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Stem volume by height classes of immature, mature and overmature stands
of the main forest-forming species of Ukraine

Andrii Bilous’, Viktor Myroniuk, Viktor Svynchuk, Serhii Kashpor, Oleksandr Lesnik

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony, Kyiv, Ukraine

Abstract. Generally, it is impossible to measure diameters and heights of all trees in a forest stand. Therefore, models of
relationships between heights (h) and diameters (d) of trees are commonly used in practice for stem volume estimation.
This study aimed at developing models of tree height-diameter (h-d) relationships as well as corresponding models of
the tree stem volume for immature, mature and overmature stands of the main forest-forming species of Ukraine. This
paper is a aggregation of long-term studies of the stem volume, which are based on the results of measuring about
10 thousand sample trees. Modelling of the tree height-diameter relationships was performed using relative height values.
The methodology used in this study allowed generalising the measurements of sample trees collected in stands of various
forest site types, productivity levels, and age categories. The average height of trees with a diameter of 24 cm was taken as
the reference during modelling relative heights, while the diameter of 40 cm was chosen as the reference for overmature
Scots pine stands. As a result, the parameters of a unified mathematical model of relative heights for immature, mature,
and overmature stands of the main forest-forming tree species of Ukraine were established. Based on these models, height-
diameter relationships in forest stands of different height classes were predicted. The authors demonstrated that the
developed mathematical models substantially simplify the methodology of field work during timber surveys. The paper
also presents models of the tree stem volume. These models predict the stem volume outside the bark based on diameters
and heights of trees or using the developed models of h-d relationships. In this study, a unified system of mathematical
models of stem volume by height classes were created for immature, mature, and overmature stands of the main forest-forming
species of Ukraine. The results of the study are introduced to the National Forest Inventory of Ukraine for growing stock
volume calculation at sample plot level using measurements of individual trees. The developed models can be used both
by operation forestry (estimation of the timber volume during harvesting), and forest management (forecasting the future
structure of forests and estimating the growing stock volume), as well as in the forest ecology

Keywords: volume tables, relative height, form factor, mathematical model

Introduction

Accurate assessment of individual tree stem and growing
stock volume of forest stands is essential for sustainable
forest resource management. For this purpose, volume
models based on diameter (d) and height (h) of individual
trees are used. Since measuring the height of all trees is im-
practical for financial reasons and often involves significant
errors, the growing stock volume in practice is calculated
based on sample trees measurements. The heights of trees
out-of-sample are calculated based on tree height-diame-
ter (h-d) relationships models.

Modelling the h-d relationships has important
scientific and practical significance. From the standpoint
of forest ecology, this issue starts a discussion about the

Suggested Citation:

tree competition in forest stands during their growth [1],
namely the estimation of competition indices [2].
Temesgen et al. [3] showed that larger trees (with a higher
rank by diameter) reach a higher height in the forest stand.
The h-d relationships can be used in predictive models of
stand development [4], e.g., to simulate the future struc-
ture of forest stands in a result of thinning. In practical
terms, the h-d relationship is more widely used to find the
volume of individual trees and the growing stock volume of
forest stands [5; 6]. Methods used absolute values of height
to predict the h-d relationships of trees are quite common
in the literature [7]. They use some stand parameters (average
diameter, basal area, etc.) as factors in corresponding models.

Bilous, A., Myroniuk, V., Svynchuk, V., Kashpor, S., & Lesnik, O. (2022). Stem volume by height classes of immature, mature
and overmature stands of the main forest-forming species of Ukraine. Ukrainian Journal of Forest and Wood Science, 13(3), 7-12.
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Results of the earlier studies [3; 8] indicate that the
parameters of nonlinear models that characterise the h-d
relationship in forest stands of a certain tree species are
variable. They depend primarily on age of trees. In remove
younger stands, height curves are characterised by greater
steepness than in older stands. Therefore, parameters of
height curves are estimated independently for different age
groups (competition levels) of forest stands [1]. The h-d
relationship in even- and uneven-aged forest stands is also
important issue [9]. Some recent publications indicate that
h-d relationships of trees depend on the origin of forest
stands [10] and are closely related to their density [11]. Site
conditions directly impact the h-d relationships of trees [12].
In general, characteristics of individual forest stand (e.g.,
site index, density, relative stocking, etc.) are usually con-
sidered as factors that introduce random variations in the
h-d relationships in forest stands of the same age. While
fixed-effect models characterise the most typical relation-
ship for a wide group of forest stands, mixed-effect mod-
els explain the random component of covariance of these
characteristics for a particular forest stand [11]. Such mod-
els, apart from fixed-effect terms of the equation (the typical
stand), also contain random-effect terms that describes re-
move the differences between each individual forest stand in
relation to the typical one, thus revealing specific patterns of
heights and diameters depending on random factors.

There are several methodological approaches used
in forest mensuration to modelling stem volume (V) of
trees, i.e., the development of multidimensional volume
equations (V=ys d, h,...)), the derivation of stem volumes
based on the stem profile equations, and the use of specific
coefficients, namely, the form factor [2]. Multidimensional
mathematical models of the stem volume based on diameter
and height of trees are often used in different countries:
Germany, Austria, Finland, Sweden, Romania, Norway, etc. [15].
Estimating coefficients of such equations using modern
computer technologies is a simple task, while accuracy of
the models meets the needs of practice. Stem profile equa-
tions are used when in addition to the total stem volume,
it is necessary to characterise its taper or estimate the vol-
ume of stem zones with certain qualitative characteristics
(e.g., commercial timber) [16]. In Ukraine, this approach
has been used relatively recently [18]. Much more often,
the stem volume is considered as the product of three factors:
the basal area (g), height, and form factor (f), where fis a
conversion coefficient between the volume of cylinder (gh)
and stem volume.

Mathematical models of the tree stem form factors
for major species of Ukraine were published in earlier stud-
ies [19]. However, during the preparation of a new edition
of the forest inventory handbook [20], some mathematical
models have been improved.

Materials and Methods

The data for modelling stem volumes by height classes
were collected during 1950-2020 on test areas distributed
over the territory of Ukraine. In total, measurements about
10 thousand sample and tally trees on more than 700 tem-
porary and permanent experimental plots for 13 main for-
est-forming tree species in Ukraine were used. Experimen-
tal plots characterise immature, mature, and overmature
forest stands of such natural and climatic zones of Ukraine

as Polissia, Forest-Steppe, Carpathians [21]. At experimental
plots, the diameters of all trees were measured by 4-cm di-
ameter classes. Then, heights of 9-20 trees of the dominant
species (selected from different diameter classes) were mea-
sured to plot the height curve for the corresponding forest
stand. Based on the distribution of diameters and heights
(according to height curves), 5-20 sample trees were selected
and cut down on each site. The diameters were measured at
the midpoint of 2-m sections, while the stem volume was
calculated using Newton’s sectional formula.

Modelling the tree height-diameter relationships

The study utilized an approach according to which the h-d
relationships of stems was investigated using relative values.
This allows summarising the research data from a wide age
range and from different forest conditions based on a unified
shape of height curve. According to this, the relative heights
for each diameter classes at an individual experimental plot
were calculated according to the following formula:

h{ = hi/hyeps 1)

where h{ is the relative height value of the i diameter
class; h, is the absolute height of the i diameter class, m;
h,,is the tree height of the reference diameter class, m.

For the majority of stands, a dimeter class of 24 cm
was taken as the reference, while for overmature Scots pine
stands it was 40 cm.

Using Equation (1), the average values of relative
heights (h{) in forest stands by the diameter classes were
calculated for each of the 13 main forest-forming tree spe-
cies in Ukraine. A unified mathematical model of relative
height depending on the stem diameter was used for all
species:

h¢ = ag + a; - exp(a, - d)- (2)

The following formula was used to convert relative
height into absolute height values:

h; = hie ’ href' 3)

To unify the reference data for determining tree
stem and growing stock volumes, the heights of the ref-
erence diameter classes, numbering of height classes (R),
and the interval between them were harmonized with the
volume tables developed by height classes [20] that have
been legally acknowledged in forestry of Ukraine. Accord-
ingly, a height of 31.78 m was taken as the reference height
in I* height class for overmature Scots pine stands, and
27.40 m - for the rest of species and age categories. The ref-
erence heights in other height classes for overmature Scots
pine stands (the reference diameter class of 40 cm) were
calculated using the following formula:

hres = hag = 31.78 = 2.55 - I, 4)

where [ is the index of the height class of tree stands (Table 1).

In other cases (the reference diameter class of
24 cm), reference heights were calculated according to the
formula:

Ryef = hyy = 274 — 2.2+ Ip. ®)

Table 1 presents the coding of height classes ac-
cording to the volume tables that are legally acknowledged
in forestry of Ukraine.
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Table 1. Indices and numbering of tree stand height categories in Ukraine

R Ic Iy I I 11

111 v \Y% \& A

I -2 -1 0 1 2

3 4 5 6 7

Modelling the stem volume

In the stem volume modelling, the form factors were pre-
dicted using their relationship with the diameter and
height of the trees. Then, the stem volume was calculated
based on the following equation:

Vegoh f ©)

A mathematical model of a form factors as a func-
tion of diameters and heights f = (d, h, ...) was used for
such species as pine and spruce of the middle and upper
mountain belts of the Carpathians. Dependence of the form
factors of tree trunks exclusively on diameters f =y (d, ...)
was studied for spruce (on the plain), silver-fir, and maple.
For the rest of the tree species, the form factor models de-
pending on the stem heights f = i (h, ...) were used.

A direct regression of the stem volume against di-
ameter and height was applied for birch and aspen using
the allometric equation:

To characterize the relationship between the form
factors of different tree species with diameter, height, or
both, the optimal set of regression coefficients in the
model (6) was found based on a multivariate examination
of multiple candidate equations. In general, such a variety
of methodological approaches is explained by the fact
that mathematical models were developed in different pe-
riods, trying to achieve maximum accuracy of models while
maintaining their simplicity.

The parameters of mathematical models were calcu-
lated based on regression analysis using the nonlinear least
squares method (NLS) [22].

Results and Discussion

Based on the results of the research, the parameters of a
unified mathematical model of relative height for immature,
mature, and overmature stands of the main forest-forming
tree species of Ukraine were established (Table 2).

V=ay-d* -h%, (7
Table 2. Parameters of the mathematical model of relative height as a function of stem diameter
. Latin name of a tree Parameter of Equation (2)
No. Tree species species . . .
0 1 2
1 Scots pine 1.247 -1.183 -0.06527
Pinus sylvestris L.
2 Scots pine (overmature stands) 1.202 -0.9769 -0.03933
3 Norway spruce (on the plain) 1.391 -1.486 -0.05563
4 Norway spruce (middle mountain belt of the Carpathians) Picea abies L. 1.501 -1.459 -0.04454
5 Norway spruce (upper mountain belt of the Carpathians) 1.711 -1.739 -0.03727
6 Silver fir Abies alba (L.) 1.397 -1.374 -0.05173
7 Common oak Querqus robur L. 1.295 -1.320 -0.06243
8 European beech Fagus sylvatica (L.) 1.212 -0.9445 -0.06226
9 Common ash Fraxinus excelsior L. 1.340 -1.343 -0.05725
10 Norway maple Acer platanoides L. 1.348 -1.228 -0.05254
11 Common hornbeam Carpinus betulus L. 1.144 -0.9224 -0.07738
12 Common aspen Populus tremula L. 1.290 -1.199 -0.05914
13 Silver birch Betula pendula Roth. 1.302 -1.080 -0.05310
14 Black alder Alnus glutinosa (L.) Gaerth 1.186 -1.209 -0.07799
15 Small-leaved linden Tilia cordata Mill. 1.229 -1.252 -0.07069
16 Black locust Robinia pseudoacacia L. 1.210 -0.923 -0.06170

The developed tree h-d relationships were pub-
lished in a tabular form in the new Forest inventory
handbook (Tables 2.11-2.26) [20]. Stem volume models
for immature, mature, and overmature stands of the
main forest-forming tree species in Ukraine can be uti-
lized using direct measurements of the diameter and

Table 3. Mathematical models

height of individual trees (Tables 1.18-1.31) [20] or in
combination with h-d models (Table 3). Finally, based on
the developed models of relative height (2) and mathe-
matical models of the stem volume presented in Table 3,
volume tables by height classes were developed (Table 2.27-
2.41) [20].

of stem volumes outside bark

No. Tree species Mathematical model of stem volume in bark
1 Scots pine V = exp(7.767 — 0.04235-In(d + 8) — 0.6374 - In(h + 2) + 0.02158 - (h + 2)) - d?-h-7.854-107%
2 Scots pine (overmature stands) V = (03521 + 0.5343-d~045%¢). d2-h-7.854-107°
3 Norway spruce (on the plain) V =(0.4217 + 1.023/(h — 0.723)) - d? - h- 7.854 - 1075
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Table 3, Continued

No. Tree species Mathematical model of stem volume in bark

4 Nor‘fgﬁfgﬁ;‘z giriil&gg‘;)“tai“ V = (438 — 2.3-h + 0.0934 - h2 — (d — 40)/(0.163 + 0.00874 - d)) - d? - h - 7.854 - 1078
5 Nor‘gz;fts(f’frflfg é‘;ﬁgstrhﬂ%us‘;tai“ V = (4025 — 1.601 - h + 0.0572 - h? — (d — 42)/(0.142 + 0.00545 - d)) - d® - h - 7.854 - 108
6 Silver fir V = (04118 + 1.176/(h — 0.289)) - d? - h - 7.854 - 105

7 Common oak V =(0.3812 + 0.4955-d=%4811) .42 - p-7.854- 1075

8 European beech V = (0.5007 — 0.001507 - d + 2.106/d?) - d? - h - 7.854 - 1075

9 Common ash V =(-0.1634 + 0.8110 - d~%07708) . g2 - h - 7.854 - 105

10 Norway maple V = (0.3948 + 1.246 / (h + 0.966)) - d® - h - 7.854 - 1075

11 Common hornbeam V =(0.103 4+ 0.5889 - d~01702) . g2 . -7.854-107°

12 Common aspen V =0.3081q18708 . p11932. 10~

13 Silver birch V =0.5631- d+755 . p1073 . 107*

14 Black alder V = (0.4105 + 1.285/(d + 1.084)) - d? - h - 7.854 - 105

15 Small-leaved linden V = (—4.166 + 4.849 - 4001390 ) . 42 . h - 7.854 - 107°

16 Black locust V = (0.4024 + 1.170 - h=%036) . 4% - h-7.854-107°

The use of stem volume models by height classes sub-
stantially simplifies the method of forest inventory, since
there is no need to measure the height of all tally trees.
Therewith, in the stem volume models (Table 3), the value
of the variable h is obtained based on the equations (2-3).

In the literature, there are various approaches to
modelling the stem volumes. In most cases, direct regres-
sion of the volume of stems against the diameter and height
is used [15]. It is worth noting, the attitude towards this
approach is ambiguous. Although it is possible to obtain
a high value of the determination coefficient, the param-
eters of the equation are very sensitive to the data set of
experimental information (e.g., incorrect maximum values
can substantially increase/decrease the volume forecast
for extreme tree diameters). The high determination co-
efficient is also explained by the presence of functional
dependencies between the volume of solids and their size.
In this regard, another approach based on the analysis of
random variations in the stem volume of trees of the same
size (d and h) using form factors has considerable practical
advantages. For example, the stem volume has a fixed com-
ponent, i.e., the volume of the cylinder (can be directly ob-
tained based on d and h), and a variable correction factor
(form factor). The accuracy of modelling the stem volume
depends exclusively on the adequacy of the description of
the variation in their shape depending on the diameter

and height, i.e., the variability of the form factors which is
lower than for the corresponding stem volumes.

In general, the stem volume of trees of the same size
(d and h) is determined by the stem form. In this regard,
there are forest tree species in Ukraine that reach a larger
volume, i.e., they have a smaller stem taper. Based on the
models presented in Table 3, it was found that for the same
diameter and height, the stems of spruce, fir, and oak have
the largest volumes (Fig. 1a). At the same time, the stems of
birch trees have a substantially smaller volume.

The altitudial zonation of the Ukrainian Carpathians
impacts the productivity, morphology, and wood quality char-
acteristics of spruce stands. Optimal conditions for spruce
growth in mountains are observed at altitudes from 700 to
1100 m above sea level. At higher altitudes, significant
changes in the morphology and productivity of stands are ob-
served, namely more sparse forest stands are mainly formed
here, the trunks of which have larger taper [23]. Considering
these features, the decision to develop mathematical models
of the volume for the flat part, the middle (up to 1100 m) and
the upper mountain (over 1100 m) belt of the Carpathians
allowed more accurately characterising the volume of spruce
trunks in typical growth conditions (Fig. 1b). According to our
data, spruce trunks growing in the high-altitude belt of the
Carpathian Mountains have the greatest stem taper (i.e., the
smallest volume at constant values of diameter and height).

\/olume, m?
- ) )

—
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o
n

2.54
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— )
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20 28 36 44 52
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Figure 1. Comparison of the stem volumes as a function of diameter at a constant height (h = 23 m): a) typical examples
of tree species of Ukraine that have different stem taper; b) the volume of spruce stems in different growth conditions
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Similar to spruce, the study reported two groups of
models for Scots pine stands (Table 2, Table 3). This can be ex-
plained by the specific h-d relationship in overmature stands,
i.e., described by shallow curves at an older age. Furthermore,
in overmature pine stands (over 130 years old), the yield of
merchantable timber substantially decreases. This is ex-
plained by the specific features of the dimensional and qual-
itative characteristics of trunks and the structure of stands ap-
proaching the age of natural maturity. Thus, if the goal is to
develop tables for the distribution of stem volume by size
and quality categories, the availability of different models
for the specified age groups of forest stands is critical.

The developed system of mathematical models is
integrated into the system of the National Forest Inventory
of Ukraine for growing stock volume calculation at sample
plot level. The use of mathematical models of the d-h re-
lationships simplifies the methodology of field work, since
there is no need to measure the height of all tally trees on
the sample plot.

financially efficient to use in forest resource management
over large areas. Since measuring diameters and heights
of all trees in a stand is impractical or unfeasible, math-
ematical models of the h-d relationships are used in the
forest inventory. This paper provides the system of math-
ematical models of the stem volume and the tree h-d re-
lationship of the main forest-forming species of Ukraine.
The presented models can be used in operational forestry
(estimation the timber volume during harvesting), forest
management (forecasting the future structure of forests
and estimating the growing stock volume of stem wood),
as well as in forest ecology, forest ecosystem services
studies, etc. The developed set of mathematical models
creates the basis for harmonising methods of forests as-
sessment in Ukraine at various phases of forest manage-
ment. In addition to the total stem volume calculation,
developed volume equations have been integrated into ta-
bles that provide an estimate of the distribution of timber
volume by thickness classes.

The methods used to calculate the stem and growing
stock volume of forest stands should be accurate and

(1]

(2]
(3]

(4]

(5]

(6]

[7]

(8]
(%]
(10]

(11]

[12]

[13]

(14]

The results of this study promote further investiga-
tion of the distribution of the stem volume by quality classes,
developing reference data, and software for improved forest
recourse assessment.

Conclusions
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00’eM cTOBOYPIB 3a pO3psiTaMM BUCOT MPUCTULIMX, CTUIVIUX i MepecTiiiHnX
JiepeBOCTaHiB OCHOBHMX JIICOYTBOPIOBAJIbHMUX BU/IB YKpaiHU

Anppiit Muxaiinosuu Binoyc, Bikrop BanentnHoBuu MuUpoHIOK,
Bikrop AgamoBuu CBMHYYK, Cepriit Mukosnariosuu Kamrop,
Onekcauap MukosnaiioBu4 JlecHik

HarionanpHMit yHiBepcuTeT 6GiopecypciB i mpMpomoKopucTyBaHHS YKpaiHu
03041, Byn. T'epoiB O60oponu, 15, m. Kuis, Ykpaina

AHoranig. Y 6inbp1octi BUMaaKkiB 3a6e3meunTy BUMipIOBaHHS JiaMeTpa Ta BUCOT yCiX JepeB HeMOX/IMBe, TOMy Ha
MIPaKTHUIIi TTifl Yac BU3HAYEHHS 06’€MY CTOBOYPiB MPUITHITO 3aCTOCOBYBATY MOIeJTi CITiBBiHOIIIEHHST BUCOTH Ta IiamMeTpa
JlepeB y Haca/KeHHi. MeTta po60Tu mojsirae B po3poOIli MOeseil CITiBBiIHOIIEHHS] BMCOTM Ta AiaMeTpa JIepeB IJist
MIPUCTUTTINX, CTUIVIUX 1 TIEPECTiIIHMX lepeBOCTaHiB OCHOBHMX JIiICOYTBOPIOBaAbHMX BM[IiB YKpaiHy, a TAKOX BiATIOBIHMX
Mopeneit 06’eMy CTOBOYPiB IepeB 3a3HAUYEHMX KaTeropii JicoBMX HacaakeHb. JIoTiIkeHHs 6a3y€eThCsl HAa y3araJbHEeHHI
6araTopiyHMX JOCTiIKeHb 06’€MY CTOBOYPiB, B OCHOBY SIKMX MOK/IAAEHO pe3yabTaT 06Mipy 6;113bK0 10 THC. MOAEIbHUX
nepeB. MopentoBaHHSI CITiBBiTHOIIIEHHSI BUCOTH i liaMmeTpa IepeB y AepeBOCTaHaX BUKOHYBAJIOCS 32 AOTIOMOTOI0 BiTHOCHMX
3HAUYeHb BUCOTY. BUKOpMCTaHUIT METOIMMYHMI ITiIXi/ JO3BOIUB y3araJbHIOBATH MaTepiaan 06Mipy MOJETbHIUX JIEPEB Y
JlepeBOCTaHax Pi3HMX JTiCOPOCIMHHMX YMOB, PiBHIB ITPOAYKTUMBHOCTI Ta BiKOBUX KaTeropiii. 3a 6a30Be 3HaU€HHSI BUCOTU
TiJ1 Yac MOMe/II0BaHHS TpuitMasiacsi cepeHsI BUCOTa JiepeB giaMmeTpom 24 C¢M, IJIs1 epecTiliHMX COCHOBUX JIepeBOCTaHiB
sIK 6a30BuMiT 06upaBcs niamerp 40 cM. BcTaHOB/IEHO TTapaMeTpy €IMHOI MaTeMaTUYHOI MOJesi BifHOCHOT BUCOTY IIJIsT
MIPUCTUITINX, CTUINIMX 1 NepeCcTUINIMX JepeBOCTaHiB OCHOBHMX JIiICOTBIpDHUMX AepeBHMX BMIIB YKpaiHu. Ha ocHOBi Hei
CITPOTHO30BAaHO MOK/IMBI CITiBBiAHOLIIEHHSI BUCOTHM i IiaMeTPiBy Haca)KeHHSIX 3a Pi3HMMM po3psiamMu BcoT. OGTpyHTOBaHA
MOXK/IMBICTh BUKOPUCTAHHS PO3POOBIEHNX MaTeMaTUYHUX MOJEJIeN, [0 3HAYHO CITPOIIYE METOAVKY MOIbOBUX POOIT. Y
po6oTi TaKOX IpenCcTaBIeHO MOJe/Ii 00’eMy CTOBOYpIB AepeB. 3a3HaueHi MOJesi JO3BOJISIIOTh CIIPOTHO3YBAaTU 00’eMU
CTOBOYpIB y KOPi 3aJIEKHO Bif AiaMeTpa Ta BUCOTU AepeB, a60, BUKOPUCTOBYIOUM PO3PO0JIEHi CIiBBiIHOIIEHHST BMUCOT i
nmiaMmeTpiB mepeB. Ha ocHOBI mpoBemeHOoro JOCTiIskeHHsT 6Y/I0 CTBOPEHO €ANHY CUCTEMY MaTeMaTUUYHMUX MOAe/eit 06’ eMy
CTOBOYDIB 3a PO3psimaMy BUCOT JJIST IPUCTUTIINX, CTUITIUX i TIEPECTUTIUX JePEeBOCTaHiB OCHOBHUX JIiCOYTBOPIOBATbHUX
BUAiB YKpaiHu. PesynbraTyt JOCTiIKeHHS! 3alpPOMTOHOBAHO BMKOPMCTOBYBATM TIif, Yac HAI[iOHAJIbHOI iHBeHTapm3allii
JticiB YKRpaium 1151 BU3HAUYeHHs 3aracy JicOBUX HacaKeHb Ha PiBHI MPOOHMX IIJIONI, BUKOPUCTOBYIOUM 0OMipy OKpeMuX
nepeB. Po3po6iieHi Mofesli MOKYTbh BUKOPUCTOBYBATHUCS SIK JIJIsI BUPIlIEHHST MPAKTUYHMX 3a7a4 JIiCOBOTO rOCIOAApCTBa
(BM3HAUEHHS 06’€MY lepeBUHM TIiJ yac pyboK), TicoympaBiliHHS (TPOTHO3YBaHHS MaiibyTHbOI CTPYKTYPH JIiCiB i OLiHKM
3amaciB cTOB6YPOBOi IepeBUHM), TaK i Mif] Yac JOCTiIKeHHS eKOJIOTii TiCOBMUX eKOCKCTeM

KirouoBi citoBa: Tabnuili 06’eMy cTOBOYPiB, BiHOCHA BMCOTA, BUAOBE YUCIO0, MaTEMAaTUYHA MOJIETb

Vol. 13, No. 3, 2022 Ukrainian Journal of Forest and Wood Science 12



Received: 11.03.2022, Revised: 01.07.2022, Accepted: 11.08.2022

UKRAINIAN
JOURNAL OF

FOREST AND UKRAINIAN JOURNAL OF FOREST AND WOOD SCIENCE

WOOD SCIENCE

Journal homepage: https://forestscience.com.ua/en
Ukrainian Journal of Forest and Wood Science, 13(3), 13-21

UDC 602.1: 57.085
DOI: 10.31548/forest.13(3).2022.13-21

Morphogenesis of cell lines of plants Lysimachia nummularia L. at in vitro
culture promising for the content of biologically active substances
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Abstract. Lysimachia nummularia L. is a plant belonging to the Primulaceae family, which is particularly valuable as a
medicinal raw material used in folk medicine in many countries. It has excellent antibacterial and antioxidant capacity
of metabolites. That is why the microclonal propagation of Lysimachia nummularia L. is a relevant issue. The purpose
of this paper is to develop approaches to microclonal propagation of L. nummularia. For microclonal reproduction of
L. nummularia, the method of activation of isolated tissues and organs already present in the plant meristem and induction
of direct regeneration directly by explant tissues was used. To select highly productive cell lines of representatives of the
genus Lysimachia, callus culture was obtained by indirect morphogenesis from stem and leaf explants. It was found that
the formation of tissues and organs of L. nummularia into in vitro culture depended on the composition of the nutrient
medium and the quantitative and qualitative ratio of growth regulators in it. Active proliferation of L. nummularia
microshoots into in vitro culture was noted on the variants of Murashige and Skoog, and Driver and Kuniyuki nutrient
medium with 6-benzylaminopurine 4.0 mg-1'}, indolyl butyric acid 0.03 mg-1', gibberellic acid 0.1 mg-1"'. It was established
that for microclonal reproduction, induction, and proliferation of the root system and obtaining regenerating plants of
L. nummularia, the most effective is the use of nutrient media according to Murashige and Skoog with the addition of
thidiazuron 0.5 mg-1! and 0.25 mg-1"! kinetin. The optimal conditions for the induction of callusogenesis and obtaining
the culture of cells and callus tissues of L. nummularia and its passage in vitro were selected. It has been shown that the
modified nutrient medium of Murashige and Skoog, with 2.4-dichlorophenacetic acid 1.5 mg-1"! and indole-3-acetic acid
0.2 mg1, is optimal for the accumulation of callus tissue biomass of L. nummularia, which ensured the frequency of
callusogenesis for the first and second passages up to 98.0 + 0.2%. 5 cell lines that actively synthesize stilbenoids and the
highly productive LN-EE 02/19 cell line, which is capable of synthesizing and accumulating in callus tissues up to 10-12 mg-g*
of myricetrin, were selectively isolated. As a result of the analysis, the callus culture cell line LN-EE 02/19 was obtained,
which allows obtaining myricetrin in amounts up to 10.0-12.0 mg-1"! of raw biomass. The developed protocol can be used
both for L. nummularia plants and other representatives of the Primulaceae family

Keywords: tissue and organ cell culture in vitro, nutrient medium, explant, microclonal reproduction, callusogenesis

Introduction
Lysimachia nummularia L. is a perennial herbaceous plant  contain bioactive components that are actively used in med-
which is especially valuable as a medicinal raw material icine. Thanks to biotechnology, it is possible to grow cells,
used in conventional medicine in many countries. Among tissues, or plant organs in vitro on specially selected artificial
the herbaceous plants of the Primulaceae family, the genus  nutrient media to obtain target products on an industrial
Lysimachia has about 165 species. L. nummularia plants  scale. Therefore, developing of microclonal propagation
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protocols is of primary importance for obtaining many
aseptic, genetically homogeneous regenerating plants of
L. nummularia.

There is little information on the cultivation of
various decorative and medicinal forms of L. nummularia in
the scientific literature [1; 2]. Available publications cover
the investigation of the theoretical foundations of induced
morphogenesis, the role of trophic, hormonal, and physical
factors in regeneration processes, and the problem of mass
production of planting material of this group of plants [3; 4].

The presence of a wide range of biologically active
substances, many phenolic acids, allows for obtaining an-
algesic, antiseptic, anti-inflammatory herbal preparations,
and medicines for wound healing. Most phenolic com-
pounds (secondary metabolites) are obtained from various
parts of the plant [5-7].

In 2013, a new saponin (glycoside triterpene — 1) was
discovered, isolated from the underground part of the plant,
which counteracts active prostate cancer cells without af-
fecting normal cells [8]. This compound affects damaged
(affected) glioblastoma cells and exhibits moderate activity
against melanoma cells [9-11].

Uniform spread growth, high decorative qualities
have preconditioned the significant use of these plants in
decorative gardening, as ground cover plants and in aqua-
culture [12; 13].

Lately, considerable attention has been paid to the
adaptive potential of plants of the genus Lysimachia, the se-
lection of the most promising species, and their cultivation
using modern biotechnological methods for various purposes
(pharmacology and ornamental horticulture, etc.) [3; 14].

The method of microclonal reproduction allows
obtaining virus-free, healthy plant material, in significant
quantities, genetically identical, which is relevant both
for decorative horticulture and for industry [15-17].

Currently, there are few studies on tissue culture of
Lysimachia L. plants. The works of scientists [2-4] report
on attempts to reproduce representatives of this genus —
L. christinae, L. rubrinervis, L. nummularia ‘Aurea’ in vitro.

A genetic collection of the genus Lysimachia L. was
created on the territory of the Feofaniya park in Kyiv, which
is a state park. A comprehensive assessment of the phar-
macological value of vegetable oils of species of this genus
common in Ukraine has also been developed. Such species
as L. nummularia, L. vulgaris, L. nemorum, L. punctata were
involved [18; 19].

Distinctive features of the growth and development
of this herbaceous plant were investigated, especially the
formation of the generative part of plants as the main
source of valuable flower oils [11, 20; 21].

Lysimachia nummularia L. is found in synanthropic
communities of Feofaniya Park (on the shores of ponds and
certain parts of the park). The reproductive part of plants of
this species is the main source of potentially valuable flower
oils, so it is vital to pay attention to the most favourable
environment for its formation [21; 22].

