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Abstract. The paper presents a new approach to improving the methods of design and calculation of
drainage systems and their technical elements in the drainage mode and in the subsoil moistening mode. This
was done on the basis of substantiating the connection of all technical elements of the system and taking into
account the influence of their work efficiency on the effectiveness of regulating the water regime of drained
lands. The existence and structure of the hierarchical and hydraulic relationship between the parameters of
soil flow movement, the parameters of the closed collector-drainage network, and the parameters of canals
and structures of drainage systems were determined based on the application of the system methodology.
A physical model, a structural model, a mathematical model, and a hydraulic model of the drainage system
were developed. By using these models, the principles of determining the parameters of the hydraulic
characteristics of drainage or water supply (discharge, pressure, velocity etc.) for all elements (drained
massif of reclaimed field, collector and drainage network, open canals of the network, main canal, water
intake) in the entire range of variation with possible consideration of changes in slopes were obtained. The
considered approach will make it possible to evaluate the efficiency of water flow movement simultaneously
on every technical element and on the drainage system as their interconnection. In the future, this will
make it possible to improve the methods of designing and calculating the technological and structural
parameters of drainage systems, and thereby ensure the overall technical, technological, economic, and
ecological efficiency of their functioning in accordance with modern conditions and requirements. This is
a further improvement of the methods of design and calculation of drainage systems and their technical
elements, taking into account the structural, hierarchical, and hydraulic relationship between them in
accordance with modern conditions and requirements. This will make it possible to increase the validity
and general technical, technological, ecological and economic efficiency of the creation and functioning
of drainage systems during the implementation of adaptive measures regarding the changes in climatic
conditions and the level of agricultural production in the area of drainage reclamation, for example, in
Ukrainian Polissia. It will also provide an opportunity to ensure the necessary level of food security in the
region and the country as a whole in the war and post-war periods.

Key words: design, construction and operation, drainage system, optimization, ecological and
economic principles

Relevance of research. Among the biggest
challenges of our time is the issue of food, water,
and environmental security exacerbated by
climate change and the harmful consequences of
Russian aggression, which already impacted the
national and global economies [1-3].

At the same time, the technical condition of
the drainage systems (DS) built 40-50 years
ago has deteriorated due to wear and tear along
with a failure to perform the necessary set of
operational measures, which has led to the
deformation and silting of the closed collector and
drainage network (CCDN), as the main regulatory

© Rokochinskiy A.M., Volk P.P., Volk L.R., 2023

element of such systems that work in the regime of
drainage and subsoil moistening. As a result, there
was a deviation of their parameters from the design
values, a violation of the regime and operation of
the CCDN and all other technical elements of the
DS, a decrease in their throughput. The overall
efficiency of the functioning of such systems and
the productivity of drained lands decreased by
25...50% compared to the design [4-6], etc.

In agricultural production, land reclamations
traditionally play a leading role in ensuring
its  sustainable development in adverse
climatic conditions.

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2023
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Based on the generalized research of domestic
and foreign scientists, specialists of Ukrhydromet,
the Institute of Water Problems and Land
Reclamation of the National Academy of Agrarian
Sciences, Odesa State Ecological University, as
well as the results of authors’ own research, an
assessment of the current state of weather and
climate conditions in the Polissia zone of Ukraine,
their changes and impact on the yield of cultivated
crops, soil fertility and moisture availability,
operating conditions of water and reclamation
facilities, and the natural and reclamation state of
drained lands was carried out [7-9].

At the existing speed and levels of changes
in weather and climate conditions, we should
expect a deterioration of natural and reclamation
conditions in general both in the Polissia zone
and in Ukraine as a whole. This will inevitably
affect the functioning of water and reclamation
objects and complexes as a result of changes in
the ecological and economic resources, which
determines the need to develop adaptive regime-
technological and technical measures for the
management of these objects on the basis of
relevant research, complex scientific sectoral,
state, and interstate programs.

Based on the results of the analysis and
generalization of the content of programmatic
international and national documents (IPCC and
Working Group II) regarding the necessity and
general recommendations for the development
of adaptive measures related to climate
change, the results of research and the general
assessment of domestic and foreign scientists
and specialists, the general recommendations
for the development of adaptive operational,
construction and design measures that have their
own clear goals and are closely interconnected
have been considered [10-12].

Therefore, the question of changing approaches
and developing a number of appropriate
measures for the adaptation to climate change
aimed at effective regulation of water regime,
regulation and accumulation of moisture in soil
profile and within the system, the transition from
traditional periodic to the implementation and
provision of regular moistening of drained lands,
improvement of water regulation technologies,
types and structures of DS and their technical
elements, methods of their design and calculation
becomes extremely urgent.

Thus, the improvement of the methods of
design and calculation of DS in compliance
with modern economic and environmental
requirements, the wide use of information and
computer technologies is a mandatory condition
and an integral component of the successful

implementation of adaptive measures and solving
the problem of increasing the general technical,
technological, economic, ecological efficiency of
their creation and functioning [5; 13; 14].

Analysis of the latest studies and
publications. Traditionally, issues of
substantiation of the type and design of the
DS and their constituent technical elements
(drainage, collector, canals of the lateral and
fencing network, main canal, hydrotechnical
structures, etc.) were solved on the basis of the
application of water balance, hydromechanical,
and empirical methods. At the same time, each
of them has its advantages and disadvantages.

At one time, many well-known domestic and
foreign scientists fruitfully dealt with various
aspects of the creation and functioning of the DS
(V.A. Hurin, P.I. Kovalenko, L.F. Kozhushko,
0O.Ya. Oliynyk, M.G. Pivovar, V.L. Polyakov,
M.L Romashchenko, o.V. Skrypnyk,
V.A. Stashuk, M.M. Tkachuk, M.M. Khlapuk,
V.F. Shebeko, A.M. Yangol, A.V. Yatsyk,
Engelsmann K., Ernst, Hooghoudt, Kirkham,
Kunze G., Ramanauskas, Schilfgoarde, Ylover R.
and many others) [15-19].

In order to increase the efficiency of the
DS operation with two-way regulation of the
water regime of drained lands, in the 70s and
80s of the last century, issues related to the
automation of water regulation management and
production processes of water distribution on
drying and moistening systems were intensively
developed by means of hydraulic automation
(B.O. Bakhovets, V.D. Dupliak, P.I. Kovalenko,
Y.G. Kovalchuk, S.K. Matus, O.M. Naumchuk,
V.Y. Pastushenko, O.I. Tyshenko, Y.V. Tkachuk,
B.I. Chalyy, M.V. Yatsyk, etc.) [6].

Such developments on the methodology for
the creation and functioning of the DS acquired
a high scientific level, received comprehensive
recognition, were included in the relevant
industry standards and were widely implemented
in practice. But, as global and domestic practice,
accumulated experience, as well as scientific
research have shown, unfortunately, these
methods do not sufficiently take into account the
changingnature of weather and climate conditions,
terrain relief, water-physical properties of soils,
geological and hydrogeological conditions,
etc., by profile and area of the drained massif,
common conditions and modes of operation of
all the main technical elements and the system
as a whole in their interconnection, as well as
modern economic and ecological requirements
for such objects.

In turn, this requires a change in scientific and
methodological approaches to the justification
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in projects of construction, reconstruction, and
modernization of drainage systems of their optimal
constructive solutions (type, design, parameters of
systems and their constituent technical elements)
according to relevant technologies (methods,
regimes, schemes) of water regulation depending
on multiple variables of natural and climatic,
relief, soil, hydrogeological, agrotechnical, and
other conditions of the object’s functioning
in their interrelationship. This will make it
possible to create a new generation of DS,
which, in accordance with modern conditions
and requirements, can regulate not only the
water regime of the drained territory, but also
accumulate moisture, both in the soil and within
the system as a whole.

In this regard, the purpose of the research is
to further search for new approaches to improving
the design and calculation methods of DS and
their technical elements that work in the mode
of drainage and subsoil moistening, based on the
substantiation of the relationship of all technical
elements of the system and taking into account
the influence of efficiency of their operation on
the efficiency of regulating the water regime of
drained lands.

Research methods and materials. Modern
challenges related to the food, water, and
environmental crises, as well as climate change,
determine the need to change approaches to
the creation and functioning of DS on the basis
of the further development of the systematic
methodology and the optimization method, as
its integral component, the application of system
optimization, the essence of which is a finding of
intermediate local optima, when each subsequent
optimal decision is made taking into account the
previous one in the sequence, which corresponds
to the hierarchical subordination of all their
interconnected heterogeneous elements [13; 14].

According to such principles and scientific
and methodical approaches

— general approaches, methods, and models for
optimizing technical and technological solutions
for water regulation of drained lands on ecological
and economic grounds were developed by moving
from the established practice of considering land
reclamation objects not purely as technical, but as
complex natural and technical systems;

— we prove the presence of a structural
connection in such a system between disparate
elements, which have a type effect & mode &
technology < design;

— we developed the principles of construction
and implementation of complex optimization
models for regime-technological and constructive
solutions for water regulation of drained lands;

&

— the criteria of economic and ecological
optimization regarding different levels of
management decision-making in time are
substantiated (1-project, 2-planned operation,
3-operational management);

— we developed a set of predictive and
simulation models for prognosis assessment on
a long-term basis of variable natural, agricultural,
and reclamation conditions of a real object;

— we substantiated a set of adaptive measures,
which includes agromelioration (improvement
of technologies and means of deep loosening
of drained mineral soils) and hydrotechnical
(improvement of technologies and regimes of
water regulation on drained lands, corresponding
types and structures of DS, technologies of their
design and calculation methods) and ensures the
implementation of reconstruction, modernization,
and new construction of DS that meet modern
conditions and requirements;

— on the basis of consideration of structural,
hierarchical, mathematical models of the object
and its management model, the principles of
construction and implementation of relevant
complex models of system optimization were
developed grounding on a sequential justification
based on the hierarchical subordination of
regime, technological and constructive solutions
in their interaction, when each subsequent
optimal solution is accepted taking into account
the previous one;

— complex models of system optimization
were developed and the methods of their
implementation were improved according to the
relevant criteria and models, which make it possible
to justify regime, technological and constructive
solutions in projects of construction, operation,
reconstruction, and modernization of substations in
compliance with modern economic and ecological
requirements in their interconnection;

— we improved the technology of designing
DS on the basis of system optimization regarding
the step-by-step assessment of technical,
technological, economic, and environmental
parameters of heterogeneous elements and the
system as a whole using a multivariate approach
and corresponding heterogeneous methods, in
contrast to the existing, mostly monovariant, by
combining them and sequentially implementing
them according to an hierarchical subordination
with decision-making according to the relevant
basic project procedures. This makes it possible to
comprehensively assess and improve the overall
efficiency, as well as the technical, technological,
economic, environmental, and investment
soundness of their projects in accordance with
modern conditions and requirements.

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2023
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Research results and their discussion.
Based on and in the development of the
main provisions and principles regarding the
application of the system methodology and
the optimization method during the creation
and functioning of water and land reclamation
objects (Kovalchuk V.P.,, Kovalchuk P.I.,
Lazarchuk M.O., Turchenyuk V.O. etc.) and,
based on their various definitions, we established
interdependent relationships between disparate
elements and such systems’ characteristic
technological, economic, and ecological features
[20-26].

Therefore, according to [27] and other papers,
when applying the most modern methodology
of the system approach and system analysis to
the creation and functioning of water and land
reclamation objects, DS are presented as complex
natural-technical and  ecological-economic
systems (CNTEES) in which there is a structural
relationship is the form

effect <~ mode <~ technology <~ construction.

This determines the need for more detailed
studies of the regularities of interconnected
processes of water movement both in the main
elements and in the system as a whole.

Therefore, by analogy and in the development
of such an approach, it is advisable to single out
and consider a technical subsystem of the type
soil flow movement parameters & CCDN &
parameters of canals and structures of DS, the
elements of which have a structural, hierarchical,
and hydraulic relationship (Fig. 1).

At the same time, a specific feature of the DS
with two-way regulation of the water regime of
drained lands is that the processes of water flow
in the elements of the CCDN of the DS during
its operation in the mode of drainage and subsoil
moistening are similar, but mutually opposite and
are implemented using the same CCDN.

Accordingly, the determined connection
between the regime of the groundwater level and
the CCDN is provided by the transformation of

S

the filtration movement of a relatively uniform
and continuous soil flow on the reclaimed field
into a heterogeneous structure of a collection of
separated water turbulent flows in hierarchically
and hydraulically connected pressure drainage
pipelines, as constituent elements of the CCDN,
canals of the lateral network, main canal and
water receivers with different conditions of
formation of their gradients of pressures and
velocities when operating in the drainage mode
and vice versa — when operating in the subsoil
moistening mode. This can be reflected by the
corresponding subsystem

mode of movement of soil flow <~ mode of flow
in CCDN <= mode of flow in the canals of the
lateral network <~ mode of flow in the main
canal = flow mode in the water receiver.

In turn, according to the general theory
of the movement of water flow in a pressure
pipeline, the efficiency of the flow regime in
the CCDN is determined by the parameters
of the hydrodynamic structure of the velocity
distribution in the cross section of the flow in
a separate collector and drainage pipeline, as its
main element, which determines the efficiency of
each such element and the CCDN in general. At
the same time, it is obvious that the efficiency of
the CCDN in the pressure mode is determined by
the efficiency of the canals of the lateral network,
the main canal, and the water receiver, in which
the movement of water occurs in an open canal.

According to the construction structure and
connections between the elements of a self-
flowing DS (see Fig. 1), we developed its
physical model (Fig. 2), which works in the
mode of drainage and subsoil moistening, for
which a patent for a useful model was obtained
(No. 147568) [28].

The advantage of the proposed scheme is
that it reflects the principles of determining the
parameters of the hydraulic characteristics of
drainage or water supply (discharge, pressure,
velocity, etc.) simultaneously for all elements

Fig. 1. Structure diagram of DS:
1 — collector and drainage network on the reclaimed field; 2 — lateral canal network;
3 — main canal; 4 — water receiver; 5 — facilities and means of drainage automation;
6 — facilities and means of water supply automation
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Fig. 2. Structural diagram of the interconnection of the main technical elements of the DS:

1 — an element of the reclaimed field; 2 — CCDN; 3 — an element of open canals of the lateral
network; 4 — the main canal element; 5 — a water receiver element; 6 — the tank that displays the
water level in the CCDN; 7 — lateral network; 8 — main canal; 9 — water receiver;

10 — capacity regulators; 11, 12 — water levels during system operation, respectively, in drying
and moistening modes; 13, 14 — directions of water movement through system elements
when working in the drying and moistening mode, respectively

of the DS (drained massif of the reclaimed field,
collector and drainage network, open canals of
the lateral network, main canal, water receiver)
in almost the entire range of their variation with
the possible consideration of changes in slopes.

Accordingly, by introducing the necessary
notation, the functional relationship between
its components can, in the general case, be
represented as a complex function that does not
have an explicit solution

v =H(AAE))s i=Ln, D)
where f; is the function that depends on the
parameters of the movement of soil flow R,
i=Ln,; f, is the function that depends on the
parameters of the CCDN FS, ji=1,n; f; is the
function of arguments x;, which depends on the
parameters of canals and facilities K, i=1,n, ;
i is the set {i}, i=1,n, of possible options for
the implementation of appropriate technical
and technological solutions for water regulation
of drained lands in the appropriate natural,
agricultural, and land reclamation conditions of
a real object.

The listed functions f, ... f; are functions of
complex interconnected arguments, i. e.

/,(x,)— as a function that depends on the
parameters of canals and facilities;

fs ( 5 (xl. )t) —as a function that depends on the
parameters of the closed collector and drainage
network;

/i ( £ (f (x,.)))f as a function that depends
on the parameters of the movement of soil flow.

Then, the search for the parameters of the
components of the composite function (1) and,
first of all, the parameters of water regulation
technologies and the type and design of technical
elements related to them, depending on the
created mode of flow movement, can be formally
carried out from the expression (1) through the
corresponding inverse functions.

Namely:
— regarding the parameters of canals and
facilities FK,, j =1, n,

L) =LA 0) =l @
— regarding the parameters of the closed
collector and drainage network FS,, i =1,n,

AAGE))=A (0 i=Lns G
— regarding the parameters of soil flow
movement FR;, i =1,n,

=) it @

The implementation of complex
functions (1) — (4) should be based on the studies
of the regularities of interconnected processes of
water movement in all the constituent elements
(subsystems) of the DS as CNTEES, which are
different by their nature.

In this setting, models (1) — (4), which are
presented in a general implicit form, cannot be
sufficiently adequately expressed analytically
and have no practical solution. But they make it
possible to theoretically substantiate the possibility
of setting a problem at least on an empirical or even
on a much more objective empirical-functional
level of determining the dependence between them.

Based on the structural model of the DS
(see Fig. 1) and the established nature of the
connections between its system elements
in general according to mathematical
models (1) — (4), the integral amount of water
during the operation of the DS in the mode of
water removal (drainage -) or subsoil moistening
(water supply +) (£W;) in time (7)) and space (F),
in the general case can be determined as

TF
+IV, :Hwi (T,F) dt df,i=1,n> (5

where w, is the integral amount of water during
water removal or water supply, which passes
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through each DS’s technical element in the set
{i}, i=1,n, ; Tis the period of system’s operation;
F is the area of the system as a whole.

Then, the volume of water for DS during
drainage or water supply, taking into account the
necessary and technically possible amount of it,
can be generally defined as

where A, is the coefficient of imperfection of
the system as a whole in relation to the ratio of
the required and possible amount of drainage or
water supply by it; 4, is the time- and space-
weighted average value of the drainage or water
supply module within the system and the period
of the object’s operation.

The coefficient A; of imperfection of the
system as a whole regarding the ratio W, of
possible (actual) and the ratio W, of necessary
(calculated) drainage or water supply by it can be
represented a dependency

S,

A=—L=—E (7)
! LA’STZsz\
i=1

where i, is the average value of the velocity of
water flows movement in the system, m/s; f; is the
share of the DS area that is served by a certain
technical element: the collector and drainage
network of the set {kd}, kd =1,n,, , lateral canals
network of the set {b}, b =1,n, ; main canal of the
set {m;}, m, = 1,n, ;water receiver (V).

Accordingly, for any technical element of DS
(see Fig. 1)

W, =3, (G-T-f-F), (8

where £/, is the volume of water that is diverted
or supplied to the DS by any of its technical
elements; m, is the number of constituent elements
of the i-th technical element of the DS; A, is
the coefficient of imperfection of the technical
elements of the DS when the efficiency of each
subsequent element is determined by the previous
one; ¢, is the calculated module of drainage flow
or water supply in relation to the corresponding
mode of operation of the i-th technical element of
the DS, 1/s-ha; 7, is the period of operation of the
technical element on the system.

The efficiency of the system is determined
by the corresponding efficiency of each of its
elements, the nature of the complex relationships
between which is similar to the models (1) — (4):

A =fn[fn_1 {ZA B ©

That is, the efficiency of each subsequent
element of the system is determined by the
corresponding efficiency of the previous one and
vice versa.

In turn, by the analogy with the formula (7), the
coefficient of imperfection A, = of the system’s
element is the ratio of the possible (actual) volume
of water ¥, and the necessary (calculated) volume
of water W, which is drained or supplied to the
DS by any of its technical elements:

W,
A, (W)=2r (10)
Then, applying the equations of the statistical
theory of determining the influence of each
operating factor on the initial parameter, the
following equation can be obtained:

(11)

where x; is the main j-th operating factor (average
speed in the element of the system; the area of
any technical element of the system; time, etc.);
z is the number of active factors in the equation of
the initial parameter; Ax; is the absolute change of
values of j-th factor of the initial parameter.

Since the movement of water in the self-
flowing DS during its operation in the drying and
moistening mode is caused by the presence of the
necessary pressure gradient due to the difference
in levels (see Fig. 2), the hydraulic model of
the system and any of its technical elements
in general can be represented as: (12) — for the
system; (13) — for its technical elements:

W, = AT (12)

i=l1

1

A, ()=

W, =2 A, o T i=1p, (13)
where o, is the area of a technical element of
the system, m; u, is the average speed of water flow
in the technical element, m/s; /; is the parameter
of the system’s element (canal bed or pipeline),
from which water is drained at a certain stage i
during the estimated time period 7, m.
Conclusions. Thus, the considered issues
cause the need for further improvement of the
design and calculation methods of DS and
their technical elements, taking into account
the structural, hierarchical, and hydraulic
relationship between them in accordance with
modern conditions and requirements, which, in
particular, is reflected in the adopted “Irrigation
and Drainage Strategy in Ukraine on the period
until 2030 [29].
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This will make it possible to increase the
validity and general technical, technological, and
ecological-economic efficiency of the creation and
functioning of the DS during the implementation
of adaptive measures to the climatic conditions

0

change and the level of agricultural production in
the zone of drainage land reclamation, primarily
in the Ukrainian Polissia, to ensure the necessary
level of food security in the region and the country
in general, in the war and post-war periods.
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Anomauia. Posenanymo Hosuil nioxi0o 00 YOOCKOHANEHHS MemoOi8 NPOeKMYBAHHA [ DPO3PAXYHKY
OPEHAXCHUX CUCTNeM A iX MEeXHIUHUX elleMeHmis, SKI NPAyioloms 6 PeXCUMi OCYUEHHS a NiOTPYHIM08020
38010J1CEHHSL, HA OCHOBI OOTPYHMYBAHHS B3AEMO38 A3KY 6CIX CKIAO0BUX MEXHIYHUX eleMeHMi8 cucmemu ma
BDAXYBAHHS GNIUBY eheKMUBHOCMI IX pobOMU HA eheKMUBHICTL PecyTIO8aHHS BOOHO20 PENCUMY OCYULY-
sanux 3emens. Ha ocnosi 3acmocysanns cucmemnoi Memooonozii 6UsHA4eHo HAAGHICMb Ma CIMPYKMypy
iEpapxiuHo20 ma 2i0pasIiuHO20 83AEMO38 A3KY MIdHC Napamempamu pyxy IpyHmoeo2o nomoxy, 3aKkpumoi
KOJIEKMOPHO-OPEHAICHOI Mepedici 1l napamempamy Kanaiie ma cnopyo opeHadxdcHux cucmem. Pospobneno
@izuuny, cmpyKmypHy, MamemMamuyry ma 2iOpasiiyHy Mooelb OPEeHANCHOI CUcmeMu, 3a AKUMU PO3PO0o-
JIEHO NPUHYUNU BU3HAYEHHS NAPAMEMPI8 2I0PAGIIYHUX XAPAKMEPUCMUK 60008108e0eH s b0 6000n00ayi
(sumpama, Hanip, WEUOKICMb Mowi0) OOHOUACHO NO 6CIX ii eneMeHmax (0Cyuy8ano2o mMacusy meniopo-
8AHO20 NOJISl, KONEKMOPHO-OPEHANCHOI Mepedici, GIOKPUMUX KaHalie@ OOKOBOI Mepedici, MaciCmpanbHO20
Kanany, 6000NpUMaia) NpaKmuyHo y 6Cbomy 0ianazoni ixHb02o 6apilo8aHHs 3 MONCTIUBUM YPAXYBAHHAM
SMiHU yxunig. Pozenanymutl nioxio dacms 3mMo2y oyiHumu egoekmusHicms pyxy 600H020 HOMOKY 0OHOUACHO
N0 BCIX MEXHIUHUX eleMeHmax i OPeHAdMdCHOI cucmemu 6 Yinomy y ix 63acmo38 3Ky ma 6 nooanibuiomy
YOOCKOHAAUMU MEeMOOU NPOEKMYBAHHSL Ul PO3PAXYHKY ii MEXHON02IUHUX Ma KOHCMPYKMUSHUX Napamempie
U, mum camum, 3abesneuumu 3a2aibHy MexHIuHy, MEXHON02IURY, eKOHOMIUHY | eKOTO2IURY epekmusHicmy
ix (pyHKYIOHYBAHHS 8IONOGIOHO 00 CYYACHUX YMO8 ma eumoe. [lodanvuie yOOCKOHANeH s Memodié nPoeK-
myeanns 1 pospaxyuky JC ma ix mexwiyHux enemenmie 3 ypaxyeawHAM CMPYKIMYPHO20, i€PAPXIYHO20
i 2I0pasAiuH020 83AEMO38 "A3KY MINC HUMU BIONOBIOHO 00 CYUACHUX YMO8 MA 8UMO2, OACb 3M02Y Ni08U-
wumu OOIPYHMOBAHICMb | 3A2ANbHY TEXHIUHY, MEXHON0SIYHY Ma eKON020-eKOHOMIYHY epeKmueHicmy
cmeopenns U ghynkyionysanna J[C npu peanizayii adanmusHux 3axo0i8 w000 3MiHU KIIMAMUYHUX YMO8 Md
pigenb azpapHozo GUPOOHUYMEA Y 30HI OCYULYB8AIbHUX Meniopayitl, Hacamnepeo 6 Yipaincvkomy I[lonicci,
3abesneuumu HeoOXIOHUL PieHb NPOO0BOILYOT be3neKu 6 pecioHi ma Kpaini 6 yiiomy y 60€HHUL U NOGO-
EHHUTL Nepioou.

Kniouosi cnosa: npoexmysanmns, cmeopennsi ma (QYHKYiOHYEAHHS, OPEHANCHA CUCMeMd, ONMUMI3ayis,
€KO01020-eKOHOMIYHI 3acaou
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Abstract. The article presents a review of publications on the actual problem of restoring the functional
capacity of drainage systems, which in modern conditions of climate change and military aggression
acquires special significance not only from the standpoint of the need to increase the productivity of
drained lands, but also to ensure the water security of our country. The study of problems and setting of
directions for restoration (reconstruction) of drainage systems in Ukraine and regions of the world was
performed using bibliometric analysis. For analytical research, domestic and foreign literary sources of
a 55-year period were studied, the main number of which falls on the period 2002-2022. The conducted
analysis made it possible to determine the main directions that are considered when solving the problems
of restoration (reconstruction) of drainage systems on agricultural lands worldwide and in Ukraine.
Approaches to the operation, maintenance, and controlled decommissioning of drainage systems are
based on the development of scenarios for the adaptation to climate change, therefore, the priority of
the state policy in a number of countries is, first of all, the restoration of systems, which allows to ensure
the adaptation of agricultural production to modern climate changes. Worldwide, the assessment of the
reclamation fund is carried out constantly and the need for reconstruction and modernization of drainage
systems is determined according to the design characteristics and technical condition also providing for the
restoration of their water-regulating function. The basis for the reconstruction of drainage systems is the
economic and technical justification of feasibility, the application of the progressive methods of drainage,
the priority implementation of restoration measures in the areas of drainage systems, which are in working
condition, and on the drained territories, where intensive and medium-intensity agricultural use of the
drained lands is planned. The scientists’developments are aimed at creating economically viable technical
options for the restoration (reconstruction) of drainage systems, which take into account the directions
of their use and investment options for reconstruction. Studying the global experience of restoration
(reconstruction) of drainage systems on agricultural lands and its use is important for the implementation
of the provisions of the “Strategy of Irrigation and Drainage in Ukraine for the period until 2030

Key words: drainage systems, restoration (reconstruction) of drainage systems, drained lands,
economic efficiency, bibliometric analysis

Actuality of research. Drainage land In the USA, the area of drained lands is about

reclamations have been known since ancient times,
and the global long-term practice of agricultural
production on drained lands shows that carrying
out drainage measures ensures: the stability of
growing and increasing the yield of agricultural
crops, strengthening the economy of farms, and
positive socio-economic changes [10; 24; 41; 42].

Reclaimed lands in the world occupy about
425 million hectares, in particular 164 million
hectares are drained lands. In the total area
of cultivated territories, the specific weight
of reclaimed lands does not exceed 30%, but
these lands provide 3/4 of the world agricultural
production [33].

60 million hectares, among which the area of
large massifs is about 40 million hectares, and
the are of small farm plots is up to 20 million
hectares [7; 36]. Areas of drained lands in
Europe make up about 70% of all reclaimed
territories [29]. In Great Britain, Germany,
Belgium, and Denmark, up to 70-90% of
all overmoistened lands are drained [36].
In a number of countries (Finland, Sweden, the
Netherlands), all overmoistened agricultural
lands are completely drained [31]. More than
half of the territory of the Netherlands is below
the sea level, so the drainage of waterlogged
lands is the basis of the country’s livelihood [11].
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In Lithuania, Latvia, and Estonia during the
Soviet times, more than 8 % of all overmoistened
agricultural lands were drained.

Among the almost 3.3 million hectares of
drained lands in Ukraine, which is 20% of the
total area of agricultural lands in the humid zone,
about 2.9 million hectares are used in agricultural
production, in addition, on the area of about 1.1
million hectares there is an opportunity to carry
out bilateral regulation of soils’ water regime.

Modern global climate changes, their impact on
the social, economic, and ecological development
of mankind is becoming more and more tangible
and vulnerable and is turning into one of the key
problems of the global economy and politics. The
main consequences of this impact include changes
in the quantity and quality of water resources, their
provision in various sectors of the economy, first
of all, those aimed at solving the food problem,
namely agricultural production.

The drainage systems in Ukraine are also one
ofthe important factors of sustainable agricultural
production in the humid zone, and the economic,
ecological, and social stability of the regions with
drainage land reclamation largely depends on the
efficiency of the use of drained lands [43]. The
global development of agricultural production
shows that the greatest success was achieved
by those countries that implemented large-
scale national programs for the development,
restoration, or reconstruction of both irrigation
and drainage systems [5].

Today, the construction of new drainage
systems in most countries [4; 8; 14], as well as
in Ukraine, has practically stopped, and works
on restoration, comprehensive reconstruction,
and technical modernization of existing systems
have been reduced to a minimum [25]. At the
same time, in the current conditions of climate
change and military aggression, the importance
of restoring the functional capacity of drainage
systems is growing not only from the standpoint
of the need to increase the productivity of drained
lands, but also to ensure the strategic and water
security of our state.

The analysis of the latest researches
and publications shows that few scientific
works are dedicated to the study, analysis,
and generalization of the global experience of
conducting drainage land reclamations. General
trends in the development of reclamation of
overmoistened lands in the countries of Western
Europe, the USA, Japan, and others indicate that
their development was determined primarily by
the needs of agriculture [10; 15; 29; 31; 35; 47].

According to literary sources, land drainage
in the leading countries is a recognized necessity,

1]

and the area of drainage is an indicator of the
technical level and possibilities of agricultural
production [35]. At the same time, the modern
period of drainage land reclamation in Ukraine,
which began with the independence of our country,
is characterized by difficult conditions for finding
new forms of management and uncertainty
of ownership of drainage systems’ individual
components and the lack of appropriate experience
and legislative framework. To this day, the state
is the main investor in the maintenance of inter-
farm networks, and the existing level of funding
does not allow to ensure their full maintenance,
restoration, comprehensive reconstruction, and
modernization. Therefore, taking into account
that the land reclamation rate of the humid zone of
Ukraine is quite high (60.5 %) and corresponds to
the level of such countries as the USA, Germany,
and the Netherlands, it is important to study the
global experience of restoration (reconstruction)
of drainage systems on agricultural lands for its
use in the implementation of the provisions of the
“Strategy of Irrigation and Drainage in Ukraine
for the period until 2030” [52].

The aim of the research is to study the
experience and directions of restoration
(reconstruction) of drainage systems on
agricultural lands based on the materials of
domestic and foreign publications and their use
for the development of drainage land reclamations
in Ukraine.

Research materials and methods. The
methods of research are based on the use
of historical-logical (identification of the
most important existing domestic and global
developments on the issues of restoration
(reconstruction) of drainage systems), logical-
abstract (expansion of information from literary
sources, establishing the correctness of the use
of the term “restoration (reconstruction) of
drainage systems” in modern literary sources),
analytical and synthetic methods (processing of
the obtained information using the bibliometric
method, systematic analysis, generalization and
synthesis of research results).

Research results. The definition of the
concept of “restoration (reconstruction) of
drainage systems” in modern literary sources
implies a set of measures. They are aimed
at increasing the technical level of existing
reclamation systems by changing the structures
and basic parameters of the engineering
infrastructure, replacing outdated structures with
new ones, introducing automated management
of soil’s water regime in order to increase the
productivity of reclamation lands on the basis
of new equipment and advanced technologies,
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scientific organization of work, improvement
of conditions, and productivity growth [39].
The following is used in literary sources and is
considered as the reconstruction (modernization)
of working and restoration of non-working
drainage systems [25]: reconstruction [1; 21],
construction or reconstruction of the drainage
network [6], reconstruction of the irrigation
and drainage system with options for segmental
reconstruction [56], restoration and reconstruction
of drainage systems [22], restoration of
drainage systems [2; 9; 22], reconstruction,
rehabilitation and restoration [17], restoration and
modernization [28].

To confirm the correctness of the use of the term
“reconstruction”, an analysis of its use in recent
publications in the countries of the Organization
for Economic Cooperation and Development
(OECD) was conducted [3; 17; 23; 19]. In
the cited sources, it is observed that the term
“reconstruction” in the normative documents
of the OECD does not include the construction
of new systems and hydraulic structures. The
autonomous use of the term “reconstruction”,
which is used in the texts together with the
restoration, modernization, and rehabilitation of
reclamation objects, indicates that when preparing
proposals, plans, projects, recommendations
it is permissible to limit the use of the term
“reconstruction” with its clarifications, such as,
e. g., “complete”, “comprehensive”, etc.

The reconstruction of reclamation systems
is a set of measures aimed at increasing the
technical level of existing systems with the goal
of increasing the efficiency of natural resources
use by changing structures, the main parameters

2017-2022
2012-2016
2007-2011
2002-2006
1997-2001
1992-1996
1987-1991
1982-1986
1977-1981
1972-1976
1967-1971

of the system and its elements, and changing
obsolete equipment [39].

In a number of domestic studies and
publications, it is noted that the complex
reconstruction of reclamation systems is
a radical technical solution in the improvement
and modernization of existing systems. Modern
developments define a number of criteria
that should be followed when justifying the
necessity and expediency of reconstruction,
and principles that include technical excellence,
economic efficiency, and environmental
reliability [42; 45; 53; 56].

The study of problems and establishment
of directions for restoration (reconstruction) of
drainage systems in the countries and regions of the
world was carried out using bibliometric analysis.

Domestic and foreign literary sources of the
55-year period were used for analytical research
(Fig. 1). These are, in addition to domestic
publications, the publications of the OECD
countries, which include the most economically
developed countries in the world and which
also actively cooperate with Ukraine within
the framework of the specialized programs and
international projects.

The majority of literary sources selected for
analysis fall on the period 2002-2022.

Studies on the global experience of creating,
operating, and restoring drainage systems show
that in the most developed countries (Great
Britain, Belgium, the Netherlands, Germany,
France, Denmark, etc.) permanent reconstruction
of drainage systems is carried out.

In Great Britain, where reclamation measures
have been carried out on almost all overmoistened

0 2 4

6

8 10 12 14

Number of publications

Fig. 1. Distribution of literary sources selected for analysis by 5-year intervals (1967-2022), %
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lands (only about 1% of anthropogenically
undisturbed lands have been preserved), the
share of drained lands is more than half of all
agricultural lands. The land reclamation fund
is constantly evaluated in the country, and the
need for reconstruction and modernization of
drainage systems is determined according to their
design characteristics and technical condition.
Along with this, it is mandatory to solve the
environmental problems that arise in the
ecosystems of drained peatlands [12]. Drained
lands, which are economically impractical to
use (if they have not been used in agricultural
production for more than 10 years), are removed
from the reclamation fund [8; 15; 35; 37; 38; 42].

Today, drainage systems in the Czech
Republic are practically not constructed or
reconstructed, but most of them are maintained
in working condition. Their use is determined by
the prospects and directions of the development
of agricultural production and the expediency
of reconstruction is determined by the need to
ensure water regulation on drained lands [14].

In Latin America, there is a trend of reviving
the old methods of reclamation of waterlogged
lands, which are based on the principle of small
contours or small sizes of drained massifs with
the possibility of local collection of drainage
water in special storage reservoirs. An an
example we can mention the meliorative systems
in the floodplain of the San Pedro River (Tabasco
state, Mexico), the operation of which allows
ensuring environmental safety within the limits
of their influence [4].

Approaches to the operation, maintenance, and
controlled decommissioning of drainage systems
in the Netherlands are based on the development
of climate change adaptation scenarios for
artificial polders with marine clay soils along the
coast, lowland areas with peat soils in the west and
north, sandy and semisandy soils in the center, in
the south and east of the country [20].

The experience of drainage systems
reconstruction in the countries of the former
members of the Council for Economic Mutual
Assistance (Bulgaria, Germany, Poland, and
the Czech Republic) shows that the basis of the
reconstruction of the systems was economic and
technical justification, the use of progressive
methods of drainage, the priority of work on areas
with high soil fertility, increasing the technical
level of those sections of drainage systems that
are in working condition [47].

One of the main problems agricultural
production in Bulgaria is facing today is the
technical condition of drainage systems. Literary
sources indicate that on many systems within

(7]

individual farms their condition is unsatisfactory,
they are neglected and need reconstruction and
modernization [28]. The priority of modern state
policy is, first of all, restoration of systems, as this
will allow adaptation of agricultural production
to the consequences of climate change [18].

The change in soil’s water regime and the
development of degradation processes, the
inadequate technical condition of the drainage
systems is accompanied by a poor reclamation
condition on almost 7% of drained agricultural
lands in Lithuania. When substantiating the need
for reconstruction of drainage systems, the needs
of land users and their financial capabilities are
taken into account. General approaches to the
restoration of drainage systems are based on the
expediency of such a measure in territories where
intensive and medium-intensity agricultural use of
drained lands is planned (according to the national
strategy for the development of rural areas) [9].
The developments of Lithuanian scientists are
aimed at creating economically viable technical
options for the reconstruction of drainage systems,
which take into account the directions of their use
and investment options for reconstruction [26].

In Latvia, the rationale for the reconstruction
of drainage systems is based on detailed mapping
using geospatial research; on considering the need
to protect the environment and improve the quality
of water resources [22]. When choosing objects
of reconstruction, the need to restore existing or
build new drainage systems on overmoistened
agricultural lands is determined [2].

A number of literary sources consider the
feasibility of developing technological solutions that
use drainage systems with selective drainage and
the feasibility of the restoration and modernization
of drainage systems based on the restoration of their
water-regulating function thanks to the installation
of irrigation systems [13; 16].

Modern results of scientific research indicate
that it is important to use methods of statistical
modeling and probability theory, on the basis
of which mathematical models are developed,
to justify projects of drainage systems
reconstruction [13].

In China, during the reconstruction of
drainage systems, the tasks of protecting rural
areas from floods and agricultural lands from
droughts are additionally solved by improving
drainage and irrigation infrastructure, cleaning
canals and increasing the efficiency of water
resources use [30].

The reconstruction of drainage and
irrigation systems in Indonesia was carried
out simultaneously with the elimination of the
consequences of the tsunami [1].

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2023



18 MEJIIOPALIA I BOJHE I'OCIIO/JAPCTBO, Ne 1 » 2023

In general, global experience indicates that the
restoration of drainage systems is a necessity, as
they are one of the important means of minimizing
the impact of modern climate changes on the
social, economic, and ecological development of
many countries [5].

The experience of reconstruction of drainage
systems in Ukraine even in Soviet times shows
that in the first post-war years (1945-1951)
works were carried out to restore systems
destroyed during the war. During the period of
the fastest pace of construction (1965-1984),
38,000-72,000 hectares of reclaimed land with
reconstructed systems were put into operation
annually. In the period from 1965 to 1970,
190 thousand hectares were reconstructed in
Ukraine, from 1971 to 1975-203 thousand
hectares, from 1976 to 1980-214 thousand
hectares, from 1981 to 1985-211 thousand
hectares, from 1986 to 1990-240 thousand ha of
drainage systems.

It was recommended to reconstruct the
existing drainage systems on a technical basis
that was new at the time: replacement of the open
drainage network with horizontal and vertical
drainage; replacement of existing collectors on
aclosed network with new ones that can ensure the
passage of estimated water flows; laying of new
(additional) drain-dryers to thicken the drainage;
deepening, expansion, and strengthening of
existing collection canals; replacement of separate
open conducting canals with closed collectors of
large diameters (0.3—1 m), which made it possible
to increase the net drainage area by 10-12%;
arrangement of an additional interception
network to ensure drainage of surface runoff;
combination of gravity drainage with mechanical
drainage; the use of strong and durable materials
in the construction of hydrotechnical structures;
construction of reservoirs, storage ponds for
guaranteed regulation of water, air, thermal, and
nutrient regimes in the root layer of soil during
the growing season of crops.

