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POST-DESIGN MONITORING OF THE IRRIGATION IMPACT
ON THE ENVIRONMENT
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Abstract. Approaches to conducting post-design monitoring of the impact of irrigation on soil condition
are highlighted on the example of an individual agricultural farm of LLC “Granex-Cherkasy”. The results
of the implementation of the five-year post-design monitoring program under the conditions of irrigation by
groundwater using sprinkling and drip methods proved the need to develop both unified general approaches
to the formation of monitoring programs, as well as the mandatory consideration of the peculiarities of its
management under different irrigation methods and hydrogeological-ameliorative conditions on the irrigation
sites. As a basis for the development of a system of post-design monitoring of the impact of irrigation on the state
of environmental components, it is proposed to use approaches to the organization and performance of local
(on-site) monitoring of irrigated lands based on the requirements of current regulatory and methodological
documents. The observation system, formed on the basis of previous studies, included periodic determination
of irrigation water quality indicators in storage ponds or in the places of watering and routine observations of
soil conditions at permanent monitoring points (observation points), which are recommended to be taken as
coordinate points of the previously conducted testing study (at the stage of the preparation of the environmental
impact assessment report). The results of the post-design monitoring proved the ecological admissibility of the
impact of irrigation within the farm with groundwater of I and 11 quality classes (suitable and limitedly suitable
according to individual quality indicators). Based on the results of monitoring, it was established that the soils
under irrigation did not undergo significant classification changes in terms of deterioration for 5 years. The
lack of manifestations of secondary (irrigation) salinization, sodification, and alkalinization of soils under
the influence of irrigation indicates the environmental safety of the latter in accordance with the accepted
standards for indicators of the degree of development of the specified soil degradation processes.

Key words: soil, salinization, irrigation, irrigation water, sodification, post-design monitoring, water quality

Relevance of research. During the last
decade, the process of restoring irrigation on
existing irrigation systems in the regions of
traditional irrigated agriculture, as well as the
construction of the new irrigation networks in
almost all the regions of the country, due to the
progressive increase in the aridity of the climate
and the significant deterioration of the conditions
of natural moisture sufficiency for the cultivation
of agricultural crops has begun in Ukraine
[1-3]. The need to restore and increase the areas
of actual irrigation is also emphasized in the
“Irrigation and Drainage Strategy in Ukraine for
the period until 2030 [4] and the Action Plan for
its implementation [5].

The full-scale military aggression of the
Russian Federation against Ukraine, the partial
occupation of the territories, the destruction
of the Kakhovska HPP dam and the emptying
of the Kakhovska Reservoir led to a 70 %
reduction in the irrigated area (Kherson,

© Shevchenko A .M., Bozhenko R.P., 2024
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Mykolaiv, Zaporizhzhya, and Dnipropetrovsk
regions), actually leaving almost 95% of
irrigation systems without a source of water in
Kherson, 74 % — in Zaporizhia, and 30 % — in
Dnipropetrovsk regions [6]. Such circumstances
encourage farmers in other regions to increase the
area under vegetables and other crops that were
previously grown on the occupied territories or
affected by the military invasion of the Russian
Federation, and to use irrigation more widely to
obtain guaranteed yields.

The experience of irrigation in different
natural and climatic zones of Ukraine shows
both the increase in the productivity of
irrigated lands and certain negative ecological
consequences of irrigated agriculture, in
particular the development of soil degradation
processes (flooding, irrigation erosion, secondary
salinization and alkalinization of soils, pollution
of soils and groundwater etc.) [7—9]. Therefore,
obviously, and because of this, land reclamation,
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in particular, irrigation, on territories with an area
of 20 hectares or more along with the construction
of reclamation systems and specific facilities
of the engineering infrastructure of reclamation
systems are classified in the second category of
types of planned activities and objects that can
have a significant environmental impact and are
subject to the environmental impact assessment
(EIA) procedure in accordance with the Law of
Ukraine “On Environmental Impact Assessment”
adopted in 2017 [10].

According to the Article 13 of the aforemen-
tioned law, in order to identify any discrepancies and
deviations in the predicted levels of impact on the
effectiveness of measures to prevent environmental
pollution and its reduction, the conclusion of the
environmental impact assessment may provide
for the implementation of post-design monitoring
(PDM) by the business entity. In such a case, the
order, terms and requirements for monitoring the
impact of such activity on individual components
of the environment, in particular on the soil cover,
groundwater, etc., must be determined in the
conclusion of the EIA of the planned activity related
to irrigation. According to the results of the post-
design monitoring, if necessary, the business entity
and the relevant authorized authorities agree on
taking additional measures to prevent, minimize, or
eliminate the adverse consequences of the influence
of irrigation on the condition of soils, ground-
water, etc.

However, there are currently no unified
approaches to the organization and imple-
mentation of such monitoring, requirements for
reporting materials, and the implementation of
necessary environmental protection measures.
Only recently, the Ministry of Environmental
Protection and Natural Resources of Ukraine
approved the Methodological Recommendations
for post-design monitoring, which contain general
recommendations on the structure, content, and
drawing up of the post-design monitoring report,
on data and evaluation of PDM results [11].

The analysis of the available EIA conclusions
confirms that most of them do not contain clear
requirements for conducting monitoring, the terms
and procedure for its implementation. During the
practical implementation of monitoring, there may
be problems related to the methodical provision of
monitoring works, the composition and periodicity
of certain types of observations, evaluation of their
results, in particular, the admissibility and ecological
safety of changes in soil fertility indicators and other
environmental elements caused by irrigation.

In the context of the regulation of the
latter and the impact of irrigation, the role
of environmental standards established by

the Resolution of the Cabinet of Ministers of
Ukraine dated September 2, 2020 No. 766
“On the standards of environmentally safe
irrigation, drainage, watering, and water disposal
management” should be decisive [12]. However,
some aforementioned indicators and their norms
raise certain doubts and cannot be used for
correct assessment of irrigation safety (norms
of indicators relating to irrigation water, salinity,
and alkalinity of soil, “ameliorative plantation
plowing according to the depth of groundwater
with mineralization of more than 5 g/dm’» and
“fractional composition of soils by susceptibility
to wind erosion” indicators, etc.).

An urgent issue is taking into account the
specifics of irrigation methods in monitoring
observations. The problem of assessing the
ecological and reclamation state of irrigated lands
and the irrigation water quality for the Polissia
zone needs to be solved.

Solving the vast majority of problematic
issues and increasing the effectiveness and
role of post-design monitoring of the irrigation
systems impact can be ensured by involving in its
organization and performance of the specialists
with relevant experience in scientific and
methodological support and implementation of
ecological and remedial monitoring of irrigated
lands. It is optimal to involve such specialists at
the stage of preparation of the EIA Report.

Analysis of recent research and publi-
cations. Ecological and remedial monitoring
is an important component of the information
provision of control, primarily of the State, of
the conditions of irrigated lands to substantiate
measures for their rational and ecologically
safe use, prevent or minimize soil degradation
processes [13]. In Ukraine, irrigated lands
monitoring (ILM) is carried out in accordance
with the Law of Ukraine “On Land Recla-
mation”, Resolution of the Cabinet of Ministers
of Ukraine dated March 30, 1998 No. 391
“On Approval of the Regulation on the State
Environmental Monitoring System” as a branch
component of state environmental monitoring.

Starting from the second half of the 90s of the last
century, the hydrogeological and land reclamation
service (expeditions and parties) of the State Water
Administration (later State Water Agency) of
Ukraine has been providing practical ecological
and reclamation monitoring on irrigated lands
of Ukraine. However, in the absence of sufficient
funding, reduction of irrigation areas, optimization
of the structure of organizations subordinate to the
State Water Agency (reorganization and, essentially,
semi-liquidation of the specialized hydrogeo-
logical and melioration service), annexation by the
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Russian Federation of the Autonomous Republic of
Crimea, partial occupation of Donetsk and Luhansk
regions, cancellation of statistical reporting on
irrigated lands according to form 1-OVG, in the last
10—15 years, there has been a decrease in the actual
areas of reclaimed land under control, the volume
of monitoring works, the number of observation
networks, as well as a partial decrease in the
informativeness of certain obtained results of the
ILM [14].

New challenges and threats for the irrigated
lands monitoring are associated both with the full-
scale armed aggression of the Russian Federation
against Ukraine, and with the declared and to some
extent semi-spontaneously initiated institutional
reform of the organizational structure of water
resources management and land reclamation with
the need to separate water resources management
functions from water infrastructure management
functions and provision of services. The transfer
of powers related to hydrotechnical reclamation
from the State Water Agency to the State Agency
of Reclamation and Fisheries and their partial
reorganization have led to the fact that, in
practice, the implementation of the ILM by water
management organizations of the State Water
Agency has mostly been suspended.

A similar situation is observed with the
publications in the sphere of irrigated lands
monitoring, although in previous years sufficient
attention was paid to the coverage of certain
aspects of scientific and methodological support
of the conduct of the sectoral ILM, methods for
processing of its data, analysis of the results of
assessment of the ecological and reclamation
conditions of irrigated lands, etc, both by the
scientists and the specialists of water management
organizations [7, 15—17].

&

There are almost no freely available reports
on post-design monitoring of newly created or
reconstructed irrigation systems.

In general, the issue of methodical and
information provision of post-design monitoring
of the irrigation impact on the components of
the environment, in particular on drip irrigation
systems, with the use of groundwater for
irrigation, primarily in the forest-steppe and
Polissia zone, is poorly studied, and there are
almost no publications on the results of its
conduct [18, 19], which indicates the relevance
of research and highlighting of possible changes
in the environment associated with the irrigation
systems functioning.

The experience of substantiating the post-
design monitoring of the irrigation impact on
environmental components and its conduct is
considered on the example of planning and
implementation of activities to ensure the
irrigation of lands with underground water by
sprinkling and drip methods in the agricultural
farm LLC “Granex-Cherkasy”, Zolotonosha
district, Cherkasy region.

The purpose of the research is to assess
changes in the quality of irrigation water and the
conditions of irrigated soils on the lands of LLC
“Granex-Cherkasy”.

Research materials and methods. The post-
design monitoring studies of soil conditions and
irrigation water quality, which were carried out
during 2019-2023, are territorially limited to the
land plot, which is in use under the lease rights of
LLC “Granex-Cherkasy” and is located northeast
of the village Denhy in the administrative
boundaries of Denhy starosta okruh (eldership) of
the Zolotosha territorial community, Zolotonosha
district, Cherkasy region (Fig. 1).

Fig. 1. Overview map (a) and situational scheme (b) of the location of the research plot
for post-design monitoring of irrigated lands of LLC “Granex-Cherkasy”

2024 « Ne 1 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO
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In terms of geomorphology, the territory of
the research plot belongs to the orographic region
of the Dnipro lowland, represented on the left
bank of the Dnipro river by the Middle Dnipro
terrace plain. Directly, the land plot of LLC
“Granex-Cherkasy”, within which monitoring
studies of the irrigation influence were carried
out, is located within the boundaries of the
ancient fourth supraflood (moraine) terrace of the
Dnipro River. The surface of the plot is mainly
characterized by a flat relief with the presence of
micro depressions.

Within the research area, the first from the
surface is an aquifer complex in unbounded
Lower Neopleistocene alluvial and fluvioglacial
sediments and Middle Neopleistocene water-
glacial sediments. The most water sufficient part
of this complex is an aquifer tied to the alluvial
Lower Neopleistocene deposits of the fourth
supraflood terrace of the Dnipro River.

The soil cover on the plot is represented
mainly by typical zonal black soils, low-humus,
light- and medium-loamy, and low-humus black
soils in a complex with sweetened light-loamy
soils, as well as regraded black soils with slightly
and medium-washed and alluvial light-loamy,
sod clay, and sodic (deeply leached) medium-
loamy soils (in closed depressions-saucers).

Irrigation on the plot began in 2013—2014.
Irrigation in LLC “Granex-Cherkasy” is based
on the use of Lower Neopleistocene alluvial
and fluvioglacial deposits for groundwater.
As of 2023, 15 water intake wells are used for
agricultural crops irrigation. Water from the
wells is supplied to the storage pool, and from it
by a container-type pumping station to a hydrant
for watering agricultural crops with sprinkler
machines. Currently, the farm uses three frontal
machines for irrigation: Valley and Otech, as well
as sprinklers of the hose drum type. In addition,
since 2019, drip irrigation systems have been
used on areas from 5.0 to 38.5 hectares.

Various grain, oil, and vegetable crops
are grown on the farm’s land: wheat, barley,
soybeans, millet, rapeseed, potatoes, corn, beets,
onions, etc, with unequal water demand and
irrigation regime, as well as the requirements for
soil environment.

The development ofthe program (plan) of post-
design monitoring (for 5 years) stipulated by the
conclusion on environmental impact assessment
provided by the Ministry of Natural Resources of
Ukraine was based on the requirements of current
regulatory and methodological documents on
the irrigated lands monitoring organization [13,
20-23]. According to them, monitoring should
be carried out through the periodic determination

of indicators of the ecological and reclamation
conditions of lands based on the results of routine
observations at designated monitoring points and
planar surveys. Based on the tasks and features
of the post-design monitoring of the irrigation
impact on soil conditions, the soil-ameliorative
indicators and the indicators of irrigation water
quality (in the storage basin of underground water
or in the watering places) were primarily subject
to control. At the same time, the system of local
(objective) monitoring of irrigated lands of the
farm (existing and prospective) was created on
the basis of studies previously carried out in 2018
on the assessment of the quality of groundwater
for irrigation and its possible impact on soil
conditions, taking the determined indicators as
the baseline for further comparisons and changes
detection in soil fertility and the ecological and
reclamation conditions of lands, as well as the
quality of water used for irrigation.

The specific work program, primarily in the
part of soil sampling, was formed taking into
account the actual use of irrigation in a certain
plot, as well as the initial conditions of soil
salinity or alkalinity.

In order to provide determination, based on
the monitoring studies results, the changes in
soil conditions on the plot under the influence
of long-term, in particular, periodic, irrigation,
the work program included the implementation
of a complex of field, laboratory, and analytical
studies.

Field work included carrying out an annual (at
the end of an irrigation season) field survey of
the land with the soil samples collection down to
a depth of 100 cm (next to the wells — down to
200 cm) and water sampling. Analyzing samples
from soil surface and subsoil, the salt composition
and pH, the composition of exchangeable cations,
the content of carbonates, humus and nutrients
content, soils granulometric composition, and
soil density were determined.

For the irrigation water (groundwater)
samples the chemical composition, basic cations
and anions, dry residue, pH, and individual
microcomponents were determined.

The classification of soils by the degree of
salinity by the total amount of salts and by the
content of toxic salts in the water extract was
carried out in accordance with [13, 20], the
classification of the soil by the degree of alkalinity,
in particular secondary — by [ 13, 24], the grouping
of soils by the degree of acidity and alkalinity,
content of humus, mobile forms of nitrogen,
phosphorus, potassium, mobile compounds of
trace elements and heavy metals, etc, according
to [25]. Assessment of water quality according to
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agronomic criteria was carried out in accordance
with the provisions of DSTU 2730:2015 [26].

In the context of regulating the irrigation
impact, the standards of environmentally safe
irrigation and irrigation management established
by the Resolution of the Cabinet of Ministers of
Ukraine dated September 2, 2020 No. 766 were
taken into account [12].

The data recorded by observations and
laboratory analyzes are components of the
information base of local monitoring, based
on which the directions, nature, and degree of
irrigation transformation of the conditions of
irrigated soils are estimated taking into account
specific factors of influence during the period of
monitoring studies conduct.

Research results and their discussion. During
monitoring observations, in certain years, irrigation
was carried out within different fields depending
on the agricultural crops grown on them. The total
irrigated area ranged from 132 ha in 2021 to 471 ha
in 2022. So, in 2023, irrigation was carried out
on fields with potatoes (field 1-11) on an area of
72,2 ha, with soybeans (fields 1-10, 1-15) on a
total area of 206,9 ha, winter wheat on an area of
87,8 ha (fields 1-14a and 1-11), and onions on an
area of 44,0 ha within the boundaries of a part of the
field 1-10 — with frontal sprinklers, as well as on a
site with a drip irrigation system installed within

]
the boundaries of the field 1-17 on an area of 5,2 ha
with potatoes (Fig. 2). In general, the vast majority
of the land was covered by irrigation — 416,1 ha,
410,9 ha of which were sprinkled and 5,2 ha were
under drip irrigation.

During the irrigation season of 2021 308 thou-
sand m® of irrigation water was supplied. In
2022 this volume was 516,0 thousand m®. So, in
2023, irrigation on the farm started in June and
ended in September. During the irrigation season,
413,324 m® of water was poured onto irrigated
land, in particular, 172,352 m? in June, 144,496 m?
in July, 66,183 m?® in August, and 30,293 m® in
September. In May, due to a significant amount
of precipitation, irrigation was not carried out,
which led to a generally lower total irrigation
rate. Sprinklers of frontal action supplied
400,824 m?® of water to fields 1-10, 1-11, 1-14a,
and 1-15, i.e. the average total irrigation rate was
975 m’/ha, although it was slightly higher for
potatoes. The water supply to the drip irrigation
system was 12,500 m* for the potato with total
irrigation area of 5,2 ha (about 2,400 m?3/ha).
In some years, the total irrigation rate for sprinkler
irrigation reached 2200—2500 m*/ha.

The plot is characterized by a deep (over
10 m) groundwater table, which indicates a good
ecological and reclamation conditions of the land
according to this indicator.

Fig. 2. Contours of irrigated fields at LLC Granex-Cherkasy LLC in 2023
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Assessment of irrigation water quality.
Assessment of the quality of water used by
LLC “Granex-Cherkasy” for agricultural crops
irrigation was carried out on the basis of the
results of chemical analysis of groundwater
samples taken during irrigation periods (from the
storage pool).

During the entire period of research
(2019-2023), the mineralization of irrigation water
was on average 500 mg/dm’ for the hydrogen
carbonate magnesium-calcium, less often calcium,
type of chemistry. The reaction of water is mainly
slightly alkaline (pH — from 7,2 to 7,7). According
to the indicator of total hardness, the water belonged
to both moderately hard and hard classes.

During water evaluation, it was taken into
account that the soil cover within the irrigated
plots is mainly represented by typical, low-humus,
light- and medium-loamy black soils in a complex
with solodic soils with a mostly neutral reaction
(at the time of the surveys), medium-buffering
with respect to salinization (by CaCO, content).

Regarding the danger of irrigation salinization
of the soil based on the calculated indicator of the
sum of toxic salts in equivalents of chloride ions
(eCl), the value of which for water in the storage
pool during the irrigation season of 2023 was
2.1 and 1.6 meg/dm®, water according to DSTU
2730:2015 [26] belongs to the I* class (suitable) for
all groups of soils according to their granulometric
composition in the 0—100 cm soil layer. It is worth to
mention that during the entire period of monitoring
observations of the irrigation water quality, the

amount of toxic salts (in equivalents of chloride
ions) in it fluctuated between 1.6-2.4 meq/dm?, that
is, it was low enough and did not cause a threat of
irrigation salinization of the soil.

The assessment of water quality regarding
the danger of soil alkalinization was based on
taking into account pH indicators, the content of
CO,?%, and toxic alkalinity (HCO, — Ca,*") with
differentiation by soil groups and the reaction of
the environment according to [26] (Table 1).

Therefore, according to the danger of soil
alkalization due to increased values of toxic
alkalinity indicators (from 3,1 to 4,3 meq/dm?)
and pH (for alkaline soils), the water belongs to
the 11" class, both in previous years and in 2023
(“limited use™).

Assessment of the irrigation water quality
regarding on the risk of soil sodification gives
reason to assign it to the I* class (Table 2).
The amount of alkaline cations of sodium and
potassium in the water was from 9 to 14 % of the
amount of all cations, which is much lower than the
threshold value (45 %) of this indicator for loamy
medium-buffer black soils, even for the II"® water
class according to the alkalization danger.

According to the risk of toxic effects on plants
during sprinkler irrigation, irrigation water from
water intake wells (from the pool) in 2023, in
general, according to a set of evaluation indicators,
belongs to the 11 class as of July due to increased
pH values (over 7,5) and to the I class as of August,
which confirms a certain constancy of water quality
indicators in the time dimension (Table 3).

1. Assessment of the irrigation water quality according to the risk of soil alkalinization on the lands

of LLC “Granex-Cherkasy”

R Water quality class accordin
Water quality indicators to il:ldiVid?lal indicators j
Sampling date contel_lt Water
from the storage content of th1.c . quality
ool H CO,* alkalinity H" CO- toxic class
p p 3 (HCO; - p 3 alkalinity
Ca2+)
meq/dm?
25.06.2019 7,7 0,0 4,0 /11 I I I
20.09.2019 7,5 0,0 3,8 /1 1 11 11
24.06.2020 74 0,0 4,0 /1 I I I
22.09.2020 7,6 0,0 3.8 /11 I I I
03.07.2021 7,6 0,0 3,2 /11 I I I
22.09.2021 7,6 0,0 4,3 /11 I I I
22.06.2022 7,7 0,0 3,7 /11 1 11 11
29.09.2022 7,7 0,0 3.9 /11 I I I
12.07.2023 7,6 0,0 3,3 /1 I I I
10.08.2023 7,2 0,0 3,1 I I I I

*Before a slash — for acidic and neutral soils, after a slash — for alkaline soils.
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2. Assessment of the irrigation water quality according to the risk of sodification of the soil
on the lands of LLC “Granex-Cherkasy” near the village Denhy, Zolotonosha district,

Cherkasy region (the storage pool)

Sampling date from Irriga.tion water ?lass The rfltio of .the sum of .
the storage pool according tq t.he risk of | alkaline catm.ns to the | Water quality class
alkalinity sum of all cations, %*
25.06.2019 II 14,3 I
20.09.2019 II 12,6 I
24.06.2020 11 11,4 I
22.09.2020 II 9,3 I
03.07.2021 II 12,3 I
22.09.2021 II 9,6 I
22.06.2022 II 9,5 I
29.09.2022 11 14,3 I
12.07.2023 II 11,3 I
10.08.2023 II 1,7 |

* Threshold value for water of the Ist class is 45 %.

3. Assessment of the irrigation water quality from the storage pool according to the risk of toxic
effects on plants during sprinkler irrigation (LLC “Granex-Cherkasy”)

Sampling date Water quality indicators Toxic ions, Water
from the storage CO,> | Cr equivalents quality
pool pH meq/dm? Cl class

25.06.2019 7,72 Absent 0,4 2,0 11
20.09.2019 7,48 The same 0,6 2,2 I
24.06.2020 7,36 » » 0,6 2,2 I
22.09.2020 7,63 » » 0,6 2,1 11
03.07.2021 7,58 » » 1,1 2,4 II
22.09.2021 7,58 » » 0,5 2,2 11
22.06.2022 7,72 » » 0,4 1,9 1I
29.09.2022 7,67 » » 0,4 2,0 11
12.07.2023 7,65 » » 0,1 2,1 11
10.08.2023 7,16 » » 0,4 1,6 I

We can conclude, that from the point of
view of assessing the irrigation water quality of
water according to agronomic criteria provided
by DSTU 2730:2015, the underground water
withdrawn from wells to irrigate the lands of LLC
“Granex-Cherkasy” near the village of Denhy,
belongs to the I* class (“suitable”) with respect to
irrigation salinization and sodification danger for
the soils and to the 11" class (“limitedly suitable”)
with respect to alkalinization danger for soils
(according to the indicators of pH and toxic
alkalinity) and toxic effect on plants in case of
direct ingress of water on the leaves, fruits, etc (in
specific periods according to the pH indicator),
that, as a whole, means that it is a water of the
I class. According to [12], watering with such
water is possible if restorative measures are
applied.
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Groundwater in the study area, due to its
use for drip irrigation systems, belongs to the
I** class with respect to the danger of irrigation
salinization and sodification of soils and to
the 1" class with respect to the danger of soil
alkalization (exceeding the threshold values of
pH and toxic alkalinity).

Assessment of soil condition by individual
indicators. The main attention during monitoring
studies of the irrigated soils’ condition was
devoted to the study of possible changes in
their salt characteristics due to irrigation water
influence, i.e., the income of an additional
amount of salts with it, taking into account
their qualitative composition. Thus, based on
the average values of water mineralization and
average irrigation rates, approximately from
0,49 to 1,25 t/ha of salts were added to the
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fields with irrigation water during the irrigation
period. In addition, every year, during the works,
some indicators of soil fertility (pH, content of
CaCO,, microelements, and heavy metals) were
determined at individual points.

In 2023, during continuous testing of all
fields, soil samples were extracted in order to
determine in laboratory conditions the values
of agrophysical and agrochemical indicators
(granulometric and aggregate composition of
soils, their density, humus and nutrients content,
salt and exchangeable cations compositions).

The study of the soil condition in 2023 was
carried out both at the designated monitoring
points as well as at the additional test points for
soil and salt survey, the layout of which is shown
in Fig. 3.

Research results on secondary soil salinity. In
2023, according to research results of the easily
soluble salts content in the soil layer (down
to 1.0-2.0 m) based on the analysis of water
extracts, both irrigated and non-irrigated soils
within the examined farm fields were classified
as non-saline. At the same time, the soils are
non-saline both by the sum of all easily soluble

salts and by the content of a part of these salts that
in certain concentrations have a toxic effect on
plants, inhibiting their growth and development,
i.e. toxic salts, according to their division by
the degree of salinity according to the current
regulatory documents [ 13, 23]. A similar situation
was observed in all previous years of study.

The total weighted average content of easily
soluble salts in the upper 1 m soil layer in 2023
on the examined fields was quite low and was
within 0,043-0,084 % of dry soil (according
to the data of the continuous survey of 2018 —
0,040—0,062 %). The toxic salts content in
the one-meter layer of soil ranges from 0,013
to 0,036 %, which is 17,2-47,1 % of the total
amount of salts. In some years, the value of the
easily soluble salts content increased up to 0,062-
0,192 %, of toxic ones — up to 0,014-0,061 %
(2021).

At the same time, the main types of soil
salinization in the upper 1 m layer in 2023 were
hydrocarbonate and sulfate-hydrocarbonate, in
2022 — sulfate-hydrocarbonate; in 2021 — sulfate-
hydrocarbonate,  hydrocarbonate-sulfate; in
2020 — hydrocarbonate, in 2019 — hydrocarbonate

Fig. 3. Layout of soil sampling points in the area of monitoring studies
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and sulfate-hydrocarbonate by anionic
composition, magnesium-calcium and calcium —
by cationic composition.

It is worth noting that the heterogeneity of
the salinity chemistry and the salts content is
observed within individual layers of 1 m thickness
and deeper, although in terms of the total salts
content and their toxic part, the studied sediments
in the test intervals are everywhere non-saline.
Maximum salinity in the soil profile was noted at
different depths (Fig. 4).

The weighted average total content of water-
soluble salts in the interval of 100-200 cm at
individual monitoring points tested in 2023 is
0,079-0,116 %, and toxic salts — 0,017-0,077 %,
that means that the share of the latter is from
25,9 to 51,0 % of the total amount of easily
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Fig. 4. Typical salt profiles of the distribution of the
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soluble salts. According to the type of salinity,
the soils of this interval are hydrocarbonate and
sulfate-hydrocarbonate (by anions) and mainly
magnesium-calcium by cation composition.
Therefore, in this layer, the soil is also non-saline,
although compared to the 2018 survey, slightly
higher values of both the total content of easily
soluble salts and their toxic part were recorded,
which previously amounted to 0,058—0,070 %
and 0,018—0,029 %, respectively.

Attention should also be paid to certain
differentiation in area and profile at the individual
test points (wells) of salinization chemistry,
especially in terms of anionic composition,
although the predominant types of salinization
are associated with the predominance of
hydrocarbonate and sulfate ions along with
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calcium and magnesium cations. At the same
time, an unfavorable trend is a certain increase in
the amount of chlorine salts and sodium ions at
certain points.

Over the years of monitoring studies, the
ranges of the content of easily soluble salts in
the arable layer (0—25 cm) were 0,040—0,079 %
(2018), 0,023-0,073 (2019), 0,032—-0,058 (2020),
0,046—0,091 (2021), and 0,024-0,084 % (2022).

The arable layer at the time of the survey in
August 2023 was distinguished by a generally
low salts content (from 0,022 to 0,081 %), in
particular, toxic ones (from 0,004 to 0,044 %,
that is below the toxicity threshold) and
heterogeneous types of salinity by anions:
bicarbonate-sulfate, sulfate- hydrocarbonate,
hydrocarbonate, calcium, calcium-magnesium
and magnesium-calcium types according to
the cationic composition, that means that it is
considered as non-saline.

In general, the monitoring studies results and
soil-salt survey provide grounds for assigning
all lands on the site to the non-saline category
throughout the entire observation period, i.e.
2019—-2023, which indicates, according to
[12], the environmental safety of the performed
irrigation.

Determination of soils sodification. The
sum of exchangeable cations in the 0—25 cm
soil layer varies on the farm plot from 12,5 to
27,5 meq/100 g of soil, and in the 25-50 cm
layer — from 16,3 to 28,8 meq/100 g of soil,
which corresponds to the optimal parameters of
fertility indicators of typical black soils [27].

Among the exchangeable cations of the
examined soils in the 0—50 cm layer, absorbed
calcium dominates in most points, the share of
which is from 43,4 to 94,5 % of the sum of all
cations. The content of absorbed magnesium
ranges from 5,3 to 56,4 %. In the test points
3/3, KTS/4 (layer 25—50 cm), and KTS/5 (layer
0—25 cm) the magnesium content is close to the
calcium content with a slight excess over the
latter at points on the field 1-17 (KTS).

The content of absorbed sodium at all test
points and all investigated fields in the intervals
of 0—25 and 25-50 cm during the post-design
monitoring does not exceed 0,5—1,7 % of the
absorption capacity, which is typical for zonal
forest-steppe soils. Therefore, according to the
content of absorbed sodium, the main types of
soils on the research area are non-saline (less
than 3 % of Na for low-humus soils). The same
applies to the possible secondary (irrigation)
salinity of irrigated soils, especially since the light
soils on the site in the 0—50 cm layer are mostly
medium buffering with respect to sodification

(in terms of CaCO, content — 6—10 %), for which
the sodification threshold (transition to slightly
saline) is the content of exchangeable alkaline
cations (Na+K) equal to 5 % of the absorption
capacity (Na+K+Mg+Ca) [13, 23, 24].

At the same time, it should be taken
into account that the increased content of
exchangeable magnesium (more than 20 % of
the soil absorption complex capacity or the sum
of all exchangeable cations), what is noted at
most points of soil testing, according to separate
approaches [13], can adversely affect soil fertility
(20-30 % — weak impact, 30-40 % — medium
impact, over 40 % — critical impact) and should
be interpreted as magnesium sodification,
especially since magnesium is one of the main
cations in groundwater used for irrigation (up to
30-40 % of the total cations, according to the data
of 2019-2021 and 2023), although, according
to the research data of 2022, its content did not
exceed 0,4—0,8 meq/dm? or 815 % of the sum
of cations.

Evaluation of soils by the degree of their
alkalization by the pH indicator, the content
of CO4*, and toxic alkalinity (HCO,-Ca*) in
accordance with the current classification [13]
indicates the absence of this unfavorable soil
degradation process in the soil of the tests sites
(pH less than 8 units; CO,* is absent; the content
of toxic alkalinity is less than 0,5 meq/100g of
soil).

However, the fact that groundwater, from
the point of view of assessing its suitability for
irrigation, is limitedly suitable for irrigation due
to the danger of soil alkalinization, and the pH of
the water in some points at depths of 25-75 cm
reach 7,5-7,8 units, indicates the need for further
monitoring of this indicator as a component of
the assessment of the ecological and reclamation
state of irrigated lands.

In general, the results of monitoring studies
indicate the absence of processes of secondary
(irrigation) salinization, sodification, and alka-
linization of soils as a result of lands irrigation in
LLC “Granex-Cherkasy”.

Agrophysical and agrochemical indicators of
soil fertility. The results of soils granulometric
composition determination in 2023 give reasons
to classify them as light loams (field 1-14 —
wells 2a, 2/1; field 1-15 — well 2/4; field 1-10 —
well 3/4; field 1-11 — well 4/3, thickness
0-50 cm; field 1-17 — wells KTS/1, KTS/2,
KTS/4) or as medium loams (field 1-9 — well 1/2;
field 1-10 — wells 3/1, 3/2, 3/3; field 1-11 — well
4/3a). A certain heaving of the soil granulometric
composition compared to the base values of
2018 is associated with an increase in the content
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of the smallest fraction (diameter less than
0,001 mm).

The determination of the soil density indicator
during the on-site survey of the lands of LLC
“Granex-Cherkasy” in August 2023 confirmed
the presence of over-compacted soils in almost
all fields that were the monitoring was carry
out. Thus, the arable layer density (0—-25 cm)
generally fluctuated within the range of
1,26—1,53 g/cm®, which exceeds the optimal
parameters of this indicator for typical black
soils (1,1-1,3 g/cm?®) and characterizes the soil
as dense or very dense. This, under irrigation
conditions, worsens the permeability of irrigation
water into the soil and its moistening. The density
in the soil layer of 25-50 cm is 1,36-1,62 g/cm?,
which are the typical values for subarable
horizons. Therefore, in fields where increased
values of the arable layer density are recorded,
special attention should be paid to monitoring the
compliance with the optimal parameters of this
indicator through appropriate soil cultivation, the
application of organic fertilizers and meliorants.

The content of humus in farm’s soils, according
to the study, is mainly in the range of 2,1-3,8 %
(average level). To a lesser extent (test points
3/1, 3/2, 4/3a, KTS/2, KTS/4) the humus content
values are 3.1-4.0 % (increased content). In
most soil samples, the humus content gradually
decreases with depth, which is natural, but at
points 2/1, 2/2, 2/4, 3/1 the humus content in
the soil layer 0—25 cm is lower than in the layer
25-50 cm by 0,21-0,35 in absolute percent.
Compared to the survey of 2018, a certain increase
in humus content is observed over the territory
of most fields. In general, the humus content
corresponds to the optimum for typical black
soils with light loam granulometric composition.

The reaction of the soil solution of the studied
fields is mostly neutral (pHsol 6,1—7,0), as well as
slightly alkaline (pHsol 7,1-7,5), in some cases
slightly acidic (pHsol 5,1-5,6), but generally
acceptable for growing most crops.

Conclusions. Post-design local monitoring of
the irrigated lands of LLC “Granex-Cherkasy”
through the periodic determination of water quality
indicators in the storage pool and soil reclamative
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indicators, primarily salt characteristics, at the
monitoring points specified in the program, as
well as the final soil and salt survey, provided an
opportunity to assess the impact of the planned
activities related to agricultural lands irrigation
near the village Denhy, Zolotonosha district,
Cherkasy region, on the soils and groundwater
condition, which was provided by the conclusion
of the environmental impact assessment provided
by the Ministry of Natural Resources of Ukraine.

According to the results of the assessment in
2019-2023, we found that groundwater, which
is taken from wells and supplied for irrigation,
according to agronomic criteria can be classified
to the I* class (suitable) with respect to the danger
of irrigation salinization and sodification of soils,
and as limited suitable (the 11" class) with respect
to the danger of soil alkalinization (according
to pH and toxic alkalinity) and the danger of
toxic effects on plants during sprinkler irrigation
(according to pH).

According to the results of monitoring studies,
we found that the soils under irrigation conditions
did not undergo changes significant for their
classification. According to the total easily soluble
salts content and the toxic salts content in the
upper 1 m layer, both irrigated and non-irrigated
soils are classified as mnon-saline, mainly
hydrocarbonate and sulfate-hydrocarbonate by
anion composition and magnesium-calcium and
calcium by cation types.

It was determined that the main types of soils
on the investigated plot are non-saline based
on the absorbed sodium and potassium alkaline
cations content. A specific soils feature is the
increased exchangeable magnesium content,
which requires, after watering them with water
of magnesium-calcium type, the control of
the content of this indicator with, if necessary,
application of calcium-containing meliorants.

The absence of manifestations of secondary
(irrigation)  salinization, sodification, and
alkalinization of soils under the influence of
irrigation indicates its environmental safety
in accordance with the accepted norms for
the indicators of the degree of specified soil
degradation processes development.
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Anomauia. Ha npuxiadi okpemoeo acpoeocnooapcmea TOB «I panexc-Uepracuy sucgimieno nioxoou
00 8e0eHHs NICIANPOEKMHO20 MOHIMOPUHSY 6NIUBY 3POULEHHS HA CIMaH TpYHmIg. Pe3ynomamu 6UKoHaHHs
n AMUpiuHOT npoepamu RICIANPOEKIMHO20 MOHIIMOPUHEY 3d YMOB 3POULEHHSL 3eMelb NIO3EMHUMU 800aMU
OOWYBAHHAM | KPANAUHHUM CNOCOOOM 3AC8IOUUNU HEOOXIOHICMb HANPAYIBAHHS AK €OUHUX 3A2ANbHUX
nioxo0dig 00 Gopmy8aHHs NPOPaM MOHIMOPUHEY, MAK [ 0008 A3K08020 8PAXYE8AHHS 0COONUBOCMEU 11020
6€0€eHHsl 34 DI3HUX CHOCOOI8 NOAUY Ma 2I0PO2e0N020-MeNIOPAMUBHUX YMO8 HA OLISIHKAX 3DOULEHHSL.
B ocnosy pospobnennsa cucmemu nicianpoekmuoco MOHIMOPUHZY 6NAUGY 3POULEHHS. HA CIMAH CKAA008UX
OQ0BKILISL 3aNPONOHOBAHO BUKOPUCIOBYEAMU NIOX00U 00 Op2aHizayii ma 6e0eHHs T0KAIbHO20 (00 eKmo-
6020) MOHIMOPUHSY 3POULYBANHUX 3eMeNb HA OCHOBI GUMOZ YUHHUX HOPMAMUBHUX § MEmMOOUUHUX OOK)-
menmis. Chopmosana Ha niocmagi nonepeorix 00CIiOHCeHb CUCmemMd CROCMEPEXHCeHb 8KII0UALA nepio-
OUYHe GU3HAYEHHSI NOKAZHUKIG SAKOCMI 3DOULY8AIbHOL 600U Y CIMABKY-HAKONUYYSAdi a0 Y MICYsx NOIugy
MA PeNACUMHI CROCINEPEIICeHH sl 3a CIMAHOM IPYHMIE HA NOCMIUHUX MOHIMOPUHZOBUX MOYKAX (MYHKMAX
cnocmepesiceny), sIKi peKOMeHOVIOMb NPUIMAMU 1K KOOPOUHAMHO NPUE sI3aHT MOUKU BUNPOOYBAHHS NPOGe-
0eHo2o pariute (Ha cmadii niocomoeKu 36imy 3 OYIHKU GNAUBY HA O0GKLLIA) 00CaiodicenHs. Pesynomamu
RICTANPOEKMHO20 MOHIMOPUH2Y 3ACEIOUUNU eKONO2IUHY OONYCIMUMICMb 8NAUY NPOBEOEHHS 3POUleHHS
semens y eocnodapcmesi niosemuumu éodamu I ma Il knacie axocmi (npudamuumu ma 0OMexceHo npuoam-
HUMU 30 OKPEeMUMU NOKA3HUKAMU AKOCME). 3a pe3ynomamami. MOHIMOPUHeY 6CHAHOGLEHO, WO [PYHMU
8 YMOBAX 3POUEHHSL 6NPOO0BIC 5 POKIB He 3a3HANU KAACUDIKAYITHO 3HAYHUX 3MIH W0O0 NO2IPUIEHHSL CINAHY.
Biocymuicms nposey npoyecie émopunnozo (ipueayitihoco) 3acoielHs, 0CONOHYIOBAHHA Ma NIOTYHCEHHS
IPYHMIB NiO GNAUBOM 3POULEHHS CEIOUUMb NPO eKON02IUHY Oe3NEUHICIb OCIMAHHbO20 32I0HO 3 NPULHAMUMU
HOpMamugamu 3a NOKA3HUKAMU CTYNEHs PO3GUIMKY 3A3HAYEHUX TPYHNOB0-0e2padayiliHux npoyecis.
Knrwowuogi cnosa: tpynmu, 3aconenns, 3poulents, 3pouLy8albHa 800d, OCONOHYIOBANHS, NICAANPOCKMHULL
MOHIMOPUHE, SIKICMb 800U
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Abstract. The research results on creating information materials for assessing the impact of modern
climatic factors on the formation of soil water regimes on drained lands are presented. By the results of
the research, carried out at the «Romeny drainage and irrigation system (Sumy region), it was established
that over the past 34 years, the average air temperature during the growing season has varied from 14,2 to
19,4°C. In general, there is a trend for its slight decrease (almost by 0,2 °C). The highest average monthly air
temperatures are recorded in July and August, and the lowest ones — in April. It was specified that the water
regime of the active soil layer during the growing season is formed mainly due to moderate (4—14 mm —
44 %) and significant (15—49 mm — 40 %) precipitation, the total share of which in water reserves is 84 %.
There is a trend towards an increase in the share of significant precipitation (on average, up to 46—60 % of
the total amount during the growing season) in years with high-water growing seasons, and its predominant
amount falls in the range of 15-29 mm. There is also an increase in the share of moderate precipitation (up
to 49 % of the total amount during the growing season) in years with low-water growing seasons.

Information materials on the distribution of atmospheric precipitation by year in quantitative and
percentage indicators, their recurrence in the growing seasons of 1990-2022 (“Romen” DIS, Sumy
region), presented as an interactive visual report with graphic materials (dashboard) have been created.
Informational materials in the form of dashboards enable us to monitor changes in climatic conditions,
promptly providing up-to-date data when forecasting future trends in changes in the water supply of
agricultural territories, in particular, the formation of the soil water regime on drained lands and addressing
the challenges related to climate change.

Key words: climate change, drained lands, precipitation, air temperature, information materials, soil
water regime

Relevance of research. Global climate
change is a modern challenge for the world, as
it significantly affects agricultural production —
one of the most climate-dependent sectors of the
economy, and endangers food production [1-3].
Climate change can cost the world about 5 %
of GDP every year, and if the most pessimistic
forecasts are implemented, this figure can grow
to 20 % [4]. The consequences of climate change
are becoming more and more noticeable in
Ukraine as well. Today, Ukraine is one of the
leading producers and exporters of food in the

world. Therefore innovative and investment
development of the domestic agro-industrial
complex is very relevant. At the same time,
our country is already trying to implement its
competitive advantages and consider its national
interests. Therefore, despite all the existing risks
and challenges under climate change and Russian
military  aggression, domestic agricultural
production has to meet the requirements of
national security [4, 5].

