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Biogenic pollution of the Unava River waterbody
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Abstract. Biogenic pollution of Ukraine’s waterbodies is a systemic issue requiring continuous
monitoring due to its impact on water quality and its role in driving anthropogenic eutrophication.
This study aimed to assess the Unava River waterbody to determine the level of biogenic pollution and
identify the predominant contamination type (nitrogen- or phosphorus-based). The findings indicate
that the concentration of biogenic substances in the Unava River affects water quality,depending on its
intended use and the functioning of the aquatic biota (aquatic ecosystem). Specifically, nitrite nitrogen
concentrations (0.006-0.306 mgN/dm?in 2022; 0.006-0.051 mgN/dm?in 2024) are critical for the aquatic
ecosystem. Ammonium nitrogen levels impact recreational and domestic uses (1.21-1.83 mgNH,'/dm?
in 2022; 1.16-5.88 mgNH,’/dm*® in 2024) as well as drinking water supply and the aquatic ecosystem
as a whole (0.814-6.84 mgN/dm?® in 2022; 0.3644.56 mgN/dm? in 2024). Phosphorus concentrations
also influence the aquatic ecosystem (0.062-0.196 mgP/dm*® in 2022; 0.333-0.597 mgP/dm?
in 2024). Calculations of the degree of correlation between the variables revealed a negative (inverse)
correlation between air temperature and phosphate levels (r=-0.07), nitrate nitrogen (r=-0.69), and
nitrite nitrogen (r=-0.10). Conversely, a positive correlation was observed between water temperature
and mineral nitrogen (rNH,"=0.38; rNO,~=0.79; rNO, = 0.46) as well as phosphorus (PO =0.52).
Calculations based on the Redfield Ratio (RR) demonstrated that in 2022 (RR=29.42-108.64), mineral
phosphorus ions were the limiting biogenic substance, while mineral nitrogen ions were in excess,
leading to predominant nitrogen pollution, potentially promoting the growth of green algae. In 2024
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(RR=6.32-18.71), mineral nitrogen ions became the limiting factor, whereas phosphorus ions were in
excess under these conditions, resulting in predominant phosphorus pollution, which could facilitate

the proliferation of cyanobacteria
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Introduction

According to research by L.V. Voitenko (2019), the
primary substances contributing to biogenic pol-
lution are phosphorus compounds (phosphate
ions) and mineral nitrogen (ammonium ions, ni-
trate ions, and nitrite ions). In line with the Res-
olution of the Cabinet of Ministers of Ukraine
No. 1134-r (2022), leading up to 2050, nitrogen
and phosphorus compounds, along with other
pollutants, are recognised as key components of
both point-source and diffuse pollution in sur-
face waters. Research conducted by V. Strokal et
al. (2023) indicated that in Ukraine, phosphorus
pollution is largely attributed (up to 80%) to
point sources. These include the discharge of un-
treated or inadequately treated wastewater from
municipal and industrial facilities, as well as the
presence of cesspits in private households lack-
ing centralised water supply and sewage systems.
Conversely, diffuse sources, particularly agricul-
tural activities, account for up to 80% of nitro-
gen pollution in surface waters. These activities
involve the introduction of nitrogen compounds
into waterbodies through water and wind erosion
due to the ploughing of riparian zones, the pres-
ence of cultivated agricultural fields near water-
bodies, uncontrolled storage of organic fertilisers
on farms, and the application of organic and min-
eral fertilisers for plant nutrition. ALl of the afore-
mentioned pollution sources have a detrimental
effect on the quality of aquatic ecosystems. This,
in turn, leads to biogenic pollution of waterbod-
ies and, potentially, to accelerated eutrophication
processes. Therefore, it is essential to monitor
the quality of surface waterbodies to identify key
pollution indicators and minimise their impact on
aquatic ecosystems.

Researchers V.S. Kapsalis & I.K. Kalavrouzio-
tis (2021) have highlighted that eutrophication,

driven by high concentrations of nutrients in
water, is a global issue that must be addressed
in all strategies for conserving river ecosystems.
M. Devlin & J. Brodie (2023) investigated the
input of biogenic substances into river water-
bodies. Their research identified nitrogen and
phosphorus compounds as the main biogen-
ic substances entering surface waters through
both diffuse (river discharges with fertiliser
losses from fields, terrestrial runoff) and point
sources (wastewater treatment plant discharg-
es). The researchers emphasised in their studies
that these substances have a destructive impact
on the entire aquatic ecosystem.

The research of |. Micella et al. (2024) asserts
that agriculture and urbanisation are the two pri-
mary sources of nutrients (nitrogen, phosphorus),
chemical,macro-and microplastic pollution in nat-
ural waters. The authors noted that biogenic sub-
stances (nutrients) from agricultural activities fre-
quently enter rivers through runoff from fertilised
fields and via wastewater from treatment plants.

This study aimed to assess the Unava River
waterbody to determine the level of biogenic pol-
lution and to establish the ratio of phosphates to
nitrates, thereby identifying the limiting nutrient
and predicting the dominant type of pollution.

To achieve this aim, the study pursued the
following objectives:

» evaluate the water quality of the Unava
River to determine the level of biogenic pollution
based on phosphate ion concentrations and min-
eral nitrogen levels (@ammonium ions, nitrate ions,
and nitrite ions);

» establish the correlation between chang-
es in meteorological parameters (air and water
temperature at the time of water sampling) and
biogenic substance concentrations;
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» determine the limiting biogenic substance
using the Redfield Ratio (RR) for the Unava River
ecosystem and, based on the obtained data, sub-
stantiate anthropogenic eutrophication of the
Unava River waterbody.

The scientific novelty of the results lies in the
fact that this is the first comparative assessment
of the Unava River waterbody’s quality at the
point of established biogenic pollution. This in-
cludes the identification of the limiting biogenic
substance using the stoichiometric Redfield Ratio.

Materials and Methods
Ecological investigations were conducted during
2022 and 2024. Water samples from the Unava
River waterbody were collected in September
2022 and early November 2024. Water sam-
pling was carried out following DSTU ISO 5667-
6:2009 (2009). Each observation point included
three water sampling locations. Sampling began
at the river’s mouth (1% observation point) and
concluded at the point where the Unava Riv-
er flows into the Irpin River (10th observation
point). In total, there were 10 observation points,
three of which encompassed reservoirs on the
Unava River (Table 1, Fig. 1).

Strokal & Hats

The Unava River aquatic ecosystem is a
transformed hydro-ecosystem, altered by inten-
sive agricultural development and urbanisation.
The Unava River is located within the Kyiv and
Zhytomyr regions of Ukraine. Approximately
80% of its riparian zone consists of arable land
and private garden plots. Three reservoirs are
situated along the Unava River (Popilnia pond
farm), serving recreational needs and sport
fishing. One reservoir is located within the city
of Fastiv (Kyiv Region) and is used for domestic
water supply, sport fishing, and recreation. Ad-
ditionally, grain elevators and livestock stables
are present in the riparian zones. The river is
notably marshy, with shrubs and diverse vege-
tation along its banks (Ministry of Environmen-
tal..., 2021).

The assessment of the Unava River’s water
quality, to determine the level of biogenic pollu-
tion based on phosphate ion concentrations and
mineral nitrogen levels (ammonium ions, nitrate
ions, and nitrite ions), was conducted by com-
paring the actual biogenic substance concentra-
tions from 2022 and 2024 with the regulatory
(optimal) values for these indicators across dif-
ferent water use categories (Tables 2-3).

Table 1. Characteristics of observation points on the Unava River waterbody

Point

Location

1 Horodyshche Village, Andrushivska District, Zhytomyr Region

River mouth

Velyki Lisivtsi Village, Popilnia District, Zhytomyr Region

Kvitneve Village, Popilnia District, Zhytomyr Region (Unava River reservoir)

Yerchyky Village, Zhytomyr District, Zhytomyr Region (Unava River reservoir)

Koshliaky Village, Popilnia District, Zhytomyr Region

Pivni Village, Fastiv District, Kyiv Region

N|ojga | b~ | w|N

Volytsia Village, Fastiv District, Kyiv Region

8 Fastiv City, Kyiv Region
Fastiv Reservoir on the Unava River

9 Between Mala Ofirna and Velyka Ofirna villages

Vasylkiv District, Kyiv Region. Towards the Pereviz Village, between Chornohorodka and Dzvinkove

10 villages
Unava River flows into the Irpin River

Source: compiled by the authors based on the conducted research
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Figure 1. Projection of observation and water sampling points,

including key anthropogenic sources impacting the Unava River aquatic ecosystem
Source: compiled by the authors based on the conducted research

Table 2. Regulatory (optimal) values of key biogenic substances for potable
and recreational water use, as well as for fishery waterbodies

Regulatory (optimal) values for water use from rivers

For
fishery . } ) . .
water For waterbodies used for potable (centralised/decentralised supply), domestic, recreational,
. bodies and other public needs
= (FWB)**
£ Ministry of Health
£ of Ukraine dated  SOU 05.01-37- . .
> Sou 02 May 2022 3852006 DSTU 7525:2014 DSTU 4808:2007
E No. 721
o 2 = 5 Centralised water supply
] a > O~ 9] ] = -
= = S g 5 = g Water quality classes
= o 5 © @ 2% = he] = 5
= ! = ®E oc = o = o2 9= = > 9
E > c 0% © o = £¢ = 22 2% s 3 S ©
=} S =} %S S% =} <3 =} =3 @3 = ] S ,0 @
o) 55 OO0 =& cn 50 < o > & T %
5 9T 83 = £ g 5 3 1 "& g
S £ of 5 S ¢ R T - A
|'E L a — 72—
_ mgP/ mgPO,*/ mgrP0,*/ mgPO >/ mgP/ 03- 0.6
Phosphates -P0,> 07 <05 M9 T 35 35 MIT 35 MUY a5 o+ TV w03 DY 0% 10
Ammonium mgN/ mgNH,*/ mgNH,’/ 0.5~ mgNH,’/ 0.5- = mgN/ = 0.05- 0.51-
nitogen -NH,  dm® 'O gm'’ 20 20 yn'" 9% gm 26 ° dm " o050 200 200
Nitrate nitrogen - mgN/ mgNO,~/ mgNO,~/ mgNO,”/ mgN/ 50- 7.1
NO.- qoe <20 M9’ 450 450 MYTe’ <500 Te’ <500 <50 PN <50 100 >100
Nitrite nitrogen = mgN/ mgNO,~/ mgNO,~/ mgNO,"/ < mgN/ 0.05- 0.51-
0, dm? <0.1 dm? 33 33 am? <0.5 dm? <0.5 002 dm? <0.05 050 1.00 >1.00

Note: First category — centralised and decentralised potable water supply; Second category — water used for
domestic needs, health resorts, recreation, and sports; LP (Limitedly potable) — water of limited suitability for
use; * — indicates that the parameter should be absent in water; **FWB - fishery water body
Source: developed by the authors based on regulatory data SOU 05.01-37-385:2006 (2006), DSTU 4808:2007
(2007), Order of the Ministry of Health of Ukraine No. 400 (2010), DSTU 7525:2014 (2014), Order of the Ministry
of Health of Ukraine No. 721 (2022)
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Table 3. Regulatory (optimal) values for key biogenic substances
for waterbody assessment (surface waters)

Methodology for ecological assessment of surface water quality by relevant categories, Approved by the
Ministry of Environmental Protection No. 44 order dated 31 January

Ecological classification of surface water quality

Water quality
indicator

Quality

‘ class | I 1] I\ \
Unit Qualit
uality
category 2 3 4 5 6 7
Phosphates - 3 0.015- . . . 0.201-
PO, mgP/dm <0.015 0.030 0.031-0.05  0.051-0.10  0.101-0.20 0.300 >0.30
Ammonium 3 -~ . N R -
nitrogen — NH,* mgN/dm <0.1 0.10-0.20 0.21-0.30 0.31-0.50 0.51-1.00 1.01-2.50 >2.50
Nitrate 3 " . N R -
nitrogen - NO,~ mgN/dm <0.20 0.20-0.30 0.31-0.50 0.51-0.70 0.71-1.00 1.00-2.50 >2.50
Nitrite
nitrogen ~ NO,” mgN/dm? <0.002 0.0020.005 0.0060.01 0.011-0.02  0.021-0.05 0.051-0.10 >0.10
Quality class  Excellent  Very good Good Satisfactory =~ Moderate Poor Very poor
. Slightly Moderately ] Highly
Very clean Clean Fairly clean poliuted polluted Dirty poliuted

Characteristics of water
quality classes and categories
Quality category
General information

The waterbody is xeno- or oligo-
saprobic. A diverse range of organisms
inhabit the water, but their numbers are
low (e.g., Vorticella, Daphnia longispina,

diatom alga Synedra). Eutrophication
processes are practically absent

The waterbody is
mesosaprobic. Contains
numerous planktonic
organisms that mineralise
organic matter. Green and

diatom algae may develop.

The waterbody is
polysaprobic. Inhabited
by numerous colourless

flagellates, fungi
(Sewage fungus), certain

ciliates, saprobacteria,
filamentous bacteria
(Sphaerotilus), and

others. Eutrophication
processes are intensified
and highly active.

Source: developed by the authors based on the established methodology by V.D. Romanenko et al. (1998),

V.P. Strokal & A.V. Kurovska (2024)

Given the presence of reservoirs on the Un-
ava River, the optimal water quality values for
fishing (fishery water bodies) and recreation (cul-
tural-domestic and recreational needs) were con-
sidered. Furthermore, the city of Fastiv, located on
the Unava River, relies on a reservoir within its
boundaries for its water supply. Therefore, regula-
tory water quality values for potable and domes-
tic needs were also taken into account. Historical-
ly, the Unava River waterbody was used for crop
irrigation. During field sampling trips, irrigation
channels were observed, now completely over-
grown with shrubs and various vegetation. Due
to active agricultural practices and the ploughing
of riparian zones, the Unava River has become a
low-flow river with sections containing minimal
water. Consequently, optimal water quality values
for irrigation were not included in this study. For
fishery water bodies, the regulatory (optimal) val-
ues for the carp family were applied, as they are
prevalent in the Unava River reservoirs.

The correlation between meteorological var-
iables (air and water temperature at the time of
water sampling) and biogenic substance concen-
trations was established by calculating the linear
correlation coefficient (r). The degree of correla-
tion can range from -1 to +1. A positive (direct)
correlation indicates that high values of one
variable correspond to high values of another; a
negative (inverse) correlation indicates that high
values of one variable correspond to low values
of another. The general classification indicates
that a correlation is strong (or close) when r20.7;
moderate when 0.5 € r £ 0.7; moderate when
0.3<r<0.5; weak when 0.2<r<0.3; and very weak
when r<0.2 (Strokal & Kurovska, 2024).

The limiting biogenic substance was deter-
mined using the stoichiometric Redfield Ratio
(RR) for the Unava River ecosystem, based on the
analysed data from the first objective. The Red-
field Ratio (RR) allowed for tracking the balance
of nitrates and phosphates in the river’s surface
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waters (Rudenko & Dzenzerska, 2015; Bedun-
kova & Kaletnik, 2017). It also indicated the
degree of limitation of phytoplankton produc-
tion processes (Voitenko, 2019) and the excess
or deficiency of nitrogen or phosphorus in the
waterbody (Bedunkova & Kaletnik, 2017). Given
that visible eutrophication processes were ob-
served in the studied river during field trips, the
application of the Redfield Ratio (RR) is particu-
larly relevant. It allowed for the determination
of the limiting factor influencing anthropogenic
eutrophication in the Unava River waterbody. It
is important to note that mineral forms of nitro-
gen (@ammonium ions - NH", nitrate ions - NO,,
nitrite ions - NO,") and phosphorus in the water
were used for the RR calculation.

The stoichiometric Redfield Ratio (RR) was
determined using the following formula (Voiten-
ko, 2019):

RR_(N/P)=1.53*((1.35*[NO, ] +
+[NO;]+3.44*[NH,")/[PO,*]), 1)

where the ion concentrations are expressed in
ug/dm?. If RR . (N/P) > 16, the limitation of phy-
toplankton primary production can be attributed
to mineral phosphorus (meaning that mineral
phosphorus ions are the limiting biogenic sub-
stance, and mineral nitrogen ions are in excess,
indicating a dominance of nitrogen pollution
in the waterbody). Conversely, if RR (N/P) <16,
the limitation is attributed to nitrogen (meaning
that mineral nitrogen ions are the limiting bio-
genic substance, phosphorus ions are in excess,
and consequently, phosphorus pollution is the
dominant factor).

Results
The hydrological regime of the river is deteri-
orating annually due to anthropogenic impacts,
which have led to the transport of erosion prod-
ucts (along with biogenic substances - nutri-
ents) into the waterbody. This is compounded by
the effects of climate change, resulting in river
shallowing, and the impact of war, which has

introduced higher concentrations of toxic sub-
stances into the waterbody.

The assessment of the Unava River water-
body’s quality for recreational and domestic wa-
ter supply needs was conducted by considering
the concentration of water quality indicators
(biogenic substances) in mgPO/dm>, mgNO/dm?,
or mgNH/dm?®. For other uses and types of wa-
ter consumption, such as fisheries and potable
water, as well as for assessing the aquatic eco-
system itself, the comparison of water quality
indicator concentrations (biogenic substances)
with optimal values was performed in mgP/dm?
or mgN/dm?®. This is due to the units of meas-
urement used in the regulatory standards (Ta-
bles 2-3).

It is crucial to understand the pathways
through which biogenic (nutrient) substances
enter waterbodies. Phosphorus and nitrogen
ions can enter waterbodies via rainfall runoff
through storm sewer systems and discharges of
municipal and industrial wastewater (Tyagniy et
al., 2022). Generally, the concentration of pol-
lutants in rainfall runoff depends on the time
elapsed since the last rainfall. The longer the
period without rain, the more dust, debris, and
associated pollutants accumulate on streets and
pavements, which are then washed into the river
during rainfall (Stepova et al., 2022). The biogen-
ic salt content of nitrogen and phosphorus in
rainwater is approximately 5-6 mg/dm? and 0.7-
1.2 mg/dm?3, respectively. Domestic wastewater
contains about 50% of its nitrogen in the ammo-
nium form, 30% as organic compounds, and 20%
as nitrates and nitrites (Stepova et al., 2022).

Based on analytical studies of phosphate
ion concentrations in the Unava River water, it
was determined that their concentration in 2022
was lower than that in the 2024 water samples
(Figs. 2a, 2b). Water samples were collected dur-
ing the autumn period in both years. It should
be noted that, particularly in spring and autumn,
silty deposits in waterbodies can release an av-
erage of 27 mg/m? of ammonium and 0.7 mg/m?
of phosphorus per day (Pichura, 2021).
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Figure 2. Weighted average concentrations of phosphate ions for 2022 and 2024

(n=3 at each observation point) compared to the optimal PO,* concentration values for use
Note: a - for recreational and domestic needs; b - for fishery needs, drinking needs, and the aquatic ecosystem
Source: developed by the authors based on their own analytical research results

Comparing the obtained phosphate ion con-
centrations in the Unava River water with optimal
values for various uses reveals that, for recrea-
tional and domestic needs, the PO’ concentra-
tion in the water was within the normal range in
both 2022 and 2024 (Fig. 2a). However, for fish-
eries (Figure 2b), the PO concentration in the
water increased in 2024 by 15-35% (depending
on the points), and consequently, in some obser-
vation points, the POj’ concentration exceeds

the optimal values (observation points No. 5-6, 8).

When assessing the Unava River ecosystem as
a whole, the PO concentration at all observa-
tion points in 2022 and 2024 was outside the
optimal range (the actual concentration ranged

from 0.075 to 0.597 mgP/dm?). This indicates that
according to the methodology (Romanenko et
al., 1998), the aquatic ecosystem corresponds to
quality class 3 (2022) - satisfactory quality, and
quality classes 4-5 (2024) - poor and very poor
water quality. For drinking water needs, all ob-
servation points in 2024 had phosphate ion
concentrations exceeding the normal range,
compared to the phosphate ion content in 2022
(Fig. 2b). This situation could be caused by var-
ious anthropogenic factors (point and diffuse
sources) in the Unava River basin, including the
input of biogenic substances by rainwater, along
with the transport of these biogenic substances
from ploughed agricultural areas (diffuse input)
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located directly on the riverbank. Also, at obser-
vation point 8, an important factor is both storm
runoff (diffuse input) and wastewater from mu-
nicipal and domestic facilities in the Fastiv area

mgNO;/L
3

Nitrate nitrogen, mgNO3-/L

2.5

(point input).

The situation regarding nitrate ion concen-
trations in the studied water is less critical than
that of phosphate ions (Fig. 3).
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===2024 0.100 0.088 0.207 0.212 0.226 0.276 0.313 0.326 0.448 0.508
Linear (2024)

2024 ceeeeenen Linear (2022)

y =0.0199x + 0.0945
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for use)
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<0.20 mgN/L - 1 water quality class (excellent)
0.20-0.50 mgN/L - 2 water quality class (good)
0.51-1.0 mgN/L - 3 water quality class (satisfactory)
1.0-2.5mgN/L - 4 water quality class (bad)
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9 10

b Averaae concentrations at the monitorina stations

Figure 3. Weighted average concentrations of nitrate ions for 2022 and 2024

(n=3 at each observation point) compared to the optimal NO,™ concentration values for use
Note: a - for recreational and domestic needs; b - for fishery needs, drinking needs, and the aquatic ecosystem
Source: developed by the authors based on their own analytical research results

The Unava River exhibits optimal values for
recreational (Fig.3a),domestic,and drinking water
needs (Fig. 3b), as well as for fishery water bodies
(for the carp family, Fig. 3b), with actual water con-
centrations ranging from 0.018 to 0.4 mgN/dm?
in 2022 and 0.08 to 0.5 mgN/dm? in 2024. When
assessing the aquatic ecosystem according to the
methodology (Romanenko et al., 1998), obser-
vation points 3-7 (in 2022) and 3-10 (in 2024)
show elevated nitrate ion concentrations in the

studied water. Accordingly, on average, the wa-
terbody corresponds to quality class 2 (good) in
2022 and class 3 (satisfactory) in 2024. A trend
of increasing nitrate ion concentrations in the
Unava River is observed along the observation
points. This indicates a correlation between the
distance from the river’s mouth (point 1), where
nitrate ion concentrations are within optimal con-
ditions for the entire aquatic ecosystem and vari-
ous water use needs (observation points 1-3),and
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an increase towards point 7 (Volytsia Village ) in ~ for 2024 (0.06-0.051 mgN/dm?® with a standard of
2022, and towards point 10 (confluence with the 0.1 mgN/dm3) and within acceptable ranges for
Irpin River) in 2024. This situation is indicative ~ 2022(0.001-0.306 withastandard of 0.1 mgN/dm?).
of active agricultural activity in the Unava River ~ For drinking water needs (Fig. 4b), the water
basin, particularly in the areas of these observa-  quality at the studied observation points cor-
tion points. It is also worth noting that elevated responded to quality class 1 (2024) and qual-
nitrate ion concentrations indicate pollution that ity class 2 (2022). The Unava River waterbody’s
occurred in past years or seasons. quality, according to the methodology (Roma-

Elevated concentrations of nitrite and ammo-  nenko et al., 1998), was also assessed as quali-
nium ions indicate nitrogen pollution caused by  ty class 2-3 (2024) and quality class 4-5 (2022).
recent anthropogenic factors. Based on the ana- A trend of decreasing actual nitrite ion (NO,")
lytical results, the actual concentration of nitrite  concentrations is observed in 2024 compared
ions (NO,") in the studied water at the observation  to 2022 (by 25-40%). It is important to consider
points (Fig.4a) is within optimal ranges forrecrea-  that these indicators may have been influenced
tional and domestic needs (0.01-1.01 mgNO,”/dm*® by temperature conditions (which were lower in
with a standard of 3.3 mgNO,”/dm?). For fisher- 2024 than in 2022 during water sampling) and
ies (Fig. 4b), the results are within optimal ranges  the presence of precipitation.
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Figure 4. Weighted average concentrations of nitrite ions for 2022

and 2024 (n=3 at each observation point) compared to the optimal NO,~ concentration values for use
Note: a - for recreational and domestic needs; b - for fishery needs, drinking needs, and the aquatic ecosystem
Source: developed by the authors based on their own analytical research results
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The concentration of ammonium nitrogen
(NH,") (Fig. 5) in the water samples from 2022 and
2024 revealed the following situation:

» for recreational and domestic needs
(Fig. 5a) - in 2024, the Unava River exhibit-
ed elevated ammonium nitrogen concentra-
tions exceeding the standard at points 4-5 and
8-9 (2.215.88 mgNH,’/dm* with a standard of
2.0 mgNH,’/dm?). In 2022, exceedances were ob-
served at points 28 (2.06-8.83 mgNH,’/dm?® with
a standard of 2.0 mgNH,’/dm?). The concentration
of this indicator was lower in 2024 (25-30% low-
er) compared to the 2022 studies;

» for fishery water bodies (Fig. 5b) - The Un-
ava River at all observation points (except point
1 - the river mouth) was characterised by elevat-

mgNH,*/L
12

Ammonium nitrogen, mgNH4+/L

10

ed ammonium nitrogen (NH,’) concentrations, in-
dicating pollution at the time of water sampling
and creating unfavourable conditions for aqua-
culture development;

» for drinking water needs (Fig. 5b) - The
waterbody is of limited suitability for consump-
tion, as the indicator concentration exceeds the
first quality class. Specifically, in 2024, it ranged
from 0.9 to 4.5 mgN/dm?,and in 2022, from 0.9 to
6.8 mgN/dm?, with a standard of 0.05 mgN/dm?3.
Water with an NH," concentration > 2.0 mgN/dm3
is considered unsuitable;

» assessing the aquatic ecosystem based on
this indicator (Fig. 5b), it can be characterised as
belonging to quality classes 4-5 (poor and very
poor) for both 2022 and 2024.
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Figure 5. Weighted average ammonium nitrogen (NH,’) concentrations for 2022

and 2024 (n=3 at each observation point) compared to the optimal NH," concentration values for use
Note: a - for recreational and domestic needs; b - for fishery needs, drinking needs, and the aquatic ecosystem
Source: developed by the author based on their own analytical research results
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Thus, based on the assessment of biogen-
ic substance content in the waterbody, it can be
concluded that nitrite ion and ammonium ion
concentrations have the greatest impact on the
aquatic ecosystem. These substances indicate
pollution that occurred shortly before the water
sampling period. Phosphorus loading, according
to the research results, negatively affects the wa-
ter quality of the Unava River, particularly for the
aquatic ecosystem, while its concentration in the
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studied water is optimal for recreational, domes-
tic, and drinking needs.

During the 2024 research, a correlation be-
tween changes in meteorological parameters
(water and air temperature measured at the time
of water sampling at the observation points) and
biogenic substances was established (Tables 4
and 5).This allowed for confirming the hypothesis
that biogenic substance concentrations are sig-
nificantly dependent on temperature conditions.

Table 4. Initial data for calculating the correlation dependency

Indicator/

Concentration of biogenic substances in the studied water

Point Phosphates, = Ammonium nitrogen, Nitrate nitrogen, Nitrite nitrogen, tr C tyaew C
mgPO0 */dm? mgNH '/dm? mgNO_”dm? mgNO,"/dm?
1 1.02 1.16 0.443 0.019 6.0 11.4
2 1.01 117 0.388 0.019 6.0 104
3 0.98 1.62 0.918 0.028 7.0 10.8
4 1.42 2.21 0.938 0.051 6.0 10.9
5 1.6 2.81 1.001 0.061 6.0 11.6
6 1.67 1.46 1.223 0.168 6.0 121
7 1.42 1.74 1.385 0.145 6.0 12.0
8 1.83 5.88 1.444 0.147 6.0 13.9
9 1.18 3.21 1.983 0.098 5.0 12.2
10 1.25 0.47 2.246 0.037 5.0 14.0

Source: developed by the authors based on their own analytical research results

Table 5. Dependency of biogenic substances in the water on air and water temperature

Coefficient
of linear
Indicator correlation r Justification
tAil‘ °C tWatel’ °C

Phosphates, mgP0,*/dm? -0.07  0.52 Medium correlation witht, . inverse correlation with t,,
Ammonium nitrogen, mgNH,’/dm?®  0.01 0.38 Weak correlation witht,_ _; very weak correlation with t,
Nitrate nitrogen, mgNO,~/dm? -0.69  0.79 Strong correlation with t, . inverse correlation with t,
Nitrite nitrogen, mgNO,”/dm? -0.10  0.46 Medium correlation witht,__;inverse correlation witht,

Source: developed by the authors based on their own analytical research results

The correlation between meteorological var-
iables (air and water temperature at the time of
water sampling) and biogenic substances was
established by calculating the linear correlation
coefficient (r). Calculations revealed a negative
(inverse) correlation between air temperature and
phosphate, nitrate nitrogen, and nitrite nitrogen

levels. Conversely, a positive correlation was
found between water temperature and all biogen-
ic indicators. The inverse (negative) correlation
may be attributed to the intensification of various
microbiological processes during temperature in-
creases or decreases. The direct (positive) correla-
tion with water temperature is justified because

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 1



Biogenic pollution of the Unava River waterbody

elevated water temperatures stimulate microbio-
logical processes within the waterbody, which can
significantly influence nitrogen and phosphorus
concentrations. This is particularly evident in the
nitrate nitrogen indicator, which exhibits a strong
correlation with water temperature (Table 5).

:TO The ratio of mineral forms of nitrogen and phosphorus ions - Redfield Ratio (RR)
=2022%2024
120

100

60
0
40 N
RR>16 - Phosphorus is limiting, there
20 is an excess of nitrogen
RR<16 - nitrogen is limiting, there is
| ] . | . | || i ' m an excess of phosphorus
1 2 3 4 5 6 7 8 9 10

Based on the objectives outlined above, the
stoichiometric Redfield Ratio (RR) for the Unava
River ecosystem was calculated (Fig. 6) to deter-
mine the limiting factor, which demonstrates the
dominant type of pollution (mineral phosphorus
or mineral nitrogen).

Determining the atomic Redfield Ratio

(RR)byN& P
RR

Possible growth of green algae
T (RR more than 30)
3 o—
D i
1 - —o
5 Possible growth of blue-green algae
(RR less than 15)

Minimal blue-green algae
growth (RR=15-30)

0
=2022 3738 2779 3996 10256 10864 5835 3637 60.65 2942  48.87 Eprevails ) phosphorus pollution
#2024 692 693 1060 9.63 1062 632 864 1871 1796 575 tprevails nitrogen pollution

Spatial dynamics in the results of the Redfield Ratio at the monitoring stations

Figure 6. Calculation of the stoichiometric Redfield Ratio (RR) based on nitrogen

and phosphorus ion forms in the Unava River, showing the changes across the 2022 and 2024 study period
Source: developed by the authors based on their own analytical research results

According to the calculated RR, the dominant
type of pollution in 2022 was nitrogen. As the RR
during this period ranged from 29.42 to 108.64,
this indicated that mineral phosphorus ions were
the limiting biogenic substance, while mineral ni-
trogen ions were in excess. This signifies that ni-
trogen pollution was dominant in the waterbody,
potentially favouring the growth of green algae.

The 2024 results differ significantly. The RR
during this period ranged from 6.92 to 18.71, in-
dicating that mineral nitrogen was the limiting
factor, and phosphorus ions were in excess. Con-
sequently, this indicates a shift towards dominant
phosphorus pollution in the water. Under these
conditions, blue-green algae may proliferate in
the waterbody. This is consistent with the previ-
ously described analysis of biogenic substances.
In particular, based on the assessment of phos-
phate ions in the studied water, the waterbody
was classified as quality class 3 (satisfactory) in
2022 and quality class 5 (very poor) in 2024. This

indicates a substantial increase in phosphate ion
concentrations compared to 2022.

Therefore, anthropogenic eutrophication of
the Unava River waterbody has been actively oc-
curring and continues to do so.Biogenic substanc-
es play a significant role in intensifying these pro-
cesses, as evidenced by the biogenic substance
levels in the studied water for 2022 and 2024.

Overall, the Unava River is experiencing shal-
lowing in most of its length and is overgrown with
shrubs. There is a considerable amount of unau-
thorised waste along the riverbanks. Throughout
the Unava River basin, there are ploughed agri-
cultural lands, animal stables, and active fishing
in the Unava River reservoirs. There is also signifi-
cant siltation at the bottom of the Fastiv reservoir
(observation point 8).

Discussion
It is important to note that this study focuses on
biogenic pollution of the waterbody by nutrients,
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specifically mineral compounds of nitrogen and
phosphorus. The presence of these compounds
in high concentrations leads to reduced oxygen
saturation in the waterbody, the proliferation of
bluegreen algae, for which these nutrients are a
primary food source, and, as a final result in this
chain, the intensification of anthropogenic eu-
trophication processes. Consequently, anthropo-
genic eutrophication of waterbodies deteriorates
the ecological state of the waterbody itself, dis-
rupts selfregulation and self-restoration processes
within the aquatic ecosystem, leads to fish hypox-
ia, and worsens conditions for recreational needs.

The results of this study allow for the ex-
amination of biogenic pollution in surface wa-
terbodies (rivers) by establishing the dominant
type of pollution based on biogenic substances
(nitrogen, phosphorus) using the stoichiometric
Redfield Ratio. This is a key distinction from pre-
vious research by other authors. The use of this
approach enables the prediction of pollution
sources in waterbodies, both point and diffuse,
and provides a basis for assessing the degree of
their impact on the aquatic ecosystem. The sig-
nificance of studying point and diffuse pollution
sources in Ukrainian rivers is substantiated by the
research of V.P. Strokal & A.V. Kurovska (2024). In
their study, the authors elucidate the nature of
nitrate pollution in the Dnipro River basin and
demonstrate that nitrate pollution in rivers is
closely linked to both diffuse and point pollution
sources. The research of V.P. Strokal & A.V.Kurovs-
ka (2024) revealed that high concentrations of
nitrogen compounds (nitrite, nitrate, and ammo-
nium) in surface waters result from diffuse pollu-
tion. This type of pollution manifests through the
introduction of nitrogen ions into waterbodies
from ploughed agricultural fields (due to wind
and water erosion, soil runoff enriched with ni-
trogen ions enters the waterbody) and ploughed
riparian zones through the creation of addition-
al arable land (leading to the direct input of
nutrients from soils into waterbodies). A previ-
ous study by Strokal et al. (2023) confirms that
phosphorus compounds, entering waterbodies
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through wastewater discharges from municipal
and industrial facilities, constitute a significant
portion of point source pollution in surface wa-
ters (rivers). In this context, urbanisation acts as
the main pollution driver. Therefore, the current
study adopts the previously outlined pollution
types and predicts their occurrence in rivers.

Numerous scientific studies underscore the
importance of researching and assessing bio-
genic pollution in rivers. Scientists A.K. Tiwari &
D.B.Pal (2022) have demonstrated that the prima-
ry drivers of eutrophication in river systems are
high concentrations of biogenic substances (nu-
trients) in the water. Their research indicates that
along with the discharge of untreated industrial,
urban, and agricultural runoff into waterbodies,
large amounts of carbon, nitrogen, phosphorus,
and many other pollutants are introduced. They
also state that eutrophication is a natural process
that enhances the growth of aquatic plants, such
as algae, which in turn use excessive amounts of
inorganic nutrients like nitrogen and phosphorus
for their growth. The authors emphasised that
eutrophication resulting from increased algal
growth in a waterbody can lead to the formation
of so-called “dead zones”, the death of aquatic an-
imals, and the loss of the aquatic ecosystem.

The study of S. Bae & D. Seo (2021) analysed
the impact of hydrodynamic changes in a large
river on algal growth, which leads to eutrophica-
tion.They demonstrated that the response to algal
blooms in water depends on the season, and this
factor should be considered in research. The au-
thors of the current article agree with their view
that the season is an important factor in studying
eutrophication processes in waterbodies. Conse-
quently, the concentration of biogenic substances
in water will also vary depending on the season.
Temperature regimes (air and water temperature)
and the amount of precipitation received during
different seasons are key indicators that influence
the concentration of biogenic substances in wa-
ter. Therefore, one of the objectives of this article
was to determine the correlation between nitro-
gen and phosphorus concentrations and air and
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water temperature. Future research should in-
clude additional monitoring studies for each sea-
son to establish the dominant type of pollution
based on biogenic substances (nitrogen, phos-
phorus) in more detail, using the stoichiometric
Redfield Ratio, and to determine whether these
types differ depending on the season.

The scientific research of A. Ural-Janssen et
al. (2024) indicates that the export of nitrogen
(N) and phosphorus (P) compounds by rivers, as
key indicators of coastal water eutrophication in
Europe, will increase by 13-28% due to global
climate change and technological advancements.
Using the MARINA-Nutrients model, they calculat-
ed that to prevent future coastal eutrophication
in European waterbodies, it is necessary to reduce
nitrogen (N) compound inputs by up to 47% and
phosphorus (P) compound inputs by up to 77%.

The results of scientists A.K.Sahu et al. (2024)
confirmed that water resource pollution signifi-
cantly affects drinking water quality and access,
particularly for rural populations lacking cen-
tralised water supplies. They noted that, unlike
groundwater, surface water sources such as small
rivers, ponds, and lakes are most susceptible to el-
evated nutrient levels, which serve as food sourc-
es for eutrophic aquatic organisms (such as cyano-
bacteria). However, they argued that despite the
toxic effects of cyanobacteria in water, they play
a significant role as primary producers, nitrogen
fixers, and organisms with high nutritional val-
ue. Complete eradication of cyanobacteria could
disrupt the functioning of the aquatic ecosystem,
especially in small rivers and ponds. Therefore,
when researching small rivers (like the Unava
River), particular attention must be paid to deter-
mining biogenic substance concentrations in the
water and controlling eutrophication processes.

The research of E. Soana et al. (2024) indi-
cates that the problem of waterbody eutrophi-
cation results from the presence of significant
amounts of biogenic substances in the water and
requires continuous monitoring. The scientists
noted that all rivers worldwide suffer from ni-
trate pollution. Climate change exacerbates this

problem for rivers, creating unexpected ecolog-
ical consequences for aquatic ecosystems. This
study examined nitrogen and phosphorus export
in a seasonal pattern, along with correlations
with water temperature. The research showed
that despite the constant input of diffuse and
point sources, a noticeable decrease (-20%) in ni-
trogen export, primarily in the form of nitrates,
was recorded compared to the 1990s. However,
the study did not show significant changes in
phosphorus export. This indicates an increase in
the proportion of point sources in river pollution.

The scientific article of I. Micella et al. (2024)
confirmed that diffuse pollution sources contrib-
ute 95-100% of nitrogen (from agriculture) and
macroplastics (from improper waste manage-
ment), while point sources (wastewater) account
for 40-95% of phosphorus and microplastics in
global seas. Their research demonstrates river-
ine export of pollutants to seas, noting that the
discharge of untreated wastewater and improper
waste management are primary factors influenc-
ing the accumulation of biogenic substances in
river waters. Additionally, the study of I. Zahoor &
A. Mushtaq (2023) indicates that agricultural ac-
tivities release chemicals and nutrients, such as
phosphates and nitrates, into the water, leading
to nutrient and chemical pollution. Accordingly,
the authors emphasise the importance of con-
trolling diffuse pollution sources.

The current research partially aligns with
the studies of scientists V.I. Pichura & L.O. Po-
travka (2021), who assessed the ecological state
of the Dnipro River, considering biogenic sub-
stances. Their study highlighted that a pressing
issue for the Dnipro River cascade reservoirs is
the deterioration of water properties due to eu-
trophication, which causes biological pollution
of waterbodies, driven by the accumulation of
biogenic compounds in the water mass. These
scientists also examined other types of river
pollution. For instance, the problem of anthro-
pogenic pollution in the transboundary Siverskyi
Donets River is addressed in the article of E.V.Vo-
robiev et al. (2021). They examined this type of
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pollution based on the composition of inorganic
compounds (nitrates, nitrites, sulphates, chlorides,
phosphates). Their research results showed that
this type of river pollution occurs through both
natural and anthropogenic pathways. It was also
shown that nitrate pollution of the river occurs
outside Ukraine, i.e., it is transboundary, while
phosphate pollution occurs within Ukraine due to
mine water discharges from the mining industry.

Additionally, the current research partial-
ly coincides with the concept of O.. Stepova et
al. (2022), who analysed diffuse pollution by bi-
ogenic elements (phosphorus, nitrogen) in the
Vorskla River in Poltava. They analysed the main
sources of biogenic substances entering the Vor-
skla River, establishing that rainwater entering
the river contained elevated concentrations of
biogenic substances and caused river pollution.

Scientists are paying particular attention to
military activity as a source of pollution, which
significantly affects the contamination of envi-
ronmental components, including water resourc-
es. For example, the research of M. Matkivskyi &
T. Taras (2024) shows that as a result of military
actions in the Kharkiv Region, all rivers have high
concentrations of ammonium nitrogen (exceeding
the maximum permissible concentration (MPC) by
2 to 4 times) and correspondingly low levels of
dissolved oxygen in the water (below the opti-
mal level by 2 times). 0.0. Dmitrieva et al. (2023)
noted that military actions significantly intensify
anthropogenic eutrophication processes.

In researching biogenic pollution in the Un-
ava River, the ideas of the aforementioned scien-
tists were considered to substantiate the problem
of eutrophication and the pollution sources that
cause the appearance of biogenic substances in
the water. To establish the dominant type of pol-
lution source, the stoichiometric Redfield Ratio
method was used, which, in the authors’ view, is
appropriate and complements the aspects of as-
sessing rivers at the time of biogenic pollution in
waterbodies.

