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Assessment of ecosystem functions of green spaces
as an important component of their inventory in the context
of sustainable development of urban landscapes
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Abstract. An important area of research in the context of ensuring the sustainable development
of urban ecosystems is the development of theoretical and applied aspects of the possibilities of
obtaining information about the ecosystem usefulness of green spaces. The concept of evaluating
and paying for eco-services that produce trees and shrubs for the environment and society is
characterised by substantial international interest. In this context, it is important to analyse
modern tools and techniques that can adequately determine and evaluate the amount of ecosystem
services, which was the main goal of the study. In this paper, the possibility of using the i-Tree
Eco tools for quantitative and cost determination of the volume of ecosystem services created by
park spaces in the green space inventory process is tested. For this purpose, on the example of the
prefix part of the Rayivskyy landscape park of the Ternopil region, the measurement of biometric
and sanitary indicators of trees during their inventory was conducted, a number of ecosystem
services of plants were determined (reduction of pollutants, absorption and sequestration of
carbon, oxygen production, and regulation of avoided runoff), the replacement cost of trees was
established, the data obtained were analysed, the interpretation of the information received in
the form of an interactive electronic map was performed, and the advantages and disadvantages
of this process were determined. The study showed that the cost of ecosystem services (in the
context of the indicators under study) for the attached part of the Rayivskyy landscape park is
81894 UAH (€3044) per year, and the total replacement cost of the examined plantings is 4486,464
thousand UAH (€166,783). The monetised expression of the ecosystem utility of this plantation
creates conditions for improving the understanding of the value of the phytocenosis for urban
landscapes. The practical value of the study is the possibility of using its results to improve and
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increase the information content of the green space inventory process, by obtaining information
about ecosystem services of trees in quantitative and cost terms to increase the validity of decisions

in the field of nature management

Keywords: utility monetisation; replacement cost of trees and shrubs; i-tree Eco, environmental

improvement; century-old trees

Introduction

Green spaces are important for ensuring the
sustainable development of urban landscapes
due to the fact that they can mitigate the nega-
tive effects of anthropogenic activities in urban
ecosystems by improving the ecological, sani-
tary, climatic, and aesthetic state of the envi-
ronment. Tree and shrub stands in the city need
regular examinations to ensure proper care,
protection from adverse factors and protec-
tion to fulfil their important role in optimising
the oxygen-carbon balance of the ecosystem,
cleaning and improving the biosphere, improv-
ing the local microclimate, avoiding runoff, and
other ecosystem functions. For this purpose,
the inventory of green spaces defined by the
Order of the State Committee for Construction,
Architecture and Housing Policy of Ukraine
No. 134 “On the Approval of the Instructions
on the Inventory of Green Spaces in Populated
Areas of Ukraine” (2014) should be conducted
regularly, once every five years. However, in
practice, according to the findings of research-
ers Y.A. Melnyk et al. (2019), D.I. Bidolakh & P.I.
Lakyda (2019), in Ukraine, such inventory for
urban plantings is performed much less often.
In addition, according to D.I. Bidolakh (2020),
S.V. Rohovskyi et al. (2021) it is conducted in
accordance with an outdated methodology and
requires updating approaches.

The latest trends in the development of
modern technologies, according to many re-
searchers (Lin et al.,, 2020; Bidolakh, 2020;
Croci, Lucchitta & Penati, 2022), open up new
opportunities for collecting, analysing, and

interpreting information obtained during the
inventory of green spaces. One of the important
areas of this process is the assessment of the
quantitative and cost parameters of ecosystem
services of trees and shrubs, which allows for a
better understanding of the usefulness and val-
ue of green spaces in urban landscapes. There-
fore, the combination of processes for obtaining
standard information based on the results of
inventory on the main quantitative and qualita-
tive indicators of phytolandscapes, the sanitary
condition of plants with their biometric data,
which are used to determine ecosystem bene-
fits, creates conditions for expanding the scope
of application of the obtained materials and in-
creases their value. Therewith, according to the
results obtained by N. Stoeckl et al. (2023) al-
most 90% of these utilities are ecosystem servic-
es related to natural capital, and more than half
are services that are still difficult to monetise.

Along with this, some researchers (Steen-
berg et al., 2017) recommend considering the
vulnerability of green spaces in urban land-
scapes, which, in the absence of preventive
measures, can lead to a decrease in the volume
of ecosystem functions performed with a cor-
responding loss of benefits for residents, urban
infrastructure, and natural biodiversity. These
volumes also require quantitative and monet-
ised expression to understand the losses that
the ecosystem and society will suffer from the
misuse of natural resources. Under such con-
ditions, a logical conclusion arises, formulated
in the studies of researchers T.P. Ly & H. Xiao
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(2016), C.-S. Chan et al. (2018), on the impor-
tance of establishing a balance between the
norms of recreation and the use of useful func-
tions of green spaces, on the one hand, and
environmental measures and economic invest-
ments in the development of green infrastruc-
ture, on the other hand, in the context of the
need to ensure sustainable ecosystem develop-
ment. In general, the critical state of ecosystems
at the planetary level, according to the authors
(Gaglio et al., 2023), requires, in the light of the
Sustainable Development Goal of cities and
communities, the immediate adoption of meas-
ures aimed at achieving an impact in the en-
vironmental field and economic development.

Therefore, the relevance of the paper fol-
lows from the need to examine the theoretical
and practical foundations of the possibilities of
obtaining information about ecosystem servic-
es of green spaces and their assessment, con-
sidering the benefits that they create for the
environment and society.

The purpose of this study was to develop
approaches to involve tools for assessing the
cost of ecosystem services in the process of in-
ventory of green spaces to obtain, interpret and
further present information about the environ-
mental and cost value of green spaces. The task
of measuring biometric and sanitary indicators
of plants during their inventory is set to deter-
mine the amount and cost of individual ecosys-
tem services (reducing the volume of pollut-
ants, carbon uptake and sequestration, oxygen
production, and regulation of surface water
runoff), determining the replacement cost of
plants, analysing and interpreting the informa-
tion obtained, and determining the advantages
and disadvantages of this process.

The scientific originality of the study is the
first analysis for Ukraine of the possibility and
prospects of integrating advanced internation-
al tools for evaluating ecosystem services of
green spaces in the process of their inventory.

Literature Review

A characteristic feature of the development of
the economy of states that pay considerable
attention to the implementation of the princi-
ples of sustainable development is a substantial
change in the approach to financing environ-
mental protection measures. One of the most
advanced approaches in this area can be con-
sidered the introduction of special payments for
the use of services created by ecosystems. This
approach to financing eco-balanced develop-
ment, according to C. Sattler et al. (2013), is de-
fined by different terminology but corresponds
to the same content subject, and is usually gen-
eralised under the brand name PES (Payments
for Environmental Services). The concept of
PES has recently attracted considerable inter-
national interest (Sattler et al., 2013; Schomers
et al., 2021; Croci et al., 2022). Ultimately, this
approach is considered a very effective econom-
ic means of improving environmental manage-
ment due to the possibility of introducing finan-
cial incentives for measures aimed at improving
ecosystem services, including those provided by
green spaces. According to H. Yan et al. (2022),
a separate prospect of such financial incentives
is the possibility of justifying the feasibility
of allocating funds for environmental protec-
tion measures based on economic calculations
of ecosystem benefits that the state receives
from nature (in this case, trees and shrubs).

Awareness of the important role of green
spaces in creating a comfortable and safe living
space for residents of settlements encourages
the development of regular measures for careful
treatment, protection, high-quality reproduc-
tion, and increasing the area of vegetation in
urban landscapes. This direction, in terms of the
importance of improving the quality of green
spaces while simultaneously meeting the pub-
lic’s demand for environmental services, is also
effectively consistent with the requirements of
the current legislation in Ukraine. Thus, Law of

Vol. 14, No. 1, 2023
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Ukraine No. 2059-VIII “On Environmental Im-
pact Assessment” (2017) defines that activities
and objects that have or may have a substantial
impact on the environment should be analysed
in relation to their impact on the environment.

However, green spaces, which have one of
the greatest impacts on urban landscapes, as
of 2023 do not have a well-defined methodol-
ogy for assessing their value and the amount of
the ecosystem functions they create. For this
reason, quite often, when withdrawing green
areas for construction, only the cost of a land
plot is taken into account without considering
an important indicator of assessing the utilities
created by green spaces that grew in this terri-
tory (Derkulsky, 2016). In this context, there are
separate findings regarding the assessment of
certain components of the cost of green spac-
es and the services they perform, according to
which researchers use various well-known ap-
proaches based on:

< the cost of restoring plantings to the
state of their functional purpose (Rogovsky,
2016) using the recommendations of the meth-
odology for determining the replacement cost
of green spaces;

< the cost of compensatory landscaping for
the purpose of restoring green spaces to replace
destroyed or damaged ones (Draft Law..., 2015);

< accounting for tangible and intangible
benefits produced by green spaces (Pryshchepa,
2019; Velasco-Munoz et al., 2022);

% application of payments for ecosystem
services provided, which are created by green
spaces in the course of their life (Yan et al.,
2022; Gaglio et al., 2023);

% use of information systems, computer
modelling, and other tools to automate the de-
termination of the amount and cost of ecosys-
tem services for plantings or individual plants
(Nowak et al., 2018; Babi Almenar et al., 2023).

Some Ukrainian researchers are also devel-
oping new methods and means for combining

the above approachesto consider the advantages
and features of each of the methods mentioned
(Rogovskiy, 2016; Bidolakh & Lakyda, 2019;
Havrylenko & Tsyhanok, 2019). The presence
of different approaches and the lack of a unified
methodology for estimating the cost of green
spaces, the quantitative and monetised expres-
sion of their services in Ukraine indicates the
need to continue searching for an effective, ac-
cessible, and recognised international scientific
community methodology for solving this issue.

One of the areas that has international
recognition, which is confirmed by a fairly sub-
stantial number of publications in the interna-
tional literature (Nowak et al., 2018; Lin et al.,
2020; Mosyaftiani et al., 2022) is the application
of the i-Tree Eco special tool for the need to de-
termine individual ecosystem services of trees
and shrubs and their replacement cost. How-
ever, this approach is poorly tested in Ukraine
and requires a more detailed study of its effec-
tiveness, suitability for adaptation to the con-
ditions of the state, and the possibility of inte-
gration into the national methodology for the
inventory of green spaces.

Materials and Methods

As an experimental base of the study, green
spaces of the prefix part of Rayivskyy landscape
park were used, which is located near the city
of Berezhany, Ternopil region. The geograph-
ical location of the experimental base of the
study, which covers an area of 1.71 hectares,
is described by the following geographical co-
ordinates: north latitude in the range from
49.427485° to 49.428758° and east longitude
from 24.938052° to 24.907597°. The height of
plant placement above sea level ranges from
322.7 to 339.6 m. In total, the inventory at this
facility covers 109 trees.

For trees and shrubs of the attached part
of the park, an inventory was conducted dur-
ing the growing season (July-August 2022) in
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accordance with the Order of the State Commit-
tee for Construction, Architecture and Housing
Policy of Ukraine No. 134 “On the Approval
of the Instructions on the Inventory of Green
Spaces in Populated Areas of Ukraine” (2014).
During the implementation of the recommen-
dations of this instruction, additional measure-
ments of plant parameters that are necessary to
determine their ecosystem services in accord-
ance with the recommendations of the USDA
Forest Service (2021) were simultaneously con-
ducted to evaluate them using the i-Tree Eco
toolkit. These parameters include: geograph-
ical coordinates of the location of each tree;
land use category from a list of 12; the height
of the tree from the soil surface to the base of
the crown and from this border to the top of the
plant; the width of the crown projection in two
directions; the proportion of the lost and dead
part of the crown (percentage value), and the
light exposure of the plant in five categories.
The following methods and tools were used to
conduct the above-mentioned studies.

Types of woody and shrubby plants were
determined by the determinant under the au-
thorship of D.N. Dobrochaeva & Yu.N. Proku-
din (1999). The eye estimation of the tree age
by morphological features was conducted.
Tree diameters were measured with a measur-
ing fork in two mutually perpendicular direc-
tions at a height of 1.3 m (Diameter at breast
height — DBH), and a measuring tape was used
for individual trees of large diameter and with
a complex trunk circumference configuration.
An Anuchin altimeter was used to measure the
height of trees. The geographical longitude and
latitude were determined using Garmin GPS-
Map64s receivers (USA). The USDA Forest Ser-
vice (2021) guidelines were used to determine
the land use category, the proportion of lost
and dead crown parts and plant light exposure
in five categories. The width of the crown pro-
jection was measured with a measuring tape in

two mutually perpendicular directions (north-
south; west-east).

A flyby was conducted with photographing
the territory using a DJI Phantom4 quadcopter
(China) to obtain an orthophotoplane in ac-
cordance with the methodology (Bidolakh &
Lakyda, 2019) using the Agisoft PhotoScan pro-
gramme for orthotransformation of images and
mounting the cartographic basis to obtain an
up-to-date cartographic basis. This approach
allowed for refining and adjusting the locations
of plants obtained from GPS receivers in GIS
QGIS 3.16 in accordance with the methodolo-
gy (Bidolakh & Lakyda, 2019), which, in turn,
created conditions for improving the accuracy
of the obtained geolocation data of park trees.

Upon completion of the field work to col-
lect the above data, the information processed
in accordance with the recommendations of the
USDA Forest Service (2021) and interpreted was
entered into the i-Tree Eco software. This pro-
gramme is an adaptation model of Urban Forest
Effects, which was developed jointly by individ-
ual programmes, public and private companies
under the coordination of the US Forest Service.

After processing the data entered in I-Tree
Eco tools, information was obtained on the re-
sults of evaluating individual ecosystem ser-
vices (reducing pollutants, carbon uptake and
sequestration, oxygen production, and avoided
surface runoff) and the replacement cost for
both plantings in general and for each tree in
particular, in quantitative, qualitative, and cost
terms in the form of reports, diagrams, and ta-
bles. In addition, I-Tree Eco tools allow export-
ing geographic information databases in com-
monly used formats .CSV or .KML, which opens
up the possibility of further use of this informa-
tion for the creation of electronic maps of eco-
system planting services. This feature was used
to visualise the results obtained by exporting
the geographic information database to the My-
Maps (2023) application and presenting it as an
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interactive plant map (MyMaps..., 2023). This
map is publicly available and can be used by all
interested parties to obtain information about
the ecosystem services of each individual plant.

Results

According to the results of the survey, it was
identified that the examined phytolandscapes
are represented by 15 tree species, among
which the most numerous are Thuja occidentalis
L. (22.0% of the total population); Larix decidua

Mill. (19.3%), and Betula pendula Roth. (15,6%).
The listed species together make up more than
half of the plant in terms of quantity, and the
remaining tree species are represented in the
plantings by a share of no more than 8 per cent.
Therewith, it should be noted the presence of
individual specimens of large-sised plants,
which, even with a small number in the com-
position of plantings, have a substantial impact
on the functioning of the local ecosystem due
to their biometric indicators (Table 1).

Table 1. Summary information about plant specimens with the highest biometric indicators

©» R N -
2 g . g 5. Bl ElEE E
< Q T o 9 - Iy ~ )
E0f %y 5 % B2 i % 528 ¢ it
a8 £ g 8% | § F E| 5 B2/ : ¢ - w83
g E ol g | S| A g/ 2|y o 8|2 £ ES
g £ o = g g S & 5| e |
M - 3 o s |-
18 | Populus | 4g 498963 | 24.907438 | 338.3 | park | 143 | 38 |37.2| 6.5 |30.7|153 | 173 | 48 | 3
Tremula
Fagus
16 S | 49.428355 | 24.907541 | 337.6 |park | 121 | 28 |37.2| 3 | 34 | 17.6 | 15.7| 18 | 3
sylvatica
g7 | FTaxinus | yg 497987 | 24.90735 | 339.4 |park| 102 | 23 | 24 | 9 | 15 | 142|155 38 | 3
excelsior
go | Fraxinus | 4q 497804 | 24.907109 | 338.9 |park | 92 | 43 | 26 | 8 | 18 |12.8| 14 | 28 | 5
excelsior
76| A€ | 49428224 | 24.906233 | 332.5 |park| 60 | 18 | 21 | 7 | 14 |125|14.5| 28 | 4
negundo

Notes: Light exposure is evaluated in five categories. Number of sides of the tree receiving sunlight from above

(maximum of five). Top of tree is counted as one side
Source: compiled by the author

The area of the calculated (according to
I-Tree Eco tools) projection cover of plant
crowns is 0.5261 ha, which is 30.1% of the total
area of the experimental base of the study and
corresponds to 3.765 hectares of leaf area. These
data allow concluding that under these experi-
mental conditions, the leaf area of a park with an
approximate tent closure of 0.3 exceeds the area
of such an object by 2.2 times and the area of the
projection cover of plant crowns by 7.2 times.

The results of processing the data entered
in I-Tree Eco tools for evaluating individual

ecosystem services allowed for analysing of the
amount of these utilities in both quantitative
and monetised terms. In particular, analysing
the ability of green spaces to reduce the amount of
harmful substances in the biosphere, according
to researchers D.]. Nowak et al. (2018), trees and
shrubs can reduce the concentration of gaseous
pollutants in the air by absorbing them with
their leaves and needles. The experimental data
obtained showed the ability of the examined
park stands to extract 355.8 kilograms of pollut-
ing gaseous substances from the air annually.
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The monetised expression of this ecosystem
green space service is estimated at the equiv-
alent of UAH 66.08 thousand (€2,457). Notably,
the calculations of this ecosystem service con-
sider the current indicators of pollution in the
study region and the specific features of local
climatic conditions, which allows for increasing
the accuracy of the results and adapting them
to local conditions.

Analysis of annual dynamics (Fig. 1) and
the total annual absorption of harmful gase-
ous substances by the examined park plantings
showed that the highest value of pollutant ex-
traction is characteristic of solid particles with
a size of 2.5-10 microns (PM10) and sulfur di-

oxide (SO2). This process was quite intense
during the months of March and May, which
is explained by the increased concentration of
pollutants in the air according to local air pollu-
tion data and the intensive process of building
up leaf biomass. In general, according to I-Tree
Eco Tools, it was identified that the examined
trees and shrubs are able to reduce air pollu-
tion with harmful compounds (ozone O, car-
bon monoxide CO, and nitrogen dioxide NO,),
and particles of substance size less than 2.5 mi-
crons (PM2.5) and 2.5-10 microns (PM10) per
355.8 kilograms of air pollution annually, which
in monetised terms is 66.08 thousand UAH
(2456.5€) annually.

180 7
@ Lig I,\ et CO
g 120 l—\ NO,
T; 100 /\\ 03
= 80 PM10
é 60 / \ PM2.5
— .
& 40 / \\
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Figure 1. Dynamics of absorption of harmful substances
by trees of the attached part of Rayivskyy landscape park

Notes: CO - carbon monoxide; NO, - nitrogen dioxide; O, — ozone; PM10 - solid particles with a size of 2.5-
10 microns; PM2.5 - particles with a substance sise of less than 2.5 microns; SO, - sulfur dioxide

Source: compiled by the author

In addition, in 2022, the trees of the at-
tached part of the Rayivskyy landscape park
provided the release of about 19.27 kilograms
of volatile organic compounds (VOC) (5,881
kilograms of isoprene and 13.39 kg of mono-
terpenes). This ecosystem function is still dif-
ficult to express in a monetised form, but they
play an important sanitary and hygienic role

due to their ability to destroy and suppress
the spread and development of harmful mi-
croscopic fungi, pathogenic bacteria, and oth-
er forms of negative microorganisms. These
compounds are also precursor chemicals for
ozone formation. Notably, the release of VOCs
into the atmosphere depends on the species
composition of the plantation (the number
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of phytoncidal species) and leaf biomass. Ac-
cording to i-Tree Eco Tools, more than 55% of
volatile organic compound emissions are pro-
vided by the Larix decidua Mill. and Populus
Tremula L. plants.

Another ecosystem service evaluated in
this study was the properties of green spaces for
carbon storage and sequestration. This function
is particularly useful in the context of global
climate change when phytolandscapes create

conditions to mitigate this change by seques-
tering carbon from carbon dioxide in their tis-
sues. This property depends on the size and
sanitary condition of trees and increases with
the growth and development of plants. The
gross annual volume of sequestration of trees
in the attached part of Rayivskyy landscape
park is about 1012 metric tonnes of carbon per
year (Fig. 2), with the sssociated cost of 5.59
thousand UAH (€207.8).
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Figure 2. Estimated carbon sequestration and cost of this ecosystem service
by main tree species for the attached part of Rayivskyy landscape park

Notes: the sequestration values in the chart are shown in columns, and the cost of ecosystem services is

indicated by symbols
Source: compiled by the author

Another part of this ecosystem service
for tree stands growing in the adjacent part of
Rayivskyy landscape park is the ability to store
carbon and its tissues throughout its life cycle.
According to I-Tree Eco Tools, the examined
plantings are able to store 48.3 metric tonnes
of carbon in their tissues (Fig. 3). This ecosys-
tem service is estimated by the programme at

267 thousand hryvnias (€9926). In the con-
text of the experimental base of the study, it
was identified that among all species, Populus
Tremula L. stores the most carbon in its tissues
(19.3% of total stored carbon), and Betula pen-
dula Roth. is capable of the largest volumes of
its sequestration (approximately 29.6% of the
total carbon absorbed).
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Figure 3. Carbon accumulation in tree tissues and the cost of this ecosystem service
in the context of the main tree species for the attached part of Rayivskyy landscape park

Notes: the carbon storage values in the chart are shown in columns, and the cost of ecosystem services is

indicated by symbols
Source: compiled by the author

The next important ecosystem service eval-
uated in this study was the ability of green spaces
to produce oxygen. Although this service is most
often mentioned in the context of useful func-
tions of woody plants, this ecosystem function
on a global scale is not so substantial compared
to the production of oxygen by aquatic ecosys-
tems (Ligoarobby et al., 2021). However, at the
local level, it requires research and evaluation
to regulate the oxygen-carbon balance of urban
ecosystems. According to i-Tree Eco Tools, the
trees of the attached part of Rayivskyy land-

scape park produce 2,699 metric tonnes of ox-
ygen per year for the plant under study. The
highest amount of oxygen production among
the trees of the experimental base of the study
are achieved by the species prevailing in the
park space: Betula pendula Roth., Larix decidua
Mill., and Thuja occidentalis L. due to their sub-
stantial number (Table 2). Therewith, trees with
the highest biometric indicators and a large leaf
area are characterised by maximum individual
oxygen productivity: Fraxinus excelsior L., Aes-
culus hippocastanum L., and Populus Tremula L.

Table 2. List of species with the highest oxygen productivity in 2022
(on the territory of the attached part of Rayivskyy landscape park)

Oxygen Annual Number
No. Species XVg gross carbon Leaf area, ha
production, kg of trees
uptake, kg
Betula pendula 799.46 299.80 17 0.63
2 Larix decidua 345.09 129.41 21 0.44
3 Thuja occidentalis 280.73 105.27 24 0.33
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Table 1, Continued

- Oxygen Annual Number
No. Species > gross carbon Leaf area, ha
production, kg of trees
uptake, kg

4 Fraxinus excelsior 216.24 81.09 2 0.21
5 Aesculus hippocastanum 203.63 76.36 6 0.50
6 Populus tremula 185.69 69.64 6 0.44
7 Acer negundo 149.77 56.16 2 0.13
8 Acer pseudoplatanus 149.39 56.02 3 0.09
9 Tilia cordata 81.33 30.50 3 0.09
10 Abies alba 74.61 27.98 8 0.09

Source: compiled by the author based on USDA Forest Service (2021)

Another ecosystem service that was eval-
uated in this paper was the avoided runoff by
green spaces.

This ecosystem function is quite impor-
tant for urban landscapes due to the ability of
trees to reduce and regulate surface runoff by
trapping some of the precipitation with their
crowns, creating a mechanical barrier to water
movement on the soil surface, and transfer-
ring external water movement into intra-soil
runoff. Therewith, trees perform important

anti-erosion, protective, and water-regulating
functions. The study allowed establishing that
the trees of the attached part of the Rayivskyy
landscape park annually help to avoid about
149 cubic meters of runoff, which is estimated
by the i-Tree Eco Tools (Fig. 4) programme in
the amount of 10 thousand UAH (€372) annu-
ally. These indicators are calculated based on
local meteorological data (with annual precip-
itation of 91.9 centimetres) and biometric pa-
rameters of the park’s trees.
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Figure 4. The amount of avoided runoff by tree species of the attached part of Rayivskyy
landscape park and the cost of this ecosystem service

Notes: the values of the volume of surface runoff regulation in the chart are shown in columns, and the cost of

ecosystem services is indicated by symbols

Source: compiled by the author based on USDA Forest Service (2021)
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The replacement cost of green spaces is
also an important indicator in the context of
assessing the importance of plants for urban
landscapes, because, according to the meth-
odology (Order of the Ministry..., 2018), it
should provide for the cost of creating and
maintaining similar phytolandscapes, consid-
ering the characteristics that determine their
value. In this case, the USDA Forest Service
(2021) methodology has its advantages in the
context of considering biometric indicators of

plantings, land use category, plant life status
and ecosystem value, and local conditions.
Therewith, the essence of the approach used
in I-Tree Eco Tools is similar, and consists in
calculating the potential cost of replacing a
plant with a similar one, considering their
functional importance. Plantings of the at-
tached part of Rayivskyy landscape park, ac-
cording to the i-Tree Eco Tool (Fig. 5), are es-
timated at 4486,464 thousand UAH (€166,783)
of the total replacement cost of trees.
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Figure 5. Tree species with the highest replacement cost
of the attached part of Rayivskyy landscape park

Notes: the replacement cost values in the chart are shown in columns, and the number of trees of this type is

indicated by symbols

Source: compiled by the author based on USDA Forest Service (2021)

Evaluating the entire list of ecosystem
services examined in this paper and their re-
placement cost (Table. 3), the annual cost of
the examined ecosystem services (Gross Car-
bon Sequestration, Avoided Runoff, and Pol-
lution Removal) for the attached part of the
Rayivskyy landscape park, in general, is 81894
UAH (€3044). That is, each tree in this park

annually produces an average of UAH 751.32
(€27.93) in the context of the examined three
ecosystem services. In addition, the park space
contains 48.26 carbon atoms in its tissues,
which can be estimated at 266,662 thousand
UAH (€9913.09). The total replacement cost of
the examined plantings is 4486,464 thousand
UAH (€166,783).
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Table 3. Consolidated volumes and cost of ecosystem services for trees growing
on the territory of the attached part of Rayivskyy landscape park
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1 Abies alba 8 | 311 | 17197.36 | 0.02 | 133.90 | 11.39 | 78231 | 0.03 | 5506.64 | 317060.27
2| Acernegundo | 2 | 1.63 | 9029.90 | 0.06 | 31034 | 5.08 | 348.87 | 001 | 183555 | 121792.24
5| pseu d‘;‘;f;mnus 3 | 265 | 14633.06 | 0.06 | 309.54 | 3.39 | 23270 | 0.01 | 1835.55 | 223467.39
4 hip;‘jg;i‘t“;fmm 6 | 3.9 | 1763275 | 0.08 | 421.95 | 19.77 | 1357.71 | 0.05 | 9177.74 | 301295.69
5 | Betulapendula | 17 | 5.08 | 28056.28 | 0.30 |1656.57| 24.95 | 1713.95 | 0.06 | 11013.29 | 654105.52
6 | Fagussylvatica | 1 | 750 | 41442.15 | 0.00 | 1.37 | 13.79 | 946.95 | 003 | 5506.64 | 469030.21
7 | Fraxinus excelsior | 2 | 6.18 | 3414854 | 0.08 | 448.07 | 8.15 | 559.80 | 0.02 | 3671.10 | 499858.47
8 | Larivdecidua | 21| 434 | 2397828 | 0.13 | 715.07 | 17.25 | 1184.68 | 0.04 | 7342.19 | 586001.33
9 | Picea abies 8 | 130 | 717870 | 0.03 | 154.60 | 3.47 | 238.02 | 001 | 1835.55 | 161943.25
10| Pinussylvestris | 2 | 0.19 | 1053.39 | 0.02 | 105.29 | 2.46 | 168.80 | 0.1 | 1835.55 | 66331.15
11| Populustremula | 6 | 9.32 | 51499.26 | 0.07 | 384.78 | 17.53 | 1204.31 | 0.04 | 7342.19 | 345879.45
12| OQuercusrubra | 2 | 045 | 249473 | 0.02 | 9418 | 3.19 | 21897 | 001 | 1835.55 | 79165.71
13 | Sorbus aucuparia | 4 | 0.08 | 421.67 | 002 | 10774 | 1.85 | 12714 | 0.00 0.00 | 24618.18
14 | Thuja occidentalis | 24 | 2.35 | 13011.36 | 0.11 | 581.70 | 12.94 | 889.07 | 0.03 | 5506.64 | 430959.52
15| Tiliacordata | 3 | 0.88 | 4884.74 | 0.03 | 168.52 | 3.60 | 24744 | 0.01 | 1835.55 | 204955.71

Total 109| 48.26 |266662.18| 1.01 |5593.64|148.81 | 10220.73 | 0.36 | 66079.73 | 4486464.11

Notes: Tree species are listed in alphabetical order. Values of Carbon Storage and Replacement values are given
for all plants of this species at the time of the study (2022). For ecosystem services Gross Carbon Sequestration,
Avoided Runoff, and Pollution Removal are given annual data

Source: compiled by the author

Analysing the tree annual utility, its maxi-
mum value is characteristic of Fagus sylvatica L.
(6455 UAH or €240), Fraxinus excelsior L. (2339
UAH or €87), and Aesculus hippocastanum L.
(1826 UAH or €68). The lowest values of annual
utility in the context of the examined indicators
are typical for plants with low biometric indica-
tors (Sorbus aucuparia L. and Thuja occidenta-
lis L.). When assessing the sub-tree ecosystem
value in terms of carbon storage and replace-
ment cost, its highest indicator is characteristic
of Fagus sylvatica L. - 510,472 thousand UAH
(€18,977), Fraxinus excelsior L. 267,004 UAH
(€9,926) and Acer pseudoplatanus L. — 79,367
UAH (€2,95).

Discussion

This analysis shows that typical forest and park
tree species that can reach substantial sizes
can perform the greatest number of ecosystem
functions in the context of carbon storage and
sequestration, oxygen production, pollution
removal, and avoided runoff. The highest rates
of replacement cost also characterise them,
because it is extremely difficult to replace the
ecosystem services of such large-sized trees,
especially in a short period of time. This implies
the importance of protecting and carefully car-
ing for century-old trees, given their value for
urban ecosystems. Other researchers agree with
this conclusion (Piovesan et al., 2022), which,
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by investigating the importance of such plants
for ecosystem restoration, identify them as an
indispensable resource for preserving the forest
and park environment.

However, on the other hand, it is necessary
not to underestimate the value of small trees
and shrubs, which are characterised by a much
smaller feeding area and usually have higher
decorative qualities, that is, they perform eco-
system functions of a different nature (decora-
tive, aesthetic, cultural, and educational, etc.).
Due to the complexity of cost estimation and
quantitative expression, these services are of-
ten considered when determining the ecosys-
tem value of plantings, but other researchers
are already conducting studies in this direc-
tion (Vallecillo et al., 2019). Therefore, green
spaces are a rather complex biogeocenosis, in
which each element performs its own impor-
tant ecosystem services and requires proper
attention and research.

In the course of the study, the feasibility of
using one of the tools for assessing the cost of
ecosystem functions of i-Tree Eco green spaces
inthe course of their inventory was tested on the
example of the attached part of Rayivskyy land-
scape park. Based on the results of the study,
it was established that the USDA Forest Service
(2021) methodology is capable of integration
not only into the US green space accounting sys-
tem, but also into the methods of inventory of
plantings in other countries (Raum et al., 2019;
Cimburova & Barton, 2020; Gong et al., 2022),
including, based on the results of this study,
and in the national methodology for inventory
of green spaces (Order of..., 2014) by measuring
a number of additional biometric indicators of
plants. This approach, even if the typical pro-
cess of performing an inventory of trees and
shrubs is slow and complicated, opens up new
opportunities for obtaining important informa-
tion about the ecosystem functions of plant-
ings and the replacement cost of each plant.

When evaluating the possibility of adapting
i-Tree Eco tools to local conditions, it is neces-
sary to note that this toolkit uses a number of
input national (current exchange rate and cost
of basic energy resources) and local parameters
(information on sources, volumes, and dynam-
ics of pollution; information from the nearest
meteorological stations on climate data of the
region; the number of inhabitants of the local-
ity, etc.). This approach creates conditions for
assessing the quantitative and cost parameters
of ecosystem services and adapting them to lo-
cal climatic and economic conditions, consid-
ering other specific features of the territory for
which the study is performed.

The disadvantages of the proposed ap-
proach include the need to enter information
about the contamination of the study region
in a special form and the need to perform ad-
ditional measurements, which increases the
complexity and duration of the examination.
Therewith, the advantage of using i-Tree Eco
tools when conducting an inventory of green
spaces is the substantial volume, informative
content and value of materials, various forms of
presentation of results and new opportunities
for further use. In particular, the possibility of
automated preparation of reports, tabular, and
graphic material for each plant, and for the spe-
cies range, or for planting creates conditions for
simplifying and improving the quality of further
interpretation of the information received. The
ability to obtain data on the implementation of
ecosystem services in quantitative and mone-
tised terms increases the information content
of research results not only for researchers but
also for territorial communities, state authori-
ties, public organisations, and residents of lo-
calities. This approach, considering the exist-
ing experience of other researchers (Ly & Xiao,
2016; Raum et al., 2019; Almenar et al., 2023),
should also improve the quality and validity of
decision-making in the country regarding the
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importance of protecting green spaces and per-
forming regular care for them, the feasibility
of replacing individual plants in plantings that
cease to perform their ecosystem functions and
thelist of species that should be used in this case.

