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Abstract. The development of soil tillage systems is one of the key factors determining the efficiency of agricultural 

production, its sustainability, and environmental safety. Over the past decades, global trends in the agricultural sector 

have increasingly focused on implementing innovative tillage methods aimed at reducing mechanical impact, pre-

serving natural fertility, and optimizing the use of energy and material resources. In particular, these include minimal 

tillage, no-till, and strip-till technologies, which can mitigate erosion, enhance moisture conservation, and boost soil 

microbiological activity. In countries with arid climates and degraded soils, these methods are essential for maintain-

ing sustainable agriculture. In Ukraine, soil tillage systems are undergoing significant transformations under the 

influence of climate change, economic factors, and the need to enhance the efficiency of agricultural production. The 

growing moisture deficit, soil depletion, and the necessity to reduce fuel and lubricant costs are driving agricultural 

enterprises to actively implement minimal tillage, use combined implements, and adopt wide-span machinery. Direct 

seeding and precision farming technologies are also becoming promising tools for optimizing agronomic practices. 

However, the effectiveness of these methods depends on natural and climatic conditions, soil type, and the level of 

agronomic support, requiring further scientific research and technological adaptations to regional specifics. This 

article analyzes current global and Ukrainian trends in the development of soil tillage systems, their effects on the 

physical and chemical properties of soils, the productivity of agricultural crops, and the economic feasibility of im-

plementing advanced technologies. Special attention is given to assessing the environmental consequences of differ-

ent tillage systems, particularly their effects on soil humus content, water balance, weed infestation levels, and the 

phytosanitary status in agricultural ecosystem. The study also explores the prospects for using adapted tillage technol-

ogies in the context of climate change and economic instability, which are crucial factors for ensuring the sustainable 

development of Ukraine’s agricultural sector.  
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Introduction  

 

The modern development of soil tillage systems is characterized by 

significant technological and methodological changes aimed at increasing 

the efficiency of agricultural production, preserving soil resources, and 

minimizing negative environmental impacts. Innovative digital technolo-

gies and automated management systems create new opportunities for 

precise monitoring of the physicochemical properties of soil, enabling 

farmers to respond promptly to changes in the soil ecosystem. The use of 

satellite monitoring, GPS navigation, and specialized sensors ensures 

continuous control of moisture levels, temperature regimes, and nutrient 

content, allowing for the optimization of fertilizer application rates and the 

use of plant-protection products (Caputo, 2022).  

In modern agricultural ecosystem, precision-farming methods are be-

ing actively implemented, complementing traditional tillage approaches 

with advanced technologies. This allows for precise regulation of tillage 

parameters, taking into account local soil characteristics and variable 

climatic conditions. As a result, both soil structure and its water permea-

bility are improved, which is a key factor in creating a favorable micro-

climate within agroecosystems (Akhter et al., 2022).  

The intensification of agriculture is accompanied by the widespread 

use of modern agrochemicals, including fertilizers, pesticides, soil amelio-

rants, and measures to combat erosion processes. However, primary soil 

tillage remains a key component in field preparation for sowing, as it 

ensures the uniform distribution of nutrients and creates favorable condi-

tions for the development of root system. Traditional methods, such as 

moldboard plowing, combined with modern approaches, particularly no-

till technologies, contribute to preserving the upper organic layer and 

maintaining soil biological activity (Manlay et al., 2022).  

Soil conservation measures are becoming particularly relevant in the 

context of climate change, as erosion processes intensify and the pressure 

on agricultural ecosystems increases. The use of mulching, including 

cover crops, and the implementation of no-till soil management technolo-

gies help minimize surface runoff of rainwater and reduce the risk of soil 

degradation. Modern agricultural machinery, equipped with artificial 

intelligence systems, enables precise regulation of machine operations, 

contributing to energy savings and reducing mechanical impact on the 

soil (El-Beltagi et al., 2022).  

The continuous improvement of soil tillage technologies is accompa-

nied by active scientific research and the development of new methods 

that take into account both the agrochemical properties of soils and the 

climatic characteristics of the region. Data obtained from modern sensor 

networks are used to build analytical models that enable the prediction of 

changes in soil properties, as well as the timely adjustment of technologi-

cal processes. This enhances the precision of agricultural practices and 

ensures a more rational use of natural resources (Kumar et al., 2024).  