The reconstruction of previously constructed
drainage systems was preceded by a detailed
study of the reclamation condition at the sites.

Specific capital investments in Soviet
times for the reconstruction, for example, of
the Irpin drying-moistening system in Kyiv
region, amounted to 1,100—1,300 rubles/ha with
a payback period of 4-5 years and a land use ratio
0f0.95-0.97; Berehiv cross-border polder system
in Transcarpathian region — up to 1,200 rubles/ha,
the payback period is 3—4 years with a land use
coefficient of 0.97-0.98 [39].

Atthe current stage, the main goal of the complex
reconstruction and modernization of drainage

systems in the area of drainage reclamation is to
increase the productivity and efficiency of the use
of drained lands, the technical level of the systems,
the preservation and restoration of soil fertility, the
rational use of the natural potential of agricultural
landscapes, and the provision of sustainable
agricultural production in the years with different
weather conditions [44].

It was determined that during the complex
reconstruction and modernization of drainage
systems of the humid zone, constructive
solutions, water regulation technologies, and
technical means for their implementation should
be based on the following principles [44]:

— ensure maximum use of working elements
that are in operational condition, have sufficient
technical resources, and are suitable for further use;

— provide a system of engineering solutions
and measures for the rational use of material,
energy, water, and land resources, preservation
and increase of fertility of reclamation lands,
ensure their rational agro-landscape development,
protection of adjacent territories, and water-
receiving rivers from pollution;

— ensure a high level of efficiency in
managing their work, simplicity and reliability
in the operation of technical means, minimal
operating costs;

— provide for autonomous management of
individual plots and be flexible to implement
different crop rotations in accordance with
modern market needs and interests of land users
of various forms of ownership.

General approaches to justifying the
reconstruction of drainage systems in each specific
case should be detailed taking into account the
type of water supply, the existing design of the
system and its technical condition, features of the
terrain, soils, economic conditions, etc. [44].

One of the examples of modern (2019)
positive experience is the reconstruction of the
drainage system located within the Precarpathian
Highlands, on which a drip irrigation system was
built (on an area of 39.9 hectares, for blueberry
and blackberry cultivation). Drainage is carried
out with the help of pottery drainage built more
than 35 years ago [13].

At the same time, the current stage of
drainage reclamation development in Ukraine
is characterized by a complex of unsolved
problems, which are related to the peculiarities of
the functioning of drainage systems in complex
and changing conditions of the humid zone.

Today, there are a number of scientific
developments aimed at substantiating drainage
system reconstruction projects. However, the
available scientific support for their restoration
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(reconstruction and modernization) does not
sufficiently cover all priority directions, which are
determined by the current state and peculiarities
of their functioning in the conditions of climate
change [26; 42; 44-46; 48; 50; 51; 54; 56; 58].

Most of the drainage systems of the humid
zone of Ukraine are in an unsatisfactory technical
condition, which is manifested in the physical
and moral aging of the main reclamation funds,
low level of operation of the drainage network,
failure, and in many cases the absence of
hydromechanical equipment. Based on analytical
and statistical sources, it was determined that
the technical condition of drainage systems
is characterized by general wear and tear of
engineering infrastructure elements as a result
of their long-term operation by an average of
60% (inter-farm network — 55% and intra-
farm network — 65%) [56]. Consequently, the
effectiveness of the use of drained lands and their
role in the food and resource provision of the
state has significantly decreased.

Restoration of drainage systems in the drainage
areashould be carried out according to two options,
which are prescribed in the “Strategy of irrigation
and drainage...”: the modernization of working
reclamation systems and the modernization of
non-working reclamation systems [52].

The reconstruction of the working drainage
systems is planned to be carried out taking into
account the division of the existing systems into
draining, drying-moistening, polder, and water
circulation systems, which involves a complex
of works to improve their parameters by
adding the ability to regulate soil moisture. On
drainage systems of one-way action, the basis of
modernization measures is the improvement of
water-regulating structures and the installation of
irrigation systems; on drying-moistening ones —
it is to ensure the possibility of implementing
a guaranteed two-way regulation of water regime
of soil under conditions of climate change.
Modernization of polder and water circulation
systems to the level of drainage and irrigation
systems is carried out by building irrigation
systems (drip irrigation or sprinkler systems) on
them. The complex of modernization measures
is determined on the basis of inventory data
and should include different types of works on
different types of drainage systems. The total area
of such systems is 1311.2 thousand hectares.

Restoring the functionality of non-working
drainage systems should be carried out taking into
account the list of works on the modernization of
working systems according to their various types
and the restoration of such systems to the design
level by performing repair and restoration works

(1]

both on the inter-farm and on-farm networks.
These works include cleaning canals and culverts;
restoration of water control structures (gates,
lifts, etc.); washing of collectors and drains,
partial restoration of drainage; arrangement
of wells-filters for removal the surface water;
arrangement of existing dams, strengthening of
mouths of drainage collectors, etc. The total area
of such systems is 1962.9 thousand hectares.

Taking into account the current state and
technical and technological features of the
functioning of drainage systems of Ukraine,
modern requirements for their structures should
take into account changes related to the reform of
the agrarian sector, agrotechnical and ecological
requirements of land users on drained lands,
modern climate changes. These requirements
are determined based on the analysis of design
materials of drainage systems located in different
natural and climatic conditions of the humid zone
and include the need to take into account the
features of modern land management and changes
in the specialization of agricultural production
in the humid zone; ensuring operational
management of technological processes of water
regulation and maintaining the optimal water
regime of the active soil layer; the expediency
of using effective technological schemes along
with resource-saving and environmentally sound
technologies for regulating the water regime
on drained lands; ensuring increased efficiency
of agricultural production on drained lands by
land users of various forms of ownership and
management [25].

Analytical studies of the influence of modermn
climatic factors on the formation of soils’ water
regime established that modern agricultural
production is under the direct influence of climatic
changes, therefore, its effective management is
possible provided that agricultural producers
create suitable conditions for adaptation to them
and minimize the impact [49]. At the same time,
the impact of climate change on agricultural
production by agro-enterprises today is particularly
noticeable in the area of drainage reclamation,
where the most changes in the production structure
have recently taken place [27].

The current structure of cultivated areas
is subject to both climatic changes and the
market situation, which dictates the cultivation
of economically attractive crops. Climate
changes make corrections to technological
maps and the structure of crop rotation of
agricultural enterprises in the zone of drainage
land reclamation. The fact that the period of
a significant increase in the sum of active
temperatures coincides with the period of rapid
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development of agricultural holdings in Ukraine
(the beginning of the 21st century) contributes to
the fact that such economically attractive crops
as corn, sunflower, soybean are now gradually
turning into the main ones. The main crops of
traditional specialization (long flax, sugar beet,
rye, oats, and others) of the humid zone have
ceased to be a priority in modern agricultural
production, however, due to the naturalness of
domestic products and the uniquely favorable
ecological and geographical position of their
cultivation, they have the prospect of conquering
the domestic and global markets, however today
they are becoming mostly niche cultures [48].

Along with this, modern agricultural
production on drained lands is characterized by
inefficient use of the existing potential of drainage
systems, therefore their water-regulating
capacity is an unused resource for increasing
productivity and  sustainable  agricultural
production in the conditions of climate change.
Given that the reform of the agrarian sector in
Ukraine was carried out without taking into
account the technological conditions of drainage
systems operation, the established technologies
of'land use and management of drainage systems
are currently violated. The formation of new
conditions for the cultivation of agricultural
crops and changes in the direction of the use
of drained lands require the expansion of the
functional tasks of drainage systems, which
must be taken into account when carrying out the
restoration (reconstruction) of drainage systems
in the humid zone [52].

At the same time, literary sources testify
to the importance of using agricultural drones
(for example, Geoscan 201 A type), which
allow solving the problems of operational
decision-making regarding reclamation regimes
on restored drainage systems based on the
information obtained by remote determination of
the drainage collectors location according to the
state of vegetation [6].

The analysis of literary sources made it
possible to determine the main directions that
are considered when solving the problems
of restoration (reconstruction) of drainage
systems on agricultural lands worldwide and in
Ukraine (Table 1).

Among the selected directions there is
a number of developments aimed at creating
economically profitable projects for the
reconstruction of drainage systems, taking into
account the directions of their use and possible
investment options.

In general, literary sources indicate that
the reconstruction of drainage systems is
economically beneficial. Its average cost is
20-30% less than the cost of new construction
and allows increasing land productivity by
25-40% [34].

The most economically expedient option is
the reconstruction of systems in Ukraine with
a source of financing from the equity capital
of agro-industrial complex enterprises, for
which the non-discounted (RR) and discounted
(DPP) payback periods are 3.4 and 4.7 years,
respectively [25].

1. The main directions of solving the problems of restoration (reconstruction)
of drainage systems on agricultural lands worldwide and in Ukraine

Directions of restoration (reconstruction) of drainage systems | Source according to the bibliography

Expanding the functionality (water-regulating capacity) of
drainage systems through their restoration (reconstruction)

[7; 19; 29; 38; 39; 40; 42; 45; 52]

(reconstruction) of drainage systems

Complex approaches when making decisions on restoration

[21; 35; 36; 37]

systems and reconstruction projects justification

Technical aspects of restoration (reconstruction) of drainage

[46; 48; 54; 55; 58]

infrastructure of drainage systems

Restoration of individual elements of the engineering

[30; 57]

Taking into account the impact of climate change when making
design decisions for the reconstruction of drainage systems

[18; 20; 22; 23; 34]

Modernization of drainage systems

[16; 17]

agricultural enterprises

Features of the use of reconstructed drainage systems by

[1;2;5;8;9;10; 11; 12; 13;
14; 15; 24, 27; 28; 30; 31;
33; 41; 42; 44; 48; 49]

Economic feasibility of drainage systems reconstruction

[9; 25; 26; 30; 32; 42; 43; 47; 50]

reconstruction

Ecological (nature-saving) aspects of drainage systems

[3;4;5;6;12;42; 44; 51, 53; 56]
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It is noted that during the restoration
(reconstruction) of drainage systems, it is
important to take into account the possibilities
of participation of international organizations,
the role of beneficiaries (land users, territorial
communities, associations of water users) [30];
the need to involve technologies of construction
and reconstruction of systems that are certified
according to international standards [28]; the
expediency of application in scientific research
and in the justification of projects of economic
and statistical models and the importance,
in addition, of compliance with normative
indicators of economic and environmental
efficiency.

At the same time, the need for complex
reconstruction of drainage systems is
substantiated by a resource-saving form of
restoration of reclamation means with the
maximum use of the engineering infrastructure
of drainage systems and under the condition
of maintaining soil fertility. The transition
to a resource-saving form allows, due to the
redistribution of capital investments, ensuring
the growth of soil fertility, increasing the
efficiency and reliability of drainage systems,
land acculturation, the level of intensity of their
use, and the extension of the term of their use by
increasing the level of operation [32].

Conclusions. In modern conditions of
climate change and military aggression
(flooding of drained lands and direct destruction
of individual elements of the systems), the
problem of restoring drainage systems and
their functional capacity acquires particular
importance from the standpoint of the need to
increase the productivity of drained lands and
the role of Ukraine in solving the global food
problem, as well as water security of Ukraine.

8

Based on the results of the literary
sources analysis, the main directions that
are considered when solving the problems
of restoration (reconstruction) of drainage
systems on agricultural lands worldwide and
in Ukraine are determined. Approaches to
the operation, maintenance, and controlled
decommissioning of drainage systems are based
on the development of scenarios for climate
change adaptation, therefore the priority of the
state policy of a number of countries is, first of
all, the restoration of systems, which allows to
ensure the adaptation of agricultural production
to modern climate changes. Worldwide, the
evaluation of the reclamation fund is mainly
carried out on a permanent basis, and the need for
the reconstruction and modernization of drainage
systems is determined according to the design
characteristics and technical condition involving
the restoration of their water-regulating function.

The basis for the reconstruction of drainage
systems is the economic and technical justification
of feasibility, the use of progressive methods
of drainage, priority for the implementation in
areas of drainage systems that are in working
condition, and in drained areas where intensive
and medium-intensity agricultural use of drained
lands is planned. The scientists’ developments are
aimed at creating economically viable technical
options for the restoration (reconstruction) of
drainage systems, which take into account the
directions of their use and investment options for
reconstruction.

Studying the global experience of restoration
(reconstruction) of drainage systems on
agricultural lands and its use is important in
implementing the provisions of the “Strategy of
Irrigation and Drainage in Ukraine for the period
until 2030”.
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Anomayia. Y cmammi npedcmasieno 02150 nyonikayitl 3 akmyanvHoi npodiemu 8iOHO8LeHHs (yHKYIo-
HANbHOI 30amMHOCHI OPEHANCHUX CUCMEM, SIKA 8 CYYACHUX YMOBAX 3MiH KIiMamy ma 8iucbKogoi aspecii
Habysae 0cobIUBOL BHAUUMOCTNT He MITbKU 3 NO3UYILL HeOOXIOHOCMI Ni08ULYeHHsl NPOOYKIMUBHOCTI OCYULY-
8aHUX 3emenvb, ane i 3abe3neyenns 800HOI be3neku Hawloi oepicasu. Busuenns npobnem ma cmanos-
JICHHSI HANPAMIE BIOHOGIEHHA (PeKOHCMPYKYIT) OpeHaxcHux cucmem 6 Ykpaini ma pecionax ceimy 6iooy-
J10CA 3 BUKOPUCTNAHHAM OIONIOMEMPUUHO20 aHani3y. s aHAiMUYHUX OOCHIONCEHb GUBUEH] GIMYUIHAHT
ma 3aKkOpOOHHI imepamypHi 0dxcepena 55-piunoeo nepiody, 0OCHO8HA KilbKiCMb AKUX NPUNAOAE HA Nepiod
2002-2022 pp. Ilposedenuii ananiz 003601UE BUHAUUMU OCHOBHI HANPIMU, SIKI pO3270alOmbCs npu
supiuenti 3a0a4 8i0HOGIeHHs (PEKOHCMPYKYIT) OPEHANCHUX CUCMEM HA 3eMAX CilbCbKO2OCNO00APCHKO20
NpUsHayeHHs y Kpainax ceimy ma ¢ Ykpaini. 1lioxoou wooo excniyamayii, ympumants ma KOHMpoibo-
BAHO20 BUTYYEHHS 3 eKCNIYAMAayii OPEeHANCHUX cucmem 0A3yI0OMbCs Ha po3podienti cyenapiie adanmayii
00 3MIH KAIMAMy, omaice NPiopumemom 0epucaerol NOTIMUKY HU3KU KPAiH €, Hacamnepeod, iOHOBEHHS
cucmem, wo 003601A€ 3abe3neuumu adanmayiro azposupoOHUYMEA 00 CYUACHUX KIIMAMUYHUX 3MIH.
V kpainax ceimy oyintoganus meniopamuenoco onoy nposooumsbCsi HOCMItHO, a HeOOXIOHICMb DEeKOH-
cmpyKyii ma mMoO0epHizayii OPeHadNCHUX CUCMeEM BUBHAYACMbCS GIONOGIOHO 00 NPOEKMHUX XApaKme-
PpUCmuK, MexHiuHo20 Cmawny i nepeddauac makodc 8i0HOGIeHHs ix 6odopezynioouoi gynxyii. Ocrogoo
NPoBedeHHs PEeKOHCMPYKYIT OpeHAdCHUX CUCMeM € eKOHOMIYHe ma MmexHiyHe OOIPYHMYSAHHS O00Yilb-
HOCM, 3ACMOCYB8AHHA NPOSPECUSHUX CNOCODI8 OCYUIEHHS, Nepulouepeosa peanizayis Gi0HOGII0BANbHUX
3ax00i6 Ha OINAHKAX OPEHAICHUX CUCMEM, Ki nepebyeaioms y pobouoMy Cmani, ma na OCyuly8aHux mepu-
Mopisax, 0e NIAHYEMbCA IHMEHCUBHE MA CepPeOHbOi THMEHCUBHOCMIE CLIbCbKO2OCHO0APChKE BUKOPUCTNAHHSA
ocyulysanux semens. Po3poOku Haykosyie cNpsAMOBaHi HA CMEOPEHHSI eKOHOMIUHO GUIOHUX MEXHIYHUX
8apianmie GIOHOGIEHHS (PEKOHCMPYKYIL) OPEeHAdiCHUX CUCMeM, SIKI 8paXo8yIomb HANPSAMKU IX UKOpUC-
MAanHs Ma eapianmu iHeecmuyill 8 peKOHCMPYKYit. Buguenns ceimosoco 00¢8ioy GIOHOGNEHHS (PeKOH-
CMPYKYIL) OpeHadICHUX cucmem Ha 3eMAAX CilbCbKO2OCN00APCbKO20 NPUSHAYEHHS MA 1020 BUKOPUCTIAHHSL
€ 8adCIUBUM NPU peanizayii noaoxcenv, Axi 3axnaderi y « Cmpameeii 3powienns i Openasicy 6 YKpaini Ha
nepiod 0o 2030 poxy».

Knrouosi cnosa: openasxcui cucmemu, 6i0HO8NEHHA (PEKOHCMPYKYIA) OPEHANCHUX CUCNEM, OCYULY8AaHT
3eMJli, eKOHOMIYHA eekmusnicms, GIOTIOMEMPULHULL AHATI3
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Abstract. The solution of the problem of increasing water regulation areas in the Polissia zone of Ukraine
requires investigation and development of new, more effective methods for determining structural parameters
of drainage systems when developing projects for their reconstruction in accordance with the requirements
aimed at ensuring water regulation during systems’operation. The paper considers the problem of improving
the efficiency of water regulation on dual-action drainage systems by using mathematical modelling tools
to determine the structural parameters of the systems and the parameters of their operational management.
The proposed means are based on the use of Richards equation stated in terms of water head. As a tool for
scenario modelling, an initial-boundary value problem of modelling moisture transfer on dual-action systems
is formulated and a finite-difference scheme for obtaining its numerical solution is given. We consider the
problem of determining the depth of drains installation and the distance between them at which the system
provides not only the drainage of soil s surface layer, but also the maintenance of its moisture supply level in
a given range with a minimum need for irrigation during the growing season. The algorithm for solving such
a problem is presented. It is based on the construction of a set of admissible values of systems parameters
using, in particular, the bisection method, followed by the minimization of an objective function on this set.
Under the conditions when the implementation of underground water supply technology is economically
impractical, the possibility of supplementing the drainage system with an irrigation system is considered.
In this case, the cost of building a drainage system and an additional irrigation system is a criterion for
the optimality of system s parameters. Additionally, we consider the problem of operational management of
water regulation, i. e., the determination, given the initial distribution of moisture, of the optimal control
influences necessary to ensure an acceptable level of moisture availability during a given period of time.
This minimization problem is proposed to be solved by a genetic algorithm. The results of modelling the
operation of a dual-action system and the optimization of its parameters under the conditions of drained

peat soils of the Panfyly Research Station (Ukraine, Kyiv region) are presented.
Keywords: water regulation, dual-action systems, mathematical modelling

Actuality of research. The problem of
increasing the efficiency of water regulation is
relevant for the territory of Ukrainian Polissia
where 3.2 million hectares of drainage systems
of various types are concentrated. These systems,
built in 1970-1980s, were primarily intended
to solve the problem of removing excess water
in spring and creating a sufficient capacity in
vadose zone for the accumulation of summer
precipitation, the amount of which at that time
was sufficient for water supply of most crops
grown on drained lands. As a result of climate
change, due to which the territory of Ukraine
is characterized by one of the highest rates of
growth in the average annual temperature in
the world, conditions with an insufficient level
of natural moisture supply are now forming in
Ukrainian Polissia starting from July. Therefore,
the approved “Irrigation and Drainage Strategy
in Ukraine for the Period Until 2030 provides

for the implementation of measures for the
reconstruction and modernization of existing
drainage systems by supplementing them with
the function of water regulation during the entire
growing season.

Implementation of this function is ensured
through the possibility of using groundwater
by regulating its level, or conducting irrigation,
or a combination of these two options. The
effectiveness of water regulation largely depends
on the applied decision-making support tools.

Literature review. The main source of
predictive data for physically-based decision-
making support in water regulation is
mathematical modelling of moisture transfer. On
its base, forecasts of the dynamics of moisture
availability to plants, necessary for operational
water regulation, are obtained, and scenarios are
simulated within the growing season to support
medium-term planning of reclamation systems’
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operation. Initial data for modelling are the
data on the hydro-physical properties of soils,
preferably obtained experimentally, and the data
of field measurements of current state indicators
of the “soil-plant-atmosphere” system.

The most commonly used class of models is
based on the Richards equation [1]. The methods
of solving direct problems stated for such models
vary from analytical [2] to fully numerical [3]. In
particular, when modelling changing groundwater
level using the moving simulation domain’s
boundary, one of the effective numerical methods
is the method of conformal mappings [4].

Decision-making  support systems for
water management mostly focus on one of its
components (irrigation or drainage) and consist
usually of only scenario modelling or operational
management tools (see, e. g., [5]).

To solve the considered problems on dual-
action systems, the following principles of using
mathematical modelling tools in decision-making
support systems in irrigation described in [6; 7]
are applicable:

¢ the use of the Richards equation stated in
terms of pressure/water heads to more accurately
determine the availability of moisture to plants
and manage it exclusively in the root-containing
zones of the soil taking into account the structure
of plants’ root systems;

* adaptation of the model to actual conditions
by laboratory determination of soil’s hydro-
physical characteristics and introduction of
empirical parameters into the model [6]. The
values of these parameters are further selected
by solving inverse problems to obtain the best
possible description of moisture dynamics within
wetting-drying cycles;

* the use of swarm intelligence methods [8] to
determine the parameters of design and operation of
reclamation systems based on scenario modelling.

The aim of the research is the development
of mathematical modelling tools that can be used
for the determination of the design and operational

(7]

parameters of dual-action systems that combine
the functions of drainage and irrigation.

Materials and methods. We consider the
problem of modelling the dynamics of water
heads in a soil massif, on which water regulation
is carried out by a double-acting system, under
the following conditions [9]:

— drains are installed without a slope and
connect two canals;

— drains are considered to be constantly
completely filled with water;

— the same water level is maintained in both
canals.

If there is a large distance between the canals,
filtration from them can be neglected and,
considering the uniform distribution of moisture
along the drains, modelling can be carried out in
a two-dimensional approximation by considering
a section parallel to the canals, in the middle
between them (Fig. 1). At the same time, the
simulation domain can be limited to the zone of
influence of one drain. The lower boundary of the
domain is the confining bed.

The Richards equation stated in terms of water
heads, which takes into account the transition of
soil from unsaturated to saturated state, is used in
the simulation in the form described in [10]:

Clhzy+ 22 g |2
0,(z) ot
=2 kin2 2y +

Oox Oox 0

+ ﬁ(k(h,z)[% - ID -

0z z\ 0
-S(x,z,1),

0<x<L0<z<L ,t>0

where A(x, z, t) is the water head, m, C(h,z) = %

is the differential moisture capacity, 0(x, z, ) is the
volumetric soil moisture,%, 0,(z) is the saturated
moisture content,%, S,(z) is the specific storage,

Canal >
Simulation |
domain — T
Canal \
anal ) :
A
Drains

Fig. 1. Simulation domain
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1/m, k(h, z) is the hydraulic conductivity, m/s,
S(x, z, t) is the function, //s, that models moisture
extraction by the roots of plants.

Soils are considered to have a layered structure.
Their water retention curves are described
according to the van Genuchten model [11] in

the form 0(k) =0, + 0 =9,
[1 + (10a|h|)”}

values ofthe coefficients 0, 0, a, nthatchange from
layer to layer. The dependency between hydraulic
conductivity and water head is represented
according to the Mualem model [12] in the

form  k(h)= k_/.GE (h)[l - (1 - ej/(n—l)(h))lfl/n T ,

0(h)-0,
el Yo
hydraulic conductivity,  is a fixed exponent.

The values of the coefficients of the models
are determined by the least squares fitting of the
data of laboratory studies.

The specific storage is also estimated from
0()—6(h,)

hl - ho
the measured water heads that correspond to the
close-to-saturated state of soil.

The width L of the simulation domain is equal
to the distance between drains. One drain is
modelled. It is considered to be located at a point
with x = L / 2. At the location of the drain, water
head equal to the water level in the canals above
the drain is set [4; 13]. We assume that water head
in the drain is fixed along its length.

The level [, m, of water in the canals changes
taking into account the flows in the drains Q, m/s,
and the evaporation from water surface E, m/s,
as follows:

dl 2nR -1, -k,

dt hO—E.k L
where R is the radius of the drain, /, is the length of
the drain, w, is the width of the canals (their shape
is considered rectangular), £, is the coefficient of
linear dependency between pressure and flow in
the drain. The evaporation from water surface is
considered proportional to the evaporation from
soil surface.

To Equation (1) we set the following boundary
condition on soil surface z=0 [14; 17]:

k(h,z)g—f:Qem—Qp (1)~ 0,(x.1),

where Q,(1), Q,(1), O(x, t) are the fluxes, m/s, of
evaporation, precipitation, and irrigation. The
absence of flux condition is set on the side faces

with the

1-1/n

0,(h)= where k, is the saturated

b

this dataas S, = where h,> h, are

c

of the domain, and the condition @ =1 is set on
the bottom face. dx

The function S models the extraction of
moisture by the root systems of plants the way
it is described in [14]. Here the distribution of
transpiration on the depth z is described according

5 ey~ TOLE)

to [18] in the form TL(z)dz’ m/s,
0

where z, is the depth of the root-containing layer,

z z

r r

2
L(z)=1.44—o.14i—0.61[ij —0.69[i] is
ZV

the function of the distribution of root length density
and its specific form used in this paper, 7(¢) is
the transpiration rate, m/s. We assume that n,
plants with the centres of root systems, the depth
of which is equal to 7,, located in the points
X,, i =0 .., n, — lin the simulation domain.
The density of root systems is assumed to
decrease linearly subject to the horizontal
coordinate x that is described by the function

O Lok )20
Su(x) = Ty ., Um.

Oarpi _('x—xpi) <0

Then the total moisture extraction function has
1 np—l
the form S(x,z,7) = —SZ(Z,I)Z S (x), 1/s.
n, i=0
Numerical solution of the initial-boundary
value problem for the model based on Equation (1)
is performed according to the implicit finite-
difference Crank-Nicholson scheme [19] on
a uniform grid with respect to the space variables
with the use of the algorithm for adaptive time
step selection [15].
Similarly to [15], we consider the uniform
finite-difference grid

o={ (x, =ih,.z, =kh_t, = j1):
d=0m k=0,m7=012,.}

where £, h_are the steps with respect to the spatial
variables, T is the time step. Here and further
the grid analogue of the water head function 4
and, similarly, other functions, is designated as
hy = h(x,;,z,t,). As the results of discretization
we obtain [15] the following linear system that
is further solved by the TFQMR algorithm [20]:

J Jj-1 J j-1 J
B XAl B ) A R %
j-1 J J-l _pJ J-1 _ -1
Bl Ak X B —h xR =D,
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R '=A" + A4 +B/ +B +

1ik 2,ik Lik 2,ik
Jj-1
1 o 0(rz,)
+= C(h )+ ——=25.(2) |,
' 0.(z )
T s( k
J-1 _ Jj-1 Jj-1 j-1 j-1
@i,k - _hi—l,k X Al,i,k - hi,k—l x Az,i,k -
Jj-1 Jj-1 Jj-1 J-1
_hi+l,k x Bl,i,k - hi,k+] x Bz,i,k +
j-1 j-1 Jj-1 J-1
Al,i,k + AZ,[,k + Bl,i,k + Bz,z,k -
o oy 0(Rz) x
o) s 222 g ()
T " 0 (Z ) ’
K k

=)+ (k) =k (R51))

hOk :hlk’hmk :hm—lk’k:():na
Hin :H

in—1

h(0.+0,+0)
Sk +k,)

To adapt the model to the actual conditions
of the processes, the coefficients of the van
Genuchten and Mualem models can be varied to
achieve a better correspondence of the simulation
results to the measured water head dynamics. In
particular, the procedure of applying the particle
swarm optimization approach for solving such
a problem is given in [6].

In the process of modelling, we calculate the
minimum and maximum water head levels in the
root zone, averaged in each column of grid nodes
with the values of root system’s distribution
function as weights.

Modelling of water regulation in order to
increase water content in the root zone of the
soil is modelled as follows. At first the increase
in water level in the canals is simulated for no
more than a given period of time. After that,
the simulation is carried out without control
actions until the maximum water head level stops
increasing and the minimal one starts increasing
(thus determining the maximum influence of the

+h_,i=0,m,

(2]

increase in water level in the canals on moisture
content in the root layer).

If the maximum water head level is lower
than the upper limit of the maintained range or
the minimum water head level is lower than the
pre-irrigation threshold, then the surface supply
of irrigation water is simulated, similarly, for no
more than a given period of time.

When the maximum water head level in the
root zone increases above the threshold value for
which drainage is necessary, a decrease in water
level in the canals is simulated.

The controlled change in water level in the
canals is simulated with a given fixed speed.

Results. The main problem that should
be solved by decision support systems when
designing  dual-action  drainage  systems
consists of determining their main constructive
parameters, in particular, the depth of installation
and the distance between drains.

Given the known characteristics of drainage
pipelines, we assume that a double-action system
fulfils its functions if, by setting a fixed water
level in the canals, it allows

» for a given period of time, transfer the
upper layer of the soil of a given thickness from
saturated to non-saturated state in order to ensure
at the beginning of the season the passability of
machinery that must carry out soil cultivation;

* at a fixed low level of evapotranspiration
at the initial stages of plant development, ensure
a given range of moisture availability in the root
layer without additional irrigation;

* at a fixed high level of evapotranspiration
and the maximum level of root system’s
development, similarly to the initial stages,
ensure the availability of moisture.

In the case when the system is not able
to provide water consumption for plants, the
possibility of additional construction of a surface
irrigation system should be considered.

The objective function to be minimized is the
cost of constructing a dual-action system, which
consists of the cost of drainage pipelines, the cost
of their installation, and, if necessary, the cost of
constructing a surface irrigation system.

The proposed decision-support algorithm
consists in finding a set of values of system’s
constructive  parameters, under which it
properly performs at least the drainage function,
followed by finding, by the greedy algorithm,
of such values from this set that minimize the
objective function.

Building of a set of allowable values of
constructive parameters under known hydro-
physical properties of the soil is performed
according to the following algorithm:
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 the depth of drains installation decreases
with a given step starting from the depth of the
bottom of the canals and ending with the depth
of the layer that needs drainage. For each depth
value three tests are performed:

o test 1: the maximum distance between
drains at which the system performs the
drainage function at the beginning of the season
is determined (initial water head distribution
h= —z corresponds to fully saturated soil, the
water head in the drain is set to be constant at the
level of 4=0). We assumed that the dependency
between the inter-drain distance and the depth
of the drained layer is monotonic and solve the
corresponding problem by the bisection method.
If drainage cannot be carried out at the minimum
inter-drain distance, we proceed to the next depth
of drains installation;

o test 2: for the distance between drains
determined on the previous step, the minimum
value of the fixed maintained water level in the
canals is found by the bisection method, for
which, in a close-to-steady state, the minimum
weighted average water head in the vertical
section of the root zone is greater than the level
of pre-irrigation threshold in a situation of low
water consumption. The test is considered passed
if the above-described condition regarding the
maximum weighted average water head in the
root zone is met;

o test 3: similar modelling is carried out for
the situation of high water consumption;

o in the case when tests 2 or 3 are not passed,
the cost of constructing a surface irrigation system
is added to the value of the objective function.

For an active dual-action system, which
contains both a network of drainage pipelines
and a surface irrigation system, the problem of
operational management is also considered. It
consists in finding, for a given initial distribution
of water heads, the control actions (changes in
water level in the canals and, if necessary, surface
irrigation) necessary to maintain moisture
availability in a given range during a given
period of time. Given the known cost of water
level regulation and the cost of surface irrigation
application we determine a regime (using the
genetic algorithms approach [16]), in which the
total cost of water regulation is minimal.

Since water regulation by changing water level
in the canals has a delayed effect on the moisture
content of the root layer of the soil, on the first step
of the algorithm we determine the time when, in the
absence of water regulation, the minimum weighted
average water head level in the vertical section
will become less than the pre-irrigation threshold.
Water regulation is further modelled in a way to
finish at this specific moment of time. If, after water
regulation is performed, water heads do not belong
to the maintained range, a given large penalty value
is added to the value of the objective function.

The operation of a dual-action system was
simulated for the conditions of drained peat soil
of the Panfyly experimental station (Ukraine,
Kyiv region, 50°13'16.9"N31°45'46.4"E).

The coefficients of the van Genuchten and
Mualem models for soil layers, obtained on the base
of experimental study, are presented in Table 1.

The model parameters had the following values:

* The radius of the drain is 0.2 m, the length
of the drain (distance between canals) is 150 m.
The depth of simulation domain is equal to 3 m.

* The depth of the canal is 2 m. The width of
the canal is 3 m.

* The maintained range of average water
heads in the root zone is —40 — —15 kPa. Drainage
by lowering water level in the canals is carried
out when the average water head level in the root
zone is greater than —5 kPa.

* Evapotranspiration for the high water
consumption case is equal to 5 mm/day and for the
low level case —to 2 mm/day. The distance between
plants is 66 cm, the depth of the root system is
50 cm at the high water consumption case, and 20
cm at the low water consumption case.

e The rate of change in water level in the
canals is 2 m/day. The flow of irrigation water is
7 mm/hour.

* The cell size of the finite-difference grid is
10x10 cm, the maximum length of the time step
is 100 s.

The results obtained by applying the
procedure for determining the permissible values
of system’s constructive parameters, provided
that at the beginning of the season the minimum
depth of the saturated zone should become more
than 40 cm due to the drainage during no more
than 5 days, are shown in Fig. 2 and 3.

1. Coefficients of the van Genuchten and Mualem models

Layer 0, 0, o n k,, m/s B S, 1/m
0.05-0.2 m 0.37 0.81 0.1 1.5 2.3x10* -0.75 0.0823
0.2-0.4 m -0.5 0.87 0.01 1.1 6.0x10¢ -15 0.0186
0.4-0.6 m -1.5 0.962 0.01 1.1 6.0x10° -20 0.0063
0.6-0.8 m -2 0.957 0.01 1.1 1.0x10° -15 0.0156
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Fig. 2. The maximum inter-drain distance subject to the depth of installation
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—— Water level at which plants' consumption is fulfilled at the initial stage of vegetation
—— Water level at which the maximum plants' consumption is fulfilled

Fig. 3. Water levels in the canals at which plant’s water consumption
is fulfilled at the specified maximum distance between drains

For the installation depth of more than 75 cm,
with high water consumption level, ensuring
the required level of moisture availability in
zone between drains was accompanied by the
saturation of soil by water in the vertical section
at the location of the drain. Thus, the depth of
75 cm with the inter-drain distance of 28 m
was determined as the greatest depth of drains
installation, at which the dual-action system
effectively performs both the functions of
drainage and irrigation.

This set of admissible values of system’s
constructive parameters was used to simulate
operational assignment of control actions to
maintain the moisture availability in the root layer
ina given range. With constant evapotranspiration
at the level of 3 mm/day, which is greater than the
level at which the system performs the function

of irrigation without the use of surface irrigation,
and the depth of the root system equal to 20 cm,
the water level in the canals was modelled as
being maintained at the level of at least 1.53 m.
Initial distribution of water heads was taken as
h=-04—z.

In the absence of control actions, the need
for water regulation according to the simulation
results arises in 3.3 days after the starting moment
of time. The determined optimal regime of
maintaining the given water head range consisted
in increasing the water level in the canals at the
time of 1.74 days for 1.43 days. In such case,
water regulation is possible without additional
use of surface irrigation.

The dynamics of weighted averaged water
heads in vertical section is shown in Fig. 4. In the
considered situation, water heads in the vertical
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Fig. 4. Dynamics of averaged water heads in vertical section
(water regulation period is marked with colour)

section at the point of drain installation rise in
the process of water regulation to the level at
which the drainage procedure is activated in the
model (-5 kPa) while moisture content in the
zone between drains still continues to decrease.
As aresult, the two applied control actions do the
opposite — a decrease and an increase of water
level in the canals — that lead to the fixation of
this level together with the maximum average
water head in vertical section in the period of time
preceding the completion of water regulation.

Conclusions. We propose to determine the
technologically effective and economically
feasible values of such constructive parameters
of double-action drainage systems as the
installation depth and the distance between drains
using mathematical modelling methods on the
base of the Richards equation stated in terms of
water head.

The calculated values of parameters are
considered admissible if the system is able to

drain water within a specified period to the
depth sufficient for the operation of agricultural
machinery in spring, and allows maintaining,
through vertical flow of moisture, the moisture
supply of the root layer of the soil during the
period of maximum water consumption by plants
not below the lower limit of the range of optimal
moisture supply without the use of irrigation.
Under the conditions when the implementation
of such a technology is economically impractical,
the possibility of supplementing the drainage
system with an irrigation system is considered.
In this case, the criterion for the optimality
of system’s parameters is the cost of building
a drainage system and an additional irrigation
system. In order to determine the operational
necessity of applying irrigation, a suitable
decision support algorithm is proposed.
Approbation of the methodology on the data
of the existing drainage system demonstrates the
adequacy of the obtained modelling results.
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Anomauia. Bupiwenns 3a60aHHs HAPOWYBAHHS NIOW B8000pe2ynI08AlHs 8 30HI yKpaincvkoeo Iloriccs
nompeoye nouwiyKy ma po3pooneHns HO8Ux, Oinbui eqheKmueHux mMemooie 8UHAYEHHs KOHCIPYKMUBHUX
napamempis OPeHaNICHUX cucmem npu po3pooieHHi NPOEKMIB iX peKOHCMPYKYIL 32i0HO 3 8UMO2aMU 3a6e3-
newenHs 8000pe2yio8anta 6 npoyeci excnayamayii. Pozenadaemovca 3a0aua niosuwjents egpekmusHocmi
6000pe2YNI06aANHS HA OPEHANCHUX CUCTEMAX NOOGIUHOT Oii WIAXOM 3ACMOCY8anHs 3ac00ie Mamemamuy-
HO20 MOOEN08anHs OJisl BUSHAYUEHHS KOHCMPYKMUSHUX NAPAMEMPIE CUCTEM Ma ONepamueHo20 YRPasiiHHsL
numu. Ilpononosani 3acobu 6azyromucs na sukopucmanti pienauns Piuapoca, 3anucanozo y mepminax
Hanopig. Ak 3acio cyenaprHozo Mooento8anHs, chopmyibo8aHO NOYAMKOBO-KPALIO8Y 3a0ayy MOOeNI08AHHS

B0/1020NEPEHECEeHHs HA cucmemax noodsiliHol Jii ma HaA8e0eHO CKIHUEeHHO-PIZHUYesy CXeMy OMPUMAHHA il

YucenvbHo2o po38 'a3ky. Posenadacmvcs 3a0aua GU3HAUEHHA MAKUX 2TUOUHU 3AKIA0AHHA OpeH ma 8i0CaHi
MIHC HUMU 30 AKUX CUCTeEMA 3a0e3nedye e MIlbKU OPeHy8aAHHs NOBEPXHEB020 APy IPYHMY, aie i niOmpu-
MauHsi pieHsl 11020 oN0203abe3nevents 6 3a0aHomy Oland3oni 3a MIHIMAlIbHOI HeoOXIOHOCTI 3aCmOocy-
BAHHSL 3POUEHHS NPOMSI2OM Ce30HY 6ecemayii. Hasedeno ancopumm po3e ’szanmns maxoi 3aoaui, sikuii b6azy-
EMbCSL HA NOOYO0BT MHOICUHU OONYCIMUMUX 3HAYEHb NAPAMEmpPIe CUCTeMU SUKOPUCTIOBYIOUU, 30KPeMd
Memoo bicexyii, 3 N00AIbULO MIHIMI3AYIEI YiNbo8ol GYHKYIT HA Yitl MHOMICUHI. 3a YMO8, KOIu peanizayis
MEeXHON02I] NIOIPYHMOBO2O HCUBLEHHS € eKOHOMIUHO HeOOYLTIbHO, PO32IA0AEMbCA MONCIUBICL 0ONO8-
HEeHHs cucmemu OPeHadxcy cucmemor spouitenus. Kpumepiem onmumanvrocmi napamempie cucmemu
8 YboMy SUNAOKY € 3ampamu Ha OYOIGHUYMBO CUCTEMU OPeHaxCcy i 000amKo80i cucmemu 3POULeHH.
Taxooic po3ensioacmucs 3a0aua OnepamueHo20 YNPAaeiiHHs 6000Pe2yi08AHHIM — GUIHAYEHHS 3d 3A0AHO20
NOYAMKOB020 PO3NOOILY BONO2U ONMUMALLHUX KEPYIOUUX GNAUGI6, HeOOXIOHUXx OJisl 3abe3neyuelHs Oony-
CMUMO20 PiGHS 0OCHYNHOCHI 80702U NPOMA2OM 3A0aH020 nepiody uacy. Lo 3adauy minimizayii nponouy-
EMbCS PO38 A3Y68AMU 2eHeMUUHUM aneopummom. Hasedeno pesynomamu mooenrosanus pobomu cucmemu
docnionoi cmanyii (Yrpaina, Kuiscvka oonacmy).

