in organic carbon
in the upper humus horizon of soils, approxi-
mately 0.42% in microhills and 0.46% in micro-
depressions, compared to a less ancient fire. In
the lower parts of the soil profile, the minimum
organic carbon values of approximately 0.35%
were achieved. In the 2023 fires, the organ-
ic carbon content was only 0.33% and 0.38%
(microdepression and microhill, respectively),
decreasing down the profile — 0.1% and 0.12%
(microdepression and microhill, respectively).

Therefore, the decrease in organic carbon
content is directly related to the activity of
fires. Most likely, this is due to the thermal ef-
fect of fires on the top layer of soils, which led
to the transformation and destruction of the
humus horizon of soils.

Discussion

Analysing the results of the study, it can be
concluded that the increase in the intensity
of forest fires as a result of military operations
negatively affected natural ecosystems. In par-
ticular, one of the most important problems is
the destruction of the humus horizon of soils.
The humus horizon is the top layer of soil rich
in organic substances that ensure soil fertility
and help to preserve moisture. As a result of the
ecocide carried out by the aggressor state, in
particular, the upper fertile layer of chernozem
soils was destroyed. Over the past 100 years,
Ukrainian soils have lost 30% of humus. Due to
the impact of the war, the process of destruc-
tion accelerated. Fires burn organic material in
the soil, such as plant remains, leaves, and roots
(Shahini et al., 2024). There is a decrease in the
content of organic carbon, which is an impor-
tant component of soil fertility.

It was found that the increase in the in-
tensity of forest fires has had serious negative
consequences for the ecosystem, in particular
for forest soils, due to a decrease in the con-
tent of organic carbon in the soil (Skliar et
al., 2020). Similar question was considered by
F. Niccoli et al. (2023). They found that the fires
had significantly reduced the trees’ ability to
photosynthesise and absorb carbon dioxide
(CO,) due to defoliation and crown damage.
Tree growth has decreased and water use has
changed, which has affected the ability to store
carbon and mitigate climate change. The re-
sults of the current study did not coincide with
the conclusions of F. Niccoli et al. (2023), since
they analysed the effect of organic carbon on
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soils on microhills and microdepressions of the
lower and upper soil horizons.

It was noted that the organic carbon con-
tent of the background plots before the fires
decreased, which is associated with the thermal
impact of fires on the topsoil. The same prob-
lem was considered by Z. Cheng et al. (2023).
They found that all three degrees of fire sig-
nificantly increased microbial carbon concen-
trations in the soil, moisture content, and total
nitrogen content, but they significantly reduced
the available potassium content in the soil com-
pared to unburned taiga forests. Indeed, fires do
have a complex effect on soil properties, which
was due to an increase in microbial carbon,
since microorganisms can decompose carbon
residues, in addition, potassium is an easily
mobile element and can move quickly from the
surface layer of the soil, especially during rains
after a fire (Yanitskyi, 2024).

It has been found that the use of data from
the Bayes’ statistical mathematical model for
fire assessment has resulted in a fairly accurate
prediction of forest fires. A similar issue was
studied by G. Alarcon-Aguirre et al. (2022). The
researchers found that Sentinel-1’s cross-po-
larisation optical image data has sufficient ac-
curacy to detect and quantify fires. This state-
ment should be accepted because Sentinel-1’s
cross-polarising optical images can indeed be
a useful tool for detecting and assessing fires,
especially when combined with satellite image-
ry data from the space remote sensing mission
(Sentinel-2) and the Earth’s remote area obser-
vation programme (Landsat).

According to the results of the study, it was
shown that oak forests, in particular common
oak stands, were the most fire-hazardous for
compartments 60 and 61 of the Bekhy forest-
ry of the Korosten FHE branch. A similar issue
was studied by M. Heenatigala & G. Duh (2022).
Based on the work of these researchers, it was
established that certain types of forests, such

as dry monsoon forests, were particularly vul-
nerable to forest fires and required priority
restoration. Thus, both studies present differ-
ent aspects of the study of forests and their fire
hazard: determination of the most fire-prone
composition of forest stands in this study and
analysis of vulnerability to fires by M. Heenati-
gala & G.Duh.

Soils that were exposed to fire in 2022 and
2023 showed higher pH values than in the back-
ground areas of the upper soil horizons on mi-
crohills and microdepressions. The dynamics of
these indicators were considered by E. Nanda-
kumar et al. (2024), where specified, that as a
result of a forest fire, a higher pH level of the
soil was found on the burnt surface of the soil
than on the unburned land area. Similar con-
clusions were obtained in the study, according
to which it was revealed that in the background
areas the lowest pH value was reached in the
upper horizons of soils of microhills of 7.8 and
microdepressions of 7.9, but the highest pH val-
ue was observed in the lower horizons of soils
on microdepressions — 8.1 and on microhills —
8.4. In the areas of fires in 2022, the lowest pH
values were established in the upper horizons
of microhills at 7.38 and microdepressions —
7.35, and in 2023, the minimum pH values were
reached in the upper horizon of soils, which was
7.35 on microdepressions, 7.3 on microhills.

According to statistics on taxation indica-
tors of compartments, it was revealed that the
most vulnerable plant to fires for compartments
50 and 51 was Scots pine, but for compartments
60 and 61 such a plant was common oak. A sim-
ilar issue was considered by K. Raj et al. (2023).
Based on the results obtained by them, it was
noted that the use of the statistical method of
the Canadian fire weather index and the Aus-
tralian fire hazard index to assess vegetation
vulnerability to fire has contributed to the cre-
ation of effective and accurate models of forest
fires based on the use of stochastic and math-
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ematical methods. The conclusions by K. Raj et
al. indicate that stochastic and mathematical
methods allow developing predictive models
that consider random factors and natural chang-
es, such as changes in weather and climate.

It was demonstrated that the mathemati-
cal model for predicting the risk of forest fires
had high accuracy, since modern mathematical
models can work with large amounts of data,
which increases the accuracy of forecasts. A
similar study was conducted by Y. Li et al. (2020).
According to the researchers, the Random For-
est model showed the highest accuracy — 89.2%,
compared to such models as an artificial neural
network, a network of radial basis functions,
and a support vector machine, which indicated
its effectiveness in predicting the likely occur-
rence of forest fires. The authors agree with this
statement, since the Random Forest model is
an effective machine learning method for var-
ious classification and regression tasks due to
its ability to process a large number of input
variables, reduce the risk of overtraining, and
provide high accuracy of forecasts.

It was recorded that the most likely occur-
rence of a Class 2 fire was in compartments 60
and 61, the fire hazard coefficient of which was
0.34. Research on a similar issue was carried
out by R. Bagherabadi et al. (2022). The map of
high-risk areas for forest fires showed that the
largest part of the territory covered by forest
fires included areas with medium risk, which
amounted to 33.43%. The results obtained in
the presented study differ from the conclu-
sions drawn in the paper by R. Bagherabadi et
al. (2022), which may be due to differences in
the research methods they used, such as the
geographic information systems method in the
analysed study and the Bayes’ statistical math-
ematical model method in the present study.

The mathematical model for predicting
the risk of forest fires is highly effective, since
it considered the probability of fire based on

various factors, such as the composition of
plantings, stand density, the age of forest
stands, and the type of forest conditions. The
issue under discussion was investigated by
D.D. Perrakis et al. (2023). Based on the results
of their study, it was noted, that the updat-
ed models based on a systematic approach to
fire initiation and propagation were more ef-
ficient than fixed-fuel models. The authors of
this study agree with this statement, since the
improved fire probability models considered
variables of the fire environment, such as wind
speed, destruction of fuel layers, humidity of
the litter, and consumption of the amount of
fuel used by the fire on the surface.

In Zhytomyr Oblast, in 2023, 10 fires were
registered on the territory of seven forest dis-
tricts, but compared to 2022, the area covered
by fires has become three times smaller, which
is conditioned by active measures to restore
forest ecosystems, including planting trees less
susceptible to fires. The study of a similar is-
sue was carried out by S. Connor et al. (2021).
Their research found that prolonged drought
caused the death of pine plantations, but also
a decrease in the number of fires, which led to
the restoration of the coastal pine forest. This
statement can be agreed with, as coastal pine
forests do have a high capacity for natural re-
generation, provided there are no significant
negative factors such as fires.

Using statistical data, it is possible to iden-
tify the fire hazard of each quarter separately
throughout the entire territory of Bekhy for-
estry. Such an issue was studied by M. Ibra-
heem et al. (2024). It was revealed that the
Forest Defender Fusion early detection sys-
tem has achieved high efficiency in identifying
and monitoring forest fires with an accuracy
of 99.86%, significantly exceeding the perfor-
mance of other existing models that use input
red, green, blue, and infrared image analysis.
We should agree with the results of this study,
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since the Forest Defender Fusion early detec-
tion system really demonstrated efficiency in
using advanced technologies for monitoring
and detecting fires, which allowed for timely re-
sponse and minimising environmental damage.

Inventory reduction detected organic car-
bon at the sites of fires in 2023. A similar issue
was studied by H. Bargali et al. (2024). Based on
the results of their work, it can be stated that
the frequent occurrence of fires has led to a
significant reduction in organic carbon stocks,
especially in high-frequency fire classes. When
plant biomass is burned, carbon is released into
the atmosphere as carbon dioxide (CO,), which
leads to a decrease in total organic carbon re-
serves in ecosystems (Babak et al., 2021).

Content of organic carbon decreased down
the profile by 0.1% on microdepressions and
0.12% on microhills. A similar problem has
been investigated by B.M. Rodriguez-Cardo-
na et al. (2020). It was shown that forest fires in-
creased nitrate concentrations over a ten-year
period, which led to a decrease in dissolved or-
ganic carbon and nitrogen concentrations over
a fifty-year period. Agreeing with the state-
ment, it should be noted that the opinion of
B.M. Rodriguez-Cardona et al. is correct, as the
burning of plant mass releases nitrates that can
be leached into the soil, increasing the concen-
tration of nitrates in the long term.

An increase in organic carbon concentra-
tion of approximately 0.42% was detected at
the 2022 burn site, with a 0.46% increase in
microhills, compared to 0.42% in microdepres-
sions. A similar issue has been investigated by
I. Megremi et al. (2024). They presented the
results, according to which an increase in the
concentration of organic carbon in the areas af-
fected by the fire indicated incomplete combus-
tion of vegetation. Similar conclusions were ob-
tained in this study, since the presented results
also indicate the presence of increased carbon
content in the upper humus horizon of soils.

The presented study reported that the pH
of the soil from 7.9 to 7.55 was in a slightly alka-
line range, which contributed to a good growth
of many types of tree stands. A similar issue was
studied by S.J. Rance et al. (2020). The research-
ers found that phosphorus increased the pH of
the soil and stimulated tree growth, while ni-
trogen and sulphur lowered the pH. This formu-
lation of the researchers’ conclusions should
be agreed with, since phosphorus can actual-
ly affect the pH of the soil, increasing the PH
concentration, since phosphate fertilisers have
alkaline properties. At the same time, nitrogen
and sulphur can lower the pH of the soil due
to the generation of acidic compounds during
their decomposition (Shahini et al., 2022).

After the fire, the highest pH values were
observed in the lower horizons, while organic
carbon was lost most in the upper horizon after
the fire. This issue was also studied by T. Whit-
man et al. (2022). According to the researchers,
five years after the fire, the plant community, pH,
and total carbon did not acquire the same state
as before the fire, while bacterial communities
recovered throughout the area covered by the
fire. According to T. Whitman et al. (2022), since
bacteria have a high potential to adapt and mul-
tiply rapidly in new conditions, even with chang-
es in pH, humidity, and organic matter levels.

The decrease in organic carbon content is
directly related to the thermal effect of fires
on the topsoil. This topic was investigated by
J. Adkins & J.R. Miesel (2021). It is shown that
at high soil temperatures (up to 200°C), the
soil’s ability to absorb carbon decreased. Sim-
ilar conclusions were obtained in the presented
study, since the results showed a tendency to
reduce the carbon content, which led to the de-
struction of the humus horizon of soils.

A decrease in organic carbon content was
detected at the 2023 burn sites. A similar top-
ic was studied by A. Girona-Garcia et al. (2024).
It was noted that organic carbon erosion can
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absorb up to 13% of carbon emissions within
one year of a fire. The findings of the present
study coincided with the conclusions of A. Gi-
rona-Garcia et al. (2024), since they monitored
the organic carbon content in soils before and
after fires, and also found a decrease in the or-
ganic carbon content after fires.

In the background areas, there was a higher
level of organic carbon compared to the areas
by fires. A similar topic was studied by S.C. Pan-
ico et al. (2022). It was shown that in the post-
fire period, there was a significant increase in
the level of organic substances and the ratio of
carbon to nitrogen (C/N). According to S.C. Pan-
ico et al. (2022), an increase in organic matter
and the C/N ratio may indicate the destruction
of organic matter and its carbon-nitrogen com-
position as a result of a fire.

In 2022, all organic carbon reserves in
the soil increased linearly over time after the
fire. The same topic was considered by B. An-
drieux et al. (2020). Based on the findings, it was
shown that soil organic carbon stocks increased
at 0.02 and 0.12 MgC/ha! year™ after the fire. It
is worth agreeing with B. Andrieux et al. (2022),
since fire can alter the structure and composi-
tion of the soil, which can contribute to faster
decomposition of organic materials and, con-
sequently, the accumulation of organic carbon.

In this section, a literature review was con-
ducted and studies on the impact of forest fires
on the ecosystem, in particular on changes in
soil and photosynthesis of trees, were consid-
ered. A study was conducted on the impact of
forest fires on soil properties and the vulnera-
bility of different types of forests to forest fires,
including dry monsoon forests.

Conclusions

The results of the study of the impact of fires
on soil properties showed that as a result of
fires, there was a tendency to decrease the pH
values in soils of the post-fire period, which

was explained by the fact that ash water-sol-
uble compounds, when penetrating into the
soil, can saturate the absorbing complex with
alkaline earth elements. In the background
plots, the pH level increased to the lower ho-
rizons, with the maximum value in the lower
part of the profile (8.1 for microdepressions
and 8.4 for microhills). In the soils covered by
the fire, a decrease in carbon was observed,
which is associated with the destruction of the
upper horizon due to thermal exposure. The
maximum organic carbon content was found
in background areas (0.4% in microhills and
0.7% in microdepressions).

In the Zhytomyr Oblast, in 2022, 5 fires
were recorded on the territory of three forest
districts, covering an area of 12.1 ha, and in
2023 - 10 fires on the territory of seven forest
districts, covering an area of 3.03 ha. Using the
model used, the probabilities of fires occurring
in each quarter were determined, and factors
influencing their occurrence were considered,
such as the composition of forest stands, stand
density, the age of forest stands, and the type of
forest conditions. For compartments 50, 51, 60,
and 61, the total area of which was 270.4 ha, the
probability of fire was determined. The highest
probability was for compartment 50 (0.38), and
the lowest for compartment 61 (0.14). As a re-
sult of the study, common oak stands were the
most fire-prone for compartments 60 and 61.
Pine stands were the most dangerous for com-
partments 50 and 51.

In the review of studies of the territories
covered by forest fires in the Zhytomyr Oblast,
it is necessary to note the unavailability of some
data on the state of soils for analysis. The study
did not consider the impact of fires on soil bi-
ological components, such as microorganisms
and plant root systems, which can also affect
ecosystem recovery. Areas of further research
may include the introduction of regular mon-
itoring of changes in the physical and chemical
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Analysis and forecasting of the scale and impact of forest fires...

AHasti3 Ta NPOrHO3yBaHHA MacIITa0iB
Ta HAUTIAKIB BIUIMBY JIiCOBMX ITOXKEK HA €KOCUCTEeMM YKpaiHU

Bipa Mopo3
Kangmpar ciibChKOroCIofapCbKuxX HayK, HOIEHT
3axiZHOYKpaiHChbKMIT HalliOHAIbHUII YHiBEpCUTET
46009, By:. JIbBiBChbKa, 11, M. TepHoITi/Ib, YKpaiHa
https://orcid.org/0000-0002-1457-4641

Awuorariga. JlicoBi moxkexki € ofHi€0 3 Ha6IAbII 3HAUYIINX €KOJIOTIUHKUX TIPO6IeM, sIKi MaloTh
CYTTEBMII BIUIMB Ha OiOpPi3HOMAHITTS Ta KIiMaTU4YHI yMOBM. MeTow [IOCTiIKeHHS OyiI0
BUBUEHHS BIUIMBY BiliCbKOBMX [1i}/i HAa I'PYHTOBUIi NMOKPUB y 30Hi BexiBCcbKOro JicHMUIITBA, KU
TopyIIeHnit rmosxkexkero. [1o pe3yabraTam SOC/TiIKeHHS BUSIBIEHO, 110 3a nepion 2022-2023 pokiB
Ha Teputopii ¢inii “KopocTeHcbKe J1icCOMUCIMBCHKE TOCIIOAAPCTBO” TePsKaBHOIO MigIIpUEMCTBA
“Jlicu Ykpaiun” 3adikcoBaHo 15 yicoBUX MOKeX, MPU IIbOMY 3arajbHa OXOIUIEHA TOKeskKaMu
iomia ckiaajga 15,13 rexrapiB. 3arajaom, KiJIbKiCTh MOKeX 306imbimmiacs Bim 5 mo 10, ame
3arajibHa IJIOla, OXOIIJIeHa MoXkexXaMu, 3MmeHImaacs 3 12,1 no 3,03 rexrapis. Ha ginsgHiii moxkesk
y 2022 pori croctepirasocsi migBuineHHs piBHST pH [0 HMKHIX TOPM3OHTIB, 3 HAOIMbIIMM
3HAUEeHHSIM Ha MikponigBumeHHsx (7,55) Ta Ha MikpomnoHwskeHHsIX (7,35). BimmiueHo
HeBeJIMKe 30i/lbIIeHHS] BMIiCTy OpraHiuHOrO BYIJIELI0 Y BEpXHiii T'yMyCOBOMY TOPM3OHTI
rpyHTiB (0,42 % Ha mikpomniaBuineHHsX i 0,46 % Ha MiKpOMOHMKeHHSIX). BexiBcbke JIICHUIITBO
3a3HaJI0 BeJIMKOI JTicoBoi moxkeski B TpaBHi 2023 poky, sika oxonwia 1uionry 1,2 rekrapis. Byma
MPOBeJIeHa OIliHKAa IMOKeKOHeOe3[eYHOCTi KOKHOro KBapTamy okpemo. Y 50 Ta 51 kBaprami
COCHA 3BMYAliHA BUSABWIACS HANOLIbII TOXEXKOHEOe3MeUHUM BUIOM HacaIkeHb. [iIsHKa
noxex y 2023 poui Takox IoKasana HifBuileHHS pH y HMKHIX TOPM3OHTaX, 3 HalBUILMMU
3HAYEHHSIMM Ha MiKpPOMiJBUIIEHHSX (7,35) Ta Ha MiKpOMOHMKeHHSX (7,55). [insHKa TOKEX Y
2023 porli JeMOHCTPYBaja 3MEeHIIeHHST BMICTy OPTraHiYHOTO BYIVIEINIO B TOPiBHSAHHI 3 GDOHOBUMU
OUISTHKaMM, 3 MiHIMaJIbHMMM 3HAUEHHSMM B HIUKHIX 4acTMHAX IpyHTOBOro mpodinto (0,33 %
Ha MikpormoHmkeHHsIX i 0,38 % Ha MikpomiaBMILEeHHSX). Pe3ymbTaTt OOCTIIKEeHHS MOXYThb
O6yTY BMKOPMCTAHiI 3 METOI0 PO3PO6KM Ta BIPOBAIKEHHS €KOJIOTIYHMX 3aXOfiB Ta IMporpam,
CIIPSIMOBAaHMX Ha BiTHOBJIEHHS MOIIKOJ)KEHNX TTOXKeXKelo JIiCiB

KnrouoBi ciioBa: MaTemaTuuHe MOJeIIOBAaHHS; iMOBipHiCHI oIliHKM; TeopeMa Baiieca; Byryelb;
I'PyHTOBUI MTpodiib; GOHOBI HiNTHKM
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Abstract. Optimising the interaction between society and the environment is one of the
fundamental directions of recreational forest management. To improve the efficiency of using
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Assessment of ecosystem services of recreational and health-improving forests...

the assessment of these beneficial goods. The aim of the study is to analyse public opinion
regarding the expressed and identified preferences for the characteristics of recreational
forests and recreational facilities, as well as to assess the willingness to pay for preferred forest
characteristics and the maintenance of recreational facilities in proper condition. The study was
conducted from June to August 2022 using a direct and anonymous online survey. It was found
that respondents are willing to pay an average of 1-100 UAH/year to create and maintain the
preferred characteristics of the forest and 101-500 UAH/year to create and maintain recreational
facilities. As for the respondents’ perception of forest characteristics that affect the choice of
a place to relax, preference is given to mixed forests (74.8%), in which three tree species grow
(57.9%), and forests up to 20 meters high (40.2%). On the other hand, only 15.9% of respondents
preferred forests taller than 20 meters. The presence of deadwood in the forest is positively
perceived by 51.4% of respondents, and 10.3% do not pay attention to the presence or absence of
standing dead and drying up trees in the forest. The most important needs for which respondents
visit recreational forests were walks, family recreation, and observing forest landscapes. The
integration of the identified perceptions and preferences regarding recreational forests and
objects into innovative decision-making in the field of forestry ensures a synergy of benefits,
such as increasing the attractiveness of recreational forests and forest landscapes, increasing the
resilience of forests to climate change, and meeting the local demand for wood biomass

Keywords: forest ecosystem services; nature recreation; survey; nonparametric statistics,
contingent valuation method

Introduction

Recreational and health-improving forests play
a crucial role in improving people’s physical
and mental health, as well as in preserving bio-
diversity and regulating the climate. Assessing
ecosystem services will help understand their
real value to society, which in turn can promote
rational management of forest resources and
the development of effective strategies for their
conservation and use. In the structure of forest
resource use, the social functions of the forest,
particularly recreational, sanitary-hygienic,
and cultural-aesthetic functions, play an im-
portant role. The concept of ecosystem services
is an active area of interdisciplinary research,
involving representatives from natural and so-
cio-economic sciences.

According to N.Y. Vysotska et al. (2019)
and V.P. Tkach et al. (2023), the total area of
Ukraine’s forest fund is 10.4 million hectares,

of which 9.6 million hectares are covered with
forest vegetation. Forests are important for
biodiversity and provide a wide range of eco-
system services such as water supply, climate
regulation, and recreational opportunities.
However, not all forest ecosystem services are
equally valued, and often, economic valuation
focuses primarily on the provisioning services
of forests. The economic value of roundwood
trade, employment in forestry, income from
secondary uses, and the value of game hunt-
ing are included in the concept of the economic
value of forests. Under these conditions, recre-
ation and ecotourism, which belong to cultural
services, are not taken into account, although
world forestry increasingly emphasises these
intangible services and goods. Recreation-
al and health-improving forests are the most
suitable for recreation due to their proximity to
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settlements and low visitation costs. The area
of such forests is 1,586.1 thousand hectares or
5.3% of the total forest fund of Ukraine. At the
same time, all forests in Ukraine generally have
recreational functions.

The non-market values of forest ecosys-
tems are of great importance for the quality
of human life, and this awareness should be
reflected in the forest management process
and their socially optimal use. O. Holubchak et
al. (2019) argue that one of the main conditions
for increasing the level of provision of ecosys-
tem services by recreational and health-im-
proving forests is a deep analysis and monitor-
ing of their state, which will allow developing
priority services on a paid basis.

The attractiveness of forest landscapes has
been an object of sociological and economic
research since at least the mid-20™ century.
Studies by J. Kamp (2022) and J. Trummer &
K.T. Hegetschweiler (2023) on the preferences
of recreationists show that forest character-
istics directly affect their visual perception of
the forest and their desire to visit a particular
area. The development of modern technolo-
gies makes it possible to use various research
methods, such as collecting data in social net-
works, mapping based on geographic informa-
tion systems, and involving machine learning
(Lingua et al., 2023). Researchers O. Karasov et
al. (2020) used geolocated data from social
media to assess scenic values and landscape
preferences. The application of geographic in-
formation systems in conjunction with social
media data analysis allows for a better under-
standing of the relationship between landscape
structure and scenic perception.

C. Lehto et al. (2024) used viewshed anal-
ysis and machine learning methods to identify
landscape preferences among recreationists.
This approach allowed for a deeper understand-
ing of how recreationists perceive natural and
cultural landscapes and what landscapes they

find attractive. The results of the study open
up new possibilities for planning and managing
recreational areas in a way that is responsive to
the preferences of recreationists.

Economic valuation of forest ecosystem
services is a prerequisite for choosing the op-
timal solution for rational forest management,
protection, and conservation. It provides a set
of tools for decision-making based on the in-
formation obtained and helps to understand
the benefits and consequences of interventions
that affect forest ecosystems. Yu. Shtyk (2022)
investigated that economic valuation should
become the basis for the Ukrainian ecosystem
services market. However, its functioning re-
quires the solution of economic and legal prob-
lems that exist in the field, increasing the in-
vestment attractiveness of ecosystem services,
as well as transforming the institutional struc-
ture and developing a taxation system for users
of ecosystem services.

The aim of the study was to identify pub-
lic perceptions and expressed preferences re-
garding the characteristics of recreational and
health-improving forests and recreational facil-
ities in the Ivano-Frankivsk Region. The novel-
ty of the work was to determine the dependence
of the respondents’ willingness to overcome a
certain distance to visit a forest based on se-
lected characteristics (species composition, age
structure, presence of standing dead trees) and
the willingness to pay for the desired charac-
teristics and the creation and maintenance of
recreational facilities.

Materials and Methods

One of the key methods for valuing ecosystem
services is the indirect market valuation meth-
od, which is applied in the absence of markets
for certain ecosystem products and services —
the contingent valuation method. The value of
the ecosystem service (in this case, recreation
as a cultural service) was determined based
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on the results of a questionnaire survey of re-
spondents (n = 140), which concerned the as-
sessment of recreation preferences in the for-
ests of the Ivano-Frankivsk Region. This value
was reflected in the price that recreationists are
willing to pay for the goods provided by the rec-
reational area. The essence of the method in-
volves constructing a hypothetical market and
asking individuals about their willingness to
pay for products and goods. The main stages of
implementing the contingent valuation meth-
od were: assessment, determining the method
and obtaining responses to questions or price
offers, calculating average values of willingness
to pay (or willingness to accept compensation),
evaluating the proposed buyer’s price curve,
analysing the overall willingness to pay, and as-
sessing the success of the method’s application.

The contingent valuation method takes
into account public preferences and makes
it possible to determine the existence value,
which is only partially taken into account by
direct market valuation methods. Thus, the
contingent valuation method is based on a sce-
nario that describes the attributes of the prod-
ucts or services that should be evaluated and
the conditions under which respondents must
decide how much they are willing to pay for the
described products or services. This method be-
longs to the methods of stated preference and
is used to determine the value of such goods as
recreation (visiting parks and forests), and con-
serving natural goods, the assessment of which
is a challenging task.

To conduct the survey, a group of experts
developed an illustrative questionnaire that
consisted of 5 thematic sections (26 questions).
The first thematic section consisted of 4 ques-
tions concerning visiting the forest during the
past 12 months. The second section (3 ques-
tions) concerned the study of respondents’ pref-
erences regarding recreational infrastructure
and the components of recreational sites, as

well as their willingness to pay for the creation
and maintenance of a recreational facility. In the
third thematic section, respondents were asked
to determine the importance of forest charac-
teristics and to choose one of the proposed for-
est characteristics in 5 illustrated choice sets.
In addition, two questions were posed regard-
ing the willingness to pay (UAH/year) and the
willingness to travel a distance (km) to visit a
forest with the selected characteristics. The
fourth section (4 questions) concerned visiting
forests during and after quarantine restrictions
to prevent the spread of COVID-19. The final
section (8 questions) addressed respondents’
data: sex, age, presence of children, education
level, place of residence and work, and in-
come. All questions were concise, understand-
able and realistic, which helped to minimise
the time required to fill out the questionnaire
and motivated the respondents to answer the
questions. During the survey, ethical norms
outlined in the American Sociological Associ-
ation’s Code of Ethics (1997) were adhered to.

The study was conducted anonymously
from June to August 2022 through both face-
to-face and online surveys. In total, 140 re-
spondents were surveyed. Nine respondents
provided incomplete responses. Of the 131
respondents who provided complete respons-
es, seven were from the Kyiv Region, five were
from the Lviv Region, two were from the Cher-
nivtsi Region, nine were from other regions of
Ukraine (Volyn, Kharkiv, Khmelnytskyi, Odesa,
Kirovohrad, Sumy, and Rivne), and one was
from Poland (Krakow). All of these respondents
participated in the online survey. The remain-
ing respondents (n=107) were residents of the
Ivano-Frankivsk Region. Further analysis of the
responses was conducted for this sample.

The quantitative recording and analysis of
questionnaire data was performed using the
software package XLStat 2022. For the analysis
of respondents’ answers, a statistical analysis
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of the initial data, which characterises the so-
cio-demographic features of the respondents,
was conducted. Specifically, the following in-
dicators were calculated: Mean, Median, Mode,
Standard Deviation, Variance, Kurtosis, Skew-
ness, Range, Minimum, and Maximum.

To study the influence of independent vari-
ables on the value of willingness to pay, econo-
metric models are proposed. To determine the
form and density of the relationship between
the values of willingness to pay and the select-
ed independent variables, correlation analysis
was performed, and to determine the analytical
form of the relationship between the selected
independent variables and the values of will-
ingness to pay, the parameters of the multivar-
iate regression model were estimated using the
least-squares method. The obtained regression
models were checked for multicollinearity and
heteroscedasticity using a graphical method,
the first of which occurs under the condition of
high mutual correlation of independent varia-
bles. Heteroscedasticity occurs when the vari-
ance of the residuals is variable. Otherwise, ho-
moscedasticity takes place.

To test for statistically significant differ-
ences between groups of respondents based
on sex, age, education level, and place of resi-
dence, the Pearson chi-square test (32 test) was

applied:
G = 2 (1)

where n is the number of observations; y? is the
mean square dependence, which measures the
discrepancy between the actual number of ob-
servations and the theoretically possible num-
ber, and is calculated using the formula:

e g2

where f; is the number of observations at the
intersection of the i-th row and the j-th column
(the frequency of group i in group j); f,, and f;,
are the marginal frequencies for characteristic
x and characteristic y, respectively.

The 5-point Likert scale was used to deter-
mine the level of satisfaction with ecosystem
services. Respondents could indicate how im-
portant the presence of certain infrastructure
or forest characteristics was to them (1 - not
important at all; 5 - very important). Respond-
ents were also asked to express their level of
satisfaction with forest services (1 — completely
dissatisfied; 5 — completely satisfied).

Results and Discussion

Respondents were asked to share their expe-
riences of visiting forests and to describe the
needs that they fulfilled during these visits.
Additionally, respondents expressed their own
preferences for forest ecosystem services. The
duration of the interviews typically ranged
from 15 to 30 minutes.

Among the respondents, 64.5% were fe-
males and 35.5% were males. Their average
monthly income at the time of the survey was
between 5,000 and 10,000 UAH. Half of the re-
spondents were under 35 years old, 63% lived in
cities; the majority (77%) had higher education
and 5% had academic degrees. The professional
activity of 56% of respondents was related to
the forest; 74% of those surveyed had children,
including 32% who had three or more children.
All respondents visited the forest during the
past 12 months. 26.2% of respondents visited
the forest once every two to five months and
only 9.4% of respondents visited the forest
once or twice a week (Fig. 1).

Almost half of the respondents used cars
(45.8%) or walked (42.1%) to the forest they
wanted to visit. The remaining 12.1% of visitors
used other means of transportation (Fig. 2).

Vol. 15, No. 3, 2024

Ukrainian Journal of Forest and Wood Science 65



Assessment of ecosystem services of recreational and health-improving forests...

s 30.00% 25.23% 26.17%
.g 25.00%
S __ 20.00% 16.82%
§.B 15.00% 11.21% 11.21%

— . o . o . o
SLaooon X
B ~ . (]
q‘_) 5.00% . I
@©
7] 0.00% ) )

Once or twice  More than 3 1-4 times Once every Once every Once a year
a week times a amonth 2-5 months six months
week

Figure 1. Frequency of forest visits by respondents during the research period
Source: compiled by the authors
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42.06% mBus and landscape observation — 4.20. Additionally,

some respondents noted other needs as impor-
tant, which were not presented in the list of op-
tions. These were primarily observing wildlife,

mTrain

Figure 2. Use of different types of transport
by respondents to visit the forest during the
research period

picking berries, leisure activities, being in na-
ture away from routine places, improving psy-
chological well-being, clean air, walks, observ-

Source: compiled by the authors ing and exploring natural phenomena (Fig. 3).

Harvesting non-timber forest products (nuts, I 3.62:1.347
berries, fruits, mushrooms, medicinal plants, etc.) I
Timber and firewood harvesting |GGG 2.28;1.478
Observing landscapes (communing with nature) [N 4.20; 1.234
Family recreation | 4.44;0.977
Engagement with cultural heritage [N 3.24;1.340
Sports activities [INIIEGNNN 2.93;1.394
Hunting [N 1.29; 0.860

Forestwalks |, 4.38;0.947

0 1 2 3 4 5

Level of importance of fulfilmentof forest-related needs
(1 - notimportant atall,5— veryimportant); standard deviation

Figure 3. Preferences of respondents for fulfilment of forest-related needs

Source: compiled by the authors
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According to the respondents’ ratings, the
most important components of recreational fa-
cilities in the forest are untouched nature and
trails (average values of 4.34 and 4.26, respec-
tively). The presence of parking lots (average
value 2.97), access to sports and fitness equip-
ment (average value 2.63), and the possibility
of buying food (average value 2.49) were found
to be the least important. In addition, the re-

spondents noted that bike paths, eco-trails,
benches, tables, hotels (ecological homesteads),
camping sites, toilets, etc. are also important
components for recreation (Fig. 4).

The most important characteristic when
choosing a forest for recreation was distance
(average value —3.84), while the least attention
was paid to the presence and size of dead or
drying up trees (average value - 2.68) (Fig. 5).

Places of historical and religious significance NG 3.24;1.415
Availability of parking [ IENGEING2EN 2.97;1.359
Untouched nature [N 4.34;1.037
Possibility to purchase food and essential items [N 2.491.273
Scenic viewpoints [[INNNNENEGEGEGEEE 3.94; 1.207
Sports and fitness equipment [ 263;1.314
Information stands [ 3.28;1.375
Picnic facilities |G 3.98;1.240
Trails I 4.26;1.065

0

1 2 3 4 5

The level of importanceof the forestrecreation facility components
(1 - notatallimportant,5— veryimportant);standard deviation

Figure 4. Preferences of respondents regarding the importance of recreation facility components

Source: compiled by the authors

Presence of various tree species [[IINNNEGNE 3.571;1.376
Varying ages forest [ NG 3.35;1.3023.28;
Forest density [N 1242
Distance to the forest [Nl 3.84;1.218
The presence of dead or drying up trees |GG 268;1.172
Size of dead or drying up trees |GG 268;1.232

0 0.5

1,5 2 2.5 3 3.5 4 4.5

Thelevel ofimportanceof forestcharacteristicswhen choosingaplacefor recreation
(1 - notatallimportant,5- veryimportant); standard deviation

Figure 5. Preferences of respondents regarding the importance
of forest characteristics when choosing a place for recreation

Source: compiled by the authors
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The results of the study of the respondents’
perception of forest characteristics (Table 1)
showed that they prefer mixed forests (74.8%),
coniferous forests (19.6%), and deciduous for-
ests (5.6%). In terms of species composition,
respondents prefer stands with three tree
species (57.9%), stands with four or more spe-
cies (17.8%), two species (11.2%), one species
(10.3%), and for 2.8% of respondents, species
composition is not important. Stands up to 10
m high were chosen by 36.4% of respondents,
up to 20 m - 40.2%, more than 20 m — 15.9%,

7.5% — did not determine their preference.
69.2% of respondents preferred uneven-aged
forests, 13.7% preferred even-aged forests,
and 17.1% had no preference. The presence of
deadwood in the forest is positively perceived
by 51.4% of all respondents, and negatively
by 38.3%. Among them, 43% preferred medi-
um-sized standing dead and drying up trees
(less than 40 cm in diameter), while 10.3% of
respondents did not pay attention to the pres-
ence or absence of standing dead and drying up
trees in the forest.

