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© Abstract. Hydrocarbon pollution remains an important and unresolved problem that has worsened during a full-
scale invasion, in particular due to the ingress of rocket debris with a significant amount of petroleum products into
surface waters. The aim of the work was to provide an assessment of the ecological state of a water body exposed to
hydrocarbon and other uncharacteristic pollutants. Field methods: 5 water samples were taken to determine the content
of petroleum products and the pH value, and 5 water samples were taken to determine the physical properties, main
ions, and heavy metal content. Laboratory and instrumental methods: titrimetric — used to determine the content of
chlorides, alkalinity, hardness. According to the results of studies, it was found that chloride ions were in the range of
264-274 mg/dm?’, alkalinity values — 3.6-5.5 mmol/dm®. As a result of the hardness study, it was found that the waters are
soft. The content of nitrites was determined by photocolometric method (their traces were recorded). Measurement: the
pH value was determined by the electrometric method. According to the results, the water was classified as neutral and
slightly alkaline. The content of petroleum products in the range of 0.19-16.36 mg/dm® was determined by fluorimetry
(exceeding the standard by 54.5 times). The content of cadmium, zinc, manganese, copper, chromium, and ferric iron
was determined by modulation polarisation spectrophotometry. The content of chromium, cadmium, copper was in the
range of 0.001 mg/dm’, manganese content — from 0.001 mg/dm? up to 0.004 mg/dm?, zinc content - from 0.004 mg/dm?
up to 0.008 mg/dm?, ferum content — from 0.004 mg/dm? up to 0.02 mg/dm?®. Using the Ruffel method, the total dilution
factor of wastewater in the reservoir was determined to be 125.24. According to the method of calculating the amount
of compensation for losses, the damage caused by hydrocarbon pollution was determined, which is 143 thousand UAH.
The practical value of the work lies in improving scientific and practical approaches to determining the strategy for
conducting a comprehensive environmental study of the state of multifunctional artificial water bodies

© Keywords: oil products; reservoir; environmental regulations; environmental condition; water dilution ratio;
economic losses

@ Introduction

Hydrocarbon pollution is one of the most common and  analysis, identification of factors, and research into self-pu-
dangerous pollutants in water bodies. Their ingress with  rification processes. The problem was exacerbated during
untreated wastewater and stormwater requires detailed the full-scale invasion due to drones hitting oil depots,

Suggested Citation: Rychak, T., & Arkhypova, L. (2025). Environmental assessment of the impact of hydrocarbon pollution on the
condition of cooling ponds. Ecological Safety and Balanced Use of Resources, 16(1), 9-18. doi: 10.63341/esbur/1.2025.09.
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spills and oil products entering water bodies, broken military
equipment in water bodies, wreckage of downed missiles
with a significant amount of unproduced fuel and oil prod-
ucts, and many other facts. The global scientific community
has been focusing its research on creating a management and
decision-making strategy in the context of sustainable devel-
opment in the field of oil pollution for a long time. According
to the latest global research, the main postulates of the im-
pact of oil products on surface waters have been identified.

The research of O. Kratko et al. (2023) found that var-
ious types of water pollution are observed during missile
launches. The discharge of biogenic compounds into water
bodies leads to blooms and eutrophication of water bod-
ies, a decrease in the level of oxygen saturation, an increase
in the content of biogenic and organic substances, an in-
crease in water turbidity, contamination with pathogenic
microorganisms, and as a result, a threatening effect on
aquatic life and human health. According to the research-
er V. Hryniuk (2021), the processes of self-purification of
natural watercourses from oil pollution depend on the flow
rate (which increases the rate of mixing of water masses)
and an increase in water temperature, which accelerates
biochemical processes in a natural watercourse. Scientists
R. Yang et al. (2023) concluded that rapid microbial de-
composition of oil components was observed in river water
during the day, and the rate of decomposition depends on
the presence and functioning of the components of bacteri-
al and fungal communities that utilise oil products.

Oil products are usually not found in natural waters. In
uncontaminated lake waters (reservoir waters), the content
of petroleum products is tenths or hundredths of a mil-
ligram per dm® (from 0.1 to 0.2 mg/dm’, sometimes up to
1.5 mg/dm?). Hydrochemical studies of the state of water
bodies analyse the hydrocarbon fraction, namely aliphatic,
aromatic and other hydrocarbons, which make up about
80% of the total of all substances that make up oil and oil
products. O. Biedunkova et al. (2024) concluded that a high
degree of self-purification was characteristic of chlorides,
ammonium nitrogen, and phosphorus phosphate; nitrite
nitrogen, nitrate nitrogen, BOD5, and COD had an average
degree of self-purification; the lowest degree of self-purifi-
cation of the river’s surface waters was found for suspended
solids, dissolved oxygen, and fluorides. As for heavy metals
(ferrous, copper, zinc, manganese), no evidence of self-puri-
fication of surface waters has been confirmed; scientists as-
sume that they are mostly of background origin. Researcher
T. Sadova (2022) proposed approaches to solving the prob-
lem of environmental protection during armed conflicts in
the legal field. The solution lies in the need to adopt the
Fifth Geneva Convention, the provisions of which should
address the protection of the environment during armed
conflict, should contain a description of the protected areas
and should specify the provisions that would apply to the
restoration and protection of the environment damaged
as a result of the conflict.

The Burshtyn Reservoir is a cooling pond for the Bur-
shtyn Thermal Power Plant and is also part of the Galician

10

National Nature Park with the Ramsar site status of in-
ternational importance. In addition to the impact of oil
products and related lubricants that have entered the
aquatic environment of the Burshtyn Reservoir and cause
the above-mentioned environmental risks, there is anoth-
er threat: a 1,000-meter flood protection dam. The total
area of territories with significant flooding risks is about
2 thousand km?*. Ash dumps are located on the territory of
potential emergency flooding, and thus the risk indicators
for the environment increase dramatically. In the spring of
2024, the Burshtyn Reservoir was significantly impacted
by oil pollution as a result of a ballistic missile explosion.
Field studies were conducted with water sampling on the
same day. The purpose of the study was to assess the con-
tamination of the Burshtyn Reservoir as a result of rocket
explosions. The scientific novelty of the results obtained is
that: for the first time, comprehensive environmental stud-
ies were conducted for an artificial array of surface waters
that was subjected to an unusual type of pollution during
military operations; the hydrochemical composition was
analysed and the behaviour of individual chemical com-
pounds under conditions of unusual pollution was deter-
mined; an environmental assessment of the state of surface
waters under unusual pollution conditions was performed.

© Materials and Methods

Field studies were conducted to conduct an environmental
assessment of the impact of oil products on the state of the
Burshtyn cooling pond. The distribution of petroleum prod-
ucts and natural hydrocarbons vertically and along the water
body’s surface is quite complex. The most polluted areas are
the coastal zones, where oil slicks were observed over large
areas, so sampling was carried out in the surface layer of the
reservoir along the perimeter of the water body. Five water
samples were collected at representative sites where the con-
tent of oil products was visually observed DSTU ISO 5667-
4:2003 (2004). We also collected 5 water samples for physical
and chemical studies at these sites. The water quality was
monitored at the sites: No. 1 - the confluence of the Hnyla
Lypa River into the cooling pond; No. 2 - 400 m from the
river mouth (left bank of the pond); No. 3 - 2.75 km from the
river mouth (left bank of the pond, rural area); No. 4 - 2 km
from the river mouth (right bank of the pond, private devel-
opment area); No. 5 - the dam of the cooling pond (Fig. 1).
According to V. Khilchevskyi et al. (2021), the Burshtyn
Reservoir is classified as a medium, midsized and small
(MMS) reservoir in Ukraine (V full - 50 million m?). The
morphometric characteristics of the reservoir are as follows:
length 7.5 km, average width 2.5 km, total water surface area
12.6 km? (1,260 hectares), average depth 3.5 m (maximum
8 m). The average long-term runoff of water from the reser-
voir for 1 year is 82x106 m®/year. Measurement of the con-
tent of petroleum products and the acidity of the medium
(pH) was carried out on 12.04.2024 in Ivano-Frankivsk, Iva-
no-Frankivsk Region, Ukraine, in the laboratory control de-
partment of the Municipal Enterprise “Ivano-Frankivskvo-
doekotehprom” (Protocol No. 13/24-C of measurements of

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1



water composition and properties). The department is cer-
tified for the right to perform measurements (Certificate of
Technical Competence No. IF-402 dated 13.06.2022 issued
by the State Enterprise “Ivano-Frankivsk Center for Stand-
ardisation, Metrology and Certification”). Measurements
were carried out in accordance with the measurement

Rychak & Arkhypova

procedures approved for use (appendix to the certificate of
attestation). The content of oil products was measured by a
fluorate-02-3M fluid analyser No. 5922, and the acidity of
the medium was determined using a pH/Cond3320 con-
ductometer. Measuring instruments are approved for use by
the relevant verification certificates.

S

Figure 1. Representative water sampling sites in the Burshtyn cooling pond
for physicochemical studies and determination of oil content (April, 2014)

Source: developed by the authors

Measurements of the content of heavy metals (HM)
(cadmium, manganese, zinc, copper, chromium, and iron),
nitrates, nitrites, chlorides, alkalinity, and hardness were
carried out on 14.04.2024 in Kharkiv, Kharkiv Region,
Ukraine, at the Educational and Research Laboratory of
Analytical Environmental Studies of V.N. Karazin Kharkiv
National University (Protocol No. 2006-2010 for the study
of surface water). The HM content was determined by mod-
ulation polarisation spectrophotometry using an MTA 915
MD spectrophotometer, manufacturer with a hollow lamp

for the corresponding metals. The chloride content, hard-
ness, and alkalinity were determined by titration. The nitrite
content was determined using a KFK-2 photocolorimeter,
and the nitrate content was determined using a portable ni-
trometer. All measuring instruments used are authorised for
use by verification certificates. The criteria for analysing the
obtained results of the content of petroleum products, the
chemical compounds and HM were Hygienic Water Quality
Standards of Water Bodies to Meet the Drinking, House-
hold and Other Needs of the Population (2022) (Table 1).

Table 1. Hygienic water quality standards for water bodies
to meet drinking, household and other needs of the population

Name of the substance MPC or SDT Limiting sign of N.[PC or SDT Hazard class
harmfulness in mg/dm?

Nitrites, mg/dm’ (for NO,) MPC s.-t. 33 2
Nitrates, mg/d?, (for NO,) MPC s.-t. 45.0 3
Chlorides, mg/dm® MPC org. flavour 350.0 4
Iron, mg/dm® MPC org. colour 0.3 3
Zinc, mg/dm® MPC gen. 1.0 3
Copper, mg/dm’ MPC org. flavour 1.0 3
Manganese, mg/dm’ MPC org. colour 0.1 3
Cadmium, mg/dm?® MPC - 0.001 2
Chromium, mg/dm? (Cr ) MPC s.-t. 0.05 3
Heavy oil (mg/dm?) MPC org. film 0.3 4

Note: s.-t. — sanitary and toxicological, affects human health; org. flavour - organoleptic, gives water an oft-flavour; org. colour - or-
ganoleptic, affects the colour of water; g. — general sanitary, affects the processes of self-purification of water; org. film - organoleptic,

forms a film on the surface of water

Source: made by the authors based on Hygienic Water Quality Standards of Water Bodies to Meet the Drinking, Household and

Other Needs of the Population (2022)
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The criteria for the analysis of ammonia content and
organoleptic water quality indicators (odour, transparency

and turbidity), alkalinity and hardness were applied DSan-
PiN 2.2.4-171-10 (2010) (Table 2).

Table 2. Sanitary and chemical indicators of water safety and quality

Name of the indicator (substance)

Drinking water standards in accordance with the State
Sanitary and Epidemiological Norms 2.2.4-171-10

Ammonia 0.5 mg/l

Smell < 2 points
Transparency not less than 20 cm

Turbidity: quantitatively <1.0 mg/1

total alkalinity

<6.5, mmol/dm?

overall stiffness

<7.0, mmol/dm?®

Source: made by authors based on DSanPiN 2.2.4-171-10 (2010)

To determine the dilution factor of pollutants in the
cooling pond, the Ruffel method was used in the case of
their entry into the upper third of the pond and spreading
along the shore under the influence of wind disturbance.
Calculations were made using the formula:

__ q+0.0087H?
m T 3+0.000435H2

(1)

where n_ - initial dilution when pollutants are released far
from shore; g — waste water (pollutants) consumption; H -
the average depth of the object where pollutants are diluted,
in m. The main dilution depends on the place where the
wastewater is released. For a release located far from the
shore, the basic dilution is calculated using the formula:

no =1.85+ 232(L/Ax)041 + 0.0064(L/Ax), (2)

where n_basic dilution; L - distance from the release of pol-
luting water to the design alignment; Ax = 4.41H"'¥. The
Methodology for Calculating Compensation for damage
Caused to the state as a Result of Violation of Legislation on
Protection and Rational use of Water Resources (2009) was
used to calculate the damage caused as a result of oil prod-
ucts entering the water body. The calculations were based on
the results of studies of the content of oil products and other
pollutants in the Burshtyn Reservoir after the missile attack,
and the inflation index for 2023. Ministry of Finance (2023),
indexed specific economic damage from water pollution (y)
in 2023. Calculations were made using the formula:

Z:chKkmepxkzx (M, xY )+
+(M,x Y ) +..(M, x Y], 3)

where the coefficients take into account K_- damage to the
aquatic ecosystem; K, - water body category; K - short-
age of surface water resources; k, - damage to the aquatic
ecosystem. And the following indicators were also taken
into account: y — the amount of pollutants; M, - mass of
excess discharge of the pollutant; Y, - specific economic
damage from water pollution, determined by the formula:

Y=YxA, (4)

where the following economic losses were accounted for:
Y - indexed loss calculated based on the current year’s in-
dicators using the formula (5):

(12

Y=Y, xI+100, (5)

where Y - indexed loss calculated based on the indica-
tors of the previous year; I - inflation index; A - rela-
tive hazard indicator that was determined by the given
formula (6):

A,=1+MPC, (6)

where MPC, is the MPC, of the pollutant under study. The
weight of petroleum products is calculated using the fol-
lowing formula (7):

M=M -M, (7)
1 oy

where M_ - the weight of the film was calculated using the
given formula (8):

M =M xSx10°, (8)

where M - specific gravity of oil per 1 m* M_ - the mass
of dissolved and emulsified oil that was calculated using
the formula (9):

Mpzthx(Cq-Cq))xlO‘, 9)

where h — thickness of the water layer contaminated with
oil, m; § - area of oil contamination of a water body, m?
C, - average concentration of dissolved and emulsified oil
in the contaminated volume of water under the oil slick,
g/m? C - background concentration of dissolved and
emulsified oil in the water of this water body, g/m~. The
amount of damage caused to the Burshtyn Reservoir as a
result of oil spills was calculated according to the Method-
ology for Calculating Compensation for Damages Caused
to the State as a Result of Violation of Legislation on Protec-
tion and Rational Use of Water Resources (2009).

© Results and Discussion

The results of studies of hydrogen ion activity in the
upper part of the water body showed that the highest
acidity values were recorded at two study sites: near the
flood control dam (pH =7.51+0.1 pH units) and at the
confluence of the Hnyla Lypa River into the reservoir
(pH =7.42 £ 0.1 pH units). In general, during the study
period, conditions of neutral and acid-base balance of the
environment were observed (Table 3).

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1
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Table 3. Results of testing water samples from the Burshtyn cooling pond for hydrogen reaction and oil content

Measurement results andmeasurement error §, P=0.95

Information about measurement methods

Water
samples  Hydrogen reaction (pH), pH units Petroleum products, mg/dm? Cipher
MBB

+ i + 2
! 7.42%0.1 pH units 16.36£6.5 mg/dm 081/12-0317-16 PH determination
2 7.17+0.1 pH units 0.61+0.24 mg/dm? ST
3 6.96+0.1 pH unit 0.84+0.34 dm?

P un% > mg/ ni 081/12-0230-05 measurement
4 7.10+0.1 pH units 1.74+0.6 mg/dm’
- of petroleum products

5 7.51£0.1 pH units 0.19+0.07 mg/dm’

Source: developed by the authors

The analysis of the selected water samples showed that
the concentration values of petroleum products were in the
range from 0.19 + 0.07 mg/dm® up to 16.36 + 6.5 mg/dm°.
The pollutant levels exceeded the environmental standards
by 54.5 times (respectively, at the MPC of 0.3 mg/dm’). Sig-
nificant exceedances of the environmental standard were
recorded: in the waters of the first channel = 3 times, the
second = 54 times, the third =~ 6 times, the fourth chan-
nel =2 times, and no exceedances were observed in the wa-
ters of the fifth channel (Fig. 1-2). Field surveys and visual
observations were complicated by the fact that, as a result of
wind disturbances, oil spills moved across the surface of the
water bodyand alongits perimeter during the day. The coast-
al part of the reservoir and a significant coastal part of the
water mirror area were covered with a film of oil products.

16.36 m Oil products, mg/dm3

Environmental standard, mg/dm3

0.86 1.74 0.61 0.19
03 03 w03 03 03
1 2 3 4 5

Figure 2. Comparison of oil products in the upper water
layer at designated sites with their environmental standards
Source: developed by the authors

A specific feature was identified: the highest degree
of acidity was characteristic of the water column with the
lowest oil content. The main role in the ability of a water

body to self-purify is played by the dilution rate of water
with pollutants. Water dilution is a process that reduces the
concentration of pollutants in water bodies by mixing con-
taminated water with the surrounding water environment.
The conditions for mixing polluting waters with reservoir
waters differ from those in rivers. In reservoirs, the wind
factor plays an important role because the currents created
by the slope of the water surface are very small.

The oil products that got into the reservoir clogged a sig-
nificant visible area of the water mirror. All visible oil slicks
were examined for the content of oil products that had spread
around the perimeter of the reservoir as a result of wind dis-
turbance. For one of them, with the highest concentration of
oil on the water surface with an area of up to 0.5 km? of oil
film, and its emulsified state in the water column, the dilu-
tion coeflicients for internal water exchange were calculated.
Internal water exchange is characterised by the intensity of
water mass transfer, turbulence, and convective processes re-
lated to the size of the reservoir. For a reservoir, the main in-
dicators for calculating dilution are the initial (np) and basic
(n) dilution (formulas 1-3). In the initial mixing zone, the
concentrations of impurities are significantly reduced. How-
ever, complete mixing occurs at much greater distances from
the point where pollutants enter the water body. When these
substances enter a body of water at a certain distance from
the shore, the initial dilution is faster. The calculated dilution
ratio of contaminated water is 125.2 (n, =120.4 n,= 1.04) (Ry-
chak & Arkhypova, 2024a). In addition to petroleum prod-
ucts, the workstations analysed the content of heavy metals
and individual physical and chemical parameters (Table 4).

Table 4. Results of physical and chemical studies of water samples of the Burshtyn cooling reservoir (April, 2024)

Unit 1 Unit 2 Unit 3
Name of the substance, (confluence of the . . . e Unit 4 (Burshtyn, Unit 5 (flood
. . private buildings, (private buildings, ) i
units of measurement Hnyla Lypa River . . recreational area) protection dam)
into the reservoir) agricultural land) agricultural land)
Ammonia, mg/dm’ 0.08 0.08 0.08 0.08 0.08
Smell 0 0 0 0 0
Transparency, cm 25 25 25 25 25
Turbidity, EMF 2.0 2.0 2.0 1.5 1.5
Nitrites, mg/dm® 0.002 0.002 0.004 0.004 0.002
Nitrates, mg/dm’ 0 0 0 0 17
Chlorides, mg/dm’ 264 264 272 256 264
Alkalinity, mmol/dm® 3.6 4.0 52 55 4.2
Hardness, mmol/dm?® 7.0 7.6 7.8 9.0 7.8
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Table 4. Continued

Unit1 Unit 2 Unit 3
Name of the substance,  (confluence of the . 1 . - Unit 4 (Burshtyn, Unit 5 (flood
. . private buildings, (private buildings, . .
units of measurement Hnyla Lypa River . . recreational area) protection dam)
into the reservoir) agricultural land) agricultural land)
Iron, mg/dm® 0.0204 0.0346 0.0289 0.00421 0.02506
Zinc, mg/dm’® 0.006 0.006 0.006 0.008 0.004
Copper, mg/dm’ 0 0.001 0 0 0
Manganese, mg/dm’ 0.004 0.002 0.004 0.001 0
Cadmium, mg/dm’ 0.001 0.001 0.001 0.001 0.001
Chromium, mg/dm?® 0 0.001 0 0.001 0

Source: developed by the authors

A summarising analysis of surface water hardness and
alkalinity showed that the water was within the permissible
limits of environmental standards. In the water area used
for recreational activities, the quantitative indicators of al-
kalinity and hardness differed slightly. Increased hardness
(9.0 mmol/dm?) and alkalinity (5.5 mmol/dm?). The lowest
indicators characterised the water at the confluence of the
Hnyla Lypa River into the Burshtyn Reservoir: hardness was
7.0 mmol/dm?, alkalinity 3.6 mmol/dm’. This is due to the
introduction of natural river water into the reservoir, which
is characterised by lower hardness and lower alkalinity.

The content of heavy metals in the upper layer of water
was investigated: ferrous, zinc, copper, manganese, cadmi-
um, and chromium. The content of chromium and cop-
per was not recorded in 60% to 80% of water samples. At
well No. 2 (400 meters from the confluence of the Hnyla
Lypa River, left bank, impacts from private development
and agricultural land cultivation), the copper content was
0.0001 mg/dm?, which is one hundredth of a percent of the
environmental standard (1.0 mg/dm?). In the waters sam-
pled at the first site (the water area was under the influence
of coastal recreational load), the chromium content was
found to be 0.001 mg/dm?, which is 0.2% of the environ-
mental standard (0.5 mg/dm®).

The content of manganese and zinc was detected in the
waters at all study sites. However, their content, like the previ-
ous metals, was quite low. The manganese content was about
1% of the standard content (0.13 mg/dm?). The highest zinc
content was recorded in the water area of recreational impact
of the reservoir and amounted to about 1% of the environ-
mental standard (1 mg/dm?). The presence of cadmium and
iron was recorded in water samples at all study sites (Fig. 3).

m Ferrum, mg/dm3
Environmental standard, mg/dm3

0.3 0.3 0.3 0.3 0.3

0.0204 0.0346 0.0289 0.00421 0.025

1 2 3 4 5

Figure 3. Ferrum content compared to the environmental
standard in the surface water of the cooling pond
Source: developed by the authors

The highest content of iron was recorded in the well,
where the largest oil slick was located and the highest con-
centration of oil products was recorded. In all other reser-
voirs, the content of iron was low compared to the environ-
mental standard (about 8% of the environmental standard).
The cadmium content in surface waters at the four study sites
was 0.001 mg/dm?® (Fig. 4). This concentration of the pollut-
ant is 77% of its environmental standard. This is the highest
value obtained when studying the content of heavy metals
in surface waters after hydrocarbons enter the reservoir.

m Cadmium, mg/dm?
Environmental standard, mg/dm?
0.0013 0.0013 0.0013 0.0013 0.0013
0.001 0.001 0.001 0.001
1 2 3 4 5

Figure 4. Cadmium content compared to the environmen-
tal standard in surface waters of the cooling pond
Source: developed by the authors

As a result of calculations, in the most polluted water
area of the reservoir (the concentration of petroleum prod-
ucts was 16.36 mg/dm?®) on an area of 0.5 km? (according
to formulas 4-9) the amount of losses was 27,267.87 UAH.
During the field surveys, four more, smaller in terms of con-
centration and area, were found to be contaminated with
oil products. The amount of damage to four other areas of
pollution was about 68 thousand UAH. In total, one mis-
sile attack and hydrocarbon contamination in the cooling
pond caused economic losses of about 95 thousand UAH.

Burshtyn Reservoir is part of the Galician National Na-
ture Park. In 2019, the reservoir received the conservation
status of a Ramsar site of international importance. The
reservoir is home to up to a hundred different species of
birds, 19 of which are listed in the Red Book of Ukraine.
During the spring migration, taking into account the ther-
mal peculiarity of the drainage canal and the cooling pond,
up to 22.3 thousand individuals can be in the coastal zone.
Methodology for Calculating Compensation for damage
Caused to the state as a Result of Violation of Legislation
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on Protection and Rational Use of Water Resources (2009)
when recognising the special environmental value of an
ecosystem that has suffered damage as a result of pollution,
the losses received increase by 1.5 times. Summarising the
calculations, the total damage from hydrocarbon pollution
was determined to be 143 thousand UAH.

The release of hydrocarbons into the aquatic ecosystem
is an environmental disaster (Venesjarvi et al., 2023), affects
the state of mineralisation, specific electrical conductivity
(Aluwong et al., 2024), changes in water pH directly affect the
survival, growth, and reproduction of fish species (Sahu et
al., 2024), because the suitable pH level for the growth and
reproduction of fish species ranges from 6.0 to 9.0 (Mar-
iu et al., 2023). The behaviour of oil products in the aquatic
environment is regulated by the processes of evaporation,
sorption, spreading, biochemical and chemical oxidation,
dissolution, biodegradation, dispersion, and sedimenta-
tion. Weak preparedness for natural disasters and regulatory
mechanisms are also recorded, leading to serious hydrocar-
bon spills and their impact on the aquatic environment. In
this context, in order to ensure a rapid and effective response
to incidents of hydrocarbon spills in a particular area, the
trajectories of their spills should be investigated, and the
treatment should be carefully planned by decision support
tools to eliminate emergency oil spills (Yang et al., 2021).

A film on the surface of the water formed from oil resi-
dues or other lubricants and fuels prevents heat, water, and
gas exchange between the water body and the atmosphere.
This leads to carbon dioxide absorption, oxygen produc-
tion, and the creation of primary products as a result of
phytoplankton photosynthesis. The organic fraction in the
pond rots when there is no oxygen, and this leads to a pesti-
lence of fish. If the rotting organic fraction is not collected,
a bacteriological threat arises. The oxidation of oil prod-
ucts in their natural state is very slow and requires a lot
of oxygen, and they also pollute the entire water column
at all horizons - on the surface as a film, in the thickness
as a solution, and at the bottom as a heavy sediment. As
for the surface contamination in the form of a film, studies
conducted at the Burshtyn Reservoir, where the concentra-
tion of oil products exceeding environmental standards by
54 times was recorded, confirm the negative effects of hos-
tilities that caused the destruction of the Kakhovka HPP
dam in 2023 and the draining of the reservoir, discharges of
pollutants with a concentration of 1.1-51.8 MPC and pollu-
tion of the estuary with an area of 6,800 km? of the system
and the Black Sea, according to V. Pichura et al. (2024) .

According to the research of V. Khilchevskyi et
al. (2023), the content of petroleum products in the wa-
ters of the Dniester River is insignificant with a tendency
to decrease average concentrations from spring flood to
summer-autumn low water and to a minimum in winter
low water. In the Hnyla Lypa River, where the Burshtyn
Reservoir was created, and in other left-bank tributaries
of the Dniester, the concentration of oil products during
spring floods is 0.007 mg/dm’ (with a range of 0.004 to
0.015 mg/dm® in different rivers), and in summer low

Rychak & Arkhypova

water 0.005 mg/dm?* (with a range of 0.002 mg/dm® to
0.007 mg/dm?). In all the rivers and left-bank tributaries
of the Dniester that were studied, the absence of oil prod-
ucts in the water was recorded in different years. Zero val-
ues of petroleum products were recorded in 75-80% of the
water samples analysed.

As aresult of research by S. Hughes et al. (2023) found
that seasonality factors and morphological characteristics
(shallow water, estuaries, bays) of the water body where the
oil spill occurred are extremely important. The strength and
direction of the wind has a significant impact on the spread
of oil products on the water surface. During the visual as-
sessment of the movement of oil products in the Burshtyn
Reservoir, it was noted that shallow water and small bays
(rugged coastline) significantly contribute to the presence
and stagnation of oil products, the formation of oil slicks
and their persistence in shallow water and inshore bays for
a certain period of time. Regulatory processes for oil spills
have a different impact on the scale of the disaster. The con-
centration of petroleum products and their derivatives in
surface waters can significantly decrease and their chemical
composition can change. An important indicator is the lo-
cation of the pollutant source, mixing of water masses, and
the quality of the natural water state. Changes in the types
and nature of pollutants entering the reservoir change over
time, which may be the reason for the increase in water pH
observed in this study (from 6.5 pH to 7.5 pH), confirming
the results of studies conducted in the Hirakud reservoir
(Hussain et al., 2020). Water environment factors, such as
hardness, pH, salinity and alkalinity, affect the toxicity of
heavy metals, zinc toxicity to aquatic organisms decreases
with increasing water hardness (Li et al., 2021), so the study
of physicochemical properties of water, concentration of
heavy metals is important for further research on water
toxicity and its hydrochemical characteristics (Rychak &
Arkhypova, 2024b). Prior to the hydrocarbon pollution, in
the fall of 2023, a slightly polluted water quality class was
observed at the accident site, where the concentration of oil
products exceeded the MPC by up to 2 times, and where
the water quality class was clean water, the concentration of
oil products exceeded the MPC by 6 to 54 times.

The vulnerability of aquatic and terrestrial ecosystems
to hydrocarbon pollution was calculated in monetary,
quantitative, spatial, and high-resolution detail by assessing
physical, biological, and socioeconomic indicators (Feng et
al., 2021). To ensure a fast and effective response to oil spill
incidents in a particular area, the trajectory of the oil spill
needs to be predicted and the clean-up needs to be carefully
planned in advance. According to J. Neafie et al. (2024), sci-
entists focus exclusively on physical sensitivity when stud-
ying the vulnerability of the coast and aquatic ecosystem to
oil spills, thus neglecting socioeconomic factors. One ex-
planation is that assessing the socio-economic impact of oil
pollution is difficult due to the lack of proper reporting and
monitoring. The proposed methods for calculating damag-
es take into account the hazardousness of the pollutant, its
concentration on the surface of the water body, in the water
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column, location relative to the coastline, and the depth of
the water body at the point of pollutant ingress. However,
the methodology does not take into account socio-eco-
nomic indicators, which are precisely the basis for the pro-
vision of ecosystem services (fisheries, tourism, cultural
heritage). Studies by R. Venesjarvi et al. (2023) have shown
that accidental oil pollution poses an additional threat to
water systems, primarily in terms of oil-related losses and
recovery potential. Aquatic and coastal ecosystems are
regions of high biological productivity and accessibility,
they have become centres of human activity, and provide
important ecosystem services such as recreation, fisheries,
and nutrient cycling. These ecosystems should be protect-
ed based on their conservation value, restoration potential
and protection effectiveness. Vulnerability of aquatic and
coastal ecosystems to oil spills is a measure of the level of
sensitivity, impact and resilience of these areas in terms of
biological, geological and socio-economic resources affect-
ed. Therefore, the determination of economic losses made
it possible to estimate the losses caused by oil products.

© Conclusions

Military aggression has a very negative impact on the state
of the water body. As a result of a single missile strike, rock-
et debris and fuel entered the Burshtyn Reservoir, which
is part of the power plant’s technological cycle and has
the environmental status of a Ramsar site of internation-
al importance. It was found that a single missile strike led
to the release of hydrocarbons into the reservoir, which
exceeded the environmental standard by 54.5 times; the
surface spread of oil products depends on the strength and
direction of the wind and the ruggedness of the coastline.
The combination of these factors indicates the maximum
accumulation and increase in the concentration of hydro-
carbon pollution. It was found that the water was within
the permissible limits of environmental standards in terms
of hardness and alkalinity. But with a water hardness of
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7.6-7.8 mmol/dm’ there is a significant concentration of
petroleum products, exceeding the maximum permissible
concentration by 54 times, with a hardness of 9.0 mmol/
dm?, the excess of petroleum products was up to 2 MPC.

