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Age, Taxonomic, and Ecological Structures of Old Trees in Protected Natural
and Man-Made Objects of Ukrainian Polissia

Anzhela Dzyba’

Education and Research Institute of Forestry and Landscape-Park Management
of the National University of Life and Environmental Sciences of Ukraine
03041, 19 Heneral Rodimtsev Str., Kyiv, Ukraine

Abstract. Over the past ten years, the invetnory of old trees was conducted in Ukraine. The occurence of indigenous
and introduced tree species of coniferous and deciduous old trees in protected areas of Forest-Steppe, Steppe, and
Ukrainian Polissia was analyzed. Currently, the issue of comparative analysis of the taxonomic and ecological structure,
the frequency of occurrence of tree species from 100 years in natural and man-made protected areas of the Ukrainian
Polissia is critical. The purpose of this study was to systematize the taxonomic and ecological structures, the frequency
of occurrence of potentially old, old, centuries-old, and ancient trees in protected natural and man-made territories
and objects of the Ukrainian Polissia. The following research methods were employed in this study: analytical, route,
identification, clarification of age-related tree species according to The World Flora Online, comparative analysis. A unified
scale for the distribution of old trees into four categories (potentially old (about 100 y.o.), old (100-200 y.0.),
centuries-old (200-800 y.o.), ancient (800+ y.0.)) was proposed and applied, and their distribution was made. The stages
of the study of potentially old, old, centuries-old, and ancient trees in the Ukrainian Polissia are given. The age structure
of natural and man-made protected objects is dominated by plants from 100 to 200 years old, which is 73% and 53%,
respectively. Ancient trees are represented by Quercus robur L., which grows in five natural sites (1% of 543 sites).
Depending on the number of plants in the protected area, as well as considering the number of objects where the plants
under study grow, a method has been developed for estimating their frequency of occurrence (very frequently, frequently,
rarely, very rarely). It was found that potentially old, old, centuries-old, ancient trees occur very frequently — 13 taxa (21%,
among which 69% are autochthonous), frequently — 13 taxa (20%, introduced (46.2%), and autochthonous (53.8 %)) and
rarely — 12 taxa (19%, autochthonous species prevail 58.3%). Very rare, only on one site — 25 taxa, their number is from
one to seven specimens, 76% of them are introduced. 95.2% of taxa are concentrated in man-made objects (parks-
monuments of landscape art and arboretums). From 19 to 26 taxa are concentrated in four parks-monuments of
landscape art created at the end of the 19* century (Vozdvyzhenskyi — 19 taxa, Vahanytskyi — 22 taxa, Polonskyi —
22 taxa, Zirnenskyi — 26 taxa). 63 taxa of potentially old, old, centuries-old, ancient trees (59 species, hybrid, three
varieties) belonging to 28 genera from 16 families were found in natural and anthropogenic objects in the Ukrainian
Polissia. Of them, autochthonous species make up 41.3%, introduced species — 52.4%. 90.5% of potentially old, old,
centuries-old, ancient trees belong to the six categories of the Red List of the International Union for Conservation of
Nature, of which 69.8% are under low threat (LC category). The biomorphological spectrum of potentially old, old,
centuries-old, ancient trees is represented by megaphanerophytes (47.6%), mesophanerophytes (49.2%), microphanerophytes
(3.2%). The ecological spectrum mainly comprises mesotrophs (49.2%), hemiskiophytes (49.2%), and heliophytes (39.7%),
mesophytes (44.4%) and mesohygrophytes (22.2%). The obtained study results will allow monitoring potentially old,
old, centuries-old, ancient trees of the protected objects of the Ukrainian Polissia over time, comparing similar trees in
other territories of different regions of Ukraine, supplementing the worldwide database “Monumental trees” with
information about the types of ancient trees of the Ukrainian Polissia

Keywords: centuries-old, species, parks-monuments, nature reserves, nature monuments
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Age, taxonomic, and ecological structures of old trees of protected natural...

Introduction
Centuries-old and ancient trees that have been formed over
many centuries cannot be replaced by restoration or regen-
eration. Trees can grow and be resilient for centuries and
die by accident, and therefore they need to be protected to
preserve their priceless diversity C.H. Cannon, G. Piovesan,
S. Munné-Bosch [1]. The preservation of ancient trees as a
cultural value periodically decreased, which is associated
with a decrease in the sense of sacredness, a decrease in
control over forest plantations, changes in the use of cer-
tain species, and the loss of the value of such trees in the
landscape [2]. However, ancient trees are currently valuable
in providing ecosystem services to humanity. As a histor-
ical link connecting different generations of people [3],
they are an important object of cultural heritage [4; 5]. An-
cient trees have aesthetic and cultural values and play an
essential role in regulating landscape and environmental
functions [6]. Large old trees are among the largest organ-
isms on Earth, with populations rapidly declining in many
parts of the world, with serious implications for ecosystem
integrity and biodiversity [7]. They are also of great eco-
logical importance, including the hydrological regime and
various ecosystem processes. Large trees affect the number
of individuals of a species, their distribution over a certain
period of time, as well as the populations of many other
plant and animal species [8]. The diameter, height, and
durability of large old trees vary depending on the species
and growing conditions [7; 9; 10]. Three age classes (ma-
ture, old, and ancient) create unique evolutionary diversity
in complex ecological cycles. Ancient trees form an integral
part of forests that take many centuries to establish [1],
play a vital role in maintaining biodiversity in forest eco-
systems [11], and contribute to ecosystem integrity and
biodiversity in urban and suburban areas [12]. The study
of ancient trees provides an opportunity to better under-
stand natural processes, which is especially important when
developing strategies to increase tree longevity and envi-
ronmental value [13]. To identify the characteristics of the
growth of large trees >150 years old, in Finland, their den-
sity and representation in different regions were analysed
based onaninventory of forest trees for about 100 years[11].In
198 regions of China, data were collected on trees > 100 years

old, regarding the maximum age, species composition, and
their density in human-dominated landscapes [14]. An
inventory of old and ancient trees in Ukraine was carried
out in studies [15-17]. Over the past ten years, a group of
scientists has formed catalogues of old trees of the for-
est-steppe, steppe, and Ukrainian Polissia based on bib-
liographic sources and desk materials of the inventory of
protected old trees [18-20]. The studies analysed the
representativeness of autochthonous and introduced conif-
erous and deciduous species of century-old trees in admin-
istrative regions and protected areas of the forest-steppe,
steppe, and Ukrainian Polissia, and provided their age
structure [21-23].

However, the analysis of the taxonomic and ecolog-
ical structure, the frequency of occurrence of tree species
older than 100 years in the protected (natural and man-made)
territories of the Ukrainian Polissia was not conducted, so
this question is currently relevant.

The purpose of this study — to systematize the tax-
onomic and ecological structures, the frequency of occur-
rence of age-related, centuries-old, and ancient trees in
protected natural and man-made created territories and
objects of the Ukrainian Polissia.

Task: conduct an inventory of trees aged from 90 to
more than 1,000 years old in the protected objects of the
Ukrainian Polissia and divide them into potentially old,
centenarian centuries-old, ancient trees; reveal their fre-
quency of occurrence in natural and anthropogenic objects,
establish a systematic, biomorphological, and ecological
structure; distinguish dendrorarities; analyse the sim-
ilarity of the dendroflora of the Ukrainian Polissia, Forest
Steppe, and Steppe.

The scientific originality of the obtained study re-
sults is that for the first time a comparison of the simi-
larity of the protected dendroflora of the old trees of the
Ukrainian Polissia, Forest Steppe, and Steppe was carried
out using the Serensen-Chekanovsky coefficient.

Materials and Methods

The study was conducted during 2014-2021 in four stages
(Fig. 1).

Analysis of archival and literary materials

Survey of local residents

Natural (the growth of old trees is known
in advance, old trees are protected)

Random (the growth of old trees is not known
in advance, it was discovered in the process of route
research, they are not protected)

|¢

Figure 1. Scheme of the study of potentially old, centenarian, centuries-old, ancient trees
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During the inventory of trees, their species [24] was
identified, and the species name was specified according
to the international classification [25]. Species of woody
plants were verified for their pertinence to the Red List of
the International Union for Conservation of Nature (IUCN
Red List) [26]. The frequency of occurrence of old trees in
nature reserves was determined according to the author’s
methodology: very rarely encoutered (1-5-7 speciments
encountered in a single protected area); rarely encoun-
tered (1-5-7 specimens encountered in two to four protected
areas); frequently encoutered (1-3-5-10 speciments en-
coutered in five to fifteen protected areas); very frequently
encountered (3 or more specimens encountered in 16 or
more protected areas).

Based on the methods of V.P. Shlapak, H.I. Muzyka,
V.A. Vitenko, L.I. Marno [27] (old trees were divided into
categories: potentially old (age — about 100 years), old
(100-200 vyears), centuries-old (200-1,000 years), ancient
(1,000 years and older)), M.O. Sovakova, O.V. Sovakov
(semi-old (upto 100years) [28],centenarian (101-300years),
multi-century (301-500 years), ancient (501-800 years),
antique (800+ years), as well as considering the morpho-
physiologically equivalent life stages of trees by K. Witkos-
Gnach and P. Tyszko-Chmielowiec [13], a unified scale of
tree distribution into categories: potentially old (age -
about 100 years), old (100-200 years), centuries-old (200-
800 years), antique (800+ years). The potentially old, old,
centuries-old, ancient trees were distributed into various
ecological groups, considering the requirements for the
main environmental factors. Life forms were classified ac-
cording to C. Raunkiaer [29].

The comparison of the similarity of protected den-
droflora of old trees of Ukrainian Polissia, Forest Steppe,
Steppe was carried out using the Serensen-Chekanovsky
coefficient [30], which is calculated according to the for-
mula (Csc=2c¢/a+b), where a is the number of species in one

Nature objects
Ancient > 800 years
o,
Centuries-old 1% Potentially old
200-800 years under 100 years
22% 4%

old |

100-200
years 73%

object, b is the number of species in another object, c is the
number of common species for the first and second objects.
It shows the ratio of the number of species found in both
objects at the same time to the average number of species
in these objects. Binary coefficients are calculated based
on the same received data, and take values from 0 (Csc=0,
if the types of woody plants are completely different) to 1
(Csc=1, dendroflora is identical), if coefficient (Csc=0.67) -
dendroflora is considered similar.

Results and Discussion

54 parks-monuments of landscape art (PLMAs), three
dendrological parks (DP), NPP Kivertsivskyi “Tsumanska
Pushcha”, 18 natural monuments (NM), 9 nature reserves (NR),
two protected tracts of Ukrainian Polissia were investigat-
ed, with the aim of identifying potentially old, old, centu-
ries-old, and ancient trees. Trees were divided according to
the authors’ unified scale into potentially old, centenarian
centuries-old, ancient, and their frequency of occurrence
was established.

Based on the inventory and analysis of the list of
plants [20], it was found that the age structure of natu-
ral and anthropogenic protected objects is dominated by
plants aged from 100 to 200 years, which is 73% and 53%,
respectively (Fig. 2), according to the number of distribu-
tions presented objects, natural — 10 times higher than
anthropogenic objects. Ancient trees are represented by
Quercus robur L., which grows only in natural objects (five
in total) and accounts for 1% of their total number. The
age of Quercus robur L. varies from 800 to 1,300 years, a
1,300-year-old specimen grows in the Yuzefinskay Dacha
botanical monument of nature. Centuries-old trees within
natural and anthropogenic objects make up 22% and 26%,
respectively, in terms of the number of presented objects,
natural ones outnumber man-made ones by more than
10 times.

Man-made objects

Centuries-old Potentially old
200-800 years under 100 years
26% 4%

Old 100-200 years
53%

Figure 2. Age structure of potentially old, centenarian, centuries-old, and ancient trees
of protected objects of Ukrainian Polissia

On the protected territories of the Ukrainian Polis-
sia, there are very frequently (21%) - potentially old, fre-
quently (21%) - old, rarely (19%) - centuries-old and an-
cient trees, a total of 38 species (Fig. 3). There are 13 species
of plants that occur very frequently, among them 69% are

autochthonous. Larix decidua Mill. (21 objects), Picea abies
Karst. (38 objects), Pinus sylvestris L. (156 objects), Quercus
robur L. (296 objects), Tilia cordata Mill. (48 objects), Acer
platanoides L. (34 objects), Carpinus betulus L. (29 objects),
Tilia platyphyllos Scop. (21 objects), etc.
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Very frequently 16+ objects
(1-7 > specimens)
21%

Frequently 5-15 objects
(1-7 specimens)
20%

Very rarely 1 onject
(1-7 specimens)
40%

Rarely 2-4 objects
(1-7 specimens)
19%

Figure 3. Frequency of occurrence of potentially old, centenarian, centuries-old,
and ancient trees of protected objects of Ukrainian Polissia

Most of the old species grow in nature reserves,
natural monuments and PLMAs, their number varies from
3-5-8 specimens (Larix decidua Mill. — Hubyn botanical
reserve, Papyki forest reserve, Volyn region (Figs. 4a, 4b),
PLMA Vilkhivskyi, Zhytomyr region (Fig. 5n); Acer plata-
noides L. — Sirche landscape reserve, Volyn region (Fig. 4c),
PLMA Oleksandriyskyi, Rivne region (Fig. 5d) and Dvory-
shchanskyi, Zhytomyr region (Fig. 51); Quercus robur L. —
Hamarnia landscape reserve, Zhytomyr region (Fig. 4d),
PLMA Horodotskyi, Rivne region (Fig. 5a) and Kutuzov
Park, Zhytomyr region (Fig. 5f), Tilia cordata Mill. - PLMA
Ushomyrskyi, Zhytomyr region (Fig. 5k); Tilia platyphyl-
los Scop. — Volodymyretskyi Park complex monument of

W
a) Larix decidua Mill. b) Larix decidua Mill.
Hubyn botanical reserve Papyky forest reserve
(Volyn region) (Volyn region)

f) Pinus nigra J.F.Arnold

e) Larix decidua Mill.

Modryna botanic monument Sosna Chorna botanic
of nature monument of nature
(Zhytomyr region) (Rivne region)

o

Yuzefinska Dacha botanic

nature, Rivne region (Fig. 4h), Carpinus betulus L. - PLMA
Mikluho-Maclay Park, Zhytomyr region (Fig. 5h)) to more
than 30 specimens (Larix decidua Mill., Hubyn botanical re-
serve, Volyn region (Fig. 4a). Such species as Larix decidua
Mill. (Modryna botanic monument of nature, (Fig. 4e), Pil-
iava DP, Zhytomyr region), Pinus sylvestris L. (PLMA Vozd-
vizhenskyi, Sumy region (Fig. 5¢)), Quercus robur L. form
pure and mixed stands, where over 50 or more specimens
grow — these are mostly the remnants of natural stands based
on which the sanctuaries (Hamarnia labdscape reserve and
others), complex monuments of nature (Antonivka Park,
Volodymyretskyi park), and PLMAs (Klevanskyi Park, Vozd-
vizhenskyi, Miklukho-Maclay Park) are created.

== =N
d) Quercus robur L.

¢) Acer platanoides L.

Sirche landscape reserve
(Volyn region)

Hamarnia landscape reserve
(Zhytomyr region)

old h) Tilia platyphyllos Scop.
Volodymyretskyi Park
complex monument of nature
(Rivne region)

g) Pinus nigfa J.F.Arn

monument of nature
(Rivne region)

Figure 4. Nature reserves of the Ukrainian Polissia (author’s photo)
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g

a) Quercus robur L. b) Acer negundo L. c) Pinus“sy»lklesris L. ' d) Acer platanoides L.

Horodotskyi Tuchynskyi Betula obscura Kotula Oleksandriiskyi
(Rivne Oblast) (Rivne Oblast) Vozdvyzhenskyi (Rivne Oblast)
(Sumy Oblast)

e) Ginkgo biloba L. f) Quercus robur L. g) Pinus strobus L. h) Carpinus betulus L.

Yu. Gagarin Park Kutuzov Park Zirnenskyi Miklukho-Maclay Park
(Zhytomyr region) (Zhytomyr region) (Rivne region) (Zhytomyr region)

Add B

»

k) Tilia cordata Mill. . 1) cer plat}znozds L. ] m) Fagus sylvatica L ‘ ) Larix decidua Mill.

Ushomyrskyi Dvoryshanskyi Piliava DP Vilkhivskyi
(Zhytomyr region) (Zhytomyr region) (Zhytomyr region) (Zhytomyr region)

Figure 5. Man-made created protected objects of the Ukrainian Polissia
(PLMAs and dendrological parks) (author’s photo)
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Among the species that occur frequently (on 5-15 sites),
introduced species and autochthons are represented by al-
most the same number of 6 and 7 species, respectively, and
61.5% of them were found both on natural and man-made
sites. These include Pinus strobus L. (9 objects), including
PLMA Zirnenskyi, Rivne region (Fig. 5g), Acer negundo L.
(6 objects) — PLMA Tuchinsky, Rivne region (Fig. 5b), Quer-
cus petraea (Matt.) Liebl. (9 objects), Alnus glutinosa (L.)
Gaerth. (13 objects), Ulmus glabra Huds. (12 objects), Ulmus
laevis Pall. (10 objects), Salix alba L. (13 objects), Aesculus
hippocastanum L. (15 objects), Acer pseudoplatanus L. (7 ob-
jects), etc.

Rarely, on 2-4 objects, in the number of one to
seven specimens, 12 species of potentially old, centenar-
ian, centuries-old, and ancient trees occur, autochthonous
trees predominate (58.3%), 4 species (33.3%) grow as both
on natural and anthropogenic objects. These include Acer
campestre L. (2 objects), Betula obscura Kotula. (3 objects),
Crataegus monogyna Jacq. (3 objects), Ulmus minor Mill.
(3 objects), Salix fragilis L. (2 objects), Larix decidua var. po-
lonica (4 objects), Malus sylvestris Mill. (5 objects), Fagus syl-
vatica L. (4 objects), among them Piliava DP, Zhytomyr re-
gion (Fig. 5m), Pinus nigra J.F. Arnold (2 objects), including
Sosna Chorna and Yuzefinska Dacha botanic monuments
of nature, Rivne region (Figs. 4f, 4g), etc. In the Sosna Chor-
na botanic monument of nature, there is a potentially an-
cient plant that is represented by a mixed stand of Pinus
nigra J.F.Arnold with an admixture of Pinus sylvestris L., the
number of Pinus nigra J.F.Arnold is over 30 specimens.

Very rarely, only one object, 25 taxa occur, their
number is from one to seven specimens, 76% of them are
introduced species. 95.2% of taxa are concentrated in man-
made objects — PLMA and dendrological parks, they include
Ginkgo biloba L. (Yu. Gagarin Park, Zhytomyr region (Fig. 5e)),
Thuja occidentalis L., Pseudotsuga mengziesii (Mirb.) Franco.,
Quercus rubra L., Liriodendron tulipifera L., Phellodendron

amurense Rupr., Celtis occidentalis L., Fagus sylvatica subsp.
purpurea, Aesculus x carnea Zeyh., etc.

In the PLMA grow between one and 26 representa-
tives of potentially old, centenarian, centuries-old, and an-
cient trees. The largest number is represented in the PLMA
created at the end of the 19" century, namely the Zirnen-
skyi PLMA (26 taxa) (Alnus glutinosa (L.) Gaerth., Populus
alba L., Quercus robur L., Salix alba L., Pinus strobus L., Larix
decidua Mill., Larix decidua var. polonica, Pinus nigra Arn.,
Pinus ponderosa Dougl, Aesculus hippocastanum L., Acer
saccharinum L., Acer negundo L., Robinia pseudoacacia L.,
etc.), Vahanytskyi (22 taxa) (Acer saccharinum L., Acer pla-
tanoides L., Pinus sylvestris L., Quercus robur L., Picea pun-
gens Engelm., Aesculus xcarnea Zeyh., etc.), Vozdvyzhen-
skyi (19 taxa) (Tilia cordata Mill., Tilia platyphyllos Scop.,
Pinus sylvestris L., Quercus robur L., Pseudotsuga menziesii
(Mirb.) Franco., Phellodendron amurense Rupr., Populus nig-
ra L., etc.), Polonskyi (22 taxa) (Larix decidua Mill., Picea
abies Karst., Aesculus hippocastanum L., Acer platanoides L.,
Fraxinus excelsior L., etc.).

Thus, 63 taxa of potentially old, centenarian, cen-
turies-old, and ancient trees (59 species, hybrid, three
varieties) belonging to 28 genera and 16 families were
found in the Ukrainian Polissia in natural and anthropo-
genic objects (Table 1). Of them, autochthonous species
make up 41.3%, introduced species — 52.4%. Taxa of the
Magnoliophyta division predominate. The family Pinaceae
Lindl has the most species diversity (13 species). 90.5%
of potentially old, centenarian, centuries-old, and an-
cient trees belong to the six IUCN Red List categories,
of which 69.8% are represented by the LC category un-
der low threat, 12.7% belong to the DD category, Fraxinus
pennsylvanicaMarsh. — criticallyendangered (CR category),
Aesculus hippocastanum L. — vulnerable (VU), Ginkgo bi-
loba L., Larix decidua var. rolonica — endangered (EN),
Fraxinus excelsior L. — near threatened (NT).

Table 1. Systematic structure of potentially old, centenarian, centuries-old, and ancient trees
of protected objects of Ukrainian Polissia

. Genus Species Hybrid/variety
Family

Number % Number % Number %
Ginkgoaceae Adas. 1 3.6 1 1.7
ggﬁrlz'esaceae Rich. Ex 1 36 1 1.7 a _
Pinaceae Lindl. 4 14.3 13 22.0 - -
Fabaceae Lindl. 2 7.1 2 3.4 - -
Fagaceae A.B.R. 2 7.1 5 8.5 -/1 -/33.0
iz:(gllézunrﬁr.zceae A Rich. 1 36 1 17 3 :
Betulaceae S.F. Gray 3 10.7 4 6.8 - -
Oleaceae Lindl. 1 3.6 3 5.1 - -
Rosaceae Juss. 4 14.2 7 11.9 - -
Ulmaceae Mirb. 1 3.6 3 5.1 - -
Cannabaceae Martinov. 1 3.6 1 1.7 - -
Salicaceae Mirb. 2 7.1 6 10.1 - -
Sapindaceae Juss. 2 7.1 6 10.1 1/1 100/33.0
Rutaceae Juss. 1 3.6 1 1.7 - -
Malvaceae Juss. 1 3.6 4 6.8 -/1 -/33.0
Magnoliaceae Juss. 1 3.6 1 1.7 - -
Total 16 28 100 59 100 1/3 100/100
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The biomorphological spectrum of potentially old,
centenarian, centuries-old, and ancient trees is represented
by an almost equal number of megaphanerophytes (47.6%),
mesophanerophytes (49.2%), and rare microphanerophytes
(3.2%). Based on the analysis of the ecological structure
of the dendroflora of potentially old, centenarian, cen-
turies-old, and ancient trees of the protected objects of
Ukrainian Polissia, it was established that there are four
groups in terms of demand for soil moisture - common me-
sotrophs (49.2%), in terms of demand for lighting, hemi-
skiophytes (49.2%) and heliophytes (39.7%) prevail, to soil

fertility — mesophytes (44.4%) and mesohygrophytes (22.2%)
(Fig. 6). These include are such plants as Ginkgo biloba L.,
Larix decidua Mill., Carpinus betulus L., Populus tremula L.,
Tilia cordata Mill., Ulmus minor Mill., Malus sylvestris Mill.,
Pyrus pyraster (L.) Burgsd., etc. The further development
and stability of plants depends on the extent to which the
environmental conditions of growth meet the requirements
of plants. Under favourable conditions and protection, po-
tentially potentially old, centenarian trees can pass into
the group of centuries-old and ancient trees.

35 31 31
30 28
B 25
5 25
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8 14
g 15 11
10 7
Z 4 6 5
5 2 I 3 3
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Figure 6. Ecological structure (trophicity, light, humidity) of potentially old, centenarian, centuries-old, ancient trees
of protected objects of the Ukrainian Polissia

Based on own research and studies [18-20], a com-
parative analysis of the taxonomic composition and age
structure of trees from 90 years to more than 1,000 years
in three zones was carried out. The amplitude of the age
of protected trees is greater in the Ukrainian Polissia (100-
1,300 years) than in the Forest Steppe (100-500 years) and
in the Steppe (100-250-year-old trees). In the three natural
zones, age trees from 100 to 200 years prevail. 28 taxa are
common to Ukrainian Polissia, Forest Steppe, and Steppe.
These include Pinus sylvestris L., Robinia pseudoacacia L.,
Quercus robur L., Quercus petraea (Matt.) Liebl., Juglans
regia L., Alnus glutinosa (L.) Gaerth., Carpinus betulus L.,
Fraxinus excelsior L., Fraxinus pennsylvanica Marsh., Malus
sylvestris Mill., Ulmus glabra Huds., Populus alba L., Pop-
ulus nigra L., Acer platanoides L., Acer campestre L., Tilia
cordata Mill., etc. The number of sites in the three natural

zones is dominated by Quercus robur L., the largest number
in the Forest Steppe (486 sites), slightly smaller — in the
Ukrainian Polissia (296 sites), the smallest — in the Steppe
(125 sites), which is explained by the requirements for op-
timal growth conditions.

The largest number of old trees, including in-
troduced species, is concentrated in man-made created
protected objects in the Ukrainian Polissia (PLMAs, den-
drological parks) (95.2%) in the Forest Steppe (botanical
gardens, dendrological parks, PLMAs) 97.2%, in contrast to
the Steppe, where 92.9% of old trees grow in natural ob-
jects (Table 2). Less than 50% of old trees in the Ukrainian
Polissia (44.4%) and in the Forest Steppe (34.9%) grow in
natural objects. Representatives of the families Pinaceae
Link., Rosaceae Juss., Betulaceae S.F.GRAY are spread in
three zones.

Table 2. Representativeness of old, centuries-old, ancient dendroflora of natural
and anthropogenic protected objects of the Ukrainian Polissia, Forest Steppe, Steppe

A Family Genus Taxa
Objects
Number ‘ % Number ‘ % Number %
Ukrainian Polissia
Natural 13 81.3 20 71.4 28 44 .4
Man-made (PLMAs, dendrological parks) 14 87.5 26 92.8 60 95.2
Total 16 100 28 100 63 100
Forest-Steppe
Natural 13 44.8 24 48.0 38 34.9
Man-made (PMLA, dendrological parks, botanical gardens) 28 96, 49 98.0 106 97.2
Total 29 100 50 100 109 100
Steppe
Natural 25 89.3 48 82.7 79 92.9
Man-made

(PLMAs, dendrological parks, botanical gardens) 26 929 >4 931 7 90.6
Total 28 100 58 100 85 100
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An intersection-similarity matrix was used to vi-
sualise correlations between the dendrofloras of old trees
of three natural zones (Ukrainian Polissia, Forest Steppe,
Steppe). As the analysis showed, the value of the Ser-
ensen-Chekanovsky similarity coefficient is within the lim-
its (0.39<Csc=0.5) average value ACsc=0.45, which indicates
a slight similarity of dendroflora. The maximum values of

the Serensen-Chekanovsky coefficient were obtained for
a pair of dendroflora: A — Ukrainian Polissia and B — Forest
Steppe (Csc=0.5) (Table 3). The insignificant number of
common species (Csc<0.39) and (Csc<0.45) were influenced
by both historical, ecological and geographical factors of
Ukrainian Polissia, Forest Steppe, Steppe.