Knrouosi cnosa: sodopezynosaniisi, cucmemu noositiHoi 0ii, mamemamudne MoOOeOBAHH S
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Abstract. The results of the research show that even today crop cultivation in the entire territory of
the steppe and in a large part of the forest-steppe zone is carried out in conditions of a significant deficit
of the climatic water balance, which necessitates a significant expansion of irrigation application as
a mandatory element of the of highly efficient and sustainable cultivation technologies of the most of
crops. Therefore, without active measures to adapt agricultural production to climate change, which is
accompanied by a significant increase in the frequency and duration of drought events and, accordingly,
a shortage of moisture supply, the restoration and development of irrigation remains the main factor in
increasing the productivity of field crops. The research was conducted in the Eastern Forest Steppe zone.
For the assessment and analysis of climate change, raw meteorological data for 1961-2020 were used. The
data source is the Global Climate Monitoring (GCM) system developed by the Climate Research Group
of the University of Seville. According to the results of the assessment of the dynamics of the average
annual air temperature for 1961-2020, it was established that over the past 30 years the temperature
has risen on average by 1.2°C, and since 1987 the rate of its growth is 0.79°C over the decade, while
the annual amount of precipitation remains practically unchanged. It was established that the potential
evapotranspiration increased by 70 mm and is almost 850 mm per year. With such a difference between
precipitation and potential evapotranspiration, the deficit of the annual climatic water balance reaches
on average almost 300 mm over the last 30 years, against 247 mm in 19611990, and the tendency to its
increase persists. Simulation modeling of the economic efficiency of irrigation based on preliminary results
indicates the efficiency of its implementation, and especially restoration on areas with existing reclamation
infrastructure.

Key words: water demand of plants, irrigation, climate change, water balance, productivity, efficiency

Relevance of research. Currently, the fact
of modern climatic change is recognized by the
world scientific community and does not cause
doubts [1-7]. The main factor that reflects these
changes is a steady increase in the temperature
regime. At the same time, it should be noted
that in Ukraine it is recorded the highest rates
of growth of the average annual air temperature.
If in most European countries the growth rate
of this indicator does not exceed 0.6°C over the
decade, while in Ukraine on average it is 0.71°C
over the decade and varies geographically from
0.62—-0.68°C in the western regions to 0.75—0.78°C
in the southern and eastern regions of Ukraine.

Unfortunately, such a rapid increase in the
average annual temperature in Ukraine is not
accompanied by a significant increase in the
amount of precipitation. Both in Ukraine asawhole
and in its individual regions, it remains practically
unchanged. The results of the research [5-6]
indicate that even today crop cultivation in the
entire territory of the steppe and in most of the
forest-steppe zone is carried out in conditions
of a significant (from 150 to 450-500 mm and
more) deficit of the climatic water balance,
which necessitates significant expansion of
irrigation application as a mandatory element of
technologies for highly efficient and sustainable
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cultivation of most crops. In view of the significant
potential of reclaimed land in Ukraine, namely
2178.3 thousand hectares of irrigated land, of
which about 540 thousand hectares are actually
irrigated, the issue of their effective use remains
open and is the main measure of active adaptation
of agriculture to climate change [8—12].

Analysis of recent research and
publications. The Ukrainian climate is becoming
more vulnerable and unpredictable, warming is
happening faster than in general on a global scale.
According to the Hydrometeorological Center of
Ukraine, in our country, the years 2019-2020 were
the warmest in global measurement. The average
annual air temperature exceeded the standard
by three degrees. Over the last 20-25 years, the
highest temperatures ever observed during the
entire period of meteorological observations
were observed in most of the territory [13]. In
recent decades, water supply has significantly
decreased. Currently, 90% of the steppe zone
in Ukraine needs irrigation. Such territories are
increasing throughout the country as well.

The most important ecological, scientific
and production problem of the agro-industrial
complex of Ukraine is its timely adaptation to
climate change [14].

The main stressful meteorological factors
for the cultivation of field crops are the lack of
moisture and a sharp change in temperature
regimes. To obtain stable and high-quality crops,
it is necessary to compensate for moisture with
irrigation, control evaporation, and prevent
stresses related to high and low temperatures.

Climate change and extreme weather
conditions cause financial losses. The International
Finance Corporation (IFC) has estimated that
over the past 20 years, natural disasters have led
to the loss of more than 2 billion dollars in the
agricultural sector. Almost every farmer suffered
losses [15].

A study by the World Bank [16] shows that,
if emissions continue to rise, the temperature
may increase by more than 4 °C by the end of the
21st century, while the winter will be wetter and
the summer drier, with significant fluctuations
in different regions of Ukraine. An increase in
temperature in summer period may lead to heat
and increased aridity in the south and east of
Ukraine. According to forecasts, by the middle
of the century due to various factors, including
climate change, there will be a decrease in the
yield of the main crops in Ukraine, including
barley, corn and sunflower. However, the yield of
winter wheat in the north and northwest of our
country may increase by 20—40 percent by 2050
compared to 2010.

Therefore, without active measures to adapt
agricultural production to climate change, which
is accompanied by a significant increase in the
frequency and duration of drought events [17]
and, accordingly, a shortage of moisture supply,
the restoration and development of irrigation
remains the main factor in increasing the
productivity of field crops.

Purpose of research is to determine the water
demand for irrigation of field crops, taking into
account the natural water supply in the conditions
of modern climate change.

Research materials and methods. The
research was conducted in the Eastern Forest
Steppe zone (Krasnograd weather station,
Kharkiv region). To assess and analyze climate
change, raw meteorological data of average
monthly (7,), minimum (7,,,), maximum (7,,,)
air temperature and monthly precipitation (R)
for 1961-2020 were used. The data source is
the global climate monitoring system (GCM)
developed by the Climate Research Group of the
University of Seville [18].

The calculation of potential evapotranspiration
(PET) was carried out using the Hargreaves
method (Hargreaves [19]) based on the empirical
equation:

PET = 0.0023 x R, (T,.., + 17.8) x TR, (1)

where, R, is the global solar radiation; 7,,,, —
average daily air temperature,°C; TR — daytime
temperature range (T, — Toin)-

Although the FAO Penman-Monteith
method is recommended for PET estimation,
due to the high data requirements, temperature-
based methods are also considered suitable
for calculations.

To assess the moisture supply, the climatic
water balance indicator (CWB) was used, which
is defined as the difference between precipitation
and potential evapotranspiration [20; 21]:

CWB=R-PET, mm. )

This indicator of moisture supply, namely the
climatic water balance, is better suitable for the
hydroclimatic characteristics of places, regions
or periods, since the hydroclimatic conditions are
described directly using the effective elements of
the water balance, which are “precipitation” and
“potential evapotranspiration” in the absolute
dimension of “mm”.

Depending on the amount of precipitation or
potential evapotranspiration prevailing in the
considered period, the climatic water balance takes
positive or negative values and, thus, indicates
climate-induced surpluses or deficits of the water
balance and its regional distribution [22].

ean
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Research results. According to the results
of the assessment of the average annual air
temperature  dynamics for 1961-2020 it
was established that over the past 30 years
(1991-2020), the temperature has risen on
average by 1.2°C, and since 1987, its growth rate
is 0.79°C over the decade. (Fig. 1). At the same
time, the annual amount of precipitation remains
practically unchanged and amounts to about
550 mm (Fig. 2).
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Fig. 1. Dynamics of the average annual air
temperature for 1961-2020,°C
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for 1961-2020, mm

As a result of the steady increase in the
temperature regime, potential evapotranspiration
has increased by 70 mm and is almost 850 mm
per year. With such a difference between the
precipitation and potential evapotranspiration,
the deficit of the annual climatic water balance
reaches on average of almost 300 mm over the
last 30 years, against 247 mm in 1961-1990, and
the tendency to its increase persists (Fig. 3).

The assessment of the climatic water balance
by the months of the hydrological year shows that
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Fig. 3. Dynamics of the annual climatic water balance for 1961-2020, mm
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the positive balance in the region is preserved on
average until the end of May (Table 1). However,
already in June, there is its deficit of 58 mm, and
by the end of the growing season of late crops, it
exceeds 250 mm.

Recalculating the deficit of the climatic water
balance to the irrigation rate, the water demand
for early crops is about 600 m3/ha, and for late
crops it is 2500 m*/ha.

Irrigation efficiency. Simulation modeling
of the economic efficiency of irrigation by the
average production data of winter wheat, corn for
grain and sunflower in the Kharkiv region, based
on preliminary results, indicates the efficiency
of its implementation, and especially its
restoration on the areas with existing reclamation
infrastructure.

The input data for calculating the economic
efficiency of irrigation are the average yield,
cultivation costs, and purchase prices for
products (without VAT), which, according to the
statistical reporting, were average in 2020. At the
same time, the 2019-2020 hydrological year in
terms of irrigation was generally estimated as dry
with a water balance deficit of 433 mm, against
297 mm on average for 1991-2020 (Fig. 4).

The results of the economic analysis of the
cultivation of individual crops as a whole in
the Kharkiv region for 2018-2020 are given in
Table 2, and in the case of irrigation in Table 3.

The analysis of the given data indicates an
increase in production costs when using artificial
irrigation by 1.7-2.1 times with a significant
increase in the cost of gross profit — up to

1. Climatic water balance by the months of the hydrological year, as a cumulative total, mm

Months

Years XI | XII| 1 o | 1

IV | V| VI | VvII | VIII IX X

1961-1990 31 | 74 | 110 | 138 | 140

98 | 28 | -45 | -126 | -206 | -246 | -247

1991-2020 26 | 65 | 102 | 128 | 133

87 | 20 | -58 | -159 | -257 | -298 | -297

Diference -5 -8 -9 -10 -6

-11 | -7 | -13 | -33 -50 -52 -49
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Fig. 4. Dynamics of the climatic water balance as a cumulative total
for the 2019-2020 hydrological year (Krasnograd, Kharkiv region)

2. Economic efficiency of crop cultivation in 2018-2020 without irrigation (in the prices of 2020)

Yield, Cultivation S(ixllei:ﬂl:(r)llfte Cost of gross Gross Profitability,
Crops ton/ha costs, VAT), production, profit, o
UAH/ha UAH/ton UAH/ha UAH/ha
Winter wheat 5.0 10740 5017 25085 14345 134
Corn for grain 5.5 11470 4669 25680 14210 124
Sunflower 2.3 10370 10860 24978 14608 141
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3. Economic efficiency of crop cultivation in 2018-2020 with irrigation (in the prices of 2020)
] = = -§ = = 5 % g E &
23| o|288EE8 |58 8|2 8| REE | & |
Crops | oS |EEE|25EEE|SE84E|S545| o 8% | 8% |B
P HE|2EE| ST |F LR EE<| 2% | g< |E°
27| E T L ERPD|F ETD| BTH| gD | 226
S N o o ) =B
A B O
Winter wheat 8 600 1200 1440 17550 40136 | 22586 | 129
Corn for grain | 12 2600 5200 6240 23445 56028 | 32583 | 139
Sun-flower 4 1300 2600 3120 18675 43440 | 24765 | 133

Note: "the cost was determined based on the average actual value of the final cost for the consumer in the
Kharkiv region for 2020, excluding the fee for special water use; ““without taking into account the amortization
of capital investments for irrigation and the use of credit resources

8000 UAH when growing winter wheat, up to
18000 UAH when growing corn for grain, and
up to 10000 UAH when growing sunflowers.

Therefore, the main negative manifestation of
modern climate change is a significant decrease
in the moisture availability of the territory and,
accordingly, an increase in the need for additional
water resources for irrigation. Such changes,
in view of the entire area of available irrigated
land in the Kharkiv region, require additional
28 million m* of water. Even having the actual
irrigated area of about 9000 hectares, the
water demand to ensure high crop productivity
increases by almost 4 million m®. Thus, applying
irrigation, despite the almost the same production
profitability, the estimated gross profit of
9-18000 UAH exceeds the option without
irrigation. In addition, it should be borne in mind
that irrigation practically eliminates the risks
associated with droughts.

Conclusions. The dynamics of the average
annual air temperature for 1961-2020 shows that
over the past 30 years, the air temperature in the
Kharkiv region has risen on average by 1.2°C,
and since 1987, its growth rate is 0.79°C over the
decade, while the annual amount of precipitation
remains practically unchanged — 550 mm.

The assessment of the climatic water balance
by the months of the hydrological year as
a cumulative total for the studied period shows that
the positive balance in the region is kept on average
until the end of May. Recalculating the deficit of
the climatic water balance to the irrigation rate, the
water demand for early crops is about 600 m?/ha,
and for late crops it is 2500 m*/ha. The results of
simulation modeling of the economic efficiency
of irrigation when cultivating the main crops in
the Kharkiv region indicate the efficiency of its
application, and especially of its restoration on the
areas with existing reclamation infrastructure.
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Anomauia. Pezynomamu 0ocniodicens ceiouams npo me, wio yice Cb0200Hi BUPOULYBAHHS CLTbCbKO2OCHO0AD-
CHKUX KYIbIYP HA 6CI mepumopii cmenogoi i Ha Oinbiuitl 4acmuHi 1icocmeno8oi 30Hu 6e0emvbCsi 8 YMOBaAX
SHAYHO20 Oeqhiyumy KIIMAMuUyHO20 B00HO20 OALAHCY, WO 3YMOBIIE HEOOXIOHICIb CYMMEBO20 PO3ULU-
PpeHHs 00cA2i6 3aCmOoCy8anHs 3pOULEH S AK 0008 S3K08020 eleMeHMA MexXHON02Il 8UCOKOepeKMUBHO20
ma cmano2o euUpowyeanis Oinbutocmi cintbcbkococnodapcvkux kynemyp. Omoice, 6€3 akmusHux 3axo0ie
aoanmayii azpaproco 8UpOOHUYMEA 00 3MiH KAIMAMy SKI CYRPOBOONCYIOMbCS 3HAUHUM 3DOCAHHIM
yacmomu ma mpusanioCcmi NOCYWIUSUX 8uUly I 6I0N0GIOHO dediyumom 6010203a0e3neuetHsl, BIOHOGLCHHS.
Ma po36UMOK 3POUWEHHS 3ATUUAEMbC 20T08HUM YUHHUKOM NIOGUWEHHS NPOOYKMUBHOCMI NOIbOBUX
kynemyp. Jocnioscenns npoeoounucs 6 30ui Cxionoeo Jlicocmeny. [{nsi oyinku ma ananizy KiimMamuyHux
SMIH BUKOPUCTAHO 8UXIOHT Memeoponoeiuni oani 3a 1961-2020 pp. /cepeno oanux — cucmema enodans-
Ho2o monimopuney knimamy (GCM) pospobnena I pynorw docniosxcenusn kiimamy Yuigepcumemy Ceginbi.
3a pezynomamamu oyinku OUHAMIKU cepedHbopiunoi memnepamypu nosimps 3a 1961-2020 pp. ecmanos-
neHo, wo 3a ocmani 30 p. memnepamypa niosuwunace 6 cepeonvomy na 1,2 °C, a 3 1987 p. wsuoxicms
it spocmanna cmanosums 0,79 °C/10 p., npu yvomy, piuna KilbKicms onadie 3aiuuacmovcs NPakmuyHo
He3MinHOW. Bemanoeneno, wo nomenyitina esanompancnipayis 30invwunace Ha 70 mm i cmanogums
matixce 850 mm 6 pik. 3a makoi pizHuyi misc onadamu ma NOMeHYIUHOW esanompacnipayicio degiyum
PIUHO20 KNIMAMUUHO20 800H020 DANAHCY cs2a€ 6 cepeOHboMy 3a ocmanHi 30 poxie matidxce 300 mm, npomu
247 mm 6 1961-1990 pp. i mendenyis 0o 11020 30invwenns 30epicacmocs. Imimayitine MoOe08aAHHI
EKOHOMIYHOI e(heKmUGHOCMI 3pOULeHH sl 3a NONEPEOHIMU Pe3VIbMAmamu CeIOUUMb NPO OOYIIbHICMb 11020
8NPOBAOICEHHSL, A OCOONUBO BIOHOGLEHHSL HA NIIOWAX 3 HASLBHOI MENIOPAMUBHOIO IHPPACMPYKIYDOIO.
Knrouosi cnosa: sooonompeda pociun, 3pouieHHs, 3MIHA KAIMamy, G0OHUL OANAHC, VPOJICAUHICMDb,
ehexmuesnicmy
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Abstract. The practice of EU countries on the establishment of water tariffs for irrigation of agricultural
crops and the procedures for recouping funds spent on water supply for irrigation is considered. As the main
sources of information for the manuscript were noted publications and regulatory documents of Ukraine,
reports of EU bodies, and the World Bank, in which a critical analysis of pricing practices in irrigated
agriculture in EU countries for 2005-2023 was carried out. The grouping of information on the area of
irrigated land, the level of return of funds spent on water supply, and attention is paid to a methodical
approach to the development of tariffs for water transportation. The interpretation of the reasons for the
natural character, which were guided by state management bodies when applying economic tools for
irrigation management in their territories, are presented. For certain countries with big areas of irrigated
land (Italy, France, Greece, Spain, Portugal, and Romania), significant achievements of tariff formation
and reimbursement of funds have been determined. Aspects of water tariff formation, water accounting,
development of water user associations, and taxation of water fees are disclosed. countries were classified
according to water pricing, taking into account the state of water resources and melioration systems,
types of tariffs, pricing mechanisms, the state of return of funds spent on water supply due to tariffs,
measurement of water volumes, as well as solving additional problems of applying economic tools in
irrigated agriculture — institutional (administrative, legal) measures, the impact of water charges on the
country s agricultural economy, etc. Since the requirements of the Water Framework Directive (WFD) are
the dominant approach in the implementation of tariff formation in irrigation in EU countries, the level
of achievement of indicators of the quality of WFD implementation by countries was considered. It has
been established that the vast majority of global practices for forming tariffs for water supply services
for irrigation, capital investments in reclamation infrastructure, and its maintenance, show that they
are based both on national interests and on the interest of water users and organizations that provide
logistical support.

Key words: water supply, irrigation, tariffs, cost compensation, management, system approach,
European Union (EU)

Relevance of research. Establishing tariffs
for irrigation water supply is considered an
important economic tool for implementing the
state’s water policy. The goal of the Strategy
of Irrigation and Drainage in Ukraine for
the period until 2030 [17] is to increase the
potential of irrigation and drainage of Ukraine
by stimulating the expansion of the areas of
irrigated and drained land, the use of reclaimed
land, and encouraging the efficient use of water
by improving institutional efficiency and service
to water users. The modern development of land
reclamation using a systemic approach assumes

that the solution to methodological issues of tariff
formation for water supply and drainage services
for irrigation and drainage in Ukraine should
be based on best global experience in irrigation
infrastructure management. In the USA, China
and India the development of meliorative
agriculture makes an important contribution to
the policy goal of ensuring food security, in the
most Eu countries produce most of their grains
and oilseeds without irrigation, so it is hardly
the basis of their food security. Restoring the
key role of land reclamation in ensuring the
sustainability of Ukraine’s agriculture under
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climate change is one of the priority tasks of
Ukraine’s agrarian policy [6].

Analysis of recent research and
publications. Researchers substantiated the
feasibility of transferring irrigation in Ukraine
to full self-funding, bringing the actual irrigated
area to a higher design level, and to continue the
useful practice of reimbursing the cost of water
supply services until the implementation of the
tariff system [3; 14]. For this, it was proposed to
ensure the transparency of the tariff formation
system, the necessity to involve water users in
the formation of tariffs [11; 16], the participation
of interested parties in decision-making in
the relevant sphere of state policy, improving
the quality of irrigation and drainage services
and stimulating the public-private partnership
mechanism [12]. Tariffs for irrigation water
supply should cover all costs of those services,
that is, their level should be sufficient to transfer
irrigation to self-financing [16]. According to the
results of calculations in 2019 prices, the transfer
of irrigation to full self-funding will be possible
with the average amount of water charges in the
south of 3.0-3.5 UAH per m® and bringing the
actual irrigated area on each irrigation system to
65-70 % ofthe design level [ 14; 6]. Calculations of
the economic payback of investments in irrigated
agriculture do not contradict the indicators of
economic return with incomplete coverage of the
control area in Ukraine now. Scientists previously
noted that tariffs for services should be formed
with the participation of all interested parties,
which is realistic only under the condition of
a transparent system of tariff formation [11; 14],
at the same time, a transition from the practice of
reimbursing the cost of water supply services to
introduction of the tariff formation system [14].

The 2022 “Law on the organization of water
users and stimulation of hydrotechnical land
reclamation” provides the legal basis for Water
Usera’ Organizationa (WUOs) [13] and states
that “the determining the tariff for WUO services
or the methodologies (formulas) for calculating
such a tariff, the order and terms of payment for
WUO services to the exclusive competence of the
general meeting of the WUO” [13, Article 12];
“the components of the tariff for WUO services
are the costs of maintenance of the WUO,
remedial network, water intake, delivery to
the water user and its removal, and WUO
maintenance costs” [13, Article 20]; “the costs
for maintenance of WUOs and maintenance of
the reclamation network of WUOs are paid by
water users in proportion to the area of their
land plots included in the territory of WUO
service” [13, Article 20]. At the beginning of the

@

21 century, there was a significant development
of the literature on the assessment of ecological
assets related to ecosystems [1], and the issue
of improving water resources management in
the EU countries was considered [1-5; 7; 8]. In
Ukraine, there are no publications summarizing
the experience of EU countries regarding water
charges and refunds.

The purpose of the study is to generalize and
systematize scientific approaches to the methods
of forming irrigation tariffs and recouping funds
spent on irrigation water supply, in the context
of developing a tariff formation mechanism for
Ukraine.

Research methods. Research employed
the historical-logical method (establishing
significant results regarding the processing of
water tariffs and the return of funds spent on water
supply), the logical-abstract method (expanding
information from official reports, literary sources,
and best practices), the analytical-synthetic
method (processing the received information and
synthesizing the results in the form of consolidated
data on water tariffs and compensation of funds
spent on water supply by EU countries), and
systematic analysis for summarizing the results
of research and implementation of best practices
of EU countries regarding water tariffs and
reimbursement of funds for water supply.

Research results. Improving the management
of water resources has found support in the
European Union. Water reform in Europe is based
on the Water Framework Directive (WFD) [10],
which entered into force in 2000. Currently,
EU member states have transposed the WFD
into national legislation as a general framework
governing the water policy of each member state,
with key dates for the national implementation
of the WFD, including development of river
basin plans (2009); introduction of price policy
(2010); achieving environmental goals (2015);
and complete implementation of the entire
WEFED (2027) [7]. Each country must find its
own balance between the three main sources of
financing (tariff, tax, and transfer, or “3T”) [7]. At
the same time, typically countries of OECD (the
Organization for Economic Co-operation and
Development), where most of the agricultural
sector (and domestic/industrial sectors) are
connected to the water infrastructure network,
rely heavily on water tariffs to cover the costs
of operating and maintaining agricultural water
supplies. EU regulations specify the role of
water fees (water tariffs) as users’ actual financial
payment for water access. Tariffs are supposed
to cover full costs (operation and maintenance,
capital costs, environmental and other costs),
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although in less economically favorable regions
or for reasons of social security and stimulation
of reclamation development, some deviations
from this principle are possible to guarantee all
consumers access to water.

Table 1 shows data on irrigation water tariffs
for all 27 EU countries. The countries in the table

1. Summarized information on the availability

are placed in the order of their inclusion in the
community during the period of formation and
expansion of the EU, starting from 1957, until
2013, when Croatia became such a member.

The experience of tariff formation and cost
compensation in countries with large areas of
irrigated land are of greatest interest.

of irrigated land, water tariffs for irrigation in EU countries
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Name of the country, area
of irrigated land, thousands
of hectares, equipped/
actually irrigated [11]

Development of tariffs for supplied water [5]

Slovenia, 15.6/7.1

There is no data.

Cyprus, 55.5/45.4

Government/State Irrigation Schemes: Single Volume Tariff with
Variable Price Levels (Usage).

Malta, 3.6/—

Direct volumetric tariff for non-potable water supplied from public
wells.

Name of the country, area
of irrigated land, thousands
of hectares, equipped/
actually irrigated [11]

Development of tariffs for supplied water [5]

Belgium, 23.8/5.5

Users who draw water from underground and surface sources pay a fee
based on the declared amount of water.

Ttaly, 3977.2/2732.7

The tariff system is based on covering the current costs of servicing
the territory. Only a small part of the irrigated area is measured and
evaluated by volume. Water users pay directly for water (for a water
abstraction license), as well as transportation tariffs.

Luxembourg, 0.036/0.027

Tariffs vary by the municipality but are calculated based on an agreed
methodology.

The Netherlands,
476.3/119.2

Groundwater users pay a provincial fee to cover the costs of monitoring
and controlling groundwater quality.

Germany, 515.7/234.6

The price of water is based on the costs of production, treatment, and
transportation. Limits for calculating fees for water supply and drainage
services are defined.

France, 2723/1939

Farmers pay a two-rate tariff (i) a fixed fee per hectare (ii) a volumetric
fee for the water used.

Great Britain (as of January
31, 2020, the country left
the EU), 228.9/147.3

Each region is allowed to set a fee to recover the costs of managing the
water supply. Farmers pay a fee when they apply for a water abstraction
license, as well as an annual fee that depends on location, type of water
use, water quality and season.

Denmark, 299/—

A fixed rate of payment for water is established.

Ireland, No data available

Fees are charged based on the volumetric method.

Greece, 1521.6/1294 .4

The amount of the water fee depends entirely on operating costs,
including fuel or electricity consumption.

Spain, 3828.1/3437.4

The per-hectare fee is applied to 82 % of the irrigated area, the volumetric
fee is applied to 13 %, and according to the two-rate (binomial) method
to 5 % of the area.

Portugal, 647.4/248.0

Water users are obliged to pay an annual set fee (fixed) per hectare and
depending on the profit from growing crops.

Finland, 103.8/15.0

Mixed tariff system (two-rate) fixed and volume.

Austria, 116.1/43.5

Mixed tariff system: fixed and volume fee; tariff systems differ between
regions.

Sweden, 188.5/52.2

There is no data.

Poland, 82.3/70.5

Different schemes: mixed, fixed, volumetric.

Hungary, 208.4/148.7

The fee for water supply consists of a fee for water intake and
transportation. It is established by the government to finance the costs
of water resources management.

Czech Republic, —/17.3

Tariffs for water from public water supply systems are regulated by
the Law: mixed tariff system, fixed and volume fee (additional for
exceeding the limit).

Slovakia, —/57.0

Contractual prices for water supply and water for irrigation are not paid.
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Estonia, 1.4/0.6 There is no data.

Lithuania, 4.1/1
source of water.

Single volume tariff: volume fee for water intake depending on the

Latvia, 1.0/—

Single volume tariff: volume fee for water intake depending on the
water source, extra-limit intake is taken into account.

Bulgaria, 545.2/—

Fee for water intake and water supply. Prices for irrigation depend on
the methods of supply, it can be self-flow or with pumps.

electricity costs.

Water prices are set by the government for each type of water use, and
Romania, 2149.9/221.1 all farmers in the country pay a set fee. The government covers all

Croatia, 9.3/—

Mayors of municipalities must approve water prices; water suppliers
publish price calculations.

Source: generated by the authors based on [5—7; 10; 11]

In Italy, all water bodies have been turned
into public property (Law of 1933). The water
supply system relies on “Reclamation and
Irrigation Consortia” (RIC) (Consorzi di Bonifica
e Irrigazione), which are managed by landowner
associations that control land reclamation and
water distribution in a given region. RICs distribute
about 50% of the water used for irrigation. There
are two payment instruments (i) tariff and (ii) fee
for unregulated water and self-service (equally for
surface water and groundwater) for self-abstraction.
At the same time, the fee for drainage services is
calculated in proportion to the benefit received
(ranking plan) and based on the service area [2; 3].

France has a wide range of irrigation facilities.
The share of the area with low-pressure sprinklers
dominates (90%) in the area of irrigated land.
By 2005, more than 70% of farms and 85% of
irrigated areas were equipped with volumetric
devices, and since 2006, the installation of
volumetric meters has become mandatory for
farmers. Pricing systems range from “average
costs” to “marginal costs” used in conjunction
with quota systems. The water charge has two
components: a basin charge (based on the average
water intake) and a consumption component
(charged from the difference between water intake
and return flows). The criteria, used to set the fee
vary significantly from basin to basin, are mostly
dependent on characteristics such as drought
probability, user type, capital expenditure,
ownership, and other basin characteristics.

The main consumer of water in Greece is the
agricultural sector. Irrigated area has increased by
about 65 % overthepast 20 years asaresultofastrong
political commitment to increase both agricultural
production and farmers’ incomes. There was only
one country that transpose the Directive [10] into
national legislation. The appointment of regional
water directors and councils for each water region/
river basin district has been established.

Irrigation provides 50% of Spain’s final
agricultural output. Water management has
traditionally been based on the existence of
district basin administrations as the main bodies
with the authority to regulate surface water,
although they can enter into agreements to manage
unregulated waters (e. g., tributaries of rivers
without infrastructure) and groundwater. There
is no charge for the use of groundwater. User
communities (irrigators) function as associations
of water users, which are controlled by farmers
(irrigation associations), but mainly by the state.

Flood irrigation and gravity systems
predominate in Portugal. The role of the state in
promoting irrigation projects has traditionally
been quite limited. Water tariffs for agriculture
are charged by water user associations according
to complex mechanisms and formulas. A fixed
fee per hectare, taking into account the profit
received, is dominant.

In Romania, ground (10 %) and surface (90 %)
water for irrigation are used. In the southern
regions, irrigation was created on three levels
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(terraces), mostly using the water resources of
the Danube River. Restoration of the existing
irrigation potential is the main measure for the
economic development of the agricultural sector.
The implementation of integrated management
of water resources at the level of river basins and
the modernization and reconstruction of existing
irrigation systems using energy-saving self-
propelled irrigation are considered the main goals
of agrarian policy [9].

Since the reform of the water management
system of Ukraine involves a significant
increase in the area of irrigated land, not only
the experience of EU countries with large size
irrigated areas but also with small and medium

areas of such lands are of great importance for
Ukraine. Table 2 presents generalized information
on tariffs for water supply for irrigation and on
the return of funds spent on water supply through
the tariff mechanism by grouping information by
EU countries.

Conclusions of the European Commission
report on the role of water prices [1]. Further
and stronger efforts are needed in the EU
countries to provide adequate incentives for the
efficient use of water in the agricultural sector.
Most often, the right to take or use water is first
issued by a state authority through the granting of
licenses or permits. Authorization and clearance
procedures (e. g., permit requirements) may vary

2. Information on tariffs for water supply for irrigation and compensation
of funds spent on reclamation infrastructure in EU countries

Measures / directions

| Countries are the subjects of paid water use

Tariffs for supplying water for irrigation

Water pricing

For use in agriculture (Greece, Malta, Spain, Cyprus, Hungary, and
the Netherlands) or for irrigation (Estonia, Slovakia, and Finland).

Fee/tariff for direct water
intake

The fee is paid above the specified threshold in Belgium, France, the
Netherlands, Great Britain, the Czech Republic, Germany, Finland,
and Ireland.

There is no minimum intake
volume at which tariffs or the
requirement for approvals start

to apply

Denmark, Italy, Lithuania, Portugal, Bulgaria and Slovenia.

Fee for direct water intake

In Italy, small fees are paid for licenses or permits. In the Netherlands,
farmers pay an area-based fee to cover the water board's maintenance
costs.

The tariff depends on the
level of service, where the
pressurized water supply
has a higher price compared
to gravity-fed distribution
systems

Volume (flat) tariffs are usually applied in Cyprus and Luxembourg.
In Cyprus, a fee of m® is charged from irrigator organizations when
irrigating on systems built at the expense of the budget. Some
collective systems in Greece, Spain, and Italy apply volume tariffs.

Mixed tariffs. These fees
combine a flat rate based on
area or yield with a volumetric
element

Austria, the Czech Republic, Hungary, Finland (livestock and dairy
farming), Germany, Ireland, Poland, and Spain use mixed tariffs
for water supply for agriculture. In Spain, the volume component
depends on the volume or time of irrigation. In France, mixed or
binomial tariffs are most often used for non-gravity supply systems.

Rate based on area irrigated

Spain, Greece, Italy, France, Poland, Malta and, to a lesser extent,
Cyprus.

Penalties for exceeding
limits or for excessive use in
conditions of water scarcity

Some water supply systems in a number of member states as Cyprus,
Spain, France.

Compensation of funds spent on reclamation infrastructure

Countries do not feel the
burden on the water when the
funds are returned

Austria, Denmark, Finland, the Netherlands, Luxembourg, and
Great Britain used money 100 % refunds for financial needs.

Operation and maintenance
costs for providing water are
only partially covered

Spain, Portugal, Poland, Italy, Greece, Bulgaria and Cyprus.
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Ending of Table 2

Measures / directions

Countries are the subjects of paid water use

An unspecified portion of
environmental and resource
conservation costs is
reimbursed

Great Britain, the Netherlands, France, Belgium (Flanders),
Germany.

Reimbursement of costs for
maintenance of reclamation
systems due to tariffs

Less than 100% of capital expenditure for Italy, the Netherlands,
Ireland, Greece, Spain, Portugal, Poland, Hungary, Bulgaria, and
France; close to 100% for Belgium, Luxembourg, Great Britain,
Denmark, Finland, Austria, Sweden, Cyprus, Romania, and 100 %
of financial costs for Latvia.

Problems with water metering
for water billing

On a small part of the irrigated area, water is measured and assessed
by volume, tariff, and fee for unregulated water and independent
water abstraction, the priority level for Italy; based on metered
water metering in Ireland, volume tariff with variable price levels
for Cyprus, single volume tariff with differentiation for Lithuania,
base and over-limit volume meter readings for France, capped
volume rates for Latvia.

Achieving the quality
indicators of meeting the
requirements of the WFD [1]

Belgium, the Netherlands, and Germany reached 80 %; not reached
Spain, Slovakia, and Estonia; movement towards the introduction of
volume payments in Italy.

Countries are in the process of
improving the evaluation and
internalization of the ERC

Cyprus, Spain.

Side/additional problems of applying economic instruments

Institutional mechanisms of
water use

The role of regional governments in Belgium, Great Britain, and
Germany; participation of government institutions and water
boards of the Netherlands, Luxembourg, Greece, Hungary, Italy,
Romania, and Croatia; ecological and economic accounting in
Spain, price subsidies by governments in Bulgaria, Romania, the
government covers electricity costs in Romania, state policy to
increase agricultural production and farmers’ incomes in Greece,
restrictions for calculating fees for services, price calculation is
based on extraction, cleaning and transportation costs in Germany,
publication of price calculations in Croatia.

Creation of an association of
water users

Austria, Bulgaria, Great Britain, Greece, Denmark, Ireland, Spain,
Italy, Cyprus, Portugal, Romania, Hungary, Sweden.

The impact of water charges
on the agricultural economy

Share of water charges in total irrigation volume (2-8 %) in France,
irrigation costs are 20% of total costs of growing major crops in
France, water costs are less than 7% of total farmer costs in the UK,
water charges are 20 % of costs farmers for water and 0.5-2 % of the
gross value of cultivated crops in Hungary.

Water for watering (for
irrigation) is not paid for by
farmers

The Netherlands, Germany, Slovakia.

Source: formed by the authors based on [1; 4; 7; 9]

depending on the amount of water withdrawn
or the capacity of the pumps. For groundwater,
threshold values are sometimes more stringent
than for surface water. The justification of the
initial distribution may take into account the
availability of water resources, the purpose of
abstraction (use), ecological needs, and other
types of uses and sources. The time periods or
duration of authorizations for the withdrawal of

agricultural/irrigation water vary considerably
between Member States.

There is great heterogeneity both in terms of
structure and level of water prices. For water intake
(with independent water intake), tariffs are usually
volumetric, at low rates, and above the minimum
limit. Some countries differentiate the tariff
depending on the state of the resource. In more
than a third of the Member States, farmers do not
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pay for water withdrawals. These exceptions tend
to exist in several southern European Member
States that experience water scarcity. This means
that a significant share of the volume of water for
agriculture in the EU is not estimated.

There are several pricing mechanisms for
water supply to farmers. For gravity supply
systems, disincentive area charges are still
common, while mixed systems and volume
charges are becoming more important. The
volume price may be limited to certain regions of
the country and usually depends on the provided
pressurized water service. Some Member States
have introduced fines for excessive consumption.

Thelevel of cost compensation in EU countries,
as well as water tariffs, is very different. For at
least one third of the member countries, operation
and maintenance costs for water provision are
only partially reimbursed. More often, capital
investments are subsidized (at least in part) by
the country/regions. Environmental and resource
costs have not become a central element of pricing
policy. The practice of state capital subsidies to
irrigators in water-scarce regions helps farmers in
their country to be more competitive.

Although the use of economic instruments,
such as tariffs, taxes, benefits, fines, funding
of reclamation programs from the budget, etc.,
can contribute to solving problems of water
quantity and quality, economic instruments for
water management cannot replace conventional
management and supply policies; rather, they should
be designed to complement said policy. Achieving
payback indicators, developing water pricing and
trading mechanisms, clarifying and changing water
rights, and institutional mechanisms should be
supported by more reliable information [7].

Using the experience of EU countries in
Ukraine. For Ukraine, given the significant
achievements in irrigation at the end of the
twentieth century and its transformation into
a guarantor of world food security [6], its necessary
urgently implement the recovery of irrigated
agriculture in large areas due to its strategic and
export-oriented nature, the presence of different
climatic zones, the achievements of both the
irrigation “grands” of the Mediterranean region
of Europe and new EU members with a positive
experience of renewing the agricultural and water
sectors of the economy. The search for appropriate
approaches, factors, and procedures for tariff
formation in Ukraine is underway. Information
on water tariffs and compensation for individual
countries (Table 2) will be used critically as
analogs of decision-making in Ukraine.

The influence of the experience of the EU
countries on the methodical component of tariff

formation in Ukraine will be the establishment of
aclearprocedureforfixingtariffs, theuseofdifferent
pricing formulas by regions of the country, the
use of progressive, seasonal and increased tariffs
for water; introduction of regulations regarding
tariff calculation, stimulation of efficient use of
water resources; irrigation water accounting
rules, ensuring compliance with the principle
of justice (ensuring equal access to services
and equal opportunities, strengthening trust in
the system), effective coordination of actions
between water user associations and reclamation
system operators when owning the distribution/
supply infrastructure. Tariffs are expected to be
established while ensuring economic efficiency,
financial stability, and fiscal clarity.

A combination of innovative water
technologies, management measures, and
economic tools (including a tariff-setting
mechanism) will be needed to prevent water
scarcity problems [2]. Effective use of reclamation
(irrigation and drainage) infrastructure, on the one
hand, and financing expected service requirements
mainly through tariff levels (fees), on the other
hand, will allow extending the life of irrigation
infrastructure and improving the level of water
use. This can lead to financial savings (providing
better services and facilitating cost recovery),
as well as assistance to avoid infrastructure
deterioration and delay investment needs.