It has been determined that among the six heavy met-
als contained in military missile fuels and lubricants, after
hydrocarbon contamination, a significant cadmium con-
tent and a slightly lower iron content were found in the
upper layers of surface waters. Other metals (zinc, man-
ganese, copper, chromium) were at their lowest levels. The
study determined that the dilution factor of contaminated
water is 125.2. The amount of damages caused by violation
of the legislation on the protection and rational use of water
resources was calculated. In total, one missile attack caused
economic losses of about 143 thousand UAH. It is neces-
sary to continue researching water toxicity, conducting fur-
ther studies of the state of the reservoir bottom sediments
and microbiological studies, and research on the state of
aquatic life to assess the full extent of missile aggression
on artificial surface water bodies and to develop effective
measures to minimise the negative effects. When calculat-
ing economic damages, take into account socio-economic
factors that are the basis of ecosystem services not only for
the aquatic ecosystem but also for the coastal ecosystem.
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© AHoTauif. ByrieBonHese 3a6pyiHEHHS 3a/IMIIAETHCA BKIMBOI Ta HEBUPIIIEHOK TPOOIEMOI0, IO 3arOCTPUIACH
i 4ac ITOBHOMACIITAaOHOrO BTOPTHEHHA, 30KpeMa dYepe3 IMOTPAIUIAHHA YIaMKIB pakeT 31 3HAUHOIO KiIbKicTIO
HaTONPOAYKTiB y MOBepXHeBi BOfU. MeToo po6oTm 6ymo HajjaTu OIiHKY €KOJIOTiYHOTO CTaHY BOJHOTO OO €KTY,
[0 3a3HAB BYIJIEBOJHEBOIO Ta iHIIMX HexapakTepHux 3abpypuens. IToapoBi meropm: 6yno BifibpaHo 5 mpob Bof
1L BU3Ha4YeHH: BMicTy HadTompopykTis Ta Beruyay pH Ta 5 mpo6 Bop 1A BU3HaYeHHA (QisVYHNX BIACTUBOCTE,
FOJIOBHMX iOHIB Ta BMICTy BaxXKux MetaniB. JIabOpaTOpHO-IHCTPyMEHTA/IbHI: TUTPUMETPUYHUIL — 3aCTOCOBAHO
I/ BU3HAUYEHHS BMICTY XIOPMAiB, Ty>KHOCTI, TBepflOCTi. 3a pe3ynbTaTaMu JOCTIIKeHb BCTAHOB/IEHO, IO XIOPUAHI
iOHUM 3HAXOAWINCH Y MeXax 264-274 Mr/pM°, MOKa3HUKM JIYXKHOCTI — 3,6-5,5 MMoIb/fM’. ¥V pe3ynbrati BOCTIIKeHHA
TBEPAOCTI BCTAHOBJIEHO, 110 BOAY M’ SKI. DOTOKOIOMETPUYHIM METOZIOM BU3HA4YaBCs BMICT HITPUTIB (3a(1)iKCOBaH0 ix
cmipy). BumiproBaHHA: eIeKTpOMeTPUYHIM MeTOIOM BI3HaueHO BermuuHy pH. 3a pesynbraTaMy Boja BITHOCUTBCA O
HeTpaJIbHUX Ta CIab0MyXKHUX BoA. MeTtonoMm ¢ryopuMeTpii Bu3HaueHO BMicT HadrompopykTiB y Mexax 0,19-16,36
Mmr/pM® ([epeBUIeHHA €KOHOPMATUBY B 54,5 pasu). MeTogoM MORy/IALINHOI mongpusaniiiHoi cnekrpodoromerpii
BU3HAYEHO BMICT KafjMilo, IIMHKY, MaHTaHy, KylIpymy, Xpomy, depymy. Bmict xpomy, Kagmito, Kynpymy 3HaXOAUBCA ¥
Mmexax 0,001 mr/pm’, BmicT manrany - Big 0,001 Mr/mm? go 0,004 mr/pv?, BMicT umHKY - Big 0,004 mr/am?® mo 0,008 mr/mm’,
BMicT depymy - Big 0,004 mr/mm*® mo 0,02 mr/mm’. 3a gonomoroio Metony Pyddensa BusHadeHO 3arajbHy KpaTHICTb
PO3BeIeHH CTiYHOI BOAM HA BOJOCXOBMIIN, IO CTAHOBUTD 125,24, 3a METOAMKOIO PpO3paxyHKy po3MipiB BilIKOJyBaHHA
30UTKIB OyB BU3HaUeHUIl 30MTOK Bif BYI/IEBOSHEBOTrO 3a0pyHHEHH:, KMl CTaHOBUTH 143 tuc. rpu. Ilpaktmuna
LiHHICTh pOOOTH IOIATAE Y BIOCKOHA/ICH] HAYKOBUX Ta IPaKTUYHMX ITiIXOIB LIIO/{0 BU3HAYCHHA CTPAaTeTil IpOBefieHHA
KOMIUIEKCHOTO €KOJIOT{YHOr0 JOCI/PKeHHA CTaHy 6araTopyHKIIOHaIbHIX IITYYHNX BOLHUX 00 €KTIB
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© Abstract. The aim of the study was to determine the specific activity of environmental components and forestry products
in the Bilokorovychi Village, Korosten District, Zhytomyr Region, for the content of radionuclides *’Cs and *°Sr, which
entered them as a result of the accident at the Chernobyl Nuclear Power Plant. The study was conducted in accordance
with the research topic “Monitoring studies of the biosphere of the Ukrainian Polissya” from September to November 2024
using dosimetric and radiometric methods. It was established that the exposure dose rate of gamma radiation complies
with the radiation safety standards of Ukraine for populated areas: 18.3 £ 1.6 18.3 + 1.6 uR/h was recorded in the forest,
12.7£0.7 uR/h on agricultural land, and 14.7 + 3.4 uR/h in the residential part of the village. The stems, leaves and dry
fruits of blueberries exceed the requirements of DR-2006 for **’Cs content by 1.7 times and by 300 Bq/kg, respectively,
while the activity of *Sr is within the normal range. The specific activity of chaga, Viburnum and rosehip fruits complies
with the requirements of DR-2006 and is 48.5 + 3.6 Bq/kg, 13.7 £ 1.2 Bq/kg for '¥’Cs content, 27.9 + 1.7 Bq/kg, and **Sr
activity is 89.9 £6.7 Bq/kg, 0.1+ 0.01 Bq/kg, 0.1 +0.02 Bq/kg, respectively. The samples of honey mushrooms are suitable
for consumption, since the specific activity of '¥’Cs is three times lower than the standard, and that of *°Sr is four times
lower. The specific activity of porcini mushrooms for '¥’Cs is 2.1 times higher than the standard, and the accumulation of
PSr is 15.7 times lower than the standard. The specific activity of moss for **’Cs is almost 5 times lower than the specific
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activity of soil, which was 893.9 +91.3 Bq/kg for '*’Cs. Water from artesian wells in the village is suitable for consumption
in terms of radiation indicators. Acorns moderately accumulate *’Cs and *Sr (372.1+17.2 Bq/kg and 143.9 +10.4 Bq/kg,
respectively). Thus, studies have established that dry blueberries and dried porcini mushrooms are unfit for consumption

© Keywords: specific activity; permissible levels of radionuclide content; nuclear power plant accident; gamma radiation
exposure dose rate; radiation safety; environmental components

@ Introduction

All citizens residing in Ukraine must be protected from ion-
ising radiation. Law of Ukraine No. 15/98-BP (1998) reg-
ulates the exposure of the population without taking into
account the dose received from local natural background
radiation. Changes in the natural radiation background oc-
curred in 1986 after the accident at the fourth power unit of
the Chernobyl Nuclear Power Plant (ChNPP). The Cherno-
byl disaster led to radioactive contamination of a significant
part of Ukraine. Depending on the presence of long-lived
radionuclides and their activity in a particular area, the
territory was zoned as follows: exclusion zone, zone of un-
conditional (mandatory) resettlement, zone of guaranteed
voluntary resettlement, zone of enhanced radioecological
control (Law of Ukraine No. 791a-XII-BVR, 1991). Accord-
ing to Law of Ukraine No. 2697-VIII (2019), radioecological
monitoring is an important component of ensuring not only
environmental but also national security.

The content (activity) of radionuclides was deter-
mined in environmental components in accordance with
Resolution of the Cabinet of Ministers of Ukraine No. 391-
98-p (1998): atmospheric air and precipitation, water
bodies (surface, marine, underground, in nature conser-
vation areas), soil. Research on the presence of radionu-
clides was also conducted in industrial emissions into the
atmosphere, wastewater, landfills, and radioactive waste
disposal sites. The background amount of radionuclides
is determined in terrestrial and marine ecosystems and
landscapes. The Ministry of Environmental Protection and
Natural Resources organises the study of the radiation situ-
ation at stationary points. As noted by scientists G. Cannon
& J.G. Kiang (2020), the search for radiation biomarkers
in ecosystems continues 34 years after the global accident.
Scientists G.M. Chobotko et al. (2024) have developed
measures to reduce the radiation dose to the population
and the content of radioactive substances in soil, water,
and food, and have analysed data from 38 years after the
Chernobyl accident. Researchers L.M. Oleshchenko &
M.O. Ilyin (2023) and E. Nagornyi (2024) concluded in
their works that it is important not only to determine the
current state of radionuclide contamination, but also to es-
tablish migration mechanisms and distribution patterns, all
of which should be used to predict the state of the environ-
ment. As noted by researchers O. Dunaievska et al. (2024),
in connection with the armed aggression of the Russian
Federation, changes have occurred in the environment,
especially in areas of combat operations, where military,
sabotage and terrorist actions can lead to additional release
of radionuclides into the environment, posing a threat to

20

the population. Loss of control over the source of ionising
radiation and ignorance of the algorithm of actions in such
situations lead to a negative impact on the environment
and exposure of people to radiation. To prevent this, ac-
cording to scientists O. Sitnikova & A. Melnyk (2022), it is
necessary to constantly study the issue of the vulnerability
of sources of ionising radiation. However, as discussed in
the work of K.O. Krushelnytska (2022), effective physical
protection must be developed for employees who perform
their duties in areas with increased radiation levels, such
as law enforcement officers. As noted by V.P. Kovalskiy et
al. (2021), such physical protection can be provided by the
rational use of building materials.

In order to ensure rapid response and information
gathering, a Strategy for an Integrated Automated Radia-
tion Monitoring System was developed in April 2022, which
will enable timely measures to be taken to protect people
and the environment (Order of the Cabinet of Ministers of
Ukraine No. 323-p, 2022). Such a system will make it possi-
ble to inform the international community about the radia-
tion status of Ukraine’s territory and to receive similar data
from partners. After all, a radiation accident also occurred
in Japan, the consequences of which are being studied by
scientists who are providing recommendations on how to
manage the situation (Drebot & Zamula, 2020). Therefore,
as summarised by G.S. Kalda et al. (2022), studying the
state of radiation contamination of territories is relevant
not only for Ukraine but also for all countries of the world
and is carried out in accordance with national monitoring
programmes. The radiation safety of humanity is consid-
ered a global problem. After all, sources of ionising radia-
tion are used not only in atomic energy and nuclear weap-
ons, but also in medicine, agriculture, various industries,
and scientific research. The number of such technologies is
increasing, their scope of use is expanding, and therefore,
according to Y. Kozubenko (2022), there is a need to assess
the cumulative effect of ionising radiation sources.

V. Tiutiunyk et al. (2020) concluded in their work that
it is important to develop a dynamic model of radioactive
contamination of any component of the ecosystem, and
that a comprehensive approach will allow conclusions to be
drawn about the amount of radiation exposure of the pop-
ulation. It is also important to establish the distribution and
content of radionuclides in the environment 38 years after
the Chernobyl accident. Therefore, the aim of the study was
to determine the specific activity of **’Cs and *°Sr in soil,
water, forestry products and the exposure dose of gamma
radiation in the air in the Bilokorovychi Village, Korosten
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district, Zhytomyr region, since the villagers constant-
ly harvest, consume and use berries and mushrooms that
grow in the forest and undergrowth. The scientific novelty
lies in obtaining reliable and comprehensive information
about the state of radiation safety, radionuclide contami-
nation of the area and plant products of a particular set-
tlement, since the population, despite warnings, consumes
such products, which are available and can be harvested
within place of residence.

© Materials and Methods

The research was conducted in accordance with the re-
search topic “Monitoring Studies of the Biosphere of the
Ukrainian Polissya’, approved by the Ministry of Edu-
cation and Science of Ukraine (state registration num-
ber 0124U000645) in September-November 2024. Ra-
diological studies and sampling were carried out in the
Bilokorovychi Village, Korosten District, Zhytomyr Region.
According to Law of Ukraine No. 791a-XII-BVR (1991), the
village is classified as a zone of guaranteed voluntary reset-
tlement. Soil sampling was carried out in accordance with
DSTU 4287:2004 (2004). Spot samples were obtained using
a BP-25-15drill at a depth of 0-25 cm. Sampling was carried
outata distance of more than 50 m from roads. Spot samples
were formed into a nest sample weighing at least 1 kg. Vis-
ibly noticeable foreign impurities, such as fauna elements
and vegetation residues, were removed from the sample.
The selected samples were placed in bags, labelled, trans-
ported to the laboratory, and dried at room temperature in a
well-ventilated dry room for 24 hours. Water samples were
taken in accordance with DSTU ISO 5667-11:2005 (2005)
from wells with a volume of at least 2 litres each.

Food samples (porcini mushrooms, honey mush-
rooms, blueberries, Viburnum, rosehips) were collected
in accordance with State Hygienic Standards “Permissible
Levels of Cs"*” and Sr*° Radionuclides in Food and Drinking
Water” (2006). To determine the activity of radionuclides
in products, spot samples were first selected and combined
into a composite sample, from which a portion was taken
to form a mean sample. It was the mean sample from the
crushed raw material that was used for radiological studies,
from which a counting sample was weighed. Using a simi-
lar method, spot samples were taken and a counting sample
was formed from moss, acorns, and chaga.

All radiological determinations were carried out in the
Measurement Laboratory of the Polissya National Univer-
sity, which underwent an audit of the measurement system
in 2022. The specific activity of the samples was determined
using an MKS-AT1315 gamma-beta spectrometer (manu-
factured by ATOMTEKH, Republic of Belarus). The values
were obtained in two stages: measurement of the working
background spectrum and measurement of the activity of
the sample weights. The working background spectrum
was measured for 3 hours in advance and recorded in the
memory of the MKS-AT1315 gamma-beta spectrome-
ter. The control background spectrum was also measured
and recorded in advance in a similar manner. The activity
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of radionuclides was measured by placing sample weights
in a Marinelli vessel, which was transferred to the protec-
tion unit of the MKS-AT1315 gamma-beta spectrometer
using the instructions and SPTR software.

The activity was measured on the MKS-AT1315 gam-
ma-beta spectrometer by registering gamma and beta
radiation with scintillation detection units. A detection
unit with sodium iodide crystals 63 mm in diameter and
63 mm in height was used to register gamma radiation. A
detection unit with polystyrene activated with para-ter-
phenyl 128 mm in diameter and 9 mm in height was used
to register beta radiation. The result of the registration
was instrumental spectra, which were displayed in real
time on a personal computer monitor. The exposure dose
rate of gamma radiation was determined using a device
from the measurement laboratory, a MKG-AT1321 spec-
trometer-dosimeter (manufactured by ATOMTEKH, Re-
public of Belarus). The device continuously counted gam-
ma radiation pulses using a scintillation detector (sodium
iodide crystals with a diameter of 25 mm and a height of
40 mm) and a built-in Geiger-Miiller gas discharge coun-
ter. Statistical processing of the measurement results was
performed by calculating the mean value and deviation
from the mean value. All studies of cultivated and wild
plants, including sample collection, were conducted in
accordance with applicable institutional, national or in-
ternational standards and met the requirements of the
Convention on Biological Diversity (1992).

© Results and Discussion

Radiological studies have established that the exposure
dose of gamma radiation in the Bilokorovychi Village does
not exceed 20 pR/hour (Table 1).

Table 1. Radiation safety indicators
for atmospheric air in the Bilokorovychi Village

. Gamma radiation exposure
Measurement location

dose rate, pR/h
Forestry area 18.3+ 1.6
Agricultural land 12.7 0.7
Village area 147 £34

Source: provided by the authors

This indicator fully complies with Ukrainian radiation
safety standards (State Hygienic Standards..., 1997). De-
termining the specific activity of soil is important in the
soil-plant-animal-human chain. The activity of plant and
animal products depends on the activity of the soil. Par-
ticular attention should be paid to radiological studies in
areas of radioactive contamination. Studies by L. Roman-
chuk et al. (2019a) examined the specific activity of soil
from such areas and determined high concentrations of
radionuclides. Studies of agricultural land in the Bilokor-
ovychi Village also indicate high specific activity in ¥Cs
samples (Table 2). Long-term studies allow for the accu-
mulation and analysis of material and the prediction of
the distribution and accumulation of radionuclides, in
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particular 'Cs. The more time has passed since the Cher-
nobyl accident, the better the dynamics of its distribution
have been studied. Landscapes are neutral in this respect,
with positive and negative balances. *’Cs accumulates more
on slopes and at the edge of swamps, as well as in the lay-
ers of macromycetes, lichens and mosses. The soil retains

almost 87% of the radionuclide *Cs (Orlov, 2021). The
concentration of "*’Cs is an important indicator for studying
the suitability of products for the population not only in the
case of environmental contamination after the Chernobyl
accident, but also after the Fukushima accident, since the
half-life is 30 years, as noted by M. Hachinohe et al. (2021).

Table 2. Radiation safety indicators of samples of environmental components and food from Bilokorovychi village

SamtpleTame Spef;ﬁc activity for Permissible level for Specific activity for Permissible level for
Cs, Bq/kg ¥7Cs, Bq/kg *Sr, Bq/kg *Sr, Bq/kg
Soil 893.9+91.3 0.1 £0.05
Water 1.5+ 0.09 2 0.1 £0.01 2
Moss 165.8 £ 10.3 0.1+0.03
Chaga 48.5+3.6 200 89.9+6.7 100
Acorns 372.1+17.2 1439+ 10.4
Viburnum (fruit) 13.7+1.2 70 0.1 £0.01 10
Blueberry (stem with leaves) 347.5+5.8 200 0.1 +£0.02 100
Blueberry (fruit, dried) 2,798.4 +21.3 2,500 96.7 +9.3 250
Rosehip (fruit) 279+1.7 70 0.1 +£0.02 10
Honey mushrooms 146.8 + 10.6 500 3.7+0.2 50
Porcini mushrooms (dried) 5,292.4 +22.7 2,500 159+ 0.7 250

Source: provided by the authors

Ionising radiation affects human health and life. The
dose of internal exposure is formed by the consumption of
food and drinking water containing radionuclides. Food can
account for up to 95% of the internal exposure dose if such
products are grown, consumed and consumed in a radioac-
tively contaminated area. Chronic exposure is particularly
common among residents of radioactively contaminated ar-
eas. Polissya ecosystems, in particular oligotrophic and mes-
otrophic bogs, were contaminated with radioactivity back
in 1986. Research by scientists has established the intensive
migration of the radionuclide *’Cs. The specific activity of
shoots and berries of the cranberry (Vaccinium oxycoccus L.)
has significantly decreased (Krasnov et al., 2022). The fruits
of blueberries growing in Polissya are widespread and com-
monly consumed. Common blueberry (Vaccinium myrtillus
L.) of the Ericaceae family is used in medicine in the form of
dried fruits and leaves. It grows in the form of a small bush.
Radiometry has established that the stems and leaves of blue-
berries exceed the established permissible levels (State Hy-
gienic Standards...,2006) by 1.7 times in terms of '*’Cs content,
while the activity of *Sr is within the normal range (Table 2).

Dried blueberries do not meet the established permis-
sible levels for ¥’Cs activity, exceeding the limit by almost
300 Bq/kg, while *Sr activity meets the requirements of the
State Hygienic Standards “Permissible Levels of Cs'*” and
Sr Radionuclides in Food and Drinking Water” (2006).
The need to study porcini mushrooms (Boletus edulis Bull.
ex Fr.; or Boletus bulbosus Schaeff. ex Schroet.) of the Bole-
taceae family for radionuclide content is due to the special
demand for this product on the food market compared to
other types of mushrooms. They were studied in dry form.
The specific activity of porcini mushrooms for '¥’Cs is 2.1
times higher than normal, although for *°Sr it is 15.7 times
lower than normal (Table 2).

[ 22

Studies of dried blueberry samples conducted by scien-
tists L. Romanchuk et al. (2019b) in the Ovruch and Naro-
dychi districts of the Zhytomyr region, which are classified
as areas of radioactive contamination, showed that permis-
sible levels were exceeded by up to 5 times in some cases,
making such products unfit for consumption. There were
four settlements in the voluntary guaranteed resettlement
zone where the specific activity of blueberries for *’Cs was
within the range of 565-665 kBq/kg. Similarly, in the Nar-
odychi and Ovruch districts, significant radioactivity was
observed in dry porcini mushrooms (2,058-12,870 kBq/
kg). Scientists K. Beniova et al. (2021) also obtained results
in their work that indicate that the activity of *’Cs in the
soil exceeds its content in blueberry leaves and stems. This
confirmed the need for radioecological monitoring with
the selection of various samples for further analysis.

The results of 10 years of observations in a large-scale
analytical work by V. Kotelevych & O. Pinsky (2022) showed
that exceedances of permissible levels in forest products,
including mushrooms and berries, were recorded in almost
39% of samples. Exceedances of the radionuclide **’Cs con-
tent in accordance with the State Hygienic Standards “Per-
missible Levels of Cs**” and Sr* Radionuclides in Food and
Drinking Water” (2006) were found in mushrooms and
berries in the Narodychi, Olevsk, Korosten, Luhyn, and
Yemilchyne districts. In particular, almost 14% of forest
berry samples did not meet the requirements, especially
those from the Narodychi and Ovruch districts. Mush-
rooms, especially porcini mushrooms, had the highest spe-
cific activity. These results only confirm the reliability of the
current study. In 2017, the analysis of food samples regis-
tered the highest proportion of exceedances of permissible
levels of radionuclides from the Narodychi and Ovruch
districts, with mushrooms and forest berries accounting
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for a significant proportion. In 2019, approximately 0.1%
of the samples selected were found to be non-compliant in
terms of specific radioactivity, including mushrooms and
medicinal plants. In 2020, high specific activity was again
found in forest berries and mushrooms.

Chaga, or birch mushroom, of the Hymenochaetaceae
tamily grows as growths on birch trees and is used in medi-
cine. In terms of specific activity, this mushroom meets the
established requirements. Attention should be paid to the
peculiarity of the radionuclide content: the activity of *Sr
is 1.9 times higher than that of *’Cs (Table 2). Viburnum of
the Adoxaceae family is a shrub 150 cm high. When raw,
the fruits can be stored for a long time. They are used as a
food product. In terms of specific activity, Viburnum fruits
meet the established requirements, with the activity of *°Sr
being 10 times and the activity of '’Cs being 5 times lower
than the norm prescribed in the State Hygienic Standards
“Permissible Levels of Cs'*” and Sr*° Radionuclides in Food
and Drinking Water” (2006) (Table 2).

Rosehip (Rosa L., 1753) of the Rosaceae family is
known as a shrub, the most common species being Rosa
canina L. It is used in medicine, most often in the form of
dried fruits. In terms of specific activity, rosehip fruits meet
the established requirements, with *°Sr activity 10 times
and "*’Cs activity 2.5 times lower than the norm specified
in the regulatory document State Hygienic Standards “Per-
missible Levels of Cs'*” and Sr* Radionuclides in Food and
Drinking Water” (2006) (Table 2).

Honey mushrooms are lamellar cap mushrooms that
mainly grow on stumps and trees. They include various
species: winter, spring, summer, meadow, autumn honey
mushrooms and others. It is considered a food product in
its raw form, which, after testing, can be used for culinary
processing. The selected samples of honey mushrooms
meet the established requirements (Table 2). V. Kotel-
evych et al. (2024) noted that, according to statistical data,
in 2023, mushrooms were found in dry and fresh form with
an excess of radionuclides according to the State Hygienic
Standards “Permissible Levels of Cs**” and Sr* Radionu-
clides in Food and Drinking Water” (2006). However, the
type of mushrooms was not specified. It was assumed that
this does not apply to honey mushrooms, as they grow
above the forest litter level, which is what contributes to
their relatively low radionuclide content.

There are many species of mosses (Bryophyta). The
current study observed forest moss (Sphagnum). It attract-
ed attention due to its prevalence and use as a decorative
material in homes and as a basis for keeping some animals
athome. Scientists use moss to measure the level of external
radiation and air pollution, as noted by L. Barandovski et
al. (2021). They proposed a model for calculating the radi-
ation dose using the results obtained. Therefore, the study
of the specific activity of moss is valuable from the point of
view of radioecology. The specific activity of moss for '*’Cs
is almost 5 times lower than the specific activity of soil (Ta-
ble 2). Therefore, its use in small quantities in everyday life
will not contribute significantly to the total radiation dose

Dunaievska et al.

to humans. It should be noted that the specific activity of
soil for ¥Cs is almost 9,000 times higher than for **Sr. This
difference can be explained by the sorption capacity of ra-
dionuclides, which is obviously lower for *°Sr than for *Cs,
as noted by O.V. Nikitina (2021). The research is consistent
with the data obtained by scientists Y. Guan et al. (2023) in
the southern region of Guangdong, China. In particular, the
specific activity of soil is five times higher than that of moss.

In the context of sustainable development, afforestation
and reforestation in radiation-contaminated areas are im-
portant tasks. To this end, it is necessary to take into account
the properties of radionuclide retention by forest ecosystem
components and to implement certain measures. Shrubs,
herbaceous plants and fungi accumulate almost 90% of ra-
dionuclides. Woody plants accumulate radionuclides in dif-
ferent ways, for example, conifers more than deciduous trees.
Among the physiological properties of plants that need to
be taken into account is the annual growth of wood. In oak
and hornbeam, these indicators are low, so the accumula-
tion of radionuclides is insignificant (up to 60 Bq/kg), while
pine in the same conditions will have a specific activity of
70-500 Bq/kg (Trohymchuk, 2024). Acorns are the fruits of
the common oak (Quercus robur) of the beech family (Fa-
gaceae). During the study, acorns were considered as wild
berries. Despite the fact that in the State Hygienic Standards
“Permissible Levels of Cs*” and Sr* Radionuclides in Food
and Drinking Water” (2006), acorns are not listed, they were
studied as a product from which coffee and flour can be
made, as well as used as feed for farm animals. In this case,
the regulatory content for '¥Cs is 500 Bq/kg, and for **Sr - 50
Bq/kg. Acorns accumulate a fairly large amount of Cherno-
byl radionuclides: 372.1 +17.2 Bq/kg and 143.9 + 10.4 Bq/
kg for 1¥’Cs and *°Sr, respectively (Table 2), and it is precisely
the activity of *°Sr that will not meet the permissible levels.
It can be assumed that acorns contribute to the radioactivity
of forest litter. Therefore, acorns from this area of radioac-
tive contamination are characterised by an increased level of
radionuclide accumulation and are dangerous for use in the
food industry and for burning as a source of heat.

© Conclusions

Radiological studies have established that the exposure dose
of gamma radiation in the Bilokorovychi Village, Korosten
District, Zhytomyr Region, complies with Ukrainian radi-
ation safety standards established for populated areas. The
highest gamma radiation exposure dose was recorded in the
forestry area (18.3 + 1.6 uR/h), and the lowest in agricultur-
al land (12.7 £ 0.7 pR/h). The specific activity of blueberry
stems and leaves is 347.5 + 5.8 Bq/kg for '¥’Cs (1.7 times
higher than the standard) and 0.1+0.02 Bq/kg for *°Sr (1,000
times lower than the standard). The specific activity of dry
blueberry fruits is 2,798.4 £21.3 Bq/kg for '¥’Cs (298.4 times
higher than the norm) and 96.7 + 9.3 Bq/kg for *Sr (153.3
times lower than the norm). That is, the stems, leaves and
dry blueberries exceed the established state hygiene stand-
ards for '¥Cs content, while the activity of *°Sr is within the
norm and is unsuitable for consumption.
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The specific activity of chaga, Viburnum berries and
rosehips (dry) meets the established requirements for both
¥Cs and *Sr content. The samples of honey mushrooms
are suitable for consumption (the specific activity for *’Cs is
2.7 times lower than the norm and 13 times lower for *°Sr).
The specific activity of dry porcini mushrooms for *’Cs
(5,292.4 £ 22.7 Bq/kg) is 2.1 times higher than the norm
(2,500 Bq/kg), for *°Sr - 7 times lower than the norm, they
are unfit for consumption. The specific activity of moss for
'¥Cs is almost 5 times lower than the specific activity of soil,
which was 893.9 +91.3 Bq/kg for *’Cs. The specific activity
of acorns is 372.1 £ 17.2 Bq/kg and 143.9 + 10.4 Bq/kg for

the future, the authors intend to analyse the specific activi-
ty of oaks of different age categories and acorns from areas
of enhanced radioecological control and from areas that are
conditionally clean from radionuclide contamination.
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© AHoTauifa. Metowo pobotu Oy/I0 BUSHAYMTY IINTOMY aKTUBHICTb CKIaJOBUX JOBKUILA Ta JIiCOrOCIOHApCHKOi
mpoaykuii cenma Binokoposudi Kopocrencskoro paitony JKnuromupcpkoi obmacti Ha BmicT pagionyxiigis '¥Cs Ta *°Sr,
10 HafifIIIN O HMX Y pe3ynbTaTi aBapil Ha YOpHOOMIbCDKil aTOMHII eleKTpocTaHLil. JJocmimKeHHA BUKOHYBAIOCA
3rifHO 3 TeMOI0 HayKOBO-HOC/IifHOI poboru «MoHiTopuHrosi pgocmimxennsa 6iocdepu Ykpaincpkoro Ilomiccsa» 3
BepecHA no mucronaj, 2024 poKy 3 BMKOPUCTAHHAM JO3MMETPUYHMX Ta PajlioMETPMYHUX MeTOfiB. BcranosieHo,
IO IOTY>KHICTh eKCIIO3UIIMHOI J03M raMMa-BUIIPOMiHIOBaHHA BifllOBiTae HOpMaM pafiauiitHoi 6esmekn YkpaiHu
IJIs HacelleHNUX NyHKTiB: 18,3 £ 1,6 18,3 + 1,6 MxP/rop 3adikcoBaHo B micoBoMmy Macusi, 12,7 + 0,7 MxP/rop Ha 3emii
CiIbCBKOTOCIIOfAPCHKOTO IpM3HadYeHHs, 14,7 + 3,4 MkP/rop y >kutnosiit yactusi cema. Cre6y10, mucts Ta cyxi miogn
yopHuLi nepesuuytors Bumoru JIP-2006 3a BmictoM '’Cs y 1,7 pasis Ta Ha 300 bx/Kr BifIIoBinHO, TOf AK 3a aKTUBHICTIO
*Sr 3HaXOUTHCS B MeXKax HOpMu. [IMTOMa aKTMBHICTD Yary, IUIOAIB Ka/IMHY Ta INUIILIMHY Bifnosifae Bumoram [IP-
2006 i craHoBUTH 3a BMicToM '*'Cs 48,5 + 3,6 bk/kr, 13,7 £ 1,2 Bbx/kT, 27,9 + 1,7 BK/KT, Ta 3a akTuBHicTIO *°Sr 89,9+ 6,7 Bk/
kr, 0,1 £ 0,01 bx/kr, 0,1 + 0,02 Bx/kr BignmosigHO. 3pasky ONEHBOK MPUAATHI 0 CIIOXXVWBAHHSA, OCKITBKM NNMTOMA
akTMBHICTH 3a '’Cs BTpudi HIDKYA 32 HOPMATUB, a 3a *°Sr — yderBepo. [Iutoma akTuBHicTb 6inx rpubis 3a 'Cs B 2,1
pasu IepeBUIye HOPMY, @ HaKoIM4eHHA *°Sr Biftbynocs B 15,7 pa3is MeH1Ie 3a HOpMy. [InToMa akTuBHICTb MOXy 3a '*'Cs
MarDKe B 5 pa3iB MeHIIIa 32 IMTOMY aKTUBHICTb I'PYHTY, AAKa cTaHOBIIIA 893,9 91,3 Bi/kr 3a '7Cs. Boga 3 apTesiaHchbkux
CBEPIJIOBUH CeJla 3a pafialjiifHMMN IIOKa3HMKaMM IIpUjaTHa o cruoxmuBaHHA. JKonyai nomipHo Hakonmuyiots 'VCs i
*Sr (372,1+17,2 bx/kr Ta 143,9 £ 10,4 Bx/Kr BifmosigHo). OTXe, JOCTIPKEHHAMIU BCTAHOBJIEHO, 1110 HEIIPUJATHUMMU 10
CIIOXKMBAHHA € CyXi IVIOAY YOPHUIIL Ta cymreHi 6iri rpubn
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© Abstract. The relevance of this study stems from the need to develop comprehensive monitoring systems for evaluating
the effectiveness of water resource management that take into account environmental, social and economic dimensions.
This study aimed to analyse and assess existing approaches to the development of an integrated monitoring system
for evaluating the effectiveness of water resource management at the level of territorial communities, with the goal of
ensuring environmental safety and sustainable development. The research was based on a systems approach and employed
SWOT analysis, comparative analysis and modelling. Based on a review of the scientific literature, a multi-level system of
indicators was developed, comprising nine key indicators grouped into environmental, social and economic components.
The calculated integral indicator of water resource management effectiveness was 0.382, indicating a below-average level of
effectiveness. The component analysis revealed a critical imbalance: the environmental component scored extremely low
(0.03), due to the absence of designated water protection zones (0%) and the poor condition of water bodies (0% classified
as in “good” condition). The social component demonstrated a relatively high result (0.6174), attributed to a high level
of access to centralised water supply (89.8%) and wastewater services (87%). The economic component (0.518) reflected
a moderate level of effectiveness; however, it was negatively affected by high water losses in the distribution networks
(44%) and a low rate of water reuse (1%). Forecast modelling for the period up to 2050 indicated the potential to achieve
a high level of effectiveness (0.963), provided that integrated measures are implemented across all key areas, with the
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most dynamic improvements expected between 2023 and 2030. The practical value of the study lies in the development
of a scientifically grounded basis for assessing the effectiveness of water resource management at the level of territorial
communities. This enables the identification of priority areas for improving the system and supports the adoption of
evidence-based management decisions in the field of water governance

© Keywords: assessment; environmental safety; monitoring; territorial communities; quality indicators; basin-based

approach

@ Introduction

Effective water management is a key factor in ensuring en-
vironmental safety, promoting sustainable community de-
velopment, and preserving water potential for future gener-
ations. In the context of increasing anthropogenic pressure,
climate change and water scarcity, the development of in-
tegrated monitoring systems becomes particularly crucial.
Such systems enable the assessment of water management
performance at the community level. For Ukraine, which is
striving to align its environmental policy with the require-
ments of the European Union and the United Nations (UN)
Sustainable Development Goals (SDGs), the implementation
of integrated approaches to water resource management rep-
resents an important strategic objective. Despite numerous
studies in the field of water governance, the development of
integral indicators for assessing management effectiveness at
the level of territorial communities remains underexplored.

Integrated water management has emerged as a leading
focus of ecosystem research between 2020 and 2024, driven
by global challenges in securing water access, conserving
resources and promoting rational use. The issue of com-
prehensive monitoring of aquatic ecosystems has been ex-
plored in detail by M.A.E. Forio & P.L.M. Goethals (2020),
who developed an integrated methodology for the analysis
of aquatic ecosystems based on a synthesis of hydromor-
phological characteristics, physicochemical properties, and
biological parameters. The researchers highlight the impor-
tance of multi-tiered monitoring in ensuring sustainable
water management and fulfilling the SDGs related to clean
water and terrestrial ecosystems.

Current monitoring systems predominantly focus on
isolated aspects of water use, often overlooking the complex
interplay between ecological, social and economic factors.
In contrast, European concepts of integrated water man-
agement emphasise the need to consider the full range of
interconnections within water-ecological systems, aligning
human needs with environmental requirements. Research
conducted between 2020 and 2024 has placed increasing
importance on the application of advanced monitoring
technologies, particularly the use of the Internet of Things,
wireless sensor networks, and real-time data collection sys-
tems. R. Martinez et al. (2020) developed an integrated water
quality control system based on IoT technologies, enabling
real-time data collection and processing. These innovations
significantly enhance the responsiveness and quality of deci-
sion-making related to water use. Studies aimed at developing
comprehensive performance indicators for water manage-
ment, which integrate economic, social and environmental
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dimensions, deserve particular attention. For instance, S. Bi-
lalova et al. (2023) demonstrated in their research that such
indicators allow not only for an assessment of the current
state of water use but also for trend forecasting, the identifi-
cation of critical influencing factors, and the formulation of
evidence-based directions for improving local water policy.