Table 3. Combined matrix of cross-similarity of age dendroflora of protected objects
of Ukrainian Polissia, Forest Steppe, Steppe

PLMAs A B C
Number of species 63 109 85
A 63 - 0.5 0.39
B 109 43 - 0.45
C 85 29 44 -

Note: A - Ukrainian Polissia; B — Forest Steppe; C — Steppe, A, B, C — compared objects, numbers — the number of taxa in
the objects; on a gray background - the absolute number of shared taxa for all pairs of objects, on a white background - the

value of the Serensen-Chekanovsky coefficient

In studies [21-23], the authors analysed the rep-
resentation of autochthonous and introduced old woody
plants within the separate natural zone of the Forest-Steppe,
Steppe, and Ukrainian Polissia, according to the catego-
ries of the nature reserve areas, administrative regions
and localities, the old trees were divided according to the
longevity of the trees. Within the boundaries of a separate
natural zone, it was found that the most common species
of old introduced trees are in the dendrological parks, au-
tochthonous - in the natural monuments. The frequency
of occurrence of autochthonous and introduced species
depends on the natural zone and administrative region,
which confirms the above results.

Conclusions
63 taxa of semi-old, old, centuries-old, ancient, centuries-old,
and ancient trees belonging to 28 genera and 14 genera
grow on protected natural and anthropogenic objects of
the Ukrainian Polissia. 60 taxa are concentrated in anthro-
pogenic objects and only 28 in natural ones, introducers
predominate among them (52.4%). In 40% of objects, plants
are very rare — from one specimen to seven. 21% of plants are
very frequent representatives of natural flora (Betula pen-
dula Roth., Quercus robur L., Carpinus betulus L., Fraxinus
excelsior L., Populus alba L., etc.). 25 species of woody plants
grow both on natural and man-made objects, including

Pinus sylvestris L., Pinus strobus L., Quercus robur L., Alnus
glutinosa (L.) Gaerth., Tilia cordata Mill., Acer platanoides L.,
etc. The ecological structure is represented mainly by
mesotrophs (49.2%), hemiskiophytes (49.2%) and helio-
phytes (39.7%), mesophytes (44.4%) and mesohygrophytes
(22.2%).

In the Ukrainian Polissia, the representatives of
protected ancient trees (Quercus robur L.) reach the age of
1,300 years, in the Forest-Steppe — 500 years, in the Steppe —
the maximum age is 250 years. The largest number of old
trees is concentrated in man-made created protected objects
in Ukrainian Polissia (95.2%) and in the Forest Steppe (97.2%).
Historical, ecological, and geographical factors influ-
enced the insignificant number of common species of the
Ukrainian Polissia, Forest Steppe, and Steppe. Considering
the value of centuries-old and ancient trees, as well as the
prospects of potentially old trees (their number is the
largest), it is necessary to further promote the preserva-
tion and protection of the above-mentioned trees for fu-
ture generations.

Research prospects include further monitoring of
potentially old, centenarian centuries-old, and ancient
trees of protected objects of the Ukrainian Polissia, con-
ducting a comparative analysis of similar trees in other
territories of Ukraine, entering the received information
about species into the “Monumental trees” database.
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Dzyba

BikoBa, TAKCOHOMiYHAa Ta €KOJIOTiYHa CTPYKTYPHU BiKOBUX JepeB 3aMOBiIHMX
MPUPOSHUX Ta IITYYHO CTBOPEHMX 00°eKTiB YKpaiHchkoro Ilosmiccs

Amnkena AuapiiBua JI3u6a

HaBuanbHO-HayKOBMI iHCTUTYT JIiCOBOTO i Caf0BO-ITapKOBOI0 TOCIIOAAPCTBA
HarrioHanpbHOTO yHiBepcuTeTy 6iopecypciB i mpupoaoKopMCcTyBaHHST YKpaiHU
03041, Byn. 'eHepana PogimiieBa, 19, m. Kuis, Ykpaina

AHoTamnis. B YkpaiHi mpoTarom ocTaHHiX gecsiTu PokiB 6yJ0 IMPOBEAEHO iHBEHTapM3allil0 BiKOBMX Ta CTapOBiKOBUX
JlepeB, MPOaHaJli30BAHO PEIpe3eHTAaTUBHICTh aBTOXTOHHMX Ta iHTPOOYKOBAHMUX XBOMHMX i JUCTSIHUX BUIIB BiKOBUX
IlepeB 3anoBigHux Tepuropili Jlicocreny, Cremny, YkpaiHcpkoro [Tomices. Hapasi akTyaabHUM € IMTaHHS TOPiBHSJIBHOTO
aHaTi3y TAKCOHOMIYHOI Ta eKOJIOTiUHOi CTPYKTYpH, YaCTOTU TPaIuIsiHHS BUAIB AepeB Big 100 pokiB y mpuMpoOgHUX Ta
MITYYHO CTBOPEHMX 3aMoBifHMX 006’ekTax VYKpaiHcbkoro Ilosiccs. MeToo AOCTIIKEHHS OyJIO CHCTEMAaTU3yBaTU
TAaKCOHOMIUHY Ta €KOJIOTiUHY CTPYKTYPH, YACTOTY TPAIUISTHHS BiKOBUX, 6araToBiKOBMX i CTapOAABHIX JepeB Ha 3aIOBiJHUX
MIPUPOISHUX i IITYUHO CTBOPEHUX TEPUTODPIsSIX Ta 06 ekTax YKpaiHchKoro ITosiccs. 3aCTOCOBAHO METOIM IOC/iAsKeHHS
QHATITUYHUI, MapUIPYTHUIA, BUSIBJIEHHSI, YTOYHEHHSI BU[iB BikKoBUX nepeB BiamoBigHo mo The World Flora Online,
MOPiBHSUIbHMI aHaMi3. 3alIpOIIOHOBAHO Ta 3aCTOCOBAHO yHiikoBaHy mIKanay po3moOfiny BiKOBMX HepeB Ha YOTUDPU
KaTeropii (moteHiiitHo BikoBi (61m3bko 100 pokiB), BikoBi (100-200 pokiB), 6araTtoBikoBi (200-800 pokiB), Ta
crapomasHi (800+ pokiB)), 3pob6sieHo ixHiit po3monin. HaBemeHo eTamny AOC/iIKeHHS MTOTEHIII/IHO BiKOBUX, BiKOBUX,
6araToBiKOBMX Ta CTAPOJABHIX JepeB Ha YKpaiHcbkoMmy [Tomicci. YV BiKOBiit CTPYKTYpi IPUPOJHMX i IITYYHO-CTBOPEHNUX
OXOPOHHMX 00 €KTiB MepeBaxkaroTh pocauuu Bim 100 mo 200 pokiB, 10 cTaHOBUTD 73 Ta 53 % BigmosigHo. CTapomaBHi
nmepeBa mpencrasieni Quercus robur L., 10 3pocTae y m'siTv IpupoaHux 06’exrax (1 % Bim 543 06’eKTiB). 3a/exXHO Bif,
KiJIbKOCTi POCJIMH Ha 3alloBifHOMY 06’€KTi, a TakoyK BpPaXOBYIOUM KibKiCTb 06’€KTiB, Y SIKMX 3POCTAlOTh AOCTiIKyBaHi
pOC/IVMHM, PO3PO6IEHO METOAMKY OIiHIOBAHHS iXHbOI YaCTOTM TPAIUISIHHS (OyKe YacTo, 4acTo, Pilko, AyKe pPimKko).
BcTaHOBIIEHO, 10 MOTEHIIiTHO BiKOBi, BikOBi, 6araToBiKOBi Ta CTapOJaBHi AepeBa TPAIUISIIOTbCS Ty>Ke 4acTo — 13 TaKCOHiB
(21 %, cepen IKMX 69 % aBTOXTOHM), 4acTO — 13 TakcoHiB (20 %, iHTpoayueHTH (46,2 %) i aBTOXTOHM (53,8 %)) Ta pigKO —
12 TakcoHiB (19 %, nepeBaskaloTb aBTOXTOHMU 58,3 %). Jly>ke pimKo, Juie Ha OOHOMY 00’ €KTi, TPAIISIEThCSI 25 TAKCOHIB,
iXHST KiJIbKiCTb CTAHOBUTH Bif] OJTHOTO IO CEMM €K3eMIUISIPiB, i3 HUX 76 % — iHTpomyleHTH. 95,2 % TaKCOHIB 30CepeKeHO
Yy IITYYHO-CTBOPeHMX 06’€KTax (MapKu-maM sITKM CaJl0BO-TAapPKOBOTO MUCTEITBA Ta HEHAPOMapKu). Y YOTUPbOX
rapKax-mam’siTKax caJoBO-TIapKOBOI'O MUCTEITBA, 110 CTBOpeHi y KiHii XIX cT. 30cepemkeHo Big 19 mo 26 TakCOHIB
(Bo3gBiskeHCbKMIT — 19 TaKCOHIB, Baraumipkumii — 22 TakcoHa, ITo0HChKMIT — 22 TaKCOHA, 3ipHEHChKMIA — 26 TAaKCOHIB).
Ha VYkpaincbkomy IMomicci y MpUpogHMX Ta IITYYHO-CTBOPEHUX 00’ €KTaX BUSIBJIEHO 63 TaKCOHM MOTEHIIIHO BiKOBUX,
BiKOBMX, 6araToBiKOBMX Ta CTapOJaBHixX aepeB (59 BUMiB, TiOpu, Tpu pi3sHOBUAM), 11O HaJIEXKaTh 10 28 pofiB i3 16 poauH.
I3 HMX aBTOXTOHHI BUAV cKIamaioTh 41,3 %, inTpomynent — 52,4 %. 90,5 % mOTeHIIi/iHO BiKOBMX, BiKOBIX, 6araToBiKOBIMX
Ta CTapOJaBHIX JepeB HajaeXaTb 10 LIeCTM KaTeropiii YepBoHOTo cryucKy Mi>xKHapoJgHOTO COI03y OXOPOHM NPUPOAH, i3
HUX 69,8 % 3HAXOOSATHCS T HEBeJMKOI 3arpo3oio (kateropist LC). Biomopdosoriunmii crieKTp MOTEHLiITHO BiKOBUX,
BiKOBMX, 6araToBiKOBMX Ta CTapOJaBHIX depeB IpeacTaBieHnii Mmeradanepoditamu (47,6 %), mesobanepoditammu (49,2 %),
mikpodanepaditu (3,2%). EKOOTiUHMIT CIEKTP — MepeBaxkHO me3oTpodamu (49,2 %), remickioditamu (49,2 %) Ta
rerioditamu (39,7 %), mesoditamu (44,4 %) Ta Mesorirpoditamu (22,2 %). OTpumaHi pe3ynbTaT SOCTIIKeHb HATAAYTh
MOSKJIMBICTh MPOBOAUTI MOHITOPUHT MTOTEHIII/IHO BiKOBMX, BiKOBMX, 6araToBiKOBUX Ta CTApOJaBHiX JepeB 3aIroBiIHMX
06’exTiB YKpaincbkoro Ilomicest y yaci, mopiBHIOBaTHU MOMiOHI AepeBa Ha iHIIMX TEPUTOPIAX Pi3HUX perioHiB VKpaiHu,
MTOTIOBHUTY BCeCBiTHIO 6a3y «Monumental trees» iHdbopmariiero mpo BUAM CTapofaBHix AepeB YKpaiHcbkoro IMomicest

KitouoBi ciioBa: 6araToBiKoBi, BUIM, TTaPKMU-TTaM SITKM, 3aKa3HUKM, TTaM SITKY TIPUPOIU
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Abstract. The main prerequisite for this study is the use of forest resources corresponding to the principles of sustainable
forest management. The purpose of this study is to figure out the growth characteristics of pine stands and their
physiological response to adverse factors. The experimental material (cores) was selected from pine forests of Ukrainian
Polissia using Haglof increment borer at breast height of 1.3 m. The number of annual rings and the parameters of radial
increment were found using the Image] software. The result was a tree-ring chronology of sample trees. Statistical
analysis of the experimental data proved that the radial increment variability decreases with age, and it ranges within
0.99-2.78 mm. The average radial increment value in the data set under study is 1.79 mm. The average number of annual
rings of Scots pine (Pinus sylvestris L.) trees is 80: the minimum is 61, the maximum is 92. The correlation analysis of
experimental data proved that the pairwise correlation coefficients of radial increment (-0.54) and current increment
by diameter (-0.53) have an inverse relationship with the age of trees, and diameter at breast height with age — a direct
relationship (0.87). The developed mathematical models of the dynamics of the width of the annual ring, the diameter
at breast height and the current increment by diameter allow estimating the growth characteristics of Scots pine trees
throughout their life. The obtained results were compared with the growth tables of fully stocked (at a relative stocking
of 1.0) stands. The adequacy test of the developed mathematical models proved the accuracy of the given patterns and
is as follows: for the width dynamics of the annual ring — 0.46; the diameter at breast height — 0.78, and the percentage
of current increment by diameter — 0.51. Based on standardisation of individual chronologies by calculating sensitivity
coefficients, no significant physiological response was established. Accordingly, the impact of short-term stress reactions
is insignificant. The maximum resistance of pine stands to adverse environmental factors is achieved at the age of
50-60 years. This study is important to evaluate the impact of climate change and other adverse factors on the growth of
pine stands and forecasting the dynamics of biometric indices. The obtained results can be used by the specialists at IA
“Ukrderzhlisproekt” to update biometric indices and substantiate the use of forest resources

Keywords: Scots pine, tree-ring chronology, sensitivity coefficients, current increment by diameter, radial increment

Introduction

The sanitary condition of pine stands in Ukrainian Polissia
requires thorough research to establish the cause-and-ef-
fect relationships that led to its deterioration. The study of
the growth of pine stands in Polissia revealed differences
in the parameters of radial increment in areas of intensive
economic activity and where such activity was prohibited
due to radioactive contamination. Standardisation of in-
dividual chronologies and calculation of sensitivity coeffi-
cients allow establishing the physiological stability of Scots
pine trees in forests [1], i.e., estimating the level to which
physiological stress affects the growth and development

Suggested Citation:

of the stand. It was found that during the entire period of
growth, pine stands undergo physiological stresses, as evi-
denced by the data from other studies [2; 3].

The growth of trees in a stand is dictated both by
the influence of external (microclimatic, soil-hydrological,
etc.) factors, and by the physiological features of the tree
species. The radial increment of trees depends on the re-
sponse of the genotype to the amount of precipitation and
heat [4] and their distribution during the year. The dynamics
of the radial increment of Scots pine trees in various co-
enopopulations and selection categories of the western
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region showed no significant differences [5]. At the same
time, the sensitivity coefficient showed substantial indi-
vidual variability within the selection categories. Apart
from the influence of adverse natural and climatic factors
on the growth of trees, it was found that the stability of
trees is reduced due to intensive recreational activity [6].
Conducting dendrochronological research requires varied
information about natural and anthropogenic factors that
can affect tree growth and the variability of indices. A rapid
decrease in growth may be associated with interspecific com-
petition [7]. The radial increment value is affected by the thin-
ning of forests both due to planned maintenance felling and
sanitary felling [8], as well as the established effect of fires [9].

Climate changes adversely impact the growth
and development of pine stands everywhere, not only in
Ukraine [10-12]. In contrast to the Forest Steppe, adapta-
tion is much slower in Polissia, leading to massive drying
up of stands in large areas [2].

The purpose of this study was to identify the param-
eters of radial increment, the dynamics by diameter and its
current increment. Additionally, it was to establish the phys-
iological resistance of Scots pine trees to adverse factors.

¢ Imagel

Ho

The results of this paper found the physiological
stability of Scots pine trees in the region under study. Ad-
ditionally, mathematical models of the width dynamics of
annual ring, diameter at breast height (DBH), and current
increment by diameter were developed, which forms the
scientific originality of this study.

Materials and Methods

The study was conducted on temporary sample plots in
2020-2021. The wood samples (cores) were selected in pine
stands of Ukrainian Polissia, namely: in the State Enter-
prise “Kamin-Kashyrskyi Forestry” in the Volyn Oblast (22
cores) and in the State Enterprise “Zarichany Forestry” in
the Zhytomyr Oblast (22 cores).

The wood samples were selected using a Presler
borer (Haglof) at a breast height (1.3 m) [2; 13; 14]. In labo-
ratory conditions, the cores were pasted on a special wooden
substrate. Subsequently, the cores were carefully sanded
and scanned. For further research, the annual rings of the
sample trees were dated and measured with the Image]
software and a special Object] plugin (Fig. 1). This provided
the results of the tree-ring chronology.
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Figure 1. Processing of experimental data using the ImageJ programme

The data array obtained through processing of
wood samples contained information on the number of
annual rings and annual radial increment. The tightness
of the relationship between the values under study was

established using the correlation analysis [15]. Further re-
search was carried out using the MS Excel spreadsheet. The
characteristics of the experimental data are presented in
the Table 1.

Table 1. Statistical characteristics of experimental data

No. Nun.lber of ) Mean Sta{ld:i\rd No. Nun.mber of ) Mean Stapdrjlrd

rings increment, mm deviation rings increment, mm deviation
1 76 1.95 2.01 23 89 1.51 0.82
2 85 1.34 1.23 24 78 2.19 0.89
3 78 2.38 2.77 25 90 1.62 0.97
4 80 1.73 1.17 26 77 2.11 1.12
5 83 2.20 1.22 27 85 1.87 0.80
6 69 2.40 2.27 28 78 1.75 0.85
7 72 1.64 1.06 29 86 1.58 1.07
8 77 1.37 0.59 30 89 1.71 0.87
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Table 1, Continued

No. Nun'lber of ) Mean Star'lde'u‘d No. Nun.mber of ) Mean Stafldlerd

rings increment, mm deviation rings increment, mm deviation
9 84 1.91 1.45 31 79 1.42 1.21
10 87 1.65 1.23 32 81 1.66 1.66
11 61 2.78 2.55 33 82 1.75 1.15
12 67 1.86 2.66 34 88 1.97 1.10
13 69 1.86 1.84 35 75 1.50 1.38
14 92 2.02 1.52 36 69 1.43 0.53
15 66 2.78 1.19 37 90 1.71 1.45
16 91 1.86 1.71 38 88 1.50 1.81
17 63 1.75 0.59 39 83 1.71 1.09
18 70 2.05 1.67 40 89 1.75 1.07
19 77 2.37 0.93 41 90 1.65 1.03
20 89 2.00 1.24 42 88 1.65 0.74
21 78 0.99 0.71 43 76 1.14 0.85
22 77 1.77 1.00 44 89 1.51 0.82
Mean: 1.79 1.41

The average radial increment is a variable, as evi-
denced by the standard deviation. Notably, with increasing
age, the variability of radial increment decreases, especially
for trees above 80 years old. This trend may indicate the in-
traspecific competition of trees in the growth process. The
radial increment of Scots pine trees ranged within 0.99-
2.78 mm, and the mean value was 1.79 mm.

Results and Discussion

To investigate the growth of Scots pine trees, the results of
tree-ring chronology were used. Mathematical modelling
involved the method of least squares [16], which minimises

8

the sum of squares of the deviation between factual and
simulated values. The power equation (1) of the following
type was used as a basis:

y =ay A" Q)
where a,, a, are the equation parameters; A is the age of
trees, years.

Based on the results of tree ring dating and correlation
analysis, it was established that the pairwise correlation coef-
ficient () between annual ring width and age is -0.54. Graphical
analysis of experimental data and results of mathematical
modelling of the width dynamics of annual ring (A ) (Fig. 2).
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Figure 2. Dynamics of annual ring width of Scots pine trees

The adequacy of the developed mathematical model
(2) with experimental data was verified as follows [17]:

Cy-7)? @
Ty -7 )
where O is the adequacy of the mathematical model; y

are the factual values; ¥ are the simulated values; Y is the
arithmetic mean.

=1-

The developed mathematical model of the dynamics
of the annual growth of trees’ trunks (A ) in pine stands ad-
equately describes the established pattern.

Based on the data of annual radial increment of
sample trees, the dynamics of DBH (Ad) with age (r=0.87)
was established, and the corresponding mathematical
model was developed (Fig. 3).
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Figure 3. Dynamics of the diameter of Scots pine trees at a height of 1.3 m

The developed mathematical model of the dynamics of
DBH (A)) of trees in pine stands adequately describes the es-
tablished pattern (©=0.78). For comparison, Figure 3 shows
the dynamics of DBH of fully stocked (with a relative stocking

14,0

of 1.0) artificial forests of the first (I) site index class [18].
The dynamics of the relative values of the current increment
by diameter depending on age (r=-0.53) is established based
on factual values and presented in Figure 4.
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Figure 4. The dynamics of the relative values of the current increase in the diameter of Scots pine trees

The developed mathematical model (P,) adequately
describes the established pattern (@=0.51) and, in terms of the
nature of the dynamics of changes in the current increment
by diameter, is almost identical to fully stocked forests [18].

The study of the physiological stability of pine
stands involved the standardisation of individual chronol-
ogies through the calculation of sensitivity coefficients
(K,,) as follows [1]:

Kiity = (Riy — Rie-0))/ (Rieey + Rie-1y)  (3)

()

is the

where R, is the current annual ring width, mm; R,
i(t) i(t-1)

annual ring width a year ago, mm.

Sensitivity coefficients can vary from -1 to +1.In a
steady state, the coefficients approach 0, and an increase in
amplitude indicates a decrease in the stability of the stand
and the emergence of the probability of exceeding a certain
threshold level. Both sharp negative and positive values in-
dicate a decrease in the stand stability (Fig. 5).
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Sensitivity coefficients

Years

Figure 5. Physiological stability of Scots pine trees

Comparison of the obtained values of the sensitivity
coefficients allows evaluating the specific features of the
development of trees in the stand. The variation of sensi-
tivity coefficients (Fig. 5) indicates the state of their natural
stability in different age periods. No significant physiological
reaction was found during the growth and development of
Scots pine trees in Ukrainian Polissia. The research results
suggest that the effect of short-term stress reactions on the
state of physiological stability of pine stands is insignifi-
cant; they acquire maximum resistance to adverse environ-
mental factors at the age of 50-60 years and older. A com-
parison of the results of the study of the physiological stability
of pine stands with the data of other authors showed slight
differences within the peak periods [1].

Conclusions

The data of the tree-ring chronology and the conducted
correlation analysis showed that the pairwise correlation
coefficients between the radial increment value and the
current increment by diameter have an inverse relationship,
and a direct relationship with DBH.

Mathematical modelling provided a model of the

width dynamics of the annual ring depending on the age of
trees, and the verification of the model proved its adequacy
to the experimental data. The mathematical model of the
dynamics of DBH of trees adequately describes the estab-
lished pattern and has substantial differences compared to
fully stocked forests, especially up to 60 years of age.

The developed mathematical model of the per-
centage dynamics in the current increment by diameter of
modal (widespread) pine forests is almost identical to the
dynamics of this indicator in fully stocked forests and ade-
quately describes the experimental data.

The study of the physiological stability of trees in
pine stands did not establish a significant physiological
response to natural and climatic factors, and the impact
of short-term stress reactions on the growth and develop-
ment of pine stands in Ukrainian Polissia is insignificant.

At present, the question of finding innovative ap-
proaches to substantiating the volume of wood harvest-
ing has matured in Ukraine. The results of this study can
be used to further investigate the increment growth of
pine stands by volume and develop corresponding rec-
ommendations.
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PicT Ta ¢isionoriuba cTilikicTh COCHOBUX HacamkeHb YKpaiHcbKoro Ilommices

Onekcauap Mukosnaitosuu Jlecuik, Bomogumup IBanosuu banmmk,
Anppiii IropoBuu OppykeHko, Maprapura IlerpiBHa Beraib

HaBuasibHO-HAyKOBMUI iHCTUTYT JIiICOBOTO i CafJ0BO-MapKOBOTO rOCIIOAAPCTBA
HairioHasibHOTO yHiBepcuTeTy 6iopecypciB i MpupoaoKOpUCTYBaHHST YKpaiHu
03041, Byn. I'enepana Poximiiesa, 19, M. Kuis, Ykpaina

AnoTanis. O6GrpyHTYBaHHST 06CSTiB BUKOPMCTAHHS JIiCOBUX PECYPCiB, sIKi 6 BifITOBiaau MPUHIMIIAM CTiiKOTO BeJIeHHSI
JIICOBOTO TOCIIOAPCTBA € OCHOBHOIO I€PEeyMOBOIO IPOBENEHHS LIbOrO AOCIIIKeHHs. MeTa IOCIiIyKeHHs MO/Irae y
3’ICyBaHHI 0COOIMBOCTEN POCTY COCHOBMX HacaaskeHb Ta ixHboOi QisionoriuHoi peaxiiii Ha HeCHPUSITINMBI YMHHUKMU.
Iocnimuuit MaTepian (kepHu) 6yB Bimi6paHuit y COCHOBMX IepeBocTaHax YKpaiHcbkoro [Tosiccst 3a 40TTOMOTO0 ITPUPOCHOTO
6ypa Haglof Ha BucoTi ctoB6ypa gepeBa 1,3 M. BusHaueHHS KiJIbKOCTi piyHMX KiJlellb Ta BeIMYMHYU PAAia/IbHOTO ITPUPOCTY
MPOBOIMJIOCH 3a AOTIOMOTOI0 mporpamu Image]J, 1110 JO3BOIWIO OTPUMATHU JA€PEBHO-KiIbI€BY XPOHOIOTiI0 MOJETbHUX
nepeB. CTaTUCTUUHUI aHATi3 JOCTiAHUX TaHMX 3aCBiJUMB, 110 MiHIMBICTb paAiaTbHOTO IIPUPOCTY 3 BIKOM 3MEHIIYEThCS,
a /i0ro BeMu4yHa 3HaxoAauThes B Mexkax Bif, 0,99 no 2,78 mm. CepefjHe 3HaueHHS paiiaIbHOTO IPUPOCTY Y LOCTiIKyBaHOMY
MacuBi JaHuX CTaHOBUTH 1,79 mM. CepelHs KilbKiCThb piYHMX Kilelb AepeB cocHU 3BuYaitHoi (Pinus sylvestris L.)
craHoBUTh 80: MiHiManbHa 61, MakcumasbHa 92. [IpoBemeHMii KOPeSIiiiHMIA aHasli3 JOCAITHUX HAHUX 3aCBimuuB, IO
napHi KoedillieHTM Kopesilii pagianbHOro mpupocty (-0,54) Ta MOTOYHOTO ITPUPOCTY 3a AiameTpom (-0,53) 3 Bikom epeB
MaloTh 06epHeHMit, a AiamMeTpa 3 Bikom — npsimuii 3B’130K (0,87). Po3po6iieHi MaTeMaTuUHi Mofesti IMHAMIKU IIUPUHNA
PiuHOTO Ki/bIIs, AiaMeTpa cTOBOYpa IepeBa Ta IOTOYHOTO ITPMPOCTY 3a JiaMeTPOM A03BOJISIIOTh OLIiHUTY 0COGIMBOCTI POCTY
ZlepeB COCHU 3BMYAHOI MPOTATOM YCbOTO KUTTSI. IIpOBeJjeHO TIOPiBHSIHHSI OTPUMAHMX Pe3y/AbTaTiB i3 TabMUIIsIMKU XOmy
pocTy MOBHUX (3a BiZHOCHOI MOBHOTI 1,0) HacamkeHb. [TlepeBipka po3pobieHnx MaTeMaTUUHUX MOJie/eli Ha aleKBaTHiCTh
3acBigumMiIa TOUHICTh 3aJaHMUX 3aKOHOMiIpPHOCTe Ta € HACTYMHOIO: IJISI IMHAMIKM IIMPUHU PiYHOTO Ki/lbIS CTAHOBUTD
0,46; miameTpa cToBOYpiB mepeB Ha BucorTi 1,3 M — 0,78 Ta BimcoTKa MOTOYHOTO MPUPOCTY 3a Aiametpom — 0,51. Ha ocHOBi
CTaHJapTU3alii iHAMBiAyaTbHMUX XPOHOJIOTI, IUIIXOM PO3paxyHKiB Koe@illieHTiB YyTIMBOCTi, He BCTAHOBJIEHO 3HAUHOL
¢isionoriuHoi peaxirii. BiAmoBigHO BIVIMB KOPOTKOTPUBAIUX CTPECOBUX PEAKIIiii € HECYTTEBMM. MaKkCUMMaIbHa CTiliKiCTh
COCHOBMX HACaKeHb 10 HECMPSITIMBUX UMHHUKIB cepemoBuIla mocsraeTbcsl y 50-60 piuHomy Bimi. J[oCmiikeHHS €
BasKJIMBUM JIJI51 OL[iHIOBAHHS BIUVIMBY KJAIMaTUUYHMX 3MiH Ta iHIIMX HeCIPUSITAMBUX GAKTOPiB Ha PiCT COCHOBMX HAacaIKeHb
i MPOrHO3yBaHHS AMHAMIKM TaKCalliifHMX TMOKa3HMKiB. OTpUMaHi pe3ylIbTaT MOXYTb 6YTM BUKOPUCTAHI CrelliajicTaMu
BO «YKRpmepskIicpoekT» Mpy akTyastisallii TakcalliliiH1MX MOKa3HWKIB i OGIPYHTYBaHHI 0OCSTiB BUKOPUCTAHHS JIiCOBUX
pecypciB.