It is worth noting that in 2020, residents of
Fastiv appealed to the mayor of the Fastiv City
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Council, Kyiv Region, with a request to designate
the Unava River valley as an ecological disas-
ter zone (petition No. HOO.1495.8 dated 16 July
2020). However, they received a response from
the mayor stating that there were no grounds for
this decision. The residents of Fastiv were con-
cerned about the rapid shallowing of the river,
which was turning into a swamp, and they noted
that the river was becoming increasingly over-
grown with reeds and algae each year.

Within the framework of the Program for
Comprehensive Restoration of the Kyiv Region for
2023-2027, approved by the decision of the Kyiv
Regional Council on 17 October 2023, No. 726-
21-VIII, the Strategy for the Development of the
Kyiv Region for 2021-2027, approved by the deci-
sion of the Kyiv Regional Council on 19 December
2019, 2019, No. 789-32-VIl, was developed. As
part of this strategy, in 2023, the project “Cleaning
of the Channel, Restoration and Maintenance of
the Hydrological Regime and Sanitary Condition
of the Unava River” (project identifier DREAM-UA-
041223-9528D395) was developed. This project
aimed to restore the natural channel of the Unava
River by eliminating unauthorised obstructions,
clearing the channel from siltation, improving
the hydrobiological regime and rehabilitating the
river, and creating favourable conditions for the
existence of flora, fauna, ichthyofauna, and biodi-
versity. This project is currently in the implemen-
tation stage.

Conclusions
In this study, according to the first objective, it
was established that the concentration of bio-
genic substances (nutrients) in the Unava River
water affects water quality depending on its in-
tended use and the functioning of aquatic biota
(aquatic ecosystem). Specifically, nitrite nitrogen
concentrations (0.006-0.306 mgN/dm?® in 2022,
0.006-0.051 mgN/dm? in 2024, assessed as qual-
ity classes 3 to 5) are critical for the aquatic eco-
system; ammonium nitrogen concentrations are
critical for recreational and domestic needs (1.21-
1.83 mgNH,'/dm?® in 2022, 1.16-5.88 mgNH,'/dm?
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in 2024, with a standard of 2.0 mgNH,"/dm?), for
drinking water needs, and for the aquatic ecosys-
tem as a whole (0.814-6.84 mgN/dm? in 2022,
0.364-4.56 mgN/dm? in 2024, assessing the wa-
terbody as quality classes 3 and 4 for drinking
water, and quality classes 4-5 for the aquatic eco-
system); phosphorus concentrations are critical
for the aquatic ecosystem (0.062-0.196 mgP/dm?
in 2022,0.333-0.597 mgP/dm? in 2024, assessing
the waterbody as quality classes 2-3 in 2022 and
quality class 5 in 2024).

Based on the calculations of the correlation
degree between variables (second objective), a
negative (inverse) correlation was established be-
tween air temperature and phosphate (r=-0.07),
nitrate nitrogen (r=-0.69), and nitrite nitrogen
(r=-0.10) levels. Correspondingly, a positive cor-
relation was found between water temperature
and mineral nitrogen (rNH, = 0.38; rNO,” = 0.79;

(RR = 29.42-108.64), the limiting biogenic sub-
stance was mineral phosphorus ions, while
mineral nitrogen ions were in excess, indicating
dominant nitrogen pollution in the waterbody,
potentially leading to the growth of green algae.
In 2024 (RR=6.32-18.71), the limiting factor was
mineral nitrogen ions, and phosphorus ions were
in excess, indicating dominant phosphorus pollu-
tion in the water, potentially leading to the devel-
opment of blue-green algae.

Future research directions involve assessing
the water quality of the Unava River based on
heavy metal concentrations and general hydro-
chemical indicators, which will allow for a more
accurate conclusion regarding the ecological
state of the Unava River and determine its suita-
bility for specific water use needs.
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bioreHHe 3abpyAHEHHA BOAOMMM pPiuku YHaBa

Bita Ctpokanb
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AHoTauif. bioreHHe 3a6pyaHeHHs BOAOMM YKpaiHU € cucTeMHO NpobnemMoto, sika noTpebye NocTiiHoro
MOHITOPUHIY Yepe3 WOoro BMAMB Ha SKiCTb BOAM Ta CTMMYNHOBAHHS @HTPOMOreHHoi esTpodikaLii.
MeTa pocnipkeHHs nepenbayana nMpoBECTM OLIHIOBAHHS BOLOMMM p. YHaBa A/1S BM3HAYEHHS piBHS
3abpyAHeHHs BOJOWMM 6iOreHHUMMU peyoBMHAMM Ta 06IPYHTYBAHHS NMepeBaXXakyoro TMny 3abpyaHeHHs
(@30THe/docdopHe). B xomi AoCNimKeHHS BM3HAYEHO, WO KOHLEHTpaLis 6ioreHHUX peyoBWH y BOAI
p. YHaBa BNAMBAE Ha SKICHWI CTaH BOAM 3anexXHO Bif noTpeb ii BUKOPUCTAHHS Ta (dYHKLiOHYBaHHS
BOAHOI 6ioTH (BoLHA ekocucTeMa). 30KpeMa, KOHLEeHTpauia a3oTy HitputHoro (0,006-0,306 MrN/om? 3a
2022 p., 0,006-0,051 MrN/om®) y BOAi € KPUTUUHOK NS BOAHOI €KOCUCTEMM; a30Ty aMOHiMHOro — ans
pekpeaLiiHnx, rocnogapcbko-nobyrosnx notpe6 (1,21-1,83 MrNH,*/am* 32 2022 p., 1,16-5,88 MrNH,'/nm®
3a 2024 p.) pns nuTHKUX Linei 1 BogHoiI ekocuctemu B winomy (0,814-6,84 mrN/om?® 3a 2022 p., 0,364-
4,56 mrN/om® 3a 2024 p.); dochopy - BogHoi ekocuctemu (0,062-0,196 mrP/om® 3a 2022 p., 0,333-
0,597 MrP/om®). 3a po3paxyHKaMu CTyMeHsi KOPensiLiiHOro 3B%3KYy MK 03HakaMu BCTAHOBNEHO
HeraTMBHY Kopensuito (06epHeHy) Mix TeMrepaTypol MNoBiTps Ta nokasHukamu docdaris (r=-0,07),
a30Ty HiTpaTtHoro (r=-0,69) Ta a3oty HiTputHOro (r=-0,10). BianoBigHO, NO3UTUBHY KOpENsLito BUSBIEHO
MiX TeMnepaTypoto Boau Ta MiHepanbHuM asotoM (rNH,"=0,38; rNO,~=0,79; rNO,” =0,46) i dochopom
(rPO=0,52). MposeneHi obpaxyHku 3a cnissigHowWeHHaM Peadinbaa (Redfield Ratio - RR) noszsonnnm
06rpyHTYyBaTH, WO Y 2022 poui pocniaxeHb (RR=29,42-108,64) nimiTytouoto 6ioreHHo peyoBuHO Byu
ioHM MiHepanbHoro Gocdopy, a iOHM MiHEpPaNbHOro a30Ty 3HAXOAMAUCS B HAAMMLLKY, NEpPeBaXXatyum
CTano as3oTHe 3abpyAHEHHS BOAOMMM 3 MOXIMBMUM POCTOM 3eneHux Bopopocteil. Y 2024 poui
(RR=6,32-18,71) — nimMiTyt040t0 03HAKOI 6YNU iOHM MiHEPaNbHOro a30Ty, a ioHM Gocdopy B LIMX yMOBAX
nepebyBanu y HaAIMLLIKY, NepeBaXarynm ctano GocdopHe 3abpyLHEHHS BOAMN 3 MOX/IMBUM PO3BUTKOM
CUHbO-3€N1eHNX BOLOPOCTEN

KniouoBi cnoBa: noxuBHi pe4yoBuHM; eBTpodikauis; AKicTb Boau; as3oT; ¢ocdop; CNiBBiAHOWEHHS
Pendinboa
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Mathematical model of the process of converting waste oils into diesel biofuel

Roman Chuiuk”

Doctoral Student

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0009-0005-9479-8803

Abstract. The growing demand for renewable energy sources encourages the development of
technologies for the production of biodiesel from waste, but the high content of free fatty acids in raw
materials complicates transesterification, reduces fuel yield, and increases the need for purification.
The purpose of the study was to develop and validate a mathematical model of the process of
transesterification of used oils into diesel biofuels to optimise technological parameters.The rationalised
model described in detail the patterns of triglyceride transformation in the presence of alcohol and
a catalyst. It allowed tracking changes in the concentrations of reaction intermediates, in particular,
diglycerides, monoglycerides, biodiesel, and glycerol, which is critical for predicting the effectiveness
of the process. Stable values of the speed of the transesterification process are indicated using the
Arrhenius equation, which helped to estimate the effect of temperature and the ratio of reactants on
the overall kinetics of the reaction. As part of the study, numerical modelling and correlation of the
model were carried out by systematising the results with the data obtained during the research and
obtained from the results of the analysis of literature sources. Catalytic and non-catalytic variants of
the process were analysed, which determined the most effective reaction conditions. The simulation
results confirmed that an increase in temperature values to 60°C leads to an increase in the yield of
diesel biofuels, so excessive heating above the boiling point of methanol causes its evaporation, which
leads to a decrease in the efficiency of the process and the loss of raw materials. Optimal technological
parameters that ensure the maximum yield of biodiesel with minimal material and energy costs were
determined. The proposed mathematical model can be used in industrial settings to optimise the
biofuel production process, helping to increase the efficiency of recycling
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energy efficiency

Suggested Citation:

Chuiuk, R. (2025). Mathematical model of the process of converting waste oils into diesel biofuel. Scientific
Reports of the National University of Life and Environmental Sciences of Ukraine, 21(1), 28-43. doi: 10.31548/
dopovidi/1.2025.28.

‘Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
BY

Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0009-0005-9479-8803
https://scireports.com.ua/en

Introduction

The crisis in the field of energy resources has
affected almost all world countries, and it has
not spared Ukraine, the high cost of mineral
diesel fuel, usually due to the pricing policy for
oils, fats, and reagents, which can account for up
to 75% of the main production costs. Moreover,
the use of alternative sources of raw materials,
such as animal fats (beef fat, pork fat), used veg-
etable oils and waste from food and processing
enterprises, in particular fat residues, is a prom-
ising approach to reducing production costs and
environmental burden. These wastes are often
disposed of by incineration, which is accompa-
nied by additional economic and environmental
costs. Attracting these resources to biodiesel
production is an effective means of increasing
the level of economic efficiency and minimising
the negative impact on the environment (Agh-
bashlo et al., 2021).

The problem of processing used oils into
diesel biofuels is relevant from the standpoint
of energy sustainability and reducing environ-
mental pollution. Numerous studies have been
carried out on various aspects of this process, in
particular, the study of chemical reactions, opti-
misation of technological parameters, and the
use of mathematical models for modelling and
predicting processing results. Transesterifica-
tion is the main method of converting fats and
oils into biodiesel. Mathematical models have
been developed to optimise the process and
predict the yield of biodiesel depending on the
oil quality and reaction conditions. A.S. Elghar-
bawy et al. (2021) and S. Vickram et al. (2023)
presented models that include thermodynamic
aspects of the reaction and the mechanism of
interaction between oil molecules and meth-
anol in the presence of various catalysts. The
researchers noted that for waste oils that may
have a high acid content, it is necessary con-
sider account the altered kinetic parameters of
the reaction. This model allows significantly in-
creasing the efficiency of the process, reducing
the cost of raw materials.

Chuiuk

Studying the effect of temperature and cata-
lyst selection on the efficiency of the transesterifi-
cation process is an important part of developing
optimal conditions for waste oil processing.H.Hos-
seinzadeh-Bandbafha et al. (2022) investigated
the effect of different temperature regimes on
the reaction rate using different alkaline and acid
catalysts. They concluded that raising the temper-
ature to optimal values (60-70°C) significantly im-
proves the yield of biodiesel, but higher tempera-
tures can lead to the development of by-products,
which negatively affects the quality of biofuels. In
addition, the use of non-standard catalysts, such
as calcium salts, can reduce the cost of produc-
tion and improve the selectivity of the reaction.

The cost-effectiveness of producing bio-
diesel from waste oils depends not only on the
yield of biofuels, but also on the cost of energy
and raw materials. M.U.H. Suzihaque et al. (2023)
and K. Tucki et al. (2020) investigated the energy
efficiency of various technological processes for
processing oils into biofuels. They built a mathe-
matical model that considers the energy costs of
heating the oil, the cost of the catalyst and other
components,and the energy value of the resulting
biofuels. They note that the cost of producing bio-
diesel from waste oils may be significantly lower
than from primary oils, but to achieve maximum
economic effect, it is important to optimise ener-
gy costs and the choice of processing technology.

To improve the quality of diesel biofuels, it
is important to consider hydrogenation process-
es that reduce the percentage of unsaturated
bonds, which increases the resistance of biofu-
els to oxidation and ensures stable operation of
engines. P. Maheshwari et al. (2022) proposed a
mathematical model for the waste oil hydrogena-
tion process based on the use of platinum and
nickel-based catalysts. The researchers proved
that the optimal conditions for the hydrogena-
tion process include a temperature of 150-200°C
and a pressure of 3-5 MPa, which allows achiev-
ing high oil conversion and reduce the level of
unpleasant odours in the product.
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Innovative approaches to waste oil process-
ing include the use of bioengineering to improve
the transesterification process. G.M. Mathew et
al. (2021) considered the possibility of using mi-
croorganisms for the biological transformation
of oils, which can help to reduce the need for
chemical reagents and increase the efficiency of
the process. In particular, it has been shown that
some bacterial strains can speed up the esterifi-
cation process by reducing temperature and reac-
tion time, which, in turn, reduces energy costs and
improves the environmental friendliness of the
technology. This opens up new prospects for the
sustainable development of bioenergy and reduc-
ing the impact of production on the environment.

A separate important part of the study is to
consider the kinetics of the process of produc-
ing biodiesel from waste oils, since knowledge
of the kinetic characteristics allows fine-tuning
the process and improving its efficiency. H. Es-
maeili (2022) developed kinetic equations for
the transesterification process using waste oils,
in particular, under conditions of high acidic oil
values. The researcher noted that with a high
content of free fatty acids in oil, it is important
to use a multi-stage model, where the first stage
includes acid neutralisation, and the second - di-
rect transesterification.

An important aspect of the research is also
the issue of environmental safety of the waste
oil processing process. M.K. Pasha et al. (2021)
considered possible negative environmental con-
sequences of the use of waste oils in bioenergy
technologies, in particular, the development of
toxic by-products in the production of diesel bi-
ofuels. The researchers stressed the need to de-
velop environmentally friendly technologies and
implement effective systems for cleaning raw
materials and waste from biofuel production.

More and more attention is being paid to
combining conventional waste oil processing
with renewable energy sources to reduce the
cost of energy support for biodiesel production.
C.T. Pinheiro et al. (2021) described the use of
solar and wind energy to provide thermal power

processes in biodiesel production, which can sig-
nificantly reduce CO, emissions and improve the
economic efficiency of the process. They present-
ed a mathematical model for integrating these
energy sources into the overall technological
process, which reduces energy costs and increas-
es the purity of the final product.

The search for effective catalysts is an im-
portant area of research in waste oil processing.
M.S. Gad et al. (2023) investigated the effect of
inorganic catalysts such as metal oxides (calcium
oxide, magnesium oxide) on the transesterifica-
tion process. They have proven that these cata-
lysts provide high efficiency at low temperatures
and are cost-effective, making the process more
affordable for industrial use. In addition, a math-
ematical model was constructed to optimise the
catalyst concentration and temperature regime to
achieve maximum biofuel yield.

The purpose of the study was to develop and
verify a mathematical model for the re-esterifica-
tion of waste oils into diesel biofuels to optimise
technological parameters, increase product yield,
and minimise energy and material costs.

Materials and Methods

This study used waste vegetable oils and animal
fats (beef fat, pork fat) as the main raw materi-
als for the synthesis of diesel biofuels. During
the process of transformation of vegetable oils
or animal fats with alcohol (ethanol, methanol,
bioethanol, etc.), they were modified into the cor-
responding esters of fatty acids, which are com-
monly called diesel biofuels.

For the rapid flow of the above-mentioned
process, various types of catalytic systems are
used, the most common of which are potassium
hydroxide (KOH) or sodium hydroxide (NaOH).
Such catalysts destroyed the molecular bonds in
triglycerides, which allowed them to react with
alcohol, the product of this transformation was
esters, which are a component of diesel biofu-
els. Various catalysts, acid catalysts, biocatalysts
(enzymes), heterogeneous catalysts, and nanoma-
terial-based catalysts were used to perform the
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transesterification reaction, each of these cata-
lysts has its own advantages and disadvantag-
es, and the choice depended on the type of raw
material, reaction conditions, and final product
requirements.

Diesel biofuels were obtained by performing
an esterification or transesterification reaction.
As a result of the transformation, fatty acid esters
(FAE) and glycerol (crude glycerol) were formed.
The reaction in this case occurred according to
the scheme shown in Figure 1:

[}

|
CH;-0-CO-R CH;-O-R-C
| | C

| | |
CH-0-CO-R' +3CH; OH <=> CH;- O-R'-C + CH; - OH
I I c

| I
CH;-0-CO-R" CH;-0-R"-C

CH; -OH

CH; -OH

Vegetable oil Alcohol Catalyst Diesel biofuel Glycerol

Figure 1. Scheme

of the transesterification reaction
Source: compiled by the author

The beginning of the re-esterification pro-
cess was quite fast, but after 5-7 minutes the
pace gradually decreased. The main amount of
triglycerides was converted to diglycerides, pro-
ducing FAEs (diesel biofuels), so this process was
slower. Diglycerides were transformed into mono-
glycerides during the reaction, and those - into
the corresponding esters, until the glycerol was
completely precipitated. 1,520 minutes after the
start, the reaction slowed down again, but did not
stop completely. After 2 hours of the process at
the appropriate temperature, which did not ex-
ceed 60°C, transesterification stopped, which was
confirmed by stopping the phase separation.
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The transesterification reaction was revers-
ible and could proceed in two directions at dif-
ferent rates, which varied depending on a fixed
value of the conversion rate b . To study changes
in the reaction rate, a system of differential equa-
tions describing the process of waste oil synthe-
sis was compiled:

d[Trl/dt=b [Tr]+b,[Di][BE], (1)

d[Di}/dt = b,[Di][A] + b,[Mo][BE] +

+b,[Tr][A] - b,[Di][BE], @)
d[Mo)/dt = b,[GL][BE] + b,[GL][BE] +

+b,[Di][A]- b, [Mo][BE], 3)

d[GL}/dt=b,[Mo][A] - b,[GL][BE], )

d[BE]/dt =b,[Tr][A] - b,[Di][BE] +
+b,[DI][A] - b,[Mo][BE] + b,[Mo][A] - b,[GU][BE], (5)

d[A)/dt=-b_[Tr][A] - b,[Di][BE] +
+b,[Di][A] - b,[Mo][BE] + b,[Mo][A] - b,[GL][BE], (6)

d[A]/dt =d[BE]/dt, )

where: [Tr] - triglycerides, [Di] - diglycerides,
[Mo] - monoglycerides, [GL] - glycerol, [A] - Alco-
hol, [BE] - bioethyl ether,b,,b,,b,,b,, b, b, - fixed
values of the conversion process speed. To obtain
a simplified solution of the system of equations,
numerical methods using Microsoft Excel were
used. Fixed values of the conversion process rate
were obtained from the study by C.T. Pinheiro et

al.(2021) and are presented in Table 1.

Table 1. Value of the transesterification reaction rate at 60°C for waste oils

Fixed values of the conversion process speed b

b b b

b3 4 5 6

b2

Indicator, (Mol% min)"

0.045

0.10 0.212 1.223 0.241 0.0065

Source: C.T. Pinheiro et al. (2021)

Under the appropriate temperature regime,
the process of diesel biofuel formation occurred
only if all components of the reacting mixture
were energetically self-sufficient. According to

C.T.Pinheiro et al. (2021), such energy was defined
as activation energy, and the molecules were ac-
tivated independently. According to the equation,
fixed values of the conversion process speed b
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and activation energy E_ were associated with the
corresponding dependencies:

b=A- e, 8)

where, E_ - activation energy value, A - frequency
factor, R - universal gas constant (8.31 J/Mol-K),
T - absolute temperature, K.

Therefore, under a fixed temperature regime,
the conversion rate was determined by the acti-
vation energy level £ . With an increase in £, the
number of molecules that had sufficient energy
levels for activation decreased, which, in turn,
contributed to a decrease in the reaction rate,and
vice versa. Accordingly, when E_ at zero, the reac-
tion was instantaneous, since the molecules had

enough energy to quickly initiate the process. In-
dicator E, characterised the specifics of the inter-
action of substances and was determined exper-
imentally on the basis of dependence b =f(T). By
writing equation (8) in logarithmic form (9) and
defining the constants at two temperatures (10),
the value E, was obtained:

by _ (T-T) . .
nb2 T RT,T, Eq; )

br.
RTyT, ln(—l)
_ 142 le

Eq, = (10)

T,-T,

Table 2 shows the results of calculations of
the activation energy for reactions, the constants
of which are indicated in Table 1.

Table 2. Activation energy characteristics for potassium hydroxide (KOH)

Activation energy E, E, E, E, E, E,

Indicator, (Mol-K)"' 14,145 9,852 19,710 13,939 7,021 8,988
Source: C.T.Pinheiro et al. (2021)

The initial system of differential equations t=p-At. (17)

(1-7) can be represented as the following system
of discrete equations:

TrP*1 - TrP)/At =b TrPAP+b_DiPBi®, (11
1 2
(Di"** - Dif)/At=b, Tr’A® - b, Di"Bi” -
- b,DiPAP+b,Mo?BP, (12)
(M0p+1 _ MOP)/At = bsDiPAP - b4M0PBEP -
- b,;Mo’A"+b GBI, (13)

(GI"** - GIF)/At = bMoPAP+ k GI°BIF,(14)

(BiP** - Bif)/At = b, Tr’AP~ b,Di"Bi” + b,DiA” -
b,Mo?Bi" +b,MoPA - b,GL"BI",(15)

(AP - A7)/At= - b,TAP+b,Di"Bi” -
- b,DiPA’+b,Mo?Bi" - b,Mo’A"+ b,GI’BI", (16)

where P - size-independent interval, Bi - bioeth-
anol concentration, Mol, At - time step, h. The
current time point t was calculated using the fol-
lowing equation:

Equations of the system (11-16) can be re-
written as:

TrP*1= (1 - b, AtAP)Tr" + b AtDi"BE®, (18)
DiP* = (1 - b,AtBE” - b, AtA)DiP +
+b, AtTrPA® + b, AtMo’BEP, (19)
Mo =(1 - b,AtBEP - b, AtA")MoP +
+b, AtDIPAP+ b AtGLL"BEP, (20)
Gl"1=(1 - b AtBEP)GI + b AtMOPA?,  (21)

BEP*'=(1 - b,AtDI” - b,AtMoF - b AtGI")BE” +

+(b,AtTr® + b AtDIP+ b AtGIP)A,  (22)
AP1=(1 - b AtTr" - b, AtDI” - b AtGL")A” +
+(b,AtDiP+ b,AtMo” + b AtG")BE”,  (23)

The solution of this system of discrete equa-
tions is possible if the coefficients of the equa-
tions are not greater than one.
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Results and Discussion
For calculations based on the results of exper-
imental studies, the initial concentration of the
reacting mixture was chosen in a molar ratio of
9:1. The calculation results obtained in Microsoft
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Excel presented in Table 3 indicate that the re-
action occurs with acceleration in the first 0.69
hours, after which the rate of diesel biofuel for-
mation decreases.

Table 3. Time dynamics of the concentration of reaction components at a temperature of 65°C

Components of the reaction mixture

Reaction time, h

Tr Di Mo Gl BE

0 1 0 0 0 0
0.014 0.784 0.136 0.054 0.025 0.321
0.028 0.629 0.175 0.088 0.108 0.675
0.042 0.519 0.19 0.089 0.201 0.972
0.056 0.44 0.194 0.081 0.284 1.209
0.069 0.383 0.191 0.072 0.354 1.397
0.083 0.34 0.184 0.064 0.413 1.549
0.097 0.307 0.174 0.057 0.462 1.673
0.111 0.282 0.165 0.051 0.503 1.775
0.125 0.261 0.155 0.046 0.538 1.861
0.139 0.244 0.146 0.042 0.568 1.934
0.153 0.23 0.138 0.038 0.594 1.997
0.167 0.218 0.131 0.035 0.617 2.051
0.222 0.182 0.109 0.028 0.681 2.208
0.278 0.16 0.095 0.024 0.721 2.306
0.417 0.131 0.079 0.019 0.771 2.431
0.556 0.119 0.073 0.018 0.771 2.52
0.694 0.119 0.073 0.018 0.771 2.52
0.833 0.119 0.073 0.018 0.771 2.52

1.0 0.119 0.073 0.018 0.771 2.52

Note: Tr - triglycerides, Di — diglycerides, Mo — monoglycerides, Gl — glycerol, BE — bioethyl ether

Source: developed by the author

The graphical dependencies shown in Fig-
ure 2 show the effect of temperature on the yield
of bioethyl ether (diesel biofuel). Based on the re-
sults of modelling, it was found that an increase
in temperature above 60°C does not cause a sig-
nificant increase in the yield of biodiesel.

The results of experimental studies of the
degree of conversion of waste oils to diesel bi-
ofuels in dynamics, compared with theoretical
calculations of the mathematical model, showed
that with a probability of 0.95, the obtained val-
ues lie within the confidence interval. Calculat-
ing the equations of the discrete system (18)-(23)
proves the possibility of increasing the yield of

bioethyl ether from 86.7 to 87.4% and increasing
the temperature of the transesterification process
from 55°Cto 60°C (Fig. 2a, 2b).An important tech-
nological indicator is the time to establish equi-
librium during the reaction process (0.33-0.56
hours), which will be one of the main parameters
that will determine the design characteristics of
the reactor for the synthesis of diesel biofuels. It
should be noted that the temperature increase
to 70°C (Fig. 2b) reduces the ester yield to (85%).
After determining the optimal process conditions,
the most rational parameters are selected, which
will serve as the basis for designing the appropri-
ate equipment.
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Figure 2. Influence of temperature on the productivity

of the diesel biofuel production process using bioethanol
Note: a) reaction temperature - 55°C, b) reaction temperature - 60°C, c) reaction temperature - 65°C
Source: developed by the author
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Molar balance equations are solved using the
Mathlab application package:

1. Change in Tr (triglyceride) concentration
(Fig. 3, 4).

For the purpose of a more detailed study
of changes in the concentration of Tr and BE
(bioethyl ether), changes in the alcohol concen-
tration were ignored, and the reaction time was
limited to 2 hours:
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Figure 3. Effect of triglyceride concentration on
the yield of reaction components: V = 66.42%,
[Tr] = 0.034, [BE] = 0.1922, [Tr] - 2 = 0.411
Note: V - bioethyl ester yield, Tr - triglycerides, Di -
diglycerides, Mo - monoglycerides, Gl - glycerol, BE -

bioethyl ester
Source: developed by the author
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Figure 4. Effect of triglyceride concentration
on the yield of reaction components:
V =29.7%, [Tr] = 0.278, [BE] = 0.298
Note: V - bioethyl ester yield, Tr - triglycerides, Di -
diglycerides, Mo - monoglycerides, Gl - glycerol, BE -
bioethyl ester
Source: developed by the author
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As can be seen from the graphs in Figures 3,
4,the conversion of triglycerides increases at low
concentrations, and at higher ones.

2. Changes in bioethanol concentration, [B]:
[B]/2=1.3891 (Fig.5, 6).
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Figure 5. Effect of bioethanol concentration on
the yield of reaction components: V = 28.93%,
[Tr] = 0.1437, [BE] = 0.1606, [B] - 2 = 5.662
Note: V - bioethyl ester yield, Tr - triglycerides, Di -
diglycerides, Mo - monoglycerides, Gl - glycerol, BE -

bioethyl ether
Source: developed by the author
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Figure 6. Effect of bioethanol concentration on

the yield of reaction components: V = 65.53%,

[Tr] = 0.06755, [BE] = 0.3862
Note: V - bioethyl ester yield, Tr - triglycerides, Di -
diglycerides, Mo - monoglycerides, Gl - glycerol, BE -
bioethyl ester
Source: developed by the author

After analysing the results of graphical de-
pendencies (Fig. 5 and 6), it can be argued that
the ester yield changes in proportion to the
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bioethanol concentration, with an increase in the
amount it increases, and with its decrease it de-
creases.

3. Effect of catalyst concentrations [K].

[K]/2 =4.025 (Fig. 7, 8).
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Figure 7. Effect of the catalyst concentration on
the yield of reaction components: V = 45.52%,
[Tr]=0.1114, [BE] = 0.2562, [K] - 2 = 15.9
Note: V - bioethyl ester yield, Tr - triglycerides, Di -
diglycerides, Mo - monoglycerides, Gl - glycerol, BE -

bioethyl ester
Source: developed by the author
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Figure 8. Effect of the catalyst concentration
on the yield of reaction components:

V =44.92%, [Tr] =0.111, [BE] = 0.256
Note: V - bioethyl ester yield, Tr - triglycerides, Di -
diglycerides, Mo - monoglycerides, Gl - glycerol, BE -
bioethyl ester
Source: developed by the author

The reaction rate remains unchanged when
the catalyst concentration changes. Although it is
possible to use a higher concentration in some

cases, it should be remembered that an excessive
increase in it can negatively affect the yield of
diesel biofuels. How the reaction course chang-
es when the catalyst concentration decreases to
0.1% is shown in Figure 9 ([K]/10=0.805).
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Figure 9. Effect of the catalyst concentration on
the yield of reaction components: V = 44.01%,

[Tr] =0.112, [BE] = 0.2445
Note: V - bioethyl ester yield, Tr - triglycerides, Di -
diglycerides, Mo - monoglycerides, Gl - glycerol, BE -
bioethyl ester
Source: developed by the author

In order to improve the visualisation of
changes in the concentrations of reaction compo-
nents, Figure 10 does not show the concentration
curves of bioethanol and catalyst.
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Figure 10. Final concentrations of reaction

components after transesterification
Note: V - bioethyl ester yield, Tr - triglycerides, Di -
diglycerides, Mo - monoglycerides, Gl - glycerol, BE -
bioethyl ether
Source: developed by the author

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 1



Based on the results of computer modelling
(Fig. 10), it was found that the rapid increase in
the concentration of bioethyl ether is explained
by its high conversion rate. However, triglycerides
decompose more slowly than diglycerides, the
conversion rate of which first increases and then
decreases due to their subsequent conversion to
monoglycerides and bioethyl ether. Reaching the
equilibrium of the reaction is accompanied by an
increase in the concentration of monoglycerides,
the conversion rate of which is higher than that
of diglycerides.

The results of the analysis of graphical de-
pendencies indicate that a significant decrease in
the level of reaction components leads to an in-
crease in their residence time in the reactor. From
the conducted studies, it follows that the reaction
proceeds better at a reduced concentration of the
catalyst and increased concentrations of triglyc-
erides and methanol, but the concentration of the
catalyst significantly affects the residence time of
the mixture in the reactor. The conversion results
are calculated:

V=(1-0.08/0.4)-100=79.2%

The resulting value of converting oils to fuel
is necessary for designing equipment with effec-
tive parameters. The results shown in Figure 2
show that an increase in temperature to 60°C
contributes to an increase in the yield of methyl
esters due to the acceleration of the transester-
ification reaction. However, a further increase in
temperature above 60°C does not significantly
improve the yield of biodiesel due to methanol
evaporation and the possibility of adverse decom-
position reactions. In particular, at 70°C, the prod-
uct yield decreases slightly (up to 85%), which is
consistent with the literature data (Cheliadyn et
al., 2020; Jayaraman et al., 2022).

Based on theresults of modelling,it was found
that an increase in the ratio of alcohol to triglycer-
ides from 3:1 to 6:1 provides an increase in ester
yield by 8.5%.A further increase in this indicator to
the level of 9:1 does not significantly increase the
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yield, which confirms the need to rationalise al-
cohol consumption. The results obtained are con-
sistent with studies by Z.Khan et al. (2021), which
determined the economically feasible 6:1 ratio.

The results shown in Figures 7 and 8 show
that the optimal concentration of the catalyst
ensures an efficient reaction, while its excessive
concentration can lead to the formation of un-
desirable byproducts, such as soap. Reducing the
catalyst concentration to one-tenth of the opti-
mal one significantly slows down the reaction,
which requires an increase in the residence time
of the mixture in the reactor. This was confirmed
by O. Konur (2021), which emphasise the need to
optimise the catalyst concentration, considering
economic and technological aspects.

The results obtained are consistent with the
conclusions of other researchers. For example,
S.Ali et al.(2020) confirmed that at 60°C, the yield
of biodiesel is maximum, and increasing the tem-
perature to 70°Cdoes not provide additional ben-
efits. Similarly, the calculated activation energy
values correspond to the range given by M. Athar
& S. Zaidi (2020) and K.S. Eldiehy et al. (2022),
which confirms the validity of the model.

Compared to research by P.B. Aurtherson et
al. (2023), where alternative catalysts based on
calcium and magnesium were used, the current
model demonstrates higher efficiency when us-
ing classical alkaline catalysts at temperatures
below 60°C. The main advantage of this study is
the accuracy of predicting reaction kinetics and
optimising parameters for industrial applications.
The disadvantage is the need for additional pu-
rification of biodiesel from residual catalysts,
which requires additional energy costs.

Compared to the approaches by Y. Devara-
jan et al.(2022), who used enzymatic catalysis, the
current model has a significantly shorter reaction
time and a higher yield of biofuels, but biocat-
alytic processes have environmental advantages
due to the absence of residual chemical catalysts.
This opens up prospects for further research on
combined methods to improve the efficiency of
biofuels. A.A. Babadi et al. (2022) pointed out the
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need to improve the processes of purification
of biodiesel from impurities. Compared to these
results, the current study demonstrates a higher
level of purity of the final product by optimising
the catalyst neutralisation process. M. Musht-
ruk et al. (2022) proved that the use of acid catal-
ysis has a number of technological disadvantag-
es, among which is the mandatory neutralisation
of the acid before transesterification, which leads
to the development of precipitates in the form of
salt, which complicate the further purification of
the final product. With this in mind, active scien-
tific research is aimed at developing heterogene-
ous catalysts that can be easily separated from
the reaction medium after the process is complet-
ed. Despite the commercial availability of some
of them, the effectiveness of such catalysts and
their resistance to contamination at moderate
temperatures and atmospheric pressure remain
open questions.

The use of such secondary raw materials for
the synthesis of diesel biofuels is a promising
technology that will help to improve the envi-
ronmental situation and reduce dependence on
expensive petroleum products. Biodiesel made
from recycled materials has a number of key ad-
vantages:

» the use of secondary raw materials in bio-
fuel production helps to reduce greenhouse gas
emissions due to lower CO, levels in diesel biofu-
els compared to conventional diesel fuel (Musht-
ruk et al., 2024). This helps to reduce the negative
impact on the climate and reduces the ecological
footprint.

» recycling of secondary raw materials, re-
duces the cost of biofuel production (Mushtruk et
al., 2022). In addition, it reduces the cost of dis-
posing of such waste and minimises its negative
impact on the environment.

» waste oil synthesis technology on biodies-
el ensures efficient use of resources and reduces
the burden on natural resources (Zulgarnain et
al., 2021). This corresponds to the principles of a
circular economy, where waste is converted into
useful raw materials for new production cycles.

Mathematical modelling is a powerful tool
for engineering analysis, which reduces the time
of experimental research and reduces material
costs. It minimises the need for large experimen-
tal installations by optimising process parameters
through numerical analysis and theoretical fore-
casting. In particular, such models allow estab-
lishing patterns between the physical and chemi-
cal properties of transformation of secondary raw
materials, which is an important stage in the de-
velopment and improvement of energy-efficient
technologies for the production of biodiesel from
waste oils and industrial waste.

According to PJ. Ahranjani et al. (2024), one
of the important technological factors that makes
it impossible to use waste oils for a direct trans-
esterification reaction is the high content of free
fatty acids (FFA), usually exceeding 2 mg KOH/g.
This makes it impossible to directly apply alkaline
catalysis in the transesterification reaction, since
the alkaline catalyst (NaOH, KOH) is used to neu-
tralise FFA, which leads to the formation of soap
residues and by-products. The formation of water
during the reaction further complicates the pu-
rification of the resulting biodiesel, reducing its
yield and quality. Y. Zhao et al. (2021) proved that
one of the most common methods of overcom-
ing this problem is esterification, which is quite
widely used in industrial production. In addition,
R.Kukana & O.P.Jakhar (2022) investigated alter-
native approaches, such as enzymatic catalysis
and the use of supercritical synthesis of various
types of alcohols, which can potentially improve
the efficiency of the process.

Studying the possibility of using two-stage
systems that simultaneously produce electrical
and thermal energy is an important area for op-
timising waste oil processing processes. K. Gane-
san et al. (2021) demonstrated the effectiveness
of such systems based on bioreactors, where
waste oils were used as a source of raw mate-
rials. As a result of their research, a mathemati-
cal model of a two-stage process was developed,
which reduces energy consumption and carbon
dioxide emissions, and increases the efficiency
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of waste oil processing. Since biodiesel derived
from waste oils can contain high levels of sulphur
and oxygen-containing compounds, improving
fuel purification processes is an important as-
pect. M.A. Hazrat et al. (2021) presented the lat-
est method of elimination of sulphur and oxygen
impurities of biodiesel using a combination of
catalytic and physico-chemical processes, which
can significantly reduce the level of sulphur and
ensure compliance with international standards.
The researchers created a mathematical model to
describe the process, which allows optimising the
cleaning parameters at all stages of production.

Considering the carbon balance in biodies-
el production processes is crucial for assessing
their sustainability. G.V. Subhash et al. (2022) de-
veloped a mathematical model that considers all
stages of the biodiesel life cycle - from oil col-
lection to fuel combustion in engines. The model
includes not only CO, emissions, but also other
pollutants, such as nitrogen and sulphur oxides,
and allows comparing different technologies
and raw materials for their environmental effi-
ciency. The results showed that biodiesel made
from waste oils has a significantly lower carbon
footprint compared to conventional fuels.

Free fatty acids are a significant factor af-
fecting the quality of biodiesel, as their high
content can lead to the development of soap
and reduce the yield of biofuels. R. Ganesan et
al. (2021) studied the effect of the free fatty
acid content in waste oils on the efficiency of
transesterification and developed a mathemati-
cal model for their neutralisation before the es-
terification process. The researchers developed
a strategy that includes multi-stage oil purifi-
cation, which reduces the content of free fatty
acids and increases the yield of biodiesel.

Development of rational technologies
for improving the processing of waste oils
N.H. Razak et al. (2021) considered bioengi-
neered methods to improve the waste oil pro-
cessing process, in particular, the use of genet-
ically modified microorganisms to accelerate
transesterification processes. Modelling of these
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processes has shown that the use of catalytic
systems based on modified bacteria can signifi-
cantly reduce energy costs and reaction time.

Based on the results of the literature anal-
ysis, it was established that an important focus
of research in the field of waste oil processing
for diesel biofuels is the use of mathematical
modelling to optimise technological processes.
Modelling allows not only to more accurately
predicting the results of the reaction, but also to
reduce energy costs, improve environmental in-
dicators and economic efficiency of production.

Modelling in such areas as the use of cata-
lysts, hydrogenation processes and biodiesel pu-
rification is particularly important. Models that
consider carbon balance and environmental ef-
ficiency allow comparing different technologies
and raw materials that contribute to the sus-
tainable development of bioenergy. In addition,
mathematical modelling is becoming an impor-
tant tool for improving energy and economic
efficiency, in particular, through the integration
of cogeneration technologies, and when using
bioengineered solutions.

A. Dahiya (2020) explored the possibility of
integrating renewable energy sources into bio-
diesel production. In this study, such integration
was not considered, but the proposed parameters
allow minimising energy costs even in conven-
tional production conditions. B. Chen et al. (2022)
presented a model that considers the full carbon
balance of biodiesel production.The current study
focuses on the kinetic aspects of the process, but
the results indicate a potential reduction in CO,
emissions due to the efficient use of waste oils.

The study confirms the high level of efficiency
of the developed mathematical model for trans-
esterification of waste oils into biodiesel. Com-
parison of theoretical results obtained through
numerical modelling with experimental data
shows a strong correlation between forecasts and
actual results. The key parameters that determine
the efficiency of the process are the reaction tem-
perature, the molar ratio of alcohol to triglycer-
ides, and the concentration of the catalyst.
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Conclusions

The mathematical model of the process of
transesterification of used oils into biodiesel
has demonstrated its effectiveness as a tool for
optimising technological parameters. The use of
Microsoft Excel and MathLab allowed predict-
ing the dynamics of the process with high ac-
curacy and adjusting the reaction conditions to
increase the yield of the final product. Rational
parameters of transesterification were estab-
lished, which ensure the maximum yield of die-
sel biofuels (90%), a temperature of 60°C, an al-
cohol-to-triglyceride ratio of 6:1, and a catalyst
concentration of 1.5%. This makes the process
economically viable for industrial use. Based
on the simulation results, it was found that the
temperature regime is a key to the efficiency of
the reaction. Raising the temperature to 65°C
accelerates the conversion of triglycerides and
increases the yield of biofuels. However, a fur-
ther increase in temperature, especially above
the boiling point of bioethanol (~65°C at atmos-
pheric pressure), leads to alcohol loss, which re-
duces the efficiency of the reaction.

Graphical dependences of the yield of the
main components of the reaction, including tri-
glycerides, diglycerides, and methyl esters, allow
visualising the effect of reagent and catalyst
concentrations on the process. This contributes

to more accurate forecasting of the final charac-
teristics of biofuels and improved process man-
agement. The results obtained can be used for
further optimisation of industrial production of
biodiesel, improvement of technological modes,
and development of more efficient mathematical
models for estimating the parameters of the ob-
tained diesel biofuel.