Under such conditions, an important area
of use of the information obtained in this way
is to bring it to a wide range of users. In this
direction, according to the studies (Rocha et al.,
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2015; Bidolakh, 2020; Mosyaftiani et al., 2022),
visualisation of tree ecosystem services using
interactive maps and mapping useful functions
of plantings are effective. The use of the Google
Mymaps (2023) application, in accordance with
the above methodology, created conditions for
communicating information about the ecosys-
tem services of each park tree to each interested
person in the form of an electronic map (Fig. 6).
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Figure 6. Interactive map of the number and cost of ecosystem services of green spaces
on the territory of the attached part of Rayivskyy landscape park, Ternopil region
Source: developed by the author based on USDA Forest Service (2021), Mymaps Google (2023)

In addition, everyone who can be present in
Rayivskyy landscape park has the opportunity
to work with this application on their smart-
phone or other gadgets in interactive mode.
If geolocation is enabled, the user can get in-
formation directly about each tree while being
near it. The proposed approach, provided that
it is used for other objects of improvement, will
also increase the information content of resi-
dents of these settlements regarding the use-
ful functions of each individual tree or bush for
the urban environment, awareness of the value
of green spaces, and increase ecological con-
sciousness. In this context, the general trend of

increasing the number of studies and publica-
tions towards the need to ecologise social devel-
opment is notable (Yang & Khan, 2021; Gaglio
et al., 2023; Stoeckl et al., 2023). The research-
ers agree that the ongoing processes of eco-
nomic growth, technological development, and
urbanisation degrade the ecosystem sustaina-
bility of the environment and require the in-
troduction of mechanisms and policies that, on
the contrary, will contribute to raising the level
of environmental awareness of the population.
Under such conditions, the presented results of
the study can not only increase the informa-
tion content of the results of the inventory of
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green spaces but also contribute to the process
of greening social development in Ukraine.

Conclusions

The study allowed demonstrating the impor-
tance of assessing the ecosystem functions of
green spaces when performing their inventory
to ensure sustainable ecosystem development.
One of the most promising tools in this regard
is i-Tree Eco, which allows obtaining, interpret-
ing, and further presenting information about
the ecological and cost value of green spaces.
The approbation performed in this study on the
integration of this toolkit into the process of
interpreting the results of measuring biometric
and sanitary indicators of plants based on the
results of their inventory showed the possibility
and feasibility of such an approach, considering
the value of the information received. The use
of i-Tree Eco tools in this direction allows for
determining the amount and cost of individual
ecosystem services (Polution removal, carbon
storage and sequestration, oxygen production,
and avoided runoff), evaluating the replacement
cost of plants, analysing, and interpreting the
information obtained. This approach improves
the quality and validity of decision-making in
the protection and use of natural resources.

The disadvantages of this process include
the need to perform additional measurements,
increase the complexity and duration of the
examination. A substantial advantage of using
i-Tree Eco tools during inventory management
is the substantial volume, informative content,
the value of materials, and various forms of
presentation and interpretation of results. Cre-
ating interactive maps of the ecosystem utility
of each tree to visualise information for a wide
range of users is proposed, which will increase
the ecological consciousness of residents.

The study also allowed establishing the
annual cost of ecosystem utilities (in the con-
text of the examined ones) for the attached
part of Rayivskyy landscape park in the
amount of 81894 UAH (€3044) and the total
replacement cost of the examined plantings
in the amount of 4486,464 thousand UAH
(€166,783). Notably, species that can reach
substantial sizes can perform the greatest
number of ecosystem functions in the con-
text of the examined indicators. Accordingly,
they are characterised by the highest rates of
replacement cost, which indicates the impor-
tance of their care and protection.

It should also be noted the importance of
further research on the possibilities of attract-
ing new tools and expanding the list of ecosys-
tem benefits that will be examined during the
inventory of green spaces.
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Omninka ekoccTeMHMX (PYHKILi 3eIeHUX HacaaKeHb,
SIK BayK/IMBa CKJIAJIOBA iX iHBeHTapu3aIiii
Y KOHTEKCTi CTa/IOro po3BUTKY ypoonauamadTiB

Omvutpo Lnnig Bimomax
IIOKTOP CiTbChKOTOCIOAPChKMX HAYK, AOIIEHT
BIT HYBIII Vkpainu «bepeskaHCbKMIT arpOTEXHIUYHUI iHCTUTYT»
47500, Byn. AkagemiuHa, 20, M. Bepexkanu, YKpaiHa
https://orcid.org/0000-0003-0248-3731

AHoTanis. BaxknmMBUM HampsIMKOM JOCTIIKEHb Y KOHTEKCTi 3a0e3TeUeHHs CTaJor0 PO3BUTKY
ypOOEKOCUCTEM € OIpallOBaHHSI TEOPETUYHMX Ta TPUKIAJHUX AacIeKTiB MOXIMBOCTEN
omepkaHHs iH(opMmallii PO eKOCUCTEMHY KOPUCHICTh 3e/IeHMX HacaakeHb. KoHIemiis
OL[iHIOBAHHS Ta OIIATU €KOTIOCIYT, SIKi TPOAYKYIOTh lepeBa Ta Kyl JJis JOBKI/IJISI Ta CYCIIiIbCTBa
XapaKTepU3yeThCS 3HAYHMM MiKHAPOOHMUM iHTepecoM. Y I[bOMY KOHTEKCTi BKIMBMUM € aHaJIi3
CY4acHOTO iHCTpyMEHTapilo Ta METOIMK, SIKi 3JaTHi aJleKBaTHO BM3HAYATH Ta OI[iHIOBATU 0OCITU
€KOCHCTeMHMX IOCIYT, 1[0 i CTajo TOJIOBHOK METOI0 AOCTimKkeHHs. VY 11iif po6OTi mMpoBemeHO
arpo6ailito MOK/IMBOCTI 3aayueHHs iHCcTpyMeHTapio i-Tree Eco mjist KibKiCHOTO Ta BapTiCHOTO
BU3HAUYEHHS 06CSITiB CTBOPIOBAHMX ITAPKOBMMM HACAIKEHHSIMM €KOCUCTEMHMUX TTOCTYT A0 MPOLIeCy
iHBeHTapM3allii 3eJleHUX HacaaKeHb. [IJIs 11bOro, Ha TIPUK/Ia/i MPUCTaBKOBOi yacTuHM PaiBcbkoro
rmapky TepHOIiIbCbKOi 06/1aCTi, TPOBEIEHO BUMipIOBaHHS 6i0MeTPUYHMX Ta CaHiTApHMUX ITOKa3HUKIB
JlepeB IIiJ vac ix iHBeHTapu3allii, BU3HAUEHO DSl eKOCUCTEMHUX TMOCTYT POCIMH (3MEHIIeHHS
06cATiB  3a6pYyOHIOIUMX DPEUYOBUH, TMOMIMHAHHS Ta CEKBECTpallisi BYIVIEII0, MPOMYKYBaHHS
KUCHIO Ta PEeryJl0BaHHS ITOBEPXHEBOI'O BOJHOTO CTOKY), BCTAHOBJEHO BiTHOBHY BapTiCTh A€pPEB,
MpoaHai30BaHO OTPMMaHi JlaHi, BUKOHAHO iHTepIipeTalilo oTpMMaHoi iHdopmauii y BuUrsAai
iHTepaKTMBHOI €JIeKTPOHHOI KapTU a TaKOX BM3HAUEHO IepeBary i HeOOJiKM I[bOTO ITPOIIECY.
[IpoBeneHe OOCTiIKEHHS 3aCBiAUNIIO, 1110 BapTiCTh €EKOCUCTEMHMX MOWIYT (Y PO3pi3i gocmimkeHnx
MOKAa3HMKIB) IJIsT TIPMUCTaBKOBOI yacTHM PaiBcbkoro mapky ckiamae 81894 rpH (€3044) Ha pik, a
3araJibHy BiTHOBHY BapTiCTh AOCTiIKEHOTO HacalsKeHHSI CTaHOBUTb 4486,464 Tuc. TpH. (€166,783).
MoHeTn30BaHUT BMpPa3 €KOCUCTEMHOI KOPMCHOCTI ILIbOTO HACAIKeHHSI CTBOPIOE YMOBM JISI
MOKpAIlleHHS PO3YMiHHS LIiHHOCTI GiToreHo3y mias yp6onaHamadri. [IpakKTUYHOIO I[iHHICTIO
MOCTiIKEHHSI € MOX/IMBICTh BMKOPUCTAHHSI PE3YJIbTATiB IJIsl YAOCKOHAJEHHS Ta IMiABUIIEHHS
indopmaTMBHOCTI IIpollecy iHBeHTapu3allii 3eJleHUxX HacalkeHb, IUIIXOM ofepykaHHs iHpopmarii
PO eKOCUCTeMHi TMOCIYTH JiepeB y KibKiCHOMY Ta BapTiCHOMY BMpa3i 3 MeTOIO IMiABUILEHHS
OOI'PYHTOBAHOCTI pillleHs y cepi MpUpPOFOKOPUCTYBAHHS

KniouoBi c1oBa: MoHeTM3allisi KOPMCHOCTI; BiTHOBHA BapTicTh AepeB Ta KyiiB; i-Tree Eco;
03[,0POBJIEHHS TOBKIJIJIS; BiKOBi IepeBa
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Abstract. It is necessary to ensure the protection of the adhesive-bonded wood structures from
the effects of temperature and humidity loads to improve their performance characteristics and
increase the service life — this determines the relevance of this study. The purpose of the study is
to examine, using a long-term method, the strength of thermoplastic adhesive-bonded joints of
thermally modified ash wood and unmodified pine wood. The data were subjected to statistical
processing and analysis. The experimental samples for the studies were prepared according to the
proposed methodology in production conditions according to the existing technological process.
The studies continued for two years, with periodic inspection of the samples and recording of
the changes that occurred during the experiments. Regularly, every three months of the study,
part of the samples was removed from the stand and tested to determine the change in strength.
Methods were selected and described for conducting long-term experimental studies to determine
the strength of adhesive joints of thermally modified ash wood and unmodified pine wood glued
with polyvinyl acetate-based adhesives with durability class D4. Based on the study results, it
was identified that the average strength of control samples of the thermally modified ash wood
and unmodified pine wood was 7.12 MPa, and after two years of long-term testing, it decreased
to 5.13 MPa (27.9%). In addition, it was identified that the operation of such adhesive-bonded
joints in natural conditions depends on the cyclic temperature-and-humidity load. Namely, in

Suggested Citation:

Datskiv, H., & Kshyvetskyy, B. (2023). Results of experimental studies on the strength of adhesive-bonded
joints of thermally modified ash wood. Ukrainian Journal of Forest and Wood Science, 14(1), 27-38. doi: 10.31548/
forest/1.2023.27.

‘Corresponding author

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



Results of experimental studies...

the summer-autumn period, the strength decreases, while in the winter-spring period, it remains
unchanged, and in some cases, increases. The obtained results are of great practical importance,
since such adhesive-bonded structures, can be used for the manufacture of joinery and building
products, which will improve their performance characteristics and increase their service life

Keywords: long-term method; pine; atmospheric factors; temperature-and-humidity loads;

service life; adhesion

Introduction

Wood is an anisotropic, fibrous structural mate-
rial that has certain advantages over other ma-
terials. L Kristak et al. (2021), Y. Li et al. (2021),
R. Afshar (2022) described that there are also
disadvantages that limit its use in conditions
with variable temperature and humidity loads.
To eliminate these shortcomings and for ration-
al use of wood, it is subject to modification (es-
pecially low-value and low-grade varieties). In
the studies by Sandberg et al. (2017), D. Jones &
D. Sandberg (2020), Repic et al. (2022), several
methods of wood modification were examined,
one of which is thermal modification. As a re-
sult of this modification, physical and mechan-
ical properties of the wood change, including
increased resistance to variable humidity and
temperature conditions of operation compared
to unmodified wood (Heat treatment..., 2017;
Hill et al., 2021, Giridhar & Pandey; 2022).
Therewith, there is a problem with gluing
such wood because during the modification pro-
cess, exposure to high temperatures changes the
chemical composition, physical and mechanical
properties of wood, including its adhesive prop-
erties (Candelier et al., 2017; Kozakiewicz et al.,
2020; Zigon et al., 2020). To date, several studies
were conducted (Biazzonetal., 2019; Changetal.,
2019) regarding the bonding of thermally modi-
fied wood together. However, there are no stud-
ies on the bonding of thermally modified wood
with unmodified wood. This problem cannot be
solved without thorough research in this area.

P. Krél et al. (2015) note that for bonding
thermally modified and unmodified wood to-
gether, both thermosetting (phenol-formalde-
hyde, urea-formaldehyde, polyurethane, etc.)
adhesives and thermoplastic adhesives (poly-
vinyl acetate) are used. Thermosetting adhe-
sives better withstand variable humidity and
temperature loads of the environment, cure
quickly, form a mesh structure of the adhesive
joint, and are relatively inexpensive.This en-
sures proper water, humidity, and heat resist-
ance of the adhesive joints. However, they are
environmentally dangerous both in the process
of preparing glue and during the operation of
finished products. In addition, such adhesives
have a high percentage of moisture absorp-
tion and low adhesive properties to thermally
modified wood, which does not allow the ad-
hesive joints to provide proper strength un-
der operating conditions. Kshyvetskyy et al.
(2019) state that modern thermoplastic (pol-
yvinyl acetate) adhesives have good adhesive
properties to wood, provide proper strength of
adhesive joints, and are eco-friendly and easy
to use, which makes them promising for use.

To solve these problems, the authors de-
cided to conduct experimental studies to exam-
ine the adhesive strength of adhesive-bonded
joints of thermally modified ash wood and un-
modified pine wood glued with thermoplastic
polyvinyl acetate adhesives with durability
class D4 (Datskiv & Kshyvetskyy, 2020).
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The purpose of the study was investigat-
ing changes in the strength of thermoplas-
tic adhesive joints of thermally modified ash
wood and unmodified pine wood by the long-
term method.

The object of the study is adhesive joints
of thermally modified ash wood and unmodi-
fied pine wood. The subject of the study is the
strength of thermally modified ash wood and
unmodified pine wood glued together with
thermoplastic adhesives.

The following tasks were set to achieve
this goal:

1. Describe the method of conducting long-
term experimental studies on the strength of
adhesive joints of thermally modified ash wood
with unmodified pine wood.

2. Conduct experimental studies to deter-
mine the strength of adhesive joints of ther-
mally modified ash wood and unmodified pine
wood by applying the long-term method.

3. Analyse the obtained results on changes
in the strength of adhesive joints of thermally
modified ash wood and unmodified pine wood.

Bonding of thermally modified wood and
unmodified wood is promising for the join-
ery and construction industry, mainly in the
manufacture of window blocks, since there is
a problem with their durability during opera-
tion, especially outdoor operating conditions.
Modern paint and varnish materials are not
able to provide proper operating conditions
for windows with prolonged negative effects
of external factors. This problem can be solved
by using an adhesively-bonded structure that
combines thermally modified wood and un-
modified wood.

Materials and Methods

The experimental studies determining the
strength of adhesive-bonded joints of ther-
mally modified ash wood and unmodified pine

wood were conducted in accordance with the
requirements of tests in natural conditions
(from November 7, 2019, to November 7, 2021),
and the samples were prepared in accordance
with the DSTU EN 205:2014 standard (2014).
For bonding, a thermoplastic adhesive based
on polyvinyl acetate RAKOLL ECO 4 (Germa-
ny) with durability class D4 was used.

The formation of adhesive joints was con-
ducted on the basis of the Long Life Wood
enterprise (Kyiv, Ukraine) under production
conditions using the existing technologi-
cal equipments. Thermal modification of ash
wood was conducted in an autoclave for 12
hours at a temperature of 195°C. After the
thermal modification, the samples were condi-
tioned (18 hours).

The first stage was the manufacture of
blanks (lamela), the dimensions of which
were 600x130x5 mm. They were calibrated
to a thickness of 5+0.1 mm before bonding.
The moisture content of pine wood slats was
12£1.5% and that of thermally modified ash
wood - 6%0.5%. A laboratory moisture analys-
er RAD WAG WPS 110 S (Poland) was used to
determine the moisture content of the work-
pieces. The glue was applied manually with
a brush. The adhesive was thoroughly stirred
up before application until a homogeneous
mass was obtained. The glue consumption was
160 g/m?. The viscosity was measured using a
VZ-4 viscometer and adjusted to the require-
ments of the bonding mode parameters (70
seconds). After applying the glue, a workpiece
was being pressed for 30 minutes at a tempera-
ture of +20°C using a pneumatic clamping ma-
chine. Technological exposure after bonding
was 7 days. The next stage was the formation
of samples of the appropriate shape and size
according to the DSTU EN 205:2014 standard
(2014). The dimensions of the experimental
sample were 150x20x10 mm (Fig. 1).
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Figure 1. Diagram and samples for
determining the strength of the adhesive
joint of thermally modified ash wood and

unmodified pine wood ( a) sample diagram;
b) experimental samples)

Source: compiled by the authors

Methodology for conducting long-term
experimental studies. A long-term (natural)
method was used to examine the strength of
adhesive joints of thermally modified ash wood
and unmodified pine wood, which allows for as-
sessing the change in the strength of adhesive
joints of wood under the influence of atmospher-
ic factors. This method of research is time- and
labour-consuming, but more reliable. The re-
sults obtained using the long-term method allow
considering the real impact of natural factors.

The shapes and sizes of the samples met the
DSTU EN 205:2014 standard (2014). Before the
study,a stand was made for testing samples,a glue

was prepared, samples were made, a stand was
installed, and the samples were fixed on it (Fig. 2).

Figure 2. Stand for testing experimental
samples in atmospheric conditions

Source: compiled by the authors

All the experimental samples that were used
for long-term studies were divided into two parts.
One part of the samples was placed on the test
stand in atmospheric conditions according to
the requirements described above, and the other
part was used as controls that were not exposed
to natural factors and were used to determine the
initial strength of adhesive joints. The number
of samples in one batch was determined by the
conditions for conducting experimental studies.

The prepared samples were placed on a
stand shelf at a distance of 20 mm from each
other to ensure air circulation. The stand with
the samples was fixed at a height of three me-
ters from the ground level. The studies in at-
mospheric conditions were conducted for two
years. Every three months from the start of
the study, namely after 3, 6, 9, 12, 15, 18, 21,
and 24 months, a batch of samples was re-
moved from the stand and subjected to tests.

Changes in atmospheric factors (average
daily humidity and ambient temperature) were
recorded during the entire experiment. In addi-
tion, changes in the appearance of the samples, of
their size and shape were periodically recorded.
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The strength of adhesive joints of ther- ing machine of the R-05 brand (Fig. 3). The re-
mally modified ash wood and unmodified sults obtained after the long-term tests were
pine wood glued with thermoplastic glue was recorded in the observation log. After that,
determined by stretching along fibres with a  statistical processing was performed on the
constant load (50 mm/s). The long-term test-  basis of which graphical dependencies were
ing of the samples was conducted on a break-  constructed.

Figure 3. Breaking machine R-05
Source: compiled by the authors
Results and Discussion mally modified ash wood and unmodified pine
The obtained results of the experimental stud- wood by using the long-term method are pre-
ies on the strength of adhesive joints of ther-  sented in Table 1.

Table 1. Strength of thermally modified ash wood
and unmodified pine wood glued with polyvinyl acetate adhesives

Adhesive joint strength, MPa

No. Initial Duration of experiment, months
strength 3 6 9 12 15 18 21 24
1 7.05 5.95 6.00 4.80 5.00 5.55 4.75 6.75 5.50
2 6.55 6.90 6.15 6.25 5.50 4.80 6.80 5.75 4.75
3 8.25 5.63 6.25 4.75 7.63 6.75 5.50 6.65 4.50
4 6.75 5.85 8.00 5.00 6.65 5.80 6.75 4.80 6.00
5 6.00 6.38 6.75 6.25 5.50 5.30 5.50 5.00 5.50
6 6.85 6.25 6.85 7.37 5.50 5.60 5.75 6.25 4.35
7 7.25 6.85 5.40 4.74 7.00 7.00 6.50 5.00 4.74
8 7.00 6.25 6.75 7.75 7.00 6.05 5.40 5.45 6.25
9 7.65 6.55 5.60 5.50 6.50 5.75 5.75 5.45 5.00
10 7.65 7.20 6.75 4.75 4.75 5.95 5.25 6.25 5.25
11 6.75 6.25 5.50 5.25 7.00 5.75 7.25 5.50 5.75
12 6.00 6.15 7.35 7.00 4.00 4.70 5.75 4.50 4.45
13 8.00 5.00 6.00 4.50 5.50 5.65 7.00 5.75 6.00
14 7.25 6.50 7.75 6.75 6.50 6.25 5.35 5.15 5.00
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Table 1, Continued

Adhesive joint strength, MPa
No. . Duration of experiment, months
Initial strength
3 6 9 12 15 18 21 24
15 8.35 5.80 7.10 6.75 4.50 6.50 5.25 6.00 6.00
16 6.90 5.25 7.10 4.75 6.00 5.50 6.50 5.15 4.45
17 6.55 6.25 8.25 7.25 5.25 6.25 6.25 5.25 4.50
18 7.25 7.11 6.60 7.75 4.21 6.05 6.50 5.75 5.75
19 6.40 5.70 5.00 4.75 6.00 6.65 5.50 5.25 5.50
20 8.00 7.11 6.50 5.75 6.25 5.25 6.30 6.35 4.50
21 7.55 5.50 6.20 7.00 6.25 5.80 5.75 6.00 4.10
22 6.95 6.20 5.75 6.00 4.75 6.15 6.25 5.35 4.30
23 6.78 6.80 7.75 7.50 7.25 6.65 5.75 5.75 5.50
24 6.95 7.55 6.50 6.25 5.45 6.10 4.75 5.35 4.50
25 7.25 7.50 6.25 6.75 5.25 5.05 6.25 6.10 6.00
Avg. 7.12 6.34 6.56 6.05 5.81 5.87 5.93 5.62 5.13

Source: compiled by the authors

Figure 4 shows a graphical interpretation
of changes in the average strength of thermally

7.5

modified ash wood and unmodified pine wood
during two years of natural testing.
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Figure 4. Change in the strength of adhesive joints during two years of testing

Source: compiled by the authors

The results of the long-term experimental
studies-on the strength of adhesive joints of
thermally modified ash wood and unmodified
pine wood glued with thermoplastic polyvinyl
acetate adhesives showed that the change in the

strength of such adhesive joints occurs along a
sinusoidal curve. Namely, the average strength
of the control samples is 7.12 MPa. The average
strength after 24 months of testing decreased
to 5.13 MPa, which is 27.9% as a percentage.
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This reduction in strength is not critical for ad-
hesively-bonded structures operating in a var-
iable temperature and humidity environment.

The change in the strength of such adhe-
sive joints will be further analysed step by step
in more detail according to the methodology
of experimental studies, namely every three
months of operation in natural conditions. Ac-
cording to the experiment plan, the samples
were put in a stand on November 7, 2019. The
first batch of the samples was removed from the
stand and destroyed three months later. Each
subsequent batch was removed similarly every
three months after cyclic temperature and hu-
midity tests, namely after 6,9, 12, 15,18,21, and
24 months. According to the tests, the average
strength was: 6.34 MPa, 6.56 MPa, 6.05 MPa,
5.81 MPa, 5.87 MPa, 5.93 MPa, 5.62 MPa,
5.13 MPa. That is, the strength decreases gradu-
ally with increasing duration of the experiment.

Therewith, as can be seen from Figure 4,
the strength of adhesive joints of thermally
modified ash wood and unmodified pine wood
glued with thermoplastic polyvinyl acetate ad-
hesives varies depending on the time of year.
Namely, in the summer, the strength decreas-
es with increasing test duration, which is not
observed in winter. As can be seen from the
graph, after testing in winter, the strength of
adhesive joints does not decrease, but on the
contrary, increases slightly. For example, ana-
lysing the period from 3 to 6 months of test-
ing, the strength of such a joint changes from
6.34 MPa to 6.56 MPa in three months of test-
ing, which is 0.22 MPa more than the strength
that was after 3 months of testing. The same
pattern is observed after 15 and 18 months of
operation. The strength changes from 5.87 MPa
to 5.93 MPa, which is 0.06 MPa higher than the
fifteen-month test period.

In accordance with the requirements for
wood adhesive joints, the bonding strength after
experimental tests is considered satisfactory if

its numerical value decreases by less than 50%.
In this case, this requirement is observed. There-
fore, it can be assumed that the adhesive bonding
of thermally modified ash wood and unmodified
pine wood glued with thermoplastic polyvinyl
acetate adhesives can be used for structures that
will be operated in a variable temperature and hu-
midity environment without any physical stress.
However, the strength of such adhesive joints
is lower than that of unmodified ash wood with
unmodified pine wood. The strength of such ad-
hesive joints, according to the previous studies,
should be within the strength limits of pine wood.
The behaviour of such an adhesive bond-
ing can be explained by physical and chemical
changes in thermally modified ash wood caused
by the action of elevated temperatures. Namely,
the action of temperature leads to the breakdown
of hemicellulose and cellulose to form furfural,
which affects the bondin g surface of ash wood.
Furfural leads to the formation of a smooth bond-
ing surface, which negatively affects the adhe-
sive properties of adhesives and thereby reduces
the strength of the adhesive joint. Therewith,
the increased temperature leads to a change in
the mechanical properties of such wood (Zelin-
ka et al., 2022). That is, it makes it more brit-
tle and changes its structure, which negatively
affects the penetration of glue into the wood.
B. Kshyvetskyy et al. (2019) note that glue-
ing is one of the most common types of wood
bonding used in the manufacture of joinery
boards, furniture boards, facing panel materi-
als, window and door blocks, floor coverings,
etc. This method of joining is based on the phe-
nomena of adhesion, that is, the ability to form
various kinds of bonds between glue and wood.
Adhesives for gluing thermally modified
wood, which would provide proper adhesive
strength under operating conditions, current-
ly practically do not exist. Therefore, there is a
problem with gluing thermally modified wood
and finding new adhesives.
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A. Can et al. (2021) examined the strength
of adhesive joints of thermally modified pine,
which was first dried at a temperature of 103°C,
and then modified in the temperature range
from 190°C to 212°C for 2 hours. Polyvinyl ac-
etate glue with a 195.54 hardener was used to
form the adhesive joint. The strength of such
adhesive joints decreased by 31-39% compared
with the initial strength. H.R. Taghiyari (2013)
concluded that this change in strength occurs
due to a decrease in the wetting index, oxida-
tion of the wood surface, changes in the chemi-
cal and physical properties of wood, and a sub-
stantial decrease in the number of polar groups.

M. Ilkiv et al. (2017) investigated the
strength of adhesive joints of thermally modi-
fied ash wood glued with polyvinyl acetate glue.
Thermal modification of wood was conducted
for 4 hours at a temperature of 160°C and 220°C.
The strength of the adhesive joints of the treated
ash wood at a temperature of 160°C is 3.45 MPa,
and at a temperature of 220°C - 6.34 MPa. The
authors explain this change in strength through
physical and chemical changes that occur in the
wood when exposed to high temperatures. The
increase in strength occurs due to an increase
in the lignin content due to the crosslinking
reaction. This creates more intermolecular
bonds between the wood and the adhesive.

Z.Vidholdova et al. (2021) investigated the
strength of adhesive joints of thermally modi-
fied spruce, which was dried at a temperature of
100 °C, and then subjected to thermal modifi-
cation at temperatures of 160°C, 180°C, 200°C,
and 220°C for 4 hours. Polyvinyl acetate and
polyurethane adhesives were used for bond-
ing. Forming adhesive joints, dried wood and
thermally modified wood were combined. The
bonded structures made only from thermally
modified wood showed a substantial reduction
in strength compared to the bonded structures
that were formed from dried wood and thermal-
ly modified wood. The authors concluded that

this change in strength is associated with the
degradation of amorphous polysaccharides un-
der the influence of high temperatures, which
leads to a decrease in the number of polar
groups in the cell walls of the wood.

Similar results for bonding thermally mod-
ified wood are also presented in the papers
(Uzun et al., 2016; Andromachi & Ekaterini,
2018; Taghiyari et al., 2020). The authors not-
ed that the decrease in strength is affected by
wetting ability, microcracks, density, surface
of thermally modified wood, and the physi-
cal-chemical characteristics of the adhesive.

The results were obtained using two meth-
ods, namely: long-term (natural) and accel-
erated (laboratory). As for the first long-term
research method, it was conducted for the first
time and deserves special attention, since it was
conducted in the natural conditions of the West-
ern region of Ukraine for two years. The obtained
results reflect the factual behaviour of such ad-
hesive joints under prolonged varying tempera-
ture and humidity loads. Therewith, the results
of the studies of changes in the strength of adhe-
sive joints of thermally modified ash wood and
unmodified pine wood allow for building a math-
ematical model for predicting strength from the
action of ambient temperature and humidity in
the future. The accelerated method of exper-
imental studies using various types of wood,
especially thermally modified wood, is rare in
adhesive structures. In the studies (Biazzon et
al. 2019; Chang et al. 2019; Can et al. 2021;), the
authors examined changes in the strength of
adhesive joints of several-species of wood, using
various adhesive materials, including polyvinyl
acetate composition. Therefore, this experimen-
tal study cannot be compared with the results
obtained by other authors, since they had dif-
ferent research conditions, namely the temper-
ature of thermal modification of wood, test con-
ditions, etc. In general, it can be noted that the
dynamics of changes in the strength of adhesive
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joints in this study and studies by other au-
thors occur according to similar dependencies.

Conclusions

Based on the results of long-term experimental
studies of the strength of adhesive joints of ther-
mally modified ash wood and unmodified pine
wood glued with thermoplastic polyvinyl ace-
tate adhesives, the following can be concluded:

1. A method for conducting long-term ex-
perimental studies in natural conditions was
selected for thermoplastic polyvinyl acetate
adhesive joints of thermally modified ash wood
and unmodified pine wood based on Ukrainian
and foreign standards. Samples were prepared
for experimental studies.

2. Tt was found that the strength of adhesive
joints of thermally modified ash wood and unmod-
ified pine wood decreased by 27.9% after two years
of testing and long-term experimental studies.
Namely, it decreased from 7.12 MPa to 5.13 MPa.

ash wood and unmodified pine wood in differ-
ent periods of operation does not change in
the same way, namely, in summer, the strength
decreases in a descending curve depending on
the duration of operation, and in winter, this
pattern is disrupted since the strength does not
decrease, but on the contrary, increases. On av-
erage, it increases by 1%.

4. Based on the results of the long-term
experimental studies, it was found-that adhe-
sive joints of thermally modified ash wood and
unmodified pine provide operational character-
istics in a variable temperature and humidity
environment.

In the future, it is planned to conduct stud-
ies on the strength of adhesive joints of other
species of thermally modified wood.
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Results of experimental studies...

Pe3ynbTaTi €eKCIepMMeHTATbHMX JOCTiIKeHb MIITHOCTi K1eiOBUX
3’¢IHaHb TepMiuHO MoaM(iKOBaHOI JepeBUHU SICEHA

Tanmua MuxonaiBHa /lankis
AcmipaHT
HauionanbpHmit ticoTrexHiuyHmMit yHiBepcuTeT YKpaiHu
79057, Byn. Tenepasna Yynipuaky, 103, m. JIbBiB, YKpaiHa
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Borpan SIpociaBoBuy KiimBeubKuii
IToKTOp TeXHIUHUX HayK, Tpodecop
HauioHanbHMI1 1icOTEXHIUHMI YHiBepcUTET YKpaiHu
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AHoTaujig. /I MokpalleHHs eKCIUTyaTaliifHMX BAACTMBOCTEN Ta MiABUINEHHS JOBrOBIYHOCTI
KJIEOBUM JEepPeBMHHMM KOHCTPYKIIiSIM HeOoOXimHO 3a6e3meunmTy ixX 3axucT Bif mil BIUIMBY
TeMITepaTypHO-BOJIOTICHMX HaBaHTaXXeHb, IIO i 3YMOBJIIOE aKTYyaJIbHICTh 1IOTO JOCTiIKEHHS.
Mertoio po60TH 6y70 HOCTiAKEHHS MIiI[HOCTI TEPMOIUIACTUYHUX KJIEMOBUX 3’€IHAHb TEPMiUuHO
MmoaudikoBaHOi mepeBMHM siceHa i cocHM HeMoaudikoBaHOi 3a TpUBaJIMM MeToAoMm. [JaHi
MiIgaBaJuCh CTATUCTUYHIM 06po6Ii Ta aHamisy. EKcriepyMeHTanbHi 3pasku ST HOCTiIsKEHHS
6y/IM TiATOTOBJIEHI 3TiTHO 3 3aITPOMTOHOBAHOI0 METOIMKOIO Y BUPOOHMUMX YMOBAX BiATIOBiMHO MO
iCHYI0YOTO TEXHOJIOTIYHOTO Tpolecy. JocaimKeHHS TPUBAIN ITPOTSITOM JBOX POKiB 3 IePioANYHNM
OIIIIOM 3paskiB Ta (ikcaiielo 3MiH, AKi TpoxXomwiM Iif, 4Yac BUIPOOYBaHb. PeryispHO
MiC/IsT KOKHMX TPbOX MICSLIB AOCHIAXEHb YacTMHY 3pasKiB 3HIManu 31 cTeHAy i mpoBomuin
BUITPOOYBAaHHS )11 BU3HAUEHHS 3MiHM MillHOCTi. ITigibpaHo Ta ONMMCaHO METOOMKY ITPOBEIEHHS
TPUBAIUX EKCIIEPMMEHTATbHUX JOCTIIKEHD 3 BUSHAUEHHS MilTHOCTi KJIIEJI0BUX 3’€THAHb TEPMiUHO
MoaudikoBaHOI JepeBUHM siceHa i cOCHM HeMOoau(iKOBaHOI, KIIesIM) Ha OCHOBI IOJTiBiHiMaerary
i3 kimacom goBroiuHocTi D4. 3a pesynabTaTamu JOC/TiIKeHb BCTAHOBJIEHO, 10 C€peIHSI MillHICTh
KOHTPOJIBHMX 3paskKiB TepMiuHO MoauQikoBaHOI JepeBUHM siceHa i cocHU HemomudikoBaHOi
craHoBwia 7,12 MIla, a micist JBOX POKiB TPUMBAIUX BUIIPOOGYBaHb 3MeHIIMIACh 1o 5,13 MIlla
(27,9 %). KpiMm TOro BCTaHOBJIEHO, IO eKCIUIyaTallisl TakKUX KIeHOBUX 3’€IHAHb Yy MPUPOSHUX
YMOBaX 3aJIEKUTh BiJl IMKIiYHOTO TEMITEPATyPHO-BOJIOTiCHOTO HaBaHTaKeHHs. A came, y JIiTHbO-
OCiHHii TTepiof, MilIHiCTb 3MEHIIYETHCS, @ 3MMOBO-BECHSIHMII 3a/IUIIIAETHCSI HE3MiIHHOIO a B AeSIKUX
BUIAAKAX i MigBMIyeTbcsl. OTpuMaHi pe3yabTaTH [OOCTIKEHb MaloThb BaskKIMBe ITpaKTUUHE
3HAYEHHSI, OCKIJIbKYM TaKi KJIeOBi KOHCTPYKIlii, MOXXYTb BUKOPUCTOBYBATUCDH IJISI BUTOTOBJIEHHS
CTOJIIPHO-OYiBeTbHUX BUPOOIB, O TO3BOIUTH MiABUIIUTY iX eKCILTyaTalliliHi XapaKTepPUCTUKU
Ta 30iIBIINTY JOBTOBIUHICTD

KiiouoBi cimoBa: TpuBaiMii MeTOH; COCHa; aTMocdepHi (hakTopu; TeMIlepaTypHO-BOJOTICHI
HaBaHTa)KeHHS ; JOBTOBIUHICTb, aATe3is
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Abstract. A wide range of UAV systems used for forest research requires unified approaches to
data collection. The research aims to determine the optimal parameters for UAV data collection
to obtain accurate information about stands, considering the cost of resources for its collection.
The process of collecting remote sensing data consisted of nine combinations divided into
three levels of overlap and three levels of spatial resolution (survey altitude) and changing the
degree of filtering of a dense point cloud during image processing. Individual tree detectingin
the stand was performed using the R programming language and the ForestTools package. The
results of the assessment of the dependence of the radius of tree crowns on their height were
used to set the parameters of the variable filter function for finding local maxima for Scots pine
stands. Errors in the identification of treetops were estimated using the F-score. The identified
heights were compared with the field data of the ground survey. The proportion of classified
digital elevation model DEM in the dense point cloud was reduced from the total area of the test
site using images of 4.1 cm/pix spatial resolution (150 m survey altitude). The study presents
the results of assessing the impact of spatial resolution of optical images collected from UAVs
and their overlap on the results of measurements of stands parameters. It is determined that a
photogrammetric survey with input images with a longitudinal overlap of less than 90% is not
appropriate for the study of forest areas due to the impossibility of aligning all images. The
results of the assessment of tree accounting in the stand showed that it is most appropriate
to use images with a spatial resolution of up to 3.3 cm/pix (120 m survey altitude), otherwise,
the proportion of missed treetops increases. Reducing the spatial resolution of remote sensing
data leads to an increase in errors in determining the height of individual trees, and the average
heights of the experimental plots had the same trend. Given the combination of the assessed
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UAV data collection parameters impact...

factors, it is not recommended to use images with a spatial resolution of more than 3.3 cm/pix
for forestry research due to increased errors in the individual tree detection and tree height
determination. The results obtained can be used to select data collection parameters for research

on Scots pine stands to assess their growing stock and phytomass

Keywords: photogrammetry;
determination; digital elevation model

canopy height model,;

individual tree detection; height

Introduction

Remote sensing data is used in forestry to re-
duce the economic costs of operations and in-
crease their efficiency (McRoberts & Tomppo,
2007). The availability of remote sensing data
as an auxiliary material allows the perform-
ing of several tasks in forestry, eliminating
the need to go to the field. However, there is
always a need to estomate indicators of trees
and stands for which field ground measure-
ments are required. I. Korpela (2004) pointed
out that field inventory data is essential for
remote sensing and is used for training, cali-
bration, and verification of results.