Research on the accumulation of polysaccharides in
cells of the secretory epithelium is considered as a basis
for creating a polymer film with bactericidal and fungicidal
components, for this it is relevant to use microclonal re-
production [23].

Earlier studies were aimed at investigating the features
of introducing into the culture, obtaining aseptic plants of
L. nummularia, and identifying the inducing effect of various
cultivation factors on the processes of direct and indirect
morphogenesis [21; 24].

The purpose is to develop a protocol for microclonal
propagation of L. nhummularia plants to obtain cell lines
producing biologically active compounds.

The main task is to determine the features of direct
regeneration of L. nummularia plants at the initial stage
of reproduction and indirect morphogenesis to identify
promising cell lines.

Specifically, the originality of the conducted research
lies in the specific features of de-differentiation, the use of
cell selection methods to isolate cell lines producing bio-
logically active compounds and the detection of patterns
of accumulation of flavonoids, namely myricetrin and stil-
benoid with high antioxidant activity in cultivated in vitro
cell lines of L. nummularia.

Materials and Methods

For conducting experimental work, samples of L. nummularia
were used, which were selected from the population of the
garden art park monument (GAPM) “Feofaniya” at the be-
ginning of the flowering of plants and during the period of
mass vegetation.

Aseptic cultures were obtained from fragments of
plant shoots of 3-5 c¢m, using stepwise sterilization, first
washing in a soapy solution for 5-10 minutes (intensely
stirring). Then washed under running water for 5 minutes.
In a laminar box, explants were immersed in a 25% H,0,
hydrogen peroxide solution for 7 min and washed once in
sterile distilled water for 10 min, which ensured the least
contamination and the highest percentage of viable explants
with a sterilization efficiency of 93% [21].

At the initial stage of cultivation of aseptic explants
in vitro, basic nutrient media (NM) were used according
to the prescription of Murashige and Skoog (MS) [25] and
Driver and Kuniyuki (DKW) [26]. For the induction of mor-
phogenesis by plant tissues in vitro, the NM composition
was modified by adding to its composition plant growth
regulators (PGR), both individually and in combination.

For microclonal reproduction of L. nummularia, the
authors used the method of activation of isolated tissues
and organs already present in the plant meristem and in-
duction of direct regeneration directly by explant tissues.
Activated carbon as an adsorbing element in the amount
of 1 g1, sucrose (30 g1'!) — as a hydrocarbon source, me-
so-inositol 100 mg-1"!, agar-agar — 0.7% and two chelated
forms of iron: ethylenediamine-di-2-hydroxy-phenylacetic
acid (Fe-EDDHA) and ethylenediaminetetraacetic acid
(Fe-EDTA), medium pH 5.6-5.7 [27; 28; 29].

Explants were grown in special rooms at 25 * 2°C,
with a 16-hour photoperiod and illumination intensity of
2000-3000 lux. With the proven methodology and effective
sterilization, the beginning of the growth of primary mi-
croshoots was noted in 80% of the obtained viable explants
on the Days 5-7 of cultivation (Fig. 1).

To obtain a high reproduction coefficient, it is nec-
essary to activate the regenerative capacity of totipotent
plant cells [27; 28; 30].
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Figure 1. Formation of aseptic microshoots of L. nummularia on Days 7-10 of in vitro cultivation:
a — explants on Days 1-2; b — on Days 14-21 of cultivation

Therefore, the primary regenerated plants were
subcultivated on fresh NM with different compositions and
quantitative ratio of PGR and used as explants for obtaining
callus culture and mass microclonal reproduction.

Results and Discussion

During microclonal reproduction, the main factor is the ge-
notypic and species characteristics of cultivated cells, tis-
sues, and organs, but the mineral composition of NM and the
ratio of vitamins and growth regulators have a direct effect
on the formation of plant cells, tissues, and organs [21; 27].

For most cultures, the synthetic analogue of cytoki-
nin, thidiazuron (TDZ) can stimulate plant growth through
its biological (cytokinin) activity. For this, it is best to use
low concentrations. Compared to the effectiveness of tra-
ditional purines, growth is stimulated and the ability of
tissues to intensify the synthesis and accumulation of en-
dogenous cytokinins increases [15; 25].

Thus, in the propagation of L. nummularia, M. Dogan
uses both solid and liquid NM, but the best results regarding
the number of shoots and percentage of regeneration were
found in solid NM according to the values of in vitro propa-
gation. On the other hand, results regarding the best shoot
length formation were noted in liquid NM [20].

M. Dogan also uses TDZ in different concentrations
of 0.05-0.4 mg-1"! with the addition of indolylacetic acid (IAA)
to stimulate tissues of L. nummularia explants. It is noted
that high concentrations of TDZ negatively affect the ex-
plants, inhibit their growth and development [20; 26; 31].
In turn, the authors of the paper [27] use NM supplemented
with 6-benzaminopurine (BA) 0.05-1.6 mg-1"! for explants
of L. nummularia, thereby stimulating the formation of
added buds directly by explant tissues. Mass microclonal
propagation is stimulated by adding MS BA with a-Naph-
thaleneacetic acid (NAA) to the NM.

Considering previous studies [20; 26; 27], experi-
ments were conducted to establish the efficiency of regen-
eration of L. nummularia and the course of organogenesis
depending on the concentration of growth regulators of
the cytokinin and fuchsin type of action in NM and the
type of explant [21]. For this, the authors of this study used
the method of activation of isolated tissues and organs of
L. nummularia already present in the plant meristem and
induction of direct regeneration directly by explant tissues
(Table 1). The authors also modified the composition of NM,
specifically by adding Ethylenediamine-N,N’-bis(2-hy-
droxyphenylacetic acid (Fe-EDDHA), gibberellic acid and
kinetin.

Table 1. Effect of NM composition on shoot formation of L. nummularia explants

NM NM composition, mg-1! Nun;l;;z I(I);Z;ﬂlsa:r;’tcssfﬂith Regeneraf%i:ve ability, Nurlr:::;ef3 ;()Iglta"engte’lllirsa.lnts
MS1 0.5 TDZ 10.0 100.0 5.4
MS2 1.0 TDZ 4.0 53.3 1.1
MS3 0.5 KIN 8.0 80.0 3.4
MS4 0.25 KIN 9.0 86.7 3.5
MS5 0.5BA 3 33.3 2.2
e :
DKW 2* Basic 3.0 30.3 14
DKW 3* 05001]?131 0 0 0
DKW 4 0.5BA 5.0 49.6 1.0
DKW 5 1.0 BA 3.0 20.5 1.0
DKW 6 2.0 BA 0 0 0

*NM with the a ddition of Fe-EDDHA 4.8%

For this, MS and DKW NM were used with the addition
of distinct groups of cytokinins and auxins to their com-
position: 6-benzaminopurine (BA), thidiazuron (TDZ) and

kinetin (KIN), indolebutyric acid (IBA), gibberellic acid (GA),
etc., both separately and in combination with each other.
As a result of the experiment, shoot genesis was
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observed on stem explants. Explants cultured on NM
with 0.5 mg1! KIN formed a small number of shoots and
were characterized by slow development. But when adding
0.25 mg-1"' KIN and 1 g'I'! of activated carbon to the com-
position of NM, it helped induce flowering of regenerating
plants of L. nummularia already in 2-3 passages.
Cultivation of explants on a medium with 0.5 mg-1*!

kinetin caused the development of a small number of mi-
croshoots with bud meristems. Added buds formed in 60%
of explants were characterized by slow development. The
addition of KIN to the composition of NM at a concentra-
tion of 0.25 mg1! and 1 g1 of activated carbon induced
the flowering effect of L. nummularia regenerating plants
in 2-3 passages (Fig. 2).

Figure 2. Flowering of regenerating plants of L. nummularia in in vitro culture

The regenerating plants of L. nummularia, cultivated
on the nutrient media of MS and DKW with the addition of
1.0-1.5 mg-I'! TDZ to its composition, had a negative effect
on the explants. In some plants, reddening of leaves and
their falling were noted. The formation of added micro-
shoots was not observed. This phenomenon is character-
istic when using thidiazuron [5]. High morphogenic ability
and formation of the root system were noted on NM supple-
mented with 0.5 mg-1"! TDZ. Under such conditions, the re-
generative capacity and maximum growth of regenerating

plants were activated, reaching almost 100% (Fig. 3a, b). The
use of DKW and MS nutrient media supplemented with
BA ensured little shoot formation. With the addition of
0.5 mg-1I'! of BA, 33.3% for MS and 49.6% for DKW were
obtained for explant tissues to form microshoots.

High results were obtained on nutrient medium
DKW 1* DKW 2* with the addition of Fe-EDDHA 4.8%.
Regenerating plants formed the maximum number of mi-
croshoots by activating meristems already present in the
plant, but the growth rate was lower (Fig. 3c, 3d).

Figure 3. Morphogenesis of L. nummularia (a, b — direct morphogenesis on MS NM with the addition of 0.25 mg-l*!
kinetin; c, d — mass microclonal propagation of L. nummularia on NM using Fe-EDDHA 4.8% (NM DKW 1* DKW 2%);
e, f — multiplications on NM supplemented with 0.5 mg-1"! TDZ)
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The use of NM of this composition is best for propa-
gation by direct morphogenesis and preservation of plants
into in vitro culture conditions for a long time with a minimum
amount of passaging.

Subsequently, the formed microshoots from distinct
types of explants were passaged on fresh NM supplemented
with 0.5 mg-1"* TDZ (Figs. 3e, 3f) for a long time, such culti-
vation is effective only for 3-4 passages, then plant growth
is inhibited and decreases regeneration coefficient. Taking

this into account, further passages were carried out on NM
according to the prescription of MS, or with the addition of
0.25 mg 1" kinetin, where the stimulation of growth factors
and the induction of the morphogenic potential of explant
tissues, with a high regeneration coefficient, were noted.

For the selection of highly productive cell lines
of representatives of the Lysimachia genus, specially bal-
anced NM was selected according to the MS prescription
(Table 2).

Table 2. The influence of different concentrations of plant growth regulators on the formation of callus culture
from distinct types of L. nummularia explants

—_ Explant type

T Growth regulators

E. é Leaf plate part Stem part

ETnm g mn e TG G| Gt memeaotaths | G Gt

formation, % | formation’ ’ formation”

K 0 - - - - - - - - -
1 1.0 - - 0.1 24.3 ++ 1.3 13.3 + 1.2
2 1.5 - - 0.1 85.7 ++ 1.4 20.0 + 1.5
3 2.0 - - - 56.7 ++ 3.6 50.0 ++ 3.2
4 2.5 - - - 84.7 ++ 1.8 30.0 + 1.7
5 3.0 - - - 96.2 +++ - - - -
6 - - 1.0 - - - - - - -
7 - - 1.5 - - - - - - -
8 — — — — — — — — —
9 - 1.0 - - - - - - - -
10 - 2.0 - - - - - - - -
11 - 2.5 - - 16.1 + - - - -
12 - 3.0 - - 23.4 + - - - -
13 - 1.0 - 0.1 67.6 +++ - - - -
14 - 1.5 - 0.1 100 +++ 14 83.3 ++ 3.0
15 - 2.0 - 0.2 100 +++ 4.8 98.3 +++ 7.2

Note: (-) — absence of callus formation, (+) — low, (++) — medium, (+++) — active

As a result, a callus culture was obtained from seg-
ments of young stems and leaf plates, which were grown
on selective MS media with different ratios of hormones of
cytokinin - TDZ, BA, and auxin — NAA, 2.4-D type of action.

According to the data of the experiment on NM with
TDZ of different concentrations, the formation of callus
culture did not occur, only 30% of the explants showed ac-
tivation of axillary buds, the rest were twisted or did not
undergo changes. The addition of high concentrations of
BA to NM led to the intensive formation of accessory buds
directly on the explant, without the stage of callus formation.
Callus was formed only in some variants, not in significant
quantities.

As a result of adding 2.0 mg-1! BA and 0.2 mg1*!
NOK to NM and cultivation in the dark under controlled
conditions for 3-4 weeks, callus cultures with a predomi-
nantly dense structure with a coarsely bumpy surface were
obtained, of light green and yellow colors, which grew in-
tensively in the depth of NM.

To investigate the possibilities of growth and accu-
mulation of phenolic compounds, studies on the cultiva-
tion of raw callus biomass, as well as strains obtained from
cultivated cells of L. nummularia, were continued on six
variants of NM with the addition of plant growth regu-
lators, namely: 1.5-2.0 mg-1"! BA and 0.1-0.2 mg-1"! NOK,
1.5-3.0 mg-1'! 2.4-D (Table 3).

Table 3. Obtaining cell lines of L. nummularia with the content of specific metabolites

. . Growth regulators Visual observations, after 3 weeks
Variant, cell lines .
2.4-D, mg-1! BA,mgl! | TDZ,mgl' | NAA, mgl! in a thermostat
K 0 - - - -
LN-EE 01/19 2.0 B B B Slight formatlop of callus, loose
yellow-white structure
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Table 3, Continued

. . Growth regulators Visual observations, after 3 weeks
Variant, cell lines .
2.4-D, mg-1"! BA, mg-1" TDZ, mg-l' | NAA, mgl! in a thermostat
Active formation of biomass with a dense
AR HD . 2l . e tumour structure, light green and white
LN-EE 03/19 1.5 - - 0.1 Inactive formation of yellow callus mass
Active formation of callus biomass
LN-EE 04/19 3.0 - - - of non-morphogenic nature, light yellow
with brown zones
Insignificant formation of a dense light
LN-EE 05/19 - - 0.5 - green callus culture, with the ability
to morphogenesis.
LN-EE 06/19 25 Slight formatlop of callus, loose
yellow-white structure

As aresult of three-week cultivation in the dark, strains
of callus cultures were obtained, which were analysed for
the presence of promising biologically active substances
and their concentrations.

All cultured cell lines were characterized by sufficiently

high production of callus biomass, but they differed in struc-
ture and colour. Three major phenolic components were
isolated from six cell lines’ biomass. As a result of the analysis,
the most significant accumulation of active substances was
the LN-EE 02/19 cell line (Fig. 4).

Figure 4. Cells of non-morphogenic callus of L. nummularia line LN-EE 02/19 - an active producer of myricetrin;
DNA staining with Schiff’s reagent after cold hydrolysis for 40 min with 1N HCl at 25°C

It was established that on MS nutrient media with
2.0 mg1'! BAP and 0.2 mg-1"! NAA in callus and suspension
culture biomass, the accumulation of the flavanol myricetrin
occurs, where its amount was the largest and amounted to
9.8 mg-1'! raw weight.

Cells of non-morphogenic callus had high prolifer-
ative activity and the nuclei sizewas 7-8 pm. The cells of the
peripheral zone are elongated, much larger and mostly anu-
cleate. The active zone of division is represented by small

cells with an insignificant index of the ratio of the nucleus
to the cytoplasm.

The ability of callus cultures to synthesize target
substances under the conditions of serial passage was pre-
served. Among the isolated groups of secondary metabolites
in the LN-EE 02/19 line, myricetrin (flavonol) was isolated
(Fig. 5). The ability of the obtained L. nummularia cell lines to
synthesize this group of compounds actively can be considered
in the perspective of its use as an antiseptic agent.
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Figure 5. Chromatography of methanolic extracts of callus tissues of the investigated L. nummularia cell lines:
1-LN-EE 01/19, 2 - LN-EE 02/19, 3 - LN-EE 03/19, 4 — LN-EE 04/19, 5 — LN-EE 05/19, 6 - LN-EE 06/19

As a result of the analysis, the obtained callus
culture cell line LN-EE 02/19 allows obtaining myricetrin
in amounts up to 10.0-12.0 mg-1"! of raw biomass.

This suggests that for cultivation and obtaining the
isolated cell lines, it is necessary to use NM with 2.0 BAP
and 0.2 NAA in the dark for 3 weeks, and after that continue
cultivation on the same medium, but under lighting con-
ditions for 7 days The change in NM composition to lower
concentrations of hormones during subsequent passages
and their effect on the synthesis and accumulation of target
products have not yet been studied.

The established experiments indicated that the most
effective callus formationoccurs on stem segments without
access to light, for 3-4 weeks, followed by their cultivation
on specially selected media.

Cell lines LN-EE 01/19, LN-EE 05/191, LN-EE 06/19
were characterized by low productivity. For Days 21-28 of
growth on the nutrient medium according to the MS pre-
scription, the callus biomass yield was on average 1.7 mg
per explant. In contrast to this, line 2 accumulated sig-
nificantly more callus biomass under the same cultivation
conditions and biologically active substances, respectively,
which is promising for growing the culture in industrial
conditions. The high ability of the obtained lines to mor-
phogenesis under lighting conditions was also noted. This
was in contrast to cell lines LN-EE 01/19, LN-EE 03/19,
LN-EE 05/19, which were characterized by a low ability
for morphogenesis, slowed growth and accumulation of a
small numberof flavonoid substances.

Conclusions

It was found that organogenesis in the culture of
L. nummularia depended on the size of the donor plant, the
phenological phase of plant vegetation, the composition of
NM and the amount of PGR.

The need to develop methods of microclonal re-
production lies in optimizing the composition of the nu-
trient medium for cultivating various explants and using
methods of direct and indirect morphogenesis.

It was established that on nutrient media with
0.25 mg-1"! kinetin and 0.5 mg-1"! TDZ g1, the full realiza-
tion of the morphogenetic potential of explant tissues, in-
duction, and proliferation of the root system took place, and
regenerative plants capable of adaptation were obtained.

For long-term cultivation of L. nummularia plants in
in vitro culture, the hormone-free MS nutrient medium is
optimal. For the active proliferation of microshoots from
different types of explants of L. nummularia in isolated
conditions, the best results were obtained using NM with
Fe-EDDHA complex 4.8%, DKW NM with 4.0 mg1! BA,
0.003 mg-1! IBA, 0.1 mg-1! GA, 0.025 mg-1! BA.

The optimal conditions for the induction of callus for-
mation and obtaining the culture of cells and callus tissues of
L. nummularia and its passage in vitro were selected. It has been
shown that the modified nutrient medium of Murashige
and Skoog, with 2.4-D (1.5 mg-1') and NAA (0.2 mg-1?!) is
optimal for the accumulation of callus tissue biomass of
L. nummularia, which provided the callus formation frequency
for the first and second passages up to 98.0 + 0.2%.

5 cell lines that actively synthesize stilbenoids and
the highly productive LN-EE 02/19 cell line, which is capa-
ble of synthesizing and accumulating in callus tissues up to
10-12 mg/g of myricetrin, were selectively isolated.

It was established that for the intensive synthesis of
myricetrin by the LN-EE 02/19 cell line, the nutrient medium
of MS with 2.0 mg:1'! BA and 0.2 mg-1"! NAA is optimal.

The prospect of further research lies in the imple-
mentation of the developed protocols and the verification
of the effectiveness of the technology on an industrial
scale.
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MopdoreHes B KyibTypi in vitro KIiTMHHMX JIiHili poctnH Lysimachia nummularia L.
MEepPCIeKTUBHMX 3a BMiCTOM 6i0/IOTiYHO aKTUBHMX PEUOBUH

CsiTnana IOpiiBua Binoyc!, Paica KoctsaTuHiBHa MaTsauryk?,
I0piit MukonaiioBuu Mapuyk!, KoctssaTia BacuinboBuu MaeBcbKkmit!,
Apryp ®enoposuu JlixaHos'?

'HaBua/ibHO-HAayKOBMI1 iHCTUTYT JIiCOBOTO i CaJIOBO-MAapKOBOI'0 rOCMOIapCTBa
HarionanpHuit yHiBepcuTeT 6iopecypciB i MpUpPOIOKOPUCTYBAHHS YKpaiHU
03041, Byn. I'enepana Poximiiesa, 19, M. Kuis, Ykpaina

IHCTUTYT eBoMOLiHOI eKkosorii HAH Ykpainu

03143, Byn. Akamemika JlebeneBa, 37, M. Kuis, Ykpaina
AHotauis. Lysimachia nummularia L. — 1le pOCIMHM, 1[0 HaJieXaTh 0 poauHu Primulaceae, € 0cO6MMBO LIHHUMU SIK
JlikapcbKa CUPOBMHA, L0 BUKOPUCTOBYETHCS B HApOAHiit MeAuIMHI 6araTbox KpaiH. Mae 4ymoBy aHTMOaKTepiaabHY
Ta aHTMOKCUIAHTHY 3[AaTHICTb MeTabosiTiB. Came TOMY MiKpOK/IOHaJbHe PO3MHOXKeHHs Lysimachia nummularia L
€ aKTyaJIbHUMM TMUTAaHHSIM. MeTa CTaTTi — PO3pOOUTY MiAXOAM MO MiKPOKJIOHAJIBHOTO PO3MHOXeHHS L. nummularia.
Inst MiKpOKIOHATBHOTO PO3MHOXeHHST L. nummularia BUKOPUCTOBYBAIM METOJ, aKTMUBAIlii BXKe iCHYIOUMX Y POCIMHI
MepucTeM i30/IbOBaHMX TKAHWH i OpraHiB Ta iHAYKIiS mpsmoi pereHeparii 6e3rmocepefHbO TKAHMHAMM E€KCIUIAHTY.
Iinst ;o60py BUCOKOMPOAYKTUBHUX KIITMHHUX JiHill TIpefCcTaBHUKIB pony Lysimachia KamocHy KyJbTypy OTPUMYBaIu
IIJIIXOM HempsiMoro MopdoreHe3y i3 CTe6MIOBMX Ta JMCTKOBMUX €KCILIAHTIB. 3’sicoBaHO, 1m0 (GOPMYBaHHS TKaHWH Ta
opraHiB L. nummularia y KynbTypi in vitro 3anexano Bif CKIany >XMBUIBHOTO CepelOBUILA Vi KiTbKiCHOTO Ta SIKiICHOTO
CIiBBiTHOIIEHHS PETYIATOPiB POCTY B HbOMY. AKTMBHY Mpoidepallilo MikponaroHis L. nummularia B KyabTypi in
vitro BiIMiueHO Ha BapiaHTaX >XUBWIbHOTO cepemoBuina Mypacire i Ckyra Ta [paiiBepa KyHbIOKM 3 HOmaBaHHSIM
6-6enswmnaminoypuny 4,0 mr-1!, ingonin maciasiaoi kuciotu 0,03 mr-nl, rubepenoBoi kucioty 0,1 mr-n'l. BctaHOBJIEHO,
0 17151 MiKPOKIOHAIbHOTO PO3MHOXEHHS, iHAYKYBaHHS ¥ mposnidepallii kopeHeBOi cuCTeMy Ta OTPMMAaHHSI POCIMH-
pereHepaHTiB L. nummularia HajtedeKTUBHIIINM € BMKOPUCTAHHS KMBMIBHUX CepelOBMIL, 3a IMpomucom Mypacire i
Ckyra 3 momaBaHHAM Timiasypony 0,5 mr-a ! ta 0,25 KiHeTuHy. [TiZi6paHo ONTMMaIbHI YMOBU IJis iHAYKIIi1 KaJl0COTeHe3y
i OTpMMaHHS KyIbTYPHU KIITMH i KaMIOCHUX TKaHWH L. nummularia Ta ii macaxkyBaHHSI B yMOBax in vitro. [TokaszaHo, 110
OTNITUMATBHUM JIJIS1 HAKOMTMYEHHST 6ioMacu KaarocHUX TKaHuH L. nummularia € mogudikoBaHe sKMBUIbHE CEPEOBUIIIE
Mypacire i Ckyra, 3 2,4-nuxsiopdeHOITOBOI KUCI0TOW 1,5 mr-r! Ta iHZOM-3-01TOBOI0 KMUCIOTOK 0,2 Mrrl, mo
3a6e31evyBajIyM YacTOTy KaJIloCOTeHe3Yy JIJIs ITepIIOoro i gpyroro macaxy 10 98,0 + 0,2 %. CeTeKTUBHUM LUISIXOM BUIiIEHO
5 KIITMHHMX JIiHii, SIKi aKTMBHO CMHTE3yIOThb CTMJIbOEHOIIM Ta BMCOKONPOLYKTUBHY KIiTMHHY mdiHito LN-EE 02/19,
sIKa 3[laTHA CMHTE3yBaTM i HAKOMMUYBATM B KaJIOCHUX TKaHMHaX 00 10-12 mr/r mupuueTpuny. Y pesynbTaTi aHasi3y
OTPMMAaHO KIiTMHHY JiHit0 KamocHoi KynbTypyu LN-EE 02/19, 110 m03B0osIsIE OTPUMYBATHU MUPUIIETPUH Y KiIBKOCTSIX IO
10,0-12,0 mr-1! cupoi 6iomacu. Po3pobieHnit MpOTOKOM MOXKE BUKOPUCTOBYBATUCH SIK IIST pOCIMH L. nummularia Tax i
iHIIMX TTpeACTaBHUKIB poauuu Primulaceae

Knrouosi cinoBa: KyJIbTypa K.T[iTI/IH, TKaHMH Ta Op[‘aHiB in vitro, JKMBUJIbHE CepenoBuile, eKCIJIaHTaT, MiKpOKJ'[OHaJ'[I:He
PO3MHOJXEHHS, Ka/JIIOCOreHe3
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Mobile technology of thermal modification of wood
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Abstract. Wood as a structural material has some disadvantages, which include a short service life, relatively low
form resistance, considerable volumetric deformations under moisture, pronounced anisotropy, and water absorption.
Thermal modification slightly improves the physical and mechanical properties. However, a problem of changing surface
characteristics occurs, specifically adhesion. To determine the technological characteristics of thermally modified
wood and develop possible measures to improve the technology of applying protective coatings, the surface energy and
compressive strength along the fibres were determined. A comprehensive approach was applied to analyse the surface
state of thermally modified wood through the investigation of surface energy characteristics based on the Fowkes method,
which considers dispersion, hydrogen, and dipole-dipole interactions at the solid-liquid interfacial boundary. According
to the marginal angle of wetting, it was found that the thermal modification of wood helps increase the resistance of
its surface to wetting by reducing the polarity by 1.68 times with an increase in the duration of modification to 30 min.
Therewith, the surface free energy for samples modified at 300°C for 5 min is 64.5 mJ/m?, for 30 min — 24.1 m]J/m?
Regarding compressive strength, thermal modification reduces the strength limit by 1.46 times. Thus, at 300°C and a
time of 5 min and 15 min, the indicator stays at the level of ordinary wood — 42 MPa. Processing for 30 minutes reduces
the strength limit to 29 MPa, the wood loses its plasticity. The obtained results allow effectively choosing stable coatings
for such wood for high-quality surface treatment with paint and varnish materials. Knowing the moment of time from
which the reduction of the strength limit begins, thermal modification becomes more controlled and allows predicting the
characteristics of the future material

Keywords: wood material, technological parameters, thermal modification process, wetting angle, surface free energy,
compression along the fibres, strength limit, brittleness

Introduction

Wood is widely used in construction due to its mechanical
and operational properties. However, it tends to collapse
under atmospheric factors. Still, it is possible to increase
the level of operation of building structures made of wood
by thermal modification. The essence of this modification
method is to give wood new improved properties — to resist
the influence of moisture, biological factors, and prevent
wood destruction.

But during thermal modification of wood, there are
certain difficulties associated with technological param-
eters, specifically time and temperature. This is because
in effective thermal modification of wood, it is necessary

Suggested Citation:

to season it for several days at temperatures above 200°C.
Therewith, there may be a difference in the structure of
wood and modification is not always achieved. Knowledge
of the physical and mechanical properties of thermally
modified wood and quality indicators allows choosing a
technology considering economic indicators and the safety
of technology application, environmental aspects.
Therefore, the development of the mode of mobile
technology of thermal modification of wood, the study
of thermophysical transformations for this process is an
unresolved component of the production of sustainable
building materials from wood. This determines the need
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to establish the technological parameters of such thermal
modification.

The purpose of this study is to investigate the tech-
nological characteristics of thermally modified wood to
determine the surface energy and justify the compressive
strength along the fibres.

To fulfil the purpose of this study, the tasks were set
as follows:

- to establish the features of changing the surface energy
of wood depending on the time of thermal modification of
wood.

- to find the limits of strength during compression along
the fibres, depending on the time of thermal modification
of wood.

The scientific originality lies in the creation of a
mobile technology for thermal modification of wood, char-
acterized by a decrease in the time of thermal modification
at elevated temperatures.

Literature Review

A review [1] summarizes recent advances and provides a
perspective on the choice of wood modification method,
i.e., the currently commercialized methods (acetylation,
furfurylation, and thermal modification). An ancient prac-
tice (charring) has been rediscovered, certain types of po-
lymerization modifications have now reached pilot scale,
and samples of new functional wood-based materials are
being explored at laboratory scale. And in paper [2] it is
stated that wood modification is an excellent and increas-
ingly popular method of expanding the use of wood mate-
rials. Conventional methods, such as chemical or thermal,
have been developed to purposefully improve some selected
wood properties, unfortunately usually at the expense of
other parameters. These methods, as a rule, change the
composition of wood, and therefore its mechanical prop-
erties, increase dimensional stability, water resistance, or
reduce its sensitivity to microorganisms. Although conven-
tional methods achieve the desired properties, they require
the use of a lot of energy or chemicals. Therefore, research
is more often shifting towards the development of more
ecological processes. The advantage of modern methods
is that in most cases they only modify the surface and do
not affect the structure and mechanical properties of wood,
while the use of chemicals is minimized. Cold plasma surface
treatment is one of the cheapest and simplest technologies
with limited environmental impact.

Compared to other building materials, wood has
many advantages [3], such as thermal insulation, high
strength-to-weight ratio, easy to process and has an at-
tractive aesthetic appearance. But, as a valuable building
and industrial material, it needs protection from biodeg-
radation, especially when structures are exposed to harsh
environmental conditions during operation. The dura-
bility of wood can be increased with wood preservatives
and modification systems. Wood protection must be safe
to use, reliable and long-lasting, cost-effective, and must
not corrode metal or damage wood components. Presently,
the scientific literature holds numerous reports on wood
protection, but so far, the combination of wood preservation
and modification has not been considered. Notably, the lat-
est wood protection research projects in academia do not
always reflect the most current developments in the field

due to exclusive rights. The obtained results and conclusions,
which are reported in scientific publications, contribute
to the safe use of preservatives, the improvement of wood
modification methods, as well as the processing and dis-
posal of treated material. Thus, this paper discusses the
latest research and advances in wood protection, includ-
ing a general summary of the latest developments in wood
preservatives, several types of preservatives, natural pre-
servatives, and modification technologies. Therefore, it is
desirable to use natural materials in the future.

Wood used outdoors is exposed to several biotic and
abiotic factors, and for this reason, it needs protection to
extend its life [4]. Some wood protection technologies are
already being used commercially. One such technology
is thermal modification, which refers to the structural, me-
chanical, and chemical transformations that occur in ligno-
cellulosic material when gradually heated to certain tem-
perature ranges. Over the past few years, researchers have
evaluated weather resistance for distinct types of wood.
Some experiments looked at natural radiation in different
countries with distinct climatic conditions, while others
focused on artificial radiation during UV and xenon tests.
Most of the studies evaluated the effect of weathering on
chemical, mechanical, and physical and anatomical changes
compared to the initial characteristics of the material. A re-
view of the scientific literature revealed a significant lack of
research focused on abiotic impact factors, such as indus-
trial and marine environments, or even individual climate
factors, such as salt spray (simulated marine environment)
or polluting gases (simulated industrial environment).
This lack of information may be an opportunity for future
work. This can provide understanding whether thermally
modified wood is sensitive to pollutant gases or salinity,
or a combination of the two. Knowing the mechanisms of
degradation caused by these factors, it will be possible to
investigate other forms of protection.