Research dedicated to developing integrated ground-
water-monitoring systems is particularly pertinent for
Ukraine. A. Hienova et al. (2023) proposed a comprehen-
sive approach to monitoring groundwater in the country’s
industrial regions that enables efficient identification of
pollution sources and assessment of their impact on the
environmental safety of water resources. Valuable insights
into regional aspects of water-resource management were
provided by H. Kireitseva et al. (2024), who examined the
internal and external factors governing the use and con-
servation of water resources in the Zhytomyr Region. The
study identified key determinants of water-use efficiency in
the region, including institutional, economic and environ-
mental factors. Findings indicated that obsolete water-sup-
ply technologies and insufficient coordination between
different levels of governance exert the greatest influence
on the condition of water resources. However, no specific
mechanisms were suggested for integrating the identified
factors into a comprehensive community-level monitoring
system for management effectiveness. A promising avenue
for further improvement is the integration of waterman-
agement strategies into land-use planning, as proposed by
S. Kalogiannidis et al. (2023). This approach would facilitate
more effective delineation and enforcement of water-pro-
tection zones - a critical element of the environmental di-
mension of the integral indicator. In Zhytomyr, the issue
is particularly pressing, given the documented absence of
designated water-protection zones for local water bodies.

An analysis of scientific literature indicates a growing
interest in the development of integral indicators for assess-
ing the effectiveness of water resource management, which
combine environmental, social and economic dimensions.
However, the formation of such indicators at the level of
territorial communities — particularly in the context of de-
centralised governance in Ukraine - remains insufficiently
explored. This study aimed to conduct a systematic analysis
and comprehensive assessment of current approaches used
to develop integrated monitoring systems for evaluating
the effectiveness of water resource management at the ter-
ritorial communities level, with a focus on ensuring envi-
ronmental safety and sustainable resource use.
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© Materials and Methods

The methodological basis of the study was a systems ap-
proach to evaluating the performance of water management
activities at the level of a territorial community. The re-
search was conducted using data from the Zhytomyr urban
territorial community, selected as a representative example
of mid-sized Ukrainian communities that face typical chal-
lenges related to water resources. The study drew on a wide
range of sources, including: official documents from Zhyto-
myr City Council (2023a; 2023b), such as the General Plan
of the Zhytomyr Urban Territorial Community, the Sustain-
able Urban Mobility Plan of Zhytomyr, and the Integrated
Urban Development Concept of Zhytomyr until 2030 (Min-
istry of Regional Development, Construction, Housing and
Communal Services of Ukraine, 2019); statistical data from
the Zhytomyrvodokanal municipal enterprise for 2020-
2023 (Zhytomyr Vodokanal..., 2022); state statistical re-
porting forms 2-TP (water management), 1-housing stock,
11-NKREKP (State Statistics of Ukraine, n.d.); monitoring
data from the Pripyat River Basin Water Resources Man-
agement (2023); and data from the State Water Cadastre of
Ukraine (2023), the State Land Cadastre of Ukraine (2023),
as well as the authors’ research findings.

A range of scientific methods was applied to achieve
the stated aim and address the objectives of the study.
Systems analysis was used to explore water resource man-
agement comprehensively, incorporating environmental,
social and economic dimensions. This made it possible to
consider the water management system as a set of interre-
lated elements. SWOT analysis was employed to identify
the strengths, weaknesses, opportunities and threats in
the field of water resource management within the Zhy-
tomyr urban territorial community. Based on the SMART
methodology, the following key strategic goals and objec-
tives were defined: ensuring effective and sustainable wa-
ter resource management through the development of an
integrated monitoring system and the adoption of mod-
ern water supply technologies; protecting and restoring
aquatic ecosystems by delineating water protection zones
and implementing ecological rehabilitation programmes;
improving access to safe drinking water and sanitation
by modernising infrastructure and expanding the cen-
tralised water supply network; enhancing climate resil-
ience and preventing flooding through the development
of stormwater management systems and early warning
mechanisms; promoting sustainable and efficient water
use by reducing water losses in distribution networks and
introducing water reuse technologies.

This structuring ensured that each identified area met
the criteria of specificity, measurability, attainability, rel-
evance, and time-boundedness. To bring heterogeneous
indicators (shares, percentages, absolute values) onto a
unified measurement scale ranging from 0 to 1, data stand-
ardisation methods were applied - an essential requirement
for calculating a composite indicator. Two standardisation
algorithms were used in the study: one for increasing-type
indicators (1) and one for decreasing-type indicators (2):
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K] = (X_X(min)) / (X(nzax) _X(min)); (1)

Kl = (X(max) - X) / (X(nzax) _X(min))) (2)

where X - the actual value of the indicator; X and
Xmaxy — the minimum and maximum possible values;
K - the standardised value for increasing-type indicators;
K, - the standardised value for decreasingtype indicators.

A key element of the research methodology was the
composite assessment method, which was used to calculate
the overall water management performance indicator. This
indicator is derived from the standardised values of the en-
vironmental, social, and economic components, weighted
according to the following algorithm:

I=a,E+a,C+ K, (3)

where I - the integral effectiveness indicator; &, a,, a3 — the
weighting coeflicients (their sum equals 1); E - the envi-
ronmental component; C - the social component; K - the
economic component.

Each component value was calculated as the arithme-
tic mean of the standardised values of the corresponding
indicators:

_ Kig + Kop + K3g + K|

E " ; (4)
C — K1C+K2C+K3C_ (5)
3 d
_ Nig+ Nk
K ==—"==, (6)
where K , K , K. , K - the standardised values of envi-

ronmentlzfl inﬁicaiérsff(l o K,» K, - the standardised val-
ues of social indicators; N, N, — the standardised values
of economic indicators.

This approach enables the aggregation of heterogene-
ous indicators into a single assessment, the consideration
of the relative importance of different management aspects,
the tracking of overall trends, the comparison of manage-
ment effectiveness across communities, and the justifica-
tion of intervention priorities. The weighting coefficients
a1, o, and oz were determined through expert evaluation
based on a survey of professionals in the field of water
management. The expert survey was conducted in Febru-
ary-March 2023 at Zhytomyr Polytechnic State Universi-
ty. Twelve experts participated in the study: five academics
from universities and research institutions, five represent-
atives of local government and state agencies in the water
sector, and two specialists from regional water supply com-
panies. The survey was conducted individually in a mixed
format: eight in-person interviews and four remote ques-
tionnaires completed via Google Forms, with anonymity set-
tings enabled. Experts were asked to assess the importance
of each indicator and component using a ten-point scale. The
results were normalised to ensure that the sum of the weight-
ing coeflicients equalled one. The study was conducted in
accordance with ethical standards, following the principles
of The Declaration of Helsinki (2013). All participants gave
informed consent, were briefed on the purpose of the study
and the intended use of the results, and were guaranteed
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confidentiality of personal data and the right to withdraw
from the study at any stage. The selection of environmental
indicators aligns with the recommendations of M.A.E. Fo-
rio & P.L.M. Goethals (2020) regarding integrated monitor-
ing of aquatic ecosystems. The economic indicators — par-
ticularly the water loss metric — correspond to the approaches
outlined in the research of EL.R. Tambo et al. (2022).

Based on the target indicators for 2030, 2040 and 2050, a
simulation of the integral performance indicator was carried
out. The targets include: achieving 100% coverage with cen-
tralised water supply and wastewater services by 2050, with
interim targets of 93% by 2030 and 97% by 2040; reducing
water losses in distribution networks from the current 44%
to 30% by 2030, 20% by 2040, and 12% by 2050; increasing
the share of reused water in industry from 1% to 25%, 45%
and 65% for the respective periods; achieving 100% deline-
ation of water protection zones by 2030; and improving the
ecological status of water bodies, with 30%, 60% and 80%
classified as in “good” condition by 2030, 2040 and 2050 re-
spectively. The “good” condition of water bodies is defined
as a condition that meets the criteria of the Directive of the
European Parliament and of the Council No. 2000/60/EC
(2000), in which water quality indicators ensure the prop-
er functioning of aquatic ecosystems and their suitability
for water use. These targets were developed in accordance
with the strategic development documents of the Zhytomyr
community (Ministry of Regional Development, Construc-
tion, Housing and Communal Services of Ukraine, 2019),
the provisions of the Directive of the European Parliament
and of the Council No. 2000/60/EC (2000), which has been
incorporated into Ukrainian legislation, as well as the UN
SDGs, in particular Goal 6 “Clean Water and Sanitation” and
Goal 11 “Sustainable Cities and Communities”.

The research was carried out in four consecutive stag-
es. During the first stage (SeptemberDecember 2022), data
on the condition of water resources and their management
system within the Zhytomyr urban territorial community
were collected and systematised, and strategic documents,
statistical records and monitoring results were analysed.

The second stage (January-March 2023) focused on develop-
ing an indicator system for evaluating the effectiveness of wa-
ter-resource management. The third stage (April-May 2023)
involved calculating the integral watermanagement effec-
tiveness indicator using the methodology developed. The
final stage (June-August 2023) comprised an analysis of the
results obtained and the formulation of recommendations
for enhancing the community’s water-management system.

© Results and Discussion

Effective water-resource management in territorial com-
munities necessitates a systems approach rooted in an ob-
jective analysis of the current situation and in the establish-
ment of strategic directions for improvement. Assessment
of water-sector performance in the Zhytomyr urban terri-
torial community began with an examination of the links
between strategic water-use objectives and the community’s
principal planning documents. Alignment with the Gen-
eral Plan of the Zhytomyr Urban Territorial Community
is crucial, as water-protection objectives must be integrat-
ed into spatial planning (Zhytomyr City Council, 2023a).
The Integrated Urban Development Concept of Zhytomyr
until 2030 is likewise pivotal, because the strategic goals of
sustainable water management should correspond to the
city’s overall vision and development priorities (Ministry of
Regional Development, Construction, Housing and Com-
munal Services of Ukraine, 2019). The Sustainable Urban
Mobility Plan of Zhytomyr outlines measures to reduce the
environmental impact of transport on water resources and
to support the development of infrastructure along water
bodies (Zhytomyr City Council, 2023b). The Development
Strategy of the Zhytomyrvodokanal municipal enterprise
to 2030 also plays an important role in setting objectives for
infrastructure modernisation and reducing water losses. It
is worth noting that all targets are aligned with the national
SDG Ukraine Monitoring Report (2020). Based on an anal-
ysis of the current state of water resource management in
the Zhytomyr urban territorial community, a SWOT analy-
sis was conducted. The results are presented in Table 1.

Table 1. SWOT analysis of the water resource management system in the Zhytomyr urban territorial community

Strengths (S)

Weaknesses (W)

S1 - Availability of numerous lakes and reservoirs

W1 - Pollution of water bodies

S2 - Development of water supply and wastewater
infrastructure

S3 - Introduction of modern water treatment
technologies

S4 - Presence of recreational and ecological zones
S5 - Public engagement in water resource
protection

S6 — Water-related activities such as open-water
competitions

S7 - Availability of reservoirs suitable for
renewable energy production

S8 — Availability of qualified personnel in the field
of water resource protection

S9 - Gradual greening of industry

S10 - International cooperation

W2 - Littering with household waste

W3 - Lack of comprehensive, integrated water resource management
W4 - Shortage of drinking water in certain areas and generally poor
water quality

W5 - Underdeveloped water supply and wastewater infrastructure in
some settlements; absence of sewerage systems

W6 - Uncontrolled use of water resources and water protection zones
W7 - Non-compliance with regulations on riparian buffer zones and
protected water areas

W38 - Inefficient water use in both industry and households

W9 - Outdated infrastructure and technologies

W10 - Insufficient cooperation between local authorities, businesses
and the public

W11 - Low public awareness

W12 - Inadequate financial resources

W13 - Loss of local biodiversity and increasing biological invasions
W14 - Lack of alternative sources of drinking water

30

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1



Kireitseva et al.

Table 1. Continued

Opportunities (O)

Threats (T)

O1 - Development of water-based tourism and
recreation

02 - Introduction of new water treatment and
supply technologies

O3 - Infrastructure improvements: modernisation
of dams and reservoirs, and flexible reservoir
management

O4 - Promotion and support for water-saving
technologies and the installation of local
treatment facilities by businesses

O5 - Creation of favourable conditions
for attracting investment in infrastructure
development

O6 - Raising public awareness of the importance
of preserving water resources

O7 - Development of a water resource monitoring
system

08 - Strengthening cooperation between
authorities, businesses, NGOs and citizens

09 - Design and implementation of revitalisation
and decontamination programmes for small
rivers

010 - Development of integrated stormwater
drainage and treatment systems

O11 - Support for academic collaboration and
scientific research

T1 - Climate change (including floods and droughts)

T2 - Hydromorphological changes

T3 - War and the impact of military activity on water resources

T4 - Increasing pollution from industrial, agricultural and domestic
sources

T5 - Unregulated well drilling and over-extraction of groundwater
T6 — Soil erosion and clogging of watercourses

T7 - Loss of biodiversity in aquatic ecosystems

T8 - Lack of effective water resource management

T9 - Non-compliance with riparian buffer zones and protected water
areas

T10 - Conflicts over water resources

T11 - Risks to public health

T12 - Negative impacts on economic development

Source: developed by the authors

Applying the principles of SMART planning, five core
strategic directions were identified: ensuring effective and
sustainable water-resource management; protecting and
restoring aquatic ecosystems; providing access to safe
drinking water and adequate sanitation; enhancing cli-
mate resilience and preventing local flooding; promoting
the sustainable and efficient use of water resources. On the

basis of these goals, an indicator system was devised to
monitor the effectiveness of waterresource management in
the Zhytomyr urban amalgamated territorial community.
The system comprises nine key indicators with target val-
ues for 2030, 2040 and 2050, covering water protection, at-
tainment of good ecological status, water-use management
and infrastructure development (Table 2).

Table 2. Indicators for calculating the integral effectiveness indicator of water-resource management

No. Indicator Unit Baseline (2023) Target Calculation formula
Environmental (E)
2030: 99%
1 Proportion of wastewater treated % 97% 2040: 99.5% (Volume ofé;ev:\a’;esctlevx;;i:gvitelzg(/);/fotal volume
2050: 100% ’
. 0,
5 Proportion of water bodies with % 0% %828 }88; (Number of water bodies with delineated
delineated water-protection zones ’ ’ 2050: 10 0(;; zones / Total number of water bodies) x 100%
2030: 30%
3 Proportion of stormwater treated % 10% 2040: 60% (Volume of treated stormwater / Total volume
of stormwater runoff) x 100%
2050: 90%
. . . 2030: 30% S mem oy »
Proportion of surface-water bodies with % 0% 2040: 60% (Number of water bodies in “good
“good” ecological and chemical status ’ ’ 2050 80‘;; status / Total number of water bodies) x 100%

Social component (C)

. 0
Level of access to centralised 2R (Population connected to centralised
5 ] % 87% 2040: 96% ] 3 o
wastewater services 2050: 1009 Wastewater services / Total population) x 100%
. 0
Proportion of the population with 2030:93% (Population with access to centralised
0, 0, . 0,
. % 89.8% 2040: 97% .
access to a centralised water supply 2050: 100% water supply / Total population) x 100%
Level of implementation of the River 2030: 50% (Number of measures implemented / Total
7 Basin Management Plan measures % 0% 2040: 75% number of planned measures within

within the community’s territory

2050: 100% the community) x 100%
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Table 2. Continued

No. Indicator Unit Baseline (2023) Target Calculation formula
Economic component (K)
2030: 30%
8 Water losses in supply networks % 44% 2040: 20% f(Volume oflwe(iiter l%st [ Total lx(rolume o
2050: 12% of water supplied to the network) x 100%
P . 2030: 25%
9 roportion of reused and recycled % 1% 2040: 45% (Volume of reused water / Total volume
water in industry 2050: 6 5% of water used in industry) x 100%

Source: developed by the authors

The baseline indicators for 2023 highlight sever-
al critical issues, including a high level of water losses
(44%) and a low rate of stormwater treatment (10%).
At the same time, there are positive parameters, such as
a wastewater treatment rate of 97% and access to a cen-
tralised water supply at 76.85%. The target indicators for
2050 aim to increase stormwater treatment to 90%, reduce
water losses to 12%, and raise the share of reused water
to 65%, aligning with EU standards and the UN SDGs.

To enable a comprehensive assessment of the effectiveness
of water resource management at the territorial commu-
nity level and support evidence-based decision-making,
a multi-level system of indicators has been developed
(Fig. 1). The integral indicator of water resource manage-
ment effectiveness brings together all levels and catego-
ries of assessment into a single system, providing a gen-
eral evaluation of water resource governance within the
territorial community.

INTEGRAL INDICATOR OF WATER RESOURCE MANAGEMENT EFFECTIVENESS

ENVIRONMENTAL ASPECTS

Qualitative indicators:

ecological status of water bodies; surface
water quality;

biodiversity of aquatic ecosystems.
Quantitative indicators:

proportion of water bodies with “good”

ecological status;

volume of treated wastewater and stormwater;
area of restored ecosystems.

SOCIAL ASPECTS

Qualitative indicators:

accessibility of water resources;
quality of water supply services;
consumer satisfaction.

Quantitative indicators:

coverage by centralised water supply;
reliability of water supply;

drinking water quality.

Assessment mechanisms
regular monitoring of indicators;
comprehensive effectiveness evaluation;
adaptive management based on results.

——> environmental indicators influence social outcomes
> economic performance depends on environmental conditions
_ balance between social and economic factors

ECONOMIC ASPECTS

Qualitative indicators:

efficiency of resource use;
investment attractiveness;
financial sustainability.
Quantitative indicators:

water losses in supply networks;
rate of water reuse;

energy efficiency of water systems.

Figure 1. Multi-level indicator system for assessing the effectiveness
of water resource management in the Zhytomyr urban territorial community

Source: developed by the authors

Figure 1 illustrates the structure of the multi-level indi-
cator system for assessing the effectiveness of water resource
management in the Zhytomyr urban territorial communi-
ty. The system comprises three main components - envi-
ronmental, social and economic - each of which is con-
structed from a set of relevant indicators. Each component
includes both qualitative and quantitative indicators.

Environmental qualitative indicators include the ecological
status of water bodies, surface water quality, and biodiver-
sity of aquatic ecosystems, while the quantitative ones com-
prise the proportion of water bodies with “good” ecological
status, volume of treated wastewater, and area of restored
ecosystems. Social qualitative indicators address accessibil-
ity of water resources, quality of water supply services, and

[32 Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1




consumer satisfaction, whereas the quantitative ones cov-
er coverage by centralised water supply, reliability of water
supply, and drinking water quality. Economic qualitative
indicators relate to efficiency of resource use, investment
attractiveness, and financial sustainability, while the quan-
titative ones include water losses in supply networks, rate of
water reuse, and energy efficiency of the systems. Addition-
ally, the interrelations between indicators are presented -
the influence of environmental indicators on social factors,
the dependency of economic aspects on environmental

Kireitseva et al.

conditions, and the balance between social and economic
dimensions - as well as evaluation mechanisms, including
regular indicator monitoring, comprehensive performance
assessment, and adaptive management based on outcomes.
This indicator system reflects an integrated approach to
assessing the effectiveness of water resource management
at the level of the territorial community. To calculate the
integrated performance indicator, all individual indicators
were first normalised using formulas (1) and (2). The re-
sults of this normalisation are presented in Table 3.

Table 3. Results of indicator normalisation for the assessment of water resource management effectiveness

Component Indicator Actual value, %  Normalised value
Environmental Proportion of wastewater treated 97 0.97
Environmental Proportion of water bodies with delineated water-protection zones 0 0
Environmental Proportion of stormwater treated 10 0.1
Environmental Proportion of surface-water bodies with “good” ecological and chemical status 0 0

Social Level of access to centralised wastewater services 87 0.87
Social Proportion of the population with access to a centralised water supply 89.8 0.898
Social Level of implementation Qf the River Basin Ma)nagerpent Plan (RBMP) 0 0
measures within the community’s territory
Economic Water losses in supply networks 44 0.56 (inversion: 1-0.44)
Economic Proportion of reused and recycled water in industry 1 0.01

Source: developed by the authors

The weighting coefficients for the main components of
the integrated indicator — environmental, social, and eco-
nomic - are 0.35, 0.35, and 0.30, respectively. The equal
weighting of the environmental and social components re-
flects their equal importance, aligning with the concept of
sustainable development, which emphasises the need to
balance environmental, social, and economic dimensions.
The methodology for determining these weights through
expert consultation is consistent with the approach used by
S. Bilalova et al. (2023) in assessing the effectiveness of in-
tegrated water resources management implementation. This
approach allows for the consideration of the priorities of var-
ious stakeholders and ensures a balanced assessment. The en-
vironmental component was calculated using formula (4) as
the sum of the weighted normalised values of the indicators:

E=0x0.35+0x0.35+0.1x0.3=0.03, (7)

where 1* 0 - the normalised value of the indicator “Pro-
portion of water bodies with delineated waterprotection
zones’; 2" 0 - the normalised value of the indicator “Pro-
portion of surface-water bodies with “good” ecological and
chemical status”; 0.1 - the normalised value of the indicator
“Proportion of stormwater treated”; 0.35, 0.35, and 0.3 -
the weighting coeflicients for the respective indicators.
The social component was determined using formula (5):

§$=0.87%x0.4+0.898x0.3+0x0.3=0.6174, (8)

where 0.87 - the normalised value of the indicator “Level of
access to centralised wastewater services” 0.898 - the nor-
malised value of the indicator “Proportion of the population
with access to centralised water supply”; 0 — the normalised
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value of the indicator “Level of implementation of the
RBMP measures” 0.4 and 0.3 - the weighting coeflicients
for the respective indicators. The economic component
was calculated using formula (6), taking into account the
specific method of normalising the indicator for water loss:

K=0.56x%0.4+0.01x0.3+0.97%x0.3=0.518,  (9)

where 0.56 — the normalised value of the indicator “Wa-
ter losses in supply networks” (inversion: 10.44); 0.01 - the
normalised value of the indicator “Proportion of reused and
recycled water in industry”; 0.97 - the normalised value of
the indicator “Proportion of wastewater treated”; 0.4 and
0.3 - the weighting coefficients assigned to the respective
indicators. The results of the calculation of the components
of the integrated indicator of water resources management
efficiency in the Zhytomyr urban territorial community are
visualised in Figure 2.

2%

m Environmental component
Social component
M Economic component

q!

Figure 2. Proportions of the components of the integrated
indicator of water resources management efficiency in the
Zhytomyr urban territorial community, 2023

Source: developed by the authors
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A detailed analysis of the structural elements revealed a
critical imbalance in the development of different aspects of
the water resource management system. The environmental
dimension demonstrated critically low results (0.03), primar-
ily due to the complete absence of legally defined protective
water zones — none of the water bodies have formally estab-
lished boundaries for protection. Additionally, the ecological
condition of water bodies is unsatisfactory, with no surface
water masses classified as having a “good” ecological status,
and surface runoff treatment is inadequate, covering only
10% of the total stormwater volume. The social component
showed relatively satisfactory results (0.6174), attributed to
the high level of access to centralised water supply systems,
providing quality drinking water to 89.8% of the communi-
ty’s population, and the significant coverage of wastewater
services, which are available to 87% of residents. However,
the overall score of the social component is negatively affect-
ed by the complete lack of implementation of the measures
outlined in the River Basin Management Plan, with a current
execution rate of 0%. The economic component (0.518) re-
flects a moderate level of performance. Nevertheless, it is ad-
versely influenced by significant water losses in distribution
networks, amounting to 44% of the total volume supplied,
and by the minimal level of water reuse in industry, which
stands at just 1% of overall industrial water consumption.

In contrast, the high level of wastewater treatment — 97%
of total wastewater entering treatment facilities — positively
contributes to the economic component score.

The critically low result for the environmental com-
ponent (0.03) aligns with the findings of H. Kireitseva et
al. (2024), who identified similar issues in other commu-
nities within the Zhytomyr Region. The high rate of water
loss (44%) exceeds the average levels reported for cities in
Eastern Europe and requires urgent attention — an issue
also confirmed by the research of I. Kapelista et al. (2024).
In the final stage, the integrated indicator was calculated
using formula (3), applying the respective weighting coeffi-
cients for each component:

I=0.03%x0.35+0.6174x0.35+0.518 x0.3=0.382. (10)

The calculations carried out indicate that the compos-
ite indicator of water resource management performance
stands at 0.382, which reflects a level of efficiency below the
average benchmark. This result highlights the existence of
significant potential for improving the system of integrated
water resource management within the studied territorial
community. Based on the target values of indicators for 2030,
2040 and 2050, a model of the projected dynamics of the in-
tegrated efficiency indicator was developed using formulas
(1-6). The results of this modelling are presented in Table 4.

Table 4. Projected dynamics of the integrated indicator of water resource management efficiency

Year Environmental component Social component Economic component Integrated indicator
2023 0.03 0.6174 0.518 0.382
2030 0.648 0.883 0.725 0.749
2040 0.799 0.927 0.875 0.867
2050 0.925 1.000 0.965 0.963

Source: developed by the authors

Scenario planning for the period up to 2050 demon-
strates the potential to achieve a high level of efficiency
(0.963) provided that all planned measures are comprehen-
sively implemented. The stepwise improvement of indicators
involves three main stages of system development. The peri-
0d 2023-2030 is characterised by the most intensive growth,
with the integrated indicator projected to reach 0.749, driven
primarily by significant progress in the environmental com-
ponent, which is expected to increase to 0.648. This growth
will result from the planned demarcation of protective bufter
zones for all water bodies in the community. The subsequent
2030-2040 phase may be regarded as a period of system sta-
bilisation, during which the integrated indicator is projected
to reach 0.867, with steady improvements expected across
all components of water resource management. The final
optimisation phase (2040-2050) anticipates achieving a level
of 0.963, aligning with best international practices in water
management. This includes reaching the maximum value
(1.000) for the social component.

To improve the effectiveness of integrated water resource
management in the Zhytomyr urban territorial community,
priority attention should be given to three key areas: envi-
ronmental aspects of water use, including the delineation of
water protection zones and the modernisation of stormwater
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treatment systems to enhance the quality of water bodies;
economic optimisation of the system through the reduction
of water losses in distribution networks and the implemen-
tation of water recycling technologies in industrial process-
es; and enhancement of the social component by increasing
the level of implementation of basin management measures
and ensuring universal access to quality water supply and
sanitation services. The results obtained are consistent with
research findings that underscore the need for a comprehen-
sive approach to urban water management and the integra-
tion of various aspects of water resource governance.

An in-depth analysis of water resource management
effectiveness indicates that the proposed multilevel indi-
cator system aligns with approaches developed in the re-
search by M. AbdiDehkordi ef al. (2021), who proposed
a composite water resource resilience index that accounts
for various components, including reservoir conditions
and inter-basin water transfers. This approach enables the
assessment of not only the current state but also the dev
elopment potential of water resource management systems.
The environmental component, which proved to be the
most critical issue for the Zhytomyr community (0.03), can
be significantly improved through the adoption of strategies
proposed by J.C. Ferreira et al. (2024), who examined the
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effectiveness of integrating blue-green infrastructure into
water management systems. This approach is particularly
relevant for urban areas with high population density and
limited opportunities for the expansion of traditional “grey”
infrastructure. Notably, the findings of B. Essex et al. (2020)
on global solutions for integrated water resource manage-
ment in cities around the world highlight the importance
of accounting for local specificities when implementing
universal approaches. This is particularly relevant for the
Zhytomyr community, which faces specific challenges such
as a high level of water loss (44%) and a low level of storm-
water treatment (10%). The evaluation of the economic
efficiency of water use, especially in the context of signifi-
cant distribution losses and low levels of water reuse, aligns
with the approaches developed by X. Cao et al. (2021),
who proposed a methodology for assessing water use ef-
ficiency in agricultural production from a water footprint
perspective. This methodology could be adapted for the
industrial sector of the Zhytomyr community to improve
water use efficiency and achieve targeted reuse indicators.

The results of the evaluation of water resource manage-
ment effectiveness in the Zhytomyr community underscore
the importance of a comprehensive approach, as supported
by international experience. R. Calipha & S. Katav-Herz et
al. (2025) demonstrated that the implementation of the EU
Water Framework Directive led to a 40% improvement in
surface water quality and a 25% reduction in groundwater
pollution over a 15-year period - outcomes that may serve
as valuable benchmarks for Ukrainian communities in the
context of European integration. P. Hellegers & G. Van Hal-
sema (2021) identified methodological shortcomings in
SDG indicator 6.4.1, “Change in water-use efficiency over
time”, and proposed improvements for further develop-
ment of indicator systems. Yu. Huseynov et al. (2024) ana-
lysed 170 water resource management indicators according
to four sustainability criteria, using the DPSIR framework
(Drivers, Pressures, States, Impacts, and Responses). This
approach is particularly relevant to the Zhytomyr commu-
nity, where the ecological component is critically low (0.03).
The study also highlights the potential for improving as-
sessment schemes through strategic planning of monitor-
ing networks and the use of innovative diagnostic tools - an
essential step towards optimising the utilisation of avail-
able data within the developed monitoring system. B. Es-
sex et al. (2020) proposed a national monitoring framework
for water-related SDGs in Europe based on a participatory
approach and stakeholder consensus evaluation, which
aligns with the expert survey methodology employed in
the Zhytomyr community. A common thread across all
studies is the recognition of the need for an integrated ap-
proach that combines technical solutions with institutional
innovation. The effectiveness of water governance is shown
to depend heavily on the quality of monitoring and eval-
uation systems, thereby reinforcing the relevance of the
multi-level indicator framework that has been developed.

Also noteworthy is the study by J.Y. Al-Jawad et
al. (2019), which outlines an optimal integrated approach to
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water resource management aimed at addressing multidisci-
plinary challenges. This approach - incorporating social, en-
vironmental, and economic dimensions - corresponds to the
structure of the proposed multi-tiered indicator system. The
study employed mathematical optimisation models to bal-
ance the competing demands of different water users, result-
ing in a 25% improvement in resource allocation efficiency
and a 30% reduction in conflicts between water-use sectors.
The methodological approach of the study is particularly val-
uable in that it takes into account the uncertainty associated
with forecasting water resources and incorporates adaptive
management mechanisms - an aspect that is critically impor-
tant in the context of climate change and increasing anthro-
pogenic pressure on aquatic ecosystems. A similar approach
to the comprehensive analysis of urban water management
was demonstrated by B. Essex ef al. (2022) in their study of
global challenges in integrated water resources management
in cities worldwide. The authors analysed 200 cities repre-
senting over 95% of the world’s urban population, applying
the City Blueprint Approach for an empirical assessment of
125 cities and a statistical model to evaluate water governance
performance in a further 75. The study revealed significant
gaps in achieving water-related SDGs, particularly Goals 6
and 11. It emphasised that addressing water challenges can
serve as a gateway to meeting other SDG targets, given that
water is directly or indirectly linked to nearly all of them. A
regional approach to indicator development is presented in
the study by M. Ben-Daoud et al. (2021), which proposed an
indicator framework for integrated water resources manage-
ment to assess governance systems in the Rdom sub-basin
in Morocco. A comprehensive methodology was developed
encompassing ecological, social, economic, and institutional
dimensions, validated through an international expert panel.
The study utilised the DPSIR framework to classify all in-
dicators, enabling a holistic analysis of causal relationships
within the water management system.

It is worth noting that the greatest progress in im-
proving the effectiveness of water resources management
is expected in the ecological dimension, where the indica-
tor is projected to rise from 0.03 in 2023 to 0.925 by 2050.
Such growth is achievable, provided that a comprehensive
set of measures is implemented, aimed at improving the
ecological condition of water bodies, establishing water
protection zones, and increasing the level of stormwater
treatment. To assess the effectiveness of these measures, the
approaches proposed by J. Katusiime and B. Schiitt (2020)
may be applied, highlighting the importance of institution-
al mechanisms and strategic frameworks for the successful
implementation of integrated water resource management.
The analysis also shows that the social dimension of water
management effectiveness currently records the highest
score (0.798) among the three components. This is attrib-
uted to the high level of access to centralised water supply
and sanitation services in the Zhytomyr community. How-
ever, in order to achieve the maximum level of effectiveness
(1.000) by 2050, it is necessary to ensure 100% population
access to quality water supply and wastewater services, as
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well as the full implementation of the measures outlined
in the River Basin Management Plan (Pripyat River Basin
Water Resources Management, 2023).

The economic component of water management effec-
tiveness in the Zhytomyr community (0.518) requires sub-
stantial improvement, particularly in reducing water losses
in distribution networks and increasing the rate of water re-
use in industry. Meeting the target indicators - reducing wa-
ter losses to 12% and increasing the share of reused water to
65% - will require significant investment in infrastructure
modernisation and the adoption of water-saving technol-
ogies. The importance of economic efficiency in water re-
source use was also emphasised in the study by N.R. Gayath-
ri et al. (2024), who developed an intelligent system for
monitoring and managing water quality, enabling the opti-
misation of water use and the reduction of operational costs.

Thus, the proposed integrated system for assessing the
effectiveness of water resource management in communi-
ties allows for a comprehensive evaluation of the current
state of the management system, identification of critical
areas requiring priority attention, and forecasting of the
system’s development dynamics, provided the necessary
measures are implemented. This system can be adapted
for use in other territorial communities in Ukraine, taking
into account their specific features and challenges in water
resource management. The developed system of indicators
and the integrated approach to evaluating water manage-
ment effectiveness provide a methodological foundation
for monitoring and assessing progress in achieving the
SDGs at the territorial communities level. They also offer
tools for informed decision-making and the development
of water management strategies that consider the econom-
ic, social, and environmental dimensions of water use.
Furthermore, the proposed approach enables comparative
analysis of water management effectiveness across different
territorial communities, laying the groundwork for knowl-
edge exchange and the adoption of best practices.

© Conclusions

The conducted study on the integrated monitoring system
for assessing the performance of water management activi-
ties at the level of territorial communities allows for the fol-
lowing general conclusions. The developed methodological
framework for analysing the effectiveness of community
water management integrates environmental, social, and
economic dimensions into a comprehensive indicator, pro-
viding a tool for diagnosing problem areas and supporting
evidence-based decision-making. The monitoring system

© References

comprises nine interrelated indicators across the three pil-
lars of sustainable development, ensuring a comprehensive
assessment of water management performance. The use
of the expert method to determine weighting coeflicients
ensured that the priorities of various management vectors
were taken into account.

Empirical testing of the methodological tools using
data from the Zhytomyr community revealed significant
imbalances in the functioning of different components of
the management system. The environmental dimension re-
quires the most urgent attention, with its indicator value
at just 0.03, reflecting the absence of legally defined water
protection zones and the poor condition of surface water
bodies. The social dimension, with an indicator value of
0.6174, demonstrated comparatively better outcomes due
to the high level of population coverage by centralised wa-
ter supply and sanitation services. The economic dimen-
sion (0.518) was characterised by moderate performance.