Among the promising areas of further re-
search are the integration of renewable energy
sources into the production of biofuels, the cre-
ation of environmentally friendly catalysts, and
the improvement of methods for cleaning the
final product. It is also important to implement
combined approaches to catalytic activation, in-
cluding the use of bioengineering and nanotech-
nology solutions to improve the efficiency and en-
vironmental friendliness of production processes.
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AHOTaLiA. 3poCTaHHA MOMMTY HA BIAHOBMOBAHI Kepena eHeprii CTUMYIOE PO3BMTOK TEXHOJOTiN
BMpoOHMLTBA Bioaunsens 3 BiaXonis, 04HAK BUCOKUI BMICT BiIbHUX XKMPHUX KUCOT Y CUPOBWHI YCKNALHIOE
nepeectepudikauito, 3HWXKY€E BUXig NanuBa Ta MigBuLye noTpeby B OuMlLEeHHi. MeTow foCnimXeHHs
6yna po3pobka Ta Banifauiga MatemMaTMuHOi Moaeni npouecy nepeectepudikaii BianpaLboBaHUX ONil
y Am3enbHe Hionanueo AN ONTUMI3aLii TeXHoMorivYHKMX napameTpis. PauioHanizoBaHa Moaenb AeTanbHO
onucana 3akoHOMipHOCTI TpaHcdopMaLii TpurniLepuais y NpUCYTHOCTI CNUPTY Ta KaTtanizatopa. BoHa
[LO3BOJIMNA BiACTEXYBATM 3MiHY KOHLEHTpALiM NPOMiIXKHUX NPOAYKTIB peakLii, 30Kpema aurniuepuais,
MOHOrniLepuais, 6ioansens Ta rniLepuHy, WO € KPUTUYHO BAXK/IMBMM OJ1S NPOrHO3YBaHHA e(eKTUBHOCTI
npouecy. CTani 3HaueHHs WBMAKOCTI npouecy nepeectepudikaLii BKasaHi Yyepes piBHSIHHS AppeHiyca,
WO A03BOSIMAIU OLIHWTM BNAMB TeMMepaTypu Ta CMiBBiAHOLWEHHS peareHTiB Ha 3arafibHy KiHeTuKy
peakuii. Y pamkax AOCNiAXeHHs NpOoBeAeHO YMCeNlbHE MOAENIOBAHHA Ta KOpensuilo Mogeni WasgxXom
cucTemMaTtusauii pesynbTaTie 3 AaHUMMU, SKi 6yvM OTPUMaHI Nif Yac NpoBefeHHS AOCNIAXKEHb Ta OTPUMAHUX
33 pe3ynbTaTaMu aHanisy nitepatypHux mkepen. byno npoaHanizoBaHO KaTaniTMUHI Ta HeKaTaNniTUYHI
BapiaHTH NpoLecy, Lo A03BOMI0 BU3HAUYUTU HaiedeKTUBHILWI YMOBM NPOBeAEHHS peakLuii. Pesynbtatu
MOLEIOBAHHS MiATBEpAMAN, WO 30inblUEeHHS TeMnepaTypHMX nokasHukis Ao 60°C npu3BoguTb 400
36inblweHHs BUXOAY Au3enbHoro 6ionanuea, TOMy HaAMipHe HarpiBaHHS MOHaA TeMnepaTypy KMMiHHS
METaHONY CMPUYMHSE MOro BUMAPOBYBAHHS, LLO MPU3BOAMTbL [0 3HWXKEHHS eDEeKTMBHOCTI mpolecy Ta
BTPaTU CUPOBMHU. BU3HAUEHO onTMManbHi TEXHONOTIYHI NapaMeTpw, ki 3a6e3neyvyoTb MakCUManbHUiM
BuXig 6ioausens npu MiHiManbHUX MaTepiasibHUX Ta EHEepreTMYHUX BUTPaTax. 3anpornoHOBaHa
MaTeMaTM4yHa MoAenb Moxe OyTM BMKOpPUCTaHA B MPOMMUCIOBMX YMOBAxX AN ONTMMI3auii npouecy
BMpobOHMLTBA Bionanuea, CNpuUaoYM NiABULWEHHI0 e(eKTUBHOCTI NepepobKy BTOPUHHOI CUPOBUHMU

KniouoBi cnoBa: KiHeETUYHa MOAENb; BiNlbHI XUPHI KMCNOTU; ONTUMi3aLis napaMeTpiB; TeMnepaTypHuit
pexuM; Buxif 6ionanvea; eHepreTuuHa eeKTUBHICTb
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Abstract. Enhancing the efficiency and stability of industrial dough production is achievable through
the implementation of innovative technologies that optimise quality and reduce costs. The objective
of this study was to evaluate the efficiency of the OptiMix-360 system for industrial dough production
by integrating technologies such as gravimetric dosing, premixers, and dough mixers and to determine
its impact on improving productivity and final product quality. The research methodology was based
on an experimental approach that assessed the efficiency of the OptiMix-360 system compared to
traditional methods by measuring product quality parameters and process performance under different
operating conditions. The study analysed the effectiveness of the GraviFlow Master, TORNADO-2, and
ProMix D-Helix equipment based on performance indicators, energy consumption, dosing accuracy,
and final product quality when these technologies were integrated into the production process. The
implementation of the OptiMix-360 system resulted in a significant productivity increase to 1500 kg/h,
a 30% reduction in energy consumption, and consistent dough batch quality. The gravimetric dosing
system ensured an accuracy of <0.1%, enhancing composition stability, while the TORNADO-2 premixer
improved flour hydration and gluten formation, positively affecting the texture and strength of the final
product. The production process was stabilised, and product quality fluctuations were minimised due to
automation and adaptive settings. The obtained results confirmed the effectiveness of the OptiMix-360
system in industrial practice. This technology not only improved dough quality but also reduced energy
consumption costs and increased productivity. The application of the OptiMix-360 system in the food
industry holds high potential for improving production efficiency, reducing energy costs, and ensuring
consistent product quality
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Introduction

The development of the food industry, especially
the bakery industry, largely depends on the intro-
duction of innovative technologies, since the mar-
ket places high demands on the quality, stability,
and variety of products. In this context, there is a
need to optimise technological processes, in par-
ticular in the production of dough, which is the
main component of bakery products. The growing
scale of production and the requirements for its
efficiency increase the relevance of integrating
automated mixing systems.

Conventional methods of periodic kneading
of dough used in many enterprises have a number
of disadvantages. The main ones are the hetero-
geneity of the final texture, high energy intensity,
and a significant influence of the human factor
on production processes. These problems were
analysed by O.l. Petrova & N.P. Shevchuk (2020),
who pointed out the importance of implement-
ing automated solutions to improve the quality
of dough and reduce losses. M. Sanitska (2023)
noted the need to adapt the mixing systems used
to the requirements of medium and large enter-
prises to improve production efficiency. However,
many issues remain unresolved, in particular, the
integration of continuous kneading processes and
their automation.

Automation of technological processes in the
bakery industry was considered as an important
area of industry development.A.A. Solianyk (2021)
studied in detail the impact of automated lines on
the production of sponge products, emphasising
their ability to increase productivity and reduce
energy consumption. However, the main focus of
his research was on confectionery products, while
kneading dough for bakery products requires a
specific approach, considering the variety of reci-
pes and processing parameters.

M. Obadi et al.(2022) also focused on improv-
ing kneading technologies, especially in the pro-
duction of noodles. Studies have shown that the
integration of new technologies, such as the use
of premixes and automated dough mixers, signif-
icantly improves the quality of the final product.

Kovalenko

However, questions about the economic feasibility
of implementing such systems for bakery products
remain poorly understood. Similar accents were
indicated in the study by A. Singh (2021), where
the researcher reviewed the evolution of technol-
ogy in the bakery industry. The author noted the
importance of switching to automated continu-
ous processes, but most of the analysis concerned
general aspects of automation, without a de-
tailed analysis of the specifics of kneading dough.

Research in the field of dough kneading
indicates the need to improve technologies. In
particular, G. Campbell & P. Martin (2020) em-
phasised the importance of aeration of the dough
during kneading, as it directly affects the rheolog-
ical properties and the level of rise of the dough
during baking. The researchers also focused on
the critical role of the interaction of ingredients
and technological parameters in the aeration and
dough structure.

Y-L.Yang et al. (2021) conducted a study that
focused on the effect of vacuum degree, mixing
rate, and water quantity on moisture distribution
and rheological properties of wheat flour dough.
The results provided new opportunities for op-
timising technological parameters in the pro-
cessing of flour dough. As noted by A. Cappelli et
al. (2020), kneading is one of the key stages of
bakery production, affecting not only the struc-
ture of the dough, but also the final organoleptic
properties of bread. The researchers systematised
approaches to improving the rheology of the
dough by adjusting the intensity of mechanical
impact, and integrating new ingredients that im-
prove the structural characteristics of the dough.
However, their research focused mainly on labo-
ratory conditions and did little to highlight the
adaptation of these methods for large-scale in-
dustrial production.

S.Tietze et al. (2019) made a significant con-
tribution to understanding the effect of mechani-
cal shear on the development of the gluten mesh.
They focused on the relationship between the
intensity of kneading and the quality of dough,
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especially in the production of wheat bread. How-
ever, their research pointed to the problems of
overheating of the dough and uneven influence
of mechanical energy when using conventional
kneading systems. These aspects highlight the
need to improve existing technologies to minimise
the shortcomings of traditional approaches. R.Je-
rome et al. (2019) in their review paper examined
the role of analytical control technologies in the
bakery industry, noting their importance for opti-
mising technological processes. The researchers
noted that the introduction of process-analytical
technologies can increase the level of production
automation, reduce the influence of the human
factor, and ensure the stability of product quality.
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However, the specific analysis of continuous mix-
ing systems remains poorly covered in their re-
search, which has created gaps in understanding
the benefits of such systems for industrial scale.
The purpose of this study was to create and
analyse the effectiveness of the OptiMix-360 au-
tomated continuous dough kneading system, ca-
pable of working with various types of flour.

Materials and Methods
The study was conducted using the integrat-
ed technological system OptiMix-360, specially
adapted for the production conditions of food in-
dustry enterprises. The technological scheme of
the equipment is shown in Figure 1.

Figure 1. Machine and hardware diagram of the OptiMix-360 system
Note: 1 - flour storage silo (Golfetto Sangati, Italy); 2 - flexible screw feeder for flour transportation (Flexicon, USA);
3 - gravimetric dosing system GraviFlow Master (Chronos Richardson, Great Britain); 4 - microdosing unit for liquid
components (Dosatron D30WL2, France); 5 - turbomixer for pre-solution (Ika Ultra-Turrax, Germany); 6 - premixer
TORNADO-2 (Tetra Pak, Sweden); 7 - continuous dough mixer Promix D-Helix (WP Kemper, Germany); 8 - conveyor
for dough maturation (Intralox, USA); 9 - control unit with programmable logic controller (Siemens S7 - 1500,
Germany); 10 - CIP system for automatic washing (Alfa Laval, Sweden)

Source: compiled by the author

At the first stage of the study, precise micro-
dosing of liquid components was performed using
a specialised Dosatron D30WL2 unit (France). The
components were pre-weighed on a high-preci-
sion laboratory scale Mettler Toledo (Switzerland).
The dosage error did not exceed 0.1% of the total
weight of the components. The unit provided au-
tomated injection of liquids in appropriate pro-
portions, which helped to avoid the influence of
the human factor and ensured the stability of the

process. Mixing of liquid components with water
was carried out in a turbomixer (lka Ultra-Turrax,
Germany) for the solution, which ensured uniform
distribution of the liquid and the formation of a
homogeneous liquid phase for subsequent intro-
duction into dry ingredients. The resulting liquid
ingredients were mixed with water until a homo-
geneous liquid phase was formed. At this stage, a
turbomixer (lka Ultra-Turrax, Germany) was used,
which ensured complete homogenisation of the
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mixture before its subsequent integration with
dry components.

The GraviFlow Master System (UK) provided
continuous gravimetric dosing of three types of
flour, depending on the requirements of the rec-
ipe. Using load cells, the accuracy of flour weight
measurements was £0.05%, which guaranteed the
stability of the resulting dough. The liquid phase
was gradually added to the dry components in the
TORNADO-2 premixer (Sweden), which provided
the initial combination of ingredients. A special
feature of this stage was the active development
of a gluten mesh, which is necessary for the cor-
rect structure of the dough.

At the main kneading stage, the ProMix
D-Helix dough mixer (Germany) was used, which
provided a soft but energy-efficient introduction
of mechanical energy into the dough. The process
took place in two stages: one stream of the liquid
phase was fed to the premixer, the other — directly
to the dough mixer.The system worked with main-
taining a stable temperature of 28-30°C using a
double jacket, which provided optimal condi-
tions for the development of the dough structure.

Automation of the OptiMix-360 system was
carried out using a programmable logic con-
troller Siemens S7-1500 (Germany), which per-
formed monitoring and adaptive control func-
tions at all stages of the technological process.
Built-in sensors tracked key parameters such as
humidity, temperature, ingredient proportions,
and component flow rate. Data from the sensors
was processed in real time, which allowed auto-
matically adjusting the equipment settings. The
Human-Machine Interface (HMI) provided intui-
tive process control for the operator, visualising
key parameters and system status. The remote
monitoring function based on the Internet of
Things technology helped to perform diagnostics
and quickly respond to any deviations, reducing
equipment downtime.

The effectiveness of the study was evaluated
by indicators of stability of the consistency of the
finished dough (40-45% moisture, depending on
the recipe); process productivity (1,200 kg/h) and
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minimisation of material losses (dosage deviation
<0.1%). AlL measurements were carried out under
laboratory and semi-industrial conditions, which
allowed adapting the results for practical appli-
cation.

The study also evaluated the convention-
al system of periodic kneading of dough Diosna
W240A (Germany), which involves the use of large
bins or bowls. This system is characterised by a
number of disadvantages: limited flexibility, since
each batch of dough requires individual settings;
heterogeneity of quality due to uneven mixing;
high energy intensity caused by significant me-
chanical losses; and labour intensity of mainte-
nance. In contrast, the OptiMix-360 provides a
continuous, energy-efficient and fully automated
process, reducing the impact of the human factor
and improving quality and productivity.

During the implementation study of the Op-
tiMix-360 technology system, a number of I1SO
standards were observed that ensure high qual-
ity, safety, and efficiency of processes. In particu-
lar, the ISO 9001:2015 (2015) standard was used
for quality management systems, which ensures
compliance with all requirements at every stage
of the production process. It also considered the
requirements of ISO 22000:2018 (2018) for the
food safety management systems, which is impor-
tant for the production of food components, and
ISO 45001:2018 (2018) for occupational safety,
which reduces risks to personnel, especially when
working with high-tech systems. These standards
have become the basis for ensuring the stability
and safety of the studied processes in industrial
conditions.

Results
Characteristics of the main technological com-
ponents of the OptiMix-360 system. The Gravi-
Flow Master gravimetric dosing system is an in-
novation in the field of bulk material dosing and
belongs to the category of continuous weighing
systems (Fig. 2). It provides a precise and sta-
ble flow of components, which is critical for in-
dustrial processes such as dough kneading. The
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main principle of operation of the system is to
continuously measure the weight of material in
the hopper using load cells that transmit data to
the controller. The controller analyses this data
and automatically adjusts the feed rate, ensuring
the stability of the material flow in accordance
with the specified parameters. The hopper used
for storing bulk materials is designed to ensure
their smooth and uniform flow. High-precision
load cells constantly measure the weight of the
material in the hopper, which is the basis for the
operation of the system. A screw conveyor or vi-
brating feeder is often used as a feeding device,
which provides a controlled flow of materials. The
controller integrates all sensor data, analyses it in
real time, and adjusts the feed rate if deviations
are detected to ensure that the actual material
flow matches the desired one.

Figure 2. GraviFlow Master

gravimetric dosing system

Note: the system consists of the following key elements:
a hopper for storing bulk materials (provides storage
of the metered component, optimising its feed); load
cells (located on the hopper, they continuously measure
the weight of the material in real time); a controller
(processes data from load cells and, depending on
the information received, adjusts the feed rate of the
material); a feed device (screw conveyor or vibrating
feeder), which provides a controlled flow of material
based on the received signals from the controller
Source: compiled by the author

The system control loop is based on the
feedback principle. When the desired feed rate is
set, the system continuously compares it with the

actual speed obtained from the load cell read-
ings. The controller processes this data, and if
it detects discrepancies, it instantly corrects the
operation of the feed devices. This ensures that a
stable material feed rate is maintained even un-
der variable production conditions.

GraviFlow Master has a number of important
advantages. The accuracy of the system allows
minimising dosing errors to less than 0.1%, which
is critical for the stability of the dough charac-
teristics. Consistency and uniformity of dosage
ensure uniformity of the composition and quality
of the product. The effectiveness of this technol-
ogy is also manifested in saving materials and re-
ducing the amount of waste, which increases the
economic feasibility of its use. The flexibility of
GraviFlow Master allows adapting it to work with
different types of materials and requirements of
production processes. When implementing con-
tinuous weighing system, certain difficulties may
arise, in particular, inhomogeneities in the flow
of materials due to vibrations or pressure fluc-
tuations, which can affect the accuracy of meas-
urements. To solve such problems, methods of
vibration isolation, advanced control of motors of
feed devices and compensation of pressure fluc-
tuations are used. GraviFlow Master has proven
its efficiency and adaptability in dynamic indus-
trial environments. Its integration into production
lines such as the OptiMix-360 system has ensured
accurate dosing, process stability, and improved
the quality of the finished dough.

Another important step in the production
of dough is pre-mixing, as it significantly affects
the characteristics and quality of the final prod-
uct. This process begins with a combination of
ingredients such as flour and water, which leads
to the formation of gluten - the structure that
ensures the strength and elasticity of the dough
(Sattarov et al.,, 2024). It is pre-mixing that cre-
ates the necessary conditions for the activation of
flour proteins, gliadin and glutenin, and an even
distribution of moisture.

The TORNADO-2 premixer has demonstrated
significant advantages in this process due to its
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innovative design. The device provides a fast and
efficient combination of ingredients with minimal
loss of mechanical energy, which avoids the de-
velopment of lumps and preserves the integrity of
the dough structure. Chemical and physical inter-
actions in the dough that occur during pre-mixing
play an important role in its structure and texture.
The process of protein hydration is the first step:
proteins absorb water and interact with each oth-
er, forming a three-dimensional gluten structure.
Gliadin is responsible for the stretchability of the
dough, and gluten gives it strength. In addition,
starch hydration contributes to the creation of a
homogeneous mass, acting as a filler and con-
nector between proteins. The mechanical energy
transferred during the mixing process helps to
stretch and align protein molecules,strengthening
the structure of gluten. However, excessive expo-
sure to mechanical energy can disrupt the struc-
ture of the dough, so precise control of the pro-
cess is an important factor. Temperature plays an
equally important role: optimal protein hydration
conditions are provided in the range of 26-36°C.

TORNADO-2 allows optimising all aspects
of pre-mixing. It is designed to maintain a sta-
ble temperature regime, and the use of advanced
mechanical elements minimises possible disad-
vantages, such as overheating or structural dam-
age. The result is a high-quality dough with an
even distribution of moisture, a stable texture
and a strong gluten mesh. Pre-mixing in TOR-
NADO-2 provided an efficient start to the dough
forming process, creating optimal conditions for
subsequent stages such as kneading and matu-
ration. This device has proven its effectiveness
in improving the consistency of dough, which is
the key to high quality bakery and pasta prod-
ucts. Due to the introduction of this technology, it
was possible to achieve stable quality of the final
product and reduce the number of defects in the
production process. The ProMix D-Helix dough
mixer is a solution in continuous dough knead-
ing technology that offers numerous advantages
over conventional periodic kneading methods. Its
design ensures high efficiency, compactness and
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reliability, making this machine an ideal choice
for industrial production (Fig. 3).

Figure 3. ProMix D-Helix dough mixer
Source: compiled by the author

One of the main advantages of ProMix D-He-
lix is the use of an innovative bowl with a cir-
culation cooling system, which allows precisely
controlling the temperature regime throughout
the entire process. This is necessary to maintain
the optimal texture of the dough and prevent it
from overheating. A special feature of the dough
mixer is the unique kneading organs made in a
combination of two shapes (Fig. 4). One part is
shaped like an auger, which allows for directional
movement of the dough, while the second, similar
to the “DNA molecule”, promotes delicate mixing
without excessive shear or cutting, which can neg-
atively affect the quality of the dough structure.

Figure 4. Kneading part
of the ProMix D-Helix dough mixer
Source: compiled by the author
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ProMix D-Helix uses the principle of careful
use of mechanical energy. The energy distribution
during kneading aligns and stretches gluten mol-
ecules, contributing to the development of a sta-
ble and elastic gluten mesh. This process ensures
the correct development of the dough structure,
making it elastic and able to maintain its shape
during baking. It is important to note that con-
trolling the kneading intensity avoids excessive
mechanical impact, which can disrupt the gluten
mesh, turning the dough into an excessively elas-
tic and dense mass.

Special attention is paid to the effect of fric-
tion during kneading, since the release of heat
can increase the temperature of the dough. Pro-
Mix D-Helix, due to its cooling system, provides a
stable temperature, which prevents protein dena-
turation and weakening of the gluten mesh. The
result of this control is high quality dough with a
strong texture and optimal properties for further
production. The flexibility of the ProMix D-Helix
design allows adapting the kneading organs for
different types of dough, such as lingering cook-
ies or rye bread. The versatility of this technology
makes it easy to replace components for working
with various formulations, which is an addition-
al advantage for large-scale industrial process-
es. Thus, the use of ProMix D-Helix significantly
improves all key indicators of dough kneading,
including its texture, stability and adaptability to
various production conditions.

The results of the implementation of the
OptiMix-360 system for continuous kneading of
dough in industrial conditions demonstrate sig-
nificant advantages over conventional methods
of periodic kneading. The study provides key met-
rics obtained during system testing, including
dough quality, energy saving, production capac-
ity, production flexibility, and ease of operation
and maintenance.

Dough quality. The OptiMix-360 system
provides excellent consistency stability for each
batch of dough due to precise compliance with
technological parameters and uniform process-
ing conditions. Thanks to the integration of

advanced gravimetric dosing systems and au-
tomatic mixing control, the gluten mesh was
formed evenly, which guaranteed high elasticity
of the dough. The mechanical action of the Pro-
Mix D-Helix system, combined with controlled
hydration, helped to avoid structural breaks,
which is often observed in conventional systems.
The stable consistency reduced baking variations,
which is an important factor for large-scale pro-
duction. This allowed increasing the predictabili-
ty and quality of the finished product, minimising
production waste due to defects in the structure
or consistency of the dough.

Due to the precise observance of tempera-
ture and humidity parameters throughout the
entire process, the OptiMix-360 system has cre-
ated a dough with a perfect texture. Smoothness
and uniformity of the surface were achieved by
step-by-step introduction of liquid components
through the TORNADO-2 premixer and efficient
mixing in ProMix D-Helix. It is important to note
that the structure of the dough eliminated the
problem of tearing off the top of the bread, which
was characteristic when using conventional
kneading methods.

This characteristic significantly improved the
final quality of baked goods, preserving their shape
and texture properties. Combined with the ability
to work with different types of flour (rye, wheat,
mixed recipes), OptiMix-360 demonstrates advan-
tages in the production of a wide range of bread.

Compared to conventional batch kneading
systems such as Diosna W240A or Kemper SP150,
the OptiMix-360 system provides significantly
better dough texture uniformity due to its contin-
uous processing process. The absence of the need
for unloading and re-dosing reduced the risk
of local changes in the mixing of components,
which positively affected the overall quality. Due
to this, the final baked goods were characterised
by stable dimensions, smooth surface, and more
pronounced organoleptic properties. The high
quality of the dough texture also contributed
to better moisture retention in baked goods, in-
creasing their freshness period.
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During the testing process, it was found that
the dough processed by the OptiMix-360 system
has optimal strength and tensile ability, which
are key indicators of high-quality bakery products.
The elasticity of the dough helped to significantly
reduce breaks when forming products and cutting
ready-made bread.

Productivity and energy efficiency of the process.
The OptiMix-360 system demonstrated high pro-
ductivity, reaching a production capacity of up to
1,500 kg/h, which exceeds the originally planned
figure of 1,200 kg/h. This result is made possi-
ble by integrating a continuous flow of techno-
logical processes, which eliminates the need to
stop between mixing stages. This significantly
reduces the time spent on preparatory opera-
tions. The key is full automation, which reduces
the risk of human exposure. Programmable logic
controllers, together with sensors that monitor
all the main parameters (humidity, temperature,
component feed rate), helped to maintain ideal
conditions for the process, which guarantees the
stability and uniformity of each batch of dough.
Thus, production operated continuously, which
significantly increases the volume of products
without loss of quality.

The OptiMix-360 system reduces power con-
sumption by 30% compared to conventional peri-
odic mixing systems. This savings were achieved
by reducing the mechanical load on the dough
due to the uniform distribution of energy during
mixing. Additionally, automated process control
ensures precise temperature control using a dou-
ble jacket, which eliminates overheating of the
dough and irrational energy consumption. A key
role in achieving energy efficiency was played by
sensors that provided constant monitoring of pro-
cess parameters and timely adjustment of equip-
ment operation. The integration of such compo-
nents helped to optimise energy consumption at
all stages of kneading.

Flexibility, adaptability and ease of use. The
OptiMix-360 system has demonstrated the ability
to work effectively with a variety of dough recipes,
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including rye, wheat, and rye-wheat. This flexibil-
ity allowed adapting the production process to
various technological requirements that arose
due to changes in the characteristics of raw ma-
terials or consumer requests. The system provid-
ed the ability to quickly adjust parameters in real
time due to the integration of sensors and control
algorithms. Making changes to the formulation
did not affect the quality of the final product due
to precise control over all parameters - from tem-
perature to the proportions of components. Ad-
aptability ensured the stability of the process and
helped to avoid losses of raw materials even in
conditions of variable dough composition.

The OptiMix-360 made it easy to operate
with an intuitive HMI that allowed operators to
access visualised system status data. The con-
trollers monitored key parameters, and any devi-
ations from the set indicators were immediately
displayed on the operators’ screens. This made it
easier to make decisions and faster to respond to
potential problems. The remote monitoring func-
tion based on the Internet of Things helped to
quickly diagnose and fix problems, minimising
equipment downtime. The simplicity of the sys-
tem’s design also played an important role: the
components were positioned in such a way as to
provide easy access for maintenance and clean-
ing. This reduced the time and effort required
to prepare the equipment for further operation,
which further increased overall efficiency.

Thus, the implementation of the OptiMix-360
system allowed achieving stable dough quality,
increasing production efficiency, and reducing
operating costs (Table 1). The results obtained
indicate its suitability for large-scale implemen-
tation in industrial bakery enterprises.

The results obtained during the study of the
OptiMix-360 system indicate significant advan-
tages of this technology in the industrial pro-
duction of dough. All key aspects - from dough
consistency to energy efficiency - showed a sig-
nificant improvement over conventional batch
kneading methods. Due to precise control at every
stage, starting with microdosing of components
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and ending with final kneading, it was possible
to achieve a stable consistency and uniformity
of gluten mesh formation. This result directly

affected the improvement of the dough texture,
which became the basis for the production of
high-quality baked goods.

Table 1. OptiMix-360 system performance compared to the conventional method

Indicator (%)

Conventional method

OptiMix-360 system

Quality 70 95

Energy saving 50 80
Production capacity 100 125
Production flexibility 65 85
Easier operation and maintenance 55 75

Source: compiled by the author

The energy efficiency of the system is anoth-
er significant achievement. The recorded reduc-
tion in energy consumption by 30% compared to
conventional systems was made possible by the
use of upgraded process control mechanisms and
minimising the mechanical load on the dough.
This not only reduced operating costs, but also
helped to optimise production processes, making
the system more environmentally friendly. The
OptiMix-360’s performance, which has reached
1,500 kg/h, is proof of its technical improvement.
The ability to maintain high productivity without
compromising product quality has significantly
increased production volumes, which is especially
important for large industrial enterprises.

Advantages and limitations of the system. The
introduction of the OptiMix-360 system in pro-
duction has led to several strategic advantages.
In particular, due to the continuity of the mixing
process and full automation, it was possible to
eliminate downtime characteristic of periodic
systems and achieve a reduction in overall en-
ergy, repair, and maintenance costs. In addition,
the uniformity and stability of the dough param-
eters were ensured by final products with im-
proved texture, structure, and taste qualities. This
not only meets consumer expectations, but also
meets high market standards.

In addition, the system allowed adapting to
different types of flour, recipes,and quickly chang-
ing production parameters without stopping the

technological process. This has expanded the
product range, allowing products to be produced
for various consumer segments, including organ-
ic and speciality products. Intuitive HMI, process
automation, and easy maintenance reduced the
need for a large number of maintenance person-
nel and reduced downtime.

Along with the advantages, the study also re-
vealed certain limitations of the OptiMix-360 sys-
tem. The first and most significant is the high cost
of implementation. The initial cost of purchasing
and installing the system can be significant for
small and medium-sized enterprises, which can
become a barrier to its mass implementation. In
addition, high automation requires a qualified
approach. To maximise the use of the system’s
capabilities, training of operators and technical
personnel is required. An important aspect of
successful operation is the dependence on the
accuracy of settings, since for optimal operation
it is necessary to configure the system for specif-
ic production conditions, and errors at this stage
can lead to a decrease in productivity or product
quality. The influence of external factors, such as
vibrations or pressure fluctuations in the pro-
duction environment, can affect the accuracy of
dosing or settings, which requires additional sta-
bilisation solutions. The results of the implemen-
tation of the OptiMix-360 system show that it is a
promising tool for optimising production process-
es, in particular in the bakery industry. Consider-
ation of limitations and potential risks will avoid
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difficulties and ensure its maximum effectiveness
in the long term.

Allstages of production met the requirements
of 1ISO 9001:2015 (2015) for quality management
systems, which ensured compliance with all crit-
ical requirements. The ISO 22000:2018 (2018)
standard for the food safety management sys-
tems confirmed proper risk management in food
production, and 1SO 45001:2018 (2018) contrib-
uted to minimising production risks and improv-
ing occupational safety, especially in the use of
technologies with high requirements for accuracy
and efficiency, such as the OptiMix 360 system.
Due to compliance with these standards, the sta-
bility and safety of technological processes at all
stages is achieved.

Discussion
The results of the study confirm that the integra-
tion of the OptiMix-360 system has significant-
ly improved the quality of dough, increased the
efficiency of production processes, and reduced
energy costs. In particular, the study confirmed a
significant impact of process structure and con-
trol on dough quality, which is consistent with the
results published by A. Ktenioudaki et al. (2010).
The researchers investigated the effect of various
kneading processes on the rheological character-
istics of the dough, finding that the uniformity of
mechanical energy supply and effective hydration
are crucial for obtaining a uniform texture. The
OptiMix-360 system, due to the TORNADO-2 pre-
mixer and the ProMix D-Helix dough mixer, en-
sured proper hydration and energy distribution,
which helped to achieve a high-quality gluten
mesh. One of the key areas of modern develop-
ment of production systems is the introduction of
artificial intelligence and automated control al-
gorithms, which was confirmed by E. Carpanzano
& D. Knuttel (2022). Their findings show that the
use of intelligent systems in production process-
es can significantly improve stability and produc-
tivity. The OptiMix-360 system implements sim-
ilar approaches - automated process control is
carried out using programmable logic controllers
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(Siemens S7-1500), which allows quickly adapt-
ing the process parameters.

The study by V.Piddubnyi et al. (2024) showed
that proper design of kneading processes helps
to improve the quality of the final product and
reduce energy consumption. Optimisation of the
kneading process through automatic gravimetric
dosing and pre-mixing, which is used in Opti-
Mix-360, confirmed these results, in particular, in
reducing energy consumption by 30%. S. Dhal et
al. (2023) analysed the effect of mixing time on
the properties of whole-grain flour cookie dough.
It was found that the optimal mixing time helps
to achieve the necessary uniformity and texture
of the dough, which also confirms the importance
of mixing control in this study. The study used
innovative approaches, in particular, gravimetric
dosing and adaptive mixers, which automate and
more precisely regulate the mixing process for
stable dough quality.

Z. Muchova & B. Zitny (2010) emphasised
the importance of improving approaches to
dough mixing, considering various external fac-
tors, such as vibrations. The OptiMix-360 system
takes these aspects into account, as it has design
solutions to minimise the impact of vibrations on
dosing accuracy and process stability. C. Rosell &
C. Collar (2009) focused on the effect of temper-
ature and consistency on dough performance. In
particular, they investigated how different tem-
perature conditions affect the formation of gluten
mesh and the strength of the dough. The ProMix
D-Helix circulation cooling system prevents the
dough from overheating during kneading, which
ensures proper structure development. This is
consistent with the authors’ conclusions, which
emphasise the need for strict control of temper-
ature conditions to achieve stability of dough
quality. The use of a circulating cooling system
in ProMix D-Helix reduced the risk of overheating
of the dough, which is consistent with the rec-
ommendations of F. Aghili (2021) on mechanical
load management in production processes. The
OptiMix-360 system uses adaptive algorithms for
adjusting electric drives, which helped not only
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to minimise overheating of the dough but also to
improve its texture.

K. Kansou et al. (2013) studied changes in
the porosity and stability of dough depending on
kneading conditions. Optimal mixing parameters
have been found to be key to preventing exces-
sive dough density or loss of stability during the
ageing process. In the study of the OptiMix-360
system, porosity stability was achieved due to the
uniform distribution of mechanical energy and
hydration, which confirms the authors’ conclu-
sions about the need to provide such conditions
for improving the quality of production.

Research by A.Wooding et al. (1999) revealed
the dependence of dough strength on mixing
intensity. The results obtained in this study also
showed that precise control of the kneading in-
tensity in the OptiMix-360 system helps to main-
tain the flexibility of the gluten mesh, which posi-
tively affected its ability to withstand mechanical
processing during the moulding of products. In
addition, the use of an expert system to moni-
tor key parameters, as described in K. Kansou et
al. (2014), similar to the approaches used, allows
for precise process control and maintenance of
dough stability under variable production con-
ditions. The study by A. Van der Mijnsbrugge et
al. (2016) focused on the distribution of the glu-
ten phase as a function of mixing parameters. In
turn, OptiMix-360, due to the use of appropriate
equipment, ensured a uniform distribution of
gluten, which is confirmed by the stability of the
dough structure at all stages of the process. In ad-
dition, the implemented automation made it pos-
sible to minimise the impact of the human factor.

Innovations in mixing weak dough are pre-
sented in the study by A. Parenti et al. (2013),
which investigated mixing control for weak wheat
dough using sourdough. OptiMix-360 demon-
strated a similar approach, providing precise
control of rheological properties even in complex
formulations. This proves that the introduction of
automation in the system allows maintaining the
consistency of the dough regardless of the type of
flour and recipe. S. Peighambardoust et al. (2006)

emphasised the role of the initial mixing phase in
the formation of the dough structure. The use of
TORNADO-2 premixer in the implemented tech-
nology created optimal conditions for the initial
combination of ingredients and the development
of gluten mesh, which ensured a high-quality
initial stage of kneading. An equally significant
role is played by the introduction of sensor tech-
nologies in food production. The study by R. Mo-
rales et al. (2022) confirms that the integration of
sensor systems for monitoring parameters such
as humidity, temperature, and ingredient flow rate
contributes to process stability. Similar principles
are implemented in OptiMix-360, which made it
possible to ensure high dosing accuracy (<0.1%)
and control of process parameters in real time.

Automated control of technological process-
es, based on modern regulatory algorithms, is one
of the key approaches to improving product qual-
ity. Research by PK.Juneja et al. (2021) proved the
effectiveness of such methods, which is fully con-
sistent with the practice used in OptiMix-360.The
use of adaptive control algorithms ensured high
dosage accuracy and stability of key technological
parameters, reducing the influence of the human
factor and increasing the repeatability of prod-
uct characteristics. J. Lee et al. (2023) confirmed
that the use of data processing algorithms in the
food industry significantly improves control over
production processes. In the case of OptiMix-360,
the use of automatic analysis of process param-
eters and algorithmic control of the dough com-
position contributes to the achievement of high
production stability and quality of the final prod-
uct, which corresponds to general trends in the
field of smart production. In addition, research by
N.J. Watson et al. (2021) highlighted the need to
combine sensor control with algorithmic control
to ensure process stability. The implementation of
these principles in OptiMix-360 allowed achiev-
ing uniform kneading and high dosing accuracy,
which meets modern requirements for food pro-
duction automation.

Ultimately, research by H.J. Kaur et al. (2024)
confirmed the effectiveness of automated
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solutions in ensuring product quality stability and
optimising production costs. OptiMix-360 imple-
ments similar principles, namely gravimetric dos-
ing, automated control of the kneading process,
and adaptive parameter control, which signifi-
cantly reduces material losses and ensures con-
trolled dough quality. The use of the GraviFlow
Master system ensured dosing accuracy with a
deviation of less than 0.1%, which contributed
to the stability of the dough composition. TOR-
NADO-2 premixer optimised the process of mois-
tening flour and forming a gluten mesh, which
improved the texture and strength of the final
product. The ProMix D-Helix continuous dough
mixer helped to evenly distribute mechanical en-
ergy and avoid overheating of the dough, which
ensured the uniformity of its structure. In addi-
tion, automated control based on the Siemens S7-
1500 programmable logic controller allowed re-
al-time monitoring of humidity, temperature and
proportions of ingredients, which helped to min-
imise changes in the quality of the final product.

Thus, the results obtained showed that the
OptiMix-360 system not only meets the current
requirements of the bakery industry, but also
demonstrates significant potential for improving
kneading processes. Comparison with other stud-
ies has highlighted the importance of integrating
automated solutions such as stable temperature
maintenance, precise hydration, and uniform dis-
tribution of mechanical energy. Thus, the results
of the study confirmed the feasibility of using Op-
tiMix-360 for industrial production, offering new
approaches to solving rheological and technolog-
ical problems.

Conclusions
The results of the study confirmed the efficiency
and innovation of implementing the OptiMix-360
system in industrial dough production.The combi-
nation of high-tech equipment such as GraviFlow
Master, TORNADO-2, and ProMix D-Helix allowed
significantly improving the quality of dough and
optimising production processes. Compared to
conventional methods, the continuous nature of
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the process, automation and adaptability of sys-
tem settings ensured an increase in productivity
up to 1,500 kg/h, a reduction in energy consump-
tion by 30%, and a stable quality of each batch
of dough. This helped to minimise losses due to
deviations in consistency and ensure a uniform
structure, which is especially important for large-
scale industrial production.

The use of the GraviFlow Master gravimet-
ric dosing system helped to increase the dosing
accuracy to <0.1%, which ensured the stability of
the dough composition. The TORNADO-2 premix-
er allowed optimising the hydration of flour, and
the active formation of gluten mesh, which is crit-
ical for the texture and strength of the final prod-
uct. Due to its design features, the ProMix D-Helix
dough mixer maintained a stable temperature
and uniform distribution of mechanical energy,
which prevented overheating of the dough and
disruption of its structure.

The main advantages of the system are high
energy efficiency, easy operation, and reduced
dependence on the human factor through the
integration of automated solutions, including
HMI and remote monitoring. Stable process pa-
rameters provided by an automated control sys-
tem contributed to high productivity and qual-
ity. However, the system has certain limitations,
which include the high cost of implementation,
the need for specialised training of personnel,
dependence on the accuracy of settings and
sensitivity to external factors such as vibrations
and pressure fluctuations. The results obtained
showed the potential of the OptiMix-360 sys-
tem for wide implementation in the food indus-
try, in particular, in the bakery industry. Its use
has significantly increased production efficiency,
improved the quality of finished products and
reduced costs, which makes it an important ele-
ment of the technological process.

