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Abstract. Freshwater scarcity is one of the key global challenges for sustainable agricultural
development in the context of climate change. The increase in average annual air temperature, changes
in precipitation patterns, and the increased frequency of extreme hydrometeorological phenomena lead to
an increase in the evapotranspiration needs of agricultural crops and, at the same time, a decrease in the
reliability of water supply for irrigation. According to estimates by international organizations, more than
40% of global agricultural production already operates under conditions of moderate or high water stress,
and by the middle of the 21st century, this figure could rise to 60%. Ukraine is one of the countries with
limited water resources and high regional unevenness in their distribution. The main areas of irrigated
land are concentrated in the southern and southeastern regions, where climate change is most intense,
creating a persistent water shortage for agricultural production. In the context of military operations, an
additional risk factor is the disruption of water management infrastructure and the increase in operating
costs for water supply.

The purpose of this article is to provide a comprehensive analysis of the shortage of fresh water
for irrigation on a global scale in general and in Ukraine in particular, taking into account climatic,
hydrological, agrotechnological, and economic factors. The work uses methods of climate and water
management analysis, economic and mathematical modeling, taking into account potential yield losses
and the assessment of irrigation investment efficiency. Particular attention is paid to modern approaches
to optimizing water use, in particular phytomonitoring and adaptive irrigation management methods
presented in the works of Romashchenko M.1., Shatkovskyi A.P. and co-authors, FAO and IPCC data.

The results confirm that even with the introduction of highly efficient irrigation technologies, the
structural deficit of water resources remains a decisive constraint on the development of irrigated
agriculture. The need to transition to integrated water resource management models that take into account
climate scenarios, economic risks, and institutional constraints is justified.

Keywords: water scarcity, water supply, water resources, water stress,
evapotranspiration, water demand assessment

phytomonitoring,

Relevance of the research. Ensuring
food security amid global population growth
and climate change is one of the priorities of
modern agricultural science. According to UN
projections, by 2050 the world population will
exceed 9.7 billion people, which will require
an increase in food production of at least 50%
compared to current levels [1]. At the same time,
water resources are becoming a key limiting
factor in agricultural production, as agriculture
consumes about 70% of global freshwater
withdrawals [2, 3].

Irrigated agriculture plays a crucial role in
stabilizing crop yields, especially in arid and

© Karuna V.V., Shatkovskyi A.P., 2026

2026 + Ne 1 MEJIIOPALLLA I BOOJHE I'OCITOAAPCTBO

semi-arid regions. However, the effectiveness
of irrigation directly depends on the availability
of water resources, which are under increasing
pressure due to climate change, urbanization,
and the degradation of aquatic ecosystems
[4, 5]. According to estimates by Mekonnen
and Hoekstra, over 4 billion people live in
regions with seasonal or chronic water shortages,
which directly or indirectly affect agricultural
production [6].

Climate change affects not only the
quantitative indicators of water resources but
also their temporal and spatial availability.
Rising air temperatures lead to an increase
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in potential evapotranspiration (ET,), which
increases the water demand of crops even with
unchanged precipitation levels [7]. At the same
time, the frequency and duration of droughts are
increasing, complicating water supply forecasting
and raising risks for the agricultural sector [8, 9].

For Ukraine, the problem of water scarcity
for irrigation is particularly acute. The average
local river flow per capita is among the lowest in
Europe, at approximately 1,000-1,200 m?*/year,
which is below the water security threshold [10].
According to the UN classification, a country is
considered water-scarce if less than 1.7 thousand
m?/year of water is available per person [1]. Thus,
by international standards, Ukraine is in a state of
“water scarcity.”

1. Comparison of the average local river flow
per capita in European countries

Average local river
European country flow per capita,
thousand m*/year
Ukraine 1.1
Poland 1.6
France 33
Germany 1.8
Sweden 17
Norway 78

Table 1 presents the average volume of local
river runoff per capita in European countries. The
average value of this indicator across all European
countries is approximately 4,600 m?/year per
person [2].

Odesa
0.14
water availability

Extremely low <1.0
Very low 1.0-1.7
Low 1.7-2.5

. Low to moderate 2.5-6.0

‘ Moderate

6.0-15.0

In Ukraine, over 60% of irrigated land is
concentrated in the southern regions, where
climatic trends toward aridification are most
pronounced and the level of local water resource
availability is the lowest (Fig. 1) [10, 11].

An additional aspect of the water supply
issue is the outdated infrastructure of irrigation
systems, significant water losses during
transportation, and insufficient implementation
of water-saving technologies [11]. Even if the
technical aspects of irrigation are modernized
without considering the actual water availability
in the basins, a “false sense of water security”
may develop, leading to economically unjustified
investments [12].

Thus, the relevance of this study stems from
the need for a comprehensive assessment of the
freshwater deficit forirrigation, taking intoaccount
climatic, hydrological, agrotechnological, and
economic factors, as well as the development of
scientifically sound approaches to water resource
management in Ukraine’s agricultural sector.

Analysis of recent studies and publications.
The problem of water scarcity for agriculture
is widely covered in the works of international
organizations and leading research centers.
Reports by the FAO and IPCC emphasize that
climate change is a key driver of increasing
water stress in the agricultural sector, particularly
in regions highly dependent on irrigation
[2, 3, 8 13]. Research by Vordsmarty and
co-authors demonstrates that anthropogenic
pressure on river basins has reached critical
levels, threatening both water security and
biodiversity [14].

Sumy
1.88
Poltava
1.19
Kropyvnytskyi ~ Dnipro
O'Bg 42 Donetsk
0.21
Mykolaiv Zaporizhzhya
0.45 0.32

Sipferopil
8.38 P

0 100
|

200

300 400 500 km

Fig. 1. Availability of local water resources in regions of Ukraine, thousand m?/year per person [10]
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Mekonnen and Hoekstra made a significant
contribution to the quantitative assessment of
global water scarcity by developing the concept
of the “water footprint” and determining the
extent of seasonal water scarcity for various
regions of the world [6]. In their work, Claudia H.
and Petra D. proposed integrated hydrological
models for assessing water stress, taking climate
scenarios into account [15].

In the field of irrigation, significant attention
has been paid to improving water use efficiency.
Fereres and Soriano substantiated the concept of
deficit irrigation as a tool for optimizing water
use while maintaining an acceptable level of and
yield [16]. Pereira and co-authors emphasize the
need to transition from rigid irrigation schedules
to adaptive management using plant condition
monitoring [17].

In Ukraine, scientific research on irrigation
and water supply issues is actively developing
within the scientific school of the Institute of Water
Problems and Land Reclamation of the National
Academy of Agrarian Sciences. In the works of
Romashchenko M.I. and co-authors, the impact of
climate change on water resources is analyzed, and
the need to modernize land reclamation systems
is substantiated [10]. Kulbida M.I. and other
researchers have demonstrated trends toward rising
temperatures and decreasing effective precipitation
in the southern regions of Ukraine [7, 19].

In the studies by Shatkovsky A.P. and Zhu-
ravlov O.V., modern phytomonitoring methods
for irrigation management based on the physiolo-
gical state of plants were developed and tested
[20, 21, 22]. These studies demonstrate that the
use of phytomonitoring allows for the optimi-
zation of irrigation regimes, a reduction in
evapotranspiration, and an increase in yield
stability, which is critically important under
conditions of water scarcity.

At the same time, a review of the literature
indicates that most studies focus either on climatic
aspects or on irrigation technologies, while
integrated economic-mathematical assessments
of water scarcity for irrigation in Ukraine remain
underdeveloped. This necessitates comprehensive
research aimed at combining climatic, hydrological,
agrotechnological, and economic approaches.

Research objective. The purpose of this
study is to conduct a scientifically grounded
analysis of the freshwater deficit for irrigation
under conditions of climate change, taking into
account global trends and regional characteristics
of Ukraine, as well as to assess the economic,
agrotechnological, and institutional consequences
of limited water supply for the development of
irrigated agriculture.

2026 + Ne 1 MEJIIOPALLLA I BOOJHE I'OCITOAAPCTBO
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To achieve this objective, the study addresses
the following tasks:

» analyze current global trends in the
formation of water resource shortages for
irrigation in the context of climate change;

» assess the impact of climatic factors on
changes in the water requirements of agricultural
crops;

* to investigate water stress indicators and
their application for assessing water scarcity;

 identify the characteristics of freshwater
shortages for irrigation in Ukraine, taking into
account regional specifics;

» analyze the role of modern irrigation and
phytomonitoring technologies in reducing water
losses;

* conduct an economic and mathematical
assessment of yield losses and the investment
efficiency of irrigation under conditions of water
scarcity.

The implementation of these tasks allows
for the formation of an integrated view of the
problem of water scarcity for irrigation and the
identification of scientifically sound approaches to
its minimization in Ukraine’s agricultural sector.

Materials and research methods. The
methodological basis of the study is a systematic
approach to analyzing the interrelationships
between climate change, water resources, irrigation
technologies, and the economic efficiency of
agricultural production. The study employs
a combination of climatic, hydrological, agronomic,
and economic-mathematical research methods.

The study utilized the following information
sources:

» global climate and hydrological data from
the FAO, IPCC, World Resources Institute, and
European Environment Agency [2, 3, 6, 8, 13, 14,
23, 24];

» results of scientific studies on the
optimization of irrigation regimes and the
application of phytomonitoring [20, 21, 22];

* materials from field and production
experiments published in specialized scientific
journals [10, 18, 19, 25].

There are several scientifically validated
methods for estimating crop water requirements
through the calculation of evapotranspiration: the
Penman-Monteith method, the methods deve-
loped by A.M. and S.M. Alpatyevs, D.A. Shtoyka,
M.M. Ivanov, and others. However, since
research results have shown that the Penman-
Montaut method provides the smallest error
(MAE = 9.1%) in determining ET, and ensures
high forecasting accuracy, in this study, plant
evapotranspiration is estimated specifically
based on this method using the reference
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evapotranspiration index ET [7, 25]. The actual
crop evapotranspiration (ET)) is determined by
the formula:

ET,=ET,*x K_,
where K, is the crop coefficient, which accounts
for biological characteristics and the stage of
plant development.

To analyze the impact of climate change,
a scenario-based approach was used, in which
ET, was adjusted to account for the projected
increase in air temperature and changes in the
radiation balance [8, 13].

To quantitatively assess the water deficit for
irrigation, the Water Stress Index (WSI) is used,
which indicates the proportion of withdrawn
water resources relative to the total available
renewable resources for each region or basin, or
its interpretation — the agricultural water stress
index, which assesses the pressure on water
resources during crop cultivation:

ET
WSl =——

agr gff

irr

where ET, ,, — total water requirement of crops on
irrigated areas;

I _ effectively available water resources
for irrigation, accounting for losses during water
transport and delivery.

A WSI value >40% is considered a high level
of water stress, 50% is very high, and 80% is
critical. In turn, a WSI,,, value > 1 is interpreted
as the presence of a structural water deficit for
irrigation [2, 3, 23].

To assess the economic consequences of
water scarcity, the calculation of losses in gross

agricultural output is also used:

L:i(Ymax,i _Yz)*R *A“t >
i=1

where Y., — potential crop yield under optimal
water supply;

Y, — actual yield under water-deficient
conditions;

P, — product sales price;

A, —planted area [9, 26].

The investment efficiency of irrigation
projects is assessed using the net present value
(NPV) indicator:

T B_C —
NPV :ZB‘C’—B: ,
i-1 (l + r)
where B; — revenue from crop sales;

C,—total operating and capital costs excluding
the cost of water;

C,ueri — COsts associated with water use [11];

wateri

r — discount rate.

water ,i
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Research results and their discussion.
The shortage of fresh water for irrigation is one
of the most threatening manifestations of the
global water crisis. According to FAO data, the
area of irrigated land worldwide exceeds 330
million hectares, providing over 40% of global
food production while utilizing the majority of
available fresh water resources [2, 3].

Climate change is significantly altering
the balance of water resources. Rising air
temperatures contribute to increased evaporation
from soil surfaces and water bodies, as well
as plant transpiration, leading to higher water
demand by crops [7, 8]. At the same time,
annual precipitation variability is increasing,
complicating water supply forecasting and
irrigation planning [9, 17].

According to IPCC estimates, in regions
with Mediterranean and steppe climates, surface
water availability is expected to decrease by
10-30% by the middle of the 21st century, which
directly threatens the sustainability of irrigated
agriculture [8, 13]. Similar trends are observed in
the countries of the Black Sea region, including
Ukraine [10, 18, 24].

A key feature of the current phase is the
combination of climatic and anthropogenic
factors contributing to water scarcity. Increased
water abstraction for industrial and energy
needs, the degradation of aquatic ecosystems,
and surface water pollution are limiting the
availability of water for irrigation even in regions
with relatively abundant resources [14].

Thus, the global shortage of freshwater for
irrigation is systemic in nature and requires
a shift from traditional approaches to water
resource management toward integrated models
that combine climate forecasts, technological
innovations, and  economic regulatory
mechanisms.

Climate factors are decisive in shaping the
current shortage of freshwater for irrigation,
both on a global scale and at the regional level.
Rising average annual air temperatures lead
to a systematic increase in evapotranspiration
(particularly losses due to physical evaporation
of moisture), which directly increases the water
demand of agricultural crops [7, 8, 13]. According
to IPCC estimates, a temperature increase of
1 °C causes a rise in reference evapotranspira-
tion by an average of 5-7%, depending on
regional climatic conditions [13].

In Ukraine, climate change manifests itself
unevenly. The most intense trends toward
rising temperatures and decreasing effective
precipitation have been recorded in the southern
and southeastern regions, which are also the main

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2026
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areas of irrigated agriculture [18, 19]. According
to long-term observations, the average annual
air temperature in the steppe zone of Ukraine
has risen by 1.3—1.6 °C over the past 30 years,
and the number of days with temperatures above
30 °C has nearly doubled [10, 16].

Changes in precipitation patterns are
manifested not so much in a decrease in their
annual total as in a shift in seasonal distribution.
The proportion of intense rainfall events,
which are less effective for soil moisture
replenishment, is increasing, while precipitation
during the growing season is decreasing [9, 17].
This increases the dependence of agricultural
production on irrigation even in years with
precipitation totals close to the climatic norm.

Thus, climatic factors contribute not only
to a quantitative but also to a qualitative deficit
of water for irrigation, which complicates the
planning of irrigation regimes and increases
the risks of yield instability. To quantitatively
assess water deficits, scientific studies widely
use water stress indices, which reflect the ratio
between water demands and available resources
[6, 15, 23].

As noted above, one of the most informative
indicators of water availability is the water stress
index, the dynamics of which for 2000-2022
are shown in Figure 2 for the world and
in Figure 3 for European countries [27].

]
As previously noted, the modified WS, index
is used to assess the water deficit for irrigation,
and a WSI,,, value > 1 indicates a structural water
deficit, under which even the full utilization
of available water does not meet the needs of
agricultural crops [23]. On a global scale, such
conditions are characteristic of a significant part
of Southern Europe, the Middle East, Central
Asia, and North Africa [4, 14].

For Ukraine, water stress index calculations
show that in years with moderate to high aridity,
the WSI value in southern regions exceeds
1.2-1.4, indicating a chronic water deficit for
irrigation [11]. At the same time, even the
modernization of irrigation systems does not
fundamentally alter the water balance but merely
reduces losses during water transportation and
distribution.

The analysis conducted showed that the
technical condition of Ukraine’s land reclamation
infrastructure plays a significant role in shaping
the current level of water deficit. A significant
portion of irrigation systems was commissioned
in the second half of the 20th century and
currently requires modernization.

This allows us to conclude that the current
stage of land reclamation development in Ukraine
is characterized by a transition from a climate-
driven water deficit to a combination of climatic
and infrastructural constraints on water use.

100%

-@ World

«@~ Central and Southern Asia
- Eastern and South-Eastern Asia

=#~ Europe and Northern America

<3 Oceania (excluding Australia and New Ze

(- Northern Africa and Western Asia
=@~ Australia and New Zealand
- Sub-Saharan Africa

~f- Latin America and the Caribbean

Fig. 2. Dynamics of the Water Stress Index (WSI) worldwide, 2000-2022
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Fig. 3. Dynamics of the Water Stress Index (WSI) in European countries, 2000-2022

The results obtained confirm the tenets of the
modern concept of integrated water resources
management, according to which improving
water use efficiency should be carried out not
only at the level of individual farms but also at
the level of river basins.

An additional indicator for assessing the level
of water supply is the water use efficiency (WUE)
coefficient, which determines the ratio between
crop yield and the volume of water consumed and
effectively shows how much produce is obtained
per unit of water consumed [7].

Y
WUE =——
y ET; s
where Y — crop yield;
ET. — crop evapotranspiration during the
growing season.
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Increasing the WUE index is an important
strategy for adapting to water scarcity, but
its potential is limited by the biological
characteristics of crops and climatic conditions
[16, 17].

Ukraine is characterized by one of the lowest
levels of local water resource availability in
Europe. The average long-term local runoff
is approximately 52 ™, while a significant
portion of water consumption is supplied by
transit runoff, primarily from the Dnipro River.
This structure of water resources increases the
agricultural sector’s vulnerability to hydrological
and climatic changes. In addition, the regional
distribution of water resources is extremely
uneven: over 60% of local runoff is generated
in the northern and western regions, while the
main areas of irrigated land are concentrated in
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the southern regions (Odesa, Mykolaiv, Kherson,
and Zaporizhzhia) [10, 11]. This necessitates
the inter-basin redistribution of water, which is
accompanied by significant losses and energy
costs.

Climate change is exacerbating existing
imbalances. According to research by Ukrainian
scientists, total water demand for major crops in
the southern regions is projected to increase by
10-20% by the middle of the 21st century [18, 19].
At the same time, a decrease in guaranteed water
supply during the growing season is expected,
which increases the risk of crop yield shortfalls
even in the presence of irrigation infrastructure.
A particular factor at this stage is the impact
of military operations, which have led to the
disruption or complete cessation of irrigation
systems, restricted access to water resources, and
increased costs for infrastructure restoration [28,
29]. This further complicates the implementation
of investment projects in the field of irrigation
and increases the importance of scientifically
sound approaches to managing water scarcity.

Modern irrigation technologies play a crucial
role in improving the efficiency of water resource
use. The transition from sprinkler to drip and
subsurface irrigation allows for a reduction in
unproductive water losses and an increase in
irrigation efficiency [16].

The results obtained are consistent with the
findings of recent studies in the field of water
resources management, which confirm the high
efficiency of localized irrigation methods under
conditions of limited water supply.

At the same time, irrigation management
methods based on phytomonitoring attract
particular attention. In the works of Shatkov-
skyi A.P. and Zhuravlov O.V., it has been proven
that the use of indicators of the physiological
state of plants (leaf water potential, canopy

0

temperature, stress indices) allows for the
adaptation and optimization of irrigation regimes
to the actual needs of agricultural crops [20, 21,
22]. This ensures a reduction in E£7, by 10-25%
without reducing yield, which is critically
important under conditions of water scarcity.

At the same time, it has been established that
even the use of modern irrigation technologies
does not fully compensate for water resource
deficits in regions with critically high levels of
water stress [26].

This indicates the need for a comprehensive
approach to water resources management,
which involves a combination of technological,
organizational, and basin-level measures to
regulate water use.

According to Table 2, the total economic losses
in Ukraine’s steppe zone alone are estimated at
more than $300 million per year.

The economic consequences of freshwater
shortages for irrigation are manifested primarily
in reduced crop yields, production instability,
and increased risks for the agricultural sector.
To quantitatively assess these consequences,
this study employs an economic-mathematical
approach that combines agronomic parameters
with economic indicators [9, 26].

The relationship between water scarcity
and reduced crop yields is described by the
crop’s sensitivity coefficient to water stress K
-k »{1_ £, j

Y ’ ET ’

max ¢, max

where Y is the actual yield;
Y..x — potential yield under optimal water

supply;
ET. — actual crop evapotranspiration;
ET, ox maximum (potential) evapo-
transpiration corresponding to the value of ETc in

the absence of water deficit [7, 16].

2. Assessment of total economic losses in the steppe zone of Ukraine due to a shortage

of water for irrigation (excluding military factors)

Region l?sti.mafed share Estimated yield Estimated.ec.onomic
of irrigation loss, % losses, % losses, $ million/year

Kherson 85-95 50-90 120-160
Zaporizhzhia 60-75 40-70 55-80
Mykolaiv 45-60 35-55 40-65
Odesa 3045 25-45 30-50
Dnipropetrovsk (south) 25-35 2040 15-30
Donetsk 20-30 20-35 10-25
Kharkiv (southeast) 10-20 10-25 8-15
Kirovograd 5-15 10-20 5-10
Poltava 5-10 815 3-7
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(2]

For agricultural crops with high K values
(vegetables, corn, soybeans), even a slight water
deficit leads to disproportionately large yield
losses, as confirmed by experimental studies
conducted in Ukraine [20, 21].

The results obtained indicate the need for
a differentiated approach to planning irrigation
regimes depending on the biological characteristics
of crops and the region’s water availability.

Similar results have been obtained in studies
by international FAO researchers, confirming the
universality of the established patterns of crop
productivity formation under water-deficient
conditions.

Calculations indicate that an irrigation water
deficit of 15-20% can result in gross yield losses
of 20-35%, depending on the crop mix and
climatic conditions of the year. Under conditions
of chronic water scarcity, costs associated with
water use increase, which can lead to negative net
present value (NPV) values even for technically
efficient irrigation systems [ 11, 26]. This confirms
that the economic efficiency of irrigation directly
depends on the actual water availability in the
basin.

A comparison of the obtained results with
international assessments of the economic
efficiency of irrigation indicates that the
modernization of water distribution systems is
one of the most economically viable approaches
to adapting the agricultural sector to climate
change.

The problem of water scarcity for irrigation
in Ukraine is not only of a natural and climatic
nature but also has a pronounced institutional
character. The water resources management
system has historically been oriented toward
large-scale inter-basin water redistribution,
which is accompanied by significant losses and
high energy costs [11, 15].

The implementation of the river basin
management approach to water resources, as
provided for by European water legislation,
is still in its early stages and does not yet fully
integrate the interests of the agricultural sector
[12, 27]. Insufficient economic incentives for
water conservation and the lack of differentiated
water tariffs for irrigation reduce the motivation
to adopt water-saving technologies.

An additional factor is the significant
deterioration of irrigation system infrastructure.
According to expert estimates, water losses during
transportation in some regions exceed 30%,
which significantly reduces efficiency even when
sufficient water resources are available [11, 28].

Summarizing the results of the conducted
studies, it can be concluded that ensuring the
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sustainable development of irrigated agriculture
in Ukraine requires the implementation of
a comprehensive water resources management
system, which must take into account climate
change, thetechnical condition ofland reclamation
infrastructure, regional characteristics of the
water balance, and economic aspects of water
use.

The results obtained expand current
understanding of the mechanisms underlying
water resource shortages in Ukraine’s irrigated
agriculture and can serve as a scientific basis for
developing strategies to adapt the agricultural
sector to climate change.

Conclusions:

1. It has been confirmed that the shortage
of water for irrigation is a systemic problem of
global scale, exacerbated by climate changes.
Consequently, rising air temperatures and changes
in precipitation patterns lead to increased water
demand by agricultural crops. The increase in the
average annual air temperature by 1.3-1.6 °C over
the past decades is accompanied by a 6—12% rise
in potential evapotranspiration, which directly
correlates with an 8-15% increase in the water
demand of agricultural crops. At the same time,
in the steppe zone of Ukraine, a 10-22% decrease
in effective precipitation during the growing
season has been observed, leading to an 18-30%
increase in soil moisture deficit. As a result, the
total demand for irrigation water has increased by
an average of 15-25%.

2. In Ukraine, water scarcity has distinct
regional characteristics and is exacerbated by
institutional and infrastructural constraints.

3. Calculations of the water stress index WSI,,,
whose values for the southern regions of Ukraine
exceed 1.2—1.4, confirm an acute water deficit.

4. It has been determined that highly efficient
irrigation technologies are unable to fully compen-
sate for the structural deficit of water resources.

5.1t has been demonstrated that
phytomonitoring is one of the most effective
tools for optimizing irrigation regimes.

6. Ithas been determined that economic losses
from water shortages can reach 30% or more of
the potential gross income from product sales.

7. It has been established that the economic
feasibility of irrigation critically depends on
actual water availability and the stability of the
water supply.

Future research will focus on developing
regional integrated models for managing water
shortages for irrigation purposes, improving
economic incentives for water conservation, and
expanding the use of digital technologies and
phytomonitoring in irrigation systems.
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Anomauyia. /lechiyum npicroi 600u € 00HUM i3 KIIOUOBUX 2N0OATLHUX GUKIUKIE CHAN020 PO3GUMKY Cilb-
CbK020 20CN00apCmMEa 8 YM0OB8aX KIIMAMUYHUX 3MiH. 3POCMAHHS CepeOHbOPIUHOI meMnepamypu nogimps,
3MIHA pedxcumie ammocepHux onaodie ma 30LIbUWEHHS YACTNOMU eKCMPEMANbHUX 2I0poMemeopono-
CIYHUX S18ULY 3YMOBTIOIONb NIOGUUEHHS e6ANOMPAHCRIPAYIIHUX NOMPeD CLIbCbKO20CNOOAPCLKUX KYIbIYP
[ BOOHOUAC 3HUIICEHHS HAOTUHOCMI 80003a0e3NeueH s 05 3pOuleHHs. 3a OYIHKAMU MIDCHAPOOHUX OP2aHi-
sayitl, nonao 40% ceimoeoco azpapHo2o UPOOHUYMEA BICE CbO2OOHT (YHKYIOHYE 8 YMOBAX CEPeOHbOo20
abo 8UCoKko2o 800H020 cmpecy, a 00 cepedunu XXI cmorimms yeil NOKA3HUK modxce spocmu 0o 60%.
VYxpaina nanesicums 0o xpain 3 obmedsceHuMU AACHUMU BOOHUMU PECYPCAMU MA BUCOKOIO PEiOHANLHOIO
HepisHoMipHicmIO ix po3nodiny. OCHO8HI NIOWI 3POULYBAHUX 3eMeTlb 30CEPEONHCEHI 8 NIGOEHHUX T NIGOEHHO-
CXIOHUX pe2ioHax, 0e KAIMAmuyHi 3MIHU NPOSAGIIOMbCA HAUTHMEHCUsHIue, uwo Gopmye cmitikuil degpiyum
600U 01151 AepapHo2o UPOOHUYMEA. B ymosax eoennux Oiti 000amKOBUM YUHHUKOM PUBUKY € NOPYUIECHHS]
DYHKYIOHYBAHHS 800020CH00APCLKOI IHGPACMPYKMYpU Ma 3POCMAHHA eKCHIyamayitiHux eumpam Ha
nooauy 80ou.

Memoro O0anoi cmammi € KomniekcHull ananiz doeiyumy NpicHOi 600U OA 3POULEHHA 8 2100ATbHOMY
suUMIpi 3aeanom ma 6 Ykpaini 6€3n0cepeoHvo 3 ypaxy8aHHAM KIIMAMUYHUX, 2IOPOLOSIYHUX, A2POMEXHOI0-
2IUHUX | eKOHOMIYHUX YUHHUKIG. ¥ pobOmi 3acmoco8ano Memoou KAiMamuyHo2o ma 600020CH00APCHKO20
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AHANI3Y, eKOHOMIKO-Mamemamuyne MOOeN08ANHS 3 YPAXYBAHHAM NOMEHYIIHUX GMPam YpodsicauHocni
i epaxyeanHs oyinku iHeecmuyitinoi egpexmusnocmi s3powienus. Ocobnugy yeazy NpudileHo CYHaCHUM
nioxo0am 00 ONMUMI3ayii B0OOKOPUCIYBAHHS, 30KPEMA Memooam QimoMOHImMoOpuHey ma aoanmuerHo2o
VIPAGNiHHA 3pouleHHAM, npedcmasnenum y npaysax Pomawenxa M., llamkoscvrkoeo A.Il. ma cnisag-
mopis, danux FAO i IPCC.