Forward-looking modelling to 2050 indicates the po-
tential for a substantial improvement in management ef-
fectiveness, reaching a level of 0.963, provided that the es-
tablished target values for all indicators are achieved. The
most rapid progress is expected between 2023 and 2030,
particularly in the environmental dimension, following the
designation of water protection zones for all water bodies
in the community and an increase in the treatment rate of
stormwater to 30%. The developed indicator system and the
comprehensive approach to evaluating water management
performance form a methodological basis for monitoring
and analysing progress towards the SDGs at the level of ter-
ritorial communities. The proposed approach also enables
comparative analysis of water management efficiency across
different territorial communities, providing a foundation
for knowledge exchange and the implementation of best
practices. Areas for further research include expanding the
proposed methodology to other territorial communities in
Ukraine to validate the universality of the indicator system,
as well as developing an automated monitoring system us-
ing IoT technologies to ensure real-time data collection.
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© Abstract. A strategic priority for the sustainability of urban areas under climate change is the development of
resilient and diversified water supply systems, as the altered urban hydrological cycle disrupts precipitation patterns and
the overall water balance. In this context, spring water becomes increasingly valuable, yet the natural recharge of shallow
aquifers is threatened by built-up development, changes in soil properties, and the loss of regulating ecosystem services.
This study was focused on assessing the degree of anthropogenic transformation of groundwater recharge conditions
within the urban areas of Kharkiv, where approximately 30 equipped springs are actively used by the population for
drinking purposes. The article examined the extent of anthropogenic alteration of precipitation infiltration conditions
in the urban area for three representative springs in Kharkiv (Park Yunist, Oleksiivske, and Hlybokyi Yar), using
geospatial analysis. It was found that in typical low-rise residential areas, impervious surfaces constitute up to 29% on
average, while in multi-storey residential zones they reach approximately 40% of the total area, owing to the greater
space occupied by roads and rooftops. Based on these ratios, it was estimated that impervious surfaces occupy between
17% and 43% of the catchment areas of the studied springs. The findings implied a significant reduction in the natural
recharge of aquifers due to the impeded infiltration on impervious surfaces. Direct measurements of the springs’
discharge confirmed that the hydrodynamic regime of the springs is affected not only by the proportion of surface
types but also by the technical condition of capture facilities, additional recharge from leaking water supply networks,
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and the structure of the aquifers. The proposed methodological approach and the results obtained are of high practical
importance for local authorities in planning and developing adaptation measures for urban water supply systems in the
context of climate change and other environmental challenges and threats

© Keywords: sustainable development; urban water use; springs; impervious surfaces; infiltration; geospatial analysis

@ Introduction

A sustainable water supply in urban areas is one of the most
pressing issues, which has become increasingly acute due
to the impacts of urbanisation, demographic growth, and
climate change, particularly since the late 20* century. The
expansion of urban areas and a rise in population densi-
ty in cities inevitably lead to increased demand for water
resources, as well as impacts on surface and groundwater
sources. Drinking water quality issues in large Ukrainian
cities can be addressed through the rational use of ground-
water and the implementation of combined water supply
systems, as demonstrated in the research by O. Bondar et
al. (2021). Under favourable hydrogeological conditions,
groundwater offers specific advantages, making it a valu-
able resource for urban water supply. In particular, these
include better protection from contamination due to natu-
ral filtration through soils and rocks, according to M.S. Sid-
dik et al. (2022), reduced susceptibility to seasonal fluctu-
ations and short-term meteorological changes; and lower
evaporation losses compared to surface sources, which is
especially relevant in the context of climate change, as dis-
cussed in the study by P.U. Dao et al. (2024). Groundwater
has been shown to be more resilient to climate change than
surface sources, and aquifers may provide a stable water
supply during climate-induced fluctuations, as investigat-
ed by M. Filippini et al. (2024). Despite the considerable
potential of groundwater for urban water supply, its effi-
cient utilisation faces several challenges in the context of
climate change and urbanisation, due to land-use changes,
overexploitation, and pollution from various sources, as
highlighted by E. Parvin et al. (2024).

Urbanisation significantly impacts the hydrological
cycle in urban areas, altering the water balance and condi-
tions for the redistribution of precipitation, groundwater,
and surface water. According to M. Feltynowski & J. Kro-
nenberg (2020) and B.A. Yifru et al. (2022), the area of im-
pervious surfaces — which alter the pathways of precipita-
tion migration - ranges from 30% to 70% of the territory of
large cities. Significant changes in surface runoff formation
occur when the total impervious area reaches between 10%
and 15%. As evidenced by J.R. Avila-Carrasco et al. (2023),
when impervious surfaces exceed 30% of the total area, a
critical shift in the hydrological regime of water bodies is
observed. The infiltration capacity of urban soils also differs
significantly from that of natural environments. A. Riaz et
al. (2025) noted that urban soil compaction can reduce
the infiltration rate by 20-60% compared to natural soils.
Chemical pollution causes hydrophobicity, degradation of
soil structure, and reduced microbiological activity, all of
which affect macropore formation and maintenance, there
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by reducing infiltration capacity by up to 25%. E.A.O. Ser-
rao et al. (2022) found that these changes lead to increased
surface runoff, a heightened risk of flooding in densely ur-
banised areas, a 2-5-fold reduction in infiltration capacity
compared to forest soils, and up to a 50% reduction in ur-
ban groundwater recharge.

J. Dutta et al. (2024) argued that urban areas are also
subject to additional anthropogenic recharge, formed due
to leakages from centralised water supply and sewerage
networks. The volume of this recharge in large cities has
been found to be two to five times greater than natural infil-
tration. The complexity of urban water balance alterations
increases when inter-basin water transfers occur to meet
demand, as is the case in Kharkiv. The issue of anthropo-
genic impacts on infiltration recharge is compounded by
the direct effects of climate change - particularly shifts in
precipitation seasonality and intensity, and increased evap-
oration - as discussed by Q. Zhang et al. (2020). Kharkiv’s
water supply system relies primarily on surface water and,
to a lesser extent, on artesian groundwater, with spring wa-
ter serving as an additional source. The city has up to 30
equipped springs, which are in high demand among the
population, especially during wartime, when the central-
ised water supply system may malfunction. In urbanised
areas, shallow aquifers discharged by springs are most
vulnerable to anthropogenic impacts, including altered in-
filtration recharge. As highlighted in the above literature,
the methodological and practical aspects of assessing such
impacts - and their implications for groundwater balance
in urban environments - remain insufficiently studied, par-
ticularly in Ukrainian cities.

This study aimed to assess the degree of anthropogen-
ic transformation of groundwater infiltration conditions
within urban development areas, using the city of Kharkiv
as a case study. To achieve this aim, a methodological ap-
proach was developed to determine the ratio of permea-
ble to impervious surfaces in typical built-up urban areas
of Kharkiv; to calculate the area and proportion of these
surfaces within the catchment zones of urban springs; and
to assess the degree of transformation of groundwater re-
charge conditions in built-up areas.

© Materials and Methods

The distribution of different building types in the city of
Kharkiv was analysed based on open vector geodata from
OpenStreetMap (2025). Owing to favourable hydrogeologi-
cal conditions, Kharkiv is characterised by an abundance of
natural springs — more than 30 in total. These springs repre-
sent groundwater outflows to the surface, with a wide range
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of flow rates from 0.3 to 38 dm?/s. They are equipped and
frequently used by residents for drinking purposes. The ag-
uifers belong to the upper water exchange zone of Cenozoic
age and are located at depths of 30-40 m below ground level.

For this study, three urban groundwater springs were
selected, as they are among the most popular in Kharkiv and
are regularly used by city residents for drinking purposes -

Diadin et al.

Park Yunist, Oleksiivske, and Hlybokyi Yar (Fig. 1). An anal-
ysis of built-up areas was conducted within the catchment
zones of these springs. Their configuration and extent were
previously delineated by V.V. Yakovlev (2017) using hydro-
geological calculations based on long-term average spring
flow rates, regional groundwater flow velocity, and the filtra-
tion properties of the aquifer.

T /
Park Yunist
~.Spring .

@ Selected springs
@ Springs
Groundwater catchment area

Figure 1. Map showing the location of springs in Kharkiv

Source: created by the authors

Under natural conditions, these springs are recharged
by precipitation infiltration across the entire aquifer area.
The Park Yunist Spring is located on the left bank of the
Udy River valley. The aquifer consists of alluvial and alluvi-
al-deluvial sandy deposits of Quaternary and Pliocene age.
The spring capture structure includes four stainless steel
pipes embedded in a concrete retaining wall, which ensures
uniform water intake (Fig. 2). The Oleksiivske Spring is situ-
ated in the Oleksiivska Arroyo, on the left bank of the Lopan

River valley. The capture comprises 12 stainless steel pipes
installed in two retaining walls, supplying water from two
intake wells located on both sides of the arroyo. This aquifer
is composed of Obukhiv fractured siltstones. The Hlybokyi
Yar Spring is located on the right-hand slope of the Hlybokyi
Yar Arroyo, in the Kharkiv River valley. Its capture includes a
water intake well and six distribution pipes fitted with a can-
opy. This spring also belongs to the Obukhiv aquifer, which
consists of fractured siltstones and fine-grained sandstones.

Park Yunist Spring

EE
Hlybokiy Yar Spring

Figure 2. General view of the studied springs

Source: created by the authors
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The hydrodynamic regime of shallow aquifers is deter-
mined, among other factors, by the permeability of soil sur-
faces in the aquifer recharge zone. A reduction in precipita-
tion infiltration due to the presence of impervious surfaces
inevitably affects spring flow rates. To reveal possible links
between these factors, the water flow rate (discharge) of
the springs was measured monthly from 2018 to 2021. The
measurements were carried out on site using the volumet-
ric method, with a measuring container (5-6 litres) and a
stopwatch. The time taken to fill the container was meas-
ured to the nearest second. For springs with multiple out-
lets, each outlet was measured separately; the values were
then summed and converted into litres per second (L/s). To
determine the areas of permeable and impervious surfaces
in the study area, the open-source geographic information
system QGIS 3.38.0 (2024) was used.

The research was carried out in several stages. In the
preparatory stage, basemap layers from OpenStreetM-
ap (2025) and high-resolution satellite imagery from Mi-
crosoft Bing (2025) and Google Maps (2025), covering
multiple seasons, were accessed and integrated. During the
pilot site selection stage, two representative areas with mul-
ti-storey residential and private low-rise residential build-
ings were selected near each studied spring (six sites in to-
tal). In the vectorisation stages, vector polygon boundaries
were delineated for the pilot sites, built-up areas, road sur-
faces (streets, pavements, parking areas), and green spaces
(bare ground, lawns, parks). The vector outlines were re-
fined using OpenStreetMap (2025) data, and where data
were missing or incomplete, new boundaries were digitised
based on satellite imagery. Vectorisation was performed
with an estimated accuracy of up to 5 m? To ensure cor-
rect area representation, buildings were vectorised along
the contour of the foundations to minimise errors caus-
ed by satellite image angles. Some degree of uncertainty

remained in multi-storey built-up areas, where adjacent
roads and pavements were partially shaded or obscured
by tree canopy and could not be identified with maximum
accuracy. In the database creation stage, a geodatabase was
developed containing the vectorised features and their at-
tributes. During the area calculation stage, the permeable
and impervious surface areas for each site were calculat-
ed based on the vector data. Impervious surfaces included
building roofs and road surfaces, while permeable surfaces
comprised all other types. In the ratio analysis stage, the
average proportions of permeable and impervious surfaces
were identified for each type of built-up area. In the final
stage, the derived ratios were applied to the springs’ catch-
ment areas to determine the total proportion of impervious
surfaces in the catchment of each spring. This methodologi-
cal approach optimised the research process by focusing on
detailed vectorisation of limited representative areas, rather
than comprehensive vectorisation of the entire catchment
zones. This strategy significantly reduced the time and ef-
fort required while maintaining sufficient accuracy.

© Results and Discussion

Geospatial analysis has shown that the city of Kharkiv is
characterised by a variety of built-up area types. Multi-sto-
rey and private low-rise residential buildings dominate
the urban landscape, together accounting for 42% of the
total area. In addition, transport infrastructure - including
roads, car parks, and garages — occupies 23% of the terri-
tory. A significant proportion of the city (21%) consists of
green areas, while industrial (11%) and commercial (3%)
buildings play a comparatively minor role in the urban
landscape. Based on the vectorisation results from the pi-
lot sites in Kharkiv, quantitative data on the distribution of
permeable and impervious surfaces in areas with different
types of development were obtained (Table 1).

Table 1. Areas of permeable and impervious surfaces
at pilot sites with multi-storey and private low-rise residential buildings

Total area of the Surface area, ha Share of the total area, %
Building type Name of the spring N i X X X N
pilot site, ha impervious permeable impervious permeable

Private 1 N Hlybokyi Yar 26.38 6.14 20.24 23.3 76.7

rvate JoWTHISE  Oleksiivske 5.63 1.83 3.79 32.6 67.4
residential .

Park Yunist 10.16 3.14 7.02 30.9 69.1

Multi-st Hlybokyi Yar 62.49 23.62 38.88 37.8 62.2

h-storey Oleksiivske 12.01 484 7.17 40.3 59.7
residential .

Park Yunist 22.52 9.49 13.02 42.2 57.8

Source: created by the authors

Analysis of the obtained data showed that in private
low-rise residential areas, permeable surfaces occupy be-
tween 67.4% and 76.7% of the total area (with an average of
71%), while impervious surfaces vary from 23.3% to 32.6%
(average: 29%). In multi-storey residential areas, the pro-
portion of permeable surfaces ranges from 57.8% to 62.2%
(average: 60%), and impervious surfaces range from 37.8%
to 42.2% (average: 40%). In private low-rise residential are-
as, impervious surfaces are mainly represented by the roofs
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of private houses and household outbuildings on private
plots (8.7%-22.2% of the total area), as well as roads and
pavements (8.8%-14.6%). In multi-storey residential are-
as, impervious surfaces include the roofs of multi-storey
buildings (13.5%-19.0%) and a significantly larger share of
road surfaces (21.3%-24.3%), comprising internal access
roads, pavements along building entrances, and asphalted
adjacent areas. Figure 3 shows images of the pilot site near
the Hlybokyi Yar Spring, before and after the vectorisation

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1



of permeable and impervious surfaces. The multi-sto-
rey residential area is predominantly composed of typical
9-,12-, and 16storey buildings. The low-rise area consists of

Legend

Legend

B Multistorey residentil ar
8uiltup ares
B impermeable road surfaces §

Legend
4 0 Lousrise resicentil arca
Buitup ares
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residential houses and various outbuildings (sheds, can-
opies, garages, saunas, etc.), which are commonly found
across all the studied plots within the city.

O Lousrise residential area

100m [ impermeabe road surfaces
3 Permeable surfaces

Figure 3. Pilot site near the Hlybokyi Yar Spring

Source: created by the authors

Figure 4 shows images of the vectorised surfaces at the
pilot site located near the Oleksiivske Spring. The multi-

storey residential area includes five-storey buildings as well

as several high-rise buildings exceeding 12 storeys.

Legend

[ Multistorey residentiol orea

i Before vectorization

L
Legend
O Lousrise residential area

3 Multistorey residentia area

B impermeable road surfaces

Built-up area

Figure 4. Pilot site near the Oleksiivske Spring

Source: created by the authors
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The vectorised surfaces at the pilot site near the Park
Yunist Spring are shown in Figure 5. This area features
nine- and twelve-storey residential buildings, alongside
three-storey social infrastructure buildings (schools, kin-
dergartens) within the same area. Despite variations in
the total area of the pilot plots, the proportions of perme-
able and impervious surfaces for the two analysed types
of development did not differ significantly, particularly in
the case of multi-storey residential areas. Therefore, both
types of residential development may be considered typ-
ical across the city of Kharkiv. The derived ratios of per-
meable and impervious surfaces for private low-rise and

multi-storey residential areas are likely to be represent-
ative of other city districts. These results make it possi-
ble to apply the average values of surface shares for rapid
assessments in other urban areas without the need for
time-consuming and labour-intensive vectorisation pro-
cedures. The studied springs’ catchment zones varied in
size from 54.5 to 124.6 ha, depending on spring discharge
and hydrogeological conditions, as defined by V.V. Yakov-
lev (2017). Classification of satellite imagery has shown
that each spring has a distinct ratio of private low-rise,
multi-storey residential, and green areas within its
catchment (Table 2).

5 | [0 Lousrise residential area
: Built-up area

B Impermeable road surfacy

&3 Permeable surfaces

<3 Permeable surfaces

i
After vectorization

Figure 5. Pilot site near the Park Yunist Spring

Source: created by the authors

Table 2. Distribution of different built-up area types within the springs’ catchment zones

Multi-storey Private low-rise Green area
Name Total area of the spring’s residential area residential area
of the spring catchment zones, ha ha % ha % ha %
Hlybokyi Yar 124.6 104.2 83.6 17.1 13.7 33 26
Oleksiivske 83.4 50.3 60.3 33.1 39.7 0 0
Park Yunist 54.5 32.1 58.9 11.0 20.0 11.4 20.9

Source: created by the authors

The catchment area of the Hlybokyi Yar Spring is pre-
dominantly occupied by multi-storey residential develop-
ment, which is typical for the north-eastern part of the
city. This development accounts for approximately 84% of
the total catchment area, while private low-rise housing

comprises almost 14%, and green areas occupy less than
3% (Fig. 6). In the catchment of the Oleksiivske Spring,
the ratio of multi-storey to private low-rise residential
buildings is approximately 60:40, with no green areas
identified (Fig. 7).
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Source: created by the authors

Figure 6. Distribution of built-up areas in the catchment zone of the Hlybokyi Yar Spring

Legend

[ Groundwater catchment area
1 Low-rise residential areas
=1 Multi-storey residential areas

il 0Iek§iWske
L) Spring 2

Source: created by the authors
The catchment area of the Park Yunist Spring is char-
acterised by a relatively high proportion of green space

Figure 7. Distribution of built-up areas in the catchment zone of the Oleksiivske Spring

(approximately 21%) but is still dominated by multi-storey
buildings, which account for about 60% of the area (Fig. 8).
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Legend

] Groundwater catchment area
=7 Low-rise residential areas
7] Multi-storey residential areas
[] Green areas

Figure 8. Distribution of built-up areas in the catchment zone of the Park Yunist Spring

Source: created by the authors

According to the present estimates, the actual share of im-
pervious areas due to such features may be 5-10% higher than
the vectorisation results obtained from the pilot sites. Based

on the types of development within the catchment zones, the
ratio of permeable to impervious surfaces was calculated us-
ing the average values for each type of built-up area (Table 3).

Table 3. Distribution of permeable and impervious surfaces in the springs’ catchment areas

e G o Area of the spring’s Share of impervious Share of permeable
catchment zone, ha surface area, % surface area, %
Hlybokyi Yar 124.6 43.3 56.7
Oleksiivske 83.4 33.6 66.4
Park Yunist 54.5 16.9 83.0

Source: created by the authors

The results indicate that the catchment areas of the
studied springs are characterised by varying degrees of
anthropogenic transformation. The catchment of the Hly-
bokyi Yar Spring has the highest proportion of impervious
surfaces (43.3%) due to the predominance of multi-storey
residential development (84% of the area). This suggests
the greatest level of transformation of infiltration recharge
among the springs under study. The Oleksiivske Spring
catchment exhibits a moderate level of anthropogenic
transformation, with impervious surfaces accounting for
33.6%. This zone is characterised by a more balanced dis-
tribution of multi-storey residential buildings (60.4%) and
private low-rise houses (39.6%). The catchment of the Park
Yunist Spring has the lowest share of impervious surfaces
(16.9%) due to a comparatively higher proportion of green
space (21%) and less intensive development. The results
of spring discharge measurements, which were conducted
regularly over a four-year period, revealed noticeable dif-
ferences between the springs (Fig. 9).

Spring water flow rate - Spring discharge (L/5)

< Park Yunist -o- Oleksiivske =~ Hlybokyi Yar -

Figure 9. Flow rate of springs

Source: created by the authors
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The Hlybokyi Yar Spring is one of the most powerful
in the city. The average discharge during the observation
period reached up to 1.0 L/s. Over the study period, the
flow rate remained relatively stable, fluctuating within the
range of 0.8-1.5 L/s. These fluctuations were irregular but
may be associated with seasonal variations in ground-
water recharge. An increase in recharge from December
to April is common in the region due to more intensive
infiltration of precipitation during the colder months, as
established in previous studies (Vystavna et al., 2018). A
reduction in spring discharge from May to October may
be attributed to decreased precipitation, particularly low-
er-intensity rainfall.

The Oleksiivske Spring exhibited the most complex
discharge dynamics. Until June 2019, its flow rate remained
relatively strong, comparable to that of the Hlybokyi Yar
Spring (0.8-1.4 L/s). Subsequently, sharp and uneven
changes in discharge were recorded, ranging from 0.6 L/s to
2.0 L/s. In 2021, fluctuations continued but occurred with-
in a relatively stable and lower range of 0.5-0.6 L/s. The sur-
vey indicated that the primary factor behind these changes
is likely to be additional water abstraction from the intake
well for commerecial filtration and sale, as well as technical
faults in the spring capture facility. The average discharge at
the spring over the entire observation period was 1.1 L/s.

The Park Yunist Spring has the lowest flow rate among
the studied springs, which can be attributed to the lower
capacity of the Quaternary aquifer, located near the surface
and characterised by faster water exchange. At the start of
the monitoring period, the average flow rate was 0.5 L/s.
Since the summer of 2019, there has been a gradual and
sustained decline in discharge, reaching 0.020.03 L/s. The
most probable cause of this reduction is a failure in the
spring’s capture structure.

The above findings regarding the impact of impervi-
ous surfaces on urban groundwater regimes are consistent
with contemporary international research on urbanised
areas. For instance, G. Nazari et al. (2023) confirmed that
urbanisation markedly reduces the potential for ground-
water recharge. In highly urbanised watersheds, up to half
of the water inflow is diverted from infiltration, doubling
the proportion of surface runoff in the urban water budget
from approximately 15% to 30%. These data support the
argument concerning the critical influence of impervious
surfaces on groundwater recharge processes. Furthermore,
the trend of expanding built-up areas, which further exac-
erbates the disruption of urban groundwater recharge, is
evident in various global contexts. A study by M. Minnig et
al. (2018) in Switzerland documented an 80.3% increase
in impervious builtup areas, alongside a 16.4% decrease in
vegetative cover, reflecting a broader urbanisation pattern
in European cities. Similar trends have been observed in
Asian cities by M. Ahmad et al. (2023), where interactions
between groundwater and the urban environment are be-
coming increasingly significant. These changes impact both
recharge and flow, as impervious surfaces reduce infiltra-
tion by enhancing surface runoff.
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Studies utilising Gravity Recovery and Climate Exper-
iment (GRACE) satellite data (NASA, 2023) from 2003 to
2020 have demonstrated that impervious surfaces limit rain-
water infiltration and hinder natural groundwater recharge.
However, the present study’s measurements of spring dis-
charge suggest that these losses may be partially offset by
specific local factors. Notably, leakage from water mains,
which is believed to be widespread in Kharkiv and likely in
other major Ukrainian cities, may play a compensatory role.
This assumption is supported by current research. Indeed,
the construction of impervious surfaces and artificial drain-
age channels accelerates the direct flow of precipitation
to streams, thereby bypassing groundwater recharge and
accumulation. Nevertheless, the Hlybokyi Yar spring, de-
spite having the highest percentage of impervious surfaces
(43.3%), exhibits a relatively high and stable discharge (aver-
aging 1.0 L/s). This may be attributed to its large catchment
area (124.6 ha) and specific geological conditions, namely
the presence of a locally highly conductive zone in the aqui-
fer (fractured Obukhiv siltstones), as well as a relatively con-
stant input from leaking tap water mains in the multi-storey
built-up area that predominates in the catchment. Previous
estimations of recharge fractions based on isotopic mixing
signatures, conducted by D. Diadin & Y. Vystavna (2020)
for this particular spring, revealed a noticeable anthropo-
genic input from the centralised water supply network — up
to 29%. Studies from other locations confirm that leakage
from water supply systems can significantly increase local-
ised groundwater recharge, as noted by D. Owen (2021)
and in the California Water Plan Update (2024).

Meanwhile, the Oleksiivske Spring, with a moder-
ate 33.6% impervious surface coverage in its catchment,
demonstrated the most unstable discharge regime. Obser-
vations suggest that this instability is likely influenced by
additional factors, such as technical interventions (e.g. wa-
ter abstraction for commercial use) and structural deficien-
cies in the spring’s infrastructure. The Park Yunist Spring,
although having the lowest share of impervious surfaces in
its catchment area (16.9%), nonetheless exhibits the low-
est discharge among the springs studied. This is primarily
due to the relatively lower capacity of its Quaternary sandy
aquifer compared to the aquifers of the other springs, its
smallest catchment area (54.5 ha), and evident structural
issues with the spring capture, particularly observed in situ
during 2019-2020. Thus, anthropogenic impacts on the ca-
pacity of springs as water sources involve not only the alter-
ation of surface permeability and natural recharge but also
discharge instability resulting from technical deficiencies
and specific patterns of water use.

Another essential aspect of the research is the as-
sessment of spatial heterogeneity in urban environments,
a topic explored in various international studies, such as
those by L. Chelleri & A. Baravikova (2021). Contemporary
strategies for improving urban hydrology categorise inter-
ventions into three groups, including “impervious sur-
face-focused strategies” aimed at disconnecting non-po-
rous surfaces from direct drainage systems. The differences
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in surface ratios across the studied springs’ catchment areas
(ranging from 16.9% to 43.3% impervious surfaces) pre-
sumably reflect varying levels of pollution risk to spring-
fed groundwater. Permeable surfaces in low-rise residential
zones may serve as pathways for polluted runoff and irriga-
tion water from private households. Combined with leak-
age from sewage networks and individual septic systems,
these factors are typical of many urban areas with private
housing, as shown by F. La Vigna (2022) and V. Tiwari et
al. (2024). Urban stormwater represents another underesti-
mated pathway for the spread of mixed contaminants into
shallow groundwater. For this reason, many researchers,
including A.D. Steinman et al. (2022) and A. Geraldes et
al. (2024), emphasised the importance of monitoring and
managing the quality of additional anthropogenic recharge.

The study results demonstrate a significant impact of
urban development on the recharge conditions of shallow
groundwater. According to the data obtained, even in areas
dominated by private low-rise residential buildings, up to
30% of the land is occupied by impervious surfaces that im-
pede the natural infiltration of precipitation. In multi-sto-
rey residential areas, this share rises to 40%. Such a high
proportion of impervious surfaces may significantly alter
groundwater recharge processes.

© Conclusions

The study has shown that urbanised areas are character-
ised by a significant alteration of the natural conditions
for shallow groundwater recharge. These challenges are
particularly acute in areas where groundwater is used for
drinking purposes, especially from equipped springs, as is
the case in the city of Kharkiv. Based on geospatial analysis
of satellite imagery, it was found that impervious surfaces
(such as roofs and roads) constitute 29% of private low-
rise residential areas and 40% of multi-storey residential
areas in Kharkiv. The established ratios of permeable and
impervious surfaces enabled the estimation of the degree
of anthropogenic transformation of groundwater recharge
within the catchment areas of three springs in the city. Spe-
cifically, impervious surfaces account for approximately
17% of the catchment area of the Park Yunist Spring. For
the Oleksiivske and Hlybokyi Yar springs, these figures
are 33.6% and 43.3%, respectively, indicating a significant
reduction in natural atmospheric recharge of the aquifer.
Continued expansion of impervious surface coverage may
lead to an irreversible decline in the discharge of springs,
which are actively used by city residents as an alternative
source of drinking water.

Measurements of the water flow rates of the studied
springs during 2018-2021 confirmed that spring discharge
is, to a certain extent, proportional to the size of the catch-
ment area. However, the long-term discharge dynamics
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varied considerably: a relatively stable flow from the Hly-
bokyi Yar Spring (0.8-1.5 L/s); an unstable flow from the
Oleksiivske Spring (0.3-1.4 L/s); and a gradual decline in
the flow of the Park Yunist Spring (0.5-0.02 L/s). The study
demonstrated that in urban environments, the hydrody-
namic regime of springs is influenced not only by the ratio
of permeable to impervious surfaces in the catchment area,
but also by several other critical factors: the technical con-
dition and design of spring capture facilities; the presence
of additional recharge from tap water leakage; localised wa-
ter abstraction at the spring site; and the specific character-
istics of the aquifer.

Based on the proportion of impervious surfaces in the
springs’ catchment areas, it may be concluded that in the
urbanised districts of Kharkiv, natural infiltration-based re-
charge of shallow groundwater has decreased by 17%-43%
compared with the natural state, depending on the type of
built-up area. Under such conditions, both the qualitative
and quantitative characteristics of urban groundwater are
affected by the intensity and nature of additional anthro-
pogenic recharge. These findings highlight the necessity of
implementing measures to enhance the natural infiltration
of precipitation in urban areas. The adverse impact of im-
pervious surfaces on groundwater recharge can be mitigat-
ed through the application of nature-based solutions such
as permeable road surfaces and green car parks, rainwater
harvesting systems, infiltration basins and rain gardens,
and green roofs. The applicability and effectiveness of these
measures, along with further refinement of the quantita-
tive assessment of infiltration degradation in built-up areas,
should be prioritised in future research. Sustainable urban
water management, underpinned by nature-based solu-
tions, will strengthen climate resilience and improve water
security in urban environments.
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© Amnortauia. CrpareriyHum npiopnTeToM fi1s 3a6€3MeYeHHs CTaNOr0 POSBUTKY MiChKIX TEPUTOPIil B yMOBaX 3MiHU
KIiMaTy € CTBOpeHHA CTilIKMX i ;uBepcnikoBaHMX CUCTeM BOOIOCTaYaHH A, OCKIIbKIM 3MiHEHNIT MiChKWI T1p O/IOT Y HMi
LMK/ IOPYIIY€E PEXXUM OIAJIB i 3arajlbHUII BOIHUIA 6amanc. Y LIbOMY KOHTEKCTi JIDKePe/IbHi BOIAY BUCTYNAKOTh IIIHHUM
pecypcoM, IpoTe, MpUPOAHE IOIOBHEHHs HErMMOOKMX BOJOHOCHMX TOPM3OHTIB IepeOyBae I 3arposon depes
3a0yIOBY MiCbKMX TepUTOpii, 3MiHM B/IaCTMBOCTEII IPYHTY Ta BTPATy Pery/IolYnX eKOCHCTeMHNX NOCIYT. Jlocmimkenna
6y/I0 30Cepe[PKeHO Ha OLHI[i CTYIeHA aHTpoIoreHHoi TpaHcdopManil YMOB XMBICHHS Iif[I3eMHUX BOJ y MiCbKMX
paitonax XapkoBa, fje HaIIyeTbcst 6mspko 30 OOMAfHAHUX [DKepes, sIKi aKTMBHO BMKOPMCTOBYIOTHCSI HACETEHHIM
V1A TIMTHUX Iiifeif. Y CTaTTi 30cepemykeHo yBary Ha OIiHIli CTyTIeHs aHTPOIIOT€HHOI 3MiHM yMOB iHQinbTpalii omazis
y MICbKiil 3a6yIOBI [/Is1 TPhOX pelpeseHTATNBHIX [Kepen y Xapkosi (mapk IOuicTs, OnexciiBebke ta Imboxwuit SIp) i3
BUKOPYMCTAHHAM Ie0IIPOCTOPOBOTO aHajli3y. Bylo BCTaHOB/IEHO, 0 B TUIIOBUX IPUBATHUX OJHOIIOBEPXOBMX KUTIOBUX
palioHaX HeIIPOHVIKHI IIOBEpXHi B cepefHbOMY CTAHOBJIATD 10 29 %, TOfi K y 6araToIoBepXOBIUX XU TIOBIX 3a0yJOBaHIX
paitoHaX BOHNU B CepefHbOMY AocsAraiTb 40 % Bif 3arajbHOI IUIOLI depe3 OiIBIIY YaCTKy IUIOLI, 3aiHATY JOPOraMim
ta faxamn. Ha ocHOBI nux crniBBifHOUIEHD 6Y/IO IifpaxoBaHO, IO HEIPOHMKHI IOBepXHi 3aiiMaoTh 17-43 % mromi
30H >KMBJIEHHA JOCTIKyBaHUX JpKepel. BUCHOBKM CBiff4aTh PO 3MEHIIEHHA IPUPOSHOTO IOIOBHEHHA BOJOHOCHUX
TOPM3OHTIB Yepes NepelIKopKaHHA iHpimpTpalil Ha HelpOHMKHYX HoBepXH:AX. [IlraxoM 6e3nocepefHbOro BUMipIOBaHHA
ne6iTy mKepen 6yno HiATBEPIKEHO, 10 Ha TiApOAMHAMIYHMII PeXUM JI)Kepel BIUIMBAE He TUIbKM CIiBBiJHOIIEHHS
[IOBEPXOHb, & 11 TEXHIYHMIT CTaH BOZO3abipHUX CIIOPY/I, OJATKOBE >KMBJIEHHA BiJj MPOTiKaHHA BOJOIPOBITHNUX MEpPEX
Ta CTPYKTYpa BOZOHOCHMX TOPM3OHTIB. 3allpOIIOHOBaHMII METONONOTIYHMII MifXif Ta OTpuMMaHi pe3ynbTaT MalOTh
BOK/IMBE IIPAKTIYHE 3HAYEHHsI J/Isf1 OPTaHiB MICIIEBOTO CAMOYIIPAB/IiHHS IIifi Yac IUIAHYBAaHHs Ta PO3POOKMU 3aXOfiB 3
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© Abstract. Urbanisation and industrialisation are inextricably linked to the transformation of urban soils, posing
a significant problem not only at local and regional levels but also globally. The aim of this study was to conduct a
comprehensive assessment of the ecological state of soils in urbanised areas under transport and industrial pressure. The
study of physicochemical soil properties was carried out using standard methods. Soil buffering capacity was assessed
using the method by Professor P. Nadtochij. Key statistical characteristics were calculated, and regression analysis of
the study results was performed using Pearson’s correlation coefficient. A systematic analysis of the geoecological state
of urban soils (urbosols) in the city of Cherkasy revealed that a low humus content (ranging from 0.9% to 7.5%, with
an average of 3.0%), soil alkalisation (pH = 6.5-10.9, with an average pH = 7.9), unfavourable redox conditions (Eh
values ranging from 184 to 287 mV, with an average of 239 mV), nutrient imbalance, and a significant content of toxic
salts (36% of the studied soils were slightly saline, 23% moderately saline, and 10% highly saline) can have a substantial
impact on the stability of the city’s urban ecosystems. In terms of acid-base buffering capacity, the soils are in an
ecologically stable state. The sum of buffering degrees in both acidic and alkaline ranges exceed 70-75%, with an average
equilibrium constant K = 1.4. Using the SURFER software package and the Kriging method, spatial interpolation of
monitoring data and cartographic zoning of the city territory was carried out based on the main physicochemical
soil characteristics. A database and cartographic models of urban soil properties were developed to monitor their
spatiotemporal changes, detect critical transformations, and identify zones of ecological and geochemical instability
linked to technogenic impact
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@ Introduction

In the context of intensive urban development, the ecolog-
ical state of soils in urbanised areas has become a critical
factor for ensuring the sustainable development of regions.
Urbanisation is accompanied by significant anthropogenic
pressure on the soil cover, leading to contamination with
heavy metals, petroleum products, organic compounds,
and other toxic substances. Additionally, the consequenc-
es of anthropogenic influence on soils include changes in
their physical, chemical, and biological properties. Studies
conducted between 2020 and 2024 documented the grad-
ual degradation of soil cover caused by excessive anthropo-
genic pressure. Research by C.S.S. Ferreira et al. (2022) and
J. Wang et al. (2023) identified transportation infrastructure,
industrial zones, and landfills as the main sources of pollut-
ants entering the soil. Urbanisation resulted in soil compac-
tion, disruption of drainage properties, and erosion of the
topsoil layer. These processes led to a decrease in soil biolog-
ical activity, contributed to the accumulation of toxins such
as heavy metals, and disrupted the nutrient balance. M. Sag-
er (2020) reported that urban soils exhibited increased alka-
linity due to construction waste, contained elevated levels of
carbon and pollutants, and were characterised by high den-
sity and temperature, along with reduced moisture content
caused by compaction. The presence of technogenic mate-
rials, including construction debris, significantly influenced
the migration of water and dissolved substances within the
soil profile. Construction activities altered the sequence of
soil horizons or mixed the topsoil with underlying layers.