Table 1. Preferences of respondents regarding different forest characteristics

Forest characteristics ‘ Share of respondents, %
Amount of tree species
One type of tree 10.3
Two types of trees 11.2
Three types of trees 57.9
Four types of trees 17.8
Does not matter 2.8
Total 100
Forest composition
Coniferous (only coniferous trees) 19.6
Deciduous (only deciduous trees) 5.6
Mixed (deciduous and coniferous trees) 74.8
Does not matter -
Total 100
Tree height
Trees up to 10 metres high 36.4
Trees up to 20 metres high 40.2
Trees over 20 metres in height 15.9
Does not matter 7.5
Total 100
Age of the trees
Trees of the same age and height 13.7
Trees of two ages and heights 37.6
Trees of different ages and heights 31.6
Does not matter 17.1
Total 100
Presence of deadwood

There are no standing dead or drying up trees 38.3
Medium-sized standing dead and drying up trees (less than 40 cm in diameter) 43.0
Medium-sized standing dead and drying up trees (more than 40 cm in diameter) 8.4
Does not matter 10.3
Total 100

Source: compiled by the authors
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The data obtained taking into account the
socio-demographic characteristics of the re-
spondents regarding the preferences for the
main characteristics of forest communities,
are presented in Table 2. Statistically signifi-
cant differences in preferences regarding the
species composition of forests were found for
different gender groups and groups based on
place of residence. Respondents with a spe-
cialist diploma and those with an academic de-
gree overwhelmingly preferred mixed forests.
Respondents with incomplete higher educa-
tion and a master’s degree equally preferred

these forests (both 75%); among those with
secondary education, 37.5% preferred mixed
forests. Respondents’ preferences regarding
the age structure of forests were found to be
unequal: respondents with secondary and in-
complete higher education, as well as people
who lived in rural areas, preferred even-aged
forests to all categories of respondents. Stands
of two ages and heights were preferred by all
categories of respondents, except for males
and urban residents, who in most cases chose
forests of varying ages and heights as the most
attractive for recreation.

Table 2. Assessment of statistically significant differences between socio-demographic groups
of respondents in terms of preferences for the main characteristics of forest communities

. Forest species A o -
§' S " composition, % g Forest age structure, % g
QO = — —
- o ] (]
%F S . . g 3 T g g
£g 8 © 3 o & Sa <! <5 &
Q= O = = 5 - & = 0 = - -
Ty & g % 2 <2 8 B g2 2
.9 :E g E .g E - ) 'g [} E E g -
[ o [
é S S < = g Z % g =
Sex:
males (n=38) | 28.95 789 | 63.16 4221 23.68 31.58 44.74 6530+
females (n=69) | 14.49 4.35 81.16 | (P=0.129)| 10.14 55.07 34.78 | (p=0.038)
Education level:
secondary 37.50 | 12.50 | 50.00 25.00 50.00 25.00
education (n=8)
incomplete
higher education | 16.67 8.33 75.00 25.00 58.33 16.67
(n=12)
5270 10256
_ Specialist 000 | 000 | 1000 |®P=067D1 409 100.0 0.00 |P=0228)
diploma (n=2)
Master’s degree | 9,50 | 500 | 75.00 13.75 48.75 37.50
(n=80)
acadeg:‘:;egree 0.00 | 0.00 | 100.0 0.00 100.0 0.00
Place of residence:
city (n=40) 1642 | 149 | 82.09 | 7g3g%r 8.96 38.81 52.24 | 73ppe
village n=67) | 25.00 | 12.50 | 62.50 |®=0.017)| 2500 45.00 30.00 |(P=0.024)
Total (n=107) 19.63 5.61 74.77 13.68 37.61 31.62
Notes: * significance level a=0.05, ** statistically significant estimates (p-value<0.05)
Source: compiled by the authors
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Statistically significant differences were
found in the responses of gender groups (y2
test: p=0.038, a.=0.05) — females expressed
their preferences more clearly than males
regarding the age structure of forests. Statisti-
cally significant differences were also found for
groups of respondents by place of residence.
Respondents from urban areas more clearly
expressed their preference for mixed forests
(x2 test: p=0.17, a=0.05). The %2 test did not
reveal statistically significant differences in
the species and age structure of forests in the

1001 UAH/year and more 11.88%
8.42%
501-1000 UAH/year —%-86

responses of different age groups of respond-
ents. Most often, respondents are willing to pay
(WTP) for the creation and maintenance of the
desired characteristics of the forest and recrea-
tional facility up to 500 UAH/year (Fig. 6). Only
11.9% of respondents are willing to pay more
than 1000 UAH/year for the creation and main-
tenance of a recreational facility with the de-
sired characteristics, and 8.4% of respondents —
for the creation and maintenance of the desired
characteristics of the forest. 12.3% of respond-
ents are not willing to pay at all.

%
16.84%

101-500 UAH/year 40.60%
33.68%

102-100 UAH/year 27.72%
. 34.74%

Not willing to pa : 5.94%
gtopay 6.32%

0.00% 5.00%

10.00% 15.00%

20.00% 25.00% 30.00% 35.00% 40.00% 45.00%

B WTP for the creation and maintenance of a recreational object with preferred characteristics
OWTP for the creation and maintenance of preferred forest characteristics

Figure 6. The willingness of respondents to pay for the creation and maintenance
of a recreational facility and forest with the preferred characteristics

Source: compiled by the authors

Accordingly, in the proposed econometric
model, the following factors influence the value
of respondent’s willingness to pay for the crea-
tion and maintenance of the desired character-
istics of the forest (Y1, UAH/year) and recrea-
tional facilities (Y2, UAH/year):

< sex: 1 —male, 2 — female (X1);

% age: years (X2);

% presence of children: 1 - no, 2 - yes (X3);

< education level: 1 — no education, 2 — sec-
ondary, 3 - college, 4 — higher (X4);

%@ work relation to forestry: 1 —no, 2 — yes (X5);

<% average monthly income: UAH/year (X6);

% place of residence: 1 - village, 2 - city (X7);
<% frequency of forest visits: 1 — rarely, 2 - of-
ten, 3 — very often (X8).

A statistical analysis of the initial data is
presented in Table 3. On average, respondents
are willing to pay 1-100 UAH/year for the cre-
ation and maintenance of the forest according
to their preferences, and 101-500 UAH/year for
recreational facilities. The average age of the
respondents was 39 years, and the average in-
come was 5-10 thousand UAH/month. Among
the respondents, females under the age of 35
who live in rural areas, have higher education
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and are mothers were the most common. Their
average monthly income was 5 thousand UAH

at the time of the survey, and their work was
related to forestry.

Table 3. Statistical analysis of the initial research data

=]
o ® . '
£g |E5E g = g £
£2. . EaoE . < £ = iz
Es8T| @ 2 g w = o = B 2 >
@ o SE|SEEE g G S 2 & = =
3 $22luex 8 % g B = 2 = 2 °
E SES|SSET & - s g g g = g
< &8 o828 E g 4 = “5 © "6 s
o= =0 o0 Q =] S - )
ki 55825358 < g = & g g g
= |EE°eEg? g s 2 E
:° PEE £ g E
Y1 Y2 X1 X2 X3 X4 X5 X6 X7 X8
Mean 2.16 2.95 1.64 | 3890 | 1.74 | 358 | 145 | 3.00 | 1.63 | 2.07
Median 2.00 3.00 2.00 | 37.00 | 2.00 | 4.00 | 1.00 | 3.00 | 2.00 | 2.00
Mode 3.00 3.00 2.00 | 35.00 | 2.00 | 4.00 | 1.00 | 2.00 | 2.00 | 2.00
gtar.ld‘i‘rd 1.04 1.07 0.48 | 1359 | 044 | 1.01 | 0.52 | 0.94 | 049 | 0.70
eviation
Sample 1.19 1.14 0.23 | 184.75| 020 | 1.02 | 027 | 0.89 | 024 | 048
variance
Kurtosis ratio | -0.17 035 | -1.65 | -0.60 | -0.81 | 1.25 | -1.36 | -0.67 | -1.75 | -0.91
Skewness 0.27 0.33 061 | 038 | -1.10 | -1.54 | 042 | 041 | -0.53 | -0.10
Range 4 4 1 58 1 4 2 4 1 2
Minimum 1 1 1 18 1 1 1 1 1 1
Maximum 5 5 2 76 2 5 3 5 2 3

Note: willingness to pay and income are stated as of 2021-2022

Source: compiled by the authors

One of the statistical indicators of the ob-
tained data is the kurtosis coefficient, which
serves as a numerical characteristic of the prob-
ability distribution of a real random variable.
Its negative coefficient for willingness to pay,
as well as for independent variables, indicates
a relatively flatter distribution. A relatively
steeper distribution is observed for the depend-
ent variable Y1 and all independent variables
except X4 (education).

The asymmetry indicator characterises the
deviation of the distribution from symmetry
and in this study case significantly differs from
zero for all independent variables (Xn=1:8) and

dependent variables (Y1 and Y2). Therefore,
the distribution of values is asymmetric, which
means that most respondents are willing to pay
less than the average value of willingness to
pay. The smallest amount that respondents are
willing to pay for forest maintenance according
to the desired characteristics was 0 UAH/year,
the largest — 1000 and more UAH/year (in prices
of 2021-2022); the youngest respondent was 18
years old, and the oldest — 76. To determine the
form and density of the relationship between
the values of willingness to pay and independ-
ent variables (Xi, i=1:8), a correlation analysis
was performed (Table 4, 5).
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Table 4. Correlation coefficient values between independent variables Xi
and dependent variable Y1

Marking of the factor Y1 X1 X2 X3 X4 X5 X6 X7 X8
Willingness to pay, Y1 1.00
Sex, X1 -0.16 1.00
Age, X2 -0.21 | -0.02 1.00
Presence of children, X3 -0.03 | -0.01 | -0.17 1.00
Education level, X4 -0.01 0.07 0.32 -0.13 1.00
Profession, X5 -0.02 0.00 -0.13 | -0.08 | -0.29 1.00
Average monthly income, X6 | 0.30 | -0.25 | -0.26 | 0.02 -0.02 | 0.22 1.00
Place of residence, X7 0.23 0.04 -0.07 | -0.06 0.13 0.12 0.21 1.00
Frequency of forest visits, X8 | 0.06 0.20 0.16 -0.09 | 0.11 0.24 0.06 0.23 1.00
Source: compiled by the authors
Table 5. Correlation coefficient values between independent variables Xi
and dependent variable Y2
Marking of the factor Y2 X1 X2 X3 X4 X5 X6 X7 X8
Willingness to pay, Y1 1.00
Sex, X1 -0.09 1.00
Age, X2 -0.23 | -0.03 1.00
Presence of children, X3 0.09 0.00 -0.21 1.00
Education level, X4 -0.11 0.10 0.30 | -0.10 1.00
Profession, X5 0.01 0.00 -0.11 | -0.10 | -0.29 1.00
Average monthly income, X6 | 0.28 | -0.25 | -0.26 | 0.02 -0.02 | 0.21 1.00
Place of residence, X7 0.24 0.03 -0.09 | -0.02 0.14 0.07 0.21 1.00
Frequency of forest visits, X8 | 0.09 0.19 0.12 -0.15 | 0.04 0.31 0.08 0.18 1.00

Source: compiled by the authors

The results of the correlation analysis
showed that there is a direct relationship be-
tween the value of willingness to pay (Y1) and
such variables as the respondent’s income
(X6), type of residence (X7), and frequency of
forest visits (X8), and an inverse relationship
with others. The most significant relationship
of the dependent variable (Y1) with the in-
dependent variable was found to be with the
factor of the respondent’s average monthly in-
come (X6) r=0.30. There is a moderate inverse
relationship between willingness to pay (Y1)
and the respondent’s age (X2) and a moderate
direct relationship between their place of res-
idence (X7). Since the calculated correlation

coefficients between the value of willingness
to pay and such factors as sex, presence of chil-
dren, education level, profession, and frequen-
cy of forest visits are close to zero, it can be
stated that there is no statistically significant
linear relationship between these variables.
The results of the correlation analysis
showed that there is a direct relationship be-
tween the value of willingness to pay (Y2) and
such variables as profession (X5), respond-
ent income (X6), type of residence (X7), and
frequency of forest visits (X8), and an inverse
relationship with others. The most significant
relationship of the dependent variable (Y2)
with the independent variable was found to be
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with the respondent’s income (X6): r=0.28. A
close relationship is also observed between the
value of willingness to pay and such factors as
the respondent’s age (X2) and their place of
residence (X7). Since the calculated correlation
coefficients between the value of willingness to
pay and such factors as sex, presence of chil-
dren, profession, and frequency of forest visits
are close to zero, it can be stated that there is
no statistically significant linear relationship
between these variables.

To determine the analytical form of the re-
lationship between the eight mentioned factors
and the value of willingness to pay for the crea-
tion and maintenance of preferred forest char-
acteristics (Y1), the parameters of multivariate
regression models were evaluated using the
least-squares method. The obtained regression
model is formulated as follows:

Y,=-0.09X1-0.01X28X8+2.50,
(-0.41) (-1.18) (0.51) (-1.25) (-1.11) (2.06)
(2.08) (0.51) (2.62) 3)

R?=0.16; corrected R2=0.09; F=2.35

The regression model is statistically signif-
icant with a probability level of 0.95 since the
calculated value of the Fisher-Snedecor F-cri-
terion is 2.35, which is greater than the table
value of the Fisher-Snedecor F-criterion (2.25)
for a probability level of 0.95. The coefficient of
determination is 0.16, which indicates that 16%
of the variance of the total variance is explained
by the independent variables represented in the
model. Comparing the calculated and table val-
ues of the Student’s t-criterion ¢, ., ,.=1.98, the
estimates of all parameters of the regression
model (3) are statistically insignificant, except
for the respondent’s income (X6) and the type
of place of residence of the respondents (X7).

To analyse the obtained regression mod-
el (3), it was checked for multicollinearity and

heteroscedasticity. Multicollinearity occurs
when there is a high correlation between the
independent variables. In Table 4, there is a
noticeable average correlation density between
the presence of children (X3) and the education
level of the respondents (X4): r=0.30. The rest
of the correlation density estimates between the
independent variables are significantly lower,
which is the basis for the absence of multicollin-
earity in the model (3). Heteroscedasticity oc-
curs when the variance of the residuals is a vari-
able. Otherwise, there will be homoscedasticity.

Analysis of the constructed graphs of the
dependence of the square of the residuals and
the independent variables of the respondent’s
age, education, and income revealed the insta-
bility of the variance of the residuals, which
serves as the basis for further verification of the
model. Heteroscedasticity was found for the ob-
tained regression model of the study (ratio 3).
Therefore, the estimates of the model parame-
ters obtained by the least-squares method un-
der conditions of heteroscedasticity will be un-
biased and consistent but inefficient, meaning
they will have large variance and, as a result,
will not be BLUE - estimates (best linear unbi-
ased estimator). The parameter estimates of the
model under conditions of heteroscedasticity
lead to inefficient predictions due to increased
confidence intervals of the parameters and er-
rors when using t-tests and F-tests. Therefore,
it was necessary to remove statistically insig-
nificant independent variables from the regres-
sion model.

Using the stepwise regression analysis
method, considering the magnitude of the t-sta-
tistic and the P-value, statistically insignificant
independent variables X1 (sex), X8 (frequency
of forest visits), X3 (presence of children), X5
(profession), X4 (education level), and X2 (age)
were removed from regression model (3). The
results of the stepwise regression analysis are
presented in Table 6.
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Table 6. Results of the stepwise regression analysis

Regression model F R? Corrected R?
Y1=-0.09X1-0.01X2+0.12X3-0.14X4-0.24X5+0.24X6+0.45XT+0.08K8+2.50, | , - | 01, 0.09
(-0.41) (-1.18) (0.51) (-1.25) (-1.11) (2.06) (2.08) (0.51) (2.62) : : :
Y1=-0.01X2+0.12X3-0. 14X4-0.24X5+0.26X6+0.44XT+0.07X8+2.34, 268 | o016 o1
(-1.13) (0.50) (-1.31) (-1.13) (2.30) (2.08) (0.43) (2.69) : : :
Y1=-0.01X2+0.11X3-0.14X4-0.21X5+0.26X6+0.46X7+2.38, 12 | o016 011
(-1.08) (0.49) (-1.28) (-1.05) (2.32) (2.18) (2.76) : : :
Y1=-0.01X2-0.14X4-0.23X5+0.26X6+0.45X7+2.64,
(-1.19) (-1.33) (-1.13) (2.33) (2.18) (3.90) 375 | 016 0.12
Y1=-0.01X2-0.11X4+0.23X6+0.44X7+2.30,
(-1.24) (-1.04) (2.14) (2.09) (3.79) 433 | 015 0.11
Y1=-0.01X2+0.23X6+0.40X7+2.09,
(-1.65) (2.11) (1.95) (3.65) 540 | 0.14 0.11
Y1=0.28X6+0.41X7+1.45,
257 (200 (5.41) 665 | 0.1 0.10

Source: compiled by the authors

The value of the coefficient of determina-
tion (R?) of the obtained regression model is
0.11, which indicates that 11% of the variance
of the willingness to pay for the creation and
maintenance of preferred forest characteristics
can be explained by the variance of the pres-
ence of the place of residence and the average
monthly income of the respondents. The value
of the F-criterion increased from 2.35 to 6.65,
which indicates an increase in the statistical
significance of the regression model. Therefore,
this model can be used for analysis and fore-
casting with 95% confidence.

Based on the equation of the obtained
regression model, it can be stated that with a
probability of 95%, a change in the respond-
ent’s place of residence will increase their will-
ingness to pay by 0.28 UAH/year; with an in-
crease in the respondents’ monthly income by
100 UAH/year, the value of their willingness to
pay will increase by 41 UAH/year.

To determine the analytical form of the
relationship between the eight mentioned fac-
tors and the value of willingness to pay for the
creation and maintenance of p recreational
facilities (Y2), the parameters of multivariate
regression models were evaluated using the

least-squares method. The obtained regression
model is formulated as follows:

Y,=-0.37X1-0.02X2 +0.20X3 - 0.03X4Mm-
-0.38X5+0.28X6+0.46X7 +0.20X8 +2.93,
(-1.38) (-1.79) (-0.72) (-0.23) (-1.46) (1.97)

(1.74) (1.01) (2.54) (4)
R?=0.18; corrected R2=0.11; F=2.56

The regression model is statistically signif-
icant with a probability level of 0.95 since the
calculated value of the Fisher-Snedecor F-cri-
terion is 2.56, which is greater than the table
value of the Fisher-Snedecor F-criterion (2.25)
for a probability level of 0.95. The coefficient of
determination is 0.18, which indicates that 18%
of the variance of the total variance is explained
by the independent variables represented in the
model. Comparing the calculated and table val-
ues of the Student’s ¢-criterion ¢, .. =1.98, the
estimates of all parameters of the regression
model (4) are statistically insignificant.

Overall, the research results show that
respondents expressed a higher preference
for mixed forest stands (74.8% of all respond-
ents), where there are three or more tree spe-
cies (57.9% of all respondents). Respondents
also favoured uneven-aged forests (37.6% of
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all respondents) and very uneven-aged forests
(31.6% of respondents); the largest percentage
of respondents preferred forests up to 20 me-
ters high (40.2%). Regarding the presence of
deadwood, the majority of respondents (51.4%)
expressed a positive attitude towards its pres-
ence in the forest.

The applied approaches of the contin-
gent valuation method, statistical analysis,
and calculated nonparametric statistics cri-
teria for studying the public’s perception of
forest plantation characteristics based on the
expressed preferences of respondents allowed
to identify the demand for the species and age
structure of forests. In particular, the results of
the Kruskal-Wallis nonparametric test showed
that respondents highly value the recreational
resources of the forest and consider the forest
ecosystem an important element of natural
capital that meets their life needs.

Statistically significant differences were
found using Pearson’s chi-squared test in pref-
erences regarding the species structure of for-
ests for respondent groups by place of residence
() test: p=0.017, a = 0.05); regarding the age
structure of forests for gender groups ()? test:
p=0.038, a.=0.05) and for respondent groups by
place of residence () test: p=0.024, a =0.05).
Respondents with a low level of education and
living in rural areas preferred even-aged for-
ests. Females expressed their preferences more
clearly than males. Respondents with a special-
ist diploma and an academic degree preferred
mixed forests. In general, 74.8% of respondents
preferred mixed forests.

The willingness of respondents to pay for
the creation and maintenance of preferred for-
est characteristics and recreational facilities
was assessed using the correlation-regression
analysis method. It was found that respondents
are willing to pay an average of 1-100 UAH/year
for the creation and maintenance of forests in
accordance with their preferred characteristics

and 101-500 UAH/year for recreational facil-
ities. The obtained estimates of the willing-
ness to pay for the creation and maintenance
of preferred forest characteristics showed that
the respondents’ income and type of place of
residence were statistically significant. The
variance of these factors explains 11% of the
variance of the willingness to pay for forest
maintenance in accordance with the expressed
preferences (R?=0.11). Such factors as sex, fre-
quency of forest visits, presence of children,
connection of profession with forestry, level of
education and age were found to be statistically
insignificant, as well as the assessment of the
willingness to pay for the creation and mainte-
nance of recreational facilities.

The obtained results of assessing respond-
ents’ preferences regarding recreation in the
forests of the Ivano-Frankivsk Region will con-
tribute to optimising forestry measures aimed
at enhancing the attractiveness of recreational
forests and creating suitable conditions to meet
the socio-economic needs of the population.
They will also shape the necessary strategies
for forestry enterprises to create recreationally
appealing forests.

Economists often assess the monetary val-
ue of forest ecosystem services, although the
concept of economic value is not necessarily
based on monetary expression. According to
researchers L.H. Goulder & D. Kennedy (1997),
this cannot be done, since ecosystems and spe-
cies have the right to exist regardless of whether
they are used by society. The counterargument
is that the inability to assess the monetary val-
ue of forest ecosystem services can lead to their
depletion or even loss. The inability to deter-
mine the economic value of wildlife habitat and
the value of hydrological or recreational ser-
vices of forest ecosystems can lead to an “em-
phasis” on logging with a clearly expressed eco-
nomic value - to the detriment of the unvalued
ecosystem services of forests, as reflected in the
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work of R. Costanza et al. (1997). Researchers
noted that studying the value of ecosystem
services allows for the assessment of nature’s
contribution to human well-being and sustain-
able development. Understanding the value of
natural capital promotes the rational use of re-
sources and the preservation of biodiversity for
future generations.

There are corresponding relationships
between services, cost, and methods of eco-
nomic valuation, which were considered by
R.S. de Groot et al. (2002) and L.C. Braat & R. de
Groot (2012). The researchers found that the
classification of ecosystem services promotes
the integration of the worlds of natural science
and economics, conservation and development,
and public and private policy. This is an initi-
ative that aims to balance the use of natural
resources with their conservation for future
generations. It promotes the development of
strategies that take into account the interests
of all stakeholders for sustainable development.

Research by H. Wittme et al. (2013) and
O.R. Pelyukh & L.D. Zahvoyska (2017) shows
that many factors influence people’s preferenc-
es for forest characteristics and, therefore, their
willingness to pay for the creation and main-
tenance of preferred forest characteristics and
recreational facilities. Different studies have
identified different preferences, suggesting that
they are partly shaped by cultural, regional, and
socioeconomic factors. People’s preferences for
forest characteristics may be influenced by their
membership in certain social groups (CICES -
Common International Classification of Eco-
system Services, n.d.), age, sex (Babi Almenar et
al., 2023), and recreational activity (Millennium
Ecosystem Assessment, 2005).

Among the factors influencing public pref-
erences, ecological knowledge holds a prom-
inent place. Psychological studies conducted
by S. Pagiola et al. (2004) confirm that people

with sufficient knowledge about forest ecosys-
tems (people with higher education, people
who often visit forests, or people who actively
participate in forest management planning) are
more likely to prefer visiting natural forests.
In recent studies by A. Filyushkina et al. (2017)
and V. Gundersen et al. (2019) regarding pref-
erences for specific characteristics of boreal
landscapes with a predominance of coniferous
species, respondents preferred forests with the
participation of deciduous species, the intro-
duction of which contributed to greater forest
heterogeneity, which improved recreational
value. In this case, the respondents also pre-
ferred mixed forests.

Considering the results of these studies,
a hypothesis is formulated regarding the form
of the regression model and the nature of the
relationship between the dependent and inde-
pendent variables. Based on a study of the lit-
erature on the assessment of economic value,
it can be assumed that the willingness to pay
for the creation and maintenance of preferred
forest characteristics and recreational facilities
is influenced by the material well-being of the
population, age, sex, education, the presence
of children in the family, type of place of resi-
dence, occupation in the forestry sector and the
frequency of forest visits. It can also be assumed
that there is a direct relationship between the
value of willingness to pay and factors such as
annual income, level of education, presence of
children, and age, meaning that as the values of
these factors increase, the value of willingness
to pay also increases.

Conclusions

The negative impact of anthropogenic pressure
and climate change on the viability and pro-
ductivity of forest ecosystems of the Ukraini-
an Carpathians requires the development of
appropriate measures for their conservation,
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rational use, and reproduction. It is necessary
to implement innovative approaches aimed
at strengthening interdisciplinary research
and taking into account the value of forest
ecosystem services. Based on the analysis of
the theoretical foundations and methods of
assessing the economic value of ecosystem
services, a contingent valuation method was
proposed and tested, which belongs to the
methods of expressed preferences for assess-
ing the recreational value of the forests in the
Ivano-Frankivsk Region.

The results of a study of people’s prefer-
ences for recreation in the forests of the Iva-
no-Frankivsk Region showed that the most im-
portant needs were family outings, forest walks,
and landscape viewing. The most significant
components for recreation in the forest were
the presence of trails, and the least important
were parking spaces, access to sports activities,
and the possibility to buy food. The most im-
portant characteristics when choosing a forest
as a recreation object were distance, and the
least attention was paid to the presence and
size of dead trees, or trees that are drying up.

The results of the study on the public’s
perception of forest characteristics showed
that respondents prefer mixed forests (74.8%
of respondents) where there are three or more
tree species (75.7% of respondents); 2.8% of
respondents indicated that the number of tree
species does not matter to them. In terms of
age structure, respondents prefer uneven-aged
forests (69.2% of respondents). The presence of

size (less than 40 c¢cm in diameter), and only
8.4% of respondents like large standing dead
and drying up trees (more than 40 cm in diame-
ter); 10.4% of respondents do not pay attention
to the presence or absence of standing dead and
drying up trees, and 7.5% to the height of the
trees and 17.8% to the age of the stand.

Based on correlation-regression analysis, it
was found that respondents are willing to pay
an average of 1-100 UAH/year for the creation
and maintenance of the forest in accordance
with their preferred characteristics and 101-
500 UAH/year for recreational facilities. The
results of the willingness to pay for the creation
and maintenance of preferred forest character-
istics showed that the income of respondents
and their place of residence were statistically
significant. The variance of these factors ex-
plains 11% of the variance of the willingness
to pay for forest management in accordance
with the expressed preferences (R*=0.11). Such
components as sex, frequency of forest visits,
the presence of children, occupation related to
forestry, education level and age were found to
be statistically insignificant. The obtained esti-
mates of the willingness to pay for the creation
and maintenance of recreational facilities were
also found to be statistically insignificant. The
results of the study will help to solve further
tasks related to increasing the attractiveness of
recreational and health-improving forests and
forest landscapes.
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AxoTtanig. Ontumisanisi B3aeMO/ii MiX CYCIiJIbCTBOM Ta HAaBKOJIMIIHIM CepelOBUILEM € OJHUM
i3 6a30BMX HampsIMiB peKpealiifHOrO JTiCOKOPMUCTYBaHHS. [l TOKpaIleHHS eQeKTUBHOCTI
BUKODUCTAHHSI €KOCUCTEMHMX IOCIYT pPeKpealiifHo-03J0pOBUMX JiCiB BMHUKIA HEOOXiIHICTb
PO3pOOKYM HOBITHIX MiJIXOMiB Ta iIHCTPYMEHTIB /ISl IPUITHSITTSI YIIPaBAiHCbKUX PillleHb, KII0YOBOIO
CKJIaZIOBOIO SIKMX € OITiHKa LMX KOPUCHMX Osiar. MeTow MO KeHHS € aHaJIi3 CYCITiIbHOI TyMKIU
CTOCOBHO BMCJIOBJIEHMX Ta BMSIBJIEHMX IepeBar O3HaK peKpealiiiHuX JiciB i peKkpeariitHux
06’eKTiB, @ TAKOX OI[iHKA TOTOBHOCTI IJIATUTH 3a BITOA06AaHI XapaKTepUCTUKM JIiCy Ta ITiATPUMaHHS
Yy HaJIEXKHOMY CTaHi peKkpeariiiHux 06’eKTiB. IOCTiIsKeHHS TPOBEIEHO 3 UEePBHS I10 ceprieHb 2022
POKY LUIIXOM IIPSIMOTO Ta aHOHIMHOIO OHJIaiiH-ONMTYBaHHS. BCTaHOBI/IEHO, IO PeCOHAEHTU
TOTOBI IOPiYHO IIATUTK B cepefHbOMY 1-100 rpH/piK 3a CTBOpPEHHS i MiATPMMAaHHS BIIOL06aHNUX
xapakTepucTuk Jjicy ta 101-500 rpH/pik 3a CTBOpEHHS Ta MiATPMMaHHS peKpealiifHuX 06’e€KTiB.
LIomo CHOPUAHATTS PeCHOHIEHTaMM XapaKTepPUCTUK JIiCy, SIKi BIUIMBAIOTh Ha BUOIp MicLs
BiATIOUMHKY TepeBara HaJa€ThCs Mimauum Jjicam (74,8 %), y CKIafli IKUX 3pOCTa€ TPU AePEeBHUX
Buau (57,9 %) ta nicam Bucotow mo 20 metpiB (40,2 %). HaTomicTh yicam BUCOTOW Gijblie
20 meTpiB mepeBary Bigmanu ycboro 15,9 % pecrioHneHTiB. HasiBHICTh MepTBOI AepeBUHM Y Jici
TMO3UTUBHO CIipuitMaTh 51,4 % pecrioHaeHTiB, a 10,3 % pecroOHAEHTIB He 3BePTAIOTh yBary Ha
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HAasSIBHICTb UM BiJICYTHICTh CYXOCTilfHMX i BCUXalOuMx aepeB y jici. HaiiBasknuBimmmu motpebamu
3a/1J151 IKUX PECIIOHIEHTH BiBiyI0Th peKpealliifHi jicy 6y MporyasiHKY, BiIIOUMHOK i3 ciM’eio
Ta CIOIISIHAHHS JicCOBMX JaHAmadTiB. [HTerpailiss BMUSBIEHUX YSIBJIeHb Ta YIOm06aHb IIOHO
peKpealiifHMX JTiciB Ta 06’€KTiB Y iHHOBallii{He IPUITHATTS pillleHb Y cdepi T1icOBOTO rocrofapcTaa
3abe31euye CMHEPTil0 MepeBar, TakKMX SIK TiABUINEHHS MPUBAOAMBOCTI peKpearliiiHuX JIiciB Ta
JlicoBUX JlaHAMA(TIB, MiABUIEHHS CTiifKOCTi JIiciB 10 3MiH KJIiMaTy Ta 3a/I0BOJIEHHSI MiCII€EBOTO
TIOTNIUTY HA IepeBHY 6iomacy

KnrouoBi cioBa: IIOoCIIyIn JIiCOBUX €KOCuCTeM; BiMIOUMHOK Ha l'IpI/IpOJli; OIIUTYBaHHS
HellapaMeTpudyHa CTaTUCTUKA; MeTOLd YMOBHOI'O OI.liHIOBaHHﬂ
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Abstract. The use of growth stimulants for the cultivation of oak seedlings in the Bukovyna Sub-
Carpathian region allows to accelerate their development and increase their sustainability in an
environment where there is no natural forest regeneration. The aim of the study was to evaluate
the effect of growth stimulants at different multiplicity of treatments during the growing season
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on the biometric parameters of Quercus robur L. Seedlings were grown in Ecotherm containers
in the glasshouse of the base nursery. The composition of the substrate for filling the containers
is a mix of peat, sand and black soil in equal proportions with mycorrhiza from under the forest
canopy of oak stands. The results of the effect of growth stimulants on the biometric parameters
of one-year-old seedlings of common oak with a closed root system are presented. Plant growth
stimulants were used for spraying and irrigation seedlings during their cultivation. The results of
the research indicate a positive effect of the use of growth stimulants on the seedlings of common
oak. All experimental variants showed a positive effect on the biometric parameters of one-
year-old oak seedlings at three, six and nine times of feeding with growth stimulants during the
growing season. The difference in the variants with the use of plant growth stimulants compared
to the control in height is up to 27%, in the length of the root system — up to 43%, and in the
total length — up to 29%, accordingly, depending on the dose of the stimulants and the frequency
of treatment during the growing season. Refined data on the biometric parameters of one-year-
old seedlings of common oak with a closed root system grown in closed ground conditions were
obtained. The data obtained are useful for forest restoration in regions with damaged or degraded
ecosystems where natural regeneration is limited

Keywords: planting material; seedling height; root system length; seedling feeding; cultivation

Introduction

Improving the efficiency of forest plantations
and preserving the forest fund are key tasks
for ensuring environmental sustainability
and biodiversity. Optimal methods of grow-
ing and caring for forest crops contribute to
the rapid growth and health of trees, which
ensures their resistance to diseases, pests and
climate change. Biometric parameters of tree
seedlings include growth parameters such as
height, trunk diameter, number of leaves and
root mass, which are important for assessing
their development and adaptation to local
conditions.

The reproduction methods of plantations
involving common oak (artificial, natural or
combined) are among the methods of planta-
tion reproduction. According to M. Rumiant-
sev et al. (2022), the most common is artificial,
i.e. the creation of forest crops. The produc-
tion of Quercus robur L., which accounts for
most hardwood plantations in the Bukovyna
Sub-Carpathian region, continues to increase,

which will continue to grow in the future
(Tkach et al., 2019), so the success of reforest-
ation largely depends on the type and quality
of planting material, which can be improved
by certain growth stimulants. In Ukraine and
abroad, various biologically active substances
are actively used to improve the efficiency of
growing planting material, in particular plant
growth and development regulators (Tkaczyk et
al., 2022). They can significantly improve the
resistance of plants to biotic and abiotic stress
factors, which contributes to yield increase
along with quality improvement (Raspopina et
al., 2022). The use of growth stimulants for
growing oak seedlings is not widespread, which
is confirmed by only a few scientific studies on
this issue. Therefore, the studies on the influ-
ence of growth stimulants on the biometric pa-
rameters of one-year-old containerized seed-
lings of common oak with a closed root system
in the conditions of Bukovyna Sub-Carpathian
region are relevant.
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The use of growth stimulants is a means of
reducing the negative impact of the environ-
ment on plants to accelerate the formation of
generative organs and roots, which improves
important physiological processes, intensifies
the hydrolysis of sugars and proteins, and ac-
tivates photosynthesis. Modern plant growth
regulators and other biological products consist
of a complex of biologically active substances
that activate metabolic processes in soil and
plants, increase plant resistance to adverse
conditions and contribute to the most efficient
use of their productive potential. Following
N. Paradikovic et al. (2019), growth stimulants
include a variety of substances applied to the
seed surface, root system or leaf surface. They
can improve plant nutrition, and increase their
resistance to various stresses, regardless of the
supply of nutrients to plants. Modern, high-
ly effective growth stimulants include herbal
preparations, as well as humic and fulvic acids.
Preparations based on amino acids, chitosan,
seaweed extract, and humic substances also
have high effectiveness on the plant (Lymar &
Kholodnyak, 2021).

Preparations containing protein hydro-
lysates have an anti-stress effect on plants.
In addition, they stimulate growth processes,
improve the absorption and assimilation of
nutrients, increase yields, and improve the de-
velopment of the root system and leaf mass.
Following S. Corsi et al. (2020), growth regula-
tors increase plant resistance to adverse envi-
ronmental conditions, such as low air and soil
temperatures, significant daily temperature
fluctuations, lack of moisture, negative effects
of pesticides, etc.

N. Boiko et al. (2021) stated that all stimu-
lants, due to the complex of biologically active
substances, have high physiological activity
and are capable of regulating plant growth and
development. Modern growth regulators on
a natural basis are safe for the environment,

humans and insects, increase metabolic pro-
cesses in the soil and improve its physical,
chemical and biological properties.