The greatest interest of researchers is caused by
heat treatment of wood occurring in an airless environ-
ment at 180-250°C, since heat treatment of wood can in-
crease its moisture resistance, reduce hygroscopicity and
increase resistance to rot [5]. However, a decrease in the
hygroscopicity of wood adversely affects the process of ob-
taining glued materials due to a decrease in surface wet-
tability of thermally modified wood and, as a result, a de-
crease in adhesive characteristics. This paper investigates
the effect of ozone on the surface of thermally modified
wood to improve the adhesive properties during bonding. It
was established that ozonation contributes to an increase
in the surface wettability of thermally modified wood by
over 15% due to the reactivity of ozone to oxidize and de-
grade lignin-containing wood products. It was found that
the modification of wood, which includes preliminary vol-
ume heat treatment followed by surface treatment with
ozone, causes an increase in the strength of the adhesive
layer during operation in conditions of elevated humidity.
In connection with the obtained results, an improved tech-
nology to produce glued support structures for wooden house
construction is proposed.

The study [6] examines the results of hygroscopic
and dimensional behaviour of thermally modified wood,
modified in dry (the cell wall has almost zero moisture con-
tent) and wet (the cell wall contains moisture) conditions.
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The literature on the thermal degradation of polysaccha-
ride and lignin components of the cell wall, as well as the
role of extractives, is also examined. Properties of wood
modified in wet and dry conditions are compared, including
mass loss, hygroscopic behaviour, and dimensional stability.
The role of hydroxyl groups in determining hygroscopicity
is discussed, as well as the importance of considering the
mobility of cell wall polymers and crosslinking when in-
terpreting sorption behaviour. The behaviour of thermally
modified wood produced under wet conditions changes when
the wood is further treated with water leaching, which in-
cludes further weight loss, changes in sorption behaviour
and dimensional stability, but without any further adjust-
ments in available hydroxyl (OH) content. This raises fun-
damental questions about the role played by OH groups in the
sorption behaviour.

The paper [7] reviews systems that combine estab-
lished wood modification procedures with secondary tech-
niques or modifications to develop innovative technologies
with multiple functionalities. These include UV stabilization,
fire resistance or increased suitability for the application of
paints and protective coatings. Thus, wood can become a
multifunctional material through a series of modifications,
treatments, or reactions to create a high-performance ma-
terial with previously impossible properties. New appli-
cations targeting this extra functionality are diverse and
range from enhancing electrical conductivity, creating sen-
sors or responsive materials, improving well-being in the
architectural environment, and improving fire and flame
protection. Two parallel and related topics are identified:
the functionality of modified wood and the modification of
wood for multifunctionality. The new generation of wood
modifications and wood processing uses a wide range of
nanotechnology concepts. As this industry is expanding
rapidly, current research trends are also included in the review
to estimate the current status, but the likely direction of the
industry is unknown.

Alternative and environmentally friendly technologies,
such as thermal modification, can improve the durability
and dimensional stability of wood, as reported in [8]. The ef-
fect of thermal modification on increasing the resistance
of Corymbia citriodora and Pinus taeda wood against brown
and white rot fungi in laboratory conditions was evaluated.
Wood samples were exposed to temperatures of 160°C,
180°C, 200°C, 220°C, and 240°C in a laboratory electric fur-
nace in a dynamic nitrogen atmosphere. For P. taeda, a pro-
cessing temperature of 260°C was additionally used. Seven
boards with dimensions of 6 cmx16 cmx56 cm (thickness x
width x length) were used for each temperature. The thermally
modified boards were transformed into prismatic test spec-
imens with dimensions of 1.9 cm=1.9 cmx1.9 cm. Bottles
of inoculated cultures containing test blocks were stored
in the incubation room for 12 weeks. It was found that
temperatures of thermal modification at the level of 160°C
and 180°C reduced the biological stability of C. citriodora
wood. Treatment temperatures of 200°C, 220°C and 240°C
showed a satisfactory increase in rot resistance for both
breeds.

In the study [9], pine (Pinus massoniana Lamb.)
samples were thermally treated at different tempera-
tures (150°C, 170°C, and 190°C), and the nanomechanical
properties of the cell wall of the wood, which was coated

with a water-based polyacrylic lacquer product, were deter-
mined and compared. The modulus and cell wall hardness of
the wood and coating were measured and characterized by
nanoindentation, and the factors influencing the mechanical
properties during thermal modification were investigated by
chemical composition analysis, contact angle analysis, and
colorimetric analysis. The results showed that as the heat
treatment temperature increased, the contact angle of wa-
ter with the wood surface and the colorimetric difference
increased, while the content of cellulose and hemicellulose
decreased. After thermal modification at 190°C, the modulus
of elasticity and hardness of the wood cell wall increased by
13.9% and 17.6%, respectively, and the modulus of elasticity
and hardness of the polyacrylic coating applied to the wood
decreased by 12.1% and 22.2%. The modulus of elasticity
and hardness of the interface between the coating and the
wood were lower than near the surface of the coating. The
modulus of elasticity and the hardness of the cell wall at
the interface between the coating and the wood were lower
than those at a distance from the coating. The necessity
and improvement of wood materials processing technology
after thermal modification is not shown.

Due to environmental problems, the use of wood
materials is becoming increasingly widespread and causes
a shortage of wood [10], so the use of Populus wood as a
fast-maturing wood is vital. Populus wood has several dis-
advantages: it is not durable, has a low density and is hy-
groscopic. Thermal modification is a technology that can be
used to improve the situation. Therefore, in the study, as-
pen (Populus tremula L.) was thermally treated for 50 minutes
at 160°C, and poplar (Populus x canadensis Moench) was
processed in a vacuum environment for 120 min at 204°C,
120 min at 214°C, 180 min at 217°C, and 30 min at 218°C.
Mass loss, colour change, density, tensile strength along
the fibres, moisture removal efficiency and weight loss af-
ter the action of the brown rot fungus Coniophora puteana
were determined, and light microscopy images were taken.
The aspen veneer lost 5.3% weight between the 120-
214 (6.2%) and 30-218 (4.6%) treatments in vacuum, which
was consistent with the results in the scientific literature.
The highest rate of mass loss was 8.7% in samples of wood
modified with parameters of 180 min at 217°C in a vacuum,
while the lowest — 2.9% - was obtained at 204°C for
120 min. The total colour change AE was 44 c.u., with the
lightness parameter L providing the largest effect, which
was halved after modification. Tensile strength decreased
by 47% after modification for 50 min at 160°C and had a
decrease of 29% during vacuum treatment. The weight loss
of wood after exposure to the fungus C. puteana was 33%
for 50 min at 160°C. After vacuum modification — 0-2.4%.
The most suitable to produce plywood was poplar veneer
thermally modified with the following operating param-
eters — 120 min at 214°C and 180 min at 217°C, vacuum
environment.

Mozambique’s abundance of tropical hardwoods is
hindered by the predominance of low-grade wood species,
as well as the lack of cost-effective treatment technologies
to improve wood properties. Brachystegia spiciformis and
Julbernadia globiflora are the most common wood species in
terms of volume in the country, but with limited use due to
poor wood quality. Therefore, in [11] thermal modification
of wood of both species at three different temperatures (215°C,
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230°C, and 245°C) for 2 hours was investigated with subse-
quent measurement of physical and mechanical properties
of the material. The results indicate that the initially light
sapwood of both types of wood gradually darkened with
increasing intensity of thermal modification. Furthermore,
from untreated samples to the highest level of heat treat-
ment, B. spiciformis wood experienced a maximum weight
loss of 27%, while the dry wood density decreased from
0.65 to 0.56 g/cm?® and the equilibrium moisture content
changed from 7 to 3%. J. globiflora wood had a 23% mass
loss after the highest treatment level, a decrease in density
from 0.81 to 0.74 g/cm3 and a decrease in equilibrium moisture
content from 8 to 3%. The changes in mechanical properties
from the control samples to the highest level of heat treat-
ment were also significant. For B. spiciformis, the modulus
of elasticity decreased by 10.2%, the tensile strength - by
50.8%, the compressive strength along the fibre - by 29.2%,
and the Brinell hardness — by 23.5%. The wood of J. globiflora
follows the same trend of decreasing parameters — 6.9%,
53.2%. and 21.9%, respectively. All tested wood properties
showed a considerable response to thermal modification af-
ter applying the most intensive treatment level. Despite the
deterioration of the mechanical properties of both species,
it is possible to achieve an optimal combination of tempera-
ture and processing time. The registered changes in the ex-
amined properties of wood of both species can expand the
range of applications. Furthermore, the acquired colour re-
sembled the colour of deciduous tropical species, which is very
much in demand.

The research presented in [12] investigates the ef-
fect of thermal modification on the physical and mechan-
ical properties of wood. To this aim, the experimental part
was focused on the selected influencing parameters, namely
temperature, residence time and density, while the four-
point flexural strength was obtained as an output param-
eter. The obtained experimental data are stochastically
modelled and compared with the model created by the
method of genetic programming. Classical mathematical
analysis provided processing parameters for the maximum
bending strength — T = 187°C, t = 125 min, p = 0.780 g/cm?) and
compared with the results obtained by the genetic algorithm —
T = 208°C, t = 122 min, p = 0.728 g/cm?). Using stochastic
modelling and evolutionary algorithms, it is possible to ob-
tain models that aptly describe the experimental results. But
the weatherproof properties of the material are not known.

Thermal modification of wood in a nitrogen atmo-
sphere [13] allows increasing its suitability for use. Black
poplar was thermally modified in a nitrogen atmosphere
in the temperature within 160-220°C, duration of expo-
sure from 2 to 8 hours. Wood colour parameters were mea-
sured according to the CIE L*a*b* colour space model. The
changes in a* and b * had a non-linear profile. The maxi-
mum value of a* for black poplar wood was achieved after
modification at 200°C, while the maximum value of b* was
achieved after modification at 190°C. Changes in colour AE
of black poplar after modification at 160°C and 170°C were
similar, and the dynamics of changes increased after modi-
fication at 180°C. The highest value of AE, about 40 condi-
tional units, was observed after modification at 220°C and
over 8 hours. There were no statistically significant differ-
ences between AE for the radial and tangential cross-sec-
tions. Statistical analysis indicated that the modification

temperature has a more significant influence on the vari-
ability of the L* value by 90%, and for changes in parame-
ters a* and b* — about 70%. The effect of modification time
on colour parameters was insignificant — less than 4%. The
effect of the combined interaction between modification
temperature and time on colour parameters was less than
10%. As a result, in case of AE of black poplar wood, the
influence of temperature was at the level of about 80%. On
the other hand, the effect of time and the interaction be-
tween temperature and modification time were below 3%.

In the study [14], wood was modified by a combined
pre-compression treatment and post-vacuum thermal modi-
fication to simultaneously improve its mechanical strength
and dimensional stability. The law of changes in the me-
chanical properties of wood with the degree of compression
was investigated, as well as the effect of improving the di-
mensional stability of wood treated in this way. The results
indicate that the optimal temperature and time of vacu-
um-thermal modification were 190°C and 10 h, respectively.
Under these conditions, the structure of pre-pressed and
post-vacuum thermally modified wood is gradually densified
with an increase in the compression degree, which leads to
a constant improvement in mechanical properties. Mean-
while, the anti-swelling performance after water absorption
is correspondingly better than that of pressed wood before
thermal modification. This indicates that the dimensional
stability of compressed wood was improved by thermal modi-
fication. When the compression ratio was 70%, the modulus
of rupture and impact toughness of the wood were 176 MPa
and 63 kJ/m?, which were 125% and 59% higher than those
of untreated wood. The swelling index was also 26% higher
than that of wood after compression. Thus, this method im-
proves the mechanical strength and dimensional stability of
the wood at the same time. This fact provides a scientific
basis for optimizing the reinforcement modification of
fast-growing wood. But the issue related to the resistance of
the material to leaching stays unresolved.

The paper [15] analysed the change in colour, mor-
phology, and wetting of beech wood thermally modified at
200°C during three periods of heating — 1, 3, and 5 h. The
results show that with increasing heating time, the lightness
parameter L* decreased significantly, while the a* and b*
coordinates increased during three hours. Subsequently,
there was a moderate decline. Immediately after the one-
hour thermal modification, the total colour difference AE
was much higher than 12. This means that as a result of
heat treatment, which lasted only one hour, an entirely new
colour was obtained. Further modification caused a fur-
ther increase in AE, but more moderate. Increased surface
roughness was detected during the examination of changes
in the surface morphology of beech wood. But this fact was
not confirmed unambiguously in all three processing pe-
riods. The results indicate that the heat treatment of beech
wood led to a considerable improvement in the wetting re-
sistance of the beech wood surface. It is confirmed by the
values of the wetting contact angle — 6 > 90°. Furthermore,
the time required for complete absorption of the drop by
the material increased by one or two orders of magnitude.
The wettability changed mainly due to the change in the
processing temperature. The importance of the duration
of the modification has not been unequivocally confirmed.
A decrease in the wetting of the wood surface substantially
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affected the decrease in the free energy of the wood surface,
which was mainly caused by a decrease in the polar com-
ponent of this energy. This can adversely affect the process
and the quality of the surface treatment, if coating materials
are applied to wood modified in this way.

Thus, it has been established from literary sources
that thermal modification of wood can provide it with the
ability to resist decay. However, the high schedule param-
eters of thermal modification, namely temperature and
time, encourage the search for more effective technologies.

Therefore, research in this area is an unresolved component
of thermal modification of wood and necessitated more
in-depth research.

Materials and Methods

To investigate the technological characteristics of thermally
modified wood to determine the surface energy and sub-
stantiate the compressive strength along the fibres, samples
of pine wood with dimensions of about 50x50x50 mm were
used (Fig. 1).

Figure 1. Samples of research materials: pine wood

Thermal modification of pine wood samples was
carried out in a convective chamber. In general, the material
was seasoned at 300°C for 5, 10, 15, 20, 25, and 30 min (Fig. 2).
To analyse the surface energy characteristics of wood, the
marginal angle of wetting on samples of thermal pine

wood was determined (Fig. 3). Testing: a drop of coating
was applied to the sample using a pipette [16]. After the
drop reached an equilibrium state, its height and diameter
were determined using a microscope with a certain degree
of magnification.

Figure 2. Pine wood samples after thermal modification at 300°C for contrasting times: 1 — 5 min,
2 — 10 min, 3 - 15 min, 4 — 20 min, 5 — 25 min, 6 — 30 min.

The marginal wetting angle 6 was determined
through the tangent of the angle 6, which was calculated
according to the formula:

4dh
tg0 = o )

where d, h are the diameter and height of the drop, mm.

Vol. 13, No. 3, 2022

Ukrainian Journal of Forest and Wood Science 26



Mobile technology of thermal modification of wood

Figure 3. Determination of the edge wetting angle of the coating

To estimate the surface energy of thermally modi-
fied wood, the Fowkes method was used [17], which allows
considering dispersion, hydrogen, and dipole-dipole inter-

actions at the solid-liquid interface:
(1 + cos®)a; = 2(c¢ -0{1)0'5 +2(af - Ulp)o.s’ 2)

where 6 is the marginal wetting angle; o, o, are the surface

energy of solid and liquid, respectively; index p is the com-
ponent of the total surface energy due to hydrogen and
dipole-dipole interactions; index d is due to dispersion in-
teractions.

This equation has two unknown values o¢ and o7, and
for practical use, contact angle data for two different liquids
with known surface tensions o/ and 67’ are required (Table 1).

Table 1. Surface tension and dispersed and polar components for test liquids

Liquid af of g
water 21.8 50.8 72.6
ethylene glycol 29.3 19.0 48.3

The compressive strength along the fibres of pine
wood was determined according to ISO 13061-3:2014 [18].

Results and Discussion

Conducting the test: a drop of coating was applied to the
sample using a pipette (Fig. 4). After the drop reached an
equilibrium state, its height and diameter were determined
using a microscope.

As Figure 4 shows, water creates an almost straight
angle of the drop during wetting, which increases along
with the level of modification, while ethylene glycol creates
a sharp angle, which in turn decreases.

The results of determining the marginal angle of
wetting by test liquids and determining the corresponding
components of the free energy of the plywood surface are
presented in Table 2.

Table 2. Marginal angle of wetting and free energy component of the wood surface

Thermally modified pine Marginal angle of wetting, 6, ° Surface free energy, mJ/m? Polarity
wood Water Ethylene glycol General Polar Dispersed
at 300°C and for 5 min 78.1 40.1 64.5 37.3 27.2 57.9
at 300°C and for 10 min 81.1 38.8 54.2 27.7 26.5 51.1
at 300°C and for 15 min 84.0 33.3 43.3 20.6 22.7 47.6
at 300°C and for 20 min 86.1 29.2 38.1 17.2 20.4 45.1
at 300°C and for 25 min 874 26.4 32.2 13.6 18.6 42.2
at 300°C and for 30 min 88.3 20.1 24.1 8.3 15.8 34.4

As a result (Table 2), it was established that thermal
modification of wood led to an increase in resistance to
wetting and a decrease in the surface free energy of wood.

Thus, an increase in the active component in the
modifier leads to a decrease in the surface free energy and

the polarity of the wood surface. As a result of a complex
approach to the study of wettability, polarity, interphase
tension, it is possible to choose stable coatings for wood.
The results of determining the compressive strength of wood
along the fibres are presented in Figure 5.
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a

b

Figure 4. A drop of liquid on pine wood after thermal modification during: I - 5 min, II - 10 min,
IIT - 15 min, IV - 20 min, V - 25 min, VI - 30 min, a - water, b — ethylene glycol

d

f

Figure 5. Determination of the compressive strength of thermally modified wood for contrasting times:
a—5min,b - 10 min, ¢c — 15 min, d - 20 min, e — 25 min, f — 30 min

For wood samples with a modification time of up
to 20 minutes, crumpling of the fibres at the load point
with minor chipping is characteristic (Fig. 5). In the sam-
ples with a modification time of 25 and 30 min, complete

destruction under load is observed. The results of deter-
mining the resistance of pine wood to compression de-
pending on the level of thermal modification are presented
in Table 3.
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Table 3. Compressive strength of wood samples

Thermally modified pine Sample dimensions, mm Maximum pressure, | Compressive
wood width thickness length N strength, MPa
at 300°C and for 5 min 20.00 19.90 30.50 16,828.9 42.3
at 300°C and for 10 min 20.00 20.00 30.00 16,448.2 41.1
at 300°C and for 15 min 20.20 20.10 29.90 17,064.8 42.2
at 300°C and for 20 min 20.00 19.70 30.20 15,275.6 38.9
at 300°C and for 25 min 19.80 19.80 30.10 20,507.2 52.3
at 300°C and for 30 min 20.90 19.80 30.40 12,009.2 29.0

As a result of research, it was established that during
thermal modification for 10 minutes, pine wood withstands
compression at 41.1 MPa. With an increase in the time of
thermal modification to 25 min, the compressive strength
increases to 52.3 MPa. Over time, the wood becomes brittle,
less plastic, while the compressive strength decreases by
1.46 times.

During the thermal modification of wood, as evi-
denced by the research results, the chemical transforma-
tions of pine wood is natural. This is manifested in a change
in colour under temperature and, accordingly, in a change
in structure, which can lead to a change in certain proper-
ties, e.g., water absorption. Thermal modification of wood
leads to an increase in resistance to wetting [19], which is
characterized by an increase in the water wetting angle.
Therewith, the calculated components of the free energy of
the wood surface showed a decrease in both polar and dis-
persive components. Thermally modified wood is obtained
at the same exposure temperature, but for a longer time,
characterized by a larger wetting angle with water and a
decrease in surface energy (Fig. 4, Table 2). Obviously, such
a mechanism of thermal modification of wood is a factor
in regulating the degree of formation of weather-resistant
material. This agrees with data known from studies [8; 15],
the authors of which also link the effectiveness of protection
against the influence of water during thermal modification
of wood. Unlike the results of studies [4; 7], the obtained
results regarding the change in compression of thermally
modified wood and changes in its surface properties suggest
the following:

- the main regulator of resistance to wetting is not only
the formation of the surface, but also the chemical trans-
formations of wood components, which provide resistance
to moisture penetration.

- a substantial impact on reducing the wettability of
the surface of thermal wood is carried out towards the for-
mation of water-resistant capillary porous elements, as a
result, the reduction of the adhesive characteristics of the
material.

Such conclusions can be considered appropriate
from a practical standpoint because they allow a reason-
able approach to the definition of the necessary technol-
ogy of thermal modification of wood. From a theoretical

standpoint, they allow stating the determination of the
mechanism of wood thermal transformation processes [20],
which constitute certain advantages of this study. The re-
sults of determining the compressive strength after thermal
modification of wood (Table 3) indicate an ambiguous effect
of the nature of the change in strength on the compression
of thermally modified wood. This assumes the availability of
data sufficient for qualitatively performing thermal modi-
fication and identifying, on its basis, the time at which the
drop in strength begins. Such detection allows investigating
the transformation of wood moving towards reduced resis-
tance to destruction and to determine those variables that
substantially affect the beginning of the transformation of
this process.

Conclusions

The results of determining the strength on the compression
of pine wood show that the compressive strength decreases
depending on the degree of thermal modification. Specifically,
at 300°C and for 5 min and 15 min of thermal modifica-
tion, the compressive strength is equal to ordinary wood, at
300°C and a time of 10+20 min, the compressive strength
is reduced to 1.1 times. At a modification temperature of
300°C and a time of 25+30 min, the wood becomes brittle,
less plastic, while the compressive strength decreases by
1.46 times. Therewith, for samples of pine wood thermally
modified for up to 20 min, crumpling of fibres at the point
of pressure with minor splitting is characteristic, and for
samples of pine wood thermally modified for more than
20 min, complete destruction under the pressure with dis-
colouration of the outer layers is observed.

Thermal modification of wood leads to an increase
in resistance to wetting, which is characterized by an in-
crease in the angle of wetting. Therewith, the calculated
components of the free energy of the wood surface showed
a decrease in both the polar and dispersive components. A
decrease in the free surface energy of wood can adversely
impact the effectiveness of surface treatment of the material
with paint and varnish coatings.

In the future, it is planned to develop equipment
and work out this technology of thermal modification of
wood and to investigate the technological properties of
the obtained materials.
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Mo0GisibHa TeXHOJIOTisI TepMiYHOro MOoAMQiKyBaHHS JepeBUHMI

Onekcanpapa IOpiiBua I'op6auosa!, I0piit Bonogumuposuu Ilanko!,
Cepriit MukonarioBuu Masypuyk!, Onekciii FOpiiioBuu Ilanko?

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

2YKpaiHCbKUIi Aep>KaBHUI HAYKOBO-AOCTIAHMI iIHCTUTYT «Pecypc»
03150, Byn. Kasumupa ManeBuua, 84, m. Kuis, Ykpaina

Awuoraiig. [lepeBrHa SIK KOHCTPYKIiMIHMIT MaTepian Ma€e Ps HeMOJiKiB, 10 SIKUX BiTHOCSITbCS Majuii TEpMiH CITYKOM,
BiIHOCHO HM3bKa (OPMOCTIiKicTh, 3HAUHI 00’eMHi medopmailii Imig BIUIMBOM BOJIOTM, BMpaskeHa aHi30TpOINis Ta
BofonomMHaHHs. TepmomonudikyBaHHS JIelo Mmokpalinye (isuko-mMexaHiuHi BIaCTMBOCTI, ajie MMoCTae mpobaeMa 3MiHu
TMOBEePXHEBUX XapaKTepUCTUK, 30KpeMa ajresii. 3 MeTOI0 BM3HAUEHHS TEXHOJOTiUHMX XapaKTepUCTUK TepPMidyHO
MoadiKoBaHOI IepeBUHM Ta PO3POOIEHHST MOKIVMBUX 3aX0/iB IMOKPAIEHHS TEXHOJIOTIi HAaHECeHHS 3aXMCHUX TTOKPUTTIB
BU3HAUEHO MOBEPXHEBY eHeprilo Ta MeXy MIlITHOCTi Ha CTUCK B3[I0BX BOJIOKOH. 3aCTOCOBAHO KOMIUIEKCHUIA MiAXif, /st
aHaTi3y CTaHy MOBEPXHi TepMiyHO MoAM(iKOBaHOI AepeBMHM Uepe3 BUBUEHHS TTIOBEPXHEBUX eHepreTUYHIMX XapaKTepUCTUK
Ha ocHOBi MeTony doykca, iK1t BpaxOBYe AUCIIEPCiiiHi, BOMHEBI Ta QUITONb-AUIIONbHI B3aEMO/il Ha MixkdasHiil rpaHuLi
«TBEpAE TiIo-piauHa». 3a KpaiioBMM KyTOM 3MOUYYBaHHSI BCTAHOBJIEHO, IO IPOIEC TePMiuHOro MOAMQiKyBaHHS
IepeBMHMU CIIpHUsIE 36iIbLIEHHIO0 CTIIKOCTI 1i TOBEpXHi 10 3MOUYYBaHHS 32 PAXYHOK 3MeHIIeHHS TOSIPHOCTI B 1,68 pasm i3
30ibIIeHHSIM TpUBaoCcTi MonudikyBanHs 1o 30 xB. [Ipu LIbOMY BijibHA €HepTis MOBepXHi AJis 3pa3kiB MoAUQiKOBaHMUX
3a 300 °C ympogoBxX 5 XB. CTaHOBUTH 64,5 MJIxk/M?2, yripomoBxk 30 xB. — 24,1 m/Ix/Mm?. [Ilofo CTiiKOCTi HA CTUCK — TEPMiUHe
MoandiKyBaHHSI 3HVDKYE MeXy MitHOCTi y 1,46 pasu. Tak, 3a Temmnepatypu 300 °C i wacy 5 xB. Ta 15 XB. TOKa3HUK
3aJIMIIAETHCS HA PiBHi 3BMUaitHO1 iepeBUHY — 42 MITa. O6po6ieHHS yITpoAoBK 30 XB. 3MEHIITye MeXy MilTHOCTi 10 29 MI1a,
JlepeBMHA BTPAUaE IIACTUYHICTb. OTpUMaHi pe3yabTaTy 1al0Th MOKIMUBICTb eeKTUBHO Mifi6paTy cTabi/IbHI TOKPUTTS
IUTIST TAKO1 epeBMHM [JIs1 SIKiCHOI 06poOKM ToBepxHi JlakodapboBuMy MaTepiajaMu. 3HAIOUM MOMEHT 4Yacy, 3 SIKOTO
TIOYMHAETHCS 3MeHILeHHST MeXXi Mil[HOCTi, BeJleHHS ITPpolLiecy TepMidYHOro MoAMbiKyBaHHS CTa€ Gilblll KOHTPOIbOBAHUM i
JIa€ MOKJIUBICTDb epei6aunuTy XapaKTePUCTUKY MaiiGyTHbOTO MaTepiary

KirouoBi cs1oBa: epeBMHHNI MaTepiaj, TeXHOJMOTiYHI mapaMeTpu, Ipoliec TepMiyHOTo MoAM(iKyBaHHS, KyT 3MOUyBaHHS,
BiJIbHA ITOBEpPXHEBA eHePTisl, CTYUCK B3[I0BK BOJIOKOH, MesKa MillHOCTi, KPUXKiCTh
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Bioproductivity of the forests of the Cheremsky Nature Reserve
Olha Hotsyk’

State Enterprise “Forestry Innovation Research Centre”
01013, 1 Derevoobrobna Str., Kyiv, Ukraine

Abstract. Climate change undermines the stability of natural ecosystems and adversely affects human life. Forest biocenoses
can regulate the gas exchange of the atmosphere, accumulate and sequester carbon dioxide emissions, which are
dangerous for the environment, in the phytomass components for a long time. The purpose of this study is to investigate
the dynamics of bioproductivity of stands of the main forest-forming species of the Cheremsky Nature Reserve by
components of phytomass and the carbon deposited in them. To solve the tasks of the study, the method of P.I. Lakyda was
used. Experimental data of temporary trial plots, which fully characterize the forest massifs of the object under study, were
used for modelling. The ratio coefficients R were calculated for stem wood (R, ); stem bark (R, ); branches (R ); leaves
(needles) (R,). It was established that all above-ground components of Scots pine phytomass are described by regression
equations. The coefficients of determination turned out to be insignificant, for the wood and bark of the stems of silver
birch and common alder. In the structure of the phytomass of the forest stands of the reserve, the largest share (72.0%)
falls on coniferous stands, a much smaller share — on soft-wood stands (26.0%) and the smallest — on hard-wood stands
(2.0%). Over 13 years, the density of phytomass of stands and the carbon sequestered in it increased 1.4 times. Every
year, forest biocenoses of the reserve release 6,989 tonnes of oxygen (4.2 t-ha) into the atmosphere. The main volume
of oxygen (91.8%) is produced by coniferous stands. Based on the collected research material for stands of the main
forest-forming species of the Cheremsky Nature Reserve, the following were calculated: ratios of above-ground phytomass
components to their stock in the bark; mathematical models for evaluating the dynamics of phytomass components;
standards for calculating oxygen productivity. The results of the study of the bio- and oxygen productivity of the forests
of the Cheremsky Nature Reserve will be a significant contribution to effective management of the forest reserves, as well
as to solving problems related to climate change at the regional and global levels

Keywords: mathematical models, conversion coefficients, phytomass o ft ree stands, s equestered carbon, oxygen
productivity

Introduction

The growth of the Earth’s population, the lack of food and
drinking water supplies, the limitation of fossil energy re-
sources and global climate change are the main challenges
and threats facing humanity and require sound solutions
aimed at reducing adverse consequences. In this sense, the
forests of the planet “feel” the negative degrading effect
of these phenomena and, therewith, are an effective tool
in stabilizing the environment, solving trophic, and energy
problems [1, 2].

Recently, the attention of humanity has been in-
creasingly focused on one of the critical issues — global
climate change, which is closely related to the so-called
“greenhouse effect”, upon which there is an increase in the

Suggested Citation:

concentration of greenhouse gases in the atmosphere. This
process occurs due to the constant growth of anthropogenic
load on the environment, as a result of which the volume
of emissions of these gases, of which 80-90% is CO,, ex-
ceeds their flow. The authors of the paper [3] believe that
the concentration of carbon dioxide in the atmosphere can
be reduced as a result of reducing emissions or by removing it
from the atmosphere and sequestering it in terrestrial and
aquatic biocenoses.

The phytomass of tree stands principally determines
the course of processes in forest biocenoses. While carbon
dioxide emissions are hazardous and poisonous for the en-
vironment and humanity, it is the phytomass components
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that can accumulate and sequester those emissions for a
long time. That is why studies of the carbon potential in
forest ecosystems are aimed primarily at estimating the
phytomass of tree stands. Furthermore, this indicator is
also used for ecological monitoring of sustainable forest
management, modelling of forest productivity and assess-
ment of their carbon sequestration capacity[2].

The estimation of the phytomass of tree stands is
substantially different from the conventional estimation of
stem wood reserves. Today, data on stocks and productivity
of phytomass are few compared to data on forest taxing,
where massive banks of data on stem wood stocks have
been accumulated. There are numerous indicators of list
taxing of temporary and permanent trial areas. Numerous
regional stand development tables (SDT) have been compiled
for stands with different wood species [4].

At the first stages of research, the phytomass of the
tree stand was estimated by spreading the results of the
calculated phytomass on separate trial areas to significant
forest regions. Therewith, the final results were inflated [2].
Gradually, the estimation methods were improved. Cur-
rently, methods are used that combine data from the State
Forestry Fund Accounting (SFFA) on stem wood stocks and
standards with data on forest phytomass based on multi-
variate regression models, which estimate the phytomass
or its conversion coefficients based on the main indicators
included in SFFA and SDT [1-3].

