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Agriculture is an industry of great importance that plays a vital role in addressing
global food security. However, it faces significant risks due to climate change, such as
extreme weather events, water scarcity, soil degradation, which can lead to reduced
crop yields. By 2050, it is projected that the need for food security will double,
which will require increased reliance on mechanization, chemicals, freshwater, and
energy. These changes may have an impact on ecosystem health. To address these
challenges, it is important to consider shifting from traditional farming systems to
ecological farming systems that employ holistic approaches for sustainable food
production. This transition suggests the need for climate-smart agriculture, which
involves integrating economic, environmental, and social principles. It includes
employing practices such as no-till farming, crop diversity, and precision irrigation
to enhance soil health and ecosystem services. Embracing this proactive approach is
crucial for adapting agriculture to climate change and meeting future food demands
sustainably.
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The chapter provides information on crop evaporation and water consumption during
different growth stages, influenced by prevailing weather and climate conditions. This
data serves as the basis for designing and implementing effective water regulation
strategies. The authors conducted an assessment of the weather and climate in
Western Polissia of Ukraine, and performed computer simulations of diverse climate
scenarios. These simulations were based on comprehensive forecasts and models,
considering key parameters of hydro-melioration systems, local climatic conditions,
water management techniques, and the productivity of drained lands under various
natural, agronomic, and reclamation conditions. Long-term forecasts were utilized
to determine the vegetative values of total evaporation and the water demand of
drained lands under changing weather and climatic conditions. Additionally, the
authors evaluated the technological efficiency of different methods for moistening
drained lands.
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In the realm of agricultural research, this study delves into the ecological state of
agricultural land use, shedding light on significant trends in the transformation of
land relations. The article meticulously evaluates the ecological state of land by
considering the degree of anthropogenic load. Through rigorous analysis, it establishes
the coefficient of ecological stability of the territory, providing valuable insights into
the intensity of land use. The research also formulates diverse scenarios depicting
the functioning of contemporary agroecosystems within agricultural land use.
Furthermore, the study identifies pivotal pathways for a successful transition toward
an adaptive farming system, crucial for the establishment of efficient agricultural land
use. This research area specifically focuses on investigating the impact of ecological
sustainability of the territory on rational land use within agricultural enterprises,
emphasizing its paramount importance in the broader context of ensuring food security.
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The chapter considers soil carbon sequestration potential as a characteristic associated
with the genesis of soils and the degree of their degradation. Various options for
estimating the soil carbon sequestration potential based on comparing potentially
achievable and actual levels of organic carbon content in soils are considered.
Possible scenarios of carbon losses and carbon sequestration by the soils of Ukraine
for the period up to 2050 are discussed. A method of spatial quantitative assessment
of soil sequestration potential is proposed, considering the heterogeneity of relief
and the degree of erosion degradation of soils. The implementation of the method
is presented in the case of an experimental site located in the forest-steppe of
Ukraine (Kharkiv region). It was shown that underestimation of the features of soil
spatial heterogeneity can lead to errors in the estimation of the soil organic carbon
sequestration potential up to 50% of the average value.

Chapter 5
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the National Academy of Agrarian Sciences, Ukraine
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The mathematical problem addressed in this study concerns the formation of
subsurface and surface runoff during storm precipitation in a low-slope area
featuring both undeformed and surface-deformed soils. Approximate relationships
governing the water accumulation on the surface of these soils and the movement
of the saturation front were derived. Additionally, the timeframe for infiltration and
groundwater closure, as well as the dissipation of the surface layer following the
cessation of precipitation, was determined. Utilizing generalized initial data for fine
soils along with a two-layer soil configuration at the experimental site, the accuracy
of the derived relationships was evaluated. This study delves into the process of
soil wetting during the formation of a low-permeability interlayer on the surface,
resulting from compaction and swelling. A detailed analysis was provided for the
comparison of subsurface runoff under conditions of varying degrees of deformation,
both with and without surface deformation.
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This chapter presents opportunities to use vegetative plants or their residues on the
soil surface as a primary main indicator that restrains the development of erosion
processes. Technological measures of soil cultivation that create different levels of
erosion control efficiency presented, directly affecting the presence of post-harvest
residues on the surface and indirectly the conditions of growth and development of
crops in the conditions of unstable and insufficient moistening of Left Bank Forest
Steppe, which is especially pronounced in the spring period. The methods and types
of soil cultivation to strengthen this indicator by preserving the post-harvest residues
of the previous crop for a certain period of time are considered. The compensating
ways for an inevitable weakening of plant development and a decrease in their yield
against the background of minimal tillage are presented to solve a problem of the
same values of erosion resistance in agrocenosis with different tillage options during
the growing season of crops in the rotation.

Chapter 7
Plant Tolerance to Soil Acidity in the Era of Climate Change: Biotech and
Breeding for Sustainable AriCulture ............ccocceeveiieeeieenieenieeeieeeiee e 155
Sneha Susan Mathew, Universiti Brunei Darussalam, Brunei
Faizah Metali, Universiti Brunei Darussalam, Brunei

The crucial topic of soil acidity and its effects on global food security are the main
focus of this chapter. Owing to its immediate effects on plant growth, development,
and productivity as well as its capacity to fend off biotic stresses, such as diseases
and insect pests, soil acidity, an abiotic stress, has gained significant attention in the
agricultural community. Although the effects of aluminum (Al) toxicity on plants
have received considerable attention, few studies have examined the harmful effects
of low pH on plants. Low pH in agricultural soil can cause oxidative stress and
electrolyte leakage through increased generation of reactive oxygen species (ROS),
hinder CO2 assimilation, and impact plant water intake. This study delves into the
mechanisms underlying plant growth under acidic conditions and highlights the
strategies employed by plants to withstand and adapt to acidic stress. This chapter
offers valuable insights into strategies for enhancing plant resistance to acidic soils
and ensuring food security in the face of increasing water scarcity.
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Chapter 8
Environmentally Safe Technologies for Leaching Saline Soils in Rice
Systems to Enhance Their ProducCtivity .........ccceecvvevciieeceenciieeiie e 195
Svitlana Kozishkurt, National University of Water and Environmental
Engineering, Ukraine
Vasyl Turcheniuk, National University of Water and Environmental
Engineering, Ukraine

Rice systems in Ukraine are built on territories with saline soils, and with a complex
hydrogeological situation. A method of calculating ecologically safe periods for
growing dryland crops on saline soils is proposed, which will help to optimize the
structure of rice rotations and prevent soil degradation. The considered technologies for
leaching of saline soils, which make it possible to ensure qualitative soil desalination,
to shorten the duration of leaching, to lower the level of groundwater, to improve the
oxygen regime of the soil. The methods for calculating the technological parameters
of capital and preventive soil leaching of saline soils have been developed. These
methods allow improving the water permeability of the soil, attracting a natural
thermal effect, reducing the volume of freshwater, and preventing the restoration of
salts. It can be an important step in restoring fertility and increasing the productivity
of rice systems in the face of water scarcity and climate change.
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Engineering, Ukraine
Pavio Volk, National University of Water and Environmental
Engineering, Ukraine

The chapter considers an approach for assessing and forecasting the water needs
of accompanying crops of rice crop rotation in changing modern conditions of rice
irrigation system’s functioning. The obtained results can be effectively used in the
development of adaptive measures to the climate changes in the context of water,
energy, and food crises, as well as in the justification of resource-saving regimes
and technological solutions in projects of reconstruction and modernization of rice
systems aimed at achieving the goals of optimizing the use of water and energy
resources during their functioning. The chapter presents the results of a machine
experiment on the predictive assessment of the water needs of accompanying crops
in variable natural-agro-melioration conditions of the Danube area. The conditions of
the water needs formation for various types of accompanying crops were determined
according to accepted schemes of technologies and water regulation regimes on
irrigated lands of rice systems. A comparison of the obtained results with real
production data was carried out.
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Developing a predictive system for water deficit analysis in the Black Sea Lowland,
especially in climate change, involves integrating various data sources, modeling
techniques, and technological tools to forecast water availability and demand. The
analysis of the change in moisture deficit in the Kherson region is provided for
the period from 1955 to 2022. A description of temperature gradients across the
Kherson region is provided. The distribution of precipitation throughout the years
in terms of quantity and intensity is provided. As part of the Black Sea Lowland,
the Kherson region is critically important for southern Ukraine's agriculture and
water security. Given the region's reliance on irrigation and the challenges posed by
climate change, developing a predictive system for water deficit analysis is essential.
Such a system can help stakeholders make informed decisions to ensure sustainable
water management and mitigate the adverse effects of water scarcity.
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The methodology for developing the technical and economic justification for the
construction of irrigation systems is presented, based on a multidisciplinary approach.
The goal of this approach is to provide a thorough and persuasive rationale for the
implementation and construction of irrigation systems to reduce risks in agricultural
practices and enhance agricultural productivity, considering a complex array of
influencing factors. This approach involves quantitative modeling of various scenarios
with different sets of parameters that characterize the state of irrigation management
taking into account the increased level of agricultural production considering climate
changes, natural moisture conditions, soil characteristics, crop structures, irrigation
methods, types of irrigation equipment, efficiency coefficients of irrigation systems,
etc. The development of the technical and economic justification is considered
using the example of land use by the State Enterprise “State Farm “Pioneer” in the
Kherson region.
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The chapter presents a scientific and methodological approach to justify investment
projects for restoring irrigation systems in southern Ukraine that were not damaged
by hostilities. It focuses on irrigation systems in the Odessa region covering up to
10000 hectares with water supply from local sources. The economic efficiency of
investment projects for system restoration is analyzed under different agricultural
scenarios. Proposals for modernizing a small irrigation system in Odessa are
developed, considering legislative reforms for water user organizations. The chapter
evaluates the technical condition of infrastructure, land use, legislative reforms, climate
change, and water resources availability. Legal aspects of irrigation restoration are
examined, and modernization plans are proposed with results mapping. Profitability
indicators are calculated for various investment return scenarios, comparing them
with the basic business scenario. Sensitivity analysis is conducted to assess project
resilience to changes in key parameters.
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Irrigation plays an important role in solving the food security problem. Hence,
subsurface drip irrigation (SDI) becomes more and more widely used. Its expansion
requires studies to determine the parameters of wetted zones for various conditions.
We propose to study the process of wetted zones formation in soil using mathematical
modeling by solving the initial-boundary value problem for moisture transport
equation in vadose zone of soil. Using the proposed approach, the determination of
wetted zones under SDI was performed for Ukrainian soils of different texture. Based
on the results of mathematical modeling, the main parameters of wetted zones were
determined. Empirical dependencies of wetted zone parameters on the structural
parameters of SDI systems and pre-irrigation threshold were also established. With
a decrease in the pre-irrigation threshold, all wetted zone parameters increased and
the process of zone’s formation for sands, sandy loams, and light loams can be
described by linear dependencies, while for medium loams, heavy loams, and clays
they have a polynomial form.
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The chapter outlines strategic approaches to the post-war restoration of irrigated
agriculture in the Southern Steppe of Ukraine, with a focus on the Kherson region,
which has been severely impacted by military operations. The region has faced
significant anthropogenic damage, including military degradation of soil cover,
destruction of the Kakhovka Dam and Reservoir, looting of reclamation systems,
and loss of fertile soil layers. The chapter proposes a comprehensive set of ecological
and remedial measures, including agronomic, remedial, and technical interventions,
to restore the irrigated agriculture system. One of the keys is the restoration of
hydro-technical structures such as the Kakhovka Hydro Power Plant in a revised
framework. This entails an evaluation of the infrastructure and the implementation
of necessary upgrades or modifications to ensure reliable functioning in the post-
war context. The chapter emphasizes the importance of integrating ecological
considerations into restoration efforts, such as soil conservation practices and the
protection of natural habitats.
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works to restore open and collector-drainage canals to design specifications, the
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of the vegetation period is possible through the accumulation of additional water
reserves in the open channel network. Yield indicators of the studied crops (winter
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plant disease severity, contamination of raw materials with toxic fungal metabolites,
and yield losses. The repeated application of biologicals has proven to be effective
in addressing this issue. The positive impact of microbial preparations on Calendula
officinalis L. was observed in various aspects such as field seed germination, plant
vegetative mass, and root system development. Treated calendula plants showed
reduced stress during drought periods compared to the control group. Additionally,
there was a significant decrease in leaf disease incidence and severity. This led to
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Plants are known as a source of secondary metabolites and have been used as
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with plant extracts as herbicides, insecticides and fungicides in agriculture. The aim
of this chapter is to review the literature on potential plants that could be used to
develop new natural fungicides to combat foodborne fungal contamination. It will
describe of the most cited plants as antifungal in agriculture, methods extraction
and antifungal tests. Then, it will present newly discovered compounds from plants
as effective antimicrobial agents in food manufacturing.
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Preface

The sustainable management of soil and water resources has never been more
critical than it is today. With the mounting pressures of population growth, urban-
ization, and climate change, the need to secure food, water, and energy for future
generations is both an urgent and complex challenge. These challenges are not
confined to any single region; they are global in scope, impacting every nation and
community that relies on agriculture for food security and economic stability.

In a world where the challenges of climate change, population growth, and dwin-
dling natural resources increasingly threaten global food security, the importance
of sustainable agricultural practices cannot be overstated. As we face an uncertain
future marked by unpredictable weather patterns, water scarcity, and soil degrada-
tion, it becomes imperative to rethink how we manage the natural resources that
are foundational to our food systems.

In recent years, the interconnectedness of water, soil, and agricultural produc-
tivity has become increasingly evident. The degradation of these vital resources has
profound implications not only for food production but also for the environment and
human well-being. As climate patterns shift and water availability becomes more
unpredictable, the need for innovative and sustainable approaches to soil and water
management is paramount.

This book, "Sustainable Soil and Water Management Practices for Agricultural
Security," aims to provide a comprehensive overview of the current state of these
essential resources and to present strategies and practices that can help safeguard
them for the future. Through the combined expertise of leading scientists, research-
ers, and practitioners, we have compiled insights and findings that underscore the
importance of integrating sustainable practices into agricultural systems worldwide.

Asthe editor of this comprehensive reference book, I, Lyudmyla Kuzmych—Chief
Researcher at the Institute of Water Problems and Land Reclamation of the National
Academy of Agrarian Sciences of Ukraine, Professor at Kherson State Agrarian
and Economic University, Visiting Scholar at Pennsylvania State University—and
my esteemed contributors, have endeavored to illuminate the intricate and essen-
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tial relationships among these vital sectors. Our goal is to provide readers with the
knowledge and tools needed to address the challenges of today and to prepare for
the uncertainties of tomorrow.

This book is intended for a broad audience, including researchers, students,
policymakers, and practitioners in the field of agriculture. It is structured to provide
a comprehensive overview of the challenges we face, as well as the practical solu-
tions that can be implemented to overcome them. Through a detailed examination
of sustainable soil and water management practices, the book aims to equip readers
with the knowledge and tools necessary to enhance agricultural productivity while
preserving the environment.

The chapters that follow are grounded in the latest research and case studies from
around the world, offering a global perspective on the implementation of sustainable
practices. From soil conservation techniques to advanced drainage and irrigation
systems, the topics covered in this book reflect the diverse approaches required to
meet the complex needs of modern agriculture.

Organization of the Book
Chapter 1: Climate-Smart Agricultural Practices

Agriculture's significance in global food security is undeniable, yet it faces
daunting challenges from climate change, including extreme weather events, water
scarcity, and soil degradation, which threaten crop yields. By 2050, food security
needs will likely double, necessitating increased mechanization, chemical use, and
resource consumption, potentially harming ecosystems. This chapter advocates for
a shift from traditional farming to climate-smart agriculture, emphasizing holistic,
sustainable food production. Practices such as no-till farming, crop diversity, and
precision irrigation are highlighted as essential for enhancing soil health and eco-
system services. Adopting these strategies is vital for adapting agriculture to climate
change and sustainably meeting future food demands.

Chapter 2: Formation of Water Demand
for Drained Lands in Variable Climatic and
Agricultural Land Reclamation Conditions

The chapter provides information on crop evaporation and water consumption
during different growth stages, influenced by prevailing weather and climate
conditions. This data serves as the basis for designing and implementing effective
water regulation strategies. The authors conducted an assessment of the weather
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and climate in Western Polissia of Ukraine, and performed computer simulations
of diverse climate scenarios. These simulations were based on comprehensive fore-
casts and models, considering key parameters of hydro-melioration systems, local
climatic conditions, water management techniques, and the productivity of drained
lands under various natural, agronomic, and reclamation conditions. Long-term
forecasts were utilized to determine the vegetative values of total evaporation and
the water demand of drained lands under changing weather and climatic conditions.
Additionally, the authors evaluated the technological efficiency of different methods
for moistening drained lands.

Chapter 3: Research the Influence of Ecological
Sustainability of the Territory on Rational Land Use in
Agricultural Enterprises in the Context of Food Security

This chapter explores the ecological state of agricultural land use, examining the
trends in land transformation and the impact of anthropogenic activities. It intro-
duces a coefficient of ecological stability to assess land use intensity and proposes
scenarios for modern agroecosystems. By focusing on ecological sustainability, this
research identifies pathways for transitioning to adaptive farming systems, crucial
for efficient agricultural land use and food security. The study emphasizes the im-
portance of rational land use in agricultural enterprises to ensure sustainable food
production in the face of environmental challenges.

Chapter 4: Spatial Heterogeneity of Soil Carbon
Sequestration Potential and its Estimation Using
GIS Technologies and Remote Sensing Data

This chapter investigates soil carbon sequestration potential, considering soil
genesis and degradation levels. It presents methods for estimating this potential by
comparing achievable and actual soil organic carbon levels. The study discusses
scenarios of carbon loss and sequestration in Ukrainian soils until 2050 and proposes
a spatial quantitative assessment method using GIS and remote sensing data. The
findings from an experimental site in Ukraine's forest-steppe highlight the impor-
tance of considering soil spatial heterogeneity in carbon sequestration estimates,
which can significantly impact the accuracy of these assessments.

XXVi



» {IAVTE
1G1 Global Flatiorm

Chapter 5: Modeling of Subsurface Runoff and Surface
Runoff During Storm Precipitation in Low-Slope Undeformed
and Surface-Deformed Soils on Agricultural Lands

This chapter addresses the mathematical modeling of subsurface and surface
runoff during storm events in low-slope areas with varying soil conditions. It derives
relationships for water accumulation and movement, infiltration timeframes, and
groundwater closure. Using data from an experimental site, the study evaluates the
accuracy of these relationships and examines soil wetting processes under differ-
ent conditions. The research provides a detailed analysis of subsurface runoff in
undeformed and surface-deformed soils, offering insights into water management
on agricultural lands during storm events.

Chapter 6: Influence of Soil Tillage Methods on
the Protective Role of Vegetation Cover

This chapter explores the role of vegetation cover and post-harvest residues in
preventing soil erosion. It evaluates various soil tillage methods that enhance erosion
control by maintaining surface residues and supporting crop growth in unstable
moisture conditions, particularly during spring. The study presents soil cultivation
techniques that strengthen erosion resistance and discusses compensatory strategies
for maintaining crop yields under minimal tillage conditions. The findings high-
light the importance of soil management practices in enhancing vegetation cover's
protective role and ensuring sustainable agricultural productivity.

Chapter 7: Plant Tolerance to Soil Acidity in the Era of Climate
Change: Biotech & Breeding for Sustainable Agriculture

This chapter examines soil acidity's impact on plant growth and global food secu-
rity, particularly its effects on plant stress resistance and productivity. It delves into
the mechanisms of plant adaptation to acidic conditions and strategies to enhance
tolerance. The study highlights the detrimental effects of low pH on plants, such as
oxidative stress and impaired water uptake, and explores breeding and biotechno-
logical approaches to improve resistance. These insights are crucial for developing
sustainable agricultural practices that ensure food security amidst increasing soil
acidity and water scarcity.
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Chapter 8: Environmentally Safe Technologies for Leaching
Saline Soils in Rice Systems to Enhance their Productivity

This chapter presents technologies for leaching saline soils in Ukrainian rice
systems to enhance productivity and prevent degradation. It proposes methods for
calculating ecologically safe periods for dryland crop cultivation and optimizing rice
rotations. The study discusses techniques for effective soil desalination, reducing
groundwater levels, and improving soil oxygen regimes. By developing parameters
for capital and preventive soil leaching, the research aims to restore soil fertility
and increase rice system productivity, addressing the challenges of water scarcity
and climate change.

Chapter 9: Predictive Assessment of Changes in
Water Needs of Accompanying Crops of Rice Crop
Rotation in Changing Modern Conditions

This chapter focuses on forecasting the water needs of crops accompanying rice
in changing climatic conditions. It presents an approach for developing adaptive
measures to climate change, optimizing water and energy resource use in rice
systems. The study includes a machine experiment on water needs assessment for
various crops under different agro-melioration conditions. By comparing these
results with real production data, the chapter offers valuable insights into resource-
saving regimes and technological solutions for rice system modernization, ensuring
sustainable water management.

Chapter 10: Analysis of Moisture Deficit in the Kherson
Region within the Context of Climate Change

This chapter analyzes moisture deficit trends in the Kherson region from 1955
to 2022, providing insights into temperature gradients and precipitation patterns. It
emphasizes the importance of developing a predictive system for water deficit anal-
ysis, integrating various data sources and modeling techniques. Given the region's
reliance on irrigation and the challenges posed by climate change, such a system is
essential for sustainable water management and mitigating water scarcity's adverse
effects on agriculture and food security.
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Chapter 11: The Methodology of Technical and Economic
Justification for the Construction of Irrigation Systems
to Prevent and Reduce Risks in Agriculture

This chapter presents a multidisciplinary methodology for the technical and
economic justification of irrigation system construction. The approach aims to
provide a comprehensive rationale for implementing irrigation systems to reduce
agricultural risks and enhance productivity. It involves quantitative modeling of
various scenarios considering climate changes, soil characteristics, crop structures,
and irrigation methods. Using a case study from the Kherson region, the chapter
highlights the importance of integrating multiple factors to develop effective irri-
gation management strategies and support agricultural resilience.

Chapter 12: Increasing the Economic Efficiency of Irrigation
Restoration Investment Projects in the Face of Climate Change

This chapter discusses a scientific approach to justify investment projects for
restoring irrigation systems in southern Ukraine. Focusing on the Odessa region,
it evaluates the economic efficiency of restoration projects under different agri-
cultural scenarios. The chapter proposes modernization plans for small irrigation
systems, considering legislative reforms and climate change impacts. It includes an
assessment of infrastructure, legal aspects, and water resource availability, offering
profitability indicators and sensitivity analysis to ensure project resilience and sup-
port agricultural productivity.

Chapter 13: Simulation of Wetted Zones
Under Subsurface Drip Irrigation

This chapter explores the parameters of wetted zones under subsurface drip
irrigation (SDI) using mathematical modeling. It addresses the initial-boundary
value problem for moisture transport in soil, providing a framework for determining
wetted zones for various soil textures. The study establishes empirical dependencies
of wetted zone parameters on SDI system structures and pre-irrigation thresholds.
The findings offer valuable insights for optimizing SDI systems to enhance irrigation
efficiency and support sustainable agricultural practices.
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Chapter 14: Strategic Ways of Post-War Restoration of
Irrigated Agriculture in the Southern Steppe of Ukraine

The chapter outlines strategic approaches to the post-war restoration of irrigated
agriculture in the Southern Steppe of Ukraine, with a focus on the Kherson region,
which has been severely impacted by military operations. The region has faced
significant anthropogenic damage, including military degradation of soil cover,
destruction of the Kakhovka Dam and Reservoir, looting of reclamation systems,
and loss of fertile soil layers. The chapter proposes a comprehensive set of ecological
and remedial measures, including agronomic, remedial, and technical interventions,
to restore the irrigated agriculture system. One of the keys is the restoration of
hydro-technical structures such as the Kakhovka Hydro Power Plant in a revised
framework. This entails an evaluation of the infrastructure and the implementa-
tion of necessary upgrades or modifications to ensure reliable functioning in the
post-war context. The chapter emphasizes the importance of integrating ecological
considerations into restoration efforts, such as soil conservation practices and the
protection of natural habitats.

Chapter 15: Restoration of Drainage Systems as
the Foundation for Agricultural Production Stability
and Ecological Balance of Ukrainian Polissia

The changing conditions of crop cultivation and the shift in the use of drained
lands necessitate the restoration of drainage systems, expanding their functional tasks,
and ensuring water regulation on drained lands. The research focuses on agricultural
lands in the farms of LLC "Vasiuty and LL.C Bilinsket" in the Kovel district of the
Volyn region of Ukraine. Studies conducted on reclaimed lands of the drainage sys-
tems "Melnitska" and "Bobrovka" have shown that the implementation of a complex
of works to restore open and collector-drainage canals to design specifications, the
operation of hydraulic structures, allowed for timely drainage of excess water in
the spring period and regulation of soil water regime in the early vegetation period.
Maintaining moisture in the active soil layer within close to optimal limits at the end
of the vegetation period is possible through the accumulation of additional water
reserves in the open channel network. Yield indicators of the studied crops (winter
wheat, maize, sunflower) on drained lands have been determined
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Chapter 16: Ensuring Food Security Through
Biocontrol in Medicinal Plant Cultivation

The chapter demonstrated the ecologically friendly way to obtain safe and high
quality of medicinal herbal supplements under environmental changes. Global warm-
ing has a significant impact on medicinal plant productivity, including changes in the
strategies of disease agents that compromise health and food security. Plant pathogens
increase their ability to survive and reproduce intensively, resulting in strengthened
plant disease severity, contamination of raw materials with toxic fungal metabolites,
and yield losses. The repeated application of biologicals has proven to be effective
in addressing this issue. The positive impact of microbial preparations on Calendula
officinalis L. was observed in various aspects such as field seed germination, plant
vegetative mass, and root system development. Treated calendula plants showed
reduced stress during drought periods compared to the control group. Additionally,
there was a significant decrease in leaf disease incidence and severity. This led to
an improvement in the quality of calendula inflorescence weight and seed mass.

Chapter 17: Plant Extracts as Antimicrobial Agents
Against Fungal Food Contamination: Plant Methods
Extraction, Antifungal Testing Phytochemicals

Plants are known as a source of secondary metabolites and have been used as
antimicrobials in human health, animal health and crop protection. With the devel-
opment of organic agriculture, new methods have been developed to innovate with
plant extracts as herbicides, insecticides and fungicides in agriculture. The aim
of this chapter is to review the literature on potential plants that could be used to
develop new natural fungicides to combat foodborne fungal contamination. It will
describe of the most cited plants as antifungal in agriculture, methods extraction
and antifungal tests. Then, it will present newly discovered compounds from plants
as effective antimicrobial agents in food manufacturing.

Chapter 18: The Role of Biologicals Azotohelp®,
Liposam®, and Organic-Balance® as Mitigators
of Abiotic Stress in Maize Plants

In this study the expression of drought-resistance marker genes ZmNHL1, Zm-
VPP1,ZmNAC111: the antiradical activity, relative water content and biochemical
chromatographic profiling of the phenolic compound complex in the leaves of maize
plants treated by biopreparations under drought stress, was investigated. Drought
stress significantly affected the expression of stress-responsive genes in plants under
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the action of biopreparations (in 4-7 folds). The maize leaves in the variant with
«Organic-Balance®» 0.5 1/ha + «Azotohelp®» 0.3 1/ha + «Liposam®» 0.25 I/ha were
characterized by the high content of total content of phenolic compounds, highest
antiradical activity (88.2%), the most active glycosylation processes of flavonoids
(up to 13%), the highest relative water content (97.3%) compared to the control.
PCA and PLS-DA showed that the alterations of secondary metabolites, induced by
biopreparations, serve as an initial mechanism for activation of the plant's antioxidant
system, leading to a more robust defence system post-stress signals.

In Conclusion

The contributions in this edited volume present a robust synthesis of the cur-
rent strategies, innovative methodologies, and critical reflections on the post-war
restoration of irrigated agriculture, with a specific focus on the Southern Steppe of
Ukraine. Chapter 14, by Lavrenko, Ladychuk, and their colleagues, underscores the
necessity of a holistic approach to rehabilitating the region's devastated agricultural
infrastructure. Their work highlights the integration of ecological considerations,
agronomic measures, and technical interventions, providing a comprehensive blue-
print for the restoration efforts in the Kherson region.

The destruction of key hydro-technical structures, such as the Kakhovka Dam
and Reservoir, along with the degradation of soil and reclamation systems, presents
unprecedented challenges. However, the proposed strategies offer a pathway toward
not only recovery but also the advancement of sustainable agricultural practices.
The emphasis on evaluating and upgrading infrastructure, combined with soil con-
servation and habitat protection, aligns with global best practices and ensures that
restoration efforts are both effective and enduring.

As the editor, I recognize the significance of this chapter within the broader con-
text of post-war recovery and agricultural resilience. The insights provided by the
authors serve as a critical resource for policymakers, practitioners, and researchers
engaged in the reconstruction of war-torn regions. The integration of multidisci-
plinary approaches and the commitment to ecological sustainability reflected in this
chapter exemplifies the forward-thinking solutions required to address the complex
challenges of post-war agricultural restoration.

In conclusion, the strategies outlined for the Southern Steppe of Ukraine rep-
resent a beacon of hope and a model for other regions facing similar adversities.
By fostering collaboration among local communities, government agencies, and
international partners, we can rebuild resilient agricultural systems that support
food security and sustainable development for future generations.
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I would like to express my deep gratitude to all those who have contributed to
this work, from the authors who shared their expertise to the institutions that sup-
ported our research. The task of ensuring agricultural security in the face of global
challenges is formidable, but with collaboration, innovation, and a commitment to
sustainability, it is one that we can meet together.

Editor:

Lyudmyla Kuzmych

Institute of Water Problems and Land Reclamation, National Academy of
Agrarian Sciences of Ukraine, Ukraine, & Kherson State Agrarian and Economic
University, Ukraine & Pennsylvania State University, USA
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Chapter 1
Climate-Smart
Agricultural Practices
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Agrarian Sciences, Ukraine

ABSTRACT

Agriculture is an industry of great importance that plays a vital role in addressing
global food security. However, it faces significant risks due to climate change, such
as extreme weather events, water scarcity, soil degradation, which can lead to re-
duced crop yields. By 2050, it is projected that the need for food security will double,
which will require increased reliance on mechanization, chemicals, freshwater, and
energy. These changes may have an impact on ecosystem health. To address these
challenges, it is important to consider shifting from traditional farming systems to
ecological farming systems that employ holistic approaches for sustainable food
production. This transition suggests the need for climate-smart agriculture, which
involves integrating economic, environmental, and social principles. It includes
employing practices such as no-till farming, crop diversity, and precision irrigation
to enhance soil health and ecosystem services. Embracing this proactive approach
is crucial for adapting agriculture to climate change and meeting future food de-
mands sustainably.
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BACKGROUND

Agriculture is a high-risk industry, but it is also a crucial one. With the global
population continuing to grow, urbanization persisting, disposable income rising,
consumption habits changing, and the amount of fertile soil remaining limited, it is
imperative to move beyond traditional farming (Mehrabi et al, 2022).

A number of socio-economic factors exert an influence on agricultural practices
in Ukraine. These include land ownership reforms, government policies such as
subsidies and regulations, the challenges of technological adoption, market access,
and infrastructure limitations, the availability of labour and the skills of the work-
force, the impacts of climate change, global market dynamics, financial constraints,
and the role of education and extension services (Skydan et al, 2023; Pyvovar et
al, 2024). These factors collectively influence the productivity, sustainability, and
economic viability of Ukraine’s export-oriented agricultural sector.

The term “food security” is defined by the FAO (2003) as the “physical and
economic access to sufficient food to meet dietary needs for a productive and
healthy life”. The most urgent challenge facing society is the necessity to enhance
the production of food and raw materials through the intensification of agricultural
practices. Providentially, digital technologies offer powerful tools to improve op-
erations and promote social and environmental sustainability.

Ukraine’s productive lands can play a crucial role in doubling global food se-
curity by 2050. With sustainable management practices, these lands can produce
food crops for export and support the world’s growing population. It is imperative
to transition towards more sustainable and responsible farming practices to ensure
long-term food security and environmental health. However, current industrial farm-
ing practices, despite their high yields and profits, are causing increased ecosystem
disservice. The intensification of farming practices will have long-term detrimental
effects on ecosystem services.

Traditional agricultural practices in Ukraine heavily rely on deep plowing, in-
efficient irrigation, mono-cropping, and burning of crop residues. These practices
are associated with increased agroecosystem disservices. Both irrigated and rainfed
lands are impacted by the loss of soil organic matter (SOM), accelerated erosion,
drought, secondary salinization, compaction, intermittent flooding, and increased
pest and disease pressures. These factors inevitably result in poor soil health and
reduced crop productivity.

Conventional agricultural practices in Ukraine routinely neglect environmental
sustainability (Zhovtonog O.1., 2015 a). In the regions, where irrigation is crucial,
these practices have led to a widespread deterioration in soil-water-plant-air rela-
tionships. It is important to adopt sustainable agricultural practices to ensure the
long-term health of the environment and the success of the agricultural industry.
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Industrial farming and land privatization prioritize high-profit margins over sustain-
ability, neglecting soil and water management (Didenko N.O. et al, 2016).

To meet the demands of global food security for a growing population, agriculture
must implement sustainable farming practices based on novel and holistic strategies.
These practices can remediate degraded soils, improve overall crop production, and
increase agricultural resiliency. The researchers (Aziz I. et al, 2013; Islam R. et al,
2013; Islam R. 2015; Zhovtonog O.1., 2015 b; Irkitbay A. et al, 2023) provide strong
evidence for the effectiveness of these strategies.

The unprovoked invasion of Ukraine has caused challenges in energy and food
supply, exacerbating vulnerabilities in food systems already weakened by the effects
of climate change and the COVID-19 pandemic. Experts warn of a potential global
food crisis, with ripple effects on security, migration, and political stability, similar
to or worse than the 2007-2008 crisis (Cordaid, 2022). The war in Ukraine has
significantly impacted all economic activities, including agriculture, a key driver
of the economy.

The combination of these practices, climate change, and the consequences of
war have greatly affected soil and water quality, as well as agricultural productivity.
There is a clear need for further study and improvement to adapt time-tested agricul-
tural practices to the new reality in Ukraine, as the dissemination of science-based
knowledge on this topic is currently limited.

The research promotes the concept of climate-smart agriculture as an inte-
grated farming system based on proven, novel, and holistic approaches, including
conservation tillage, crop diversity with multifunctional cover crops, and precision
fertigation. The system increases crop productivity and food quality sustainably,
improves soil resilience and water and nutrient use efficiency, reduces greenhouse
gas emissions, and supports food security for a growing global population.

CONSERVATIONAL TILLAGE

Mechanical tillage is the foundation of crop cultivation technology. To achieve
optimal results, the soil in layer 0-30 cm, should have bulk density of 1.1-1.3 g/cm?,
a total soil porosity of 50-55%, and a content of water-soluble aggregates (0.25-10
mm) of more than 70%. Additionally, the soil should have a density of up to 30 kg/
cm?, a soil porosity of at least 15% by volume, a water permeability of more than
30 mm/h, and prevent erosion processes. Plowing is a necessary step for growing
crops. Incorporating plant residues into topsoil or burning them is also essential and
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needs more research justification. It can be normal for the soil surface to remain
uncovered for a short period of time.

A differentiated tillage system in crop rotation reduces energy costs by 25-30%,
reduces weed infestation by 2.5-3.0 times, and increases grain yield by 1.5 t/ha of
crop rotation area. In general, a differentiated tillage system has both positive and
negative characteristics as reported by researchers at lowa State University (2020)
and CRP. Environmental Conservation (2020). The positive effects include the for-
mation of an optimal structure of the topsoil, which provides plants with the optimal
development of the root system and efficient use of nutrients; clearing the soil of
weed seeds; deep incorporation of organic fertilizers and crop by-products, which
increases their humification. Negative effects include deterioration of soil structure,
increased water and wind erosion, increased mineralization of soil organic matter,
agrophysical degradation of the latter, and high energy and resource consumption.

Conservation tillage is a highly effective agricultural management approach that
minimizes the frequency and intensity of tillage operations, resulting in significant
economic and environmental benefits. This approach is widely recognized as a best
practice in modern agriculture. By leaving at least 30% of plant residues on the soil
surface for erosion control and moisture conservation, the soil structure is improved,
leading to increased yields and reduced costs.

The analysis clearly demonstrates that fertilizers have the greatest impact on crop
yields, accounting for approximately 40%. Crop protection follows with a contribution
of 15-25%, while varieties and hybrids account for 20%. Only 15-20% of the impact
is due to tillage, which is the most resource-intensive element of the technology.

Conservation tillage offers several benefits. It reduces carbon dioxide and green-
house gas emissions, decreases reliance on farm machinery and equipment, and lowers
fuel and labor costs. Additionally, conservation tillage practices enhance soil health,
minimize runoff, and limit erosion. By leaving the soil undisturbed and covered with
residues, these practices provide potential environmental and economic benefits.

Conservation tillage practices, such as strip tillage or zonal tillage, have been
proven to contribute significantly to the sustainability of agricultural systems. The
use of narrow strips for seed preparation, ranging from 5 to 20 cm in width, is an
effective way to achieve this. Tined tillage or vertical tillage is a superior method
of preparing arable land compared to zero tillage (no-till), as it results in little
compaction and a good cover of residues on the surface. Tined tillage or vertical
tillage is a superior method of preparing arable land compared to zero tillage (no-
till), as it results in little compaction and a good cover of residues on the surface.
It is important to note that each method has its own advantages and disadvantages
depending on the specific context in which they are used (Ferro N.D. et al., 2014;
Skrylnyk Ye. et al, 2021).
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Ridge tillage, which involves creating ridges and furrows, is also a viable option.
The ridges can vary in width, and the furrows can be parallel to the contour lines or
sloped, depending on the moisture conservation or drainage objectives. It is worth
noting that the ridges can be semi-permanent or constructed annually, which affects
the amount of residue material left on the surface.

Reduced tillage and retention of residues from the previous crop significantly
enhance both soil fertility and crop productivity, making them important soil man-
agement practices for promoting sustainable agriculture (Kravchenko Y. et al, 2012;
Skrylnyk Ye. et al, 2021).

Conservation tillage will undoubtedly play acrucial role in sustainable agricultural
development in the future. It is less studies have paid little attention to the long-term
effects of conservation tillage on soil microbial composition and metabolic activity,
given its importance. Wang Ch. et al (2018) conducted a 15-year study comparing
three tillage practices (no-tillage, ridge tillage, and conventional tillage) on black
soil to determine the most effective method for improving soil health. Their findings
demonstrate that no-tillage is the most effective method for improving soil health.
Florine D. et al (2016) conducted a study and established that tillage depth was
identified as the main factor influencing the variation in microbial diversity after 6
years of research on conversion from conventional to reduced tillage, tillage regime
ranking after the depth of tillage, and the fate of crop residues was found not to
influence microbial diversity.

Converting from conventional tillage (CT) to continuous no-till reduces farming
costs and improves soil functional capacity, enhancing agroecosystem services.
No-till allows crop residues to accumulate on the surface, reducing air, water, and
energy exchange between the soil surface and the atmosphere. These reductions
decrease soil temperature and evaporation, retain soil moisture for longer periods,
and support efficient decomposition of crop residues. They act as residue mulch on
the soil surface, as demonstrated by studies conducted by Lobell D.B. et al (2006),
Franzluebbers A.J. et al (2002), Hendrix P.E. et al (1986), and Halpern M.T. et
al (2010). This approach offers a range of potential benefits, including increased
fungal dominance in soil food webs, greater accumulation of SOM and associated
nutrients, reduced greenhouse gas (GHG) emissions, increased aggregate forma-
tion and stability, improved soil hydrology, and enhanced soil quality to support
economic crop production. These benefits have been demonstrated in numerous
studies, including those by Islam R.K. and Weil R.R. (2000), Crovetto C.C. (2006),
and Van Groenigen et al (2010).

The conversion from plow-tillage to minimum till and no-till farming enhances
the SOM pool. Enrichment of this parameter is essential for maintaining the fertil-
ity of Chernozems, advancing food security, and improving the environment. This
conclusion is supported by a 10-year study conducted by Kravchenko Y. et al (2012)
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on a long-term experimental site in Ukraine. The study shows that switching from
conventional to reduced soil tillage systems increases SOM concentrations in the O
to 10 cm soil layer and leads to the accumulation of carbon (C) in fulvic acids and
humins. Although there were no significant differences in SOM storage in the O to
100 cm layer among tillage systems, reduced tillage systems had a higher proportion
of labile soil organic carbon (SOCL), a lower ratio of C in humic acids to C in fulvic
acids, and more humic acids with molecular masses ranging from 110 to 2000 kDa.