The main components of plant growth pro-
moters are auxin, cytokinin, gibberellin, absci-
sic acid and ethylene, as well as non-traditional
phytohormones such as brassinosteroids, sali-
cylic acid and jasmonic acid. Auxins are one of
the most extensively studied phytohormones
and are known to be involved in the regulation
of growth and shape formation stimulating cell
elongation and activating enzymes responsible
for cell wall strength (Bilous et al., 2023). Ac-
cording to H. Boiko et al. (2021), microorgan-
isms can be potential producers of auxins, gib-
berellins and vitamins through the release of
biologically active substances. The production
of growth-stimulating substances by microbial
strains can have a positive effect on the quality
and quantity of seeds.

G. Benitez et al. (2020) determined that the
complex effect of plant growth regulators on
physiological, biochemical and metabolic pro-
cesses in plant organisms has an anti-stress ef-
fect and unlocks the productivity potential in-
herent in plants. The use of growth stimulants
in silviculture was studied by M. Savushchyk et
al. (2020). They concluded that the need to use
these productsis determined by a decrease inthe
yield of high-quality planting material in nurs-
eries as a result of prolonged pressure on the
soil, especially with unjustifiably high doses of
various herbicides, which reduces soil fertility.

Growth simulators are widely used in ag-
riculture to increase the yield and quality of
grain, vegetable, melon, and berry crops (Pa-
lamarchuk, 2023). However, there is little ex-
perimental data in the literature on the effect
of such agents on the development of seed-
lings, cuttings and seedlings of woody plants.
Therefore, research on the impact of promising
growth stimulants and complex mineral fertil-
isers for growing seedlings of common oak can
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be used as a scientific basis for the creation of
environmentally friendly and intensive tech-
nologies for growing high-quality planting ma-
terial capable of withstanding plant diseases
and pests in a short time.

The study aims to determine the effect of
the multiplicity of treatments with growth stim-
ulants of common oak seedlings on the biome-
tric parameters of one-year-old containerized
seedlings with a closed root system in the con-
ditions of the Bukovyna Sub-Carpathian region.

Materials and Methods

To assess the impact of plant growth stimulants
on the quality of common oak planting mate-
rial, a series of experimental plots were laid
in 2023 in the greenhouse of the basic forest
nursery of the State Enterprise “Hertsaiv State
Specialised Forestry of the Agro-Industrial
Complex” (Chernivtsi region). The influence of
different concentrations of growth stimulants
at different multiplicity of treatments on the
seedlings of common oak was addressed.

The following growth stimulants were se-
lected for the study: Vermibiomag NPK (Herbi-
com LLC, Ukraine) and Ecostim-1 (Agrosvit LLC,
Ukraine). These are products are characterised
by a low consumption rate, which has an opti-
mal impact on the environment. Vermibiomag
NPK is a soluble preparation with organic and
mineral biogenic microelements, humic and
fulvic acids, as well as biostimulants. It reduc-
es the negative impact of stress factors, such as
drought, extreme temperatures, pesticides and
soil salinity and the contents of nitrites, radio-
nuclides and heavy metals in the soil, and has
the properties of a natural immunostimulant
with rapid inhibition of the development of
pathogens and pathogens.

Ecostim-1 with auxin complex promotes
intensification and stimulation of plant growth
due to the rational correlation of growth and
development of plant cells and organs. The

product is suitable for the treatment of plants in
any conditions — from open and closed ground
to hydroponic systems and can also be used for
the treatment of seedlings.

The treatment of common oak seedlings
was carried out for one, two and three months
with the studied preparations in different doses
with the addition of a growth stimulator. A total
of 45 containers were selected (Fig. 1): 5 per 1
experiment variant. Vermibiomag NPK was ap-
plied in doses of 1000 ml, 2000 ml and 3000 ml
per 1 ha, and Ecostim-1 — 100 ml, 200 ml and
300 ml per 1 ha with the addition of microele-
ments at the rate of 200, 400 and 600 ml per
1 ha, respectively. One variant was used as a
control (without treatment).

Figure 1. Containers
with common oak seedlings

Source: authors’ photo
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The study used cassette trays Ecotherm
(Energy Saving Technologies, Kyiv, Ukraine)
for sowing seeds and obtaining planting ma-
terial. The overall dimensions of the tray are
650%312x180 mm. The trays are intended for
use in forest nurseries for planting seedlings
of deciduous and coniferous tree species,
shrubs and other planting materials. These
trays are made of a special material with low
moisture absorption properties. Substrate
composition for filling containers: a mix-
ture of peat in the proportions of 33.3% peat,
33.3% sand, and 33.3% black soil with mycor-
rhiza from under the canopy of oak trees. To
obtain the desired fraction, the mixture was
sieved before mixing.

For all research variants, the treatment
began on June 23 with Vermibiomag NPK, 24
hours later — with Ecostim-1 solution with the
addition of trace elements and was carried out
every 15 days. Thus, the seedlings in trays 1, 2,
and 3 were treated three times within a month,
4, 5, 6 — six times within two months, and 7, 8,
9 - nine times within three months.

After the end of the growing season, a part
of the middle seedlings in each variant (control
batch) was selected from the grown oak seed-
lings, laboratory measurements of biometric
parameters (height of the aerial part, length of
the root system and total length of seedlings)
and the yield of standard seedlings were carried
out. For an objective assessment of the effec-
tiveness of growth stimulants during the cul-
tivation of common oak seedlings, the average
values of the control (without treatments) were
addressed. They were used to compare all the
indicators of the experimental seedlings. Exper-
imental plant research complied with national
and international guidelines. The standards of
the Convention on Biological Diversity (1992)
were used in the study. The data obtained were
processed using the methods of variation sta-
tistics using the MS Excel software package.

Results and Discussion

Theresults of studies on the effect of plant growth
regulators on the growth characteristics of com-
mon oak seedlings are presented in Table 1.

Table 1. Average biometric parameters of Quercus robur seedlings

. Helght of the Deviations | Length of the | Deviations Overall Deviations
Experiment aerial part of length of
variants the seedlings from root system of from seedlings from
em | control, % | seedlings, cm | control, % cm > | control, %
Vermibiomag NPK 0.1 ml/m?, Ecostim-1 0.01 ml/m? + micronutrients 0.02 ml/m?
Container
No. 1 (triple 15.4 +20 27.2 +14 42.6 +16
processing)
Container
No. 4 (six times 14.2 +11 23.1 -3 37.3 +2
processing)
Container No. 7
(nine times 14.2 +11 23.9 +0.1 38.1 +4
processing)
Vermibiomag NPK 0.2 ml/m?, Ecostim-1 0.02 ml/m? + micronutrients 0.04 ml/m?
Container
No. 2 (triple 13.0 +2 34.1 +43 47.2 +29
processing)
Container
No. 5 (six times 13.3 +4 21.9 -8 35.2 -4
processing)
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Table 1, Continued

. Helght of the Deviations | Length of the | Deviations Overall Deviations
Experiment aerial part of length of
variants the seedlings from root system of from seedlings from
em gs, control, % | seedlings,cm | control, % cm 8s, control, %
Container No. 8
(nine times 14.0 +9 24.0 +1 38.0 +4
processing)

Vermibiomag NPK 0.3 ml/m?, Ecostim-1 0.03 ml/m? + micronutrients 0.06 ml/m?

Container No. 3
(triple 12.5 -2
processing)

26.1 +10 38.6 +5

Container No. 6
(six times 14.1 +10
processing)

20.4 -14 34.5 -6

Container No. 9
(nine times 16.2 +27
processing)

20.5 -14 36.7 +0.1

Control 12.8 -

23.8 - 36.6 -

Source: compiled by the authors

The average height of the seedlings ranged
from 14.2 cm to 15.4 cm under the treat-
ment with Vermibiomag 0.1 ml/m?, Ecostim-1
0.01 ml/m? + microelements 0.02 ml/m?, the
length of the root system — from 23.1 cm to
27.2 cm, the total length - from 37.3 cm to
42.6 cm (Fig. 2). The best result of the applica-
tion of the preparations was recorded at three

treatments within 1 month (container 1). No-
tably, the seedlings from container 1 outper-
formed the control for all biometric parameters,
while the six-fold (container 4) and nine-fold
treatments (container 7. The growth of only the
aerial part of the seedlings was stimulated, and
the length of the root system was the same as
in the control.

cm 42.6
38.1
328 373 366 Height of the aerial
’ part of the plant, cm
35.0 27.2 3.9 229
30.0 - 231 : ) Length of the plant
Vo y | y |
25.0 15.4 root system, cm
15.0 Total plant length, cm
10.0
5.0
0.0 Triple processing Six times Nine times Control
(within one processing processing Processing options
month) (within two (within three
months) months)

Figure 2. Average biometric parameters of seedlings when treated
with Vermibiomag NPK 0.1 ml/m?, Ecostim-1 0.01 ml/m? + microelements 0.02 ml/m?

Source: compiled by the authors
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In general, the seedlings grown under
such conditions exceeded the control by 20%
in height, by 14% in root length, and by 16%
in total length, respectively. All experimental
variants significantly exceed the control both in
height and length of the root system. A signif-
icant improvement in the overall condition of
the plants, including an increase in leaf num-
ber and viability, was noted. The use of growth
stimulants also contributed to a more uniform
development of seedlings and increased their
resistance to stressful conditions.

The average height of seedlings treated
with Vermibiomag NPK 0.2 ml/m?, Ecostim-1

0.02 ml/m? + microelements 0.04 ml/m? ranged
from 13.0 cm to 14.0 cm, the length of the root
system from 21.9 ¢cm to 34.1 cm, and the total
plant length from 35.2 cm to 47.2 cm (Fig. 3).
At this concentration, three treatments within
1 month (container 2) are optimal, and at six
treatments within 2 months, the total length
of the seedling was less than the control (con-
tainer 5). The study also noted that more
frequent cultivation led to inhibition of root
growth and a decrease in the overall viability
of seedlings. This indicates the need for care-
ful selection of processing modes to achieve
optimal results.

cm
47.2

50.0
45.0 38.0
40.0 ﬂ 35.2 368 = Height of the aerial part
35.0 of the plant, cm
328 219 24.0 23_8 Length of the plant root
0.0 B 14l system, cm
15'0 130 13.3 - 12.8 Total plant length, cm
10.0

5.0

0.0 ! . . L

Triple processing Six times Nine times Control
(within one processing processing Processing options
month) (within two (within three 9op
months) months)

Figure 3. Average biometric parameters of seedlings when treated
with Vermibiomag NPK 0.2 ml/m?, Ecostim-1 0.02 ml/m? + microelements 0.04 ml/m?

Source: compiled by the authors

The tested preparations had a positive ef-
fect on the growth performance of common oak
seedlings. In general, the seedlings grown under
the three-treatment method outperformed the
control by 9% in height, 43% in root length, and
29% in total length, respectively. The biometric
parameters of seedlings do not fully character-
ise their quality, since the viability of plants de-
pends on the size of the assimilation apparatus.
In the experimental variants using concentra-
tions of Vermibiomag NPK 0.2 ml/m?, Ecostim-1

0.02 ml/m? + microelements 0.04 ml/m?
a significantly better condition of plants was
observed during the cultivation of oak seedlings
with the use of three times fertilisation (Fig. 4).

The average height of the seedlings under
the treatment with Vermibiomag NPK 0.3 ml/m?,
Ecostim-1 0.03 ml/m? + microelements 0.06 ml/
m? ranged from 12.5 cm to 16.2 cm, the length
of the root system from 20.4 cm to 26.1 c¢m,
the total length of the plant from 34.5 cm to
38.6 cm (Fig. 5).
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Figure 4. The general appearance of seedlings in variants treated
with Vermibiomag NPK 0.2 ml/m?, Ecostim-1 0.02 ml/m? + microelements 0.04 ml/m?

Source: authors’ photo

cm

400 38.6 345 36.7 36.6
35.0
30,0 m Height of the aerial
: 23.8 part of the plant, cm
250 204 20.9 = Length of the plant
20.0 16. 12 root system, cm
15.0 - Total plant length, cm
10.0
5.0
0.0 . o L
Triple Six times Nine times Control
processing processing processing Processing options
(within one (within two (within three
month) months) months)

Figure 5. Average biometric parameters of seedlings when treated
with Vermibiomag NPK 0.3 ml/m?, Ecostim-1 0.03 ml/m? + microelements 0.06 ml/m?

Source: authors’ photo

In general, at this concentration, with
nine treatments over 3 months, the height of
the aboveground part exceeded the control by
27%, but the length of the root system was 14%
shorter than the control (container 9).

The average total length of common oak
seedlings is close to the control at different

concentrations at six- and nine-times treat-
ment, the best results were observed in all
variants at three times treatment with Ver-
mibiomag NPK, Ecostim-1 with the addition
of microelements. Seedlings from container 2
(43%) significantly outperformed the control
in terms of root length, and seedlings from
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containers 6 and 1 in terms of height (27% and
20%, respectively), but were significantly infe-
rior to the control in terms of root length were
seedlings from containers 6 and 9 (14%).

At the chosen concentrations, plant growth
stimulants activated the growth of roots to a
greater extent than the aerial part of seedlings,
and according to the studies of O. Danylenko et
al. (2021), M. Rumiantsev et al. (2022), plant
growth regulators contribute to a more inten-
sive increase in the mass of the aerial part and
roots than in the height and diameter of the
root collar of oak seedlings with a closed root
system. S. Bhatla (2018) noted that plants re-
spond to external stimuli, and feel changes in
the environment, in particular temperature
(Neill et al., 2019). S. Fahad et al. (2016) noted
the effectiveness of the use of growth stimu-
lants at high temperatures, which affect plant
morphology by reducing leaf area, aboveground
and underground biomass, photosynthesis, and
water use efficiency.

L.K. Abbott et al. (2018) believe that stim-
ulants regulate many plant development pro-
cesses, such as accelerating or delaying seed
germination, stimulating or inhibiting shoot
growth, inducing flowering and fruiting, etc.
W. Rademacher (2015) studied plant growth
regulators, which are important tools in modern
agriculture that allow for controlling and opti-
mising plant growth and development. They
are used to improve product quality, increase
yields and plant resistance to stressful condi-
tions. Growth regulators can achieve sustaina-
ble results in the production of plant products.
According to the research of several authors
(Colla et al., 2017; Paradikovic et al., 2019), bi-
ostimulants increase the energy of seed ger-
mination, stimulate vegetation, improve the
absorption and distribution of nutrients in the
plant, increase the antioxidant capacity of plant
tissues, increase resistance to stress factors and
plant yields, and promote the rigosis of rooted

cuttings during vegetative propagation. A. Pin-
chuk & Yu. Kosenko (2015) proved that the use
of growth stimulants promotes the rooting of
lignified cuttings of ornamental deciduous spe-
cies, which significantly increases their survival
rate and development speed. These products
stimulate the formation of root hairs, improv-
ing the absorption of nutrients and water from
the soil. The use of growth stimulants can help
to achieve faster rooting and improve the over-
all quality of ornamental plants.

Thus, feeding seedlings with plant growth
regulators increases their resistance and con-
tributes to an increase in their biometric pa-
rameters compared to the control. However, it
should be noted that the stimulation of seed-
ling growth due to the influence of growth reg-
ulators sometimes occurs only after a certain
period of general inhibition, and the most no-
ticeable effect of the stimulator is observed 2-3
years after its application.

The use of growth regulators in forestry
practice is driven by the decline in the produc-
tion of high-quality nursery stock. This decline
is attributed to signs of soil depletion and a
progressive decline in fertility caused by long-
term chemical exposure to the soil. This is es-
pecially true in cases of using increased doses
of herbicides, which have proven to be harmful
to soil biocenosis. This conclusion was reached
by Yu. Taranenko (2012) and M. Savushchyk et
al. (2020).

The use of plant growth stimulants has
become a fairly common practice in the forest-
ry sector of Ukraine when growing coniferous
seedlings. This practice has been going on for
about 20 years and covers different regions of
the country, which is confirmed by numerous
publications, such as V.A. Veshchytsky (2006)
originating from Ukraine. Studies by V. Hudy-
ma et al. (2014) determined a significant effect
of growth stimulants on germination energy,
seed germination, survival rate and biometric
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parameters of coniferous tree seedlings up to
three years of age, compared to the control with-
out growth stimulant treatment. V.V. Siryk et
al. (2006) found that after treatment of Scots
pine seeds with Emistim C, germination energy
increased by 30-50%, and after treatment with
Triman-1, germination increased by 5-37%.

O. Danylenko et al. (2021) proved that
the most effective variants for the pre-sowing
treatment of oak acorns were those in which
Agrostimulin, Charcor, and Triman-1 were
used. The greatest positive effect on biometric
parameters and weight of one-year-old con-
tainerized seedlings during cultivation was
noted in the variants where Megafol and Radi-
farm were used. The conducted studies evaluat-
ed the results of the use of plant growth stimu-
lants in the cultivation of seedlings of common
oak with a closed root system in open ground
conditions, as well as for reforestation and
afforestation. According to M. Rumiantsev et
al. (2022), three times feeding of annual oak
seedlings with a closed root system using plant
growth stimulants Aminostim, Stovit TURBO,
Radifarm plus, Megafol had a positive effect on
their biometric parameters and general condi-
tion compared to the control (seedlings grown
without the use of stimulants), which corre-
sponds to the results of the current experi-
ment using Vermibiomag NPK and Ecostim-1.

Therefore, to evaluate the effectiveness
of growth stimulants in the cultivation of
common oak seedlings, a series of experi-
ments with different doses and frequency
of treatments was conducted. The results
showed that the most effective treatments
were three times within a month, which con-
tributed to a significant increase in the biom-
etric parameters of seedlings compared to the
control. The use of growth stimulants proved
to be a promising tool for improving the qual-
ity of planting material in the conditions of
the Bukovyna Sub-Carpathian region.

Conclusions

The study was conducted to improve the
methods of growing oak seedlings with a
closed root system using growth stimulants
of different concentrations at different culti-
vation rates and to study their effectiveness.
A positive effect on the height of annual oak
seedlings during cultivation with a closed
root system (six and nine times feeding of
seedlings with plant growth stimulants dur-
ing the growing season) was noted in all
experimental variants. The results of the
research show that almost all experimental
variants prevailed over the control of the
length of the aerial part of seedlings, but
the effect of stimulants on the length of the
root system was less effective in the variants
of Vermibiomag NPK 0.1 ml/m?, Ecostim-1
0.01 ml/m? + microelements 0.02 ml/m? and
Vermibiomag NPK 0.2 ml/m? Ecostim-1
0.02 ml/m? + microelements 0.04 ml/m?
at six times of treatment, and concen-
trations of Vermibiomag NPK 0.3 ml/m?,
Ecostim-1 0.03 ml/m? + microelements
0.06 ml/m?-atsixandninetimesoftreatment.
According to the results obtained, the use of
Vermibiomag NPK and Ecostim-1 with treat-
ment doses of Vermibiomag NPK 0.2 ml/m?,
Ecostim-1 0.02 ml/m? + microelements
0.04 ml/m? respectively, and three times
treatment within a month has a positive ef-
fect on growth processes in the cultivation
of oak seedlings. Thus, the use of physiologi-
cally active substances allows for the regula-
tion of vital processes in the plant organism,
activates its genetic potential and increases
resistance. The results obtained during the
research confirm the feasibility of using the
studied plant growth stimulants for growing
seedlings of common oak with a closed root
system in closed-ground conditions and for
reforestation and forestryin the conditions of
the Bukovyna Sub-Carpathian region region.
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It is worth noting that the most noticeable = material, is a relevant task that requires in-
effect of stimulants is observed several years depth scientific research.
after their application, the study of biological
bases, development of new and improvement
of existing technological parameters of grow-  None.
ing common oak saplings with a closed root
system using growth stimulants, which allows
to obtain high-quality and sustainable planting  None.
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AHoTanisg. BUKOPUCTAHHS CTUMYJISTOPIB POCTY IJiS BMPOILIYBAaHHS CisIHIIIB my6a B yMOBax
BykoBuHCcbKOrO IlepemkapraTTsi JO3BOJISIE TTPUCKOPUTHU iX PO3BMUTOK Ta MiJBUIIUTU CTilKiCTh
y cepefoBuIIi, e IPMPOLHEe MTOHOBJIEHHS JIiCY BifCcyTHe. MeTa NOCTiIKeHHS Nojsrasa B OLiHIL
BIUIMBY CTUMYJ/ISITOPIB POCTY 3a Pi3HOI KpaTHOCTI 06pPO6OK MPOTITrOM BereTaliifHOro mepiomy
Ha OiomeTpuyHi MokasHMKM CigHUiB Quercus robur L. CigHIIi BUpPOIIEHO B KOHTeliHepax
Ecotherm B Teruii 6a3ucHOro po3cagHuka. Ckiaaf, cybcTpaTy [IJis 3allOBHEHHSI KOHTEHEepiB —
CyMilI B piBHMX MPOMOPIiSX TOpdy, MiCKy Ta YOPHO3eMY 3 MiKOPU30I0 3-I1iJi HAMeTy Ty6OBUX
JIepeBoCTaHiB. HaBemeHO pe3yabTaTy BIUIMBY CTMMY/ISITOPIB POCTY Ha GiOMETpUYHi MOKa3HUKU
OMHOPIUHMX CisTHIIIB Ay06a 3BMUYAMHOTO 3 3aKPUTOI0 KOPEHEBOIO cUcTeMOI0. CTUMY/ISITOPU POCTY
POCIVIH BUKOPUCTOBYBAJIM /IS OOTIPUCKYBAHHS i MOMMBY CXO[iB IIiJi UaCc BUPOIIYBAHHS CisHIIIB.
PesynbTaTy JOCTiIKEHHST BKA3YIOTh Ha MO3UTUBHMI BIUIMB 3aCTOCYBaHHS CTMMYJ/ISITOPIB POCTY Ha
cistHIi my6a 3BuuaiiHoro. Yci mocimHi BapiaHTM MMOKasauy MO3UTUBHMIL BIUIMB Ha GioMeTpuYHi
MOKa3HMKY OTHOPIYHUX CiSHIIB Ay6a MpM TPUPA30BOMY, HIECTUPA30BOMY Ta JEB’SITUPA30BOMY
ITiIKVBAEHHI CTUMYJISITOPaMIM POCTY IIPOTSTOM BereTalliiiHOTo mepiony. PisHuiis y BapiaHTax i3
3aCTOCYBAaHHSIM CTUMMYJISTOPIB POCTY POCAMH TOPIBHSIHO 3 KOHTPOJEM 3a BMCOTOK CTAaHOBUTH
o 27 %, 3a IOBXKMHOIO KOpeHeBOi cucteMu — 0o 43 %, Ta 3a 3araJbHOI0 JOBXMHOIO — 40 29 %,

Vol. 15, No. 3, 2024 Ukrainian Journal of Forest and Wood Science 94


https://orcid.org/0000-0005-2715-3103
https://orcid.org/0000-0003-3825-2695
https://orcid.org/0000-0003-1645-7489
https://orcid.org/0009-0006-1802-1928
https://orcid.org/0000-0001-7472-7972

Andrusiak et al.

BiJITOBiZIHO, 3aJIE3KHO BiJT TO3M MMpeIapaTiB Ta KPaTHOCTi 06POOKY ITPOTSITOM BETreTalliifTHOTO CE30HY.
OTpMMaHO YTOUHEHI JaHi o0 6ioMeTpUYHMX MTOKA3HMKIB OMHOPIUHMX CisTHIIiB Ay6a 3BMUaiiHOTO
3 3aKpPUTOI0 KOPEHEBOIO CHCTEMOIO, BMPOIIEHMX B YMOBAax 3aKpMUTOTO IpyHTy. OTpuMaHi maHi
KOPMCHI J1s1 BiTHOBJIEHHSI JTiCiB y perioHax 3 MomKoKeHMMM ab0 AerpaoBaHMM €KOCUCTEMaMMU,
[le TIPMPOIHE TTOHOBJIEHHS € 0OMEKEHUM

Krouosi csioBa: caiBHMII MaTepiast; BUCOTA CisSTHIIIB; JOBKMHA KOPEHEBOi CYCTEMM ; ITi IKMBIEHHST
CistHIIiB; 06pOBITOK
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Abstract. Thisresearch is devoted to analysing the impact of modern breeding measures in forestry
on the level of genetic diversity of forest tree species. It has been found that the main source of
improved seed material for the genetic restoration of forests is base forest seed orchards. Aspects
of the influence of determining factors — background pollination and the number of clones — on
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the indicators of genetic variability of progeny have been analysed in detail. The potential of
background pollination in forest seed orchards in the context of a significant decrease in the
effectiveness of breeding measures and a parallel increase in the level of genetic variability of
progeny has been studied. An analysis of data on the minimum number of clones in seed orchards
has been carried out based on the practical experience of other developed countries. The dynamics
of clone variability in terms of fertility have been investigated. The potential impact of clonal
selection on the genetic diversity of tree species, particularly in reducing it, has been identified.
It has been confirmed that integrating the concept of family forestry, which involves the use of
vegetative propagation techniques, into the breeding strategy significantly increases the level
of genetic variability in progeny. The study has demonstrated that the multiple-population
breeding system provides the optimal preconditions for synergising the process of long-term
intensive breeding and preserving the gene pool of tree species. It has been determined that there
is no negative impact on genetic diversity from implementing a complex of optimally planned
breeding programs. At the same time, the potential for intensifying the quality of gene pool
conservation in the process of forest ecosystem restoration through the use of improved seed
material and clones in artificial orchards has been established. Special attention is given to the
maintenance of ex situ — valuable genetic material in forest seed production facilities, including
forest seed orchards, trial cultures, and clone archives of plus trees. Research has shown that the
implementation of modern innovative solutions and scientific recommendations can minimise
the loss of genetic diversity in forest tree species. The results can be applied in contemporary
forestry breeding programs

Keywords: clonal technology; somatic embryogenesis; background pollination; ex situ; the number
of clones

Introduction

The extensive management of forestry produc- a material and intellectual national asset that

tion processes, coupled with the destruction of
forest ecosystems, the exhaustive use of techno-
logically intensive methods to boost productivi-
ty, and the irreversible impacts of global climate
change have necessitated a dynamic strategy in
national forest management strategies. There
is an urgent need to transition from traditional,
exploitative practices towards organic, envi-
ronmentally friendly approaches that ensure
the preservation of genetic diversity. The cre-
ation of Kyrgyzstan’s gene pool is the culmina-
tion of several generations of scientific endeav-
our. Targeted efforts on implementing global
plant resources to enrich the republic’s cultural
flora have led to the creation of a genetic pool —

supports the republic’s economic development.

Population genetic studies of forest-form-
ing timber plants provide the theoretical foun-
dation for breeding programs aimed at con-
serving, optimising, protecting, and effectively
reproducing the genetic potential of species
within regional contexts (Skliar et al., 2020;
Tykhonova et al., 2021). To maintain and en-
hance genetic diversity during reforestation,
specific population-based approaches are em-
ployed. In general, there are two primary objec-
tives in forest management: establishing sus-
tainable orchards that are as diverse as natural
populations and producing high-quality com-
mercial timber. To optimally achieve the first
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objective, plus tree selection is prioritised. This
involves selecting the most productive trees
within a population. The algorithm for achiev-
ing the second objective, producing high-qual-
ity timber, involves utilising the gene pool of
populations or their complexes in the culti-
vation of artificial forests as a unified system.
This systemic approach is the most promising
in terms of preventing the degradation of the
gene pool. Most contemporary scientists are
focusing on exploring alternative technological
approaches within the forestry breeding sector.
These approaches aim to facilitate progress to-
wards preserving the genetic sustainability of
populations. In particular, there is a growing
body of research concentrating on selection
methods in forestry that prioritise the conser-
vation of genetic diversity.

J.A. Karabaev et al. (2024) investigated the
specific genetic components of natural sys-
tems that are subject to frequent changes in
genotype due to evolutionary pressures. These
pressures include genetic drift, mutation, mi-
gration, and natural selection. The research-
ers analysed the potential ecological risks to
the adaptive capacity of biodiversity in forest
ecosystems. They concluded that to mitigate
the negative impacts of climate change, opti-
mising breeding programs and implementing
innovative technologies and advanced pro-
cesses for preserving genetic diversity are of
paramount importance. Several scientific pub-
lications by contemporary researchers have
presented criteria for evaluating the effective-
ness of breeding programs in forestry aimed
at preserving genetic diversity. In particular,
B.N. Shamshiev et al. (2020; 2024) focused on
the effectiveness of developing sustainable
forest ecosystems in Kyrgyzstan within the
concept of their ecological and economic ef-
ficiency, justifying the need for implementing
decarbonisation technologies and highlighting
the main trends in the strategic development

of the industry. Z.H. Sarymsakov & D.K. Mama-
djanov (2012) studied the main types of forests
in Kyrgyzstan, the status of sustainable use
programs, and opportunities for optimising the
situation. Genetic diversity is assessed based on
the effective population size, which considers
the relatedness among individuals, as well as
in the context of quantitative trait variability,
evaluated using mathematical statistics, and
the number of alleles identified using genetic
markers (Integrated management of..., 2018).

Despite significant advancements in for-
estry breeding within contemporary scientific
communities, the question of effectively stim-
ulating the conservation of genetic diversity
remains unresolved. This problem requires
further investigation and the identification of
optimal solutions. The primary goal is to con-
duct a comprehensive analysis of the potential
of modern breeding practices in forestry within
the context of preserving the level of genetic
diversity in forest timber tree species.

Materials and Methods

The research utilised statistical data from the
National Statistical Committee of the Kyrgyz
Republic (2024), strategic programme docu-
ments, and legal frameworks within the stud-
ied sector. Specifically, the research drew upon
the Concept for the development of the forestry
industry of the Kyrgyz Republic for the period
up to 2040 (2019), as well as the Forest Code
of the Kyrgyz Republic (1999), Law of the Kyr-
gyz Republic No. 53 “On Environmental Pro-
tection” (1999), Law of the Kyrgyz Republic
No. 18 “On Specially Protected Natural Territo-
ries” (2011), Law of the Kyrgyz Republic No. 48
“On Biosphere Territories” (1999), Law of the
Kyrgyz Republic No. 53 “On the Protection and
Use of the Plant World” (2001), Resolution of
the Kyrgyz Republic No. 131 “On Priorities for
Conservation of Biological Diversity of the
Kyrgyz Republic for the Period up to 2024 and
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Action Plan for Implementation of Priorities
for Conservation of Biological Diversity of the
Kyrgyz Republic for 2014-2020” (2014), Regula-
tions on the State Forest Service of the Kyrgyz
Republic (2002).

Based on an abstract-logical conceptu-
al approach, the conceptual apparatus has
been refined, and theoretical generalisations
and conclusions have been formulated. In the
course of the research, to identify the specif-
ic mechanisms of modern selection methods,
methods of statistical observation, comparison,
analytical-structural grouping, and forecasting
were employed. Statistical observation provid-
ed summarised data that accurately reflect the
characteristics of the entire set of traits of the
phenomenon under study. In the course of the
research, to identify the specific dynamics of the
development of selection systems in forestry, a
comparison was made of key indicators of qual-
itative changes, including the minimum num-
ber of clones in forest seed orchards (FSOs), the
quality of seed material and clones in artificial
stands, and the ex situ conservation of genetic
material in forest seed production sites (FSOs,
trial crops, and clone archives of plus trees).

The analytical-structural grouping method
was employed to identify the specific features
of modern breeding approaches and to formu-
late proposals for optimising the management
system to create optimal conditions for in-
creasing the efficiency and appropriateness of
regional forest use systems and preserving for-
est gene pools. Additionally, this method was
used to identify priority vectors for optimising
regional forest production systems based on
“green” sustainable development and sustaina-
ble decarbonisation of technological processes,
thereby laying the groundwork for the active
practical application of breeding technolo-
gies in the system of management of forestry
activities in Kyrgyzstan. Analytical-structural
grouping enabled a systematic transition from

general abstract information about forestry se-
lection technologies to the current situation in
Kyrgyzstan’s forest management activities.

To identify the specific features, advantag-
es, and effectiveness of certain decisions and
approaches within the framework of the forest
management selection concept, a forecasting
method was used. Particular attention was paid
to the need to consider potential obstacles in
the practical implementation of the selection
strategy. The research aims to comprehensively
identify solutions in the modern forestry com-
plex with a focus on economic efficiency and
environmental safety, which, in synergy, form a
system of circular sustainable economic activi-
ty in the forestry sector.

Results

The contribution of forested areas to address-
ing current and future challenges in food se-
curity, poverty reduction, and environmental
sustainability depends on the richness of both
interspecific and intraspecific diversity of for-
est-forming tree species. Genetic diversity is
essential for ensuring that forest-forming tree
species can survive, adapt, and thrive in chang-
ing environmental conditions. It also supports
the vitality of forests and provides resilience to
stresses such as pests and diseases. Further-
more, genetic diversity is necessary for arti-
ficial selection, breeding, and domestication
programs aimed at developing adapted varie-
ties or strengthening beneficial traits. In many
countries, the prospects for sustainable rural
development will largely depend on the state of
diversity within forest ecosystems and species.

The Kyrgyz Republic is characterised by rel-
atively sparse forest cover. Forested areas in the
country are represented primarily as mountain
orchards with a diversity of valuable species.
Nearly 90% of Kyrgyzstan’s forest ecosystems
grow at altitudes between 800 and 3000 me-
ters above sea level (National Statistical
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Committee..., 2024). As stipulated by the Na-
tional Forest Code, forest stands in the country
serve as environmental protection areas and
perform climate-regulating, sanitary-hygienic,
eco-stabilising, and recreational functions. Re-
sults from practical research conducted by the
Institute of Forestry at the National Academy
of Sciences of Kyrgyzstan, in various natural
and climatic conditions, confirm the ability of
forests to mitigate the significant negative con-
sequences of global climate change and their
substantial water regulation function (Concept
for the development..., 2019). The upward shift
of forest ecosystems with increasing altitude
potentially increases the vulnerability of many
plant species to ecological and genetic impacts.
The rate of climate change in the coming dec-
ades will outpace the rate at which forest eco-
systems can adapt to new climatic conditions,
leading to species extinction. Therefore, timely
implementation of necessary forestry and se-
lective breeding work forms the basis for pre-
serving forest ecosystems within the concept of
genetic diversity.

Research and scientific institutions in Kyr-
gyzstan are actively involved in modelling the
potential evolution of the climatic optimum
ranges for priority forest-forming tree species.
A key feature of the models developed by the
Institute of Water Problems at the National
Academy of Sciences is the ability to dynami-
cally track changes in the minimum altitude
above sea level for juniper, common walnut, and
spruce. It has been demonstrated that a 1.5°C
increase in temperature stimulates fragmented
upward migration, while a 4°C increase or more
leads to a complete upward shift, causing a loss
of ecological functions in forests (Integrated
management of..., 2018). Therefore, the goal of
maximising the preservation and development
of forest ecosystems — selection — is consist-
ently one of the priorities of sustainable forest
management. Forest resource reproduction

combines measures to ensure forest restora-
tion, afforestation, natural regeneration, and
the creation of forest orchards (Adamenko et
al., 2023). A comprehensive approach to re-
searching modern breeding solutions in forest-
ry involves emphasising the industry’s specific
characteristics and shaping a model to prevent
the reduction of genetic diversity among timber
species. Such a process is envisioned as a com-
plex, multi-stage production system. For max-
imally effective management, it is necessary to
consider the specific features of the economic
functioning of forestry within the concept of
resource potential. In this case, particular im-
portance is attached to ensuring high-level for-
est resource reproduction processes.

Most forest-forming tree species are wild
and are managed within natural ecosystems,
or are at a very primitive stage of selection
or domestication compared to agricultural
crops. Forest-forming tree species are typical-
ly long-lived, highly heterozygous organisms
with well-developed natural mechanisms for
maintaining high levels of intraspecific varia-
tion, such as high-speed distant crossbreeding
and widespread dispersal of pollen and seed.
These mechanisms, combined with native en-
vironments that often vary in time and space,
contribute to the evolution of forest-forming
trees into some of the most genetically varia-
ble organisms on Earth. Achieving sustainable
forest management is anticipated to be possi-
ble through the implementation of closed-loop
forestry technologies that utilise all available
resource regeneration algorithms, employing
organisational,
ecological, and social factors. In particular, to
reduce the risk of losing part of the genetic di-
versity, the introduction of a stabilisation peri-
od is deemed appropriate. The latter represents
a specific time frame necessary for the imple-
mentation of a full set of compensatory meas-

production, socio-economic,

ures to mitigate the destructive consequences
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of long-term extensive forest management. The
described strategy requires significant time and
financial investments but is considered a nec-
essary step for organic forestry production.