Conclusions. The positive experience of
countries with a developed sector of irrigated
agriculture will be valuable when transitioning
from the system of water tariffs payment for water
supply services to the introduction of tariffs. In
terms of economic content, water tariffs tariffs
for water supply services for the irrigation of
agricultural crops are classified as an important
economic tool of irrigation management. The study
of the practice and experience of the EU countries
shows that an effective tariff-setting mechanism for
water supply services in Ukraine should be based
both on the solution of administrative and legal
problems in the plan of continuing water system
management reforms [6], and on the approval of
known schemes [13] and proposals regarding the
combination of the interests of the state and water
users regarding the effective use of irrigated lands.

Directions for further research: In order to
obtain reliable data on the appropriateness of tariff
options, should be ensured clear accounting of data
concerning water volumes (payment and supply
schedules), land areas, electricity, costs related to
various areas of activity, making the calculation,
and separate accounting of works on irrigated areas
are required and drained objects of engineering
infrastructure, drawing up plans for technical
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maintenance, current, major repairs, investment and water users on the use of tariffs based on the
plan; preparation of reports on the activity of WUOs  results of pilot projects and individual systems.
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Anomauyia. Posensnymo npaxmuxy kpain €C i3 3anposadiicenns mapudie Ha 600y 05l 3pOUEHHS Cilb-
CbKO20CNOOAPCLKUX KVIbIYP Ma Npoyedyp NOGepHeHHs. KOWMIE, GUmpaieHux na 6000N0CMAaiants Ois
spowens. Ochosnumu Odxcepenamu ingopmayii cmammi cmanu nyonikayii ma HOpMAMueHi OOKYMeHmu
Vrpainu, 3eimu opeanie €C ma World Bank, y axux npogedenuti KpumuuHuii auaiiz npakmuky yiHo-
ymeopenHs y 3poutyearomy zemnepoocmei kpain €C 3a 2005-2023 pp. Ilposedeno epynysanns ingop-
Mayii npo naowy 3pouLy8anux 3emeib, pieeHb NOBEPHEHHs KOWMIB, SUMPAYEHUX HA 6000NOCMAYAHHS,
y8azy npudiieHo MemoouuHoMy nioxo0y 00 po3pooKu mapugie Ha MpaHCnopmyearus 6oou. Bukiaoeno
MAYMAYEHHs NPUYUH NPUPOOHO20 XAPAKMeEPY, AKUMU KePYBANUCA OpeaHu YNPAGIIHHI 0epicasamu npu
3ACMOCYBAHHI eKOHOMIYHUX THCMPYMEHMI6 YNPAGIiHHs 3POMEHHIM HA CBOIX mepumopisx. 3a okpemumu
Kpainamu i3 3nauHumu niowjamu 3poutyeanux zemensv (Imanis, @panyis, Ipeyis, Icnanis, [opmyeanis
ma Pymynisy) eusnaueno eacomi oocsaenenns (cknadosi) mapugoymeopents ma 8iouKko0y8ants KOumis.
Posxkpumo acnexmu mapugoymeopenmsi Ha 800y, 001K 600U, PO36UMOK 00 €OHAHL 800OKOPUCTTYBAYIS,
onooamxysanns niamu 3a 600y. O3nakamu Kiacugixayii Kpain 6yno: Hanpsamu YiHoymeopeHHs Ha 600V,
8DAXYBAHHS CMAHY BOOHUX PecypCie ma MeniopamueHux cucmem, pisHo8uou mapugis, mexamizmu yiHo-
VMBOpEeHHs, CHAH NOBEPHEHHS KOWMIB, BUMPAYEHUX HA B00ONOCMAYAHHS 3d PAXYHOK Mapu@is, eumipio-
8anHsl 00Cs2i6 600U, A MAKOIC PO38 SA3AHHSI 000AMKOBUX NPOOLEM 3ACMOCYB8AHHSI eKOHOMIYHUX [HCMpPY-
MeHmMIB Y 3POULYBAHOMY 3eMepOOCMEI — IHCMUMYYIOHATbHI (A0OMIHICMPAMUGHI, NPABOGL) 3aX00U, GNIUE
niamu 3a 800y Ha eKOHOMIKY acpocghepu kpainu mowgo. OCKinbKu OOMIHYIOHUM NIOX000M Y peanizayii
mapugpoymeopenns y 3poutenti kpain €C € gumoeu 600HOI pamKo8oi OUpeKxmusu, po3enioascs pigeHb
00CsACHeHHs. NOKA3HUKIE aKkocmi euxkonanns BPJ] kpainamu. Bemanoeneno, wo nepesasicna Oinviiicmo
CBIMOBUX NPAKMUK QopMY8aHHs mapugie na nociyau 3 nooayi 600U Ol 3pOUleHHsl, KanimalbHux iHee-
cmuyiti 8 Meniopamugny iHgpacmpyxmypy ma ii 06cy208y8ants, c8i0uums, wo 8oHu 6a3yIOMuCa, AK HA
3A2AIbHO0EPIICABHUX IHMepecax, MaxK i Ha 3aYiKAGIEeHOCTMI B00OKOPUCIYBAYI8 | opeanizayill, ujo 3abe3ne-
YYIOMb 102ICMUYHY NIOMPUMKY.

Knrwouogi cnosa: sooonooaua, 3powients, mapughu, KOMnencayis 6Umpam, ynpasiinHs, CUCIHeMHUU nioxio,
Esponeticoxuti Cows (€C)
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Abstract. The temperature of the leaf surface of plants can be used as an indicator of the water stress of
agricultural crops. Since plant temperature is affected by weather factors, it is usually expressed through
the crop water stress index (CWSI). To calculate the CWSI, two input parameters must be known that
relate plant temperature under and without maximum water stress to the water vapor pressure deficit.
These basic equations are specific to each culture and locale. Many studies on the definition of CWSI and
basic dependencies for tomatoes have been conducted abroad, such a study has not yet been conducted in
Ukraine. The purpose of the research is to establish CWSI values and basic equations that are needed for the
purpose of watering tomatoes in the south of Ukraine under subsurface drip irrigation. The paper presents
the results of determining the theoretical and empirical water stress index of tomatoes under subsurface
drip irrigation. The research results confirm that the water stress index can be used to plan the irrigation of
tomatoes both independently and in combination with other methods to increase the accuracy of decision-
making. An analysis of the daily dynamics of the CWSI was carried out, according to the results of which it
was established that in the morning hours the water stress index on average during the observation period
was almost 0, then, as the intensity of solar radiation increased, the CWSI also increased and reached its
maximum value (1.08) at 20:00. The correlation coefficient between the water stress index and the intensity
of solar radiation was 0.63. The relationship between irrigation rate, soil moisture, change in plant stem
diameter, and CWSI was established, the correlation coefficients are —0.60, —0.55, and —0.51, respectively.
Theoretical and imperial methods estimate CWSI equally, there is a high correlation between both methods
(r =0.92). It is necessary to prescribe irrigation or increase the irrigation rate according to the theoretical
and empirical methods of determining CWSI, respectively, for its values of 0.3 and —2.2. The empirical
method of calculating CWSIE using the resulting equations is easier to use. The CWSI values obtained for
tomatoes in this study are closely correlated with the other irrigation methods.

Key words: water stress index, tomato, subsurface drip irrigation, plant temperature, phytomonitoring

Relevance of research. Tomato (Solanum
lycopersicom L.) is a valuable vegetable crop that
is grown for its fruits. About 75 % of tomatoes are
consumed fresh, and the rest is processed. The
sown area in Ukraine is about 80 thous. hectares,
which is 20% of the entire area under vegetable
crops [1]. In the south of Ukraine, this is the most
common vegetable crop. Tomatoes belong to
agricultural crops with a high level of total water
consumption: 5.2-5.5 thousand m’/ha and are
sensitive to water stress [2; 3]. Accordingly, the
determination of the criterion for the appointment
of watering tomatoes is an important element for
the operational management of the irrigation
regime. Today, there are many methods of
irrigation [4; 5; 6], one of the criteria for their
use is the availability of the necessary tools and
qualified personnel. Studies on the determination
of CWSI for tomatoes [3; 7-9] and other [10-15]
crops conducted abroad indicate that this index
is used to assess plant water stress and manage

© Kovalenko 1.O., Zhuravlov O.V., 2023

irrigation. Such studies have not yet been
conducted in Ukraine. Therefore, the need to
conduct research is due to the development of
a method of assigning irrigation that does not
require expensive tools in order to increase the
efficiency and effectiveness of managing the
water regime of the soil.

Analysis of recent research and
publications. One of the simple and accurate
methods of watering, which does not require
complex and expensive equipment, can be the
water stress index (crop water stress index —
CWSI), which is based on measuring plant and
air temperature. Infrared thermometers [3; 10]
or leaf temperature sensors [7] can be used to
measure plant temperature.

The experimental [16] and theoretical [17; 18]
crop water stress index (CWSI), which can be
used to predict irrigation time, was developed in
1981 and has not lost its relevance today [10; 19].
When plants experience water stress, the stomata
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immediately close, transpiration decreases
sharply, and the temperature of the leaves rises.
Studies have shown a close correlation between
the temperature of the plant cover and the moisture
supply of plants. [9; 11; 18; 20]. To calculate the
CWSI, two input parameters must be known that
relate the plant temperature under and without
maximum water stress to the water vapor pressure
deficit. These basic equations are specific for each
culture and locality [8; 9; 16; 19].

Foreignscientists have conducted many studies
on determining CWSI for tomatoes [3; 7; 8; 9],
cowpea [10], corn [11; 14; 15; 19], sorghum [12],
winter wheat [13], pumpkins, soybean,
alfalfa [16], eggplant [21; 22], watermelon [23],
cotton [24], sweet pepper [25] and concluded that
this index accurately assesses the water stress of
agricultural crops and can be used as a criterion
for irrigation.

The purpose of the study is to determine
the value of the water stress index (CWSI) and
the basic equations that are necessary for the
purpose of watering tomatoes under subsurface
drip irrigation in the conditions of the Dry Steppe
of Ukraine.

Research materials and methods. The
study of the water stress index of tomato plants
(CWSI) was conducted in 2019 in production
conditions on the lands of PE “Organic Systems”.
The enterprise is part of the “Agrofusion” group
of companies, which specializes in growing
tomatoes on drip irrigation on an area of
more than 7.5 thousand hectares with further
processing at its own facilities [26]. The research
and production site is located on the territory
of the Chaplyns'koho district of the Kherson
region, Ukraine (subzone of the Dry Steppe,
Google Maps location 46040' N. 33035' E.). The
climate of the research area is moderately hot
and very dry. The sums of temperatures above
+10°C are from 3300 to 3400°C, the amount of
precipitation during this period is 200-220 mm,
and the hydrothermal coefficient according to
G.T. Selyaninov is equal to 0.6 [27]. The soil of
the research and production site is dark chestnut,
low in humus (1.7-1.9%), the soil moisture
content for the 0-50 cm soil layer is 25.8%
of the completely dry soil (174 mm), the bulk
density is 1.35 g /cm?®. Water intake for irrigation
was carried out from the Chaplyns'kyi Canal
(Chaplynska irrigation system, feeding from the
North Crimean Canal, water from the Dnipro
River). In the experiment, the Melman F1
Organic early-ripening tomato hybrid for
machine harvesting was used. Planting scheme
1.50%0.25 m. Irrigation pipelines of the drip
irrigation system are laid at a depth of 0.25 m.

To monitor meteorological parameters,
an automatic Internet weather station iMetos
IMT 300 [28] from the company ‘“Pessl
Instruments” [29] was wused, which was
located directly at the experimental site. The
weather station is equipped with sensors for
air temperature, air humidity, solar radiation,
wind speed, and a rain gauge. The temperature
of tomato plants was measured with an LT-1z
sensor, and the change in stem diameter was
measured with an SD-5z sensor, which was
connected to a PM-11z phytomonitor from
the company “Bio-Instrument S.R.L.” [30].
Sensors for monitoring the physiological state
of plants were installed according to methodical
instructions [31].

The theoretical and imperial water stress index
(CWSI) was calculated using the formula [16—18]:

T -T)-(T -T
(c a) (L G)LBL (1)

(Tc _Ta)UBL _(Tc _Ta)LBL

where (7. — T,) — the temperature difference
of the plant (7)) and air (7,); (Tc-Ta),p is the
lower baseline, the temperature difference that
is achieved under conditions when plants are
well-moistened and have potential transpiration.
Under these conditions, the temperature of the
plant was minimal under existing environmental
conditions. (7. — T,).s 1s the upper baseline,
the fictitious temperature difference under the
conditions if the plant were instantly dried
without any changes. Under these conditions, the
temperature of the plant was the maximum under
existing environmental conditions.

The lower baseline was calculated using the
theoretical method [3; 18], taking the resistance
of the stomata equal to zero (r,=0).

R, —G)xr, VPD
(Tc_Tu)LBL: ( ) N ’(2)
pu,Cp £1+Aj y[1+Aj
Y Y

where: 7, — aerodynamic resistance, s/m;
y — psychometric constant, kPa/°C; R, — total
radiation balance, W/m?; G — heat flow into the
soil, G = 0; p,. — air density at constant pressure,
kg/m’; C, — specific heat capacity of air at
constant pressure, J/kg-°C, C, =1013; A — is the
slope of the pressure curve of saturated water
vapor at temperature, kPa/°C; VPD — water vapor
pressure deficit, kPa.

The upper baseline was calculated using the
theoretical method [3; 18], assuming the resistance
of the stomata to be close to infinity (r,—0).

R —G)xr,
(T; _Ta)UBL :(pw—c)' (3)

s
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The aerodynamic drag (,) needed to calculate
the CWSI according to the Jackson method [18]
was calculated using the formula [32]:

2
4.72><[ln(z d]]
Zy
g 1+0.54u ’ @)
where z — wind measurement height, m; d —
the height of the offset of the zero plane, m;
d = 0,63h; z, — roughness length, m; z, = 0,13h;
u — wind measurement height, m; 4 — the height
of the plant, m.

Other parameters of equations 2 and 3 were
calculated according to the FAO method 56 [33].
To calculate the slope of the pressure curve of
saturated water vapor (A), we used the average
T +T, )

2

temperature of the plant and air (T =

according to the Jackson method [18].

The Empirical Water Stress Index (CWSIy)
was calculated using Equation 1, replacing the
lower and upper baselines with Equations 5
and 6 [3; 7; 10; 15; 16; 19].

The lower baseline ((7,—7,),5,) was calculated
using the empirical method using the formula:
(I.-T,),,, =a+bxVPD, (5)

where 7, — plant temperature, °C; 7, — air
temperature, °C; VPD — water vapor pressure
deficit, kPa; a and b — different constant
coefficients for agricultural crops.

The upper base line ((7, — T,),,) using the
empirical method is calculated by the formula:

(I.-T,),,, =a+bxVPG =

a )UBL

=a+b[es(];)—eS(Ta+a)]’ (©)

|

&

where VPG — water vapor pressure gradient,
kPa; coefficients a and b obtained from the lower
baseline (5); e,(7,) — saturated vapor pressure
at air temperature Ta, kPa; e (7, + a) — is the
saturated vapor pressure at the temperature of
T +a, kPa.

17.27xT,

e, (Tu ) —0.6108 x =77+ 5

2 (7—;7 +a)=0.6108><e237'7+(Ta+”)> (7)

Research results and discussion. The water
stress index was calculated for the daylight
hours (2 hours after sunrise and 2 hours before
sunset) [12]. Research results confirm that CWSI
approaches “0” after irrigation and gradually
approaches 1 as soil moisture decreases [12].
During the observation period, almost all CWSI
values were in the range from 0 to 1. Deviations
from this range were observed in the morning and
evening, when the CWSI values were less than
“0” and more than “1”, respectively (Fig. 1). This
result confirms research [13] on winter wheat
culture conducted in northern China [13]. The
results of the calculations confirm the relationship
between CWSI and plant and air temperature.
Thus, the correlation coefficients between CWSI
and plant and air temperature were 0.71 and
0.64, respectively.

According to the analysis of the daily
dynamics of the CWSI, the tendency of this
indicator to increase from 05:00 to 20:00 is
followed [12; 17; 19]. Thus, after sunrise at
06:00, CWSI was close to “0” on average during
the observation period, then, as the intensity of
solar radiation increased, CWSI also increased
and reached its maximum value (1.08) at 20:00.

CWSI

Fig. 1. Daily dynamics of the water stress index of tomato plants
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The correlation coefficient between the water
stress index and the intensity of solar radiation
was 0,63 (Fig. 2).

For CWSI analysis, the average value
of this indicator was taken at 12:00 and
13:00 [13; 16; 18]. Based on the results of
calculations, it was established that the average
CWSI value of tomato below 0,2 did not
decrease against the background of sufficient
soil moisture, which was also established by
Brazilian scientists [3]. At the beginning of
observations (June 10), the value of CWSI was
0.47-0.50. Then, due to precipitation, and, as
a result, a decrease in the water vapor pressure
deficit, the CWSI decreased to 0.28. After three
waterings of 100 m*/ha on June 1416, the CWSI
increased to 0,42, which indicates an insufficient
irrigation rate. After increasing the irrigation
rate from June 17 to 120 m3/ha, the CWSI index
decreased to 0,30, and later to 0,21. From June 17

to July 15, CWSI was in the range of 0.20-0.30,
indicating no water stress during this period. The
exception was the period from June 26 to 29,
when for technical reasons the irrigation rate was
reduced to 80—-100 m?/ha, and as a result, CWSI
increased to 0.32-0.35.

StartingonJuly 15,the CWSIbeganto gradually
rise from 0.30 to 0.50. This is due to the onset of
fruit ripening, an increase in air temperature, and
a deficit of water vapor pressure [9], as well as
a decrease in the intensity of irrigation. Based on
the results of the analysis, a relationship between
the irrigation rate and CWSI was established, the
correlation coefficient is —0.60. Increasing the
irrigation rate reduces CWSI. It is necessary to
prescribe irrigation and increase the irrigation rate
for a CWSI value of 0.30 (Fig. 3).

The dependence of CWSI on soil moisture is
similar to that on the irrigation rate. An increase
in the rate of irrigation led to an increase in soil
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moisture, and as a result, CWSI decreased. Thus,
at the highest soil moisture of 80-81% MMHC
(June 24 and July 1), CWSI values were the
lowest and amounted to 0.18-0.20. On June
29, soil moisture decreased to 79% MMHC
and CWSI increased to 0.35. The decrease in
soil moisture from July 15 to 78% MMHC
led to an increase in CWSI to 0,4. Based on
the results of the study, a relationship between
soil moisture and CWSI was established, the
correlation coefficient is —0.55. A decrease in soil
moisture by 2-3 % MMHC increased the CWSI
to the threshold values (0.30) for determining the
irrigation period (Fig. 4).

The phytomonitoring method is used for
operational management of tomato irrigation [4],

0,60 -
050 1

0,40 1

(55

therefore the established relationship between
CWSI and the change in stem diameter confirms
that the water stress index can be used to plan
tomato irrigation both independently and in
combination with other methods. Thus, with an
increase in the diameter of the tomato stem, the
CWSI decreased and vice versa. The correlation
coefficient between CWSI and the change in stem
diameter was —0.51 (Fig. 5).

Calculation of CWSI using the empirical
method [3; 7; 10; 15; 16; 19] simplifies the use of
the technique compared to the theoretical method,
which requires more complex calculations. The
Empirical Water Stress Index (CWSIE) was
calculated using Equation 1 by changing the lower
and upper baselines to Dependencies 5 and 6.
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To obtain the equation of the lower baseline
(T.— T),5, we used the data obtained according
to dependence 2. Based on the results of the
calculations, we obtained the basic equations for
determining the CWSI of tomatoes:

(TC -T =-0.842-2.591xVPD, (8)

a )LBL

(T.~T,),,, =—0.842-2.591xVPG. (9)

alupL —

According to the obtained equation 8, it was
established that with a water vapor pressure
deficit of 0,1 to 4,2 kPa, the temperature
difference between the plant and the air was from
1.2 to —6.30°C (Fig. 6).

It is possible to use the obtained equation
of the lower baseline (7, — T,),5, [10; 14; 34] to
determine the irrigation of tomatoes. To do this,
it is necessary to measure the temperature, the
relative humidity of the air, and the temperature
of the plant. Then, by substituting the water vapor
pressure deficit (VPD) in equation 8, calculate the
permissible temperature difference (7. — 7).
In order to determine the time of watering, it is
necessary to compare the temperature difference
between the plant and the air (7. — 7), measured
in the field, with the permissible value (7.—T,), 5,
in this case, three conditions are met:

1. If the value of (7. — Ta) is less than
(T.—T,),5 — watering is not required.

2. If the value of (T, — T,) is greater than
(T.—T,),5 — irrigation is missed, it is necessary
to urgently prescribe irrigation.

3. If the value of (7. — T,) is approximately
equal to (7,—T,),, — it is time for watering.

y=-2,591x - 0,842

Temperature difference Tc- Ta

The values obtained by CWSI calculations
using the theoretical method are greater than the
empirical ones [3; 9; 21]. But regardless of this,
there is a close correlation between both methods
(r = 0.92), which indicates the possibility of
using these methods for the operational planning
of watering tomatoes. The empirical method
of calculating the CWSI; using the resulting
equations 8 and 9 is preferred because of its
simplicity. It is necessary to prescribe irrigation
or increase the irrigation rate using the empirical
method of determining CWSI; when the value
is 2.2 (Fig. 7).

Conclusions. The research results confirmed
that the water stress index (CWSI) can be used for
the operational management of tomato irrigation.
The correlation coefficients between CWSI and
plant and air temperature were 0.71 and 0.64,
respectively.

In the morning hours, CWSI was close to “0”,
then, as the intensity of solar radiation increased,
CWSI also increased and reached its maximum
value (1.08) at 20:00. The correlation coefficient
between the water stress index and the intensity
of solar radiation was 0.63.

The relationship between irrigation rate,
soil moisture, and CWSI of tomatoes was
established — the correlation coefficient was —0.60
and —0.55, respectively. Increasing the irrigation
rate reduced CWSI. It is necessary to prescribe
irrigation or increase the irrigation rate for
a theoretical CWSI value of 0.30.

Therelationship between CWSIand the change
in stem diameter was established: as tomato stem

R2=0,87
-10 4+
-12 + b 4 + + + + + 4
0,0 05 1,0 15 2,0 25 3,0 35 4,0 45
Water vapor pressure deficit, kPa
o (Tc-Ta)LBL o (Tc-Ta)UBL a Temperature difference Tc-Ta

Fig. 6. Temperature difference between tomato plants
and air depending on the deficit of water vapor pressure
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Fig. 7. Dynamics of the theoretical (CWSI;) and empirical (CWSI) tomato water stress index

diameter increased, CWSI decreased, and vice method of calculating CWSIE using the resulting
versa. The correlation coefficient between CWSI  equations 8 and 9 is recommended due to its
and stem diameter change was —0.51. ease of application. It is necessary to prescribe

Theoretical and empirical methods estimate irrigation or increase the irrigation rate using the
the CWSI equally, and there is a high correlation  empirical method of determining CWSIE when
between these methods (» = 0.92). The empirical  a value of —2.2 is reached.
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Anomayia. Temnepamypa nucmogoi no8epxmi pociun moodice Oymu SUKOPUCAHA 8 AKOCMI NOKA3HUKA
600H020 CIMpecy CilbCbKO20CNo0apcbKux Kyabmyp. OCKinbKu Ha meMnepantypy pociu 6nauUeaioms no200Hi
YUHHUKY, i1, 3a36U4all, UPAXCaioms uepes iHOeKc 00H020 cmpecy (crop water stress index — CWSI).
st pospaxynxy CWSI neobxiono 3namu 08a 6xXiOHux napamempa, siki nog si3y1omes memnepamypy pociuH
8 YMOBAX MAKCUMATBLHO20 BOOHO20 cmpecy ma be3 Hbo2o 3 Oehiyumom mucky 600sanoi napu. Li 6azo6i
PIisHANHA cneyughiuni 05t KodCcHOT Kynvmypu ma micyesocmi. bBaeamo docnioxcens i3 euznauenns CWSI
ma 6a308ux 3anedxdcHocmeti 05k MOMAMi6 NPOBEOeHO 3a KOPOOHOM, 8 YKpaini makxe 00CiONCeHHs e He
npoeodunu. Mema oocnioxcennss — ecmanosumu 3uavenus CWSI ma 6a3o06i pieHanHA, AKI NOMPIOHI 0
NPUBHAYEHHS NOAUBIE MOMAMI8 HA Ni6OHI YKpainu 3a nidTtpyHmo6020 KpaniuHHo2o 3pouteits. Y pooomi
HABEOEHO Pe3yibmamu 6U3HAYEHHs. MeoPemuyHo20 Mma eMRIPUYHO20 IHOEKCY B00HO20 CIpecy MmomMamie 3d
RIOIPYHIMOBO20 KPANIUHHO20 3poutentsl. Pe3ynomamu 0ocniodcens niomeepodicyioms, wo iH0eKe 600H020
cmpecy MOANCIUBO BUKOPUCTOBYBAMU 051 NAANY8ANHS NOIUGIE MOMAMIE K CAMOCMILUHO, MAK | 8 KOMNIEKCI
3 IHWUMU Memooamu 015 NiOGUWeHHs MOYHOCmi npuiinsamms piwenus. [Iposedeno ananiz 0060601
ounamixu CWSI, 3a pe3ynemamom K020 6CMAHOBNEHO, WO V 8PAHIWHI 200UHU THOEKC B0OHO20 CmMpecy
8 cepedHbOMY 3a Nepiod cnocmepexceHb 0opisHeas matixce (), nomim, 3a Mipor ni0GULeHHs THMEHCUB-
nocmi consiunoi padiayii, CWSI maxooic 3pocmas i maxcumanbnoz2o ceoeo 3uavenns (1,08) docseas o 20:00.
Koepiyienm xopensyii midic iHOekcom 800HO20 cmpecy ma iHMeHCUHICmIo COHSUHOL padiayii cmanoeue
0,63. Bcmanogneno 36 830K Midic HOPMOIO NOUBY, 8OLO2ICMIO TPYHMY, 3MIHOIO diamempa cmebia pociuH
ma CWSI, koeghiyienmu xopensyii oopisnioroms —0,60, —0,55 ma —0,51 sionosiono. Teopemuunuii ma imne-
puyHuil Mmemoou 00Hakoso oyinroroms CWSI, mixc oboma memooamu iCHYE UCOKA KOPETAYIUHA 3a1eMHC-
nicms (r = 0,92). Ilpusnauamu nonué abo 36inbuty8amu HOpmy nOIUBY 3d MEOPEMUUHO20 MA eMNIPUUHO20
memoodie susnauenns CWSI 6i0nogiono HeobxioHo 3a tiozo sHayenus 0,3 ma —2,2. Emnipuunuii memoo
pospaxyuxy CWSIE i3 guxopucmanusam ompumanux pieHsnb € OLIb NPOCMUM Y GUKOPUCTNANHI. 3HAYeHHs.
CWSI, ompumani 01 momamis, 8 Ybomy OOCHIONCEHI MICHO KOPENoomy 3 IHUWUMU MemoOamu NPU3Hd-
YeHHs NONUGIE.

Knrwouoei cnoea: inoexc 6o0noco cmpecy, momam, niotpyHmose KpaniunHe 3pouleHuss, memnepamypa
pocautu, PimomMoHimopute
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Abstract. The article presents the results of experimental research on the effect of drip irrigation system
designs on the formation of irrigation regimes, productivity, and efficiency of water use by sunflower hybrids.
In addition, the main components of evapotranspiration were taken into account, and coefficients of water
consumption (WCC), irrigation efficiency (IE), and irrigation water use efficiency (WUE) were chosen as
criteria for the efficiency of drip irrigation. Short-term field research was carried out during 2020-2022
on the lands of the Brylivske experimental field of the Institute of Water Problems and Reclamation of the
National Academy of Agricultural Sciences (Kherson region, subzone of the Dry Steppe). Analytical and
mathematical as well as statistical methods were used to process experimental data. The scheme of the
three-factor field experiment provided various options for laying irrigation pipelines of drip irrigation
systems (in the horizontal and vertical planes), as well as the implementation of a pulsed water supply mode
(standard). The version with a natural moisture supply (without irrigation) was the control. The results of
experimental research proved that the method of laying drip irrigation pipelines had a direct effect on
the parameters of the formation of drip irrigation regimes and the productivity of sunflower hybrids in
the conditions of the Dry Steppe. The mechanism of evapotranspiration formation of sunflower crops in
irrigated and non-irrigated conditions has been determined. It was statistically proven that the application
of subsoil drip irrigation with the laying of irrigation pipelines at a depth of 0.3 m and a distance between
them of 1.0 m is the most appropriate for growing sunflower hybrids. This is explained by biological
features, namely drought resistance of this crop. Thus, in field experiments, the variant with in-soil laying
of drip irrigation pipelines provided almost identical yield (4.01—4.09 t/ha) when having lower crop water
consumption coefficients (1088.7—1125.7 m’/t) and higher efficiency of irrigation water use — 2.27-2.41 kg

of grain per 1 m? of irrigation water.

Key words: drip irrigation, subsoil drip irrigation, water consumption coefficient, irrigation efficiency
coefficient, evapotranspiration, irrigation regime, sunflower

Relevance of research. Over the past decades,
the agricultural sector of the southern region of
Ukraine has reoriented itself to the cultivation
of drought-resistant, highly liquid, and marginal
crops. In this regard, sunflower has a leading
place, as this crop occupies the largest cultivated
areas. Thus, as of 2021, sunflowers occupied
about 20% or 6.43 million ha of the total crop
structure [1]. Such dynamics can be considered
negative, as it does not meet the requirements of
scientifically based crop rotations and reduces
soil fertility [2; 3; 4]. At the same time, the
climate change trend towards aridity [5; 6; 7] is
a significant factor in the further increase in the
cultivated area of this crop. It is obvious that this
path of development is extensive. An alternative
and, at the same time, intensive direction is the

application of irrigation. Over the past 5—10 years,
the irrigated areas under sunflowers have grown
dynamically and by 2022 they amounted to more
than 70.000 hectares, of which more than 90%
was under sprinkling [8].

The “Strategy of Irrigation and Drainage
in Ukraine” [9] defines that the development
of irrigation should be based exclusively on
a new, water- and energy-saving concept. Micro-
irrigation methods are ideal for this: drip irrigation
with above-ground and underground placement
of irrigation pipelines, as well as pulsed drip
irrigation. Because of this, the conducted research
on the substantiation of irrigation regimes
and determination of the efficiency of water
use by sunflower hybrids under drip irrigation
is relevant.

© Kaliley V.V., Shatkovskyi A.P., Retman M.S., 2023
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Analysis of recent research and
publications. Both domestic and foreign
scientists have conducted a fairly significant
set of studies aimed at studying the water
regime and effectiveness of irrigation for
sunflowers. In Ukraine, these experiments
were carried out mainly when using sprinkler
irrigation [10; 11; 12], while foreign scientists
paid considerable attention to the cultivation of
sunflowers by applying drip irrigation. They,
in particular, specified the optimal parameters
of the water regime [13], evapotranspiration
and water use efficiency [14], growth processes
and productivity on saline soils [15], and when
using mineralized water for irrigation [16]. In
the Steppe zone of Ukraine, very little attention
has been paid to the efficiency of water use by
sunflower crops under drip irrigation, and some
local experiments were conducted by the Institute
of Irrigated Agriculture of the National Academy
of Agricultural Sciences [17; 18].

Therefore, the research aimed to specify
the actual regimes of drip irrigation, and crop
productivity and determine the efficiency of water
use by sunflower hybrids depending on different
designs of drip irrigation systems.

Research materials and methods. Field
research was carried out within the land of the
EE “EF “Brylivske” of the Institute of Water
Problems and Land Reclamation of the National
Academy of Agricultural Sciences (Privitne
village, Vynogradivska rural community of
Kherson District, Kherson Region, Dry Steppe
subzone, 46°40' n. 33°12' e.) during 2020-2022.
The parameters of the soil water regime were
studied depending on the following designs
of irrigation systems: drip irrigation (DI) with
surface laying of irrigation pipelines (IP), and
subsoil drip irrigation (SDI) with laying of
IP to a depth of 30 cm. In addition, the design
parameter was the distance between IP, which
was 0.7 and 1.4 m. The variant of subsoil drip
irrigation with pulsed water supply mode (PSDI)
was reference, and the conditional control
was the variant with natural moisture supply —
without irrigation. The research was carried
out according to generally accepted methods:
placement of plots — systematic, repetition —
four times, area of record plots — 32 m? [19; 20],
sunflower hybrids for confectionery use -
Ukrainian F1 and Rimisol F1.

The soil of the experimental site is
a dark chestnut light loam, the density of the
0-50 cm layer is 1.47 g/cm? humus content
is 1.44%, alkaline hydrolyzed nitrogen
content (determination method by Kornfield)
(DSTU7863:2015, 2016) is 7.0 mg/100g of soil,

(6]

mobile compounds of phosphorus and potassium
content (determination method by Chirykov)
(DSTU4115:2002, 2003) is 32.3 mg/100g and
9.3 mg/100g of soil, respectively.

The amount of productive precipitation during
the growing season of sunflowers was different
during the years of research. Thus, in 2020, it
was only 68 mm, which is 35.5% of the climatic
norm, in 2021 it was 393.8 mm or 205.5%,
which is also an abnormal phenomenon for the
conditions of the Dry Steppe, and in 2022 . it was
167.6 mm or 87.5% of the climatic norm. The
rate of antecedent soil water in experiments was
80% of the minimum moisture-holding capacity
of the 0-50 cm soil layer. The following tools
were used to determine the timing of watering:
the Drill and Drop Sentek moisture meter probe
and the iMetos soil moisture station with Echo
Probe EC-5 sensors [21]. Statistical analysis of
research results was carried out by dispersion,
correlation, and regression methods using the
Statistica 6.0 program.

Research results and their discussion. Data
on crop evapotranspiration (ETs), and sunflowers
in particular, are the basis for specifying irrigation
regimes [22]. The study of irrigation regimes
and ETs parameters based on the method of soil
water balance showed that the water regime
and ETs were formed depending on the initial
soil moisture reserves, productive precipitation
during the growing season, and irrigation
elements — structures of drip irrigation systems
(method of laying IP) (Table 1).

Meteorological conditions of the growing
season (primarily productive precipitation)
significantly influenced the formation of
evapotranspiration (ETs). For example, for the
Ukrainian F1 hybrid in the extremely dry year
2020 (68 mm of precipitation) on the irrigated
experimental plots, the share of precipitation in the
formation of evapotranspiration was from 9.2 %
to 13.1%. At the same time, in the abnormally
wet 2021 (393.8 mm), the share of precipitation
in the formation of ETs increased sharply — up to
65.8-73.4%. In the moderately dry year (2022),
the share of precipitation in the formation of ETs
was from 23.5% to 31.0%. For a more correct
analysis of the data on the evapotranspiration of
sunflower crops, data for individual years were
averaged. It was determined that, on average, for
2020-2022, on the irrigated experimental plots,
productive precipitation and irrigation water
formed ETs in almost equal proportions. Thus,
the share of irrigation water was in the range
from 39.2% (subsoil irrigation, the distance
between IP was 1.0 m) to 45.8 %, and productive
precipitation — from 41.3% (drip irrigation,
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1. Drip irrigation regimes, evapotranspiration (ETs), and yield of sunflower hybrids (2020-2022)

Variant of experiment Number of | Irrigation | Precipita- | Soil mois- | ETs, | Yield,

A factor B factor C factor | waterings |rates, m*/ha |tion, m*/ha|ture, m*/ha| m’/ha | t/ha

_ DI 0.7 18 1960 670 4728 | 4.19

% 1.4 14 2313 827 5238 | 3.70

2 1.0 13 1667 597 4362 | 4.01

5 SDI(=30em) 77 11 1872 490 [ 4460 | 3.64

control (W/I) — - 2098 840 2938 | 1.59

T DI 0.7 19 2140 624 4862 | 4.41

= 1.4 14 2427 557 5082 | 3.91

k= 1.0 14 1803 703 4604 | 4.09

g | SPIC30em) Y 11 1963 563 | 4624 | 3.69

- control (W/I) - — 950 3048 | 1.66
Impulse mode of water supply when applying subsoil drip irrigation

Ukr. F1 [PSDI(-30cm)| 1.0 | 148 2222 | 2098 530 | 4850 | 4.50

the distance between IP was 1.4 m) up to 45.6%
(subsoil irrigation, the distance between IP was
1.0 m) (Figure 1).

Naturally, productive precipitation was the
basis of ETs formation on the control variant
of the experiment (without irrigation) — 68.8 %,
while the share of soil moisture was only 31.2 %.

One of the important criteria for determining
the efficiency of water use by plants is the so-called
water consumption coefficient (WCC) — the ratio
of total water consumption to the formation of
aunit of the yield of productive organs of a certain
crop [23]. An additional criterion for determining
the efficiency of irrigation measures is water
use efficiency (WUE) [24, 25] and the irrigation
efficiency coefficient (IEC) [26]. The irrigation
efficiency coefficient is the physical amount of
irrigation water that provides an increase in the

yield of a unit of productive organs compared
to non-irrigated conditions, and the efficiency
of irrigation water use is the total amount of
agricultural products produced by a unit of used
irrigation water.

To analyze the efficiency of water use by
sunflower hybrids, three coefficients were
calculated (Table 2) [25].

According to the calculations given in
Table 2, the highest water consumption for the
formation of a product unit (WCC was equal to
1839.8-1848.8 m*/ton) was in the control plot
in non-irrigated conditions. On the other hand,
water was more effectively used by sunflower
hybrids on the plot with sub-soil laying of
irrigation pipelines (—30 cm), where the weighted
average coefficient of water consumption was
equal to 1157.55 m’/t (hybrid Rimisol F1)
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Fig. 1. The structure of evapotranspiration (ETs) formation for the Ukrainian F1 sunflower hybrid,
depending on design of micro-irrigation systems (the method of irrigation system laying)
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2. Efficiency of water use by sunflower hybrids depending
on the designs of drip irrigation systems (2020-2022)
Variant of experiment ETs, Con:lvlzril‘iel:; . igilfiaet::; WUE, | Yield,
3 3
A factor B factor C factor | m*/ha coefficient, m*/t | coefficient, m3/t kg/m” | t/ha
— DI 0.7 4728 1127.5 753.8 2.14 | 4.19
- 1.4 5238 1414.4 1096.2 1.60 | 3.70
@]
2 1.0 4362 1088.7 688.8 241 | 4.01
£ SDI30em) 2460 1226.4 913.2 1.94 | 3.64
control (W/I) 2938 1848.8 — — 1.59
= DI 0.7 4862 1102.5 778.2 2.06 | 4.41
= 1.4 5082 1298.6 1078.7 1.61 | 3.91
g 1.0 4604 1125.7 742.0 2.27 | 4.09
g | SPIC0em) P a6 1254.2 967.0 1.88 | 3.69
- control (W/I) 3048 1839.8 — — 1.66
Search experiment — pulse mode of water supply when applying subsoil drip irrigation (2021-2022)
Ukr. F1 | SDI(-30cm) | 1.0 | 4850 | 1077.8 | 782.4 | 2.05 | 4.50

and 1189.95 m’t (hybrid Ukrainian F1);
1.94-2.41 and 1.88-2.27 kg of grain were got
for 1 m? of irrigation water, respectively. In
these variants of the experiment, the irrigation
efficiency coefficient was 688.8-913.2 m*® of
irrigation water for obtaining an additional
ton of grain yield of Rimisol F1 hybrid and
742.0-967.0 m*® of water for obtaining 1 ton of
grain of Ukrainian F1 hybrid.

A certain “intermediate” place was occupied
by the variants of a field experiment with the
surface laying of irrigation pipelines, namely:
1127.5-14144 m’ and 778.2-1078.7 m® of
water were used for the formation of 1 ton of
sunflower seeds of Rimisol F1 and Ukrainian F1
hybrids, respectively. For 1 m’ of irrigation
water, an additional 1.60-2.14 kg of sunflower
seeds of Rimisol F1 hybrid and 1.61-2.06 kg
of Ukrainian F1 hybrid were obtained, and
753.8-1096.2 m*? and 778.2-1078.7 m’ of
irrigation water were used to form 1 ton of
additional products, respectively.

The search variant with a pulse water supply
mode for subsoil drip irrigation was the most
expedient (effective) from the point of view of
total water consumption. Thus, only 1077.8 m?
of moisture was spent on the formation of 1 ton

of sunflower seeds. However, slightly less
production (2.05 kg of grain) was obtained per
1 m’ of irrigation water than when applying the
usual subsoil regime of irrigation. The coefficient
of irrigation efficiency also had a certain tendency
to increase the consumption of irrigation water
to obtain additional production from irrigation
(IEC = 782.4 m*/t).