Despite the importance of transitional no-till in soil ecosystem functioning, the
impact of this practice on crop yields is still debated. However, the major barri-
ers to transitional of no-till, such as greater immobilization of N and P, transient
soil compaction, weed pressure, and stratification of SOM and nutrients, can be
effectively managed with the use of cover crops in rotation with agronomic crops.
Research has unequivocally shown that continuous no-till for 7-9 years produces
higher yields than conventional tillage fields. This approach can jump-start no-till,
often eliminating any yield decrease.

CROPPING DIVERSITY

Appropriate crop rotation practices are crucial for determining crop productivity
and ensuring sustainable agriculture. Noncompliance with these practices can lead
to the deterioration of soil biochemical characteristics and land degradation. It is
essential to adhere to these practices to maintain healthy soil and maximize crop
yields. Crop diversification is a proven approach for achieving sustainable cropping
systems and food production while addressing the agro-environmental effects of
conventional monoculture systems (Di Bene et al, 2022).

Intercropping is a highly effective strategy for mitigating the effects of climate
change in arid regions. Vlahova V. (2022) in her review, presented the main types
of intercropping and their numerous advantages. This sustainable farming system
creates balance with the environment, optimizes resource utilization, and minimizes
damage from diseases and pests. Intercropping is a highly beneficial farming prac-
tice that leads to higher crop yields and improved soil erosion control. By utilizing
plant growth resources such as water, nutrients, and sunlight more efficiently,
intercropping enables plants to thrive and produce more abundant crops. While
intercropping patterns are more effective than monocropping in suppressing weeds,
their effectiveness can vary greatly. Overall, intercropping is a proven method to
increase diversity in an agricultural ecosystem.

At the same time, intensive tillage and monocropping have adversely affected
the quality of soils through accelerated loss of soil organic matter (Njaimwe A. et
al, 2016). Generally, the results indicated that, in the short term, cover crops, espe-
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cially oats, have a greater influence on SOC accumulation and aggregate stability
than tillage, irrespective of soil type.

Monocrop cultivation of winter wheat for 80 years gradually increased yields,
provided more productive varieties were sown. These findings were demonstrated by
Demidov et al (2019), showcasing the importance of implementing these measures
for successful wheat cultivation. A range of agrotechnical measures, including proper
soil cultivation, rational use of fertilizers, timely sowing with optimal seeding rates,
and crop care, influenced the amount and stability of wheat yields.

To preserve the economic potential of land and minimize land degradation factors,
it is crucial to establish precise rules regarding sunflower monocropping, a com-
mon practice in Ukraine and many other countries. The findings provide valuable
insights into the effects of this practice and can inform future decision-making with
confidence. In this case, Kussul et al (2022) conducted a thorough evaluation of the
impact of sunflower monocropping on vegetation indices obtained from MODIS
datasets in Ukraine, one of the largest sunflower exporters in Europe.

Farmers can successfully implement crop diversification through various methods,
such as cover crops, crop rotation, intercropping, and agroforestry (Altieri M.A.,
1995; Wezel A. et al, 2014). Incorporating sufficient crop diversity in rainfed crop
rotation systems can be challenging, but it is a key management principle in con-
servation agriculture systems. Therefore, it is important to prioritize crop diversifi-
cation despite limited cash crop options resulting from soil and climatic conditions
or markets (Alcon F. et al, 2020).

Soltys O. and Cherechon O. (2019) analysis of long-standing research conducted
by scientists at the Institute of Grain Crops of the National Academy of Agrarian
Sciences of Ukraine revealed that yield capacity is significantly higher when sci-
entifically-based crop rotations are used without the application of fertilizers, com-
pared to the variant of no crop rotation. Furthermore, they successfully optimized
the number of fields in a crop rotation. Many-field crop rotation is an efficient
method for securing high levels of agrarian production. Short crop rotation is the
most reasonable option for enterprises with a small land area.

Farmers worldwide confidently use multiple cropping for food production across
all levels of agricultural technology (Andrews D.J. and Kassam A.H., 2015). The
profitability of crop diversification adoption at the farm level can significantly en-
hance the resilience of agricultural systems. The main objective is to identify high
specialty crops, new crops, or adopt varieties, off-season varieties, and production
systems to open up new opportunities for farmers.

Agricultural diversification refers to changes in the mix of crops, enterprises,
and activities at the household level. The concept of agricultural intensification
has increased crop productivity. Hufnagel J. et al (2020) argue that agricultural
intensification has increased crop productivity but simplified production with less
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diversity in cropping systems, greater genetic uniformity, and more homogeneity
in agricultural landscapes.

Neglecting important factors such as crop rotation can lead to the overuse of
land and a decrease in soil quality. It is crucial to consider the long-term effects
of farming practices and prioritize sustainable methods. This approach can lead to
significant environmental and socio-economic problems in the future. Farmers are
often unable to implement crop rotations to their full extent due to the short-term
nature of land leases. Dorosh et al (2020) assert that their methodological approaches
for organizing crop rotations in a changing market and climatic environment are
based on short-term crop rotations, the dynamics of crop placement depending on
ecological and economic factors, the formation of homogeneous fields based on
quality indicators, the selection of crops based on land evaluation before cultivation,
and the mandatory environmental assessment of projected crop rotations using
balance calculations.

According to Moore et al (2023), increasing diversity in cropping systems has
great potential to address environmental problems associated with modern agricul-
ture, such as erosion, soil carbon loss, nutrient runoff, water pollution, and loss of
biodiversity. To support a transition to multi-cropping systems, plant breeders must
adjust their breeding programs and objectives to better represent diverse systems,
including diverse rotations, alternate-season crops, ecosystem service crops, and
intercropping systems.

Cropping systems experiments are vital in devising sustainable weed management
strategies. According to Benaragama et al (2024), mostresearch on cropping systems
lacks a framework for understanding weed dynamics and providing sustainable weed
management solutions.

Romashchenko M.I. et al, (2023) present a robust mathematical model for the
formation of optimal crop rotations in the forest-steppe of Ukraine. The model is
based on expert estimates of the efficiency of “predecessor-crop” pairs and over-
comes the limitations of classical experimental research methodology.

In general, crop rotation significantly enhances agricultural output without
additional inputs, even though its design may need to take into account different
climates, soils, crops, and farming practices to achieve its full potential in terms of
agronomic and ecological benefits.

COVER CROPS

Cover crops have been studied for over a century. However, it is now widely
recognized that their complex interaction with the Earth’s biosphere, lithosphere,
hydrosphere, and atmosphere is of utmost importance. Previous cover crop research
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has mainly focused on evaluating their impact on subsequent crop yield. Cover crops
provide multiple ecosystem services, including soil organic carbon sequestration,
nitrous oxide emissions reduction, wind and water erosion prevention, weed control,
and soil microbial community improvement. Understanding these benefits is crucial
for developing sustainable agricultural production systems. Continuous research is
published to gain acomprehensive understanding of the ecosystem services provided
by cover crops. Cover crops have been successfully integrated into conservation
agriculture systems in various regions worldwide, as demonstrated researchers
by Flower K.C. et al, (2012), Andriarimalala J.H. et al, (2013), Shelton R.E. et al,
(2018), Rugare J.T. et al, (2019).

VanE.E.etal, (2023) conclusively demonstrate that cover crops provide numerous
benefits, including increased subsequent crop yield, SOC storage, weed suppres-
sion, soil microbial activity, and wildlife biodiversity. Furthermore, cover crops
effectively mitigate N,O emissions, reduce wind and water erosion, and suppress
plant pathogens. It is important to note that the magnitude of these benefits may
vary depending on the cover crop type, location, and duration of cover cropping.
Barriers limiting the adoption of cover crops into production systems include cover
crop termination methods, designing crop rotations to fit cover crops, additional
costs associated with cover crop integration, and uncertainty related to economic
returns with cover crops.

Wang J. et al, (2021) analyzed the studies around the world and found that cover
crops decreased precipitation storage efficiency (PSE) by 33.4% and soil water storage
for the whole profile (SWSPT) at soil depth by 13.2%, but increased water storage
to 30 cm depth (SWSP30) by 6.0% (P < 0.05) compared to no cover crop. The cover
crops did not affect subsequent crop yield, but decreased evapotranspiration (ET) by
6.2% and increased water use efficiency (WUE) by 5.0% (P < 0.05) compared to no
cover crop. The effect of cover crops on these parameters varied by soil and climate
conditions in different regions. Leaving cover crop residue on the soil surface or
incorporating it into the soil reduced PSE, SWSPT, and ET, but increased SWSP30
and WUE compared to residue removal. Maintaining cover crop biomass at 5 Mg
per ha and leaving a 20-d interval between cover crop termination and subsequent
crop planting also increased PSE and SWSP30. They also summarized that cover
crops had minimal effect on succeeding crop yield, WUE of succeeding crops can
be increased with cover crops by decreasing evapotranspiration.

Cover crops have a significant impact on soil and subsequent crops. They im-
prove soil organic carbon and nitrogen sequestration, inhibit weeds and pests, and
enhance soil physical and chemical properties. Cover crops have a positive impact
on soil microbial activity. Implementing a crop rotation structure with appropriate
intervals between the main with mix of cover crops will accelerate the system's ad-
aptation to soil improvement by supporting the vitality and diversity of soil organism
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communities. This will, in turn, strengthen biological control of diseases, pests, and
weeds. Crop residues accumulate on the surface as mulching material under no-till
technologies. This allows for to reduction of the exchange of air, water, and energy
between the soil surface and the atmosphere (Lobell D.B. at el, 2006).

Sui X. etal (2021) provided a systematic review to clarify the effects of cover crops
on various soil indicators, such as soil nutrients, moisture, pH, physical indicators
(including soil bulk density and total porosity), biological indicators (including soil
enzyme activity and soil microbial diversity), and environmental factors (including
greenhouse gas emissions, heavy metals, and water quality). Zhang J. et al, (2023)
demonstrated that cover crops are a proven strategy for achieving sustainable agri-
cultural production and high crop yields, while also providing valuable ecological
services such as reducing soil erosion and nutrient loss. Farmers should consider
using cover crops to improve their crop yields and protect the environment.

To ensure optimal soil health, it is essential to sow a cover crop mixture enriched
with at least three groups of crops, including cereals, oilseeds, and legumes, after
harvesting the main crop. It is recommended to use a minimum of 7-9 different
species of crops to achieve the best results. Figure 1 presents the different soil
structures resulting from plowing and no-till practices after 2 years of research in
Southern Ukraine, as well as the roots of cover crops and also presents the scheme
and the life cycle of the cover crop during its vegetation.
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Figure 1. Cover crop root systems and soil structure under different tillage prac-
tices: (i) no-till; (ii) plowing, and scheme of the life cycle of the cover crop during
vegetation (iii)

{ii)

Cover cropping is a highly effective climate-smart strategy for regenerating low-
fertility soils. To combat soil erosion, soil fertility, water quality, weeds, and climate
change, many acres of cover crops are being planted around the world. The results of
this strategy are promising in arid and semi-arid regions. Despite this, there is still

1"
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much to learn about the mechanisms of soil organic carbon (SOC) storage and soil
health improvement in semi-arid irrigated cropping systems (Acharya P. et al, 2024).

According to Haramoto E.R., (2019), seeding rates lower than current recom-
mendations can provide adequate weed suppression and ground cover while small
grain cover crops grow, due to their tillering ability.

Cover crops can provide multiple agroecosystem services to crops produced
in conservation agriculture systems. Cover crop mixtures can be used to mitigate
disservices and increase the multifunctionality of ecosystem services. In a three-
year study, Finney D.M. et al, (2017) investigated the effects of cover crop selection
on the provisioning of multiple ecosystem services. They examined 10 cover crop
treatments and eight ecosystem services to determine how the identity and number
of species affected multifunctionality. The study found that certain services, such
as cover crop biomass production, weed suppression, and nitrogen retention, con-
sistently co-occurred. The study confidently identifies a set of bundled services that
include cash crop production, nitrogen supply, and profitability. It asserts that as
some services increase, other services decrease, limiting multifunctionality. However,
the study found that functionally diverse mixtures ameliorate disservices associated
with certain monocultures, thereby increasing cover crop multifunctionality.

Dubrovin V. et al, (2022) determined that the total greenhouse gas emissions
amount to 4015 kg/ha of CO,-eq after 4 years of experience in the model 4-field
crop rotation under the conditions of the combining tillage system for sunflower
and maize without intermediate crops and reduced processing for wheat and barley.
Switching to a reduced tillage system can reduce emissions by 30.1%. The data
shows that including two cover crops in two crop rotation fields before spring crops
results in a negative balance of greenhouse gas emissions of -377 kg/ha of CO,-eq
during this period. Furthermore, switching to no-till for all crops after a 4-year
rotation period resulted in a significant reduction of 1221 kg/ha of CO,-eq. These
findings demonstrate the effectiveness of these sustainable practices in reducing
greenhouse gas emissions.

Thapa V.R. etal, (2023) demonstrated that cover crops and diverse crop rotations
can lead to significant SOC sequestration rates of 271 kg C per ha per year and 235
kg C per ha per year, respectively, in the top 30 cm of soil. It is important to note
that the potential for SOC sequestration may vary depending on soil type and tillage
practices. Inmedium-textured soils, the response of SOC to cover cropping or diverse
crop rotation is significantly more pronounced than in other soils. Diverse cropping
systems with conservation tillage sequester 10% more SOC than conventional tilled
crop-fallow systems, which is greater than the SOC sequestration achieved with
diverse cropping or conservation tillage alone. The rate of SOC sequestration was
high in the first five years after the adoption of conservation practices and decreased
over time to reach a new equilibrium. This observation is significant.

12



Sergiv Lavrenko {lavrenko.sr@gmail.con
|G| Global Platform

Cover crops are a crucial component of a continuous no-till, environmentally
friendly system, that can maintain short-term yields and ultimately increase crop
yields in the long run. Cover crops, especially legumes, fix atmospheric nitrogen
and recycle nitrogen in the soil, accumulate soil organic matter, and improve soil
structure and water infiltration to increase crop yields. Radish, for instance, reduces
soil compaction, increases water infiltration, and fumigates soil to suppress disease
and pests. Cereal rye, on the other hand, provides a living mulch to effectively control
weed growth. Long-term cover crops can enhance crop yields, improve soil quality,
and provide environmental and economic benefits (Hoorman et al, 2009). Studying
the long-term effects of continuous no-till and cover crops is needed, however, to
improve our understanding of soil-water management for enhanced agroecosystem
services in climate change.

According to Blanco-Canqui H. et al, (2015), cover crops have been shown to
alleviate soil compaction, improve soil structure and hydraulic properties, mitigate
soil temperature, improve microbial properties, recycle nutrients, and suppress weeds.
While cover crops may increase or have no effect on crop yields, they may reduce
yields in water-limited regions by reducing available water for subsequent crops.

The limited studies available indicate that grazing and haying of cover crops do not
adversely affect soil and crop production, suggesting that the removal of cover crop
biomass for livestock or biofuel production may be another benefit of cover crops.

Yang L. et al, (2023) summarize that cover crops can provide the biofuels in-
dustry with a new source of biomass for bioenergy production. Oilseed crops such
as canola, sunflower, and soybean are commodities and have been used to produce
biodiesel and sustainable aviation fuel (SAF). Other cover crops such as rye, clover,
and alfalfa have been tested on a small or pilot scale to produce cellulosic ethanol,
biogas, syngas, bio-oil, and SAF.

Cover crops offer numerous ecosystem services, such as improving soil quality,
crop-livestock systems, and the environment. However, it is important to note that
the benefits of cover crops vary depending on the site. Further research is needed
to fully understand the multi-functionality of cover crops in different climates and
management scenarios, as well as the short- and long-term economic returns from
COVEer Crops.

THE DIRECTION OF FUTURE RESEARCH

Nowadays, the study of resource efficiency issues, such as no-till technology, and
indicators of soil quality assessment, requires a more detailed examination together
with the role of nutrients, cover crops, and their mixtures, which have not been fully
investigated. It is important to acknowledge that there is still no unanimous opin-
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ion on the dependence of crop productivity on methods of soil management, and
therefore, it is necessary to continue exploring and evaluating different approaches
to this issue.

Future research could potentially benefit from focusing on types of cover crops,
breeding cover crop cultivars, and exploring the interactive effects of cover crops
with other sustainable land management practices, in addition to their potential
long-term effects.

One possible approach to conducting research is by exploring the potential ben-
efits of digitalizing climate-smart agriculture practices. This could involve utilizing
digital agriculture tools and services (DATs) in climate-smart agriculture practices
to promote enhanced adaptation, reduce GHG emissions, and increase productivity
for small-scale agriculture.

CONCLUSIONS

Climate-smart agriculture is a proven way to adapt farming and mitigate climate
change. Climate-smart agriculture is crucial to addressing the major challenge of
sustainable food production in the 21st century, given the global environmental
problems such as war, climate change, population growth, and natural resource
degradation, including soil and biodiversity loss.

This approach combines both traditional and modern knowledge and skills to
create environmentally friendly agricultural practices. It involves the use of con-
versational tillage methods, crop diversification, and the implementation of cover
crops that are resilient to the effects of climate change. By adopting climate-smart
farming methods, incomes can be increased while helping to address climate change
and strengthen global food security around the world.

Sustainable food production must adopt a climate-smart approach. This is the
need of the hour and is receiving increasing attention worldwide in the context of
sustainable food production in a changing world.
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This data serves as the basis for designing and implementing effective water regu-
lation strategies. The authors conducted an assessment of the weather and climate
in Western Polissia of Ukraine, and performed computer simulations of diverse
climate scenarios. These simulations were based on comprehensive forecasts and
models, considering key parameters of hydro-melioration systems, local climatic
conditions, water management techniques, and the productivity of drained lands
under various natural, agronomic, and reclamation conditions. Long-term fore-
casts were utilized to determine the vegetative values of total evaporation and the
water demand of drained lands under changing weather and climatic conditions.
Additionally, the authors evaluated the technological efficiency of different methods
for moistening drained lands.

BACKGROUND

The research holds significant relevance due to the pressing issue of global
climate change affecting regions worldwide, including Ukraine. These changes
directly impact the functioning of hydro-melioration systems and crop cultivation
conditions. Agricultural production, particularly on lands with regulated water re-
gimes, is intricately tied to meteorological conditions. Therefore, timely information
on anticipated climate changes is crucial for decision-making (Abrantes et al, 2018;
Malézieux et al, 2009; Prasuhn et al, 2013; Wallander et al, 2021).

The current stage of agricultural development, especially on lands with regulated
water regimes, presents several unresolved challenges. There is a lack of sufficient
methods to assess the ecological and economic feasibility of implementing remedial
measures considering climate change. Hence, there's an urgent need to understand
the projected consequences of global climate changes and make adaptive decisions
to mitigate their impacts (Dickeyet al, 1981; Eekhout et al, 2018; Kuzmych et al,
2022a,2023a, 2023b,2023c; Rokochinskiy et al, 2019, 2020; Turmel et al, 2015;
Yakymchuk et al, 2022; Yan Xin et al, 2023).

For drained territories with shallow groundwater tables, weather and climate
conditions play a vital role in shaping soil and groundwater conditions, influenc-
ing soil processes during crop growth stages. Projected temperature increases and
heightened aridity due to climate change will likely reduce natural moisture levels
and increase water demands for crop cultivation on drained lands. Consequently,
additional irrigation technologies will be required to supplement moisture levels.
Thus, understanding the total water demand for cultivated crops and its variations
is essential for designing effective water regulation strategies in response to climate
change. This involves selecting and justifying appropriate water regulation methods,
structures, and operational modes for drainage systems, along with calculating their
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parameters (Castrignano et al, 2020; Gholami et al, 2013; Huffman et al, 2013;
Hunter et al, 2019; Korobiichuk et al, 2017, 2020; Mirzaei et al, 2021; Rokochinskiy
et al, 2023b).

Therefore, this study aims to evaluate changes in water consumption during
crop cultivation on drained lands in Western Polissia of Ukraine, under evolving
climatic conditions. The goal is to provide a basis for justifying adaptive solutions
to address these changes.

Since the first step in assessing changes in water consumption of crops is the
study of changes in the weather and climate conditions of the territory, to solve this
task, we conducted a statistical analysis of long-term retrospective and modern data
of climate observations in the village. Western Polissia of Ukraine according to the
following research options (Al-Kaisi.and Lowery, 2017; Auerswald et al, 2021;
Jetten et al, 2003; Kopittke et al, 2019; Pimentel, 2006; Kuzmych et al, 2022b,
2023d, 2023e,2023f; Prykhodko et al, 2023; Rokochinskiy et al, 2019, 2020, 2023a,
2023b; Ulko, 2021):

- option 1 — “Base”: characteristics of the main weather factors and their nor-
malized values for the growing season (IV-X months), obtained from long-
term retrospective data (1891-1964);

- option 2 - “Transitional”: in transitional conditions (1965-1990), normalized
long-term average values of the main weather factors and their distribution
during the growing season were obtained;

- option 3 — “Last”: received in modern conditions for 1991-2022 dynamics
and normalized multi-year average values of the main meteorological factors
and their distribution during the growing season.

According to (Basic et al, 2004; Kutsenko and Timchenko, 2016), the calculation
was carried out for five typical groups of calculation years according to the conditions
of heat and moisture supply during the growing seasons of the population: very wet
(p=10%); wet (p=30%); medium (p=50%); arid (p=70%) and very arid (p=90%)
according to such basic meteorological characteristics as: amount of precipitation (P,
mm); average air temperature (T, 0C); the amount of air humidity deficit (D, mm);
average relative air humidity (N,%) and their derivatives: evaporation rate (EO, mm),
which is determined by the well-known formula of M.M. Ivanova (Rokochinskiy et
al, 2023a); moisture availability coefficient (kW, mm) as the ratio of precipitation
to evaporation.

The generalized results of the calculation of the vegetation values of the main
meteorological characteristics and their derivatives by calculation years and by
research options for the conditions of the Western Polissia of Ukraine are given in
the Table 1.
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The given data convincingly testify to the presence of changes in the weather and
climate conditions of the Western Polissia of Ukraine (Rokochinskiy et al, 2019),
indicate a steady trend towards increasing aridity of the climate in the region. In
particular, recent years have been characterized by record temperature maxima (for
example, in 2018, the average air temperature during the growing season was 16.6
°C with a multi-year average norm of 13.5 °C) and increased seasonal unevenness of
precipitation, which negatively affects the reserves of natural soil moisture available
for cultivated crops.

In general, the current vegetation values of the main meteorological characteris-
tics are already within the limits of their predicted changes (Bechmann et al, 2021;
Prykhodko et al, 2023; Rokochinskiy et al, 2023a), therefore, further studies on the
assessment of changes in water demand during the cultivation of agricultural crops
on the drained lands of the Western Polissia of Ukraine were carried out by us for
modern weather and climate conditions according to the “Recent” research option.

Evaporation, the value of which is determined by the weather and climatic con-
ditions of the area, is the basis for the formation of the water demand of agricultural
crops. Today, three main groups of methods for determining evaporation are con-
sidered: methods for determining water vapor flows from the evaporating surface
to the atmosphere; methods of heat balance determination; water balance methods.

Table 1. Vegetation values of the main meteorological characteristics and their
derivatives by calculation years and by research options for the conditions of the
Western Polissia of Ukraine

Indicators, models Years of estimated supply, p,%
10% | 30% | 50% | 70% | 90%
Amount of precipitation (P, mm) «Base» 575.1 | 509.1 | 443.0 | 377.0 | 310.9
«Transitional» 544.4 | 4719 | 4349 | 375.2 | 307.9
«Recent» 559.0 | 510.8 | 443.3 | 418.0 | 347.8
Average air temperature (7. °C) «Base» 12.7 | 13.1 135 | 13.7 | 142
«Transitional» 129 | 133 | 13.8 | 13.8 | 144
«Recent» 133 | 140 | 142 | 145 | 143
The amount of air humidity deficit (D. mm) «Base» 698 785 849 943 1036
«Transitional» 722 805 884 923 1044
«Recent» 729 854 | 914 | 946 | 1098
Average relative humidity (H. %) «Base» 80.6 | 77.7 | 753 | 72.1 | 69.4
«Transitional» 81.8 | 78.7 | 739 | 73.0 | 70.7
«Recent» 76.7 | 758 | 73.5 | 72.5 | 68.5

continued on following page
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Table 1. Continued

Indicators, models Years of estimated supply, p,%
10% | 30% | 50% | 70% | 90%
Evaporation (E°. mm) «Base» 425.8 | 4789 | 517.9 | 575.2 | 632.0
«Transitional» 4404 | 491.1 | 539.2 | 563.0 | 636.8
«Recent» 4447 | 520.9 | 557.5 | 577.1 | 669.8
Coefficient of moisture certainty supply (k. «Base» 1.35 | 1.06 | 0.86 | 0.66 | 0.49
mm) «Transitional» 124 | 085 | 081 | 067 | 048
«Recent» 1.26 | 0.98 | 0.80 [ 0.72 | 0.52

In connection with the complex dependence of evaporation on numerous fac-
tors that determine it. at this time there are many models of the connection of the
intensity of evaporation with the indicators affecting it which differ in the degree
of complexity. Such models were developed by I.A. Sharovim. G.K. Lgovim. S.I.
Kharchenko. A.R. Konstantinov. M.I. Budyko. M.V. Danylchenko. D.A. Shtoyko.
H.L. Penman. L. Turk and others. - for the irrigation zone. in the practice of drainage
reclamation. the formulas of A.M. Kostyakova. A.L. Ivytskyi. A.l. Sharova. V.F.
Shebeko. A.M. Yangol, and others (Rokochinskiy et al, 2023a, 2023b).

Among the foreign developments such as Blaney and Kridle, Thorntwein, and
Penman-Monteith methods are the most popular (Alexandridis et al, 2013; CTIC-
Conservation Tillage Information Center, 1998; Janecek et al, 2012; Khan et al,
1988; Smart Farming Technologies for Sustainable Agricultural Development, 2019).

In Ukraine the method of water balance calculations during the moistening of
drained has gained wide application and official status (Rokochinskiy et al, 2019).
by Yangol (Prykhodko et al, 2023). It is based on the use of the same frequency
of precipitation and air humidity deficit. which determines the amount of total
evaporation.

Since water demand depends on the climatic conditions of the area the water
regime of drained soils which in turn is determined by the change in weather and
climate conditions and water regulation technologies as well as the growth and
development of cultivated crops. Solving the problem of assessing the change in
water demand of crops under conditions of climate change requires the application
of an appropriate set of forecasting and simulation models which should include a
local climate model of the water regime and water regulation technologies of drained
lands. The model of the development and formation of the crop of cultivated crops
which are implemented according to a long-term forecast (Choden and Ghaley,
2021; Rokochinskiy et al, 2023a).

For the effective implementation of tasks of this kind the Department of Wa-
ter Engineering and Water Technologies of the National University of Water and
Environmental Engineering has developed a complex of hierarchically connected
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forecasting and simulation models. the practical application of which is regulated by
the relevant industry standards of the State Water Agency of Ukraine (Rokochinskiy
et al, 2023b) and the corresponding software complex developed by us with sub-
stantiation of design decisions in the creation and functioning of water management
and reclamation facilities (Rokochinskiy et al, 2023a):

- regarding climatic conditions of the area or meteorological regimes;

- regarding the water regime and water regulation technologies of drained
lands;

- regarding the productivity of drained lands.

The model of the water regime and technologies of water regulation connects
the parameters of regimes and technologies and therefore has a universal character
and is basic in the created complex of forecasting and simulation models for the
justification of project decisions on ecological and economic grounds.

The use of such complex of forecasting and simulation models enables the se-
lection and justification of the best version of the technology of water regulation of
drained lands taking into account the need for additional moistening according to
the determined water demand of cultivated crops in variable climatic conditions.

RESEARCH METHODS AND MATERIALS

The formation of water demand for drained lands in variable climatic and ag-
ricultural land reclamation conditions is a complex process that requires careful
consideration of various factors. Here is an outline of the key components involved
(Rokochinskiy et al, 2023a, 2023b):

e  Climatic Factors: The climatic conditions of the region including precipita-
tion patterns temperature variations and evapotranspiration rates play a cru-
cial role in determining water needs for drained lands. Understanding the
climatic variability is essential for assessing water availability and demand
throughout the year.

e  Soil Characteristics: Soil properties such as texture structure, porosity, and
moisture-holding capacity influence water retention and drainage capabili-
ties. Different soil types have varying water demands, and management prac-
tices must be tailored accordingly.

e  Crop Requirements: The type of crops grown on drained lands and their re-
spective growth stages significantly impact water requirements. Different
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crops have varying water demands at different growth stages, and agricultural
practices must align with these requirements to optimize water usage.

e  Topography and Drainage Systems: The topographical features of the land
and the efficiency of drainage systems affect water distribution and manage-
ment. Proper land leveling installation of drainage infrastructure, and mainte-
nance of water conveyance systems are essential for effective water manage-
ment on drained lands.

e  Water Availability: The availability of water from natural sources such as
rivers, reservoirs, groundwater, and rainfall, determines the irrigation water
supply for drained lands. Water availability may vary seasonally and annual-
ly, necessitating adaptive water management strategies.

e  Technological Advances: Advancements in irrigation technologies such as
drip irrigation, sprinkler systems, and soil moisture sensors, enable more ef-
ficient water use on drained lands. Implementing innovative irrigation tech-
niques can help optimize water usage and improve crop yields.

e  Environmental Considerations: Environmental factors including ecological
sustainability, habitat conservation, and water quality preservation must be
integrated into water management plans for drained lands. Balancing agri-
cultural productivity with environmental protection is essential for long-term
land reclamation success.

° Policy and Regulations: Government policies, regulations, and incentives re-
lated to water management, land reclamation, and agricultural practices in-
fluence decision-making processes and resource allocation. Compliance with
regulatory requirements and adherence to best management practices are es-
sential for sustainable water use on drained lands.

Research methods are based on the application of systems theory with the basics
of a system approach, system analysis, and modeling oriented to the widespread use
of computers and appropriate software and information support in the development
of modern approaches to justifying technical, and technological solutions for water
regulation of drained lands under climate change conditions (Valenzuela, 2020;
Rokochinskiy et al, 2019).

To realize this goal we planned and carried out simulation modeling of various
climate scenarios in an accelerated time scale for the average conditions of the
Western Polissia zone of Ukraine.

Predictive calculations during simulation modeling are performed under the
following multiple variable conditions:

— Dbysoils {g} g = rné (ng=3) which are characterized by different levels of
potential fertility according to the quality in the corresponding points and the
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share f(g of distribution within the object: 1-turf-podzolic clay bound-sandy
(B=28 points) f, =0.4; 2-peat medium-strength low-ash (B=38 points) f,
=0.6;
- according to the typical zoned crops grown for this zone {k} k = 1,
n, (n,=3) and the corresponding share of their own areas f: 1-winter
wheat - (project yield 4.7 t/ha), f, =0.3; 2-potatoes — 25 t/ha, f, =0.2;
3-perennial grasses — 3,5 t/ha, f, =0.5;
—  according to the typical (estimated) conditions of heat and moisture supply
during the growing season of the population {p}.p = rnp (np=5);
— by various methods of water regulation of the aggregate {s},s = 1,n (n=4):
D — drying (s=1); PS - preventive sluicing (s=2); HS — humidifying sluicing
(s=3); SI - sprinkler irrigation (s=4).

RESULTS AND DISCUSSION

The results of predictive calculations based on the simulated simulation were
processed by us according to the following scheme and presented in the appropriate
sequence:

1. Determination and analysis of the conditions for the formation of total evapo-
ration in variable weather-climatic and agro-melioration conditions in relation
to variable meteorological regimes calculated according to the conditions of
heat and moisture supply of vegetation periods, types of cultivated crops, soils
and water regulation technologies of drained lands are presented in Tables 2, 3
and for the visualization - in Figures 1, 2.

Table 2. The formation of average annual vegetation values of total evaporation
in relation to the types of cultivated crops and water regulation technologies on
drained lands

Total evaporation during vegetation, m%ha
Crop Part
D PS HS SI
Mineral soils
Winter cereals 0.2 1840 1892 1952 2007
Potatoes 0.2 3365 3482 3792 3965
Perennial grasses 0.3 4117 4253 4620 4868

continued on following page
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Table 2. Continued

Total evaporation during vegetation, m*/ha
Crop Part
D PS HS SI

Vegetables 0.3 3699 3799 4116 4328
Weighted average 1.0 3386 3490 3770 3953
Peat soils

Winter cereals 0.2 1839 1898 1953 2018
Potatoes 0.2 3382 3516 3793 4106
Perennial grasses 0.3 4169 4295 4594 4876
Vegetables 0.3 3708 3822 4112 4383
Weighted average 1.0 3407 3518 3761 4002

Note: D —drying; PS - preventive sluicing; HS - humidifying sluicing; SP - sprinkler irrigation

Figure 1. Formation of average annualvegetation values of total evaporation concern-
ing the types of cultivated crops and water regulation technologies on drained lands
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Table 3. The formation of vegetation values of total evaporation concerning the

climatic conditions of the calculation years under different technologies of water

regulation on drained lands

Years of estimated supply, p,%

Total evaporation during vegetation, m*/ha

p | e | B | s

Mineral soils

10 2911 2911 2911 2911
30 3492 3500 3500 3500
50 3594 3627 3655 3822
70 3614 3819 4089 4362
90 2991 3281 4646 5137
Weighted average 3386 3490 3770 3953
Peat soils

10 2911 2911 2911 2911
30 3494 3505 3505 3505
50 3588 3631 3668 3804
70 3640 3835 4052 4505
90 3096 3426 4621 5252
Weighted average 3407 3518 3761 4002
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Figure 2. The formation of vegetation values of total evaporation concerning the
climatic conditions of the calculation years under different technologies of water
regulation on drained lands
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The obtained results are the basis for the further determination of the amount
of water consumption during the cultivation of crops in the drainage reclamation
zone of Ukraine under variable climatic conditions.

2. Determination and analysis of water demand according to the main indicators
of the mode and technique of moistening (irrigation and moistening standards,
the number of irrigations, water supply modules, etc.) for the comparative char-
acteristics of moistened sluicing and sprinkler irrigation as the most common
moistening technologies on drained lands.

The results of the calculations for determining the water demand are presented
in the form of diagrams, which in a comparative form reflect the values of the
maximum water supply modules for a very dry (p=90%) year in a decade section
when growing the designed crops on mineral soils (a) and peat soils (b) at different
technologies of water regulation are presented in (Figures 3, 4).
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Figure 3. Dynamics of the maximum average decadal values of water demand
according to the water supply module in dry periods of vegetation (p=90%) with
humidifying sluicing of drained lands: a) mineral soils b) peat soils
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Figure 4. Dynamics of the maximum average decadal values of water demand ac-
cording to the water supply module in dry periods of vegetation (p=90%) during
sprinkler irrigation of drained lands: a) mineral soils b) peat soils
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It was established that the current maximum average decadal values of the module
of water supply during subsoil moistening of drained lands, as the most common
technology of their moistening, similar to the module of drainage flow, also have
a pronounced variable character. There is a significant change in their values con-
cerning modern climatic conditions according to their variation (from 0.55 1/seha
in a dry year to 2.0 l/seha in a very dry year), the type of cultivated crops (from
0.17 I/ seha for cereals up to 0.9 1/seha for perennial grasses), type of soil (from 0.5
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I/seha to 2.2 1/seha). For the forecast conditions, these changes consist of variations
in climatic conditions (from 0.55 1/seha in a dry year to 3.8 l/seha in a very dry
year), the type of cultivated crops (from 0.5 I/se ha for cereals up to 3.9 1/seha for
grasses), type of soil (from 0.5 I/seha to 3.9 I/seha). At the same time, the water
demand of cultivated crops increases almost two to three times and determines the
need for their regular moistening in the specified zone.

Generalized results regarding the variation and formation of the average decadal
values of water supply modules during subsoil moistening under variable current and
forecast weather-climatic, agro-melioration conditions and the system as a whole in
the Western Polissia zone of Ukraine are presented in the Table. 4

Table 4. Variations and averaged values of water supply modules during subsoil
moistening under variable current and forecast weather-climatic, soil, and agro-
melioration conditions of the Western Polissia of Ukraine

Crop Share of culture in Calculation modules of water supply, I/seha
crop rotation
Current climatic conditions Forecasted climatic conditions
p=70% | p=90% Weighted p=70% | p=90% Weighted
average values average values
Mineral soils
0.00- 0.86- 0.49- 1.79-
Winter cereals 0.2 0.00 0.25 0‘102;)02"’4 0.00 0.27 0'309 '103'04
0.00 0.17 . 0.12 0.69 .
0.32- 1.35- 1.16- 2.66-
Potatoes 0.3 0.02 0.53 0'2(?'107'08 0.72 0.52 0'?:&26
0.06 1.06 . 0.70 1.67 ‘
0.54- 2.08- 1.66- 3.67-
Perennial grasses 0.5 0.02 0.44 0'4(;"201'07 0.51 0.91 0'9(;5'503'26
0.06 1.32 . 0.86 2.13 :
According to the 033- 1 L48- 0.30-0.05 L16- - 2.72- 0.69-0.17
system as a whole 10 0.01 0.37 0.14 0.49 0.36 0.37
¥ ; 0.04 0.90 - 0.59 153 -
Peat soils
0.00- 0.86- 0.41- 1.75-
Winter cereals 0.2 0.00 0.25 0‘103;)05'03 0.6 0.32 0'307 '1%‘ 13
0.00 0.30 . 0.06 0.60 :
0.00- 1.35- 0.97- 2.73-
Potatoes 03 000 | 053 0'2(;)'&'07 041 | 06l 0'605'3';'19
0.00 0.97 : 0.55 1.62 :
0.46- 2.08- 1.44- 3.95-
Perennial grasses 0.5 0.02 0.44 0'45"107'06 0.69 0.36 0'905'507'22
0.05 1.04 . 0.76 2.51 :
According to the 0.23- 1.62- 0.30-0.05 1.09- 3.14- 0.74-0.38
svstem as a whole 1.0 0.01 0.37 014 0.54 0.48 042
system as 0.03 0.87 - 0.56 1.86 -

Note: 0.23-0.26 — maximum and minimum values of water supply modules;
0.03 — weighted average values of water supply modules.
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The presented results show that the values of water supply modules during subsoil
moistening, both for the selected main factors and for the system as a whole, differ
significantly (more than several times), first of all, from their maximum current ones
(modern conditions from 0.12 I/seha to 0.44 1/seha, forecasted from 0.37 1/seha to
0.96 1/seha), and average vegetation values (modern conditions from 0.04 1/s eha to
0.44 1/seha, forecasted from 0.39 1/seha to 0.96 1/seha), which significantly differ
from the recommended calculation of their values.

Based on the statistically processed results of the simulation modeling discussed
above, supply curves were constructed for the averaged maximum values of water
supply modules during subsoil moisture during the growing season of the main
crops grown on drained mineral and peat soils (Fig. 5).

Figure 5. Supply curves of the averaged maximum average decadal modules of water
supply with subsoil moisture for the main crops grown on drained mineral soils and
peat soils in the conditions of the Western Polissia of Ukraine
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For the studied conditions, the distribution curves of the values of the water sup-
ply modules are most accurately described, in contrast to the drainage flow module
(Rokochinskiy et al, 2019), by the binomial Pearson curve of type I:

y =y (l+g)m- (1+2)" M

where a, a, - coefficients of variation, and m , m, - coefficients of asymmetry
of the Pearson curve of type I, determined by the method of least squares, are pre-
sented in the Table. 5.
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Table 5. Characteristics of variation a, a,and asymmetry m,, m, for maximum values
of water supply modules

Coefficients of variation and asymmetry

Current climatic conditions Predicted climatic conditions

a a, m m, a a, m, m,

2,13 2.25 2.99 1.20 1.33 1.45 2.37 1.28
3.48 3.61 3.82 1.38 221 2.47 2.74 1,41

Note: 2,13 — coefficients of variation and asymmetry for mineral soils;
3,48 — coefficients of variation and asymmetry for peat soils.

The obtained results show that the law of distribution of water supply modules
during subsoil moistening is generally similar in nature, but opposite in direction
to the change of the law of distribution of the drainage flow module during the op-
eration of the DS in the drying mode and corresponds to the nature of the change
in the laws of the distribution of the main climatic characteristics (precipitation,
temperature, deficit of relative air humidity) in the studied conditions and confirms
the determining dependence of their formation on them.

Therefore, the conducted studies and the results obtained from them determine
the need to take into account the significant variability of the real values of the
water supply module according to the variable natural-agro-ameliorative condi-
tions of the real object during subsoil moistening of drained lands by improving
existing methods and approaches to justifying their estimated optimal values when
developing reconstruction projects, modernization, construction and operation of
a hydroelectric power plant with two-way regulation of the water regime regularly.