First of all, remote sensing data collection
systems can be divided into the following cat-
egories by type of carrier: satellites, manned
aircraft, unmanned aerial vehicles (fixed-wing
or multi-rotor), and ground-based scanning
systems (Padua et al., 2017). The use of dif-
ferent types of systems significantly increas-
es the variability of data acquisition methods,
and each of them has its advantages and dis-
advantages. J. White et al. (2016), V. Myroniuk
et al. (2022) in their works, they noted that the
use of satellite data in forestry is quite prom-
ising since such data cover large areas and can
be widely used in forest inventory.

Data from unmanned aerial vehicles have
several significant differences compared to sat-
ellite imagery: relative cheapness and accessi-
bility, short data collection times, and the abil-
ity to obtain high-resolution data. A. Graham
et al. (2020) described that the development

of computing technologies hasled the use of dig-
ital aerial photogrammetry. Structure-from-mo-
tion technologies are used to reconstruct 3D
scenes, including for forestry research and as-
sessment parameters of forest stand (Westoby
etal., 2012).

K. Stereniczak et al. (2020) described that
to determine the individual trees attributes
in a stand based on remote sensing data, it
is necessary to detect them. A separate large
group of works can be distinguished that are
devoted to assessing the quality of individu-
al tree detection using a wide range of meth-
ods (Duncanson et al., 2014). During classical
forestry surveys, the processes of accounting
for the number of trees and determining their
parameters can be separated: it is possible to
determine the tree parameters without their
continuous accounting on the site. It is impos-
sible to determine the individual trees param-
eters based on digital aerial photogrammetry
or LiDAR (Light Detection and Ranging) data
without their detecting. Therefore, the identi-
fication of individual trees in a stand is an es-
sential step in estimating their attributes (Mo-
hanetal.,2021). The number of tree parameters
that can be estimated will depend on the ap-
plied detecting algorithms and the character-
istics of the input remote sensing or scanning
data (Guimaraes et al., 2020). The use of a local
maximum filter is one of the simplest methods
of tree detecting and measuring their height
(Popescu & Wynne, 2004; Silva et al., 2022).
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K. Ma et al. (2022) found that the quality
of individual trees detection in a stand is influ-
enced by several factors: morphological features
of the studied stands (tree crown shape, stand
structure), selection of remote sensing data
collection parameters, and remote sensing data
processing parameters. Considering the mor-
phological factor, it was found that the struc-
ture of forest stands significantly affects the
quality of tree detection and delineation. The
use of LiDAR data makes it possible to study the
three-dimensional structure of forest stand un-
der the canopy of the dominant trees, but the re-
sults of detection in the second or third tiers do
not give satisfactory results (Ferraz et al., 2012).

Methods of tree detection are constant-
ly evolving to achieve better results, and the
high accuracy of measuring the height of
stands based on remote sensing data has been
confirmed by several studies (Ota et al., 2017;
Guimaraes et al., 2020). The use of remote sens-
ing methods is most promising in coniferous
stands, as they are the most easily decipherable
(Heurich, 2008). In Ukraine, where coniferous
plantations occupy a significant share, the in-
troduction of remote sensing methods is a very

promising direction. The height of Scots pine
stands can be determined with sufficient ac-
curacy based on photogrammetric survey data
compared to classical measuring instruments
(Bilous et al., 2021).

Remote sensing data acquisition parameters
affect the characteristics of the resulting dense
point cloud, which affects the accuracy of tree
attributes measuring and the possibility of their
furtherapplication (Kameyama & Sugiura,2021).

The research aimed to determine the opti-
mal parameters for collecting data from UAVs
to obtain sufficiently accurate information
about forest stands.

Materials and Methods

The study was carried out in August 2020 on
the territory of the Chornobyl Exclusion Zone,
where plantations have been formed over the
past decades without active (significant) an-
thropogenic intervention. The study was car-
ried out on an 18.5-hectare polygon with eight
circular sample plots. The experimental site
was selected in such a way as to ensure the
presence of the most contrasting stands in one
remote sensing data collection (Table 1).

Table 1. Characteristics of the experimental stands
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= < (24 > °a ge < g g
2 2 5 g g : £ d 3
& < & £ £ <3 5 Z
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1 250 Artificial 58 46 18.3 20.8 I
2 100 Artificial 58 56 8.2 8.2 \%
3 1000 Natural 50 30 11.5 7.3

4 250 Artificial 58 42 13.2 11.7 v
5 100 Artificial 70 38 10.5 10 \%
6 250 Artificial 58 59 16.8 21.7 I
7 100 Artificial 58 42 11.6 15.1 111
8 50 Artificial 58 62 4.6 5.4 Va

Source: compiled by the author
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As a result of the dramatic change in hab-
itat conditions, the experimental sites had
different stands in terms of diameter, height,
and number of trees per hectare. The size of
the sample plots depends on the density of the
trees and is set to ensure that there are at least
30 trees per plot. The spatial location of the
trees in the sample plots were established using
a TruPulse 360B laser-optical rangefinder and
MapSmart software, with measurements of tree
diameter at 1.3 m, height of model trees, tree
species and live status. All trees that reached a
height of 1.3 m without any minimum diameter
restrictions were selected for the ground sur-
vey. For the assessment quality of individual
tree detection, we used the trees occupying the
highest position in the stand and their tops po-
sition on orthophoto maps. Heights were meas-

ured for 10 model trees in artificial stands and
17 in natural stands. The age of the stands was
determined based on forest management mate-
rials (Mensuration description..., 2016), and for
the natural stands, the age was determined by
counting annual rings selected using a Haglof
increment borer.

A Phantom 4 Pro UAV was used for remote
sensing, equipped with a 1 “CMO” camera with
a 20-megapixel matrix. The input data for re-
mote sensing are a series of UAV images ob-
tained at different shooting altitude and over-
laps. Flight planning and surveying of the test
polygon were performed using Pix4Dcapture
software. An estimate of the time spent on col-
lecting remote sensing data, and quantitative
and qualitative characteristics of the input im-
age series is given in Table 2.

Table 2. Quantitative characteristics and timing of UAV data collection
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1 80 90(81) 21:06 513 4296 2.18
2 80 80(72) 11:01 209 3529 2.18
3 80 70(63) 06:52 129 2805 2.18
4 120 90(81) 15:24 329 4282 3.27
5 120 80(72) 08:14 125 2929 3.27
6 120 70(63) 07:01 95 3107 3.27
7 150 90(81) 12:07 233 3771 4.09
8 150 80(72) 07:30 102 2868 4.09
9 150 70(63) 07:00 82 2871 4.09

Source: compiled by the author
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Photogrammetric image processing was
performed using specialized Metashape soft-
ware. During the processing of each of the in-
dividual series of images, iterations of their
alignment and the creationof a dense point
cloud were performed using identical process-
ing parameters. For each iteration, two dense
point clouds were built: one with an aggressive
degree of filtering and one with a soft degree.
Next, the ground points of the dense cloud were
classified, based on which a digital elevation
model (DEM) was built, and a digital surface
model (DSM) was created based on all cloud
points. The original raster materials were ex-
ported in the metric coordinate system with a
spatial resolution of 15 cm/pix. Visual analysis
and aggregation with ground data were per-
formed in the QGIS (Quantum GIS) geographic
information system, where the canopy height
model (CHM) was calculated using formula (1):

CHM=DSM-DEM (1)

At the first stage of the study, the quality of
terrain classification of the dense point cloud
used to create the DEM was assessed. To do
this, the proportion of the terrain classified to
the total area of the polygon was determined.
The area of classified terrain was defined as the
sum of pixels of the DEM generated without in-
terpolation.

Individual tree detection using algorithms
in the R programming language with the use
of the local maximum search function imple-
mented in the {ForestTools} package (Plow-
right, 2020). This function uses a local maxi-
mum search filter, which is necessary to limit
the search radius between potential treetops.
This filter can be set to a fixed search radius or
given a variable radius function. The advantage
of the variable radius filter is that after identi-
fying the treetop, it takes the height value as

an independent variable and determines the
potential radius of the tree crown (Popescu &
Wynne, 2004). Considering that the experimen-
tal polygon contains sample plots with differ-
ent stand parameters, a variable radius filter
was applied.

The crown radius of Scots pine was deter-
mined from the collected remote sensing data
using UAVs. Based on the formed array of 380
Scots pines, a logarithmic dependence of the
crown radius of trees on their height within the
experimental polygon was established (formu-
la 2). The computed confidence interval at the
level of 2.5% for parameters of the established
regression was used to describe the lower level
dependence of the crown radius to tree height.
Thus, the variable search radius filter was as-
signed the expression of the established con-
fidence interval for parameters of level 2.5%
(formula 3).

rF=0,369-In(h)+0,421, )
rF(2,5%)=0,297-In(h)+0,221, 3)

where rFis the established search radius
(tree crown radius), m; rF,, ., is the lower confi-
dence interval of the model parameters; h is the
height of the tree, m.

The CHM smoothing was performed to test
whether it is possible to achieve better tree de-
tection results by avoiding the identification of
false tops caused by tree branches (Mohan et
al., 2017). The detection was performed with
and without smoothing the image using a 5x5
pixel Gaussian filter. The {rLiDAR} package
in the R programming language was used to
smooth CHM rastes.

In a geographic information system, the
detected tops are compared with ground-meas-
ured data and an orthophoto map of the sample
plots (Fig. 1).
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Figure 1. A confusion matrix of tree detection quality assessment in sample plot No. 1

Source: compiled by the author

The quality of individual tree detecting was
assessed using confusion matrix. Twelve itera-
tions of detecting were compared, the identi-
fied treetops were assigned the TP status, and

the missed ones were assigned the FN status.
Falsely identified tops during the comparison
of each iteration were assigned the FP status
(Table 3).

Table 3. Confusion matrix indicators and andividual tree detecting accuracy values

CHM type OIF?:&‘;‘:D TP FP FN | Recall | Precision | F-score | FNR FDR
a80 246 172 | 23 74 0.70 0.88 0.78 0.30 0.12
a80SMTH 246 165 | 10 81 0.67 0.94 0.78 0.33 0.06
m80 246 168 | 24 78 0.68 0.88 0.77 0.32 0.13
m80SMTH 246 164 | 12 82 0.67 0.93 0.78 0.33 0.07
al20 246 166 | 23 80 0.67 0.88 0.76 0.33 0.12
al20SMTH 246 155 | 10 91 0.63 0.94 0.75 0.37 0.06
m120 246 178 | 40 68 0.72 0.82 0.77 0.28 0.18
m120SMTH 246 168 | 28 78 0.68 0.86 0.76 0.32 0.14
al50 246 135 9 111 | 055 0.94 0.69 0.45 0.06
al50SMTH 246 129 6 117 | 0.52 0.96 0.68 0.48 0.04
m150 246 138 9 108 | 0356 0.94 0.70 0.44 0.06
m150SMTH 246 133 7 113 | 054 0.95 0.69 0.46 0.05

Note: “80, 120, 150” = shooting height, “a, m”
SMTH = CHM raster was smoothing
Source: compiled by the author

= dense cloud filtering parameters (aggressive, soft),
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The accuracy indicator of tree detecting
was the F-score, calculated based on Recall
(produser’s accuracy) and Precision (user’s ac-
curacy) according to uations (4)-(6). The com-
parison of errors arising from the use of differ-
ent CHM rasters was performed using the False
Negative Rate (FNR) and the False Discovery
Rate (FDR) according to equation (7), and (8)
(Maxwell et al., 2021).

TP

r= TP+FN’ @
p= TPT+PFP’ ®)
=T ©)
FNR = TPF-:VFN’ @
FNR = TPF-:JFP' ®)

where TP is the number of true positive detect-
ed treetops, FN is the number of false negatives,
and FP is the number of false positives.

The heights of the trees are measured by
detecting their tops. The algorithm assigns the
height value of a cell from the CHM raster to
each detected local maximum (Plowright, 2020).
Thus, the results of the top detecting are used
to measure the heights of individual trees and
calculate the average height in the sample plots.

The estimation of tree height errors was
used to determine the influence of UAV data
collection parameters on the distribution of
CHM heights. To compare the results of meas-
uring the height of individual trees with differ-
ent data collection parameters, the local maxi-
ma of identified trees were selected with their
height parameters. The sample included trees
for which ground-based height measurements
were available and local maxima were detect-
ed during all iterations of the survey. For the
purpose of comparing average height meas-
urements, the results obtained from detecting

all treetops in sample plots were utilized, and
the average height was calculated based on the
ground data.

The root means square and Bias were used
to assess the accuracy of the remote sensing
method for height measure (Su et al., 2020; Ho-
liaka et al., 2021). The heights determined by
the remote sensing method are compared with
the ground survey data using formulas (9)-(12).

RMSE = [Palen? ©
RMSE (%) = 100 - RM;E, (10)
Bias = Lﬂ(ﬁ‘_y‘) , (11)
Bias (%) = 100 % (12)

where y, - the value determined remotely, y, -
the value according to the ground survey, and
7 — the arithmetic mean.

Results and Discussion

During the photogrammetric processing, the
image arrays with less than 90% overlap could
not be aligned, which makes further analysis
impossible. The exception is combination No. 8
(altitude 150 m), where all images with a lon-
gitudinal overlap of 80% were aligned. Thus,
remote sensing data of forest stands collected
with a longitudinal overlap of less than 90%
and a survey altitude of up to 150 m are rather
difficult to process photogrammetrically.
Estimating the proportion of the DEM area
to the total polygon area at an acquisition alti-
tude of 80 m, the proportion of classified terrain
is 59%, at 120 m it is also 59%, at 150 m it is 52%
and at the same height withreduced overlap 42%.
Part of the polygon had an open area where there
were no problems with determining the ground
level. Reducing the spatial resolution of the in-
put images significantly reduces the proportion
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of points in the dense cloud located under the
forest canopy, which makes it difficult to form
a digital elevation model. DEM classification
is quite complicated for closed stands of trees,
as well as when there is undercover vegetation.

For remote sensing data collected from al-
titudes 80 and 120 m, the determinated F-score
value is in the range of 0.75-0.78. Using the
data collected at an altitude of 150 m, the qual-
ity of individual tree detection deteriorated sig-
nificantly, with the F-score value in the range
of 0.68-0.70. The worst interpretation results

FNR value
0.5

0.45

W Soft Aggressive
0.4
0.35
0.3
0.25 I
0.2

S & N N
i) » )
§6 N @ N $
& & &
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were obtained for the sample plot with the V,
site index (sample plot No. 8), which indicates
the difficulty of detection the treetops in stands
with a dense distribution of low trees.

The error rates that occurred during the
identification of the tops are shown in Figure 2.
The largest FNR errors were found for CHM
models generated from data at a survey alti-
tude of 150 m. A decrease in the proportion of
detected treetops indicates that with such data
collection parameters, CHM rasters reproduce
the structure of stands in less detail.
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Figure 2. Indicators of tree-top detecting errors

Source: compiled by the author

The error characteristics indicate that the
use of a soft degree of filtering during photogram-
metry image processing does not reduce the FNR
but causes FDR errors. In this case, the use of an
aggressive degree of filtering during photogram-
metric image processing allows to reduce the pro-
portion of falsely discover local maxima. Smooth-
ing of the CHM raster avoids the occurrence
of false detecting treetops but does not affect
the overall quality of the peak F-score. The data

obtained from altitude of 120 m and the soft filter
of the dense point cloud allowed us to detected
the largest share of the tops, but the worst Pre-
cision was obtained due to a significant share of
falsely detected tops.

To compare the results of height mensura-
tion, 30 trees were selected. The assessment of the
statistical indicators of height mensuration er-
rors indicates that the remote method on average
tends to underestimate the height (Table 4, Fig. 3).
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Table 4. Errors in measuring the of individual trees height using UAV data

CHM type RMSE, m RMSE (%) Bias, m Bias (%)
a80 0.86 6.71 -0.14 -1.07
a80SMTH 0.91 711 -0.31 -2.43
m80 0.82 6.41 -0.16 -1.23
m80SMTH 0.91 7.11 -0.31 -2.43
al20 0.87 6.84 -0.35 -2.72
al20SMTH 0.98 7.66 -0.47 -3.66
m120 0.81 6.32 -0.21 -1.67
m120SMTH 0.83 6.47 -0.34 -2.64
al50 1.28 10.07 -0.95 -7.42
al50SMTH 1.35 10.55 -1.02 -8.00
m150 0.94 7.34 -0.56 -4.39
m150SMTH 0.98 7.67 -0.62 -4.86

Source: compiled by the author

Remote heights, m

Ground height, m

Figure 3. Results of measuring the height of individual trees using CHM data

Source: compiled by the author

and ground-based methods
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It was found that the underestimation
of height is observed for trees up to 10 m in
height. For trees with heights of 10-20 m, the
remote sensing is comparable to the ground
data, while for trees over 20 m in height, the
remote sensing data show higher heights. In
general, the Bias for the models generated from
80 m altitude ranges from -0.1 m to -0.3 m;
for the models generated from 120 m altitude,
it ranges from -0.2 m to -0.5 m, and the larg-
est deviations are found for the models from
150 m altitude (Fig. 3). This indicates that the

data with lower spatial resolution reproduce
crown tops worse. To assess the effects of us-
ing different remote sensing inputs images in
determining the average height, data within
the sample plots were used. The average height
based on ground data was determined using
height curve. The average height from UAV data
was calculated as the arithmetic mean of the
identified trees in the sample plots (Table 5).
Underestimation of the average height by re-
mote sensing is observed for the natural ori-
gin of sample plot No. 3 with single low trees.

Table 5. Determined average heights by sample plots and type of data

Type of height Average heights estimated by sample plots, m

determination data 1 2 3 4 5 6 7 8
a80 21.2 7.3 5.0 10.9 15.0 214 11.0 5.4
a80SMTH 20.7 7.3 54 10.6 14.7 21.3 10.9 5.4
m80 20.7 8.1 5.7 10.7 14.9 21.2 11.0 5.4
m80SMTH 20.8 7.8 6.1 11.0 14.7 21.2 10.9 5.3
al20 20.5 7.4 5.6 10.9 14.8 21.0 10.9 5.3
al20SMTH 20.3 7.4 5.2 11.0 13.6 21.0 10.8 5.1
m120 20.9 7.7 5.4 10.0 14.2 21.0 11.0 5.2
m120SMTH 21.0 7.5 5.3 9.7 13.8 21.0 11.0 5.2
al50 20.0 7.7 5.6 11.1 13.9 20.2 10.5 5.2
al50SMTH 20.0 7.8 5.4 11.0 14.2 20.1 10.5 5.2
m150 20.7 7.6 5.9 10.7 13.8 20.6 10.9 5.0
m150SMTH 20.7 7.6 5.9 10.7 13.8 20.6 10.9 5.0
Ground (control) 20.8 8.2 7.3 11.7 15.1 21.7 10.0 54

Source: compiled by the author

With the change in CHM, the RMSE val-
ues for the determined average heights on the
sample plots do not differ significantly and are
around 1 m for all canopy height models. The
Bias value for all models is in the range of 3-6%.
If we evaluate the change in the Bias, we still
observe a similar trend as when determining the
heights of individual trees, namely, a decrease in

the quality of spatial resolution of images leads
to an underestimation of the average height
(Table 6). The Bias value did not exceed 0.5 m
for all models from altitude of 80 m and for the
aggressive CHM from altitude of 120 m, while
for the rest, the systematic error was more than
0.5 m. Smoothing the CHM during account-
ing leads to an increase in systematic error.
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Table 6. Average height determination accuracy indicators using UAV data

CHM type RMSE, m RMSE (%) Bias, m Bias (%)
as0 1.00 7.98 -0.38 -2.99
a80SMTH 0.92 7.34 -0.49 -3.89
m80 0.78 6.23 -0.31 -2.50
m80SMTH 0.92 7.34 -0.49 -3.89
al20 0.84 6.72 -0.48 -3.79
al20SMTH 1.08 8.59 -0.73 -5.79
m120 1.07 8.52 -0.60 -4.79
m120SMTH 1.21 9.68 -0.71 -5.69
al50 1.01 8.04 -0.75 -5.99
al50SMTH 1.03 8.26 -0.75 -5.99
m150 0.95 7.57 -0.63 -4.99
m150SMTH 0.95 7.57 -0.63 -4.99

Source: compiled by the author

The area-based approach to forest man-
agement requires a correct inventory of tree
stands. That is why the use of photogramme-
try technology is promising in comparison
with more expensive technologies. Identifica-
tion of top trees in a stand based on CHM is
quite simple and does not require significant
computing power (Ferraz et al., 2012).

The studies (Popescu & Wynne, 2004; Ot-
toy et al., 2022) showed that to individual tree
detection in plantations with different stand
parameters, it is necessary to establish the
dependence of crown radius on tree height. In
contrast to previous publications, confidence
interval parameters around the established re-
gression of crown radius on tree height were
used to avoid missing treetops. Thus, we used
confidence intervals at the level of 2.5% of the
established regression relationship to reduce
the parameters of the treetop filtering func-
tion.

In the present study, no significant ad-
vantages were found in applying a smoothing
filter to the canopy height model, as reported

by Mohan et al. (2017). However, differenc-
es in the results obtained may depend on the
input materials used, the CHM resolution, or
the characteristics of the studied forest stands.
It has been established that the quality of re-
mote-sensing input images has the greatest
impact on errors in tree detection. For exam-
ple, the study by J. Torres-Sanchez et al. (2018)
shows that the best detecting results are ob-
tained with the maximum degree of image
overlap.

The confusion matrix data was used,
which makes it possible to assess which errors
deteriorate the individual tree detecting per-
formance. Problems with the identification of
trees less than 2 m in height that grew on the
site of natural origin were identified. For stud-
ies oflow stands, itis necessary touse data from
a lower altitude than was used in our article
and greater spatial resolution (Lin et al., 2023).
A. Bilous et al. (2021) indicate that the results
of measuring the height of Scot’s pine trees in
mature stands using CHM data are more accu-
rate than using handheld height clinometers.
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As the spatial resolution of the remote
sensing data changes, the mean square er-
ror for the determined average stand height
does not differ significantly, as confirmed by
S. Kameyama & K. Sugiura (2021). However, it
was found that a decrease in the spatial resolu-
tion of the input remote sensing data leads to
an increase in errors in measuring the height
of individual trees. If we evaluate the Bias val-
ue for the determined average heights, we still
observe the same tendency to underestimate
them. Heights were underestimated for natu-
ral stands that had not formed a forest stand,
and the effect of underestimating heights by
remote sensing was also observed in the study
of L. Lin et al. (2023) on low trees.

Errors of tree height estimating also de-
pend on the errors in the digital elevation
model. This is especially important in areas
with closed stands where the ground surface
is difficult to see, as well as in areas with com-
plex terrain. Therefore, it is important to use
the most accurate digital elevation models for
establishing the stands parametes.

Conclusions

Based on the results of the study, it was found
that remote sensing data with higher spatial
resolution according to several criteria are
best suited for determining pine stand pa-
rameters.

Based on the survey data from altitude of 80
m (spatial resolution of 2.2 cm/pix), the small-
est errors in determining the height and de-
tecting the treetops were obtained. The F-score
for the quality of individual treetop detection
was in the range of 0.77-0.78. The Bias error in
measuring the height of individual trees ranged
from -0.14 to -0.31 m, and the average height of
the stand was from -0.31 to -0.49 m.

Based on the data from the 120 m sur-
vey (3.3 cm/pix), the results were close to the

previous ones. The use of a soft degree of fil-
tering when building a point cloud leads to
false discovery treetops. The F-score was in the
range of 0.75-0.77. The bias for measuring the
height of individual trees ranged from -0.21 to
-0.47 m, with the average height from -0.48 to
-0.73 m (the smallest systematic error when
using a point cloud with aggressive filtering
and without CHM filtering).

The worst results were obtained for data
taken from altitude of 150 m (4.1 cm/pix). The
F-score values deteriorate to 0.68-0.70. The sys-
tematic error in determining the height of indi-
vidual trees increases (Bias ranges from -0.56 to
-1.02m),and the average stand height from-0.63
to -0.75 m. In this case, the highest systematic
error rates are for CHM with aggressive filtering.

It has been established that for forestry re-
search, it is necessary to collect remote sens-
ing data with a longitudinal image overlap of at
least 90%. Reducing the spatial resolution of the
input images to 4 cm/pix worsens the results of
terrain surface classification and DEM creation.

The results of the study indicate that the
quality of detecting individual Scots pines and
determining their heights depends on the pa-
rameters of UAV data collection. The results
obtained should be considered when plan-
ning the collection of optical data from UAVs
in future studies, in particular, their potential
impact on the accuracy of determining a wid-
er range of stand parameters. Similar studies
may be required to establish optimal param-
eters for collecting optical data in deciduous
stands (on the territory of Ukraine). Errors in
detecting and determining the heights of low
trees indicate the need to find optimal param-
eters for UAV data collection separately for
forest plantations and young stands.
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BrumB nmapameTpiB 360py gaHux 3 BIIVIA Ha BCTAaHOBJIEHHS
TaKCalliliHMX IMOKAa3HMKIiB COCHOBUX JiepeBOCTaHiB

Poman MuxaitsioBuu 3aJOpO’KHIOK
AcmipaHT
HauionanpHuit yHiBepcuTeT 6iopecypcis i mpupomoKopucTyBaHHS YKpainu
03041, Byn. 'epoiB O60opouu 15, m. Kuis, Ykpaina
https://orcid.org/0000-0001-6746-9733

AnoTauis. llnpokuii ciektp cuctem BITIA, 1110 3aCTOCOBYIOTbHCS /15 LOCTiIKEHb JTiCiB, TOTPe6YIOTh
yHiikanii migxomiB mo 360py maHuMx MeTow AOCTiAKEHHS O6yI0 BU3HAYEHHS ONTUMAabHUX
napametpiB 360py maHux 3 BIUIA gns orpumaHHs TouHOi iHbopmalii mpo gepeBocTaHu 3
ypaxyBaHHSIM BUTpAT pecypciB Ha ii 36ip. IIporiec 360py JaHUX AMCTAHI[iIAHOT 31IOMKM CKJIaIaBCst
3 JIeB’sITM KOMOiHalliii, 10 po3fdijeHi Ha TpM DiBHI NMEpPeKpUTTS Ta TPU PiBHI MPOCTOPOBOTO
pO3pi3HeHHS (BUCOTM 31IOMKM), Ta 3MiHOIO CTyreHs (inbpTpauii mizpHOI XMapy TOUYOK Mif yac
06po6KyM 306paskeHb. embpyBaHHs JepeB y JepeBOCTaHi BMKOHAHO i3 3aCTOCYBaHHSIM MOBU
nporpamyBaHHs R Ta makery «ForestTools». BUKOpMCTAaHO pe3y/nbTaTy OLiHIOBAHHS 3aJIEKHOCTI
paziycy KpoH AepeB Bif iXHbOI BUCOTM [Ji1 BCTAHOBJIEHHSI MapaMeTpiB QYHKIii 3MiHHOTO
dinbTpy mOIIYKY JIOKAJIBHMX MaKCUMMYMiB J[JIsI [IepeBOCTaHiB COCHM 3BUYaiiHOi. IToXmbKu
imeHTHU}iKa1lii BepXiBOK OI[iHIOBAIMCh i3 3aCTOCYBaHHSIM ITOKa3HMKY F—score. BctaHOBJIEeHI BUCOTU
MOPiBHIOBAINCDH 3 MOJbOBMMM JAaHMMM HazeMHOi Takcarii. YacTka KmacudikoBaHOTO penbedy Y
IIJTbHII XMapi TOYOK 3MEHIITyBaach Bifl 3aTajabHOI IJIOIIi MOTITOHY 3 BUKOPUCTAHHIM 306paskeHb
MPOCTOPOBOTO PO3pisHeHHS 4,1 cMm/mikc (Bucorta 3itoMku 150 M). YV po6OTi mpencTaBieHO
pe3yabTaTy OI[iHIOBAHHS BIUIMBY IPOCTOPOBOTO PO3Pi3HEHHS OMTUMYHUX 300pakeHb 3i6paHuX 3
BIIJIA Ta iXHBOTO ITIePeKPUTTSI Ha pe3y/IbTaTy BU3HAUEeHHS TaKcalliliHMX MOKa3HMKIB JepeBOCTaHiB.
BusHaueHo, 10 (oTorpaMMeTpuuUHy 3MOMKY 3 BXiZHMMM 300paskeHHSIMM 3 ITTOB3HOBXKHIM
nepekpUTTIM MeHmuUM 90 % He OOIJIBHO 3aCTOCYBaTU IJISI MOCTiIKeHHS JIiICOBUX HiSTHOK 3a
PaxyHOK HEMOXJ/IMBOCTi BMPIiBHIOBAHHSI BCiX 300paskeHb. Pe3ynbTaTul OLiHKM O6TIKY [IepeB y
JlepeBOCTaHi IMMOoKa3anu, M0 Hai6iIbII JOIIIbHO 3aCTOCOBYBATM 300paskeHHS i3 MPOCTOPOBUM
pO3pi3HeHHsIM 110 3,3 cM/MmiKC (BucoTa 3iioMku 120 M), B iHIIOMY BUMAAKY 301/bIIYETHCS YacTKa
MPOMYIIeHNX BepXiBOK AepeB. 3MeHIIeHHSI MPOCTOPOBOTO PO3Pi3HEeHHS JaHUX OUCTAHLIiMHOI
371OMKM TIPU3BOAUTH 10 301/IbIIIEHHS TOXMOOK Y BU3HAUEHHI BUCOTY OKPEMMUX IePeB, BCTAHOBJIEH]
cepenHi BUCOTHU OOCTIZHUX AiSTHOK Ma/IM TaKy X TeHIEHIIil0. 3BasKalouM Ha CYKYIHICTb OI[iHeHUX
(dakropiB 3acrocyBaHHS 300pakeHb i3 IPOCTOPOBUM pPO3Pi3HEHHSIM IMOHAA 3,3 CM/IIKC He
PEKOMEHIO0BAaHO BUKOPUCTOBYBATH JIJIST JOC/iIKE€Hb JIiCOBMX HACAIKEHD Y 3B’SI3KY 3i 301/IbIIIEHHS
MOXMOO0K JenmdpyBaHHS BEPXiBOK Ta BCTAHOBJIEHHS BUCOTHU JepeB. OTpMMaHi pe3yibTaTi MOKHA
3aCTOCOBYBATM IS MiAOG0PY MapaMeTpiB 300py JaHUX Iif] Yac JOCTiIKeHb JePEeBOCTaHIB COCHU
3BMYAITHOI, 30KpemMa Jj1s1 OLIiHKM TTOKa3HUKIB IXHBOTO 3aracy Ta ¢gitomacu

KmouoBi cimoBa: dortorpammerpis; numubpoBa Momenb HaBicy; memnudpyBaHHS; BU3HAUEHHS
BUCOTH; LM(PPOBA MOIEH pelbedy
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Abstract. The uniqueness of the Carpathian Mountain Forest ecosystems, a large part of which
belongs to nature conservation areas, attracts a significant number of visitors annually. Intensive
tourist flow on popular hiking trails leads to recreational digression, topsoil compaction,
development of erosion processes and deterioration of forests. The research aims to determine
the impact of recreation as an external mechanical impact on soil compaction by determining the
soil penetration resistance under the canopy of predominant spruce stands. For this purpose, soil
penetration resistance was measured with a penetrometer along two hiking trails within the root
layer of the soil at four measuring sites at different distances from the hiking trail. In general,
under the canopy of a forest stand, the soil cover is not homogeneous and the obtained penetration
resistance values are characterised by considerable variability. It was revealed that for the “Zelene
village — Uhorski skeli rocks” hiking trail in the areas close to the path (up to 20 m) there is a
significant increase in soil penetration resistance compared to remote areas: at a depth of 10 cm it
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Mountain recreation impact on changes...

doubles, at a depth of 20 cm - by 20-40%, but with further deepening, the penetration resistance
level off. At the same time, for the more popular “To Mount Pip Ivan Chornohirskyi” hiking trail,
in the area adjacent to the trailbed, the penetration resistance reaches 19.6 kg-cm in the upper
10 cm layer, and at a depth of 30 c¢m, it peaks at 37.8 kg-cm? (over 3 MPa), which affects the root
spatial distribution of spruce forests. Intensive erosion processes due to soil compaction with an
increase in soil penetration resistance above 60 kg:cm? (~6 MPa) are observed on the trailbed.
The practical significance of the results obtained, and the established patterns is to complement
existing methods for assessing the degree of recreational digression in mountainous conditions

and can be the basis for designing measures to regulate tourist flows and restore affected areas

Keywords: soil compaction; digression; hiking trail; penetrometer; ecosystem

Introduction

Mountain ecosystems are the most valuable
in Europe by species richness and ecological
importance (14.8% of the Carpathians are in
Ukraine), which requires nature conservation
areas establishment on territory. At the same
time, the preserved uniqueness of mountain
ecosystems compared to commercial forests
attracts visitors, and the number of visitors is
constantly growing (State Statistics..., 2021).
According to the terms of use of protected are-
as (The Law of Ukraine..., 1992), recreation re-
quires compliance with the protection plans of
protected natural complexes and a differentiat-
ed approach according to functional zoning. In
the area of regulated or stationary recreation,
any activity that may lead to environmental
degradation and decrease the recreational val-
ue of the territory of the national nature park is
prohibited.

