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Abstract. Heavy metals, particularly Ni, are priority pollutants of atmospheric air. Urban green spaces
and forest ecosystems play a crucial role in reducing pollution levels. However, they themselves suffer
from adverse impacts that induce phytotoxic effects, diminish the resilience of vegetation to pests,
diseases, and other negative factors. This study aimed to assess the balance of the biogeochemical cycle
of Ni in forest ecosystems to determine the consequences of pollution on vegetation within urbanised
environments under varying anthropogenic pressures. Hornbeam forests from two territories of the
natural reserve fund of Ukraine were selected as model ecosystems of broad-leaved forests in the
Middle Dnipro Region: Holosiivskyi National Nature Park (NNP) and the Kaniv Nature Reserve. The
study conducted on these model ecosystems, the methods of atomic absorption spectrophotometry and
ICP-OES spectrometry were employed to ascertain the characteristics of Ni accumulation in soils. An
evaluation of Ni stocks in the phytomass of hornbeam forests was performed, along with an analysis of the
dynamics of metal compound accumulation in the forest litter. Furthermore, Ni’s vertical migration rates
were assessed using a lysimetric method, and the levels of metal compounds in the deposition process
via atmospheric precipitation onto the hornbeam forests were determined. It has been established that
the biogeochemical systems of Ni migration in the hornbeam forest of the Kaniv Nature Reserve are
characterised by a balanced metal flow. The ecosystem of the hornbeam forest within the Holosiivskyi
NNP exhibits an imbalance in the biogeochemical cycle of Ni. Consequently, in the functioning of the
Ni biogeochemical cycle within the ecosystem of the Holosiivskyi NNP, the biological component of the
“litter-soil-plant” system plays a crucial role, as Ni is actively absorbed by common hornbeam (Carpinus
betulus L.) and accumulates in the phytomass. The ecosystem of the hornbeam forest of the Holosiivskyi
NNP in the conditions of Kyiv is undergoing progressive Ni pollution, which is manifested in the active
accumulation by vegetation, which must be taken into account when assessing the condition of existing
green spaces and when designing new ones, choosing plants that are resistant to high concentrations of Ni

Keywords: soil; forest litter; leaf fall; atmospheric deposition; bioaccumulation; mineralisation; heavy
metal migration
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INTRODUCTION

Urban air pollution is a global problem recognised
as a leading factor affecting human health. In ur-
ban environments, green spaces and forest ecosys-
tems play a crucial role not only in regulating the
microclimate, shielding against noise pollution,
and enhancing the aesthetic appeal of urban set-
tings but also in reducing the level of air pollution.
Heavy metals, particularly nickel (Ni), after enter-
ing a forest ecosystem, accumulate in its compo-
nents, which can lead to phytotoxic effects and
reduce the resistance of green spaces to negative
environmental factors. The main mechanisms for
reducing the amount of heavy metals in terrestri-
al ecosystems are migration processes with water
flows. It is assumed that a sign of the stability of
a forest ecosystem to pollution is the balance of
metal input fluxes with fluxes of its removal from
the ecosystem. Therefore, to understand the de-
gree of nickel pollution and the consequences of
its accumulation in urban green space ecosystems,
it is necessary to assess the balance of its bioge-
ochemical cycle under conditions of varying de-
grees of anthropogenic load.

According to A. Diener & P. Mudu (2021),
air pollution worldwide is responsible for over
4 million premature deaths annually. A study by
A. Francini et al. (2022) demonstrated the crucial
role of urban green spaces in reducing air pollu-
tion from particulate matter (dust) and aerosols in
urban environments. Scientists M. Khodadadi et
al. (2024) concluded in their study that particulate
matter is the primary pollutant with heavy met-
als, which are absorbed by tree leaves. Research by
S. Maksimtsev et al. (2021) established that road-
side protective forest belts reduce the concentra-
tion of dust and aerosols in the atmosphere, which
in turn leads to the accumulation of heavy metals
in the soil, forest litter, and plant phytomass. At
the same time, litter is a key component of the
forest ecosystem that regulates the migration pro-
cesses and bioavailability of chemical elements
for plants (Montemagno et al., 2022). Meanwhile,
in the research of N. Ryzhenko et al. (2020), it was
shown that the absorption of heavy metals by ur-
ban green spaces and suburban forest ecosystems
affects the balance of the functioning of biogeo-
chemical cycles of chemical elements and leads
to changes in the functional state of green spaces,
reducing their resistance to pollutants, including

Lukashov & Tesolkina

as a result of the appearance of phytotoxic effects.
In particular, A. Diener & P. Mudu (2021) showed
an increase in defoliation of evergreen plantings
in urban park ecosystems during periods of maxi-
mum air pollution during the heating season.
Nickel is one of the priority pollutants in at-
mospheric air. Despite this, the number of studies
on its accumulation and migration in forest eco-
systems is rather limited. Anthropogenic emis-
sions of nickel, in terms of potential toxicity, are
more significant than natural sources of its entry
into the environment. It has been established that
about 90% of global anthropogenic nickel emis-
sions come from the combustion of petroleum
products, which determines its danger specifically
for urban ecosystems and the health of urban pop-
ulations (Begum et al., 2022). It has been shown
that nickel causes phytotoxic effects at a concen-
tration of 135 mg/kg in sod-medium podzolic soils
and 150 mg/kg for typical low-humus chernozems
(Ryzhenko, 2018). Therefore, as a result of the ab-
sorption of heavy metals by plants from the at-
mosphere and soil, a significant increase in their
concentration in the forest litter and their subse-
quent entry into the soil has been shown, which
determines their availability for root absorption by
plants and poses a potential threat to the normal
functioning of forest ecosystems (Maksimtsev et
al., 2021; Montemagno et al., 2022). While root
uptake from the soil is the primary pathway for
Ni entry into higher plants, the possibility of its
foliar uptake by plant leaf biomass directly from
the atmosphere has been confirmed (Oliveira et
al., 2024). Researchers E.F. Infante et al. (2021)
note that the phenomenon of biomagnification is
not typical for nickel in terrestrial ecosystems, and
therefore the assessment of absolute values of its
accumulation in plant phytomass cannot serve as
a correct criterion for the degree of environmen-
tal pollution. Therefore, to understand the conse-
quences of nickel entry into green spaces in urban-
ised environments, it is necessary to analyse the
features of the functioning of its biogeochemical
cycle under varying degrees of anthropogenic load
to assess the balance of fluxes of input and loss of
this chemical element and to establish the key eco-
system components that ensure its accumulation.
Hornbeam forests are a zonal type of broad-
leaved forest ecosystem in the Middle Dnipro
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Region that play an important nature conservation
role. At the same time, the extremely high efficien-
cy of air purification from heavy metals by com-
mon hornbeam plantations in linear protective
forest belts of highways has been demonstrated
(Maksimtsev et al., 2021). Research by A. Splody-
tel et al. (2021) established a significant accumu-
lation of Mn, Ti, and Pb by common hornbeam. It
has been shown that the common hornbeam has a
high potential for phytoremediation of soils con-
taminated with Pb and Zn (Opena et al., 2022).
Monospecific ecosystems of hornbeam forests
are a convenient model for establishing the pat-
terns of functioning of biogeochemical migration
systems of heavy metals in broad-leaved forests
and determining the criteria for their resistance
to polymetallic pollution, and the assessment of
the balance of nickel cycle fluxes of these ecosys-
tems, which have undergone varying degrees of
anthropogenic impact, has become the aim of a
long-term and comprehensive study. To achieve
which the following tasks were performed: to es-
tablish the features of nickel distribution in soil
horizons and its content in groundwater of mod-
el forest ecosystems to assess accumulation and
vertical migration; to determine the concentra-
tion of nickel in atmospheric precipitation and to
estimate the annual volumes of its input fluxes
into model forest ecosystems, to determine the

features of the dynamics of forest litter formation
and the content of nickel in its composition to
assess its role in the processes of functioning of
the biogeochemical migration system “leaf-litter-
soil”; to analyse the dynamics of nickel accumu-
lation in the phytomass of the main tree species
of the hornbeam forest and to conduct a quantita-
tive assessment of the fluxes of metal input in the
composition of leaf fall into the forest litter and
soil; and to assess the balance of biogeochemical
migration systems of nickel in model forest eco-
systems and to determine the ecological factors
that determine the features of their functioning.

MATERIALS AND METHODS

To conduct a comparative assessment of the fea-
tures of the Ni biogeochemical migration system,
two model forest ecosystems of the Ukrainian na-
ture reserve fund were selected: a hornbeam forest
of the Holosiivskyi National Nature Park (NNP),
which is a unique forest massif within the metrop-
olis of Kyiv, and the Kaniv Nature Reserve, which
is one of the oldest forest reserves in Ukraine and,
accordingly, represents conditions that are as
close to natural as possible. The model plots of the
selected hornbeam forests in the nature reserves
of the Middle Dnipro Region are similar according
to the forest inventory data and are located on flat
horizontal sections of the plateau (Table 1).

Table 1. Taxonomic description of model forest ecosystems
and indicators of their biological productivity

“n Stock of phytomass of Je
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Holosiivskyi NNP
26/9 0.8 18(3' 1 70 25 28 | D,HO | 0.70 320 | 282.1 | 455 9.3 98.4 2.76
Kaniv Nature Reserve
152 | 70 |"9* | 1 | 100 | 25 | 28 | 1 |DHO| 070 | 300 | 2507|452 | 79 | 886 | 1.06

Source: developed by the authors based on Ya. Didukh et al. (2024)

According to calculations of biological pro-
ductivity, the mass of timber in the trunks (with
bark), branches, and roots of a fresh hornbeam
forest D,HO of the first yield class I, aged 70 years,
which corresponds to the hornbeam forest of the

Holosiivskyi NNP, is 426 t/ha (Didukh et al., 2024).
For the hornbeam forest of the Kaniv Nature Re-
serve, where the stand corresponds to a dry horn-
beam forest D, HO of the first yield class II, aged
100 years, this value is 393.5 t/ha. Of this, 66%, or
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282.1 t/ha for the Holosiivskyi NNP and 259.7 t/ha
for the Kaniv Nature Reserve, falls on the trunks
with bark. Atmospheric precipitation was collect-
ed using rain gauges placed at ground level un-
der the forest canopy, spaced 2 m from the tree
trunk according to the method of R. Laskowski et
al. (1995). The collectors were constructed from
plastic containers and funnels with a diameter of
13 cm. The funnels were protected from the in-
gress of solid particles by a polypropylene mesh
with a 5x5 mm mesh size. 4-8 rain collectors were
placed on each experimental plot. Water sampling
for analysis in the cold period of the year was car-
ried out monthly, in case of heavy rains and in the
summer months — within a day after the end of
precipitation. To determine the concentration of
heavy metals in water, a combined sample from all
collectors of the corresponding experimental plot
was used. If the volume of collected precipitation
exceeded 1 L, the combined sample was divided
into multiples of 1 L.

To assess vertical groundwater flow, station-
ary zero-tension pan lysimeters were used. These
devices provide a means of measuring the move-
ment of soil water and dissolved substances in situ
(Schmidt & Henry, 2008; Makowski et al., 2020).
The lysimeters were fabricated from sanitary poly-
propylene without the use of metal components.
Each lysimeter had an area of 0.1 m2 Four lysime-
ters were installed at a depth of 10-12 c¢cm in each
plot to collect vertical soil water flux from the hu-
mus horizon. Soil water samples from the lysime-
ters were collected after intensive rainfall during
the growing season or as they filled, once a month.
In the case of a small volume of lysimeter water,
samples from individual lysimeters were com-
bined to obtain a combined sample volume of 1 L.
Samples of atmospheric precipitation and lysime-
ter water were filtered through medium filtration
“white tape” paper filters (pore diameter 7-20 pm)
and concentrated by evaporating 1 L to 10 mL on
a sand bath without bringing it to a boil, with the
addition of 1 mL of 4 N HNOs3 (“special purity”) per
1 L of sample (Nabivanets et al., 1996).

The study was conducted following the Con-
vention on Biological Diversity (1992). Sampling
plots for soil sample collection were determined
according to DSTU GOST 17.4.3.01:2019 (2019).
Point samples were taken using the “envelope”
method in three 3x3 m plots from two genetic

Lukashov & Tesolkina

horizons: the humus horizon at a depth of 5 cm
and the eluvial horizon at a depth of 20-25 cm.
A combined sample weighing at least 1 kg was
prepared for each sampling plot. The combined
soil samples were dried at a temperature of 95°C,
ground in a porcelain mortar, and the volume was
reduced by quartering according to DSTU ISO
11464:2007 (2007). To determine the concentra-
tion of heavy metals, aqua regia extraction was
used by treating 0.5 g of each soil sample with
2 mL of HNO, and 6 mL of HCI for 2 hours accord-
ing to DSTU ISO 11466-2001 (2001).

Samples of forest litter were collected month-
ly throughout 2018-2023 from 1x1 m plots. The
collected material was dried at room temperature
and weighed to determine the litter stock. A por-
tion of the litter sample was used to determine the
fractional composition, separating leaves, branch-
es, bark, seeds, and undifferentiated fermented
mass (dry rot). The mass of each fraction was de-
termined separately. Samples of leaf phytomass of
common hornbeam were collected manually from
low-hanging branches, or where possible, from
fallen trees and branches. Wood samples were col-
lected from fallen trees or large skeletal branches
with a diameter of more than 10 cm. Dried sam-
ples of phytomass and forest litter were ashed for
12 hours at 450°C. The resulting ash weight of 1 g
was boiled in 15 mL of 4 M HNO, for 30 minutes.
After cooling, the solution was filtered through a
paper filter. The filter was washed twice with dis-
tilled water to a volume of 10 mL. The determi-
nation of heavy metal concentrations was carried
out at the Department of Ecology and Zoology of
the Educational and Scientific Centre “Institute of
Biology and Medicine” using an atomic absorption
spectrophotometer C115-M1 (SELMI, Ukraine).
Analysis was performed by direct introduction of
the liquid sample into an acetylene-air flame. A
deuterium background corrector was used to com-
pensate for non-selective absorption by the flame.
Analytical data were recorded using a KAS-101
computer-analytical complex. Samples from 2020-
2021 were also analysed by inductively coupled
plasma optical emission spectrometry (ICP-OES)
using an iCAP 6000 ICP Spectrometer (Thermo
Fisher Scientific Corporation, USA) at the Institute
of Botany of the Leibniz University Hannover (Tur-
cios et al., 2021). The concentration of Ni in solid
samples (soil, litter, plant material) was expressed
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in mg/kg of dry matter, in atmospheric precipita-
tion water - in pg/L, and groundwater - in mg/L.
Mean values were represented as the arithmetic
mean (X), and their variability was assessed as the
standard deviation (SD). The normality of the data
distribution was established using the Shapiro —
Wilk’s W-test as the most sensitive according to
Guidance for Data Quality Assessment (2000) and
M. Conti et al. (2005).

As most measurements were limited in num-
ber (3-5 measurements), the non-parametric
Mann-Whitney U-test was used for pairwise com-
parisons of sample means with a significance level
of p<0.05, as it is the most powerful for small sam-
ples according to Guidance for Comparing Back-
ground and Chemical Concentrations in Soil for
CERCLA Sites (2002). The statistical significance
of differences between multiple samples was de-
termined using the One-Way ANOVA (ANOVA
Calculator, n.d.). In conducting the research, the
authors adhered to ethical norms of ecological
design and experimental planning in urban green
landscapes (Pataki et al., 2021). Thus, using the
aforementioned methods, a comprehensive anal-
ysis was conducted on the distribution of Ni con-
centrations in the main components of model eco-
systems of hornbeam forests in the Middle Dnipro
Region — atmospheric precipitation, soil genetic
horizons, groundwater, leaf litter and leaf fall,
wood, and leaf phytomass of common hornbeam.
Annual volumes of atmospheric precipitation, the
amount of soil infiltration, the dynamics of forest
litter stocks, and the phytomass of common horn-
beam were determined. This allowed for the deter-
mination of Ni stocks in the specified ecosystem
components and the assessment of the magnitude
of Ni migration fluxes between them.

RESULTS AND DISCUSSION
Nickel concentrations in the genetic horizons
of the soils in the studied model ecosystems
did not differ significantly: in the Holosiivskyi
NNP, the humus layer contained an average of
11.2 £ 1.1 mg/kg, and in the eluvial layer -
9.6 £ 3.3 mg/kg; in the Kaniv Nature Reserve, the
average nickel concentration in the humus layer
was 8.3+ 2.1 mg/kg, and in the eluvial layer it was
slightly higher - 10.5 = 3.9 mg/kg, however, the
difference was statistically insignificant (Mann-
Whitney, p=0.129). Thus, the uniform distribution

of nickel concentration across the soil profile may
indicate its vertical migration in the soils of both
studied ecosystems. A similar situation was de-
scribed for the vertical distribution of Ni in forest
ecosystems of the parks “Levice” and “Zeliezovce”,
in south-western Slovakia (Pivkova et al., 2022).
Nickel concentrations in the soils of the studied
ecosystems did not exceed the MPC for hazard-
ous substances in soils (Resolution of the Cabinet
of Ministers of Ukraine No. 1325, 2021). Also, no
exceedances of background nickel concentra-
tion values for arable lands of the forest-steppe
zone were found, which is on average 26 mg/kg
(range 10-80 mg/kg) (Chornyy, 2018) and were
lower than the total nickel content in the soils
of the Holosiivskyi forest, which was 20 mg/kg
(Samchuk et al., 2019).

Given the absence of significant differences
in soil nickel concentrations between the studied
hornbeam forest ecosystems, estimates of metal
stocks in genetic horizons were found to be simi-
lar. Specifically, in the humus layer of Holosiivskyi
NNP and Kaniv Nature Reserve, metal stocks
were 6.73 £ 0.60 kgxha! and 4.95 £ 1.30 kgxha'l,
respectively. In the eluvial horizon, due to its
greater thickness, the mass of accumulated metal
was 21.6 7.3 kgxha' and 23.6 * 6.4 kgxha™, re-
spectively. Lysimetric analysis of groundwater
allowed for the estimation of the magnitude of
vertical migration fluxes of heavy metals to the
eluvial horizon of the soils of the studied eco-
systems. The total annual soil infiltration for the
hornbeam forest of Holosiivskyi NNP was 13.5 L/
m? (135 m3<ha'), and for the Kaniv Nature Re-
serve — 29.3 L/m? (293 m®<ha!). In the conditions
of the Holosiivskyi NNP ecosystem, the maxi-
mum nickel concentration in groundwater was
characteristic of July and was 4.81 £ 0.59 mg/L.
In the Kaniv Nature Reserve, its maximum con-
centration was observed in November-December
and corresponded to the range of 2.28-2.83 mg/L,
which is 1.7-2.1 times lower.

Despite differences in maximum concen-
tration, the average annual concentration of
Ni in lysimeter waters of the studied ecosys-
tems was not statistically different and was
1.83+0.22 mg/L for the Holosiivskyi NNP ecosys-
tem and 1.74%0.21 mg/L for the Kaniv Nature Re-
serve. Similar concentrations of Ni in groundwater
were shown in a review by R. Michopoulos (2021).

14 Biological Systems: Theory and Innovation, Vol. 15, No. 3, 2024



Specifically, in groundwater in brown forest soils at
a depth of 35 cm, the concentration of Ni reached
4 mg/L, while in podzolic soils, the concentration
of Ni was 2 mg/L, which the author explains by the
higher content of organic matter in podzolic soils.
The calculated value of the vertical migration flux
of Ni with groundwater to the eluvial horizon in
the conditions of the Kaniv Nature Reserve eco-
system during the year was 51.1%6.2 gxha!xyear’!,
which is 2.9 times higher than the level established
for the Holosiivskyi NNP ecosystem, where it was
17.6%1.9 gxha'xyear!, reflecting the larger volume
of soil infiltration in the Kaniv Nature Reserve.

It is well-known that wet deposition via at-
mospheric precipitation is a primary pathway
for heavy metals into terrestrial ecosystems
(HGnova et al., 2023). Moreover, transboundary
transport of air masses and wet deposition pro-
cesses determine the input of most chemical el-
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ements into European forest ecosystems (Schlu-
tow et al., 2021). The average concentration of Ni
in atmospheric precipitation within the studied
ecosystems did not differ significantly and was
4.5%0.9 pg/L in the Holosiivskyi NNP ecosystem
and 4.1 +0.4 pg/L in the Kaniv Nature Reserve
ecosystem (Mann-Whitney, p =0.684). The estab-
lished range clearly corresponds to the average
Ni concentration in atmospheric precipitation for
background regions of central Greece, which was
4.58 ug/L (Michopoulos, 2021), but exceeded the
value shown by N. Ezaldin (2023) for Iraq (Kurdis-
tan) — 1.96 ug/L, which may reflect the overall lev-
el of industrial development in the region. It was
established that the concentration of Ni in atmos-
pheric precipitation under the canopy of the Ho-
losiivskyi NNP was highest at the beginning of the
growing season in May-June, after which there was
a gradual decrease in its concentration (Fig. 1).

Kaniv Nature Reserve
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Figure 1. Annual dynamics of Ni concentration in atmospheric precipitation
in hornbeam forest ecosystems of Holosiivskyi NNP and Kaniv Nature Reserve

Source: developed by the authors

In the Kaniv Nature Reserve, the concentra-
tion of Ni exhibited significant variability with
a tendency to increase during the spring period.
Such seasonal dynamics may reflect processes of
metal leaching from young leaves, as the main
accumulation of Ni occurs during its unfolding
and growth through root uptake from the soil, as
shown by the studies of A. Paul et al. (2021) and
R. Michopoulos (2021).

An assessment of the annual input of Ni via
atmospheric precipitation for both ecosystems
revealed similar values: according to the Holos-
iivskyi NNP ecosystem, 29.1 + 4.1 gxha'xyear!
was deposited during 2021, and for the Kaniv Na-
ture Reserve ecosystem, it was 38.8 £ 4.1 gxha'!
xyear!. Thus, on the scale of large forest areas, the
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volumes of wet deposition of metals with atmos-
pheric precipitation are more influenced by the re-
gional transport of pollutants with air masses
than by local emissions from individual pollution
sources near the model forest ecosystem, which is
confirmed by the results of studies by P. Michopou-
los (2021). Analysis of the seasonal dynamics of
heavy metal concentrations in the wood of com-
mon hornbeam throughout the year showed no
statistically significant differences.

The average concentration of Ni in the wood
of common hornbeam from the Holosiivskyi NNP
was 2.63%0.25 mg/kg, while in the Kaniv Nature
Reserve, it was 3 times lower at 0.88 £0.26 mg/
kg. To estimate the stocks of accumulated Ni in
woody biomass, it was conditionally assumed

15

e

=t



R

Y

Biogeochemical cycling of nickel...

that its concentration did not significantly differ
in the wood of trunks, branches, and roots (some
wood samples were obtained from large skeletal
branches). For the Holosiivskyi NNP ecosystem, it
was established that the wood of common horn-
beam contained high stocks of Ni, estimated at

g
N
o

11.2+1.25 kg/ha, while in the Kaniv Nature Reserve
they were significantly lower and amounted to
0.35%0.02 kg/ha. The dynamics of Ni concentration
in the leaf biomass of common hornbeam during
the growing season showed significant differenc-
es in the studied model forest ecosystems (Fig. 2).
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Figure 2. Dynamics of Ni concentration in the leaf biomass
of common hornbeam during the growing season in hornbeam forest ecosystems

Source: developed by the authors

In the Holosiivskyi NNP, the maximum accu-
mulation of the metal was characteristic of May-
June, when the concentration was 29.6-31.7 mg/kg.
Subsequently, there was a gradual decrease in the
metal concentration in the leaves, reaching a min-
imum before leaf fall in October at 21.3+2.28 mg/
kg (1.5 times less compared to June). Such accumu-
lation of the metal at the beginning of the growing
season indicates its predominant intake from the
soil during the process of root feeding of plants,
as shown by other researchers (Paul et al., 2021;
Tisserand et al., 2024). The subsequent decrease in
metal concentration may be associated with both
an increase in leaf biomass and dilution of the in-
itial amount of metal (“dilution effect”), as well as
leaching of the metal from the leaf biomass by at-
mospheric precipitation (Tézsér et al., 2023).

Conversely, in the Kaniv Nature Reserve, the
concentration of Ni in common hornbeam leaves
did not change significantly throughout the
growing season (ANOVA, p =0.089), although it

was slightly higher in May (3.5-3.7 mg/kg) than
in June (2.6-2.9 mg/kg). Subsequently, up until
the leaf fall, there was a tendency for Ni con-
centration to increase. A similar constancy of Ni
concentration throughout the growing season
was described for Phyllanthus rufuschaneyi, where
the metal concentration differed by only 0.2% in
young and old leaves, indicating the formation of
a metal stock in the early stages of leaf growth
(Tisserand et al., 2024). To estimate the amounts
of leaf litter input, the results of the analysis of
the seasonal dynamics of the component compo-
sition of the forest litter in the studied hornbeam
forests were used, assuming that the mass of
fallen leaves does not change significantly with-
in a month after its entry into the litter. Calcu-
lations of the amount of leaf litter that entered
the litter of both ecosystems during the year
showed close values: for the Holosiivskyi NNP —
3,200 kgxha'!, for the Kaniv Nature Reserve —
2,500-3,600 kgxha'! (Table 2).

Table 2. Calculated values of Ni input into the forest litter via leaf fall
in hornbeam forest ecosystems of Holosiivskyi NNP and Kaniv Nature Reserve

Month/ Mass of leaf fractio_n in the litter, Leaf fall ir_\put, Amount of Ni input into fc_orest litter
Year EESa kgxha via leaf fall, gxha"
o | sD X \ sD
Holosiivskyi NNP
07.21 400 50 - _
08.21 1,500 40 1,100 31.7 01.7
16 Biological Systems: Theory and Innovation, Vol. 15, No. 3, 2024



Lukashov & Tesolkina

Table 2. Continued

Mass of leaf fraction in the litter, Leaf fall input, Amount of Ni input into forest litter
Month/ kgxha"' kgxha"' via leaf fall, gxha-'

Year X sD X sD
09.21 1,900 150 400 10.6 1.3
10.21 3,200 140 1,300 27.7 3.0
11.21 3,300 200 100 2.1 0.2
12.21 3,600 200 300 6.4 0.7

Total 3,200 78.5 6.8

Kaniv Nature Reserve

09.21 320 50 - -
10.21 480 60 1,550 5.3 0.6
11.21 570 40 950 33 0.4

Total 2,500 8.6 1.0
06.22 30 10 - - -
07.22 40 10 120 0.4 0.02
08.22 80 20 310 1.1 0.1
09.22 140 10 650 2.4 0.4
10.22 260 20 1,190 4.4 0.4
11.22 340 40 830 3.0 0.3
12.22 390 30 500 1.8 0.2

Total 3,600 131 1.5

Source: developed by the authors

To calculate the flow of Ni in fallen leaves, the
concentration in the leaves for the corresponding
month and the mass of leaf litter that accumulat-
ed during that time in the forest litter were con-
sidered. It was established that the beginning of
leaf fall and the formation of a new annual litter
in hornbeam forests in the Middle Dnipro Region
begins in July-August and ends in November-De-
cember. Despite changes in the concentration of
Ni in the biomass of common hornbeam during
the growing season, the main factor determining
its input into the litter is the amount of leaf fall
per month. As a result, from August to December

N
Ul

2021, 78.5+6.8 gxha! of Ni entered the litter of the
hornbeam forest in Holosiivskyi NNP, while in the
Kaniv Nature Reserve, this value in 2021 was 6-9
times lower and amounted to 8.6* 1.0 gxha'!, and
in 2022 - 13.1+1.5 gxha'..

The concentration of Ni in the forest litter of
the Holosiivskyi NNP during 2018-2019 and 2020-
2021 ranged from 5.7 to 17.6 mg/kg; in the Kaniv
Nature Reserve, it was 4.2-5.4 times lower, at 1.3-
3.2 mg/kg. The seasonal dynamics of Ni concentra-
tion in the forest litter with the onset of leaf fall is
characterised by an increase, with maximum met-
al accumulation occurring in November (Fig. 3).
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Figure 3. Annual dynamics of Ni concentration in the forest litter
of the hornbeam forests in Holosiivskyi NNP and Kaniv Nature Reserve

Source: developed by the authors
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In the Holosiivskyi NNP, the maximum con-
centration of Ni in November 2018 and 2020 was
17.6£0.1 mg/kg and 15.7+0.1 mg/kg, respectively.
Meanwhile, the leaf biomass of common hornbeam
in October before leaf fall contained 21.3%2.3 mg/
kg of this chemical element. In the ecosystem of
the Kaniv Nature Reserve, the maximum concen-
tration of Ni in the litter in November 2021 was
3.2 0.5 mg/kg, and in 2022, it was 3.2 * 0.4 mg/
kg, which is 4.9-5.4 times less than in the Holos-
iivskyi NNP. The leaves of common hornbeam in
October before falling contained 3.5-3.7 mg/kg of
this chemical element. Thus, leaf fall serves as an
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important source of Ni input into the forest litter of
the studied hornbeam forests. A similar phenom-
enon has been described by many other research-
ers, who have shown that leaf fall is the main flux
that enriches the soil with Ni and Zn (Michopou-
los, 2021; Bani et al., 2024; Tisserand et al., 2024).