The purpose of this study is to investigate the dy-
namics of bioproductivity of stands of the main forest-forming
species of the Cheremsky Nature Reserve by components of
phytomass and the carbon deposited in them. To fulfil the
purpose of this study, it was necessary to solve the following
tasks: develop mathematical models for estimating the
components of the above-ground phytomass of trees and
stands of the main forest-forming species of the Cheremsky
Nature Reserve according to their inventory indicators; to
investigate the dynamics of phytomass and carbon in the
tree stands of the reserve and to estimate the oxygen pro-
ductivity of the forests of the object under study.

This study is the first to calculate conversion coeffi-
cients of ratios of phytomass components of tree stands to
their stock in the bark for the Cheremsky Nature Reserve.
Dependences have also been established and a system of
mathematical models has been developed to estimate the
phytomass components of tree stands and the carbon se-
questered in them by the main forest-forming species. The
dynamics of total phytomass and sequestered carbon in
tree stands were modelled and evaluated. The main trends
in oxygen productivity of forests were covered and their
potential was estimated.

Theoretical Overview

Climate change and environmental pollution undermine
the stability of natural ecosystems and adversely affect
human life. Stocks of phytomass and primary products are
the main features that characterize the bioproductivity of
forests and show their capability to regulate atmospheric
gas exchange and the global carbon cycle [5-7]. Management
of the carbon balance of forest phytocenoses both within the
country and at the regional level is possible if there is a repre-
sentative information base of forest ecosystem functions [8].
Forest ecosystems can support the natural balance

of the planet’s ecosystem, as they are capable of accumu-
lating and long-term retention of dangerous and poison-
ous substances for humans and the environment [7]. That
is why the biosphere role of forests as a natural absorber of
greenhouse gases is gaining priority. Proceeding from this,
a comprehensive study of the ecological role of the forest
is relevant, which is closely interconnected with studies of
their bioproductivity, the main components of which are
phytomass and the carbon sequestered in it [1].

Today, a network of protected areas has been cre-
ated in Ukraine, whose activities are aimed at investigating
the state of natural complexes, restoring and preserving
the natural state of the environment. Research on the bi-
oproductivity of tree stands in such territories to preserve
unique biodiversity, as well as to solve certain environmental
issues, is quite promising. The problems of transformation
of natural ecosystems and their preservation are also in-
herent in the Cheremsky Nature Reserve.

Considering the fact that the Cheremsky Nature
Reserve was created on December 19, 2001, few scientific
studies have been covering its forest ecosystems. However,
the ecosystem services of the forests of other objects of the
nature reserve fund have been evaluated by researchers for
a long time [9-11].

The forest ecosystem is a sophisticated dynamic
diffuse system, in which it is impossible to accurately dis-
tinguish the effect of various individual factors that are in
close interaction with each other [12]. Forest ecosystems
are characterized by constant variability in space. The eco-
nomic activity of people largely determines the variability
of the features of the microenvironment within its bound-
aries, which makes the research quite difficult [5]. Although
a considerable amount of research on bioproduction pro-
cesses in forest biocenoses has already been carried out,
the mechanisms of anthropogenic influence on the state
and productivity of tree stands are still understudied. It is
necessary to investigate forest biogeocenoses comprehen-
sively, considering all the diversity of connections between
their parts and the processes occurring within them. There-
fore, modern ideas of the system approach are used for its
analysis and solution [13-15].

Modelling of forest biogeocenoses allows predicting
the results of the selected scenario, giving preference to a
safer and more useful scenario for the system under study.
The use of models allows quickly predicting the conse-
quences of directed actions decades and even centuries in
advance without harmful consequences of experimentation
for the natural environment [13; 15].

Forests perform important ecological functions, in-
cluding climate regulation, soil protection, water protec-
tion, sanitary and hygienic, recreational, etc. It is based on
the analysis of these functions that their ecological poten-
tial is estimated. Among the main criteria for estimating
the ecological potential of forest phytocenoses are their
carbon-sequestering and oxygen-producing functions [3].

Assessment of the carbon balance of forests has
gained great popularity among researchers. Today, there
are several methods of calculating the carbon sequestering
function of forests. These include [3; 6]:

1. Weight method - a calculation method based on the
available reserves of phytomass, which ensures carbon
accounting in statics and dynamics.

Vol. 13, No. 3, 2022

Ukrainian Journal of Forest and Wood Science 33



Hotsyk

2. Chlorophyll method - the content of chlorophyll in
all organs of arboreal plants per unit area of forest plots
covered with forest vegetation is calculated.

3. The method of determining the mass of photosyn-
thetically bound and sequestered carbon in tree stands (the
above-mentioned indicators and phytomass growth are de-
termined synchronously by a direct indicator of the arrival
of solar radiation).

4. Use of remote sensing methods.

5.Methodology of M.I. Chesnokov and V.M. Dolgosheev,
the essence of which is to use the amount of oxygen that is
released as a result of the formation of one tonne of com-
pletely dry matter and phytomass in a completely dry state
(it is the most practical) [3; 10; 11].

Presently, there is a considerable number of studies
that differ in research methodology [3], but all of them are
aimed at predicting the carbon and oxygen balance to keep
the stability of the planet’s climate system.

Materials and Methods

The phytomass components of the tree stands of the main
forest-forming tree species of the Cheremsky Nature Re-
serve (NR) were modelled by establishing single- and mul-
tifactorial dependences of the phytomass components on
the inventory indicators of the tree stands, which are pre-
sented in the materials of the forest cadastre. Aggregated
experimental material of temporary experimental plots,
which fully characterize the current state of the forest ar-
eas of the research object, was used as initial data for mod-
elling. A total of 64 temporary experimental plots (TEP)
were used, of which 45 were established in natural stands
and 19 - in artificial stands. The number of TEPs by main
tree species and origin is distributed as follows: Scots pine —
39 TEPs (20 in natural stands and 19 in artificial stands),
common alder — 14 TEPs and silver birch — 11 TEPs in nat-
ural stands. To solve the problems of the study, the method
of P.I. Lakyda was used [2]. The collected experimental ma-
terial allows developing identical mathematical models to
estimate the phytomass components of model tree stands
in statics and dynamics and, based on them, to characterize the
total volumes of phytomass (by fractions) and the amount
of accumulated carbon in the forest stands of the object
under study.

The mathematical dependencies of the change of
coefficients within each tree species were determined ac-
cording to the method of multiple regression using the
package of statistical software STATISTICA.

To obtain the combined characteristics of the in-
ventory structure of the forest stands of the Cheremsky
NR, data from three periods of forest management in 2005,
2011, and 2018, carried out by the production association
“Ukrderzhlisproekt”, were selected, aggregated, and processed.
To analyse the nature of changes in the productivity of tree
stands, data consisting of the characteristics of individual
parameters of the forest fund were used:

1. Distribution of areas and stocks of forest plots covered

with forest vegetation by groups of main forest-forming tree
species.

2. Distribution of tree stands by age groups (young,
middle-aged, maturing, mature, and over-mature) within
the group of tree species.

3. Average quality of tree stands (according to
M.M. Orlov [16]) within a group of tree species.

The total amount of phytomass in the forests of the
Cheremsky NR and the carbon budget in them were calcu-
lated on a personal computer in the Microsoft Office Excel
program.

The intensity of oxygen production by the tree
stands of the Cheremsky NR were calculated according to
the method of 1.Ya. Liepa [17].

When modelling the dependence of the phytomass
of stands on their inventory indicators, conversion coeffi-
cients were used [4]:

where R is the conversion factor of the taxation index; M. -
mass of phytomass fraction, thous. t; M — stem stock in tfle
bark, thous. m>.

A general working array of experimental data of TEPs
was prepared, which includes the following inventory in-
dicators: average age (A, years); average diameter (D, cm);
average height (H, m); site index class (I); relative stocking (S);
stock (M, m*ha).

The ratio coefficients R, were calculated for the
following phytomass components of the plantation: stem
wood (R, ); stem bark (R, ); branches (wood and bark of
crown branches) (R, ); leaves (needle) (R, o)

The average ameters (D), average heights (H) and
relative stocking (S) of the stands of the main forest-forming
species of the Cheremsky NR were used as arguments for
the regression equations.

The mathematical models of the relationship between
the conversion coefficients of the stands of the Cheremsky
NR with their total phytomass were searched using a de-
pendency with the following general form:

R, =f(D,H,S),

where R, are the corresponding conversion factors (wood,
bark, leaves (needles), etc.); f(D, H, S) are functions of in-
ventory indicators of the tree stand (diameter, height, relative
stocking).

The following type of allometric dependence was
used to model the change in R, coefficients [4]:

Rv = a,: Dal . Ha2 . SaS’

where D is the average diameter of the tree stand, cm; His the
average height of the tree stand, m; S is the relative stocking
of the tree stand; a,, a,, a,, a, are regression coefficients.

The complete characteristics of the equation pa-
rameters of the ratio coefficients R of the phytomass frac-
tions of the stands of the main forest-forming species of
the Cheremsky NR are presented in Table 1.
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Table 1. Multiple regression equations of conversion coefficients R of estimation of phytomass components
of stands of the main forest-forming species of the Cheremsky NR

Regression model ‘ R? ‘ Regression model R
Scots pine, artificial
R (,y=0.349-D 0% FP064.500%8 0.70 R, =1.353:D0%%5 05115075 0.61
R b):0'296,D-0.445,H-0,095.S-O,IZZ 0.72 R ([):2'271 ,D-O.Z95,H—1,550.S-0,203 0'78
V(s W
Scots pine, natural
R, =0.336-D %% F101.5 005 0.79 R, =0.124-D%115-F 2456.501%9 0.13
Rv(sb)=0_ 535.]D0-091, [J-0.802, §0.296 0.78 Rv(1)=0‘ 054-D-0-124. [J-0.386. G-0.002 0.17
Silver birch
R = Dependency not established (average value - 0.437) B R = Dependency not established (average value - 0.082) -
R,,=20.498-D0117- H»51.80167 0.96 R,,=0.976:D 0155 F04%0.50810 0.85
Common alder
R .= Dependency not established (average - 0.419) - R = Dependency not established (average value - 0.101) -
R b :8 428,D0,017.H—1.591.S-I.Z4I 0 98 R . :0 185‘D-1.081,HD.07D,S-0,708 O 86
Vi) O . 0 .

Notes: sw — stem wood, sb — stem bark, b — branches, [ - leaves (needles)

The significance of the influence of the factors on
the phytomass components under study was estimated by
the confidence intervals of the regression coefficients at
the 5% level.

Results and Discussion

As a result, it was established that all above-ground com-
ponents of Scots pine phytomass of natural and artificial
origin are described by regression equations. The determi-
nation coefficients for stem wood and stem bark of silver
birch and common alder turned out to be insignificant.
Considering that the phytomass conversion coefficients of
tree stems are the conditional density of stem wood, the
model essentially describes the parametric and geograph-
ical variability of the conditional density. Given certain
biological features of tree species, this variability cannot
be high [17]. Therefore, their average values were used in
future calculations.

Since in the study of the biotic productivity of the
Cheremsky NR forests the phytomass of understorey veg-
etation (R, ) and the underground phytomass of tree

stands (R, ) of the main forest-forming tree species were
not investigated, multiple regression equations of conversion
coefficients obtained by P.I. Lakyda were used [18].

Considering the level of data aggregation for the
conversion of completely dry phytomass into sequestered
carbon and based on the results of the analysis of literary
sources [7; 18] average transfer coefficients were adopted:
0.50 - for wood and bark, 0.45 - for leaves and the under-
storey.

Based on the developed models (Table 1) and data
from the forest cadastre, the total amounts of phytomass
and carbon in the forest stands of the Cheremsky NR were
obtained (Table 2).

According to the indicators presented in Table 2,
during 2005-2018, the area of forest areas covered with
forest vegetation stayed unchanged. Therewith, the supply
of stem wood increased from 244.9 thous. m* in 2005 to
336.2 thous. m® in 2018 (by 91.3 thous. m?, or by 37.3%).
Accordingly, the volume of the total phytomass of stands
increased by 57.2 thous. t (36.5%) and the carbon accumu-
lated in it by 28.4 thous. t (36.5%).

Table 2. Total amounts of phytomass and carbon in the forests of Cheremsk NR

Phytomass Carbon
Accounting | Area of forest areas covered Stem wood stock, - -
year with forest vegetation, ha thous. m3 thous. density, thous. density,
tonnes kg:(m?)?! tonnes kg-(m?)!
2005 1,809.3 244.90 156.6 8.7 77.8 4.3
2011 1,809.3 281.64 179.5 9.9 89.2 4.9
2018 1,809.3 336.20 213.8 11.8 106.2 5.9

Figure 1 shows the dynamics of changes in the average
density of phytomass and carbon in the tree stands of the
Cheremsky NR. According to this figure, over the course of

13 years, these indicators gradually acquired higher values
(from 8.7 kg-(m?)! to 11.8 kg:(m?)"! for phytomass and from
4.3 kg-(m?)! up to 5.9 kg-(m?)! for carbon).

Vol. 13, No. 3, 2022

Ukrainian Journal of Forest and Wood Science 35



Hotsyk

14
- 12
g 10
50
=~ 8
z
£ 6
g 4
- l

2

0

2005 2011 2018
Accounting year

m Phytomass ® Carbon

Figure 1. The dynamics of changes in the average density of phytomass and carbon in the forests of the Cheremsky NR

As of 2018, the carbon density in the forest stands of
the Cheremsky NR for forest areas covered with forest vege-
tation reaches 5.9 kg-(m?)! on average. Moreover, in conifer-
ous stands, the carbon density (6.1 kg-(m?)!) is the closest to
the average carbon density for the forest areas covered with
forest vegetation in the Cheremsky NR. This indicator was
the lowest in soft-wood stands (5.2 kg-(m?)!), while it was the
highest in hard-wood stands (7.6 kg-(m?)!). Moreover, carbon
density increases most intensively in hard-wood tree species
(from 5.1 kg-(m?)! in 2005 to 7.6 kg-(m?)! in 2018), less inten-
sively — in needles (from 4.5 kg:(m?)"! in 2005 to 6.1 kg-(m?)!
in 2018), and in soft-wood species — only by 0.6 (m?)!.
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Figure 2 shows the dynamics of changes in the den-
sity of phytomass by groups of forest-forming tree species
in the forests of the Cheremsky NR. During the 13 experi-
mental years, the density of phytomass in the tree stands
of all groups of forest-forming tree species gradually in-
creased (from 8.7 kg:(m?)! to 11.8 kg-(m?)!), and, therefore,
their bioproductivity increased. The most intensive growth
of this indicator is observed in hard-wood stands (by 1.5
times) - from 10.3 kg-(m?)* to 15.1 kg-(m?)’\. It is some-
what smaller (1.4 times) in needless (from 9.1 kg-(m?)! to
12.4 kg:(m?)!) and from 7.63 kg:(m?)! to 10.4 kg (m?)! in
soft-wood stands.

soft-wood total

2018

Figure 2. Dynamics of changes in phytomass density by groups of forest-forming tree species
in the forests of Cheremsky NR

In general, in the tree stands of the reserve for 2005-
2018, as a result of the change in the age class composition
of stands and the growth of the average stock, the density of
phytomass and sequestered carbon increased by 1.4 times.

According to Figure 3, wood and bark of tree stems

comprise the largest share of the total phytomass of the
forests of the Cheremsky NR. A much smaller, but solid
share falls on the roots and a small amount — on the wood
and bark of branches, understorey vegetation and leaves
(needless).
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Figure 3. Dynamics structure of phytomass components of Cheremsky NR stands

Along with the increase in the total stock of stem
wood during the period under study (see Table 2), the share
of stem phytomass in 2005-2018 increased in the total
structure of tree stands by only 1.0% (from 68.0% in 2005 to
69.0% in 2018). These indicators are somewhat higher com-
pared to the average in Ukraine (in the forests of Ukraine,
the phytomass of stems is 66.0% of the total phytomass of
forests [19]). This is quite natural, since the forests of the
Cheremsky NR are dominated by middle-aged tree stands,
which grow intensively and quickly accumulate stem stock.
Therewith, there are mature and maturing tree stands, the
supply of stem wood of which is the largest.

According to Figure 4, a much smaller share in the
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structure of the phytomass components of the forests of
the Cheremsky NR comprises root systems, wood and bark of
branches, understorey vegetation, and leaves (needles) - to a
minimal extent. Notably, in the overall structure of phytomass
components of NR tree stands, the share of wood and bark of
branches is half as much as the share of root systems (8% and
16%, respectively) (Fig. 3). Examination of the structure of
phytomass components by groups of the main forest-forming
tree species of this experimental object (Fig. 4) suggests that
in hard-wood species, the share of wood and bark of branches
is greater than the share of root systems. The distribution of
phytomass of tree stands of the Cheremsky NR by groups of
forest-forming tree species as of 2018 is presented in Fig. 5.

l}lllll!ll

2005 2011 2018
Hstem B branch wood and bark leaves (needle)
M stamps and roots Hunderstorey vegetation

Figure 4. The structure of phytomass components by groups of the main forest-forming species of Cheremsky NR

Note: con — needles, hw — hard-wood, sw — soft-wood
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Figure 5. Phytomass distribution of tree stands of the Cheremsky NR by groups of forest-forming species as of 2018

According to this figure, the largest share in the
phytomass structure of the nature reserve’s forests is ac-
counted for by coniferous stands (72.0%), a smaller share
fell on soft-wood stands (26.0%) and the smallest - on
hard-wood stands (2.0%).

Calculations of the intensity of oxygen production
by tree stands of the Cheremsky NR were made according
to the method of 1.Ya. Liepa. The method is that based on
the data on the composition of the total phytomass of the
tree stands of the object under study for all components in
a completely dry state, which is formed per unit of time,
the volume of oxygen that released into the atmosphere
due to photosynthesis is determined [17]. Admittedly, it is
impossible to accurately determine the amount of oxygen
produced, since part of it is spent on the decomposition of
precipitation. But it is insignificant, so it is ignored.

According to N.I. Chesnokova and V.M. Dolgosheev,
oxygen productivity per 1 t of completely dry matter of
various species is approximately the same and is 1.393 t
for pine, 1.413 t for spruce, 1.393 t for birch, and 1.423
t for aspen [11]. Therefore, this indicator was taken as 14 on average.
Based on the results of calculations of the total phytomass of
the tree stands of the Cheremsky NR, the annual change of
the total phytomass per 1 ha was determined separately for
2005-2011 and 2011-2018. By multiplying the annual change
in phytomass per 1 ha by the accepted oxygen productivity
coefficient of 1 t of absolutely dry matter (1.4), the weight of
oxygen released from each hectare in 1 year was obtained.
Next, the obtained indicator was multiplied by the area of the
experimental forest plots covered with forest vegetation and
the total amount of oxygen produced by the tree stands of the
Cheremsky NR in 1 year was found (Table 3).

Table 3. The volume of oxygen released by the Cheremsky NR tree stands

. Phytomass Annual The volume of | The total amount
Forest Area covered with Stem wood h . 1 d | of duced
management | forest vegetation stock. 1 change In | oxygen released | ol oxygen produce
viod ha ’ thous. 1’ total, per | phytomass, | per year by 1 ha by the forest
pe : thous. t | 1ha, tha t-hat! of forest, t-ha’! in 1 year, t
2005 1809.3 244.90 156.6 86.6 21 2.9 5947
2011 1809.3 281.64 179.5 99.2
2018 1809.3 336.20 213.7 118.1 27 3.8 6875

As evidenced by the data in Table 3, along with the
increase in the productivity of forests, greater amounts of
oxygen are released into the atmosphere.

According to the calculations, the forest biocenoses
of the Cheremsky NR produce 6,875 t of oxygen every year
(3.8 t-ha! on average). The distribution of oxygen produc-
tion by the tree stands of the Cheremsky NR within groups of

soft-wood
27.2%

hard-wood /

3.0%

tree species as of January 1, 2018 is clearly shown in Figure 6. It
indicates that the main volume of oxygen is produced by nee-
dles (69.8%), and 2.6 times less — by soft-wood stands (27.2%).
Hard-wood tree stands, albeit with the highest phytomass
and carbon density indicators, produce a meagre amount of
oxygen (3.0%) in the Cheremsky NR, as they grow on a small
area (24.4 ha) compared to other groups of tree species.

needle
69.8%

Figure 6. Oxygen productivity of stands of the Cheremsky NR within groups
of forest-forming species as of January 1, 2018
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This is explained by the fact that coniferous forests
grow here on the largest territory (1,099.9 ha) and have the
highest wood stock (218.42 thous. m3). The share of soft-
wood and hard-wood stands in the total stock of forest
areas of the reserve is insignificant (66.53 and 4.65 thou-
sand m?®). Therefore, they produce significantly less oxygen
(6.1% and 2.1%, respectively). Coniferous tree stands emit
more oxygen per unit area (6.2 t-ha'), hard-wood stands —
slightly less (5.3 t-ha'!), while soft-wood stands produce only
0.8 t-ha! oxygen.

Therefore, the most valuable from the perspective
of oxygen production in the Cheremsky NR are coniferous
forests, which emit 6,775 t of oxygen (6.2 t-ha™!) into the at-
mosphere every year, while soft-wood stands produce only
449 t and hard-wood stands — 156 t of oxygen.

To date, the oxygen-producing function of forests
has been investigated in other regions of Ukraine. Thus,
H.A. Saharuk established that the oxygen productiv-
ity of the forests of the Shatskyi National Nature Park is
3.2 tha! per 1 year. I.P. Lakyda studied the urban forests
of Kyiv, Yu.S. Miklush - forests of the green zone of Lviv,
O.M. Melnyk - forest phytocenoses of the Pripyat-Stokhid
National Nature Park. According to their data, the indica-
tors of oxygen productivity in these objects are within 4.6-
4.8 t-hal-year!. However, the most productive are the for-
ests of the Ukrainian Carpathians, which release 7.5 t-ha™!
of oxygen into the air every year [3].

For the forest vegetation zone of Polissia, the re-
sults of the oxygen-producing function of the forests of
the Cheremsky NR (4.2 t-ha!) are average compared to the
same indicators in other regions and can be used in the
estimation of forest resources along with other indicators
of ecological and economic areas. At the same time as re-
leasing oxygen into the atmosphere, forests absorb carbon
dioxide. Therefore, the estimation of the oxygen-produc-
ing function of the forests of the Cheremsky NR is a clear
confirmation of their importance in improving the state of
the air basin in the region under study.

Conclusions

The dependence of the phytomass components of tree
stands of the main forest-forming tree species of the
Cheremsky Nature Reserve on their main morphometric
features was modeled using multiple regression analysis by
establishing single- and multifactorial dependences of the
phytomass components on the inventory indicators of the
tree stands filed in the forest cadastre.

All above-ground components of Scots pine phy-
tomass of natural and artificial origin are statistically
significant. The coefficients of determination and other
statistical indicators were found to be insignificant for the
wood and bark of the stem of the silver birch and common

alder. Therefore, their average values were used in further
calculations.

During 2005-2018, the supply of stem wood in-
creased from 244.9 thous. m® in 2005 to 336.2 thous. m?
in 2018 (by 91.3 thous. m?, or by 37.3%). Accordingly, the
volume of the total phytomass of stands increased by
57.2 thous. t (36.5%) and the carbon accumulated in it by
28.4 thous. t (36.5%).

The largest share in the structure of the phytomass
of the forest stands of the reserve falls on coniferous stands
(72.0%), a much smaller share — on soft-wood stands
(26.0%) and the smallest — on hard-wood stands (2.0%).

The average density of phytomass and carbon in the
forests of Cheremsky NR during the 13 experimental years
gradually increased: from 8.7 kg:(m?)! to 11.1 kg-(m?)! for
phytomass and from 4.3 kg-(m?)"1 to 5.5 kg-(m?)"! for carbon.

As of 2018, the carbon density in the forests of the
Cheremsky NR for forest areas covered with forest vegetation
reaches 5.5 kg-(m?)! on average. This indicator was closest
to the average value in coniferous stands (6.0 kg-(m?)), the
lowest — in soft-wood stands (4.4 kg-(m?)!) and the highest
(6.3 kg-(m?)!) — in hard-wood stands.

Carbon density increases more intensively in nee-
dles (from 4.5 kg:(m?)! in 2005 to 6.0 kg:(m?)! in 2018)
and hard-wood tree species (from 5.1 kg-(m?)! in 2005 to
6.3 kg-(m?)! in 2018), and in soft-wood plants — less inten-
sively (only by 0.6 (m?)?).

During the period under study, the density of phy-
tomass of tree stands and the carbon deposited in it in-
creased 1.4 times in the forests of the reserve due to redis-
tribution in the age class composition of forest stands and,
as a result, an increase in the average stock per 1 ha.

Forest biocenoses of the Cheremsky Nature Re-
serve produce 6,989 t of oxygen every year (4.2 t-ha! on
average). The main volume of oxygen is produced by co-
niferous stands (91.8%), as they grow here on the largest
territory (1,099.9 ha) and have the highest wood stock
(218.42 thous. m?). The share of soft-wood and hard-wood
stands in the total stock of forest areas of the reserve is
insignificant (66.53 and 4.65 thous. m®). Therefore, they
produce much less oxygen (6.1% and .1%, respectively)
Coniferous stands also emit more oxygen per unit area
(6.2 t-ha'!), hard-wood stands — a little less (5.3 t-ha!), while
soft-wood stands produce only 0.8 t-ha! of oxygen.

The conducted studies of the forests of the Cheremsky
Nature Reserve demonstrate the positive dynamics of the
accumulation of phytomass volumes and the carbon se-
questered in it (36.5% over the 13 years under study). In
the future, the research will be aimed at predicting the
increase in bioproductivity of the plantations of this ob-
ject to improve their ecological functions and establish the
possibilities of their impact on the environment.
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BionpoayKTUBHICTB JIiciB UepeMCbKOro MpMpOJHOrO 3alOBiTHMKA
Onbra CrenauiBHa I'onmk

IepskaBHe MiAIPMUEMCTBO «JlicorocrmogapCcbKuii iHHOBALIiiiHO-aHATITUYHMIL IIeHTP»
01013, Bys. lepeBo0Opo6Ha, 1, M. KniB, Ykpaina

AHoranis. KrimatnyHi 3MiHM mifpMBaioTh CTabibHICTD MPUPOSHMUX €KOCUCTEM i HEeraTMBHO BIUIMBAIOTH HA SKUTTS
monuuu. JlicoBi GiolleHO3U 3maTHI perymoBaTu ra3006MiH aTMocdepu, HAKOMUUYBATU i YTPUMYBATU IMPOTATOM
TPUBAJIOTO Yacy B KOMITOHEHTaxX (GiTomacy HeGe3MmeuHi Ijisi HAaBKOIUIITHBOTO CePeIOBUINA BUKUIM TiOKCUIY BYIJIEIIIO.
MeTo10 [aHOTO MOCTiIKEHHSI € BMBUEHHS AVMHAMiKM GiOTPOMYKTUBHOCTI JepeBOCTAaHiB TOJOBHMX JIiCOTBipHMX BUIiB
YepeMChKOTO IIPUPOTHOTO 3ATIOBIIHMKA 32 KOMITOHEHTaMM (iTOMacy Ta JeMOHOBAHOTO B HUX BYT/IEII0. [IJist BUPillleHHSI
3aBJIaHb poOOTU 3acTocoBaHa Metoavka I1.1. Jlakuau. [ 3[1iiiCHEHHS TIPOLIeCy MOIeTIOBaHHST BUKOPYCTaHi JOCTiIHI JaHi
TUMYaCOBUX MPOOHMX IIIOLI, SIKi Y TMOBHIii Mipi XapakTepu3yloTh JiCOBI MacuBM IOCTiIKyBaHOTO 06€kTa. Po3paxyHOK
xoedilLieHTiB BigHOMmeHb R 3pijicHIOBaMM 171 JepeBUHM CTOBOYpa (RV(SO); KOpU CTOBGYpa (Rv(k)); Tiziok (Rv(g)); JINCTBU
(xBOI) (RV(I)). BcraHoBsieHO, 10 BCi Hajg3eMHi KOMIOHEHTM (GiToOMacu COCHM 3BMYAMHOI OMMUCYIOTHCSI perpeciitHuMu
piBHSIHHSIMM. 111 e peBUHM i KOpY CTOBOYPiB 6epe3yt MOBUCIOT Ta BiIbXy KiIeiikoi KoedillieHT neTepMiHaIlii BUSBUIICS
He3HauyImuMu. Y CTpykTypi ditomacu sicoctaHiB 3amoBigHMKa HaiiBaromima vactka (72,0 %) mpumnazae Ha XBOJiHI
JIiCOCTaHM, 3HAUHO MEHIIIa — Ha M SIKOJIUCTSIHI (26,0 %) i HaliMeHIIIa — Ha TBepHOAMCTSIHI HacamkeHHs (2,0 %). 3a 13 pokiB
HIiIbHICTh (piTOMAcK [epeBOCTaHIB Ta IEMOHOBAHOTO B Hiii Bymieno 3pociu B 1,4 pasu. Illopoky JicoBi 6iolieHO3M
3amoBigHMKA BUIIIOTH B atMocdepy 6989 T kucHio (4,2 T-ra!). OcHOBHMIT 06’eM KuCHIO (91,8 %) MPOAYKYIOTh XBOIHI
HacaakeHHs. Ha ocHOBIi 3i6paHOro JOCTiIHOTO MaTepiany AJis AepeBOCTaHiB rOIOBHUX JIiCOTBipHUX BU/IiB YepeMChbKOTO
TIPUPOIHOTO 3aIMOBiHNMKA PO3paxoBaHi: KoedillieHT BigHOIIeHh KOMIIOHEHTIB Ha/i3eMHOi iTomacy 10 iXHbOro 3amacy
B KOpi; MaTeMaTMYHi MOJIesi OI[iHKM JMHAMiKM KOMITOHEHTiB (hiToMacy; HOPMAaTUBM PO3PaXyHKY KMCHEMPOTYKTUBHOCTI.
Pe3ynbTaTy DOCTIIKEHHS 610- Ta KUCHEITPOAYKTUBHOCTI JIiciB YepeMChKOTO ITPUPOIHOTO 3aMOBiAHMKA CTAHYTh BATOMUM
BHeCKOM J17151 epeKTMBHOIO Be[IleHHSI TOCTIOAAPCTBA B 3aMOBiTHNUX JTicax, a TAKOXK P BUPillleHHi ITIpobiieMm, TIOB’SI3aHUX 3i
3MiHaMM KJIiMaTy Ha perioHaTbHOMY Ta IJI06aJIbHOMY PiBHSIX

KimiouoBi cioBa: MaTeMaTuMyHi Mofesli, KOHBepCiiiHi kKoedimieHnTn, diTomaca JepeBoCTaHiB, JEITOHOBAHMI BYIJIEIb,
KUCHETIPOIYKTUBHICTh
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The influence of recreational load on the anti-erosion properties
of the soils of park stands

Volodymyr Maliuha, Victoriia Minder’, Oleksandr Sovakov

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony, Kyiv, Ukraine

Abstract. Changes related to urban infrastructure directly affect the ecological environment, including soil properties.
The purpose of this study is to investigate the anti-erosion and flow-regulating effect of park stands in complex terrain
conditions of Kyiv. Forestry and tax indicators of plantings are established according to recognized tax methods. The
upper layers of the soil were studied by determining the hardness, water permeability, density, and humidity on paths
and in stands. Soil hardness in plantations increases from 9.1 # 0.76-10.8 = 1.01 kg/cm? to 15.4 £ 0.25-30.8 = 0.15 kg/cm?,
which is associated with the intensity of trampling them. Therewith, the soil changes from loose to medium loose and
even dense. Determination of water permeability also showed a significant discrepancy, from 18.6 + 0.76-20.6 * 0.66 mm/min to
1.9 £ 0.10-5.7 £ 0.33 mm/min, respectively. Research has confirmed the inverse correlation between soil hardness and
water permeability. The obtained indicators of soil density in the stands (1.12-1.20 g/cm5) and on the paths (1.34-1.66 g/cm?®),
albeit without sharp differences, in both cases indicate their criticality for further normal development of stands. Changes
in soil moisture data in stands (16.9-20.6%) are decreasing in comparison with paths (11.2-12.6%), which also indicates
the deterioration of growing conditions. The presence of active roots in the upper thickness of the soil on the control was
5.8-9.8 g, and on the paths, depending on the intensity of trampling, from 0.0 to 2.2 g. The territories under study were
surveyed to identify characteristic erosion processes. It was established that the park spaces are in a satisfactory condition
and fully perform an anti-erosion effect. The threat of erosion processes occurs on paths of intense load. The results

obtained can be used for monitoring and regulating anthropogenic load

Keywords: complex terrain, test network, root system, surface runoff, erosion processes

Introduction

Scientists of the world increasingly note the dominant role
of human activity in terms of adverse impact on vegetation
in general and park stands in particular [1; 2]. Tourist ac-
tivity affects the reduction of adaptation of vegetation to
anthropogenic loads and increases its vulnerability [3]. An
increase in degraded zones is observed in areas adjacent to
tourist hiking tests [4]. S.V. Halla-Bobik [5] notes the neg-
ative impact of the functioning of recreational and tourist
complexes on the state of water in the Syniavka River in the
National Natural Park (NNP) “Zacharovanyi Krai”.