The obtained results regarding the determination of total evaporation, water
consumption, and technological efficiency of moistening of drained lands in the
variable natural-climatic and agro-melioration conditions of the Western Polissia
of Ukraine convincingly indicate the need to reassess the capabilities and technical
condition of existing drainage systems by changing their functional capabilities for
conducting moistening activities on drained lands permanently.

The final choice of water regulation technologies when justifying the type,
design, and parameters of the system can be determined based on predictive and
optimization calculations taking into account modern economic and environmental
requirements (Rokochinskiy et al, 2023a, 2023b).

FUTURE RESEARCH DIRECTIONS

Prospects for further research consist, first of all, of the need to study this issue
based on a long-term forecast of possible changes in the weather and climate con-
ditions of the Western Polissia Ecoregion of Ukraine in the nearest future.
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CONCLUSIONS

The formation of water needs for drained lands in variable climatic and agricul-
tural land reclamation conditions requires a holistic approach that considers climatic,
soil, crop, topographical, technological, environmental, and regulatory factors. By
integrating these components into water management plans, stakeholders can op-
timize water usage, enhance agricultural productivity, and ensure the sustainable
utilization of drained lands.

Thus, the current level of climate change, the impact of which is already felt in
agricultural production, primarily on lands with a regulated water regime, presents
us with the need to solve many tasks, the main of which is the need to make deci-
sions on adaptation to climate change in general and the increase in water demand
when growing crops on drained lands in particular. This requires a review of the
existing requirements for the justification of regime-technological and constructive
solutions in the design and construction of drainage systems, taking into account
these changes. The results of the study can be effectively used in justifying adaptive
measures to predict climate changes and developing projects for the reconstruction
and modernization of drainage systems in the region following the program “Irri-
gation and drainage strategies in Ukraine for the period until 2030
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ABSTRACT

In the realm of agricultural research, this study delves into the ecological state of
agricultural land use, shedding light on significant trends in the transformation
of land relations. The article meticulously evaluates the ecological state of land
by considering the degree of anthropogenic load. Through rigorous analysis, it
establishes the coefficient of ecological stability of the territory, providing valuable
insights into the intensity of land use. The research also formulates diverse scenarios
depicting the functioning of contemporary agroecosystems within agricultural land
use. Furthermore, the study identifies pivotal pathways for a successful transition
toward an adaptive farming system, crucial for the establishment of efficient agri-
cultural land use. This research area specifically focuses on investigating the impact
of ecological sustainability of the territory on rational land use within agricultural
enterprises, emphasizing its paramount importance in the broader context of en-
suring food security.

BACKGROUND

In view of the changes in the mechanism of development of the country's agrar-
ian policy brought about by the land reform in Ukraine, the conditions and forms
of agricultural land use are fundamentally changing. These changes are further
strengthened within the framework of administrative and territorial reform. They
especially concern the use of agricultural lands of territorial communities. As a
result of the implementation of the land reform in Ukraine, there have already been
significant changes in the development of rural areas, not for the better. In many
cases, these changes hinder the development of the village and territorial community.
At any stage of the development of society, the state must constantly ensure the
rational use of land, and primarily agricultural land (Bohira, 2021; Dorosh, 2015;
Kovalenko et al., 2022).

Despite all the variety of methods for assessing the sustainability of agroland-
scapes, examples of practical application and recommendations for applying their
results, the lack of a single concept for arranging agrolandscapes does not allow to
eliminate the shortcomings of these methods and to reasonably apply their results.
The use of simplified approaches to the assessment of the component structure of
agrolandscapes can lead to false conclusions regarding the optimal directions of
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prospective territorial development of the region, the scope of relevant measures and
the places of their implementation. Assessment methods provide initial information
for the development and implementation of the necessary measures to ensure the
sustainability of agricultural landscapes. Disadvantages limit the use of existing
methodical approaches for justifying directions for optimizing the structure of
agricultural landscapes. In modern conditions, in the context of countering global
challenges, it is necessary to specify methodical approaches to the formation of
ecologically sustainable highly productive agricultural landscapes at the regional
and local levels, taking into account the spatial location of lands (Artamonov at al.,
2019; Kuzmych et al., 2023a, 2023b; Frolenkova et al., 2023; Rokochinskiy et al.,
2021, 2023a, 2023b).

Voytkiv P. notes that a general geoecological analysis of the studied territory will
make it possible to improve land use both in the territories of individual adminis-
trative units and within territorial communities (Voytkiv at al., 2022).

Each type of anthropogenic impact on agricultural landscapes can be described
by a number of factors that directly characterize the degree of manifestation of
anthropogenic load. Such factors can be:

— the number of applied fertilizers and plant protection products per unit of
area per year;

— the number of passes of heavy agricultural machinery across the field per
year, which affect soil compaction;

— depth of tillage;

— mass of soil, which is annually lost with harvesting, etc.

The index of general species recognition is built on the basis of the principle of
cause-and-effect relationships between the main forces of changes in the state of
the environment and is closely related to the state of biodiversity. The index can
be interpreted as an indicator of the degree of opportunity. Also, basic qualitative
indicators that indicate the ecological balance of agricultural landscapes, their
stability and the degree of transformation under the influence of economic activity
are the coefficients of anthropogenic load and ecological sustainability (Cherlinka
at al., 2012).

The presence of untouched natural areas of vegetation, which contribute to the
improvement of the general condition, has the most positive effect on the state of
agricultural landscapes. The natural subsystem in agricultural landscapes is the
main carrier of resource-regenerating and environment-forming functions. Taking
into account the dominant influence of agricultural nature management, the diverse
structure of land use and the specialization of agriculture, in the opinion of N.V.
Stratichuk, itis advisable to determine the quantitative characteristics inherent in this
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type of nature management in terms of administrative districts. In order to rationally
assess anthropogenic transformation of agricultural ecosystems, it is necessary to
assign the rank of anthropogenic transformation to each type of land use. To take
into account the volume of transformation of the territory of the administrative
district (or the region as a whole), each type of agricultural land is also assigned an
index of the depth of transformation (Stratichuk, 2018).

Yanbo Q. and other researchers also point out the importance of optimizing
the spatial model, which focuses on the quantitative scale and spatial planning for
territorial-spatial planning. The territorial spatial model should become the basis
for the sustainable development of the global social ecological system (Yanbo at
al., 2023). Spatial network analysis is useful for monitoring the efficiency of eco-
logical networks and supporting decision-making, management and planning (De
Montis at al., 2016).

The rational use of agricultural lands in economic activities at the local level in
the agricultural sector must be ensured by using modern resource- and energy-saving
technologies, innovative technological systems of agricultural production, and a
scientific approach to soil fertilization. To ensure the improvement of the level of
efficiency of land use and optimization of its structure in agricultural enterprises, it
is necessary to create and regulate the land protection program. The purpose of such
programs is to reproduce, preserve useful properties, and increase the level of soil
fertility. For this, itis necessary to strengthen measures to increase the responsibility
of owners and users of land plots for illegal use of land plots. On the other hand,
it is advisable to develop a real organizational and economic mechanism for their
stimulation and motivation in order to preserve the useful properties of the land and
improve the ecological state of the environment (Avramenko, 2006; Ivaniuk, 2021).

Budziak V. suggests that effective agricultural land use should be understood as
the process of forming economically profitable and at the same time ecologically
balanced directions of agricultural land use with the help of effective economic,
ecological, legal, organizational and social mechanisms. Management of the land
fund is carried out according to the principle of administrative-territorial manage-
ment within the limits of authority. Land legislation provides for the provision of
rational use of land and its protection by landowners and land users themselves in
the process of land management, which is closely related to nature management.
Rational land use is ensured by a number of factors, namely:

— conscious application of economic laws in force in society;

— land survey (cadastral survey, topographic survey, mapping, classification,
zoning, etc.);

—maintenance of the state land cadastre (registration of land plots, accounting
of the quantity and quality of land, soil grading);
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— forecasting and planning the use and protection of land resources;

— land management planning;

— resolution of land disputes; control over land use and protection (Budziak,
2011).

The use of land is accompanied by the transformation and change of its main
natural original properties, the appearance of new ones. The agricultural economy
of Ukraine has been undergoing intensification processes for a long time with an
increase in cultivated areas. These are plowing of areas previously covered with
grassy vegetation, irrigation in arid areas and draining of swamps in wet areas. Such
transformations affected the natural environment. Often these transformations be-
come undesirable, going beyond the scope of the initial consequences. In Ukraine,
the area of arable land is 33.3 million hectares, or 80% of the area of agricultural
land; 2.2 million ha - hayfields (5% of agricultural land); 5.2 million hectares are
pastures (11% of agricultural land).

Ecological and economic justification of the use of agricultural land must be
preceded by a complex of organizational and technical measures regarding land
management. For this, it is necessary to systematize: information on economic
indicators and specialization of the agricultural producer; the number of available
lands, their structure, area; placement of land plots; soil cover, the availability of
human and material and technical resources, transport junctions, the market for the
sale of agricultural products and a number of other factors.

In contemporary circumstances, transitioning agricultural production to a new
ecologically adaptive system, incorporating environmental considerations, legal
frameworks, and established standards, stands as a pivotal and impactful step
towards addressing Ukraine's pervasive environmental crisis. The primary aim of
such an approach is to establish ecologically balanced farming systems that ensure
the prudent utilization and regeneration of natural resources, notably land. This
entails harmonizing social, environmental, and economic criteria within specific
agricultural land use settings (Tykhenko at al., 2021). A key tool in creating such
environmentally secure agroecosystems is land management, serving as a gauge of
society's approach to maximizing the efficiency of agricultural areas, or agroland-
scapes. However, societal demands don't always align with ecological considerations,
necessitating land management that comprehensively accounts for potential negative
social, economic, and environmental consequences leading to ecological crises
within specific agricultural territories (Kryvov at al., 2011).

The formation of environmentally secure agroecosystems within modern agri-
cultural practices has been extensively investigated by numerous scholars (Espolov
atal., 2018; Koptyuk at al., 2023; Kulchytska, 2010; Slavhorodska, 2018; Stepenko,
2013; Tretiak at al., 2001). This concept represents a novel approach to effective
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land management by establishing innovative models of adaptive farming systems.
Yet, comprehensive exploration of the development and functioning scenarios of
contemporary agricultural production remains incomplete.

The purpose of research aims to evaluate how the ecological stability of a
territory and its anthropogenic load influence the organization of rational land use
amid the evolving landscape of land relations in Ukraine.

ASSESSING ECOLOGICAL STABILITY: A STUDY
OF UKRAINE'S TERRITORIAL ECOSYSTEMS

In modern conditions, the transfer of agricultural production to a fundamentally
new ecologically adaptive system of farming, its structural change with mandatory
consideration of environmental factors, legislation, requirements, and approved
standards is definitely an important and effective prerequisite for successfully
overcoming the existing ecological crisis, which has actually struck Ukraine all
components of its natural environment.

The main goal of such a policy should be:

— ensuring rational use and reproduction of natural (including land) resources
with ecologically balanced farming systems;

— optimal coordination of social, ecological and economic criteria of certain
agricultural land use (territory).

Land management is the main state mechanism for the formation of such eco-
logically safe agroecosystems. Land management is a certain indicator of society's
attitude to ways and methods of the most efficient and rational use of agricultural
territories (agrolandscapes). However, social needs are not always determined by
the ecological feasibility of using land resources. That is why land management
should be based on a deep awareness of all the negative phenomena (social, eco-
nomic, ecological) that can lead to an ecological crisis of some agricultural land
use (territory) (Kryvov at al., 2011).

The concept of the formation of ecologically safe agroecosystems can be considered
as a new approach to the effective management of land potential as a result of the
creation of new models of adaptive farming systems. Development and functioning
scenarios of modern agricultural production are also understudied.

The formation of sustainable agricultural production mainly begins with the
existing specialization of specific agricultural enterprises and the level of agricul-
tural intensity.
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Sustainable functioning is based on scientifically based specialization of agri-
cultural enterprises, where the fields of animal husbandry and crop production are
harmoniously correlated, as well as agricultural crops that improve the soil and
have a positive effect on its fertility (Barvinskyi at al., 2018). On this basis, the
optimal structure of sown areas is formed, a flexible system of crop rotation with
the best predecessors is developed, and resource- and energy-saving agricultural
technologies are implemented.

As a result of the alienation of matter and energy, recirculation is significantly
strengthened and, accordingly, the costs of anthropogenic resources to restore lost
soil fertility and maintain the energy potential of the entire existing agroecosystem
increase. Therefore, the narrow crop specialization of production systems causes a
decrease in the structure of sown areas of the share of agricultural crops with a high
ability to improve the surrounding natural environment, in particular, perennial legu-
minous grasses. The reduction in the number of animals, on the one hand, reduces
the need to grow such crops as perennial grasses, post-harvest and post-harvest feed
mixtures, and on the other hand, it leads to a significant reduction in the volume of
livestock waste accumulation - manure. As a result, in crop rotations, the balance
of organic matter (humus) and plant nutrients becomes negative, the number of
unacceptable precursors increases, and the phytosanitary condition deteriorates
significantly (Barvinskyi at al., 2015).

The detrimental evolution of the agroecosystem results from extensive farming
practices that disregard essential elements like crop rotations, proper territorial or-
ganization, and structured sown areas. Such practices lead to a specific degradation
within the agroecosystem and a reduction in overall humus reserves. This destructive
pattern characterizes contemporary agriculture in recently established agricultural
formations operating on leased grounds (Tykhenko at al., 2021).

Figure 1 showcases the varied operational scenarios of modern agroecosystems.
These scenarios underscore the necessity for targeted land management within spe-
cific areas, notably agricultural enterprises facing catastrophic or near-catastrophic
environmental conditions. In these instances, developing corresponding land man-
agement projects that reorganize the territory and agricultural systems to normalize
the ecological balance becomes imperative (Kryvov at al., 2005). It's crucial to
remember the fundamental principle that environmentally acceptable land use en-
sures environmental sustainability, while adverse environmental conditions result
in substantial economic losses.

Ukraine has garnered substantial experience in formulating and executing diverse
land management projects geared toward organizing land use, particularly focused
on agricultural soil protection systems. The implementation of capital-intensive
measures seeks to counteract erosion processes, especially on excessively plowed
slopes, caused by intensive land use.
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However, for Ukraine, where the extent of plowed land surpasses ecological
norms nearly twofold, such approaches are deemed unjustifiable. The nation pos-
sesses ample space suitable for cultivating major crops, even on slopes up to 3°,
rendering these practices unnecessary (Barvinskyi atal., 2018). Consequently, when
conducting land management in these agricultural enterprises, the emphasis lies on
implementing predominantly organizational and economic measures. This involves
utilizing only lands (soils) suitable for specific purposes.

Modern adaptive agricultural systems need to consider not only natural conditions
like climate, relief, and soil but also individual landscape elements. The selection of
the most appropriate land for cultivating major crops remains pivotal within these

adaptive systems.

Figure 1. Operational scenarios of contemporary agroecosystems (Conducted

research)
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In Ukraine, the issue of determining the limit of arable territory remains relevant.
An agrolandscape can be formed if the ratio of destabilizing lands (arable land) and
stabilizing ones (pastures, hayfields, forests, etc.) was 40-42% and 58-60%, but at the
same time, the agrolandscape can provide different stability (Chumachenko, 2008;
Barvinskyi at al., 2018). However, if even an organized territory with an optimal
ratio of lands, but without taking into account the relief, soil and other natural and
anthropogenic conditions, then land degradation will develop in such a territory.

Therefore, only the quantitative characteristics of what is on the territory of
the agricultural landscape do not provide an opportunity to ecologically balance
it. An agrolandscape, in the middle or outside of which the same lands are located
in different ways, can have a radically different level of ecological sustainability.
This occurs in cases where, for example, arable land is located only in those places
where the land is most suitable for agricultural use; forest lands are placed in the
form of strips, so-called “corridors”, which preserves and creates habitats for birds
and animals.

It is obvious that the post-Soviet design principles do not meet modern require-
ments for preventing degradation processes and are imperfect in modern realities.
Therefore, it is necessary to switch to modern landscape approaches to the organi-
zation of the territory, which will ensure the ability of the agricultural landscape to
recover naturally (Figure 2).
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Figure 2. Approaches to the formation of an ecologically stable agrolandscape
framework (Conducted research)
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The organization of the territory based on the ecological and landscape approach
makes it possible to find the right ways to optimize the structure of land in Ukraine
through the determination of optimal indicators for specific regions. With this ap-
proach to the organization of the territory, the ratio of land in each specific case is
individual and depends on the natural and climatic zone, topography of the area,
hydrographic, soil and other natural and anthropogenic conditions [Shevchenko at
al.,2017; Shevchenko at al., 2023].

The main principles of the ecological landscape approach in agriculture are:

— transformation of agricultural land into sustainable agrolandscapes;
—formation of alandscape-stable spatial structure of the agricultural landscape;
—implementation of land protection measures of permanent effect, taking into
account the peculiarities of the agricultural landscape;
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— soil protection organization and amelioration of the agrolandscape, etc.
(Bryndzya, 2014; Forman, 2010).

Taking into account the above principles, the essence of the ecological-landscape
approach is to create a stable agrolandscape framework from long-term territory
organization elements that make it possible to increase the stability and productivity
of problematic agrolandscapes (Kryvov at al., 2011).

The ecological-landscape approach to the spatial development of the territory
involves the formation of a system of measures to protect the agricultural landscape
as a result of reducing the negative factors affecting it. At the same time, optimal
conditions for the sustainable development of rural areas are formed. The protec-
tion of the agricultural landscape involves the preservation and maintenance of the
natural structure and connections within it, both during economic activity and after
its termination.

Recently, the adaptive landscape approach (Figure 2) has received significant
development, which is carried out taking into account the category of agrolandscape
and its main morphological units: localities, tracts, sub-tracts, facies (Barvinskyi at
al., 2018; Tykhenko at al., 2024).

The implementation of the landscape approach is implemented with the help of
the soil protection system of agriculture in combination with the contour and rec-
lamation organization of the territory, which ensures the most rational use of land
resources, and also creates conditions for soil protection from degradation (Martyn
at al., 2020a; Martyn at al., 2020b).

The study of the structure of the most valuable land in Ukraine — agricultural land
- is of great importance in the process of analyzing the state of agricultural land use.
Thus, the largest specific weight in Ukraine is arable land, which occupies an area
of 32541.3 thousand hectares (78.4%) of the total area of agricultural land, which
indicates a high level of plowing. At the same time, the level of plowed agricultural
land ranges from 90.3% (Kherson Oblast) to 44.4% (Zakarpattia Oblast) (Fig. 3).
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Figure 3. The structure of agricultural land use in Ukraine and the degree of plowed
agricultural lands (Conducted research)
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Analyzing other types of agricultural land, hayfields occupy 2406.4 thousand
hectares, pastures —5434.1 thousand hectares, perennial plantations —892.4 thousand
hectares, fallow lands — 233.7 thousand hectares of the country's territory.

GIS is an important tool for collecting, storing, displaying, and analyzing spatial
information about the city's territory in relation to spatial objects. The studies of
some scholars (D. Liashenko et al., 2021) and others present the peculiarities of
geographic information support for Kyiv city administration. Other authors have
proposed specific approaches to the functioning of the geographic information system
of the State Land Cadastre to improve information on the regulatory assessment
of land plots for participants in land relations. The approaches to geoinformation
support for the evaluative zoning of community territories proposed by the authors
were implemented during the development of the Methodology for Normative
Monetary Valuation of Land Plots, as well as the definition of a set of basic rules
for creating an electronic document containing geospatial and other data on the
results of work on normative monetary valuation of land for their inclusion in the
State Land Cadastre (Martyn et al., 2022).
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Characteristic signs of the transformation of the water regime, especially for
irrigated areas, are signs of a sharp change in productivity indicators, which can
be obtained with high accuracy based on the analysis of satellite images. Studies
(Zgurovsky et al., 2023) have established the territorial and temporal distribution of
the analysis of the impact of the occupation on the condition of agricultural fields
in the temporarily occupied and non-occupied territories.

Geoinformation mapping of land resources based on remote sensing data involves
the selection of certain categories of land cover and land use in the GIS environ-
ment based on satellite and aerial photographs. The functionality of the ArcGIS
software package covers all the tasks that may arise in the process of geographic
information mapping, and therefore it is advisable to use it as an environment for
decoding remote sensing data and presenting mapping results. This statement can be
substantiated both by the technical characteristics of the ArcGIS software package
and by the considerable popularity of this product among land resources researchers
(Bondarenko et al., 2014; Openko at al., 2023b).

Evaluating the modern structure of land resources depending on their economic
use, it is worth noting that Ukraine has developed a fairly high level of development
of living space. After all, about 65% of its territory is involved in economic use
(Table 1), of which only 35.3% (21.3 million hectares) are ecologically stabilizing
lands. In addition, according to the type of economic use of land, the largest specific
weight falls on agriculture — 69.8%.

Table 1. The structure of land resources of Ukraine according to their economic use

Including, thousand ha
Type of economic use of Total, Share of the total
land thousand ha territory, % under under ecologically
arable q T
construction stabilizing lands
Agriculture 42131.0 69.8 321734 1162.0 8795.6
Residential and other
buildings 987.1 1.6 59.8 576.0 3513
Including for waste removal 16.5 0.0 - - -
Forestry 8868.4 14.7 1079.1 791.7 6997.6
‘Water management 2439 0.4 1.6 28.8 213.5
Industry and others 1653.7 2.1 2232 968.0 462.5
Including for the
development of minerals,
quarries 157.1 0.3 - - -
Protection of the natural
environment 2909.8 4.8 1.0 1.5 2907.3
Protection of people's health 160.9 0.3 32 474 110.3
Culture, spirituality, etc 170.8 0.3 422 69.4 59.2

continued on following page
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Table 1. Continued

Including, thousand ha
Type of economic use of Total, Share of the total
land thousand ha territory, % arable under under ecologically
construction stabilizing lands
Other unused land 3229.3 54 1044.1 777.2 1408.0
Total lands 60354.9 100.0 34627.6 4422.0 21305.3
Share of the total area, % 574 73 353

Source: calculated and compiled by the author based on data (National report, 2021).

However, the assessment of the distribution of land resources according to their
economic use does not sufficiently reflect its economic and ecological validity.
For this purpose, it is necessary to carry out an analysis of the evaluation of the
ecological stability of the territory and the anthropogenic load on land resources
(Openko et al., 2023a).

In the realm of land conservation and the preservation of soil fertility, specific
benchmarks have been established, encompassing maximum admissible soil pollution
levels, soil quality criteria, optimal land ratios, and indices for assessing land and
soil degradation. These quality standards for agricultural land are implemented to
forestall degradation and serve as monitoring parameters for the soil's overall quality
(Barvinskyi at al., 2015; Openko at al., 2023c).

The ecological landscape significantly impacts the agro-ecological state of soil
cover and other elements within agricultural landscapes. Soil's ecological state serves
as a comprehensive measure reflecting its ecological stability, fertility levels, and
pollution extents.

Research conducted by I. Rytorska and E. Hoike (Tretiak at al., 2001) has yielded
ecological stability coefficients for various types of land: built-up areas and roads
—0.00; arable land — 0.14; forested areas — 0.38; perennial plantations and shrubs —
0.43; residential areas — 0.50; grasslands — 0.62; pastures — 0.68; natural ponds and
swamps — 0.79; natural forests — 1.00. The ecological stability coefficient for a land
utilization area with varying land compositions (Ke.s) is computed using formula 1.

KC.S = ¥*Kr (1)

where:

K, - coefficient of ecological stability of the land of the i-th type;

P, —land area of the i-th type;

K — coefficient of morphological stability of the relief (1.0 — for stable areas
and 0.7 — unstable).
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The anthropogenic load coefficient (K ) quantifies the extent of human activi-
ties' influence on the environment, encompassing its impact on land resources. This
particular measure is calculated using formula 2.

P*B
Kal = Z(Z%Pl!) (2)

P, — represents the land area with a specific level of anthropogenic pressure,
measured in hectares.

B, — signifies the rating of the particular area with its corresponding level of
anthropogenic pressure.

The scale for the coefficient of anthropogenic pressure varies: reserves carry a
coefficient of 1; areas under forest belts, shrubs, forests, swamps, and submerged
lands hold a coefficient of 2; natural grazing lands and meadows along streams
carry a coefficient of 3; arable lands and perennial plantations have a coefficient
of 4; while lands used for industrial purposes, transport, or settlements are assigned
a coefficient of 5.

ILLUSTRATIVE EXAMPLE

Land management stands as a complex, multifaceted process integral to society's
economic system, shaped by production relations, land ownership structures, and
other production means. These characteristics imply several key considerations:

— evaluating the economic efficiency of land utilization necessitates a system
of economic relationship-based indicators, considering both collective and
personal interests alongside public welfare.

—as land is part of the natural environment, preserving soil fertility conditions
and ecological aspects is imperative.

— efficiency indicators must highlight the impact of land management, com-
paring it with corresponding costs and ensuring qualitative consistency and
quantitative comparability across diverse elements of land management projects.
— the time gaps between capital investment and their outcomes mandate a
comparison of temporally disparate effects and costs (Tykhenko, 2010).
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Land use encompasses environmental, economic, and social facets, with overall
efficiency divided accordingly. However, in Ukraine, due to the absence of a fully
functional agricultural land market, leasing dominates land relations. Short lease
durations lead to neglectful land resource management by tenants, often uninterested
in preserving non-owned land. Moreover, aging landowners focused on maximizing
rental income further exacerbate this issue. Consequently, past centralized planning
approaches for soil protection, relying on budgetary funding, are inadequate in
modern times.

Intensified agricultural production without ecological safety measures has im-
periled lands, perpetuating their degradation and posing a substantial challenge to
achieving ecological and economic efficiency in land use. The decline in agricultural
enterprise profitability further limits reinvestment opportunities for soil protection
measures.

The study of aset of soil regime indicators under different cultivation technologies
is very important for analyzing land use methods. The protection of agricultural
land should be one of the main measures to regulate land relations in Ukraine, and
for the rational use of land it is important to study a set of soil indicators in specific
natural and climatic conditions (Pikovska, 2021). The factors of rational land use
should be integrated indicators of ecosystems, taking into account their zonal and
regional characteristics. Studies have shown that with minimal tillage, moderate,
strong, and very strong correlations between indicators of phosphate status and
other indicators of soil fertility have been found (Koshel at al., 2024; Tykhenko at
al., 2024). The main task of landowners and land users should be to restore soil
fertility, which can only be achieved through its rational use.

Assessing environmental efficiency becomes pivotal in comprehensive land use,
primarily involving land management's impact on the environment and land use
patterns. Evaluating ecological stability and anthropogenic load becomes crucial
in gauging agricultural land quality. Coefficients representing these factors help
assess the rationality of land fund structures.

State policies concerning agricultural land use should integrate two concepts:
the efficient and intensive utilization of land for food supply and the implementa-
tion of measures for land resource protection. Rational land use hinges on defined
purposes, guiding specific methods, resource placement, land composition, and
control measures (Espolov at al., 2018).

Soil degradation poses a significant threat to food security and imposes envi-
ronmental constraints on agricultural expansion. Key agroecological parameters
include soil, climate, and relief. The coefficient of ecological stability of a territory
signifies efficient land resource utilization, reflecting intensive land use levels. Table
2 displays the results of the study area's ecological stability calculation.
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Table 2. Determining the ecological stability of the Kiev region's territory through

calculations
Lands et s(t::]:ifltii‘;if)l;tthe land, K, Land area (thousand ha), P, K *P, K,
Arable 0.14 1,367.7 191.48 -
Fallows 0.60 13.7 8.22 -
Perennial plantings 0.36 40.7 14.65 -
Hayfields 0.62 116.4 72.17 -
Pastures 0.68 136.4 92.75 -
Total agricultural land 1,674.9 379.27 0.23
Forests of natural origin 1.00 632.5 632.50 -
Shrubs 0.43 17.2 7.40 -
Built-up land 0.00 116.0 0.00 -
Other lands 0.00 196.0 0.00 -
Ponds and swamps of natural origin 0.79 175.5 138.65 -
Total land 2,812.1 1,157.81 | 0.41

Source: own calculation by the authors

The assessment of territory stability relies on the value of K :

— below 0.33 indicates environmentally unstable land use.
— between 0.34 and 0.50 suggests relatively unstable land use.

— within the range of 0.51 to 0.66 indicates medium stability in land use.

— above 0.67 signifies ecologically stable land use.

Inthe Kyivregion, the ecological stability coefficient for agricultural lands stands
at 0.23, while the overall land use territory of the region reaches 0.41. These figures
indicate that the Kyiv region's territory is relatively unstable, and specifically, the
land dedicated to agriculture is environmentally unstable. The anthropogenic load
factor, detailed in Table 3, illustrates the significant impact of human activities on

the environment.

Table 3. Assessment of lands based on their level of human-induced stress

The score impact of land on the territory,

Land area (thousand

Lands B, ha), P, B *P K.,
Arable 4 1,367.7 5,470.8 -
Fallows 3 13.7 41.1 -
Perennial plantings 4 40.7 162.8 -
Hayfields 3 116.4 349.2 -
Pastures 3 136.4 409.2 -

continued on following page
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Table 3. Continued

Lands The score impact ofll;lnd on the territory, Land all'le:) ,(g’lousand B P, K,
Total agricultural land - 1,674.9 6,433.10 | 3.84
Forests of natural origin 2 632.5 1,265.0

Shrubs 2 17.2 34.4

Built-up land 5 116.0 580

Other lands 0 196.0 0.0

gzn;(lis and swamps of natural 5 175.5 351.0

Total land - 2,812.1 8,663.50 | 3.08

Source: own calculation by the authors

The coefficient measuring the anthropogenic load on agricultural lands within
the Kyiv region equated to 3.84, surpassing the national average by 11.5%. Extensive
plowing, particularly on agricultural lands, diminishes soil fertility and exacerbates
the region's ecological challenges. However, solely focusing on plowed land fails to
entirely represent the ecological and economic efficacy of land use. Examining the
plowing coefficient — calculated as the ratio of arable land to the total agricultural
land area — stands as a more prudent approach (Polianskyi, 2019). In this region,
the plowing coefficient stands at 64%, indicating a negative aspect of agricultural
land utilization.

The forest cover ratio, depicting the proportion of forests, shrubs, and forest
belts in the land structure, accounts for 14%, below the national average of 18%.
Forest resources, when combined with other natural assets, constitute vital elements
contributing to the country's productive capacities, serving as tools for economic
development, meeting societal needs, and functioning as both objects and products
of labor.

The Kyiv region manifests a satisfactory ecological condition, yet the structure
of its agricultural landscapes approaches suboptimal values. Minor structural ad-
justments and preservation of the existing ecological balance within the agricultural
land ratio are recommended (Slavhorodska Y., 2018). However, substantial areas in
the land fund exhibit unsatisfactory soil properties —erosion, deflation, waterlogging
— stemming from both human-induced factors and adverse natural characteristics.
These lands are categorized as degraded and unproductive due to their low fertility.

Distorted proportions among arable land, natural forage, and forest lands have
adversely impacted the resilience and condition of agro-landscapes. Contemporary
agricultural challenges emerge from unresolved economic and environmental issues,
notably the disruption in the balance among arable land, natural lands, forests, and
water resources, leading to soil degradation.
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Establishing sustainable agricultural production starts with specialized agricul-
tural enterprises and their level of agricultural intensity. Sustainable agroecosystem
functioning relies on scientifically informed enterprise specialization, harmoniously
aligning livestock and crop production, integrating soil-enhancing crops, and adopting
energy-efficient technologies. This involves crafting optimal sown area structures,
flexible crop rotation systems with superior predecessors, and implementing energy-
saving methodologies ((Barvinskyi at al., 2015)).

Agricultural lands within the Kyiv region encompass highly valuable productive
areas (54.8%) boasting an average humus content of 3.1%, conducive to cultivating
a wide range of forest-steppe and Polissya typical crops. The region's agricultural
sector holds significant investment appeal due to favorable natural and climatic con-
ditions, advantageous economic and geographic positioning, and a well-developed
production and market infrastructure (Kozlovska, 2015).

Producers in the region predominantly specialize in highly profitable but soil-
depleting crops like sunflower, rapeseed, and soybeans. Notably, from 1999 to
2022, there was a slight overall increase (5.66%) in sown areas for agricultural
crops within the Kyiv region. However, this period saw significant shifts in crop
distribution, particularly increased cultivation of highly profitable export-oriented
crops. The structural changes in sown areas within the Kyiv region from 1999 to
2022 illustrate this trend (Figure 4).

Over the same period, the sunflower sown area surged by 90.72%, disrupting
the crop rotation system and contributing to soil depletion. Cereal and legume sown
areas saw a 20.38% increase from 1999 to 2004 but decreased by 9,61% from 2004
to 2022. Concurrently, the sown area dedicated to sugar beet witnessed a significant
decline (93,19% decrease from 1999 to 2022) due to displacement by more profit-
able yet less costly crops. The disregard for crop rotations, pursuit of high profits,
neglect of land protection measures, and continual “soil fatigue” collectively lead
to soil degradation.
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Figure 4. Cultivated land area for crops in the Kiev region, measured in thousands
of hectares (Primary statistical office in the Kyiv region - agricultural harvest
records (1999-2022))
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Assessment of the ecological stability of land use within the regions of Ukraine
by calculating the coefficient of ecological stability shows that it is stably unstable
(K, . = 0.40). In such regions as Dnipropetrovsk region, Donetsk region, Zapor-
izhzhya region, Kirovohrad region, Odesa region, Mykolaiv region, Poltava regionit
is even ecologically unstable and only in Zakarpattia region it is ecologically stable.
As for the coefficient of anthropogenic load (K ), which characterizes the degree
of influence of human activity on the state of the environment, including land re-
sources, it is 3 points in the country as a whole and is characterized by an average
level (National report, 2021). Characteristics of the ecological state of land use by
region of Ukraine are given in Table 4.

Table 4. Characteristics of the ecological state of land use in the region of Ukraine

Adlt}ini§trative an'd Ecological stability of The levc?l of
territorial formation K * K HE anthropogenic load of
(region) - e “ land use
ARK 0.41 Stably unstable 3 Average
Vinnytska 0.33 Ecologically unstable 4 Considerable
Volynska 0.57 Medium stable 3 Average
Dnipropetrovska 0.28 Ecologically unstable 4 Considerable
Donetska 0.29 Ecologically unstable 4 Considerable
Zhytomyrska 0.55 Medium stable 3 Average
Zakarpatska 0.71 Ecologically stable 3 Average
Zaporizka 0.27 Ecologically unstable 4 Considerable
Ivano-Frankivska 0.62 Medium stable 3 Average

continued on following page
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Table 4. Continued

Adn.lini§trative an.d Ecological stability of The levc.el of
territorial formation K * K Gk anthropogenic load of
(region) - il “ land use
Kyivska 0.41 Stably unstable 3 Average
Kirovohradska 0.27 Ecologically unstable 4 Considerable
Luhanska 0.41 Stably unstable 3 Average
Lvivska 0.53 Medium stable 3 Average
Mykolaivska 0.28 Ecologically unstable 4 Considerable
Odeska 0.31 Ecologically unstable 4 Considerable
Poltavska 0.33 Ecologically unstable 4 Considerable
Rivnenska 0.60 Medium stable 3 Average
Sumska 0.42 Stably unstable 3 Average
Ternopilska 0.34 Stably unstable 4 Considerable
Kharkivska 0.34 Stably unstable 4 Considerable
Khersonska 0.34 Stably unstable 3 Average
Khmelnytska 0.35 Stably unstable 4 Considerable
Cherkaska 0.36 Stably unstable 3 Average
Chernivetska 0.51 Medium stable 3 Average
Chernihivska 0.47 Stably unstable 3 Average
Ukraine 0.40 Stably unstable 3 Average

Source: own calculation by the authors according to the methodology of scientists of the Institute of Land
Management of the National Academy of Sciences of Ukraine

*less than 0.33 — the territory is ecologically unstable; from 0.34 to 0.50 — stable unstable; from 0.51 to 0.66
— passes into the limits of average stability; exceeds 0.67 — ecologically stable.

*% 5 points — a high degree of anthropogenic load (land of industry, transport, settlements); 4 points —
significant (arable land, perennial plantations); 3 points — average (natural fodder grounds, limed streams); 2
points — insignificant (forest strips, bushes, forests, swamps, under water); 1 point — low (micro-reserves).

Therefore, ecological and economic requirements regarding the general state
of land use, which has approached the dangerous limit beyond which irreparable
ecological processes may occur, are not met in Ukraine.

CONCLUSIONS

In the context of escalating soil degradation caused by increased anthropogenic
pressure and disruption of agrolandscape ecological stability, it becomes crucial to
optimize the balance of natural ecosystems and implement anti-erosion strategies
at both local and regional levels.

To effectively transition into an adaptive system that integrates ecological and
economic elements in modern agriculture, several key measures are imperative:
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— Develop or enhance landscape farming systems.

— Implement strong economic incentives affecting land use entities, making
ecologically detrimental practices economically unsustainable.

— Withdraw from intensive cultivation of unproductive lands based on established
criteria while implementing a comprehensive set of reclamation measures on
arable lands. This approach aims to bolster agroecosystem productivity and
conserve soil fertility.

— Optimize the land composition of agricultural enterprises by integrating
environmental standards into the spatial organization of territories.

—Ensure a consistent balance of humus in crop rotations by applying fertilizers
and maximizing nutrient recirculation.

— Enhance the structure of cultivated areas by introducing adaptable crop
rotations, reducing reliance on row crops, and expanding the cultivation of
perennial grasses.
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ABSTRACT

The chapter considers soil carbon sequestration potential as a characteristic
associated with the genesis of soils and the degree of their degradation. Various
options for estimating the soil carbon sequestration potential based on comparing

potentially achievable and actual levels of organic carbon content in soils are con-

sidered. Possible scenarios of carbon losses and carbon sequestration by the soils
of Ukraine for the period up to 2050 are discussed. A method of spatial quantitative
assessment of soil sequestration potential is proposed, considering the heterogeneity
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of relief and the degree of erosion degradation of soils. The implementation of the
method is presented in the case of an experimental site located in the forest-steppe
of Ukraine (Kharkiv region). It was shown that underestimation of the features of
soil spatial heterogeneity can lead to errors in the estimation of the soil organic
carbon sequestration potential up to 50% of the average value.

BACKGROUND

Despite all the efforts of the world's community, the Greenhouse Gases (GHG)
emissions still haven't decreased enough, and global temperature rise continues.
It makes issues of atmospheric carbon capture and removal critically important,
along with emission reduction and decarbonization of economics, which focused
on COP28 in December 2023 (COP 28, 2023).

One of the ways of reducing the amount of carbon dioxide in the atmosphere is
a carbon sequestration (CS). Carbon sequestration it is the capturing and long-term
storage of atmospheric carbon in plants, soils, geologic formations, and the ocean.
Carbon sequestration occurs both naturally and as a result of anthropogenic activities
(Selin N. E., 2023). The U.S. Geological Survey USGS divides two major types of
CS: geologic and biologic. Geologic CS is the process of storing carbon dioxide
(CO,) in underground geologic formations. The CO, is usually pressurized until it
becomes a liquid, and then it is injected into porous rock formations in geologic
basins (USGS, 2017). Essentially, geologic CS is the final stage of the most an-
thropogenic carbon capture and storage processes. Biologic carbon sequestration is
the storage of atmospheric carbon in vegetation, soils, woody products, and aquatic
environments (USGS, 2017).

Climate experts claim that approximately 9 — 11 Gt of CO, must be removed from
the atmosphere annually to maintain a long-term average global temperature rise of
no more than 1.5°C (Baugh L. S., 2023). According to the Global Carbon Project
report (GCP, 23) total global CO, emissions (fossil + land use change) was 40.9 Gt
in 2023. About half of all CO, emitted continues to be absorbed by land and ocean
“sinks” globally, with the rest remaining in the atmosphere, where it causes climate
change. As shown by Zhu et al., (2010), in the 2000s, annual carbon sequestration
by terrestrial ecosystems in the United States accounted for an even smaller part of
the carbon budget —approximately only 25% of all carbon emissions.

Meanwhile, according to Global CCS Institute report (2023), there are only 41
large-scale carbon capture projects in operation around the world, capturing roughly
49 Mt of CO, annually. That’s a tiny amount (less than 0.25%) compared to the
biological sequestration of carbon. Although biological carbon sequestration is in-
sufficient to offset anthropogenic GHG emissions, it is still the most effective way
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to capture and remove atmospheric carbon. Thus, the potential ability of terrestrial
ecosystems to carbon sequestration shouldn't be underestimated.

It is a wonder that when biological sequestration is mentioned in official docu-
ments it means firstly reforestation and wetlands restore. However, the main role in
the carbon sequestration is played by soils. Soil is one of the most powerful sinks
of carbon in the world and soil recovery is a real mechanism for reducing GHG in
the atmosphere (Abdullah et al., 2018; Kuzmych et al, 2022; Lal, 2004; Lal, Smith
and Jungkunst 2018; Han et al., 2016; Yakymchuk et al., 2022; FAO, 2022;).