Kitro4uoBi c710Ba: cocHa 3BMYAiiHA, JepeBHO-KiIblieBa XPOHOJIOTIS, KoedillieHT Yy TIMBOCTI, [IOTOUHMI IPUPICT 3a JiaMeTpOM,
pajiaabHMIT IpUPIiCT
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Use of Dead Oak Wood in Furniture Products
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Abstract. Today, furniture made of wood, on which the openings of insect passageways are visible, is popular. Artificially
creating such holes on healthy wood does not meet the aesthetic needs of consumers. Considering the annual increase of
8-10 thousand hectares in drying oak stands in Ukraine and, accordingly, the cost of deadwood reduced by almost 50%, it
is proposed to use it after proper treatment to destroy pests for the manufacture of furniture products. An analysis of wood
disinfection methods was carried out, which transformed over time from non-toxic substances and processing methods —
oil, tar, resin, storage in salt water, charring to modern ones using harmful chemical compounds — pentachlorophenol,
alkaline chloride, sodium fluorosilicates, tars, DDT, etc. Analysis of available methods for exterminating timber pests

allowed distinguishing antiseptics, fumigation, ultra-high frequency current treatment and thermal modification. The
purpose of this study was to determine the method of disinfection of sawn goods made from deadwood oak for further use
in furniture products. Theoretical and experimental methods were used to achieve this purpose. The scientific originality
of this study lies in the application of the fuzzy logic method to select the priority method of wood disinfection, which lies
in decomposition of the problem into simpler components and step-by-step prioritisation of the evaluated components
using paired comparisons. For alternative options to achieve the purpose, the following criteria were applied: efficiency,
environmental friendliness, industrial manufacturability, durability of the result. The corresponding calculations
performed, confirmed by the required consistency index, showed the priority of the method of thermal modification of
wood. Experimental studies of heat treatment with the proposed modes of deadwood oak with existing pests, namely
Xyleborus dispar (Xyleborus dispar), were carried out. The study determined the possibility of using the action of hot
temperatures (t>110°C) for complete sterilisation of deadwood oak. The result of practical application of this eco-safe method
for the manufacture of tabletops has shown its effectiveness and can be useful for furniture makers

Keywords: pests, disinfection methods, thermal modification, thermomodified wood tabletop

Introduction

Modern designers try to bring naturalness and environmen-
tal friendliness to the interior, while solid wood still is the
always used material. In the modern-day European furni-
ture market, there is a considerable demand for “vintage”
furniture, which shows the holes of insect passages [1].
Tables made of deadwood oak affected by timber pests are
popular for use both in the interiors of private and public
premises, as well as in the open air [2]. The presence of in-
sects in deadwood can be traced by the presence of powder
on the surface of wood, which is a product of the vital activity

Suggested Citation:

of not only mature pests, but also deposited pupae. Despite
this, such wood has an advantage since the price for it is al-
most 2 times less than for healthy wood [3]. This is relevant
for Ukraine, as the volume of deadwood has considerably
increased, and over the past 7-8 years it has grown from 8%
to 18%. Today, drying covers an area of forests of more than
35 thousand hectares [4]. The cause of drying out of forests
can be damage by timber pests that weaken the wood.
Usually, insects affect the sapwood part of tree spe-
cies. They attack construction wood, lumber, and furniture.

Pinchevska, O., Horbachova, O., Zavyalov, D., Baranova, O., Holovach, I., & Romasevych, Yu. (2022). Use of dead oak wood
in furniture products. Ukrainian Journal of Forest and Wood Science, 13(1), 25-32.
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Adult insects have a length of 2.5 to 5.0 mm. Their shapes
are usually elongated and cylindrical, and their colour ranges
from reddish-brown to deep brown or black. Their life cycle
averages 1-3 years, but females lay their eggs in wood. Larvae
form tunnels in both conifers and hardwoods. They can di-
gest cellulose and hemicellulose and break down cell wall
carbohydrates, starch, and sugars in the cell contents [5; 6].
The result of their activity is the gradual loss of wood’s
physical and mechanical properties, which considerably
reduces the possibility of using it for products used both
outdoors and in internal house structures, etc. It also sig-
nificantly reduces the time of use of wood products [7].

Organisms (fungi, insects) that destroy wood have
been with humanity for many years and have caused great
disasters, so finding ways to get rid of them has always been
natural. The first chemical conservation measures included
cleaning with oil, tar, or resin, storage in salt water, char-
ring, etc. [7]. Later, they began to use pentachlorophenol,
alkaline chloride, sodium fluorosilicates, boric acid, potas-
sium dichromate, sodium dichromate, tars, DDT, gaseous
pesticides (fumigants, for example, bromomethane and
monophosphane) and others [7-9]. However, some of them
(pentachlorophenol, alkali chloride, sodium fluorosilicates,
DDT, gaseous pesticides, etc.) were banned for use due to
health concerns [8].

Today, the most common methods of sterilisation
are steam treatment, gamma radiation, and ultra-high fre-
quency current, which are recommended by the European
standards EN 113-1 (2021) [10] and EN 113-2 (2021) [11]. The
use of gamma radiation, despite the positive effect, requires
the use of expensive equipment — a neutron accelerator.
Microwave insecticide is also costly, being used for disinfec-
tion of finished wood products during restoration [12; 13].

Thermal sterilisation is used worldwide and is cur-
rently the most practical and environmentally friendly treat-
ment for pest control in solid wood. The international phy-
tosanitary standard for wood packaging material requires
heating the wood to t=56°C for at least 30 minutes. For
complete sterilisation of wood, higher temperatures are
used — t>110°C [14].

Heat treatment of wood has become quite popular
over the past twenty years [15], although it is still being devel-
oped as an industrial process to improve some wood prop-
erties (shape stability, durability, light sensitivity, etc.). The
first heat treatment studies concerned the determination
of equilibrium humidity, dimensional stability, durability,
and mechanical properties [16]. In the future, a decrease in
weight, hygroscopicity, colour change over the cross-sec-
tion were identified [17; 18], chemical transformations of
the wood structure, and an increase in its biological sta-
bility [19; 20]. This has encouraged the use of thermally
modified wood in non-structural products that can be used
outdoors or in products that come into contact with water,
such as sinks, bathtubs, and kitchen tabletops [21; 22].

In Ukraine, the following methods are mainly used
for pest control: fumigation, antiseptics, which involve toxic
substances that are harmful not only to insects, but also
to processing personnel, and possibly to users of products
treated in this way [23]. For local extermination of insects
in finished products, a microwave insecticide is used that
generates ultra-high frequency current (microwave) [23].In
case of preparing wood raw materials for the manufacture
of furniture, the use of the above methods is questionable,
since its manufacturability is complicated, and therefore it

is relevant to determine the method of wood disinfection
that is harmless to manufacturers and consumers.

The purpose of this study was to determine a ratio-
nal way to exterminate pests in sawn timbers made from
deadwood oak.

Materials and Methods

Among the common methods of pest control in Ukraine, it
was necessary to choose a priority one. For this purpose,
one of the methods of fuzzy logic is used - the hierarchy
analysis method (HAM), which lies in decomposing the
problem into simpler components and gradually prioritising
the evaluated components using paired comparisons [24].

The application of HAM includes defining the pur-
pose, alternative options for achieving the purpose, and cri-
teria for evaluating the quality of alternatives. In the case
under study, the purpose is to choose a priority method of
wood disinfection; the following methods of disinfection
are chosen as alternatives: A, - fumigation, A, - antiseptic,
A, — microwave exposure, and A, — thermal modification
of wood (TMW); as criteria: Cr, - efficiency, Cr, — environ-
mental friendliness, Cr, - industrial manufacturability, Cr, —
durability of the result.

After determining the priorities of all elements of
the hierarchy using the method of paired comparisons us-
ing the Saati scale [25] and synthesising global priorities of
alternatives, by linear convolution of priorities of elements
and hierarchies, judgments are verified for consistency and
decisions are made based on the results obtained. In this
case, the matrix of paired comparisons (MPC) of criteria is
built relative to the purpose, and the MPC of alternatives will
be relative to each criterion. In the case under study, there
were four MPC alternatives.

The geometric average is calculated for each matrix,
G, and local priority, LPr,, for each row of the matrix:

1
Gi(@in, iz, -+ Qi) = (Qgq * Ayp *.. % A )S (1)

where i is the matrix row number; s is the number of elements
in the i row of the matrix;
Ajp = Wi /Wq; Gy = Wi /W25 as = Wi /ws (2)

w is the accepted numerical value on the Saati scale.

LPT — [(Wn/wl)(Wn/WZ)- . (Wn/Wn)] (3)
n (Gy + Gy +...+Gy)

where n is the row number of the MPC.

To control the consistency of expert assessments,
two related characteristics were used — the consistency in-
dex (CI) and the consistency ratio (CR):

Amax
Cl = m—1 4)
I

where m is the matrix size; P, is the CI for a positive inverse
symmetric matrix of random size estimates m x m; A___is
the maximum eigenvalue of MPC:

AY ayiy X Az, X Oniy (6)

where Y.a,, is the sum of the values of the first column of the
MPC; is the local priority value of the first line of the MPC.
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At CR<0.1 ... 0.2, the calculations performed are
considered satisfactory.

The solution of the multi-criteria ranking problem
is presented in the form of a global priority vector (GIPr) of
alternatives in relation to the purpose. The GIPr is calcu-
lated as follows: each component of this vector constitutes
a scalar product of the local priority vector (LPr) of criteria

[re—— L 2
R e ] 50N Bt om oBREE o0OW 0
-

BT e

and a vector comprising local priorities of the alternative to
the presented criteria. The largest value of the GIPr vector
corresponds to the priority alternative.

For experimental studies, samples of deadwood oak
were selected, with signs of the presence of pests — white
powder on the surface of boards and insect passages visible
to the naked eye (Fig. 1).

farer T SR

~ roev wass - 72

Figure 1. Biological damage to samples

It was found that along the entire length of the
lumber there were areas of settlement of timber pests. The
samples of lumber under study can be attributed to “old
deadwood”. Their sapwood part was at the last stage of bio-
logical destruction.

To detect the presence of pests in the samples, one of
them was split. The resulting sample particles were placed
in a microscope Micromed XS 330 microscope with 240x
and 1600x magnification — Figure 2. This allowed detecting
the insect passages within the wood - Figure 3.

Figure 2. Shredding for the study of biological damage to pieces of lumber and the separation of existing pests

b- 1
i
M E

Figure 3. Timber pest passages within the wood
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Samples of affected wood were dried in a laboratory
convection drying chamber at t=50°C to a final wood mois-
ture content of W=8%. Subsequently, they were placed in a
laboratory thermal chamber, where they were treated with
the following schedules — Table 1. The applied processing

temperature parameters are consistent with those accepted
in industry [15]. A total of 81 samples were examined.

Test samples of oak wood were made from sawn
timber from a round log in the Zhytomyr region and had
dimensions of 50 x 180 x 200 mm.

Table 1. Schedules parameters of thermal modification of oak wood samples

Processing Temperature exposure time, h
Schedules number o
temperature, °C 12 24
110 9 samples 9 samples 9 samples
2 160 9 samples 9 samples 9 samples
220 9 samples 9 samples 9 samples

Results and Discussion
It was established that a Xyleborus dispar was present in the
oak wood during the initial settlement. This is evidenced by
the oblong shape of the horizontal entrance channels in the
wood, which have a depth of about 5 centimeters and have

branches for uterine passages (Fig. 4.) extending inside the
wood. Furthermore, the presence of darkening of the pas-
sages was detected and this is also an inherent feature of
this type of pest.

Figure 4. Place of pupation during the pest

Other insect species were also found in the worm-

holes of the samples. These were entomophages, mites that

feed on larvae and pupae of Xyleborus dispar (Fig. 5).

According to the calculation performed for (1-6), a matrix
of priorities of criteria relative to the purpose and alternatives
relative to each of the criteria is constructed using HAM — Table 2.

Figure 5. Entomophages found in wood

Table 2. Matrix of priorities criteria relative to the purpose and alternatives for each criterion

Alternatives
Criteria Criterion priority A, A, A, A,
Cr, 0.038 0.090 0.094 0.069 0.059
Cr, 0.086 0.121 0.136 0.112 0.055
Cr 0.099 0.204 0.186 0.325 0.173
Cr, 0.777 0.585 0.584 0.494 0.713
Consistency of calculations
\ 0.095 \ 0.024 0.191 \ 0.071 \ 0.174
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The calculation results are clearly consistent since
they are within the required limits of CR<0.1 ... 0.2. The results

of determining the global priority method of wood disinfec-
tion from the accepted alternatives are presented in Table 3.

Table 3. Global priorities of accepted alternatives

Alternatives A

A A

3 4

GIPr 0.489

0.488

0.428 0.578

Therefore, the greatest priority is given to Alter-
native 4 — thermal treatment of wood, so in experimental
studies, the TMW method was used to destroy pests.

As a result of thermal modification of oak wood
samples affected by Xyleborus dispar, all samples were
found to have darkened. This is the result of the decompo-
sition of hemicellulose and lignin [26].

Heat treatment of wood affects the viability of in-
sects, coagulation (denaturation) of proteins essential for
the existence of insects occurs. Increase in wood tem-
perature up to t=110°C and above caused the death of the
Xyleborus dispar beetle at all stages, namely eggs, larvae,

S Ak

pupae, adult insects due to the destruction of the protein
inherent in the body [26; 27]. In the case of the presence of
other pests in the firewood of both deciduous and conifer-
ous species, namely weevils, bark beetles, etc., according
to [28], treatment at t=60°C for 60 minutes was sufficient [29].
However, the use of t<110°C prevents the decomposition of
pest-friendly components of the wood structure — hemicel-
lulose, which does not guarantee the viability and repro-
duction of newly populated pests.

The remains of Xyleborus dispar that were detected
after thermal treatment with schedules 1 (24 hours) and
2 (12 hours and 24 hours) are presented in Figure 6.

A

Figure 6. Insect remains found in oak samples after TMW

No insect remains were found in samples treated
with schedule 1 (6 h and 12 h) and mode 2 (6 h). The sam-
ples treated at t=220°C were charred, and therefore were
not examined under a microscope for the presence of in-
sect remains. Moreover, such wood can no longer be used
for making furniture. The results obtained indicate that
thermal modification of sawn timber from deadwood

a)

oak, which is affected by the Xyleborus dispar, promotes
the extermination of insects. Due to the destruction of
hemicellulose at t>110°C, which is a nutrient for insects,
products made of thermal-treated wood will not be at-
tractive to pests during operation [20]. Several tables
were made from the oak lumber selected for the study
in 2019 (Fig. 7).

i

b)

Figure 7. Table made of thermally modified oak wood: a — part of the tabletop that shows the passages of insects;
b - general view of the table
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These products have been used for almost three years
in the open air. During this time, no signs of insect activity
were detected, i.e., the presence of powder. Furthermore,
the products did not change their shape as a result of both
dripping moisture and environmental climate changes.
Thus, thermal modification of wood can be recommended
for disinfection of deadwood by pests for the manufacture
of such modern popular antique furniture.

Conclusions

1. An increase in the amount of deadwood oak affected by
pests limits its full use for the manufacture of furniture
products. In the wood of ordinary oak originating from the
Zhytomyr region, the presence of a slight destruction of
the core part formed by the passages of the timber pest — the
Xyleborus dispar — was revealed.

2. The analysis of methods of wood disinfection al-
lowed identifying the methods common in Ukraine - fu-
migation, antiseptics, ultra-high frequency current treat-
ment, thermal modification. Using the hierarchy analysis
method, an effective ecological method was chosen for the
selected methods of pest control - thermal modification of
wood, which has successful industrial use.

3. Experimental studies of the influence of the pro-
posed schedule parameters of thermal treatment on the
viability of pests proved the possibility of its further use in
popular furniture products made of oak wood, which have
signs of ageing, but will not be destroyed over time.

4. For the possibility of using disinfected dead-wood
thermally modified oak wood in other furniture products,
it is necessary to conduct studies of its mechanical prop-
erties.
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BUKOPUCTaHHSA CyXOCTiMHOI AepeBUHMU Ay6y y MebneBmnx Bupobax

Onena OnekciiBua IliHueBchka', Osiekcanapa Opiesna 'op6auosa’,
Henwnc Jlazaposuu 3aB’szioB!, Onbra CepriiBua bapaHosal,
IBaH Bonogumuposuu l'onoBau?, I0piit Onekcanaposuu PomaceBuy?

'HaBua/ibHO-HAayKOBMI1 iHCTUTYT JIICOBOTO i CaJIOBO-IMapKOBOT0 TOCIOAapCTBa
HarrioHanbHOTO yHiBepcuTeTy 6iopecypciB i mpupoaoKopMCcTyBaHHSI YKpaiHu
03041, Byn. 'enepana Poximiiesa, 19, m. Knis, Ykpaina

’HanioHaibHMI yHiBEpCUTET 6iopecypciB i MpMpOmOKOpUCTYBaHHS YKpaiHu
03041, Byn. T'epoiB O6oponu, 15, m. Kuis, Ykpaina

Anorarig. CborogHi monyasipHuMu € Me6J1i, BUTOTOBJIEHI i3 epeBUHM, HA IKUX BUIHO OTBOPYU XOfiB KoMax. IlITyuHe
CTBOPEHHSI TAKMX OTBOPIB Ha 3[J0POBiii AepeBMHi He 3a0BOMbHSIE eCTETUYHNMX TIOTPeb CrIokMBauiB. BpaxoBytoun mopiyHe
3poctanHs Ha 8-10 Tuc. ra B YKpaiHi rwiomii mepeBoctaHiB ay6y, [0 BUCKUXAE Ta, BiANOBIAHO, 3HIDKEHY Maiike Ha 50 %
BapTiCTh CYXOCTiifHOI JepeBMHM 3aMpPOMOHOBAHO BUKOPUCTAHHS ii Micias BiATOBiZHOTO 06GPOGJIEHHS MO 3HUIIEHHIO
IIKiTHMKIB [JI1 BUTOTOBJIEHHSI MeO6yieBUX BUPOOiB. IIpoBemeHO aHasi3 Croco6iB 3He3apaskeHHS OepeBMHM, SKi
TpaHchOpMyBaINCS i3 YACOM BiJi JOCUTHh HETOKCMUHMX PEYOBUH Ta CITOCO6GIB 06POOKM — OJii, IbOTTIO, CMOJTH, 36epiraHHs
B COJIOHilt BOZi, OGBYITIIOBAHHS OO CYYaCHMX i3 BMKOPUCTAHHSM IIKiJIMBUX XiMiUHMX CIIOJYK — TeHTaxymopdeHoy,
JIYSKHOTO XJIOPU[LY, HATPil0 pTOpOoCwIiKariB, ryapoHis, IJIT Tomio. AHasi3 JOCTYITHUX CIIoco6iB JIiKBigalii cToBOypoBuUX
IIKiJHUKIB, TO3BOJNIUB BUIINTIA aHTUCENTYBaHHS, yMirailito, 06po6iIeHHs CTPyMOM HaZBUCOKOI UaCTOTU Ta TepMiuHe
MoaubikyBaHHSI. MeTOI0 TOCTiIsKeHHS € BU3HAUEHHS CITOCO6Y 3He3apaskeHHS MMJIONIPOAYKIIii i3 cyXOoCTiitHOI mepeBuHU
IyOy IIsI MO ATbIIIOTO BUKOPUCTAHHS Y MeOIeBMX BUPOOax. [IJist HOCSITHEHHSI 03HAUEHO1 MeTY 3aCTOCOBAHO TEOPETUUHMIL
Ta eKCllepyMMeHTa/lbHMII MeTonyu. HaykoBa HOBM3HA IOJISITA€ Y 3aCTOCYBaHHI MeTOMy HEUiTKOi JIOTikM AJisi BUGOpPY
MIPiOPUTETHOTO CIIOCO6Y 3HE3apaskeHHST IePeBUHM, SIKUIT TTONIATAE Y AeKOMITO3MIIi1 Tpo6aeMu Ha 6ibIl TPOCTi CKIam0Bi
YaCTMHU i IOeTalTHOMY BCTaHOBJIEHHI IPiOpUTETIB OI[iHIOBAHMX KOMIIOHEHTIB 3 BUKOPUCTAHHSIM MMapHUX MOPiBHSIHb.
IInsi anpTepHATUMBHUX BapiaHTiB AOCSTHEHHS Limi Oyau 3acTocoBaHi Taki KpuTepii — edeKTUBHICTb, eKONOTiUHICTb,
MIPOMMCJIOBA TEXHOJIOTIUHICTh, HOBrOBiIUHICTh pe3yabTaTy. [IpoBeleHi BiAMOBiAHI pO3paxyHKM, IO MiATBepAKeHi
HeOOXiTHMM iHIeKCOM Y3TOMKEHOCTi, [TOKAa3aJIy MPiOPUTET CIIOCOOY TepMiuHOTO MoaVdiKyBaHHS mepeBuHN. [IpoBeIeHO
eKCIIepUMEHTaIbHI JOCTiIKeHHS TEPMIYHOTO 06pO6JIEHHST 3aITPOITIOHOBAHMMM PEKMMaMM CYXOCTiTHOI IepeBUHM Ty0y 3
HassBHMMM IIKiZHUKAMMU, & caMe HerapHOoTo 3aXigHoro Kopoiny (Xyleborus dispar). BusHaueHO MOXKIUBICTh BUKOPUCTAHHS
nii Bucoxkux Temmepatyp (t>110 °C) nmast moBHOi cTepwiisanii cyxocTiiiHoi nepeBuHM AyOy. PesynbTaT MpakKTUMUHOTO
3aCTOCYBaHHS ITbOTO €KOJIOTO 6e3IMeYHOTO CIIOCO0Y [T BUTOTOBJIEHHS CTiIbHUIb ITOKAa3aB #0ro eeKTUBHICTh i MOKe
6yTV KOPUCHUM J1J1sT MeOIeBUKIB

KirouoBi c10Ba: MIKiTHMKM, CITOCOOM 3HE3apaskeHHSsT, TepMiuHe MoAUQiKyBaHHsI, CTUTBHUIIS 3 TEpMOMOAMGbIKOBaHOI TepeBUHM
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Abstract. Energy independence of the country can be solved in several ways. One of them is the creation of energy
plantations of woody plants. The area increase of such plantations is limited by the insufficient amount of high-quality
planting material. Hybrid plants of the genus Populus are of considerable interest when creating plantations. Given that
not all hybrids are successfully propagated by conventional vegetative methods, the use of biotechnological methods,
namely microclonal propagation, solves the mentioned problem. This method allows obtaining a large amount of high-
quality, uniform planting material. The purpose of this study was to develop the technology of microclonal propagation of
black poplar hybrids ‘San Giorgio’ and ‘Ghoy’. The study used generally accepted biotechnological methods in the author’s
modification at all stages of obtaining planting material of regenerating plants of poplar hybrids. Studies have established
a positive effect when obtaining an aseptic culture of sterilising substances 0.1% AgNO,, 2.5 and 1.25% NaClO, 0.05%
sodium merthiolate and 0.1% HgCl,. The largest number of aseptic viable explants was obtained by cultures using a
0.05% solution of sodium merthiolate after exposure for 5 and 10 minutes. When rooting microshoots on a hormone-free
nutrient medium %2 MS and with the addition of 0.1-1.0 mg/1 IBA, it was established that the best parameters for rooting
microshoots are on a hormone-free nutrient medium %2 MS. Adaptation was carried out for 4 weeks in a greenhouse on a
substrate that included components of peat:sand:perlite in a ratio of 1:1:1. The viability of regenerating plants of black
poplar hybrids ‘San Giorgio’ and ‘Ghoy’ was more than 91%. The conducted research and the obtained results will be useful
for producers of planting material and the scientific environment, which develop renewable energy sources through the
creation of energy plantations of fast-growing woody plants

Keywords: explant, nutrient medium, phytohormones, substrate, planting material, in vitro

Introduction

Global threats associated with climate change and military
aggression adversely impact the development of food and
energy security in most countries of the world. This is pri-
marily due to their dependence on oil, natural gas, and food
exporting countries. In modern Ukrainian realities, the is-
sues of energy independence and the introduction of na-
tional energy-efficient technologies are also of particular
importance [1-3].

One of the solutions to Ukraine’s energy security is
the creation and operation of energy tree plantations. The
rather slow implementation of the modern transformational
approach to the creation of renewable forest resources in
the Ukrainian forestry practice is explained, among other
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things, by the insufficient production of planting material
for the creation of energy plantations. For this purpose,
as the long-term experience of foresters in Italy, France,
Slovakia, Hungary, and many other countries of the world
shows, it is better to use planting material of hybrids of
fast-growing tree species, namely the genus Populus [4-6].
The simultaneous use of conventional and modern methods
of plant propagation allows obtaining a large amount of
planting material and fully meeting the needs for it to cre-
ate energy plantations. The use of a certain method of ob-
taining planting material is determined by the characteris-
tics of hybrids, since they cannot always be propagated by
conventional vegetative methods. In this case, as practice
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shows, it is better to use biotechnological methods, namely
microclonal propagation [7-9].

Literature Review

O. Yu. Chornobrov used fragments of microshoots with one
bud and leaf plates as initial explants when developing the
technology of micropropagation of poplar hybrids. Effective
sterilisation of shoot fragments of cultivars P. x canadensis
‘Robusta’ and P. x canadensis ‘Dorskamp’ was achieved by
applying 0.1% HgCI, for 10-12 minutes. For microshoots of
cultivars P. x canadensis ‘Tardif de Champagne’, P. x canadensis
‘I-45/51’ and P. x canadensis ‘Blanc du Poitou’, exposure
to 2.5% NaClO for 8-10 min followed by transfer in 1.0%
AgNO, was optimal. The formation of microshoots by direct
morphogenesis in the tissues of the leaf blades of plants of
the hybrids P. x canadensis ‘1-45/51’, P. x canadensis ‘Tardif
de Champadne’, P. x canadensis ‘Robusta’, P. x canadensis
‘Dorskamp’ was recorded on the nutrient Murashige and
Skoog (MS) medium [10] with 1.0 mg/l BAP (N°® - benzyl-
aminopurine) and 0.5 mg/l NAA (a-Naphthaleneacetic
acid) under illumination of 2.0-3.0 kix. Actively growing
microshoots of stem-derived plants of hybrid P. x canadensis
‘Tardif de Champadne’ were obtained on MS with the addition
of 0.1 mg/1 BAP and 1.0 mg/1 IAA (B-indolyl-3-acetic acid) and
7.5 g/1 of glucose [11].