Conclusions. The results of experimental
research proved that the method of irrigation
pipelines laying of drip irrigation systems has
an effect on the parameters of irrigation regime
formation and the yield of sunflower hybrids
in the conditions of the Dry Steppe zone. It
was proved that the application of subsoil
drip irrigation with the IP laying to a depth of
0.3 m with a distance between the pipelines
of 1.0 m is the most appropriate for growing
sunflower hybrids, which is explained by the
drought resistance of this crop. In the field
experiments, the variant with sub-soil laying of
irrigation pipelines provided almost identical
yield (4.01-4.09 t/ha) with lower crop water
consumption coefficients (1088.7-1125.7 m’/t)
and higher efficiency of irrigation water use
(WUE — water use efficiency) — 2.27-2.41 kg of
grain per 1 m® of irrigation water.

References

1. Posivni ploshchi silskohospodarskykh kultur za yikh vydamy u 2021 rotsi. Derzhavna sluzhba
statystyky Ukrainy — [Sown areas of agricultural crops by their types in 2021. State Statistics Service
of Ukraine]. ukrstat.gov.ua. URL: http://www.ukrstat.gov.ua/ [in Ukrainian]|

2. Saiko, V.F. & Boiko, P.I. (2002). Sivozminy u zemlerobstvi Ukrainy — [Crop rotation in agri-
culture of Ukraine]. Kyiv : Ahrarna nauka. [in Ukrainian]

3. Kovalenko, A.M., Lymar, A.O., Maliarchuk, M.P., Romashchenko, M.I., Snihovyi, V.S.
& Sobko, 0.0. (1999). Sivozminy na zroshuvanykh zemliakh: metodychni rekomendatsii — [Crop
rotations on irrigated lands: methodological recommendations]. Kyiv : Ahrarna nauka. [in Ukrainian]

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2023



64 MEJIIOPALIA I BOJHE I'OCIIO/JAPCTBO, Ne 1 » 2023

4. Veremeienko, S.I. & Semenko, L.O. (2019). Suchasni aspekty dehradatsii gruntiv — trofichnyi
aspect — [Modern aspects of soil degradation — trophic aspect]. Naukovi horyzonty. Vol. 1 (74).
P. 69-75. [in Ukrainian]

5. Krakovska, S.V. et al. Projections of air temperature and relative humidity in Ukraine regions
to the middle of the 21% century based on regional climate model ensembles. Geoinformatics. 2018.
Vol. 3 (67). P. 62-77.

6. Romashchenko, M., Husyev, Y., Shatkovskyi, A., Saidak, R., Yatsyuk, M., Shevchenko, A.
& Matiash, T. (2020). Vplyv suchasnykh klimatychnykh zmin na vodni resursy ta silskohospodarske
vyrobnytstvo — [Impact of climate change on water resources and agricultural production]. Melioratsiia
i vodne hospodarstvo. Vol. 1. P. 5-22. DOI: 10.31073/mivg202001-235

7. Vozhehova, R.A., Romashchenko, M.I. & Shatkovskyi, A.P. (2018). Naukovi osnovy adaptatsii
system zemlerobstva do zmin klimatu v Pivdennomu Stepu Ukrainy — [Scientific basis of adaptation
of agricultural systems to climate changes in the Southern Steppe of Ukraine]. Kherson : OLDI-PLUS.
[in Ukrainian]

8. Analityka stanu zroshuvanykh zemel v Ukraini — [Analysis of the condition of irrigated lands
in Ukraine]. kurkul.com. URL: https://kurkul.com/spetsproekty/1072-analitika-stanu-zroshuvanih-
zemel-v-ukrayini [in Ukrainian]

9. Stratehiia zroshennia ta drenazhu v Ukraini na period do 2030 roku — [Irrigation and drainage
strategy in Ukraine until 2030] : Skhvaleno rozporiadzhenniam Kabinetu Ministriv Ukrainy Ne 688-r.
(2019, August 14). Uriadovyi kurier. No. 170. URL: https://zakon.rada.gov.ua/laws/show/688-
2019-%D1%80 [in Ukrainian]

10. Tsyriulyk, O.I. & Desiatnyk, L.M. (2017). Vodnyi rezhym gruntu v posivakh soniashnyku —
[Soil water regime in sunflower crops]. Ahrobiznes sohodni. Vol. 7. P. 16—19. [in Ukrainian]

11. Gamayunova, V. & Kudrina, V. (2018). Vodospozhyvannia soniashnyku v zalezhnosti vid
vykorystannia biopreparativ pry vyroshchuvanni v umovakh Pivdennoho Stepu Ukrainy — [Water
consumption of sunflower, depending on the use of biological products when grown in the Southern
Steppe of Ukraine]. Scientific Horizons. Vol. 7-8 (70). P. 27-35. [in Ukrainian]

12. Vozhehov, S.H., Rudyi, O.E., Kokovikhin, S.V., Drobitko, A.V., Kazanok, O.0. & Kerimov, A.N.
(2021). Vrozhainist, ekonomichna ta enerhetychna efektyvnist vyroshchuvannia hibrydiv soniashnyku
zalezhno vid rezhymiv zroshennia ta obrobitku gruntu v umovakh Pivdnia Ukrainy —[ Yield, economic and
energy efficiency of growing sunflower hybrids depending on irrigation and tillage regimes in Southern
Ukraine]. Zroshuvane zemlerobstvo. Vol. 75. P. 114-118. DOI: 10.32848/0135-2369.2021.75.21

13. Kadasiddappa, M.M., Rao Praveen, V., Reddy Yella, K., Ramulu, V., Devi Uma, M. & Reddy
Narender, S. (2017). Effect of irrigation (drip/surface) on sunflower growth, seed and oil yield,
nutrient uptake and water use efficiency: A review. Agricultural Reviews. Vol. 38 (2). P. 152—158.
DOI: 10.18805/ag.v38i02.7947

14. Karam, F., Lahoud, R., Masaad, R., Kabalan, R., Breidi, J., Chalita, C. & Rouphael, Y. (2007).
Evapotranspiration, seed yield and water use efficiency of drip irrigated sunflower under full and
deficit irrigation conditions. Agricultural Water Management. Vol. 90 (3). P. 213-223. DOI: 10.1016/
j.agwat.2007.03.009

15. Wan, S., Jiao, Y., Kang, Y., Jiang, S., Tan, J., Liu, W., & Meng, J. (2013). Growth and yield of
oleic sunflower (Helianthus annuus L.) under drip irrigation in very strongly saline soils. Irrigation
Science. Vol. 31. P. 943-957. DOI: 10.1007/s00271-012-0370-0

16. Chen, M., Kang, Y., Wan, S. & Liu, S. (2009). Drip irrigation with saline water for oleic sunflower
(Helianthus annuus L.). Agricultural Water Management. Vol. 96 (12). P. 1772. DOI: 10.1016/
j.agwat.2009.07.007

17. Vozhehova, R.A. & Kovalenko, A.M. (2014). Efektyvnist zastosuvannia kraplynnoho zroshennia
na Pivdni Ukrainy za vyroshchuvannia soniashnyku — [Effectiveness of using drip irrigation in the South
of Ukraine for sunflower cultivation]. Kraplynne zroshennia yak osnovna skladova intensyvnykh ahrotekh-
nolohii XXI stolittia : 111 Mizhnarodna nauk.-praktych. konf. Kyiv. P. 29-30. [in Ukrainian]

18. Sheludko, O.D. (2015). Vyroshchuvannia soniashnyka na kraplynnomu zroshenni — [ Sunflower
growing on drip irrigation]. Propozytsiia. Vol. 6. P. 60—63. [in Ukrainian]|

19. Ushkarenko, V.O. (2014). Metodyka polovoho doslidu (zroshuvane zemlerobstvo) —
[Methodology of field experiment (irrigated agriculture)]. Kherson : Hrin D.S. [in Ukrainian]

20. Romashchenko, M.I. & Shatkovskyi, A.P. (2014). Metodychni rekomendatsii z provedennia
doslidzhen za kraplynnoho zroshennia — [Methodological recommendations for conducting research
on drip irrigation]. Kyiv : DIA. [in Ukrainian]

2023 « Ne 1 MEJIHOPAILA I BOOHE 'OCIIOJAPCTBO

3POIIEHHA — OCVIIIEHHA 65

21. Shatkovskyi, A.P. & Zhuravlov, O.V. (2016). Upravlinnia kraplynnym zroshenniam na osnovi
vykorystannia Internet-meteostantsii — [Management of drip irrigation based on the use of Internet
weather stations]. Scientific reports of NULES of Ukraine. Vol. 2 (59). http://journals.nubip.edu.ua/
index.php/Dopovidi/article/view/6489/6373 [in Ukrainian]

22. Romashchenko, M.I. & Riabkov, S.V. (2007). Vyznachennia vodospozhyvannia ovochevykh
kultur pry kraplynnomu zroshenni — [Determination of water consumption of vegetable crops under
drip irrigation]. Ovochivnytstvo. Vol. 4. P. 56-57. [in Ukrainian]

23. Vozhehova, R.A., Romashchenko, M.1. & Shatkovskyi, A.P. (2017). Naukovi zasady rozvytku
ahrarnoho sektora ekonomiky pivdennoho rehionu Ukrainy — [Scientific foundations of the develop-
ment of the agricultural sector of the economy of the southern region of Ukraine]. Kherson : OLDI-
PLIUS. [in Ukrainian]

24. Abd El-Rahman, G. (2009). Water use efficiency of wheat under drip irrigation systems at
Al-Maghara area, North Sinai, Egypt. American-Eurasian. J. Agric. & Environ. Sci. Vol. 5 (5). P. 664—670.

25. Allen, R., Pereira, L., Raes, D. & Smith, M. (1998). Crop evapotranspiration — Guidelines for
computing crop water requirements. FAO [rrigation and drainage paper 56. Rome : Food and Agriculture
Organization of the United Nations. 300 p. http://www.fao.org/docrep/x0490e/x0490e00.htm

26. Ushkarenko, V.O. Zroshuvane zemlerobstvo — [Irrigated agriculture]. Kyiv : Vyshcha shkola.
[in Ukrainian]

VIK 633.854.78:631.674.6

PEXUMMU KPAIIVIMHHOI'O 3POLIEHHSA TA EOEKTUBHICTbD
BUKOPUCTAHHS BOAU I'NBPUJAMU COHAIIHUKY
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Anomauia. Y cmammi nasedeno pe3yivmamiu eKCHepUMeHMAIbHUX O0CAIONCEeHb i3 GUSUEHHS GNIUBY
KOHCMPYKYill cCUCmeM KPaniuHHO20 3POUleHHs. HA (DOPMYBAHHS PedCcUMi6 3pOulents, npooyKmueHoCmi
ma eqbekmuenicmb BUKOPUCTNAHHS 600U 2i6pu0a/m4 COHAWMNUKY. 3a Yb02O 8PAX0BAHO OCHOBHI CKAAO08I
eganompaucnipayii, a y AKocmi Kpumepiie egpexmusHocmi Kpaniunno2o 3pouieHHs 0opamo KoeqbzuzeHmu
sooocnooicusannsi (KB), epexmusnocmi spowenns (Ke3) ma egpexmugnocmi suxopucmanusi noiueHoi
600u (WUE — water use efficiency). Ilonvosi kopomxomepminogi 00CiONiCeH s NPOBEOEHO NPOM2OM
2020-2022 pp. na semnax bpuniecbkoco Odocnionoco noas Inemumymy 600HuUx npobrem i meniopayii
HAAH (Xepconcoka obnacmoe, niosona Cmeny Cyxoeo). [[nsi 00poOKu excnepumenmanrbHux OaHux
BUKOPUCINAHO AHATIMUYHI ma Mmamemamudno-cmamucmuuni memoou. Cxemoro mpugaxmoprozo
NONb0OB0O2O eKcnepumenmy 010 nepedbaueno pisHi 6apianmu yKiadarHHsa ROTUSHUX MPYOONPo8odie cucmem
KPanauHHo20 3poulens (Y 20pU30HManbHill ma 6epmuKaibHil NIOWUHL), @ MAaKodic peanizayis iMnyibCHO20
pedxcumy ooonoodadi (emanon). Koumponohum Oys eapianm 3 npupoOHim 6ono2o3abesneyeHusm (0es3
s3powenns). Pezynomamamu ekcnepumenmaibHux 00CaiodiceHb 008€0eHO, Wo CROCiO YKIAOaH S NOTUSHUX
mpyoonpoeoodie cucmem KpaniuHHO20 3pOuileHHsi OOCMOGIPHO 6NIU6AS HA NApamMempu QOopMy8aHHs
pedcumie KpaniuHHO20 3pOWEeHHs ma 6podicalinicme 2ibpudie conawmnuky 6 ymosax Cmeny Cyxoco.
Bcemanoeneno  3axkonomiprocmi - ghopmysanus  CmMpyKmypu  e6anompaucnipayii  nocieié  COHAUHUKY
¥ 3poutysanux ma He3poutysanux ymogax. CmamucmuyHo 008e0eHo, Wo Gnpoeaddicetts niorpyHmogo2o
KPAnIUHHO20 3POWEHHSl 3 YKIAOAHHIM NOAUGHUX MpPYydoonpoeodie na enuouny 0,3 m i eidcmanmio
misie numu 1,0 M € Haubinbw OoyinbHUM 3a upowyeanHs 2iopudie conswnuxy. Ile noschioemvcs
bionociuHuMu 0cobaueocmamMuU, a came — nocyxocmitikicmio yiei kynomypu. Tax, y noavogux oocaioax
sapianm i3 GHYMPIUWHbLOIDYHMOBUM VKIAOAHHAM NOJAUSHUX MPYOONPO600i8 KpaniuHHO20 3POUIEHHS
3a6e3nequs npakmuyHo I0eHMUYHi napamempu 6p03fcauHocmz (4 01-4,09 m/ea) 3a HudxCuux Koe@uleHmle
sooocnoxcusanns kymomypu (1088,7—1125,7 m’/m) ma euwiti echpexmusrocmi GUKOPUCTIAHHS NOAUSHOT
600u— 2,27-2,41 ke 3epna na 1 m* norusnoi 6oou.

Knrouogi cnosa: kpaniunne spoutens, niorpyHmose Kpanaunme 3pouents, KoeQiyieHm 6000CHnO#CUBAHHS,
Koe@iyieHm ehekmueHoCmi 3pOuleH s, e6anOMPAnHCRIpayis, PeirCum 3POUEHHS, COHAUHUK
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Abstract. A complex of issues was considered, namely: hydro-chemical pollution of catchment
landscapes, bottom sediments of river basins and groundwater, slowing down of underground flow due to
the regulation of the river network, regional development of flooding, presence of landscapes contaminated
with radionuclides, and the growth of global climate change. All above as well as the ongoing war in the
territory of Ukraine affect the conditions of the formation of the hydro-chemical regime and contribute
to the changes in the quantitative and qualitative water indicators in the Dnipro River basin and the
Dnipro reservoirs, as the main sources of water supply for Ukraine. The research determined the changes
in the hydro-chemical regime of the surface water of the Dnipro reservoirs during 2016-2022 to specify
the impact of climate change and anthropogenic factors on the drinking water supply. The dynamics of
changes were analyzed for individual qualitative indicators of the surface water of the Dnipro reservoirs in
the cold (January) and warm (July) months of the year. It was proven that the accumulation of flood water
affects the mineralization of the Dnipro reservoirs along their longitudinal axis, and the mineralization
rate and the content of the main ions are significantly affected by the water content of the year. It was
established that, in the Dnipro reservoirs, the lower limit of mineralization relative to natural conditions
increased by 55 %, and the upper limit decreased by 30%. It was determined that despite the seasonal
changes in the concentration of ions in the water of the Dnipro reservoirs, their ratio for each reservoir
remains practically constant and only sometimes changes in the case of a shift in the carbonate balance
and in the confluence of more mineralized waters, which increase the content of Mg?, Na*, K*, and SO /.
The predominant water cation is Ca**, the anion is HCOjy, and the absolute and relative content of other
ions is much smaller. The metamorphism of the water of the Dnipro reservoirs changed the ratio of ion
concentrations, namely the relative amount of SO /-, CI, Na*, and K" ions increased. The obtained results
of changes in the quality indicators of surface water in the Dnipro reservoirs have proved the dependence
of the formation of the hydro-chemical regime of the reservoirs on the impact of climate change, economic
activity, and the consequences of military actions.

Keywords: water resources, reservoir, Dnipro, river basin, water quality

Relevance of research. Global climate climate change become very important, as all
change, which is manifesting in a change in the these contribute to the change in the conditions of

amount of atmospheric precipitation, an increase
in the amount of evaporation due to global
warming, an increase in anthropogenic load, and
unbalanced water use affect the hydrochemical
composition of the Dnipro reservoirs water.
Based on hydro-ecological zoning, where
hydrogeological  structures with  dynamic
parameters are decisive, hydrochemical pollution
of catchment landscapes, bottom sediments
of river basins and groundwater, slowing
down of underground flow due to the river
network regulation, regional development of
flooding, presence of radionuclide-contaminated
landscapes, and the increasing effect of global

the formation of the hydrochemical regime, which
in its turn leads to a change in the quantitative and
qualitative characteristics of water the Dnipro
River basin.

Russia’s full-scale war in Ukraine, starting in
February 2022, directly affected the quality of the
country’s water resources: water intake facilities,
water supply, and drainage treatment facilities,
water supply networks were destroyed, dams
were blown up and water was supplied to Crimea
without complying with regulatory standards. The
hostilities harmed the water quality of the Dnipro
River and Dnipro reservoirs, as the main sources
of Ukraine’s water supply. Therefore, an urgent
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task is to identify a mechanism of changes in the
hydrochemical composition of the Dnipro water,
primarily the water of the Dnipro reservoirs to
characterize the state of water resources, which
will enable to specify the possibility of using the
water of the reservoirs as a source of drinking
water supply.

Analysis of recent research and publications.
The formation of water quality of the Dnipro River
is changing significantly as a result of the impact
of climate change, ongoing hostilities, and the
economic activity in the territory of Ukraine.

Back in the 50s of the 20" century
0.0. Alekin [1], the author of “Fundamentals of
Hydrochemistry” revealed the general foundations
of studying the chemical composition of river
water in the territory of the former USSR, the unity
of chemical processes occurring in all natural
waters, the systemic conditioning of a complex
of natural and anthropogenic factors. When the
scientific school of hydrochemical research was
developed, the process of hydrochemical regime
formation and hydrological characteristics were
described. The study of the total anthropogenic
impact on the chemical composition of the water
of the Dnipro River basin and its reservoirs
as well as the differentiated assessment of the
impact was given attention to [2—5]. Research
on changes in the water quality of the Dnipro
River basin is thoroughly covered in the works of
V.1. Vyshnevsky, hydrological and hydrochemical
characteristics — in the works of O.1. Denysova,
processes of formation of the chemical
composition of surface waters of reservoirs — in
the works of P.M. Lynnyk [6—12]. N.M. Osadcha,
V.D. Romanenko, V.M. Timchenko,
V.K. Khilchevskyi, et al. developed research on
the hydrochemistry of regional basin systems,
among which the main place was occupied by
both the Dnipro basin as a whole and the basins
of some of its tributaries [13—16], however, in
the last decade there was a need to update the
available data.

The requirements of the EU Water Framework
Directive 2000/60/EC in the Dnipro River
Basin Management Plan (within Ukraine) [17]
provide for ensuring a good ecological and
chemical state for surface water bodies and
performing an analysis of the hydro-chemical
regime of reservoirs to implement actions aimed
at improving the hydro-ecological situation in
the basin, avoiding degradation of regenerative
and cleaning capacity of water ecosystems, and
establishing the restrictions on water use [18].

The purpose of the research is to specify
the mechanism of changes in the hydro-chemical
composition of water in the Dnipro reservoirs

(7]

to characterize the state of water as a source of
drinking water supply.

Research materials and methods. Empirical
and theoretical methods of scientific research
were used, namely collection and analysis of
quantitative and qualitative indicators of surface
water of the Dnipro reservoirs. The conditions of
water use from the Dnipro reservoirs are defined
by DSTU4808:2012 “Sources of centralized
drinking water supply. Hygienic and ecological
requirements for water quality and water
withdrawal rules”, as well as by the State sanitary
standards and rules “Safety indicators and
separate indicators of the quality of drinking water
in conditions of martial law and emergencies of
a different nature” (DSanPiN No. 683) developed
for martial law conditions [19; 20].

The change in some quality characteristics
of the surface water of the Dnipro reservoirs
in 20162022 was determined at 6 observation
posts, which are characterized by the largest range
of data: 1 post — Kyiv Reservoir (Dnipro River,
897 km, Vyshhorod town, tail-water of the Kyiv
HPP, Kyiv city potable water intake); 2 post —
Kaniv reservoir (Dnipro River, 854.5 km, 500 m
downstream the Bortnytska aeration station);
3 post — Kremenchug Reservoir (Dnipro River,
678 km, Sokyrne village, potable water intake of
Cherkasy city); 4 post — Kamyanske Reservoir
(Dnipro River, 550 km, Horishni Plavni town,
town potable water intake); Post 5 — Dnipro
Reservoir (Dnipro River, 328 km, Zaporizhzhia
city, headwater of the Dnipro HPP, city potable
water intake); Post 6 — Kakhovka Reservoir
(Dnipro River, 106 km, Lyubymivka village,
MPS of the Kakhovka Canal).

Surface water samples were taken by the
monitoring service of the State Water Resources
Agency of Ukraine and the Central Geophysical
Observatory named after Borys Sreznevskyi,
the analysis was carried out by an accredited
laboratory by general sanitary chemical
parameters: the content of ammoniumions (NH,"),
mg/dm?, hydrogen indicator, units of pH, water
hardness, mg-eq/dm?, total iron (Fe,,), mg/dm?,
dissolved oxygen, mgO,/dm?, color, degree, total
alkalinity, mg-eq/dm?, the content of magnesium
ions (Mg?"), mg/dm?, nitrate- (NO;") and nitrite-
(NO,") ions, mg/dm?, sulfate ions (SO,*), mg/
dm?3, dry residue (dissolved substances), mg/
dm?, phosphate ions (PO,*>), mg/dm?, chemical
oxygen demand (COD), mgO,/dm?, chloride ions
(CI), mg/dm?®.

Research results and their discussion.
The hydrochemical regime of the reservoir is
determined by the following factors: intensity
of water exchange; the nature of the soils
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and vegetation in the areas of flooding and sub-
flooding of the catchment area; mode of filling
and drawdown of the reservoir; amplitude and
intensity of water level fluctuations. An important
role in the formation of the hydrochemical regime
is also played by: the geographical location of the
reservoir, its morphological structure, position
in the cascade, atmospheric precipitation,
anthropogenic factors (absorption and discharge
of water, operation of hydroelectric power
stations, water transport, etc.), intrareservoir
hydrological and biogeochemical processes.
From the moment the reservoirs are filled, the
hydrochemical composition of the Dnipro River
water gradually transforms into a lake water type.
This transformation is the more pronounced, the
slower the water exchange is in the reservoir.
Decomposition of the remains of flooded
vegetation and disturbing bottom sediments
during the operation of reservoirs affect the
quality of water entering the upper basin of the
reservoir. In reservoirs, in contrast to the river,
during their lifetime, shallow, sometimes stagnant
zones appeared, in which the oxygen regime
deteriorates and organic substances accumulate.
Following DSTU4808:2012, surface
sources with water quality of 1-3 classes are
used for centralized drinking water supply, the
assessment of which is obtained by hygienic
and ecological criteria [19]. Within the cascade

of the reservoirs, the quality of surface water
by the specified indicators varies from 1 to
4 class (class 4 is observed by the content of
NH,", NO;, NO,, PO/, COD in separate
periods), and the highest values of the average
annual water quality indicators are observed
by: NH," (2.775 mg/dm?), NO, (18.15 mg/dm?)
and NO, (0.427 mg/dm®) in Kaniv reservoir,
hydrogen index (8.183—8.471 units of pH), in
Kyiv reservoir and (8.185-8.313 units of pH) in
Kakhovka reservoir, Fe,, (0.094-0.574 mg/dm?)
in Kremenchuk reservoir, dissolved oxygen
(6.884 mg0O,/dm’) in Kamianske reservoir,
PO, (0.969 mg/dm®) in Kyiv reservoir, COD
(50.275 mgO,/dm?) in Kaniv reservoir (Fig. 1).

Within the cascade of reservoirs, the highest
values of average seasonal water quality
indicators in the cold period are observed by
dissolved oxygen (11.075 mgO,/dm®) in Kyiv
reservoir, the content of Ca?* (69.625 mg/dm’?),
Mg* (22.55 mg/dm®), suspended substances
(8.75 mg/dm®), NH," (0.945 mg/dm?®), PO,"
(0.635 mg/dm®), Fe, (0.29 mg/dm®), SO,
(69.8 mg/dm?®), CI' (35.675 mg/dm?) in
Kaniv reservoir, color (42 degrees) and COD
(31.43 mgO,/dm’) in Kamianske reservoir,
temperature (2.5 °C) in Kakhovka reservoir.

In the summer months, the highest average
seasonal indicators are observed by temperature,
the content of Ca* (49.85 mg/dm’), NH,

20 19
- 18
g 16 =
5 16 15 &
Lo 14 <
o 14 13 g
< 12 g
2 12 e
RS 0 =
° =
g 10 9 %
= 3 8 §
5 7%
[=} 6 6 E
.8 5 ©
g A
£ 3 S
2
s 2 2
© 1
0 0
2016 2017 2018 2019 2020 2021 2022
Date of sampling
1st class (<0.20 mg/dm?) 2nd class (0.20-0.50 mg/dm?) i 3rd class (0.51-1.00 mg/dm?)
mmm 4th class (>1.00 mg/dm?) —fl— Kyiv Reservoir —&— Kaniv Reservoir
= Kremenchuk Reservoir == Kamyanske Reservoir === Dnipro Reservoir
—0-— Kakhovka Reservoir

Fig. 1. Average annual change in the content of nitrate, mg/dm?,
in the surface water of the Dnipro reservoirs in 20162022
(samples were taken from the Kakhovka reservoir in 2016-2021)
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(0.636 mg/dm?), Fe,, (0.408 mg/dm?) in Kaniv
reservoir, PO, (0.473 mg/dm®) in Kremenchuk
reservoir, COD (35.978 mgO,/dm?), color
(51.75 degrees) in Kamianske reservoir,
Mg*  (15.85 mg/dm?), dissolved oxygen
(8.65 mgO,/dm?®), CI (35.45 mg/dm?) in Dnipro
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reservoir, SO,> (52.6 mg/dm®) in Kakhovka
Teservoir.

Comparison of average monthly data with
normative ones allowed to plot changes in the
content of dissolved oxygen, mgO,/dm?, Fe,,
mg/dm?* and COD, mgO,/dm?* (Figs. 2—4) [21-23].

January, 2020 January, 2022
Date of sampling

mmm Kremenchuk Reservoir
m Kakhovka Reservoir

July, 2020 July, 2022
Date of sampling

i Kremenchuk Reservoir
mm Kakhovka Reservoir

Fig. 2. Changes in the content of dissolved oxygen, mgO./dm?, in the water of the Dnipro reservoirs
in the cold (a) and warm (b) months of 2016-2022 (samples were collected in the warm months
from the Kakhovka reservoir in 2016-2021)
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Fig. 3. Changes in the content of total iron, mg/dm?, in the water of the Dnipro reservoirs

in the cold (a) and warm (b) months of 2016-2022 (samples were collected in the warm months

from the Kakhovka reservoir in 2016-2021)
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Fig. 4. Changes in COD, mgQO,/dm?, in the water of the Dnipro reservoirs in the cold (a)

and warm (b) months of 20162022 (samples were collected in the warm months
from the Kakhovka reservoir in 2016-2021)

It is known that the construction of reservoirs
leads to a seasonal or multi-year redistribution of river
runoff. Changes in the dynamics of mineralization
and the concentration of the basic ions occur along
with the redistribution of river runoff.

As a result of the accumulation of low-
mineralized floodwater in the reservoirs and

their mixing with more mineralized river water
arriving in subsequent seasons, the annual
amplitude of fluctuations in mineralization and
the concentration of individual ions decrease. The
accumulation of flood water leads to a change
in the mineralization of reservoirs along their
longitudinal axis. The surface and bottom water

2023 « Ne 1 MEJIHOPAILA I BOOHE 'OCIIOJAPCTBO

layers of the Dnipro reservoirs usually have the
same mineralization. The level of mineralization
and the content of basic ions is significantly
affected by the water content of the year. In
medium-water and high-water years, the water
mineralization of the Dnipro reservoirs is lower
than in low-water years [21]. Thus, in the Dnipro

reservoirs, the lower limit of mineralization
relative to natural conditions increased by 55 %,
and the upper limit decreased by 30 %. Currently,
the upper limit of mineralization down the
Dnipro cascade increases from 400 mg/dm? in
the Kyiv reservoir to 460 mg/dm?® in the Dnipro
reservoir (Table 1).
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1. Range of the concentration of basic ions and water mineralization
of the Dnipro reservoirs in 1985-2021, mg/dm? [24]

Reservoir Ca?" Mg* |Na"iK'| HCO; CO3- SO,> CIl Sum of ions
Kyiv 17.0-70.015.0-27.0 | 5.0-25.0 | 106.0-246.0 | 0.0-15.0| 11.0-89.0 | 1.0-29.0 | 196.0-394.0
Kaniv 31.0-79.05.0-35.0|9.0-59.0 | 106.0-217.0 | 0.0-27.0| 19.0-112.0| 11.0-59.0 | 198.0-398.0

Kremenchug | 29.0-70.0 | 5.0-30.0 | 3.040.0 | 109.0-220.0 [ 0.0-28.0| 17.0-54.0 | 11.0-41.0 | 216.0-420.0

Kamyanske |29.0-59.0/5.0-17.0{9.0-35.0| 88.0-219.0 |0.0-12.0| 20.0-54.0 | 17.0-31.0| 171.0-393.0

Dnipro 33.0-62.0|5.0-22.0|1.0-43.0 | 131.0-219.0 | 0.0-21.0 | 26.0-86.0 | 21.0-44.0 | 207.0-460.0

Kakhovka |31.0-55.0/5.0-22.0|7.0-59.0| 73.0-217.0 [0.0-25.0{ 33.0-94.0 | 21.0-54.0 | 210.0-450.0

The predominant cation in the water in
the Dnipro reservoirs is Ca?’, and the anion is
carbonate (HCO;). The absolute and relative
content of other ions is much lower. Despite the
seasonal changes in the concentration of ions
in the water of reservoirs, their ratio for each
reservoir remains practically constant and only
sometimes changes in the case of a shift in the
carbonate balance and in the confluence of more
mineralized water, which increases the content of
Mg?*, sodium (Na®), potassium (K*) and SO,*.
The metamorphism of the water of the Dnipro
reservoirs changed the ratio of ion concentrations,
namely the relative amount of SO,*, CI, Na*, and
K ions increased.

The analysis of the obtained results proved
that the position of the individual reservoir in the
cascade and the features of'its hydrological regime
largely determine the seasonal and multi-year
dynamics of water mineralization and the content
of the basic ions, which change significantly
along with the seasonal redistribution of the river
runoff [21; 24].

Today, the surface water ofthe Dniproreservoirs,
as a source of water supply, is characterized
by long-term and seasonal fluctuations in the
chemical composition and physical properties,
water pollution degree, etc., which occur under the
effect of climatic change, economic activity and
ongoing hostilities on some adjacent territories to
the Dnipro reservoirs cascade.

Improper water use and agricultural pollution
of water bodies against the background of the
increase in average annual temperature led to the
scarcity of water capacity of water ecosystems in
the Dnipro basin and its reservoirs.

The water of the Dnipro River, as the main
source of drinking water supply, was especially
acutely affected by the war unleashed by Russia,
namely the uncontrolled discharge of water at the
Kakhovka HPP. The volume of water discharge
from the Kakhovka Reservoir at the moment
exceeds the filling volume; there is irrational use
of water from the reservoir, which causes the need
to provide alternative technological solutions for
the uninterrupted operation of water intakes in
the Kherson, Zaporizhzhia, and Dnipropetrovsk
regions. Toxins that appear after all aquaculture
in the Kakhovka Reservoir dies, which is already
happening, will begin to spread and threaten
other countries.

Conclusions. The conducted research on the
hydro-chemical regime of the surface water of
the Dnipro reservoirs for 2016-2022 showed:

— the ionic composition is dominated by
hydro carbonate ions, there is a decrease in the
number of calcium ions due to an increase in the
concentrations of magnesium and sodium,;

— there are above-limit values of certain
quality characteristics of the surface water of
the Dnipro reservoirs in the cold (January) and
warm (July) months of the year compared to the
normative ones (by the content of NH," twice,
COD in three times and by color twice) [19].
In certain periods, the quality of the surface
water of the Dnipro reservoirs corresponds to
4 class 4 by the content of NH,”, NO;", NO,,
PO,*, and COD [20].

The obtained data proved the need to improve
water treatment technologies with the use of
biological methods of water treatment, the use of
membrane technologies, etc.
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Anomauis. Posensinymo komniexc numans, a came. 2iopoximiune 3a0pyOoHeHHs 600030IpHUX 1anouagpmis,
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SAKICHUX NOKA3HUKIE NOBEPXHEBUX 800 OHINPOBCHKUX 8000CX08UWY V XONOOHI (CiueHb) ma menii (1unems)
micayi poky. 3aceioueHo, wo HAKONUYeHHS NOBEHEBUX 600 NPOOOBICYE NPU3BOOUMU OO 3MIHU MIHepali-
3ayii’ OHINPOBCHKUX B0OOCXOBULY NO IX NOB300B8IHCHIN OCI, a HA ii pi6eHb Ma 6MICI 20108HUX [0HI6 3HAUHO
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Abstract. On the example of a separate agricultural farm located in the basin of the small Manzhelia
River within the Left Bank Forest Steppe, the approaches to the selection of potential sources of irrigation
and the specifics of determining the volumes of local water resources intended to be used for irrigation,
as well as the areas of possible irrigation in the absence of existing irrigation systems, are given. The
results of the research indicate that the prospects for the development of land irrigation on farmland can
be mainly provided subject to the combined use of surface runoff accumulated in ponds on the Manzhelia
River and groundwater admissible for extraction, taking into account their quality. It was determined that
influenced by a complex of anthropogenic factors, the river runoff sharply decreased compared to natural
conditions, and the feeding of river course ponds during the entire low water period occurs only due to
lateral inflow. Based on calculations it was determined that in average and low-water years, the volumes of
surface and ground inflow to the cascade of ponds for the period from June to September are smaller than
evaporation losses. Under such conditions, the use of the river runoff for irrigation is possible only due
to the accumulation of flood and, partially, high water runoff. The calculations of flood runoff volume for
March — April at the gate of the lower pond indicate the impossibility of using water from it for irrigation
in very low-water years, as well as the dependence of runoff use for irrigation in low-water years on
the pre-flood filling level of the ponds. It was determined that up to 0.8 million m* of water can be used
for irrigation in medium-water years, and up to 1.4 million m* in high-water years, which will provide
irrigation on an area of 400 and 700 hectares, respectively (having an irrigation rate of 2000 m*/ha).
The possibility of installing at least 40 water intake wells within the territory of the farm with a total flow
rate of 20-24 thousand m*/day and a total water intake during the irrigation period of about 1.5 million
m’ has been substantiated. This will make it possible to irrigate 750 hectares of land having an irrigation
rate of 2000 m’/ha, and at least 1000 hectares having an irrigation rate of 1500 m*/ha. It is focused on
the mandatory preliminary investigation of water quality for irrigation, which for many small rivers and
aquifers is a limiting factor when using local water resources for the construction of irrigation systems.

Key words: water resources, climate change, irrigation, groundwater, river runoff, river course ponds,
water quality

Formulation of the problem. Climate change,
primarily the progressive increase in its aridity
in all natural and climatic zones of Ukraine,
significantly worsens the conditions of the natural
water supply for crop production. It increases the
need for irrigation on an increasing number of
land plots [1-3]. The need to restore and increase
the areas of actual irrigation is emphasized in the

“Irrigation and Drainage Strategy in Ukraine for
the period until 2030 [4].

At the same time, climatic transformations
have a significant negative impact on the
provision of the territories with water resources,
which manifested in the reduction of the water
content of rivers and reservoirs, their shallowing,
lowering of the groundwater level, deterioration
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of water quality, etc. [5—7]. This makes it difficult
to choose reliable sources of irrigation, especially
in the basins of small rivers, due to the significant
distance of potential irrigation areas from large
reservoirs and irrigation canals.

Such a situation is now particularly typical for
the territory of the forest-steppe zone of Ukraine.
A significant increase in the average annual air
temperature was recorded within its area, which
exceeded the climatic norm (1961-1990) by almost
3.0°C in 2019 (one of the warmest years), and
there was almost unchanged insignificant amount
of precipitation. Thus, in 2019, its annual amount
in the zone was 73 % of the norm on average, and
in some regions, it did not exceed 50 % of the rate.
Therefore, in recent years, in the forest-steppe
zone, there has been a tendency both to restore
irrigation of land on existing irrigation systems
and to apply irrigation in new areas, primarily in
Vinnytsia, Cherkasy, and Poltava regions, using
different methods and sources of irrigation. In
addition, the choice of the latter is a rather urgent
problem from the point of view of providing the
necessary water volumes of appropriate quality
from them, especially in the context of the impact
of climatic transformations on water resources.

The features of choosing potential sources
of irrigation, determining the volume of local
water resources that can be used for irrigation,
as well as the area of possible irrigation under
transformed climatic conditions in the forest-
steppe zone were considered on the example of
LLC “Promin-Lan”, a separate agricultural farm
located in the basin of the small Manzhelia River
within Kremenchuk (until 2020 — Globynsk)
district of Poltava region.

Analysis of recent research and publications.
Some scientific works [1; 2; 5-16] were devoted to
certain aspects of climate change and the resulting
decrease in water resources available for use,
which negatively affects the natural water supply
of'soils in various physical and geographical zones
of Ukraine. Ukrainian climatologists observe
the gradual “migration” of climatic zones to
the north (on average by 100 km when average
annual air temperature increases by 1°C) [9; 10].
A significant increase in air temperature and the
frequency of abnormally high temperatures in
the summer months led to a sharp increase in
evaporation from the land and water surface,
which, having a relatively stable amount of
precipitation, negatively affected the water balance
of river catchments. The decrease in river runoff
and the shallowing of water bodies has become
a characteristic phenomenon for almost all plain
regions of Ukraine [13-16]. For example, the
runoff coefficient (the ratio of the runoff layer to

precipitation) of the Irpin River for the period from
2015 to 2019 decreased by 1.7 times compared to
the period before 2010 [17].

The shallowing of surface water bodies and
the depletion of groundwater, the reduction of
fresh water available for use is recognized by the
recently adopted Water Strategy of Ukraine for the
period until 2025 [18] as one of the main problems
in the area of water use, protection, and restoration.

The issue of using the flow of small rivers
to ensure the development of irrigation in their
basins, taking into account the transformation
of climatic conditions, the current ecological
state of water bodies, their water (hydrological
and hydrochemical) regime, etc., is currently
poorly researched, and the available publications
mainly relate to determination and evaluation
of the changes in some of these indicators or
characteristics, rather than the actual water
resource potential of small rivers and underground
waters. The implementation of the procedure
for assessing the impact on the environment
of planned activities related to the design and
construction of irrigation systems, following
the Law of Ukraine “On Environmental Impact
Assessment” [19] became a certain stimulus for
researching determining the latter and possible
volumes of its use for irrigation.

It should be noted that in Ukraine at the end of
the 20th century and the beginning of the current
century, there were more than 63.000 small rivers
(about a third was in the forest-steppe zone),
93 % of which had a length of less than 10.0 km
with the prevailing catchment areas from 200 up
to 500 km? [20; 21]. Significant transformations
of the water regime in catchment areas caused
by climate change and economic activity have
caused a significant deterioration in the ecological
condition of small rivers. Regulation of their
runoff as a result of the construction of numerous
ponds and reservoirs led to a sharp decrease in
river runoff, degradation of rivers, and sometimes
to their complete disappearance [14—16; 22-26].

In this regard, the use of runoff from small
and medium-sized rivers for irrigation nowadays
requires the study of both conditions of surface
runoff formation and its quantitative and
qualitative assessment as well as its intra-annual
distribution. The same applies to groundwater.