Modern climate change significantly affects
agricultural production since it leads to a lack of
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available moisture on agricultural lands, which
is the main limiting factor for the sustainable
functioning of agriculture [6, 7]. The impact of
weather conditions on yield productivity is about
52 % [8].

Therefore, in modern conditions, agriculture
needs the development and implementation of
adaptive measures, which will enable us to reduce
the negative effects of climate change and ensure
the competitiveness and sustainable development
of the agricultural sector.

Given that agriculture is one of the main
branches of the Ukrainian economy, the share
of which is 10 % of GDP, there is a need to
improve existing agricultural production models
and optimize the management technologies in
agriculture given modern climate change [5].

Analysis of the latest research and
publications shows that the impact of climate
change on the production of agricultural products
will have a mostly negative effect. With a global
warming of 2 °C, many countries will lose up to
20 % of crop yields [3].

Climate changes in Ukraine are happening
faster than global ones. Since 1991, each decade
has been warmer than the previous one. The
average annual temperature in Ukraine from 1961
to 1990 was +7,8 °C, and from 2010 to 2019 it has
already reached +9,6 °C. The absolute maxima
of air temperature have increased by 1-4 °C, and
temperature indices are becoming more equal
across the country’s territory [3]. At the same
time, in the drainage zone, the increase in average
annual air temperature is quite significant: in the
western regions — by 1,2—1,3 °C, in the northern
and central regions — by 1,4-1,5 °C [9, 10].

According to the estimates of world and
domestic climatologists, in the future, there is
a high probability of a further increase in air
temperature both on a global scale and in various
natural and climatic regions of Ukraine [11, 12].

Atmospheric precipitation is one of the main
factors determining the features of the regional
climate. The amount and seasonal precipitation
distribution are key factors in forming a water
regime on agricultural lands.

Literary sources indicate that current
fluctuations in average annual precipitation are
within the climatic norm (5-10 %). With a slight
change in the precipitation amount, its nature
and intensity have changed noticeably for the
territory of Ukraine [13]. The number of cases
when half or a monthly precipitation norm falls
in a few hours has increased [14].

The study of precipitation in modern climate
change conditions is relevant for adapting the
economy, especially the agricultural sector [15].

A significant amount of scientific research, which
uses various methods, databases, and scientific
approaches, is devoted to studying the processes
of precipitation formation and its structural
features. The dynamics of precipitation, its
spatial distribution, duration, and repeatability in
different regions are evaluated [16, 17]. Domestic
scientists mostly study the formation conditions
and statistical characteristics of heavy rains and
downpours and assess their impact on the natural
environment [18,19].

Literary sources indicate that at the beginning
of the XXI century, in Ukraine in general and in
the drainage zone, there was a tendency to increase
the number of heavy downpours (precipitation of
30 mm or more that falls in 1 hour or less). Heavy
downpours from 1986 to 2015 were observed in
Ivano-Frankivsk and Transcarpathian regions,
slightly less in Kyiv, Cherkasy, Chernivtsi, and
Lviv regions. From 2001 to 2010, the amount
of heavy downpours increased more than twice
compared to 1991-2000. And from 2011 to 2015,
the amount of heavy downpours in Kyiv and
Chernihiv regions increased significantly [20, 21].

Precipitation is one of the most variable
meteorological factors in time and space. There are
very few detailed studies today on the features of its
structure, formation, and fluctuations. The reasons
for precipitation fluctuations are also insufficiently
studied, although some connections with solar
activity and the rhythmicity of macro-scale synoptic
processes have been identified. The reasons for
cyclicity have not been definitively elucidated; there
are only hypotheses about their origin [14, 16].

Despite the wide range of possible future
changes in the average amount of atmospheric
precipitation, it is predicted that extreme
precipitation in all seasons may become more
intense, which will cause an increase in the
number of wettest days of the year by 10-25 %
as well as surface runoff and rain floods by the
end of the century [10, 22].

Therefore, an increase in air temperature
and uneven distribution, change in the nature,
intensity, and structure of precipitation, as well as
an increase in the number of heavy downpours,
which have a local character in the warm period
of the year, do not make it possible to ensure
the effective accumulation of moisture in the
soil. Given modern changes in natural moisture
supply, an important limiting factor in efficiently
managing agricultural production is moisture
reserves in the active soil layer, the necessary
amount of which is not provided during the
growing season [6, 9].

It is necessary to obtain improved parameters
of water regulation technologies that take into
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account the entire complex of factors affecting the
formation of the moisture regime in the aeration
zone to solve the modern problems of managing
agricultural systems, namely, the water regime
of the soil on drained lands in the conditions of
climate change.

Given the results of analytical studies, the
research of climate change at both the regional
and local levels and the creation of informational
materials for assessing the impact of modern
climatic factors on the formation of soil water
regimes are relevant today.

The purpose of the research is to create
informational materials for assessing the impact
of climatic factors on the formation of soil water
regimes on drained lands.

Methods and objects of the research. Infor-
mational materials for assessing the impact of modern
climatic factors on the formation of soil water regime
were created, based on the results of meteorological
measurements in the growing seasons of 1990-2023
on reclaimed lands of the drainage and irrigation
system (DIS) “Romen” (Sumy region).

B8

Thebasisof methodological approaches tofield
studies is applying generally accepted methods
of conducting meteorological observations of air
temperature and atmospheric precipitation during
the growing season.

The values of average daily, decadal, and
monthly air temperatures and daily, monthly, and
yearly atmospheric precipitation were determined
to obtain information materials on the impact of
climatic factors on the formation of soil water
regimes. Calculations, creation of smart tables,
and interactive graphical and visual reports
(dashboards) were made using the Microsoft
Office Excel program.

Research results and discussion. To analyze
the impact of climatic factors on the formation of
soil water regimes, such meteorological factors
as air temperature and atmospheric precipitation
were considered.

Informational materials on air temperature
values during the growing season of 1990-2023
on reclaimed lands of the “Romen” DIS are
presented in Table 1 and Fig. 1.

1. Average monthly air temperature (°C) for the growing season of 1990-2023 («Romen» DIS)

Year Month Average for
April May June July August September a growing season
1 2 3 4 5 6 7 8
1990 9.6 14.7 17.3 19.1 18.0 12.6 15.2
1991 9.0 14.0 20.3 21.9 19.0 17.8 17.0
1992 6.5 13.8 19.1 20.4 21.9 13.1 15.8
1993 7.4 16.1 16.6 18.1 17.0 9.7 14.2
1994 10.7 13.4 16.7 21.1 19.2 18.5 16.6
1995 9.2 14.2 21.5 21.7 19.2 14.2 16.7
1996 8.6 19.4 19.9 20.8 19.9 15.7 17.4
1997 6.8 16.6 20.3 19.4 18.3 10.4 15.3
1998 - 14.1 19.2 20.1 17.2 12.5 16.6
1999 10.7 15.7 22.1 22.1 19.1 12.6 17.1
2000 11.8 12.5 16.7 20.1 24.6 13.2 16.5
2001 10.7 13.2 16.0 23.6 20.2 12.8 16.1
2002 8.4 13.3 19.4 23.8 18.6 13.7 16.2
2003 4.8 17.6 17.5 21.0 18.3 12.9 15.4
2004 8.0 12.3 17.1 19.5 20.4 13.7 15.2
2005 9.8 17.0 17.3 21.6 19.7 14.3 16.6
2006 8.4 13.5 18.7 19.9 20.3 15.1 16.0
2007 7.3 18.4 20.4 21.2 21.7 14.5 17.3
2008 10.4 13.2 19.7 20.9 21.4 13.1 16.5
2009 7.5 13.2 20.6 21.9 18.9 16.3 16.4
2010 9.7 16.6 20.7 25.1 25.0 - 19.4
2011 8.1 17.5 22.5 24.2 21.3 15.4 18.2
2012 12.6 18.9 19.6 21.9 19.7 14.5 17.9
2013 7.1 18.9 20.3 20.1 18.1 8.2 15.5
2014 9.7 16.5 19.0 20.3 20.1 13.2 16.5
2015 9.2 15.3 18.4 19.7 21.1 17.2 16.8
2016 10.4 13.5 18.7 20.8 18.8 12.5 15.8
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Table 1 (ending)
1 2 3 4 5 6 7 8
2017 7.8 11.1 16.4 19.5 20.2 13.7 14.8
2018 8.8 16.4 17.9 19.4 20.2 16.1 16.5
2019 8.8 14.6 20.4 17.4 17.5 12.8 15.3
2020 7.1 11.6 21.2 19.8 18.6 16.5 15.8
2021 6.3 13.1 19.4 23.9 21.3 11.2 15.9
2022 6.5 11.7 19.3 19.3 19.7 10.8 14.6
2023 9.1 13.8 17.8 19.7 21.6 16.5 16.4
Average 8.7 14.9 19.1 20.9 19.9 13.8 16.3

Air temperature, C°

17.4
17.0
17.0 16.7
16.6
165
16.0
15.8
15.5
15.3
15.2
142

.0
1990 1991 1992 1993 1994 1995 1996 1997 1996 1099 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

-o- Average air temperature for growing season, C°

158 15.8 159

14.8
146

Fig. 1. Dynamics of the average monthly air temperature for the growing season of 1990-2023
(“Romen” DIS)

According to the results of analyzing the given
materials, it was established that the average air
temperature during the growing season over the
past 34 years varied from 14.2 to 19.4 °C. There
is a general trend towards a slight decrease (by
almost 0.2 °C) in the average air temperature
during the growing season. The highest average
monthly air temperature values were recorded in
July and August, and the lowest in April.

Atmospheric precipitation is one of the main
factors that determines the features of regional
climate, so their amount and distribution are
determining indicators in the formation of the
territory’s moisture regime [23].

Informational materials on the distribution
of atmospheric precipitation by months of the
growing seasons of 1990-2023 on the reclaimed
lands of the “Romen” DIS are given in the
Table. 2.

The dynamics of atmospheric precipitation
in the growing seasons of 1990-2023 on the
reclaimed lands of the “Romen” DIS is shown
in Fig. 2. The results of the analysis show the
presence of a tendency to a slight decrease in the
total amount of precipitation during the growing
seasons. During the studied period, 2006, 1995,

2022, and 1990 years were the wettest with
the precipitation amount for a growing season,
584.8, 540,5, 493,6, and 435,6 mm, respectively.
The lowest precipitation for a growing season
was recorded in 2011, 2017, and 2002, with the
values 202.1, 209,7, and 210,1 mm, respectively.

Atmospheric precipitation is one of the main
factors that determines the features of regional
climate, so their amount and distribution are
determining indicators in the formation of the
territory’s moisture regime [23].

The categorization of precipitation amounts
was made by the instruction on meteorological
forecasting following the gradation: light (<3 mm),
moderate (4-14 mm), significant (15-29 mm,
30-39 mm and 40-49 mm), heavy (50-59 mm,
60—-69 mm and 70-79 mm) and extreme precipi-
tation (80—-89 mm and 90—100 mm) [24].

It was determined that the water regime of
the active soil layer during the growing season
is formed mainly due to moderate (4—-14 mm —
44 %) and significant (15-49 mm - 40 %)
precipitation, the total share of which is 84 %.

The distribution of precipitation (by repetition
and average intensity) by months of the growing
season (1990-2022) is shown in Fig. 3.
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2. Atmospheric precipitation (mm) for the growing season of 1990-2023 («Romen» DIS)
Month In total for
Year . a growing
April May June July August | September season
1990 92.5 63.3 70.9 87.6 70.8 50.5 435.6
1991 42.0 63.7 35.7 57.6 30.6 15.9 245.5
1992 38.1 38.7 21.8 58.6 14.2 65.1 236.5
1993 51.5 24.8 70.9 103.1 44.2 88.0 382.5
1994 31.3 61.2 51.4 23.8 46.4 23.4 237.5
1995 81.8 52.1 138.6 27.3 68.1 172.6 540.5
1996 16.8 48.0 76.2 36.7 78.1 84.0 339.8
1997 47.5 33.1 56.2 76.9 25.7 62.3 301.7
1998 - 53.4 9.9 144.8 134.4 57.7 400.2
1999 17.4 67.3 16.6 64.3 343 22.6 222.5
2000 40.6 34.4 42.4 97.0 12.0 136.7 363.1
2001 31.6 54.5 173.2 74.2 18.2 56.2 407.9
2002 22.9 74.5 23.6 6.2 31.7 51.2 210.1
2003 43.0 18.9 15.2 162.9 95.2 50.8 386.0
2004 22.3 68.9 49.2 102.6 16.3 61.2 320.5
2005 33.2 30.4 139.8 28.0 25.0 8.3 264.7
2006 35.7 152.1 95.1 117.6 108.3 76.0 584.8
2007 18.1 38.9 106.2 52.2 38.0 58.4 311.8
2008 49.7 37.5 93.8 119.8 9.3 51.3 361.4
2009 2.8 43.3 30.7 107.0 6.8 51.1 241.7
2010 18.3 32.8 27.5 114.5 19.7 39.8 252.6
2011 14.0 14.9 40.5 87.2 38.5 7.0 202.1
2012 53.7 14.7 33.5 21.2 67.6 45.4 236.1
2013 16.5 62.8 50.2 41.9 102.6 111.0 385.0
2014 35.7 105.5 51.3 98.6 14.2 39.9 345.2
2015 25.7 108.2 83.1 63.0 1.8 47.7 329.5
2016 52.3 145.4 87.1 77.5 46.1 4.3 412.7
2017 27.2 20.2 56.4 72.8 6.9 26.2 209.7
2018 11.3 28.1 123.1 78.9 7.0 55.5 303.9
2019 33.7 72.1 26.6 36.9 17.2 334 219.9
2020 37.1 148.8 73.4 71.9 12.4 17.2 360.8
2021 75.3 52.3 118.5 39.3 46.0 83.0 414.4
2022 89.5 323 69.8 106.1 55.3 140.6 493.6
2023 46.3 8.4 60.9 514 56.6 11.0 232.9
Average 36.9 56.0 65.3 73.8 41.2 56.0 329.2
% 11.2 17.0 19.8 22.4 12.5 17.0 100.0
700
E 600 wios 584.8
g’ 500 493.6
= 435.6
% 400 382.5 P 002 353.14“” "s'nszo.s 3614 345_2329_5“” 360.&4"-4
§ 3 2455 5565 | 2375 [ 2225 210.1 ‘m 24172528 554 20973 219.9 2346
.:‘Z" 200 : . 202.1 - -
= T
¢ 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
= Total precipitation for growing season, mm

Fig. 2. Dynamics of atmospheric precipitation for the growing season of 1990-2023

(«Romeny DIS)
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Fig. 3. Distribution of moderate and significant precipitation (by repetition and average intensity)
for the growing season of 1990-2022 («Romen» DIS):

a—moderate (4—14 mm); b — significant (15-29 mm); ¢ — significant (3039 mm); d — significant (4049 mm)

The trend towards an increase in the share of
significant precipitation can be traced in years
with high-water growing seasons. Thus, in 2006,
the total amount of precipitation for the growing
season was 584,8 mm. At the same time, the share
of moderate precipitation was 33,4 % (195,4 mm),
and significant — 59,7 % (349,3 mm) for the
growing season (Fig. 4). The predominant amount
(221,1 mm) of significant precipitation falls in
the range of 15-29 mm. The largest amount of
precipitation for the growing season was recorded
in May (152,1 mm) and July (117,6 mm) (Table 2).

In 2022, the total amount of precipitation for
the growing season was 493.6 mm. At the same
time, the share of moderate precipitation was

39,7% (196,1 mm), and significant — 49,6 %
(244,6 mm) for the growing season (Fig. 5). The
predominant amount (111.4 mm) of significant
precipitation falls in the range of 15-29 mm. The
largest amount of precipitation for the growing
season was recorded in September (140,6 mm)
and July (106,1 mm) (see Table 2).

In 1990, the total precipitation amount for
the growing season was 435.6 mm. The growing
season of the year was characterized by an
increase in the share of significant precipitation,
which amounted to 46,0 % (200,3 mm) compared
to the average values for the studied period
(1990-2023). The share of moderate precipitation
was 39,3 % (171,3 mm) (Fig. 6). Most significant

Moderate precipitation (4-14 mm) Precipitation characteristics
0.0
0.0
Precipitation
amount, mm 1954 m<3 mm
m4-14 mm
i : ‘ : = 15-29 mm
0 50 100 150 200 250 %30-39 mm
m40-49 mm
Significant precipitation (15-49 mm) ®50-59 mm
= 60-69 mm
Precipitation :40'49 mm u70-79 mm
amount, mm 30-39 mm 80-89 mm
g rham % 90-100 mm
0 50 100 150 200 250

Fig. 4. Distribution of precipitation for the growing season of 2006
(following the gradation by [25]), “Romen” DIS
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Moderats:precipiation(4-14 mum) Precipitation characteristics
Precipitation 196.1
amount, mm
‘ ‘ <3 mm
- . | ®4-14 mm
50 100 150 200 250 % 15-29 mm
m30-39 mm
Significant precipitation (15-49 mm) ®40-49 mm
® 50-59 mm
Precipitation 40-49 mm " 60-69 mm
amount, mm ®30-39 mm = 70-79 mm
»15-29 mm 80-89 mm
#90-100 mm
0 50 100 150

Fig. 5. Distribution of precipitation for the growing season of 2022
(following the gradation by [25]), “Romen” DIS

precipitation (165,0 mm) fell in the range of
15-29 mm. The largest precipitation amount
during the growing season was recorded in April
(92,5 mm) and July (87,6 mm) (see Table 2).

At the same time, there is a trend towards an
increase in the share of moderate precipitation in
years with low-water growing seasons.

Thus, in 2011, the total precipitation amount
for the growing season was 202.1 mm. At the
same time, the share of moderate precipitation
was 48.9 % (98,6 mm), and significant — 30,1 %
(61,0 mm) (Fig. 7). Significant precipitation fell in
the range of 15-29 mm. The largest precipitation
amount for the growing season was recorded in
July (87,2 mm) and June (40,5 mm) (see Table 2).

Similarly, in 2017, the total precipitation
amount for the growing season was 209,7 mm. At
the same time, the share of moderate precipitation

was 49,0 % (102,9 mm), and significant — 33,0 %
(69,0 mm) (Fig. 8). Significant precipitation in
almost the same amount (33,8 and 35,2 mm)
fell on the ranges of 15-29 and 30-39 mm. The
largest precipitation amount for the growing
season was recorded in July (72,8 mm) and June
(56,4 mm) (see Table 2).

Information materials on the distribution of
atmospheric precipitation by year in quantitative
and percentage values, its repetitions for the
growing seasons of 1990-2022 («Romeny» DIS,
Sumy region) are presented as interactive visual
reports (dashboards) with graphic materials that
can be the basis of forming an assessment system
for soil water regime. Dashboards enable us to
visualize data and metrics in a convenient and
understandable format, which makes it possible
to quickly analyze and make decisions.

Moderate precipitation (4-14 mm) Precipitation characteristics
Precipitation
amount, mm 713
m<3 mm
! ! J Y ®4-14 mm
0 50 100 150 200 el Bty
5 e e = 30-39 mm
Significant precipitation (15-49 mm) WADAG i
— ® 50-59 mm
Precipitation :;g'gg mm #60-69 mm
amount, mm i oAl =70-79 mm
#15-29 mm 80-89 mm
165.0
= 90-100 mm
0 50 100 150 200

Fig. 6. Distribution of precipitation for the growing season of 1990
(following the gradation by [25]), «Romen» DIS
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0.0
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0 50 100 150 W1 B
®15-29 mm
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Precipitation "40-49 mm m60-69 mm
aimount mm | 98 #30-39 mm #70-79 mm
4.0 #15-29 mm 80-89 mm
i #90-100 mm
0 50 100
Fig. 7. Distribution of precipitation for the growing season of 2011
(following the gradation by [25]), “Romen” DIS
Moderate precipitation (4-14 mm) Precipitation characteristics
Precipitation
amount, mm 102.9
m<3 mm
0 50 100 150 =4-14 mm
®15-29 mm
- I u30-39 mm
Significant precipitation (15-49 mm) 048 T
0.0 = 50-59 mm
Precipitation : #40-49 mm = 60-69 mm
amount, mm 35.2 ®30-39 mm =70-79 mm
_— #15-29 mm 80-89 mm
- = 90-100 mm
0 50
Fig. 8. Distribution of precipitation for the growing season of 2017
(following the gradation by [25]), «Romen» DIS
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Fig. 9. Fragment of the dashboard for the growing season of 2022 («Romen» DIS)
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A fragment of the developed dashboard is
shown in Fig. 9.

The created dashboard consists of graphic
materials that display all necessary metrics of
precipitation distribution in quantitative and
percentage values and its repetitions on one
screen. It was made based on smart tables, where
the AutoFilter function was added to each header
column, which, in turn, determines what should
be displayed or, conversely, not displayed at a
specific time. Smart tables are a type of formatting,
and after applying them to the specified range of
data, their array acquires certain properties. First
of all, after that, the program begins to consider it
not as a range of cells but as a complete element.
If an entry is made in any of the cells of a row
or column, located directly near the boundaries
of a “smart” table, this row or column will be
automatically included in the table range [25, 26].

When using smart tables, the perception
of an electronic worksheet improves, and data
processing becomes easier, as they are adjusted
to a certain system. Their use allows you to
effectively use the time for data preparation by
reducing manual operations, effectively making
tables, and quickly using graphic elements.

This possibility proved its effectiveness in
processing a large array of data, and the use of
dashboards made it possible to display relevant
information, form the necessary input data for
making the right decision, and monitor the
process of changing meteorological data [27, 28].

In general, the creation of information
materials with the use of dashboards helps to
monitor the changes in climatic conditions,
promptly providing relevant data when
forecasting future trends of changes in water
availability of agricultural areas and solving
challenges related to climate change.

Conclusions. To solve the modern problems
of managing agricultural systems, namely
soil water regime on drained lands in modern
conditions of climate change, it is relevant today

(7]

to study climate change both at the regional and
local levels and to create informational materials
for assessing the impact of modern climatic
factors on forming soil water regime.

According to the results of research carried
out at the «Romen» DIS (Sumy oblast), it was
established that the average air temperature for
the growing seasons over the past 34 years has
varied from 14,2 to 19,4 °C. In general, there is a
tendency to a slight decrease (almost by 0,2 °C) in
the average air temperature for a growing season.
The highest average monthly air temperatures
were recorded in July and August, and the lowest
in April.

It was determined that the water regime of
the active soil layer during the growing season is
formed mainly due to moderate (4—14 mm—44 %)
and significant (1549 mm — 40 %) precipitation,
the total share of which is 84 %. There is an
increasing trend in the share of significant
precipitation (on average, up to 46—60 % of the
total amount for a growing season) in the years of
high-water growing seasons, and most of it is in
the range of 15-29 mm. There is also an increase
in the share of moderate precipitation (up to 49 %
of the total for a growing season) in the years of
low-water growing seasons.

Information materials on the distribution of
atmospheric precipitation by year in quantitative
and percentage values, and their repetitions for
the growing seasons of 1990-2022 («Romeny
DIS, Sumy region) were made and presented
as interactive visual reports (dashboards) with
graphic materials. Dashboards enable us to
visualize data and metrics in a convenient and
understandable format, which makes it possible
to quickly analyze and make decisions. They can
be an important component of the information
assessment system for forming soil water regimes,
which makes it possible to monitor changes in
climatic conditions and quickly provide relevant
information for forecasting future trends in
changing water availability of agricultural areas.
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Anomayisn. Haseoeno pezynomamu 00Caiodiceis wjooo CmeopeHHs IHopmayitinux mamepianie ois OyiHio-
BAHMHS GNAUBY CYUACHUX KAIMAMUYHUX PAKMOPIE HA (OPMYBAHH B0OHO20 PENCUMY TPYHMY HA OCYULY-
sanux zemasax. 3a pesyromamamu oocnioxcerv Ha O3C «Pomeny (Cymcvka 061.) 6cmanoeiero, wo 3a
ocmanui 34 poxu cepedus memnepamypa noGimps y eecemayiunull nepio0 3MIiHIO8ANAC Y MexHcax 8i0
14,2 00 19,4 °C, 3aeanom 6i03nawaemuvcs menoeHyiss 00 He3nauno2o il 3uudicenus (matxce na 0,2 °C).
Haiisuwi noxasnuxu cepeoHbOMicsiuHOI memnepamypu nosimpsi npunadaroms Ha JIunenb mda Cepnemb,
a MiHIMAnbHI — Ha KeimeHb. Busnaueno, wjo 800HULL pedicuM aKmueHO20 wiapy IpyHmy y 6e2emayiiHutl
nepioo popmyemvcs, 20N08HUM YUHOM, 3a PAXYHOK NOMIpHUX (4—14 mm — 44 %) ma 3naunux (15-49 mm —
40 %) onadis, 3aeanvna uacmka akux cmanosums 84 %. Ilpocmedcyemvca menoenyis 00 3pOCmanHs
YACKU 3HAUHUX 0naodig (v cepedHbomy 00 46—60 % 3azanvHoi Kintbkocmi y nepiood eecemayii) y poku
3 0a2amoBoOHUMU 6e2eMAayiiHUMU nepiooamuy, a nepesajcaioud ix KilbKicms npunadae Ha O0ianason
15-29 mm. Biosnauaemovca makoxc 3pOCmManis Yacmku ROMIpHUX onaois (00 49 % sazanvHoi Kinbkocmi
3a nepiod eecemayii) y poxu 3 Mar0800HUMU 6ecemayitinumu nepiooamu. Cmeopero ingopmayitini mame-
P wo0oo po3nooiny ammoc@eprux onaodie 3a poKamiu 8 KLIbKiCHOMY ma 8i0COMKOBOMY NOKAZHUKAX, iX
nosmopiosanocmi y gecemayitinui nepioo 1990-2022 pp. (O3C «Pomeny, Cymcoka 001.), sKi NOOaHi y
8UeNAI THMEPAKMUBHO20 BI3YANLHO2O 36iMYy 3 epaghiunumu mamepiaramu (0auwbopoy). Ingopmayitini
mamepianu y euensoi 0auibopoie 0awms 3M02y IOCMENCY8AMU 3MIHU KIIMAMUYHUX YMO8, ONEPAMUBHO
HAOarouU akmyanibHi OaHi nio Yac NPOSHO3YE8AHH MAUOYMHIX MeHOeHYill 3MIHU 860003a0e3neueHOCmi Cilb-
CbKO20CNOOAPCLKUX MEePUMOpItl, 30Kpemda i (popmy8anHs B0OHO20 PeNCUMY TPYHMY HA OCYULYBAHUX 3eMIISX,
ma po3e6 3aHHi 3a60aHb GIONOBIOHO 00 GUKIUKIG, NO8 SA3AHUX 31 SMIHAMU KILMAN).

Knrwuoei cnosa: 3minu kaimamy, ocyuty8ami 3emiai, ammocghepui onaou, memnepanypa nogimpsi, inghopma-
YiliHi Mamepianu, 600HULL PEXNCUM TPYHNTY
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Abstract. The need for further development of irrigation practices on the basis of nature oriented and
ecologically efficient solutions is considered primarily regarding the saving of water and energy resources
for the adaptation of irrigated agricultural production to the current global challenges and threats, the
achievement of sustainable development goals. It is shown that there is an objective need to change
methodological approaches to the assessment of overall efficiency and justification of optimal solutions
in design, reconstruction, and operation projects of irrigation systems based on the principles of resource
optimization. On the basis of the indicator of the level of irrigation sufficiency (introduced by the authors),
which reflects the reduction of the studied watering and irrigation rates in relation to their design values,
a study of the impact of reducing the use of water and energy resources under different modes of sprinkler
irrigation on the corresponding decrease in the level of cultivated crops productivity was carried out. At
the same time, it was experimentally determined that the intensity (rate) of the decrease in the cultivated
crops productivity, which occurs due to the decrease in the usage of water and energy resources during the
application of irrigation, is significantly lower than the intensity (rate) of the decrease in the usage of the
resources themselves. The studied options for reducing the consumption on water and energy resources as
a whole turned out to be economically profitable when with a decrease in water and electricity usage by
27-48 % there is more than two times lower decrease in the costs of gross products by 10,80-18,06 % with
the achievement of a net income of 11,4 to 5,7 thousand UAH. The influence of various options of reducing
water and electricity consumption on the discounted investment payback period shows that several options
may be acceptable, for which the investment payback period does not exceed 10 years, and the choice of
the optimal solution requires taking into account the conditions of a specific object, limitations of water
resources, and the interests of investors and land users. At the same time, the ecological component of the
overall efficiency of irrigation practices consists in the decrease in the use of water and energy resources
that a priori reflects the decrease in the negative impact of irrigation on the environment. Thus, reducing the
usage of water and energy resources is a fully justified decision on the way to adapt irrigated agriculture
production to the modern conditions and requirements, and the presented results can be a scientific basis
Jor the implementation of this approach while practically applying irrigation.

Key words: consumption reduction, water resources, energy resources, irrigation, resource-based optimization

Relevance of research. Existing global existing challenges and threats and to increase
problems related to climate changes, food, water, the overall efficiency of all sectors of economy,
and energy crises confront the world community, primarily agricultural production, in order to
including Ukraine, with the need to adapt to achieve the goals of sustainable development
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as the main modern concept of the further
development of society with the aim of the safety
for future generations, in particular, regarding the
need for a safe and healthy environment [1-4].

The major part of territory of our country, and,
accordingly, agricultural lands, are traditionally
located in the zone of risky agriculture with
insufficient level of natural moisture, and therefore
their use for crop growing requires irrigation to
a greater or lesser extent. In addition, in recent
years, as a result of climate changes, the zone
of risky agriculture in Ukraine has significantly
expanded and, according to various estimates of
scientists, reaches 18-20 million hectares [5].
At the same time, irrigated lands were, are, and
remain a valuable production resource, which
make it possible to obtain 2-3 times larger
volumes of crop production compared to rainfed
lands.

Under such conditions, irrigation is one of
the most effective tools for reducing the negative
impacts of climate changes on agricultural
production, the implementation of which at the
same time requires significant expenditures
of water, energy, and other related resources.
Therefore, the further restoration and development
of irrigation require the implementation of natural
based and ecologically sound solutions, which are
an important condition for adapting agricultural
production to existing global challenges and
threats and for achieving the goals of sustainable
development.

In addition, since the beginning of the full-
scale war, the losses of cultivated areas in
Ukraine caused by the temporary occupation and
military actions amounted to more than 25 % of
their total area, and the main part of these losses
is the highly productive irrigated lands of the
south and east of the country. After the terroristic
attack of Russia at the Kakhovska HPP, which led
to a further reduction of available arable land, the
problem of the shortage of water resources for
irrigation, [6] relevant both at the regional and
planetary levels, reached the critical point, since
the Kakhovska Reservoir itself was the source for
irrigation of the lands of the south of Ukraine —
the left bank of the Kherson region, partly in the
Zaporizhzhia and Dnipropetrovsk regions. These
are all consequences, the impact of which will be
felt in the long term.

Analysis of recent studies and publications.
Under the conditions of climate changes,
aggravation of food, water, and energy crises,
it is nature oriented and ecologically efficient
solutions that can meet the needs of society and
overcome social challenges in a natural sound
way and in compliance with the principles of

sustainable development based on more efficient
use of natural resources, including water and
energy [7].

In this regard, achieving and maintaining the
country’s food security in conditions of necessary
resources shortage requires the implementation
of nature oriented and ecologically effective
solutions to increase the efficiency of irrigation,
in particular by developing regime-technological
and technical resource-saving measures and
means that should be based on saving water and
energy resources to ensure the process of crops
irrigation.

In recent years, the trend for purposeful
reduction of water use in irrigation has been
spreading in the USA, where farmers deliberately
reduce the yield of cultivated crops in order to
save scarce and expensive water and energy
resources [8—10]. Similar practices are used in
China by implementing the so-called “deficit
irrigation” [11-14]. However, this is done without
the scientifically based recommendations for the
implementation of such an approach.

Considering the above-mentioned, in modern
conditions for achieving the goals of sustainable
development, extremely relevant are the studies
aimed at scientific substantiation of such decisions
and of the levels of involved resources saving
in the context of the effectiveness of irrigation
implementation and agricultural production as a
whole.

Thus, the purpose of the conducted research
is to substantiate the feasibility and optimal
decisions regarding the level of usage reduction
of water and energy resources on the basis of
resource optimization utilizing the results of
evaluating the overall resources (technological),
economic, ecological, and investment efficiency
of irrigation at different levels of its sufficiency.

Research methods and materials. Modern
changes in the irrigation systems functioning
lead to the need for changes in methodological
approaches to their creation and design, which
should be based on a resource approach. New
methodological approaches to the creation and
functioning of irrigation systems, improvement
of regime and technological aspects of irrigation,
types, facilities, and parameters of irrigation
systems adapted to these changes should be based
not only on the evaluation of the effectiveness of
adopted technical and technological solutions, but
also take into account real operating conditions
of the object, the level and trends in agricultural
production, as well as, first of all, the amount of
resources spent for its provision.

In the development of our earlier studies
[15], with this approach, the substantiation of
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optimal solutions in the projects of construction,
reconstruction, and operation of irrigation
systems, considered as complex natural,
technical, ecological, and economic systems,
can be performed using the following complex
optimization model
U, = e){q{rUi,i = 1,_”,-;
)
‘R.. —Rj‘,] =Ln;i=Ln

Ji i

Ry, =min
where U, is the extreme value according to the
accepted condition of the selected criterion of
economic optimality U, which corresponds to
the optimal technical and technological solution
according to the set of possible options [ = {z} ,
i=ln,; _

R,isasetof {j}, j =1,n, criteria for the use
of water and energy resources primarily involved
in irrigation for appropriate options of technical
and technological solution;

R, are the appropriate justified indicators of
the criteria for the use of the involved resources.

Such a system of equations in a general
implicit form makes it possible, on the basis
of resource optimization, to theoretically
substantiate the possibility of setting a problem,
research, and consistently determine the optimal
regime, technological and technical solutions
for heterogeneous constituent elements and the
system as a whole in their relationships both
on empirical and empirical-functional level of
determining the dependency between them.

In turn, the implementation of this model
requires the application of a complex of
forecasting-simulation, optimization, and
economic-mathematical methods and models,
which is embodied in the “Software package for
the justification of design solutions during the
creation and functioning of water management
and reclamation facilities” [16]. It is a set of
computer programs that make it possible to
perform predictive simulations based on a number
of indicators that characterize various aspects
of irrigation in relation to the technological,
ecological,  economic, and  investment
components of the results of its implementation
under multiple variable natural-agro-ameliorative
conditions both at the level of a field and the
specific crop and the level of the system and the
projected term of its functioning. Their use is
regulated by relevant industry standards of the
State Water Agency of Ukraine [17-19, 27].

On the basis of the software package [16]
for researching the impact of water and energy
resource usage on changes in the productivity
of cultivated crops, a computational experiment
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(3]

was planned and carried out to assess the overall
efficiency of irrigation [20] with different modes
of resource usage. For its implementation, we
used the data obtained by us during the evaluation
of the effectiveness of the vibration filter of the
settling tank for irrigation water cleaning with
various degrees of pollution in LLC “S-Rostok”,
Kherson region [21, 22].

The agricultural enterprise LLC “S-Rostok”
is located in the Kakhovka district of Kherson
region, Ukraine. Agricultural lands are
represented by southern low-humus black soils.
The main directions of production activity of
the agricultural enterprise are the cultivation
of grain, including high-quality food grain,
technical crops, and vegetables. Irrigation of
cultivated crops is carried out by sprinkling using
sprinkler machines DMF “Fregat” modification
DMU-Bnm 463-57-01.

The initial conditions for the computational
experiment are as follows: region — Kherson;
natural and climatic zone — Steppe; calculation
groups of years according to the conditions
of heat and moisture sufficiency during the
vegetation seasons (very wet (p =10 %); wet
(p =30 %); average (p =50 %); dry (p =70 %);
very dry (p = 90 %)); soils —southern chernozems
with low humus contents; the set of crops of
the project crop rotation with a share of
their content (perennial grasses (green mass) —
0,4; winter wheat (grain) — 0,2; vegetables
(tomatoes) — 0.2; corn (grain) — 0,2).

The initial data used for the computational
experiment regarding the irrigation rates and the
cost of electricity for their supply with different
sprinkler irrigation modes for the crops of the
project crop rotation in terms of the level of
resource consumption are presented in Table
1. For their characterization, the indicator of
the level of irrigation sufficiency (p, %) was
introduced, which in the percentage equivalent
characterizes the level of compliance of the
studied irrigation regimes with its design regime,
i.e. what is the percentage for watering (¢,,, %)
and irrigation (@, %) rates of their values with
a certain irrigation regime relative to the design
values.

The data on the changing the watering rates
of the crops of the project crop rotation presented
in Table 1 were obtained using the dependency
between water losses along with the reduction
of watering rate comparing to the projected one
and different levels of irrigation water pollution
during sprinkler irrigation in the process of the
evaluation of the effectiveness of the vibration
filter of the sump for cleaning irrigation water of
various degrees of pollution [21, 22]. At the same
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1. The values of watering rates and electricity consumption for crops irrigation from the project crop
rotation with sprinkler irrigation regimes of different levels of sufficiency

PP - o
Crops of the project crop rotation and indicators 10 OT E,l/e level of irrigation sufficiency (¢y. %)
of the sprinkler irrigation regime e 73% | 70 % | 67% | 62% | 52 %
(designed)
) watering rate (m, m’/ha) 600 440 | 420 | 400 | 360 | 300
perennial grasses lectricily consumption
electrici
reen mass
(g ) (0., kWh/ha) 200 147 | 140 | 133 | 120 | 100
watering rate (m, m’/ha) 540 400 380 360 350 300
vegetables electricity consumption
(tomatoes) (@, kWh'ha) 180 133 127 120 117 100
. watering rate (m, m’/ha) 380 270 260 250 240 200
winter cereals electricity consumption
(grain) (. kWhiha) 127 90 87 83 80 67
corn watering rate (m, m*/ha) 420 300 290 280 260 220
. electricity consumption
(grain) (@, kWh'ha) 140 100 97 93 87 73

time, these data adequately reflect the situation
when there are different levels of deviation of
watering rates from their design values. They are
consistent with the accepted concept of research
on the impact of different consumption of water
and energy resources on the changes in the
productivity of cultivated crops under different
irrigation regimes that correspond to different
levels of its sufficiency.

Corresponding data on electricity consumption
for supplying watering rates, as well as for all
subsequent calculations, were obtained taking
into account the unit cost of electricity for
irrigation water pumping, which for the studied
conditions in the Kherson region is 333.9 kWh/
thousand m®.

As the main variants of the study, the following
set of modes of sprinkler irrigation, differing in
the level of irrigation sufficiency, was considered:

— control — sprinkler irrigation according to
the design mode, ¢,, = 100 %;

— option 1—sprinkler irrigation mode, which
is corresponds to ¢,, = 73 %,

— option 2 —sprinkler irrigation mode, which
is corresponds to ¢,, = 70 %;

— option 3 —sprinkler irrigation mode, which
is corresponds to ¢,, = 67 %;

— option 4 — sprinkler irrigation mode, which
is corresponds to ¢,, = 62 %;

— option 5—sprinkler irrigation mode, which
is corresponds to ¢,, = 52 %.

At the initial stage of predictive simulations,
the data on changing watering rates (Table
1) were used for predictive assessment, according
to which at the field level for each of the crops
from projected crop rotation, calculation groups
of years typical with respect to the conditions

of heat and moisture sufficiency, and different
irrigation regimes that correspond to different
levels of irrigation sufficiency we evaluated the
value of a set of different data on the water regime
of the soil, technological indicators of irrigation,
including irrigation rates and the corresponding
values of the effective yield of the cultivated
crops from projected crop rotation.

The obtained values of the specific indicators
of irrigation rates and yields of crops from the
projected crop rotation in relation to multiple
variable conditions served as the basis for
determining a number of relevant indicators
that characterize the technological, economic,
ecological, and investment efficiency of the
studied options of sprinkler irrigation, presented
in the form of weighted averages of their values
at the level of the system and the project term of
its functioning.

Research results and their discussion.
An important issue in assessing the overall
technological, ecological, economic, and
investment efficiency of different irrigation
regimes, which correspond to different levels of
its sufficiency, is the selection and justification
of criteria as a set of indicators that reflect
various aspects of the effectiveness of their
implementation. In this regard, a matrix of
pairwise correlation coefficients was created, as
an integral and important component of multi-
criteria regression analysis, between disparate
indicators characterizing various aspects of
irrigation efficiency during the application of
different irrigation regimes, which correspond to
different levels of irrigation sufficiency [23, 24].
The input data of the performed multi-criteria
regression analysis are the weighted average
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values of multiple heterogeneous specific
indicators, which describe different aspects of
irrigation efficiency during the application of
different irrigation regimes, which correspond to
different levels of irrigation sufficiency, obtained
according to the results of predictive simulation.

The generalized results of such an analysis
showed a fairly high level of connectivity between
the following disparate indicators, which describe
various aspects of irrigation efficiency (Table 2).
¢,, — the irrigation sufficiency level (according
to the irrigation rate), M — the irrigation rate,
W — the electricity consumption, C — the cost of
the gross product of the crop rotation, Ce — the
current operating costs for irrigation, NI — the net
income.

Based on the results of predictive simulations
for the considered groups of years and crops
from the projected crop rotation, changes in
indicators of resource (technological) efficiency
of irrigation were determined, namely, the values
of irrigation rates and electricity consumption
for sprinkler irrigation regimes with different
levels of its sufficiency, and the resulting changes
in the yield of cultivated crops as the main
result of agricultural production, which directly
determines the level of its economic efficiency.

(3]

A fragment of the obtained results, the case
of the irrigation of winter wheat as the leading
crop of the agricultural enterprise, which reflects
the dynamics of changes in the values of the
irrigation rate, electricity consumption, and yield
of the cultivated crop according to the studied
options at different levels of sprinkler irrigation
sufficiency in relation to the calculation groups
of years (very wet (p =10 %) ; wet (p =30 %);
dry (p =90 %); as well as their weighted average
values are presented in Fig. 1.