Global carbon cycle estimates (Scharlemann, 2014) indicate that land cover is
not only a regulator of the global carbon cycle, but also the largest concentrator of
terrestrial biogenic carbon, storing at least three times more carbon than the atmo-
sphere or terrestrial biomass. According to Hiederer and Kochy, (2011); Ruesch and
Gibbs, (2008); Schanderman et al., (2009) the share of carbon in terrestrial ecosys-
tems fixed in soils, depending on climatic conditions, is 47.7-96.2% and absolutely
predominates in most ecosystems. The leading role of soils in carbon sequestration
in our time is beyond doubt Abdullah et al., (2018); Lal, (2004); Han et al, (2016).

Soil's significance in reducing the carbon content in the atmosphere is manifested
intwo ways: indirectly through providing the necessary conditions for the vital activ-
ity of plants and animals and, accordingly, synthesis and accumulation of terrestrial
ecosystems' biomass, and directly through the carbon storage of organic residues in
the form of complex organic compounds what's known as “humus”. Andrés et al.
(2022) referred to humus as highly decomposed soil organic matter (SOM), in which
original plant and animal debris cannot be identified. Humus is the most resistant
and complex form of organic matter, produced not only by partial decomposition of
organic residues, as Andrés et al. (2022) write, but also by soil-specific processes
of chemical synthesis, so-called “humification”. Since organic humus compounds
are resistant to decomposition, its average age in soils is usually more than 1000
years (from about 500 years for protein attachments to more than 2500 years for
the polyphenolic bulk of humus compounds). This is why the recovery of humus
content in soils is a more preferable option for long-term carbon sequestration than
temporary storage in biomass.

According to the estimates of Scharlemann, Tanner, Hiederer and Kapos (2014)
for landscapes of cool temperature moist, cool temperature dry and warm temperature
dry zones, typical for Ukraine, the share of organic carbon contained in the soil is
from 76% (Dry Steppe) to 92% (Forest-Steppe and Steppe) of the total carbon of
terrestrial ecosystems.

Thus, assessment of soil carbon sequestration ability or carbon sequestration
potential of soil (SOCseq) is critically important for reliable estimation of potential
carbon sequestration capacity of the ecosystems and correct calculations of global
carbon budget. In our opinion, determining the upper limit of possible accumula-
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tion of carbon in the soil is fundamentally important in predicting its sequestration
because it allows researchers to develop specific measures for specific areas.

Quite a few researchers emphasize that the rate of carbon sequestration by soils
is not constant, and it gradually decreases until the soil reaches a certain equilib-
rium level of humus content (Lal et al., 2018). However, there is no consensus on
exactly how this slowdown in sequestration occurs and how to quantify its pace.
This happens due to the complex processes of organic matter transformation in soils
and a great variety of soils, keeping in mind possible combinations of soil forma-
tion factors that affect the course of carbon accumulation. Thus, when estimating
the sequestration potential, most studies assess carbon sequestration rate of soil, as
“constant during the first 30-50 years”. The source of this approach can be the work
of a recognized authority in assessing the carbon sequestration potential of R. Lal
and his colleagues. They approximate time to achieve equilibrium of the soil carbon
system by stimulating carbon sequestration, which, according to their estimates, is
25-50 years for most soils (Lal et al., 2018).

However, it is obvious that the change in the rate of carbon sequestration over
time will depend not only on natural and climatic conditions and the amount and
quality of organic matter entering the soil, but also on soil condition, and in par-
ticular the degree of degradation (here by degradation we mean the processes that
lead to the loss of organic matter). However, it is obvious that the change in the
rate of carbon sequestration over time will depend not only on natural and climatic
conditions and the amount and quality of organic matter entering the soil, but also
on soil condition, the degree of degradation. The relative share of lost organic carbon
compared to equilibrium non-degraded soils characterizes the degradation degree.
It determines the undersaturation of the soil with carbon, and, consequently, the
temporal dynamics of carbon sequestration.

The issue of the soil carbon sequestration potential assessment on a global scale
has been preliminarily solved in the form of a global map of carbon sequestration
potential (GSOCseq maps) at 1 km resolution for agricultural lands. The map
shows the predicted SOC reserves of mineral soils in the 0-30 cm layer that could
be achieved over 20 years after the adoption of sustainable soil management (SSM)
practices aimed atincreasing carbon inputinto cropland and pasture soils. SOC stocks
in the top 30 cm layer of mineral soils were projected for over 20-years term after
the adoption of Sustainable Soil Management (SSM) practices oriented to increase
carbon inputs to cropland and grassland soils) (Peralta et al., 2022; FAO, 2022).
Work on the creation was carried out by FAO in 2019-2021 with the participation of
110 countries. To date, the first version of such a map has been created, presenting
the results of modeling carbon sequestration under four land use scenarios (business
as usual (BAU) and three different SSM scenarios). However, given the enormous
complexity of the task, this map has a number of limitations, namely, the potential
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for sequestration of organogenic, saline, hydromorphic soils is not taken into account,
as discussed in (FAO, 2022). Moreover, global generalized assessments do not take
into account erosion processes, as well as features of humus accumulation in slope
and eroded soils. Moreover, there wasn't information about Ukraine for GSOCseq
map and authors used a so-called “Gap-filling Layer” for Ukraine's soils (FAO,
2022). That is the reason the doubted results were obtained for Ukraine (GLOSIS).

In the current USGS soil carbon sequestration models (Zhu et al., 2010; Lui et
al., 2003), soil erosion is considered only as one of the pathways for soil carbon
loss and a mechanism of the organic carbon (Corg) redistribution in the landscape.
However, the influence of erosion on the rate of sequestration and the amount of
accumulated carbon has remained unnoticed.

As the results of studying the self-overgrowth of technogenic dumps as a model
of primary soil formation show (Makhonina, 2004; Seredina et al., 2012), the rate of
carbon sequestration gradually decreases with time and the total amount of carbon
absorbed by the soil is inversely proportional to the initial content of organic carbon
in the substrate. Similar data on a decrease in the rate of sequestration over time
were obtained by Sanderman et al. (2010), Ergina (2013), Lam et al. (2013). The
same point of view is shared by Sommer and Bossio (2014). Zomer et al., 2017,
assessing the global potential for carbon sequestration, suggest that the linear trend
of carbon sequestration by soils in case it's targeting stimulation can be continued
for 15-20 years with a further decrease in rates. According to Sommer and Bossio
(2014), carbon sequestration is described by a nonlinear model. After 30 years,
the amount of carbon absorbed annually by the soil is reduced to at least half the
original amount, since the more humus-saturated the soil is, the less it binds carbon.

Consequently, dehumified soils, especially moderately and heavily eroded ones,
will have a greater carbon sequestration potential compared to well-fertilized or
non-eroded flatland soils. This is confirmed by Liu et al. (2003), who showed that
the carbon accumulation capacity of eroded soils is inversely proportional to the
erosion manifestation degree. Moreover, van Oost, et al. (2009) even suggest that
erosion increases total landscape carbon sequestration because eroded soils con-
tinually capture additional atmospheric carbon relative to equilibrium soils that are
not affected by erosion.

Thus, for modelling carbon sequestration processes and carbon budget calculation,
an important issue is to determine the upper limit of carbon accumulation in the
soil-plant system. The soil carbon sequestration capacity is limited by such factors
as soil genesis (type of soil formation), particle size distribution, and hydrothermal
conditions of the territory, which are characterized by the amount and ratio of heat
and moisture input.
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Polupan et al. (2004) found the maximum sustainable level of organic carbon
content in the automorphic soils (SOC) of Ukraine based on the content of physi-
cal clay (soil particles less than 0,01 mm) in the parent rock and depending on the
hydrothermal conditions of soil formation. For instance, for typical chernozems at
present, the natural ratio of SOC content to physical clay content (PhC) is 0.05-0.09.
Physical clay is the sum of soil particles <0.01 mm size.

Attempting to soil recarbonization above this limit, including the application of
high doses of all types of organic fertilizers, will result in an unsustainable increase
in organic carbon content, which will tend to return to its natural lower level as soon
as artificial soil carbon saturation stops. An exception is an applying the chemically
inactive carbon compounds (biochar) which in fact is a foreign component in a soil.
Biochar's carbon is usually not involved in the soil biogeochemical cycle and may
probably be used for anthropogenic carbon sequestration, without considering of
soil features.

The soil formation conditions on slopes and flatlands differ due to differences in
the water, heat, and light (insolation) supply. Consequently, the potential ability for
humus accumulation in the flatland and slope soils is also different. The peculiarities
of the SOCseq of slope soils are determined by a combination of two differently
directed factors: 1) erosion degradation degree, which generally contributes to an
increase in the sequestration potential and 2) slope's xeromorphism or compara-
tive slope aridity, which lead to reducing of the soil carbon sequestration capacity
because a slope aridisation contributes to the natural formation of shallow profile
soils poorer in humus.

The part of sloping lands among the total cultivated area in different countries
is very significant. In Ukraine, according to (Martin et al., 2015), 48% of arable
soils (1.6 * 10° km?) are located on lands with a surface steepness of more than 1
degree, potentially susceptible to water erosion. In Asian countries for instance,
which are characterized by mountainous terrain, this problem is much more acute.
Thus, according to (Hilger et al., 2013), 65% of arable land in Thailand and 40%
of all land in Vietnam is located on erodible slopes. 69.8% of Cultivated Land
Area in Yunnan Province, China has an Average Slope of 15.62° (Chen and Shi,
2020) It is obvious that with such a scale of distribution of slope lands, ignoring
the characteristics of humus accumulation on the slopes will lead to colossal errors
in assessing the SOCseq.

The main purpose of the chapter is demonstrating the method assessment of
the soil carbon sequestration potential, considering slope soil formation features and
soil erosion degree based on remote sensing data, geostatistics, and geoinformation
relief analysis.

76



Sergiy Lavrenko {lavrenko.sri@gmail.com) Downloaded: 10/472024 11:57:14 AM
|Gl Global Flatiorm IP Address: 95.47.253.39

METHOD OF SPATIAL QUANTITATIVE ASSESSMENT
OF SOIL CARBON SEQUESTRATION POTENTIAL

Research area and methods

The research was carried out at an experimental site located in the Kharkov
region (Ukraine). Geomorphologically, the experimental site consists of two slopes
— south-eastern and north-western exposures, between which the floodplain of the
Lyubotynka Riverruns. The surface elevations vary from 181 mto 118 m. The south-
eastern slope is high (maximum absolute height is 181 m) and in the lower third, it
is steep with a surface slope of up to 7-9°, dissected by ravines. The north-western
slope is gentler, with a steepness of the surface up to 3-5°, the absolute height of its
surface does not exceed 150 m. The floodplain of the Lyubotynka River is from 250
to 400 m wide, and has a weakly expressed microrelief, as usual of the small river
floodplains of plain areas. The absolute elevation of the floodplain surface is 117-
118 m above the sea. The total researched area was 60 hectares as shown in Figure 1.

Figure 1. Topographic map of the study area

7



Sergiv Lavrenko {lavrenko.sr@gmail.con
|G| Global Platform

A detailed soil survey of the territory showed that prevail soil types on the re-
searched sites are Luvic Chernozem and Phaecozem on a loess-like loam parent rock.
Significant fluctuations in the thickness of the soil profiles of the studied soils (from
43 to 87 cm) is explained, on the one hand, by the influence of various factors of soil
formation, and, on the other hand, by the action of erosion processes. For detailed
study of the soil carbon content two sites with an area of 18.7 hectares and 22.5
hectares, respectively, were allocated, located on the slopes of the opposite exposure
(Figure 2). At these sites, 57 soil samples were taken on a regular grid with a step
of 100 m. Soil samples were taken from a 0-20 cm soil layer. As numerous studies
show, in chernozem soils, the most active processes of synthesis and destruction
of organic matter occur in a layer of 0-20 cm. Although the humus profile of cher-
nozems in Ukraine can have a thickness of more than 100 cm, active processes of
organic carbon circulation primarily affect the top layer of soil. Thus, according to
Larionova et al., 2008, the renewal rate of humus compounds in chernozem in the
0-20 cm layer is about four times higher than in the 40-60 cm layer and lifetime
of them are 697 and 2742 years respectively. According to Chaban et al., 2010, at
a depth of more than 40 cm, differences between arable soils and 55-years fallow
become statistically insignificant. In conditions of complex terrain with erosion
manifestation, it is the arable layer that is most relevant for assessing the possible
potential for carbon accumulation, since it is a comparatively homogeneous product
of the annual mixing of topsoil as a result of its tillage. While the underlying soil
layers can vary dramatically depending on the position in the relief. The location
of soil sampling points is shown in Figure 2.
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Figure 2. Soil sampling points location
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In all soil samples SOC was measured by the wet oxidation method using po-
tassium dichromate in a sulfur medium and soil particle size distribution by the
pipette method.

Used data and data analysis

The Sentinel 2A satellite images were used. The images were uploaded using the
Copernicus Open Access Hub (https://scihub.copernicus.eu/dhus/#/home) service.
The date of the shooting is 25.08.2019, the cloud cover is 0%, and the image pro-
cessing level is 2A. The DEM was constructed from a topographic map at a scale
of 1:10000 (1984). The pixel size is 10*10m.

All geodatasets were converted to the WGS-1984 coordinate system in the UTM
zone 36 N projection. World Geodetic System (WGS-1984) datum and Universal
Transverse Mercator (UTM) projection system with Zone 38 N were used for all
datasets.
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Analysis of satellite imagery and DEMs was done using ArcGIS 10.4 software.
Geostatistical data analysis and mapping were also performed in ArcGIS 10.4. to
match them geometrically.

RESULTS AND DISCUSSION

Obtaining a detailed map of soil carbon content is the initial step in any soil
carbon sequestration potential assessment. Modern technologies offer various ef-
fective methods for this purpose. Remote sensing data, such as satellite imagery,
aerial imagery, and drone imagery, can be used to construct maps of soil carbon
content (Angelopoulou et al., 2019; Wang et al., 2018; Gholizadeh et al., 2018;
Diek et al., 2016; Hu, 2020; Vaudour et al., 2013; Zizala et al., 2019; Steinberg et
al., 2016). Geostatistical methods can also be employed to create of SOC content
maps (Kumar, 2013; Chen et al., 2015). In recent years, a combination of remote
sensing and geostatistical methods has been a popular approach (Mallik et al., 2020;
Hounkpatin, 2021; Mondalet al., 2017; Wang et al., 2018).

In this study, two methods were used to map SOC in the soil: 1) interpolation of
discrete SOC values obtained from laboratory analysis of soil samples taken on a
regular grid; 2) transformation of a satellite image using a geoformula. This meth-
od has been widely tested and accepted, including for soils in Ukraine (Shatokhin
and Achasov, 2008; Chorniy and Abramov, 2016; Byndych, 2017; Truskaveczky;j
etal., 2017).

The soil samples analysis showed that the study area's topsoil layer (0-20 cm) is
characterized by an average degree of variability in the main soil parameters. So,
for example, the range of soil organic carbon content (Corg) values is 1.25-2.55%,
with an average value of 1.9% as was shown in Table 1.

Table 1. Some statistical parameters of the studied soils

Soil parameter Mean Median Min Max Variance SD Cv SEM
SOoC 1.90 1.87 1.25 2.55 0.07 026 | 13.89 0.03
PhC 51.09 50.53 39.45 63.08 17.66 4.20 8.22 0.56
Sand 12.27 11.45 3.23 29.24 38.57 6.21 | 50.61 0.82
Silt 52.96 54.01 3537 | 65.62 48.05 6.93 13.08 0.92

continued on following page
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Table 1. Continued

Soil parameter Mean Median Min Max Variance SD Cv SEM

Clay 34.76 35.01 25.81 42.75 18.23 4.26 12.28 0.57

Notes: SOC— soil organic carbon content in the soil layer 0-20 cm, %;
PhC - particles of size less than 0.01 mm;

Sand - particles of size from 0.05 to 2 mm;

Silt - particles of size from 0.002 to 0.05 mm;

Clay - particles of size less than 0.002 mm;

SD - standard deviation;

Cv - coefficient of variation;

SEM - Standard error of the mean.

Let's focus on the PhC. Physical clay is a significant characteristic of particle
size distribution in scientific institutions in the former USSR countries. A similar
parameter that holds physical significance is the sum of Silt and Clay granulometric
fraction. It is also important to note the weak correlation between SOC and particle
size distribution parameters (Table 2).

Table 2. Correlation between soil parameters

Parameters SOC PhC SOC/PhC Sand Silk Clay
SoC 1

PhC 0.26 1

SOC/PhC 0.79 -0.37 1

Sand -0.19 -0.66 0.27 1

Silk 0.14 0.34 -0.09 -0.79 1

Clay 0.08 0.48 -0.20 -0.31 -0.34 1

Note: abbreviation the same as table 1; statistically significant correlation coefficients are given in bold.

This is not typical for chernozem soils, which usually have an accumulation of
humus in the top part of their profile, clay content proportionally. In modal non-
eroded chernozems, a direct positive linear correlation between SOC and the PhC
in the topsoil is typically observed. Thus, the lack of correlation in the research area
is explained by soil erosion, which leads to the reduction of the soil profile, with
mixing of topsoil to lower soil humus poor horizons. Therefore, the spatial variation
in SOC content in the topsoil of the research area is primarily influenced by erosion
rather than the variability in granulometric composition.

Preliminary correlation analysis of the links between the spectral brightness
of soils and their properties showed (Table 3) that the closest link (r = 0.72) was
observed between SOC and the Red band data, (B4, 665 nm), which is close to the
other authors results for the Ukraine chernozems (Shatokhin and Achasov, 2008;
Chorniy and Abramov, 2016; Byndych, 2017; Truskaveczky, 2006).
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Table 3. Correlation between soil parameters and Sentinel 2 image spectral band data

Soil Sentinel 2 spectral bands

parameters Bl | B2 | B3 | B4 | BS | B6 | B7 | B8 | B9 | B10 | B11 | B12 B8a
SOC 0.36 | 0.54 | 0.57 | 0.72 | 0.37 | 0.12 | 0.15 | 0.12 | 0.05 | 0.38 | 0.41 | 0.30 | 0.18
PhC 0.30 | 0.25 [ 0.24 | 0.25 | 0.18 | 0.04 | 0.04 | 0.03 | 0.01 | 0.05 | 0.24 | 0.14 | -0.03
Nele/ - - - - - - - - -

PhC 0.15]0.34 {039 | 0.52 | 0.25 | 0.13 | 0.15 | 0.11 | 0.06 | 0.31 | 0.25 | 0.19 | 0.17
Sand 0.23 | 0.21 | 0.27 | 0.27 | 0.23 | 0.09 | 0.09 | 0.09 | 0.09 | 0.16 | 0.27 | 0.10 | 0.08
Silt 0.17 | 0.18 [ 0.16 | 0.12 | 0.09 | 0.00 | 0.00 | 0.02 | 0.02 | 0.25 | 0.19 | 0.13 | 0.02
Clay 0.09 | 0.05 [ 0.17 | 0.14 | 0.22 | 0.14 | 0.14 | 0.17 | 0.17 | 0.13 | 0.12 | 0.05 | -0.15

Note: abbreviation the same as table 1; statistically significant correlation coefficients are given in bold

The link of SOC with the B4 data is described by the regression equation:
B4 =1348,15 — 227,49* SOC (1)

Using the ArcGIS Raster Calculator tool, a cartogram of the SOC content in the
topsoil was obtained using the equation 1 (Figure 3).

Given that only 51% of the variability (R>=0.51) of the soil spectral brightness
can be explained by the content of organic carbon, this map, obviously, only gives
an approximate assessment of the SOC and its spatial variability. However, mapping
SOC from remote sensing has a lot of undeniable advantages, primarily in increasing
spatial coverage while reducing costs, so this method is virtually no alternative for
large-scale spatial assessments.

Maps based on laboratory analyses of soil samples are a priori more accurate
than those based on satellite data, but they are also much more expensive.

The Kriging ArcGIS tool was used to map the SOC in the study area using the
spatial interpolation of soil sample analysis data. The interpolation result is shown in
Figure 4. Since the range of carbon content using the Kriging method is given by the
range of analytical data, as opposed to regression calculation based on the spectral
brightness of the soil, we see that, depending on the mapping method used, both
the range of values obtained, and the spatial distribution of SOC differ significantly.
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Figure 3. Test ground's SOC map made by the remote sensing data
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Figure 4. Kriging-based SOC map
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However, obtaining spatial information on actual SOC content solves only half
of the problem. We consider the soil carbon sequestration potential (SOCseq) as
the maximum possible humus capacity of a soil (the potential amount of organic
carbon that can be captured and stored by the soil for a long time as sustainable
humus compounds). SOCseq can be calculated using the equation:

soc,, =S0C ~SOC, 2

where: SOC —potentially possible sustainable content of organic carbon in the soil,;

SOC, - actual SOC content at the time of sequestration potential assessment.

Thus, the next step to assess the potential of sequestration is to compile a forecast
map of maximum equilibrium humus content in soils, considering the features of soil
formation for a specific area. The solution to this problem is possible by formalizing
the soil formation like some kind of equation, which idea was first proposed by V.V.
Dokuchaev (1883) and that was represented lately as the equation by Jenny (Jen-
ny, 1941). In both cases, relationships between soil parameters and soil formation
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factors were not expressed numerically, but it is these theoretical approaches that
are the basis of modern modelling in soil science (Willgoose, 2018). Quantitative
assessment of soil formation conditions will make it possible to obtain a model of
soil cover for a specific territory, and, accordingly, to quantify the parameters of
humus accumulation and soil thickness.

The main part of the arable land of Ukraine (67.7%) is represented by chernozem
soils, the total area of black soils in Ukraine is 27.8 million hectares, which is about
9% of all black soils in the world (Pozdniak, 2016). Chernozems are automorphic
soils with an accumulative type of soil formation, formed on loess and loess-like
loams under the conditions of a subboreal weakly arid climate, characteristic of
the Steppe and Forest-Steppe of Ukraine. A typical feature of the chernozems' soil
formation process is no influence of the groundwater and the critical importance of
relief as a transformer and regulator of hydrothermal conditions. On homogeneous
parent rocks, the biotic factor effect also depends primarily on the relief-caused
microclimatic conditions.

Because most of all chernozems are formed on loess deposits, which are charac-
terized by a quite similar mineralogical and granulometric composition, the influence
of the mezorelief on the natural, pre-anthropogenic, formation of the chernozems
of Ukraine can be considered decisive.

Thus, if the influence of terrain on soil formation would be quantitatively for-
malized, a “potential” soil cover model can be derived. This model would represent
the soil parameters that can be formed in specific landscape conditions without
human-induced changes. The primary characteristic of this “potential” model is the
soil organic carbon content. For the SOCseq assessment the methodology of the
relief geoinformation analysis described in the (Achasov et al., 2019*") was used.

To quantify the impact of mezorelief on soil formation, it is proposed to use the
xeromorphism coefficient (Kk), which characterizes the change in hydrothermal
conditions of soil formation for a particular relief area in comparison with a hor-
izontal surface. The xeromophism coefficient is defined as the ratio of insolation
coefficient (Ki) to relative wetting coefficient (Kw).

Kk = Ki | Kw 3)

Ki characterizes the ratio of the amount of direct solar radiation entering the real
slope, compared with the amount of solar radiation falling on a horizontal surface,
and is calculated according to (Achasov et al, 2019*").

Kw characterizes the ratio of the amount of water entering the soil on a given
slope, compared with the amount of water entering the soil located on a horizontal
surface, and is calculated according to (Achasov et al, 2019?).
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The coefficient, which characterizes the potential soil organic carbon (SOC)
content in soils, is derived from an empirical model based on the results of numerous
field studies conducted on uneroded chernozem soils of the forest-steppe and steppe
regions of Ukraine (Achasov, 2010; Achasov et al., 2019a, b). The regression model
obtained from these studies was subsequently used to calculate the “potential” SOC
content in soils. It is essential to note that the model developed is not for virgin soils
but for arable soils. Consequently, the calculated sequestration potential represents
the humus accumulation system for arable soils. In virgin soils, the sequestration
potential will be higher. However, in the foreseeable future, a significant reduction
in arable soils is not expected, and assessments of the potential characteristic of
arable soils will be more adequate to real conditions.

The influence of relief on soil formation cannot be fully reflected by the xe-
romorphism factor Kk. However, Kk can be used as an initial approximation to
quantify the hydrothermal conditions at each point of the relief. The effectiveness
of Kk in studying soil cover has been confirmed for the conditions of the Steppe
and Forest-Steppe of Ukraine. Research has shown that Kk for non-eroded cherno-
zems is closely related to the humus content in chernozems and the depth of their
profile, and it can act as a predictor in soil mapping. As result of analyzing the
Digital Elevation Model (DEM) obtained from a topographic map, several maps
characterizing the slope, exposure, coefficients of insolation, and xeromorphism
factor of the studied area were constructed. Subsequently, a map of the potential of
SOC content in non-degraded soils was created based on the regression dependence
between Kk and SOC (Figure 5)

This method offers the advantage of obtaining a spatial representation of soil
formation potential and SOC accumulation using a digital elevation model. DEM
allows the formalizing of hydrothermal conditions of soil formation. That is why
we called it the “method of relief geoinformation analysis”.

The advantage of this method is the possibility of obtaining a spatial represen-
tation of the potential for soil formation and SOC accumulation based on a single
digital elevation model, the analysis of which makes it possible to formalize the
hydrothermal conditions of soil formation. In this case, it is assumed that the rest
of the factors of soil formation are constant.

The limitations of the method using are:

1. Homogeneity of the territory in terms of parent rock and granulometric com-
position. It should be noted that for the territory of the Forest-Steppe and the
Steppe of Ukraine, this condition is observed for fairly large territories.

2. Particle size distribution of soils. The model was designed for soils with physical
clay content in the range of 40 to 70%.
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3. Soil type. The method is designed for automorphic chernozems. For soils of
different genesis, it is necessary to obtain reliable empirical dependences of
SOC on relief parameters beforehand, for further use in computational spatial
models.

Figure 5. Potential SOC content in the topsoil (SOC,) designed by the method of
relief geoinformation analysis

ek

The territory of the study sites fully complies with the above restrictions. There-
fore Figure 5 can be considered to represent the situation of the maximum possible
accumulation of SOC for the actual landscape hydrothermal conditions. Thus, we
obtained the maps of the actual SOC content (Figures 3 and 4) and a map of SOC
potential content (possible accumulation) (Figure 5). To quantify the carbon seques-
tration potential of soils in the study area, maps 3 and 4 were subtracted from map
5 using the Map Algebra tool of ArcGIS.
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Figure 6. Maps of topsoil SOCseq (%) designed by remote sensing data (a) and the
soil sampling data (b)

The resulting maps (Figure 6) reflect the amount of SOC (%) that could be addi-
tionally accumulated (sequestrated) in soils in case of implementation of sustainable
soil management (SSM) practices to prevent their further degradation and increase
the SOC content in soils (application of organic fertilizers, soil protection crop
rotations, etc.). A comparison of Figures 6a and 6b shows that the general spatial
structure of SOCseq is quite similar. For example, in both cases, the potential for
POC accumulation is higher at test site N°2 (southeast) compared to test site N°1
(northwest). The similarity of the internal pattern of the plots is also traced. However,
there are differences due to the relatively low accuracy of map 6a, which is based
on remote sensing data. As already mentioned, in this case, map on the Figure 6b
is a priori more accurate, so we used it further to quantify SOCseq.

Table 4. Results of SOCseq assessment in the test areas

SOCseq zone | Zone area, m’ SOCseq, kg/m?* Difference with weighted average
min | max | average | total, kg/area kg/m? % from average

1 5426.34 1.28 | 2.77 2.02 10980.20 -1.59 -43.95

2 8196.47 2.77 | 3.46 3.12 25554.53 -0.49 -13.64

3 12530.36 3.46 | 3.98 3.72 46636.43 0.11 +3.10

4 12979.97 3.98 | 4.67 4.33 56156.22 0.72 +19.84

5 1082.90 4.67 | 6.44 5.55 6014.96 1.94 +53.86
Summa 40216.04 145342.35
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Figure 7. Result topsoil SOCseq map of the test site
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A quantitative assessment of the carbon sequestration potential in the arable
layer (0-30 cm) of the test sites was carried out and a final map of the SOCseq in
kg/m? was designed (Figure 7). The 5 zones with different sequestration potential
were allocated. Analysis of the Figure 7 shows that on a limited area of about 40
hectares, the SOC sequestration potential varies from 1.28 to 6.44 kg/m? i.e. more
than 5 times. With a weighted average sequestration potential of 3.61 kg/m?, the total
amount of organic carbon that can be sequestered in the soil of this site is 145.34*10*
kg (Table 4). While the deviation of the SOCseq from the weighted average value
for individual clusters ranges from -44% for the least eroded areas to +54% for the
most eroded ones. This shows that ignoring the features of humus accumulation in
the slope soils can lead to errors in sequestration estimates at the level of +50%.
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THE OTHER OPTIONS OF THE SOCseq QUANTIFY

Our proposed simplified approach to quantifying the sequestration potential

based on the difference between the actual initial natural level of organic carbon
content (equation 2) was previously tested by us for Ukraine soils using four different
approaches to obtain initial natural SOC content data. In (Achasova et al., 2022) we
suggested four possible ways to assess the potential of soil carbon sequestration:

By assessing the difference between arable soils and virgin soil analogues. For
Ukraine's chernozems, the average SOCseq estimated this way was 41 t/ha
(from 12 to 60 t/ha). These data are consistent with estimates from (Lal, 2021)
who indicate that restoration of degraded chernozems could sequester 0.7-1.5
t/ha/y. Comparison of current SOC content with data for virgin soils gives the
highest values compared to other approaches. The average relative reduction
of organic carbon content in the ploughed chernozems in comparison with the
virgin land was estimated as 28.8-30.5%. Unfortunately, this method has sig-
nificant limitations, as there are almost no fertile virgin soils left in Ukraine.
Fallow lands cannot be a full-fledged analogue of virgin soil because they are
usually partially restored soil that has not reached equilibrium.

By estimating the difference between historically known data and the results of
modern soil and agrochemical surveys. As our research has shown, such estimates
give results close to those of real surveys of virgin soils (Table 5). Therefore,
they are quite adequate for estimating the contribution of carbon sequestration
to total emission reductions at the state level.

Table 5. Potential of carbon sequestration of arable soil in Ukraine (for 0-30 cm layer)

Zone The potential of carbon sequestration in soils (0-30 cm
1
Arable soils area, ayer)

ha*10°¢ t/ha Total, t*10° %* CO,e-t*10¢
Polissia 5.14 4.2 233 3.1 85.3
Forest-
Steppe 11.73 27.6 350.3 46.2 1284.3
Steppe 15.58 22.8 384.2 50.7 1408.9
Total 3245 21.5 757.7 100 2778.4

*Share from total potential sequestration
As this estimation showed, major carbon losses occurred in the soils of the
Forest-Steppe and Steppe of Ukraine with higher natural fertility and those used
more intensively in agricultural production. Therefore, the soils of the Forest-Steppe
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and Steppe account for almost 97% of Ukraine's soils carbon sequestration capacity.
The total sequestration potential of Ukraine’s soil estimated in this way is 757.7 Mt
C,or2.78 Gt COe.

3. The third possible way to determine the theoretically possible level of carbon
accumulation in the Ukraine soils at the level of the soil genetic subtype is using
the empirical coefficients. Studies of Ukrainian soil scientists have established a
quantitative dependence of humus accumulation in soils depending on their genesis,
hydrothermal conditions of soil formation and particle size distribution of soil-
forming rocks. To characterize the ability of different types of soils to accumulate
humus (Polupan et al., 2008), they propose a number of calculation coefficients. The
authors propose to use the Coefficient of relative accumulation of humus (CRAH)
to estimate the potential carbon content in the topsoil. CRAH is the ratio of humus
content in the soil layer 0-30 cm to 10% of the content of physical clay (PhC). PhC
is the sum of soil particles less than 0.01 mm. PhC is the main characteristic of
the particle size distribution in the scientific schools of the countries of the former
USSR. We calculate CRAH for a soil layer of 0-30 cm by the equation:

CRAH = 10H/PhC 4)

where H — humus content is soil, %; PhC — physical clay content in soil, %

Polupan et al. (2008) proposed regression equations of CRAH dependence on
HTC (Selyaninov hydrothermal coefficient) for the period April-September for the
main soil types and subtypes. Traditionally in Soviet times, when determining the
humus content in soils, they analytically determined the content of organic carbon
(Corg), calculated the humus content by multiplying the Corg content by a factor
of 1.724. Accordingly, it is possible to transform CRAH into Coefficient relative
accumulation of organic carbon (RAC coefficient) by the equation:

RAC = CRAH/1.724 (6)

The sequestration potential was calculated using the RAC coefficient for Luvic
chernozem (PhC = 48%, RAC = 0.64) and Phaeozem (PhC = 49%, RAC = 0.42).
SOC, was calculated by the equation:

SOC, = PhC*RAC/10 @)
For the Lubotin test area SOCseq estimated using RAC coefficient was 36.8 t/

ha. In fact, it is similar to average result obtained by the method of relief geoinfor-
mation analysis (36.1 t/ha).
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4. Finally, the fourth approach was estimating a theoretically possible level of
carbon accumulation based on empirical models. It was considered in detail in this
chapter. In contrast to the first two methods, this method will give slightly reduced
values of the sequestration potential, as empirical models use the parameters of arable
soils, already dehumified relative to virgin analogues. This approach will lead to
more realistic values of sequestration, if used in intensive agricultural production in
compliance with technological requirements for the preservation of organic matter.

Simulation of carbon sequestration process is also possible by using mathemat-
ical models of humus accumulation, for example RothC (Coleman and Jenkinson,
2014; Shirato, 2020). However, this model needs verification and adaptation to the
conditions of Ukraine. We do not know what the upper limit of carbon accumula-
tion is. Moreover, the course of simulated sequestration rigidly relates to climatic
parameters and the quantity of coming organic residues in conditions of real farms
is not always possible to predict.

POSSIBLE SCENARIOS OF CARBON LOSSES
AND CARBON SEQUESTRATION BY THE SOILS
OF UKRAINE FOR THE PERIOD UP TO 2050

The assessment of the potential impact of climate change on the dynamics of
carbon in Ukrainian soils is based on existing climate change forecasts for Ukraine.
It is a complex and multifaceted issue, influenced by various factors such as tem-
perature, precipitation, and land use practices. These projections are significant
due to Ukraine's high vulnerability to climate change, which is expected to bring
about rising temperatures, shifting precipitation patterns, more frequent floods,
and changes in natural disasters, ultimately impacting agriculture and food supply.

This impact is expected to result in the following changes, depending on climate
trends (Balabukh, 2023; Vozhegova et al, 2021; Krakoska et al., 2021; Wilson, et
al., 2021; World Bank, 2021):

1. The growing season is projected to start earlier and last longer, potentially
leading to increased bioproductivity and the ability to grow heat-loving crops
for a longer period. However, the increase in bioproductivity may be limited by
a lack of moisture.

2. Significant warming during winter months may lead to the spread of diseases,
pests, and heat-loving invasive species, potentially reducing crop productivity
and necessitating increased use of pesticides. This could negatively affect the
balance of soil organic matter and pose challenges for organic farming, which
avoids chemical plant protection products.
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Rising temperatures and slight changes in rainfall, amid a backdrop of increas-
ing aridity, will have several detrimental effects on soil organic matter balance,
particularly under conditions of insufficient moisture. These effects include:
a) Decrease in the bioproductivity of natural and agricultural landscapes due
to lack of moisture, as the climate has already become drier throughout
Ukraine.
b) Deterioration of the assimilation of mineral fertilizers by agricultural plants
and an increase in unproductive losses of nitrogen from mineral fertilizers,
due to the aforementioned lack of moisture [1][2].
¢) Theincreasein aridity will exacerbate forest growing conditions, contribute
to the loss of trees, and lead to the accumulation of deadwood in forest belts.
This will complicate reforestation efforts, necessitating increased attention
to agroforestry measures. Otherwise, the destruction of forest belts will
result in increased erosion processes, exacerbated effects of droughts and
frosts, yield losses, and a decrease in the content of organic carbon in the
soil.
The changing distribution of precipitation throughout the year is expected to
increase the unevenness of precipitation, with an increase in the number, du-
ration, and intensity of downpours against the backdrop of longer dry periods.
This will lead to intensified water erosion processes, deflation, and a further
decrease in soil organic matter content. Additionally, an increase in aridity and
a decrease in groundwater levels will lead to local improvements in soil and
vegetation conditions in some hydromorphic landscapes mainly in the Polissya
zone. Increasing bio productivity and a positive organic matter balance could be
expected as a result of the change of anaerobic conditions to aerobic ones and the
formation of more suitable conditions for vegetation growth and humification.
However, these improvements will be limited, because currently the area of
overwatered soils in Ukraine is just about 14% of arable soils (AgroPolit,com,
2019), and we haven't enough data for estimation of which part of them will be
improved. So, most likely it will not significantly affect overall trends.
The existing trends of climate change predict a progressive decrease in soil
organic carbon content in Ukraine due to increased soil degradation, decreased
fresh organic residue supply, and the corresponding predominance of organic
matter mineralization over humus formation. To achieve zero and positive hu-
mus balance (carbon sequestration by soils), it is necessary to take measures to
stop soil degradation and stimulate humus accumulation. Several studies have
highlighted the impact of climate change on soil moisture limitation and aridity,
emphasizing the critical role of soil moisture in land-atmosphere interactions
and its influence on ecosystems and society.
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The search results provide a comprehensive understanding of the relationship
between climate change and soil moisture-based terrestrial aridity, emphasiz-
ing the multifaceted characteristics of dryland aridity changes and the critical
role of soil moisture in land-atmosphere feedbacks. These findings support the
scientific basis for the projected increase in aridity and its implications for soil
and ecosystems.

The measures for Ukraine to address the impact of climate change on soil and

vegetation conditions include:

Removing degraded and ecologically vulnerable lands from arable land and
converting them to tinning and afforestation.

Conducting an inventory of degraded lands and establishing field-protective
forest plantations.

Implementing agrolandscape arrangement of erosion-hazardous lands with
anti-erosion measures to halt erosion processes.

Renewing the system of agroforestry plantations.

Minimizing tillage in a reasonable, technologically, and economically justified
manner.

Adhering to soil-protective crop rotations on erosion-prone lands, including the
recommended share of continuous sowing crops and perennial grasses.

Using chemical and physical soil reclamation.

Remediating disturbed soils.

Selecting varieties and hybrids adapted to new climatic conditions.

. Optimizing mineral nutrition and irrigation to prevent unproductive losses of

mineral fertilizers and moisture.

. Usingorganic fertilizers, including composts based on various organic materials.
. Growing energy crops on marginal lands and utilizing them as biofuels.
. Employing agrotechnical and hydraulic methods for snow and moisture retention

in the fields.

. Implementing ecologically sound afforestation and alkalinization to mitigate the

additional soil drying effect of forest ecosystems in arid conditions and promote
the accumulation of organic carbon in steppe ecosystems.

These measures are essential to counter the projected decrease in soil organic

carbon content and to promote soil health and sustainability in the face of climate
change. The cited sources provide insights into the climate change impacts on soil
moisture, aridity, and soil organic carbon content in Ukraine, emphasizing the need
for adaptive measures to mitigate these effects.
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CONCLUSIONS

The soil carbon sequestration capacity in mineral soils is limited. The upper limit
of possible carbon accumulation in natural soils is determined by a complex
of soil-forming factors. Such as landscape hydrothermal conditions, the plant
cover, or more widely biocenosis features, the properties of parent rocks, and
the influence of groundwater (hydromorphysme).

The soil carbon sequestration is a nonlinear process, with a gradual attenuation
of the rate of carbon accumulation as the soil approaches an equilibrium state.
Therefore, estimates of the rate of carbon sequestration per year can be valid only
for a limited time interval, and without considering it will lead to erroneously
inflated estimates of the sequestration potential.

That is why we consider that it is more correct to assess the sequestration po-
tential as the total mass of carbon that soils are capable of accumulating starting
from a given moment. The soil carbon sequestration potential is proposed to be
assessed by the difference between the potentially possible content of organic
carbon in the soil for specific landscape conditions and its content at the as-
sessment moment.

Potential ability of black soils to accumulate organic carbon strongly depends
on physical clay content (DSTU 4362:2004). And it's crucial significant on a
regional level of estimation of carbon sequestration potential. However, at a
local level the most important factors that determined SOCseq value are erosion
processes and slope xeromorphism while a soil texture is not so influent.

To calculate the potential content of organic carbon in soils, we used an empir-
ical model of the dependence of SOC content in chernozems on soil formation
conditions, which were characterized using our proposed xeromorphism coef-
ficient Kk.