The study by Q. Liu ef al. (2023) presented the results of
mapping heavy metals in soil using various geospatial data,
such as remote sensing data, climate, topographic data,
and other information on the physicochemical properties
of the soil. The authors compared the accuracy of Back-
propagation Neural Network (BPNN) and Deep Neural
Network (DNN) models for assessing heavy metal content
in soil. Based on digital maps reflecting heavy metal con-
tent using the DNN model, the study examined the impact
of the distance between different spatial scenes on heavy
metal contamination in the surrounding soil. The model
takes into account all possible combinations of analysed
objects, allowing manipulation for decision-making. How-
ever, modifying the set of formal concepts may complicate
the system’s scalability. The work by S. Bilasco et al. (2021)
presented a methodology based on geographic informa-
tion system (GIS) spatial analysis for selecting the best
hydromelioration solution for the development of a com-
prehensive gully. The proposed model is developed using
spatial databases obtained from unmanned aerial vehicle
(UAV) flights, flow velocity modelling, and the creation of
three hydraulic analysis models using HEC-RAS software,
with the primary goal of evaluating results and databases to
identify the best implementation model for stabilising and
reducing erosion within the analysed area

P. Shekar & A. Mathew (2024) explored the use of Re-
vised Universal Soil Loss Equation (RUSLE), RS, and GIS
models to assess soil erosion and sedimentation in the
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Murradu River Basin. The study utilises GIS for spatial anal-
ysis of factors affecting soil erosion, such as climate, topogra-
phy, vegetation cover, and land use. This allows for the crea-
tion of accurate erosion process maps and the prediction of
potential sediment yield in various parts of the basin. The
RUSLE model is applied to quantitatively assess soil erosion
and sediment levels, helping to identify the most vulnerable
areas to soil degradation. The results obtained may serve as
the foundation for developing effective water resource man-
agement strategies and soil restoration measures in the re-
gion, promoting sustainable land use and preventing further
erosion. V. Melnyk et al. (2024) conducted a comprehensive
study to assess soil contamination in Rivne, Ukraine, utilis-
ing GIS to enhance environmental monitoring. The research
focused on the accumulation of heavy metals (HMs) in soils,
employing indicators such as the Total Contamination Index
(TCI) and Pollution Load Index (PLI) to evaluate contam-
ination levels. The study revealed that 54% of soil samples
were “significantly contaminated’, while 28% were “moder-
ately contaminated” and 18% showed “no contamination”
with HMs. The researchers constructed interpolated surfac-
es to depict the distribution of total and accumulated HM
contamination across the city. This spatial representation
allowed for the identification of contamination hotspots,
particularly near industrial zones, major highways, and rail-
ways. Conversely, areas near water bodies and city outskirts
exhibited lower contamination levels.

V. Trigub & S.V. Domuschi (2023) conducted an eco-
toxicological study to evaluate the impact of fuel stations
on soil contamination with heavy metals in urban areas.
The research focused on measuring concentrations of met-
als such as lead (Pb), cadmium (Cd), and zinc (Zn) in soils
adjacent to fuel stations. The study employed various eco-
logical indicators, including the TCI and PLI, to assess the
extent of contamination. The study utilised spatial analysis
techniques to map the distribution of heavy metal concen-
trations across the study area. By integrating soil sample
data with spatial coordinates, the researchers were able
to identify contamination hotspots and assess the spatial
variability of pollution levels. This GIS-based approach en-
abled a more comprehensive understanding of the spatial
patterns of soil contamination and facilitated the identifica-
tion of areas requiring targeted remediation efforts.

In general, approaches to identifying quantitative di-
rect and indirect ecosystem changes in soil under anthro-
pogenic pressure are still limited. Important indicative pa-
rameters that characterise both direct and indirect changes
in the soil ecosystem include humus content, salinity, re-
dox potential, and the acid-base and buffering properties
of the soil cover. When analysing the ecological condition
of soils — as with any complex natural process — a system-
atic approach is required, where processing large volumes
of spatially distributed and structured data is essential. In
such cases, it is necessary to apply new tools and analytical
methods using modern GIS technologies. This study aimed
to comprehensively assess the ecological state of urban soils
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by examining their physicochemical properties, evaluating
anthropogenic impacts, and identifying environmental
risks to urban ecosystems.

© Materials and Methods

The approach presented in this work includes the following
stages: soil survey using standard methods; mapping of soil
properties; and assessment of overall soil quality in terms of
ecosystem service provision. Using the SURFER geographic
information software package, the obtained data were ex-
trapolated across the entire urban area and zoned according
to key physicochemical indicators (humus content in soil,
pH-water indicator, acid-base buffering capacity, content of
exchangeable calcium and magnesium ammonium content)
for visualisation purposes. Research sites were selected within
various functional zones of the city of Cherkasy (Fig. 1). The
geographical reference of the test points was carried out us-
ing a GPS navigation system. The selection of study plots was
based on an analysis of natural and anthropogenic factors in-
fluencing the formation of urban landscapes in areas of per-
manent emissions, taking into account the indicator of cumu-
lative environmental load (Myslyuk et al., 2019). Considering
that most soil-based ecosystem services in urban areas are
provided by green spaces - particularly oxygen production -
soil assessment and the evaluation of its related functionality
were focused on the study of soils in roadside green belts.
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Figure 1. Map of the location of the research sites
Source: compiled by the authors

The primary objective of the field-based ecological in-
vestigations was the development of GIS-based maps and the
assessment of soil disturbance through analytical and obser-
vational methods, aimed at generating spatial distributions
of soil contamination. Soil samples were collected following
an envelope sampling design within 5 x5 m plots and sub-
sequently composited into a single representative sample.
In undisturbed (natural) soil conditions, sampling was con-
ducted at a depth of 10-20 cm, whereas in anthropogenically
modified soils — where intact soil layers were absent — sam-
ples were obtained from a depth of 20-30 cm. Prior to anal-
ysis, coarse fragments, above-ground biomass, and root
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material were manually removed. Each composite soil sam-
ple had a mass of approximately 1.5 kg. Sampling was per-
formed using a soil auger equipped with a 50 mm diameter
metal coring cup. Site selection was guided by landscape, ge-
omorphological, and pedological maps to ensure representa-
tion across all zonal soil types within a structured sampling
grid. In total, 47 soil samples were collected across geoeco-
logical monitoring plots. Analyses of the samples were car-
ried out in the universal laboratory of Cherkasy state tech-
nological university at the Department of Ecology. Sampling
of soil and plant material and their subsequent research was
carried out in accordance with current regulations. Soil sam-
ples were taken from experimental plots in accordance with
methodological recommendations and the State Standard
of Ukraine: DSTU 4287:2004 (2004), DSTU ISO 10381-
5:2009 (2009), DSTU ISO 10381-4:2005 (2009), DSTU
GOST 17.4.4.02:2019 (2019).

The basic physical and chemical properties were deter-
mined for the studied soil samples. The content of mobile po-
tassium compounds was determined by the Chirykov modi-
fication method in accordance with DSTU 4115:2002 (2002).
The content of total humus was determined by the Tyu-
rin method in the CINAO modification according to
DSTU 4289:2004 (2005). The content of exchangeable calci-
um and magnesium - according to DSTU 7861:2015 (2015)
in the modification of the Sokolovsky NNC IGA, pH-water
indicator - according to DSTU 8346:2015 (2015). Ammo-
nia content in soils was determined in accordance with
DSTU 4725:2007 (2007). Soil buffering capacity was assessed
using the method developed by Professor PP. Nadtochiy et
al. (2010), which is based on potentiometric determination
of pH shifts in a soil suspension depending on changes in
acid (HCI) and alkali (NaOH) concentration, following the
standard water-to-soil ratio of 2.5:1 recommended by the
Third International Congress of Soil Science (1935). For the
studied parameters, the main statistical characteristics were
calculated and regression analysis was performed using the
Pearson correlation coeflicient. Based on the obtained anal-
ysis results, databases were created in Microsoft Excel and
then in MaplInfo Professional, which are needed for the in-
terpolation of ecological maps in Surfer. Mapping of the city
area to identify spatial patterns in the formation of risk zones
was carried out using Golden Software Surfer.

© Results

The territory of the city of Cherkasy is entirely situated with-
in the forest-steppe zone. According to its geomorphological
and orohydrographic characteristics, the natural soil cover of
the area is heterogeneous. The landscapes of Cherkasy are pri-
marily formed by loess and loess-like loams, as well as sandy
loams of various origins. The soil cover is non-uniform, char-
acterised by a light mechanical composition and the presence
of anthropogenic inclusions (e.g., fragments of construction
debris and allochthonous materials). The soils are contam-
inated with xenobiotics, particularly heavy metals (Yehoro-
va et al., 2024). Humus is a critical factor in the resilience
of soils to persistent anthropogenic pressures. It contributes
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to soil structuring, optimises physical properties, enhances
absorption capacity and buffering ability, and facilitates the
accumulation of biophilic chemical elements and energy.

Studies have shown that the soils of Cherkasy are pre-
dominantly low in humus content (Fig. 2). Humus levels
range from 0.9% to 7.5%, with an average value of 3.0%, a
standard deviation of 1.5, a dispersion of 2.3, and a coeffi-
cient of variation of 50%. Such low values can be explained
by ongoing soil contamination and the degradation of the
fertile topsoil layer. Additionally, a significant amount of
sand is applied to roads during winter, and the process of
humus formation is virtually absent due to the systematic re-
moval of fallen leaves, small branches, and fruits. As a result,
organic matter is not replenished, and the decomposition,
humification, and mineralisation of the remaining plant res-
idues are inhibited by the cumulative effects of anthropogen-
ic pressures. Low levels of organic matter create unfavoura-
ble conditions for plant growth and reduce the soil’s capacity
to adsorb heavy metals, posing a potential threat to both the
urban ecosystem and the health of the city’s population.

60
50
40
30
20

10
0 &

Medium High

Percentage of samples

Verv low Low

Figure 2. Humus content in soil
Source: compiled by the authors

Using the geo-information software package SURFER
for data visualisation, an extrapolation of the obtained data
was performed for the entire city area, followed by zoning
based on humus content (Fig. 3). The modelling results
revealed a significant level of and contrast in technogenic
anomalies within the city’s soil cover.
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The determination of soil pH and the identification of
its sources are essential for the restoration of soil fertility.
Additionally, the mobility and bioavailability of heavy met-
als decrease with increasing pH levels. Soil acidity influ-
ences the transport of metals and plays an important role
in plant development processes (Msimbira & Smith, 2020)
The current soil acidity in Cherkasy ranges from 6.5 to 10.9,
with an average value of 7.9, a standard deviation of 0.7,
and a variance of 0.5. The studied soils, in terms of pH, are
characterised as homogeneous (with a coefficient of vari-
ation of 9%), predominantly alkaline (Fig. 4), which does
not support the ecosystem service of providing plants with
necessary macro- and micronutrients. Soil alkalinisation
in Cherkasy is likely caused by the application of sand-salt
mixtures during winter to combat ice, the deposition of
carbonate dust, ash, bicarbonate atmospheric precipitation,
the dissolution of carbonate technogenic inclusions from
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construction debris in the soil, and emissions from indus-
trial enterprises, all of which gradually enter the soil over
time (Shokri et al., 2024).
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Figure 4. Distribution of soils by current acidity
Source: compiled by the authors
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The conditions for plant nutrition with necessary
macro- and micronutrients are suboptimal due to the
current acidity levels, which can lead to the deterioration
of green spaces and the failure of these spaces to perform
their functions. The main centres of soil alkalinisation
in urban areas are concentrated in the industrial zones

Yehorova et al.

of the city and along the roads of the residential areas
(Fig. 5). It should be noted that in the areas of soil alka-
linisation, an alkaline geochemical barrier forms, which
promotes the surface accumulation of chemical elements
and slows down the vertical and horizontal migration of
heavy metals.
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Figure 5. Zoning of Cherkasy City area based pH-water indicator

Source: compiled by the authors

According to pH values, 63% of the studied soils are
only partially capable of performing the sorption function
(protecting groundwater from pathogenic microorgan-
isms), while 44% perform the sanitary function (protecting
groundwater from pollutants). Many redox reactions in soils
are mediated by hydrogen ions, so the redox state of soils,
which is influenced by pH levels, affects soil formation pro-
cesses by regulating the decomposition of organic residues,
the accumulation rate, and the nature of humus substances,
as well as the mobility and biological availability of nutri-
ents (nitrogen and phosphorus compounds, microelements)
in the soil-plant system. Redox conditions significantly al-
ter the processes of soil microorganism activity, especially
nitrogen-transforming microorganisms. For example, ni-
trogen-fixing bacteria cease growth when the Eh value ex-
ceeds 500 mV (Dayo-Olagbende et al., 2020); optimal redox
conditions for nitrification range from 350 to 500 mV, while
denitrification occurs under conditions of less than 350 mV.
The redox potential (Eh) is an integral indicator for assess-
ing the stability of redox processes in soils, which affect its
ecological properties (i.e., the ability to maintain ecological
balance) in the soil-atmosphere and soil-plant systems.

The redox potential (Eh) of soils in the studied ar-
eas ranges from 184 to 287 mV, with an average value of
239 mV (standard deviation 32.9, coefficient of variation
14%). At these Eh values and pH = 8.0, denitrification pro-
cesses will predominate in the soil, and plants may experi-
ence a deficiency of Fe and Mn. In areas with Eh <200 mV,
the development of reduction processes is likely (Olivier et
al., 2021). The low redox potential of Cherkasy City soils
may be due to poor soil aeration caused by compaction,
moisture regime, organic matter content, and microbial ac-
tivity. Graphical models of pH-buffering capacity provide

a more objective assessment of the acid-base properties of
soils. The buffering capacity of the studied soils in Cherkasy
ranged from low to very high in the acidic range and from
moderate to high in the alkaline range (Fig. 6).
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Figure 6. Soil ranking by acid-base buffering capacity
Source: compiled by the authors

A very high degree of acid-base buffering capacity in
soils with respect to the action of acidifying substances is
characteristic of areas located within the influence zones
of such powerful sources of landscape pollution in the city
as the PrAT “Azot”, PraT “Cherkaske Khimvolokno” VP
“Cherkaska TPP” and road transport. The research results
showed that the soil ecosystems of Cherkasy function pre-
dominantly in a relatively ecologically stable mode based
on acid-base buffering capacity indicators, with ecological
imbalance observed only in certain areas. The equilibrium
constant ranged from 0.3 to 2.7, with an average value of
1.4. Fifty-eight percent of the samples had better buffering
properties in the acidic range than in the alkaline range, 20%
in the alkaline range, and 22% of the samples had almost
identical buffering properties against both acids and alkalis.
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The sum of the buffering degrees of the acidic and alka-
line ranges varied from 61% to 162%, with an average value
of 113%. Soil ecosystems function in a relatively ecologi-
cally stable mode when the sum of the buffering degrees
of the acidic and alkaline ranges exceeds 70-75%, and the
equilibrium constant ranges from 0.6 to 4.0. Moreover, the
closer this value is to 1, that is, the more symmetrical the
buffering curves are in the acidic and alkaline ranges, the
better the buffering mechanisms of the soil function, and
the more stable the functioning of this ecosystem. The pre-
vailing asymmetry of the buffering zones is due to the phys-
icochemical properties of the soil. As is known, carbonate
soils, due to their saturation with calcium and magnesium,

possess buffering mechanisms with a pronounced asym-
metric function, which is reflected in the predominance
of proton (H*) neutralisation processes. That is, these soils
exhibit a significant acid-neutralising capacity. A compar-
ative analysis of the soil’s buffering properties in the acidic
and alkaline ranges (Fig. 7) revealed considerable variation
across the city in terms of the acid-base buffering capacity
in the acidic range, which is likely due to its technogenic
decalcification resulting from prolonged and intensive in-
puts of acidifying agents from the CHP. The correlation co-
efficient between the sum of absorbed bases and the degree
of acid-base buffering capacity of the soils in Cherkasy in
the acidic range is 0.53.
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Figure 7. Soil buffering capacity

Note: a - alkaline range; b - acidic range
Source: compiled by the authors

Characteristic features of anthropogenic transforma-
tion of soils in Cherkasy include a sharp increase in the
spatial heterogeneity of the anion composition of the soil
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cover compared to natural zonal soils, technogenic salin-
isation (especially in the soils of the southern and central
parts of the city), and changes in the acid-base balance

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1



under the influence of a complex combination of natural
self-organisation processes and various urbanogenic activ-
ities. Analysis of toxic salt content showed that almost 30%
of the studied soils are non-saline, 36% are weakly saline,
23% are moderately saline, and 10% have a high salinity
level (Fig. 8). It is known that even in weakly saline soils,
growth inhibition is observed in 25% of woody vegetation
(El Sabagh et al., 2021). Statistical analysis of data using

Yehorova et al.

Pearson’s correlation coefficient indicates that chloride ions
(R? ranging from 0.53 to 0.85, with an average value of 0.67)
and bicarbonate ions (R* ranging from 0.19 to 0.82, with an
average value of 0.59) contribute most to the overall soil sa-
linity. This is explained by their high concentration among
leached ions and the high ionic conductivity of chloride
ions. The main centres of soil salinisation are concentrated
along the roads of the city’s residential zones.
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Figure 8. Zoning maps of Cherkasy urban soils based on the total toxic salts content

Source: compiled by the authors

Calcium plays an important role in soil formation pro-
cesses. It is part of the soil adsorption complex (SAC), par-
ticipates in exchange reactions of the soil solution, and de-
termines the high buffering capacity of the soil in the acidic
range of the environment (Jing et al., 2024). The best con-
ditions for plant nutrition are created when Ca** ions pre-
dominating in the SAC. Partial replacement of Ca®* by Mg**
in the SAC leads to deterioration of the soil's water-physical
properties and the quality of humus, which results in re-
duced soil fertility. Calcium deficiency primarily affects the
plant root system. Additionally, Ca** ions play an impor-
tant role in altering the direction of metabolic processes in
plants under stress conditions. Mg>* ions are also crucial for

plant growth and development, just like Ca*". At the same
time, high concentrations of Mg** can negatively affect the
water-stability of soil aggregates, limit the uptake of Mn by
plants, and its deficiency leads to chlorosis and necrosis of
leaves and stems (Ishfaq et al., 2022). The conducted studies
showed that the content of Ca®" in the SAC varied from 1.90
to 7.25 mmol/100 g of soil with an average value of 3.60, a
standard deviation of 1.18, a variance of 1.38, and a variation
coeflicient of 33%. The content of Mg>* varied from 0.00 to
6.00 mmol/100 g of soil with an average value of 1.96 (stand-
ard deviation of 1.65, variance of 2.72, variation coefficient
of 80%). For many of the studied soil samples, the content of
Mg?** was significantly higher than that of Ca** (Fig. 9).
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A significant heterogeneity of the studied soils in terms
of Mg** content was characteristic (variation coefficient of
84%), which is likely due to the use of magnesium chloride
and sodium chloride mixtures in winter to combat icing,
as well as the leaching of these ions from the SAC during
hydrogen ion neutralisation processes. Soil classification
based on the content of exchangeable calcium (Ca®*) and
magnesium (Mg*") revealed that a very low Mg** content
was observed in 13% of the analysed soil samples. Low lev-
els of both Ca®* and Mg** were found in 11% of the sam-
ples. A medium content was recorded in 81% of samples
for Ca®* and in 13% for Mg>". Elevated levels were detected
in 9% of samples for Ca** and in 15% for Mg**. High Mg**
content was observed in 9% of the samples, while a very
high content was found in 40% of the samples (Fig. 10).
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Figure 10. Grouping of soils
by exchangeable Calcium and Magnesium content
Source: compiled by the authors

According to the results of soil studies conducted in the
city of Cherkasy, the calcium-to-magnesium cation ratio is
not optimal. In the composition of exchangeable cations in
typical chernozems and meadow-chernozem soils of the for-
est-steppe zone, exchangeable calcium predominates. As a
rule, the cation exchange capacity (CEC) is 70-85% saturated
with Ca*, and only in solonetzic and solonchak-like soils is
an increased content of exchangeable Mg>* observed (Cha-
ganti et al., 2017). The CEC of an ideal soil should contain
approximately 65% calcium and 10% magnesium. Accord-
ing to the results of soil studies conducted in the city of Cher-
kasy, the calcium-to-magnesium cation ratio is not optimal.

Potassium is classified as an essential macronutrient re-
quired for plant development, being one of the three primary

nutrients needed in the largest quantities. (Hasanuzzaman et
al., 2018). In terms of K* content, the soils of Cherkasy ex-
hibit considerable heterogeneity; however, they are general-
ly well-supplied with this important plant nutrient. The K*
content ranges from 0.12 to 6.20 mmol/100 g of soil, with an
average value of 0.59 mmol/100 g, a standard deviation of
0.67, a variance of 1.39, and a coefficient of variation of 95%.
The heterogeneity in potassium content among the studied
soils can be attributed to differences in the vegetation cover
of the model plots. With regard to water-soluble potassium,
89% of the studied soils are poorly supplied (<10 mg/kg), 4%
are moderately supplied (10-30 mg/kg), and 7% are well sup-
plied (>30 mg/kg) with this essential plant nutrient (Fig. 11).
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Figure 11. Grouping of soils
by water-soluble potassium content
Source: compiled by the authors

Mineral nitrogen compounds are also essential for plant
nutrition. The directly available forms of nitrogen for plants
include ammonia (in the form of ammonium ions) and ni-
trates. Ammonium ions are present in soils as water-soluble
salts of exchangeable and fixed (non-exchangeable) ammo-
nium. The formation and accumulation of mineral nitrogen
in the soil depends on many factors, but primarily on the
quantity and quality of organic matter. The alkaline reac-
tion of the soil increases the ability to fix ammonium ions
in the CEC. The ammonium content in the soils of Cherkasy
ranges from 0.000 to 0.014 (Fig. 12), with an average value
of 0.003 mmol/100 g of soil (coefhicient of variation - 1.01,
standard deviation — 0.14, variance - 0.02). This variation
can be explained by both the absorption of ammonium by
plants and microorganisms and the low humus content and
soil alkalisation, which is typical for urban soils in the city.
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One of the primary reasons for the elevated levels of
ammonium content is the specific nature of the urban
soils in Cherkasy, which are characterised by low humus
content and an alkaline reaction - factors that facilitate
the fixation of ammonium ions within the soil complex.
The alkaline nature of the city’s soils enhances the abil-
ity to retain ammonium in its non-exchangeable (fixed)
form, thereby reducing its availability to plants. Addition-
ally, the formation and accumulation of mineral nitrogen
in the soil is influenced by both the quantity and quality of
organic matter, which is limited in urban soils due to the
processes of urbanisation. In general, the low ammonium
content in the soils of Cherkasy may suggest insufficient
availability of this element to plants, potentially affecting
the growth and development of vegetation within the city.
This underscores the importance of improving soil com-
position - specifically by increasing humus content and
managing soil pH - in order to support fertility in urban-
ised environments.

© Discussion

In the context of environmental monitoring of urban ar-
eas and geochemical mapping analysis, it is important to
highlight the valuable input of several recent studies that
focus on key methodologies used in geochemical map-
ping. The study by J. Wang et al. (2024) introduced a nov-
el approach to geochemical mapping by addressing the
uncertainties inherent in defining elemental associations
related to mineralisation. This methodology involves
clustering the study area based on elemental similarities,
identifying elemental associations within each cluster,
and detecting geochemical anomalies indicative of under-
lying geological processes. The approach was applied to
stream sediment geochemical samples from north-west-
ern Sichuan Province, China, revealing two distinct clus-
ters corresponding to Paleozoic and Triassic lithological
units. The findings suggest that the region holds signifi-
cant potential for discovering gold deposits, particularly
near known mineralisation sites.

From a GIS perspective, this study underscored the
importance of spatial analysis in geochemical mapping.
By integrating elemental data with spatial clustering tech-
niques, the researchers were able to delineate areas with
distinct geochemical signatures, enhancing the accuracy
of anomaly detection. GIS tools facilitate the visualisation
and interpretation of complex geochemical data, allowing
for the identification of spatial patterns and relationships
that might be overlooked in traditional analyses. Moreo-
ver, the incorporation of uncertainty quantification into the
mapping process adds a layer of robustness, enabling more
reliable decision-making in mineral exploration.

The study by F. Parsaie et al. (2021) focused on digi-
tal modelling and mapping the spatial distribution of top-
soil total nitrogen (TN) in the Qorveh-Dehgolan plain,
an area of 150,000 hectares, using machine learning al-
gorithms. The authors applied Random Forest (RF), De-
cision Tree (DT), and Cubist (CB) models to predict TN
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concentrations based on a range of environmental covar-
iates. These included geomorphometric attributes from
a digital elevation model, spectral indices from SENTI-
NEL-2 satellite data, soil properties, and spatial variables
like latitude and longitude. The Boruta algorithm was used
to select the most relevant covariates, which led to the
identification of 14 key factors influencing TN distribu-
tion. Validation of the models revealed that RF provided
the most accurate predictions, with the lowest root mean
square error (RMSE) and mean absolute error (MAE). The
study also generated uncertainty maps, highlighting areas
with high prediction reliability. The findings emphasise
the importance of geomorphometric variables and remote
sensing indices, such as SAVI and NDVI, in soil nitrogen
modelling. This research offers a robust methodology for
mapping soil nutrients, supporting sustainable land man-
agement practices and precision agriculture.

T. Shi et al. (2021) investigated the growing issue of lead
(Pb) contamination in urban topsoil, which is exacerbated
by rapid urbanisation in China. The study focused on de-
veloping spatial models to map Pb concentrations in urban
soils using a combination of proximal and remote sensing
data. Proximal sensing reflectance spectra, along with veg-
etation and land-use factors derived from Landsat images,
were used as landscape variables to predict Pb levels. The
authors employed two hybrid statistical approaches, regres-
sion kriging (RK) and geographically weighted regression
(GWR), to establish prediction models. The results showed
that the use of combined proximal and remote sensing data
significantly improved the accuracy of Pb concentration
predictions compared to using either data source individ-
ually. Among the two methods, GWR demonstrated supe-
rior performance. This study underscored the effectiveness
of using joint proximal and remote sensing data for map-
ping urban soil contamination, offering a timely and acces-
sible tool for environmental monitoring.

The P. Khosravani et al. (2023) explored the digital
mapping and spatial modelling of soil physical and me-
chanical (SPM) properties in the semi-arid region of Marv-
dasht Plain in Fars Province, Iran. This study was aimed to
predict key soil properties, including mean weight diameter
(MWD), geometric mean diameter (GMD), shear strength
(SS), and penetration resistance (PR), using machine learn-
ing algorithms such as random forest, Cubist, and k-nearest
neighbour. A total of 200 field observations were made to
collect data from topsoil and subsoil, with additional en-
vironmental factors derived from topographic and remote
sensing data. Two different covariate scenarios were tested,
combining soil properties and environmental factors. The
results revealed that soil variables, particularly clay content
and soil organic matter (SOM), significantly influenced the
prediction of SPM properties, with the k-nearest neighbour
algorithm performing well in predicting SPM properties,
and random forest providing the highest accuracy for pen-
etration resistance at the 15-30 cm depth.

The authors G. Meza Mori et al. (2022) applied the
MEDALUS model to assess soil degradation risks in the
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Amazon region using GIS. The model takes into account
factors such as climate, soil types, vegetation cover, and
land use intensity, allowing for the creation of maps of eco-
logically sensitive areas. This enables the identification of
zones requiring ecological restoration and contributes to
more accurate forecasting of degradation processes. The
authors emphasise the importance of a comprehensive ap-
proach to soil degradation, as it results from the interaction
of various natural and anthropogenic factors. The study
provides recommendations for sustainable land manage-
ment in the Amazon, focusing on strategies to conserve
natural resources and support local communities.

The study conducted by S. Bangroo et al. (2023) pre-
sented the results of spatial distribution of soil properties
using both universal and ordinary kriging methods. Spa-
tial assessment and mapping of key physicochemical soil
indicators (pH, electrical conductivity, organic carbon, ni-
trogen, phosphorus, and potassium) were carried out using
hybrid geostatistical models. However, existing environ-
mental variables that assist in the spatial assessment and
mapping of soil components face a key issue - it is difficult
to obtain ecological variables with high correlation, which
leads to low accuracy in the predicted models.

The author M.A.E. AbdelRahman (2023) examined
global issues of land degradation and desertification, which
pose serious threats to food security, livelihoods sustaina-
bility, and biodiversity. The use of GIS and remote sensing
for monitoring and mapping land degradation allows for ef-
fective assessment of soil and water resources. The authors
highlight the importance of applying technologies to ana-
lyse processes such as erosion, soil salinisation, and fertility
decline, as well as to identify areas that require restoration.
The authors also emphasise the need for the development
of global initiatives to raise awareness about the economic
consequences of degradation and promote sustainable land
resource management.

The publication by B. Pradeep Kumar et al. (2022) ad-
dressed the geo-environmental monitoring and assessment
of land degradation and desertification in semi-arid regions
using satellite data and environmental indices. The study
employs Landsat 8 OLI/TIRS imagery, along with Land Sur-
face Temperature (LST) and Normalised Difference Vege-
tation Index (NDVI), to assess the extent and dynamics of
land degradation in a semi-arid region. The authors integrate
these remote sensing data to develop a comprehensive ap-
proach for monitoring land degradation processes, focus-
ing on their impact on vegetation health, soil moisture, and
overall land productivity. The findings indicate that LST and
NDVT are effective in tracking desertification and land deg-
radation over time, and the study provides a framework for
using satellite-based data in environmental management.
The results highlight the potential of remote sensing tech-
nologies for assessing environmental challenges in semi-arid
regions and offer valuable insights for land conservation and
sustainable development practices.

The integration of GIS and Earth remote sensing tech-
nologies provides a comprehensive toolkit for addressing a
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wide range of environmental monitoring challenges. This
highlights the significance of developing and applying new
technologies in ecology as a crucial step toward achieving
sustainable development. Given the growing importance
of this issue, the article explores the potential of GIS for
local-level environmental monitoring, with a specific focus
on assessing the state of soil cover in the Cherkasy Region.
The authors evaluate various monitoring approaches, in-
cluding both remote sensing and chemical methods, and
suggest strategies for creating an environmental monitor-
ing system utilising GIS technologies.

© Conclusions

Based on the results of the conducted study, a compre-
hensive assessment of the geoecological state of the urban
soils in Cherkasy has been provided. Analysis of 47 soil
samples from different functional zones of the city re-
vealed significant spatial heterogeneity of urban soils. The
main issue is the low humus content (ranging from 0.9%
to 7.5%, with an average of 3.0%) and alkalinity (pH=6.5-
10.9). The redox potential (Eh) of soils varies between 184
and 287 mV, with an average of 239 mV, which promotes
denitrification.

According to the content of toxic salts, only 30% of
the studied soils are non-saline, 36% are slightly saline,
23% are moderately saline, and 10% have a high level of
salinity. A high content of exchangeable Mg>* compared
to Ca®* may significantly affect the development of green
spaces and the ecological functions of the soil. Analysis of
graphical models of soil pH-buffering capacity indicates
their environmentally stable condition. The total buffer-
ing capacity in both acidic and alkaline ranges exceed 70-
75%, with an average equilibrium constant K = 1.4. The
imbalance of nutrients in the soil, low humus content, and
alkaline environment can significantly affect the develop-
ment of urban greenery and the soil’s ability to adsorb
heavy metals.