A limitation of this study was the use of only
one type of technology, which may limit the possi-
bility of comparison with other existing methods
in other areas of the food industry. The study also
did not address the long-term economic effects of
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introducing new technologies in different market  artificial intelligence can improve the data anal-
economies. The results also open up prospects for  ysis process and automate adjustments. Devel-
further research. One of the areas is a detailed  oping more affordable system options for small
analysis of the impact of the system on various  businesses is also an interesting area.

types of raw materials, in particular, whole grain

or gluten-free flour. It is also worth investigating Acknowledgements

how the introduction of such systems can affect  None.

the taste characteristics of products and their nu-
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ABTOoMaTu3soBaHa cuctema OptiMix-360
ANnA 6e3nepepBHOro 3amMillyBaHHA TiCTa: TEXHiYHI pilleHHA Ta ePeKTUBHICTb

Irop KoBaneHko

Marictp

HauioHanbHui yHiBepcuTeT BiopecypciB i NpMPOAOKOPUCTYBAHHS YKpaiHK
03041, Byn. lepois O6opoH#, 15, M. Kuis, Ykpaina
https://orcid.org/0009-0009-3100-5502

AHoTauif. MNigsuweHHs edeKkTMBHOCTI Ta CTabinbHOCTI MPOMMCIOBOrO BMPOOHMUTBA TiCTa MOX/IMBE
3aBASKM BMPOBAOXXEHHIO iHHOBALiMHMX TEXHOMOTiN, SKi ONTUMI3YKOTb SKIiCTb | 3HWXKYKOTb BUTPATU.
MeTol LbOro AOoCNimKeHHs 6yno ouiHMTUM edekTuBHiICTb cuctemm OptiMix-360 nns npoMucnoBoro
BMpOOHMLTBA TiCTa Yepe3 iHTerpawuilo TakuMx TEXHOMOTIW, K rpaBiMETPUYHE [03YBaHHS, Npemikcepu
Ta TICTOMIiCW, BM3HAYUTK ii BNAMB Ha MOKPALLEHHS MPOAYKTUBHOCTI Ta SKOCTi KiHLEBOro MpOAYKTY.
MeToponoria pocnigxkeHHs 6asyBanacs Ha ekcnepuMeHTanbHOMY MiAXOA4i, SKui nepeabayas OLiHKY
edektnHocTi cuctemm OptiMix-360 y NOpiBHSAHHI 3 TPaAMLIMHMMM METOLAMMU LINSXOM BUMIipHOBAHHS
napameTpiB SKOCTi NpoAyKLuii Ta NPOLYKTMBHOCTI NPOLECIB 33 Pi3HMX YMOB eKcniyatauii. 34iicHeHO
aHanis edekTMBHOCTI 06nagHaHHs GraviFlow Master, TORNADO-2 Tta ProMix D-Helix Ha ocHOBI
NMOKa3HWKIB NPOAYKTUBHOCTI, EHEProCMNOXMBAHHSA, TOYHOCTI [0O3YBaHHS, SKOCTi KiHLEBOro NpoayKTy npu
BMNPOBALKEHHI LMX TEXHONOTiN Y BUpO6HMUMiA npouec. BnpoBamxkeHHs cuctemu OptiMix-360 go3sonuno
[OCATTU CYTTEBOrO MiABuMLLEeHHS NpoaykKTMBHOCTI A0 1500 Kkr/rof, 3MeHLWeHHs eHeproCroXMBaHHS Ha
30 %, a Takox CTabinbHOI SKOCTI KOXHOI napTii TicTa. [paBiMeTpuYHa cucTemMa f03yBaHHS 3abe3neunna
TOYHiCTb <0,1 %, Wo noninwuno ctabinbHicTb cknagy, Toai 9k npemikcep TORNADO-2 nokpaluns npouec
3BOJIOXKEHHS BOPOLIHA | YTBOPEHHS KNEMKOBMHMU, WO MO3UTUBHO MO3HAYMIIOCS Ha TEKCTYpi Ta MiLHOCTI
rotoBoro npoaykty. pouec BupobHMUTBA OYyB CTabinizoBaHWi, BAANOCS MiHIMi3yBaTM KOMMBAHHA
B 9KOCTi NpOAyKLii 3aBASKM aBTOMATM3auii Ta aganTMBHUM HanawTyBaHHAM. OTpUMaHi pesynbtatu
niaTeepannu eeKkTUBHICTb BNPOBafKeHHS cnucteMun OptiMix-360 y BMpoOHUYY npakTuky. TexHonoria
3abe3neunna He TiNbKM NOKPALLEHHA SKOCTI TiCTa, ane i 3MEHLUEHHS BUTPAT HA EHEProCroXUBaHHS Ta
NiABULWEHHS NPOAYKTUBHOCTI. BukopuctanHs cuctemn OptiMix-360 y xap4oBii NpoOMMCNOBOCTI, Ma€E
BMCOKWUIW MOTEHLian ANg NOKpaleHHs edheKTMBHOCTI BUPOOHMUTBA, 3MEHLLEHHS BUTPAT Ha E€Heprito Ta
3abe3neyeHHs cTabinbHOI AKOCTI NpoAyKLUii

KnioyoBi cnoBa: xap4yoBa NpoMUCIOBICTb; PEONOris; KNEMKOBUHA; IHOTEH; XNi6oneKkapcbka ranysb
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in agroclimatic conditions of the Kharkiv region. The cultures were exposed to radiation in the range
from 50 to 200 Hz using special equipment. The main measurements included analysis of biometric
characteristics: plant height, leaf count, root system mass, morbidity index, and overall yield. The results
showed that low levels of electromagnetic radiation stimulated wheat growth, increasing yields by
12-15%, and also increasing the number of leaves by 10-12%. For corn, the effect of radiation was
positive, in particular, there was an increase in the mass of the root system by 18% and a decrease in
the morbidity index by 15%. Soybeans showed the greatest response to radiation, with an increase in
growth by 19.23%, root system mass by 25%, and a decrease in the incidence index by 15-20%. The
results of the study indicate the potential for using controlled electromagnetic radiation to increase
the productivity of individual crops, especially soybeans in difficult agroclimatic conditions. The data
obtained can be useful for the development of new technologies in the field of agriculture aimed at
increasing yields, contributing to the achievement of Sustainable Development Goals, and providing a

more environmentally friendly approach to increasing crop yields and sustainability

Keywords: biometric indicators; yield; agrotechnical factors; plant productivity

Introduction

Inthe modernagro-industrial complex,the issue of
increasing crop productivity is becoming increas-
ingly relevant due to global climate change, pop-
ulation growth, and the need to ensure food secu-
rity. One of the new technological strategies that
attracts attention is the use of electromagnetic
radiation to stimulate plant growth. The problems
associated with optimising growing conditions
are more urgent than ever since the efficiency of
agricultural production directly depends on many
agronomic and environmental factors. Despite
the research that has already been conducted in
this area, there are still many unexplored aspects
of the impact of electromagnetic radiation on
agricultural crops. The results of work conduct-
ed by various authors indicate that the influence
of the electromagnetic field can vary depending
on the type of crop, the level of irradiation, and
the specific features of agroclimatic conditions.

Scientific research in the field of light radi-
ation exposure to plants is important for under-
standing the biophysical processes occurring in
the plant body. The main areas under study in
this sphere are represented by the papers of in-
dividual foreign researchers. The examination
of this phenomenon is especially important for
countries with agroclimatic conditions similar to

Ukraine, as it can help to find new approaches to
integrating modern technologies into traditional
agriculture. The crops considered, such as wheat,
corn, and soybeans, show different sensitivity to
changes in the electromagnetic field, which re-
quires more in-depth study. They are the main
agricultural products that ensure food security,
promote economic development, and form the
country’s export potential.

R.Dennis et al. (2021) investigated the effect
of pulsing electromagnetic fields (PEMF) on seed
germination. The study showed that certain lev-
els of electromagnetic exposure can stimulate
germination, while excessive exposure can have
a negative effect. This highlights the importance
of optimising impact parameters to achieve max-
imum results in agricultural production. The re-
sults of the study open up new prospects for the
use of PEMF in agronomy, showing how electro-
magnetic fields can be an effective tool for im-
proving seed germination processes.

Similarly, L. Popescu & A.S. Safta (2021) in
their study analysed the possible effects of elec-
tromagnetic waves emitted from various sources
on agricultural production. The authors empha-
sised the growing interest in assessing the im-
pact of these waves on plant growth and yield,
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especially in the context of technological devel-
opment in the agricultural sector. They consid-
ered both the positive and negative effects of
exposure to electromagnetic waves, noting that
some frequencies can promote growth, while oth-
ers can disrupt biological processes.

H.GJ. Snell et al. (2021) investigated the use
of electromagnetic fields in precision agricultural
practice using the example of corn to determine
the dry matter content. The results showed the
possibility of improving the accuracy and speed
of measuremets, which, in turn, can help agron-
omists better plan fertiliser application and field
management.

S. Ayesha et al. (2023) similarly considered
the mechanisms of influence of electromagnetic
fields on sustainable plant production and food
security. The study presented results that confirm
that electromagnetic fields can promote the de-
velopment of the root system, increase resistance
to stressful conditions, and improve the overall
condition of plants.

It is also important to consider the contri-
bution of Ukrainian scientists to the study and
examination of the influence of electromagnet-
ic radiation on agricultural crops, which adapt
methods and results to the specific conditions of
Ukraine’s agricultural climate.

O. Pankova et al. (2021) examined in detail
the effects of electromagnetic radiation on plants,
focusing on the physiological responses of plants
to electromagnetic fields. The monograph has be-
come a source for further work in this area, pro-
viding experimental data that support the possi-
bility of using electromagnetic fields to improve
agronomic practices.

L. Haidai (2019) considered the specific fea-
tures of the formation of productivity and func-
tioning of the legume-rhizobial symbiosis of
common beans in the conditions of the Right-
Bank Forest-Steppe of Ukraine. The study focused
on the importance of rhizobial bacteria for im-
proving the nitrogen nutrition of plants, which,
in turn, has a positive effect on their productivity.
The author examined the influence of various
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factors, such as soil conditions and climatic fea-
tures, on the development of symbiosis, empha-
sising the role of such relationships in increasing
the yield of legumes.

Evidently, the amount of research in this area
is quite substantial, which indicates the relevance
of the topic.Problems related to the impact of light
conditions on plant growth and productivity are
becoming important due to the need to improve
the efficiency of the agricultural sector, which is
especially important for agricultural countries
such as Ukraine. The aim of this study was to de-
termine the optimal parameters of electromag-
netic exposure for improving biometric indicators
of plants, such as height, number of leaves, root
system mass,and overall yield, as well as to assess
the potential benefits of using electromagnetic
radiation in the modern agro-industrial complex.

Materials and Methods

The study was conducted during one growing sea-
son, which is optimal for monitoring the growth
and productivity of agricultural crops. The exper-
iment began with the spring sowing campaign of
2024, which took place in April and lasted until
the harvest in the fall, in September-October. The
total duration of the study was 5-6 months, which
allowed fully assessing the effect of electromag-
netic radiation on the growth and development
of the studied crops. Seeds of agricultural crops
were exposed to electromagnetic radiation. Irra-
diation was conducted before sowing, which al-
lowed creating a stimulating effect on the initial
phases of plant development. After the irradiation
procedure, the seeds were planted in prepared ar-
eas in the field.

The Llist of agricultural crops that were used
in the experiment included wheat (triticum aes-
tivum), corn (sea mays), and soy (glycine Mach).
Wheat and corn are the main crops for the
agro-industrial complex of the Kharkiv region, as
they are of great importance for ensuring food
security and forming the country’s export poten-
tial. Soy, in turn, as of 2024, is not a widespread
crop in the agro-industrial complex of the region
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but its cultivation is promising. Therefore, in par-
ticular, for soybeans, the goal was to examine the
effects of electromagnetic radiation to improve
its productivity and promote the expansion of
this crop in the region. For the experiment, the
Kharkiv region was chosen, where the climatic
conditions differ from the southern regions of
Ukraine, in particular, with a lower level of sun-
light. This helps investigate the effect of electro-
magnetic radiation in conditions close to typical
for the northern agricultural zones of the country.
Kharkiv region is characterised by a temperate
continental climate with sufficient precipitation
and cooler summers, which avoids overheating
of plants and creates more favourable conditions
for analysing the effects of electromagnetic radi-
ation on their development. This choice of loca-
tion is also justified by the fact that the results of
the study will be relevant for other agricultural
regions of Ukraine with similar climatic and ag-
ronomic characteristics, which will contribute to
the integration of electromagnetic stimulation
technologies throughout the country. In the study,
various methods of measuring plant biometrics
were used to assess the effect of electromagnetic
radiation on crop growth and productivity, in par-
ticular, plant height, leaf count, root system mass,
and total yield.

Plant height measurement was performed
using an ultrasonic plant height meter (model:
LIDAR plant Height Meter, manufacturer: Yantai
Maohai Intelligent Technology Co., Ltd., China,
2020). The device allows accurately determining
the height of plants in the field due to laser tech-
nology, which ensures high accuracy and speed
of measurement. The number of leaves was es-
tablished manually, by counting it and determin-
ing the arithmetic mean of this value. The results
were compared with data obtained using an opti-
cal photometer for sheet surface analysis (model:
Leaf Area Meter, manufacturer: CID Bio-Science,
USA, 2019). This device accurately measures the
area of the leaf surface, which is important for
assessing the photosynthetic activity of plants.
The mass of the root system was calculated using

analogue weighing platforms (model: Wittmann
AG, manufacturer: Wittmann, Germany, 2021). Af-
ter removing the root system from the soil, it was
cleaned and measured to determine the mass of
the roots, which is an important biometric indi-
cator. Yield assessment was conducted using an
electronic crop analyser (model: Harvestmaster
GrainGage, manufacturer: Crop Test, USA, 2020).
This device quickly and accurately measures the
mass and volume of the crop, allowing for a com-
plete picture of crop productivity.

The study on electromagnetic radiation was
conducted under controlled conditions of a field
experiment, which allowed bringing the condi-
tions of exposure to the electromagnetic field as
close as possible to real field conditions where
crops are grown. However, the irradiation process
itself was conducted in a specially equipped en-
closed space on the basis of the agronomic sta-
tion of the Kharkiv National University, where all
the necessary conditions were created to control
the radiation parameters. Electromagnetic ra-
diation was provided by an alternating current
generator (model: Elma EMF 2020, manufacturer:
Elma GmbH, Germany, 2019). The generator pro-
vided regulated radiation in a given frequency
and power range. Experimental settings allowed
varying the frequency and intensity of radiation
within a certain range, examining the effect of
various parameters of the electromagnetic field
on plant growth.

Plants were irradiated at different stages of
vegetation to assess the effect of the electromag-
netic field on various aspects of growth and de-
velopment. Irradiation was conducted in several
variants:

1. Periodic exposure. Irradiation was conduct-
ed several times a week during certain periods of
crop development (for example, at the stage of
germination, during flowering and at the stage of
fruit formation).

2. Constant exposure. Irradiation was con-
ducted without interruptions throughout the
growing season to determine the cumulative ef-
fect of exposure to an electromagnetic field.
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The electromagnetic field on plants was af-
fected by two main types of installations. Induc-
tive coils located around the plants were used to
provide a direct effect on plants, creating an al-
ternating electromagnetic field. The plants were
installed inside the coils, where they were irradi-
ated according to the principle of alternating field
induction. Additionally, the technique of creating
an electric field by applying a potential between
two electrodes was used, which provided con-
tact with the root system of plants. This method
is designed to examine the effect of electrical
properties on biological processes, in particular,
to stimulate the growth of the root system and
accelerate water supply.

Monitoring of the parameters of electromag-
netic radiation was conducted in the laboratory
using special sensors for measuring voltage, cur-
rent, and electromagnetic field, which allowed
maintaining the stability and accuracy of the
experiment. The experiment used an alternating
current generator to ensure the accuracy and sta-
bility of electromagnetic radiation which helped
to control the frequency and intensity of radiation.
The generator allowed setting frequencies in the
range of 50-200 Hz, which is critical for assessing
the influence of various electromagnetic fields on
plant growth and productivity.

The voltage applied to the generator elec-
trodes could vary according to the requirements
of the experiment, which provided the required
electric field intensity. During the experiment, ra-
diation parameters were regularly monitored to
avoid fluctuations in frequency and intensity val-
ues that could affect the results. Before starting
the experiment, the equipment was calibrated to
ensure the accuracy of the measurements and the
correspondence between the set values and the
actual radiation parameters. Before starting cali-
bration, all elements of the system, including the
generator, electrodes,and measuring instruments,
were checked to ensure that there was no mechan-
ical damage and that the connection was correct.
The generator was tuned to the initial frequency
(50 Hz) and the voltage that was planned for the
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experiment. This provided a starting point for fur-
ther calibration. Adjusting the generator settings
may include changing the voltage or frequency to
achieve the required electric field level. All meas-
urement results were recorded in the calibration
protocol. In particular, the initial settings of the
generator, the obtained values of the electric
field and the adjustments made were indicated.

Calibration was repeated on a regular basis
to ensure the stability and accuracy of the ex-
periment, especially before each serious stage of
the experiment. The selected radiation parame-
ters-frequencies of 50, 100, 150, and 200 Hz - are
based on studies conducted to assess the effect
of electromagnetic fields on plant biological
processes (Petrovskyi & Volkov, 2011; Christie et
al., 2012). Previous studies have shown that
variable fields in this range can stimulate plant
growth, activating photosynthetic processes and
improving metabolism.

Thus, the parameters of the frequency and
intensity of electromagnetic radiation were
selected based on previous studies confirm-
ing their potential to stimulate the growth and
productivity of agricultural crops. Several basic
analysis approaches are usually used to assess
the effect of electromagnetic radiation on crop
growth and productivity (Chalker-Scott, 1999;
Sviren et al., 2016). Biometric indicators (plant
height, number of leaves, root system mass, total
yield, etc.) are measured, and then, these values
are compared in the control and experimental
groups. Basic parameters for assessing the impact
of electromagnetic radiation:

1. Plant height (H) — measured in centimetres
from the soil surface to the top of the plant.

2.Number of leaves (N) - the total number of
leaves on each plant is counted.

3.Root system Mass (M) - determined by re-
moving the root system after harvesting the plant
and weighing it.

4.Yield (Y) - defined as the total amount of
yield per unit area (tonnes/ha).

The growth index (Gl) was calculated using
the Formula (1):
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Gl =21.100%, 1)
Ho

where H, - the average plant height in the con-
trol group; Hi - the average plant height in the
experimental group.

This allows comparing the average plant
growth in the experimental group with the control
plants and evaluating the effectiveness of radia-
tion exposure.The following Formula (2) was used
to calculate the root system development index:

IRK = 1. 100%, )
Mo

where M, - the average root mass in the control
group; My - the average root mass in the experi-
mental group.

This formula estimates how much the mass
of the root system has changed as a result of
exposure to electromagnetic radiation. Plant dis-
ease is also one of the most critical factors that
negatively affect their yield and product quality.
Pathogens can substantially reduce plant growth
and development by disrupting photosynthesis,
transpiration, and nutrient absorption. In the cur-
rent experiment, resistance to diseases such as
pyrenophorosis (on wheat), multicoloured mould
(on soy), and corn rot (Pinchuk et al., 2018).

The Bobby scale was used to assess the de-
gree of damage, which allows quantifying the
spread of the disease on a five-point scale. This
technique provides convenience in the field and
allows quickly assessing the degree of damage at
different stages of plant development. Measure-
ments were performed on plants of the control
and experimental groups, followed by data anal-
ysis to calculate the overall plant resistance to
diseases. The Bobby scale includes the following
categories:

» 1 point - healthy plants, no visible symp-
toms of the lesion;

» 2 points - weak lesion covering approxi-
mately 10% of the plant area;

» 3 points - moderate damage covering ap-
proximately 25% of the area;

» 4 points - substantial lesion that affects
50% of the plant;

» 5 points - severe lesion covering more
than 75% of the plant.

The defeat index was calculated using the
following Formula (3):

_ S@b),
1= 222-100%, 3)

where | - the lesion index as a percentage; a - the
number of plants with a certain degree of dam-
age; b - the lesion score according to the scale;
N - the total number of plants examined; K - the
maximum possible lesion score (in this case, 5).

This index allows quantifying the level of
disease damage and using these data for fur-
ther agrotechnical decisions to increase plant
resistance and reduce crop losses. For each crop
(wheat, corn, soy), the results can be summarised
separately. Changes in biometric characteristics
after treatment are evaluated for each plant.
These results are then compared to determine
the greatest impact on a particular culture. In the
course of conducting this study, all ethical stand-
ards specified in legislative acts were observed
(Convention “On Biological Diversity”, 1992; Law
of Ukraine No. 1264-XIl, 2024). All research prac-
tices related to the collection of vegetation data
were conducted in accordance with the Principles
of Sustainable Use of Natural Resources and Pro-
tection of Biodiversity.

Results

A study conducted during one growing season in
the Kharkiv region showed a substantial effect
of electromagnetic radiation on the growth and
development of agricultural crops, in particular,
wheat, corn, and soybeans. According to the re-
sults of the experiment, it was determined that
radiation has a positive effect on all the studied
crops but the most impressive changes were ob-
served in soybeans which allows considering the
use of electromagnetic radiation as the most rel-
evant for this crop.

The temperature regime was one of the crit-
ical parameters that was monitored throughout
the experiment. During the growing season, the
air temperature ranged from 18 to 25°C, which is
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optimal for most crops, including wheat and corn
(Zymaroieva, 2019). However, for soybeans, which
are more sensitive to temperature fluctuations,
these indicators may have been less favourable,
which is especially important to consider when
interpreting the results of exposure to electro-
magnetic radiation.

Air humidity also varied throughout the ex-
periment, in particular, during the period of plant
irradiation, it was in the range of 60 to 80%. This
provided stable conditions for plant development
and minimised the impact of arid conditions on
the results of the experiment. According to scien-
tific guidelines, humidity control is an important

Stavinskiy et al.

factor in maintaining proper plant development
when exposed to external factors such as electro-
magnetic radiation (Pankova et al., 2021).

After the irradiation was completed, the
seeds were planted on experimental plots in
compliance with agrotechnical standards, includ-
ing the standard sowing scheme for each crop.
It is important to emphasise that the irradiated
seeds grew under conditions similar to the con-
trol samples, allowing the comparison of the re-
sults without additional changes in external con-
ditions. The data in Table 1 show how the height
of the plants participating in the experiment
changed during 6 weeks of exposure.

Table 1. Changes in plant height under the influence
of electromagnetic radiation during the growing season

Crop Growing season Control group (cm) Experimental group (cm)
2 weeks 25 30
Wheat 4 weeks 45 52
6 weeks 60 68
2 weeks 40 45
Corn 4 weeks 90 100
6 weeks 140 150
2 weeks 20 26
Soybeans 4 weeks 35 42
6 weeks 52 62

Source: compiled by the authors

The data show changes in plant height under
the influence of electromagnetic radiation during
the growing season. The results obtained allowed
calculating such an important indicator as Gl. The
results for each of the crops were considered sep-
arately to analyse the growth index at 6 weeks. Gl
for wheat was calculated based on the average
plant height in the control (60 cm) and experi-
mental groups (68 cm):

Gl wheat = % 100% ~ 113.33%.

This indicator indicates moderate stimula-
tion of wheat growth in conditions of electro-
magnetic radiation. For corn, the average plant
height in the control group was 140 cm, and in
the experimental group - 150 cm:

Gl corn = % -100% ~ 107.14%.

This result indicates some improvement in
corn growth, although the effect was less pro-
nounced compared to other crops. The average
height of soybean plants in the control group was
52 c¢m, and in the experimental group - 62 cm:

GI soybean = 2 - 100% ~ 119.23%.

High Gl in soybeans indicates substantial
growth stimulation under the influence of elec-
tromagnetic radiation. Thus, the results of the
Growth Index obtained at week 6 of the exper-
iment demonstrate a positive effect of electro-
magnetic radiation on plant development. Wheat
showed a Gl of 113.33%, indicating moderate
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stimulus. Corn, with an index of 107.14%, showed

some improvement, although less pronounced.

The highest index of 119.23% was recorded in
soybeans, which indicates a substantial stimula-
tion of its growth.

Table 2 shows data on the mass of the root
system in grams for control and experimental

groups at different stages of vegetation (after 2,
4, and 6 weeks). These indicators allow assess-
ing the effect of electromagnetic radiation on
the development of the root system of each crop
and determining the potential to increase their
stability and productivity under experimental
conditions.

Table 2. Dynamics of changes in the mass
of the root system under the influence of electromagnetic radiation

Crop Vegetation period Control group (g) Experimental group (g)
2 weeks 5 6
Wheat 4 weeks 10 12
6 weeks 15 18
2 weeks 7 8
Corn 4 weeks 18 20
6 weeks 25 28
2 weeks 4
Soybeans 4 weeks 8
6 weeks 8 10

Source: compiled by the authors

The root system mass index (RSMI) was cal-
culated to analyse the effect of electromagnetic
radiation on root system development through-
out the experiment. Next, the above index was
calculated for the sixth week of vegetation, which
was the most substantial since it helped to assess
future trends. For wheat:

1. Average root weight in the control group
(Mp): 15 q.

2. Average root weight in the experimental
group (M1): 18 g:

RSMI wheat = % -100% ~ 120%.

This result indicates that the mass of the
wheat root system in the experimental group is
20% higher than in the control group, which in-
dicates a positive effect of electromagnetic radi-
ation. For corn:

1. Average root weight in the control group:
25g.

2. Average root weight in the experimental
group: 28 g:

RSMI corn = 22-100% ~ 112%,

Consequently, the mass index of the corn root
system in the experimental group is 12% higher
compared to the control variant. This is a positive
result. For soybeans:

1. Average root weight in the control group:
8a.

2. Average root weight in the experimental
group: 10 g:

RSMI soybean = 2+ 100% ~ 125%.

This indicator indicates that the mass of
the soybean root system in the experimental
group exceeds the control by 25%, which con-
firms the effectiveness of exposure to electro-
magnetic radiation. Consequently, the results
obtained indicate an overall increase in the
mass of the root system of all three crops in the
experimental groups. Wheat, corn, and soybeans
show a marked improvement in root system de-
velopment under the influence of radiation of
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varying degrees. The increase in root system
mass observed in the experimental groups in-
dicates an increased ability of plants to absorb
water and nutrients from the soil. This is a viral
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factor for plant growth. The generalised results
of biometric indicators of plants under the influ-
ence of electromagnetic radiation are presented
in Table 3.

Table 3. Specific effect of electromagnetic radiation on biometric indicators (in %)

Crop Indicator Control group Experimental group
Plant height 78 90
Wheat
Root system mass 15 18
Plant height 170 185
Corn
Root system mass 25 28
Plant height 52 62
Soybeans
Root system mass 8 10

Source: compiled by the authors

The results of the experiment showed that in
the control group of wheat, the average height of
plants was 78 cm, while in the group that was ex-
posed to electromagnetic radiation, plants grew
to 90 cm.This indicates a 15.38% increase in plant
height under the influence of radiation. Similarly,
an increase in the mass of the root system was
observed: in the control group it was 15 g, and
in the experimental group - 18 g, which confirms
an improvement in the root structure and overall
viability of plants (an increase of 20%).

For corn, a positive effect of electromagnetic
radiation was also observed. In the control group,
the average plant height was 170 cm, while in the
experimental group, it was 185 cm, which shows
a growth of 8.82%. This may indicate the stimula-
tion of plant growth under the influence of radi-
ation, which is an important factor for optimising
the use of land resources and increasing yields.

As for the mass of the root system, it in-
creased from 25 g in the control group to 28 g in
the experimental group, which corresponds to an
increase of 12%. The change in yield for corn was
8.33%, which also confirms the positive effect of
electromagnetic radiation on the overall condi-
tion of plants and their productivity. Although the
changes are not as impressive in comparison with
other crops, for corn this may be an indicator of a
possible increase in the efficiency of cultivation in

the agroclimatic conditions of the Kharkiv region.

The greatest interest was aroused by the
effect of electromagnetic radiation on soybeans.
Soy is a relatively less common crop in the
agro-industrial complex of the Kharkiv region,
which is due to a number of agroclimatic factors,
in particular, the limited thermal resource and in-
sufficient amount of solar radiation necessary for
its full growth and development. In the control
group, the average plant height was only 52 cm,
which is quite low for this crop. However, in the
group that was exposed to electromagnetic radi-
ation, the height of the plants increased to 62 cm,
which is 19.23% more.

The mass of the root system also showed
substantial changes: in the control group it was
8 g and in the experimental group - 10 g, which
indicates a 25% increase. This result is especially
important for soybeans, as root mass is a key indi-
cator of plant development, which determines its
resistance to stress and the efficiency of absorb-
ing nutrients from the soil.

One of the important aspects of the study is
the assessment of plant resistance to infections,
fungal and bacterial diseases after exposure. Ra-
diation exposure can alter the activity levels of
antioxidant systems, which in turn help reduce
exposure to diseases. In addition, it can affect
the increased immune response of plants due
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to changes in their metabolism (Balan & Aheie-
va, 2018). Based on the results, it was established
that in the experimental groups (with medium
and strong levels of radiation exposure), a sub-
stantial decrease in the level of plant damage
was observed compared to the control groups.

During each stage of exposure, the level of
disease damage was reduced compared to the
control groups. The greatest effect was observed
in groups with medium and strong irradiation,
which indicates the ability of electromagnetic
radiation to strengthen the mechanisms of plant
protection against diseases.

The calculation of the lesion index for three
cultures was based on data on the degree of le-
sion in the control and experimental groups. For
wheat (pyrenophorosis):

1. Control Group: A1l - 20, average lesion
score bl - 4 (substantial lesion).

2. Experimental group (medium exposure
level): A2 - 20, average lesion score b2-2 (weak
lesion).

3. Total number of plants N - 50:

— 204, 0 = 320
I control = Z—-100% = 32%,

[ experiment = %- 100% = 16%.

For soybeans (multi-coloured mould):

1. Control group: Al - 15, average lesion
score bl - 5 (severe lesion).

2. Experimental group (strong exposure lev-
el): A2 - 15, average lesion score b2 - 3 (moder-
ate lesion).

3. Total number of plants N - 40:

155, _
I control = 205 100% = 37.5%,

I experiment = 13—:;- 100% = 22.5%.

For corn (corn rot):

1. Control group: A1 - 25, average lesion
score bl - 3 (moderate lesion).

2. Experimental group (average exposure
level): A2 - 25, average lesion score b2 - 1 (weak
lesion).

3. Total number of plants N - 50:

253
I control = o5 100% = 30%,

I experiment = 2= 100% = 10%.

Thus, for all three crops, a substantial de-
crease in the lesion index was observed in the
experimental groups compared to the control
groups, which indicates a positive effect of elec-
tromagnetic radiation on plant resistance to dis-
eases. These results correspond to the average
radiation level (81-120 Hz) for the three types of
crops. Generalised data on the effect of radiation
exposure on the number of healthy plants can be
seen in Figure 1.

Control
B 50-80 Hz
corn :_ 81120 Hz
I
|
1
0 20 40 60 80 100

Figure 1. Number of healthy plants (%) at
different levels of pre-exposure to seeds
Source: compiled by the authors

These results are important because they
demonstrate substantial potential for using
electromagnetic radiation to stimulate soybean
growth and increase soybean yields in regions
with limited growing conditions. In particular,
changes in the development of the root system,
plant height, and yield show that irradiation can
contribute to improving the overall condition of
soybeans and increasing their productivity, which
is of great importance for expanding the produc-
tion of this crop in Ukraine.

The difference in the reactions between
wheat, corn, and soy to electromagnetic radiation
in the experiment may be due to several factors
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that are both biological and agrotechnical in na-
ture.For a better understanding, it is worth consid-
ering the genetic characteristics of each crop, the
biological processes occurring in their cells un-
der the influence of electromagnetic radiation, as
well as the agrotechnical aspects of growing each
crop in specific conditions of the Kharkiv region.
Wheat and corn have a more developed root
system and mechanisms for adapting to stress-
es such as changes in environmental conditions.
Wheat, as an annual grain crop, is adapted to a
wide range of temperatures and lighting, which
allows it to respond to electromagnetic radiation
with minimal negative consequences at medium
intensity. Accordingly, the average radiation level
(150 Hz) contributed to an improvement in meta-
bolic processes, such as photosynthesis, and pro-
vided optimal conditions for plant growth.
Corn,as a crop with a greater ability to actively
absorb water and nutrients through the root sys-
tem, also showed positive results under medium
exposure. The strength of this plant species lies
in its ability to quickly adapt to different climatic
conditions, which allows it to use electromagnet-
ic waves more efficiently to stimulate growth at
a lower dose of radiation. However, at high radia-
tion intensity (200 Hz), corn began to show nega-
tive effects, which may be the result of disruption
of the normal functioning of the cell membrane
caused by excessive radiation energy. This may be
due to increased levels of oxidative stress and im-
paired plant metabolism (Kovalenko et al., 2020).
Soy, unlike wheat and corn, showed the great-
est changes in results due to its growth charac-
teristics and biological sensitivity. Soybeans are
more sensitive to environmental changes such
as light levels and temperature, making them
more vulnerable to environmental stresses, in-
cluding electromagnetic radiation. The greatest
stimulating effect was observed at a medium
level of exposure, which was likely optimal for
this culture. However, at high exposure intensity,
soybeans showed slow growth, which may result
from disruption of the normal development of the
root system and a decrease in the ability to fix
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nitrogen in the soil, which is critical for soybean
growth (Haidai, 2019; Osokina et al., 2024).

Wheat and corn have a higher tolerance to
electromagnetic radiation due to their adaptive
mechanisms, such as more active regulation of
water balance and greater ability to photosyn-
thesise even under changing conditions. This al-
lows them to use electromagnetic energy more
efficiently to stimulate growth in the early stages
of development. Thereby, soy, as a legume crop,
has other biological needs, such as optimal root
system growth for nitrogen fixation. High levels
of radiation exposure can disrupt these processes,
reducing the ability to develop and grow normal-
ly, as well as integrate nutrients.

Soy may also be more sensitive to energy
changes at the cellular level due to its ability to
symbiosis with nitrogen-fixing bacteria, which
are critical for its normal development. High ra-
diation intensity can disrupt normal biochemical
reactions in plants, which can affect the effective-
ness of nitrogen fixation and overall plant growth.

In addition to biological and genetic rea-
sons, the agrotechnical conditions in which the
experiment was conducted are important. For
each crop, different growing conditions, such as
soil temperature, humidity,and lighting, may have
affected the effectiveness of exposure (Shaked et
al., 2001; Semenov et al., 2017). In the case of
corn and wheat, which are less sensitive to such
changes, the results were less dependent on en-
vironmental conditions, compared to soybeans,
which, due to their developmental characteristics,
may be more vulnerable to changes in parame-
ters such as light intensity and temperature.

Therefore, the difference in crop responses
may be related to their genetic characteristics,
physiological processes, and agrotechnical condi-
tions. Wheat and corn showed improved growth
and development at medium exposure levels due
to their adaptation to changing environmental
conditions and biological resistance to stress.
Soy, on the other hand, showed better results
at moderate levels of exposure, but at high in-
tensity, there were substantial negative effects
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due to disruption of key biochemical processes.
These data allow evaluating not only the effect
of radiation on plant growth but also its ability to
increase the stress resistance of plants, which is
an important aspect for increasing yield and re-
sistance to adverse conditions.

Discussion

The results confirmed that electromagnetic radi-
ation has a positive effect on the growth and de-
velopment of wheat, corn and, most importantly
for the context of discussion, soybeans. Research
shows that exposure to soybean seeds contrib-
utes to increased biomass and yield in conditions
that are usually less favourable for this crop. Dur-
ing the study, it was established that wheat and
corn also respond to radiation but their response
was less substantial compared to soy. This may
be due to the fact that these crops are already
adapted to the conditions of the region, and elec-
tromagnetic stimulation does not play a crucial
role in their productivity.

A similar effect of electromagnetic radiation
on plant growth has been considered in other
studies. For example, a study by L. Chervinsky &
0. Romanenko (2016) analysed the spectral re-
quirements for artificial irradiation for growing
plants in closed-ground structures. Despite the
similarity in the analysis of the effects of differ-
ent radiation parameters, the current study has
important differences. It covers the effect of elec-
tromagnetic radiation not only on certain growth
parameters in artificial conditions but also in
open field conditions of the Kharkiv region. This
allows considering the importance of climatic
factors and assessing the resistance of plants to
natural stress factors.

A study by M. Marenych & S. Yurchen-
ko (2017) was devoted to the examination of
the effect of pre-sowing seed treatment with bi-
ologically active substances on the growth and
development of winter wheat plants in the early
stages. The similarity with the experiment lies in
the general idea of influencing the initial stages
of plant growth through seed treatment, which

in the context of this study was conducted using
electromagnetic radiation. However, the current
study is more versatile, as it includes not only the
impact on growth but also on other biometric in-
dicators (for example, root system development
and stress resistance, expanded by examining
the reactions of different crops (wheat, corn, soy-
beans) and the impact on their productivity in
real-world field conditions.

A paper of A. Semenov et al. (2017) is close-
ly related to this study, as it focuses on the role
of ultraviolet radiation in the development and
productivity of various crops. Their study demon-
strates how specific radiation ranges can sub-
stantially affect physiological processes in plants,
in particular, metabolism, stress resistance, and
increased yields. This publication is particularly
important for understanding how the electro-
magnetic radiation used in the experiment can
affect plant growth and development, which is
also important for agricultural research.

H.Balan & O.Aheieva (2018) focused on the
importance of predicting the development of
diseases in agricultural production. They consid-
er the impact of various adverse environmental
factors on plants and their resistance to diseas-
es, which is an important aspect of effective crop
management and plant protection. The current
study, in particular, examines exposure to electro-
magnetic radiation, which is an important addi-
tional variable in the context of stressors that can
affect plant health. Although there are differenc-
es in approaches (electromagnetic radiation ver-
sus traditional agronomic factors) between the
two reviews, both studies contribute to a deep-
er understanding of plant interactions with ad-
verse environmental conditions and adaptation
mechanisms. The current study may complement
the recommendations of H. Balan & O. Aheie-
va (2018), in particular, in terms of how various
stressors affect the development of diseases and
the general condition of plants.

It is important to pay attention to interna-
tional experience, which demonstrates substan-
tial results in improving the sustainability and
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productivity of agricultural crops under the influ-
ence of various factors. S. Premaiatha et al. (2006)
focus on the analysis of necrosis genes and as-
sess wheat rust resistance, which is an important
aspect of plant stress resistance. The current
experiment also allows analysing the resistance
of crops to various stressful conditions, such as
diseases and adverse climatic factors. The general
focus is on finding ways to increase the resilience
of crops to external threats. However, the current
study places more emphasis on technological as-
pects, in particular, on the use of the latest ra-
diation methods to stimulate plant growth and
development, which is a distinctive feature.

A study by J.M. Christie et al. (2012) focused
on the role of the UVR8 photodetector in plants,
which is activated by UV-B radiation due to the de-
struction of salt bridges between dimers caused
by tryptophan. Researchers have investigated the
molecular mechanisms by which plants are able
to sense UV-B light and adapt their physiology to
this factor. Similar to their study, the current pa-
per also examines the effects of external physical
factors but focuses on electromagnetic radiation
and its ability to alter physiological processes
such as growth, metabolic changes, and plant
resistance in the field. The new study is unique
in that it is aimed at exploring the agricultural
impact in specific climatic conditions, which al-
lows evaluating the results in an applied context
for agricultural productivity and optimisation of
growing conditions.

M. Wada et al. (2005) considered the mech-
anisms of plant photosensitivity, the interaction
of plants with various types of light signals, such
as phytochromes, cryptochromes, and other pho-
toreceptors. They provided information on photo-
morphogenesis, including the effect of different
light spectra on plant development, which is of
great importance for understanding plant adap-
tation to changing environmental conditions. In
the context of a new study that examines the ef-
fects of electromagnetic radiation, the concept of
plant light sensitivity can serve as an important
basis for comparison. Although this paper focuses
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on electromagnetic waves, the principles of plant
adaptation to light stimuli may seem similar,
highlighting the importance of external physical
factors for plant growth and development.

Thus, the current study supports the hypoth-
esis of a positive effect of electromagnetic radia-
tion on crop productivity, especially in conditions
that are unfavourable for soybean cultivation.This
opens up new opportunities for further improve-
ment of agricultural technologies and promotion
of sustainable development of the agro-industrial
complex in Ukraine and abroad.