The Carpathian region is characterised by
various types of tourism, including mountain
tourism (hiking), skiing, cycling, natural histo-
1y, equestrian, cultural, recreational, and health
tourism, etc. C. Pickering et al. (2010) conclud-
ed that equestrian tourism, jeeping and cycling,
and off-road rallies cause the most damage on
hiking trails. These impacts include soil deg-
radation, changes in vegetation cover, reduc-
tion of biodiversity, fragmentation of forests,

and concentration and development of tourist
infrastructure. For mass tourism in mountain
national parks, there are problems with regu-
lation and compliance with the rules of stay in
protected areas, which are slow to recover to
ecological balance. In general, the most signifi-
cant negative impacts on mountain ecosystems
occur when tourism is uncontrolled.

The mismatch between demand, the ex-
isting functional zoning and the recreational
capacity of the Carpathian territories affects
natural communities due to the excessive con-
centration of visitors in the most popular tour-
ist destinations. As a result, a high degree of
recreational degradation is observed in some
areas, which is primarily reflected in the de-
terioration of the soil condition and physical
properties and leads to irreversible changes
in the vegetation cover. ]. Toivio et al. (2017)
found that disturbed soil fosters to decrease in
the forest ecosystems productivity, which leads
to the loss of ecosystem services, especially
regulating, supporting and resource provision-
ing. Forest soils have lower strength and lower
bulk density compared to soils of open areas
(pastures), which makes them more sensitive
to external mechanical stresses (Blanco-Can-
qui et al., 2005; Bormann & Klaassen, 2008).
X. Hao et al. (2008) noted that the assessment
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of soil changes under anthropogenic impact is
based on soil penetration resistance, density,
and porosity. Even slight compaction can affect
important ecosystem processes and lead to the
deterioration of soil chemical and/or physical
properties (Ampoorter et al., 2007; S. Yao et al.,
2015). D. Sinnett et al. (2008) found that soil
compaction leads to reduced porosity, reduced
nutrient mineralisation rates, modified struc-
ture, and thus impeded root development. The
processes of soil compaction have a cumulative
effect. Long-term soil compaction affects not
only aeration but also changes soil moisture
regime. D. Jordan et al. (2003) stated that un-
der significant mechanical stress, the growth
rate and penetration capacity of roots decrease,
which leads to a decrease in the rate of water
and nutrient absorption.

External mechanical impact on the soil in-
creases its penetration resistance (Frey et al.,
2011; Cambi et al., 2016). Soil penetration re-
sistance is a physical property of soil that de-
pends on its bulk density, texture (Imhoff et al.,
2016), moisture content (Junior et al., 2014),
porosity (Holthusen et al., 2018), structural
particle size, pH, mineral and organic content.
The study of soil penetration resistance due to
external mechanical impact is important for as-
sessing recreational load (Budakova et al., 2021).

The Carpathian National Nature Park
(CNNP) is characterised by forest ecosys-
tems represented mainly by spruce stands
(Kravchynskyi et al., 2018). The ecological resil-
ience of spruce forests is declining and is asso-
ciated with significant sensitivity to global cli-
mate change (Lavnyi & Pelukh, 2019), and the
development of tourism activities in the region
add pressure on forest ecosystems. As a result
of high recreational impact, the above-ground
vegetation is disturbed, and the upper soil lay-
ers containing the root system of European
spruce are compacted and destroyed (Brusak
& Malets, 2018). Following N.V. Yorkina et al.

(2020), the stage of recreational degradation in
forest natural complexes is determined based
on a description of the state of the grass and
moss cover, forest litter, tree stand, understo-
rey, and the recreation coefficient. The work of
V. Brusak (2018) allows to estimate the recrea-
tional digression of the micro terrain of hiking
trails by the volume of material removed from
1 m? of the trailbed. However, the study of the
impact of recreational activities on changes in
the physical properties of the root-contained
soil layer is not complete.

The research aims to assess changes in the
soil penetration resistance of spruce stands in
the Carpathians, caused by external mechanical
stresses from recreational impacts.

Materials and Methods

Sample plots are in forest stands within the Iva-
no-Frankivsk region (Fig. 1), which represents
the main part of the Ukrainian Carpathians.
More than 40% of the Carpathian region is cov-
ered by forests and 24% of the region’s moun-
tain forests are classified as nature reserve fund
of Ukraine (Kiseliuk et al. 2009).

Spruce forests occupy 79% of the Carpathi-
an NNP forests and 73% of them are natural.
Four sample plots were established at an alti-
tude between 1030 m and 1095 m a.s.l. within
the pure spruce high-altitude vegetation belt.
The coordinates and characteristics of the
study plots are given in Table 1.

To assess the degree of impact of recrea-
tional activity on the territory of the Carpathian
NNP and adjacent tourist sites, the soil pene-
tration resistance values along two hiking trails
were measured and analysed. Penetration re-
sistance measurements were carried out using a
LAN-M PRO penetrometer (Ukraine). This is the
most common approach for assessing the soil
penetration resistance (Dexter et al., 2007). The
LAN-M PRO penetrometer provides soil pene-
tration resistance measurements every 2.5 cm
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soil profile depth. Soil penetration resistance
was measured in the upper 40 cm soil layer,
due to the peculiarities of the stands root sys-
tems distribution under the canopy in which
the measurements were conducted. All data
were collected throughout September 2021
for all studied stands. Soil penetration resist-
ance was determined along two trails: “Zelene
village — Uhorski skeli rocks” (SP1, SP2, SP3)
and “To Mount Pip Ivan Chornohirskyi” (SP4).
The penetration resistance measurements

were taken with a gradual remoteness from
the trail line away into the forest ecosystems
(Fig. 2). Thus, the sample plot SP4 is located
adjoint to the “To Mount Pip Ivan Chornohir-
skyi” hiking trail (5 m from the centre). For
the “Zelene village — Uhorski skeli rocks” hik-
ing trail, 3 temporal sample plots were estab-
lished, including SP1 (5 m from the centre) ad-
jacent to the trail line, and SP3 (40 m from the
centre) and SP2 (20 m from the centre) located
deep in the forest.

Figure 1. Location of sample plots on hiking trails
Source: compiled by the authors based on QGIS geoinformation system

Table 1. General characteristics of the sample plots in spruce stands

) g ;
B2 g 3 3 e |y, 5 | £ g
a | =] 8= g ) & g S| = 'S =
22958 = g | & | > E8E| £ | 28 | &%
ESET 8 | %% oz Bo|EF & | 7E
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© g 3 = s
“Zelene village — Uhorski skeli rocks” hiking trail

48.041077°N South- 80% b
SP1 | 1095 | 5 94.776265°F <2 West 48 NS-B I 254 32.4

48.041410°N North- 93% .
SP2 | 1090 | 20 94.776077°E <2 East 67 NS-B I 26.4 28.3
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Table 1, Continued
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48.043020°N North- 86% .
SP3 | 1040 | 40 94.773406°F 8 East 62 NS-B I 24.9 26.7
“To Mount Pip Ivan Chornohirskyi” hiking trail
48.004258°N 9 b
SP4 | 1030 | 5 94.668548°F 18 South 58 100% NS I 29.3 31.5

Note: TSP - temporal sample plot; sample plots SP1-3 along the “Zelene village — Uhorski skeli rocks” hiking
trail, sample plot SP4 is located along the “To Mount Pip Ivan Chornohirskyi” hiking trail; NS — Norway spruce;
NS-B — Norway spruce with admixture of European beech

Source: compiled by the authors
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Figure 2. Schematic representation of the experiment setup
on the route “Zelene village — Uhorski skeli rocks” hiking trail

Source: compiled by the authors based on QGIS geoinformation system

Penetration resistance measurements on
each sample plot were made in 20 replicates,
with each measurement made at a distance of
at least 1 m from the nearest tree. Abnormally
high or low values were not considered in fur-
ther analysis. In addition, penetration resist-
ance measurements were made in 5 replicates
on the trailbeds, opposite to the sample plots.
FIELD-M Archive Viewer 2.3 was used to visual-
ise the extrapolated soil penetration resistance
values within the sample plots. Differences
between soil penetration resistance values at
different depths within each sample plot were

determined using One-way ANOVA followed by
Tukey’s HSD post hoc test. Two-Way ANOVA
and Tukey’s HSD were used to compare the pen-
etration resistance values at different depths
along the two trails. All statistical analyses were
performed using the R software (Version 4.0.2)
(The R Project..., n.d.). The following packages
were used to analyse and graphically interpret
the results: “psych”, “ggplot2”, and “ggppubr”.

Results and Discussion

The obtained penetration resistance values
for all sample plots are highly variable. A brief
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description of the soil penetration resistance
for the sample test SP1 on the “Zelene village —
Uhorski skeli rocks” hiking trail is shown in Ta-
ble 2. This plot is characterised by an increase
in soil penetration resistance up to a depth of
22.5cmfrom 0.3 to 25.5kg-cm2. With the further

immersion of the penetrometer in the soil up 40
cm depth, the values levelled off and the mean
value ranged from 12.7 to 15.5 kg-cm2. Similar
results were obtained by Budakova et al. (2021),
where soil penetration resistance values in-
creased significantly up to a depth of 25-30 cm.

Table 2. Descriptive statistics of soil penetration resistance values
on the “Zelene village — Uhorski skeli rocks” hiking trail (SP1)

Descriptive statistics

e ation Median | g standard se ~standard| giewness | Kurtoss
0 2.1 2 1.38 0.31 0.39 -1
2.5 4.7 4.6 1.82 0.41 -0.21 -0.6
5 8 8.1 2.23 0.5 0.09 -0.99
7.5 9.7 10.1 3.04 0.68 -1.06 1.6
10 12 12.2 2.28 0.51 -0.03 -1.03
12.5 14.6 14.2 2.98 0.67 0.22 -1
15 14 14 2.36 0.53 0.18 -0.67
17.5 14.3 14 0.78 0.19 -1.18
20 16.4 17.1 2.94 0.66 -0.25 -1.34
22.5 19.8 20.9 3.83 0.86 -0.04 -1.66
25 19 16.8 4.21 0.94 0.56 -1.19
27.5 15.3 15.4 2.23 0.51 -0.16 -0.43
30 15.3 15.5 2.26 0.53 0.45 0.38
32.5 15.5 15.6 2.08 0.5 -0.53 -0.25
35 12.7 12.8 2.95 0.72 -0.33 -0.03
375 15.4 16 2.05 0.5 -0.4 -1.26
40 14.7 14.1 1.49 0.36 0.64 -0.61

Source: compiled by the authors

The graphical interpretation of soil pen-
etration resistance values distribution on the
sample plot SP1 on the “Zelene village — Uhor-
ski skeli rocks” hiking trail is shown in Figure 3.

The results of a one-way ANOVA indicate
a statistically significant difference between
the mean values of soil penetration resistance
(p<0.05) for different categories of soil depth.
Up to a depth of 20 cm, which is characterised
by the highest rates of soil root distribution in
spruce forests (Yukhnovskyi et al., 2020), there
is a sharp increase in soil penetration resist-
ance, and at a depth of 30-40 cm, there is a

gradual decrease. The results of the post hoc
Tukey’s HSD test indicate that the mean val-
ues of penetration resistance at a depth of 10-
20 and 30-40 cm are similar (p=0.986). Thus,
the sample plot SP1 is exposed to the highest
external impact due to its location. Therefore,
the presence of forest litter, vegetation cover,
and topsoil are crucial for preventing the ero-
sion processes development (Zuazo & Plegue-
zuelo, 2008). Following (Zhukov et al., 2021),
topography and stand characteristics can ex-
plain 30-50% of the spatial variation in soil
penetration resistance.
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Figure 3. Distribution of soil penetration resistance with depth
on the sample plot SP1 on the “Zelene village — Uhorski skeli rocks” hiking trail

Source: compiled by the authors

With 20 m distance from the “Zelene vil-
lage — Uhorski skeli rocks” hiking trail, sample
plot SP2 was surveyed (Table 3).

Similarly, to the SP1, which is directly
adjacent to the hiking trail, a trend towards
an increase in penetration resistance with
depth is observed at a distance of 20 m from
the trail. The lowest soil penetration resist-
ance values (1.3 kg-cm2) were observed in the

upper layer at a depth of 5 cm, and the max-
imum mean value was at a depth of 25 cm,
with the further immersion of the penetrom-
eter, the values gradually decrease, i.e., the
compaction of the soil decreases. A graph-
ical representation of the soil penetration
resistance values distribution at SP2 on the
“Zelene village — Uhorski skeli rocks” hiking
trail is shown in Figure 4.

Table 3. Descriptive statistics of soil penetration resistance values
on the “Zelene village — Uhorski skeli rocks” hiking trail (SP2)

Descriptive statistics
e s | Median | Sandard | se sndard | Sicewness | Kurtosis
0 2.6 2.6 0.91 0.25 0.66 -0.02
2.5 3.7 3.9 0.25 -0.43 -0.9
5 6.6 6.7 1.34 0.37 -0.13 -0.97
7.5 9.2 10.1 2.16 0.6 -0.66 -0.92
10 12 12.4 2.59 0.72 -0.17 -1.1
12.5 13.6 13 3.74 1.04 0.09 -1.68
15 14.6 14.7 4.14 1.15 -0.36 -1.42
17.5 14.7 17.1 4.82 1.34 -0.46 -1.4
20 14.3 14.8 3.38 1.07 0.13 -1.41
22.5 16.8 16.8 4.33 1.37 0.09 -1.58
25 18.1 18.1 4.82 1.52 0.01 -1.8
27.5 17.6 17.3 5.24 1.66 0.08 -1.55
30 16.8 16.2 5.33 1.69 0.63 -1.13
32.5 15.3 14 5.47 1.73 0.9 -0.75
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Table 3, Continued

Descriptive statistics
Pephcm | e peneaion | weaian | o stndant | se ot | goness | ot
35 14.3 12.5 5.14 1.71 0.92 -0.8
375 13.4 11.9 4.58 1.53 1.03 -0.67
40 12.4 11.8 4.94 1.65 0.98 -0.2

Source: compiled by the authors
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Figure 4. Distribution of soil penetration resistance with depth
on the sample plot SP2 on the “Zelene village — Uhorski skeli rocks” hiking trail

Source: compiled by the authors

In general, for the sample plot SP2, there is
a sharp increase in soil penetration resistance
in the upper layers, which reaches its peak at
a depth of 20-30 cm, followed by a gradual de-
crease at a depth of 30-40 cm. A statistically sig-
nificant difference (p<0.05) was found between
the mean values of penetration resistance for
different categories of soil layer depths, and ac-

cording to the results of Tukey’s HSD test, no
significant differences (p=0.977) were found for
soil layers 10-20 cm and 30-40 cm.

The most distant from “Zelene village
— Uhorski skeli rocks” hiking trail is the SP3
plot. The results of the study of soil penetra-
tion resistance values at this site are presented
in Table 4.

Table 4. Descriptive statistics of soil penetration resistance values
on the “Zelene village — Uhorski skeli rocks” hiking trail (SP3)

Descriptive statistics
e beneanor, | Median | g standard | se ~sandard | giewmess | Kurtosis
0 1.6 1.3 0.69 0.21 0.68 -0.8
2.5 2.6 2.5 0.99 0.31 0.31 -1.31
5 4 4.3 1.8 0.57 -0.06 -1.76
7.5 5.3 4.1 2.93 0.93 0.54 -1.52
10 6.6 6.2 4.24 1.36 0.28 -1.51
12.5 9.7 11 4.62 1.46 -0.65 -1.26
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Table 4, Continued

Descriptive statistics
e ey | Median | 4 S | 5¢ S | seness | Kurtosis
15 11.4 12.4 5.02 1.59 -0.63 -1.18
17.5 11.2 13.2 5.16 1.63 -0.32 -1.77
20 11.6 12.9 5.05 1.6 -0.33 -1.21
22.5 13.6 14 3.54 1.12 0.33 -0.21
25 15.2 15.7 3.57 1.13 -0.59 0.61
27.5 15.9 16.6 3.9 1.23 -1.33 1.37
30 15 15.6 4.11 1.3 -0.97 0.39
32.5 14.6 15.3 3.99 1.26 -0.27 -0.71
35 14.2 13.2 4.14 1.31 0.81 -0.18
37.5 15.8 16 4.3 1.36 0.32 -0.75
40 16.7 16.7 4.89 1.55 0.3 -1.3

Source: compiled by the authors

A gradual increase in the soil resistance to
penetration is observed up to a depth of 27.5 cm
and varies along the entire profile from 0.7 to
24.3 kg-cm2. The distribution of values by depth

N w IS
S S S

Penetration resistance, kg-cm?
3

=)

indicates the absence of a certain trend in the
skewness. The distribution of penetration resist-
ancevaluesat SP3onthe “Zelenevillage - Uhorski
skeli rocks” hiking trail is illustrated in Figure 5.

0-10 10-20

20-30 30-40

Soil depth, cm

Figure 5. Distribution of soil penetration resistance with depth
on the sample plot SP3 on “Zelene village — Uhorski skeli rocks” hiking trail

Source: compiled by the authors

The rapid increase in penetration resist-
ance is observed only up to a depth of 20 cm and
then the values have less variability with depth.
The mean values of penetration resistance for
different depth categories have a statistically
significant difference (p<0.05) according to the
results of One-way ANOVA, but with a depth
of more than 20 cm, the mean values of pen-

etration resistance do not differ significantly
(p=0.993). That is, the soil structure is homoge-
neous with a gradual increase in its penetration
resistance capacity.

The forest environment is extremely het-
erogeneous, including in the sample plot SP1
(Fig. 6), with the upper soil layers having a
loose structure and low penetration resistance.
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Under the influence of trees, the greatest var-
iations in soil penetration resistance were ob-
served compared to the influence of herbaceous
vegetation (Kunakh et al., 2022). Furthermore,
the “Zelene village — Uhorski skeli rocks” hiking
trail is also subject to periodic use of forestry
vehicles. Forestry activities and recreational
pressure accelerate the compaction of the soil
and lead to a decrease in soil moisture, impaired
infiltration, and reduced moisture available for

plant growth (Deng et al., 2003). The use of log-
ging machines or illegal use of trucks on hiking
trails has a significant impact on soil structure:
overall soil porosity decreases by 20% and the
number of macropores decreases by 50-60%
(Teepe et al., 2004). Importantly, according to
S. Yasar Korkang (2014), 500 times of walking
along the trail almost doubles the penetration
resistance in its upper layer, from 3.78 kg-cm
t0 6.06 kg-cm™.

Figure 6. Extrapolated soil penetration resistance data at SP1 along the “Zelene village — Uhorski
skeli rocks” hiking trail: a) 10 cm; b) 20 cm; ¢) 30 cm; d) 40 cm

Source: compiled by the authors

The sample plot SP4 is located along the
“To Mount Pip Ivan Chornohirskyi” hiking
trail in the Carpathian National Nature Park
and under regular recreational use. Accord-
ing to the results of short-term monitoring,
periodic illegal use of trucks for recreational
purposes was recorded on this trail. The trail is
characterised by significant soil layer erosion
(up to 1 m relative to the level of undisturbed
soil profile under the forest canopy), which
causes inconvenience to tourists who use the
trailside as a detour, thus disturbing the struc-

ture of the ground vegetation cover and for-
est litter. The central part of the tourist trails
undergoes the greatest changes in the soil
environment and vegetation condition. Due
to the significant soil compaction, it was not
possible to determine the penetration resist-
ance values on the trailbed itself, as the topsoil
compaction exceeded the maximum permissi-
ble values of the penetrometer (60 kg-cm™ or
6 MPa). The penetration resistance of the soil
was measured in the area adjacent to the edges
of the trail (Table 5).
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Table 5. Descriptive statistics of soil penetration resistance values
on the “To Mount Pip Ivan Chornohirskyi” hiking trail (SP4)

Descriptive statistics

e ation, Median *j standard se = sandard | seumess | Kurtosi
0 4.2 2.3 3.31 1.25 0.46 -1.78
2.5 10.1 10.4 3.68 1.36 -0.4 -1.03
5 15.2 16.4 4.03 1.52 -0.19 -1.79
7.5 16.6 16.2 2.07 0.78 -0.37 -1.47
10 19.7 17.9 5.24 1.98 0.39 -1.79
12.5 23 23.7 4.47 1.69 -0.4 -1.29
15 25.6 26.3 4.48 1.69 -0.06 -1.85
17.5 29.2 29.4 3.74 1.41 0.34 -1.42
20 30.9 31.6 6.25 2.36 0.1 -1.93
22.5 27 25.7 2.64 1 0.34 -1.92
25 254 25.5 0.96 0.36 0.01 -1.86
27.5 27.6 29.1 4.63 1.75 -0.02 -1.99
30 27.2 25.7 5.45 2.06 0.84 -0.73
32.5 27.8 29.6 3.99 1.51 -0.53 -1.73
35 28.2 29.3 3.6 1.36 -0.24 -1.51
375 29.9 31.3 5.17 1.95 -0.44 -1.6
40 26.5 274 2.62 0.99 -0.73 -1.19

Source: compiled by the authors

In the sample plot SP4, a sharp increase in
the penetration resistance in the upper layers
is present. The highest value was 37.8 kg-cm™
at a depth of 30 cm. The summary results of
soil penetration resistance are illustrated in
Figure 7. The upper 0-10 cm layer has a wide
range of values. At the depth of 10-20 cm, there

is a significant soil compaction and an increase
in the penetration resistance. One-way ANO-
VA showed no significant differences (p>0.05)
for the resistance values at the depths of 10-
20 cm, 20-30 cm, and 30-40 cm. Only the upper
0-10 cm layer had significantly lower penetra-
tion resistance values.

Figure 7. Distribution of soil penetration resistance indicators with depth
on the sample plot SP4 on the “To Mount Pip Ivan Chornohirskyi” hiking trail

Source: compiled by the authors
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Thus, all the studied sites under the spruce
canopy are characterised by an increase in
soil penetration resistance with depth. With
a decrease in the distance to the trailbed the
mean values of penetration resistance increase
throughout the depth of the soil profile. Simi-
lar results on the trend of increasing soil pen-
etration resistance while approaching the trail
are reported by V.S. Budakova et al. (2021) for
recreational facilities in the urban ecosystem.
Moreover, J. Deng et al. (2003) determined that
the closest areas to hiking trails are most af-
fected by recreation in the Zhangjiajie National
Forest Park in China.

Two-Way ANOVA and Tukey’s HSD test
were used to compare the penetration resist-
ance values along the hiking trails at different
depths. For the sample plots on the “Zelene vil-
lage — Uhorski skeli rocks” hiking trail (SP1 and
SP2), there was no statistically significant dif-
ference across the entire depth of the soil pro-
file, despite the heterogeneity of the soil profile
at SP1. The soil penetration resistance values
in the top 20 cm layer were significantly differ-
ent for SP1 and SP3, for SP3 and SP2 (p<0.05),
which may indicate the presence of external
mechanical impacts on the soil along the same
trail. With increasing depth, the difference in
penetration resistance is completely levelled.
The soil penetration resistance along the pop-
ular “To Mount Pip Ivan Chornohirskyi” hiking
trail (SP4) is significantly higher compared to
the areas on the “Zelene village — Uhorski skeli
rocks” hiking trail. The reasons for this are rec-
reational use, soil erosion along the trail, illegal
use of vehicles, and the lower thickness of the
soil profile and bedrock outcrops. On the popu-
lar “Prypir-Zaroslyak” and “To Mount Hoverla”
hiking trails, according to V. Brusak (2018) for
the Carpathian NNP, at the final stage of topo-
graphy transformation the disturbance of the
soil cover (denuded surface) extends to a depth
of 60 cm. According to this research, the volume

of soil material washed from a trail segment can
reach 0.5 m? per 1 m? and cause a catastrophic
level of degradation.

According to (Sinnett et al., 2008), soil pen-
etration resistance in the range of 2 to 3 MPa
(approximately 20-30 kg-cm2) significantly im-
pedes the development of root systems. Pene-
tration resistance above 3 MPa causes a sharp
decrease in the root distribution, as 70% of
roots are formed in soil layers with a penetra-
tion resistance of less than 2 MPa and 90% of
roots in soils with a penetration resistance of
less than 3 MPa. The results obtained for the
two hiking trails indicate significant fluctua-
tions in soil penetration resistance. Along the
“To Mount Pip Ivan Chornohirskyi” hiking trail,
the penetration resistance values vary from
13.2 kg-em? (~1.3 MPa) in the upper layers to
28.1 kg-cm? (~2.8 MPa) at depth. The compac-
tion of surface soil layers due to recreational
activities significantly impede the spread of
European spruce root systems in mountain for-
est ecosystems. Penetration resistance values
of more than 2 MPa mainly occur at a depth
of more than 20 cm, where decrease in the Eu-
ropean spruce root distribution was observed
(Yukhnovskyi et al., 2020).

The impact of soil compaction on its abil-
ity to function as a vital ecosystem has been
studied in more detail than the duration of
soil recovery processes. For soils, where for-
estry activities are performed , the predicted
duration for the full recovery of the soil to its
natural state can be 50-70 years (Mohieddinne
et al., 2019). The process of restoring soil cover
in the upper layers (0-40 cm) can take decades,
especially for areas disturbed by large vehicles,
and without additional restoration treatments
(Pousse et al., 2022). According to (Goutal et al.,
2013; Bonnaud et al., 2019), the processes of
restoring the natural density and penetration
resistance capacity of the soil are much faster
than the restoration of water and air regimes. At
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the same time, the restoration of the upper soil
layers to their natural state is faster compared
to the deeper layers. The restoration of natural
resistance is influenced by both physical factors
and the activities of living organisms.

Conclusions

The forests of the Ukrainian Carpathians on
the territory of the nature reserve fund, espe-
cially the National Nature Parks, are attractive
objects for various types of tourism, including
uncontrolled tourism. Conventional methods
for assessing the impact of recreation on for-
est ecosystems are based on a description of
the state of living ground cover, forest litter,
tree stand, understory and undergrowth, and
the recreation coefficient, but little regard for
changes in the soil profile.

In mountainous conditions, active recrea-
tional activities cause soil compaction, which
increases penetration resistance, reduces soil
erosion resistance, and affects forest growth
conditions. Soil compaction reduces porosity,
which inhibits the development of European
spruce root systems. Soil penetration resist-
ance values of more than 3 MPa, which are
limiting for root distribution, are observed in
areas of forests adjacent to hiking trails and are
characteristic of a depth of 10-20 cm. Directly
on the hiking trails, there is a complete tram-
pling of vegetation and forest litter, and ero-
sion processes are developing, which is caused

by significant soil compaction with a penetra-
tion resistance more than 60 kg-cm? (~6 MPa).
In the studied areas, there is a heterogeneity
of soil penetration resistance values, which is
influenced by both environmental factors (oc-
currence of bedrock, activity of soil fauna, root
systems, etc.) and anthropogenic factors (tour-
ism, forestry machinery). Soil penetration re-
sistance decreases by 20-40% with the distance
from the hiking trails into the spruce forest. The
decrease in penetration resistance indicates a
decrease in external mechanical impact on the
upper soil layers, living ground vegetation and
root systems of trees.

The Ukrainian Carpathians have favoura-
ble conditions for ecotourism development, but
sustainable development need to be promoted
as well as careful use of recreational potential,
and therefore comply with the regulations for
visiting nature conservation areas.

The study of soil compaction processes cre-
ates the prerequisites for a regulatory assess-
ment of the recreation impact and facilitates the
scientific basis for planning measures to pro-
mote the restoration of the soil physical condi-
tion and restore forest ecosystems natural state.
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AHoranig. VuikanbHicTp KapmaTcbkux TipChbKMX JIICOBMX €KOCMCTEM, 3HAuHa YacTUHA SIKUX
HaJIEKUTH 0 TIPUPOIHO-3aMOBiIHMX TePUTOPIii, MPUBAGIIIOE IIIOPOKY 3HAUHI 00CSITM BiBiTyBaUiB.
HagmipHa KOHITeHTpallisl BiIBiyBauiB Ha MOITYJISIPHMUX MapUIpyTax MPU3BOAUTD 10 peKpealiiiHoi
nurpecii, yiiiJibHeHHS I'PYHTOBOIO TOKPUBY, PO3BUTKY €pO3iliHMX IIPOLIECiB Ta IOTipiIeHHS
CTaHy JiiciB. MeTa po6GOTU — BCTAHOBUTH BIUIMB peKpeallii IK 30BHillTHbOTO MEXaHiYHOTO JisSTHHS
Ha VIIUIbHEHHS I'PYHTY UUISXOM BU3HAUYE€HHSI TBEPAOCTI I'PYHTY IIifi HAMETOM IlepeBakarounx
SUIMHOBMX JepeBOCTaHiB. Iyl 1IbOrO B3OOBX IBOX TYPUCTUUYHUX MapLIPYTiB MeHETPOMETPOM
BUMIPSIHO TOKa3HMKM TBEPAOCTi IPYHTY y MeskaX KOPeHeBMICHOrO Iapy IPYHTY Ha YOTUPbOX
JOCTiHMX AiNSHKAX i3 pi3HUM BifJaneHHSIM iX BiJ MOJOTHA TYPUCTUYHOTO MapupyTy. Biinomy
ITi1 HAMETOM JIiCOBOTO IepeBOCTaHy I'PYHTOBMI ITOKPYUB He OMHOPIAHMI i OTpMMaHUM ITOKa3HMKAM
TBEPIOCTi XapakTepHa 3HaUYHA MiHJIMBICTh. BcTaHOB/IEHO, IO JJIST TYPUCTUYHOTO MapUIPYTY «C.
3esieHe-YTOPChKi CKeli» Ha HAGIVKEeHMX 0 MOJIOTHA CTEXKY (0o 20 M) OiJITHKaX CIIOCTepiraeThCst
3HayHe 36i/bIIIeHHsT TBEPIOCTi IPYHTY MOPiBHSIHO i3 BimmaneHuMu ginsgHKaMu: Ha min6uHi 10 cM
BIBiui, Ha 6MHI 20 cM — Ha 20-40 %, OmHaK i3 MOAAIBIIMM 3aTr/TMOIEHHSIM TTOKa3HMKM TBEPHOCTi
BUPiBHIOIOTHCS. Y TOJ 5Ke yac 151 HOMYJISIPHIIIOro TypUCTUMYHOTO MapipyTy «EKosioro-nisHaBajibHa
creskka «Ha ropy Ilinm IBaH» Ha mpwiertiii 6e3mocepefHbO OO TMOJOTHA ISHI Y BEPXHbOMY
10-caHTMMeTpOBOMY IIapi TBEPHiCTh csarae Ao 19,6 kr-cM 2, a Ha MOMHi 30 cM — mikoBuX 37,8 Kr-cM 2
(monax 3 MIla), mo € AiMiTYyOUMMM 3HAYEHHSIMM [JiSI KOpPEeHEeHACeJNeHOCTi I'PYHTY SUIMHOBUX
niciB. Ha mosmoTHI TypUCTUMUHMX MapUIPYTiB CIIOCTEPIra€ThCsl PO3BUTOK iHTEHCUBHUX €pO3iHMUX
NpoLeciB BHACIIOK VIIIJIbHEHHS IPYHTY i3 3pOCTaHHSIM TBEpPAOCTI I'PYHTYy MoHap 60 Kr-cm-2
(~6 MIIa). [IpakTMuHe 3HAUYeHHS OTPMMAaHMX pe3ylbTaTiB Ta BCTAHOBJIEHMX 3aKOHOMipHOCTeV
TIOJISITa€ B OTIOBHEHHI iCHYIOUMX METOAMK OLLiHKM CTyIleHSI peKpealiiiHoi aurpecii y ripcbKux
yYMOBax Ta MOXKYTb O6YTM OCHOBOIO ISl TIPOEKTYBaHHS 3aXO/iB i3 BpPeryIi0BaHHSI peKpealiiiHoro
HABaHTaKEeHHS i BiTHOBJIEHHS ITOPYIIEHNX OiISTHOK

KimiouoBi c1oBa: VINiIbHEHHS IPYHTY; OWUTPecis; TYPUCTUUYHUII MapIIpyT; I[EHETPOMETP;
eKocucrema
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Abstract. The United Nations predicts that by 2050, 64.1% of the developing world and 85.9% of the
developed world will be urbanized. This has resulted in a rapid change in land use and land cover
types in the areas surrounding cities in all countries, particularly in China, which determines the
relevance of this article. The aim of the study was to evaluate the dynamics of land cover change in
Changsha City, Hunan Province, China, between 2005 and 2020, using Landsat time series satellite
images and the Random Forest classification algorithm. The data acquisition, pre-processing, and
analysis were conducted on the Google Earth Engine (GEE) publicly available online platform.
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Land cover thematic continuous raster maps were produced using ESRI ArcGIS 10.5.1 software.
The overall classification accuracy was obtained by more than 83% for every produced map and the
Kappa coefficient was 0.84 and higher, which approves the reliable classification results that are
close to similar recent studies in terms of obtained accuracy. The study shows that from 2005 to
2020, the area of settlement in Changsha City, China, increased significantly, with an exponential
increase in urban area from 3.23% to 15.95%. The proportion of forest cover gradually decreased
from 2005 to 2015 but increased from 2015 to 2020. Cropland was the second most dominant land
cover type, with a peak of almost 50% in 2010. Water bodies remained stable at around 3%. The
proportion of open soil and bare land cover fluctuated between 180 and 400 km2 (1.5-3%). The
study suggests that the offered monitoring approach provides reliable results, and the research
findings can be used for sustainable urban planning and management, as well as conservation and
development initiatives. The remote sensing data and advanced GIS technologies can provide
decision-makers with the accurate data to ensure sustainable development in this area

Keywords: accuracy estimation; Random Forest algorithm; satellite imagery; overall accuracy;

urban expansion

Introduction

As the capital city of Hunan province and one
of the most important cities in central China,
Changsha has expanded at an astounding speed
in recent years (Zhou & He, 2007). According to
S. Su et al. (2011) urban expansion not only fa-
cilitates people’s life, but also causes a series
of environmental, transportation and climate
problems; thus, affecting agriculture (Seto et
al., 2000), water resources and natural envi-
ronment (Zhang et al., 2010), even accelerating
the spread of diseases (Miao & Wu, 2016) and
bringing multiple challenges to urban plan-
ning and management (Batty, 2008). Y. Liu et al.
(2021) analysed the urban expansion dynamics
of the Xiaonan District in Hubei Province, Chi-
na using Landsat satellite imagery and land-
scape metrics. The results showed that urban
areas expanded rapidly during the period 1990-
2020, and the expansion was accompanied by
significant changes in landscape pattern and
fragmentation. The study highlighted the im-
portance of considering both the extent and
pattern of urban expansion in urban planning
and management.