 

Modern soil tillage technologies and the challenges  

of their application in current conditions  

 

Modern soil tillage technologies, particularly new tillage implements 

designed for use in various natural and climatic conditions, aim to en-

hance the efficiency of agricultural practices, improve the physical and 

chemical properties of the soil, and ensure an optimal water, air, and 

nutrient regime for crops. However, their application in heterogeneous 

soil-cover conditions, with variability in mechanical composition, mois-

ture availability, and regional climatic factors, does not always achieve the 

desired tillage quality. Often, modern technical solutions do not fully 

address the set objectives due to several factors, including insufficient 

loosening efficiency, limited improvement of soil structure, low surface 

leveling quality, inadequate weed control, and imperfect regulation of the 

soil’s water-air balance.  
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One of the main challenges associated with the use of modern tillage 

implements is insufficient soil loosening and fragmentation. Heavy and 

compacted soils require deep loosening to improve water and air permea-

bility, but not all implements can provide the necessary level of aeration. 

Excessive compaction of the arable layer leads to the formation of a plow 

pan, which negatively affects crop root growth, reduces the efficiency of 

water and nutrient uptake, and impairs overall soil health. Moreover, 

under moisture-deficient conditions, excessive loosening accelerates 

water evaporation, potentially leading to the drying of the upper soil layer.  

Another important aspect is the uneven soil structure after tillage. An 

optimal structure ensures resistance to water and wind erosion, preserva-

tion of organic matter, and favorable conditions for the development of 

beneficial microorganisms. However, in soils with heterogeneous me-

chanical composition, tillage implements may either excessively pulver-

ize soil particles or leave large clumps, reducing the overall quality of 

field preparation for sowing.  

Surface leveling plays a crucial role in ensuring crop productivity. 

The presence of irregularities and ridges after tillage leads to uneven seed 

distribution during sowing, which negatively affects seedling uniformity 

and plant spacing within the seeding layer. Additionally, field unevenness 

creates obstacles for mechanized crop management, increases the risk of 

water erosion, and complicates moisture regulation in the upper soil layer.  

Another challenge to modern tillage technologies is weed control, 

since mechanical methods do not always effectively eliminate them. 

Some weed species, particularly perennials, can quickly regenerate after 

tillage, requiring additional agronomic measures. Incomplete weed remo-

val leads to their active growth and competition with crops for moisture, 

nutrients, and sunlight, ultimately reducing the productivity of agricultural 

ecosystem.  

Moreover, modern tillage implements often fail to fully optimize the 

regulation of the soil’s water-air balance. An improperly selected tillage 

method can lead to either excessive compaction or, conversely, excessive 

loosening, which hinders the accumulation and retention of moisture in 

the arable layer. This issue is particularly relevant in arid regions, where 

soil moisture conservation is a key factor in ensuring stable crop yields.  

Thus, modern soil tillage technologies offer numerous advantages, 

but their effectiveness largely depends on the conditions of application. 

To ensure high-quality tillage, it is necessary to improve technical equip-

ment, optimize technological processes, adapt tillage methods to specific 

natural and climatic conditions, and integrate mechanical, chemical, and 

biological measures to enhance the resilience of agroecosystems and the 

productivity of agricultural crops.  

In this regard, modern tillage technologies do not always ensure the 

required quality of soil loosening, leveling, and structuring, nor do they 

fully meet the expected objectives. To address these challenges, continu-

ous improvements are being made in the key aspects of soil tillage:  

a) resource and energy conservation, which includes saving fuel and 

lubricants, reducing the enormous amount of energy required for soil 

tillage, as well as optimizing time and labor resources. Resource and 

energy conservation in modern agriculture are crucial factors that enhance 

the economic efficiency of agricultural production while minimizing its 

negative environmental impact. One of the key aspects of this process is 

reducing fuel and lubricant consumption, achieved through the imple-

mentation of minimum tillage and no-till technologies, optimization of 

agronomic practices, and the use of modern high-performance machinery. 