Upon developing approaches to microclonal re-
production of the green-barked form of aspen (Populus
tremula L.), SYu. Bilous established the need for individual
selection of nutrient medium for cultivation of different
types of explants at each subsequent stage of microclonal
reproduction. It was determined that the best option is a
nutrient medium with the following composition: 0.5 mg/1
TDZ (thidiazuron) + 1 g/l activated carbon and 0.25 mg/1
kinetin 1 + 1 g/l activated carbon, which ensure the reali-
sation of not only the induction of organogenesis, but also
the morphogenetic potential of the explant with the for-
mation of rooted plants [12].

Chinese scientists have developed a step-by-step
micropropagation technology of regenerating Ussuri pop-
lar plants. Cultivation of buds was carried out on nutrient
medium for woody plants (WPM) [13] with the addition of
different concentrations of BAP, IBA (3-Indolebutyric acid)
and TDZ. The formation of microshoots from buds ranged
within 75.2-78.0%. Rooting of microshoots took place
within a week on MS nutrient medium, with the content
of macro- and micro-salts reduced by half. Regenerating
plants were adapted for 4 weeks on a substrate compris-
ing such components as earth:vermiculite:perlite. Sub-
sequently, the containers with regenerating plants were
moved to the landfill [8].

Lithuanian researchers developed an alternative
approach to the micropropagation of the hybrid (Populus
alba L. x P. tremula L.), which was based on limiting the gas
exchange between the internal and external environment
of the culture vessel, and not on the application of exog-
enous hormones. Explants, apical and internodal parts of
shoots were cultivated in sealed (stoppered Paratilm) or
unstoppered glass culture tubes on hormone-free nutri-
ent medium WPM. Proliferation of microshoots on apical
explants was observed in closed culture tubes, but not in
unstoppered ones. The difference between the two variants
increased over time in the number of microshoots and be-
came threefold after three months of cultivation. Shoots
taken from stoppered culture tubes could be distinguished

by longer shoot length compared to shoots from unstop-
pered tubes during the next stage of cultivation under the
same conditions [14]. When developing the technology of
microclonal propagation, researchers consider the specific
features of propagated plants and apply generally accepted
biotechnological methods in the author’s modification:
starting from the selection of explants from mother plants,
ending with the adaptation of regenerating plants to envi-
ronmental conditions.

Considering the need for continuous improvement
of technological processes of microclonal reproduction while
taking into account the local factors that determine the
success of obtaining planting material, the purpose of this
study was to improve the technology of micropropagation
of black poplar hybrids ‘San Giorgio’ and ‘Ghoy’, as promising
species for the creation of energy plantations.

The originality of this study lies in the optimisation
of the process of obtaining regenerating plants of black
poplar hybrids ‘San Giorgio’ and ‘Ghoy’.

Materials and Methods

Parts of one-year shoots 10-25 cm long were used to select
initial explants. Donor plants of black poplar hybrids ‘San
Giorgio’ and ‘Ghoy’ are located at the poplar mother planta-
tion of the educational and research nursery of the Depart-
ment of Forest Restoration and Melioration of the National
University of Life and Environmental Sciences of Ukraine.
Dormant and germinated buds were used as initial explants
for introduction into in vitro culture.

During the development of stepwise sterilisation
of intact plants, the following sterilising substances were
used for different exposure times: 0.1% solution of silver
nitrate (AgNO,), 2.5 and 1.25% solution of sodium hypo-
chlorite (NaClO), 0.05% solution of sodium merthiolate
and 0.1% mercury chloride (HgCL).

Aseptic and viable explants were cultivated on a
nutrient medium according to the MS prescription with
a halved content of macro- and microsalts (¥2 MS) and
the addition of 0.05-1.0 mg/l TAA, IBA, BAP and kinetin
(6-(Furfurylamino)purine).

The obtained microshoots were rooted on Y2 MS
nutrient medium without growth regulators and with 0.1-
1.0 mg/1 IBA. Cultivation conditions: illumination 2.0-3.0 kIx,
photoperiod 16 h, temperature 24+1 °C, humidity 70%.

Adaptation to closed soil and substrate conditions
was carried out in a greenhouse using a substrate con-
sisting of components of peat:sand:perlite in a ratio of
1:1:1. Adaptation took place for 4 weeks in a greenhouse at
24#1°C and a humidity of 80%.

Results and Discussion

The development of the technology for growing planting
material of regenerating plants started with the acquisition
of a well-growing aseptic culture. At this stage, a scheme
for step-by-step sterilisation of the original explants with
the selection of sterilising substances, their concentration,
and exposure time is developed. The main task is to obtain
aseptic, viable explants for further micropropagation.

Analysing the number of aseptic and viable explants
after the use of sterilising substances, it was established
that sodium hypochlorite and mercuric chloride are the
least effective (Table 1). When using solutions of 1.25% and
2.5% sodium hypochlorite, aseptic explants were obtained
in the black poplar hybrid ‘San Giorgio’ from 53% to 89%, in
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‘Ghoy’ - from 76% to 95%. But in the future, the number of
viable explants substantially decreases, which is due to the
toxicity of this solution. At the same time, a feature of the

‘San Giorgio’ hybrid was its insensitivity to different con-
centrations of sodium hypochlorite solutions and exposure
time for obtaining viable explants.

Table 1. Sterilisation efficiency of explants of black poplar hybrids ‘San Giorgio’ and ‘Ghoy’

g Aseptic explants, % Viable explants, %
No. Name of the sterilisipg agent and § g
concentration & = San Giorgio Ghoy San Giorgio Ghoy
&
1 0.1% mercury chloride (HgCl,) 5 67%0.5 99+0.4 38+0.6 47+0.4
2 0.1 % mercury chloride (HgCl,) 10 61+0.5 82+0.5 21%0.5 28+0.4
3 2.5% sodium hypochlorite (NaClO) solution 10 85+0.3 90+0.6 - 36+0.4
4 2.5% sodium hypochlorite (NaClO) solution 15 89+0.6 95+0.5 - 41£0.4
5 1.25% sodium hypochlorite (NaClO) solution 10 53+0.3 76+0.4 - 32+0.3
6 1.25% sodium hypochlorite (NaClIO) solution 15 78+0.5 87+0.6 - 40+0.4
7 0.05% sodium mertiolate solution 5 92+0.4 93+0.5 83+0.5 85%0.6
8 0.05% sodium mertiolate solution 10 97+0.4 99+0.5 92+0.4 95+0.5
9 0.1% silver nitric acid solution 5 93+0.6 98+0.4 44+0.5 55%0.4
10 0.1% silver nitric acid solution 10 88+0.5 90+0.3 33+0.6 32%0.5

Due to the influence of the concentration of ster-
ilising substances and exposure time, a positive effect on
obtaining aseptic explants was found: in the hybrid ‘San
Giorgio’ — from 53% to 97%, and in the hybrid ‘Ghoy’ - from
76% to 99%. Notably, increasing the time of exposure to
the 0.1% silver nitrate solution and 0.1% mercuric chloride
led to a substantial decrease in the number of aseptic and
viable explants.

The study discovered the effective production of an
aseptic culture using a 0.05% solution of sodium merthi-
olate with exposure for 5 and 10 minutes. Increasing the
exposure time from 5 to 10 min positively influenced the
increase of aseptic and viable explants: from 92% to 97%
aseptic and 83% to 92% viable explants of the ‘San Giorgio’

hybrid, from 93% to 99% aseptic and from 85% to 95% viable
explants of ‘Ghoy’ hybrid.

Other researchers also found a specific reaction of
explants to the concentration of the sterilising substance
and exposure time depending on the poplar hybrid upon
obtaining an aseptic culture of poplar hybrids [11].

Based on the conducted research on obtaining an
aseptic culture of poplar hybrids ‘San Giorgio’ and ‘Ghoy’,
an effective method of sterilisation of the original explants
has been developed, which is successful from the stand-
point of introduction into culture in vitro.

After 6-7 days, aseptic viable explants were transferred
to Y2 MS nutrient medium with growth regulators IAA, IBA,
BAP, and kinetin at a concentration of 0.05-1.0 mg/1 (Table 2).

Table 2. Dependence of the formation of microshoots on the concentration of growth regulators

of e miemt | ofthe oty | Concenzaion, | fomed microshonts, 5 | 1t of micrshoots,am
medium regulator mg/l San Giorgio Ghoy San Giorgio Ghoy

1 0.05 21%0.3 22%0.4 2.0£0.22 2.1+0.25
2 IAA 0.1 18+0.4 17%0.5 1.7£0.26 1.8%0.27
3 0.2 13£0.5 12+0.4 1.5%0.21 1.7£0.24
4 0.05 36%0.4 36+0.5 1.9+0.25 2.0£0.24
5 IBA 0.1 24+0.5 25+0.5 1.7+0.25 1.9+0.25
6 0.2 18+0.7 19%0.6 1.5£0.26 1.6+0.23
7 0.25 86%0.3 85+0.4 4.3x0.21 4.5%0.19
8 BAP 0.5 77%0.4 79%0.5 4.0+0.19 4.1+0.21
9 1.0 74+0.5 75%0.6 3.8+0.22 4.0+0.19
10 0.25 63%0.4 65+0.4 3.7%0.20 3.9%0.22
11 kinetin 0.5 60%0.3 62%0.6 3.1%0.22 3.3%0.20
12 1.0 49%0.6 48+0.7 3.0%0.19 3.2%0.21

The use of TAA and IBA in low concentrations in the
nutrient medium showed a weak stimulating effect on the
formation of microshoots of poplar hybrids. Due to their
action, the emergence of microclones was observed in up
to 36% of explants. The formed microshoots were thin and

often vitrified, while their growth took place. The results
upon using indolylbutyric acid turned out to be better than
upon using indolylacetic acid.

When the concentration of growth regulators of the
auxin group increased to 0.2 ml/l, the formation of lignified,
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hard, non-morphogenic callus and weak roots, which were
unsuitable for further adaptation, was observed.

Proceeding from the obtained data, the addition of
IAA and IBA to the nutrient medium for the multiplica-
tion of microshoots, regardless of the concentration of
auxins, did not give the expected result. The use of these
growth regulators for the formation of microclones of
black poplar hybrids ‘San Giorgio’ and ‘Ghoy’ can be con-
sidered ineffective.

Compared to auxins, cytokines BAP and kinetin

showed more intense shoot formation when added to the
nutrient medium. Notably, the inclusion of BAP in the nu-
trient medium in all variants, compared to kinetin, caused
intensive formation of microshoots from 75% to 85%, de-
pending on the concentration. Therewith, the best stimu-
lation of the emergence of microshoots (85%) occurred on
the nutrient medium with 0.25 mg/1 BAP. Microshoots of
poplar hybrids ‘San Giorgio’ and ‘Ghoy’ obtained on nutri-
ent medium %2 MS + 0.25 mg/l BAP also prevailed in height
compared to all other options (Fig. 1).

Figure 1. General appearance of microshoots of black poplar hybrids ‘San Giorgio’ and ‘Ghoy’
on nutrient medium %2 MS + 0.25 mg/1 BAP

In studies [8; 15], which covered the microclonal
propagation of poplar hybrids, intensive formation of mi-
croshoots was also obtained with the content of cytokine
group growth regulators in the nutrient medium. This is
because cytokinins contribute to the elongation of cells and

the formation of explant tissues, which further affects the
formation of mesenteries and the growth of the stem. They
also positively affect the induction of adventitious buds.
Microshoots were rooted on a hormone-free ¥4 MS medium
and with 0.1-1.0 mg/1 IBA to the nutrient medium (Table 3).

Table 3. Specific features of rooting poplar hybrids ‘San Giorgio’ and ‘Ghoy’

Modification o.f the nutrient IBA concentration, mg/1 % of rooted microshoots The average number
medium of roots, pcs.
1 - 92+0.3 2.5+0.18
2 0.1 92+0.5 1.9£0.25
3 0.5 93+0.6 2.2+0.21
4 1.0 94+0.7 2.4+0.24

As the above data shows, there were 92% of rooted
microshoots on a hormone-free nutrient medium %
MS (Fig. 2). The addition of IBA slightly increased the

percentage of rooted microshoots by 1% and 2% at con-
centrations of 0.5 and 1.0 mg/l, respectively, compared to
hormone-free nutrient medium.

Figure 2. The root system of black poplar hybrids ‘San Giorgio’ (A) and ‘Ghoy’ (B)
on hormone-free nutrient medium %2 MS
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Cultivation of regenerating plants on hormone-free
nutrient medium %2 MS for two weeks improved the habit
of the plants: the stem of the rooted microshoots gradually

=2
AN

extended, the leaf plate grew, and the petioles of the leaves
lengthened (Fig. 3).

e

i

Figure 3. Regenerating plants of Populus nigra hybrids ‘San Giorgio’ (A) and ‘Ghoy’ (B)

on a hormone-free nutrient medium ¥ MS

During the adaptation of regenerating plants of
poplar hybrids, most researchers used multicomponent
substrates, which included peat, sand, perlite, vermiculite,
soil, which is conditioned upon the ratio of poplars to the
soil environment [16; 17].

When the regenerating plants reached a height of
4-5 c¢m, they were adapted to the conditions of closed soil.
Adaptation was carried out on a substrate that included
components of peat:sand:perlite in a ratio of 1:1:1. After
4 weeks of adaptation, the survival rate of regenerative
plants was over 91%.

Conclusions
An effective method of sterilisation of initial explants of
poplar hybrids ‘San Giorgio’ and ‘Ghoy’ was developed.
The highest percentage of aseptic, viable explants was ob-
tained using a 0.05% solution of sodium merthiolate with
exposure for 10 minutes. It was found that intense shoot

formation occurred with the addition of BAP and kinetin
cytokines to the nutrient medium. Low concentrations of IAA
and IBA showed a weak stimulating effect on the formation of
microshoots of poplar hybrids. The most intense shoot for-
mation occurred on nutrient medium %2 MS + 0.25 mg/l BAP.

Addition of 0.1-1.0 mg/1 IBA to the nutrient medium
slightly increased the rooting percentage of microshoots.
Based on the results of the study, the technology of mi-
croclonal propagation of black poplar hybrids ‘San Giorgio’
and ‘Ghoy’ was developed, which includes obtaining asep-
tic and viable explants using a 0.05% sodium merthiolate
solution with exposure for 10 min, micropropagation on
nutrient medium ¥2 MS + 0.25 mg/1 BAP rooting of micro-
shoots on a hormone-free nutrient medium % MS, adap-
tation of regenerating plants to closed soil conditions on a
substrate of peat:sand:perlite ina 1:1:1 ratio. The developed
technology for obtaining regenerant plants can be used in
the future for other black poplar hybrids.
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BioTexHONOoriuHi acneKkTu po3MHOXXEeHHS ripuais
Tononi YopHoi «San Giorgio» Ta «Ghoy»

Anppiii I[TerpoBuu IliHuyk, AHApiit AHapiriosuu KnoBageHKo, Irop BikropoBuu IBaHIOK,
Poman JImutpoBuy Bacuianmue, Katrepunaa MuxaiiiBHa 3a€lb

HaBuasibHO-HayKOBMI1 iHCTUTYT JIiICOBOTO i CafloBO-MapKOBOT0 rOCIIOAAapCTBa
HarnionasnbHOro yHiBepcuTeTy 6iopecypciB i MpupomoKOPUCTYBaHHS YKpaiHu
03041, Byn. 'enepana Ponimuesa, 19, m. Knis, Ykpaina

AHoranis. EHepreTMyHy He3aJIeXKHiCTb KpaiHM MOXKHA BUPILIMTHU JeKiibkoMa nuisxaMu. OTHUM i3 HUX € CTBOPEHHS
€HepreTMUHNX TIAHTALlil JePeBHUX POCIVH. 361IbLUIEHHS VIO TAKMUX TUIAHTAIIiii OGMEXKYEThCST HENOCTATHBOIO KiJTbKiCTIO
SIKICHOTO CaZIMBHOTO MaTepiany. 3HaUHMi1 iHTepec Py CTBOPEHHI IIaHTAaIlili CTAHOBJSITb POCIMHM Ti6puAiB pomy Populus.
BpaxoBytoun, 1110 He BCi TiOpUOM YCHIITHO PO3MHOKYIOThCSI TPAAMUIIITHMMM BETeTaTUBHUMU CIIOCO6aMM, BUKOPUCTAHHS
6i0TeXHOOTiYHMX METO/IiB, 30KpeMa MiKPOKJIOHAIbHOTO PO3MHOKEHHSI, BUPIlIye 3rafiaHy mpobiemy. [JaHuii crioci6 gae
3MOI'y OTPMMATU BEJIUKY KiJIbKICTh SIKICHOTO OJHOPiZHOTO caJ¥BHOrO MaTepianay. MeTow mociimkeHb Gyna po3pobka
TEXHOJIOTii MiKPOK/IOHAIbHOTO PO3MHOXKEHHS Ii6p1IiB TOTOMi YopHOi ‘San Giorgio’ ta ‘Ghoy’. [Ipy TpoBejeHHi LOC/TiIsKeHb
BUKODPUCTOBYBA/IM 3araJIbHOTIPUITHATI 6Gi0TEXHOMOTIUHI MeTOaM B aBTOPChKiit Moaudikalii Ha BCix eTamax ofepsKaHHS
CaJIBHOTO MaTepiaay POCIMH-pereHepaHTiB ri6puaiB Tomosi. JocTiaKeHHIMY BCTAaHOBAEHO MMO3UTUBHMIA BIUIUB MPU
OTPMMAaHHi acenTUYHOI KyIbTypy cTepuisyrounx peuosuH 0,1 % AgNO,, 2,5 Ta 1,25 % NaClO, 0,05 % meprionary HaTpiio
ta 0,1 % HgCl,. Haii6inbury KilbKicTh aceNTUUHMX XUTTE3NATHUX €KCIUIAHTiB OTPMMYBAIM KyJIbTYPM 3a 3aCTOCYBaHHS
0,05 %-ro po3uMHy MepTioJsITy HAaTpito pu ekcrmo3uilii 5 Ta 10 xB. [Ipy yKopiHeHHi MiKpoIaroHiB Ha 6€3ropMOHAILHOMY
SKUBWIbHOMY cepefoBuili ¥2 MS ta 3 nomaBansusim 0,1-1,0 mr/n IMK BcTaHOB/IeHO, 10 Kpallli MapamMmeTpy YKOpPiHEeHHS
MiKpoIlaroHiB Ha 6e3ropMOHaIbHOMY SKMUBUIBHOMY cepeloBuii ¥2 MS. ApanTaliito ynpoLoBX 4 TUKHIB 3[iliCHIOBaN B
TeIUTUIIi Ha Cy6CTPaTi IO CKIIaAy SIKOTO BXOIVITY KOMITOHEHTH Topd: MiCOK: TepIiT y criiBBigHOmeHHi 1:1:1. IIpysKMBIIOBaHICTh
POCIMH-pereHepaHTiB ri6puiB Tomomi YopHoi ‘San Giorgio’ Ta ‘Ghoy’ ctaHoBMIa 6inbie 91 %. [IpoBeeHi mOCTiIKeHHS Ta
OTpUMaHi pe3ysabTaTi 6yayTh KOPUCHUMM JIJIS1 BUDOOHMKIB CAAVBHOTO MaTepiaay Ta HAyKOBOTO CePeIOBMUIIIA, SIKi MPAITIOI0Th
Yy HamnpsMi pO3BUTKY BiJHOBJIOBAJIbHUX JiKepes eHeprii yepe3 CTBOPEHHSI eHepreTUYHMX IJIaHTallilil MBUIKOPOCINX
JlepeBHUX POCIVH

KitiouoBi cj1oBa: eKCIUIaHT, SKUBUIbHE cepenoBuille, GiToropMoHu, cyocTpat, CamuBHUIT MaTepia, in vitro
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Population Indicators of Sawflies and Concomitant Species
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Abstract. Due to the consequences of climate change, namely a decrease in the groundwater level, there is a massive
weakening of Scots pine stands in the forests of Ukraine. Against the background of dynamic weakening of trees, annual
warm winters, the establishment of warm, sunny, and dry weather in spring contribute to the spread of needle-eating
pests, especially sawflies. The purpose of this study was to clarify the species composition and biological features of certain
species of needle-eating insects of the Prytiasmyn Ridge and the degree of threat to plantings from needle-eating insects,
namely from sawflies and related species. At the stage of reconnaissance survey of pine stands, the method of qualitative and
quantitative assessment of sawflies and related species of needle-eating insects was tested. During the survey of plantings
of the Prytiasmyn Ridge, Defoliating insects of the following species were found: Acantholyda erythrocephala, Acantholyda
posticalis, Dendrolimus pini, Panolis flammea, Sphinx pinastri isolated, most pine stands predominate in number Diprion pini
and its concomitant species Gilpinia frutetorum and Gilpinia virens. The provides results of observations on the population of
Diprion pini and concomitant species Gilpinia frutetorum and Gilpinia virens in pine stands with determination of distribution,
phenological and biological features. As a result of the survey of stands inhabited by needle-eating insects, it was
established in which phase of the outbreak the pest population is, to which categories the breeding centres and biological
features of Diprion pini and related species under these conditions belong. The population indicators of the common pine
sawfly Diprion pini and concomitant species in the stands of the Prytiasmyn ridge of the Cherkasy Oblast were evaluated.
It was found that the number of these species is increasing, e.g., in 2021 the average number of viable cocoons of Diprion
pini females was 21%, and the density of cocoons in the detritus (or forest floor) was 0.53 units:-m compared to the
indicators of 2020 of 12% and 0.19 units‘m?, respectively. Similarly, the number of concomitant species Gilpinia
frutetorum and Gilpinia virens is increasing, the average density of cocoons in the detritus (or forest floor) of which was
1.39 units'm? in 2020, and 1.87 units‘m™? in 2021. As a result of the reconnaissance and detailed surveys, foci of the
needle-eating insect complex were found with a total area of 128.0 ha, the determined defoliation rate of the crown was
from 30% to 50%. The obtained accounting data allow assessing the potential for the reproduction of populations of
Defoliating insects and indicate the need for further monitoring observations in the pine stands of the Prytiasmyn ridge

Keywords: phytophagous insects, viable cocoons, defoliation, Diprion pini, Gilpinia frutetorum, Gilpinia virens

Introduction

Recently, starting from 2000, global climate changes have
been observed, under which organisms of all trophic levels
(plants, phytophages, entomophages) have experienced a
violation of the synchronicity of their development, sur-
vival, harmfulness, fertility, and range boundaries have
changed [1]. On the territory of Ukraine, mass reproduction

Suggested Citation:

and cyclical increases in numbers are inherent in insects,
mainly from Lepidoptera and Hymenoptera orders [2; 3].
The most common phytophagous insects of conifers are
the pine tree lappet Dendrolimus pini L., the red pine sawfly
Neodiprion sertifer Geoff., and common pine sawfly Diprion
pini L. [4-6]. The average annual area of centres of mass

Puzrina, N., Pereviznyk, A., Tokarieva, O., & Boiko, H. (2022). Population indicators of sawflies and concomitant species
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reproduction of pine sawflies in Ukraine exceeds 14 thou-
sand ha and is almost a third of the area of all centres of
needle-eating insects [4]. Needle-eating insects cause con-
siderable damage to pine stands, significantly reducing
their productivity and protective functions.

The focus of mass reproduction is the area of the
plantation, where damage to the crowns of more than 30%
and a considerable density of populations of harmful in-
sects is predicted. Mass reproduction of needle-eating in-
sects under favourable conditions is most often observed in
well-lit and well-warmed areas of plantations [3; 7]. How-
ever, even in favourable years for the common pine sawfly
(with a lower temperature threshold of 10.8°C and a sum of
effective temperatures of 116.5°C) [4], centres of its mass
reproduction do not occur everywhere, but in the most at-
tractive stands, which are determined by the type of forest
vegetation conditions, the composition of the tree stand,
the age, and completeness of the plantations. Notably, the
areas of the cells of defoliating insects can significantly
increase due to “cortical drying” [1].

The area of centres of mass reproduction of saw-
flies and derived (associated) species is determined by the
structure of the forest fund, and therefore, Prytiasmyn
forests are artificially created by plantations of Scots pine
on moisture-deficient, non-grassy sands. The pine forests
of Cherkasy Oblast are the object of both global, climate
change-related, and local scientific research devoted to
the study of the ecological state of the region’s forest bio-
geocoenoses, the characteristics of the grass cover, the dy-
namics of productive moisture reserves during the growing
season, and the development of phytophagous insect pop-
ulations [6].

Pine sawflies (Hymenoptera, Symphyta, Diprionidae)
are the most common insects of pine forests in Europe, in
particular in Austria, Finland, Estonia, Germany, the Czech
Republic [4], especially the monovoltine pine sawfly Neo-
diprion sertifer Geoff. and the common pine sawfly Diprion
pini L., which develops in one or two generations per year
depending on the temperature conditions, namely: the av-
erage monthly temperature in May within 15°C and July
18-25°C [2; 4; 8]. Defoliant insects are one of the dominant
factors affecting tree growth in temperate and boreal for-
ests, but the impact of climate change on the periodicity
and frequency of outbreaks of mass reproduction of these
insects is still understudied [1; 4; 7]. V.L. Meshkova et al. [4]
performed a graphic analysis of the dynamics of Diprion
pini L. foci based on individual levels of threat, and it was
found that the interval between outbreaks was reduced to

three to six years, when the interval between maxima was
from 4 to 11 years and an average of 9 years, respectively [2;
7; 9]. Research has established that trees damaged by pine
sawflies dry out by 80% or more without the involvement
of trunk pests and, due to the fall of the most weakened
trees damaged by pine sawflies, the growth of the rest of
the trees accelerates [1; 3; 10].

The presence of natural enemies can slightly ad-
just the number of sawflies and associated species; these
include parasitoids (families Chalcidoidea, Ichneumonidae,
Tachinidae) and predators (birds, small mammals, insects
of the families Elateridae and Carabidae) [10; 11]. According
to studies, the influence of a complex of natural enemies on
the death of Diprion pini L. cocoons is stable, but by the end
of the study period (the end of the growing season), the in-
tensity of defoliation slowly decreases, the annual mortality
of cocoons from natural enemies ranges from 66% to 80%
due to damage by Ichneumonidae and small mammals [10;
11]. Therefore, the combination of best stand characteris-
tics, abiotic factors of the environment and regulation by
natural enemies can lead to population fluctuations, and
therefore, detailed information on abiotic and biotic regu-
latory factors is necessary, as well as monitoring of conifer-
ous sawflies and associated species considering changes in
climatic conditions.

The purpose of this study was to establish the species
affiliation of the “companion” species of sawflies, to identify
the specific features of their biology, seasonal development
and the degree of threat to plantations according to the
corresponding population indicators.

Materials and Methods

Reconnaissance survey of pine plantations of the Prytiasmyn
ridge is performed every year on the entire area of forest
massifs, these works include an examination of pathogen
contamination of natural and artificial forest plantations,
as well as on-site inspection of leaves for the warning signs
indicating the occurrence of pathogens and phytophagous in-
sects. Surveys are conducted annually, usually in autumn, and
they form the basis for drawing up a plan of forest protec-
tion measures and sanitary felling for the next year [12; 13].
A detailed (stationary) survey was carried out in 2020 and
2021 in the stands of the Prytiasmyn ridge, which stretches
along a strip about 50 km long and 1.5-2.5 km wide along
the left bank of the Tiasmyn River, where there are best
forest ecological conditions for the reproduction of sawflies
(or associated species) and in cells. Table 1 presents the terms
of conducting records of needle-eating insects [4; 12].