An assessment of the dynamics of accumulat-
ed Ni in the forest litter of model forest ecosys-
tems showed that it corresponds to the annual cy-
cle of concentration changes — during the period
of active formation of the forest litter, the stocks
of the metal accumulate, reaching a maximum in
November (Fig. 4).
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Figure 4. Annual dynamics of Ni in the forest litter
of the hornbeam forests in Holosiivskyi NNP and Kaniv Nature Reserve

Source: developed by the authors

In the Holosiivskyi NNP ecosystem, the mass
of accumulated Ni in the forest litter was sig-
nificantly higher, 1.3-7.5 times greater, than the
amount of the metal in the forest litter of the Ka-
niv Nature Reserve ecosystem. Moreover, in 2020-
2021, the stocks of Ni in the forest litter of the
hornbeam forest of the Holosiivskyi NNP were 1.3-
3.0 times higher due to larger volumes of formed
litter. In November 2018, in the Holosiivskyi NNP,
the amount of Ni in the litter was 16240 gxha'!,
and in November 2020, it was 213+ 10 gxha'l. By
December 2018, in the hornbeam forest of the Ho-
losiivskyi NNP, the amount of Ni in the litter had
decreased by 34% from the maximum volume in
November, and in December 2020, this decrease in
Ni stocks was 24%. In the ecosystem of the Kaniv
Nature Reserve, in November 2021, the mass of
accumulated metal in the litter was 59+83 gxha,
and in November 2022, it was 52 =6 gxha. Just
one month later, in December 2021, there was a
decrease in Ni stocks to 47 £3 gxha! (by 21%),
and in December 2022, to 47 =7 gxha! (by 20%).
Subsequently, from December to July-August,
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there was a gradual decrease in the amount of the
chemical element until reaching a minimum at a
level of 25-33 gxha! in the Holosiivskyi NNP and
8-11 gxha! in the Kaniv Nature Reserve, which
was 79-88% of the metal accumulated in autumn.

To assess heavy metal fluxes in the model eco-
systems, a 13-month period was chosen for which
a complete dataset is available on metal stocks
in the forest litter, volumes of metal input from
atmospheric precipitation, lysimetric measure-
ments, and estimates of the mass of fallen leaves
in the forest litter. For the hornbeam forest eco-
system of the Holosiivskyi NNP, the assessment
was conducted for the period from January 2021
to January 2022, and the ecosystem of the Kaniv
Nature Reserve — from June 2022 to July 2023.

Over the year, the total accumulation of Ni
in the forest litter of the hornbeam forest in the
Holosiivskyi NNP was 115 %17 gxha'xyear!, which
corresponds to the calculated value of the total in-
put of the metal into the ecosystem through leaf
fall and wet deposition processes from the atmos-
phere — 108+ 10 gxha'xyear! (Table 3).
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Table 3. Balance of Ni inputs and outputs in the biogeochemical cycle
of the hornbeam forest ecosystem of the Holosiivskyi NNP
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X SD X SD X X SD SD X SD X SD
01.2021 164.0 6.5 - - - - - - - - - -
02.2021 147.4 14.3 -16.7 10.4 6.5 - - - 6.51 0.82 2.05 0.25
03.2021 140.2 16.2 -7.1 15.3 0.5 - - - 0.50 0.05 - -
04.2021 139.3 10.5 -0.9 134 0.6 - - - 0.59 0.13 - -
05.2021 118.5 7.9 -20.8 9.2 9.8 - - - 9.83 0.98 4.48 0.55
06.2021 64.4 1.9 -54.1 4.9 1.8 0.5 - - 1.78 0.55 2.70 0.33
07.2021 25.3 0.2 -39.1 1.1 2.3 0.8 - - 2.25 0.81 6.11 0.75
08.2021 58.8 0.9 33.4 0.5 34.7 2.2 31.7 1.7 2.97 0.52 0.10 0.01
09.2021 58.8 3.0 0.1 2.0 111 1.4 10.6 1.3 0.55 0.08 - -
10.2021 87.2 1.3 28.4 2.1 27.7 3.0 27.7 3.0 - - - -
11.2021 107.0 5.9 19.7 3.6 3.5 0.7 2.1 0.2 1.41 0.45 - -
12.2021 140.5 12.2 33.5 9.1 8.2 1.3 6.4 0.7 1.76 0.66 2.19 0.27
01.2022 101.8 10.8 -38.7 11.5 1.0 - - - 0.98 0.07 - -
TOtaglxicac_f’xT:a'it,'on' 151 | 173 | 1077 | 99 | 785 | 68 | 29.1 4.1 - -
Total output, gxha'xyear' | -177.4 26.7 - - - - - 17.63 1.90
Ni accumulation |r?1annu§1l 73 08
tree growth, gxha'xyear
Ni stocks |ré/trr]2e biomass, 11218 | 1153
Ni stocks in 0-5 cm soil 6,725 637
layer, g/ha
Ni stocks in 5-20 cm soil 21,647 | 7,347
layer, g/ha

Source: developed by the authors

Meanwhile, the main contribution to Ni in-
put was provided by leaf fall, which during the
formation of new annual litter during Novem-
ber-December 2021 accounted for 73% of the total
amount of the metal. Atmospheric precipitation
accounted for 27% of the total amount of the met-
al - 29+4 gxha!xyear!.

The total annual losses of Ni from the forest
litter of the hornbeam forest in Holosiivskyi NNP
were 177 # 27 gxha'xyear!, which is 1.5 times
higher than the amount of accumulated metal -
115+ 17 gxha'xyear!. The imbalance between

the accumulation and output of Ni from the for-
est litter in Holosiivskyi NNP is 62 gxha'xyear!.
An analysis of the balance of Ni losses from the
forest litter and its input over individual months
showed that the forest litter loses more Ni for
most of the year than it receives from atmos-
pheric precipitation. At the same time, during
the period of active formation of new annual lit-
ter in August-October, there is a correspondence
between the input of Ni with leaf fall (70 gxha™!
xyear!) and an increase in its accumulation levels
in the forest litter. At the same time, the losses
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of Ni from the Holosiivskyi NNP ecosystem with
vertical groundwater flow per year were only
18 £2 gxha'xyear?, indicating the absence of ac-
tive removal of the metal from the hornbeam for-
est ecosystem of Holosiivskyi NNP.

An assessment of Ni accumulation in the
annual growth of common hornbeams revealed
significant amounts of the accumulated metal -
7+ 1 gxha'xyear! is fixed annually in the woody
biomass of common hornbeams. In the leaf bio-
mass, a significantly larger amount of Ni accumu-
lates annually - 79 =7 gxha!xyear!, which, after
leaf fall, returns to the soil during the decompo-
sition of litter and becomes available for absorp-
tion by the root system of common hornbeam. At
the same time, there is no active leaching of Ni by
groundwater, as evidenced by its higher concen-
tration in the humus layer (11.2 mg/kg) compared
to the eluvial layer (9.6 mg/kg). Thus, in the eco-
system of the hornbeam forest of the Holosiivskyi
NNP, the main part of the Ni biogeochemical cycle
is provided by the “littersoil-plant” system, when
Ni is extracted from the soil during root uptake
and actively accumulates in the biomass of com-
mon hornbeam. The main part of the metal from
fallen leaves (about 91%) returns to the soil, from
where it is again absorbed by plant root systems,

while the other part is fixed in the annual growth
of common hornbeam wood. Approximately 91%
of the metal from fallen leaves returns to the soil,
where it is again absorbed by plant root systems,
while the remaining portion is fixed in the annual
growth of common hornbeam wood.

The leaching of Ni during vertical migration
through the soil profile is negligible, indicating
an accumulation of the metal in the ecosystem.
A similar situation has been described for soils
in Albania, where it was shown that plants ab-
sorb Ni from deep soil layers and redistribute it
to the upper soil layer, leading to the enrichment
of the litter with Ni due to the input of leaf fall
(Bani et al., 2024). Such a biogeochemical cycle
is sensitive to excessive metal input from exter-
nal sources, which can lead to the accumulation
of Ni in the ecosystem. In particular, a compari-
son of the amount of Ni entering the hornbeam
forest ecosystem of the Holosiivskyi NNP from at-
mospheric precipitation (29 +4 gxha'xyear!) and
the amounts leached from the soil (18 +2 gxha!
xyear!) indicates a significant imbalance in the bi-
ogeochemical cycle of this chemical element. Over
the year, the total accumulation of Ni in the forest
litter of the hornbeam forest of the Kaniv Nature
Reserve was 48 +4 gxha'xyear! (Table 4).

Table 4. Balance of Ni inputs and outputs in the biogeochemical cycle
of the hornbeam forest ecosystem of the Kaniv Nature Reserve
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) = %0 529820 T o eg o c c G oo wi=
: 2 HiTIRHE £2 £2% £
5 §583"% | =Rt 53 s%a <
X SD X SD X X SD SD X SD X SD
06.2022 13.82 3.17 - -
07.2022 9.82 4.67 -4.00 3.92 4.77 0.55 0.37 0.02 4.40 0.54 1.06 0.13
08.2022 7.85 1.52 -1.97 3.10 3.54 0.39 1.06 0.08 2.48 0.30 -
09.2022 14.91 2.18 7.05 1.85 3.74 0.61 2.40 0.45 1.35 0.16 15.72 1.92
10.2022 24.57 5.26 9.66 3.72 7.06 0.77 4.37 0.45 2.69 0.33 -
11.2022 52.25 5.83 27.69 5.55 3.49 0.36 3.05 0.31 0.44 0.05 15.00 1.83
12.2022 46.51 7.06 -5.75 6.45 5.55 0.64 1.84 0.19 3.72 0.45 11.28 1.38
01.2023 37.02 6.44 -9.49 6.75 0.14 0.02 0.14 0.02 -
02.2023 32.11 5.16 -4.91 5.80 0.27 0.03 0.27 0.03 -
03.2023 33.95 4.52 1.84 4.84 0.49 0.06 0.49 0.06 -
04.2023 35.88 6.02 1.92 5.27 1.18 0.14 1.18 0.14 -
05.2023 27.72 4.39 -8.16 5.21 10.03 1.22 10.03 1.22 8.08 0.99
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Table 4. Continued
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06.2023 14.22 3.57 13.49 3.98 6.33 0.77 - 6.33 0.77
07.2023 10.93 4.02 3.30 3.80 5.25 0.05 - 5.25 0.00
TOtZ'Xi;c,f‘xr;:;?f'o”' 4816 | 425 | 51.83 | 335 | 1308 | 149 | 3875 | 4.09
Total output, gxha'xyear” -51.06 4.88 - - - 51.14 6.24
Ni accumulation |r1annu¢'jl 0.94 0.07
tree growth, gxha'xyear
Ni stocks in tree biomass, 347.2 243
g/ha
Ni stocks in 0-5 cm soil layer, 4,953 1,340
g/ha
Ni stoclks in 5-20 cm soil 23,637 | 6,409
ayer, g/ha

Source: developed by the authors

The estimated total annual loss of Ni from the
litter was found to be 51 #5 gxha'xyear!, which
is not statistically significantly different (Mann-
Whitney, p=0.109) from the total accumulation of
the metal (the difference is only 3 gxha!xyear?).
This indicates a balanced state of the nickel bio-
geochemical cycle in the hornbeam forest of the
Kaniv Nature Reserve, where the amount of metal
entering the litter is balanced by the processes of
its output from the ecosystem.

The calculated total input of Ni from leaf fall
and wet deposition from atmospheric precipi-
tation is a similar value — 52 = 13 gxha'xyear!.
Unlike the Holosiivskyi NNP ecosystem, in the
conditions of the Kaniv Nature Reserve, 75% of
the total input of Ni into the hornbeam forest is
determined by processes of wet deposition with
atmospheric precipitation - 39 # 4 gxha'xyear?!,
and 25% - by the amount of metal that entered as
part of fallen leaves (13 +2 gxha'xyear!). In the
conditions of the Holosiivskyi NNP ecosystem,
wet deposition as part of atmospheric precipita-
tion gives a similar value of metal input into the
ecosystem — 29+ 4 gxha!xyear'. A comparison of
the total Ni input into the Kaniv Nature Reserve
ecosystem (52 +3 gxha'xyear!), groundwater run-
off (51 +6 gxha'xyear'), and the total amount of
Ni output from the litter (52+5 gxha'xyear') indi-
cates the presence of a balance between the input
and loss of metal in the ecosystem.

However, unlike the Holosiivskyi NNP eco-
system, in the Kaniv Nature Reserve, an increase
in metal concentration to 10.5* 3.9 mg/kg is
observed in the eluvial soil horizon at a depth
of 20 cm, which may indicate its active vertical
migration through the soil profile and leaching
from the upper humus horizon. In particular, the
volumes of groundwater runoff of Ni over the
year exceed 1.3 times the amount of metal en-
tering from atmospheric precipitation, which is
51+ 6 gxha'xyear! and 39 * 4 gxhalxyear!, re-
spectively. Therefore, the main pathway for Ni
input into the Kaniv Nature Reserve ecosystem,
unlike the Holosiivskyi NNP ecosystem, is atmos-
pheric precipitation, which accounts for 75% of
the total metal input. The amount of Ni entering
with atmospheric precipitation corresponds to the
amount of metal that was removed during leach-
ing by vertical groundwater flow to the eluvial lay-
er. The fixation of Ni in the annual growth of com-
mon hornbeam wood is insignificant and amounts
t0 0.94£0.07 gxha'xyear.

A review of recent scientific publications has
revealed a lack of comprehensive studies on the
biogeochemical cycle of Ni in European forest eco-
systems. Most publications are dedicated to stud-
ying the accumulation of Ni by plants in model
experiments to use them for phytoremediation of
contaminated soils (Rosatto et al.,2021; Samreen et
al., 2021; Reis et al., 2024). In natural ecosystems,
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research focuses on studying the features of Ni
accumulation in individual components of forest
ecosystems — biomass (McQueen et al., 2023), litter
(Zhao et al., 2024) and soil (Brandao et al., 2022).
In his review, P. Michopoulos (2021) attempted to
estimate the magnitude of Ni fluxes in European
forest ecosystems, but a complete assessment of
the balance of the metal’s biogeochemical cycle
was not carried out. The most complete analysis of
the Ni biogeochemical cycle was conducted in the
studies of A. Paul et al. (2021) and R. Tisserand et
al. (2024), that dedicated to studying the function-
ing of specific tropical ecosystems of Ni hyperac-
cumulator plants used for industrial extraction of

Holosiivskyi NNP, Kyiv
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metallic nickel from Ni-rich soils. Therefore, the
results of such studies can only be partially used
to compare the processes of Ni migration in Euro-
pean broad-leaved forest ecosystems.

As aresult of the analysis of the main Ni flux-
es in model hornbeam forest ecosystems of the
Middle Dnipro Region, significant differences in
the functioning of the metal’s biogeochemical
cycle were revealed. In the Holosiivskyi NNP eco-
system, the main pathway for metal input is leaf
fall, which accounts for 73% of the metal volume.
At the same time, in the Kaniv Nature Reserve,
leaf fall accounts for only 25% of the total metal
input (Fig. 5).

Kaniv Nature Reserve, Cherkasy Region
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Figure 5. The biogeochemical cycle of Ni in the hornbeam forest ecosystems
of the Holosiivskyi NNP and the Kaniv Nature Reserve

Source: developed by the authors

Similar values were indicated in the study
by R. Tisserand et al. (2024), where leaf fall from
the tropical nickel hyperaccumulator tree P. ru-
fuschaneyi provided 74% of the total metal flux in
the ecosystem formed on nickel-enriched soils.
Despite the fact that the gross concentration of
nickel in the soils of the hornbeam forests stud-
ied by authors does not differ significantly, in the
Holosiivskyi NNP there is active accumulation of
nickel by biomass, as a result of which the esti-
mated nickel stocks in the leaf biomass of com-
mon hornbeam from Holosiivskyi NNP are 6 times
greater (79 g/ha) than in the Kaniv Nature Reserve
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(13 g/ha). The differences in metal stocks in the
wood were even more significant.

In the common hornbeam wood of Ho-
losiivskyi NNP, 11.3 kg/ha of Ni is concentrat-
ed, which is 31 times more than in the common
hornbeam wood of the Kaniv Nature Reserve —
0.35 kg/ha, which respectively accounts for 28%
and 1.2% of the total metal stocks in the ecosys-
tem. In tropical forest ecosystems formed on nick-
el-rich ultramafic serpentine rocks, the main part
of this metal is concentrated in the plant biomass.
This phenomenon was revealed in the study by
A. Paul et al. (2024) when 90.3% of the total nickel
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stocks of the ecosystem were concentrated in the
biomass of the tropical nickel hyperaccumulator
tree Pycnandra acuminata. As a result of Ni fixa-
tion in the biomass of common hornbeam, the
volumes of leaching by vertical groundwater flow
in Holosiivskyi NNP are 2.8 times smaller, where
the value of this component of the metal flow is
18 gxha'xyear!. In the Kaniv Nature Reserve,
leaching to the eluvial soil layer is 51 gxha'xyear!
and corresponds to the amount of annual Ni in-
put with atmospheric precipitation. As a result,
the forest litter of the hornbeam forest of the Ka-
niv Nature Reserve contains 2.4 times less nickel
than the litter of the Holosiivskyi NNP ecosystem.
Estimates of the magnitude of soil Ni infiltration,
presented in the study by P. Michopoulos (2021),
showed similar values. In particular, in a spruce
forest in central Germany, the Ni flux was esti-
mated at 11.5 gxha!xyear!. In a mixed stand of
Norway spruce, birch, and aspen in Finland, the
annual leaching of nickel was 6.2 gxha'xyear!.
In the northeast of France, quite high Ni flux-
es in the soil solution were found, amounting to
43 gxha'xyear! (Michopoulos, 2021).

Thus, the presented study of model hornbeam
forest ecosystems in the Middle Dnipro Region
has shown that forest ecosystems in urban condi-
tions (Holosiivskyi NNP) and in natural conditions
(Kaniv Nature Reserve) do not significantly differ
in the concentration of Ni in soils, groundwater,
and atmospheric precipitation, which can lead to
a false understanding of the level of anthropogen-
ic load on such ecosystems. However, an analysis
of Ni accumulation levels in common hornbeam
biomass showed significant differences, when the
Ni stocks in hornbeam wood in Holosiivskyi NNP
exceeded the metal stocks in Kaniv Nature Reserve
by more than 30 times. The Ni stocks in the leaf
biomass of hornbeam in Holosiivskyi NNP were
6 times higher, and the stocks in the forest litter
were 1.3-7.5 times higher. Accordingly, a signifi-
cant amount of nickel accumulated in the biomass
of common hornbeam in Holosiivskyi NNP led to
significant changes in the functioning of the nick-
el biogeochemical cycle, compared to the condi-
tions of the Kaniv Nature Reserve, when the input
of nickel from atmospheric precipitation and leaf
fall was not balanced by the loss in the process of
leaching by vertical groundwater flow, which led
to the retention and accumulation of the metal in

Lukashov & Tesolkina

the ecosystem. The authors’ results confirm the
features of the nickel biogeochemical cycle de-
scribed by other authors in conditions of natural
geochemical anomalies of polymetallic deposits
when the main part of the nickel biogeochemical
cycle is provided by the “litter-soil-plant” system.
The main part of the metal (over 90%) returns to
the soil as part of leaf fall, from where it is again
absorbed by plant root systems. The constant ad-
ditional input of nickel as part of atmospheric pre-
cipitation and the slow leaching of the metal with
groundwater creates a danger of continued accu-
mulation of nickel in the biomass to levels that can
cause phytotoxic effects in woody plants in urban
environments. The imbalance of the nickel bioge-
ochemical cycle in Holosiivskyi NNP indicates the
presence of anthropogenic pollution of the eco-
system with this metal.

CONCLUSIONS
A comprehensive, multi-year assessment of the
balance of Ni biogeochemical migration fluxes in
model hornbeam forest ecosystems of Holosiivskyi
NNP and Kaniv Nature Reserve has established
that the main input of Ni into the Holosiivskyi
NNP hornbeam forest ecosystem was through leaf
fall, which, during the formation of a new annual
litter layer, provided 73% of the total amount of
the metal — 79+ 7 gxha'xyear!. Atmospheric pre-
cipitation accounted for 27% — 29+ 4 gxha!xyear.
Losses of Ni from the Holosiivskyi NNP ecosystem
with vertical groundwater flow per year amount-
ed to 18 +2 gxha!xyear, indicating an imbalance
in the Ni biogeochemical cycle. The slow removal
of the metal from the ecosystem by groundwater
runoff leads to the accumulation of Ni in the soil —
with a higher concentration in the humus layer
compared to the eluvial layer. As a result of active
root uptake of Ni by plants, it accumulates in the
biomass - 7+ 1 gxha'xyear! is accumulated annu-
ally in the woody biomass of common hornbeam,
and 79 £7 gxha'xyear! in the leaf biomass. It is
shown that after leaf fall, Ni returns to the soil and
becomes available for absorption by the root sys-
tem of plants. In the hornbeam forest ecosystem
of Holosiivskyi NNP, the main part of the Ni bio-
geochemical cycle is provided by the “litter-soil-
plant” system. In the hornbeam forest ecosystem
of Kaniv Nature Reserve, 75% of the total Ni input
is provided by the process of wet deposition with

Biological Systems: Theory and Innovation, Vol. 15, No. 3, 2024 23

e

=t



R

A

%

a8

2

A

Biogeochemical cycling of nickel...

atmospheric precipitation — 39 # 4 gxha'xyear.
Leaf fall accounts for 25% of this chemical ele-
ment - 13+ 2 gxha'xyear!. A comparison of the
total Ni input into the Kaniv Nature Reserve eco-
system (52 + 3 gxha'xyear!), groundwater run-
off to the eluvial soil layer (51 £ 6 gxha'xyear!)
and the total amount of Ni output from the litter
(52 %5 gxha'xyear!) indicates the presence of a
balance between the input and loss of the metal
in the hornbeam forest ecosystem of Kaniv Nature
Reserve, and the main migration processes are
provided by the “atmosphere-litter-soil” system.
The conducted research reveals the presence
of complex mechanisms of heavy metal migration
in forest ecosystems. To determine the functional
state of urban green spaces and forest ecosystems,
it is necessary to assess the degree of balance of
heavy metal biogeochemical cycles, which will
allow for the prediction of risks of toxicant accu-
mulation in component parts with the aim of de-
veloping measures to increase resistance to pollu-
tion. This must be considered when designing new
plantings resistant to heavy metal pollution.
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AHoranis. Baxkki meTtanu, 30kpema Ni, € TpiopuTeTHUMM 3a6pyIHIOBAYaMM aTMOCHEPHOTO TTOBITPSI.
MicbKi 3eseHi HacaaKeHHSI Ta JIiCOBi €KOCMCTEMM 3MEHIIYIOTh piBeHb 3a0pyIHEHHS, MpOoTe cami
3a3HAIOTh HETaTUBHOIO BIUIMBY, IO BUKIMKAE DiTOTOKCUMYHI eeKTy, 3MEHIIYEe CTiiKiCTh 3eIeHMUX
HacaJKeHb 10 IIKiTHUKiB, XBOPOO Ta iHIIX HETaTUBHUX YMHHMKIB. MeTOI0 MOC/TiIKEeHHS 6YJI0 TPOBECTY
OIIiHKY 36a1aHCOBaHOCTi 6ioreoximiunoro muk/y Ni B TicoBMX eKocucTeMax /1t BUSHAUEHHS HACTiIKiB
3a6pyoHEHHS 3eJIeHUX HacakKeHb B YMOBax yp6aHi30BaHOTO CepeIOBUINA 3@ Pi3HMIII aHTPOTIOTEHHOTO
HaBaHTakeHHs. K MoJelbHi eKOCUCTeMU MIMPOKOMMUCTIHUX jiciB Cepennuboro IpuaHinpoB’ss 6yno
06paHo rpaboBi Ai6POBM ABOX TEPUTOPiii MPUPOAHO-3aIOBiAHOTO GoHAY YKpaiuu: HarioHanbHMI
npuponuuit apk (HIIIT) «TomociiBchbkuit» Ta KaHiBCbKMIT IpUPOIHMIL 3aNTOBiTHMK. Y ITOC/TiIKeHHI,
MPOBeAEHOMY Ha LIMX MOJEeNbHUX eKOCucTeMax, Oyl BMKOPMUCTAHI MeTOAM aTOMHO-abcopOIliiiHOl
cnektpodoTomerpii Ta ICP-OES crekTpomeTpii mysa 3>sicyBaHHSA 0CO6MMBOCTe HakommuyeHHS Ni
B I'PYHTaX, MPOBEJEHO OIiHKY 3amaciB y ¢iTomaci nepeBHOi moponu rpaboBux Ai6POB Ta JUHAMIKY
HAKOMMUEHHSI CIIOJIYK MeTaJTy Y JTiCOBi¥ ITiACTMIIIi, OIliHeHO BEJIMYMHM TTOTOKIB BepTUKAJIbHOI Mirparii
Ni ni3MMeTpUYHMM METOMOM, BU3HAUEHO PiBHI HAAXOMKEHHS CIIOJNYK MeTaly B MPOIeCi 0CaIKeHHS
y ckiaji atrMocepHMX OIajiB Ha TepuTopi rpaboBux Ai6poB. BcraHoBieHO, 1m0 GioreoxiMiuHi
cucremu mirpanii Ni rpa6oBoi mi6poBu KaHiBCbKOTO MPUPOAHOTO 3aTMOBigHMKA XapaKTePU3YIOThCS
6aylaHcOM TMOTOKiB MeTany. Ekocucrema rpa6osoi ni6posu HIIII «TonociiBCchbKuii» XapakTepusyeThCst
He3basaHCOBaHicTI0O 6GioreoximiuHoro 1ukiay Ni. SIK Hacaimok, y 3abesmnedeHHi (QyHKIIIOHYBaHHI
6ioreoximiunoro 1mukay Ni B ekocucteMi HIIIT «TomociiBchbKkiit» OCHOBHY poJib Bifirpae Gionoriuxa
CKJIaZ0Ba CUCTEMU «ITiACTUIIKA-IPYHT-POCIMHA», KOAM Ni aKTMBHO MOTIMHAETHCS POCIMHAMMU I'pady
3BuuaitHoro (Carpinus betulus L.) Ta HakOMUyeThCs1 y hiTomaci. EkocucTema rpa6oBoi mi6posu HITIT
«TonmociiBcbkuit» B ymoBax Micta KueBa 3a3Hae mporpecyodoro 3abpyaHeHHs Ni, 1110 TTPOSIBJISIETHCS
Yy aKTMBHOMY HAKOIMMUYEHH] POCIMHHICTIO, 110 HeOO6XiJHO BpaxOBYBATM IIPU OIiHKAX CTAHY iCHYIOUMX
3eJIeHMX HAacaJlKeHb Ta MPU MPOEKTYBAaHHI HOBMUX, 0OMPAOUM POCIUHU, SIKi € CTIKMMM OO BUCOKUX
KoHIeHTpatiit Ni

KiiouoBi cj10Ba: IpyHT; JlicoBa MiJCTUIKA; JIUCTSHUIA oMaa; aTMocdepHe ocaskeHHS ; 6i0aKyMyJIsIIis;
MiHepaJtisallis; Mirpaiisi BaXKKIX MeTajliB
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Abstract. This study aimed to conduct a comprehensive analysis of existing research on the effects of
metal oxide-based nanofertilisers, such as zinc oxide (ZnO), iron oxide (Fe,0,), and titanium dioxide
(TiO,), on plant development and growth. The research methodology was based on the analysis of
scientific articles examining the influence of nanofertilisers composed of ZnO, Fe,0O,, and TiO, on the
physicochemical properties of crops such as wheat and soya beans. The study employed methods such as
the analysis, generalisation, and comparison of various research findings. It explored multiple aspects of
using these nanofertilisers, including their effects on improving the growth, development, and health of
agricultural crops, particularly wheat and soya beans, the determination of optimal concentrations, and
potential risks that may impact productivity and environmental safety. Given the challenges associated
with enhancing agricultural efficiency, reducing environmental impact, and ensuring stable yields,
the research aimed to identify optimal concentrations of nanofertilisers that could maximise positive
effects on plants without the risk of adverse consequences. The literature review included an analysis of
laboratory experiment results involving the use of various concentrations of nanofertilisers at different
stages of plant development. Key parameters examined in these experiments, such as chlorophyll
content in leaves, antioxidant enzyme activity, water balance, and root growth and development,
were discussed. The review suggested that low to moderate concentrations of nanofertilisers have a
positive effect on photosynthetic activity, root system development, and the overall condition of plants.
However, it was emphasised that high concentrations of nanofertilisers can inhibit plant growth and
lead to negative consequences. These findings highlighted the importance of precise dosing and careful
monitoring when applying nanofertilisers to achieve optimal results. The research demonstrated the
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significant potential of metal oxide-based nanofertilisers in agriculture to enhance crop resilience to
environmental stress factors and improve their productivity

Keywords: mineral modification; nutrient bioavailability; agricultural productivity; antioxidant

activity; effects on the root system

INTRODUCTION

Sustainable agricultural development is a crucial
issue in the context of population growth and in-
creasing pressure on natural resources. Tradition-
al methods of enhancing crop yields, such as the
use of synthetic chemical fertilisers, have contrib-
uted to increased production but have had adverse
environmental effects. Excessive use of such fertil-
isers has led to soil degradation, water pollution,
and disruption of ecological balance. This has
reduced soil fertility, its water retention capacity,
and caused eutrophication of water bodies and a
decline in biodiversity. Consequently, the need
has arisen for environmentally safe and econom-
ically viable alternatives to improve the efficien-
cy of agricultural systems. One such solution has
been the use of metal oxide-based nanofertilisers,
which enhance the nutritional status of plants and
improve their resilience to stress. Nanotechnology
offers the potential to increase nutrient availa-
bility to plants through the unique properties of
nanoparticles, facilitating more efficient nutrient
delivery and stimulating physiological processes.