Soil erosion changes the potential soil carbon capacity, increasing the soil
sequestration potential, but its realization requires the implementation of SSM
practices to prevent soil erosion and soil recarbonization. According to our es-
timates (Achasova et al., 2022), the carbon sequestration potential of Ukrainian
chernozems varies from 12 to 60 t/ha. These data are consistent with assessment
by (Lal, 2021), who indicates that SOC sequestration with improved management
of degraded chernozems could be 0.7-1.5 MgC/ha/year.

Non-eroded soils on slopes, due to increased xeromorphism, usually have a
reduced sequestration potential compared to flatland soils. Ignoring soil erosion
and slope xeromorphism factors in SOCseq assessment can lead to errors in
estimates of sequestration potential at the level about of + 50%. For instance,
in this research is shown that for area 40 ha deviation of the SOCseq from the
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weighted average value ranges from -44% for the least eroded areas to +54%
for the most eroded ones.

To achieve carbon neutrality of the economy, it is necessary to focus efforts on
the reproduction of humus content in the soils of agricultural lands. Dehumified
over the long history of agricultural use, Ukraine's soil can now be a huge
reservoir for sequestration of organic carbon. According to rough estimates,

Ukraine's arable land alone is potentially capable of absorbing 757.7 Mt of
carbon or 2.78 Gt CO,e.
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ABSTRACT

The mathematical problem addressed in this study concerns the formation of sub-
surface and surface runoff during storm precipitation in a low-slope area featuring
both undeformed and surface-deformed soils. Approximate relationships governing
the water accumulation on the surface of these soils and the movement of the satura-
tion front were derived. Additionally, the timeframe for infiltration and groundwater
closure, as well as the dissipation of the surface layer following the cessation of
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precipitation, was determined. Utilizing generalized initial data for fine soils along
with a two-layer soil configuration at the experimental site, the accuracy of the de-
rived relationships was evaluated. This study delves into the process of soil wetting
during the formation of a low-permeability interlayer on the surface, resulting from
compaction and swelling. A detailed analysis was provided for the comparison of
subsurface runoff under conditions of varying degrees of deformation, both with
and without surface deformation.

BACKGROUND

Modern climate change has had a significant impact on agricultural produc-
tion. This leads to a deficit in water supply, which is the main limiting factor for
the sustainable functioning of agriculture. New conditions for growing crops are
being formed, which manifest as an increase in soil moisture deficit and a decrease
in groundwater reserves. Changes in the technological maps of crop cultivation by
modern agricultural enterprises are occurring, and the fraction of hydrophilic crops
in the structure of crop rotations is significantly increasing (Parry M.L. et al, 1990;
Romashchenko M.I. et al, 2020).

Precipitation is the main source of natural water in agricultural lands in the humid
zone of Ukraine. Modern fluctuations in annual precipitation occur, on average,
almost within the climatic norm, but the general trend is a significant redistribu-
tion of seasonal and monthly precipitation (Kyrychenko O. S., 2020; Buksha V. F.,
2009; Kuzmych L. et al, 2023). Simultaneously, with an insignificant change in
the amount of precipitation in general, the character and intensity of precipitation
in Ukraine changed significantly. The number of cases in which half or the entire
monthly norm of precipitation falls with a few hours has increased (Kyrychenko O.
S., 2020; Buksha V. F., 2009).

An increase in the likelihood of excessive precipitation is noted in the reports
of the Intergovernmental Panel on Climate Change (IPCC) and a special report on
adaptation to natural hazards, including excessive precipitation (Field C. B., 2012).

Despite a wide range of possible future changes in average precipitation, it is
predicted that extreme precipitation events in all seasons may become more intense,
leading to a 10-25% increase in the number of wettest days of the year, surface
runoff, and rain floods by the end of the century (Wilson L. et al, 2021; Coppola
E. et al, 2021; Gutiérrez J. M. et al, 2021).

In the context of increasing soil water deficits and decreasing groundwater
reserves due to climate change and the cultivation of moisture-loving crops, the
role of precipitation in agricultural production is growing significantly. In general,
the trends in the meteorological conditions during the vegetation season observed
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in recent decades include an increase in air temperature and uneven distribution,
changes in the character, intensity, and structure of precipitation, and an increase in
the number of cases of heavy rainfall, which are local in nature (O. G. Tatarchuk O.
G., 2019; Balabukh V.O., 2008; UkrGMI, 2013; Kuzmych L. et al, 2021, 2022a,b,
2023a,b). Asaresult,unproductive losses of rainwater have been increasing, hindering
sustainable agricultural production in the zone of sufficient atmospheric moisture,
which covers Polissya and the northern territories of the Forest-Steppe of Ukraine.
Therefore, their conservation and economic use are of great practical significance.

The purpose of the study is to model the formation and dynamics of subsurface
and surface runoff during storm precipitation in a low-slope area with undeformed
or surface-deformed soils.

Therefore, the accumulation, conservation, and further economic use of water
resources supplied by precipitation are of great practical importance. Mathematical
modeling methods can significantly contribute to the rational regulation of the water
conditions of agricultural land, taking into account heavy precipitation. Their appli-
cation in rainy periods makes it possible to identify the component of precipitation
that enters the soil, determine the time of closure of the infiltration water with the
groundwater, and the resulting rise in the water table (WT), that is, an increase in
moisture reserves within the aeration zone.

Research results

Extensive theoretical and experimental studies on the wetting of natural porous
structures have been conducted for several decades (Verigin N.N., 1977; Poliakov
V.L., 2008; Oleinik A.Ya., 1987; Polubarinova-Kochina P.Ya., 1977). Their main
results are discussed and developed in a monograph (Poliakov V.L., 2014). At the
same time, these studies are usually based on a simplified idea of the accumulation
capacity of unsaturated soils. This study focused on the role of groundwater and
moisture reserves in the aeration zone in soil saturation.

The dynamics of rainwater are considered separately and in detail when a low-
permeability interlayer (seal) with abnormal seepage properties forms on the soil
surface because of its local compaction and swelling. Depending on the intensity of
rain and the physical and mechanical properties of the soil cover, two characteristic
situations are possible. In the first case, light rain, incoherent structure, and dense
packing of soil particles guarantee the stability of the seepage characteristics. In the
second situation, heavy rain, cohesion of the structure, and loose packing precisely
contribute to the formation of a thin, more compact, and less permeable layer on
the day surface (Assouline S., 1989, 1997). The newly formed interlayer can not
only slow down the infiltration process but also change the characteristics of soil
wetting in general.
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Thus, the infiltration that previously occurred with lower precipitation may have
been replaced by wetting with incomplete saturation (percolation) in the case of
higher precipitation. Indeed, it is quite realistic that the permeability decreases so
sharply that the rate of water filtered through the porous seal may be less than the
saturated hydraulic conductivity of arable layer k.

The observed local transformation of soil in areas with a slope can lead to redis-
tribution of storm precipitation in favor of surface runoff. Considering the specificity
of the impact of storm precipitation on the soil water conditions in the humid zone
of Ukraine, theoretical studies of their inflow to the layered porous structure and
the downward movement of water under the influence of gravity on WT, as well
as its concomitant accumulation, were performed separately for the two situations
mentioned above.

The first situation was considered in accordance with a typical two-layer soil.
WT was steady in the subsoil layer at depth Z before the rain. Simultaneously, the
moisture profiles in the arable layer (0 > z > —mz)) and the unsaturated part of
the subsoil layer ( —m, > z > —Z) are described by known functions 6,(z) and
02(2), respectively. Here, the vertical coordinate axis was directed upward, and its
origin was located on the soil surface. The storm rain fell during the period [0, T ]
with an average intensity ¢, and ¢ > k. Consequently, a layer of water with a vari-
able height H(¢) is formed on the surface of the sloping area, which flows along it
with an average velocity g .

WETTING OF UNDEFORMED SOIL. THEORETICAL ASPECTS

The infiltration process was divided into several stages. In the first stage, a
saturation front is formed at + = 0 and moves from the day surface (z = 0) to the
boundary between the layers (0 > Z (f) > —m,). For this stage, the mathemat-
ical problem with respect to the unknowns H and Z  includes the equation of the
rainwater balance in the surface interlayer

== =e—q —k (1)

and arable layer

dz, H+Z,
W)z = k—5 2)

w

and the initial conditions
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t=02 =H=0. 3)

Here, j1 (Z ) s the saturation deficit function that characterizes the capacity avail-
able for rainwater in the unsaturated arable layer. In general, u is determined based
on the moisture distribution in the aeration zone before rain, that is, Gi(z), i = 1,2.
It is obvious that at WT (z = —ZO), 0 is equal to the total moisture capacity 6 and
with an increase in z to the maximum value (£ — Z), it monotonically decreases to
the minimum 9( Z,— Zw) Thus, under conditions of intensive soil wetting

uz,) =6,-02,-2). 4)

In general, the value of surface runoff (‘15) depends on many factors, and its
contribution to precipitation can vary widely. When analyzing in detail the water-
physical state of agricultural lands in the humid zone under modern conditions, it is
advisable to pay special attention to extreme situations when precipitation is mainly
spent on subsurface runoff or surface runoff. Significant difficulties occur in mod-
eling the surface water flow. Because of the extremely limited information on the
volume and characteristics of surface runoff formation, we have to limit ourselves
to rough estimates of g . As a first approximation, it is permissible to consider the
relationship between g and the precipitation intensity ¢, that is, formally set by the
function qs(e). Considering its obvious limit value ¢ (k;) = 0 and assuming the
linear nature of this dependence, etc.

qs(g) = a&'(g - kl)’

it is sufficient for the approximate calculation of g to specify the value of coef-
ficient a, that corresponds to the territory under consideration. The methodology
outlined above can then be applied to calculate both runoffs using a value of ¢ that
is easily measured. More reliable results could be obtained if the dependence of g
on H was established. A special (representative) section was distinguished in the
surface flow in both cases. The flow characteristics of this flow allow a descrip-
tion of the balance and dynamics of rainwater in the considered area with a slope
as a whole. For in-depth theoretical studies, it is necessary to consider the two-
dimensional character of changes in hydrological characteristics (in the longitudinal
and vertical directions). Here, considering the practical orientation of such studies
and the difficulties in obtaining reliable initial information, it is sufficient to limit
ourselves to a simplified approach based on hydraulic theory and the equations of
motion of a fluid with variable mass.
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To summarize the results of the theoretical studies, the basic dimensional model
(1)-(3) is reduced to a dimensionless model using the coefficient k and the thickness
of the arable layer m as scales. Then

H=tm,Z =72 E = %hq = % T=kym

and the specified model is simplified to the form

o =4, - Z = (5)
_ 4z H+Z

m(Z,) a -z ©)

F=0,7Z =H=0. %

_.d 7
w(z,)—7=e-q,-4 ®)

Integrating (8) with respect to (7), we find the expression for A

H(.Z) = (-q)—-F(Z,). ©)

Zu
where F| (Z ) =/ u,(§)dE. Thus, the original problem is reduced to a simpler

w

one with respect to Z 3,, namely, it includes the equations

z,

_ e_‘—cjvt_—Flzw
() -2y ~F(Z)

w

=1+

(10)

N

and the first condition (7). It is not possible to determine an exact solution to
this problem. However, using modern powerful computing tools, namely packages
of mathematical analysis programs for applied computing (Mathcad, MATLAB,
etc.), it is easy to obtain a numerical solution using various methods. Approximate
analytical solutions can be alternatives to numerical solutions. They allow for sim-
ple and highly accurate engineering calculations of the infiltration process and its
consequences.

110



Serqgiy

Gl G

ob

avrenko {
al Platiorm

avrenko.sng@gmail.com Downloaded: 10/4/2024

To solve a problem (7) and (10) approximately, we consider 7 (Z w) as the de-
sired function. After averaging 7 in the range of zero to Z , the following equation
is derived for the average current value of 7

_ Z. f uy(€)
- 1 1
i(Z) = Z—/Z /(é 7). (11)

Hence, the corresponding 7 can be easily determined by fitting to a given Z .
The corresponding relative time was then calculated for the given Z and 7

==

Similarly, the relative time required for the saturation front to reach a given rel-
ative depth Z  was calculated using a different approach. The first calculation step
was determined by fitting 7 from the equation

F(§)+6 de. (12)

A.

f2(£—q)t F(§)+§d§ (13)

In the second step, the corresponding time is determined using equation (12).
In fact, two approximate analytical solutions were obtained, which differ only in
the determination of the relative average time; according to the first solution, it is
calculated by equation (11), and according to the second solution, by equation (13).

Complete saturation of the arable layer was possible in the case of prolonged
precipitation. The corresponding relative time 7 is determined either numerically
based on (7) and (10) or analytically using (11)—(13), assuming Z .= L

Having analyzed the wetting of the arable layer, it is advisable to consider two
realistic scenarios of the infiltration process. The first scenario is realized if rain does
not stop at ¢ > ¢,. The new mathematical problem is also formulated with respect
to H and Z , but taking into account the second initial water-physical state of the
pore medium (H° > 0,Z° > O), its lower permeability (k, < k), and capacity (
#, < w,). Thus, this problem has the following dimensionless form

i _

_ H+Z
i = e_qs_kzzwwzz-l’ (14
_ . dZ H+7Z
m(Z,) G = b 5
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H:H(’:(E—qs)f -F ;Z =1, (16)

where k, = k4, u,(Z) = 0,,—0,(Z,—Z ). By analogy with the problem
(7), (10), we obtain after some transformations of the system (14), (15) the problem

with respect to
H(f’zw) = H° + (g - qs)(f - fl) - F2(Zw)’ (17)
Z,
where F,(Z ) = f ,(6)dé. Then the simplified problem will include the
1

equations

vd dzw — I Zw + H() + (E B qr)(f B fl) B FZ(ZW)
'uz(Zw)T - kz Zw_ng_l

(18)

and the second condition (16). The procedures for the numerical solution of the
problems, the first of which includes the first condition (7) and equation (10), and
the second procedure includes the second condition (16) and equation (18), are
identical. The approximate analytical solution has a parametric form, similar to (11)
and (12). Here, the parameter is also the average value of 7 , which is calculated by
fitting from the equation

o . §+k —1)
ta(Zw) = t Z —I/Z/§+HO+(€—(])[ ( )—t]—F(f) 5 (19)

Subsequently, the relative time for the saturation fronttoreachadepthof Z > 1
is proposed to be determined by the equation

f

_ ~ ”z(é)(é"'];z_ 1)
=h+/£ — dé. (20)

+H + & -q)(i,— 1) = F&)

IfT < t,thenthe soilis saturated according to the second scenario, and the only
source of water for it is the newly formed surface layer. The gradual decrease in the
H level and with it, the saturation front is described by the adjusted model (5)—(7).
The changes concern € (assumed to be 0) and the initial conditions, which are now

r I r w wr

where ZW is set according to (7), (10), or (11)-(13) when ¢ > 0. In this case,
the simplified problem with respect to Z includes the equation
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w(Z) e = 14 )2l (22)

zZ
where F, (Z wZ W) = _f “,ul(cf)dcf, and the second condition (21). The numerical
solution of problems (21)“and (22) are found in the standard manner. An approxi-
mate analytical and numerical solution involves the determination of parameter 7
from the equation

(23)
and secondly the time of the saturation front lowering in the absence of precipitation
(24)

Calculations of the dynamics of the infiltration water runoff at the moment of
contact with the groundwater . In both considered scenarios of the infiltration process,
this momentis formally established numerically or analytically based on the equation

(25)

Thus, to determine in equations (20) and (24), the upper limit of the integrals
should be considered equal to .

To reliably assess the effects of the infiltration process in non-flooded soil, it
is necessary to study the transient processes in the new aeration zone in detail.
Such an approach to calculating the water characteristics of agricultural land under
heavy precipitation is difficult for engineers because it requires the involvement
and solution of a nonlinear nonstationary moisture transfer model and its specific
information support. However, in practice, it is sufficient to limit integrated assess-
ments of water resources. Such an assessment can be carried out using data on the
total amount of precipitation that has entered the soil as well as on the equilibrium
moisture distribution under conditions favorable for evapotranspiration. If these
conditions are met, the moisture profiles covering the entire aeration zone are used:
in the arable layer (0), in the lower part of the root zone and, accordingly, in the
upper part of the subsurface layer (), in the lower part of the unsaturated subsoil
layer below the arable, that is, the aeration zone (), then the balance equation for
rainwater in the soil is

(26)
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allows to establish by fitting a new (after closure of infiltration water and
groundwater) position of WT. Note that equation (26) does not consider the differ-
ences between the water retention curves formed after prolonged drainage and soil
wetting. At the same time, such a consideration is not labor-intensive if relevant
information is available. Because the profiles adapted to the mark, it is possible
to form a general view of the moisture reserves in the aeration and root zones, as
well as their availability to crops.

CALCULATION OF EXAMPLES AND DISCUSSION
OF RESULTS (UNDEFORMED SOIL)

Quantitative analysis was performed on numerous examples to illustrate the re-
sults of the mathematical modeling of soil wetting and the formation of an unfiltered
water layer on its surface. The subject of the calculations was, first, the infiltration
process in the first stage, when it was initiated by rainwater from the surface layer
(the second stage with the formation of a drainage front, as well as the final stage of
infiltration before soil flooding, were not analyzed owing to the limited volume of
the chapter); second, the process of rainwater accumulation on the soil surface. In
both cases, their main relative water-physical characteristics were calculated, namely
the depths and as functions of time and . The sources of initial information were,
first of all, data from experimental studies at the research sites of the Institute of
Water Problems and Land Reclamation NAAS of Ukraine (Voropai H. et al, 2023),
as well as data on soil properties and water balance items generalized on a global and
regional scale. For greater generalization, only dimensionless characteristics were
determined while changing the relative arguments within a wide range. Attention
was paid to the saturation of the arable layer, which did not reduce the value of the
results. Indeed, and were determined when the soil was saturated below the arable
layer at a given depth. In addition, different (in the adopted classification for horizon
A, extreme, and one intermediate) variants of the particle size distribution of the
arable layer were considered (FAO-UNESCO, 1974; FAO, 2006).

In the preparatory stage, significant difficulties arose when choosing expressions
for the function of the saturation lack of the arable layer . In practice, its consid-
erable variability is due to various factors involved in the formation of the water
conditions of agricultural land, such as the depth of groundwater, evaporation, and
the water demand of soil biota. Considering the alternately variable direction of
water-physical processes, especially on reclaimed lands, the stochasticity of changes
in the characteristics being calculated, and their large amplitude, the equilibrium
state was chosen for the soils under consideration as a representative state. Indeed,
this water-physical state of the soil is central to the virtually unlimited set of states
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realized in practice. Therefore, to estimate soil water resources in such a situation,
it is justified to use water retention curves or, in other words, basic hydrophysical
characteristics (BHC) (Globus A.M., 1987, 2001). If the BHC is represented in the
general form , then the desired saturation deficiency is initially defined as , where
is selected depending on the wetting conditions. In this case, is the relative current
difference . The relationship between and was established based on the equilibrium
suction pressure profile . A similar procedure, which was used in relation to the data
on the BHC of the arable layer for the experimental site «Yarynche» (drained lands
of the «Melnytska» and «Bobrovka» reclamation systems, Volyn region), allowed
us to represent as the following linear function (corresponds to =1.2 m)

27

For the second series of examples, expressions for were used, which were de-
rived from generalized data on the BHC for the upper horizon (A) of layered soil
structures (FAO-UNESCO, 1974; FAO, 2006). Specifically, these data correspond
to the generally accepted approximation expression (Van Genuchten, 1980)

(28)

where is the residual moisture, the values of which, together with the values of
the hydraulic conductivity , are summarized in Table 1.

Table 1. Values of water-physical constants for horizon A (HYPRES database)

Particle size distribution of soil cm/day
Coarse dispersed 0.403 0.025 0.0383 1.377 60.0
Medium dispersed 0.439 0.01 0.0314 1.18 12.0
Finely dispersed 0.502 0.01 0.0367 1.101 24.8
Thus, the equation for corresponding to (28) is (29)

First, we analyzed the suitability of the two approximate analytical solutions
presented in this chapter for engineering calculations. In this case, possible errors
were evaluated for the example of the arable layer of the «Yarynche» experimental
site, where is according to (33), and at , which corresponds to =3.47 mm/min
taking into account 0.6 m/day. The corresponding graphs of the saturation front
lowering within the specified layer (=0.12) and the entire homogeneous aeration
zone (), calculated numerically and using equations (11)—(13), are shown in Figure
1. The deviation of the approximate values of (Il solution) from the reference values
(numerical calculation) was on average 0.4% at time and increased to 7.0% at time
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for the groundwater and infiltration water closure. When using the first analytical
solution, the similar error was 17.3%.

The series of calculations for the above-mentioned « Yarynche» site was continued
to determine the response of the main water-physical characteristics to a hypothet-
ical increase in effective precipitation = 1 (0.417 mm/min) to = 5. (Figure 2) and
(Figure 3) were determined at three fixed points in time corresponding to the initial,
intermediate, and final stages of saturation of the arable layer. In parallel with the
numerical calculations, the equations (12) and (13) were also used to further assess
the accuracy of the second analytical solution. The error increases with a decrease
in to a maximum of 5.9% at =1. The depths of the soil saturation zone and surface
water naturally increased over time, reaching situational maxima at = 5 and = 0.2
and amounted to 1.873 and 0.713 or 56.2 and 21.4 cm, respectively. If the moist-
ened soil is two-layered, the calculation period in the first stage should be limited
to time . Curve 1 in Figure 2 has practical meaning in the case of homogeneous soil
with the hydraulic conductivity = 0.6 m/day or, in extreme cases, when > 0.526
m. Otherwise, in the range 1 to has to be calculated using the same methodology,
but involving . The unphysical values of at lower values of are explained by the
imperfection of the mathematical model, which does not reflect the influence of the
capillary forces in the unsaturated zone on the saturation front. However, the errors
in the calculations caused by this simplification approach zero with the development
of the infiltration process and an increase in . The methods of model correction are
discussed in a monograph (Poliakov V.L., 2014).

Figure 1. Dependence (arable layer): 1 - approximate solution I; 2 - numerical
(reference); 3 - approximate Il

=
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Figure 2. Dependence : 1 - =0.2;2,3-=0.1;4-=0.05; 1, 2, 4 - numerical (ref-
erence),3 - analytical (12), (13)
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Figure 3. Dependence : 1 - =0.2; 2, 3-=0.1; 4 - =0.05; 1, 3, 4 - numerical; 2
- analytical

In the second series of examples, similar calculations were performed for the
three types of soils of horizon A, as described above. Significant differences in the
grain-size distribution of the selected soils (arable layer) naturally led to significant
differences in their hydrophysics and hydraulic conductivities. Initially, we calculated
the movement of the saturation front in the arable layer and the rise of the water
level on its surface at a single value of (5) and according to (29). The data on and
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obtained using the numerical methods are presented in Figures 4 and 5. In addition,
the dependences of and were determined for Soil 3 in parallel using the second
analytical solution. A comparison of the reference and approximate graphs indicated
the high accuracy of this analytical solution, regardless of the water-physical prop-
erties of the soil. The faster movement of the relative mark of the saturation front in
the case of low-permeability Soil 3 is due to the procedure of de-dimensioning the
initial model. For the same reason, the graphs in Figure 5 for different soils were
placed close to each other. They will differ significantly if we present an increase
in the dimensional depth in real-time.

Figure 4. Decrease in the saturation front in the arable layer over time: 1 - analyt-
ical; 2-4 - numerical; 1, 2 - soil 3; 3 - soil 2; 4 - soil 1

04 4 1 = - ! —
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Figure 5. Water level rise on the soil surface: 1, 3, 4 - numerical; 2 - analytical; 1
-soil 1; 2, 3 - soil 3; 4 - soil 2
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However, to compare the infiltration processes in soils with significantly different
water-physical properties, it is necessary to partially return to dimensional variables
and parameters. To establish the specific dependencies of on , two representative
time points (15 and 30 min) and a base value of = 1 mmv/day = 0.417 mm/min
were chosen. Because the mathematical model and calculation equations use only
dimensionless quantities and and serve as scales, and had to be recalculated at each
calculation step. For example, the reference values of were 2.085 and 4.17x10 for
Soil 1, and continuously varied 2.398 to 11.99. Similar conversion calculations were
performed for Soil 2 and 3. The final results for ( is invariant) are shown in Figure
6. It is logical that because of the accelerated movement of the saturation front, the
more permeable arable layer is saturated faster, and as a result, the accumulation of
water on the soil surface slows down accordingly.
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Figure 6. Dependence : 1-3 - = 30 min; 4-6 - = 15 min; 1,4 - soil 1; 2, 5 - soil
2;3,6-s50il 3

WETTING OF DEFORMED SOIL. THEORETICAL ASPECTS

While soils are easily deformed by mechanical impact and are capable of firmly
fixing water, heavy rain often causes the formation of a weakly permeable surface
interlayer with a thickness of and a hydraulic conductivity . This often turns out in
situations where the velocity of water filtered through it is less than and is often
significantly lower. Consequently, the arable layer must be wetted for some time
owing to its incomplete saturation. This affects the modeling of soil wetting by
precipitation in two ways. First, if we neglect the usually insignificant influence of
capillary forces on the infiltration in the interlayer from the undeformed arable layer,
the initial mathematical model will be formed by the equations of groundwater flow
in the interlayer and the water balance on the soil surface.

(30)
€Y
and the nonuniform initial condition generalizing (7)

(32)
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and the boundary conditions
(33)

Here, is the piezometric head in the interlayer, is the seepage velocity, and is the
correction owing to the suction of water by the capillary forces from the interlayer
into the undeformed unsaturated soil.

It should be noted that the water level was due to the accumulation of part of
the precipitation on the day surface during the saturation of the interlayer. Consid-
ering the small value of , this level should be significantly lower than the current
values during the calculation period. Nevertheless, is formally considered but is
not further specified.

The solution to the problem in (30) and (33) is as follows:

(34)

The degree of soil deformation under the influence of intense rain should de-
crease rapidly with depth, and hydraulic conductivity should increase accordingly.
However, obtaining information on the distribution of over the interlayer height is
extremely problematic. Therefore, we must use the effective (constant) coefficient
in our theoretical studies. In this case, (34) is simplified as

(35
The rate of infiltration increased over time according to the following equation:
(36)

Because of the relatively low permeability of the interlayer (), the soil is only
soaked for a long time, so that the moisture content near its surface increases but
does not reach the total moisture capacity. At the first and often only stage of wet-
ting, the influence of soil hydrophysical properties on its rate is insignificant and
is reflected in the original problem through the relatively small parameter . As the
surface water level rises, the rate increases according to (36) (), and with prolonged
intense precipitation, time may occur when it equals . From this point onward, the
infiltration process begins with the formation of a saturation front that limits the
expanding saturation zone (Poliakov V.L., 2008, 2014). The level reaches the mark
at specified moment and

(37
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To determine the time , you need to know .
The solution to the problem (28), (29) is given in two convenient forms for
calculations, namely

(38)
(39)

As water accumulated on the soil surface, the seepage velocity at the outlet of the
interlayer and, accordingly, the moisture at the upper boundary of the undeformed
arable layer increased. With prolonged precipitation, the level of can rise to a point
at which the seepage velocity is equal to and the moisture reaches a maximum value
of . The corresponding relative time is calculated using the following equation:&)

From this point onward, the soil is already fully saturated, and the saturation
front begins to move down the arable layer.

An important practical implication of the solution described above is the estab-
lishment of the total volume of water that has entered the soil from the surface of
a unit area during the precipitation period , replenishing the reserves of productive
moisture , as well as the volume initially lost to crops due to surface runoff into
natural catchments. However, such losses may be temporary if surface runoff can
be at least partially accumulated and used for irrigation purposes during the dry
season. In general, the value of is determined as follows:

(41)

Equation (41) was transformed by considering

In the considered special case, the integral in (41) is calculated and then

(42)

where is determined based on (39) at .
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CALCULATION OF EXAMPLES AND DISCUSSION
OF RESULTS (DEFORMED SOIL)

The methodology developed in this section for calculating the wetting of surface-
deformed soil as a result of storm rainfall is illustrated using a number of test ex-
amples. Particular attention was paid to the role of the newly formed interlayer in
the distribution between subsurface and surface runoff. Therefore, the subject of
the quantitative analysis was mainly the ratio, which characterizes the proportion
of precipitation to groundwater recharge. This relative value was determined in the
dynamics and depended on the relative seepage parameters of the interlayer and
the rain intensity. In several examples, a rise in the water level on the soil surface
has been observed. Given the considerable difficulties in obtaining reliable detailed
information on surface runoff, the area with the soil in question was considered flat,
so that ¢g_= 0. Finally, the influence of capillary forces on the inflow of moisture
into the unsaturated soil was assumed to be insignificant (= 0). The calculations of
the relative variables , in time were strictly limited to a maximum relative value of
0.07, which, with = 1m/day, = 0.3 m, corresponds to a real time of 30 min. Simul-
taneously, an additional restriction was imposed on them because the deformed soil
wetting was analyzed only with its incomplete saturation. Therefore, the calculations
were interrupted in most cases when the level reached the value .

It should be noted that the developed methodology allows us to accurately assess
the effect of surface deformations on the development of the seepage process (in a
broad sense) at the first stage formally and adequately, given reliable initial infor-
mation. This stage is characterized by soil wetting owing to the low permeability of
the swelling compacted layer and, as a result, the inflow of water from the outside.
In the second stage, the soil was intensively moistened because of the retention of a
large volume of water on its surface. From a physical point of view, the fundamen-
tal difference between infiltration and percolation is the significant impact of soil
seepage properties on soil wetting, which occurs only in the first case. Theoretical
studies on infiltration in the second stage will continue this work logically.

On flat terrain, the water retained due to the low permeability of the interlayer
gradually and completely (except for the evaporated water) enters the soil after the
rain stops. The time for the surface water to fully enter the soil depends significantly
on the parameters of the interlayer , and the corresponding maximum water level
that is reached at time . Various situations are possible here, which deserve separate
consideration. For example, with prolonged heavy precipitation and significantinitial
soil moisture, it is possible that the soil may be flooded. If there was infiltration
at the end of the rain, then as level decreased, there would be a time , when it was
replaced by percolation.
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First, the current values of were determined sequentially using equation (39)
and using the equation derived from (36),

(43)

where, for four examples with typical initial data. In the firstexample, = 3,=0.05,
= 0.005. In the other examples, these parameters were changed alternately, namely,
=0.001 (Example 2), = 6 (Example 3), =0.01 (Example 4). The rain continued with
a corresponding constant intensity until the above-mentioned moment (0.07). The
data obtained in this manner for are presented in Figure 7, and for - in Figure 8. The
final values of the transient time in the set of current calculations were determined
based on the values of according to (19) using (20) and differed significantly in
the examples. The maximum values of the ratio was equal to (0.3333 and 0.1667,
respectively). Naturally, soil wetting with incomplete saturation was replaced by
infiltration much faster, with a five-fold decrease in interlayer thickness (Example
2). The corresponding value of was an order of magnitude less than the duration
of the rain and corresponded to a small value of (0.019), which was approximately
equal to 5.7 mm. Under such conditions, the pore space within the zone limited by
the saturation front from below will be completely filled with water (excluding the
small part with trapped air) for almost the entire duration of rain.

The saturation zone expands over time, and the speed of movement of this front
depends on the initial moisture content of the unsaturated zone, its permeability,
and the depth of the water on the surface. A detailed calculation in the presence
of a swelling interlayer in the infiltration process, which changes the percolation,
should be carried out in the future. The percolation process lasts significantly lon-
ger when the intensity of precipitation is doubled (Example 3). In this case, full
saturation of the soil at the boundary with the interlayer was observed after 0.017 at
the level of = 0.095 (approximately 2.85 cm). In the baseline case, the second stage
began long before the rain stopped, and the depth of the retained water increased
five times compared to Case 2 by time . The greatest impact on the dynamics of
both characteristics was caused by a similar deterioration in the permeability of the
interlayer. In this case, the increase in the hydraulic resistance of the interlayer and
the resulting slow percolation of water into the undeformed soil caused a relatively
low rate of moisture transfer (infiltration into the interlayer) at the end of the rain
(=0.4). Obviously, further water absorption, which deserves separate consideration,
will also take place for a long time and with partial filling of the pores. Figures 7
and 8 provide an initial understanding of the possible effects of surface deformation
on the water exchange between drained lands and the atmosphere.
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Figure 7. Rise of the relative water level on the soil surface over time: I - example
3; 2 - example 4; 3 - example 1; 4 - example 2
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Figure 8. Increase in the fraction of subsurface runoff over time: 1 - example 2; 2
- example 1; 3 - example 3; 4 - example 4
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The clearer idea of the importance of the interlayer for the atmospheric feeding
of flat agricultural land during heavy precipitation can be obtained by calculating
the ratio as a function of special arguments. In the second set of examples, the
relative parameters of the interlayer () and precipitation () varied continuously or
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discretely and within a wide range. The calculations were performed at a strictly
defined time point (0.07) until rain continued with a constant intensity . The arrays
of data obtained according to (43) are shown graphically. Thus, Figure 9, first of
all, illustrates the behavior of the desired ratio depending on , as an argument, as
well as , for which three characteristic values were taken. The value of was fixed (3)
so that the calculation of in this case was carried out up to the maximum value of
0.3333 allowed by the developed methodology. This corresponds to three different
(depending on ) values of . These characteristic values of separate the two intervals
by argument. If , then the soil is wetted with incomplete saturation at the selected
time; if , then the wetting will be fully saturated, and the new methodology cannot
be used yet. In general, it is natural that the portion of precipitation directly spent on
soil wetting increases with the increasing permeability of the interlayer and reducing
its thickness. Simultaneously, as increased, the wetting characteristics changed at
proportionally higher values of . In addition, Figure 9 shows a curve that describes
the dependence of height on and corresponds to all three values of .

Figure 9. Dependencies : 1 —;2-4—;2—;3—;4—
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Figure 10 is also indicative. It presents the data on and, simultaneously, on
at = 0.005 and the permissible change in precipitation intensity from moderate
to extremely high values (approximately 0.7 to 5.0 mm/min). The graphs of and
versus differ for a fixed value of . It should be noted that the increase in the volume
of water retained as a result of strong surface deformation of the soil () was similar
to the increase in . In this case, a prolonged heavy rain can lead to severe environ-
mental consequences owing to the formation of a surface water layer of considerable
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height. Obviously, such situations, given their exceptionality, are interesting only
from a methodological perspective. The stability of the ratio as a function of only
means that increases synchronously with . Here, by analogy with , it is advisable
to distinguish a characteristic value of , which depends on and divides the range
of possible values of into two intervals. In the case of , the above methodology is
justified to be used only up to a time point of 0.07 when and longer () when . If ,
then the corresponding value of is less than 0.07 and the infiltration process begins
before the end of rain.

Figure 10. Dependencies : 1-3 —; 2-4 —

In the following series of examples, attention was focused on the relative transient
time , as it strictly limits the time ( — by level) and area of correct application of the
calculation methodology for soil wetting. The calculation curves in Figure 11 are
limited by the value of = 0.07. This is the duration of the precipitation. Therefore,
these curves reflect a variety of time values at which soil soaking was replaced by
infiltration before the end of rainfall. In such cases, the methodology developed
above for calculating the wetting of surface-deformed soil is correct only up to the
moment . In addition, when the new technique is used to calculate infiltration from
the surface layer of water through a low-permeability interlayer, it will be possible
to analyze its natural wetting in the first and second stages consistently over the
entire possible range of water-physical states, from the overdried to flooded state.
The time was determined based on . The value (3) was previously fixed, and the
largest and smallest values of differed by an order of magnitude. In general, the
time of transition from partial saturation of the arable layer with rainwater to full
saturation demonstrates a high sensitivity to key model parameters. Indeed, an in-
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crease in , , and a decrease in by an order of magnitude resulted in approximately
the same reduction in .

Figure 11. Dependence : 1 —; 2 —; 3 —
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In accordance with the main goal of this study, Figure 12 can be considered as
a summarized figure. It shows curves on a semilogarithmic scale that reflect the
reduction in the maximum volume of rainwater by the time precipitation ends ()
due to its delay on the soil surface caused by the low-permeability interlayer. The
subject of the calculations was the lack of atmospheric soil feeding , namely, the
ratio of to its potential value , which characterizes the feeding in the absence of
surface deformations.
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The desired value was considered as a function of the relative coefficient , which
varied by two orders of magnitude. The value of was assumed to be three, which
is not important for the estimations being conducted. Two characteristic values of
were selected. In the case of flat terrain, surface deformations only slow down the
flow of water into the soil, but over time, the water temporarily accumulated on the
soil surface replenishes the groundwater reserves. The situation can change dramat-
ically if a territory has a noticeable slope. In this case, it is likely that a significant
portion of the retained precipitation flows down the slope to lower areas. As aresult,
the elevated areas will absorb a minimal amount, whereas the lower areas will be
waterlogged or even flooded. In such cases, special measures should be taken to
locally drain the area. If there are natural reservoirs, part of the precipitation will
be irretrievably lost. Therefore, when regulating the water conditions in agricultural
land with a slope, it is crucial to establish the proportion of precipitation spent on
surface runoff. The value of ) can be taken as the base value () for comparison in the
absence of surface deformation. For a given , , the value of is approximately 0.14.
Obviously, the accumulation of water on the surface will increase infiltration, and
the saturation front lowering, in contrast, will decrease infiltration. These factors
partially compensate for each other, justifying the choice of this value for .
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THE DIRECTION OF FUTURE RESEARCH

In future research endeavors, there is a plan to delve deeper into theoretical
studies that will account for the two-dimensional nature of changes in hydrological
characteristics, considering both longitudinal and vertical directions as well as the
variable nature of surface runoff rates. This approach aims to provide a more ac-
curate determination of the proportion of precipitation contributing to subsurface
and surface runoff.

Furthermore, future studies should address the differences between the water
retention curves formed after prolonged soil drainage and wetting. Strict expressions
for these moisture distribution functions will be presented in a subsequent article,
focusing on optimizing the soil water conditions in humid zones.

This study primarily focused on the infiltration process, particularly in the pres-
ence of a swelling compacted interlayer, during the initial stage initiated by rainwater
from the surface water layer. Future research will entail detailed calculations of the
subsequent stages, including the formation of a drainage front and the final stage
of infiltration before soil flooding.

Moreover, the methodology developed for calculating the wetting of surface-
deformed soil will be expanded to include the calculation of infiltration from the
surface layer of water through a low-permeability interlayer in the subsequent stages.
This expansion will enable the analysis of natural wetting across the entire spectrum
of water-physical states.

CONCLUSIONS

1. A comprehensive theoretical analysis was conducted on the infiltration process
initiated by storm precipitation, particularly on sloping terrain, where significant
volumes of rainwater accumulate as a surface water layer, resulting in stable
surface runoff.

2. This research employed analytical and numerical methods based on mathemat-
ical models describing the dynamics of precipitation, distinguishing between
their effective parts (excluding surface runoff) in both undeformed and surface-
deformed soils; the latter involves the formation of alow-permeability interlayer.

3. The numerical solution was augmented using approximate analytical solutions,
which are more suitable for engineering applications, obtained by averaging the
dependent or independent variables. Both analytical solutions demonstrated
sufficient accuracy in calculating arable layer saturation, with one particu-
larly accurate when calculated in full until the infiltration water reached the
groundwater.
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Through numerous calculations, patterns of effective precipitation distribution
between the soil and the surface water layer were identified, supported by real
(experimental site) and generalized (HYPRES database) data on soil hydrophys-
ics and meteorological factors. The lack of saturation in the absence of actual
moisture profiles is proposed to be formalized based on water retention curves
(BHC), with corresponding recommended expressions.

This study investigated the influence of the thickness and permeability of layers
formed due to soil compaction and flooding on surface dynamics during intense
precipitation, illustrating the likelihood of significant redistribution of effective
precipitation towards the accumulating component using an experimental site
as an example.

A generalized approach was proposed to establish a new stable water-physical
state of the soil, including the stable position of the water table and equilibrium
moisture distribution in the aeration zone, following the conclusion of prolonged
heavy rain.

Although the mathematical framework used in this study ensures the reliability
of both numerical and analytical calculations, it is acknowledged that the calcu-
lated scenario may not fully reflect reality, primarily because of the simplified
consideration of surface runoff as a stable component of precipitation. Therefore,
future theoretical research plans should account for its initial uncertainty and
variable nature based on the amount of accumulated rainwater on the soil surface
and terrain slope.
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ABSTRACT

This chapter presents opportunities to use vegetative plants or their residues on the
soil surface as a primary main indicator that restrains the development of erosion
processes. Technological measures of soil cultivation that create different levels of
erosion control efficiency presented, directly affecting the presence of post-harvest
residues on the surface and indirectly the conditions of growth and development of
crops in the conditions of unstable and insufficient moistening of Left Bank Forest
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Steppe, which is especially pronounced in the spring period. The methods and types
of soil cultivation to strengthen this indicator by preserving the post-harvest residues
of the previous crop for a certain period of time are considered. The compensating
ways for an inevitable weakening of plant development and a decrease in their
vield against the background of minimal tillage are presented to solve a problem of
the same values of erosion resistance in agrocenosis with different tillage options
during the growing season of crops in the rotation.