The purpose of the research is to quantitatively
assess local water resources and determine the
prospects for the development of irrigation
with surface and underground water at the
LLC “Promin-Lan” farm of the Kremenchuk
district in the Poltava region.

Research materials and methods. Today,
the farm cultivates about 1.7 thousand hectares
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of leased land, scattered on both sides of the
Manzhelia River near the village of Vesela
Dolyna. The Manzhelia River is a right tributary
of the Psel River and belongs to the Middle
Dnieper sub-basin of the Dnieper River basin
area. The length of the river is now 23 km,
and the catchment area is 117 km? The river
bed is winding, 0.5-3.0 m wide, on average
2 m. The river is fed through snow, rain, and
soil. Surface rain and melt inflow come mainly
through numerous ravines and gullies, as well
as small streams, which mostly dry up in the
low water periods. The Manzhelia River is an
anthropogenically altered water body due to its
significant regulation with ponds (11 ponds).
A cascade of four ponds has been arranged on
the river flowing through the farmlands. As of the
end of 2019, only one pond from the four ones
was filled with water — Ne 4 (Fig. 1).

In terms of hydrogeology, the area of the land
plots of Promin-Lan LLC belongs to the Dnieper-
Donetsk artesian basin, in particular the Dnieper
artesian basin of the II order with the spread of some
aquifers and complexes in the Neopleistocene,
Pliocene, Kharkiv, and Kaniv-Buchatsk deposits
within the zone of active water exchange.

Research on determining potential sources of
irrigation, volumes of surface and underground
water that can be used for irrigation farm plots,

! &

]

as well as the areas of possible irrigation included
determining the runoff of the Manzhelia River,
assessing the impact of anthropogenic factors
on the state of water bodies, the presence of
groundwater for irrigation and the quality of
surface and underground waters regarding their
suitability for irrigation, establishing modern
morphometric and bathymetric parameters
of artificial reservoirs in the river course,
determining the expediency and possibility of
cleaning the riverbed, silted and overgrown
reservoirs to increase the river runoff.

Methodologically, the research was based
on field surveys of water bodies and their
adjacent territory, system and cartographic data
analysis, Earth remote sensing materials, and
hydrological calculations. Assessment of water
quality for irrigation according to agronomic
criteria was carried out by the provisions of
DSTU2730:2015 [27].

Research results and their discussion. The
performed hydrological calculations show that
the natural runoff of the Manzhelia River is
characterized by significant unevenness of its
distribution throughout the year. The spring period
accounts for more than 70% of the annual runoff,
while in the summer months, it is less than 5%.
It was determined, that under the influence of
a complex of anthropogenic factors, the river

Fig. 1. Scheme of field location within the land plots used by Promin-Lan LLC and ponds
on the Manzhelia River near the village of Vesela Dolyna of the Kremenchuk district in the Poltava region

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2023



MEJIIOPALIA I BOJHE I'OCIIO/JAPCTBO, Ne 1 » 2023

]

runoff decreased sharply compared to natural
conditions, and the constructed artificial river
course ponds turned into closed reservoirs, the
feeding of which during the entire low water
period occurs only due to lateral inflow, that
is, from the local part of the catchment directly
adjacent to them. Inflow from the upper reaches of
the catchment occurs only during floods and heavy
rain floods. Selective in-situ measurements in the
beds of the ponds proved that the latter are silted
up on average up to 30—40 cm in the central part
and up to 50-70 cm in the near-dam areas. There
are no bottom drains in the ponds, so they are not
washed. Due to significant siltation and frequent
drying out of reservoirs, the main sources of soil
and pressure feeding are silted up and mudded.

The value of the natural average annual runoff,
determined based on the regionalized map of the
average long-term runoff module, built based on
long-term observations at stationary hydrological
stations, for each pond and side tributary, is given
in Table 1.

The rates given in Table 1 show the average
multi-year values of runoff, however, its volumes
significantly differ both by year and in different
months and seasons throughout the year. Thus,
according to the observation data at the Myrhorod
hydrological station in the basin of the Khorol
River, on average for the long-term period since
1919, 58.9% of the runoff, i. e. more than half,
arrives in March — April period. During the next
six months of the growing season (from May to
October inclusive), only 25.2% of the annual
runoff arrives, and the part of the runoff for the
last three months of the period is only 7.3 %.

The possibility of using surface water from
the cascade of ponds in the river course of
the Manzhelia River largely depends on the
water content of the year, the levels of pre-
flood filling of the ponds, and the groundwater
tables. The assessment of the intra-annual runoff
distribution of the Manzhelia River was made
based on zoned values (as a percentage of the
annual) for the Vorsklo-Pselsky hydrological

1. Catchment areas and water inflow rates

district [28]. Calculations were made for four
ranges of river water content: high (P = 25%),
medium (P = 50%), low (P=75%), and very
low (P = 95%). The results of calculations
for different cross-river points are shown in
Fig. 2. It was determined that under the current
anthropogenically changed conditions of runoff
formation, the inflow of water to the dam site
of the lower pond Ne 4for four months from
June to September will be 45 thousand m® in
a high-water year, in a medium-water it will be
31 thousand m’, in a low-water year it will be
23 thousand m®, and in an extremely low-water
year, it will be 14 thousand m? (Table 2).

Table 2 shows the results of calculating the
inflow to the ponds in the summer-autumn period,
taking into account the annual distribution of the
runoff of the Manzhelia River and the actual
catchment areas of each of the ponds, testify
that even in high-water years, the total lateral
inflow during the warm period of the year to all
four ponds in the village Vesela Dolyna will be
only 192.000 m*. In extremely low-water years,
when the greatest need for irrigation arises, the
total inflow into the ponds will be 115.000 m’,
in particular, for the entire summer period — only
26.000 m’. The total area of the four ponds is
about 50 hectares, and the total evaporation in
the basin during the summer period is equal to
220 mm, accordingly, the evaporation from the
surface of the ponds will be 110 thousand m?,
which is more than four times higher than the
inflow to the ponds. A practically zero balance of
summer inflow and evaporation will be observed
only in high-water years.

In the case of restoration of the natural flow
of the river as a result of clearing the riverbed
and ponds from the source of the river to the
dam site, the corresponding volumes of runoff
for the period from June to September will
increase to 211 thousand m® in a high-water year,
to 149 thousand m’ in a medium-water year, in
low water-year — up to 106 thousand m® and in
extremely low water-year —up to 66 thousand m>.

of the Manzhelia River before the specified cross river points
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Fig. 2. Intra-annual distribution of the Manzhelia River runoff
in the specified cross river points in different water content years, million m?

2. Distribution of intra-annual inflow to river course ponds
on the Manzhelia River for the period from May to November, million m*

Distance from Total Local Natural Local (lateral)
Pond Ne the mouth of the | catchment | catchment | average annual | average annual
Manzhelia River, km| area,ha | area,ha | runoff, m¥/s runoff, m’/s
Pond dam NeQ 22.7 2251 2251 0.038
Pond dam Nel 20.5 3376 1125 0.057 0.019
Pond dam Ne2 19.6 3626 250 0.062 0.004
Pond dam Ne3 18.3 4102 476 0.070 0.008
Pond crossing dam Ne 4 16.3 5218 1116 0.089 0.019
Pond dam N4 15.9 5600 382 0.095 0.006
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Month May June July August | September | October Total
amount
High-water year, P=25%
Dam 1 0.019 0.022 0.011 0.007 0.005 0.009 0.073
Dam 2 0.004 0.005 0.002 0.001 0.001 0.002 0.015
Dam 3 0.008 0.009 0.005 0.003 0.002 0.004 0.031
Dam 4 0.019 0.022 0.011 0.007 0.005 0.009 0.073
In total 0.192
Medium-water year, P=50%
Dam 1 0.022 0.013 0.007 0.004 0.007 0.012 0.065
Dam 2 0.005 0.003 0.002 0.001 0.002 0.003 0.016
Dam 3 0.009 0.005 0.003 0.002 0.003 0.005 0.027
Dam 4 0.022 0.013 0.007 0.004 0.007 0.012 0.065
In total 0.173
Low-water year, P=75%
Dam 1 0.037 0.009 0.005 0.003 0.006 0.010 0.070
Dam 2 0.008 0.002 0.001 0001 0.001 0.002 0.015
Dam 3 0.015 0.004 0.002 0.001 0.003 0.004 0.029
Dam 4 0.037 0.009 0.005 0.003 0.006 0.010 0.070
In total 0.184
Extremely low-water year, P=95%
Dam 1 0.024 0.005 0.003 0.002 0.004 0.006 0.044
Dam 2 0.005 0.001 0.001 0.000 0.001 0.001 0.009
Dam 3 0.010 0.002 0.001 0.001 0.002 0.002 0.018
Dam 4 0.024 0.005 0.003 0.002 0.004 0.006 0.044
In total 0.115
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Since the greatest need for irrigation water occurs
in low-water years, the clearing of silted riverbed
and ponds for irrigation is not very effective, as
it will provide an insignificant additional water
inflow in low water (by 83 thousand m®) and
extremely low water (by 52 thousand m?®) years.
At the same time, cleaning the ponds from silting
will allow increasing both their useful volume
and the lateral inflow of runoff due to the opening
of pressure-feeding sources. Thus, clearing the
pond Ne 4 of siltation up to 0.6 m will increase its
useful volume by 108.000 m®.

Calculations have determined that in medium
and low-water years, the volumes of surface and
soil inflow to the cascade of ponds near the village
of Vesela Dolyna for the period from June to
September are very small, and evaporation losses
are smaller. Under such conditions, the use of river
runoff for crop irrigation is possible only due to the
accumulation of surface and, partially, flood runoff.

The performed calculations show that in
extremely low-water years (P = 95%) the runoff
volume for March — April at the cross point of
pond Ne 4 is only 870 thousand m?, which is
commensurate with the total volume of the cascade
of four ponds within the village (865 thousand m?),
and in low-water years (P = 75%), the flood
runoff volume will be 1.284 million m?, that
is, the transit runoff outside the cascade will be
only 419 thousand m®. Accordingly, in very low-
water years, the use of water for irrigation will
be impossible due to the need to provide partial
water transit to downstream ponds. In low-water
years, the possibility of using runoff for irrigation
will be determined by the pre-flood filling level of
the ponds. The use of runoff for irrigation in the
volume of up to 400.000 m* will be possible only
when the pre-flood filling of the ponds is more
than half. In case of pre-flood emptying of the
ponds to dead volume levels, water withdrawal
for irrigation will be impossible due to the need
to provide sanitary spring discharges and fill the
downstream ponds.

In medium-water (P = 50%) and high-water
(P = 25%) years, the volume of the river runoff
for March — April will be 1.84 million m* and
2.35 million m?, respectively. Taking into account
that the filling of ponds will be high in medium
and high-water years, up to 0.8 million m® of
water can be used for irrigation in medium-water
years, and up to 1.48 million m® — in high-water
years, which will allow providing irrigation on an
area of 400 and 700 hectares respectively, having
an irrigation rate of 2000 m*/ha).

Therefore, the calculations of the volume of
flood runoff for March — April at the cross point
of the lower pond indicate the impossibility of

using water from it for irrigation in extremely
low-water years, as well as show the dependence
of the use of runoff for irrigation in low-water
years on the pre-flood filling level of the ponds.

In low-water periods, the groundwater tables
in the Manzhelia River basin in the summer-
autumn period are below the usual banked-up
water level of ponds. Thus, in the autumn of 2019,
the recorded groundwater table in the area of the
pond between the villages of Stepove and Vesela
Dolyna was on average 2.0 m below the bottom
of the pond, therefore, in cases of a significant
decrease in groundwater tables, significant water
losses may occur in the ponds due to intensive
filtration on replenishment of groundwater.

To use the accumulated volumes of runoff in
the summer months, it is necessary to develop
filling ponds, which should be filled during the
flood period. Filtration losses and, accordingly,
the intensity of the decrease of pond levels in the
post-flood period depend on the groundwater table
in the adjacent territory, which must be taken into
account when planning water intake for irrigation.

The main technical measures to increase the
water content of the Manzhelia River include the
following:

— clearing and deepening to the base level
of the riverbed in the upper reaches of the
Manzhelia River;

— restoring the riverbed of the Manzhelia
River between the Stepove and Vesela Dolyna
villages with the construction of a tubular
crossing in its river course;

— clearing and deepening to the base level of
the southern part of river course pond Ne 1 (1/3 of
the length and area) within the village of Vesela
Dolyna in the middle course of the Manzhelia
River, which will provide a decrease in the area
of evaporation from the water surface while
preserving its useful volume;

— clearing and deepening the pond Ne 3 within
the village of Vesela Dolyna;

— restoring to service water culverts and
discharge structures on ponds and in the
Manzhelia river course within the villages of
Syrenky and Stepove;

— restoring to service the culverts of ponds
Ne 1,2, 3, and 4 within the village of Vesela Dolyna
in the middle course of the Manzhelia River.

Prospects for irrigation development on
farmland in general can be based on the use of both
surface and underground water. The availability
of underground water and the possibility of its
use for irrigation are determined, first of all, by
the hydrogeological conditions of the territory
and the suitability of water for irrigation in terms
of its quality.
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The analysis of the general hydrogeological
conditions and filtration parameters of the
main aquifers proves the possibility of using
groundwater mainly from Lower Neopleistocene
alluvial deposits, primarily on the right bank of
the river and north of the settlement, i. e. within
the distribution of this aquifer for irrigation of
the land cultivated by Promin-Lan LLC near
the village Vesela Dolyna. It is also possible to
have a compatible water intake from Buchach
sediments. Within the fields located to the east of
the village (Ne 2, 4, 5) and related to the V terrace,
it is advisable to consider the prospects of using
the water of the Pliocene alluvial horizon.

Taking into account water supply and water
quality, the main potential source of irrigation
with groundwater on the “Promin-Lan” farm can
be an aquifer in the Lower Neopleistocene alluvial
deposits, which lies at a depth of 30—40 m with an
average capacity of 10 m. Its productivity allows
local water intakes from the wells with a discharge
rate of from 300 to 600 m*/day (approximately at
a distance of 300 m from each other) in the form
of linear rows or concentrated points around the
places of accumulation of produced water. Within
individual fields with an area of 150-200 hectares,
it is possible to arrange water intakes from
12—15 wells with a total discharge from 3.6—4.5 to
7.0-9.0 thousand m®/day.

The use of groundwater for irrigation on the land
of “Promin-Lan” LLC is possible provided that
it is previously accumulated in storage tanks, the
volumes of which are determined during irrigation
design. It is advisable to arrange storage reservoirs
near the places of groundwater extraction and the
location of potential irrigation areas. As preliminary
options, it is proposed to construct such reservoirs
in the territory of dairy farms Ne 1 and Ne 2, as well
as in the area of the natural decline in the western
part of the village behind the garden near the field
Ne 9. As of 2022 a groundwater storage reservoir
and four water intake wells were built near farm
Ne 2 (near the pond Ne 4).

Based on the water supply capacity of aquifers,
territorial possibilities, and minimization of the
general spatial decrease of groundwater tables
due to water intake for irrigation, within the area
of the farm, at least 40 water intake wells with
a total discharge rate of 20-24 thousand m*/day
and a total water withdrawal during the irrigation
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period of about 1.5 million m* can be arranged.
That will make it possible to irrigate 750 hectares
of land with an irrigation rate of 2000 m*/ha, and
at least 1000 hectares can be irrigated with an
irrigation rate of 1500 m*/ha.

Based on the results of selective hydrochemical
studies, it was determined that the limiting factor
for the use of both surface and underground water
for irrigation in certain areas may be its low quality
due to alkalization (II class — limitedly suitable) and
soil salinization (III class — unsuitable) according
to DSTU2730:2015 [27], which requires additional
assessment of water quality and implementation of
water and irrigated land reclamation measures.

Conclusions. The increase in the aridity of
the climate in the forest-steppe zone of Ukraine
leads to a growing need for irrigation, as the
most effective means of minimizing the negative
impact of climate change on the sustainability
and efficiency of agriculture in this region.

The main limiting factors for the expansion
of irrigation areas in the forest-steppe zone are
the relatively low natural supply of local water
resources in the basins of small rivers, the limited
suitability of surface and underground water for
irrigation due to soil alkalization and salinization,
toxic effects on plants, as well as (primarily for
drip irrigation systems) due to high iron content.
In the basins of many small rivers, there is a high
probability of a situation when small amounts
of local water resources or their low quality will
limit the areas of possible irrigation, up to the
emergence of competition for water and conflict
situations, especially in low-water periods.

The decision on the possibility, prospects,
and scope of irrigation application in the basins
of small rivers of Ukraine should be based
on the results of a comprehensive assessment
of the possible accumulated volumes of river
runoff in artificial reservoirs and the amount of
groundwater permissible for withdrawal, taking
into account their quality. Therefore, priority
should be given to the construction of drip
irrigation systems in the areas located near water
sources, such as ponds or suitable places for
water storage reservoirs, primarily underground.

According to expert assessments, the available
local water resources are sufficient to provide
irrigation for 10-20% (1.3—-2.6 million hectares)
of arable land in the Forest-Steppe zone.
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Anomauia. Ha npuxiaoi okpemozo azpoecocnooapcmaa, po3maulosanozo 6 bacelini manoi piuku Mansicenis
6 medicax Jlieobepesicnozo Jlicocmeny, nasedeno nioxoou 00 6uOOPy NOMEHYIHUX 0dcepel 3POULeHHST Md
0COONUBOCMI BUBHAYECHHSL 00CS2I8 MICYEBUX 60OHUX PECYPCIB, SIKI MOJNCYMb OYymu 6UKOPUCMAHT OJisl ROUBY,
a MaKodic oW, MOANCIUBO20 3POULEHHSL 30 8IOCYMHOCMI ICHYIOYUX 3POULY8ANbHUX cucmem. Pesynomamu
oocriodicend cgiouamo, U0 NEPCNeKmubl po3eUMKY 3POULEHHS 3eMelb y 20CHO0apCmeEi ModiCyms 6ymu
N08 A3aHi NEePeadiCHO 3 CYMICHUM GUKOPUCANHAM HAKONUYEHO20 8 caskax Ha piuyi Manoicenia nogepx-
Hego20 CMOoKy ma OONYCMUMUX O GUTYYEHHSA NIO3eMHUX 800 3 YPAXYS8AHHAM iXHboI akocmi. Busnaueno,
Wo nio NAUBOM KOMNIEKCY AHMPONOLEHHUX YUHHUKIE CMIK PIUKU PI3KO 3MEHULUBCS. HOPIGHHO 3 NPUPOO-
HUMU YMOBAMU, O JCUBTLEHHS PYCIOGUX CMABKIE YAPOOOBIC YCbO2O MENCEHHO20 Nepiody 8i00y8acmbs
Jue 3a paxyHox 60koeo2o npumoxy. Pospaxynkamu susnaueno, wjo @ cepeoni 3a 600HIiCMIO | MAT0B0OHI
POKU 00’ MU n0BEPXHEB020 i TPYHMOBO20 NPUMOKY 00 KACKAOY CMABKI6 3a Nepioo i3 Yep8Hsa No gepeceis
€ MeHWUMU HidIC 8Mpamu Ha 6UNAPYBAHHA. 34 MAKUX YMO8 8UKOPUCIAHHS CMOKY PiuKu O/ 3POUEHHS
MOJICTIUGE ULle 30 PAXYHOK AKYMYAAYii nogenesoeo i, 4acmKogo, nagookogo2co cmoxy. Pospaxynku 06’ emy
nogeHeso20 CMoKy 3a bepe3eHb — KgimeHsb y CIBOPI HUICHLO20 CMABY CEI0UAMb NPO HEMONCTUBICHIL GUKO-
PUCMants 600U 3 Hb0O20 OISl 3POULeHHs] Y Oydce MAT0BOOHI POKU, A MAKOJIC 3AJLEHCHICHb GUKOPUCITIAHHSL
CMOKY O/l 3pOUieHHsl ) MAOBOOHI POKU G0 pPi6Hs Nepeono8eneso20 HANOBHeHHs CMAsKis. Busnaueno,
o y cepedHbo60OHI pOKU OJIs 3pOUEHHA MOJICHA OyOe sukopucmamu 00 0,8 man M3, a 6 6azamoeooni 0o
1,4 man m? 600u, wo 0oz6onums 3adesneyumu spoutenns na niowi 400 2a i 700 2a 6ionosiono (npu nHopmi
spowenns 2000 Mm* /2a). ObepyHmosano MoNCIUGICIb GIAUIMYEAHHS Y MEXCAX Mepumopii posmauty-
sanHs 2ocnodapemea e menute 40 60003a6ipHUX c6epOnosuH i3 cymapHum 0ebimom 20—24 muc. m*/006y
Ma 3a2a1bHUM 60008I000POM NPOMALOM 3POULYEALbHO20 Nepiody Onusbko 1,5 man M. Ile dozsonums 3a
nopwu spowenns 2000 ymP/ea norusamu 750 2a semens, a 3a nopmu 3pouwtenns 1500 m’/ea — ne menwe
1000 ea. Axyenmosano Ha 0608’ A3KOBOMY NONEPEOHLOMY OOCTIONCEHHI AKOCHI 800U O 3POUEHHS, KA
071 6a2amvOX MAIUX PitoK ma 6000HOCHUX 2OPUZOHMIE € NIMIMYIOUUM YUHHUKOM BUKOPUCTNAHHS MICYEBUX
B0OHUX pecypci6 01 GNAWMYBAHHS 3POULYBATILHUX CUCTHEM.

Knrouosi cnoea: 600ui pecypcu, sminu Kaimamy, 3pouieHis, Ri03emMui 600U, piuKo8Ull CMiK, pycllogi CmasKu,
sAKicmb 600U
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Abstract. Soil is the foundation of all-natural production systems. There is a necessity to study the
management systems impact on soil functional properties and crop productivity in response to climate
change effects. Our review was conducted using published databases of Ukrainian and worldwide peer-
reviewed publications, including high-quality databases in Scopus, Web of Science, ResearchGate,
Ukrainian specialized publications, and other web sources to evaluate the effects of tillage, with- and
without cropping diversity, cover crops, and chemigation, on soil functional properties associated with
soil health and crop productivity. Globally used different types of tillage practices (plowing vs. no-till)
affect soil biology, nutrient cycling and organic matter accumulation, water, nutrient, and air ecosystems,
changes in the soil structural and hydrological properties, and factors responsible for soil erosion and
degradation were evaluated. The relevance of the research is appropriate due to global climate change
and the transition of farmers converting from plowing to minimum tillage technologies, including no-till
in order to achieve economic crop production with enhanced agroecosystem services. While both plowing
and minimum tillage technologies have contrasting benefits and limitations, there is a lacking of consistent
advantages of one tillage technology over the other one to support economic crop production, regenerate
soil health, and enhance agroecosystem services. Currently, no-till technologies are increasingly adopted
by farmers in Ukraine; however, farmers are looking for evidence-based knowledge and the government to
remove roadblocks. The issue is increasingly becoming more relevant in connection with climate change
effects, which require further studies.

Key words: climate change, soil health, cover crop, chemigation, Scopus, Ukraine

The relevance of the study. Soil is a complex or zero-tillage, precision fertilization and
dynamic ecosystem essential to support chemical protection against pests and diseases,
and provide ecosystem services. Currently, land reclamation and adaptation of sustainable
agricultural soils are under the immense pressure  practices, and proactive genetics, breeding,

of intensification to achieve food security to meet
the demands of increasing population growth in
the world. In response to the effects of global
climate change on ecosystem productivity,
the study of the influence of management and
environmental factors on the soil-plant-water
systems is becoming urgent. There is a need for
a comprehensive review of scientific research
on changes in soil’s performance under various
tillage systems. It is expected to allow improving
current and upcoming new management
practices to modernize the compatibility of
the agricultural production systems and create
market opportunities for various produce and
commodities. The improved soil cultivation
technologies in conjunction with minimum

and biotechnology are expected to regenerate
or maintain soil’s capacity to support crop
production.

Analysis of recent research and
publications. Currently, scientists around
the world [10; 28; 58] emphasize the need
to minimize soil cultivation (plowing) or
adaptation of conservation tillage to improve
soil health by enhancing biological diversity,
increasing soil organic carbon sequestration,
accumulating essential plant nutrients, improving
soil structural stability, controlling soil erosion,
and decreasing soil compaction and greenhouse
gas emissions. It is believed that conventional
tillage-induced  subsoil compaction (plow
pan) is a detrimental consequence to affect
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soil hydrological properties, crusting and poor
infiltration, secondary salinization and drought,
and restricted root growth of plants. It is reported
that frequent cultivation that contributes to the
loss of plant available moisture, depletion of soil
organic carbon, and reduction of soil biodiversity
and efficiency, leading to degraded soil functional
properties [5; 41]. As a result, the agrogenic
(regenerative) activities of the soil severely
affected over time [8].

Changing from frequent and intensive plowing
to conservation tillage is an environmentally
compatible and economically viable approach to
regenerate soil health with increased ecosystem
services (Fig. 1). With conservation tillage
especially zero or no-till, undisturbed surface
accumulation of crop residue acts as a mulch to
improve biodiversity, decrease soil temperature
and evaporation, and store moisture for a longer
period of time [50]. Potential benefits include
enhanced fungal dominance in food webs,
increased carbon sequestration, accumulation
of nutrients, reduced greenhouse gas emissions,
improved soil aggregate formation, decreased
soil erosion, and ameliorate soil health [38; 50].
In contrast, it is reported that the no-till transition
process is slow, especially in the first few years
which can lead to debatable results depending
on the type of soils and crops [7; 54]. Several
studies have reported that it may take about
5 to 6 years to overcome the no-till transition
process and achieve the expected results on
soil’s performance [20; 30]. Islam et al. [30]
suggested that introducing cover crops into the
crop rotation, as one of the measures to improve
the no-till adaptation and performance while
residues exerted positive effects to increase
albedo — protect soil against overheating, prevent
capillary loss of moisture from deeper soils,
retain carbon, promote biodiversity, and improve
functional properties associated with soil health.

*__Poor soil-quality under '
| § conventionally-tilled cor
WE gsoybean»l‘gtatiorgf_ ¢

Several studies [23; 40] have emphasized
that the prospects of modeling the critical
processes associated with the influence of
tillage operations on changes in the functional
properties of soil, and argued that the use of
the concept of its homeostasis will be a holistic
approach to evaluate soil’s performance [8]. The
proactive nature of the concept is explained by
the fact that its change has an energetic nature —
it is the intensity of subordinate processes of
transformation of external energy flows of matter.
Any changes in soil properties, for example,
compaction, lead to a different level of soil
enrichment with surface energy, and accordingly,
the availability of moisture and nutrients to plants.
The availability of water and nutrients to plants
depends on the level of homeostasis: the higher
soil homeostasis, that is, the use of the flow of
external energy in it, the higher the availability
of plant nutrition and water availability from
the soil. Soil homeostasis, as a manifestation of
the interaction of the thermodynamic system of
the soil with the environment, depends on three
components: the structure of the soil, as a design
of the thermodynamic system, the presence of
requirements as a working body in the system,
and the intensity of external weather disturbances.
The approach of homeostasis is promising to
consider most of the factors affecting the soil’s
performance — tillage, irrigation, fertilization,
climate changes, etc. [8].

Despite the relevance of research, there are
no existing national programs to support the
implementation of minimum or no-till practices.
Based on practical experiences to achieve
sustainable production, these technologies are
greatly needed to implement for diverse soils
and climate zones in Ukraine. The goal of our
research was to evaluate the impact of various
tillage systems and crop rotation with cover crops
on the dynamics of soil functional properties.

under no-till .corn-
i \sgybean-wheafxrotation
/- ‘with cover crops

]

Fig. 1. Effects of conventional- and no-tillage practices on soil health
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Research materials and methods. The
methodology of our research was based on
published databases of Ukrainian and worldwide
publications, including high-quality databases
of peer-reviewed literatures in Scopus, Web of
Science, ResearchGate, Ukrainian specialized
publications, and other web sources, by keywords.
All the selected publications were sorted out by
title and abstract, and then by a full text available
for review against the specified keywords.
Duplicate articles have been removed. About 22 %
of the non-English-language articles published in
other journals were included in the study.

Research results and their discussion. 77e
influence of soil cultivation on changes in its
properties. It is widely suggested that minimum
tillage combined with crop residue mulching
is be a promising agricultural management
practice to ameliorate soil properties to support
increased crop productivity [34]. As noted
by researchers [6; 15], the zonal features of
the minimum tillage are determined by the
features of the soil cover. Tillage minimization
is recommended on soils with an equilibrium
antecedent density close to the optimum level for
growing field crops; on these soils, the intensity
of cultivation may be minimum, and certain
methods may be discarded altogether [3; 16].
Minimum tillage or no plowing is a promising
and easy-to-implement approach on well-
drained structurally stable and potentially fertile
soils, particularly chernozems. Also, minimum
tillage is a highly effective agromelioration
method for the retention and preservation of soil
moisture and precipitation for a longer period
of time [14]. A number of studies indicated that
the annual soil moisture-accumulating effect is
30-50 mm, which contributes to the stabilization
of processes, especially during severe drought
events. Therefore, the most promising zone for
the introduction of minimum tillage or no-till is
the Steppe zones and a large part of the Right
Bank Forest Steppe of Ukraine [2; 11; 13; 17].

Quirk [46] investigated that the soil moisture
dynamics, in particular the processes of wetting
and drying, freezing and thawing, and plant
water consumption that underlie the soil physical
properties. Potential impacts included changes
in soil hydrological processes and water flows,
including the timing and magnitude of surface
runoff, discharge of runoff and percolation,
and evaporation, which may affect other
environmental variables, including the flow of
nutrients and sediments [52].

Russell [6] indicated that when the soil oxygen
concentration drops to 9-12 %, plant root growth
significantly affected, and when oxygen content

(7]

is less than 5%, it stops functioning altogether.
The absorption of water and nutrients by plants
via roots significantly decreased with increasing
soil anaerobiosis (oxygen content (9-12%).
Plants respond to oxygen deficiency during their
maximum vegetative growth: winter plants —
before and during earing; roots and tubers —
during the formation of their productive organs
and deposition of nutrients in them. Leguminous
crops responded critically, because, in addition
to root respiration, they require oxygen for
bacteria that exist on it in symbiosis and absorb
atmospheric nitrogen, which is later transformed
into nitrogen compounds available to plants [4].
Hula et al. [35] reported that frequent tillage
operations can contribute to soil erosion along
the slopes. It is suggested that with minimum
tillage, the off-site movement of soil particles
from slopes can be fixed at a shorter distance than
with the plowing.

A field experiment at the Institute of
Sugarcane in India (ICAR-Indian Institute
of Sugarcane Research, Lucknow), where
different tillage technologies and their influence
on soil hydrological properties were studied,
results showed that plowing to different depths
(45-50 cm and 25-30 cm depths) increased
porosity and the soil bulk density decreased when
compared to minimum tillage. Thus, at a depth of
0-15 cm, the bulk density decreased by more than
6% during the budding phase of the sugarcane
plants. Likewise, the highest nitrogen uptake of
158.5 kg/ha was recorded in plowed treatment;
besides, increased soil biological and chemical
properties along with sugarcane yield [32].

Based on the results of a three years study,
both minimum tillage and plowing increased
the moisture holding capacity by 3.1 to 7.9%
at 0-200 cm soil depths, when compared to the
transitional no-till. The highest water holding
was reportedly between 100-200 cm depth,
while deep plowing showed the highest moisture
holding at 0-100 cm depth. In contrast, the
yield and protein content of grain were lower
with minimum tillage and deep plowing when
compared to the no-till [29].

Field research was conducted to study the
different methods of main tillage by chiseling
with different types of chisels looseners and
plowing effect on the agro- and water-physical
indicators of light chestnut soil, results showed
that the methods of main tillage had better
regulating impact on the agro- and water-physical
condition of the soil with a significant impact on
crop productivity [36; 37]. Other studies [12]
conducted over a period of 11 years indicated
that while the mesoporosity was more developed
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in the plowed soil, the macroporosity, in contrast,
was higher in the no-till soil. Moreover, the highest
values of moisture conductivity were observed in
the no-till at deeper depths (700—850 cm) which
was decreased at the soil surface. In contrast, the
plowed soil had the highest values of moisture
conductivity at 0—15 cm depth, which decreased
with an increase in soil depth. The profile
distribution of moisture conductivity in the
no-till contributes to the higher infiltration of the
groundwater and the capillary supply of the root
layer of the soil from deep depths.

The soil hydrological properties under the
transitional no-till lead to a decrease in the water
infiltration and lower hydraulic conductivity
rates due to the consequence of initial surface
compaction when compared to conventional
plowing. An initial soil compaction under short-
term no-till (1 to 3 years) decreased porosity due
to the lack of disturbance and inversion of soil,
while frequent plowing breaks down compacted
soil layers and increased porosity [50]. However,
several studies have shown that long-term no-till
significantly reduced surface soil compaction
by adding greater amounts of residues from
agronomic and cover crops with different root
systems in crop rotation [18; 39; 50].

Blanco-Canqui and Ruis [22] discussed
the implications of no-till management for
assessing organic carbon dynamics, fertility, and
yield, but a current synthesis of no-till impacts
on soil physical properties. They argued that
understanding changes in soil physical properties
following the adaptation of no-till is important
for soil management, agricultural production,
and environmental quality.

The results of a simulated scenarios [33],
included long-term (30 years) corn growth in
a rainfed regime, the modeling have shown
significant effects of tillage on crop yield and soil
water balance. The chisel plowing increased corn
yield by 14 %, but this positive effect of chiseling
lasted only one cropping season. Under different
tillage options (chiseling and no-till), root length
density and stratification of soil hydrological
properties within the profile generated different
patterns of soils response to drought events
during the harvest season.

Accordingto Beltraoetal.[21],the highestcrop
yields were obtained at the most favorable ratios
of the air and water in the soil during the critical
periods of crop culture. They reported that all the
components in the soil-plant-atmosphere system
must be balanced to mitigate the consequences
of climate change, while its can’t be completely
eliminated [27]. However, the added impact on
soil properties under different tillage practices

depends primarily on certain conditions at the
soil-atmosphere interface, which requires a more
detailed study.

The influence of cultivation on soil nutrients
and microbiological activities. There is a close
relationship between the availability of soil
moisture and the assimilation of nutrients by
plants as the intensity of absorption of nutrients
and their movement along the plant decreases
with a lack of moisture. It is known that under
drought, the absorption of nutrients (such as
phosphorus) by plants decreases by 7-28 % and
precedes the decrease in the rate of absorption
of potassium, especially nitrogen. However, the
deficiency of phosphorus is a limiting factor
for the development of the root system and
grain formation [1]. Soil cultivation transiently
improved the crop productivity of agricultural
land by effective control of weeds, pests, and
pathogens to optimized plant nutrition [25; 43].

Surface application of nutrients (either by
chemical fertilization or amendments), under
no-till, leads to the stratification of organic
carbon and nutrients [42; 55]. However, cropping
diversity with mixed cover crops under minimum
tillage or no-till reduce stratification, control
soil degradation, and consequently, mitigate the
negative impacts of conventional agriculture on
the environment. However, the combined effect
of these measures on greenhouse gas emissions,
particularly nitrous oxide and ammonia
volatilization from soil ecosystems remains
highly debated [44].

A field research study [32] to determine
the tillage effects on corn nitrogen uptake and
utilization, no-till results showed significant
increase in phosphorus-use efficiency at the initial
stages on the low-input plants. The effect of tillage
was constant at all stages of crop growth and
development, with higher plant phosphorus-use
efficiency under the plow and chisel disc options
than under the no-till. However, plants grown
under the no-till had the highest phosphorus
concentration in the shoots.

Otherresearch results showed that the potential
denitrification activity and the total number of
denitrifying bacteria increased by 66 and 116 %,
respectively, in response to the effects of no-till,
while soil denitrification under the no-till led
to an increase in nitrous oxide emissions [58].
When comparing tillage technologies, results
indicated a significant decrease in soil pH with
a variation of = 0.28 % under the no-till, when
compared to the conventional tillage. Thus, lower
relative changes in soil pH observed on clayey
loam (2,44 %) were recorded for the long-term
no-till [49].
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Skaalsveen et al. [50] have reported that
the no-till has great potential as a soil erosion
mitigation with significant reductions in soil
loss, providing beneficial effects on loading
sediments and particulate phosphorus into fresh
waterbodies. However, the no-till increased
the edge-of-field loss of dissolved reactive
phosphorus [48] but have a minor effect on
nitrogen leaching. Sustainable soil management
practices, in general, increased soil respiration
(by 81.1%), microbial biomass (by 104 %), and
dehydrogenase enzymatic activity (by 59.2%)
when compared to the combination of other soil
cultivation technologies [51].

Under climate-smart agricultural practices,
the transitional no-till decreased the soybean and
winter wheat yields (by 14.9 % and 20.7 %), than
under the conventional tillage in Ukraine [9].
However, soybean yield increased by 14% and
winter wheat by 5.1% in response to salicylic
acid chemigation under no-till compared to the
control. The water-use efficiency of soybean
increased by more than 2% under no-till when
compared to conventional tillage. Likewise,
microbial biomass increased by 19% and
earthworm numbers increased by 8% under
the no-till soil than that of the plowed soil. Soil
moisture accumulation increased by 18 % under
the no-till, when compared to conventional
plowing [9].

Froslev et al. [46] indicated a significant
difference in the composition of the soil biology
associated with the intensity of tillage, where
plowing, minimum tillage, and no-till were
compared. Despite the significant influence of
tillage on biota composition, comparisons with
natural ecosystems showed that experimental
fields were much more similar in composition
to other rotational fields than to more natural
habitats, old fields, and forests, respectively.

(0]

Long-term no-till farming practices (14 years)
significantly increased the size of soil microbial
communities and the activity of B-glucosidase,
which is associated with the decomposition of soil
organic matter and at the same time negatively
affects the bacterial diversity due to lack of soil
disturbance and accumulation of residues on the
soil surface [57].

Reducing tillage and cover crops, which are
widely recommended to improve soil health,
significantly affect the functional diversity of
microorganisms [45]. However, decreased the
nutrientavailability with soil depth under the no-till
with uneven nutrient supply and homogenization
than that of the conventional tillage.