Nanotechnology, including nanofertilisers,
offers significant advantages over traditional plant
nutrition methods and introduces new possibili-
ties in agronomy. Metal oxide nanoparticles, such
as ZnO, Fe,0, and TiO,, due to their unique prop-
erties, have demonstrated effectiveness in agron-
omy. These nanoparticles possess a larger specific
surface area, which promotes better adsorption
and nutrient uptake by the root system, reducing
the need for large volumes of conventional fer-
tilisers and minimising negative environmental
impacts. Nanoparticles interact with plant cells
at the molecular level, allowing for more efficient
element transport. For instance, ZnO influences
chlorophyll synthesis, increasing the number of
photosynthetic pigments and improving photo-
synthetic activity (Gorobets et al., 2023). Fe,O,
nanoparticles act as cofactors for enzymes criti-
cal to protein synthesis, respiration, and nitrogen
fixation, which positively affect plant growth and
resilience. TiO, nanoparticle fertilisers stimulate

root growth and enhance the plant’s ability to ab-
sorb water and nutrients, improving drought tol-
erance and resilience to other stressful conditions.
However, the use of nanofertilisers requires care-
ful monitoring to assess potential risks and their
long-term impact on ecosystems.

Iron (Fe) is an essential micronutrient for
plants and plays a key role in various biochemical
processes, including electron transport in respi-
ration and photosynthesis, nitrate synthesis, and
nitrogen fixation, all of which are vital for amino
acid and protein formation, as well as plant hor-
mone synthesis (Prasad et al., 2017). Iron oxide na-
noparticles, such as Fe,O, (magnetite) and y-Fe,O,
(maghemite), possess unique properties, including
superparamagnetism and a large specific surface
area. Superparamagnetism enables them to retain
magnetic properties only in the presence of an ex-
ternal magnetic field, while the large specific sur-
face area enhances iron absorption by plants. The
biocompatibility of these nanoparticles ensures
their safety and effectiveness for long-term use.
Fe,O, and y-Fe,O, nanoparticles are utilised not
only in agronomy but also in advanced technolo-
gies, such as magnetic resonance imaging, due to
their ability to improve nutrient delivery to plants,
increasing their bioavailability and absorption.

The number of studies on the impact of met-
al oxide-based nanofertilisers on the growth and
development of agricultural crops has significant-
ly increased compared to previous decades when
the focus was primarily on the use of traditional
mineral fertilisers and chemicals to boost yields.
This shift is due to growing interest in nanotech-
nology and its potential to address issues related
to resource efficiency and environmental sus-
tainability in the agricultural sector. Research on
zinc, iron, and copper nanoparticles, in particular,
has shown that their application can substantial-
ly increase crop yields, improve product quality,
and reduce the need for conventional chemical
fertilisers. For instance, zinc oxide nanoparticles
can enhance the physicochemical properties of
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plants, increasing their photosynthetic activity
and resilience to drought and soil salinity, ow-
ing to their ability to efficiently deliver nutrients.
Moreover, nanofertilisers help reduce toxic emis-
sions, contributing to environmental sustainabili-
ty (Tombuloglu et al., 2020). Despite their positive
potential, the widespread use of nanofertilisers
presents challenges, including potential risks to
human health and the environment. High concen-
trations of nanoparticles may induce toxic effects
on plants, delaying their growth and development
due to accumulation in tissues and disruption of
physiological processes (Yew et al., 2020). There
are also concerns about the accumulation of nan-
oparticles in soils and their possible entry into the
food chain, which could have unpredictable conse-
quences for ecosystems.

Therefore, it is crucial to conduct further re-
search to understand the mechanisms of action,
long-term effects, and potential risks of nanofer-
tilisers to ensure their safe and effective use. This
study aimed to perform a comprehensive analysis
of research on the effects of metal oxide-based
nanofertilisers, such as zinc oxide (ZnO), iron ox-
ide (Fe,0,), and titanium dioxide (TiO,), on plant
growth and development, as well as their impact
on plant physiological processes. The objectives
included examining the influence of various
sources on plant growth, analysing potential toxic
effects, and assessing the long-term implications
of their use.

MATERIALS AND METHODS
The literature search for this study was conduct-
ed using scientific databases such as Scopus and
Web of Science, which provided access to a wide
range of academic studies on the specified topic.
The keywords used during the search included
terms such as “magnetite nanoparticles”, “wheat
growth”; “nanofertilisers”, “plant physiology”, and
“plant nanoparticle uptake”. Additional search
queries were employed to refine the results, focus-
ing on nanoparticle size and concentration, such
as “8-10 nm magnetite nanoparticles” and “nan-
oparticle impact on wheat cultivation”. Over 150
relevant scientific articles were identified. Based
on a thorough analysis of the content and adher-
ence to inclusion criteria, 35 articles were selected
for detailed investigation. The inclusion criteria
comprised publications released between 2010

and 2023, studies with a clear description of ex-
perimental conditions, the use of metal nanopar-
ticles, particularly magnetite, and a detailed anal-
ysis of their effects on plants. Special attention
was given to studies that included physiological
measurements such as plant height, root length,
chlorophyll content, and the plant’s ability to ab-
sorb nanoparticles.

In contrast, studies lacking sufficient exper-
imental data or providing an incomplete descrip-
tion of the methodology were excluded. Research
involving other types of nanoparticles unrelated
to metals, or those with insufficient replication or
limited analytical methods, was also disregarded
(Joshi et al., 2022). For detailed examination and
further analysis, 24 of the most relevant sources
were selected, which are listed in the References
section. These studies focused on key physico-
chemical properties of magnetite nanoparticles,
such as their size and shape, which significantly
influenced their effectiveness. In particular, the
selected studies concentrated on the impact of
magnetite nanoparticles on the growth and devel-
opment of wheat, especially in terms of increasing
plant height, root system length, enhancing chlo-
rophyll content, and improving nutrient uptake.
These studies formed the basis for subsequent con-
clusions regarding the effectiveness of using mag-
netite nanoparticles as fertilisers in this research.
Based on the referenced scientific studies, various
methods of introducing magnetite nanoparticles
into hydroponic systems were thoroughly exam-
ined. By analysing the scientific literature, the
impact of nanoparticles on the physiological and
morphological characteristics of plants was as-
sessed, enabling the identification of key patterns
and the determination of the most effective nano-
particle concentration for enhancing plant growth.

RESULTS
A key focus of the research was to investigate the
impact of nanoparticles on the uptake and trans-
location of elements within plant tissues. This is
crucial because these processes directly influence
the effectiveness of nanofertilisers as pesticides.
Understanding how nanoparticles enter plant
tissues is vital as it determines their efficacy as
fertilisers. Nanoparticles can enter plant tissues
through various pathways, including the root sys-
tem and leaves. They may pass through root hairs

30 Biological Systems: Theory and Innovation, Vol. 15, No. 3, 2024



and intercellular spaces, entering root tissues.
Their size and surface properties play a significant
role in this process (Telizhenko, 2020).

For instance, nanoparticles with a large spe-
cific surface area can easily adhere to root tissues,
facilitating uptake. Once absorbed by root cells,
nanoparticles are then transported throughout
the plant to the stem and leaves via the xylem and
phloem. In the xylem, which transports water and
dissolved substances from the roots to other parts
of the plant, nanoparticles can move along with
water and solutes. In the phloem, which is respon-
sible for transporting organic compounds from the
leaves to other parts of the plant, nanoparticles are
transported with essential nutrients. The efficacy
of nanofertilisers depends on their ability to be
absorbed and translocated. Nanoparticles that are
successfully taken up and transported have a pos-
itive impact on the physical and chemical proper-
ties of the plant — they can increase the content
of micronutrients and other nutrients and im-
prove overall plant productivity (Kornarzynski et
al., 2020). For example, iron nanoparticles can en-
hance root growth and improve the uptake of wa-
ter and nutrients. Copper nanoparticles positively
influence photosynthesis, increasing chlorophyll
levels and biomass. However, the effectiveness of
nanofertilisers can be hindered by various factors,
including agronomic conditions, nanoparticle
concentration, size, and shape. J. Li et al. (2016) in-
vestigated the effects of copper nanoparticles and
showed that excessive concentrations can cause
toxic effects such as oxidative stress, DNA damage,
mitochondrial dysfunction, and apoptosis. High
doses of nanoparticles were also found to affect the
structure of cell membranes, altering their perme-
ability and disrupting cellular homeostasis. This
highlights the importance of determining optimal
conditions for using nanofertilisers to maximise
their benefits and minimise negative side effects.

Results of the study demonstrated that the
root system development of plants treated with
metal oxide-based nanofertilisers was signifi-
cantly improved. Specifically, the use of iron ox-
ide (Fe,O,) nanoparticles at concentrations of 10
mg/L and 20 mg/L resulted in a significant increase
in root length and biomass. This was confirmed
by experimental data showing an increase in root
length and a significant increase in total root
mass compared to the control group. Additionally,
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concentrations of zinc oxide (ZnO) and magne-
sium oxide (MgO) nanoparticles in the range of
5-15 mg/L were investigated. Treatment with
these nanoparticles was found to promote root
elongation and increased biomass. Experimen-
tal data showed that plants treated with ZnO and
MgO nanoparticles had significantly longer roots
and higher root biomass compared to control sam-
ples, indicating the effectiveness of these nanofer-
tilisers in stimulating root development. The pos-
itive impact of metal oxide nanoparticles on root
development can be attributed to their ability to
enhance the uptake of minerals and water, which
are essential for plant growth. Figure 1 illustrates
the processes of nanoparticle uptake by plants,
their transport through the root system, and their
impact on different parts of the plant. The figure
demonstrates how nanoparticles penetrate roots,
are transported through the vascular system, and
influence the growth and development of the
above-ground plant parts. The mechanisms of
nanoparticle interactions with plant tissues high-
lighted in the figure underscore the crucial role of
the root system in their uptake and distribution.

Abiotic stress

Figure 1. Schematic representation
of nanoparticle uptake by a plant
Note: arrows indicate the direction of nanoparticle
movement through plant tissues
Source: D.K. Tripathi et al. (2020)
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A study conducted by N. Joshi et al. (2022) re-
vealed a significant impact of biocompatible Fe,O,
and MnO, nanoparticles on tuber formation in
potatoes (Solanum tuberosum L.). The experiment
utilised nanoparticles at various concentrations
(0.5; 1; 2 g/L), and the results demonstrated a
substantial increase in tuber number by 25% and
tuber size by 30%. This was achieved through the
enhancement of physiological processes in plants,
such as increased cell growth activity and im-
proved nutrient uptake. The impact of nanopar-
ticles also included the stimulation of new shoot
formation and increased photosynthetic efficien-
cy, collectively leading to higher potato yields.
This confirms the importance of biocompatibility
in nanomaterials for agriculture, as biocompatible
nanoparticles can interact with biological systems
without causing toxic effects, promoting plant
growth and development.

K. Kornarzynski et al. (2020) investigated the
effects of combining Fe O, nanoparticles with a
constant magnetic field in the 100-200 mT range
on seed germination and the levels of key nutri-
ents, such as iron, phosphorus, and potassium,
in plants. The results confirmed that this com-
bination improved seed germination, leading to
increased crop quality and yield. The constant
magnetic field, together with Fe,O, nanoparticles,
facilitated increased concentrations of iron and
phosphorus, which are critical for plant growth
and development. Iron and phosphorus play key
roles in plant metabolic processes, such as pho-
tosynthesis and respiration, as well as in the for-
mation of new cells. These findings underscore the
importance of integrating magnetic fields and na-
noparticles to achieve better agronomic outcomes
and improve agricultural practices. J.A. Teixeira
da Silva & J. Dobranszki (2016) investigated the
effects of 150 mT magnetic fields on plant phys-
iological processes and overall growth and devel-
opment. The results indicated that magnetic fields
can stimulate plant growth by enhancing various
physiological processes such as photosynthesis
and respiration. Specifically, magnetic fields im-
prove the transport of water and nutrients within
plant tissues, leading to increased overall produc-
tivity. The application of magnetic fields opens
up new avenues for modern agriculture, provid-
ing new opportunities to increase crop yield and
quality. These findings suggest that magnetic

fields can be used as an additional agronomic tool
to improve crop cultivation efficiency. H. Zhu et
al. (2008) studied the uptake, transport, and ac-
cumulation of iron oxide nanoparticles in pump-
kin (Cucurbita pepo) plants. They demonstrated
that iron oxide nanoparticles are effectively ab-
sorbed through the root system, transported via
the xylem, and accumulate in leaves, stems, and
fruits of plants. This confirms their potential to
improve plant agronomic characteristics, such as
increasing overall stress tolerance and enhanc-
ing nutrient uptake. Iron oxide nanoparticles,
due to their efficient transport and accumulation
properties, can enhance plant growth and devel-
opment. H. Wang et al. (2011) studied the uptake
and accumulation of magnetite (Fe,O,) nanopar-
ticles in perennial ryegrass (Lolium perenne L.)
and pumpkin (Cucurbita mixta) plants. The results
showed that magnetite nanoparticles can improve
plant growth, enhance photosynthetic activity,
and strengthen antioxidant defence mechanisms.
These effects contribute to an overall increase in
plant tolerance to stress factors such as drought
or diseases.

R. Rahmatzadeh et al. (2020) focused on the
impact of Fe,O, magnetic nanoparticles on toma-
toes (Solanum lycopersicum) under cadmium stress
conditions. The results indicate that magnetic
nanoparticles can mitigate the negative effects of
cadmium contamination, which is crucial for main-
taining plant health and productivity in heavy met-
al-polluted environments. The application of Fe,O,
nanoparticles improved tomato growth, enhancing
their tolerance to stressors such as cadmium con-
tamination. This may be due to the ability of nano-
particles to neutralise the toxic effects of cadmium
or to increase the antioxidant activity of plants,
thus reducing oxidative damage and improving
overall plant health. These findings support the
potential of magnetic nanoparticles as an effec-
tive tool for enhancing plant tolerance to heavy
metals and improving their overall productivity.

Figure 2 visually illustrates the key stages of
magnetic nanoparticle uptake by plants and their
impact on physiological processes. Initially, mag-
netite nanoparticles, due to their size and mor-
phological characteristics, penetrate the plant
root system through apoplastic or symplastic
transport. This process occurs via root hairs, al-
lowing the nanoparticles to effectively integrate
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into the plant tissues.

Studies investigating the effects of nanopar-
ticles and magnetic fields on plants demonstrate
significant potential for their use in agriculture to
enhance plant growth and development, although
caution is warranted due to potential negative ef-
fects. Numerous studies have revealed common
trends confirming the positive impact of nanopar-
ticles and magnetic fields on plants. Specifically,
the study by N. Joshi et al. (2022) demonstrated
that biocompatible Fe,O, and MnO, nanoparticles
significantly optimised tuber formation in pota-
toes, increasing tuber number by 25% and size by
30%. This highlights their great potential for im-
proving root crop productivity. K. Kornarzynski et
al. (2020) confirmed that the combination of Fe,O,
nanoparticles and an induced magnetic field not
only improved seed germination but also in-
creased the concentration of essential macronu-
trients such as iron and phosphorus, contributing
to optimised plant growth and nutritional quality.
This demonstrated the versatility of the positive
impact of nanoparticles on plant physiologi-
cal processes. Studies by H. Zhu et al. (2008) and
H. Wang et al. (2011) indicated the effective up-
take of magnetite and iron oxide nanoparticles by

plants through the root system, their transport via
the xylem, and their accumulation in various plant
parts. H. Zhu et al. (2008). showed that iron oxide
nanoparticles were absorbed by pumpkins and
transported to leaves, stems, and fruits, confirming
their ability to improve agronomic characteristics.

H.Wang et al. (2011) added that magnetite na-
noparticles also enhanced plant growth, photosyn-
thetic activity, and antioxidant defence, indicating
their efficiency in transport and accumulation in
plants. These combined results emphasised the
importance of improved nanoparticle uptake and
transport for achieving optimal agronomic results.
J.A. Teixeira da Silva & J. Dobranszki (2016) demon-
strated the positive impact of magnetic fields on
plant growth and productivity. Scientists indicat-
ed that magnetic fields stimulated plant growth
and development, contributing to improved phys-
iological processes and overall productivity. Over-
all trends emerging from the studies confirmed
that the use of nanoparticles and magnetic fields
could positively influence plant growth, develop-
ment, and productivity. The uptake and transport
of nanoparticles, coupled with the stimulatory ef-
fect of magnetic fields, provided improvements in
plant physiological and agronomic characteristics.
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However, as shown in Table 1, various researchers
concluded that to achieve optimal results, it is
necessary to consider the concentration of nan-
oparticles and the strength of magnetic fields to
avoid potential negative effects.

Specifically, M.H. Ghafariyan et al. (2013) not-
ed that excessive concentrations of magnetite na-
noparticles reduced chlorophyll content, negative-
ly affecting plant photosynthetic activity. Other
studies, such as that of M.F. Iannone et al. (2016),
confirmed that optimal concentrations of magnet-
ite nanoparticles improved antioxidant activity
and contributed to increased tolerance to heavy
metal-induced stress. As shown in Table 1, various

authors have also investigated the effects of other
metal nanoparticles. For example, M. Delfani et
al. (2014) studied the effects of zinc and magne-
sium nanoparticles on plant root systems, and
the results indicated improved root growth and
biomass at optimal concentrations. Thus, these
common trends highlighted the importance of fur-
ther research and optimisation of technologies to
maximise the positive impact of nanoparticles and
magnetic fields on plant agronomic characteris-
tics. Table 1 presents key studies, authors, and their
findings regarding the impact of nanoparticles on
the physiological processes of plants, allowing for
a comparison of various approaches and concen-

Table 1. Research on the impact of nanoparticles on plant physiological processes

Research

The material under
consideration

Plant species

Main findings

Conclusion

J. Li et al. (2016)

Copper
nanoparticles

Excessive concentrations
may cause toxic effects or
impact cell membranes

It is important to
determine optimal
conditions for the use of
nanofertilisers

N.Joshi et al. (2022)

Fe,0, and MnO,
nanoparticles

Potato (Solanum
tuberosum L.)

Increase in the number
and size of tubers,
improvement of
physiological processes

Biocompatible
nanoparticles enhance
tuber formation and yield

V.S. Telizhenko (2020)

Magnetite
nanoparticles

Tomatoes (Solanum
lycopersicum)

Increase in plant height
and stem diameter

Magnetite nanoparticles
improve the growth and
morphological parameters
of tomatoes

H.Wang et al. (2011)

Magnetite
nanoparticles

Perennial ryegrass
(Lolium perenne) and
pumpkins Zucchini
(Cucurbita mixta)

Improvement in growth,
photosynthetic activity,
and antioxidant defence

Magnetite nanoparticles
enhance plant resistance
to stress factors

H.Zhu et al. (2008)

Iron oxide
nanoparticles

Pumpkins
(Cucurbita pepo)

Absorption through the
root system, transport to
leaves and fruits

Iron oxide nanoparticles
improve the agronomic
characteristics of plants

R.Rahmatzadeh et al.(2020)

Magnetic Fe,0,
nanoparticles

Tomatoes (Solanum
lycopersicum)

Reduction of the negative
impact of cadmium stress,
improvement in growth
and stress resistance

Magnetic nanoparticles
enhance plant resistance
to heavy metal pollution

Source: compiled by the authors

trations to achieve the maximum positive effect.

Research into the effects of nanoparticles on
plants has revealed a significant potential for their
application in agriculture but has also highlight-
ed the need to consider potential negative conse-
quences. The use of nanotechnology, particularly
magnetic and metallic nanoparticles, has had a
marked impact on plant growth and development,
enhancing stress tolerance and optimising phys-
iological processes. However, research has shown
that the concentration of these nanoparticles can
have detrimental effects on plants if not properly
controlled, underscoring the importance of pre-

cise dosing and monitoring during application.
Researchers have found that excessive con-
centrations of nanoparticles can negatively im-
pact plants, causing disruptions to physiological
processes and growth retardation. For instance, a
study by M.H. Ghafariyan et al. (2013) demonstrat-
ed that high concentrations of magnetite (Fe,O,)
significantly reduced the photosynthetic activity
of soya beans (Glycine max). The primary cause of
this was a decrease in chlorophyll levels in plant
leaves, which directly affected photosynthetic ef-
ficiency. The experiment revealed that high con-
centrations of magnetite delayed seed germina-
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tion and significantly reduced plant growth during
the early stages of development. This negatively
impacted final physiological parameters, such as
plant biomass and nutrient uptake capacity. Spe-
cifically, plants treated with excessive nanopar-
ticle concentrations exhibited impaired nitrogen
and phosphorus uptake, indicating reduced effi-
ciency at excessive application rates.

The research highlights the importance of
precisely determining the optimal concentration
of nanoparticles to avoid negative consequences
and maximise positive effects; R. Rahmatzadeh et
al. (2020) reported on the impact of magnetite
(Fe,0,) magnetic nanoparticles and investigated
the effect of magnetite on tomatoes (Solanum ly-
copersicum) subjected to cadmium stress. Results
showed that at moderate concentrations, magnet-
ite-treated plants were more resistant to cadmium
toxicity, maintained higher chlorophyll concen-
trations, and had lower biomass losses. However, it
was also emphasised that prolonged use of nano-
particles can lead to potential toxic effects, such as
metal accumulation in plant tissues and metabolic
changes. This indicates that for the effective use of
nanoparticles in agriculture, their concentration
must be carefully controlled following the princi-
ple of moderation. These observations highlight
the need for further research into the mechanisms
of nanoparticle action on plants to develop safer
and more efficient technologies.

Research on metal nanoparticles has also
shown that their effects depend not only on con-
centration but also on particle size and morpholo-
gy. For instance, smaller magnetite nanoparticles
(8-10 nm in size) penetrate plant tissues more ef-
fectively and interact more actively with cellular
structures. However, to ensure the most effective
and safe use of nanoparticles, several factors must
be considered, including concentration, particle
size, and duration of application. These factors
can influence final agronomic performance and,
if ignored, can lead to adverse outcomes. Nota-
bly, the findings of H. Zhu et al. (2008) confirmed
that at appropriately selected concentrations,
magnetic nanoparticles can mitigate the nega-
tive effects of toxic metals, such as cadmium, on
plants. Excessive doses, on the other hand, led to
accumulation in tissues, reduced product quality,
and impacted environmental safety. These aspects
should be given special attention when planning
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agricultural practices involving nanoparticles. It is
also important to consider the impact of external
environmental conditions, such as temperature,
humidity, and soil type, on the efficacy of nano-
fertilisers. Further research can provide a better
understanding of the mechanisms of interaction
between nanoparticles and plant tissues and their
long-term effects on crop productivity.

DISCUSSION

Research into the effects of metal oxide-based na-
nofertilisers on the physicochemical properties of
agricultural plants is opening up new avenues for
enhancing agronomic practices and ensuring sus-
tainable agriculture. In the last 5 years, nanofer-
tilisers have attracted significant attention due to
their ability to improve plant growth and develop-
ment, increase yield, and ensure more efficient use
of soil resources. Studies conducted by F. Nudel-
man & N.A. Sommerdijk (2012) have demonstrat-
ed a significant impact of metal oxide nanoparti-
cles, particularly iron oxide and copper oxide, on
the growth, development, and physiological and
biochemical characteristics of agricultural plants.
One of the key advantages of using nanofertil-
isers is their ability to penetrate plant tissues due
to their small size, which significantly enhances
their efficacy compared to traditional fertilisers.
In particular, nanofertilisers not only stimulate
plant growth, increasing root length and overall
biomass but also activate plant defence mecha-
nisms, notably increasing antioxidant protection.
This can significantly enhance crop tolerance to
various stress conditions such as drought, high
temperatures, soil salinity, and other environmen-
tal factors. Experiments investigating iron oxide
nanoparticles have shown a significant impact on
root development, which may be attributed to im-
proved access to water and nutrients in the soil.
This effect can be critically important in areas
with limited water supply or under drought con-
ditions, as demonstrated in studies. These studies
indicate that the treatment of plants with iron ox-
ide nanoparticles leads to a significant increase in
root length, plant height, and biomass.

This effect can be attributed to improved wa-
ter and nutrient exchange in plant tissues, facili-
tated by the ability of nanoparticles to penetrate
plant tissues and stimulate root development. In-
creased root mass and length are critical factors
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influencing a plant’s ability to absorb water and
nutrients, especially under conditions of limited
water supply or in soils with low nutrient content.
Research findings by 1. Afzal et al. (2021), who in-
vestigated the impact of a magnetic field and iron
nanoparticles on the physiological and biochem-
ical processes in sunflower plants, support these
observations. Their results demonstrated that the
combined effect of a magnetic field and iron nano-
particles significantly enhances plant growth and
development, increasing yield. This is achieved
through the activation of metabolic processes, im-
proved protein synthesis, increased levels of an-
tioxidant enzymes such as superoxide dismutase
and catalase, and enhanced water retention in
plant cells. Similar results were obtained in a study
by M.F. Iannone et al. (2016), who investigated the
effects of magnetite nanoparticles on wheat devel-
opment. Their experiments showed that treating
wheat with magnetite nanoparticles increased bi-
omass and improved overall plant health. However,
the authors also highlighted the risk of oxidative
stress caused by increased levels of lipid peroxida-
tion in cells. Oxidative stress can lead to damage
to cell membranes, proteins, and DNA, negatively
impacting plant growth and development. There-
fore, despite the positive effects of nanoparti-
cles on wheat growth, the possibility of negative
side effects, such as increased levels of oxidative
stress, must be considered. This may require ad-
ditional measures to mitigate this stress, such
as the combined use of antioxidant compounds.

Copper oxide has demonstrated a high effi-
cacy in increasing plant biomass, which is likely
due to enhanced photosynthetic processes with-
in plant tissues. Copper oxide nanoparticles can
influence several key aspects of photosynthesis,
including increasing chlorophyll content, which
is critical for efficient light absorption and, conse-
quently, organic matter synthesis. Increased chlo-
rophyll content can improve overall photosyn-
thetic efficiency, which in turn promotes biomass
growth. M. Delfani et al. (2014) provide further
evidence for this, showing that iron and magnesi-
um-based nanofertilisers can significantly impact
plant physiological responses, particularly chloro-
phyll levels. Their experiments demonstrated that
plants treated with iron and magnesium nanopar-
ticles had significantly higher chlorophyll levels in
their leaves, directly affecting their photosynthetic

potential. This, in turn, led to increased biomass,
indicating the ability of nanoparticles to optimise
photosynthetic processes and improve overall
plant productivity (Konate et al., 2017). The results
also align with the study, investigated the impact
of copper nanoparticles on plant physiological
characteristics. In research employed non-toxic
methods for synthesising copper nanoparticles,
using ascorbic acid and polyvinylpyrrolidone,
which enabled the creation of stable and highly
dispersed nanoparticles. They demonstrated that
these nanoparticles can significantly increase
chlorophyll levels in plants, aligning with the
findings regarding the positive impact of copper
oxide on photosynthetic processes. An important
aspect of the study is the approach to nanoparticle
synthesis that ensures stability and effectiveness
in agricultural applications, while simultaneously
minimising potential toxic effects (Li et al., 2016).

An analysis of research into metal ox-
ide-based nanofertilisers, particularly iron and
copper oxides, reveals significant potential for
enhancing the physicochemical properties of agri-
cultural plants (Binhi, 2020). These findings open
new avenues for further research and the practi-
cal application of nanoparticles in agriculture but
also highlight the need for a cautious approach to
their use (Anand et al., 2020). One of the prima-
ry advantages of nanofertilisers is their ability to
significantly improve plant growth and develop-
ment: studies by N. Joshi et al. (2022) and K. Ko-
rnarzynski et al. (2020) have demonstrated that
combining magnetite nanoparticles with a mag-
netic field positively impacts crop yield and phys-
iological parameters. These results indicate the
potential of nanoparticles in developing new agro-
nomic technologies that can significantly enhance
agricultural productivity (Sear, 2021). Improving
physiological parameters such as root growth and
overall biomass is crucial for enhancing crop pro-
ductivity and ensuring tolerance to environmen-
tal stresses. Research by H. Zhu et al. (2008) and
H. Wang et al. (2011) has shown that magnetite
and iron oxide nanoparticles are not only effec-
tively absorbed by plants but also transported to
various plant parts. This confirms their potential
for improving agronomic properties, such as in-
creased water and nutrient uptake.

Consequently, nanoparticles can more effi-
ciently utilise soil resources and improve plant
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growth conditions, as demonstrated by J.A. Teix-
eira da Silva & J. Dobranszki (2016), where the
positive impact of magnetic fields on plant growth
and productivity opens up new horizons in agri-
cultural technologies. The integration of magnetic
fields with nanoparticles represents an innova-
tive approach to the development of agricultural
technologies (Osman et al., 2023). This combina-
tion has the potential to become a significant tool
for enhancing plant resilience to various stress
conditions. Research findings demonstrate the
significant potential of using metal oxide nano-
particles, such as magnetite and iron oxide, to en-
hance agricultural crop productivity. The combi-
nation of these nanoparticles and magnetic fields
has proven effective in stimulating plant growth,
development, and improving physiological prop-
erties, leading to increased yields and enhanced
stress tolerance. This approach opens up new pos-
sibilities for developing agricultural technologies
aimed at more efficient resource utilisation and
increased agricultural productivity.

CONCLUSIONS
Research into metal oxide-based nanofertilisers,
such as iron and copper oxides, has revealed signif-
icant potential for improving the physicochemical
properties of agricultural plants. The findings un-
derscore the importance of optimising the use of
nanoparticles in agriculture to maximise benefits
while minimising the risks of adverse side effects.
Firstly, the authors’ research confirmed that nan-
oparticles can positively impact plant growth and
development. This is possible due to their small
size, allowing nanofertilisers to penetrate plant
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Research has shown that the application of
a magnetic field combined with iron oxide nan-
oparticles significantly enhanced plant growth
and development. Results demonstrated a 15-30%
increase in yield, indicating the effectiveness of
nanoparticles in providing plants with nutrients,
even under stress conditions. Iron oxide nanopar-
ticles penetrate the root system, improving water
and nutrient uptake, which is particularly benefi-
cial for crops grown on depleted or unstable soils.
This made plants more resilient to stress and in-
creased their productivity, highlighting the poten-
tial of iron oxide-based nanofertilisers to improve
agronomic practices and sustainable development
in challenging growing conditions.