Ompumani pe3ynomamu niomeepo’CyIomb, W0 HAGIMb 3d BNPOBAOICEHHSL GUCOKOCDEKMUGHUX MEXHON02I
Nnonugy CmMpyKmypHuil 0ehiyum 80OHUX PecypCié 3anuuacmobes GUSHAYATLHUM OOMENCEHHAM PO3GUMKY
3poutysanoeo zemaepoocmea. OOIPYHMOBAHO HeOOXIOHICMb nepexody 00 IHMe2POsanHux mMooenell ynpas-
JIIHHSL BOOHUMU PECYPCAMU 3 YPAXYBAHHAM KIIMAMUYHUX CYEHAPIIB, eKOHOMIUHUX PU3UKIG A THCIMUmy-
YIUHUX 0OMedIceHb.

Knrwuosi cnoea: oegiyum 600u, 6o0ozabesneuents, 600HI pecypcu, 60OHULL cmpec, QimoMoHimopuHe,
esanompancnipayis, oyinka 600onompeou
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Abstract. The paper examines modern approaches to conducting an inventory audit of irrigation
systems using remote tools. The traditional methods of irrigation systems inventory audit require
significant financial and labor costs, which complicates large-scale audit and planning of measures for
the reconstruction and modernization of irrigation systems. According to the results of the research, it was
found that remote technologies are the most appropriate for inventorying such basic elements of irrigation
systems as pumping stations, antechambers, open earth and concrete canals, pipelines, hydrants, water
distribution facilities, and other components of engineering infrastructure. Based on the analysis, a list of
remote tools that can be used to assess the technical condition of irrigation facilities was determined. It
includes satellite remote sensing of the Earth, namely the use of optical, multispectral, and hyperspectral
images, aerial photography using unmanned aerial vehicles, geophysical research methods, in particular
ground penetrating radar (GPR) and electromagnetic methods for tracing underground communications,
as well as geographic information systems for integrating, analyzing, modeling, and visualizing the
obtained results.

Our research has shown that a comprehensive approach that combines modern remote sensing,
geophysical, and geoinformation methods creates additional opportunities for conducting an effective
inventory audit of irrigation systems in Ukraine, increases the efficiency of surveys, the accuracy of
determining the technical condition of facilities, and the objectivity of the obtained results. The results of
the performed analytical studies can be used to justify the choice of tools and develop recommendations for
conducting an inventory audit of irrigation systems by remote means.

Key words: inventory audit, irrigation systems, remote sensing, GIS, UAV, satellite data

Relevance of research. The explosion of the
Kakhovka reservoir dam by russian troops for
a long time left 94 percent of irrigation systems in
the Kherson region, 74 percent in the Zaporizhia
region, and 30 percent in the Dnipropetrovsk region
without an irrigation water source, and reduced the
actual irrigated area to only 136,000 ha [1], which
is less than 0.6% of the total area of arable land in
the regions controlled by Ukraine.

It is clear that with such areas of actual
irrigation, irrigated lands has ceased to serve as
an insurance fund against the negative impact of
weather conditions on crop production volumes.
At the same time, climate changes and the loss of
more than 18% of the territory, including more
than 6.0 million ha of arable land and almost
75.0% of irrigated area and the lands of actual
irrigation, necessitate an accelerated increase in
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irrigation areas, as provided for in the “Strategy
for the Restoration of Irrigation and Drainage in
Ukraine by 2030” [2] and the “Long-term Plan
for the Restoration of the Irrigation Complex
of Ukraine for the Period until 2050 [1]. It is
the significant increase in the area of irrigation
and water regulation using drainage systems,
of which, according to the official statistics,
3,3 million ha have been recorded in Ukraine
today, that can become an effective mean not
only for compensating the losses due to the
temporary occupation of significant arable areas,
including irrigated lands, but also in increasing
the volume and ensuring the sustainability of
crop production, primarily grain and leguminous
crops, and, due to this, preserving and further
increasing Ukraine’s export potential and role in
solving the world food problem.

Therefore, both the “Strategy...” and
the “Long-term Plan...” determine that the
expansion of irrigation and water regulation
areas should be carried out by developing and
implementing projects for the reconstruction
and modernization of existing irrigation and
drainage systems, on which irrigation or water
regulation is currently not carried out, but whose
technical condition allows for the restoration of
irrigation and water regulation by carrying out
their reconstruction or modernization [1, 2]. As
already noted, on the territories controlled by

2

(7]

Ukraine, more than 800,000 hectares of irrigated
lands are recorded, but irrigation is carried out
on only 140,000 hectares, that is, more than
600,000 hectares of land that were once irrigated
and had all the engineering infrastructure for
irrigation are currently not used for their intended
purpose. The actual technical condition of those
infrastructure, unfortunately, is also unknown,
as the last inventory audit of irrigation systems
in Ukraine was conducted in 2013, so its data
cannot be used as a starting point for developing
both the feasibility studies and the projects for
the reconstruction or modernization of existing
irrigation systems. On the other hand, not using
existing networks to speed up and reduce the
cost of expanding irrigation areas is also not
justified. Therefore, the “Plan of Actions for the
Implementation of the Irrigation and Drainage
Strategy in Ukraine for the Period Until 2030 [3],
as well as the “Long-term Plan...” [2], provide for
an inventory audit of irrigation systems as a basis
for establishing their availability and actual
technical condition, preparing proposals for the
creation of water users organizations (WUO),
developing feasibility studies and projects for
their reconstruction or modernization.

The approximate scope of work on the
inventory audit of inter-farm networks on the
territories controlled by Ukraine is indicated by
the data presented in Table 1.

1. Composition and main characteristics of the inter-farm irrigation networks and facilities
on it on the territories controlled by Ukraine (according to the inventory data of the State Water

Agency of Ukraine, 2013)

Main
water including: Useful
. Permanent . Water | storage
intakes |, . " . Pumping
. irrigation . reser- | volume
Region . f.ron} network e AT stations, voirs, | at NRL
irrigation km canals, | pipelines, | pcs. cs. | million
sources km km P m?
pcs.
Oblast:
Vinnytsia 16 163,36 163,36 48 1
Transcarpathian 2
Zaporizhzhia 18 673,1 478 195,1 213 1 5,7
Kyivska 4 289,881 54,224 | 235,659 44 10 6,074
Kharkiv 37 426,244 19 407,24 76 14 75,7
Kirovohradska 18 120 1 119 25 6 12,04
Mykolaivska 20 528,72 348 173,92 98 12 62,71
Odesa 23 985,016 | 515,338 | 4672 218 10 33,342
Poltava 4 110,64 19,18 98,88 24 2 13,63
Cherkasy 51 341,1 384 302,7 81
Dnipropetrovsk 42 796,36 209,18 587,18 165
Kherson 71 8449 740,6 104,3 228 7 18,5
Total in Ukraine 282 5278,321 |2422,922| 2827,539 1222 63 227,696
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The data in Table 1 are somewhat
overestimated, as they do not take into account the
losses of'irrigation networks in Kharkiv, Kherson,
Zaporizhia, Mykolaiv, and Dnipropetrovsk
regions due to temporary occupation and
destruction.

The engineering infrastructure of irrigation
systems includes the collector and drainage
networks, which is built in the zone of influence
of irrigation systems and are subject of inventory
audit. The intra-farm network, the components
of which are usually not recorded, also requires
audit.

Therefore, solving the problem of accelerated
expansion of irrigation areas, the relevance of
which is constantly increasing due to progressive
warming because of the climate changes, and
the need to compensate for the decrease in crop
production due to the temporary occupation
of more than 18% of the territory of Ukraine,
including more than 20% of arable and more
than 75% of irrigated land, requires the earliest
possible implementation of works on the
inventory audit of irrigation networks available
on the territory controlled by Ukraine. The
development of remote sensing (RS), unmanned
aerial vehicles (UAVs) technologies, and GIS
systems opens up new opportunities for rapid and
systematic mapping of irrigation infrastructure —
canals, pipelines, pumping stations, etc.

Inthisregard, theissueofdevelopingascientific
justification for the practical application of remote
methods for irrigation systems inventory audit
becomes particularly relevant, which creates the
necessary prerequisites for faster, higher-quality,
and less costly implementation of irrigation
systems inventory audit works and auditing the
use of irrigated lands. This paper is aimed at
improving the methodology entitled “Inventory
of Engineering Infrastructure Facilities of
Reclamation Systems and Audit of Reclaimed
Lands” (Institute of Water Problems and Land
Reclamation of the NAAS, 2022) [4], which
was developed in accordance with the current
standards and regulatory documents [5—14]. The
improvement concerns the content of Stage II of
the survey process for engineering infrastructure
facilities of irrigation systems, with the purpose of
assessing their technical condition using remote-
based diagnostic techniques, in accordance with
the algorithm presented in Figure 1.

According to the proposed algorithm, Stage II
of the irrigation system inventory audit process
involves a preliminary assessment using remote
diagnostic methods based on the analysis of
satellite imagery, remote sensing data, and other
remote monitoring tools. The assessment is aimed

ISSN 2616-5562 (Online)
ISSN 2616-5643 (Print)

at identifying problem areas (their location,
presence of direct damage, waterlogged zones,
etc.) and evaluating the technical condition of
system components. This approach is particularly
relevant because traditional inventory methods
are labor-intensive, costly, and time-consuming
due to the need for extensive field surveys. This
complicates the planning of system rehabilitation
and modernization measures and hinders decision-
making processes related to the restoration and
further development of irrigation infrastructure.
The scientifically justified application of remote
sensing technologies for the inventory of
irrigation systems will ensure:

— reduction of time and costs for surveys
conduction;

— the ability to cover large areas in a short
time;

— increasing the accuracy and objectivity
during the assessment of the technical condition
of systems’ elements.

Analysis of recent research and publica-
tions. Analysis of Ukrainian and international
experience shows that remote sensing (remote
sensing of the Earth, unmanned aerial vehicles
(UAVs), GIS systems, etc.) are widely
implemented and used both in scientific
research and in the practice of using irrigation
systems for:

— assessments of the state of water bodies
[15, 16,17, 18];

— assessment of agricultural lands condition
[19, 20, 21, 22, 23, 24];

— assessments of agricultural crops moisture
supply [21, 22, 25];

— determination and control of compliance
with irrigation regimes [19, 20, 26];

— inventory audit of irrigation systems’
components [27-49].

The use of remote tools for the purpose of
irrigation systems inventory audit is at the stage
of research and testing of the areas of application.
Thus, there is a need for additional studies and
adaptation of existing approaches to solving
inventory audit problems.

The aim of the paper is to analyze the current
state and determine the directions of using remote
tools and technologies for irrigation systems
inventory audit.

Materials and research methods. The
methodology of irrigation system inventory audit
involves a set of measures to verify the availability
and condition of engineering infrastructure,
including hydraulic facilities, networks, pumping
stations, etc.

The term “irrigation systems inventory audit”
is understood as the process of checking the
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(1]

Stage I survey materials;

Preparation
for surveys conduction
(preparatory stage)

|
|

the customer;

- familiarization with the object of survey, its design solution, and engineering

- study and analysis of design and technical documentation;
- drawing up a work program based on the technical specifications received from

- development and compilation of large-scale maps of the surface of facilities;
- development of survey route schemes.

Stage 11
preliminary (visual)
field surveys/remote

- inspection (remote diagnostics, remote sensing of the Earth) of engineering
infrastructure facilities of land reclamation systems, detection of defects and
damage by external signs with necessary measurements and preliminary
assessment of their technical condition;

Detailed (instrumental)
field surveys/
remote diagnostics

diagnostics - description, photography, and drawing on scale maps of objects in the
conventional designations of identified damage and defects.
- instrumental determination of defects and damages parameters;
- determination of the actual strength characteristics of the materials of the main
Stage 111 load-bearing structures and their elements;

| - determination of actual operational loads and impacts received by the structures
under investigation, taking into account the impact of soil deformations;

- development of recommendations for ensuring the required values of strength
and deformability of structures with a recommended sequence of works
execution, if necessary.

Stage IV
Assessment of the
sustainability of the
reclamation system/

profitable farming;

- determining the required minimum service area of the system, which ensures
the return of costs for the operation of the reclamation system and ensures

- determining the maximum allowable values of the cost of water supply/water

Assessment of damages | | - direct losses;
resulting from military

aggression (if any) purpose.

operation of the WUO disposal services while ensuring a given level of profitability;
(modeling, economic - development of recommendations to ensure the sustainable operation of
calculations) reclamation systems and to ensure the self-sufficiency of newly created WUOs.
Stage V - loss determination:

- lost benefit from the inability to use both systems and land for their intended

Fig. 1. Algorithm for organizing inspections of engineering infrastructure facilities of irrigation
systems to assess their technical condition [4]

actual presence, condition, and compliance of
all components of the irrigation system, such as
pumps, filters, pipes, canals, etc., with the design
and passport technical specifications.

The main components of irrigation systems that
require remote inventory include: water source
(rivers, lakes, ponds, reservoirs, groundwater,
and other available water sources); water intake
facility (pumping station); irrigation network
consisting of such structural elements as supplying
and regulating network (canals, pipelines),
temporary irrigation network for distributing
irrigation water to the irrigation modules on
fields (canals, pipelines), water collecting and
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discharging network for collecting and regula-
ting storm-water and discharge water, drainage and
collector network, to regulate groundwater levels;
hydraulic facilities and water shut-off valves
that help regulate water flow and speed; water
supply, water retention and regulating facilities;
the facilities that are intended for environmental
protection purposes; access roads for the passage of
equipment and carrying out operational activities;
technical buildings and facilities, etc.

Theused general scientific and special research
methods were logical method, generalization,
analysis, tabular method, scientific abstraction,
deductive and inductive methods.
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The object of the research is the process of
organizing the irrigation systems inventory audit
using remote means (tools).

The subject of the research is the scientific,
methodological, and practical aspects of using
remote tools for irrigation systems inventory.

Research results and their discussion. In
the process of analytical research, the types and
systematization of the existing scientific and
methodological approaches, methods, and technical
solutions regarding the possible use of remote
means for the inventory audit of irrigation systems
were determined, their advantages and limitations
were assessed, and the main directions and types of
works on the inventory audit of irrigation systems
were determined. For the implementation these
works the following is proposed to be used.

Satellite/aerial imagery (the most widely used
satellites: Sentinel, Satellite, Aerial Imagery,
Landsat-8/9, PlanetScope, WorldView-3) should

be used for large-scale assessment of irrigation
systems. This tool allows to identify networks
of canals, pipeline routes, irrigation areas,
create a map of networks, and assess the overall
condition of the irrigation system in terms of
its location and the presence of individual
components. Retrospective (archival) satellite
images and aerial photographs are an important
tool for reproducing the state of irrigation
infrastructure and analyzing long-term changes
within the system.

Based on the results of the analysis of
available sources and the practice of using
satellite images and aerial photographs, a list
of them with possible paths for using available
archival satellite images and aerial photographs
for the purposes of irrigation systems inventory
audit in Ukraine were formed (Table 2).

A methodical approach for the use of
satellite images and aerial photographs,

2. The list and the possible paths of use of satellite images and aerial photographs for the purposes of

irrigation systems inventory audit

Satellite ObserYatlon Spatli.ll Characteristics Reference
period resolution
Panchromatic images with [Sjlilrlfzz(}l/ ?{t?éecs}sG cological
CORONA | 1960- | _ high spatial resolution. |45 10ren) [27]
. ~2-10m |Can be used to detect large . .
(KH series) 1972 . US National Archives
canals and earthworks; (CORONA collection)
requires geocorrection. 28]
Declassified panchromatic US National Archives
images, large coverage, [28]
KH9 1973- ~5_10m |800d spatial resolution; United States Geological
Hexagon 1984 used for detailed survey Survey (USGS
and assessment of local Ea rthgx Jorer) [27]
networks. P
Earth Resources
Multi-spectral image series: g::eeg:ﬁi%nes&? (USGS
Landsat lo7y_ | <60 m (MSS) MSS (=60 m), TM (=30 | pp 619
B - m). Gives a chronology . .
(Landsat 1-9, i1l now up to of vegetation and water United States Geological
MSS/TM) ~30 m (TM) & ‘ Survey (USGS
gurface chapges, easy to EarthExplorer) [27]
integrate with modern data. Google Earth Engine
[30]
Aerial photo- depends on | Varying spatial resolution | National Archives
graphs ~ 1950 — the source |(from ~0.5-5 m); often of Ukraine; State
(national till now (starting  |the best option for local Geocadastre; local carto-
archives) from =1 m) |detailing, if available. graphic services
Modern Sentinel 2 (10-20
. 1020 m | m multi-spectral), commer- .
satellites 2015 - i 2] VHR 031 Copernicus Open Access
(Sentinel 2, |  till now (multi- ) cia (up to 0.3-1'm). |y 173y
’ 1) | Used for validation and
VHR) spectra for valida :
combination with archives.
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which involves comparing archival images
(CORONA, KH-9 Hexagon, early Landsat
series, aerial photo archives), allows to track
changes in the functioning of irrigation systems,
identify hydraulic facilities, track landscape
transformations under the influence of irrigation,
erosion or urbanization, and solve other tasks of
irrigation systems inventory audit and auditing
the use of irrigated lands. E.g., Spanish scientists,
based on the research conducted by isardSAT
and IRTA using remote sensing data, proposed
a method for classifying irrigation methods and
types: flooding, sprinkling, drip irrigation, and
non-irrigated fields [32]. This methodology
allowed the creation of maps of irrigation
systems in the region of Catalonia (Spain), which
provide detailed information about the state
and development (modernization) of irrigation
methods in the region, which were previously not
reflected in existing databases. This study used
various machine learning algorithm models, as
well as remote sensing data from SMOS/SMAP,
Sentinel-2, and Sentinel-3 satellites, related to
evapotranspiration and soil moisture (an indirect
tool for determining irrigated and non-irrigated
areas).

Researchers from the University of Virginia
have developed a machine learning system called
IGraSS (Iterative Graph-constrained Semantic
Segmentation) to identify critical infrastructure
networks (irrigation canals and roads, etc.) from
satellite images. The system uses RGB imagery
along with additional data such as normalized
differential water index (NDWI) and digital
elevation models (DEM) [33].

In China [34], archival CORONA imagery
has been used to locate and map ancient irrigation
systems in desert oases, which are not seen on
modern imagery due to sand deposits or hydrology
changing. Examples of the use of declassified
Hexagon images for detecting various objects of
irrigation systems are given in the work of Emily
Hammer et al. [35]. The use of a methodological
approach based on the combination of Landsat
series with modern data and creating the
prerequisites for tracking long-term chronology
of changes made it possible to create an irrigation
map for the USA with a resolution of 30 m [36].
The application of this approach to assessing
the history of irrigation development in one
intensively irrigated valley in India using multi-
year Landsat satellite images made it possible to
track the expansion of irrigated agricultural areas
and determine the time limits of their increasing
[37]. A similar approach (Ask Holm Carlsen et
al. [38]) has been used to identify and map closed
drainage systems, covering a diverse range of
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imagery, different data collection periods, and
detection methods.

In general, a methodological approach that
involves the joint use of archival panchromatic
images (CORONA, Hexagon), chronological
multi-spectral series (Landsat), modern VHR /
Sentinel data and GIS analytics methods allows to
recreate the history of changes in the functioning
of irrigation infrastructure, identify inactive
canals, etc.

The disadvantage of this methodological
approach (method) when used for irrigation
systems inventory audit is the inability to
determine the presence of underground pipelines
or closed canals due to the low spatial resolution
of the images.

The next group (type) of remote tools that
are already in use and whose prospects for use
in conducting an inventory audit of irrigation
systems are constantly and rapidly growing are
drones / unmanned aerial vehicles (UAVs) with
multi-spectral / thermal / video cameras (the
most common models: DJI Matrice 350 RTK,
DJI Mavic 3 Multispectral, senseFly eBee
X, Autel EVOIl Dual Rugged BundleV3,
Yuneec H850 RTF/RTK T1). The use of drones
makes it possible to perform a more detailed
inspection of hard-to-reach areas, which allows
obtaining highly accurate geospatial data for
identifying canals, pipelines, reservoirs, and
hydraulic facilities. The use of drones is especially
relevant in countries with a developed agricultural
sector, as confirmed by the experience of such
countries as Spain, Italy, India, and the USA, where
national programs for the digitalization of water
management are created based on their use [39].

The use of drones is particularly promising
given that by adding different types of cameras
to them, their capabilities can be significantly
expanded [40, 41]. Thus, equipping drones
with RGB cameras allows them to be used for
high-quality visual surveying for orthophotos,
detecting structures, faults, color/structural
differences, etc.; equipping with Multi-spectral
(MS) cameras allows calculating vegetation
indices (NDVI) and other indices that are useful
for determining moisture content and the state
of vegetation along the canals; thermal cameras
are critical for detecting leaks (temperature
anomalies) and differentiating wet areas, and
LiDAR cameras are used to obtain digital terrain
models (DTM/DSM), determine canal profiles,
control erosion, and determine the geometry of
structures.

An example of using a drone with a LIDAR
camera to highlight the main elements of an
irrigation network is the results of research by
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Mahor and colleagues [42]. The methodology
used in this study includes the use of high-
resolution digital terrain models (LiDAR with an
accuracy of 1 meter horizontally and 0.25 meters
vertically) and geographic information systems
(GIS) tools such as ArcGIS and Whitebox
Geospatial Analysis Tools (Whitebox GAT). Some
studies have also demonstrated the effectiveness
of using drones with thermal imaging cameras
to identify leak locations in irrigation systems in
vineyards in Portugal [36], the effectiveness of an
approach that involves integrating UAV data with
historical satellite imagery to map underground
pipelines in agricultural regions in Greece [44],
and UAV video analysis algorithms for automatic
detection of pipeline leaks [45].

Based on the analysis of the state of use
and taking into account the available additional
equipment for UAVs, the following main areas
of drones usage are proposed when carrying out
works on irrigation systems inventory audit:

1. Orthophoto mapping and vectorization:
photogrammetric ~ processing  (creation of
orthophotomap, digital terrain model — DTM),
vectorization of linear objects (canals, dams,
riverbeds). Used to detect only surface hydraulic
facilities in [43, 44].

2. Thermal leak diagnostics: TIR imaging
detects temperature anomalies that indicate
pipeline leaks, flooding, or damage of the canal
foundation [36].

3. Multi-sensor  combination (RGB +
NIR + TIR + DTM) increases the probability of
detecting non-metallic elements (PE pipes, small
underground collectors) by detecting changes in
vegetation or temperature above the route. For
example, an approach with a combined UAV-NIR
and historical orthophotos was used to detect
underground irrigation pipes [45].

4. Automatic segmentation and ML: The use
of computer vision algorithms (U-Net, DeepLab,
Random Forest for pixel classification) allows
automated detection of canals and defects on
orthophotos and thermal layers. The essence of
the method is that first the analysis and modeling
are carried out on modern images, then the model
is adapted during the flight and scanning of the
UAV for local conditions [38].

Therefore, the main advantages of using drones
are their high spatial-temporal resolution, which
allows to see small objects and local defects;
flexibility and efficiency, which ensures quick
execution of research after detecting a suspected
problem, as well as saving time and resources by
reducing the number of field trips by personnel.

Despite all the feasibility and advantages,
the use of drones has many disadvantages that
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arise during such research (work). One of the
main problems is the flight restrictions in many
countries, especially in areas near populations or
critical infrastructure; the need for permits and
pilot certification. Weather conditions (wind,
fog, and precipitation) reduce the quality of
the footage or make flights impossible. TIR
anomalies or indices can be caused by various
factors (shadow, soil type), which is why field
confirmations are needed. The processing of
the large volumes of images requires powerful
hardware and knowledge of photogrammetry,
also the geocalibration and georeferencing are
necessary. For very large networks (thousands of
km), using drones alone can be quite costly [32].

Therefore, the use of UAVs should be
considered as an effective addition to traditional
methods of irrigation infrastructure inventory
audit. Combining drones with retrospective
satellite data creates the basis for comprehensive
monitoring, performance evaluation, and
sustainable water resources management.

Remote tool Geo-radar (GPR)/underground
scanning (the most widespread models: Mala,
IDS GeoRadar, Leica DSX, Bosch D-tect)
is a geophysical device that operates on the
principles of radar. It consists of transmitting
and receiving antennas that emit short pulses
of high-frequency electromagnetic waves and
record reflected signals from the boundaries
of various environments. Analysis of return
time and signal intensity allows to allocate the
pipelines placement [47]. Geo-radar is one of the
most effective methods for locating and mapping
underground pipelines, especially for objects
made of non-metallic and fiber-optic materials.
The effectiveness of the use of GPR directly
depends on the electrophysical properties of the
environment. The high electrical conductivity of
the soil causes signal absorption, which reduces
its penetration depth. Pipelines filled with water
or pipelines in very wet soil are also difficult to
detect.

The widespread and effective use of geo-radars
in conducting irrigation system inventory audits
is facilitated by the rapid development of machine
learning algorithms and 3D reconstruction of
GPR data. The use of deep neural networks
allows for automatic recognition of hyperbolic
imprints from pipes and distinguishing them from
noise. In addition, combining geo-radars with
remote sensing methods and analytical models
opens up opportunities for automated mapping of
underground pipelines and irrigation networks.

The use of tracers (the most widespread
models: Radiodetection, C.Scope, SebaKMT,
Sonel LKZ-2500, Leica, RIDGID) and
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locators / metal detectors (the most widespread
models: Fisher, Garrett) can be quite effective
when carrying out works on the inventory audit
of irrigation systems. Electromagnetic location
is currently the most widespread method of sear-
ching and tracing underground engineering
networks. Unlike geo-radars (GPR, pulse
reflection), the EM method is based on the
principle of electromagnetic induction. The
essence of the method is to create an alternating
electromagnetic field near the soil surface, which
induces currents in metal objects — pipes or
cables. By measuring these fields, the receiving
device determines the position and depth of the
object [48]. This method is characterized by its
universality and considerable practicality, as it
allows determining the position, schemes, and
depth of pipelines, as well as determining their
clogging or damage using transmitter probes [49].
The results of the analytical research
conducted on the possibility of using remote
tools for irrigation systems inventory indicate
that their use is possible only with the application
of an integrated approach that combines modern
geophysical, remote sensing and geoinformation
methods and tools and requires the development
of scientific and practical justification (tools,
implementation methodology, etc.).
Conclusions. According to the results of the
research, it was determined that remote tools are
most appropriate to use at the second stage of
the inventory audit to identify and preliminary
assess the condition of the following main
elements of irrigation systems: pumping stations,
antechambers, open (earthen and concrete)

E

canals, pipelines, hydrants, water distribution
facilities, etc.

Based on the analysis, it was determined that
the following remote tools can be used to detect
and assess the condition of irrigation system
elements: Earth satellite observation (optical,
multi-spectral, hyper-spectral images); aerial
photography from unmanned aerial vehicles
(UAVs, drones); geophysical instruments, GPR
and EM methods in combination with GIS
modeling, geographic information systems (GIS)
for integration, analysis and visualization of
results.

The analysis also revealed that satellite or
aerial photography should be used for large-
scale assessment of irrigation systems; unmanned
aerial vehicles should be used for detailed
inspection of hard-to-reach areas, identification
of canals, pipelines, reservoirs and hydraulic
facilities, conducting high-quality visual surveys
for orthophotos, detecting structures, faults, color/
structural differences, leaks in pipelines, flooding
or damage of canals foundations; geo-radars
should be used for locating and mapping
underground pipelines, especially those made of
non-metallic and fiber-optic materials, and tracers
and metal detectors should be used for locating
and tracing underground irrigation networks.