Decreasing the number of mechanical operations and machinery passes 

across the field not only reduces the fuel costs but also significantly 

lowers the overall energy expenditures for fieldwork. Additionally, redu-

cing tillage depth helps preserve the soil structure, prevents excessive mo-

isture evaporation, and minimizes the destructive impact on soil microor-

ganisms, which in turn positively affects soil fertility (Majeed et al., 

2023). A crucial factor in improving energy efficiency is the use of wide-

coverage machinery and combined implements, which allow multiple 

operations to be performed in a single pass – for example, simultaneously 

loosening the soil, leveling the field surface, compacting the soil, and 

applying fertilizers. This not only significantly reduces the fuel consump-

tion but also saves time, which is especially important during peak field-

work periods when every day impacts the final crop productivity. Rapid 

and high-quality execution of agricultural practices helps maintain opti-

mal conditions for plant growth and development, prevents yield losses, 

and ensures uniform crop development within the crop rotation system 

(Fussy et al., 2022).  

The use of resource-saving technologies promotes the efficient utili-

zation of labor resources, as modern machinery enables the automation of 

most tasks, thus reducing the need for a large workforce. This is particu-

larly relevant in the context of a shortage of skilled labor in the agricultur-

al sector. By lowering labor costs and reducing the physical workload on 

personnel, overall agricultural productivity increases, allowing farms to 

allocate their financial and material resources more effectively;  

b) moisture accumulation and retention. This is one of the most im-

portant tasks of modern agriculture, especially in the arid climate of the 

Steppe, where moisture deficiency significantly affects the productivity of 

agroecosystems and the final yield of agricultural crops. Soil moisture 

conservation is a complex process that depends not only on precipitation 

levels but also on the physicochemical properties of the soil, its structure, 

the chosen tillage system, and agronomic practices aimed at reducing 

evaporation and ensuring optimal conditions for plant growth (Lykhovyd 

et al., 2021).  

One of the most effective methods for regulating soil water balance is 

mulch tillage, which involves covering the soil surface with a layer of 

shredded plant residues. This creates a natural protective barrier that 

significantly reduces moisture evaporation under high temperatures and 

wind exposure. This technology not only helps conserve productive 

moisture reserves but also prevents water and wind erosion, as the mulch 

layer prevents soil compaction caused by rainfall and facilitates the 

accumulation of precipitation in deeper soil horizons (Meyer et al., 2021).  

With mulch tillage, soil water permeability is significantly improved, 

which is particularly important in the conditions of uneven precipitation 

distribution. Moisture not only accumulates more efficiently but is also 

retained for a longer period, allowing plants to utilize it more effectively 

throughout the entire growing season. Moreover, the mulch layer stimu-

lates biological processes in the soil, enhances microbial activity, and 

improves soil structure, which positively affects its fertility (Tsyliuryk 

et al., 2022).  

In the arid conditions of the Steppe, where evaporation significantly 

exceeds precipitation, the application of mulch tillage is an essential 

component of an effective agricultural crop production technology. Using 

this method in combination with other agronomic practices not only helps 

conserve soil moisture reserves but also enhances the resilience of agroe-

cosystems to adverse weather conditions, ensures uniform plant devel-

opment, and contributes to stable yields even in dry years (Gavrilescu 

et al., 2021; Tsoraeva et al., 2021; El-Beltagi et al., 2022);  

c) combating erosion processes (water erosion, deflation). Address-

ing erosion processes, particularly water erosion and deflation, is a critical 

challenge in modern agricultural production, as soil degradation leads to 

significant losses in fertility, reduced crop yields, and disruptions in 

ecological balance. One of the most effective methods for preventing 

erosion is the retention of plant residues from previous crops on the soil 

surface, which ensures maximum protective coverage and creates a 

natural barrier against the destructive impact of wind and water. This 

agronomic practice plays an especially crucial role in open, wind-exposed 

areas where windbreaks are either absent or insufficiently developed, 

increasing the risk of deflation, particularly during periods of strong winds 

and unstable weather conditions (Fan et al., 2023).  

Plant residues left on the field after harvest serve several important 

functions: they create a mechanical barrier that prevents the top fertile soil 

layer from being blown away by the wind, promote even moisture distri-

bution, and reduce the intensity of surface runoff during heavy rainfall or 

rapid snowmelt at the end of winter or in early spring. During these 

periods, when the soil has not yet fully frozen or thawed, a significant 

amount of water can quickly run off the fields, washing away the fertile 

layer and leading to the formation of gullies. Covering the soil with plant 

residues helps mitigate these negative effects, as the remaining plant cover 

slows down water flow, promoting its gradual infiltration into deeper soil 

layers. This process also contributes to moisture accumulation, ensuring 

better water availability for future vegetation (Drobitko et al., 2023).  