Studies have shown that copper oxide can
increase photosynthetic activity in plants by 20-
40%, promoting higher chlorophyll concentra-
tions and improved light absorption. This leads to
a 15-25% increase in plant biomass. However, high
concentrations of copper oxide can induce oxida-
tive stress, inhibiting plant growth and develop-
ment. Therefore, optimising the concentration of
nanoparticles is key to maximising positive effects
and minimising negative consequences. Future
research prospects include developing optimal
nanoparticle concentrations and integrating them
with technologies such as drip irrigation systems
and bioengineering, which could enhance plant
efficiency and resilience to stress conditions. Al-
though nanofertilisers have significant potential,
further research is needed to better understand
their long-term impacts and ensure their effective
use in the agricultural sector.

tissues and significantly enhance their efficacy. A ACKNOWLEDGEMENTS
crucial aspect was that iron oxide nanoparticles  None.
stimulated root development in plants. This is
particularly important under conditions of limited CONFLICT OF INTEREST
water supply or in soils with low nutrient content. ~ None.
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AHorTatist. MeToio po6otu 6yB BceOGiuHMIT aHAaTi3 HassBHUX JOCTIIKEeHb BIIMBY HAHOJOOPUB Ha OCHOBI
OKCHIiB METasiB, TAaKUX K OKCUI IMUHKY (ZnO), okeup, samisa (Fe,0,) Ta miokeun tutany (TiO,), Ha
PO3BUTOK Ta BIUIMB POCIMH. MeTOIO0/IOTis OCiaKeHHsT 6asyBasach Ha aHalTi3i HAYKOBUX CTaTei, o0
MOCTiIKYIOTh BIUIMB HAaHOAOOPMB Ha OCHOBi OKCcMAiB MeTasniB (ZnO, Fe,O, i TiO,) na disuko-ximiuni
BJIACTMBOCTI TaKUX KY/IbTYP, K IMIIEHUIIS Ta COSI, i3 BUKOPUCTAHHIM TaKMUX METOHIB, SIK aHaIi3 pPisHUX
IOCTiIKeHb, iX y3araJlbHeHHS Ta OPiBHSHHS. B mowtiskeHHI pO3MIsiAanncs pi3Hi aclieKTY BUKOPUCTaHHS
UMX HAaHOHOOPMB, iX BIUIMB HA IMOKPAIIEHHS POCTY, PO3BUTKY Ta 3[I0POB’SI CiTbChKOTOCIIOAApPChKIUX
KYJIBTYp, 30KpeMa MIIeHNIli Ta COoi, BU3HAYEHHST ONTUMAIbHMX KOHIIEHTpallilf, a TaKOX ITOTeHIIiiiHi
PU3UKHA, SIKi MOXYTb BIUIMHYTM Ha MPOAYKTUBHICTh Ta €KOJOTiUHYy 6e3reKy. BpaxoByiouu BUKIUKMU,
MOB’SI3aHi 3 TIiABUINEHHSIM €e(QEeKTUBHOCTI CiJIbChKOTO TOCIIOapCTBa, 3MEHIIEHHSIM BIUIMBY Ha
HaBKOJIUIITHE CepefoBUIIE Ta 3a6e3TeueHHsIM cTabiTbHOI BPOsKaiHOCTI, OCTiIsKeHHST 6YJI0 CIIpSIMOBaHe
Ha BM3HAUYEHHS ONTUMAaJbHMX KOHIEHTpAIli/i HAaHOZOOPUB, SIKi MOIIM 6 MaKCUMMi3yBaTH MO3UTUBHUIA
BIUIMB Ha POCIMHM 6e3 pU3UKY HeraTMBHMX HACTIAKiB. OmIsy JliTepaTypy BKIIOYAB aHAIi3 pe3y/abTaTiB
71a60paTOPHUX EKCIIEPUMEHTIB 3 BUKOPUCTAHHSIM Pi3HMX KOHI[EHTPAallili HAHOZ0OPUB Ha Pi3HUX CTaisX
PO3BUTKY pocyiiH. OGTOBOPIOBAIVCS KITIOUOBi TapamMeTpu, 0 BUBYAIMCS B VX €KCITIEPUMEHTAX, TaKi SIK
BMiCT X710podiny B IMCTKAX, aKTUBHICTh aHTUMOKCUIAHTHMUX (DEPMEHTIB, BOIHUI 6aaHC, PiCT i pO3BUTOK
KOpeHiB. OIS TiTepaTypy CBiJUMB, [0 BUKOPUCTAHHS HMU3bKMX i cepeHiX KOHILIeHTpalliit HAHOLOOPUB
MO3UTMUBHO BIUIMBAE Ha (OTOCMHTETUMUYHY aKTMBHICTh, PO3BUTOK KOPEHEBOI CUCTEMM Ta 3arajabHuUii
CTaH POCIMH. By/o migKpeciaeHo, 10 BUCOKI KOHIIEHTpalii HaHOZOOPUB MOXYTh MPUTHIUYBATH picT
POCINH i MaTV HeraTMBHI HaCAigKM. [laHi BUCHOBKM BasK/IMBi [IJIT TOYHOTO JO3YBAHHS Ta PETEIbHOTO
MOHITOPUHTY IIPU 3aCTOCYBaHHI HAHOJOOPUB [IJIST TOCITHEHHS ONITUMA/IbHUX Pe3ybTaTiB. [oCTiqKeHHS
MPOIEMOHCTPYBAIO 3HAUHMII TOTEHIiaJl BMKOPUCTAHHS HAHOLOOPMB Ha OCHOBi OKCHUAIB MeTaliB y
CiIbCbKOMY TOCTIOIaPCTBi AJIsI TTiABUIEHHSI CTiIKOCTi KY/IBTYP A0 CTPecoBUX (hakTOPiB HABKOIUIITHBOTO
cepenoBUINA Ta MOKpaIeHHs iX TPOAYKTUBHOCTI

KmouoBi cnoBa: wmopudikalis wmiHepaniB; 6i0fOCTYMHICTh MOXMBHUX pEUOBMH; arpapHa
MPOAYKTUBHICTb; aHTMOKCUIAHTHA aKTUBHICTD; JIisl HA KOPEHEeBY CUCTEeMY
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Abstract. The relevance of this study was to investigate the impact of abiotic stress, specifically fullerene
C,, and drought, on the morphometric characteristics of pea microgreens. Drought negatively affects
the growth and development of agricultural plants, leading to reduced yields. Carbon nanoparticles,
particularly fullerene C_, due to their unique physical, chemical, and biological properties, may serve
as modulators of resistance to stressful conditions such as drought, enhancing the physiological and
biochemical processes at both the cellular and whole plant levels. This research aimed to investigate
the effect of fullerene C , on the morphometric parameters of microgreen peas (Pisum sativum) of the
ECO variety under water deficit conditions. Structured water-soluble carbon nanoparticles of fullerene
C,, were employed. C,; molecules were transferred from an organic solution into the aqueous phase,
followed by ultrasonic treatment. The morphometric indicators evaluated in the microgreen peas
included shoot height, shoot diameter, number of leaves, leaf weight, plant weight, and root length.
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The experiment was conducted on the 14™ day after treating pea seeds with an aqueous solution of
fullerene C_ at concentrations of 0.1, 0.2, 0.5, and 1.0 ug/mL with planting in substrates of both linen
mats and a soil mixture. Chemical, physical, and physiological methods were employed. Fullerene C_;
at the given concentration range (0.1-1.0 pg/mL) did not exhibit negative phytotoxic effects on pea
microgreens. Moreover, the drought-induced physiological state of the microgreens was restored by
pre treatment of the seeds with the fullerene C_. The results demonstrated the absence of phytotoxic
effects and confirmed the protective effects of fullerene C,, against drought stress in pea microgreens,
suggesting the potential of using structured carbon nanoparticles in agrobiotechnologies to regulate

stress resistance mechanisms in crops

Keywords: agricultural plants; carbon; nanoparticles; drought; young sprouts

INTRODUCTION

Pea microgreens are a promising crop for culti-
vation in vertical farms, urban greenhouses, and
home gardens, due to their high nutritional value
and rapid growth cycle. The study of morphomet-
ric indicators enables researchers to assess the
overall health of plants and their ability to adapt
to various growing conditions. This is particular-
ly important in urban agriculture, where efficient
use of space and resources is a key factor. Plants,
as living organisms, respond to changes in cli-
matic conditions, and drought is one of the most
significant factors affecting their development
and functioning. Authors K.-J. Dietz et al. (2021)
demonstrated that water deficit in the soil can
lead to water stress in plants, resulting in stunted
growth, reduced yields, leaf loss, and even plant
death. Researchers K. Abbass et al. (2022) found
that drought can also pose a threat to biodiversi-
ty, as vulnerable plant species may not be able to
adapt to rapid climate change. Additionally, wa-
ter deficit can deteriorate soil quality and cause
erosion, which in turn leads to the reduction
of soil fertility and ecosystem stability. Young
plants and seedlings are particularly vulnera-
ble to drought due to their limited resources for
adapting to water shortages.

Authors C. Ingrao et al. (2023) noted that
there are several causes of water deficit, such as
low rainfall, extreme temperatures, high light in-
tensity, and salinity. On the other hand, the water
in the soil may be sufficient, but the plants can-
not absorb it. Water stress of this type is referred
to as physiological drought (or pseudo-drought).
Drought stress leads to changes at the physi-
ological, morphological, ecological, biochemi-
cal, and molecular levels in plants. Researchers
G.G. Haile et al. (2019) demonstrated that drought

negatively impacts the quantity and quality of
plant growth and yield. The response of plants
to water deficit depends on the duration and in-
tensity of the deficit, as well as on the species,
age, and stage of plant development. Scientists
A. Gupta et al. (2020) proved that most plants
have developed drought stress resistance mech-
anisms, which are diverse and species-depend-
ent. Author T.R. Ault (2020) demonstrated that
drought also has significant global consequences,
affecting various aspects of ecosystems and hu-
man life. One of the primary issues is the decline
in agricultural productivity, which can lead to
food shortages, a food crisis, higher food prices,
and famine, especially in crop-growing regions.
Simultaneously, drought causes soil degradation,
impairing its long-term fertility. Climate change,
including rising temperatures and decreases in
the amount of precipitation, can contribute to the
spread of deserts and the expansion of arid zones.

Authors X. Yang et al. (2021) observed that
drought stress results in a loss of biodiversity, as
many plants and animals cannot adapt to such
conditions and are forced to migrate or become
extinct. The study of the impact of drought on the
morphometric parameters of plants has become
an urgent issue, as water deficits cause significant
changes in plant biomass, size, and organ shape.
In this context, it is important to consider vari-
ous aspects of the impact of drought on the mor-
phometric parameters of plants to understand
the adaptation strategies of plant organisms to
extreme climatic conditions and to develop effec-
tive measures to preserve plant cover in the face
of climate change. A pressing task in agrotech-
nology is to study the methods and mechanisms
for modulating stress resistance in agricultural
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plants under water deficit conditions. Researchers
S.V. Prylutska et al. (2022) proved that structured
water-soluble carbon nanoparticles, specifical-
ly fullerene C_, are promising in this regard due
to their unique biological and physicochemical
properties, including hydrophobicity.

Scientist N. Gopalakrishnan (2018) noted
that carbon nanomaterials are widely used across
various industries, particularly as lubricants, in
fuel cells, electronics, cosmetics, theranostics,
food additives, and antioxidants, among others.
The C,, molecule, due to its antioxidant activi-
ty, can absorb oxygen and nitrogen free radicals
and influence plant growth and development,
particularly by reducing abiotic-induced oxi-
dative stress, such as water deficit. In addition,
authors A. He et al. (2021) showed that the hy-
drophobic C,, molecule can interact with cell
membranes and affect their permeability; wheth-
er this influence is positive or negative depends
on the concentration and mode of administra-
tion of the nanoparticles. Researchers P.R. Riley
& R.J. Narayan (2021) and M. Gaur et al. (2021)
noted that fullerene C, have promising appli-
cations in medicine and pharmaceuticals due to
their ability to deliver drugs in a targeted manner
and control their release. Thus, fullerene C_ is a
unique molecule with numerous potential appli-
cations in materials science, as well as in both bi-
ological and agricultural research. Consequently,
the aim of the study was to evaluate the impact of
fullerene C_, on the morphometric parameters of
microgreen peas (Pisum sativum) of the ECO va-
riety under drought conditions. The objectives of
the study were to assess the dose-dependent ef-
fect of fullerene C,, on the growth of microgreen
peas under regular watering or water deficit when
germinated on different substrates, as well as to
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evaluate the potential phytotoxic and protective
effects of the nanoparticles.

MATERIALS AND METHODS

Synthesis and characterisation of structured C,, mol-
ecules. An aqueous colloidal solution of fullerene
C,, (150 pg/mL initial concentration) was synthe-
sised and characterised at the Institute of Chem-
istry and Biotechnology of the Technical Univer-
sity of Ilmenau (Germany) following the method
of transferring the C,, molecule from an organic
solution into the aqueous phase, followed by ultra-
sonic treatment (Schuetze et al., 2011). The struc-
ture and size of C , nanoparticles, as well as their
stability in aqueous solution, were estimated us-
ing microscopic and spectroscopic measurements.
An aqueous colloidal solution of fullerene C,, was
prepared in concentrations of 0.1, 0.2, 0.5, and
1 pg/mL. Pea (Pisum sativum) of the ECO variety
was chosen as the object of the study. Category CH1
seeds (certified seeds of the first generation) from
the 2022 harvest, supplied by the private enterprise
“ABINA”, were used. The drought resistance of this
variety is rated at 8.3-8.5 points out of 9, indicat-
ing high drought resistance (Sowing peas, 2018).

Conditions of the experiment. Pea seeds were
washed to remove contaminants under running
water. Damaged seeds with visible signs of pest
damage or shell imperfections were discarded. The
seeds were then soaked in a 20 g/L NaCl solution
for 10 minutes. The seeds that settled at the bot-
tom of the NaCl solution were used for cultivation.
To promote faster germination, the seeds were
soaked in a 0.02% H.BO, solution for 25 minutes
and then washed three times under running water.
Subsequently, the seeds were sterilised in 3% H,0,
for 15 minutes and washed three times under run-
ning water (Fig. 1).

3% H,0;

o X 15 min

Figure 1. Scheme of pea seed preparation (Pisum sativum)

Source: created by the authors
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Each sample contained 30 g of seeds, which
were pre-soaked for 3 hours in the following solu-
tions: control - distilled H,0, experimental sam-
ples — fullerene C,; colloidal aqueous solution at
concentrations — 0.1, 0.2 pg/mL, 0.5, and 1 pg/mL.
The pea seeds were then transferred to the ap-

propriate containers on the substrate and evenly
distributed over the surface (Fig. 2). Containers
with seeds pre-treated with carbon nanoparticles
(CNPs) were stored for 4 days at room temperature
(24°C)inadark place to allow for germination, then
exposed to light/dark conditions of 12/12 hours.

Figure 2. Scheme of treatment and planting of pea seeds (Pisum sativum)

Source: created by the authors

To evaluate the growth advantage of mi-
crogreen peas, seeds were planted on different
substrates: a linen mat (Experiment No. 1) and
a universal soil mixture from the manufacturer
“Florida” (Experiment No. 2) consisting of turf,
raised peat, lowland peat, river sand, mineral fer-
tilisers (Potassium, Sodium, Phosphorus), and
microelements (Iron, Zinc, Boron, Copper, Mo-
lybdenum, Manganese), with a pH value of 5.5-7.5
(Universal soil mixture, n.d.).

Simulation of drought under laboratory condi-
tions. For the germination of microgreen peas with

25102023
K+ HoO

Experiment #1 (linen mats)

limited moisture on linen mats (Experiment No. 1),
spraying with water was carried out after 3 days.
When growing pea microgreens on the soil mixture
(Experiment No. 2), drought was simulated using
Tumanov’s wilting method (Kirichenko et al., 2016),
with spraying stopped on the 27 day after seed ger-
mination. Watering of the samples was resumed 1
day before the experiment. Spraying of experimen-
tal samples without drought simulation was car-
ried out regularly - every other day. The assessment
of the morphometric indicators of peas was con-
ducted on the 14" day after seed planting (Fig. 3).

7 Iéxperi;nent #2 (soil mixture)

Figure 3. Photos of microgreen pea plants (Pisum sativum) on the 14 day
of the experiment in the control groups (under regular watering)

Source: created by the authors
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The following parameters were evaluated:
plant height, diameter of the main shoot, num-
ber of leaves, root length, total plant weight, and
leaf weight. Additionally, the ratio of leaf weight
to plant weight (as an indicator of photosynthetic
effort), the ratio of shoot length to plant weight
(as an indicator of relative shoot growth), and the
ratio of shoot length to its diameter were deter-
mined (Penkovska, 2019). The sample size for the
experiments was 10-15 seedlings. The research
was conducted in the Educational Scientific Lab-
oratory of Biochemistry and Phytobiotechnology,
Department of Physiology, Plant Biochemistry
and Bioenergetics, Faculty of Plant Protection, Bi-
otechnology and Ecology at the National Universi-
ty of Life and Environmental Sciences of Ukraine.
Experimental studies with plants were conducted
following ethical standards (United Nations Con-
vention No. 995_030 “On the Conservation of Bio-
logical Diversity”, 1992).

Statistical analysis of the obtained research re-
sults was conducted using methods of variational
statistics, particularly with the t-test and one-/
two-way analysis of variance (ANOVA). Differ-
ences in indicators with values of p < 0.05 were
considered statistically significant (Prylutskyi et

Tkachenko et al.

al., 2017). Experiments were conducted in at least
three replicates for each variant. Graphing and
data analysis were performed using Microsoft Ex-
cel 2010 and GraphPad Prism 7 software. The re-
sults are presented as M (Arithmetic Mean) * SD
(Standard Deviation).

RESULTS AND DISCUSSION
Microgreens are a resilient crop, requiring mini-
mal attention to weather conditions, environmen-
tal composition, and growing circumstances, mak-
ing them easy and quick to cultivate under home
or laboratory conditions (Michell et al., 2020). The
physiological state of plants was studied during
the germination stage, which does not require
large reserves of nutrients, water, or light. Accord-
ingly, the objective of this study was to evaluate
the effect of biotic factors such as carbon nano-
particles (CNPs) and drought on the early stages
of plant growth, particularly the vegetative organs
of peas (root, stem, leaves) and the mass of plants
and leaves. The research showed that by the 14%
day after pea seed germination, differences in
morphometric indicators were observed between
the control group (under regular watering) and
different substrates (Table 1, Table 2).

Table 1. Morphometric indicators of microgreen peas on the 14" day after germination
on a linen mat (Experiment No. 1) under regular watering and water deficit (M*m, n=15)

Morphometric indicators Regular watering (control) Water deficit
The height of the main shoot, cm 10.2+£1.7 6.5+0.58
The diameter of the main shoot, mm 1.8+0.255 1.7+0.03
The number of leaves, pcs 4.0+£0.35 2.0+0.17

The total plant mass, g 0.812+0.065 0.715+0.680
The mass of all leaves, mg 44.0+£0.039 20.0£0.18
The root length, cm 15.4+3.4 12.6+1.7

Source: created by the authors

The morphometric indicators for plants
grown on the soil mixture (Experiment No. 2)
were significantly higher compared to those
grown on the linen mat (Experiment No. 1). Spe-
cifically, the height of the main shoot was 1.5
times greater, the diameter of the main shoot
and the number of leaves were 1.7 times greater,

the total plant mass was 1.9 times higher, and the
leaf mass was 4.3 times greater in Experiment
No. 2 compared to Experiment No. 1 (Table 1, Ta-
ble 2). Therefore, microgreen pea germination is
more effective in the soil mixture, which allows
for the production of higher-quality plant mate-
rial under laboratory conditions.

Table 2. Morphometric indicators of microgreen peas on the 14" day after germination
in the soil mixture (Experiment No. 2) under regular watering and water deficit M+ m, n=15)

Morphometric indicators

Regular watering (control)

Water deficit

The height of the main shoot, cm

15.5+1.46

5.7+0.54
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Table 2. Continued

Morphometric indicators Regular watering (control) Water deficit
The diameter of the main shoot, mm 3.0+0.29 2.2+0.17
The number of leaves, pcs 7.0+£0.66 5.0£0.376
The total plant mass, g 1.543+0.11 0.795+0.055
The mass of all leaves, mg 191.0+£18.6 46.0+3.82
The root length, cm 13.2+£1.29 8.3+£0.75

Source: created by the authors

Under water-deficit conditions, on the 14™ day
after pea seed germination, a significant decrease
in the studied morphometric indicators of pea
plants was observed both on linen mats (Experi-
ment No. 1) and in the soil mixture (Experiment
No. 2). In particular, with insufficient substrate
hydration, a decrease was noted in the height of
the main shoot by 1.6 times (Experiment No. 1)
and by 2.7 times (Experiment No. 2), the diameter
of the main shoot by 1.4 times (Experiment No. 2),
the number of leaves by 2 times (Experiment
No. 1) and by 1.4 times (Experiment No. 2), the
total plant mass by 1.9 times (Experiment No. 2),
the mass of all leaves by 2.2 times (Experiment
No. 1) and by 4 times (Experiment No. 2), and the
root length by 1.2 times (Experiment No. 1) and by
1.6 times (Experiment No. 2) compared to plants
grown under regular watering conditions. Thus,
under simulated water-deficit conditions, a sig-
nificant decline in the morphometric indicators of
microgreen peas was observed.

It is known that drought slows down plant
development by reducing the evaporative surface,
which inhibits the growth of leaves and shoots
(Priadkina et al., 2022). This, in turn, leads to a
decrease in plant mass, particularly the leaves.
During droughts, the plant allocates its resourc-
es towards the development of the root system to
search for water at greater depths. It was shown,
that under drought conditions, the ratio of root
length to shoot height in peas was 1.9 times and
1.5 times greater in Experiment No. 1 and Experi-
ment No. 2, respectively, compared to the control
(regular watering) (Table 1, Table 2). Drought pos-
es a significant threat to agriculture, leading to a
reduction in crop yields, loss of soil fertility, and
ecosystem imbalances (Hoffmann et al., 2018).
Water deficit in the soil results in stunted plant
growth, reduced crops, leaf loss, and the eventu-
al death of plants (Mukarram et al., 2021). A cur-
rent priority is the study and modulation of stress

resistance mechanisms in plants induced by water
deficit. To increase the resistance of agricultural
crops to drought, fullerene C , carbon nanoparti-
cles were used.

The effect of fullerene C; on the morphomet-
ric parameters of peas germinated on different
substrates under regular watering conditions was
investigated. It was shown that fullerene C  had a
substrate- and dose-dependent effect on pea mi-
crogreens (Fig. 4). Thus, under germination condi-
tions on linen mats (Experiment No. 1), a decrease
in leaf mass was observed after treatment with 0.2,
0.5, and 1 pg/mL fullerene C by 29%, 32%, and
31%, respectively, compared to the control without
the addition of CNPs (Fig. 4). Under germination
conditions on the soil mixture (Experiment No. 2),
after treatment with 0.5 and 1 ug/mL fullerene C_,
a decrease in total plant weight by 24% and 32%
and in leaf weight by 23% and 24%, respectively,
was observed compared to the control without the
addition of CNPs (Fig. 4). In addition, fullerene C
at 0.1 and 0.2 pg/mL concentrations did not affect
the studied morphometric indicators of micro-
green peas.

Therefore, fullerene C_ in the studied concen-
tration range (0.1-1 pg/mL) did not cause a neg-
ative phytotoxic effect on pea microgreens. Next,
the effect of fullerene C,; on the morphometric
parameters of peas under water-deficit condi-
tions was investigated (Fig. 5). For this, a model
of drought tolerance of microgreen peas on a soil
mixture was used, as plant growth indicators were
more markedly reduced on this substrate. The
physiological state of microgreen peas of the ECO
variety, induced by drought, was restored after the
seeds were pre-treated with fullerene C_ (Fig. 5).
The protective effects of CNPs are evidenced by
the increase in the studied morphometric indica-
tors. Thus, the height of the main shoot and the
weight of the leaves after treatment with 0.1, 0.2,
and 0.5 ug/mL fullerene C,, were twice as high
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compared to the respective indicators under water
deficit without the addition of CNPs. It was also
noted that the root length in plants treated with
0.1 pg/mL, 0.2 pg/mL, and 0.5 ug/mL fullerene C
was 51%, 22%, and 20% longer, respectively, com-
pared to untreated plants. The diameter of the
main shoot increased slightly (Fig. 5). Fullerene C

Experiment #1
50 T

45 1 +

40 + I
35 +
30 4
25 4
2 4
15 +
10 1
S -+
0

The height of the main
shoot, cm

O Control M C60 0.1 pg/ml @C60 0.2 pg/ml BC60 0.5 pg/ml B C60 1 pg/ml

The mass of leaves, mg The root length, cm

Experiment # 2

The height of the main  The number of leaves, pcs
shoot, cm
OControl MC60 0.1 pg/ml @C60 0.2 pg/ml BC60 0.5 pg/ml EC60 pg/ml

The root length, cm
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helps maintain water balance and assists plants in
better retaining water, improving the condition of
cell membranes and increasing the efficiency of
water use. Together, these mechanisms provide
plants with better drought tolerance by preserv-
ing or even improving morphometric indicators
(Kovac et al., 2021).

45 — Experiment #1

it

35 +

3 4
25 1
2 4
15 +
14
05 +
0

The diameter of the main The number of leaves, pcs  The total plant mass, g
shoot, mm
O Control @C60 0.1 pg/ml B@C60 0.2 pg/ml EC60 0.5 pg/ml EC60 1 pg/ml

Experiment # 2
35 T+

A
25 T
15 1

05 T

k%
[CIMPAERER

The mass of leaves, g

The diameter of the main  The total plant mass, g
shoot, mm
O Control @MC60 0.1 pg/ml B@C60 0.2 pg/ml BC60 0.5 pg/ml BCE0 1 ug/ml

Figure 4. Morphometric indicators of microgreen peas on the 14" day after treatment
with fullerene C,; and germination on a linen mat (Experiment No. 1)
and soil mixture (Experiment No. 2) under regular watering

Note: *P < 0.05 in comparison with control
Source: created by the authors
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Figure 5. Morphometric indicators of microgreen peas on the 14™ day after treatment
with fullerene C; and germination on the soil mixture under water deficit

Note: *P < 0.05 in comparison with control
Source: created by the authors
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An important task of agricultural technologies
is the development of comprehensive approaches
that allow for the study of the impact of drought
on the physiological state of agricultural plants
and their mechanisms of adaptation to extreme
climatic conditions, as well as the development
of effective biotechnological strategies for plant
preservation in the context of climate change.
Water deficit causes significant changes in the bi-
omass, size, and shape of plant organs; thus, the
study of the impact of drought on the morphomet-
ric parameters of plants is particularly relevant
(Seleiman et al., 2021). Long roots are one of the
key morphological features that facilitate adapta-
tion to water deficit. This morphological feature
plays an important role in providing drought re-
sistance (Wasaya et al., 2018). Long roots ensure
stable access to water for plants, even in challeng-
ing climatic conditions, thereby contributing to
their survival and productivity (Lynch, 2018). In
particular, authors M. Rezayian et al. (2018), and
0. Basal et al. (2020) showed that plants under the
influence of drought develop a long root system
and exhibit better stress tolerance and drought
resistance, while plants with short roots are more
vulnerable to drought. The authors S. Jafarnia et
al. (2018) demonstrated that the height of seed-
lings of the Persian oak (Quercus brantii) signifi-
cantly decreased under water deficit.

The study of the effect of nanosized and struc-
tured carbon nanoparticles (CNPs) on plants is a
significant and promising area of modern agrobi-
otechnologies. CNPs, due to their nanoscale size
and unique physicochemical properties, are capa-
ble of altering the morphological, physiological,
and biochemical parameters of plants. The results
of the research by S.K. Khorrami et al. (2020) indi-
cated that MWCNTSs at low and medium concen-
trations (50 and 100 mg/L) had a positive effect on
the morphological and anatomical characteristics
of both varieties of Hibiscus esculentus L. (Bamia
and Emerald). However, at high concentrations
of MWCNTs (200 mg/L), a negative effect was ob-
served on both varieties of bamia. The authors
suggest that the positive effects of MWCNTSs can
be attributed to their ability to promote water ab-
sorption, cell division, and elongation in both okra
varieties, while the negative effects may be linked
to the destructive impact of MWCNTSs on different
parts of the cells, particularly on membranes and

biological organs. When comparing the effects
of natural and synthetic MWCNTs, the authors
G. Juarez-Cisneros et al. (2020) demonstrated that
CNPs formed after forest fires lead to better plant
growth and development than chemically synthe-
sised MWCNTS.