The results of the analytical research of the
experience of using remote tools to conduct an
inventory audit of irrigation systems allow us to
assert that the use of remote tools in combination
with geoinformation methods creates additional
opportunities for conducting an inventory audit
of irrigation systems in Ukraine.
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Anomauyia. Y cmammi poseisHymo Cy4acHi nioxoou 00 HPOBeOeHHs [H8eHMApu3ayii 3pOouly8aibHUuxX
cucmem i3 3aCMoOCy8aAHHAM OUCMAHYILHUX 3aco0is. Tpaouyitini memoou iHeeHmapu3ayii 3pouLy8albHUX
cucmem nompeoyromy 3HAUHUX (DIHAHCOBUX | MPYOOBUX SUMPAM, WO VCKIAOHIOE NPOBEOEHHs MACU-
mabonoi ineenmapuzayii ma NIAHYSaHHs 3aX00I8 3 PeKOHCMPYKYIL 1l MoOepHizayii cucmem 3pouieHus. 3a
pesyromamamu. 00CAi0NCeHb CMAHOBICHO, WO OUCMAHYIUHI MexXHO02ll € HaubLIbuw 0OYITbHUMU 075
ingenmapu3ayii maxux OCHOGHUX elleMeHMI8 3POuy8aIbHUX CUCeEM, AK HACOCHI cmanyii, asankamepu,
BIOKpUMI 3eMIAHI ma OemouHi Kanaiu, mpyoonposoou, 2ioparmu, 6000PO3N0OLIbHI CROPYOU ma [HUL
CKa008i iHdceneproi ingpacmpykmypu. Ha ocrosi npogedenoco ananisy u3HaueHo nepeiix Oucmau-
YiiHux 3aco0ie, AKi MOXCymv OVmMu SUKOPUCNAHI O OYIHKU MEXHIYHO20 Cmany 00 €Kmi6 3pOUleHH.
o Hux nanexcamv cynymuukose oucmanyitine 30HOV8anHA 3emui, a came SUKOPUCMAHHA ONMUYHUX,
MYTLIMUCNEKMPATbHUX T 2INEPCREKMPATbHUX 3HIMKIS, Aepodomo3uoMKa i3 3aCmoCy8anHAM Oe3NiIOmMHUX
AIMATbHUX anapamis, 2eoizuyHi Memoou 00CaiodceHHs, 30Kkpema eeopadaprue 30n0yeanns (GPR) ma
eNeKMPOMASHIMHI MEMOOU MPACYBAHHS NIO3EMHUX KOMYHIKAYTL, A MAKOIC 2e0iHpOopMayilini cucmemu 0Jis
inmeepayii, aHanizy, MOOEI0BAHHS A GI3YaANI3AYIi OMPUMAHUX Pe3VIbINAMmIs.

Jlocniooicennsamu 6cmano8ieno, wo KOMNIEKCHUL nioxXio, KUl HOEOHYE CYYACHi OUCMAaHYIUHI, 2eoqhi3uuni
ma 2eoinpopmayiiini memoou, Cmeopioe O0O0AMKOBL MONCIUBOCMIE OIS RPOGEOeHH s epeKmuHol ingenma-
pusayii 3poutysanvHux cucmem YKpainu, niosuuyye onepamusHicms ooCmedtceHb, MmoYHiCme SUSHAYEHHS.
mexniyno2co cmawny 00°€kmie ma 06 €EKMUBHICMb OMPUMAHUX pe3ynbmamis. Pezynomamu euxonanux
AHATTTIMUYHUX OOCAIONHCEHb MONCYb OYMU BUKOPUCMAHT 0151 OOTPYHIY8AHHS 8UOOPY THCMPYMEHMAPIo ma
po3pobnenns pekomenoayiii w000 npoeedenHs iH8eHMapu3ayii 3pOULy8aAIbHUX CUCEM OUCTIAHYITHUMU
3acobamu.

Kniouogi cnosa: ineenmapusayis, 3pouilysanvii cucmemu, oucmanyiine 3ondysannsi, GIS, BIIJ/IA, cynym-
HUKOBI OaHi
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Abstract. The results of research on determining the technological parameters of regulating the soil
water regime when functioning drainage systems (drainage and irrigation system “Romen”, local contour
water-accumulating systems — CWAS) of the Left-Bank Forest-Steppe are presented. Priority crops on
drained lands (Sumy region) are corn for grain (share in the sown area 35%,), sunflower (20%), wheat (16%),
soybean (14%) and rapeseed (4%). Weather conditions on research and production plots (State Enterprise
“Nadiya” and LLC Agrofirma “Lan”) during the growing season 2022-2025 were characterized by
extremely uneven distribution of precipitation and significant fluctuations in air temperature. The average
hydrothermal coefficient (AHC) during the growing season in 2000-2025 varied within 0,6—1,9, in 2025
it was 0,77 (the conditions of a moderately arid zone). Technological parameters for regulating the soil
water regime when cultivating corn for grain, buckwheat, winter wheat, sunflower, soybeans and perennial
grasses were obtained, the applying of which ensures an increase in the yield of economically attractive
crops up to 25%. During long-term operation (more than 30 years) of the CWASs, the effectiveness of their
functioning was confirmed, as well as the possibility of ensuring a favorable soil water regime in areas
with developed microrelief, obtaining a stable crop yield and increasing the efficiency of agricultural land
use in the areas with micro-depression landforms. The increase in winter wheat yield by 12% compared to
the watershed and by 64% compared to micro-depressions without ameliorative measures was observed.
Technological parameters for regulating the soil water regime are recommended for use by specialists in
agriculture and water management (landowners and land users of drained lands, operational and project
water management organizations) when governing the water regime on drained lands of the Left-Bank
Forest-Steppe.

Keywords: drainage and irrigation system, contour water-accumulating system, drained lands,
technological parameters, soil water regime regulation

The relevance of the study is due to the
need to solve modern problems of regulating
the soil water regime on drained lands to ensure
the sustainability of agricultural production
in unstable weather conditions. Climate
change, which is observed in the zone of

excessive moisture, in particular the Left Bank
Forest-Steppe, is accompanied by inefficient
accumulation of moisture in the soil, unstable
moisture supply and the formation of new
conditions for growing crops on drained lands
[1, 2, 3]. In such conditions, the importance of
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agricultural lands with a regulated water regime
increases. At the same time, climate change
forms not only new conditions for agricultural
production on drained lands, but also changes
the structure of sown areas due to the shift of
crop growing areas [4]. Therefore, given the
conditions of modern management on agricultural
lands with a regulated water regime, the tasks
of effectively using the existing potential and
water-regulating capacity of drainage systems
as well as developing technological parameters
for regulating the soil water regime for growing
priority crops on drained lands of the Left Bank
Forest-Steppe are relevant.

Analysis of recent research and publications
shows that scientists generally pay attention to
studying the impact of climate change on modern
agricultural production, while a small number
of works are devoted to the development of
prospects for the effective use of drained lands
and regulation of the soil water regime for
growing crops, which are currently priority and
economically attractive in the Left-Bank Forest-
Steppe zone [1, 4-6].

It is noted in literary sources that agricultural
production in the Left-Bank Forest-Steppe zone
is territorially carried out under different soil
and climatic conditions [5, 7]. At the same time,
the use of agricultural lands in this region, in
particular in Sumy, Kyiv and Chernihiv regions,
is closely related to drainage land reclamation.
As for regional features, in turn, Sumy region,
in terms of heat and moisture supply, is located
within two natural zones (mixed forest and forest-
steppe) with three territorial parts distinguished
by the moisture index [7, §].

Recent studies show that due to the instability
of weather conditions and low regulation of
water resources, the active soil layer is constantly
overdried or overwetted precisely during the
period of active vegetation of cultivated crops,
which is the cause of a significant decrease in
yield. Therefore, studies aimed at obtaining
technological parameters for regulating the soil
water regime on agricultural lands are of great
importance [9-15].

An analysis of publications has shown that
in recent years a small number of scientific
developments have been devoted to the problem
of regulating the soil water regime during modern
agricultural use of drained lands of the Left-
Bank Forest-Steppe. In particular, technological
parameters for water regulation for growing
highly productive fodder crops (Japanese millet,
amaranth and fodder beans) on lands with
a regulated water regime have been obtained
[16-19].

2026 + Ne 1 MEJIIOPALLLA I BOOJHE I'OCITOAAPCTBO

(2]

The scientific works also raise the issues of the
feasibility of implementing irrigation systems for
growing vegetable crops in the Left-Bank Forest-
Steppe zone, the assessment of natural resources
and their compliance with the crop requirements,
possible ways to optimize external factors, with
an emphasis on the modern problem of providing
sufficient water resources, the volumes of which
can be regulated by irrigation [20, 21].

Therefore, to obtain stable yields of
priority and economically attractive crops in
conditions of increasing instability of weather
conditions and the need to solve the problems
of modern agricultural production regarding the
management of the soil water regime on drained
lands of the Left-Bank Forest-Steppe zone, it is
relevant to solve the problems of effective use of
the potential of drainage systems and obtaining
justified technological parameters for regulating
the soil water regime on drained lands.

The purpose of the research is to determine
the technological parameters of soil water regime
regulation under the conditions of drainage
systems functioning and modern management on
drained lands of the Left-Bank Forest-Steppe.

The main objectives of the scientific research
are to conduct analytical studies of modern
agricultural use of drained lands, analyze expe-
rimental studies on determining the parameters
of the soil water regime and substantiate the
technological parameters of soil water regime
regulation under modern management on drained
lands of the Left-Bank Forest-Steppe.

Materials and methods of research. Research
work was carried out on the lands with regulated
soil water regime (drainage and irrigation system
(DIS) “Romen”) and in the territories with
non-drainage  micro-depressions  (“saucers”),
which are under operation of local contour-water
accumulation systems, which provide collection,
accumulation, and redistribution of local runoff
with its reuse for moistening cultivated crops.
Experimental and production plots are located within
the lands of SE ‘“Nadiya” and LLC “Agrofirma
“Lan” (Romensky district, Sumy region).

On the drained lands of SE ‘“Nadiya”,
regulation of soil water regime is carried out
by subsoil moistening. Micro-depressions
(“saucers”) are located on the experimental and
production sites of Agrofirma “Lan” LLC, where
contour water-accumulating systems (CWAS)
were built in 1995, Fig. 1. The main structural
element of the CWAS is drainless contour water-
accumulating trenches with various filtering back
fillings (straw, peat, fascines), which provide
accumulating excess water within the micro-
depressions.
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Fig. 1. Layout of the CWAS, Agroﬁrma “Lan” LLC:

1 — CWAS 1 (straw filtering back filling), 2 — CWAS 2 (straw filtering back filling), 3 - CWAS
3 (peat filtering back filling), 4 — CWAS 4 (fascia filtering back filling), 5 — micro-depression without
ameliorative measures

During the research certified and standardized
in Ukraine methods, as well as methodological
approaches used in domestic and international
practice were used. The available equipment
was following: disc drill, crackers, electronic
laboratory scales, drying oven, thermometers,
rain gauge.

The basis of the research methodology
is a systematic analysis and generalization
of experimental field materials regarding
meteorological indicators (air temperature and
precipitation), groundwater level (GWL), soil
humidity and moisture reserves, biometric
indicators of cultivated crops obtained in the
period 2022-2025 under production conditions.

Determination ~ and  justification of
technological parameters for regulating soil
water regime during the cultivation of corn for
grain, buckwheat, winter wheat, sunflower,
soybeans and perennial grasses is based on
specifying optimal ranges of groundwater
level, soil humidity and moisture reserves,
which ensure maximum growth of biometric
indicators, in particular linear growth, leaf area,
dry mass accumulation and yield of the above-
mentioned crops by development phases, as well
as during critical periods of their moisture supply,
against the background of various methods
of regulating soil water regime, in particular,
sluicing (groundwater level regulation options —
absolute drainage, closed potter’s drainage, open
channel network) and using local contour water-
accumulating systems with various filtering back
fillings.
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Sowing and monitoring of crops were carried
out according to generally accepted technologies
for their cultivation when using mechanisms and
tools directly used in production conditions. Har-
vest accounting was carried out using a continuous
method from the entire accounting area.

On the drained lands of the SE “Nadiya”
(mineral soils), corn for grain (hybrid DK315,
FAO 310) was grown on the area of 1,5 hectares
and buckwheat (variety “Slobozhanka”) on
the area of 28 hectares (mineral soils) in 2022.
Mineral fertilizers were applied: for corn — at the
rate of N P, K, and for buckwheat — N;,P;,K;,.
In 2023, winter wheat (variety “Bogdana’) was
grown on the area of 14 hectares; corn for grain
(hybrid DN Pyvykha, FAO 180) on the area of
6 hectares and sunflower (hybrid P62LL109)
on an area of 19 hectares. In 2025, sunflower
(variety P62LL109) was sown by the SE Nadiya
on the area of 20 hectares. Mineral fertilizers
were applied in two versions — N, P;K;, and
NgoPooKeo- On peat soils in the period 2022-2025,
the crop grown was perennial grasses.

In 2024, soybeans (variety “Yug 30”) were
sown on the lands of LLC “Agrofirma “Lan”
(mineral soils). Mineral fertilizers were applied
at the rate of N,,P,,K,,. In 2025, winter wheat
(variety NEXT) was grown; fertilizers were
applied at the rate of N,P,,K,, in autumn period
and KAS-32 in the spring period.

Research results and their discussion.
According to the tasks set, analytical studies on
the modern agricultural use of drained lands of
the Left Bank Forest-Steppe were carried out. It
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was specified (using the example of Sumy region)
that in 2025 the priority crops on drained lands
were corn for grain (share in the sown area is
35%), sunflower (20%), wheat (16%), soybeans
(14%) and rapeseed (4%), Fig. 2, a. Sowings
of industrial crops over the past 35 years have
increased due to the expansion of sunflower areas
(from 16,8 thousand ha to 199,2 thousand ha or
by 11,9 times), soybeans (from 1,3 thousand
ha to 136 thousand ha or by 104,6 times) and
rapeseed (from 7,8 thousand ha to 35,7 thousand
ha or by 4,5 times). The area under sugar beet
decreased by almost 239 times, and the yield
increased almost twice. In the period 1990-2025,
an increase in yield for almost all priority crops
was observed (Fig. 2, b).

Experimental studies were conducted to
determine the parameters of meteorological
factors, rates of the groundwater level (GWL)
and the water regime (moisture and moisture
reserves) of the soil.

During the growing season of 2025, 256,5 mm
of precipitation fell, which is 64,4 mm less than
the average long-term values. Precipitation was

(31

distributed extremely unevenly both during the
growing season and during individual months.
The average daily air temperature during
the growing season was 15,5 °C, which is
0,7 °C less than the average long-term values. The
hydrothermal coefficient (HTC) of the territory of
the experimental and production sites (within the
lands of the SE “Nadiya” and LLC “Agrofirma
“Lan”) in 2000-2025 was determined, Fig. 3. The
average HTC values for the growing season in the
specified period varied widely — from 0,6 to 1,9.
In 2025, the HTC was 0,77, which corresponds to
the conditions of a moderately arid zone (for an
arid zone the HTC is 1,0-0,7).

A study of the dynamics of the GWL and the
moisture content of the active soil layer during
the growing season 2022-2025 was conducted.

In 2025, at the experimental site of LLC
“Agrofirma “Lan” with CWAS Ne 3 (the filtering
back filling is peat), where winter wheat was
grown, the GWL in the area with micro-depression
without ameliorative measures at the beginning
of the growing season was within 20—40 cm, and
the root zone was periodically flooded, Fig. 4, a.

405 1% el 120
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=== Ssoybeans

60 —=wembarley 4 00000000000 0000000
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o 20 —
= corn for grain "'0
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= potato and other vegetables fodder crops

1990 2000 2010 2015 2017 2018 2019 2020 2021 2022 2023 2024 2025
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b)

Fig. 2. Disposition of crops in 2025 (a) and yield of basic crops in 1990-2025 (b), Sumy region

Fig. 3. Hydrothermal coefficient in the period 2000-2025, DIS “Romen”
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Fig. 4. Precipitation, dynamics of GWL (a, b, ¢) and moisture in the soil layer 0-50 cm (d), 2025.

On mineral soils where sunflower was grown
(SE “Nadiya”), the GWL in the spring period was
at a depth of 55-100 cm, in the summer period
at the depth 100-175 cm, and in the autumn
period it decreased to 180 c¢cm. The formation
of moisture and moisture reserves of the active
soil layer depended on the arrival of atmospheric
precipitation, Fig. 4, b and d.

On peat soils where perennial grasses were
grown (SE “Nadiya”), the actual GWL in April
was at a depth 25-45 cm, during the first mowing
period it was at a depth of 55-60 cm, and during
the second mowing period it was at the depth
90-100 cm, Fig. 4, c.

The dynamics of soil moisture during the
cultivation of winter wheat on the lands of LLC
Agrofirma “Lan” (CWAS Ne 3) and sunflower
(SE “Nadiya”) is shown in Fig. 4, d. Moisture
reserves in the soil layer 0-50 cm during the
cultivation of winter wheat were: in April —
160-170 mm, in May — 120-150 mm, in June —
120-170 mm, in July — 90-100 mm; during the
cultivation of sunflower: in May — 105-110 mm,
in June — 140—150 mm, in July — 100-110 mm, in
August — 80-100.

According to the tasks set, an analysis of the
results of experimental studies on the dynamics
of growth and accumulation of dry mass of corn
for grain, buckwheat, winter wheat, sunflower,
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and soybeans was performed in 2022-2025 by
the phases of their development; critical periods
of their moisture supply were determined.

During the cultivation of corn for grain, it was
observed its slow development at the beginning
of the growing season (second half of May).
The most intensive linear growth of vegetative
mass was recorded from 20.06 to 20.07, and by
the end of the growing season the plants reached
a maximum height of 2,45-2,70 m.

Buckwheat developed slowly in the first
half of June, and from 20.06 to the end of July,
intensive linear growth of vegetative mass was
recorded. By the end of the growing season the
plants reached a height of 0,90-1,05 m.

The intensity of the growth of corn leaf
surface tended to decrease in May due to low
air temperatures. In general, the growth of
corn and buckwheat leaf surface depended on
fertilizer application. The maximum values of
the assimilation surface of corn were recorded
on the 40th—50th day after emergence; the most
intensive increase in leaf surface was from July
10 to August 20.

To determine critical periods of moisture
supply for winter wheat, the results of studies on
the accumulation of its dry mass were used, Fig. 5.
Winter wheat was grown on drained lands of the
“Romen” drainage and irrigation system and in
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Fig. 5. Dynamics of dry mass growth of winter wheat, sunflower and soybeans when regulating
the soil water regime, t/ha

the areas with micro-depressions, where CWAS
were built. On the experimental and production
plots of the DIS “Romen”, the most significant
increase in the dry mass of winter wheat was
observed in June (the maximum was recorded in
the 3rd decade); on the plots with CWAS —also in
June, however, the maximums were recorded in
the 3™ decade of June and the 1 decade of July.

It was specified that the operation of the CWAS
provides a stable and fairly uniform increase in
the dry mass of winter wheat, as well as when
regulating the soil water regime by sluicing (DIS
“Romen”). In the areas without regulation of soil
water regime, the increase in the dry mass of
winter wheat by decades has a jump-like character,
which indicates a significant dependence of crop
development on the distribution of precipitation
during the growing season.

When growing sunflower, the maximum
accumulation of'its dry mass is observed in August
(the largest increase was in the 3rd decade), while
the 1st decade of September is also characterized
by high growth rates.

As for soybeans, which were grown in areas
of CWAS operation, the monthly maximum
was recorded in August (seed ripening phase).
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Maxima of growth were recorded in all ten days
of August and the second ten days of July.

Based on the systematic analysis and
generalization of the materials of the experimental
studies on the onset of development phases,
growth dynamics, accumulation of dry mass
of the studied crops, dynamics of groundwater
level, soil humidity and moisture reserves,
justified technological parameters of regulation
of soil water regime for cultivation of corn for
grain, buckwheat, winter wheat, sunflower,
soybeans and perennial grasses were obtained,
Tables 1 and 2.

The yield of corn for grain and buckwheat
was determined when regulating soil water
regime on the drained lands of the DIS “Romen”,
which was 7,1 t/ha and 1,4 t/ha, respectively,
and when applying fertilizers it was 9,8 t/ha
and 1,8 t/ha respectively. Mineral fertilizers were
applied at the rate of N;,P,K;, (for buckwheat)
and NP Ky (for corn for grain), which
contributed to an increase in their yield by 26%
and 38%, respectively. The yield of winter wheat
when regulating water regime was 4 t/ha, and
when applying fertilizers NP K., the increase
in yield was up to 50%.
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1. Technological parameters for regulating soil water regime during the cultivation of corn for grain, buck-
wheat, winter wheat, sunflower and soybeans on drained lands of the Left Bank Forest-Steppe (DIS “Romen”)

IRRIGATION — DRAINAGE

Ne Indicator . - Crop
Corn for grain | Buckwheat Winter wheat Sunflower Soybeans
Critical period of d 1% ten-day «
moisture supply 3¢ ten-day 2° ten-day « . period of 1" ten-day
. period of 1% ten-day period of period of July —
period of June — d W August —
1 2 ten-da June — 3 June — 1* ten-day 15 ton-da 3d ten-day
. o ten-day period period of July : 4 period of
period of July period of
of July N August
eptember
2 | Sowing date 14.05 02.06 20.09-06.10 24.05-26.05 27.05
Sprouting of crops 3d ten-day 15 ten-day 03-17.10 15" ten-day 15" ten-day
period of May | period of June ' period of June | period of June
GWL, cm 45-75 70-80 - 90-95 80-90
o 0
3 |Moisture content, % 40-45 40-50 - 4565 70-80
%‘;‘ys;‘ffrsegegfs& 110-120 80-90 - 90-120 250-280
The beginning of the A beginning of
period of intensive beginning of June July
growth of vegetative 2d ten-day 2d ten-day contour beginning of
mass period of June | period of June water- . August contour water-
accumula- sluicing accumulation
4 tion systems systems
GWL, cm 50-60 100-110 100-110 110-120 140-150
1 0
Moisture content, % 4570 60-75 5560 | 3555 |  40-55 4565
ﬁzié?ffrggegfsnfrln 90-130 70-85 130-135 [ 110-120|  90-110 190-220
Period of maximum end of June —
growth of vegetative 2d ten-day July June August August
mass period of July
s GWL, cm 80-120 110-120 100-130| 130-140 150-170
1 0,
\usture content, % 35-50 35-40 5570 | 45-65 | 30-40 30-40
%‘;‘ysé‘r‘ffrsegecrgfsnﬁn 70-90 70-80 120-130 | 90-120 | 60-80 70-90
Period of grain ripening end of August —
6 end of beginning of end of July first part of end of August
September S October
eptember
GWL, cm 100-120 110-130 120-130 — —
1 V)
Vloisture content, % 15-30 30-40 40-45 | 40-45 - 20-40
z’llz;sé‘r‘ffrggec“rvnesnfn 60-80 50-65 80-100 | 80-100 - 5060

2. Technological parameters for regulating soil water regime and yield of perennial grasses
on drained lands of the Left Bank Forest-Steppe (DIS “Romen”)

Crop Years of research

Perennial grasses 2022-2025

Harvesting (mowing 1) 10-12.06

Harvesting (mowing 2) 02-17.08

Month May June July August

Soil moisture, % of FMC 90-95 80-85 65-80 60-70

Soil moisture reserves, mm 170-250 260-350 300-350 250-300

GWL, m 0.35-0.45 0.50-0.60 | 0.70-0.80 0.80-0.90

Options for regulating GWL level drainage open canals with | closed pot drainage
with moistening moistening without moistening

Soils peat

Yield (mowing 1, without fertilizes), t’ha 21-28 20-26 19-23

Yield (mowing 1, N; P K,), t/ha 27-35 23-31 22-28

Yield (mowing 2, without fertilizers), t/ha 15-18 15-17 12-15

Yield (mowing 2, N5 P Ky,), t/ha 18-27 17-25 15-24

ISSN 2616-5562 (Online)

ISSN 2616-5643 (Print) LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2026



3POILIEHHA — JIPEHAX

The yield of sunflower when regulating
water regime was 2,3 t/ha, and when applying
of N, P90K, fertilizers it was 3,2 t/ha; the yield
increase reached 26%.

It was specified that the increase in the yield
of corn for grain, buckwheat, winter wheat and
sunflower when regulating soil water regime and
applying fertilizers on the drained lands of the DIS
“Romen” and SE “Nadiya”, was 23%, 19%, 25%
and 28%, respectively, compared to the average
yield of the above-mentioned crops on this farm.

Harvesting of perennial grasses when
applying 3 options for regulating soil water
regime (level drainage with moistening, open
canals with moistening, closed pot drainage
without moistening), was carried out in the
following terms: 1% mowing — 10.06—12.06,
and 2" mowing — 02.08—17.08. The highest yield
of perennial grasses was obtained in the variant
with level drainage with moistening: for 1%
mowing — 21-28 t/ha, 2™ mowing — 15-18 t/ha,
and when applying fertilizers at the rate of
N;oPeoKy, the yield was increased by 27%.

The yield of soybeans and winter wheat by the
variants of the study (for CWAS with different
back fillings) is presented in Tables 3 and 4. The
average soybean yield was 2.6 t/ha, while in areas
with micro-depressions without ameliorative
measures, soybean crops were damped off.

The yield of winter wheat by the experimental
variants (for CWAS with different back fillings)
was on average 4,75 t/ha, and in the areas with
micro-depressions without ameliorative measures
it was 1,7 t/ha, on the watershed — 4,2 t/ha.

3. Soybeans yield by the CWAS options, 2024

(3]

It should be noted that the obtained scientific
and practical results are a supplement to the
data on water regulation parameters previously
obtained by the authors, in particular when
cultivating highly productive fodder crops on
drained lands, and their significance is confirmed
by a number of problems that can be solved when
using them, in particular, it refers to increasing
the efficiency of using agricultural lands with
micro-depression landforms, where local contour
water-accumulation systems (CWAS) were
arranged. At the same time, further studies will
take into account the fact that due to the increased
sensitivity of new crops to the soil water regime
in the active phases of their vegetation, its
operational correction is periodically necessary,
the justification of which is possible only on the
basis of engineering calculation methods based
on modern mathematical models of saturated-
unsaturated groundwater flows.

Conclusions. By the results of research on
the modern agricultural use of drained lands of
the Left-Bank Forest-Steppe, it was specified that
the priority crops on drained lands are currently
corn for grain (share in the sown area 35%),
sunflower (20%), wheat (16%), soybeans (14%)
and rapeseed (4%).

Based on experimental research of the
meteorological factors and a hydrothermal
coefficient (HTC) of the area of the experimental
and production sites (within the land use of the
SE “Nadiya” and LLC “Agrofirma “Lan”), it was
determined that the weather conditions in the
growing season 2022-2025 were characterized

Yield, t/ha
No Experiment variant Repeatability Avt(;;'lz;ge,
1 11 111

1 |CWAS 1 (filtering filling — straw) 2.4 2.5 2.2 24

2 | CWAS 2 (filtering filling — straw) 2.3 2.7 2.8 2.6

3 | CWAS 3 (filtering filling — peat) 2.8 2.5 2.9 2.7

4 | CWAS 4 (filtering filling — fascines) 2.3 2.5 2.7 2.5

5 | Micro-depressions without ameliorative measures — — — —

6 | Watershed 2.6 2.5 2.8 2.6

4. Yield of winter wheat by the CWAS options, 2025
GWL Yield, t/ha A
Ne | Experiment variant em ’ Repeatability Vte/i‘lz;ge,
| 11 11

1 | Watershed 70-180 4.5 4.2 4 4.2
2 |CWAS 1 (filtering filling — straw) 40-115 4.5 3.7 3.9 4.0
3 | CWAS 2 (filtering filling — straw) 35-125 4.7 4.6 4.3 4.5
4 | CWAS 3 (filtering filling — peat) 55-140 5.4 4.9 5.6 53
5 | CWAS 4 (filtering filling — fascines) 40-140 5.1 4.8 5.7 5.2
6 | Micro-depressions without ameliorative measures 20-80 1.5 1.9 1.8 1.7
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36}

by an extremely uneven distribution of
precipitation and significant fluctuations in air
temperature, and the average HTC coefficient
for the growing season in 20002025 varied in
a wide range — from 0,6 to 1,9. In particular, in
2025, HTC was 0,77, which corresponds to the
conditions of a moderately arid zone.

Based on the systematic analysis and
generalization of the materials of experimental
research on the onset of development phases,
growth dynamics, accumulation of dry mass of
the studied crops, the results of the analysis of the
dynamics of groundwater levels, moisture and soil
moisture reserves, justified technological parameters
for regulating soil water regime for the cultivation of
corn for grain, buckwheat, winter wheat, sunflower,
soybeans and perennial grasses when functioning
the drainage systems of the Left Bank Forest Steppe,
were obtained. Their implementation will ensure
an increase in the yield of economically attractive
crops (corn for grain, buckwheat, winter wheat and
sunflower) up to 25% on average.