Based onremote sensing (RS),as a non-con-
tact technology, LULC thematic surface cover
maps can be produced, including woodland, wa-
ter, build-up areas and other categories. P. Co-
rona (2010) proved that LULC distribution data
can be widely applied in assessing environment
and monitoring work, such as Climate change,
food security, agricultural statistics (Kolotii et
al., 2015; Ma et al., 2015) and so on. Reliable
urban LULC maps can be used in more accu-
rate urbanization process assessment and area
calculation on a regional scale, which guides
more effective urban planning policies. At pres-
ent, various satellite systems provide objective,
high spatial resolution data on a regular basis.

However, D.P. Roy et al. (2014) described in
their work that public available medium reso-
lution Landsat imagery, because of their con-
tinuity and long observation history, allows to
regularly evaluate LULC changes in large areas.
J. Friedmann (2003) concluded that under the
background of the rise of Central China, the
study on the expansion mechanisms of urban
construction land in Changsha city can not only
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provide a reference for other cities of Central
China to achieve sustainable development and
formulate relevant policies, but also provide a
case study to reveal trends of urban expansion
in China. Therefore, it is crucial to study the
scope and speed of urban expansion, as well as
the dynamic changes of land use and land cover
(LULC) in the city.

Using time series of Landsat imagery re-
ceived during one calendar year or longer, var-
ious tasks of the thematic classification can
be solved. Thus, the annual set of images can
provide information about LULC changes of
study area. Given the large number of variables
(bands and band ratios) required, non-para-
metric methods of classification provide reli-
able results without the assumption that the
data must have normal distribution character.

The purpose was to analyse based on mul-
tispectral satellite imagery and random forest
method, the LULC distribution map of Chang-
sha over recent 15 years period, as well as the
spatial and temporal characteristics of the
expansion of construction land. Based on the
above mentioned, the tasks for this study were:
to perform pixel based classification of Land-
sat time-series image composites and produce
Land cover raster maps for years 2005, 2010,
2015, and 2020 within Changsha city admin-
istrative unit using Random Forest supervised
classification algorithm; to determine the rela-
tionship between urban growth, agriculture and
forest cover dynamics; to assess the accuracy of
the obtained mapping materials and compare
them with other sources and similar studies.

Literature Review

China is the country that started urbanization
the earliest, develop urbanization slowly until
decades ago and develop fast recently. J. Fried-
mann (2011) evaluates the rapid urbanization
process of China as “urbanizing at breakneck
speed”. The number of cities has increased from

122 (in year 1950) to 674 now and the number
of towns has increased from 2176 (in 1978)
(Martinez et al., 2017) to 16702 now.

X. Chen et al. (2015) described the rapid
urbanization process not only accumulates na-
tional wealth, but also caused some land use,
environmental and social problems in China.
On social issues, over-speed urbanization has
led to a phenomenon that the rural floating
population only participates in the secondary
labour of cities but can’t really integrate into
the culture, society and system of urban area,
which is called “semi-urbanization”, a sub-
health state of the cities. On environmental
issues, M. Jin et al. (2005), J. Zhang et al. (2010)
found that environmental degradation such as
deforestation, traffic pollution, microclimate
change and so on were unavoidable in the
process of urbanization. On land use issues,
ever-increasing urban area has spread at an
astounding rate in recent decade, however, at
cropland’s expense. From 1949 to 1980, almost
14667 km? decreased during the 30 years. H. Li
et al. (2015) researched that during the next 15
years (from 1981 to 1995), the net loss of arable
land was more than 54000 km?.

The reasonable use of urban land can limit
the over-speed of urban expansion and nega-
tive impacts. In order to make China’s urban-
ization process in an appropriate way, people
need to start with the driving force of urbani-
zation and regulate it. L. Feng et al. (2017) has
referred to numerous literatures and selected 4
indicators as independent variables. Through
the calculation of multiple linear regression
model, it is found that market force (market) is
the most important driving force, followed by
endogenous force (grassroots government or
farmers), administrative force (government’s
capital policy) and extroverted force (foreign
capital) (Chaolin et al., 2012).Y. Yan et al. (2020)
used Landsat images to extract land cover in-
formation and analyse spatiotemporal patterns
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of urban expansion in the Pearl River Delta ur-
ban agglomeration in China. This study reveals
that economic development, transportation
infrastructure, and population growth were the
main drivers of urban expansion in the area.

The fact that the endogenous force is great-
er than the exogenous force indicates that Chi-
na’s urbanization is mainly dominated by inter-
nal factors although the world has entered the
global era (Luo & Yan, 2018). Hence, it is impor-
tant to know the land use and land cover change
(LULC) to support the government to adopt
suitable land use and distribution policies.

Land use shows how people use landscape,
whether for development, conservation or
mixed function (Lambin et al., 2001). Land cov-
er means that the undulating land surface (in-
cluding the soil layer) covered with vegetation,
snow, glaciers, or water (Lin et al., 2018). Land
cover has also been defined that vegetation
or other features overlay on the earth surface
(Song & Deng, 2017).

X. Lambin et al. (2001) stated that the re-
mote sensing image classification is an impor-
tant content of image analysis, which is used
to estimate the area range and spatial distribu-
tion of various types of land cover, even wide-
ly applied in tropical deforestation, rangeland
modifications, agricultural intensification etc.
It uses computers and software to analyse the
spatial information and spectral information of
different objects in the image, select features,
then divide the feature space into non-overlap-
ping subspaces and finally assign each pixel in
the image to the subspace (Ayanu et al., 2015).

N. Puletti et al. (2014) found that according
to the classified data of training samples are
known or not, image classification algorithms
can be divided into supervised classification
and unsupervised classification. The Unsu-
pervised classification has no pre-confirmed
categories so that training data cannot be es-
tablished. The classification is based on the

difference of spectral features or other features
of different images and ground objects in the
feature space and the clustering statistical anal-
ysis of images can be carried out by computers.

The supervised classification of remote
sensing imagery is a process which includes an
extraction from training samples of each class
from the known training field, and classify each
pixel point in the image into each given class by
selecting characteristic variables, determining
discriminant function or discriminant. It refers
to the process that identified pixels (pixel in
the training area) recognize and analyse unrec-
ognized pixels. In this classification, a certain
number of each class on the image is selected,
and based on them, the statistics or other in-
formation of each training sample area will be
calculated by computers which was discussed
by Y. Ayanu et al. (2015). Specifically, each pixel
is compared with the training sample.

There are many supervised classification
algorithms (classifiers). Nowadays, most com-
monly used non-parametric algorithms based
on machine learning principles such as Ran-
dom Forest, Support Vector Machine, Classifi-
cation and Regression Trees, Neural Networks
etc. Random forest (RF) was firstly input by
L. Breiman (2001) in 2001. It is a powerful image
classification technology with anti-overfitting
ability, which can process segmented images
and other auxiliary raster data sets. The princi-
ple and procedure are described following: The
total data set consists of all training data, 2/3
training samples of it are extracted as training
set. Next, the training set is put back and then
the next random sampling is conducted (Sim-
ple random sampling with replacement) until
the “N” time, to obtain N training sets (decision
trees), which is called Bagging principle in the
research conducted by V. Eisavi et al. (2015).
We assume that these N training sets contain
M feature variables totally (training feature
files). Then m feature variables are extracted

Vol. 14, No. 1, 2023

Ukrainian Journal of Forest and Wood Science 75



Land cover classification and urbanization monitoring...

from each decision tree (m<M) and every result
is finished. The result with the highest number
of repeats (voting method) from N results be-
comes the final prediction result. In each sam-
ple, about 1/3 training samples which are not
selected, and called as out-of-bag (OOB). OOB
can be used to estimate the internal error and
generate OOB error, which is used to predict
the accuracy of classification (He et al., 2016).
For the successful application of RF classifier,
two parameters must be set: the number of
classification trees (ntree) and the number of
input variables used at each node (mtry).

From the first RS satellite Landsat 1 which
was launched in 1972, in past decades, with the
improvement of Remote sensing (RS) and Ge-
ographic Information System (GIS) technology,
many advanced classification methods, land
use and land cover change maps have been
produced based on Landsat imagery analysis
provided by R. Welch et al. (1975). M. Kutia et
al. (2018) in their study utilised the Google
earth engine (GEE) as a cloud-based platform
for scientific analysis and free access for satel-
lite imageries. It stores decades-old images and
scientific datasets (at petabyte-scale). In 2008,
with the free availability of the Landsat series,
Google archived all datasets and linked them to

the cloud computing engine, for acquisition of
open-source data according to O. Firpi (2016).
The GEE computing engine provides both Ja-
vaScript and Python application programming
interfaces (apis) that is allowed to easily devel-
op algorithms that work in parallel on a Google
data computer facility.

Materials and Methods

Study area. Changsha is the capital and most
populous city of Hunan province (27°51'-
28°41'N, 111°53-114°15'E) (Fig. 1) in the
south-central part of the People’s Republic
of China, covering approximately 11 819 km?
(about 230 kilometers long from east to west
and 88 kilometers wide from south to north).
Also, it is an important central city in the mid-
dle reaches of the Yangtze River. It is about 118-
127 days in summer, 117-122 days in winter, and
61-64 days in spring and 59-69 days in autumn
(Zhou & He, 2007). Changsha has a subtropi-
cal monsoon climate. The annual average high
temperature is 22.0°C and the low is 13.3°C.
The annual rainfall is around 1615.4 mm. The
average annual air pressure is 101 thousand
PPA. The average annual sunshine period is
1640-1700 hours and the relative humidity is
81% (Yao et al., 2018).

Figure 1. The location of Changsha City in Hunan Province, P.R. of China
Source: Esri, Maxar, Earthstar Geographics, and the GIS User Community
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It is surrounded by mountains which are
relatively high at both the northeast and north-
west; while the central part is gentle, therefore
looking likes a saddleback. Xiangjiang River
runs through the central part from the south
to the north, and the southern part is hilly and
undulating, in contrast, the northern part is flat
and open (Tse-Tung, 2017). Red soil and pad-
dy soil is main soil in Changsha, accounting for
70% and 25% of the total soil area respectively
(Tian et al., 2017). Xiangjiang River is the main
river of Changsha and there are 15 tributaries
flowing into it, including Liuyang River, Laodao
River, Jinjiang River and so on. There are abun-
dant water resources. Water does not freeze in
winter and contains little sand (Tian et al., 2018).

Training data creation and remote sensing
imagery acquisition. The boundary of Chang-
sha is acquired from open source GADM data.
(n.d.) which contains World countries boundary
as a vector ESRI shp files. Given the large area
of Changsha city a big size of training data is
required to achieve a satisfied classification ac-
curacy. Firstly, the systematic sampling design
was carried out within the official Changsha
city boundary which includes most common
land cover types, and the distance between each
sampling point is set as 10x10 km. For each year
of observation, authors have created 106 poly-
gons (as a buffer around each sampling point)
with 5 cover classes: cropland, forest, open soil
or bare land, settlement areas, and water bod-
ies. Using the designed network of sampling
points the training polygons of different land
cover types were drawn in Google Earth Pro
software using time slider tool in order to select
the background imagery for the indicated time
(year). Using zooming tool, authors carefully
analysed land cover types and drawn training
polygons. Given that, it was prepared the data-
set of training polygons for each year of study
that cover a considerably big number of pixels as

follows: 2005 - 15631 pixels; 2010 - 16345 pix-
els, 2015 — 14765 pixels; and 2020 — 18851 pix-
els respectively. The minimum number of pix-
els (856) were observed for the smallest land
cover class — open soil or bare land, the rest of
classes were represented with the more than
1000 reference pixels. The generated refer-
ence polygons were converted into vector layer
then imported into Google Earth Engine plat-
form and ArcGIS software for further analysis.

There are various classification standards
of LULC types, such as the criteria provided
by United Nations, Natural Resources Defense
Council (NRDC), U.S. Geological Survey (USGS)
and so on. For our study the main purpose was
to locate the land cover changes especially set-
tlement areas, woodlands and croplands, the
five-fold LULC class system was selected with
the following classes:

% Cropland. Cropland includes most flat
areas and some steep slopes where a variety
of food crops and some low height grass veg-
etation are grown, either feed on rainwater or
irrigation. In Changsha, irrigation is a common
practice, because there are significant seasonal
differences in rainfall, mainly in the spring.

% Forest. Forest is the area dominated by
woody plants, also including other plants, ani-
mals, microorganisms. It has abundant species,
complex structure and various functions. The
shrublands has been also included into this
land cover category.

% Open soil and bare land (also named as
“Other land” in this manuscript). Other land
mainly includes bare land (it is not covered by
any crop, grass or any other shrub or tree spe-
cies, mainly including exposed sand, salt flats
and exposed rock or cleared territories before
construction process. (WBISPP, 2002).

% Settlements. It is a large residential
area formed by non-agricultural industry and
non-agricultural population agglomeration,
usually have a dense population. This category
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includes both urban land and rural settlements
(Esetlili & Sunar, 2017).

<% Water bodies. It is the general term for
the liquid that forms the surface of the earth
in nature. It includes rivers, oceans, glaciers,
lakes, marshes, and other surface water bodies.
The water cover type in Changsha is represent-
ed mainly in the form of rivers, irrigation ca-
nals, and lakes.

Based on this classification scheme, the
training polygons have been created. It should
be noticeable the number of polygons in a class
must be corresponding to the real area of that
class, which means that the larger the area, the
more polygons are taken in the class, and vice
versa. The size of each polygon was chosen with
the assumption that each polygon must cover
at least 10 pixels of Landsat image (30x30 m).
Polygons should be a convex shape, not a con-
cave one. Also, polygons should be drawn in the
middle of the class, as far as possible away from
edge to avoid possible confusions during train-
ing the classifier procedure.

Compilation of the remote sensing data
was performed using the Google Earth En-
gine API (GEE). GEE uses state-of-the-art
cloud-computing and storage capabilities that
have been archived in a large catalogue of
earth observation data. It is highly efficient to
work on petabytes of satellite imagery rapidly
using parallel cloud computing on the Google
servers. GEE platform works on JavaScript pro-
gramming language. Most importantly, using
GEE it was possible to develop our own script
which allowed us to apply all the necessary fil-
ters and prepare yearly Landsat image mosaics
with the median values of reflectance. Another
important advantage of the use of GEE was the
possibility to select already corrected Landsat
images. Using specifically developed algorithm
all Landsat images went through radiomet-
ric and top of atmosphere (TOA) corrections
(Midekisa et al., 2017).

In this study Landsat 7 was used for Chang-
sha city land cover classification in 2005 and
2010; Landsat 8 was used in 2015 and 2020
respectively. Landsat satellite data, that were
used in this research, are free available satellite
imageries with both moderate spatial and spec-
tral resolution without clouds. The Landsat-8
satellite payload consists of two science instru-
ments —the Operational Land Imager (OLI) and
the Thermal Infrared Sensor (TIRS). These two
sensors provide seasonal coverage of the glob-
al landmass at a spatial resolution of 30 meters
(visible, NIR, SWIR); 100 meters (thermal); and
15 meters (panchromatic). TIRS images consist
of nine spectral bands with a spatial resolution
of 30 meters for Bands 1 to 7 and 9. New band
1 (ultra-blue) is useful for coastal and aerosol
studies. New band 9 is useful for cirrus cloud
detection (Mateo-Garcia et al., 2018). The res-
olution for Band 8 (panchromatic) is 15 meters.
Thermal bands 10 and 11 are useful in provid-
ing more accurate surface temperatures and are
collected at 100 meters (Irene et al., 2017). The
images in this study were taken in 2005 (Land-
sat 7), 2010 (Landsat 7), 2015 (Landsat 8), and
2020 (Landsat 8) respectively.

To get more cloud-free images, the starting
and ending times are set to be two months be-
fore and two months after the target year. After
that, another filter was applied based on cloud
score (percentage of cloud cover on the image).
In this case images with cloud score less than
5% were selected and ranked by the principle:
lowest cloud cover on top and biggest — on the
bottom. Finally, to get yearly image composite
authors used median value of every pixel of
study area out of the selected images set. The
only 30 m resolution spectral bands and some
simple band ratios of Landsat images have been
selected for the future classification. For the
Landsat 8 authors used near infrared (NIR) and
thermal bands: Band 2 (0.45-0.52 pym), Band 3
(0.525-0.60 pm), Band 4 (0,64-0,67 um), Band 5
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(0,85-0,88 ym), Band 6 (1,57-1,65 pm), Band 7
(2,11-2,29 pm), Band 10 (10,60-11,19 um),
Band 11 (11,50-12,51 pm) as well as band ra-
tio recommended by V. Myroniuk et al. (2020)
as follows: Band 4 / Band 5, Band 4 / Band 7,
Band 5/ Band 7. Finally, the NDVI index.

As a result, the whole year image compos-
ite has been created with 11 bands ready for the
classification, based on Landsat Image time se-
ries. The same approach was applied for each
target year.

Random Forest classifier settings. The pro-
gramming script in GEE environment has been
developed by authors and run Random Forest
algorithm for the classification of study area
using training polygons and Landsat year-
ly composites for each target year 2005, 2010,
2015 and 2020 accordingly. Basic settings of RF
classifier were as follows: number of decision
trees: 500; OBB mode used; fraction of data for
each iteration: 67%; portion of training data for
error estimation: 33%; number of variables per
split in every node: 11.

Using the training datasets, authors per-
formed firstly the training accuracy estimation
of the classifier for each year. It has been ob-
tained more than 97% overall training accuracy
of the RF classification based on the reference
pixels. Having satisfied results of training over-
all accuracy it was concluded that the RF clas-
sifier is ready for the classification of the entire
study area. After the conducting the classifica-
tion procedure in GEE environment, 4 raster
classified raster images of Changsha city for the
target observation years have been produced
and then exported these rasters into ArcGIS
software for further analysis.

The next step was accuracy assessment of
the obtained raster land cover maps of Chang-
sha city at the indicated years. To do this, it is
needed to evaluate the differences between
classified data and ground truth data (accurate

data), which helps users to know if the data is
reliable or not (Stehman & Czaplewski, 1998).
In this study, authors analysed the LULC chang-
es of Changsha which is quite big area. Hence,
gathering of field references data using GPS or
aerial photos is time consuming and expensive,
therefore choose multiple resolution imagery
and Google Earth software were used. Simple
random sampling method was utilized for pre-
paring the network of validation points. The to-
tal number of points is dependent on the num-
ber of classes and sampling strategy. According
to the standard principle that the minimum re-
quired number has to be no less than 50 points
in each land cover class. In our case, having 5
classes, at least 250 validation points should
be created. As the area of interest is constant,
the number of random points is proportional to
the area of the corresponding class. Due to the
small coverage of some categories such as bare
land and water, the points covered by them are
likely to be less than 50. Hence, there were more
than 500 random points created for each year.
A standard accuracy assessment procedure was
applied by authors that requires construction of
error matrix, calculation of User’s, Producer’s,
Overall accuracy percentage, and Kappa statis-
tics (Rwanga & Ndambuki, 2017).

Results

Changsha city land cover classified raster maps.
Using ArcGIS 10.5 software and classified Land-
sat image composites previously prepared in
GEE by the described above approach, four con-
tinuous thematic land cover raster maps have
been produced of Changsha for year 2005, 2010,
2015 and 2020. The mapping results are shown
on the Figure 2.

Form the Figure 2, the Changsha urban-
ized area was divided into two parts along the
Xiangjiang River. The left riverbank mostly
represented as farmlands and the right — most-
ly forests. The highest density of buildings is
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mainly concentrated in the middle of study
area along the Xiangjiang River. From 2005 to
2010, the urban area expanded further along
Xiangjiang riverbanks where urban settlements
of Changsha originated. However, the area of
forests was taken by urban area and cropland
as the total area of Changsha did not change.
From 2010 to 2015, the newly increased ur-
ban spots were scattered across the study area

Land cover map of Changsha in 2005
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Land cover map of Changsha in 2015
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which is usually described as ‘patches’ in land-
scape field. The forest area increased slightly
during that period. From 2015 to 2020, some
patches of settlements became interconnected.
At the same time, the size of patches doubled at
cropland area’s expense. The overall layout of
Changsha showed that based on the settlement
center around Xiangjiang River, small settle-
ments spread out within the study boundary.

Land cover map of Changsha in 2010
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Land cover map of Changsha in 2020
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Figure 2. The classified land cover raster maps of Changsha city in 2005, 2010, 2015, and 2020

Source: developed by the authors

With the aim to check the accuracy of the
obtained results, authors used common ap-
proach which based on the preparation of the
sets of reference points, creation error matrix
and calculate User’s, Producer’s and Overall ac-
curacies and finally, Kappa statistics.

Accuracy assessment of the classification re-
sults. The of the accuracy assessment have
been performed according to the described
above procedure. The error matrix was cre-
ated based on the sets of specifically created
validation points for each year of observation
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(500 point for each year). The overall accuracy,
as well as User’s and Producer’s accuracies and
Kappa statistics are provided in the Table 1.
The overall accuracy in 2020, 2015, 2010
and 2005 are 85.13%, 86.09%, 87.15% and
83.80% respectively. The Kappa coefficient
is 0.84 and higher, which approves high level
of the classification results. The producer’s

accuracy of forestland cover type and water
bodies demonstrated the highest levels of ac-
curacy (90% or higher) compared with the oth-
er classes. It can point out that User’s accuracy
commonly has higher values than Producer’s.
The settlements cover class identification has
also shown satisfied levels of both Producer’s
and user’s accuracies (close to 80% and higher.

Table 1. The accuracy calculation results for the produced land cover maps of Changsha city

Year of observation 2020 2015 2010 2005
Overall Acc, % 85.13 86.09 87.15 83.80

Kappa coefficient 0.84 0.85 0.86 0.84
Cropland 88.24 90.74 92.62 84.92

, Forest 92.91 95.05 89.80 94.69
Ecrgfr‘;ieyr Z Other land 88.46 77.97 76.56 76.10
Settlements 77.92 84.85 80.28 76.00

Water 97.50 83.87 94.83 88.14

Cropland 85.29 75.38 83.09 82.31

, Forest 89.37 90.57 92.31 86.29
User’s é/sc“racy’ Other land 88.46 88.00 81.67 75.00
Settlements 80.00 78.87 86.36 81.43

Water 91.76 98.11 96.49 92.86

Source: developed by the authors

Changsha city land cover change dynamics
during the period 2005 to 2020. According
to the obtained land cover raster maps of
Changsha city the proportion of each land
cover type in different years is calculated in
ArcGIS software and expressed in the form
of percentage in year 2005, 2010, 2015 and
2020 (Fig. 3).

During the period 2005-2020, the percent-
age of forest is the highest (almost half a pie in
each year) except for that in 2010. The propor-
tion of cropland is closed to 36% in both year of
2005 and 2015. In 2010, it reaches the top with
almost 50% of total area. The proportion of wa-
ter bodies have not been changes significantly
and it always shows a small percent about 3%
only. The proportion of other (open soil and
bare land) land cover class is the lowest among
the five types during the whole study period.

It takes up around 5.5% in 2010, which is the
highest one. The proportion of urban area has
been increased exponentially from 3.23% in
2005 to 15.95% in 2020.

The dynamics of urban (settlements cover
type) area for the study period in absolute units
(km?) are shown on the Figure 4.

In general, the area of settlement has
increased during the 15-year period from
380.4363 km? to 1880.1756 km? (1499.7393 km?
totally increase). The area of forests decreases
gradually from 2005 to 2015, however there is
an increasing trend during 2015-2020, from
5281 to 6089 km? respectively. Figure 4 shows
that from year 2005 to 2010, there is an increase
of the area from 4239 to 5527 km?, and then
during the following ten years, it decreases to
3230 km? only. As for the open soil and other
bare land cover, it fluctuates between 180 and
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400 km? The highest area observed in 2015 value of 267 km? was obtained in 2010 and a
(398 km?) which can be explained as a high in-  peak of 392 km? in 2020. This can be explained
tensity of contraction process at that period. as the development of irrigation canals and wa-
Analysis of the water cover change shows that  ter reservoirs within the city when doing land-
the change is generally small. The minimum scape design of the new residential areas.

2005 2010
1539 3:23%__—3.05% 5.49% _2.26%
= Cropland 1.08% = Cropland
m Forest m Forest
= Other land = Other land
Settlement Settlement
= Water = Water
2015 2020
3.33%
m Cropland 15.95% = Cropland
= Forest 1.67% m Forest
m Other land = Other land
Settlement Settlement
= Water m Water

Figure 3. The percentage of different land cover types
of Changsha city for the four observation years (2005, 2010, 2015, and 2020)

Source: developed by the authors
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Figure 4. The dynamic change of the main land cover types (in km?) of Changsha city in 2005-2020
Source: developed by the authors
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The analysis of factors that may cause an im-
pact on Changsha urban areas expansion.
Natural environment is the basic restriction con-
dition of urban space expansion. Changsha city
is located in the transition zone from hills to
plains, so the landform of this range is diversi-
fied. Specifically, the west side of the city is low
mountainous area, the northeast side is gran-
ite low hilly area, the north part has dense and
developed river network, the south is low hilly
area and only the middle part is flat terrain.
Considering of the cost of urban constructions,
the input of infrastructure in the plain area is
significantly lower than that in the hill area and
it is easy to arrange industrial projects and res-
idential areas, which determines that the urban
construction of Changsha takes the Xiangjiang
River as the central axis and presents a north-
south urban development pattern. Due to the
restriction of mountain barriers and water sys-
tem division, the city cannot spread continu-
ously like cities with flat terrain.

Economic development, transportation devel-
opment and population growth. The growth of ur-
ban population and economy is the basic power
of urban land expansion. On the one hand, the
growth of urban economy itself needs more land
as support. On the other hand, the rural-shift
to-urban population increases urban load-bear-
ing pressure. In addition, the neglect of the old
city reconstruction has made the problem of ur-
ban land extension faster. Some research studies
show that the distribution of traffic network and
urban settlements has a linear relationship (Pou-
manyvong et al., 2012). In recent years, Changsha
High-speed Railway station (2009), Changsha
Metro (2014), Changsha-Zhuzhou-Xiangtan In-
tercity Railway (2017) were constructed and oper-
ated on a regular basis, which provides the urban
industries and companies nearby with a wide ac-
cessibility to various destinations (Kotavaara, An-
tikainen and Rusanen, 2011), therefore popula-
tion increased as much employment was provided.

Planning policies of urban areas develop-
ment and design. According to urban planning
policies of Changsha government, 2500 km?
area adjacent to the core development area of
Changsha is planned as ecological protection
zone and urban constructions are forbidden
there that helps to protect the forested areas
efficiently. Urban underground spaces should
be developed to reduce the occupation of new
urban land, therefore protecting farmland are-
as, and other local regulations.

This study with the proposed LULC map-
ping approach might be useful for solving var-
ious important tasks related to the continuous
monitoring of the land cover changes. This may
become a basis for the ecosystem service valu-
ation procedures and might help the Changsha
government and decision makers to support a
sustainable city land use planning in order to
receive economic benefits as well as valuable
ecosystem services. The conducted research
helps to control the increase rate of settlement
land category strictly and make great focus on
conservation and increase the areas of wood-
land and water body which could provide a
greater level of ecosystem services.

Discussion

Similar studies that were based on the use of
RF classifier and Landsat time-series imagery
demonstrated close results of accuracy assess-
ment comparing to ours. For example, the land
cover map of Changsha City using Landsat 8
datasets and pixel-based method classification
approach published by Z. Deng et al. (2019)
demonstrated 88.62% of overall accuracy and
0.83 Kappa coefficient. The overall classifica-
tion accuracy using Landsat 8 OLI data with
feature selection reached 82% in a case study of
land cover mapping in Yunnan Province, Chi-
na (Pan et al., 2022). Another land cover map
produced for the eastern edge of the Tibetan
Plateau in the north of Sichuan Province, China
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(Zhu, 2013) showed overall accuracy of the 82%
with a Kappa coefficient of agreement of 0.73.
Therefore, it can be stated that the prepared
training dataset size in combination with the
suggested Landsat time series image composite
as well as proper RF classifier settings demon-
strated reliable classification results.

The effectiveness of RF algorithm and
Landsat time-series data to analyse land use
and land cover change have been investigated
by S. Amini et al. (2022). The impact of different
image compositions and auxiliary data, such as
digital elevation model (DEM) and land surface
temperature (LST), on final classification accu-
racy was also explored. The proposed algorithm
achieved high accuracy levels, with an overall
accuracy of 94.438%, Kappa of 0.93. The algo-
rithm’s success in obtaining high accuracies in-
dicates its potential for efficient extraction of
spatiotemporal information for LULC classifi-
cation. The three LULC maps have been created
for 2010, 2015, and 2020 in Rahuri watershed
area, India using the google earth engine and
RF classifier (Pande, 2022). Similar to our study,
the entire three years of land use and land cov-
er produced high accuracy (OA ranges from
85.53% to 94.34%). Agriculture and built-up
land were divided with the greatest precision,
followed by forest and other land. The author
approves that GEE is a successful platform for
accessing and processing satellite data through
the use of various classification algorithms in
combination with geographic object-oriented
or pixel-based analysis techniques. The study
conducted by G. Ge et al. (2020) compares the
performances of four most popular machine
learning algorithms in classifying land use
and cover change in the Dengkou Oasis re-
gion of China using Landsat-8 OLI image data.
The study finds that artificial neural networks
has the highest overall accuracy (97.16%), fol-
lowed by RF (96.92%), SVM (96.20%), and KNN
(93.98%). RF is recommended as a good first

choice method for land-cover classification in
this study area.

J. Cui et al. (2022) investigated land use/
land cover changes and their driving factors in
the Yellow River Basin of Shandong Province,
China, using Google Earth Engine from 2000 to
2020. The results showed that the main changes
in land use/land cover were the increase in con-
struction land and decrease in cultivated land,
woodland, and grassland. The overall accuracy
exceeded 86% indicating that the classifica-
tion results were reasonable and reliable. The
changes were primarily driven by population
growth, economic development, and urbaniza-
tion. The Random Forest classifier was found to
be an effective method for mapping land use/
land cover in the study area.

S. Feng et al. (2022) utilized the Google
Earth Engine (GEE) platform to conduct land
use classification in a large area with a complex
workflow, achieving fast and accurate results.
The pixel-based Random Forest (RF) classifi-
cation method was used for land use classifi-
cation, which yielded overall accuracy above
87% and kappa coefficient 0.88 that met the
requirements. However, due to the absence of
object-oriented thinking, the method produced
some salt and pepper noise that is similar to
our study. Therefore, future research should fo-
cus on the integration of image segmentation
and feature matching to improve the land use
classification method in the study area. The RF
algorithm demonstrated potential to work with
various datasets, high-dimensional data, and
interaction between features during training,
while having a fast training pace and low com-
puting cost. RF showed a minimum accuracy of
79.54% in a study conducted by B. Feizizadeh et
al. (2023). It confirms decent performance with
minimal tendency to overfit and has been ap-
plied to various applications such as landslide
susceptibility mapping, sustainability assess-
ment, and landform mapping.
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The results of our study indicates that the
use of LULC maps and change detection based
on them are recognized as valuable for various
applications, including land use planning and
allocation, environmental impact analysis, and
assessment of sustainable development. The
outcome of this research can be essential for
decision makers and authorities in local gov-
ernmental departments and stakeholders to
observe the environmental issues of the Chang-
sha city in the next decades.