The conducted research opens new possibilities for cre-
ating and implementing an effective monitoring system us-
ing a systemic approach and modern GIS technologies. The
development of a database and cartographic models of the
geoecological condition of urban soils will enable tracking
their transformation over time and space. This will allow
for the identification of early stages of significant changes
and the determination of risk zones for the development of
hazardous exogenous processes and unstable ecosystems,
thereby contributing to the development of effective envi-
ronmental protection measures.
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© AHoTauif. Ypbanisania Ta iHgycTpianisanis Hepo3pMBHO TOB’sA3aHi 3 TPaHCHOPMALEI MICHKMX IPYHTIB, 11O
CTAQHOBUTD 3HAYHIIT BUK/IMK He TIIbKJ Ha MICI{eBOMY Ta PerioHa/IbHOMY PiBHSIX, ajie il y rmobaipHoMy MaciTabi. MeTomo
po6oTu 6y1a KOMIUIEKCHA OIIiHKA €KOJIOTiYHOTO CTaHy IPYHTIB ypOaHi30BaHMX TEPUTOPIIl B yMOBAX TPAHCIIOPTHOTO Ta
IIPOMIIC/IOBOrO HaBaHTaXKeHHA. JJocmixeHHA GisnKo-XiMiYHNX BIaCTUBOCTEl I'PYHTIiB IIPOBOAVIINCA 33 CTaH/Jap THIMMU
MetonukaMmu. BydepHicTh IpyHTiB oniHioBaym 3a Mertopmukoio II. Hapgrouoro. PospaxoBaHi ocHOBHI craTmcTmyHi
XapaKTePUCTHKI Ta IPOBEIeHO perpeciiiHuii aHa/li3 pe3y/IbTaTiB JOCIiKeHHA 3 BUKOPMCTAHHAM KoediljieHTa Kope/anil
ITipcona. CucreMHnMII aHasIi3 re0eKOJIOTIYHOTO cTany ypOorpyuris (yp6osonis) micra Uepkacu moKasas, IO /IS HUX
XapaKTepHUM € HU3bKUII BMicT rymycy (Big 0,9 % mo 7,5 %, npu cepenHboMy 3HaueHHi 3,0 %), MimTy>kKeHHA IPYHTIB
(pH=6,5-10,9, mpu cepegubomy 3HaueHHi pH =7,9), HeciprAT/INBi OKMUCTIOBA/IbHO-BifHOBHI yMoBM (3HauenH: Eh Bif
184 o 287 MB, mpu cepegaboMy 239 MB), He36a/IaHCOBAHICTh ITIOKMBHUX €IEMEHTIB Ta 3HAYHMIT BMiCT TOKCUYHIX COJIEI
(36 % mocrmimkeHux rpyHTIB € cTabosaconennmn, 23 % — moMipHosacomeHnMu Ta 10 % — BICOKOTO PiBHSI 3aCONIEHOCTI)
MOXXYTb YMHUTK iCTOTHMII BIUIMB Ha CTiKiCTh ypOOEKOCHCTEM MiCTa. 32 KMCIOTHO-OCHOBHOIO Oy(epHICTIO I'PyHTH
nepe6yBaloTh B €KONOTigHO cTabinbHOMY cTaHi. CyMa cTyTeHiB 6ypepHOCTI AK B KMCIOMY, TaK i B Ty>KHOMY JiiarasoHax
nepesuiye 70-75 %, mpu cepenHiit KoHCTaHTi piBHOBaru K =1,4. 3a gonomororo nporpamuoro kommiaekcy SURFER Tta
MmeTtony Kpirinra nposeseHo IpocTOpoBy iHTepHOALI0 TaHNX MOHITOPUHTY Ta KapTorpadidyHe 30HyBaHHA TepUTOPii
MicTa 3a ocHOBHMMIU (isUKO-XIMIYHMME XapakTepucTukamu IpyHTiB. CTBOpeHo 6asy gaHux Ta Kaprorpadivni Mogerni
BJIACTVMBOCTEY I'PYHTIB MiCTa [/I1 MOHITOPMHTY IX IIPOCTOPOBO-YaCOBMX 3MiH, BUABICHHA KPUTUYHIX TpaHCPOpMaIii
Ta BIUSHAYEHHI 30H €KO/IOrO-Te0XiMITHOI HeCTabIIbHOCTI, II0B’I3aHIX 13 TEXHOTEHHVIM BIUIMBOM

© Kniouosi cnoBa: ¢isnko-xiMiuHi BIaCTMBOCTI IPYHTIB; IIO/MBOBI HOCTIPKEHH; KapTOrpadivHe MOJENIOBAHHS;
reoindopMaliiiHi cucTeM1; TeXHOT€HHWI BIIINB
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© Abstract. Manual monitoring of the eutrophication status of water bodies such as estuaries is a rather difficult
task. Drone technology can be used to assist in monitoring any water body. This study was conducted with the aim of
applying remote sensing methods based on unmanned aerial vehicles (UAVs) to obtain eutrophication indicators in the
waters of the Tiligul Estuary. The information was based on data collected by drones on the level of eutrophication and
the state of marine areas. A DJI Phantom 4 Pro drone was used to collect data from the air. Four sampling points were
selected for testing, where the normalised vegetation difference index and normalised turbidity difference index were
evaluated. Exsitu data, such as nitrate concentration and phosphate concentration, were also obtained. A trophic status
index was calculated to describe the algae content in the estuary. The UAV hyperspectral images were orthorectified
and georeferenced in Agisoft PhotoScan software and the normalised difference vegetation index values were evaluated
in ArcGIS. The results showed a correlation between the vegetation difference index values and the concentration of
nitrogen and phosphorus with coefficients 0of 0.7079 for phosphorus concentration and 0.7004 for nitrogen concentration,
respectively. This study confirmed the applicability of remote sensing for water resource management using UAVs, which
is characterised as a fast and simple methodology. A qualitative assessment and control of environmental parameters
during the solution of environmental monitoring tasks for marine areas and coastlines was proposed. It was noted that
mathematical and simulation modelling methods contribute to the formation of functional and information models,
and system analysis methods are also used to identify structural relationships between components of complex systems.
The results of the study will enable the further use of UAVs and other remote sensing methods for monitoring and
forecasting the state of estuaries and marine areas

© Keywords: marine environment monitoring; unmanned aerial vehicles; estuary; coastal zone management;
eutrophication

@ Introduction

Preserving the ecological safety of marine areas and coastal it is extremely important to continuously monitor the state
zones is important for countries with access to the sea. Inthe ~ of water resources and coastal ecosystems. Timely detec-
context of increasing anthropogenic pressure on marine eco-  tion of environmental threats and man-made accidents (oil
systems, global climate change and growing transport traffic,  spills, chemical pollution, changes in water temperature and
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salinity, erosion processes) makes it possible to minimise
damage and mitigate the consequences. In this context,
modern mobile monitoring information systems are of par-
ticular importance. Mobile monitoring platforms - such as
unmanned aerial vehicles (drones), automated marine buoys
and specialised boats with sensors - enable field research,
which is particularly important for regions with hard-to-
reach coastal areas. The use of mobile information systems
facilitates more accurate tracking of environmental parame-
ters, monitoring of biodiversity, prevention of natural disas-
ters (such as storm surges and floods) and control over com-
pliance with international environmental standards.

The development of information systems for mon-
itoring marine and coastal areas is being actively studied
in scientific circles. Scientists analyse technical solutions,
improve data collection methods and develop algorithms
for the rapid detection of environmental threats. Various
methodologies, mechanisms, principles and approaches
have been developed to assess the state of the environ-
ment during environmental monitoring using aerospace
technologies. An analysis of the experience of scientists
H. Zhang et al. (2022), who studied aquatic ecosystems, has
shown that their protection and rehabilitation is only possi-
ble with the active use of relevant information technologies
in the management of water bodies.

As noted in the work of I. Afan et al. (2022), being
fundamental to global biodiversity and critical to human
well-being, aquatic ecosystems are characterised by their
profound diversity, which is due to a multitude of envi-
ronmental conditions and complex population structures.
This inherent complexity requires nuanced monitoring to
ensure conservation, protection and restoration. However,
existing monitoring methods face significant challenges in
capturing the full extent of this complexity, which hinders
effective ecosystem management. Traditional methods, in-
cluding remote sensing using satellites and on-site meas-
urements, have provided valuable information, but advanc-
es in computer IT technologies in the information age are

Grubyi & Trokhymenko

prompting change. According to researchers O. Trofym-
chuk et al. (2014), global threats such as biological inva-
sions, climate change, intensified land use and water deple-
tion further emphasise the urgency.

These challenges highlight the need for more modern
monitoring approaches that can provide high-resolution
data in real time at different spatial scales. Given these chal-
lenges and achievements, an integrated approach incorpo-
rating state-of-the-art technologies, including UAVs and
advanced algorithms, is rapidly becoming the new frontier
in capturing the multifaceted dimensions of aquatic eco-
systems. Although UAVs are increasingly being used in
common scenarios in aquatic ecosystems, such as habitat
surveys, algal bloom monitoring, vegetation monitoring,
and animal behaviour observation, K. Wu et al. (2019) em-
phasised that the potential of these technologies to revo-
lutionise ecosystem monitoring remains understudied,
especially in the integration of different types of UAV's for
comprehensive multi-scale monitoring.

The work of scientist C. Yang (2022) indicates that
combining aerial photographs with specific limnological
support provides a comprehensive approach to assessing
the state of the estuary. Thus, some studies address a num-
ber of limnological aspects related to the ecological status
using UAV imagery; for example, the dynamics of helo-
phytes (Phragmites) in estuaries, submerged macrophytes
in shallow estuaries, or algal blooms in reservoirs and es-
tuaries. The aim of this work was to present the results of
using drones in the context of monitoring estuary waters
using the example of the Tiligul Estuary.

© Materials and Methods

The object of this study was the Tiligul Estuary, located in
the Mykolaiv region. Like most estuaries in the Northern
Black Sea region, the Tiligul Estuary has traditionally been
subject to significant anthropogenic influence. Figures 1-2
show the geographical location and bathymetric map of
the Tiligul Estuary.
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Figure 1. Geographical location of the Tiligul Estuary and its catchment basin
Source: created by the authors based on D. Kushnir & Y. Tuchkovenko (2021)
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Figure 2. Bathymetric map of the Tiligul Estuary (isobaths in metres)
at a water level of minus 0.4 mBS. WGS-84 horizontal coordinate system
Note: 1 - Lyubopil Spit; 2 - Chervonoukrainska Spit; 3 — Chilova Spit; 4 — Ranzeva Spit; 5 — Anatolivska Spit; 6 — Kordonska Spit; 7 -

Shyrokyna Spit; 8 — Kalynivska Spit; 9 - Strilka Spit

Source: created by the authors based on D. Kushnir & Y. Tuchkovenko (2021), L. Hurets et al. (2021)

In this study, a DJI Phantom 4 Pro drone was used to take
aerial photographs of the relevant sampling area. The drone
was equipped with a 20-megapixel camera. The attached
camera is capable of eliminating shutter distortion when
shooting fast-moving objects or flying at high speeds, result-
ing in sharp and vivid photos and videos (Zhang et al., 2023).
This equipment can withstand wind gusts of 6 m/s. A Sony
Alpha ILCE-5100 camera with a resolution of 20.0 Mpx was
used. Possible eutrophication at each sampling point was an-
alysed by processing and interpreting visually and digitally.
The orthorectified mosaic served as a platform for creating
the NDVI image. To improve the concept of spatial distribu-
tion of NDVT in the estuary, only parts of the sampling point

area were covered. A colour composite image was created,
which highlighted changes in index values (Mokin, 2005).

Figure 3 shows a map of the Tiligul estuary in the area
of protected sand spits with examples of trajectories that
the quadcopter must follow for monitoring studies. In par-
ticular, the green outline marks the area of artificial reef re-
search; the yellow outline marks the research of vegetation
cover, including areas of red-listed species, monitoring of
violations of the protection regime; the blue outline marks
bird counting. Figure 4 shows a block diagram including
the main stages of image acquisition and analysis that are
followed to obtain a useful geomatics product for assessing
the level of eutrophication.

-

o

Figure 3. Map showing possible quadcopter trajectories for environmental monitoring and sampling points for analysis

Source: created by the authors

p
66
AN

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1



Grubyi & Trokhymenko

1. Flight Planning
Required resolution and camera

Selection of the flight area:

o Take-off and landing zone

o Flight direction

o Overlap (60% forward and 40% sideways)
Calculation of flight altitude and duration

Image analysis

Strategy for designing the placement of control M

4. Image Object Detection

I Detection of biological
¥ and hydromorphological elements
q Cartographic visualisation

2. Flight and Data Collection

Weather conditions (wind, cloudiness, etc.)

Distribution of GCP (Ground Control Points)

Flight and technical specifications and image acquisition
Measurement of control points

Sample distribution points

3.1 Photogrammetry

Automatic selection of sharp images
Photogrammetric process:

o Image alignment

o Dense cloud generation

3.2 Laboratory Work
Physico-chemical analysis
Biological analysis

5. Comprehensive
Environmental Assessment
Environmental status assessment
8 by the degree of “blooming”
Ecological processes

| Recommendations for improving

the state of the water body

Figure 4. Block diagram showing the main steps in acquiring and analysing images to obtain a geomatics product.
GCP, ground control point; RTK GPS, real-time kinematic global positioning system

Source: created by the authors

The ground sampling distance (GSD) was calculated
to obtain a target image resolution of 2.5 cm based on the
cameras focal length, taking into account the maximum
flight altitude of 120 m in accordance with Spanish air-
space regulations. Ten targets (radius 0.20 m) were evenly
distributed and measured in the flight area to obtain final
georeferenced images (orthoimages) (Zou et al., 2014). The
location of the target centroids was measured using a Lei-
ca Global Positioning System (GPS) 1200 (Leica Geosys-
tems AG, Heerbrugg, Switzerland) linked to a permanent
Global Navigation Satellite System (GNSS) reference sta-
tion (ERGNSS, 2008). The calculated accuracy of the GNSS
real-time kinematic (GNSS-RTK) system was 0.02 m for
planimetry and 0.03 m for altimetry (Ownby et al., 2021).

Flights and image processing were performed ac-
cording to the methodology proposed by J.I. Cércoles et
al. (2013) and D. Hernandez-Lopez et al. (2013). Eight
UAV flights were conducted during the annual cycle from
July 2023 to July 2024. Flights began around noon to mini-
mise solar glare and shading, as well as to optimise visibil-
ity conditions for groundwater and submerged vegetation,
and to maximise visibility of the deep water column. Image
processing included automatic selection of non-blurred
images and the following photogrammetric process: pho-
to alignment, dense cloud construction, grid construction,
and texture construction. For each flight, an orthomosa-
ic of georeferenced RGB images was created for the main
purpose of quantifying the total macrophyte coverage in
the estuary and the degree of eutrophication (Sidabutar et

al, 2020). The normalised difference turbidity index
(NDTTI) was used to determine different degrees of turbid-
ity and was calculated according to S.H. Patel et al. (2018):

(Red Band 1- Green Band 2)
(Red Band 1 + Green Band 2)

NDTI =

(1)

From the orthophoto with georeferencing, the normal-
ised difference vegetation index (NDVI) image was used
for the entire sampling point from the index adaptation, as
shown in the equation (2):

Band 4—Band 1
NDVI= GandarBand 1 @)
where Band 4 - the near-infrared band; Band 1 - the red
band.

The NDVI values for the sampling points were obtained
by linear regression of the Landsat 8 OLI 0.655 pum/0.56 pm
(Band 3/Band 2) ratio with the natural logarithm of the
measured NDVI values. A polynomial equation was used
to calculate the NDVI values for each sampling point based
on the results of the Landsat C3/C2 band ratio (Foste &
Vaneeckhaute, 2021):

(NDVI)=7.1354(C3/C2)2-11.761(C3/C2) + 5.2004. (3)
Several studies that used NDVI to determine the eu-
trophic status of water bodies were used to calculate NDVI

values. The NDVI values were also used to correlate with
chlorophyll-a (Chl-a) concentrations. The study also
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demonstrated the use of Landsat 8 OLI band ratio data to
predict Chl-a concentrations. A correlation model between
NDVI values and N and P concentrations was identified to
compare field measurement data with remote sensing data.
The Trophic Status Index (TSI) describes the algae content
in estuary water. The Carlson equation is used to calculate
the trophic status of sampling points in the Tiligul Estuary
with Chl-a concentration values. As mentioned, the NDVI
has a strong linear dependence on Chl-a values. Therefore,
the TSI can be calculated (4):
TSI NDVI=10[6-(2.04-0.681n )/ (In*)]. ~ (4)
To calculate the TSI, input values obtained using linear
regression between the obtained NDVI data and the B3/B2
ratio of Landsat 8 OLI images are used, since the blue-green
band ratio is commonly used in oceanic and moderately
turbid coastal waters. The authors of this study also consid-
ered nitrogen and phosphorus as some of the most impor-
tant elements for the life of microorganisms. When deter-
mining the total phosphorus content, the samples were not
filtered or preserved. The duration of the period between
sampling and analysis is not regulated. Immediately before
the study, the sample was vigorously shaken and then min-
eralised. In the case of determining the total content of dis-
solved phosphorus compounds, the water was pre-filtered
through a membrane filter with a pore size of 0.45 pm.
The samples were mineralised using potassium per-
sulphate, which oxidises organophosphorus compounds

to oxidation state +5 in an acidic environment, forming
orthophosphate ions PO The latter were determined
photometrically. The method is suitable for the analysis of
colourless and slightly coloured estuarine waters. The in-
dophenol method was used to determine the nitrogen con-
centration in estuary water. This spectrophotometric meth-
od is based on the interaction of ammonia with phenol and
hypochlorite, resulting in the formation of indophenol,
which exhibits a distinct blue colour in an alkaline environ-
ment. The highest colour intensity occurs in a solution con-
taining 0.3 M NaOH and 0.8% phenol. The colour intensity
is measured at a wavelength of 625 nm. When analysing
solutions containing ammonia at a concentration of 1 ppm,
the standard deviation of the results is 0.03 ppm.

© Results

Analysis of orthophotos ensures that the images cover the
entire sampling area. High NDVI values indicate a greater
difference between red and near-infrared radiation, while
low NDVT values indicate a small difference between red
and near-infrared signals (MaZeikiené & Sarko, 2022). This
situation occurs when there is little photosynthesis or when
there is very little reflection of light in the near-infrared
range. It can be seen that all NDVI values for water from all
sampling points are in the middle range. This indicates that
the estuary water has experienced a state of low photosyn-
thetic activity, and the chlorophyll level in the estuary water
is average (Da Costa et al., 2020). The average NDVI value
obtained as shown in Table 1.

Table 1. Average NDVI values

Date of observations Sampling point NDVI
1 0.40
2 0.50
27 July 2023
3 0.38
4 0.47
1 0.38
2 0.41
8 November 2023
3 0.34
4 0.40
1 0.37
2 0.44
5 March 2024
3 0.36
4 0.40
1 0.37
2 0.41
18 June 2024
3 0.36
4 0.42

Source: created by the authors
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It can be seen that sampling points 2 and 4 have high-
er NDVI values for the four sampling dates, which means
that these two sampling points have slightly higher chloro-
phyll levels compared to the other sampling points. NDVI

Grubyi & Trokhymenko

values can be observed by the colour shade in the images
to show different NDVI levels from the side, as shown in
Figures 2-5. A darker colour means a high NDVI value and
contains a large amount of chlorophyll (Fig. 5).

-

Sampling point 2

Sampling point 1

Sampling point 2

b

Sampling point 1 Sampling point 2

Sampling point 2
’ 2

)7

\

Sampling point 3 Sampling point 4

Sampling point 3

Sampling point 3

Figure 5. Images of NDVT in different areas of the sample
Note: a - 27 July 2023; b — 8 November 2023; ¢ - 5 March 2024; d - 18 June 2024

Source: created by the authors

Although some sampling points have low NDVT val-
ues, the colour becomes darker compared to sampling
points with higher index values. This is due to the reflection
coefficient of red light in the near-infrared range, which
makes the colour darker (Zhang et al., 2023). However, this
will not have a significant impact or a large difference in
the NDVI value, which will not affect the results (Costa et

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1

al., 2019). The pixels that appear in the NDVI were identi-
fied as vegetation, and this was associated with water tur-
bidity. The colour tone in the images reflects different levels
of turbidity from the side, as shown in Figure 6. While the
NDVT values are in the middle range, the NDTT values are
also in the middle range, which does not indicate a high
level of turbidity.

o
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Figure 6. Images of different areas of the estuary
Note: a - 27 July 2023; b — 8 November 2023; ¢ - 5 March 2024; d - 18 June 2024

Source: created by the authors

When comparing the samples, sampling point 4 is more
turbid. Higher NDTT values were recorded in the area near
the estuary coast due to the interference of aquatic vege-
tation. Higher turbidity values can be explained by backs-
cattering in the estuary water column, which causes an in-
crease in suspended particles (Denisova et al., 2020). From
this point of view, the proposed method is more effective
for studying the turbidity of water bodies than conducting
measurements on site, which would be very expensive and
difficult. As shown in Figure 7, the correlation model pro-
duces the best result, which was a second-order polynomial
function curve returning a correlation a R? equal to 0.7115.
This revealed an acceptable linear dependence with a corre-
lation R? equal to 0.51 (Aguilar-Ascon, 2020).
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Figure 7. Correlation model between
NDVI values and Band 3/Band 2

Source: created by the authors
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Sincethe dataonthe Landsat8 OLIand NDVIband ratios
have a linear dependence on Chl-a, this study demonstrat-
ed a correlation between NDVI and the 0.655 um/0.56 pm
band ratio (Band 3/Band 2). This indicates that NDVI may
be equivalent to Chl-a concentration in this particular case.

Grubyi & Trokhymenko

As a result, the regression line showed a strong relationship
between NDVI and the 0.655 pm/0.56 um band ratio, re-
turning a correlation R* of 0.7115 (Ajala et al., 2023). The
trophic status of water bodies can be evaluated based on the
TSI value calculated as shown in Table 2.

Table 2. Trophic status index (TSI) for all sampling points

Date of observations

Sampling point

TSI

1

21.54

21.09

27 July 2023

21.29

22.70

21.15

8 November 2023

21.29

20.41

21.80

20.82

5 March 2024

20.74

20.75

21.63

20.90

18 June 2024

21.65

20.70

QR [ W N[ W= W N

22.49

Source: created by the authors

Based on the calculated TSI values (20-40 TSI), all
sampling points can be considered mesotrophic estuaries.
This indicates that the sampling area has some algae tur-
bidity, which reduces its aesthetic appeal. However, this
condition will not lead to oxygen depletion in deep water
horizons and is safe for hydrobionts under these condi-
tions. The results showed that vegetation indices based on
UAV images are similar to those obtained from ground
sensors and cameras. This study also demonstrates the
applicability and reliability of NDVT as an important tool
for monitoring water quality in aquatic environments.
Nitrogen and phosphorus are the main nutrients in the

eutrophication process; therefore, it is important to de-
termine the concentration of nitrates and phosphates in
water bodies. Eutrophication begins when the concentra-
tion of nitrogen in water reaches 0.3 mg/L and the con-
centration of phosphorus reaches 0.02 mg/L (Ownby et
al., 2021). From the results presented, it can be seen that
the concentration of nitrates and phosphates at all sam-
pling points exceeds 0.3 mg/L and 0.02 mg/L, respective-
ly. These values are presented in Table 3. They show that
the sampling area is in a mesotrophic state with slight
eutrophication. The excess of nutrients promotes algae
growth in this location (Ajala et al., 2023).

Table 3. Concentrations of N and P at all sampling points

Date of observations Sampling point Nitrates, NO* (mg/L) Phosphates, PO, (mg/L)
1 0.15 1
2 0.43 0.9
27 July 2023 3 0.06 0.6
4 0.44 1.9
1 0.13 0.8
2 0.45 1.1
8 November 2023 3 0.04 05
4 0.41 1.7
1 0.11 0.7
2 0.43 1.3
5 March 2024 3 0.05 03
4 0.42 1.6
1 0.09 0.6
2 0.43 0.9
18 June 2024 3 0.06 04
4 0.44 1.7
Source: created by the authors
Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1 71 |
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For the correlation between NDVI values and N concen-
tration, it has an inverse correlation R* equal to 0.7004, while
the correlation R* between NDVI values and P concentration
is 0.7079. From the correlation model created, it can be seen
that P concentration and N concentration have almost the
same relationship to NDVI, but in this study, the correlation
of P concentration is slightly higher, i.e., high P concentration
can lead to high Chl-a concentration and cause eutrophication.
This statement was confirmed by research in the work of S. Ste-
fanni ef al. (2022) conducted on mitigating estuary eutrophi-
cation. They argued that to mitigate eutrophication, phospho-
rus content should be reduced instead of nitrogen. Although
controlling nitrogen content also failed to eliminate the reduc-
tion in estuary eutrophication, reducing phosphorus content
is more important than reducing nitrogen content. The main
limitation of the method used in this study was wind speed.
Wind tolerance depends on the equipment, in particular its
size and weight. With the equipment used here (Microdrones
md4-1000, 1.2 kg), flights were performed at wind speeds be-
low 2 m/s. Higher wind speeds can result in blurred images.
During the study period, flights were not possible on 12.3%
of days due to unfavourable weather conditions, such as high
wind speeds. Cloud cover and lighting also affect the results.

In the work of M.W. Letshwenyo & T.V. Sima (2020),
it was recommended to perform flights at noon, around
12:00 solar time. Water transparency or turbidity is the
main limitation associated with the condition of the wa-
ter body, which affects the maximum depth visible in UAV
images. As a rule, RGB cameras are used under normal
lighting conditions and clear water. As noted in the work
of C.A Knight (2021), submerged lake vegetation can be
classified to a depth of 2.5 m, but changes in turbidity can
affect the maximum resolution in terms of depth. In the
studied water body, features at a depth of 4 m were detect-
ed under clear water conditions, making this methodology
very useful for detecting lake stratification processes and
for mapping deep-water macrophytic communities.

In the work of S.O. Akinnawo et al. (2023) confirmed
that eutrophication caused by nitrate and phosphate run-
off from agricultural land, wastewater from aquaculture
ponds, and municipal and industrial discharges is a serious
problem due to its significant contribution to socio-eco-
nomic and environmental health problems. In the work
of P.C. Sonarghare et al. (2020), it was reported that the
emergence of a dead zone due to the effects of eutrophi-
cation (consisting of algal blooms and hypoxia) leads to
the loss of aquatic biodiversity. Algal blooms are some-
times referred to as “red or brown tides” depending on the
colour of the algae, and the organism responsible for red
tides is called cyanobacteria. In addition, it has been not-
ed that cyanobacteria produce harmful substances, such
as off-flavours and toxins, which are potentially dangerous
to the health of both humans and wildlife. Furthermore,
C.A. Knight (2021) confirmed that cyanobacterial blooms
are one of the serious consequences of eutrophication, caus-
ing coastlines and as well as boat hulls with a foul-smelling
film, leading to odour and taste problems in water bodies,

thereby rendering them unsuitable for desired use due to
their potential danger to wildlife and the population.

In addition, environmental studies conducted in Eu-
ropean countries between 2015 and 2021 showed that,
according to estimates, only 40-60% of the nitrates and
phosphates applied in fertilisers were used by plants. The
remaining percentage is reportedly washed into runoff that
reaches water bodies, with a phosphate load into Europe-
an seas of 0.26-0.30 TgP/year (Matei & Racoviteanu, 2021;
Pytka-Woszczylo et al., 2022). Further research by L.P. As-
tuti et al. (2022) on the level of eutrophication in the Jatilu-
hur reservoir, conducted in 2022, showed that the trophic
status index (TSI) and trophic index (Trix) exceed 4 and 50,
respectively. This indicates an eutrophic-hypertrophic lev-
el, characterised by high chlorophyll-a and total phospho-
rus content in the Jatiluhur reservoir. Based on the study,
the following can also be said. A fairly effective method
against water “blooming” in Europe is the use of modern
LG Sonic ultrasonic technology. This method was studied
in the work of S.H. Melnyshenko et al. (2023). By 2025, this
technology will be used in 55 countries around the world. It
is recognised as environmentally friendly and highly effec-
tive, eliminating algae and blocking their further growth to
the “blooming” stage. At the same time, LG Sonic is com-
pletely safe for fish and humans.

A biological method of combating water eutrophica-
tion, often used in artificial reservoirs, has also demonstrat-
ed high efficiency in European countries. The essence of this
method is to introduce herbivorous fish into water bodies,
which consume blue-green algae, thereby reducing the in-
tensity of “blooming”. This method not only improves the
ecological condition of the water body, but also provides an
opportunity to breed fish economically without spending
money on feed. Competition for space and resources in the
context of sustainable aquaculture development involves
the development of closed recirculation systems, the use
of offshore farms, including cages, platforms and ropes for
shellfish farming, and the integration of future aquaculture
projects into a comprehensive zoning and management
strategy. Strategic management is key to the recovery and
progress of Ukraine’s fisheries. Its effectiveness depends on
the correct choice of strategic development vector, taking
into account specific political, organisational and economic
conditions and opportunities, as well as the development of
effective regulatory mechanisms.

© Conclusions

The use of remote sensing by UAVs in monitoring the eu-
trophication process offers many advantages over conserv-
ative monitoring methods. The results of this study allow
establishing — a correlation between the data for the NDVI
image obtained during the UAV flight and the estimated
values of the Landsat 8 satellite. This study also corre-
lates NDVT values with N and P concentrations obtained
from field data. A mathematical model was created and
acceptable coefficients of determination (R?) were obtained,
namely 0.7115, using the correlation between NDVI and
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the Landsat 8 OLI band ratio using a second-order polyno-
mial function. This second-order polynomial function also
provides a mathematical model based on the correlation
between NDVI values and N and P concentrations, which
has coefficients of 0.7079 for P concentration and 0.7004
for N concentration.

The results can serve as a starting point for further
research and expand the study of the impact of other in-
dicators, such as water turbidity, suspended solids, estuary
depth, and background influence. Since the TSI value ob-

Grubyi & Trokhymenko

sometimes dominated by light attenuation from inorgan-
ic turbidity. Thus, this discrepancy illustrates the need to
develop a specific method that depends on the specific
conditions of the estuary during the study. It was empha-
sised that the use of alternative tools in monitoring aquatic
environments is particularly important for the application
of preventive and corrective measures that can be taken to
minimise socio-economic impacts.

© Acknowledgements

tained as a result of the study showed the Tiligul estuary to ~ None.

be in a mesotrophic state, this study proposed long-term

monitoring of water quality conditions and recommend- @ Funding
ed the implementation of appropriate management plans  None.

to support aquaculture and other activities in the estuary.
The results of on-site measurements differ slightly from the
results of remote sensing. This is because algae growth is

© Conflict of Interest
None.

© References

[1] Afan, I, Méfez, M., & Diaz-Delgado, R. (2022). Drone monitoring of breeding waterbird populations: The case of the
glossy ibis. Drones, 2(4), article number 42. doi: 10.3390/drones2040042.

[2] Aguilar-Ascon, E. (2020). Removal of nitrogen and phosphorus from domestic wastewater by
electrocoagulation: Application of multilevel factorial design. Journal of Ecological Engineering, 21(7), 124-133.
doi: 10.12911/22998993/125439.

[3] Ajala, O.0., Akinnawo, S.O., Bamisaye, A., Adedipe, D.T., Adesina, M.O., Okon-Akan, O.A., Adebusuyi, T.A,,
Ojedokun, A.T., Adegoke, K.A., & Bello, O.S. (2023). Adsorptive removal of antibiotic pollutants from wastewater
using biomass/biochar-based adsorbents. RSC Advances, 7, 4678-4712. doi: 10.1039/d2ra06436g.

[4] Akinnawo, S.O., Ayadi, P.O., & Oluwalope, M.T. (2023). Chemical coagulation and biological techniques for
wastewater treatment. Ovidius University Annals of Chemistry, 34(1), 14-21. doi: 10.2478/auoc-2023-0003.

[5] Astuti, L.P, Sugianti, Y., Warsa, A., & Sentosa, A.A. (2022). Water quality and eutrophication in Jatiluhur Reservoir,
West Java, Indonesia. Polish Journal of Environmental Studies, 31(2), 1493-1503. doi: 10.15244/pjoes/142475.

[6] Corcoles, ]I, Ortega, J.E, Hernandez, D., & Moreno, M.A. (2013). Estimation of leaf area index in onion (Allium cepa L.)
using an unmanned aerial vehicle. Biosystems Engineering, 115, 31-42. doi: 10.1016/j.biosystemseng.2013.02.002.

[7] Costa,R.H.R., Villafranca, B.M., Voltolini, C.A., Guimaries, L.B., Hoffmann, H., Velho, V.E, & Mohedano, R.A. (2019).
Effectiveness of phosphorus removal in an SBR using co-precipitation with ferric chloride, and its effects on microbial
activity. Brazilian Journal of Chemical Engineering, 36(2), 785-795. doi: 10.1590/0104-6632.20190362s20180378.

[8] Da Costa, J.A., de Souza, J.P, Teixeira, A.P, Nabout, J.C., & Carneiro, EM. (2020). Eutrophication in aquatic
ecosystems: A scientometric study. Acta Limnologica Brasiliensia, 30(2), 1-11. doi: 10.1590/s2179-975x3016.

[9] Denisova, V., Tihomirova, K., Neilands, J., Gruskevica, K., Mezule, L., & Juhna, T. (2020). Comparison of phosphorus
removal efficiency of conventional activated sludge system and sequencing batch reactors in a wastewater treatment
plant. Agronomy Research, 18(1), 771-780. doi: 10.15159/AR.20.049.

[10] Foste, X., & Vaneeckhaute, C. (2021). Modifying the resin type of hybrid anion exchange nanotechnology (HAIX-
Nano) to improve its regeneration and phosphate recovery efficiency. NPJ Clean Water, 4, article number 53.
doi: 10.1038/s41545-021-00142-1.

[11] Hernandez-Lopez, D., Felipe-Garcia, B., Gonzalez-Aguilera, D., & Arias-Pérez, B. (2013). An automatic approach to
UAV flight planning and control for photogrammetric application. Photogrammetric Engineering ¢» Remote Sensing,
79, 87-98. doi: 10.14358/PERS.79.1.87.

[12] Hurets, L., Vakarchuk, O., Trunova, 1., Ponomarenko, R., Darmofal, E., & Balintova, M. (2021). Organization of
surface water monitoring in Sumy Region. Technogenic and Ecological Safety, 10(2), 17-22. doi: 10.52363/2522-
1892.2021.2.3.

[13] Knight, C.A. (2021). Causes and consequences of eutrophication, which are leading to water pollution. Journal of
Preventive Medicine and Public Health, 6(10), article number 118. doi: 10.36648/2572-5483.6.10.118.

[14] Kushnir, D., & Tuchkovenko, Y. (2021). Variability of hydrological characteristics of Black Sea estuaries under conditions
of regulation of water exchange with the sea (on the example of Tyligul and Kuyalnytsia estuaries). Odesa: Odesa State
Environmental University.

[15] Letshwenyo, M.W., & Sima, T.V. (2020). Phosphorus removal from secondary wastewater effluent using copper
smelter slag. Heliyon, 6(6), article number e04134. doi: 10.1016/j.heliyon.2020.e04134.