The risk of soil erosion is increasing on a global scale.
Itis related to the type of soil, topography, slope, frequency,
and intensity of extreme precipitation, the state of vegeta-
tion cover, etc. [6]. Since urban park areas in complex terrain
are affected by water erosion, tree and shrub vegetation
plays an extraordinary role in protecting and preventing

Suggested Citation:

the development of landslides and soil degradation [7; 8].
The conditions of the crossed relief are most vulnerable to
the destructive action of water erosion, the development
of which is influenced by the steepness, length, exposure,
and shape of the slope. Specifically, soil is washed out more
intensively on convex slopes than on concave ones. In turn,
the water-physical properties of the soil, including density
and moisture, directly determine its anti-erosion resistance.
At the same time, vegetation is an essential factor that
prevents the development of erosion processes or reduces
them. The destruction of vegetation, including by recreational
exercise, increases the danger.

Therefore, park plantations suffer from excessive
trampling, damage to vegetation by burning, especially in
places where spontaneous recreation areas are arranged,
erosion processes, clogging, etc. This leads to a weakening
of their biological stability, liquefaction, aesthetics, and

Maliuha, V., Minder, V., & Sovakov, O. (2022). The influence of recreational load on the anti-erosion properties of the soils of
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death. Preservation and reproduction of plant cover, the
main producer of organic matter for trophic chains, is the
key to the normal development of the natural environment
in general and parks and forest parks in particular. In this
context, it is important to be aware of the recreational
value of vegetation. As for green spaces, recreation should
be understood as the restoration of a healthy person’s
strength as a result of direct communication with nature.

Studies of the recreational load on park plantings
stay relevant, as they can be used to regulate and limit an-
thropogenic impact. They were aimed at the manifestation
of erosion processes, which occur mainly on test networks,
especially in conditions of complex terrain. The purpose
of these studies was to find out the anti-erosion and run-
off-regulating effects of urban parks. The main task included
determining the condition and basic water-physical proper-
ties of the soils of the test network of the park territories.
The originality of this study lies in the use of runoff sprin-
klers on the test network to protect against water erosion. To
fulfil the purpose of the study and complete the main task,
the application of a complex approach is provided.

It is equally important to identify the causes of ero-
sion processes. Soil washout on tests occurs due to the con-
centration of surface runoff, which is formed in liquefied
vegetation on slopes, or comes in transit from the carriage-
way of highways or paved roads. Asphalted roads bordered
by curbs contribute to the concentration of surface runoff.
The improper condition of hydrotechnical structures, e.g.,
high-speed channels, is the reason for the development of
erosion processes [7]. In this paper, attention is focused on
test networks with a soft ground surface, which are com-
mon on the slopes of parks on difficult terrain: M.T. Rylsky
Holosiivskyi Park of Culture and Recreation (PCR) and NNP
“Holosiivskyi”. Compared to forest stands of natural and
especially artificial origin, which require considerable time
for the formation of the forest environment in countering
the manifestation of erosion, hydraulic structures operate
relatively quickly from the moment of their construction.
However, stands that have an established forest environ-
ment are much more efficient than hydraulic structures.
The latter require constant maintenance and repairs, and
the anthropogenic factor plays a crucial role.

Literature Review

The deterioration of the ecological state of the natural envi-
ronment inevitably affected people’s health (burnout, stress,
etc.). Recently, the need for recreational forest use in general
and forest park and park use in particular has increased sub-
stantially. The known positive and comprehensive impact of
forest stands on the human body encourages it to communi-
cate more often with the natural environment. In this regard,
systems of green spaces can provide architectural and plan-
ning, recreational and health and aesthetic functions.

It is important to consider the age parameters of the
city parks being created. Young urban landscapes are less
resistant to degradation compared to old ones [9]. Soil and
vegetation are interconnected and mutually determined.
During soil formation, the main role is played by green
plants — creators of organic matter. At the same time, plants
depend on the soil on which they grow. Consequently, soil
destruction leads to degradation of plant communities [10].

There should be constant monitoring of soil and vegetation
properties, as well as the number of visitors and their activity
in parks [11; 12]. Grass cover reacts earlier than arboreal
plants to the use of precipitation that enters the soil [13].
E.A. Fedoruk [14] notes that the living ground cover is
the first link in the forest environment that suffers from
an increase in anthropogenic impact on it. Trampling of
the soil by recreationists manifests negative properties of
the upper layers of the soil and adversely affects the plant
cover [15]. The impact of trampling substantially affects
the species diversity of ecosystems [16].

Together with disturbance and compaction of litter,
the recreational load leads to compaction of the upper
mineral part of the soil to a depth of up to 15 cm, and much
deeper on the paths [17]. Typically, the indicator of recre-
ational load per 1 ha of their area is used to assess the im-
pact of visitors on park stands [18; 19]. Recreational load, as an
indicator, was calculated by the authors in person-days/ha,
which is the most common methodical approach. How-
ever, this kind of assessment does not allow establishing the
causes and prevent the manifestations of erosion processes
in time. These studies are dedicated to solving the issue of
preventing the development of erosion processes on the test
networks of park plantations with complex terrain.

Modern studies of the recreational load on the plan-
tations of the NNP “Holosiivskyi” highlight the constantly
growing urban influence, the consequences of which for the
natural components of the forest are increasing degrees of
degradation and a decrease in the value of forest ecosys-
tems. The main value of Holosiivskyi forest ecosystems for
urban visitors is noted, which lies in protecting soils from
erosion, regulating water flow, producing oxygen, absorb-
ing carbon dioxide, preserving biodiversity, recreational,
wellness and cultural-historical functions [20]. Therewith,
the pine stands of the zone of regulated recreation in the
southern part of the “Holosiivskyi” NNP are characterized
by a moderate recreational load of 1.2-2.5 people-days/ha,
which corresponds to the second stage of recreational di-
gression. The recreation coefficient was 0.05-0.15, i.e., the
permissible load is not exceeded [21]. Considering the fore-
cast of a multi-year steady distribution of the daily average
annual flow of visitors to sites in Kyiv [22], the “Holosiivskyi”
NNP has a 19% share of the city’s visitors, being almost at
the same level as Podol (18%) and inferior only to Pechersk
(28%) and Starokyivska Hora (20%). This testifies to the
rather high importance of the territory under study among
the city’s recreational locations, and the importance of
maintaining its aesthetic and ecological potential. Therefore,
it is necessary to perform monitoring and, specifically, erosion
control of the anthropogenic load on park plantings in the
conditions of the complex topography of Kyiv.

Materials and Methods

The recreational load on the soils of park stands was studied
ontemporary experimental plots (TEP) in the “Holosiivskyi”
NNP (TEP No. 4-6) and the M.T. Rylskyi Holosiivskyi PCR
(TEP No. 1-3), which is part of it. Monitoring of the water
and physical properties of soils took place in April-August
2022, which accounts for 60% of the flow of visitors to urban
park areas. The location of the experimental sites is presented
in Figure 1.
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The leading factor in the destruction of plant
communities is trampling, which primarily affects the ground
cover and herbaceous vegetation. According to the intensity of
trampling [23] in the territories under study, it was found that
up to 20% of the hiking tests are devoid of any vegetation cover

that is, they have the stage V of complete trampling; up to 30%
of the paths are in the stages III-IV of trampling with the de-
struction of the grass cover from 15% to 60%; 50% of the total
area of the test network is classified as stages I-II of trampling,
where up to 15% of the grass cover has been destroyed.

Geographic coordinates
latitude, ¢ longitude,A

50.384645
50.384921
50.384907
50.384264
50.381358
50.381143

30.502573
30.495260
30.500813
30.511941
30.506624
30.505088

Figure 1. Geolocation of temporary test areas in park plantations
Source: developed by the authors based on a Google Earth image

Experimental plots of plantations on the TEP were
chosen in the middle part of the slopes. All of them are
mixed with representatives of deciduous tree species of
maple (Acer platanoides L.), hornbeam (Carpinus betulus L.)

and oak (Quercus robur L.). The steepness of the slopes is
from 7 to 17 degrees of northern, eastern, and southern ex-
posures. The difference in the thickness of the humus hori-
zon is insignificant and ranges from 19 to 21 cm (Table 1).

Table 1. The main forestry and taxation indicators of park stands

Average Slope
Number Stand Age, g' Density ]:_(l) 1::121(1)13
TEP composition vears | height,m | diameter, steepness, | . position ’
cm degree cm
M.T. Rylskyi Holosiivskyi PCR
1 6Ap4Cb 75 24.5 28.0 0.7 13 N 20
2 6Cb4Ap 80 25.0 29.0 0.6 17 N 19
3 7Cb3Ap 75 25.0 30.0 0.7 15 N 19
NNP “Holosiivskyi”
4 7Ap3Cb 70 23.5 27.0 0.5 8 21
5Cb5Ap 80 26.0 31.0 0.6 12 20
6 7TAp3Qr 70 24.0 26.0 0.5 7 21

Note: Ap — Acer platanoides L.; Cb — Carpinus betulus L.; Qr — Quercus robur L.
Source: compiled by the authors based on the studies conducted

According to the determined forest inventory param-
eters, the researched plantations grow according to the first (I)
site index class, having an age ranging from 70 to 80 years

and a stocking of 0.5-0.7 (Fig. 2). According to the method
of I.D. Rodichkin [17], they form landscapes of closed (TEP
No. 1-3, 5) and semi-open (TEP No. 4, 6) types of spaces.
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TEP No. 1 TEP No. 2 TEP No. 3

TEP No. 4

TEP No. 5 TEP No. 6

Figure 2. General view of the test network of park stands on temporary experimental plots

Source: photographs taken by the authors

Soil hardness was measured from the surface with
a Golubev hardness tester. The number of measurements
is 20 times in the middle of the path of different trampling
intensity. Measurements in stands at 20 m from the paths
were used as a control and comparison of research results.
The water permeability of the soil was determined using
steel cylinders with a diameter of 80 mm and a height of
100 mm by sinking them into the soil half the height and
filling the above-ground part with water. The time of water
penetration into the soil is measured by a stopwatch. The
determined absorption time of a 50 mm layer of water cor-
responds to torrential precipitation. The number of mea-
surements is 10 times. Water permeability is defined as the
amount of absorbed water over the time it was absorbed
in mm/min [7]. The statistics of measuring soil hardness
and water permeability were obtained for ungrouped series
based on a small number of observations: N is the number
of repetitions, x is the mean value, o is the mean square
deviation, m is the error of the mean value, v is the coeffi-
cient of variation, p is the precision of the mean value. The
significance of the difference between the average values
was also estimated [24]. The root mass was collected from

monoliths measuring 10x10x10 cm with a total volume of
1,000 cm®. The density of the soil, as the dry mass of a unit of
its volume without disturbing the natural compaction [25]
was identified according to the method of a cutting steel
ring with a diameter of 50 mm and a height of 30 mm. Soil
moisture was determined by the drying method.

The manifestation of erosion processes was ob-
served in 2018-2022. Research on the types of soil erosion
was investigated on the test network of intensive trampling
by measuring the depth and length of erosion. The washes
were studied by the arrangement of trenches on the flow
sprinklers before the dam day for silt retention.

Results and Discussion

The anti-erosion and runoff-regulating effect of park
stands is closely related to the hardness and water permea-
bility of the upper soil layer and the spread of root systems
in it [7]. In turn, the above-mentioned depends on the state
of the stands themselves and their use of living space [26].
The measured indicators of soil hardness (Table 2), in plan-
tations and on paths, have a substantial difference, which
can be explained by the trampling intensity.

Table 2. Soil hardness measurement statistics

No.TEP | Stand composition A, years N X c m v P
1 6Ap4Cb 75 20 9.5 0.88 0.23 4.74 1.22
la path - 20 19.7 1.25 0.29 6.34 1.46
2 6Cb4Ap 80 20 10.8 1.01 0.26 5.67 1.46
2a path - 20 30.8 0.66 0.15 2.14 0.40
3 7Cb3Ap 75 20 9.1 0.76 0.20 4.45 1.15
3a path - 20 15.4 1.10 0.25 7.15 1.60
4 7TAp3Cb 70 20 9.8 0.84 0.22 4.83 1.25
4a path - 20 23.7 0.68 0.15 2.86 0.64
5 5Cb5Ap 80 20 10.5 0.98 0.25 5.52 1.43
5a path - 20 29.0 0.63 0.14 2.14 0.84
6 7Ap3Qr 70 20 10.2 0.94 0.24 5.29 1.36
6a path - 20 25.8 0.70 0.16 2.70 0.60

«,_»

Note: in the TEP numbering, “a

indicates that the soil hardness measurements were made in the middle of the path

Source: compiled by the authors based on the studies conducted
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In the tree stands, despite the difference in age and
composition, the range of hardness indicators was within
9.1£0.76-10.8 = 1.01 kg/cm?, which according to M.A. Kaczynski
classifies [25] them as loose and medium loose. The assess-
ment of the significance of the difference between the average
values of the indicators (Table 3) shows that it is insignificant
in the stands on TEP No. 1-3, where the Student’s criterion

does not exceed 4.34. On the paths, these indicators differ
substantially from each other. This is related to the tram-
pling intensity, 15.4 + 0.25-30.8 = 0.15 kg/cm?, as well as the
vegetation and changes from a medium loose to a dense
state. They revealed a significant difference in the average
values of soil properties indicators, where the Student’s
criterion increases from 8.82 to 13.77.

Table 3. Evaluation of the significance of the difference between the average values of hardness indicators

Difference between | Number of degrees | Criterion Student | Difference between | Number of degrees | Criterion Student
average values of freedom 05 average values of freedom toos
1-2* 36 4.34 1-4 36 1.10
2-3a* 36 13.77 6a-4a* 36 9.62
2a-5a* 36 8.82 la-3a* 36 11.55

Note: * - significant

Source: compiled by the authors based on the studies conducted

For park stands to effectively perform anti-erosion
action, it is important to know not only the indicators of soil

hardness, but also their ability to absorb liquid atmospheric pre-
cipitation according to indicators of water permeability (Table 4).

Table 4. Statistics of soil water permeability measurement

No. TEP Stand composition A, years N X c m v P
1 6Ap4Cb 75 10 19.9 1.42 0.45 13.7 4.32
la path - 10 4.6 0.63 0.20 13.6 4.32
2 6Cb4Ap 80 10 18.6 1.77 0.76 15.3 4.80
2a path - 10 1.9 0.20 0.10 10.0 3.18
3 7Cb3Ap 75 10 20.6 1.58 0.66 13.8 4.17
3a path - 10 5.7 1.04 0.33 18.2 5.75
4 7Ap3Cb 70 10 20.0 1.45 0.53 134 4.39
4a path - 10 3.9 0.32 0.11 8.3 2.61
5 5Cb5Ap 80 10 19.0 1.63 0.54 16.1 4.83
5a path - 10 2.7 0.16 0.05 5.8 1.83
6 7Ap30Qr 70 10 19.5 1.75 0.53 15.5 4.73
6a path - 10 3.4 0.33 0.11 9.6 3.20

“«,.»

Note: in the TEP numbering, “a
Source: compiled by the authors based on the studies conducted

The determined water permeability of the soil
under the experimental stands ranged within 18.6 + 0.76-
20.6 = 0.66 mm/min, which has no significant difference
between the average values (Table 5). On the test net-
work, the water permeability indicators had a sufficiently

indicates that the soil hardness measurements were made in the middle of the path

large discrepancy from 1.9 # 0.10 to 5.7 £ 0.33 mm/min,
which revealed significant differences between the aver-
age values of the indicators both on the tests and com-
pared to the plantations. Therewith, the Student criterion
was 2.86-19.88.

Table 5. Evaluation of the significance of the difference between the average values of soil water permeability indicators

Difference between | Number of degrees | Criterion Student | Difference between | Number of degrees | Criterion Student
average values of freedom 05 average values of freedom toos
1-2% 16 1.81 1-4 16 0.16
2-3a* 16 19.88 6a-4a* 16 3.44
2a-5a* 16 9.88 la-3a* 16 2.86

Note: * - significant

Source: compiled by the authors based on the studies conducted
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The absorptive capacity of the soil of park planta-
tions according to the intensity of infiltration during the
first hour will be from 1116 to 1236 mm/h. According to
M.A. Kaczynskii [25], such results allow estimating the wa-
ter permeability of the soil as failure. The obtained indica-
tors of water permeability of the soil under the stands testi-
fy to their powerful anti-erosion capabilities. On the paths,
depending on their trampling during the first hour, the
intensity of infiltration can range from 114 to 342 mm/h.
Therefore, the researched park plantings contribute to
the rapid transfer of surface runoff to ground runoff,
which makes it impossible for erosion processes to occur.

y=-1,1093x + 30,674
R2=0,9526

Water permeability of the soil,
mm/min
)

9 9.5 10 10.5 11

Soil hardness, kg/cm?

However, provided the formation of liquefied stands of sur-
face runoff on the sloping sections of the paths or the ar-
rival of its transit part under the tent, the threat of erosion
processes increases depending on the intensity of tram-
pling.

Research has confirmed that soil hardness is clearly
correlated with water permeability, having inverse correla-
tions (Fig. 3). Both indicators substantially depend on the
level of soil moisture. As the level of soil moisture increases, its
hardness decreases, which allows plants to build up their
root system. But excessive soil moisture also reduces water
permeability.

7
Z y=-0,2327x +9,3039
6 2=
? R>=0,987
[}
s 5
bS]
pet
£ B2
o)
=) 1
—
[}
S0
= 0 5 10 15 20 25 30 35

Soil hardness, kg/cm?

Figure 3. Dependence of soil water permeability on hardness: a - in stands; b — on the paths
Source: compiled by the authors based on the studies conducted

The density of soil composition and its hardness
have a proportional relationship. As the folding density
increases, the hardness increases. Investigating the phys-
ical and mechanical properties of the soil cover (Table 6),
it was established that the density of the soil composition
in the park stands (1.12-1.20 g/cm®) and in the middle
of the paths (1.34-1.66 g/cm?®) substantially differs due
to greater anthropogenic load (trampling). Comparable
results were obtained in the parks of Ivano-Frankivsk

region [27; 28]. At an elevated level of recreational load,
the volumetric mass of the soil increases by 1.5 or more
times, and on the paths, the diversion is 2 to 10 times.
A soil density level of 0.8-1.0 g/cm3 allows tree stands to
grow and develop normally, and when it increases to 1.12-
1.20 g/cm?, tree species begin to fall from the stand [17].
That is, the established density of the soil is critical for
the further normal development of tree stands and can
lead to its liquefaction.

Table 6. Physical and mechanical properties of the soil cover

No. Stand A, Soil characteristics Root weight,
TEP composition years raw weight, g dry weight,g | density, g/cm® | humidity, % d
1 6Ap4Cb 75 83 69 1.17 20.3 9.1
la path - 92 82 1.39 12.2 1.9
2 6Cb4Ap 80 82 68 1.15 20.6 6.2
2a path - 109 98 1.66 11.2 0.0
3 7Cb3Ap 75 78 66 1.12 18.2 9.8
3a path - 91 81 1.37 12.3 2.2
4 7Ap3Cb 70 85 71 1.20 19.7 7.5
4a path - 89 79 1.34 12.6 0.7
5 5Cb5Ap 80 83 71 1.20 16.9 8.3
S5a path - 100 89 1.51 12.3 0.0
6 TAp30r 70 81 69 1.17 17.4 5.8
6a path - 88 79 1.34 114 0.8
Source: compiled by the authors based on the studies conducted
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Soil moisture in plantations (16.9-20.6%) is higher
compared to paths (11.2-12.6%), this is explained by the
presence of forest litter 2-3 cm thick, which acts as mulch
and reduces the load. The presence of active roots (diam-
eter < 2 mm) in a 10-centimetre layer clearly reflects the
influence of soil density and moisture. In tree stands, the
weight of roots in a volume of 1000 cm?3 is 5.8-9.8 g, and on
paths, depending on the intensity of anthropogenic load,
from 0.0 to 2.2 g. At soil hardness over 29.0 = 0.14 kg/cm?,
active roots are absent in the upper active layer. Therefore,

a

the possibilities of binding the soil are minimized, and the
probability of its washing out under such conditions, during
the passage of concentrated surface runoff, increases. The
obtained data confirm earlier studies [7].

The most frequent and largest washouts occur on
intensively used tests that are located on the slopes of
complex landforms. This applies to the areas where con-
centrated surface runoff is formed under the canopy of lig-
uefied vegetation, as well as in places where the transit part
of the runoff coming from roadways reaches them (Fig. 4a).

Figure 4. Characteristic erosion processes on park paths were identified: a — linear erosion;
b — scum on the drain sprayer; c — the thickness of washed soil for 2021-2022

Source: photographs taken by the authors

In 2017, runoff sprinklers were installed at TEP No. 5
to protect the path from erosion and silt retention (Fig. 4b).
In 2020, the operation of drain sprinklers was studied.
During the three years of operation of one of the sprinklers
(2018-2020), it retained 1.5 m® of silt. The total thickness
of the washed soil layers during this period was 20 cm, and
their number was 18 pieces (Fig. 4c). Maintenance work
was carried out to remove silt for uninterrupted operation
of the drain sprayer. During the next period (2021-2022),
the thickness of the washed soil layer was 9 cm (Fig. 4c).
Such a difference is related to the number and intensity of
downpours in the specified periods. Therefore, for the ef-
fective operation of a simple hydraulic structure - a drain
sprinkler, it is necessary to carry out constant monitoring
and maintenance, and if necessary, in cases of damage by
recreationists, to carry out repairs.

The obtained data on the anthropogenic influence
on the anti-erosion properties of the soils of the parks of
Kyiv confirm the zones [20] where conflict and threats are
identified in the areas of the territories under study: unreg-
ulated recreational load (dense laying of tourist tests, visits
to the most valuable, least developed areas of the forest)
and non-target use of forest areas (dumping of household
waste, felling, unorganized parking lots), as a result — de-
struction of the age-old structure of stands.

It is impossible to immediately react to the thinning
of the stands through which the test routes pass, where
surface runoff is formed during intense torrential rains, or
their transit part arrives in the conditions of complex relief
on the slopes. However, it is possible to install runoff sprin-
Kklers, which can prevent the manifestation of erosion (soil
washout or erosion) under conditions of constant moni-
toring, maintenance, and prompt repairs. The prospect of

further research envisages the implementation of studies
on the improvement of flow sprinklers.

Conclusions

Park spaces are in a satisfactory condition and fully per-
form an anti-erosion effect. The threat of erosion processes
occurs on paths of intense load. The anti-erosion and run-
off-regulating effect of park stands is closely related to the
hardness, water permeability of the upper soil layer, and
the spread of root systems in it. In park stands, despite the
difference in age and composition, the range of hardness
indicators was within 9.1 # 0.76-10.8 # 1.01 kg/cm?, which
refers them to the loose and medium loose state. On the
paths, these indicators differ substantially between each
other and between stands and vary from a medium loose
to a dense state of 15.4 = 0.25-30.8 = 0.15 kg/cm?, which is
explained by the trampling intensity.

The water permeability of the soil under the ex-
perimental stands was determined, which ranges within
18.6 £ 0.76-20.6 = 0.66 mm/min. On the test network, the
water permeability indicators had a fairly large discrepancy
from 1.9 = 0.10 to 5.7 = 0.33 mm/min. Research has con-
firmed that soil hardness is clearly correlated with water
permeability, having an inverse correlation.

It was established: the density of the soil composi-
tion in the park stands (1.12-1.20 g/cm?®) and in the mid-
dle of the paths (1.34-1.66 g/cm®); soil moisture in stands
(16.9-20.6%) is higher compared to paths (11.2-12.6%); the
presence of active roots of a 10-centimetre layer of stands
is 5.8-9.8 g, and on paths, depending on the intensity of
anthropogenic load, from 0.0 to 2.2 g. With a soil hardness
over 29.0 = 0.14 kg/cm?, there are no active roots on the
paths, which can lead to washout or erosion.
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The identified partially adverse impact of the rec-  growing urbanization. Further studies should continue to

reational load on the soils of park stands can be used for = monitor the state of anti-erosion properties of park plantings
its regulation, which allows preventing the complete deg-  in conditions of complex terrain, as they are valuable for
radation of the investigated ecosystems under constantly  their aesthetic and ecological potential.
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BrminB pekpeaniiiHOro HaBaHTa)XKeHHsI Ha IIPOTHUePOo3iliHi BIaCTUBOCTI I'PYHTIB
MapKOBUX HAacCa/HKeHb

Bonogumup Mukonaiiosuu Mastiora, Bikropiss Bonogumupisaa Minpgep,
Onekcauap Bikroposuu CoBakoB

HarmioHanbHMi1 yHiBepcuTeT 6GiopecypciB i mpMpomoKopucTyBaHHS YKpaiHu
03041, Byn. T'epoiB O6oponu, 15, m. Kuis, Ykpaina

Awuoranig. 3MiHu, TOB’sI3aHi 3 MicbKkolo iHGPACTPYKTYpoOlo, 6e3mocepeHbO BIUIMBAIOTh HA €KOJIOTiUHE CcepemoBUIIe,
y TOMY YMCTi, Ha BJIACTMBOCTi I'PYHTY. MeTa po6OTY — BUBUEHHS ITPOTMEPO3iiiHOI Ta CTOKOPEryY/IOI0UOi /il MapKOBUX
HacaJkeHb y CKIagHUX YMOBax penbedy micta Kuesa. JliciBHMUYO-TaKcAIli/iHi TOKA3HMKM HACAIPKEHb BCTAHOBJIEHO 32
BM3HAHMMMU TaKcallilHMMM MeTolaM!. BepxXHi 1apy IpYHTY BMBUEHO LIUISIXOM BU3HAY€HHS TBEPAOCTi, BOLOIIPOHMKHOCTI,
IITBHOCTI Ta BOJIOTOCTi HA CTEXKMHAX i B HAaCcAIKeHHSIX. TBepiCTh IPYHTY B HacamkeHHsX i3 9,1 = 0,76-10,8 + 1,01 kr/cm? 3pocTae
1o 15,4 £0,25-30,8 £ 0,15 xr/cM?, 1110 OB’SI3aHO 3 IHTEHCUBHICTIO X BUTONTYBaHHS. [Ipy I1bOMY IPYHTH i3 ITyXKOTO CTaHy
MepexosiTh 10 CePeqHbOITYXKOTO Ta HaBiTh IiTbHOTO. BU3HaUeHHS BOMOITPOHMKHOCTI TeK TTOKAa3a/10 3HAUHY PO3061KHICTD
BimmoBimHo Bim 18,6 * 0,76-20,6 + 0,66 MmM/xB. 10 1,9 = 0,10-5,7 + 0,33 MmM/XB. JTOCTiIKeHHSIMHA ITiATBEPAKEHO 00epHEHO
MIPOTIOPIIifiHI 3B’SI3KM MiK MOKAa3HMKAMM TBEPAOCTi Ta BOJOMPOHUKHOCTI I'PyHTY. OTpUMMaHi MOKA3HUKM IIITBHOCTI
CKJIQaHHs I'PYHTY B HacamkeHHsx (1,12-1,20 r/cm?®) i Ha cTeskmHax (1,34-1,66 r/cMm3), X0u i MalOTh He Ay>Ke Pi3Ki BiIMiHHOCTI,
ajie B 000X BMUIAJKaX BKa3yKOTh HA iX KPUTUYHICTD JJIST ITOJAJIBIIOr0 HOPMaJbHOTO PO3BUTKY HACamKeHb. 3MiHU JaHUX
BOJIOTOCTi I'PYHTY B HacapkeHHsX (16,9-20,6 %) MaoTh criafHMIA XapakTep y NMOPiBHSAHHI i3 crexxuHamu (11,2-12,6 %), o
TeX CBiIUMUTH TPO IMOTipIIeHHS] YMOB 3pOCTaHHS. HasiBHICTh aKTMBHOTO KOPiHHS y BEPXHill TOBIIi I'PYHTY Ha KOHTPOJIi
BUsSIBMIACh 5,8-9,8 1, a Ha CTEKMHAX, 3aJIEKHO Bifl iHTEHCMBHOCTI BUTONTYBaHHs, Bim 0,0 mo 2,2 r. 3MiiiCHEHO 06CTEXKeHHS
IOCTiIKYBAHMX TEPUTOPili Ha BUSBAEHHS XapaKTepPHUX epo3iliHuX mpoileciB. BcTaHOB/IEHO, 110 MTAapKOBi HacaIKeHHS
3HAXOMSIThCS Y 3[I0BiI/IbHOMY CTaHi Ta MOBHICTIO BUKOHYIOTh IPOTHEPO3iliHY Ait0. 3arpo3a mposiBy epo3iitHUX ITPOIeCiB Mae
Miclle Ha CTeKKax iHTEHCMBHOTO HaBaHTaskeHHs. OTpuMMaHi pe3ylbTaTy MOXKYTh BUKOPUCTOBYBATUCH IJISI MOHITOPUHTY
Ta Pery/BaHHS aHTPOIIOTEHHOTO HaBAHTasKEHHSI

KiiouoBi cjtoBa: ckaagHuii penbed, CTESKKOBA Mepeska, KOpeHeBa C1CcTeMa, ITIOBepXHeBMii CTiK, epo3iiiHi mpoiecu
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Abstract. The effective performance of ameliorative functions by water protection plantations is largely determined by
the development of the forest litter, its structure, capacity, quality composition, and degree of mineralization. Therefore,
the aim of the study was to identify the features of the formation of the forest litter of pine plantations of the Ukrainian
interfluves of the Dnipro and Desna. The study of forest litter was carried out on the accounting sites in all age groups
of plantations, in which 22 test plots were laid. Litter samples were taken in between rows and directly in rows of forest
plantations. During the analysis of the qualitative composition of the forest litter of young plantations, the dominance
of the upper horizon of the inactive fraction, which consisted mainly of needles and branches, was revealed. Here, the
share of inactive litter in the conditions of moist poor pine site and moist relatively poor pine site was 8.13 t/ha or 85.1%
and 12.54 t/ha or 92.1%, respectively. A large amount of dust, which forms the active fraction, was recorded in the lower
horizon. Its stocks were 5.3-5.6 times higher than the reserves of inactive litter. In general, in young pine forests in the
conditions of moist poor pine site, the stock of inactive litter is 15.10 t/ha (28.1%), while its presence in of moist poor pine
siteis 17.91 t/ha, 36.5%. In middle-aged pine forests, the share of the active litter fraction increases, which is a consequence
of the active action of its decomposition processes. The share of active litter is 79.3% or 155.29 t/ha in mature stands of the
conditions of moist poor pine site. This is evidence of the intensification of the processes of mineralization and activation
of the circulation of substances. Three horizons are clearly distinguished in the litter of plantations of older age groups,
with a strong connection between them. The lower layer of the forest litter of water conservation plantations is permeated
with physiologically active roots, which forms its dense type of structure. Under such conditions, during the separation of
the lower layer of litter from the upper one, it does not fall apart and its structure remains dense. The presence of strongly
intertwined physiologically active roots in the third horizon of the litter is evidence of the activation of microbiological
processes, which are also accelerated by the interception of moisture and the accumulation of humus particles of the
soil by the lower layers of the forest litter. To prevent the development of flood processes, the effective performance of
water regulation and water purification functions, it is recommended to create water conservation plantations with the
formation of the identified type of forest litter
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Introduction
Fortest litter is an important structural and functional
component of the forest biogeocenosis, which combines its
abiotic and biotic components and forms a cohesive system.
Forest litter plays an important role both in the processes
of circulation of substances and energy in ecosystems, and
in soil formation [1-3].