It was specified that the effectiveness of the
CWAS functioning was confirmed even under the
condition of their long-term operation, therefore
it makes possible to ensure a favorable soil water
regime in areas with developed microrelief, to
obtain a stable crop yield of cultivated crops and
increase the efficiency of agricultural land use
in areas with micro-depression landforms. The
arrangement of the CWAS ensured an increase
in winter wheat yield by 12% compared to the
watershed and by 64% compared to micro-
depressions without ameliorative measures [22].

Technological parameters for regulating soil
water regime when growing crops on drained lands
of the Left-Bank Forest-Steppe are recommended
for use by the specialists in the field of agriculture
and water management (landowners and land users
of drained lands, as well as operational and project
water management organizations) when controlling
the moisture supply of crops grown on drained lands
in the Left-Bank Forest-Steppe zone in the modern
conditions of war and the post-war period.

Conflicts of interest: the authors declare no conflict of interest.
Use of artificial intelligence: the authors confirm that they did not use artificial intelligence
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Anomauia. Hasedeno pesyivmamu 00CHioHceHb w000 GUSHAUEHHSA MeXHON02IYHUX Napamempis pecynio-
8AHHSL BOOHO20 DENCUMY TPYHMY 8 YMO8AX (DYHKYIOHY8ANHS OPEHACHUX cucmeM (OCYuly8aibHO-360710-
arcysanvra cucmema «Pomeny, noxanvni konmypro-eoooaxymymioroui cucmemu — KBC) Jlisobepeaictoeo
Jlicocmeny. Ilpiopumemnumu xyromypamu Ha ocyutysanux semasx (Cymcoka o61.) € KyKypyosa Ha
3epHo (wacmxa y nocieHiti naowi 35 %), conawnux (20 %), nwenuysa (16 %), cos (14 %) ma pinax (4 %).
Iozo0ni ymosu y eecemayitinuti nepioo 2022—2025 pp. (0ocniono-eupobnuyi oinauku, Il «Hadiay ma
TOB «Aepogipma «Jlany) xapaxmepusyeanucs 6Kpail HEPIGHOMIPHUM PO3NOOLIOM ONAdi6é ma 3HAYHUM
KONMUBAHHSM MeMNepamypHux NOKA3HUKI6 NOBImpsl, cepeOHill y eecemayitiiuii nepioo NOKAsHUK 2iopomep-
miunoeo xoegpiyienma (I'TK) y 2000-2025 pp. sminwsascs y meaxcax 0,6—1,9, y 2025 p. I'TK cmanosus
0,77 (ymosu nomipno nocywinusoi 3ouu). Ompumano mexHono2iyHi napamempu pe2yiro8ants 600HO20
pedrcumy IpYHmy 3a 8UPOWYBAHHA KYKYPYO3U HA 3ePHO, 2PeUuKil, 03UMOI nuleHuyi, CONAWHUKY, coi ma baza-
MOPIYHUX MPA, 8NPOBAOIICEHHA AKUX 3a0e3neuye ni08UUeHHs 8POICATHOCII eKOHOMIYHO NPUBAOIUBUX
Kynomyp 0o 25 %. 3a mpusanoi excniyamayii (6invwe 30 poxie) KBC niomeepoocena egpexmugnicmo ix
DYHKYIOHYBAHHS, MONCIUBICIMb 3a0e3nedeHHs. CNPUAMIUBO20 800HO20 DENCUMY SPYHMY HA MepPUmopisx
i3 PO36UHEHUM MIKPOPEnbeEDOM, OMPUMAHHI CMADIILHO20 8POJICAI0 KYIbMYP Ma Ni08UUeHHS eheKmug-
HOCMI 8UKOPUCMAHHS CLIbCLKO2OCNOOAPCLKUX 3eMeNb HA MEePUmopiax i3 MiKpo3anaouHnumu gopmamu
penvedhy, 8i0MiueHo 3pocmanHs 8podcatiHocmi o3umoi nuenuyi Ha 12 % nopisHano 3 6000po30inom ma Ha
64% nopieHAHO 3 MIKpOnoHudICeHHAMU 6e3 meniopayii. TexHonoziuni napamempu pe2yiro8anHs 600HO20
pedrcumy IpYHMY peKomMeHO08aHo OJisl GUKOPUCIANHS (Daxisysmu 8 2any3i CiIbCbKO20 Ma 600HO20 20CNO-
oapcmea (3eMes1acHUKaM ma 3eMIeKOPUCYBAYaAM OCYULY8AHUX 3eMelb, eKCHLYamayitiHum ma npoeK-
MHUM 800020CNOOAPCLKUM OP2AHI3AYIAM) NPU YAPAGTIHHI BOOHUM PENCUMOM HA OCYULYBAHUX 3eMIIAX
Jligobepesicnozo Jlicocmeny.

Knrouogi cnosa: ocyury8anbHo-36010/Cy8AIbHA cUCTeEMA, KOHMYPHO-8000AKYMYIIOIOUA CUCTEMA, OCYUL)Y-
6aHi 3eMli, MEXHONORTUHI napamempu, pe2yiosanis 600H020 PElCUMY IPYHIY
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Abstract. As a result of the analysis of legal issues arising in the implementation of the provisions of the
Water Code of Ukraine concerning the protection regime of water fund lands, it has been established that
these issues are largely caused by the ambiguity of hydrological terminology and the absence of statutory
definitions for certain hydrological terms used in, or omitted from, the Water Code. In particular, this
includes such terms as “river”, “small watercourse”, “stream”, “low-water period”, “slope gradient”,
“lagoon”, “river estuary”, etc. The application of the linear approach to determining the outer boundary
of waterside protection zones requires the establishment of fixed reference values for their width and for
slope gradient. However, the low-water level, which under the Water Code serves as the inner boundary
of waterside protection zones, is not a constant value and may vary considerably both from year to year
and during the same low-water period. Furthermore, establishing its long-term mean value is practically
impossible in the places where long-term hydrological monitoring data for rivers are unavailable. Another
reason for legal problems in establishing the boundaries of waterside protection zones is the absence in
the Water Code of a classification of natural and artificial water bodies, in particular, the lower limit of the
catchment area of small rivers, as well as the area or depth of lakes and ponds. Based on the conducted
research, amendments to the statutory river classification of the Water Code have been proposed, along
with a classification of lakes according to their water surface area. These proposals would provide
a differentiated approach to determining the width of waterside protection zones for specific categories
of small watercourses and water bodies. Proposals have been made for changes and additions to the
glossary of hydrological terminology given in the Water Code of Ukraine. For the practical implementation
of new methodological approaches to determining the boundaries of waterside protection zones, it has
been proposed to develop separate regulatory and methodological recommendations that would take into
account the peculiarities of the hydrological regime of the river and the morphology of the riverbed.

Keywords: river, water body, lake, pond, low-water period, lagoon, waterside protection zone, Water
Code, legislation

Relevance. The main requirements for
preserving water resources, ensuring the
required water quality, and improving the

fund, in particular, include riparian and coastal
(further, waterside) protection zones (WPZ), for
the determination of which borders in Ukraine,

hydro-morphological state of riverbeds and
waterside landscapes are defined by the Water
Code of Ukraine (WCU), which provides for the
establishment of a regime of limited economic
activity on water fund lands located along
rivers, seas, and around lakes, reservoirs, and
other bodies of water. The lands of the water

a linear principle has been adopted providing
for the establishment of the width of the WPZ
within fixed limits, depending on the area of
river catchment, the volume of water bodies,
and the gradient of adjacent slopes [1]. The
provisions of the WCU are mandatory norms
[2] and therefore the legislation should establish
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uniform methodological approaches that ensure
unambiguous results of determining the width
of the WPZ. At the same time, numerous legal
actions in recent decades indicate the possibility
of ambiguous interpretation of the provisions of
the WCU, which is largely due to the ambiguity
of the interpretation of hydrological terminology
and the lack of regulatory classifications of
natural and artificial water bodies according to
their hydrographic characteristics. A number of
legal inconsistencies in individual provisions of
the WCU are due to the lack of a comprehensive,
institutionalised classification of water bodies in
Ukraine, as well as a glossary that ensures the
unambiguity and impartiality of interpretations
of hydrological terminology.

The aim of the research is to improve
the existing hydrological terminology and
classification of water bodies to ensure their
unambiguous interpretation in the implementation
of the requirements of the water legislation of
Ukraine.

Analysis of recent research and publica-
tions. The main regulatory documents with
definitions of hydrological terminology in Ukraine
are DSTU 3517:2024 [3] and Article 1 of the
Water Code of Ukraine [4]. A more extensive list
of terms is given in the Hydrological Dictionary
[5]. The classification of rivers given in Article
79 of the WCU was adopted on the basis of the
Soviet classification based on catchment area,
which was reflected in the Soviet state standard
GOST 19179-73 “Land Hydrology. Terms and
Definitions” published in 1975. Before that,
classifications based on river length were more
widely used, in particular, the -classification
of V. M. Rodevych, which, in addition to the
categories of small, medium, and large rivers,
also included the category of the smallest river
(for rivers up to 25 km long). In most countries of
the European Union, the classification of rivers
based on catchment area is adopted according to
the typology given in the EU Water Framework
Directive 2000/60/EC (WFD) [6]. This typology,
compared to the Ukrainian classification,
additionally includes the category of “very
large rivers” and differs significantly regarding
the boundaries of catchment areas compared to
the boundaries adopted for river categories in
Ukraine. According to the mentioned typology,
small rivers include rivers with a catchment area
starting from 10 km? while in the Ukrainian
classification there is no lower limit for river
gradation. It should be noted that in connection
with the implementation of the provisions of the
WEFD into Ukrainian legislation, work on auditing
rivers in Ukraine according to the criteria of the
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European Union is already underway [7, 8], in
particular, in the process of determining surface
water bodies in accordance with the Methodology
approved by the Ministry of Ecology and Natural
Resources of Ukraine in 2019 [9].

According to WCU, for all lakes, regardless
of their parameters, the WPZ width is 100 m, and
the WPZ around artificial reservoirs is determined
depending on the volume of filling and the
category of the river, on which they are built.
Their classification depending on morphological
parameters is absent in Ukrainian legislation.
Generally accepted classifications of lakes,
ponds, and reservoirs are also absent in Ukrainian
scientific publications, where different authors
use individual gradations of morphological
parameters of water bodies. Particularly, for the
lakes of Ukrainian Polissya L.V. Ilyin proposed
a classification that includes 7 categories: from
very small (area less than 0.1 km?) to the largest
(area more than 20 km?) [10, 11]. For reservoirs
and ponds, the most common classifications are
the ones of V.K. Khilchevsky and V.V. Greben.
The classification of reservoirs includes
6 categories depending on their volume: from
small (less than 0.01 km?) to the largest (more
than 50 km?®) [12]. The classification of ponds
includes 5 categories depending on their area:
from very small (less than 2 ha) to very large
(more than 50 ha) [13].

Outside Ukraine, there is also no unified
classification of water bodies, and different
countries use individual criteria for their
typification [14, 15]. In the countries of the
European Union, for lakes, as well as for the
rivers, the WFD typology is used, which is based
on the average depth (3 categories) and the area
of water surface (4 categories). The lower limit
of lake area according to the WFD is 0.5 km?
[6]. There is no lower limit for the depth of lakes
in the typology. An original approach for water
bodies classification, based on simultaneous
consideration of the depth and area of water
bodies, was proposed in India. The category
of water bodies is determined by a coefficient
calculated from the ratio of average depth and the
square root of water surface area [15].

Research methodology. The results of
the work were obtained on the basis of an
information-analytical research method, which
consisted in the analysis of numerous legal
actions in Ukraine, which arose as a result
of ambiguous interpretations by the parties
of conflicts of the normative hydrological
terminology and imperfect classification of water
bodies. As a result, we formed the proposals and
recommendations for their resolution.
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Research results and their discussion.
Article 1 of the Water Code of Ukraine,
which defines the principal terms used in this
legislative act, does not provide a definition of
the term “river” itself, nor does it define other
watercourses referred to in the Code, including
“streams” (Articles 3 and 88) and ‘“small
watercourses” (Articles 87 and 88). According to
DSTU 3517:2024 [3], as well as the Hydrological
Dictionary [5], a river is a watercourse of
significant size that is fed by precipitation from
its catchment and has a clearly defined riverbed.
This definition does not provide a clear answer
to the question of what a river is, since it does
not indicate from what specific catchment area or
length a surface watercourse acquires significant
dimensions. Based on this definition, permanent
and temporary watercourses of insignificant
sizes are not rivers, and the threshold geometric
parameters of streams and small watercourses,
which are referred to in Article 88 of WCU, are
absent from the regulatory framework of terms
and definitions in Ukraine.

The definition of a stream in DSTU 3517:2024
as “a small permanent or temporary watercourse”,
as well as the definition in the Handbook [16] as
“a small permanent or temporary watercourse
formed by the flow of melted snow or rainwater,
as well as by the emergence of groundwater to
the surface (length — from several hundred metres
to several kilometres)”, also does not reflect the
boundary between a stream and a small river.
In addition, in the aforementioned handbook,
the terms “stream” and “small watercourse”
are listed as synonyms, while according to the
WCU they are different terms. DSTU 3517:2024
defines the term “water stream” as “a water body
characterised by the movement of water in the
direction of the slope along a depression on the
Earth s surface,” that is, it is broader than the term
“river” and covers all terrestrial water streams.

According to the Water Code of Ukraine, the
classification of the country’s rivers provides for
their division into three categories, which are
determined depending on the catchment area of
their basins. The category of small rivers includes
all watercourses with a catchment area of up to
2,000 km?, i.e. this category includes both rivers
with a length of tens of kilometres and streams or
small watercourses. The mentioned classification
of rivers does not correspond to the classification
of the Water Framework Directive, adopted
in the European Union and used to determine
surface water bodies also in Ukraine according to
Appendix 3 of the Methodology [9]. According to
Annex II of the WFD (paragraph 1.2.1, system A),
for rivers with a catchment area (S) of up to
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2000 km? (“small rivers”, according to the
WCU), 3 types of rivers are provided: “small” —
S =10-100 km?; “medium” — S = 1001000 km?,
and, partially, “large” — S =1000-10000 km?.
Accordingly, streams with a catchment area of
up to 10 km? according to the European typology
are not classified as rivers, and the categories of
“small rivers” according to the WCU correspond
to the WFD types of “small” and “medium”
rivers, as well as, partially, “large” rivers with
catchment areas of 1000 to 2000 km?.

The Catalogue of Rivers of Ukraine [17] and
the monographs “Materials on River Typification
of the Ukrainian SSR” [18] and “Surface
Water Resources of the USSR. Hydrological
Knowledge” [19] include all rivers of Ukraine
with a length of more than 10 km. The area of
rivers with a length of less than 10 km mostly
does not exceed 100 km? and can be classified
into the new category of “very small rivers”. If
the catchment area of a watercourse is less than
10 km?, it can be classified as a “stream” or “small
watercourse”. Streams should be classified as
watercourses that flow exclusively within river
floodplains or on the slope of the first above-
floodplain terrace. To ensure a uniform approach
to the classification of watercourses by catchment
area, the term “stream” may be replaced by “small
water stream” or “small watercourses”, referring
to watercourses with a catchment area that does
not exceed 0.2 km?.

Taking into account the above-mentioned, the
following classification of small watercourses in
Ukraine is proposed:

— streams are permanent or temporary water
streams originating from groundwater springs,
flowing within river floodplains and along the
slope of the first above-floodplain terrace, that
have a catchment area of up to 0.2 km?;

— watercourses are permanent or temporary
water streams with a catchment area that does not
exceed 10 km?, the major part of which is located
outside the river floodplain;

— very small rivers are permanent or
temporary water streams with a catchment area
from 10 km? to 100 km? ;

— small rivers are permanent or temporary
water streams with a catchment area from
100 km? to 2000 km?.

According to Article 88 of the WCU,
regardless of size and hydrological regime, for all
rivers with a catchment area up to 2,000 km?, the
required width of the WPZ is 25 m or 50 m where
a slope gradient is more than 3°. Taking into
account the proposed classification, it is advisable
to revise the gradation of WPZs, specifically by
establishing the width of 5 m for streams (small
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water streams), 10 m for watercourses, and
15 m for very small rivers, with these widths
doubled where the slope gradient exceeds 3°.
The justification of the proposed values of WPZ
width for the smallest categories of water streams
is based on an analysis of their hydrological
role, the intensity of anthropogenic impact, and
the actual spatial extent in the landscape. For
streams (with the WPZ width of 5 m), which
flow predominantly within floodplains or along
the slopes of the first above-floodplain terrace,
the primary environmental protection function
is to preserve their water sources and prevent
local sedimentation. A width of 5 m is sufficient
to form a natural grass and shrub buffer that
stabilises the banks without excessive land
extraction. For streams with a catchment area of
up to 10 km?, increasing the width of the WPZ
to 10 m provides the minimum required distance
for filtering surface run-off from adjacent arable
lands, reducing sediment input, and maintaining
microclimatic conditions in the mouth areas.
For very small rivers with a catchment
area of 10-100 km?, the proposed width is
a compromise between ecological efficiency,
hydro-morphological features, and economic
feasibility, as increasing the WPZ to 25 m for this
category would result in losses of agricultural
land disproportionate to the ecological effect.
The proposed gradation is consistent with the
practice of the EU countries (Poland, Germany,
Czech Republic), where for watercourses with
a catchment area of <10 km?, the width of buffer
strips is usually 5-15 m, depending on the type
of land use.

A major challenge in delineating WPZ
boundaries is determining the elevation reference
pointthatserves as the starting point for calculating
slope gradient. In accordance with Article 88 of
the WCU, waterside protection zones shall be
established along the banks of rivers and around
water bodies, extending from the waterline
(during the low-water period), regardless of the
characteristics of the riverbank, including its
configuration and height. For rivers with a slope
gradient over 3°, the width of the WPZ doubles,
which is due to the higher speed of run-off and,
accordingly, a decrease in the time for infiltration
of surface waters and a decrease in the level
of their natural purification. The shape of river
banks primarily depends on the morphological
structure of river valleys (type of river valley
[20]), soil rocks from which the bank slope is
formed, riverbed processes, intensity of wind and
wave phenomena, morphological parameters of
the riverbed. When determining the boundaries
of WPZs, the most important characteristics
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of the riverbank are its geometric parameters,
particularly the height and width of the upper
bank slope above the low-water level, the ratio
of which determines the gradient of the riverbank
slope. In this context, the width of the upper bank
slope is defined as the horizontal distance from the
low-water level line to the crest of the riverbank
slope, i.e., the line marking a distinct break in the
bank profile that separates its lower steep section
from the floodplain. The waterside protection
zones of rivers (except for rivers with gorge-
like valleys, where the riverbank slope gradually
transitions into a mountain slope) includes the
width of the bank slope above the low-water
level, whose gradient is always greater than 3°, as
well as part of the floodplain. On rivers with steep
banks, the waterside protection zones are located
almost entirely within the floodplain; therefore,
the provision of the WCU stating that “if the
slope gradient exceeds 3°, its width is doubled”
is incorrect. A more appropriate formulation is
“if the slope of the waterside protection zones
exceeds 3°, its width is doubled”.

Inthelowlandrivers of Ukraine, riverbed forms
are predominantly parabolic and trough-shaped
(Fig. 1), with either steep, cliffy, or landslide-prone
banks (Fig. 2), or gently sloping banks (Fig. 3).
Less commonly, river sections with gorge-like or
weakly developed trough-shaped riverbeds occur
(Fig. 4). The latter is mostly observed in small
lowland rivers with swampy floodplains, whose
riverbeds “disappear” within marshy floodplain
areas. Various riverbed types may be present
even within short segments of the same river,
particularly in meandering rivers. According to
the WCU, for all of them, the width of the WPZ
is measured from the low-water level line. At
the same time, the WCU does not specifically
indicate from which elevation reference point
the slope gradient should be determined, in
particular whether it is from the waterline or from
the bank crest. The lack of clarity in interpreting
the determination of slope gradient leads to
legal disputes that often arise in judicial practice
when deciding on the requirement to double the
width of the WPZ in cases where slope gradient
exceeds 3°. Furthermore, Article 1 of the WCU
defines the waterline as the boundary of water
along the bank of a water body (the coast-line).
The clarification placed in brackets, “the coast-
line”, introduces additional uncertainty, since
according to the hydrological dictionary, the
coast-line is the boundary between the land
and the water surface of a watercourse or water
body, which, due to the continuous variation in
the elevation (level) of the water surface, forms
a more or less wide stripe [4].
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Fig. 3. Gently sloping banks of the Desna riverbed

2026 + Ne 1 MEJIIOPALLLA I BOOJHE I'OCITOAAPCTBO

ISSN 2616-5562 (Online)
ISSN 2616-5643 (Print)



WATER RESOURCES

@

Fig. 4. Gorge-like and weakly expressed trough-shaped riverbed [20]

In practice, in river sections with vertical and
steep banks, slope gradient is determined from the
coast-line level (without considering the elevation
difference between the waterline and the riverbed
crest), while in very gently sloping and weakly
defined riverbeds it is measured from the waterline.
This is entirely logical, since for rivers with steep
banks, the distance between the waterline and
the bank crest is negligible and therefore has
virtually no effect on the width of WPZ. However,
in sections with very gently sloping banks, this
distance may be of the same order of magnitude as
the width of the WPZ. However, such an approach
is not legally defined, and parties involved in
legal actions, who are interested in doubling the
width of WPZ insist on determining slope gradient
specifically from the low-water level mark,
referring to the WCU. In such cases, on small
rivers with a flat floodplain and a steep bank with
vertical or very steep slopes, the width of WPZ
will be 25 m only if the height of the slope from
the waterline to the bank crest is less than 1.31 m;
otherwise, when the height of the dry bank slope
is greater, the WPZ width should be doubled. For
medium-sized rivers, the width of the WPZ under
conditions of a horizontal floodplain will be 50 m if
the slope height (from the low-water level to the
floodplain elevation at a distance of 50 m from the
waterline) does not exceed 2.62 m, while for large
rivers the WPZ width will be 100 m if the height
of the riverbank slope is up to 5.24 m. For higher
banks, the width of the WPZ must be doubled.
Thus, in river sections with identical floodplain
morphological conditions, the WPZ width may
differ by a factor of two depending on the bank
height. For example, on the section of the Desna
river shown in Fig. 2, the width of the WPZ, when
slope gradient is measured from the waterline,
will be 200 m, of which 197 m corresponds to
the floodplain and only about 3 m to the river
bank. When slope gradient is measured from the
riverbed crest, the width of the WPZ will be twice
as small. Another important issue in determining
slope gradient is the adoption of a specific scale
for detailing the slope micro-relief, as noted in the
study [21].

Animportant term contributing to the ambiguity
in delineating WPZ boundaries is the term “low
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water” (the low-water period). In accordance with
Atrticle 1 of the WCU, low water (the low-water
period) is defined as the period of the annual
cycle during which low flow conditions occur.
According to [3] and [5], low water is a phase of
ariver’s hydrological regime that recurs annually in
the same seasons and is characterised by low flow,
formed as a result of reduced river feeding, which
is mainly sustained by groundwater drained by the
hydrographic network. The low-water period may
be winter and summer-autumn, or only summer.
The Water Code does not specify which low-water
period should be used when calculating WPZ,
although these periods may differ significantly.
The issue is caused by the fact that the low-water
level is not a constant value. Low-water levels in
rivers and water bodies may differ significantly
not only between different low-water phases, but
also between different months and years within the
same phase of the hydrological regime.
In particular, the average low-water level of the
Desna river at the Chernihiv gauging station
during the winter periods of 1996-2010 was
320 cm above the gauge zero, while during the
summer—autumn periods it was 206 cm, i.e.,
1.16 m lower. For the same period, the amplitude
of summer—autumn low-water levels was 152 cm;
in particular, the level in 2010 was 125 ¢cm, while
in 2006 it was 277 cm (see table 1). The width
of the Desna River at the Chernihiv hydrological
gauging station is 118 m at the water level of
125 cm, and 145 m at the level of 277 cm, i.e.,
27 m wider. In river sections with more gently
sloping banks, this difference in width increases
significantly.

The determination of the low-water level is
particularly problematic for small and medium-
sized rivers with a high degree of flow regulation,
where, in the downstream sections of ponds and
reservoirs, only environmental flow is discharged
during low-water periods, which in most cases
does not exceed the minimum monthly flow
in a year with 95% probability of exceed in the
average annual flow. In such cases, the water
stream occupies only part of the riverbed, while
the unfilled riverbed zone becomes part of the
WPZ, according to the WCU (Fig. 5 and 6),
thereby reducing its floodplain part.
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Average monthly water levels of the Desna river at the Chernihiv gauging station during low-water
periods (cm), gauge zero 102.44 m a.s.l. (Baltic System)

Winter low-water period Summer low-water period
Year | December | December
of the January | February | average | July | August | October | November | average

1996| 247 pr;::;“s 267 234 | 251 |178| 143 | 137 173 158
1997 306 247 234 233 238 198 | 183 148 209 185
1998 431 306 381 329 339 | 239 | 253 259 301 263
1999 303 431 426 436 431 | 210 | 223 227 242 226
2000 338 303 367 378 349 | 247 | 273 245 263 257
2001 285 338 383 430 384 296 | 209 200 224 232
2002 275 285 299 405 330 153 | 128 122 218 155
2003 285 275 237 245 252 198 | 192 232 249 218
2004 263 285 326 283 298 | 289 | 247 182 207 231
2005 317 263 331 361 318 | 363 | 257 180 181 245
2006 362 317 375 316 336|270 | 219 294 324 277
2007 284 362 349 413 375 180 | 174 158 197 177
2008 279 284 304 280 289 (202 171 146 173 173
2009 273 279 315 357 317 1200 | 161 135 154 163
2010 248 273 314 289 292 153 | 106 111 128 125

Fig. 5. Low-water riverbeds of the Khorol river (a), the Rostavytsia river (b) and its tributary
Pavolochka (c), and the Sovka river in Kyiv (d)
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Fig. 6. Low-water riverbed of the Ros river above the confluence with the Skvyra river

In recent decades, under conditions of
a significant reduction in run-off, at many
reservoirs during the summer—autumn period the
requirements for mandatory environmental flows
stipulated by operating rules and Article 76 of
the WCU are either not met or are implemented
only partially. In many cases, bottom outlets
are completely silted up, spillway gates are
inoperative, hoisting mechanisms have been
removed, and spillway shaft openings have been
sealed; consequently, outflow to downstream
reaches occurs only through overtopping of
the shaft walls during periods of intense and
prolonged precipitation (Fig. 7). As a result,
in river sections between ponds, riverbeds
replenishment during low water occurs only
through seepage through the dam body and local
runoff from the inter-pond area (Fig. 8).

The reduction in run-off resulting from
increased evaporation, ploughing and development
of the upper parts of small river catchments,
road construction without adequate culverts,
siltation of riverbeds and water bodies, excessive
withdraw of flow for economic purposes, and
other anthropogenic factors has led to a sharp
shallowing of rivers, resulting in the complete
desiccation not only of riverbeds but also of
ponds that were still full of water at the end of
the previous century (Fig. 9). Their partial and
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short-term filling occurs only during spring floods
or very intense flood events. Due to the absence
of flow during low-water periods, delineating
the boundaries of WPZ from the low-water level
becomes impossible for such water bodies.

As privatisation of lands in river valleys under
Ukrainian legislation is permitted only outside
the lands of the water fund, in cases where
information is absent from the State Land Cadastre
and cadastral maps, the classification of parcels
of former riverbeds, vanished water bodies,
dried-up areas of shallowing (or disappearing)
lakes, and the associated WPZ as lands of the
water fund becomes a matter of prolonged court
disputes. Accordingly, to avoid legal ambiguity in
the interpretation of such controversial situations,
it is necessary to establish a fixed value of the
low water levels for permanent watercourses and
reservoirs, as well as to adopt other approaches
to establishing the internal boundary of the WPZ
for temporary, drying up or disappeared (with the
prospect of restoration) water bodies.