Moreover, the preservation of plant residues promotes the activation 

of biological processes in the soil, as organic matter serves as a food 

source for microorganisms and earthworms, which improve soil structure, 

enhance its water permeability, and contribute to the formation of stable 

aggregates. As a result, the soil surface becomes less prone to degradation 

under external influences, allowing for more effective control of water 

and wind erosion (Aliyev et al., 2021).  

The issue of erosion control has become particularly relevant in the 

context of global climate change, as the increasing frequency of extreme 

weather events – such as heavy rainfall, droughts, and hurricane-force 

winds – significantly complicates agricultural practices. Under these con-

ditions, the implementation of conservation tillage, the preservation of 
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natural vegetation cover, the rational use of mulching, and adaptive tillage 

systems have become essential for maintaining the stable productivity of 

agroecosystems (Tsoraeva et al., 2021);  

d) soil fertility preservation. This is a key objective of modern agri-

culture, playing a crucial role in ensuring stable crop yields and maintain-

ing the ecological balance of agroecosystems. Achieving this goal is 

possible through the implementation of minimum tillage, which helps 

reduce the intensity of mineralization processes, prevents humus loss, and 

promotes the accumulation of organic matter. One of the essential ele-

ments of this technology is the retention of plant residues from previous 

crops in the field, which serve as an alternative source of organic matter 

replenishment in the soil and create favorable conditions for activating 

biological processes (Jiang et al., 2024).  

Organic residues play a crucial role in maintaining the natural plant 

nutrition cycle, as they serve as the primary substrate for soil microorgan-

isms that decompose plant matter and enrich the soil with essential nutri-

ents. This process enhances microbiological activity, increases the effi-

ciency of nitrogen-fixing bacteria, and promotes the development of 

beneficial microflora, facilitating the transformation of organic matter into 

plant-available nutrient forms. Additionally, organic residues contribute to 

the formation of a stable soil structure, improving moisture retention 

capacity and water permeability, which is particularly important in arid 

climates (Gao et al., 2023).  

Minimum tillage, combined with agronomic practices aimed at pre-

serving the soil’s natural structure, supports the gradual restoration of the 

fertile layer. This approach encourages natural soil formation, restores the 

organic matter balance, reduces environmental impact, and creates more 

favorable conditions for crop cultivation. Furthermore, this method helps 

mitigate erosion, as an undisturbed soil layer with abundant organic 

residues is more resistant to wind and water erosion, minimizing fertile 

soil losses and preserving its productive properties (Jiang et al., 2024).  

e) weed, pest, and disease control. This is one of the most critical 

tasks of modern soil tillage, as the phytosanitary status largely determines 

crop yield levels and agricultural product quality. In recent decades, there 

has been an uncontrolled increase in weed infestation in arable land. The 

topsoil accumulates a massive amount of vegetative weed propagules, 

reaching 150,000–300,000 shoots per hectare, along with a seed bank 

ranging 0.5 to 1.0 billion seeds per hectare. This situation complicates 

effective agricultural production and increases the need for improved 

methods of weed control (Rawat et al., 2021).  

Moreover, widespread weed growth creates a favorable environment 

for the reproduction and spread of pests and pathogenic microorganisms, 

which negatively affect crop development, reduce their competitiveness, 

and make agriculture more dependent on intensive protection measures. 

Harmful organisms that use weeds as shelter and a food source can 

rapidly adapt to unfavorable conditions and pose a significant threat to 

crops, leading to substantial economic losses in the agricultural sector. 

A particularly alarming trend is the gradual increase in populations of 

quarantine and highly aggressive weed species, which – due to their high 

viability, rapid reproduction, and resistance to control methods – outcom-

pete cultivated plants and cause severe soil depletion (Abbas et al., 2022).  

The high population density and widespread distribution of harmful 

organisms in agroecosystems have increased the need for integrated plant 

protection systems, which include mechanical, chemical, and biological 

control methods. Modern soil tillage approaches emphasize rational tech-

nologies that not only eliminate weeds during the early vegetative stages 

but also minimize favorable conditions for their further spread. One such 

method is reduced tillage, which disrupts the biological cycle of many 

weed species, particularly those that propagate by seed, and limits their 

viability by creating a dense plant residue cover (Riemens et al., 2022).  