Table 1. Accounting stages and units of measurement

Species

Accounting stages, accounting time, units of measurement

Needle-eating insects | Dendrolimus pini

caterpillar (wintering stage), November, 1 m? of litter;
caterpillar, April, quantity on 1 tree

Diprion pini

cocoon (eonymph, pronymph), October, March 1 m? of litter

Neodiprion sertifer

cocoon (eonymph, pronymph), October, March 1 m? of litter

When surveying centres of mass reproduction of
pine sawflies, a spring count of cocoons in the litter was
carried out, setting up test areas in plantations with dif-
ferent degrees of crown eating, counts were carried out on
samples (sites or accounting trees). The total number of
samples in the cell was at least 20, in forest areas with ho-
mogeneous plantations, samples were placed evenly along

the planned routes, in quarters with heterogeneous plan-
tations, samples were placed in large sections. To record
the insects in the litter, samples of 1 m? (2x0.5 m) were laid
under the trees with the smaller side adjacent to the tree,
and the larger side along the radius of the crown projec-
tion, the top layer of the litter was discarded, then carefully
examined, removing the rest of the litter in layers, and then
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soil to a depth of 5-8 cm. All insects (at different stages
of development), individually alive, affected by diseases
and damaged by parasites or predators were selected and
counted [12; 13].

When recording, it is important to be able to distin-
guish healthy pupae (cocoons) from those affected by par-
asites and pathogens. A healthy pupa makes vigorous ab-
dominal movements when squeezed from the sides. When
leaving the imago pupa, they open diagonally with large
lids from the head to the middle of the front side of the
abdomen. When the parasites leave the pupae, they leave
round holes of diverse sizes in the walls. Pupae with signs
of damage by bacterial pathogens contain a brown liquid
with a sharp unpleasant smell, with signs of mycosis dam-
age — hard and covered with fungal mycelium [4; 12; 13].
The cocoons of sawflies are opened with a round lid on the
entire width of the cocoon from the end when they fly out,
the parasitised cocoons when they fly are left in the walls,
as well as in the end, the holes are always smaller. When
damaged by entomophages and predators (rodents), holes
of irregular shape are formed on cocoons and pupae [12; 13].

The species composition of overwintering pests was
determined, isolating the cocoons of the common pine sawfly
and related species. When examining the cocoons of the
common pine sawfly, the following were selected: whole
cocoons without any holes; damaged by entomophages
(wireworms, turuns, etc.), which have one or more holes of
irregular shape and different sizes on the surface, and are
empty inside or with larva remains; damaged by mouse-like
rodents, which have an elongated hole of arbitrary shape,
depressed on the sides, and empty inside; the cocoons
hatched by the birds have a membrane bent to the sides in
the form of a triangular patch at the place of damage; par-
asitised cocoons have regular round holes, but unlike the
cocoons from which adult sawflies emerged, they are much
smaller.

Whole cocoons were analysed to identify the sex in-
dex (the ratio of females to males). For this, whole cocoons
were divided by size, larger cocoons measuring 9-10 mm
were assigned to females, and smaller ones (7-8 mm) — to
males, the number of females was divided by the number of
males, while finding the ratio between females and males
in the wintering population of sawflies (9:3).

The average density of cocoons (p) at the size of the
accounting plot of 1 m? (2x0.5 m) was calculated according
to the following formula:

_ n (cocoons) 1)
p= n (accounting areas)

The threat of 100% eating of plantations by Diprion
pini L. larvae in terms of the number of viable ones per 1 m?
is 13 female cocoons per 1 m2.

Externally intact female and male cocoons were
analysed for diapause, parasite infestation, and disease
damage by dissecting the cocoons and carefully examining
hibernating individuals with binoculars and a magnifying
glass, a total of 471 cocoons were analysed in 2020 and 726
cocoons in 2021. When infected with fungal diseases inside
the cocoon, the larva is mummified and hard, the tissue
is filled with white, red, green, pink, mycelium. If affected
by bacterial diseases, the hibernating larvae in the cocoon
have an unpleasant smell, are black, filled with a black or
red liquid. Viral diseases are diagnosed through microscop-
ic analysis, visually - in the cocoon, the larva is liquefied
and transformed into a cloudy, odourless liquid.

Spring surveys were performed by surrounding
model trees and collecting larvae of sawflies and associated
species on a total area of 128 ha. The larvae feeding in the
crown were collected by rounding and the state of defoli-
ation was determined approximately. The collected larvae
were subsequently divided by species and age, age was de-
termined by the width of the head capsule (Table 2) [12].

Table 2. The width of the head capsule of larvae of different ages, mm

Age I II

III IV v VI

Head capsule width, mm 0.5 0.8

1.1 1.4 1.8 2.2

The question of determining the age of larvae in the
study of population indicators is important because with-
out an accurate determination of age it is difficult to signal
the timing of the development of defoliant insects and to
prescribe appropriate control measures.

Results and Discussion

During the survey of experimental plantations, a complex
of defoliant insects was discovered, which included 8 spe-
cies from 6 genera and 5 families (Table 3). During the in-
spection of the forest, the following species were found:
the red-headed Acantholyda erythrocephala and the pine
star Acantholyda posticalis saw-weavers, the pine silkworm

Dendrolimus pini, the pine weevil Panolis flammea, the pine
weevil Sphinx pinastri, the common pine sawyer Diprion pini
and its derived species - shrub gilpinia Gilpinia frutetorum and
greenish gilpinia Gilpinia virens with different frequency of
occurrence. Larvae of sawflies damage pine plantations of
various ages, including undergrowth and open forest crops,
which, in case of a rapid increase in numbers, leads to sub-
stantial loss of needles, deterioration of the sanitary con-
dition of plantations, loss of growth and death of individual
trees. Apart from common (Diprion pini L.) and red (Neodiprion
sertifer Geoffr.) pine sawflies, there are so-called “combined”
species in pine forests that damage needles at the same time
as these species [9].

Table 3. Distribution of needle-eating insects in the plantations under study

Family Genus Species Frequency of occurrence

. Acantholyda erythrocephala Isolated
Pamphiliidae Acantholyda Acantholyda posticalis Isolated
Lasiocampidae Dendrolimus Dendrolimus pini Isolated
Noctuidae Panolis Panolis flammea Isolated
Sphingidae Sphinx Sphinx pinastri Isolated
Diprion Diprion pini Crowded
Diprionidae Gilpinia Gilpinia frutetorum Crowded
p Gilpinia virens Crowded
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Notably, the species complex of defoliant insects in
this region is typical for stands dominated by Scots pine [1;
3; 7], associated species of sawflies, namely Gilpinia fruteto-
rum and Gilpinia virens, form stable centres in favourable
years [9]. The obtained data are consistent with studies of
needle-eating insects on the territory of Ukraine, namely in
Zhytomyr [1; 3] and Luhansk Oblast [7], Kyiv and Chernihiv
Polissia and Forest Steppe [6], but the listed species occur
unevenly across the entire area of plantations. As the data
in the Table 4 suggests, the dominant species are the larvae

of Diprion pini, Gilpinia frutetorum and Gilpinia virens, the
caterpillars of Sphinx pinastri and Dendrolimus pini were
found singly.

When surveying the nests of the common pine sawfly,
a considerable increase in the number of “accompanying”
species of pine sawflies was noted in different regions [3;
7; 9]. In connection with the lack of data on the biological
characteristics, distribution and development of these spe-
cies, it is difficult to appoint and promptly perform forest
protection measures.

Table 4. The survey results obtained from the model trees

Location Species
Quarter Section Area, ha Seq. No. Sphinx pinastri | Dendrolimus pini an(?(lli ':1:;; g ltr;rlpes

22 14.7 1 0 1 51
21 2 7.2 1 0 0 47
20 16.7 1 0 1 43
2 0 0 39

20 5 7.4 1 0 1 94
18 3 1 1 0 0 103

10 11 6 1 0 0 0
9 8 10.8 1 0 0 46

9 7 9.0 1 0 0 3
8 5 37.3 1 0 0 26
2 0 0 17
8 13 3.8 1 2 1 151
7 5 14.1 1 0 1 23
Total 128.0 2 6 643

A total of 643 larvae of sawflies were collected, the
main part of which was larvae of the shrub gilpinia, about
75%, and the rest — 25% of the larvae of the greenish gil-
pinia. Gilpinia cocoons and larvae were ubiquitous in the
stands under study. In contrast to the common pine sawfly,
larvae of shrub gilpinia live alone and are a typical “com-
panion” species in sawfly populations [14-16].

According to the timing of feeding, needle-eating
sawflies are divided into two groups. Larvae of the Group I
species feed in the spring and cause damage at the same time
as the red pine sawfly (from the end of April to mid-June) [9;
16], did not occur in the plantations under study. Larvae of
the Group II species feed simultaneously with the common

pine sawfly (spring generation in June, autumn generation
in August-September), namely Gilpinia frutetorum, and
G. virens [16]. Unlike needle-eating sawflies, larvae of Gil-
pinia frutetorum and Gilpinia virens are solitary, and are a
typical “companion” species in sawfly populations. Larvae
of greenish gilpinia occur singly everywhere and never re-
produce en masse [9].

An analysis of the age structure of Gilpinia fruteto-
rum and Gilpinia virens larvae was carried out (Table 5),as a
result of which the predominance of II-III age class larvae
was established. Notably, in the stands under study, larvae,
and cocoons of Diprion pini and associated species were
found ubiquitously (Table 6).

Table 5. Analysis of the age structure of the larvae of greenish and shrub gilpinia

Phytophage I 2 111 v Vv
insect pcs. % pcs. % pcs. % pcs. % pcs. %
Gilpinia virens 26 16 90 56 45 28 0 0 0 0
Gilpinia frutetorum 92 19 202 42 159 33 29 6 0 0

Table 6. Average population indicators of common Diprion pini

Number Viable cocoons Damage caused Affected
Dead,
of embedded Females, Males, | by entomophages, | by mycoses, cs./%
samples pcs./% pes./% pcs./% pcs./% pes./7
2020
150 \ 7/12 \ 5/9 \ 27/45 \ 18/31 \ 2/3
2021
150 20/21 14/15 27/30 23/25 8/9

The analysis of collected cocoons with a distribution
by viability and sex, considering the number of affected,
damaged and dead, allowed establishing that the number of

cocoons of the common pine sawfly and related species in-
creased in 2021, compared to 2020, due to a sharp increase
in the proportion of females in the population (Fig. 1).
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Figure 1. Distribution of cocoons of pine sawflies and related species by sex, pcs.

Among the Diprion pini cocoons collected in 2020-
2021, no more than 20% of the cocoons were intact. Among
the 59 intact cocoons examined in 2020 (by external signs),
only 12 were found to be viable, i.e., contained living aeo-
nymphs, when in 2021, 34 viable cocoons were found among
92 cocoons. Analysing the obtained data, the average num-
ber of viable cocoons of common pine sawfly females was
12% in 2020, and 21% in 2021, respectively, so this indi-
cates favourable conditions for the development of the
population and the potential for increasing the number in
the future. The average density of cocoons in the test plots
in the litter was 0.19 pcs-m? in 2020, and 0.53 pcs'm? in
2021. Mostly, the cocoons of the common pine sawfly were

damaged by entomophages — 45% and 30%, the share of
cocoons affected by mycoses was 31% and 25%, the share
of dead cocoons — 3% and 9%, respectively.

During the study, the population indicators of accom-
panying species were analysed by year: viable cocoons of
females of derived species (shrub gilpinia and green gilpinia)
in 2020 — 13%, in 2021 — 11%, respectively (Table 7, Fig. 2).
From all the test plots that were planted in the plantations
in 2021, 634 intact cocoons of related species of the pine
sawfly, namely greenish and shrub gilpinia, and 412 cocoons
in 2020 were found, of which the proportion of viable ones
was 117 and 86 cocoons, respectively.

Table 7. Population indicators of derived species Gilpinia frutetorum and Gilpinia virens

Number Viable cocoons Damage caused Affected by
Dead,
of embedded 1 % ! % by entomophages mycoses cs./%
samples Females, pcs./% Males, pcs./% pes./% pes./% pcs./%
2020
150 \ 52/13 \ 34/8 \ 193/47 88/21 45/11
2021
150 \ 70/11 \ 47/7 \ 379/60 \ 126/20 \ 12/2

Figure 2. Collected cocoons of Diprion pini and related species

The average density of cocoons in the litter on the
trial plots was 1.39 pcs-m2in 2020, and 1.87 pcs'-m2in 2021.

As can be seen from the above data, the majority of
cocoons of the derived species of shrub gilpinia and greenish
gilpinia are damaged by entomophages — 47% and 60%, the
share of cocoons affected by mycoses is 21% and 20%, the
dead are 2% and 11%, respectively, in 2020 and 2021.

During the research, the level of defoliation of the
pine plantations was measured (Fig. 3). According to the

conducted reconnaissance and detailed surveys, teh study
established the presence in the plantations of the Pryti-
asmyn ridge of centres of the complex of needle-eating
insects with a total area of 128.0 ha, the determined av-
erage defoliation rate of the crown was from 30% to 50%.
Therefore, further study of the biology of the “companion”
species of sawflies will allow establishing the regularities
of their relationships in complex centres and determining
the degree of danger for pine plantations.
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Figure 3. Defoliation of the surveyed forest stands

According to the classical scheme of A.I. Ilyinsky (1952),
outbreaks of mass reproduction of needle-eating insects form
seven generations of phytophagous insects, which develop
in four phases [12]. In the first (initial) phase, the popula-
tion size rapidly increases by 2-4 times (compared to the
population size index before the outbreak), in the second
phase (population growth), centres of mass reproduction
are formed, in the third phase (the outbreak itself) — the
number of individuals in the population increases, and in
the fourth (crisis phase) — it sharply decreases. According
to the results of the conducted forest pathology survey, it
was established that the population of Diprion pini and re-
lated species Gilpinia frutetorum and Gilpinia virens is on the
verge of a tangible threat of damage to the plantations of
the Prytiasmyn ridge and the centre is in the second phase
of development — the phase of population growth. Therefore,
it is currently expedient to carry out exterminating measures
to reduce the population and its spread.

Conclusions

In 2020-2021, a complex of defoliant insects was found in
the stands of Prytiasmyn pine forests, which includes 8 spe-
cies from 6 genera and 5 families. The biological features
of the species that may have economic value, namely the
red-headed Acantholyda erythrocephala and the pine-star

Acantholyda posticalis saw-weavers were specified, the pine
silkworm Dendrolimus pini, the pine weevil Panolis flam-
mea, the pine weevil Sphinx pinastri, the common pine saw-
fly Diprion pini and related species - the shrub gilpinia Gil-
pinia frutetorum and the greenish gilpinia Gilpinia virens. In
the conditions of the Prytiasmyn ridge, all identified spe-
cies of insects occurred, but sawflies and their associated
species dominated. Population densities of all needle-eat-
ing insects’ species were low, but cocoon densities of both
common and associated pine sawfly species increased in
2021 compared to 2020. Among the factors regulating pop-
ulations of pine sawflies, the leading role was played by
entomophages, which damaged the majority of cocoons of
related species and sawflies, and mycosis.

Considering the fact that the stands of the Pryti-
asmyn ridge are considerably weakened, defoliation of
needles in the cell is already above average in the vast ma-
jority, and the feeding of pests will continue throughout
September-October, damage to needles can lead to a sharp
increase in the defoliation rate and a considerable weaken-
ing and deterioration of the sanitary condition in the pine
stands. Further study of the biology of associated species
of pine sawflies will reveal patterns of their interaction in
complex centres and determine the degree of danger for
pine plantations.
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MonynsauiinHi NOKa3HMKU NUbLUMKIB Ta CyNnyTHiIX BUAIB KOMaX-XBOErpusiB
Hacap)XeHb MpPUTACMUHCbKOI rpsaau

Harania BacuniBua Ily3pinal!, Anina BanepiiBua IlepeBi3HUK?,
Onbra BikTropiBHa TokapeBa!, lanna OnekciiBHa Boiiko!

'HauioHabHMIA yHiBepCcUTeT 6iopecypciB i MpUPOIOKOPUCTYBaHHS YKpaiHu
03041, Byn. T'epoiB O60oponnu, 15, m. Kuis, Ykpaina

‘lepskaBHE MiAMPUEMCTBO «YUTMPUHCHKeE JTiCOBE TOCITOIapCTBO»
20900, Byn. Yepkacbka, 77, M. Uurnput, YKpaina

AHoTartis. V 3BS’'3Ky 3 HaCTiAKaMM KJIiMaTUYHKX 3MiH, a came MOHMKEeHHSIM PiBHSI IPYHTOBUX BOJ, Y JIiCOBUX MacMBax
VKpaiHM CIIOCTepiraeTbcsi MacoBe OCIabIeHHS HacaJKeHb COCHM 3BMYaiiHoi. Ha ¢oHi muHaMiuHOrO ocC1abieHHs Jepes,
IOPiYHMX TEIUIUX 3UM, BCTAHOBJIEHHS TeIJI01, COHSAYHOI Ta CyX0i IOTrogM HaBeCHi CIIPUSIIOTh PO3BUTKY Ta MOLIMPEHHIO
XBOETPU3YUMX IIKiITHNKIB, 0COBIMBO MMJIBIIVKIB. METOI0 JOC/TimKeHb OYJI0 YTOUHEHHS BUAOBOTO CKIALy Ta 6iosoriuHmx
0COGMMBOCTE OKpPeMUX BUMIB KOMAaX-XBOEMMUCTOrpu3iB IIpUTICMUHCHKOI TPSAM Ta CTYIEHs 3arpo3y HacaaskKeHHSIM
BiJl XBOErpu3iB, 30KpeMa, Bif MUIbIIMKIB Ta CYNMyTHiX BMIiB. Ha eTami peKorHOCIMPYBaIbHOTO OGCTEKEHHSI COCHOBUX
HacakeHb, 6y/10 37ilicHeHO anmpo6allilo MeTOAMKY SIKiCHOI Ta KiJTbKiCHOT OI[iHKM MU/IBIIMKIB Ta CYMyTHIX BUIiB KOMaXx-
xBoerpusis. ITig yac o6cTeskeHHS HacaaskeHb [IpUTICMUHCHKOI TPy BUSIBJIEHO KOMaX-IedomiaHTiB HaCTYITHUX BUIIB:
Acantholyda erythrocephala, Acantholyda posticalis, Dendrolimus pini, Panolis flammea, Sphinx pinastri nooduHoxo, B
OiMBIIOCTI COCHOBMX HACaIKeHb MEPEBAKAIOTH 3a UMCENIbHICTIO Diprion pini Ta iioro cynyTHi Bugu Gilpinia frutetorum ta
Gilpinia virens. HaBezieHi pe3y/bTaTy CIIOCTepeXXeHb 3a OMyJsILieto Diprion pini Ta CylyTHIX BULiB ribIiHii yarapHUKOBOI
Gilpinia frutetorum Tta rinbmiHii 3emenyBaroi Gilpinia virens y COCHOBMX HACaKeHHSIX 3 BU3HAUEHHSIM ITOLIMPEHHS,
(deHomnoriuHMx i 6ionoriyHMX 0CO6MMBOCTEI. Y Pe3yIbTaTi 06CTEXKEeHHS HAaCaIKeHb, 3aCe/IeHMX XBOETPU3YUMMM KOMaxXaMu,
BCTAHOBJIOBAIM Y sKiif das3i cmamaxy mepeGyBae MOMyJAIis IIKiTHMKA, 1O SKMX KATeropiii HajaeXaTb OCEPEIKU
PO3MHOXeHHSI Ta 6iosoriuHi ocobmBocti Diprion pini Ta CyIyTHiX BUIIB Y JaHMX YMOBaX. OlliHEHO MMOMYJISLIiiHI TOKa3HUKMU
3BMYaTHOTO COCHOBOrO nuiblliuka Diprion pini Ta CyIyTHIX BUZiIB Y HacaakeHHSIX [IpuTscMuHCbKOI rpsaayu UepkacbKoi
o6sacti. BusHaueHo, 1110 UMCeNbHICTh 3a3HaUe€HMUX BUAIB 3pocTae, Tak, y 2021 poui cepenHs KibKiCTh KUTTE3LATHUX
KOKOHiB camuilb Diprion pini craHOBUTb 21 %, a IibHICTh KOKOHIB y migcTmwili — 0,53 mt-M2 3a mokasuukis 2020 poky
12 % Ta 0,19 mwT-M? BiAMOBiAHO. AHAJIOTIYHO 3POCTAE YMCENIbHICTh CYMYTHIX BUMIIB Gilpinia frutetorum Ta Gilpinia virens,
cepemHs IMiIbHICTh KOKOHIB y MiACTUI IKMX cTaHoBwia y 2020 pori 1,39 mrr-m2,ay 2021 pori — 1,87 mrr-m 2. 3a HacTimkamm
MPOBENEHNX PEKOTHOCIMPYBAIbHMX Ta IETaTbHUX 00CTEXXEHD BUSBJIEHO OCEPEIKM KOMITIEKCY KOMaX-XBOEIPU3iB 3arajqbHOI0
ronreto 128,0 ra, OKOMipHO BCTaHOBJIEHMIA ITOKA3HUK Aedortialii KpoHu craHoBuB Big 30 % mo 50 %. OTpuMaHi 06/1iKOBi
JlaHi O3BOJISIIOTh OL[IHUTM TIOTEHI[i/iHi MOX/IMBOCTI PO3MHOKEHHS TMOMyJsIiii Komax-gedomiaHTiB Ta cBimuaTh mpo
HeOoO6XiTHICTh MPOBeIEeHHS MOAAIbIINX MOHITOPMHTOBUX CIIOCTEPESKEHD B COCHOBMX HacaKeHHIX [IpUTICMUHCBKOI Ipsan

Kirouosi cioBa: komaxu-gditodaru, kuTTe3gaTHi KoKoHU, nedomiantis, Diprion pini, Gilpinia frutetorum, Gilpinia virens
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Evaluation of Field-Based Burn Indices for Assessing Forest Fire Severity
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Abstract. Evaluation of forest fire severity is a basis of post-fire forest management. Remote sensing-based methods enable
reliable delineation of fire perimeters, however, assessments of the degree of forest damage need to be verified and adjusted
through field sampling. The forest damage assessment conducted in this study is useful for practitioners to understand
and justify the design of clear cuts for restoration purposes. Thus, the aim of the study is to verify the different approaches
to field assessment of forest fire severity. In this paper, the authors present a site-specific assessment of large wildfires
in Luhansk oblast, Ukraine occurred in 2020 using field-based burn severity indices. The Composite Burn Index (CBI) and
the Geometrically Structured Composite Burn Index (GeoCBI) were used to estimate the extent of forest damage. The
Burned Area Emergency Response (BAER) methodology was also tested to assess the extent of soil damage. The authors
used PlanetScope images to delineate perimeters of burned areas. These perimeters were overlaid over a forest inventory
database to extract forest attributes and site characteristics for all forested and unforested areas affected by fires. Within
the fire perimeters, the burned area was stratified into six strata to independently account for forest damage in diverse
types of land cover. In total 73 test plots were proportionally distributed among different classes of land cover to assess fire
severity using CBI, GeoCBI, and BAER approaches. It was found that the fire’s footprints covered 39,782 hectares. Among
that area, 21.2% were forested lands. About 78% of burned forests were pine plantations. The highest fire intensity levels
were estimated within pure pine plantations that were grown in very dry sites, while the lowest ones were associated with
hardwoods forests in moisture site conditions. The average estimates of fire severity using the field-based indices varied
within strata (CBI>GeoCBI) which could be an issue for assessing burn severity using remote sensing-based approaches.
The authors also concluded that the BAER methodology contributed less to assessing the fire intensity because soil
burn severity is not directly related to vegetation damage. This work creates a foundation for further assessment of fire
severity using satellite imagery. As a result of this study, a spatial data set of sample plots was proposed that can facilitate
calibrating approaches used to map fire severity in the region

Keywords: field-based burn severity indices, forest damage, burned area, site condition

Introduction

Forest fires are one of the main natural disturbances of
Scotch pine forests in the southern and eastern regions
of Ukraine. Wide use of fires to burn agriculture residues
in Ukraine [1] results in permanent presence of ignition
sources in landscapes of the region. During periods of ex-
treme weather danger (e.g., low fuels moisture and high
wind speed) with strong wind, agricultural fires can enter
pine forests and within hours reach high intensity that pose
a direct threat to villages located close to forests, similarly

Suggested Citation:

to other fire prone landscapes in the Mediterranean region
or western United States [2; 3]. From a forest management
perspective, the most obvious consequences of fires are ac-
cumulation of large amounts of dead biomass, degradation
of forest stands, and reduction in their capacity for carbon
sequestration [4; 5].

Problem of forest fires in Ukraine essentially esca-
lated during the last two decades due to climate and land-
use changes: single large fire event reached unprecedent

Soshenskyi, O., Myroniuk, V., Zibtsev, S., Gumeniuk, V., & Lashchenko, A. (2022). Evaluation of field-based burn indices for
assessing forest fire severity in Luhansk region, Ukraine. Ukrainian Journal of Forest and Wood Science, 13(1), 48-57.
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for the country levels (15-60,000 ha) while occurrence of
extreme fires has become more frequent [6; 7]. Since 2015
extreme fires repeatedly occurred every 3-4 years all over
the country: the Chornobyl Exclusion Zone (1992, 2015,
2020) [6; 8], Kherson oblast (2007, 2012) [6; 9]; Zhytomyr,
Lugansk, Kharkiv oblasts (2020) [10]. The main drivers of
all large fires of the last decade were massive agricultural
burnings combined with drought, fast wind, and essential fuel
load in overcrowded Scotch pine plantations that drove ex-
treme fire behaviour [1].

During second half of XIX century, Ukraine was a
relatively safe country with low frequency of extreme forest
fires [6; 9; 10]. Thus, the forest fire management in Ukraine
lacks a national policy toward shifting to landscape fire
management [6; 7]. This could be illustrated with the ab-
sence of specific fire research centres that study landscape
fires. First fire lab in Ukraine was established in 2013 at
the National University of Life and Environmental Sci-
ences of Ukraine supported by the Global Fire Monitoring
Centre (GFMC) and Council of Europe [11; 12]. Recently, a
few studies were undertaken for postfire damage research
mostly based on ground assessment of stands burned [13;
14]. Under these circumstances, many issues related to
landscape fires in Ukraine remain unexplored, for example,
methods for assessing forest fire damage, remote sens-
ing-based forest fire mapping, etc. Post-fire management
in Ukraine regularly faces a challenge because of the lack
of empirical evidence on the accuracy of fire severity as-
sessment in various regions and forest types while good
restoration practices require detailed information on loss-
es of ecological and social functionality of burned forested
landscapes that are related to the extent and severity of
fires [14; 15].

Today, remote sensing methods and numerous prod-
ucts developed using satellite imagery enable assessment
not only the perimeters of fires but also the degree of forest
damage [2; 16]. While a rapid evaluation of the spatial pattern
of burned areas can be performed using merely satellite
imagery, detailed information on forest damage is highly
dependent on field data collected after the fire [17]. In most
cases, remote sensing-based indices of fire severity and any
estimates of the degree of forest damage need to be verified
and adjusted on the site.

Characterising wildfire severity over large geograph-
ical regions is challenging due to the necessity of measure-
ments of various parameters (e.g., char height, foliage death
etc.) taken in multiple locations of a landscape. Often the
accessibility of such location can be limited due to topog-
raphy factors, logistic constraints, or threats to human life
such as in the war zone. Thus, remote sensing approaches
provide strong support for decision-making regarding re-
cently burned forest areas [16; 18]. A reliable evaluation of
the fire effect imposed on the forest ecosystem though is
needed to produce the most accurate maps of burned areas.

Several methods have been proposed to estimate
burn severity from field sampling using an examination of
post-fire soil and vegetation conditions [2; 19; 20]. Among
them, the Burned Area Emergency Response (BAER) pro-
cess was developed for the rapid assessment of wildfires on
soils [21; 22]. Safford et all. [22] criticised the underlying
methodology and stated that BAER maps cannot be used to
estimate fire effects on vegetation. Therefore, figuring out
how tree mortality is changing in response to fire severity
is a key concern of many studies. For example, Whittier and

Gray [23] developed a fire severity classification scheme
based on tree mortality regarding species and tree sizes in
the western USA.