Climate change is impacting the resilience
of ecosystems, which is particularly evident in
the transition from traditional forestry to re-
generative forestry. A reliable preventive meas-
ure to reduce the loss of genetic diversity in
forest ecosystems is the creation of ecological
buffer zones of 10%, which will help restore
and preserve biodiversity (Salgotra & Chau-
han, 2023). Additionally, the use of specialised
selection methods is a necessary technological
approach. All modern forest selection methods
are based on:

1. The method of selecting the best plants
for further propagation and use. This method
falls under the category of analytical selection,
where nothing new is created; instead, the best
individuals from existing populations are uti-
lised. Through intensive selection, it is possible
to identify the best ecotypes, forms, and other
variants within existing stands, as well as the
best (plus trees), which can then be propagat-
ed and used in forestry seed production and
afforestation to improve the quality of forests.

2. Hybridisation is an important selection
method that enables the development of new
forms and even species with a range of valuable
traits and properties.

3. Polyploidy is a method of creating new
plant forms by increasing the number of chro-
mosomes several times beyond their haploid
number.

4. Mutagenesis is a selection method that
produces new plant forms through the applica-
tion of various mutagens.

These methods are part of synthetic se-
lection, which allows for the creation of new
genetic material combinations and the con-
struction of novel hereditary material combi-
nations using various techniques. Following
the National Development Strategy of the Kyr-
gyz Republic, the long-term development of the
country should be framed within the concept
of preserving unique natural ecosystems. The
strategy aims to intensify the expansion of for-
est ecosystems, ensure the economic stability
of the Republic’s forestry sector, optimise the
management paradigm for forests, and digital-
ise forestry infrastructure.

Forest ecosystems play a crucial role in
mitigating adverse climate dynamics (Ho-
ban et al., 2021). Forests are considered the
most effective natural way to regulate green-
house gas concentrations in the atmosphere,
highlighting the need to maximally preserve
the species and genetic diversity of timber spe-
cies in the forests of Kyrgyzstan, which function
under the Republic’s rather challenging climat-
ic conditions (Table 1).

Table 1. Carbon stock in the forests of the Kyrgyz Republic

No. Category Forest lands | Other forest lands Total
1 Above-ground carbon stock, million tonnes 13.3 0.3 13.6
2 Below-ground carbon stock, million tonnes 4 0.4 4.4
3 Carbon stock in dead plants, million tonnes 0.071 0.001 0.072
4 Carbon stock in forest floor, million tonnes 16.5 8.6 25.1
5 Carbon stock in soil, million tonnes 1,161 967 2,128

Total 1,194.9 976.3 2,171.2

Source: Concept for the development of the forestry industry of the Kyrgyz Republic for the period up to 2040

(2019)
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Forest diversification can be a powerful
tool in the fight against climate change. Mixed
forests accumulate carbon more rapidly than
monocultures, meaning they can help achieve
emissions reduction goals faster. The concept
of carbon offsetting through forests is based
on the idea that forests act as carbon sinks,
absorbing and storing CO, from the atmos-
phere through photosynthesis. By conserving
existing forests or restoring degraded areas,
the amount of carbon stored in trees and soil
can be increased, effectively offsetting emis-
sions from other sources. As the data in Table
1 shows, the carbon stock of Kyrgyzstan’s for-
ests exceeds two million tonnes. There is a need
to continue ensuring the ecological balance of
forest ecosystems and preserving biodiversity.
Kyrgyzstan’s forest ecosystems are primarily
represented by spruce, nut-bearing, floodplain,
and juniper forests (Fig. 1).

Floodplain forest; 25.7
Nut-bearing forests; 30.5

\

Juniper forests; 31.1

Spruce forests; 12.7

Figure 1. Forests of the Kyrgyz Republic
as of 2023, %
Source: National Statistical Committee of the Kyrgyz
Republic (2024)

Despite the identified challenges in this
research area, optimising forest management
in Kyrgyzstan within the context of preserving
genetic biodiversity has significant potential
that can be fully realised with strong interna-
tional support and investment opportunities.

The market-driven environment dictates that
increasing profitability is the primary goal of
forest management; therefore, the productive
development of the selection sector to preserve
genetic diversity is contingent upon maintain-
ing adequate levels of economic performance
(Cortés et al., 2020). An adaptive forest manage-
ment system aligned with the goals of sustain-
able development consists of a set of specific
requirements, opportunities, and principles, as
well as tools and technologies that contribute
to enhancing the competitiveness of the sector
and optimal resource utilisation.

Essential components of a sustainable de-
velopment strategy for Kyrgyzstan’s forestry
sector, designed to maximally preserve genetic
diversity, as proposed in the Concept for the de-
velopment of the forestry industry of the Kyr-
gyz Republic for the period up to 2040 (2019),
are considered to be the following:

% adapted progressive national scientific
and legislative frameworks, the implementa-
tion of successful international experience and
innovative solutions, as well as modelling and
forecasting of dynamic situations;

% a technical and technological basis,
which should allow for full analysis of informa-
tion and statistical data, and integration of the
latest technologies and concepts into the sector;

% a human resources basis that is aware of
local needs and that makes the best use of re-
gional potential to maximise development.

Innovative selection technologies in for-
estry involve identifying reliable characteristics
of forest ecosystems, creating digital maps, and
utilising GPS systems. A distinguishing feature
of modern technologies is the active manipula-
tion of plants at different stages of their growth
cycle through a sequence of biological and
technological treatments, which inevitably im-
pacts productivity and efficiency in the forestry
industry. Addressing the challenge of prevent-
ing genetic diversity loss requires preliminary
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data collection and analysis, the creation of
digital field maps, an effective decision-making
system, and the development of technologies
for forest management processes.

Geographic Information Systems (GIS) are
currently positioned as the most effective tool
for understanding and describing dynamic ge-
ographic environments. These systems find
wide application in addressing many challeng-
es associated with using spatially distributed
information to ensure environmental safety
and sustainable development of territories. GIS
can be effectively used for analysing ecolog-
ical and landscape monitoring data, creating
digital maps, and assessing the dynamics and
forecasting future trends in regional land use.
GIS is a complex, multi-component system, a
distinctive feature of which is the application
of specific methods for analysing spatial data.
These methods, in synergy with activities re-
lated to the formation, accumulation, process-
ing, and presentation of spatially coordinated
information, form the fundamental basis of
GIS technology. One result of such integration
is the emergence of geographic information
mapping, which is an automated information
and cartographic modelling of natural and so-
cio-economic geosystems based on GIS and
corresponding databases.

The use of GIS is associated with the en-
hancement of spatial-analytical operations in
eco-landscape management for biodiversity
conservation in forest areas, particularly buffer
zones. Buffer zones in this context can include
protective zones, sanitary protection zones, re-
stricted zones, epidemiological zones, and oth-
ers. Modern GIS tools allow for the automatic
generation of buffer zones around objects of
any type. Network analysis, aimed at defin-
ing three-dimensional spatial models, is also
a popular aspect of GIS application in forest
ecosystem management. Therefore, it can be
asserted that the use of geographic information

technologies in the development and imple-
mentation of forest breeding programs allows
for the effective evaluation of parameters in
real-time, while simultaneously enabling pre-
dictive analytics. An advantage of using GIS in
this context is the ability to integrate statistical
methods, geographic information and digital
modelling, and business graphics, which col-
lectively allow for the identification of specific
types of information as a basis for management
decisions.

The integration and unification of diverse
spatial information is achieved through GIS
using data aggregation, conceptual communi-
cation, and extrapolation of processing results.
The information processed in this way forms
models of objects in the form of thematic maps,
digital models of dynamics, vector images, and
three-dimensional models, which significantly
simplifies and optimises the selection process.
A decrease in genetic variability compared to
natural ecosystems is characteristic, as con-
firmed by numerous studies using biochemical
and molecular genetics methods (Noni¢ & Si-
jaci¢-Nikoli¢, 2021). An assessment of chang-
es in basic genetic indicators through special
modelling of successive thinning in experimen-
tal cultures demonstrated a lack of negative dy-
namics in the concept of genetic diversity, even
in the case of significant thinning intensity.

The population structure of forest species,
shaped over a long evolutionary process, repre-
sents the most advantageous survival strategy
for the species. Given that the population is its
foundation, preserving the existing structural
organisation of the species is positioned as pre-
serving specific conditions for the self-repro-
duction of each population across generations.
One of these conditions is the preservation of
natural genetic variability within populations.
To ensure genetic variability, it is necessary,
based on modelling the population-chorologi-
cal structure of a forest species, to identify at
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least one genetic reserve in each population.
Given that a population is an adapted and in-
tegrated dynamic system of individuals, the
applied selection systems must ensure not only
the preservation of all the diversity of these
genotypes and their balance in a natural state
but also the maintenance of the population’s
capacity for natural self-reproduction dur-
ing exploitation and subsequent restoration
(Mero et al., 2023). Forestry selection programs,
in general, should combine the following selec-
tion measures:

% developing a variety model optimal for
a specific cultivation zone and target purpose;

<% analysing and conducting detailed com-
parative studies of the original natural mate-
rial and its artificially produced analogue for
selection;

% choosing a selection method to obtain
new forms of timber forest species;

<% studying the progeny obtained, followed
by the selection of samples that best meet the
goals of the selection process;

< initial multiplication of the selected ma-
terial;

% testing in various external conditions
and different ecological settings;

< state zoning of the best varieties.

Forest regeneration should primarily occur
naturally. To maximally preserve the genetic di-
versity of forest species populations, optimised
breeding programs are also necessary. It is im-
portant to note that breeding programs based
on individual selection should be carried out on
a limited scale, using intensive forestry tech-
niques in the most optimal site conditions for
the species. A crucial aspect of artificial forest
regeneration is the use of selected seeds only in
areas where stands of at least site yield classes
I-1I previously grew. This approach allows for
the optimisation of the ratio of areas restored
through natural regeneration, increases the
efficiency of the selection process, ensures the

maximum preservation of the natural genetic
diversity of the species, and enhances the pro-
ductivity and resilience of forest ecosystems
to adverse environmental factors. A priority in
conserving the gene pool is to ensure optimal
genetic variability in forest-forming timber spe-
cies to enable adaptation to dynamic environ-
mental conditions. Variability is also essential
for the success of long-term breeding programs.
In particular, it is crucial to maintain a high level
of genetic diversity, which is fundamentally the
determining factor in a tree’s breeding value.

In most developed countries, the process of
tree breeding actively uses reproductive mate-
rial with pre-improved characteristics (Concept
for the development..., 2019). The aim is to re-
generate and conserve forest crops. A breeding
population represents the concept of creating
a collection of trees designed to pass on genet-
ic improvements to subsequent generations. A
breeding population is essentially a group of
elite trees whose direct seed or clonal progeny
are actively used to establish FSOs. These FSOs,
in turn, supply seed material to specific re-
gions. Genetic optimisation in terms of growth
rate, obtained from first-generation FSOs, is
achieved through modern selection technolo-
gies involving crosses between unrelated trees
in these FSOs (Kang, 2020). FSOs primarily con-
sist of clonal progeny from a select group of
plus trees. Genetic diversity directly depends
on the number of plus trees used. The tradi-
tional approach assumes equal representation
of ramets in each clone. The variability between
clones in terms of pollen and seed productivity
causes an uneven contribution of clones to the
overall pool of gametes in the FSOs (Donazzo-
lo et al., 2020).

Forest-forming coniferous species produce
vast quantities of pollen that can be carried over
significant distances by wind. Background pol-
lination is typically viewed as a negative phe-
nomenon, as it can reduce the effectiveness of
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selective breeding (Shahini et al., 2023). Howev-
er, the introduction of new genes through this
process can increase the genetic diversity of
progeny. The main advantage of clonal forestry
is expected to be significant genetic optimisa-
tion in terms of growth, achieving up to 25% for
coniferous species and around 50% for decidu-
ous species (Silvaetal.,2020). Due to the biologi-
cal characteristics of these species, it is possible
to obtain approximately 50-100 rooted cuttings
from a single donor plant (Cobo-Simén et
al., 2020). Consequently, commercial clonal
propagation systems require a continuous in-
flux of new donor plants to maintain optimal
levels of genetic diversity in clonal orchards.

The most effective approach to popula-
tion-based selection involves ensuring a bal-
ance between productivity and species diversity
during forest regeneration. The primary chal-
lenge lies in the fact that the most productive
stands often lack sufficient genetic variabili-
ty, while genetically polymorphic populations
frequently exhibit low forestry value and pro-
ductivity. In this context, the most successful
approach is to select within population forma-
tions that exhibit a balanced combination of di-
versity, productivity, and resilience. To address
this challenge, the following fundamental ap-
proaches are employed:

% a “non-random” sampling system based
on the principle of “best stands and trees from
the best”;

% comprehensive analysis of variability
and productivity at various hierarchical levels
(population, individual, gene, chromosome);

% index (rating) system for data summari-
sation and comparison of stands based on var-
ious indicators;

<% abalanced combination of diversity, pro-
ductivity, and resilience.

Forestry breeding methods aimed at pre-
serving genetic diversity should facilitate a bal-
ance between productivity and sustainability.

The proposed concept involves a systematic
approach that allows for the identification of
stands within specific populations that are of
the highest value from both a forestry and ge-
netic perspective. The concept involves the use
of vegetative propagation techniques, and the
process of reproducing forest ecosystems using
improved seed material and clones in artificial
orchards. Special attention is given to main-
taining valuable genetic material ex situ with-
in forest seed production facilities, including
FSOs, trial cultures, and clone archives of plus
trees. Additionally, the feasibility of creating
interpopulation hybrid seed orchards should be
emphasised.

Genetic diversity is the foundation of bi-
ological stability; it enables species to adapt
to changing conditions, including the impacts
of climate change and emerging diseases. It is
the foundation for current and future breeding
programs and the development of new culti-
vars. In addition to their invaluable contribu-
tion to ecological sustainability, forest genetic
reserves (FGRs) provide a direct source of food
for humans and animals, even during periods
of poor harvests of annual crops. Inventory-
ing, description of characteristic features, and
monitoring are necessary to gain the knowl-
edge required for a proper understanding of
trends in the state of FGRs, which allows for
informed decision-making in the area of sus-
tainable management and the rational use of
FGRs. Ex situ conservation is the most com-
mon conservation practice because most for-
est-forming tree species grow in the wild and
are not domesticated. It also allows popula-
tions of species to continue to exist under the
influence of evolutionary processes.

One of the promising methods for genet-
ic improvement in forestry is intraspecific and
interspecific hybridisation. An additional ben-
efit of this method is often the heterosis ef-
fect in terms of growth rate, vigour, and even
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yield (Rajora & Zinck, 2021). Furthermore,
among breeding technologies, it is necessary
to highlight the approach focused on new sets
of genetic traits, differentiation of hybrid gen-
erations based on wood quality, disease resist-
ance, and adaptability to adverse weather con-
ditions. Quite often, hybridisation of suitable
species creates optimal conditions for the mass
production of high-yielding and fast-growing
hybrids, which can be actively used in forest
management systems. The optimal method for
creating new hybrid tree varieties is the syn-
ergy of artificial hybridisation and subsequent
selection in later generations. Interpopula-
tion hybridisation to preserve and develop the
gene pool and species diversity is implemented
through the method of genotype convergence,
which ensures the artificial restoration of gene
combinations (Ahmar et al., 2021).

To effectively preserve genetic potential in
forestry, it is advisable to use biotechnological
procedures involving the mass propagation of
timber plants. The development of vegetative
propagation procedures aimed at mass replica-
tion of valuable genetic traits in progeny allows
for an intensification of breeding efficiency.
The testing of vegetative propagation methods
demonstrates a significant reduction in costs,
contributes to an increase in the volume of

planting material, and intensifies the propaga-
tion of valuable hybrids, forms, and cultivars,
the original material of which is often repre-
sented by single specimens. A priority principle
in the forest breeding practices of developed
countries, such as Sweden, which has demon-
strated the highest efficiency, is the implemen-
tation of individualised breeding programs for
the optimisation and conservation of the gene
pool of each forest-forming species. A differen-
tiated strategy has several advantages, includ-
ing the consideration of differences between
timber species, natural climatic and site condi-
tions, and the population structure of each spe-
cies. The proposed concept defines a promising
task for the development of breeding programs
by research and forestry organisations in Kyr-
gyzstan.

A thorough review of the state of forest
breeding programs in Sweden at the beginning
of the 1990s was conducted by O. Danell (1991).
The researcher proposes an algorithm for a
long-term breeding strategy in forestry that has
demonstrated significant effectiveness. The in-
itial source of selection-improved reproductive
material of known origin is plus trees selected
from natural stands. Forest seed orchards were
established from cuttings taken from these
trees (Fig. 2).

Forest seed orchards I

4’! Trial orchards l

}

4

| Evaluation of breeding results

Propagation
by cuttings
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!

| Crosees of breeding trees ‘

!
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New breeding generation ‘

Figure 2. Forest selection scheme in Sweden

Source: M. Noni¢ & M. Sija¢ié-Nikoli¢ (2021)
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Concurrently, a significant number of ex-
perimental orchards were established in Swe-
den, including about 1000 trial plots across the
country. As shown in Figure 2, the breeding
work began with the selection of plus trees, from
which first-generation forest seed orchards
were created. Simultaneously, test orchards
were established from seeds of plus trees. Af-
ter evaluation of the testing, cuttings from the
best trees were used to create second-genera-
tion FSOs. Crosses were made between trees to
obtain a new generation, which also underwent
field testing. Seeds and vegetative material were
obtained from the best variants. By the early
1990s, Sweden had selected the following num-
bers of plus trees and promising clones for four
main species: Pinus sylvestris — 6800 plus trees;
Picea abies — 5600 plus trees +~13000 clones;
Pinus contorta — 200 plus trees + 1200 families;
Betula spp. — 1450 plus trees (Danell, 1991). In
each seed zone of Sweden, 600 plus trees of a
particular species were tested. As a result of the
testing, the 50 best plus trees were selected and
used for further breeding and the creation of
the next generation of FSOs.

As demonstrated by Sweden’s successful ex-
perience, the optimal management of forest use
and regeneration of forest ecosystems requires
the development of breeding programs, both
for individual forest timber plants and for their
communities. Such programs should include:

< development of an ideal variety or selec-
tively improved material;

% selecting existing or developing new
breeding methods;

<% studying, collecting, and preserving the
original material for breeding;

% obtaining varietal or selectively im-
proved material for regional needs and creating
specialised orchards for various purposes;

< field trials;

% variety testing and zoning of the most
valuable selections;

% using promising propagation methods
and other provisions that take into account
the characteristics of the forest timber species
used, the natural and economic conditions of
the regions, and their development prospects.

Implementing environmental innovations
in forest breeding practices will ensure the long-
term measurement of competitiveness and the
formation of a climate-safe operating environ-
ment for forest enterprises. Typically, the pro-
cess of innovation is aimed at preventing and
mitigating environmental impacts while simul-
taneously maximising profits. A priority vector
for optimising the forest management system
is the formation of vertically integrated asso-
ciations of environmentally oriented econom-
ic entities, which should potentially include
producers of ecological raw materials, final
products, and providers of energy-efficient, re-
source-saving, and environmentally safe selec-
tion technologies. Particular attention should
be paid to establishing an effective system for
monitoring and evaluating the efficiency of im-
plemented technologies and measures within
the framework of the innovative environmental
development concept.

Discussion

Most contemporary scientists whose research
focus is on forest breeding technologies, which
could ensure progress towards the preservation
of genetically sustainable populations, confirm
the extremely negative impact of depleting tra-
ditional forestry practices on the environment,
especially given the intense negative dynamics
of the climate.

For example, scientists H. Rachmat et
al. (2020) argue that modernising forestry in-
volves a phased transition from traditional
to high-tech production while implement-
ing principles of sustainable development.
Through this research, scientists have proven
that a nursery is a way to conserve species by
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collecting seedlings. In this study, many seed-
lings were collected to support the conserva-
tion and management of genetic resources of
certain species. More than 60% of the collected
species were endangered and were conserved ex
situ and maintained in good condition through
the nursery. The scientists propose developing
the nursery as a place to collect a variety of spe-
cies, which would save space and allow for the
collection of more individuals. The researchers’
development is of practical interest to Kyr-
gyzstan and is foreseen as an effective method-
ological approach for organising breeding work.

Most contemporary scientists, particularly
N. Isabel et al. (2020), position breeding tech-
nologies in forestry as the foundation for pre-
serving genetic diversity. These technologies
are synergistic with decarbonisation technol-
ogies and sustainable development priorities,
ensuring the regeneration of the resource po-
tential of the forestry sector amidst the shift
towards a circular, renewable, and sustainable
economy. The precise phenotyping proposed
by the scientists opens up new avenues of re-
search that can help address specific issues,
such as resistance to biotic and abiotic stress.
To minimise redundant storage, optimise
data queries, and keep pace with technolog-
ical advancements, the authors advocate for
the significant benefits of developing cyber-
infrastructures that support all aspects of the
data lifecycle, from acquisition to storage, in-
tegration, and visualisation. The researchers’
findings suggest that the level of eco-mod-
ernisation in forestry approaches serves as an
indicator of the effectiveness of applying sci-
entific research and development. At the same
time, one could argue with the scientists about
the ease of implementing cyberinfrastructures.
Their implementation and support require sig-
nificant improvements in practices in the areas
of data standardisation, ontology, analytics,
and integrated databases.

Continuing this line of thought, the dif-
ferentiated approach to breeding optimisation
and gene pool conservation programs for each
tree species, proposed as a priority in the cur-
rent research, receives positive reviews in the
studies of contemporary scientists. For exam-
ple, D. O’Brien et al. (2022) are convinced that
the number of clones in the selection process
does not serve as a characteristic of the gene
pool if there are differences in the number of
ramets within clones and their seed productiv-
ity. The researchers propose a statistical model
to determine the optimal number of clones in
FSOs for several coniferous species. Moreover,
the model considers the influence of key con-
ditions, particularly fertility and background
pollination. At the same time, scientists N. Di-
nato et al. (2020), and S. Aitken (2021) argue
in favour of the expediency of individualising
breeding programs in forestry to achieve maxi-
mum efficiency.

Recent studies by H. Gaisberger et al. (2020)
and M. Vivas et al. (2020) demonstrate a smaller
time gap between selection and implementa-
tion of results in the case of vegetative propa-
gation, compared to the process of establishing
FSOs and producing seed material. Research-
ers argue that the proposed method produces
a limited number of clones, and the resulting
timber exhibits greater uniformity.

At the same time, Y. Yin et al. (2021) draw
attention to the fact that monoculture or-
chards possess the effect of maximum genetic
optimisation, simultaneously increasing the
risk of losing genetic diversity. Transgenic
technology is increasingly used in forest tree
breeding to overcome the shortcomings of
traditional breeding methods, such as a long
breeding cycle, complex cultivation environ-
ment, and complex procedures. According to
the authors, through the introduction of ex-
ogenous DNA, genes tightly related or con-
tributed to ideal traits, including resistance

Vol. 15, No. 3, 2024

Ukrainian Journal of Forest and Wood Science

108



Sultanbaeva et al.

to insects, diseases, and herbicides, have been
transferred to various forest trees. It is worth
disagreeing with the conclusions of the scien-
tists regarding the potentially low efficiency of
transformation. It may hinder the cultivation
of genetically modified trees and the identi-
fication of molecular-genetic mechanisms in
forest trees compared to annual herbaceous
plants (Yanitskyi, 2024).

Forest geneticists B. Vinceti et al. (2020)
developed a multiple-population selection sys-
tem that allows for the synergy of conserving
the gene pool of timber species with intensive
long-term selection. A survey conducted by the
researchers demonstrated a positive attitude
among respondents towards the use of forest
reproductive material that is foreign to the
planting site to better match predicted future
climatic conditions, by introducing either a new
local tree species or a new non-local genotype
of an already planted species (while maintain-
ing the same). At the same time, in the context
of Kyrgyzstan, forest management authorities
will require more evidence of the potential ben-
efits of active adaptation and management to
mitigate the impacts of climate change. Finan-
cial incentives at the state level are expected to
be effective in achieving these goals.

In many contemporary scientific research,
particularly those of J. Amaral et al. (2020)
and S. Singer et al. (2021), the concept of so-
matic embryogenesis is being developed. The
authors argue that it is possible to obtain a
virtually unlimited number of genetic cop-
ies from embryogenic cell lines using this
method. The scientists consider the supposed
“risks” in the context of plant breeding as a
whole, comparing the frequencies of sponta-
neous mutations with those (both expected
and unpredictable) that occur through various
conventional and biotechnological approach-
es to breeding, including transgenesis and
genome editing. It is necessary to suggest, in

addition to the scientists’ conclusions, that
global regulatory asynchrony surrounding
genetically modified crops should be taken
into account, which would allow for a more
complete anticipation of associated risks.

Research into somatic embryogenesis
forms the foundation of a strategy for family for-
est management with vegetative propagation,
where seeds for somatic embryogenesis are ob-
tained from controlled crosses of plus trees. In
areview article by D. Borthakur et al. (2022), the
potential risks of undesirable disruptions were
demonstrated in some cases, while at the same
time emphasising the absence of deviations in
the phenotype and growth of plants. Overall,
the proposals of scientists in the concept of
modern breeding measures in forestry for the
conservation of genetic diversity indicate the
promise of the concept proposed in the current
study. At the same time, maintaining the ge-
netic heterogeneity of Kyrgyzstan’s forests re-
quires the use of breeding and genetic methods
based on a population approach.

In the research of E. Enfissi et al. (2021),
it is noted that the primary task of develop-
ing breeding technologies in forestry is to
form stable forest ecosystems that can miti-
gate the negative impacts of climate change
and the risks of biodiversity loss. The scientist
analyses the component-functional structure
of a typical algorithm for environmentally
safe forest management, noting the expedi-
ency of using the technological potential of
innovative breeding strategies and updating
the need for intensive industry investment.
It is difficult to disagree with the author. It
should be added that the concept of renewa-
bility is now seen as a key element of sustain-
able forest complexes, ensuring an adequate
level of regeneration of natural environment
components, which can function effectively
without requiring significant financial subsi-
dies. Numerous scientific studies demonstrate
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that timber species breeding programs, when
correctly planned and implemented, do not
lead to a narrowing of genetic diversity. On
the contrary, modern forestry breeding meth-
odology encompasses the genetic variability
within a given area, transmitting it through
improved seeds and clones into artificial or-
chards during forest regeneration, thereby
contributing to the preservation of the best
gene pool. Most scientists emphasise the po-
tential of assimilating clone archives of plus
trees and trial crops in forestry. Researchers
argue that they all contain valuable genetic
material — ex situ — which is the basis for the
conservation of genetic diversity.

Conclusions

The conclusions drawn from the research con-
vincingly demonstrate that the state of the
gene pool in Kyrgyzstan’s forest ecosystems is
shaped by the optimisation of the selection pol-
icy in the industry. The breeding modernisation
of Kyrgyzstan’s forestry should focus on the
gradual replacement of extensive forest man-
agement methods with intensive ones based
on the principles of sustainable development.
Priorities for the sustainable development of
forest ecosystems include sound strategic plan-
ning for the innovative and technological de-
velopment of the forestry industry, as well as a
system of effective regeneration and preventive
measures. The preservation of genetic varia-
bility is, in this case, a necessary condition for
adaptation to the dynamics of exogenous con-
ditions and successful selection.

In Kyrgyzstan, it is deemed appropriate
to apply the successful practical experience of
other countries, which will provide the basis
for addressing the current issues of identifying
reserves for preserving genetic diversity. The
practical experience of Sweden in the context

of seven alternative forest timber breeding
programmes could be partially applied in the
Kyrgyz context. Analysis of the impact of mod-
ern tree breeding activities on the dynamics of
genetic diversity shows that FSOs are the op-
timal source of improved seeds for forest re-
generation. The study paid particular attention
to the potential of background pollination in
FSOs, considering the dual concept of both re-
ducing the selection effect and simultaneously
increasing the level of genetic variability in the
progeny. At the same time, it was established
that clonal selection — the foundation of clonal
forestry — contributes to a narrowing of genet-
ic diversity. If modern scientific recommenda-
tions are followed, the reduction of genetic di-
versity can be minimised. The use of the family
forest management concept, which is based on
vegetative propagation, significantly intensifies
the level of genetic variability in the progeny.
An approach based on the selection of multiple
populations creates optimal preconditions for
combining intensive long-term selection and
maximum preservation of the gene pool of tim-
ber species.

The development and integration of inno-
vative monitoring and forecasting systems as a
primary resource for intensifying the effective-
ness of breeding technologies in forestry is a
priority area for future research. Of particular
importance is the integration of successful in-
ternational experience, and the development
and implementation of innovative breeding
methods based on the principles of sustainable
development.
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CyuacHi MeTOau ceJieKIlii B JIICIBHUIITBI,
CIIPpSIMOBaHi Ha 30epeKeHHs rTeHeTUYHOI Pi3HOMAaHITHOCTI
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AHoTanig. [ownigkeHHS TPUCBSIYEHO aHali3y BIUIMBY CyYaCHMX CeJeKI[iiHUX 3axoHdiB Yy
JIiCIBHMIITBI Ha piBeHb reHeTMYHOI Pi3HOMAHITHOCTI JIiCOBMX AepeBHMX IIOpin. BusiBieHo, 1o
OCHOBHUM [KepeJioM TOJIMIIeHOr0 HaCiHHEBOTO MaTepiasy [l TeHeTUYHOTO BiATBOPEeHHS JIiCiB
€ 6a30Bi JicoHaciHHEBi MiaHTanii. JleTaJbHO MPOAHaTi30BAHO ACHEKTY BIUIMBY Ha MOKAa3HUKU
reHeTMYHOI BapiaTMBHOCTI HAIAAKiB BU3HAYAJIbHUX UMHHMKIB — (DOHOBOTO 3aMWIEHHS Ta YKuciIa
KJIOHIB. BuBUeHO 1oTeHIIiay ()OHOBOrO 3aMuIeHHsT Ha JiCOHACiHHEBUX IIAHTAIliSIX Y KOHTEKCTi
CYTTEBOIO 3HIDKEHHS e(DeKTMBHOCTI CeeKLiiiHMX 3aXO[iB Ta IMapajelbHOrO ITiABUIIEHHS PiBHSI
reHeTMYHOi BapiaTMBHOCTI moTtomcTBa. [IpoBemeHO aHAMITMKY AaHMX MiHIMaabHOI KiJTbKOCTi
KJIOHIB Ha JIiCOHACiHHEBUX IUIAHTAIliSIX Ha MiACTaBi MPakTUUYHOTO NOCBiAYy PO3BMHEHMX iHIINX
KpaiH. [JOCTifKeHO OMHAMiKy BapiaTMBHOCTI KJIOHIB B acrekTi (epTwibHOCTi. BusHaueHO
MOXK/IMBICTh BIUIMBY KJIOHOBOTO J060pPY Ha TeHETMYHY Pi3HOMAHITHICTh AEpeBHMX IOpin y
HATIpSIMKY 3MeHIeHHs. [TigTBepaskeHo, 10 iHTerpalisi KOHIeIii ciMeifHOro JTiCiBHMIITBA, sIKa
repenbavyae BUKOPUCTAHHSI TEXHOJIOTili BEreTaTMBHOIO PO3MHOXKEHHS, Y CEJIEKIiiiHy CcTpaTerito
3HAYHO 36i/bIIlye piBeHb T€HETUYHOI BapiaTMBHOCTI HAMAAKIB. [JoBeIeHO, 1[0 CUCTEMA CEeKITii
MHOXXMHHUX TIOTMY/ISLi € OCHOBOIO 3abes3leyeHHs] OMTMMAJIbHUX TIOTIEpeAHiX YMOB JJIst
CUHeprisarlii npolecy TOBroTpuBaioi iHTEHCUBHOI cesiekilii Ta 36epekeHHsI reHOMOH Y epeBHUX
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ropiza. BusHayeHO BifCYTHICTh HEraTMBHOTO BIUIMBY Ha TeHETMUYHY Pi3HOMAHITHICTb peasisaiii
KOMILJIEKCY OTITMMAa/IbHO CIVIAHOBAHMX CeleKLiliHuX mporpaM. BorHouac, BCTaHOB/IEHO IOTeHLial
inteHcudikariii skocTi 36epexkeHHs] TeHOMOHAY B MPOIeCi BiATBOPEHHS JiCOBUX €KOCUCTEM 3a
JOTIOMOTOIO TOJTIIIIIeHOr0 HACIHHEBOTO MaTepiaay Ta KIOHIB Y IITYUHUX HacaKkeHHsIX. OcobnmuBy
yBary MpuUAiJIeHO YTPUMAHHIO ex Situ — LIiIHHOrO TeHeTMYHOTO MaTepiaay B 06’€KTax JiCOBOTO
HaCiHHMIITBA, B TOMY YMCJIi, JTiCOHACIHHEBMX TIJIAHTAIIisIX, BUITPOOYBAJIbHUX KY/IbTypaX, apxiBax
KJIOHIB IUTIOCOBMX JepeB. Y Mpoleci NOCIiIKeHHs [0BeleHO, 10 iMIUIeMeHTallis CyyacHMUX
iHHOBAIUifHMX pillleHb i HAayKOBMX pPEKOMEH[alliii [a€e 3MOry 3BeCTM A0 MiHIMyMy IIpoLiecu
3MeHLIeHHS] TeHeTUYHOr0 Pi3HOMAaHITTS JIiCOBMUX IMODPiJ. Pe3ynbTaTyt MOKYTb 3HAMTH MPaKTUUHE
3aCTOCYBaHHS B Cy4aCHMX CeJIeKLi/iHMX ITporpaMax y JIiCiBHMULITBI

Kiio4oBi c10Ba: KJIOHOBA TEXHOJIOTiSI; COMaTUYHMIT eMOpioreHes; ()OHOBe 3aIMJIEHHS; exX Situ;
KiJIbKiCTh KJIOHIB
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oak stands of natural origin. The method of assessing the condition of old oak plantations using
an integral indicator that takes into account biometric, ameliorative and health characteristics of
stands, as well as agrochemical indicators of the soil has been tested. Field work was carried out on
four experimental plots, where 794 age-old trees were enumerated. Comprehensive studies included
determination of biometric indicators, analysis of root systems, detection of the content of available
forms of nitrogen, mobile phosphorus, mobile potassium in soil. Soil hardness was measured with a
durometer and soil water permeability using steel cylinders. High values of integral indicators were
obtained in the experimental areas, which range from 11.9 to 19.7%. They guarantee the effective
performance of erosion control properties by native old-growth forests. It has been researched that
the proposed integral indicator of forest stand condition not only allows for assessing their current
state but also demonstrates the effective control of erosion and ecological functions of the stand.
It was established that essential requirement is to convert the absolute values of various indicators
into relative values, with mandatory consideration of their positive or negative impacts on the
forest stands themselves. It was found that an integral condition indicator can be used for erosion
control plantations of any age range. The results can be used to develop biodiversity conservation
programs and establish effective strategies for managing forest resources

Keywords: index of the integral condition of the stand; water permeability; hardness; erosion

control properties; biometric indicators

Introduction

Forests play a crucial role in preserving biodiver-
sity, which forms the basis of ecological stabili-
ty in forest ecosystems. They provide a unique
habitat for numerous plant and animal species,
including rare and endangered ones. Studying
the ameliorative properties of forests allows
for the development of effective management
and utilization strategies aimed at preserv-
ing their natural potential and improving the
quality of forest environments. This approach
helps achieve a balance among ecological, so-
cial, and economic aspects of forestry, crucial
for sustainable development and ensuring fu-
ture generations’ access to natural resources.

The relevance of the scientific research
topic stems from the necessity to assess the
comprehensive indicator of the condition of
naturally occurring ancient oak forests. This
evaluation is crucial for understanding ecosys-
tem health, biodiversity conservation, and sus-
tainable forest management practices.

Old original oak stands are critically im-
portant for maintaining biodiversity as they
provide habitats for numerous species of
plants, animals, and microorganisms. Oak for-
ests play a significant role in reducing carbon
emissions, which is a key factor in combating
climate change. According to G. Piovesan et
al. (2022) they also hold economic value due to
their high-quality timber and cultural signifi-
cance as part of natural heritage, underscoring
the need for their conservation and study.