The obtained results show that there is a clear
dependency between the reduction of the irrigation
rate, electricity consumption, and the decrease
in the yield of cultivated crops. At the same
time, the intensity of reducing the consumption
of the relevant resources is significantly higher
than the intensity of the decrease in the yield
of cultivated crop. At the same time, under
the conditions of the same level of irrigation
sufficiency in relation to the calculation groups
of years, and accordingly the level of reduction
of water and energy resource consumption, the
most significant reductions in the yield of winter
wheat occur in drier years (under the conditions
of medium (p =50 %), dry (p =70 %), and very
dry (p =90 %) years). The same conclusions are

2. Matrix of pairwise correlation coefficients between indicators characterizing the efficiency

of irrigation implementation (R* = 0,8736)
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Fig. 1. Dynamics of changes in the values of the irrigation rate (), electricity consumption (b)

and the yield of the cultivated crop (c¢) according to the studied options at different levels of sprinkler
irrigation sufficiency in accordance with the calculation groups of years in the case of the irrigation
of winter wheat
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typical for the rest of the cultivated crops.

Generalized among the set of crops from
the projected crop rotation, the weighted
average values of the indicators of the resource
(technological) efficiency of sprinkler irrigation
according to the studied options at different
levels of its sufficiency for medium (p =50 %),
dry (p =70 %), and very dry (p =90 %) years,
as those which are characterized by higher levels
of expenditure of water and energy resources for
irrigation from the entire set of calculation groups
of years, are presented in Table 3.

A comparative assessment of the resource
(technological) efficiency of sprinkler irrigation
of the project crop rotation according to the
studied options was carried out in relation to
the weighted average values of the irrigation
rate, electricity consumption, and productivity
of the crop rotation for medium (p =50 %),
dry (p =70 %), and very dry (p =90 %) years,
the results of which are presented on Fig. 2.
At the same time, crop rotation productivity is

calculated as a weighted average indicator based
on the actual values of the yield of cultivated
crops, presented in the form of degrees in relation
to the potential climate-agrotechnically justified
yield of these crops, the value of which is taken
as 100 degrees.

The presented results showed that the
studied options with different levels of irrigation
sufficiency are generally technologically
effective, when the intensity of crop rotation
productivity reduction is more than twice as
low as the intensity of water and electricity
consumption reduction. At the same time, the
intensity of the decrease in the productivity of the
projected crop rotation has a clear dependency
on the year of the calculated sufficiency — with
an increase in the aridity of the year, it increases
from 4.9-8.1 % for the conditions of an average
year, and up to 22.9—41 % for the conditions of a
very dry year, when the sensitivity of the impact
increases with the reduction of irrigation rate
values.

3. Generalized weighted average indicators of water and energy resources consumption during
sprinkler irrigation according to the studied options for the conditions of medium (p = 50 %),

dry (p =70 %), and very dry (p = 90 %) years

Indicator.s of resm.lrce Studied option
(technological) efficiency
of sprn.lkler irrigation control | option1 | option2 | option3 | option4 | option S
by calculation groups of years

C i firriati p=50% 1722 1263 1208 1154 1076 907
oty o OV IHETION Ty =70 9% | 4012 | 2944 2815 2686 2491 2095

’ p=90% 6698 4913 4698 4482 4155 3495
Consumption of p=50% 575 422 403 385 359 303
electricity for irrigation p=70% 1340 983 940 897 832 700
water supply, kWh/ha p=90% 2237 1641 1569 1497 1388 1167
M, w-ha W, kWir-ha ) K, points
000 2500 01 o 5 IE] 57 2 st
6000 + 60 - d 31 o -
so00 + T 50+ d ]
4000+ 1500 a0 36
3000 30+

- 1000 +
2000 ¢ PP s
1000 500 1 0 p=50%
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Fig. 2. Comparative assessment of the resource (technological) efficiency of sprinkler irrigation
of the projected crop rotation according to the studied options regarding the weighted average values
of the irrigation rate (a), electricity consumption (b) and productivity (c) for medium (p = 50 %),
dry (p =70 %), and very dry (r = 90 %) years
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The final decision regarding the expediency
of reducing the consumption of water and
energy resources can be made only on the basis
of evaluating the economic and investment
efficiency of irrigation according to the studied
options.

According to [25, 26], the following indicators
reflecting the economic component of irrigation
efficiency were used to evaluate the economic
efficiency of sprinkler irrigation of the projected
crop rotation: fotal current costs, UAH/ha;
cost of gross production, UAH/ha; net income,
UAH/ha; indicator of reduced costs taking into
account weather and climate risk.

Generalized among the set of crops from the
projected crop rotation and calculation groups
of years according to the conditions of heat and
moisture supply during the growing season, the
weighted average values of the main indicators
of the economic efficiency of sprinkler irrigation
of the projected crop rotation according to the
studied options at different levels of irrigation
sufficiency are presented in Table 4.

The sources of prices, which were used to
calculate the main economic indicators presented
in Table 4, are price tags, price lists, exchange
prices, etc, as for 2019.

A comparative assessment of the change
in average weighted values of resource
(technological) and economic efficiency
indicators of sprinkler irrigation according to the
studied options relative to the control option is
presented in percentages in Table 5.

The presented results (Table 4 and Table 5)
showed that the studied options with different

(3]

levels of irrigation sufficiency are generally
economically profitable when the intensity of the
decrease in the cost of gross production varies
from 10.80 to 18.06 %, which is more than twice
as low for the intensity of reducing water and
electricity consumption from 27 to 48 %, with
the achievement of net income from 11.4 to
5.7 thousand UAH/ha, respectively.

At the same time, the ecological component
of the overall effectiveness of irrigation
implementation consists in the decrease in
the use of water and energy resources during
the implementation of irrigation that a priori
reflects the reduction of its negative impact on
the environment. Therefore, these indicators
can be used as possible criteria for evaluating
the resource-ecological component of irrigation
efficiency, which is a particular feature of the
considered approach and meets the modern
needs of changing approaches to the irrigation
application under the conditions of climate
changes, food, water, and energy crises, the
transition of irrigated agriculture to nature
oriented and resource-efficient solutions for
achieving the sustainable development goals.

According to [27], the following indicators
were used to evaluate the investment efficiency of
sprinkler irrigation of the projected crop rotation:
investment profitability index, discounted net
income, and discounted payback period. The
results of evaluating the investment effectiveness
of sprinkler irrigation according to the studied
options are presented in Table 6.

As shown by the results of the research of the
impact of various studied options of reducing

4. Generalized weighted average values of indicators of economic efficiency of sprinkler irrigation

according to the studied options

Indicators of economic efficiency Studied option
control | option1 | option2 | option3 | option4 | option 5
Total current costs, UAH/ha 59632 56396 56438 56630 57453 56503
Cost of gross production, UAH/ha 76016 67808 67086 65901 65133 62285
Net income, UAH/ha 16384 11412 10648 9272 7679 5782
Indicator of reduced co§ts taklpg into 1.5 175 178 1.84 1.88 2.0
account weather and climate risk

5. Comparative evaluation of the change in the weighted average values of the resource
(technological) and economic efficiency of sprinkler irrigation according to the studied options

*Change in the values of resource (technolog- Studied option
ical) and economic efficiency indicators option 1 | option2 | option 3 | option 4 | option 5
Reduction of water and electricity consumption, % 27 30 33 38 48
Decrease in the cost of gross production, % 10,80 11,75 13,31 14,32 18,06
¥ncrease in the indicator of reduc.ed costs taking 16,67 18.67 22,67 2533 3333
into account weather and climate risk, %

Remark: 1. * — the data are indicated relative to the control version of the study; 2. Reduction of water and elec-
tricity consumption according to research options are identical, %
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6. Indicators of investment efficiency of sprinkler irrigation according to the studied options
Indicators of investment Studied option
efficiency control option 1 | option2 | option3 | option4 | option5
Investment profitability index 2.24 1.68 1.60 1.44 1.26 1.05
Discounted net income, UAH/ha 89085 49007 42849 31755 18920 3625
Discounted payback period, years 5 7 8 9 10 14

the use of irrigation water on the indicator of
the discounted payback period, several options
may be acceptable according to this criterion, for
which this indicator does not exceed the normative
value of 10 years. Under such conditions, with the
possible further implementation of the obtained
results and the choice of the optimal option
for implementation, it is necessary to take into
account in each individual case, first of all, the
limitations of availability and suitability of water
resources for irrigation, the interests of investors
and land users, availability of financial resources
and opportunities, the scale of activities, the
strategic importance of the object for economy,
ecological acceptability and other conditions and
criteria important for a specific object.
Conclusions. Thus, modern conditions and
requirements for irrigation application, taking
into account climate changes, the aggravation
of food, water, and energy crises necessitate the
transition to nature oriented and ecologically
efficient solutions and changes in approaches
for justification of optimal design solutions for
the development and functioning of irrigation
systems based on resource optimization. Such
solutions meet the current needs for adaptation of
various branches of economy, including irrigated
agriculture, to existing challenges and threats
along with the harmonization of their results

with the concept of sustainable development of
society, the main goal of which is systematically
managed development with the establishment of
a balance between meeting the modern needs of
humanity and protecting the interests of future
generations.

Therefore, reducing the consumption of water
and energy resources during sprinkler irrigation
is a fully justified decision from both a scientific
and a practical point of view on the way to adapt
irrigated agriculture to the modern conditions and
requirements. Presented results showed that the
intensity of the decrease in the productivity of
cultivated crops, which is due to the decrease in
the consumption of water and energy resources
during the irrigation application, is significantly
lower than the intensity of the decrease in the
consumption of the resources themselves. This
can be a scientific basis for the implementation
of this approach in irrigation practice under
existing changing conditions. That is why,
the obtained results can be successfully used
in the future for the justification of the nature
oriented and ecologically effective solutions in
irrigation in terms of implementation sustainable
development concept in agricultural production
under the conditions of global challenges and
threats related to climate changes, water, food,
and energy crises.
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Anomauia. Po3enanymo HeoOXiOHICIb NOOAIbUO20 PO3BUMKY 3POULEHHS HA OCHO8I NPUPOOOOPIEHMOBAHUX
Ma exon020eheKMuBHUX PileHb, Hacamnepeo w000 eKOHOMIL BOOHUX Ul eHepeemUYHUX pecypcie Os aoan-
mayii azpaprozo UpoOHUYMEA HA 3POUIEHHT 00 HAABHUX 2100ANbHUX BUKIUKIE 1 3A2P03 MA OOCACHEHHS
yinet cmanoeo pos3sumky. Iloxazano, wo icHye 006 ekmuera HeoOXIOHICMb 3MIHU MEMOOONI0TUHUX NIOX0I8
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00 OYIHIOBAHHS 3A2ANIbHOI eqheKMUBHOCMI 1l OOTPYHMYBAHHSA ONMUMALLHUX PileHb Y NPOEKmMax OyOieHuU-
ymea, peKOHCMpPYKYii ma eKcnayamayii 3pouLy8atbHuX CUCEM 3a NPUHYUNAMU PeCYPCHOI Onmumizayii.
Ha ocnosi 68edenozo namu nokasnuxa piens 3abe3neueHocmi 3pouiens, AKUll 8i000paicac 3HUNCEHHS.
00CNI0ACYBAHUX NOTUBHUX MA 3POULYBATILHUX HOPM WOOO0 iX NPOEKMHUX 3HAYEHb, BUKOHAHO 00CHIONCEHHS
GNIUBY ZMEHULEHHS BUKOPUCTNAHHS B00OHO-EHEP2EMUUHO20 PECYPCY NPU PI3HUX PEICUMAX 3POULEHHSL 00U -
BAHHSM HA 8I0NOBIOHE 3HUIICEHHS PIHS NPOOYKMUBHOCTNE BUPOULYBAHUX CLIbCLKO2OCNOOAPCLKUX KYIbIYP.
Ilpu yvomy excnepumenmanvbHo BU3HAYEHO, WO THMEHCUBHICMb (MeMNU) 3HUICEHHS NPOOYKMUBHOCHI
BUPOWYBANUX KVILINYD, AKA 3YMOBNEHA 3HUICEHHAM 3ampam 600HUX U eHepeemMUYHUX pecypcie npu peaii-
3ayii 3powients, € Cymmego HUNCUOIO 3a THMEHCUBHICMb (MEeMAU) 3HUICEHHS 3ampam Camux pecypcis.
Hocnioacysani eapianmu ckopoueHns 3ampam 00HUX Ul eHep2eMUUHUX PEeCYPCIE 8 YiNOMY BUABUNUCH eKOHO-
MIYHO peHmabenbHUMU, KOIU NPU 3HUICEHHT 3ampam 600U Ul etekmpoenepeii na 27—48 % mace micye 6inbuu
HIDIC YOBIUI HUDICUEe 3HUdCEHHs eapmocmi 8anoeoi npodykyii na 10,80—18,06 % 3 docaenenHam ducmozo
npubymxy 6io 11,4 00 5,7 muc. epu. Bniue piznux eapianmie ckopoueHHs 3ampam 600U i eneKmpoeHepaii
HA OUCKOHMOBAHUL MePMIH OKYNHOCMI iH8eCmuYill c8i0OuUumbs, Wo NPUUHAMHUMU MOJICYMb GUABUMUCD
OeKinvka eapiaﬁmie 015 AKUX mepMiH OKynHocmi ingecmuyiil He nepesuwye 10 poxie, a eubip onmu-
MANbHO20 pzmeHHﬂ nompe6ye 6PAXY6ANTISL YMOE KOHKPEMHO20 06’exma, obmedicenicms 8OOHUX pecypcie
ma ZHmepecy meecmopze Ui 3emnexopucmysadis. Ilpu yvomy exonoeiuna ckiadoea 3a2aibHoi egexmus-
HOCMI peanizayii 3pOulenHs NOAA2AE Y MOMY, W0 3HUNCEHHA BUKOPUCTNAHHA 600HO-EHEP2eMUUHO20 PeCcypCy
anpiopi 8i006padicac 3HUNCEHHsT He2AMUBHO20 GNIUBY 3POULEHHSL HA O0BKILIA. TaKuM YUHOM, CKOPOYEHHs.
3ampam 600HUX Ul eHePLeMUYHUX PeCyPCi8 € YINKOM UNPABOAHUM PIULEHHAM HA WIIAXY adanmayii aspap-
HO20 8UPOOHUYMBA HA 3POUEHHI 00 CYYACHUX YMO8 Md 8UMO2, d NPeOCMABLeHi pe3yIbmamu MONICymo
OYMu HAYKOBUM NIOTPYHMAM BNPOBAONCEHHS OAH020 NIOX0JY NpU peanizayii 3pOueHHs Ha nPpaKmuyi.
Knrwowuoei cnosa: cxopouenns sampam, 600HI pecypcu, eHepeemuuni pecypcu, 3pOuleHHs, pecypcHa
ONnMmuMI3ayis
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Abstract. Since direct measurement of reference evapotranspiration (ETy) is a complex, time-consuming
and expensive process, the most common procedure is to estimate ET, from climate data. The purpose of this
study was to perform reference evapotranspiration calculations based on the data of the state meteorological
station Askania-Nova and compare them with the actual ET, data obtained using an automatic Internet
meteorological station. The data for the study were taken from the state meteorological station Askania-
Nova (township Askania-Nova, Kakhovsky district, Kherson region, 46.45°N 33.88°E) and the automatic
Internet meteorological station iMetos IMT 300 from the company “Pessl Instruments”’, which is located at
the meteorological site of the Askaniysk DSDS (Tavrychanka village, Kakhovsky district, Kherson region,
46.55°N, 33.83°E). Standard evapotranspiration was calculated using the Penman-Monteith method
(FAO56-RM). To assess the accuracy of ETy calculations, mean absolute percent error (MAPE), root mean
square error (RMSE) and Standard Error of Estimate (SEE) were determined. According to the results of
the comparison of indicators from two meteorological stations, it was found that the smallest errors are
inherent in the daily average and maximum temperature and relative air humidity (MAPE<10 %), for the
minimum temperature and relative air humidity, the MAPE errors are 18,1 and 13,7 %, respectively. The
MAPE error for water vapor pressure deficit and solar radiation is 20,2 and 26,3 %, respectively. The largest
MAPE error of 40,3 % was established for wind speed measurements. The average MAPE error between
the calculated ETo, based on the meteorological data of the Askania-Nova station, and the actual ETy data
obtained from the automatic Internet meteorological station iMetos is 16,8 %, RMSE — 0,65 mm, SEE —
0,56 mm. Applying a coefficient of 0,92 when calculating ETy reduces the errors of MAPE, RMSE, and SEE
by 3,2 %, 0,15 mm, and 0,05 mm, respectively, for all calculation periods. For the May-August period, the
MAPE error was 10,7 %, which brings the calculations close to high accuracy (MAPE <10 %). Based on
the results of the calculations, it was established that on average over the years of research, the actual ET),
was 68 mm less than the calculated one. The absolute errors of determination of ETc depended on the crop
and the average over the years of research ranged from 33 mm (winter wheat) to 68 mm (early tomatoes).
The application of the refined value of ETy in calculations reduces the absolute errors in the determination
of ¢ over the years of research, this error did not exceed 6 mm (early tomato). Research results confirm the
possibility of using meteorological indicators obtained from state meteorological stations to calculate ET.
To increase the accuracy of calculations, it is necessary to use a refinement coefficient.

Key words: reference evapotranspiration, Penman-Monteith method, meteorological stations,
meteorological parameters, errors

Relevance of research. Evapotranspiration ET in the vital activity of plants, it is not always
(ET) plays an important role in the formation of measured directly. The complexity of methods
the water balance of the field, which is the main  of direct measurement of ET, as well as the need
expenditure item of the balance, and determines for a detailed study of the variability of ET in
the need for irrigation. Despite the huge role of time and area, contributed to the development
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of many calculation methods for determining
potential evapotranspiration, one of which is the
Penman-Monteith method [1]. Quantification of
reference surface evapotranspiration (ETo) used in
the Penman-Monteith method is necessary in the
context of many issues, such as crop production,
water management, irrigation planning. Since
the direct measurement of ETO is a complex,
time-consuming and expensive process, the
most common procedure is to estimate ET, from
climatic data, such as solar radiation, temperature
and relative humidity, wind speed [2, 3]. The Food
and Agriculture Organization of the United Nations
(FAO) recommends the Penman-Monteith method
(FAO56-PM) for ET, calculation, which can be
used as a standard method for ET, estimation
[4-7]. Any calculation of ET, should provide
consistent and reliable results, use only commonly
available meteorological data and a minimum of
calculations. The FAO56-PM equation requires
solar radiation, wind speed, temperature and
humidity data. The quality of meteorological
data and the difficulties in collecting them can
be serious limitations. Although meteorological
parameters are measured regularly and widely
presented on weather sites on the Internet, they
must be checked for reliability.

The FAO56-PM method requires a large
amount of data, so it is desirable to check which
factors influence evaporation and consider only
such factors to determine evapotranspiration. The
accuracy of the calculation depends on this. One of
the methods for calculating the Penman-Monteith
formula is to use a constant wind speed (2 m/s),
as recommended by Allen [6]. Another option
is to ignore the wind speed data. In the climatic
conditions of Hungary, the method with a constant
wind speed was recognized as the best [8].

Analysis of recent research and
publications. Calculation of ET, requires data
on radiation, air temperature, atmospheric
humidity and wind speed, which limits its
application in regions where these data are not
available; therefore, new alternatives are needed.
In a semi-arid region of Mexico, the accuracy of
ETO calculated by the Blaney-Criddle (BC) and
Hargreaves-Samani (HS) methods was compared
with that of FAO56-PM using information from
the Automated Weather Station (AWS) and the
NASA-POWER platform (NP) over different
periods. Information on maximum and minimum
temperatures from the NP platform was suitable
for estimating ET, using the HS equation. This
data source is a suitable alternative, especially
in semi-arid regions with limited climatological
data from weather stations [9]. In the Andean
highlands, meteorological monitoring is limited
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and high-quality data is lacking. Therefore, the
FAO 56-PM equation can only be applied using
an alternative method. A study was conducted on
the feasibility of effectively using the FAO 56-PM
method to estimate missing data for Paramo
landscapes in the high Andes of Southern Ecuador.
The researchers found that using estimated wind
speed data had no significant effect on estimated
ET,, but when solar radiation data were evaluated,
ET, estimates could be in error by as much as
24 %; if relative humidity data is evaluated,
the error can reach 14 %; and if all data except
temperature are evaluated, errors exceeding
30 % may occur. Methods of estimation of solar
radiation, water vapor pressure deficit calculated
based on average temperature, and taking the
minimum temperature as a dew point to estimate
the actual vapor pressure have been successful.
The study demonstrates the importance of using
high-quality meteorological data to calculate
ETo in humid Paramo landscapes in southern
Ecuador [10, 11]. Reference evapotranspiration
can be estimated using various methods, for
example: Penman-Monteith, Blaney-Criddle,
Hargreaves, ANN and WNN, regression and
fuzzy logic. Humidity, temperature, wind
speed, and solar radiation are factors that have a
significant impact on ET, estimates. In general,
traditional methods are cumbersome because
the determination of ETo requires experimental
setups and additional climate data, which are
not available in many developing countries. So,
in this case, non-traditional techniques can give
more accurate results [12].

Modern technologies enable agricultural
producers to minimize the time and effort previously
required to monitor evapotranspiration, especially
in large fields. Modern meteorological stations help
to monitor and forecast the status of ET) effectively.
Thus, instead of doing the calculations themselves,
farmers can use ready-made solutions from
meteorological service providers [13]. However,
due to the high cost of existing technologies, it is
difficult for small farms to obtain accurate data on
evapotranspiration. The most economically efficient
solution for them is the calculation of ET, based on
meteorological data [14, 15].

The purpose of the research was to calculate
reference evapotranspiration based on the
data of the Askania-Nova state meteorological
station and compare them with the actual ET,
data obtained using an automatic Internet
meteorological station.

Materials and methods of research.
Meteorological data for this study were obtained
from the state meteorological station Askania-
Nova (WMO_ID 33915 town of Askania-Nova,
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Kakhovsky district, Kherson region. 46.45°N
33.88°E) [16] for the period from the 1% of
April 2013 to 30" October 2018 and from the
automatic Internet meteorological station iMetos
IMT 300 from the company “Pessl Instruments”
[17], which is located at the meteorological
site of the Askaniysk SARS (Tavrychanka
village, Kakhovsky district, Kherson region.
46.55° N. 33.83°E). The distance between the
meteorological stations is 12,5 km, which does
not significantly affect the climatic indicators
for the selected points, so the comparison of the
calculated ETO is correct [18, 19].

Average daily meteorological data were
used to analyze and calculate the reference
evapotranspiration (ETo): maximum, minimum
temperature and relative air humidity, wind speed,
dew point temperature, cloudiness, solar radiation.

The reference evapotranspiration, according
to the meteorological data of the Askania-Nova
state weather station, was calculated using the
Penman-Monteith method FAO56-RM [6]:

900 " (e e )
T+273 2 ‘ (1)
A+y(1+0,34u2)

0,408A(R, —G)+y

ET, =

0

where ET, — reference evapotranspiration, mm/
day; Rn — net radiation on the surface of plants,
MIJ/m?day; G — soil heat flow density, MJ/™*-day;
T — average daily air temperature at a height
of 2 m, °C; u> — wind speed at a height of 2 m,
m/s; e, — saturated vapor pressure, kPa; e, — actual
pressure, kPa; A — gradient of the vapor pressure
curve, kPa/°C; y — psychometric constant, kPa/C.

To calculate es and e,, the measured values
of maximum and minimum air temperature and
dew point temperature were used, respectively.
The daily wind speed measured at the weather
station (10 m above the ground) was calculated
for a height of 2 m.

In the absence of observations of total solar
radiation at the Askania-Nova meteorological
station, it was calculated using the Savinov-
Ongstrom formula [20]:

R =R, [1-(1-k)n], 2)
where Rs — total solar radiation, MJ/m*day;
Rso — solar radiation in the absence of clouds,
MJ/m*day; k — the coefficient that determines
what part of the possible is the actual radiation
under full cloud cover (k=0,35 for 46.5° N);
n — average cloudiness in fractions of one.

Other parameters included in formulas (1)
and (2) were calculated according to the
FAO56-RM method [6]. The calculated reference
evapotranspiration was compared with the actual

ET, obtained from the Internet weather station
iMetos IMT 300.

The evapotranspiration of crops was calculated
according to the formula [6]:

ET. =ET,-K, 3)

where ET7c¢ is evapotranspiration,
Kc is the crop’s coefficient [21].

To assess the accuracy of reference
evapotranspiration calculations, mean absolute
percent error (MAPE), root mean square error
(RMSE), and standard error of estimate (SEE)
were determined [22, 23] (Table 1):

mapE=1 >

n'io

1< 2
RMSE = /;;(x—y) : (%)

| e [EE-ne-9)T
SEE—\/(n_Z){(y y) Z(x—)_c)z ],(6)

mm/day;

Xy
X

100 %, 4)

where x — is £ by the data of the Internet weather
station iMetos; y — E7, calculated according to the
FAO56-RM method; n — the size of the sample.

1. The value of the MAPE error and its
interpretation [23]

MAPE, % Interpretation
<10 High accuracy
10-20 Good accuracy
2050 Satisfactory accuracy
>50 Unsatisfactory accuracy

Research results and their discussion.
To verify the calculations according to equation
(1), we calculated £To from the data received from
the iMetos meteorological station and compared
them with those calculated automatically.
The years 2013, 2015, and 2018 were selected for
analysis. The average errors of MAPE, RMSE,
and SEE, respectively, were 3,20; 0,13 and 0,13
(Table 2). The MAPE error over the years varied
from 2.85 % (2018) to 3,58 % (2015).

2. Errors of ETo calculation according to the
Penman-Monteith method (FAO56-PM) and
according to the data of the meteorological
station iMetos

Error | 2013 2015 2018 | Average

MAPE| 3,15 3,58 2,85 3,20

RMSE| 0,11 0,15 0,15 0,13
SEE 0,11 0,14 0,14 0,13

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2024
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To evaluate the efficiency of the calculations,
the average daily ETo values obtained from the
weather station are plotted in the form of a graph
depending on the calculated values according
to FAO56-PM. As can be seen from the graph,
the obtained linear dependence almost coincides
with the 1:1 line, the coefficient of determination
R?=0,9949 for the sample series n = 642 (Fig. 1).

The obtained results of the calculations confirm
their reliability and provide an opportunity for
further analysis of ETo calculated from the data
of the meteorological station Askania-Nova.

According to the results of the comparison
of the air temperature measured at the iMetos
and Askania-Nova meteorological stations, it
was found out that the MAPE (Table 3) for the
average daily and maximum air temperature on
average over the years of research was 3,6 and
3,3 %, respectively (high accuracy), and RMSE
(Table 3) — 0,73 and 1,26 °C. Checking the
minimum air temperature showed that the MAPE
between the two weather stations was 18,1 %
(good accuracy) and the RMSE was 1,49 °C.
The analysis of relative air humidity indicated
that the MAPE for average daily, maximum,
and minimum relative air humidity was 7,7,
respectively; 9,1 % (high accuracy) and 13,7 %
(good accuracy), and RMSE is 6,44; 10,14;
6,63 %, respectively. The MAPE error for water
vapor pressure deficit and solar radiation was 20,2
and 26,3 % (satisfactory accuracy), respectively,
and the RMSE error was 0,17 kPa and 3,89 MJ/m?,
respectively. The greatest MAPE error of 40,3 %

@

(satisfactory accuracy) was established for wind
speed measurements, the RMSE error was 0,77 m/s.

Despite the errors of the meteorological data
included in the Penman-Monteith formula, the
average MAPE between the calculated ETO,
according to the weather station Askania-Nova
and iMetos, was 16,8 % (good accuracy), RMSE —
0,65 mm, SEE — 0,56 mmThe largest MAPE and
RMSE for ETO were observed in 2015 and were
22,4 % and 0,89 mm, respectively. It is worth
noting that this year was characterized by the largest
errors of MAPE and RMSE among all measured
meteorological parameters. As an example, MAPE
and RMSE for wind speed were 101 % and 1,45
m/s, respectively, and for maximum air temperature
were 5,2 % and 2,10 °C, respectively.

The analysis of errors by calendar months
(Table 4) revealed that the largest errors of MAPE
for air temperature are inherent in April and
October. By reducing the observation period from
April to October to May-September, MAPE errors
for average daily and maximum air temperature
are reduced by 1,3 and 0,8 %, respectively. The
greatest decrease in MAPE by 9.9 % was observed
for the minimum air temperature. MAPE for
relative air humidity almost did not change, but for
wind speed, on the contrary, it increased by 3,7 %.
For the deficit of water vapor pressure and solar
radiation, MAPE decreased by 5 %.

During the observation period (April-October),
MAPE ETO was 16,8 %, which is 2,5 % more
than in May-September. The RMSE errors for all
meteorological indicators almost did not change.

10,0 T+ -
i ’
y =1,0173x-0,0656 -’
90 1 R? =0,9949
g0 | n=642
.. 70+
] i
£ 1
g 60
)
o 50 T
2 L
w40 4
o i
&
30 +
[ - = line 1:1
20 + . .
| Linear regression
1,0 T
0,0 } } } } } } } } i
0,0 1,0 2,0 3,0 4,0 6,0 7,0 8,0 9,0 10,0
ETo iMetos, mmdav

Fig. 1. Regression analysis to verify ET, calculations based on data from the iMetos meteorological station
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3. MAPE and RMSE errors for iMetos and Askania-Nova weather stations (by year)
Year . Relative air Wind Solar
of Air temperature, °C humidity, % speed, DVK;:P * radiation, ET“’
research | aver. | max. | min. | aver. [ max. | min. m/s a MJ/m? mm/day
MAPE error
2013 2,8 2,7 | 13,7 | 6,0 6,3 9,2 22,2 17,7 24,5 12,3
2014 3,6 29 | 16,7 | 78 10,4 9,9 16,6 20,1 24,9 13,3
2015 7,0 52 | 246 | 11,2 | 11,2 | 224 | 101,0 20,0 26,2 22,4
2016 2,6 26 | 172 | 6,7 8,6 15,5 27,0 22,2 29,4 15,6
2017 3,0 28 | 195 | 7.8 9,7 11,2 52,0 28,6 28.3 19,5
2018 2,6 3,4 16,6 6,6 8,4 14,2 22,8 12,7 24.6 10,5
Average | 3.6 33 | 18,1 | 77 9,1 13,7 40,3 20,2 26,3 16,8
RMSE error
2013 0,65 | 096 | 1,28 | 544 | 6,88 | 531 0,63 0,18 3,44 0,58
2014 0,52 | 0,88 | 1,30 | 6,11 | 10,88 | 4,57 0,47 0,17 3,83 0,60
2015 1,41 | 2,10 | 1,85 | 9,73 | 12,85 | 10,06 | 1,45 0,19 4,47 0,89
2016 0,63 | 0,70 | 1,68 | 597 | 10,56 | 8,10 0,67 0,15 3,80 0,60
2017 0,63 | 1,83 | 1,52 | 6,38 | 10,69 | 6,51 0,77 0,20 3,98 0,72
2018 0,56 | 1,06 | 1,28 | 497 | 9,00 | 522 0,61 0,15 3,82 0,50
Average | 0,73 1,26 | 1,49 | 6,44 | 10,14 | 6,63 0,77 0,17 3,89 0,65
*DWVP — deficiency of water vapor pressure.
4. MAPE and RMSE errors for iMetos and Askania-Nova weather stations (by month)
Month of | Air temperature, °C lﬁl erlnaig;,t(;,a(l,}; Wind DWVP, rag?;?il(;n, ETo,
research . . speed, m/s kPa ) mm/day
aver. | max. | min. | aver. | max. | min. MJ/m
MAPE error
April 4,1 39 1455 73 7,3 | 14,0 27,8 28,5 26,2 15,6
May 2,7 2,9 9,8 8,7 8,6 | 11,5 59,4 21,1 20,9 14,5
June 2,1 2,4 7,9 8,7 10,6 | 11,2 84,4 18,2 18,9 16,2
July 2,0 2,2 5,9 7,2 10,3 | 13,7 35,8 12,5 18,4 13,1
August 2,0 1,8 50 | 69 10,5 | 144 18,7 9,0 22,1 10,3
September | 2,6 3,1 | 123 ] 7.1 86 | 17,7 21,9 15,2 26,8 14,0
October | 10,4 | 7,0 | 44,8 | 8,2 78 | 12,9 42,5 39,3 53,0 26,9
April-Oct. | 3,6 3,3 18,1 7,7 9,1 13,7 40,3 20,2 26,3 16,8
May-Sept. | 2,3 2,5 8,2 7,7 9,7 13,7 44,0 15,2 21,4 14,3
RMSE error
April 0,52 | 0,97 | 1,30 | 6,88 | 836 | 7,50 0,70 0,11 3,88 0,46
May 0,68 | 2,06 | 1,05 | 7,35 | 10,01 | 7,36 0,88 0,16 4,12 0,65
June 0,60 | 0,89 | 1,84 | 6,82 | 11,64 | 5,39 0,94 0,19 4,03 0,79
July 0,64 | 0,94 | 120 | 5,65 | 11,40 | 7,06 0,60 0,21 4,01 0,77
August 0,66 | 0,73 | 1,12 | 4,57 | 10,30 | 4,49 0,59 0,19 3,90 0,67
September | 0,67 | 1,20 | 1,61 | 6,69 | 9,62 | 6,96 0,76 0,20 3,72 0,63
October | 1,42 | 2,02 | 2,11 | 7,87 | 10,45 | 8,70 1,19 0,13 3,61 0,60
April-Oct. | 0,73 | 126 | 1,49 | 6,44 | 10,14 | 6,63 0,77 0,17 3,89 0,65
May-Sept. | 0,65 | 1,16 | 1,36 | 6,22 | 10,60 | 6,25 0,75 0,19 3,96 0,71

According to the results of ETO calculations
according to the FAO56-PM formula, according
to the data of the Askania-Nova meteorological
station, it was established that the errors of MAPE,
RMSE and SEE (Table 5) between the calculated
and actual values for the period April-October (Fig.
2a,n=1280) are 16,8 %, respectively; 0,65 mm and

0,56 mm, coefficient of determination R?>=0.92.
As can be seen from Figure 2a, the regression line
of estimated ET, values passes above the 1:1 line,
which means that the actual values are less than
the estimated. The ratio of actual ETO values to
estimated values is 0,92. The coefficient of 0,92
in ETO calculations reduces MAPE, RMSE, and
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5. Errors between calculated and actual ET, values
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Observation iMetos — Askania-Nova iMetos — Askania-Nova (specified)
period MAPE | RMSE | SEE R? MAPE | RMSE SEE R?
April — October 16,8 0,65 0,56 0,92 13,6 0,53 0,52 0,92
May — September 14,3 0,71 0,59 0,88 11,1 0,56 0,54 0,88
May — August 13,9 0,72 0,59 0,86 10,7 0,56 0,54 0,86
10,0 - 10,0
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Fig. 2. Regression analysis for verification of ETO calculations based on data from the Askania-Nova
meteorological station for the period: April-October (a, b); May-September (¢, d); May-August (e, f)
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SEE errors by 3,2 %, respectively; 0,12 mm and
0,04 mm. The regression line and the 1:1 line
intersect at point 4.0 (Fig. 2b). Up to ETO values
of 4,0 mm, the actual values are less than the
calculated values, and then they begin to exceed
them.

By reducing the observation period to
May-September (Fig. 2¢c, n = 920), the MAPE error
and the coefficient of determination R? decreased
to 14,3 % and 0,88, respectively, and the RMSE
and SEE increased and amounted to 0,71 mm and
0,59 mm, respectively. Application of the 0,92
factor in ETy calculations reduces MAPE, RMSE
and SEE errors by 3,2 %, respectively; 0,17 mm
and 0,05 mm for this calculation period. The
regression line and the 1:1 line cross at point 4,5
(Fig. 2d). Up to ETo values of 4,5 mm, the actual
values are less than the calculated values, and then
they begin to exceed them. For the May-August
period (Fig. 2d, n=740), the MAPE error and
the coefficient of determination R? between the
calculated and actual ETO values decreased to
13,9 % and 0,86, respectively, and the RMSE and
SEE almost did not change to the May-September

period and were 0,72 mm and 0,59 mm,
respectively. The inclusion of the coefficient 0,92
in the ET) calculations reduces the MAPE, RMSE,
and SEE errors by 3,2 %, respectively; 0,16 mm
and 0,05 mm. The regression line and the 1:1 line
intersect at point 5,0 (Fig. 2e). Up to ET, values
of 5,0 mm, the actual values are less than the
calculated values, and then they begin to exceed
them.

To establish the errors of evapotranspiration
(ETc) of crops, which may arise when using £7p
calculated according to the FAOS56-PM formula,
appropriate calculations were carried out for
some crops. The K¢, specified in previous studies,
were used to calculate the ETS [21]. ETc were
calculated for each day for each year of research.
On average, over the years of the study, the
actual ET, was 68 mm less than the calculated
one (tabl. 6), by year this difference ranged
from 26 (2018) to 109 mm (2017). As a result,
ET¢ for all cultures, when using the calculated
ETy according to the data of the meteorological
station Askania-Nova, also exceeded the actual
values. The absolute error of ET¢ determination

6. Evapotranspiration of crops and its error, according to the data of meteorological stations iMetos

and Askania-Nova

= o E 2 22 - £ .5 8 = §

! =2 | F | 2TF| 3% Me | 2R %% 2t
1)

Evapotranspiration, according to the data of the meteorological station iMetos
2013 831 395 573 544 687 372 476 743 772
2014 887 347 602 563 726 399 493 755 788
2015 811 303 526 492 649 329 442 630 705
2016 790 315 539 498 642 349 445 677 707
2017 845 326 584 545 701 364 497 709 790
2018 948 407 581 541 719 364 482 727 776
Average 852 349 567 531 687 363 472 707 756
Evapotranspiration, according to the data of the meteorological station Askania-Nova
2013 892 431 616 587 738 400 511 806 829
2014 956 361 655 611 789 433 537 818 857
2015 889 348 583 548 716 365 487 702 778
2016 855 346 589 546 700 385 484 749 770
2017 954 380 648 609 778 410 546 805 871
2018 974 422 610 571 752 386 503 771 813
Average 920 381 617 579 745 396 511 775 820
Absolute evapotranspiration error (iMetos — Askania-Nova)

2013 —61 -36 —43 —43 =52 —28 —34 —03 =57
2014 —09 -14 —53 —48 —02 -35 —45 —63 —09
2015 —78 —45 =57 -56 —68 -36 —45 =72 =73
2016 —65 =31 =50 —48 —58 -35 -39 72 —64
2017 -109 —54 —64 —64 =77 —46 —49 —96 —82
2018 26 -15 -29 =30 -32 22 22 —44 -36
Average —68 =33 —49 —48 —58 34 -39 —68 —03
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depended on the culture and the average over the
years of research ranged from 33 (winter wheat)
to 68 mm (early tomatoes). The highest ET¢
determination errors were recorded in 2017 —
46 mm for early onion and 96 mm for early
tomato.

The application of the refined value of ETp
in the calculations reduces the absolute errors in
the determination of E7¢ (Table 7). So, over the
years of research, this error did not exceed 6 mm
(early tomatoes). In 2017, the absolute error of
determination of E7¢ for early onions decreased
by 32 mm, and for early tomatoes by 64 mm,
and in 2018, the corrected values of ET¢, on the
contrary, became smaller than the actual ones.
Thus, for early onions, the absolute error was
9 mm, and for medium-ripe tomatoes — 29 mm.

Based on the results of the analysis of the
absolute errors of determining ETs by month
(Table 8), it was found that the reduction of
the calculation period to May-September did
not affect the errors for most crops, only for
winter wheat this error decreased by 6 mm. The
distribution of errors by month depended on the

7. Refined evapotranspiration of crops and its error,

iMetos and Askania-Nova

@

crop. Thus, for mid-ripe tomatoes and late-ripe
soybeans, the absolute error was —10 mm in June,
and +12 and +9 mm in August, respectively.

Conclusions. The results of ET, calculations
based on meteorological data obtained from
the iMetos station confirm their reliability. The
errors of MAPE, RMSE, and SEE between our
calculated and actual values of ET, were 3,2 %,
respectively; 0,13, 0,13 mm.

According to the results of the comparison of
meteorological indicators, it was found that the
minimal errors are inherent in the daily average,
maximum temperature and relative air humidity
(MAPE<10 %), for the minimum temperature
and relative air humidity, the MAPE errors were
18,1 and 13,7 %, respectively. The MAPE error
for the deficit of water vapor pressure and solar
radiation was 20,2 and 26,3 %, correspondently.
The maximal MAPE error of 40,3 % was for
wind speed measurements. By shortening the
observation period from April to October to
May-September, MAPE errors are reduced
by 1-10 %, depending on the meteorological
indicator.

according to the data of meteorological stations

Date / EE = goé 'dé'é 2z g §§ 2‘8 goe
BT, | E2 | & |§82| =2 | 52 | 85| FE |§EE
M 22 o = §> 3 §> =3 = £ Mg |78
Evapotranspiration, according to the data of the meteorological station iMetos
2013 831 395 573 544 687 372 476 743 772
2014 887 347 602 563 726 399 493 755 788
2015 811 303 526 492 649 329 442 630 705
2016 790 315 539 498 642 349 445 677 707
2017 845 326 584 545 701 364 497 709 790
2018 948 407 581 541 719 364 482 727 776
Average 852 349 567 531 687 363 472 707 756
Evapotranspiration, according to the data of the meteorological station Askania-Nova
2013 821 397 567 540 679 368 470 742 763
2014 880 332 602 563 725 399 494 753 789
2015 818 320 536 504 659 336 448 646 715
2016 786 318 542 503 644 354 445 689 709
2017 877 350 597 560 715 377 502 741 802
2018 896 388 561 525 692 355 463 709 748
Average 846 351 567 533 686 365 470 713 754
Absolute evapotranspiration error (iMetos — Askania-Nova)
2013 10 -2 6 4 7 4 7 1 9
2014 8 15 -1 1 1 0 -2 2 0
2015 -7 -17 -10 -12 -10 =7 —6 -15 -11
2016 3 -3 -3 -4 -2 =5 0 —-12 -2
2017 -33 —24 -12 —-15 -15 -14 -5 -32 -12
2018 51 19 20 16 28 9 18 18 29
Average 6 —2 0 -2 1 -2 2 -6 2
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o
8. Evapotranspiration of crops and its error, according to the data of meteorological stations iMetos
and Askania-Nova, by month (using as the example 2017)
Date / §§ £ EQE '%E 2z g §o§ 2‘% 50%
month ET, E = s § %3 2 2 = E '§ £E - -§ £E
2% | © |27F| 53 | mE 2T ms 27
Evapotranspiration, according to the data of the meteorological station iMetos
April 69 66 0 0 0 0 0 0 7
May 113 134 47 64 68 38 30 104 76
June 152 123 172 178 192 125 121 288 197
July 163 3 216 192 211 178 171 310 260
August 194 0 146 112 206 23 174 6 251
September 111 0 2 0 24 0 0 0 0
October 43 0 0 0 0 0 0 0 0
April-Oct. 845 326 584 545 701 364 497 709 790
May-Sept. 732 260 584 545 701 364 497 709 783
Evapotranspiration, according to the data of the meteorological station Askania-Nova (refined)
April 75 71 0 0 0 0 0 0 7
May 123 145 53 71 75 42 34 116 83
June 159 130 181 187 202 132 127 303 207
July 166 4 221 196 216 181 175 316 266
August 186 0 139 106 197 22 166 6 238
September 118 0 3 0 25 0 0 0 0
October 50 0 0 0 0 0 0 0 0
April-Oct. 877 350 597 560 715 377 502 741 802
May-Sept. 752 279 597 560 715 377 502 741 795
Absolute evapotranspiration error (iMetos — Askania-Nova)
April —6 =5 0 0 0 0 0 0 0
May -9 -11 —6 -7 -8 —4 —4 -11 -8
June -8 =7 -9 -9 -10 —6 —6 -14 -10
July —4 0 -5 —4 =5 -3 —4 —6 —6
August 8 0 7 6 9 0 9 0 12
September —7 0 0 0 -1 0 0 0 0
October -7 0 0 0 0 0 0 0 0
April-Oct. -33 24 -12 -15 -15 14 -5 -32 -12
May-Sept. —20 —18 —12 —15 —15 —14 -5 -32 —12

It was found, that the average error of
MAPE between the calculated ET; based on the
meteorological data of the Askania-Nova station
and the actual data of ET7y obtained from the
automatic Internet meteorological station iMetos
is 16,8 %, RMSE — 0,65 mm, SEE — 0,56 mm.
Shortening the calculation period from April-
October to May-August reduces the MAPE error
for ET, by 2,9 %.