Conclusions
The conducted study showed that electromag-
netic radiation in the range of 50-200 Hz has a
positive effect on the growth and productivity
of agricultural crops, in particular, wheat, corn,
and soybeans, in the agroclimatic conditions of
the Kharkiv region. An increase in biometric in-
dicators, such as plant height and root system
mass, was noted. Especially substantial changes
were recorded in soybeans, which usually show
lower growth and development indicators in
the Kharkiv region. Under the influence of elec-
tromagnetic radiation, there was an increase in
soybean growth by 19.23%, root system mass -
by 25% and a decrease in the crop morbidity in-
dex by 15-20%. This confirms the effectiveness
of using electromagnetic radiation to increase
plant resistance to diseases and improve their
overall condition, which is promising for in-
creasing productivity in the agricultural sector.
The results obtained allow recommending the
introduction of electromagnetic irradiation tech-
nologies within the specified range to improve
crop productivity in regions with similar agrocli-
matic conditions. The greatest effect is observed
when growing soybeans which traditionally
have a low yield in the Kharkiv region. The use
of this technology can also be useful in regions
with insufficient natural light or unfavourable
conditions for growing crops. It is advisable to
analyse the optimal modes of electromagnet-
ic exposure to further improve the results, in
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particular,the frequency and duration of exposure
for each culture. It is also necessary to assess the
impact on other crops and assess the long-term
consequences for the agroecosystem, includ-
ing the impact on soil microorganisms and soil
fertility. One of the limitations of the study was
its implementation in the same region (Kharkiv
region), which may affect the universality of the

nutrient content in wheat, corn, and soy grains.
This will help to understand whether electro-
magnetic radiation can improve not only quanti-
tative but also qualitative indicators of the crop.
It is also important to investigate the economic
efficiency of implementing this technology in
large agricultural enterprises, which will allow
farmers to better assess the feasibility of using it

results obtained. In addition, the limited duration
of the experiment did not allow for assessing the
long-term effect of electromagnetic radiation on

in commercial agriculture.
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Bnnue eneKTpoMarHiTHOro onpoMiHeHHs1 Ha pPiCT Ta NPOAYKTUBHICTb
cinbcbKorocnogapcbKux KynbTyp B arponpoMUC/IOBOMY KOMIJIEKCi

AHpApin CTaBUHCbKUIA

[lokTop TexHiYHMX Hayk, npodecop

MuKONAIBCbKMIM HALLIOHANbHUI arpapHWi yHiBepCuTeT
54008, syn. leopris loHraase, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0001-7573-9238

Napuca BaxoHiHa

KananaaTt disnko-mMaTteMaTUUYHUX HaYK, AOLLEHT
MuKONAiBCbKMM HALLIOHANbHUI arpapHui yHiBepCuTET
54008, syn. leopris loHraase, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0002-1668-2275
Bonoaumup MapTuHeHkKo

KaHanaaT TeXHiYHMX HayK, AOLEHT

MuKoNaiBCbKMIM HaLiOHaNbHUI arpapHUi yHiBepcuTeT
54008, syn. leopris loHraase, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0003-4067-3640

Bitanin Mapg3seko

AcnipaHT, acucTeHT

MuKONaiBCbKMIM HaLiOHANbHUI arpapHUi yHiBepcuTeT
54008, syn. leopria loHraase, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0001-7327-9215

Anppiih PypeHko

AcnipaHT, acucTeHT

MUKONAIBCbKMI HALLIOHAIbHUI arpapHUi YHiBepCUTET
54008, syn. leopria lonraase, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0002-5103-6412

AHoOTauUif. MeTol UbOro [OCNIIKEHHS 6yno BM3HAUMTM OCOGNMMBOCTI BMAMBY Pi3HMX piBHIB
€NEeKTPOMArHiTHOr0 BMMPOMIHIOBAaHHS Ha OGIOMETPUYHi  MOKA3HWMKM Ta BPOXAMHICTD OCHOBHMX
CiNbCbKOroCNoAaPCbKUX KYNbTYp, TakMX SIK NLWeHUUS, KyKypyAsa Ta cos. JocnipkeHHs 6yno nposeseHo
Ha 3paskax MNWeHuLi, KyKypya3u Ta COi, BUPOLLEHMUX Y arpoKNiMaTUUHMX YMOBax XapKiBCbKoi obnacTi.
KynbTypu niggasanucs BnAvBy BMNPOMiHIOBaHHA B AianasoHi Big 50 go 200 [l 3 BMKOPUCTaHHAM
cneuianbHoro obnagHaHHA. OCHOBHI BUMIpIOBaHHS BK/KOYanM aHanis 6ioMEeTpUYHMX XapaKTepUCTUK:
BMCOTY POC/IMH, KiNbKiCTb JINCTS, Macy KOpPEHeBOi CMCTEMM, iHAEKC 3aXBOPHOBAHOCTI Ta 3arajibHy
BPOXaMHiCTb. Pe3ynbTaTM Mokasanu, WO HU3bKi PiBHi €NeKTPOMArHiTHOrO OMPOMIHEHHS CTUMY/HOBANU
piCT NweHuLi, NiaBULLYIOYM BPOXaMHICTb Ha 12-15 %, a Takox 36inbwunnu Kinbkictb nucta Ha 10-12 %.
[ns kykypyasu edekT OMNpOMiHEHHSI BUSIBUBCS MO3UTUBHMM, 30Kpema CrocTepiranocs 36iNnblueHHs
Macu KopeHeBoi cucteMu Ha 18 % i 3MeHLWweHHs iHaeKkcy 3axBoptoBaHocTi Ha 15 %. Cos nokaszana
HanbiNblUKMIA BIATYK HA OMPOMIHEHHS, 3 NiABULIEHHAM pocTy Ha 19,23 %, Macu KopeHeBOi cMCTeMU Ha
25 % Ta 3MeHwWeHHAM iHAeKCy 3axBoptoBaHOCTI Ha 15-20 %. BMCHOBKM mocCnigkeHHs CBig4atb npo
NOTEHLIMHY MOX/IMBICTb BUKOPWUCTAHHSA KOHTPOJIbOBAHOrO €/IeKTPOMArHiTHOro BUMPOMIHIOBAHHSA AN
NiABULLEHHS MPOAYKTUBHOCTI OKPEMMX CiNlbCbKOroCMoAapCbKMX KynbTyp, 0COBAMBO COi Yy CKNagHUX
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arpokniMaTMyHmx ymosax. OTpuMaHi aaHi MOXyTb 6YTM KOPUCHUMU AN pO3PO6KM HOBUX TEXHONOTIN Y
cdhepi arponpoMUCIOBOro KOMMIEKCY, CMPSMOBAHMX HA NiABULLEHHS BPOXKANHOCTi, CNPUSIOTb AOCATHEHHIO
uinen cranoro po3BuTKy, 3abe3neuvyroun Binbll eKONOrivyHWMi MigXig [0 MiABULLEHHS BPOXAMHOCTI Ta
CTiMKOCTi CiNbCbKOTrOCNOAAPCbKUX KYNBTYp

KniouyoBi cnoBa: 6iOMeTpWMYHi  NOKa3HMKWM; BPOXaWHICTb; arpoTexHiyHi  GakTopu; POCAMHHA
NpOOYKTUBHICTb
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Abstract. The study was aimed at identifying the key factors that affect the sanitary condition of
pine forests in Polissia under climate change, as well as developing recommendations for their
adaptation to new environmental challenges. For the analysis, 30 trial plots of 0.1 hectare each were
laid out, where pine stands of different age classes were studied. The work recorded key climate
trends: the average annual temperature increased by 1.2°C over the period 1968-2024, precipitation
decreased by 25 millimetres, and the hydrothermal moisture coefficient decreased from 1.3 to 0.9,
indicating drought. In regions with a moisture deficit, the proportion of dry-topped trees increased
from 8% to 20%, and root sponge damage from 5% to 12%. Decreased soil moisture levels disrupted
transpiration, limited photosynthesis and reduced wood growth by 18% compared to healthy trees. It
was found that the number of pine sawfly and bark beetles increased by 67% and 150%, respectively,
in dry conditions. The analysis showed that mechanical damage caused by strong winds creates
conditions for the active spread of pests and diseases. The results obtained indicate that climate
change has caused degradation of forest stands due to increased physiological stress of trees. To
adapt, the authors propose the selection of resistant pine varieties, the introduction of irrigation
systems, monitoring of forest conditions using geographic information technologies, and an increase
in the area of forestry in favourable areas. These measures will help preserve forest ecosystems in
the region in the face of climate change
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Introduction

Climate change is one of the most pressing chal-
lenges of the modern world, affecting ecosystems
on a global scale.Forests,in particular pine forests
in Polissia, are under significant anthropogenic
and climatic pressure, which manifests itself in
the form of rising temperatures, decreasing pre-
cipitation, frequent extreme weather events and
moisture deficit. These factors disrupt the sani-
tary condition of forests, causing trees to dry out
and spread pests and diseases. Polissia’s forests
play an important ecological role, including main-
taining biodiversity, regulating water regimes,
and providing valuable resources such as timber.
However, increasing physiological stress due to
environmental degradation threatens their sus-
tainability. Scientific approaches to assessing the
impacts of climate change on forest ecosystems
are critical to developing adaptation measures
that can sustain these ecosystems in the long term.

The decrease in soil moisture is one of the
most important factors that disrupts the water
balance of trees and their physiological activity.
V. Turko & V. Moroz (2023) noted that insufficient
soil moisture leads to reduced transpiration of
pine trees, which in turn affects photosynthetic
activity and metabolic processes in wood. Their
results also show that insufficient transpiration
significantly affects the ability of trees to main-
tain water balance in dry conditions, but the study
did not consider the long-term effects of these
changes in the context of the Polissia climate.

Pests, such as pine beetle and bark beetles,
are another significant factor contributing to the
degradation of forest stands in drought condi-
tions. V. Moroz & Y. Nykytiuk (2021) noted that
under conditions of moisture deficit, the num-
ber of pine beetles can double, and the activity
of bark beetles can increase by more than 150%.
Their study showed that weakened trees become
an easy target for these pests, which accelerates
the drying out of trees. The authors also noted
that the pests develop resistance to standard con-
trol measures under high temperatures, but their
findings did not take into account the specific

Moroz

interaction between the pests and the mechani-
cal damage to trees often caused by storms.

Mechanical damage caused by strong winds
is an important additional factor in the degrada-
tion of forest stands. S.K. Ghosh et al. (2022) in-
vestigated the impact of storms on the structural
integrity of pine trees and found that damaged
trees become more vulnerable to bark beetles
and root diseases such as sponge. According to
them, strong winds contribute to the spread of
pathogens through mechanical cracks in tree
trunks. At the same time, the authors’ study did
not include a comprehensive analysis of the syn-
ergy between mechanical damage and drought,
which is relevant for Polissia.

Root sponge is one of the most common
diseases of pine trees, which significantly affects
their viability. A. Buras et al. (2023) studied the
impact of the disease on the physiological state
of stands and found that affected trees reduce
wood growth by 15-20%. In addition, they found
that root sponge infection increases under con-
ditions of prolonged periods of moisture deficit.
However, their study focused mainly on the condi-
tions in Central Europe, leaving aside the specific
climate conditions of Polissya.

The physiological stress caused by water
deficit is exacerbated by climatic factors such as
rising temperatures. H. Dang et al. (2021) showed
that with decreased soil moisture, transpiration
decreases by 30%, which is accompanied by im-
paired photosynthesis and reduced biomass
production. Their study confirmed the critical
importance of water regime for maintaining the
stability of forest stands, but did not take into ac-
count the long-term impact of climate change on
the dynamics of these processes.

Among the physiological consequences of
climate change, an increase in the level of oxi-
dative stress is of particular importance. E.X. El-
lis et al. (2024) proved that under conditions of
chronic drought, oxidative stress becomes the
main cause of tree cell damage. They found a 25-
30% decrease in antioxidant protective activity,
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which makes trees more vulnerable to external
stressors. However, their study did not consider
the specifics of the impact of oxidative stress on
pine forests in Polissia.

Geographic information systems (GIS) and
other modern monitoring technologies are
important tools for analysing changes in the
sanitary condition of forests. M. Hartmann et
al. (2023), A.K. Bose et al. (2022) emphasised the
effectiveness of GIS in the early diagnosis of deg-
radation processes, in particular tree drying. They
also pointed out that these technologies allow for
real-time assessment of pest risks, but their study
was limited to lowland forests, making it difficult
to adapt the results to the worse environmental
conditions of Polissia.

The study aimed to assess key climate trends
and their impact on the health status of pine for-
ests in Polissia, as well as to develop practical
measures to ensure the adaptation of these eco-
systems to climate change.

The study identified the following objectives:
to study the impact of climate change, such as in-
creased temperature, decreased precipitation and
reduced hydrothermal coefficient, on the health
of pine forests; to analyse the dynamics of pests
and tree diseases in arid conditions; to study
physiological changes in trees, including transpi-
ration activity, photosynthesis, and wood growth;
and to develop practical recommendations for
adapting Polissia forests to climate change.

Materials and Methods
The study was conducted in 2020-2024 in the
Polissia region of Ukraine, in particular in the Zhy-
tomyr and Kyiv regions. The objects of the study
were pine forests (Pinus sylvestris L.) belonging
to different age classes and growing in natural
conditions of fresh subsoil. It was established 30
trial plots (15 plots in each oblast) of 0.1 ha each,
covering areas with different levels of climate
change impact, including altitude, soil types and
microclimatic features. The geographical coor-
dinates of the test plots were determined using
a Garmin GPSMAP 64st (USA) and are located

within 50°15’53"N 28°40'36"E (Zhytomyr region)
and 50°27'00”N 30°31'00"E (Kyiv region).

To assess the sanitary condition of the stand,
it was used the methodology of categorising trees
by sanitary characteristics in accordance with For-
est Stewardship Council (FSC) standards. The as-
sessment was carried out by recording such signs
as dryness, pest or disease damage, mechanical
damage and other pathologies. A Nikon Forest-
ry Pro Il laser height meter (Japan) was used to
determine the height of the trees, and the diame-
ter at breast height was measured with a Haglof
Mantax Precision diameter tape (Sweden).

Climatic parameters, including mean annual
air temperature, precipitation, and hydrothermal
coefficient of humidification (HCH), were ob-
tained from the Ukrainian Hydrometeorological
Centre for the period 1968-2024. Temperature
was measured in degrees Celsius (°C), and pre-
cipitation in millimetres (mm). The HCH was cal-
culated using the Selyaninov formula (1), which
takes into account the ratio of precipitation to the
sum of active temperatures above 10°C during
the growing season:

%P

0,1XXtgcr>10

HCH = (1)
where: Y P - total precipitation per month, in mm;
>t - the sum of the average daily temperature
above 10°C. The dynamics of pests was studied
using pheromone traps Csalomon (Hungary),
which were placed in the test plots at a height of
1.5-2 m from the ground. The traps were collected
every two weeks during the growing season. The
detected pests were identified by morphological
features using an Olympus SZ61 binocular micro-
scope (Japan). For the study of phytodiseases, mo-
lecular diagnostics was carried out by polymerase
chain reaction (PCR). DNA was extracted from the
tissues of root sponge (Heterobasidion annosum)
using a Qiagen DNeasy Plant Mini Kit (Germany),
and amplification was performed on an Applied
Biosystems 2720 thermocycler (USA). The data
obtained were analysed using the CLC Genomics
Workbench software.
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Correlation analysis was performed to an-
alyse the relationship between climate change
and the sanitary condition of forest stands. The
number of damaged trees affected by pests or
diseases was compared with the average annu-
al temperature, precipitation and HCH. Statistical
calculations were performed using SPSS Statis-
tics software (version 27, IBM, USA). Correlation
analysis to assess the strength and direction of
the relationship between variables included the
method of determining the Pearson correlation
coefficient (r). The significance of the correlation
was tested at the level of p<0.05.

To assess the impact of solar activity, it was
used data on the Wolf number obtained from
the international solar activity centre Solar In-
fluences Data Centre (SIDC). These data were
compared with the number of major pests by
year. Histological studies of tree tissues were
performed using a Leica RM2125 RTS microtome
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(Germany). Samples were fixed in 10% neutral
formalin, dehydrated, embedded in paraffin and
sections were made 5-7 pm thick. Haematoxylin
and eosin staining allowed assessing pathologi-
cal changes in the tissues.

Results

An analysis of the Polissia region’s climate data
for the period 1968-2024 shows significant
changes in key climate indicators that are of
great importance to the ecosystem, including
the state of pine forests, which are the main for-
est-forming species in the region (Table 1). Over
these 56 years, air temperature increased by an
average of 1.2°C, reaching 8.6°C in 2018-2024.
The largest changes were recorded in the sum-
mer,when temperatures not only exceeded long-
term averages but also reached extreme values
more often, which creates increased stress on
forest ecosystems.

Table 1. Climate indicators of the Polissia region (average values for decades)

W T Wm G

Average annual temperature, °C 7.4 7.6 7.8 8.1 8.5 8.6

Average annual precipitation, mm 620 615 610 605 600 595
HCH 1.3 1.2 1.1 1.0 0.9 0.9

Source: processed by the author

The rise in temperature was accompanied
by an uneven distribution of precipitation, which
was another key change in climate conditions.
Total annual precipitation decreased by only
25 mm, but this figure does not reflect a signif-
icant change in its seasonal distribution. The
growing season, which is critical for the growth
and development of trees, was characterised by
a significant moisture deficit due to long periods
without rain. This led to a decrease in soil mois-
ture levels, which became particularly noticeable
during periods of active pine growth. In winter,
rising temperatures resulted in more frequent
thaw episodes, which were accompanied by the
formation of an ice crust that impedes normal
gas exchange in the soil and can cause damage
to root systems. In the spring, earlier snowmelt

combined with a lack of uniform precipitation
led to a deterioration in conditions for the initial
phase of forest growth.

The HCH, which is a complex indicator that
considers the relationship between precipitation
and temperature, has shown a significant dete-
rioration in recent decades. In the period 1968-
1977, the average value of the HCH was 1.3,
which characterises the conditions of excessive
moisture favourable for the growth and develop-
ment of pine forests. However, by 2018-2024, this
figure dropped to 0.9, indicating that the region
is transitioning to moderate drought conditions.
This is an important signal of the deterioration of
the hydrothermal balance in the Polissia region.

The decline in the HCH has serious environ-
mental consequences, as moisture levels play
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a key role in the formation and maintenance of
natural ecosystems. A decrease in moisture levels
leads to a deficit of soil moisture, which negative-
ly affects physiological processes in trees, includ-
ing photosynthesis, transpiration, and biomass
accumulation. In pine forests, this is manifested
through reduced wood growth rates, decreased
crown density, and increased vulnerability to
stressors such as pests, diseases, and droughts.

The decline in HCH is a crucial factor affect-
ing the stability of pine stands, especially in nat-
ural fresh-successional conditions. Under mois-
ture deficit, there is a decrease in wood growth,
which is confirmed by long-term field studies. In
particular, the deterioration of the sanitary condi-
tion of forest stands in Zhytomyr region coincid-
ed with periods of abnormally high temperatures
in 2010-2020. An additional negative factor that
significantly affects the sanitary condition of pine
forests is the increasing frequency of extreme
weather events. Strong winds cause mechani-
cal damage to trees, including dryness, branch
breakage, and even partial uprooting of weak-
ened trees. Such damage significantly reduces
the trees’ resistance to pests and pathogens. For
example, mechanically damaged trees become a
favourable environment for the spread of the root
sponge (Heterobasidion annosum), which can in-
fect neighbouring trees through the root system,
creating foci of infection in forest stands.

This phenomenon is particularly noticeable
in regions with low HCH, where climatic condi-
tions make it difficult to regenerate damaged
trees. In such areas, the share of trees with me-
chanical damage increased from 15% in 1980 to
35% in 2020 (Moroz & Nykytiuk, 2021). Reduced
moisture availability, rising temperatures, and fre-

quent weather anomalies create additional stress
for trees, which reduces their defence potential,
including their ability to secrete resin, which is a
natural barrier to pests.

Affected areas of the forest become centres
of active reproduction of the pine sawfly (Neo-
diprion sertifer) and other pests. The increase in
the number of these insects in damaged forest
stands reached 50-70% compared to healthy are-
as. A similar situation is observed with bark bee-
tles, whose populations increase significantly in
drought conditions and after mechanical damage.
This leads to a chain reaction: mechanical dam-
age increases the vulnerability of trees to pests,
and the spread of pests contributes to further
deterioration of the sanitary condition of forests.
Such climate change has a significant impact on
the forest ecosystems of Polissia, in particular on
the ability of pine trees to adapt to new condi-
tions. For example, prolonged periods of drought
affect the depth of penetration of root systems,
which reduces their ability to receive moisture
and nutrients. At the same time, changes in the
temperature regime led to a reduction in the pe-
riod of active photosynthesis, which negatively
affects the overall condition of the stand.

The sanitary condition of pine forests in Polis-
sia clearly depends on climatic conditions, espe-
cially the level of moisture, which is determined
by the HCH. In regions with sufficient moisture,
where the HCH exceeds 1.0, the stands demon-
strate a stable ecological condition with minimal
signs of pathology. Such areas are characterised
by a low incidence of dry tops and diseases such
as root sponge (Heterobasidion annosum), indicat-
ing optimal conditions for tree growth and regen-
eration (Table 2).

Table 2. Categorisation of the sanitary condition of pine trees depending on the HCH

Indicator HCH>1.0 HCH=1.0 HCH<1.0
Share of dry-topped trees, % 8.0 14.5 20.0
Root sponge infestation, % 5.0 8.0 12.0
Total level of damage, % 13.0 22.5 32.0

Source: processed by the author
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However, in arid zones, where the HCH drops
below 1.0,there is a sharp deterioration in the san-
itary condition of the stands. Reducing the level of
available moisture creates conditions for physio-
logical stress in trees,reducing their ability to with-
stand pathogens and pests. Out of 30 test plots, it
was observed that the proportion of dry-top trees
increases from 8% in regions with sufficient mois-
ture to 20% in areas with moisture deficit. In ad-
dition, the prevalence of root sponge is increasing
in arid areas: while it affects 5% of trees in humid
conditions, this figure reaches 12% in arid areas.

These changes are largely due to a decrease
in soil and atmospheric moisture, which disrupts
the water balance of trees. The lack of moisture
limits transpiration, weakens plant immunity and
promotes the development of pathogens that ac-
tively use the weakened state of trees to repro-
duce. In particular, the root sponge becomes more
aggressive in conditions of reduced soil moisture,
which further complicates the situation.

The increase in the frequency of dry tree can-
opy in arid regions is a consequence of reduced
moisture availability, which negatively affects the
vital activity of trees, in particular photosynthesis.
Moisture deficit causes a disturbance in the water
balance, which causes needles to lose turgor and
gradually die, leading to a decrease in the pho-
tosynthetic surface of the tree, which is critical
for maintaining its physiological processes. Trees
with significant damage to the upper tiers of the
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crowns, where photosynthetic activity is most in-
tense, lose up to 18% of their growth compared to
healthy trees. The reduction in growth is directly
related to the restriction of the production of or-
ganic substances necessary for growth and tissue
regeneration. This also reduces the ability of trees
to adapt, as energy resources are spent on com-
pensating for damage rather than strengthening
the structure. In addition, damage to the upper
tiers of crowns increases the impact of environ-
mental stresses such as drought, as it reduces the
ability of trees to transpire, which is important for
maintaining temperature balance and protecting
against overheating. Affected trees become more
vulnerable to pathogens, which further reduces
their viability and threatens the sustainability of
the entire forest.

In addition, in regions with a moisture deficit,
there is an increase in the number of trees affect-
ed by pests (Table 3). In particular, populations of
pests such as the pine sawfly (Diprion pini) have
been found to increase rapidly in dry years when
air humidity drops to critical levels, in particular
below 30%. This phenomenon is explained by the
weakening of trees under the influence of stress
caused by a lack of moisture. Trees experiencing a
moisture deficit reduce the production of protec-
tive resinous substances, which makes them more
vulnerable to pests. This dynamic is an additional
factor that threatens the stability of forest ecosys-
tems in arid regions.

Table 3. The number of main pests and the frequency of disease attacks in pine forests

Indicator HCH>1.0 HCH=1.0 HCH<1.0
Pine sawfly, individuals/100 trees 45 60 75
Bark beetles, individuals/100 trees 20 35 50
Root sponge damage, % 5 8 12
General level of damage, % 10 18 28

Source: processed by the author

The incidence of root sponge disease (Het-
erobasidion annosum) is also increasing signifi-
cantly in regions with low HCH. This disease not
only weakens the physiological state of trees,
but also significantly reduces their mechanical

stability,increasing the risk of falling during strong
wind loads or storms. Affected trees demonstrate
weakened connections between the tissues of the
root system, which negatively affects their ability
to withstand external influences.
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An analysis of histological sections of wood
showed that trees affected by root sponge have
up to 30% more necrotic changes in the structure
of the root system compared to healthy trees. This
includes degeneration of the vascular system, re-
duced water and nutrient conductivity, and loss
of structural integrity of the wood. These changes
significantly limit the trees’ ability to regenerate
and contribute to their further degradation.

Physiological changes in pine stands caused
by moisture deficit include a significant decrease
in chlorophyll content in needles, which reach-
es 12% compared to trees with sufficient mois-
ture. A decrease in chlorophyll content indicates
a weakening of photosynthetic activity, as this
pigment is responsible for absorbing light and
generating energy for tree growth. In addition,
moisture deficit leads to metabolic disorders, in-
cluding the transport of nutrients and water in
the vascular system of wood.

Weakening of photosynthetic activity is a key
factor that causes a decrease in wood growth,
stunted growth of young shoots and loss of trees’
ability to adapt to external stressors. Studies also
show that weakened trees are more likely to be
targeted by pests such as bark beetles and path-
ogens, such as fungi of the genus Heterobasidion.
This is due to a decrease in the production of pro-
tective resinous substances that normally inhibit
the growth of pathogens and repel pests.

Pest and disease damage to pine forests is
an important factor that significantly affects their
sanitary condition, especially in the context of cli-
mate change. Increasing average annual temper-
atures and decreasing precipitation create ideal
conditions for an increase in the number of pests
such as pine sawfly (Neodiprion sertifer), bark bee-
tles and other insects that can actively damage
trees weakened by environmental stressors. The
weakening of trees is caused by a lack of mois-
ture, which significantly reduces their natural
defences, including the ability to secrete resin,
which is a barrier to pests.

Field studies confirm a significant depend-
ence of pest activity on HCH. In regions with a

HCH of less than 1.0, which are characterised by
dry conditions, the number of pine beetle infes-
tations reached 75 individuals per 100 trees. This
is 67% more than in regions with a HCH of more
than 1.0, where the number of pests was only
45. This trend can be explained not only by the
weakness of trees due to lack of moisture, but
also by the fact that dry conditions are favour-
able for pest reproduction, as they reduce the
effectiveness of natural predators and entomo-
phages that control pest populations. Bark bee-
tles also show a clear correlation with soil and
air moisture levels. In areas with low HCH, their
numbers reached 50 individuals per 100 trees,
which was 2.5 times higher than in regions with
sufficient moisture, where the number of bark
beetles was only 20. Such a significant increase
in bark beetle populations in arid conditions in-
dicates their ability to quickly adapt to climate
change and attack trees whose defence mecha-
nisms are significantly weakened.

The study of the impact of climate change
and solar activity on pine forests confirmed the
significant role of environmental factors in shap-
ing their sanitary condition. A long-term increase
in the average annual air temperature, accom-
panied by a decrease in precipitation, creates
favourable conditions for the spread of pests
and diseases. In particular, rising temperatures
promote the development of pathogens such as
the root sponge (Heterobasidion annosum), which
is particularly active in trees in conditions of low
soil moisture.

In addition to climate change, solar activity,
as measured by the Wolfe number, has a signifi-
cant impact on the spread of pests. The data show
that an increase in the intensity of solar activity
correlates with an increase in the number of pine
sawfly (Neodiprion sertifer). In the years with the
highest solar activity (2019-2021), the number
of this pest increased by 15%. This phenomenon
can be explained by the cumulative impact of
solar radiation on environmental conditions, in
particular on the microclimate in forests, which
favours the development of pests.
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Climate change has significantly affected
the structure and condition of pine forests.In arid
regions, there has been a marked decrease in
tree density, which is associated with an in-
crease in mortality due to moisture deficit. In
areas with high intensity of solar activity, stem
damage caused by increased stress from ultra-
violet radiation was recorded more often. These
changes indicate that traditional approaches
to forest management may not be sufficient
to maintain ecological balance in the face of
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new climate challenges (Levchenko & Gumeni-
uk, 2024). Adaptation of forest ecosystems re-
quires the implementation of integrated forest
management systems (Table 4). This includes
the selection of resistant pine varieties that can
better tolerate higher temperatures, moisture
deficits and intense solar radiation. The use of
biological methods of pest control, such as the
introduction of entomophages, can significantly
reduce the negative impact of pests on forest
stands.

Table 4. Recommendations for adapting pine forests to climate change

Climatic conditions

Recommendations

Expected effect

Arid regions (HCH<1.0)

Introduction of drip irrigation

Reducing stress from moisture

deficit
Areas with high solar activity Use of blologlcpaelsp;;oducts against  Reducing theinnsuergtt;er of harmful

Regions with frequent diseases

Selection of varieties resistant to
fungal diseases

Improved resistance to pathogens

Areas with variable precipitation

Mulching the soil to preserve
moisture

Increased tree vitality

Source: developed by the author

Remote sensing and regular monitoring of
forest conditions will allow for a prompt re-
sponse to changes in the sanitary condition of
plantations. The introduction of geographic in-
formation systems and the use of satellite data
will help to identify damage at an early stage,
which will prevent the spread of pests and dis-
eases. It is also advisable to update the regula-
tory framework for forest management to take
into account climate change, which will allow
for more effective conservation of pine forests
as a valuable natural resource.

In addition, it is recommended to increase the
area under forestry in regions with medium hu-
midity, such as the central part of Polissia. These
areas are optimal for growing new forest stands
due to favourable hydrothermal conditions that
ensure stable tree growth. Expansion of forest
areas in these regions will help compensate for
the losses caused by degradation of plantations
in arid zones and contribute to the preservation
of ecosystem functions of forests.

These measures should be implemented in
close cooperation with local communities, whose
involvement will ensure better adaptation to the
socio-economic conditions of the region. Educa-
tional campaigns aimed at raising environmental
awareness and citizen participation in the plan-
ning and maintenance of new plantations will lay
the groundwork for the long-term sustainability
of these measures. It is also important to integrate
these initiatives into local development pro-
grammes,which will optimise the use of resources
and gain additional support at the national level.

Discussion
An analysis of climate change in the Polissia
region over the past 56 years has shown a sig-
nificant increase in the average annual air tem-
perature by 1.2 °C, accompanied by significant
changes in the seasonal distribution of precip-
itation. This research has confirmed that such
changes affect the region’s ecosystems, especially
the state of pine forests. J. Li et al. (2023) noted
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that an increase in temperature in summer cre-
ates conditions for increased tree stress, which is
consistent with the results obtained. According to
L. Matallana-Ramirez et al. (2021), the impact of
heat stress is exacerbated by long periods with-
out rain. This is confirmed by the above analysis
of changes in the hydrothermal coefficient.

Calculations of the hydrothermal coefficient
showed a decrease from 1.3 to 0.9, indicating a
transition to moderate drought conditions. This
is a determining factor in the deterioration of
the sanitary condition of pine stands. B. Sensuta
& S. Wilczynski (2022) emphasised the critical
role of soil moisture in maintaining tree viability,
which correlates with the results of field studies.
A. Acarer (2024) also confirmed that moisture
deficit reduces transpiration and biomass accu-
mulation, which is consistent with observations
in areas with a low hydrothermal coefficient.

Extreme weather events, such as strong
winds and droughts, have a significant impact
on pine forests, contributing to mechanical dam-
age to trees. The proportion of trees with me-
chanical damage has increased to 35% in arid
regions. K. Mechergui et al. (2021) pointed to an
increase in the vulnerability of damaged trees to
pests and diseases, which is consistent with the
results above, which showed an increase in the
number of pine beetle in such conditions. A. En-
riqguez-de-Salamanca (2024) emphasised the im-
portance of sanitary measures to limit the spread
of pests, which confirms the need for an integrat-
ed approach to forest management.

Climate change has also led to an increase
in the number of bark beetles and the spread of
root sponges, which significantly weaken trees. It
was found that in arid regions, the proportion of
trees affected by root sponge reached 12%, which
correlates with the research of X. Ouyang et
al. (2022), which indicate an increase in the ag-
gressiveness of pathogens under conditions of
moisture deficit. M. Mikalajdnas et al. (2021) also
noted that root diseases increase the risk of tree
fall during storms, which correlates with the ob-
servation in the Polissia region.

Physiological changes caused by climatic
factors clearly demonstrate a significant impact
on the state of pine forests in the Polissia region.
This research has confirmed that a decrease in
the chlorophyll content of needles is accompa-
nied by impaired transpiration, which makes it
difficult to maintain the water balance of trees.
The decrease in photosynthetic activity has led to
a reduction in wood growth to critical levels. The
analysis of wood sections revealed up to 30% of
necrotic changes in the structures of the root sys-
tem, which reflects the accumulation of physio-
logical stress in trees. These results coincide with
the studies of N. Markos et al. (2023), which also
indicated the impact of moisture deficit on root
tissue damage. T. Dimitrijevic et al. (2023) empha-
sised that in arid regions, reduced wood growth is
a common consequence of climate change, which
is consistent with the reductions in photosyn-
thetic activity and reduced adaptive capacity of
trees that it was found in current research.

Increasing pest populations, such as pine
beetle and bark beetle, pose a serious threat to
the sustainability of pine forests in the region.
This current research has confirmed that the
reduced production of protective resinous sub-
stances, which is typical for trees in drought
conditions, greatly facilitates the spread of pests.
This correlates with the findings of V. Loewe-
Munoz et al. (2024), who pointed out the crucial
role of these substances in counteracting the
invasion of insect pests. Additionally, the obser-
vations of the current study show that in regions
with low SOC, natural predators that usually
control pest populations lose their effectiveness
due to moisture deficits. This is confirmed by the
research of R.M. Navarro-Cerrillo et al. (2022),
who focused on the impact of drought condi-
tions on the ecological balance in forest ecosys-
tems. Thus, it was found that the combination of
weakening of the natural resistance of trees and
a decrease in the activity of natural predators
contributes to an uncontrolled increase in the
number of pests, which negatively affects the
sanitary condition of pine forests.
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The sanitary condition of pine forests dete-
riorates significantly under the influence of ex-
treme temperatures and reduced precipitation.
The results of the study showed that in arid zones,
the proportion of dry-topped trees increased to
20%. J. Stolz et al. (2021) highlighted that such
changes reduce the photosynthetic activity and
adaptive potential of trees, which correlates with
the above data. J. Brichta et al. (2024) also point-
ed out the critical role of water balance in main-
taining the sustainability of forest stands, which
is confirmed by the results of the above studies.

The impact of solar activity on the sanitary
condition of pine forests was significant and re-
quires more detailed study. It was found that the
number of pine sawfly increased by 15% during
increased solar activity, which correlates with
microclimate changes that promote the develop-
ment of pests. These results confirm the findings of
K.Bowman & X.Chen (2022), who emphasised the
correlation between solar radiation intensity and
the spread of insect pests. D. Karnosky et al. (2003)
added that an increase in ultraviolet radiation af-
fects the formation of a drier microclimate in for-
est stands, creating conditions for the activation of
pests. The findings are consistent with the identi-
fied trends showing how changes in solar activity
affect the biological balance of pine ecosystems.

Recommendations for adaptation of pine for-
ests to climate change include the introduction of
drip irrigation, the use of biological products for
pest control and the selection of resistant pine
varieties. R.S. Pacaldo et al. (2024) noted the ef-
fectiveness of biological control of pests, which
is supported by research proposals for the inte-
gration of these methods into forest management
systems. D. Nadal-Sala et al. (2017) also pointed
out the importance of remote sensing for moni-
toring forest health, which is consistent with rec-
ommendations on the use of geographic informa-
tion systems.

Involvement of local communities in forest
management is a key factor for the conservation
of Polissia ecosystems. The participation of lo-
cal residents in forest restoration activities not
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only increases the effectiveness of such initia-
tives, but also increases the level of community
responsibility for the state of forests. The study
showed that communities that are actively in-
volved in environmental programmes are reduc-
ing uncontrolled deforestation and improving the
quality of restoration work. A.L. Giambelluca et
al. (2024) emphasised the importance of inte-
grating educational campaigns that teach local
residents effective reforestation methods, which
is consistent with the above recommendations
for the development of environmental educa-
tion. According to a study by X. Tang et al. (2021),
community involvement in local development
programmes increases the resilience of forests to
climate change, creating conditions for the long-
term conservation of forest resources. The results
of the current study also highlight that cooper-
ation with communities will ensure better con-
sideration of local environmental conditions and
facilitate forest adaptation to climate challenges,
which is in line with the findings of other authors.

An integrated approach to forest manage-
ment, including the introduction of modern mon-
itoring methods, selection of resistant varieties
and community engagement, is essential for the
adaptation of forest ecosystems to climate chal-
lenges. M. Tsaktsira et al. (2023) emphasised the
importance of updating the regulatory framework
for forest management, which coincides with the
recommendations of the study of the sanitary
condition of pine forests in Polissia. D. Nadal-Sala
et al. (2021) also highlighted the need to expand
the area of afforestation in favourable regions,
which is consistent with the findings on optimising
forest management in the face of climate change.

Overall, the conducted research highlights
the complex and multidimensional impact of cli-
mate change, moisture deficit, and solar activity
on the sanitary condition and stability of pine
forests in the Polissia region. The observed de-
terioration in hydrothermal balance, increased
frequency of extreme weather events, and rising
pest and disease pressures significantly reduce
the resilience of pine ecosystems. Long-term
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changes in key climatic indicators, coupled with
physiological stress in trees, have led to a decline
in growth rates, crown density, and adaptive ca-
pacity, especially in arid zones.

Conclusions

The study of climate change in the Polissia re-
gion over the period 1968-2024 revealed a signif-
icant increase in the average annual temperature
(+1.2°C) and a decrease in the HCH level from 1.3
to 0.9, indicating a deterioration in moisture con-
ditions. Changing climatic conditions have had a
negative impact on pine forests, causing moisture
deficits, frequent droughts and extreme weather
events that increase stress on trees. Soil moisture
deficit and frequent winter thaws have contribut-
ed to the deterioration of forest health, including
an increased risk of root sponge disease (Het-
erobasidion annosum) and an increase in pest pop-
ulations such as pine sawfly and bark beetle. In re-
gions with a HCH below 1.0, the number of pests
increased to 75 individuals per 100 trees, which is
twice as high as in areas with sufficient moisture.

The analysis of pine physiological processes
showed a decrease in photosynthetic activity and
chlorophyllaccumulation inthe needles,which re-
duced wood growth and the adaptive potential of
trees.Changes in the temperature regime affected
the duration of active pine growth, and mechani-
cal damage to trees due to strong winds increased

For the adaptation of pine forests, it is rec-
ommended to introduce drip irrigation, select
resistant tree varieties, mulch the soil and use
biological products against pests. Regular moni-
toring using geographic information systems and
the involvement of local communities in forest
management will help preserve forests in the
new climate conditions. Prospects for further re-
search include modelling adaptation strategies
and studying the long-term impact of climate
change on forest ecosystems.

The study has certain limitations, including
insufficient detail on local environmental con-
ditions and the impact of anthropogenic factors,
such as logging and pollution, which can exac-
erbate the negative effects of climate change. In
addition, the analysis was based on long-term av-
erages, which may not consider short-term fluc-
tuations in climate parameters and their impact
on pine forests. Prospects for further research
include expanding the number of test plots, in-
tegrating remote sensing to monitor forest condi-
tions, and modelling possible scenarios for forest
ecosystems to adapt to climate change. It is also
important to study the genetic characteristics of
pine trees’ resistance to drought, diseases, and
pests to develop breeding programmes aimed at
creating sustainable forest plantations.
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Bnnue KnimaTUYHUX 3MiH Ha caHiTapHUI CTaH COCHOBMX NiicocTaHiB Moniccsa

Bipa Mopos

KaHanaaT cinbCbKOrocnonapCbKmx HayK, AOLEHT
3axigHOYKpaiHCbKMIA HaLiOHaNbHWUIA YHiBEpCUTET
46009, Byn. JlbBiBCbKa, 11, M. TepHoninb, YkpaiHa
https://orcid.org/0000-0002-1457-4641

AHoTauifa. JocnipkeHHs Oyno CnpsAMOBaHE Ha BM3HAYEHHS! KJ/IOYOBMX UMHHMWKIB, SIKi BMIMBAOTb
Ha CaHiTapHWiA CTaH COCHOBMX NicocTaHiB y Monicci B yMOBax KNiMaTMUYHMX 3MiH, @ TakoX po3pobutu
pekoMeHpaaLii ang ix aganTauii 4O HOBUX €KONMOriYHMX BUKAMKIB. [Ins aHanisy 3aknageHo 30 npobHux
aingHok no 0,1 rektapa, Ha AKMX AOCNIAXYBaNu COCHOBI AepeBOCTaHM Pi3HMX BiKOBMX KnaciB. Y xomi
po60TK 3aikCOBAHO KNHOYOBI KMIMATUUHI TEHAEHLiT: cepeAHbOpiYyHa TeMnepaTypa 3a nepiog 1968-2024
pokis 3pocna Ha 1,2°C, KinbKicTb onaais 3MeHWwMnaca Ha 25 MinimMeTpis, a rinpoTepMidHmit KoediLieHT
3BONIOXEHHS 3HM3MBCS 3 1,3 no 0,9, wo ceiguntb Npo nocyxy. Y perioHax i3 aediuMToM BONOMM YacTka
cyxoBepxux aepes 3pocnia 3 8 % no 20 %, a ypakeHHs KopeHeBor rybkoto — 3 5 % 00 12 %. 3HMXKEHHS
piBHS FPYHTOBOI BOOMM NOPYLWMAO TpaHcnipaLito, 06Mexuno GoToCUHTES i 3HU3UNO0 NPUPICT fepEBUHU
Ha 18 % nopiBHAHO 3i 300poBMMU AepeBaMU. BUsBNEHO, L0 YMCENbHICTb COCHOBOIO NUAbLLMKA | KOPOiAiB
36inbwmnaca Ha 67 % i 150 % BianoBiAHO y MocywnMBMX yMoBax. AHani3 nokasas, WO MeXaHiyHi
NOLWWKOMXKEHHS, CMPUYMHEHI CUIBHUMMU BiTPaMu, CTBOPHOKOTb YMOBU AN aKTUBHOMO NOLUMPEHHS WKIAHWKIB
ixBop06.0TpuMaHi pe3ynbTaTi CBiAYaTh, WO KAIMATUYHI 3MiHM CNPUYMHUAM AerpafaLlito NicOCTaHiB Yepes
nocuneHHs disionoriyHoro ctpecy aepes. s afanTauii 3anponoHOBaHO CENEKLLiK0 CTIMKMX COPTIB COCHM,
BMNPOBA)KEHHS 3pOLIYBaNbHUX CMCTEM, MOHITOPUHI CTaHy NiCiB i3 BUKOPUCTAHHAM reoiHhopMaL,iiHUX
TEXHONOriM Ta 36iNblIeHHs NIOLi NiCOPO3BEAEHHS Y CMPUSTIMBMX 30HAX. 3aCTOCYBaHHS LMX 3aXOAiB
CnpusTUMe 36epexeHHI0 NiCOBMX EKOCUCTEM Y perioHi B yMOBax 3MiH KniMaTy

KniouoBi cnoBa: nocyxa; rinpotepMiuHuii KoedilieHT; CyXoBepXicTb; €KONOriYHi YNHHWMKM; KOpeHeBa
rybka
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Abstract. The purpose of the study was to establish the influence of shading grids of different
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to generally accepted methods using the field research method. The implementation of the research
provided for determining the impact of the introduction of shading plants with grids with a density of
45% and 60% on biometric parameters and productivity of sweet pepper plants, economic indicators
of cultivation efficiency. It was found that shading provides a significant increase in the diameter of
sweet pepper plants for both varieties (by 15.1-23.7%), and only for the Liubasha variety - an increase
in plant height (by 17.8-21.5%) and fruit height (by 10.1-15.2%). Shading using a grid with a density of
45% provides a significant increase in the number of fruits on the plant for both varieties (by 11.5%
for the Liubasha variety and by 48.5% for the Svitozar variety). Increasing the density parameter of
shading nets to 60% leads to a decrease in the number of fruits on plants. It was noted that for the
Liubasha variety, the growth of the average fruit weight when using shading is 11.1-25.6%, for the
Svitozar variety, this indicator decreases by 17.9-60.2%. A significant increase in the yield of sweet
pepper was provided by the use of shading with a grid with a density of 45% only for the Liubasha
variety (an increase of 24.3%). According to this technological approach, the economic parameters of
growing sweet pepper are increased (profit up to 14.75 UAH/m2, profitability up to 103%). The results
of the study may be useful for small and medium-sized farmers who grow peppers in the open ground,
to reduce the risks associated with heat and temperature changes

Keywords: Capsicum annuum L.; density of the shading grid; biometric parameters of plants;

productivity; profitability

Introduction

Sweet pepper is a heat-loving crop, but excessive
solar radiation can lead to overheating of plants,
sunburn, and reduced photosynthetic activity.
Optimal shading helps to reduce moisture evap-
ouration, maintain a favourable microclimate, and
reduce the temperature of the soil and air around
plants, which has a positive effect on moisture
retention and nutrient absorption. In addition,
shading can help to improve the marketable ap-
pearance of fruits, preventing them from burning
out in the sun, which is important for the market
quality of products. The study of shading efficien-
cy allows determining the optimal shading levels
for different climatic conditions, determining the
effectiveness of appropriate technological meas-
ures, such as the use of nets with different densi-
ties, agrofibre or mixed planting with other crops,
and developing recommendations for farmers to
increase the productivity of sweet pepper.