Moreover, literature data indicates the poten-
tial of carbon nanoparticles to reduce the negative
effects of drought and increase the resistance of
plants to adverse climatic conditions. The authors
J.-L. Xiong et al. (2018) studied the germination of
Brassica napus L. seeds under water deficit condi-
tions after treatment with a water-soluble fullerol
derivative at different concentrations (0.01; 0.1;
1; 10; 100; 500; 1,000 mg/L). To simulate drought,
rapeseed was germinated in a 15% PEG 6000 medi-
um. It was shown that fullerol in the concentration
range of 0.1-100 mg/L had a positive effect on seed
germination, while no such effect was observed at
high concentrations (500 and 1,000 mg/L). Addi-
tionally, fullerol in B. napus reduced water stress
during seed germination, growth, and photo-
synthesis.The authors S.Z. Ahmadi et al. (2024)
demonstrated that, following the application of
carbon nanomaterials such as graphene nanotubes
and nanoplates at concentrations of 100, 200, and
1,000 mg/L, the number of flowers of Capsicum an-
nuum L. increased at both 50% and 100% soil mois-
ture content compared to the control group, which
did not receive nanomaterials. Moreover, after the
treatment of leaves with carbon nanomaterials, the
negative impact of water deficit stress on the mass
of roots in both fresh and dry conditions was re-
duced. After using 200 mg/L. GNMs and 1,,000 mg/L
MWCNTSs at 100% soil moisture content, the num-
ber of fruits increased compared to the control
group under the same watering conditions. MW-
CNTs at a concentration of 1,000 mg/L significant-
ly increased the photosynthetic rate and stomatal
conductance in both stressed and non-stressed
conditions compared to the control. The applica-
tion of carbon nanomaterials, namely 1,000 mg/L
fullerene C,, 200 mg/L graphene nanoplates,
and 100 mg/L MWCNTs, increased the amounts
of chlorophyll b, total phenols, and flavonoids.

MWCNTs have been shown to induce seed
germination in oats (Joshi et al., 2018b), and
wheat (Joshi et al., 2018a). It is assumed that MW-
CNTs, by penetrating through the seed coat and
cell walls, form new pores, which increases water
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absorption and promotes seed germination. Thus,
the results obtained and the literature confirm the
potential of carbon nanoparticles for regulating
the growth, development, and yield of agricultur-
al plants. The effect of carbon nanomaterials on
plants depends on the type and concentration of
nanoparticles. However, the physiological and bi-
ochemical mechanisms underlying the action of
these carbon nanostructures are insufficiently un-
derstood, which necessitates further research.

CONCLUSIONS
The influence of abiotic factors, particularly fuller-
ene C  and drought, on the physiological state of
microgreen peas (Pisum sativum) germinated on
two substrates, namely linen mats and a soil mix-
ture, was investigated under laboratory conditions.
It was shown that the germination of microgreen
peas is more effective on the soil mixture than on
linen mats. Morphometric indicators of the veg-
etative organs of peas (roots, stems, and leaves),
as well as the mass of the plants and leaves at the
initial stages of growth, were evaluated 14 days
after seed germination. Under conditions of sim-
ulated water deficit, a significant decrease in the
morphometric parameters of microgreen peas
was noted, namely, the height of the main shoot
decreased by 1.6 times (Experiment No. 1) and
by 2.7 times (Experiment No. 2); the diameter of
the main shoot decreased by 1.4 times (Exper-
iment No. 2); the number of leaves decreased by
2 times (Experiment No. 1) and by 1.4 times (Ex-
periment No. 2); the total plant mass decreased

Tkachenko et al.

by 1.9 times (Experiment No. 2); the mass of all
leaves decreased by 2.2 times (Experiment No. 1)
and by 4 times (Experiment No. 2); and root length
decreased by 1.2 times (Experiment No. 1) and by
1.6 times (Experiment No. 2) compared to plants
germinated under conditions of regular watering.

Fullerene C,, exhibited a substrate- and
dose-dependent effect on pea microgreens. Fuller-
ene C at concentrations of 0.1 and 0.2 pg/mL did
not exhibit any negative effects. The study showed
that the physiological state of microgreen peas
induced by drought was restored after pre-treat-
ment with fullerene C . The protective effect of
CNPs was evidenced by a twofold increase in the
height of the main shoot, the mass of leaves, and
the length of the pea root compared to the indi-
cators under water deficit without the addition
of CNPs. Thus, the absence of phytotoxic effects
and the protective effects of fullerene C,, against
induced drought resistance in microgreen peas
indicate the promising use of structured carbon
nanoparticles in agrobiotechnologies for regulat-
ing stress resistance mechanisms in agricultural
plants, which requires further physiological and
biochemical research.
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AHoTalist. AKTya/IbHiCTh pOOOTY IOJISITAE Y BUBUEHHI BILIMBY a6iOTMYHUX UMHHUKIB, 30KpeMa dyiepeHy
C,, Ta mocyxu Ha MOpP(OMeTPUYHI MOKa3HUKM MiKpO3eJieHi ropoxy. Ilocyxa HeraTMBHO BILIMBA€ Ha PiCT
i PO3BUTOK CilTbCHKOTOCHOJAPChKUX POC/IMH, L0 3HMKYE iX BpokaliHiCcTh. ByrielieBi HaHOYACTMHKY,
30kpema (Qynepen C,, MOXHa BMKOPMCTOBYBATM SK MOAY/IATOP CTiAKOCTi CTPeCOBMX YMOB st
TTOKpalleHHs Tepebiry ¢isiomoriuamx Ta 6ioXiMiuHMX MPOLIECiB SIK HA PiBHI KIITMHM, TaK i opraHismy
pocwinH. OfHaK, BHYTPIIIHbOK/IITMHHI MeXaHi3MM B3a€MOZii ByI/ielleBUX HAHOYACTMHOK 3 pPOCIMHAMMU
€ HeIOCTaTHbO BMBYEHi. Merow pobotu 6yino mocmimmty Brumms dynepeny C, Ha mopdomeTpuyHi
MOKa3HMKM Mikpo3eneHi ropoxy (Pisum sativum) copty ECO 3a BomHoro nedimuty. Y poboTi
BYKOPMCTAHO CTPYKTypPOBaHi BOLOPO3uUMHHI Bymienesi HaHouacTuHkM Qynepeny C,. Byno ouineHo
Taki MOpoMeTpUYHi MMOKa3HMKM MiKpO3eJeHi ropoxy sIK BMCOTa IlaroHa, AiaMeTp IaroHa, KiJibKicTh
JIUCTSI, Maca JIMCTS, Maca POCIMHY Ta JOBXMHA KOpeHs. JJocliiKeHHs MpoBoAWINCS Ha 14 neHb micis
06p06KM HaCiHHA rOPOXy BOAHMUM po3unHOM Qynepeny C,, 3a konuenTpauiii 0.1, 0.2, 0.5 ta 1.0 Mxr/mn
Ta BUCAIKeHUX Ha Pi3HMUX CybCTpaTax — JUISTHUX KMIMMKaX i IpyHTOoCcyMmilli. Y po6oTi 6y/10 BUKOPUCTAHO
ximiuHi, disuuni Ta disionoriuni metoau. Bysno mokasaHo, 1m0 Ha 14 AeHb IMic/as MPOPOIIEeHHST HACIiHHS
rOpPOXY Y KOHTPOJIi (32 YMOB PEry/IsIpHOTO MOJIMBY) Ha Pi3HMUX CyOCTpaTax CIIOCTEPIraloThCs BigMiHHOCTI
y MopdomeTpuyHux nokasHukax. ®dynepen C,, 3a xonueHrpauiii (0.1-1.0) MKr/MJI He CIIpUYMHSB
HeraTuBHOTO (DiTOTOKCMUYHOTO BIUIMBY Ha MiKpo3eeHb ropoxy. Tofi sk dizionoriunmit cTad Mmikpo3seneHi
ropoxy copty ECO iHIyKOBaHMI1 TOCYXO0I0 BiJHOBJIIOBABCS 3a MONEPeAHbOI 06PO6KM HACIHHSI PO3UMHOM
dbynepeny C,,. Bincyrnictb diToTokcmynmx edexrip ta saxucHi epexru dynepeny C  Bin iHmyKoBaHOI
MOCYyXM Yy MiKpo3eseHi TOpOXy CBiJUMTb IIPO IMepPCIEeKTMBHICTb BMKOPUCTaHHS CTPYKTYpPOBaHUX
BYIJIEIIeBMX HAHOUYACTMHOK Yy arpobiOTexXHONOTisIX AJis DPeryisiii MexaHi3MiB CTpecoCTiiiKoCTi y
CiIbCbKOTOCIIOAPCHKUX KYIbTYD

Knio4oBi cimoBa: CiTbChbKOTOCIIONAPChKi POCJIMHY; BYIVIEIEBi; HAHOYACTUHKM ; TIOCYXa; MOJIOZi MTapOCTKU
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Abstract. The protection of pine plantations in Ukrainian Polissia is one of the most significant
environmental problems that have a significant impact on biodiversity, ecological balance and climatic
conditions. The aim of the study was to investigate the effect of the bioorganic composition “Meganit
Nirbator” on the growth and development of Scots pine (Pinus sylvestris L.) planting material. The methods
used in the study were: field method and laboratory method. According to the results of the study, it was
found that for the period 2022-2024, a positive impact on the growth of seedlings and young pine trees
was recorded on the territory of the Volodymyr-Volyn Forestry branch of the State Enterprise “Forests of
Ukraine”. It was found that the bioorganic composition based on biochemical fractions of basidiomycetes
stimulated the growth and development of seedlings and young trees of Scots pine. According to the
results of laboratory and field studies, it was noted that an increase in the solution concentration
contributed to a significant improvement in plant growth parameters: height, boot diameter, number
of new shoots and chlorophyll content. The most effective were solution concentrations of 2% and 5%,
which indicated increased resistance to diseases and a decrease in the number of pests. A decrease in
the level of disease infections and the number of pests was noted, which indicated the high efficiency
of the composition as a biofungicide and insecticide. It was demonstrated that a 5% solution of the
biopreparation contributed to a 90% increase in disease resistance 12 months after the field studies, while
after 24 months the resistance rate was 80%. The results of the study can be used to develop and implement
environmental measures and programmes aimed at restoring Scots pine trees in the Volyn Region

Keywords: pinus sylvestris; entomopathogenic fungi; biological preparation; biological method; apical
bark beetle; luboid

INTRODUCTION
One of the key environmental challenges facing  conformity with the Polissia branch of the Ukrain-
Ukraine is the destruction of pine forests in Volyn  ian Order of the Badge of Honour of the H.M. Vy-
Region due to diseases and pests. The loss of pine  sotskyi Research Institute of Forestry and Agrofor-
plantations can lead to ecosystem degradation estry in Volyn Oblast, more than 7,300 hectares of
and the loss of numerous species of flora and fau-  pine forests have been affected by pests, including
na. The problem of the study is that the impact of  the pine beetle (Volyn foresters sound..., 2017).
human activity, climate change and water supply L. Romanchuk & P. Didenko (2019) found that
disruptions contribute to an increase in the area of ~ Scots pine (Pinus sylvestris L.) was highly suscep-
forests affected by disease and pest epidemics. In  tible to the disease under conditions of high
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humidity and warm temperatures, which created
favourable conditions for the development and
spread of fungi that cause the disease. According
to the results of this study, it was noted that the
most affected by the Shute disease were forest are-
as in the Zhytomyr Region. V.F. Drozda & M.S. Kar-
povich (2020) noted the need for systematic mon-
itoring of temperature conditions in the natural
places of diapause of phytophages for the effective
use of Boverin in the control of pest populations.
In conformity with the findings, it was found that
at elevated temperatures (above 17°C), the time
of caterpillar death was significantly reduced.
P.V. Didenko et al. (2019) noted the need for
further research to better understand the mech-
anisms of action of “Bioecofungus-1” and cerium
dioxide nanoparticles on loblolly pine plants. Ac-
cording to the results of their work, it was found
that the use of biopreparation and a complex with
cerium dioxide nanoparticles contributed to a sig-
nificant acceleration of the growth and develop-
ment of Scots pine seedlings. The authors O. Furd-
ychko et al. (2020) identified the problem of viral
diseases in agricultural and forest crops. The au-
thors recommend the use of basidiomycete fungal
compositions for the prevention of viral infections
in plants, as well as the use of simulated micro-
gravity processes to heal plants from viral diseases.
Scientists V. Levchenko et al. (2023) point-
ed out the problem of the spread of necrotic and
cancerous diseases of boots and branches of forest
plantations and putrefactive diseases. They noted
that the proposed phytopathological methodolo-
gy proved to be effective in carrying out forestry
preventive measures to localise fungal, bacterial,
vascular, necrotic and cancerous pathology. Re-
searchers A.D. Vorobei et al. (2023) studied the
problem of determining the effectiveness of dif-
ferent pheromone trap designs and their ability
to capture pine beetles in the natural conditions
of Ukraine. As a result of the scientific work per-
formed by the researchers, it was noted that type
A (Funnel) traps with funnels demonstrated the
highest efficiency in catching two species of bark
beetles, while type B (Theyson) and C (Crosstrap®
mini) traps caught a smaller number of pests.
O.A. Boyko et al. (2020) noted that the devel-
opment of methodological approaches is impor-
tant for the production of growth stimulants and
plantation development using components from

basidiomycetes. In biotopes with high levels of
radiocesium in the soil, populations of fungi such
as Agaricus bisporus and Armillariella mellea have
been found to have reduced resistance to patho-
gens, which has led to a decrease in their density.
O.E. Sakici et al. (2023) addressed the need to study
the unexplored long-term effects of mistletoe in-
festation on pine tree growth. It is noted that it is
relevant todevelop strategies aimed at reducing the
level of infection, such as timely removal of infect-
ed trees and implementation of preventive meas-
ures to reduce the spread of mistletoe in the future.

The problem raised in the study by O. Maaf$ &
H. Kehlenbeck (2024) was that the economic feasi-
bility of insect pest monitoring and aerial insecti-
cide spraying is not yet well understood, especially
in the context of massive outbreaks of insect pests
such as the pine beetle (Dendrolimus pini L.). It is
noted that the effectiveness and cost-effective-
ness of these measures was confirmed by high net
cost and cost values, which made them attractive
to forest owners in the context of massive out-
breaks of insect pests. J. Lee et al. (2023) outlined
the problem that indicated the need for research
to improve the composition of abamectin formu-
lations for more effective control of the pine stem
nematode (Bursaphelenchus xylophilus), a species
of nematode from the family Aphelenchidae or
Parasitaphelenchidae. 1t was proved that pest pa-
ralysis occurred at a dose of 0.06 ng/mL or higher.

The technological parameters of the use of
preparations based on biochemical fractions of
the basidiomycetes “Meganit Narrator” for forest
plantations are insufficiently studied. The need to
conduct research on the use of biological products
can be justified by several key aspects: reducing the
use of chemical pesticides; maintaining biodiver-
sity; and reducing the cost of forestry treatment.
The aim of the study was to verify the feasibility of
using an organic composition based on biochem-
ical fractions of basidiomycetes to protect pine
seedlings and young trees from pests and diseases.
Objectives were analysing long-term observation
of the growth and physiological state of trees;
studying the effect of the organic composition on
the growth and resistance of Scots pine plants.

MATERIALS AND METHODS
When studying the feasibility of using the ento-
mopathogenic fungal biological product “Meganit
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Nirbator” to protect pine plantations from diseas-
es and pests, the methodology was applied, which
is regulated by the Law of Ukraine No. 180-XIV “On
Plant Protection” (1998), FSC national forest man-
agement system standard for Ukraine (2018). The
studyused a field method to collect samples of plant
litter on the soil surface from the near-stem circles
of model trees and to collect caterpillars from tree
crowns. The laboratory method was used for spe-
cies identification and physiological monitoring of
caterpillars. The study used an entomopathogenic
fungal biological product with a titer of 6 billion
spores/g and in concentrations of 1, 2 and 5%.

The collected materials were placed in gauze
cages with branches of Scots pine. The caterpillars
of three pest species were selected: the larvae of
the larvae beetle (165 caterpillars, 55 individuals
for each age, in three replications), the apical bark
beetle, and the pine chermes (the total number
of their caterpillars was 120 individuals, 40 indi-
viduals for each species), which were diapaused
on tree boles and in the soil. In the experiments
with the bark beetle, the experiments were carried
out using caterpillars of the third, fourth and fifth
instars. The field research was conducted in the
period 2022-2024 on plots located in the Volody-
myr-Volyn Forestry branch of the state enterprise
“Forests of Ukraine”, which is located in the south-
ern part of Volyn Region.

During the laboratory stage, preliminary test-
ing of the composition’s effectiveness was carried
out on seedlings grown under controlled condi-
tions. The field stage included the application of
the composition on seedlings and young trees in
natural conditions to combat diseases such as pine
rust, fusarium and pine bark cancer. A total of 100
seedlings were selected for the study. The chloro-
phyll content was measured using the gasometrical
method. The laboratory stage included: the prepa-
ration of seedlings for treatment; treatment of
seedlings with different concentrations of the or-
ganic composition; and assessment of the growth
and physiological condition of seedlings for three
months. The field stage involved: selecting a site
for planting the seedlings; treating the seedlings
with the organic composition before planting;
monitoring the growth and physiological condition
of the trees for three months, one and two years.

The following parameters were used to eval-
uate the treatment effectiveness: seedling height

Yanitskyi

(cm); boot diameter (mm); number of new shoots;
photosynthetic activity (determined by chlorophyll
content); and resistance to diseases and pests. For
effective protection of Scots pine plantations from
third instar caterpillars, the consumption of B.
bassiana spores should be at least 8.05 billion/m?
with the titre of “Meganit Nirbator” 6 billion/g. To
determine the amount of “Meganit Nirbator” per
hectare, it is necessary to calculate the required
number of grams per square metre, and then con-
vert this value to hectares. When calculating the
number of grams of the biopreparation per square
metre, the following data were obtained (1):

8.05 billion spores _ 9
6 billion spores/g 1.34167 g/m". @)
Converting this value to a hectare yields the
corresponding values (2):

10000 m?
a

—— = 134167 g/ha. (2)

W1.34167 -2 x
m

The laboratory study was carried out in the
laboratory of “Monitoring of carbon-absorbing ca-
pacity of phytocoenoses” of the Western Ukrain-
ian National University, located at the following
address: 3 Peremohy Square, Ternopil, Ukraine,
building No. 3. Saplings and young trees of Scots
pine (Pinus sylvestris), aged from one to three years,
were used for the study. The organic composition
was created on the basis of biochemical fractions
of the basidiomycetes “Meganit Nirbator”. The
composition included 4 bacterial strains: Azoto-
bacter chroococcum (nitrogen-fixing aerobic bac-
teria, pH optimum - 7-7.5; Azospirillum Lipoferum
(rhizosphere nitrogen-fixing bacteria with a pH
optimum of 7-7.5, and temperature 20-30°C); Ba-
cillus subtillis or “blue bacillus” (spore-forming
bacterium with amylolytic properties, capable of
hydrolysing polysaccharides to simple carbohy-
drates, effective against Fusarium, Aspergillosis,
Rhizoctonia, phytopathogenic pseudomonas; Ba-
cillus megatherium - rod-shaped bacterium, opti-
mum pH - 6.5-7.5 and a temperature of 28-35°C,
has amylolytic activity, immobilises phosphorus
from complex compounds in the form of P,0,, and
has antifungal properties. The manufacturer is
Raktarbazisz-Transit Limited Liability Company
(Hungary, Nirbator).

To control the number of pests in the samples,
the following equipment and products were used:
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Gruntek HS-1.5 hand-held sprayers (manufactured
in China), pheromone traps for Scolytidae pests
(manufactured in China) and biological pathogen-
ic agents Beauveria bassiana (manufactured in the
USA). The chlorophyll content was measured us-
ing a portable fluorometer “Floratest” developed
by the Glushkov Institute of Cybernetics of the
National Academy of Sciences of Ukraine.

RESULTS
Forest protection is a major part of the environ-
mental policy of many countries. One of the areas
of this policy was to ensure the healthy growth of
seedlings and young trees, in particular pine. In
this context, organic compositions based on bio-
chemical fractions of basidiomycetes can play a
pivotal role. Basidiomycota is a class of fungi with
significant potential in the natural environment,
as they are able to produce various biologically
active compounds such as antibiotics, enzymes,
antioxidants and other metabolites. They can be
used to control pathogens and pests in various
agronomic and ecological systems due to their
natural properties, such as: antagonistic proper-
ties — certain species of basidiomycetes can inhibit
the growth of pathogens by releasing antimicrobi-
al compounds or by competing for resources. This
can reduce plant diseases and improve soil health;
pathogenic infestation: several species of basidio-
mycetes can parasitise other fungi or pathogens,
which helps control their populations; bioinsec-
ticide production — basidiomycetes can produce

compounds that act as bioinsecticides, killing
pests or reducing their numbers.

In forests, Scots pine is often affected by pine
rust disease and pine fusarium. Damage to pine
plantations is caused by the pine beetle, as well as
by the pine top borer and pine chermes. Pine rust
(Peridermium pini) is a fungal disease that affects
pine trees. The pathogen is a fungus from the ge-
nus Cronartium. It causes the formation of rusty
spots and growths on the trunks and branches of
trees, which leads to a decrease in their viability
and death. Fusarium pine blight is a fungal dis-
ease that caused browning of needles, wilting and
drying of shoots, discolouration of the bark in the
areas of infection and damage to the root system
of pine trees. The bark beetle can damage trees by
making passages under the bark, leading to nutri-
tional disorders and tree death.

According to previous studies, it became
known that the treatment of seedlings and young
pine trees with the bioorganic composition “Meg-
anit Nirbator”, created on the basis of biochemical
fractions of basidiomycetes and recommended for
use by the Department of Physiology, Plant Bio-
chemistry and Bioenergy of the National Universi-
ty of Life and Environmental Sciences of Ukraine,
can be a preventive measure against the pathogen
of pine rust, fusarium and pine bark cancer, as well
as pests (Sus et al., 2020). The results of the labo-
ratory stage showed a positive effect of the organic
composition on the growth and physiological state
of pine seedlings (Table 1).

Table 1. Effect of bioorganic composition on the growth of pine seedlings (after 3 months)

Control 253%1.2 4.1+0.3 3.2+04 1.4£0.1
Cg’%“@?&‘gg;”c;;’/‘é solution 278415 45103 37£05 17402
Coggﬁ:igfo'}ocg S‘alz(g’rgg't]‘ctio” 302414 48102 41404 1.9£02
Coggﬁgigg}o‘g faf‘;f’rgg'tjﬂo” 331+13 52403 46405 21402

Source: compiled by the author

The bioorganic composition stimulated the
growth and development of Scots pine plants.
With increasing solution concentration (from 1%
to 5%), a gradual increase in height, boot diame-
ter, number of new shoots and chlorophyll con-
tent was observed. The greatest positive effect was

achieved when using a 5% solution of the biolog-
ical product. After the field research, the results
of laboratory studies were confirmed and a long-
term positive effect of the organic composition on
the growth and stability of young pine trees was
demonstrated (Table 2).
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Table 2. Effect of bioorganic composition on the growth of young pine trees (after 12 months)

Group Height (cm) diamBei:re(lmm) rl:lelw‘st:lec;'o(:; c:nhtlgr::?r}:él/lg) resizisaenacs:(%)

Control 38.5:2.1 5.4£0.4 42:05 1.540.2 60
Cg?"tﬂzsgfiigl’;;f;;f/‘;) solution | 43122 5.9+0.4 48+0.4 18+0.2 70
C°$Fgﬁ§g?0';0°gﬁ falz‘;f’rz‘é'l‘jgo” 46.7+2.4 6303 5.4+0.5 2402 80
Composition O?Ofi faf‘;/)"rggmon 52125 6.8+0.4 6.1£0.5 2302 90

Source: compiled by the author

According to the results of the study, a pos-
itive effect of the bioorganic composition of the
solution on seedlings and young pine trees was
noted. Higher concentrations of the solution (2%
and 5%) were especially effective, as they stim-
ulated an increase in height, boot diameter and
number of new shoots compared to the control
group. The high chlorophyll content of the treated
plants indicated increased photosynthetic activity,
which contributed to their better growth. Disease
resistance also increased significantly in the treat-
ed plants. This could be due to the biologically

active substances contained in the biochemical
fractions of basidiomycetes, which were capable of
acting as natural fungicides and insecticides.

The study was continued to confirm the long-
term effect of the biopreparation on pine trees and
the possibility of its widespread use in forestry.
An additional observation was conducted for two
years to assess the stability and effectiveness of
the formulation on mature pine trees. The follow-
ing parameters were measured: height, boot diam-
eter, number of new shoots, chlorophyll content,
disease resistance, and number of pests (Table 3).

Table 3. Effect of bioorganic composition on the growth of adult pine trees (after 24 months)

s | S [ umperon | cheosey | ohese[umper ot e
(mm) (mg/g) (%) tree)
Control 654+32 | 83:05 | 5206 | 16+03 50 70
Cg?“t%‘;sgi‘gl’;gc;f/l‘;)fgé“lfé‘t’” 703+34 | 87+05 | 58+0.6 19402 60 50
C"g;Ft’ﬁzig?o’}o‘gcaalzgggtﬂo” 758+35 | 92+04 | 64106 21402 70 35
Cogﬁﬁzigi"or}o"gfi Caaf";/frzgt‘ction 81536 | 97+05 | 7.1+0.6 24+0.2 80 20

Source: compiled by the author

According to the data obtained, the positive
effect of the bioorganic composition continued
for two years. The best results were observed in
the groups with a concentration of 2% and 5%,
which confirmed the effectiveness of these con-
centrations in stimulating the growth and re-
sistance of pines. Increases in boot height and
diameter were greatest in the 5% solution group.
The difference between control and treated trees
remained significant. The number of new shoots
and chlorophyll content were significantly higher

Biological Systems: Theory and Innovation, Vol. 15, No. 3, 2024

in the treated plants, indicating increased photo-
synthetic activity. A high level of disease resist-
ance was found in the treated plants, especially
in the group with 5% solution, which reduced the
risk of infections. The number of pests was signif-
icantly reduced, which confirmed the effective-
ness of the bio-organic solution as a natural in-
secticide. The pine trees were treated by applying
the composition created by mixing the extracted
fractions with organic solvents to the surface of
the tree bark (Table 4).
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Table 4. Results of pine treatment against pests

SoABIOUE | processedgroup | Meductionin the number
(ToInhiguT;isn%Cé?;; L) 50 individuals per tree 10 indi\t/;g:als per 80%
The t{gce;&)uls)%glgeetle 30 individuals per tree 5 individuals per tree 83.3%
Pine Herﬁ’;;(ei/?eus pini 20 individuals per tree 3individuals per tree 85%

Source: compiled by the author

It was found that the treatment with the
composition against all three types of pests: the
larvae of the pine tree, the pine apex beetle and
the pine tree chermes, provided a significant
reduction in their number (from 80% to 85%).

According to the results of the study, it was
found that the organic composition based on bi-
ochemical fractions of basidiomycetes reduced
the level of disease infections among pine trees
(Table 5).

Table 5. Results of pine treatment against diseases

Control group

Disease (no treatment) Processed group Reduction of infection
Rusty pine (Peridermium pini) 40% of infected trees 10% of infected trees 75%
Fusarium 35% of infected trees 8% of infected trees 77.1%
Pine bark cancer 25% of infected trees 5% of infected trees 80%

(Cronartium ribicola)

Source: compiled by the author

Pine rust infection decreased from 40% in the
control group to 10% in the treated group, rep-
resenting a 75% reduction in infection. Fusarium
infection rates decreased from 35% in the control
group to 8% in the treated group, representing a
77.1% reduction in infection. The infection rate of
pine bark cancer decreased from 25% in the con-
trol group to 5% in the treated group, resulting in

an 80% reduction in infection. Due to its environ-
mental safety, this formulation can be used as an
alternative method of plant protection compared
to chemical pesticides and fungicides. Table 6
shows the mortality rates of caterpillars of her-
bivorous phytophages of the Luboid phytophagous
beetle infected with the biopreparation solution,
depending on age and temperature.

Table 6. Indicators of mortality dynamics of caterpillars infected
with the biological product depending on age and temperature

Time required to kill 50% of the LT,
caterpillar population (days) at temperature
Types of herbivorous phytophages Phase of development
U (e 13°C | 18°C | 23°C | 28°C | 33°C
L, 10.5 8.4 5.2 2.5 1.2
The mushroom (Tomicus piniperda L.) L, 17.2 1.3 7.5 5.5 2.5
L 20.5 19.3 14.5 9.6 7.4
The treetop bark beetle (Scolytus mali) L, 31.7 30.2 253 19.2 5.2
NIR N/A N/A N/A N/A N/A
Pine Hermes (Pineus pini Hermes) L, 19.1 15.6 11.3 4.5 4.9
NIR N/A N/A N/A N/A N/A N/A

Notes: L;, L, L, - phytophagous caterpillars of different ages

Source: compiled by the author
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According to the results of the study, it was
found that the population of third instar cater-
pillars collected from leaf litter and soil surface is
particularly vulnerable to the action of B. bassiana,
the biological basis of the biological product. With
increasing temperature, the value of LT, (days)
(the time required for the death of 50% of the pop-
ulation) decreased. This indicated that the effec-
tiveness of the bioorganic composition increased
at higher temperatures. The air temperature in
the range of 13-18°C for a period of 8.4-10.5 days
contributed to the death of 50% of the population
of caterpillars of the broomrape. With increasing
temperature, the period of caterpillar death was
reduced. Luboid caterpillars in later stages of phy-
tophagous development (L,, L,) require more time
to die under the influence of the biological prod-
uct. In conformity with the data on the dynamics
of mortality of third instar caterpillars, it is advis-
able to take measures to apply the solution to the

Yanitskyi

places of diagnosis of the phytophagous phage.
The diagnosing caterpillars of the fifth instar pine
chermes, as well as the caterpillars of the third in-
star of the apex bark beetle, were much more re-
sistant to the action of the biological product, and,
accordingly, the period of their death was longer.
Thus, it can be concluded that the effectiveness of
the bioorganic composition depended on the tem-
perature of the environment, the developmental
stage of the caterpillars and the type of herbivo-
rous phytophages. Higher temperatures resulted
in faster caterpillar death, and caterpillars at later
stages of development were more resistant to in-
fection. In comparison with the top bark beetle and
pine chermes, it was found that the caterpillars of
the larvae of the larvae were more favourable to
the effect of the preparation. Table 7 shows the
toxicological parameters of the biological product
activity against caterpillars of different age groups
of phytophages.