The use of a coefficient of 0,92 when calculating
ET, reduces the errors of MAPE, RMSE, and SEE
by 3,2 %, respectively; 0,15 and 0,05 mm for all
calculation periods. For the May-August period,
the MAPE error was 10,7 %, which brings the
calculations close to high accuracy (MAPE <10 %).

Based on the results of calculations, it was found
that on average over the years of research, the actual
ETy was 68 mm less than the calculated one. The

absolute errors of determination of E£75 depended
on the culture and on average over the years of
research ranged from 33 (winter wheat) to 68 mm
(early tomatoes). The maximal errors of ETc
determination were recorded in 2017, which were
46 mm for early onion and 96 mm for early tomato.

Application of the refined E7, value in the
calculations reduces the absolute errors of ET¢
determination, over the years of research this
error did not exceed 6 mm (early tomato). In
2017, the absolute error of E7T¢ determination for
early onion decreased by 32 mm, and for early
tomato — by 64 mm.

So, the research results confirm the possibility
of using meteorological indicators obtained from
state weather stations to calculate £7o. To increase
the accuracy of calculations, it is recommended
to use a refinement coefficient.
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Anomayia. Ockinoku npame @umipioganma emanounoi esanompancnipayii (ETy) € ckraonum, mpyoo-
MICIKUM [ 00pO2UM NPOYEcoM, Haunowupeniuow npoyedyporo € oyinioeanua ETo 3a kaimamuunumu
oanumu. Memoro nposedents ybo2o 00CHiOdNcen st OYI0 GUKOHAMU PO3PAXYHKU emAalOHHOL e6anompan-
cnipayii 3a oanumu depaicashoi memeocmanyii Ackanis-Hoea ma nopieusamu ix 3 pakmuunumu 0anumu
ETy, ompumanumu 3a oonomoecoio asmomamuyHoi inmepuem-memeoponociynoi cmanyii. [ami 0ns
docniodcents Oynu 3ami 3 0epacasHoi memeoponoziunoi cmanyii Ackauin-Hosa (cmm Ackanis-Hosa,
Kaxoecvkuii p-n, Xepcoucvra o0a., 46.45° nau. 33.88° ¢x.0.) ma 3 asmomamuynoi iHmepHem-memeo-
ponoeiunoi cmanyii iMetos IMT 300 6i0 komnanii' “Pessl Instruments”, saxa po3mawiosana na memeo-
matioanuuxy Ackaniticoxoi’ [JC/IC (c. Taspuuanka, Kaxoecvkuii p-u, Xepconcvka o6n. 46.55° n.uu.
33.83° cx.0.). Emanomy esanompancnipayitlo po3paxosysaiu 3a memooom Ilenmana-Monmetima
(FAO56-PM). /lna oyinrosanns mounocmi pospaxymkie ETy eusnauanu cepeoHio abcontommy 8i0comro8y
nomuaxy MAPE (Mean Absolute Percent Error), cepeonvoksadpamuuny noxuoxy RMSE (Root Mean Square
Error) ma cmanoapmuy noxuoxy SEE (Standard Error of Estimate). 3a pe3ynomamamu nopieHsaHHs NOKA3-
HUKI@ 3 080X MEMeOPONO2iuHUX CIMAHYILU 6CMAHOBNEHO, WO HAUMeHWwi NOXUOKU NPUMAamManti 0 cepeo-
Hb0000060I Ma MAKCUMANLHOI memnepamypu ma 8ioHocHoi gonozocmi nosimps (MAPE<10 %), onsa mini-
ManvHoi memnepamypu ma 8i0HOCHOI gonococmi nogimpst noxubku MAPE gionogiono cmanogiamo 18,1
i 13,7 %. Iloxubka MAPE 05 0egiyumy mucky 600s10i napu ma coHAunoi padiayii 6i0nosiono cmaHnosums
20,2 i 26,3 %. Haubinvwy noxubxy MAPE 40,3 % ecmanognieno 01 8UMIPHOGAHb WEUOKOCI 8imp)y.
Cepeonsa noxubrxa MAPE misc pospaxoeanoto ETy, 3a memeoponociunumu oanumu cmanyii Ackanis-Hoea,
ma ¢akmuynumu oanumu ETy, ompumanumu 3 asmomamuyHoi iHmepHem-memeoponrociuHoi cmanyii
iMetos, cmanosums 16,8 %, RMSE — 0,65 mm, SEE — 0,56 mm. 3acmocysanns xoegiyienma 0,92 npu
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pospaxyuxy ETy amenuye noxuokxu MAPE, RMSE ma SEE ionosiono na 3,2 %, 0,15 mm ma 0,05 mm
0715 8CiX pO3pPAXyHKOGUX nepiodis. 3a nepiod mpasenvb-cepnenv noxuoka MAPE cmanosuna 10,7 %, wo
HabaudCye po3paxyuku mavace 00 ucoxoi mounocmi (MAPE <10 %). 3a pezynomamamu po3paxyHkie
6CMAHOBIIEHO, WO 8 CEPEOHLOMY 3d pOKU 00cTiodxicenb paxmuuna ETy 6yna na 68 mm menwuia, Hide po3paxo-
sana. Abconrommui noxudxu eusnauennsa ETc 3anexcanu 8i0 Kyivmypu i 6 cepeOHbOMY 3a POKU 00CHIOHCEHD
cmanosunu 8io 33 mm (nuenuys ozuma) 00 68 mm (momamu panui). 3acmocy8amnHs 6 po3paxyHKax ymou-
nenoeo snavenns ETy smenuyiomo abconromui noxubku eusnavenns ETc, 3a poku 00cniodtcensb ys noxuoxa
He nepesuwysania 6 mm (momam parnniil). Pezynomamu 00Cniodcerb niomseepodicyionb MONICIUGICHb GUKO-
DPUCMAHHS MEeMeopONoiUHUX NOKAZHUKIB, OMPUMAHUX 3 0EPAHCABHUX MemeocmaHyill, 01 po3paxyHky ET.
Jna niosuuyenHs mouHoCcmi po3paxyHKie HeoOXiOHO BUKOPUCTOBY8AMU YMOUHIOBATbHULL KOeqhiyieHm.
Kniouogi cnosa: emanonna esanompancnipayis, memoo lIleumana-Monmetima, memeoponociuni cmanyii,
Memeonapamempu, NOXUOKU
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Abstract. An analysis of the efficiency of the surface water treatment systems of the Dnipro reservoirs
when their quality is changed to ensure the normative indicators of the quality of drinking water were
carried out. The study of the effectiveness of traditional water treatment technologies was carried out by
analyzing the results of laboratory studies of source and drinking water at the Dnipro water treatment plant
with water intake from the Kremenchuk Reservoir (data from the Svitlovodsk Water and Sewage Services
(SWS) of the Regional Municipal Production Enterprise (RMPE) of the Dnipro-Kirovograd), establishing
correlations of quality indicators and assessing the state of water resources by the requirements of water
legislation. The treatment plants of the Dnipro water supply station are not designed to treat water with a
high content of biogenic substances during active phytoplankton vegetation, and under such conditions,
increased doses of preliminary chlorination are used. As a result, water is polluted with residual chlorine
and organochlorine. An increase in the dose of aluminum-containing coagulants in the corresponding
period leads to an increase in the aluminum content in drinking water to the limit of the normative value
(0,5 mg/dm?). According to the results of research in drinking water, turbidity was found to be 1,4 higher
and permanganate oxidizability 1,3 higher than the standard content, excesses of color, iron, and residual
chlorine content were found only sporadically and were on average within the upper limits of normative
values. Correlation analysis (Pearson and Spearman correlations methods) of the influence of temperature
on the following hydrometric, chemical, and physical factors was carried out: changes in turbidity, color,
and changes in the concentration of total iron and ammonia. The analysis confirmed the visual connection
of oxygen with temperature and water level and the influence of factors on oxygen concentration. The
practical aspects of phytoplankton extraction during water intake from Dnipro reservoirs and water
treatment at stations have gained further scientific justification.

Key words: water resources, drinking water, purification technology, phytoplankton, water quality

Relevance of research. The surface waters surface waters in terms of sanitary-chemical and

of the Dnipro reservoirs are characterized by
long-term and seasonal fluctuations in the
concentrations of the components of the chemical
composition, indicators of physical properties,
etc., which occur under the influence of climatic
changes, economic activity, and the conditions of
military operations on the territory of Ukraine.
According to the results of monitoring studies,
it was determined that more than 38 % of
water samples from Dnipro reservoirs taken
at centralized water supply facilities do not
meet regulatory requirements. The tendency
to deterioration of the ecological condition of

sanitary-microbiological indicators necessitates
the search for ways to improve the efficiency of
their preparation for use in drinking water supply
systems. [1].

Hardness, alkalinity, and total mineralization
have low concentrations, their values are far
from the maximum permissible values, which
are standardized in DSTU 4808:2007 [2]. The
main problem of the Dnipro reservoirs is the
“blooming” of water in the summer. In this
regard, based on the results of laboratory tests
of the source water parameters, the specialists of
the treatment plants constantly adjust the optimal

© Yatsiuk M.V., OnankoY.A., Mosiichuk Y.B., Mosiichuk A.B., 2024
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technological modes of water treatment to
ensure the proper quality of drinking water. This
adjustment is carried out within the framework
of existing technologies and the constructions of
treatment plants, but their emergency state is not
able to meet the requirements for the quality of
drinking water according to certain normative
safety indicators [1].

Analysis of recent research and
publications. The analysis of the efficiency of
surface water treatment systems in the Dnipro
reservoirs with changes in their quality has made
it possible to establish that the main technological
methods of existing water treatment technologies
are coagulation, sedimentation, and filtration.
This technology is designed for source water
of the 1st and 2nd quality categories [2]. Over
the past decades, significant climatic changes
have occurred, and the temperature, water,
and hydrological regimes of the Dnipro River
have changed accordingly. The water quality
characteristics began to correspond to 3 and
in some cases 4 quality categories [2—4]. The
vast majority of water treatment plants have
completed their design service life. Today, the
technologies installed during the construction
of treatment plants cannot effectively clean the
water of the Dnipro River.

The processes of natural water purification
and the issue of resource conservation in the
water supply industry are studied by foreign
and domestic scientists [5-8]. The study of
modern effective methods of water preparation is
disclosed in publications [9—14]. The attention to
the analysis of the characteristics of surface water
contaminants and their removal during water
treatment and intensification of water purification
processes from dissolved organic substances is
paid in recent publications of experts [14-23].
In particular, the complex relationship between
changes in temperature, dissolved oxygen,
hydrological regime, and chemical composition,
which together form the qualitative composition
of water in surface sources of drinking water
supply, has been scientifically confirmed. The
lack of a clear direct thermal stratification
causes a change in the species and number of
phytoplankton to vertical levels and water areas.
The season and rhythm of nature cause the
cyclical development of the hydroclimate, the
formation of different intensities of biological
processes, and the development of biomass in
reservoirs. As a result, the available estimates
of the effectiveness of combating phytoplankton
directly at treatment plants are relative and can
only be considered as examples in specific cases
[24, 25].

2024 « Ne 1 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO

(5]

At the same time, it remains an important
task not only to increase the efficiency of water
purification to the standard indicators but also to
reduce the load on the water purification station
due to the retention of a significant part of the
pollutants directly in the water source, which
is implemented by modernizing intake and
treatment plants.

The purpose of the research is to analyze
the effectiveness of the traditional technology
of cleaning the surface waters of the Dnipro
reservoirs (in the example of the Kremenchuk
reservoir) to ensure the normative indicators of
drinking water quality.

Research materials and methods. Research
methods: empirical — when determining the
specifics of the purification technology and water
quality research; mathematical modeling using
the regression analysis method — for the study
of quality indicators of water resources and
substantiation of the reliability of obtained results.
The study of the effectiveness of traditional water
purification technologies at water supply stations
will be carried out by analyzing the results of
laboratory studies of source and drinking water
from a clear water reservoir (CWR) at the Dnipro
water treatment plant with water intake from the
Kremenchuk reservoir (data from the Svitlovodsk
Water and Sewage Services of the Regional
Municipal Production Enterprise of the Dnipro-
Kirovograd, further — SWSS of the RMPE of the
Dnipro-Kirovograd), the establishing correlations
of water quality indicators and assessing the state
of water resources by the requirements of water
legislation.

To study water quality indicators, the data of
the systematic production control of water safety
and quality of the water supply laboratory of the
SWSS of the RMPE of the Dnipro-Kirovograd
were analyzed in the water intake and before
entering the water supply network (from CWR).
Per the procedure for monitoring water quality
indicators, we analyzed the average monthly
data of full chemical analysis of the quality of
surface water for 2018-2023, daily (9:00 and
21:00) indicators of surface water quality for
the summer months of 2018-2023, average
daily (9:00) indicators of the content of hydro
organics in the surface water of the reservoir for
2019-2023, average monthly indicators of
full analysis (including 13 characteristic
physicochemical indicators) of drinking water
quality from CWR for 2018-2023.

Research results and their discussion.
In recent years, the operation of water intake
facilities, as well as the operation of water
treatment plants with water intake from the Dnipro
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reservoirs, has been significantly complicated
by peak, in fact, catastrophic outbreaks of
phytoplankton reproduction (Table 1, Fig. 1),
mainly cyanobacteria, which are associated with
climate change — global warming, which leads
to a decrease in the amount of oxygen in water
[1]. The phytoplankton content varies by more
than 150 times within a month (for example,
in January 2019 from 245 cells/dm* to 201000
cells/dm?, and in July 2023 from 40,000 cells/dm?
to 368,000 cells/dm?).

Existing treatment facilities are not
designed to treat water with a high content
of nutrients, and in such conditions,
treatment plant specialists use increased
doses of pre-chlorination. As a result, water
is contaminated with residual chlorine and
organochlorine. It has been established that
the degradation of extracellular microcystin by
chlorine depends on pH, chlorine exposure, and
the presence of cyanobacterial cells [1, 26].

Indicators of the efficiency of surface water
treatment systems of the Dnipro reservoirs
to provide the population with drinking
water. The water treatment process at the
SWSS of the RMPE of the Dnipro-Kirovograd
water supply station with water intake from the
Kremenchuk reservoir consists of the following
stages: oxidation with liquid chlorine (primary
chlorination), coagulation before mixers,
clarification in horizontal settling tanks, filtration
with rapid filters and disinfection with liquid
chlorine (secondary chlorination) before CWR
(Table 2).

The drinking water purification technology
at the researched units of the water treatment
station of the SWSS of the RMPE of the Dnipro-
Kirovograd, which uses the water of the Dnipro
River as the source, includes the following water
facilities: mixers, reaction chambers, horizontal
settling tanks, fast filters with quartz sand filling,
tanks of clean water.

1. The content of phytoplankton in the water of the Kremenchuk Reservoir in 2019-2023

3
The date : PhytoplanktOfl .content, cells/dm
maximum minimum average monthly
January 2019 201 000 1270 54 472
July 2019 14 862 000 190 050 4713 828
January 2020 1 714 000 4070 129 022
July 2020 358 500 1230 38 553
January 2021 2 605 365 835
July 2021 3104 000 245 292 722
January 2022 1220 230 648
July 2022 218 000 900 43 643
January 2023 8 150 290 2112
July 2023 368 000 40 000 127 786
30 - 16000000
55 ' § i '_“’,\‘_ "'-,’-,'\ ‘ '.,,,' 14000 000 )
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Fig. 1. Phytoplankton content in the water of the Kremenchuk Reservoir in the summer period
0f2019-2023
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The evaluation of the efficiency and adequacy
of the water purification technology is carried out
based on the results of summarizing the average
monthly data of laboratory studies of the full
chemical analysis of the quality of the surface and
drinking water of CWR into the average annual
content for the years 2018-2023 (Tables 3, 4).

(7]

Based on the analysis of the quantitative
characteristics of some of the most priority
indicators of water quality, which demonstrate
the state of the sources of drinking water supply,
the average and worst values of the group water
quality indices characterizing the surface water
at the water intake point of the Kremenchuk

2. Reagents used at the water supply station at the SWSS of the RMPE of the Dnipro-Kirovograd

Reagent Purpose The SWS.S of ﬂTe RMPE
of the Dnipro-Kirovograd
Sodium hypochlorite primary chlorination +
Hydroxychloride of aluminum coagulation +
Flocculant Extraflock N 160, or equivalent flocculation —
i?cii??cﬁif)r?szlome secondary chlorination ;
3. Sanitary and chemical parameters of the surface water of the Kremenchuk Reservoir
Average annual content in the The class of water
Parameter Measure surface water quality according to
2018 | 2019 | 2020 | 2021 | 2022 | 2023 | DSTU4808:2007 [2]
Turbidity NTU 4.59 | 3.65|3.4413.72 298 | 3.71 1
Color degr. [44.46(32.13|29.17|38.83| 45.5 [66.92 2
Hydrogen indicator units of pH| 8.18 | 8.23 | 843 | 7.65 | 7.77 | 7.79 23
Ammonium ions mg/dm?® |0.244] 0.21 [0.182(0.354|0.217{0.312 2-3
Nitrate ions mg/dm*® |1.973]0.287]0.288|0.313]0.269]0.533 24
Nitrite ions mg/dm® |0.029| 0.01 [0.007]0.008]0.015]0.012 2-3
Total iron mg/dm*® |0.347[0.295] 0.29 |0.339| 0.38 |0.505 3
Manganese mg/dm® |0.022] 0.01 | 0.01 | 0.05 [ 0.05 | 0.05 2
Aluminum mg/dm® | 0.02 | 0.02 | — — — — 1
Permanganate mg/dm® | 8.99 | 8.47 | 7.78 | 8.6 | 8.84 | 9.64 2
oxidizability
Petroleum products mg/dm* | 0.3 | 0.3 | 0.3 | 03 | 0.3 | 0.3 4
Chloride ions mg/dm® |18.16]23.39(24.28|21.13]18.94|17.49 1
Dissolved oxygen mgO,/dm’ [10.56] 9.7 [10.01]10.65]| 9.71 | 9.36 1

4. Sanitary and chemical parameters of the drinking water quality produced by the SWSS
of the RMPE of the Dnipro-Kirovograd from the water of the Kremenchuk Reservoir

Average annual content in drinking | Normative content
Parameter Measure water from the CWR by DSanPiN

2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2.2.4-171-10 [27]
Turbidity NTU 1.7 | 1.3 133 ] 1.1 | 1.1 | 1.09 <10
Color degr. 19.25| 12.2 |11.88]14.13|17.33|18.04 <20
Hydrogen indicator units of pH| 7.53 | 7.5 | 7.73 | 6.8 | 7.09 | 6.83 6.5-8.5
Ammonium ions mg/dm?® | 0.12 {0.068]0.078(0.138|0.138|0.139 <0.50
Nitrate ions mg/dm?® |1.331]0.809|1.083| 1.15 [0.884|1.206 <50
Nitrite ions mg/dm*® |0.003]0.004|0.003|0.004[0.003|0.005 <0.1
Total iron mg/dm® |0.176] 0.12 |0.108|0.123| 0.14 |0.174 <0.20
Manganese mg/dm*® |0.009| 0.01 | 0.01 | 0.01 | 0.01 | 0.01 <0.05
Aluminum mg/dm’® | 0.12 [0.085]0.099[0.097[0.113]0.159 <0.5
Permanganate oxidizability | mg/dm’ — 64 | 5.6 | 6.04| 7.0 | 7.31 <5.0
Free chlorine residual mg/dm® | 0.44 | 0.52 [0.482]0.487| 0.48 [0.491 <0.5
Chloride ions mg/dm® | 25.4 [32.05] 34.0 |32.33]30.03|31.94 <250
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Reservoir of the SWSS of the RMPE of the
Dnipro-Kirovograd as “good” were determined,
clean water of acceptable quality (Table 3) [2].

Among the indicated indicators, turbidity
and permanganate oxidizability in the drinking
water of the SWSS of the RMPE of the Dnipro-
Kirovograd were found in concentrations that
exceeded the normative values according to
DSanPiN 2.2.4-171-10 [27]; excesses of color, total
iron, chlorine residual content were found only
sporadically and on average were in the upper limits
of the normative values (in individual samples and
in different years) (Table 4). This may be due to the
difference in the composition of organic substances
in the source water during the year.

A significant role in the constant seasonal
deterioration of water quality and overspending of
washing water and reagents is played by seasonal
peaks of overloading of treatment facilities with
phytoplankton, for which they are unsuitable for
retention (Fig. 1). Accordingly, the picture of
the use of reagents has changed in comparison
with the technological map that was laid down
during the design of typical treatment facilities.
Aluminum-containing coagulants to purify water
from pollutants that are in a colloidal state and are
used on the SWSS of the RMPE of the Dnipro-
Kirovograd with surface water intake from the
Kremenchuk Reservoir. Working coagulant
doses in the autumn-winter period, when water
color is 30 degr., turbidity up to 3 mg/dm’, are
10-30 mg/dm®. Doses of a coagulant during the

flood period and the “blooming” period of the
Kremenchuk Reservoir reach 100-150 mg/dm?
with the color of the source water 70-90 degr.,
turbidity 8-9 mg/dm®. An increase in the dose
of aluminum-containing coagulants during the
specified period leads to a rise in the aluminum
content in drinking water to the limit of the
normative value (0,5 mg/dm?).

Based on the observation data for the summer
period of 2018-2023, an analysis of the influence
of temperature on the following hydrometric,
chemical, and physical factors was carried out at
the water intake from the Kremenchuk Reservoir:
changes in turbidity, color, and concentration of
total iron and ammonium ions (Fig. 2-5).

To clarify the visually obtained connections
of the analyzed factors (Fig. 2-5), the nature of
their mutual influence, a correlation analysis of
archival data of observations on the water intake of
the Kremenchuk city for the period from May 30,
2014, to April 6, 2016, was carried out, regarding
the impact on the concentration of dissolved
oxygen of the following hydrometric, chemical,
and physical factors: changes in the water level;
changes in water influx and discharge; changes in
Mn?* and NH, concentration; temperature t (°C).
Given that the data distribution does not correspond
to normal law, both the parametric Pearson method
and the non-parametric Spearman method were
used to determine correlations. The results of
statistical data processing are presented in the form
of correlation tables (Tables 4, 5) [1].
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Fig. 2. Changes in the temperature and turbidity of surface waters at the water intake
from the Kremenchuk Reservoir in the summer period of 2018-2023
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Fig. 5. Changes in the temperature and ammonia concentration of surface water at the water intake
from the Kremenchuk Reservoir in the summer period of 2018-2023

4. Correlation of changes in water indicators at the Kremenchuk city water intake according

to Pearson

0, Mn NH, t, °C Level Influx Discharge
0, 1.000 —0.329 —0.420 —0.743 —0.660 0.152 —0.011
Mn —0.329 1.000 0.524 0.275 —0.042 —0.146 0.106
NH, —0.420 0.524 1.000 0.069 0.219 0.271 0.248
t, °C —0.743 0.275 0.069 1.000 0.593 —0.303 0.015
Level —0.660 —0.042 0.219 0.593 1.000 0.303 0.165
Influx 0.152 —0.146 0.271 —0.303 0.303 1.000 0.499
Discharge| —0.011 0.106 0.248 0.015 0.165 0.499 1.000
5. Correlation of changes in water indicators at the Kremenchuk city water intake according to
Spearman

0, Mn NH, t, °C Level Influx | Discharge
0, 1.000 —0.363 —0.440 —0.691 —0.644 0.256 —0.168
Mn —0.363 1.000 0.466 0.564 0.150 —0.150 0.227
NH, —0.440 0.466 1.000 0.158 0.199 0.206 0.244
t, °C —0.691 0.564 0.158 1.000 0.803 —0.336 —0.019
Level —0.644 0.150 0.199 0.803 1.000 0.062 0.050
Influx 0.256 —0.150 0.206 —0.336 0.062 1.000 0.275
Discharge —0.168 0.227 0.244 —0.019 0.050 0.275 1.000
The determining method of correlation Correlation analysis confirms the visual

analysis is the non-parametric method of
Spearman, the additional one is the parametric
method of Pearson. A comparison of the
coefficients obtained by the two methods confirms
their non-contradiction.

connection of oxygen with temperature and
water level (Tables 4, 5). This is evidenced by
the correlation coefficients: —0,691 and —0,644,
respectively, this is a pronounced influence of
these factors on the oxygen concentration. That
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is, there is a significant negative relationship
between temperature and the level of oxygen
content in water. The higher the temperature and
level, the lower the oxygen concentration. The
effect of the correlation coefficient of ammonium
nitrogen is also quite significant: -0,44, although
it is not a vivid illustration of the inverse
dependence (Table 5).

Regression analysis is used to determine the
contribution of individual independent variables
and the forecast of values.

The dependent variable — is oxygen
concentration, independent variables: are
temperature, soluble manganese, ammonium
nitrogen, water level, influx, and discharge.

By constructing a multiple linear regression
equation, we determine the contributions of
individual independent variables. Using the
method of least squares, the equation is obtained:

O,M1 = 165,660995 — 0,203042912 x Mn —
4.67263708 x NH4 - 0,189655268 x t —
—1,96944342 x Level + 0,16194699 x Influx +
0.0234157502 x Discharge

where: O,MI — concentration of soluble
0,, mg/dm®, Mn — concentration of Mn?,
mg/dm?; NH4 — concentration of NH,, mg/dm?;
t — temperature, °C; Level — water level, m;
Influx — water influx, hundreds of m¥s;
Discharge — water discharge, hundreds of m?/s.

(a1

The model is characterized using the
coefficient of multiple correlation, coefficient
(index) of multiple determination, and adjusted
coefficient of determination.

The coefficient (index) of multiple corre-
lation R is used to assess the closeness of the joint
influence of factors on the dependent variable. To
assess the adequacy of the regression model, the
coefficient of determination R? serves as ameasure
of the quality of the regression equation. The
resulting model has the following characteristics:
multiple correlation coefficients R =0,875;
coefficient of determination R? = 0,766; adjusted
coefficient of determination R? ;s = 0,755.

In Fig. 6 shows the real values of the oxygen
concentration in the water of the Kremenchuk
Reservoir and the resulting model.

Fig. 6. demonstrates the high correlation
between the results of experimental studies and
the obtained O,M1 model, which confirms its
adequacy.

The contribution of individual independent
variables to the variation of the dependent variable
is obtained from the equation and visualized on
the Pareto chart (Fig. 7).

The way to improve the ecological condition
of the Dnipro and its reservoirs is not to draw
down them in stages, the ecological and
economic effect of which is negligible compared
to the projected total damage that may be caused
to the nature and economy of Ukraine, but in
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Fig. 6. Comparison of real values of oxygen concentration in the surface waters
of the Kremenchuk Reservoir and the obtained O,M1 model
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Pareto diagram t-significance for coefficients; df=128

Sigma-constrained parametrization

Variable: O, mg/dm®

NH4, mag/l |

- 6’32-‘

Level, m

j 4,894337

Influx, hundr. of m%/s |

3,5768

Discharge, hundr. of m¥/s }

Mn, ma/l :l 3657551

p=,05
t-value (Coefficient; Absolute value)

Fig. 7. The contribution of individual independent variables to the variation of the dependent
variable according to the O,M1 model for the surface waters of the Kremenchuk Reservoir

the implement environmentally and resource-
saving technologies (innovations), scientifically
based reconstruction and optimization of water
using of the Dnipro reservoirs. The development
of optimization of water supply and sewerage
systems for cities whose water supply is provided
by the Dnipro River should be consistent with
river basin management plans and the post-war
reconstruction of Ukraine [28-30].

Conclusions. An analysis of the effectiveness
of traditional water treatment technologies at the
Dnipro water treatment station with water intake
from the Kremenchuk Reservoir showed that
these treatment facilities are not designed to treat
water with a high content of biogenic substances
during the period of active phytoplankton
vegetation (summer period of elevated
temperatures) and under such conditions, used
increased doses of the previous chlorination. As
a result, water is polluted with residual chlorine
and organochlorine, and the aluminum content in
drinking water rises to the limit of the regulatory
value (0,5 mg/dm?®). Turbidity 1.4 times higher

and permanganate oxidizability 1,3 times higher
than the standard content were found in the
drinking water of the CWR. Correlation analysis
of the effect of temperature on changes in
turbidity, color, and changes in the concentration
of total iron and ammonia confirmed the visual
connection of oxygen with temperature and water
level: the higher the temperature and level, the
lower the oxygen concentration.

The practical aspects of phytoplankton extrac-
tion during intake of surface water from Dnipro
reservoirs and water treatment at water treatment
stations with the development of recommendations
for the operation of water intake facilities have
gained further scientific justification. Areas of
work should include several normative-legal,
engineering-technical, material-energy, economic,
and other measures to improve the quality of
drinking water; increasing the reliability of the water
supply system; increasing the efficiency of the use
of material and energy resources of the water supply
system; scientific, technical and design support for
the implementation of measures.
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Anomauia. IIposedeno ananiz eghexmugrnocmi pobomu cucmem OUUCMKU NOBEPXHEBUX 0O OHINPOBCLKUX
8000CX08ULY NPU 3MIHI iX AKocmi 01a 3a0e3neueHHs: HOPMAMUBHUX NOKASHUKIE AKOCMI NUMHOI 800U.
Hocniosxcennsn egpexkmusrnocmi mpaouyitihux mexHono2iu 6000ni020MosKu 30iUCHIO8ANU WIIAXOM AHANIZY
pesyromamie 1abopamopHux O0CTIONCeHb GUXIOHOI ma numuoi 600u Ha J[HINPOSCHKIll 80000UUCHIL
cmanyii i3 3a60pom 600u Kpemenuyyvroeo éodocxosuwa (dani CBKIT OKBII «/[ninpo-Kiposocpaoy),
BCMAHOBNICHHS KOPETAYIIHUX 36 A3KI8 AKICHUX NOKA3HUKIE MA OYIHKU CMAHY B0OHUX Pecypcie 8i0N06i0HO
00 8UMO2 B0OH020 3aKOHOOA8cmea. OuucHi cnopyou JJHINpO8CLKOI 80000UUCHOT CIMAHYIT He pO3PaX08aHi
HA OYUULEHHS 800U 3 BEUKUM 8MICMOM OI02eHHUX Peu08UH y Nepiod akxmusHoi eecemayii ¢imoniamk-
MOHY i 3a MAKUX YMO8 3aCMOCO8YIOMb NIOSUUEHI 003U NONEPEOHbO20 XLOPYEAHHA. K HACTIOOK, 8i00Y-
8aemuvcsi 3a6pYOHenH sl 600U 3ANUUKOBUM XJIOPOM | XJIOPOP2AHIKOI0. 3POCMAHHsL 003U GHECEHHS. ANIIOMO-
BMICHUX KOASYISAHMIB Y 8IONOGIOHUI Nepiod npu3800ums 00 3POCMAHHS 6MICIY ATIOMIHIIO Y NUMHIL 6001
00 medxnci nopmamuerno2o 3navenns (0,5 me/om’). 3a pesynomamamu docniodicens 6 nummnill 600i GUsGICHI
nepesuwjenta xanamymuocmi 8 1,4 ma nepmanzanamnoi oxucniosanocmi @ 1,3 pasza 6io Hopmamuenozo
emicmy; nepesuujenis 3a6apeieHoCcmi, 3anizd, Micmy 3aIUWKOB020 XJI0PY GUABTANUCA Auule eni300UUHO
ma 6 cepeOHbOMY 3HAXOOUMUCA ) BEPXHIX MexHcax HOPMAMUSHUX 3HaueHv. [IposedeHo KopenAyitiHull
ananiz (memooamu Cnipmana ma Ilipcona) eniugy memnepamypu Ha HACMYNHI 2I0poMempPUdHi, XIMIYHI
ma QizuyHi YUHHUKY: 3MIHU KALAMYMHOCMI, 3a0apeieHocmi, 3MiHU KOHYeHmpayii 3a1i3a 3a2aibHo2o
ma amiaky. Ananiz niomeepous Gi3yanbHUll 36 30K KUCHIO 3 MEeMNepanmypoio i pignem 800u ma GNius
gaxmopie na konyenmpayiio Kucho. Habyiu nooansuio2o nayko8o2o 00IpyHmy8anHa NpakmuyHi acnekmu
BUTYYEHHS (DIMONIAHKIMORY NPU 3a60Pi NOBEPXHEBOT 800U OHINPOBCHKUX 8000CX08ULY i 00pOOYI 600U HA
CMAaHYIAX 6000NI020MOBKIL.

Knrouosi cnosa: 600nui pecypcu, numna 600a, mexHono2isi OMUCMKU, (IMONIAHKMOH, SKICMb 600U
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Abstract. The rational use of water resources by business structures requires the development of
appropriate strategies and their adherence to the chosen policy in terms of management of these objects:
drawing up programs and plans, introducing environmental protection actions, displaying the economic
effect and documenting all transactions, minimizing negative impacts on the environment and presentation
of the positive and negative consequences of the use of natural resources in the format of ESG reporting,
which discloses information about the activities of companies in the field of Environmental aspects, Social
responsibility and Corporate Governance. This practice positions companies as an active participant
in sustainable development and allows them to increase their own ratings, which makes it possible to
have advantages in attracting investments and targeted financing, increasing one’s own competitiveness
due to improved trust in such companies, etc. Improving the quality of information in ESG reporting
on water resources management and related processes allows stakeholders to receive complete and
reliable information when making management decisions. On the basis of the study of ESG reporting
of 8 corporations from Ukraine in terms of the use of water resources during the implementation of the
strategy of sustainable development, positive and problematic practices of companies were identified when
preparing the necessary data for reporting. During this analysis, the experience and legislative guidelines
on the exploitation of water resources and the use of ecological and economic accounting of water in the
countries were taken into account. In addition, approaches to applying the level of materiality in ESG
reporting were analyzed when reporting in this format. The results of the study made it possible to rank the
elements of water resources management of economic entities according to the rule of materiality of data
in ESG reporting and to propose an algorithm for compiling ESG reporting in the part of water resources
management, taking into account the level of materiality. The article substantiates the directions of
providing companies with adequate information on water resources management measures and reflecting
such practices in ESG reporting to meet the needs of internal and external users. The directions of further
scientific research in the field of reporting on the use of water resources by various business entities are
also outlined. A critical analysis of the peculiarities of ESG reporting in the area of water resources
management can provide an opportunity for top managers of domestic companies to improve the quality of
financial and non-financial information, which, in turn, will contribute to the improvement of the corporate
governance system on the one hand, and on the other hand, improve the satisfaction of information users.
requests of all stakeholders when making their own management decisions.

Key words: Environmental aspects, Social responsibility, Corporate Governance, ESG reporting,
sustainable development, materiality, water management

Relevance of research. Goal 6 “Ensuring
availability and sustainable management of water
resources and sanitation” [1] was defined as an
integral component of achieving the sustainable
development goals of Ukraine by 2030. To
achieve this goal, adequate modern approaches
to water management are required. That poses
businesses In Ukraine the implementation and

use of a system of indicators in water use areas,
which must meet the requirements of sustainable
development. Key performance indicators
(KPI) can serve as one of the important tools
in the field of ESG.

To increase the volume of sustainable
investments and combat the laundering of
financial funds by unscrupulous companies
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(subjects that unreasonably apply for investments
within the scope of implementing sustainable
development — ESG-investing), when conducting
“green” businesses many countries are introducing
requirements for disclosing the information
on ESG and the need for risk assessment when
implementing a sustainable development strategy
[2]. Thus, non-financial reporting, especially
reporting on sustainable development, should
be considered within the framework of a single
concept of ESG in the long term [3].

Compliance with the recognized ESG
investment criteria (investor requirements) for
sustainable development is an important factor in
the competitive advantages of business entities,
which allows them to position themselves as the
most advantageous on the capital market and in
the eyes of civil society.

Therefore, it is expedient to study the
approaches to disclosing and improving
organizational and methodological tools in the
modern accounting system, which will optimally
meet current information requests and the format
of ESG reporting, the quality content of which
can be recognized as one of the methods of
verifying the sustainable development of modern
effective business [4].

Analysis of recent publications. An analysis
of the use of materiality level in preparing
corporate reporting in terms of water management
in the ESG format [5] proved that EU regulations
require the presence of a criterion of the absence
of significant damage to other ESG goals [6].
In this regard, business entities need to assess
the financial impact on the environment at the
legislative level when determining ESG risks
[7]. It is worth noting that practitioners focus
on the growing tendency to reassess traditional
interpretations of the principle of materiality
in ESG [8], which makes it possible to prepare
reports using traditional financial indicators of
the enterprise’s economic activity, considering
achieving generally accepted goals of sustainable
development [3]. Publishing these data in open
access allows companies to demonstrate the
effective use of all natural resources, in particular
water when implementing ESG strategies
[9-16]. However, there is no proper scientific
generalization of the accounting and reporting
component regarding the frugal use of water
resources based on ESG strategies.

The purpose of the article. The purpose
of the article is to resolve the current issues of
ESG business reporting by companies in terms
of water management based on the actualization
of a materiality principle, which will ensure its
high-quality content, as well as informational
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value regarding the use of water resources for all
stakeholders.

Research methods. This study used:

— logical and abstract methods (analysis
of regulatory and legal acts, assessment of the
significance of water management components,
analysis of scientific sources);

— system analysis (summarization of research
results and implementation of best practices by
domestic and foreign companies regarding the
use of water resources based on ESG principles);

— historical and logical methods (analysis
of the data from official reports of Ukrainian
corporations and advanced global practices of
effective use of water resources);

— analytical and  synthetic = methods
(processing of information and synthesis of
results in the form of consolidated data on the
qualitative characteristics of the use of water
resources).

Research results and discussion. ESG
reporting regarding water management was
studied based on specifying the importance
of preparing such information, analysis of the
advantages and disadvantages of using water by
domestic corporations, applying a materiality
level in activities, and report preparation.

The results of the analysis of legal acts on
regulating business reporting in terms of water
use according to ESG principles.

At the current stage, improving the efficiency
of business economic activity is influenced
by implementing the concept of sustainable
development, taking into account the interests of
society, by voluntarily assuming responsibility
for the impact of one’s activities on other
subjects of the business environment and
members of society, which goes beyond the
obligations, established by law. The form of such
responsibility is the preparation and publication
of sustainable development reports by business
entities, one of the modern mechanisms of which
is the concept of ESG, which is institutionalized
through the adoption of standards and initiatives,
the mandatory use of which is fixed by a directive
[3]. According to Directive 2022/2464/EU [2],
from 2024, the rules for reporting on sustainable
development will change; instead of voluntary
reporting, an imperative principle of business
reporting will be introduced in the territory of
the EU, which establishes a mandatory reporting
procedure, including regarding water use by
businesses.

For domestic companies, the researchers
suggest that information on the impact of the
company’s activities on the environment, the
industry in which the company operates, and
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introducing environmental protection measures
have to be shown in the “Environmental
Aspects” section of the Management Report.
It also has to specify reducing its activity
impact on the environment. Given these
aspects, it is recommended to show the data
on the rational use of water in the Management
Report, namely: volumes and shares of water
intake; volumes and shares of wastewater;
volumes and shares of malignant compounds
that enter water bodies due to draining used
water by the company; share of suppliers
using quality standards for water used in the
production cycle; financial effect of introducing
“green” technologies for water purification;
volumes of industrial water consumption in
areas with a shortage of drinking water for the
population; ecological coefficient of product
safety; coefficient of “ecological ballast”;
coefficient of waste rational use; profitability of
products from waste; environmental pollution
coefficient; degree of environmental pollution;
index of environmental protection activities,
etc. [17-19]. It is worth noting that permanent
management of these key indicators is expedient
since regulators in the regulatory framework
require a reduction of some ESG indicators, for
example, malignant compounds in reservoirs as
the result of economic activity [20].

The Annex on ESG, by the Corporate
Governance Principles, provides for
environmental protection measures that must be
included in the reported policy of the company.
Thus, the company’s activity on ESG issues in the
area of environmental protection is encouraged
[8]. In addition, Ukrainian companies should
adhere to International Financial Reporting
Standards, the norms of which, in particular
IAS 1 “Presentation of Financial Statements”
[21], recommend the provision of additional
information, for example, environmental reports
for those business entities whose activities are
significantly affected by environmental factors,
and the staff is an important group of corporate
reporting users. Ukrainian companies are
recommended to implement other existing EU
norms regarding sustainable development. The
business practice of displaying the information
on water use in ESG reports in open access also
spreads in Ukraine.

According to national statistics, in 2017,
58.6 % of the total volume of water resources
was used for industrial needs in Ukraine. Instead,
in 2023, this figure was 62.1 %. In 2017, 17.1 %
of total water resources were consumed for
drinking water supply, sanitary, and hygienic
purposes, and in 2023-21.1 %. 22.6 % of water

volume was used for irrigation in 2017, and only
5.5 % in 2023 [22, 23].