BACKGROUND

The main task facing modern land users is to preserve soil cover properties used
or affected by agricultural production (Kopittke P. M. et al., 2019; Kuzmych et al.,
2022, 2023; Yakymchuk et al., 2022). In general, such a direction is called sustained
or sustainable agriculture (CTIC, 1998; Smart Farming..., 2019). The preservation
of soil cover is the main security challenge for civilization. It is estimated that ag-
ricultural activities on land provide 99.7% of the human food supply on a global
scale (Pimentel D., 2006).

The concept of sustainable agriculture is aimed at preserving soil fertility. Among
the factors that negatively affect fertility in a number of regions of the world, the
leading role belongs to water erosion. So, in particular, in Ukraine, up to 40% of
arable land (13 million ha) needs additional protection from it (Kutsenko M. V., Tim-
chenko D. O.,2016). To mitigate the impact of this factor, a number of measures are
being taken, including both amelioration and agrotechnical components. Of course,
a complete list of such measures is used in basic models of erosion processes, such
as USLE (Wischmeier W. H., Smith D. D., 1978). Their values at the local territorial
level (field - a group of fields) can be regulated by the land users themselves - the
length of the slopes, agrotechnical factors that determine the roughness of the soil
surface and its vegetation cover (Castrignano A. et al., 2020).

Adequate assessment of the values of such factors is the correctness basis of the
mathematical modeling results, which in turn is the basis for making management
decisions in modern agriculture. Such solutions include both the management of
the configuration of the working plots and, most importantly, in the management
of the structure of the sown areas and agrotechnical measures. This changes both
the nutrient regime of soils (Haruna S. 1., Nkongolo N. V., 2020) and their ability
to resist the effects of water flows and raindrops (Malézieux E. et all., 2009; Wal-
lander S. et al., 2021).

In recent years, the problem of conducting a more accurate and more targeted
system of anti-erosion measures has been determined both by the requirements of
precision farming technologies and by the action of the global climate change pro-
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cess. The most accessible for carrying out such measures are agrotechnical, which
include the protective effect of two subfactors: plant residues on the soil surface and
cultivated vegetation. Such an impact, which is estimated using tabular data, also
puts forward requirements for the accuracy of its determination. The introduction
of new technologies in agriculture creates new combinations of the influence of
each of the subfactors in space and time. This requires conducting regional studies
to clarify them.

According to Czech researchers, the distribution of the R factor value varies with
a minimum in April and October and a maximum in June (Janecek M. et al., 2012).
Optimum use of vegetation cover positively involves such properties of the soil as
its structure, soil erosion resistance, humidity, moisture capacity and saturation of
surface runoff (Choden T., Ghaley B. B., 2021). That is why it is considered that
an effective management system of plant residues should be implemented both
for erosion-prone lands and in areas affected by drought (Smil V., 1999). Often,
overestimation of the value of C-factor leads to significant changes in potential soil
losses, especially in ultra-detailed modeling of erosion processes (Prasuhn V. et al.,
2013). Climate changes cause changes in the time ranges of C factor values, often
narrowing them (Auerswald K. et al., 2021). Such changes caused not only the re-
distribution of erosively dangerous precipitation during the year, but also extended
the terms of application of anti-erosion measures, including the protective role of
vegetation (Auerswald K., Menzel A., 2021).

Protection of the soil surface from the action of heavy rainfall is one of the
main goals of creating a management system for plant residues and vegetation
cover (Basic F., 2004). This system is two-component - the calculations involve the
residues accumulated during the past seasons and the potential vegetation coverage
of vegetative plants. Sometimes postharvest crops are included in the calculations
(Gholami L. et al., 2013). In addition, crop residues are intended to play an indirect
role in reducing soil losses, positively influencing the formation of its anti-erosion
properties (Valenzuela H., 2020). Thus, infiltration increases significantly when the
surface is covered with mulch, especially during high-intensity rainfall (Huffman
R. L. etal., 2013). It is believed that the layer of mulch significantly reduces evap-
oration, the level of which increases under the influence of global climate change
(Eekhout J. P. C. et al., 2018).

In Ukraine, values averaged across calendar months are used to calculate the pro-
tective effect of vegetation cover (Morgun F. T. etal., 1988). These values correspond
to the values of factor C of the USLE model and its modifications. The calculation
of the values of the agrotechnical factor P were provided for in the already canceled
standard GOST 17.4.4.03:1986 (Okhrana prirody, 1986). It should be noted that the
set of values given here is quite limited. More general works covering the entire post-
Soviet territory are known (Zharkova Y. G., 1987). In addition, as a result of global
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climate changes, the introduction of a number of new agricultural technologies is
noted, the impact of which on the value of the mentioned factors is not foreseen by
the existing regulatory documents. Thus, the sowing dates of spring grain crops and
corn in some regions have shifted by 1-3 weeks, which requires certain adjustments
(Olesen J. E. et al., 2012). That is why specialized scientific institutions of the state
conduct research taking into account the influence of modern technologies on the
value of agrotechnical factors (Ulko Ye. M., 2021). Similar problems arise when
using the C factor for the evaluation of the remote sensing results for vegetation. One
of the ways to overcome the problem is the need to conduct research on a regional
scale (Alexandridis T. K. et al., 2013).

The purpose of such works is to characterize the influence of certain technolo-
gies on the anti-erosion properties of the projective vegetation cover of land sites
on the example of experimental fields in the Left Bank forest-steppe of Ukraine. In
this case the impact of different types of main tillage on the characteristics of the
protective effect of mulch and vegetation should be analyzed. Their total protective
effect during the year have to be calculated.

Calculating the anti-erosion properties of plants and agrotechnical measures is
carried out within the framework of the regulation of mathematical erosion models.
Both average annual values and those associated with certain periods of the agri-
cultural season are used. Obviously, such values should be maximally adequate to
the real state. The need for research in this direction is also related to the uneven
distribution of rainfall intensity depending on the season.

The purpose of research is the characterization of the influence of certain tech-
nological operations on the anti-erosion properties of the vegetation cover of land
sites on the example of experimental fields in the Left Bank forest-steppe of Ukraine.

SOIL TILLAGE METHODS AND PROTECTIVE
ROLE OF VEGETATION COVER

In order to achieve this goal and considering the rather large number of methods
for calculation of the soil protective vegetation efficiency, we selected the method

included in the Universal Soil Loss Equation (USLE):
Mathematic structure of USLE method can be written as follows:

A= RKLSCP,
where A — soil erosion rates (ton/ha yr.),

R - rainfall and/or runoff erosivity factor (mm/ha h yr.),
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K — soil erodibility factor (t ha h/ha mm),

LS — topographic factor combined of slope length and slope gradient-slope
steepness,

C - cropping management factor,

P —soil conservation practices factor (Wischmeier W. H., Smith D. D., 1978).

According to this guide to conservation planning, we consider the factor of
anti-erosion effect of vegetation cover (sub-factor of factor C) as a combination of
the protective effect of actually growing cultivated crops and plant residues of past
harvests located on the surface of the soil. The use of C-factor indicates how the
conservation schemes will affect the average annual soil erosion loss and how that
soil-loss potential can be transformed in time during agrotechnical activities, crops
vegetation cover or other management technics.

The calculations were based on the USLE methodology, which involves the use
of nomograms. Projective cover means the value of the indicator of the relative area
of the crops projection or their remains on the surface of the soil. Projective cover-
age was determined using the photographic grid method (Laflen J. M. et al., 1978).

The value of projective soil cover with post-harvest residues was determined
by the method of intersecting lines (Shelton D. P., 1998). The protective effect of
vegetation is best manifested when the majority of the biomass is in the 0-100 cm
layer. It decreases with higher plant heights (Khan M. J. et al., 1988).

There have been attempts to estimate the degree of projective cover of mulch
based on its quantitative data (Yan Xin et al., 2023). For example, American re-
searchers believe that when the value of 4.5 tons of straw per 1 ha is reached, the
protective effect of mulch becomes maximal (Khan M. J. et al., 1988). It should
also be noted that exact values of the influence of the C factor are necessary when
calibrating erosion models (Jetten V. et al., 2003).The research sites are located
in the Left Bank Forest-Steppe zone of Ukraine (1 —49.9000 N, 36.4572 E and
2 -49.6744 N, 32.7465 E). The sites are located on the flat part of the watershed
plateau, the steepness of the slope does not exceed 1%. The first section is the main
one, multi-year field experiments are laid here, the second section is a production
experiment of the first year of the rotation. On the territory of site 1, a 5-field crop
rotation with such crops has been introduced: 1 —fallow; 2 — winter cereals (wheat);
3 — corn for grain; 4 — winter cereals (rye); 5 - sunflower.

Soil cover is typical chernozem. The thickness of the humus layer is about 80 cm.
The content of organic carbon in the processed layer is up to 3%. The territory has
been cultivated for more than 100 years. The climatic characteristics of the warm
period of the year, as the most erosion-prone, for the territory of site 1 is presented
in Figure 1 (average for 8 years).
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Figure 1. Values of average temperature and monthly rate of precipitation on ex-
perimental site 1
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The research area is characterized by significant values of the monthly rate of
precipitation, especially in the period of May - September, when it often falls in
the form of heavy rains, especially in the first part of it. This fact necessitates the
implementation of erosion control measures during this time period. In the same
period, the greatest damage from the influence of strong winds is also noted.

The peculiarities of the climatic conditions of the research area determine the
obtaining of one harvest per year. Sometimes stubble or post-cut sowing is used.
The main (deep) cultivation of the soil is carried out mainly in the autumn period.
Soil cultivation is carried out in the period from the third decade of March to the
second decade of November. It is believed that the main factors affecting the pa-
rameters and configuration of the surface layer of crop residues are agrotechnical
tillage (Bechmann M. E., Boe F., 2021). We evaluated this parameter using the
example of site 1.

The nomenclature of soil cultivation methods included: 1 —moldboard plowing
at 20-27 cm; 2 — deep local loosening with a chisel plow PM-2.5 at 33-35 cm; 3 -
moldboardless tillage with PRN 31000 at 33-35 cm; 4 — disc tillage with DMT-4A
at 10-12 cm; 5 —entire tillage with PCh-2.5 at 20-27 cm. Figure 2 shows the results
of determining the degree of vegetation coverage during the growing season when
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carrying out the indicated methods of soil cultivation. In addition, early spring
harrowing and pre-sowing cultivation (8-10 cm depth) were carried out.

Figure 2. Projective coverage of the surface with crops residues under different
tillage methods
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As we can see, the soil surface after plowing is characterized by the lowest pro-
tection indicators (without taking into account the vegetation cover). Moldboardless
options show approximately the same values, the indicator is slightly lower against
the background of disking. After the first spring harrowing with tooth harrows, the
value of the coefficient of projective soil cover with residues decreased for all op-
tions by an average of 40-50%, with preservation of trends and differences between
tillage methods. Its value at the level of 15-25% (from the initial) was maintained
until the first continuous cultivation (on average, the end of April - beginning of
May), and gradually decreased until it disappeared at the end of summer for all
variants of the experiment.

The obtained result was confirmed by the observation carried out on the area of
site 2. A different set of tillage was adopted here: 1 — plowing, 2 — deep subsoiling,
3 — Salford vertical tillage, 4 — shallow disking, 5 —direct sowing. The options are
of various depths, the depth of cultivation decreases from 1 to 5 options from 27 cm
to 0 cm. The results of determining the vegetation coverage of crop residues (corn
for grain) and agricultural crops (corn in phase 40-44).
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Table 1. Dependence of the projective coverage on soil cultivation in the territory
of experimental site 2

Tillage type Surface coverage, %
Crop residues Vegetative crops
1. Plowing 3 40
2. Deep loosening 10 35
3. Vertical disking 15 35
4. Shallow disking 70 10
5. Direct sowing 90 5

From the data in Table 1, it can be concluded that the density of the plant residue
layer on the background of moldboard plowing as of the first decade of July decreases
to zero values. On options with moldboardless deep chiseling, it decreases to 10-
15%, practically correlating with the data of Figure 2. Shallow tillage also reduces
this indicator compared to its absence but keeps it significantly higher compared
to the deep options.

Atthe same time, the conditions created on deeper variants are more favorable for
the development and growth of corn plants. The vegetation coverage of vegetative
crops on them is 2 times higher than on shallow discing ones. The total protective
effect was calculated for the variants of the experiment (Figure 3).
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Figure 3. Height of corn plants and value of subfactor C for experimental site 2
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The results presented in Figure 3 indicate that a dense mulch cover provides a
sufficient level of subfactor C, despite a significant difference in the assessment of
the impact of vegetative crops. Thus, the value of the vegetation impact subfactor of
options 4 and 5 is approximately 3 times more effective than options 1-3. A similar
trend of the leading role of crop residues is described by many authors, including
the classic work of American specialists (Pimentel D., 2006, Abrantes J. R. C. B.
et al., 2018).

On the area of experimental site 2, the value of the protective effect of vegetation
in the dynamics of the fields occupied by grain maize, winter wheat and sunflower
was determined (Figures 4-7). The black fallow field is characterized by the values
of this subfactor similar to those shown in Figure 2. Soil tillage here included con-
tinuous cultivation of 8-10 cm every three weeks. This mode does not allow to form
a more or less significant volume of vegetative mass of plants. The winter rye field
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characteristics are similar to the values obtained in the winter wheat field. In the
figures, tillage options are shown in the order similar to the explanations in Figure 2.

Figure 4. The value of subfactor C in the maize field of experimental site 1
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For the entire observation period, the values of the subfactor for options 2-5 are
almost identical. Only the variant with moldboard plowing stands out, the value
of the subfactor here is on average 10% higher, it is most fixed in the first period
of crop vegetation, while at the end of it there is no fundamental difference. Local
maxima of this difference are observed in the phase of 3-5 leaves of the crop and
in the phase of full maturity.

The difference between the indicators of soil protection efficiency of the test
options on the winter wheat field is minimal, rising to significant data only in
option 1 (moldboard plowing) in the initial period of plant growth: seedlings - the
beginning of tillering (Figure 5).
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Figure 5. The value of subfactor C in the winter wheat field of experimental site 1
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In general, the graphs show the same trends of changes in the values of the sub-
factor in the field of winter cereals. The values of the studied indicator are the same
during the harvest period - the post-harvest period with a tendency to increase. It
should also be noted that the range of such values is substantially smaller compared
to other cultures. The highest values of subfactor C are characteristic of the variant
with plowing. In the field with sunflowers, the differentiation of values according
to the variants of the experiment is more pronounced (Figure 6).
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Figure 6. The value of subfactor C in the sunflower field of experimental site 1
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This difference is most pronounced in the first two months of crop vegetation,
minimizing on plowing. In the phase of the beginning of flowering of the crop
(end of June), the values of the subfactor are almost the same. Again, a significant
differentiation appears at the end of summer after drying of the crops before har-
vesting, which levels off by the end of the observation period. Minimum values are
characteristic for option 5 at the beginning of September.

In general, common to all plants is the increased differentiation of subfactor C
values in the sowing-seedling period, where it is determined mainly due to surface
residues. Figure 7 shows the dynamics of the values of the projective cover by veg-
etative plants. This graph is based on sunflower field measurements (options 1 and
5). The maximum value of the design coverage of vegetative plants is reached at
the end of the flowering phase, remaining practically unchanged until harvesting.
Currently, sunflower hybrids are in production with harvest dates from the end of
August to mid-October, which also requires adjustments.
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Figure 7. Dynamics of the vegetation coverage of sunflower (options 1 and 5)
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The trend shown in Figure 7 is characteristic of all crop rotations. During the
entire vegetation period, a higher level of vegetation coverage is observed for option
1 (moldboard plowing). The same result is observed on the example of experimental
site 2 (Figure 3), although there the difference between plowing and deep cultiva-
tion options is less pronounced, compared to shallow ones. Thus, the yield of the
ground mass of crops in the experimental area is inversely related to the amount
of mulch, i.e. It causes the growth and development of plants. Similar conclusions
were reached by an international group of experts, who stated that, in conditions
of a moderate climate, the negative impact of the level of projective mulching on
the nitrogen and temperature regimes of the soil, especially when using the no-till
technology, under drought conditions, it is observed “interception” of insignificant
precipitation (Turmel M.-S.et al., 2015). However, unequivocal conclusions cannot
be drawn here, as American researchers have shown that these processes depend
not only on the type of cultivation, but also on the species composition of the mulch
itself (Hunter M. C. et al., 2019; Abrantes J. R. C. B., 2018). The fluctuation and
range of the calculated values of the C-factor are close to those shown by German
researchers on the example of Central China (Schonbrodt S. et al., 2010). The most
interesting, in our opinion, is the situation that has developed with the recently
widespread practice in Ukraine, when sunflowers are sown repeatedly, and the
mulch is represented by chopped stems of this crop.
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On the contrary, Iranian researchers, in arid climate conditions, showed a positive
effect of the projective cover on the corn yield both with traditional technologies
and with the use of no-till (Mirzaei M. et al., 2021). It is obvious that the moisture-
retaining role of mulch under these conditions is dominant, compared to the negative
processes caused by it. This determines the need for studies of the impact of mulch
on various factors of plant life, conducting them in different climatic conditions
(Al-Kaisi M., Lowery B., 2017).

In our work, we did not differentiate the level of plots productivity, like Amer-
ican researchers did (Wischmeier W. H. and Smith D. D., 1978). In their opinion,
the difference of subfactor C values significantly (more than 20%) depends on this
level, with better erosion-prone properties inherent in areas with higher indicators
of plant productivity.

Based on the graphs in Figures 3-6, itis possible to conclude about the possibility
of making corrections to the values of the coefficients of the protective effect of
vegetation (such as factor C of the USLE model).

Such corrections are more relevant in the initial period of spring crops vegetation
(March - May), or the SB period (Soil erosion, 1984). Thus, in the sunflower field, the
total protective effect against the background of option 5 is 22% more pronounced,
decreasing to a difference of 11% during the first three months.

In general, during the growing season, the total value of subfactor C for options
2-5 did not differ significantly. This corresponds to the trends described by American
experts on the example of a site in Nebraska: the ratio of soil loss between different
tillage options shown by them corresponds to the ratio of the projective cover with
harvest residues that we obtained, indicated in Table 1 (Dickey E. C. et al. 1981).

The difference between the values of subfactor C at the end and at the beginning
of the growing season is significant for the various studied crops. This confirms
the opinion that the sequence of crop alternations over time is also of significant
importance (Auerswald K. et al., 2021).

The C- factor is considered as the main indicator for the process of soil erosion
protection. The wide range of types of soil treatment, including new ones, is due to
the availability of reliable information for effective work in the field of soil protec-
tion. Particularly valuable is the two-factor nature of the C - factor, which provides
greater possibilities when combining other subfactors.

CONCLUSIONS

1. The primary factor that restrains the development of erosion processes is the
presence of vegetative plants or their residues on the soil surface. The duration
of the period and the degree of plant development determine the value of the
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surface roughness and the buffering capacity to counteract the destructive force
of water. Technological measures of soil cultivation create different levels of
erosion control efficiency, directly affecting the presence of post-harvest res-
idues on the surface and indirectly the conditions of growth and development
of crops.

In this regard, in the conditions of unstable and insufficient moistening of Left
Bank Forest Steppe on typical chernozems, there is a differentiation in the im-
pact of different crop rotation and technological measures of the basic tillage,
which is especially pronounced in the spring period.

The methods and technologies of soil cultivation are able to strengthen this factor
by preserving post-harvest residues of the previous crop for a certain period of
time.

In particular, the replacement of plowing with moldboardless tillage and the
absence of tillage from harvesting the precursor to sowing the crop ensure the
presence of surface coverage in the early spring period by approximately 20%,
which is especially important for growing spring crops with a low intensity of
vegetative mass development. In general, this, compensating for an inevitable
weakening of plant development and a decrease in their yield against the back-
ground of minimal tillage, determines practically the same values of erosion
resistance of agrophytocenoses with different tillage options during the growing
season of crops in the rotation.
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ABSTRACT

The crucial topic of soil acidity and its effects on global food security are the main
focus of this chapter. Owing to its immediate effects on plant growth, development,
and productivity as well as its capacity to fend off biotic stresses, such as diseases
and insect pests, soil acidity, an abiotic stress, has gained significant attention in
the agricultural community. Although the effects of aluminum (Al) toxicity on plants
have received considerable attention, few studies have examined the harmful effects
of low pH on plants. Low pH in agricultural soil can cause oxidative stress and
electrolyte leakage through increased generation of reactive oxygen species (ROS),
hinder CO2 assimilation, and impact plant water intake. This study delves into the
mechanisms underlying plant growth under acidic conditions and highlights the
strategies employed by plants to withstand and adapt to acidic stress. This chapter
offers valuable insights into strategies for enhancing plant resistance to acidic soils
and ensuring food security in the face of increasing water scarcity.
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INTRODUCTION

Over 3.95 billion ha of the world's soils are acidic, with pH < 5.5, and finding an
appropriate approach to increase crop production in these soils is critical (KneZevié
et al., 2022). The growth and productivity of crops can be severely hampered by
this acidity. Soil is crucial for successful crop production because it is a reservoir
of essential nutrients, including carbon and minerals, organic matter, water, and
microbes. Soil also serves as a supportive environment for plant roots while facili-
tating gaseous exchange and soil aeration. Additionally, soil ecosystems and natural
biodiversity are necessary to encourage agricultural sustainability. Safeguarding soil
properties, such as physical (soil structure, texture, and porosity), chemical (pH,
cation exchange capacity, nutrient availability), and biological (microbial activity,
organic matter content) properties is highly important for crop development (Cardoso
et al., 2013). In recent years, research shows that soil health is deteriorating owing
to issues such as soil erosion (loss of top soil due to wind and water), compaction
(reduction in soil porosity, often due to heavy machinery), salinization (accumulation
of soluble salts in the soil, acidification (decrease in soil pH, contamination, and
pollution (introduction of harmful substances to the soil) which have a significant
negative impact on the development of crops such as rice, wheat, maize, sorghum,
and many others (Brevik, 2013).

In recent years, many countries, such as China, Australia, India, Malaysia, and
Brunei Darussalam, have reported highly acidic conditions in agricultural soils. Soil
acidification, defined as a reduction in acid-neutralizing capacity (ANC) or a boost
in base-neutralizing capacity (BNC), has accelerated and become a major global
environmental and economic concern. Studies have shown that the major constraint
of soil acidity is Al toxicity, which leads to the inhibition of root growth (Chauhan
et al., 2021). Therefore, understanding the mechanisms underlying plant responses
to soil acidity can aid in developing plant tolerance strategies for these stressors.

Climate change is one of the main factors that contribute to increased soil acidity.
The impact of climate change is estimated to trigger greater intensity and frequency
of rainfall catastrophes in certain geographic regions, causing the weakening of
soil and nutrient leaching (Reyes-Diaz et al., 2023) by washing away topsoil and
exposing deeper, often more acidic layers and as water percolates through the soil,
it carries away essential nutrients, mainly base cations like magnesium and calcium.
As vital nutrients required by plants are eliminated through leaching or excessive
plant uptake without replenishment from the soil, this may culminate in elevated
soil acidity (Gunadasa et al., 2023). As global temperatures rise due to climate
change, increasing temperatures can hasten organic matter decomposition in the
soil due to increased microbial activity, releasing organic acids and increasing soil
acidity (Jiao et al., 2016).
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Climate change can also shift vegetation patterns, which can in turn affect soil
acidity. For example, deforestation can cause soil acidity to increase due to the
loss of plant residues that help maintain soil pH (Wamelink et al., 2019). Certain
types of plants that grow well in a particular region can change due to changes in
climate since the effects of various plant species on the chemistry of the soil vary.
Additionally, modifications to the vegetation may have an indirect impact on soil
acidity by modifying rates of evapotranspiration and water uptake. The occurrence
of longer dry spells and more frequent droughts due to global warming can stimulate
changes in precipitation patterns, leading to increased soil acidity because plants
cannot take up sufficient water and nutrients from the soil (Prakash et al., 2022).
Drought causes reduced plant growth causing less uptake of nitrates, which eventually
accumulate and lead to acidification of soil due to leaching and this stress can alter
plant root exudates, increasing soil acidity. Moreover, the increase in atmospheric
carbon dioxide (CO,) due to climate change is causing the oceans to become more
acidic, affecting the chemical composition of coastal soils and increasing soil acidity
since ocean absorb more CO, and gets further spread to soils due to sea spray, tidal
influences, and groundwater interactions (Renforth & Campbell, 2021).

Few research shows that rising atmospheric CO, in non-coastal regions may
cause higher levels of carbonic acid to develop in rainfall, which could eventually
cause the acidity of the soil to rise (L. Zhang et al., 2018). Carbon sequestration,
soil acidity, and climate change are interconnected since carbon sequestration in
the soil can help mitigate climate change, which reduces global warming, main-
tains optimum soil pH, and maximizes the potentiality of carbon sequestration by
releasing CO, (Das et al., 2021). The impact of climate change on soil properties
may have negative consequences for agricultural productivity and ecosystem health;
thus, coping with soil pH levels has become increasingly important as the effects of
climate change on the environment and food security continue to worsen (Brevik,
2013; Béurle et al., 2023).

This chapter will address the current state of soil acidity, as well as the mech-
anisms underlying it and its long-term consequences for the environment, the econ-
omy, microbes, and plants. Soil acidity has long-term effects that go beyond the
surrounding agricultural landscape to affect water quality and the overall health of
bigger ecosystems. Despite its significance, little is known about the mechanisms
by which different crops are impacted by acidity in the soil. This review seeks to
summarize the state of the art on plants' physiological and molecular reactions to
acidic environments, highlighting the necessity of holistic approaches. The study also
looks at how cutting-edge biotechnological techniques and breeding initiatives that
might be used to create crop varieties that are resistant to acidity, which is essential
for maintaining food security in the face of climate change.

157



Sergiy Lavrenko |

)y {lavrenko sr@agmail.com Downloaded: 10/4/2024
|G| Global FPlatform v

GLOBAL STATUS OF SOIL ACIDITY

Acid soils are common in high-rainfall areas with annual precipitation exceeding
600-800 mm (Decker et al., 2019). More acidic elements are left behind as a result
of the parent materials weathering and basic cations (potassium, magnesium, and
calcium) leaching due to the heavy rainfall. On a global scale, there are two main
geographic belts of acid soils: one in the humid northern temperate zone, where
coniferous forests predominate with soils primarily consisting of Spodosols (highly
leached, acidic forest soils), Inceptisols (young soils that can be acidic in high rain-
fall areas), Histosols (organic soils, often acidic sue to organic acid accumulation),
Entisols (young soils that can be acidic if formed from acidic parent material),
and Dystric Alfisols (soil with low base saturation), and one in the humid tropics,
where Oxisols (highly weathered) and Ultisols (strongly leached) dominate tropical
rainforests. Countries in the Asian, European, and Oceanic regions deal with acidic
soil problems that destroy agricultural crop growth. Soil acidity, for example, is
a significant issue in Brunei Darussalam, affecting crop production, particularly
in lowland areas, and reduces the availability of essential macronutrients such as
calcium, magnesium, and potassium, necessary for plant growth and development
(Zin et al., 2015). In addition, the development of highly acidic soil (pH < 5.50)
may also affect plant growth and soil health due to factors such as aluminum (Al)
and heavy metals toxicity and loss of soil microbes (Naz et al., 2022).

In Ethiopia, land degradation is a perilous issue that significantly impacts ag-
ricultural productivity and rural livelihoods. This problem is particularly severe in
the highlands, which comprise 44% of the country's total area and are under heavy
human and livestock pressure (Sisay Golla, 2019; Warner et al., 2023). Sreelakshmi
etal. (2022) studied soil acidity and its distribution in laterite soils of Northern India
by analyzing rice wetlands in Kerala. They reported that effective forms of acidity
such as exchangeable acidity, potential acidity, and pH-dependent acidity were high,
indicating an increasing demand for the soil management system. Acid sulfate soils
are also a common problem in oil palm plantations in Malaysia, thus reducing oil
palm yields, oil quality, and economy (Abdul Halim et al., 2018). Similarly, soil
acidity is a significant constraint to crop production in China, particularly in areas
with high rainfall and intensive agricultural practices (Guo et al., 2010). A study
assessing soil acidity in tea plantations in China concluded that soil pH in each
province varied from pH 3.96 to 5.48, with an average pH of 4.50 nationally and
dominated by exchangeable AI**, indicating an increasing demand for soil amendment
to obtain sustainable tea plantations (Yan et al., 2018). In contrast to other drylands,
Australian dryland soils are acidic, nutrient-poor, and have distinctive microbial
communities (Eldridge et al., 2018). Agricultural soils of the UK and Europe have
soil pH between 5 and 7 which is caused by factors such as acidic precipitation,
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the deposition from the acidifying gases, the application of acidifying fertilizers,
nutrient uptake by crops and root exudates, and the mineralization of organic mat-
ter, therefore, usage of ground limestone as a common liming material (Goulding,
2016; Zeng et al., 2017).

Soil acidity can have significant economic impacts on farmers, communities,
and countries due to decreased agricultural productivity (Zeng et al., 2017). Acidic
soils can lower crop yields which directly impacts farmers’ incomes because they
restrict the availability of vital nutrients and increase plant stress. Acidic soils can
also impact crop quality, lowering market value and decreasing consumer appeal.
Farmers may need to spend money on expensive soil amendments like agricultural
lime to lessen the effects of acidic soil which shows immediate effect but are found
to have only short-term effects on the improvement of soil quality. Their profit
margins may be affected and their production costs may rise (Shoghi Kalkhoran et
al., 2019). Acidic soils can also reduce the value of agricultural land, making it less
attractive to investors and lowering property values in rural areas.

Another drawback includes food security, which may be negatively impacted by
soil acidity, particularly in areas where agriculture serves as a significant food source
and supports economic growth (Kopittke et al., 2019). Acidic soils can also have
environmental impacts, such as increased soil erosion and nutrient runoff, leading
to water pollution and other ecological problems. Low acidity leads to the release
of heavy metals into the soil that can cause health risks due to its bioaccumulation
in different parts of the plant. A case study by Orton et al. (2018) discussed the
effects of soil limitations on wheat yield and quantified the economic impact on
Australian agriculture, concluding that the acidity of the soil cost the country's wheat
producers approximately USD$1000 million annually lost in wheat production.
Therefore, it is important to address soil acidity through sustainable agricultural
practices and soil management strategies to maintain soil health and support long-
term economic growth.

ACIDIFICATION OF THE SOIL

A soil's pH buffering activity determines its capacity for resistance, or suscep-
tibility, to pH modification (Gentili et al., 2018). Soil pH is the master variable of
soil due to its impact on biological, physical, and chemical properties that influence
plant growth and development (Neina, 2019; Rengel, 2011). The pH spectrumranges
from O to 14, with pH 7 corresponding to neutrality, and values less and more than
seven indicate an acidic environment and alkaline (basic) condition, respectively. All
living tissues have the ideal pH needed for appropriate physiological and biochem-
ical activities, for example, the pH range of 5.5 to 6.5 is suitable for plant growth
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because nutrients are readily available. Most soil microbes also flourish in this
range partly because plants thrive and produce more root exudates, which serve as
a carbon source for microbial growth and survival. The Rhizobia-legume symbiotic
relationship is disrupted in soils with pH below 6, which harms nodulation and N
fixation in Leguminosae (Goyal et al., 2021).

Acid sulfate soil is a severe case of acidic soil with unique characteristics such
as an extremely low pH (< 3.5) and the presence of jarosite or KFe3+3(OH)6(SO >
a yellowish mineral formed when pyrite is exposed to the atmosphere (Enio et al.,
2020). Pyrite oxidation causes acid to be released into the soil, lowering pH and
increasing Al concentration. Excess AlI** and Fe** solubilized in the soil environ-
ment give rise to nutrient deficiency while being toxic to plants and stunting plant
growth. The root tip is the target of Al phytotoxicity, in which Al exposure inhibits
cell elongation and cell division, leading to stunted root growth associated with
reduced water and nutrient uptake (Shamshuddin et al., 2017).

MECHANISM OF SOIL ACIDIFICATION

Soil acidification is a complex phenomenon that can be influenced by a vari-
ety of natural processes. Understanding the mechanisms of soil acidity is vital for
developing effective strategies to manage and prevent soil acidification. Here are
some of the mechanisms that contribute to soil acidity (Fig. 1.):

i. Decomposition of organic matter: Organic acids are released when plantresidues
or other organic matter decompose, lowering the soil pH. Although this organic
phenomenon benefits soil fertility, excessive decomposition or a shortage of
nutrientcycling is capable of causing soil acidification (Averill & Waring, 2018).

ii. Mineral weathering: The chemical disintegration of minerals in the soil may
unleash hydrogen (H*) ions into the soil solution, thereby dropping the pH
level. This mechanism occurs naturally over time but can be accelerated due to
variables such as erosion or modifications to land use (Alekseeva et al., 2011).
The mobility and availability of heavy metals in plants are influenced by soil
pH, which results in the enhancement of leaching due to increased solubility
of metals (Zunaidi et al., 2021). Soil formation from parent materials such as
granite and alluvial sediments contributes to soil acidification by causing a sharp
shift in the pH buffering capacity and exchangeable acidity (Wen et al., 2023).

iii. Nitrogen-deposition: Nitrogen-based fertilizers have the potential to raise soil
acidity due to the production of nitrates, which can release H* ions into the soil
solution, and they can also have considerable effects on the ecosystem due to the
gradual reduction in the pH of the soil (Tian & Niu, 2015; Padhi et al., 2020).
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iv. Acid precipitation: Acid rain or acid snow can result from acid deposition
caused by the release of sulfur dioxide and nitrogen oxides into the atmosphere
because of the combustion of fossil fuels. Acid rain, fog, and snow can directly
acidify soils by lowering pH and disrupting soil respiration (Bhargava, 2013).
Soil acidification can be exacerbated by irrigation water that is naturally acidic
or has become acidic due to anthropogenic causes (He et al., 2015).

Figure 1. Natural and anthropogenic mechanisms of soil acidification
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UNDERSTANDING THE EFFECTS OF SOIL ACIDITY
ON PLANT GROWTH AND PRODUCTIVITY

Soil acidity and its impact on parts of plants

Soil acidity significantly impacts root growth and development by diminishing
the availability of essential plant nutrients such as phosphorus (P), calcium (Ca),
and magnesium (Mg) (S. Kumar et al., 2017). At low pH levels, these nutrients
can become less available for plant uptake, limiting root growth and development
and reducing plant water uptake. Another major issue is that soil acidity can cause
toxic levels of AI** ions to be released, inhibiting root growth and causing root tip
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necrosis. Aluminum toxicity can impair root nutrient uptake efficiency (Rahman
& Upadhyaya, 2021). Figure 2a. demonstrates that acidic soils lead to lower micro-
bial diversity and activity and negatively affect root morphology, limiting nutrient
availability and potentially reducing plant growth and yield (Haling et al., 2011).

Aluminum (AI**) and manganese are two toxic ions that can be released from
acidic soil and inhibit shoot growth, and these ions may readily accumulate in plant
tissues, causing toxicity symptoms, such as chlorosis and necrosis (Bojoérquez-Quintal
etal., 2017). Soil acidity can affect the balance of plant hormones involved in shoot
growth and development, such as auxins and gibberellins. High acidity levels can
prevent these hormones from being produced or transported, stunting shoot growth
(Reyes-Diaz et al., 2023). Like roots, acidity in the soil can limit plant water uptake,
limiting growth and shoot development (Figure 2a).

Soil acidity screening facilitates agriculturalists in making decisions about the
best crop management methods for their soils (Shoghi Kalkhoran et al., 2019).
Farmers may employ limestone to enhance soil pH and boost crop productivity if
soil acidity is too high or sulfur to lower soil pH to enhance nutrient accessibility for
crop production if soil acidity is excessively low (Turmel et al., 2015). Soil acidity
screening entails analyzing soil samples for pH and exchangeable acidity, such as
exchangeable H* and aluminum (AI**) ions, using portable or bench pH meters or
laboratory analysis (Sisay Golla, 2019). The first step is collecting soil samples from
the field at various locations and depths. After sieving, the samples are air-dried or
oven-dried to remove rocks and other debris. A soil-water or soil-salt suspension is
prepared in the laboratory, and the pH is measured using a pH meter (Figure 2b) or
colorimetric methods. Portable soil pH meters can be used to measure soil pH in
the field quickly, but they may not be as accurate as bench pH meters. Laboratory
analysis methods such as atomic absorption spectrophotometry, inductively coupled
plasma spectroscopy, or titration can measure the acid cations (Mangosongo et al.,
2019; Yi et al., 2017).

Soil acidity alters the availability of essential nutrients in the soil, leading to
nutrient deficiencies, which can indirectly affect the growth and development of leaf
tissues (Neina, 2019). Acidic soils can cause Al** and manganese ions to become
more soluble in the soil, which can be taken up by plant roots and transported to
the leaves. These ions may turn toxic to plant cells, causing chlorosis and necrosis
in leaves, and reduced photosynthesis (Mukhopadyay et al., 2012). Furthermore,
soil acidity can promote the growth of soil-borne pathogens such as fungi and bac-
teria, which can infect plant roots and cause diseases that can spread to the leaves,
leading to leaf discoloration, necrosis, and reduced growth (M. Yang et al., 2015).
Overall, the effects of soil acidity on plant leaves can be complex and multifaceted
and depend on factors such as plant species, soil type, and nutrient availability
(Figure 2a). Managing soil acidity levels and ensuring that plants have sufficient
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nutrients is paramount for maintaining healthy leaves while optimizing plant growth
and productivity.

Figure 2. (a) Effect of soil acidity on plant growth and development; (b) Soil screen-
ing using pH meter; C. Soil pH ranges
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SOIL ACIDITY AND ITS IMPACT ON SOIL MICROBES

Long-term soil acidification may hinder soil diversity in bacterial species (Lu et
al.,2014), while fungal communities exhibited little response to soil acidification (T.
Wangetal.,2022). When soil becomes more acidic, it may create a hostile environment
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for certain bacteria. Consequently, certain species of bacteria may become extinct,
while other kinds may flourish and dominate the soil microbial community (Lewis
etal., 2018). Aluminum toxicity could mediate stress symptoms in soil microorgan-
isms, thereby affecting microbial-mediated nutrient cycling causing suppression in
nitrification, soil respiration, and NH,* uptake, leading to low functional microbial
diversity in acidic soils. Kunito et al. (2016) studied the soil enzymatic activities
and microbial biomass in acidic forest soils in Japan and the results showed a sharp
reduction in the exchangeable Mg and Ca. In contrast, an increase in the exchangeable
and soluble Al levels with decreasing pH, moreover, highly elevated KCI-Al and
CaCl-Al levels, have been demonstrated to inhibit -d-glucosidase and polyphe-
nol oxidase enzyme activity in lower pH soils. As an outcome of Al toxicity, this
reduction in enzyme activity may be related to a dropped rate of enzyme synthesis
and possibly a decline in several enzyme-producing microorganisms.

SOIL ACIDITY AND ITS IMPACT ON CROPS

Ongoing soil acidification reduces soil fertility and can lead to crop failure and
production loss of important crops such as rice, wheat, maize, barley, and soybean
in many parts of the world (Zhou et al., 2016; Ngoune Tandzi et al., 2018; Reis et
al., 2018). For instance, model-based research showed that flooding and drainage
lead to changes in paddy soil’s pH affecting the growth and development of rice (C.
Dingetal.,2019). Soybean is one of Ethiopia's most important crops and contributes
to 18% of the country’s oilseed production. Like many other crops, soybeans are
sensitive to soil acidity, which can limit their growth, development, and yield. Low
soil pH is exacerbated by the region's high rainfall and soil weathering that leaches
out soil nutrients, leading to soil degradation (Bedassa et al., 2022).

Aluminum toxicity severely constrains agricultural production in acidic soil
worldwide, primarily due to excessive soil acidification accelerated by intensive
agriculture and altered environmental conditions linked to global climate change
(Rahman & Upadhyaya, 2021). Most soils contain aluminum naturally, however, Al
solubility rises in acidic soils, contributing to high exchangeable Al concentration
entering the soil environment (S. Singh et al., 2017). In general, aluminum can
harm the aerial and belowground parts of the plant, for example, decreasing root
elongation and shoot growth, inhibiting root growth and development, and reducing
biomass production. The aluminum phytotoxicity also has the potential to create a
nutrient and water imbalance by reducing nutrient and water uptake, thus altering
physiological and metabolic processes, which are responsible for stunted growth,
lower yield, and poor crop quality and therefore, decreased land productivity.
Aluminum also initiates a series of toxic symptoms in plants, such as reduction of
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photosynthetic capacity, accumulation of reactive oxygen species (ROS), damaging
cellular and nuclear DNA, and disruption of the cytoskeleton in major crops (Ofoe
et al., 2023). Rapid production and accumulation of ROS induce oxidative stress in
plants by facilitating cellular damage, such as harming DNA, enzymes, and mem-
brane lipids and proteins. Imbalanced ROS production may result in tissue necrosis
and cell death, further hampering plant growth (Sieciriska & Nosalewicz, 2017).