Conclusions

In this paper, a comprehensive approach of land
use/cover mapping was enriched. The described
method demonstrates the potential possibilities
of the use Landsat time-series image composites
and RF classifier for the LULC mapping and mon-
itoring changes for the Changsha city study area.
GEE platform provides a wide range of abilities
to search, filter and process of a huge amounts
and types of spatial-temporal remote sensing
data. The produced continuous land cover ras-
ter maps of Changsha city enable us to do the
monitoring of land cover change dynamic for the

period 2005-2020.From 2005 to 2020, the propor-
tion of urban area has been gradually increased
from 3.23% to 15.95% and the area has increased
by 1500 km?. However, the area of cropland has
declined by 1008 km?, however, forestland class
shows a growth trend at the latest 5 years ob-
servation period. The accuracy assessment re-
sult allows us to make a conclusion that chosen
approach can be successfully used for solving
tasks related to classification and monitoring
of city land cover changes. Further research
could focus on the integration of additional data
sources, such as high-resolution imagery and
LiDAR data, and classification algorithms for
better identification of different land cover types
and more accurate mapping of urban areas.
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Anotamnig. 3a nporHosamyu Opranisanii O6’egHanux Haiiiit, mo 2050 poxky 64,1 % kpaiH, 110
PO3BUBAKOTHCA, i 85,9 % po3BMHEHUX KpaiH 6yayTh ypbaHizoBaHMMM. Lle MpU3BEIO A0 MIBUIKUX
3MiH Y 3eMJIEKOPUCTYBaHHi Ta TUIIAX 3€MHOTO TOKPMUBY Ha TEPUTOPISIX HABKOJIO MICT y BCiX
KpaiHax, oco6muBo B KuTai, 10 3yMOBJIOE aKTYyalbHICTh Ii€l cTaTTi. MeTO0 OOCTimKeHHS
Oy70 OLIHUTM AWHAMiKy 3MiH DPOCIMHHOTO TOKpMBY B MicTi YaHma, mpoBiHIlisi XyHaHb,
Kurait, mixk 2005 i 2020 pokamMyu 3 BUKOPUCTAHHSIM YaCOBUX cCepiit CyMyTHMKOBUX 3HIMKIiB
Landsat i anropurmy kinacugikaiii Random Forest. 36ip, monepenHst 06po6ka Ta aHali3 JaHUX
MIPOBOIMITUCS HA 3araIbHOOCTYTIHI I oHaitH-atdopmi Google Earth Engine (GEE). TemaTtuuni
6e3mepepBHi PaCTPOBi KAPTU POCIVHHOTO MOKPUBY OY/IM CTBOPEHI 3a IOMTOMOTOI0 ITPOrPaMHOTO
3abesmneuedHs ESRI ArcGIS 10.5.1. 3arajbHa TOuHicTh Kiaacudikaiii ckmana moHan 83 % mis
KOXXHOi cTBOpeHOi KapTu, a koedinient Kanmna - 0,84 i Buie, 1m0 miaTBepaKye TOCTOBIpHICTDH
pe3ynbTaTtiB Kinacudikailii, ki 3a OTPUMMaHOI0 TOUHICTIO 6/M3bKi O aHAJIOTiUHUX HEIoAaBHiX
IoCTiakeHb. JocrimkeHHs mokasye, mo 3 2005 mo 2020 pik ruiomia rycTMx IMocejieHb Y MicTi
Yanma, Kutait, 3HauHO 36i1bIIMIaCS, IPUUOMY €KCIIOHeHIliaJbHe 3POCTaHHS MiChbKOi TepUTOPii
ckiaso Big 3,23 % mo 15,95 %. YacTka J1icoBOro MoKpuMBY MOCTYIOBO 3MeHIryBanacst 3 2005 o
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2015 pik, ane 36impmmaacs 3 2015 mo 2020 pik. OpHi 3eMti 6y/Iy APYTUM Ha6iIbII JOMiHYIOUMM
TUIIOM 3€MeJIbHOTO MOKPUBY, 3 TMikoM Maitke 50 % y 2010 poiii. BomHi 06’eKTH 3anuInaancs
cTabinbHUMU Ha piBHI 61M3bKo 3 %. YacTka BiIKpuTOro rpyHty KomuBasacs Mix 180 i 400 km2
(1,5-3 % Bip yciel maowi). JocmiskeHHs TOKa3ye, M0 3alIPONIOHOBAHMIA MiAXif 10 MOHITOPUHTY
3abe3nevye HaZiliHi pe3ynbTaTy, a pe3yabTaTU NOCTiIKeHHS MOXYTb OYTM BUKOPMUCTaHi IJist
CTAJIOTO MiChKOTO IJIAHYBAHHSI Ta YIIPaBJIiHHS, & TAKOX AJISI iHiI[iaTuB 3i 36epeskeHHSI Ta PO3BUTKY.
IlaHi OuCTaHIifHOTO 30HAYBaHHSI Ta repemoBi I'C-texHosmorii MOXyTb HagaTu ocobam, SKi
MpUIMaIOTh pillleHHs, TOUHi JaHi 1/ 3a6e3MevyeHHs CTaJIoro PO3BUTKY 1iel TepuTopii

KimouoBi cimoBa: ornjiHka TouHOCTi; aaroputM Random Forest; cynmyTHMKOBI 3HIMKM; 3arajgbHa
TOYHICTh; ypOaHisalis
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Abstract. Green zones in large cities perform important environmental, urban planning, social and
economic functions. Hedgerows in the urban greening system are an integral part of ornamental
plantings and perform primarily ecological functions. The research aims to analyse hedges
growing in public spaces in Kyiv. To achieve this goal, general scientific methods (observation,
measurement, and review of scientific literature on the research topic) were used in theoretical and
experimental studies. In total, 65689 square metres of the city’s hedges, consisting of more than
306 thousand plants and represented by 31 taxa growing on 217 public facilities and maintained
by ten district communal enterprises for the maintenance of green spaces of the Kyivzelenbud
communal association, were studied. Species composition, height, planting pattern and quality of
hedges were analysed. The results showed that the largest number of hedges was created in the
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Solomianskyi and Darnytskyi districts of the city, respectively, 17% and 16% of the total. The most
common plant species in hedges is the common privet (Ligustrum vulgare L.). The surveyed hedges
are mainly created according to single-row and double-row planting schemes in approximately
equal proportions. By height group, low hedges predominate, accounting for 53.9% of the total,
and medium hedges - 33%. The quality condition is mostly good and satisfactory, which indicates
compliance with cultivation techniques and timely maintenance. The results of these studies will
allow the balance holders of the facilities with hedges to better organise the agrotechnical work on
their arrangement and maintenance in a proper decorative state

Keywords: hedges; functions of hedges; landscaping element; urban environment; urban

landscaping, ecology

Introduction

Hedgerows as an element of spatial zoning of
the territory of settlements are a multifunc-
tional highly decorative tool for solving several
problems related to the separation and pro-
tection of certain areas from others, masking
objects, creating microclimatic conditions in
certain areas, engineering protection, directing
pedestrian and vehicle traffic, etc.

The research relevance is predefined by
the rapid development of Kyiv’s buildings, the
increase in the number of harmful substances
emitted by vehicles and the need to provide
scientifically based recommendations for the
development and improvement of the existing
condition of hedges to increase their decorative
appeal and achieve maximum environmental
effect in the modern urban environment of the
capital of Ukraine.

One of the biggest problems in a modern
metropolis is air quality, with pollution being
an inevitable result of a large city’s life. Fol-
lowing the official portal of the city of Kyiv (Air
quality..., 2018), the concentration of hazard-
ous substances has increased rapidly over the
past 20 years, namely nitrogen dioxide by 50%
and formaldehyde by 200%. The main reason
for these changes is the increase in private ve-
hicles in a constantly developing city. K. Yalovyi
(2021) noted that 85% of emissions in the city

of Kyiv are caused by mobile sources - of trans-
port, of which 70% are accounted for by private
vehicles, a similar situation in the cities of the
European Union (Ejdys & Lasota, 2022). A study
by K.V. Myronchuk & M.P. Kurnytska (2021)
predicted that the increase in private vehicles
in the capital by 2025 will be 60% of the official-
ly registered 1.2 million cars as of 2021. Around
50% of emissions come from roads with low
speeds. Along with air pollution from harmful
emissions, the issue of dust concentration aris-
es, with dust concentration in a typical urban
environment being 0.1-0.2 mg/m?, and in large
cities it is at least 0.5 mg/m®. Another factor
that negatively affects urban residents is noise.
It is known that a person can withstand a con-
stant noise level of 20-25 dB without any health
consequences. V.P. Kucheriavyi & V.S. Kuche-
riavyi (2022) argued that the main sources of
noise in large cities are also roads that exceed
the regulatory noise level.

Hedgerows are important elements of
landscaping in the modern urban space, espe-
cially those along the main transport routes
of the city. V.Ya. Zayachuk (2014) noted that
they perform important functions, in particu-
lar: environmental, urban planning, social
and economic. When researching hedges, the
ecological function is prioritised. K. Hashad
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et al. (2023), T. Blanusa et al. (2019) noted the
ability of plants forming hedges to clean the
air from pollutants, absorb dust, reduce noise,
absorb carbon dioxide, enrich the air with oxy-
gen and, in some cases, the phytoncidal prop-
erties of certain plant species, regulate the
microclimate, stabilise humidity and temper-
ature, reduce stormwater runoff and the load
on the urban sewerage system. H.B. Hladun
& H.Yu. Hladun (2013), and O.I. Drebot (2019)
found that one hectare of protective green
spaces reduces overall air pollution by 10-35%,
reduces carbon dioxide concentration by 70%,
and provides a 10-15% decrease in tempera-
ture in the area adjacent to the carriageway.
With the right use of hedges and a reasonable
selection of plants, hedges become an integral
part of improving the quality of life of met-
ropolitan residents in the context of improv-
ing environmental well-being. A.I. Kushnir
& 0.A. Sukhanova (2022) proved that related
functions allow for improving the architectural
and planning structure of the city, contribute
to the creation of a positive visual perception
of the city, increase the cost of housing, create
a sense of connection with nature in the cen-
tre of an urbanised area, etc. It should be noted
that following the provisions of the state build-
ing codes (SBR V.2.3-218-007:2012..., 2012),
environmental protection must be considered
in the design and construction of new roads
and highways.

The research aims to examine the existing
hedges in public spaces in Kyiv and to develop
scientifically based recommendations for the
widespread introduction of this type of green
space in Kyiv’s garden and park facilities.

Materials and Methods

The study was based on existing hedges ar-
ranged in public spaces, on roadsides and at
transport interchanges in Kyiv. The green
fund of the capital consists of 128 parks with

an area of 3394.02 hectares, 618 squares
(456.53 hectares), 31.6 thousand hectares of
urban forests in the buffer zone, 49 boulevards
(150 hectares), squares and other green spaces
(Website of the Kyivzelenbud..., 2022).

A total of 217 sites with hedges were sur-
veyed in 2022. The study used general methods
of scientific knowledge: observation, measure-
ment (inventory of green spaces, assessment
of the quantitative and qualitative condition
of plantings, statistical processing of identified
taxa, study of specific conditions of the place of
growth with the greatest harmful factors) and
theoretical methods: a review of scientific lit-
erature on the research topic, the study of the
experience of leading European countries. The
assessment of the qualitative state of plants
in hedges was carried out following the regu-
latory recommendations of the Instruction on
the inventory of green spaces in cities and ur-
ban-type settlements of Ukraine (Order of the
Ministry..., 2007) according to the following
grades good condition — plants are normally de-
veloped, dry branches are absent, the hedge is
dense, there are leaves along the entire length
of the shoots, no obvious mechanical damage,
no pests or diseases were found; satisfactory
condition - bushes are normally developed with
signs of slow growth, shoots are exposed, leaves
are few, there are mechanical damages and
damage by pests and pathogens; unsatisfacto-
ry — plants are weakened, overgrown, signifi-
cantly bare, especially in the lower part, many
dry branches, mechanical damage and damage
by pests and diseases, the general appearance is
unattractive.

Results and Discussion

Following the research results, it was found
that the total length of hedges in public spac-
es in ten administrative districts of Kyiv is
65689 linear metres and includes 306257
plant units (Table 1).
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Table 1. The total length of hedges in public areas of Kyiv by administrative districts

District name N umb‘er of facilities Number of plants in Length of hedges,

with hedges hedges, pcs. metres

Holosiivskyi 22 22311 5440.8
Darnytskyi 27 51476 10698
Desnyanskyi 24 37371 6270
Dniprovskyi 24 39325 6525
Obolonskyi 31 13578 3396.9
Pecherskyi 3 47615 9189
Podilskyi 14 20467 5032
Svyatoshynskyi 6 10455 2131
Solomyanskyi 46 43148 11270
Shevchenkivskyi 20 20511 5736

Total: 217 306257 65688.7

Source: compiled by the authors

In general, planting plants in the form of
hedges is used in all administrative districts
of the capital, but their ratio is not propor-
tional. This is primarily due to the lack of
clear standards and recommendations on
the need to use hedges in the city’s greening
system. Separate municipal greenery mainte-

Shevchenkivskyi 9%

Solomyanskyi 17%

Svyatoshynskyi 3%

Podilskyi 8%

Pecherskyi 14%

nance enterprises with the status of a legal
entities are responsible for the maintenance
and development of green spaces in each of
the districts, but the decision to install hedg-
es on certain objects is made by different spe-
cialists based on their views and considera-
tions (Fig. 1).

Holosiivskyi 8%

Darnytskyi 16%

Desnyanskyi 10%

Dniprovskyi 10%

Obolonskyi 5%

Figure 1. Percentage distribution of the total length of hedges by administrative districts of Kyiv

Source: compiled by the authors

The studied hedges arranged in Kyiv’s gar-
den and park facilities are represented by 30
plant taxa, and the most common species is the
common privet (Ligustrum vulgare L.). The total

number of plants of this species is 164680 and
accounts for 54% of the total number of plant-
ed plants (Table 2). According to the authors,
the use of common privet to create hedges is
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fully justified based on the botanical properties
of this plant, as they maximise the ecological
function of this type of planting (Kuznetsov et
al., 2020; Myronchuk & Henyk, 2021; Ghafari
et al., 2020). Quite common plant species for
creating hedges in Kyiv are common hornbeam
(Carpinus betulus L.) 24373 units (8%), Wan-
gutta’s hemlock (Spiraea x vanhouttei L.) 22248

pcs. (7%), shiny cotoneaster (cotoneaster lucidus
Schlecht.) 19397 pcs. (6%), common ninebark
(Physocarpus opulifolius L.) 14594 pcs. (5%),
common box (Buxus sempervirens L.) 13999 pcs.
(5%), LThite dogwood (Cornus alba L.) 10416 pcs.
(3%), the other 24 species account for 12% of
the total number of plants used, and the per-
centage of each species is less than 2%.

Table 2. Taxonomic description of Kyiv hedges

Plant name Amount
No.
English Latin pcs. %
1 Wild privet Ligustrum vulgare L. 164680 53.77
2 European hornbeam Carpinus betulus L. 24373 7.96
3 Vanhoutte spirea Spiraea x vanhouttei L. 22248 7.26
4 shiny cotoneaster Cotoneaster lucidus Schlecht. 19397 6.33
5 Common ninebark Physocarpus opulifolius L. 14594 4.77
6 Common box Buxus sempervirens L. 13999 4.57
7 White dogwood Cornus alba L. 10416 3.40
8 Japanese meadowsweet Spiraea japonica L. 5905 1.93
9 Norway maple Acer platanoides L. 5871 1.92
10 Common snowberry Symphoricarpos albus L. 4663 1.52
11 Common lilac Syringa vulgaris L. 3320 1.08
12 Japanese spiraea Spiraea bumalda L. 2900 0.95
13 Philadelphus coronarius Philadelphus coronarius L. 3046 1.00
14 Common dogwood Cornus sanguinea L. 1476 0.48
15 Common barberry Berberis vulgaris L. 1365 0.45
16 Deutzia scabra Deutzia scabra L. 1305 0.43
17 Pyracantha angustifolia Pyracantha angustifolia L. 1168 0.38
18 Ulmus Ulmus carpinifolia Rupp. ex Shchkow 1116 0.36
19 Arborvitae Thuja occidentalis L. 1108 0.36
20 European forsythia Forsythia europaea L. 744 0.24
21 Cornelian cherry Cornus mas L. 510 0.17
22 Amur maple Acer ginnala L. 414 0.14
23 Potentilla intermedia Potentilla intermedia L. 400 0.13
24 Honey locust Gleditsia triacanthos L. 274 0.09
25 Ginkgo Ginkgo biloba L. 264 0.09
26 Common hazel Corylus avellana L. 240 0.08
27 Silver berry Elaeagnus angustifolia L. 180 0.06
28 Guelder-rose Viburnum opulus L. 156 0.05
29 Savin juniper Juniperus sabina L. 75 0.02
30 Mountain currant Ribes alpinum L. 50 0.02
Total 306257 100.0

Source: compiled by the authors
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The second most used species as hedges in
Kyiv is the common hornbeam, which is very
easy to use and can reach a considerable height.
By its characteristics, this species allows for
the formation of dense hedges, and since this
plant is slow growing, the cost of routine main-
tenance (mowing) is reduced. When creating
hedges, it is necessary to choose already formed
seedlings of the required size (Myronchuk,
2014; Dudyn, & Levus, 2022). For example,
a hedge made of common hornbeam was ar-
ranged in 2018 during the overhaul of the park
“Defenders of Ukraine” in the Solomianskyi dis-
trict. The 4.29-hectare park is located between
Vinnytska, Ernsta, S. Khoroboho streets and

Povitroflotskoho Avenue (Fig. 2). A 1.8 m high
moulded hedge with a total length of 705 me-
tres frames the park along its perimeter, cre-
ating a natural screen of protection from high
traffic areas. When creating this hedge, 2115
large-sized seedlings were used, which were
planted in a two-row planting scheme. It is nat-
ural to use the common hornbeam only in 4
districts of Kyiv (Solomianskyi, Sviatoshynskyi,
Holosiivskyi and Pecherskyi), as the species is
relatively picky about soil fertility. It should be
noted that Obolonskyi and left-bank districts
of Kyiv have worse soil conditions, as they have
mostly sandy, poor soils, and this species is not
used there.

Figure 2. Hedge in the Park of the Defenders of Ukraine

Source: compiled by the authors

As a species widely used as a component of
Kyiv’s hedges, Vangutta hemlock accounts for
7.26% (22248 specimens) of the total number of
taxa used in their creation. The species differs
from the previously mentioned species in that
it does not require systematic formation and is
much less demanding on soil fertility and mois-
ture. Vangutta tawny has a good decorative ef-
fect during flowering (Rohovskyi, 2013; Kushnir
et al., 2020;). The most widespread distribution
of this species is in the Dnipro district of the

capital, where 9068 plants were found, creating
1447 metres of linear hedges in the Peremoha
Park, along A. Malyshko Street, near the Aurora
Cinema, in the park at 5 Vershyhora Street, in
the park at Berezniakivska Street, at the trans-
port interchange of Alisher Navoi Street, etc.
The height of the Vangutta hedges is 0.6-1.0 m.

Shiny cotoneaster, common ninebark and
white dogwood occupy a significant place in
hedges. When studying the plantings in Mak-
sym Shapoval Park in the Solomianskyi district,
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a hedge with a combination of decorative forms
(cultivars) of the common ninebark by leaf col-
our (yellow and purple) was found, which has a
significant decorative effect.

Common box hedges are quite problemat-
ic in terms of maintenance in public areas. To
date, 2883 linear metres of hedges have been
created from this species. They are arranged
mainly in the central districts of the city. The
largest number of them was recorded in the
Pechersk district on Lesia Ukrainka Boulevard -
1750 linear metres. Undoubtedly, boxwood has

the greatest decorative effect throughout the
year, but it requires constant care, including
the use of chemical pest control agents, suffers
greatly and reproduces relatively slowly after
mechanical damage, suffers from animal urine
burns, and is often stolen by social unaware lay-
ers of the population (Shukel, 2011). Given the
above, we do not recommend the use of box-
wood in public places.

The main technology of hedges in Kyiv is
a single-row and double-row planting scheme

(Fig. 3).

Figure 3. Hedge scheme

Source: compiled by the authors

Mostly, 3 plants per linear metre of sin-
gle-row hedges are planted and 5 plants per
linear metre of double-row hedges (Table 3).
In some cases, hedges arranged by a three-row
planting scheme were noted, but their number
is insignificant and was not considered in the
general analysis of field studies.

As a result of the research, an almost
equal ratio of single-row and double-row
hedges in public areas in the context of
the city of Kyiv was established (43.7% and
56.3%, respectively), but if we analyse these

indicators within individual administrative
districts, we get contradictory results. For
example, most hedges in Podilskyi and Pech-
erskyi districts are created according to a sin-
gle-row planting scheme, while in Darnytskyi
and Obolonskyi districts the situation is the
opposite, and in Sviatoshynskyi district sin-
gle-row planting was not used at all. This in-
dicates the absence of a citywide standard or
scientific and practical recommendations in
the field of green economy for planting hedg-
es. Given the above, we state that the leading
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function of hedges is precisely the environ-
mental one, and therefore standardisation in
this area, according to the authors, is time-
ly and necessary (Dworniczak & Reda, 2021;
Borowski et al., 2021).

When analysing hedges by height, four
groups were identified: borders (up to 0.5 m
high), low hedges 0.5-1.0 m high, medium
hedges 1.0-2.0 m high, and high hedges above
2.0 m high. The results are shown in Table 4.

Table 3. Analysis of the applied hedge planting scheme

overall hedge length
District name one-line two-line
long meter % long meter %
Holosiivskyi 2182 40.1 3258.8 59.9
Darnytskyi 1007 9.4 9691 90.6
Desnyanskyi 1669.6 26.6 4600.4 73.4
Dniprovskyi 2722 41.7 3803 58.3
Obolonskyi 390.2 11.5 3006.66 88.5
Pecherskyi 7853 85.5 1336 14.5
Podilskyi 4823 95.8 209 4.2
Svyatoshynskyi 0 0.0 2131 100.0
Solomyanskyi 5950.3 52.8 5319.7 47.2
Shevchenkivskyi 2126.65 37.1 3609.35 62.9
Overall in Kyiv 28723.75 43.7 36964.91 56.3
Source: compiled by the authors
Table 4. Distribution of hedges by height
L. Length of hedges, long metres
District name
up to 0.5m 0.5-1.0m 1.0-2.0m over 2.0m
Holosiivskyi 0 2238.8 2236 866
Darnytskyi 0 8345.6 2349 0
Desnyanskyi 2011.9 4010.1 188 0
Dniprovskyi 379 4001 2145 0
Obolonskyi 402.66 2404.23 559.97 0
Pecherskyi 1750 6103 0 1336
Podilskyi 282 3016 1734 0
Svyatoshynskyi 40 70 2021 0
Solomyanskyi 558 4257.6 5062 862.3
Shevchenkivskyi 82 941.1 5376.75 0
Overall in Kyiv 5505.56 35387.43 21671.72 3064.3
% 8.4 53.9 33.0 4.7

Source: compiled by the authors

Thus, most hedges in public areas of Kyiv
belong to the group of low hedges (53.9%), the
second place with an indicator of 33% is occu-
pied by medium-height hedges, the participa-
tion of curbs and high hedges, respectively, is

8.4% and 4.7%. The data obtained quite logically
confirm the intention of landscaping specialists
regarding the further maintenance and care of
these elements of green infrastructure, as most
of the surveyed hedges are moulded. In terms
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of maintenance, tall hedges are much more ex-
pensive to maintain, and curbs mostly do not
play an ecological role and are only a decora-
tive element. Based on the recommendations of
the Instruction on the Inventory of Plantations

Good

in Cities and Urban Areas of Ukraine (Order of
the Ministry..., 2007) their species composition,
length in metres, type of planting (single-row
and double-row) and assessment of their quali-
ty condition were described (Fig. 4).

Unsatisfactory

Satisfactory

Figure 4. Quality of hedges in public areas of Kyiv

Source: compiled by the authors

Most of the inspected hedges at the gar-
den and park facilities of the city of Kyiv are in
good condition. The plants in the hedges are
well maintained, and they are constantly cared
for following the requirements of agricultural
practices. Some hedges have minor mechanical
damage, some pest damage, and partial expo-
sure of shoots in the lower part and are clas-
sified as in satisfactory condition. According to
the inspection, only 9% of hedges were classi-
fied as unsatisfactory, mostly old plantings that
need reconstruction and replacement.

The research results on the species compo-
sition and structure of hedges in the urban en-
vironment are currently insufficiently covered
in the works of Ukrainian and foreign scientists.
For example, in the green areas of Chernivt-
si, the most used species are boxwood, white
boxwood, common privet, and medium-sized
meadowsweet (Myronchuk & Henyk, 2021).
In another study, researcher K.V. Myronchuk
(2014) analysed the patterns of creation and
condition of hedges in rural and urban areas
of Bukovyna and found that in cities, curbs,
single-row hedges consisting of one species

predominate, and in non-urban areas, taller
hedges, mostly combined, are prevalent, usual-
ly using common hornbeam, white privet, and
evergreen boxwood. Similar in species compo-
sition to the hedges in Chernivtsi are the hedg-
es in Mukachevo, where evergreen boxwood,
white pigweed, and common privet are mostly
used for this type of planting (Dudyn, & Levus,
2022). Similarly, to the green areas of public
use in Kyiv, the study by A.A. Dzyba & A.V. Bai-
kovska (2015) found that similar plantations in
Kharkiv are characterised by the predominance
of privet. The most common in the public areas
of this city are formed single-row hedges of de-
ciduous woody plant species, while borders and
living walls are less common. As in the above
cities, the hedges of Lutsk are characterised by
the predominance of medium-height hedges
created using such plants as black cotoneaster,
Vangutta hemlock, common privet, white priv-
et, and viburnum (Shukel, 2011).

The results of several studies on the crea-
tion and maintenance of hedges in European
cities have revealed both differences and sim-
ilarities concerning hedges in Ukrainian cities.

Vol. 14, No. 1, 2023

Ukrainian Journal of Forest and Wood Science

100



Lukash et al.

For example, S.V. Rohovskyi (2013) points out
the frequent use of Pyracantha charlatanica in
the creation of hedges, which is not typical for
the Ukrainian cities under study. At the same
time, the formation of hedges in the cities of
Vienna, Budapest, Krakow, and Prague is sim-
ilar, with the use of evergreen boxwood, com-
mon privet, cotoneaster brilliant, hornbeam,
white snowberry, Wangutt’s hemlock, and
Thunberg’s barberry. The dominant plants that
create hedges in the city of Swidnik (Poland)
are shiny irga, common privet and plum alder
(Muras & Frazik-Adamczyk, 2002; Lubiarz &
Kulesza, 2012). The studies of C. Farrell et al.
(2022) revealed an ecological approach to the
selection of an assortment of plants, including
hedges, for use in Australian urban landscapes.
It is worth noting that the analysed studies on
the peculiarities of creating and maintaining
hedges in European cities note their highly
decorative state and unsurpassed appearance,
which is achieved through regular professional
care. To improve and develop hedges in Ukrain-
ian cities, the main components are to increase
the level of agrotechnical measures, recon-
struction, rejuvenation, and replacement of old
hedges, as well as a reasonable approach to the
choice of planting material, which is proposed
by domestic scientists in the above studies.

Conclusions

Based on the research conducted on the con-
dition of hedges in the system of landscaping
public spaces in Kyiv, the following conclusions
can be drawn:

1. Hedgerows account for a significant pro-
portion of the city’s garden and park facilities.
Their length is 65689 linear metres, and the
number of plants is more than 306 thousand.

2. The hedges are in good and satisfactory
condition, which indicates that they are sys-
tematically maintained by the specialists of the
district greenery maintenance companies.

3. The studied hedges are represented by
30 plant taxa. The most widespread species
is the common privet (Ligustrum vulgare L.),
which accounts for 54% of the total number of
planted plants. Other common plant species
are common hornbeam (Carpinus betulus L.) —
8%, Wangutta’s hemlock (Spiraea x vanhouttei
L.) - 7%, shiny cotoneaster (cotoneaster lucidus
Schlecht.) - 6%, common ninebark (Physocar-
pus opulifolius L.) — 5%, common box (Buxus
sempervirens L.) - 5%, White dogwood (Cornus
alba L.) - 3%, and the remaining 24 species ac-
count for only 12%.

4. To improve the condition of hedges, it is
necessary to develop a targeted programme for
thedevelopmentofthistypeofplantingaspartof
the capital’s environmental development plan.

5. Hedgerows are important in the urban
greening system, and therefore we recommend
their wider use, especially in places directly ad-
jacent to recreation areas to transport routes,
along pedestrian sidewalks, on boulevards and
transport interchanges.

6. The selection of planting material for
hedges should be scientifically based, consid-
ering the main objectives and economic factors
for their further maintenance.

The authors believe that the use of hedges
in garden and park facilities is one of the most
promising ways to develop urban green infra-
structure in Ukrainian settlements. They al-
low for solving global issues of improving the
ecological state, improving the comfort of the
inhabitants of the urban environment, and en-
hancing the aesthetic perception of cities in gen-
eral. The prospect of further research is to study
the state of hedges in other Ukrainian cities.
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AHoTanig. 3eneHi HacamKeHHs YpOaHi30BaHOTO CepeloOBUINA BEIMKMUX MICT BUKOHYIOTh BaKIMBi
€KOJIOTiuHi, MiCTOGYIiBe/bHi, Collia/ibHi Ta eKOHOMiuHi (PyHKIIii. JKUBOIIOTM B CUCTEMi O3€T€HEeHHS
MerarioJicy € HeBiJl'€MHOIO YaCTMHOIO IEKOPATUBHYX HACA [KeHb Ta BUKOHYIOTh HacamIlepel] eKOIoTiuHi
¢dyukiiii. MeTolo po60T 6y/70 MPOBECTM aHaji3 JKMBMX OTOPO’K, IO 3POCTAIOTh B HACAMKEHHIX
3araJibHOTO0 KOpUCTyBaHHS Micta KueBa. 111 JOCSITHEHHSI ITOCTaBIeHOI METH MiJl YaC TEOPETUYUHMX,
eKCIIEPUMEHTATbHUX AOCTiIKEHb BUKOPUCTOBYBAIMCSI 3araJlbHOHAYKOBI MeTOAyM (CITOCTEPEXKEHHS,
BMMIpIOBaHHSI, OIVISI, HAYKOBOI JIiTepaTypy 0 TeMi JOCTiIKeHHS). 3arajioM JOCTIIKEHO 65689 M.IL.
SKMBMX OTOPOK MiCTa, IO CKJIAIAIOThCS 3 IMOHax 306 TMC. pOCIMH Ta IpencTaBieHi 31 TakcoHaMM,
SKi 3pocTaloTh Ha 217 06G'€KTax 3araJibHOTO KOPMCTYBAHHS i 3HAXOHAThCSI HAa OOGCTYTOBYBaHHI
JIeCSITY PaliOHHMX KOMYHAQJIbHUX IMAITPUEMCTB 0 YTPUMAHHIO 3eJIeHNX HacamKeHb KOMYHaJIbHOTO
o6’emHanHs «KuiBseneH6ym». IIpoaHamisoBaHO BUOOBUIT CKIafl, BUCOTY, CXeMY ITOCAAKM Ta SKiCHMit
CTaH XMBMX OTOPOX. 3a pe3yJabTaTaMy BCTAHOBJIEHO, [0 HAGi/MbINA KiJTbKICTb JXMBUX OTOPOXK
crBopeHo y ColloM’sTHCbKOMY Ta JIapHMUIIBKOMY paifoHax MicTa, BigmoBimHo, 17 % i 16 % Bin 3araabHOL
KisibKocTi. CamMyM pO3IOBCIOMKEHUM BUIOM POCIMH Y CKJIafi JKMBOIUIOTIB € GMpIOUMHA 3BMYAiTHA
(Ligustrum vulgare L.). O6CTeXeHi JXKMBi OrOpoKi CTBOPEHi TIepeBasKHO 38 OTHOPSTHOIO Ta JBOPSITHOO
cxeMaMM TIOCaJKV TPUOIM3HO Y PiBHMX CITiBBiHOIIEHHSX. 3@ IPYTIOI0 BUCOT NepeBaKaloTh HMU3bKI
SKUBOILIOTHM, KiJIbKIiCTh SIKMX CTAHOBUTD 53,9 % Bif 3arajabHOI, cepenHix 3a BUCOTOIO — 33 %. SIKicHMit
CTaH TepPeBaskKHO NOOPUIt Ta 3aA0BITBHMIA, IO CBiTYUTH ITPO JOTPUMAHHS arpOTEXHIKM BUPOILYBaHHS
Ta CBOEYACHOCTI mOrisimy. Pe3ynbraTv 1MX AOCTIIKEHb HA TPAKTUI JO3BOJSITH ITiANMPUEMCTBAM-
GaslaHCOyTPMMYyBauaMO0 €KTiBi33pOCTar0UMMI Ha HUXKMBOIIOTAMMKpPAIe OpPraHi3yBaTH ITIPOBEIEHHS
arpoTeXHiYHMX POGIT OO iX BIAINTYBAHHS i YTPMMaHHSI B HaJeKHOMY JE€KOPATMBHOMY CTaHi

KirouoBi c1oBa: XMBi Oroposki; GYHKII1 KMBUX OTOPOXK; €JIEMEHT O3ejieHeHHs; ypbaHi3oBaHe
cepenoBUIe; MiCbKe O3eJIeHeHHST; eKOJIOTisT
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Abstract. The development of regulatory and reference support for the inventory assessment
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and their detailed inventory characteristics with an analysis of the distribution in the Forest-Steppe
and their productivity. To conduct the study, a stand-wise database of the Production Association
“Ukrderzhlisproekt” for Forest-Steppe zone of Ukraine was used. Using a number of non-parametric
criteria for evaluating samples (Kruskal-Wallis one-way analysis of variance, the median criterion,
Jonckheere-Terpstra test), the study established a difference in the stands parameters of the samples
under study and divided the stands of the Forest-Steppe zone into four groups. The main task was
to describe the current state of modal pine stands of the Forest-Steppe zone of Ukraine for selected
groups, with a detailed distribution of areas and stocks according to the main stand parameters
According to the results of the database analysis, it was found that about 92% of the total area of
pine stands of the Forest-Steppe zone are artificial forests. Depending on the region of growth,
the stands were divided into the left- and right-bank parts of the Forest-Steppe, in composition —
into pure and mixed stands. Within the groups under study, the distribution of areas and stocks
of pine stands was analysed according to site index classes, types of forest-growing conditions,
forest types, relative stand density, and age groups. Site index classes in all groups are dominated
by high site index stands of I and I* site index classes. The proportion of high-grade mixed stands
is greater compared to pure stands. In terms of the forest-growing conditions, stands in condition
B, dominate in all groups under study. From the left bank to the right bank, there is an increase
in soil fertility from condition B to condition C, and this dependence is also observed from pure
to mixed stands. Productivity in terms of the average growing stock of mixed stands of the right-
bank and left-bank parts of the Forest-Steppe is very close and considerably less than the stocks of
pure stands. The presented research results can be used by scientists as a description of the modal
inventory characteristics of the Forest-Steppe region and for the grouping of experimental data
when compiling forestry and forest inventory standards

Keywords: stand-wise database; non-parametric criteria; average growing stock; site index;
stand species composition; site condition; relative stand density

Introduction

The improvement of the system of informa-
tion support for the inventory assessment of
forest resources of Ukraine is a significant
issue that requires a detailed investigation,
estimation, description, and development of
relevant normative and reference support to
assess the condition and forecast the growth
of the main forest-forming tree species, con-
sidering the specific features of their growth
depending on the region, forest-growing
conditions, origin, and composition. An im-
portant stage of research is to establish, for a
particular tree species, which stands by origin
and composition are the most common in a

given region for the subsequent compilation
of growth charts for modal stands.