Table 7. Toxicological parameters of the biological
product activity against caterpillars of different ages of phytophages

Concentration of a bio-organic agent
T ; Ph f that causes the death of 50% of the LK,
ypes o ase o i i caterpillar population (days
herbivorous development of the Z?%ﬂ:lfﬂgféﬁf::: i L Cor]
phytophages phytophage - The term of the
y drug decisive days
L, Active, healthy 0.025% 14
The mushroom Development of
(Tomicus piniperda L.) Ly organs 0.04% 18
Ly Big, ready to fly 0.05% 22
The treetop bark .
beetle (Scolytus mali) L, Active, newly hatched 0.03% 12
Pine Hermes (Pineus Mature, with a large
pini Hermes) Ls supply of nutrition 0.045% 20

Notes: L,, L, L, - phytophagous caterpillars of different ages

Source: compiled by the author

The biopreparation demonstrated differ-
ent toxicological parameters (LK, ) for different
stages of caterpillar development of different
phytophagous species. For example, for cater-
pillars of the bark beetle in the phases L., L, and
L, the concentration of the bioorganic agent
that causes the death of 50% of the caterpillar
population LK, (days) percentage by the prepa-
ration increased from 0.025% to 0.05% due to

the increase in the physiological state of cat-
erpillars from active to ready to fly. As for the
pine top bark beetle and pine chermes, the LK,
value also varied depending on the stage of cat-
erpillar development, indicating a variation in
the effectiveness of the preparation depending
on the stage of the phytophage life cycle. Ta-
ble 8 shows the consumption rates of the bio-
logical product.
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Table 8. Indicators of consumption rates of a biological product

for the protection of pine plantations depending on the age of the bark beetle caterpillars

Age of the
caterpillars of the

Concentration of a bio-organic agent that

causes the death of 90% of the population

of LK, caterpillars, (billion spores/mL) as
a function of phytophage mortality

Parameters of B. bassiana spore
consumption, billion/m?

powhead beetle iy r::'ig::es el Total mortality rate ety plal:lz[e):’t;tection elfzgt?\ifea[?y::%gt‘ﬁe
phytophage
The second 0.025 0.005 1.5 0.41
The third 0.04 0.003 8.05 0.35
The fourth 0.55 0.07 12.55 1.2

Source: compiled by the author

The number of grams of the biological prod-
uct per m? was 13.4167 g/ha. Thus, for effective
protection of Scots pine plantations from third
instar caterpillars, 13.42 g/ha of the biologi-
cal product with a titre of 6 billion/g should be
used. The bioorganic composition stimulated the
growth and development of Scots pine plants.
With increasing concentration of the solution, a
gradual increase in height, boot diameter, num-
ber of new shoots and chlorophyll content was
observed. The use of the bio-organic composi-
tion has reduced the use of chemical pesticides
and fungicides, which has had a positive impact
on the region’s environment. The high effec-
tiveness of the biological product in controlling
pests and diseases, as well as stimulating plant
growth, makes it an attractive solution for for-
estry enterprises seeking to ensure sustainable
use of forest resources. Protecting pine planta-
tions from pests and diseases is critical to main-
taining the ecological balance in the region. Pine
trees affected by diseases and pests can cause
significant environmental problems, including
reduced biodiversity, poor air and water quality,
and increased risk of forest fires.

The use of a bio-organic composition based on
biochemical fractions of basidiomycetes helped to
solve a number of local environmental problems:
the replacement of chemical plant protection
products with biological ones reduced the nega-
tive impact on the environment, in particular soil
and water pollution; the composition contributed
to increasing the resistance of pine trees to dis-
eases and pests, which helped to maintain healthy
forests and reduce tree mortality; treatment with
the composition increased the chlorophyll con-
tent and photosynthetic activity of trees, which

had a positive impact on the environment. Thus,
the application of the biopreparation contributed
to solving local environmental problems, ensuring
healthy growth and sustainability of pine planta-
tions, which, in turn, improved the overall envi-
ronmental condition of the region and the state of
forest ecosystems.

DISCUSSION
Analysing the results of the study, it can be con-
cluded that it is possible to apply the technology
of coniferous trees treatment with a bioorganic
composition based on biochemical fractions of ba-
sidiomycetes, since the treatment of seedlings and
young trees has shown high efficiency.

It was found that for the effective protection
of Scots pine trees from third instar caterpillars,
the required dose was 13.42 g/ha of a biological
product with a titer of 6 billion g. A similar issue
was raised by C.]. Fettig et al. (2020). They found
that lower doses of SPLAT® Verb verbenone (7
grams per tree) can be effectively used to protect
pine trees from the mountain pine beetle (Den-
droctonus ponderosae Hopkins). This statement can
be agreed with, as really low doses of verbenone
can be effective for a long time, providing long-
term protection of trees from pests.

It was noted that the infection with pine rust
decreased from 40% in the control group to 10%
in the treated group. A similar problem was stud-
ied by J. Kuang et al. (2024). They found that the
use of multi-temporal satellite data significantly
improved the accuracy of monitoring forest stands
affected by pine wilt disease compared to the use
of single satellite images. The results of the cur-
rent study did not coincide with the conclusions of
the researchers as they conducted a detailed study
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at the local level using additional ground mon-
itoring methods and laboratory analysis, which
allowed them to identify different stages of the
disease and apply effective control measures in a
timely manner.

It was found that Fusarium infection de-
creased from 35% in the control group to 8% in
the treated group. A similar issue was studied by
K. Youssef (2023). In the course of the study, the
researcher found that latent root infections of
loblolly pine trees in areas with a low risk of in-
fection with the root sponge disease Heterobasid-
ion annosum L. were quite common. In addition,
these infections were more common in plots with
a higher site index, indicating a higher probabili-
ty of infection of trees on more fertile soils. This
statement should be accepted, as a higher site in-
dex may indicate a higher tree density and greater
competition for resources, which can weaken trees
and make them more vulnerable to infections.

According to the results of the study, it was
shown that the treatment of pines with an organ-
ic composition based on biochemical fractions of
basidiomycetes effectively reduced the number of
pests of the apex bark beetle. A similar issue was
studied by O. Golan et al. (2022). According to the
results of their work, it was found that the use
of trap trees and their treatment with bifenthrin
reduced the number of dead trees in the planta-
tions, which indicated the effectiveness of such
measures to prevent the spread of bark beetles.
The study came to similar conclusions, which re-
vealed that after the application of the bio-organic
composition, the number of apex bark beetle pests
decreased by 83.3%.

The caterpillars of the third age of the apex
bark beetle were much more resistant to the bi-
ological product, so the time of their death was
longer. The results of these indicators were re-
viewed by N. Erbilgin et al. (2021), who noted
that pine trees exposed to bark beetle attacks and
drought showed a significant decrease in carbo-
hydrate reserves, which limited their ability to
synthesise protective diterpenes and increased
the likelihood of tree death due to physiological
exhaustion and mechanical damage to vascular
tissue by beetles. Thus, both studies present dif-
ferent aspects of the study of pine forest mortali-
ty: determination of resistance to the drug of the
caterpillar of the apex bark beetle in this study and

Yanitskyi

analysis of the impact of environmental factors on
the phytosanitary state of forests in the scientific
work of the researchers.

It was demonstrated that air temperature in
the range of 28-33°C for a period of 5.2-19.2 days
contributed to a reduction in the death of cater-
pillars of the top bark beetle. A similar study was
conducted by M. Haseeb (2023). According to the
results of this scientist’s work, it became known
that the invasions of the southern pine beetle and
black terpentine beetle were limited to trees that
were damaged by fire, lightning or other pests, but
pines that were stressed due to drought or shading
were rarely attacked. This statement can be agreed
with, as beetle infestations are often observed in
conditions where trees are vulnerable due to phys-
ical or biological damage.

It was recorded that the treatment with the
bio-organic composition demonstrated effec-
tiveness in the fight against the apex bark beetle,
reducing their number to 5 individuals per tree,
compared to the control group, where their num-
ber was 30 individuals per tree. A similar study
was conducted by E.M. Hansen et al. (2023). It was
noted that climatic water scarcity significantly af-
fected the probability of infestation, showing that
periods of high-water stress could contribute to
the spread of beetles and further damage to the
pine forest. The results obtained in the present
study differed from the conclusions drawn by the
researchers, which could be due to differences in
their research methods, such as the method of as-
sessing abiotic conditions (temperature, precipi-
tation) using Daymet interpolation in the analysed
study and the field method in the present study.
The fifth instar caterpillars of the pine hermes
(Pineus pini Hermes) were much more resistant to
the biological product, and, accordingly, the time
of their death was longer. The issue under discus-
sion was studied by L. Heidarsson et al. (2020). Ac-
cording to the results of their work, it was noted
that lodgepole pines of Icelandic origin were less
susceptible to woolly aphid (Pineus pini) invasion
compared to pine plantations of non-Icelandic or-
igin, which can be explained by natural selection,
which contributed to the adaptation of lodgepole
pine in Icelandic conditions. The results of my
study did not coincide with the findings of the re-
searchers as they analysed the resistance to the
effects of a bio-organic composition.
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The effectiveness of treating pine trees with
a bioorganic composition against pine rust dis-
ease showed a 75% reduction in infection. A
similar issue was studied by K. Zhang & J. Sten-
lid (2023). Their study found that the protocols
for monitoring and managing the lodgepole pine
rust epidemic, developed to detect the rust fungus
(Cronartium pini), were effective and specific for
identifying this fungus in lodgepole pine samples.
These protocols were used not only to detect the
presence of this pathogen in asymptomatic and
symptomatic trees, but also to track the occur-
rence of Scots pine rust in Northern Europe. The
conclusions presented in this study differed from
those of the researchers, as this study focuses on
the use of a bio-organic composition based on bi-
ochemical fractions of basidiomycetes to control
pine rust disease, while the researchers’ investi-
gated protocols for monitoring and managing the
epidemic of this disease. An organic composition
based on biochemical fractions of basidiomycetes
effectively reduced the level of disease infections
among pine trees by 77.1%. A similar issue was
studied by L. de Vos et al. (2024). The results of
this work revealed that one of the pine fusarium
strains (Fusarium circinatum) showed significant
differences in the length of this chromosome, with
large parts of its distal and proximal regions miss-
ing. These regions were characterised by a lower
gene density and an increased prevalence of repet-
itive elements, which can be contrasted with syn-
tenic segments and core chromosomes. It is worth
agreeing with the results of this study, as the de-
tection of significant differences in chromosome
length and the absence of large parts of the distal
and proximal regions indicates genetic instability
or specific adaptive mechanisms of this strain.

The infection of pine bark cancer decreased
from 25% in the control group to 5%. A similar is-
sue was studied by D. Martin et al. (2022). Accord-
ing to the results of their work, it can be stated
that Raman spectroscopy has become an effective
tool for the early detection of biochemical chang-
es associated with pine bark cancer caused by the
fungus Fusarium circinatum. The study showed
that this method can be used to select trees re-
sistant to pine resin canker, in particular due to
lignin as a key component of resistance. The re-
sults of this study should be accepted, as Raman
spectroscopy can detect changes in the molecular

composition of tissues at very early stages, mak-
ing it extremely valuable for detecting pathogenic
changes before visible symptoms appear. Lignin,
as one of the main components of wood, plays an
important role in fungal resistance, as its struc-
ture and chemical properties affect the ability of
the fungus to penetrate and grow in wood. The
use of a bioorganic composition based on bio-
chemical fractions of basidiomycetes helped to
effectively reduce the level of Fusarium infections
in pine trees. A similar problem was investigated
by T. Wendhausen et al. (2019). The results of this
scientific study showed that the use of an antag-
onistic biological product Trichoderma sp. for the
treatment of pine seeds effectively reduced the
incidence of Fusarium root rot and also contrib-
uted to an increase in the number of seedlings
and plant growth. Agreeing with the statement, it
should be noted that the opinion of the researchers
and colleagues is correct, as the use of the biologi-
cal product Trichoderma sp. had several confirmed
advantages. Firstly, this fungus is able to inhibit
the growth of pathogenic fungi, such as Fusarium,
due to its antagonistic properties. The biologi-
cal product Trichoderma sp., together with other
microorganisms, releases enzymes and antibiot-
ics that inhibit pathogenic microflora. Secondly,
Trichoderma sp. helps to improve plant growth,
as it stimulates the development of the root sys-
tem, improves the availability of nutrients and
increases plant resistance to stressful conditions.

As a result of using the bio-organic composi-
tion, the infection of pine bark cancer decreased
from 25% in the control group to 5% in the treat-
ed group, thus reducing the infection rate by 80%.
A similar issue was investigated by F. Ratsoma et
al. (2024). They presented results that showed that
the pine resin cancer pathogen Fusarium circina-
tum formed biofilms with increased extracellular
matrix (ECM) production in response to abiotic
factors such as temperature and pH, which high-
lighted the adaptability of this phytopathogen to
environmental changes. The findings of the re-
searchers should be accepted, as the extracellular
matrix of biofilms can indeed provide protection
for pathogen cells from adverse environmen-
tal conditions such as high or low temperatures
and extreme pH levels. In the presented studyj, it
was noted that the created organic composition
demonstrated effectiveness due to the content
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of phenolic compounds (bioactive substances
capable of exhibiting antioxidant and antibac-
terial properties). A similar issue was studied by
I. Amri et al. (2022). In the course of the study, they
found that pine essential oils were characterised by
significant phytotoxic and antifungal activity due
to the high content of monoterpene hydrocarbons,
among which limonene, oa-pinene and B-pinene
were the dominant components. The highest her-
bicidal activity was demonstrated by the essential
oil of Pinus pinea, while the highest antifungal ac-
tivity was demonstrated by the essential oils of Pi-
nus pinea and Pinus nigra. It is worth agreeing with
this formulation of the researchers’ conclusions,
as the researchers’ findings are based on specific
experimental data indicating a significant content
of monoterpene hydrocarbons in pine essential
oils, which may indeed have pronounced phyto-
toxic and antifungal properties.

After the treatment with the bioorganic com-
position, an increase in disease resistance of Scots
pine plants was observed. The present topic was
studied by A.H. Wani et al. (2010). According to the
results of the study, it was noted that the applica-
tion of rhizobacteria of the genus Bacillus to the
seeds of blue pine (Pinus wallichiana) led to an im-
provement in the growth and health of seedlings.
It is possible to agree with the opinion of the re-
searchers, as Bacillus rhizobacteria have an antag-
onistic effect on plant pathogens, producing anti-
biotics or other antimicrobial compounds, which
reduces the risk of disease. A high level of disease
resistance was found in the treated Scots pine
plants in the group with a 5% solution of the com-
position. This topic was studied by E. Karlsen-Ay-
ala et al. (2022). The results of their work showed
that pine seedlings grown in soil with natural my-
corrhizal communities showed better growth and
health indicators compared to those grown using
commercial inoculants. The conclusion of the re-
searchers, as natural mycorrhizal communities
consist of many species of fungi that interact with
plants on a deeper level, providing better water
and nutrient absorption and increasing resistance
to stress and disease.

In 12 months after the field research, a high
level of disease resistance was found in the treat-
ed loblolly pine plants, which amounted to 90%.
A similar topic was studied by R.A. Sniezko et
al. (2023). According to the results of their study,

Yanitskyi

it was noted that after inoculation with the fungal
pathogen Cronartium ribicola, a high level of ge-
netic resistance to blister rust was found in cer-
tain populations of whitebark pine. The results
of my research coincided with the findings of the
researchers, as they also conducted a detailed
analysis of the genetic resistance of loblolly pine
to various pathogens. The composition of the
composition for the treatment of pine seedlings
included fungal extracts enriched with proteins
from basidiomycetes. A similar topic was studied
by H. Patel et al. (2023). The results of this study
showed that fungi of the Basidiomycetes group
were collected and stored for further use, in par-
ticular in important areas such as medicine, ed-
ucation and agriculture, which highlighted their
importance for local development and the ecosys-
tem. It is worth agreeing with the conclusion of
the researchers as these fungi do have significant
potential as a source of medicinal substances and
for biodegradation of organic matter in soils. In 24
months after the field trials, high disease resist-
ance of the treated Scots pine plants was observed,
which amounted to 80%. The same topic was stud-
ied by T. Persson et al. (2024). According to the
results of the study presented by the authors, it
was shown that the selection of loblolly pine to in-
crease resistance to blister rust can be successful
without the risk of adversely affecting other criti-
cal breeding traits, such as vitality, which was 0.17,
and height, which reached a value of 0.25. The
conclusions of the researchers should be accepted,
as they confirm the feasibility of such selection in
terms of preserving valuable genetic resources of
Scots pine, which is critical for the further devel-
opment of pine variety improvement programmes.

CONCLUSIONS
According to the results of studies of the effect
of bioorganic composition on the growth and de-
velopment of Scots pine planting material, it was
shown that the treatment of seedlings and young
pine trees with an organic composition based on
biochemical fractions of basidiomycetes had a
positive effect on their growth and development.
The composition concentration of 2% and 5%
showed the best results. The use of such an organic
composition can be recommended to increase the
efficiency of pine cultivation in forest nurseries
and forest plots. The effectiveness of the product
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depended significantly on the temperature. At
higher temperatures, the death of caterpillars oc-
curred in a shorter period of time. For the cater-
pillars of the broomrape (Tomicus piniperda L.) in
the L, phase, the LT, (time to death of 50% of the
population) decreased from 10.5 days at 13°C to
1.2 days at 33°C. It was found that caterpillars at
later stages of development (L,, L,) require more
time to die under the influence of the biological
product. For example, for caterpillars in the L,
phase, the LT, value at 13°C was 20.5 days, which
is significantly higher compared to the L, phase
(10.5 days). It was determined that the caterpillars
of the larvae of the larvae were more favourable to
the effect of the drug compared to the apical bark
beetle and pine chermes. For pine chermes, even

by pests and diseases, it should be noted that
some data on the condition of pine plantations
are not available for analysis. The study did not
take into account the impact of environmental
factors, such as climatic conditions, soil char-
acteristics, pollution levels and other external
factors that can also affect the health of forest
stands. Further research may include the intro-
duction of additional field observations to devel-
op methods for the mass production of biochemi-
cal fractions of basidiomycetes. The research may
include improving the composition of the com-
position and studying its effect on other woody
plant species.
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3axmMCT COCHOBUX HacagpkeHb YKpaiHcbKoro Monicca
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AHoTanig. 3axucT COCHOBMX HacamkeHb YKpaiHcbkoro Ilosiccst € ofHi€elo 3 HaiGibIl 3HAUYIINUX
€KOJIOTiYHMX TIpobseM, sIKi MalTb CYTTEBMIT BIUIMB Ha GiOpi3HOMAHITTSI €KOJOriuHy piBHOBAry Ta
KIiMaTUYHi yMOBM. MeTOI0 TOC/TiIKeHHS 6y/I0 BUBYEHHS BIUIMBY 6i0opraHiuHoi Kommno3ullii «MeraHit
HipbaTop» Ha picT i pO3BUTOK MOCATKOBOTO MaTepiaay cOCHUM 3BMYaitHOi (Pinus sylvestris L.). B xoni
JOCTiIKeHHST 3aCTOCOBYBA/IMCh METOAM: TOJIbOBUII MeTOf, jabopaTopuuii Mmeton. ITo pesyinbTaTam
IOCTiIsKeHHST BUSIBIEHO, 10 3a mepion 2022-2024 pokiB Ha Teputopii dinii «Bomogumup-BonmHcbke
JIiCOBe TOCIIOApCTBO» AEPXKaBHOTO MimnpuemMcTBa «Jlicu Ykpainu» 3adikcoBaHO MO3UTUBHMUII BIUIUB
Ha piCT caIkaHIiB Ta MOJOAMX OepeB COCHU. BusBjeHo, 1o 6GioopraHiuHa KOMITO3MIlis Ha OCHOBI
GioxiMmiuHMx (paxiiii 6a3uaiomileTiB CTUMY/IIOBaAa PiCT i PO3BUTOK CalKaHIiB Ta MOJOAUX HEPEB
COCHM 3BMYAITHOI. 3a pe3ybTaTaMM JIaG0PATOPHMX i TOJIbOBUX AOCTIKEHD BiI3HAYEHO, 110 361/IbIIIeHHST
KOHIIEHTpAIlii pO3UMHY CITPUSIIO 3HAUHOMY ITOKPaIleHHIO [TapaMeTpPiB POCTY POCJIMH: BUCOTH, iiaMeTpy
CTOBOYpA, KiJTbKOCTi HOBUX ITaroHiB Ta BMicTy Xiopodiny. Hait6inbir edhekTMBHMMY Oy/M KOHIIEHTpAIIii
posunHy 2 % Ta 5 %, 10 CBimuUMIO TPO MiABUINEHY CTiiKiCTh M0 XBOPOO6 Ta 3HVKEHHS KiTbKOCTI
HIKiTHWKIB. BimMiueHO 3HVDKeHHST piBHS iH]eKIIiii XBopo6aMy Ta KiJIbKOCTI MIKiZHUKIB, IO CBiIUMIIO
PO BUCOKY e(eKTUBHICTh KOMITO3UIIii K 6GiodyHTilMIy Ta iHCeKTUIMAy. [IpoIeMOHCTPOBaHO, O 5 %
pPO3ulMH GiorpenapaTy CrpusB 36i/IbIIEHHIO CTiMKOCTI 1O XBOPOO yepe3 12 MicsIliB Mic/Isl MpOBeIeHHS
MOTBOBUX JOCimkeHb Ha 90 %, Toi SIK uepe3 24 MicsIIli TOKa3HUK CTiiiKocTi craHoBUB 80 %. PesyimbraTn
JIOCJTiIKeHHST MOXKYThb OYTM BUKOPUCTaHi 3 METOIO PO3POOKM Ta BIIPOBAKEHHS €KOJIOTIYHMX 3aXO0/iB Ta
Iporpam, CIIpsSIMOBaHMX Ha BiTHOBJIEHHS AepeB COCHM 3BMUaifHOI B BoMHCbKiit o6macTi

KniouoBi c1oBa: pinus sylvestris; eHTOMOIATOreHHi rpubu; OGiompemapar; O6ionoTiuHMII MeTOm,
BepXiBKOBUIT KOPOiT; 1y60ix
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Abstract. As a result of the full-scale invasion, extensive areas of agroecosystems suffered from toxic
substances, which made the issue of restoring damaged land through the destruction of pollutants
relevant. The purpose of this study was to substantiate and systematise diagnostic indicators for
characterising soil bioactivity and to develop scientific approaches to bioremediation of damaged land.
The study employed the method of analysing existing approaches to solving problems, the method
of comparing data on the number of microorganisms of the main ecological and functional groups,
which was determined according to the method of sowing soil suspensions on agarified nutrient media.
The indices of microbial processes were calculated. Bioremediation measures were performed by
introducing microbial biomass and culture fluids into the soil: Dietzia maris IMV B-7350, Rhodococcus
erythropolis IMV B-7351, Bacilus subtilis IMV B-7349, Pseudomonas aureofaciens IMV B-7558, and
Streptomyces violaceus IMV Ac-5027. The findings of the study showed that the level of microbiota
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repression in the soil affected by the explosions was exceedingly high compared to the undamaged soil.
The most sensitive were phosphate-mobilising, nitrogen-fixing, amylolytic (including streptomycetes)
microorganisms. In the soil from the bomb crater, the number of nitrogen-fixing and streptomycetes
was 7% and 8% of the control, respectively, oligotrophic and amylolytic — 19.2% and 23.6%; phosphate-
mobilising — 26%. In the soil damaged by an anti-tank shell explosion, the number of amylolytic,
phosphate-mobilising, nitrogen-fixing, oligotrophic, and streptomycetes bacteria was 1.5%-10% of
the control soil. The microbiota was repeatedly analysed 6 months after soil bioremediation. In the
soil from the bomb crater, the number of phosphate-mobilising and nitrogen-fixing microorganisms
increased and was 1.5-3.8 times greater than in the undamaged control, while the number of
streptomycetes increased 12 times compared to the damaged soil. In the soil from the unexploded
ordnance crater, the amount of phosphate mobilisers was 2.5 times higher than in the control, while
the number of streptomycetes and nitrogen fixers increased 5.9 and 20.5 times, respectively, compared
to the damaged soil. After bioremediation measures, the soil samples under study can be classified
as either slightly toxic or non-toxic. The practical value of this study lies in the effectiveness of the
proposed bioremediation approach, which is crucial for the further development of soil remediation
measures in the context of the destruction of the Ukrainian agroecosystem

Keywords: military impact; damage; restoration; biological products; biological activity; soil microbiota

INTRODUCTION

Due to Russia’s full-scale aggression, active hostil-
ities are ongoing on the territory of Ukraine, which
are a severe stress factor for ecosystems, including
soil biological activity. The military impact has led
to the destruction of arable land, which is Ukraine’s
most valuable natural resource. Toxic substanc-
es present in the soil, overcoming the barrier of
the rhizosphere microbiota, get into plants and
agricultural products, and then through trophic
chains — into the human body. Determining the
level of soil damage and developing biotechnol-
ogies for its remediation is an urgent problem.

According to statistics from the World Bank,
the Government of Ukraine, and the European
Commission, the territories of Luhansk (100%),
Kherson (95%), Chernihiv (80%), Zaporizhzhia
(74%), Sumy (70%), and Donetsk (64%) regions
were the most affected by the Russian full-scale
invasion in 2022, while the share of Ukraine’s ter-
ritory affected by occupation, mining, and hostil-
ities in the total area of the country was 31.74%
(Nykolyuk et al., 2024). Total losses from soil
disturbance are currently estimated at over UAH
980 billion. During a full-scale invasion, many tox-
ic substances, including heavy metals (plumbum,
cadmium, aluminium, copper, cobalt), are released
into the soil as a result of military equipment,
explosions, and combustion. Explosive substanc-
es also enter the ground: 2,4,6-trinitrotoluene
(TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine,

octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine,
nitroglycerin, nitrocellulose, 2,4-dinitrotoluene,
and various perchlorate compounds used in rocket
and gunpowder (Zaitsev et al., 2022). The explo-
sion of a single ballistic missile produces more
than 60 kg of toxic poisonous substances that en-
ter the soil. I. Greaves & P. Hunt (2022) reported
that the harmful emissions usually include carbon
monoxide, nitrogen dioxide, heavy metals, and
solid rocket fuel residues.

The use of phosphorus bombs produces phos-
phoric acids, phosphine, and white phosphorus
particles wrapped in oxides that can persist in the
soil for years. These toxic substances interact with
soil organic matter and its absorption complex,
on which fertility depends most of all. The trans-
portation and storage of large quantities of fuels
and lubricants can be added to the list of negative
military impacts, which become an environmental
problem due to large fuel spills that often occur
in the middle of agricultural land and cover large
areas (Tauqueer et al., 2021). Against the backdrop
of anthropogenic factors, global climate change
has been added, which acts as a stressor in plant
growth and development and prevents high and
quality yields. Pollution by toxic substances re-
leased into the soil, disruption of genetic horizons
after explosions, and changes in organic matter
content have a repressive effect on microbio-
cenosis, which raises reasonable concerns about
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possible disruptions to ecological balance in agro-
ecosystems (Wang et al., 2024).

Soil functioning is ensured by the interaction
of three components: physical, chemical, and bi-
ological. As biological components, microorgan-
isms play a vital role in maintaining soil fertility
and stabilising biological activity. Soil microbial
communities perform crucial ecosystem functions
such as regulatory, maintenance, and biosynthetic
(Ortiz & Sansinenea, 2022). Managing these func-
tions is a significant biotechnological challenge
in modern agrocenoses. Especially significant are
the functions of microbial cenoses in soils affect-
ed by military operations in Ukraine. X. Wang et
al. (2024) noted that the bacterial biomass of soil
in temperate meadows reaches 1-2 t/ha. The study
of the microbiome showed that 1 g of soil con-
tains about 1,000 thsd bp of microbial genomic
sequences. The soil of agrocenoses is one of the
most diverse anthropogenic environments.

Research was conducted at the D.K. Zabolot-
nyi Institute of Microbiology and Virology of the
National Academy of Sciences of Ukraine to in-
vestigate the functioning of microbiocenoses of
various soil types, microbial biodiversity, and to
identify microorganisms that are indicators of soil
ecological status. The study showed the role of ag-
ronomically useful rhizosphere and phytosphere
bacteria in biological nitrogen fixation, transfor-
mation of hardly soluble soil phosphates into a
form accessible to plants, provision of plants with
biologically active compounds and phytoprotec-
tive effect. According to M. Dimova et al. (2020),
this helps to improve the conditions for plant
growth and development, increase their immunity,
and improve the quality of agricultural products.
According to the findings of F.W. Leal et al. (2024),
the current problem is to overcome the agrarian
crisis by restoring soils damaged by military ac-
tions, destroying toxic substances, restoring the
biological potential of the native microbiota, in-
creasing plant resistance to adverse biotic and abi-
otic factors through the biosynthetic potential of
microorganisms.

To assess the damage caused to soils and carry
out a set of remediation measures, it is necessary
to determine the environmental indicators and
bioactivity of soils. As of 2024, no comprehen-
sive scientific approaches have been developed
to monitor the impact of adverse military factors
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on the biological properties of soils, including mi-
crobiocenosis, nor has the list of indicators to be
studied been determined or the relevant methods
described. The lack of assessment of the environ-
mental damage and its toxic consequences deter-
mined the purpose of the study - to substantiate
and systematise biodiagnostic indicators for char-
acterising the condition and biological activity of
soils and to develop scientific approaches to biore-
mediation of land damaged by hostilities. To this
end, it was necessary to determine the number of
the key agronomically useful groups of microor-
ganisms in damaged soils, calculate the ratio be-
tween the main ecological and functional groups
of microorganisms, develop bioremediation meas-
ures based on the latest microbial biotechnologies
and determine their effectiveness.