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1 73 |



https://doi.org/10.3390/drones2040042
https://doi.org/10.12911/22998993/125439
http://doi.org/10.1039/d2ra06436g
http://doi.org/10.2478/auoc-2023-0003
https://doi.org/10.15244/pjoes/142475
http://doi.org/10.1016/j.biosystemseng.2013.02.002
http://doi.org/10.1590/0104-6632.20190362s20180378
http://dx.doi.org/10.1590/s2179-975x3016
http://doi.org/10.15159/AR.20.049
http://doi.org/10.1038/s41545-021-00142-1
http://doi.org/10.14358/PERS.79.1.87
http://dx.doi.org/10.52363/2522-1892.2021.2.3
http://dx.doi.org/10.52363/2522-1892.2021.2.3
https://preventive-medicine.imedpub.com/articles/causes-and-consequences-of-eutrophication-which-are-leading-to-water-pollution.php?aid=41297
http://eprints.library.odeku.edu.ua/id/eprint/9346/1/kushnir_tuchkovenko_minlyv_gidrolod_kharacterystyc_monogr_2021.pdf
http://eprints.library.odeku.edu.ua/id/eprint/9346/1/kushnir_tuchkovenko_minlyv_gidrolod_kharacterystyc_monogr_2021.pdf
http://doi.org/10.1016/j.heliyon.2020.e04134

Modern methods of monitoring estuarine waters...

[16] Matei, A., & Racoviteanu, G. (2021). Review of the technologies for nitrates removal from
water intended for human consumption. IOP Conference Series: Earth and Environmental Science, 664, article number
012024. doi: 10.1088/1755-1315/664/1/012024.

[17] Mazeikiené, A., & Sarko, J. (2022). Removal of nitrogen and phosphorus from wastewater using layered filter media.
Sustainability, 14(17), article number 10713. doi: 10.3390/sul141710713.

[18] Melnyshenko, S.H., Bohadorova, L.M., & Okhremenko, 1.V. (2023). Study of foreign practices of preventing the
water bodies eutrophication: Experience for Ukraine. Taurida Scientific Herald. Series: Rural Sciences, 132, 372-377.
doi: 10.32782/2226-0099.2023.132.47.

[19] Mokin, V.B. (Ed.). (2005). Computerised regional systems of state monitoring of surface waters: Models, algorithms,
programs. Vinnytsia: UNIVERSUM-Vinnytsia.

[20] Ownby, M., Desrosiers, A., & Vaneeckhaute, C. (2021). Phosphorus removal and recovery from wastewater via
hybrid ion exchange nanotechnology: A study on sustainable regeneration chemistries. NPJ Clean Water, 4, article
number 6. doi: 10.1038/s41545-020-00097-9.

[21] Patel, S.H., Barco, S.G., Crowe, L.M., Manning, J.P., Matzen, E., Smolowitz, R.J., & Haas, H.L. (2018). Loggerhead
turtles are good ocean-observers in stratified mid-latitude regions. Estuarine, Coastal and Shelf Science, 213, 128-136.
doi: 10.1016/j.ecss.2018.08.019.

[22] Pytka-Woszczylo, A., Roézanska-Boczula, M., Gizinska-Gérna, M., Marzec, M., Listosz, A,
& Jozwiakowski, K. (2022). Efficiency of filters filled with rockfos for phosphorus removal from domestic sewage.
Advances in Science and Technology Research Journal, 16(4), 176-188. doi: 10.12913/22998624/152527.

[23] Sidabutar, T., Srimariana, E.S., & Wouthuyzen, S. (2020). The potential role of eutrophication, tidal and climatic on
the rise of algal bloom phenomenon in Jakarta Bay. IOP Conference Series: Earth and Environmental Science, 429,
article number 012021. doi: 10.1088/1755-1315/429/1/012021.

[24] Sonarghare, P.C., Masram, S.C., Sonparote, U.R., Khaparde, K.P,, Kharkate, S.K., & Shinkhede, S. (2020). Causes and
effects of eutrophication on aquatic life. International Journal for Environmental Rehabilitation and Conservation,
11(2), 213-218. doi: 10.11208/essence.20.11.5P2.147.

[25] Stefanni, S., et al. (2022). Framing cutting-edge integrative deep-sea biodiversity monitoring via environmental dna
and optoacoustic augmented infrastructures. Frontiers in Marine Science, 8, article number 797140. doi: 10.3389/
fmars.2021.797140.

[26] Trofymchuk, O., Trysnyuk, V., Novokhatska, N., & Radchuk, I. (2014). Geo-information technologies for decision
issues of municipal solid waste. Journal of Environmental Science and Engineering A, 3, 183-187. doi: 10.17265/2162-
5298/2014.03.006.

[27] Wu, K, Li, Y, Liu, T., Huang, Q., Yang, S., Wang, W., & Jin, P. (2019). The simultaneous adsorption of nitrate and
phosphate by an organic-modified aluminum-manganese bimetal oxide: Adsorption properties and mechanisms.
Applied Surface Science, 478, 539-551. doi: 10.1016/j.apsusc.2019.01.194.

[28] Yang, C. (2022). Review on the causes of eutrophication in water. In Proceedings of the 2022 6th international seminar
on education, management and social sciences (pp. 246-252). Guangzhou: Atlantis Press. doi: 10.2991/978-2-494069-
31-2 30.

[29] Zhang, H., Chen, J., & Haffner, G. (2023). Plateau Lake water quality and eutrophication: Status and challenges.
Water, 15(2), article number 337. doi: 10.3390/w15020337.

[30] Zhang, Y., Yang, K, Fang, Y., Ding, J., & Zhang, H. (2022). Removal of phosphate from wastewater with a recyclable
La-based particulate adsorbent in a small-scale reactor. Water, 14(15), article number 2326. doi: 10.3390/w14152326.

[31] Zou, H., Lu, X., & Abualhail, S. (2014). Characterization of denitrifying phosphorus removal microorganisms in
a novel two-sludge process by combining chemical with microbial analysis. Journal of Chemistry, 2014(1), article
number 360503. doi: 10.1155/2014/360503.

| 74 Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1



https://doi.org/10.1088/1755-1315/664/1/012024
http://doi.org/10.3390/su141710713
https://doi.org/10.32782/2226-0099.2023.132.47
https://www.researchgate.net/profile/Vitalii-Mokin/publication/275832484_The_computerized_regional_systems_of_the_surface_water_national_monitoring_models_algorithms_software/links/5547e4ac0cf26a7bf4da9a4f/The-computerized-regional-systems-of-the-surface-water-national-monitoring-models-algorithms-software.pdf
https://www.researchgate.net/profile/Vitalii-Mokin/publication/275832484_The_computerized_regional_systems_of_the_surface_water_national_monitoring_models_algorithms_software/links/5547e4ac0cf26a7bf4da9a4f/The-computerized-regional-systems-of-the-surface-water-national-monitoring-models-algorithms-software.pdf
https://doi.org/10.1038/s41545-020-00097-9
https://doi.org/10.1016/j.ecss.2018.08.019
http://doi.org/10.12913/22998624/152527
http://doi.org/10.1088/1755-1315/429/1/012021
https://www.researchgate.net/publication/358275772_Causes_and_effects_of_eutrophication_on_aquatic_life
https://doi.org/10.3389/fmars.2021.797140
https://doi.org/10.3389/fmars.2021.797140
https://www.davidpublisher.com/index.php/Home/Article/index?id=644.html
https://www.davidpublisher.com/index.php/Home/Article/index?id=644.html
http://doi.org/10.1016/j.apsusc.2019.01.194
http://doi.org/10.2991/978-2-494069-31-2_30
http://doi.org/10.2991/978-2-494069-31-2_30
http://doi.org/10.3390/w15020337
http://doi.org/10.3390/w14152326
https://doi.org/10.1155/2014/360503

Grubyi & Trokhymenko

Cy4acHi MeToan MOHITOPUHIY IMMaHHMUX aKBaToOPiN Ha npuknagai
TunirynbCbKoro numaHy

Mukona MNpy6uin

AcnipaHT

HauioHanbHu yHiBepcuTeT KopabnebynysaHHA iMeHi aamipana MakapoBa
54007, npocn. 'epoiB YkpaiHu, 9, M. Mukonais, YkpaiHa
https://orcid.org/0009-0009-8842-2024

MaHHa TpoxuMeHKo

JOKTOp TEXHIYHMX HayK, Npodecop

HauioHanbHWii yHiBEpCUTET KOpabnebyayBaHHSA iMeHi agmipana MakapoBa
54007, npocn. 'epoiB YkpaiHu, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0002-0835-3551

e AHoTauiqa. Pyunuit MOHiTOpUHT CTaHy eBTpO(biKauﬁ BOJHMX OO0 €KTiB, TAKMUX fAK JVMAaHU, € HOCUTh CKIaSHUM
3aBaHHAM. TeXHO/IOrist [POHIB MOXe OyTH BUKOPMCTAaHA A/ JOIIOMOTYM B MOHITOpPMHIY Oyab-sikux Bogoim. lle
TOCTiIKEeHHA OY/I0 IPOBELIEHO 3 METOI0 3aCTOCYBAHHA METOJiB AVMCTAHLITHOIO 30HIYBAaHHA Ha OCHOBI 6e3MiIoTHIX
mitanpuyx amapatis (BIIJIA) mns oTpuMaHHA IOKa3HUKIB eBTpodikanil y Bomax Twriryabscpkoro numany. OcHOBY
indopmanii craHOBIATH HaHi, 3i0paHi ;poOHaML, CTOCOBHO piBHA eBTpOdiKallii Ta CTaHy MOPChKMX IpocTopiB. s 360py
JaHVX 3 MOBIiTPsi BUKOpucToByBaBcs ApoH DJI Phantom 4 Pro. [is tecTyBaHHs 6y/10 06paHO YOTUPU TOUKY Bigbopy
Hp06, Jie OL[iHIOBA/IM HOPMa/Ii30BaHMII iIHEKC PI3HMUII POCIMHHOCTI Ta HOPMali3OBaHMII iH[EKC Ka/laMyTHOCTI PiSHMLII.
Takox 6y orpumaHi gaHi Exsitu, Taxi sik KoHI[eHTpauis HiTpaTiB i KOHIEHTpais Ppocdaris. Byno pospaxosaHo iHgeKc
TPOQIYHOrO CTaHy, AKMII OINCYE BMICT BOJOpOCTeNt B jmMaHi. [imepcrexrpamphi so6paxenns BIIJIA 6ymu opro-
BUIIPSIMJIEH] T TeOIPYB si3aHi B IporpaMHoMy 3abesmedenHi Agisoft PhotoScan ta owiHii sHa4eHHsT HOPMaTi30BaHOTO
PI3HMIIEBOTO BEreTALIHOTO iH/IEKCY B ArcGIS. PesynpraTy mokasany KOpenALi0 MiXK 3HaY€HHAMM iHJEKCY PisHMIN
POCIIMHHOCTI Ta KOHLIEHTpaLi€l0 a30Ty Ta pocdopy 3i 3HavenHAMY KoedinienTis 0,7079 s koHLeHTpanii pocdopy Ta
0,7004 pnsA KOHIIEHTpalil a30Ty BignosigHo. e nocmimKenHsa miiTBepAUIO 3aCTOCOBHICTD JUCTAHIIIHOTO 30HAYBaHHA
TUIA YOPaBIiHHA BOGHUMU pecypcamu 3a fornomororo BITJTA, mo xapakTepusyeTbcs AK IIBUIKA Ta IPOCTa METOJOMOTIA.
3anpoI0HOBAHO AKICHY OLIIHKY /I KOHTPOJIb lTapaMeTpiB JOBKI/ULA IIij] 4ac po3B’A3aHHA 3a/ja4 eKO/IOTIYHOTO MOHITOPUHTY
MOPCBKIX aKBATOPIil i Iprbepesxixst. 3a3Ha4eHO, [0 METOAY MAaTEMATIIHOTO Ta IMITAI[iTHOTO MOJE/TIOBAHHSI CIIPYSIIOTH
¢dbopmyBaHHIO QYHKIiOHaIbHMX I iHPOpMALiiHUX MOZesell, a TAKOX 3aCTOCOBYIOTbCSA METOAY CUCTEMHOIO aHaJi3y
IS BUSABJICHHA CTPYKTYPHUX 3B A3KiB MDK KOMIIOHEHTaMU CKIafHuX cucteM. OTpUMaHHI pe3yabraTyl IPOBEJEHOrO
TOCTiKeHH TalyTh 3MOT'y B IIOfja/IbIIOMY BUKopucToByBaTy BITIA Ta iHmIi cioco6u ycTaHLiltHOTO 30HyBaHHA JIA
MOHITOPMHIY Ta IPOTHO3YBaHHA CTaHY TMMaHHMX Ta MOPChKMX aKBaTOPil
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© Abstract. The relevance of the study lies in the development, improvement and practical implementation of a
geoinformation approach to flood risk forecasting within the Dniester flood control area by integrating satellite monitoring,
spatial analysis and interpolation methods. The study was aimed at creating an effective system for identifying potentially
dangerous areas, analysing floodwater pollution and assessing the impact of climate change on hydrometeorological
processes in order to increase environmental safety and ensure sustainable risk management at the level of territorial
communities. Mapping of Quaternary deposits, geomorphological levels and landscape structure was carried out, and a
forecast map of flooding of territories with water rising by 1, 3, 5 and 10-12 meters was constructed. The final result was a
3D map, which is presented as an interpolated surface, created using the inverse weighted distance method. The optimal
intervals of the value and size of the cells were selected: the obtained result allows not only to analyse the risks of flooding,
but also to draw up reports with visualisation of data stored in the form of graphic images. For the first time, a map of
the ecological risk of flooding of the Dniester flood control site by catastrophic floods was created for the Dniester Valley
and adjacent territories of Podillia and Prykarpattia. The study showed that the process of flooding of the Dniester Valley
occurs sequentially: first, the low floodplain is flooded (water rise +1 m), then the middle (+3 m), high (+5 m) floodplains
and, finally, the first suprafloodplain terrace (+10-12 m). Based on the identified patterns, a system for predicting the
rise of water during floods was developed. In addition to forecasting, this system performs the function of notifying the
population about catastrophic manifestations of water elements

© Keywords: interpolation; modeling; remote sensing; geographic information systems; water resources management

@ Introduction

The relevance of the research topic is explained by the in-
creasing frequency of severe floods in the Dniester regions
due to climate change, suboptimal water use and disruption
of natural hydrological systems. Such floods pose a threat
to human life and health, destroy valuable natural and so-
cial resources and negatively affect ecosystems. The Dni-
ester Valley is one of the most urbanised and valuable areas
of Ukrainian Podillia, characterised by a high level of flood

risk. Protecting the population from catastrophic floods
and assessing the risks associated with them is a priority
area of environmental and social research in this region.

Recent studies highlight a wide range of problems
related to flood forecasting and environmental safety. Ac-
cording to researchers O. Adamenko et al. (2020), the role
of geographic information systems and satellite monitor-
ing in modeling flood risks is considered. In particular,

Suggested Citation: Zorin, D., & Sysak, K. (2025). Integration of satellite monitoring for flood risks forecasting on the example of the
Dnister’s Flood Surveying Site. Ecological Safety and Balanced Use of Resources, 16(1), 76-88. doi: 10.63341/esbur/1.2025.76.

*Corresponding author

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


https://esbur.com.ua/en
https://orcid.org/0000-0002-3519-8171
https://orcid.org/0000-0003-2640-4735

the works highlight the importance of integrating remote
sensing for operational monitoring of watersheds and as-
sessing the impact of climate change on the hydrological
regime of territories. Ecological security is defined as the
state of the environment that ensures comfortable living
conditions for the population, sustainable development
and restoration of ecosystems disrupted by anthropogenic
processes. Researchers O. Adamenko et al. (2022) substan-
tiated the structure of ecological security, which includes
computerised and geoinformation systems for predicting
and minimising the consequences of flood situations.
This study proposes to combine existing approaches into
a single ecological geoinformation system that integrates
remote sensing methods to increase the level of ecological
security in the Dniester Valley.

The studied area, according to researchers P. Lysytsia
& O. Mudrak (2022) and A. Dzyba & V. Kyriienko (2024),
in geomorphological and morphostructural terms covers
fragments of two first-order morphostructures: East Car-
pathian and Podilsko-Kodrynska. Within their boundaries,
second-order morphostructures are distinguished: Outer
Carpathian, Precarpathian and Podilsko. Finer zoning into
third-order morphostructures, according to the origin,
forms and age of the relief; is carried out according to various
schemes. The aim of the study was to develop geoinforma-
tion models and methods for predicting catastrophic floods
in the Carpathian region (Dniester basin) based on the in-
tegration of historical, instrumental and satellite data to in-
crease the effectiveness of early warning and minimise risks.

© Materials and Methods

The study used historical and instrumentally confirmed
data, which was justified by the identification of patterns of
flood periodicity. To create a periodisation of catastrophic
floods on rivers such as the Dniester, both natural extreme
phenomena and their interaction with anthropogenic fac-
tors were analysed. In particular, the recurrence of warm
(dry) and cold periods and the floods associated with them
was considered. The study took into account the stage of
development of the Dniester valley and long-term observa-
tions of the Dniester river regime at the hydro-post of the
city of Halych, since these processes are key for predicting
changes in the behavior of the river and developing flood
risk management measures. The method of correlation of
water flow in the Dniester river (city of Halych), conducted
on the basis of long-term observations, was analysed.

To assess flood risks in Galician Transnistria, a geomor-
phological map of the Dniester flood control site was created.
The map was developed by D. Zorin (2022) with the partic-
ipation of students, under the scientific supervision and ed-
itorial support of Professor O. Adamenko et al. (2022). The
work included field expedition mapping, hypsometric analy-
sis of topographic maps at a scale of 1:10,000, and processing
of satellite images using MapInfo software. The use of the
Maplnfo geoinformation environment ensured accurate pro-
cessing and visual display of spatial data, which contributes
to improving the environmental safety of the studied area.
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Thanks to cooperation with the Institute of Telecom-
munications and Global Information Space of the National
Academy of Sciences of Ukraine, the National Space Agen-
cy of Ukraine, the Space Information Reception Center in
Dunayevtsy, the State Emergency Service of Ukraine, the
Dniester Basin Water Resources Management Board, the
Ministry of Environmental Protection and Natural Re-
sources, as well as with the involvement of open sources, in
particular sentinel-hub.com and media materials, a com-
prehensive analysis of numerous satellite and aerial pho-
tographs was carried out. This made it possible to study in
detail the spatial features of the distribution and intensity
of the catastrophic floods of 2008 and 2020 in the Western
region of Ukraine (Kuzmenko ef al., 2019). Also, in order
to assess the impact of this extreme flood on the territory of
the Carpathian region, the flood limits caused by the west-
ern cyclone in July 2008 were simulated. After digitising the
flood zone based on the 2020 satellite image, the resulting
model was overlaid with the contour of a forecast map de-
veloped back in 2015.

To predict the ecological risk of flooding of territories
by catastrophic floods, a map was created for the Dniester
Valley and adjacent territories of Podillia and Prykarpattia
for the first time (Adamenko et al., 2022). This cartograph-
ic model, authored by Denis Zorin, became the basis for
analysing and forecasting flood situations in the region.
To predict the flooding of the territory, it was necessary to
create a 3D model. To achieve the desired level of detail,
optimal value intervals and cell sizes were selected, which,
although increasing the processing time, allowed for more
accurate interpolation results. Additionally, transparency,
legend, map name, and value elements were configured.
The settings were saved as templates for reuse without the
need to perform all actions from scratch. After creating
the 3D surface, contours were constructed using the 3D
View utility. The contour intervals were aligned with the
thematic map to ensure consistency in the displayed data.
The result allowed not only to analyse the risks of flooding,
but also to generate reports with visualisation of the data,
which were stored in the form of graphic images.

To predict floods, three-dimensional models of ter-
ritories were created, which allow assessing the levels of
flooding and determining environmental risks. An im-
portant stage in this process was the formation of a Grid
Image using MapInfo Pro software. Using GIS technolo-
gies such as MapInfo Pro, the researchers created interpo-
lated surfaces, constructed contours, and generated flood
risk maps. For this purpose, interpolation methods were
used, in particular, the inverse distance weighted (IDW)
method and the irregular triangle network (TIN). The
IDW method provided high modeling accuracy, especial-
ly for large amounts of data. This method turned out to
be more effective than TIN, in addition, it provides more
accurate results and works stably (Stetsenko, 1999; Soson-
na et al., 2023). Based on the revealed regularity, a system
for predicting water rise during floods (AVIPS-Dniester)
was further developed.
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© Results and Discussion

The analysis of historical materials, chronicles and docu-
ments for the period of the 8th-19th centuries shows that
climate change often causes catastrophic natural phenome-
na, including floods, severe winters, early frosts, epidemics
and other emergencies. These phenomena had a certain pe-
riodicity, which can be used to predict them in the future.
The recurrence of warm and cold periods and the associated
floods demonstrates cyclicality: droughts occur in the 20s,

60s and 70s of each century, and significant disasters can re-
cur every 300 years. Although modern reports of extreme
events are described as “unprecedented” or “unheard of;
historical records show that similar events have occurred in
the past. Therefore, studying historical climate processes and
their impact on natural disasters helps not only to under-
stand the past, but also to predict future extreme events. This
highlights the need to analyse long-term data to develop an
effective forecasting and warning system (Table 1).

Table 1. Recurrence of catastrophic floods over the last millennium, according to chronicle and historical data
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1 2 3 1 2 3 1 2 3
987 989 2 1681 1686 5 1814 1815 1
989 991 2 1686 1688 2 1815 1820 5
991 1012 21 1688 1689 1 1820 1822 2
1012 1148 36 1689 1700 11 1822 1832 10
1148 1161 13 1700 1702 2 1832 1834 2
1161 1162 1 1702 1703 1 1834 1835 1
1162 1173 11 1703 1705 2 1835 1836 1
1173 1221 48 1705 1706 1 1836 1837 1
1221 1230 9 1706 1707 1 1837 1838 1
1230 1236 6 1707 1708 1 1838 1839 1
1236 1251 15 1708 1709 1 1839 1840 1
1251 1269 18 1709 1716 7 1840 1841 1
1269 1285 16 1716 1717 1 1841 1842 1
1285 1290 5 1717 1718 1 1842 1843 1
1290 1291 1 1718 1719 1 1843 1844 1
1291 1314 23 1719 1721 2 1844 1845 1
1314 1322 8 1721 1723 2 1845 1846 1

Source: developed by the authors

Analysis of previous studies and graphical data shows
a certain pattern of recurrence of catastrophic floods.
Annual spring floods are a common phenomenon with a
one-year cycle. Usually, stronger spring floods occur with
an interval of 3-4 years, which can be considered the first
phase of periodic catastrophic phenomena. The most sig-
nificant floods that leave significant consequences are re-
peated with a frequency of 15-20 years, forming the third
phase. These cycles are interconnected: the first phase
(3-4 years) is repeated twice within the second phase (5-6
years), while the second phase is included in the third
(15-20, sometimes up to 33 years) and is repeated 3-4
times during this long cycle. This periodicity structure is

confirmed by long-term meteorological observations cov-
ering the instrumental period since 1881. Both regional
and local floods are observed in the Carpathian region.
Regional floods cover the entire northeastern macroslope
of the Carpathians, while local floods occur only within
individual river basins. According to G.I. Shvets, M.I. Ky-
rylyuk and other researchers (Ali et al., 2020), in the 20th
century, catastrophic regional floods on the northeastern
macroslope of the Carpathians occurred in the warm sea-
son (June-August) in 1911, 1927, 1941, 1955, 1969, 1980,
1998, 2002 and 2008. In Transcarpathia, such phenom-
ena were mainly recorded in the cold period (Novem-
ber-May) in 1926, 1947, 1957, 1970, 1998, 2002, 2008 and
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2020. Local floods occur much more often - approximate-
ly every 2-3 years. Floods on the rivers of the Carpathi-
an region are formed as a result of intense atmospheric
precipitation, which is frequent in this region. However,
catastrophic levels of water rise are reached only when the
amount of precipitation exceeds 100 mm per day. Instru-
mental observations of the water resources of this region
began in the middle of the 19th century, and systemat-
ic data have been available since 1895. Despite the com-
plexity of predicting these phenomena, their increase in
frequency is associated with global climate change. The
author constructed graphs of global climate fluctuations,
and researchers O. Adamenko et al. (2022) predicted
a flood in 2020 back in 2014. The Dniester River Valley
demonstrates a complex geomorphological structure and

Zorin & Sysak

development dynamics. The river within the valley it cre-
ated meanders from one side of the valley to the oppo-
site, going through several stages of its development. First
stage: during tectonic uplift of the territory, the riverbed
cuts into the root bank, forming a straight path. Second
stage: the river goes into lateral erosion, forming mean-
ders, the radius of which can be 18 times the width of the
riverbed. This stage is considered the period of maturity
of the river. Third stage: during new tectonic activation,
the valley area rises again. The river cuts into the root bed,
and the old meanders turn into incised ones. The riverbed
straightens when the isthmuses between the meanders are
cut by the current. The Dniester Valley is in the third stage
of its development, which affects the formation of its relief
and hydrological regime (Fig. 1) (Davybida et al., 2021).

-~

-

~

Figure 1. 3D model of a satellite image of the Mariyampil tablet
Note: the distance between the contour lines of elevations above sea level is 1 m

Source: developed by the authors

The right tributaries of the Dniester within the Dniester
flood control area — Limnytsia and Lukva - are character-
ised by uneven flow throughout the year, which leads to a
large number of floods. They are caused by both melting
snow in the mountains and heavy rainfall. The Hnyla Lypa
River and its tributaries have only one high level in spring,
caused by melting snow cover. According to long-term ob-
servations of the Dniester River regime at the Halych hy-
dro-station, the most characteristic feature of the Dniester
River water regime is frequent floods throughout the year.
The height of floods near Halych varies within 0.5-5 m. The
rivers of the Dniester flood control area, which are right
tributaries of the Dniester River, are mixed: in spring, the
main source of runoff is snowmelt, from May to Novem-
ber - rain, after which groundwater dominates. In particu-
lar, the flow rate of the Lukva River is 141.6 million m?, the
flow in low-water years with a provision of 75% and 95%,
respectively, is 98.7 and 59.3 million m? The river’s own
flow is not regulated. The left-bank tributary of the Hnyla
Lypa River is characterised by spring floods. Summer pre-
cipitation here does not have a noticeable impact on the
river regime, but there are individual significant floods
(Mamo et al., 2019; Bilas et al., 2022). An analysis of water

flows in the Dniester River — the city of Halych, conducted
on the basis of many years of observations, indicates their
stability within 100-200 m?®/s. The maximum water flow
was recorded in 1943 in the city of Halych - 770 m*/s.

An assessment of the current state of surface waters of
the upper Dniester indicates a significant anthropogenic im-
pact on its water regime. The catchment area is home to a
large number of settlements, industrial and agricultural fa-
cilities. Intensive wastewater discharge and pollution cause
deterioration of water quality, siltation and bank collapse. In
many places, the land is plowed up to the very banks, which
intensifies erosion processes. Domestic wastewater from set-
tlements, farms and social facilities adds to the overall pol-
lution, creating urgent problems for ensuring the ecological
safety of the Dniester River basin. To analyse flood risks in
Galician Transnistria, a geomorphological map of the Dni-
ester flood control site was created (Fig. 2). This map plays
an important role in forming a system for predicting the se-
quential flooding of the Dniester Valley during catastrophic
floods. It serves as a basis for creating ecological flood risk
maps and contains information on the morphology, genesis
(origin) and age of macroelements of the relief. These oper-
ations can be implemented not only in MaplInfo, but also in
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other GIS software environments, which provides flexibility
and versatility of the approach. At this landfill, modeling,
forecasting and development of practical measures to pre-
vent catastrophic consequences of water events are carried

out. The results obtained are used not only in the Dniester
Valley, but also in other water basins. One of the key research
tools was 3D modeling, which provides the possibility of de-
tailed analysis of orographic and hydrological factors.
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Figure 2. Geomorphological map of Galician Transnistria

Source: D. Zorin (2022)

An important element of the modern flood protection
system is risk management, i.e. early prediction of danger-
ous processes, identification of the main causes, natural
and anthropogenic factors of the development of floods
and floods, development of measures to reduce them to
a favorable level. The main tool of the flood risk manage-
ment system is a management plan based on maps of the
possible development of these dangerous processes. Such
maps and plans should be developed for each catchment
basin of the watercourse of the appropriate order, taking
into account the principles of the basin approach and the

p

specifics of the hydrological and geomorphological con-
ditions of a particular territory (Kozlowski et al., 2023).
The spatial features of the distribution and intensity of the
catastrophic floods of 2008 and 2020 in the Western re-
gion of Ukraine were studied (Fig. 3-4). Figure 4 presents
the vectorised flood boundaries. The study showed that
the flooding process of the Dniester valley does not oc-
cur chaotically, but sequentially: first, the low floodplain
is flooded (water rise +1 m), then the middle (+3 m), high
(+5 m) floodplains and, finally, the first suprafloodplain
terrace (+10-12 m).
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Figure 3. Comparison of satellite images from 2008 and 2020
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Figure 4. Vectorised flood boundaries of 2008
Note: satellite image sentinel-hub.com 07/28/2008
Source: developed by the authors
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The analysis showed that the boundaries of the predict-
ed and actual flood zones coincided, which confirms the
high accuracy of the previous forecasts. These consequenc-
es could have been predicted in advance, which would have

allowed measures to be taken to warn the population and
minimise damage (Fig. 5). The areas of actual flooding are
marked in red, which reflected the scale of the real conse-
quences of the flood.
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Scientists of the Ivano-Frankivsk National Technical
University of Oil and Gas (IFNTUNG) are making signifi-
cant efforts in the study of floods. In particular, on August 4,
2008, the researchers submitted their proposals to the Iva-
no-Frankivsk Regional State Administration on preventing
the consequences of catastrophic floods. At the initiative of
the rector of the university, Professor E.I. Kryzhanivskyi, in
cooperation with the regional council, state administration
and other organisations, the Dniester Scientific, Educa-
tional, Production Engineering and Environmental Flood
Prevention Range was created with a center in the village
of Mariyampil, Halytskyi district, Ivano-Frankivsk region
(Fig. 5) (Myrontsov, 2020; Trigub & Domuschi, 2023). This
work is long-term and follows the following character:
it began back in 2008 after the catastrophic flood, which
prompted the creation of the Dniester flood control site.
Since then, starting in 2010, research has been conducted
systematically. Within the framework of this project, data
is accumulated, databases are formed and geoinforma-
tion models are created that allow improving the system
of flood forecasting and analysis. The work continues as of
2025, providing a valuable basis for flood risk management
(Table 1). A 3D model was created to predict the flooding
of the territory, which provided a more accurate analysis
and visualisation of risks (Fig. 6-7).
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The analysis of the satellite image from June 25, 2020
and the ecological risk map of the territories created on
June 15, 2015, showed a high correspondence between the
predicted flood limits and the actual data. The contours of
the flood zones, modeled five years before the event, almost
completely coincided with the real limits recorded on the
satellite image. This indicates the high accuracy of the ap-
plied forecasting methodology and the effectiveness of the
integration of geographic information systems and satellite
monitoring for flood risk assessment. The obtained result
confirms the feasibility of implementing such approaches in
the ecological safety and emergency management systems.
The symbols of the flood risk zones are shown in Figure 8.

The Automated Information and Measurement An-
ti-Flood System - Dniester (AVIPS-Dniester) consists of
three models - cartographic, mathematical and geoinfor-
mation, which must be included sequentially during the
development of the flood as separate blocks: 1) automated
hydrological post; 2) weather station; 3) telemetric system
for transmitting information from hydroposts and weather
stations to the crisis center of the State Emergency Service
and from it to settlements; 4) marking on the ground in
settlements of segments that will be flooded when the water
level on the main river rises by 1, 2, 3... 10, 11, 12 m. The
development of such models is a key stage in the creation of
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long-term regional programs and operational measures to  development of practical measures to prevent catastrophic
prevent and eliminate emergencies in the Dniester Valley — consequences of water elements are carried out. The results
and the Carpathian-Podilskyi region. In addition to fore-  obtained are used not only in the Dniester valley, but also
casting, this system performs the function of notifying the  in other water basins. One of the key research tools was 3D
population about catastrophic manifestations of water el-  modeling, which provides the possibility of detailed analy-
ements (Fig. 8). At this landfill, modeling, forecasting and  sis of orographic and hydrological factors.
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Figure 6. Scheme for creating ecological maps
Source: created by the authors
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The study of orographic factors affecting the retention of
cyclones in the Carpathians, where the bulk of precipitation
falls in the Carpathian region, is considered as a possibility
of retaining part of the runoft using hydraulic structures. The
processes of water accumulation in the cirque-shaped upper
reaches of small Carpathian rivers play a key role in the forma-
tion of flood waves. In the absence of intercepting hydraulic

p
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structures (dams or water catchments), rain or snowmelt
runoff is not delayed in these basins, but rapidly descends to
the lower parts of the relief. This leads to increased erosion
processes in the channels, destruction of banks, the forma-
tion of mudflows and the occurrence of landslides, especially
in conditions of overwetting of slopes. Based on 3D mode-
ling, recommendations are provided for reducing these risks.
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Modern three-dimensional modeling technologies al-
low significantly increasing the efficiency of analysing flood
formation processes. They provide an accurate representa-
tion of the relief, modeling of surface runoff directions,
identification of water accumulation zones and potential-
ly dangerous areas. This contributes to better forecasting
of flooding, erosion processes and landslides, as well as
optimisation of the placement of engineering protection.
Thanks to modern 3D modeling technologies, it is possible
to significantly improve the understanding of flood for-
mation processes, which is important for preventing their
catastrophic consequences and reducing risks for the pop-
ulation and infrastructure (Lou ef al., 2023). Recommenda-
tions for reducing flood risks based on 3D modeling:

1. Construction and reconstruction of intercepting hy-
draulic structures: installation of retention dams and water
retention structures in the upper reaches of river basins to
contain rapid surface runoff; use of floodplain reservoirs
for temporary storage of flood waters.

2. Anti-erosion measures on slopes: carrying out af-
forestation in areas with high erosion risk; development of
a terracing system in areas with steep terrain to reduce the
force of surface runoff.

3. Optimisation of development and land use: restric-
tion or prohibition of construction in areas identified by
the model as high-risk (lowlands, valleys, channel terrac-
es); change in land use type in critical areas (e.g. conversion
of agricultural land to nature reserves).

4. Improvement of early warning system: integration of
3D models into monitoring and warning systems, in par-
ticular for prompt notification of the population in case of
flood threat.

5. Regular updating of hydrological data: conducting
periodic terrain scanning (LiDAR) and updating digital el-
evation models to increase the accuracy of forecasts; moni-
toring the dynamics of coastlines and flood zones.

6. Ecological reconstruction of river valleys: restora-
tion of old rivers, wetlands and natural floodplains that can
act as buffer zones during floods.

7. Community education and formation of emergency
action plans: development of local evacuation plans; con-
ducting training for the population on flood response tak-
ing into account the risk zones identified by the model.