Scots pine (Pinus sylvestris L.) occupies the
largest share of forests in Ukraine, they make
up over 33%, or 3,130 thous. ha of forest areas
covered with forest vegetation (Lovynska et al.,
2021). Scots pine stands are found in all natural
areas of Ukraine. Such a wide area is explained
by the unpretentiousness of this tree species
to the temperature regime, the ability to with-
stand significant frosts up to -50 °C, soil — up
to -24 °C, and heat — up to +40 °C. Scots pine
is one of the key species in Europe and extends
from the boreal region of Northern and Eastern
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Europe to the Mediterranean mountains of
Southeastern Europe (Socha et al., 2021). Scots
pine belongs to xerophytic and oligotrophic
tree species, and therefore it can grow both on
poor-fertility sands and on rich chernozems, it
can be found even on stony soils, in the steppe
zone and swamps.

Pine forests play a vital ecological role,
namely, water protection, water regulation, soil
protection, and anti-erosion. Pine stands reg-
ulate surface runoff, protect soil from erosion,
and water sources from pollution, which is es-
pecially important on the sandy soils of Polissia
(Yukhnovskyi et al., 2021). Given the unpreten-
tiousness of pine to soils, it is often used in the
afforestation of anthropogenically disturbed
landscapes (Brovko et al., 2021), ravines and
gullies, on poor and eroded soils, and can also be
the main species in the afforestation of old ara-
ble land (Lakyda et al., 2011). The ability of pine
torelease a considerable amount of volatile phy-
toncides has ensured its widespread use for rec-
reational and sanitary purposes. On the territo-
ry of Ukraine, there are a significant number of
health facilities located directly in pine forests.

Pine timber is important for the national
economy of the country, especially widely used
in construction, suitable for the manufacture
of ore risers necessary for the development of
mineral deposits. The presence of resinous sub-
stances provides increased resistance of wood
to rot and has the property of creaking when
the load increases, which is useful for labour
protection of miners.

It was important to investigate the statisti-
cal substantiation of the possibility of grouping
data on the Forest Fund, which will later be used
as source data, into homogeneous groups. It is
necessary to statistically confirm the similarity
or difference between stands of different tree
species in composition and origin. Pine stands of
Ukraine are mostly concentrated in the Polissia
zone (73.3% of the area of all pine stands (Bala

et al., 2017)) and a considerable number of sci-
entific forestry studies, including forest inven-
tory studies, have been devoted to their inves-
tigation, while the study of the growth of pine
stands in the Forest Steppe of Ukraine has re-
ceived less attention. Of the currently available
ones, studies of pine stands in the Forest-Steppe
were conducted mainly on its left-bank part.
This can be explained by the territorial loca-
tion of the H.M. Vysotsky Ukrainian Research
Institute of Forestry and Agroforestry (Kharkiv),
whose scientists addressed various silvicultur-
al problems of pine stands. Thus, at different
times, studies of the productivity of pine stands
on the left bank of the Forest-Steppe were con-
ducted by O.V. Tovstukha (2012), V.V. Nazaren-
ko & V.P. Pasternak (2016), V.Yu. Yarotsky et al.
(2016), V.P. Tkach et al. (2018), A.V. Harmash
(2019) and S.I. Musienko et al. (2021) investi-
gated the current state of pine stands within
the left-bank Forest-Steppe of Ukraine and their
age structure. The study of radial increment and
the influence of climate changes on it is de-
scribed in the studies of researchers I.M. Koval
et al. (2018), I.M. Koval & V.0. Voronin (2019),
0.A. Mikhaylichenko et al. (2021). V.P. Chigri-
nets et al. (2012) investigated forestry issues
of the typological structure of pine forests of
the left-bank Forest-Steppe, O.M. Tarnopilska
& O.A. Ponomarev (2008) examined the im-
pact of forestry measures, namely maintenance
felling of various intensities, on their growth.
The vast majority of these studies concerned
Scots pine stands growing in the Kharkiv and
Sumy regions. Some studies were limited to
the territory of separate forestry enterprises.

The purpose of this study was statistical
confirmation or refutation of the null hypoth-
esis about the significance of the difference
between the average stand parameters in mod-
al pine stands of the Forest-Steppe zone of
Ukraine in terms of groups of stands differing in
growth region, origin, and composition, as well
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as determining the groups according to which
further forest inventory standards for modal
Scots pine stands should be compiled and their
detailed inventory characteristics.

The main tasks were to conduct a detailed
analysis of the growing stands of Scots pine on
the territory of the Forest-Steppe of Ukraine; to
determine the main groups according to growth
region (left or right bank of the Forest-Steppe),
origin (artificial or natural) and composition
(pure or mixed) for further statistical and inven-
tory research; to conduct a statistical compari-
son of the selected groups on the subject of sim-
ilarity or difference in their stand parameters; to
describe the current state of modal pine stands
of the Forest-Steppe zone of Ukraine for selected
groups with a detailed distribution of areas and
stocks according to the main stand parameters.

Materials and Methods

The calculations were performed using the
sub-compartment forest inventory data of the
database of the Production Association (PA)
“Ukrderzhlisproekt” for the forest-growing
zone of the Forest-Steppe with a division into
groups according to the composition and origin
of the tree stands (Ukrainian State Project...,
n.d.). Stands of all departmental subordinations
involving Scots pine in the stand composition
of 2 or more units were selected for analysis.
Therewith, almost 95% of all tree stands con-
sisted of 6 or more units of Scots pine. Before
using the database, it was verified to search for
and filter out gross errors in the analysed in-
ventory features of tree stands. As a result, an
array of 133,540 forest stands with a total area
of 451.3 thous. ha was used for further work.

For further statistical process ing, the data-
base was divided into four groups:

1. artificial pure stands of the right-bank
part of the Forest-Steppe, with 10 units of the
main species in the stand composition (here-
inafter — PR);

2.artificial purestandsoftheleft-bankpartof
the Forest-Steppe, with 10 units of the main spe-
cies in the stand composition (hereinafter — PL);

3. artificial mixed stands of the right-bank
part of the Forest-Steppe, with less than 10
units of the main species in the stand composi-
tion (hereinafter - MR);

4. artificial mixed stands of the left-bank
part of the Forest-Steppe, with less than 10
units of the main species in the stand composi-
tion (hereinafter — ML).

The distributions of age, average height, av-
erage diameter, density, and average stock per 1
hawereusedforstatistical processingofsamples.

The study was based on the principles of
a system approach using modern information
technologies and software (program for sta-
tistical data processing — IBM SPSS Statistics).
During the study, general scientific (analysis,
synthesis, hypothesis) and special (forestry, in-
ventory, biometric) methods of cognition were
combined. Analysis and synthesis were used to
process, analyse, and group input information
from the forest inventory characteristic data-
base. The hypothesis was used to predict the
division of experimental material into groups
in the context of the stand composition and ge-
ographical location. Forestry methods in com-
bination with inventory methods were used to
group and analyse experimental data by types
of forest conditions and average parameters of
stands. Biometric methods were used in statis-
tical data processing and calculation of criteria
for estimating sample similarity.

Considering the data of previous studies
(Bala et al., 2019), namely the difference of the
distribution of forestry information from the
normal distribution, as well as the possibility
of simultaneous comparison of several groups
under study, it was decided to use non-para-
metric methods. Non-parametric methods
that allow comparing the level of expression
of a variable include Kruskal-Wallis one-way
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analysis of variance (Kruskal, 1952); criterion
of medians (Friedlin & Gastwirth, 2000); Jon-
ckheere-Terpstra criterion of ordered alterna-
tives (Jonckheere, 1954).

The Kruskel-Wallace test is used to assess
differences between the groups under study
with medians and is a generalization of the
Mann-Whitney U-test (Mann & Whitney, 1947)
for two independent samples. Thus, the Krus-
kel-Wallace test is a non-parametric alternative
to the F-test in univariate analysis of variance
and uses the total variance when comparing
two independent samples (Agresti, 2019). If
the conditions necessary for the application of
the F-test in univariate analysis of variance are
met, the Kruskel-Wallace test has analogous
capabilities. The Kruskel-Wallace test is used
to test the hypothesis about the equality of the
medians of independent samples that belong to
the same general population.

The median criterion is a non-parametric
statistical criterion that belongs to the class of
rank bias criteria. It allows testing the hypoth-
esis that the shape of the distributions of two
samples is identical and that there is a differ-
ence between them by a certain constant value
(Friedlin & Gastwirth, 2000). Therewith, the
total median is calculated for all independent
samples, after which the number of measured
values that are larger or smaller than the medi-
an is calculated. The result is the construction
of a field table containing 2-k fields, which is
then subjected to a chi-square test. In general,
the median criterion is not very effective.

The Jonckheere-Terpstra criterion for or-
dered alternatives is a better alternative to the
Kruskel-Wallace criterion, in the case when
the samples under study are naturally ordered.
Important is not only the fact that there are
differences between several samples, but also
the direction of change (increase or decrease)
of differences when moving from sample to
sample. To solve problems of this type, the

Jonckheere-Terpstra criterion is used with an al-
ternative hypothesis: “there are differences be-
tween samples, and the medians of samples are
arranged in ascending order”. To use this crite-
rion, samples must be ordered according to the
expected growth of the factor effect (e.g., aver-
age values). The Jonckheere-Terpstra criterion
allows for a more detailed analysis and often re-
veals differences in cases where the Kruskel-Wal-
lace criterion is ineffective (Bala et al., 2019).

Using the above methods in the present
study, hypothesis testing matrices were con-
structed, which allowed determining the simi-
larity of the tree stands under study and identi-
fying homogeneous groups of stands according
to their composition and geographical location.

During the study of the distribution of pine
stands according to the type of forest-growing
conditions (FGCT), the scale of P.S. Pogrebnyak
(1955) was used, according to which plots are
divided according to soil fertility and denoted
by the letters A, B, C, and D from poor to rich in
terms of fertility. In addition, an index is added
to the letter that characterizes soil moisture and
is indicated by numbers from 0 to 5, where 0 is
very dry, and 5 is very wet growing conditions.

Results and Discussion

Analysis and modelling of stand parame-
ters of modal stands of Scots pine in the For-
est-Steppe of Ukraine requires a clear division
of the latter into statistically substantiated
homogeneous structural elements (groups),
which further allows finding adequate mod-
els to predict their growth and development,
identify natural factors of influence on the
growth and development of tree stands, and
reduce the variance of input research data.
For this, the special stand-wise database pro-
vided by PA “Ukrderzhlisproekt” (Ukraini-
an State Project..., n.d.) was analysed, which
characterizes Scots pine stands that differ in
composition and origin. As a result, the distri-
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bution of the areas of the stands under study
according to these parameters was obtained
(Table 1). Pure stands included stands with

10 units of the main species in the stand com-
position, which was substantiated in the study
of P.I. Lakyda et al. (2012).

Table 1. Distribution of Scots pine stands in the Forest-Steppe of Ukraine

g Forest-Steppe natural area
g ‘é left-bank right-bank
) § area total stock area total stock

S ha share |thous.m3| share ha share |thous.m?3| share
= Pure | 10448.3 60.1 3471.69 65.4 8464.2 42.8 2633.94 44.9
é Mixed | 6951.0 39.9 1837.39 34.6 11320.6 57.2 3226.65 55.1
Z Total | 17399.3 7.2 5309.08 7.1 19784.8 8.0 5860.59 8.7
= Pure | 172402.3 76.7 56484.83 81.5 134026.6 59.2 39297.79 64.0
.F: Mixed | 52290.4 23.3 12842.49 18.5 92559.3 40.8 22119.47 36.0
< Total | 224692.7 92.8 69327.32 92.9 226585.9 92.0 61417.26 91.3

Total 242092.0 100.0 74636.4 100.0 246370.7 100.0 67277.9 100.0

Source: developed by the authors based on data (Ukrainian State Project..., n.d.)

Scots pine stands in the Forest-Steppe of
Ukraine cover an area of 488,462 thous. ha and
have a total stock of 141.914 million m? (Ta-
ble 1). They are distributed almost evenly in the
left-bank and right-bank parts (49.6% in the
left-bank and 50.4% in the right-bank part of
the areas of pine stands of the Forest-Steppe).
Therewith, these stands are mainly of artifi-
cial origin. Thus, in the left-bank part of the
Forest-Steppe, the share of artificial stands is
92.8% (224,692 thous. ha) of the area of pine
stands in the left-bank part; for the right-bank
part, this figure is 92% (226,586 thous. ha), re-
spectively. Considering the small share of nat-
ural tree stands, it was decided to conduct fur-
ther analysis for artificial tree stands. The share
of artificial pure stands in the composition in
the left-bank part is quite high and amounts to

172,402 thous. ha (76.7% of the area of artifi-
cial pine stands in the left-bank part of the For-
est-Steppe); for the right-bank part, this figure
is 134,027 thous. ha (59.2%).

The groups under study were compared us-
ing the statistical methods described above, and
the null hypothesis about the similarity of the
compared groups was accepted. In the obtained
results, the p-value of the calculated indicator
exceeds 0.001, which proves the existence of a re-
lationship between the stand parameters of the
groups under study and confirms their similarity.
Inaddition, in comparison diagrams of calculated
values, the equidistance of points from each oth-
er indicates that there is no relationship between
the stand parameters of the groups under study.

The results of hypothesis testing using var-
ious methods are presented in Table 2.

Table 2. Result of testing hypotheses about sample equality

Stand parameters

Criteria for independent samples

Result

Median criterion

Hypothesis rejected

Age

Kruskal-Wallace test

Hypothesis rejected

Jonckheere-Terpstra test

Hypothesis rejected
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Table 2, Continued

Stand parameters

Criteria for independent samples

Result

Median criterion

Hypothesis rejected

Average height

Kruskal-Wallace test

Hypothesis rejected

Jonckheere-Terpstra test

Hypothesis rejected

Median criterion

Hypothesis rejected

Average diameter

Kruskal-Wallace test

Hypothesis rejected

Jonckheere-Terpstra test

Hypothesis rejected

Median criterion

Hypothesis rejected

Relative density

Kruskal-Wallace test

Hypothesis rejected

Jonckheere-Terpstra test

Hypothesis rejected

Median criterion

Hypothesis rejected

Stock per 1 ha

Kruskal-Wallace test

Hypothesis rejected

Jonckheere-Terpstra test

Hypothesis rejected

Source: compiled by the authors

An example of paired comparisons of the
median criterion is presented in Figure 1. Thus,
thedatainTable 2 and Figure 1 demonstrate that
for all comparison groups, the null hypothesis of

a) b)

K3 PL FL

L M

d)

PL K3

PR

sample similarity is not confirmed by statistical
criteria and should be rejected. Further analysis
should be carried out for the groups under study,
which factor in their statistical differences.

ML kR

)

PR PR
ML

e)

PR

Figure 1. Comparison diagrams for the values of paired criteria for the median stands of Scots
pine: a) age, b) average height; c) average diameter; d) density, e) stock per 1 ha

Source: compiled by the authors

Based on data from the stand-wise da-
tabase, average stand parameters for artifi-
cial pine stands were calculated by groups

according to natural zones and composition.
The obtained parameters are presented in
Table 3.
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Table 3. Average stand parameters of artificial pine stands in the Forest-Steppe of Ukraine

Forest-Steppe Composition | Age, years Height, m | Diameter, cm Relat}ve Stock, m3-ha!
natural area density

Pure 60 20.6 25.3 0.74 310
Left-bank Mixed 48 17.8 22.4 0.74 235
Total 57 19.8 24.6 0.74 290
Pure 51 18.7 23.4 0.76 284
Right-bank Mixed 46 17.6 22.4 0.75 232
Total 49 18.2 22.9 0.76 262
Total 53 19.1 23.8 0.75 276

Source: developed by the authors based on data (Ukrainian State Project..., n.d.)

The data in Table 3 suggests that the pine
stands of the left-bank part of the Forest-Steppe
of Ukraine are older compared to the stands of
the right-bank part, and their age is 57 years and
49 years, respectively. Notably, pure tree stands
are older than mixed ones throughout the For-
est-Steppe. Analysing the data in the table, it
should be noted that the average stand param-
eters of the pine stands of the left bank part
are higher than the corresponding parameters

of the stands of the right-bank part, such re-
sults can primarily be explained by the different
age structure, which could affect the difference
in parameters. Pure stands are characterized
by greater productivity than mixed ones, the
average stock per 1 ha for the left-bank part is
310 m® and for the right-bank part — 284 m3.

The distribution of pine stand areas ac-
cording to site index classes is presented in Ta-
ble 4 and Figure 2.

Table 4. Distribution of areas of pine stands
in the Forest-Steppe of Ukraine according to site index classes

g Forest-Steppe natural area
:g left-bank right-bank
é‘ Site index area stock, area stock,
S ha share m*ha! ha share m*ha™
I¢ and above 265.7 0.2 360 384.7 0.3 357
Iy 6041.1 3.5 396 5546.0 4.1 370
2 43348.4 25.1 366 40737.5 30.4 348
Pure I 84000.8 48.7 309 60270.9 45.0 276
I 28732.1 16.7 262 21108.3 15.7 211
111 7404.4 4.3 184 4986.6 3.7 144
IV and below 2609.8 1.5 129 992.6 0.7 97
Total 172402.3 100.0 134026.6 100.0
I¢ and above 285.0 0.5 336 514.4 0.6 299
Iy 4217.3 8.1 347 6823.7 7.4 311
2 15808.0 30.2 300 33016.7 35.7 289
. I 23708.1 45.3 201 38030.3 41.1 201
Mixed
II 6573.5 12.6 172 11005.6 11.9 152
111 1376.9 2.6 117 2803.3 3.0 99
IV and below 321.6 0.6 96 365.3 0.4 64
Total 52290.4 100.0 92559.3 100.0
Source: developed by the authors based on data (Ukrainian State Project..., n.d.)
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Figure 2. Distribution of pine stand areas according to site index classes
Source: developed by the authors based on data (Ukrainian State Project..., n.d.)

The above data suggests that the share of
tree stands that grow according to site index
class I and higher, pure stands of the left-bank
part of the Forest-Steppe is 77.5% (133,656
thous. ha, from the area of pure Scots pine stands
of the left-bank part of the Forest-Steppe). For
the right-bank part of the Forest-Steppe, this
figure was 79.8% (106,939 thous. ha). Notably,
the proportion of high-purity mixed stands is
higher compared to pure stands. Thus, the share
of mixed stands with high site index class of
the left-bank part of the Forest-Steppe is 84.2%
(44,018 thous. ha, from the share of mixed Scots
pine stands of the left-bank part of the For-
est-Steppe), for the mixed stands of the right-
bank part of the Forest-Steppe, this share was
84.7% (78,385 thous. ha). The average site index
class of mixed stands for both regions is I?, 7; for
the left-bank part, pure stands have an average
site index class 1,0, for the right-bank part — 12, 9.

According to the type of forest-growing
conditions for different groups, pine stands in
the Forest-Steppe of Ukraine are distributed
unevenly (Table 5 and Fig. 3). Specifically, 19.5%

(33,619 thous. ha of the area of pure pine stands
of the left-bank part of the Forest-Steppe)
of pure pine forests of the left-bank part are
distributed in conditions A, 61.9% (105,943
thous. ha) - in conditions B, 17.8% (30,732
thous. ha) - in conditions C and D. Mixed pine
stands of the left-bank part grow in richer for-
est-growing conditions, the share of growth in
conditions C and D was 46.2% (24,147 thous.
ha of the area of mixed pine stands of the left-
bank part of the Forest-Steppe), the share of
pine growth in conditions B - 45.6% (23,854
thous. ha) and conditions A - 7.6% (3,996
thous. ha). Mixed pine stands of the right-bank
part of the Forest-Steppe are common in much
richer forest-growing conditions than others.
Thus, the share of growth conditions C and
D was 64.8% (59,940 thous. ha, from the area
of mixed pine stands in the right-bank part
of the Forest-Steppe), the share of conditions
B -27.2% (25,177 thous. ha) and conditions A -
2.5% (2,321 thous. ha). Pure pine stands of the
right-bank part of the Forest-Steppe were dis-
tributed as follows: A — 10.6%; B — 44.4%; C and
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D -42.6%. According to the analysis results,the  right bank, from pure to mixed stands, there is
following dependence of Scots pine growth in  a change in growth from conditions B to con-
the Forest-Steppe is observed: in the left-bank  ditions C; in all areas, fresh growth conditions
part, poorer conditions B dominate; on the predominate in terms of humidity (index 2).

Table 5. Distribution of areas and stocks of pine stands

in the Forest-Steppe of Ukraine according to types of forest-growing conditions (FGCT)

Forest-Steppe left-bank zone Forest-Steppe right-bank zone
FGCT pure mixed pure mixed
area, ha stock, area, ha stock, area, ha stock, area, ha stock,
’ m3-ha’! > m3-ha’! ’ m3-ha’! ? m3-ha’!
A 6,529.8 182 571.5 147 3,955.7 170 294.2 83
A, 27,089.2 259 3,424.6 157 10,310.8 246 2,026.6 128
B, 1,776.9 259 272 181 5,104.8 248 999.1 139
B, 105,008.4 324 22,804.9 218 50,943.5 303 22,003.2 212
B, 934.9 350 776.6 243 3,485.6 246 2,174.5 202
C, 27,579.9 333 20,085.4 262 42,158.7 299 39,042.6 243
C, 1,833.3 370 1,966.4 286 4,480.3 321 8,126.9 252
D, 1,319.2 297 2,095.1 269 10,506.6 260 12,770.8 242
Other
FGCTs 330.7 210 293.9 165 3,080.6 232 5,121.4 230
Total | 172,402.3 52,290.4 134,026.6 92,559.3
Source: developed by the authors based on data (Ukrainian State Project..., n.d.)
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Figure 3. Distribution of areas of pine stands in the Forest—Steppe
of Ukraine according to types of forest-growing conditions

Source: developed by the authors based on data (Ukrainian State Project...,

n.d.)

Analysing the average stock of pine stands,  all groups is observed in conditions C,. The
the greatest productivity in terms of stock in  largest margin in pure stands: 370 m3ha! for
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the left-bank part and 321 m3ha™! for the right-
bank part. Mixed stands in these conditions
have an average margin for the left-bank part of
286 m>ha-!, and for the right-bank - 252 m*ha’.

Over 86% of the area of pine stands in the
Forest-Steppe of Ukraine has a relative com-
pleteness of 0.7-0.9 (Table 6 and Fig. 4). There is
a difference in the distribution of relative stand
density for the left- and right-bank parts of the
Forest-Steppe, there is no significant difference
in the distribution of tree stands for pure and

mixed stands. In general, pine stands of the
right-bank part are described by a higher pro-
portion of high-density stands (with a density
of 0.9-1.0) and, accordingly, a lower proportion
of stands with a density of 0.7. There is also a
share of stands (up to 14%), which grow with a
reduced density of 0.6 and below. The most pro-
ductive according to average margin are stands
with a density of 0.9 for all groups of pine stands.

The age structure of stands is not uniform
(Table 7 and Fig. 5). The share of young ani-

Table 6. Distribution of areas and stocks of pine stands
in the Forest-Steppe of Ukraine according to relative stand density

Forest-Steppe left-bank zone Forest-Steppe right-bank zone
Density pure mixed pure mixed

classes area, ha stock, area, ha stock, area, ha stock, area, ha stock,
? m3-ha! ’ m3-ha! ? m3-ha! ? m3-ha!

0.4 and under | 1,375.9 175 392.9 142 833.5 140 503.0 136

0.5 3,681.1 226 1,365.0 162 2,675.9 197 1,793.0 173

0.6 17,591.5 283 5111.1 188 11,493.7 240 7,907.0 202

0.7 59,712.8 314 16,930.0 231 37,621.6 266 27,018.1 215

0.8 66,494.3 320 21,273.9 251 53,577.7 297 39,483.3 249

0.9 22,695.1 329 6,826.8 272 27,049.2 317 15,155.5 254

1.0 851.6 249 390.7 254 775.0 263 699.4 196

Total 172,402.3 52,290.4 134,026.6 92,559.3
Source: developed by the authors based on data (Ukrainian State Project..., n.d.)
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in the Forest-Steppe of Ukraine according to relative stand density

Source: developed by the authors based on data (Ukrainian State Project...,

n.d.)
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mals in pure pine stands of the left-bank part
of the Forest-Steppe is 20.13 thous. ha (11.7%
of the area of pure pine stands of the left-bank
part), a considerable share of middle-aged
stands -115.823 thous. ha (67.2%) and mature
30.742 thous. ha (17.8%) and a small area of
mature and over-mature stands 5,663 thous.
ha (3.3%). Mixed stands of the left-bank part
of the Forest-Steppe are described by a large
share of young animals - 35.7% (18,659 thous.
ha) of the area of mixed stands of the left-bank
Forest-Steppe and, accordingly, smaller shares
of middle-aged stands (47.6% or 24,873 thous.
ha) and maturing (13.9% or 7,289 thous. ha)
and a small share of mature and over-mature
2.8% (1,469 thous. ha). In contrast to the pure
pine stands of the left-bank part, the stands of

the right-bank part have a large share of young
animals, which make up 25.2% of the area of
pure pine stands of the right-bank part of the
Forest-Steppe (33,714 thous. ha), a considera-
ble share of middle-aged — 61.2% (81,984 thous.
ha) and maturing - 10.6% (14,152 thous. ha) as
well as for other stands, the share of mature
and over-mature is insignificant — 2.8% (1,469
thous. ha). The largest part of young animals
is observed in mixed stands of the right-bank
part of the Forest-Steppe, their share is 40.2%
(37,216 thous. ha) of the area of mixed stands
of the right-bank Forest-Steppe. The share of
middle-aged stands is 47.5% (44,003 thous. ha)
and maturing stands — 9.1% (8,449 thous. ha).
The share of mature and over-mature stands is
2.8% (2,890 thous. ha).

Table 7. Distribution of areas and stocks
of pine stands in the Forest-Steppe of Ukraine according to age groups

Forest-Steppe left-bank zone Forest-Steppe right-bank zone
Age pure mixed pure mixed
group area, ha stock, area, ha stock, area, ha stock, area, ha stock,
> m3-ha’! ’ m3-ha’! ’ m3-ha’! ’ m3-ha’!
Young 20,173.0 127 18,658.7 95 33,714.2 152 37,216.4 106
M;ggée_ 115,823.2 330 24,873.4 302 81,983.5 324 44,003.3 305
Maturing | 30,742.3 388 7,289.1 367 14,152.4 401 8,449.4 373
Mature 5,593.9 385 1,458.0 358 4,137.3 374 2,863.1 344
Over- 69.9 317 11.2 298 39.2 314 27.1 339
mature
Total | 172,402.3 52,290.4 134,026.6 92,559.3

Source: developed by the authors based on data (Ukrainian State Project..., n.d.)

Figure 6 shows the dynamics of the av-
erage stock for the researched groups of pine
stands in the Forest-Steppe of Ukraine.

Analysing the dynamics of stock chang-
es per 1 ha (Fig. 6), it should be noted that
the most productive stands are pure Scots
pine stands in the right-bank part of the
Forest-Steppe. Therewith, starting from
the age group of the mature ones, there
is a decrease in the stock on average from
388 to 317 m*ha'l. The productivity of pure

pine stands of the left-bank part of the For-
est-Steppe is lower than the stock of pure
stands of the right-bank part, in the age
group, mature and over-mature stocks per 1
ha exceed pure stands of the right-bank part.
In general, the stocks of mixed stands in the
right-bank and left-bank parts of the For-
est-Steppe are very close and significantly
less than the stocks of pure stands. Notably,
a decrease in stocks after the maturing age
group is observed for all groups of stands.
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Figure 5. Distribution of areas of pine stands
in the Forest-Steppe of Ukraine according to age groups

Source: developed by the authors based on data (Ukrainian State Project..., n.d.)
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Figure 6. Dynamics of the average stock of pine stands in the Forest-Steppe of Ukraine
Source: developed by the authors based on data (Ukrainian State Project..., n.d.)

To verify the conducted research, we will ~ Forest-Steppe of Ukraine, so we compared the
compare it with the data obtained by oth- dynamics of changes in the average stock per 1
er scientists. As mentioned earlier, scientists ha with the data of S. Musienko et al. (2021) for
paid little attention to Scots pine stands in the  the left-bank part of the Forest Steppe, as well
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as with collective studies of natural pine stands
of Polissia (Lakyda et al., 2018) and the North-
ern Steppe of Ukraine (Lovynska et al., 2021).
In their research, the authors determined the

Table 8. Average stock per 1 ha of pine stands

in the left-bank part of the Forest-Steppe

productivity of pine stands without dividing
them into pure and mixed ones, so we present
the data for both of these groups. The results
obtained are presented in Table 8 and Figure 7.

Average stock per 1 ha, m?
Age . according to . according to (Lovynska
clases | pure | mived | g U0 era, | *ccoring o Gakyda et MO ) o he
(2021) ” Northern Steppe
I 14 14 13 11 9
1I 57 48 47 30 31
111 128 109 115 67 99
v 209 183 210 109 160
\Y 272 256 296 167 242
VI 323 307 331 251 270
VII 354 343 352 298 313
VIII 383 363 384 323 360
X 388 366 389 324 376
X 358 336 378 313 356
XI 374 350 336 286 366
XII 363 365 321 279 363
XIIT 342 340 276 - -
X1V 346 293 260 - -
)?é :é’ed 289 | 289 250 - -

Source: developed by the authors based on (Lakyda et al., 2018; Lovynska et al.; 2021; Musienko et al., 2021;
Ukrainian State Project...,n.d.)
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Figure 7. Dynamics of the average stock of pine stands
in the left-bank part of the Forest-Steppe of Ukraine

Source: developed by the authors based on (Lakyda et al., 2018; Lovynska et al.; 2021; Musienko et al., 2021;
Ukrainian State Project...,n.d.)
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According to the presented data, in general,
the dynamics of stocks per 1 ha of the compared
data is close to the pure tree stands of the left-
bank part of the Forest-Steppe of Ukraine. This
is also confirmed by the average value of Scots
pine presence in stands - 9.7 units. After the IX
age class, there is a significant decrease in the
average stock per 1 ha according to S. Musien-
ko’s data, which can be explained by the small
area of the researched object (State Enterprise
“Zhovtneve Forestry”) and the specific features
of forestry activities. For the conditions of the
Northern Steppe (Lovynska et al., 2021), the av-
erage stock per 1 ha is slightly lower than the
stocks for the Forest-Steppe zone. Therewith, in
the VIII class of age, they increase sharply and
correspond to the stocks of the Forest-Steppe
zone, which is explained by the presence of
such stands mainly in the composition of
protective stands of green zones and sanitary
zones and their insignificant representation.
In addition, the productivity of natural pine
stands of Polissia is significantly less than in
the Forest-Steppe and Steppe.