MATERIALS AND METHODS

Soil sampling for the study was performed accord-
ing to DSTU GOST 17.4.4.02:2019 (2019). The lo-
cation of the source of contamination/damage/ex-
plosion, test sites, and sampling sites were marked
on a map or plan of the damage. For microbiologi-
cal analysis, 10-20 spot samples were taken from
one test site at a depth of 0-20 cm, mixed and
formed into a pooled sample, packed in cooler bags
and submitted for analysis, and soil samples were
stored at 4°C for no more than 24 hours. Samples
of military-affected soil from Chernihiv region
were examined: soil from a crater after a 250 kg
bomb explosion; and a control of undamaged soil
from the same location outside the affected area.

Soil from the crater of an exploded anti-tank
shell near a burnt-out tank and a control of un-
damaged soil from this location outside the affect-
ed area. The count of microorganisms of the main
ecological and functional groups in the studied
samples was determined by conventional methods
of sowing soil suspension on agarified nutrient
media: ammonification — on meat-peptone agar,
pedotrophic - on agar with soil extract, amylolyt-
ic — on starch-ammonia agar, phosphate-mobilis-
ing — on Naum’s medium with phenolphthalein
sodium phosphate, nitrogen-fixing — on Ashby’s
selective medium, and oligotrophic — on starva-
tion agar. The counts of microorganisms in the
soil were expressed in colony forming units per
1 g of absolutely dry soil (CFU/1 g), considering its
moisture content in the initial samples. The repli-
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cation of the analyses was triplicate. To determine
the focus of microbial processes in the soil, the
ratio of the number of individual groups of micro-
organisms (m.o.) — indices of pedotrophicity (PI),
oligotrophicity (OI), and mineralisation/immobili-
sation (MII) — was calculated as follows: PI = num-
ber of pedotrophic m.o./number of ammonifying
m.o.; PI>1 indicated soil recovery in the presence
of organic matter. The PI>6 indicated that the soil
quality was approaching virgin lands, OI = number
of oligotrophic m.o./number of amylolytic m.o.
OI > 1 indicated unfavourable degradation pro-
cesses in the soil, MII = number of amylolytic m.o./
number of ammonifying m.o. An MII > 1 indicates
the predominance of mineralisation processes
over the immobilisation of soil organic matter.

To develop the key approaches to bioreme-
diation of the affected soils, laboratory experi-
ments were conducted with the introduction of
microbial biomass and culture fluid of microor-
ganisms into the soil, i.e., bioaugmentation of
soil samples with biological products: a complex
biological preparation (BP 1) based on microor-
ganisms — destructors of toxic substances: Dietzia
maris IMV B-7350, Rhodococcus erythropolis IMV
B-7351, Bacilus subtilis IMV B-7349, Pseudomonas
aureofaciens IMV B-7558 and a biological prepa-
ration (BP 2) based on the biomass and culture
fluid of Streptomyces violaceus strain IMV Ac-5027,
which is characterised by high phosphate-mobi-
lising and cellulosolytic activity and antagonistic

effect against phytopathogens (Ukraine Patent
No. 107240, 2006; Iutynska, et al., 2017). Both bi-
ological preparations were mixed in the following
volumes: 1-2 1 of BP 1 diluted in water and 0.5-1 1
of BP 2 per 1 ha. The microbial preparations were
used to stimulate soil microbiota and activate the
destruction of chemical pollutants, after which
the microbiological characteristics and the level
of soil damage were reassessed.

As the most sensitive microorganisms to
stress factors, it was proposed to use the number
of nitrogen-fixing, phosphate-mobilising bacteria,
and streptomycetes as bioindicators. It was pro-
posed to determine the level of damage (repres-
sion, R) of the soil microbiota by military actions
(toxic substances, thermal explosion, etc.) by the
percentage of the above groups of microorganisms
in relation to the control undamaged soil accord-
ing to Equation 1:

R=B:0x100%, (1)

where P is the level of repression of the bioindi-
cator group of microorganisms; B is the number
of microorganisms of the bioindicator group from
the affected area; O is the number of microorgan-
isms of the bioindicator group outside the affected
area, control. That is, the lower the percentage of
diagnostic groups of microorganisms in the soil,
the higher the level of damage. Accordingly, the
levels of damage gradation were used and pro-
posed (Table 1).

Table 1. Gradation of soil damage levels

D?er?lglge G oeRf(feig::rsl:i\c;:Iu - Repression level characteristics
| under 20% Critical damage
Il 21-30% High damage
1l 31-40% Average damage
\% 41-70% Weak damage
\Y over 71% Fluctuations in the number of microorganisms within statistically acceptable limits

Source: created by the authors

The distribution of soil microbiota damage
levels by gradations allows determining both the
condition of the original samples of the affected
soil and the effectiveness of remediation meas-
ures. The comparative method was applied to de-
termine changes in the microbial communities of
the affected soils after remediation.

RESULTS AND DISCUSSION
Explosives are known to adversely affect soil mi-
crobiota. The widespread use of 2,4,6-trinitro-
toluene, the primary component of explosives,
pollutes the environment and causes severe harm
to human health. For example, TNT in soils inhib-
its nitrogen fixation, dehydrogenase, and other
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microbial activity even at low levels of contam-
ination of 10 mg/g (Lamba et al., 2024). It was
found that the impact of shell explosions had a
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considerable negative effect on the counts of mi-
croorganisms of the main ecological and func-
tional groups (Table 2).

Table 2. Counts of microorganisms in the soil damaged after explosions
and after bioremediation, mn CFU/1 g of absolutely dry soil

Amylolytic
Ik & v g & 6o v P
gEe E‘ s :': 5 ﬁ '§_ -
= = 2 c = = - .S
=S ] = & w8 ° S T E
g> £ 3 3 2 B S £s
& < o = e o 5
Y
=)
"]
Soil from a bomb crater
Source sample | 12.4+1.2 74.6+£2.9 3.8+0.7 2.6+0.5 6.4+0.8 6.5+0.8 1.3+04
After
bioremediation | 10033 154+4.3 68.8+2.8 37.8+2.1 67+2.7 118.4+3.6 15.6+1.3
Control intact 14.6+1.2 42.7+2.2 47.4+2.2 2.9+0.6 33.3+1.9 27.5+1.7 19.8+1.5
Soil from an exploded ordnance crater
Source sample 3.5+0.6 17.0£1.4 2.0£0.3 0.8+0.2 1.2+04 0.4+0.2 0.19+0.1
After
bioremediation 188.5+4.6 28.5+1.8 41.0+2.1 25.0+£1.7 38.4+2.1 324+1.8 11.2+1.1
Control intact 14.6+1.3 42.7+2.2 47.4+2.2 9.9+1.0 33.3+1.9 27.5+1.7 19.8+1.4

Source: compiled by the authors

In the soil of the bomb crater, the count of bac-
teria decreased and was as follows relative to the
control: nitrogen-fixing bacteria and streptomycet-
es, 7% and 8%, respectively, oligotrophic and am-
ylolytic bacteria, 19.2% and 23.6%; phosphate-mo-
bilising bacteria, 26%; the number of pedotrophic
and ammonifying microorganisms changed insig-
nificantly. In the soil affected by the explosion of
an anti-tank shell, a catastrophic inhibition of the
development of amylolytic, phosphate-mobilising,
nitrogen-fixing, oligotrophic bacteria, and strepto-
mycetes was recorded; their number was 1.5-10%
of the control variant. The number of ammonify-
ing and pedotrophic microorganisms, which was
23.9% and 39.8% of the control values, decreased.
According to the findings of the study, the data
obtained revealed that the sensitivity of micro-
organisms to these factors and their ecological
functions in the soil were considered to determine
bioindicator groups that characterise the impact
of explosives. Nitrogen-fixing, phosphate-mobi-
lising bacteria, and streptomycetes were the most
sensitive to these stress factors, which shows the
sensitivity of these microorganisms to chemical
polythenes and high-temperature combustion.

It was argued that nitrogen-fixing bacteria
play a major role in optimising the nitrogen re-
gime of soils due to their ability to fix biological
nitrogen by binding molecular atmospheric ni-
trogen into ammonium compounds available to
plants (Sharma et al., 2023). Nitrogen is an essen-
tial chemical element responsible for photosyn-
thesis and chlorophyll content, synthesis of plas-
tic substances, and overall crop productivity. It
was noted that phosphate-mobilising bacteria are
a significant ecological and functional group, ca-
pable of decomposing hard-to-reach organophos-
phates using phosphatases. Inorganic phosphates,
through the production of organic acids and their
conversion into plant-absorbable forms of phos-
phorus, mobilised it by releasing phosphorus from
insoluble and fixed forms in the soil. This result-
ed in increased availability for plants, changes in
the pH of the environment, and the production of
chelating substances (Ammar et al., 2023).

It was found that amylolytic microorganisms
perform hydrolytic decomposition of carbohydrate
components (oligo-, polysaccharides, and starch)
contained in plant residues and soil organic mat-
ter. These processes result in the transformation
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of residual carbohydrates, which are subsequently
involved in the formation of the aliphatic part of
the molecules of humus and humic compounds,
thereby increasing soil fertility (Putri & Nakaga-
wa, 2020). Among amylolytic agents, it is impor-
tant to determine the count of streptomycetes, as
this is a common group of mycelial bacteria that
perform active functions in the mineralisation
and transformation of organic matter due to their
ability to synthesise a wide range of enzymes and
other biologically active compounds, and play a
vital role in the formation of productive microbi-
al-plant systems and increase soil suppression of
phytopathogens (Loboda et al., 2024).

According to Table 1, the level of damage to
microorganisms of bioindicator groups in the soil
of the bomb crater averaged 13.7%; in the soil
from the exploded munition crater — 7.3%. These
values belonged to the 1st critical level of damage,
which indicated an urgent need for reclamation
measures. Earlier, the effectiveness of the destruc-
tion of toxic organochlorine compounds and the
cleanup of contaminated soils using selected mi-
croorganisms-destructors was shown (Levchuk et
al., 2022). Microorganisms can decompose explo-
sives such as trinitrotoluene. For the bioremedi-
ation of the affected soil, microbial preparations
based on D. maris IMV B-7350, R. erythropolis IMV
B-7351, B. subtilis IMV B-7349, P. aureofaciens IMV

B-7558, and a metabolic biopreparation based on
S. violaceus IMV Ac-5027 were used in the samples.

6 months after the application of the biolog-
ical products, the soil microbiota was repeatedly
analysed, focusing on the counts of biodiagnostic
groups of microorganisms, according to Table 2.
In the soil from the bomb crater, the number of
phosphate-mobilising and nitrogen-fixing micro-
organisms increased and was 1.5-3.8 times great-
er than in the undamaged control. The number of
streptomycetes also increased by 12 times com-
pared to the damaged soil and amounted to 79%
of the number in the undamaged control sample.
In the soil from the unexploded ordnance cra-
ter after bioaugmentation, the number of phos-
phate-mobilising microorganisms exceeded the
value in the undamaged control sample by 2.5
times, the number of streptomycetes and nitrogen
fixers increased by 5.9 and 20.5 times, respective-
ly, compared to the damaged soil, and amounted
to 57% and 86% of the undamaged control. The
study showed that as a result of the application of
biological products, the samples can be classified
as slightly toxic or non-toxic. The calculation of
ecological and physiological indices helped to de-
termine the focus of biochemical processes in the
soil and the activity of the microbiota involved in
the overall process of decomposition-synthesis of
organic matter (Table 3).

Table 3. Ecological indices of microbial communities

Experiment variant Pedotrophicity index Oligotrophicity index iman;rI;(ieI?::tsiitr::;!ex
Soil from a bomb crater
Source sample 6.0 1.0 0.52
After bioremediation 1.5 0.6 1.18
Control intact 29 1.2 2.0
Soil from an exploded ordnance crater
Source sample 4.9 3.0 0.1
After bioremediation 0.2 1.2 0.2
Control intact 2.9 1.2 2.0

Source: calculated by the authors

The pedotrophicity index shows the activ-
ity of transformation of water-soluble humus
fractions. The oligotrophicity index shows the
activity of the oligotrophic part of the soil mi-
crobiocenosis; an increase in this index may gen-
erally indicate a slowdown in the destruction of
organic matter and a decrease in the content of

nutrients in the soil. The mineralisation-immo-
bilisation index shows how actively the process-
es of decomposition of soil organic matter are
taking place (increase in the coefficient) or, con-
versely, the incorporation of organic matter into
biological assimilation and a decrease in its mo-
bility (decrease in the coefficient) (Demyanyuk et
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al., 2020). Under the conditions of this experi-
ment, the initial samples of the damaged soil were
characterised by the highest pedotrophicity indi-
ces, which, combined with high oligotrophicity
indices, showed the danger of humus compounds
destruction. After bioremediation, both indices
decreased simultaneously with an increase in the
immobilisation index, which indirectly indicated
positive changes in the focus of biochemical pro-
cesses involved in the preservation of soil organ-
ic matter. The positive effect of bioaugmentation
can also be explained by the fact that the use of
microbial preparations, apart from introducing
beneficial microorganisms into the soil, provides
it with biologically active substances synthesised
by introduced producers, which activates the na-
tive microbiota.

The experience of the First and Second World
Wars, the hostilities in Vietnam and Myanmar, and
the civil war in Yugoslavia showed that military
operations cause severe damage to soils, disturb-
ing the topsoil and subsoil layers, and polluting
with toxic heavy metals and explosives (Appau et
al., 2021; Shukla et al., 2023). The self-restoration
of damaged soils is extremely slow, and even to-
day, European soils where hostilities were fought
in the First World War contain toxic heavy metals
in levels hundreds of times greater than the per-
missible levels. Thus, there is a necessity for bi-
oremediation measures. This is especially true for
Ukraine’s fertile soils. Analysts emphasise that the
Russian-Ukrainian war has far-reaching adverse
effects on the interconnected systems of food pro-
duction, energy supply, and the overall ecosystem
(Chowdhury et al., 2023).

The use of microorganisms to clean soils from
heavy metals, pesticides, and industrial pollution
is an effective and environmentally safe meas-
ure, since the relevant microorganisms present in
contaminated soils are resistant to and capable of
degrading pollutants (Tufail et al., 2022, Sarker et
al., 2023). This approach is quite reasonable and
effective, which has been proven by the findings of
studies on the isolation of active organochlorine
degraders from a toxic waste landfill near the city
of Kalush. Microbial bioremediation using select-
ed active microbial degraders has been successful-
ly used to remediate soil from pesticides, organic
contaminants, explosives, and radioactive resi-
dues (Gupta et al., 2020).
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The successful use of microorganisms for ex-
plosives remediation is known, specifically the
use of micromycetes for mycoremediation. The
biotransformation of explosives in soil by the fun-
gus Phanerochaete chrysosporium near an army
ammunition depot (USA, Oregon) was effective,
and strains of Mucor sp. T1-1 and Aspergillus ni-
ger N2-2 degraded trinitrotoluene by 70-100% in
dark and red soils (USA, Georgia, USA) (Geris et
al., 2024). However, micromycetes require the de-
velopment of special biotechnologies for cultiva-
tion under industrial conditions to produce the
necessary volumes of biomass sufficient for prac-
tical use. Furthermore, some species of aspergillus
fungi recommended for remediation may not meet
toxicological and hygienic requirements, as bacte-
rial strains are more promising.

Among prokaryotic microorganisms, par-
ticularly non-spore-forming bacteria, explosive
destructors are also being searched for to biore-
mediate militarily disturbed soils. For example,
41 strains of bacteria, 14 strains of microscopic
fungi, and 3 strains of yeast were isolated from
soil from explosive testing sites, and their ability
to degrade TNT was established in experiments
where degrading microorganisms used these toxi-
cants as the sole source of carbon (C) and nitrogen
(N) (Kvesitadze & Khatisashvili, 2023). These mi-
croorganisms were characterised by the presence
of a highly active enzyme, nitroreductase, which
catalyses the primary conversion reactions of TNT
and hexogen, reducing their toxicity and increas-
ing the water solubility of explosives (Tauqueer et
al., 2021). The experiments of these researchers
showed that the native soil microflora is capable
of decomposing TNT by 30% under optimum hu-
midity and temperature conditions, while the in-
troduction of microbial degraders further increas-
es the level of destruction by another 25-30%. The
greatest effect was achieved with the introduction
of Pseudomonas sp. TNT-44 and Rhodococcus sp.
TNT-74 strains into the soil, which contributed to
the 70-75% remediation. However, the research-
ers do not provide data on how the state of the
soil microbiota changed under the influence of
these measures. The complete mineralisation of
explosives, primarily TNT, through bacterial deg-
radation as an effective method of remediation
of contaminated areas is of great research inter-
est. Biological treatment of contaminated soil is
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an effective and economical method of complete
mineralisation of TNT and reduction of the total
amount of intermediate products formed at the
following stages (Serrano-Gonzélez et al., 2018;
Xu et al., 2021). Several bioremediation technolo-
gies are used to remove or stabilise contaminants
from a contaminated environment by applying
bioremediation at the site of contamination - so-
called in situ bioremediation - or by transferring
contaminated material (e.g., soil) to a remote
treatment facility — ex situ methodology. In situ
processes include biosparging, biostimulation,
bioaugmentation, bioventilation, natural atten-
uation, bioleaching, bioremediation, phytoreme-
diation, while ex situ methods include bioburial,
composting, agriculture, biofilters, and bioreac-
tors. Among the above methods, according to the
findings of the present study, the most affordable
and low-cost is bioaugmentation, which is char-
acterised by the use of microorganisms that are
environmentally friendly, have pronounced bio-
degrading activity, are resistant to high concen-
trations of pollutant, and do not have undesirable
side effects (Bala et al., 2022).

The bioaugmentation of soils contaminat-
ed with polychlorinated dibenzo-p-dioxins and
dibenzofurans using the micromycetes Stropha-
ria rugosoannulata or Phanerochaete velutina can
reach 62-64% of the initial concentration of pol-
lutants (Kvesitadze & Khatisashvili, 2023). Thus,
microorganisms are considered as one of the bi-
ological agents that perform remediation (Bala et
al., 2022). However, despite the general approach-
es, the use of bioaugmentation requires correction
considering the specifics and degree of contamina-
tion, characteristics of the native microbiota, and
soil and climatic conditions. That is why this study
was conducted, which showed the positive effect
of the bioaugmentation used in the study - the
introduction of a consortium of microorganisms
that decompose contaminants and reduce their
adverse effects on biota: it activated native soil
microorganisms and facilitated the purification
process. Based on the data obtained, it was argued
that the introduced microorganisms initiate deg-
radation processes, which are subsequently per-
formed not only by the introduced strains, but also
by the native microbiota. The involvement of soil
microbiocenoses in the remediation of contami-
nated soils has not been sufficiently covered in the

literature and requires more extensive research.
The effectiveness of the applied biological prod-
ucts in the study was confirmed by the improve-
ment of biodiagnostic indicators of soil biota.

CONCLUSIONS

Considering the extensive destruction of arable
land in Ukraine as a result of military impact and
the necessity of determining the state of their
damage, diagnostic indicators for characterising
soil microbiota were substantiated and systema-
tised. Summarising the diagnostics of the state of
microbial communities of the soil affected by mili-
tary actions, the counts of the main ecological and
functional groups were determined. In the epicen-
tre of the explosion, compared to relative controls
outside the affected area, a sharp decrease in the
count of prokaryotes involved in the transforma-
tion of nitrogen, phosphorus, and soil organic mat-
ter was found. In monitoring the military impact on
microbiocenoses, it was proposed to use the num-
ber of the most sensitive groups — nitrogen-fixing
and phosphate-mobilising bacteria and streptomy-
cetes — as biodiagnostic indicators, and to calculate
the indices of mineralisation/immobilisation, olig-
otrophicity, and pedotrophicity, which characterise
the focus of microbial processes. Gradations of five
levels of damage (from critical to weak) to the soil
microbiota were developed, based on the determi-
nation of the repression of each of the bioindicator
groups of microorganisms. The prospects of using
the bioaugmentation method of biological prod-
ucts based on bacteria capable of degrading toxic
substances and increasing the adaptive poten-
tial of plants to stress factors were proved. These
measures showed a substantial activation of soil
microbial communities, which was confirmed by
an increase in the count of agronomically useful
groups of microorganisms. Based on the findings,
it was concluded that the bioremediation meas-
ure is effective for restoring microbial communi-
ties in the soil damaged by military operations.

The prospect of this study and further case
studies is to include microbiological monitoring
in the state system of environmental monitoring
of militarily disturbed soils. Further development
of measures to restore the affected soils involves
identifying those microbial agents that form the
most active microbial-plant systems in complex
biological products, considering the specifics and
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degree of soil damage, as well as identifying re-
sistant crops for use in integrated phyto-microbial
bioremediation. A necessary stage of integrated
research is the correction of the soil nutritional
regime and its humus state. The body of such re-
search will serve as a basis for developing meas-
ures to restore soils damaged by military opera-
tions in production conditions.
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AHoraiig. BHacaigok MoBHOMACIITaAGHOTO BTOPTHEHHS 3HAUHI TUIOII arpoeKOCHCTeM MOCTPaskaain
yepe3 MOUIKOIKEeHHSI TOKCMUHUMM PEUYOBMHAMM, IO 3POOMIO aKTyaJIbHUM IMUTAHHS BiIHOBJIEHHS
VIIKOMKEHUX 3eMeJIb IUISTXOM JTeCTPYKIIii IMOMI0TaHTiB. MeTOol MOCTimKeHHsT 6yl0 OOIpyHTYBATH i
CUCTeMaTHU3yBaTH JiaTHOCTUYHI TOKa3HUKY IJ1S XapaKTePUCTUKY 610aKTMBHOCTI I'PYHTIB Ta pO3pOO6UTI
HayKOBi Mmigxoay Ao Giopemexiallii MONIKOMKEHUX 3eMeJb. BUKOPUCTAaHO METO[ aHali3y iCHYUMX
MiAXO0NiB AJ1s1 BUpIiLlleHHS 3a7,a4, MeTOo[, IOPiBHSIHHS JaHMX UMCeIbHOCTI MiKpOOpPraHi3MiB OCHOBHMX
€KoJIOTO-(QYHKIIIOHATBHUX TPYII, SIKY Oy/I0 BM3HAUEHO 32 METOAMKOIO IMOCiBY I'PYHTOBUX CYCITeH3iit
Ha arapu30oBaHi MOKMBHI cepenoBuila. Po3paxoBaHo iHAEKCHU CIPSIMOBAHOCTI MiKpOOGHMX ITPOIECiB.
BiopeMmepiatiitHi 3axo1y BHOCWIM B I'PYHT MiKpOOHY 6iomacy i KyabTypanibHi pinuHu: Dietzia maris IMB
B-7350, Rhodococcus erythropolis IMB B-7351, Bacilus subtilis IMB B-7349, Pseudomonas aureofaciens
IMB B-7558 i Streptomyces violaceus IMB Ac-5027. OTpuMaHi pe3yabTaTy JOCTiIKeHHS TOKa3aiu, 0
piBeHb pempecii MiKpo6ioTH y I'PyHTi, MOCTPaKIAIOMY Tic/is BUOYXiB, OYB HaI3BUYANHO BUCOKUM,
MOPiBHSIHO 3 HEYIIKoAKeHUM. Haii6inbur uytnusumu 6ynu pocdatmobinisyBanbHi, azoTdikcyBanbHi,
aMiJoniTMuHi (y T.Y. CTpenToMilleTy) MiKpoopraHi3mu. Y I'PyHTi 3 BUPBU Bij 60MO6M 4MCETbHICTDH
asordikcatopiB i cTpenToMineTiB ctaHoBuiIa 7 % i 8 % BimmOBigHO Bim KOHTPOJIIO, OJMIrOTPOPHMX i
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aminonitnuaux — 19,2 % i 23,6 %; pocharmobinisyBaapuux — 26 %. Y I'PyHTi, MOUIKOIKEHOMY Bi
BMOYXY MPOTUTAHKOBOTO CHAPSIIY YMCEIbHICTb aMiJIONiTHKIB, hochaTmobinizaTopis, a3oTdikcaTopis,
onirorpodiB i crpentomineriB craHoBmaa 1,5 %-10 % Bim KOHTpOAbHOTO I'PYHTY. Yepe3 6 micsiiiB
micisg 6iopemeianii IpyHTY MpOBeIeHO TOBTOPHMI aHasi3 MikKpo6ioTn. Y I'pyHTi i3 BUpBU Bim 60MOU
KinbkicTh ocdarmobinizyBanbHux i azoTdikcyBasbHMX MiKpoopraHisMmiB 3pocia i 6yna BHUINOIO,
HiXX y HEYNIKOIKeHOMY KOHTpoui y 1,5-3,8 pasu, 4ncenbHiCTh CTPENTOMIIIETiB MigBUIIMIACh Y 12
pa3iB MOPIBHSIHO 3 YIIKOIKEHUM I'DYHTOM. Y I'PYHTI i3 BOPOHKM PO3ipBaHOTO GOEMPUIIACY KibKICTh
docharmobinizaTopis 6y1ay 2,5 pasu 6ibIIOIO TOPiBHSIHO 3 KOHTPOJIEM, UMCE/IbHICTh CTPENTOMIIIETIB
i asordikcaropiB 3pocia y 5,9 i 20,5 pa3iB BiAmoBimHO MOPiBHSIHO 3 YHIKOIKEHUM I'PYHTOM. ITicist
GiopemepialliifHMX 3axOfiB, MOCTIMKYyBaHi 3pasky I'PYHTY MOXXHaA BigHeCTM N0 Cl1aGOTOKCUYHUX,
a60 HeTOKCMYHMX. I[IpakTMUHA LiHHICTH PO6GOTM Mojsira€ B e(QeKTMBHOCTI 3aIlpOIOHOBAHOIO
6iopemepialiifiHoro miaximy, KU € BasKIMBUM [JisS TOZAIBIIOI PO3POOKM KOMILIEKCY 3aXO[iB 3
BiTHOBJIEHHS TPYHTIB B yMOBaxX pyiiHyBaHHS arpoekocucteMu YKpainu

KniouoBi cioBa: MimiTapHMii BIUIMB; TIONIKOMKEHHS; BiJHOBJEHHS; OGiompemapatu; 6ioysoriuHa
aKTUBHICTb; I'PYHTOBA Mikpo6ioTa
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Abstract. The conflict between the needs of plants and the ecological characteristics of edaphotope
directly affects the aesthetics of the landscape. In this connection, the compliance of the needs of
woody plants with edaphic conditions was investigated. The purpose of the study was to determine the
edaphic component of the ecological structure of the dendroflora of “Nova Sofiyivka” park to predict
the potential viability of plant communities. The paper used descriptive, statistical, and comparative
research methods. The description of the park’s dendroflora was made according to the instructions for
the inventory of green spaces in localities of Ukraine. The species composition was determined using
plant identification guides, and the relevance of species names was verified according to the current
international classification. Ecological analysis of dendroflora was performed based on ecological
scales, in which plants were divided into 7 ecological groups depending on the soil moisture regime,
moisture variability, aeration, acidity, total salt regime, carbonates and nitrogen content. In the
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dendrology of the park, mesophytes predominate in terms of sensitivity to the soil moisture regime,
hemihydrocontrastophobes predominate in terms of variability, hemiaerophobes predominate in terms
of air regime, neutrophils predominate in terms of acidity, mesotrophs predominate in terms of salt
regime, acarbonatophiles predominate in terms of carbonates content, and nitrophiles predominate
in terms of nitrogen content. The survey revealed a rational solution to the problem of providing
appropriate soil moisture conditions for plants belonging to the eco-groups of hydrocontrastophobes,
hygromesophytes, and hygrophytes. To meet the needs of eco-groups of subacidophiles and acidophiles
in low soil acidity, the root-containing soil layer was replaced with a peat mixture with the appropriate
pH before planting. The practical significance of the results obtained lies in the possibility of their use
by gardening specialists to optimise plantings, considering edaphic conditions that affect the increase
in plant resistance and reduce the intensity of plant care. Plants for which planting sites are selected

based on their environmental needs are more vital and durable

Keywords: species composition; edaphotope; eco-group; coenosis; urbanised environment

INTRODUCTION

The expansion of urbanised territories leads to
disruption of the natural ecosystem by changing
the structure and processes of its functioning as
a result of anthropogenic activities. In order to at
least partially compensate for destructive natural
phenomena to reduce negative environmental, so-
cio-economic, and other consequences, integrated
green areas are created in the urban environment.

The context of sustainable development of ur-
banised territories is based on the establishment
of residential garden and park landscapes using
plant communities formed from highly decorative
and sustainable plants (Orloci & Fekete, 2023).
Urban greening is not only aesthetically pleasing,
but its role in ex situ plant biodiversity conser-
vation strategies is equally important (Ismail et
al., 2021; Wang et al., 2024). The creation of dec-
orative compositions contributes to the introduc-
tion and maintenance of valuable collections of
woody and herbaceous plants, which leads to the
establishment of a unique artificial phytocenosis.
As indicated by S. Didenko & O. Shynder (2023),
mature artificial phytocenoses are the most re-
sistant to colonisation by undesirable native spe-
cies and many rare plants are found in such plant
communities, which successfully form stable pop-
ulations. Results of the study by T. Krivomaz et
al. (2022) indicate that green spaces improve mi-
croclimatic conditions in an urbanised environ-
ment, enrich the air with oxygen, promote the ab-
sorption of excess carbon dioxide, purify dust, and
reduce the number of pathogenic microorganisms.