There are varying degrees of aluminum toxicity tolerance among various plant
species. While some plants have naturally developed defenses against or detoxifica-
tion mechanisms for aluminum, others are extremely vulnerable to its toxic effects
(Chauhan et al., 2021). Along with plant genetics, variables like soil pH, soil type,
and nutrient availability can also impact how toxic aluminum is to plants. To man-
age aluminum toxicity in crops, it is important to correct soil pH to a level where
aluminum becomes less soluble and therefore less available to plants. Agricultural
liming, or adding calcium carbonate, calcium hydroxide, calcium oxide, or mag-
nesium carbonate to the soil, is an effective way to mitigate soil acidity, raise soil
pH and nutrient availability, enhance microbial activities, and reduce aluminum
toxicity (Mesfin et al. 2021). Lime applications have a short-term and temporary
stimulating effect on soil, mainly if the acidity problem lies in the topsoil horizon.
However, lime needs to be applied regularly, thus this agricultural practice can be
less affordable and effective if it concerns the subsoil region (Grover et al., 2017).
Therefore, several biotechnological methods, such as the use of plant varieties that
are acid-tolerant, are a better approach to mitigating the effects of soil acidity and
aluminum toxicity in the long run.

BIOTECHNOLOGICAL ADVANCEMENTS FOR
ENHANCING PLANT TOLERANCE TO SOIL ACIDITY

The vast discipline of biotechnology blends biological sciences with engineering
technologies to modify and use living creatures or their parts for useful purposes.
Liming is one of the traditional techniques for improving soil acidity, however, it
has few drawbacks (Gurmessa, 2021), including slow response times (Li et al.,
2019), high costs, unsuitability for some crops, increased CO, emissions (Y. Wang
et al., 2021), nutrient imbalances (Burke & Raynal, 1998), and damage to indige-
nous species (Lawrence et al., 2016). Moreover, there are not much studies on how
different agricultural practices (e.g. tillage, fertilizer type) interact with liming to
understand the overall effects on crop production. Developing long-term remedies
for soil acidity problems using biotechnological methods can reduce the requirement
for expensive soil additions while enhancing soil health. However, these approaches
require careful evaluation to ensure they are safe, effective, and socially and ethically
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acceptable. Itis crucial to consider the potential environmental and economic impacts
of biotechnological technologies and engage stakeholders in their developmental
and implementation stages. Some of the biotechnological approaches that can be
used to address problems with soil acidity is described as follows (Figure 3).

Figure 3. Different biotechnological approaches for soil amelioration

METAGENOMICS

Metagenomics involves the study of genetic material recovered directly from
environmental samples, such as soil (Na et al., 2022). This approach can be used to
analyze soil microbial communities using metagenomics to identify potential soil
acidity-degrading microorganisms or enzymes. In the latest research conducted on
Eleusine coracana (finger millet), RNA sequencing (RNA-seq) and gene expression
evaluation identified that a total of 322 genes were significantly varied in expression
when compared between Al-tolerant and Al-susceptible genotypes, with40.7% being
upregulated and 59.3% being downregulated in Al-tolerant genotypes (Brhane etal.,
2022). Several new genes governing aluminum tolerance in Arabidopsis thaliana
accessions were found by transcriptome analysis such as T-DNA Knockout of 5
aluminum-inducible genes, including TAO1 and At5g22530, increased aluminum
sensitivity in Arabidopsis (Kochian et al., 2015).
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GENETIC ENGINEERING

Genetic engineering involves the introduction of genes from other organisms into
crops to confer desirable traits such as soil acidity tolerance (Babiye et al. 2020).
This technique can be used to develop crop varieties with enhanced soil acidity
tolerance or microbial strains with enhanced soil acidity degradation capabilities
(Agegnehu et al., 2021). This approach is still in its early stages and is subject to
regulatory oversight. Aluminum and aluminum-induced signals regulate and trig-
ger resistance gene expression, as does the regulation of proteins encoded by these
functional genes (Kochian et al., 2015). According to findings by Chen et al. (2013),
Holcus lanatus plants adapt to acidic soil due to increased cis-acting elements that
regulate the expression of the ALMT1 gene, providing insight into the molecular
mechanism of plant adaptation to acidic soil. The following are the types of genes
responsible for tolerance to acidity in plants:

i. Acid tolerant genes: Researchers are actively studying acid-tolerant genes to
develop crop varieties with improved acid tolerance, which could help to improve
crop productivity in acidic soils (Kochian et al., 2015). However, breeding for
acid tolerance is a complex process and requires a long-term commitment from
plantbreeders and farmers. Plant species naturally adapted to grow in acidic soils
possess genes to confer acid tolerance. Acid soils are typified by a P deficit as
well as Al, Mn, and Cd toxicity, which restrict agricultural yields. Al, Mn, and
Cd toxicities can be significantly mitigated by phosphorus. In order to generate
crop types adapted to acid soils, further research is required to comprehend
regulatory components and signaling pathways, particularly the involvement
of intracellular Pi signaling (X. Wang et al., 2023).

ii. Drought and salt tolerance genes: Some drought and salt tolerance genes can
also confer acid tolerance (Igbal et al., 2022). For example, the overexpression
of HaASR?2 from the desert shrub Haloxylon ammodendron significantly affects
plant adaptability to salt stress and drought. It might serve as a potential gene
for crop tolerance to abiotic stresses through genetic improvement (Cao et al.,
2023). Other similar genes and their expression should be studied for acidic
stress tolerance.

iii. Aluminum tolerance genes: These genes help plants to tolerate high levels of
aluminum in acidic soils, which can cause toxicity and inhibit root growth (Ryan
et al., 2011). There are mainly three key characteristics of Al resistance gene
expression which are firstly resistance gene expression appears to be greater in
resilient germplasm, secondly, gene expression has been confined to the root tip,
which is the epicenter of Al toxicity and finally, gene expression is frequently
enhanced by Al stress (Chauhan et al., 2021). Al resistance genes TaALMTI,
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TaMATEI1B, and HvAACT1 have constitutively higher gene expression in
wheat and barley (Pereira & Ryan, 2018). Aluminum tolerance genes include
the Aluminum-activated Malate Transporters (ALMT) gene in wheat (Oliveira
& Pinto-Maglio, 2020) and the STARI1 (Sensitive to Al Rhizotoxicity 1) gene
in rice (Asheed et al., 2020). The aluminum tolerance locus in wheat encodes
an aluminum tolerance mechanism based on malic acid excretion stimulated by
aluminum. The amount of malic acid excreted from the root apices depended
on the external aluminum concentration and its presence in nutrient solutions
defended Al-sensitive seedlings from commonly phytotoxic Al concentration
levels (Liu et al., 2017). Some of the other Al-tolerant genes include MATE
(Multidrug and Toxic Compound Extrusion), ART1 (Aluminum Resistance
Transcription Factor 1), ALS3 (Aluminum Sensitive 3), and TaSTOP1 (Triticum
aestivum STOP1). Table 1 shows the different gene targets for Al-tolerance in
different plants.

Table 1. Gene targets conditioning for Al-tolerance in different plants

Plants Gene Function References
Arabidopsis thaliana H*-ATPase | Decreased vacuolar H1 pump activity and Al Zhang et al. 2019
resistance
Glycine max (Soyabean) GmALMTI1 | Malate exudation Liang et al. 2013
Hordeum vulgare (Barley) | TaALMT1 | Malate efflux and Al tolerance Delhaize et al. 2004
Oryza sativa (Rice) STAR1 Al tolerance Zhang et al. 2019
Solanum lycopersicum SIFDH Positive regulation of SISTOP1 Reduction of He et al. 2023
(Tomato) NAD* to NADH
Sorghum bicolor MATE Aluminum-activated citrate transporter Ribeiro et al. 2017
(Sorghum)
Triticum aestivum L. ALMT Al-tolerant Sasaki et al. 2004
Wheat
( ) TaMATEIB | Introgression of a large fragment of the 4D Han et al. 2016
chromosome
WRKY46 | T-DNA insertion increase Ding et al. 2013
Root malate secretion
Negative regulation of ALMT1
Inhibition of transcription in NUDX9 Di et al. 2021
Inhibiting ammonium efflux in root elongation
zone
TaSTOP1 Al tolerance Garcia-Oliveira et
al. 2013
Zea mays (Maize) ZmAT6 Scavenging of Reactive Oxygen Species Du et al. 2020
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iv. Proton pump genes: These genes encode proteins that pump hydrogen ions
(H*) out of root cells, maintaining a favorable pH environment for root growth.
Plants react to high concentrations of protons (H+) in two ways: first, they use
defensive signals and proton pumps to respond short-term, and then they use
genes for ROS detoxification to respond longer-term (Shavrukov & Hirai, 2016).
Examples of proton pump genes include the H*-ATPase gene in Arabidopsis
(Zhang et al. 2019) and the P-ATPase gene in wheat (Hamilton et al. 2001).

v. Organic acid synthesis genes: Harvesting more crops on acid soils may be
possible if the genes governing organic acid efflux are identified. These genes
help plants to synthesize and secrete organic acids, such as citrate, malate, and
oxalate, which can increase soil pH and chelate AI** ions, making them less
toxic (Ma, 2000) and examples include the OSALMT gene in rice (Heng et al.,
2018) and the TaALMT1 gene in wheat (Silva et al., 2018). A study shows that
Alfalfa exhibits enhanced synthesis of organic acid and aluminum tolerance in
acidic soils due to the overexpression of malate dehydrogenase (Tesfaye et al.,
2001).

BIOREMEDIATION

Bioremediation uses microorganisms to degrade or transform soil contaminants
(Enerijiofi, 2021). This approach can be used to create microbial strains with im-
proved degradability of soil acidity compounds (Neina, 2019). Marble quarry waste
(MQW) and marble cutting waste (MCW) have also been used as soil conditioners
to remediate acidic soils which in turn helped in minimizing the negative impact of
marble waste on the environment (Tozsin et al., 2014). An intriguing possibility for
the bioremediation of Al-contaminated acidic red soils is the bacterium Burkholderia
sp. SB1, which was isolated from acidic red soil. It demonstrates moderate to high
Al tolerance, acid resistance, and multi-antibiotic tolerance (Huang et al., 2018).

The amount of aluminum in the agroecosystem continues to rise, and research
shows that certain bacteria have the ability to modify their metabolic pathways to
endure in environments impacted with the metal by generating organic acids and
other substances that chelate and immobilize it (J.-L. Yang et al., 2019). This em-
phasizes the significance of comprehending microbial metabolic networks in the
development of the bioremediation technological innovations. (Auger et al., 2013)
demonstrated that microorganisms like Pseudomonas fluorescens have developed
mechanisms to resist aluminum toxicity by reworking metabolic pathways and can
chelate, immobilize, and exude aluminum, making it unavailable for biological uptake.
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PHYTOREMEDIATION

Phytoremediation is a cost technique which involves using plants to remove,
degrade, or stabilize soil contaminants (Chakraborty et al., 2019). Biotechnological
approaches can be used to develop crop varieties with enhanced phytoremediation
abilities to address soil acidity issues (Osman et al., 2022). Lebrun et al. (2022)
studied the phytoremediation for metal-contaminated soil using biochar to reduce
soil acidity.

The application of advantageous microorganisms, such as mycorrhizal fungi
(Aguilera et al., 2015) and plant growth-promoting rhizobacteria (PGPR) (Dutta
& Bora, 2019), can improve the nutrient uptake, aluminum tolerance in acidic soil,
and general health of the agroecosystem, hence augmenting the phytoremediation
capacities of agricultural plants (Seguel et al., 2013). Other modifiers such as rice
husk, compost (Abdul Halim et al., 2018), cow-dung (Ashraf et al., 2022), and
nanomaterials (Song et al., 2019) can also help in enhancing phytoremediation
efficiency. In very acidic soil situations, the incidence of ginger bacterial wilt
may be significantly influenced by the level of aluminum toxicity in regions used
for ginger cultivation. An increased use of PGPRs, particularly bacteria like Ar-
throbacter, Bacillus, Serratia, and Pseudomonas, and may be crucial in removing
ongoing cropping challenges and averting the possibility of ginger bacterial wilt
in stressful aluminum conditions, according to a research study conducted by (S.
Zhang et al., 2020).

BIOSTIMULATION

Biostimulation involves the addition of nutrients or other substances to the soil
to enhance microbial activity and improve soil health (Aparicio et al., 2022). This
approach can be used to develop microbial strains or enzymes that can enhance
biostimulation and improve soil acidity conditions. Biostimulants such as biochar,
compost, basalt, biofertilizers, nanoparticles, magnesium limestone (GML), organic
materials, or plant growth—promoting bacteria are applied for soil amelioration (Pan-
hwar et al. 2014; 2016). Recently, the efficacy of Chinese medicinal herbal residue
(CMHRs) compost for its anti-pathogenic properties against Alternaria solani and
Fusarium oxysporum during tomato and cabbage plant growth in acidic soil (pH
~4) was studied and showed to be an effective soil amendment method (Zhou et al.
2023). Inrecent research, the combined usage of compost and lime can help enhance
the wheat and soil properties of Northwestern Ethiopia compared to individual
amendments (Ejigu et al., 2023). Plant growth-promoting microbes (PGPM) have
the potential to support plant growth under a variety of environmental stresses and
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have shown promise as sustainable plant growth enhancers (Msimbira & Smith,
2020). Burkholderiia thailandensis, Burkholderia seminalis, and Sphingomonas
pituitosa are good acid-tolerant plant growth-promoting microbes for boosting the
root volume and seedling dry weight of rice in acid sulfate soil with a pH range of
3.3t0 4.7 (Panhwar et al. 2014).

One of the common biostimulants for soil amelioration is biochar (Bolan et al.,
2023; D. Wang et al., 2023). Biochar is charcoal produced by pyrolysis, which is
the thermal conversion of organic materials, such as wood, agricultural waste, or
manure, in alow-oxygen environment (Van Nguyen etal.,2022). While pyrolysis also
produces renewable energy through biofuel and syngas, the other pyrolytic product,
biochar can help reduce acidity and improve health in several ways when added to
the soil (Kumar Mishra et al., 2023). High pH levels of biochar can help neutralize
soil acidity and improve the pH buffering capacity of the soil. The biochar addition
can help reduce the effects of acid rain and other acidic inputs on the soil. Biochar
has a high surface area and can absorb nutrients, such as Ca, Mg, and K, which are
essential for plant growth (Ghorbani et al., 2022). By retaining these nutrients in the
soil, it can be help to reduce nutrient leaching and improve soil fertility.

Biochar have also shown to help support microbial activity in the soil, promot-
ing the growth of beneficial microorganisms that help break down organic matter
and release nutrients for plant uptake and help improve soil structure and fertility
(Xiang et al., 2022). The most significant benefit of biochar is its ability to improve
soil water retention and, reduce the effects of drought and water stress on plants.
However, the effectiveness of biochar as a soil amendment can vary depending on
biotic and abiotic factors such as the type of biochar used, application rate, and
soil and environmental conditions (Qian et al., 2023). For instance, Cornelissen et
al. (2018) have concluded from their research that cacao shell biochar has a robust
positive effect on maize crop yield and can help alleviate acidity in ultisol soil
but needs reapplication after 3 to 5 seasons. Therefore, it is important to carefully
evaluate biochar as a soil amendment and conduct soil testing to ensure that soil
pH and nutrient levels are optimized for plant growth.

BREEDING STRATEGIES TO DEVELOP
ACID RESILIENT PLANTS

Crop acidity tolerance breeding is a long-term strategy aimed at developing
crop varieties that can grow and yield well in acidic soils (Agegnehu et al., 2021).
It encompasses recognizing and choosing plant genetic characteristics capable of
enduring or adapting to acidic conditions in the soil. Breeding for soil acidity toler-
ance can result in crop varieties that can produce high yields in acidic soils, reducing
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the need for costly soil amendments such as lime. However, breeding programs for
soil acidity tolerance are complex and require a long-term commitment from plant
breeders, farmers, and policymakers. It is important to consider the genetic, envi-
ronmental, and socioeconomic factors that affect crop performance in acidic soils
when developing new crop varieties (Aparicio et al., 2022). Listed below describe
a few various approaches adopted for soil acidity tolerance breeding:

il.

Screening of germplasm: Plant breeding endeavors display many plant genetic
materials (germplasm) for desirable traits like soil acidity tolerance (Kuswantoro,
2015). These plants are subsequently utilized in breeding programs for develop-
ing new varieties of crops. In 2017, 50 fava bean genotypes were investigated
to determine the genetic variability of grain production and associated traits
under soil acidity stress. Except for the number of seeds per pod, there were
statistically substantial variations between genotypes for all agronomic traits,
contributing to a reduction in yield of 32.34%. Mean selection would be pro-
ductive for enhancing traits with substantial heritability (Mesfin et al. 2021).
(Kuswantoro, 2015) identified two soybean germplasm lines, MLGG 0471 and
MLGG 0064, as promising sources for developing soybean varieties tolerant
to low soil pH (pH=4) and another study conducted by (Arévalo-Hernandez et
al., 2022) screened cacao germplasm (normal pH=4.46 and amended pH=5.8)
and identified 10 genotypes potentially tolerant to soil acidity and could be
used for breeding acid soil-tolerant varieties. A recent study identified two
acid-tolerant coffee genotypes, Timor Hybrid and Rume Sudan, that could be
used as progenitors in a breeding program for an acid-tolerant coffee variety
(Acufia-Zornosa & Sadeghian-Khalajabadi, 2020).

Marker-assisted selection: Marker-assisted selection (MAS) involves using
genetic markers linked to specific genes associated with soil acidity tolerance
(X. F. Zhu & Shen, 2023). This approach can help breeders identify plants
with desirable traits more efficiently, reducing the time and cost of developing
new crop varieties. TaMATE2 homolog cloning, specifically TaMATE2-D,
provides an attainable potential candidate for Al tolerance in bread wheat that
could be employed for producing more Al-tolerant cultivars of this staple crop
(Garcia-Oliveira et al. 2018). The identification and introgression of genes or
genomic areas linked to aluminum tolerance in cereals has been made possible
through the use of MAS techniques, DNA markers, and bioinformatics tools
(Inostroza-Blancheteau et al., 2010). (Tang et al., 2000) identified RFLP mark-
ers linked to the barley aluminum tolerance gene Alp. These markers can be
used to select barley for aluminum tolerance with marker assistance, obviating
the necessity for soil bioassays, solution culture analysis, or field testing. In a
malting barley variety, a novel allele of the acid soil tolerance gene HYMATE
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iii.

1v.

was found, opening the door to marker-assisted selection for acid soil tolerance
(Bian et al., 2015). A study conducted by (Froese & Carter, 2016) identified 55
genetic loci associated with wheat tolerance to acidic soils (Caldwell-Thatuna
complex and Larkin—South-wick complex) and aluminum toxicity, which could
be used for marker-assisted selection.

Recurrent selection: Recurrent selection involves repeatedly selecting and crossing
plants with desirable traits over multiple generations (Baertschi et al., 2021).
This approach can help improve the frequency of desirable traits in a breeding
population. Individual/phenotypic selection and family-based selection are the
two primary techniques used in recurrent selection. In breeding populations of
maize, recurrent selection have shown to increase the frequency of desired fea-
tures (Hallauer & Carena, 2012). In addition to progeny effects, generation and
population effects can also be taken into account to optimize recurrent selection
in self-pollinated crops (de Paula et al., 2020). This technique is used in oil palm
breeding to improve desirable traits by repeatedly selecting and crossing plants
over multiple generations (Rafii et al., 2020). And also help concentrate genes
for resistance to Helminthosporium turcicum leaf blight in corn (Jenkins et al.,
1954).

Cropping techniques: Developing new cropping techniques to decrease the im-
pact of acidic soil on crop development is essential. The Very Simple Dynamic
(VSD) model is a single-layer dynamic model comprised of charge and mass
balances used to calculate changes in pH and element concentrations in soil
solution and, as a result, element outputs from the root zone (Vasat et al., 2015).
Recent studies indicate that acidification of non-calcareous soils may result in a
pH drop of 1.1-2.5 units in all double cropping systems before 2050 due to Al
release (Q. Zhu et al., 2018). A more recent investigation screened 67 genotypes
for aluminum tolerance in the northeastern (NE) regions of India where rice was
produced adopting the jhum cultivation technique and reported a detrimental
influence on the crop's agronomic traits considering excessive precipitation in
the northeastern part of the country has been accountable for flushing out basic
cations gradually (A. Kumar et al., 2013). Crop diversification can improve soil
pH in acidic soils (Ghimire & Bista, 2016). The detrimental impact of acidic
soils on crop growth can be lessened by creating maize cultivars that are acid-
tolerant and implementing them into sustainable cropping systems (Horst, 2000).
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FUTURE DIRECTIONS AND CHALLENGES IN ADDRESSING
SOIL ACIDITY IN THE ERA OF CLIMATE CHANGE

ii.

iii.

1v.

Vi.

Future direction for soil acidity includes examining in greater detail the particular
Al-tolerant microbial species and their possible uses in reducing Al toxicity and
enhancing crop growth in acidic soils.

Developing a reliable screening procedure for aluminum toxicity tolerance in
crop plants to minimize the gap between data and model plants. This can be
approached by standardization of screening conditions like consistent growth
conditions, optimal growth stages and duration. Assessment of multi-parameter
such as shoot growth and biomass accumulation, root growth inhibition, physi-
ological markers and biochemical indicators and high-throughput phenotyping
can be used to accelerate the process of developing aluminum-tolerant crop
varieties.

Investigating the numerous ways in which soil pH influences the relationships
that Al-tolerant microorganisms have with one another and consider how man-
aging microbial populations in acidic soils used in farming might benefit. By
investigating the relationship between adaptability to other soil stresses (such
as salinity, flood and drought) and microbial Al-tolerance strategies and the
interaction of climate change drivers on acidic soil microbial populations.

To comprehend the wider application of the findings, expanding the study to
include agricultural soil types other than paddy fields. Investigating soil acidity
and resilience to aluminum in various agricultural practices, including agro-
forestry, pastures, orchards, and highland crops and looking into how various
intercropping as well as crop rotation strategies impact the dynamics of soil
acidity is necessary. And designing soil acidity control plans that take into
account the geographical variations seen in various farming environments.
Assessing the functionality and effectiveness of several bacterial strains as
bioinoculants for crops cultivated in acidic soils through field trials and further
examining the specific mechanisms by which the bacteria respond to the com-
bined stresses of Al toxicity and P deficiency, and how this knowledge can be
leveraged to improve crop performance.

Also exploring the interplay between root and leaf responses to Al stress, and
how the coordination between these two tissues contributes to the overall Al
tolerance. Different approaches such as root-to-shoot signaling by analyzing ROS
signaling and hormone signaling, metabolite translocation including in-detailed
study on organic acid transport, and nitrogen metabolism, and physiological
coordination in root-to-shoot system such as water relations, growth regulation,
and nutrient homeostasis can be used. Molecular approaches such as identifying
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transcriptional networks and proteome changes, and studying epigenetic regula-
tion in coordinating root-shoot responses can be performed. Also, experimental
approaches such as split-root experiments, grafting experiments, mathematical
modeling and microscopy and imaging can be performed.

vii. Conducting further molecular and physiological research to advance the under-
standing of the mechanisms underlying Al tolerance in crops using molecular
approaches such as genomic studies, transcriptomics, proteomics, metabolomics
and physiological approaches such as changes in root system architecture, cellular
compartmentalization, and analyzing antioxidant systems and ROS signaling
pathways.

viii. And most importantly, utilizing the new molecular resources to improve crop
Al tolerance through advanced biotechnology techniques such as molecular-
assisted breeding, live-cell imaging single-cell sequencing, bioinformatics and
machine learning.

CONCLUSION

Soil Acidity in changing climate is complex and involves numerous interactions
between the plant and its environment. To gain understanding of the possible escape/
avoidance/tolerance mechanisms, all aspects of acid tolerance have to be investi-
gated. In order to comprehend the long-term effects on agricultural and natural
ecosystems, experts are actively researching the relationship that exists between
soil acidity and climate change and moreover, the negative effect of climate change
on agriculture is a constraint to achieving the Sustainable Development Goals. The
possibility for creating plant varieties resistant to acidity through breeding programs
and biotechnological breakthroughs is highlighted in this chapter. It is essential to
comprehend the variety of Al resistance mechanisms that extend beyond the ma-
late and citrate efflux transporters and to clarify the ways in which Al controls the
expression and functionality of Al resistance genes and proteins. Finding helpful
characteristics and criteria to screen traditional crops for tolerance will not only yield
valuable information for future breeding endeavors but also enable the screening of
current germplasm for tolerance. Multidisciplinary efforts combining agronomy,
microbiology, and genetics will lead to resilient crop types in the face of climate
problems. Future research can help create conditions for plants to flourish in acidic
surroundings and promote soil health, paving the way for sustainable agriculture in
a changing global landscape.
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ABSTRACT

Rice systems in Ukraine are built on territories with saline soils, and with a complex
hydrogeological situation. A method of calculating ecologically safe periods for
growing dryland crops on saline soils is proposed, which will help to optimize the
structure of rice rotations and prevent soil degradation. The considered technologies
for leaching of saline soils, which make it possible to ensure qualitative soil desali-
nation, to shorten the duration of leaching, to lower the level of groundwater, to
improve the oxygen regime of the soil. The methods for calculating the technological
parameters of capital and preventive soil leaching of saline soils have been devel-
oped. These methods allow improving the water permeability of the soil, attracting
a natural thermal effect, reducing the volume of freshwater, and preventing the
restoration of salts. It can be an important step in restoring fertility and increasing
the productivity of rice systems in the face of water scarcity and climate change.
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BACKGROUND

The problem of salinization of soils, including rice systems, is one of the most
pressing issues in modern agriculture, especially in view of the expected increase in
global warming, prolonged droughts and shortages of water resources. This problem
is expected to worsen in the coming years. The main agroecological feature of saline
soils is the presence of harmful salts in the root zone in an amount that exceeds the
permissible amount for the development of agricultural plants or leads to a significant
decrease in their productivity. According to the Food and Agricultural Organization
(FAQO), the world area of saline soils is 424 million hectares (Montanarella L., et
al., 2015; Global Map of Salt-affected Soils, 2024; Kuzmych, 2023; Yakymchuk et
al., 2022). Factors influencing the salinization process include climatic conditions,
soil type, irrigation, depth of groundwater, mineralization of irrigation water, as
well as land use methods and technologies (Kuzmych et al., 2022; Pessarakli M.,
et al., 2019; Rahman M.M., et al., 2015; Stashuk V.A., et al., 2014; 2016). Various
measures are used to counteract soil salinity, including various leaching methods,
chemical amelioration, soil loosening, salt collection, and amelioration using halo-
phytes. Often, a comprehensive approach involving several methods is necessary
for the restoration of saline soils (Shaygan M., et al., 2022).

A distinctive feature of the rice systems of Ukraine and a limiting factor in
planning their agricultural use is that they are located mainly in territories with
complex hydrogeological conditions, saline soils of the aeration zone, and a shallow
level of mineralized groundwater. The repurposing of rice systems to conventional
crop rotations or the reduction of rice crops threatens the salinization of the soils
of rice systems and the deterioration of the agrochemical composition of soils and
groundwater, since in the absence of a leaching regime, salinization is restored. In
addition, weather and climate changes, characterized by an increase in air temperature
in the summer and a decrease in the amount of precipitation, increase the processes
of evaporation from the fields, especially in conditions of shallow occurrence of
mineralized groundwater. This contributes to the activation of secondary salinization
processes, which deepens the problematic state of agricultural lands.

Preservation of rice systems has become critically important in Ukraine, as two
of the three rice-growing regions (the Autonomous Republic of Crimea and the
Khersonregion) are currently under temporary occupation. These systems are located
in areas that were previously exposed to salinization and have nearby weakly miner-
alized groundwater. The destruction of the Kakhovka reservoir, the main source of
freshwater, led to the shutdown of 94% of irrigation systems in the Kherson region
(Economic Consequences, 2023). This, together with the destruction of canals and
hydraulic structures, makes it difficult to carry out the necessary remedial measures
in a short time after the restoration of control over the territory. The analysis of Earth
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remote sensing data (NDVI and NDMI) shows the lack of vegetation and potential
soil degradation in a significant part of the Skadovsk district of the Kherson region,
where rice fields are located (Klimov S., et al., 2023).

During the last fifty years, the soils of rice irrigation systems in the south of
Ukraine were in a periodic leaching regime, which led to the formation of com-
plex complexes of water and soil processes. The cessation of irrigation due to the
active hostilities of the Russian Federation and the occupation of the territory led
to changes in the water-salt balance, as a result of which the hydrogeological and
melioration of these territories deteriorated (Vargas R., et al., 2018; Irrigation and
Drainage Strategy in Ukraine until 2030).

The restoration of soils can be significantly complicated due to the lack of the
necessary volume of water for traditional washing, which will lead to the activation
of secondary salinization processes, loss of soil productivity, and ecological disaster.

The purpose of the research is to develop environmentally safe and resource-
saving technologies for leaching saline soils of rice systems in order to increase
their productivity. Leaching technologies must take into account the peculiarities
of natural-climatic, soil, hydro-geological improvements and economic conditions.
They must provide the necessary parameters of water, salt and air regimes of the
soil, optimal conditions for soil formation, rational use of water resources and meet
ecological requirements for the preservation of the environment.

To achieve the goal, technologies for regulating the water-salt regime of the soil
during the cultivation of rice and related crops on saline lands have been developed,
which take into account the peculiarities of the accumulation of salts during the
growing season, which makes possible to justify the structure of rice crop rotation.

A method of calculating leaching norms has been developed, which is based on
the complex application of deep loosening and periodic irrigation, the maximum
involvement of soil moisture in the leaching process, and the use of the natural
thermal effect.

The implementation of these technologies for leaching saline soils can be an
important step in restoring fertility and increasing the productivity of rice systems
in conditions of water scarcity and climate change.

THE SALINITY BALANCE OF THE RICE SYSTEM

Studying the water and salt regime of rice irrigated areas is important for general
control of land reclamation conditions and prevention of secondary soil saliniza-
tion processes, deterioration of land reclamation conditions on newly developed
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land massifs, as well as for the development of scientifically based measures for
the reclamation of lands already salted and removed from agricultural production.

The main agroecological feature of saline soils is the presence of harmful salts
in the root zone in quantities exceeding the permissible levels for the development
of agricultural plants, or leading to a significant reduction in their productivity.

The intensity of soil salinization in rice systems during prolonged cultivation
of flooded rice was determined by the initial salinity and the chemistry of readily
soluble salts, water permeability, the location of the investigated areas relative to
the irrigation and drainage network, and the ability of drainage to actively influence
the level and salt regime of groundwater, primarily depending on the construction
and parameters of the latter.

The forecast of changes in the salt regime can be made based on the analysis of
components of the salt balance equation (Stashuk V.A., et al., 2017). Solving this
equation helps answer the question of how the salt content in the soil layer will
change by the end of the calculation period.

The salt balance is usually calculated for a layer that includes the aeration zone
and the upper layer of groundwater. It is precisely in this layer that a relatively in-
tensive redistribution of salts occurs, significantly affecting the yield of agricultural
crops (Figure 1).

Figure 1. Salinity balance of irrigated lands
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The calculation of the salt balance is carried out using the equation

S1+S2+S3+S4:S5+S6+S7+S8+S9i510’ (1
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where S| — the reserves of salts in the soils of the aeration zone of the balance
layer at the beginning of the calculation period; S,— the reserves of salts in the
groundwater of the balance layer at the beginning of the calculation period; S, — the
influx of salts from irrigation water; S, — the influx of salts from fertilizers; S, — the
reserves of salts in the soils of the aeration zone of the balance layer at the end of the
calculation period; S, — the reserves of salts in the groundwater of the balance layer
at the end of the calculation period; S, — the removal of salts with drainage water;
S, — the removal of salts with runoff water; S, — the removal of salts with the harvest;
§,,~ the salt exchange with lower horizons. All components are measured in kg/ha.

The reserves of salts in the soils of the aeration zone and in the groundwater of
the balance layer are determined based on the results of soil salinity surveys, which
are conducted twice a year in Ukraine.

The salt reserves in the aeration zone are calculated using the formula

S = 0.1-a-p -h,kg/ha 2)

15
where a. — the total salt content, % of the dry soil mass; p, — the average bulk
density of the soil, t/m*; h, — the thickness of the aeration zone, m.
The salt reserves in the groundwater of the balance layer are calculated using
the expression

S

2(6)

= 10-a,-n, - h, kg/ha (3)

where a,—the mineralization of groundwater, g/1; n —the active soil exchangeabil -
ity, parts per unit; 4, — the thickness of the groundwater layer in the balance layer, m.
The influx of salts from irrigation water is calculated using the equation

S, = 1000 - a,, - M, kg/ha @)
where a_— the average mineralization of irrigation water during the growing
season, g/l; M — the irrigation norm, m*ha.
The influx of salts from fertilizers is determined based on data provided by land

users regarding the quantity of fertilizers applied per hectare.
The removal of salts with drainage water is calculated using the formulas:

S, = 2 Sy, ke/ha 5)

S = 1000-a,, - F,, keg/ha (6)
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where a ., —the average mineralization of drainage water for the decade, g/I; F,,

., — the volume of drained drainage water for the decade, m*/ha.
The calculation of salt removal with runoff water is conducted using the formulas:

S, = 2 Sy ke/ha (7)
Ssp = 1000~ - S, , kg/ha (8)

where a_ . — average mineralization of runoff water for the i-th discharge, g/L;
S ., — volume of water discharged during the i-th discharge, m’/ha.

Sampling of runoff water to determine its mineralization is conducted during
each of the technological discharges. The value of S . is determined through direct
measurements.

The displacement of salts from the balance layer into the lower horizons is calcu-
lated as the difference between the incoming and outgoing parts of the salt balance

Sy, =S +S,+8,+8,-5-5 -8 -8, -5, kg/ha, )

The value of S, allows us to assess the efficiency of the rice system in terms
of soil leaching.

The pattern of salt accumulation and distribution in the vertical profile of the
aeration zone imposes different requirements on the irrigation and leaching regimes,
which should ensure the desalination process with minimal water consumption.

The mechanism of soil leaching is quite complex. Sorption, capillary, and
gravitational forces play a key role in this process, which depend on the physical
properties, degree, and chemistry of soil salinity and groundwater.

The selection of irrigation parameters should consider upward and downward
moisture flows in the aeration zone, ensuring the improvement of the reclamation
status of irrigated lands. According to Averianov S.F., if groundwater is mineral-
ized or even lacks upward movement, salts, through their mobility and filtration
diffusion, migrate and salinize the upper soil horizons up to 40-70% of groundwater
mineralization (Averyanov S.F., et al., 1971).

This indicates the necessity of maintaining constant downward water movement
during the operation of rice systems, as the creation of such groundwater flows
ensures favorable levels of readily soluble salts in the soil.

The intensity of the leaching regime in rice fields is determined by both the
irrigation regime and the hydro-physical properties of saline soils.
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JUSTIFICATION OF ENVIRONMENTALLY SAFE
CULTIVATION PERIODS FOR CROPS ON SALINE SOILS

Reprofiling rice systems to conventional crop rotations or reducing rice plant-
ings threatens secondary soil salinization in rice systems and deterioration of the
agrochemical composition of soils and groundwater. Therefore, determining the
permissible duration of cultivating companion crops after rice cultivation is relevant
and allows for the proper regulation of rice rotations with rice and companion crops.

The dynamics of salt content in the active soil layer during rice and companion
crop cultivation can be represented graphically (Figure 2).

Figure 2. Dynamics of salt content in the active soil layer during rice and com-
panion crop cultivation: S, — initial soil salinity, S,— salt content at the end of the
leaching period, S — salt content at the end of companion crop cultivation, S
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The magnitude of desalination during one year of rice cultivation depends on the
initial soil salinity, grain size composition, type of soil salinity, and soil drainage
(Table 1). A correlation has been established between the magnitude of desalina-
tion of the one-meter soil layer per year of rice cultivation and the aforementioned
factors against the backdrop of satisfactory operation of the drainage-discharge
network in soils of different granulometric compositions with chloride-sulfate and
hydrocarbonate types of salinization. For other types of soil salinity, an adjustment
should be made, which s 1.2 for chloride salinization and 0.85 for sulfate salinization
(Kyrienko T.N., 1984). To determine the magnitude of desalination of a one-meter
soil layer, a nomogram has been constructed (Figure 3).
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Table 1. The value of desalination of a one-meter layer of soil during 1 year of rice
cultivation with chloride-sulfate and bicarbonate soil salinization (rice system of
the Kherson region, Ukraine)

Granulometric composition Initial soil salinity Sin, mg-eq/100g of soil

of the soil 4 10 | 15
Soil desalination norm Susm, mg-eq/100g of soil

Light loam 2.0 4.0 9.0
Medium loam 1.5 2.0 5.0
Heavy loam 0.8 1.0 2.0

Once the desalination norm is determined, the salt content at the end of the
leaching period can be calculated

S, =S, —S,, mg—eq/100g of soil (10)

where §, — the salt content at the end of the leaching period, in mg-eq/100 g of
soil; S, — the initial soil salinity, in mg-eq/100 g of soil; §, — the amount of soil
desalination, in mg-eq/100 g of soil.

Figure 3. Nomogram for determining the magnitude of desalination of a one-meter
soil layer within one year of rice cultivation in the conditions of the Kherson region,
Ukraine
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During the non-irrigation period 7, the salt reserves are restored in the soil due
to upward water currents, the values of which depend on the intensity of salinization.
At the end of period T, the salt content in a one-meter soil layer can be determined
by the formula
S = 8,+S, ,mg—eq/100g of soil (11)

where S, ~the saltcontentat the end of the companion crop cultivation, mg-eq/100
g of soil; S — is the magnitude of secondary soil salinization, mg-eq/100 g of soil.

The magnitude of secondary soil salinization depends on several factors, the
main ones being: the salt content at the end of the leaching period, the depth of the
groundwater table, the particle size distribution, and the type of soil salinity, the
mineralization of groundwater, and the duration of salinization.

The magnitude of secondary soil salinization of a meter-thick soil layer can be
determined based on the aforementioned factors using the following expression

S

end(i)

= §,+S,- K, mg—eq/100g of soil (12)

where S —the degree of soil salinity at the end of the companion crop cultiva-

end(i)
tion period, mg-eq/100g of soil; K, — the soil salinity coefficient during the period
of cultivation of companion crops, the value of which can be determined using a

nomogram (Figure 4).

Figure 4. Nomogram for determining the soil salinity coefficient during the period
of cultivation of companion crops (rice system of the Kherson region, Ukraine)
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The possible period of non-rice cultivation in rice systems is limited by the mag-
nitude of secondary soil salinization, which should not exceed the permissible level

Spiy = S+ 5, K,, < S, mg —eq/100g of soil (13)
where Sen = the permissible amount of salts in a meter-thick soil layer, mg-
eq/100g of soil.

To prevent the development of secondary salinization processes during the cul-
tivation of dryland crops, the groundwater level should be below a critical depth,
which is determined in each specific case by the hydro-physical properties of the
soil, its salinity, lithological structure, and climatic factors. The salt content in the
soil depends on weather conditions, the groundwater level, their mineralization, the
type of intercrop, and the level of agronomy practices.

To prevent the development of secondary salinization processes during the cul-
tivation of dryland crops, the groundwater level should be below a critical depth,
which is determined in each specific case by the hydro-physical properties of the
soil, its salinity, lithological structure, and climatic factors. The salt content in the
soil depends on weather conditions, the groundwater level, their mineralization, the
type of intercrop, and the level of agronomy practices.

To ensure environmentally safe conditions for the functioning of rice systems,
it is necessary to scientifically justify the structure of rice crop rotations and the
selection of companion crops, apply periodic leaching regimes, and adhere to per-
missible levels of groundwater on saline lands of rice systems.

Introducing dryland crops into rice crop rotations will improve soil water-air re-
gimes, increase soil fertility, and rid fields of specific rice weeds, diseases, and pests.

The application of such crop rotations allows for reducing the volume of irrigation
water without allowing secondary soil salinization, using organic and cover crop
fertilizers, implementing agronomic practices, maintaining proper phytosanitary
and ecological-ameliorative conditions of the soil, and increasing the economic
efficiency of the rice system.