Conclusions

As aresult of the conducted study, forest inven-
tory dependencies were established that char-
acterize the growth of Scots pine stands in the
Forest-Steppe zone of Ukraine. In the research
of Ukrainian scientists, when investigating
the growth of Scots pine stands, preference is
given to stands growing in the natural zone of
Polissia of Ukraine. This is primarily because in
these conditions this species is considered as a
priority. But in the Forest-Steppe zone, more
attention is paid to oak stands. Much less at-
tention is paid to the growth of Scots pine in
other natural areas; specifically, studies were
conducted for the Forest-Steppe, but were lim-
ited exclusively to its eastern part (Kharkiv and
Sumy regions). The originality of the conducted
study was the coverage of the entire territory

of the Forest-Steppe zone of Ukraine using the
stand-wise database of PA “Ukrderzhlisproekt”.
In fact, the provided database is a general set
of forest inventory data of stands that include
Scots pine growing in the Forest-Steppe zone of
Ukraine. Having conducted an initial analysis
of the database, it was decided to investigate
only artificial Scots pine stands, since they oc-
cupy about 92% of the total area of pine stands
in the Forest-Steppe of Ukraine. Using several
non-parametric statistical criteria to estimate
the similarity of samples, the difference in stand
parameters of pine stands was established and
divided into four groups depending on the ge-
ographical location and participation of the
main species in the stand composition. The
analysis of the groups under study proved that
Scots pine on the territory of the Forest-Steppe
zone of Ukraine grows relatively evenly within
its left-and right-bank parts. Pure tree stands
are older than mixed ones and, accordingly,
have a higher productivity (about 300 m3-ha'! in
pure and 235 m*ha! in mixed stands). Howev-
er, the highest middle site index class is char-
acterized by mixed stands in both regions, the
lowest middle site index class — in pure stands
of the left-bank Forest-Steppe. By types of for-
est vegetation conditions, poorer conditions B
dominate in the left-bank part, while on the
right bank, from pure to mixed stands, there
is a change in growth from conditions B to C.
In terms of productivity, pure stands of the
right-bank part of the Forest-Steppe of Ukraine
dominate. The description and generalization
of the current state and analysis of the produc-
tivity of pine stands in the Forest-Steppe zone
of Ukraine can be used for further grouping of
experimental material in the preparation of
forestry and forest inventory standards. The
obtained description is the most complete since
it was based on the entire sub-compartment in-
ventory characteristic of Scots pine stands in
the region under study.
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AHoranis. Po3po6ka HOPMaTMBHO-IOBiIKOBOTO 3abe3IedyeHHs ISl TAKCAIlilfiHOi OLIiHKM CTaHy
MOZATbHUX AE€PEBOCTAHIB € HATAJIbHUM MUMTAHHSIM OCKiJTbKM JA€ MOK/IUBICTh OTPUMATH JOCTOBIpHY
Ta aKTyaJabHy iH(OpMallil0 MPO CyyacHMii CTaH iCHYIOUMX JepeBocTaHiB. MeToi po6otu 6Gyo
CTAaTUCTHUYHE OOIPYHTYBAHHS IOy COCHOBMX IEPEeBOCTAHiB HA TPYIM 3a PErioOHOM 3pPOCTaHHS
Ta CKJIaJIOM, Ta iX AeTajbHa TaKcalliliHa XapaKTepUCTMKa 3 aHaJIi30M MOUIMPEHHS Ha TEPUTOPii
JlicocTeny Ta ixX MPOMYKTUBHOCTI. [IJi1 TPOBENEHHS JOC/TiIKeHb BUKOPUCTOBYBaIach 6a3a JaHUX
MTOBU/II/IBHOI TaKCalliifHOT XapaKTePMCTUKY JIiciB BUPOOGHUUOTO 06’ e THAHHS « YKPAEPKITICIIPOEKT»
IJIs1 JTicocTenoBOi 30HM YKpaiHu. BuMKOpHUCTOBYIOUM psili HemapaMeTPUYHUX KpUTepiiB OI[iHKMU
BMUGipoK (paHroBuMii omHodakTOpHUIT H-Kputepiit Kpackema-Yonneca, KpuTepiit MefmiaH,
KpUTePiil BIOPSAIKOBAHUX abTepHATUB [KOHKipa-TepricTpa) 6yl0 BCTaHOBJIEHO BiIMiHHICTH B
TaKCcaliifHMX TTOKa3HUKAX JOCTiIKyBaHMUX BMOIPOK Ta pO3/iJIeHO IepeBOCTaHM JIiCOCTENIOBOI 30HU
Ha YOTUPY IPyInu. By/io ommcaHo cyuyacHMiT CTaH MOJAIbHMX COCHOBMX A€PEBOCTAHIB JIiCOCTEITOBOL
30HM YKpaiHu mjis o6paHMX TPyl 3 JeTaJbHUMM PO3MOIiJIOM IUIONI Ta 3araciB 3a OCHOBHMMM
TaKkCaliifHMMM TMOKa3HMKaMM. 3a pe3yabTaTaMy MPOBENEHOro aHajmizy 6asm maHux Oyio
BCTaHOBJIEHO, 110 6/113bK0 92 % Bim 3arajbHOI IIOIII COCHOBMX JepeBOCTaHi JicOCTernoBOi 30HU
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CTAHOBJISATh LITYYHI JIicK. 3aJIEXKHO BiJl pETiOHY 3POCTaHHS — HA JIiBO- Ta MPaBOOEPEXKHY YaCTUHY
JlicocTemny, 3a CK/IaIOM — Ha YMCTi Ta MilllaHi. B Mexkax JOCTiIKyBaHMX IPYTI 6Y/10 MPOBEIEHO aHai3
PO3IIOIiTY TUTOII Ta 3aTlaciB COCHOBMX IEPEBOCTaHiB 3a KlacaMu 60HITeTY, TUITaMM JIiCOPOCTMHHUX
YMOB, TUTIAMM JIiCY, BiTHOCHMMY ITOBHOTAMU Ta IPyHamu BiKy. 3a Kiacamu GOHITeTY y BCiX rpymax
MIOMiHYIOTb BMCOKOOOHITeTHi HacamkeHHsI I Ta I* kiaciB 60oHiTeTy. YacTKa BUCOKOOGOHITETHUX
MilllaHMX HACakeHb Gisibla B MOPIBHSAHHI 3 YMCTUMM HACAIPKEHHSIMU. 32 TUIIOM JIiCOPOCTMHHNUX
YMOB JOMiHYIOTb Haca/pKeHHs B, y BCix moc/igpKyBaHux rpynax. I3 niBo6epesxks 10 NpaBoOepesiokst
CIIOCTEPIra€ThCsl 3pOCTAHHSI POJIOYOCTI I'PYHTIB i3 yMOB B Ha ymoBu C, TAaKOX Taka 3aJIeKHICTh
CIIOCTePIra€ThCsl Bif, YMCTUX OO MillaHMX HacaakeHb. [IpOMYKTMBHICTh 3a cepemHiM 3amacom
MilllaHUX HacaJkeHb MpaBoOepexxHOi Ta JiBoGepeskHOi uyacTuHM Jlicoctemy myke OMM3bKi i
3HAYHO MeHIlle 3aMaciB YMcTuX JepeBocTaHiB. HaBemeHi pesynbTaTy HOCTIIKeHb MOXYTb OYTU
BMKODUCTaHi HayKOBLSMM B SIKOCTi ONMMCY MOJAJbHUX TaKCaliiHMX XapaKTePUCTUK DPerioHy
JlicocTeny Ta [jis rpyIyBaHHS €KCIIePUMMEHTAJIbHOTO MaTepially Mpy CKIaJaHHi JiCiBHMYMX Ta
JlicoTakcalliifH1ux HOpMaTUBIB

KimiouoBi croBa: moBuaiibHa 6a3a JaHMX; HermapaMeTpUUHi KpuTepii; cepemHiii 3amac; Kiac
OOHITeTY; CK/IaJ] HacaaKeHHS ; TUII JiCOPOCIMHHUX YMOB; BiTHOCHA ITOBHOTA
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Abstract. In the forests of Ukraine, forestry should be carried out on the principles of continuous
and rational use of forests through integrated usage of their resources. Thus, there is a need to
distinguish and correctly understand the forestry terms. To harmonize terminology, relevant
regulations, as well as Ukrainian and foreign literature, were examined. General scientific
theoretical methods - analysis and synthesis — were applied to work with information sources. The
paper substantiats the employment and understanding of terminology related to the usage of forest

2«

resources. The definition and interpretation of the terms “secondary forest use”, “non-tree forest
resources”, “non-timber forest resources” in current legislative and regulatory acts, the explanatory
dictionary of the Ukrainian language, the state standard of Ukraine, the Ukrainian encyclopedia
of forestry, Ukrainian and foreign forestry literature were summarized. The authors proposes to
divide forest resources into woody, non-tree, and non-timber ones, followed by coordination of

such classification among forestry scientists and practitioners. The largest volumes of harvesting
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among secondary forest materials and secondary forest uses for 2010-2020 were established. The
distribution of income received according to types of non-timber products of the forest and in
the context of regional departments of forestry and hunting for 2021 was analysed. The paper
presents the types of wild fruit, medicinal plants and mushrooms common in Ukraine. Promising
species for plantation cultivation were proposed. Areas of obtaining added income from the sale of
non-timber products of forests were generalized. The analysis and prospects of using non-timber
forest products, which can serve as a theoretical and practical basis for sustainable management
of multifunctional forestry in Ukraine, were presented. The obtained results can be used for
harvesting non-timber products of forests, considering the regional characteristics of the country

Keywords: wild fruits; medicinal plants; mushrooms; birch sap; legislative and regulatory

documents

Introduction

The forest resources of Ukraine are extremely
diverse in their species composition and na-
ture of use. Apart from timber, other products
are also harvested in the forests. People have
used forests as a source of food and medici-
nal products for a long time. The beginning of
primitive people’s usage of forest resources was
the gathering of fruits, mushrooms, medicinal
herbs, etc. Subsequently, forest resources were
used for the construction of housing, fences,
making household utensils and tools. Resin was
extracted and processed by people as early as
the 37 century BC, and tree sap was produced
on an industrial scale at the beginning of the
20t century (Tokarieva et al., 2022).

At the end of the 19% century, the term
“resources (products) of secondary forest use”
appeared in the scientific literature in Ukraine.
The term “non-tree forest products” is now a
commonly adopted in Ukraine. According to
C.M. Shackleton & A. de Vos (2022), wild for-
est products have currently various names, but
the most common in the world literature is
non-timber forest products.

A system of terms and definitions speci-
fied by current regulations, standards, instruc-
tions in Ukraine is covered in encyclopaedic
publications. The terminology concerning the

harvesting of secondary forest materials and the
implementation of secondary forest uses, that
has been translated from Soviet literature is in-
accurate and requires clarification. Therefore,
it is often difficult to understand their essence,
since there are different approaches to describ-
ing the resource system, and the definitions of
the terms “non-tree” and “non-timber” forest
resources have no scientific substantiation.
T.S. Delgado et al. (2016) noted that tradi-
tionally forest resources were interpreted only
as timber stock, and forest policy focused on
the use of forests mainly as suppliers of timber.
I. Grammatikopoulou & D. Vackarova (2021)
emphasized the social significance of non-tim-
ber products in forests. According to A.V. Myhal
& V.V. Bokoch (2017), with the increasing im-
portance of other useful products and functions
of the forest, its resources began to include sec-
ondary forest products and materials.
Multifunctional forestry is a relevant and
modern area of forestry development and one
of the main concepts that guide the European
community (Pohjanmies et al., 2021; Romabai
et al., 2022). Despite of widespread accept-
ance of the general concept, there is a lack of
consistency in terminology definitions, for-
est policies in this area, and communication
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between practitioners. M.A. Hoogstra-Klein et
al. (2017) concluded that it was important to
match different practical approaches to local
needs and conditions.

In the study of Y.O. Adam et al. (2013) the
discussion on the most effective forest man-
agement systems, specifically the systems for
managing the non-timber resources, contin-
ues. Anthropogenic impact on the environ-
ment damages basic environmental functions,
prompting a shift towards more sustainable
management models. The sustainability of for-
est ecosystems is understood as the ability to
maintain resources for a long time (Wezel et al.,
2020; Copena et al., 2022).

C. Schulp et al. (2014) argue that, non-tim-
ber forest resources are currently a separate
ecosystem service that is understudied due to
what is often considered less important or be-
cause lack of data. Non-timber forest products
provide numerous benefits to local communi-
ties, regional and national economies in many
countries. However, they are rarely used in
shaping forest policies and forest development
strategies (Shackleton & Pandey, 2014). A. Gi-
anotti & P. Hurley (2016) noted that there is a
need for research on the non-timber resource
base not only at the regional, but also at the lo-
cal level, which will contribute to the best man-
agement of natural resources. This study was
aimed at investigating the general trends and
national characteristics of Ukraine regarding
the harvesting of non-timber forest resources,
coordinating terminology with international
standards and identifying prospects for the de-
velopment of this area in Ukraine.

Materials and Methods

Sources of information were processed by gen-
eral scientific theoretical methods — analysis
and synthesis. Using the method of analysis,
the subject of this study — non-timber forest
resources — was divided into components: sec-

ondary forest materials (harvesting of resin,
bark, stumps, tree greens, tree sap), and sec-
ondary forest uses (hay harvesting, livestock
grazing, apiary placement, wild fruit harvest-
ing, mushrooms, medicinal plants, collection
of forest litter, harvest of reeds). The synthesis
method combined the components dissected
during the analysis (secondary forest materi-
als, secondary forest uses), establishing links
between them, into a single whole - non-tim-
ber forest resources.

The factual material of the study included
legislative and regulatory documents: Forest
Code of Ukraine (Forest Code of Ukraine...,
1994), Laws of Ukraine: “On Plant Life” (Law
of Ukraine No. 591-XIV..., 1999), “On Nature
Reserve Fund of Ukraine” (Law of Ukraine
No. 2456-XII..., 1992), “On Environmental
Protection” (Law of Ukraine No. 1264-XII...,
1991), “On the Legal Regime of the Territo-
ry Exposed to Radioactive Contamination as
a Result of the Chernobyl Disaster” (Law of
Ukraine No. 791a-XII..., 1991), “Procedure for
Special Use of Forest Resources” (Decree of
the Cabinet of Ministers of Ukraine No. 761...,
2007), “Procedure for Harvesting Second-
ary Forest Materials and Implementation of
Secondary Forest Uses in Forests of Ukraine”
(Decree of the Cabinet of Ministers of Ukraine
No. 449..., 1996), “Rules for Harvesting Resin
in the Forests of Ukraine” (Decree of the Cab-
inet of Ministers of Ukraine No. 185..., 1996),
“Rules for the Use of Beneficial Properties of
Forests” (Order of the Ministry of Environ-
mental No. 502..., 2012), “Regulations for
the Special Use of Natural Plant Resources”
(Order of the Ministry of Ecology and Natu-
ral Resources of Ukraine No. 61..., 2002). The
list of legislative and regulatory documents
covers the implementation of mechanisms for
harvesting secondary forest materials and the
implementation of secondary forest uses in
the forests of Ukraine.

Vol. 14, No. 1, 2023

Ukrainian Journal of Forest and Wood Science

126


http://zakon4.rada.gov.ua/laws/show/761-2007-п
http://zakon4.rada.gov.ua/laws/show/761-2007-п
http://zakon5.rada.gov.ua/laws/show/449-96-п
http://zakon5.rada.gov.ua/laws/show/449-96-п
http://zakon5.rada.gov.ua/laws/show/449-96-п

Pisova et al.

The study analysed the reporting materi-
als of the State Agency for Forest Resources of
Ukraine regarding the volume of harvesting of
non-timber forest products for 2010-2020, as
well as the distribution of income received ac-
cording to types of non-timber forest products
and in the context of regional departments of
forestry and hunting for 2021.

Results

The legal framework for carrying out any ac-
tivity in the forests of Ukraine is established by
regulations (Tokarieva et al., 2022). In the leg-
islative and regulatory documents governing
the harvesting of secondary forest materials,
the implementation of secondary forest uses
and the beneficial properties of forests, there
is no explanation of the terms “non-tree” and
“non-timber” forest resources. Therefore, there
is a need for a clear understanding and distinc-
tion between these terms.

According to Forest Code of Ukraine
No. 3852-XII (1994), forest resources are wood,
technical, medicinal, and other forest products
used to meet the needs of the population and

production and reproduced in the forming of
forest natural complexes.

For Ukraine, the practices of the Europe-
an Union (EU) countries, which have formed
a forestry sector with a full cycle of forest re-
sources use, are important. The Food and Agri-
culture Organization (FAO) interprets non-tim-
ber forest products as raw materials, material
and physical objects of biological origin, the
source of which is forests, except for timber
(Global Forest Resources Assessment, 2020).
Thus, the English-language literature uses a
term “Non-timber forest products”. (Emery &
Mclain, 2001; Kilchling, 2009). In German, there
is an analogue of this term, “Nichtholzpro-
dukte” - forest resources that are different from
timber (Wolfslehner & Vacik, 2009).

Most languages adopted the term “non-tim-
ber forest products”: Produkty niedrewniane
(Polish), Ne medienos misko produktai (Lithua-
nian), Produse forestiere nelemnoase (Romani-
an), Nedrevéné lesni produkty (Czech), Produits
forestiers non ligneux (French). Forest products
obtained in the forestry production can be of
wood origin, non-wood origin and animal (Fig. 1).

‘ Products of

\ animal origin

Wood origin ‘ ‘ Non-wood origin
\
Wood ‘ Non-timber products ‘
\
roducts
v ‘ Non-tree products ‘

resin, bast, stumps, bark,

tree greens, tree sap

hay, fodder land products, beekeeping products, wild
fruits, mushrooms, medicinal plants, forest litter, reeds

Figure 1. Classification of forest products
Source: developed by the authors based on the Forest Code of Ukraine No. 3852-XII (1994)

During 2015-2020, the forestry sector of
Ukraine experienced a decrease in the volume of
harvesting of non-timber forest resources (To-
kareva et al., 2022). In rural areas, the livelihood
benefits of forests were more important to the

local population than the value of the timber
(Wahlén, 2017). Among the non-timber prod-
ucts in the forests of Ukraine, wild fruits, me-
dicinal plants, mushrooms, tree sap, hay, and
reeds were most often harvested (Fig. 2).
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Figure 2. Harvesting of non-timber forest products in the forests of Ukraine

Source: developed by the authors, based on the Official website of the State Statistics Service of Ukraine (n.d.)

Currently, the main object of farming in
the forests of Ukraine is harvesting the trunk
part of a tree. Tree greens, bark, branches and
stumps are conventional waste, for the liquida-
tion of which considerable funds are spent, and
secondary forest uses are carried out in small
volumes. These are signs of poor management
in forests. Therefore, it is relevant to use all
wood and non-timber products of the forest.

According to V.P. Ryabchuk (1996) from 1
ha of a forest plot in Ukraine, on average, you
can get: mushrooms - 65-70 kg; birch sap -
10 tons; honey - 100-200 kg; resin — 650 kg;
wild fruits — 170-450 kg; coniferous extract —
5 kg; coniferous-vitamin flour - 6 tons; birch
bark for tar — 6 tons; branch feed - up to 2 tons;
herbal mass - 10-12 kg; other medicinal, tech-
nical, food raw materials - 30 kg.

The period of intensive harvesting of
non-timber forest resources dates back to the
1960s-1980s, when in some regions of Ukraine,
the comprehensive waste-free use of forests and
their products yielded an average of 2.8 times
more profit from 1 ha of forest than from reali-
zation of trunk part of the tree (Ryabchuk, 1996).

A classic example of the integrated use of
forest resources in Ukraine was the manage-
ment of forestry in the 1960-1980s by the Volyn

Regional Department of Forestry and Hunting,
where apart from timber, forestry enterprises
harvested wild fruits, mushrooms, birch sap,
medicinal plants, and honey resources, and the
profit from non-timber forest products was sev-
eral times higher than the profit from timber on
the same forest plot. During the period, forest-
ry enterprises harvested hundreds of tonnes of
wild berries, mushrooms, birch sap, and even
salted young shoots of common bracken and
exported them to Japan. According to D.A. Tel-
ishevsky (1986), in the Volyn region in 1960,
the production of the trunk part of the tree in
the total volume of production was 94%, and in
1984 - 19.8%.

In Ukraine, the volume of harvesting of
non-timber forest resources differs substantial-
ly (Fig. 3). This is explained by historical events
(including the Chernobyl disaster), socio-cul-
tural and national features.

Since Ukraine is one of the world’s largest
producers and exporters of honey, beekeeping
at forestry enterprises is the most profitable.
The geography of sales of Ukrainian honey cov-
ers over 50 countries in the world, including
Germany, Poland, the USA, etc.

Harvesting of birch sap also has significant
volumes, although it is carried out mainly in the
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Volyn region. Until recently, 75% of birch sap
was exported outside of Ukraine. Among the im-
porting countries were Poland, Germany, Israel,

9%

1%

28%

1%

15%

Panama, USA, Czech Republic, Canada, Lith-
uania, Latvia, Estonia (Official website of the
State Forest Resources Agency of Ukraine, n.d.).

« Birch sap

= Honey
Mushrooms
Jams
Tea, compote

Other
46%

Figure 3. Distribution of income received by types of non-timber forest products for 2021

Source: developed by the authors based on reporting materials from the Official website of the State Forest

Resources Agency of Ukraine (n.d.)

Berry species are recognized as the most
important category of non-timber forest re-
sources with the most profitable indicators in
some countries (Romabai et al., 2022). The most
common berries in the forests of Ukraine are
Vaccinium myrtillus L., Rubus idaeus L., Rubus
caesius L., Oxycoccus palustris Pers., Rhodococ-
cum vitis-idaea (L.) Avror., Vaccinium uliginosum
L. Among wild berry plants, Vaccinium myrtil-
lus L. is of the greatest industrial importance.

An increase the harvest of forest fruit and
berry plants through plantation cultivation
is possible. The promising species for plan-
tation cultivation of berries in the conditions
of Ukraine are as follows: Aronia melanocarpa
(Michx.) Elliott, Berberis vulgaris L., Juglans re-
gia L., Vaccinium oxycoccus (Hill) A. Gray, Hip-
pophae rhamnoides L., Rubus caesius L., Cornus
mas L., Corylus avellana (L.) H. Karst., Vaccinium
uliginosum L., Rubus idaeus L., Rosa canina L.

Thus, Vaccinium corymbosum L. is success-
fully cultivated in the “Manevytsia forestry”
branch of the SE “Lisy Ukrainy”.

Each country has its own list of wild medic-
inal plants. Using a critical literature and inven-
tory review, it is possible to identify the vast ma-

jority of medicinal plants (Soelberg et al., 2015,
Pohjanmies et al., 2021). The most common for-
est medicinal plants of Ukraine are Ledum palus-
tre L., Vinca minor L., Menyanthes trifoliata L.,
Valeriana officinalis L., Persicaria hydropiper (L.)
Delarbre, Rhamnus cathartica L., Convallaria ma-
jalis L., Pinus sylvestris L., Vaccinium myrtillus L.,
Juniperus communis L., Rubus idaeus L., Tilia
cordata Mill., Viburnum opulus L., Melampyrum
nemorosum L., Lycopddium clavdtum L., Tanace-
tum vulgare L., Leonurus quinquelobatus Gilib.,
Fragaria vesca L., Helichrysum arenarium L.,
Betula pendula Roth., Vaccinium vitis-idaea
L., Sambucus nigra L., Crataegus sanguinea
Pall., Sorbus aucuparia L., Frangula alnus Mill.

A promising area for generating additional
income for forestry is the creation of tea plan-
tations and medicinal plant plantations. In the
Khmelnytskyi region, such an enterprise is the
“Yarmolynets Forestry” branch of the State En-
terprise “Forest of Ukraine”.

Wild edible mushrooms are of socio-eco-
nomic interest (Frutos, 2019). The mushroom
resource trade is increasingly providing rural
communities with additional income opportu-
nities (Cai et al., 2011). Industrial harvesting
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of mushrooms in Ukraine is limited to the fol-
lowing species: Boletus edulis Bull., Suillus spp.,
Leccinum aurantiacum (Bull.) Gray, Leccinum
scabrum (Bull.) Gray, Imleria badia (Fr.) Wizzini,
Armillaria mellea (Vahl) P. Kumm., Cantharellus
cibarius Fr.

Territorial and regional features of the dis-
tribution of non-timber products differ sub-
stantially even within the same country. Hab-

5% 5%

37%

10%

itat characteristics, namely soil fertility and
plant density, are the most decisive factors in
overall plant provision (Gianotti et al., 2016).

Analysis of revenues received from
the sale of non-timber products in 2021 in
Ukraine shows that only four regional forest-
ry and hunting departments (RFHD) are lead-
ers: Volyn, Odesa, Poltava, and Khmelnytskyi
RFHDs (Fig. 4).

Volyn RFHD
Odesa RFHD
43%  Poltava RFHD
Khmelnytskyi
RFHD Other
= RFHDs

Figure 4. Distribution of income received from sales of non-timber products of RFHDs for 2021

Source: developed by the authors based on reporting materials from the Official website of the State Forest

Resources Agency of Ukraine (n.d.)

Vinnytsia, Dnipropetrovsk, Zhytomyr,
Zaporizhzhia, Ivano-Frankivsk, Kirovohrad,
Luhansk, Mykolaiv, Sumy, Kharkiv, and Kher-
son RFHDs engaged in much smaller volumes
of non-timber forest products harvesting.

Discussion

Studies of non-timber forest resources are usu-
ally devoted to certain types of products (mush-
rooms, berries, medicinal plants). M. Cai et al.
(2011), P. Frutos et al. (2019), D. Copena et al.
(2022) cover potentially possible reserves of in-
dividual resources. An analysis that covers all
possibilities of integrated use of forests is cov-
ered by Y.O. Adam et al. (2013), T.S. Delgado et
al. (2016), A.G.S. Gianotti & P.T. Hurley (2016).
Terminological clarifications of vocabulary
about the harvesting of secondary forest ma-
terials and the implementation of secondary
forest uses turned out to be relevant only for

Ukraine, other countries apply the standard-
ized, widely accepted term “non-timber forest
products”. An important stage in the develop-
ment of science is the coordination of termi-
nology not only within the country, but also at
the international level. Based on the analysis of
literary sources, the interpretation of words in
Ukrainian and foreign languages, current legis-
lative and regulatory documents, the authors of
this study support classification of timber har-
vesting as timber resources of the forest, sec-
ondary forest materials and incidental forest
uses as non-timber forest resources, and non-
tree forest resources as secondary forest uses.

The division of forest resources proposed
by the authors for implementing in forestry
practice requires coordination among scien-
tists and practitioners and consolidation in
legislative and regulatory documents. Notably,
to clearly understand the terms and avoid their
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misinterpretation, the theory and practice of
forestry requires the development of a separate
state standard for non-timber forest resources,
as well as detailed instructions on their har-
vesting and usage.

V.P. Ryabchuk (1996) showed that in multi-
functional forest management, the main indi-
cator is profit, regardless of its source, whether
it was from timber harvesting, or from the sale
of fruits, mushrooms, or from beneficial prop-
erties of the forest. Integrated forest manage-
ment is one of the promising areas of develop-
ment of forestry enterprises (Emery & Mclain,
2001). The latter can receive both direct eco-
nomic effects as a result of economic diversi-
fication (focusing on the use of wood and other
forest resources) and social effects that are im-
portant for the socio-economic development of
local regions (Grammatikopoulou & Vackarova,
2021; Helseth, 2022). A comparative analysis of
the problematic issues of forestry activities in
the countries of the world and Ukraine in stud-
ies (Kilchling et al., 2009; Delgado et al., 2016;
Sisak et al., 2016) confirms the need for the de-
velopment of industrial harvesting of non-tim-
ber forest resources. In particular the historical
and cultural background of each country deter-
mines the priority and promising non-timber
forest resources for specific conditions, and the
economic component allows substantiating the
advantages and disadvantages of economic ac-
tivity in the area.

In EU countries in 2018, the volume of
sales of non-timber forest resources included
(Global Forest Resources Assessment, 2020):
Christmas trees (28%), mushrooms (20%), fruits
(18%), game meat (9%), wild plants (8%), honey
(5%), resin (1%), bark (1%) and other products
(10%). The comparison with the data obtained
in Ukraine indicates that such products of
non-timber resources as honey (46%), birch sap
(15%) and jams (28%) have a larger share in the
general list of non-timber resources of Ukraine

compared to the data provided by FAO (Global
Forest Resources Assessment, 2020). Unlike in
EU the profit received from the sale of Christ-
mas trees and hunting belongs to a separate
category of forestry activities in Ukraine.

Although the distribution of wild non-tim-
ber forest plant species can vary substantially
even within a country, there are certain trends
and consumption needs (Cai et al., 2011; Pohj-
anmies et al.; 2021; Romabai et al., 2022). Thus,
among the wild berry plants, Vaccinium myr-
tillus L. is of industrial importance both in the
world and in Ukraine. The most common ber-
ry species in the world grown in plantations is
Vaccinium corymbosum L., and the industrial
harvest of wild mushrooms in the European
part of the continent is represented by Boletus
edulis Bull., Suillus spp., Cantharellus cibarius Fr.

According to European countries, the ma-
terial value of non-timber forest products
corresponds to 1/6 of the value of timber, and
the gathering of non-timber products by lo-
cal residents for their personal needs (mainly
mushrooms and berries) is on average 4 kg per
person (Sisak et al., 2016). From the conduct-
ed research, it is clear that the branches of the
State Enterprise “Forest of Ukraine” harvest
non-timber products in various volumes, and
the facts of obtaining a substantially higher
profit from the harvesting of non-timber prod-
ucts than from the sale of commercial timber
took place in Ukraine in the middle of the last
century. The importance of integrated use of
non-timber forest products is important at the
level of countries and even local communities
both around the world (Gianotti & Hurley,
2016) and in Ukraine.

The studies of L. Osadchuk et al. (2016) and
O.Tokarievaetal. (2022) proved that the gathering
of wild non-timber forest products will improve
the standard living of communities. Reserves of
non-timber products of the forest substantially
exceed the need for them. Therefore, considering
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the current economic situation at forestry en-
terprises, it is advisable to increase the volume
of harvesting of secondary forest materials and
the implementation of secondary forest uses.

According to G. Mujawamariya & A.A. Ka-
rimov (2014), products made from non-tim-
ber raw materials must usually compete with
cheaper, less environmentally friendly ana-
logues. Expanding the market for non-timber
forest products requires organizational, in-
novation, and considerable marketing efforts
and sales promotion. Thus, marketing is a vital
component of the successful implementation
of non-timber forest products.

Prospects for the development of har-
vesting non-timber forest products in Ukraine
include improving the methods of their ac-
counting, stock assessment, environmental
monitoring and crop forecasting; working
out ways to implement sustainable use of
non-timber forest resources; economic as-
sessment of non-timber forest resources as
ecosystem services.

Conclusions

Establishing of the interpretation of the term
“non-timber forest resources” in the theory
and practice of forestry management, that cov-
ers resources of non-timber origin, was consid-
ered as necessary by the authors of this paper.
Considering the division of forest resources
into their types according to the Forest Code
of Ukraine, non-tree forest resources should
include incidental forest uses — hay harvesting,
grazing, placing apiaries, harvesting wild fruits,
mushrooms, medicinal plants, collecting forest
floor and harvesting reeds. The term “non-tim-
ber forest resources” should be used in a broad-
er sense as including types of forest resources
besides timber harvesting, usage of secondary
forest materials (resin, bast, stumps, bark, tree

greens, tree sap) and incidental forest benefits.
The above-mentioned terminology should be
implemented in current legislative and regu-
latory documents. A state standard should be
developed to clearly cover the interpretation
of terms related to non-timber forest products,
including instructions for harvesting them. The
use of the terms “non-wood forest resources”
and “non-tree forest resources” in the proposed
interpretation will contribute to their clear un-
derstanding and help avoid ambiguities.

The possibility of harvesting secondary
forest materials, implementing incidental fo-
rest purposes and using the benefical proper-
ties of forests contributes to comprehensive
farming in the forests of Ukraine. The use of
forest resources of wood and non-timber origin
increases the complex productivity of forests,
increases the economic effect of each hectare
of forest plot, meets the industry’s demand for
raw materials, and also contributes to increas-
ing revenues to local budgets and generating
employment.

Reserves of non-timber products of the
forest substantially exceed the need for them.
Therefore, considering the current economic
situation at forestry enterprises, it is advisable
to increase the volume of harvesting of second-
ary forest materials and the implementation of
secondary forest uses.

Among the promising areas of scientific
research of non-timber products of Ukrainian
forests are the improvement of methods of its
accounting, inventory assessment, environ-
mental monitoring, and crop forecasting.
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HauionanbsHuit yHiBepcuTeT 6iopecypciB i mpupomoKopucTyBaHHs YKpaiHu
03041, Byn. l'epoiB O60pouu 15, m. Kuis, Vkpaina
https://orcid.org/0000-0001-9473-0781
AHoranis. BeneHHs rocromapcTBa y Jicax YKpaiHM MOBMHHO 3[ilICHIOBATMCS HAa MPUHIMIIAX
6e3MepepBHOTO Ta PAI[iOHAJILHOTO JIICOKOPUCTYBAHHSI NUISIXOM KOMIUIEKCHOTO 3aCTOCYBaHHS
JicoBux pecypciB. Pasom i3 TMM icHye morpe6a y po3pi3HEHHi Ta NMpaBUIBHOMY pPO3YMiHHi
TepMiHiB, SIKi BUKOPUCTOBYIOTBCS y TeOpii Ta MpaKkTUIli BeeHHs JIicCOBOro rocropapcrsa. Tomy 3
MEeTO Y3TOPKeHHSI TePMiHOJIOTiI TPOBeIeHO aHasli3 BiJMOBiIHMX HOPMATUBHMX aKTiB, @ TAKOXK
yKpaiHCbKOi Ta 3apy6ixkHOi tiTepatypu. [Ijist po6oTu 3 mrepenamu inopmartlii 6y BURKOpPUCTaHi
3araJibHOHAayKOBi TEOPETUYHI MeTOIY — aHai3 Ta cuHTe3. OGIPYHTOBAHO BXXKMBAHHS Ta PO3YMiHHS
TepMiHOJIOTii, sIKa TMOB’sI3aHa 3 BMKOPMCTAHHSIM JIiICOBUX pecypciB. Y3araabHeHO BM3HaueHHS i
TIYMau€eHHSI TEPMiHiB «IM0GiYHi KOPMUCTYBaHHS JIiCOM», «<HeJIepeBHiI pPeCypcu JIicy», «HefepeBUHHI
pecypcu JIicy» y OilouMxX 3aKOHOZABYO-HOPMATUBHMX aKTax, TIYMAayHOMY CJIOBHMKY YKpaiHCbKOI
MOBMU, Jlep>kKaBHOMY CTaHAapTi YKpaiHu, yKpaiHCbKilt eHIMKIOMNexii JiciBHUIITBA, YKpPaiHChKiit
Ta iHO3eMHilt JiciBHMIIBKIN miTepaTypi. 3amporOHOBAHO MO JIICOBMX pecypciB Ha AepeBHi,
HeZlepeBHi Ta HeflepeBMHHI 3 MMOJAbIIMM Yy3TOAKEHHSIM Takoi kiaacudikauii cepen, HayKOBLiB Ta
MPAKTHKIB JTiCOBOTO TOCMIOAAPCTBA. BCTaHOB/IEHO HA6i/bIII 06CSATH 3aTOTiBIi cepefl APYrOpSIHUX
nicoBuMx MarepiasiB Ta Mo6iuHMX JicoBUX KopucTyBaHb 3a 2010-2020 pp. IIpoaHanizoBaHO
PO3MOLIZI OTPMMAHOTO IOXOAY 32 BUIaMU HeepeBMHHOI MPOAYKIIi Jicy Ta y po3pi3i obmacHux
YIIpaBJIiHb JIiCOBOTO i MUCIMBCHKOTO rocrnogapcrsa 3a 2021 pik. HaBemeHi momupeni B YKpaiHi
BUAY IUKOPOCINX TIJIONOBUX Ta JiKAPCbKUX POCIMH, TpubiB. 3aIIpONIOHOBAHI MTePCIIeKTUBHI BUIAM
JJ1s1 TUTaHTAaLi/iHOTO BUPOIyBaHHS. Y3arajabHeHi HallpsSIMKY OTPMMAaHHS AOAATKOBOIO JOXOLY Bif,
peanizanii HegepeBMHHOI MPOAYKIii JiciB. [IpencTaBaeHo aHasi3 Ta MePCHIEKTUBY BUKOPUCTAHHS
HeZlepeBMHHOI JIiCOBOI MPOAYKIii, 1110 MOXe CIYyTyBaTy TEOPETUUHOIO Ta NPAKTUUYHOI OCHOBOIO
LIS KOMIUIEKCHOTO BeJleHHSI TOCIofapcTBa y Jicax Ykpainu. OTpuMaHi pe3yiabTaTU MOXYTb
6yTM BMKOPMCTaHI MpM 3aroTiBii HeZepeBMHHOI MPOAYKIIii JiciB 3 ypaXyBaHHSIM perioHaJbHUX
0Co6MMBOCTEN KpaiHu

KirouoBi cj1oBa: IMKOpPOCIi TUIOAM; JiKapchbKi pociauHu; rpubu; 6epesoBuit Cik; 3aKOHOAABUO-
HOPMAaTUBHi TOKYMEHTU
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