The fixed low level can be taken as its average
value for the observation period, for the period of
the modern climate norm (1990-2020), for recent
decades, etc. It is advisable to set the average
level value for the period from July to September,
when the lowest levels are observed on the most
of the rivers.
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Fig. 7. Damaged spillway structure and empty spillway shaft at ponds in the riverbed
of the Pavolochka river

Fig. 8. Downstream sections of the Kosiv reservoir dam and the pond dam in the village
of Shamraivka on the Rostavytsia river
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Fig. 9. Dried-up ponds on the Menzheliia river near the village of Vesela Dolyna
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Another option is to take the low water level
as the water level in the river with a specifically
defined probability of exceeding it (as an option —
90% or 95% of the average annual flow).

The determination of the low-water level
at specific cross-sections located away from
hydrological gauging stations should be carried
out taking into account the river slope along
the section between the cross-section and the
gauging station. For the rivers where hydrological
observations are unavailable, the determination of
the long-term average low-water level is possible
on the basis of estimating the average annual
discharge with a probability corresponding to
low-water levels (using observation data from
similar rivers), in accordance with the standard
methodology for calculations in the absence of
hydrometric observations [22], and by means of
hydrological calculationsto determine water levels
using the Chezy—Manning equation together with
data obtained from direct hydrometric surveys at
the specific cross-sections.

Determining low-water levels using the
above-mentioned methodology significantly
complicates the process of WPZ boundaries
delineation. Therefore, in the absence of direct
observations of low-water levels, it is advisable
to measure the width of WPZ from the bank
crest of rivers and lakes, particularly where the
bank slope exceeds 30°. In such a case, Article
1 of the WCU should be amended to include
a definition of the term “bank crest” as the line
separating a riverbank from its floodplain. For
the ponds and reservoirs, it is advisable to adopt,
as a fixed low-water reference level, either the
normal retention level (NRL) established by
the operating rules or the flood retention level
(FRL), which is close to the maximum reservoir
storage level. For the lakes with gently sloping
banks, as well as in cases where the surface area
of the water body decreases substantially during
the low-water period, the inner boundary of
WPZ may be defined as the boundary of aquatic
vegetation overgrowing the lake bed.

Article 88 of the WCU states that waterside
protection zones are established for rivers
regardless of the duration and frequency of their
filling. In hydrological practice, the question often
arises whether waterside protection zones should
be established along temporary or drying rivers.
This issue is particularly relevant in mountainous
regions of Ukraine, where the riverbeds of
low-order tributaries are filled primarily during
floods and intense high-water events, as well as in
the southern steppe regions, where rivers may dry
for the long periods during low-water conditions.
According to DSTU 3517:2024, temporary
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watercourses are those, in which water flow is
observed for less than half of the year. This is
understandable from a hydrological perspective;
however, in legal practice it is necessary to
establish a specific period of flow occurrence
during the year, averaged over a long-term
observation period, since even the largest rivers
of the Azov region and Crimea have experienced
short periods of complete flow cessation or
prolonged periods, during which the river flowed
only as a narrow stream occupying a small
portion of the riverbed. In the absence of regular
hydrological observations on small watercourses,
determining whether a watercourse is permanent
or temporary is, in many cases, practically
impossible. This issue can be addressed through
the creation of a unified register (catalogue) of
small watercourses within river basins, containing
their ~ hydro-morphological  characteristics
and designated classifications: temporary or
permanent stream, watercourse, or small river.
The creation of such a catalogue would be
advisable on the basis of the State Register of
Geographical Names maintained by the State
Service of Ukraine for Geodesy, Cartography
and Cadastre, in accordance with subparagraph
30 of paragraph 4 of the Regulation on the State
Service of Ukraine for Geodesy, Cartography and
Cadastre, approved by Resolution No. 15 of the
Cabinet of Ministers of Ukraine dated 14 January
2015.

The structure and conciseness of legislative
acts do not permit the direct incorporation of the
proposed modern methodological approaches
to delineating WPZ boundaries into the articles
of the Water Code, as these approaches require
specific algorithms for hydrological calculations
and geodetic measurements. For their practical
implementation, it is necessary to develop
separate methodological guidelines, adopted at
the regulatory level, that would take into account
the specific characteristics of river hydrological
regimes and riverbeds morphology.

With the entry into force of the Methodology
for the Delineation of Surface Water and
Groundwater Bodies [9], the provisions of the
WFD concerning the determination of lakes
types by water surface area were incorporated
into Ukrainian legislation. According to this
classification, lakes are divided into small lakes
with a surface area of 0.5—1 km?; medium-sized
lakes with a surface area of 1-10 km?; large lakes
with a surface area of 10—100 km?; and very large
lakes with a surface area exceeding 100 km?
Accordingly, natural closed water bodies with
a water surface area of less than 0.5 km? are not
taken into account when delineating surface water
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bodies. According to the WCU, unlike ponds,
all lakes are assigned the same width of WPZ,
regardless of their size. This is primarily due to the
absence of water exchange in closed water bodies,
in contrast to riverine water bodies. The processes
of self-purification and self-regulation in such
water bodies are significantly slowed and occur
mainly due to groundwater inflow. The Water
Code does not specify minimum size thresholds
for lakes requiring the establishment of waterside
protection zones. In such cases, strictly adhering
to the requirements of legislation, the WPZ with
a width of 100 m, or even 200 m (where slope
gradient exceeds 3°), must be established even
around very small and shallow natural closed
water bodies, commonly referred to as “large
puddles”. In practice, this leads to restrictions on
the economical use of large areas of productive
agricultural land. Accordingly, taking into
account the above-mentioned lake typology
[6,9], in order to delineate the outer boundary
of water fund lands, it is advisable to introduce
a new category (“type”, in accordance with the
WFD) — “very small lakes” with a water surface
area ranging from 0.005 km? to 0.5 km? (0.5 ha to
5 ha), and to establish the WPZ width of 25 m for
them, as for the small rivers. For the small lakes
with a water surface area from 0.5 to 1 km?, the
width of the WPZ should be set at 50 m, while
for all other types (medium-sized, large, and
very large, according to the Methodology [3])
the WPZ width may remain 100 m, as defined in
Article 88 of the WCU.

For water bodies with a water surface area of
less than 0.005 km?, the establishment of the WPZ
is not required, if their depth during the low-water
period does not exceed 3 m (“shallow lakes”
according to the WFD classification). Similar
restrictions should also be introduced for ponds,
since according to the definition in Article 1 of the
WCU, they include all artificially created water
bodies with a capacity not exceeding 1 million m?.
Accordingly, under a strict interpretation of this
principle, the waterside protection zones would
have to be established even around individual
swimming pools or water-filled household
excavations. Since the width of the WPZ around
ponds with an area of less than 3 ha is determined
depending on the category of the rivers, on
which they are constructed, it is necessary to
normatively establish only their minimum area,
approximately, as for lakes, at 0.005 km?. Smaller
water bodies may be classified as basins, if they
do not fall under the category of technological
water bodies.

Article 3 of the WCU stipulates that the
lands of the water fund of Ukraine include
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artificial water bodies (reservoirs and ponds)
and canals, except the canals within irrigation
and drainage systems. At the same time, in 2013,
following the adoption of the Law of Ukraine
’On Aquaculture’, the term “technological water
body” was introduced into Article 1 of the WCU.
It refers to a water body artificially created for
a special technological purpose, defined by
a technical project and/or passport, which is
filled artificially using hydraulic structures and
facilities. Previously, such technological water
bodies as irrigation storage reservoirs, settling
ponds, fire-fighting basins, cooling basins for
energy facilities, and fish-farming water bodies
were classified as “ponds” and, accordingly,
belonged to the lands of the water fund, and
the WPZ had to be established around them in
accordance with Article 88 of the WCU. With
the introduction of the term “technological water
body” into the WCU, the above-mentioned
water bodies now form a separate category of
water bodies created to serve specific production
purposes that differ from ponds by their specific
functional designation, which is defined by
a technical project or passport. The Water Code
does not explicitly state that this category of
the water bodies does not belong to the lands
of the water fund, as is specified for the canals
within irrigation and drainage systems. This
has led to legal disputes, and in order to resolve
them it is necessary to ensure legislative clarity
regarding the classification of technological
water bodies as part of the water fund. In
particular, paragraph 4 of clause 1 of Article 3 of
the WCU should specify either that the water
fund of Ukraine includes “artificial water
bodies (reservoirs, ponds, technological water
bodies...)” or that it includes “artificial water
bodies (reservoirs and ponds), the canals, except
the canals within irrigation and drainage systems,
and technological water bodies”, depending on
the adopted regulatory decision. Another option
is to designate their inclusion in the water fund
within the definition of the term “technological
water body” in Article 1 of the WCU itself.

The most part of the existing classifications
of the lakes based on their origin includes
a category of “quarry-type lakes”; however,
according to Article 1 of the WCU, the lakes may
be of natural origin only, and therefore quarry-
type water bodies are classified as ponds, despite
the fact that in terms of their hydrological regime,
water exchange, and feeding conditions they
are practically indistinguishable from the lakes.
Accordingly, the boundaries of WPZ around the
quarry-type water bodies, as well as the other
artificially created enclosed non-technological
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water bodies, should be defined in the same way
as for the lakes.

In accordance with Article 88 of the WCU,
along seas and around sea bays and estuaries,
a waterside protection zone shall be established
with a width of not less than 2 km from the
waterline. This article does not mention such
a water body as a lagoon (a closed estuary [9]),
which, according to the dictionary [4], is an
elongated, shallow water body along the coast
with saline or brackish water, connected to the
sea by one or several channels or separated from
it by a sandbar; in other words, it differs from an
estuary only in the part that it is not totally open
to the sea. Such water bodies include a number
of water bodies in the interfluve between the
Danube and the Dniester, in particular the Budak
Estuary, the Tuzly Estuaries, and others, which
are differently referred to in maps and reference
sources either as estuaries, lakes, or lagoon-type
estuaries (Fig. 10). The WCU does not contain
the term “lagoon” or “closed estuary”; therefore,
when determining the width of a waterside
protection zone, the question arises whether it
should be set at 100 m, as for a lake, or at 2 km,
as for an estuary.

Article 1 of the WCU defines an estuary as
“a river valley or ravine mouth inundated by sea
waters”. From this definition, it follows that this
term refers to inundated river-mouth sections
only of those rivers that flow into the sea. The
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term “river estuary” is absent in the regulatory
framework, which creates legal uncertainty in
judicial practice whether river mouths inundated
by water reservoirs should be considered as the
partoftheriver or of the reservoir (e.g., the Teteriv,
Stuhna, Sula, Samara rivers, etc.). For example,
if the width of the WPZ along the mouth of the
Stuhna river is calculated as for a river, it will be
25 m, whereas if it is calculated as for a reservoir,
it will be 100 m. The water level regime of such
sections is similar to that of reservoirs; in fact,
they constitute parts of reservoirs, and therefore
the WPZ for them should be determined from
the inundation threshold at the normal retention
level (NRL) (or flood retention level, FRL) of the
reservoir. Accordingly, hydrological terminology
should be supplemented with the terms “marine
estuary” and “river estuary”, and the definition
of an estuary in Article 1 of the WCU should be
revised as follows: “a river valley or gully mouth
inundated by sea waters, reservoir waters, or
pond waters”. Appropriate amendments should
also be introduced to Article 88 of the WCU. For
polder-type estuaries (e.g., the Irpin, Trubizh, and
Tiasmyn rivers), the width of the WPZ should be
determined as for rivers, as their hydrological
regime more closely corresponds to that of the
river systems.

Study limitations and prospects for
further research. The limitations of the
conducted research lie in the predominant use
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Fig. 10. The Budak and Tuzly estuaries (lagoons)
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of an information-analytical method based on
the analysis of legal actions and regulatory
frameworks, without the involvement of
extensive field measurements. The proposed
classification  approaches require  further
validation at the regional scale, taking into
account the diversity of natural conditions of
Ukraine. The future research prospects lie in
the development of comprehensive regulatory
and methodological guidelines integrating
hydrological, geomorphological, and legal
aspects, as well as in the creation of a unified
database of small watercourses and water
bodies to ensure transparency and unambiguous
determination of their legal status.

Conclusions. The analysis of the provisions of
the Water Code of Ukraine has shown that most
legal conflicts in the delineation of waterside
protection zones are caused by the absence of
a clear classification of water bodies and by
the ambiguity of terminology. The lack of clear
definitions of the terms “river”, “stream”, “small
watercourse”, “low water”, “slope gradient”,
“lagoon”, and others creates conditions for
divergent interpretations in law enforcement and
judicial practice.

Thenecessity of classifying small watercourses
with the identification of such categories (types)

as “streams”, “watercourses”, ““very small rivers”,

(51

and “small rivers” has been substantiated. This
will allow to introduce a differentiated approach
to determining the width of waterside protection
zones and to minimise the unjustified withdrawal
of land from economical use, while maintaining
environmental effectiveness.

One of the key problems is the absence of
a unified approach to the determination of the
low-water level and the reference point for
measuring slope gradient. Due to the difficulties
in calculating the variable low-water level, an
alternative approach is proposed for determining
the width of waterside protection zones from the
bank crest or the normal or flood retention level
for artificial water bodies.

The need for regulatory clarification of the
status of temporary and drying watercourses
through the creation of a state register of
small watercourses has been identified. The
classification of lakes by water surface area
has also been substantiated, along with the
clarification of the legal status of technological
water bodies, quarry-type water bodies, river
estuaries, and lagoons.

The implementation of these approaches
requires the development of regulatory and
methodological guidelines that take into account
the hydrological regime, valley morphology, and
clear algorithms for geodetic calculations.
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Anomayia. Y pezynomami ananizy opuOudHUX npoodiem, AKi BUHUKAms npu peanizayii nonodicens BooHozo
KoOdekcy Yrpainu w000 3abe3neuents npupoo000XoOpPOHHO20 PENCUMY HA 3eMAAX B0OHO20 (OHJDY 8CMAHOE-
JI€HO, W0 8OHU 3HAYHOK MIPOIO 3YMO6GLeHI HeOOHOZHAYHICIO MPAKMYB8AHHS 2i0pON02IUHOT MepMIHONO02TT
ma GIOCYMHICMIO HOPMAMUBHUX BUZHAUCHbL OKPEMUX 2IOPONOSIYHUX MEPMIHIE, Wo euxkopucmaui abo ne
nasedeni y Boonomy koOeKxci, 30kpema, makux noHambs K piukd, NOMiYoK, CIMPYMOK, MelceHb, KPYMusHd
CXUTY, NA2YHA, PIiYKOGuUll TUMAH mowjo. Buxkopucmanmus AiHItIHO20 NPUHYUNY NPU GUSHAYEHHI 308Hiui-
HbOI MeHCT NPUOEPENCHUX 3AXUCHUX CMYe BUMAAE BCMAHOBIEHHA (DIKCOBAHUX 3HAUEHb MOYOK GIONIKY ix
WUPUHY Ma KPYMUSHU CXUTY, MOOI K MeCeHHUll pigeHb, o 32i0H0 3 BOOHUM KOOEKCOM € 8HYMPIUHbOIO
Medrcero NpUOepedCcHUx 3aXUCHUX cMmye, He MAE€ NOCMILHO20 3HAYeHHA | MOJCe SHAYHO 3MIHIOBAMUCH AK
y pi3Hi poKu, max i npomsicom 00Hoi mediceni. Kpim mozo, 6cmanosnennsi 1io2o cepedibozo 6azamopivno2o
BHAYEeHHS 30 BIOCYMHOCMI MPUBANUX CHOCTEPENCeHb HA PIUKAX € NPAKMUYHO Hemoocaugum. OCKinbKu
nonosicenusi Boonoeo kooexcy € iMnepamusHuMy Hopmamu, OJis HeOONYWeHHs iX pPi3HObIuHO20 mpaKmy-
BAHHA 8 CMAMMI 3aNPONOHOBAHT HOBIMHI MEMOOUYHI NIOX00U U000 BCIAHOBIECHHSA MENC NPUOEPEI’CHUX
3AXUCHUX CMY2 3 YPAXYBAHHAM 2I0OPOMOPPDON0IUHUX YMOG PiuK06oi donunu. [Huo10 npuyunoo 10pUOUYHUX
npoobem npu CIMAHOBNIEHHT MeNHC NPUOEPEHCHUX 3AXUCHUX CMYe € 8i0cymHicmb y Boonomy kodekci knacu-
Qixayii npupoOHUX | WMYUHUX B000UM, 30KPEMA, HUNCHbOI 2PAHUYHOT MediCE NA0WI 6000360PY MAUX PIHOK,
a makooic naowi yu enubunu o3ep i cmaekie. Ha ocrnosi suxonanux 00ciiodcenb 3anponoHo8ano 0onos-
HeHHs 00 Kaacugikayii piuox, wjo Hageoena y Boonomy kodexci, a maxooic knacugikayis ozep 3a niowjer
800H020 03eprana, wo 3ade3neuums Oupepenyitioganuii nioxio 00 GUSHAYEHHS WUPUHU NPUOEPEI’CHUX
3AXUCHUX CMYe OKPeMUX Kame2opill Manux 6000mokKie i 6000tm. Breceno nponozuyii ujo0o 3min i 00nog-
HeHb 00 210capito 2i0pono2iunoi mepminonozii, wo Hagedenuil y Boonomy kooexci Ykpainu. /{ns npak-
muunoi peanizayii HOBUX MemoOON0CIUHUX NIOX00I8 00 BUZHAUEHHS MeJIC NPUOEPENCHUX 3AXUCHUX CMYe
3aNpPONOHOBAHO PO3POOUMU OKPeMI HOPMAMUBHO-MEMOOUYHT peKomMenoayill, AKi 8paxosyeanu 6 ocobnu-
80CmI 2I0PONOSIUHO20 PEAHCUMY PIUKU I MOPhONO2IT pycen.

Knruosi cnosa: piuka, 600otima, 03epo, Cmagox, MelCceHdb, 1acyHa, NPUOEPel’CcHa 3axXucHa cmyed, Boonut
KoOeKc, 3aKOHO00ABCMB0
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Abstract. In the conditions of increasing climatic aridity of the southern region of Ukraine, the relevance
of improving grain sorghum cultivation technologies aimed at increasing the efficiency of water use and
forming stable crop productivity is increasing. The aim of the study was to determine the impact of growth
regulators and complex Nanovit super fertilizer in chelate form on water consumption, the formation of
crop structure and grain productivity of grain sorghum under irrigation conditions.

Field studies were conducted in 2016-2018 at the experimental field of the Institute of Climate-
Oriented Agriculture of the NAAS on dark chestnut medium loamy slightly saline soil. The object of the
study was the early-ripening grain sorghum variety Pivdenne. The effect of growth regulators Regoplant,
Grainactiv-C and Vermystym on the background of Neo application, as well as their combination with foliar
feeding with the Nanovit super complex fertilizer, was studied.

1t was found that the use of the studied preparations did not cause significant changes in the total plant
water consumption (4104—4296 m/ha), but contributed to an increase in the efficiency of water use. The
lowest water consumption coefficient was obtained with the combined use of the Regoplant preparation
and the Nanovit super fertilizer — 477,3 m*/t, which is 32,5% less compared to the control. The use of
biostimulants had a positive effect on the formation of crop structure, in particular, it increased the length
of the panicle, the number and weight of grains in it, as well as the weight of 1000 seeds. The highest grain
productivity was provided by the combined use of the Regoplant preparation with foliar feeding with Nanovit
super fertilizer on the background of Neo application, when the grain yield was 9,2 t/ha, which was 55,9%
higher than in control variant. Under these conditions, the feed value of the products also increased: the
yield of feed units reached 12,4 t/ha, digestible protein — 0,59 t/ha, and the protein content in grain — 10,8%.

The results obtained indicate the high efficiency of using growth regulators in combination with chelate
microfertilizers in the technology of growing grain sorghum under irrigation conditions and confirm the
feasibility of their use to increase crop productivity and optimize the use of water resources.

Keywords: grain sorghum, growth regulators, chelate microfertilizers, irrigation, water consumption,
yield, feed value

Problem statement. In the conditions extremely important in grain production. It is

of climate change in the southern region of
Ukraine, characterized by a significant increase
in temperature and unstable and insufficient
precipitation, the cultivation of drought-resistant
and highly productive grain sorghum is of

successfully used for feeding cattle, pigs, horses,
sheep, poultry and pond fish.

In terms of nutritional value, grain sorghum
does not differ significantly from barley and
corn [9]. Its grain contains up to 80% starch,
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12-14% protein, 3,5-4,5% fat, 2,4-4,8% fiber
and 1,2-3,2% ash. The energy nutritional value
of 100 kg of sorghum grain is 118—130 feed units.

It has been established that sorghum grain is
more effective in fattening pigs, which is superior
to barley in terms of yield and cost [11]. However,
in extreme conditions, the crop yield shortfall,
as noted by researchers, can reach 30—40% or
more [2].

Increasing the resistance of grain sorghum
plants to adverse factors is not always possible
to solve by selecting varieties or hybrids
adapted to local soil and climatic conditions.
The maximal potential crop productivity is
possible only by using a complex of optimized
modern agrotechnical measures. An important
component of the technology of growing grain
sorghum, which contributes to increasing the
resistance of plants to environmental stress
factors and increasing yield, can be the use of
foliar feeding with complex fertilizers in the form
of chelates and growth regulators. In modern
crop production, they are increasingly used due
to their sufficient efficiency at minimal water
consumption rates. As noted, such preparations
protect plants from stress, increase resistance to
diseases, stimulate the microbiological activity
of the rhizosphere, increase yield and improve
product quality [2, 3, 4].

Analysis of recent research and publica-
tions. The issue of increasing the adaptability and
productivity of sorghum (Sorghum bicolor L.)
in the context of global climate change occupies
a prominent place in modern agronomic research.
Considerable attention of researchers is focused
on water regime management. In particular,
B.A. Asmamaw and K. Georgis [14] prove
that the use of special agrotechnical measures
in combination with deficit irrigation allows
maintaining stable yields of green mass of
sorghum, maximizing the efficiency of water use.
This approach correlates with the conclusions
of A. Farhadi et al. [16], who emphasize that
moderate water stress not only saves resources,
but can also positively affect the nutritional value
of feed depending on the genetic characteristics
of the crop.

An important direction is the neutralizing of
the impact of abiotic stresses. Studies conducted
by M.E. Abu-Ria et al. [12, 13] demonstrate
the high efficiency of humic acids as mediators
of drought tolerance. It has been established
that humic compounds stabilize physiological
processes of sorghum at critical reproductive
stages, providing higher resistance compared
to corn. At the same time, M. Chiranjeevi et al.
[15] emphasize the role of rhizosphere bacteria

2026 + Ne 1 MEJIIOPALLLA I BOOJHE I'OCITOAAPCTBO
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in improving the architectonics of the root system
and nutrient uptake under biotic conditions.

Modern nutrition strategies are shifting
towards highly available forms of elements.
P. Huang [18] and P. Niharika [19] substantiate
the advantages of chelated forms of microele-
ments, in particular amino acid chelates,
which have a higher absorption rate and act
as Dbiostimulants. The role of microelement
synergism and growth regulators in the formation
of quantitative and qualitative indicators of
sorghum vyield in different climatic zones is
described in detail in the works of Z. Rashid [20]
and Zahida R. [21].

Studies by Y. Guo et al. [17] indicate the
importance of the microbial component of the
soil. It was found that partial replacement of
mineral nitrogen with organic fertilizers not only
increases yield, but also optimizes the structure
of microbial organisms, which ensures the
sustainability of the agroecosystem.

According to the results of studies in
non-irrigated conditions of the South of Ukraine,
treatment of grain sorghum plants with a 0,01%
solution of succinic acid during the period of
inflorescence formation increased the seed
productivity of various hybrids by 10,9-13,0%
compared to the control [4].

It was also found that complex fertilizers
containing macro- and microelements increase
crop resistance to moisture deficit and low
and high temperatures, as well as promote the
absorption of nutrients from the soil and reduce
disease susceptibility [8].

Such fertilizers are produced with a different
set of nutrients, which makes it possible to apply
them given the conditions and characteristics of
a particular crop. The use of a new line of foliar
fertilizers Nanovit in the form of EDTA chelates
based on the active complex “NANO-ACTIV”,
to which Nanovit Super belongs, is of particular
interest. By the manufacturer’s characteristics,
Nanovit Super stimulates the growth and
development of plants, provides intensive
absorption of nutrients from the soil, increases
crop resistance to drought, diseases, pests
and physiological stresses, and also ensures
increased yield and product quality. Its
composition includes: N — 122 g/I; K (K.0) — 61;
Mg (MgO) — 30; B —4,50; Cu—4.50; Fe — 0,90;
Mn — 0,44; Mo — 0,024; Zn — 2,60 g/1.

It has been established that, with full provision
of plants with nutrients, sorghum requires
a significant amount of productive moisture for
the formation of vegetative mass, high grain
yield and nutrient output [1]. As researchers note,
a large amount of it is used by plants in a critical
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period: 10 days before the start of panicle ejection
and within 10 days after flowering. The duration
of this period is 20-25% of the growing season,
and moisture consumption reaches 45-50% of
the total water consumption [5]. Lack of moisture
during this period affects the physiological
processes and the formation of grain yield [10].

Despite thorough studies of individual
factors (irrigation, nutrition, biostimulation),
the complex effect of a combination of amino
acid chelates and humic preparations against
the background of various strategies of deficit
irrigation in the conditions of specific soil and
climatic zones of Ukraine remains insufficiently
studied. The efficiency of moisture use by
a crop is reflected by the coefficients of water
consumption (the amount of water that ensures
the formation of a unit of yield) and irrigation
efficiency (the amount of water that ensures
an increase in yield compared to non-irrigated
conditions), as well as the indicator of water use
efficiency (the amount of production that a unit
of moisture used forms). All of them depend
on the amount of total water consumption
during the growing season and crop yield [7].
However, the effect of the studied stimulating
preparations on water consumption and
productivity of grain sorghum under irrigated
conditions of the southern region of Ukraine
remains unstudied.

Research objectives and methods. The
research objective was to determine the effect
of growth regulators and complex fertilizer
in chelated form Nanovit super on water
consumption, grain yield and feed value of grain
sorghum under irrigation conditions.

Field and laboratory studies were conducted
according to the methods of the research work
in 20162018 on irrigated lands of the Institute
of Climate-Oriented Agriculture of the NAAS of
Ukraine [6, 7]. Soils were dark chestnut, slightly
saline, medium loamy with a humus layer depth
of 45-50 cm. The humus content in the arable
soil layer (0-30 cm) was 2,8-3,4%, hydrolyzed
nitrogen — 4,5-5,5%, mobile phosphorus —
4,0-6,0 mg, exchangeable potassium —
40 mg/100 g of soil. The lowest moisture content
in 0-50 cm soil layer was 23,2%, in 0—100 cm
soil layer was 21.5%, and in 0-150 cm soil layer
was 21,3%. The wilting moisture content was
11,4; 11,6; 11,9% compared to absolutely dry
soil weight, respectively. To determine the feed
value of grain, a certified analytical laboratory of
the Institute was used. The accounting area of the
plot was 20 m?.

The object of the study was the early-
ripening grain sorghum variety Pivdenne.
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Sowing was carried out in the first decade of
May in a wide-row method with a row spacing
of 70 cm. Concomitant fertilizer — Noo in the
form of ammonium nitrate was applied during
pre-sowing cultivation. Growth regulators
were applied for the first time in the 57 leaf
phase and for the second time in the 8—10 leaf
phase. On average, the total irrigation rate
over three years was 1900 m’. Irrigation was
carried out with a DDA-100MA sprinkler.
Such preparations as Regoplant (seed treatment
rate was 250 ml/t and during vegetation it was
50 ml/ha), Grainaktiv-S (seed treatment rate
was 0,1 1/t and during vegetation it was in a ratio
of 1:1000), and Vermystym (seed treatment rate
was 10 1/t and during vegetation it was 8 1/ha)
were used. The active ingredient of the Rego-
plant preparation is a complex of biologically
active compounds (polysaccharides, 15 amino
acids, analogues of phytohormones of cytokinin
and auxin nature), biogenic trace elements,
potassium salt of alpha-naphthylacetic acid
and aversectin C. The active ingredient of
the Vermistim preparation includes such
biocomponents as: humates, fulvic acids, amino
acids, vitamins and natural phytohormones.
The composition of Grainactiv-C preparation
mainly consists of polyguanidine compounds in
aqueous solution. Treatment of sorghum plants
with Nanovit super fertilizer was carried out in
the tillering and panicle ejection phases with
a rate of 2 l/ha.