Old forests are important ecosystems be-
cause they have both root systems and canopy,
which makes it possible to fix a large amount
of atmospheric CO,, produce oxygen, and cre-
ate a unique microclimate and living condi-
tions, unlike young and monocultured forests.
Intensive logging is causing rapid adverse
impacts on ecosystems and climate. Mature
forests persist in absorbing carbon and fixing
nitrogen. Old trees control the underground
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conditions necessary for tree regeneration,
old-growth forests create a microclimate that
slows down global warming and is an essen-
tial habitat for many endangered species.
P. Chmielarz et al. (2023) researched old trees
produce phytochemicals with many biomed-
ical properties. They note that existing old
trees are very important for biodiversity, as
they also preserve elements of cultural herit-
age before industrial times.

In many ecosystems worldwide, large old
trees are found as isolated individuals or small,
scattered groups, qualifying them as small nat-
ural features. Despite their spatial limitations,
these solitary or small groups of old trees play
vital ecological roles, such as carbon storage
and providing wildlife habitats. Protecting and
managing these large old trees as small natu-
ral features is crucial for preserving these roles
and often necessitates targeted, small-scale
conservation strategies. These strategies may
include prohibiting the felling of trees above a
certain size, installing microfences to prevent
grazing threats, and creating buffer zones of
other vegetation to shield them from fire and
chemical exposure. Studies on the growth and
condition of ancient oaks are actively ongoing.
According C. Cannon et al. (2022), ancient trees
are unique forest assets that take centuries to
develop. These old-growth trees significantly
influence generation time and population fit-
ness, transcending centennial ecological cycles.
Consequently, they are crucial for the forest’s
long-term ability to adapt to changing climate
conditions and provide invaluable data on eco-
logical history and individual longevity. Given
that they cannot be replaced by reconstruc-
tion or regeneration for many centuries, their
protection is essential to preserving their irre-
placeable diversity.

In scientific research of J. Zawadka (2020) it
was noted environmental factors affecting the

condition and growth of old oaks and other trees
are of exceptional importance; trends in growth
and age of common oak along the amplitude
gradient; hundred-year climate changes, as
well as the impact of negative biotic, biotic and
anthropogenic factors on old oak plantations;
structural diversity of oak plantations in the
green zone of forest parks and the protection
of tree natural monuments in European coun-
tries. Most often, appraisers focus on biometric
assessment studies, foresters on forestry, land
amelioration on agroforestry, and soil scien-
tists on obtaining indicators that characterize
soil properties. It is not easy to combine various
indicators, especially when they have different
dimensions (Fawzy et al., 2020).

During the study of the state and improve-
ment of eroded soils V. Maliuha et al. (2021)
tested the coefficient of soil improvement as
an average integral indicator that takes into
account individual elements of soil proper-
ties. According to a similar methodological
approach, it was proposed to use an integral
indicator of the condition of forest plantations,
taking into account biometric, ameliorative,
health features of forest plantations and soil
properties. To obtain an integral indicator of
the condition of forest plantations, calculations
are performed in advance, which ensure the re-
duction of all various indicators with their ab-
solute values to relative values in comparison
with the selected control.

The purpose of the study was to compre-
hensively assess the current condition and per-
formance of erosion control properties of old-
age oak stands of natural origin.

Materials and Methods

Comprehensive studies of age-old oak stand
of natural origin were carried out on the ter-
ritory of the “Koshyk” tract of the Educational
and Experimental Forestry of the Bila Tserkva
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National Agrarian University. The area of the
massif was 7.5 hectares, on which 4 trial plots
(TP) were selected (Fig. 1). Field research was
conducted during September-December 2022.
The study of old oak plantations of natural or-
igin, the LIDAR surveying was used, which al-
lows you to quickly obtain detailed and spatial

NS TP’ | “Geographic coordinates 2

29°46'58.0°N 30°02'54.0°E
49°47°00,6'N 30°02'45.7'E
49°47/01:6"N 30°02'44.1'E

49°46'67.4"N'30°02' E

information about the short-term dynamics
of “windows” in the canopy of old oak planta-
tions. This technology offers a valuable means
of studying patterns of forest loss and under-
standing the dynamics of forest ecosystems at
a narrower scale than previously possible using
traditional methods (Vepakomma et al., 2008).

Figure 1. Location of trial plots on the territory of the “Koshyk” tract

Source: Google Earth

Based on the method of applying an inte-
gral indicator, which takes into account biome-
tric, amelioration and health characteristics of
stands, as well as agrochemical indicators of the
soil. The following indicators were considered
in the study: biometrics — height of trees, m;
diameter, cm; stock, m3/ha; the basal area — m?/
ha, etc.; amelioration — root surface area, cm?;
soil hardness, kg/cm?; soil compaction densi-
ty, g/cm® and its water permeability, mm/min;
forestry, characterizing health condition - the
number of affected trees, pcs. and health con-
dition index; agrochemistry — the content of
available forms of nitrogen, mobile phospho-
rus, mobile potassium, mg/kg, humus, %, etc.
(Khryk, 2024).

All trees were numbered in all trial plots,
and a list of trees by diameter was made
(Fig. 2a). At each trial plot, the heights of 12-
15 trees were measured with an altimeter-ecli-
nometer RM-5 (Finland), followed by construc-
tion of graphs of height curves. One model tree
was selected based on the average height and
diameter within each trial plot. Next to each
model tree, at a distance of 3 m, samples of the
root-containing layer of the soil were taken
using a soil sampler (Fig. 2b). Test samples of
soil cores were taken in mutually perpendicular
directions from the middle tree of an old oak
tree at depths of 0-10, 10-20, 20-30, 30-40, and
40-50 cm (Fig. 2b). A total of 67 samples were
selected.
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Figure 2. Field and chamber work
Note: a) numbered age-old oak on the trial plot; b) sampling of soil cores using a drill; ¢) measurement of water
absorption time by the soil; d) hardness tester; e) use of a cutting ring to determine the density of the soil
composition; f) determination of the volume of conductive roots by the xylometric method; g) measurement
of the weight of active roots
Source: developed by the authors

In parallel, the roots of the common oak
were selected from the obtained cores and di-
vided into fractions: physiologically active
roots (with a diameter of <2 mm) and conduct-
ing roots (with a diameter of >2 mm). Their vol-
ume was determined by the xylometric meth-
od by measuring the displaced water during
immersion of the roots in a wet state in water
(Fig. 2f). The mass of raw and dry roots was
determined using electronic scales with an ac-
curacy of 0.01 g (Fig. 2g). Root diameters were
determined using a micrometer, which made it
possible to establish the average value of the
index of each fraction. For each fraction, the
surface areas of the root samples were calculat-
ed according to formula (1):

—4.v
s=4-1, (1)

where, S is the lateral surface of the roots, cm?;
V - root volume of this fraction, cm3; D-the

average diameter of the fraction, cm. Using a
soil sampling device with a diameter of 10 cm,
soil cores were taken from experimental plots
in 5-fold repetition to obtain mixed soil sam-
ples from each 10-cm layer to a depth of 50 cm
of the active root-containing horizon. Mixed
soil samples for laboratory analyses weighing 1
kg were formed (Pawlik et al., 2023). Soil hard-
ness was measured by I. Golubev’s hardness
tester in 20 repetitions with subsequent statis-
tical data processing (Fig. 2d). A total of 80 soil
hardness measurements were made.

The time of water absorption by the soil
was measured using steel cylinders with a di-
ameter of 80 mm and a height of 100 mm by
burying the cylinder halfway into the soil and
filling the upper part (50 mm) with water. The
stopwatch determined the absorption time of a
50 mm layer of water, which corresponds to tor-
rential rainfall. The number of measurements is
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10 times. A total of 40 measurements of water
permeability of the soil were made.

Water permeability is calculated by the ra-
tio of the amount of absorbed water to the time
of its absorption (Fig. 2c). The compaction den-
sity of the soil was determined using a cutting
ring with a diameter of 50 mm and a height of
30 mm. The selection of soil samples was car-
ried out both from the surface and from depths
of 10-50 cm using a soil sampler. The soil from
the cutting ring was transferred to an aluminum
box for drying in a cabinet to constant weight.
The assembly density (volumetric mass) was
determined by dividing the weight of dry soil

by the volume of the cutting ring (Fig. 2e). The
content of nutrients was obtained by labora-
tory tests of soil samples in the certified lab-
oratory of the Bila Tserkva National Agrarian
University. Nutrient stocks of available forms
of nitrogen (N-NO, +N-NH,), mobile phospho-
rus (P,0,), mobile potassium (K,0) were deter-
mined. The stock is calculated by the product
of their content (mg/kg) by the density of the
assembly and by the thickness of the soil layer
of 50 cm. Researchers V. Khryk et al. (2024) de-
veloped a scale for assessing the state of forest
stands (Table 1), which was used to determine
the integral condition of the studied stands.

Table 1. Scale for assessing the condition of forest stands

Serial number Integral indicator Value, % Stand condition
1 very high 0-20 safe
2 high 21-40 attenuated
3 average 41-60 weak
4 low 61-80 very weak
5 critical 81-100 threatening

Source: developed by the authors based on V. Khryk et al. (2024)

The experimental studies conducted on
plants comply with international standards
Convention on Biological Diversity (1992). Ac-
cording to a visual inspection of all stands, the
stand on TP 4 was determined to have with the
weakest health conditions (Resolution of the
Cabinet of Ministers of Ukraine No. 756, 2016)
and adopted by the authors of this study and was
accepted as the basic (control) — for a compara-
tive assessment of the integral condition of the
investigated age-old stands on trial plots 1-3.

Results and Discussion

The concept of plantation condition has many
aspects. Plantations are constantly in flux: on
the one hand, their condition depends on for-
est conditions, and on the other hand, they are
capable of creating new conditions that will be

most favourable for growth and development.
The condition of forest plantations can be as-
sessed from different positions. With the help
of sylvicultural and biometric indicators, it is
possible to assess the condition of plantations,
taking into account their qualitative (class of
rating) and quantitative (stand stock) produc-
tivity. There are indicators that allow estab-
lishing the health condition of plantations. For
example, a tree stand has achieved high pro-
ductivity, but under certain conditions has lost
its biological stability due to the manifestation
of the action of forest pests or pathogens. For
this, there is already an indicator of the health
condition index (Resolution of..., 2016).

The condition of manifestation of ame-
liorative properties of old oak stands was de-
termined by a number of soil characteristics,
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including compaction density, hardness, water
permeability, etc. Forests have numerous eco-
logical functions: energy, water regulation,
water absorption, soil protection, siltation, soil
creation, restoration, recreation, sanitary and
hygienic, aesthetic, climate regulation, ecolog-
ical stabilization, etc. Their effective ability to
perform many functions is closely related to the
condition of the plantations.

Forestry and biometric characteristics of
age-old oak forest plantations of natural origin
are presented in Table 2. They are pure in com-
position, aged from 200 to 214 years. Trial plot 1
is distinguished by the average diameter, the
rest do not have a reliably significant difference.
The average heights are within the II class of rat-
ing, which characterizes it as a fairly high qual-
ity indicator of the productivity of old stands.

Table 2. Forestry and biometric characteristics of stands according to the data of trial plots

Number of 0 "
5 g n trees, pcs. Average = = g Ei
2 | - E s o s ¥ 3
g e 'a 8 ] = g o
2 88 7 | B ") 3
7] g per . . - v ] —_
a g gf plot per/ha | Diameter,cm | Height, m é 2" é g
o =
1 10Qr | 214 321 107 67.8+0.75 29.3%3.1 3.0 I 510 1530
2 10Qr | 204 236 107 64.7+0.75 29.1£2.6 2.2 I 465 1023
3 10Qr | 200 135 104 63.5+1.06 28.9+3.0 1.3 I 451 586
4 10Qr | 204 102 102 64.6+1.41 29.2%2.5 1.0 I 429 429

Note: Qr — common oak (Quercus robur L.)
Source: developed by the authors

The area of the trial plots is from 1.0 to
3.0 ha, respectively, and the number of trees
is from 102 to 321 pcs., although if you bring
the data to an area of 1 ha, the difference in
the number of trees on the plots turns out to
be insignificant from 107 to 102 trees. Quanti-
tative productivity, which is represented by the
stock of trunk wood, is in the range from 429 to
510 m3/ha, which, taking into account the dif-
ferent area of trial plots, provides a total stock
of wood from 429 to 1530 m3. From the con-
sidered forest biometric indicators, for further
comparison of the obtained data, it is advisable
to take into account the diameter and stock of

plantations, since the rest of the indicators do
not have a significant difference.

The following indicators were chosen to
evaluate the erosion control properties of the
stands: hardness, water permeability of the soil
and the study of root systems. It is the select-
ed indicators that most accurately character-
ize the indicated properties, which depend on
the possibility of transferring surface runoff
to ground runoff, in order to avoid the possi-
ble manifestation of erosion processes as much
as possible. With low soil hardness, sufficient
water permeability and the spread of root sys-
tems, maximum absorption of water by the soil
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can be ensured, that is, surface (often destruc-
tive) runoff can be transferred to safe internal
soil runoff. Statistics for determination of soil
hardness and assessment of the significance of
the difference between the average values of

indicators are presented in the Table 3 and 4.
The maximum hardness of the soil detected
during the control TP 4 is 15.2 kg/cm?. The rest
of the obtained hardness indicators on TP 1-3
do not have significant differences.

Table 3. Soil hardness statistics

TP Statistics
number N M c v p
1 20 9.9 0.567 2.53 25.57 5.72
2 20 11.8 0.663 2.97 25.14 5.62
3 20 10.6 0.266 1.19 11.29 2.52
4 (Control) 20 15.2 0.571 2.55 16.74 3.74

Note: N — the number of measurements; M — the average value; m - the error of the average value; ¢ — mean

square deviation; v — coefficient of variation; p — accuracy of research

Source: developed by the authors

Table 4. Evaluation of the significance of the difference between
the average values of soil hardness indicators

The difference between Number | Student’s | The difference between Number | Student’s
the average values on | of degrees | criterion | the average values on | of degrees | criterion
the trial plots of freedom 05 the trial plots of freedom t)0s
1-2 36 2.18 2-3 36 1.68
1-3 36 1.12 2-4 (C)* 36 3.88
1-4 (C)* 36 6.60 3-4 (C)* 36 7.31

Note: * - the difference is significant; C — control
Source: developed by the authors

Therefore, a significant difference in hard-
ness indicators was obtained for all plots com-
pared to the control. A high soil hardness of
more than 30 kg/cm? not only slows down the
absorption of rainwater as much as possible,
but also often prevents the development of root
systems. An important indicator is the water

permeability of the soil, and for its determina-
tion, the absorption time of a 50 mm layer of
water from steel cylinders, which corresponds
to the level of an atmospheric downpour, was
initially taken into account. The statistics of the
absorption time of 50 mm of water are given in
the Table 5.

Table 5. Statistics of indicators of absorption time of 50 mm of water

TP Statistics
number N M m c v P
1 10 2.94 0.575 1.82 61.78 19.54
2 10 6.58 1.234 3.90 59.32 18.76
3 10 5.50 0.629 1.99 36.19 11.44
4(C) 10 10.10 0.706 2.23 22.13 6.99

Note: N — the number of measurements; M — the average value; m - the error of the average value; ¢ — mean
square deviation; v — coefficient of variation; p — accuracy of research

Source: developed by the authors
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The obtained results of statistical pro-
cessing of field research data show that the
absorption time of a 50 mm layer of water
ranges from 2.94 to 10.10 minutes (TP 1-4). At
the same time, no significant difference was
found between the indicated indicators at TP 2
and 3. An estimate of the significance of the
difference between the average values of the
absorption time of a 50 mm layer of water is

given in the Table 6. A significant difference in
water absorption indicators was obtained be-
tween TP 1 and TP 2 and 3, as well as compared
to the control. Indicators of soil hardness and
the time taken to absorb a 50 mm layer of wa-
ter revealed a direct relationship. A higher
hardness index of 15.2 kg/cm? corresponds to
a longer time for absorbing water from a steel
cylinder — 10.1 minutes.

Table 6. Evaluation of the significance of the difference between
the average values of the indicators of the time of absorption of 50 mm of water

The difference between Number | Student’s | The difference between Number | Student’s
the average values on | of degrees | criterion | the average values on | of degrees | criterion
the trial plots of freedom 05 the trial plots of freedom o0
1-2% 16 2.67 2-3 16 0.78
1-3* 16 3.00 2-4 (C)* 16 2.48
1-4 (C)* 16 7.87 3-4 (C)* 16 4.87

Note: * - the difference is significant; C — control
Source: developed by the authors

In terms of erosion control, it is important
to take into account the peculiarities of the de-
velopment of root systems, which, in addition to
keeping plants in the soil, supplying them with

nutrients and water, contribute to the formation
of water-resistant aggregate structures and relia-
bly counteract the manifestation of erosion pro-
cesses (washing and erosion) of the soil, Table 7.

Table 7. Ratio of roots in monoliths 50 cm deep

TP Mass of dry roots, g Volume of displaced water, ml
number conductive active ratio conductive active ratio
1 10.48 0.80 13.1:1 25.4 1.3 19.5:1
2 8.20 0.70 11.7:1 10.5 0.8 13.1:1
3 9.60 0.75 12.8:1 174 1.1 15.8:1
4 9.39 0.89 10.6:1 17.3 1.4 12.4:1

Source: developed by the authors

The largest mass of roots and, according-
ly, the volume of water displaced by it from the
xylometer falls on TP 1. It turned out that the
ratio of the mass of roots and the volume of dis-
placed water is characteristic of all trial plots in
favour of the conductive one, which provides
mainly the transport function. At the same time,
it contributes to the transfer of surface runoff

into the soil due to the spread of roots into deep
soil horizons. The most important role of active
roots is that, thanks to its own surface area, it
ensures direct contact with the soil in supplying
plants with water and nutrients from the bulk
solution, contributes to the improvement of the
soil structure and its water permeability. The
surface area of the roots is given in the Table 8.
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Table 8. Root surface area

TP The average diameter The volume Root surface area. cm?
of the roots, cm of displaced water, ml >
number . . A . . . .
conductive active conductive | active | total conductive | active | ratio
1 0.73 0.03 25.4 1.3 26.7 139.2 173.3 1:1.24
2 0.52 0.03 10.5 0.8 11.2 80.8 106.7 1:1.32
3 0.65 0.03 174 1.1 18.5 107.1 146.7 1:1.37
4 0.67 0.03 17.3 14 18.9 103.3 186.7 1:1.81

Source: developed by the authors

Despite the fact that the ratio of the mass
of the roots and the volume of displaced water
was in favour of the conductive one, the ratio
between the active and conductive roots in the
monoliths was in favour of the active one based
on the determined surface area of direct con-
tact with the soil. Therefore, the surface area
of active roots was used in further research to
assess the condition of plantations by an inte-
gral indicator.

In addition to the study of the ameliorative
erosion control properties of the plantations,

the determination of nutrient stocks in the
soil was carried out using the example of the
content of agrochemical indicators: available
forms of nitrogen, mobile phosphorus and po-
tassium. Taking into account the different ab-
solute values of all experimental indicators, to
obtain an integral indicator of the condition of
stands, conversions were made to their relative
values. For this purpose, TP 4 was chosen as a
control. A comparison of stocks of agrochemi-
cal indicators that provide plants with food is
given in the Table 9.

Table 9. Comparison of nutrient stocks in a 50 cm soil layer

TP number Available forms of nitrogen | Mobile phosphorus (P,0,), | Mobile potassium (K,0),
(N-NO,+N-NH,), mg/kg mg/kg mg/kg
1 613.4 +11.3% 3086.7 +33.0% 4379.3 +3.5%
2 651.2 +18.2% 3475.5 +49.7% 3749.4 -11.3%
3 707.9 +28.5% 2881.1 +24.1% 4350.6 +2.9%
4(C) 551.0 - 2321.2 - 4229.2 -

Note: C - control
Source: developed by the authors

During the comparison of agrochemi-
cal indicators that ensure the supply of nu-
trients, such as available forms of nitrogen
and mobile phosphorus and potassium, a de-
crease in the indicator of mobile potassium
at TP 2 (-11.3%) was established. Indicators

of the health state of stands are also taken
into account, in particular, the presence of
transverse cancer of common oak, the total
percentage of affected trees and the index of
the health condition of plantations, which is
given in Table 10.

Table 10. Comparison of indicators by health condition

TP Transverse canccir Number of affected trees, % Health condition index
number of common oak, %
1 33.0 +5.7 46.4 +17.0 1.96 +24.0%
2 38.7 -10.6 449 +19.7 1.49 +42.2%
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Table 10, Continued

TP Transverse cancir Number of affected trees, % Health condition index
number of common oak, %
3 25.5 +27.1 48.5 +13.2 2.48 +3.9%
4(C) 35.0 - 55.9 - 2.58 -

Note: C - control
Source: developed by the authors

During the calculations, the (+) or (-) ob-
tained relative value of the indicator with the
state of the plantation must be taken into ac-
count. That is, how will the impact of this in-
dicator on the condition of the plantation be
manifested — positively or negatively? The pe-
culiarity of the comparison of indicators of the
health condition is that negative values are giv-
en to those of them that worsen the condition.
Thus, during the calculation of the indicator of
transverse cancer compared to the control, an
increase in the indicator on TP 2 by 10.6%, a de-
crease on TP 1 by - 5.7% and on TP 3 by — 27.1%,
but for the stand this decrease is a positive phe-
nomenon, and growth is negative, so the signs
are reversed. The number of affected trees and
indices of health condition are lower than the

control, but instead of minuses, pluses are giv-
en, since the reduction of the indicated indica-
tors according to the calculation turns out to be
a positive phenomenon for stands.

Among the ameliorative indicators, the fol-
lowing indicators were selected: surface area of
active roots, hardness and water permeability
of the soil. In part, the role of active roots has
been considered earlier, it is worth noting that
it takes the most active part in improving the
properties of the soil, both physical (loosening,
strengthening of waterproofing capacity, resist-
ance to washing and erosion, etc.), and chemi-
cal - it contributes to soil formation due to the
processes of mineralization and humification of
organic matter. Comparison with the control of
ameliorative indicators is given in the Table 11.

Table 11. Comparison of ameliorative indicators

Surface area Soil hardness, Absorption time of 50 mm
TP number . .
of active roots, cm? kg/cm? of water, min.
1 173.3 -7.2% 9.9 +34.9% 2.94 +70.9%
2 106.7 -42.8% 11.8 +22.4% 6.58 +34.9%
3 146.7 -21.4% 10.6 +30.3% 5.50 +45.5%
4(C) 186.7 - 15.2 - 10.10 -

Note: C - control

Source: developed by the authors

The comparison of ameliorative indicators
also warrants clarification. While the decrease
in the surface area of active roots compared to
the control is evident, further explanation is
needed for the soil hardness and the absorption
time of 50 mm of water. A decrease in the val-
ue of the soil hardness indicator for plantations

is a positive thing. Under such conditions, root
systems develop better and atmospheric pre-
cipitation is better absorbed by the soil. Absorp-
tion time decreased, this is also a positive phe-
nomenon because more moisture is absorbed in
a shorter period of time (50:2.94=17.0 mm/min,
and 50:10.1=5.0 mm/min), which corresponds
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to the water permeability indicator. Absorption
time and hardness are directly related, while
hardness and water permeability indicators
have an inversely proportional relationship.
They provide an opportunity for the optimal
spread of root systems due to a certain hard-
ness and moisture of the soil, which is related to
water permeability. Both indicators affect soil
erosion processes. For example, with significant
hardness, the development of root systems be-
comes impossible, which worsens their binding
effect and reduces the water-absorbing role to a
minimum, and as a result, concentrated surface
runoff leads to soil washing and erosion.

Two of the biometric indicators were cho-
sen to obtain an integral condition indicator —

the average diameter and the stock (Table 12).
A total of 11 indicators were selected during
complex studies to establish an integral con-
dition indicator, the comparison of which is
shown in the Tables 9-12. The integral indi-
cator of the condition of stands is the average
value of the algebraic sum of all relative com-
pared indicators, eleven of which are consid-
ered in this study.

Most often, certain aspects of the planta-
tions are studied and analysed, taking into ac-
count certain indicators that are obtained using
separate methods and have their own absolute
values. To assess such multidimensionality as
natural forest stands, in particular age, a gener-
alized integrating indicator is needed.

Table 12. Comparison of biometric indicators

TP number Diameter of an average tree, cm Stock of the stand, m3/ha
1 67.8 +4.9% 510 +18.9%
2 64.7 +0.2% 465 +8.4%
3 63.5 -1.7% 451 +5.1%
4(C) 64.6 429 -

Note: C - control
Source: developed by the authors

As for the biometric characteristics, it is pos-
sible to notice a non-significant difference be-
tween the indicators of the average diameters of
TP 2 and 3 with the control. The diameter of the
average tree on TP 2 exceeds the control by 0.2%,

and on TP 3 it is smaller by 1.7%, which was dis-
cussed earlier during the comparison of statistics.
The stock of trees in all areas is higher than the
control. The calculation of the integral indicator of
the condition of the stands is given in the Table 13.

Table 13. Calculation of the integral indicator of the condition the stands

nu'In‘ll‘:)er N P,O0, | KO | Toc Ta Thc S T Wa D Stock | Iic
1 11.3 33.0 3.5 5.7 17.0 24.0 -7.2% 34.9 70.9 4.9 18.9 19.7
2 18.2 49.7 | -11.3 | -10.6 | 19.7 42.2 | -42.8% | 22.4 34.9 0.2 8.4 11.9
3 28.5 24.1 2.9 27.1 13.2 3.9 -21.4% | 30.3 45.5 -1.7 5.1 14.3

Note: N - available forms of nitrogen; P,O, - mobile phosphorus; K,0 - mobile potassium; Toc - transverse
oak cancer; Ta — the number of affected trees; Ihc — health condition index; S - surface area of active roots;
Hs - soil hardness; Wa — absorption time of 50 mm of water; D — average diameter; lic — integral indicator

of condition

Source: compiled by the authors
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Therefore, an analysis of eleven indicators
was carried out, which made it possible to ob-
tain a synthesizing result of the assessment
of the condition of aged oak stands of natural
origin. Another approval of the integral indi-
cator of the state of plantations took place.
Under the conditions of comparison of the as-
sessed plantations of TP 1, 2, 3 with the con-
trol of TP 4, the integral indicators of the con-
ditions were as follows: the result — 19.7% has
TP 1, and further in descending order - 14.3%
of TP 3 and - 11.9% at TP 2.

The number of indicators can be signifi-
cant, which makes it possible to take into ac-
count their cumulative effect on the final re-
sult in more detail. It is especially important
to use such a methodical approach to evalu-
ate a large number of objects that will require
comparative evaluation.

An old age tree is one that holds biolog-
ical, cultural, or aesthetic significance due to
its notable age, size, or condition. C. Leusch-
ner & H. Ellenberg (2017) proved such trees
are of great interest as they serve as living wit-
nesses to the past and relics of former land-
scapes. These grand old age trees are among
the most iconic life forms on Earth and play a
crucial role in various terrestrial ecosystems.
M. Gilhen-Baker et al. (2022) examined those
large old trees have an active impact on eco-
system conservation, productivity and climate
improvement.

A. Kushnir & I. Vakulyk (2018) described
that big old age trees are an important part of
shared cultural heritage, providing people with
aesthetic, symbolic, religious and historical
markers. Bringing their many ecological, oce-
anic, therapeutic and socio-cultural benefits
to the fore and learning to appreciate old trees
holistically can contribute to halting the global
decline of old growth forests.

D. Lindenmayer & W. Laurance (2017) and
D. Lindenmayer (2017) analysed the state of old

oak stands during research on the influence of
climate on vegetation change in the eastern
regions of the USA. Large old trees play an im-
portant ecological role in the hydrological re-
gime, nutrient cycling, etc. Age-old plantations
affect the spatial and temporal distribution and
number of individuals of one species and popu-
lations of many other plant and animal species.
Researchers A. Larionova & A. Klestch (2019)
suggested that important parameters of old-
growth trees, such as height, life span, and ex-
cessive sparsity, which provide competitive ad-
vantages in an undisturbed environment, can
make such trees highly vulnerable to a number
of anthropogenic impacts.

Centuries-old trees suffer from droughts,
fires, pests and pathogens, as well as from
logging, land clearing, landscape fragmen-
tation and climate change. P. Zarzyniski &
A. Grzywacz (2019) researched that addressing
the above threats is challenging because they
often interact and manifest differently in dif-
ferent ecosystems, requiring targeted respons-
es to specific species or ecosystems. According
F. Indresputra et al. (2023), new management
actions are often needed to protect the existing
large old trees and to ensure the recruitment
of new cohorts of such trees. In agro-industri-
al and urban areas, there is a need to conserve
and preserve individual specimens of centu-
ries-old trees. Landscape-level approaches
will be needed, such as protecting sites where
large old trees are most likely to occur. A. Arif et
al. (2024) noted the trees demonstrate signifi-
cant potential for land reclamation due to their
ability to thrive in high salinity conditions.
Their adaptability not only aids in soil stabili-
zation but also improves the overall ecological
health of degraded areas.

However, this raises problems related to
the likely redistribution of trees depending on
climate change, as old trees may exist at this
time in places unsuitable for the development
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of new communities of the same species. Re-
searchers P. AdamiC et al. (2023) studied suit-
able future ecological domains for a species
may exist in new places where it has never
been encountered before. Future distribution
and conservation of large old trees may re-
quire conflicting responses, including assist-
ed migration via seeds or seedlings to new
locations. K. Kimic (2021) studied the global
decline in the number of large old trees and
their importance to ecosystems, which may be
relevant to the assessment of the condition of
old-growth oak stands.

According to I. Vakuluk & O. Balalaie-
va (2018), the effectiveness of such approaches
is limited by the ecological characteristics of
large old trees (e.g., the presence of hollows)
dependent on other species, such as termites,
fungi, and bacteria.

Morphological indicators of old trees ac-
cording to N. Sukri et al. (2023) vary greatly on
a species-to-species basis, creating significant
challenges in identifying large old trees and
requiring an ecosystem-specific and identifica-
tion method that is rarely readily transferable
to other species or ecosystems. Such variability
is also manifested in the marked interspecific
relationships of the main characteristics of old-
growth trees, including the root system, crown
habit, degree of development of the bark mi-
croenvironment, and prevalence of gaps.

Overall, the significant number of indica-
tors allows for a more detailed consideration
of their cumulative effect on the final result,
which is important when evaluating a large
number of objects for comparative analysis.
Old trees are not only biologically, culturally,
and aesthetically significant, but also play a
critical role in various ecosystems by providing
hydrological regimes, nutrient cycling, and nu-
merous ecosystem processes. This underscores
the need for their protection and adaptation to
climate change to maintain ecological stability.

Conclusions

The analysis and comparison of taxation indi-
cators shows that the leading position is oc-
cupied by TP 1, where the stock of stem wood
is 510 m3/ha or 18.9% higher than the control.
The average diameter is 67.8 cm, which is 4.9%
higher than the control. The large difference in
stock is caused by the difference in diameters
and the number of trees. Analysing the nutri-
ent reserves, found that TP 3 has advantages
in terms of available nitrogen forms, which is
28.5% more than the control. In terms of mo-
bile phosphorus reserves, TP 2 has the best po-
sition, which is 49.7% higher than the control.
There is no big difference in mobile potash re-
serves, but TP 1 is 3.5%.

The study of the health condition showed
the best results in TP 3, where the presence of
cross cancer is 27.1% less than in the control.
The smallest number of affected trees was
found in TP 2 (by 19.7%). The health condition
index of 1.49, which is typical for healthy plan-
tations, corresponds to the conditions of TP 2.
The analysis of reclamation indicators shows
that the best results in terms of the surface
area of active roots were obtained in the con-
trol. This is due to the presence of the largest
amount of undergrowth and undergrowth in
this area. In terms of soil hardness, the best
result was found in TP 1 - 9.9 kg/cm?, which
differs by 34.9% compared to the control. The
time of absorption of 50 mm of water layer was
also the best in TP 1 (70.9% faster compared to
the control).

On the basis of the results of the compre-
hensive assessment of the condition and perfor-
mance of the properties of the aged oak stands
of natural origin of the Educational Farm of the
Bila Tserkva National Agrarian University, it
can be concluded that very high values of inte-
gral indicators, which do not exceed 20%, have
been obtained. They guarantee a general safe
condition in the performance of erosion control
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properties by studied forest stands. Under the
conditions of comparison of the assessed plan-
tations of TP 1, 2, 3 with the control of TP 4,
the integral indicators of the conditions were as
follows: the result — 19.7% has TP 1, and fur-
ther in descending order — 14.3% of TP 3 and -
11.9% at TP 2.

Therefore, the proposed integral indica-
tor of the condition of plantations provides
the possibility of applying a comprehensive
approach to their assessment, taking into ac-

they have positive or negative effects on the
forest stands. The methodology for assessing
the integral indicator of plantation condition
requires comprehensive testing. The need for
the most complete assessment of the condition
of plantations as a multifaceted research object
remains, which indicates its relevance. Its re-
finement and revision may not be ruled out, but
this will be proved by further testing.
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AHoTanis. MeniopaTuBHiI BJIACTMBOCTI JIICOBMX HAcCa/JK€Hb MAalOTh BaXKJIMBE 3HAUYEHHS ISt
po3po6KkM eeKTUBHMX 3aXOfiB 3 OXOPOHM MHOBKIII Ta CTAJOT0 BUKOPUCTAHHSI JIiCOBUX
pecypciB. BuBuUeHHS IMX JIiciB moromarae po3pobutu edeKTHBHi cTparerii ix 36epekeHHS
Ta CTaJOr0 BUKOPUCTAHHS. AKTYaJbHICTb TeMM MHOCTI[KEHHS BMU3HAUAEThCS HEOOXimHICTIO
arpo6arrii MeToAMKM OLiHKM CTaHy BiKOBMX AYOOBMX HACAAKEHb 3@ JOMOMOIOI0 iHTErpaJibHOTO
TOKa3HMKa. MeTor MOCTiIskKeHHS OY/I0 OLiHUTY CydacHMUIi CTaH Ta epeKTUBHICTh TPOTHUEPO3iTHUX
BJIACTMBOCTEN CcTapuxX AyOOBMX HACaIKeHb MPUPOTHOTO MOXOMKEHHS. ATTPOOOBAHO METOIMKY
OIIiHKM CTaHy BiKOBMX HacaKeHb Iy6a 3a iHTerpajbHUM ITOKa3HMKOM, III0 BPaXOBYeE 6i0MeTpUYHi,
MeJliopaTMBHI Ta CaHiTapHi XapakTepPUCTUKY HacaIKeHb, & TAKOX arpoXiMiuHi TOKa3HUKU IPYHTY.
[MTonboBi po6GOTM MPOBOAVINCH HAa YOTUPbOX MOCTIMHMUX AiISIHKAaX, Ae 00jikoBaHO 794 BiKOBi
nmepeBa. KoMIuieKcHi JOCTiIKeHHS BK/IIOUAAM BU3HAUEHHS GiOMETPUMYHMX MOKA3HMKIB, aHasIi3
KOpeHeBOi CUCTeMM, BU3HAYEHHST BMICTy B I'PYHTI JOCTymHUX GOpM asoTy, pyxomoro docdopy,
pyxomoro Kasito. TBepaicTb I'PYHTY BUMipIOBaIM 3a IOMOMOTO TBepAOMipa, a BOJOMPOHUKHICTh
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I'PYHTY — 32 JOTIOMOTOI0 CTa/IeBUX WIiHAPIB. Ha mocmigHux AinsiHKax OTpMMaHO BUCOKi 3HAUeHHSI
iHTerpasbHMUX TTOKA3HMKIB, SIKi KOAMBaIOThCS Bim 11,9 mo 19,7 %. Bonu rapaHTyoTh ebeKTUBHI
MPOTHEPO3iliHi BAACTUBOCTI MiCLleBUX CTAapOBiKOBUX JiiciB. [ocCmimKeHO, 110 3alIpOTIOHOBAHMI
iHTerpasbHMII TTOKa3HUK CTaHY NEPEBOCTAHIiB HE TiIbKM O3BOJISIE OLIIHUTM iX TOTOYHMIA CTaH,
ane ¥ neMoHCTpye edeKTUBHMIT KOHTPOIb €pO3iffHMX Ta eKOMOTiYHMX (GYHKIi JepeBOCTaHy.
BCTaHOBJIEHO, 1110 BasKIMBOIO BUMOTOIO € TTepeBe/leHHsT aOCOMIOTHMUX 3HAUeHb Pi3HMUX MTOKAa3HUKIB
y BigHOCHI, 3 060B’I3KOBMM BPAXYBAaHHSIM iX TMO3UTMBHOTO UM HETATMBHOIO BIUIMBY Ha caMi
JicoBi HacamKeHHs. BCTaHOBJIEHO, 110 iHTerpaJbHNUI MOKA3HUK CTAaHY MOXKe 6YTM BUKOPUCTAHUIT
IJIST TIPOTUEPO3ifiHMX HacagkeHb OYIb-SKOTO BiKOBOTO [iama3oHy. PesynbTaTi MOXYTb GYTHU
BUKOPMCTaHi [T PO3pOOKM MporpaM 36epeskeHHsT 6i0pisHOMAHITTS Ta CTBOPEHHS e(peKTUBHUX
CTpaTeriil ynpasliHHS JiCOBUMU pecypcaMu

KnrouoBi «10oBa: iHAEKC iHTerpaJbHOTO CTaHy [epPeBOCTaHY; BOMOMPOHMKHICTb; TBEPHiCTh;
MIPOTHEPO3iiiHi BIAaCTUBOCTi; 6ioMeTpUUHI TOKa3HUKIA
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Abstract. This study was conducted to provide information regarding the quality of gluing of
Silver fir wood (Abies alba Mill.) planed at different feed speeds after thermal modification. Four
groups of sixteen air-dried fir samples were prepared. Three groups were thermally modified at
different temperatures (160°C, 190°C, and 220°C) for 3 hours. The processes that followed included
planning with two feed speeds (half of the samples at 3m/min and the other half at 10 m/min),
the gluing, and finally, conducting mechanical tests to assess shear strength and wood failure. The
gluing shear strength underwent a progressive decrease with increasing modification temperature
for both feed speeds, with reductions ranging from 1.37% to 14.63% compared to natural wood.
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Wood failure did not show a linear relationship, with a decrease at 160°C but an increase at higher
temperatures compared to natural wood. The feed speed had a significant effect on gluing shear
strength, with higher feed speed resulting in decreased strength for natural wood but increased
strength for thermally modified wood. Thermal modification of fir wood at temperatures of 220°C
had a detrimental effect on the gluing shear strength and wood failure. This was caused by the
deterioration of wood components and alterations in mechanical properties. The results of this
study offer significant knowledge for improving the gluing process and establishing appropriate
parameters for thermally modified fir wood. This type of wood has potential uses in the wood

sector, specifically in the manufacturing of engineered wood products

Keywords: fir wood; thermal modification; gluing; shear strength; wood failure

Introduction

Wood is the most environmentally friendly con-
struction material available. However, it also
has certain drawbacks. The material exhibits a
high degree of anisotropy. The characteristics
of this substance exhibit significant variation
and it is highly susceptible to damage from ex-
posure to moisture.