At the same time, modern tillage technologies help reduce the habitat 

range of pests and disease-causing pathogens, as they alter the soil micro-

climate, making it less favorable for pathogenic organisms. The use of crop 

rotation and mulch tillage enhances the effectiveness of weed control, since 

certain crops can naturally suppress the growth and development of unwant-

ed vegetation, thereby reducing soil strain (Costa et al., 2023).  

f) creating optimal agrophysical soil conditions (density, hardness, 

porosity, and aeration). The formation of optimal agrophysical character-

istics of the soil is one of the most crucial aspects of modern agriculture, 

as the physical state of the soil directly affects crop growth, development, 

and productivity. Soil density, hardness, porosity, and aeration determine 

not only the ease of seed germination and root system formation but also 

the ability of plants to efficiently utilize moisture and nutrients. Over-

compacted soil creates mechanical barriers that restrict root penetration 

into deeper horizons, reduce oxygen availability, and slow down water 

absorption, leading to a significant decline in overall plant health. On the 

other hand, overly loose or weakly structured soil is also problematic, as it 

accelerates moisture evaporation, increases the risk of nutrient leaching, 

and can lead to degradation processes such as erosion and deflation (Gae-

vaya et al., 2022).  

Optimizing the physical parameters of the soil is essential for creating 

a favorable environment for the development of the root system of field 

crops. An adequate level of porosity helps maintain a balance between the 

soil’s water and air phases, improving oxygen availability for the plant 

roots and stimulating the activity of soil microorganisms involved in 

organic matter decomposition and nutrient mineralization. At the same 

time, controlled soil hardness ensures structural stability, reducing the risk 

of compaction under mechanical pressure and promoting the even distri-

bution of moisture throughout the soil profile. Aeration, as one of the 

most critical factors, facilitates intensive gas exchange within the soil, 

supporting oxidation-reduction processes, maintaining biological activity, 

and preserving the natural fertility of the soil environment (Sattarovich 

et al., 2023).  

Ensuring optimal agrophysical soil conditions requires the use of ra-

tional tillage technologies that consider the biological characteristics of 

cultivated crops, their moisture and aeration requirements, as well as the 

climatic and soil conditions of the region. For example, crops with robust 

root systems, such as corn and sunflower, require well-loosened soil with 

high water permeability, while cereal crops thrive better in moderately 

compacted soils, which ensure uniform moisture distribution. The use of 

combined tillage implements, minimum or strip tillage technologies, 

green manure crops (cover crops), and organic fertilizers helps preserve 

the optimal soil structure, enhances natural fertility, improves the condi-

tions for the development of root system, and ultimately ensures stable 

increases in agricultural crop yields (Ivanov et al., 2021);  

g) creating favorable conditions for seed sowing. Favorable condi-

tions for seed sowing in field crops are essential for ensuring uniform and 

high-quality plant growth, as this directly influences yield quantity and 

quality. One of the key steps is field surface leveling, which allows for 

even water distribution, improves moisture infiltration into the soil, and 

ensures consistent sowing depth. This process is essential for both uni-

form moisture availability and the efficient operation of agricultural 

machinery in later fieldwork stages. Soil loosening is another vital ele-

ment, as it helps create optimal conditions for seed germination, enhances 

soil aeration, and stimulates the development of root system, allowing 

plants to efficiently absorb water and nutrients. Additionally, loosening 

aids in preserving soil structure, reducing the risk of compaction, which is 

often a problem after the use of heavy machinery (Johnson et al., 2021).  

Weed elimination is a critical step in seedbed preparation, as compe-

tition for resources such as water, nutrients, and sunlight can significantly 

reduce crop yield. The use of chemical and mechanical methods of weed 

control effectively reduces weed populations within the agroecosystem, 

creating optimal conditions for further crop growth and development. 

Rolling the field after sowing is another important step in creating optimal 

conditions for the seedlings, as rollers compact the soil around the seeds, 

improving seed-to-soil contact and promoting even germination. This 

stage is particularly important in low-moisture conditions, as it helps 

retain moisture in the topsoil, which is crucial for successful seed germi-

nation (Jarrar et al., 2023).  