Conclusions. Intensive tillage practices, while
supporting greater food security, have adverse
effects on soil biology and associated properties,
disperse structural stability, and decrease organic
matter associated with degraded soil health.
Together with climate change, conventional
tillage practices are expected to accelerate
soil health degradation and affect global food
security. In contrast, conservation tillage such as
minimum tillage or no-till is a proactive approach
to regenerate soil health properties. Despite
no-till’s importance in soil functionality, the
major barriers to transitional no-till are nitrogen
immobilization, transient soil compaction, weed
pressure, and stratification of organic carbon
and essential nutrients. Cropping diversity with
cover crops, as a biological primer, is expected to
complement no-till soil functionality. The water
and nutrient contents, the activity and diversity
of microbiota, and the influence of cover crops in
crop rotation under different tillage technologies
are all the issues that have not been thoroughly
studied and further research is needed, taking into
account climate changes and the characteristics
of soils, in particular degraded ones.
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Anomauin. I[pynmu € 0croenoio npupoonoio cucmemoro. Bionoziuna npodykmuenicme ciibcbko2ocnooap-
CbKUX KYIbIMYP cepeod YCiX napamempie acpoyerosy € HauOiibul MIHIUGUM | THMeSPATbHUM NOKAZHUKOM
ACUMME3OAMHOCII CIBO3MIHU, AKA AKYMYIIOE 2EHEMUYHUL NOMEHYIAN KYIbIMYp, 300p08 5 IPYHMY, NO20OHI
ymMosu ma azpomexuiuny egpexmugnicms. OOpoOimoK IpyHmy € 0CHOG8HOIO MEXHONO02IUHOI0 Onepayicio,
AKA € YACMUHOIO OLIbULOCI CLIbCLKO2OCHO0APCHKUX NPAKMUK NPOMS2OM 6a2amvox pokie. Pisni mexno-
J102ii 00pOOIMKY IPYHMY 6NAUBAIOMb HA U020 SKICHI XAPAKMEPUCTUKY, 3MIHIOIOHUU BOOHUL, NONCUBHULL
NOGIMPANULL PEAHCUMU, A 8 OKPEMUX BUNAOKAX NPU3BO0SIMb 00 HUZKU He2AMUBHUX S8ULY, HANPUKIAO, 3MIHU
CMPYKMYPHO20 CKAAOY IPYHMIG, 3HUICEHHS CMIUKOCMI 00 308HIWHIX YUHHUKIG, decpadayii ma eposii.
Axmyanvhicms 00CAiONHCeHHA NIOCUTIOEMbCA 3MIHAMU KAIMAMY Ma Nepexo0oM SUPOOHUKIE 8I0 GUKOPUC-
MAHHA OPAHKU HA MIHIMATbHI [ HYILO8I MeXHON02I 3 Memow eKOHOMII ma exonoizayii supobHuymaa.
Memoro pobomu 6yn0 oyinumu 0OCMYnHICMb i 3MiCMOSHICb nYoOniKayiti 3 0anoi memu y 0a3ax 0auHux
VKPAIHCOKUX | 3aKOPOOHHUX 8UOAHD, BKIIOUAIOYU HAYKOMEMPUUHI 0a3u peyen3osanoi iimepamypu Scopus
i Web of Science, ResearchGate, yKpaincbKux cneyianizosanux 6uoanb ma nepegipenux geboicepern, 3a
KIIOU08UMU crosamu. Yci 6idibpani nyonikayii nepesipsanucs 3a HA36010 ma aHOMAYIElo, a NOMim 3d
OOCMYNHUM NOGHUM MeCmOM Ol nepeanady 3a 8KA3AHUMU Kaowosumu croeamu. Ilyonikayii-oyonikamu
0yn0 sunyuero iz ananizy. Kpim moeo, 0o ananizy 6yno exaroueno 22 % Heane1oMO8HUX PYKONUCTE, ONYONIKO-
BAHUX V HEPeYeH308aAHUX JCYPHANaxX. Busnaueno, wjo numanHam 6naugy pizHux mexwonozii o6pobimxy
IPYHMY HA 3MIHY 1020 61ACMUBOCTEl 3 0XAPAKMEPUYBAHHAM NO3UMUBHUX | HE2AMUBHUX CIMOPIH, 6CMa-
HOBJLeHHSL 3AKOHOMIPHOCMEU Npoyecie npudiieno yeazy 6a2amvox 6UeHUX YCb0o2o Cimy ma 6UCSIMIeHO
Y HUCIeHHUX podomax, npome CHilbHO20 GUCHOBKY W000 nepegaz OOHIEI mexHoN02ii Had IHWiow ma
3MICMOBHO20 OOTPYHMYBAHHS aepomexHoao2ill ne icHye. LlJodani numanus nadysace 6ce Oinvuioi akmyas-
HOCMI y 36 3KV 31 3MIHAMU KAIMAmy ma nompedye 0emanbHO20 GUEYEHHSL.

Knwuosi cnoea: smina xnimamy, 300p08's TpyHmy, NOKpUGHi Kyibmypu, XiMiuHuii oopobimok, Scopus,
Vrpaina
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Abstract. The article analyses the features of water consumption of sunflower in short-term crop
rotations. Presents the results of the 2020-2021 research carried out in the experimental field of Kharkiv
National Agrarian University named after V.V. Dokuchaev, located in the area of the Left Bank Forest-
Steppe of Ukraine. The soil cover of the experimental field is represented by typical chernozem heavy loam
on loess-like loam. Soil moisture was determined by gravimetric technique. Sunflower water consumption
was calculated using the water balance method. The sunflower yield was recorded manually. The purpose
of our research was to determine how short-term crop rotations with different sunflower saturation affect
the formation of the soil water regime and the yield of the crop itself. The experimental design included
five-field crop rotations with sunflower saturation of 0, 20, 40 and 60 %. The control in the experiment was
a five-field crop rotation without sunflower. It was determined that the yield of sunflower seeds depended
on the variants and ranged from 3.21 to 3.57 t/ha. The increase in the share of sunflower in crop rotation
was accompanied by a decrease in its yield, in particular, due to the deterioration of moisture supply. Soil
moisture consumption was the highest in crop rotation with sunflower saturation of 60 % (2969 m’/ha).
Against the background of reducing the share of sunflower to 40 and 20 %, moisture consumption was 2713
and 2824 m*/ha. The water consumption coefficient was high due to an increase in the share of sunflower
in short-term crop rotations. It was determined that in crop rotation with sunflower saturation of 40%
the coefficient of water consumption was the lowest. At the same time, this variant has the highest yield
of sunflower seeds (3.57 t/ha). Increasing the saturation of short-term crop rotations with sunflower up to
60 % should occur under conditions of the high culture of agriculture. Therefore, ways of efficient use of
soil moisture to increase the yield of sunflower in short-term crop rotations are being developed.

Key words: sunflower, water consumption, soil moisture, saturation, yield

The relevance of the study. Crop rotation
plays a major role in crop yielding [1; 2]. The
preceding crops must be carefully chosen
for obtaining higher yields and seed quality.
Some scientists are working to determine the
optimal crop rotation and the influence of the
predecessor [3—6]. Sunflower has a leading place
in the agrarian sector of Ukraine. Ukraine fully
meets its own needs in sunflower seed processing
products and is also an exporter of sunflower
oil on the world market. Over the past 10 years,
the area under this crop has increased almost
3 times [7; 8]. Sunflower is a very cost-effective
crop. According to Grain Trade, prices in Ukraine
for its seeds are $700 per ton [9].

According to Johnston et al. [10], sunflower is
usually grown in 3—4-year rotations with cereals,
oilseed rape, and legumes. Production programs
of agrarian enterprises are aimed at obtaining
high incomes. This is manifested in the design
of short-term crop rotations, where the share
of sunflower can reach 50%. The integration
of sunflower in the cropping system has many

advantages [11]. This crop is simple, flexible,
adaptable to a wide range of pedoclimatic
situations and cropping systems, appreciated for
its environmental impact, and for leaving the soil
in a favorable condition for subsequent crops.
At the same time, it is necessary to take into
account soil and climatic conditions, precursors,
cultivation technologies, mineral nutrition and
plant protection systems [12].

Adaptation to a changing climate is something
that modern agriculture is facing. In such
circumstances, water management is particularly
important [13—15]. During the growing season,
field crops use a significant amount of moisture.
At the same time, the reserves in the soil decrease,
reaching a minimum at the time of harvesting [ 15]. It
is important to prevent this process at the beginning
of the growing season of agricultural crops [16—19].
One of the ways to regulate the water regime of
the soil is the use of drought-resistant sunflower
hybrids, science-based crop rotations and tillage
systems. This ensures the accumulation and most
rational use of moisture [20].

© Dehtiarova Z. O., 2023
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Analysis of the latest research and
publications. Crop rotation is an appropriate
measure to increase crop yields, and reduce
adverse environmental impacts [21]. According to
the results of scientific research, it is proved that
crop rotation is an inviolable basis for the stability
of agriculture. They have a positive effect on all
important soil indicators, in particular soil moisture.

Agricultural crops do not use soil moisture
equally for crop formation. Crops that
intensively use moisture from the soil do not
create agroecological negative. The less moisture
remains in the soil after harvesting, the better
it will be absorbed during precipitation. Total
moisture consumption from early spring to
harvesting by sunflower is higher than in other
crops. It is known that soil moisture reserves in
sunflower agrocenoses in crop rotation during
the period of intensive plant development are
lower than at the beginning of the growing
season [22; 23]. Scientists note that in sunflower
crops moisture consumption in the period from
sowing to 56 leaves are 1250-1330 m’/ha. By
the end of the vegetation period, plants grow
intensively and moisture consumption increases
to 3140-3160 m*/ha. Given the residual moisture
reserves in the soil at harvest time, sunflower is
very drying to the soil [24]. After it, insignificant
reserves of available moisture remain in the
soil — 890-930 m3/ha [25]. In the post-harvest
period, the processes of moisture accumulation
in the soil begin to prevail. The accumulation of
precipitation during this period in the fields after
sunflower is 5262 %.

The purpose of the research was to determine
the influence of the share of sunflower in short-
term crop rotations on water consumption and
crop yield.

Materials and methods of the research.
Research to determine the water consumption
of sunflower in 2020-2021 was conducted on
the basis of the chair of Farming named after
O.M. Mozheiko of the experimental field of
Kharkiv National Agrarian University named
after V.V. Dokuchaev (KhNAU). The complexity
of the climatic conditions of the Kharkiv region
of Ukraine for agriculture is also revealed in not
existing guaranteed annual sufficient moisture.
In addition, in some years, thermal resources are
much less than the needs of crops. According to
the meteorological station of KhNAU, during
the growing season of sunflower, the average
long-term precipitation was 278 mm, and the air
temperature was +17.7°C. During the growing
season of sunflower in 2020, precipitation was
114 mm less than normal, and the average air
temperature was 19.8 °C, which is 2,1 °C higher

[os ]

than the climatic norm. Atmospheric precipitation
during the growing season of sunflower in 2021
was showery in June — 81.9 mm, which is 22.9 mm
higher than the average long-term norm. In July
and August, precipitation was less than the long-
term average by 51.5 and 44.2 mm, respectively.
Precipitation in 2021 was 197.7 mm, which is
81.3 mm less than the long-term average, and
the excess of the average daily air temperature
by 2.5°C compared to the long-term average.
Therefore, sunflower vegetation during this period
took place in relatively unfavorable conditions.

The physical properties of the soil are affected
by many factors that change vertically with depth,
laterally across fields and temporally in response
to climate and human activity [26]. Different soils
have distinct physical and chemical properties
depending on the nature of mineral and organic
components, their relative amounts, and how
minerals and organic matter interact [27]. The
soil cover of the experimental field is represented
by typical chernozem heavy loam on loess-like
loam. In terms of agrophysical and agrochemical
properties, it is one of the most favorable soils for
growing field crops. It is characterized by high
reserves of nutrients available to plants, high
humus content and intense biological activity.
The arable layer of the soil (0—30 cm) contains
humus (according to Tyurin) — 4.9-5.1%, easily
hydrolyzable nitrogen (according to Kornfield) —
81 mg/kg of soil, mobile forms of phosphorus
and potassium (according to Chirikov) — 100
and 200 mg/kg of soil. Content of exchangeable
cations: calcium — 37.8 %, magnesium — 6.6 %,
sodium — 0.49 %, potassium — 0.5 %, hydrogen —
21 mg-equiv./kg soil. The soil reaction — pH:
aqueous — 7.0, salt — 5.2-5.6. Groundwater lies at
a depth of about 18 m [28].

Sunflower hybrid — Cruiser LG59580. The
size of the sowing area is 750 m?, the accounting
area is 100 m?. Variants of short-term (5-field)
crop rotations with different proportions of
sunflower in the structure of the sown areas were
studied (Table 1). The control in the experiment
was a five-field crop rotation without sunflower.

Soil moisture was determined by Gravimetric
Technique [29]. The formula for calculating
moisture:

W= W2 -W3
w3

b

100 (1)
where W1 — the weight of the container (g), W2 —
the weight of moist soil + container (g), and W3 —
the weight of dried soil + container (g).

The determination of moisture reserves in
the soil was carried out taking into account the
known field moisture (% moisture by weight of

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2023



_J

1. Crop rotation structure, %

9% MEJIIOPALIA I BOJHE I'OCIIO/JAPCTBO, Ne 1 » 2023

Pea Winter wheat Corn Winter rye Fallow Sunflower
20 20 20 20 — 20

20 20 — 20 — 40

— 20 — 20 — 60

— 20 40 20 20 0

absolutely dry soil), a certain soil layer (h, cm)
and its density (dv) on an area of 1 ha (10000 m?).

The formula for calculating soil moisture
reserves in m*/ha:

W=h x dv x W, 2)

where W — moisture reserves in the soil, m*/ha;
h — thickness of a certain soil layer, cm; dv —
density of soil composition, g/cm®; Wt, — actual
field moisture of the soil, determined by the
gravimetric method,% of the completely dry
mass of the soil.

The total water consumption was determined
by the difference between the spring supply
of available moisture and its balance at the
end of the growing season of the crop. To this
indicator, we added precipitation that fell during
the vegetation period. The end result is the
calculation of the water consumption coefficient.
Two variants can be used to determine the water
consumption coefficient: calculation per unit of
dry aboveground biomass and per unit of main
production [30]. In our study, the efficiency of
moisture use for crop formation was assessed
taking into account seed yield. Statistical data
processing was performed using the CORREL
function, which is included in the data analysis
package in MS Office Excel 2017.

Research results and discussion. The results
of our research show the content of available
moisture in the soil layer 0—150 cm. On average,
in 2020-2021, at the time of sowing sunflower,
it was within 1562—-1763 m’/ha (Table 2). Most
moisture (1763 m’/ha) was accumulated in the
crop rotation with a share of sunflower 20 %, and
the least — in the crop rotation with a saturation
of 40%. During the spring-summer period of
sunflower vegetation, there was a predominance
of moisture consumption from the soil over its

accumulation. Before harvesting sunflower, the
most moisture in the soil remained under control.
High moisture accumulation (749 and 658 m3/ha)
was recorded in crop rotations with sunflower
saturation of 20 and 40%. When the share of
sunflower increased to 60 %, moisture reserves
decreased (488 m’/ha).

In 2020, at the beginning of sunflower
sowing, moisture reserves in the 1,5-meter soil
layer were high. They were the highest in the
field of crop rotation with sunflower saturation
of 20% — 1840 m’/ha (Fig. 1). At the end of the
growing season of sunflower, moisture reserves
acquired minimum values (254 m’/ha) in crop
rotation, where its share was 60 %. Crop rotation
without sunflower ensured the residual amount of
moisture in the soil at the level of 1094 m*/ha.

The year 2021 was more favourable in terms
of humidity due to sufficient precipitation in the
autumn-winter period. At the time of sunflower
sowing, moisture reserves in the 1.5-meter soil
layer were in the range of 1518-1721 m‘/ha.
Most of the available moisture was accumulated
in crop rotation with a share of sunflower 60 %.
The lowest amount of moisture was in the control
variant — 1518 m?/ha. In the phase of full ripeness
of sunflower, the most moisture was recorded in
the variant with a share 0of 20 % (985 m*/ha). Crop
rotation with 60 percent saturation of sunflower
was characterized by minimal moisture reserves
in the soil — 721 m*/ha.

Due to the root system sunflower has
a rather high level of water consumption. For
the formation of a high yield of sunflower,
1650-1850 m’/ha of moisture in the root
layer (0—150 cm) and a sufficient amount of
precipitation (300-400 mm) during the growing
season are necessary [31]. Gorobets et al. [32]
draw attention to the inverse relationship

2. Available moisture reserves in the soil under sunflower, (average for 2020-2021)

Share of sunflower in crop Available moisture content in the soil layer 0—150 cm, m*/ha
rotation, % (variant) during sowing before harvesting
20 1763 749
40 1562 658
60 1647 488
0 (control) 1649 985
LSDO0.5 116 69
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Fig. 1. Available moisture content in the 150-centimeter soil layer, in 2020 and 2021
Note: 20 %, 40 %, 60 %, 0% — the share of sunflower in crop rotation

between the amount of residual (during
sunflower harvest) and accumulated moisture in
the soil. If moisture in the soil layer 0—150 cm
contains 1580 m’/ha, it will accumulate at the
level of 530-580 m’/ha. With residual reserves
of 350 m’/ha, the soil absorbs 1880-1920 m’/ha
of available moisture. It was found that after
sunflower, the reserves of available moisture in
the soil in spring were in the range from 1800 to
1840 m?/ha. Scientists note that the coefficient of
water consumption of sunflower is 450-600 m*/t,
and this is much higher than that of corn, sugar
beet and cereals [33; 34].

Kovalenko [35] determined that during
the growing season sunflower spends
2581-2764 m’/ha of moisture on evaporation
from the soil. While the share of moisture from
the soil is 33.3-37.4 %, and from precipitation —
62.3-66.7%. Moisture loss from the topsoil
(010 cm) during the growing season was
49-91 m’/ha or 5.0-12.6% of total water
consumption. The highest water consumption
occurred when placing sunflower in crop rotation
with fallow — 12.6 %, and the lowest — with peas —
5.0%. Domaratsky and Kozlova [30] determined
that during sunflower sowing, the available
moisture reserves in the meter layer of soil were
1300 m?*/ha. This qualifies as the lower threshold
of average moisture availability. When plants
reach full ripeness, moisture reserves decreased
to 150-300 m’/ha. During the growing season,
sunflower plants used 1150-1000 m*ha of
moisture from the soil. Together with precipitation,

moisture reserves determine the size of the total
water consumption, which in the LG 5580 hybrid
was 2556 m*/ha.

The Left-Bank Forest-Steppe of Ukraine is
characterized as a subzone of unstable moisture.
Therefore, it is important that crops effectively
use the moisture reserves accumulated in the soil
during the sowing period and precipitation that
fell during the growing season. In our studies,
sunflower water consumption was closely related
to its share in crop rotation.

On average, in 2020-2021, the maximum
water consumption (2969 m3/ha) was observed
in crop rotation with its share of 60% (Table 3).
In the variant of 40% saturation, the level of
moisture consumption decreased by 256 m'/ha.
The process of water consumption had an impact
on the yield of sunflower plants. With a sunflower
yield of 3.21 t/ha in crop rotation with a saturation
of 60 %, the water consumption coefficient was at
the level of 926 m?/t. In other crop rotations with
sunflower yields of 3.43 and 3.57 t/ha, the water
consumption coefficient was 823 and 761 m?/.
Thus, when the crop rotation is saturated with
sunflower 20 and 40%, the plants used soil
moisture more efficiently to form a unit of the
main product.

In 2020, the amount of precipitation during the
growing season of sunflower was 164 mm. Taking
this into account, the total water consumption
varied by experimental variants in the range
of 2326-2968 m3/ha (Table 2). The maximum
water consumption (2968 m’/ha) was in crop
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3. Sunflower water consumption depending on the saturation of short-term crop rotations

Share of sunflower in crop | Soil moisture, Total water Sunflower | Water consumption
rotation, % (variant) m’/ha consumption, m*ha | yield, t/ha | coefficient, m*/t
2020

20 1328 2968 3.73 796

40 1023 2663 3.77 706

60 1319 2959 3.24 913
0 (control) 686 2326 — —

2021

20 701 2678 3.13 856

40 784 2761 3.36 822

60 1000 2977 3.17 939
0 (control) 643 2620 — —

Average for 2020-2021

20 1015 2824 3.43 823

40 904 2713 3.57 761

60 1160 2969 3.21 926
0 (control) 665 2474 — —

rotation with sunflower saturation of 20%. The
level of culture water consumption decreased by
305 m’/ha in crop rotation with a share of 40 %.
At the same time, its yield level was the highest —
3.77 t/ha. To form this amount of yield, sunflower
plants used 1187 m®ha of moisture, of which
38% is soil moisture and 62 % is precipitation.
A similar trend was observed for all variants in
both years of research. Crop rotation with the
share of sunflower 60 % provided the minimum
yield — 3.24 t/ha.

In 2021, during the growing season of
sunflower, 198 mm of precipitation fell. Under
such conditions, the lowest total moisture loss
was characterized by the variant of crop rotation
without sunflower — 2620 m*/ha. Sunflower plants
on the field with a share in the crop rotation of 60 %
had the maximum need for water for the formation
of the yield. The difference with the control
variant was 357 m*/ha. Reducing the saturation of
sunflower crop rotation to 20 % provided the most
efficient use of moisture by plants (2678 m3/ha).

We have established a direct relationship
between water consumption and sunflower yield,
as evidenced by the correlation level — 0.99. This
corresponds to the calculations of Kovalenko et
all [36]. According to their data, the correlation
coefficient between soil moisture and sunflower
seed yield averaged 0.85+0.12. In the experiment
Neshev [37] higher and more stable yields were
found when the sunflower was sown after winter
wheat — 2.54 t/ha. A severe yield decrease was
observed when the sunflower was grown as
amonoculture. In the first year of the study (2018)
the seed yields were 2.53 t/ha and diminished to
1.64 t/ha in the third experimental year (2020).

When evaluating the studied variants for crop
rotation, it is also necessary to take into account
the moisture consumption for the formation of
a unit of the main product. Calculations of water
consumption coefficients per 1 t of seeds make
it possible to estimate changes in total water
consumption and crop yields from the share of
sunflower in crop rotations.

In 2020, a high-water consumption coefficient
was determined in the variant of crop rotation
with 60% saturation with sunflower — 913 m¥/t.
And the plants used moisture less efficiently and
formed a low yield (3.24 t/ha). In crop rotations
with a saturation of 20 and 40%, there was
a decrease in the coefficient of water consumption
(by 117 and 207 m’/t) for the formation of
sunflower yield.

In 2021, sunflower crops used moisture
least efficiently in the field of crop rotation with
a share of 60% — 939 m’/t. The introduction of
crop rotations with sunflower saturation of 20
and 40% led to a decrease in the consumption
coefficient by 83 and 117 m3/t. Thus, a saturation
of crop rotation at the level of 40% provides
a high yield of sunflower and reduces water
consumption per 1 t of seeds.

Conclusions. Research data indicate
a decrease in the efficiency of moisture use
by sunflower in case of increasing its share in
crop rotation. Saturation of crop rotations with
sunflower at the level of 60 % leads to an increase
in water consumption coefficient (2969 md/t).
There is a relationship between sunflower
yield and total water consumption within the
studied variants. The yield of sunflower seeds
was the highest (3.57 t/ha) in the crop rotation
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with a share of 40%. At the same time, the
water consumption coefficient was the lowest —
761 m’/t. So, with the increase in the saturation
of short-term crop rotation with sunflower, the
moisture consumption for the formation of its
yield increases. Further research will be aimed
at studying the dynamics of the influence of

(9]

saturation of short-term crop rotations with
sunflower on agrophysical indicators of soil
fertility, which were not reflected in this work.
Also, variance analysis will be conducted and
correlations between sunflower seed yield and
agrophysical indicators of soil fertility will be
established depending on the research variants.
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BIIJIUB KOPOTKOPOTAIIMHUX CIBO3MIH
3 PI3HOIO YACTKOIO COHAIHUKY HA BOJHUU PEKUM IPYHTY
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Anomauia. B cmammi npoananizogano ocobnugocmi 6000CNONCUBAHHS COHAUHUKY V' KOPOMKOPOMA-
yitnux cigoaminax. Ilpedocmaesneno pesynomamu oocnioxcenv 2020—2021 pp., nposedenux Ha 00cCnio-
Homy noli XapKiecbko2o0 HayioHAnbHO20 azpaphoeo yhieepcumemy im. B.B. /lokyuaeea, posmauwiosa-
nomy 6 somi Jliobepencrnozo Jlicocmeny Yipainu. Ipynmoeuii nokpue 00ciiono2o nons npeocmasienuii
YOPHO3EMOM MUNOBUM BANCKOCYSIUHKOBUM HA J1eCON00iOHOMY cyenunky. Bornozicmo tpynmy eusnauanu
2pagiMempuiHuM Memooom. Booocnoxcusannsa coHAUNUKA PO3PAXO8Y AU 3a MEMOOOM 800HO20 OANAHCY.
Oobnix epodcaiinocmi npogoounu epyuny. Memorw Hawiux 00caiodxcensb 6yN0 6CMaHOSUMuU AK 6NIUBAIONb
KOPOMKOPOMAYitiHi  CIBO3MIHU 13 DIZHUM HACUYEHHSIM COHSUIHUKY HA (QOPMYSAHHL 600HO20 DENCUMY
IpYHmY ma ypoxcanHicme camoi kynomypu. Cxema 0ocnioy nepeddoavana n’amuniivHi cio3minu i3 Hacu-
yenuam consuunuxy 0, 20, 40 i 60 %. Konmponem y docnioi Oyna n’amuniibHa ciso3mina 0e3 COHAUWMUKY.
Busnaueno, wo epoowcatinicms HACIHHSA COHAWHUKY 3dnedxcana 6i0 eapianmis i koaueanacs 6io 3,21 do
3,57 m/ea. 30invuenns yacmrku COHAUWHUKY Y CIBO3MIHI CYRPOBOOICYBANOCS 3HUNICEHHSM 11020 8POICATI-
HOCMI, 30Kpema, 3a paxyHoK NO2IPULeHHs 80710203abes3nedeHocmi. 3a2anvhi umpamu 60102U 3 TPYHNY
BUABUIUCS HAUOLIBUUMU Y CIBO3MIHI 3 HacuueHHaM consiunury 60 % (2969 v’/ea). Ha ¢oni smenuiennsim
yacmiu consunuxy 00 40i 20 % eumpamu éonoeu cmanosunu 2713 i 2824 mP/2a. Koeghiyienm eodocnoorcu-
8aHHsL 0)8 BUCOKUM 30 PAXYHOK 30LMbUIEHHS YACMKY COHAWHUKY 8 KOPOMKOPOmMAayitiHux cigoaminax. Tomy
807102d, AKY POCIUHU BUMPAYAIONb HA OPMYSalHs OOUHUYT BPOJICAIO, BUKOPUCOBYBANAC MeHUL edheK-
mueHo. Buznaueno, wo y cieosmini i3 nacuyenicmio consimnuxom 40 % xoeiyicum eooocnodcusanis 0y
Hatinudxcuum. Tlpu ybomy na oanomy eapianmi cnocmepicacmuvCsi HAu8UULA 8PONCAUHICHLL HACIHHS COHSUL-
HuKy — 3,57 m/ea. Hacuuenns nonbosux cigo3min COHAUWHUKOM MOJCHA po3ensoamu y medcax 20—60% oo
3azanvroi nocienoi naowi. Lle cnio pooumu 3a ymoe 8UCOKOI KYibmypu 3emMiepodcmed, SUKOPUCHAHHSI
BUCOKONPOOVKMUGHUX 2iOPUOI6 COHAUHUKY, CIMIUKUX 00 YPAICEHHS X80P0oOaMU, WKIOHUKAMU ma Oyp s-
Hamu. Ha niocmagi oarnoeo 0ocniosicentsi po3pobasiomvcs Wasxu eQekmusHo20 UKOPUCIIAHHSL IDYHIMOBOT
607102U 07151 NIOGUUYEHHSL BDONCAIHOCMI COHAUHUKY 8 KOPOMKOPOMAYIUHUX CI603MIHAX.

Knrouosi cnosa: consiuinuk, 6000CNONCUBAHHS, 80L02ICNb IPYHMY, HACUYEHICTb, YPOHCAUHICIb

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2023



102 MEJIIOPALIA I BOJHE I'OCIIO/JAPCTBO, Ne 1 » 2023

DOI: https://doi.org/mivg202301-350
Available at (PDF): http://mivg.iwpim.com.ua/index.php/mivg/article/view/350

UDC 631.42

THE INFLUENCE OF PHOSPHOGYPSUM
ON THE SALT COMPOSITION OF SALINATED SOIL

D.M. Onopriienko!, Ph.D., T.K. Makarova?, Ph.D., A.V. Tkachuk’, Ph.D., H.V. Hapich*, Ph.D.,
H. Roubik?, Ph.D.

'Dnipro State Agrarian and Economic University, Dnipro, Ukraine;
https://orcid.org/0000-0003-1703-0479; e-mail: onopriienko.d.m@dsau.dp.ua;

2Dnipro State Agrarian and Economic University, Dnipro, Ukraine;
https://orcid.org/0000-0002-7150-6143; e-mail: makarova.t.k@dsau.dp.ua;

3 Dnipro State Agrarian and Economic University, Dnipro, Ukraine;
https://orcid.org/0000-0001-7192-011X; e-mail: tkachuk.a.v@dsau.dp.ua;

*Dnipro State Agrarian and Economic University, Dnipro, Ukraine,
https://orcid.org/0000-0001-5617-3566; e-mail: hapich.h.v@dsau.dp.ua;

5 Czech University of Life Sciences Prague, Praha-Suchdol, Czech Republic;
https://orcid.org/0000-0002-7498-4140; e-mail: roubik@ftz.czu.cz

Abstract. Global climate changes in many countries of the world lead to the need to use irrigation as
a driving factor for obtaining guaranteed and stable harvests of agricultural crops. Irrigation with water
of different quality leads not only to an increase in the yield, but also to a change in the salt composition of
the soil. The change in the salt composition of soils occurs much faster during irrigation with mineralized
water, which leads to the accumulation of soluble salts in the arable layer of the soil and the deterioration
of the composition of the soil absorption complex. Accumulation of sodium ions leads to salinization of
irrigated soils. It is possible to stop or suspend the salinization processes by introducing chemical melioration
with calcium-containing meliorants. As an ameliorant in this work, the use of a by-product of the mineral
fertilizers production — phosphogypsum, which contains a significant amount of calcium (up to 95 %),
replacing exchangeable sodium in the soil absorption complex is proposed. Our researches are related to
the establishment of optimal calculation norms and terms of phosphogypsum application, their influence on
the change in the components of the soil s saline extract. The research was conducted on soils that had been
irrigated with mineralized water from the Samara River (Ukraine) for a long time (over 50 years). According
to the amount of exchangeable sodium, the soils of the experimental sites belonged to low-sodium soils with
physical signs of salinization processes, and according to the content of toxic salts-moderately saline. For
phosphogypsum in the soil-ameliorative conditions of the Northern Steppe of Ukraine, the ameliorative,
agronomic, and ecologically safe rates of introduction in spring and autumn were calculated. The scheme
of experiments provided options with sprinkler irrigation and without irrigation. The composition of the
aqueous extract was determined by indicators of anion-cation content. During the research, a gradual
decrease in the number of sulfates was observed: by 1.5 % in the second year after exposure, and by 7.5 % in
the third year after exposure to phosphogypsum. The number of hydrocarbons decreased in irrigated areas
where phosphogypsum was applied, and an increase in their content was observed in areas where irrigation
was not carried out. Irrigation options were characterized by a significant increase in the content of chlorine
ions, which is explained by the arrival of these ions exclusively with irrigation water. The degree of salinity
was determined by pH and sodium adsorption ratio (SAR). Based on these indicators, it was established that
the soils are slightly saline in all variants of the experiments. As a result of multi-year research, a positive
effect of phosphogypsum melioration on the anion-cation composition of water extract and the degree of soils
salinity irrigated with mineralized water for a long time was noted. According to the anionic composition,
the chemistry of the soils in the experimental plots was sulfate in the variants where phosphogypsum was
applied and vegetation irrigation was carried out and without irrigation, while in the control plots (without
phosphogypsum and without irrigation) soda-sulfate chemistry was characterized. The chemistry of the soils
in the experimental areas according to the cationic composition was sodium in all versions of the experiments.
According to the sodium-adsorption ratio (SAR), the degree of soil salinization belonged to the slightly saline
type, while the average type of salinity remained in the control plots without phosphogypsum.

Key words: anionic-cationic composition, soil water extraction, phosphogypsum, sodium adsorption ratio

Introduction. The global food crisis is growing
every year due to global climate change. The year
2022 showed that the lives of almost 120 million
people depend on agricultural products produced

on the territory of Ukraine. Therefore, more and
more agricultural producers in the Steppe and
Forest-Steppe zones of Ukraine are switching to
irrigated agriculture to obtain guaranteed stable
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and high yields of agricultural crops. The role of
irrigation reclamations and their impact on the
environment will increase every year [1].

According to the strategic ecological
assessment of irrigation and drainage in Ukraine
by 2030, in order to overcome the deficit of water
supply, it is necessary to carry out permanent
irrigation on the area of 18.7 million hectares
(60%) of arable land and periodic irrigation on
the territory of 4.8 million hectares (15%). The
area of insufficiently humid, arid, dry, and very
dry wetlands has increased by 10 % over the past
25 years. The change in climatic conditions led
to the expansion of the natural and climatic zones
boundaries of Ukraine in the northern direction
by 100-150 km [2].

The quality of irrigation water in Ukraine
changes significantly every year (Rudakov et al.,
2020; Andrieiev et al., 2022) [3—-5]. The area with
irrigation water of the II quality class “limitedly
suitable” accordingtoagronomiccriteriaincreased
by 14% (compared to 2014), which in 2018
amounted to 388,739 thousand ha (84.2%) [2].

The practice of irrigating mineralized
surface soils in the world is quite accepted [6; 7]
and groundwater [8]. Such irrigation is
always accompanied by certain processes of
soil degradation [9]. Saltation occurs [10],
physical properties deteriorate, and soil fertility
significantly decreases.

One of the well-known methods of chemical
soil reclamation to combat negative processes
during irrigation is the use of gypsum [11; 12].
Many scientific works in the world and domestic
practice of irrigated agriculture devoted to this
issue are highlighted [13-16].

Experiments on plastering of soils irrigated
with mineralized waters were conducted by
many domestic scientists [17—19]. As a result of
the conducted research, it was established that
plastering increases the content of metabolizable
and absorbed calcium and significantly reduces
the amount of absorbed sodium. When applying
even high doses of gypsum, it is not possible to
bring the degree of saturation of the soil solution
with calcium to the required level in the absence
of watering. In the scientific works by the authors
from Europe and Asia, patterns of changes in
soil properties under the influence of irrigation
were established and methods were developed
to reduce the adverse effect of low-quality
irrigation water on soils [9; 15; 20-23]. Among
them, plastering and deep plantation plowing
remain the most studied. Scientists emphasize
that plastering is a method that limits or weakens
the process of salting, but does not eliminate it
completely [24; 25].

The effect of chemical meliorants consists in
squeezing out or creating an obstacle for the entry
of sodium into the soil absorption complex. Due to
that, the physical properties of the soil change, and
the productivity of agricultural crops increases.
Due to the displacement of sodium from the soil
absorption complex by calcium or other di- or
three-charged cations, the mobility of soil colloids
decreases, alkalinity decreases, the availability of
nitrogen, phosphorus, potassium, and calcium for
plants increases, and microbiological processes
are activated [14; 26-29].

Taking into account the accumulated scientific
and practical experience, the problem of chemical
reclamation of irrigated soils and irrigation
water remains insufficiently studied and relevant
today. The questions about the expediency and
effectiveness of plastering chernozems with
a weak degree of salinization are not resolved.
There are objections to approaches to the
calculation of meliorant doses. The quantitative
component of the gypsum interaction with soil
and water, depending on variable natural and
climatic conditions, is insufficiently covered.
Environmental aspects of the meliorants usage
are problematic, which necessitates the search
for new, more effective measures from the point
of view of resource and energy conservation and
environmental safety [24; 30].

The need for chemical reclamation of
irrigated lands is due to salinization of soils and
their degradation: compaction, destructuring,
crust formation, etc. [27; 31; 32]. Uncontrolled
irrigation in the 1960s and 1980s with high rates
of low-quality water and non-compliance with
irrigation technology caused a decrease in soil
fertility and deterioration of the ecological and
reclamation status of irrigated areas. Unfounded
irrigation regimes on chernozems are often
accompanied by such degradation processes as
flooding, secondary salinization, salinization,
violation of the gas regime, dehumification,
etc. [33]. Thus, there is a need for a comprehensive
study of changes in the agroecological state
of soils that have been under the influence of
mineralized water irrigation for a long time. As
a result of long-term irrigation with water of
different quality in the territory of the Northern
Steppe of Ukraine, an acute problem of secondary
salinization and salinization of lands arose [34].

Material and methods. Degradation
processes of irrigated soils were studied thanks to
the systematic analysis of the results by domestic
and foreign scientists. Methods of analysis and
synthesis were used to solve the set goal. To
establish the optimal rate and method of applying
phosphogypsum, experimental studies were

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2023



104

MEJIIOPALIA I BOJHE I'OCIIO/JAPCTBO, Ne 1 » 2023

conducted in field and laboratory conditions. The
influence of calcium-containing ameliorants on
the physical properties of the soil was determined
in the field, and the chemical composition of
the soil was determined in the laboratory. The
reliability of the obtained results was checked by
statistical evaluation methods.

The experimental researches covered plots with
a total area of 60 hectares in the state enterprise
“the Dnipro research station’s experimental farm
of the institute of vegetable and melon growing
of the Ukrainian national academy of sciences”
in the village of Oleksandrivka, Dnipro district,
Dnipropetrovsk region (2010-2021) near the lake
on the samara river (Fig. 1).

The anion-cation composition of the water
extract of the arable soil layer (30 cm) indicates

X

the type or chemistry of salinization [35].
Laboratory studies were carried out in certified
laboratories in Dnipro according to the regulatory
and methodological bases in Ukraine.

The farm has been irrigated with Irtec hose-
drum sprinklers with mineralized water (more than
2 g/l) from the Samara River for 50 years [36].
During the three years of research, the irrigation
rate during the growing season was 1150 m’/ha,
1300 m*/ha and 1700 m*/ha, respectively. Irrigation
water belongs to the Il quality class in terms
of toxic effects on plants and the danger of
salinization and salinization. In accordance with
agronomic criteria, the chemical type of water was
established as chloride-sulfate sodium-magnesium
for almost the entire period, and chloride-sulfate
magnesium-sodium (Table 1).

Samara river
(source of irrigation)
o Research area

Daipro river

v

Fig. 1. The place of research

1. Chemical composition of irrigation water by years of research

No Main indicators (irrigation source — Unit of Results of water analysis by year
B reservoir on the Samara River) measurement | First year | Second year | Third year
1 pH — 8.10 8.01 8.33
2 Rigidity meg/dm’ 23.9 24.7 25.2
3 Alkalinity meq/dm’ 5.50 5.53 6.25
4 Dry residue mg/dm’ 2290.0 2670.0 3090.0
5 Sulfates mg/dm? 889.4 920.2 1154.0
6 Chlorides mg/dm’ 493.8 490.2 520.0
7 Hydrocarbons mg/dm’ 336.5 380.6 551.0
8 Calcium mg/dm’ 176.1 220.9 203.0
9 Magnesium mg/dm’ 182.1 200.7 201.4
10 Potassium + sodium mg/dm? 322.7 460.5 470.3
11 Sum of ions mg/dm’ 2229.8 2670.0 3089.0
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During the research, agricultural crops were
alternated in the following crop rotation: spring
barley, winter wheat, winter wheat, corn for
grain, winter wheat.

The soil cover is represented by ordinary
low-humus chernozems leached from the loam
forest. This is confirmed by the morphological
and physico-mechanical indicators of the soil:
the 0—45 cm soil layer contains 71.02—74.0% of
physical sand and 28.98-26.0 % of physical clay,
which, according to N.A. Kachinsky, corresponds
to light loamy soil; the content of humus in the
arable layer (0-30 cm) is 2.01-2.50 %, with depth
the content of humus gradually decreases (at a
depth of 90—105 cm — 0.3 %). Salinity processes
are observed: pH = 7.5, the content of toxic salts
changes to 0.48 % (medium salinity).

The soils of the experimental areas have
signs of salinity: in a wet state, the soil is highly
plastic, viscous, sticky, swells strongly, and
easily peptizes; when drying, the soil mass is
compressed, which gives low water permeability.
At the same time, the amount of exchangeable
sodium is 3.64%; the absorption capacity of
the soil absorption complex is 20.1-26.47 meq
per 100 g of soil, which are not characteristic
indicators of saline soils. In order to determine
the reasons for such an unsatisfactory physical
condition of the experimental soils and establish
measures to stop the degradation processes,
many years of field research were laid. The
searches are related to the analysis of the physical
and chemical parameters of the soil through the
control of the values of the soil’s water extract
characteristics during the years of research.

During the research, large amplitudes of
fluctuations in daily and annual air temperatures
were observed. Over the years of observation,

2. Scheme of the field experiment

a greater amount of atmospheric precipitation
fell in the warm period of the year, but it
was characterized by high intensity, which is
ineffective for growing agricultural crops. The
hydrothermal coefficient varied from 0.95 (2012)
to 3.52 (2014).

As a  calcium-containing  meliorant,
phosphogypsum was chosen like a by-product
of the mineral fertilizers production. To prevent
irrigation salinization of the soil, phosphogypsum
from the Dnipro Mineral Fertilizer Plant
(Kamyanske), Ukraine was used.

Norms of phosphogypsum application were
calculated according to the Pfeffer method in
the modification of Molodtsov and Ignatova,
1990 for the displacement of exchangeable
sodium for low-sodium brines; according to
O.M. Grinchenko, 1980, determined by the
method of additional absorption of calcium by the
soil; the norm was calculated by the coagulation-
peptization method according to B.I. Laktionov,
1963. The reclamation norms are 1.4 t/ha, 3 t/ha,
6 t/ha, respectively, according to the methods
proposed above. For the climatic zone of the
Northern Steppe of Ukraine, the recommended
agronomic norm is 6 t/ha. Since a by-product
of the mineral fertilizers production containing
specific impurities was chosen as a chemical
ameliorant, an environmentally safe application
rate of 10.3 t/ha was calculated. The calculated
norms should not exceed the ecologically
safe ones.