In order to mitigate certain drawbacks,
wood has undergone various modifications and
treatments. According to a study by S. Cao et
al. (2022), thermal modification of wood is the
most commercially advanced among all the
many wood modification technologies that have
been researched. Wood undergoes controlled
heating in this technique, which enhances its
dimensional stability and biological endurance.
There is consistently a decrease in mechanical
characteristics. A good approach of thermally
modified wood (TMW) to gluing would signif-
icantly expand its use. In this framework many
influencing factors related to technological pa-
rameters applied during thermal modification,
to wood properties and its surface preparation,
to adhesive and to technological parameters
applied during gluing process, as well as condi-
tions of product service, need to be considered.

In their study, A. Masoumi et al. (2023)
conducted a comparison to assess the impact
of thermal alteration on the adhesive bonding

capabilities of yellow poplar wood. The findings
indicated that thermal modification led to a de-
crease in penetration by 31.2% in polyurethane
(PUR) and 29% in polyvinyl acetate (PVA). This
resulted in a thicker adhesive line, with an in-
crease of 70% in PUR and 2% in PVA. In addi-
tion, the PUR glue exhibited a greater shear
strength than PVA adhesive, with an increase
of 2.7% in non-modified wood and 14% in ther-
mally affected wood. In their study, H.R. Taghi-
yari et al. (2020) examined the shear strength
of heat-treated solid wood from three species
(beech, poplar, and fir) that were bonded using
PVA adhesive supplemented with nanowollas-
tonite (NW). The findings demonstrated that
subjecting the specimens to heat treatment led
to a substantial reduction in the shear strength
of the bonded materials.

Z. Wu et al. (2021) and Q. Yu et al. (2023)
conducted a study on the interfacial alterations
of Pinus massoniana wood after heat treatment.
The aim was to enhance the bonding and coat-
ing processes of heat-treated wood. The wood
was modified using steam as the medium, at
temperatures ranging from 160 to 220°C. Ac-
cording to the findings, hemicelluloses experi-
enced the initial deterioration at a temperature
of 160°C, with the highest level of degrada-
tion observed at 200°C. Cellulose underwent
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substantial degradation at a temperature of
200°C, whereas the degradation of lignin was
less noticeable at this temperature. The pres-
ence of oxygen-containing functional groups
such as hydroxyl and carbonyl decreased pro-
gressively with increasing temperature, leading
to a more intense coloration and a surface that
became less reactive.

Thermal treatment is a method employed
to enhance the characteristics of wood. In their
study, T. Udtaranakron et al. (2023) investigat-
ed the impact of thermal modification on the
mechanical characteristics and adhesive bond
strength of rubberwood. The findings demon-
strated that elevating the modification temper-
ature had an adverse impact on the mechani-
cal characteristics of rubberwood and led to a
reduction in the strength of the wood adhesive
bond. In order to enhance the longevity and
bonding strength, a composite material con-
sisting of wood and polyvinyl chloride (WPVC)
was mixed with thermally modified rubberwood
at a temperature of 180°C. This combination
yielded the most favourable outcomes in terms
of mechanical qualities and the strength of the
adhesive bond between the wood components.

In a study conducted by M. Altunok (2021),
the researcher examined the adhesive proper-
ties of oak and Scotch pine wood samples that
had undergone heat treatment. The samples
were then bonded using 1K-PUR adhesive un-
der different conditions. The specimens were
subjected to various temperature (20°C/35%,
20°C/65%, and 20°C/95%) and relative humid-
ity conditions before being evaluated for ad-
hesion resistance. The findings indicated that
both the holding environment and climatic cir-
cumstances had a substantial impact on the ad-
hesion resistance. The samples that were stored
in Al conditions and evaluated experienced
wood rupture ranging from 70% to 100%. On
the other hand, the samples that were tested
after being held in A4 and A5 conditions mostly

broke apart from the glue joint. The study con-
ducted by A.G. Carvalho et al. (2020) assessed
the adhesive bonding capabilities of structural
adhesives on heat-treated Mimosa scabrella and
Pinus oocarpa wood. The shear strength and
percentage of wood failure exhibited variability
based on the species, kind of glue, and intensity
of heat treatment.

The study by A. Hansel et al. (2023) exam-
ines the impact of machining processes on the
tensile shear strength of glued lumber, focus-
ing on optimizing face milling tool geometry.
The results show that the optimized process,
characterized by low surface roughness and
minimal microstructure damage, leads to bet-
ter bonding. F. Rabiei & S. Yaghoubi (2023) op-
timize the machining parameters for wooden
products to minimize surface roughness and
process time simultaneously. Using a hybrid
technique combining Group Method of Data
Handling (GMDH) and the Bees Algorithm (BA),
the researchers achieved a 23% improvement in
the combined objective function compared to
the best experiment. The optimized parameters
resulted in a surface roughness of 4.36 um and
a process time of 93 seconds.

Taking into account the scarce information
on the influence of machining conditions re-
garding to gluing quality of the TMW, the goal
of this study was to provide available informa-
tion related to impact of modification temper-
ature and feed speed on gluing performance of
thermally modified Fir wood (Abies alba Mill.).

Materials and Methods

Air dried fir boards of 50x220x2000 mm were
used for production of samples. Boards were se-
lected randomly at lumberyard of SINANI (Al-
bania) sawmill. They were produced from logs
harvested by sawmill itself from 120 years old
forests of central Albania and were transferred
to the Faculty of Forestry Sciences of Tirana,
where the boards were conditioned for more
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than 4 months. After conditioning, the mean
equilibrium moisture content (EMC) of wood re-
sulted 10.85% (1.093 standard deviation) and the
density 0.47 gr/cm® (0.026 standard deviation),
measured respectively according to the stand-
ards ISO 13061-1(2014) and ISO 13061-2 (2014).

64 samples of 25x45x400 mm which pre-
sented neither deformations nor wood structure
defects were subsequently produced from the
sapwood zone. 48 of them were heated applying
three different temperatures, 160°C, 190°C and
220°C, at atmospheric pressure for 3 hours (16
samples for each temperature). Heating pro-
cess was conducted in a temperature controlled
small chamber (France Etuves, FRANCE). Be-
fore heating, samples were dried at 103 * 2°C
until to the moisture content 0%. The densi-
ty of oven dried samples resulted 0.46 gr/cm3
(0.019 standard deviation). The increment of
temperature from 103°C up to the treatment
temperature was set 1 min/°C. The treated
samples were cooled and later conditioned un-
til they reached the constant weight. The mean

EMC and the mean density of the treated sam-
ples at 160°C, 190°C and 220°C resulted respec-
tively 6.77% (1.043 standard deviation) and
0.43 gr/cm? (0.018 standard deviation).

The control as well as the heat-treated
samples were processed along the grain on the
section of 45 mm by a planer machine available
at the Faculty of Forest Sciences of Tirana (Sam-
co Lab300, Mantovani Macchine, ITALY). Sharp
knives were used. The machine had cutterhead
diameter 72 mm, rotation speed 5100 rpm and
three knives with dimensions 300°30°3 mm.
There were applied two feed speeds, 3 m/min
and 10 m/min by means of a Type4M feeding
system (Olympia, ITALY). 8 samples were pro-
cessed for each combination temperature-feed
speed (8 combinations in total). The cutting
depth was 1 mm.

The samples of each group were glued two
by two using a one-component PUR glue (Jowat,
GERMANY). The samples were assembled ac-
cording to the standard EN 205 (2016) and to the
technical data of the glue manufacturer (Table 1).

Table 1. Technical data of the glue according to manufacturer

Technical parameter

Value

Density [g/cm?)
Viscosity at 20°C [mPas]
(Brookfield, spindle 5, 20 rpm)
Solids content [%]

(Jow as test method)

Glue spread [g/m?]
Maximum assembly time [min]
Pressure [N/mm?]
Minimum pressing time [min]

1.15
15,500+ 2,500

991

140+200!
10
0.6+12
10

Note: 1 —the amount of 150 g/m2 was applied; 2 — the pressure of 1 N/mm2 (1 MPa) was applied

Source: compiled by the authors

Cold pressing was applied for 4 hours to
achieve the maximal gluing strength, accord-
ing to the manufacturer’s instructions. Af-
ter conditioning, a total of 448 specimens for
shear testing (56 for each combination) were
cut from glued samples. Their dimensions were
50x20x20 mm, with the grain direction parallel

with the longer edge. The gluing strength was
tested by means of a hydraulic testing machine
(Controlab, FRANCE), improvising a system re-
ferring to the standard EN 205 (2016).

The shear strength for each test was calcu-
lated according to equation T=F __ /A [N/mm?],
where F__ was the force of destruction in

X
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Newton and A was the area of tested surface in
mm?. The results were submitted to two-factor
analysis of variance (ANOVA) to identify signif-
icant effect of analysed factors (temperature of
modification and feed speed), using IBM SPSS
Statistics24 software. Significance was accepted
at the p<0.05 level. Duncan test and t-Test were
applied to analyse the differences in means.

Results and Discussion

The thermal modification process involves
subjecting the wood to elevated temperatures,
typically ranging from 160°C to 240°C, in an
oxygen-deficient environment. This treatment
enhances certain properties of the wood, such

as dimensional stability and resistance to de-
cay, but it can also affect its surface character-
istics and chemical composition, potentially
altering its gluing properties. In addition to the
thermal modification, the surface preparation
of the wood plays a crucial role in gluing perfor-
mance. In this study, we employed a horizontal
milling machine for planning the wood surface.
The feed speed during this planning process is
an important variable, as it affects the surface
roughness and, consequently, the wood’s abili-
ty to form strong bonds with adhesives. Figures
1 and 2 present the gluing shear strength and
wood failure values with reference to the mod-
ification temperatures and applied feed speeds.
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Figure 1. The relation between modification temperature and gluing shear strength
Note: a — referring to feed speed 3 m/min; b - referring to feed speed 10 m/min

Source: compiled by the authors

The gluing shear strength underwent a
progressive decrease with reference to that of
natural glued wood for all three modification
temperatures as well as the two feed speeds.
At the lower speed, the control group exhibits
a broader range of strengths, while increasing
the temperature to 190°C results in a high-
er median strength and reduced variability,
suggesting optimal adhesive performance.
At 220°C, although the variability narrows,
the strength slightly decreases, indicating

diminishing returns at higher temperatures.
Comparatively, at the faster speed of 10 m/
min, the median strength generally increases
across all temperatures, with the most con-
sistent and highest performance observed at
190°C. It suggests that while higher temper-
atures improve the consistency of adhesive
results, the optimal temperature for achieving
peak shear strength without compromising
consistency appears to be around 190°C, re-
gardless of the application speed.
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Figure 2. The relation between modification temperature and percent wood failure
Note: a - referring to feed speed 3 m/min; b — referring to feed speed 10 m/min

Source: compiled by the authors

Wood failure did not show a linear relation-
ship like shear strength. For both feed speeds,
the failure at the temperature 160°C was lower
than that of natural wood, respectively 13.55%
for the speed of 3 m/min and 6.55% for the speed
of 10 m/min. As for the other temperatures, the
failure was bigger than that of natural wood,
with the exception of the 190°C temperature
for the speed of 10 m/min, where it decreased
by 9.52% referring to the failure of natural
wood. Regarding the feed speed of 3 m/min,
the failure was 1.7% bigger than that of natural
woodwithreference tothetemperature190°Cand
2.83% at the temperature 220°C, whereas for the

speed of 10 m/min there was an increase in wood
failure, only at the temperature 220°C by11.32%.

Table 2 presents the results of two-factors
analysis of variance (ANOVA) of the gluing
strength and wood failure for unmodified and
thermally modified fir wood at different tem-
peratures, planed with two feeding speeds. The
results indicated non-significant effect of the
modification temperature for both measured
properties, while for the feed speed, a signif-
icant effect was noted only for gluing shear
strength. The interaction between two analysed
factors resulted to be significant at the level
0.05 only for the wood failure.

Table 2. Results of the analysis of variance

Analysed Factor Sum daf Mean Fisher’s Significance
variable of squares square F-test (p<0.05)
Intercept 18,182.44 1 18,182.44 1520.317 0.000
Temlffé?mre 45.79 4 11,449 15,757 0.061
Gluing shear
strength Fegﬁ;i"d 23.624 1 23,624 32,512 0.029
Interaction TF 1.453 2 0.727 0.141 0.869
Error 867.982 168 5,167 5,167
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Table 2, Continued

Analysed Factor Sum dar Mean Fisher’s Significance
variable of squares square F-test (p<0.05)
Intercept 1,011,390.584 | 1 | 1011390,584 961,445 0.000
Tem‘ffcr?t“re 4162.121 | 4 |  1040,530 1,299 0.479
Wood failure Feed speed
%] p 273.485 1 273,485 68,342 0.04618
[m/min]
Interaction TF 1,601.515 2 800,758 4,197 0.017
Error 32,054.545 168 190,801

Source: compiled by the authors

The analysis of variance presented in Ta-
ble 2 reveals significant statistical influences
and interactions between variables on gluing
shear strength and wood failure rates. For glu-
ing shear strength, the intercept is highly sig-
nificant with a Fisher’s F-test value of 1520.317
and a p-value of 0.000, indicating a strong
baseline effect. Temperature as a factor shows a
near-significant influence with an F-test value
of 15.757 and a p-value of 0.061, suggesting a
potential trend that might become significant
with a larger sample size or different tempera-
ture settings. Feed speed demonstrates a signif-
icant effect on shear strength with an F-test of
32.512 and a p-value of 0.029. However, the in-
teraction between temperature and feed speed
(Interaction TF) is not significant (p = 0.869).
For wood failure, the intercept again shows ex-
treme significance (F-test=961.445, p=0.000),
emphasizing a strong baseline influence. The
temperature effect is not significant for wood

failure (p=0.479), whereas feed speed and the
interaction between temperature and feed
speed are significant, with p-values of 0.04618
and 0.017, respectively. These results highlight
the critical roles of feed speed and its inter-
action with temperature in influencing wood
failure, suggesting that adjustments in these
parameters can substantially impact material
performance (Titova & Sobczuk, 2022; Chupa
& Zhovtulia, 2023; Sirko et al., 2024).

Table 3 presents the comparative results
(Duncan test) of the influence of modification
temperature on the gluing shear strength and
wood failure. Two homogenous groups were
identified emphasizing differences between
values referring to control samples, those mod-
ified at temperatures 160°C and 190°C and
those modified at temperature 220°C. Gluing
shear strength and wood failure of unmodified
and modified samples at 160°C and 190°C were
not significantly different.

Table 3. Comparative results for the modification temperature (Duncan test)

Temperature [°C] Number of Gluing shear sztrength Wood failure [%]
measurements [N/mm?]
Control 44 I A
160 44 I A
190 44 I A
220 44 I B

Source: compiled by the authors

Thus, across all temperatures, 44 meas-
urements were taken, indicating a consistent

experimental design. Both the control and
160°C temperatures fall under group I for
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gluing shear strength and group A for wood
failure percentage, suggesting that these con-
ditions did not significantly differ in their effect
on the materials. However, at 190°C, the ma-
terials still belong to group I for gluing shear
strength, showing no substantial increase from
lower temperatures, but still maintain group A
for wood failure, indicating consistent perfor-
mance. In contrast, at 220°C, the materials shift
to group II for gluing shear strength and group
B for wood failure, signifying a notable change
in performance which could be interpreted as
either a decrease in adhesive effectiveness or
a modification in the wood’s integrity at this
higher temperature. This differentiation high-
lights the impact of elevated temperatures
on material properties and suggests a thresh-
old beyond which the increase in temperature
might adversely affect the performance.

The reduction of gluing shear strength
converges with the findings of Z. Vidholdova et
al. (2021), which have had as their object of anal-
ysis the gluing of thermally modified conifers
with PUR adhesives. Norway spruce wood sam-
ples (Piceaabies /L./Karst.), thermally treated at
atmospheric pressure at temperatures 160°C,
180°C,200°Cand 220°C for4 hours and glued with
one-component PUR adhesive resulted in a glu-
ing shear strength 26%/56% progressively low-
er, as the modification temperature rose higher.

According to C. Frihart & C. Hunt (2021),
gluing shear strength depends on a set of forc-
es acting at the level of contact between the
wood substrate and the glue, as well as within
the glue and the wood substrate. Its reduction
usually occurs either due to the reduction of the
adhesion between the glue and the wood, or due
to the reduction of the mechanical strength of
the wood. The authors agree with the research-
ers’ opinion that the reduction in gluing shear
strength of thermally modified wood is usually
due to a combination of factors — the decrease
in adhesion between the glue and the wood, as

well as the reduction in the mechanical strength
of the wood substrate. Adhesion is determined
by several factors such as surface wettability,
surface roughness, adhesive flow, permeability,
solidification and wood pH, as noted in J. Iz-
dinsky et al. (2021) and A. Hansel et al. (2021).
Thermal modification of wood has a negative
effect on adhesion, because it degrades hemi-
cellulose and as a consequence the number of
free hydroxyls in wood decreases. The authors
agree with the researchers’ opinion that ther-
mal modification negatively impacts adhesion
due to the degradation of hemicellulose and the
reduction in free hydroxyls in wood, as they ob-
served a decrease in gluing shear strength with
increasing modification temperatures.

C. Hill et al. (2021) explore the current
state of knowledge regarding the hygroscopic
and dimensional behaviour of thermally mod-
ified timber (TMT) modified under dry (cell wall
at nearly zero moisture content) and wet (cell
wall contains moisture) conditions. Thermal
modification improves the dimensional sta-
bility of wood by reducing moisture deforma-
tions by 30-90% compared to untreated wood.
The anti-swelling efficiency (ASE) of thermal-
ly modified beech wood increases with higher
temperatures (140-160°C) and longer durations
(3 hours), but decreases at extreme conditions
(180°C for 5 hours). Dimensional stability reach-
es its highest value at approximately 20% mass
loss during thermal modification, with further
improvements only possible in closed systems.
The authors’ findings partially agree with the
conclusions of C. Hill et al. (2021) regarding the
impacts of thermal modification on wood prop-
erties. This suggests that while thermal modifi-
cation can enhance certain wood properties, it
may compromise others, particularly adhesion
qualities, which are crucial for practical appli-
cations involving glued wood products. At the
same time, M. Gaff et al. (2023) have shown that
the thermal modification process also changes

Vol. 15, No. 3, 2024

Ukrainian Journal of Forest and Wood Science

141



Gluing of thermally modified silver fir wood planed...

the chemical composition of the wood, particu-
larly the lignin, leading to colour changes and
increased thermal stability. Thermowood is an
environmentally friendly alternative to tropical
wood that is created through a thermal modi-
fication process. The process involves heating
the wood to temperatures between 160-250°C,
which changes the wood’s properties and im-
proves its durability, dimensional stability,
and resistance to fungi, insects, and weather-
ing. The authors’ findings align with M. Gaff et
al. (2023) on the transformative effects of ther-
mal modification on wood, noting the reduction
in mechanical and adhesive qualities at higher
temperatures, which underscores the chemical
and structural changes.

R. Hasanagi¢ et al. (2021) assess the in-
fluence of thermal modification on the phys-
ical and mechanical characteristics of three
distinct wood species — fir (Abies sp.), linden
(Tilia sp.), and beech (Fagus sp.). The thermal
modification was performed in a controlled
laboratory environment using an oven. The
modification was carried out at five distinct
temperatures (170, 180, 195, 210, 220°C) and
with different maximum periods (78, 120, 180,
240, 276 minutes). The findings indicated that
the mechanical characteristics of the treated
wood exhibited statistically negligible varia-
tions at lower temperatures in comparison to
the control samples. The authors agree with the
findings of R. Hasanagi¢ et al. (2021) regarding
the negative impact of higher thermal modi-
fication temperatures on wood properties, as
both studies observe a decline in the strength
characteristics with increased temperatures.
M. Ninane et al. (2021) found that heat treat-
ment of three native European hardwood spe-
cies — oak, ash, and beech (including steamed
beech) — improved their physical and decay re-
sistance properties, making them a promising
alternative to tropical woods and chemically
treated timber. Specifically, the heat treatment

reduced the equilibrium moisture content and
increased dimensional stability for all three
species. The authors’ findings partially align
with those of M. Ninane et al. (2021) regarding
the impact of thermal modification on wood
properties. This discrepancy suggests that the
effects of heat treatment can vary significantly
between different species of wood, potential-
ly due to differences in cellular structure and
chemical composition.

According to M.D. Ghalehno et al. (2021),
heat treatment can have a negative impact on
the mechanical properties of Oriental beech
wood (Fagus orientalis), with higher tempera-
tures and longer durations resulting in greater
decreases. A study found that while heat treat-
ment at 190°C for 9 hours reduced bending
strength by 22.53% compared to control sam-
ples, treatment at 130°C for 3 hours resulted
in bending strength comparable to untreated
wood. In general, as modification intensity in-
creases with higher temperatures and longer
durations, mechanical properties like com-
pression strength, bending strength, modulus
of elasticity, hardness, and shear strength de-
crease (Gordiichuk, 2024).

H. Liu et al. (2022) examine that moder-
ate TM of American alder (Alnus rubra) wood
at 140°C for 4 to 13 hours had varying effects
on its properties. The absolute dry density of
TM wood exhibited a notable decrease with in-
creasing treatment period, except for the group
treated for 4 hours. After undergoing a treat-
ment of 13 hours, Moderate TM significantly
decreased wood residual stress by as much as
90.3%. Surprisingly, the mild TM had minimal
impact on the mechanical properties of mod-
ulus of rupture (MOR) and modulus of elastic-
ity (MOE). Nevertheless, the ability of wood to
absorb moisture and take in water was greatly
enhanced following a mild thermal modifica-
tion, resulting in varying results based on the
duration of the treatment.
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In the study by M.H. De Paula et al. (2022),
wood was treated at 180°C and 215°C for 20
and 40 minutes in a muffle furnace. The results
showed that the basic density was not signifi-
cantly affected, and there was a decrease in volu-
metric shrinkage, particularly in the most severe
treatment (215°C for 40 minutes). The chemical
analysis revealed a decrease in holocellulose
and extractives content, leading to an increase
in the percentage of lignin, especially in the
most severe treatment. Importantly, the MOR

and MOE did not change significantly after the
short heat treatments of 20 and 40 minutes. This
suggests that the mechanical properties were
not compromised by the heat treatments, even
at the higher temperature and longer duration.

Table 4 presents the values of the gluing
resistance and wood failure referred to the feed
speed. t-Test showed that between series of
data there were essential differences (p <0.05),
implying a clear influence of the feed speed on
the study parameters.

Table 4. Comparative results for the feed speed (t-Test)

Feed sgeed Number of Glulng[;l}flilrrnsz;rength Wood failure [%]
[m/min] | measurements t sig. (2-tailed) t sig. (2-tailed)
3 88 41.58 0 53.99 0
10 88 42.43 0 44.94 0

Source: compiled by the authors

Table 4 compares the gluing shear strength
and wood failure percentages at feed speeds of
3 m/min and 10 m/min, using t-tests to statis-
tically analyse the differences. At a feed speed
of 3 m/min, the average gluing shear strength
was recorded at 41.58 N/mm? and the wood
failure percentage at 53.99%, both showing sta-
tistically significant differences with a p-value
of 0.000, indicating strong evidence against the
null hypothesis. Conversely, at a feed speed of
10 m/min, the gluing shear strength slightly in-
creased to 42.43 N/mm?2, while the wood failure
percentage decreased to 44.94%, also demon-
strating statistically significant results with a
p-value of 0.000. This suggests that higher feed
speeds may enhance shear strength slightly
while reducing the incidence of wood failure,
pointing to potential efficiency improvements
in processing at increased speeds (Kozyar, 2023).

The study on thermally modified fir wood
revealed that the modification temperature, feed
speed, and gluing properties exhibited complex
interactions. While temperature exhibited a

near-significant effect on gluing shear strength,
feed speed significantly influenced both shear
strength and wood failure. The optimal perfor-
mance was observed at 190°C, which balanced
the strength and consistency of the material.
Higher temperatures (220°C) resulted in de-
creased strength and altered failure patterns.
Interestingly, faster feed speeds (10 m/min)
generally led to improved shear strength and
reduced of thermally modified wood. The anal-
ysis highlighted the critical role of feed speed
and its interaction with temperature in deter-
mining material performance. These findings
suggest that careful control of both thermal
modification temperature and feed speed dur-
ing processing can optimise the gluing proper-
ties and overall performance of thermally mod-
ified fir wood in various applications.

Conclusions

The results of the tests showed that natural fir
wood exhibits greater gluing shear strength
than wood modified at high temperatures
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under atmospheric pressure. The shear strength
undergoes a progressive decrease as the modifi-
cation temperature increases, although this de-
crease is not statistically significant. This trend
holds true for any feed speed used in planning
the glued surfaces.

The wood failure does not present a linear
relationship like strength. At 160°C, the failure
is smaller than that of natural wood, while at
higher temperatures, the opposite occurs. Even
for wood failure, the temperature was statisti-
cally not significant. The decrease in the gluing
quality of thermally modified wood is caused
not only by the weakening of the mechanical
strength of the wood but also by reduced adhe-
sion due to insufficient glue permeability into
the wood structure.

Regarding feed speed, a significant effect
is noted only for gluing strength. For natu-
ral wood, a higher feed speed results in lower
gluing strength compared to a lower speed. In-
terestingly, the opposite occurs with thermally
modified wood. The lower reduction in gluing
shear strength observed at higher modification
temperatures for the feed speed of 10 m/min
demonstrates the positive influence of high
feed speeds on the gluing of thermally modified
wood. This finding suggests that optimizing

feed speeds could potentially mitigate some of
the negative effects of thermal modification on
gluing performance.

Future research should focus on explor-
ing the underlying mechanisms responsible
for the observed differences in gluing perfor-
mance between natural and thermally mod-
ified wood. This could involve investigating
changes in wood chemistry and microstruc-
ture at various modification temperatures and
their relationship to adhesive penetration and
bond formation. Additionally, studies exam-
ining a wider range of feed speeds and their
interaction with different adhesive types could
provide valuable insights for optimizing the
gluing process for thermally modified wood in
industrial applications.
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HOpitan Aviginan
KaHaumaT HayK 3 TEXHOJIOTIT JepeByHM, CTapIINil BUKIagay
CinbcbKorocromapcbkuii yHiBepeureT Tupanu
1025, By ITavici Bomima, M. Tupana, AnbaHis
https://orcid.org/0000-0002-0845-378X
JIyau Bekremri
Kangupat TexHiYHMX HAyK, CTAPIINII BUKIaHay
VuiBepcuret bapieti
1033, Byn. ®panr bapai, M. TupaHa, An6aHist
https://orcid.org/0009-0004-9069-871X
Anma Axmerti
Kangupar ciibCbKOroCromapcbkmx HayK, JOLEHT
CinbchKorocrnomapcbKuit yHiBepcuteT TupaHu
1025, Byu1. IMaiici Bogina, m. TupaHa, AnbaHist
https://orcid.org/0009-0008-4276-8137
Jlynmxketa Maiiu
KaHgupat negaroriuHux Hayk, TOLEHT
CinbcbKorocrnopapcbkuii yHiBepeuTeT Tupanu
1025, Byu1. IMaiici Bogina, m. TupaHa, Anbanist
https://orcid.org/0009-0007-3640-9851

Anoramnia. e mocmimkeHHs Gyl0 TTPOBENEHO 3 METOI OTPMMaHHS iHbopmalii momo sKocTi
CKJIEIOBAHHSI epeBMHM suIli cpibnscroi (Abies alba Mill.), cTpyraHoi 3 pi3HOI0 HIBUAKICTIO
rnopavi, micist TepmiuyHOoi Moaudikauii. Bysmo miArOTOBNIEHO YOTMPM TPYNM 3 IIiCTHAALSTU
3pasKkiB sUIMIli, BUCYIIEHMX Ha TOBiTpi. Tpu rpymm O6yau TepmiuHo mMomudikoBaHi mpu pisHMUX
temrieparypax (160°C, 190°C i 220°C) mpotsarom 3 roauH. [TowtimoBHICTh MpOIECiB BKIHOUYAIA
TepMmiuyHy Mopudikaiiifo, cTpyraHHsi 3 ABOMa IIBUAKOCTSIMM TIofadyi (TMOJIOBMHA 3pasKiB 3i
MIBMUIKICTIO 3 M/XB, a iHIIA MOMOBMHA 3i mBUAKicTIO 10 M/XB), MpolleC CKIEOBAHHS i, HApeIITi,
MPOBEIeHHS] MeXaHiYHMX BUMPOOYBaHb AJIS OIiHKM MIITHOCTi Ha 3CYB i pyifHYBaHHS JepeBUHU.
MiIHiCTh Ha 3CYB CKJIEEHOTO MaTepiaay IMOCTYIIOBO 3MEHIIyBajacs 3i 361/IbIIIeHHSIM TeMIlepaTypu
Monudikariii A1 060X NIBUAKOCTEN ITofaui, TpUUOMY 3HMKEHHSI CTAaHOBWIO Bif 1,37 % mo 14,63 %
MOPiBHSIHO 3 HATYPATbHOIO IePeBUHOI0. PyifHYBaHHS TepeBIMHM He TTOKa3as10 TiHiiTHOT 3a/1eXKHOCTI,
3i 3HMOKeHHSIM nipu 160°C, ane 36iMbIIeHHSIM TTPU GBI BUCOKMX TeMIlepaTypax MOPiBHIHO 3
HaTypaJbHOIO IepeBUHOI0. [IIBUAKICTH Momavi Maja 3HAUHMIA BIUIMB HA MIllHICTh CKJIEIOBAHHS Ha
3CyB, MPUYOMY BUINA MIBUAKICTH MOAAYi MPU3BOAMIA MO 3HVOKEHHS MIITHOCTi /IS HATypaJbHOI
JlepeBVHM, ajle TiABMUINyBaja MIIHICTb IS TepMiuHO MopaudikoBaHOi nepeBMHM. TepmiuHa
monudikaiiss mepeBuHM smii npu Temmepatypi 220°C mana HeTaTMBHMII BIUIMB Ha MILHICTh
CKJIEIOBAHHS Ha 3CYB i pyiiHyBaHHS AepeBuHMU. lle 6YI0 CIPUUMHEHO TOTipIIeHHSIM KOMITOHEHTIB
JepeBMHM Ta 3MiHOIO MeXaHIUHNX BJIACTUBOCTE. Pe3yabTaTy 1IbOTO AOCTiIKEHHS Tal0Th BasKINBi
3HAHHS J/IS1 BIOCKOHATIEHHS MPOolLiecy CKIeI0BaHHS Ta BCTAHOBJIEHHS BiJITOBiAHMX ITapaMeTpiB Iis
TepMiuyHO MoAVGbiKOBaHOI AepeBUHY snili. 11eit BUI AepeBUHM Ma€ TOTEeHIIiiiHe 3aCTOCYBaHHS B
JepeBO0OPO6Hii TPOMMCIOBOCTI, 30KpeMa y BUPOOGHUIITBI iH)KeHepHUX TepeB'ssHUX BUPOOiB

KniouoBi c1oBa: mepeBuHa summili; TepmiuHa Mopaudikallisi; CKIeOBaHHS; MII[HICTh Ha 3CYB;
PYIHYBaHHS JepeBUHA
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Abstract. Determining the role of trees in the water cycle and their impact on soil moisture and
atmospheric humidity is crucial. This study aimed to investigate the patterns of leaf transpiration
in Quercus robur and Acer campestre in a maple-oak forest under varying water supply conditions.
The research was conducted in the lower third of the lower third of the north-facing slope and the
middle third of the south-facing slope in the Viiskova ravine. A silvicultural and taxation survey
of model trees was conducted on both sample plots, where the plantations are moderately dense.
The diurnal course of transpiration patterns of these deciduous species was studied throughout
the vegetation period. This physiological process reached its highest values in both species on
the north-facing slope during the summer months, especially in Quercus robur. On the south-
facing slope, in May and June, the average daily transpiration values in both species were almost
indistinguishable. During the remaining months of the vegetation period, the intensity of water
evaporation by Quercus robur leaves was statistically higher than that of Acer campestre. It was
established that on the south-facing slope, under more arid conditions, this process is less active.
This pertains to the daily transpiration loss of water by leaves per unit of their mass, monthly
transpiration, and the intensity of this process per tree. The difference between the results
of water loss by the leaves of a single Quercus robur and Acer campestre tree is significant and
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is attributed to the lower transpiration rate of Acer campestre, except in May and June under
xerophytic conditions, as well as the smaller leaf mass of this species. Both Quercus robur and
Acer campestre are hydrostable medium-transpiring species. The maple forest on the north-facing
slope evaporates 30.6% more moisture per 1 ha per vegetation period than on the south-facing
slope. The results obtained indicate that Acer campestre in a maple-oak forest, under fresh and dry
forest-growing conditions, does not pose a significant competition for moisture for Quercus robur
when they grow together. The results obtained can be used to develop effective forest management
strategies in maple-oak forest

Keywords: lleaf water evaporation; common oak; field maple; forest-growing conditions; ravine

forests

Introduction

The increasing aridity of the climate and the
decrease in water availability in certain areas
lead to disruptions in the water regime of forest
trees, including in Ukraine. This has a negative
impact on their water and climate regulation
functions. The water exchange of plants is in-
fluenced not only by environmental factors but
also by the ratio of tree species in the phyto-
cenosis. Competitive relationships between
them can worsen the water supply of dominant
species, reducing their resilience and longevity.
Quercus robur is one such leading forest-form-
ing species. Due to the discrepancy between
the climatic conditions and the ecological re-
quirements of this species in the steppe zone
of Ukraine, oak phytocenoses are mainly con-
centrated in ravine forests. In this context, de-
termining the water exchange of this dominant
species and its companion species is relevant
for the optimal construction of forest cenoses,
and in natural forests, for regulating the densi-
ty and ratio of species.