Currently, there are several environmentally safe irrigation technologies for rice
cultivation and companion dryland crops in rice rotations (Shereen A., et al., 2002;
XuZ.,etal., 2020; Zhu C., et al., 2023; Stashuk V.A., et al., 2023, Turcheniuk V.O.,
et al., 2020, 2023; Dudchenko V.V, et al., 2011). This necessity arises from the
projected climate changes in rice-growing areas, which anticipate decreased pre-
cipitation and increased air temperatures, potentially leading to increased moisture
deficit and reduced moisture supply coefficient, necessitating significant increases
in water supply volumes for rice crop cultivation.
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However, in complex hydrogeological conditions of rice irrigation systems, the
implementation of resource-saving irrigation regimes for rice rotations may lead
to intensified evapotranspiration water regimes and the development of secondary
salinization processes on irrigated lands, as observed in the 1990s in southern
Ukraine (Kovaliov S.V., et al., 2002).

Thus, there is a need to optimize irrigation regimes and techniques for irrigating
companion dryland crops in rice rotations based on ecological and economic princi-
ples. Itis necessary to develop organizational, economic, technical, and constructive
measures that will contribute to the creation of an effective system for rational use
of the rice irrigation fund and improvement of the ecology-ameliorative state of
agro-landscapes in rice-growing areas.

Therefore, maintaining the necessary water-saltregime of the soil is a prerequisite
for the effective functioning of rice irrigation systems. This is achieved through the
use of environmentally safe leaching technologies.

ILLUSTRATIVE EXAMPLE

An example of the calculation of salt content and dynamics over three years for
the conditions of the Kherson region is given in the Table 2.

Table 2. Dynamics of salts in the I-meter soil layer and possible periods of using
rice fields for companion crops (rice system of the Kherson region, Ukraine)

Granulometry composition of

g medium loam
soils

Type of soil salinization chloride-sulfate-hydrocarbonate

Initial soil salinity, mg-eq/100 g 2 3 4

Removal of salts for 1 year of rice

cultivation, mg-eq/100 g 0.8 12 2.0

Salt content at the end of the

leaching period, mg-eq/100 g 1.2 18 20

Permissible amount of salts,

me-eq/100 & 4.1 4.1 4.1

Groundwater level, m 1.0 2.0 1.0 2.0 1.0 2.0

Mineralization of groundwater, g/1 3 5 3 5 3 5 3 5 3 5 3 5

Salinity coefficient (year 1) 0.56 | 0.73 | 0.46 | 0.60 | 0.56 | 0.73 | 0.46 | 0.60 | 0.56 0.73 | 0.46 | 0.60

Salt content at the end of the 1st
year, mg-eq/100 g

Salinity coefficient (year 2) 0.88 | 1.11 | 0.72 | 0.92 | 0.88 1.11 072 | 092 | 0.88 1.11 0.72 | 0.92

Salt content at the end of the 2nd
year, mg-eq/100 g

continued on following page

225 | 2.53 | 2.06 | 2.30 | 3.38 | 3.80 | 3.10 | 3.46 | 3.76 | 422 | 344 | 384
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Table 2. Continued

Granulometry composition of

q medium loam
soils

Type of soil salinization chloride-sulfate-hydrocarbonate

Salinity coefficient (year 3) 1.08 | 1.32 | 0.87 | 1.10 | 1.08 | 1.32 | 0.87 | 1.10 [ 1.08 1.32 | 0.87 | 1.10

Salt content at the end of the 3rd

250 | 2.78 | 2.24 | 2.52 | 3.75 | salin. | 3.37 | 3.79 | salin. | salin. | 3.74 | salin.
year, mg-eq/100 g

According to the obtained data, the implementation of dryland crop rotation in
rice systems leads to the restoration of the water-salt regime and soil salinization
already at the end of the third year of growing companion crops. This can lead to
soil degradation and a sharp decrease in yields.

To prevent secondary soil salinization in rice systems and deterioration of the
agrochemical composition of soils and groundwater, it is necessary to determine
the permissible duration of cultivating companion crops after rice cultivation in
advance. In our case, this amounts to two years.

METHODS OF LEACHING SALINE LANDS OF RICE SYSTEMS

Rice systems in Ukraine are predominantly located in areas with complex
hydrogeological conditions, saline soils in the aeration zone, and shallow levels
of mineralized groundwater. Therefore, when developing new territories for rice
systems or after prolonged cultivation of companion crops, there may be a need for
intensive leaching of saline lands.

Moreover, recent weather and climatic conditions differ from previous years and
long-term averages, with an increase in air temperatures during the summer period.
Increased evaporation from the surface of fallow rice fields with shallow mineralized
groundwater undoubtedly activates salinization processes.

The effectiveness of leaching depends on the soil's hydro-physical properties,
its salinity level, and the depth of groundwater.

Norms and timing of leaching. Leaching is carried out by applying a specific
volume of water (leaching norm) to saline lands, which dissolves salts and displaces
them as a solution into groundwater intercepted and discharged by the drainage
network.

The leaching norm is the amount of water required to remove excess salts in
the calculated soil layer per hectare. It consists of two components: the amount of
water needed to saturate the calculated soil layer to field capacity and the amount
needed to leach out dissolved excess salts.
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Various methods exist for determining the leaching norm. The formula proposed
by V.R. Volobuyev is commonly used to determine the leaching norm in drained
rice territories (Volobuyev V.R., 1974)

S,
M = 10000 - a - g™, m*/ha (14)

per

where M — the leaching norm, m*/ha; S0 — the initial soil salinity content (1.0 m),
% S,.. — the permissible soil salinity content after leaching, %; a — the empirical
salt yield coefficient (Table 3).

Table 3. The value of the salt yield coefficient a depending on the type of salinity
and the granulometric composition of soils (according to V.R. Volobuyev)

Type of salinity
Soils
chloride chloride-sulfate sulfate
Sandy and sandy loams 0.62 0.72 0.82
Medium loam 0.92 1.02 1.12
Heavy loamy 1.22 1.32 1.42

Depending on the granulometric composition, type and degree of soil salinity,
the leaching norm can be from 1.0 to 10 thousand m? or more (Table 4).

Table 4. Leaching norms depending on the granulometric composition, type and
degree of soil salinity (according to V.R. Volobuyev)

Leaching norm depending on the type of salinity, A/, m*ha
Initial content of salts in the soil, So, %
chloride | chloride-sulfate sulfate

Sandy and light loams

0.4 2700 2200 1100

0.6 3800 3500 2500

0.8 4500 4400 3500

1.0 5100 5100 4300
Medium loam

0.4 4000 3100 1400

0.6 5600 4900 3400

0.8 6700 6200 4800

1.0 7600 7200 5900
Heavy loamy

continued on following page
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Table 4. Continued

Leaching norm depending on the type of salinity, M, m*%ha
Initial content of salts in the soil, So, %
chloride chloride-sulfate sulfate
0.4 5200 4000 1800
0.6 7400 6300 4300
0.8 8900 8000 6100
1.0 10100 9300 7500

Leaching of the soil is best conducted during the autumn period when the soils
are dry, and the groundwater is at greater depths, maximizing the soil's salt discharge.

Soil leaching is carried out in two stages. During the first stage, the soil layer is
moistened to its minimum (field) capacity. Salts present in the soil dissolve during
this stage. The second water application is carried out 4-5 days after the first. During
the second stage, further dissolution of salts in the soil occurs, and they are displaced
from the leaching layer into the groundwater and then into the drainage network.
Each subsequent application is made after the previous one has soaked through.

The most effective leaching action of water is observed when the leaching norm
corresponds to 30-40% of the maximum field capacity of the calculated soil layer.
For a one-meter soil layer, this amounts to: on light soils — 700-900 m*ha; on me-
dium soils — 900-1100 m*/ha; on heavy soils — 1100-1500 m*/ha.

A significant resource of washing water is the use of drainage and discharge
water of rice fields. The suitability of these water for leaching is assessed by their
general mineralization, chemical composition, concentration of individual ions and
their ratio and combinations.

The use of drainage effluents for leaching salt-affected rice fields will enhance
water use efficiency, reduce the volume of water drainage, and preserve and improve
the ecological conditions of water bodies (Koltsov A.V., et al., 1994; Makovsky
V.Y., 2002; Lukyanchuk O.P., et al., 2019).

Traditional flooding is a common method for leaching salt-affected soils, but it
has both advantages and disadvantages. More efficient soil desalination methods
have been proven through research, including periodic flooding, surface irrigation,
and sprinkler irrigation, which require smaller leaching norms compared to constant
flooding. Technologies for leaching heavy soils during restructuring are known,
and new methods for leaching salt-affected soils, such as using polymers, are under
study (Pessarakli M., et al., 2019, Stashuk V.A., et al., 2014; Oleynik, A.Y., et al.,
1987; Tanton, T.W., et al. (1988, Vidal J., et al., 2021).

The dynamics of salt movement in the soil during leaching is a complex process
influenced by natural and agricultural factors. Analyzing this process is essential for
justifying land improvement measures aimed at the effective utilization of salt-affected
lands. The theoretical foundations of the salt removal process during soil leaching
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have been adequately studied, enabling the effective resolution of tasks related to
reducing excess salt content through physicochemical hydrodynamics (Letey J., et
al., 2011; Tanton T.W., et al., 1988; Marcos M., et al., 2018; Kozishkurt S.M., et
al., 2003). This primarily applies to sulfate and chloride salinization, prevalent in
the rice grown regions of Ukraine.

Types of leaching of saline lands. The field (check) of the rice system according
to its design features is prepared for leaching, does not require additional earthworks
or other works, or special equipment. The check is limited by earthen embankments,
water supply is carried out through channels of the irrigation network, drainage is
carried out through an open or closed drainage and discharge network with the help
of hydraulic structures.

The leaching of saline lands in rice fields varies in terms of water volumes,
duration, and frequency, depending on the type of salinization and the construction
of the rice system.

In most cases, leaching involves flooding areas with freshwater for several days,
weeks, or even months. This method requires a significant amount of irrigation
water, and the leaching depth roughly equals the depth of water infiltration during
the leaching period.

The timing of continuous flooding for leaching is determined considering the
maximum possible salinization. Therefore, the optimal period for Ukraine is from
August to September when the soils are dry, groundwater is at greater depths, and
salt release from the soil is highest. During this period, the expanded zone of soil
aeration allows excess salts to be flushed into deeper soil layers or the drainage
network, reducing the duration of leaching. The duration of leaching is determined
based on the initial degree of salinization, water infiltration intensity, and the norm
of salt dissolution in water within the soil.

The criterion for initiating the next stage of leaching on soils with hydromorphic
properties is the depth of the groundwater level. For light soils, it should be between
1.0 to 1.5 m, while for heavy soils, it should range from 0.8 to 1.0 m (Stashuk V.,
et al., 2020).

Leaching activities are categorized into capital and operational (preventive) leach-
ing based on organizational and economic purposes. Capital leaching involves the
primary removal of salts from the soil to acceptable levels. Operational (preventive)
leaching aims to maintain acceptable salt levels in the soil after capital leaching,
ensuring subsequent leaching of deeper horizons and reducing the mineralization
of groundwater.

Depending on the quantity and duration of leaching, they can be classified as
one-time (applying the entire leaching norm at once) or cyclical (leaching with
reduced leaching norms). It is known that salt removal from the soil occurs more
intensively under conditions of unsaturated flow, which occurs during periodic
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short-term flooding. This is due to the slow process of salt diffusion between soil
pores during continuous flooding. Therefore, continuous flooding requires a larger
volume of water for leaching compared to periodic flooding.

Leaching with norms exceeding 8000 m3/ha typically occurs over two to three
years. If the leaching normreaches 15000 m*/ha, it can be combined withrice cultiva-
tion in floodplain and deltaic areas, as demonstrated in Ukraine (the Danube Delta).

Depending on the construction of the rice system, leaching is carried out against
the backdrop of open (Figure 5, a) or closed (Figure 5, b, c) drainage systems. In
rice systems, closed drainage can be systematic or selective.

Figure 5. Leaching of salt-affected soils against the background of: a) open drainage
network; b) closed drainage network with selective drainage; c) closed drainage
network with systematic drainage; 1 — drainage channel; 2 — irrigation channel;
3 —irrigation-discharge channel; 4 — drain

3
/ e — .-'f."a"'.'h\
- — N Ny

With the aim of ensuring the necessary desalination of the soil's calculated layer,
preventing salt restoration during the non-rice period, creating optimal soil forma-
tion conditions, and increasing the efficiency of the drainage network, scientists
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have proposed various implementation options for leaching taking into account the
designs of rice irrigation systems.

The existing (traditional) method of leaching saline soils of rice systems
involves prolonged flooding of checks during rice cultivation on rice field construc-
tions against the background of check drainage with minimum distances between
drains of 200-500 m and depths of 1.3-1.5 m.

Water consumption using this technology is associated not only with significant
recommended irrigation norms but also with potential drawbacks in conducting
flushes. Among such drawbacks, insufficient drainage of leaching areas and poor
field surface planning for flooding can be noted.

Research have shown that the features of the movement of filtration flows on
irrigation maps during the period of maintaining the water layer are that a zone of
groundwater bulging (along irrigation canals) and a stagnant zone in the center of
the check is formed on part of their areas. While the active movement of ground-
water occurs only on part of the area directly adjacent to the drainage and discharge
channels (Kovaliov S. V,, et al., 2002).

The total area that is practically not drained exceeds 60% of the irrigated field
area. This results in unstable soil and groundwater desalination, allowing for the
cultivation of companion crops without significant salt restoration but only for a
short period.

Leaching against the background of systematic closed internal check drain-
age. The proposed method involves leaching the soil during rice cultivation while
maintaining the optimal soil salt regime against the background of systematic closed
internal check drainage with the output of drainage runoff into a closed collector
(Oleynik A.Y., et al., 1987).

This method will reduce the duration of leaching, which is particularly relevant
when the proportion of rice in the crop rotation is reduced to 30%. It will ensure
uniform irrigation and soil aeration across the entire area of the irrigation field,
including the strips along the irrigation channels, creating safe conditions for grow-
ing companion crops in a short time, and increasing rice yield by 10-15 g/ha. This
leaching method requires the implementation of a capital reconstruction of the rice
system and significant material resources.

Leaching of saline soils against the background of selective drainage with
the application of deep tillage. The drawback of the traditional leaching method
is the uneven and shallow leaching of soils across the rice field, especially in its
central part and in areas influenced by irrigation channels. Deterioration of the water-
physical properties of soils, primarily their permeability, as a result of prolonged
flooding, slow filling of checks with a water layer leading to the rise of mineralized
groundwater to the active soil layer, slow drying of checks in the post-irrigation
period due to large distances between drainage channels (200-500 m), and corre-
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spondingly low drainage of checks. Therefore, this leaching method is applied to
checks with selective closed drainage, which reduces the distance between open
drainage channels to 100-125 m (Lukyanchuk O.P., et al., 2019). Deep tillage is
carried out as a highly effective measure to increase the water permeability of heavy
soils before their leaching.

Deep ameliorative tillage will create conditions for rapid and uniform irrigation
of soils across the rice field, ensure sufficient depth of desalination, and accelerate
the drying of rice checks in the post-irrigation period. Deep tillage significantly
improves the aggregate composition and water permeability of soils in the upper
layer with a thickness of not less than 0.6 m, thereby positively influencing their
water-physical properties and agro-ameliorative condition overall.

The advantage of the proposed method of leaching saline soils in rice irrigation
systems against the background of previous deep tillage is the uniform desalination
of soils across the entire rice field area and to a greater depth, reduction in leaching
duration, rapid lowering of groundwater levels in the post-irrigation period, accel-
erating harvest and autumn soil processing, improving soil oxygen regime, and
consequently increasing rice and other crop yields in crop rotation.

Soil leaching against the background of an open
drainage network with periodic irrigation.

Capitalleaching. The mechanism of soil leaching is quite complex, with sorption,
capillary, and gravitational forces playing a key role, which depend on the physical
properties, degree, and chemistry of soil and groundwater salinization.

In simplified terms, moisture and salt transport in the soil can be represented
as follows. The soil has a porous environment in which, when filled with water,
salts dissolved in it occur. Under the action of gravitational forces, a portion of this
solution flows into lower layers (or drainage systems), resulting in the desalination
of the upper soil layers.

However, not all water in the soil participates in dissolving and transporting salts.
Part of it is retained by the soil particles' surface with considerable force, resulting
in the high density of this water, preventing salt dissolution and participation in
moisture and salt transport. This water constitutes 5-8% of the soil mass and is
called its maximum hygroscopicity.

Soil moisture occupying porous environments with diameters up to 600 microns
is retained in the soil by meniscus forces, moves under the influence of moisture
gradients, and is unaffected by gravitational forces, known as capillary, with its
volume being the least water-retentive capacity of the soil.

212



Sergiv Lavrenko {lavrenko.sr@gmail.con
|G| Global Platform

Moisture occupying soil pores with diameters greater than 600 microns is not
retained in the soil and moves as a filtration flow, driven by gravitational forces when
moistening the soil above the capillary moisture reserve. Such moisture is called
gravitational, with its volume being the water conductivity volume. The maximum
water conductivity volume is determined as the difference between the total and
minimum soil water-retentive capacities.

The volumes of capillary water and water conductivity constitute the soluble
volume of soil moisture, determined by the difference between total moisture content
and the volume of hygroscopic moisture in the soil. However, the actual soluble
volume will be 7-10% less than determined due to the presence of trapped air in
the soil pores. In calculations, this reduction can be accounted for by a coefficient
of 0.9 (Kozishkurt S.M., et al., 2001).

Upon moistening the leaching soil layer to full moisture capacity, soluble salts
transition into the soil solution. As a result of mixing, collision of different pore
diameters, and the diffusion process, the concentration of this solution becomes
approximately equal in both capillary and gravitational waters.

Therefore, during the leaching process, the active (calculated) soil layer needs
to be saturated with leaching water to full moisture capacity through successive
irrigation, equivalent to the water conductivity volume. With each successive
irrigation, salts will be leached from the soil in an amount accommodated by the
water conductivity volume. With each subsequent irrigation, the salt content in the
leaching soil layer will decrease.

Certainly, mineralization and the volume of salt input with leaching water should
be taken into account.

Mathematically, this can be represented as

— Sin+m.c _ SB(VIISUI_m) mZ'C
Slch = Sm—W—m = W W ,kg/ha (15)

sol sol sol

where S, , — the stock of salts in the leaching layer of the soil after applying the
leaching norm, kg/ha; S, — the initial stock of salts in the soil at the beginning of
leaching, kg/ha; W  —the soluble volume of water in the soil, m*/ha; m — the leaching
norm, m*ha; C — the mineralization of leaching water, kg/m>.

If the expressions of constant values for specific soil conditions are marked

W -
%m = fand m‘; C = 4, then equation (15) takes the form

sol sol

S, =S, Py, kg/ha (16)
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Similarly, it is possible to determine the reserves of salts in the leaching layer of
the soil after the second, third, etc. introduction of the leaching norm. Substituting
the initial values of salt reserves into equation (16) as the final reserves after the
previous irrigation, the general equation of the final salt reserve in the leaching layer
of the soil through “n” leaching will be

Send = S,',, . ﬂn _ 7/./)711—1 _ y.ﬂn—Z - .=y (17)

where S  — the reserve of salts in the leaching layer of the soil at the end of
leaching, which should not exceed the permissible reserve, kg/ha (t/ha).

With a certain number of contributions of separate leaching norms “n”, the
general norm of soil leaching will be

M = n-m+ AW, m*/ha, (18)

where AW — the volume required to saturate the estimated soil layer to the lowest
moisture content at the beginning of leaching AW =W, — W, _, m’ha; W, - the
lowest moisture content of the soil, m*/ha; W. — initial moisture reserve in the soil,
m*ha.

Preventive leaching. In addition to capital leaching during the cultivation of
companion crops, autumn preventive irrigation is carried out to leaching the root
zone of the soil from the seasonal accumulation of salts. Preventive leaching of
saline lands is an important measure to preserve soil fertility and ensure high yields.

The accumulation of salts in the root zone of the soil during the vegetation period
is determined by the equation
S = (Wg'm S +tM-S, )— S . kg/ha (19)

where S —accumulation of salts in the root layer of the soil during the growing
season, kg/ha; W | —volume of groundwater that participated in plant evapotranspi-
ration, m*/ha; Sg.w, — salinity of groundwater that participated in plant evapotranspi-
ration, kg/m?; M — irrigation norm, m*/ha; S —mineralization of irrigation water,
kg/m’; S — removal of a part of salts by the crop of companion crops (5% of the
mass of salts can be accepted), kg/ha.

The amount of washed salts from the estimated soil layer during the growing
season can be determined by the volume of water that filtered through the root layer
and dissolved soil salts

Sy = P Wy kg/ha (20)
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where Sgrw —amount of washed salts, kg/ha; p —saturation of the soil solution with
salts, kg/m?; W, — volume of water filtered through the estimated soil layer, m*/ha.

The value of p is determined from the conditions of accumulation and dissolution
of salts in the leaching layer of the soil

S rw + M ir.w.
p = " kg/m 2D

The leaching norm is determined as the sum of the volume of water that has
filtered through the leaching layer of the soil and the volume needed to saturate the
soil to its minimum moisture content at the beginning of leaching:

M=W,.+ AW, m?/ha (22)

where AW —the volume required to saturate the estimated soil layer to the lowest
moisture content at the beginning of leaching, m* ha.
Substitute the obtained formulas into formula (20)

ng_ + (AW+ Wﬁ[) S,
S = — . Wﬁl, kg/ha (23)

orw AW+ W,

Hence, the volume of water required to remove the accumulated salts during the
growing season from the root layer of the soil will be

S
_Sir.w. + Sir.w,2 + 4 . gy . §

W, = —S7 " m/ha 24)

ILLUSTRATIVE EXAMPLE

The example of the calculation of the volume of capital leaching under the same
initial conditions according to two methods for the conditions of the Kherson region
is given in Table 5.

Table 5. Calculation of the volume of capital leaching (on the example of the rice
system of the Kherson region, Ukraine)

Type of soils dark chestnut
Granulometric composition of soils medium loamy
Type of soil salinization sulfate-chloride
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Type of soils dark chestnut
Estimated soil layer 1.0m
Initial salting 0.38% or 49.5 t/ha
Permissible salting 0.10% or 13.0 t/ha
Hygroscopic humidity 7% or 910 m*/ha
Lowest moisture content of the soil 19% or 2470 m’/ha
Full moisture content of the soil 30% or 3900 m*/ha
Initial moisture reserve in the soil 16% or 2070 m*/ha
Mineralization of irrigation water 0.4 g/l
method of VR Nolobwyer e M = 10000 L0 = 5942 g
Calculation of the leaching norm according to W, = (3900 — 910) « 0.9 = 2691 5
this method

m = (3900 — 2470) « 0.9 = 1287 m*ha

AW = 2470 — 2070 m’/ha
B = 269 126_911287 - 0'52’}, - 1287;6-901.0004 = 025
S, = 49.5-0522-0250.52' - 0251 = 13
M =2-1280+ 400 = 2960 m’/ha

Saving water 5942 — 2960 = 2982 m*ha or 50%

Comparison of the results of determining the norms of capital leaching of saline
soils indicates that the proposed methodology allows for a more rational use of water
resources. According to this methodology, water savings amount to 2982 m®ha or
50% of the leaching norms determined by V.R. Volobuyev's method.

The example of the calculation of the volume of preventive leaching for the
conditions of the Kherson region is given in Table 6.

Table 6. Calculation of the volume of preventive leaching (based on the example of
the Kherson region, Ukraine)

Type of soil dark chestnut
Granulometric composition of soils medium loamy
Type of soil salinization sulfate-chloride
Estimated soil layer 1.0m
Lowest moisture content of the soil 19% or 2470 m*/ha
Initial moisture reserve in the soil 16% or 2070 m*ha
Irrigation norm 3000 m*/ha
The shalre of: sgil water in evapotranspiration 15%
ontinted-on-fotowingpage
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Table 6. Continued

Type of soil dark chestnut

Mineralization of ground water 2.0¢g/1

Mineralization of irrigation water 0.4 g/l

Sefisonal accumulation of salts in the estimated S = (0.15°3000-2 + 3000°0.4):0.95 = 1995 kg/ha
soil layer

which il ensre he removal obslts rom the | gy _ T04F Y044 g 1995

root layer " 2 z(l)oé(t) m’/ha.

Therefore, during the prolonged cultivation of companion crops with small irriga-
tion norms, absence of filtration losses during vegetative irrigation, and participation
of mineralized groundwater in evapotranspiration, there is a seasonal accumulation
of salts in the soil's root zone.

According to calculations, the volume of water required to remove accumulated
salts during the vegetative period from the soil's root zone will amountto 1227 m3/ha.

Conducting autumn preventive flushes will prevent soil salinization and eliminate
the need for capital leaching.

IMPROVING THE EFFICIENCY OF LEACHING SALINE SOILS
UNDER CONDITIONS OF WATER RESOURCE SCARCITY

The leaching regime on the soils of rice crop rotations, which have salinization
properties or are prone to this process, not only have prevented its spread but also
improved their physicochemical characteristics. The absence of irrigation due to the
active military actions of the Russian Federation and the occupation of the territory
led to the deterioration of the hydrogeological and land reclamation state of rice
fields (Klimov S., et al., 2023).

Measures need to be taken to restore agricultural use of rice fields, halt degra-
dation processes in the soils, and prevent salinization restoration within the shortest
period possible. The restoration of irrigation systems and the Kakhovka reservoir
will take a longer time. Therefore, given the limited water resources, it is necessary
to actively seek new approaches to organizing the leaching of saline lands.

It is known that the most intensive removal of salts from the soil occurs under
conditions of unsaturated flow, which is formed during periodic short-term flooding.
Today, soil leaching using periodic flooding is quite common. Water for leaching
is supplied at a specified frequency, with intervals ranging from 3 to 4 days at the
beginning and from 7 to 8 days at the end of the leaching period, taking into account
the seepage of previously supplied water.
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However, the drawbacks of these methods include the fact that slow groundwater
level decline, high evaporation norms, and inadequate drainage capacity lead to the
re-salinization of the soil. This results in increased water consumption for saltremoval.

When studying the advantages and disadvantages of known leaching methods,
a comprehensive approach incorporating hydraulic and agronomic measures was
proposed. The implementation of this method allows for a reduction in the volume
of leaching water.

This method differs from standard periodic leaching in that, for more effective
desalination of soils, a reasoned algorithm for performing technological operations
of flooding, loosening, and drying of the soil is implemented.

Initial flooding of the area partially dissolves salts and carries them away in the
form of a solution into the soil water or drainage network. The next stage involves
measures to displace salts from the soil and accumulate them on the surface.

After each water application, once the soil reaches physical maturity, deep loos-
ening is performed. This prevents the restoration of salts during the period between
periodic flushes and enhances the effectiveness of heat action on soil desalination.
During loosening, the size of gaps increases, porosity rises, and the contact area of
leaching water with the soil expands.

Following deep loosening, the soil drying stage occurs, the duration of which
depends on weather conditions. With rising soil temperatures, water evaporates
from the soil solution in clods, depths, and shallow gaps, and salts are brought to
the surface. These salts are easily leached out by subsequent water applications.

The intensive removal of salts from the soil observed when using the proposed
method is explained by changes in some of its indicators (Table 7). For example,
the porosity of the soil increases from 24% to 47%.

From the table, it can be seen that deep soil cultivation leads to an increase in
fissuring, an enlargement of crevice dimensions, and consequently an increase in
the contact area of leaching water with the soil.

Table 7. Changes in soil indicators due to deep loosening, which affects the effec-
tiveness of its desalination during leaching

Soil condition

Indicators

compacted soil loose soil
Cross-sectional area of gaps, mm? f=0,16-R* f=0,86-R?
Effective radius of gaps, mm r=0,23-R r=0,52-R

CR3. . R3.
Soil porosity, % A= —0'824 \/gL-R1300 =24 A = %zm = 47
. S ho= 15 h= 15

Height of capillary rise, mm 0.23R 0.52R

here R — the mean-weighted radius of soil particles, mm.
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This soil leaching method involves conducting deep soil cultivation in strips to a
depth of 0.6-1.0 m, with a distance of 1.0-1.5 m between the strips (Figure 6). The
width of each strip should be 0.5-1.0 m. It is recommended to perform cultivation
alternately perpendicular to the previous direction. With crosswise cultivation, soil
blocks are formed, arranged in a checkerboard pattern. Drying of these blocks occurs
faster due to contact with the loosened soil, which has better aeration properties
than the non-loosened soil.

Figure 6. Movement of moisture during soil leaching against the background of
deep band loosening

water supplied for leaching

bbbl

YA i 7 r;lzlr\\

< Ap loosened
= capillary level cagfh’arf’ level A ]
T = —
N\ : - AN AR
-

l
|
s
"
|
I
|

|
I
|
|
|
T

filtered salt water

The peculiarity of the proposed method lies in achieving soil desalination not
only through the gravitational transport of salts by water flow but also includes the
mechanism of leaching salts, which accumulate on the surface of soil structural
elements as a result of moisture evaporation.

After conducting deep strip tillage of the soils, clod-like elements are formed
in the treated layer, between which monolithic areas are located, which intensely
evaporate moderately mobile moisture in the range between field capacity and the
moisture content at the capillary break. Moderately mobile moisture does not par-
ticipate in salt transport during leaching, but it exhibits noticeable mobility during
evaporation (Rode A.A., 1965).

Since the mineralization of moderately mobile moisture is higher than that of
slightly mobile moisture, the salt content in the internal volume of soil elements
and in monolithic layers of untreated areas decreases during evaporation, as salts
concentrate on their surface.
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Upon subsequent water application after soil drying, salt leaching occurs through
gravitational water flow, moving them beyond the boundaries of the leaching layer.
Part of the salts is carried down to lower layers, while the rest mixes with water
towards drainage elements, including loosened strips, and is carried out beyond
the flushed area.

Thus, the function of moderately mobile moisture lies in carrying salts to the
surface of soil clods, from which they are flushed away by leaching water. Less
water is required for this leaching compared to leaching salts through the soil layer
via filtration. It is important to note that moderately mobile moisture, although part
of the total leaching water volume, is inert and considered unproductive in land
improvement practices.

After completing the initial stage of leaching and achieving the physical matu-
rity of the soil, a repeated deep strip tillage is conducted, but across the direction
performed during the previous tillage.

During the subsequent drying of the soil, a salt crust will re-form on the surface
of soil clods and aggregates, which will be washed away by water during the next
round of leaching.

Thus, this method of soil desalination is based on repeating cycles of tillage,
drying, and leaching the soil until a certain level of desalination is achieved.

It is worth noting that the tillage process weakens the salt uplift from deeper
layers, preventing re-salinization, as it leads to the destruction of capillaries.

The height of capillary rise depends on the composition of the soil, its physical
and chemical properties, as well as external conditions such as atmospheric pressure
and temperature. Therefore, by altering the density of the soil through deep tillage,
we change the height of capillary rise.

The regularity of this change can be determined by Laplace's equation, according
to which the capillary pressure of water wetting the soil gap equals

P=2-%pa (25)

where P — the capillary pressure of water, Pa; a — the surface tension, which at a
water temperature of 10...15°C is equal to 74 N/m; r — the radius of the meniscus,
which can be assumed to be equal to the radius of the capillary, m.

Under the pressure, water in the soil crevice rises to a height where the mass of
the lifted column of soil water equals the force of capillary pressure and amounts to

P=nh-p-gPa (26)

where i — the height of capillary rise of soil water, m; p — the density of soil
water, kg/m?; g — the acceleration due to gravity, m/s2.
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By equating expressions (25) and (26), we obtain the equation
h-p-g =242 27)
Hence, the height of capillary rise of groundwater will be equal to

h= 24 m (28)

The quantity %% is called the capillary constant, denoted as a?, and its value
can be taken as 15

(a® = T -.9,81 ~ lS)
Therefore, the height of capillary rise of groundwater will be equal to
2 15
h=4% =22 mm (29)

where r — the effective radius of the soil fissure, mm.

As aresult of a significant increase in fissure radius in loosened soils compared
to compacted ones, the capillary rise decreases (Table 7). This phenomenon is ob-
served not only in loosened soils but also in adjacent monolithic blocks (Figure 6).

Therefore, deep loosening prevents the restoration of salts between periodic
leaching, reducing the height of capillary rise. And the proposed algorithm for per-
forming technological operations will allow to increase the efficiency of washing
saline lands in conditions of shortage of water resources.

THE DIRECTION OF FUTURE RESEARCH
Given that the research data are based on theoretical statements, further field

experimental studies and clarification of some indicators depending on the specific
conditions of the object are needed for implementation in reclamation practice.

CONCLUSIONS

1. In order to solve modern problems in managing the water-salt regime of soils
in rice systems and to preserve their productivity under conditions of natural
moisture deficit and limited water resources, scientific developments and
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implementation of resource-saving and environmentally safe technologies for
leaching saline soils are necessary.

Since the rice systems in Ukraine are predominantly built on territories with
complex hydrogeological situation, salinized soils in the aeration zone, and
shallow levels of mineralized groundwater, the need arises to establish aleaching
water regime to maintain favorable ecological and reclamation conditions.
The introduction of dryland crops into rice crop rotations and the reduction of
rice cultivation in them occurs due to the deficit of water resources in the rice
sowing zone, which leads to the processes of secondary salinization of irrigated
lands. Calculation of ecologically safe periods for growing dryland crops on
saline soils will help to optimize the structure of rice crop rotations and prevent
soil degradation. According to forecast calculations, restoration of soil salinity in
the rice systems of the Kherson region is expected in the third year of cultivation
of companion crops, therefore this period should be no more than 2 years.

In order to ensure the necessary desalination of the estimated soil layer and
create optimal soil formation conditions, various variants of implementing soil
leaching of rice irrigation systems were proposed, taking into account their
design features. The proposed technologies for leaching saline soils will allow
providing soil desalination evenly over the area and to a greater depth, reduce
the duration of washing, quickly reduce the level of groundwater in the post-
irrigation period and improve the oxygen regime of the soil.

A methodology for calculating the technological parameters of the thorough
leaching of saline soils and its comparison with the existing method (V.R.
Volobuyev's method) has been developed. According to the calculation, the
standard for capital leaching is reduced by 50%.

Research has established that when growing companion crops during the growing
season, salts accumulate in the root layer of the soil in the amount of 2.1 t/ha.
To remove such a quantity of accumulated salts, the required volume of water
for leaching will be 1227 m*/ha, which will avoid the increase of initial salinity.
The proposed technology of soil desalination in conditions of shortage of water
resources, which includes alternating processes of deep loosening, drying and
leaching of the soil. Deep loosening improves the agrophysical parameters of
the soil, increases the porosity of the soil from 24% to 47%, reduces the height
of capillary rise. Drying of the soil by means of a natural thermal effect allows
attracting medium-moving moisture to bring salts to the surface of soil lumps,
from which they are washed away with irrigation water. This method requires
less water for leaching compared to the removal of salts through filtration across
a soil layer.
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8. The introduction of these technologies and approaches to leaching saline soils
can be an important step in restoring fertility and increasing the productivity
of rice systems in conditions of water scarcity and climate change.
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of accompanying crops of rice crop rotation in changing modern conditions of rice
irrigation system’s functioning. The obtained results can be effectively used in the
development of adaptive measures to the climate changes in the context of water,
energy, and food crises, as well as in the justification of resource-saving regimes
and technological solutions in projects of reconstruction and modernization of rice
systems aimed at achieving the goals of optimizing the use of water and energy
resources during their functioning. The chapter presents the results of a machine
experiment on the predictive assessment of the water needs of accompanying crops
in variable natural-agro-melioration conditions of the Danube area. The conditions
of the water needs formation for various types of accompanying crops were deter-
mined according to accepted schemes of technologies and water regulation regimes
on irrigated lands of rice systems. A comparison of the obtained results with real
production data was carried out.

BACKGROUND

The existing global problems associated with climate change, food, water and
energy crises pose a need for the world community, including Ukraine, to adapt
to existing challenges and threats and to increase the efficiency of all spheres of
economic activity, including the efficiency of agricultural production in the face of
modern changing conditions and requirements (IPCC, 2020; FAO, 2019; Recovery
Plan, 2022; Siddique, K. H. et al, 2016; Sourour, A., etal,2017; Zhou, X. etal, 2017).

It is well known that melioration, and especially irrigation, is one of the most
effective tools for reducing the negative effects of climate change on agricultural
production, and irrigated lands harvest in 2-3 times higher harvest compared to
rainfed lands.

In order to achieve the goals of restoring melioration in 2019 the Cabinet of
Ministers of Ukraine approved the Irrigation and Drainage Strategy in Ukraine
until 2030 (Irrigation and Drainage Strategy, 2019), and in 2020 adopted a plan
for its implementation. In addition, to identify the existing needs for adaptation of
economic sectors to climate change, in October 2021, the Cabinet of Ministers of
Ukraine adopted the Strategy on Environmental Security and Climate Change Ad-
aptation until 2030 (Strategy for Environmental Security, 2021), the first national
document that creates a legislative framework for adaptation measures for systematic
and long-term work on climate change adaptation.

According to the Institute of Water Problems and Land Reclamation of the
National Academy of Sciences of Ukraine (Dehydration, 2020), while today about
62% of Ukraine's arable land belongs to areas with a natural water supply deficit of
150 mm or more, in 2050 there will be 67% of such land, and by 2100 their share
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will reach 80%. This means that more than 25 million hectares of arable land will
be practically unsuitable for growing crops without artificial irrigation. In addition,
there is a significant imbalance between the need for water resources and their
availability in the regions, which is significant and catastrophic for the southern
regions of the country, the zone of irrigated agriculture.

Given that under the conditions of climate change, water shortages in Ukraine's
irrigation zone are expected to further worsen due to a decrease in the amount of
water available and suitable for irrigation, there is an urgent need to review water
policy and water management strategies to adapt to existing and projected changes.

Since the beginning of the full-scale war, the loss of Ukraine's sown areas caused
by the temporary occupation and hostilities has amounted to more than 25% of the
total amount, and the main part of these losses are highly productive irrigated lands.
After Russia's terrorist attack on the Kakhovka Hydroelectric Power Plant, which led
to a further reduction in sown areas, the problem of water shortages for irrigation,
which is already relevant at both regional and global levels, reached a critical level
(The destruction of the Kakhovka, 2023).

The most acute need for sustainable water management exists in the rice sector,
which is one of the most water- and energy-intensive, due to the use of traditional
surface irrigation by flooding in the cultivation of the leading crop — flooded rice,
as well as the need to create and maintain a flushing water regime for saline soils,
as a prerequisite for the effective functioning of rice irrigation systems (RIS) in the
complex hydrogeological conditions of the rice growing area of Ukraine. There-
fore, the implementation of effective water management on RIS requires, first of
all, the improvement of water regulation technologies during cultivation of rice
crop rotation, which has so far been considered mainly from the point of view of
flooded rice cultivation (Stashuk, V. et al, 2016; Stashuk, V. et al, 2018). At the
same time, the issue of improving irrigation techniques and irrigation regimes for
the accompanying crops of rice rotation is still unresolved.

Thus, climate change leads to an increase in total evaporation and total water
needs for the cultivation of both the leading crop flooded rice and the accompanying
crops of rice crop rotation. The data on which are the basis for the development of
design and formation of operational regimes of water regulation, which is carried
out by managing water resources in the face of increasing water resource shortage
through the justification and application of resource-saving methods and regimes of
water regulation on irrigated lands of rice systems (Chen, Z. et al, 2021; Humphreys,
E. et al, 2005; Liang, Hao et al. 2021; Nawaz, A. et al. 2022).

Since resource-saving technologies and methods of rice cultivation have been
a priority so far and have already been developed, and the rational share of the
accompanying crops in rice rotation should be 40-50% (Stashuk, V. et al, 2016;
Stashuk, V. et al, 2018), the aim of our research is to assess changes in water needs
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for the accompanying crops in rice crop rotation on irrigated lands of the RIS to
justify appropriate adaptive solutions.

Analysis of recent research and publications. The presented materials are
an additional result obtained by us in the development of previous studies on the
formation of water needs on drained lands, carried out within the framework of
the joint project of the Institute of Water Problems and Land Reclamation of the
National Academy of Sciences of Ukraine and the National University of Water
and Environmental Engineering “Assessment of the impact of climate change on
plant moisture supply and development of a GIS system for irrigation and water
management”.

Our studies of the weather and climatic conditions in the rice-growing zone of
Ukraine confirm the presence of their changes and indicate a steady dynamics of
increasing aridity of the region's climate (Romashchenko, M. et al, 2020). Assessing
the situation as a whole, it is important to note that the current vegetation values of
the main meteorological characteristics are close to or already in the zone of their
predicted changes (Rokochynskiy, A. et al, 2020). At the same time, recent years
have been characterized by record temperature highs and an increase in seasonal
unevenness of precipitation, which negatively affects the natural soil mo