Research results and their discussion. It
was established that the use of growth-regulating
preparations  Regoplant, Grainactiv-S  and
Vermystim as well as the complex fertilizer
Nanovit super when growing grain sorghum of
the Pivdenne variety under irrigation conditions
did not have a significant impact on the total
water consumption of plants, only a tendency to
its increase was observed (Fig. 1, Table 1).

Treatment of seeds and vegetative plants with
growth-regulating preparations provided moisture
consumption on average around 4118-4246 m*ha
versus 4104 m*/ha in the control variant, i.e. by
14-142 md/ha, or by 0,3-3,5% higher.

The combined use of biostimulants with foliar
feeding when applying Nanovit super fertilizer
led to an increase in total water consumption to
4209-4296 m?*ha, which was 1,2-2,2% higher
than the variables obtained in the variants when
using only growth regulators.

The use of stimulators when applying
of nitrogen fertilizer at a dose of Neo in the
pre-sowing period contributed to a decrease
in moisture consumption for the formation of
a yield unit.
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Fig. 1. Water consumption of grain sorghum depending on growth regulators
(average for 2016-2018)

1. Effect of growth regulators on water consumption of grain sorghum (soil layer 0—50 cm, average

for 2016-2018)

Total water Water Share of water consumption components, %
Growth regulators (B) | consumption, | consumption
m*/ha coefficient, m*/t Soil reserves | Precipitation | Irrigation rate
Ground — Ny, (A)
Without treatment 4104 707,6 19,1 34,6 46,3
Regoplant 4246 598,0 21,8 33,5 447
Grainactiv-S 4202 627,2 21,0 33,8 452
Vermystim 4118 675,1 19,3 34,5 46,2
Ground + Nanovit-super (A)
Without treatment 4168 622,1 20,3 34,1 45,8
Regoplant 4296 477,3 22,7 33,1 442
Grainactiv-S 4255 5253 21,9 33,4 44,7
Vermystim 4209 601,3 21,1 33,8 45,1
LSD 5%: A 14,9 16,2
B 21,0 22,9

The use of the Regoplant biostimulator
provided the lowest water consumption
coefficient — 598,0 m3/t and in combination with
foliar feeding with Nanovit super fertilizer —
477,3 m3/t, which is 15,5 and 32,5% less than in
the control variant, respectively.

In the variant with treatment with the
Grainactiv-S preparation, water consumption for
the formation of a yield unit decreased by 11,4 (in
the control) and 25,8% (when applying Nanovit-
super fertilizer), and amounted to 627,2 and
525,3 m*/t, respectively.

2026 + Ne 1 MEJIIOPALLLA I BOOJHE I'OCITOAAPCTBO

The use of Vermystim reduced the water
consumption coefficient by only 4,6 (in the
control) and 15,0% (when applying Nanovit-
super fertilizer), and its rate was 675,1 and
601,3 m?*/t respectively.

In the structure of total water consumption,
the smallest share fell on soil reserves of the
0-50 cm layer — 19,1-22,7%, while the share of
precipitation was 33,1-34,6%, and irrigation —
44,2-46,3%. The use of growth regulators
contributed to an increase in the share of soil
moisture used; when treating with Regoplant, it

ISSN 2616-5562 (Online)
ISSN 2616-5643 (Print)



AGRO RESOURCES

B

increased from 19,1% in the control to 21,8%,
with Grainactiv-S — to 21,0%, with Vermistim —
to 19,3% in irrigated variants.

Under conditions of foliar feeding with Nanovit
Super fertilizer, moisture consumption from the
0-50 cm layer increased by 6,3%, and in the case
of combined use with Regoplant it increased
by 18,8%, with Grainactiv-S — by 14,7%, with
Vermystim — by 10,5% and reached the highest
values— 22,7, 21,9 and 21,1%, respectively.

The application of growth regulating agents
to irrigated grain sorghum crops had a positive
effect on plant height and yield components.
Plant height increased by 3-9 cm when growth
regulators were used, reaching 124-127 cm,
and by 7-11 cm when combined with foliar
application of the complex fertilizer Nanovit
Super, reaching 131-135 cm (Table 2).

The greatest increase in plant height was
provided by the Regoplant preparation — both
when applying Noo (133 cm) and when combining
with Nanovit super fertilizer (135 cm).

Growth regulators increased the length of the
panicle by 3,7-8,5%, the number of seeds in the
panicle by 5,7-16,9%, their mass by 10,0-24,5%
(up to 29,6-33,5 g), the mass of 1000 seeds
by 4,0-6,8%, which led to an increase in the
mass of grain from 1 m? by 6,9-24,6% — up to
644,2-751,0 g, depending on the type of growth
regulator.

Foliar fertilization of sorghum plants with
complex fertilizer in chelate form caused an
increase in panicle length, number and mass of
grains in it, as well as the mass of 1000 seeds
by 4,4-10,8%, while the mass of grains per 1 m?
increased by 15,2% and reached 694,3 g.

The combined use of growth regulators with
foliar feeding with Nanovit super fertilizer turned

out to be more effective. Under these conditions,
the length of the panicle increased by 4,1-4,5%
compared to the variants where the plants were
treated only with growth regulators. The number
of'seeds in the panicle also increased by 3,3—8,1%,
their mass by 9,1-13,4% (up to 32.3-38.0 g),
the mass of 1000 seeds by 4,1-5,0%, and the
mass of grain from 1m? by 10,2-24,5% (up to
748,7-935,0 g). The highest efficiency in forming
the crop yield was provided by the the Regoplant
preparation while the lowest one was recorded
when applying the Vermystim preparation.

The use of growth regulators Regoplant,
Grainactiv-S, Vermystim and multicomponent
fertilizer Nanovit super on irrigated crops
contributed to an increase in sorghum grain
productivity. In the control variant without the
use of growth regulators and fertilizers, the
average grain yield over the years of research
was 5,9 t/ha, the yield of feed units was 8,0 t/ha,
digestible protein was 0,30 t/ha, starch content
was 75,2%, and protein content was 8,1%
(Table 3).

Treatment of seeds and vegetative plants with
growth regulators when applying Neo before
sowing increased grain yield by 0,5-1,7 t/ha
(NIRPos = 0,21 t/ha) compared to the control. At
the same time, the yield of feed units increased by
8,7-30,0%, digestible protein — by 30,0-73,3%,
starch content — by 1,2-2,8%, and protein
content — by 7,4-19,7%.

The highest efficiency was provided
by the growth regulators Regoplant and
Grainactiv-S, with grain yield of 7,4-7,6 t/ha,
feed unit yield of 10,1-10,4 t/ha, digestible
protein of 0,45-0,52 t/ha, starch content in grain
of 76,3—77,3%, and protein content of 9,1-9,7%.

(Fig. 2).

2. Effect of mineral nutrition and growth regulators on the yield of grain sorghum

Plant Grain | Mass of grain | Number of . .

Growth regulators (B) | height, | mass per from one seeds from one Panicle Weight of

) . . length, cm | 1000 seeds, g

cm 1m%g panicle, g panicle, pcs.
Ground — Ny, (A)

Without treatment 124 602,7 26,9 1090 18,9 24,9
Regoplant 133 751,0 33,5 1274 20,5 26,6
Grainactiv-S 132 718,3 32,1 1233 20,1 26,3
Vermystim 127 644,2 29,6 1152 19,6 25,9

Ground + Nanovit-super (A)
Without treatment 128 694,3 29,8 1138 20,1 26,3
Regoplant 135 935,0 38,0 1377 21,4 27,7
Grainactiv-S 134 856,7 35,6 1297 21,0 27,6
Vermystim 131 748,7 32,3 1190 20,4 27,2
LSD 5%: A 0,92 32,84 0,68 22,74 0,14 0,10

B 1,3 46,44 0,91 32,16 0,19 0,14
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3. Grain sorghum productivity depending on mineral nutrition and the use of growth regulators
(average for 2016-2018)
Grain yield, Yeild, t/ha Content, %
Growth regulators (B) t/ha feed units | digestible protein starch | protein
Ground — N, (A)
Without treatment 5,9 8,0 0,30 75,2 8,1
Regoplant 7,6 10,4 0,52 77,3 9,7
Grainactiv-S 7,4 10,1 0,45 76,3 9,1
Vermystim 6,4 8,7 0,39 76,1 8,7
Ground + Nanovit-super (A)
Without treatment 6,8 9,1 0,43 76,3 9,5
Regoplant 9,2 12,4 0,59 77,8 10,8
Grainactiv-S 8,6 11,8 0,52 77,6 10,2
Vermystim 7,2 9,8 0,46 77,6 9,8
LSD 5%: A 0,18
B 0,21
13
12 1
F12
8

Grain yield, t/ha

Without treatment

Regoplant

Protein content, %

Grainactiv-S Vermistim

I Ny — grain yield, t/ha
[ Noo + Nanovit-Super — grain yield, t/ha

—@— Ny, — protein content, %

- @®-- Ngo + Nanovit-Super — protein content, %

Fig. 2. Yield and protein content of grain sorghum depending on mineral nutrition and the use
of growth regulators (average for 2016-2018)

Under these conditions, grain yield decreased
within the experimental error (by 0,2 t/ha), feed
unit yield by 2,9%, digestible protein by 13,5%,
starch content by 1,3%, and protein content by
6,2%. The smallest increase in grain sorghum
productivity was provided by the Vermystim
preparation, when grain yield was 6.4 t/ha, feed
unit yield was 8,7 t/ha, digestible protein was
0,39 t/ha, starch content in grain was 76,1%, and
protein content was 8,7%.

Foliar feeding of sorghum plants with Nanovit
super fertilizer when applying Noeo during the
pre-sowing period increased grain yield compared
to the control by 0,9 t/ha (NIPos = 0,18 t/ha), the
yield of feed units by 1,1 t/ha (13,7%), digestible
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protein by 0,13 t/ha (43,3%), and starch and
protein content in grain insignificantly — by
1,1 and 1,4%, respectively. By all indicators, this
variant exceeded the results of treatment with the
Vermystim preparation.

The highest efficiency was achieved with the
combined use of multicomponent fertilizer with
growth regulators. Under such conditions, the grain
yield was 7,2-9,2 t/ha, which was 22,0-55,9%
higher than in the control and 12,5-21,0% higher
than in the variants when using only growth
regulators. At the same time, the yield of feed
units reached 9,8-12.4 t/ha, digestible protein —
0,46-0,59 t/ha, starch content — 77,6-77,8%,
protein content in grain — 9,8-10,8%.
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Maximum productivity was provided by the
combined use of Nanovit super fertilizer with
Regoplant preparation. The increase in grain yield
compared to the control was 55,9%, the yield of
feed units — 55,0%, digestible protein — 96,7%,
starch content — 3,5%, and protein content — 33,3%.

The wuse of Grainactiv-S prepatation in
combination with Nanovit super fertilizer provided
a grain yield of 8,6 t/ha, which exceeded the control
by 45,8% and was accompanied by a significant
increase in the content of nutrients. However,
compared to the variant where the Regoplant and
Nanovit super preparations were used together,
grain yield was lower by 6,5%, the yield of feed
units — by 4,8%, digestible protein — by 11,9%, and
a tendency to a decrease in the content of starch and
protein in grain was also observed.

Thecombineduseofthe Vermystimpreparation
with the Nanovit super fertilizer provided the
smallest increase in crop productivity compared
to the control variant. Grain yield increased by
22,0% and amounted to 7,2 t/ha, the yield of feed
units — by 22,5%, digestible protein — by 53,3%,
starch content in grain — by 3,2%, and protein
content — by 21,0%.

The obtained research results confirm the
important role of biostimulants and chelated
forms of microelements in increasing the
adaptability and productivity of grain sorghum
in irrigated agriculture. Despite the fact that the
use of growth regulators did not cause significant
changes in the total water consumption of plants,
it significantly affected the efficiency of water use,
which was manifested in a significant decrease in
the water consumption coefficient.

The reduction in water consumption for the
formation of a yield unit is probably associated
with the activation of physiological processes
in plants under the influence of biostimulants.
Growth regulators are able to stimulate
photosynthetic activity, improve the functioning
of the root system and increase the intensity of
nutrient absorption. As a result, plants form
greater biomass and higher productivity with the
same or similar water consumption rates.

The combined use of growth regulators with
foliar feeding when applying a complex fertilizer
inchelate form turned outto be especially effective.
The high efficiency of chelate microelements is
explained by their rather high bioavailability and
ability to quickly be included in the metabolic
processes of plants. This contributes to the
intensification of photosynthesis, activation
of enzymatic systems and improvement of the
transport of assimilates to the generative organs.

Improving the physiological state of plants
under the influence of the studied preparations
was reflected in the formation of crop structure.
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In particular, the increase in the length of the
panicle, the number of grains in it and their mass
indicates a more efficient use of plastic substances
during the formation of generative organs. Similar
patterns are shown in the works of Z. Rashid [20]
and R. Zahida [21], who established the positive
effect of growth regulators and microelements on
the formation of sorghum productivity.

In addition, the obtained results are consistent
with the studies of P. Huang [18] and P. Niharika
[19], who proved that the use of chelate forms
of trace elements increases the intensity of
physiological processes in plants and contributes
to an increase in crop yield. According to
M.E. Abu-Ria and co-authors [12, 13], the use
of organic biostimulants also contributes to an
increase in the resistance of sorghum to water stress
and optimizes the course of physiological pro-
cesses during critical periods of crop development.

The obtained results are also consistent with
modern concepts of increasing the efficiency
of water use in irrigated agriculture, according
to which the key role is played not only by the
amount of moisture used, but also by the efficiency
of its transformation into yield. In this context,
a significant reduction in the water consumption
coefficient with the use of growth regulators and
chelate fertilizers proves the significant potential
of such preparations in increasing the water
productivity of agrocenoses.

Thus, the results of the conducted studies
confirm the feasibility of the integrated use of
growth regulators and chelate microfertilizers
in the technology of growing grain sorghum.
The combination of these agronomic techniques
ensures the improvement of the physiological
state of plants, increased efficiency of water use
and the formation of high crop productivity under
irrigated conditions.

Conclusions. The use of growth regulators and
complex fertilizers in chelate form Nanovit super
when growing grain sorghum of the Pivdenne
variety under irrigation did not have a significant
effect on the total plant water consumption, but
significantly reduced the water consumption
coefficient and increased crop grain productivity.

The highest agronomic efficiency was
provided by the combined use of the Regoplant
preparation along with the Nanovit super
fertilizer when applying Ne. Under these
conditions, the grain yield was 9,2 t/ha, that is by
55,9% higher than in the control, the yield of feed
units reached 12,4 t/ha, digestible protein was
0,59 t/ha, grain protein content was 10,8%,
grain starch content was 77,8%, and the
water consumption coefficient decreased to
477,3 m*/t, which was the best value among all
the studied variants.
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Anomayia. B ymoeax nocunenHs KiiMamuyHOi ROCYWAUBOCMI NIGOEHHO20 pelioHy Yxpainu 3pocmae
aAKmMyanbHicms YOOCKOHALCHHS MEXHON02IU BUPOWYBANHS 3ePHOBO20 COP2O, CNPAMOBAHUX HA NiOBUUYEHHS
ehexmusHoCmi UKOPUCINAHHA 800HUX pPecypcié ma (opmy8aHHs CmMAabiIbHOI NPOOYKMUBHOCTI K)lb-
mypu. Memoio Odocnidoicenns 6y10 GUIHAUUMU GNIUE PICM-PECYTIOIOUUX NPENnaApamis ma KOMNiIeKCHO20
o0obpusa y xenamuiii ¢opmi Hanogim cynep na 6000CnodiCUBaHHs, (DOPMYSAHHSI CIPYKIMYPU BPONCAIO
ma 3epHosy NPOOYKMUBHICbL COP20 3€PHOB020 8 YMOBAX 3pouteHHs. 11onbosi 00cniodxicents npoeoounu
v 2016-2018 pp. na oocrionomy noni Incmumymy KiiMamuiHo OPIEHMOBAHO20 CLTbCLKO20 20CHO0APCMEA
HAAH Ha memHO-Kauimanosomy cepeoHbOCyIUHKOBOMY c1aboconronyosamomy ipyumi. 06 ekmom 0ocii-
0dicenst 6y panHvbocmuenuil copm copzo 3eprosozo Ilisoenne. Buguanu Oito picm-pezyniorouux npena-
pamig Peconnanm, [ petinaxmus-C ma Bepmucmum na ¢oni enecenisi Noo, a maxooic ix no€OHamHsL 3 no3a-
KOpeHe8UM NIOHCUBNEHHAM KOMNIeKCHUM 0obpusom Hanosim cynep.

Bemanoesneno, wo 3acmocysanns 0ocniodcyganux npenapamis He CNpUHUHALO ICMOMHUX 3MIH CyMap-
H020 8000CN0dNCUBAHHS pOCaun (4104—4296 m/2a), 00nak cnpusiio niosuweHHI0 epexmueHoOCmi UKOPUC-
manusa 800HUX pecypcis. Hatimenwuii koeghiyienm 6000CnOICUBAHHA OMPUMAHO 30 CYMICHO20 3ACMOCY-
eanna npenapamy Peconnianm i dobpusa Hanosim cynep — 477,3 m*/m, wo na 32,5 % menwe nOpi@HﬂHO
3 Konmponem. 3acmocysanus 0ioCMUMYIAMOPI8 NOZUMUBHO BNAUBANO HA POPMYBAHS eleMeHmis CIPYK-
MypU 8p0OAHCAI0, 30Kpema 30I1bUY8aN0 008HCUHY 80L0MI, KIIbKICMb MA MACY 3epHA 8 Hill, 4 MAKON#C MAacy
1000 nacinun. Hatisuwy 3epno8y npoOyKmusHicmv 3a0e3neuy8ano CyMiCHe BUKOPUCAHHI Npenapany
Pezonnanm i3 nozaxopenesum nioscusnennam 0obpusom Hanosim cynep na gponi Noo, 3a K020 8podicaii-
Hicmb 3epna cmanoguna 9,2 m/ea, wo na 55,9 % nepesuwyysano koumponvHull eapianm. 3a yux ymoe
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MAKodC NIOBUULYBAIUC NOKAZHUKU KOPMOBOI YIHHOCMI NPOOVKYII: 6UXI0 KOPMOBUX OOUHUYL 00CA2a8
12,4 m/ea, nepempasnozo npomeiny — 0,59 m/2a, a emicm 6inky 6 3epni — 10,8 %.

Ompumani pesyiomamu c8i04ams npo GUCOKY eeKmusHiCms GUKOPUCTIAHHSA PICI-pe2yamopie y noeo-
HAHHI 3 XeNamHUMU MiKpoOOOpUBaMU y MEXHON02TT BUPOUSYBAHHS 3EPHOBO20 COP20 8 YMOBAX 3POULEHHS Md
niomeepoXHCy oMb QOYINIbHICMb iX 3ACTMOCYB8AHHA 015 NIOBUWEHHS NPOOYKMUSHOCME KYIbMYpU 1l ONMUMi-
3ayii UKOPUCTAHHSL B00OHUX PeCYpPCIE.

Knrwouoei cnosa: copeo 3eprose, picm-pecyisamopu, xenammui Mikpoooopusea, 3pouieHist, B000CHOMCUBAHHS,
VPOUCAUHICIb, KOPMOBA YIHHICMb
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Abstract. An analysis of long-term data on average daily air temperature shows that during the period
of large-scale land reclamation—1962—1988— a decrease in these values was observed, both compared to
the long-term average for 1946—2024 and to the average value for the period prior to large-scale land
reclamation—1946—1961. The increase in the area of the evaporating surface caused by land reclamation
led to an increase in the intensity of total evaporation and, consequently, to a decrease in air temperature.
The average decrease in the mean daily air temperature during the growing season and over the year was,
in both cases, 0,1 (°C). In turn, the increase in total evaporation during the period of large-scale land
reclamation led to a 48,5 mm increase in precipitation during the growing season compared to the amount
that fell before reclamation; on an annual basis, this figure amounts to 57,0 mm. Thus, overall, large-
scale land reclamation on drained lands has resulted in positive climatic changes, and the current climate
warming in the Polissya region is not associated with these reclamation efforts.

An analysis of current climate changes shows that the average precipitation during the growing seasons
of 20152024 is 33,6 mm lower than during 1999-2014. It should be noted that there has been a fairly
significant decrease in precipitation during the active growing season for agricultural crops—June through
September—which is generally a negative phenomenon for agricultural production. The average monthly
air temperature during the growing season in the s of 2015-2024 increased by 0,5 (°C)compared to
1999-2014, and by 0,8 (°C) per year.

Climate changes over the past decades, characterized by a significant increase in heat availability
during the growing season, make it possible to grow crops that are non-traditional for the Polissya region —
economically attractive forest-steppe and steppe crops such as grain corn, soybeans, and sunflowers—
which have recently been rapidly replacing crops previously traditional for this region, such as winter rye,
buckwheat, oats, perennial grasses, and others.

Keywords: Western Polissya, climate change, large-scale land reclamation, precipitation patterns, air
temperature, hydrothermal conditions

Research relevance. Current climate changes  have shifted by at least 200 km, and some estimate
in Ukraine have been noticeable over the past the shift to be as much as 400 km [1, 8, 9].
20-30 years and are occurring most intensively An assessment of changes in the average
in the Polissya region. According to leading annual air temperature shows that the greatest
climatologists, the boundaries of climatic zones increase was recorded in the Polissya region—by
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2,3°C (34,3%)—followed by slightly smaller
increases in the Forest-Steppe region—by
1,4 °C (16,3%)—and in the Steppe region—by
1,4 °C (15,9%) [10, 17].

There are various opinions and assertions
regarding the causes of rapid climate change
specifically in the Polissya region. As for the
impact of land reclamation, there are differing
views within the scientific community regarding
its effect on climate change. According to some
researchers, the current climate warming in the
Polissya region may be linked to large-scale land
reclamation carried out in the 1960s and 1970s
[7, 18]. In contrast, there are claims that the impact
of large-scale land reclamation on current climate
change is minimal [3, 4, 5]. Using a specific site
as an example—namely, the “Chemerne” peat bog
complex at the Sarny Experimental Station of the
Institute of Water Problems and Land Reclamation
ofthe National Academy (IWPaLR) of Agrarian
Sciences (Rivne Region)—and drawing on long-
term meteorological observation data, this claim
can be confirmed or refuted.

Analysis of Recent Studies and Publications.
It is well known that wetlands significantly
mitigate the effects of climate change, act as
buffers against extreme natural phenomena such
as droughts and floods, regulate humidity, air
temperature, and ground surface temperature, and
absorb and sequester carbon. At the same time,
disturbed wetland ecosystems are vulnerable to
climate change [11, 12, 14]. Due to warming, they
lose more and more water, dry out, and begin to
release previously “stored” carbon, exacerbating
the greenhouse gas problem. The drying up
of wetlands leads to the degradation and loss
of valuable ecosystems that make Polissya so
unique [8, 10, 11, 13, 14]. That is why, recently,
both in scientific circles and at the government
level, there has been a growing consensus on
the advisability of partially restoring wetlands
in the Polissya region. As one practical means
of achieving this, it is proposed to carry out the
partial renaturalization of drained peatlands in
the Polissya region that are currently used for
agricultural production [5, 15].

The aim of this study is to assess climate
changes in the peatland complexes of the Western
Polissya region, using the weather station of the
Sarny Experimental Station of the IWPaLLR of the
National Academy of Agrarian Sciences (NAAS)
as a case study over a long-term period.

Materials and Methods. This study
utilized data from instrumental meteorological
observations conducted since 1946 at the
weather station of the Sarny Experimental
Station of the IWPaLR (the only such station in
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Ukraine), which is located directly on a peatland
complex. This provides data—unique in Ukrainian
agricultural land reclamation science—on the
climatic characteristics of peatland complexes in
the Western Polissya region, as well as the nature
and patterns of their changes over a long period.

Research Results and Discussion. The
initial phase of land drainage work at the Sarny
Experimental Station coincided with the period of
the Western Expedition led by Lieutenant General
Y.I. Zhilinsky, which lasted over 30 years—from
1872 to 1902—and encompassed a total of over
8 million hectares of once-impassable swamps
in the Polissya region [6]. In the territory of
the former Volyn Governorate alone, a network
of drainage canals was constructed across an
area of over 500 thousand hectares. Even by
modern standards, a vast amount of surveying,
topographic, and engineering-hydromeliorative
work was carried out in a relatively short period
of time, mostly by hand in the conditions of
impassable swamps. The land reclamation
canals built by the Western Expedition are still
in operation today, notably the Khvoshchivansky
Main Canal within the land reclamation system
of the Samy Experimental Station of the
IWPaLR of the National Academy of Agrarian
Sciences (NAAS). Even modern agricultural land
reclamation science relies to a significant extent
on the scientific and practical work of a team of
talented and dedicated scientists and engineers
who, in the late 19th and early 20th centuries, laid
the foundations for the reclamation of wetlands
in the Ukrainian Polissya.

The Sarny Experimental Station was
established on the “Chemerne” peat bog complex,
the drainage of which began precisely with the
Western Expedition’s construction of the first
drainage canals. The first phase of draining the
station’s marshlands took place between 1912
and 1917; during this period, approximately
120 hectares of the marshland were drained.
The second stage of draining the peatland massif
on which the station is located was carried out
between 1924 and 1938, when it operated as
part of the Second Polish Republic. The area
of drained land during this period increased to
260 hectares of peatlands and 15 hectares of
mineral soils.

The first reconstruction of the station’s land
reclamation system took place in 1959-1961, and
the second in 1974-1976.

The station’s land reclamation system is
located in the western, most marshy part of
the Ukrainian Polissya and lies directly within
the “Chemerne” peat bog complex of the
Sarny Experimental Station (Rivne region).
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In terms of morphological characteristics,
botanical composition, and hydro-physical and
agrochemical properties, this complex is typical
of the Western Polissya—a deep, medium-ash,
non-floodplain, hypnum-sedge bog of the
lowland type.

The system includes a drained area, a water
recipient, open canals (main, collector, upland,
and catchment) with hydraulic structures, and
a closed regulating network. The water recipient
is the Sluch River, located at a distance of 5 km
from the system.

Of the agricultural land, lowland-type peat
soils cover 355 hectares, while mineral soils
cover 115 hectares (predominantly sod-podzolic
sandy loam).

Peat soils range in thickness from 0,5 to
5,0 m; they are well decomposed (decomposition
degree exceeding 40%); they are medium- to
high-ash (17-28% ash); and, in terms of botanical
composition, they are predominantly sedge-
sphagnum. The filtration coefficient ranges from
0,5 to 1,0 m/day. The water-holding capacity
of peat soils ranges from 300 to 800%; the soil
density is 0,260-0,342 g/cm?.

The peat is underlain by oxic sandy loams; the
acidity of the peat soil ranges from 4,1 to 5,5.

Mineral soils consist of sod-podzolic clay-
sandy soils on sandy deposits with a humus
content of 2,1-2,4% and a pH of 4,5-5,4.

Groundwater levels over the past 3 years
during the growing season in the land reclamation
system ranged from 41 tol117 cm.

The weather station at the Sarny Research
Station is the only one in Ukraine located directly
on a peat bog complex and has been operating
continuously since 1946 (data from 1912 were
partially lost during World War II).

To assess the potential impact of large-scale
land reclamation on current climate change, the
period of instrumental observations—1946-2024—
has been divided into the following stages:

— the period prior to large-scale land
reclamation—1946-1961;

— the period of large-scale land
reclamation—1962-1988;

— the period of winter-spring (I-III)
warming—1989-1998;

— the period of a steady increase in
monthly and annual average daily air

temperatures—1999-2014;

— the current period — 2015-2024

Data on air temperature and precipitation for
the specified periods are presented in Tables 1-2.