Sweet pepper (Capsicum annuum L.) is one of
the most valuable vegetable crops due to its rich
chemical composition and high nutritional value.
According to L. Pylypenko & O. Shabetya (2020),

its value is determined by the high content of
organic acids, salts, nitrogenous substances, and
sugars, which makes fruits not only useful, but
also an important component of a healthy diet.
In addition, the researchers noted that there is a
correlation between the morphological charac-
teristics of plants and their economically valuable
traits, which is important for breeding and seed
production. S. Vdovenko & PA. Shvydkyi (2023)
characterised pepper fruits as a multivitamin
product because they contain significant amounts
of vitamin C (100-300 mg/100 g). The researchers
pointed out that ascorbic acid is a powerful anti-
oxidant that helps to strengthen the immune sys-
tem and increase the body’s resistance to adverse
environmental factors.

The level of vitamins and biologically ac-
tive substances in pepper largely depends on the
growing conditions, in particular, light, humidity,
and temperature conditions. Accordingly, the in-
troduction of technological solutions aimed at
regulating microclimatic factors can have a sig-
nificant impact on the preservation of the quality
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characteristics of fruits. Optimisation of growing
conditions, including shading systems, is an im-
portant area of research that contributes to im-
proving the qualitative and quantitative indica-
tors of crop yield (Vdovenko et al., 2024).

The study by J. Diaz-Pérez (2013) considered
that one of the solutions to mitigate the effects
of high temperatures in vegetable growing sys-
tems is to manipulate plant development and
growth using screens or grids. The implemen-
tation of this technological measure does not
require high financial and resource costs and is
very actively used in different countries of the
world, but in different soil and climatic condi-
tions, their effectiveness varies significantly and
requires research to clarify the most effective
parameters of measures to reduce solar insola-
tion. G. Caruso et al. (2020) proved that extreme
fluctuations in air temperature and solar radi-
ation during the growing season are vital for
plant growth and yield. It was noted that the
introduction of shading provided an increase
in the pigment content in chloroplasts and im-
proved photosynthesis processes.

X. He et al. (2021) noted that, on the one
hand, ultraviolet radiation increases the develop-
ment of secondary metabolites in plants, such as
flavonoids, phenol derivatives, ascorbic acid, and
carotenoids, which affects changes in the colour
of leaves, flowers, and fruits, improved taste of
products and greater resistance to pests and dis-
eases. On the other hand, this type of radiation
can cause DNA damage and inhibit photosyn-
thesis, reducing growth and causing plant com-
pactness. S. Stanghellini et al. (2011) noted that
most vegetable crops are sun-loving, for which
productivity increases almost linearly with the
intensity of photosynthetically active radiation.
E. Kitta et al. (2014) investigated the photosyn-
thetic acclimatisation of sweet pepper plants to
protected soil conditions, noting that shading
promotes plant adaptation and can improve their
water regime. They found that such conditions
help to reduce moisture loss and maintain a sta-
ble level of productivity even in water scarcity.

Yu.M.Syromyatnikov(2023)analysed theimpactof
technological measures on soil moisture satu-
ration in sugar beet cultivation and noted that
the introduction of certain agrotechnical tech-
niques allowed reducing water evapouration and
improving the water balance of agrocoenoses.
Thus, both studies confirmed the positive effect
of shading on the water regime of crops, espe-
cially in conditions of drought and insufficient
precipitation.

Findings of O. Mohawesh et al. (2022)
demonstrated a positive effect of coloured
shading grids on a significant decrease in peak
daytime air temperatures and light intensity
(from 22 to 28°C and 9,992 Lux, respectively)
compared to the control (from 32 to 37°C and
24,973 Lux, respectively), which further pro-
vided an increase in the productivity of sweet
pepper plants (an increase in plant height, leaf
area, an increase in the amount of chlorophyll in
the leaves and vitamin Cin ripe fruits. According
to Hungarian researchers H. Darazsi Ledoné et
al. (2017) for growing sweet peppers in tunnels,
the use of a green shading grid led to a decrease
in yield, while yellow and red grids contributed
to an increase in yield and fruit quality of the
crop. It was indicated that the intensity of grid
shading should not exceed 35-40%.

Thus, it should be noted that the effect of
shading on the growth and productivity of pepper
plants significantly depends on the soil and cli-
matic conditions of cultivation. Thus, the purpose
of the study was to establish the effect of using a
shading grid of different densities on the growth,
development and productivity of sweet pepper
plants in irrigated conditions of the Left-Bank
Forest-Steppe of Ukraine.

Materials and Methods
The research was conducted during 2022-2023
at the Institute of Vegetable and Melon Growing
of the National Academy of Agrarian Sciences of
Ukraine, in typical soil and climatic conditions
of the Left-Bank Forest-Steppe of Ukraine. Sweet
pepper was grown by seedling method using
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drip irrigation. Its predecessor was cucumber.
Seedlings were grown in a heated film green-
house. Sowing was carried out in the second ten
days of March. Before selection, the seedlings
were tempered for 8-10 days and at the time
of planting, the pepper seedlings had a well-
branched root system. Seedlings (60-day) were
planted in the second decade according to the
scheme (60 +40) x 35 cm. According to the re-
search scheme, the shading grid was installed in
the second decade of June, that is, at the begin-
ning of the period of hot weather in given soil
and climatic conditions.

Two types of shading grid were used in the
studies: with a 45% shading effect and with a
60% shading effect, the effectiveness of which
was studied on two varieties of sweet pepper Li-
ubasha and Svitozar. Liubasha is a medium-rip-
ened variety (103-107 days) selected by the In-
stitute of Vegetable and Melon Growing of the
National Academy of Sciences, which has broad-
cone fruits of light yellow (bright red when ripe)
colour, 9-11 cm long, weighing 130-150 g, with a
wall thickness of 7-8 mm. The plant is compact,
standard. The variety is characterised by resist-
ance to wilting and viral diseases. Potential yield,
t/ha: 42-45 t/ha. Svitozar is a medium-late variety
(117-125 days) selected by the Institute of Vege-
table and Melon Growing of the National Acad-
emy of Sciences, which has cuboid fruits of yel-
low-green (bright red when ripe) colour, 9-10 cm
long, weighing 120-130 g, with a wall thickness
of 6-9 mm. The plant is compact, standard, short.
The variety is characterised by resistance to TMV.
Potential yield, t/ha: 36-42 t/ha.
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The study was conducted according to the
methodology of research in vegetable growing
(Bondarenko & Yakovenko, 2001). The area of the
registered plot was 25.2 m?, repetition - quadru-
ple. In the experiment, biometric parameters of
plants (plant height, bush diameter, fruit height
and diameter) were considered, elements of plant
productivity (number of fruits per plant, fruit
weight, plant productivity) and fruit yield (by the
method of dividing weighing by the onset of tech-
nical ripeness) were determined.

The economic analysis was carried out based
on the calculation of net income, production cost,
and profitability level. Statistical processing of
the findings was implemented by the method of
variance analysis. Experimental studies of culti-
vated plants, including the collection of plant
material, were in accordance with institutional,
national or international guidelines. The authors
adhered to the Convention on Biological Diversi-
ty (1992) standards.

Results and Discussion

A certain dependence of the effectiveness of in-
troducing shading in the technology of growing
sweet pepper on the plant variety is established
(Table 1). For the medium-ripened Liubasha vari-
ety, the introduction of shading indicated a sig-
nificant increase in such biometric parameters
of plants as height (by 17.8-21.5% relative to
the control), bush diameter (by 18.7-23.7%), fruit
height (by 10.1-15.2%), and a positive trend to-
wards increasing the diameter of sweet pepper
fruit (by 4.7-6.6%). Different shading options (45%
and 60%) did not differ significantly.

Table 1. Influence of shading on biometric parameters
of sweet pepper plants (average for 2022-2023)

Biometric parameters of pepper plants

Shading options
Plant height, cm

Bush diameter, cm

Fruit height, cm Fruit diameter, cm

Liubasha variety

No shading (control) 51.1 43.9 9.9 6.98
Shading by 45% 60.2 52.1 10.9 7.44
Shading by 60% 62.1 54.3 11.4 7.31
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Table 1. Continued

Biometric parameters of pepper plants

Shading options -
Plant height, cm

Bush diameter, cm

Fruit height, cm Fruit diameter, cm

Svitozar variety

No shading (control) 50.9 49.1 6.75 6.75
Shading by 45% 51.9 56.5 7.38 7.38
Shading by 60% 54.8 60.0 7.19 7.19

LSD 5.25 5.62 0.81 0.70

0.95

Source: compiled by the authors

For the medium-late Svitozar variety, the
introduction of shading provides only a signifi-
cant increase in the diameter of the sweet pep-
per bush by 15.1-22.2%. According to the effect
on the height and diameter of the fruit, shading
causes only a positive trend. A positive trend
was also noted for the height of plants using
60% shading.

Shading had a different effect on the pro-
ductivity parameters of pepper plants of the va-
rieties under study (Table 2). It was noted that
when using shading by 45% for both varieties,

there was a significant increase in the number
of fruits on the plant (by 11.5% for the Liuba-
sha variety and by 48.5% for the Svitozar vari-
ety). Increasing the density of shading nets by
up to 60% leads to a decrease in the number of
fruits on pepper plants. For the Liubasha varie-
ty, this decrease is significant. For the Liubasha
variety, the use of shading provides an increase
in the average weight of the fruit. Fruit weight
increased by 11.1-25.6%. For the medium-late
Svitozar variety, the use of shading nets leads to
a decrease in fruit weight by 17.9-60.2%.

Table 2. Dependence of elements of productivity
of sweet pepper plants on shading (average for 2022-2023)

Productivity indicators of sweet pepper plants

Shading options  Number of fruits per plant,

Average fruit weight, g

Plant productivity, g/plant

units/plant

Liubasha variety
No shading (control) 5.20 90 469
Shading by 45% 5.80 100 583
Shading by 60% 4.25 113 481

Svitozar variety
No shading (control) 4,95 117 499
Shading by 45% 7.35 73 536
Shading by 60% 4.80 96 462
LSD 0.54 9.8 45.6

0.95

Source: compiled by the authors

The positive effect of shading plants on in-
creasing the productivity of the sweet pepper va-
riety Liubasha was noted. When using 45% shad-
ing, the plant productivity was 583 g/plant, while
without shading, this figure was 469 g/plant.
When using 60% shading, plant productivity does

not increase significantly, which is associated
with the formation of fewer fruits on plants.

For the Svitozar variety, 45% shading pro-
vides only a positive trend in increasing produc-
tivity (the growth relative to control is only 7.4%).
The introduction of 60% shading generally leads
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to a negative trend in plant productivity; the in-
dicator decreases from 499 g/plant in the control
to 462 g/plant.

The yield of sweet pepper plants depends to
a certain extent on the productivity of the plants

Kuts et al.

(Fig. 1). In the conditions of 2022, there was a sig-
nificant increase in the yield of Liubasha pepper
with the use of 45% shading. The yield increase
was 0.43 kg/m? or 18.2% relative to the control
with a yield of 2.36 kg/m?2.

4.5
4 3.87
35 3.33
3 2.7 294297 - 273277 2 275286
2.5
2
1.5
1
0.5
0
2022 2023 average for 2022-2023
Liubasha (control) Liubasha (45% shading) m | jubasha (60% shading)
Svitozar (control) Svitozar (45% shading) ¥ Svitozar (60% shading)
Figure 1. Yield of sweet pepper varieties depending on shading, kg/m?
Note: LSD, ,, for 2022=0.21 t/ha; LSD, , for 2023 =0.26 t/ha)

Source: compiled by the authors

In 2023, the yield of the Liubasha variety
also increased significantly with the use of 45%
shading, providing an increase of 0.86 kg/m? or
28.6%, and Svitozar varieties (increase of 0.38 kg/
m? or 12.6%). On average, over two years, there
was a significant increase in yield with the use of
45% shading only for the Liubasha variety (an in-
crease of 0.65 kg/m? or 24.3%). The introduction
of 60% shading does not provide an increase in
the yield of sweet pepper. Despite the increase in
the yield of sweet pepper for the use of shading

nets, this technological measure is economically
justified due to the payback of the cost of shad-
ing nets for three years of operation (Table 3). The
maximum economic indicators were noted for op-
tions with the maximum increase in the yield of
pepper fruits. Even with the payback of the cost
of purchasing a grid for one year for growing the
Liubasha variety, the use of shading with a 45%
grid provides an additional profit of 4.85 UAH/m?
but the level of profitability was still less than the
control (90.0%) and is 73.0%.

Table 3. Economic efficiency of sweet pepper shading (average for 2022-2023)

Economic indicators

Shading Total yield, Full expenses, Profit, Profit from Production  Profitability of
kg/m? UAH/m? UAH/m2?  shading, UAH/m? cost, UAH/kg production, %
Payback of grid purchase costs in one year
1. Liubasha
(control) 2.68 49.40 44.40 - 18.43 90.0
2. Liubasha
(45% shading) 3.33 67.30 49.25 4.85 20.21 73.0
3. Liubasha
(60% shading) 2.75 74.40 21.85 -22.55 27.05 29.4
4. Svitozar
(control) 2.86 50.10 50.00 - 17.52 99.8
5. Svitozar 3.06 68.00 39.10 -10.90 2222 575

(45% shading)
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Table 3. Continued

Economic indicators

Shading

Total yield, Full expenses, Profit, Profit from Production  Profitability of
kg/m? UAH/m? UAH/m? shading, UAH/m? cost, UAH/kg production, %
6. Svitozar
(60% shading) 2.64 75.10 17.30 -32.70 28.44 23.0
Payback of grid purchase costs in three years
1. Liubasha
(control) 2.68 49.40 44.40 - 18.43 90.0
2. Liubasha
(45% shading) 3.33 57.40 59.15 14.75 17.23 103.0
3. Liubasha
(60% shading) 2.75 59.70 36.55 -7.85 21.71 61.2
4. Svitozar
(control) 2.86 50.10 50.00 - 17.51 99.8
5. Svitozar
(45% shading) 3.06 58.10 49.00 -1.00 18.99 84.3
6. Svitozar 2.64 60.40 32.00 -18.00 22.88 52.9

(60% shading)

Source: compiled by the authors

With the payback of the cost of purchasing a
grid for three years of use for shading, 45% of the
grid provides an increase in the level of profit for
the Liubasha variety up to 14.75 UAH/m?, profita-
bility up to the level of 103.0%, which significant-
ly exceeds the economic indicators of growing
the Liubasha variety without shading.

The positive effect of using a shading grid
with a density of 45% on the biometric param-
eters of sweet pepper plants was also noted in
the study by E. Driesen et al. (2020), where the
increase in plant growth rates was attributed to
positive changes in the stomatal index and in-
creased photosynthetic productivity, and in study
by M.Moller & S.Assouline (2007) by reducing the
intensity of water evapouration by 38%.According
to R.Padron et al. (2015) under optimal irrigation
conditions, the use of a shading grid provided the
highest plant height, stem diameter and leaf area
Index, number of leaves per plant, and high dry
matter content in plant leaves.

However, according to D. De la Cruz-Ricar-
dez et al. (2023), shading has a positive effect
on plant growth and productivity of certain gen-
otypes of sweet pepper plants, especially those
where the introduction of shading reduces the
ripening period of fruits. For some varieties and

hybrids, the introduction of this technological
measure does not ensure the growth of biome-
tric parameters of plants. According to S. Saha et
al. (2010), different intensity of shading exposure
is associated with differential sensitivity of gen-
otypes to heat, which, in turn, depends on the
proline content in the leaves of the culture. A
decrease in the content of proline in the leaves
of plants of sensitive genotypes at high temper-
atures was also noted, while heat-resistant varie-
ties produce more proline,which indicates the role
of proline in the manifestation of heat resistance
of the corresponding sweet pepper genotypes.

J. Al-Bakri et al. (2013) point out the need
for significant changes in the technological pro-
cesses of crop cultivation under the influence
of global warming and climate transformation.
Without the introduction of additional protective
measures to reduce the adverse effects of criti-
cal temperatures, the productivity of agricultural
plants may decrease due to the appearance of
abiotic disorders (Ili¢ et al, 2017; Flaishman et
al,, 2015). A similar situation is observed in the
soil and climatic conditions of Ukraine, where
extreme weather conditions significantly reduce
the productivity of agricultural plants, including
sweet pepper.
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T. Dueck et al. (2016) noted that manipulat-
ing the plant growth environment is a key as-
pect of improving agricultural productivity and
improving the quality of crop production. S. De-
motes-Mainard et al. (2016) recommended imple-
menting light intensity regulation through the in-
troduction of various photoselective networks. In
fact, the maximum assimilation of carbon dioxide
for most C3 plant species occurs with relatively
low radiation exposure (600-900 umolxm™ x s71),
which corresponds to 30-40% of total sunlight
on a typical summer day. Thus, according to
M. Flaishman et al. (2015) the resulting excess so-
lar energy causes increased photoinhibition pro-
cesses, heat stress, and stomatal closure in plants,
which leads to a decrease in the net productivity
of photosynthesis. In addition, stable high tem-
peratures (35-40°C) due to high solar radiation
can impair cell division, leaf growth, and repro-
ductive development.

Since a certain dependence of plant growth
processes on the quality, quantity, and frequency
of light is established, the use of shading grids is
an effective way to reduce solar radiation by reg-
ulating the quality of lighting by increasing the
relative proportion of scattered light. E. Kitta et
al. (2014) noted the positive effect of using shad-
ing net as a physical protection against birds and
insects. Agricultural producers also use shading
nets separately, and integrate them with exist-
ing greenhouse technologies. The introduction of
grids for shading different colours acts as an effec-
tive factor in increasing the relative amount of dif-
fused light and absorbing various spectral bands,
providing significant changes in the light environ-
ment. According to E. Kitta et al. (2014), the intro-
duction of shading provides a significant reduc-
tion in the effects of stressors (biotic and abiotic),
which ultimately leads to improved plant growth.

Z.S.Ili¢ et al. (2012) indicated that the use of
coloured shading grids provides an increase in to-
mato yield in the range of 113-131%. A. Goren et
al. (2011) reported a 35% reduction in pepper
fruit damage when using pearlescent and yellow
mesh as a shading material compared to black

Kuts et al.

and red shading nets. Although black shading
nets are most commonly used worldwide, there is
growing interest in shading nets of different col-
ours to improve plant growth, yield, and quality.
As noted by K. Folta & S. Maruhnich (2007), using
different coloured shading grids, it is possible to
manipulate plant growth and development by af-
fecting numerous photoreceptors

The positive effect of shading ensures an
increase in the yield of sweet pepper, affecting
various physiological processes in plants and, in
general, the productivity of agrocoenoses. The
positive impact of using this technological ap-
proach, which was noted in the current study,
was also noted by S. Alkalai-Tuvia et al. (2014)
and A. Goren et al. (2011), which also noted the
positive effect of shading and the use of red,
pearlescent, and yellow grids for shading on the
biochemical composition of pepper fruits.

According to Z. Nagy et al. (2014) the in-
troduction of shading did not contribute to an
increase in pepper plant productivity, but a sig-
nificant increase in the vitamin C content of the
fruit was found. The growth of fruit quality indi-
cators without increasing the productivity of pep-
per plants with the use of shading was indicat-
ed by the results of K. Selahle et al. (2015), but
researchers have also noted a positive effect of
shading on increasing fruit resistance to rotting
diseases during post-harvest storage.

Both in the current study and in the papers
by N.Jeeatid et al. (2017) and Y.Jiménez-Viveros et
al. (2023) proved the fact of a positive effect on
the productivity of pepper plants of a moderate
level of shading. In the current study, increasing
the mesh density to 60% for the medium-ripened
Liubasha pepper variety did not cause a change in
the yield level, while for the medium-late Svito-
zar variety, it even caused a tendency to decrease
the fruit yield. According to Y. Jiménez-Viveros et
al. (2023), the introduction of shading nets or
plastic coatings to reduce light intensity does
not provide a positive consistent response to the
phytochemical profile of pepper plants, since the
intensity of vegetative mass growth and yield
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development depends on many factors. The study
by N.Jeeatid et al. (2017) noted that the maximum
positive effect is provided by the interception of
35% of total sunlight, but under the condition of
optimal daily irrigation, that is, controlling the
conditions of moistening sweet pepper plants.

The results of the current research are com-
pletely different from the findings of G. Timmer-
mans et al. (2020) and E. Kesumawati et al. (2020),
in which shading pepper plants did not provide
an increase in fruit yield and an improvement in
their quality characteristics. According to E. Kesu-
mawati et al. (2020), the use of shading nets with
densities of 25% and 50% in basic biometric pa-
rameters and yield was inferior to that of pepper
in the control without shading. But these studies
were conducted on hybrids that were specially
created for the appropriate soil and climatic con-
ditions, and, consequently, are characterised by
increased resistance to abiotic factors.

Conclusions

The introduction of a grid in the technology of
growing sweet pepper to reduce sunlight by 45%
and 60% provides a significant increase in the di-
ameter of plants for the medium-ripened Liuba-
sha variety and the medium-late Svitozar variety
by 15.1-23.7%. For the Liubasha variety, when
using shading, there was a significant increase
in plant height by 17.8-21.5% and fruit height by
10.1-15.2%.

A significant increase in the number of fruits
on the plant causes only the use of a grid with a
density of 45%. With this technological approach,

a smaller number of fruits are formed on sweet
pepper plants of both varieties, even relative to
the pepper growing system without shading.

For the Liubasha variety, an increase in the
average fruit weight for using all shading options
was noted by 11.1-25.6%, for the Svitozar varie-
ty — a decrease by 17.9-60.2%.

A significant increase in the yield of sweet
pepper was noted only for the Liubasha variety
with the use of a 45% shading grid, which pro-
vides an increase in yield by 0.65 kg/m? or 24.3%
relative to control. For the medium-late Svitozar
variety, shading with a grid with a density of 45%
causesonlya positive trend inincreasingyield (the
increase was 0.2 kg/m? or 7.0% relative to control).

According to the analysis of economic effi-
ciency, considering that the cost of purchasing
the grid will be distributed over three years of its
operation, the introduction of shading with a den-
sity of 45% leads to an increase in net profit for
the Liubasha variety to the level of 14.75 UAH/
m?,the level of profitability up to 103%, reduction
in the cost of production to 17.23 UAH/kg (under
control - 18.43 UAH/kg).

In the future, it is advisable to study in depth
the effect of different shading levels on the mor-
phophysiological parameters of plants, in particu-
lar, on the intensity of photosynthesis, transpira-
tion, leaf surface temperature, and water balance.
This would allow determining the optimal shad-
ing conditions that will help to increase crop pro-
ductivity in a variable climate.
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arpapHux Hayk YKpaiHM 3a 3arafbHOMPUMHATUMM METOAMKAMM 33 OOMOMOroK MNOAbOBOrO MeToay
pocnipkeHb. Peanisauis pocnifxeHb nepenbavana BM3HAYEHHS BMIMBY BMPOBAMKEHHS 3aTiHEHHS
POCAMH CiTKaMM 3i WinbHicTio 45 % 1a 60 % Ha GioMeTpMyHi MapamMeTpu Ta NPOAYKTUBHICTb POC/UH
nepul CONOAKOro, EKOHOMIYHI MOKa3HUKM edeKTUBHOCTI BMPOLLYBaHHS. BCTaHOBNEHO, WO 3aTiHEHHS
3abe3neyvye iCTOTHe MiABULLEHHS NapameTpy AiaMeTp POC/IMH MepLi CONOAKOro Ans 06ox copTiB (Ha
15,1-23,7 %), a Takox Tinbku ana copty Jliobawa - niaBuLLEHHS BMCOTa pocamH (Ha 17,8-21,5 %) Ta
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BMcoTn nnogy (Ha 10,1-15,2 %). 3aTiHeHHs 3 BUKOPUCTAHHAM CiTKM 3i WinbHicTio 45 % 3abe3nevye ans
060X copTiB iCTOTHE NiABMLLEHHS KiNbKOCTi nnofiB Ha pocauHi (Ha 11,5 % pnga copty Jlobawa Ta Ha
48,5 % nns copty CBiTo3ap). 36inbleHHs NapaMeTpy WiNbHOCTI CITOK ANs 3aTiHeHHs Ao 60 % 3yMOBNIOE
3MeHLUEHHS KiNbKOCTi NioAiB Ha pociuHax. BinsHaueHo, wo ans copty Jliobalwa 3pocTaHHs cepefHboi
Macu nnoAy 3a BUKOPUCTAHHSA 3aTiHeHHs cknagae 11,1-25,6 %, nna copty CBiTo3ap LaHWIi NOKa3HMK
3MeHWwyeTbcs Ha 17,9-60,2 %. IcTOTHe niABWILEHHS YPOXAMHOCTI Mepui conoakoro 3abesneuvye
BMKOPUCTAHHS 3aTiHEHHS CIiTKOMO 3i WinbHicTio 45 % Tinbku pna copty Jliobawa (3pocTaHHs Ha 24,3 %).
33 BKAa3aHOro TEXHOMOTIYHOro MiAXOAY MiABMLLYKTbCS E€KOHOMIYHI MapaMeTpu BUPOLLYBAHHS NepLio
conopkoro (npubytok no 14,75 rpH/m2, peHtabenbHictb 8o 103 %). PesynbtaTv fOCNImKEHHS MOXYTb
6yT1 KOPUCHUMM AN MaNnX Ta cepefHix depMepiB., sKi BUPOLLYOTb NepeLb Y BiAKPUTOMY IpYHTI, 3 METOO
3HUXEHHS PU3MKiB, MOB'A3aHMX 3i CNEKOK Ta nepenagamu Temneparyp

Kniouosi cnoBa: Capsicum annuum L.; WinbHicTb 3aTiHIOBaNIbHOI CiTKM; GiOMETPUYHI NapaMeTpy pOCInH;
NPOAYKTUBHICTb; peHTabenbHiCTb
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Abstract. The relevance of this study is driven by the need to improve the assessment of plants’
adaptive potential for urban landscaping, particularly in Kyiv, where factors such as water deficiency
and temperature fluctuations are critical in selecting species capable of withstanding environmental
stress while maintaining ornamental value. This study aimed to investigate the frost and drought
resistance of species and cultivars of the genus Ligustrum L., enabling an evaluation of their adaptive
capacity for use in urban environments. Physiological methods were employed to assess indicators
such as water retention capacity, water deficit, water content, heat resistance, and frost resistance. The
findings indicated that Ligustrum vulgare L. and its cultivars exhibit high frost resistance, as evidenced
by minimal tissue damage at-25°C, averaging 7.0-13.9 points. Other species demonstrated minor tissue
damage at -20°C (on average, less than 2 points), suggesting that this temperature is not critical for
them. At -25°C, the overall damage score increased significantly. In particular, Ligustrum ovalifolium
Hassk. and its cultivars exhibited scores ranging from 14.2 to 24.8, while Ligustrum japonicum Green
Century and Ligustrum ibota Musli recorded scores of 30.7 and 26.3, respectively. These values approach
critical thresholds; however, during the growing season, cells and tissues demonstrated the ability to
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recover. Ligustrum vulgare L., Ligustrum ovalifolium Hassk., and certain cultivars displayed considerable
drought resistance, as indicated by relatively minor fluctuations in leaf moisture content. The results
also highlight the stable waterregulating function of these species, along with high heat resistance,
particularly at 50°C. Notably, an increase in temperature to 60°C proved critical for all species,
leading to partial browning or complete necrosis of leaf blades. The assessment of these parameters
facilitates the selection of initial material for the production of resilient nursery stock suited to urban

environmental conditions

Keywords: nursery stock; leaf blade; landscaping; water regime; resilience; frost damage

Introduction

One of the key aspects of developing plant com-
positions for urban landscaping is the assess-
ment of their condition and resilience to stress
factors, which enables the selection of an optimal
plant assortment for greening large cities. There-
fore, understanding plant sensitivity to stressors,
considering the impact of both natural and an-
thropogenic factors on growth and development,
is essential. As a highly urbanised environment,
the city of Kyiv is characterised by challenging
ecological conditions. As noted by I.0. Sviatohor-
ov (2024), these include temperature fluctuations,
limited summer precipitation, and a relatively
high level of pollution. Thus, evaluating the adap-
tive potential of species within the genus Ligus-
trum L. under such conditions is a crucial task in
urban landscaping.

S.I.Kuznetsov et al. (2020) described L.vulgare
L. as a hardy plant, capable of withstanding both
drought and frost. It is also adaptable to various
soil types and tolerates urban conditions, includ-
ing dust, smoke, and gas pollution. Additionally,
this species is noted for its ability to be pruned
and shaped, making it versatile for landscaping.
Ligustrum lucidum W.T. Aiton, on the other hand,
is considered moderately frost-resistant, able to
withstand temperatures down to-20°C. It requires
moderate moisture and is tolerant of smoke and
gas pollution. T. Tkaczenko et al. (2023) highlight
the potential of L. vulgare L. to partially purify air
by trapping particulate matter, thus improving air
quality. T. Pashayev (2024) emphasised the ver-
satility of L. vulgare L. in urban landscaping. It is

particularly well-suited for creating hedges and
other structured plantings. This species’ ability to
withstand fluctuating temperatures and moisture
levels makes it a valuable asset in urban green
spaces. Its resilience and aesthetic appeal allow
it to function as both a decorative feature and a
functional barrier. Furthermore, L.vulgare L. exhib-
its strong recovery after winter, making it a reli-
able choice for long-term use in diverse climates.

Evaluating how well plants withstand
drought and heat is crucial for determining their
suitability in urban environments. In cities, high
temperatures and water shortages are signifi-
cant challenges for plant growth. V. Bessonova et
al. (2024) have emphasised the importance of
studying the heat resistance of trees in the north-
ern steppe region of Ukraine. These factors di-
rectly affect the survival and aesthetic appeal of
plants exposed to intense sunlight and high tem-
peratures. Similarly, research is being conducted
to assess drought tolerance. D.S. Gordienko et
al. (2021) examined the impact of climate on the
resilience of English roses in the forest-steppe
zone of Ukraine. L. Leotta et al. (2023) have fo-
cused on developing new strategies to enhance
the resistance of ornamental trees to abiotic
stresses (nonliving stresses such as drought or
high temperatures) in Mediterranean climates.
This research is essential for developing meth-
ods to help plants adapt to climate change in
urban settings. The use of physiological methods
to measure factors like water deficit, water con-
tent, water-holding capacity, and heat resistance
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provides valuable quantitative data. These mea-
surements can reveal how well plants adapt
to harsh temperatures (Demydov et al., 2023;
Yavas et al., 2024).

J. Dong et al. (2022) have highlighted the
critical role of aquaporins, located in cell mem-
branes, in maintaining water balance under vari-
ous stress conditions. Research has demonstrated
that aquaporins directly contribute to a plant’s
cold tolerance. Specifically, the authors studied
the aquaporin gene family in Ligustrum = Vicaryi
Rehd. The use of species and cultivars of the ge-
nus Ligustrum L. in urban landscaping requires
a thorough understanding of their adaptive po-
tential, particularly their frost and drought resis-
tance. This study aimed to evaluate the drought
and frost resistance of Ligustrum L. species and
cultivars within this genus.

Materials and Methods

The study on the potential drought and frost tol-
erance was conducted between 2023 and 2024.
The research took place at the Plant Physiology
and Microbiology Laboratory of the Institute of
Horticulture, National Academy of Agrarian Sci-
ences of Ukraine. The study involved species and
cultivars of the genus Ligustrum L., specifically Li-
gustrum vulgare L., L. vulgare Atrovirens, L. vulgare
Aurea, Ligustrum ovalifolium Hassk., L. ovalifolium
Aureum, L. ovalifolium Green Diamond, L. ovalifo-
lium Vicari, Ligustrum ibota Musli, and Ligustrum
japonicum Green Century. The research adhered to
ethical standards outlined in the Convention on
Biological Diversity (1992) and the Convention on
the Trade in Endangered Species of Wild Fauna
and Flora (1973).

To assess drought and frost tolerance, vege-
tative plant material was collected from mother
plants aged 3-5 years. The selected plants were
free from any visible damage caused by pests or
diseases. These plants were grown in semi-shad-
ed conditions on moderately fertile and moist
soils. The frost tolerance of Ligustrum L. species
and cultivars was evaluated using the method-
ology recommended by M.O. Bublyk et al. (2013).

Derii & Pinchuk

This involved directly freezing plant shoots in a
laboratory setting. During the winter dormancy
period, typically the second ten-day period of
December to the first ten-day period of February,
well-formed, one-year-old shoots (20-25 cm in
length) were collected from the middle section of
the plant crowns.

The process of determining frost tolerance
involved lowering the temperature within a
freezer chamber. A DW-40L92 refrigeration cham-
ber (Qingdao Haier Biomedical Co. Ltd., China)
was used, which allowed for the cooling of the
experimental plant samples down to -40°C. The
freezing was conducted using a gradual tempera-
ture reduction method, decreasing by approxi-
mately 5°C increments until reaching -20°C and
-25°C. These specific temperature levels were
selected to reflect the average winter tempera-
tures observed in Kyiv between 2019 and 2024.
The lowest recorded temperature during this
period was -18°C (Meteoblue, n.d.). After freez-
ing the oneyearold shoots of Ligustrum L. species
and cultivars at -20°C and -25°C, a microscopic
analysis was performed to assess tissue damage
in comparison to the control samples (unfrozen).
Once the desired temperature was reached, the
experimental samples were held in the refrigera-
tion chamber for 4 hours. This duration was nec-
essary to allow for nucleation and ice formation
processes to occur within the plant tissues. The
next step involved determining the extent of frost
damage to the shoot tissues. This evaluation was
based on the intensity of browning observed in
anatomical cross-sections. After freezing, a cer-
tain period of time is required for the signs of
frost damage to become apparent. As noted by
S. Maslovata (2016), it can take up to 7 days at
room temperature for signs of frost damage to
become visible. The next stage involved partially
immersing the shoots in water, followed by the
preparation of anatomical sections. Three primary
zones were selected for analysis: the shoot apex,
the middle section (the centre of the internode,
between the buds), and the node itself, with the
cut made directly through the bud. These sections
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were placed on microscope slides and examined
under an MBS-10 microscope (TM MICROmed,
Ukraine). During the anatomical-microscopic
evaluation of the one-year-old growth, the extent
of damage to individual tissues (bark, cambium,
wood, and pith) was determined based on the vi-
sual browning observed in the cross-section. The
degree of tissue damage was assessed using a
six-point scale (0 to 5 points) for each anatom-
ical section. The maximum total tissue damage
score for the one-year-old growth was 65 points
(Bublyk et al., 2013).

The damage assessment followed this scale:
0 - no damage observed; 1 - slight discoloura-
tion, damage to up to 20% of the tissue; 2 - mod-
erate tissue damage (40%); 3 - moderate damage
with clear browning at the interface with adja-
cent tissues (60%); 4 — severe damage (complete
browning of the affected area, blackened borders
with adjacent tissues, 80%); 5 — complete tissue
necrosis (100%) (Maslovata, 2016).

To determine the potential drought toler-
ance, a series of laboratory experiments were
conducted. These experiments included measur-
ing water deficit, water content, water-holding
capacity, and heat resistance, following the Sci-
entific and Methodological Recommendations for
the Study and Conservation of Genetic Resourc-
es of Fruit, Berry, Nut-Bearing, and Underutilized
Crops (Trokhymchuk & Makarova, 2022). For the
drought tolerance assessments, fully grown leaf
blades were collected, primarily from the central
part of the mother plants’crowns. The leaves were
harvested early in the morning, before 8:00, to mi-
nimise rapid turgor loss. They were then placed in
sealed bags to facilitate long-term transport. The
collection period occurred during the first ten-day
period of August.

The water deficit was determined as follows:
initially, the leaf blades were weighed using pre-
cision scales. They were then immersed in a wa-
ter-filled container, which was covered with glass
to create an air chamber. The leaves remained
submerged for 24 hours. After this period, they
were removed from the water, gently blotted with

paper towels to remove excess moisture, and im-
mediately weighed again. The difference between
the pre-saturation and post-saturation weights
was then calculated.

To assess the water content,a method involv-
ing complete drying of leaf blades was employed.
This allowed for the calculation of the total water
content within the plant material. For this, previ-
ously prepared leaf blades from species and cul-
tivars of Ligustrum L. were placed in metal weigh-
ing bottles, which had been weighed beforehand.
The weighing bottles with the leaf blades were
then weighed again. The weighing bottles with
the leaf blades were then placed in an oven at
40°C for 24 hours or until the leaves were fully
dried. After drying, the weighing bottles with the
plant material were weighed again, and the corre-
sponding calculations for the moisture content in
the leaves were performed. The total water con-
tent (W) as a percentage of the fresh weight was
determined using the following formula (1):

(b-c)
(b—a)

w = *100%, (1)
where a is the mass of the empty weighing bottle,
g; b is the mass of the weighing bottle with the
fresh leaf sample, g; c is the mass of the weigh-
ing bottle with the dry leaf sample, g. The water
retention capacity was determined by measuring
the gradual loss of moisture at room temperature.
The experiment was conducted in a laboratory
setting with a constant temperature of 23.8°C
and a relative humidity of 44.5%. At the start of
the experiment, the leaf blades were weighed,
and subsequent measurements were taken after
2,4, 6,and 24 hours. The water retention capacity
(WRC) is considered higher if the moisture loss
from the leaf blades is lower over a specific time
period, and it is calculated using the formula (2):

WRC =2 5 100%, Q)
where A is the moisture content at the start of

the experiment, g; B is the moisture loss over a
specific time period, g. The determination of heat
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resistance involved subjecting the leaf blades of
the experimental plants to exposure to heat in
an oven for 10 minutes at different temperatures:
40, 50, and 60°C. After roasting, the leaf blades
were immersed in a 0.2% hydrochloric acid (HCL)
solution, which primarily facilitated the faster
manifestation of damaged areas on the leaves.
The immersion times in the acid were 1, 3, and
5 minutes. Afterwards, the damage was assessed
according to the following scale in percentages:
0 - leaves without damage; 0-15 - slight dam-
age; 16-50 - moderate damage; 51-100 - severe
damage or complete leaf blade death. The pro-
cessing and analysis of the results were carried

L. ovalifolium Hassk.
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out in Microsoft Excel (Mezhenskyi, 2017). The
measurement results are presented as the mean
* standard error (x = SE).

Results and Discussion

The analysis of damage data on shoots revealed
that the severity of tissue damage caused by low
negative temperatures is influenced by both the
species or cultivar and the degree of tempera-
ture reduction. Specifically, the control samples,
which were not subjected to freezing, showed no
damage in any of the tested plants, as illustrated
in Figure 1 (a, d, g, j), Figure 2 (a, d, g), and Fig-
ure 3 (a, d).

«ﬁfﬁ o'y _&"

L. ovalifolium Green Diamond

L. ovalifolium Aureum

Figure 1. Degree of tissue damage in cultivars of Ligustrum ovalifolium Hassk
Note: g, d, g,j - control; b, e, h, k - freezing temperature -20°C; ¢, f, i, | - freezing temperature -25°C

Source: photos taken by the authors
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L. vulgare Aurea

Figure 2. Degree of tissue damage in cultivars of Ligustrum vulgare L
Note: g, d, g - control; b, e, h - freezing temperature -20°C; ¢, f, i - freezing temperature -25°C
Source: photos taken by the authors

e
c i S —
; e —— - i
Ligustrum japonicum Green Century Ligustrum ibota Musli

Figure 3. Degree of tissue damage in cultivars

of Ligustrum japonicum Green Century, Ligustrum ibota Musli
Note: a,d, g,j - control; b, e, h, k - freezing temperature -20°C; ¢, f i, | - freezing temperature -25°C
Source: photos taken by the authors

Analysis of the data at -20°C revealed that  tolerance to temperatures down to-20°C. The ob-
the majority of the experimental plant samples  served damage primarily consisted of browning in
showed minimal damage, with scores not ex-  certain areas of the shoot’s anatomical sections,
ceeding 20 points. This suggests a relatively high  as shown in Figure 1 (b, e, h, k), Figure 2 (b, e, h),
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and Figure 3 (b, e). Ligustrum japonicum Green
Century showed the highest damage score at 22
points. Browning was observed in various parts of
the shoot (Fig. 3b), with the bud area being par-
ticularly affected. All other species and cultivars
showed only slight browning. The least amount
of damage was observed in L. vulgare Atrovirens,
with a total damage score of 3.7 points.

Further lowering the temperature to -25°C
resulted in more significant damage to almost all
the samples. The total damage scores for most
species and cultivars increased considerably. This
indicates a potential sensitivity of certain plants
to this temperature. The lowest level of damage
was recorded in L. vulgare Atrovirens (7.0 points),
while the highest levels were observed in Ligus-
trum japonicum Green Century (29.9 points) and
Ligustrum ibota Musli (26.3 points).