Forecasting and warning local authorities and the pop-
ulation about floods remain difficult tasks due to the unpre-
dictability of these phenomena and the speed of their devel-
opment. The experience of previous floods has reached the
level of public awareness. Ensuring safety in the Dniester
River Valley and its tributaries includes reducing the risk
of harmful consequences of catastrophic floods and floods.
Floods and flash floods can occur suddenly and reach a peak
intensity within a few minutes, which significantly compli-
cates the possibility of early forecasting and effective warn-
ing of the population. Therefore, early planning, preparation
and implementation of safety measures aimed at minimising
risks to people and infrastructure are of particular impor-
tance. In such conditions, it is extremely important to know
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whether your home is located in a potential flooding zone, as
well as to assess the level of safety of staying at home or the
need to find another shelter. Residents of risk areas should
have a clear idea of the possible threats of this natural phe-
nomenon and always be ready to take appropriate action in
case of danger (Malkova et al., 2023; Sysak, 2024).

First of all, it is necessary to determine whether the
dwelling is located in a potential flooding zone. Find out
whether floods or high water have been observed in this
area before, when exactly this happened and to what level
the water rose. It is important to take into account the dis-
tance of the house to the bank of a river, lake or old woman.
An additional danger is the location near a steep slope of a
valley, ravine or a place where a ravine turns into a valley. To
obtain accurate information, it is worth familiarising your-
self with the ecological flood risk map (Fig. 8). At a scale
of 1:10,000, it shows segments of a settlement that may be
under water when it rises by 1, 2, 3... 10, 11, 12 meters. It
is advisable for local authorities, together with surveyors,
to mark these segments directly on the ground. It is also
necessary to check the accessibility of roads and bridges in
case of evacuation (Hnatushenko & Kashtan, 2021; Trigub
& Domuschi, 2023; Wang et al., 2024).

The results of the study predicted floods, which made
it possible to create a three-dimensional model of the ter-
ritories, which allows estimating the levels of flooding and
determining environmental risks. Using GIS technologies,
such as MaplInfo Pro, researchers create interpolated sur-
faces, build contours and generate flood risk maps. For this,
interpolation methods are used, in particular, the inverse
distance weighted (IDW) method and irregular triangle
network (TIN). The IDW method provides high mod-
eling accuracy, especially for large amounts of data (My-
rontsov, 2020; Moss et al., 2020).

In the dissertation work of M.K. Halochkin (2022) re-
viewed the theoretical principles and methods of hydrolog-
ical modeling of flood zones using remote sensing materials
and geographic information systems. The main attention
was paid to the analysis of changes in channel process-
es, the classification of flood modeling models, the use of
Saint-Venant equations, as well as experimental studies on
individual sections of the Dniester. An important compo-
nent is the use of UAVs, Landsat and Sentinel satellite data,
as well as the use of HEC-RAS software. However, it should
be noted that the use of satellite data and geographic infor-
mation systems in it has long been an established practice
in the industry. The novelty of the research approach lies
not only in the application of these technologies, but in the
development of a universal methodology that allows you
to quickly import geographic information models built in
the MapInfo environment into any other GIS environment
for further analysis, adaptation and decision-making. This
provides high flexibility, scalability and compatibility of the
project with modern spatial analysis systems.

In addition, the proposed system integrates methods
of satellite monitoring, real-time processing and visualis-
ation of results, which allows for prompt information of
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local communities, increase their level of flood prepar-
edness and reduce socio-economic consequences. Thus,
the author’s approach combines the advantages of classi-
cal solutions with modern requirements for adaptive risk
management in the context of climate change. In contrast
to the mentioned work, the author’s research methodology
offers a comprehensive approach to the integration of sat-
ellite monitoring and flood risk forecasting in the context
of climate change. In particular, the emphasis is on the use
of the latest technologies, such as the Sentinel-1 and Senti-
nel-2 satellite services for prompt detection of changes in
the water table, as well as 3D modeling of flood processes
using modern geoinformation software (MaplInfo, QGIS,
ArcGIS). Dynamic forecasts mean the ability of the model
to be promptly updated based on new satellite and hydro-
meteorological data. This allows for a flexible assessment of
the risk of flooding taking into account changes in weath-
er conditions in real time or close to it. In addition to risk
mapping, researchers have proposed a methodology for de-
veloping practices for the first time.

Geographic information systems remain a component
for flood risk analysis in urban settings, as demonstrated in
the study by other researchers such as J. Balch et al. (2020)
on the case of the city of Midar in Morocco. This study fo-
cuses on the significant role of GIS not only as a mapping
tool but also as a key element in urban planning and man-
agement. Extremely careful identification and mapping of
areas at risk of damage and flooding will provide a deeper
understanding of the vulnerability of urban landscapes.
The practical utility of GIS in reducing material losses is
particularly relevant for areas with increased flood risk.
The analytical framework presented in this study provides
several important conclusions on the effectiveness of GIS
in urban management. Also, the approach focuses on the
protection of the population and infrastructure of Midar,
demonstrating the potential for adaptation. Overall, the
study highlights the transformative potential of GIS in in-
creasing resilience, making this technology a key tool in the
fight against natural disasters.

© Conclusions

As a result of the study, the feasibility of using a geoinfor-
mation approach to forecast flood risks within the Dniester
flood control area was comprehensively substantiated. Cli-
mate change, in particular the increase in the intensity of
atmospheric precipitation, as well as anthropogenic factors
such as irrational water use, deforestation and urbanisation,
significantly affect the hydrological regime of the region.
This necessitates the creation of effective tools for monitor-
ing, forecasting and responding to flood situations in order
to ensure environmental safety and protect the population.
For the first time, a comprehensive spatial model was creat-
ed for the territory of the Dniester Valley and the adjacent
regions of Podillia and Prykarpattia, combining data from
remote sensing, geomorphological analysis and historical
observations. Detailed mapping of Quaternary deposits,
landscape structure and elevation levels of the relief was
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carried out, which made it possible to identify patterns in
the formation of flood waters and create a forecast map of
flooding at different water levels. A particularly significant
result was the construction of a 3D map of the territory in
the GIS environment, which served as the basis for mode-
ling flooding using the inverse-weighted distance method.
This method turned out to be optimal for assessing the spa-
tial distribution of risk in conditions of uneven location of
hydrological posts.

The study of historical sources, including chronicles,
chronicles and meteorological observation data, made it
possible to identify the cyclical nature of the occurrence
of catastrophic floods. It was established that floods have
a clear periodicity within 3-4, 5-6 and 15-20 years, which
corresponds to different phases of recurrence of extreme
hydroclimatic phenomena. These data became the basis
for the formation of a forecasting system capable of tak-
ing into account not only modern instrumental observa-
tions, but also long-term historical dynamics. An impor-
tant practical achievement of the work was the creation of
an automated information and measurement anti-flood
system AVIPS-DNISTER, which combines cartographic,
mathematical and geoinformation models. The system al-
lows not only to model possible scenarios of the develop-
ment of a flood situation, but also ensures the functioning
of prompt notification of the population and relevant civil
protection services in case of a threat of flooding. The pro-
posed model for predicting water rise allows determining
the level of danger for each specific settlement, depending
on the morphology of the territory and the degree of vul-
nerability of the infrastructure.

The results of the study demonstrated the effective-
ness of combining GIS analysis, remote sensing, and his-
torical climate analysis methods for flood risk assessment.
The proposed approach is universal and can be adapted
for other regions of Ukraine and Central and Eastern Eu-
rope with complex terrain and flood threat. The practical
implementation of the flood monitoring and forecasting
system within the Dniester flood control area opens up
new opportunities for sustainable water resource manage-
ment, minimising the consequences of emergencies, and
preserving the ecological balance in one of the most im-
portant natural regions of Ukraine. Thus, the study made
a significant contribution to the development of environ-
mental safety and natural risk management within the
Dniester Valley, proposing a scientifically sound and tech-
nologically implemented flood forecasting model that has
high social, economic, and environmental significance.
To increase the effectiveness of the proposed approach,
it is advisable to expand the use of quantitative analysis
methods, including machine learning, as well as to intro-
duce interdisciplinary cooperation to improve the flood
monitoring and forecasting system.
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© AwHoTtauis. AKTyanpHICTh JOCTI/)KEHHS IOJIATa€ B PO3poOIl, BAOCKOHAJIEHHI Ta IPAKTUYHOMY BIIPOBA/PKEHHI
reoiH(OpMaIiifHOrO HifXOAy O IPOrHO3YBaHHA IIABOIKOBUX PM3MKIB y MexKaX [IHICTPOBCHKOrO IPOTHUIIABOAKOBOIO
IIOJIITOHY HUISXOM IHTerpauii CyIyTHMKOBOIO MOHITOPMHIY, IIPOCTOPOBOIO aHAJIi3y Ta IHTEPIOALIHUX METOHIB.
Hocnmimkenna Oymo crpsMoBaHe Ha CTBOpPEHHS e(eKTMBHOI CUCTEMM BUABIEHHA IOTEHIIHO HeOe3leYHMX 30H,
aHa/mi3y 3a0pyZHEHHs IAaBOJKOBMX BOJ Ta OLHKM BIUIMBY KJIIMaTMYHMX 3MiH Ha Ti[pOMeTeOpOJIOriyHi mpouecu 3
METOI0 IiIBUIIEHHsI eKOJIOTiYHOI Oe3neky Ta 3abe3nedeHHsI CTANOr0 YIPaB/IiHHs PU3MKaMM Ha PiBHI TepUTOpiaIbHMX
rpoMaj;. BukoHaHo kapTorpadyBaHHs 4eTBePTHHHMX BifIK/Ia/iiB, reOMOP(ONOTriYHNX PiBHIB i TaHAIIadTHOI CTPYKTYPIHL,
a TAKOX IT00Y/I0BaHO IIPOTHO3HY KapTy 3aTOIICHH:A TePUTOPIil 3a miarioMy Bopu Ha 1, 3, 51 10-12 metpiB. OcTaTouHMM
pesynbraTtoM cTana 3D-Kapra, sAAKa IpefcTaBleHa AK iHTepIoIbOBaHA IIOBEPXH:A, CTBOPEHA 3 BUKOPUCTaHHAM METONY
3BOPOTHMX 3BaKeHUX BifcTaneit. IlinibpaHo onrTuManbHi iHTepBamuM 3HaueHHA i po3Mipy ocepenkiB: OTpMMaHUI
pe3y/IbTaT ZO3BOJISIE He TUIbKY aHAMI3yBaTy PUSMKY 3aTOIJIEHHS, ajle it 0pOPMIIOBATY 3BiTH 3 Bi3yanisalji€lo faHUX, AKi
36epiraloTbcs y BUITIAAL rpadivHux 306paxkeHb. Yiepiue i JHICTPOBCHKOI TONMMHM Ta CyMDKHUX TepuTopiit Ilopimna
it IIpukapmaTTs 6yna CTBOpeHa KapTa eKOIOTiYHOTO PUSUKY 3aTOIUIEHHs JIHICTPOBCHKOTO IIPOTUIIABOJKOBOTO IIOIITOHY
KaracTpodiuHNMN maBopgKamu. JOCI/PKeHHs ITOKasaao, IO IPOLeC 3aTOIUIeHHs poiamHu JIHicTpa Bif0yBaerncst
IIOCIIi/JOBHO: CIIOYATKY 3aTOIUIIOEThCA HYU3bKA 3aIlIaBa (IIiaitoM Bopu +1 M), HoTiM cepenns (+3 M), Bucoka (+5 M) 3aIIaBu
i, HapemTi, nepia Hajg3arIaBHa Tepaca (+10-12 m). Ha 0cHOBI BUABIIEHNX 3aKOHOMIpHOCTeT! 0Y/10 po3po0IIeHO CHCTEMY
IIPOTHO3YBaHHA IiAIOMy BOA IIif Yac maBofakiB. OKpiM MPOrHO3yBaHHA, 15 CUCTeMa BUKOHYE (YHKIIII0 ONOBilljeHHS
HaCeeHHs PO KaracTpodivHi IposiBY BOXHUX CTUXIl
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© Abstract. The purpose of the study was to investigate trends in the pollution of the Southern Bug River with nitrogen
compounds and to analyse the use of constructed wetlands to prevent this pollution. Statistical processing of the results
of measurements of nitrogen-containing compounds was carried out according to open data of the State Agency for
Water Resources of Ukraine and environmental risks were assessed. Using STATISTICA 12 and proprietary Python
software, the authors created charts of the scale of ammonium ions and nitrate ions. The risks of exceeding the maximum
permissible concentration for all observation posts for these indicators were estimated. Significant exceedances of
maximum permissible levels of nitrogen compounds were detected, particularly downstream of Khmelnytskyi. Due to
the self-cleaning processes occurring in the river, the levels of nitrogen-containing compounds decreased to acceptable
values when measured at the drinking water intake in Vinnytsia, but simultaneously, the concentration of phytoplankton
increased significantly. Correlations between pollution parameters were investigated and scatter plots were obtained.
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The results of the study are of practical value for monitoring and managing water quality in the Southern Bug River
basin. Due to long-term statistical analysis, the study identified spatiotemporal trends in river pollution with nitrogen-
containing compounds, which are key factors of eutrophication of water bodies. As an effective and economically feasible
solution to the problem, the study proposed the introduction of constructed wetlands (CWs) and considered in detail
two main types of CW - with free water surface and subsurface flow - their design features and cleaning mechanisms.
CWs are a promising, decentralised technology for wastewater treatment in small communities that provides significant
advantages over conventional systems due to their low cost, ease of operation, and environmental sustainability

© Keywords: water; eutrophication; ammonium ions; nitrate ions; pollution trend; purification; wetlands

@ Introduction

The Southern Bug is one of the largest rivers in Ukraine,
with its entire catchment area located within the country’s
borders. High regulation, a developed agricultural sector,
a number of large cities, energy facilities, and industry
cause a significant anthropogenic load on the river, which
is primarily expressed in the enrichment of water with nu-
trients, in particular, nitrogen compounds (Bonchkovsky
& Osadcha, 2024; Bonchkovsky & Osypov, 2024). To de-
termine trends in the quality parameters of the South-
ern Bug River, it is considered appropriate to use remote
sensing methods, in particular, using satellites of the Eu-
ropean Space Agency and NASA. Information from arti-
ficial satellites provides data on the deterioration of the
quality of water bodies, mass flowering of phytoplankton,
overgrowth of water bodies with certain species of higher
aquatic plants (Shevchuk et al., 2019; Vyshnevskyi, 2019).
In order to determine the cause of these phenomena, it is
necessary to compare them with the results of on-site pa-
rameter measurements, which are available, in particular,
on open resources. As stated by I. Nezbrytska et al. (2024),
similar problems associated with nitrogen pollution are
typical for other Ukrainian rivers. The relevance of the
topic is conditioned by the need to increase the reliability
of assessing anthropogenic impact on water bodies and
develop appropriate methods and means to reduce it.
According to V. Khilchevskyi et al. (2025), the deteri-
oration of water quality in water bodies due to contamina-
tion with nitrogenous compounds requires the search for
new ways to use cost-effective water treatment methods.
Constructed wetlands (CWs) are a natural and cost-ef-
fective process for cleaning and improving water quali-
ty and reducing overall eutrophication (Semeniaka et
al., 2022). The restoration and protection of wetlands is
protected by the Ramsar Convention on Wetlands (1971),
because in addition to the purifying function, wetlands
are particularly important for the conservation of biodi-
versity. Constructed wetlands have been used since the
1950s and provide better treatment for various types of
wastewater, such as urban wastewater, municipal waste-
water, industrial wastewater, and agricultural waste, while
mimicking the biological, physical, and chemical process-
es that occur in natural wetlands (Khaietsky, 2022). The
use of constructed wetlands for wastewater treatment
has increased dramatically in recent years. According to
S. Kataki et al. (2020), CW is considered an ecological
system to replace conventional secondary and tertiary
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municipal and industrial wastewater treatment processes.
Wastewater treatment plants have replaced convention-
al wastewater treatment processes and created a reliable
treatment system based on a complex natural ecosystem
(Muduli, et al., 2023). Wetlands as an unconventional
wastewater treatment technology have great potential in
developing countries, which provides some advantage
over conventional mechanised treatment processes and
is economically feasible.

The purpose of the study was to analyse trends in the
pollution of the Southern Bug River with nitrogen-contain-
ing compounds and to propose mechanisms for preventing
such pollution using constructed wetlands.

© Materials and Methods

The study was comprehensive in nature and combined
analysis of empirical data with theoretical generalisation
for a comprehensive investgation of the problem of pol-
lution of the Southern Bug River and the search for ways
to solve it. The methodological base of the study included
the collection and processing of primary data, their statis-
tical analysis, and analysis of scientific literature. The ob-
ject of research was the hydroecological state of the upper
reaches of the Southern Bug River. The subject of the study
was the dynamics of the content of nitrogen-containing
compounds (ammonium ions and nitrate ions) in water
and methods for their reduction. The main material for
the analysis was official surface water quality monitoring
data obtained from the State Agency of Water Resources
of Ukraine (2025). Time series of data for the period from
January 1, 2000 to April 20, 2024 were analysed. The anal-
ysis was performed for six observation posts (OPs) located
in the upper reaches of the river to the drinking water in-
take of Vinnytsia, which allowed tracking the dynamics of
pollution along the river. To assess environmental risks, the
maximum permissible concentrations (MPC) established
by state sanitary standards for fishery water bodies and
drinking water supply sources were used.

Processing of numerical data from observation posts
was carried out using the STATISTICA 12 statistical anal-
ysis package and proprietary software developed in the
Python programming language. The choice of these tools
was justified by their extensive capabilities for processing
large amounts of data and flexibility in visualising results.
The distribution was checked for normality using the Kol-
mogorov-Smirnov and Lilliefors criteria. The goal was to
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determine whether the distribution of data corresponds
to the normal law. This is a mandatory step, since it de-
termines the choice of further analysis methods (paramet-
ric or nonparametric). Histograms and box-whisker plots
were constructed to visualise and analyse data that did not
obey the normal distribution law. Histograms were used to
visually evaluate the shape of the distribution of indicators.
Span diagrams were chosen as the main tool for compar-
ing data between different years and posts, as they clearly
demonstrate the median, interquartile span, and outliers
that are more resistant to extreme values than the arithme-
tic mean. Scatter plots were constructed and the Pearson
correlation coefficient (r) was calculated to identify and
quantify the statistical relationship between various water

Kvaterniuk et al.

quality indicators (in particular, between ammonium ions
and nitrate ions). This allowed testing hypotheses about
common sources of origin of pollutants.

© Results and Discussion

The object of analysis is monitoring data from observation
posts (OPs) in the upper reaches of the Southern Bug River
to the drinking water intake in Vinnytsia (Table 1). Data
from 2000-2024 were processed by the State Agency of Wa-
ter Resources of Ukraine (2025). The online system auto-
matically generates a graph of changes in indicators for the
required period, but it is not very informative due to the
presence of a random component of changes in the param-
eters under study.

Table 1. Observation posts in the upper reaches of the Southern Bug

No. Full title of the observation post

Southern Bug River, 744 km, Kopystin village, downstream of Khmelnytskyi

Southern Bug River, 711 km, Medzhibizh urban-type settlement, Medzhibizh reservoir

Southern Bug River, 692 km, Shchedrove village, Shchedrove reservoir

Southern Bug River, 652 km, Khmilnyk city, drinking water intake, upstream of the city

Southern Bug River, 607 km, Gushchyntsi, downstream of the village, drinking water intake, Kalynivka city

Q| U W N =

Southern Bug River, 582 km, Vinnytsia city, Sabariv reservoir, drinking water intake of the city, upstream of the city

Source: created by the State Agency of Water Resources of Ukraine (2025)

To assess general trends in changes in water quality pa-
rameters, they had to be processed using statistical meth-
ods. Using STATISTICA 12 and proprietary Python soft-
ware, span charts and histograms for ammonium ions and
nitrate ions were created. The programme developed by
the authors builds box-whisker plots for each of the years
of observation for all the parameters under study based
on tabular data (State Agency of..., 2025). The Kolmogo-
rov-Smirnov and Lilliefors criteria were applied to verify
compliance with the normal distribution law. The risk was
assessed on a scale from 0 to 1. The histogram for the am-
monium jon index is shown in Figure 1.

Histogram: Ammonium ions, mg / dm3
K-S d=,22705, p<,01; Lilliefors p<,01
—— Expected Normal
140

120
100
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"
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-05 0,0 05 1,0 15 2,0 25 3,0
X <= Category Boundary

Figure 1. Histogram for ammonium ions, mg/dm?
Source: created by the State Agency of Water Resources of
Ukraine (2025)

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 1

This histogram shows that in this case, both by the form
of the histogram and by the Kolmogorov-Smirnov criteria
(p<0.01) and Lilliefors (p <0.01), the distribution law dif-
fers from the normal one. The same results were obtained
for the remaining indicators under study. Therefore, for
further data processing and constructing a span diagram,
the values of the median and interquartile span were used.
Risk of exceeding the maximum permissible concentra-
tion (MPC) for water bodies in terms of ammonium ions
(2 mg/dm?®) was large for all years of observations (Fig. 2).

For the use of this water as drinking water, the standard
of facilities for the ammonium ion indicator is 0.5 mg/dm?,
however, the water at this intake point exceeds the speci-
fied standard for most years of observations, which makes
it necessary to use special physico-chemical methods for
its purification. There is a significant multiple excess of the
maximum permissible concentration for this indicator in
the upper reaches of the Southern Bug, and a gradual dete-
rioration in water quality since 2000. Due to self-purifica-
tion processes occurring in the middle reaches of the river,
the ammonium ion concentration decreases to acceptable
levels. Risk of exceeding the MPC for water bodies in terms
of nitrate ions (10.0 mg/dm?) is also present to a certain
extent, since for 24 years of observations (2000-2024,) at
the observation post No. 6 (Southern Bug River, 582 km,
Vinnytsia, Sabariv reservoir, drinking water in and out of
the city, upstream of the city) this indicator exceeded the
maximum permissible concentration in three of them, in
particular, in 2013, 2014, and 2021 (Fig. 3).

The scattering diagram for the indicators of ammoni-
um ions and nitrate ions when processing data from 2010
to 2022 at OP No. 6 is shown in Fig. 4.
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Figure 2. Span diagrams for the ammonium ions indicator in the upper reaches of the Southern Bug River
Source: created by the State Agency of Water Resources of Ukraine (2025)
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Figure 3. Span diagrams for the nitrate ion indicator in the upper reaches of the Southern Bug River
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Figure 4. Scatter plot for ammonium ion and nitrate ion
data from 2010 to 2022
Source: created by the State Agency of Water Resources of
Ukraine (2025)

Since a regression coefficient is obtained for linear re-
gression of the ammonium ion and nitrate ion indicators
r=0.41, then this indicates the presence of a weak relationship
between the specified parameters. Since r<0.7, then the pres-
ence of this bond can be ignored and the weakly correlated
change in the parameters of ammonium ions and nitrate ions
can be explained by the influence of other additional factors.
In addition, correlation analysis revealed the presence of a
weak relationship between parameters such as nitrate ions
and nitrite ions (regression coeflicient r=0.26) and dissolved
oxygen and biochemical oxygen consumption (r=0.21).

Given the excessive pollution in the upper reaches of
the Southern Bug River, natural mechanisms for cleaning
waters contaminated with nitrogen-containing compounds
should be used, in particular, constructed wetlands (CWs).
CWs are classified according to various parameters. The
most significant features are the water runoff regime (sur-
face and subsurface) and the type of macrophyte growth
(in the form of fixed floating, submerged, free-floating,
and air-aquatic plants) (Dong & Kuang, 2024). The quality
of final drains from the systems improves along with the
complexity and improvement of the system. Two common
types of constructed wetlands commonly created for waste-
water treatment are free water surface wetlands (FWS) and
subsurface flow wetlands (SF) (Santos et al., 2024).

A wetland with a free water surface (FWS) consists of a
shallow basin, soil or other environment to support vegeta-
tion roots, and a water-regulating structure that maintains
a shallow water depth. Cork flow conditions are achieved
in FWS by maintaining a shallow water depth, low water
flow rate, and the presence of plant stems and bedding to
regulate water flow, especially in long and narrow channels
(Ilyas & van Hullebusch, 2020). Wetlands created by sur-
face streams mimic natural wetlands, where water flows
upstream of the Earth’s surface and flows through wetlands
at an average depth of 15 to 30 cm (Fig. 5).
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Figure 5. Diagram of a constructed wetland with a free
water surface
Source: compiled by the authors

Wetlands with FWS can provide wildlife habitat, aes-
thetic benefits, and an ideal water treatment process. In
FWS wetlands, aerobic conditions dominate near the sur-
face layer, while deeper layers, water, and substrate usually
operate in an anaerobic mode. In many systems, the effi-
ciency of removal is affected by the proportional ratio of
the intake of concentrations. In FWS, constructed wetlands
have wastewater with low concentrations of organic matter
and suspended solids. M. Khajah et al. (2023) reported that
the efficiency of nitrogen and phosphorus removal var-
ies greatly and reaches 50%. In addition, the effectiveness
of removing faecal coliforms varies and can be up to two
times. A potential plan might be a cell with an open water
zone for initial solid sedimentation to promote flocculation
and separation of solids, then a floating vegetation zone
with a two-day retention at maximum runoff, then an open
water zone with a two-day retention, and then a floating
vegetation zone with a two-day retention.

Wetlands built with FWS were designed with an as-
pect ratio (which is the length: width ratio) of less than 1:1
to more than 90:1, but most of the reccommended and op-
timal ratios were in the range of 3:1 to 5:1. Approximately
15 cm of soil was laid on top of the liner to support veg-
etation. Marsh plants can be grown by sowing or trans-
planting. Maintenance of FWS wetlands can be cheap
and simple, it includes periodic burning of vegetation on
wetlands to treat, monitor and regulate the height of the
water surface, keeping the inlet and outlet structures of
wetlands free of debris, filtering and removing sediment
if necessary.

The first pilot subsurface flow wetland (SF) was de-
veloped in the 1950s in Germany. Constructed wetlands
with subsurface runoff can be classified according to the
direction of water flow, horizontal or vertical (Vymazal et
al., 2021). SF wetlands include a sealed pool with a porous
rock or gravel substrate, vegetation, and release control
system, and they can also contain up to 4 m of gravel, and
the water surface level is kept downstream of the top sur-
face of the gravel. The flow path in wetlands constructed
according to SF is horizontal, whereas in some systems
vertical flow paths can be found (Fig. 6). Generally, it is
necessary to plant seedlings of higher aquatic plants in
SF wetlands, as the gravel substrate is often not suitable
and favourable for seed germination and rooting (Nouri
Goukeh & Alamdari, 2024).
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Figure 6. Diagram of a constructed wetland of a subsur-
face flow
Source: compiled by the authors

According to M. Ali et al. (2024), organic compounds
decompose aerobically and anaerobically by bacteria at-
tached to underground plant roots and the surface of a
medium that mimics surface runoff, as in a conventional
biological treatment process. However, oxygenation of the
rhizosphere of constructed wetlands is insufficient, and
therefore, incomplete nitrification is the main reason for
limited nitrogen removal, which can reach 50% at best. As
noted by D. Yao et al. (2023), evapouration, adsorption,
and uptake by plants in constructed wetlands play a minor
role in nitrogen removal. Therefore, phosphorus removal
occurred through ligand exchange reactions. A brief de-
scription of the mechanism is that phosphate can displace
water or a hydroxyl group from the surface of aqueous
iron and aluminium oxides. Removal of microbial con-
tamination is mainly carried out through a combination
of physical, chemical, and biological processes and factors
(Tang et al., 2020). However, due to the difference in hy-
draulic gradient requirements, the aspect ratio (L:W) was
recommended to be relatively low (in the range of 0.4:1
to 3:1) to provide flexibility and margin potential for future
operational adjustments and upgrades.

Wetlands constructed using SF system are best suited
for wastewater treatment with relatively low solid concen-
trations and relatively uniform flow conditions due to hy-
draulic constraints imposed by the substrate. The wetland
water treatment property uses the relationships between
certain plants and vegetation macrophages, micro-organ-
isms, and soil in a systematic process. This depends on fac-
tors such as the natural context, local climate, project design,
plant types, and microbial functions. According to T. Fe-
doniuk et al. (2022), during the treatment process, plant
macrophages absorb various pollutants from wastewater,
accumulating them in their tissues. It maintains a suitable
environment for the growth of microorganisms that play
a significant role in removing pollutants. In addition, the
roots of plant macrophages carry oxygen through the water,
improving the aerobic conditions necessary for the purifica-

© References

tion process. As a result of these combined processes, waste-
water quality is improved to meet water reuse standards.

© Conclusions
Remote sensing of the Southern Bug River in the visible
and near-infrared ranges helped to identify the deteri-
oration of the quality of water bodies, mass flowering of
phytoplankton, and overgrowth of water bodies with cer-
tain species of higher aquatic plants over time. In order to
determine the cause of these phenomena, they were com-
pared with the results of on-site parameter measurements
obtained from open resources of the State Water Resources
Agency of Ukraine. According to the measurement results,
a significant excess of indicators for nitrogen-contain-
ing compounds in the upper reaches of the Southern Bug
was revealed, which obviously led to the phenomena of
mass flowering of phytoplankton and the development of
higher aquatic plants. Statistical processing of the results
of measurements of nitrogen-containing compounds was
carried out according to open data of the State Agency
for Water Resources of Ukraine and environmental risks
were assessed. The detection of exceedances of maximum
permissible concentrations downstream of Khmelnytskyi
helped to localise problem areas requiring environmental
intervention, in particular, the regulation of wastewater
discharges. The established correlation between the content
of nitrogen-containing compounds and phytoplankton bi-
omass allowed the authors to confirm the hypothesis of a
causal relationship between pollution and mass “flowering”
of water. To solve the problem of pollution of the South-
ern Bug River with nitrogen compounds, it is worth using
artificial wetlands, which have great potential for effective
treatment and management of wastewater in rural areas.

When properly designed and operated, constructed
wetlands have great advantages over conventional wastewa-
ter treatment systems due to their relatively low cost, ease of
operation and maintenance. CW is given the opportunity
to provide small communities with their own wastewater
treatment systems. However, such communities usually do
not have effective wastewater treatment systems and are
not connected to centralised sewage systems. In general,
the use of CWs allows creating a decentralised wastewa-
ter treatment system that is less vulnerable to emergencies
both during military operations and in peacetime.
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© AHoTauis. MeTonw [HOCTimKeHHA 6yno HOCTigNTH TeHmeHUii 3MmiHm 3abpynHenns p. IliBgenmmit bByr
HITpOreHBMIiCHMMN CIIONyKaMU Ta IIPOAHaJIi3yBaTy BUKOPYCTAaHHA MITYYHNMX BOGHO-OOTOTHUX YTigb /1A 3aI00iraHHA
1[bOr0 3a6pysHeHHsL. ByTo mpoBefeHo cTaTUCTNYHY 0OpOOKY pe3y/nbTaTiB BUMIpIOBAaHb HITPOTEHBMICHUX CIIONYK 3a
BigKpuTUMN ganumMu JJep>KaBHOTO areHTCTBA BOJHUX pecypciB YKpaiHu Ta OLiHeHO eKOJIOTiYHi pM3MKY. 3a JOTIOMOT 00
mnporpamu STATISTICA 12 ta BracHOro mporpaMHoro sabesmnedenHs Ha MoBi Python 6y1o cTBopeno giarpamm posmaxy
3a ITOKa3HMKaMI aMOHili-i0HiB Ta HiTpaT-ioHiB. OLliHEHO PU3NKY IepeBUIeHHA ITPAHNYHO JJOYCTIMOI KOHIIEHTpaIil
JJIA BCiX IIOCTIiB CITOCTEPEXKEHHA 32 BKa3aHMMM IIOKa3HMKaMW. BuAB/IeHO 3HaUHi IIepeBUIEHHA TPAHNYHO JOIYCTUMUX
piBHIB HITPOT€HBMiCHUMMN CIIOTyKaMy, 30KpeMa, HIK4e M. XMeIbHUIbKMIL. 32 PaxXyHOK IIPOIeCiB CaMOOYMIIEHHS,
mo BinOyBaloTbesA y piuni MOKasHMKY piBHIB HITPOTeHBMICHUX CIONTYK 3MEHIIYETHCA O AONYCTUMUX 3HA4eHb IIPK
BUMipIOBaHHAX Y MMTHOMY BO03a60pi M. BiHHNIIA, OTHAK IIPY IIbOMY CYTTEBO 3POCTAE KOHI[EHTPaIlid QiTOIITaHKTOHY.
JocmimKeHo KOpesniiiai 3B’ 13K1 MK IapamMeTpamu 3abpyJHEHHs Ta OTPUMAHO [iarpamu posciroBanHs. PesynbraTn
TOCTiI>KeHHA MAalOTh IPAKTUYHY LiHHICTD /1 MOHITOPMHTY Ta YIIpaB/IiHHA AKiCTIO Bogu B 6aceitHi piuknu IliBgeHHNI
Byr. 3aBpAxu [OBroCTPOKOBOMY CTaTMCTUYHOMY aHAi3y MOCHIPKEHHsA J[[03BOJAE BUABUTU IIPOCTOPOBO-YACOBI
TeH/eHIIi] 3a6pyAHeHHs PIYKY HITPOTeHBMICHUMI CIIOTYKaMI, IO € KTIOYOBMMI YMHHMKAMM eBTPO(iKalii BOZOIIM.
Sk eeKTUBHE Ta €KOHOMIYHO [IOL/IbHE pillleHHs po6ieMn, y CTaTTi 6y/I0 3alIpOIIOHOBAHE BIIPOBA/PKEHHS LITYIHNX
BogHO-60m0THUX yrins (IIIBBY) Ta getansHo posrisHyTo ABa ocHOBHI Tvin [IIBBY - 3 BiIbHIM [TOBEpXHEBUM IIOTOKOM
Ta [i/JIOBEpXHEBMM ITIOTOKOM — IXHI KOHCTPYKTVUBHI 0cOOMMBOCTI Ta MexaHismMu ouninerH:A. [IIBBY e nepcnextusHOMW0,
JeLleHTPa/Ti30BAHOIO TEXHOJIOTIEIO /15 OYMIIIEHHS CTIYHIX BOJ Y HEBEIMKIUX IPOMaJaX, sSIKa 3abe3nedye 3Ha4HI TepeBarn
nepes TpajAnLiiHMMM CUCTEMAaMI 3aBJAKM HU3bKill BAPTOCTI, IPOCTOTI €KCIUTyaTallii Ta €KOJIOTiuHii CTiIKOCTi
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