1. Average daily air temperature based on data from the Sarny Research Station of the IWPaLR, °C

Months

Spring

Period

I 11 IV | VvV | VI

Year

(IV-IX) (average)

VII | VIII
(average)

IX | X | XTI | XII

1 2 3 4 5 6 7

8 9 |10 | 11 | 12 | 13 14 15

Before land
reclamation,
1946-1961

—4.,5 74 [13,5]17,5

18,8(17,4]12,5| 6,4 | 1,9 |-1,8 14,5 7,0

Period of large-
scale land reclama-
tion, 1962—-1988

4,71 0,0 | 7,6 |14,1]16,9

18,1117,0112,6| 7,3 | 2,2 14,4 6,9

Winter-spring
(I-1IT) warming
period, 1989—-1998

-1,11 1,9 | 7,9 |14,4|17,7

18,8(18,2|12,1| 7,3 | 1,1 14,9 7,8

Period of sustained
increase in monthly
and annual average
daily air tempera-
tures, 19992014

-3,7 1,8 19,1 [14,6]18,1

20,3|18,7|13,1| 7,5 | 3,3 15,7 8,1

Current period,

2015-2024 26

85 (14,1(19,6

20,2(19,8|14,1| 8,1 | 3,0 16,1 8,9

Average annual
values of average
daily air tempera-
tures for the
observation
period (normal),
1946-2024

4,3 0,9 | 8,0 [14,1]17,7

19,0(17,9112,8] 7,3 | 2,3 14,9 7,5
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Continuation of Table 1
1 23456789 w3 14 | 15
Deviation from long-term averages (+ increase, — decrease)
1946-1961 -0,1({-1,2|-1,2|-0,6 [-0,6|-0,2|-0,2|-0,5|-0,3(-0,9|-0,4| 0,2 -0,4 —-0,5
1962—-1988 -1,6-1,4|1-09|-0,4| 0,0 |-0,8-0,9|-0,9 |-0,2| 0,0 |-0,1|-0,3 —-0,5 —0,6
1989-1998 +2,0|+2,2(+1,0/-0,1|+0,3| 0,0 {-0,2|+0,3|-0,7| 0,0 |-1,2|-1,0| -0,1 0,2
1999-2014 +0,6 |+0,3|+0,9|+1,1 |+0,5|+0,4|+1,3|+0,8|+0,3 [+0,2 |+1,0|-0,1 +0,7 +0,6
2015-2024 +1,6 [+2,8|+1,7|+0,5| 0,0 |+1,9|+1,2|+1,9|+1,3|+0,8|+0,7|+1,6| +1,1 +1,3
Temperature deviations in the period after 1999
2015-2024
compared to +1,0|+2,5(+0,8-0,6 |-0,5|+1,5(-0,1 | +1,1|+1,0|+0,6 (-0,3 |+1,7| +0,4 +0,7
1999-2014
2. Average precipitation for various periods based on data from the weather station at the Sarny
Research Station of the IWPaLR, mm
Months _
% | =
== | o
Period I ||| v | v | VI|vI|vin| X | X | X1 |X1 fs_ncbf % 2
5T 3
g >~
Before land reclamation,
1046 1061 25612521253 30 |47,2|73,3|76,4 | 64,7 40,4492 (46,1|34,6| 332,0 |538,0
%;‘gg_rf;gmamnpemd’ 36,2(31,2]28,0(43,9 59,8 | 83,6 79,8 | 59,4 | 54,1 [40,5[39,2|39,4| 380,5 |595,0
Winter-spring (I-11IT)
warming period, 18,7123,7(22,91 39,9 52,2 |64,8|98,2|56,0|75,5({39,4(37,2|36,9| 386,6 |565,4
1989-1998
Period of steady increase
in monthly and annual 1,4 31,7 7155519791 41.0(582 (783 | 52,1 [40.4 [27.8(27.1]24.7| 292.2 | 4488
average daily air tempera-
tures, 1999-2014
Current period,
201572(){)24 29,0(23,4(25,9(26,0 50,6 42,5]|69,1(39,2(31,3(39,5(29,6(42,0| 258,7 [448,1
Average annual values of
average daily air tempera-
tures for the observation |28,5(27,3]26,0(33,9(51,3|68,8 (79,8 |56,0 | 48,4 39,4 |36,7|35,5| 338,1 |531,5
period (normal),
1946-2024
Deviation from long-term averages (+ increase, — decrease)
1946-1961 29|21 |-07|-39|-41]45 |-34| 87 |80 98 |94 |-09]| -6,1 6,5
1962-1988 +7,7 | 139 | 120 | +100 | +85 [+148 | 00 | 34 | +57 | +1,1 | 25 | +39 | +42,4 |+63,5
1989-1998 98136 |31 | +60 |+09 | 40 [+184] 00 |+271| 00 |[+05 | +14 | +48,5 [+33,9
1999-2014 42 | 04| 08 |-11,7|-103|-106 | -1.5 | 39 | 80 [-11,6|-96 |-108| —45,9 |-82,7
2015-2024 05 | 39|07 |-79 |07 |263|-107|-168|-171| 01 |-71| 65 | —79,5 |-83,5
Changes in precipitation levels since 1999
2015-2024 compared to
1999-2014 P 47 | 36| 01 | 38 | 96 |[-157|-92 |-129| 91 | 1,7 | 25 | 173 | -33,6 | —0,8

An analysis of data on average daily air
temperature for the time periods specified above
shows that during the period of large-scale land
reclamation (1962-1988), there was a slight

2026 + Ne 1 MEJIIOPALLLA I BOOJHE I'OCITOAAPCTBO

(0,1 (°C)) decrease in this value compared to
its average (both for the annual period and the
April-September period) during the period prior
to large-scale land reclamation (1946—-1961).
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The average precipitation totals for various
periods, based on data from the weather station
at the Sarny Experimental Station of the Institute
of Water Problems and Land Reclamation of
the National Academy of Agrarian Sciences, are
presented in Table 2.

The period 1989-1998 was characterized by
winter-spring (January—March) warming, while
since 1999, warming has occurred throughout
the entire calendar year. The highest precipitation
occurs in July—74,8 mm.

Based on data from the last decade
(2015-2024), annual precipitation has decreased
by 83,5 mm compared to the long-term average
and by 79,5 mm for the April-September period.
The average daily air temperature for the annual
period and the April-September period has

increased by an average of 1,1 (°C) and 1,3 (°C),
respectively, which is a very significant indicator.

The increase in the area of the evaporating
surface, caused by land reclamation, led to an
increase in the intensity of total evaporation and,
consequently, to a decrease in air temperature.
The increase in total evaporation during the
period of large-scale land reclamation led to an
increase in total precipitation during the growing
season by 48,5 mm compared to the amount that
fell before reclamation, and by 57 mm per year.
An analysis of the research data suggests that
large-scale land reclamation on drained lands
resulted in positive climatic changes, and the
current climate warming in the Polissya region
is not associated with these reclamation efforts.
Regarding climate changes after 2000, the average
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Fig. 1. Precipitation trends for the periods 1946—-1961 and 1962—-1988, “Chemerne” peat bog
complex, Sarny Experimental Station of the IWPaLR
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Fig. 2. Precipitation trends for the periods 1999-2014 and 2015-2024, “Chemerne” peat bog
complex, Sarny Experimental Station of the IWPaLLR

ISSN 2616-5562 (Online)

ISSN 2616-5643 (Print) LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2026



AI'POPECYPCHU

precipitation for the April-September period
during 2015-2024, as recorded at the Sarnensk
Research Station weather station, decreased by
33,6 mm compared to the 1999-2014 period. The
decrease in precipitation during the 2015-2024
period, compared to the 1999-2014 period, was
observed during the active growing season—
June through September—which, overall, is an
unfavorable factor for agricultural production
against the backdrop of rising average daily
temperatures. Regarding temperature patterns,
the average monthly air temperature for the
April-September period rose by +0,4 °C, and by
+0,7 °C over the annual period, which is a fairly
significant increase.

Thus, based on data from the weather
station at the Sarnensk Research Station of the
IWPaLR, climate changes in the “Chemerne”
peat bog complex over the past decade are

(o]

due to a significant decrease in precipitation
during April-September against the backdrop
of a general increase in average monthly
air temperatures. The results obtained from
instrumental observations are fully consistent
with the general trends of climate change in the
uelarusian Pollsya region.

The data in Figures 3—4, based on observations
from the Sarnenskaya Research Station weather
station, show that air temperatures have been
rising most rapidly since the beginning of
2000, and this process continues to the present
day; furthermore, the increase in average daily
temperature is occurring against a backdrop of
decreasing precipitation.

Overall, climate change is moving toward
aridification, and based on key climate indicators,
the Polissya region now more closely resembles—
in the classical sense—the Forest-Steppe zone.

10
y = 0,0006x? - 0,0221x + 7,1324
R?=0,4591

9 “

o

g 8 A

2

<

2

£ 7

o

H
6 ' .

5 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrorrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrori1
O N Al VN X~ F O N O NNl V= O 00 YA N 0O~ T
<t S 0 v o O O O >0 00N D = = = A A
(=) Wie) Wie NN =) NiNe Rie) Nie NN e o) Wie) BiNe e NENo e Mo e Wie) R e e e = I = i e i e R e N e N ]
L e e T e e e T e s T e T e T T e e A R e H e T o Y o Y N I o Y N I o\ BN o I o\ N o\ |

Fig. 3. Trends in average annual air temperature for 1946-2024
18 :
y = 0,0008x“ - 0,037x + 14,797
R?=0,4515 '
17
& 16 \ 2
g
2

s 15 -

1 \J v

= T

& 14 \ v *

13 .

12 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrororrT rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrri
O N A N O~ < O N O NN 0= O Y AN o — <
- QI I B =B > N o T s Sl Sl Sl e B e < ol e S N e = = = el I A o B o\ |
(=) o) e NN ) N NN e e e N e e N e e e e N e = = e e R e R e R e B e ]
L T R B e T T B T I I TR B R T I o I o\ I oN IR o NN o BN oN IR oN BN oN BN o\ |
Fig. 4. Trends in average monthly air temperature for April-September, 19462024
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Fig. 6. Trends in precipitation for April-September during 19462024
As for the impact of current climate change on However, a very cautious approach is

agro-industrial production, thanks to a significant
increase in heat availability during the growing
season, it is already possible to successfully grow
crops that are non-traditional for the Polissya
region—economically attractive agricultural crops
typical of the forest-steppe and steppe zones, such
as grain corn, soybeans, and sunflowers—which
are rapidly replacing crops previously typical of
this region, such as winter rye, buckwheat, oats,
perennial grasses, and others.
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needed when cultivating these crops in the
Polissya region. In many cases, crop cultivation
technologies are mechanically transferred from
the Steppe and Forest-Steppe zones without
taking into account the region’s soil and climatic
characteristics, which often leads to a decrease
in their yield. First and foremost, a particularly
careful approach is required when selecting
varieties and hybrids best adapted to the specific
soil and climatic conditions of the Polissya

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2026



AI'POPECYPCHU

region. In the Polissya region, given the less
favorable hydrothermal conditions, preference
should be given to early-maturing hybrids of
corn, sunflower, and soybeans. As recent studies
show, the difference in yield between individual
hybrids of corn, sunflower, and soybeans can be
as high as 2-3 times.

At the same time, economically attractive
crops such as corn, soybeans, and sunflowers
are demanding in terms of soil moisture, so
given the trend toward decreasing precipitation
in the Polissya region, their cultivation on large
areas will inevitably require the restoration of
irrigation systems, a significant portion of which
are currently not functioning properly.

Thus, based on data from the weather
station at the Sarny Experimental Station of the
IWPaLR, climate changes in the “Chemerne”
peat bog complex over the past decade have
been caused by a significant decrease in
precipitation during the growing season against
the backdrop of a general increase in average
monthly air temperatures. The results obtained
from instrumental observations are fully
consistent with the general trends in climate
change documented in Ukraine and in the
belarusian Pollisya region.

(1]

Conclusions. Analysis of data on average
daily air temperature shows that during the period
of large-scale land reclamation—1962—1988—
there was a decrease in this value, both compared
to the long-term average for 1946-2024 as well
as compared to the average for the period prior
to large-scale land reclamation (1946—-1961). The
increase in the area of the evaporating surface
caused by land reclamation led to an increase in the
intensity of total evaporation and, consequently,
to a decrease in air temperature. The average
decrease in the mean daily air temperature during
the growing season and over the year is, in both
cases, 0,5 (°C). The increase in total evaporation
during the period of large-scale land reclamation
led to a 48,5 mm increase in total precipitation
during the growing season compared to the
amount that fell prior to reclamation. On an
annual basis, this figure amounts to 57,0 mm.

An analysis of meteorological data for the
last decade (2015-2024) shows that annual
precipitation decreased by 83,5 mm compared to
the long-term average and by 79,6 mm during the
growing season. The average daily air temperature
during the growing season has increased by an
average of 1,2 °C and 1,4 °C, respectively, which
is a significant indicator.
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KJIIMATHUYHI 3SMIHU HA TOP®OBOJOTHUX MACHUBAX 3AXITHOI'O NOJICCSI
HA NPUKJIAAI METEOIIOCTY CAPHEHCBKOI JOCJIAHOI CTAHIII
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Anomauisn. Ananiz baeamopiyuHux OaHUX No cepedrbo00D08Il memnepamypi nogimpsi NOKA3ye, wo 6 nepioo
npogedenHs wupoxomacumaonoi meriopayii — 1962—1988 pp., cnocmepieanoce 3Hudicen s it enununu, K
NOPIBHAHO 3 cepeOHbobacamopinumu noxkasHuxkamu — 1946-2024 pp., max i 3 cepednvor ii genuuuno 3a
nepiod 00 wupoxomacumadoHoi meniopayii — 1946-1961 pp.

Buknuxane npogedennsam meniopayii 30inbuieHHsa niowi 6UNapo8y8anoi NOGEPXHI Npu3eeno 00 NIOBUUEHHSL
IHMEHCUBHOCIT CYMAPHO20 BURAPOBYBANHSL I BIONOBIOHO 00 3HUMICeHHS memnepamypu nosimps. Cepeonst
BEIUHUHA 3HUIICEHHST CepeOHbo000080I memnepamypu nosimps 3a nepioo eecemayii i 3a pix ckiadaia
6 obox eunaokax 6 cepeonvomy 0,1 oC. B c6ot0 uepzy 36inbuients cymapHoeo unaposy8ants 8 nepioo
wupoxomacumabroi meniopayii npuseno 00 30iNbuLeHHs CyMU BUNAOAHHS ONAdIB 3a 8ecemayiiHull nepioo
Ha 48,5 mm nopienano 3 ix KIIbKICMIO, Wo 8unadanu 8 nepiod 00 meriopayii, 8 piuHomy pospisi ys 8eTUduUHa
ckanaoace 57,0 mm. Omosce 8Yinomy 8 pe3yibmami nposedeHHs: WUpoKoMacuimaonoi meniopayii na ocyuy-
BAHUX 3eMJISIX BIOOYIUCH NOZUMUGHI KIIMAMUYHE 3MIHU, | CyuacHe nomeniinms kiimamy 6 30ui Iloniccs ne
nosszame 3 it nPoGeOeHHM.

AHaniz cywacHux KiiMamuyHux 3mMiH NOKA3YE, WO CepeoHs KLIbKiCmb Onadis 3a eecemayitinuil nepioou
2015-2024 pp. nopisuano 3 1999-2014 pp. € menwioro Ha 33,6 mm. Crio 3a3Hauumu npo 0080.i icmommue
3MeHUeHH S KITbKOCmi 0nadie y nepiod akmueroi ecemayii ciibCbKO20CN0O0APCoKUX KYIbMYP — YePBeHb-6e-
pecenb, WO BYLIOMY € He2amusHUM Asuwem O Be0eHHs CIIbCKO2OCNOO0APCLKO2O GUPOOHUYMEA.
Cepeonvomicsiuna memnepamypa nosimps 3a eecemayiiinutl nepioo npomsieom 2015-2024 pp. nopiemnsno
3 1999-2014 pp. niosuwuraco wa 0,5 oC ma na 0,8 oC 3a pix.

Knimamuuni 3sminu ¢ ocmauni decanunimms, [Ki NoAsearOmv y icmomuomy 30i1buienHi meniozabesne-
yeHocmi gecemayitino2o nepiody 0armv MONCIUBICIL BUPOWYS8amMuU Hempaouyitni 0a 30nu Ionicea —
Jlicocmenosi ma Cmenogi eKoHOMIYHO-NPUBAOIUBT CLTbCLKOZOCNOOAPCHKI KYIbIMYPU, MAKI AK — KVKYPY03d
HA 3ePHO, COA, COHAWMUK, WO OCMAHHIM 4aCOM CMPIMKO UMICHAIOMb paHiuie mpaouyitivi 01 0aHo2o
Peciony KyIbmypu — 03uMe HCUMO, epeuKd, 0ec, bazamopiuii mpasu ma iH.

Knrouosi cnosa: 3axione [loniccs, 3minu Kiimamy, wupoKoMAacuimaOHa Meniopayis, pexdcum ammo-
cghepHux onadie, memnepamypa nogimps, 2i0pomepMiuHi ymMosu
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Abstract. Small rivers in the steppe zone of Ukraine are the most vulnerable link in the hydrographic
network, reacting acutely to climate change and anthropogenic pressure. The current trend toward their
shallowing and loss of flow during the low-water period is caused by excessive regulation of river channels
by ponds and reservoirs, which transforms rivers into stagnant bodies of water. Using the Dnipropetrovsk
region as an example, it has been established that over the past 40 years, the number of ponds has increased
2,7-fold, and their total capacity has exceeded the volume of local runoff, posing a threat to the ecological
safety of aquatic ecosystems. Traditional dams block the flow after a flood, so it is essential to develop
solutions for water storage that do not disrupt the hydrological regime. The research methodology is based
on the analysis of hydrological data and engineering modeling of gravity-fed flow regulation systems using
algorithms from the QGIS geographic information system. The first proposed option involves modernizing
channel ponds by separating the river channel from the pond basin using a retaining dam and creating
a bypass channel. An open regulator is installed at the headwaters, allowing the pond to fill during periods
of high water without interrupting the transit flow at all. To improve water quality, the hydraulic structure
incorporates a rock-filled connecting structure that ensures intensive aeration and self-purification of the
flow. The second option involves creating autonomous floodplain complexes with artificial basins. This
technology allows not only for the accumulation of floodwater but also for its active discharge back into
the river channel during dry periods to maintain ecological flow. A comparative analysis confirms that the
river channel option is optimal for restoring flow in already regulated rivers, while floodplain reservoirs
are effective for sustainable water supply without interfering with the river channel. The practical
implementation of the proposed solutions was tested at a site in the Lower Tersa River basin (catchment
area of 83,1 km?). Simulation results confirmed the systems operational effectiveness: at a normal water
table (NWT) of 108,0—-108,5 m BS and during a 1 % return period design flood (water level of 109,50 m in
Baltic Normal Height System (BS), 560 thous.m® of water while fully preserving the ecological flow in the
bypass channel. The implementation of such complexes enables the principles of the EU Water Framework
Directive regarding river revitalization to be realized, ensuring a “living flow” even in low-water years
and creating conditions for the restoration of biodiversity in steppe ecosystems amid post-war recovery and
rapid climate change.

Keywords: hydraulic structure; water body, river, water engineering,; water technologies; hydrological
regime,; environmental safety

Introduction. Small rivers in the steppe zone
of Ukraine are the most vulnerable link in the
hydrographic network, being the first to respond
to anthropogenic pressure and climate change
[1,2]. Currently, there is a persistent trend toward
their shallowing, intensive siltation, and complete
loss of flow during the low-water period. One of
the key factors contributing to the degradation
of these waterways is the excessive and often
irrational regulation of their channels by ponds

© Hapich H. V., Kovalenko V.V., 2026
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and reservoirs [3, 4]. This leads to the cessation of
natural self-purification processes, a deterioration
in water quality, and the transformation of rivers
into a cascade of ecologically unstable, stagnant
bodies of water [5, 6]. For the most part, such
water bodies lack hydraulic connectivity with
one another for a significant portion of the year.
An analysis of trends in hydraulic engineering
construction reveals the critical scale of this
problem, particularly in the arid southeastern
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regions of the country. Using the Dnipropetrovsk
Oblast as an example, it has been established
that over the past 3040 years, the number
of ponds has increased 2,7-fold—from 1,239
to 3,292 [4]. Currently, the total capacity
of the region’s artificial reservoirs exceeds
1 billion ™, while local runoff does not exceed
0,825 billion m’. This ratio poses a direct threat to
environmental safety and significantly worsens
water use conditions.

Analysis of recent studies and publica-
tions. Traditional engineering approaches based
on the construction of transverse dams have
a significant drawback: they halt the flow after
the end of the hydrological period of high water
levels, which stimulates wetland formation
and negatively affects the ecological condition
of water bodies [7]. Due to this situation,
a movement to dismantle barriers (hydraulic
structures) on rivers is gaining momentum

(75 ]

worldwide, and particularly in Europe. As
of 2025 (https://damremoval.eu/), more than
9,000 barriers (weirs, dams, locks, and obsolete
rapids) have been dismantled in Europe. Most
of the removed structures (over 65%) are small
hydraulic engineering structures several meters
high (Fig. 1). These are precisely the types of
structures most commonly found on the small
rivers of the Ukrainian Steppe, which lead
to siltation and the cessation of their flow.
According to the EU Biodiversity Recovery
Strategy, the restoration of at least 25,000 km of
free-flowing rivers is planned by 2030 [8]. It is
worth noting that as part of the implementation
of the Association Agreement with the EU
and the provisions of the Water Framework
Directive 2000/60/EC, Ukraine has committed
to achieving “good ecological status” for its
water bodies, which underscores the urgency of
addressing the aforementioned problem.

Titeno

o

Fig. 1. Interactive map of dam (barrier) removal on European rivers (source: https://damremoval.eu/)
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On the other hand, the situation has
significantly worsened as a result of full-scale
military aggression, due to which Ukraine has
lost about one-third of its available (engineered)
water reserves [9, 10]. Widespread destruction
of hydraulic infrastructure—in particular, the
catastrophic  destruction of the Kakhovka
Reservoir—has led to the destabilization of water
supply and irrigation systems across a significant
portion of the country’s southeastern regions
[11]. Under these conditions, further economic
development and the full-scale recovery of
the agricultural sector are impossible without
a fundamental overhaul of the water resources
management strategy [12, 13]. Addressing the
issue of water scarcity requires the implementation
of effective methods for accumulating and
conserving runoff in volumes sufficient to sustain
regional livelihoods, but without repeating past
mistakes associated with the excessive regulation
of river channels.

In this regard, there is an urgent need for
non-standard solutions—the development of
simple and effective methods for managing
the hydrological regime [l4]-that would
simultaneously allow for water storage and
ensure the ecological protection of small rivers
by maintaining their natural flow [15, 16]. In
our opinion, the solution to this challenging
problem lies in the implementation of innovative
complexes of hydraulic structures in river
floodplains, which allow for the rational use of
floodwater resources without causing destructive
impacts on the river ecosystem.

It is worth noting that the works of leading
Ukrainian scientists (S.O. Afanasyev, V.I. Vysh-
nevsky, I.V. Voitovich, 1.V. Gopchak, E.D. Gop-
chenko, V.V. Hrebin, N.S. Loboda, V.B. Mokin,
V.I. Osadchiy, V.I. Pichura, V.M. Popov,
AM. Rokochynskyi, M.I. Romashchenko,
S.I. Snizhko, V.M. Starodubtsev, V.A. Stashuk,
AM. Shevchenko, V.K. Khilchevskyi,
A.V. Yatsyk, M.V. Yatsyuk and many others).

Research Methods. The research methodo-
logy is based on a comprehensive approach that
combines an analysis of modern foreign and
domestic innovative solutions for managing
the hydrological regime of watercourses [17,
18], statistical data, known hydrological design
characteristics of river ecosystems in the steppe
zone of Ukraine, and methods of engineering
modeling of hydraulic structures.

The hydrographic network of small rivers
in the steppe zone of Ukraine was chosen as
the object of study and the basis for theoretical
generalization and typification [3, 19, 20]. The
analysis was based on data on the dynamics of
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pond and reservoir construction over the past
50 years, as well as a comparison of the volumes
of accumulated water with local runoff volumes.

To substantiate the general parameters
of hydraulic structures and their operational
technologies, evaluation and comparison
methods were applied, in particular, well-known
data on water inflow during flood periods and the
spring flood season. Prospects for incorporating
new technologies and methods of managing
hydraulic structures took into account current and
projected climate changes, as well as the actual
state of river channel regulation and the level of
technical operation of existing water management
structures.

The methodology for developing technical
solutions included the development and
justification of two options [21, 22]:

1) for channel ponds—simulation of the
physical separation of the channel using emban-
kments to ensure a free-flowing (unobstructed)
current.

2) for floodplain complexes—justification
of the standardization of artificial excavation
parameters (depth and volume) in accordance
with water consumption needs and local
hydrological and hydrogeological conditions.

A comparative analysis of the overall
effectiveness of the proposed solutions was
evaluated by comparing the technical and
technological parameters of the various options.

The methodology for managing the
hydrological regime is based on the principles of
gravity-fedflowregulation. Itinvolvesestablishing
algorithms (protocols) for the operation of
control structures (opening/closing of gates)
depending on the phase of the river’s hydrological
regime; the use of artificial aeration via rock-fill
connecting structures to enhance the water’s self-
purification capacity; modeling the processes of
reverse discharge of water from reservoirs into
the river channel during the low-flow period
to maintain ecological flow. To implement the
proposed approach at a real-world study site, we
used standard methods for calculating maximum
discharge (peak discharge rate) for rain-induced
floods and snowmelt.

In the absence of direct hydrometric
observations of maximum storm runoff in the
Steppe Zone of Ukraine, the most reasonable
approach is to apply the calculation models
proposed by P. F. Vyshnevsky [23]. Specifically,
for a storm flood:

0,=1.67 h,F-¢-n-r-r-hx (D)

where Q,is the maximum instantaneous discharge
(m*/s) with a probability of exceedance of P%;
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1,67 is the measurement factor; 4,, — maximum
storm runoff yield with a 1% probability of
exceedance, determined from a map and equal to
5,5 mm/10 min for the center of the watershed;
¢ — the reduction factor for maximum storm
runoff, which depends on the slope run-off
time and is determined as ¢ = (2.26)/(1+6,3n,)
when n < 1; —¢ = 0,626/(1+1,02n,) when n > 1;
F — the catchment area of the river basin
upstream of the design cross-section, km’;
n — a coefficient accounting for the influence of
forests and wetlands on runoff from the basin,
which is slightly less than 1; » — a coefficient
accounting for the retention of runoff by pond
and reservoir systems; in the calculation, the
areas of all ponds and the depth of the regulating
reservoir were determined; », — a coefficient
for natural regulation of discharge by wetland
floodplains, depending on the floodplain’s shape,
type of wetland coverage (proportion), and
wetland areas; A — a transition coefficient from
a 1% probability of exceeding maximum water
discharge to the design discharge.

The following formula was used to estimate
the parameters of the maximum snowmelt runoff:

0,=028a, ¢ F-p-r-A, 2)

where 0, is the maximum instantaneous discharge
(m3/s) with a probability of exceedance of P%;
a,, is the maximum intensity of meltwater runoff
(mm/hour). In this study, a 1% confidence level
(probability of exceedance) is adopted based on
reference data, and for the design watershed, it
equals 4,3 mm/hour; ¢ is the reduction factor
for the maximum discharge modulus, which is
determined separately for each designated cross-
section; /' — the area of the watershed upstream
of the design section, km’; p — a coefficient that
modifies runoff discharge from the basin due to
the influence of forest cover and wetland areas;
r — a coefficient accounting for the influence of
the reservoir system; A — a transition coefficient
from a 1% probability of exceeding maximum
discharge to another probability; 0,28 — a mea-
surement coefficient.

The determination of minimum runoff
characteristics [¢g, L/(sec'km’)] was based on
the methodological approach proposed by
VK. Khilchevsky [24]. Data on regional
average monthly runoff modules were used for
the calculations. The lowest value of the runoff
module with a 75% probability of occurrence
was adopted as a representative indicator of the
minimum 30-day water discharge.