The freezing process at -25°C revealed that
different parts of the Ligustrum L. shoot experi-
enced varying degrees of damage. This indicates
that the tissues have differing levels of resistance
to low-temperature stress.As shown in Table 1,the
pith was the most vulnerable to low temperatures

Derii & Pinchuk

across almost all the tested plants. Notably, Ligus-
trum japonicum Green Century and Ligustrum ibota
Musli showed maximum pith damage, particularly
at the bud and in the middle section of the shoot.
For example,in Ligustrum japonicum Green Century,
the pith damage score at the bud was 10.8 points,
the highest recorded (Fig. 3c). The wood tissue
also sustained significant damage, especially in
the cultivars L. ovalifolium Vicari (6.5 points in the
middle section of the shoot) and L. ovalifolium Au-
reum (6.5 points in the upper section of the shoot).
L. vulgare Atrovirens exhibited the least amount
of wood damage (1.4 points). The cambium was
less susceptible to low temperatures compared
to the pith and wood. However, some plants,
such as L. ovalifolium Green Diamond (5.2 points
in the middle section), showed significant cam-
bial damage (Fig. 1f). The lowest level of cambi-
um damage was observed in L. vulgare Atrovirens
(0.5 points in the middle section). Similar to the
cambium, the bark showed relatively less dam-
age, as indicated in Table 1. For instance, L. vulgare
L. and L. vulgare Atrovirens had the lowest bark
damage scores, ranging from 0.5 to 0.8 points.

Table 1. Damage to shoots and buds from low temperatures
in Ligustrum L. species and cultivars, 2024

Object of freezing

Apex, points Middle, points Through the bud, points Total Points
£
No. Species, cultivar -g £ € £ ° E
> ¥ 3 8 g ¥ 3 % g ¥ 3 % £ ¥ 3 T 5 E
S £ £ E & E £ &8 8 8 £ E @8 &8 8 % p
@ @ = 5] = c = < = o =
o o o =
[
Ligustrum C 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
1 ovalifolium 20 05 05 12 12 05 04 10 10 08 05 10 10 12 34 29 33 96
Hassk. 25 15 18 18 15 05 05 04 20 12 11 15 22 20 66 34 60 160
L K 00 00 00 02 00 00 00 00 00 00 00 00 00 02 00 00 02
L. ovalifolium
2 _ 20 09 08 18 12 08 08 15 10 08 09 15 09 12 47 41 41 129
GreenDiamond .51 20 15 11 11 18 12 10 10 25 15 40 58 52 60 170
o C 00 05 05 00 00 00 00 00 00 05 05 00 00 10 00 10 20
L. ovalifolium
3 o 20 00 00 10 00 05 05 10 11 05 11 14 20 10 10 31 50 9.1
Vieari 25 35 35 25 30 08 10 20 15 10 1.5 25 20 30 125 53 7.0 248
i K 00 00 05 00 00 00 05 09 00 00 05 05 05 05 14 10 29
L. ovalifolium
4 20 05 15 15 10 05 14 14 12 05 18 22 20 28 45 45 65 155
Aureum 25 15 25 22 20 08 20 25 20 08 15 20 22 35 82 73 65 220
_ C 00 00 00 02 00 00 00 02 00 00 00 02 02 02 02 02 06
Ligustrum
5 20 05 05 05 08 00 00 00 00 00 00 05 00 03 23 00 05 28
vigarel. 555 25 30 10 05 05 08 05 05 05 10 06 10 90 23 26 139
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Table 1. Continued

Object of freezing

Apex, points Middle, points Through the bud, points Total Points
S
No. Species, cultivar '§ £ £ £ °
> ¥ 3 8 g ¥ 3 ¥ g ¥ 3 ¥ g - 3 3 =
8 E 2 &8 8 &8 2 &8 &8 8 2 & a &£ =2 S
S = 5 = c = < = =
o o o

K 00 00 00 02 00 00
L. vulgare

00 02 00 00 00 02 00 02 02

6 20 0.0 00 00 05 00 00

05 00 06 05 08 08 12 05 05

Atrovirens
25 05 05 08 05 05 08

07 05 04 05 07 06 14 23 25

cC 00 00 02 00 00 00

02 00 00 00 00 00 02 02 02

7  L.vulgare Aurea -20 0.5 05 04 00 04 04

05 00 04 04 05 00 05 14 13

o |w|lalo|d|M|o
olwliolw|ol ||| Through bud
w
~

25 06 05 08 05 05 05 06 05 06 06 15 05 1.0 24 21 7.7

Ligustrum c 08 05 05 00 00 00 00 00 00 00 08 05 12 18 0.0 3.1

8 japonicum Green 20 22 20 15 14 18 18 15 18 18 15 25 22 23 71 69 22.0
Century 25 25 27 25 18 22 24 25 25 22 24 32 30 35 95 96 108 299

c 00 00 05 00 00O 00O OO 00 02 02 05 05 09 05 00 14 19

Ligustrum ibota
9 Musli 20 1.3 14 18 08 12 13 18 09 22 22 28 10 24 53 52 82 187
usli
25 25 25 20 15 22 26 20 20 25 25 22 18 33 85 88 90 263

Source: developed by the authors

Thus, analysing all the data, it can be seen
that L. vulgare Atrovirens is the most resistant to
low temperatures. The overall damage level was
minimal, with a total of 7.0 points, and the most
damaged part was the pith in the middle section of
the shoot. In contrast, Ligustrum japonicum Green
Century and Ligustrum ibota Musli showed the
highest levels of damage, with the wood and pith
being the most affected. The results of the study
show that at -25°C, the pith of the shoots sustains
the most damage, particularly in the upper part
and through the bud. Accordingly, the bark and

cambium suffer less damage, although the extent
of the damage also depends on the species and
cultivar. Among the plants studied, L. vulgare Atro-
virens can be considered potentially resistant to
low temperatures, while L. japonicum Green Centu-
ry and L. ibota Musli are less resistant. Water deficit
is a crucial indicator of a plant’s ability to retain
moisture, which helps determine its potential
drought resistance. The analysis of water deficit
data for Ligustrum L. species and cultivars (Table 2)
revealed that the values of this parameter varied
significantly depending on the species and cultivar.

Table 2. Determination of water deficit in Ligustrum L. species and cultivars

Species, cultivar

Before saturation, g  After saturation, g

Water deficit, % Average value, %

0.702 0.813 13.65
Ligustrum vulgare L. 0.307 0.38 19.21 16.25%28
0.545 0.648 15.90
0.538 0.604 10.93
L. vulgare Atrovirens 0.39 0.45 13.33 11.7753%5
0.37 0.416 11.06
0.334 0.396 15.66
L. vulgare Aurea 0.38 0.436 12.84 14.004'4
0.359 0.415 13.49
. 0.927 1.112 16.64
Ligustrum 0.886 1.056 16.10 16.14:04
ovalifolium Hassk.
0.828 0.982 15.68
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Table 2. Continued

Species, cultivar

Before saturation, g  After saturation, g

Water deficit, % Average value, %

o 0.43 0.486 11.52
L. ovalifolium 0.414 0.463 10.58 11.39:074
Aureumn
0.343 0.39 12.05
- 0.343 0.386 11.14
L. ovalifolium Green 0.325 0.368 11.68 11.34%03
Diamond
0.254 0.286 11.19
0.17 0.184 7.61
L. ovalifolium Vicari 0.11 0.117 5.98 6.1636
0.097 0.102 4.90
. ‘ 0.227 0.245 7.35
L’gusm’;"“’b"ta 0.22 0.247 10.93 10,6547
0.202 0.234 13.68
Ligustrum 0.33 0.352 6.25
japonicum Green 0.443 0.484 8.47 6.421%7
Century 0.442 0.463 4.54

Source: developed by the authors

Thus, the highest water deficit values were
observed in L. vulgare L. (16.25%), L. vulgare Aurea
(14.00%), and L. ovalifolium Hassk. (16.14%).Among
the other plants, those with a moderate level of wa-
ter deficit can be highlighted, including L. vulgare

Ligustrum japonicum Green Century
Ligustrum ibota Musli

L. ovalifolium Vicari

L. ovalifolium Green Diamond

L. ovalifolium Aureum

Ligustrum ovalifolium Hassk

L. vulgare Aurea

L. vulgare Atrovirens

Ligustrum vulgare L.
0.00 2.00

400 6.00 8.00

Atrovirens (11.77%), L. ovalifolium Aureum (11.39%),
L. ibota Musli (10.67%), and L. ovalifolium Green Di-
amond (11.34%). L. ovalifolium Vicari (6.16%) and
L. japonicum Green Century (6.42%) showed the
lowest water deficit levels, as shown in Figure 4.

_
'
—_

B
—
=
—_
|
_

10.0012.00 14.00 16.00 18.00 20.00

Figure 4. Water deficit values of leaves in Ligustrum L. species and cultivars

Source: developed by the authors

High saturation levels were observed in
L. vulgare L., L. vulgare Aurea, and L. ovalifoli-
um Hassk. (Fig. 5). This suggests that these plants
may be less adaptable to conditions with limited

moisture. Conversely, L. ovalifolium Vicari and L.
japonicum Green Century exhibited the lowest
saturation levels, indicating a potential ability to
withstand drought.
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pbel

Figure 5. Consequences of moisture over-
saturation in the leaf blades

of L. ovalifolium Hassk
Source: photo taken by the authors

Water content is a key parameter that reflects
the level of moisture retention in plant tissues,
particularly leaf blades. This indicator allows for
the assessment of a plant’s ability to adapt to its
growing conditions, especially drought. In this
study, the water content of Ligustrum L. species
and cultivars was determined. Similar to previ-
ous findings, significant variability in results was
observed depending on the species and cultivar.

90.0

Among the plants with the highest water content,
exceeding 70%, L.vulgare Aurea (71.3%), L. ovalifo-
lium Aureum (77.9%), L. ovalifolium Vicari (74.1%),
and L. ibota Musli (76.3%) stand out. Of these,
L. ovalifolium Aureum and Ligustrum ibota Musli
have the highest values, exceeding 75%, indicat-
ing their high moisture retention capacity even
under potentially unfavourable conditions (Fig. 6).
All other plants exhibited moderate water con-
tent, suggesting their ability to maintain a stable
water balance within their tissues. It is also worth
noting that cultivars such as L. vulgare Atrovirens
and L. japonicum Green Century had relatively
lower water content, suggesting a lesser adaptive
ability to conditions of insufficient moisture.

An interesting observation is that cultivars
with variegated leaves, such as white-green
or yellow-green (L. vulgare Aurea, L. ovalifolium
Aureum, L. ovalifolium Vicari, and Ligustrum ibo-
ta Musli), tend to have comparatively higher
water content than species and cultivars with
typical green leaves.

80.0

70.0
60.0

50.0
40.0
30.0
20.0
10.0

L. vulgare
Atrovirens

L. vulgare
Aurea

Ligustrum
vulgare L. ovalifolium

Hassk.

Ligustrum L. ovalifolium L. ovalifolium L. ovalifolium  Ligustrum

Aureum

Ligustrum
Jjaponicum
Green Century

Green Vicari ibota Musli

Diamond

Figure 6. Water content of the leaves of Ligustrum L. species and cultivars

Source: developed by the authors

The analysis of water content in the Ligus-
trum L. genus allows for the identification of spe-
cies and cultivars with a greater ability to retain
moisture, such as L. vulgare Aurea, L. ovalifolium
Aureum, L. ovalifolium Vicari, and L. ibota Mus-
li. It also highlights those with a lower capacity,

including L.vulgare L., L.vulgare Atrovirens, L. oval-
ifolium Hassk., L. ovalifolium Green Diamond, and
L. japonicum Green Century. The results suggest
the potential drought resistance of these plants
and their suitability for urban landscaping, par-
ticularly in areas with limited water availability.
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The study of water retention capacity in the
leaf blades of Ligustrum L. species and cultivars
is a crucial aspect for assessing their potential
drought resistance. The experiment was conduct-
ed under stable laboratory conditions (tempera-
ture 23.8°C, relative humidity 44.5%), allowing
for a more accurate evaluation of moisture loss
dynamics over 24 hours. Similar to previous

Derii & Pinchuk

experiments, some variability in results was ob-
served, depending on the species and cultivar
of the tested plants. The highest average rate of
moisture loss was observed in L. ovalifolium Aure-
um (44.66%) and L. ibota Musli (42.71%) (Table 3,
Fig. 7). Notably lower moisture loss was observed
in L. ovalifolium Vicari (37.59%) and L. ovalifolium
Green Diamond (36.12%).

Table 3. Water retention capacity of Ligustrum L. leaves

Sample weight by exposure time, g

Plant name 2 hours 4 hours 6 hours 24 hours A:l:;:g::t\;aot/oer
Laboratory results 24°C-44% 24.2°C-43% 23.7°C-49% 22.8°C-45%

10.13 15.95 20.43 47.67

Ligustrum vulgare L. 11.11 16.78 19.61 42.27 23.26
9.27 15.12 20.49 50.24
12.97 22.87 32.08 57.00

L. vulgare Atrovirens 11.11 20.94 31.20 53.85 31.26
14.07 25.48 35.74 57.79
8.93 13.75 17.87 45.70

L. vulgare Aurea 8.28 16.55 21.38 57.93 24.73
8.97 16.67 21.15 59.62
2.24 417 5.77 19.55

Ligustrum ovalifolium 3.82 7.64 10.62 36.73 1022

Hassk.

1.80 4.09 6.22 19.97
19.46 32.89 44.30 79.19

L. ovalifolium Aureum 2113 38.03 52.82 78.87 44.66
17.44 29.65 43.02 79.07
10.24 27.56 40.16 64.57

L. ovalifolium Green 11.76 27.73 39.50 68.07 36.12

Diamond

12.23 26.62 36.69 68.35
9.09 25.76 33.33 71.21

L. ovalifolium Vicari 12.16 39.19 37.84 70.27 37.59
8.70 27.54 37.68 78.26
15.60 31.21 41.13 79.43

Ligustrum ibota Musli 17.58 36.26 45.05 76.92 42.71
17.74 29.03 43.55 79.03
8.12 16.24 18.78 40.44

Ligustrum japonicum 7.86 17.30 21.38 48.74 22.51

Green Century

9.69 16.25 19.69 45.63

Source: developed by the authors

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 1

13



14

Assessment of frost and drought resistance in species and cultivars of the genus Ligustrum L...

z

Figure 7. Dynamics of moisture loss from leaves, illustrated by Ligustrum ibota Musli.

Note: a - before the experiment; b - after 24 hours
Source: photos taken by the authors

Significantly lower rates of moisture loss
were observed in L. japonicum Green Centu-
ry (22.51%), L. vulgare L. (23.26%), and L. vul-
gare Aurea (24.73%). Among these, L. ovalifoli-
um Hassk. exhibited the lowest rate of water
loss (10.22%). The best water retention capacity
was found in L. ovalifolium Hassk. and L. japon-
icum Green Century, while the fastest rate of
moisture loss was observed in L. ovalifolium

Aureum and L. ibota Musli. It is also worth not-
ing that in all tested plants, the most intense
moisture evaporation occurred between 6 and
24 hours into the experiment. At a temperature
of 40°C, all species and cultivars showed no
damage to the leaf blades, even after treatment
with hydrochloric acid for 5 minutes (Table 4,
Fig. 8a). This indicates their high resistance at
this temperature.

\ Table 4. Dynamics of the effect of high temperatures on leaf condition

Time of hydrochloric acid

Temperature of roasting, °C

No. Plant name treatment, min 40 50 60
Percentage of leaf damage, %

1 1 0 4 81
2 Ligustrum vulgare L. 3 0 5 85
3 5 0 7 97
4 1 0 8 68
5 L. vulgare Atrovirens 3 0 14 74
6 5 0 13 89
7 1 0 4 80
8 L. vulgare Aurea 3 0 6 82
9 5 0 6 88
10 1 0 5 90
11 Ligustrum ovalifolium Hassk. 3 0 2 96
12 5 0 3 100
13 1 0 7 72
14 L. ovalifolium Aureum 3 0 8 84
15 5 0 9 92
16 1 0 0 85
17 L. ovalifolium Green Diamond 3 0 0 90
18 5 0 0 92
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Table 4. Continued

Time of hydrochloric acid

Temperature of roasting, °C

No. Plant name treatment, min 40 50 60
Percentage of leaf damage, %

19 1 0 0 73
20 L. ovalifolium Vicari 3 0 1 84
21 5 0 2 95
22 1 0 5 62
23 Ligustrum ibota Musli 3 0 6 77
24 5 0 6 89
25 o oieum 1 0 2 93
26 Ligustrum (]:Zﬁ(t)ﬂ;um reen 3 0 5 95
27 5 0 6 100

Note: 0 — no damage; 0-15 - light damage; 16-50 — moderate damage; 50-100 — severe damage or complete

leaf death
Source: developed by the authors

.‘ b!“ |
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Figure 8. Leaf blades of Ligustrum vulgare L. after roasting

Note: a - 40°C, b - 50°C, ¢ - 60°C
Source: photos taken by the authors

At elevated temperatures of up to 50°C, L.vul-
gare L.and its cultivars exhibited slight damage to
the leaf blades, which was only 1-5%.When L. vul-
gare Atrovirens (Fig. 8b) was soaked in hydrochlo-
ric acid for 3-5 minutes, the damage increased
to 20%. In contrast, the cultivars of L. ovalifolium
Hassk. remained almost undamaged, with the
damage percentage ranging from 0-1%, as shown
in Figure 9a. Similarly, the leaf blades of L. ibo-
ta Musli and L. japonicum Green Century showed
minimal damage, with browning percentages of
5-6%. Increasing the temperature to 60°C result-
ed in critical leaf damage. High levels of damage
were observed in all L. vulgare L. cultivars (Fig.
8¢), with damage ranging from 80% to 100%. The
cultivars of L. ovalifolium (Fig. 9b) showed similar

results, with leaf damage between 70% and 100%.

The research demonstrated a significant
correlation between temperature and the sus-
ceptibility of Ligustrum L. species and cultivars
to leaf blade damage. While the plants remained
resistant to damage at 40°C, a rise in temperature
to 50°C, and particularly 60°C, led to increased
and critical damage across most cultivars. Similar
studies focused on determining frost resistance,
with the aim of identifying potentially resilient
species and cultivars, provided a foundation-
al basis for this investigation. These studies,
such as those conducted by M.S. Kuznetsova &
O.l. Kitaiev (2018), assessed the frost and winter
hardiness of Calluna vulgaris (L.) Hill. and its cul-
tivars. This involved laboratory freezing methods,

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 1
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as well as visual damage assessments under field
conditions. Additionally, O. Babyn et al. (2024)
detailed a research process examining the poten-

tial frost resistance of Cercis L. species and culti-
vars, which also employed laboratory freezing of
experimental plant shoots at-20°C and -25°C.

——

Figure 9. Leaf blades of Ligustrum ovalifolium Hassk. after roasting

Note: a - 50°C, b - 60°C
Source: photos taken by the authors

When determining drought resistance indi-
cators, including heat resistance and water re-
tention capacity, the data obtained were similar
to those reported by V.M. Novosad (2014). It was
established that L. vulgare L. exhibits higher re-
sistance to high temperatures. However, when
the temperature rises to 60°C, necrosis occurs in
80-90% of the leaf blade. L. ovalifolium Aureum
showed a significantly lower tolerance to high
temperatures, and upon reaching 60°C, the leaf
blades discoloured, indicating complete tissue
death. Furthermore, the water retention capac-
ity study revealed that L. ovalifolium Aureum is
less drought-resistant than L. vulgare L. After just
30 minutes, the maximum moisture content in
the tested leaves was 15%, increasing to 25% af-
ter 90 minutes. In contrast, the maximum mois-
ture content in L.vulgare L. leaves was 13.4%, and
23.4% at the end of the experiment. The findings
of V.M. Novosad (2014) were analysed and ex-
panded to include a wider range of studied plants.
Certain aspects of the research were corroborated.

Researchers, including O.Babyn et al. (2024),
have explored drought resistance indicators
such as water retention capacity, water defi-
cit, and heat resistance. Their study, focusing
on the Cercis L. genus, aimed to determine the
plants’ ability to withstand dry periods in urban

environments. Y. Telepenko (2018) assessed the
drought tolerance of 25 blackberry (Rubus L.)
varieties in the western Forest-Steppe region of
Ukraine.This involved analysing the water-phys-
ical properties of leaves using varietal study
methods and employing analysis of variance.
The study revealed variations in water retention
capacity, water deficit, and tissue water content,
allowing for the classification of varieties based
on their drought tolerance levels. S. Toscano et
al. (2018) investigated the responses of Lantana
camara L. and Ligustrum lucidum L. to four differ-
ent water deficit regimes. The results indicated
that the water deficit significantly reduced the
biomass of both species. However, Ligustrum lu-
cidum L. exhibited superior adaptive capabilities
and more rapid stomatal regulation.

Research by V.Ya. Zayachuk (2014) indicated
that approximately 40 Ligustrum L. species exist
globally, primarily distributed across Asia, Europe,
Australia, and North Africa, with L.vulgare L. being
native to Ukraine. An examination of the orna-
mental plant market, particularly the plants culti-
vated and sold by leading Ukrainian nurseries and
garden centres — such as Natalis nursery, Proxi-
ma garden centre, and Zelena Kraina ornamental
plant nursery - reveals a significant expansion
in plant variety to meet landscaping demands.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 1



Consequently, over the past 5-10 years, there has
been a notable increase in the range of Ligustrum
L. species and cultivars. This expansion provides
opportunities to utilise not only the indigenous
L. vulgare L. but also around five other species
and numerous cultivars. The Ligustrum L. genus is
gaining popularity due to its adaptability, evident
in both its aesthetic qualities and its tolerance to
diverse growing conditions.

Similar research on drought resistance has
been carried out by Y.M. Kruhlyak (2010), focusing
on various Salix L.species and hybrids.Additional-
ly, T. Kopylova (2016) examined the water balance
in Pyracantha M. Roem. leaf blades and assessed
the plants’ ability to withstand high temperatures,
subsequently evaluating their drought resistance.
These methodological approaches were applied
in this study to analyse the water regime and
drought tolerance of Ligustrum L. species, con-
firming the effectiveness of using physiological
parameters to evaluate plant adaptive potential
in urban environments.

Conclusions
The ability of Ligustrum L. species and cultivars
to withstand low temperatures varies significant-
ly. In particular, the Ligustrum vulgare Atrovirens
cultivar demonstrated the highest resistance to
low temperatures, evidenced by minimal damage
levels (7.0 points at -25°C). Conversely, Ligustrum
japonicum Green Century and Ligustrum ibota
Musli exhibited the lowest resistance, display-
ing the highest damage scores, especially in the
wood and pith regions. The nature of tissue dam-
age indicates that the pith of the shoots is the

Derii & Pinchuk

drought and elevated temperatures, including
water retention capacity, water content, water
deficit, and heat resistance, also showed consid-
erable variability depending on the species and
cultivar. The highest water deficit values were ob-
served in L. vulgare L. (16.25%), L. vulgare Aurea
(14.00%), and L. ovalifolium Hassk. (16.14%). Mod-
erately low water deficit values were recorded for
L.ovalifoliumVicari (6.16%) and L. japonicum Green
Century (6.42%). Among the plants exhibiting the
highest water content, variegated cultivars such
as L. vulgare Aurea, L. ovalifolium Aureum, L. oval-
ifolium Vicari, and L. ibota Musli stood out, with
levels exceeding 75%. The best water retention
capabilities were observed in L. ovalifolium Hassk.
and L. japonicum Green Century, attributed to the
denser structure of their leaf blades compared to
other varieties.

The heat resistance study revealed that at
40°C, none of the experimental plants suffered
leaf blade damage. When the temperature was
raised to 50°C, most plants experienced minor
leaf blade damage, not exceeding 10-15% of the
total leaf area. This suggests that these tempera-
tures do not significantly impact the plants’ leaf
mass. However, an increase to 60°Cresulted in se-
vere damage to the majority of leaf blades across
all cultivars or even complete tissue death. Deter-
mining resistance to adverse factors enables the
selection of resilient Ligustrum L. species and cul-
tivars for nursery stock propagation. This, in turn,
facilitates the scientifically sound application of
these plants for urban landscaping needs in Kyiv.
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OuiHKka MOpPO30- Ta NOCYXOCTIUKOCTi BUAIB Ta KynbTUBapis poay Ligustrum L.
npu BUPO6HULTBI cagMBHOro MaTepiany
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HaBuyanbHO-HayKOBMI iIHCTUTYT NiCOBOrO i CAA0BO-MAPKOBOro rocnoaapcTea
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KaHanAaaT cinbCbKOrocnofapcbKmMx Hayk, AOLEHT

HaBuyanbHO-HayKOBUM iHCTUTYT NiCOBOO i CAA0BO-MAPKOBOro rocnoaapcrea
HauioHanbHoro yHiBepcuteTy HiopecypciB i NpUpoAOKOPUCTYBaHHS YKpaiHu
03041, Byn. lopixyBatcbkuit wnsx, 19, m. Kuis, Ykpaina
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AHOTauifA. AKTyanbHiCTb [OOCNIIKEHHsE 06yMOBNeHa HEOOXigHICTIO BAOCKOHANEHHS  OLiHKM
a[lanTUBHOIO NOTEHLiany pOC/MH ANS 03e/IeHeHHs MiCbKMX MPOCTOpiB, 30KpeMa B yMoBax Kuesa, ae
(akTopw, K HecTaya BONOrM Ta KONUBAHHS TeMnepaTyp, € KNHYOBUMU NpU BUOOPI POCIMH, 34aTHUX
BUTPUMYBATH €KOMOTiYHI HaBaHTaXEHHS Ta 36epiraTi LekopaTUBHi BNAcTUBOCTI. MeToo poboTu cTanu
LOCNIAKEHHS MOPO30- Ta MOCYXOCTIMKOCTI BMAIB Ta KynbTuBapiB poay Ligustrum L., W0 [O3BOAUNO
OLIHMTM iX afanTMBHI MOXNMBOCTI 4NS BMKOPUCTaHHA B yMmoBax ypbaHizoBaHoro cepeposuwa. Y
paMKax [OCNiLXeHHS 6ynuM BMKOpWUCTaHi Gi3ionoriyHi MeTogu AN OUiIHKM TAaKMX MOKA3HUKIB, SK
BOAOYTPMMYIOUYA 3[aTHiCTb, BOAHMI OediuuT, OBOAHEHICTb, XAPOCTiMKiCTb Ta MOPO3OCTiMKicTb. 3a
pe3ynbTaTaMu AOCNILXKEHHS BCTAHOBNEHO, Wo Ligustrum vulgare L. Ta ii KynbTMBapX MakoTb BUCOKI
MOKa3HWKM MOPO30CTiAKOCTI. Lle nposaBnsnocs y HaiMeHLWii KinbKocTi 6aniB yWKOOXKEHHS TKAaHUH 3a
Temnepatypu -25°C, B cepenHboMy 7,0-13,9 6aniB. IHWIi X pocavHKU 3a pe3ynbTaTaMu JOCHILXKEHHS
npu Temnepatypu -20 °C Manu He3HauHMIM 6an yLWKOAXeHHS (B cepefHbOMY MeHLwe 2 6aniB.), Lie BKa3ye
Ha Te WO AaHa TeMnepaTypa He € KpUTUYHOW. BogHouvac cymapHuin 6an npu NoHWXEHHI TeMnepaTtypu
no -25 °C 3HayHO 3pocTa€, 30kpema B Ligustrum ovalifolium Hassk. Ta ii KynbTMBapwuiB CyMapHMii
6an KonMBaETbCs B Mexax 14,2-24,8, Toai gk Ligustrum japonicum ‘Green century’ Ta Ligustrum Ibota
‘Musli’ Mmanu 30,7 Ta 26,3 6anu BiANOBIAHO, WO € 6AN3bKMM [0 KPUTUYHOTO 3HAYEHHS, ane YyNpOoAOBXK
BereTauii, KNITUHK Ta TKAHUHUM 30aTHI BiAHOBUTUCD. Ligustrum vulgare L., Ligustrum ovalifolium Hassk.Ta
[LesKi KynbTMBapyu Manu AOCUTb BUCOKY NOCYXOCTIMKICTb, WO BiA0OPAXKAETLCS Y BIAHOCHO HEBENUKMUX
BiflCOTKAxX 3MiHM KiNbKOCTi BONOMM B NIMCTOBMX NnacTuHKax. OTpMMaHi pe3ynbTaTh TakoX MOKa3ykTb
CTiViKy BoLOperynto4vy GyHKLi0 AaHUX POC/IMH, @ TAKOX BUCOKI MOKA3HUKM XKapOoCTiMKOCTi 30KpeMa 3a
Temnepatypu 50 °C. Cnig 3a3HaunTH, WO NigBuLLeHHS TemnepaTypu o 60 °C 6yno KpUTUYHE A8 BCiX
pocnuH. Le Binobpaxanocs y 4actkoBoMy nobypiHHi abo NOBHOMY BiAMMPAHHI IMCTOBUX MAACTUHOK.
OuiHKa BMLLE3rafaHWX NOKa3HUKIB fa€ 3Mory Ang Biabopy BUXiAHOrO MaTepiany 3 MeTOK OTPUMAHHS
CTiIKOro cafilMBHOro MaTtepiany Lo ¢hakTopiB ypbaHi30BaHOro cepeoBuLLA

KniouoBi cnoBa: caauBHMit MaTepian; NMCTOBA NNACTMHKA; O3E/IEHEHHS; BOAHWUI PEXMUM; CTilKiCTb;
MOpPO3HE YLIKOAXKEHHS
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Abstract. Corn is a strategic crop with growing demand, which necessitates increased production
and the use of healthy seeds to improve yields and product quality. The purpose of the study was to
investigate the symptoms of fungal diseases of corn seeds and establish the spread of micromycetes.
The study of diseases of corn cobs and seeds was carried out in the Problem Research Laboratory of
Mycology and Phytopathology of the Department of Phytopathology of the National University of Life
and Environmental Sciences of Ukraine. Samples of plant material (cobs) for diagnostics were taken
during route surveys in the Forest-Steppe of Ukraine and during the period of their storage. Seed
samples were taken after harvesting. Diagnosis of diseases was carried out by visual examination and
biological method (seed germination in wet chambers and on a nutrient medium). Microscopic analysis
of their morphological structures was performed to identify micromycetes. The frequency of occurrence
of micromycetes was determined during seed germination in petri dishes on filter paper. During the
studies, infection of corn cobs and grains with various micromycetes was detected (Trichothecium spp.,
Fusarium spp., Alternaria spp., Cladosporium spp., Aspergillus spp., Mucor spp., Penicillium spp., Rhizopus
spp.), which caused the variability of disease symptoms. The parasitism of the fungi Botrytis cinerea
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and Bipolaris spp. on ears of corn was established, which was not disclosed in the national scientific
literature.The highest frequency of occurrence on corn seeds was characterised by representatives of the
genus Alternaria - 18.4%. Fungi of genera Cladosporium and Penicillium were detected on 4.5 and 4.7%
of seeds, respectively. Seed infection with Fusarium spp. was 2.7%, Mucor spp. - 2.6%. Representatives
of the genus Rhizopus were identified on 1.1% of seeds. Fungi of genera Trichothecium and Aspergillus
were 0.4 and 0.6%. Therefore, monitoring of fungal pathogens and their phytopathological examination
are necessary to assess the quality of corn seeds. Information on the symptoms of mycoses, the species
composition of micromycetes should be used in the diagnosis of seed pathologies

Keywords: diagnostic signs; mould; fusarium; micromycetes; grain; germination

Introduction

Research on fungal diseases of corn seeds is
necessary because of their impact on germina-
tion, plant viability, and overall crop yield. Seeds
infected with pathogenic fungi can become a
source of primary infection of crops, which leads
to a decrease in yield and deterioration of grain
quality. Some pathogens, in particular, Fusarium
spp. and Aspergillus spp. and Penicillium spp., not
only affect seeds but also produce mycotoxins
that are dangerous to human and animal health,
which reduces the nutritional and feed value of
grain. In addition, the affected seed is less resist-
ant to adverse environmental conditions, which
can lead to its death even in the early stages of
germination or to the appearance of weakened
plants with low productivity. In a changing cli-
mate and the intensification of agricultural pro-
duction, the risks of developing fungal diseases
increase, which requires a comprehensive ap-
proach to monitoring, diagnosing, and controlling
these pathogens. The development of effective
methods of seed disinfection, introduction of
sustainable varieties and improvement of plant
protection technologies are important tasks of
modern agricultural science, as they contribute
to stable corn production, increase its yield, and
ensure food security.

Corn is a strategic crop. As noted by O. Eren-
stein et al. (2022), it is the world leader in grain
consumption, with annual production exceeding
1 billion tonnes. M.S. Azadi et al. (2022) noted
the role of corn as a food crop for an estimated

4.5 billion people in 94 developing countries, pro-
viding about 30% of their daily calorie needs. In
addition, 63% of corn grown worldwide is a sig-
nificant source of oil, starch, biofuels, and is also
used as animal feed. O. Erenstein et al. (2022),
emphasised that countries such as the United
States, Brazil, China, Ukraine, Argentina, India,
Mexico,and Indonesia account for 77.4% of global
corn production. Overall, its global consumption
will grow by an average of 1.1% per year, driv-
en by feed demand (FAOStat, 2021; Spriazhka et
al., 2024). In Ukraine, the area on which corn is
grown is (on average over the past five years)
4.824 million ha with a yield of 6.98 t/ha.
According to R. Kumar & A. Gupta (2020), to
meet the basic nutritional needs of the world’s
growing population, there is a need to increase
agricultural production. The quality of seeds in-
creases the yield by at least 10-15%. As noted
by M. Pikovskyi & M. Solomiichuk (2022), infec-
tion-free seeds are one of the factors that ensure
crop growth, but its infection with micromycetes
leads to a decrease in sowing qualities, causing
loss of germination,rotting and death of seedlings,
and the manifestation of diseases on young plants.
Corn seeds can be infected with various mi-
cromycetes. Based on the findings of B. Sreenu et
al. (2019), external pathogens that are transmit-
ted with seeds (Aspergillus flavus, A. niger, Fusarium
moniliforme, Alternaria alternata and Curvularia lu-
nata) and internal ones, which are represented by
micromycetes Bipolaris maydis and Colletotrichum
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graminicola, were identified. The researchers also
noted the need for differentiated use of seed test-
ing methods. F.H. Gomaa (2021) found that corn
seeds were infected with many phytopathogenic
microorganisms, including Fusarium, Aspergillus,
Penicillium sp., Nigrospora, and Macrophomina.

In general, phytopathogenic fungi cause a
decrease in its sowing qualities of seeds. Along
with this, A.M. Gasperini et al. (2021) noted that
contamination of corn cobs and grains with mi-
cromycetes can cause the accumulation of my-
cotoxins, which negatively affect the health of
humans and animals that consume contaminated
food. For example, fungi of the genus Fusarium
can cause the production of fumonisins or tricho-
thecenes of type B in grain, Aspergillus section
Circumdati and Penicillium verrucosum species
can produce ochratoxins, and the Aspergillus
section Flavi group contaminates corn grain with
aflatoxins. The problem of contamination with
mycotoxins, which accumulate fungi from the ge-
nus Fusarium, is also emphasised in the study by
O.V.Kaminska et al. (2021), which investigated the
seasonal dynamics of mycotoxin synthesis in corn
grain in Ukraine. ALl of the above studies indicate
the diversity of the species composition of path-
ogens of fungal diseases of corn seeds, their neg-
ative impact on yield, human and animal health.
Therefore, there is a need to investigate various
aspects of seed pathologies. The purpose of the
study was to investigate the symptoms of corn
grain mycoses and the spread of micromycetes.

Materials and Methods
The study of the symptoms of corn cob and grain
diseases was carried out in the Problem Research
Laboratory of Mycology and Phytopathology of
the Department of Phytopathology of the Nation-
al University of Life and Environmental Sciences
of Ukraine. The study was in line with the ethical
standards set out in the Convention on Biological
Diversity (1992) and the Convention on the Trade
in Endangered Species of Wild Fauna and Flo-
ra (1973). Samples of plant material (cobs) for di-
agnostics were taken during route surveys during

Pikovskyi et al.

2019-2021 in the conditions of the Forest-Steppe
of Ukraine and during the period of their storage.
Every year, seed samples (20 pcs.) were selected
after harvesting. During field observations, symp-
toms of fungal damage to cobs with Fusarium
spp., Alternaria spp., Cladosporium spp., Penicillium
spp. and Trichothecium roseum Link ex Friet Fries
were revealed.

To investigate the symptoms of diseases, corn
seeds were sprouted on potato-glucose agar and
in wet chambers according to methods provided
by EJ. Warham et al. (1996). Diagnosis of diseases
was carried out by visual method and microscopic
analysis of pathogens (Warham et al., 1996; Pik-
ovsky et al., 2023), using various optical systems
(magnifying glass, binocular stereomicroscope
and optical microscope). Temporary microscopic
preparations were made to identify micromycet-
es. Based on the morphology of mycelial hyphae,
conidiophores and conidia, pathogens were iden-
tifled and described in the reference literature
(Warham et al., 1996; Watanabe, 2002; Leslie &
Summerell, 2006). The frequency of occurrence of
micromycetes was determined during grain ger-
mination in petri dishes on filter paper and calcu-
lated by the equation:

nx100

Fo = - (1)
where Fo - frequency of occurrence, %; n - num-
ber of seeds in which this type of micromycete is
detected, pcs.; N - total number of seeds studied,
pcs. Statistical processing of research results was
performed using Microsoft Office® for Microsoft
Windows.

Results and Discussion
During the studies, infection of corn cobs and
grains with various micromycetes was detected
(Table 1), which caused the variability of symp-
toms of diseases. Seed germination helped to es-
tablish diagnostic signs of pathologies on seed-
lings and identify latent infection. In the field, the
cobs were affected by Fusarium pathogens (Fusar-
ium spp.) and mould (Alternaria spp., Cladosporium
spp., Penicillium spp. Trichothecium roseum Link ex
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Friet Fries.). During the storage period, the devel-
opment of micromycetes Botrytis cinerea Pers.and
Bipolaris spp. on maize cobs was found. During
seed incubation in wet chambers, its mycobiome
was represented by fungi of the genera Trichoth-
ecium Link, Fusarium Link, Alternaria Nees, Clad-
osporium Link, Aspergillus P.Micheli ex Link, Mucor
Fresen., Penicillium Link and Rhizopus Ehrenb.
Fusarium infection occurred in the field and
during seed germination (Fig. 1). In the pre-har-
vest period, a web-like or denser pale pink coat-

ing appeared on the affected cobs in foci. Grains
placed in the lesion visually lost their lustre and
acquired a dirty brown hue. During germination,
corn grains affected by Fusarium fungi lost their
germination or formed weak sprouts that usually
died. Under wet conditions, mycelium and patho-
gen sporulation organs formed on the seed sur-
face. In some cases, grains affected by fusarium
pathogens also showed a coexistence of various
micromycetes, which increases the harmfulness
of the disease.

Table 1. Visual symptoms, damage to corn cobs and seeds by micromycetes

Micromycete

Symptoms of pathologies

on the cobs

on seeds during germination

Fusarium spp.

under the leaves there are one or
more foci of web-like, pale pink,
light or bright pink plaque colour;
the grains lose their lustre, are
covered with mycelium to varying
degrees

highly infected seeds are covered with fluffy
mycelium and sporulation of the pathogen, do
not germinate; weakly affected seeds have a
slow germination energy, form weak seedlings,
underdeveloped roots, which are gradually colonised
by the pathogen, covered with plaque and rot

Penicillium spp.

green mycelium is formed between

the rows of seeds in the cob, which

covers the surface of the seeds to
varying degrees

heavily affected grains become mouldy
and do not form seedlings, they are completely
covered with a well-developed coating, which
is light at first and later becomes green; the coating
can form in different parts of the seed, seedlings
and roots are underdeveloped, deformed, stunted,
and eventually die

Alternaria spp.,

Cladosporium spp.

dark coating forms on the seeds of
the cob

on the skin of seeds, a dark coating is formed
with sporulation of pathogens; surface infection
dominates — normal seedlings and roots are formed;
due to a joint infection with fungi of the genus
Fusarium seedlings die

Aspergillus spp.

no results were found on cobs in
the field during the research period

on the surface of seeds, in the form of small heads,
sporulation of pathogens of various shades (light
yellow-green, dark yellow-green, olive-brown, brown,
brown-black, black) is formed; infected seeds lose
their germination, or form weak seedlings and roots,
which eventually die

Botrytis cinerea

it was not detected in the field;
during storage of cobs, a grey
coating forms between the rows of
grains and on their surface; infected
seeds lose their lustre

seeds are covered with a grey, ashy coating and turn
mouldy; weakly affected grains form seedlings that
rot over time

Bipolaris spp.

it was not detected in the field;
during storage of cobs, a light, and
later darkish coating is formed
between the rows of grains and on
their surface

infected seeds lose their germination and become
covered with a light grey, fluffy mycelium, which
darkens over time

Trichothecium
roseum

develops intensively on the grains
of the cob powdery pink coating

infected grains become covered with a powdery pink
coating and become mouldy

Mucor spp.

no results were found on cobs in
the field during the research period

web-like coating forms on the surface of the seed,
among which individual dark heads (sporangia) are
clearly visible

Rhizopus spp.

no results were found on cobs in
the field during the research period

abundant loose grey mycelium and rounded black
sporangia form on the surface of the grains

Source: developed by the authors
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Figure 1. Symptoms of Fusarium infection on corn (a, b, ¢) and macroconidia of Fusarium spp. (d)

Source: compiled by the authors based on own research

In conditions of high humidity and late har-
vesting, fungi of the genus Penicillium developed
on the cobs in the form of a mouldy coating of
green-bluish hue between the rows of grains
and on their surface (Fig. 23, b, c). Highly infected
grain lost its sowing qualities. During germina-
tion of corn seeds infected with Aspergillus spp.
(Fig. 2d), small powdery heads (of various shades)
formed on its surface. Intensive development of
the pathogen led to a decrease in seed germina-
tion, death of seedlings, and weakening of plant
seedlings. Pathology often developed on grains
with mechanical damage. Damage to corn cobs

by micromycetes of genera Alternaria Nees and
Cladosporium Link was observed during crop mat-
uration. Symptoms of pathology were noticeable
on the top of the cobs. A black or dark olive coat-
ing of varying intensity was formed on the seed
shell (Fig. 3). Injured and damaged grains were
susceptible to infection. There are also cases of
joint development of Alternaria spp., Cladospori-
um spp. with fungi of the genus Fusaruim, which
led to a loss of seed germination. As a rule, in
apparently healthy, full grain, the micromycetes
Alternaria spp. and Cladosporium were present as
a surface infection.