Water management measures have to be
performed in the legal ecological and economic
fields. According to the EU Water Framework
Directive water supply is recognized as a public
interest service [24]. While complying with the
requirement of social justice, the service provider
does not seek to obtain a direct economic benefit.
Therefore, services of general economic interest,
which are basic, and those provided for a fee are
distinguished. These services are governed by
European internal market and competition rules.
However, deviations from these rules may occur
if there is a need to protect citizens’ access to
such services.

It is also necessary to consider the
recommendations of environmental accounting
[25], which corresponds to existing areas of
water use by respondents in their economic
activities. = Recommendation implementers
should assess the applicability and practicality
of such recommendations, given their specific
features, such as identified user needs,
resources, priorities, and respondent burden.
Making these recommendations the basis
of data collection on water issues will be an
important factor in their management, in
particular, recognizing the need to improve
basic data on water use and integrating these
data with social, economic, and environmental
aspects to form ESG-reporting.

Positive results of evaluating the meaningful
content of ESG reports.

Table 1 shows the analysis of information
on water use in terms of implementing the ESG
strategy and its presentation in the corporate
reporting of domestic corporations. The reports
indicate the goal of the company’s activity in the
field of ESG and the degree of its achievement,
in particular, in terms of water management,
namely rational water use, ensuring effective use
and reproduction of natural resources (surface
and underground water), determining the impact
on the environment, achieving the goals of the
GRI 303 “Water and Wastewater” standard,
responsible consumption of water, reducing
water losses, improving programs and specifying
the level of ambition, as well as adding new
goals and measures. Also, the reports emphasize
compliance with instructions, descriptions of
rules, procedures, and regulations regarding
implementing the sustainable development
policy, state maximum increase in water reuse,
reduction of water intake to a minimum, clarify
the results of activities, and determine the
measures to eliminate deficiencies.
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In addition, the investigated reports provide
data on water use in the technological processes
of the companies’ activities and state the stages
of these processes, emphasizing the priority
of the wastewater treatment stage. The reports
show differentiated water-related measures in the
regions of companies’ activities as to water stress
for plants (water shortage risk). The investigated
reports of the companies declare the importance
of implementing technologies associated with
minimal negative impact on the environment and
offer different approaches to water management.

In ESG reporting, domestic companies pay
considerable attention to taking into account
environmental risks; showing the closed cycle of
water circulation; a set of measures to minimize the
company’s impact on water resources; changes in
technological processes of wastewater treatment;
preventing pollution of water bodies; reducing
water consumption for cooling; technologies
for purification household water and rainwater;
minimizing water losses; maximum increase in
water reuse; wastewater accumulation and water
quality control; modern irrigation technologies;
cultivation of crops with lower water demand.

A comprehensive ecological approach to
environmental protection is one of the key areas
of corporate social responsibility, which requires
the development of programs for implementing
the best available practices and technologies
in labor, health, and environmental protection,
including reducing water consumption and waste
generation.

It is necessary to evaluate the attitude of
the business owners and management toward
the importance of sustainable development
approaches reflected in defining environmental
goals and implementing special measures,
making and publishing ESG reports regularly to
improve the quality of ESG reports. Regarding
the measures to improve the efficiency of
water use, business activities have to aim at
the implementation of necessary techniques
for accurate assessment of the impact on the
efficiency of water use and its fair distribution,
as well as its displaying in ESG -reports for
information needs of various interested users.

Problem areas of business corporate
reporting regarding water management. In
reporting documents, it is appropriate to indicate
the company’s structural divisions responsible
for the implementation of its strategies and
responsibility for the proper use of natural
resources, in particular, water resources. At the
same time, actions related to the implementation
of strategies have to be displayed in the official
duties of the personnel. In corporate reporting,
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it is necessary to define the terms used and
their content: responsible water use, philosophy
of sustainable agriculture, effective water
management, etc. It is expedient to specify in the
corporate reporting the description and provide a
quantitative assessment of the proposed measures
and application technology: areas for water use
optimization; implementation of information
technologies for annual and operational
planning of irrigation; implementation of
farming monitoring systems (meteorological
stations, ERS, control and measuring devices);
implementation of precision farming systems,
etc. [26, 27].

Also, to improve the quality of information
in the ESG reporting of domestic companies,
it is appropriate to display data related to the
monetary assessment of the impact of production
fixed assets on the pollution of water used by
the company in its production cycle; monetary
evaluation of the negative impact of water on the
functional state of the basic means of production.
In addition, given the impossibility of quantitative
and monetary assessment of all important points
regarding water use and management, it is
advisable to display the following information
in the form of a descriptive part: water intake
control measures; implementing purification
technologies for reservoirs used by companies
for production purposes; measures performed
by the company to clean water bodies, preserve
fauna and microclimate in the areas of such water
bodies, etc. [29].

Consideration of the materiality factor in
ESG reporting. When making ESG reporting,
the company relies on the generally recognized
postulates of providing reliable information about
its activities, and an important characteristic of
the provided data is the level of their materiality.

Materiality is the fundamental principle
of preparing reporting on sustainable
development [5], which provides the criterion
of information sufficiency [27], necessary for
a complete and unambiguous understanding
by all stakeholders of the situation regarding
the information provided in such reporting
[2, 3, 5]. Information is recognized as material
if it significantly influences the company,
assessments, and the decisions of stakeholders
and when it is useful for decision-making
by all interested parties satisfying their
information expectations. At the same time,
the International Accounting Standards Board
defines information as material if “... its
omission, distortion or concealment may affect
the decisions taken by the main users of general
purpose financial statements...”.
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The regulatory acts consider the concept of
“double materiality”, which consists of both the
company’s financial impact on the environment,
society, and other stakeholders and their impact
on the situation in the company [3]. Also, an
important term is “dynamic materiality”, under
which it is appropriate to understand information
that may not be financially significant now but
may become financially significant in the near,
medium, and long term.

The new vision of materiality in ESG reporting
is not the information that can predictably
move the market, but rather information that
provides a deep, long-term understanding of
a company’s risks, prospects, and drivers of
success. Businesses should be aware that the
attitude towards what is considered essential is
changing [8]. Instead, investors need consistent,
comparable, and useful information to realize
ESG risks and opportunities to consider them in
the decision-making process [20].

Based on the conducted expert assessment,
it is possible to propose essential elements of

water management by materiality degree, which
corresponds to the principle of strategic orientation
of ESG reporting [5], presented in Table 2.

Algorithm for compiling ESG-reporting
regarding water management by materiality
degree. Reporting of Ukrainian companies on
water management by the materiality factor
involves the following actions:

— determining the purpose of activities and
specific tasks to be achieved in the reporting
period (reference is made to the program and
environmental policy of the company); choosing
a report format indicating compliance with
ESG requirements and selection of metrics for
data collection; ensuring compliance with a
unified approach to water use and conservation;
displaying the developed and used materiality
criteria (materiality matrix), as well as the areas
of responsibility of the respondent company
and developing its standards for environmental
protection;

— collecting, auditing, analyzing, and
summarizing data on implementing programs

2. Elements of water management when considering materiality degree in ESG reporting

Materiality
degree

Components of water management by materiality degree

High

— indicating the goal of the company’s activities in the field of ESG and reporting about the goal
achievement;

— achieving the goals of the GRI 303 program “Water and Wastewater (GRI 303)”;

— offering data that provide a comprehensive long-term realizing the risks, prospects, and drivers
of the company’s success regarding efficient water use;

— displaying the results of the optimization of water use;

— assessing potential benefits, cost of implementing measures for water efficient use, and
potential losses in case of non-implementation;

— assessing the possibility of financial impact and absence of harm to other ESG goals;

— using available reserves, limitations, and diversification of the company’s activities;

— achieving a high level of data integration;

— introducing measures aimed at preventing/eliminating damage caused to the environment by
companies.

Average

— introducing advanced “green” technologies;

— availability of accredited laboratories;

— availability of internal environmental audit;

— keeping ecological water accounting [25];

— monitoring of water quality;

— assessing environmental impact (depending on the industry in which the company operates);
— assessing environmental protection measures, reducing the negative impact on the environment;
— rational water use;

— environmental pollution coefficient;

— making water reserves and funding for environmental protection measures;

— assessing military risks;

— displaying in reporting extraordinary events, including those that occurred regardless of the
company’s activity;

— risk insurance.

Low

— considering the interests of all water users, assessing the impact of their activities on water
management;

— reducing water losses;

— stating the facts on fulfilling the obligations.

Source: compiled by the authors
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and environmental projects on environmental
water accounting; coordinating the ESG report
with other reportings of the company (financial,
tax, statistical, etc.);

— considering approving and publishing
ESG reporting; determining the company’s rank
in the ESG strategy implementation ratings, and
considering ways to improve the company’s
reputation by adjusting materiality characteristics;

— searching for financing for implementing
water management measures, since the economic
corporate management plays a leading role; cost
planning for data preparation and ESG reporting,
as well as for environmental and social measures.

Thus, the information from ESG reports
regarding efficient water use provides for
determining the goal, stating compliance with
the regulatory requirements of such practice, and
displaying water use measures. The respondents of
ESG reporting have to focus on compliance with
the obligations of water users and responsibility
for violations of water legislation [30].

Conclusions. For effective water management,
it is necessary to introduce a set of rules in the
regulations of the companies, according to which
the companies’ activities and reporting related
to water use will meet the requirements for
sustainable development accepted in the world, in
particular, the requirements of the best practices
of ESG reporting. The function of the materiality

(]

degree consists of a scientifically based rating of the
components of water management performed by
companies, establishing task priorities focusing not
only on the future economic benefits but also on the
responsibility of companies for rational water use in
their economic activities, as well as increasing the
number of responsible persons in the area of nature
management and environmental protection.

Areas for further research. Further
scientific research should provide for the
development of an appropriate toolkit for the
use of the terminological apparatus, in particular,
considering the latest understanding of water
management [25], methods of data formation,
specification of the goal considering risks,
improvement of methodological approaches for
assessing a financial impact and identifying risks
in ESG conditions, application of integrated water
management by the basin principle, clarification
of the companies’ responsibility for violations of
environmental regulations.

The article analyzes the reports of Ukrainian
companies for 2019-2021, that is, before the
COVID-19 pandemic started and during it.
Analysis of such reports on business activities
during the war and post-war recovery period
in Ukraine will enable us to establish how
businesses used water resources and achieved
positive results by introducing broad reforms in
rational water use.
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Anomauyia Payionanvhe 8UKOpUCTMAHHA BOOHUX PECYPCi8 KOMNAHIAMU NOMPeOyE 8NpOBAONCEHH CMpa-
meziti ma OOMpPUMAHHS HUMU OOPAHOI NONIMUKU 8 YACMUHI YNPAGIIHHA YUMU 00 €Kmamu. CKIA0aHHs.
npocpam ma nianie; 3anpoeaoddicerus Oill NPUPOOOOXOPOHHO20 CAPIMYBAHHS, BI00OPAICEHHS eKOHOMIY-
HO2O0 ehekmy ma OOKYMEHMANbHO20 OMOPMIEHHS VCIX MPAHCAKYIU, MIHIMI3ayis He2amueHUux 6NIuU6i6
HA HABKOMUWIHE cepedosuuye;, NpeoCcmasients NO3UMUGHUX Mda 6i0 €MHUX HACNIOKI8 SUKOPUCHAHHSL
npupoonux pecypcis y ghopmami ESG-36imunocmi (amnen. — ESG reporting), y axiii po3kpusaemucs ingop-
Mayisi npo OIIbHICMb KOMAAHIL y chepi 83aEMOBNIUSY HABKOMUWHb020 cepedosuua (Environmental
aspects), coyianvroi gionogioarvnocmi (Social responsibility) ma xopnopamusno2o ynpaéninns (corpo-
rate Governance). Ha ocrnogi docnioscenns ESG-36imnocmi 6ocvmu kopnopayiil 3 Yxpainu ujo0o kopuc-
MYBAHHS BOOHUMU PECYPCaMU BUHAYEHO NOZUMUBHI NPAKMUKY MA 8Y3bKi MiCYs npu nio2omoesyi Komna-
HiAMU HeoOXionux oanux. 11i0 uac npoeedenHs yb0o2o AHANIZY 6PAXOBAHO [HOZEMHUL MA GIMUUSHAHUL
00c6i0, a Mmakodic 3aKOHO0A8Yi HOPMU 8 HACMUHI eKONO2IYHO20 00MIKY, 30KpemMda GUKOPUCMAHHS GOOHUX
pecypcis. Kpim moeo, npoananizoeano nioxoou 0o 3acmocysanus piens cymmesocmi y ESG-36imnocmi.
Pezynomamu 0ocniodicenus 0anu 3mo2y 30IUCHUMU PAHMICYBAHHS eleMenmi8 YNPasiiHHs GOOHUMU peCyp-
camu cyd’exmis 2ocnooaprosanns 3a pisnem cymmesocmi y ESG-3gimnocmi ma 3anpononysamu aneo-
PUMM CKAAOAHHS MAKOT 36IMHOCMI ) YACMUHT YRPAGIIHHA B00HUMU pecypcamu. Y cmammi o0TpyHmo8aHo
HeoOXIOHICMb 3a0e3neyeHHs: KOMIAHIAMU HATeHCHO THHOPMAYIEIO U000 BUKOPUCTNAHHS 800HUX PeCcypCis
y ESG-36imnocmi 0ns 3a0060neHHs iHopmayitinux nomped ycix cmelikxonoepis. Takodxc okpecieHo
Hanpsmu NOOAIbULUX HAYKOBUX 00CII0dCeRb Y cqhepi 36iny8anHsL W00 KOPUCMYBAHHS B0OHUMU PECYPCAMU
PI3HUMU CYO '€EKmamu 20Cno0aplo8ansi.

Knrouosi cnosa: ESG, ESG-36imuicmb, cmanutl po3eumox, Cymmesgicms, YAPAGIiHHA 60OHUMU PeCypcami
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Abstract. The use of perennial leguminous crops is an energetically and economically beneficial and
ecologically friendly measure for improving the nitrogen balance of soils, which implementation requires
specification and additional research of certain soil and climatic conditions and farming systems. The work
aimed at studying the accumulation of biologically fixed nitrogen by alfalfa and Hungarian sainfoin in
single-species crops, as well as in wheatgrass-alfalfa and wheatgrass-sainfoin grass mixtures on the dark-
chestnut soil of southern Ukraine. Laboratory, field, and statistical research methods were applied. The
obtained results showed that the accumulation of nitrogen in the biomass of leguminous perennial grasses
in single-species crops of blue hybrid alfalfa, Hungarian sainfoin, and intermediate wheatgrass and their
grass mixtures depended on the hydrothermal conditions of the growing season, changes in species botanical
composition by the years of grass stand used. During the first and second years of use, the nitrogen content
in the biomass of alfalfa was 3,54-3,75 %, sainfoin — 3,49-3,65 %, and was significantly higher than in
single-species crops of intermediate wheatgrass — 2,62—2,77 % to dry matter. The removal of total nitrogen
by intermediate wheatgrass during this period did not exceed 90 kg/ha; by alfalfa and sainfoin, it was
125—134 kg/ha, including symbiotic nitrogen removed by the alfalfa crop — 35-39 kg/ha and Hungarian
sainfoin — 37—44 kg/ha. In the fractional composition of nitrogen in the soil of the experimental field
after three years of using alfalfa when inoculating seeds with the complex microbial preparation Ecovital,
the nitrogen content was the highest compared to other types of crop rotation, including total nitrogen —
1006,3-1428,8, mineral nitrogen — 24,9-46,3; alkaline hydrolyzed nitrogen — 113,8—186,0 mg/kg of soil.
The obtained results allow us to conclude that the creation of highly productive symbiotic systems when
using the latest biological preparations will contribute to improving soil nitrogen balance, eliminate the
catastrophic decrease in fertility and soil degradation, improve the fodder base for animal production, and
reduce the ecological burden on agricultural lands.

Key words: biological nitrogen, symbiotic systems, perennial leguminous grasses, nitrogen regime,
extreme weather conditions

Relevance of research. The increase in
the production of high-quality plant products
in Ukraine, given the limited supply of energy
products and the constant increase in their
prices, is generally solved by further increasing
the production of mineral nitrogen fertilizers.
The production of nitrogen fertilizers is an
energy-intensive process since producing 1 ton
of mineral nitrogen fertilizers consumes about
6 million kcal, which is as much as 5 tons of hard
coal when burning. Over the past 10 years, the
rate of mineral nitrogen fertilizers application

was 97 kg/ha of active substance (a.d.), against
141 kg/ha in 1990 [1]. Since the beginning of
the full-scale russian invasion of Ukraine, only
two factory — “Rivneazot” and Cherkasy “Azot”
have produced nitrogen fertilizers. Therefore,
the volume of mineral fertilizer application will
continue to decrease as a result of the challenges
of wartime.

When cultivating most crops in recent
years, mostly mineral fertilizers were used,
while applying organic fertilizers significantly
decreased [2]. The latter is associated with a
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significant reduction in cattle population in
all regions of Ukraine. In 1990, with a cattle
population of 25,2 million heads (including
8,5 million cows) in Ukraine, 257,1 million tons
of organic fertilizers were produced and 8,6 tons
of organic matter were applied per hectare
of sown area. In general, during the period
1990-2020, the number of dairy herds in Ukraine
decreased by 6,4 million heads, that is 74,6 %.
The production of organic fertilizers decreased
to 9,8 million tons in recent years, due to which
only 0,5 tons of organic and 41 kg/ha (dry matter)
of mineral fertilizers were applied per hectare
of sown area [3-5]. A decrease in nitrogen
application rates disrupts the ratio of carbon
and nitrogen in the soil; it leads to the situation
when plants compensate for the lack of nitrogen
by consuming it from humus compounds. Such
processes cause dehumification and degradation
of arable land [4].

Currently, there are two ways to improve
the nitrogen balance in the soil in Ukraine:
a) expansion of the production of nitrogen mineral
fertilizers on an industrial basis, b) creation of
agrotechnological conditions for increasing the
sown area of leguminous crops and perennial
leguminous grasses, characterized by the
maximum nitrogen-fixing activity of symbiotic
and free-living diazotrophs [6—8]. Expanding
the sown areas of perennial leguminous grasses,
which provide high nitrogen-fixing activity of
symbiotic and free-living bacteria, is an extremely
urgent issue in modern farming conditions [9].
In recent years, there has been an increase in
the aridity of the climate and xerophytization
of vegetation. Therefore, the development of
measures to ensure the stable production of
fodder products in the conditions of global
climate change is becoming increasingly urgent
[10]. Despite the relevance of these issues in the
conditions of Southern Ukraine, they remain
little studied.

Analysis of recent research and
publications. Nitrogen in the earth’s crust
is in the form of various compounds, which
make up 0,005 % of the earth’s crust mass [11].
The budget, distribution, and evolution of the
earth’s nitrogen are regulated by biological
and geological cycles. The biological cycle
provides the geological cycle with nitrogen,
which, in turn, supplies part of the nitrogen
to the Earth’s interior [12]. It is known, that
the main mass of nitrogen is in the air of the
atmosphere, where molecular nitrogen is up
to 78.08 %, the mass of which is 4x10" tons.
However, plants consume only nitrogen from
mineral compounds and, due to the inability
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to assimilate molecular nitrogen from the air,
they often experience its deficiency.

Leguminous crops play an important role
in soil nitrogen balance. During symbiotic
nitrogen fixation from the air by nodule bacteria,
leguminous crops, and nodule bacteria function
in a close interaction in a biological system, and a
connecting electron and transport chain between
them is leghemoglobin. Leguminous crops are
a source of carbon-containing compounds —
products of photosynthesis, which are energy
material, necessary for activating and reduction
Nz to NH4+.

Among the leguminous grasses, clover,
birdsfoot deer vetch, and Hungarian sainfoin are
characterized by high productivity, but in this
regard, alfalfa is considered the most effective
[13—16]. Perennial legumes in symbiosis
with nodule bacteria, which fix atmospheric
nitrogen, accumulate it in phytomass. In the
experiments with short crop rotations, it was
found that biological nitrogen compensates the
total removed amount of nitrogen with the yield
in crop rotations with peas and soybeans by
25-62 % and with alfalfa by 89 % [17]. In the
post-harvest and root residues of the specified
types of leguminous perennial grasses, up to
20-30 t/ha of organic matter is accumulated,
which is equivalent to 70-80 t/ha of high-quality
humus, due to which winter wheat after alfalfa,
without the use of mineral nitrogen fertilizers,
forms a grain yield of up to 3,5-4,5 t/ha [18]. The
amount of nitrogen accumulated by annual and
perennial leguminous plants was determined in a
long-term field experiment on typical black soil:
for 3 years, alfalfa in a seven-field crop rotation
accumulated 39,7-43,5 kg of nitrogen per hectare
for a year in the form of above-ground biomass;
during that period, the following crops took
14,9 kg of nitrogen from the soil [19].

The  temperature regime and  the
thermotolerance of various strains of nodule
bacteria, which have their specific temperature
optimums for development and active nitrogen
fixation, play an important role in the interaction
of nodule bacteria and leguminous plants. The
maximum nitrogen fixation of leguminous plants
is observed at a temperature of 20-25 °C, and
30 °C and above, there is a decrease in nitrogen
accumulation.

Among leguminous perennial grasses, alfalfa
and Hungarian sainfoin are characterized by the
highest potential of symbiotic nitrogen fixation
[13]. Inoculation of leguminous perennial grass
seeds with microbial preparations based on
effective strains of nodule bacteria before sowing
is economically and ecologically appropriate
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since the indicated crops during the second
and third years of cultivation form an effective
symbiotic apparatus and fully provide themselves
with nitrogen, forming high yields of both above-
ground mass and seeds. The expansion of the sown
areas of leguminous grasses (alfalfa) ensures an
increase in the yield of the least energy-intensive
plant protein, an increase in soil fertility and, in
general, a decrease in the anthropogenic load on
agricultural land. In the EU countries with highly
developed agriculture, up to 20-25 % of arable
and natural fodder lands are under leguminous
perennial grasses [20].

Comparative studies of the nitrogen
balance and productivity of leguminous and
non-leguminous crop cultivation systems in
European agriculture showed that the highest
contribution of biologically fixed nitrogen is
achieved when the share of legumes in a crop
rotation is about 50 % [21]. The ecologists
emphasize that along with the increase in the
production of organic feed, the cultivation of
leguminous crops contributes to the improvement
of the environmental ecological balance, and the
preservation of the biodiversity of plants and
animals [22-24]. Studies carried out in different
climatic zones with different types of leguminous
grasses revealed that the inclusion of leguminous
crops in grass mixtures increases the productivity
of meadows by 1,5-2,5 times and the yield of
crude protein by 2-3 times compared to cereals
grass stands [25-27].

The role of perennial leguminous grasses
alfalfa and safflower in the nitrogen regime on
non-irrigated lands of the southern Steppe of
Ukraine has not been sufficiently studied.

The purpose of the research is to study the
accumulation of biologically bound nitrogen
by alfalfa and Hungarian sainfoin in single-
species crops, as well as in wheatgrass-alfalfa
and wheatgrass — sainfoin mixtureson the dark
chestnut soil of Southern Ukraine.

Research materials and methods. Field and
laboratory studies on the productivity of blue
hybrid alfalfa, sand Hungarian sainfoin, and
intermediate wheatgrass in single-species crops
and wheatgrass-alfalfa and wheatgrass — sainfoin
mixtures were conducted on the dark chestnut
soil of the experimental farm “Kopani” of the
Institute of Irrigated Agriculture of the National
Academy of Agrarian Sciences of Ukraine

The area of the experimental farm “Kopani”
of Bilozersky District, the Kherson Region is
located in the Black Sea Lowland. The soil-
forming process in the greater part of the farm area
was going in the conditions of a flat topography
on carbonate-forest underlying bedrocks. Soils

of different fertility, including dark chestnut,
were formed in the farm territory, influenced by
climate, vegetation, bedrock, groundwater depth,
and human economic activity.

The sowing of perennial grasses in a two-factor
field experiment was carried out in the early
spring of 2020; the experiments were performed
in the growing seasons of 2021-2022. The seed
sowing rates in crops were (kg/ha): intermediate
wheatgrass (variety Vitas) — 32,0, blue hybrid
alfalfa (Unitro variety) — 24,0, Hungarian
sainfoin  (Ingulsky variety) — 90; in grass
mixtures: wheatgrass + blue hybrid alfalfa — 16,0
and 12,0, respectively; intermediate wheatgrass +
Hungarian sainfoin — 16,0 and 45,0; intermediate
wheatgrass + blue hybrid alfalfa + Hungarian
sainfoin — 12,0, 8,0 and 30,0. The experiment
was laid out by the method of split plots, where
the main plots (plots of the first order) are single-
species crops of perennial grasses, and sub-plots
(plots of the second order) are grass mixtures.
The area of the sowing plot was 60 m?, and the
accounting area was 20 m?. Inoculation of seeds
of perennial legumes was carried out with the
complex preparation Ecovital, made based on
complementary strains of nodule bacteria and
phosphate-mobilizing bacilli from the collection
of the D. K. Zabolotny Institute of Microbiology
and Virology of the National Academy of
Sciences of Ukraine.

The content of dry matter in plants before
mowing was determined by the weight method
in two non-adjacent repetitions by the variants
of the field experiment. Forage evaluation of the
nutritional value of monospecies crops of blue
hybrid alfalfa and Hungarian sainfoin and their
grass mixtures with wheatgrass was performed
when determining the chemical composition of
perennial grasses and grass mixtures. Chemical
analysis of fodder was made by infrared
spectroscopy on a NIP Systems 4500 analyzer.
The content of crude and digestible protein, crude
fat, crude fiber, crude ash, as well as fodder units,
non-nitrogenous extractive compounds, gross
and exchangeable energy, and fodder mineral
composition were determined in the dry matter.
After determining the total moisture, when
hygroscopic moisture and air-dry matter in the
samples were taken into account, recalculation
of nutrient content in fodder as a percentage of
absolutely dry matter was performed. Fodder
units and gross and exchangeable energy were
calculated based on the chemical composition of
plants using the coefficients of nutrient productive
action and digestibility [28].

The amount of symbiotic nitrogen fixed from
the atmosphere by blue hybrid alfalfa of the
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Unitro variety and Hungarian sainfoin of the
Ingulsky variety was determined using a modified
comparative method [29]. The difference between
the nitrogen content (removal) in the above-
ground mass and roots of alfalfa or Hungarian
sainfoin and intermediate wheatgrass of the Vitas
variety was determined with correction for seed
nitrogen. Since under the same conditions of their
cultivation, the specified crops consumed the same
amount of nitrogen from the soil, the difference
in nitrogen uptake by leguminous grasses and
wheatgrass was attributed to symbiotic nitrogen
fixed from the air. The coefficient of nitrogen
fixation was calculated based on the ratio of
the growth of nitrogen removal by leguminous
perennial grasses to the total crop nitrogen
removal. Statistical processing of the obtained
data was performed according to [30].

Research results and their discussion. It
was established that along with a high yield of
fodder units and digestible protein, the sowing
of leguminous perennial grasses contributed
to the accumulation of symbiotic nitrogen,
which during all the years of field experiments
significantly depended on the yield of absolutely
dry matter, the nitrogen content of plants, the lack
of moisture supply and the duration of the use of
grass stands.

The symbiotic fixation of nitrogen by single-
species seed crops of blue hybrid alfalfa and
Hungarian sainfoin of the first and second
years of use was studied in years with different
precipitation  availability. By hydrothermal
conditions, 2021 was classified as wet (50 %) in
terms of precipitation availability, and 2022 — as
moderately dry (75 %). The symbiotic fixation of
nitrogen by single-species crops of blue hybrid
alfalfa, Hungarian sainfoin, and wheatgrass +
alfalfa and wheatgrass + sainfoin grass mixtures
depended significantly on the change in the species
botanical composition of the grass stands over the
years of use and the nitrogen content in perennial
grasses. Nitrogen content in single-species crops
of blue hybrid alfalfa, Hungarian sainfoin, and
intermediate wheatgrass and their grass mixtures
depended significantly on the hydrothermal
conditions of the growing season of each year
of the field experiment. Compared to single-
species wheatgrass crops, the nitrogen content in
leguminous perennial grasses during all years of
the field experiment was significantly higher.

The average nitrogen content in single-
species wheatgrass crops in the first year of use
was 2,73 and 2,77 %, and in the second year —
2,62 and 2,66 %. In single-species alfalfa crops
nitrogen content increased to 3,54 and 3,75 %
in the first year and 3,60 and 3,64 in the second
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year. In single-species Hungarian sainfoin crops
nitrogen content also increased up to 3,62 and
3,65 % in the first year and up to 3,49 and 3,63 %
of absolutely dry matter in the second year.

During the first and second years of use, the
removal of total nitrogen by the intermediate
wheatgrass did not exceed 90 kg/ha, by the blue
hybrid alfalfa and Hungarian sainfoin — 125 and
129 kg/ha, and 127 and 134 kg/ha, respectively;
including the removal of symbiotic nitrogen
by blue hybrid alfalfa — 35 and 39 kg/ha and
Hungarian sainfoin — 37 and 44 kg/ha. The
removal of symbiotic nitrogen over the years of
the study by the intermediate wheatgrass + blue
hybrid alfalfa grass mixture was 38 and 41 kg/ha,
by the intermediate wheatgrass + Hungarian
sainfoin grass mixture — 33 and 41 kg/ha, and
by the intermediate wheatgrass + blue hybrid
alfalfa + Hungarian sainfoin three-component
grass mixture — 37 and 44 kg /ha (Table 1).

The coefficient of nitrogen fixation, as the
ratio of the growth of nitrogen removal by
leguminous perennial grasses to the total crop
removal, under conditions of natural moistening
(without irrigation) in the southern part of the
Steppe zone, significantly depended on presence
of alfalfa and Hungarian sainfoin in the species
botanical composition, precipitation availability,
and the duration of the use of grass stands over
the years. For blue-hybrid alfalfa of the Unitro
variety in the first and second year of use, it was
28,0 and 30,2 % respectivly, and for Hungarian
sainfoin of the Ingulsky variety — 29,1 and 32,8 %
respectively (Table 1).

The cultivation of single-species crops of blue
hybrid alfalfa, Hungarian sainfoin, and their grass
mixtures with intermediate wheatgrass made it
possible to obtain green fodder, balanced with
digestible protein, without applying mineral nutrients
and to provide cereal grain crops with the best
forecrops during all the years of scientific research.

The determined fractional composition of
nitrogen in the 0-20 cm and 2040 cm layers of
the dark chestnut soil of the experimental field of
EE “EF “Kopani” after three years of using alfalfa
when inoculating seeds with Ecovital shows that,
compared to other types of the crop rotation, it
was the highest and, depending on the soil layer,
consisted of: total — 1006,3 and 1428,8 mg/kg,
mineral — 24,9 and 46,3, alkaline hydrolyzed —
113,8 and 186,0, heavily hydrolyzed — 155,5 and
214.,4 and non-hydrolyzed nitrogen — 712,1 and
982,1 mg/kg of soil (Table 2).

Sufficient accumulation of all forms of
nitrogen in the soil is due to inoculating alfalfa
seeds with the complex biological preparation
Ecovital.
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1. Accumulation of symbiotic nitrogen by perennial legumes in the first and second years of use

Removal of nitrogen Equivalent
by yield and roots Nitrogen quiva‘en
Types of grass fixation to mineral
and grass mixtures Total removal Including coefficient, nitrogen in
symbiotic %
kg/ha % nitrogen, kg/ha kg/ha | GJ/ha
First year of use (2021)
Intermediate wheatgrass 90 100 — - — —
Alfalfa 125 139 35 28,0 105 | 9,1
Intermediate wheatgrass + Alfalfa 128 142 38 29,7 114 9,9
Hungarian sainfoin 127 141 37 29,1 111 9,6
InFermedlate wheatgrass + Hungarian 123 137 33 26.8 99 8.6
sainfoin
Intermefllate Whegtgrass + Alfalfa + 127 141 37 29.1 111 9.6
Hungarian sainfoin
LSD,s 13,8 15,4 2.0 1,3 6,1 0,3
Second year of use (2022)
Intermediate wheatgrass 90 100 — — — —
Alfalfa 129 143 39 30,2 117 | 10,1
Intermediate wheatgrass + Alfalfa 131 145 41 31,3 123 | 10,7
Hungarian sainfoin 134 149 44 32,8 132 | 11,4
In@erm.edlate wheatgrass + Hungarian 131 145 41 313 123 | 107
sainfoin
Intermefilate Whegtgrass + Alfalfa + 134 149 44 128 132 | 114
Hungarian sainfoin
LSD,s 19,5 20,9 2,2 1,1 6,7 0,6
On average for 2021-2022
Intermediate wheatgrass 90 100 — — — —
Alfalfa 127 141 37 29,1 111 9,6
Intermediate wheatgrass + Alfalfa 130 144 40 30,5 119 | 10,3
Hungarian sainfoin 131 145 41 31,0 122 | 10,5
InFerm'edlate wheatgrass + Hungarian 127 141 37 29,1 11 9.7
sainfoin
Interme.dlate Whegtgrass + Alfalfa + 131 145 41 31,0 122 | 105
Hungarian sainfoin
LSDys 16,7 18,2 2,1 1,2 6,4 0,5

2. Fractional composition of nitrogen in different types of crop rotation (EE “EF “Kopani”
of the Institute of Irrigated Agriculture of NAS)

Fractional composition of nitrogen, mg/kg
Type Of' P Soil layer alkaline heavily non-
rotation depth, em total mineral* hydrolyzed hydrolyzed hydrolyzed

Alfalfa 0-20 1428,8 46,3 186,0 2144 982,1
2040 1006,3 24,9 113,8 155,5 712,1

Winter wheat 0-20 1176,0 19,2 121,2 179,7 855,9
20-40 892,0 21,1 95,1 132,6 643,2

Sunflower 0-20 1123,0 22,3 110,7 168,4 821,6
2040 834,0 12,6 81,6 127,1 612,7

Black fallow 0-20 1231,0 39,4 146,4 170,8 874,4
20-40 917,0 25,1 99,5 134,3 658,1

LSD 5(0-20 cm), mg/kg 152,90 15,03 38,34 24,36 79,32
LSD (2040 cm), mg/kg 82,04 6,69 15,19 14,28 47,62

*Note: mineral nitrogen — (N —-NO3+N-NH4).
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The high content of mineral and alkaline
hydrolyzed nitrogen in the dark chestnut soil
during the cultivation of alfalfa for fodder
purposes and seeds makes it possible to obtain
sufficiently high yields of grain crops, winter
rape, and sunflower in conditions of natural
moisture supply without applying mineral
nitrogen fertilizers. Therefore, the expansion of
alfalfa sown areas in combination with complex
inoculation in modern farming conditions is one
of the most effective solutions to overcome the
difficult situation that small-scale and private
farms of the Southern Steppe of Ukraine have
faced in recent years.

Restoration of degraded dark-chestnut soil
fertility was achieved by the long-term use of
drought-resistant perennial leguminous grasses,
namely blue hybrid alfalfa and Hungarian
sainfoin, which are the most adapted to the natural
and climatic conditions of the Southern Steppe
subzone. At the same time, high productivity
of single-species crops of blue hybrid alfalfa in
the range of 1,33-2,67 t/ha of fodder units and
0,30-0,62 t/ha of digestible protein, in the
southern part of the Steppe zone was obtained
under conditions of natural water supply (without
irrigation).

The obtained results emphasize the important
role of perennial legumes in increasing the
production of fodder protein, which was
confirmed by the experiment results in different
natural and climatic zones of Ukraine [31, 32]. An
increase in the productivity of perennial legumes
is provided by the pre-sowing treatment of seeds
with complementary strains of nodule bacteria
[33]. As shown by the results of our research,

(51

the accumulation of nitrogen by perennial
leguminous grasses is significantly activated
when using nodule bacteria in a complex with
phosphate-mobilizing bacteria. In the arid climate
of southern Ukraine, the complex application
of nodule and phosphate-mobilizing bacteria
contributed not only to effective symbiotic
nitrogen fixation but also increased the resistance
of plants to adverse weather conditions. It is an
important factor that ensures the sustainable
development of agriculture in the conditions of
climate aridization, which has been observed in
recent years in the Steppe zone.

Conclusions. Cultivation of single-species
crops of blue-hybrid alfalfa, Hungarian sainfoin,
and their grass mixtures with wheatgrass when
using complex bacterial preparations allows us to
accumulate 3741 kg/ha of symbiotic nitrogen,
obtain nitrogen-enriched green fodder containing
141-145 kg/ha of nitrogen in the phytomass. The
creation of highly productive symbiotic systems
of single-species agrophytocenoses of perennial
leguminous grasses and leguminous-cereal
grass mixtures, resistant to adverse climatic
factors, in combination with the introduction of
the latest biological preparations, contributes to
increasing the content of mineral (nitrate and
ammonium) and alkaline hydrolyzed nitrogen
in the soil. Increasing the sown area with alfalfa,
alfalfa-cereal, and sainfoin-cereal grass mixtures
will avoid a decrease in soil fertility and soil
degradation, improve the fodder base for animal
production, reduce the use of nitrogen mineral
fertilizers, decrease the ecological burden on
agricultural land, and provide grain, technical
and vegetable crops with the best forecrops.
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Anomayia. Buxopucmauns nocigie Oacamopiunux 00008UX KYIbMYp € eHepeemuyHOo i eKOHOMIUHO
BUIOHUM MaA eKoNo2iuHO be3neuHuM 3ax000M NONINUIEHHS A30MHO020 OANAHCY TPYHMIB, YNPOBAOICEHHS
AK020 nompebye Konkpemuzayii i 000amko8uUx O00CHIOHNCEHb CMOCOSHO NEGHUX IPYHMOBO-KIIMAMUYHUX
ymo8 i cucmem semaepobcmea. Memoio pobomu 6y10 6ueueHHs HAKONUYeHHs OION02IYHO 36 S3AH020
asomy NIOYEPHOIO Ul ecnapyemom NiuaHuM 8 0OHOBUOOBUX NOCIBAX, d MAKONC 6 NUPIIHO-TIOYEPHOBUX
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i RUPTTIHO-ecnapyemosux mpasoCcyMilKax Ha MemMHO-Kaumaro8omy Ipyumi nieons Yxpainu. 3acmocosano
1abOpamopHti, NOILOGI Ma CIMAMUCIMUYHE Memoou 00CaioNceH . Ompumani pe3yrbmamu 3aceiouuiu, wo
HakonuuenHs azomy 6 diomaci 60606uUx 6a2amopiuHux mpae 6 0OHOBUOOBUX NOCIBAX JHOYEPHU CUHBOZI-
OpUOHOI, ecnapyemy niWaHo2o Ul NUPI Cepeorbo20 Ma iX MPABOCYMIUOK 3ANeAHCAN0 8i0 SIOPOMePMIUHUX
YMOB 8ecemayitino2o nepioody, sMinu 6008020 6OMAHIUHO20 CKAAOY 3 POKAMU BUKOPUCTNAHHS MPABOCMOIE.
YV npoooesc nepuioeo i Opyeozo pokie euxopucmaums emicm azomy 6 Oiomaci NoyepHu CmaHosus
3,54-3,75 %, ecnapyemy niwanoco — 3,49—3,65 % i 6y6 icmomno suujum, Hidic 6 0OHOBUOOBUX NOCIBAX
nupito cepeonvoeo — 2,62-2,77 % 0o abconomno cyxoi peuwosunu. Bunoc 3aeanvnozo azomy epodicacm
nupito cepedHvoeo 3a yeli nepiod He nepesuwyysas 90 xe/ea, noyepnor ma ecnapyemom — CHAHOBUEB
125—134 ke/ea, 30kpema cumbiomuunoco asony epoxcacm moyepuu — 35-39 xe/ea i ecnapyemy niwa-
Ho20 — 37—44 ke/ea. ¥V ¢hpaxyitinomy ckaadi azomy 6 IpyHmi 00CIiOH020 NOAA NICAA MPUPIYHO20 BUKOPUC-
MAHHs TIOYepHU 3a THOKYIAYIL HACIHHA KOMNIEKCHUM MIKpoOHUmM npenapamom Exosiman emicm azomy
0y6 HAUBUWUM NOPIGHAHO 3 THUWUUMU JAHKAMU CIB03MIHU, 30Kpema 3aeanbroeo — 1006,3—1428,8, minepans-
Ho20 — 24,9-46,3; nyocnocioponizosanoeo — 113,8—186,0 me/xe tpynmy. Ompumani pezyaivmamu 0aroms
3M02y Oflimu BUCHOBKY, WO CMBOPEHHS BUCOKONPOOYKMUBHUX CUMOIOMUYHUX CUCTIeM 3d YMO8 3aCHmo-
cyeammsa HOGIMMIX Oionpenapamis cnpusmume NONINUEHHIO A30MHO20 OANAHCY TPYHMY, OOROMONCYMb
VCYHYmu Kamacmpogiune SHUMCEHHs. pooiodocmi 1l 0ezpadayiio IPyHmis, RONINuUms KOpMogy 0a3y 01
MBAPUHHUYMBA, 3HU3UMb eKOJI02TYHE HABAHMAICEHHSL HA CilbCbKO2OCNO0APCHKI Y2i00sl.

Knrouosi cnosa: bionociunuii azom, cumbiomuuni cucmemu, Oazamopiuni 6000681 mpasu, a30MHULL PENCUM,
eKCmpeManbHi R020OHT YMOBU

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2024



AI'POPECYPCHU

(55 ]

DOI: https://doi.org/10.31073/mivg202401-384
Available at (PDF): https://mivg.iwpim.com.ua/index.php/mivg/article/view/384

UDC 633.854.54;633.854

FEATURES OF FORMING WATER AVAILABILITY
FOR WINTER WHEAT IN THE SOUTH OF UKRAINE
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Abstract. The article examines the importance of considering several factors affecting the soil
water regime in the context of developing models for forecasting productive soil moisture reserves.
It was established that the main factors, such as the type of soil, its density, and mechanical composition,
remain constant in different soil and climatic regions of Ukraine. The second group of factors, such as air
temperature, precipitation, and soil moisture, are subject to changes throughout the growing season and
even over short periods. Therefore, the dynamics of soil moisture as a function of the main variables, such as
average air temperature and precipitation, was considered using calculations. Initial moisture reserves are
used in the calculations for more accurate forecasting of moisture reserves at the end of a specified period.
Hydrothermal conditions considered as predictors in the regression equation are also used. The reliability
of the conducted research is confirmed by the analysis of independent input and output information from
the Kherson weather station in the period from 2018 to 2021 regarding the actual reserves of productive
moisture in the soil at a depth of 0-20,0-50 and 0—100 cm.