The forest litter, which is formed under the canopy of
the forest plantation, in combination with the rhizosphere
of the tree-shrub canopy, significantly changes the water,
temperature and air regimes of the soil, accumulates in its
layer and in the upper horizon of the soil the biodiversity of
microflora and fauna. Enriched with nutrients, the decom-
position products of forest litter, penetrating into the soil
together with atmospheric precipitation, lead to a change
in its structure and properties of soil solutions [4; 5].

The formation of forest litter is understood not only
for the accumulation of its phytomass. In the litter there
are complex processes of decomposition and transforma-
tion of organic compounds, which are completed by their
full mineralization [3; 6]. Knowledge of the trend of forest
litter development is necessary to evaluate its place and
role in the biological circulation of nutrients and nitro-
gen. With the intensive decomposition and mineralization
of the litter, the rapid release of ash nutrients is released,
which penetrate into the lower mineral layers of the soil. In
the case of accumulation of organic matter in humified or
semi-decomposed form, the process of transformation of nu-
trients and nitrogen is slowed down and sometimes stopped.

Quantitative and qualitative analysis of forest lit-
ter contributes to a clearer representation of the dynamics
of nutrients in forest ecosystems. The mass, structure and
chemical composition of the litter depends on many factors,
the most important of which include: site conditions [7; 8],
species composition [1; 9; 10], age [11-13], density of the
stand [14; 15], health condition of planting [3; 15], ori-
gin [4; 5], location [8; 16]. Therefore, an important aspect
is the formation of such litter, which would ensure rapid
rates of its mineralization and, therefore, the circulation of
nutrients in the vegetation-soil system, which is of crucial
importance for the productivity of forest ecosystems [2; 3].

Particularly multifaceted is the forest amelioration
role of the forest litter, in plantations that determines
water regulation, water retention, water purification, soil
protection, soil formation, soil erosion control and other
purposes [12; 17]. Therefore, it is advisable to consider the
study of quantitative and qualitative characteristics, stocks
and fractional composition of forest litter as an important
dynamic component that ensures effective performance of
amelioration functions in water protection plantations.

The purpose of the study was to identify quantitative
and qualitative indicators characterizing the structural
composition of the forest litter and the peculiarities of
its formation in water protection pine plantations of the
Ukrainian interfluves of the Dnipro and Desna rivers.

The novelty of the research lies in the revealing of
a new type of forest litter, which is formed in the pine plan-
tations in moist poor pine site and relatively poor pine site
of floodplain landscapes.

Materials and Methods

The study was carried out in the pine forest stands of the
interfluves of the Dnipro and Desna rivers, which grow on
a slightly undulating plain dissected by the floodplains
of these rivers, which actually determines the landscape
structure of this territory. After all, in the valleys of these
rivers, marshlands occupy 4.5% of the territory of Chernihiv
Polissia. The hydrographic zoning map of Ukraine shows
the territory of the Ukrainian interfluves of the Dnipro
and Desna rivers, with a total area of about 2 million hect-
ares (Fig. 1). In the landscape structure of the region, the
main role belongs to natural complexes dominated by mo-
raine-sand and sandy plains with sod-podzolic soils and
pine forests.

Forest coverage of the territory is about 25%. The
structure of the forest fund is dominated by pine and oak-
pine forests. Forest plantations, in addition to performing
important water protection functions, contribute to the
accumulation of humus in the soil and form highly pro-
ductive phytoctnosis, which are characterized by increased
water conservation, soil protection, recreational and eco-
logical properties.

The research facilities are located in the State En-
terprise “Vyshe-Dubechnia Forestry”. Its land fund is lo-
cated on the second floodplain terrace of the interfluves.
Water protection plantings occupy a dominant position.
The forest vegetation conditions of the study site are quite
favorable for the cultivation of Scots pine, the plantations
of which occupy 18,385.0 hectares, which is 68.6% of the
total area of the Forestry [13].

The formation and structure of the forest liter was
studied on 22 test plots (TP), which were laid out on the
first and second terraces of the Desna River, in the most
typical for the region plantations with the participation
of Scots pine and birch. Test plots were planted in condi-
tions of moist poor pine site (A2) and relatively poor pine
site (B2) in plantations of different ages. The terminology
of the typology of forest vegetation sites is given in the
publication [18].
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Figure 1. Geographical location of the Ukrainian interflue of the Dnieper and Desna rivers
on the hydrographic zoning map of Ukraine

The age range of the examined plantations ranges
from 21 to 117 years. Their average height is 8.2-40.1 m.
Productivity corresponds to I*-II classes of productivity
(site index). It is determined by the conditions of forest
vegetation and the location of plantations on different ter-
races of the Desna River.

Field and laboratory methods. Selection of forest
litter samples was carried out at the accounting sites laid in
pine forests of different age classes within the test plots. Ac-
counting sites in young and middle-aged plantations were
placed between rows and in rows. Depending on the age of
the plantation and the thickness of the litter, the area of the
accounting sites was determined, which was 0.5 m? (0.5x1 m)
or 1 m? (1.0x1.0 m). The litter was cut along the contour of the
accounting site and packed in burlap. In the laboratory, litter
was divided into fractions and weighed on electronic scales.

The inactive forest litter consists of branches, bark,
cones and needles, the period of complete mineralization
of which reaches more than 100 years. The active part of
litter includes leaves of tree species and bushes, remains of
grasses, buds, remains of entomofauna, debris (dust) and
roots. This is consistent with the methodological develop-
ments of Y. Chornobai & O. Maryskevich [1], I. Bondar [2],
V. Maliuha et al. [15].

The distribution of forest litter into fractions was
carried out in laboratory conditions. Tree roots were di-
vided into conducting (thickness over 2 mm) and physio-
logically active (thickness less than 2 mm). Roots of grass
plants were counted separately. The debris was divided into

two fractions - coarse and fine. Coarse debris was classified
as a dust with dimensions from 1.1 mm to 5 mm, and fine
debris was classified as a dust smaller than 1 mm. That is,
it is the dust sifted through a one-millimeter sieve, which
includes particles of vegetation and soil.

Results and Discussion

A number of factors influence the process of forest litter for-
mation in water conservation pine plantations, namely: spe-
cies composition with an admixture of deciduous species,
age of the tree stand, forest vegetation conditions [1; 7; 10].
That is why a study of litter in planted pine forests, which
grow in the most common moist poor pine and moist rela-
tively poor pine sites in the Dnipro and Desna interfluves,
was conducted.

Peculiarities of forest litter formation in moist poor pine site (A2)
The general view of young (Fig. 2a) and mature (Fig. 2b)
pine plantations, in which profiles were laid and litter sam-
ples were taken to determine the fractional composition is
shown in Fig. 2. The profile of the litter, which was laid on
TP 1 in the inter-row of a 21-year-old pine-birch plantation
of the Pirnovo Forestry, is shown in Fig. 2c¢ (block (bl.) 540,
unit (un.) 2). The thickness of the litter in the interrows is
1.6-2.6 cm, and in the rows 2.8-3.8 cm. A clear distribution
of the litter into horizons is not yet observed, although the
half-mineralized lower layer is 1.2-2.8 cm. The upper layer
of litter consists of fallen pine needles mixed with birch
leaves, and its thickness is 1.1-2.0 cm.
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Figure 2. Pine plantations with forest litter profiles: young stand - general view a, litter profile c;
mature stand - general view b, litter profile d

In the middle-aged pine-birch plantation on TP 6,
which is planted in Novosilkiv Forestry in block 795, litter
profiles were formed both between rows and in rows. Here,
the litter is characterized by clearly defined horizons. In
the lower horizon, a semi-decomposed organic mass with
a thickness of 1.0-2.6 cm can be traced, and in the mid-
dle layer, non-decomposed or half-mineralized remains
of needles, birch leaves, and fine pine roots are recorded.
The total thickness of this horizon is 1.5-2.3 cm. The up-
per litter horizon with a thickness of 0.7-2.3 cm is formed
by birch, pine needles, and cones. The total thickness of
the forest litter in the investigated pine-birch plantation
reaches 3.1-4.6 cm.

In the plantations of older age groups, for the study of
litter indicators, profiles were laid on TP 3, 8, and 10, which
are respectively located in Pirnovo (bl. 579, un. 4), Novosilky
(bl. 781, un. 5) and Novosilky (bl. 765, un. 1) forestry’s.

The thickness of the forest litter profile is 4.3-5.6 cm
in pre-mature pine stands. The bottom layer of litter 1.3-
3.2 cm is almost completely decomposed. The middle layer
is represented by 1.2-2.2 cm of undecayed twigs, bark, and
needles. Fresh annual litterfall from twigs, conifers, and pine
cones covers the litter surface with a 1.0-2.0 cm layer.

The litter of a mature pine plantation on TP 10 is
represented by well-defined formed layers (Fig. 2d). The
thickness of the litter is 4.7-6.6 cm. The profile of the litter
shown in Figure 2d, the formed horizons are clearly distin-
guished. The lower mineralized layer of litter has a thick-
ness of 1.8-3.5 cm. The middle layer of litter is represented
by undecayed twigs, needles, bark, remnants of cocoons of
entomofauna - pine sawfly, pine silkworm.

Over-mature pine plantations of moist poor pine
site accumulate a large layer of litter more than 7.3 cm
thick. The lower horizon is clearly defined, mineralized,
1.6-3.7 cm thick. The second semi-decomposed layer of
forest litter contains pine roots, conifers, and remains of
entomofauna. The upper layer of the litter is the annual
litterfall with a small, compared to pines of younger age
categories, capacity, which reaches 1.2-2.6 cm.

Generalized data on fractions of forest litter of pine
plantations of the II and VI age classes, which grow in A2
site, are given in Table 1. The data of Table 1 indicate that
the litter has a two-layer structure in the young plantation.
A feature of its structure is the dominant share of dust,
which is concentrated in the lower layer of the litter and
makes up more than 60% of its capacity. At the same time,
the fine part of dust, which is represented by particles small-
er than 1.1 mm, exceeds the coarse part of dust by almost two
times. The main mass of the litter stock falls on the second
layer is 44.13 t/ha. It is more than 4 times greater than the
top layer of litter stock (9.55 t/ha).

As the age of the plantations increases, the litter
acquires a three-layer structure. This phenomenon is as-
sociated with the accumulation of pine needles and cones
in the litter. If the stock of cone fraction in young trees was
only 0.24 t/ha, then already in middle-aged plantations the
stock of cones amounted to 4.01 t/ha, i.e. it was 16.8 times
greater. The presence of a significant proportion of cones
and needles keeps the bedding substrate in a non coherent
and loose state. In general, the litter stock in middle-aged
pine stands of moist poor pine site is more than twice the
litter stock of young plantation.
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Table 1. Fractional composition of forest litter of water protection plantations of moist poor pine sites

Fractions of forest litter, t/ha
Inactive part Active part
- Roots dust s
g Stock, ] ” 2 p E
%] 1) - ~
S ) S b = 3 A Lo g 9
& z Conductive | Pysiologically % 5 %""H',’ c,E, &Y S
active T 2 ~ S
Young: Composition* — 8Ps2Bp; Age — 15 years; Test plot 4 (block 795, unit 23)
st
lalyer 9.553 | 0.621 |0.707 | - 6.797 | 1.037 | - |0.027 - - - 0.307 | 0.054 | 0.003
nd
lazyer 44.133 | 0.320 | 0.877 |0.237 | 5.539 | 0.715| - |0.112 0.014 0.584 0.082 | 12.208 | 23.387 | 0.058
> 53.687 | 0.941 |1.584|0.237|12.336|1.752| - | 0.139 0.014 0.584 0.082 | 12.515| 23.441 | 0.061
Middle-aged: Composition — 10Ps; Age — 56 years; Test plot 2 (block 617, unit 2)
st
1 16.816 | 3.837 | 2.469 | 3.267 | 6.650 - - 10.022 - - - 0.290 | 0.282 -
layer
nd
lazyer 19.570 | 2.341 | 1.949|0.738 | 4.640 - - 10.179 - 0.098 - 4.390 | 5.226 | 0.010
rd
lag;er 77.320 | 0.626 |0.715|0.010 | 0.408 - - |0.022 0.061 1.366 - 7.723 | 66.373 | 0.016
Y | 113.706 | 6.803 |5.133|4.014|11.698| - - ]0.224 0.061 1.464 - 12403 | 71.880 | 0.026
Over-mature: Composition — 10Ps; Age — 111 years; Test plot 21 (block 794, unit 11)
st
lalyer 13.112 | 3.828 | 1.55211.994 | 1.914 - 10.440 | 0.028 - - - 1.647 | 1.679 | 0.030
nd
lazyer 109.031 | 14.927 | 7.303 | 4.198 | 2.009 - | 0.345| 0.082 0.003 0.228 0.018 | 12.494 | 67.281 | 0.143
rd
laz;er 121.590 | 0.903 |0.786 | 3.084 | 0.403 - - [0.010 0.786 2471 - 8.722 |104.319| 0.104
Y | 243.733|19.658 | 9.641 | 9.276 | 4.326 - 10.785]| 0.121 0.789 2.698 0.018 | 22.864 | 173.280 | 0.277

*Note: Ps — Pinus sylvestris L.; Bp — Betula pendula Roth.; Qr — Quercus robur L.

Peculiarities of forest litter formation in moist relatively poor
pine site (B2)

The moist relatively poor pine sites differ from the moist
poor pine sites by richer growth conditions and phytodi-
versity, which actually affect the formation of the forest lit-
ter. Morphometric parameters of litter were studied in the
four age groups: young, middle-aged, pre-mature, mature

and over-mature. The locations of laying litter profiles on
TP 15 and 12 are shown in the Fig 3. They are located in
middle-aged and mature pine plantations.

The view of middle-aged and pre-mature plantations,
in which the TP 15 and 12 were laid, is shown in Fig. 3a and
3b respectively. The profiles of forest litter are shown in
Fig. 3c and 3d.

Figure 3. Pine plantations in B2 site with forest litter profiles: middle-aged — general view a, litter profile c;
pre-mature — general view b, litter profile d
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Forest litter of a 26-year-old pure pine plantation
growing in moist relatively poor pine site of Novosilky For-
estry in the bl. 793, un. 6, reaches a thickness of 2.8-4.7 cm
and already forms a thick 1.5-3.4 cm mineralized layer. A
more developed living above-ground cover is inherent in
a 60-year-old pine planting of the Pirnovo forestry, which
grows in the block 539 on the unit 3. Here a layer of litter
with a power of 4.8-7.0 cm is accumulated with the forma-
tion large thick of stronger annual litterfall, which consists
of needles, bark, twigs and cones.

The thickness of the forest litter in the mature
81-year-old pine plantation in the Vyshche-Dubechnia
Forestry in block 568, un. 16 was 4.4-7.8 cm with formed
three-layer structure. The upper layer up to 2.5 cm is rep-
resented by the annual litterfall of woody and herbaceous
vegetation with implicit signs of the beginning of the min-
eralization process. The middle layer consists of semi-de-
composed remains of coniferous litter, bark, and twigs with
1.5-3.5 cm thickness. The lowest third layer of litter with a
thickness of 1.7-4.0 ¢cm is mineralized organic mass.

Over-mature plantations in Pirnovo Forestry
on TP 22 (bl. 562, un. 17) accumulate a thick litter with
three-layer structure and the thickness of 8.7-9.8 cm. The
thickness of all layers is almost the same and ranges from
2.5t0 4.0 cm.

It is found out a feature of litter formation in wa-
ter protection plantations between the Dnipro and Desna

rivers. It is the fact that the lower horizon, saturated with
intertwined fine roots, is characterized by increased density.
During separation from the litter of the middle layer, it
does not crumble, preserving its structure. Such a phenom-
enon was not detected in similar forest vegetation condi-
tions of the pine forests of Kyiv Polissia.

The generalized data on the distribution of for-
est litter by fractions in pine plantations of different age
groups of the moist relatively poor pine site are given in
Table 2. Qualitative and quantitative indicators of the
forest litter of young, pre-mature and over-mature plan-
tations are given below. Such a wide range of research
made it possible to determine regularities in the complete
cycle of formation of pine plantations in B2 site. Almost
the same total mass of litter is accumulated in young pine
plantations, the stock of which is 49.098 and 53.87 t/ha,
respectively. However, the inactive part of the forest litter
in B2 site has more branches and cones in its composition,
and in the A2 site the cones was not yet noticeable in the
litterfall. This is evidence of the intensive development of
young pine plantations in conditions the moist relatively
poor pine site. There is a noticeable predominance of root
remains in the lower layer in the active part of the litter of
young stands of A2 site that indicates the development of
the upper soil horizons. The mass of physiologically active
roots in the litter of young pine plantations was 0.582 t/ha
in A2 site and only 0.162 t/ha in B2 site.

Table 2. Fractional composition of forest litter of water protection plantations of moist relatively poor pine sites

Fractions of forest litter, t/ha
« Inactive part Active part
o < roots dust g
=S Z g ] tree plants 2 = g
3008 0% & 5|35 §8 ¢ 5 2. £8 =5% 9
=] o ] = 2 = .2 )
& e A S g ~ 5 2 | Conductive | PhYsiologically _§ E "E,,L,E, g g E g
/A V! active E°% 834 |Pey| £
= & =
Young: Composition — 8Ps2Bp;Age — 18 years; Test plot 11 (block 547, unit 5)
st
lalyer 13.621 | 4.566 | 1.803 | 0.682 | 5.491 | 0.264 - 0.019 - - - 0.597 | 0.198 -
nd
lazyer 35.477 | 0.984 | 1.464 | 0.128 | 2.794 | 0.030 - 0.085 - 0.162 - 4.792 | 24.786 |0.253
> 49.098 | 5.550 | 3.267 | 0.810 | 8.285 | 0.294 - 0.104 - 0.162 - 5.389 | 24.984 |0.253
Pre-mature: Composition — 10Ps+Qr; Age — 60 years; Test plot 12 (block 539, unit 3)
st
lalyer 20.032 | 5.195 | 1.872 | 4.987 | 4.243 | 0.298 | 1.382 | 0.093 - - - 1.685 | 0.275 |0.002
nd
lazyer 13.181 | 1.187 | 1.133 | 1.744 | 0.570 | 0.029 | 0.109 | 0.078 - 0.042 0.120 | 5.102 | 3.038 |0.029
rd
las;/er 90.422 | 4.162 | 0.898 | 3.838 | 0.208 | 0.027 | 0.142 | 0.066 0.040 0.541 0.643 | 23.101 | 56.696 | 0.061
¥ 1123.635|10.544 | 3.902 | 10.570 | 5.021 | 0.354 | 1.634 | 0.237 0.040 0.582 0.763 | 29.888 | 60.010 | 0.091
Over-mature: Composition — 10Ps; Age — 101 years; Test plot 22 (block 562, unit 17)
st
lalyer 23.874 | 6.760 | 3.168 | 5.502 | 6.758 [ 0.090 | - | 0.053 - - - 1.165 | 0.378 -
nd
lazyer 31.632 | 4.085 | 2.846 | 3.138 | 1.965 | 0.029 - 0.232 - 0.155 - 6.427 | 12.702 | 0.053
rd
lai/er 140.242 | 1.456 | 1.642 | 2.834 | 0.301 - - 0.070 0.637 4.350 - 15.806 | 113.067 | 0.078
Y | 195.747 | 12.301 | 7.656 | 11.474 | 9.024 | 0.118 - 0.355 0.637 4.506 - 23.398 | 126.147 | 0.131
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The accumulation of forest litter in middle-aged
pine plantations also has a similar pattern, which is char-
acteristic of young plantations. The total stock of litter in
middle aged plantations is 2-2.5 times greater than the mass
of litter in young plantations, regardless of forest vegeta-
tion sites. This is explained by the different intensity of leaf
fall, as well as different rates of its mineralization, which is
characteristic of pure pine plantations.

Fractional composition of forest litter
In addition to quantified indicators determination of litter

distribution by area, aggregation, and fractional composition
was studied. It was found that the distribution of litter by
area was generally uniform.

Differences in the thickness and stocks of forest lit-
ter in rows and between rows of pine plantations are not
observed already in pre-mature plantations from the VI
age class. The thickness of the litter in the rows exceeds the
similar values between rows by 1.0-1.5 cm in young planta-
tions. This is especially clear in plantations with wide (2.0-
2.5 m) rows (Fig. 4).

Figure 4. Characteristics of litter profiles in rows (a) and between rows (b) in pine plantations of the III age class

Thus, in the moist relatively poor pine site, the for-
est litter of 22-year-old of mixed pine planting (9Ps1Bp) in
rows has a thickness of 4.0-5.0 cm, and in the interrows its
thickness reaches 3.6 cm (Fig. 4). The composition of the
forest litter is marked by a coherent three-layer structure
in the older age groups. It consists of the branches, bark,
cones, pine needles, leaves, buds, roots, rough and fine dust,
entomofauna remains.

The “cones” fraction appears in the middle-aged
plantations of the moist poor pine site. It is concentrated
in the top layer of litter. Its weight is 4,014 t/ha. The total
mass of cones is 10,570 t/ha in the plantations of the moist
relatively poor pine site. It is usually almost evenly placed
on the separated horizons. This reaffirms the early and in-
tensive reproductive activity of pine plantations of B2 site.
The proportion of roots in the litter of A2 site is 5-5.5 times

higher than the proportion of roots in the litter of pines
growing in B2 site. The content of physiologically active
roots in the litter almost doubles their content in the upper
10-centimeter layer of mineral soil, which is respectively
4,506 t/ha and 2,403 t/ha [5].

The small fraction of forest litter, with particles
size <1.1 mm, is actively accumulated in the lower layers.
If in young plantations it dominates in the second layer
of litter, then in the plantations of the older age groups it
accumulates in the third layer. Its mass in the forest litter
in mature plantations of B2 site is 126,147 t/ha, which is
64.4% of its total mass. This indicates the active course of
decomposition processes in the thickness of the litter and
intensive mineralization processes in its lower layers. Gen-
eralized data of stocks in the forest litter fractions are given
in Table 3.

Table 3. Stocks and fractional composition of litter of water protection plantations

Age groups and ) Fractions of litter, t/ha
o Layer of | Litter stock, Leaf,
composition of litter t/ha Branches Bark Cones, grass, Roots, dust,
plantations needles bu ds’ entomofauna
Plantations of moist poor pine site (A2)
15t layer 0.955 0.62 0.71 6.80 1.06 0.36
Y"X‘igl ;?&i;?g;zfp; 20 layer 44.13 0.32 0.88 5.78 0.83 36.33
’ > 53.69 0.94 1.58 12.57 1.89 36.70
Middle-aged stand: 1%t layer 16.82 3.84 2.47 9.92 0.02 0.57
10Ps; 21 Jayer 19.57 2.34 1.95 5.38 0.18 9.72
Age - 56 years; 31 layer 77.32 0.63 0.72 0.42 0.02 75.53
TP 2 3. 113.71 6.81 5.14 15.72 0.22 85.82
15t layer 13.11 3.83 1.55 3.90 0.47 3.36
Over‘mfégg? stand: [“owjayer | 109.03 14.92 730 6.21 0.43 80.17
Age - 111 yea’rs; TP 21 3 layer 121.59 0.90 0.79 3.49 0.01 116.40
> 243.73 19.65 9.64 13.60 0.91 199.93
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d Fractions of litter, t/ha
Age gr oups an Layer of | Litter stock, Leaf,
composition of litter t/ha Branches Bark Cones, ass Roots, dust,
plantations needles si;ru ds, entomofauna
Plantations of moist relatively poor pine site (B2)
15t layer 13.62 4.57 1.80 6.17 0.28 0.80
Young stand: 8Ps2Bp; d
A-15 years; TP 4 2nd Jayer 35.48 0.98 1.46 2.92 0.12 29.99
¥ 49.10 5.55 3.27 9.09 0.40 30.79
1%t layer 20.03 5.20 1.87 9.23 1.77 1.96
Pre-mature stand: )
10Ps+Qr, Bp: 2" layer 13.18 1.19 1.13 2.31 0.22 8.33
A ‘T63 ‘{gars; 3t Jayer 90.42 4.16 0.90 4.05 0.24 81.08
> 123.64 10.54 3.90 15.59 2.22 91.37
15t layer 23.87 6.76 3.17 12.26 0.14 1.54
Over-mature stand: 21 Jayer 31.63 4.08 2.85 5.10 0.26 19.34
A - 101 years; 10Ps;
TP 22 31 layer 140.24 1.46 1.64 3.13 0.07 133.94
> 195.75 12.30 7.66 20.50 0.47 154.82

The analysis of the active and inactive litter frac-
tions showed that the upper layer of the litter of young pine
plantations the inactive component of the litter is domi-
nated, which contains a large proportion of branches and
needles. Their share in the A2 site and B2 site is 8.13 t/ha
(85.1%) and 12.54 t/ha (92.1%), respectively. In the second
layer of the litter, in young plantations, the active part with
a large amount of dust is already dominant, which is 5.3-
5.6 times greater than the inactive part of the forest litter.
The trend towards an increase in the active part of the litter
is confirmed by the research of C. Prescott [19], which indi-
cates the possible humification of the litter in suboptimal
conditions (low temperatures or excessive humidity).

In general, the stock of inactive litter in the young
plantations of A2 and B2 sites is 15.10 t/ha or 28.1% and
17.91 t/ha or 36.5% respectively. It is noted that a signifi-
cant mass of the inactive part of the litter accumulates in
the upper layer. Moreover, the share is greater in planta-
tions of B2 site due to the more active course of growth and
development processes. At the same time, in young pine
plantations of A2 site, the inactive part of the forest litter
of the second layer already dominates this indicator in the
litter formed under conditions of B2 site, which indicates
the activation of microbiological processes and its acceler-
ated decomposition.

An increase in the active part of the litter can be
achieved by introducing it to pine plantations of deciduous

species. This is confirmed by the research of P. Sewerniak [3]
and other scientists. It is known that pure conifer mono-
cultures are much more likely than broad-leaved or mixed
forests to be affected by factors such as fires, pathogens,
pests, and windstorms. This thesis is confirmed by the
research conducted in the pure coniferous forests of the
Dolomites, in Gallio, Asiago and Cansiglio. In particular,
P. Sewerniak [3] recommends converting pine monocul-
tures into mixed forests by conventional planting of decid-
uous species into middle-aged monocultures. The problem
of rational management of clean coniferous plantations
is currently urgent and important. After all, the frequency
of forest damage has increased in recent decades [20].
It is also predicted that in the future, ongoing climate
changes may cause a serious loss of the economic value
of European forests.

In pine stands of the VI age class, the litter accu-
mulation and its fractional composition is similar general
regularity to that of young stands. However, the tendency
to increase the fraction of active litter is clearly visible It
indicates the active processes of mineralization.

With age, stocks of active litter increase (Table 4). In
mature stands of A2 site, its share reaches 82.4%, which is
200.82 t/ha. Somewhat lower values of the share of active
litter were recorded in B2 site — 79.3% or 155.29 t/ha, which
is explained by the acceleration of the processes of miner-
alization and circulation of substances.

Table 4. Distribution of stocks of active and inactive litter in water protection pine plantations

Litter Fractions of litter
Age group Layer of litter stock, Inactive Active
t/ha t/ha ‘ % t/ha ‘ %
Plantations of moist poor pine sites

15t layer 9.56 8.13 85.1 1.43 14.9
Young 2nd layer 44.13 6.97 15.8 37.16 84.2
> 53.69 15.10 28.1 38.59 71.9

1% layer 16.82 16.22 96.5 0.60 3.5
Middle-aged 27 Jayer 19.57 9.67 49.4 9.90 50.6
3 layer 77.32 1.76 2.3 75.56 97.7
> 113.71 27.65 24.3 86.06 75.7
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Litter Fractions of litter
Age group Layer of litter stock, Inactive Active

t/ha t/ha % t/ha %
1t layer 13.11 9.29 70.8 3.82 29.2
Over-mature 2nd layer 109.03 28.44 26.1 80.59 73.9
3 layer 121.59 5.18 4.3 116.41 95.7
3 243.73 42.91 17.6 200.82 82.4

Plantations of moist relatively poor pine sites

15t layer 13.62 12.54 92.1 1.08 7.9
Young 2nd layer 35.48 5.37 15.1 30.11 84.9
> 49.10 17.91 36.5 31.19 63.5
15t layer 20.03 16.30 814 3.73 18.6
27 layer 13.18 4.63 35.2 8.55 64.8

Pre-mature

3 layer 90.43 9.11 10.1 81.32 89.9
> 123.64 30.04 24.3 93.60 75.7

15t layer 23.87 22.19 92.9 1.68 7.1
2nd Jayer 31.63 12.03 38.0 19.60 62.0

Over-mature

3 layer 140.24 6.23 4.4 134.01 95.6
> 195.74 40.45 20.7 155.29 79.3

A similar trend regarding the layer-by-layer accu-
mulation of forest litter can be seen in middle-aged and
mature water protection plantings. The ratio of litter in
young, pre-mature and over-mature stands of B2 site is
1:2.5:4.0 or 49.10, 123.64 and 195.74 t/ha, respectively.
With age, there is an increase in the mass of litter, which
at the maturing of pine stands is 4 times greater than the
litter stocks of young plantations. The same regularity was
found in the distribution of litter fractions. In particular,
the share of active litter increases with age and reaches
79.3% in over-mature stands. In pre-mature and over-ma-
ture pine plantations, the active litter of the third layer is
89.9% and 95.6%, respectively, which indicates active pro-
cesses of its mineralization.

Conclusions

The distribution of forest litter within the pine plantations
of water protection purposes is quite uniform in terms of
area. The difference in its thickness and stocks in rows and
between rows of artificial pines is not observed after the
VI age class. The thickness of the litter in the rows exceeds
the similar indicators between the rows by 1.0-1.5 cm only
in young plantations. This is especially clear in plantations
with 2.0-2.5-meter rows.

In terms of composition, the studied forest litter is
coherent with a three-layer structure in older age groups.