Composite Burn Index (CBI) is well documented and
widely used by forest community to support an operational
methodology for burn severity assessment [17], specifically
at national scale in the USA under the framework of the
FIREMON (Fire Effects Monitoring and Inventory Protocol)
project [24]. The CBI index considers five vertical strata
of vegetation that are inspected during field visits. Based
on the effect of fire on vegetation, numerical scores are
assigned to each stratum (from 0 - unburned to 3 — com-
pletely burned) and averaged into understory, overstorey,
and overall composite burn rating. Stambaugh et al. [25]
demonstrated that the CBI could be successfully applied to
produce more accurate fire severity maps within forested
areas than within grasslands. Further evaluation of the CBI
in conjunction with remote sensing data showed a very
diverse variation between field-based and remote sensing-
derived fire severity indices [26]. The issues in retrieving
CBI and comparing its performance with different indices
to evaluate forest fire severity is widely discussed in many
publications [27-29]. An updated version of the CBI namely
GeoCBI (Geometrically structured Composite Burn Index)
was proposed [2] to improve the retrieval of burn severity
from remote sensing data. In contrast to the CBI, this ver-
sion of the burn index considers the fraction of the vege-
tation (FCOV) that has a positive effect if remote sensing
data are utilised for mapping fires [16].

Given the remarkable progress in developing methods
for fire severity assessment both using field- and remote
sensing-based approaches, there was no detailed examina-
tion of such approaches in Ukraine. Since the occurrence of
large wildfires has increased in different regions, knowing
the impact of fire on forest cover is of foremost importance
for fire management [12]. To the authors’ best knowledge,
there were only a few studies focused on fire severity as-
sessment in Ukraine [8; 13; 14], however, none of them re-
lied on field-validated data to support mapping efforts.

This paper presents a site-specific assessment of
large wildfires in Luhansk oblast, Ukraine occurred in 2020
using field-based burn severity indices. The specific objec-
tive of this study was to test performance of the CBI and
GeoCBI for fire severity assessment in various land cover
and forest types. In Ukraine, methods for estimating the
intensity of forest fire severity have not yet been studied.
This work is the first attempt in Ukraine to examine various
field-based fire severity indices that can support accurate
forest fire mapping in the region.

Materials and Methods

Study area

This study was conducted in the Luhansk region, which is
the easternmost in Ukraine. Luhansk region is character-
ised by three types of landscapes — agricultural, steppe and
forest. Forests cover 8.6% of the region‘s territory and are
very unevenly distributed, 87% of the territory is occupied
by agricultural lands and natural steppes. The forests are
mostly located in the basins of the Siversky Donets and
Aidar rivers (Kreminsky and Stanychno-Lugansky districts).
The total area of forests in the region is 339.6 thousand
hectares more than 250 thousand hectares of which are oc-
cupied by planted forests [30].
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The climate of Luhansk oblast is fire prone and charac-
terised by hot, windy, and dry summers often with drought-
dry phenomena, cold and snowless winters. The average
annual air temperature varies between +7.5°C and +8.5°C.
The average temperature in July is +21°C. Precipitation in
the oblast is unevenly distributed, most of it falls in the
southwestern part of the region, and the least in the cen-
tral, eastern, and north-eastern parts. The average rainfall
per year is 400-500 mm [31] but recent studies indicate the

38°24'

38°48'

essential changes in climatic characteristics in the nearest
future [32].

The study area is in the western part of Luhansk
oblast and fits into a rectangle 100x50 km (Fig. 1). The region
where the fires occurred is sandy arenas along the Siverskyi
Donets river, where pure pine plantations have been created
in 1950-1960. Typical feature of this region is the mosaic of
the landscape’s types — pine forests alternate with forestless
steppes with deciduous islands in the depressions.

39°12' 39°36'

48°56'

Legend
s Sample plots
[7777] Burned areas

Settlements

48°38'

Forests

Figure 1. Study area overlaid with perimeters of burned areas and distribution of sample plots

Two large forest fires occurred in the Luhansk oblast
in 2020. The first forest fire with a total area of 24,6 thou-
sand hectares occurred in July 2020 in Severodonetsk and
Novoaydar districts, which destroyed 84 houses, damaged
24 houses in Smolianynove village, killed 5 people died,
and 471 were injured. The second series of fires happened
in the same districts in September—October 2020 on a total
area of 15,2 thousand hectares. As a result, 32 settlements
were damaged, 573 houses were burned completely and
60 houses were damaged by fires, 12 people died, and 390
were injured [10]. The fires of 2020 became the largest and
the most catastrophic in the history of this region.

Remote sensing data

The authors of this paper used data on thermal anomalies
which were interactively analysed using web-interface [33]
to detect fire events in the region. Thus, the dates of two
large fires were identified, which occurred between July and
October 2020.

PlanetScope multispectral satellite images Plan-
etTeam [34] were used to determine approximate perime-
ters of burned areas. The images were chosen according to
the start (July 6, 2020) and the end (October 9, 2020) dates
of the fire period that was identified using MODIS [35] and
VIIRS [36] data on thermal anomalies. PlanetScope satellite
images, acquired during July 3-5, 2020, characterised the
state of the territory before the fire, while those acquired
on October 9, 2020, depicted the state of the territory after
the fire. Considering that the analysis was done visually,
there were no specific requirements for the image mosaics

regarding seasonality of images acquisition (e.g., summer
or autumn images), but the dates were chosen based on
availability of cloudless images. High spatial resolution (3 m)
together with spectral bands combination (Red-NIR-Green)
allowed us to outline perimeters of burned areas that con-
sisted of nine separate polygons (Fig. 1).

Forest inventory data

The forest inventory database provided by the Ukrainian
State Forest Project Association (PA “Ukrderzhlisproekt™)
was incorporated in the study to characterise land cover
and attributes of forest stands affected by fires in 2020.
This information was coupled with polygon coverage and
used to design field sampling. For each forest polygon,
the authors of this paper identified its area, a land cover
type (i.e., stocked forest, and temporally unforested area,
non-forest land), and attributes of forest stands (dominant
species and site condition). They are characterised by the
following indicators: the total area of forested land is 172 thou-
sand hectares; 18% of forests are forests of natural origin;
the predominant tree species is Pinus sylvestris L. (78% of the
area), the rest of the area is occupied by such tree species
as Quercus robur L., Betula pendula Roth. Alnus glutinosa (L.)
Gaerth., Populus nigra L. Forest land distribution by site con-
ditions according to the Ukrainian forest types classifica-
tion [36] shows that most areas are characterised by poor
and dry types - 82% (A, A,, B, Bz;where A, B,C,D - soil
fertility (from poor to fertile), and 0, 1, 2, 3, 4, 5 - soil mois-
ture (from very dry to very wet)), the remaining conditions
occupy insignificant areas less than 4%.
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Field data

Field sampling

A stratified random sampling was applied to allocate sam-
ple plots for burn severity assessment within perimeters of
burned areas. The authors used information extracted from
the database of PA “Ukrderzhlisproekt” on land categories,
types of forest conditions, and dominant tree species be-
fore the fire to stratify the burned areas into six homoge-
neous strata (Table 1). The authors’ stratification approach
aimed to sample diverse types of land cover (forested and
temporally unforested areas, non-forest lands), and poten-
tially characterise the different effects of fire on vegetation.
To address the combined effect of species composition and
site conditions on fire behaviour, the pine-dominated for-
ests that grow in site conditions A, , and B, , were distin-
guished [37], which are optimal for Scots pine. All dry sites
were also disaggregated regardless of their soil fertility

and species composition (A, ; B;; C;; D). The remaining
forested areas represented relatively wet site conditions
with various soil fertility. In the authors’ stratification, two
separate strata were also created for temporally unforested
areas in dry site conditions as well as other unforested and
non-forest lands. The minimum number of test plots in the
stratum accounted three samples, while their maximum
number reached up to 25 samples. The number of sample
plots in each stratum was established proportionally to the
area of the stratum but finally was slightly changed in the
field due to proximity to the zone of the military conflict
and the inaccessibility of certain plots. As many as 73 sam-
ple plots were established within the study area that were
accompanied by five control plots located on unburned ar-
eas (Fig. 1). The sampling frame for field survey was created
in Quantum GIS (3.2.1), the location of each plot was iden-
tified on the site using GPS.

Table 1. The scheme of stratification of the study area

Code Land cover class . e . . Percentage
of the strata before fire Site conditions Dominant species of the area, % Number of plots
Forested areas A, . Scots pine 27 25
2 Forested areas B,. Scots pine 22 13
3 Forested areas A ;B;C;D Deciduous sjpec1es, 10 17
0- T F Scots pine
4 Forested areas A, ;B,.B,;C,;D,. | Deciduous species 14 4
C,;D,. Scots pine
Temporally h. _
5 unforested areas Ay B G D, ? 6
Other temporally
6 unforested areas and | A, ; B, BB, Dy - 18 3
non-forest lands

Note: * A, B, C, D - soil fertility (from poor to fertile) and 0,
Source: [37]

The implemented scheme is justified by the simi-
larity of site conditions (soil fertility and moisture) which
determine the similarity of forestry measures.

Field-based burn indices

To assess field-based burn severity, each sample plot was
visually evaluated using the CBI index [17; 24], and its geo-
metrically modified version, namely the GeoCBI index [2].
These indices provide a comprehensive scoring of the de-
gree of fire damage imposed to various strata of vegetation,
i.e., duff, litter, shrubs, stands.

According to the field protocol, the average post-fire
conditions are visually assessed on sample sites within a
radius of 15 m by five separate layers: (A) substrates; (B)
herbs, low shrubs, and trees less than 1 meter, (C) tall shrubs
and trees 1 to 5 meters; (D) intermediate trees (subcanopy,
pole-sized trees); (E) big trees (upper canopy, dominant,
codominant trees). The CBI considers litter and fuel con-
sumption, soil colour change, leaf or cover change, canopy
mortality and soot height. These attributes are evaluated in
numerical scores from zero (unburned) to three (completely
burned). The scores for each group are averaged over the
total area. Different attributes for each layer are evaluated
and averaged in the protocol [24]. The GeoCBI index ad-
ditionally considers the percentage of projected coverage
of each stratum (FCOV) and is therefore more efficient in
terms of estimating the intensity of fires [2; 16]. The fraction
of coverage (FCOV) of the vegetation, with respect to the
total plot was visually evaluated for separate layers B, C, D

1,2, 3,4, 5 - soil moisture (from very dry to very wet)

and E. FCOV was scored from 0 to 100 percent and used as
a weighting factor. The GeoCBI was calculated as follows:

Yt (CBLy, - FCOV;,)

- (1)
Yt FCOV,y,

GeoCBI =

where m refers to each vegetation layers (B, C, D, and E),
and n denotes the number of the strata.

Furthermore, soil samples were taken from each test
plot to determine the degree of fire impact on its structural
characteristics according to the BAER approach [21; 22].
On each plot, soil properties were evaluated (ground cover,
ash colour and depth, soil structure, condition of roots, and
water repellence) using special form as it is described by
Parsons et al [21].

Finally, a series of images were taken on each sam-
ple plot using technique of creating 360-degrees panoram-
ic photography of virtual reality VR360 [38; 39].

Results and Discussion
Fire extent

Using PlanetScope multispectral satellite images, the perime-
ters of the burned areas were determined and the approximate
area affected by fires was estimated to be 39.782 hectares
(Fig. 1). The outlines of the fires and the forest inventory
data allowed us to evaluate the scale of forest losses in the
region.

The characteristics of the damaged landscapes were
evaluated based on the established areas affected by fires,
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using the forest inventory database (Table 2 and Table 3).
Among the damaged forests, 78% of the area is pine, 6%

birch, and other tree species occupying less than 5% of for-
ested area.

Table 2. Distribution of the burned area by site conditions

Forest site index Area, thousand, ha Proportion

C, 0.452 0.011

C, 0.579 0.015

C, 0.871 0.022

B, 1.818 0.046

B, 1.899 0.048

A 4.165 0.105

A, 13.26 0.333

B, 13.625 0.342

Others 3.112 0.078

Total 39.78 1.00

Table 3. Distribution of the burned area by the land covers
Land cover type Area, thousands ha Proportion
P s e
Unforested (i.e., harvested areas, glades,
unstocked forests, forest plantation less 28.513 0.717
than 8-year-old, dead forests, etc.)
Non-forest lands (i.e., fire breaks, sands, 2.833 0.071
sparse vegetation, built up area, etc.)

Total 39.78 1.00

It was estimated that 30% of the forested area af-
fected by fire were covered by young forests (less than
40 years), 34% were middle-aged (41-60 years) and 28%
pre-mature (61-80 years) forests, remaining 8% represent-

stock were pine forests (4.75 mill. m%), 5% were birch for-
ests (0.28 mill. m®), 2% were oak forests (0.15 mill. m®) and
5% other tree species (0.29 mill. m3).

ed mature (over 80 years) forests. This age characteristic of
forests damage reinforces the statement of low resistance
of these forests to fires (survival), as resistance to cambium
kills is dependent on normalised bark thickness [40]. In
terms of species composition 88% of damaged forests by

Fire Severity

Field-based on CBI and GeoCBI indices have been assessed
burn severity. The examples of the areas of different de-
grees of damage and the corresponding CBI and GeoCBI
values are shown in Figure 2.

\
X

N
CBI=1.2

a) b)

GeoCBI=14
0

Figure 2. Examples of three levels of fire severity assessed based on CBI and GeoCBI indices: (a) high;
(b) moderate; (c) low

According to the results of field surveys, the indices
of pine plantation damage in each test plot were deter-
mined. Summary data of the results of field surveys within

individual strata are presented in Table 4. Detailed infor-
mation on each site is presented in [41] Annex 2.
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Table 4. Statistics of damages within the stratum

CBI GeoCBI
Code Number R R
of the strata of plots Mean .ange Skew Mean . ange Skew
(min/max) (min/max)
1 25 2.60 1.2/3.0 -1.62 2.30 1.2/2.9 -1.34
2 13 2.34 1.1/3.0 -0.99 2.13 1.1/2.6 -0.98
3 17 2.69 1.1/3.0 -2.19 2.43 0.9/3.0 -2.17
4 2.13 1.2/3.0 -0.19 1.95 1.1/2.6 -0.92
5 2.42 1.1/3.0 -1.11 1.95 1.5/2.6 0.25
6 3 2.07 1.0/2.8 -1.39 2.07 1.0/2.8 -1.39

The highest intensity of forest damage is observed in
stratum 3, which is characterised by low soil moisture — pure
pine plantations in very dry sites on top of sandy arenas.
The lowest intensity of damage is in stratum 4, which is
due to the species composition of forests — the presence of
deciduous species and higher soil moisture - fresh, moist,
and wet conditions [37]. Strata 5 and 6 characterise damage
to non-forested areas, which has less negative effect com-
pared to forest losses. It was noted that the CBI index tends
to have higher values in forest landscapes than its geo-
metrically modified version, i.e., GeoCBI index. However,
the inclusion of the FCOV in GeoCBI calculation could have
positive effect on precise estimation of forest damage using
remote sensing-based approaches.

The data obtained in this study promotes applica-
tion of remote sensing approaches for further mapping fire
damage. Specifically, field-validated data collected across
the gradient of fire severity and within various landscapes
(i.e., forested, unforested) are essential to calibrate sat-
ellite-derived burn severity metrics and link their values
to field-based indices [16; 42]. The authors of this paper
believe that apart from the fires under study, the prepared
spatial data set can be used to effectively map burned land-
scapes throughout the territory of the region. Availability
of such maps are necessary to support the forest restoration
strategy.

The degree of soil damage according to the BAER
methodology [21] has shown an indirect relationship between
the intensity of the fire and its impact on the soil [41] An-
nex 1. In general, only two degrees of soil damage were
recorded during the field survey, i.e., low and medium. In
most cases, the soil damage was characterised by the com-
bustion of forest understory while structural changes in
the soil were not detected. Notably, this survey was delayed
for six months after the last fire, and therefore some soil
characteristics could not be recorded on the site (e.g., water
repellence). Nevertheless, the authors of this study agreed

with the conclusion of Parsons [21] on the limitation of the
BAER methodology to map the effect of fires on vegetation.

Conclusions

This study highlights the impact of the extreme fire events
in the Luhansk oblast of Ukraine in 2020. The publication
describes a method for field data collection to evaluate lev-
els of forest damage affected by the fire. The results provid-
ed in this paper are preliminary, suggesting that the data in
this study will provide information on the relationship be-
tween key forest characteristics and fire intensity observed
remotely to map burned areas. However, field research al-
lows assessing the levels of damage to pine forests that are
dominant in the research area. This study showed that the
FCOV component of the GeoCBI is important while damage
to forest vegetation is characterised. In terms of further use
of remote sensing-based approached, the CBI index poten-
tially could overestimate the fire severity levels for forested
landscapes. Based on the CBI and GeoCBI, the authors also
found empirical evidence that fire severity depends on for-
est composition and tends to be higher in coniferous land-
scapes. This is the first use of field-based fire severity in
Ukraine which can be used to assess fire damage in similar
conditions. The results of these field assessment of forest
fire severity can be used to estimate the fire severity of
all damaged areas in the region using remote sensing
methods.
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INonboBa nepeBipKa iHAEKCIB CTyIIeHS MOIIKOKEHHS MOKeXXaMM JIiCiB
B JIyraHCBbKiii 06/1acTi, YKpaiHa

Onekcanap Muxaiinosuu ColeHcbKUi, BikTop BaneHTnHOBMY MUPOHIOK,
Cepriit BikropoBuu 3i61eB, Bacuiab Bosmogumuposuu I'ymeHIOK,
AHppii 'puropoBuu JIaneHKO

HarioHanbHMi1 yHiBepcuTeT 6GiopecypciB i mpMpomoKopucTyBaHHS YKpaiHu
03041, Byn. 'epoiB O6oponu, 15, m. Kuis, Ykpaina

Anotamig. O1fiHKa CTyIeHs TOIIKOIKEHHSI BHACTIIOK JIiCOBOI IMOXKeXKi € OCHOBOIO IMiC/ISI ITOXKEKHOTO BEJEHHSI JIiCOBOTO
rocriogapcrsa. Metoay gycTaHLiiHOTO 30HAYBaHHS 3emwili ([133), JO3BOSIOTh HAZiiHO OKPeCIUTU MepUMETPU TOXKEXI,
TIPOTe ieTa/IbHillla OI[iHKA MOIIKOKEHb JIICOBUX HacaIKeHb ITOTpe6ye MOMTbOBMX 06CTeKeHb M1t Bepudikaliii Ta KOpUryBaHHS
IaHUX, OTpUMaHux Metomamu J133. OIiHKa CTyIeHs TMOUIKOIKEHHS JTiCy € KOPUCHOIO TPAaKTUKaM AJisT 06T PYHTYBaHHS
MIPOEKTY PYOOK TOMIKOAKEHUX JIiCiB Ta METOAIB JicOBimHOBIeHHS. OTKe, METOI0 AOCTiIKeHHS € Bepudikaris pisHUX
TiIXO/iB IIOA0 TOAbOBOI OILIiHKM CTYIIeHs MOIIKOIKeHHS JIiCiB moskexkaMu. JJoC/TiiskeHHsI BUKOHAHO Ha TPUK/IAi JTiciB
JIyraHcbkoi o6sacti, B skux y 2020 potii Bigbymycst BeyKi rmoykeski. JIj1st OLiiHKM CTYTIeHST ITOIIKOKEHHST JTiICOBMUX HACa/IKEHb
BMKOPMCTOBYBaINCI KOMIUIeKCHMI iHAeKc Buropanss (CBI) Ta reorpocTopoBmii KoMIuieKCHM iHaekc Buropanss (GeoCBI).
TakoK [IJIT OLiHKM CTYIIeHS IMOUIKOMKEHHS I'PYHTY BUKOPUCTAaHO METOAVKY pearyBaHHSI Ha HaJ3BUYAliHi cuTyallii Ha
MpoiiIeHnX rmoxkeskamy TepuTopisx (BAER). [Ij1st okpecieHHS ITepuMeTpiB IPOiiIeHMX ITOXKesKaMM TEPUTOPiil BUKOPYCTAHO
CYnyTHMKOBI 3HiMKM PlanetScope. HaknmaBum oTpMMaHi IepUMETPU MOKeK Ha 6a3y JaHMX TaKCAIiTHOT XapaKTepUCTUKA
JIiCiB OTPMMAaHO XapaKTEePUCTUKM BCiX JiITHOK BKPUTMX JIICOM Ta HEBKPUTHX, sIKi Oy/IM MPOJieHi mokesxkamu. B Mmexkax
BCTAHOBJIEHMX KOHTYPiB IOXEX, BCi AiITHKM OY/I0 PO3[IiJIEHO HA 6 CTPAT, AJIsI OL[iHKY IOINKOMKEHHSI B Pi3HUX TUIIAX
3eMeJIbHOTO TIOKpUBY. 3arasiom 3a MmeToaukamu CBI, GeoCBIta BAER o6cTeskeHO 73 MTpoOHi IUIOII [Ist OIiHKY iHT@HCUMBHOCTI
TTOIIKO/IKEHHSI, SIKi TIPOIOPIIifHO PO3MOiNeHI MK pisHMMM cTpaTamu. BcTaHOBIIEHO, IO TIOKexkamMu GY/Io MPOiiIeHo
3arayibHy 1oty 39782 ra, 3 sskux 21,2 % BkpuTi jicom Teputopii. Cepen mpoiigeHnK moKeskaMu JIiciB 78 % CTaHOBJISATH
COCHOBI JepeBocTaHM. HaiiBuii piBHiI iHTEHCUMBHOCTI IMOIIKOIKEHHST BCTAHOBJIEHO B UMCTUX COCHOBUX HACAIKEHHSIX Y
IIysKe CYyXMX YMOBAx, a HalfiHMKYi B JIMCTSIHMX JlicaX Y BOJIOTuX ymoBax. CepenHi iHIeKCH iHTEHCUMBHOCTI TTOIIKO/ISKeHHS
BapiloBaIMCs B MeXaX OKpeMUX I1apiB KOKHOI AiSTHKM, TOMY FeOIIPOCTOPOBUIT KOMIUIEKCHUIA iHAEeKC BUTOPaHHS, SIKUii
BPaxOBY€E UACTKy KOXHOTO IIapy Ha OUISHI Y O6ibIIOCTI BUIMAIKIB OYB MEHIIMM 338 KOMIUIEKCHUI iHAEKC BUTOPAHHS
(CBI>GeoCBI), 110 BasKIMBO BpaxOBYBaTU Mif, YacC OL[iHKM iHTEHCMBHOCTI MOLIKOMKEHHS 3a AOMOMOroio MeTtonis [133.
Metonuka BAER mae meHIe 3HaueHHSI B OLHI[i iHTEHCMBHOCTI IOIIKOMKEHHS, OCKIJIbKM HEBCTAHOBJIEHO 3HAYYIIO1
3aJIEKHOCT] MiX CTyIleHeM IOUIKO[KEHHS I'PYHTY Ta iHTEHCUBHICTIO MOILKOI)KEHHSI POCIMHHOCTI. B pesynbraTi 1150T0
IOCJTiIKEHHST TIPeACTaBIeHO Habip MPOCTOPOBMX MAaHUX BUOIPKOBMX HiASTHOK, SIKi MOXYTb BUKOPMCTOBYBATUCS MJIS
KaJIi6bpyBaHHS MigXOMiB, SIKi BMKOPUCTOBYIOTHCSI IJisI KapTorpadyBaHHS iHTEHCMBHOCTI TOLIKOIKEHHS B pPerioHi
IOCTiIKeHHS

Knro4oBi ciioBa: monpoBi iHIAEKCH iIHT@HCUMBHOCTI TTOIIKOKeHHSI, IONIKO/ISKeHHSI JIiCy, TIPOiiieHa TOKeKel0 TepUTopis,
CTaH OiITHKU
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Abstract. Urban heat islands (UHI) and rapid urbanisation create new health risks for residents of urban territories.
The authors consider lawns as an eco-stabilising factor of the urban environment and an element of ensuring the
environmental safety of the capital. The purpose of this study was to determine the qualitative state of lawns to the
factors of the urban ecosystem and their thermoregulatory function. To determine the impact of anthropogenic factors
on research objects, the study assessed the amount of emissions into the atmospheric air from stationary and mobile
sources, satellite maps of the intensity of nitrogen dioxide emissions (NO,) and sulphur dioxide (SO,) in the city’s air
basin, heat distribution, and normalised difference moisture index (NDMI). To assess the condition and quality of lawns,
the methods of assessing the grasslands of A. A. Laptev (1983) and an unmanned aerial vehicle (UAV) were used. It was
established that the results of the evaluation of lawn coenoses using the method of O.0. Laptev and UAV are correlated
(r=0.87). Lawn areas that were rated as in “satisfactory condition” are characterised by a higher temperature on the
heat map and lower NDMI values. Indicators of lawn cover that were rated as in “good condition” correlate with surface
temperature and NDMI. The difference in surface temperatures over the area of the experimental sites reaches 5°C and
depends on the objects surrounding the perimeter. It was established that lawn areas adjust the thermal mode of the
urban system in the warm period of the year, and reduce the temperature of the asphalt surface by about 0.5°C, and
together with flower and woody plants — by about 0.9°C. The study results improve the understanding of the
physiological effects of heat stress on lawn areas, which allows developing practical strategies for managing urban green
spaces with limited water resources and anthropogenic loads
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Introduction

According to the “Strategy of Development of the City of
Kyiv until 2025”, one of the priority goals is to ensure envi-
ronmental safety in the capital and reduce the adverse en-
vironmental impact [1]. Green spaces, including lawn cov-
erings, are eco-stabilising buffer components of the urban
ecosystem, they constitute an inseparable component of
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landscaping systems for any city [2-4]. Rapid urbanisation,
technogenesis processes, and climate change are a prereq-
uisite for environmental changes in species optimumes, re-
duced biodiversity and ecosystem sustainability [5-7]. Lawn
coenoses constitute the dominant elements of urban land-
scaping worldwide and account for up to 50-70% of urban
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green spaces, which does not directly depend on the climatic
conditions of the region [8; 9]. New research also points
to the social functions of green spaces in the context of
COVID-19[10; 11]. Lawn coverings are the easiest and fast-
est way of landscaping in cities [12]. The study of the influ-
ence of anthropogenic load factors on the city’s lawn areas
as the main elements of urban landscaping, including near
roads, will allow investigating their eco-stabilising func-
tions and improve the living conditions of citizens. In the
context of irreversible large-scale global climate changes,
technogenesis, and urbanisation, new factors are emerging
in populated cities that directly or indirectly affect plants,
including UHI and air pollution. It was found that the fre-
quency, intensity, and duration of heat waves constitute
unstable indicators that change and worsen over time due
to global climate change [13]. It was recorded that an in-
crease in vegetation cover by 10% reduces the temperature
of the urban surface by about 1°C during the day [14]. Thus,
scientists have found that urban lawns reduce the impact
of UHI on the urban ecosystem [2; 12; 15]. The 20" century
was described by the emergence of a new ecological factor
due to the rapid development of Industry — anthropogenic
environmental pollution. According to the data from [16],
only in the 1920s — 1930s did the scientists begin to study
the issues of plant resistance to aerotechnogenic emissions
and only in the second half of the 20" century these stud-
ies became large-scale. Furthermore, air pollution of urban
ecosystems with substances such as NO,, SO,, carbon mon-
oxide (CO) is a problem affecting not only the quality of
life of urban residents, but also the sustainability and func-
tioning of the urban ecosystem in general [17-19]. Plants
as producers of ecosystem services in the context of reducing
the impact of air pollution as a new anthropogenic factor in
cities began to be studied on a large scale in the 1990s [20-22].