The average error between actual and calculated data did not exceed +13,5 %. It confirms the reliability
and precision of the conducted research making it the basis for further analyses and conclusions. The
conclusions notedthe need for accurately determining soil moisture to effectively manage agrometeorological
conditions and optimize crop yield. The authors believe that the research work presented in this article
can significantly contribute to developing modern approaches to water availability in agriculture and
agrometeorology. That will contribute to the gradual and improved development of soil moisture forecasting
methodology, which is key to ensuring sustainable and productive development in agriculture.

Key words: soil water regime, forecasting of moisture reserves, modeling, influencing factors,
hydrothermal conditions, productivity, agriculture, climate change

Relevance of research. In modern conditions of
climate change, in particular global and regional
warming, there is a change in the ratio between
the physical evaporation of moisture from the soil
and its direct use by plants. The rate of moisture
absorption by plants also changes with increasing
temperature. These potential changes in water
consumption need to be quantified, considering
the influence of all factors that form the basis of
precision agriculture. To determine the mechanism
of forming the dynamics of water availability for
crops during the growing season, it is necessary

to take into account the variable nature of
hydrothermal conditions and the potential plant
productivity, which is proposed to be done using
ground and remote monitoring data. It is possible
to predict changes in moisture reserves for the
decade by the forecast of air temperature and
amount of precipitation when using developed
models and having information about the actual or
determined reserves of productive moisture at the

beginning of the decade.
Analysis of recent research and publications.
Global  climate change has  different
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manifestations in different regions of the world,
and its impact on the environment and socio-
economic development is becoming more
and more noticeable and is one of the pressing
problems of our time. Assessing the impact of
this change on all aspects of human life plays an
important role in the fundamental science of the
21st century as well as in global economics and
politics. One of the main consequences of climate
change is a change in the hydrological regime,
the amount and quality of water resources, which
affects various areas of the economy, especially
agriculture.

In modern conditions, the lack of water
availability becomes one of the main limiting
factors for the sustainable development of
agriculture. For this reason, attention to the problem
of water management in agriculture is growing.
Over the past decades, many studies have been
devoted to this topic, which resulted in a significant
increase in publication activity. For example,
during 1993-2017, the number of publications on
this topic increased 67 times. In [1], the impact
of climate change on available water resources in
agriculture was investigated, given global trends
and perspectives. The authors analyzed changes
in the precipitation regime, distribution, and water
availability for irrigation and production. An
assessment of changes in the hydrological regime
in agricultural areas under various climate change
scenarios was also carried out [2].

Scientists have analyzed changes in river
flow, groundwater levels, and water demand for
various crops. The review study [3] considered the
modeling of the impact of climate change on plant
water demand and irrigation needs. Scientists
have analyzed changes in water availability
for various crops and irrigation requirements
depending on climatic conditions. It was
established that if water availability decreases in
the future, soils with high water-holding capacity
will be preferable for use to reduce the impact of
drought on crop productivity. In works [4, 5], the
authors investigated the vulnerability of the main
field crops to climate change. They analyzed
the impact of climate change on yields, drought
risks, and other factors affecting production
sustainability and assessed the impact of climate
change on countries’ adaptation strategies.

Ukrainian scientists have made databases
for assessing [6] and rational use of agricultural
resource potential of areas, analyzed the impact of
global and regional climate change on increasing
evaporation and moisture deficit, as well as on
decreasing precipitation in the Southern Steppe
subzone [7]. Four basic models of climate
change are commonly used now. Summarizing

the above and conducting our research will not
only contribute to the development of scientific
approaches to the problem of water availability of
main field crops (in our case, it is winter wheat)
but will also make it possible to develop specific
practical recommendations and innovative
solutions for farmers and agricultural enterprises
to effectively cope with the challenges, posed by
climate change.

The purpose of the research is to study the
features and establish the dependencies between
the dynamics of water availability of winter
wheat and the hydrothermal conditions of the
growing season in the South of Ukraine.

Research materials and methods. The
research was conducted at the Institute of
Water Problems and Land Reclamation of the
NAAS by processing the data from long-term
field experiments, weather forecasts, data from
the Hydrometeorological Center, and further
processing of the obtained information using
automation tools.

Research results and their discussion.
Environmental constraints on water, temperature,
and energy balance are known as key factors that
can vary independently in time and space. Studies
by many scientists show that these factors have
complex spatial and temporal relationships, which
are important to be considered when analyzing
ecological systems. Spatial co-variances,
such as relationships between air temperature,
atmospheric humidity, and soil moisture, indicate
the effect of landscape structures on climatic
conditions. Changes in the landscape can affect
the distribution and availability of water, as
well as air temperature and other environmental
parameters. Time co-variance is also a significant
factor, especially regarding climate change.
Correlated daily or seasonal fluctuations in air
temperature and atmospheric humidity indicate
changes in climatic conditions over time [8].

Global climate change generates joint trends
in changing air temperature and water availability
that have been manifested over many years [9].
That can have serious consequences for ecological
systems, in particular for resources distribution.
Simultaneous changes in precipitation, water
availability, and environmental humidity can
amplify or weaken the effects of climate change
depending on the patterns of changes in the
hydration state of organisms. That indicates
the importance of carefully investigating the
changes in air temperature and environmental
water availability for understanding ecological
processes in a changing climate environment. In
arid regions in particular in the South of Ukraine,
the spatial-temporal distribution and availability
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of water resources are studied at different levels
(local, regional, and global) [10, 11]. These studies
identify vulnerable to water scarcity areas and
develop ecosystem management strategies. They
are a key tool for the development of effective
water management policies and adaptation to
climate change [12].

In crop cultivation water availability is a key
factor. It directly affects the yield and determines
the cultivation technology. Most agricultural
producers pay attention to the average amount of
precipitation, but it is also important to consider
its distribution during plant development
[13, 14]. It is important to determine the soil
moisture in the early spring period at the initial
stages of plant growth to prevent material and
yield losses due to the moisture lack [15, 16].

The main factors affecting moisture dynamics
were considered when developing models
for forecasting productive moisture reserves.
They include soil type, density, and mechanical
composition, which almost do not change over
a long period and practically remain constant in
each soil and climate region. The second group
of factors, on the contrary, changes significantly
both during the entire vegetation period (growth
phases, plant height, and stem density) and
short periods: months, decades, and days
(air temperature, precipitation, soil moisture,
etc.). Moisture consumption for evaporation
from the soil surface increases with the rise
of temperature, which is accompanied by a
decrease in air humidity [17]. Plant transpiration
also significantly affects the intensity of total
evaporation depending on soil moisture [18].

When developing models for forecasting
moisture reserves at the end of any period (a
decade, one or two months), it is necessary to
consider the initial moisture reserves in the soil
layer as a predictor for the regression equation
at the time of making the forecast (Wn) [19,
20]. Other independent variables in the equation
are indicators of hydrothermal conditions, such
as average air temperature (Tn) and precipi-
tation (Rn). Therefore, the change in moisture in
the soil layer over a certain (n-) period (AWn)
is a function (F) of the following main variables:

AWi = F (AWi, ti, Ri, P, S),

where P is a soil type and its mechanical
composition; S is a condition of crop sowing area
(phase of plant development, height and density
of stems).

Due to the stability of soil type and its
mechanical composition, which change little
over time but significantly vary within the
territories, it is possible to include them in
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forecasting models of moisture reserves. That
can be done by developing separate models
for regions with similar or predominant soil
characteristics, typical for steppe, forest-steppe,
and steppe soil zones. Due to the different water-
physical properties of these soils, the formation
of moisture reserves in their layers is not the
same. Also, the hydrothermal regime formed in
these regions affects the dynamics of moisture
reserves differently. The change in the reserves
of productive moisture per decade (AWi) in the
0-20, 0-50, and 0-100 cm soil layers under
winter wheat is determined by the algorithm:

AWi=a+ bWhi + cti + dRi,

where Wi is the initial moisture reserves at the
beginning of the i-th decade; ti, Ri is the average
air temperature and amount of precipitation
per decade; a, b, ¢, d are multiple regression
coefficients that differ depending on the natural
and climatic conditions, soil layer, month and
decade for which the change in moisture reserves
is calculated.

The results of the author’s verification show
that their reliability in the vast majority exceeds
80 %. Quantitative dependencies and models of
hydrothermal indicators’ influence on moisture
reserves in soil layers 0-20, 0—50, and 0—-100 cm
were investigated per decade. Average decadal air
temperature and decadal precipitation were used
as input variables. The dynamics of soil moisture
reserves (4Wn) was estimated as the difference
between the values of the current decade (Wn)
and the previous one (Wn—1):

AWn =Wn - Wn-1

The determination coefficient (R2) of the
established mechanism, depending on the
estimated soil layer and the crop growing season,
ranges from 0,82 to 0,94.

Graphical models for evaluating the dynamics
of soil moisture reserves under winter wheat
were investigated on soil layers 0-20, 0-50 and
0-100 cm (Fig. 1).

The results of the analysis of independent
input and output information regarding the
actual reserves of productive moisture in the
soil at a depth of 0-20 and 0-100 cm for the
period from 2018 to 2021, using the data from
a weather station located in the city of Kherson,
confirmed the high reliability of the developed
models (Figure 2). Figure 2 illustrates the results
of verification of the models used to forecast
changes in productive moisture reserves in the
soil under winter wheat in the period from 2018
to 2021, according to the data of the Kherson
weather station.
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The obtained results allow us to conclude that
it is possible to determine the expected changes
in soil moisture reserves during the decade, based
on the analysis of actual and simulated data, given
the forecast air temperature and the expected
amount of precipitation. This approach enables
users to calculate expected moisture reserves at
the end of a specified period, given a reliable
meteorological forecast. When having actual
data on soil moisture reserves at the beginning
of calculations, the calculation process remains
unchanged, and the actual values of moisture
reserves are taken as the basic values. This
approach increases the accuracy and reliability
of soil moisture forecasts and is important for
agricultural resource management and decision-
making in agriculture.

Conclusions. It was established that the
correlation analysis of hydrometeorological
factors affecting the formation of soil moisture

(0]

reserves shows a significant influence of initial
moisture reserves on their amount in subsequent
periods (correlation coefficient varies from 0,45
to 0,84). The dependence of soil moisture reserves
on air temperature is averagely significant, and
the general trend shows a decrease in the direct
influence of the temperature regime with an
increase in the depth of the calculated soil layer.

The investigated dependences and models
of the dynamics of water availability for winter
wheat in the south of Ukraine, considering the
condition of crop sowing area and hydrothermal
conditions of the growing season in the soil layers
0-20, 050 and 0-100 cm per a decade, have
a determination coefficient (R2) ranging from
0,82 to 0,94. Verification of the accuracy of the
above models when using independent data for
2017-2020 proved their reliability. The average
error between actual and calculated data did not
exceed +13,5 %.
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Anomayia. Y cmammi 00CHioHCyemvpcsa 8anCIUBICIb YPAXY8AHHA HU3KU (AKMOPIE, AKI 6NIUBAIOms HA
B0O0HULL pediCcUM TPYHIMY Y KOHMEKCHi po3poOKu Mooenell 0isl NPO2HO3YB8AHHSL 3aNdcie NPoOYKMUBHOI 807102U 8
Ipyumi. Bemanosneno, wo ocnosHi haxmopu, maxi sk mun [pyHmy, 020 wWinbHiCmb ma MexaniyHuil CKaao,
3anUUAIOMbCS CIMATUMIUL Y PI3HUX TPYHIMOBO-KAIMAMUYHUX pecionax Vxpainu. /lpyea epyna ¢paxmopis, maxux
AK memnepamypa nosimpsi, onaou ma 80J02icms IPYHMY, NIOOAIOMbCsL IMIHAM YIPOOOBIC 8e2emAayiiiHO20
nepiody ma Hasimv KOpomkux npomigickie yacy. Tomy nooanbuiumu OOUUCTEHHAMU BPAXOBAHO OUHAMIKY
6011020CMi IPYHMY 5K (DYHKYIIO OCHOBHUX IMIHHUX, MAKUX SK CePeOHs. meMnepamypa nogimps ma KilbKicms
onaois. /[na binvu mouHo20 Npo2HO3Y6ANHS 3aNACIE 80102U HA KiHEYb BU3HAUEHO20 NePiody 8UKOPUCHIOBYIOMb
NOYAMKOBI 3anacu 0102U, d MAKOHC 2IOPOMEPMIUHT YMOBU, PO32TIAHYMI K NPEOUKMOPU Y DIGHAHHI peepecii.
Jlocmosipricms npogedeHux 00CHioHceHb NIOMBEPOICYEMbCSL AHANIZ0M HE3ANeHCHOI 6XIOHOI ma BUXIOHOL
inghopmayii' 3 memeocmarnyii m. Xepcon y nepiod 3 2018 no 2021 pp. wo0o ghaxmuuHux 3anacie npooyKmueHoi
sonoeu 6 tpyumi na enuduni 0-20, 0—-50 ma 0—100 cm. Cepedns noxudka misc paxmuynumu ma pospaxyH-
Kosumu OaHumu He nepesuwysaia +13,5 %. Lle niomeepoxcye HadiliHicmb ma npeyusitiHicms npo8edeH020
00CTIOMNCEHHSL, POONAYU 11020 OCHOBOIO OJis NOOALULUX AHAI3IE [ BUCHOBKIB. Y 8UCHOBKAX BIO3HAUEHO HeoOXiO-
HICIMb MOYHO20 BU3HAUEHHS BONO20CMI IPYHNTY 3 MEMOI0 eeKmMUBHO20 YNPAGIIHH a2pOMemeoponoiuHUMU
YyMO8aMU MA ONMUMIZAYIT 8POJICAUHOCI CilbCLKO2OCNOOAPCLKUX KYIbmyp. Asmopu nioKpeciiooms, o
HAYK0B0-00CiOHA poboma, KA JiA2ld 8 OCHO8Y Yiel cmammi, 30amua 3p00umu 6a20Mutl 6HECOK ) PO3GUMOK
cyuacHux nioxo0ie 00 8010203a0e3NeUeHHs V 2any3i CilbCbKO20 20Cno0apcmea ma azpomemeoponocii. Lle
cnpusmume noCmyno8omy ma 800CKOHALEHOMY DPO3GUIKY MemoO0a02li NPOSHO3Y6AHHSL B0I020CMI TPYHINY,
WO € KNoYo8UM Ol 3a0e3neUeHHs CIIK020 Ma NPOOYKMUBHO20 PO3GUMKY CLTbCLKO20 20CN00apCcmaq.
Kniouosi cnoea: 6oonuil pesicum rpyumy, npocHo3y8ants 8010203andcie, MOOeN08aHHs, (pakxmopu 6niusy,
2I0poOmepMIdHi YMOBU, 8PONCAUHICMb, CLIbCbKE 20CNO0APCMB0, 3MIHA KILIMAMY
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Abstract. On the experimental field of the Poltava State Agricultural Experimental Station named after
M. 1. Vavilov of the The Institute of Pig Breeding and Agro-Industrial Production of the National Academy of
Agrarian Sciences of Ukraine, during 1984-2023, on typical chernozem in conditions of unstable moisture
of the Left-Bank Forest-Steppe, were conducted researches to study the continuous growing of corn for
grain and its productivity. Precipitation is the leading factor in providing corn with available moisture in
this region. Different hydrothermal conditions, especially the amount of moisture during the agricultural
year and the vegetation, led to sharp fluctuations in grain yield over the years, which occurred in a wide
range. The analysis of the average values of corn productivity for each 10 consecutive years of conducting
these studies made it possible to establish that during the first decade of observations, the dynamics of this
indicator in subsequent periods took place in the paradigm of its growth, albeit at a different level. Maize
grain yield and its correlation with different weather conditions and fertilization systems, regardless of the
replacement of maize hybrids, ranged from direct to inverse and from low to high. Long-term application of
different doses and ratios of organic and mineral fertilizers contributed to changes in both quantitative and
qualitative indicators of humus in the soil. It was determined that the content of total carbon in the fertilized
areas was higher by 3,0 and 3,3 relative percent compared to the unfertilized ones. Special attention was
paid to the ratio between humic and fulvic acids, which directly depends on the fertilization system. The
different effect of this agrotechnical measure on the amount of humus accumulation in the soil is shown.
Thus, in areas without fertilizers (control), its accumulation occurs at the level of an average indicator and
a weak effect of organic acids on the mineral part of the soil, while under the organo-mineral fertilization
system, this process takes place intensively, and the mineral part remains almost unchanged.

Key words: corn, continuous growing, hydrothermal conditions, productivity, humus, humus
accumulation

Relevance of research. The formation of
sustainable agrosystems in agriculture is closely
related to the optimization of the structure of crop
rotations and the system of fertilization and soil
cultivation [1-5].

In recent years, the specialization of farms has
significantly narrowed, agriculture production
has focused on the cultivation of certain
economically attractive crops. The consequence
of this transformation was systemic changes in
the structure of crop rotations and their transition

to short-rotational and repeated crops, especially
corn, which many farmers sow in one field for
several years [6-8].

Maize (Zea mays L.) is the most productive
among all-purpose cereal crops. In the world,
about 20 % of corn grain is used for food
purposes, 15-20 % for technical purposes, and
60-65 % for fodder purposes [9, 10].

Analysis of recent research and
publications. According to previous studies,
corn has the ability to grow on the same plot as
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a monoculture without reducing productivity, as
well as in crop rotations with a short rotation,
subject to compliance with all technological
elements of its cultivation [11-13].

At the same time, the generalization of the
research results of other domestic and foreign
scientists does not allow us to draw unambiguous
conclusions regarding the productivity of corn
depending on the place of its placement and
fertilization. Disagreements were revealed
regarding the lack of nutrients, optimal physical
properties, water-air regime, as well as other
unfavorable indicators of the quality of the soil and
the negative impact of pests and diseases [14—15,
18]. Because of this, long-term experiments
with monoculture of corn in the conditions of
global climate change on the planet are widely
represented in many countries of the world. The
results of such studies can be one of the elements
in solving the problem of short-rotational crop
rotations [5, 12—17]. Inadequate accumulation of
available soil moisture plays an important role in
crop growth, development and formation, and in
some dry years crop productivity is completely
dependent on it.

Solving the problem of soil organic matter
occupies one of the main places in agricultural
science and is gaining more and more applied
importance.

Humus is the most important component of
soil organic matter. It is an integral indicator of
its fertility, which, together with its mineral part,
forms an absorption complex and determines
the physico-chemical and physical absorption
capacity, improves water permeability, heat
capacity, moisture retention capacity, nutritional
regime, microbiological activity of the soil
[18-20].

The purpose of the research is to identify
and conduct a comparative evaluation of the
long-term application of fertilizers during the
continuous cultivation of corn for grain on its
productivity, group and fractional composition of
typical chernozem humus under different weather
conditions. From a practical point of view, the
results of such studies make it possible to predict
the level of productivity of the crop and to grow
it in short-rotational crop rotations or without
changes until a certain time.

Research materials and methods. Research
on the continuous growing of corn for grain
at the experimental field of the Poltava State
Agricultural Research Station named after
M. Vavilov of the Institute of Pig Breeding and
Agro-Industrial Production of the National
Academy of Agrarian Sciences of Ukraine has
been held since 1964 [21].

The soil of the experimental field is a typical
medium-humus heavy loam chernozem on a
loess rock. It is characterized by the following
main agrochemical and agrophysical indicators:
humus content — 3,9-4,2 %; easily hydrolyzed
nitrogen (according to Tyurin and Kononova) —
119,1-127,1 mg/kg; P,O; in acetic acid extract
(according to Chirykov) — 100,0-131,0 mg/kg;
exchangeable  potassium  (according to
Maslova) — 171,0-200,0 mg/kg of soil. Soil
density is 1,05-1,17 g/cm®. The eotal porosity is
55,5-59,8. Field moisture content —29,7-31,5 %.
The total moisture content is about 39 %.
The range of active moisture is about 25 mm.
The moisture content of the rupture of capillary
bonds is 20-22 %.

Total study area — 8640 m?, accounting area —
29,4 m?. Three fold replications.

Fertilization scheme in the experiment:

1. Without fertilizers (control).

2. Manure 20 t/ha + +N,P, K, every year.

3. Manure 20 t/ha (once every 3 years) +
N;, P Kss.

The technology for growing corn included
cultivating the soil with disc tools to a depth of
8-10 cm after harvesting the crop. The main
tillage is plowing to a depth of 24-25 cm. In
the spring, harrowing was carried out in 2 rows
with heavy tooth harrows, the first cultivation at
4-5 cm, the pre-sowing at 6—7 cm. After that,
corn was sown in a wide-row method with a row
spacing of 70 cm using a precision seed drill with
a sowing rate of 60,000 grains per 1 ha. During
the growing season, inter-row loosening was
carried out.

In the experiment, zoned varieties and hybrids
of corn were grown: 1964—1974 Bukovynskyi 3;
1975-1987 Zherebkivskyi 86 MV; 1988-2001
Dniprovsky 273  MV; 2002-2005 Cadre
267 MV; 2006-2012 Podilskyi 274 MV; since
2013 — hybrid Orzhitsa 273 MB.

The protection system provided for the
application of herbicides for weed control, particu-
larry, soil applicable Proponit (propizachlor,
720 g/1) — 3,0 I/ha, and for vegetation in the phase
of 5-6 leaves with tank mix Milagro 040 SC
(dr. nicosulfuron, 40 g/1) — 1,25 I/ha + Prima
(2,4AD  2-ethylglyxyl ether 300,0 g/1 and
florisulam 6,25 g/l) — 0,4 I/ha with a working
fluid consumption of 250 I/ha. The harvest was
recorded manually, and the grain in each plot
was weighed with an adjustment for the standard
moisture content (14 %). The grain moisture
content during harvesting was determined using
the thermostat-weight method, the total area was
collected using a combination of grinding and
leaving by-products in the field.
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Research results and their discussion. In
Poltava region, as in most regions of Ukraine,
one of the limiting factors of high productivity
of crops is the amount of moisture reserves in the
soil. The main source of providing rainfed crops
with this natural component is precipitation. The
hydrothermal conditions that formed during the
years of observation were quite diverse both
during the agricultural year in general and during
the growing season in particular (Table 1).

Thus, the lowest air temperature during the
full vegetation of corn, as well as during the
critical period of its growth and development
(the phase of shedding the panicle), and during
the agricultural year in general, was observed
in the first decade — 18,9; 21,0; 8,2 °C, and the
highest during these periods in 2014-2023 —
20,5; 23,2; 9,5 °C. At the same time, the largest
amount of precipitation during these periods of
time was recorded in the second decade — 222,0;
70,8; 571,6 mm, and the smallest in the first —
194,8; 37,3; 457,8 mm.

Variability of corn grain yield under unchanged
sowing and different fertilization systems occurred
within wide limits (Table 2). The analyzed average
productivity of this crop throughout the entire
period of research within hybrids showed that the
lowest among hybrids was observed on unfertilized
plots in Dniprovskyi 273 MV (1988-2001) —
3,51 t/ha, and on fertilized ones in Zherebkivskyi
86 MV (1975-1987): manure: 30 t/ha every year +
NeoPaoKgo — 4,27 t/ha and manure 30 t/ha + 1 time
in 3 years + Ng, P, Kss — 4,37 t/ha. And it was the
highest in the hybrid Kadr 267 MV (2002-2005)
and, according to the variants of the experiment,
was 6,63; 6,92; 7,06 t/ha, while on average for
46 years of observations, these indicators were
equal to 4,55; 5,43; 5,63 t/ha.

The interval range between the maximum
and minimum yield of corn grain, under different
fertilization systems, respectively, was within
the following limits: Zherebkivskyi 86 MW —
198,6; 294,3; 246,8; Dniprovsky 273 MW —
355,1; 377.4; 447,9; Cadre 267 MV — 160,0;
116,0; 110,6; Podilsky 274 MW — 403,8; 237,6;

1. Hydrothermal conditions during the research

03]

121,1; Orzhitsa 273 MV — 172,2; 119,6; 112,4 %.
The highest, this indicator, both for the control
without fertilizers and for the application of
mineral fertilizers on the background of manure,
was observed in Dniprovsky 273 MB, and
the lowest — in Kadra 267 MB. In such corn
hybrids as Kadr 267 MV, Podilskyi 274, Orzhitsa
273 MV, fertilizers contributed to the reduction
of the gap between their maximum and minimum
productivity, and in Zherebkivskyi 86 MV and
Dniprovskyi 273 MV — to an increase.

Calculations and analysis of research results
made it possible to establish the dynamics of
the productivity of this crop not only for the
years of growing hybrids, but also for every
10 consecutive years of conducting this
experiment. The lowest grain yield was observed
in 1984-1993 and in the control (without
fertilizers) it was equal to 3,22 t/ha, and in the
options: manure 30 t/ha every year + NP, K4, —
4,51 t/ha and manure 30 t/ha ha + once every
3 years + NP Ks; — 4,66 t/ha. In the next
3 decades (1994-2003, 2004-2013, and
2014-2023), these indicators not only did not
decrease, but even increased by 29,8, respectively,
compared to the first decade; 11,8; 9,2 % and
62,1 %; 38,8; 42,3 and 45,0; 35,5; 33,3 %.

Therefore, the dynamics of this indicator to the
first decade in subsequent years of observation
took place in the paradigm of its growth, albeit at
a different level.

Mathematical analysis of the data obtained
from the results of research on the yield of corn
grain and the effect on this indicator of different
fertilization systems and weather conditions
for the agricultural year in general and for the
vegetation phases of its plants showed that the
correlation between them covered a wide range
from direct to inverse and from low to high.

Thus, the correlation coefficient between
the indicators of corn productivity and the
temperature regime during the growing season
under different fertilization systems, control
(without fertilizers), manure: 30 t/ha every year +
NgoP4Kgp, manure 30 t/ha + once in 3 years +

Weather conditions
Years Average air temperature, "C Precipitations, mm
vegetation | critical | for the agricultural | vegetation | critical | for the agricultural

period period year period period year

1984-1993 18.9 21.0 8.2 194.8 37.3 457.8
1994-2003 19.2 223 8.2 222.0 70.8 571.6
2004-2013 19.3 23.0 9.2 207.0 45.8 510.7
20142021 21.2 23.6 8.8 208.9 31.6 527.3
Average 19.7 22.5 8.6 208.2 46.4 516.9
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N;,Ps, K5 was respectively at low level: r = 0,25;
0,18; 0,15, while for the critical period of plant
growth and development and the full agricultural
year, respectively, at high: r = 0,79; 0,71; 0,66
and r=0,87; 0,93; 0,94.

A completely different correlation dependence
was observed between the level of corn grain
yield, organo-mineral fertilization systems and
the amount of precipitation. If, in general, during
the growing season and the agricultural year, these
indicators were at an average level in control, the
correlation coefficient was 0,43 and 0,45, and in
the fertilized variants it was low, respectively
r=0,24; 0,15 and 0,26; 0,17, then already during
the critical period of its development, their values
were as follows: r=0,13; —0,01; —0,06.

Long-term use of different doses and ratios
of organic and mineral fertilizers contributed to
changes in the soil’s quantitative and qualitative
indicators of humus (Table 3).

It was found that the content of total carbon
in the soil in unfertilized plots was equal to
3,01 %, while in fertilized (30 t/ha every year +
NeoP1Kg) and (manure 30 t/ha + 1 time in
3years+Njs, Py, Ks5) it was higher and, respectively
was equal to 3,11 and 3,10 %.

Agrochemical analysis of the soil to determine
the group and fractional composition of humus
showed the unequal influence of fertilization
systems on the number of humic and fulvic acids
fractions in percentages, as individually and in their
sums. On plots without fertilizers (control), the
sum of fractions of humic acids was 32,8 %, and on
fertilized plots (30 t/ha every year + Ng P, Kq) —
44,3 % and (manure 30 t/ha + 1 time in 3 years +
NP Kss) — 43,9 %. Fulvic acid according to
fertilization systems — 67,0; 43,9 and 44,1 %.

[os |

Separately, it is worth paying attention to the
ratio between humic and fulvic acids. As is known,
the overall activity of humic acids relative to the
mineral part of the soil depends on the value of
this indicator. The observations made it possible to
establish that in plots without fertilizers (control),
this value was at the level of 0,49, and led to an
average rate of humus accumulation and a weak
effect of organic acids on the mineral part of the soil.
Another regularity was observed for organo-mineral
fertilization systems, where the ratio between these
organic acids was at the level of 1,01 and 1,00, which
shows an intensive accumulation of humus in the
soil, and the mineral part remains almost unchanged.

Conclusions. The weather conditions over 39
years of observations have been quite diverse.
The average air temperature for the agricultural
year from 1984 to 1993 corresponded to the value
of 8,2 °C, and from 2004 to 2013 — 9.2 °C and
from 2014 to 2023 — 9,5 °C, while precipitation
respectively —457,8 mm, 510,7 mm, 577,2 mm.

Corn hybrids grown in a permanent crop
have different average productivity by year,
which largely depends on weather conditions and
fertilization systems. The variability of the average
yield of corn grain, its level over a decade under
unchanged cultivation and different fertilization
systems occurred within wide limits and depended
to a lesser extent on the research period. The
correlation between corn productivity to different
fertilization systems and weather conditions ranged
from direct to inverse and from low to high.

In unfertilized areas, humus accumulates
moderately, and the effect of organic acids on the
mineral part of the soil is weak, while in fertilized
areas, humus accumulates intensively, and the
mineral part remains constant.

3. The influence of different fertilization systems on the group and fractional composition of typical
heavy loamy chernozem humus under unchanged grain corn cultivation (soil layer 0—20 cm)

. . . . Ratio
The Humic acids, Fulvic acids, humic
o . Carbon (C)| fractions, % fractions, % Humin, umi
fertilization o o acids /
system general,% /o Ratio
y 1|2 (3 |sum{1°| 1 | 2 | 3 |sum LU0
fulvic acids
Without
fertilizer 3,01 4,9120,217,7132,8(8,9112,6(123,9|121,6|67,0] 29,9 0,49
(control)
Manure
30 tons/ha 3,11 |5,5(30,9(7,9]44,3|6,6| 8,7 |21,5(13,7]43.9| 33,6 1,01
every year +
+N60P40K60
Manure 30
tons/ha Once 3,10 [5,2/30,2]8,5(43,9(4,9( 7,9 [17,1[14,2|44,1| 32,4 1,00
every 3 years +
+N51P51K55
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Anomauyia. Ha oocnionomy noni Ilonmascwvkoi 0epoicasHoi cilbCbKo20Cno0apcbkoi 00CaioHoi cmanyii
im. M. 1. Basunosa Incmumymy ceunapcmea i azponpomuciogozo eupoornuymea HAAH Yxpainu ynpo-
0oeoc 1984-2023 pp. na uopHO3eMi Munosomy 8 yMO8AX HeCMmiluKo2o 38010xcents Jlisobepeicnozo
Jlicocmeny npogoounu 0ocniodicents 3 6ueueHHs 6e33MIHHO20 BUPOWYBANHS KYKYPYO3U HA 3epHO ma it
npoodykmusHicmo. [Ipogionum gaxkmopom 3abe3nevents pociun KyKypyo3u 00CMYNHOW 6010200 Y YbOMY
pecioni € ammocghepri onaou. Pizui ciopomepmiuni ymosu, 0codaueo KilbKicms 80102U 3d CLIbCbKO2OCNO-
0apcbKuil pix ma eezemayitinuti nepioo, npuseeni 00 pizko2o KOMUBANHS BPOACANUHOCMI 3ePHA 3 POKAMU,
sKe 8i00Y8aN0CA Y WUPOKOMY Olana3oHi. AHANI3 cepeoHix enutur nPOOYKMUSHOCME KYKYPYO3U 34 KONCHI
10 nocnioosnux poxie npogedens Yyux 00CIIONCeHb 0A8 MONCIUBICIb 6CMAHOBUMU, WO 3d nepule 0ecs-
MUPIYYs, HAUUX CROCEPENCeHb OUHAMIKA Yb020 NOKAZHUKA Y HACHYNHI nepioou 6100ysanacs y napaouemi
11020 3POCMAHHA X04 § HA PI3HOMY pi6Hi. Ypooicatinicms 3epHa KyKypyo3u ma il KopersyiiHuill 36 30K 3
PIBHUMU NO2OOHUMU YMOBAMU T CUCTIEMAMU YOOOPEHHS, HE3ANENHCHO 810 3aMiHu 2iopudie KyKypyosu, nepe-
oysana y 0ianazomi 6i0 npamoco 00 00epHeH020 ma 8i0 HUZLK020 00 8UCOK020. Jlogecompusane 3acmocy-
BAHHSL PIZHUX 003 MA CNIBBIOHOULEHb OP2AHIYHUX | MIHEPATLHUX O00PUE CRPUSIIO 3MIHI K KIIbKICHUX, MAK
i AKICHUX NOKA3HUKIG 2yMYyCy y IpYHmi. Busnaueno, wo Ha y0oOpeHux OUIsSIHKAX GMICI 3a2aNbHO20 8)2lelyio
w000 Heyoobpenux 6ye oinvwum na 3,0 i 3,3 ionocrnoeo éiocomra. Ocodnusa ysaea dOyna npuoinena Ha
CNIBBIOHOWEHHIO MIJIC 2YMIHOBUMU T (DYTbBOKUCIOMAMU, AKe HANPSIMY 3a1edcums 8i0 cucmemu y00oo-
penna. Ilokazano pisny 0il0 Y020 A2pOMEXHiYHO20 3aX00Y HA BETUUUHY 2YMYCOHAKONUUEHHS ) TPYHIMI.
Tax, Ha oinankax 6e3 006pus (KOHMPOIL) U020 AKYMYIHOBAHHSA 8I00Y8AEMbCA HA PIBHI CePeOHbO20 NOKA3-
HUKA ma c1abkoi Oii OpeaniyHUX KUCIOM HA MIHEPATbHY YACTUHY TPYHNLY, MOOI K 3d OP2AHO-MIHEPATbHOL
cucmemu yOoOpents yetl npoyec npoxooums iHMeHCUSHO, d MIHEPAbHA YACMUHA 3ATUMAEMbCST MAtiice
0e33MIHHOIO.

Knrouosi cnoea: xyxypyosa, Oe3sminnuil nocie, 2iOpomepmiyHi yMO8u, HPOOYKMUBHICMb, 2YMYC,
2YMYCOHAKONUYEHHSL
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Abstract. Stable productivity, essential for winter wheat as a strategic crop, can only be achieved by
meeting its growth and development requirements, especially nutrition. Soddy-podzolic soils, typically
highly acidic in their natural state, are unsuitable for realizing winter wheat s full yield potential. Combined
fertilizer and lime application is a key factor for grain yield and quality. While lime (CaCO3) is widely used
to reclaim acidic soils, determining the optimal application rate, particularly in combination with mineral
fertilizers, is crucial. This research investigated the effect of applying 0,5-2,0 lime norms based on soil
hydrolytic acidity (Hh, mmol/100 g) combined with a moderate norm of N6OP60K60 mineral fertilizers
on winter wheat grain yield and quality. The soil had an initial pHKCI of 4.8 and a hydrolytic acidity
of 2,3 mmol/100 g of soil. Field, laboratory, calculation, statistical, and generalization methods
were employed. The experiment revealed the lowest grain yield in the control and N60P60K60
treatments without liming. Lime application at various rates with N6OP60K60 increased grain yield by
0,74-0,89t/hacomparedtothecontrol, withthe 1,5 CaCO3normby Hhachievingthebestresults. Theapplication
of 2,0 norms of CaCO3 led to a statistical decrease in yield by 0,14 t/ha (p<0,05) due to a reduction in
available nutrient compounds in the soil. Liming also affected the main indicators of grain quality of winter
wheat. An increase to the control was found for the weight of 1000 grains and protein content, while the
actual weight of the grain decreased. As the most optimal treatment, regarding grain quality, was found out
the option of 1,0 CaCO3 norm based on soil hydrolytic acidity in combination with N6OP60K60, with the
winter wheat grain yield of 3,54 t/ha and an increase in the protein content in it by 6,8 % to the background.

Key words: winter wheat, liming, mineral fertilizers, yield, protein, grain nature, grain weight

Relevance of research. Acidic soils are a
significant problem for Ukrainian agriculture,
especially in the Polissia zone, where sod-podzolic
soils predominate, with a soil reaction
of 4,4-55 units. The main reasons for the
formation of this acidic environment include the
leaching type of soil water regime, low carbonate
content in the parent rock, human activities
such as the application of physiologically acidic
mineral fertilizers, environmental pollution, acid
rain, and an imbalance of calcium in soils. Global
climate change and the spread of calciphilic
crops in Polissia further intensify these negative
acidification processes [1].

Liming, which restores soil pH to optimal
ranges for crops, is an important agronomic
measure to increase crop yields, particularly
for winter wheat. This crop best realizes its
potential productivity at pH 6,5-7,2. Losses in

© Shevchuk M.Y., Golub S.M., Rovna H. F., 2024

crop production due to excessive soil acidity
exceed 2,0 million tons of grain annually, with an
estimated cost of UAH 10-12 billion [2].

Maintaining an optimal pH level improves
the physical and chemical properties of the soil,
stimulates microbial activity and increases the
availability of nutrients [3]. Liming can have a
complex effect on soil organic matter. Research
by Malynovska [4] shows that it both weakens
the mineralization process and stimulates overall
biological activity inthe soil. Specifically, the study
found that liming decreased the mineralization of
soil organic matter: without mineral fertilizer —
by 2,1 times, with mineral fertilizer — by
4,07 times, and against the background of plowing
green manure biomass and by-products of the
predecessor — by 1,36 times.

Analysis of the latest research and
publications. Studies by domestic and foreign
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scientists show that the liming of acidic soils
can lead to a significant increase in winter
wheat yields. Polovyi V. and Yashchenko L.
[5] found that applying Ni2PsKoo increased
wheat grain yield by 1,04 t/ha compared to
the control. However, this increase was not
enough to be economically beneficial for acidic
sod-podzolic soils. The researchers found that
only the combined use of fertilizers and limestone
materials provided a significant yield increase in
their experiment. Warner J. et al. [6] indicate that
a change in pH from 5,5 to 6,5 increases wheat
grain yield by 22 %, and at lower levels, the use
of nitrogen fertilizers is less cost-effective.

Jelic M. et al. [7] found that the combined
use of Ni2P100Keo, 5 t/ha of lime (CaCOs), and
20 t/ha of manure significantly reduces aluminum
levels in grain and increases winter wheat yield.
Similar results were obtained by Chauhan N.
et al. [8], who recorded the highest wheat yield
(2.8 t/ha) with the recommended fertilizer rate
(120 kg N, 26 kg P, 25 kg K) combined with
10 t/ha of manure, although it was statistically
comparable to the NPK + lime variant (2,6 t/ha).
These studies collectively demonstrate that the
integrated use of lime together with chemical
fertilizers is crucial for both maintaining the
productivity of acidic soils and improving the
quality of winter wheat products [9].

Despite the proven effectiveness of liming,
some farmers hesitate due to the upfront cost
of limestone materials. However, liming is a
long-term investment that not only significantly
increases winter wheat yields in the current year,
but also improves soil fertility for many years to
come, ultimately leading to greater returns on
investment,

The purpose of the study is to investigate
the response of winter wheat yield to different
norms of lime: this will allow us to develop
recommendations for optimizing its use
and increasing the efficiency of agricultural
production on acidic sod-podzolic soils.

Materials and methods of research.
To evaluate the response of winter wheat to
different rates of lime, the field experiment on the
sod-podzolic soil of Western Polissia, employed
the following treatments:

1. Control (without fertilizers).

2. NeoPsoKeo — background.

3. Background + 0,5 norms of CaCOs; by
hydrolytic acidity (Hh) (0,5 CaCO:3).

4. Background + 1,0 norm of CaCOs by Hh
(1.0 CaCOs).

5. Background + 1,5 norms of CaCO; by
Hh (1,5 CaCO:s); 6. Background + 2,0 norms of
CaCOs by Hh (2,0 CaCO:s).
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Winter wheat was grown in an 8-month crop
rotation, with alfalfa as a predecessor. The soil
of the experimental plot was sod-podzolic sandy,
characterized by the following agrochemical
parameters: humus content 1.2 %, mobile
nutrients (mg/kg soil): P»Os (according to
Kirsanov) — 62,0; K»O (according to Kirsanov) —
75,0, pHka — 4,8; hydrolytic acidity —
2,3 mmol/100 g of soil; degree of saturation with
bases — 62 %.

The area of the plots in the experiment was
198 m? (33x6) and 100 m?* (25x4). Replication:
three times.

Mineral fertilizers were applied in the form
of ammonium nitrate, granular superphosphate,
and potassium chloride. Phosphorus-potassium
fertilizers were applied for autumn plowing,
nitrogen fertilizers — half the norm for plowing,
and the rest in spring as fertilizing. Chemical
reclamation was carried out by ground lime with
an active ingredient content in terms of CaCO;
of 83,7-92,1 %.

The grain harvest was recorded by continuous
mowing and weighing from the recorded area.
Grain quality was determined according to
generally accepted methods [10]. The statistical
difference of the data was determined using a
one-factor ANOVA analysis with the subsequent
calculation of Fisher’s test at p<0,05.

Research results and discussion. The
application of various chemical amendments and
fertilizers can create variations in the growing
environment for winter wheat plants. These
factors significantly impact plant nutrition,
ultimately affecting crop yields [11].

Research has shown that applying mineral
fertilizers at NeoPsoKeo rates without liming can
decrease soil fertility. This decline is caused by
the acidifying effect of these fertilizers, which
deteriorates the soil’s physical and chemical
properties. Consequently, the crop yield obtained
with NeoPsoKeo without liming (2,62 t/ha) was
statistically similar to the yield achieved with the
natural fertility of sod-podzolic soil (Table 1).

Liming significantly increased crop producti-
vity compared to both the control and the background.
However, different rates of lime provided different
yield increases in both absolute and relative units.
The use of 0.5 CaCOs; on the NeoPsoKso back-
ground contributed to a 29.4 % increase in yield
compared to the background. Further increase in
the lime rate provided a statistically significant
difference in yield only at 1.5 CaCO:.