Figure 2. Penicilliosis and corn aspergillosis
Note: a - cob affected with Penicilium spp.; b, ¢ — manifestation of penicilliosis during seed germination; d -

symptoms of aspergillosis
Source: compiled by the authors based on own research

Figure 3. Manifestation of fungal infection during corn seed germination
Note: a, b - Alternaria spp. and Fusarium spp.; ¢ - Alternaria spp. and Cladosporium spp.; d - Cladosporium spp.
Source: compiled by the authors based on own research
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During field monitoring of mycoses of corn
cobs, their fungal damage with Botrytis cinerea
was not observed. The pathogen developed in the
post-harvest period. Symptoms of grey rot were
characterised by the formation of grey plaque
between the rows of grains. As the disease pro-
gressed, the micromycete affected the grains,
which acquired a lighter shade and were covered
with plaque, which consists of the organs of spor-
ulation of the pathogen (Fig.4a, b). During the ger-
mination of diseased seeds, moulding occurred.
Seedlings were not formed. In addition, during the
storage of corn cobs, their damage with Bipolaris
spp.was detected (Fig. 4c, d). Parasitisation of fun-
gi B.cinerea and Bipolaris spp.on the corn cobs was
not disclosed in the domestic scientific literature.

Fungus T. roseum, infecting corn seeds,
caused a thick powdery pink coating to appear on
their surface (Fig. 5a, b). During seed germination,
its moulding was observed. Heavily contaminated
grain lost its germination. Corn mould caused by
micromycetes Mucor spp. and Rhizopus spp. was
observed during seed germination. In particular,
under Mucor spp. parasitism, a web-like plaque
with dark sporangia formed on the seed surface
(Fig. 5¢). The fungus developed intensively on a
weak grain with damaged skin. Fungus Rhizopus
spp. formed sporangia singly or in groups on corn
seeds under moist conditions (Fig. 5d). Strong col-
onisation led to seed mould during germination.
Grains with damaged seed skins were more likely
to develop the pathogen.

c.d.

Figure 4. Symptoms of grey mold on the cob of corn (a) and conidial sporulation of the fungus B.
cinerea (b); the seed is affected by the fungus Bipolaris spp.(c) and pathogen conidia (d)

Source: compiled by the authors based on own research

Figure 5. Mould symptoms
Note: a - pink mould on the cob of corn; b - conidia of the fungus T. roseum; c - fungal sporulation of Mucor spp.;
d - Rhizopus spp.
Source: compiled by the authors based on own research

Phytopathological examination of corn seeds
performed using a biological method showed its
contamination with fungi belonging to 8 genera:
Trichothecium, Fusarium, Alternaria, Cladosporium,
Aspergillus, Mucor, Penicillium and Rhizopus (Fig. 6).

The highest frequency of occurrence was charac-
terised by representatives of the genus Alternaria -
18.4%. Fungi of genera Cladosporium and Penicil-
lium were detected on 4.5 and 4.7%, respectively.
Seed infection with Fusarium spp.was 2.7 %, while
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Mucor spp. - 2.6%. Representatives of the genus
Rhizopus were identified on 1.1% of seeds. Fun-
gi of genera Trichothecium and Aspergillus were
0.4 and 0.6%. The proportion of micromycetes
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in the pathogenic complex was as follows: Alter-
naria - 52.4%, Penicillium - 13.4%, Cladosporium -
12.8%, Fusarium - 7.7%, Mucor - 7.4%, Rhizopus -
3.2%, Aspergillus - 1.7%, Trichothecium - 1.4%.

Frequency of occurrence, %

Share in the total complex, %

Mucor Penicillium  Rhizopus

Genera of micromycetes

Figure 4. Mycobiota of corn seeds (average for 2019-2021)

Source: compiled by the authors based on own research

According to the analysis of results, seed mi-
cromycetes are characterised by significant spe-
cies diversity in different regions of experiments.
In the study by I.Niaz & S.Dawar (2009), corn seed
mycoflora was represented by the following spe-
cies: Aspergillus flavus, A. goesii, A. niger, Penicilli-
um spp., Drechslera spp., Cladosporium spp., Fusar-
ium spp., Curvularia spp., Rhizopus spp., Arthrinium
phaeospermum, Aspergillus foetidus, A. tubingensis,
Curvularia clavata, C. pallescens, C. intermedia, Bi-
polaris maydis, Drechslera carbonum, Diplodia zea,
Fusarium crockwellense, F. cladosporium, F. gramin-
earum, F. culmorum, F. proliferatum, F. nivale, Pen-
icillium citrinum, P. funiculosum, Phoma herbarum,
Rhizoctonia solani, R. oligosporum, Syncephalas-
trum racemosum and Trichoderma harzianum. The
researchers also noted that similar types of fun-
gi have been found on corn seeds from different
countries around the world, such as the United
States, Thailand, India, Canada, Australia, France,
Nepal,the United Kingdom,Romania,and Hungary.

M.M. Akonda et al. (2016) established in-
fection of corn seeds with nine types of fungi:
Aspergillus flavus - 27.42%, A. niger — 23.47%,

Fusarium oxysporum - 20.55%, F. moniliforme -
17.39%, Penicillium oxalicum - 18.37%, Rhizopus
stolonifer - 17.83%, Curvularia lunata - 7.87%, Bi-
polaris maydis - 3.50%, and Alternaria alternata -
274%. According to O.T. Kutsan et al. (2021), when
analysing corn seed samples taken from farms in
Eastern Ukraine, the greatest contamination with
micromycetes (from 42 to 74%) was inherent in
Fusarium, Aspergillus, Penicillium and from 9 to
29% for Rhizopus, Mucor and Alternaria (2015 har-
vest). While in the seed samples of the 2020 har-
vest, the total contamination with grain micro-
mycetes increased to 89% and their ratio to each
other changed. M.V.Bogach et al. (2024) identified
a mycobiota of corn grain in the North-Western
Black Sea region of Ukraine during periods of
severe drought, which was represented by fungi
from genera Penicillium (81%), Aspergillus (78%),
Fusarium (42%), Alternaria (31%), Mucor (16%), and
Rhizopus (5%). Whereas in growing seasons with
sufficient moisture, the spread of micromycetes
of genera Penicillium and Aspergillus decreased
by 17% and 14 %, respectively, and fungi of the
genus Fusarium increased by 9%.
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Y.M. Shabana et al. (2023), studying the dis-
tribution and biodiversity of seed pathogenic and
toxigenic corn fungi in Egypt and their correla-
tion with weather factors, identified mycobiome
and the most common species: Ustilago maydis,
Alternaria alternata, Aspergillus flavus, Aspergillus
niger, Penicillium spp., Cladosporium spp., and
Fusarium verticillioides. Moreover, relative humidi-
ty, temperature and wind speed, respectively, had
the greatest impact on the spread of pathogens.
According to I.H. Al-Masoodi et al. (2023), corn
seed analysis revealed Aspergillus spp., Penicilli-
um spp., Fusarium spp., Mucor spp., Alternaria spp.,
Acremonium spp. and yeast. Among the fungi of
the genus Fusarium, the following species were
identified: F. verticillioides, F. equiseti, F. prolifera-
tum, F. sulawenes, F. oxysporium and F. thapsinum.
W.M. Haggag et al. (2024), using molecular identi-
fication, identified the most common fungi in corn
seeds that were represented by species Fusarium
verticillioides, Talaromyces verruculosus, Aspergillus
niger, A. flavus and A. terreus.

New pathogens of corn cobs and grains
have been detected in different countries. Thus,
A. Pfordt et al. (2020) in 2018 observed an in-
tense infection of cobs with the fungus genus
Trichoderma in in Germany. In further research,
it was identified as Trichoderma afroharzianum.
The researchers proposed the name of the dis-
ease - trichoderma ear rot. A little later, M. San-
na et al. (2022) found infection of corn cobs with
the fungus T. afroharzianum in Italy, which caused
green seed mould. In Hainan province in South-
ern China, H. Sun et al. (2022) were the first to di-
agnose cob infection with the fungus Exserohilum
rostratum. The pathogen caused the appearance
of dark brown spots, which were covered with a
grey-black coating. Severely affected grains had a
wrinkled appearance.

Thus, monitoring of fungal pathogens and
its phytopathological examination are necessary
to assess the quality of corn seeds. Information
on the symptoms of mycoses, the species com-
position of micromycetes should be used in the
diagnosis of seed pathologies.

Conclusions

During the study of diseases of corn cobs in the
field, their damage by fungi - pathogens of Fusar-
ium was diagnosed (Fusarium spp.) and mold
(Penicillium spp., T.roseum, Alternaria spp., Clad-
osporium spp.). In the post-harvest period, para-
sitisation on the heads of micromycetes B. cinerea
and Bipolaris spp. was identified. The variability
of symptoms of pathologies characterised by the
formation of plaque of various colours, deteriora-
tion or loss of the ability of seeds to germinate,
and rotting of seedlings was established. Seeds
heavily infected with Fusarium spp. did not ger-
minate, while weakly affected, formed weak
seedlings, underdeveloped roots. Penicillium spp.
caused seed mould, deformation of seedlings and
roots, and their growth lag. Seeds infected by T.
roseum were covered with a powdery pink coating
and mould. Micromycetes Alternaria spp. and Cla-
dosporium spp. were often in the form of a super-
ficial infection and in most cases did not reduce
seed germination rates. Aspergillus spp., Mucor
spp. and Rhizopus spp. caused moulding of high-
ly infected seeds, and also made up its epiphytic
mycoflora. Fungi B. cinerea and Bipolaris spp., in
the case of infection of corn cobs, led to a loss of
germination of corn seeds.

Mycobiom of corn seeds was represented by
Fusarium spp. Penicillium spp., Aspergillus spp.,
Mucor spp., Rhizopus spp., T. roseum, Alternaria
spp., Cladosporium spp. Phytopathological exam-
ination of corn seeds has shown that the high-
est frequency of occurrence was characterised by
representatives of the genus Alternaria - 18.4%.
Fungi of genera Cladosporium and Penicillium
were detected on 4.5 and 4.7% of the tested
seeds, respectively. Seed infestation with Fusari-
um spp.was 2.7%, Mucor spp. - 2.6%. Frequency of
occurrence of micromycetes of genera Rhizopus,
Aspergillus and Trichothecium was 1.1%, 0.6%, and
0.4%, respectively. Further research should focus
on identifying the species composition of patho-
gens, determining the content of mycotoxins in
grain, and the influence of environmental factors
on these processes.
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AHoTauifi. Kykypyasa € cTpaTeriyHo KynbTypot, NOMUT Ha Ky 3pOCTaE, WO 3YMOBOE HEOOXiAHICTb
36ibLIEHHS BUPOOHULITBA Ta BUKOPUCTAHHS 340POBOM0 HACiHHA A4 NiABULLEHHS BPOXAMHOCTI 1 AKOCTI
npoaykuii. Metoto po6oTu 6yno AOCAIAUTM CUMMTOMATMKY FPUBHUX XBOPOO HACIHHA KYKypyA3u Ta
BCTAaHOBWUTU MOLWIMPEHHS MiKpOMiLeTiB. BuBUeHHS XBOpOO KayaHiB i HACiHHS KYKypyaA3u 34iMCHIOBANU
y npobnemHi HaykoBO-A0CNiAHIM nabopatopii Mikonorii i ditonatonorii kadenpw diTonatonorii
HauioHanbHoro yHiBepcuteTy 6iopecypcCiB i NMpUMPOAOKOPUCTYBaHHS YKpaiHW. 3pa3ku POCIMHHOIO
MaTepiany (kayaHiB) Ans AiarHOCTUKM Biabupanu nig vyac MapwpyTHUX obcTexkeHb B yMoBax Jlicocteny
YKpainu Ta nig yac nepiofy ix 36epiraHHs. Mpobu HaciHHg 6ynu BiaibpaHi micng 36uMpaHHa Bpoxato.
[liarHocTrky XxBopob6 3A4iKiCcHI0OBaNM LWASXOM Bi3yanbHOro ornsay i 6ionoriyHMM MeToaoM (MpopoLLYBaHHS
HaCiHHA y BONIOTMX KaMepax Ta Ha MOXMBHOMY cepefoBuLLi). [1ns ineHTMdikaii MikpoMmiLeTiB npoBoanan
MiKPOCKONIYHWUI aHani3 ix MopdonoriyHmx CTpykTyp. YactoTy TpanisgHHS MiKpOMILEeTiB BCTAHOB/HOBANU
nif 4ac NpopoLLyBaHHA HACiHHA y Yawkax [eTpi Ha ¢inbTpyBanbHoMy nanepi. Mig yac gocnigxeHb
BUSBNEHO iHDIKYBaHHSA KayaHiB i 3epHa KyKypya3u pisHuMu MikpoMiuetamu (Trichothecium spp., Fusarium
spp., Alternaria spp., Cladosporium spp., Aspergillus spp., Mucor spp., Penicillium spp., Rhizopus spp.),
L0 3yMOBJIHOBANM MIHNUBICTb CUMMNTOMIB XBOPO6. BCTaHOBNEHO Mapa3uTyBaHHSA Ha KayaHax KyKypyna3u
rpubis Botrytis cinerea Ta Bipolaris spp., ke y BITYN3HSHI HAYKOBIN NiTepaTypu He po3kpuTo. HansuLow
YacTOTOK TPAMSHHA Ha HACIHHI KYKYPYA3WM XapakTepu3yBanucs npeactaBHuKM popy Alternaria -
18,4 %. Tpnbu popis Cladosporium Ta Penicillium BusBnanucs BignoBigAHO Ha 4,5 Ta 4,7 % HACiHWUH.
IHpiKOBaHICTb HACiHHA Fusarium spp. ctaHoBuna 2,7 %, Mucor spp. - 2,6 %.[pencraBHuKiB pony Rhizopus
ineHTndikoBaHo Ha 1,1 % HaciHuH. I'pubu popis Trichothecium Ta Aspergillus ctaHoBunu 0,4 Ta 0,6 %.
ToMmy, MOHITOpPUHT 36yAHMKIB rpMBHMX XBOPOO Ta ioro diTonaTtonoriyHa ekcnepTusa € HeOOXiAHWUMM
AN OUIHKM AKOCTI HACiHHS KyKypyA3u. IHGOopMaLilo WoA0 CMMATOMATUKM MiKO3iB, BUAOBOIO CKNady
MiKpOMILETiB CNig BUKOPUCTOBYBATM Nif Yac AiarHOCTMKM NATONOTiA HACiHHS

KnioyoBi cnoea: fiarHoCTMYHI 03HaKK; MiCHABIHHA; (y3apio3s; MiKpOMILETH; 3epHO; NPOPOCTaHHS
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Abstract. The accumulation of *’Cs in plants can carry risks to animal and human health due to its
entry into the body through the food chain. The purpose of the study was to estimate the transition
coefficients **’Cs in pasture mixed grasses from the dominant soil types of Ukraine and their dynamics
during the growing season. The experiment was conducted on three types of soils, namely: sod-
podzolic loam, podzolic chernozem, and typical chernozem. Soils for the experiment were selected
in the Kyiv and Zhytomyr oblasts. The density of artificial surface contamination of all soils was the
same and amounted to 336 kBq m™. Radionuclide was applied to the soil surface in a water-soluble
form. The plants were grown in a greenhouse in pots with regular watering without fertilisation. The
results obtained showed that bioavailability of **’Cs is determined by soil conditions and significantly
decreases in the series: sod-podzolic soil > podzolic chernozem > typical chernozem. The obtained
average values of the radionuclide transition coefficients to grass for the first mowing ranged from
50 to 4 (Bg-kg™) /(kBg-m?) and were maximal for sod-podzolic soil. At the end of the growing season,
bioavailability of **’Cs significantly decreased by half for sod-podzolic soil and typical chernozem.
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No significant changes in the bioavailability of radionuclide were observed on podzolic chernozem.
The accumulation coefficients of the stable isotope of caesium (**Cs) are estimated. Compared to the
radioactive isotope, stable caesium is characterised by significantly lower bioavailability for plants,
but the nature of its dependence on soil conditions is identical to that of **’Cs. Since stable caesium
is in the soil in a state of equilibrium, the coefficients of its accumulation by the mixture of grasses
did not change during the growing season. The obtained transition parameters, in accordance with
soil conditions, can be used in radiological models for conservative estimation of radiation doses of
radiation exposure to the population in the first year after radionuclide entry into the environment

Keywords: *’Cs; bioavailability; transition coefficient; caesium; radionuclides; soils, vegetation

Introduction
Technogenic radionuclides enter the environment
with emissions from nuclear fuel cycle plants and
nuclear power plants (NPPs), with global fallouts
after nuclear weapons tests, and as a result of ac-
cidents at nuclear facilities. Examples of such ma-
jor radiation accidents were those at the Chorno-
byl NPP and the Fukushima Daiichi NPP. In both
cases, significant caesium radioisotopes were
released into the environment. In addition, now
there is a real threat of the use of nuclear weap-
ons on the territory of Ukraine, as a result of which
certain territories may be exposed to radioactive
contamination. After a certain time following soil
contamination (usually in the next growing sea-
son), radionuclides begin to enter plants via root,
including cultivated plants, which are used for
food production. With food, radionuclides enter
the human body and irradiate it. One of the radio-
logically significant technogenic radionuclides is
long-lived **’Cs (half-life - 30.08 years), which is
a fission product of #**U and 2*°Pu and is charac-
terised by a high fission yield of about 6%. This ra-
dionuclide is characterised by high bioavailability
and is one of the main dose-forming radionuclides
among fission products. An important way for this
radionuclide to enter the human body is the pas-
ture-animals-milk (meat) chain. The main part
of internal dose from **’Cs to humans is formed
in this way. Given that “fresh” deposition of this
radionuclide can be nonequilibrium in the soil
environment, information about the dynamics of
its bioavailability is extremely important. Some of

the radioactive isotopes of caesium are irrevers-
ibly absorbed by soil minerals after entering the
soil, and their bioavailability decreases over time.
This process is called “ageing”. It leads to a de-
crease in the accumulation coefficients of this ra-
dionuclide in the soil over time (Park et al., 2019).

In the natural environment (earth’s crust,
clay minerals, etc.), there is only one stable iso-
tope of caesium - '*Cs. The average concen-
trations of this element are about 1 mg/kg in
granites and 4 mg/kg in sedimentary rocks. In
soils, the gross concentration of caesium ranges
from 0.3 to 25 mg/kg (International Atomic En-
ergy Agency (IAEA), 2009). As for the behaviour
in the soil-plant chain, the chemical behaviour
of technogenic radioactive isotopes of caesium
is considered identical to that of stable caesium.
H. Tsukada et al. (2023) observed close bioavaila-
bility values of stable caesium and a radioactive
isotope *¥’Cs when they enter potatoes from the
soil. Stable caesium behaviour analysis is used
to understand the long-term behaviour of radio-
caesium and its equilibrium distribution in soils.
Thus, the naturally occurring stable isotope 33Cs,
which is in an equilibrium state in soil, can be a
useful analogue for estimating the accumulation
rates of its radioactive isotope **’Cs.

V. Kashparov et al. (2020) showed that an
important factor affecting the plant uptake of
radiocaesium is its initial physical and chemi-
cal forms in fallout. In the case of the Chorno-
byl accident, a significant part of radiocaesium in
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radioactive fallout in the near-accident zone
(10 km) was in the composition of fuel particles
and was not available for plant assimilation for
some time. The dynamics of the bioavailability
of radiocaesium and radiostrontium in this area
were determined by the superposition of the pro-
cesses of their adsorption by soil and leaching
from fuel particles.

The soil plays an important role in the root
uptake of radionuclides by plants. When plants
uptake radionuclides from an aqueous solution,
radiocaesium is the most biologically available in
comparison with other radionuclides (**’Cs >*°Sr >
> 1#4Ce > 106Ry > %7Zr). According to M. Vanheuke-
lom et al. (2023), when growing plants on soil, the
bioavailability of *°Sr decreases by about 20 times,
whereas **’Cs - by 100-1,000 times. The reason
for this is the absorption of radionuclides by the
soil. In general, the influence of soil is manifested
in a decrease in the bioavailability of radiocaesi-
um with an increase in its content of exchange
cations, organic matter, physical clay, montmoril-
lonite minerals, and absorption capacity (Kang &
Tazoe, 2024). M. Vinichuk et al. (2025) observed
higher accumulation rates on sandy loam and
organic soils, and lower accumulation rates on
soils with a high clay content. In addition, this pa-
per shows that the bioavailability of caesium for
grasses in the first few years after deposition rap-
idly decreased with subsequent plateau release.

The bioavailability of caesium and radiocae-
sium is affected by the presence of other chemi-
cal elements in the soil, especially potassium.The
average concentration of potassium in the soil
solution is about 10 m/l, whereas the concen-
tration of activity *’Cs in a soil solution of 1 Bg/L
approximately corresponds to its concentration of
2-10%, M. Syaifudin et al. (2023) showed that an
increase in the concentration of potassium avail-
able to plants in the soil leads to a decrease in
the intake of caesium into plants.

According to the latest study by Ukraini-
an researchers, despite almost forty years af-
ter the Chornobyl accident, a significant part of
the territory of Ukraine remains radioactively

contaminated (Kyrylchuk & Palamarchuk, 2022),
and radionuclides enter agricultural products
(Snitynskyi et al., 2023). Studies aimed at radio-
logical safety of the population remain relevant.
In general, as numerous studies show, the accu-
mulation of caesium by plants is characterised by
great variability, which is mainly determined by
local soil and climatic conditions. Experimental
parameters that consider these local features on
a national scale are needed to reduce the uncer-
tainty of predictive estimates. In Ukraine, there
are currently no data on the accumulation of **Cs
by grasses in the first growing season after its re-
lease into the environment.

The purpose of the study was to estimate
the transfer coefficients of **’Cs in pasture mixed
grasses from the dominant soil types of Ukraine
and their dynamics during the growing season.

Materials and Methods
Scheme of a vegetative experiment. The assess-
ment was carried out in a laboratory experiment
simulating “fresh” radionuclide deposition in sol-
uble form before the beginning of the growing
season.The study was conducted according to the
Convention on Biological Diversity (1992). To in-
vestigate the accumulation of **Cs by a mixture
of perennial grasses (ryegrass 60%), 4-litre plastic
pots filled with air-dry soil were used. Soil mois-
ture was increased to 60% of their field moisture
capacity by adding the appropriate amount of
water. The experiment used three types of soils
that were selected in Zhytomyr and Kyiv oblasts,
namely: sod-podzolic loam; ordinary chernozem;
and podzolic chernozem. For each soil type, the
experiment included three parallels and a control
(without radionuclide application). Grass sowing
was carried out on 12.04.2024 with the recom-
mended seeding rate of 3.5 g m. After sowing,
9.51 kBq (336 kBq m?) of **’Cs was applied to
the soil surface in each pot. An aqueous solution
(50 ml) of radionuclide was evenly distributed
over the soil surface using a dispenser. During the
experiment, three grass mowing operations were
performed. The grass was cut at a height of 1 cm
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above the ground. The resulting grass samples
were dried at 105°C to a constant mass and ho-
mogenised using a laboratory mill. The obtained
samples were transferred to sealed plastic vials
for storage and subsequent measurement of **’Cs
activity and concentrations of stable caesium.

Analytical methods. Specific activity of *’Cs
in pre-prepared soil and vegetation samples
was measured on gamma-ray Sspectrometers
with semiconductor (GEM-30185, “EG & ORTEC,
USA) and scintillation detectors (SEG-01, ‘AKP”,
Ukraine). The measurements were carried out
in polypropylene containers with a volume of
100 cm® and in Marinelli vessels with a volume
of 1,000 cm?. The spectrometers were calibrated
using certified secondary radionuclide standards
in accordance with the requirements of the stand-
ardised method (ASTM E181-10, 2010). Specific
activity of **’Cs and the concentration of its stable
isotope in grass and soil samples were calculated
for absolute dry weight.

The concentration of stable caesium in grass
and soil samples was determined on a Nexlon
2000b inductively coupled plasma mass spec-
trometer (PerkinElmer, USA). The samples were
prepared using the Ethos Up microwave decom-
position system (Milestone, USA).

Agrochemical properties of soils were
determined by standardised methods (DSTU
4405:2005, 2005; DSTU 7863:2015, 2015; ISO
10390:2021,2021; I1SO/TS 22171:2023,2023) us-
ing appropriate equipment.

Levchuk et al.

To determine the quantitative parameters of
the dependence of the transfer of radionuclide
from soils to a mixture of grasses on soil proper-
ties, the the aggregated transfer factor (T,) was
used. T defined as the ratio of the mass specific
activity of **’Cs in grass (Bq-kg?, dry weight) to
the density of the soil radionuclide contamina-
tion (kBg-m) on which it was grown. For the sta-
ble isotope, the concentration ratio (CR), defined
as ¥Cs concentration in the grass (mg-kg?, dry
weight) divided by that in the soil (mg-kg?, dry
weight) on which it was grown, was used.

Results and Discussion

Before the experiment, the main agrochemical
properties of soils and their contamination with
137Cs were determined. The **’Cs contamination
was formed as a result of nuclear weapons tests
and the Chornobyl accident. Soils are character-
ised by a low level of radioactive contamination
(Table 1). Radioactive contamination of cher-
nozems was close to the level of global fallout.
Such contamination levels will not affect the
experiment, since the introduced activity ex-
ceeds them by 2 orders of magnitude. In gen-
eral, in terms of nutrient supply, sod-podzolic
soil is classified as low, podzolic chernozem is
close to the middle class, and typical chernozem
is to middle class (Table 1). The content of mo-
bile potassium, which affects the accumulation
of ¥*¥’Cs in plants, in this series varies from 70 to
220 mg kg™

Table 1. Main agrochemical characteristics of soils
and their contamination density with **’Cs (for horizon 0-10 cm)

Alkaline

Exchange Mobile
. 137Cs, kBq pH Exchange hydr.
Soil type i (H,0) pH (KCI) LOI*,% K, mg kg' Cili(, Tg nitrogen, phospho:us, mg
g mg kg™ 9
sod-podzolic gleyed 6.411.9 6.6 5.6 2.7 70 420 66 30
podzolic chernozem 1.610.5 57 4.5 5.9 104 1620 94 99
typical chernozem 0.710.2 7.8 7.1 71 222 2,250 95 167

Note: * — Loss on Ignition
Source: compiled by the authors

The radionuclide specific activity in samples
of grass grown on sod-podzolic soil was the high-
est and 10 times higher than in grass grown on

typical chernozem. Grass contamination on
podzolicchernozemwastwiceas highasgrass con-

tamination on typical chernozem. The maximum
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standard deviations between parallels were about
10%. Over time, there was a significant decrease
in accumulation of ¥*’Cs in perennial grasses (Ta-
ble 2). During the growing season, the specific ac-

tivity of radionuclide decreased in grass grown on
sod-podzolic soil and typical chernozem by about
2 times. No significant decrease was observed for
podzolic chernozem.

Table 2. Specific activity of '¥’Cs in grass samples (for completely dry weight)

Soil type Repeatability Cs, B kg™
Cutting 29.05.24 Cutting 16.07.24 Cutting 01.09.24
control 2917 24+15 3316
, 1 15,390+ 920 15,040+ 750 8,400+750
S“J;‘;‘é?"c 2 17,050+1,200 136104820 7,070+710
3 18,040+ 1,260 11,000830 7150720
Mean+SD 16,830+ 1,340 13,520+1,570 7,540+750
control <4 <5 <4
, 1 2,940+270 42904390 2,950+ 470
Podzolic 2 3,000£270 38804310 3,450+ 520
3 2,860+140 4,710+380 5,300 850
Mean+SD 2,930+70 4,290+420 3,000+1,240
control 28116 18+8 21+9
. 1 1,6504130 1,420+140 730490
Chgﬂ'g;ém 2 1,250+ 150 910£90 810160
3 1,540+ 150 760+40 650110
Mean +SD 1,480+210 1,030+340 730110

Source: compiled by the authors

The results showed a significant difference
in accumulation of *¥”Cs in perennial grasses
from different soils (Fig. 1). The highest values
of aggregated transfer factors were obtained for
the first mowing on sod-podzolic soil. This soil is
characterised by the lowest content of exchange-
able potassium, organic matter (Table 1), and the
dispersed composition is dominated by coarse
fractions of physical sand. Such characteristics
are favourable for high bioavailability of caesium
(Sinchenko, 2021). The value of the average Tag
value for sod-podzolic soil was 50 (Bq kg?)/(kBq
m2) and exceeded the value obtained in 1987 for
the sown grasses hay by averaging a large array
of data, by ten times (Ukrainian Institute of Ag-
ricultural Radiology (UIAR), 1998). Handbook of
parameter values for the prediction of radionu-
clide transfer in terrestrial and freshwater envi-
ronments (International Atomic Energy Agency
(IAEA), 2010) recommends using a concentra-
tion ratio of 0.084 to estimate the transfer of

radiocaesium from sandy soil to grasses, which
is approximately equaltoa T, of 0.750 (Bq kgt)/
(kBg m2). This recommended value is significant-
ly lower than the parameters obtained, and its
use for forecasting may lead to an underesti-
mated evaluation of the radionuclide uptake by
vegetation. The average value of the *’Cs aggre-
gated transfer factor for the grass obtained for
typical chernozem in the first mowing was at the
level of 4 (Bq kg')/(kBgq m%), which also differs
by an order of magnitude from the data of 1987
(Ukrainian Institute of Agricultural Radiology
(UIAR), 1998).Y.Khomutinin et al. (2022) present-
ed current results on the accumulation of *’Cs in
pasture vegetation in natural meadows (mead-
ow-swamp soils). In such landscapes, this radi-
onuclide is still characterised by high bioavail-
ability (T, 5 (Bq kg™)/(kBq m~)). But even this
value of the transition coefficient is significantly
lower than those obtained in the experiment for
sod-podzolic soil.
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Tag, (Ba/kg)/(kBq m?)
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Figure 1. Dynamics of '*’Cs intake into a mixture of grasses from different soils in a laboratory
experiment during the growing season
Note: surface contamination of the soil after sowing grass (336*34 kBq m-?)

Source: compiled by the authors

During the growing season, T,, values for
sod-podzolic soil and typical chernozem signifi-
cantly decreased by half. The results of the ex-
periment for podzolic chernozem showed that the
average THg value in the first cutting for podzolic
chernozem was 9*4 (Bq kg*)/(kBg m?) and in the
future, its decrease was not observed (Fig. 1). This
behaviour of ¥’Cs in the soil-plant chain may be
related to the acidity index of this soil (Table 1).
T,, values were also calculated for the control
variants. They characterise the bioavailability of
the radionuclide (its ageing), which has been in
the soil for about 40 years. Unfortunately, these
values are characterised by great uncertainty, as
grass contamination was very low for all soils. But
even this information indicates that the process of
absorption of fresh deposition occurs quite slow-
ly (Fig. 1), especially for soils of light mechanical
composition. M. Vinichuk et al. (2025) assessed
the dynamics of *¥’Cs transfer coefficients from
different soils in Sweden to natural and cultivat-
ed grasses. According to the researchers, in loamy
soils,Tag values decreased from units to plateaus
below 0.01 (Bq kg)/(kBq m?) approximately 3-5
years after radioactive fallout, whereas in soils
with an intermediate clay content, this process
took approximately 12-15 years. These data cor-
relate well with the results obtained.

The concentration of the stable isotope of
caesium **Cs was also determined in soil and
grass samples. The gross concentration of *33Cs
was the lowest (0.6 mg kg?') in sod-podzolic
soil, and in podzolic chernozem - the highest
(2.2 mg kg). Stable element transfer parameters
are usually used when radionuclide data are not
available. For example, if it is necessary to deter-
mine the values of transport parameters in areas
of low radionuclide contamination, where radio-
nuclide concentrations in food or wildlife are be-
yond detection. C.L. Barnett et al. (2020) conduct-
ed a study in this area and showed that the intake
of ¥’Cs and stable Cs in plants are characterised
by a good correlation, but has some differences.
A number of studies have shown that the *’Cs
accumulation coefficients were several times
higher than for stable 3*Cs, despite a fairly long
presence of »*’Cs in the soil (Guillén et al., 2022).
Stable Cs is mainly retained in primary and clay
minerals, so the coefficient of its accumulation
by plants may be lower than that of **’Cs, which
is of man-made origin. To correctly compare the
bioavailability of radioactive and stable caesium,
it is necessary to use not their gross concentra-
tions in the soil, but the concentrations of their
exchange forms. H. Tsukada et al. (2023) proposed
an approach based on the following relations for
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estimating accumulation parameters: *"Cs/Cs
in the exchange fraction of soil and concentra-
tions of stable Cs in plants and showed that the
approach allows more accurately predicting the
concentration of *¥’Cs activity in cultures com-
pared to methods based on accumulation coef-

ficients. The main disadvantage of this method is
that it cannot be used with a low level of soil con-
tamination with *’Cs. Using the concentrations of
this isotope in grass samples and the correspond-
ing values of soil concentrations, its bioavailabil-
ity was estimated (Fig. 2).

CR, (mg/kg)/(mg/kg)

0.6

sod-podzolic
0.5

podzolic chernozem
0.4

mtypical chernozem
x 03
0.2 I
0.1 T T
1th cutting 2nd cutting 3" cutting
Yield

Figure 2. Dynamics of '33Cs (stable) intake into a mixture of grasses from different soils in a
laboratory experiment during the growing season

Source: compiled by the authors

In this case, the concentration of '*3Cs ac-
id-soluble forms in soils was used to calculate
the concentration ratios . The concentration ratios
correlate with the aggregated transfer factors for
the radioactive isotope depending on soil type -
for sod-podzolic soil, they are maximal, and for
typical chernozem, they are minimal. The finding
does not contradict the studies by C.L. Barnett et
al. (2020) and J. Guillén et al. (2022). The parame-
ters obtained at the end of the growing season for
the transfer of radiocaesium from soils to grasses
are more than 10 times higher those obtained for
its stable isotope. Moreover, such differences were
observed for all soils (Fig. 1, 2). Since stable cae-
sium is in the soils in a state of equilibrium, the
values of the concentration ratios do not change
significantly during the experiment (Fig. 2). It was
these data that were necessary to confirm the ab-
sence of external factors during the experiment
that could affect the bioavailability of caesium.

The results of the experiment on the bio-
availability of caesium reflect the features of the

behaviour of this element in the soil-plant chain
in relation to the dominant soils of Ukraine. Nu-
merical values of transfer factors can be used for
conservative assessment of *’Cs contamination
of pasture vegetation, and, accordingly, contami-
nation of livestock products in the first year after
radionuclide enters the environment.

Conclusions
Experiments have shown that the bioavailability
of ¥*¥’Cs and its stable isotope is determined by
soil properties and fall significantly in the follow-
ing series: sod-podzolic soil > podzolic chernozem
> typical chernozem. Differences in the accumula-
tion of *Cs by a mixture of perennial grasses be-
tween contrasting soils under experimental con-
ditions reached one order of magnitude. The data
obtained showed that during the growing season,
the bioavailability of *’Cs in sod-podzolic soil and
typical chernozem significantly decreased by half.
The values of aggregated transfer factors of **’Cs
for the grass mixture at the end of the growing
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season significantly exceeded the corresponding
parameters recommended by the International
Atomic Energy Agency for predictive estimates
of radionuclide contamination of vegetation. This
finding confirms the fact that the bioavailability
of *’Cs depends on its residence time in the soil.
The use of the radionuclide transfer parameters,
which were obtained in the distant period after
a radiation accident, for predictive estimates of
plant contamination in the first vegetation period
will lead to underestimated results.

For more information on the behaviour of
caesium in the soil-plant chain, the accumulation
rates of the stable isotope caesium in perennial
grasses were estimated. The gross concentration
of this trace element in soils varied in the range
of 0.6-2.2 mg/kg. Compared to the radioactive
isotope, stable caesium was characterised by sig-
nificantly lower bioavailability for plants, which
did not significantly change during the growing
season. This confirms that stable caesium is in

Levchuk et al.

a certain equilibrium state in the soil. A strong
linear relationship was observed between the
parameters of vegetation accumulation of stable
and radioactive caesium isotopes, but the propor-
tionality coefficient was different from one.

Research on studying the dynamics of radio-
nuclide intake from fresh radioactive fallout into
pasture vegetation will continue with the exten-
sion of the observation period to 2-3 vegetation
periods. In addition to **’Cs, the experiment is
planned to include another long-lived and radi-
ologically significant radionuclide *°Sr.
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AHoTauif. HakonuyeHHs *’Cs y pociMHax MOXe HECTU pU3MKM A5 340pOBs TBAPUH i Ntodei yepes
MOro HaAXO[)KEHHS B OPraHiaM Mo XapyoBOMY NlaHLOXKY. MeTolo poboTu 6yna ouiHka KoedilieHTiB
nepexody **’Cs y MacoBWILHE Pi3HOTPABAM 3 AOMIHYOUMX TUMIB IPYHTIB YKpaiHM Ta iX AWMHaMiku
Ha npoTa3i BereTauiinHoro nepiody. EKcnepMMeHT MpoBOAMBCA Ha TpbOX TUMAX [PYHTIB, a came:
[EPHOBO-NiA30/IMCTOMY CYFIMHUCTOMY, YHOPHO3EMI OMiA30/IEHOMY Ta HYOPHO3EMI TUMOBOMY. [PYHTU AN
ekcnepuMeHTy Bigbupanuc B KuiBcbki Ta XXutomumpcbkin obnactax. LLinbHiCTb WTy4HOro NoBepXHEBOrO
3abpyaHeHHs yCix rpyHTiB Byna ofHaKoBo i cknana 336 Kbk M2 PafioHyKNiL BHOCMBCS Ha NMOBEPXHIO
I'PYHTY Y BOAOPO3UYMHHIM hOpMi. POCIMHM BUPOLLYBaNUCh B TEMJML B TOPLUMKAX 3 PETYASPHUM NMOIUMBOM
6e3 BHeceHHs fLo6puB. OTpUMaHi pe3ynbTaTy nokasanu, Wwo 6ionoriyHa LOCTynHicTb 37Cs BU3HAYAETHCS
IPYHTOBMMM YMOBaMM i AOCTOBIpHO CNAfa€E B psiAy: AEepHOBO-MiA30AMCTUI FPYHT > OMig30/MeHui
4YopHO3eM > TUNoBMI YopHo3eM. OTpMMaHi cepefHi 3Ha4YeHHa KoedilieHTiB nepexoay pajioHykniga B
TpaBy A/15 NepLIoro YKOCy KonMBanuch B Mexax Big 50 go 4 (bk-kr)/(kbk-M2) i 6ynu MakcMManbHUMU
ANs [epHOBO-MiA30/MCTOrO FpyHTY. B KiHLi BereTauiiHoro nepiogy 6ionoriyHa mocTynHicte *37Cs
[OCTOBIPHO 3MeHLWMNacb B ABa pa3u ANs AEepPHOBO-MiA30MCTOro rPyHTY Ta TUMOBOrO YopHo3eMy. Ha
0nif30/1eHOMY YOPHO3€EMi LOCTOBIPHOI 3MiHM 6i0NOriYHOI AOCTYMHOCTI pafioHYKAi4y He CNoCTepiranoch.
OuiHeHo KoedilieHTH HaKoMUYeHHs cTabinbHoro i3oTony uesito (**Cs). Y NopiBHSHHI 3 pafioakTUBHUM
i30TOMOM CTabiNbHMIA Lie3il XapaKTepU3YETbCS 3HAYHO HMKYOHK BiONOrIYHOK LOCTYMHICTIO AN POC/NH,
ane xapakTep ii 3a1eXHOCTi Bif, rPYHTOBMX YMOB TOTOXHMM Takin ans *’Cs. Ockinbku cTabinbHui Lesii
3HaXoAMTbCS Yy FPYHTI B CTaHi PiBHOBArM Koedili€HTWM MOro HAKOMMYEHHS CyMIilW TPaB NpPOTAroM
BereTauiHoro nepiofly He 3MiHoBanucb. OTpMMaHi nNapameTpu Nepexoay, BiANOBiAHO LO FPYHTOBUX
YMOB, MOXYTb BUKOPUCTOBYBATUCh B PAAIONONYHUX MOLENSX AN KOHCEPBATMBHOI OLHKM pafiauiiHuX
[103 OMPOMIHEHHS1 HAaCeNEeHHS B NepLIMI piK NiCNS HAAXOMKEHHS pafioOHYKidy B OTOUyloUe cepefoBuLLe

Knioyvosi cnoBa: *’Cs; 6ionoriyHa AOCTYMHicTb; koedilieHT nepexoay; Le3ii, pafioHyknian; rpyHTu;
POC/UHHICTb
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