Considering water regime indicators in
forestry practices and when creating forest
plantations is a crucial factor that ensures the
stability and balance of ecosystems. These
characteristics are essential for enabling for-
est biogeocenoses to fully perform their vital
resource functions. S.R. Weiskopf et al. (2020),

investigating the impact of climate change on
biodiversity and the ability of ecosystems to ef-
fectively perform their functions in the United
States, concluded that the ability of forests to
provide ecosystem services such as biodiversity
habitat formation, climate mitigation, water-
shed protection, and erosion resistance is al-
ready gradually declining.

In a review article dedicated to analysing
the existence of forests under drought and ele-
vated carbon dioxide conditions, T.]. Brodribb et
al. (2020) state the predicted further increase in
the severity and frequency of droughts due to
global warming. The review of the Fourth Na-
tional Climate Assessment of the United States
by A.Jay et al. (2018) consider the increased fre-
quency of forest fires and outbreaks of diseases
and pests in this context. Studies by A. Des-
cals et al. (2023) using remote sensing meth-
ods have shown a progressive decline in the
productivity of deciduous trees across Europe
under drought stress, accompanied by early leaf
shedding and the risk of tree death.

D. Ellison et al. (2017) emphasise the im-
portance of forests in global hydrological and
climate regulation, suggesting a transition
from a carbon-focused approach to a wa-
ter-regulating paradigm. G. Gao et al. (2022),
assessing the contribution of transpiration to
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the magnitude of biogeocenoses evaporation
and water cycle, indicated that woody plants
replenish atmospheric moisture through
evapotranspiration, promoting precipitation
both locally and globally.

According to the IPCC’s (Intergovernmen-
tal Panel on Climate Change) A1B scenario
(moderate expected temperature rise with a
decrease in precipitation) for most regions of
Ukraine by the end of the century, significant
warming and aridification are expected, along
with a shift of moisture and heat supply zones
towards the northwest. Consequently, I.F. Buk-
sha et al. (2017), making a forecast for the ex-
istence and viability of Quercus robur on the
plain part of Ukraine based on the A1B climate
scenario, inform that already in the middle of
the century, the area with conditions unsatis-
factory for the existence of this species will cov-
er 26% of the territory of Ukraine (in the south,
partially in the centre and in the east), and the
area of the zone unsuitable for its growth will
be 56%. Under these conditions, oak stands will
be preserved only locally in places with shallow
groundwater, in floodplain areas, along rivers,
and water bodies.

All of this underscores the relevance of
studying the water exchange ecology of woody

plants in phytocoenoses, with transpiration
serving as a crucial indicator. However, these
processes are mainly studied in trees within ur-
ban settings. For instance, D.V. Ganaba (2016)
investigated the intensity of transpiration of
woody plants in the dry period, which grew
in different ecological zones of the Khmel-
nytskyi — within parklands and urban planta-
tions. Nevertheless, research on water exchange
issues in natural phytocoenoses of the steppe
zone under current climate change conditions
is practically absent.

The aim of this study was to compare the
transpiration intensity of Quercus robur and
Acer campestre leaves in a maple-oak forest
under different water supply conditions and
to determine the contribution of leaf mass of
these tree species to water evaporation in these
phytocenoses.

Materials and Methods

The study was conducted in 2023 in a maple-oak
forest on two experimental plots in the Viiskova
ravine (Fig. 1), which belongs to a special geo-
graphical variant — the former rapids part of the
Dnipro River. A.L. Belgard (1971) classified such
ravines of this type as the southern outposts of
natural ravine slope forests.

Figure 1. Map of the study area
Note: coordinates of the extreme points (48°11°08"" N 35°07°45"'E; 48°10°41”" N 35°10"12”'E)

Source: Google Maps
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The research plots differed in location (light) and north-facing slopes (shadow) ex-
and hygrotopes. The first sample plot (SP1) posures differ in moisture and heat distribu-
is a maple-oak forest located on the lower tion. South-facing slopes warm up the most,
third of a north-facing slope. The hygrotope receiving a greater amount of solar energy
is clay-loam soil (CL,) (mesophytic, fresh  (Belgard, 1971). The subjects of the study
soil). The second sample plot (SP,) is a ma-  were common oak (Quercus robur L.) and field
ple-oak forest located in the middle third of maple (Acer campestre L.). The temperature
a south-facing slope. The hygrotope is CL, and humidity of the air were measured us-
(xerophytic, arid). Both plots are charac- ing an electronic thermohygrometer TA-308
terised by atmospheric transit moisture. It (Tcom, China). The values of these indicators
should be noted that the south-facing slopes are presented in Figure 2.
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Figure 2. Temperature and relative humidity in the sample plots
Source: own measurements on the day of plant material collection

Plant material samples were collected us-  June 21, July 14, August 16, and September
ing garden pruners from the southeast side 13) under identical lighting conditions. Leaves
of the middle part of the crown of the studied for determining the intensity of transpiration
species during the vegetation period (May 15, were plucked from branches of the same order
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of branching (third-fourth leaf from the base
of the shoot of the current growth). The rapid
weighing method according to Ivanov (Bessono-
va, 2006) was used with electronic scales TVE-
0.21-0.001 (Technovagy, Ukraine). The experi-
ment was conducted with five repetitions. The
height of the trees was measured with an optical
altimeter Suunto PM-5/1520 (Suunto, Finland),
and their trunk diameter was measured with a
calliper Codimex S-1 (Codimex, Poland). The
leaf mass of the tree was established using the
equation by M. Bibich (Urban ecology, 2017):

Y=-1.307+0.93x-0.114x%+0.01x?,

where Y is the leaf mass, kg; x is the trunk diam-
eter ata height of 1.3 m from the soil surface, cm.

The study was conducted in accordance
with the ethical norms of the Convention on Bi-
ological Diversity (1992) and the Convention on
the Trade in Endangered Species of Wild Fauna
and Flora (1973). The results of the study were
statistically processed using the standard soft-
ware package IBM SPSS Statistics 22. A value of
P <0.05 was considered statistically significant.

Results and Discussion

The stands on both sample plots are maple-oak
forest of natural origin. The density of the plan-
tations on the plots with different types of for-
est-growing conditions (FGC) was determined:
they belong to the category of moderately
dense (Table 1).

Table 1. Silvicultural and taxation characteristics of the plantations of the sample plots

FGC Stan'd . Species H ,m D ,cm Stand' density,
composition avg. avg. units/ha
SP1
Quercus robur 20.1 22.5
L hili .r0)4(Ac. = 222
CL, (mesophilic) | (Qu.rojd(Ac.ca)6 Acer campestre 16.5 17.4
SP2
Quercus robur 18.8 214
CL hili Qu.ro)3(Ac.ca)7 — 251
1 (xerophilic) | (Qu.ro)3(Ac.ca) Acer campestre 14.6 16.9

Note: H, - the average height of the trees, D, - average diameter of the tree species in the sample plot

Source: developed by the authors

The basic taxonomic indicators of the mod-
el trees in the sample plots were determined
since the value of the average diameter was
used to calculate the transpiration parameters.

Leaf transpiration intensity is one of the
most important indicators of plant water ex-
change. Studying this process in Q. robur leaves
under mesophytic conditions (CL,) showed that
the patterns of the diurnal course of transpi-
ration curves differ during the months of the
study. In May, there is a significant increase in
the intensity of transpiration evaporation of
water from 9:00 to 13:00, after which the values
remain almost unchanged until 15:00, followed
by a decrease in activity. Lower values at 9:00

and 11:00, compared to the summer months,
may be associated with high air humidity, which
makes transpiration difficult. The same applies
to the value of the process at 17:00, which is
the lowest compared to all other months of the
study, despite the moisture reserves in the soil.
In June, the intensity of transpiration is ex-
pressed by a double-peaked curve, with peaks at
11:00 and 17:00, and with a minimum at 15:00.
The onset of pronounced soil and air drought
in July led to intensive evaporation of water al-
ready in the morning hours. The transpiration
curve has two maxima: at 11:00 and 17:00. The
highest values were recorded at 11:00 — 520
mg-g! of wet leaf mass, followed by a sharp
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drop in transpiration activity by 15:00 with the
lowest values compared to other months of the
study (245 mg-g! of wet leaf mass). The second,
smaller maximum of the diurnal course of tran-
spiration in July occurs at 17:00. In September,

the water evaporation by Q. robur leaves in the
process of transpiration increases until 11:00,
then there is no sharp change in the activity of
this process. A significant decrease occurs at
19:00, as in all months of the study (Fig. 3).
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Figure 3. The diurnal course of transpiration of Quercus robur leaves under mesophylic conditions
Source: developed by the authors based on V.P. Bessonova et al. (2023)

The daily moisture expenditure by Acer
campestre leaves in the process of transpi-
ration under mesophytic growth conditions
(north-facing slope) is the highest at 13:00 in
May (Fig. 4). This is followed by a gradual de-
crease in the intensity of this process. In June,
the daily fluctuations in transpiration activity
are sharper. The maximum level of this pro-
cess was recorded at 11:00. The second peak
of water evaporation was determined at 17:00,
which is 1.36 times smaller than the first peak.
During the hottest hours (13:00 and 15:00),
transpiration decreases, especially at 15:00 —
by 1.82 times relative to the first maximum.
The most significant fluctuations in water

450
400 =
350 7
300
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o

evaporation by A. campestre leaves were estab-
lished inJuly. The diurnal course of transpiration
in this month is expressed by a double-peaked
curve, with maxima at 11:00 and 17:00.

Between these maxima, there is a signifi-
cant drop in the intensity of this process, espe-
cially at 15:00, when the highest air tempera-
ture was recorded. In July, as in June, intensive
water evaporation occurs already at 9:00 in the
morning. The curve of the diurnal evaporation
of water by A. campestre leaves in September
differs from the curves of the summer months
of June and July. As in Q. robur, there are no
sharp changes in transpiration values from
11:00 to 17:00 (Fig. 4).
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Figure 4. The diurnal course of transpiration of Acer campestre leaves under mesophytic conditions
Source: developed by the authors based on V.P. Bessonova et al. (2023)
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The transpiration curves of the studied
tree species in the maple-oak forest on the
south-facing slope of the ravine (xerophytic
growth conditions, CL)) differ somewhat from
those on the north-facing slope (mesophytic
conditions, CL,). In the spring month (May), the
evaporation of water by Q. robur leaves increas-
es significantly at 11:00 compared to the morn-
ing values (at 9:00), and then the intensity of
its growth decreases. The most active transpi-
ration occurs from 11:00 to 15:00, after which
a decrease in this process is determined. More
significant fluctuations in the level of transpi-
ration of Q. robur leaves are observed in June.
The curve reflecting the changes in the intensi-
ty of this process during the day is characterised

by two peaks — at 11:00 and 17:00. A significant
decrease in the activity of this process is noted
at 15:00 (2.04 times relative to the first maxi-
mum) since this time is marked by the highest
air temperature and low humidity. In July, the
curve of the diurnal course of transpiration is
similar to that in June, but the maximum values
of the indicators at 11:00 and 17:00 are higher,
as is the drop at 15:00. In September, a distinct
increase in transpiration intensity is recorded
at 11:00, with the value remaining almost at
the same level at 13:00, followed by a decline
at 15:00. A new rise in the evaporation of water
by Q. robur leaves is observed at 17:00. This is
followed by a significant decrease in the value
of transpiration in the evening hours (Fig. 5).
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Figure 5. The diurnal course of transpiration of Quercus robur leaves under xerophytic conditions
Source: developed by the authors based on V.P. Bessonova et al. (2023)

The evaporation of water by A. campes-
tre leaves in the maple-oak forest under xe-
rophytic growth conditions (south-facing
slope) gradually increases throughout the
day until 15:00 in May. Then it remains at the
same level with a sharp drop at 19:00. In the
first summer month of June, a high intensi-
ty of transpiration is observed already in the
morning — at 9:00. The curve of changes in
the transpiration process in this month is
double-peaked. The first peak occurs at 11:00
with insignificant changes in the indicator
at 13:00, followed by a decline at 15:00. The
second maximum, smaller than the first, is

observed at 17:00. After that, the intensity of
transpiration decreases.

The curve of the diurnal course of tran-
spiration in July has a broken pattern with two
maxima: a larger one at 11:00 and a smaller
one at 17:00. A significant dip in the graph is
observed between 13:00 and 15:00, which cor-
responds to the highest temperatures and the
lowest relative humidity. Moreover, the transpi-
ration values at these hours are the same. Apart
from the morning (9:00) and evening (19:00)
minima, the transpiration water loss curve in
September is the highest level compared to the
graphs in other months of the study (Fig. 6).
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Figure 6. The diurnal course of transpiration
of Acer campestre leaves under xerophytic conditions
Source: developed by the authors based on V.P. Bessonova et al. (2023)

The calculation of the average daily ac-
tivity of water evaporation by the leaves of
the studied tree species shows that the high-
est values are reached in both species on the
north-facing slope in the summer months

400
350

300
250

o

Average daily transpiration,
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(Fig. 7). It should be noted that the higher
average intensity of transpiration during the
day is characteristic of Quercus robur leaves
compared to the values of this process in Acer
campestre.
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Figure 7. Average daily leaf transpiration
of tree species under different forest growing conditions, mg-g-! wet weight
Note: I - Quercus robur on the north-facing slope; II — Acer campestre on the north-facing slope, III - Quercus

robur on the south-facing slope; IV - Acer campestre on the south-facing slope

Source: developed by the authors

On the south-facing slope, the average
daily transpiration values in both species are
almost the same in May and June. Throughout
the rest of the vegetation period, the intensity
of water evaporation by Quercus robur leaves
is statistically higher than that of Acer camp-
estre. An analysis of the transpiration rates of

Quercus robur in mesophytic (CL,) and xero-
phytic (CL,) growing conditions shows that this
physiological process is 27.2% less active on the
south-facing slope (CL1) compared to trees of
the same species on the north-facing slope (CL,).

For Acer campestre, this difference is
14.1%. The data obtained indicate the adaptive
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adjustment of Quercus robur to soil moisture
deficit under more arid (xerophytic) conditions
of SP2. A similar trend of change, but less pro-
nounced, is also characteristic of Acer campes-

tre. Table 2 shows the calculated transpiration
rates of the studied tree species under different
forest growing conditions - in fresh (SP1) and
dry (SP2) maple-oak forest.

Table 2. Transpiration indicators of deciduous species
in a maple-oak forest at different levels of moisture supply (2023)

SP1 (CL,) SP2 (CL))
Months Q. robur ‘ A. campestre Q. robur ‘ A. campestre
Transpiration daily water loss by leaves, mg-g'*
May 2,880.6 2,391.2 2,290.4 2,430.4
June 3,600.8 2,704.8 2,209.8 2,195.2
July 3,668.0 2,699.2 2,508.8 1,915.2
August 3,080.0 2,303.8 2,438.2 2,064.2
September 3,071.2 2,301.7 2,421.3 2,079.9
Transpiration water loss by leaves per month, mg-g!
May 89,298.6 74,127.2 71,002.4 75,342.4
June 108,024.0 81,144.0 66,294.0 65,856.0
July 113,708.0 83,675.2 77,772.8 59,371.2
August 95,480.0 71,417.8 75,584.2 63,990.2
September 92,400.0 69,114.0 73,146.0 61,926.0
Water loss during transpiration by a tree per month, g
May 6,768,833.8 2,453,610.3 4,572,554.5 2,267,806.2
June 8,188,219.2 2,685,866.4 4,269,333.6 1,982,265.6
July 8,619,066.4 2,769,649.1 5,008,568.3 1,787,073.1
August 7,237,384.0 2,363,929.1 4,867,622.4 1,926,105.0
September 7,003,920.0 2,287,673.4 4,710,602.4 1,863,972.6
Water loss during transpiration by species per month from 1 ha, mm
May 59.6 32.9 34.3 39.9
June 72.1 35.9 32.0 34.9
July 75.8 37.1 37.6 31.5
August 63.7 31.7 36.5 33.9
September 61.6 30.6 35.3 32.8
Total. mm 332.8 168.3 175.7 172.9
’ 501.0 348.6

Note: * - the average weighted value of the period of the day during which water evaporates is 11.2 hours

Source: developed by the authors

As seen in Table 2, the overall transpiration
water loss per unit leaf mass per day is greater
in Quercus robur in all the months of the study
at SP1. It decreases on SP2, with the difference
between the indicators on the experimental
plots growing more significantly in June and
July. The daily water loss by the transpiring
surface of Acer campestre is also greater under

mesophytic growth conditions (SP1) than under
xerophytic conditions (SP2), as is the case for
Quercus robur, especially in June and July. How-
ever, under xerophytic conditions in May, when
soil moisture is higher compared to the summer
months, water loss by Acer campestre leaves is
somewhat more significant on the CL, plot. The
worsening of adverse hydrothermal conditions
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leads to an increase in the difference between
the values of daily water evaporation by the
transpiring leaf mass of Quercus robur and Acer
campestre. The largest daily water loss by Quer-
cus robur leaves on both experimental plots is
observed in July, and for Acer campestre on SP1,
it is in July and June, and at SP2, it is in May.

A similar pattern of water evaporation is
characteristic of the results of monthly tran-
spiration. Analysis of the data on the monthly
water loss by leaf mass per tree shows the same
pattern. More moisture is evaporated by both
Quercus robur and Acer campestre under more
favourable water supply conditions — meso-
phytic (SP2). However, the difference between
the results of water loss by the leaves of a single
Quercus robur tree is much greater than when
calculating the total monthly transpiration loss
per unit leaf mass. The difference in the values
of this indicator between the studied tree spe-
cies is especially large. Significantly less water
is evaporated by the leaf surface of Acer camp-
estre, which is due to both lower transpiration
intensity compared to Quercus robur, except for
May and June under xerophytic conditions, and
lower leaf mass per tree.

The difference in water loss by leaves per
hectare, taking into account the existing num-
ber of trees of each species, is quite significant
between the species on SP1 on a monthly basis.
It is the largest for Quercus robur and Acer camp-
estre in the mesophytic maple-oak forest in July
(Table 2). The quantitative indicators of water
evaporation in the process of transpiration by
Quercus robur leaves under mesophytic growth
conditions (SP1) amount to 332.8 mm/ha,
and for Acer campestre — 168.3 mm/ha. Under
xerophytic conditions (SP2), these indicators
are 175.7 and 172.9 mm/ha, respectively.

The leaves of one hectare of a Quercus ro-
bur plantation in a maple-oak forest on a shady
slope (mesophytic conditions) evaporate 1.89
times more moisture than on a sunny slope

(xerophytic conditions), even though the num-
ber of trees of this species in mesophytic con-
ditions is only 1.17 times higher. Water loss by
Acer campestre leaves on both the north-facing
slope (SP1) and south-facing slope (SP2) is not
significantly different, although the number of
trees is 1.32 times higher on SP2. It should be
noted that on SP1, the leaves of Quercus robur
trees transpire 1.97 times more water per hec-
tare than Acer campestre.

However, in the xerophytic maple-oak for-
est, the difference between the species in terms
of the amount of water evaporated per hectare
is small. This is explained by the fact that the
ratio between the species on SP1 is 1.45 (for-
mula of composition (Qu.ro)4(Ac.ca)6, Acer
campestre prevails), and on SP2 - 2.33 ((Qu.ro)3
(Ac.ca)7), and the stand density in the meso-
phytic maple-oak forest is 222 trees/ha, and
251 trees/ha in the xerophytic one. These ratios
lead to nearly equal transpiration water loss-
es per hectare by maple and oak, which is not
favourable for Quercus robur in such a mixed
plantation on the south-facing slope. These re-
sults indicate the importance of regulating the
ratio between the species to obtain optimal wa-
ter evaporation indicators for the stand.

According to the data presented in Figures
3-6, the highest values of water evaporation by
both Quercus robur and Acer campestre leaves
in the process of transpiration are usually ob-
served around 11:00. In the hottest summer
months, this indicator decreases significantly
when the highest temperatures and lowest rela-
tive air humidity are observed, and in the after-
noon hours it again increases to a second max-
imum at 17:00. Thus, during the period of the
highest temperatures, the intensity of transpi-
ration decreases significantly, which indicates
the ability of the studied plant species to reg-
ulate water exchange. Therefore, both species
belong to the hydrostable category according
to the classification given by W. Larcher (1978).
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Such a decrease in transpiration activity under
unfavourable hydrothermal conditions is a val-
uable adaptation that has developed in the pro-
cess of evolution. However, on the other hand, a
similar decrease in water evaporation by leaves
leads to their overheating, which is very nega-
tive for plants with low heat resistance, as indi-
cated by I.A. Vasilenko et al. (2017), who studied
the drought resistance and water exchange of
trees and shrubs.

According to their observations on the
transpiration in twenty shelterbelt species
regarding the intensity of this physiological
process under the conditions of the Derkulskyi
steppe, L.A. Ivanov et al. (1952) divided woody
plants into three groups: strongly transpiring,
moderately transpiring, and weakly transpiring.
Based on the obtained indicators of the average
daily intensity of leaf transpiration of Quercus
robur and Acer campestre (Figs. 3-6), they can
be classified as species with moderate water
evaporation. The boundaries for this group, ac-
cording to L.A. Ivanov et al. (1952), are 163-298
mg-g ! wet mass/hour under very dry conditions
of the Derkulskyi steppe and 374-480 mg-g!
wet mass/hour in the Forest-Steppe zone,
where the amount of precipitation is 1.5 times
higher (420 and 650 mm, respectively).

V.I. Lyalko et al. (2012) studied the transpi-
ration water losses of plant communities using
remote methods and their combination with
statistical estimates of water evaporation by
certain phytocenoses over the vegetation peri-
od. As the authors emphasise, transpiration is
one of the components of the water balance of
the territory and is comparable in level to river
runoff. In this case, the value of this process de-
pends on the type of vegetation. In their article,
researchers provided data on water evaporation
by oak stands in the Donetsk and Kirovohrad
Regions, which reach 405 and 520 mm per year,
respectively. The data obtained in this study on
the loss of water in the process of transpiration

by the leaves of trees in a maple-oak forest over
five months of vegetation were: under meso-
phytic conditions, evaporation amounted to
501.0 mm, and under xerophytic conditions, it
was 348.6 mm. A.P. Krivoruchko (2019) deter-
mined the intensity of transpiration both in a
mixed stand of Quercus robur and Quercus rubra
with their ratio of 3:7 and in the growth of these
species in single-species groups in the steppe
zone of Ukraine. However, since the object of
study was 11-year-old trees, the value of water
evaporation by the leaf surface of these planta-
tions per hectare cannot be used for compari-
son with the data obtained by the authors.

As can be seen from Figure 7, the average
daily intensity of transpiration of Quercus robur
and Acer campestre leaves under different hy-
drothermal conditions on the north-facing and
south-facing slopes of the ravine Viiskova is
higher under mesophytic conditions. Yu.L. Cel-
niker (1958), studying the water regime of leaves
of woody plants of the steppe zone, found that
under drought conditions, moisture loss de-
creases with increasing stress of environmen-
tal factors. However, the study of the water-salt
regime of plants and their communities under
drought conditions of the Caucasus by I.N. Bey-
deman (1957) indicates that under optimal soil
moisture, the intensity of plant transpiration
increases simultaneously with increasing air
dryness and temperature.

The value of water loss per day in the pro-
cess of transpiration by the leaves of a ma-
ple-oak forest per 1 hectare in July-September
under mesophytic conditions is within 3.64-
3.07 mm, and under xerophytic conditions, it
ranges from 2.23 to 2.24 mm. M. Landblad &
A.Lindroth (2002) analysed the transpiration of
forest stands depending on weather, soil mois-
ture and stand characteristics (pure and mixed
with Pinus sylvestris, Picea abies). They observed
a wide range of values for this process (from
0.95 to 4.64 mm per day). The authors found
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that the average transpiration values for differ-
ent stands varied from 1.30 to 4.64 mm per day
during July-September.

As mentioned above, when the main and
companion species grow together, the question
arises of their competition for such resources
as water supply and soil fertility. The optimal
combination of tree species in a phytocenosis
determines not only the environmental impact
of forests, but also their productivity, stabili-
ty, and longevity. V.I. Karpenko (2013), study-
ing the forestry properties of such companion
species for Quercus robur as Acer platanoides,
Carpinus betulus, and Tilia cordata in mixed
stands of the Forest-Steppe zone, found that it
is little leaf linden that does not displace the
roots of common oak from the upper soil layers
to the lower ones, therefore it is its best com-
panion species. N.P. Shpak et al. (2017) studied
forest plantations of Quercus robur with the
participation of several companion species in
their composition. As the authors proved, the
presence of Tilia cordata increases soil fertility
and stand productivity. Moreover, the root sys-
tems of Tilia cordata and Quercus robur comple-
ment each other in the rhizosphere, promoting
better growth of both species. Sorbus torminalis
also possesses such properties in relation to
Quercus robur.

Several researchers draw attention to the
need to consider the role of certain tree species
in the water cycle of forest ecosystems and their
optimal combination, taking into account pos-
sible competition for water. Thus, H. Asbjorn-
sen et al. (2007) underscore the importance of
evaluating the interception of water by Ulmus
americana when grown together with Quercus
macrocarpa in American oak forests. Such stud-
ies are especially relevant in the context of the
arid climate of the Ukrainian steppe. In par-
ticular, several authors highlight competitive
relationships between Quercus robur and Frax-
inus excelsior. For example, A.A. Silina (1958),

analysing the influence of some tree species on
the transpiration of others when grown togeth-
er in the Steppe zone of Ukraine, found that
under drought conditions Fraxinus excelsior is a
dangerous competitor for Acer platanoides and,
especially, for Quercus robur.

The studies of V.I. Obraztsova & N.P. Kot-
syubinskaya (1976) also showed that the inten-
sity of transpiration of Fraxinus excelsior on ex-
perimental plots with different water supplies
in the riparian and floodplain oak forests of the
steppe zone of Ukraine is higher than that of
Quercus robur. Competition for water can lead
to the suppression of the growth processes of
tree species and, in general, to a decrease in
the stability of phytocenoses. However, during
the study of forest plantations of Quercus robur
with the participation of native and introduced
fast-growing species, Yu.D. Katsulyak (2009)
found that in dry and fresh maple-oak forest
with a share of Fraxinus excelsior not exceeding
30% with its even distribution across the area,
exacerbation of competition with Quercus robur
for soil-hydrological resources is not observed.

According to the results presented in this
article, under mesophytic growth conditions,
the intensity of transpiration of Quercus robur
leaves is higher than that of Acer campestre dur-
ing the vegetation period. In xerophytic condi-
tions, it is also higher in July and September. In
May, the transpiration values for Acer campestre
are slightly higher, and in June they are almost
the same for both species (Figs. 3-7).

Thus, Acer campestre leaf surface evapo-
rates significantly less water, due to both lower
transpiration intensity compared to Quercus ro-
bur, except for May and June under xerophytic
conditions, and lower leaf mass per tree. Under
mesophytic conditions, Quercus robur evapo-
rates 1.97 times more per 1 ha than Acer camp-
estre. It is also necessary to take into account
the ratio of species on the sample plots. On the
north-facing slope, there are 1.45 times more
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Acer campestre individuals than Quercus robur,
and on the south-facing slope, there are 2.33
times more. This leads to the fact that the total
evaporation of water by Acer campestre plants
under xerophytic conditions reaches almost the
same values as those of Quercus robur, which
further increases the stress of the water regime.
The data obtained indicate the need to take this
fact into account when constructing planta-
tions in the steppe zone.

Therefore, Acer campestre is one of the
optimal companion species for Quercus robur,
since it belongs to the group with moderate
transpiration activity and does not act as an ag-
gressive competitor in water interception, given
the appropriate ratio of trees in the plantation.
It should be noted that Acer campestre thrives
well in the second tier of oak phytocenoses,
improving forest growing conditions in oak for-
ests, as it belongs to acidifying species. In addi-
tion, as noted by V.E. Svyrydenko et al. (2004),
the leaf litter of Acer campestre contributes to
soil acidification, which benefits the growth of
Quercus robur, a species with high mycotrophic
requirements. A slightly acidic environment is
optimal for mycorrhizal symbiosis.

According to P.F. Ffolliott (2008), who stud-
ied water evaporation by oak plantations (Quer-
cus emoryi) on watersheds in New Mexico, USA,
transpiration data are important for developing
a general water budget for the studied ecosys-
tems. This information, in combination with
existing precipitation and water flow measure-
ments, will contribute to a more accurate as-
sessment of the ecosystem’s water balance.

The data obtained as a result of the re-
search carried out by the authors will bring
greater clarity to understanding issues related
to water use by both dominant and companion
species in the maple-oak forest under different
water supply conditions. The discussion out-
comes indicate that the impact of companion
species on the physiological characteristics of

Quercus robur, including its water regime, re-
quires further investigation.

Conclusions

The stands on both sample plots are natural
maple-oak forests, characterised by an average
stand density of trees. The curves reflecting the
diurnal course of the transpiration pattern of
Quercus robur under mesophytic conditions in
June and July have a double-peaked character
withmaximaat 11:00and 17:00.Intherest of the
vegetation period, the graphs have a smoother
character. A similar pattern is observed in the
fluctuation of water evaporation activity by
Acer campestre leaves under mesophytic con-
ditions. Under insufficient water supply (xero-
phytic conditions) in June and July, both species
also show two peaks in the diurnal course of
transpiration activity at the same hours of the
day. In Acer campestre, the maximum intensi-
ty of transpiration is observed at 15:00 in May,
its values approaching the value of July evap-
oration activity, which was recorded at 11:00.

Average daily leaf transpiration activity is
maximum for both species on the north-facing
slope under mesophytic conditions (CL,) in the
summer months, especially for Quercus robur
compared to the values of this process in Acer
campestre. On the south-facing slope under
xerophytic conditions (CL)) in May and June,
the average daily transpiration values of both
species are practically the same. Throughout
the rest of the vegetation period, the intensity
of water evaporation by Quercus robur leaves is
statistically higher than that of Acer campestre.

Analysis of the diurnal course of transpi-
ration of the studied species under the con-
ditions of hygristotopes CL, and CL, showed
that these woody plants are hydrostable and,
according to the value of average daily activity
of water evaporation, belong to the moderately
transpiring species. On both sample plots with
different levels of plant water supply, Quercus
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robur leaves, for the most part, transpire more
actively than Acer campestre, although it was
found that in some measurement hours, oppo-
site results were observed.

The intensity of leaf transpiration of Quer-
cus robur in the maple-oak forests under the
conditions of hygristopos CL, in more arid
growing conditions is less active (by 27.2%)
than under conditions of better water supply
(CL,). This can be considered an adaptive ad-
justment of Quercus robur to soil moisture defi-
cit. This is less characteristic of Acer campestre.
On the north-facing slope, the average transpi-
ration during the growing season is higher than
on the south-facing slope. The maple-oak for-
est on the south-facing slope evaporates 30.6%

conditions of fresh (CL,) and dry (CL,) hygris-
totopes will not be a serious competition for
water for Quercus robur when they grow togeth-
er. However, an analysis of the research results
shows that it is important to consider the quan-
titative ratio between the species, especially in
xerophytic growing conditions, in order to cre-
ate favourable conditions for water exchange in
oak stands. The prospect of further research is
the analysis of morphophysiological indicators
of different tree species when they grow to-
gether in phytocenoses under the influence of
unfavourable hydrothermal conditions, which
is typical for the summer months in the steppe
zone of Ukraine.
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AHoTanis. BayMBKUM € BU3HAUEHHSI POJIi epeB y BOLHOMY LIMKJIi Ta IX BIJIMB Ha BOJIOTICTb IPYHTY
it aTMocdepHy BosorosabesmneveHictb. MeTow po6oTu 6ya0 AOCTIAUTU OCOGIMBOCTI Iepediry
TpaHcmipanii auctkiB Quercus robur i Acer campestre y makieHOBUX Ji6poBax 3a Pi3HMX YMOB
BOno3abe3mneveHHs1. JJOCTiKeHHS] TTPOBOIMIIOCS B HYDKHIl TpeTMHi cXmiy MiBHIYHOI i cepenHiit
TPeTUHI CXMTy MiBOeHHOI eKcro3ulliit y 6aitpari BificbkoBuii. IIpoBefeHO JiciBHUYO-TaKcaIli/iHEe
06CTe>KeHHS MOJIeNbHMX JIepeB Ha 060X MPOOHMX TUIONIAX, HACAIKEHHSI SIKVX € CepeIHbOTYCTUMI.
BuBUeHO JeHHMIT Xi[I TpaHCITipalii IMUX IMCTIHUX MOPiJ TPOTSIroM BereTaliii. Hait6inpimx sHaueHb
nmaHuii disionoriunmii mpoiec HabyBae B 060X BUIIB Ha CXVJTi MTIBHIYHOT €KCITO3MIIIT Y JIiTHI Micsiri,
oco6vBo y Quercus robur. Ha cxuii miBIeHHOI eKcIIo3uIii y TpaBHi i uepBHi cepeIHbO060BI 3HA-
YeHHS TpaHcIipallii B 060X Mopij Maibke He BigpisHAOThCs. [IPOTSTOM PeIlTH MicsIIiB BereTaili-
JHOTO Iepiofy iHTeHCUBHICTh BUIIAPOBYBAHHS BOAY AUCTKamMu Quercus robur CTaTUCTUYHO BUILA,
HiX y Acer campestre. BcTaHOBJIEHO, IO HA CXWJIi MiBAEHHOI €KCITO3UIIi1 Y GiJIbIII TOCYIIIMBUX YMO-
BaX 3pOCTaHHS IepeB AaHMil mpoliec rnepebirae MeHII akKTUBHO. Lle cToCyeTbCsl TpaHCMipaliiiHol
BTPaTy BOAM JMCTKAMM 32 IeHb Y PO3PAaXyHKY Ha OAMHUILIIO X MacH, IOMIiCSUHOI TpaHcmipanii i
iHTeHCMBHOCTI LIbOTO IIpOlLlecy y IepepaxyHKy Ha JepeBo. BiiMiHHICTb Mixk pe3yapTaTamMmu BTpaTu
BOJM IMCTKaMM OLHOTO iepeBa Quercus robur i Acer campestre € icTOTHO0 i 06yMOBJI€HA SIK HVDKUMM
piBHeM TpaHcmipauii Acer campestre, 3a BUHSITKOM TpaBHSI i uepBHSI 3a kcepodiTbHMUX YMOB, Tak i
MEHIIIOI0 MacoI0 JIMCTKIB I[boro BuIy. SIK Quercus robur, Tak i Acer campestre € rinpocTabiTbHUMU
cepeHbOTPAHCITIPYIOUMMM TIopomaMu. IlakieHoBa Hi6GpoBa Ha CXWJIi MiBHIYHOI eKCrosuilii y
repepaxyHKy Ha 1 ra 3a BereTalliiiHui1 mepion BUIapoBye Boioru Ha 30,6 % Oinbline, HiXXK Ha CXMITi
niBgeHHoi. OmepikaHi pe3ynbTaTy CBiTUaTh, 10 Acer campestre y TaKJIeHOBUX Ii6poOBax 3a CBIKUX
i cyxux JiCOPOCIMHHMX YMOB He BUCTYIIA€ CePii03HMM KOHKYPEHTOM 3a Bosory 1jisi Quercus robur
Mpu iX cyMicHOMY 3pocTaHHi. OTpuMaHi pe3y/nbTaTi MOXKYTb OYyTM BUKOPUCTAHI AJIs1 PO3POOIEeHHS
edeKTUBHMX CTpATETIii JiCOBOTrO rOCMIOAPIOBAHHS B TAK/IEHOBUX Ai6poBax

Ki1io4oBi c;1oBa: BUTIapOBYBaHHS BOJM JIMCTKAMM ; Iy0 3BMUAIIHNIA ; KJIIEH TTOJIbOBUIA; JTICOPOCTIMHHI
YMOBM; GaiipauHuii jric
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Abstract. The study aims to comprehensively assess the negative impacts of various activities
carried out by visitors to natural areas, including forest parks, on ecosystems. The research
methodology included an analysis of forest park ecosystems Gotova-Dangel and Logara forest
parks, monitoring ecosystem changes, which provided objective data on the impact of human
activity. The study developed recommendations aimed at minimising the negative effects of
these activities on the environment. The main results of the study demonstrated that walking
leads to soil compaction, which in turn hurts water circulation and aeration of soil layers. This
phenomenon can also cause damage to rare species of plants and trees that are vulnerable to
changes in their natural environment. In addition, cycling causes soil erosion, which leads to the
destruction of vegetation, which in turn negatively affects the environmental sustainability of the
region. This can create conditions for the degradation of natural ecosystems and a decrease in
biodiversity. Camping causes pollution of the area, including dumping garbage and other waste,
which leads to a decrease in the number of animals living in forest environments, with serious
consequences for the ecological balance and conservation of wildlife. The findings highlight the
need to introduce clearly defined trails for pedestrian traffic, create specialised bicycle routes, and
develop environmentally responsible camping practices. This will significantly reduce the negative
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Sustainable development of forest parks...

impact on the forest ecosystem. The research is relevant for the conservation of biodiversity as
well as for maintaining the ecological balance in forest parks, which is critical for the sustainable
development of natural resources and the preservation of the environment for future generations

Keywords: ecology; biodiversity; ecosystem; nature protection; leisure

Introduction

With the growing interest in active recreation
in natural environments, research on how dif-
ferent types of physical activity affect the eco-
systems of forest parks is relevant. Forest parks
perform a critical ecological function, providing
habitats for many species of flora and fauna, as
well as supporting important ecological pro-
cesses such as climate and water balance reg-
ulation. However, outdoor activities can have
significant negative impacts on these systems,
including damage to vegetation, changes in an-
imal behaviour and soil erosion.