The yield increase compared to the control
was 1,08 t/ha or 40,8 %. When applying
2,0 CaCOs, grain yield decreases compared
to the previous variant.
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1. Average yield of winter wheat in crop rotation at different norms of lime on sod-podzolic soil

Treatments Grain yield, Yield to control ratio
t/ha t/ha %
Control (without fertilizers) 2,65 — —
NeoPsoKeo — background 2,62 -0,3 —
Background + 0,5 CaCO; 3,39 0,74 27,9
Background + 1,0 CaCOs 3,54 0,89 33,6
Background + 1,5 CaCOs 3,73 1,08 40,8
Background + 2,0 CaCOs 3,59 0,89 35,5
LSDos 0,13

Gospodarenko G. and O. Karnaukh [12] explain
this by the occurrence of microelements due to the
increased amount of calcium that enters the soil with
limestone material. Excessive amounts of calcium
supplied with a high rate of lime can reduce the
availability of a number of nutrients for plants, which
causes their deficiency in crop nutrition, especially
when their content in the soil is low.

Liming of soddy-podzolic soil affected the qua-
lity indicators of winter wheat products (Table 2).

Important technological indicators of wheat
grain quality that affect the milling and baking
properties of the grain are the weight of 1000
grains, the nature of the grain, and the protein
content. The weight of 1000 grains is to a
greater extent a genetic trait of the wheat variety.
In the experiment, this criterion ranged from
37,0-39,1 g. Depending on the norm, liming
increased the weight of 1000 grains compared
to the background by 3,8-7,9 relative %. The
highest absolute weight index was obtained under
the application of 2,0 rates of CaCO; — 39,9 g.
It should be noted that there was no statistical
difference between the weight of 1000 grains in
the variants with 1,0 and 1,5 norms of lime.

It was determined that the application of
0,5-2,0 lime norms decreased the actual grain
weight by 0,7-2,0 %, which was within the error
of the experiment. This is due to the formation
of a larger number of grains, which become less
filled. A significant decrease in the natural weight
was obtained against the background of mineral

fertilization compared to the control and variants
with lime.

The protein content of wheat grain is
significantly affected by the level of nitrogen
nutrition. In the experiment the introduction of
NeoPsoKeo contributed to an increase in protein
content by 0,5 absolute % compared to the
control. Compared to the background, 1,0 and
2,0 norms of CaCOs had a significant effect on
increasing the protein content, while at a 1,5 Hh,
norms this quality indicator decreased, which
may be due to growth dilution for the formation
of the highest grain yield in this variant.

Prospects for further research should focus
on optimizing crop nutrition conditions to further
increase winter wheat yield and grain quality.
This could involve improving the soil nutrient
profile and identifying economically viable
fertilizer application norms.

Conclusions. When growing winter wheat on
sod-podzolic soil with a medium acid reaction
of the soil solution, liming is a prerequisite for
increasing crop productivity. Based on the results
obtained, the application of 1,5 norms of CaCO;
on the background of NePsoKeo resulted in
3,73 t/ha of winter wheat grain. However, taking
into account the quality indicators, the best option
should be considered the use of 1,0 norm of
CaCO:; established by the hydrolytic acidity of the
soil, which contributes to grain yield at the level
of 3,54 t/ha and an increase in protein content in
grain by 6,8 % compared to the background.

2. Average quality indicators of winter wheat grain in crop rotation at different norms of lime

on sod-podzolic soil

Treatments 100? grain Grain nature, g/l | Protein content, %
weight, g
Control (without fertilizers) 38,4 750 11,8
NesoPsoKeo — background 37,0 720 12,3
Background + 0,5 CaCO:s 38,4 745 12,1
Background + 1,0 CaCO:s 39,2 740 12,6
Background + 1,5 CaCO:s 39,2 735 12,2
Background + 2,0 CaCO:s 39,9 735 12,5
LSDos 0,27 13,6 0,18
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PEAKLISI YPOXKAMHOCTI TA SIKOCTI IMIIEHUII O3UMOI
HA PI3HI HOPMHU BAITHA HA JEPHOBO-MIJ30JUCTOMY IPYHTI
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Anomauia. O3uma nuweHuys AK cmpameciyHa Kyibmypa nompedye cmadiibHoi npoOyKmMueHOCHI,
AKOI MOdICHA Oocsiemu auute 3a0080abHAOYU 1T nompedu 01 pocmy ma POo36UMKY, O0COOIUBO U000
Jcusnenus.  Jlepnoso-niozonucmi IpyHmu, SAKI  3a36udall MAaromv NIOSUWEHY KUCIOMHICMb  [PYHMO-
6020 pO3yUHy 6e3 000amK08020 NOMNUEHHA € MATONPUOAMHUMU O Peanizayii nomeHyiany npooyK-
mueHocmi nuteHuyi o3umoi. OOHIE 13 OCHOBHUX YMO8 (DOPMYBAHHA YPOICAUHOCI Ma SAKOCMI 3epHA
€ CYMICHe 3acmocy8anHs 000pus i 8anHAxkosux mamepianie. Haibinbw wupoxo Ons XiMmiuHoi menio-
payii kucaux pynmie 3acmocogyioms eanuo (CaCQOs), npome HeoOXiOHUM € BUSHAYEHHA U020 ONMu-
MAnbHOI HOpMU, OCODIUBO Y NOEOHAHI 3 MIHEPANbHUMU 00Opusamu. Buxionuii nokaznux epynmy pHxa 4,8
i eioponimuyna xucnomuicmo 2,3 mmonv/100 2 tpynmy. Memor 0ocniodxicens 6y10 6CmaHOSUmMU GNIUG
0,5-2,0 003 6anHa 8u3HaAUEHUX 30 NOKAZHUKOM IOpoaimuunol kuciomuocmi ipyumy (He, mmonws/100 e ipynmy)
Y NOEOHAHHI 3 BHECEHHAM NOMIPHOT HOpMU MiHepatbHux 000pus NsoPsKs. Memoou docrioscens: nonvosutl,
JabopamopHuti, po3paxyHKoeull, CMamucmuyHull, y3azaivhents. Pezynemamu docniodcens nokasanu, ujo
HAUHUINCUA YPOHCALIHICTNG 3ePHA NULeHUYT 03UMOI Y 00Cioi ompumana y Koumpoai ma 3a enecertst NeoPsoKso
be3 eannysanns. 3acmocysants Ha ¢ori NeoPsoKso 6anna y pisnux HOpmMax cnpusiio ni0GUWeHHIO YPodicali-
rHocmi 3epua Ha 0,74—0,89 m/2a 6i0HOCHO KOHMPOTIO, Kpawoio Yy ybomy sionouwienni oyna 1,5 nopmu CaCOs
3a He. Buecenns 2,0 nopmu CaCOs cnpuyununo cmamucmuyme 3nudicerns ypooicatinocmi na 0,14 m/ea
(p=<0,05). Bannysarus maxoxc 6NIUHYI0 HA OCHOBHI NOKAZHUKU AKOCMI 3epHa nueHuyi o3umoi. ITiosuwyenns
gionocHo xonmponio ecmanosneno oas macu 1000 3epen i emicmy 6inka, mooi AK Hamypna maca 3epHa
sHu3unaca. Haibinbw onmumansHuM i3 Yypaxye8aHHAM NOKA3HUKIE AKOCTI 3epHa Y 00CHiOi 8USHAHO 6apiaHm
snecennsi 1,0 nopmu CaCOs ecmanosnenoi 3a cioponimuynoro kuciomuicmio rpyumy Ha goui NsoPsoKso i3
ypoorcatinicmio 3,54 m/ea 3epna nuwenuyi o3umoi i nioguwgenHam emicny oinka y noomy Ha 6,8 % gionocHo
ony.

Kniouosi cnosa: nuwenuys osuma, 6anHyeanHs, MinepaibHi 000pusa, ypodcatinicms, 6i10K, Hamypa 3epua,
maca 3epen
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Abstract. The article presents the results of research into the ecological state of surface waters
using newly developed scientific approaches based on the use of high spatial resolution satellite data.
The systematization of all available indicators and the development of new methodological approaches
significantly improves the existing methodology for determining the ecological state of water bodies,
which is the goal of research. In the studies of water bodies within the city of Kyiv, Obolon Bay and Lake
Verbne, the optimal set of such indicators as spectral indices was determined, which made it possible to
comprehensively assess the state of water bodies: NDWI — for distinguishing vegetation and water bodies,
GCI — to assess the extent of blue-green algae, NDTI — to determine turbidity, 10 — to determine the
presence of soluble iron in water, NDSI — to assess the extent of flooding. According to the NDSI, NDWI
indices and a combination of the red and infrared channels of the Sentinel-2 L2A satellite, the flooding
of the floodplain of the Irpin River was traced, caused by the destruction of a hydraulic structure near
the village of Kozarovichi. Wave abrasion of the shores was studied on the example of the Kremenchuk
Reservoir near the villages of Pronozivka and Mozoliivka using Landsat4 (1984) and Landsat8 (2016)
satellite images. The study of the reshaping of the coastline near the village of Tsybli in the Kyiv region
used the method of determining spatio-temporal changes of the coastline as a result of its erosion. The
assessment of spatio-temporal changes of the coastline should be carried out taking into account the
water levels on the dates of the measurements. The conducted studies established that all the identified
evaluation indicators can be grouped as biological, hydro morphological, and physicochemical, and it can
be concluded that methodical approaches to assessing the ecological state of surface waters using satellite
data are based on established cause-and-effect relationships of processes affecting water objects.

Key words: surface water, ecological condition, satellite data, spectral indicators, databases,
spatiotemporal changes

Relevance of research. The problem of
deterioration of the ecological condition of
water bodies due to significant anthropogenic
load and changes in climatic conditions is
acute enough for all river basins of Ukraine.
Therefore, in 2020, the Institute of Water
Problems and Land Reclamation of the National
Academy of Agrarian Sciences of Ukraine
developed methodological recommendations for
assessing the ecological state of water bodies
and reclaimed land based on spatially distributed
satellite data [1], which was proposed to assess
the state of surface waters according to individual
indicators determined based on multispectral
satellite images. Over time, new developed
indicators for assessing the ecological state of
surface waters were added, and the methodology

© Vlasova O.V,, Shevchenko .A., Kozytskyi O.M., 2024
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needed improvement, especially regarding the
systematization of the indicators themselves.
The basis of the improved methodology was
the existing methodology, which is based on the
use of ground information and was approved
by the Order of the Ministry of Environmental
Protection and Natural Resources of Ukraine
dated January 14, 2019 No. 5 “On approval
of the Methodology for classifying a body of
surface water, as well as a significantly changed
body of surface water to one of the classes
of ecological potential of an artificially or
significantly changed body of surface water” [2].
In the algorithm for determining the state of the
surface water body, the ecologically-chemical
state is considered. Ecological state indicators
are: biological, hydromorphological, chemical,
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and physicochemical. However, in satellite data
use, chemical analysis of water is not considered
separately, but only physicochemical with
selection for laboratory chemical analysis of water
samples to confirm its spectral characteristics.
Therefore, suggested to use the algorithm of the
approved methodology as a basic one, and to
attract and increase the number of indicators that
can be determined by satellite data. This article is
dedicated to solving this problem.

Analysis of recent research and publications.
The domestic and international community pays
considerable attention to the problems of creating
an effective surface water monitoring system
using satellite data. Among the domestic scientific
developments of recent years, the work of
V.1. Zatserkovny (2018) [3] stands out, in which
the development of separate technologies in
the form of a surface water quality monitoring
database, which is intended for data storage,
description of the parameters of the investigated
substances, their maximum permissible limits,
is considered concentrations that meet the
requirements of the EU Directive 2000/60
(paragraphs 39, 40), description of observation
posts, passport data of water bodies, data analysis
and forecasting of the further impact of pollutants
on the environment, detection of extreme
situations on a water body after technogenic
disasters. It is worth noting the published
scientific work of R. Keklyu, A. Alkish (2021)
[4] on the creation of a new trophic level index
using water quality parameters. The use of water
indices for the identification of water bodies
in the Kyiv region is described in detail in the
work of V. Belenko (2023) [5] and O. Apostolov
(2020) [6] for determining the sufficiency or lack
of moisture in the territory according to the ERS
(Earth Remote Sensing) data.

Among the foreign works, it is worth noting the
work of Polish scientists K. Dyba, S. Ermid and
others. (2022) on the development of a method
for remote monitoring of water temperature
in lakes in a spatio-temporal context based on
Landsat8 images [7]. A combination of the time
series analysis method and a simplified algorithm
based on the Planck equation was proposed by
Italian scientists to determine and analyze the
surface temperature in the lakes of Central Italy
(De Santis D., 2022) [8]. The work of scientists
from many countries around the world is
devoted to surface water pollution, in particular,
M. Golizade (2016) [9]; H. Adzhov Ebenezer
(2023) [10], etc.

Special attention is paid to the examination of
the Copernicus program of the European Union
created in 2011, which is the best example of

international observation and decision-making
systems using remote sensing of the Earth for
all components of the environment. Information
services are provided free of charge and open
access to authorized users of the Copernicus
Program. Specialists of the Institute of Water
Problems and Land Reclamation of the National
Academy of Agrarian Sciences actively use
Copernicus as part of Google Earth Pro when
downloading high spatial resolution images and
using archives of Landsat and Sentinel images,
as well as Land Viewer and Crop Monitoring. An
example of this is the research on the effect of
the explosion of the protective dam of the Kyiv
Reservoir on the Irpin River basin using remote
sensing of the Earth.

Analytical studies have determined that with
the development of technologies for processing
and presenting the results of satellite information
analysis, methodological approaches to assessing
the ecological state of surface waters based on
satellite data have also changed. The literature
review shows that research is mainly conducted
to identify the deterioration of ecological
situations and for this purpose, certain informative
parameters are considered, such as water
temperature, the presence of surface formations
(specular reflection), concentrations of various
substances dissolved and suspended in water
(diffuse reflection): transparency, turbidity, color,
soluble iron. The use of various indicators requires
systematization, which, in general, corresponds to
the problem we have established, and a conclusion
was drawn about the need to improve the
existing methodology for assessing the ecological
state of water bodies based on satellite data.

The purpose of the research is to improve
the assessment of the ecological state of surface
waters based on satellite data.

Research methods and materials. In the
analysis of satellite data, the energy and
polarization characteristics of the own and
reflected radiation of water and vegetation
surfaces and the atmosphere are determined in
various ranges of the electromagnetic radiation
spectrum. In conducting research with satellite
data, the passive method of remote sensing
of the Earth, analytical analysis of scientific
works, spectral and geospatial analysis, and
system analysis were used, and soil surveys
and experimental studies were carried out using
generally accepted and certified methods.

The research methodology included the
following components:

» searching for publicly available satellite
information and analyzing the possibility of its
application to the task;
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 analytical analysis of scientific works on
the established problem;

* calculations of spectral water and
vegetation indices, comparison of channel
combinations;

» carrying out field observations, taking
water samples, and measuring transparency,
turbidity (the content of suspended substances),
color, and temperature of water;

» analysis of the results obtained and
determination of changes occurring in water
bodies.

During the monitoring, biological and
hydromorphological indicators were determined
using satellite data and field surveys, and
conclusions were drawn about the ecological
state of surface waters.

Research results and discussion. The main
attention was paid to identifying possible and
systematizing tested indicators characterizing the
ecological state of surface waters according to
satellitedatausingtheexample of waterbodies with
different hydromorphological characteristics. At
the beginning of the research, there was a search
for satellite images of high spatial resolution in
the Google Earth Pro and Land Viewer software
products open to users. These typically include
archival Landsat and Sentinel imagery, for
which spectral empirical metrics can be obtained
through indices or channel combinations, as well
as high-resolution Aerbus and Maxar imagery.
The studies used indicators such as the NDTI
(Normalized Difference Turbidity Index) [11],
which assessed the development and scale of
distribution of blue-green algae (“blooming”
of water), its turbidity; NDWI (Normalized
Difference Water Index) [12—14], which at small
values showed the absence of vegetation, and at
large values (greater than zero) — the presence of
water; GCI (Green Chlorophyll Index), which
showed the content of green chlorophyll in
areas of “blooming” of blue-green algae and the
overgrowing of the reservoir with taller aquatic
and surface vegetation; 10 (Index of iron oxide
content), according to which the presence of
soluble iron in water was determined; NDSI
(Normalized Difference Snow Index) [15],
which made it possible to record the scale of
floods when snow melts.

The indicators were obtained in 2023 during
the study of the ecological state of the waters of
Lake Verbne (Fig. 1) and Obolon Bay (Fig. 2)
within the city of Kyiv using Landsat8 and
Sentinel2 satellites.

The obtained results were verified by ground
surveys (Fig. 3), during which the following
were measured: water temperature with a
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standard water thermometer, which is used on
the network of the hydrometeorological service;
transparency using a Secchi disk, as well as color,
suspended solids concentration (turbidity) and
soluble iron, which were evaluated from water
samples collected in laboratory studies.

The results of surveys based on satellite data
according to the colors of the legend of their
values show that the average values of the indices
within the area of the water surface of a water
body are:

 in Obolon Bay NDTI 0-0,25; GCI 0,25-0,5;
NDWI 0,1-0,2; 10 -0,75;

«in Lake Verbne NDTI
GCI 0,5-0,75; NDWI 0,3-0,6; 10-0,5.

0,25-0,5;

075801
0520075

0253005

| 020025

42500

f

Fig. 1. Satellite image 07/04/2023 Sentinel-2
L2A of Lake Verbne with plotted ground
observation points (a) and thematic maps

of spectral indices:

b—NDTI, ¢ - GCI, d - NDWIL /- 10
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Fig. 2. Satellite image 07/04/2023 Sentinel-2 L2A of the Obolon Bay with plotted ground
observation points () and thematic maps of spectral indices:

b—NDTI, ¢ — GCI, d — NDWI, f - 10

Obolon Bay is located east of the Obolon
residential area. This bay is connected to the Dnieper
by a wide strait in its southern part, as well as a
small strait in the northeastern part. The presence
of two canals determines sufficient water exchange
with the Dnieper. The length of the bay is 1,5 km,
the maximum width is 430 m, and the depth is up to
17—19 m, because at one time sand was taken from
it to wash the territory of the Obolon residential
area. The area of the bay is 57,1 hectares. The
shores of the bay are moderately gentle and sandy.
It is used for recreational purposes (Fig. 3, a).

Lake Verbne (Fig. 3b) is located on the
southern edge of the Obolon residential area.
Non-flowing The length is 1070 m, the maximum
width is 240-250 m. It is partly of artificial
origin — it was a source of sand for washing
the Obolon residential area. The area of the
water mirror is 16.4 hectares. It is quite deep —
up to 15 m. In 1994, by the Decision of the Kyiv
City Council No. 14 dated February 17, 1994,
Lake Verbne was declared an ichthyological and
botanical reserve. In the lake there is a floating
Salvinia fern — a species listed in the Red Book

of Ukraine. There are also more than 20 species
of lake-river complex fish here.

Since there are no standard indicators for
comparison of spectral indices, during ground
surveys the obtained indicators were compared
with surveys of previous years. The results of
ground-based surveys showed that in the studied
water bodies over the summer period, the color
of the water changed significantly and increased.
Thus, compared to 07/08/2014, when the chroma
in Obolon Bay was 33°, and in Verbne Lake —
13°, on 07/04/2023, the chroma in Obolon Bay
was 132°, and in Verbne Lake — 89°. The main
reason is the different types of algae, due to which
the water acquires different colors, the presence
of humic substances, compounds of ferric iron,
as well as the influence of anthropogenic factors
that can cause intensive coloring of the water.
However, the transparency of the water has
increased significantly. Thus, compared to July 8,
2014, when the transparency in the Obolon Bay
was 14,5 cm, and in Lake Verbne — 9,2 cm, on
July 4, 2023, the transparency in the Obolon Bay
was 80 cm, and in Lake Verbne — 85 cm.
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Fig. 3. Photographs of places where ground-based surveys of water bodies were conducted:
a — Obolon Bay, b — Lake Verbnoye

Based on the data of the calculated index and
field surveys of Obolon Bay and Lake Verbne,
graphs of the dependence of laboratory values
of iron oxide and the 10 index were constructed
(Fig. 4). The coefficient of determination R2
for Verbnoy Lake is 0,898, and for Obolon
Bay — 0,876.

The concentration of iron oxide should
decrease as the volume of the water body
increases, which is a natural phenomenon. But in
Obolon Bay, the concentration is higher, which
indicates an excess of iron coming from the
upper reaches, that is, from the Kyiv Reservoir.
Lake Verbne is non-flowing and has less soluble
iron. It was established that the indicators of the
ecological condition in Obolon Bay are worse
compared to the indicators of Lake Verbne:

* the average temperature is lower by 1 °C;

schromaishigheronaverage—147,06°/94,12°;

o turbidity is lower — 5,51/6,38 mg/dm?,
soluble iron is higher — 0,93/0,41 mg/dm?.

In addition to biological indicators,
hydromorphological indicators were determined.
Thus, according to the NDSI, NDWI indices and
a combination of the red and infrared channels
of the Sentinel-2 L2A satellite, the passage
of the flooding of the floodplain of the Irpin
River caused by the destruction of the hydro-
technical structure in the village of Kozarovichi
was traced [16]. The research also studied the
spatiotemporal transformation of the coastline
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of the Kaniv and Kremenchuk reservoirs. The
reshaping of the shore occurs under the influence
of natural and anthropogenic factors, which is
a completely natural process, but it leads to the
loss of a certain part of the land and ecological
changes. To establish, observe and evaluate the
process of reshaping the coastline, the method
of determining spatio-temporal changes of the
coastline as a result of its erosion was used, based
on a combination of time-varying space images
and topographic maps (Fig. 5). The assessment of
spatio-temporal changes of the coastline should
be carried out taking into account the water levels
on the dates of the measurements.

Bank erosion was studied in the example of the
Kanivskyi (Tsybli village) and Kremenchugsky
reservoirs (Pronozivka village) using Landsat4,
1984 and Landsat8, 2016 satellite images
(Figs. 5 and 6).

Analysis of temporal topographic maps
and space images of the left bank of the Kaniv
Reservoir in the area of Pereyaslav — p. Tsybli
showed that intensive erosion of the coastal
zone is observed only on the part of the coast
that is located frontally to the line of maximum
acceleration of wind waves, that is, from the
estuary near the village of Tsybli to the mouth of
the Trubizh River. Fig. 5 shows the dynamics of
changes in the bankline of the entire 6,7 km long
erosion-dangerous section. The red line shows
the location of the bank on a topographic map at
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Fig. 4. Graphs of the dependence of the value of iron oxide and the IO index in 2023:

a — Lake Verbne, b — Obolon Bay

IlepedopmysB s

Fig. 5. Pictures:

a — basic CNES/Airbus near the village. Tsybli, 2014; b — the dynamics of the bankline of the Kaniv
Reservoir in the section of the village. Tsybli — the mouth of the Trubizh River; ¢ — Landsat 5, 1985;
d — Landsat 5 and Maxar composite, 2008
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Fig. 6. Erosion of the left bank of the Kremenchuk Reservoir:

a — dynamics of the shoreline of the Kremenchuk Reservoir near the village of Pronozivka for the period
1985-2022 (below in enlarged view); b — part of the shore

a scale of 1:100,000 as of 1983, that is, almost 10
years after the construction of the reservoir, when
the reformation of the bank had already partially
passed the stage of abrasion leveling. The green
line shows the coastline as of 2023. The total area
of bank erosion in this area was 51 hectares. The
average erosion area for every 100 linear meters
of shore is 7,6 thousand m?. Upstream, in the area
of Pereyaslav and to the north, the bankline is
relatively stable.

Fig. 6 shows the erosion dynamics of the left bank
of the Kremenchuk Reservoir south of the Sulsky
Estuary, near the village of Diarrhea. The modern
satellite image shows coastlines as of 1985
(red line) and 2009 (green line), which were
determined from satellite images for the corres-
ponding years. As the analysis of the data obtained
shows, for the period 1985-2009, the maximum
width of bank erosion in the area was 80 m, and
over the next 13 years, it increased to 94 m.

Conclusions. Based on the results of our
research, we found that it is advisable to improve
the method of assessing the ecological state
of surface waters based on satellite data by
systematizing spectral indices, grouping them as

biological (aquatic vegetation, cyanobacteria),
hydromorphological (hydromorphological
changes, processes of eutrophication, coastal
erosion), physical chemical (concentration of
various substances dissolved and suspended in
water) and use them in an integrated manner.

In the studies of water bodies within the city
of Kyiv, Obolon Bay and Lake Verbne, the optimal
set of such indicators as spectral indices
was determined, which made it possible to
comprehensively assess the state of water bodies:
NDWI — for distinguishing vegetation and water
bodies, GCI — to assess the scale of blue-green algae
distribution, NDTI — to determine turbidity, IO — to
determine the presence of soluble iron in water.

It has been established that methodical
approaches to the assessment of the state of
surface waters with the use of data from ERS
(Earth Remote Sensing) are based on the
establishment of cause-and-effect relationships
of processes affecting water bodies, the need
to find evaluative informative parameters, and
the development of methods for determining
spatiotemporal changes that occur in within river
basins.
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Anomauyia. Y cmammi ukiadeno pesyromamu 00CAi0HCeHb eKOL02IUHO20 CIMAHY NOBEPXHEBUX 600 3d
HOBUMU PO3POOIEHUMU HAYKOBUMU NIOX00AMU, KI IPYHMYIOMbCS HA 6UKOPUCTAHKE CYRYIMHUKOGUX OQHUX
BUCOKO20 NPOCMOPOB020 po3pisHenns. Cucmemamusayis YCix HAsA8HUX NOKA3HUKIG [ pO3DPOOLEHHS HOBUX
MemoOUdHUX NiOX00i8 ICTMOMHO YOOCKOHATIOE ICHYIOYY MEMOOUK) BUSHAUEHHS eKOLOSITYHO20 CINAHY 600HUX
00°€kmis, wo € mMemoi 00CHiONCeHb. Y 00CHiONCeHHAX 800HUX 00 'cxmie y mexncax m. Kuesa 3amoku
Obononw i o3epa Bepbue 30ilicneHo SU3HAUEHHS ONMUMANLHO20 HAOOPY MAKUX NOKASHUKIB, SK CheK-
MpanvbHi iHOeKCU, AKI 0anu 3MO2Y KOMNJLEKCHO OYIHUMU cman 800nux 00 ekmis: NDWI — ona pospisnenus
pocaunnocmi i 600HUX 00 'ekmig, GCI — 0151 OYiHIOBAHHA MACUWUMAOHOCMIT NOUUPEHHS CUHbO-3€E/IeHUX 8000-
pocmeti, NDTI — onsa suznavwenns xanamymruocmi, 10 — 011 uzHauerHs HASBHOCMI POSYUHHO20 3A1i3A Y
600i, NDSI — 015 oyinrosanns macuimady noseni. 3a inoexcamu NDSI, NDWI ma kombinayiero uepgonozo i
inghpauepsonoeo kananie cynymuuxa Sentinel-2 L24 npocmedicero npoxoodicents 3amonients mepumopii
sannasu p. Ipninb cnpuuunero pytHayiero eiopomexuiunoi cnopyou oina c. Kosapoesuui. Xeunvosy abpasiio
bepezie docniodceno Ha npuxkaadi Kpemenuyyvrkozo 6odocxosuwa 6ina cin Ilponosiexka ma Mosoniiska 3
suxopucmannsam 3uivkie cynymuuxa Landsat4d (1984 p.) ma Landsat8 (2016 p.). I1i0 wac oocriodcenns
nepegopmyeanns bepecosoi ainii 6insa c. Luoni y Kuigcokiti obracmi 6uUKOpucmano memoo GU3HAUEHHS
NPOCMOPOBO-YACOBUX 3MIH bepec08oi ninii 6 pezynvmami il posmugy. OYiHIO8AHHA NPOCMOPOBO-HACOBUX
3MiH bepe2080i MK NOBUHHO BUKOHYBAMUCS 3 YPAXYBAHHAM PIBHIE 600U HA 0amU BUKOHAHHS GUMIPIOBAHD.
TIposedenumu 00CnioNceHHAMU BCMAHOBNEHO, WO 6CI GUSHAYEHT OYIHIOBANbHI NOKAZHUKU MOJICHA 32PYNY-
samu AK Oionoziuni, eiopomopdonoziuni ma izuko-ximiuni i 3podUMU UCHOBOK, U0 MEMOOUUHT NIOXOOU
00 OYIHIOBAHHSL €KOJIO2IYHO20 CHIAHY NOBEPXHEBUX 600 I3 3ACMOCYBAHHAM CYNYMHUKOGUX OAHUX I[DYHNLY-
10MbCsl HA 6CMAHOBGIEH] NPUYUHHO-HACTIOKOBUX 38 3Ki6 NPOYecia, Wo GNIUearoms Ha 600HI 00 €kmu.
Knrwouoei cnosa: nogepxmnesi 600u, exonoeiunuil cmam, Cynymuukosi 0ami, CHeKmpaibHi NOKA3HUKU, 6a3u
OAaHUX, NPOCNOPOBO-YACOBI 3MIHU
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Abstract. The assessment of the current state of the water and land reclamation engineering
infrastructure facilities, which was carried out on the basis of the analysis of technical documentation,
visual, and instrumental examination of the structures’ technical condition, confirms that as a result of
long-term operation of the waterworks without proper reparation and restoration measures, their technical
condition has significantly deteriorated.

The most promising for the repair of concrete and reinforced concrete structures are cement-based
materials modified with polymers (polymer concrete), which are dry mixtures of cement, sand, re-dispersible
polymer powder (RPP) and other modifying additives. The research results of the redispersing polymer
powders influence on the adhesive properties of repair composites are presented. It is shown that the
modification of cement-sand solutions of RPP leads to a significant increase in the adhesive properties of
repair composites. The optimally effective concentration of RPP in repair compositions has been found.

The article highlights the technology of structural repair of concrete and reinforced concrete structures
of the waterworks with the use of modern composite materials, which makes it possible to restore the
design geometric indicators and the load-bearing capacity of the structures. The proposed technology and
effective repair compositions help to carry out repair and restoration work on hydrotechnical structures
of the water management and reclamation complex, in particular those destroyed or damaged as a result
of the military aggression of the Russian Federation against Ukraine. The main principles of choosing
the optimal technology for the structural repair of concrete and reinforced concrete structures of the
waterworks, depending on the nature and degree of damage, the influence of technological and operational
conditions on the structures’ geometric indicators restoration during the modernization and reconstruction
of reclamation systems in the post-war period, are revealed.

Key words: hydraulic structures, composite materials, modifiers, compatibility, adhesion, structural
repair

Relevance of research. To ensure the efficient  of irrigation systems, conducted in accordance

operation of irrigation systems in Ukraine, a large
number of waterworks have been constructed and
are in operation. The waterworks on canals make
it possible to distribute and regulate the amount
of water supplied to the reclamation system, to
its individual sections, farms or fields; regulate
water levels in canals; emergency discharge of
water excess or emptying of individual sections
of canals.

As a result of long-term operation of the
waterworks without proper repair and restoration
works, their technical condition has significantly
deteriorated. On-site inspections of waterworks

with DSTU-NB V.1.2-18:2016 by scientists of the
Institute of Water Problems and Land Reclamation of
National Academy of Agrarian Sciences of Ukraine
[1-3], testify to the progressive deterioration of their
technical condition. Passive cracks with different
opening widths on the surface of structures, peeling
of the protective layer of concrete, sinks, chips,
potholes, depressurized seams in prefabricated
buildings are becoming more typical. These
damages are the centers of further active structures
destruction. The emergence of filtration zones and
cavities in the body of the structures leads to a
decrease in the carrying capacity of the waterworks,
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a decrease in the design indicators and the reliability
of the structures as a whole, which causes water loss.
Therefore, the restoration of reinforced concrete
structures of the of reclamation systems’ waterworks
to the design operational indicators is an urgent
problem today.

Analysis ofrecentresearch and publications.
On-site inspections of water management and
reclamation systems’ waterworks showed that
these structures simultaneously have a whole
complex of damages, for the elimination of which
there is no universal technology and material.
Restoration is possible through the combined
use of the most promising new technologies and
materials. Depending on the nature of damage,
concrete structures are restored using structural
or non-structural repair methods. According to
the nature of the impact on the bearing capacity,
damages are divided into 4 categories:

1 — standardized, 2 — satisfactory;

3 —not suitable for normal operation;

4 — emergency.

Non-structural repair methods are used to
eliminate concrete defects that are spread to a
depth less than the surface protective layer. These
defects include: shrinkage cracks, spalling of
concrete, high porosity, insufficient thickness of the
surface protective layer of the reinforced concrete
structure, etc. Timely elimination of damage by
methods of non-structural repair makes it possible
to protect structures from the aggressive action of
the environment and avoid their further destruction.
The main technologies used for the restoration of
concrete structures by methods of non-structural
repair include surface impregnation, elastomeric
sealing, penetrating waterproofing, pressure
injection, coating waterproofing [4, 5].

Pressure injection technology is used to
increase the waterproofing capacity and corrosion
resistance of concrete and reinforced concrete
structures of waterworks. The technological
process of injection consists in injecting liquid
waterproofing material under pressure into
defective areas of concrete. The technology is
used to restore the monolithicity and density
of waterworks the concrete and to eliminate
filtration through it.

Also, in order to increase the waterproofing
capacity and corrosion resistance of concrete and
reinforced concrete structures of waterworks, the
technology of penetrating waterproofing is used
in order to exclude the water filtration through
the concrete structure, which has an extensive
network of pores, capillaries and microcracks.
Penetrating  waterproofing is the gradual
penetration of the waterproofing material into
the base through the concrete capillary system
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and complete clogging of the concrete pores.
The speed and depth of penetration of active
chemical components depends on the chemical
composition, humidity, concrete’s density and
porosity, and the ambient temperature. As a rule,
for quality materials, the depth of penetration
into concrete reaches 10-12 cm.

Coating waterproofing is used for external
protection of structures from soil and atmospheric
water and internal protection from capillary
moisture. Coating waterproofing is a single-layer
or multi-layer coating with a thickness from a
millimeter to several centimeters.

To strengthen the protective layer of
operational reinforced concrete structures, the
technology of surface impregnation of concrete
with low-viscosity compositions is used, followed
by their polymerization (hardening) in concrete.
After surface impregnation, the compressive and
tensile strength of the original concrete increases
by 3—4 times, waterproofness — by 1,5-1,6 times,
frost resistance — by 3—6 times, impact strength —
by 1,5-3 times.

For the repair and sealing of deformation
joints and active cracks in concrete and
reinforced concrete structures of reclamation
systems’ waterworks in order to increase their
waterproofness and durability, repair technology
with elastomeric compositions is used.

For fixing concrete and soil structures that
have filtering zones of loose soil or concrete,
destruction or mechanical damage in the form
of caverns, sinks, wide-opening cracks on
the structure’s surface; for the repair of local
structural damage of concrete and reinforced
concrete structures for the purpose of their anti-
filtration protection; to eliminate water filtration
paths at waterworks of reclamation systems
tamponage technology is used.

Structural repair technology is used to repair
damage to reinforced concrete structures of
waterworks, which during operation have suffered
from the protective layer destruction or mechanical
damage in the form of caverns, shells, chips,
possibly with exposed reinforcement, or passive
cracks with an opening width of up to 10 mm on
the surface of the structures. Structural repair of
concrete facilities is carried out in case of damage
to the structures to a depth greater than the surface
protective layer. The main purpose of carrying out
structural repairs is to restore the parameters of the
structures to the design indicators. For application
of repair compositions for the structural repair of
the waterworks, it is necessary to take into account
the specific operating conditions of the structures.
Such conditions are the location of the concreteof
the structure relative to the water and the nature of
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the interaction with it. From this point of view, the
concrete structure of facilities can be divided into
three zones.

1. Underwater (underground) zone of the
concrete structure. It is characterized by the fact
that this zone is constantly in water and interacts
with it and its components with varying intensity,
which depends on the nature of the water
action (under pressure or without pressure), the
chemical composition (aggressiveness) of the
water environment, as well as the composition
and structure of facilities’ material.

In this case, the stability of the structure’s or
facility’s concrete is achieved by the correct choice
of the raw material type, the increased density of
the structure due to the rational selection of the
concrete composition, in particular, the repair
concrete, the reduction of the water-binding
ratio, the introduction of modifying additives of
synthetic and mineral origin.

2. Zone of variable water level. This zone is
particularly tough to the action of a combination
of natural factors, and the concrete of this zone has
the highest requirements for corrosion resistance,
wear resistance (abrasive and cavitation), frost
resistance, mechanical strength under compression
and tension, and water resistance. The stability
of concrete in this case is achieved by a more
careful selection of high-quality raw materials with
increased physical and mechanical properties, an
increase in the concrete density and mechanical
strength, minimal intergranular voids, thanks to the
rational selection of the concrete composition, the
use of modifying additives, polymer materials.

3. Above water zone. The concrete of the
above-water zone is subjected to episodic action
of water (splashes), solar radiation, wind, etc.
Therefore, in such conditions, the stability of
concrete is achieved by complying with the
specified class in terms of compressive strength
and weather resistance.

In the case when it comes to restoring the
load-bearing capacity of the structure to project
indicators, structural repair technologies are
used, which are aimed at restoring the structures
geometric shapes, eliminating damage in the form
of loosening of the concrete protective layer, chips,
sinks, potholes, passive cracks with the width of
the opening on the constructions’ surface up to 10
mm and deconsolidation of butt joints.

The aim of the study. To determine technical
and technological solutions for carrying out
structural repairs of concrete and reinforced
concrete structures of the waterworks.

Methods and objects of research. The
research is based on the results analysis of the
surveys of the technical condition of waterworks

during the past years, the systematization of
materials of experimental and field studies of the
operation department of the Institute of Water
Problems and Land Reclamation, the European
standards requirements for the repair materials
characteristics, as well as research materials
of other authors published in open access. The
research was conducted in laboratory conditions
and at the facilities of the water management and
reclamation systems of Ukraine.

The actual value of the parameters obtained
as a result of the visual inspection was compared
with the quantitative and qualitative criteria
foreseen by the design, operational and regulatory
documentation.

The survey methodology
following operations:

— assessment of the actual operational
conditions of facilities and their elements;

— detection of violations and deviations from
normal operational conditions;

— inspection of engineering infrastructure
objects to check compliance with the actual and
design structural schemes;

— determination of the state of nodes
connecting elements and structures;

— detection of poor performance of works
during preliminary repairs;

— identification of places with damages and
defects;

— determination of the damage degree and
wear of equipment and metal structures.

The conducted surveys made it possible to reveal
the presence of typical destructions on waterworks
that are constantly in contact with water.

Research results and discussion. The
assessment of the current state of the engineering
infrastructure facilities of the water management
and reclamation systems was carried out on the
basis of the analysis of technical documentation,
visual and instrumental examination of the
facilities’ technical state, their elements, control
of material properties and estimated calculations.

As an object of research, the assessment of the
technical condition of waterworks in the following
Interregional Water Management Departments
(IWMDs): Bortnytskyi, Irpin IWMD and Basin
Water Management Department (BWMD) of the
Tysa river were considered.

Bortnytskyi IWMD. During the inspection
of the reinforced concrete waterworks of
Bortnytska irrigation system, the following
damages were found: cracks in the head of the
water discharge into the main canal, violation
of the structural integrity of the pumping station
heads. The length of the cracks reached 120 cm,
the depth — up to 4,5 cm (Fig. 1).

included the
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Fig. 1. Head on the canal of Bortnytska irrigation system

Irpin IWMD. Inspection of the pre-chamber
technical condition of Kochurska pumping station
revealed the following damages to the fixing panels:
cracks, chips, shells, destruction of the concrete
protective layer, violation of the coating geometric
shape, exposure of the reinforces (Fig. 2).

BWMD of Tysa river. Similar to the
pre-chamber panels damages were discovered
during the inspection of pumping station No. 3/3A
of the Latoritza polder system. Performing repair
and restoration works on these objects requires
analysis and development of fundamentally new
technological methods and materials for their
implementation.

Accordingly, the requirements for the
characteristics of cement-based repair materials,

which are the most common and intended for the
structural repair of reinforced concrete facilities,
were analyzed (according to the European standard
EN 1504 “Materials and systems for the protection
and repair of concrete”) (Table 1) [6-8].

Additionally, taking into account the main
operating characteristics according to EN 1504,
actions and characteristics regarding the selection
of repair material were determined. However,
European regulations contain only functional
requirements, there is no clear description of how
to implement this or that technical solution. Thus,
there is a need to work out technological solutions
using the latest materials for structural repairs
that would meet the functional requirements of
European standards.

e ‘ Y

o A . w

Fig. 2. Technical condition of the pre-chamber panels of the Kochurska pumping station of the Irpin IWMD

1. Requirements for the characteristics of cement-based repair materials intended for structural repair

Values
Characteristics Class R4 (repair of main Class R3 (repair of
supporting structures) fencing structures)
Compressive strength, MPa >45 >25
Bond strength with old concrete, MPa 2 1,5
Chloride content, % by mass <0,05
Module of elasticity, GPa >20 >15
Compatibility in freeze-thaw cycles. >2 >1,5
Adhesion after 50 cycles
Capillary sorption, kg/m* h <0,5

Carbonation resistance, depth (dk)

< dk control concrete
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The literature analysis [9-13] shows that
various materials and technologies are used as
modern composites for the repair of reinforced
concrete waterworks, depending on the type and
nature of damages. One of the main requirements
for choosing a composite is the characteristics of
the binder. Binders are divided into three main
categories according to operational, physical, and
mechanical characteristics:

Ist category — repair materials based on
organic (polymer) binder (polymer concretes,
polymer solutions);

2nd category — polymer-modified materials
on a cement binder (polymer-cement concrete,
polymer-cement solutions);

3" category — repair materials on a cement
binder (cement-sand solutions, concretes).

Based on the analysis of binders and repair
materials, recommendations were developed for

the use of different categories of materials for
the repair of waterworks made from reinforced
concrete (Table 2).

To ensure high-quality repair, a necessary
condition in the creation or selection of repair
compositions is the compatibility of the
composition with the characteristics of the repaired
concrete. Compatibility is the relationship between
the physical, chemical, and electrochemical
characteristics of the repair compositions
components and the characteristics of the concrete
surface of the existing facility [14—17]. These
ratios of the characteristics of the repair layer (P)
to the concrete base (C) and the general
requirements for the properties of materials for
repair work and the concrete base to ensure
structural compatibility are shown in the table. 3.