According to J. Konarska et al. (2023), woody
plants provide numerous ecosystem services,

including mitigation of urban heat. However, the
cooling effect of plantings is often reduced due
to reduced growth of vegetative organs and poor
sanitary condition, which is associated with diffi-
cult growing conditions in an urbanised environ-
ment, which can be compensated by an increase
in the area of green areas. Recreational, cognitive,
educational, and cultural functions of parks are of
great social importance. The study by J. Cubino &
J. Retana (2023) concluded that biodiversity and
the quantitative composition of plantings have a
high level of correlation with human life expec-
tancy. A high level of biodiversity and the satu-
ration of space with plant communities increases
human viability. In this regard, increasing the area
occupied by green spaces is a promising area for
optimising urban space. The species composition
of urban flora depends on the bio-ecological char-
acteristics of plants and the microclimatic con-
ditions of green areas (Muzychenko et al., 2020).
Environmental monitoring of flora is especially
important in conditions of anthropogenically al-
tered landscapes to assess the current state and
predict trends in changes in its components in
the future (Stakhiv et al., 2021; Optasyuk & Hry-
gorchuk, 2021; Oliferchuk et al., 2023).

The stability of the created coenosis can
be predicted based on the analysis of the eco-
logical structure of the dendroflora. Ecological
analysis determines the ecological and biolog-
ical features of species and their relationships
with the habitat. T. Marucha et al. (2023) point
out that in the conditions of significant anthro-
pogenic impact on the natural environment, is-
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sues related to determining the current state of
the vegetation cover of protected areas are of
particular relevance, because the development
of scientific foundations for rational use of nat-
ural resources and protection of the plant world
is impossible without a deep study of the flora.
When creating new garden and park facilities, it
is important to consider the compliance of the
range of plants used with the ecotope. Problems
of conflict between plant needs and environmen-
tal conditions strongly affect the aesthetic con-
dition of plantings. According to N. Melnychuk &
Ya. Henyk (2019), climate-forming properties of
the main sinusia unifiers should be used for the
development of park and forest park phytocoe-
noses with high aesthetic value and favourable
sanitary and hygienic conditions. S. Rogovskyi et
al. (2023) indicate that the viability of trees, in
addition to abiotic factors, is also affected by ex-
cessive thickening of the stand and competition
between plants for light, moisture, and mineral
nutrition elements. Edaphic conditions affect
the natural restoration of plant communities.
The importance of this statement is highlight-
ed in the paper by T. Murphy et al. (2024), where
the authors scientifically confirmed the critical

Porokhniava et al.

importance of soil moisture for plant survival at
an early stage of ontogenesis.

Edaphotope directly affects the structure and
productivity of plant communities, their stability,
durability, and aesthetic appeal. The purpose of
the study was to investigate the edaphic compo-
nents of the ecological structure of the dendroflo-
ra in the park under study to assess the potential
viability of the site’s ecosystems. To achieve this
goal, the following tasks were defined: to perform
an inventory of dendroflora; to analyse the fas-
tidiousness of woody plants to edaphic environ-
mental conditions; to identify the compliance of
the growing conditions of woody plants with their
edaphic needs.

MATERIALS AND METHODS

As of 2020, the territory of the city of Uman is
4,787 hectares, of which 1,239.6 hectares are
green spaces, including city parks, squares, street
greenery, educational institutions, memorial ar-
eas, household plots, etc. “Nova Sofiyivka” park
is a new recreational facility that was opened to
the public on 14 July 2019. The Park is part of the
National Dendrological Park “Sofiyivka” of the Na-
tional Academy of Sciences of Ukraine (Fig. 1).
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Figure 1. Location of the “Nova Sofiyivka” park

Source: compiled by the authors

All compositions on its territory were created
during 2018-2019 on an area cleared of previous

vegetation using a modern range of ornamental
plants. The park, with an area of 10.7 hectares, was
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created in the lower reaches of the Kamianka Riv-
er, outside the historical part of Sofiyivka. The new
part is built in an eclectic style, consists of nine
separate ideological and planning compositions
placed along the riverbed and combined into
one complex using an alley and trail network.
The study was conducted during 2020-2023. The
inventory control of the park’s dendroflora was
carried out in accordance with the Instructions
for the Inventory of Green Spaces in Settlements
of Ukraine (Order of the State Committee for
Construction, Architecture and Housing Policy
of Ukraine No. 226 “On the Approval of the In-
structions for the Inventory of Green Spaces for
the Inventory of Green Spaces in Settlements of
Ukraine”, 2001). The preparatory stage included
determining the territory to be inventoried, pre-
paring a map scheme for accounting for plant-
ings, developing an inventory plan, and selecting
accounting methods. The continuous invento-
ry method was chosen for the study. The actual
field survey consisted of establishing the bound-
aries of the inventoried plots. A visual inspection
of each tree plant was carried out, and data on
species, age, sanitary condition, height, trunk di-
ameter at a height of 1.3 m, crown diameter, and
plant location on a map were recorded. The stage
of processing the results for our study included
the creation of a summary list of the number of
plants, grouping of plants by species composi-
tion, summing up the amount and percentage of
participation in the plantation.

Species identification was performed using
Plants of the World Online (n.d.), and the rele-
vance of species names was checked according to
the international classification The Word Flora
Online (n.d.). The ecological analysis of dendro-
flora was performed based on ecological scales
developed by Ya.P. Didukh (Didukh, 2011). The
park’s dendroflora in the edaphotope category
was divided into eco-groups according to the ra-
tio of plants to the soil moisture regime, moisture
variability, soil aeration, acidity, total salt regime,
carbonates and nitrogen content. The paper used
a descriptive method that consisted in determin-
ing the edaphic conditions optimal for successful
growth and development of plants, a statistical
method that helped to identify the frequency of
occurrence of a species in the structure of den-
droflora, and a comparative method that evalu-

ated whether the requirements of plants meet
the conditions of edaphotope. The research was
carried out in accordance with the current leg-
islation of Ukraine, international standards for
editors and authors, recommendations of the
Committee on Publication Ethics (COPE) and
according to the Ethical Code of a Scientist of
Ukraine (Resolution of the National Academy of
Sciences of Ukraine No. 2 “On the Ethical Code of
a Scientist”, 2009). The principles of the UN Con-
vention on Biological Diversity (Convention on
Biological Diversity, 1992) were not violated. The
paper contains original data provided directly by
the authors, who are listed in the authorship of
the publication.

RESULTS AND DISCUSSION

The territory of “Nova Sofiyivka” park is dominat-
ed by regraded chernozem, which is concentrated
on the slopes of ravines, while meadow-bog soil
dominates in the lower reaches along the river-
bed. Regraded chernozem contains 3.7-4% hu-
mus, has a high level of absorbed cations, which
contain the most calcium - 21.0-28.0 mg-Eq per
100 g of soil. The content of metabolic magne-
sium is 4.0-4.7 mg-Eq per 100 g of soil. Content
of Si0, is approximately 80.0%, Fe,O, - 3.1-3.2%,
AL,O, - 10.0-11.0%, CaO - 1.9-2.5%, MgO - 0.9-
1.5%, P,0, - 11.0-14.1 mg/100 g, KO - 8.6-
11.8 mg/100 g. The share of total phosphorus is
0.1-0.15%, potassium - 1.9-2.7%, nitrogen - 0.1-
0.2%. The degree of base saturation is high — over
90%. According to the pH of the salt extract, the
regraded chernozem is neutral — 5.7-6.4%. Mead-
ow-marsh soil contains 3.0-4.1% humus. The sum
of exchange cations varies deep into the profile in
the range of 14.2-31.9 mg-Eq per 100 g of soil.

The degree of saturation of the soil absorp-
tion complex is about 90%. Content of SiO, -
62.7-86.2%, Fe,0, - 1.0-2.6%, AL,0, - 3.2-6.5%,
CaO - 3.2-10.5%, MgO - 0.4-0.8%, nitrogen —
0.08-0.30%, P,0, - 1.73-2.52 mg/100 g, K,0 -
0.68-0.85 mg/100 g. The acidity of salt extract is
7.0-7.2%. An inventory of the dendroflora of “Nova
Sofiyivka” park revealed that 112 taxa of woody
plants were used to form plant compositions. The
range of woody plants was selected to create a cul-
tural phytocenosis focused on the dominance of
mesophytes — plants adapted to fresh forest and
meadow habitats (Fig. 2).
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Figure 2. Distribution of dendroflora species in “Nova Sofiyivka” park
into eco-groups in relation to the soil moisture regime

Source: compiled by the authors

It was found that the groups of hygromes-
ophytes — plants of moist forest-meadow habi-
tats and hygrophytes adapted to grey-earth for-
est-meadow ecotopes — occupy almost the same
share, differing by less than 1%. Types of subxe-
rophytes characterised by the ability to grow in
meadow-steppe conditions with low moisture
content and submesophytes - adapted to fairly
dry forest-meadow habitats with moderate mois-
ture content of the soil layer, have the smallest
share of participation in the coenosis. No other
groups were found in the park’s dendroflora. The
use of dendroflora with such a composition is a
rational solution, since the dominance of meso-
phytes is characteristic of most of the flora of the
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temperate zone, to which the “Nova Sofiyivka”
park geographically belongs. Significant share of
hygromesophytes and hygrophytes require wa-
terlogged areas, the requirements of these plant
groups are met by taking into consideration the
terrain in the selection of planting sites and reg-
ular artificial irrigation.

Relation of species to soil moisture condi-
tions has one of the priority values when creating
plantings, because an improperly selected range of
plants can lead to the collapse of the plantings and
disrupt the entire compositional design. The den-
droflora of “Nova Sofiyivka” park is dominated by
a group of hemihydrocontrastophobes, which are
in the central part of the ecological scale (Fig. 3).
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Figure 3. Distribution of dendroflora species in “Nova Sofiyivka” park into eco-groups
in relation to changes in humidification conditions

Source: compiled by the authors
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Plants of this group need moderate uneven
moistening of the root layer of the soil with its
complete soaking. The eco-group of hydrocontras-
tophobes (plants of ecotopes with uniform stable
moistening by soil and partially surface waters of
the root layer) is significantly inferior in quantity
to the previous group. Hemihydrocontrastophiles
have the smallest proportion in the composition of
dendroflora, they successfully withstand dry for-
est-meadow and meadow-steppe conditions with
unevenmoisture of theroot-bearingsoil layer. Other
eco-groups are not represented in the dendroflora.

The fastidiousness of selected woody plants
to the stability and intensity of soil moisture is

fully satisfied on the territory of the park, espe-
cially for hydrocontrastophobes for which low-ly-
ing planting sites with surface ground water are
selected and an irrigation system is provided.
Analysis of the ratio of park dendroflora to soil
aeration (Fig. 4) showed the absolute dominance
of the group of hemiaerophobes - plants that grow
on moderately aerated soils. The location of the
polynomial trend indicates the emergence of a
range of plants from species that do not require
specific wetlands or highly aerated soils. In terms
of soil acidity, the park’s dendroflora is dominated
by neutrophils — species that successfully grow on
soils with an acidity of pH=6.5-7.1 (Fig. 5).
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Figure 4. Distribution of dendroflora species in “Nova Sofiyivka” park
into eco-groups in relation to soil aeration

Source: compiled by the authors
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Figure 5. Distribution of dendroflora species in “Nova Sofiyivka” park
into eco-groups in relation to soil acidity

Source: compiled by the authors
The predominance of such plants in the se-

lection of the assortment for landscaping facili-
tates their adaptation to new conditions, as the

84

soils of the region of implementation are neutral.
Acidophiles and subacidophiles together occu-
py a fairly significant share — 22.3%, due to their
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bioecological characteristics, they require acidic
(pH = 4.5-5.5) and slightly acidic (pH = 5.5-6.5)
soils. To meet the needs of these plants, the soil
was replaced with a peat mixture with the appro-
priate acidity, which is especially important for
growing rhododendrons, hydrangeas, and magno-
lias. Subbasiphils make up only 7.8%, these spe-
cies grow best on alkaline soils with pH=7.2-7.7,
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but they also withstand neutral conditions quite
well and generally do not require replacing the
soil mixture and creating special soil conditions.
The distribution of species by salt regime revealed
absolute dominance of the mesotrophic group in
the composition of dendroflora (Fig. 6) that re-
quire non-saline sod-podzolic, grey forest and
meadow-swamp soils with a washing regime.
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Figure 6. Distribution of dendroflora species in “Nova Sofiyivka” park
into ecological groups in relation to the general salt regime of the soil

Source: compiled by the authors

The second place with a share of 14.6% is
occupied by a group of semieutrophs growing on
dark grey forest soils, podzolic chernozems en-
riched with salt (150-200 mg/L) with the content
of HCO,™ - 4-16 mg/100 g of soil, and traces of
SO,” and CI" in some types. Such soils are char-
acterised by leaching and podzolisation processes.
Groups of eutrophs and semioligotrophs occupy
a small share, plants of the first group need soils
enriched with salts of upper chernozems, devel-
oped sod-podzolic soils with no signs of salinity,
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the second group can withstand washing poor in
salt, strongly leached sod-podzolic and brown for-
est soils. The deviation of the polynomial trend
indicates that there are no species in the range of
used plants that require soils with chloride salting,
because the soil conditions of the object of green-
ing implementation are not able to meet the re-
quirements of eco-groups of plants placed on the
right side of the graph. According to the sensitivity
to the content of carbonates in the soil, the park’s
dendroflora is divided into 7 eco-groups (Fig. 7).
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Figure 7. Distribution of dendroflora species in “Nova Sofiyivka” park
into ecological groups in relation to the content of carbonates in the soil

Source: compiled by the authors
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According to these data, the dominant group
of acarbonatophiles requires neutral habitats and
is tolerant to a small content of carbonates in the
soil (CaO, MgO = 0.5-1.5%), which do not rise to
the upper layers due to the washing regime. These
are the characteristics of podzolised grey forest
soils formed on loessial soils.

The groups hemicarbonatophobes and hem-
icarbonatophiles differ by 1% and occupy an in-
termediate position. The first group includes
plants that avoid carbonate substrates and grow
on podzolic, meadow, and gley soils, while the
second group grows on washed - out, sufficient-
ly carbonate-rich chernozems (CaO, MgO = 1.5-
5%). The proportion of carbonatophiles (plants
that prefer to grow on carbonate soils where CaO,
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MgO = 5-10%) and carbonatophobes (plants that
do not grow on carbonate soils (CaO, Mg0=0.05%),
but on soils formed on acidic silicate soils (sands,
granites, gneiss, etc.) is not significant and is less
than 10%. A slight deviation of the polynomial
trend to the right indicates the predominance of
carbonatophilic species in the dendroflora, which
corresponds to the natural edaphic conditions of
the “Nova Sofiyivka” park, which is located on the
granite batolite, the main parent rock of most of
the territory is a forest rich in calcium carbonates
and modern alluvial-deluvial deposits. The content
of nitrogen compounds is one of the most impor-
tant components of soil trophicity, and 3 groups of
plants are distinguished in the park’s dendroflora
by their tolerance to this edaphic factor (Fig. 8).
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Figure 8. Distribution of dendroflora species in “Nova Sofiyivka” park
into ecological groups in relation to the nitrogen content in the soil

Source: compiled by the authors

The leading place belongs to nitrophiles,
which need soils sufficiently provided with min-
eral nitrogen. The second place is occupied by
geminitrophils — plants that grow on soils that
are moderately provided with mineral nitrogen.
The smallest proportion is allocated to subanitro-
philes that can withstand oligotrophic soils poor
in mineral nitrogen. The detected trend deviation
to the left indicates that the range of woody plants
can grow successfully in soils with a low content of
nitrogen compounds. The detailed analysis of the
compliance of the edaphic needs of woody plants
with the conditions of the ecotope applied in the
study allowed assessing the adequacy of the se-
lection of an assortment of plants for the created
landscaping object.

The detailed analysis applied in this paper
helped to find out whether the edaphic needs of
woody plants correspond to the conditions of the

park’s ecotope. As indicated by V. Melnyk & N. De-
nysyuk (2020), to implement the tasks of the mod-
ern environmental policy of Ukraine and other
legal documents regulating the issues of greening
urbanised territories, it is important to conduct re-
search on the taxonomic and ecological structure
of dendroflora of parks and squares. The research-
ers prove that the compliance of growing condi-
tions with the ecological requirements of woody
and shrubby plants is the basis for the creation of
durable green spaces, so in Rivne, the predominant
group in terms of moisture demand is mesophytes,
which accounted for 70.0% of all described plants,
the percentage of xerophytes, xeromesophytes,
and mesohygrophytes varied from 13.0-17.0%, the
smallest share was hygrophytes — about 2.0%.
Thisratio of ecological groups, according to the
researchers, is conditioned by the lack of optimal
humidification conditions. Mesophytes are a fairly
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common ecological group, which is confirmed in
the studies by M. Tsybulia (2021) dedicated to the
flora of the “Male Polissia” National Nature Park
and A. Dzyba (2023), who investigated the ecolog-
ical classification of dendroflora of parks-mon-
uments of landscape art. The dominance of this
group of plants is proved in the descriptions of the
flora of the tracts of the Vizhnytskyi National Na-
ture Park by T. Morozova (2024) and the study by
A. Lisnichuk & N. Hutsalo (2020) dedicated to the
analysis of plant expositions of the Kremenets Bo-
tanical Garden. To create the “Nova Sofiyivka” park,
preference is given to woody mesophytes adapted
to fresh forest habitats with complete moistening
of the root layer of the soil by rain and meltwa-
ter. The use of mesophytes is a rational solution,
because they dominate the flora of the Right-
Bank Forest-Steppe of Ukraine (Dayneko, 2020).

During the period of climate change, as noted
by T. Hwang et al. (2020), it is expected that tem-
peratures will rise and hydrological extremes will
increase, despite the fact that warming has some
positive effects on plants, contributes to an in-
crease in the duration of the growing season and
an increase of CO, concentrations in the atmos-
phere, the increased variability of the hydrological
component of the climate will lead to an increase
in the duration of dry periods, which can cause
mass death of woody plants. For these reasons, the
use of drought-resistant plants will allow creating
long-lasting decorative park spaces.

The study by O. Ivanchenko & V. Bessono-
va (2020) emphasised that in the conditions of
the central moderately arid agroclimatic region,
xerophytes predominate in the humidification re-
gime - 39.0%, mesophytes — 28.5% — are in second
place, and hygrophytes — 0.7% — have the smallest
share. The expediency of using xeromesophytes
is clearly substantiated by T. Boiko et al. (2020),
who revealed the problems of resistance of woody
plants in the conditions of southern Ukraine, and
proves the prospects of using this group of plants.
The “Nova Sofiyivka” contains two groups of
plants resistant to arid conditions — subxerophytes
(9.7%) and submesophytes (8.7%), which can later
form the basis of park compositions.

Eco-groups of hygrophytes (22.3%) and hy-
gromesophytes (21.4%) have a significant share in
the park’s dendroflora, but all these plants are lo-
cated in areas with surface underground water and
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in conditions of constant artificial irrigation. In
general, the park’s dendroflora is correctly selected
in relation to the soil moisture regime, dominated
by the eco-group of mesophytes, which is suc-
cessfully combined in compositions with subxero-
phytes and submesophytes. The created plantings
are stable in arid conditions, which is quite prom-
ising due to the aridisation of the Forest-Steppe
(Kalashnikova & Doroshenko, 2020). Soil moisture
affects the distribution of woody plants (Davis et
al., 2022), is important for drought monitoring and
climate modelling (Gallego-Elvira et al., 2019; Li
& Sawada, 2022). In terms of tolerance to the var-
iability of soil moisture, the park is dominated by
hemihydrocontrastophobes, plants of this ecolog-
ical group can withstand uneven moisture, which
fully corresponds to the weather and climatic con-
ditions of the area of introduction. Most of the
park’s plants (81.6%) belong to hemiaerophobes,
which do not require specific soil air conditions for
successful growth and development.

Soil acidity is essential for the absorption of
phosphorus, which is an essential element for
plant nutrition and affects the growth of vegeta-
tive organs. However, M. Wavrek et al. (2023) indi-
cate that the availability of this element is limited
by pH, it decreases above 7.5 and below 6.5, with
the most optimal pH for accumulation considered
to be 6.5. The pH values of the park’s soils indicate
a sufficient proportion of phosphorus for the suc-
cessful growth and development of cultigenic den-
droflora. The level of soil acidity has a significant
impact on growth processes, for example O. Di-
dur et al. (2023) they prove the existence of a close
relationship between pH levels and soil buffering
values, that is, the potential of the soil that controls
the accumulation and consumption of a certain el-
ement of fertility. In terms of soil pH, neutrophils
dominate the park — 69.9%, which corresponds to
the existing soil acidity. However, acidophiles and
subacidophiles have a fairly significant proportion
of dendroflora and require completely different
soil pH values for successful nutrition and func-
tioning. Non-compliance of acidity indicators
with the needs of plants for these groups affects
the functioning of the roots, which leads to chlo-
rosis, slowing growth and low viability (Turner et
al., 2020). To meet the needs of subacidophilic and
acidophilic plants, the soil was replaced with a
peat mixture with a pH of 4.5-6.5 before planting.
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As noted by U. Ates & D. Demiroglu (2024),
the creation of sustainable green areas is crucial
in urban design and is not possible without con-
sidering environmental factors and environmen-
tal characteristics of the implementation area.
The researchers suggest that plants with high
environmental tolerance should be used for this
purpose. In the study devoted to woody plants
in modern and historical parks in Kilis (Turkey),
the researchers stressed that almost half (46.8%)
of plants in resistant plant communities had a
high tolerance to soil salinity. The salt regime
directly affects the processes of soil formation
and plant adaptation. The basis of the dendroflo-
ra of the “Nova Sofiyivka” park was created with
the participation of mesotrophs. The selected
group of plants prevails in stable dendrocenoses
with average soil trophism, which was proved by
I. Komarova & E. Yevtushenko (2021), and S. Po-
totska (2024), so high viability of these woody
plants in the park is to be expected. Mineral ni-
trogen is an integral element of plant nutrition,
nitrophils and geminitrophils are the basis of
plantings due to the demand for soil nitrogen
content in the park, and the edaphic conditions
of the park for these groups of plants are ade-
quate and meet their needs. It is important to
control the level of nitrogen in the soil, because
plant groups in areas with a low nitrogen content
are more sensitive to fluctuations in soil mois-
ture than plant groups in areas rich in nitrogen
(Shovon et al., 2020).

Due to the fact that “Nova Sofiyivka” park
was created on a completely modified site, al-
most 90% of the territory was subject to complete
reconstruction and optimisation, so in the next
10-20 years a number of floral changes should be
expected, which are outlined and substantiated
in the study by K. Molozhon et al. (2023), which
indicates that under reconstruction conditions,
soil aeration increases, the level of variability
in the moisture regime and acidity of edapho-
tope increases, and the content of carbonates
and nitrogen increases. The conditions of the
reconstructed object become more suitable for
hemihydrocontrastophobes, acarbonatophiles,
eunitrophiles, and hemiaerophobes. Based on
the analysis of the ecological structure of the
dendroflora, it was determined that the edaphic
conditions meet the needs of the park’s woody

plants. Further observations on the adaptation
and success of plant growth and development and
studies of edaphic indicators that affect the phy-
toindication assessment will reveal phytocenotic
processes in park communities in more detail.

CONCLUSIONS

The ecological structure of the Dendroflora of
“Nova Sofiyivka” park was investigated in the
context of the edaphic aspect. The flora included
112 taxa of woody plants. In relation to the wa-
ter regime of the soil, the largest number of taxa
belonged to mesophytes, which need complete
moistening of the root layer. Plants of this group
met the conditions of edaphotope, which sim-
plifies agricultural care techniques. Hygrophytes
(22.3%) and hygromesophytes (21.4%) are most
vulnerable to moisture deficiency, which led to
the selection of low-lying planting sites and ad-
ditional use of artificial irrigation. Subxerophytes
(9.7%) and submesophytes (8.7%) are the most
drought-resistant of the existing eco-groups and
the most promising in the conditions of climate
aridisation. In terms of tolerance to soil moisture
variability, hemihydrocontrastophobes dominate
(75.7%), which can withstand moderately uneven
soil moisture in the park. It was found that hemi-
aerophobic plants (81.6%), which are fully adapted
to the existing moderately aerated soil, are most
demanding for soil aeration. The distribution of
dendroflora in relation to soil acidity showed a
preference for neutrophils (69.9%), which suc-
cessfully grow on neutral soils of the park. For
acid-dependent plants — acidophiles (8.7%) and
subacidophiles (13.6%), specific soil conditions
have been created (artificial substrate with peat
dominance), plants of these groups need constant
monitoring of the soil pH level.

The dominance of the mesotrophic group in
the dendroflora composition (69.9%) is consist-
ent with the existing soils with average trophic
content. The carbonate content in the park’s soils
fully meets the needs of acarbonatophilic plants
(47.6%). Nitrophiles predominate in soil nitrogen
(45.6%) — plants are typical for soils sufficiently
provided with mineral nitrogen, but a significant
proportion of geminitrophiles (36.9%) and sub-
anitrophiles (17.5%) indicates tolerance to soils
with a low content of nitrogen compounds, which
will positively affect the stability of the plant
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group. Further study of the viability and mecha-
nisms of plant adaptation to changing conditions
of the “Nova Sofiyivka” park’s environmental
habitat as an object of intensive recreation during
the period of climate change will reveal the mech-
anisms of regulating the balance in the human-
plant-soil system. Detailed research is required
to investigate changes in the mechanical and bi-
ochemical composition of soils depending on the
age structure of the dendroflora and the stage of

Porokhniava et al.
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Anoranig. KoHdmikt MiX morpe6amMyu pOCIMH Ta €KOJOTiYHMMM XapaKTepucTMKamyu enadoTorry
6esrocepeHbO BIUIMBAE HA €CTETUKY JaHAMadTy. Y 3B’13Ky 3 UMM JOCTIKEHO BiIMOBiAHICTb MOTPE6
IepeBHMX POCIMH enmadiuyHMM ymoBaM. MeTa OOCTimKeHHS Tepenbavasia BU3HAUeHHS enadivuHoi
CK/IaIoBOI  eKOJIOoTiuHOi CTPyKTypu neHapodmaopu mapky «Hosa CodiiBka» AJiT MPOrHO3YBaHHS
MOTEHIIiIHOT KUTTE3TATHOCTI POCIMHHOTO YrpymyBaHHA. Y POGOTi 3acTOCOBAHO OMMCOBMIA,
CTAaTUCTUYHUIT Ta TIOPiBHSVIBHMIT MeTOAU HOCTimkeHHS. Omuc maeHApodIopu TapKy BUKOHAHO
3TigHO iHCTPYKIIii 3 iHBeHTapm3alii 3eeHMX HacapkeHb Y HaceJeHUX IMyHKTaxX YKpainu. BumoBuit
CKJIa[ BM3HAUEHO 3a JOMOMOTOI0 BU3HAUHMKIB POCAMH, aKTyaJbHICTh BUIOBUX HA3B Y3TOIKEHO
BiIMOBimHO M0 cydacHoi mixkHapomHoi kiacudikaiii. Ekonoriuanit ananis meHapodaopyu BMKOHAHO
Ha OCHOBi eKOJIOTiUHMX IIKaJ, Y SIKMX POCIMHM OGY/I0 PO3MiJeHO Ha 7 eKOrpyIl 3aJeKHO Bil pekumy
3BOJIOKEHHSI I'PYHTY, MiHJIMBOCTi 3BOJIOKEHHSI, aepailii, KMCJIOTHOCTI, 3aTaJbHOTO CObOBOTO PEXMUMY,
BMicTy Kap6oHaTiB Ta a3oTy. Y meHapodsopi mapky 3a BUGATUBICTIO 10 PEKMUMY 3BOJIOXKEHHSI IPYHTY
nmepeBakaloTb Me30(iTu, 3a MiHIUBICTIO — TeMiriApoKOHTpacToPoOM, 32 MOBITPSIHUM PEKUMOM —
remiaepoo6u, 3a KUCIOTHICTIO — HeiTpodinm, 3a COTbOBMM PEKMMOM — Me30Tpodu, 3a BMiCTOM
KapOoHaTiB — akap6oHaTodinn, 3a BMicToM a3oty — HiTpodinn. O6CTeskeHHSI BUSIBUIO pallioHaTbHE
BUpIlIEHHS Mpo6ieMy 3a6e3TeveHHs BiAIIOBiTHMMM YMOBaMM I'PYHTOBOTO 3BOJIOKEHHSI POCINMH, IO
HaJIeskaTh 10 eKOTPYII TilpOKOHTpacTodo6iB, rirpomesoditiB Ta rirpoditis. 1151 3a10BONEHHS TOTPe6
ekorpyn cybanumodinis ta auumodinaiB y HM3bKil KMCIOTHOCTI I'PYHTY Iepe[ MOCagKoI0 POCIMH G0
3aCTOCOBAHO 3aMiHy KOPEHEeBMiCHOTO Iapy I'PyHTY Ha Topdocymim 3 BimmoBimuum pH. IIpakTuyHa
LiHHICTh OTPUMAHMX PE3YJIbTATiB TOJSITAE Y MOXIMBOCTI iX BMKOpPUCTaHHS (axiBIsIMM Cal0BO-
MapKOBOTO rOCIOAaPCTBA /IS OIITUMIi3allii MocafoK 3 BpaxyBaHHIM efadidHIX YMOB, 1[0 BIUIMBAIOThH Ha
MiABUIIEHHS CTi/IKOCTi POCVH Ta 3MEHIIYIOTh iIHTEHCUBHICTD TOMISIY 32 HACAI3KEeHHSIMM, aJisKe POCTVHYI
IS SIKVIX TTiAi6paHi Miclist TOCafKy 3 BpaxyBaHHSIM iX eKOJIOTiYHMX MOTPe6 GiIbIll JKUTTEBI Ta JOBTOBiUHi
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