Phosphogypsum was applied to the soil with
areserve for three years with and withoutirrigation
(Table 2). Ameliorant was applied in 2010, 2014,
and 2018 under spring barley, grain corn, and
winter wheat, respectively. Phosphogypsum was
applied for cultivation in the spring (at the rate

Providing moisture | Variant

The rate of phosphogypsum application

Without irrigation | V1 |Control without phosphogypsum

With irrigation V2 | Control without phosphogypsum

V3

With the introduction of phosphogypsum under cultivation in the spring
at the rate of 1.4 t/ha

Without irrigation V4 at the rate of 3 t/ha

With the introduction of phosphogypsum under cultivation in the spring

With the introduction of phosphogypsum in the fall under the main

\& tillage at the rate of 6 t/ha
V6 With the introduction of phosphogypsum under cultivation in the spring
at the rate of 1.4 t/ha
With irrigation V7 With the introduction of phosphogypsum under cultivation in the spring
at the rate of 3 t/ha
V8 With the introduction of phosphogypsum in the fall under the main

tillage at the rate of 6 t/ha
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of 1.4 and 3 t/ha) and in the fall for the main
tillage (at the rate of 6 t/ha).

Results and discussion. Irrigationally saline
soils (irrigated with water of the II quality class
for 50 years) and the change in their chemical
composition when phosphogypsum was applied
were chosen as the object of research.

The subject of research is the salt regime of
the soil, the change of chemical and physical
properties of irrigated soils under the influence of
chemical melioration with phosphogypsum.

The main goal of the research is to evaluate
the effect of phosphogypsum as a chemical
ameliorant on the chemical composition of soils
with signs of salinity during long-term irrigation
with water of the II quality class.

The chemical composition of the aqueous
extract of the soil during the years of research
was controlled by indicators of anion-cation
composition. In Fig. 2 shows the average values
of the analyzes of the aqueous extract by anions,
and Fig. 3 — cation composition of the soil in
meq/100 g of soil.

Over the years of observation, there was
a decrease in sulfate ions in the control variant
during irrigation (Table 1, variant V2). This can be
explained by the process of washing out sulfates
with irrigation water. The absence of irrigation
on the control option led to an increase in SO,
ions in the second year by 0.20 meq/100 g of soil,
compared to the first, and a further decrease in
the third year. The trend of increasing sulfates for
the second year can be explained by the increase
in the average annual air temperature compared
to multi-year values. This made it possible to
draw up sulfates from the lower layers of the soil
profile during this period.

It can be seen from the graphs (Fig. 1) of
the anionic composition that there is an
increase in sulfate ions in relation to the control
without irrigation and without the addition of
phosphogypsum for all years of observation.
The average indicators of the number of SO,
ions compared to the control in the absence of
watering increased by 18%. This trend proves
the theory of sulfates entering the soil during
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irrigation together with irrigation water. On the
control options without irrigation, the amount of
sulfates in the arable layer of the soil gradually
decreased, with their highest value in the second
year of observations (2.51 meq/100 g of soil).

The addition of phosphogypsum in areas
without irrigation (Table 1, option V8) led to
an increase in the concentration of SO,? at
all application rates, compared to the control
option. In numerical form, the average values
are 2.67-3.43 meq/100 g of soil, which is
0.31-1.07 meq/100 g of soil more compared to
the option without irrigation. Options 6, 7 and
8 tend to increase the sulfate ion in proportion
to the increase in the rate of phosphogypsum
application. A decrease in concentration was
observed in the long-term effect: a decrease of up
to 1.5 % in the second year after exposure, and by
7.5% in the third year after exposure.

During irrigation with the addition of
phosphogypsum, the average values of SO, ions
increased by 0.11-0.35 meq/100 g of soil over
the entire observation period, compared to the
irrigated control, and by 0.53-0.77 meq/100 g of
soil in the control without irrigation. The content
of SO, in the absence of irrigation is proportional
to the rate of the phosphogypsum addition and
decreased over the years of research. The content
of sulfates decreased by 17.8 % compared to the
first year in the 3rd option in the third year of the
post-action, and by 18 and 16.9% in the options
4 and 5, respectively, which is 4.5-27% more
compared to options without irrigation. This is
explained by the process of leaching SO, ions
with irrigation water [33].

During the observation period, the number of
hydrocarbons changed chaotically without a clear
pattern. A certain regularity of the decrease in
the amount of HCO, ™' during irrigation with the
addition of phosphogypsum, and the increase of
indicators in the absence of irrigation with the
addition of phosphogypsum, was established.
Thus, the amount of HCO,! decreased by
0.04—0.06 meq/100 g of soil in the areas where
irrigation was carried out and phosphogypsum
was applied in relation to the control areas
where only irrigation was carried out without
ameliorants. Compared to non-irrigated control
options, the absence of irrigation with the
addition of phosphogypsum led to a decrease in
HCO; !indicators by 0.03—0.07 meq/100 g of soil.

The concentration of hydrocarbons did
not change significantly when the rate of
phosphogypsum application was changed. In
the irrigated variants, there was an increase in
HCO;™" at the rate of application of 3 t/ha to 3%
compared to the rate of 1.4 t/ha, and a decrease of

10.7 % at the rate of 6 t/ha, while in the absence
of irrigation this difference increased gradually
by 8% and then by 4 %.

It is known that chlorine ions are the most
toxic for plants. Hypothetical toxic compounds
formed with chlorine slow down the growth and
development of plants. All chlorine salts are toxic
to crops [27], but Na,SO, is more toxic to some
crops than NaCl, and vice versa to cqorn [14].
Whereas sulfur, which is part of the @%“a ion,
is more important in the development of plants
and is a component of many cell components.
Sulfur takes part in redox processes and energy
exchange, plays a major role in the formation
of properties and structural transformations of
protein molecules [37].

Chlorine ions increased their concentration
in irrigated areas during the entire period of
observation, which is explained by the arrival
of ions exclusively with irrigation water.
There was a 1.5-fold increase in chlorine when
irrigated in control plots compared to plots
where irrigation was not carried out. Chemical
amelioration with phosphogypsum on irrigated
areas showed a positive tendency to decrease
chlorine concentration by 13-34%, compared
to the irrigated control option (V2). While the
introduction of phosphogypsum in the absence
of irrigation did not significantly affect the
concentration of chlorine in the soil, namely: at
the norm of 1.4 t/ha, the average indicators in the
years of research compared to the non-irrigated
option remained at the level of 0.85 meq/100 g
of soil, and at rates of 3 and 6 t/ha decreased by
8.5 and 14.7%, respectively. Also, different rates
of phosphogypsum application did not affect the
change in chlorine concentration, although without
irrigation a slight decrease in Cl was observed
when the rate was increased by 0.085 and 0.022
meq/100 g of soil. The absence of irrigation in the
control areas did not show a significant pattern
of changes in chlorine concentration, while in
the reclamation area, a decrease of the ion was
observed in the second year after the action by
32-15% due to the redistribution of salts with an
increase in SO, ions.

The type or cheminism of salinization was
determined by the ratios of the largest anions-cations
given in the Table 2. Application of phosphogypsum
with and without irrigation, according to the anionic
composition of the aqueous extract of the soil, has
a sulfate type of salinization. The soda-sulfate type
(SST) of salinization was observed in the control
plots without the phosphogypsum addition and
without irrigation in the first year, and in the other
years of observation, only the sulfate type (ST) of
salinization was noted.
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The degree of salinity equivalent to chlorine
and the amount of toxic salts in percentages in
all variants of experiments were determined by
combining anions and cations into hypothetical
molecules of the appropriate amount (meq/100 g
of soil), the results of which are shown in Table 3.

The SAR indicator for the set data range of all
options except the first defines the degree of soil
salinity as slightly saline. For the first option,
according to the range of SAR ratios, salinity
is characterized by an average degree. Control
plots without irrigation were characterized by
increased SAR values of 0.56 units in the second
year. There was a similar trend with sulfates. The
explanation of this phenomenon is due to the
influx of sodium sulfate from the lower layers
of the soil profile into the arable layer during
this period.

The degree of soil salinization can also be
determined according to FAO standards by the
sodium-adsorption ratio (SAR) [38]:

Na*
Jos(Ca* + Mg’

where Na*, Ca* and Mg** — the content of the
corresponding ions in the water extract of the
soil, meq/100 g of soil.

For the first three years of research, the SAR
values of the correspondingly obtained cation
indicators are shown in Table 4.

Thelowest SAR indicators were observed inthe
third year after the application of phosphogypsum
as a chemical meliorant at a depth of 0—105 cm.
The most significant decrease in SAR occurred
with the application of phosphogypsum at rates

SAR =

of 3 and 6 t/ha with irrigation and without it at all
rates (recommended rate of 6 t/ha).

The phosphogypsum addition had a positive
effect on the physical properties of the arable
layer of the soil (Table 5).

The phosphogypsum addition significantly
affected the density indicators in the direction
of improvement (Table 4). Even with the
phosphogypsum addition, there was a tendency
to increase the density in the irrigated options,
compared to the non-irrigated areas. A tendency
to increase soil density in dry years was also
observed. The lowest density indicators in the
variants without irrigation were noted in the first
year after the effect when phosphogypsum was
re-applied. The value of the density in this period
was 1.17-1.2 g/cm’, which is 0.04-0.96 g/cm’
less compared to the aftereffect of the first year at
the first application.

When irrigated, the effect of phosphogypsum
as a chemical ameliorant on the density of the
soil composition is more significant, compared to
non-irrigated options. Over the years of research,
the same trend was observed as in the absence of
irrigation (increased density in dry years and the
lowest values in the first year of the post-action
when repeated application of phosphogypsum).
The value of the density in the first year after the
effect when phosphogypsum was re-applied was
1.18-1.21 g/em?’.

The porosity of the soil in the control areas
without the phosphogypsum addition and without
irrigation varied in the ranges from 50.0 to 50.8 %
(Table 4). With irrigation according to the average
indicators in all years of the research, the value
of the sparability of the arable layer of the soil

3. Cheminism and the soils salinity degree of the experimental site

Research variant Vi V2 V3 V4
5 g 5 g 5 g % g
Degrge of salinity / g = ey g = 'z % g = 'z % g = Z %
chemistry (type)of | = | 2| E&| S | S| ES S |G| ES S | ES|ES
salinity 3 % % 3 % % D IS % % g IS (% % ~
A ¢ Ist [0.61 (021 |SST|[139| 0.3 | ST [1.39/037| ST |1.39]|0.39| ST
rezz;;% 2nd | 1.39]032| ST [1.69]/0.35| ST [1.49[038 | ST |1.52]039] ST
3rd | 0.76 1029 | ST [199]036| ST [1.63]035| ST |196|037| ST
Research variant V5 V6 V7 V8
. o | @ £ o | B g o | @ E o | @ E
Degree of salinity / g = z 9 g = @ ™ g = @ ™ Qg) = g ™
chemistry (type) of | = | 2| E S| S | 2SI ES| S |SS|ES S | ES|ES
salinity 3 % % ~ @ % % @ c% % ~ @ % % ~
A ¢ 1st 1.7 1 04 | ST | 1.6 |058| ST | 1.5 ]1042| ST | 1.5 041 | ST
rez::;% ond | 1.62]038| ST [1.51] 041 ST |1.41|041| ST [1.48]041| ST
3rd | 1.881038 | ST [1.75] 04 | ST [1.56| 04 | ST | 148|041 | ST
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4. Indicators of the sodium-adsorption ratio by research options in the years of observation

H

Research variant Retrospective year pH SAR
first 7.5 3.12

Vi second 7.4 3.68
third 7.5 3.63

first 7.4 8.87

V2 second 7.2 7.33
third 7.4 6.65

first 7.17 4.61

V3 second 6.7 4.26
third 7.2 4.24

first 7.29 3.34

V4 second 6.89 3.46
third 7.26 3.31

first 7.37 2.35

V5 second 6.97 2.39
third 7.34 2.30

first 7.22 2.64

Vo6 second 6.75 2.56
third 7.21 2.61

first 7.36 2.30

V7 second 6.91 2.10
third 7.3 2.05

first 7.43 2.04

V8 second 7 1.73
third 7.38 1.61

5. Change of physical indicators of soil according to research options (soil layer 0-30 cm)

Research | Density of soil structures, g/cm? Soil porosity, % Soil permeability, mm/min

variant | 1%year | 2¥year | 3"™year |1%year|2"year|3" year| 1% year | 2 year | 3" year
Vi 1.37 1.35 1.35 50.20 | 50.40 | 50.50 | 2.14 2.07 2.00
V2 1.36 1.40 1.39 47.28 | 47.20 | 47.10 1.10 1.14 1.10
V3 1.24 1.25 1.20 52.00 | 52.00 | 52.35 | 2.48 2.45 2.50
V4 1.22 1.23 1.19 52.41 | 52.14 | 52.76 | 2.50 2.50 2.58
V5 1.21 1.21 1.17 52.83 | 52.02 | 53.00 | 2.51 2.52 2.60
Vo6 1.27 1.28 1.23 49.45 | 49.40 | 49.51 1.70 1.60 1.81
V7 1.25 1.24 1.20 49.98 | 50.00 | 49.91 1.73 1.71 1.89
V8 1.22 1.26 1.18 50.00 | 50.10 | 50.20 1.79 1.77 1.90

in the control areas was 47.14 %, and in the absence
of irrigation, this indicator was 3.24% higher.
This is explained by the increased corresponding
indicators of soil density. Over the years of
research, under irrigation conditions, a tendency
to decrease sparability was noted, while without
irrigation, no clear dynamics were observed, i. e.,
the values changed randomly (Table 4).

The phosphogypsum addition significantly
affected the indicators of soil porosity. An
improvement in sparability

observed in all

variants

indicators was
of experiments,

compared to the control. The best option in the
absence of irrigation, as well as in the study
of density, turned out to be the option with the

phosphogypsum addition in the fall under the
main tillage at the rate of 6 t/ha. The best indicators
of soil sparability were noted in variants without
irrigation when phosphogypsum was re-applied
in the first year after the application. Cracking in
the first year of the after-effect during repeated
application increased by 0.17-0.35%, compared
to the after-effect during the first application of
phosphogypsum.

Irrigation did not lead to a drastic change
in spariness, and over the years of research,
the same trend was observed as in the absence
of irrigation. The best value of spariness was
observed in the first year after the application of
phosphogypsum, which was 49.51-50.2 %.
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According to our data, the water permeability of
the soil in the control without the phosphogypsum
addition was higher in the non-irrigated variants,
compared to the irrigated ones (Table 4). The
phosphogypsum addition had a significant
effect on the increase in water permeability of
the soil in all variants of the experiment. When
applying phosphogypsum without irrigation,
the average indicators for all years of research
increased by 2.46—2.54 mm/min. The increase in
water permeability occurred in proportion to the
increase in the application rate of phosphogypsum.
This proves the theory of increasing water
permeability of irrigated soils during chemical
melioration with calcium-containing meliorants
during coagulation of soil colloids with calcium
cations. The best indicators of soil permeability
were noted in variants without irrigation when
phosphogypsum was re-applied in the first year
after the application. Water permeability increased
by 0.02-0.1 mm/min in the first year of the
aftereffect during repeated application, compared
to the aftereffect during the first application.

With chemical reclamation and irrigation,
a decrease in water permeability was observed
in comparison with non-irrigated options. As
in the variants without irrigation, according
to the years of research, the first year after the
effect was the best with repeated application —
1.81-1.9 mm/min. This fact indicates the
formation of water-resistant aggregates and
a decrease in the mobility of silty particles when
adding calcium with phosphogypsum. Due to
this, the water resistance of the soil increases,

filtration increases, which helps to wash salts
from the soil. amelioration, it has acquired the
status of good from satisfactory.

Conclusions. The use of phosphogypsum as
a chemical ameliorant to prevent degradation
processes occurring in ordinary chernozems has
a positive effect on the anion-cation composition
of the water extract and the degree of soil salinity.
According to the “total effect” of toxic ions, the
degree of soil salinity changes to a slightly saline
type when phosphogypsum is applied at the rate
of 3 and 6 t/ha with irrigation.

The increased ameliorative effect of
phosphogypsum was observed precisely with
irrigation because the sodium-adsorption ratio
(SAR) in the third year after the application
decreased by 10% in the variants without
irrigation, and with irrigation — by 69% in
relation to the control variants. According to the
SAR indicators, the options with the application
of phosphogypsum at the rate of 3 and 6 t/ha
during irrigation turned out to be the best.

Under irrigation conditions, the improvement
oftheecological condition of saline soils was noted
when phosphogypsum was applied at the rate of
3 t/ha, which increased the water permeability of
the soil by 0.66 mm/min and reduced the number
of toxic salts to 0.41 % in the third year after the
effect. In non-irrigated conditions, the best option
was the phosphogypsum addition in the fall
under the main tillage at the rate of 6 t/ha, which
increased the water permeability of the soil by
0.68 mm/min and reduced the amount of toxic
salts to 0.38 % in the third year after the action.
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Anomauia. [7106a1bHi 3MiHU KAIMAmMy 8 6a2ambox KpaiHax ceimy npuzeoosms 00 He0OXIOHOCMI BUKOPUC-
MANHA 3POUEHHS K PYWIUHO020 (hakmopy 0N OMPUMAHHS 2apAHMOBAHUX | CMADINLHUX 8POICAI8 CLTbCh-
Kozocnooapcwbkux Kynemyp. Ilonusu 600010 piznoi akocmi npuszgo0ams He quule 00 NiOSUWEHHS 8POICAl-
HoCcmi, a U 00 3MIHU CONbOBO20 CKAOY 8 IpyHmi. 3HAUHO weuoue 8i00Y8arMvbCs 3MIHU COTbOBO2O CKAADY
6 IpYHMI npu 3pOuileHHi MiHepanizoearnoio 800010, W0 NpU3800UMsb 00 HAKONUUEHHS PO3YUHHUX COJell
6 OpHOMY wapi ma NO2ipuieHHs: CKAady IPYHMO8020 80UpHO20 Komnaekcy. Haxonuuenns iownie nampiio
npU3800UMb 00 3ACONEHHS 3POULYBAHUX TPYHIMIB. 3YRUHUMU aDO0 NPUSYRUHUMU NPOYECU 3ACONEHHS MONHCHA
WLAXOM NPOBEOEHHAM XIMIUHOI Meniopayii UKOPUCTOBYIOUU KANbYIE8MICHI Meniopanmu. B axocmi
maxoeo meniopanmy 6 yiii pobomi 3anponoHo8aHo SUKOPUCMANHA NOOIUHO20 NPOOYKMY GUPOOHUYMEA
MiHepanrbHux 0obpue — gocgoeincy. Bin micmums 3nauny Kinbkicms xanvyiro (00 95 %) ma 30amuui
SAMIHUMU OOMIHHULL HAMPIU Y IPYHMOBOMY NOTUHANbHOMY Komniekci. Hagedenumu 00cnioxceHHAMU
6CTNAHOBIEHO ONMUMANLHI PO3PAXYHKOGI HOPMU | CIMPOKU GHECEHHA (oco2incy, 1020 enaue Ha 3MiHy
KOMNOHEHMI8 TPYHMOBOI cONb0BOI BUMANCKU. J]OCTIONCEHHA NPOBOOUNY HA IPYHIMAX, WO MPUBAIULL 4aC
(nonao 50 poxis) 3poutysanucs MiHepanizoeanow 6000w 3 piuku Camapa (Yxpaiuna). 3a xinvxicmio ooMin-
HO20 HAMPIt0 TPYHMU 00CAIOHUX OLIAHOK HALEHCAAU 00 MATOHAMPIEGUX 13 (I3UUHUMU O3HAKAMU NPOYeCi8
3acConents, a 3a GMiCmMom MOKCUUHUX cOllell — 00 cepeonbo3aconeHux. /s euxopucmanis gocgozincy
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6 [PYHMOBO-MENIOPAMUBHUX YMOBaAX nigHiuno20 Cmeny YKpainu po3paxoeani Meiiopamueni, acpoHOMIYHI
ma exonociuno be3neuni Hopmu eHecelts HasecHi ma eocenu. Cxema 00cidie nepeobauana eapianmu 3i
3pouLenHAM WAAXom oouyeants i 6e3z nonugy. Ckaao 600HOI BUMAICKYU GUSHAUANU 30 NOKAZHUKAMU 8MICHTY
anionis-kamionis. I1i0 uac 0ocniodxcens cnocmepizanu NOCMynoge sMeHuen s KibKoCmi cyibgamis: Ha
1,5 % ma Opyeuil pix nicia eéHecenHs 6 Ipyum, ma Ha 7,5 % Ha mpemiil pix nicia éHecenHs ghocgozincy.
Ha spowyeanux niowax, oe enocuscs gocghozine, kinvkicms 2iopokapbonamie 3meHuly8anacs, a Ha
OIAHKAX, 0e 3POUleHHs He NPOBOOUNU, cnocmepieanu nioguwenus ix emicmy. Bapianmu na nonusi xapax-
Mepu3yeaIUCt 3HAUHUM 30LIbUIEHHAM 6MICIY [0HI6 XJI0PY, WO NOACHIOEMbCS HAOXOONCEHHAM YUX 10HI8
BUKTIIOUHO 3 NOIUBHOI0 800010. Cmynins cononocmi susnavanu 3a pH i koeghiyienmom adcopoyii nampiro
(SAR). 3a yumu nokazHuKamu 6CMAHOBIEHO, WO V 6CIX 8apiaHmax 00CiOi8 IPYHMU BUABUIUCS CL1a003a-
coneHumu. Y pesynomami npogedenux 6azamopiuHux 00CIi0HCeHb BIO3HAUEHO NO3UTMUBHUL 8NIUE OChO-
2INcy AK Meniopanma Ha AHiOHHO-KAMIOHHUL CKIA0 800HOI BUMSANCKI MA CIYNIHb 3ACONIeHH IPYHMIB, U0
RONUBANU MIHEPANi308AHOI0 800010 NPOMALOM MPUBANO20 YACY. 34 AHIOHHUM CKAAOOM XIMIYHUL CKIAO
IPYHMIB HA OOCTIOHUX OLISAHKAX ) 8APIAHMAX 13 6HECeHHAM (ocghoincy i gecemayitiHumu nOIUSAMU MA HA
OinAnKax Oe3 3poutents 0y8 cCyib@amHum, a Ha KOHMPOIbHUX OLIAHKAX (De3 8HecenHs ghocgozincy ma 6e3
noausig) — co0080-cyib@amuum. Ximiunuii ckiad IpyHmie Ha OOCTIOHUX OLIAHKAX 30 KAMIOHHUM CKIA00M
0y6 Hampiceum y 8cix sapianmax 00caidie. 3a Hampiti-adcopoyitinum Koepiyicumom (SAR) cmynins 3aco-
JIeHHSL IDYHMY GIOHOCUMBCA 00 C1AO03ACONEH020 MUNY, Moodi K HA KOHMPOIbHUX OLISIHKAX 6e3 (hocghoeincy
3aAUUABCA CePeOHTll MUN 3ACONEHH.

Knwuosi cnosa: anionno-xamionHuil CK1ao, 800HaA 8UMANCKA IPYHMY, ocghoeine, koediyienm adcopoyii
Hampio
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Abstract. The physicochemical phenomena occurring on the surface of sokyrnite grains in complex
system “medium grain surface — dispersion medium — surface of suspended particles” have been studied.
The framework structure of the sokyrnite structure (rough surface, presence of pores and channels, entrance
windows) enables it to work as a “molecular sieve” and to be a highly efficient sorbent-ion exchanger.
The porosity of the filter media was determined. Namely: the porosity of the media grains (also called the
internal porosity) and the porosity of the intergranular space (media layer). The internal surface area,
which is an important quality parameter for sokyrnite as a physical adsorbent, was determined. Several
other properties associated with sokyrnite and retained colloidal particles, which affect the strength of
the physical adsorption, were investigated. The relationships characterizing the parameters of the zeolite
filter media layer were formulated and given. In these studies, the requirements for determining the filter
charging time and the optimal technological and design parameters of the filter, according to the operating
conditions at a specific water treatment facility, were considered. They determined the need for more
detailed research and development of a kinetic model for the initial stage of filtering an aqueous suspension
through a filter containing zeolite media. A differential material balance expression for the zeolite filter
was formulated. Based on the developed kinetic model, comparative experiments on iron removal from
underground natural waters using the above-mentioned filter material were planned and carried out.
The mechanism of the distribution of iron ions in the filter space due to the phenomenon of diffusion, in
accordance with Ficks first law, is given. The mechanism of iron flake retention by the zeolite media pore
space, the consolidation of which occurs during the transition of iron from a divalent to trivalent form, is
described. The factors that interfere with autocatalytic processes in iron sediments were described. The
dynamics of changes in the concentration of iron in the filtrate after the end of the ion-exchange resource

of sokyrnite were studied.

Key words: kinetic model, filtration, pore space, sokyrnit, iron removal

Relevance of research. Despite the wide range
of physical properties of the existing granular filter
medium, most stages of filtering through them
are similar for different medium materials. An
exception is the initial stage of filtering, which
is usually called the “charging” of the filter. This
is due to the fact that it is during it that all the
diversity of the physical properties of the filtering
medium is manifested. This entails a significant
difference in the nature of the mechanisms and
kinetics of the processes of interaction of the filter
medium with colloidal particles contained in the
purified water suspension. In the case of zeolite
media, pore space plays a major role in filtering the
colloidal suspension. The ion-exchange properties
of zeolite are a determining factor in the process
of iron removal from underground natural water.
The study of the specified factors will allow the
development of a kinetic model of the initial stage
of the filtering process under given conditions.

Analysis of recent research and
publications. Sokirnites are natural zeolites
of volcanic origin with the general formula
K,Na,Ca x AlLSi,O x 6H,0. The sorption
capacity of sokyrnite is due to its high content
of clinoptilolite — more than 75%; impurities —
montmorillonite, quartz, feldspar, opal, and
volcanic glass. The share of free intracrystalline
volume for clinoptilolite is 34% of the total
volume [1; 2]. The sokyrnite had a rough surface
and the size of the crushed stone ranged from 1 to
10 mm. The density of sokyrnites is 2,2-2,3 g/cm?
and a hardness on the Mohs scale of 3,5—4 points.
The specific surface area is 50-65 m?/h. The
colors are pink, white, gray, and light yellow.

The features of the sokyrnite structure (rough
surface, presence of pores and channels, and
entrance windows) are explained by the frame
structure. The framework consists of tetrahedra
that form eight-membered rings at their vertices,
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thereby creating channels in the zeolite structure.
Water molecules (“zeolite water”) as well as
cations of alkaline and alkaline earth metals
(Ca*, Na', and K*) located inside the channels.
With a large number of entrance windows on the
surface, a structure permeated with channels, and
a complex of cations inside itself, it is possible to
use sokyrnite as a “molecular sieve” and replace
cations that can pass through the molecular
window with structural cations of the mineral.

The outer surface of sokymite with a grain
size of 0,8—1,2 mm has a surface area of 18 m?/g.
Considering that the micropore space of zeolite
is inaccessible to suspended and colloidal
particles, the surface available for the adhesion
of suspended and colloidal particles is 1-2 m?-g'.
For comparison, the effective rough surface area
of quartz sand grains is only 0,12 m?-g"'. It is
important to note that the NH*, ion exchange
potential of sokyrnite is 1,23 mg-eq/g, and the
size of the input windows is 3,5-4,8 A. Indicators
regarding the number of replaceable cations,
mg-eq-g': Ca* — 1,08; Na” — 0,13; K" — 0,02.
Thus, sokyrmnite is a highly effective ion-exchange
sorbent [3—8].

The purpose of the study is to develop
a kinetic model for the retention of colloids
from an aqueous suspension in the pore space of
zeolite media, as well as verifying its adequacy by
conducting experimental studies on iron removal
from underground natural waters.

Materials and methods of research. Field and
laboratory experimental studies of physicochemical
parameters of the investigated water suspensions;
physico-mathematical modeling of the processes
of filtration and purification of water suspensions
using filter media from zeolite grains; use of
experimental data obtained during experimental
studies of the process of iron removal from
underground natural waters.

Results of the study and their discussion.
First, porosity of the researched filter media was
determined. As a rule, the porosity determines
the proportion of the cavity space from the total
volume. Depending on the total volume under
consideration, the porosity of the media grains g,
and the porosity of the intergranular space (media
layer) g, can be distinguished. Both porosities can
be determined from the densities [9].

The grain porosity (also known as internal
porosity) determines the cavity part of the zeolite
grain volume. Therefore, it is defined as the ratio
of the pore volume V,, and the zeolite grain
volume V:

_ Vpor _ Vpor 1
€. = = 1)
VG I/zeol + Vpar

The grain porosity is related to the density
of the media grain and the density of the zeolite
skeleton of the grain:

Ve Vo =V. V.
SG __por _ "G zeol =1- zeol :l_p—G. (2)
Vo Ve Vo Pz

The porosity of the intergranular space (the
outer part of the cavity space) g, is defined as the
ratio of the water-filled volume of the cavities
between the zeolite grains V), and the filter
volume V.

o=y = % V+WV ' )
F 4 w

The porosity of the intergranular space is
related to media grain density and intergranular
density as follows:

V —
e, W Ve Ve (Ve P (4)
VF VF VF pG

In the case of adsorption by a layer of filter
media, instead of the porosity of the intergranular
space, the term porosity of the filter media layer

1. Correlations characterizing the parameters of the zeolite filter media layer

Correlation Expression
volume of water Vw _ .
—¢r
the total volume of the filter Vi
volume of zeolite V, l—e
- 1
the total volume of the filter e
volume of zeolite V, _1-¢
volume of water Vi g
mass of zeolite m,  l-g
T, VMg
volume of water Vy g,
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is often used [10—15]. Table 1 presents the most
important correlations.

The porosity of the intergranular space can be
used to express various volume/volume or solid/
volume correlations, which are characteristic
of the conditions specified for a particular filter
media. Therefore, they are often found in the
equations that describe the parameters of the
studied filter media.

Next, we determined the area of the outer
surface of the researched filter media. The area of
the outer surface of the zeolite grains has a strong
influence on the mass transfer rate during physical
adsorption. Thus, the area available for mass transfer
in the mass transfer equation can be approximated
by using the outer surface of the zeolite grains. The
outer surface area can also be determined using
a weighting method. In this method, the number
of zeolite grains (Z,,) in a representative sample is
counted after weighing the sample (m ,,,).

As a rule, porous adsorbents have internal
surfaces that are significantly larger in area than
external ones. In particular, zeolite sand has an
extremely large internal surface area. Therefore,
almost all its physical adsorption capacity is
provided by its internal surface area. Therefore,
the internal surface area is a very important
quality parameter for =zeolites as physical
adsorbents. However, it should be noted that
the internal surface area alone is not a sufficient
parameter for characterizing or predicting the
physical adsorption capacity of a zeolite because
the physical adsorption power is additionally
affected by a number of other properties related
to the zeolite and retained colloidal particles.

The standard method for determining the
internal surface area is based on low-temperature
gas adsorption (usually nitrogen adsorption

at 77 K) and subsequent application of the
Brunauer-Emmett-Teller (BET) isotherm. This
method is called the BET method, and the area
of the inner surface determined by this method is
often called the BET surface area, 4,;, [9].

The internal surface area is related to the
pore system size. The highly microporous
adsorbents used for water purification have large
internal surfaces.

A commercial BET surface analyzer is
required to determine the BET surface area. As
an alternative option, to save money, the iodine
number was used to determine the BET surface
area. The iodine number can be determined easily
without expensive equipment. The determination
is based on an adsorption experiment with iodine
as adsorbate and with defined initial and residual
concentrations (0,1 M and 0,02 M, respectively).
The adsorbent dose should be varied to achieve
a specified residual concentration. With the
adsorbent dosage determined from the variation
and initial and residual concentrations, the
amount of adsorbed substance can be calculated
using the material balance equation for
isothermal studies. The amount of adsorbed
substance, expressed in mg/g, was the iodine
number. Because the numerical value of the
iodine number is approximately equal to that of
the BET surface area, the iodine number can be
used as a compensating parameter to characterize
the internal surface area, for example, to compare
different types of adsorbents.

Next, a kinetic model for the initial stage of the
colloid retention process in sokyrnite pore space
was developed. In general, the kinetic model
includes mass transfer equations, equilibrium
relations, and material balance for the investigated
filter. This is schematically illustrated in Fig. 1.

Amount of sokyrnite in
the filter, initial
concentration

Parameters ofthe isotherm of
combined surface and pore
physical adsorpfion

Diffusion coefficient
(mass transfer)

g -

The matenal balance
equati on for the filter

L ¥
(/

Equation of the isotherm of

combined surface and pore

physical adsorption

¥
Diffusion (mass transfer)
equation

3

4

,{ Kinetic model ]1—

Fig. 1. General block diagram for modeling the kinetics of colloid retention
in the pore space of sokyrnite. Model components and input data
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The general assumptions in the kinetic model
are as follows: (a) the colloidal suspension
is assumed to be completely mixed, (b) the
temperature is assumed to be constant, (¢) the
mass exchange with the zeolite surface and
within it can be described as a diffusion process,
(d) the attachment of colloids to the surface of
the zeolite grains occurs much faster than the
diffusion processes, and (e) zeolite grains are
assumed to be spherical and isotropic.

The differential material balance for a zeolite
filter can be expressed as:

my 4 ==V, de > (5)
dt dt

where m, is the mass of zeolite, and V), is the
volume of water in the filter. This equation relates
the change in the average load on zeolite filter
media with time to the change in the aqueous
phase concentration over time. Integration of
Equation (5) with the initial conditions ¢(¢ = 0) =
c,and g (¢=0) =0 leads to the following form of
the material balance equation:

7(1)=2 e, —c(r)]. ©)
mZ

During the process of iron removal from
underground natural waters with the use of
simplified aeration with atmospheric air and
subsequent filtering, zeolite begins to retain
iron ions almost immediately because of its ion-
exchange properties. Figure 2 shows the curve of
the averaged experimental data for iron removal

using zeolite.

CFe, mg/dm?

0.40

In the space of the filter, iron ions spread
owing to the diffusion phenomenon in accordance
with Fick’s first law owing to the difference in
their concentrations in the aqueous suspension.
Adsorption of iron in the inner space of zeolite
grains occurs owing to immobilization of its
divalent soluble form. With the further transition
of iron from divalent to less soluble trivalent
form, iron flakes consolidate and are retained
by the pore space of the zeolite media. Further
filtering was accompanied by the process of
contact coagulation of the iron flakes on the
surface of the filter media. The process of
fixing on it occurs because of the phenomenon
of physical adsorption caused by London or
Van der Waals forces. However, after the end
of the ion exchange resource of the zeolite,
the concentration of iron content in the filtrate
increased sharply. This is due to the fact that the
intensive extraction of iron ions from the purified
aqueous suspension serves as an inhibitor of the
autocatalytic process in the iron deposit, where
the main part of the transformation of the iron
form takes place. Therefore, a further decrease in
the iron content of the filtrate can be explained by
the disappearance of the factor that interferes with
the autocatalytic process. Experimental studies
have confirmed that the retention of colloids
by the pore space of the zeolite media from an
aqueous suspension occurs in accordance with
the parameters of the developed kinetic model,
which confirms its adequacy.

Conclusions. The parameters of the pore
space of the filter media layer are described

0.35

0,30

0,20

0.15

0,10

0.05

0.00 -
0 10 20

30 40 50
te,h

Fig. 2. Change in iron concentration Cy, in the filtrate depending on the filtration time #,
(initial iron concentration — 1,2 mg-dm?, filtration speed — 7 m-h')
through zeolite-clinoptilolite grains (media fraction — 1,5-3 mm)
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by the developed physico-mathematical model, of iron removal from water. This is because of
which includes the determination of the porosity its ion-exchange properties, significant internal
(grains of zeolite media and intergranular space) porosity, and well-developed outer-grain surface.
and the areas of the outer and inner surfaces of The developed kinetic model for the retention
the zeolite grains. of colloids in the pore space of sokyrnite from

Experimental studies have shown the high an aqueous suspension was verified through
efficiency of zeolites during the initial stage experimental studies that confirmed its adequacy.
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Anomayia. /locniosxceno Qizuxo-ximiuHi sAeuwa, wo 6i00y8aromvca HA NOBEPXHI 3epPeH COKUPHUNTY
6 CKNIAONIll cucmemi «N0GEPXHs 3ePHA 3A8AHMAICEHHS — OUCNEPCiline cepedosuue — NOBEPXHS 36ANCEHUX
uyacmoky. Kapxacna cmpykmypa 6y008u coKupHumy (WOpCcmKa nOGepXHs, HAAGHICMb NOp i KAHANie,
6XIOHUX GIKOH) 0AE UOMY MOINCIUBICIG NPAYIOBAMU AK «MONEKVIAPHE CUmMoy i 6ymu 8UCOKoepekmusHuUM
copbenmom-ionoobminHukom. Byno eusnaueno nopucmicms 00CIONCY8aANHO020 DINTbMPYBATLHO20 3A6AH-
madicenns. A came: nopucmicmo 3epeH 3a8aAHMANCEHHs (AKY MAKOINC HA3UBAIOMb GHYMPIUNBLOIO NOPU-
cmicmio) i NOpUCMicmov MidHC3EPHOB020 NPocmopy (wapy sasanmaicents). Busnaueno niowy enympiui-
HbOI NOGEPXHi, WO € OyJice BaANCIUSUM NAPAMEMPOM AKOCMI COKUPHUMY AK (Di3UUH020 a0copOeHmy.
Locniosceno nusky inwux enacmueocmetl, N08 A3AHUX i3 COKUPHUMOM MA 3AaMPUMYEBAHUMU KOTOTOHUMU
YACTNUHKAMU, AKI 000amMKO80 6NIUGAIOMb HA cuny @Qizuunoi adcopoyii. Chopmynvoeano ma Ha8eOeHo
CNiBGIOHOWEHHSA, WO XApaKmMepusyloms napamempu wmapy Yeonimoso2o QinbmpysanrbHoco 3a6aHma-
ancenns. I1i0 wac danux 00CiONCEHb BPAXOBAHO BUMOSU 00 BUSHAYEHHS 4ACy 3apsA0KU Qintbmpa ma 1io2o
ONMUMANLHUX MEXHOLOSTUHUX | KOHCPYKIMUGHUX NApAMempie i0N0GIOHO 00 YMO8 eKCHAyamayii Ha
KOHKPEemHOMY 00 ’ekmi 6000nio2omoskiu. Bonu 06ymosunu HeobXionicms Oinvus 0emanbHO20 O0CAIOHCEHHS
ma po3pooKu KiHemuuHoi Mooeri nouamrkosoi cmaodii inbmpysanus 600HOI cycnensii uepesz ginomp i3
yeonimosum 3asanmaoicentam. Cgopmynvosano eupas ougpepenyianrvio2o mamepianrbio2o 6arancy
0714 yeonimogoco inempa. Ha ocnoi po3pobrenoi kinemuunoi modeni 6y10 3an1ano8ano ma npose-
O0€eHO NOPIBHANLHI Q0CAIOU 13 3HE3ANIZHEHHA NIO3EMHUX NPUPOOHUX 800 3d OONOMO20T0 BULE3A3HAUEHO20
Ginompysanvroco mamepiany. Hagedeno mexanizm posnoscroodicents iouie 3aniza y npocmopi ¢inempa
3a60aKU asuwgy ouysii, 6i0N0GIOHO 00 nepuioco 3akory Dika. Onucano Mexamiam 3ampuUMAanHs NOPOSUM
NPOCTOPOM  YeOoaimo8020 3A8AHMAICEHHSA NIACMIBYIE 3Ai3A, KOHCOMOayis AKuxX 6i00yeaemvces npu
nepexooi 3aniza iz 08osanieHmuoi y mpusairenmuy opmy. Onucano YUHHUKU, WO 3A6AHCAIOMb ABMOKA-
ManimuyHomy npoyecy 6 ocadi 3a1iza. J{ocaiodnceHo OUHAMIKY 3MIHU KOHYeHmpayii emicmy 3aniza y ¢ine-
mpami nicis 3aKiHYeHHs IOHOOOMIHHO20 pecypcy COKUPHUMY.

Kniouosi cnoea: xinemuuna mooens, pinempyeants, noposuill RPOCmip, COKUPHUM, 3He3ANi3HeHHs
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