Compatibility implies the nature of the
behavior of the repair material both in the

2. Recommendations regarding the use of different categories of materials for the repair

the waterworks made from reinforced concrete

Name
of the Main properties Recommendations for use
material
Cement Normal density and strength, Repair and strengthening of overall structures of
mortars and |normal concreting; low adhesion |waterworks elements; construction of reinforced
concretes to old concrete. They require concrete shirts, belts; construction of discharges;
careful and long-term care during |repair of the protective layer, which work only
hardening, or the application of | for constant load; repair of sinks, cavities,
protective coatings. grouting of the cracks.
Polymer- Increased viscosity. Normal Repair of damaged structures in areas where
cement (compared to cement) density prestressed reinforcement is exposed; grouting
mortars and |and strength, increased adhesion | of cracks; for the production of injection
concretes to concrete and crack resistance. | solutions; restoration of the concrete protective
Does not require careful care layer.
during hardening
Polymer High strength, density and Repair of concrete chips in areas where it is
solutions impermeability, resistance in an | necessary to restore its calculated compressive
and aggressive environment. Increased | and bending strength; achieving high chemical
concretes adhesion to dry concrete. Reduced | and mechanical resistance; for concreting
shelf life of the prepared mixture |prefabricated reinforcing structures; for the
(30—40 min) production of injection solutions; for the
preparation of protective coatings.

3. General requirements for quality indicators of materials for repair work and concrete base

for structural compatibility [14]

Quality indicators The ratio of the characteristics of the repair layer
(P) to concrete base (C)
Compressive strength, MPa P>C
Module of elasticity, Pa P~C
Coefficient of thermal expansion, K P~C
Adhesion, shear and tear strength, MPa P>C
Expansion upon wetting, % P>C
The ability to deform without breaking P>C
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hardened and in the hardening state. The efficiency
of the repair is defined as the ratio of the stresses
that the repaired structure can withstand to the
stresses that the structure could withstand before
the destruction and repair.

The main requirement in the selection of
materials for the repair of concrete and reinforced
concrete facilities is adhesive compatibility.
Adhesion compatibility implies a sufficient
amount of adhesion between the base concrete
and the repair material. It was established that
the insufficient adhesive property of the repair
material to the restored concrete surface is
observed when temperature deformations of
the hardening repair composition and the base
are detected. Adhesion also decreases with
insufficient preparation of the damaged area of
the facility surface before applying the repair
material.

According to the research results, it was found
that adhesively compatible characteristics are
provided under the condition of equality of shear
strength, tensile index between the base concrete
and the repair material, as well as the contact
zone of destruction, which can characterize the
recovery process within three zones. Achieving
the greatest adhesion compatibility and strength
for repair materials occurs under the condition of
optimal state of the concrete preparation surface,
as well as the use of primers.

Under the conditions of temperature changes,
the amount of deformation of the structure
should be proportional to the coefficient of
thermal linear expansion of the material. The
introduction of polymers into the solutions
causes an increase in the coefficients of thermal
linear expansion of the repair composition by
1,5-5 times, which can lead to the appearance
of significant stress in the contact zone and
cause cracking, distortion and peeling of the
repair material. In this case, there is a need to
use modifiers. The brand of frost resistance of
repair compositions must also correspond to the
frost resistance of the concrete base.

Deformation compatibility ensures the ability
oftherepaired area to withstand changes in volume
without loss of adhesion and delamination. It was
established that in the absence of deformation
compatibility, delamination occurs as a result of
the following reasons:

— shrinkage deformation of the repair
material (plastic shrinkage, drying shrinkage,
changes in volume caused by internal shrinkage
processes during carbonization);

— expansion in repair
shrinkage compensation;

— thermal expansion followed by cooling;

materials with
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— thermal expansion of repair materials due
to daily or seasonal temperature changes.

According to the indicator of structural
compatibility, repair materials are divided into
two areas of use:

— non-structural or cosmetic repair, for
which the perception of stresses is not the main
condition for the repair area;

— structural repair, during which the material
of the repaired area accepts the load on the
damaged area of concrete.

To ensure structural compatibility during
the repair of individual areas, special attention
should be paid to the following requirements for
materials:

— the compressive, bending and tensile
strength of the repair material must exceed
the corresponding characteristics of the base
concrete;

— the elasticity module and the thermal
expansion coefficient of the repair material and
the base concrete must be equal.

Repair objects include the following compo-
nents: “old” concrete, transition layer (zones of
contact between concrete and repair composition)
and repair solution. At the same time, the
arrangement of the transition layer — the primer —
helps to improve the adhesion of the repair solution
to the base by increasing its strength.

Considering the above, in the development
of a multi-component composition of repair
compositions, it is necessary to take into account
at least the following conditions to ensure
compatibility (in technological and physico-
chemical terms) at all levels of the system “repair
composition — primer — damaged surface”:

— rheological  properties, which are
determined by the instrumental research method;

— increase of adhesion to the concrete
surface, in particular due to increase of penetrating
capacity;

— reduction of shrinkage deformations,
slowing of moisture migration and creation of
normal hydration conditions.

For structural and non-structural repairs,
mixtures are used, which, depending on the type
of adhesive, can be divided into three groups:
based on polymer resins; based on cements
modified with active mineral additives; on
the basis of cements modified with polymers
(polymer cement).

According to research results, the following
physical and mechanical properties of repair
composites on different bases, which affect
the operational reliability and durability of the
“concrete — repair composite” system, were
determined and are listed in table. 4.
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4. Physical and mechanical properties of repair composites

o e g Composite based

Quality indicators polymer cement polymer-cement
Compressive strength, MPa 60-120 20-70 10-80
Module of elasticity under compression, MPa 2-10)10*° | (20-30)10° (15-40)10°
Bending tensile strength, MPa 25-50 2-5 6-15
Axial tensile strength, MPa 10—-20 1,5-3,5 2-8
Relative elongation at break, % 0-2 0 0-5
Coefﬁcier}t of linear ‘E)emperature expansion/ (25-30)10 (7-12)10 (8-20)10
compression, mm/mm/°C
Water absorption in 7 days at 25 °C, % 0,1-0,5 5-15 0,1-2
Adhesion to concrete, MPa 3,5 0,3-0,5 2,0-2,5

To increase the quality indicators of repair
composites on a polymer or polymer-cement basis,
modifying additives developed at the institute
are recommended, which are able to influence
technological, physical-mechanical and operational
indicators and, in this way, increase the quality
and efficiency of structural repair of concrete
and reinforced concrete structures of reclamation
systems’ waterworks [18]. Redispersed polymer
powders (RPP) are one of the most effective
modifiers of the properties of building materials.

5. Components of redispersed polymer powders

We investigated the effect of RPPs, differing in
chemical composition, on the adhesive properties
of repair composites (Table 5).

Determination of the adhesive strength of the
cement-sand solution with RPP additives was
carried out in accordance with ASTM C 190 by
determining the tensile strength on samples in the
form of figures of eight with a collapsible contact
area of about 5,5 cm?. For tests, cement-sand
half-eights were made in special molds using
a metal separation plate, to which half-eights

Name of RPP YT-8012 Elotex FLOWKIT 74 NEOLITH P 4400
Components vinyl acetate, vinyl acetate, cthylene vinyl acetate,
acetate, ethylene, o
of RPP ethylene versatile vinyl
acrylate
2
1,8 /1 N\
1,6 \_.'\J.<
1,4

1,2

o 1 /1
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s //f 1 .
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2 "
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Fig. 3. Influence of RPP on adhesive strength:
1 —YT-8012; 2 — Elotex FLOWKIT 74; 3 — NEOLITH P 4400
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were then formed from a modified solution with
RPP additives. The redispersed polymer powder
was introduced into a solution of 1 to 10 % of
the mass of cement with a water-cement ratio
(W/C) of 0,4. After 28 days of aging in normal
humid conditions, the manufactured samples
were tested on the RM-05 tearing machine. The
obtained results are shown in Fig. 3.

As can be seen from the above data, the
modification of cement-sand solutions of RPP
causes a significant increase in adhesive strength.
Concentration dependences of adhesive strength
on the content of RPP have an extreme character.
The most pronounced effect is achieved in the
area of concentrations from 1 to 5 % of the RPP
content in relation to cement. When 3 % YT-8012
is introduced into a cement-sand solution, the
adhesive strength increases by 5 times, in the
range of 2-3 % Elotex FLOWKIT 74 — by 6, and
in the range of 4-5 % NEOLITH P 4400 by 4,3
times. The obtained results indicate the prospects
of using RPP as part of repair composites.

Improving the physical and mechanical
characteristics of cement-sand solutions by
introducing modifiers of different chemical

components into their composition makes it possible
to create highly effective repair composites.

The properties of modified cement-sand
solutions as heterogeneous multicomponent
systems are the result of those changes in
the physical properties and structure of
the components, which are caused by the
interaction at the phase interface. The change

119

targeted regulation of the properties of modified
cement-sand solutions.

Our research has found that with the complex
use of superplasticizer (SP), microsilica (MC)
and polypropylene fiber (F) in the composition of
polymer cement dry construction mixtures in the
area of concentrations of SP=0,23-0,5 % (C),
MK =5-25 % (C), F=0—-0,6 % (C), the following
quality indicators are achieved [12]:

— compressive strength Res > 60 MPa,

— bending strength Rys> 10 MPa,

— water absorption W, < 5 %.

The results of research carried out at the institute
indicate the possibility of increasing the strength
indicators of cement-sand solutions modified with
a powder superplasticizer of the polycarboxylate
type Sika Viskocrete 225, amorphous microsilica
(MK), polypropylene fiber (F) and redispersed
polymer powder (RPP) [19].

The complex application enhances the effect
of each individual modifying additive and
makes it possible to obtain a composite material
with high strength and performance indicators
(Res=12,5 MPa, Rys=65 MPa, Wm=2,0 %) and is
a relevant direction in the modification of cement-
sand solutions for repair of reinforced concrete
structures of the reclamation systems waterworks.

The institute developed a polymer-cement dry
construction mix for structural repair of concrete
of the waterworks. This mix as modifiers contains
microsilica, polypropylene fiber, redispersed
polymer powder and SVK 225 superplasticizer
in the following composition, %:

in the properties of the modified system Cement M500 ............. 22,04;
compared to the original occurs as a result of River sand................... 66,14;
the simultaneous action of many factors, but SP SVK225......uuvee... 0,0606;
is not an additive value. Determination of the Microsilica.................. 3,307;
optimal ratio of components is carried out on the Fiber.....ccooeveniniene, 0,066;
basis of the method of mathematical planning of RPP oo 0,88;
the experiment. The obtained data are used for Water.....oooeeveeveeienne, 7,49.
6. Technological, physical, and mechanical indicators of repair mix
=
qé" = = 3:’ [sg) % 5
SE| Lt | 22|59 |59 & | =
Quality indicator z% | § g S| 2 = 28 E 2 2
TE|KE|RE|BR| 2D = | @
= 2 aF g =
= = 7
Ease of appication (blurring of the cone), sm | 16,0 | 18,0 | 13,0 | 14,0 | 20,0 | 18,0 | 16,0
Compressive strength, MPa 65 60 45 25 60 45 35
Bending strength, MPa 10,5 7 8,5 8,0 8,0 9,0 8,0
Adhesion to concrete, MPa 2,2 2,0 2,0 1,5 2,5 2,0 2,0
Water resistance, W 14-16| 16 12 12 12 18 15
Frost resistance, cycles, F 300 | 300 75 75 300 | 250 | 200
Viability, min 30 45 40 30 50 45 30
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For practical use in the composition of the
mix, a comparative analysis of the technical
characteristics of the materials available
on the market of Ukraine (according to the
manufacturing companies materials) was carried
out (Table 6).

The developed composite repair materials and
technologies for their use have been successfully
tested and implemented at the facilities of the
State Water Agency of Ukraine: Bortnytska
IWMD, Kochurska pumping station of the
Irpin Interdistrict Water Management to restore
waterproofing and monolithic reinforced concrete
structures [20-22].

The repair of total concrete destruction, chips
and shells was carried out by the method of
monolithization based on the use of developed
compositions of polymer cement mixes.
Preliminary preparation of defective areas for
repair consisted in cleaning the surface from
debris, dust, removing destroyed concrete,
overflows, treating cracks (creating a groove along
the crack path for further sealing). To improve the
adhesive properties of the repair compositions,
preliminary surface impregnation of the site with
epoxy isocyanate compositions was carried out.
The structural repair of the head on the canel of the
Bortnytska irrigation system is shown on Fig. 4.

In order to eliminate the detected damages of
pre-chamber panrls of the Kochurska pumping
station, a structural repair was carried out using
fiber-polymer cement compositions.

The technology of carrying out repair
and restoration works included the following
operations:

— preparation of the defective area for repair;

— primer treatment of the repaired concrete
surface;

— preparing the working composition of the
repair composite material and applying it to the
defect area.

The developed dry fiber-polymer cement
mixtures were produced in laboratory conditions,
and the necessary amount of the water was added
at the place of repair and restoration works.

The liquidation of shells, chips, volume and
surface destruction of the concrete protective
layer was carried out by the method of structural
repair with the restoration of the geometric shape
of the facilities using fiber-polymer cement
compositions, which were applied after careful
preparation of the surface in the repair areas: weak
and brittle concrete was removed; the surface of
the site was washed with a stream water under
high pressure and blown with compressed air to
prepare the concrete surface for repair work. The
thickness of the layer of repair compositions was
from 5 to 30 mm, depending on the degree of
damage (Fig. 5).

A visual inspection after hardening of the
repair composite materials showed that the repair
layers are dense, there is no delamination of the
compositions, and there is no filtration during
the pilot test using a filterometer. The general
condition of the repaired areas is good, the
monolithic adhesion of the laid repair materials
to the concrete is high. The results of laboratory
studies of physical and mechanical indicators
of fiber-polymer cement composition samples,
which were formed from a batch of material
produced for repair, are given in table 7.

The obtained indicators correspond to the
average values for repair mixes, given in the
table 6 and correspond to class R3 of the European
standard EN 1504 “Materials and systems for the
concrete protection and repair” (Table 1).

Fig. 4. Head on the canel of the Bortnytska irrigation system after structural repair:

a — after restoration; b — in 2 years
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Regular studies of the condition of restored
sections of the waterworks after long-term
operation have confirmed the absence of
damages and the development of destruction and
deformation of structures, which confirms the
reliability and efficiency of the repair work.

Conclusions. The technology of structural
repair of concrete and reinforced concrete
structures of the waterworks with the use of
modern composite materials has been developed,
which ensures the restoration of the design
geometric parameters and the load-bearing
capacity of the facilities.

Repair composites on a polymer and polymer-
cement basis have been developed, which
are recommended and capable of influencing
technological, physical-mechanical and
operational indicators and, in this way, increasing
the quality and efficiency of structural repair of
concrete and reinforced concrete structures of
reclamation systems’ waterworks.

It was established that the modification
of cement-sand solutions of RPP leads to
a significant increase in adhesive strength.
Concentration dependences of adhesive strength
on the content of RPP have an extreme character.
The most pronounced effect is achieved in the
range of concentrations from 1 to 5% of the
RPP content in relation to cement. When 3 %
YT-8012 is introduced into a cement-sand
solution, the adhesive strength increases by 5
times, in the range of 2-3 % Elotex FLOWKIT

<

Fig. 5. The pre-chamber panels
after structural repair

7. Results of research on the fiber-polymer
cement composition used in the repair of panels

MPa
MPa

Indicator
Compressive
strength,
Bending
strength,
Adhesion
to concrete,
MPa

Value 45,6

o0
98]
—
|9
o0

Experimental and production testing, results
of field studies and monitoring of the condition of
repaired structures at the facilities of the Interregional
Water Management Departments: Bortnytska,
Irpinske  Water Management Departments and
BUVR of the Tysa region confirmed the high
efficiency of the use of polymer-cement dry

construction mixture in the repair and restoration

74 — by 6, and in the range of 4-5 % NEOLITH : ratl
of reinforced concrete water management facilities.

P 4400 by 4,3 times.
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Anomauin. Oyinka cyuacnozo cmawny 00'€kmig iHoICeHepHOI IHpacmpykmypu 600020Cno0apChKo-
MeniopamueHo20 KOMIJLEKCY, U0 HPOBOOULACH HA OCHOBL AHANIZY MEXHIUHOT QOKYMeHmayil, 6i3yaibHo20 ma
IHCMPYMEHMAIbHO20 0OCMENCEHHS MEXHIYHO20 CINAHY KOHCMPYKYIll NiOmeepodiCcye, wo 6HACTIOOK baca-
mopiynoi excnayamayii I'TC 6e3 Hanexicro2o npogeoents peMoHmHO-8iOHOBI08AILHUX PODImM mexHiuHul
cmam ix 3Ha4YHO NO2IPUUECHL.

Hauibinow nepcnekmusnumu Ons peMonmy 6emoOHHUX ma 3ani300emoHHUX KOHCMPYKYil € mamepianu
HA OCHOBI yemenmy, MOOUQpikosani noiimepamu (NoiMepyemMenmui), SKi A61210ms cob00 CyXi cymiuti
yemenmy, nicKy, peoucnepeyiouozo nonimeproz2o nopowky (PIIII) ma inwux mooughikyrouux 000asok.
Hageoeno pesynomamu 0ocniodicenv anaugy peducnepeyiouux noirimepHux nopowKie Ha ad2e3ilini 1acmu-
socmi pemoHmuux xomnozumis. Ilokazano, wo mooughikayis yemenmuo-niwianux pozuunie PIIIT npuso-
oumv 00 ICMOMHO20 3POCMAHHA A02e3IUHUX B1ACMUBOCMEN PEMOHMHUX KoMnosumis. Bcmanosneno
onmumanvHo egpexmugny konyenmpayito PIIIITy pemonmuux KoMno3uyisx.

Y cmammi euceimneno mexHonocito KOHCMPYKYIUHO20 pemoumy OemoHHUX ma 3a1i300emoHHUX
xoncmpykyiu I'TC i3 3acmocy8anusam CyuacHux KOMNOZUYIUHUX Mamepianie, wo 0ae 3mo2y 8i0HOBUMU
NPOEKMHI 2eOMEeMPUYHi NOKA3HUKU A Hecydy 30amHicmb KOHCMPYKYIU. 3anpononosana mexmonolis
ma eghexmueHi peMoHmHi KOMRO3UYii OOnoMazaioms NPOBOOUMU PEMOHMHO-8I0HOBII08ANbHI pOOOMU HA
2IOpOMeXHIUHUX Cnopyoax 800020CHO0APCHLKO-MENIOPAMUBHO20 KOMNIIEKCY, 30Kpema 3pYIUHOBAHUX abo
NOWKOOINCEHUX BHACNIOOK B0€HHOI azpecii pocilicbkoi gedepayii npomu Yxpainu. Po3kpumo ocHO8HI
npunyunu 6UOOPY ONMUMAILHOI MEXHON02I] KOHCMPYKYIUHO20 PeMOHNTY OeMOHHUX Ma 3a1i300€emMOHHUX
koucmpykyiu I'TC 3anexcno 6i0 xapakmepy ma CmMyneHs NOWKOONCEHb, GNIUSY MEXHONO2IMHUX Ma
EKCNIyamayiiiHux YMo8 HA BIOHOGIEHHS 2eOMEMPUYHUX NOKAZHUKIE CNOpYyo nid uac mMooepuizayii ma
PEKOHCMPYKYII MeniopamueHux cucmem y nOOEHHUL Nepioo.

Knrouosi cnosa: ciopomexuiuni cnopyou, KOMRO3UYILIHI Mamepianu, MOOUGikamopu, CymMicHicmo, adeesis,
KOHCMPYKYIUHUL PEMOHIN

2024 « Ne 1 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO



124 HYDRAULIC ENGINEERING

DOI: https://doi.org/10.31073/mivg202401-376
Available at (PDF): https://mivg.iwpim.com.ua/index.php/mivg/article/view/376

UDC 631.6:627.417.4

APPROACHES TO ASSESSING THE STABILITY OF BANK PROTECTION
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Anomayia: The article analyzes the theoretical foundations for determining the stress state in a soil
mass and the design of fastening the bank slope of reservoirs. Scientific research and theoretical principles
on determining the forces that act on a bank protection structure have been systematized. Methodological
approaches to the static calculation of bank protection for indirectly vertical structures are proposed,
taking into account the relationship between the load on the structure and its deformation.

The purpose of the research is to ensure the stability and reliability of bank protection structures and to
substantiate directions for improving technical solutions in modern conditions.

The work analyzes the use of various types of slope fastenings for bank protection structures in
accordance with the requirements of State construction standards. It is proposed to focus research on sheet
piling shore fastenings, as a modern and progressive technology for bank protection. The “soil massif —
fastening structure” system is considered as a calculation model in the form of a one-sided type, which
is an elastic element, which makes it possible to apply the modern apparatus of the theory of elasticity
in considering this problem. This makes it possible to accept a linear relationship between stress and
strain and obtain sufficient accuracy, which is confirmed by the available results of domestic and foreign
research. For calculations of deformations, and assessment of the strength and stability of soil massifs and
foundations, it is proposed to pay direct attention to the characteristics of the mechanical properties of
soils, while three stages of foundation deformation are considered.

The formulated differential equations of the equilibrium of the soil massif make it possible to solve a
wide range of issues related to the limit equilibrium and to obtain the calculated parameters of the pressure
of earth masses on the retaining walls of shore fortifications of the oblique-vertical type. The results of
the research analysis are recommended for use in determining the main loads on hydraulic structures,
substantiating technical solutions for the development and improvement of slope and slope-vertical types
of bank protection of reservoirs.

Key words: bank protection, stress state, theory of elasticity, soil mass, calculation model, stability

Relevance of research. Bank protection
structures as part of anti-slide and anti-landslide
measures are used in areas where the bases of the
slopes are placed in contact with the water mirrors
of seas, lakes, reservoirs or rivers, to protect
native shores or stabilize landslides, expand or
preserve existing beaches. In connection with
the change in the hydrological and geological
situation, the increase in anthropogenic load and
climate change, the conditions for ensuring the
stability and reliability of the bank portection
structures are an urgent task.

The spread of bank destruction processes,
especiallyinthecascadeofthe Dnieperreservoirs,

© Kovalchuk V.P., Limachev Y.V., Voitovich Y.V., 2024

is the most representative of the objects,
which requires the introduction of changes
and renewal of the provisions of the existing
methodological and regulatory documentation
on the assessment of the processes of statics
and dynamics of soil massifs and the calculation
of bank fortification structures, their design,
construction and operation. The accumulated
experience in the operation of bank protection
of reservoirs indicates the insufficient durability
of the fastening structures used, both slope and
vertical types. This is explained by the fact that
during the design and construction of various
types of bank protection structures, their stability
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and reliability were not sufficiently taken into
account.

Determining the stress state of the interaction
between the soil mass of the slope and the
fasteners is a very complex statistically uncertain
problem of structural mechanics. In practice,
when determining the soil pressure on the
construction of fasteners, the theory of limit
equilibrium of granular bodies, proposed by C.
Coulomb back in 1766, is used. This theory, as
the practice of construction and operation of
hydraulic structures shows, provides a solution
with a certain margin of safety.

This is especially true for flexible fastening
structures, both slope and vertical types, which
under operating conditions are significantly
different from the basic provisions laid down in
the Coulomb theory. Therefore, there is a need
to improve the methodology for calculating
inclined-vertical structures, which would take
into account the different rigidity and operating
conditions of bank protection structures.

Purpose of research. Ensuring the stability
and reliability of bank protection structures and
substantiating directions for improving technical
solutions in modern conditions.

Analysis of recent research and publi-
cations. The basis of Coulon’s theory of the
limiting equilibrium of granular bodies is the
hypothesis that a granular body is a homogeneous
continuous medium that perceives only
compaction itself, and also that when the system
is at “rest” (equilibrium), the resulting stress
deviates by an angle less than — @ of the internal
friction of the soil mass).

Coulon’s theory reflects only one statistical side
of the problem of pressure of a granular medium, and
to a certain extent does not cover its kinematic side,
that is, it excludes consideration of deformation and
displacement from the processConsequently, the
condition has been accepted that the movement of
the fastener structure is sufficient for the occurrence
of a state of limiting equilibrium of the backfill
behind it. This means that the fastener structure
and backfill are not in normal operating condition,
but are in the initial stages of destruction. In 1840,
Ponsele carried out scientific research and practical
solutions to this problem, regarding the pressure on
the retaining wall, graphic materials were proposed
for determining the force acting on the structure of
the fastener.

PP. Argunov reduced the problem of
determining the pressure on a vertical smooth
wall to the problem of the theory of elasticity
with the superimposition of solutions for two
planes, one of which has a vertical plane and
the other horizontal, which made it possible to
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determine the pressure on the structure depending
on its displacement [1]. N.K. Snitko developed a
method taking into account the joint movement
of the retaining structure and its base [2].
LLE. Byaler obtained a general solution to the
linear theory of elasticity for soil pressure on
structures of any rigidity, including anchor
and cantilever ones, taking into account their
joint deformation of the backfill soil [3]. Later
I.Ya. Beler, M.Ya. Borodyansky presented a new
method for calculating retaining walls, based
on the joint work of the retaining wall and soil
backfill [4]. G.E. Lazebnyk, E.P. Chernysheva
gave a solution for determining the influence
of the shape of lateral soil pressure supports on
forces in sheet pile anchor retaining walls [5].
A.L. Beleush outlined the basics of calculating
retaining structures and the effectiveness of
their operation in securing landslide slopes [6].
A.M. Ryzhev provided solutions to problems of
nonlinear mechanics and physical modeling of
the foundations of structures [7]. Yu.M. Kalyukh
proposed modern information technologies,
mathematical methods of studying and forecasting
the evolution of processes in dangerous areas and
objects [8, 9]. M.T. Kuzlo proposed calculation
schemes and models for assessing the state of
water-saturated soil massifs and foundations [10].

Based on the analysis of theoretical principles,
it can be argued that the combined fastening of
slopes of reservoirs is made in the form of a slope-
vertical structure and has several advantages
compared to classic fastening slopes, which are
determined by hydraulic and static calculations.
This design is widely used in hydraulic
engineering. For example, strengthening the
banks of the Dnieper reservoir cascade [11].

It is known that soils on the banks of reservoirs
are a nonlinear elastic medium. Therefore, to
obtain a more reliable solution for the selection
and justification of calculations of slope-vertical
structures of bank protection structures, it is
necessary to develop new methodological
approaches that would take into account both
the rigidity of the structures and the nonlinear
elasticity of the soil of the slopes and operating
conditions.

Materials and methods of research. A slope
is an artificially created surface that limits a natural
soil massif, a recess, or an embankment. Slopes
are formed during the construction of various
types of embankments (roadbeds, dams, earthen
dams, etc.), excavations (pits, trenches, canals,
quarries), or during the repurposing of territories.
On the sea and river coasts, hydraulic retaining
walls and embankment shore fortifications are
built to protect the slopes of enclosing dams or
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coastal slopes from the destructive effects of
waves and storm currents [12].

It is allowed to use the following types of
oblique fastenings of shore fortification structures
in accordance with the requirements of State
Construction Standard DBN V.2.4.-3:2010 [13]:

* impermeable concrete, reinforced concrete
from prefabricated slabs or in the form of a
continuous coating;

* permeable concrete, reinforced concrete
from prefabricated elements in the form of a
diagonal-stepped structure with a wave chamber;

 stacking from shaped or ordinary blocks;

» stone overlays and paving, including from
mountain mass.

Depending on the design and purpose,
hydraulic retaining walls are of the following
types:

1. Gravity — erected on rock and non-rock
foundations (Figure 1), made of monolithic or
prefabricated concrete and reinforced concrete.

Retaining walls of this type, as a rule, are part
of the structures of the pressure front of hydraulic
units, mooring structures, and embankments;

Gravity-retaining walls resist soil pressure
due to their significant self-weight and the weight
of the soil within the wall dimensions.

Fig. 1. Types of gravity retaining walls:
a) massive, b) corner, c) buttress, d) shell;
1 —plate (face element), 2 — foundation plate,
3 — buttress (rib)

a b c d
Fig. 2. Types of sheet piling and pile retaining
walls:

a) anchorless; b) anchored in the slab; ¢) anchored
to the inclined pile; d) on a pile foundation;
1 — sheet pile, 2 — rod (rod), 3 — slab, 4 — piles

2. Sheet piling and pile retaining walls —
are erected on a base that allows the deepening
of sheet piles or piles (Figure 2). They are part
of berth buildings, embankments and other
hydraulic structures.

The strength of sheet piling and pile retaining
walls is ensured by resistance to bending, and
stability — mainly by resistance to bulging of the
foundation soil.

Consequently, sheet piles generally act as
flexible retaining structures. This means that
they hold the soil, resist shifting and overturning
due to embedding in the soil mass or the design
of the fasteners (spacers, anchors). Thus, sheet
piling structures operate either according to
a cantilever design scheme or a beam design
scheme (in the presence of spacers or anchors).
Spacers and anchors should be used in cases
where the operation of sheet piles according
to the cantilever scheme does not provide
the required durability, strength, rigidity, and
deformability. As a rule, when the height of the
retained difference is more than 5 m, fastening
structures are required. In addition, it should
be understood that the operation of a sheet pile
using a cantilever scheme requires the presence
of sufficiently strong soils into which the sheet
pile can be deepened.

Calculation of sheet piling comes down
mainly to determining its length and type, as well
as the parameters of the anchor or spacer support,
if necessary. Therefore, we are considering a
problem of models for calculating sheet piling
bank protection.

Models used for calculating natural slopes,
bank protection slopes, combined into four
groups:

* soils are considered as a continuous linear
elastic medium that does not correspond to their
natural state;

* soils in the form of a continuous
incompressible single-phase medium, each point
of which is in a state of maximum stress (theory
of V.V. Sokolovsky);

» deformation-free models of the hardened
compartment of the soil collapse, which is taken
as an absolutely rigid body;

* soils as a solid, deformed, elastic-plastic,
heterogeneous and strengthening medium,
at each point of which it is possible to
determine both stresses and strains from single
positions.

The fourth nonlinear calculation model is
complex, but it is the most progressive, both
theoretically and in numerical implementation
[14]. Compared to the other three models, it more
fully reflects the natural soils’ properties.
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The paper presents approaches to the
calculation of sheet pile fastening by the
graph-analytical method — the Blum-Lohmeyer
method. At the same time, the calculation is
performed in the following order: the total soil
pressure plot is divided into 10-12 layers. The
areas of each layer are calculated, which are
replaced by concentrated forces and laid in the
center of gravity of the layers, taking into account
the direction.

The stability of bank protection structures
is checked using deep shear schemes using
the K. Terzaghi method, in which calculations
are reduced to determine the safety factor for
the overall stability of the structure. When
calculating the stability of slopes, it is important
to establish the most dangerous position of the
sliding surface, the stability of which is assessed
by calculation methods, for example, the method
of circular cylindrical surfaces of a leaning slope
of horizontal forces.

Assessing the stability of a bank protection
structure based on solutions to the elastic-plastic
problem ofnonlinear soil mechanics—establishing
the relationship between the load and the
deformation of the foundation. When calculating
the stability of slopes based on deformations, the
soil is considered as a structurally stable body,
the deformation of which is assessed based on the
theory of creep.

To calculate deformations, and assess
the strength and stability of soil masses and
foundations, we consider the characteristics of
the mechanical properties of soils. By mechanical
properties of soils, mean their behavior under
the influence of external load or a change in
their physical state. The mechanical properties
of soil depend on the mineral and granulometric
composition, physical state (density, humidity,
temperature) and structural features.

Research results and their discussion.

The stability of bank protection slopes from
the point of view of deformation development
and offsets. Under natural conditions, the soil is
affected by tension from its weight. Deformations
usually occur upon completion of the processes
of soil creation and diagenesis, external load,
etc. If the soil is located in the base of massif
then under the influence of the weight of the
structure, stress arises, which leads to additional
deformation of the soil. Soil deformations under
load are accompanied by complex processes:
compression of solid particles, compression of
water and air that are in the pores of the soil,
destruction of bonds between particles and their
mutual displacement, changes in the thickness
of water films, and squeezing out free water
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Fig. 3. Stages of base deformation:

I — compaction; II — shift; 111 — destruction

from soil pores [15]. Research by domestic
and foreign scientists established stages of
deformation of foundations, in which at each
stage deformations of a certain type occur in
the soil, affecting the nature of the dependence
of subsidence on loading or pressure along the
base of the foundation p =F (4). The following
stages of base deformation have been identified
(Fig. 3):

I — compaction stage;

II — shift stage;

III — stage of destruction.

In the first stage, the deformations are
insignificant. The movements of soil particles
are directed mainly vertically and a zone (core)
of compacted soil is formed under the sole. The
dependence S=f/(p) in this section is close
to linear. In the second stage, the nature of the
deformation changes: the soil is squeezed out
from under the edges of the foundation and areas
are formed in which the strength of the soil is
exhausted — shear zones. As they develop, the
increment in subsidence increasingly outpaces
the increment in pressure, which is described by
the nonlinear relationship S=f/(p).

The exit of the displacement areas to the soil
surface leads to the beginning of the III stage —
the destruction of the base with failure settlement.

Analyzing the graph (Fig. 3), it becomes
necessary to theoretically determine the pressures
(loads) that cause the transition of the base from
one stage of deformation to another.

Taking into account deformation properties,
and indicators of soil mechanics, which describe
mechanical properties, the main regularities of
soil mechanics are established, which are listed
in Table 1.
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1. The main regularities of soil mechanics

The law | Indicators | Note

Deformation characteristics

Law of compaction
my -
coefficient;

m0 — compressibility coefficient;
relative compressibility [the second group of limit states or

EO0 — modulus of total deformation

When calculating the foundation using

deformations

Strength characteristics

Coulon’s law
C — specific adhesion

¢ — angle of internal friction;

When calculating the stability of the
foundation, the first group of limit states

Water permeability

Darcy’s Law kf — filtration coefficient;

cv — consolidation coefficient

Calculation of base subsidence over time,
other filtration calculations

Methods based on solving a system of
equations of the theory of limit equilibrium with
the construction of a grid of slip lines in the
soil mass forming the slope. Quantitatively, the
degree of slope stability is usually characterized
by a stability or reliability coefficient, determined
by the ratio:

C&‘t = Fhodl / Fdestr (1)

where F),, — a factor that takes into account the
action of all forces that ensure stability;
F,,, — also, causing the slope to collapse.

The essence of the factors — forces or moments
of forces — depends on the shape of the probable
slope failure and, consequently, on the adopted
design scheme.

By definition (1), when C,>1 the slope is
stable, when C,<1 it is unstable, and when
C,=1 there is a limiting equilibrium.

Having specified the value of C,, you can
determine the slope contour corresponding to
it. The basis for assigning a stability coefficient
can be regulatory recommendations (usually
C,=1,2-1,5), as well as special pre-design
studies. For the simplest but most common
structures, methods for calculating the stability
of slopes at limiting equiaction are often
used.

Conditions for the limit equation of
a granular body. In the case of hydraulic
engineering constructions, a granular body
(medium) includes solid homogeneous parts
(soil, crushed stone), characterized by friction
and adhesion coefficients. The amount of internal
friction of a granular medium is estimated by the
angle of internal friction — ¢, and the amount of
adhesion — by the adhesion coefficient — C.

The stability of a bulk body (medium) is
ensured provided that at each point of it (the
body) the following inequality is satisfied:

/t,/ <8,tgep + C, (2)

That is, with (2), the magnitude of the
tangential stress in the massif, which causes
displacement (sliding) of parts of the soil along
any sliding plane, will be less than the sum of the
friction and adhesion forces on the same plane.
The condition for limiting equation in this case
can be written in the form

/t,/=0dntgo + K, 3)
and the plane corresponding to this condition is
the sliding plane.

The magnitude of the stresses and the
coefficient of adhesion from the Coulon-Mohr
circle are determined by the dependence:

/e /281—83

n

cos

81;82_61—83*5111% @

81—83* 1 81-83
2 cos 2

I,/ =

K:

*1ge,

where 61 —83 — normal stress.
Then the limit equilibrium condition can be
expressed as a dependence:

(8, —98,)*+ 47, = (5,+ 5, + 2K tgp)* *sing (5)

at @=0, that is, for a medium with perfect
adhesion, the condition takes the form:

(3,— )+ 412 = 4K>. (©6)

Which coincides with the plasticity condition (5).

The deformation equilibrium equation and
condition (5) constitute the basic equation of
statics of a granular mass (medium), which can
be expressed by the equations:

ds, N dt,, 0.
s, 3, ’
ds, . dt,, .
d, 3,
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(63( - 5y)2 + 4 szy = (6)( + 8y) +
+ 2K tge?) * sino, @)

where: v, ¢, K— volumetric weight, friction angle,
specific adhesion of bulk medium.

Equation (7) allows for solving a wide range
of issues related to the ultimate equilibrium of
earth masses.

Discussion of the results. The results of the
analysis of the stability of bank protection slopes
and static calculations of bank protection structures
indicate that the magnitude of the forces accepted
by the structure varies widely depending on the
physical and mechanical properties of the soil,
the structure of the structure and the methods
of construction work. It is impossible to take
into account all factors. Therefore, it is proposed
to exclude less important components from
consideration and focus in the calculation theory
on the components of the system — the interaction
of fastener structures with the soil mass. The bank
protection design, when interacting with the soil
mass, absorbs part of the loading, thereby ensuring
the stability of the soil mass, and also contributing to
the equilibrium process. Consequently, the fastener
structure and the earth mass are load-bearing
components of a single system, and the stresses
arising in the system are constantly interconnected.
The above makes it possible to apply the modern
apparatus of the theory of elasticity based on the
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linear relationship between stress and deformation
through the use of differential equilibrium equations
for the soil massif.

Conclusions. Methodological approaches
are proposed for the static calculation of bank
protection of sloped-vertical structures, taking
into account the relationship between the load on
the structure and its deformation.

The system “soil mass — fastener construction”
is considered a one-sided calculation model,
which is presented as an elastic element, which
allows the use of modern elasticity theory.
Accepting a linear relationship between stress
and deformation simplifies the calculation of
loads with obtaining stability indicators of bank
protection structures with sufficient accuracy,
which is confirmed by the available materials
from the results of domestic and foreign research.
Differential equations of equilibrium of the soil
massif are formulated, which allows solving a
wide range of issues related to limit equilibrium
and obtaining calculation parameters of the
pressure of soil masses on the retaining walls of
shore fortifications of the slope-vertical type.

The research results are recommended for use
in determining the main loads on hydrotechnical
structures and justifying technical solutions for
the development and improvement of oblique
and oblique-vertical types of shore fortification
of reservoirs.
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Anomayin. Y cmammi nasedeno pe3yibmamiu aHANizy mMeopemuyHux 0CHO8 GUSHAYEHHS HANPYICEHO2O0
Cmauy 6 IPYHMOBOMY MACUBL | KOHCMPYKYIi Kpinients Oepe2osoeo ykocy 600otm. Cucmemamus0o8aHo
HAYKOBI QOCTIONCEHHSA | eopemudti NOJIONCEHHSL 3 BUSHAYEHHSL 3YCUTb OIIOUUX HA KOHCMPYKYIT KPINJeHb.
3anpononosarno memoouuni nioxoou 00 CmamuyHO20 pO3PAXyHKY bepe2oyKpiniieHsb YKiCHO-8epMUKATbHUX
KOHCMPYKYIIL 3 YPAXYBAHHAM 63AEMO36 SI3KY MINC HABAHMANCCHHAM HA KOHCMPYKYIO ma it depopmayicio.
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Memoro docriddicens suznaueno 3abe3neuenHs Cmitkocmi ma HaolliHoOCmi KOHCMPYKYIil Gepe2oyKpinieHb
ma 06IPYHIMYBAHHS HANPAMIE YOOCKOHANEHHS MEXHIYHUX PilleHb Y CYYACHUX YMOBAX.

Y pobomi npoananizosaro 3acmoco8y8anms pisHuUX munis yKiCHUX KpinieHs 6epe20yKpInI8aibHUux cnopyo
8i0N08IOHO 00 8uMoe Jlepacasrux 6ydisenvHux HOpM. 3anponoHOBAHO 30CePeOUMU O0CIONCEHHS HA UUNYH-
MOoBUX KpinieHHAX bepezis, IK Ha CyuacHill i npoepecusHiti mexuonocii bepecoykpinienus. Cucmema «pyH-
MOBUL MACUE — KOHCIMPYKYISL KPINJIEHHAY PO32IA0AEMbCA AK PO3PAXYHKOSA MOOENb Y 8UIA0I 0OHOCMO-
POHHLO2O MUNY, AKUll A61A€ CODO0I0 K NPYICHULL eNeMenm, WO 0aE MONCIUBICMYb ) po3nsioi yiel 3a0aui
3acmocyeamu Cyuachull anapam meopii npyscuocmi. Lle dae mosicnusicms nputiHamu iKY 3071eHCHICTb
Midic Hanpy2010 i depopmayicio ma ompumamiu O0OCMAmMHIO MOYHICMb, WO NIOMBEPOAICYEMbC HAAGHUMU
pesyromamamu BIMYUSHAHUX MA 3a1<0p00HHux docniodoicens. /[na pospaxynkie oeghopmayiti, oyinoeanms
MiyHoCcmi ma cmilkocmi IpYHMOGUX MACUBIE I OCHO8 3anpONOHOBAHO NPUOLIAmMU Oe3n0cepeoHio yeazy
Xapaxmepucmukam MexaniyHux 61acmugocmell IPYHmMie, npu YyboMmy po32isanymo mpu cmaoii degpopmayii
ocnog. Cihopmynvosani oughepenyianvii pieHanis pieHo8a2U IPYHIOBO20 MACUBY, OAIONIb 3MO2Y GUPIUUMU
WUPOKULL CNEKMP NUMAHb, NO8 SA3AHUX 3 SPAHUYHOIO PIBHOOIEI0 MA OMPUMATNU PO3PAXYHKOGI napamempu
TMUCKY 3eMISAHUX MAC Ha NIONIPHI CMIHKU OepecoyKpinieHb YKICHO-6epmukaivHoco muny. Pesyremamu
ananizy 00Cniodcenb peKoOMeHO008AHO O GUKOPUCIAHHSA Y GUSHAYUEHH] OCHOGHUX HABAHMAICEHb HA 2i0pO-
MexHiuHI cnopyou, 0OIPYHMYE8AHHT MEXHIYHUX PiUleHb 3 PO3POOKU Ma YOOCKOHAIeHHA KOHCMPYKYIU YKic-
HO20 Ul YKICHO-8EPMUKANbHO20 MUNi6 OepecoyKpinienHs 6000UM.

Knrwouoei cnosa: bepecoykpinnenns, Hanpysicenuli Cmaw, meopisi RPYICHOCI, IPYHMOBUL MACUE, MOOENb
PO3PAXYHKY, CMILKICMb
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