The QGIS toolkit was used for the
morphometric analysis and spatial modeling
of the Nizhnya Tersa River watershed.
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A 3D terrain model was created based on USGS
digital elevation models (DEMs) through
geospatial processing (constructing continuous
surfaces by interpolation). Using terrain analysis
algorithms, a hydrological correction of the
DTM was performed, which made it possible
to accurately determine the boundaries of the
catchment area of the studied pond, calculate the
water surface areas at various water levels, and
derive the topographic characteristics of the pond
basin W= f(H).

Research Results. During the study, two
promising technical solutions were developed
and analyzed, aimed at restoring the hydrological
regime of small rivers in the steppe zone of
Ukraine. Both options are based on the principle
of rational use of runoff during the flood season;
however, they differ in their engineering design
and functional purpose, which allows the water
infrastructure to be adapted to modern operating
conditions.

Option 1) A method for constructing a complex
of hydraulic structures based on existing channel
ponds. This option involves transforming the
existing hydraulic complex by introducing
a set of structures that separate the functions of
water storage and ensuring a continuous river
flow. The main idea is to physically separate
the river channel from the reservoir’s regulating
capacity. The technical details of the construction
are as follows (Fig. 2). Along one of the
reservoir’s banks, a coffer dam is built using
local soil materials, forming a bypass channel
(the river channel). This structure bounds the
channel on one side, while the natural shoreline
serves as the other barrier. The embankment is
designed such that its crest elevation prevents
any interaction (overflow) between the regulating
reservoir and the river channel during all phases
of the river’s flow regime. An open control gate is
installed at the head of the reservoir (upstream).
The reservoir’s filling regime is controlled either
manually or automatically—by installing a simple
automated systemtomonitorwaterlevelsupstream
and downstream of the regulating structure.
This ensures unimpeded flow of domestic water
through the river channel. The construction
of additional structures (regulatory, control,
connecting, and spillway structures) as part of
the hydraulic complex and the achievement of
the specified hydrological regime of the river are
carried out under conditions of gravity-fed flow
regulation, taking into account the river’s current
water availability. To increase the efficiency of
water intake during reservoir filling, a backwater
structure—a stone weir combined with a flow-
directing intake spur—is constructed next to the
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regulator. This allows water to be directed into
the reservoir even at low water levels. Once
the reservoir is filled to the normal backwater
level (NBL) or to the lowest hydrologically
feasible level, the regulator gate is closed, and all
domestic wastewater is diverted through a bypass
channel. An additional water discharge structure
is installed in the existing dam to allow water
to flow into the lower reach. It is constructed as
a rock-fill connecting water-passage structure
(a rapid with artificial roughness or a drop). This
solution ensures intensive aeration of the flow,
which is a key factor in enhancing the river’s self-
purification capacity. The spillway, which is
typically part of the hydropower complex, will
perform its function during years of high water
levels. This technology allows the reservoir to be
used as a regulating capacity without interrupting
the river’s transit flow, thereby minimizing
environmental risks.

Option 2) Technology for creating autonomous
floodplain complexes with artificial basins. The
second technological option involves creating
new storage basins in the river floodplain at
a certain distance from its natural channel (Fig.
3). This solution is most effective for flat terrain,
where it is necessary to ensure a guaranteed water
supply for agriculture without blocking the river
channel. The key components of this complex
of hydraulic structures are constructed in the
following sequence. First, during the low-water
period, an excavation pit for an artificial reservoir
is formed in the floodplain of a small river. Its

depth and volume are calculated based on water
consumption needs, local hydrogeological
conditions, and the river’s guaranteed water flow
or the characteristics of its hydrological regime.
To prevent water loss, the bottom and walls
of the excavation on the river side are lined with
protective screens made of clayey rock. The
connection to the river is established via a special
channel equipped with a control structure at its
mouth. The technology provides not only for
water intake during floods (passive accumulation)
but also for the active discharge of water from
the excavation back into the river channel during
dry periods via a water outlet. This allows for the
artificial regulation of the river’s flow, prevents
it from drying up, and maintains an ecologically
safe natural state (discharge) of its floodplain
during the dry season. Under these technical and
technological conditions for the construction
of the water management system complex, the
method of managing the hydrological regime
of small rivers is carried out in such a way
that during a flood, water from the river flows
through a control structure located at the mouth
of the intake channel into the excavation pit
and into the artificial reservoir. In this case, the
regulator’s shut-off device remains open until the
pit is filled or until a hydrologically justified level
is reached under the conditions of a specific high-
water phase. When the water level in the river
channel drops, the regulator’s shut-off device is
closed to prevent reverse outflow of water from
the pit. During the dry season, when the river

Sectional view I-I

Fig. 2. Schematic diagram of the construction of hydraulic structures on existing channel ponds [21]:

1 — pond shoreline; 2 — embankment; 3 — open regulator; 4 — water passage structure; 5 — existing weir;
6 — pool thalweg; 7 — bypass channel; 8§ — low-water level of the watercourse; 9 — normal backwater level
of the pool; 10 — bottom of the bypass channel; 11 — flow-directing (water-intake) spur; 12 — retaining
structure—rap; 13 — pond; 14 — spillway
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water level drops below its minimum value,
water is discharged from the artificial reservoir
back into the river channel by opening the control
structure’s shut-off device and/or the spillway to
prevent the river from drying up. Thus, managing
the volumes and timing of river water intake and
discharge using a complex of hydraulic structures

(7]

ensures flow regulation and the achievement of
a predetermined, ecologically safe hydrological
regime for small rivers.

Based on the presented results of the
technological methods for constructing hydraulic
structures, a comparative analysis of these
methods has been compiled (Table 1).
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Fig. 3. Schematic diagram of the creation of autonomous floodplain complexes
with artificial basins [22]:
1 — basin for an artificial reservoir; 2 — intake channel; 3 — embankment; 4 — river channel; 5 — control
structure; 6 — anti-filtration screen; 7 — protective layer of bedrock; 8 — maximum and 9 — minimum water
levels in the river; 10 — water outlet; 11 — water intake spur to increase the water intake coefficient

1. Comparative characteristics of the proposed technical solutions

Comparison Option 1: channel pond Option 2: floodplain reservoir
parameter
v" Restoration of a natural river flow within . .
Main objective the pond basin with the ability to store d Accumulation of runoff and replenishment
uring the low-flow period
runoff
Key technological Bypass  channel and distribution| , Excavation with an anti-filtration screen
element regulator
Environmental v Aeration and self-purification of the . . .
. . v’ Prevention of riverbed drying
impact flow, restoration of free flow
v Ensures continuous transit of water and | v Minimal impact on the natural river channel;
sediment through the riverbed; v Eliminates the risk of silting in the main
Advantages v Improves oxygen levels (aeration); channel during floods;
v Does not require the acquisition of new | v" Allows for precise control of water discharge
land parcels during low-water periods.
v" Technical complexity of constructing|v” Significant earthwork is required to excavate
Disadvantages/ a spillway dam within an existing reservoir; | the foundation pit;
Risks v' The need for constant monitoring of the | v" Risk of localized flooding if the integrity of
technical condition of the bypass channel; the screen is compromised.
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The presented and substantiated technological
methods for managing the hydrological regime
of small rivers allow us to move from theoretical
analysis to practical modeling of the operation
of hydraulic structures. To verify the proposed
technical solutions and assess their effectiveness
under real-world conditions in the Steppe Zone,
atypical site was selected—a channel pond (Fig. 4)—
located in the basin of the Nyzhnia Tersa River
(Dnipropetrovskyi region). This site was chosen
for its representativeness: the morphometric
characteristics of the watershed and the degree
of anthropogenic transformation of the river
channel correspond to general regional trends.
Based on a digital elevation model (DEM) created
using the QGIS GIS toolkit, a detailed alignment
of the calculated water levels with the actual
topographic base was performed, which made it
possible to substantiate the design parameters of
the innovative hydraulic structure.

To determine the hydrological parameters
of maximum discharge at the actual study site,
calculations were performed for storm floods and
spring floods (Equations 1 and 2; Table 2).

Based on the results of these calculations, it
was determined that for the studied watershed,
the zoned value of the minimum runoff coefficient
is 0,07 L/(sec-km’). Accordingly, the calculated
minimum (30-day) water discharge with
a 75% probability of occurrence is 660 L/sec.
The obtained results correlate with regional
patterns of runoff formation within the selected
physiographic zone.

To perform further water management
calculations and justify the design parameters of
hydraulic structures at this site, a spatial analysis
and modeling algorithm was used in the QGIS
environment. A 3D model (Fig. 5) was created,
and the topographic characteristics (Fig. 6) of the
pond’s floodplain were determined.

Fig. 4. Study site for substantiating the proposed engineering solutions
(ponds near the village of Novooleksandrivka on the Nyzhnia Tersa River, Dnipropetrovsk Oblast)

2. Calculations of maximum discharge during spring floods and rain-induced floods on the Nyzhnia
Tersa River at the pond site near the village of Novooleksandrivka

Site characteristics: Nyzhnia Tersa River; Confidence level P, %
cross-section of the studied reservoir, F,, =851 km’ | 0.5 | 1 | 2 | 5 | 10 | 25
Spring Flood
Maximum instantaneous flow rate m’/s 35 31 26 21 17 11
Maximum average daily flow rate m’/s 19 17 15 12 9 6
Flood discharge volume million m? 7,8 6,9 6,1 5,0 4,1 3,0
Rain-induced flooding
Maximum flow rate m’/s 40 33 27 17 12 4
Flood discharge volume million m? 3,4 2,9 2.4 1,7 1,1 0,6
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Fig. 5. 3D model of a section of the pond’s floodplain in the upper reach
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Fig. 6. Topographic characteristics: a) the pond, b) the regulating capacity of the upper reach

As can be seen in Figure 6, the curve
representing the pond area shows a marked upward
trend. This is explained by the erosion of the banks
by water at levels close to the normal (NPG) and
forced (FPG) water tables, as confirmed by the
topography. At the same time, in the upper reach—
which is almost always a marshy area with dense
vegetation and shallow depths—such erosion was
simply impossible, so the curve showing changes
in area exhibits a classic pattern.

An example of implementing this approach
to river water regime management and the
construction of hydraulic structures based on
the first design option is shown in Figures 7 and
8. It is worth noting that the dimensions of the
regulator and the weir can be varied to achieve an
optimal hydrological regime for the watercourse,
based on hydrological calculations and specific
management objectives.

The next step in justifying the operating
parameters of the hydraulic structures is to

2026 + Ne 1 MEJIIOPALLLA I BOOJHE I'OCITOAAPCTBO

perform hydraulic calculations for the water-
passage structures. Such a flow balance
calculation was performed for floods with 1%,
10%, and 25% return periods (Figures 9, 10, and
11, respectively) and to determine the conditions
for filling the reservoir’s useful capacity.

The initial conditions for the calculation are
as follows: the minimum water level in the upper
reach is close to the domestic water level during
the inter-flood period and is 106 m BS. This level
is taken as the bottom of the weir channel. The
water level in the lower reach of the reservoir
is close to the dead storage level (DSL) and is
105,0 m BS.

It should be noted that the presence of
a spillway ensures the simultaneous discharge of
excess water; therefore, the FPG will be slightly
lower than the value calculated in the balance
calculationand will subsequently dropto the NPG
level. The symbols used in Figures 9—11 share
the following characteristics: Q% — hydrograph

ISSN 2616-5562 (Online)
ISSN 2616-5643 (Print)



82 HYDRAULIC ENGINEERING

Fig. 7. Determination of topographic characteristics (water surface area) in QGIS using a 3D digital
elevation model and an example of the practical implementation of a technical approach to the
construction of hydraulic structures for river water regime management:

1 — connecting (water-passing) structure; 2 — embankment dam; 3 — regulator (open regulator);
4 — channel weir

Downstream pool
(pend)

Max
(water level)

(regulator)

Upstream pool
(water level)

>

General layout of hydraulic structures

Fig. 8. General view of the hydraulic structures at a channel-type reservoir
for managing the river’s hydrological regime:

1 — crest of the spillway dam; 2 — weir of the regulating intake; 3 — upper edge of the flat gate;
4 — embankment; 5 — regulator weir; 6 — channel cross-connection; H,,y i, — Water level limits in the upper reach
(H,y;, corresponds to the passage of the minimum flow through the cross-connection channel; H,,,.corresponds to
the discharge of the 1% flood flow, thereby determining the structural dimensions of the complex of structures)
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of the % probability of occurrence, accounting
for flow transformation by the upper reservoirs;
Qper water flow through the spillway;
Q, — flow rate for filling the reservoir through
the control gate; T,. — gate closure time
(optimal condition: equalization of levels in
the reservoir and the upper reach; in practice,
for any probability of occurrence, this
corresponds to the period when the hydrograph

83
begins to decline); T,

open — Start of reservoir
filling; dH - difference in levels between
the flood control basin and the reservoir;
Hyoa — the level regime in the flood basin
during a flood of a given probability —
determined under conditions of hydraulic
equilibrium, i.e., the continuity equation
(Qinlet(ﬂood) Qoutlet(overﬂow through the control structure and
spiltway))s Hireservoir — the reservoir filling regime.

40 110.0
————————————— - 109.5
35
I 109.0
30 L 108.5
25 r 108.0
2 o L1075 <
=20 = @--Q cofferdam £‘
! F 107.0
e () pond
5 L
! — - =T (c). closing the regulator 106.5
10 <« dH, headwater and tailwater difference | 106.0
— = T(0). opening the regulator I 105.5
5 ——HWL. headwater level
I 105.0
===-PWL. pond water level
0 104.5
0 1 2 3 4 5 6 7 8 9
T, days
Fig. 9. Balance calculation for the discharge of a 1% probability flood and the filling
of the reservoir’s usable capacity
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- 107.5
L 12
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0 104.5
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Fig. 10. Balance calculation for flood discharge with a 10% probability and filling
of the reservoir’s usable capacity
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Fig. 11. Balance calculation for flood discharge with a 25% probability and filling
of the reservoir’s usable capacity

An analysis of the hydraulic operating
regime of the hydraulic structure revealed
characteristic fluctuations in water discharge at
the spillway, which are caused by the regulator
operating in a submerged mode. A decrease in
the regulator’s discharge capacity under such
conditions leads to a redistribution of flow
toward the spillway. This process is described by
the continuity equation for water flow, according
to which the total discharge of a 1% probability
flood is equal to the sum of the discharges
through the spillway: Q.= Q™ Qupiiway- It has
been established that when critical flooding
levels are reached, the main hydraulic head is
transferred to the bridge, which must be taken
into account when calculating the static stability
of the structure.

Based on the hydrological calculations and
an analysis of high-water levels in the reservoir
basin, it has been determined that the normal
water level of the reservoir under study, assuming
the presence of a spillway, is estimated at
108,0-108,5 m (in Baltic Normal Height System).
At the same time, the minimum elevations of
the dam crest are recorded at 110.0 m, which
ensures the necessary safety margin. During
a 1% probability design flood, the maximum
possible water level in the reservoir reaches
109,50 m. According to the constructed storage
capacity curve, at an elevation of 109,0 m, the
reservoir’s storage volume is approximately 560
thousand m’. Analysis of the data indicates
that floods with a probability of occurrence of
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40-50% or higher ensure stable filling of the
reservoir basin to the design water level.

Environmental and economic assessment
of the proposed solutions. The practical
implementation of the proposed innovative
technology for managing the hydrological
regime of a water body involves a number of
engineering, hydrotechnical, and financial and
economic challenges. For channel ponds in the
steppe zone of Ukraine with an area of 10-50
hectares, the scale of such work is significant,
since the length of the distribution embankment,
depending on the geometry of the reservoir basin,
can range from 500 to 1,000 meters. Depending
on hydrological conditions, the thickness of
bottom sediments, the availability of specialized
equipment, and environmental requirements for
the conservation of biota, we have identified
and analyzed two main technical options for
constructing the distribution dam. For the
conditions of the site under study, a comparative
analysis of the technical, economic, and
environmental indicators of both options was
conducted (Table 3).

The comparative analysis presented in
Table 3 illustrates the dilemma between
technological simplicity and environmental
responsibility. International practices are clearly
focused on minimizing environmental risks. As
aresult, Option 1 (with dewatering) is considered
economically unfeasible in developed countries
due to the enormous associated costs and
environmental compensation requirements.
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3. Comparative analysis of technical and economic options for constructing a partition dam
for a pond with an area of 1050 hectares

Indicator /
Evaluation criterion

Option 1
(full or partial draining)

Option 2
(without draining the reservoir)

Work Procedure

This approach involves draining water
through the existing spillway during the
summer-fall low-water period. After the
pond bed has been drained (or temporary
drainage channels have been constructed
to dewater the construction site), the dam
is built using traditional mechanized
methods with bulldozers and excavators,
with layer-by-layer soil compaction.

The work is carried out directly in the aquatic
environment. To prevent the displacement

of weak silty soils in the foundation and the
erosion of the dam body, modern geosynthetic
materials are to be used; these are laid on the
bottom before backfilling with rock or sandy-
clay soil. In global lake restoration practice
[25, 26], the most effective variation of this
method involves the use of geotextile tubes,
which are filled with bottom sediment using
dredgers.

Capital expenditures
for earthworks

Base (100%)

Increased (125-150%) due to geomaterials
and soil loss in water

Need for special
materials

Minimal (local soil)

High (geotextiles, geogrids, crushed stone)

Project Duration

Long (depend on the rate of bed drying)

Short (not dependent on the water level in the
Ieservoir)

Environmental damage
and penalties

High (loss of water resources, riverbed
desiccation, destruction of the biocenosis)

Minimal (local impact in the backfill area)

Economic losses to the
water user

Significant (loss of water management
functions and fish productivity for
1-2 seasons)

None or minimal (the pond remains fully oper-
ational)

Environmental impact
assessment procedure
and environmental

Complex and time-consuming

Simplified (equivalent to revitalization
measures)

ation leads to significant environmental
damage (death of aquaculture, ecosystem
degradation) and a loss of revenue for water
users for at least 1-2 seasons. In domestic
practice, the direct cost of earthworks using
this method is considered the baseline.
However, when evaluating similar projects
in the EU and the U.S. (https://ascelibrary.
org/), this method is regarded as the most
expensive. The direct cost of excavating
and compacting soil “dry” abroad is approx-
imately $20-45 per m’, while associated
compensation payments for the destruction
of wetlands can reach $25,000-100,000 per
hectare of drained land. Furthermore, obtai-
ning permits to completely drain large water
bodies (50 hectares or more) in Western
practice takes years and costs between
$20,000 and $100,000. Thus, the total esti-
mated cost of implementing Option 1 for
a 1,000-meter-long dam, based on European
prices, may exceed $1,0—1,5 million.

approvals

Advantages High-quality compaction of the dam Preservation of the water volume and ecolog-
body, minimal material loss due to ical balance of the reservoir during construc-
scouring, ability to precisely profile the tion; no need to drain the water; simplified
transit channel “on dry land” environmental compliance procedure.

Disadvantages Temporary suspension of the pond’s oper- | The technology requires increased soil

consumption (by 20-30% due to silt absorption
and initial underwater erosion) and the use of
specialized materials. Heavy woven geotex-
tiles cost between $5 and $50 per m? on the
global market, depending on their strength.
The average cost of constructing underwater
barriers and dams using geotextile tubes is
$600-750 per meter. Thus, the total estimated
cost of constructing a 1,000-meter dam without
draining the water, based on global bench-
marks, is approximately $600,000-850,000.
Despite the higher direct material costs, this
option offsets, to some extent, environmental
fines and losses resulting from the cessation of
the reservoir’s operation.
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At the same time, given current domestic
realities, the most technologically feasible and
engineering-wise approach remains the “dry”
embankment construction—provided the reservoir
is completely drained or during its summer-
autumn low-water period (Option 1). This is
due to the availability of traditional equipment
and the lack of a need for expensive imported
geosynthetic materials.

The situation is complicated by institutional
factors. Under current conditions, which
are burdened by a deep economic crisis, the
consequences of military operations, and the
inadequacy of domestic environmental legislation,
the actual completion of environmental impact
assessment (EIA) and strategic environmental
assessment (SEA) procedures for projects of this
scale is quite complex and atypical for Ukrainian
practice. Due to excessive bureaucracy or,
conversely, a purely formal approach to oversight,
these tools often fail to fulfill their regulatory
function. In light of this, in our opinion, under
current development conditions, the likelihood of
the first option being implemented—albeit without
a proper and comprehensive environmental
review—is the highest.

Thus, a comprehensive analysis shows that
although, from the perspective of balanced natural
resource use and European experience in water
resource management, Option 2 (or a combined
method involving a partial reduction in water
level by 30—40%) is significantly safer, the actual
economic and geopolitical context in Ukraine
forces water users to choose simpler, albeit
more environmentally destructive, engineering
solutions.

Conclusions:

1. It has been proven that the critical
degradation of small rivers in the Ukrainian
Steppe is caused by a disruption of the
hydrological integrity of watercourses due to the
cascade regulation of their channels. It has been
established that the existing model of reservoir
operation, where the storage volume exceeds the
volume of local runoff, leads to the cessation of
“living flow” during the low-water period, which
requires the implementation of new technological
schemes for runoff management [27].

2. The use of GIS tools (QGIS) and the
analysis of digital elevation models have improved
the accuracy of morphometric calculations
for watersheds. The reservoir capacity curves
constructed using GIS algorithms served as the
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basis for accurately predicting flood discharge
transformation, which is an essential step in
designing innovative hydraulic structures under
complex physical and geographical conditions.

3. It has been scientifically demonstrated
that separating the river channel from the
reservoir’s storage capacity using a bypass
channel and control structures (the authors’
Ukrainian utility model patents No. 154298
and No. 156105) is a promising and effective
method for river revitalization. The proposed
technology for equipping existing ponds with
bypass channels and distribution regulators
allows for the separation of water storage and
flow transit functions. This ensures a continuous
river flow throughout the year, activates self-
purification processes through aeration on rocky
rapids, and promotes the restoration of the
watercourse’s ecosystem functions. The creation
of artificial basins in floodplains with protective
anti-filtration screens is an effective method for
ensuring a reliable water supply without blocking
the river channel. Such a system allows not only
for the accumulation of water during floods but
also for the replenishment of the river during dry
periods of the year.

4. Calculations and modeling of the
implementation of the proposed approaches
at a real-world site in the Lower Tersa River
basin confirmed the feasibility of these
solutions. It has been established that at
a normal water level of 108,0-108,5 m BS
and during a 1% probability flood (maximum
level of 109,50 m BS), the system provides
for the accumulation of 560,000 m’of water.
At the same time, a continuous transit flow
through the bypass channel is maintained,
which eliminates the risk of overflow over the
dam (elevation 110,0 m BS) and sustains the
hydrological regime of the river downstream.
Filling the reservoir basin to the design water
level is ensured with a 40-50% probability of
flooding and a higher level of reliability.

5. The proposed technologies are consistent
with the strategic objectives of the EU Water
Framework Directive and can be used as
model solutions for the post-war restoration of
Ukraine’s hydraulic infrastructure. This will help
balance the interests of the agricultural sector
and ensure compliance with environmental
requirements  for the conservation of
biodiversity in small rivers amid global climate
change.
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T'IJIPOTEXHIYHI CIIOPYIM TA IHHOBAIIIHI TEXHOJIOFIi YITPABJITHHSI
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Anomayia. Mani piuku cmenogoi 30Hu Yxpainu € Haubitbul 8paziueoio J1aHKow 2iopoepadiunoi mepesici,
Wo 20CMpo peazye Ha KIMamuyni 3Minu ma anmponozenuuti muck. Cyuacna meHOeHyis 00 iX 0OMiniHHA
ma empamu meuii' 8 MexCeHHull nepiod 3yMo61eHa HAOMIDHUM 3ape2YI08AHHAM Py Ccell CASKAMU | 6000~
cxosuwam, Wo Nepemeoproc piuku na 3acmitini eodotmu. Ha npuxnaodi [ninponemposcvroi obnacmi
BCMAHOBIEHO, WO 3a nepiod ocmanuix 40 pokie KinbKicms cmaskie 3pocia y 2,7 paszu, a iXusa 3a2aibHd
micmxicmy nepesuwuia 00°€m Micyegoco CMoOKY, W0 CMBOPIOE 3a2po3y eKON02iuHil Oe3neyi 800HUX
exocucmem. Tpaduyitini epebni 3ynunHaw0ms NOMIK Nicis NABOOKY, MOMY AKMYATbHUM € PO3POOKA pilieHb
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0L akymynsayii 600u Oe3 nopyuients 2ioponociuno2o pexcumy. Memoouxa 0ocniodncenus 6a3yemvpcs Ha
AHANI3E 2IOPONOSITUHUX OAHUX MA THIHCEHEPHOMY MOOETIOBAHHI CUCIEM CAMONIUBHO20 PE2YI0BAHHS CHIOKY
i3 3acmocysanHam anreopummie eeoingopmayitinoi cucmemu QGIS. Tlepuwuii po3pobnenuii apianm nepeo-
bauae MooepHizayiio pycio8ux CMAeKie ULTAXOM 8I00KPEMACHHA PYCad PiuKU 810 EMHOCTI CTNABKA 3 OONO-
MO2010 0ambu 008aNy8aAHHA MA CMEOPEHHA 008IOH020 KaHANLY. Y 8epxie’i cmano8noemvcs gioKpumull
pezyrsmop, wo 003605€ HANOBHIOBAMU CIMABOK Y Nepioou GUCOKUX 600, 63A2all He NPUNUHAIOUY MPAH-
3ummuy meuiio. [{na niosuwjents akocmi 600u y CKaaoi 2i0pogy3ia 3acmoco8yEmvbCs KaM SHO-HAKUOHA
CnonyyHa cnopyod, wo 3abe3neuye iHMeHCUSHY aepayiio ma camooyuujents nomoky. /pyauti eapianm
NoNA2Ac y CMBOPEHHI A8MOHOMHUX 3ANNAGHUX KOMNAEKCI8 i3 WmydHuMu Komnoganamu. Lla mexnonocis
0036071A€ He auule HaKonuyyeamu nasooxkosy 600y, a U 30IUCHIO8amu ii akmueHUull CKUO HA3a0 y pycio
8 NoCyuiugull nepioo 0 NiOMpPUMKU eKoN02iuH020 cmoky. llopieHanbHull aHaniz niomeepoxcye, o
PYCI0BULL 8aPIAHm ONMUMALbHUL OJis1 8IOHOGIEHHSI NPOMOYHOCHE 8JICe 3ape2ylb08AHUX PIYOK, MOOi SIK
3anaagHi 8000UMU ehekmugHi 05 cmanoeo 8o0o3zabesneuents 6e3 empyuanns 6 pycio. Ilpakmuuna
peanizayis 3anponoHO8aHUX PilleHb anpobosana Ha 06 ekmi ¢ bacetini piuxu Huoxcns Tepca (nnowa 600o-
360py 85,1 km?). Pesynomamu modeniosants niomeepouiu npaye30amuicims CUCHEMU: NPU HOPMATbHOMY
nionipuomy copusonmi (HIII') 108,0—-108,5 m BC ma npoxooacenti po3paxynrkogozo nagooka 1 % 3zabes-
neuernocmi (pieens nanosuenns 109,50 m BC) 3abesneuyemocs akymynayis 560 muc. m> 600u npu nogHomy
36epedicenti eKoNo2iuH020 CMOKY 8 008I0HOMY KaHAll. Bnpoeadcents maxux KOMIIEKCI8 0036015€ peaii-
syeamu npunyunu Boonoi pamxosoi oupexmusu €C woodo pesimanizayii pivok, 3a6e3neuyrouu «iHcugy
meuiro» HAimMb y MAI0BOOHI POKU MA CMEOPIOIOHU YMOBU O/ GIOHOBNIEHHS DIOPISHOMAHIMMS CIMEno8UX
exocucmem 8 yMO8axX NOBOEHHO20 8IOHOBNEHHSA MA CIMPIMKUX 3MIH Kaimamy.

Knruosi cnosa: ciopomexniyna cnopyoa, 800HUll 00 €Km, piuKka, 800HA IHICEHePIs, 8OOHI MEXHONOI,
2I0pONOCIYHULL pedicuM, eKoN02iuHa be3neKd
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