According to their functional purpose, lawns are di-
vided into decorative, special, and sports purposes, where
each group has certain characteristics and requirements
for creation and maintenance [23]. It is well-known that
the quality indicators of lawns are influenced by soil and
climatic conditions, agricultural techniques of mainte-
nance and species composition, but the issue of the state
and quality of lawns in territories with a considerable an-
thropogenic load, such as the city of Kyiv, is understudied
and relevant at the same time in the context of investi-
gating lawn coenoses in urban ecosystems. Likewise, it is
well-known that increasing the quantitative and qualita-
tive state of vegetation in the city reduces the temperature
regime of the air and surface [24-26]. Studying the impact

of indicators of technogenic load of the urban ecosystem
on plants allows reducing the complexity of the urban eco-
system to a manageable level in the context of making con-
structive decisions in the formation of green spaces [27-29].
Furthermore, to assess the state of lawn coenoses and de-
cide on carrying out agrotechnical works, landscape indus-
try workers need to seek innovative ways to monitor such
objects that do not require prolonged time costs [30]. The
purpose of this study was to assess the quality condition of
lawns and their temperature-regulating properties, which
grow localised near roads and transport interchanges. To
perform this study, the authors identified the following
tasks: 1) to identify model lawn areas with anthropogenic
load near transport interchanges in the territory of Kyiv
through the analysis of the amount of emissions into the
atmosphere from stationary and mobile sources, satel-
lite maps of the intensity of NO, and SO, emissions; 2) to
analyse the distribution of NDMI indicators in experimen-
tal areas; 3) to assess the condition and quality of model
lawn areas using various methods; 4) to analyse data and
compare it with other international studies.

Materials and Methods

To conduct experimental studies of lawns assessment, the
authors used the classical method of O. Laptev’s assess-
ment [23] and modern techniques of remote sensing of
the Earth (remote sensing). To perform the tasks set, model
grass plots were selected, which are located on the territory
of four administrative districts of Kyiv with an anthropogenic
load. The authors have identified four model lawns located
on Odeska Square (50°22°12.0”N 30°27°31.0”E), Darnytska
Square (50°26’32.0”N 30°37°33.0”E), along Heneral Almazov
Street and L. Ukrainka Square (50°25°48.9”N 30°32°28.0”E),
Kharkivska Square (50°24°08.0”’N 30°40°59.0”E) and esti-
mated during the growing season in June-August 2018. Using
an UAV, the authors determined the areas of model lawns. All
model lawns do not have an irrigation system, except for the
plot located on the territory of L. Ukrainka square.

According to the Main Department of Statistics in
Kyiv, mobile sources occupy a considerable place in the
urban ecosystem, and therefore road transport is key in
air pollution in the metropolis [31]. Furthermore, in 2018,
emissions from mobile sources accounted for over 80% of
the total amount of substances released. Results of the
emission assessment in Figure 1 is presented by indicators
of emissions from road transport and calculated based on
data on the final use of fuel by road, given in the energy
balance of Ukraine.
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Figure 1. Emissions of pollutants into the atmosphere from mobile sources in Kyiv (2016-2019) [31]
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Statistical data allow the districts of Kyiv to be

in atmospheric air pollution from stationary sources are
divided by the amount of emissions of pollutants from

Pecherskyi, Holosiivskyi, Desnianskyi, and Darnytskyi dis-

stationary sources of pollution (Fig. 2). Thus, the leaders

tricts, where research objects are located.
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Figure 2. Emissions of pollutants into the atmosphere from stationary sources of pollution by district
(2018, amount of emissions of pollutants? t) [31]

The heat map of Kyiv demonstrates a heteroge-
neous temperature distribution, where the temperature
regime varies from 27°C to 38°C, which, for its part, forms
UHIs mainly in the central part of the city (Fig. 3). The
map was developed based on Landsat-8 satellite images

FOCTOMESTb:

BALWIroPo)

TOPEHKA

IPMIIHb,

KOUIOBMHC K

CTOSIHKA
1IBKA

nE

YATIKM BOPLUAFIBKAR

JPEHUYI

LUEBHEHKOBE EOPLIAT]

BUI0rOPO/IKA BALWHEBE

KPIOKIBLUMHA

FATHE

HOBOGHKI

YABAHU

BOAPKA TAPACIBKA  j0PIBKA

XOTIB
HOBE

BITATIOLITOBA
3ABIP'S

JICHUKS

KPEMEHWLUE
MATIOTAHKA

10BUIA CKNTOK MAPXATIBKA

POBA4I

IBAHKOBUYI

FNEBAXA
KOXYXIBKA

3E/EHUA BIP

Heat islands, °C

C—

24 26 28 30 32 34 36

38

with a resolution of 30*30 m. A heat map of Kyiv was
provided by the LUN.Misto.ua platform’s employees to
conduct this study [32]. All experimental lawn coverings
are located in areas with a UHI with a temperature re-
gime of 30°C.
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Figure 3. Heat map of Kyiv (2018) (Landsaft-8, LUNMisto 2018) where: 1 — Odeska Square;
2 — Pecherska Square; 3 — Darnytska Square; 4 — Kharkivska Square

Vol. 13, No. 1, 2022

Ukrainian Journal of Forest and Wood Science

60



Strashok et al.

Qualitative assessment of the state of lawn coeno-
sis was carried out on a 30-point scale of 0.0. Laptev’s
comprehensive assessment of lawns [23], which includes

indicators of the quality of the structure of lawns and gen-
eral decorative properties (Table 1).

Table 1. Thirty-point scale for comprehensive assessment of the quality of lawns

Assessment of the quality Assessment of the overall Overall maximum
of the structure of lawns decorative effect of the lawn assessment of the Quality indicator of lawns
on a six-point scale on a five-point scale grassland quality
6 5 30 Top quality (superlawn)
5 5 25 Excellent
5 4 20 Good
4 4 16 Satisfactory
3 3 Mediocre
2 2 4 Bad

Source: developed by the author based on the study [23]

The overall decorative effect of the lawn cover was
assessed on a five-point scale, determining the degree of
soil closure by shortened vegetative and generative organs
of plants [23]. At each experimental facility, the authors of
this study selected 15 experimental sites and determined
the average values. According to the chosen methodology,
five points were assessed for the projective coverage of
lawns with a closed-diffuse placement of plants and the de-
gree of soil coverage within 90-100% of the total area. Ac-
cording to the closed-mosaic placement of shoots, the pro-
jective cover varied within 70-80%, which was estimated at
four points. Lawn coenoses with mosaic-group placement
of shoots within 50-60% were estimated at three points.
Lawns with projective coverage indicators of less than 50%
with separate-group placement of plants were estimated at
two points and 15-20% with single-separate — one point.

The authors of this study evaluated the build quality
of the lawn coenoses on a 6-point scale according to the
number of shoots per 100 cm? and provided an evaluation
according to the indicators of the climate zone [23].

To speed up the process of determining areas covered
with lawns, flower beds, and hard surfaces, remote sensing
methods were used involving UAV surveys and interpreting
the survey results in the ArcGis 10.2 environment. Before
the start of filming, the route of movement of the UAV was
planned with the determination of the flight altitude, task
completion time, based on the area of the landscape object,
the focal length of the camera, and the necessary detail.
When laying a route, adjacent images, according to the re-
quirements of aerial photography, must have longitudinal
(minimum value 56%) and transverse (30-40%) overlaps,
which are achieved by setting the required filming interval
and combining neighbouring routes [33]. After adjusting all
the necessary settings and calibration of the quadcopter, a
flyby of the research object was performed at an altitude
of 100 m with orthogonal photographing of its territory.
Orthotransformation of photographic material was per-
formed in the UTM coordinate system on the WGS84 ellip-
soid. Additionally, to improve the accuracy of the obtained
materials, external orientation of images was carried out
according to previously recorded points with known coor-
dinates that are clearly visible in the images. Each pixel of
the image provides information about the spectral charac-
teristics of the lawn cover, its texture, viability, and general

condition of plants or the absence of lawn. Furthermore,
processing the results of such studies using a geoinfor-
mation system allows classifying pixels or their spatial
aggregates into diverse groups, which allows determining
the condition of lawn coverings, their area, and the close-
ness of the lawn. The developed method for evaluating the
lawns makes provision for three assessment scales, which,
based on the results of photogrammetric processing of sur-
vey materials, allow distributing the lawns in three states:
good, satisfactory, and unsatisfactory [34].

To analyse the factors affecting the research objects,
maps of satellite surveys of the intensity of NO, and SO,
emissions were analysed, which were obtained using the
Sentinel-5P satellite system and the TROPOMI process-
ing system for NO, and SO,. The humidity index (NDMI)
was obtained using the Sentinel-2 satellite system and
calculated using the formula . The NDMI index is used to
monitor the water content in the lawns at objects under
study, where indicators from -0.2 to 0.4 indicate water
stress in plants.

Statistical processing of the results and correlation
analysis were performed using MS Excel software.

Results and Discussion

In 2017, it was recorded that the annual limit values of NOZ’
which are established by the European Commission Di-
rective 2008/50/EC were exceeded in almost 20 European
countries [35]. Furthermore, the highest rates of NO, are
recorded in 86% of cases at road stations [36]. The results
of the analysis of the intensity of NO, emissions into the
air basin of the city of Kyiv demonstrate the heterogeneity
of its distribution on the territory of the city, which became
one of the decisive factors in the selection of experimental
objects (Fig. 4). Notably, NO, is found in automobile trans-
port exhaust gases and fumes from thermal power plants.
Considering that the lawns under study are located directly
near roads and road transport interchanges with heavy au-
tomobile traffic, even in conditions of different directions
of movement of air masses on different days of assessment,
satellite maps clearly demonstrate a tendency to accumu-
late NO, over research areas, especially in the central part of
the metropolis. The highest rates were recorded in July on
the territory of Darnytska Square (9.0 E-5 mol/m?), Heneral
Almazov Str. and L. Ukrainka Square (6.25 E-5 mol/m?).
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Figure 4. Intensity of NO, emissions into the air in the territory of Kyiv
(Sentinel-5P 2018-06-29; 2018-07-06; 2018-08-30)

SO, can enter the air both naturally and anthro-
pogenically, but approx. 70% is of anthropogenic ori-
gin [37]. Sulphur-containing compounds play a crucial
role in growth processes, and therefore, in lesser amounts,
are absolutely harmless to the plant and, conversely, are
characterised by a positive effect. However, in conditions
of long-term excess of SO, content in plants, processes
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of decreasing physiological activity begin [38]. The re-
sults of the analysis of maps of the intensity of emis-
sions of SO, into the air on the territory of objects under
study show that in July 2018 alone, on the territory of
Darnytska Square, there was a slight excess of SO, emis-
sions (0.1 E-5 mol/m?) in comparison with other areas
under study (Fig. 5).

Figure 5. Intensity of SO, emissions into the air in the territory of Kyiv
(Sentinel-5P 2018-06-26; 2018-07-12; 2018-08-13)

The results of assessing the overall decorative ef-
fect of lawns show low indicators of the quality of lawn
coenoses near roads (14-18 points). Notably, all objects un-
der study lack an irrigation system, which also directly af-
fects the indicators of decorative properties, condition, and
quality of lawns. Photo examination revealed areas where
the vegetative organs of herbaceous plants did not cover
the surface, the lawn changed colour from green to yellow.
This is primarily conditioned upon high-temperature stress
and anthropogenic loads on the territory of objects under
study. Analysis of research data using UAVs indicated that

the lawn on Odeska Square occupies an area of 36,312 m>.
The average lawn quality indicator is rated as “mediocre”
and is 14 points according to the integrated lawn assess-
ment scale. It was found that 75% of the area of the lawn
coenosis in terms of the quality of the structure of lawns
varied from 2 to 4 points, and only 25% was estimated at
5 points (Fig. 6). The average indicators of projective cov-
erage were 3.6 points and approx. 13% was estimated at
5 points as closed-mosaic, which indicates low indicators
of closure of the lawn, which is probably also caused by
anthropogenic load on plants.
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Figure 6. Results of evaluating lawn surface indicators
on the territory of Odeska Square
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According to the results of field studies, it was re-
vealed that the lawn on the territory of Heneral Almazov
Street and L. Ukrainka Square is in satisfactory condition
(Fig. 7). Indicators of the quality of the structure of the lawn
were characterised mainly by 4-5 points, and the projective

cover varied from 2 to 6 points. Analysis of the research results
indicated that only one sample was rated at 6 points, where
the number of shoots was 124 pcs. per 100 cm?. Projective cover
was mainly evaluated as closed-mosaic and mosaic-group,
which corresponds to 3 and 4 points on a 5-point scale.
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Figure 7. Results of assessment of lawn covering indicators on the territory
of Heneral Almazov Street and L. Ukrainka Square

According to the results of the study, the lawn on
the territory of Darnytska Square is described by the high-
est indicators of lawn quality and amounts to 17.5 points,
which is equivalent to a satisfactory indicator (Fig. 8). The

area of lawn coenosis is 10,347 m?, where 75% in terms of
the quality of the lawn structure and 50% in terms of the
overall decorative effect of the projective cover were esti-
mated at 4 points.
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Figure 8. Results of assessment of lawn indicators on the territory of Darnytska Square

The lawn on the territory of Kharkiv Square was
described by rather low indicators of the quality of the
structure of the lawn and approx. 27% was rated at the
lowest score, where there were less than 20 pcs. of shoots

per 100 cm? (Fig. 9). Almost 50% of the experimental
lawn coenosis was described by a closed-mosaic nature
of the composition of the lawn and was estimated at
4 points.
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Figure 9. Results of assessment of lawn indicators on the territory of Kharkivska Square
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The first stage of assessing the state of coenoses lawns do not have an irrigation system, except for the
on the territory of objects under study was the differen- model lawn plot, which is located on the territory of
tiation of contours and areas of research lawns and other L. Ukrainka Square, which certainly affects their quality
garden and park elements (Table 2). All experimental indicators.

Table 2. Differentiation of elements of objects under study using a UAV (2018)

Output orthophotoplane Classification results

Odeska square

Darnytska square

Note: colour symbols for the following elements:

- Remote filming materials

<

Lawn (unsatisfactory condition)

Lawn (good condition) Flower beds

Lawn (satisfactory condition) Hard surface
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When assessing the lawn coenosis by projective cov-
erage indicators, it was found that most of the grass species
that formed the lawn were described by drying of the abo-
veground part. The authors of this study believe that this

may have been caused by high-temperature stress. Table 3
presents the results of evaluating lawn coenoses with a di-
vision into quality states — unsatisfactory, satisfactory, and
good.

Table 3. Results of determining the areas of research objects based on remote sensing materials

Area, m?
?\?(?.. Name Lawns (condition), m?/ % Flower Hard General
good satisf. unsatisf. total beds surface area
1 Odeska square 2,197 /6.1 8,362/ 23 25,753 /70.9 36,312 /100 6,960 46,035 89,307
2 Darnytska square 199/1.9 3,962 /38.3 6,186 /59.8 10,347 / 100 245 19,758 30,350
General Almazov
3 Street and 2,862 /21.8 1,460/ 11.2 8,770/ 67.0 13,092 /100 735 41,112 54,939
L. Ukrainka Square
4 Kharkivska square 3,167/5.8 12,979/ 23.8 38,396 /70.4 54,542 /100 4,688 47,472 106,702

Thus, data on the qualitative state of lawns in ur-
banised areas of the city were obtained using various as-
sessment methods [23; 34] and compared using correlation
analysis. A correlation was established with r=0.87 upon
comparing the total indicators of satisfactory and good
condition of the indicators of experimental lawns with the
indicators of the overall assessment of the grass plots in
points. A low correlation of r=0.3 was found when compar-
ing only the indicators of “good condition” with the indi-
cators of the overall assessment of the lawns. Such results
demonstrate the effectiveness of the method of assessing
the lawn surface using UAVs, which, apart from assessing
the qualitative state of the coenosis, allows differentiating
the site according to the quality state.

To determine the causes of low-quality indicators
of lawns in the areas under study, the features of the for-
mation of a UHI and the humidity index were additionally
analysed. The decisive factor affecting the condition and
quality of a lawn coenosis is heat stress. There are three
strategies for plant drought endurance (escape, avoidance,

Urban heat islands, °C

COe—

24 26 28 30

and tolerance), but the same species can combine them
when adapting to drought stress [39; 40]. Scientists note
that the relative importance of each adaptation mechanism
depends on the duration of the drought, the severity of the
drought, and the grass species specificity [41]. The heat
map shows the heterogeneity of the temperature regime
of city surfaces and a decrease in temperature indicators
in the presence of vegetation or water bodies (see Fig. 3).
When comparing the heat map and the NDMI content, a
pattern is established — with an increase in the tempera-
ture regime, there is a tendency to decrease the NDMI, as
well as indicators of the quality of the lawn surface. Thus,
the lowest indicators according to the results of the UAV
assessment were obtained by the lawn covering located
on Darnytska Square (good condition — 1.9%). The results
of satellite surveys show the accumulation of the highest
temperatures in this area compared to other research ob-
jects, where the lowest surface temperature was 34°C, and
the highest — 38°C and the presence of a temperature dif-
ference on the surface is approx. 4°C (see Fig. 10).

L eeeoe———C)

32 34 36 38

Figure 10. Heat islands on the territory of research objects, where: 1 — Odeska Square,
2 - Darnytska Square, 3 — Henerala Almazova St. and L. Ukrainka Square,
4 — Kharkiv Square (Landsaft-8, LUNMisto 2018)
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The NDMI index was used to monitor the water con-
tent in the lawns at objects under study, where indicators from
-0.2 to 0.4 indicate water stress [42]. It was found that the low-
est indicators are typical for the Darnytska Square, where
the condition of lawn coverings is estimated as good only
approx. 2% and the NDMI did not exceed 0.18. The highest
rates of lawns among the objects under study were on Heneral
Almazov Street and L. Ukrainka Square, where 21.8% of area
was rated as good condition. Such indicators are explained by
the presence of lawns with proper agrotechnical care on the ex-
perimental territory, which are located near the Administrative

20130610 00:00 - 20150510 23:58, Sentinel 2 L2A, Moisturs Index

1E-2 [mol f m*2]

8.75E-3

6.25E-3

3.75E-3

1.25E-3

0.0

Services Centre “Hotovo” and the Central Election Commission
of Ukraine. Notably, in places where a lawn at the above-men-
tioned objects was in good condition, the NDMI indicator was
approx. 0.4, and the surface temperature was lower by about
0.5°C (near the Administrative Services Centre “Hotovo”,
Fig. 11). However, at the object under study on the territory of
the Central Election Commission of Ukraine with lawns grow
flower and woody plant species, which in the complex also act
as an eco-stabilising factor, which allows regulating the
thermal mode of the urban ecosystem and reducing the
temperature regime of the paved surface by about 0.9°C.

20150610 00:00 - 2013.05-10 23:59, Sentine} 2 L2, Mosture Index:
|

iy

’ o N

002

Y

Figure 11. NDMI index on the territory of objects under study, where: 1 — Odeska Square, 2 — Darnytska Square,
3 — Heneral Almazov Street and L. Ukrainka square, 4 — Kharkivska Square (Sentinel-2, 2018-08-11)

Analysis of satellite maps of the NDMI Indicator
shows that most of the vegetation on the territory of the
research objects was under high-temperature stress. Thus,
scientists determine the latent heat of the surface accord-
ing to the main hydrological process that combines the
surface with lawn vegetation and the atmosphere [43]. No-
tably, on the Odeska and Kharkivska squares a considerable
part of the territory is occupied by flower beds — 6,960 m?
and 4,688 m?, respectively, which are located in areas with
the highest NDMI values (>0.7) (see Table 3 and Fig. 11).
Interestingly, the largest area of lawns in unsatisfactory
condition was found on Odeska and Kharkivska squares.
Herbaceous plants that form the lawns under study grow
under chronic drought stress due to the lack of an irrigation
system (except for L. Ukrainka Square) and the presence of

an amount of water below the level of evapotranspiration
(ET) [44; 45]. This can be explained by the species compo-
sition of the lawns of these areas, where most cereals are
represented in comparison with other experimental sites.
The aboveground mass of plants under the influence of an-
thropogenic factors and heat stress is damaged, and the un-
derground mass levels the surface temperature regime due
to its high regenerative capacity [46]. Using the example
of common meadow-grass, it was found that maintaining
transpiration cooling is an essential factor of adaptation in
combined conditions of hot temperature and drought due
to increased rooting [47]. Perennial ryegrass cultivars show
high regenerative capacity after severe drought stress after
just 6 weeks [44]. Thus, conclusions can be drawn regarding
the specific features of adaptive reactions and adaptations
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of cereals to conditions of high-temperature stress and
anthropogenic factors. ET is characterised by the rate of
water use by plants and is expressed as the rate of evapora-
tion. It is established that the evaporation of the upper soil
layer increases with a decrease in the density of sod [48].
The data are consistent with the results of studies where
the ET of lawns in a humid environment is approximately
40-60% lower than for the same variety in an arid environ-
ment [49]. Presumably, the ET processes in cereals under
conditions of high-temperature stress increase, which
leads to a rapid loss of water depletion in the soil, which
is confirmed by the results of tests using UAVs, where the
experimental areas of the lawn surface with lower indi-
cators of satisfactory condition correspond to locations
on the heat map with higher temperature parameters and
lower NDMI. Furthermore, such mechanisms of adapta-
tion to high-temperature stress are manifested in closed
stomata [50]. The results of this study on this mechanism
of adaptation of lawns are also consistent with experi-
mental data from other researchers [51].

Conclusions
Results of assessing the qualitative condition of model
grass plots that grow localised near roads and transport in-
terchanges show low scores from 14 to 18 points out of 30.
A correlation (r=0.87) was established upon comparing the
total indicators of satisfactory and good condition of the
indicators of experimental lawns with the indicators of the
overall assessment of the grass plots in points. The statis-
tical data demonstrate the effectiveness of the method of
assessing the lawn surface using UAVs, which, apart from
assessing the qualitative state of the lawn coenosis, allows
differentiating the site according to the quality state. The
use of UAVs in the assessment of lawns can serve as an ex-
press method for landscape industry workers, which allows

quickly and efficiently classifying and identifying areas re-
quiring complex restoration or added agrotechnical works.
When comparing the heat map and the NDMI, a pattern
was established — with an increase in the temperature re-
gime, there is a tendency to decrease the NDMI, as well as
indicators of the quality of the lawn surface.

Thus, the lowest indicators according to the results
of the UAV assessment were obtained by the lawn covering
located on Darnytska Square (good condition — 1.9%) and
was described by the accumulation of the highest surface
temperatures among the objects under study. It was recorded
that the difference in surface temperatures at the exper-
imental sites was up to 5°C and depend on the presence
of buildings, vegetation, water bodies, and the intensity
of automobile traffic. The results of the research showed
that model lawns are described by temperature-regulating
properties in the warm period of the year, reduce the tem-
perature of the asphalt surface by about 0.5°C, together
with flowering and woody plants — by about 0.9°C. Such
artificially created UHIs, given the temporary loss of plant
vitality due to drying out, block the dispersion and neutral-
isation of toxic substances and require the development of
separate recommendations for available methods for re-
storing vegetation cover and cooling the surface.

The study of the thermoregulatory role of lawns in
the city serves as the basis for creating a comfortable city
for residents in the centres of UHIs and technogenesis. The
question of the influence of anthropogenic factors on the
growth and development of herbaceous plants is still un-
derstudied and needs to be clarified.
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'HaBua/IbHO-HAyKOBMIi iIHCTUTYT JIiCOBOTO i CaJIOBO-ITaPKOBOI'0 T'OCIIOapPCTBa
HaririoHanibHOTO yHiBepcuTeTy 6iopecypciB i mpupogoKopMcTyBaHHSI YKpaiHU
03041, Byn. 'enepana PonimiieBa, 19, m. KniB, Ykpaina

’Bpo11aBCbKUiT IPUPOTHUYMIA YHIBEPCUTET
50-357, Byn. I'proHBanbachbKa, 55, M. Bpoiyias, Pecrry6iika [Mombia

SBIT HYBIII Ykpainu «bepeskaHCbKMI arpOTeXHiUYHUI iHCTUTYT»
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“‘HarmioHanmbHMIT YHiBEpCUTET GiopecypciB i MpupoaoKOpUCTyBaHHS YKpaiHu
03041, Byn. 'epoiB O6oponu, 15, m. Kuis, Ykpaina

Awnoranis. MicbKi OCTpOBM TeIia i iBUIKA ypOaHisallisi GopMyOTh HOBi pM3VMKM AJIs1 3A0POB ST MEIIKAHIIiB ypOooTepuUTOpiii.
ABTOpPM pO3IISIAAIOTH TA30HHI MTOKPUTTS SIK €KOCTabi/Ti3yI0unii UMHHMK MiChKOTO CepefqoBuIIa i eleMeHT 3a0e3MeueHHsT
eKoJIoriuHOi 6e3MmeKu CToMuLi. MeTow JOC/iAKeHb OY/I0 BM3HAUEHHST IKiCHOTO CTaHy Ta30HHMUX ITOKPUTTIB 10 YMHHMKIB
yp6oeKoCHCTEMM Ta X TEPMOPETYITIOUO0I (QYHKIIii. 3 METOI BM3HAUEHHS BIUIMBY TEXHOTEHHUX YMHHMKIB Ha JOCTigHI
06’€KTY MPOaHaNi30BaHO KiJIbKiCTh BUKUIIB Y aTMochepHe MOBITPS Bif cTalnioHapHMX i MepecyBHMX IKepes, KapTu
CYIyTHMKOBMX 3/10MOK iHTeHCUBHOCTI BUKMJIB Aiokcuay asoty (NO,) i miokeuay cipku (SO,) y moBiTpsiHmit 6aceitH micra,
posnoginy Teruia i ingekcy Bonorocti (NDMI). [Ij1s1 mpoBeieHHS OI[iHKYM CTaHY Ta SIKOCTi FA30HHYX ITOKPUTTIiB BUKOPUCTAHO
MeTonMKM OIiHKY TpaBocTolo O.0. JlanreBa (1983) i 6e3miJIoOTHOrO JiTAJIBHOTO arapara. BCTaHOBIEHO, IO Pe3yIbTaTh
OIIiHKM KYNIbTYpdiTolLieH03iB 3a momomorow Metopyku O.0. JlarTeBa Ta 6€3MiIOTHOTO JIiTaIbHOTO arnapara KopeaoTh
(r=0,87). Tpap’sHi OingaHKY, SIKi O6Y/I0 OIiHEHO SIK «3a[OBiIIbHUI CTaH» XapaKTepU3YIOTbCSl BUILOIO TeMIlepaTypolo Ha
TeIUIOBil KapTi Ta HYSKUMMM okasHukamy NDMI. [Toka3HUKY TPaB’STHOTO MTOKPUTTSI, sIKi GYJI0 OL[iHEHO SIK «J06PMit CTaH»
KOpeJIoITh 3 TeMnepaTyporo moBepxHi Ta NDMI. PisHutis TemmnepaTyp MOBepXOHb Ha IUIOIL JOCTiIAHUX AiASTHKAX CSTa€
5 °C i 3ajekaTh BiJj OTOUYIOUMX TI0 TIEPUMETPY 06’ €KTiB. BCTaHOBJIEHO, IO TPaB’sIHi TiISTHKM PETYIIOITh TEPMOPEKUM
yp6OEKOCUCTEMMU Y TETUINIA TIEPIOA POKY i 3HVIKYIOTH TEMIIEPATYpy achaabTOBAHOTO MOKPUTTS 6113bKo Ha 0,5 °C, a pasom
i3 KBITHMKOBMMM i A€PEBHUMM pOCIMHAMU — O6au3bKo Ha 0,9 °C. Pe3ynbTaT HOCTIIKEHD BIOCKOHATIOIOTh PO3YMiHHS
¢isionoriunmux HaCAiAKIB BIVIMBY TEIUIOBOTO CTPECY Ha TPAaB’sSHi AISTHKY, 1[0 JO3BOJIsI€ chOpMyBaTH MPAKTUUHI cTpaTerii
YIpaBIiHHS MiCbKMMH 3eJIeHMMM HacaIskeHHSIMM 32 0OMeskeHMX BOLHMX PeCypciB i TEXHOTeHHOTO HaBaHTaKeHHS

KiiouoBi c/10Ba: 1eKOPaTUBHICTh, TPOEKTUBHE MOKPUTTS, TEIUIOBMIA OCTPiB, ypboeKkocucTema
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Abstract. The problem of using fire-resistant materials for wooden building structures is to ensure their stability and
durability when operating in atmospheric conditions, when it is possible to wash out flame retardants and lose fire
resistance. The purpose of this study is to identify the indicators of fire hazard of wood, fire-proof coatings and the effect
on them of the heat-insulating layer of coke formed, which allow justifying the effectiveness of the fire-resistant coating
under the influence of temperature. The study used a comprehensive research method, which consisted in determining
the fire-hazardous properties of fire-proof wood and methods for determining the operational properties of wood fire
protection. It was found that upon applying a coating based on alkyd-polyurenitan varnish, due to the polymer film formed
on the wood surface, the permeability of flame-retardant components decreases. Tests of fire-hazardous features of wood
protection from fire have shown that the coating swells under the influence of heat flow and contributes to a significant
heat-insulating layer of coke, which prevents oxygen from reaching the wood and, accordingly, hot temperature, which can
ignite the wood. In general, the effectiveness of wood protection from fire shown that wood protected from fire belongs
to hard-to-burn materials that slowly spread flames on a surface with low smoke-forming ability. The practical value of
this paper lies in the fact that the obtained method for identifying the features of wood protection from fire, comprises
determining both atmospheric and thermal properties, and allows establishing the operating conditions of fire protection
and the use of products and building structures made of wood of a wide range of uses

Keywords: protective equipment, weight loss, wood surface treatment, flame retardant leaching, polymer shell

Introduction

The scope of use of wood and its structures in construction is
broad. Considering the fact that these materials and wood
products constitute the main combustible materials and
conductors of flame propagation, the safety of wood igni-
tion places high demands on fire protection, as well as on
the quantity and quality of fire-proof materials. The effec-
tiveness of fire protection of objects for various purposes is
increased with the use of fire-proof wood, which meets the
requirements of regulatory documents [1; 2].