The litter of over-mature pine plantations of a moist relatively
poor site is characterized by a large thickness (8.7-9.8 cm)
with a clearly defined lower mineralized layer 2.5-4.0 cm
thick. The second semi-decomposed layer of the litter is
saturated with small pine roots, needles, and remains of
entomofauna. The annual litterfall has a much lower capacity
than in the plantations of younger age groups.

A feature of litter formation in water protection
plantations is the fact that its lower horizon, saturated
with small roots, has a dense structure. During separation
from the litter of the middle layer, it does not crumble, and
its structure is not destroyed. This phenomenon was not
detected in pine plantations growing in similar forest vege-
tation conditions of the Kyiv Polissia.

The presence of a significant proportion of physi-
ologically active roots in the third layer of litter indicates
the active course of microbiological processes in it. The
content of physiologically active roots in the litter almost
doubles their content in the upper 10-centimeter layer of
mineral soil, which is respectively 4.5 t/ha and 2.4 t/ha.

For an in-depth study of the water regulation and
water purification functions associated with the formation
of forest litter in pine plantations of floodplain landscapes,
a perspective trend is the analysis of the chemical compo-
sition of the litter in dynamics to complement the mechanism
of its mineralization.
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Oco6mmBocTi opMyBaHHS JIiCOBOI MiACTWIKM BOJOOXOPOHHMUX COCHOBUX HACAIKE€Hb
VKkpaiHcbkoro Mexxupivus JHinpa i Jlecan

Tiyctino Me3s3asipa’!, Bacuas IOpiitoBuu I0xHoBcbKkMit?, IOpiit CTaniciaBoBuY YpIIioK3,
®enip MuxaitioBnu bpoBko*, AHapiii [lerpoBuu PaceHuyK?

Bigain cisibchbKOro rocromapcTBa BeHellii, cexilist arposiciBHMYOI HayKy i yIIpaB/liHHS
35020, Bys. Viale dell’Universita, 14, m. Pum, ITamis

’HaBuasbHO-HAyKOBUIT iHCTUTYT JIiICOBOTO i CaZOBO-TIapKOBOTO roCIIoiapCTBa
03041, Byn. 'enepana Poximiiesa, 19, m. Kuis, Ykpaina

S[lep>kaBHE MiAIIPUEMCTBO «BulenybeyaHChbKe J1icOBe TOCIIOIaPCTBOY»
07342, Byn. KuiBcbKa, c. ITipHoBo, KuiBchKka 0671.,YkpaiHa

“KuiBcbKMit HallioHaMbHMI yHiBepcuTeT iMeHi Tapaca llleBueHka
01033, Byn. Bonogumupcbka, 60, M. Kuis, YkpaiHa

AHorarnig. EdQexkTuBHe BMKOHAHHS MeiopaTUBHUX (YHKIIii BOJOOXOPOHHMMM HACAIKEHHSMM 3HAYHOI MipOlo
BM3HAYAETHCSI PO3BUTKOM JIiCOBOI MiJICTUIIKHA, i1 CTPYKTYPOIO, MOTYKHICTIO, IKiICHUM CKJIaZ0M, CTyIlleHeM MiHepasti3aliii.
ToMy MeTOI0 HOCTi[IKEHHSI CTaj0 BUSIBIEHHS 0COOIMBOCTEl (OpMyBaHHS JIiCOBOI MiJCTUIKM COCHOBMX HAacaJKeHb
VkpaiHcbkoro Meskupiuust [IHinpa Ta JTecHu. [JOCTiAKeHHS JIiCOBOI ITiICTUIKM POBEIEHO Ha 00/iKOBUX MaiiaHUMKaX Yy
BCiX BiKOBMX I'pyIiax HacaIKeHb, y SKMUX 3aKIaeH0 22 MPOoOHi TuIomli. 3pa3Ku MiACTUIKY BigOMpain y MiXXpSIAISX i B psaax
JIicOBUX KynbTyp. I1iJl yac aHasli3y SIKICHOTO CKJIafy JIiCOBOI MifCTWIKM MOJIOLHSKIB BUSIBJIEHO JOMiHYBaHHS BEDXHbOMY
TOpPM30HTI HeaKTMBHOI (pakiiii, SIKy ckiamaau rnepeBakHO XBOS i Tiiku. TyT yacTKa HEAKTMBHOI MiACTWIKM B CBDKMX
JIiICOPOCJIMHHMX YMOBaxX 60py i cyb6opy craHOBWIIA BimnoBigHo 8,13 T/ra a6o 85,1 % i 12.54 1/ra a6o 92,1 %. VY HUKHbOMY
rOpM30HTI 3aiKCOBAHO BEIMKY KilbKiCTh TPyxXH, ika GopMye akTUBHY dpakui. [i 3amacu y 5,3-5,6 pa3s nepeBUILYIOTh
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3aracy HeaKTUBHOI MiACTUIKM. 3arajioM, y MOJIOAMX COCHSIKAX CBiXKOTO GOPY 3arac HeaKTMBHOI MiACTUIKMA CTAHOBUTD
15,10 1/ra (28,1 %), y To¥ uac Koiu ii HasgBHICTb Y HaCAIKeHHSX CBiXOTO cy6opy — 17,91 1/ra 36,5 %. V cepenHbOBIKOBUX
COCHSIKAaX YacTKa aKTMBHOI ¢pakiii migcTuiky 36iJbIIyeThCS, 0 € HACTiAKOM aKTUBHOI Aii mporeciB ii poskianmy. V
CTUTIMX HACAKEHHSX CBIXOTO cy60py YacTKa aKTMBHOI MiACTWIKM CTAaHOBUTD 79,3 % a6o 155,29 T1/ra. Lle € cBimueHHSIM
inTeHcudikanii mpouecis miHepasisanii i akTuBi3anii Ko1006iry peuoBuH. Y HiACTUILI HacaJyKeHb CTAPUINX BiKOBUX I'PYII
YiTKO BUIIISIOTHCS TPY TOPU3OHTH, i3 MilIHMM 3UeIJIEHHSIM MiK c06010. HVsKHi 11ap j1icoBoi MiACTUIKY BOLOOXOPOHHMUX
Haca/KeHb MPOHM3aHu Gi3i0N0riyHO aKTMBHUM KOPiHHIM, 110 hopMye ii IIiTbHMIT THUTT CKIaJaHHs. 3a TAKMX YMOB TiJI
yac BigaiIeHHs H/SKHBOTO IIapy MTiACTUIKY BiJl BEpXHbOTO BiH He PO3Maga€eThCs i 10TO CTPYKTYpa 3a/IMIIAETHCS IIi/TbHOIO.
HasiBHICTh CUITBHO TeperuieTeHoro ¢i3ionoriyHo akTMBHOTO KOPiHHS Y TPeTbOMY TOPM3OHTI MiACTUIKM € CBiIYEHHSIM
akTKBi3alii MiKpoOGiOMOTiUHMX TMPOIECiB, SIKi TAKOX MPUIIBUIIIYIOTHCS TIepPexXBaTOM BOJIOTM i HarpoMalskeHHSIM
TYMYCOBMX YaCTOK I'PYHTY HISKHIMM mIapamu JicoBoi MigcTwiku. [Iasi 3amo6iraHHsl pO3BUTKY MMaBOAKOBMUX TPOIIECIB,
eexkTBHOTO BUKOHAHHSI (QYHKIIi/i BOJOPETYTIOBAHHS i BOJOOUMIIEHHSI PEKOMEHIYETbCSI CTBOPEHHST BOJJOOXOPOHHMX
HacaJkeHb 3 GOPMYBAHHSIM BUSBJIIEHOTO TUITY JIiCOBOT MiACTUIKU

KirouoBi ci1oBa: akTMBHA i HeakTMBHA MiACTMIKA, 6iOMeTPUYHI TOKA3HMUKM, TPYXa, OMal, KPyroo6ir pe4oBUH
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Current state of ornamental arboreal plants
in ordinary street tree stands in Kyiv
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Abstract. An increase in anthropogenic load in urban complexes leads to adverse ecological changes in the environment.
Urban tree stands can somewhat smooth out these shortcomings by affecting the microclimate within the local territory.
According to statistical data, every year the indicator of the provision of green spaces for the residents of Kyiv decreases,
which is caused by the unsatisfactory condition of street tree stands. The main purpose of this paper is to highlight the
results of the study on the assortment of arboreal plants, to estimate their general condition on the busiest streets and
avenues of Kyiv, and to provide recommendations for creating a perspective list of plants for urban street landscaping.
The paper analyses the data of the inventory that was performed within ordinary street tree stands in 2021. It was found
that the most common street tree stands include Tilia cordata, Aesculus hippocastanum, and Populus nigra. A comparative
analysis of the main assortment of plants in the street tree stands of Kyiv for 2009 and 2021 was conducted, and it was
established that the number of Aesculus hippocastanum and Populus nigra decreased, while the percentage of Robinia
pseudoacacia, Fraxinus excelsior increased. The assessment of the general condition of plants indicates that the largest
share of plants is in a satisfactory condition — 50%. The best condition was noted in Robinia pseudoacacia, Acer platanoides,
and Tilia cordata. Attention is paid to the general condition of arboreal plants by the percentage of inactive photosynthetic
surface. High resistance of Acer platanoides, Fraxinus excelsior, and Robinia pseudoacacia to urban conditions is revealed.
The analysis of the experimental data provides grounds for determining the main and supplementary assortment of
arboreal plant species recommended for use in street landscaping, with further study of their stress resistance

Keywords: dendroflora, general condition, arboreal plants, assortment, defoliation

Introduction

Urbanization of megacities influences changes in the en-
vironment, as well as the increase in anthropogenic load.
Urban tree canopies provide various ecological and social
benefits for urban spaces by reducing local temperatures,
energy consumption, and absorbing rainwater runoff. They
are one of the closest and familiar green infrastructures to
city dwellers [1; 2]. Scientists indicate the importance of
street tree stands because they can create a large amount
of green cover, especially within dense buildings [3; 4]. To-
day, Kyiv has the title of “Green Capital” [5], but consid-
ering the recreational and anthropogenic load on green
areas, the change in microclimate and the outdated range
of ornamental arboreal plants and their general condition,
every year the indicator of the city’s population’s provision
of green spaces decreases. It is the urban green infrastruc-
ture, with a special emphasis on street plantings, that is

Suggested Citation:

a sophisticated engineered ecosystem, which plays an im-
portant role in the creation of ecosystem services and, if
properly managed, can prevent negative and harmful im-
pacts [6]. Street tree stands in Kyiv play a significant role
in landscaping and planning structure of the city, which
determines their important landscape-architectural,
aesthetic, and recreational role [7]. Empirical results of
Japanese researchers indicate that increasing the greening
ratio of the street landscape improves the residential en-
vironment in terms of both the magnitude and saturation
level of the tree stand ratio, while increasing the number of
urban parks does not [8].

According to urban planner P. Gartner, who studied
satellite images using Normalized Difference Vegetation
Index, the city of Kyiv was recognized as the greenest cap-
ital in Europe in 2017. But not all city residents agree with
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the result of this study, which is caused, in most cases,
by the unsatisfactory state of tree stands within the set-
tlement zone. DC Evolution analysts examined the capi-
tal’s green zones and noted that the total area of Kyiv is
83.4 thousand hectares, and the area of green zones is
16.2 thousand hectares, which is 19.3% of the total [5]. But
a significant area of greenery is growing within recreational
zones, forest parks, etc.

For Kyiv to become a truly “Green Capital”, it is
necessary to pay great attention to street landscaping. As
A. Ryzhikov, head of the DC Evolution company, says about
Kyiv: “Walk through the centre or the neighbourhood -
how many trees will you see? They simply do not exist. And
it matters not if they got sick and withered, or if they were
cut for another kiosk or car park. At the same time, lan-
scapers plant about 10,000 trees every year... A comfortable
city starts small” [5].

One of the effective ways to preserve the quality
of the environment is to stabilize the quantity and main-
tain the quality of green spaces, which must be properly
maintained. Trees planted along streets tend to require
more maintenance and have a shorter lifespan than those
growing in more natural settings. Poor tree growth is often
associated with insufficient soil volume for the root sys-
tem, which limits access to water and nutrients. Tree roots
in the urban environment often compete for underground
space with urban services and infrastructure, and insuffi-
cient space for rooting is one of the factors in the unsatis-
factory condition and mortality of street trees in cities [9].

Urban greening encompasses a range of incentives,
strategies, and initiatives to green urban landscapes, and
often includes urban tree planting programs. The increase
of green spaces has both advantages and disadvantages,

‘posisess Crersan Bassepn

since the solution to the problem of improving green
spaces in an urbanized environment, as well as the increase
in green areas, is possible with the use of justifications and
scientific recommendations regarding the selection of the
assortment of plants and its maintenance, which is based
on inventory and assessment of the condition of ornamental
tree stands. Only plants in good condition can effectively
perform vital functions. Currently, the city of Kyiv does
not have comprehensive information on the inventory of
street plants, although some plants are already included in
the main database of inventory data. Therefore, the purpose
of this paper is to establish the main and supplementary as-
sortment of plants for their further use in street landscaping.

Materials and Methods

The study adopted a representative sampling approach.
According to the general plan of the city, the experimental
area was chosen, where street tree stands are an important
green infrastructure with high maintenance needs, namely:
Peremohy Avenue, S. Bandery Avenue, Holosiivskyi Avenue,
Vernadskyi Boulevard, Velyka Vasylkivska Street, etc. (Fig. 1).
For the accuracy of the experiment, the selected streets are
located in different parts of Kyiv and differ in the assort-
ment of plants. All trees that grow on the experimental
sites are classified as public tree stands, grow in row plant-
ings along the roads, have different ages and composition.
From May to November 2021, field research was conducted,
938 trees were examined on 7 streets of the city. To esti-
mate the number of street trees within the selected objects,
a preliminary stage of selection took place using Google
Earth. The sample survey was designed in such a way as to
represent all types of plants under conditions of limitation
of more intensive recreational load.

By BACHTMKIRCIKA =T
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Figure 1. Experimental sites within the districts of Kyiv

To indicate a promising assortment of plants for
street tree stands, the main task of the study was to con-
duct an inventory of tree stands at the experimental sites,
to determine and estimate the general condition of the
most common arboreal plants. The inventory was carried
out according to the “Instructions for the inventory of
green spaces in populated areas of Ukraine” [10]. A 5-point
scale was also used to detail the assessment of plant con-
dition, according to which the category of plant condition
was determined by the percentage of inactive or lost pho-
tosynthesizing (leaf) surface. Trees without suppressed
growth with a full leaf surface were evaluated at 5 points;

trees with growth that generally meets the norm and has
about 20-25% of the inactive surface — 4 points; trees with
weakened growth, which have about 50% of inactive leaf
surface — 3 points; trees with suppressed growth, the
growth of the current year is almost absent, have about
75-80% of inactive leaf surface — 2 points; dead and dy-
ing, without current tree growth with 100% inactive leaf
surface — 1 point [11].

Results and Discussion

The examined 938 trees include 17 species belonging to
13 genera and 11 families (Fig. 2).
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Figure 2. The most common types of arboreal plants at experimental sites

According to the inventory data, it was found that
the most common species in street tree stands are as fol-
lows: small-leaved linden (Tilia cordata Mill.), which is
35.8%, horse chestnut (Aesculus hippocastanum L.) — 20.3%,
and black poplar (Populus nigra L.) — 18.9%, which in to-
tal makes up 75% of the surveyed tree stands. Black lo-
cust (Robinia pseudoacacia L.) and Norway maple (Acer
platanoides L.) have slightly lower figures — 10.4% and 9.6%,
respectively, as well as other types of arboreal plants, such
as common ash (Fraxinus excelsior L.), common oak (Quercus

40%

robur L.), sugar maple (Acer saccharum Marsh.), hybrid
plane (Platanusxhispanica Mill.), mountain-ash (Sorbus
aucuparia L.), etc. Comparing the data with the studies of
2008-2009 [12], the percentage of Aesculus hippocastanum L.
within street tree stands decreased by about 20%, and
Populus nigra L. by approximately 27% (Fig. 3). Therewith,
the number of Robinia pseudoacacia L., Fraxinus excelsior L.
plants is increasing, and the frequency of occurrence of
Platanusxhispanica Mill. and Catalpa bignonioides Walter has
increased within the avenues and streets of Kyiv.
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Figure 3. Species composition of street tree stands in Kyiv for 2009 and 2021

The decrease in the number of specimens of
Aesculus hippocastanum L. is primarily related to the
annual damage to the plants by the horse-chestnut leaf
miner, which adversely affects the general condition
of the plants, starting from June [13]. Moth larvae feed
on leaves, which causes their defoliation, and depend-
ing on environmental conditions, there can be up to five

generations of this pest per year [14]. Combined with
anthropogenic load, the weakening of plants is acceler-
ated, the canopy and branches die back, trunk frostbite
cracks appear, re-flowering is found in many specimens,
etc. (Fig. 4). All the factors listed above have a detrimental
effect on the condition of plants, which in the future leads
to their death.
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Figure 4. Aesculus hippocastanum L. in street tree stands in Kyiv: a) canopy defoliation; b) frost cracks;
c) repeated flowering; d) defoliation of leaves

The decrease in the percentage of Populus nigra L.
plants in street tree stands is caused by several factors,
namely: short-lived species and the downing of plants
during flowering, which causes allergic reactions among
the city residents [6]. Furthermore, reaching a critical age
barrier and having brittle wood, small gusts of wind lead to
branch breaks and falling poplar trees.

During the inventory of tree stands within the
streets of Kyiv, the current state of the plants was deter-
mined. According to the “Instructions for the inventory of
green spaces in populated areas of Ukraine”, the examined
plants were assigned to three categories according to their
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general condition: good, satisfactory,and unsatisfactory. As
indicated in Fig. 5, the largest share of plants is in satisfac-
tory condition — about 50% of the examined plants, in good
condition - within 40%, and in unsatisfactory condition —
10%. Among the most common types of street tree stands,
the best condition was noted in Robinia pseudoacacia L.,
Acer platanoides L. and Tilia cordata Mill., although the per-
centage of plants in an unsatisfactory condition in these rep-
resentatives reaches more than 10%. Therefore, it is necessary
to analyse the current state of experimental plants and the
specific features of their growth in more detail to explain
the unsatisfactory state of numerous specimens.

32%

6.0%

Tilia cordata hipgsz;:tlzrslum Populus nigra pselfl(:ilﬁ:iicia plat?lileorides Other
mm Unsatisfactory 8% 11% 16% 5% 14%
Satisfactory 49% 63% 45% 32% 41%
m Good 43% 26% 39% 63% 45%
= Species composition 36.0% 20.0% 19.0% 12.0% 7.0% 6.0%

Figure 5. General condition of street tree stands in Kyiv

To estimate the detailed state of street tree stands,
several methods were analysed, which included various as-
pects of plant growth, their condition, appearance, presence
of pests and diseases, etc. [7; 4]. The following was high-
lighted from these methods: during the visual inspection
of street tree stands, the researcher pays special attention
to the general condition of the plants and the condition
of the leaf blade. Therefore, the next step in the research
was to determine the category of plant condition based
on the percentage of inactive or lost photosynthetic (leaf)
surface. It is this indicator that is key in the rating of tree

mortality, which is conducted by the Japanese Centre for
Research and Development of Greenery and is widely used
in scientific research institutions and expert companies in
Japan [15]. This method includes 12 parameters, which in-
clude plant growth energy, density of branches and leaves,
leaf colour, damage to the lower and upper parts of the leaf,
damage or rotting of the tree bark, leaf size, presence or
absence of sprouts, etc. Therefore, during field surveys, the
state of plants was estimated according to the state of the
leaf blade in the most common types of street tree stands
during May-June 2021 (Table 1).
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Table 1. Estimation of the general condition of plants by the percentage of inactive or lost photosynthetic surface

Number of trees of each type (pcs/%)
R . Total number
Plant name By status categories, points To.tal, of trees, %
1 2 3 4 5 points
1 2 3 4 5 6 7 8
11 19 43 142 122 337
Tilia cordata Mill. 36
3.3 5.6 12.7 42.1 36.2 100
8 12 42 62 63 187
Aesculus hippocastanum L. 20
4.3 6.4 22.4 33.2 33.7 100
. 8 9 38 67 56 178
Populus nigra L. 19
4.5 21.3 37.6 31.5 100
2 4 7 29 70 112
Robinia pseudoacacia L. 12
1.8 3.6 6.2 26 62.4 100
) 4 5 11 15 30 65
Acer platanoides L. 7
6.1 7.7 16.9 23 46.2 100
1 1 3 7 25 37
Fraxinus excelsior L. 4
2.7 2.7 8.1 18.9 67.6 100
0 0 3 8 11
Catalpa bignonioides Walter. 1
0 0 27.3 72.7 100
0 0 1 4 5 10
Platanusxhispanica Mill. ex Miinchh 1
0 0 10 40 50 100
34 50 145 329 379 937
Total 100
3.6 5.3 15.5 35.1 40.4 100

Estimating the general condition of arboreal plants
by the percentage of inactive photosynthetic surface, it
was established that a considerable part of the experi-
mental plants is in excellent and good condition precisely
in this period of the growing season. However, Aesculus
hippocastanum L. and Tilia cordata Mill. have signs of leaf
defoliation for 60% and 45%, respectively, already at the
beginning of summer, which further adversely affects the
general condition of the plants. Catalpa bignonioides Wal-
ter. and Platanusxhispanica Mill. are represented by a small
percentage in street tree stands, but according to the re-
sults of research, they have the best rating — over 90% of
specimens are in good and excellent condition. Notably,
during field surveys in dry weather, the leaves of Catalpa
bignonioides were flabby, and at that time the decorative-
ness and general condition of the plants became signifi-
cantly lower, but when moisture entered the soil, the leaves
again had turgor and good condition. According to research
data, Acer platanoides L., Fraxinus excelsior L., and Robinia
pseudoacacia L. are highly resistant to urban conditions.

Having conducted a detailed inventory of street
tree stands and assessing their general condition using two
methods, considering the information in literary sources,
a description of arboreal plants was compiled, considering
their ecological, dendrological, and other features.

Acer L. Three distinct species of the genus Acer are
found at the experimental sites in Kyiv: the sharp-leaved
maple (A. platanoides), the silver maple (A. saccharinum),
and the ash-leaved maple (A. negundo). Maple, in the con-
ditions of Kyiv, has a height of up to 25 m (A. saccharinum),
30 m (A. platanoides), and 20 m (A. negundo). According

to the literature, different Acer species have different soil
requirements [16]: A. platanoides grows well on all soils
except peat, A. saccharinum needs fertile, moist, acidified,
and drained soil, while A. negundo is the most undemand-
ing. Compared to other species, A. negundo has lower frost
resistance, a shorter lifespan, is an invasive species, but is
characterized by high resistance to air pollution and some
decorative forms. A. saccharinum can grow in the shade and
tolerates soil salinity, which is vital in street tree stands.
However, it has many developed superficial lateral roots,
which need a large open surface, which cannot always be
provided in urban conditions. But considering all the eco-
logical “pros” and decorativeness, A. platanoides is more
universal, as it can tolerate almost all adverse factors of
urban conditions.

Aesculus L. A. hippocastanum and its hybrid
Aesculusxcarnea are among the most common trees in
street tree stands, dominating due to their crown habit and
decorativeness during flowering. Aesculusxcarnea has better
indicators of frost resistance, drought resistance and is less
affected by Cameraria ohridella, which makes it much more
hardy in urban environments [17].

Tilia Mill. In street tree stands, lindens are of im-
mense importance as static plants that create a lot of
shade, alley, and park trees. Due to their high regenerative
capacity and durability, they are well suited for all types of
urban plantings.

T. cordata and T. platyphyllos are two species of the
genus Tilia, which are most often found in the street tree
stands of the city of Kyiv, and at the same time differ from
each other in their features. T. cordata easily adapts and
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grows well on poor soils, requires less air humidity and
nutrients, is wind resistant, less damaged by Aphidoidea
Latreille compared to T. platyphyllos.

T. platyphyllos is light-demanding, frost-resistant,
heat-demanding, does not tolerate dryness of the air and soil,
creates shade, is sensitive to air pollution and salinity, is
damaged by Panonychus ulmi, and therefore T. cordata has
the advantage in outdoor tree stands.

Populus L. The genus Populus includes three decid-
uous tree species within the surveyed area, characterized
by rapid growth, growing to massive and large trees. It is
often used in street landscaping, but it is worth paying at-
tention to the short lifespan and fragility of poplar with
age. Their roots are aggressive, spread widely, raising the
road surface, and causing damage to underground commu-
nications. Populus nigra L. and its subspecies Populus nigra
var. pyramidalis Spach are the most common in landscap-
ing in Kyiv. The main difference between them is the crown
shape and the life span since it is much greater in P. nigra.
Both plants are light-demanding, frost-resistant, wind-re-
sistant, and heat-demanding, but P. nigra var. pyramidalis
tends to be damaged by diseases and fungal infections, at
the age of 40 the tree becomes brittle.

Robinia L. R. pseudoacacia is very heat-demanding,
tolerates heat, drought and salinity well, is undemanding to
soils and is well suited for landscaping extreme inner-city
facilities. This species is promising in the street tree stands
of megacities.

Fraxinus L. For landscaping, ash trees are important

as a fast-growing and long-lived plant that is used for street
landscaping. F. excelsior is light-demanding, tolerates light
shade and partial shade. Prefers fairly fresh, moist, fertile
and well-drained soils, dislikes compacted and too wet
soils. Young trees are damaged by late frosts, it is wind-re-
sistant, has a high regenerative capacity, and the top dries
up when the groundwater level drops.

Platanus L. Platanus x hispanica Mill. ex Miinchh. is
a deciduous tree that grows up to 20-30 m in height, and in
recent years has often been planted on the streets of Kyiv.
Prefers growth in the sun or light shade. Undemanding to
the soil, it grows well on very dry soils if they are not too
poor. Features: frost-resistant, heat-loving, smoke- and
gas-resistant plant, grows well after shaping and rejuve-
nating cutting [18].

Catalpa Scop. Catalpa bignonioides Walter in urban
conditions grows to a height of 10-15 m. It has a tap root
system and thick, fleshy roots. Prefers the sunny side and a
place protected from the wind. It is unpretentious to soils,
tolerates dryness well. On dry, not very fertile soils, shoots
ripen better, are less damaged by frost, resistant to urban
and industrial environments [16].

Based on the study of the current state, ecological
and physiological features of the growth of arboreal plants
in ordinary street tree stands, it is possible to single out the
species that are the main ones, and which can be used as
supplementary ones. Some species from the main category
will eventually be included in supplementary ones and vice
versa (Table 2).

Table 2. Distribution of the assortment of arboreal plants in the street tree stands of Kyiv

Item Assortment

No. Plant name main supplementary
1 Acer negundo +
2 Acer platanoides +
3 Acer saccharinum +
4 Aesculus hippocastanum + _—
5 Aesculus=carnea e +
6 Catalpa bignonioides = +
7 Fraxinus excelsior < +
8 Platanusxhispanica e +
9 Populus nigra + _—
10 Populus nigra var. pyramidalis + —_—
11 Quercus robur +
12 Robinia pseudoacacia - +
13 Sorbus aucuparia +
14 Tilia cordata +
15 Tilia platyphyllos +

Tree species Aesculus hippocastanum, Populus nigra,
and Populus nigra var. Pyramidalis will eventually be used
as a supplementary assortment of plants for greening row
plantings along the streets, while Aesculusxcarnea, Catalpa
bignonioides, Fraxinus excelsior, Platanusxhispanica, and
Robinia pseudoacacia are included in the main assortment.
The recommended assortment of tree plants for street tree
stands in Kyiv will be supplemented as a result of further

research among rare species and analysis of the general
condition of plants within the entire growing season.

Conclusions

The species composition of street tree stands in Kyiv is rep-
resented by about 20 species of arboreal plants, although the
most common are five: Tilia cordata, Aesculus hippocastanum,
Populus nigra, Acer platanoides, Robinia pseudoacacia.
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On the streets of the city, over the past decades,
there has been a tendency to change the species composi-
tion of arboreal plants in ordinary street tree stands. Thus,
compared to 2009, the number of Fraxinus excelsior, Robinia
pseudoacacia, Catalpa bignonioides, Platanus=hispanica in-
creased on the streets under study. The analysis of the gen-
eral state of the plants gives reasons to substantiate the
replacement of Aesculus hippocastanum, Populus nigra with
the above-mentioned species.

Characterization of the general state of plants ac-
cording to the lost photosynthetic surface indicates early
defoliation of the leaf surface in Aesculus hippocastanum
and Tilia cordata and points to high positive indicators in
Robinia pseudoacacia, Acer platanoides.

Based on the results of research, it can be stated
that representatives of the family Robinia L., Fraxinus L.,
Platanus L., Catalpa Scop. are those plants that can with-
stand the urban and anthropogenic load in street tree
stands, although without proper agrotechnical measures
the plants have fewer opportunities.