The problem is a lack of information on
how different types of outdoor activities, such
as hiking, cycling and camping, affect forest
ecosystems. There is a need for a detailed anal-
ysis of this impact and the development of ef-
fective strategies to minimise the negative con-
sequences.

Existing studies focus on the overall im-
pact of recreational activities on nature. They
demonstrated that outdoor activities could
have both positive and negative effects on
ecosystems. The problem of a clean and sus-
tainable environment in forest areas, in Lith-
uania and Turkey, was studied by A. Atalay et
al. (2024). Their study highlights the impact of
recreational activities on the ecological state
of forest areas and offers solutions to reduce
the negative effects. G. Ospan et al. (2024) as-
sessed the impact of winter tourism on natural
heritage in Kopaonik National Park, focusing
on the negative effects of winter tourism and
developing a strategy for the conservation of
natural resources. T. Tapps & M.S. Wells (2024)

analysed the basics of recreational activities
and leisure time, providing basic concepts for
understanding the development of recreational
areas and their sustainable management.

The potential of tourism and recreation
in rural areas of Kazakhstan was analysed
by K. Saparov et al. (2024). They addressed
the development of sustainable tourism and
the use of natural resources in these regions.
K.G.Kling (2024) addressed the balance between
accessibility and conservation in protected are-
as. The study highlighted the challenges that
arise when trying to provide access to natural
areas while maintaining their value. B.M. Ak-
giil & S. Karakiiciik (2024) studied the concepts
of eco-recreation and its application to create
sustainable recreational environments. The
work covered the theoretical and practical as-
pects of integrating ecology and recreation.

A systematic review of tourism in Europe-
an national parks was conducted by D.S. Donici
& D.E. Dumitras (2024). They studied different
management models and the impact of recrea-
tional activities on natural ecosystems. A. Mel-
aku & J. Pastor Ivars (2024) examined cultural
ecosystem services in urbanised sacred forests.
This study focuses on how such forest areas
support human well-being through -cultur-
al and ecological services. G. Lukoseviciute et
al. (2024) studied participation in the develop-
ment and management of ecocultural routes.
The study suggests methods for integrat-
ing cultural and environmental aspects into
tourist routes. V. Risti¢ et al. (2024) assessed
the importance of forest ecosystems for the
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development of nature-based tourism in the
Fruska Gora National Park. The study highlight-
ed the importance of forest areas for eco-tour-
ism and their management.

Despite the existing research covering
various aspects of outdoor activities, there are
still many gaps in understanding the specific
mechanisms of the impact of different types of
outdoor activities on individual ecosystem ele-
ments. This is especially true for activities such
as camping, hiking and cycling routes, which
can have both positive and negative environ-
mental impacts. For instance, the long-term ef-
fects of camping on biodiversity, which is criti-
cal for maintaining ecological balance, and soil
erosion in specific types of forest environments
are not well determined. Studying these aspects
can help to develop more effective strategies
for managing natural resources and preserving
ecosystems.

The study aims to examine the impact of
three types of active recreation: hiking, cycling
and camping -on forest ecosystems. Study goals:

1. Analysis of the impact of hiking on the
flora and fauna of forest parks, including a
study of plant and animal species affected by
hiking, including changes in the number and
range of different species and an overall assess-
ment of biodiversity.

2. Assessment of the impact of cycling on
biodiversity and determining the impact of cy-
cling on forest park ecosystems.

3. Development of practical recommenda-
tions to reduce the negative impact of camping
by studying its effects on forest park ecosystems
and creating approaches to managing outdoor
recreation for biodiversity conservation.

Materials and Methods

The study, which was conducted from June
to September 2024, covered a wide range of
aspects of human interaction with the natu-
ral environment. The main locations for field

research were two forest parks: Gotova-Dangel
Forest Park and Logara National Park (Albania).
The selected areas not only represent samples
of various forest ecosystems but also provide
unique conditions for studying the impact of
various types of active recreation, such as hik-
ing, cycling and camping, on these ecosystems.

The research began with careful planning
and methodology development, including the
definition of the main objectives and the choice
of data collection methods. Forest, in particu-
lar trees, were emphasised as their condition is
critical to the health of the ecosystem.

To assess the undergrowth and dead wood,
methods were used to identify the physical
condition of the trees and their biomass. This
information became the basis for understand-
ing the impact of human activity on tree cov-
er. In particular, the assessment of tree health,
growth and density helped to determine how
active recreation contributes to or hinders for-
est conservation and restoration.

Observing the number of young trees and
the presence of dead wood was another impor-
tant element of the study. These observations
were used to assess the natural regeneration
of the tree cover and identify negative impacts
caused by active recreation, such as trampling
on young plants or reducing the amount of dead
wood, which is critical for nourishing the soil
and creating an environment for new plants.

Phytoindication was used as a method of
assessing environmental stress. Assessment
of tree health, including damage to leaves,
roots and trunks, served as an indicator of
the impact of human presence and physical
activity, including cycling. This was used to
identify how human activity can lead to a de-
terioration in tree health and the overall con-
dition of the forest.

An integrated approach to assessing the
condition of trees and their ecosystems pro-
vided a detailed understanding of the impact of

Vol. 15, No. 3, 2024

Ukrainian Journal of Forest and Wood Science

167



Sustainable development of forest parks...

outdoor activities, which became the basis for
making decisions on the conservation and res-
toration of forest resources.

For a more detailed analysis, information
on the level of soil erosion and vegetation con-
dition was collected. This process involved the
use of modern methods, such as Geographic In-
formation System (GIS) and Global Positioning
System (GPS), which were used to accurately
determine erosion processes and their impact
on the environment. GPS and GIS were also
used to monitor the condition of trees and their
location, which is an extremely important as-
pect of modern forest management, as it allows
not only to pinpoint the exact location of each
tree but also to assess its condition, identify
diseases, pests or other factors that may threat-
en its life. This will help to create a detailed
map of damaged or degraded areas, which in
turn will allow for more efficient management
of forest parks. The collected data was used as
a basis for further analysis and development of
recommendations for the conservation of natu-
ral resources and ecosystem restoration.

SPSS and Excel statistical packages, which
provided powerful tools for detailed statistical
processing and analysis of the results, were
used. These software tools were used not only
to evaluate the results of the study with high
accuracy but also to identify certain patterns
and trends that could be useful for further re-
search and practical application of the data ob-
tained. The collected materials were carefully
processed and analysed to assess the impact of
outdoor activities on forest ecosystems.

The study was conducted following the
ethical standards set out in the Convention on
Biological Diversity (1992) and the Convention
on International Trade in Endangered Species
of Wild Fauna and Flora (1973). The study em-
ployed a systematic approach that provided
clear data on the impact of outdoor activities
and contributed to the development of effective

strategies for the conservation and enhance-
ment of forest ecosystems.

Results

Active recreation in forest parks, while enjoying
the outdoors and communicating with nature,
can have a significant impact on the ecological
balance of these unique ecosystems. Walking
leads to soil compaction, which negatively af-
fects the root system of plants and can cause
erosion. Cycling, in turn, causes damage to veg-
etation and disturbance of natural habitats, as
cyclists often ride on paths that are not intend-
ed for this purpose. Camping causes pollution
of the territory if waste disposal rules and prop-
er care of campfires are disregarded.

Hiking was one of the most common forms
of active recreation in forest parks, as people
could enjoy nature, maintain physical activi-
ty and improve their psycho-emotional state.
However, despite all the positive aspects, even
such seemingly safe activities can have nega-
tive consequences for vegetation and the eco-
system as a whole. The constant pressure on the
trails caused by the large number of visitors led
to soil compaction, which made it difficult for
new plants to grow, as the roots could not pen-
etrate the soil freely, which negatively affected
their nutrition and development. Visitors tram-
pled on rare plant species: marsh orchid “Dac-
tylorhiza sphagnicola” — “Gotha-Dangel”, forest
lily “Lilium martagon” — Logara Park, which not
only caused their damage but may also lead
to their extinction in the future. Therefore,
awareness of the impact of human activity on
the environment is necessary, as well as rules
of conduct in natural areas to preserve their
uniqueness and biodiversity.

The impact of hiking on animals was com-
plex and manifested in both direct and indirect
forms. The presence of people and the sounds
they made in the study area caused stress in
wildlife, which in turn led to changes in their
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behaviour. For instance, common beavers (Cas-
tor canadensis) were forced to leave their usual
habitats, which will harm their reproduction
and survival. The golden eagle (Aquila rapax)
changed its nesting sites and flight periods in

response to human activity (Table 1). This man-
ifested itself in the fact that they began to hide
earlier than usual or changed their traditional
migration routes, which led to a violation of the
ecological balance.

Table 1. Rare species affected by outdoor activities and other human factors

Plant/animal species

Place of residence

Cause of threat

Marsh orchid (Dactylorhiza
sphagnicola)

Rivers and reservoirs

Trampling by pedestrians

Forest lily (Lilium martagon)

Forest areas

Injuries during outdoor activities

Common beaver (Castor
canadensis)

Rivers and reservoirs

Stress from human activity

Golden eagle (Aquila rapax)

Mountainous areas

Change of nesting sites

Orchid (Orchis papilionacea)

Forest areas

Trampling and loss of environment

Grass cat (Felis silvestris)

Forested areas

Destruction of the environment,
hunting

Red lizard (Lacerta agilis)

Dry and rocky locations

Habitat loss and human impacts

Mountain frog (Bufo viridis)

Wet landscapes

Water pollution and climate
change

Source: compiled by the authors

In Gotova-Dangel and Logara parks, flora
and fauna responded to human activity by re-
ducing available food resources and altering the
natural environment. For instance, pedestrian
activity in the Gotova-Dangel park has led to
the destruction of vegetation, which is an im-
portant source of food for many animal species.
Observations in these natural reservoirs have
shown that birds and small mammals tend to
leave areas where trails are active more often,
indicating that they are adapting to changes
in the environment caused by human activity.

This phenomenon requires careful study as it
may have long-term implications for biodiver-
sity and ecosystems.

The impact of human activity on the con-
dition of trees in forest parks is a significant
and complex aspect of the ecological balance.
Intensive hiking, cycling and camping, which
have become popular forms of recreation, can
cause trampling of the soil around the root sys-
tem of trees. This, in turn, harms their stability
and development, as tree roots need healthy
soil to receive nutrients and water (Table 2).

Table 2. Results of the assessment of the condition of trees
in the forest parks Gotova-Dangel and Logara under the influence of active recreation

. Condition of Damage detected Number of Presence of Fevel of
Location (leaves, trunk, environmental
trees (general) young trees dead wood
roots) stress
Forest Park Damage to leaves
Gotova- Satisfactory & High (21-50%) Low Moderate
and trunks
Dangel
Logara Significant
- O i
National Park Weak damage to all Average (6-20%) Average Proficiency
parts
Source: compiled by the authors
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Frequent human intervention in natural
processes can cause mechanical damage to tree
trunks, leaves and roots. Such damage leads to
a decrease in the overall health of trees, which
makes them more vulnerable to diseases, pests
and other stressors. Situations are particularly
dangerous when human activity is accompanied
by the use of heavy machinery or equipment,
which can lead to even more serious damage.

The presence of litter and pollution caused
by human activity can have a significant impact
on soil and water quality. Contaminated soils
can interfere with the normal growth of trees, as
harmful substances can enter the root system,
preventing the absorption of essential elements.
Campfireactivities canalsoinflictburnstotrunks
or roots, which in turn reduces their viability.

The spread of invasive plant species is an-
other serious consequence of human activity
that can reduce the competitiveness of native
trees. Invasive species often grow faster and
take up the space needed for the roots of native
plants to develop, which leads to a change in
the natural balance of the ecosystem.

Thus, active recreation, if left unchecked,
can cause significant changes in the condition
of trees and the overall ecosystem of forest
parks. Natural resource preservation efforts are
necessary, as the health of forest parks direct-
ly affects the quality of life of people who use
these natural spaces.

Measures to minimise impacts on natural
ecosystems are essential to preserve biodiver-
sity and maintain environmental health. Cre-
ating and maintaining clearly defined trails
is an important step in reducing the area that
visitors can ravage. This not only helps to limit
access to sensitive ecosystems but also provides
conditions for revegetation, which helps to pre-
serve the natural environment. Marked trails
also make it easier for visitors to find their way
around, reducing the risk of accidental damage
to the vegetation. Educating visitors about the

importance of protecting vegetation and wild-
life is a key element in raising environmental
awareness. Information boards can include data
on vulnerable species, and ecosystems and their
role in maintaining the ecological balance. This
can significantly reduce accidental damage and
encourage visitors to follow the rules of behav-
iour in nature, which in turn will help preserve
natural resources for future generations.

The study found that cycling had more se-
rious consequences for the flora than walking.
This is determined by the wheels of the bicycles
having a significant impact on the soil surface,
digging it up, destroying natural vegetation and
contributing to increased erosion. Such activi-
ties led to the destruction of the root system of
plants, which in turn hurt the ecosystem. The
study determined that the speed of cyclists led
to the widening of paths and the emergence of
new trajectories, which further damaged the
vegetation. This put additional pressure on the
natural environment, as the new routes passed
through sensitive ecosystems, disrupting their
integrity and functioning. Thus, it is necessary
to address the environmental impact of cycling
and seek ways to reduce its negative impact on
the environment.

Cycling has a significant stressful impact
on wildlife, which is an important aspect to ac-
count for. The sharp noise generated by cycling
and the high speed of the cyclists caused the
animals to feel fear and anxiety, which led to
the sudden abandonment of their natural hab-
itats and negatively affected their social struc-
tures. In Logara Park, the animals were forced
to search for new areas to live in, which disrupt-
ed their usual migration routes and interaction
with other members of the species. Such chang-
es have had far-reaching consequences for the
ecosystems in which these animals live and
have affected their ability to survive.

Measures to minimise the impact on the
natural environment are highly relevant in the
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context of the growing use of bicycles and out-
door activities. Establishing designated bicycle
routes that do not intersect with hiking trails
can significantly reduce the negative impact
on vegetation and fauna. This avoids conflicts
between pedestrians and cyclists, which in turn
reduces the risk of damage to natural ecosys-
tems. Individual routes can also be designed to
address the natural features of the area, which
will ensure the preservation of biodiversity and
maintain ecological balance. Installation of soft
surfaces for bike paths, such as rubber tiles or
natural materials, can significantly reduce soil
erosion and plant damage. Not only do these
coatings reduce the negative impact on the en-
vironment, but they also increase comfort and
safety for cyclists. In addition, the use of spe-
cialised equipment to maintain and service the
tracks can ensure their durability and reduce
the need for frequent repairs, which will also
have a positive impact on the environmental
situation in the region.

Camping has long-lasting and significant
effects on the flora of forest parks, which re-
quires attention from conservation organisa-
tions and recreationists. The establishment of
camps leads to the destruction of vegetation,
which occurs not only under the tents but also
near fires where people cook and relax. Emis-
sions from campfires, such as ash and smoke, as
well as waste left behind after camping, pollute
soil and water, which negatively affects vegeta-
tion and the ecosystem.

The study determined that camping had
the greatest impact on flora among the three
main outdoor activities, such as hiking and
cycling. The presence of the camps has led to
severe damage to vegetation, including the de-
struction of plant roots, which are important
for maintaining biodiversity, and soil erosion,
which leads to a loss of fertility. This highlights
the need to comply with environmental regula-
tions and practices when camping to minimise
the negative impact on the environment.

Camping has caused significant stress to
wildlife in the Gotova-Dangel and Logara parks
for several reasons, including the sounds of
campfires and the smells of cooking. These fac-
tors forced the animals to abandon their nat-
ural habitats as they perceived human activity
as a threat. As a result, the animals in the Got-
ova-Dangel park changed their diets as their
usual food sources became less accessible or
dangerous.

Camping also had a significant impact on
the fauna in the study areas, leading to a de-
crease in the number of different animal spe-
cies and changes in their behaviour. Animals
began to avoid areas with high human activ-
ity (Table 3). These changes in behaviour had
long-term consequences for ecosystems, as
the natural relationships between species were
disrupted. Therefore, it is necessary to address
environmental aspects when organising a
campsite and choose places that have minimal
impact on wildlife.

Table 3. The impact of outdoor activities on ecosystems

ype of a'ctlve Impact on vegetation Impact on animals Impact on trees
recreation
s Soil compaction, trampling Stress, behavioural Mechanical damage, reduction in
Hiking .
on rare species change the number of young trees
Cycling Vegetation damage, erosion St.ress,.change n Root damage, reduced tree health
migration routes
. Pollution, destruction of . Burns of trunks, destruction of
Camping ; Stress, diet change
vegetation young plants

Source: compiled by the authors
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Measures to minimise the environmental
impact of camping are highly important for the
preservation of natural ecosystems. Selecting
designated camping areas not only helps to re-
duce accidental damage to vegetation but also
helps to preserve the natural landscape. Such
sites are usually equipped following environ-
mental standards, which reduces the likelihood
of negative environmental impact. Thanks to
this, visitors can enjoy nature without harming
the local flora and fauna. The ban on the use
of open fires is an important step in the fight
against environmental pollution and the de-
struction of vegetation. Instead, the mandatory
use of portable cooking stoves not only reduces
the risk of forest fires but also reduces emis-
sions of harmful substances into the air. Such
rules keep the territory clean and preserve nat-
ural resources for future generations.

One of the most promising approaches is
the strategy of creating ecological corridors.
Ecological corridors are stretches of land that
provide a link between separated natural en-
vironments, allowing wildlife to migrate and
exchange genetic material. This process is crit-
ical to maintaining biodiversity as it helps to
strengthen species populations, prevents in-
breeding and increases the overall resilience of
ecosystems to environmental change. Ecologi-
cal corridors can be created in a variety of ways,
including by preserving natural forest belts that
function as natural arteries for wildlife move-
ment. The process of planting trees and other
plants between separated forest patches is also
relevant, helping reconnect isolated animal
populations. This, in turn, not only ensures the
conservation of biodiversity but also improves
the overall health of ecosystems, which has a
positive impact on the climate and quality of life.

Restoration of natural habitats is an im-
portant process that involves not only recon-
struction but also restoration of ecological
functions in destroyed or degraded areas. This

process may include a range of measures, such
as planting native plants, controlling invasive
species, and creating appropriate conditions for
the restoration of natural populations of flora
and fauna. Monitoring the ecosystem is also an
important aspect to ensure the effectiveness of
the measures taken.

The biotechnical measures implemented
as part of the restoration include planting to
stabilise the soil, which is critical to preventing
erosion. Plants, especially those with a strong
root system, can penetrate deep into the soil,
which helps to hold it in place and reduce the
risk of erosion. Grasses and shrubs can be suc-
cessfully planted on slopes and along rivers,
which not only stabilises the soil but also im-
proves the water balance in the region. Thus,
restoration of natural habitats is a key element
in the conservation of biodiversity and environ-
mental sustainability.

Barriers, such as windbreaks, are signifi-
cant in reducing wind speeds, which in turn sig-
nificantly reduces the risk of soil erosion. These
forest belts not only block strong winds but also
help to retain moisture in the soil, which is also
critical for maintaining fertility. They can be par-
ticularly effective in agricultural areas where in-
tensive farming can lead to significant soil loss.

Additional solutions that can be imple-
mented to combat erosion include the creation
of water catchment systems that control water
runoff, reduce the risk of flooding and erosion,
and conserve water resources. Catchment sys-
tems can include drainage channels, ponds and
other structures that help regulate the water
balance in the soil.

Soil reclamation is another important as-
pect that involves restoring the fertility and
structure of soils that have been damaged by
various factors such as construction, intensive
rest or aggressive agricultural practices. This
process can include the application of organic
fertilisers, which improve the biological activity
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of the soil, and liming, which helps to neutral-
ise acidity and improve nutrient availability. In
addition, covering soils with mulch is an effec-
tive method for retaining moisture, preventing
weeds and improving overall soil quality. All
these measures contribute to the restoration of
the ecosystem and ensure the sustainability of
agricultural production.

Natural methods of ecosystem restoration,
including the use of native plant species, are
extremely effective in quickly restoring de-
graded areas. The use of native plants that are
adapted to specific environmental conditions
contributes to revegetation and biodiversity, as
these species provide habitat for local animals
and microorganisms. Natural processes, such
as the accumulation of leaves and branches,
are key in supporting the natural regeneration
of ecosystems. These organic materials serve as
a natural fertiliser and help to retain moisture
in the soil, which in turn promotes the growth
of new plants.

Managing forest resources is a complex
and multifaceted process that involves regular
monitoring of forest health, controlling pest
and disease populations, and maintaining an
optimal balance between timber harvesting
and forest regeneration. This involves keeping
records of the state of forests, conducting re-
search to identify potential threats and devel-
oping strategies to overcome them. Harvesting
should be planned in a way that does not dis-
rupt the ecological functions of forests, which
includes considering seasonality, biological
cycles of native species, and the preservation
of key ecosystem services provided by forests,
such as air purification, water balance regula-
tion, and soil conservation. Therefore, an inte-
grated approach to forest management ensures
their resilience and ability to recover in the face
of climate change and anthropogenic pressures.

The involvement of local communities
in forest management, as well as educational

campaigns, are crucial steps that can signif-
icantly raise public awareness of the impor-
tance of ecosystem conservation. Community
involvement in management processes helps
to create a more responsible attitude towards
natural resources, which can lead to improved
forest parks. Informing the public about the
environmental consequences of human ac-
tivity and encouraging responsible behaviour
can have a significant positive impact on the
preservation of the natural environment. This
includes training and active participation in
nature conservation activities. The conser-
vation and restoration of natural ecosystems
in forest parks requires a comprehensive ap-
proach that includes not only practical strate-
gies but also active community participation in
these processes.

The use of various technologies and meth-
ods, such as environmental monitoring sys-
tems, restoration of the natural environment,
and implementation of sustainable manage-
ment practices, was used to maintain biodiver-
sity, prevent soil erosion, restore damaged are-
as, and ensure a healthy forest environment for
future generations. Therefore, the integration
of knowledge, technology and active partici-
pation of society are key elements in achieving
effective forest management and conservation
of natural ecosystems.

Discussion

The study confirmed the importance of inte-
grating environmental and sustainable ap-
proaches into the planning and management
of natural areas. The results showed that effec-
tive management of recreational resources can
significantly improve the ecological balance
and ensure sustainable development. This is
especially true for areas with a high tourist
load, where it is necessary to find a balance
between nature conservation and meeting the
needs of visitors.
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The impact of recreational practices on
nature and tourist experience was studied by
G. Lukoseviciute et al. (2024). They found a
positive impact of organised recreational ac-
tivities on environmental sustainability and
showed that well-planned recreational areas
contribute to nature conservation. The results
confirm these findings but also reveal addi-
tional negative aspects, such as the potential
stress on ecosystems from overuse. This in-
dicates the need for more detailed manage-
ment of recreational areas. V. Voronkova et
al. (2024) focused on the creative development
of the concept of green ecotourism as a factor
of sustainable development, noting the posi-
tive impact of ecotourism on the conservation
of natural resources. The study determined a
significant potential for ecotourism in sustain-
able development, which is confirmed by the
findings, but showed that the economic impact
of ecotourism may be greater than expected,
which may require a review of economic strat-
egies in green tourism. N. Bhatt et al. (2024)
investigated the relationship between cultural
ecosystem services and traditional ecological
knowledge for forest management in the In-
dian Himalayas. They determined the impor-
tance of cultural aspects in ensuring effective
forest management. This study confirms the
importance of cultural and social factors in bi-
odiversity conservation but reveals additional
regional differences in natural resource man-
agement that require further research.

Sustainable development of rural areas in
protected areas, in Strandzha (Bulgaria), was
studied by S. Petrova et al. (2024), pointing out
that the integration of environmental and so-
cial factors is critical for effective natural re-
source management. These findings confirm
the importance of integrating environmen-
tal and social aspects but additionally reveal
specific challenges for rural areas in other re-
gions that may require a different approach.

D.E. Jacob et al. (2024) analysed the use of bi-
oindicators for planning recreational areas and
the balance between nature and human activity.
They emphasised the importance of monitoring
environmental indicators to maintain the bal-
ance. This is in line with results of this study
and confirms the importance of bioindicators,
but the study also found that current methods
could be improved to improve the accuracy of
the assessments.

The potential of recreational areas in the
Karagel National Park, Turkey, was assessed
by N. Doygun et al. (2020), determining that
properly planned recreational areas can signif-
icantly increase tourist attractiveness. The re-
sults confirm this conclusion but also show that
some planning methods may need to be adapt-
ed to different geographical conditions. I. Ko-
shkalda et al. (2023) studied the prospects for
the development of recreational lands, empha-
sising the importance of long-term planning to
achieve sustainable development. These results
are consistent with these conclusions but also
demonstrate the need for more comprehensive
management approaches that address specif-
ic regional characteristics. In turn, X. Luo et
al. (2024) analysed tourist preferences and will-
ingness to pay for biodiversity and recreational
management in Wuishan National Park, China.
They found that investments in biodiversi-
ty conservation are highly valued by tourists.
This study confirms this trend but also found
that cultural and economic aspects may influ-
ence willingness to pay, which requires further
analysis. The study of the impact of land use
planning and green environmental services
on sustainable development, through the de-
velopment of hiking trails, was conducted by
G. Kyriakopoulos (2023). It was found that well-
planned trails can have a positive impact on en-
vironmental sustainability and sustainable de-
velopment. This study confirms the importance
of green spatial elements but also shows that
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their effectiveness can vary depending on local
conditions and needs.

Y. Tao & P-H. Lin (2023) analysed the
sustainable development of cultural and crea-
tive parks using knowledge mapping methods.
They identified the key factors that influence
the success of such parks. This study deter-
mined similar success factors but also showed
that there is a need for a more detailed study of
specific cultural aspects to improve the effec-
tiveness of parks. The synergistic development
of the sports industry and the ecological envi-
ronment of urban parks was studied by L. Man-
rong & M. Zhang (2023). The study determined
that the integration of both aspects can provide
significant benefits for the urban environment.
The study confirms these findings but addition-
ally reveals that to achieve optimal results, it
is necessary to account for the specifics of the
urban context. T. Grindsted et al. (2023) stud-
ied the integration of sustainable tourism into
the development of natural parks, identifying
conflicts between different interests. It is not-
ed that sustainable management requires a
balance between environmental and tourism
requirements. This study confirms these con-
clusions but also shows that having clear man-
agement strategies in place can make it much
easier to achieve a balance.

The synergy between environmental sus-
tainability and the development of the eco-hos-
pitality industry in the Miyun-Beijing area was
studied by Z. Qilun et al. (2023). They found
that effective management can ensure the
harmonious development of both aspects. The
study found similar results but also highlighted
the need to address local conditions to improve
the integration of environmental and eco-
nomic factors. M. Jalinik & P. Selwesiuk (2023)
analysed the development of tourism and rec-
reational infrastructure in forest districts of Po-
land, identifying the need to improve existing
infrastructure solutions. The results confirm

these findings, demonstrating that current in-
frastructure solutions can be improved to bet-
ter meet the needs of tourists and local commu-
nities. The impact of environmental education
on primary education, with a focus on physical
activity and sports programmes in the natural
environment, was studied by M. Santos-Pas-
tor et al. (2022). The results showed a positive
effect on sustainable development through
the integration of physical activity, which is in
line with the original findings, which confirm
the importance of environmental education
but also show the need to adapt programmes
to specific conditions and cultural contexts to
maximise their effectiveness.

The study by M. Phil (2022) demonstrated
the link between ecotourism and sustainable
development, as well as strategies for balancing
economic growth, socio-cultural development
and nature conservation. It was found that ec-
otourism can be an effective tool for achieving
sustainable development. This study confirmed
these conclusions but also pointed to the need
for a more detailed analysis of the specific
conditions and factors that may affect the im-
plementation of ecotourism strategies. D. Aly
& B. Dimitrijevic (2022) applied a systematic
approach to the sustainable management of
urban public parks, by studying management
strategies. The results confirmed the effective-
ness of the systemic approach in improving the
sustainable development of parks. The findings
are consistent with this approach but highlight
the need to consider additional socio-economic
factors to improve management strategies.

The assessment of natural and recrea-
tional resources of the Akmola region for sus-
tainable tourism development was carried out
by K. Yegemberdiyeva et al. (2020). The study
determined that the resources can be effective-
ly used for tourism development while adher-
ing to sustainable practices, which confirms
the conclusions drawn, demonstrating the
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importance of resource assessment for the suc-
cessful implementation of sustainable tour-
ism. G. Rodriguez-Loinaz & I. Palacios-Agun-
dez (2024) investigated how environmental
services education can improve students’ ar-
guments in support of nature conservation
and sustainable development. The results in-
dicated a positive impact of such education on
students’ attitudes. This study confirmed these
results but also highlighted the need to inte-
grate environmental topics into various aspects
of the curriculum. M. Trudeau (2024) examined
the concept of “naturalness” in Calgary’s nat-
ural playgrounds, focusing on sustainable de-
velopment and environmental education. The
study determined that natural playgrounds
could promote greater environmental aware-
ness. This supports the findings, demonstrating
the positive impact of such innovations on chil-
dren’s learning and environmental awareness.
The analysis of the research results showed
that they are in line with international trends in
environmental education, sustainable tourism
development and natural resource management.
However, it is necessary to address the specifics
of local conditions to achieve the best results.

Conclusions

The study determined that different types of
active recreation have different degrees of im-
pact on forest park ecosystems. Hiking causes
soil compaction and damage to rare plants, cy-
cling leads to soil erosion and destruction of
vegetation, and camping leads to pollution and
a decrease in the number of animals. Trees are
also significantly impacted by outdoor activi-
ties: mechanical damage to the root system and
trunks can cause a decrease in tree health and
increase their vulnerability to pests and diseas-
es. Qualitative indicators include a decrease in
biodiversity and deterioration of vegetation.

To reduce the negative impact of outdoor
activities on ecosystems, it is recommended to
introduce clearly defined trails for pedestrians,
develop special bicycle routes that reduce soil
erosion, and introduce environmentally re-
sponsible camping practices, such as limiting
the size of camping areas and providing gar-
bage collection. Further research should focus
on analysing long-term changes in forest park
ecosystems under the influence of different
types of outdoor activities, evaluating the ef-
fectiveness of the implemented recommen-
dations in reducing the negative impact and
developing new methods for a more detailed
study of the impact of outdoor activities on
different ecosystems.

The study has some limitations, including
geographical ones: it covered only certain for-
est parks, namely Gotova-Dangel and Logara,
which may not reflect the full impact of out-
door activities in other regions. In addition,
methodological limitations include impact as-
sessments based on surveys and observations,
which may not fully capture all aspects of envi-
ronmental change.

The study confirmed that active recreation
has a significant impact on the ecosystems of
forest parks, which varies depending on the
type of activity. The results obtained indicate
the need to develop and implement effective
measures to reduce the negative impact and
conserve biodiversity. Further research should
focus on long-term effects and improved man-
agement practices to improve the ecological
status of forest areas.
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AHoTaniss. MeTo OOCTi/[KeHHS € KOMIUIEKCHA OI[iHKAa HeraTMBHOTO BIUIMBY Pi3HMX BUJIB
IisUTPHOCTI  BiABimyBawiB TMPUPONHUX TEpPUTOpiiA, 30KpeMa JIiCcomapKiB, HAa €KOCUCTEMM.
MeTomonorist ;ociapKeHHS BKII0Yaaa aHasli3 1icomapkoBMUX eKOCuCcTeM jiconapkiB oToBa-/lanren
ta Jlorapa, MOHITOPUHT 3MiH €KOCMCTEM, IO JO3BOJIMIO OTPUMATH 06'€KTUBHI JaHi Mpo BIUIMB
JIIONICHKOI IisUIBHOCTI. 3a pe3y/abTaTaMy JOCTiIKeHHS Oy po3pobiieHi peKoMeH allii, CipsIMOBaHi
Ha MiHimi3allilo HeraTMBHOTO BIUIMBY IIi€i MisTBHOCTI Ha HABKOJMIIHE cepemoBuile. OCHOBHi
pe3yabTaT MOCTiIKeHHST MPOJEeMOHCTPYBAIN, 0 XOAb0a MPU3BOIUTD A0 YUIUIbHEHHS IPYHTY,
1110, B CBOIO Uepry, IKOAUTD [MPKYJISILIT BOAM Ta aepallii I'pyHTOBUX IIapiB. e siBuIlle TAKOK MOsKe
3aBJaTH UIKOAM PiAKiCHMM BUIaM POCJIVH i IepeB, SIKi € Bpa3aMBYMM 10 3MiH Y CBOEMY ITPUPOTHOMY
cepenosuii. Kpim Toro, i3ma Ha Beymocunefi CIpUYMHSE €pO3il0 IPYHTY, SIKa NMPU3BOOUTH 1O
3HUIIEHHS POCIMHHOCTI, 110, B CBOKO YEPTY, HETATMBHO BIUIMBAE HA €KOJIOTIUHY CTiiKiCTh periony.
Lle MOsKe CTBOPUTY YMOBM [IJIs AETpafallii MpMpoIHIX eKOCUCTEM Ta 3MEHILIeHHS 6i0pi3HOMAaHITTSI.
KeMITiHTM CIIPUUYMHSIOTh 3a6pyIHEHHS TEePUTOpii, B TOMY UMCI CKUAAHHS CMITTS Ta iHIIUX
BizxoziB, 110 MPM3BOAUTH N0 3MEHIIeHHSI KiTbKOCTi TBapMH, SIKi SKUBYTbD Y JIiICOBOMY CepefoBUIIli, 3
Cepito3HMMM HaCTiAKaMM JIJIST €KOJIOTiYHO1 piBHOBAru Ta 36epeskeHHsT MUKOi mpuponn. PesyabraT
IOCTiIKeHHST TiAKPeCIolTh HeOo6XigHICTh 3arpoBaKeHHST YiTKO BU3HAUEHMX CTEXOK [IJIs
MIIOXiAHOTO PyXy, CTBOPEHHSI CIIEelia/li30BaHUX BEJOCUIIEIHUX MAapIIPyTiB Ta PO3BUTKY
€KOJIOTiYHO BiATIOBiZaIbHMX MPAKTUK KEMITiHTY. Lle MO3BOMIMTh 3HAYHO 3MEHIIUTY HEeTaTUBHMUIA
BIUIMB Ha JIiCOBY eKocucTeMy. JOCTiIKeHHsI € aKTyalqbHUM JJs1 36epeskeHHsT 6i0pi3HOMAaHITTS
Ta MiATpMMaHHS €KOJOTiYHOi piBHOBAru B jicomapkax, 0 € KpUTUUHO BaskKJIMBUM JJISI CTAIOTO
PO3BUTKY MPUPOJHUX PECYPCiB Ta 30epekKeHHSI JOBKIJIIS JIsT MaiiOyTHiX MOKOTiHb
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