For fire protection of wood, water-soluble compo-
sitions on an inorganic basis are used, forming a ceramic
layer on the surface under the influence of temperature and
releasing water, and for effective fire protection they re-
quire more application [3]. Today, for the fire protection of
wood, a coating capable of forming a heat-insulating layer

Suggested Citation:

of foam coke, which thermally insulates the surface of the
wood, has been widely used on the surface of the building
structure [4]. During the swelling of the composition, the
components decompose with simultaneous endothermic
decomposition of flame retardants and gas-forming agents,
which facilitates a dense layer of foam coke, thereby cre-
ating fire-resistant properties of the coating [5]. However,
with prolonged exposure to elevated temperatures, which
reaches over 1,000°C with a developed fire, individual coat-
ings gradually burn out and to increase efficiency, require
an increase in the amount of substances forming a more
stable layer of foam coke [6]. This is precisely what determines
the need to develop research in this area.

The specific feature of modern fire protection of
building structures from fire is to create the necessary layer
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of foam on the surface, which thermally insulates the high
fire temperature of over 1,000°C and creates a layer of foam
on the wood surface, thereby slowing down the heating of
the material and transferring wood to the group of hard-
to-burn materials. They constitute complex mixtures of or-
ganic and inorganic substances described by high foaming
ability. But there is no information on how they are used
when atmospheric fluctuations change, in particular, tem-
perature and humidity.

The description of the properties of intumescent
coatings is described in [7]. This allows evaluating the con-
ducted studies on thermal stability, where the thermophys-
ical model is considered. But issues related to resistance to
atmospheric fluctuations when used in outdoor conditions
are still unresolved.

The effectiveness of using flame retardant coatings
based on organic components is shown in [8], where flame
retardants based on polyphosphoric acids and gas-forming
agents can change the conditions for the development of
the insulating layer of foam coke. The effect of thermal
modification, as well as the ability to protect, revealed by
the characteristics of combustion, such as weight loss,
burning speed, flame spread, was investigated, but no in-
formation was provided on how the chemical changes
occurring under the influence of these factors take place.
Therefore, it becomes necessary to investigate the condi-
tions for reducing thermal conductivity and determine the
conditions for the formation of foam coke.

In [9], the behaviour of wood impregnated with or-
gano-inorganic flame retardants is described, the results
of research and testing of which were aimed at investi-
gating the technology and compositions that combine fire
resistance, thermal conductivity, and manufacturability
of protective coatings. A modified binder made based on
liquid glass is used as the main part of the developed com-
positions. The study describes two types of compositions.
The first is a porous heterogeneous structure made based
on the authors’ technology of two-phase structuring and
thermal pore spacing. This composition is intended for the
manufacture of moulded products. The second composition
is used for the manufacture of fire-retardant coatings by
monolithic method. In the study [10], methods for evalu-
ating the response indicators of wood to fire treated with
flame retardants based on organophosphate substances were
discussed. Such wood was used as the facade of buildings,
considering the deterioration of ageing. The fire resistance
characteristics of wood were investigated, and it was found
that the first indicators worsened during the fire response
test by more than 12%.

In the paper [11], the effect of modification, as well
as flame retardant ability, was investigated, revealed by
such characteristics of combustion as weight loss, burning
speed, etc.; however, the issues regarding the manifesta-
tion of the joint action of the components remain unex-
plained. The study [12] was conducted to solve the question
of the application as a coating containing many fire-resistant

compositions from the sludge of industrial effluents. The
coating formula was optimised using a response surface
methodology based on a central composite design. During
the fire resistance test, this sample shows the lowest re-
verse surface temperature of the sample (only 163°C)
among all samples, which indicates excellent fire resistance.
Apart from the analysis of fire resistance, the water resis-
tance and thermal stability of fire-resistant coatings are also
characterised.

Furthermore, a considerable number of coatings have
disadvantages, such as the application of individual com-
ponents, loss of functional properties with increasing am-
bient temperature [13]. This indicates that the coating does
not always decompose during operation upon temperature
and humidity fluctuations.

In [14], the durability of the fire-resistant properties
of a transparent fire-resistant coating for a wood structure
was investigated using accelerated hygrothermal ageing.
The effects of ageing were analysed using morphologi-
cal analysis and a fire test. The results indicated that after
21 days of ageing, the flame-retardant components gradu-
ally surfaced. The coating mostly lost its ability to expand,
and the charred layer showed an unstable lamellar struc-
ture. The fire resistance of the coating decreased by 43.48%
from 23 min to 13 min.

Thus, it was established from literature sources
that fire-resistant coatings can be washed out of the wood
surface during operation and the parameters that ensure
resistance to the loss of fire protection by wood, as well as
what affects this process, are not defined.

The purpose of this study was to investigate the com-
pliance of fire-proof wood with both fire-hazardous prop-
erties and operational ones.

To achieve this purpose, the following tasks were
solved: the specific features of reducing the degree of wood
burnout due to temperature exposure to the sample during
the application of the coating were established; the opera-
tional properties of wood and establishing the compliance
of protective compositions were investigated.

The scientific originality of this paper lies in the de-
velopment of a multifactor method for assessing fire-resis-
tant properties by indicators of flammability, flame prop-
agation by the surface, smoke-forming ability, as well as
operational properties as a corrosion effect and fixation of
a fire-resistant coating.

Materials and Methods

Research on determining the fire hazard indicators of fire-
proof wood was carried out based on the “Fire Safety Testing
Laboratory”, city of Chernihiv, operational indicators of fire-
proof wood were identified at the laboratory at the National
University of Life and Environmental Sciences of Ukraine.
The studied materials that were used in the experiment.
The study of countering the leaching of a protective agent
from wood treated with a fire-resistant composition was
carried out on samples of equal-layer wood (Fig. 1).
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Figure 1. Model samples of pine wood for testing

Samples were treated with a flame retardant for
wooden structures (“FAIERVOL-LAK”) (Ukraine) in the
amount of 580.2 g/m?; therewith, the thickness of the
flame-retardant coating was about 250 microns, which was
determined earlier. To increase the water resistance, the
samples were covered with a protective finishing varnish
“Alkid-Poliuretanovyi Lak” (TM “Kompozyt”) (Ukraine) in
the amount of 55+58 g/m? [15]. The thickness, respectively,

Methodology for determining the properties of samples of
fire-resistant wood coating. Studies to determine the compli-
ance of fire-proof wood with the fire-technical classification,
namely flammability, flame propagation index and smoke for-
mation, were carried out according tofire safety requirements [1;
2], which are given in the regulatory documentation [16; 17].
To assess the degree of hydrophobisation of wood, a sample
of the material is fixed in a test device and exposed to a static
layer of water until it penetrates the material (Fig. 2).

was about 50 microns.
4
6\"

P

AAERANY

— el
: | S i

Figure 2. Device for determining the hydrophobicity of fire-proof wood: 1 - test sample, 2, 3 — rubber gaskets,
4 - fluoroplastic pipe, 5, 6 — flanges, 7 — fluoroplastic plate, 8 — ring, 9 — electrodes, 10 — recording device

The criterion for assessing water resistance is the
nature of the behaviour of the sample under the action of
a static water layer: determination of the increase in the
sample after exposure to its surface with water, specific
water absorption of the sample, and the degree of hydro-
phobisation is estimated from the measured values.

In the test setup (Fig. 2), a fire-resistant sample 1 of
cellulose-containing material with dimensions of 65x65 mm,
a thickness of up to 1.5 mm, untreated and treated, e.g.,
with a hydrophobic composition, is fixed between rubber
gaskets 2 and 3 and sealed with flanges 4 and 5, water in
the amount of 200 ml is poured into a fluoroplastic pipe 6 with
a diameter of 24 mm. In the lower part of the device, a flu-
oroplastic plate 7 is installed, which is fixed on one side
by a ring 8, and the other touches two electrodes 9 to the
reverse part of the sample 1, which are connected to the
recording device 10. During the tests, the time of water

passage on the return surface of the textile material is re-
corded, which is evaluated by closing the electrical circuit
with fixation on the device.

Characteristics after testing for hydrophobicity of
fire-proof wood were determined according to the following
coefficient:

K, = 10 (1 ~ Tps. .—”"-f”-s-> M
Th.fp.s. Ufp.s.

where 1, . is the water penetration time of a fire-proof
hydrophobised sample; 7, is the water penetration time
of the fire-proof sample. v, . _is the amount of water ab-
sorbed by the hydrophobised fire-proof sample, kg; v, is
the amount of water absorbed by the fire-proof sample, kg.

Determination of the corrosion effect on plates made
of flame-resistant coating metals was carried out according
to the method [18]. The essence of the method for determining
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the corrosion effect is to determine the mass loss of a metal
plate when interacting with fire-proof wood.

The value of the duration of fire protection of wood
was carried out according to the method [19]. The essence
of the method for determining the duration of fire protec-
tion of wood is to model the diffusion processes of fire-re-
sistant agents artificially and determine the weight loss of
fire-resistant wood.

Using the three-factor simplex-central method of
planning an experiment in the mathematical environment
Statistica 12, statistical processing of the results was per-
formed to determine the weight loss of wood.

The factors of variation were selected as follows:
temperature of thermal modification, °C, (factor X ); amount
of coverage, g/m?* (factor X,), the change of which is presented
in Table 1.

Table 1. Factors of variation

Levels of variation L.
Factors Code Variation interval
-1 0 +1
Number of test cycles X, 64 68 72 30
Amount of organo-inorganic coating, g/m? X, 350 400 450 10

As the initial parameter (response function), the
proportion of destroyed material was chosen, the values of
which were recorded on samples exposed to microbacteria.

The experimental planning matrix and its mathematical
implementation are presented in Table 2.

Table 2. Experimental matrix and its implementation

Factors, type Planning matrix Response function
Seq. No. X, X, Number of test cycles Aamount Y fact. Y calculation
of coverage, g/m?
1 1 1 72 450 8 8.14
2 1 -1 72 350 10 10.54
3 -1 1 64 450 7 6.60
4 -1 -1 64 350 9.00
5 1 0 72 400 11 10.33
6 -1 0 64 400 8.4 8.79
7 0 1 68 450 6.2 6.46
8 0 -1 68 350 9.4 8.86
9 0 0 68 400 8.2 8.65
10 0 0 68 400 8.8 8.65
11 0 0 68 400 8.1 8.65
Thus, experimental points with coordinates +1 and Results

—1in a full factorial experiment, where all combinations of
factor levels found at the vertices of the hypercube are re-
alised. By writing out combinations of factor levels for each
experimental point, a plan for a complete factor experiment
of Type 2% was obtained, which is showed in Table 2.

The results of studies on the experimental determination of
the wood flammability group are presented in Figure 3. It was
established (Fig. 3.) that fire-protected wood belongs to con-
struction products of low flammability (F1), and untreated wood
belongs to construction materials of high flammability (F4).

B Untreated wood

Fire-proof wood

500
450

450 -
Q
=
s 400 -
>
5 350 -
p 300
g 300 -
& 250
Zz
= 200 -
s
E 150 -
g 100 - -

1 . ;
] ]
1 2 3 4

Figure 3. Determination of the flammability group of treated wood): 1 - flue gas temperature (t, °C);
2 - the degree of damage to the samples by length (S, %); 3 — degree of damage by mass (S_, %); 4 — duration
of independent combustion (x, s)
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In Table 3 shows the results of determining the
flame propagation group by wood. According to the results
of experiments, samples of wood with a fire-proof coating

are classified as materials that do not spread flames on the
surface (RP1), and untreated wood as materials that spread
flames on the surface (RP4).

Table 3. Test results for determining the flame propagation group by wood

Sample combustion | Duration of flame Average value Critical surface heat flux
Wood time from the start burning of the of the damaged part . N
. density, kW/m
of testing, s sample, s of the sample, mm
Unprocessed 36 Over 600 686 4.1
Fire-proof Missing Did not occur 39.6 Over 11.0

Figure 4 demonstrates the results of determining
the smoke formation coefficient of fire-proof wood. Studies
have shown (Fig. 4) reduction of the smoke formation coef-
ficient by more than two times for fire-proof wood samples

and their transition from the group of materials with high
smoke-forming ability (for untreated samples) to the group
of materials with moderate smoke-forming ability (D2).

1000
l:: 900 950
5_; 800
g 700
g 600 560
2 B Burning
g 500 -
= 432 Smouldering
g 400 e
e
S 300 e
o 201
é 200 - —
«®2 100 —

0 4
Untreated wood Fire-proof wood

Figure 4. Results of determining the smoke generation coefficient (D_, m*/kg) in case of flame burning
and smouldering of samples of untreated and coated wood

Studies have shown (Fig. 4) reduction of the smoke
formation coefficient by more than two times for fire-proof
wood samples and their transition from the group of mate-
rials with high smoke-forming ability (for untreated sam-
ples) to the group of materials with moderate smoke-form-
ing ability (D2).

Thus, pine wood, which is coated with a fire-proof
coating based on organic and inorganic substances (“Fa-
iervol-Lak”) with an external coating of one-component
alkyd-polyurenitan varnish “Lompozyt”, can withstand
temperature exposure. According to the fire classification,
fire-proof wood belongs to materials of low flammability, a
difficult-to-ignite material that does not spread flames on
the surface, with a moderate smoke-forming ability.

To assess the degree of hydrophobisation of wood,
untreated samples of cellulose-containing materials were
first tested. When a hydrostatic column of water acted on
the surface (area S=0.00423 m?) of untreated samples, their
impregnation with water and intense leakage through the
test sample occurred within a time interval of about 300 s.
Then the samples were tested, which were treated with
hydrophobising agents. During the tests of wood samples
protected by a polymer film of the “Gembar” preparation,
insignificant impregnation was established for more than
2100 seconds, which considerably exceeds the value of un-
treated wood by more than 7 times; on the other hand, for
samples treated with alkyd-polyurethane varnish, this value
increases by more than 42 times (Table 4).

Table 4. Assessment of the degree of hydrophobisation of wood

Contact closing time when Amount of water .
Samples exposed to water t, s absorbed, kg Efficiency factor, K
Pine wood without
hydrophobiser 506 0.009 -

Pine wood treated with 2122 0.008 8.71819

Gembar” preparation
Pine wood treated with

a hydrophobiser based on 12600 0.001 9.975714
alkyd-polyurethane varnish
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As it was established upon calculating for samples of
cellulose-containing materials with insufficient protection
of the hydrophobiser, the efficiency coefficient is within
6+9, and for the protection necessary must be at least 9.5 [20].

The results of determining the corrosion effect of
protective agents for wood applied to the sample are pre-
sented in Table 5.

Table 5. Value of corrosion destruction of metals in contact with fire-proof wood

Average specific mass loss rate of a metal plate, g/m*hour

S 1
amples Steel

Copper Galvanised tinplate Aluminium

Fire-proof pine wood without hydrophobiser 0.022

0.146 0.034 0.0025

Organo-inorganic coating with hydrophobiser
based on alkyd-polyurenitan varnish

No corrosion detected

No corrosion
detected

No corrosion
detected

No corrosion
detected

As the obtained values demonstrate, copper has the
greatest corrosion in contact with flame retardants of an
organo-inorganic coating, so this indicator must be consid-
ered when designing fire protection. The wood protected by
an organic-inorganic coating with a hydrophobiser based
on alkyd-polyurethane varnish showed no corrosion. Due
to the resulting polymer coating, the yield of flame-retardant
components that cause corrosion is considerably reduced.

Table 6 demonstrates the results of weight loss of
the sample when determining the duration of fire protection
of wood.

As Table 6 indicates, fire-proof wood sample treated
only with organo-inorganic coating after 60 cycles of testing
lost a considerable amount of flame retardants, which led
to a weight loss of more than 9% during fire exposure, but
the hydrophobiser based on alkyd-polyurenitan varnish
provided resistance to fire-proof coating during cyclic tests
of about 120 cycles, hydrophobised capillaries and micro-
cracks of the surface, forming a complex water-repellent
protective layer, and increasing the thermal resistance of
the formed composites.

Table 6. Results of sample weight loss when determining the duration of wood fire protection

Average sample weight, g
Number of test Average weight of the Sample mass
Wood sample sample before fire Before After o
cycles . loss, %
protection, g
Tests
Control 131.1 144.3 133.9 7.2
4 132.6 145.9 134.1 8.1
16 136.8 150.3 138.8 7.6
Treated with 28 126.2 138.1 126.1 8.7
an organo-inorganic coating 42 125.1 136.7 125.6 8.1
60 125.8 138 126.4 8.4
68 135.0 145.8 131.2 9.8
72 137.4 148.1 134.2 9.4
control 132.0 144.2 131.9 8.5
. . . 20 126.9 139.7 127.5 8.7
Organo-inorganic coating

with hydrophobiser based 40 135.3 147.5 135.1 8.4
on alkyd-polyurenitan varnish 80 130.2 142.1 129.6 8.7
120 132.1 143.2 128.5 10.2

As aresult of the computer solution, regression equa-
tions were obtained and ternary surfaces were constructed

depending on changes in variation factors (Fig. 5). Regression
equation:

Y.0c = 8.648 + 0.767X, — 1.2X, + 0.911X,, — 0.989X,, — 0.0001X, X, (2)

Based on the conducted computer modelling, the
best value of the number of test cycles and the protective

coating that ensures the performance of the task was deter-
mined, namely the lowest value of the material mass loss.
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Figure 5. Ternary surfaces of changes in the output parameter depending on changes in variation factors

Discussion

Thus, a change in the fire-hazardous properties of wood
upon fire protection has been established. Under the influ-
ence of a high-temperature flame and the composition of
the coating, as indicated by the results of studies (Table 3,
Figs. 3, 4), there is a natural process of reducing the flam-
mability of wood. This is conditioned upon the mechanism
of operation of the coating, which lies in the formation of
a layer of foam coke, which slows down the heat transfer pro-
cesses. Notably, protection from fire by the coating leads
to the formation of a foam layer on the wood surface and,
accordingly, reduces access to combustible components. It
is this mechanism of action on wood that serves as a factor
in regulating the degree of protection against fire, as well
as the effectiveness of water protection of fire-proof wood.
Therewith, this mechanism adversely affects the smoke-form-
ing ability of the coating when protected by alkyd-polyure-
thane varnish. This coincides with the data of the studies [4;
10], where developers also associate changes in the smoke
formation process with processing with organic compo-
nents. In contrast to the results given in [5; 7], the results
obtained in this paper suggest the following:

- the main regulator of the reduced heat insulation of
wood is not only the formation of a foam layer, but also the
thermal resistance of the fire-resistant coating;

— a substantial impact on the transition of wood from
a combustible material to a group of materials that burn
slowly and slow down the spread of flame by a surface with
a low smoke-forming ability is carried out due to treatment
with fire-resistant coatings.

Results of improving the performance characteristics
of wood protected from fire under the action of a coating
based on alkyd-polyurenitan varnish and the formation of
a hydrophobic layer (Tables 4, 5) indicate an unambiguous ef-
fect of protection with the formation of a strong and dense
hydrophobic protective layer on the surface of the mate-
rial. This uncertainty cannot be resolved in this study, as
it requires large-scale experiments to obtain more reliable

data. Based on these results, one can state the existence
of an interesting pattern associated with the formation of
heat resistance to flame and an ability to insulate wood
while ensuring effective fire protection.

Conclusions

A study of the fire-hazardous properties of wood with
fire-resistant coatings during the formation of a heat-in-
sulating layer of coke was carried out, the mechanism was
determined and a change in indicators for fire protection
was obtained, which allowed justifying the effectiveness
of a fire-resistant coating under the influence of tempera-
ture. Tests on model samples of fire-proof wood showed
that coatings under the influence of elevated temperatures
form a swollen layer of foam coke, contributing to thermal
insulation of the wood surface, and preventing the elevated
temperatures from reaching the wood and its subsequent
burnout. This slows down the smoke formation and com-
bustion of the material. In general, the effectiveness of fire
protection of wood, which was obtained by the multifacto-
rial method of determining the operational properties, es-
tablished that the treated wood belongs to non-flammable
materials that slowly spread the flame over the surface and
have a low smoke-generating capacity.

The legality of the joint use of hydrophobisers with
a fire-resistant coating of wood on particular models of
the influence of changes in humidity and temperature was
confirmed. Conducted studies on the determination of the
degree of hydrophobisation of wood, the corrosive effect of
protective agents on metals and the duration of fire protec-
tion of wood by keeping them at variable temperature and
humidity indicators within wide limits showed that when
applying a hydrophobiser, a waterproof layer is formed,
which protects wood from the action of moisture and the
washing out of flame retardants, namely the capillaries and
microcracks of the surface are hydrophobised by a protective
polymer film, which increases operational performance.
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Barato¢daKTopHUI MeTof, OUiHIOBaHHS1 e PeKTUBHOCTI BOrHE3axXnUcTy AepeBUHU
IOpiit Bomropumuposuu Llanko!, Bacuiabs BacunboBuu Jlomara!, Onekciii OpiioBuu Ilanko?

'HarioHa/sibHMIT YHiBepCcUTET 6iopecypciB i MpupoaoKOpUCTyBaHHST YKpaiHU
03041, Byn. T'epoiB O6oponu, 15, m. Kuis, Ykpaina

2YKpaiHCbKUIi Aep>KaBHUI HAYKOBO-AOCTiAHMI iIHCTUTYT «Pecypc»
03150, Byn. Kasaumupa Manesuua, 84, m. Kuis, Ykpaina

AHoranis. [Tpo6eMa 3aCTOCYBaHHSI BOTHE3aXMCHUX MaTepiasliB sl JepeB’ssHuX OyiBeTbHUX KOHCTPYKIii TOsITae
B 3abe3meveHi ix CTifKOCTi i JOBroBiYHOCTI MpM eKcITyaTalii B yMoBax aTMochepHOro KOAMBAHHS, KOJIM MOXK/IMBE
BMMVBAHHSI aHTUIIIPEHIB i BTpaTa BOTHeCTi/iKocTi. MeTa mpoBeAeHMX AOCTi[KeHb MOJsATae y BM3HAUeHi ITOKa3HUKIB
MOKeKHO1 HeGe3MeKy JepeBUHNU, BOTHe3aXUIIeHMMM TTOKPUTTSIMY Ta BIUIMB HA HUX YTBOPEHOTO TEIIO i30/TI0I0U0T0
mapy KOKCY, 1[0 JO3BOJISIIOTh OOIPYHTYBATU e(eKTUBHICTh BOTHE3aXMCHOTO ITOKPUTTS NP BIUIMBI TemIiepaTypu. B po6ori
BMKOPMCTAHO KOMIUIEKCHMII MeTOJ, NOCTi[IKeHHsI, IO IOJISAraB y BM3HaueHi IOXeXOHeOe3NMeUuHMX BIACTUBOCTEN
BOTHE3aXMIEeHOI JepeBMHM Ta METO[iB BM3HAUEHHSI eKCIUIyaTalliiiHMX BJIACTMBOCTEN IPU BOTHE3aXMCTi JepeBUHU.
BcraHoB/€HO, 1110 IPM 3aCTOCYBaHHI MIOKPUTTS HA OCHOBI aJIKi[I-110/iypeHiTaHOBOTO JIaKy, 3@ paXyHOK YTBOPEHOI TI0/TiMepHO1
TUTiBKY Ha TIOBEPXHi JlepeBUHM 3MEeHIIYEThCSI TPOHMKHICTh KOMIIOHEHTIB aHTHUITipeHy. BUrpo6yBaHHSI IOKeKOHebe3MeuHnx
XapaKTepUCTUK 3aXUCTy AePeBUHY BiJ BOTHIO ITOKa3ajy, 0 MOKPUTTS i, BIUIMBOM Jii TelJ0BOrO IOTOKY CITyUy€EThCS
Ta CIIpUsi€ YTBOPEHHIO 3HAYHOTO TeIUIO-130/TI0BaIbHOTO APy KOKCY, SIKMIT 3a1106irae MpOXOIKeHHIO 10 AePeBVHY KICHIO
Ta BiJIOBiTHO BMCOKOI TeMIepaTypH, SKa 3[JaTHA 3alaJuUTH JepPeBUHY. 3arajoM epeKTUBHICTb 3aXUCTy JAEPEeBUHU
BiJ BOTHIO, IMOKa3aja, 10 JepeBUHA 3axMIileHa Bif, BOTHIO BiTHOCSITHCS IO BaXKKOTOPIOUMX MaTepiasiB, SKi MOBiJIbHO
MIOIIMPIOIOTD MOMYM ST TIOBEPXHEIO 3 MAJIOI0 JMMOYTBOPIOBAIBHOIO 34ATHICTIO. [IpaKTUYHA I[iHHICTh TOJSITAE Y TOMY, L0
OTPMMaHU MeTO[ BM3HAUEHHSI XapaKTepUCTUK 3aXUCTY JePeBUHN BiJl BOTHIO, MTOJISITA€ Y BU3HAUeHi 1K aTMochepHUX,
TakK i TepMiYHMX BIACTMBOCTEl, Ta YMOXK/IMBIIIOE BCTAHOBJIEHHSI YMOBM eKCILTyaTallil BOrTHe3axMCTy Ta 3aCTOCYBaHHS
BUPOGIB i OyiBeTbHUX KOHCTPYKIIili 3 IePEBUHY NIMPOKOTO CIIEKTPY BUKOPUCTAHHS

KirouoBi csroBa: 3axycHi 3ac00u, BTpaTa Macy, 06po6ieHHSI TIOBEPXHi IepeBUHM, BUMMBAHHSI aHTUITipEHY, IToJTiMepHa 060I0HKa
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