A limited number of species of arboreal plants grow
in street tree stands, which is associated with special require-
ments for them, namely: a straight trunk, a high raised dense
crown, the possibility of formative pruning, resistance to ur-
bogenic factors. It is these plants that should form the basis
for street tree stands, and the rest of the species should be
used for addition and accentuation. In the future, it is planned
to investigate the stress resistance of street arboreal plants.
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CyyacHMI CTaH JeKOPaTUBHUX JePeBHUX POCIVIH
y PAAOBUX BYJIMUHMX HacaJKeHHsIX M. KueBa

Onecs BitaniiBua ITixano, Bnagucias CepriiioBuu bopigueHnko

HaBuasbHO-HaYyKOBMIT iHCTUTYT JIICOBOTO i Cai0BO-NIapKOBOT'0 rOCHOAapPCTBA
HarmioHanpHMi1 yHiBepcuTeT 6GiopecypciB i mpMpomoKopucTyBaHHS YKpaiHu
03041, Byn. I'enepana Poximiiesa, 19, m. Kuis, Ykpaina

Auoranig. ITinBuileHHS pPiBHS AHTPOIIOTEHHOTO HABAHTAXKEHHS B YPOOKOMILIEKCAX TPU3BOOUTbL OO HEraTUBHUX
eKOJIOTIYHMX 3MiH cepemoBuina. MicbKi HacapyKeHHsSI 3[AaTHI [eIl0 3IVIaKyBaTy 1i HEeJONMiKM IIITXOM iX BIUIMBY Ha
MiKpOK/IiMaT B MeKax JIOKaTbHOI TepUTOpii. 3TiAHO CTATUCTUUYHMX AAHUX, IIOPOKY MOKA3HUK 326€3MeUeHOCTi SKUTETiB
micra KueBa 3eleHMMM HacCaIKEHHSIMM 3HMKYETHCS, 10, 30KpeMa, BUKIMKAHO HE3a[OBiIIbHMM CTAHOM BYIMYHUX
HacagkeHb. OCHOBHOI0 MeTOIO IMyO6iiKalii € BUCBITeHHS pe3y/abTaTiB JOCTIIKEeHHS IIOL0 aCOPTUMEHTY JepeBHUX
POC/INH, OIiHKM IX 3araJbHOTO CTaHy Ha Hai6ilbIl HaBaHTa’KeHMX BYIMIX Ta MpocrekTax M. KueBa Ta HagaHHS
peKoMeHAallill o0 CTBOPEeHHS MEepPCIeKTUBHOIO CIMUCKY POCAMH [JII MiCbKOTO BYJIMYHOTO O3e/leHeHHS. Y CTaTTi
TpoaHasi3oBaHi AaHi iHBeHTapm3allii, sika MPOBOAMIACS B MeXaX DSIAOBUX BYAMUYHMUX HacamkeHHsIX y 2021 porri.
BusHaueHo, 1110 HaibiIbII MOMIMPEHUMI BYJIMUHMMM HacamkeHHsiMu € Tilia cordata, Aesculus hippocastanum ta Populus
nigra. TIpoBeeHnit MOPiBHSIbHMI aHaTi3 MO0 OCHOBHOTO aCOPTUMEHTY POCIMH Y BYIMYHUX HacaIkeHHIX M. KueBa 3a
2009 Ta 2021 poku Ta BCTAHOBJIEHO, 1[0 3MEHIIMIACS KiIbKiCTh Aesculus hippocastanum ta Populus nigra Ta 36ibIIMBCS
BificoToK Robinia pseudoacacia, Fraxinus excelsior. OLiHKa 3araJbHOTO CTaHy POC/IIMH BKa3ye Ha Te, 110 HaitbibIla yacTKa
POC/IMH 3HAXOOUTBCS V 3aI0BiTbHOMY cTaHi — 50 %. Haiikpamuiuii cran BimmiueHo y Robinia pseudoacacia, Acer platanoides
ta Tilia cordata. 3BepTaeThCs yBara Ha 3arajJibHUil CTaH JepeBHUX POCIMH 3a BiICOTKOM Hefilouoi GoTocuHTe3yuoi
TTIOBEPXHi Ta BUSBJIEHA BMCOKA CTiiKiCTb 10 MicbKUX YMOB Acer platanoides, Fraxinus excelsior Ta Robinia pseudoacacia.
AHami3 JoCTigHMUX TaHMX Ja€ MiACcTaBy BU3HAUMTM OCHOBHMI Ta AOJATKOBUII aCOPTUMEHT JepeBHUX BUIIB POCINH, SIKi
peKOMeHI0BaHi /1151 BUKOPUCTAHHS B O3e/IeHeHHi BY/IUIb 3 OJA/IbIIMM BMBUEHHSIM iX CTPeCOCTiIKOCTi

KnrouoBi ciioBa: menapodiiopa, 3arajbHuii CTaH, JepeBHi POCIMHN, aCOPTUMEHT, Aedosmiaris
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Abstract. The relevance of the study is conditioned upon the predicted changes in the area, as well as the significant
narrowing of the zone of optimal growth of Scots pine. These forecasts are based on obtaining data on the ongoing
climate changes. A constant decrease in precipitation, along with a gradual increase in temperature levels, will lead to
consequences such as uncontrolled changes in ecosystems. Such a substantial change in abiotic factors caused by human
activity plays a key role in the formation of forest coenoses. The main purpose of this study was to analyse the change in
the average annual temperature, as well as the monthly amount of precipitation observed in the forest communities in the
Separated Subdivision of the National University of Life and Environmental Sciences of Ukraine “Boyarka Forest Research
Station”. The analysis is performed over decades to obtain data on the level of temperature change in relation to the
previous period. This also includes a comparison of monthly precipitation for 2021 relative to 1991-2020, which is set as
normal. To obtain indicators of the average annual temperature, the average value method is used, followed by calculating
the value of the average annual temperature for each decade. To find the deviation in total precipitation, the method of
estimating the moisture conditions according to total precipitation is used. Therewith, the value of a substantial deviation
is taken at 20% relative to the precipitation rate. According to the study results, it was established that in 2001-2010 the
average annual temperature changed by 0.83°C relative to the previous decade, and in 2011-2020 by 0.74°C relative to
the previous period. Such dynamics indicate a gradual increase in the average annual temperature, which is reflected
in the forecasts of the world community. During the estimation of moisture conditions, separate months of 2021 with
a critical level of precipitation in relation to the normal period were selected. In March, the amount of precipitation
was 43% of normal, in June - 32%, in September — 40%, and in October — only 4.3% of normal. The value in November was
observed at 63% of the norm. Such a decrease in the amount of precipitation in relation to a gradual increase in the average
annual temperature poses a threat of a decrease in the hydrological level of moisture. This leads to a decrease in the radial
increment of tree stands, and a gradual shift in the growing area of Scots pine. The obtained analysis results will further be
used to conduct dendrochronological studies of tree rings of Scots pine (Pinus sylvestris L.) in the tree stands of the Separated
Subdivision of the National University of Life and Environmental Sciences of Ukraine “Boyarka Forest Research Station”

Keywords: forest plant community, annual temperature, Scots pine, precipitation, forest fund lands

Introduction

Scots pine is the main forest-forming species in Ukraine.
Its main distribution is in Polissia and the northern part
of the Forest Steppe. However, since the beginning of the
215t century, the degradation of pine stands has gained con-
siderable momentum not only on the territory of Ukraine,
but also on all continents. This is especially noticeable

Suggested Citation:

in the forest biocenoses of the temperate climate of the
Northern Hemisphere. The loss of one of the main for-
est-forming species is unacceptable for Ukraine. The mech-
anisms of investigating the degradation should include the
study of its course, as well as the causes and factors of its
emergence in forest coenoses. The main reason for this
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phenomenon, as a result, is anthropogenic load, diseases
and pests of arboreal plants combined with a set of ecological
and climatic factors. Climate fluctuations observed over
comparable periods of time, which are directly or indirectly
caused by the activities of people on the planet and changes
in the climatic conditions of the global atmosphere and are
defined as climate change [1].

A substantial change in abiotic factors, because of
human activity, plays a major, in some situations, a key role
in the formation of forest coenoses. The number, produc-
tivity, and distribution of animal and plant communities
primarily depends on limiting factors. The global commu-
nity is on a trajectory that corresponds to a temperature
increase of about +4°C by 2100 [2]. This level of tempera-
ture increase is catastrophic and will mean the emergence
of uncontrolled changes in ecosystems [3]. However, there
is also another claim: according to the United Nations,
warming by 2100 is projected at 3.2°C [4]. According to the
report of the Intergovernmental Group of Experts on Cli-
mate Change, scientific studies indicate that since the end
of the 19 century, two-thirds of the anthropogenic impact
is caused by human activity, namely the increase in the
concentration of greenhouse gases in the planet’s atmo-
sphere. On the territory of Ukraine, according to the Min-
istry of Environmental Protection and Natural Resources
of Ukraine, the average annual temperature has increased
by almost 2°C since the beginning of the 20™ century, in-
cluding by 1.2°C in the past 30 years alone [5]. Based on
the results of the World Bank research, the main theses re-
garding the impact of climate change on the state of forest
stands in Ukraine are highlighted. Thus, it was established
that the total precipitation will increase annually, but the
distribution of precipitation within the year will be uneven.
The main increase in precipitation is predicted for the win-
ter period. Prolonged droughts during the growing season
will lead to the deterioration of the sanitary condition of
forest biocenoses, which in turn will adversely affect the
significant increase in the area of forest fires [6]. When in-
vestigating the resistance of Scots pine to climatic stress, as
well as the reaction to increment in the pine regions of the
Czech Republic, the following results of the impact of cli-
mate change on stands were obtained: a considerable neg-
ative impact of droughts on radial increment over a 30-year
period was confirmed, while a positive impact was observed
in spring temperatures in February and March, which were
higher than normal [7]. Understanding the response of for-
ests to current changes in climate factors is crucial for the
implementation of forest management strategies, especially
under conditions of expected negative, and even critical
climate change [8]. The issue of forest adaptation, as well
as its use as an effective means of mitigating global climate
change, draws the attention of the scientific community to
the key role of forests as one of the most accessible tools for
stabilizing the climate and preserving the ecological bal-
ance on the planet [9]. According to the authors in [10], the
wide ecological range of Scots pine unequivocally demon-
strates its ability to adapt to variable environments. The
originality of the study lies in the calculation of moisture
conditions by the total precipitation using the method of
deviation from the norm to determine the months that
have deviations from the norm of precipitation.

The purpose of this study was to investigate the issue
of changes in the average annual temperature and average
annual precipitation in the forest fund of the Separated
Subdivision of the National University of Life and Environ-
mental Sciences “Boyarka Forest Research Station”.

Materials and Methods

To analyse the general trends, as well as climate patterns in
the forest area, the authors used the Separated Subdivision
of the National University of Life and Environmental Sci-
ences of Ukraine “Boyarka Forest Research Station” (here-
inafter SS NULES of Ukraine “Boyarka FRS”).
The forest massifs of SS NULES of Ukraine “Boyarka
FRS” are located in the central part of Kyiv region between
four administrative districts. Forest stands are in a wide
strip, limited to the right bank of the Irpin River - trib-
utaries of the Dnipro and stretch from west to east for
50 km, and from north to south for 35 km [11]. The main
type of soil is sod and low-podzolic. According to the for-
est vegetation zoning of Ukraine, the forest areas of the
enterprise, which are located in its northern, western, and
eastern parts, belong to the southern zone of the Ukrainian
Polissia, the Kyiv-Chernihiv Polissia forestry district, and
the forest areas of the southern part of the enterprise be-
long to the Forest-Steppe zone of the Dniester-Dnipro for-
est-steppe management district. There are areas that are
typical outwash plains of Polissia, as well as clearly defined
eroded landforms inherent in the Forest Steppe.
The area of SS NULES of Ukraine “Boyarka FRS” is

17,835 hectares, of which 16,161.5 hectares (92.4%) are
forest plots covered with forest vegetation. Of the total
amount, the share of Scots pine (Pinus sylvestris L.) is 81.6%
of forest areas covered with forest vegetation, the share of
common oak (Quercus robur L.) and common alder (Almus
glutinosa (L.) Gaertn.) is 13.5% and 2.0%, respectively [11].
According to the age indicator, one of the most important
forest inventory indicators that characterizes the structure
of tree stands [12], medieval plantations predominate and
occupy a share of 51.3%. According to the site index classes
of forest plots covered with forest vegetation, the share of
class I and higher site index classes by age group is 85.5%.
Thus, it can be stated that the tree stands of the Boyarka
FRS are highly productive. Fresh sudibrovas (mixed oak-
erys) and subors (mixed pine forests) make up 74.3% and
24.5% of forest areas, respectively. The share of pine for-
ests is 0.7%, and oakerys — 0.5% of forest areas covered
with forest vegetation. The most favourable conditions for
the growth of highly productive Scots pine stands, as the
main forest-forming species, are fresh sudibrova and su-
bor conditions. The forest fund of the enterprise is mainly
represented by tree stands with a background portion of
Scots pine in the first tier and admixture of common oak
in the second tier. In general, the tree stands at the enter-
prise have a composition of 9Ps1Qr, the average age of the
plantations is 74 years, the average site index class is I?, and
the average stand density is 0.63. The distribution of forest
land by category was also analysed. Of the total area of the
forest fund, 98.1% are forest plots, of which:

—71.2% - artificial stands;

—21.2% - natural stands;

—4.1% - open forest cultures;
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- 0.5% - forest nurseries and plantations;
- 0.1% - sparse forests.

Based on the analysis of the distribution of forest
fund lands, almost a third of the area comprises artifi-
cial tree stands, namely 71.2% of the total amount. The
data of the Borys Sreznevsky Central Geophysical Ob-
servatory in Kyiv [13] were used. The period 1881-2020
was used to simulate changes in average annual tem-
peratures over a multi-year period. The average annual
temperature for each year was determined according to
the method of determining the average value, and these
data were compiled by decade. For each decade, the aver-
age annual temperature was calculated using the method
of determining the average value. A graph was drawn based
on the obtained values, which made it possible to ascertain
the change in the average annual temperature. The value
of the temperature change relative to the previous period
for each decade was calculated. Data for 1991-2020, which
is considered normal, are used to determine the change in
precipitation. The estimation of moisture conditions by
total precipitation was analysed according to the method
of deviation from the norm, and the obtained data are ex-
pressed in percentages (%). Indicators are determined for
2021 in relation to the norm period. During the estimation
of the moisture conditions according to the amount of pre-
cipitation by the method of deviation from the norm, the
months that have a substantial deviation from the norm
will be determined. A significant deviation is taken at 20%
relative to the precipitation norm.

Results and Discussion
Dynamics of changes in the average annual temperature by decade

The factors affecting the radial increment of pine stands
were investigated and identified. One of the tasks is the
analysis of data on regional climate changes, as one of
the possible reasons for the loss of productivity of pine
stands [14]. Conducting a retrospective analysis to estab-
lish the mechanism, as well as the degree of influence of
climate change, to identify the sustainability of Scots pine
(Pinus sylvestris L.) in the future.

It is necessary to ensure continuous and reliable
monitoring of climate impacts, considering special threats
to forest ecosystems, to observe changes in the productiv-
ity of forests. It is also important to state that an essential
component is the monitoring of growth reduction, degra-
dation of stands and soils, as well as loss of biodiversity,
and as a result, degradation of coenoses [15].

Data from the B. Sreznevsky Central Geophysical
Laboratory in Kyiv were used to analyse changes in general
trends, as well as general patterns of changes in the tem-
perature regime and the amount of precipitation in forest
areas [13]. Based on data from the Central Geophysical
Laboratory, the average monthly air temperatures over a
prolonged period were analysed. According to the available
monthly average temperature data, the average tempera-
tures over the decade were analysed starting in 1881, which
is presented in Figure 1. According to the analysis presented
in Figure 1, since 1881 there has been a constant increase
in temperature for decades. Using the data of the results
obtained during the analysis of archival data, it is also pos-
sible to follow the linear trend shown on the graph. The
obtained information allows ascertaining that the tenden-
cy of the temperature of the environment to increase will
only persist in the future.
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Figure 1. Average annual air temperature by decade (°C) in Kyiv

This was highlighted during the Paris climate agree-
ment [16]. According to the given forecast, it was deter-
mined that in 2080-2100 there will be a considerable
narrowing of the zone of optimal growth according to
the climate humidity indicator [9]. Thus, if one analyses

the changes in temperature relative to previous periods,
which is presented in the table according to the data of
the Central Geophysical Laboratory [13], changes in the
average temperature relative to the previous period can
be observed.

Table 1. Dynamics of average temperature (t) over decades

Obser‘c’litcl;’(‘i’ege“°d’ 1881-1890 | 1891-1900 | 1901-1910 | 1911-1920 | 1921-1930 | 1931-1940 | 1941-1950
Indicator t (°C) 6.83 6.91 7.06 7.05 7.12 7.41 7.21
Difference t (°C) - 0.08 0.15 -0.01 0.07 0.29 0.2
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Table 1, Continued

Obser‘éaez‘;’;ege“"d’ 1951-1960 | 1961-1970 | 1971-1980 | 1981-1990 | 1991-2000 | 2001-2010 | 2011-2020
Indicator t (°C) 7.51 7.49 7.7 8.09 8.21 9.04 9.78
Difference t (°C) 0.3 -0.02 0.21 0.39 0.12 0.83 0.74

Having obtained the results, one can ascertain that
an increase in the average annual temperature was ob-
served in different specific periods. Thus, temperature in-
crease was recorded in 1891-1900, 1901-1910, 1921-1930,
1931-1940, 1951-1960, 1971-1990, 1981-1990, 1991-2000,
2001-2010, and 2011-2020. A decrease in the average an-
nual temperature was recorded in 1911-1920, 1941-1950,
1961, and 1961-1970. The largest decrease in temperature
was recorded in 1941-1950, and was -0.2°C. Since 1971,
the average annual temperature has gradually increased in
each decade, except for 1991-2000, when the increase was
recorded at 0.12°C, but in observations starting from 2001, a
significant increase in the average annual temperature was
recorded to 0.83°C in 2001-2010 and 0.74°C in 2011-2020.

Considering the obtained indicators, and the research
carried out by the scientific community [17], in recent years,
in the territory of the forest fund of the SS NULES of Ukraine
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“Boyarka FRS”, atmospheric maximum temperatures have
been observed, which can lead to changes in the hydrological
level of soil water. Such a scenario can only be considered if
the amount of precipitation for the year is studied, as well
as for the growing season (April-September). The analysis
of average monthly temperatures during the growing sea-
son plays one of the key roles in determining the radial
increment of trees per year when conducting dendrochro-
nological studies. The radial increment can also be affected
by the temperature regime, not only during the growing
season, but also during the rest period.

Deviation of climate indicators in 2021 to normal (1991-2020)
The deviation of the indicators of the average monthly tem-
perature and the monthly amount of precipitation in 2021
was analysed according to the accepted norm of indicators of
the period of 1991-2020 [13], which is presented in Figure 2.

Precipitation, mm

=9=1991-2020 ==0=2021

Figure 2. Comparison of average monthly temperature and precipitation in 2021 according to the norm (1991-2020)

It was established that the structure of annual tem-
peratures during 1991-2020 is expressed by smooth changes
during the period under study. However, the indicators of
2021 are characterized by lower temperatures at the end
of winter and at the beginning of spring, as well as higher
indicators in the summer period, respectively. Most of the
elevated temperature indicators fall directly on the grow-
ing season, namely in June, July and August, an increase in
the average temperature by almost 2°C was observed. It is
also possible to single out an increase in temperature in
October and November, relative to the normal period. How-
ever, there is also a decrease in the temperature regime
in February, April, and May. The above data on the graph
clearly show that in 2021, the period of low temperatures in
February-March received a small amount of precipitation —
only 17 mm compared to the norm (40 mm). During the
following months of the growing season, until June 2021,
the amount of precipitation gradually increased and cor-
responded to the normal indicators, but in June-July, the
indicators of precipitation decreased sharply. A significant
decrease in precipitation can be observed in June 2021,

which was only 24 mm compared to the norm (74 mm).
This situation was accompanied by an average temperature
of 21.3°C, which is 1.8°C more than in the normal period.
This period closely correlated with high summer tempera-
tures that were more in line with the normal period. Such
indicators can lead to a violation of the hydrological re-
gime, which can lead to drying out of the forest litter, as
well as dehydration of the soil root layers. A decrease in
precipitation was observed in September, October, and
November against the background of near-normal tem-
peratures. Precipitation indicators during the autumn
months amounted to 23 mm for September — 35 mm less
than the norm; 2 mm for October, which is less than the
norm by 44 mm; and for November — at 29 mm, the dif-
ference between the indicators of the normal period was
17 mm. However, the situation improved in December, and
the amount of precipitation was 66 mm compared to the
normal value of 47 mm. The dependence of radial incre-
ment is closely related to the decrease in precipitation
during the growing season and is also correlated with fluc-
tuations in average monthly temperatures, high indicators
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of which, combined with insufficient precipitation, can lead
to a decrease in the width of the annual ring.

Estimation of moistening conditions by the total precipitation
Using the data [13], during the research, the moisture condi-
tions were estimated based on the amount of precipitation in
2021 by the method of deviation from the norm (1991-2020).
Calculation results are presented in Table 2. Special attention
is paid to the estimation of moisture conditions, in line with
the statement that the main limiting factor in Ukraine is the
hydrological conditions for the existence of living organisms.

The calculations results presented in Table 2 suggest
that, in general, during the year, precipitation fell not sig-
nificantly below the norm, the indicator is 86% of the norm.
The significance of the deviation can be asserted only when

it exceeds 20%. When analysing individual months of the
year, it can be seen that the amount of precipitation was
within the normal range in April, May, July, and August;
in January, February, and December, their number was sig-
nificantly higher than normal; however, in March, June,
September, October, and November, the amount of precip-
itation was significantly below normal. The lowest extreme
for precipitation was October — 4.3% of the norm, which
is catastrophically insufficient for the normal functioning
of coenoses. Such indicators, even when the temperature
level is close to normal, demonstrate an increase in the
expendable part of the water balance in forest areas. And
even an increase in precipitation cannot level the moisture
supply of coenoses, considering the indicator of the annual
amount of precipitation, which is 14% below the norm.

Table 2. Estimation of moistening conditions by the total precipitation in 2021 by the method of deviation
from the norm (1991-2020)

Period (month)
Indicator
I n | om | w v | vi| vt |vim| x | x | xt | xu | Total
Average long-term
orecipitation (199, 2020, mm | 3 | 30 | 40 | 42 65 | 74 | 68 | 56 | 58 | 46 | 46 | 47 | 618
Total precipitation for 63 | 63 | 17 | 45 74 | 24 | 63 | 65 | 23 | 2 | 29 | 66 | 533
2021, mm
Precipitation as a 170 | 159 | 43 | 107 | 114 | 32 | 93 | 116 | 40 | 43 | 63 | 140 | 86
percentage of the norm, %

Having obtained the value of the estimation of the
moisture conditions by the total precipitation according to
the method of deviation from the norm, where the values
of the average multi-year total precipitation were used [13],
and considering the earlier studies [18; 19] regarding the
influence of temperatures and the hydrological regime, it
was determined that with a negative trend of such indi-
cators as a decrease in precipitation, extremely high tem-
peratures during the growing season and low temperature
indicators in winter and early spring directly affect the radial
increment of tree stands. Furthermore, the limitation of the
radial increment of pine in Zhytomyr Polissia is caused by
precipitation, relative humidity during the growing season,
as well as winter and early spring temperatures. Therewith,
it is important to note that different dynamics of depen-
dence of radial growth on precipitation were observed in
different periods. With an increase in precipitation, there
was an increase in radial growth without a limitation in the
form of extreme temperatures during the growing season.
It is also worth noting the regression of the radial incre-
ment with a decrease in the amount of precipitation and
the presence of temperature extremes during the growing
season [20].

The data obtained in the study allows comparing it
with the research conducted in the territory of Ukraine in
the corresponding area. When studying and determining
the causes of dieback of pine forests of Volyn Polissia, it
was found that there was a moisture deficit in the second
half of the growing season. This period was accompanied
by the withering and premature termination of vegetation
of herbaceous vegetation, and premature shedding of older
needles was also observed. Considering the indicators ob-
tained during the research, one can observe an increase in
temperature in the middle of the growing season relative to

the norm, as well as a large decrease in the amount of pre-
cipitation, only 32% relative to the norm in June 2021. Due
to such deterioration of the hydrological regime, as one of
the phenomena, it is also possible to observe the activation
of stem pests. In the forest-steppe zone, temperatures rose
especially quickly during the cold period [21]. This led to
a decrease in the radial increment of pine due to the dis-
ruption of winter rest in trees, while the minimum values
of the radial increment are characterized by periods with a
considerable decrease in precipitation and an increase in
temperatures at the beginning of the growing season, as
well as in its second half. When investigating the reaction of
the radial increment of Scots pine to climate changes in the
stands of the Left-Bank Steppe [22], it was established that
the minimum radial increment was found in years charac-
terized by high average annual temperatures and low win-
ter temperatures. The maximum increment was observed
at the optimal ratio of precipitation and temperature. How-
ever, the increase in temperature with a small amount of
received moisture negatively affected the radial increment.
The droughts during the growing season, which were ac-
companied by high early spring temperatures, lead to the
weakening of tree stands. The greatest limitation of radial
increment is caused by high temperatures during the vege-
tation period, early spring periods and in winter, as well as
an increase in the amount of precipitation during the cold
period, which does not contribute to the accumulation of
moisture in the soil [23]. A similar increase in precipitation
since the winter period is also noted in 2021, in January — 170%
relative to the norm, in February — 159%, and in December —
140%, respectively. In the specified months, a considerable
deviation from the norm was observed.

Analysing the results obtained during the studyj, it
can be assumed that the reaction of the radial increment
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in Scots pine stands in the SS NULES of Ukraine “Boyarka
FRS” will have a similar value.

Conclusions

The performed analysis suggests that the main limiting
factors of the functioning of forest coenoses are the av-
erage annual temperature, considering the minimum and
maximum temperature extremes during the growing sea-
son (April-September). According to the analysis, over the
last two decades, the average annual temperature has in-
creased by 0.83°C and 0.74°C, respectively. The average
amount of precipitation for a multi-year period, including
the precipitation that falls during the growing season, as
well as the assessment of moisture conditions by the to-
tal precipitation of the specified period according to the
method of deviation from the established norm. During the
calculation and analysis of the obtained temperatures, it
was found that in 2021, in some months of the growing sea-

minimum of 39% compared to the period that was consid-
ered the norm. The months of 2021 that had a significant
deviation from the normal period were noted, some of the
lowest indicators were observed at 43% in October, 40% in
September, and 43% in March relative to the normal period.
In general, based on the assessment of the moisture condi-
tions by the total precipitation using the method of devia-
tion from the norm, it was calculated that in 2021, relative
to the normal period, the amount of precipitation amounted
to 86%. Such an indicator does not have a significant devi-
ation, but it is an indicator of the occurrence of a climatic
signal of the violation of the hydrological conditions in the
forest fund of the SS NULES of Ukraine “Boyarka FRS”. It
has been established that the arid phenomena observed on
the territory of the forest fund are undoubtedly of thermal
origin. The obtained results will be further used to conduct
dendrochronological studies of annual rings of Scots pine
trees (Pinus sylvestris L.) in the tree stands of the SS NULES
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AHauti3 KJIiMaTMYHMX 3MiH Ha TepuUTopii j1icoBoro ¢poHmy
BosipcbKoi J1icOBOi JOCTiAHOI CTaHIIi1

Bitaniit AnaronirioBuu Pomanenko’, Cepriit Bopucosuu KoBaneBcbkuii?

'VYkpaiHChKUI LIEHTP MMiATOTOBKM, ITePeITiiTOTOBKM
Ta MigBuUIeHHS KBatidikamii Kagpis JIiICOBOro rocrogapcTBa
08150, Bya1. JlicomocigHa, 2, M. Bosipka, KuiBcbka 06i1., YKpaiHa

’HauioHa/IbHMI1 yHiBEpCUTET 6GiopecypciB i mMpMpomoKOpUCTYBaHHS YKpaiHu
03041, Byn. T'epoiB O6oponu, 15, m. Kuis, Ykpaina

AHoTauisl. AKTYalbHICTh JOCTIIKEHHSI 3yMOBJIEHa TTPOTHO30BAaHMMM 3MiHAMM apeasy, a8 TAaKOXX 3HAaUHUM 3BYKEHHSIM
30HU ONTUMAaJIbHOTO POCTY COCHU 3BUYAliHOi. [laHi MPOrHO3Y I'PYHTYIOTHCS HA OTPUMAaHHI JaHUX 00 3MiH KIiMaTy SIKi
3apas BimOyBaioThcs. [TocTiliHe 3MeHIIeHHSsT KiIbKOCTi OIMajliB pa3oMm i3 MOCTYIOBMUM 36ibIIEHHSIM PiBHS TeMIepaTypu
Mpu3Be[e 0 TakKuX HACTIAKIB SK HEKepOBaHi 3MiHUM y eKocucremax. Taka icToTHa 3MiHa abioTMyHUX (GaKTOPiB
MIPUYMHOIO SIKUX € MisUTbHICTh JIIOAVIHYM CTAHOBUTD KIIIOUOBY POJIb Y (DOPMYyBaHHI JIiCOBUX 11€HO3iB. OCHOBHOI0 METOI0
JOCTiJIKeHHST 6y7I0 IPOBeieHHsT aHaUTi3y 3MiHM cepeIHbOPIUHOI TeMIepaTypu, a TakoX MICSIUHOI KiTbKOCTi OmafiB, 1[0
criocTepiranuch B JIICOBUX YIPYIyBaHHSAX y Bimokpemienomy mimposzini HarionanbHOro yHiBepcutery 6iopecypciB
Ta IPUPONOKOPUCTYBaHHSI YKpainu «Bosipcbka JlicoBa JOCTiAHA CTaHILisI». AHAJIi3 MTPOBOAUTHCS IO AECITUPIUUSIX IJIsT
OTPUMAaHHSI TaHUX 100 PiBHS 3MiHM TeMIlepaTypH IO BiHOIIEHHIO [0 MOINepeqHbOro mepioay. A TaKOXK CIiBCTaBIeHHS
KiJbKOCTi omafiB mo micsisgx 3a 2021 pik BigHOCHO 1o mepiomy 1991-2020 poxiB, sikuit BCTAaHOBIEHMI 32 HOpMY. st
OTpPMMaHHS MMOKAa3HUKIB cepeaHbOi PiuHO1 TeMIlepaTypy BUKOPUCTOBYETHCS METO/, CepeTHbOTO 3HAUEHHS, 3 TOJaJIbIINM
obpaxyBaHHSIM 3HAUEHHS CcepeAHbOI PiyHOI TeMmepaTypy OJig KOXKHOTO JecaTupidus. [Ijis BM3HAUEHHST BiIXMIEHHS
CYM OTa/iiB BUKOPUCTOBYETHCSI METO/I OLIiIHKM YMOB 3BOJIOSKEHHSI 3a CYMOM0 oraziB. IIpy 1ibOMYy 3a 3HaUEHHSI CYyTTEBOTO
BiIXWIeHHS mpuitMaeThcs Ha piBHI 20 % BiAHOCHO MOKa3HMKA HOPMM OMAafiB. 3a pe3yabTaTaMy OTPUMAaHMX NaHUX B
XOZi TIpOBeieHHsI OC/iIPKeHHSs, BCTAHOBJIEHO, 110 3a rnepiox 2001-2010 pokiB cepefHs piuyHa TeMmIepaTypa BiTHOCHO
rornepegHbOro JecsiTupivust amiHmiack Ha 0,83 rpagycu 3a Llenbciem, a 3a mepiog 2011-2020 pokiB Ha 0,74 rpagycu
BiIMOBiAHO [O TOTEpeAHBbOTO Iepiomy. Taka OMHAMiKa CBiZYMTbH PO IOCTYIOBe 30iJbIIEHHS CEepemHbOi piuHOL
TeMIepaTypH, IIo i Bigo6paskeHO B MPOTHO3ax CBiTOBOI CHiMbHOTH. I1im vyac MpoBemeHHS OLIHKM YMOB 3BOJIOKEHHS
BUIiIeHO oKpeMi Micsili 2021 poKy 3 KpUTUUHMM piBHEM OTIa/IiB MO BiIHOIIEHHIO 10 Mepiogy HopMu. B 6epesHi KilbKiCTh
omnafiB craHOBMIA 43 % O HOpMU, YepBeHb — 32 %, BepeceHb — 40 % Ta XOBTeHb juiie 4,3 % 1o HOpMMU. 3HAUEHHS Y
JIMCTONAi CrIocTepirasoch Ha piBHi 63 % 10 HopMu. Take 3MeHIIIEHHS KiJIbKOCTI OTajliB y CIiBBiJHOIIEHHI i3 ITOCTYIIOBUM
MiJBUILEHHSIM DiBHS cepeHbOi piyHOI TeMIlepaTypy CTaHOBUTb 3arpo3y 3MeHILIEeHHS TiIPOJIOTiYHOro pPiBHS BOJIOTH, i
SIK HACTiOK 3MeHIIIeHHSI pajialbHOTO IMPUPOCTY NepeBOCTaHiB, Ta MOCTYIIOBe 3MillleHHS apeajly COCHM 3BUYAifHOI.
OTpuMaHi pe3yabTaTyi aHaji3y B MOAAIbIIOMY GYIyTh BUKOPUCTAHI IJIs1 IPOBEAEHHS JeHIPOXPOHOIOTIYHMX JOCTiIKEHb
IlepeBHUX Kisiellb JepeB cocHM 3BuYaitHoi (Pinus sylvestris L.) B HacamkeHHSIX BimokpemieHoro miapo3ainy HarioHaapHOTro
yHiBepcuTeTy 6iopecypciB Ta MpUPOIOKOPUCTYBAaHHS YKpainu «BosipchKa JlicoBa MOCTiIHA CTaHITisI»

KiiouoBi cjioBa: jticoBe yrpyroBaHHs, piuHa TeMIepaTypa, COCHa 3BMUaiiHa, oraau, 3eMJli JicoBOoro GoHIy
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