In case of no-till technology, seedbed preparation occurs without tra-

ditional loosening or plowing, preserving the structure of the topsoil, 

reducing erosion, and minimizing moisture loss. No-till farming involves 

direct seeding into untilled soil, which lowers tillage costs but requires the 

use of specialized agricultural machinery capable of precisely controlling 

sowing depth and density. At the same time, mechanical or chemical 

weed control before or after sowing is essential to minimize weed compe-

tition with crops. This approach helps retain soil moisture, reduce organic 

matter loss, and maintain soil structure, ultimately ensuring high crop 

productivity. All these steps contribute to creating optimal conditions for 

plant growth and development, leading to healthy seedlings, high yields, 

and stable agricultural production (Soto-Gómez et al., 2022).  

 

Development and implementation  

of modern soil tillage technologies in Ukraine  

 

The development of Ukraine’s agricultural sector amid climate chan-

ge, rising costs for fuel and lubricants, and the need to increase land use 
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efficiency is driving a shift away from traditional soil tillage approaches 

(Dzhabborov et al., 2021; Naorem et al., 2023).  

In recent years, there has been a widespread adoption of energy-

efficient, soil-conserving, and resource-saving technologies, which contri-

bute to moisture conservation, soil fertility enhancement, and cost optimi-

zation in agricultural crop production (Klima et al., 2019):  

a) variable-rate tillage technologies. The variable-rate tillage approach 

is a cornerstone of modern agricultural technologies, promoting soil conser-

vation, productivity enhancement, and efficient resource utilization, ulti-

mately ensuring the sustainable development of agricultural production.  

Modern agricultural technologies are based on the concept of rational 

and adaptive tillage, which considers soil physicochemical properties, 

degradation levels, erosion processes, and nutrient availability. The differ-

rentiated approach enables the optimization of technological operations, 

improvement of soil fertility, and reduction of production costs for agri-

cultural crops.  

For highly eroded soils, particularly on sloped lands, deep chisel 

(conservation) tillage technologies are applied using chisel plows and 

chisel cultivators or minimum tillage systems such as no-till or strip-till. 

These methods help retain moisture, reduce runoff and wind erosion, and 

increase soil resistance to degradation processes. Additionally, mulching 

and crop residue management further protect the soil from mechanical 

degradation and contribute to the accumulation of organic matter, enhanc-

ing soil structure and long-term fertility.  

On moderately degraded and insufficiently cultivated soils, the mini-

till system is often applied, allowing for partial preservation of the natural 

soil structure while simultaneously improving aeration and water permea-

bility. The use of disc or sweep implements for shallow loosening pro-

motes even distribution of nutrients and creates favorable conditions for 

the growth of root system.  

For fertile soils with high humus content, good structure, and water 

permeability, traditional moldboard tillage can be applied, particularly for 

deep-rooted crops such as sunflower and corn, which require a loose soil 

environment for optimal development. However, due to its high energy 

consumption and the risk of soil structure degradation, this approach is 

used to a limited extent, mainly on heavy-textured soils where reducing 

soil density is necessary.  

Balanced plant nutrition is of particular importance and is achieved 

through precise analysis of soil composition and variable-rate fertilizer 

application. The use of precision agriculture technologies allows for the 

adjustment of macro- and micronutrient levels based on the specific needs 

of different field areas, improving fertilization efficiency while reducing 

environmental impact.  

Deep loosening with chisel implements instead of traditional plowing 

helps reduce compaction of soil and preserve its structure. Chisel (conser-

vation) tillage is one of the methods of minimum tillage, involving loos-

ening without inverting the soil layer. It is performed using chisel plows, 

which penetrate 20 to 40 cm deep, enhancing water infiltration and air 

exchange. Additionally, a significant portion of plant residues remains on 

the surface, helping retain moisture and prevent water and wind erosion 

(Salar et al., 2021).  

One of the main advantages of chisel tillage is its ability to improve 

soil structure without disrupting its natural profile. This method helps 

preserve the humus layer, slow down the mineralization of organic mat-

ter, and create favorable conditions for the development of root system and 

activity of soil microbial. Additionally, chisel tillage contributes to fuel 

savings, as it requires less energy consumption than traditional plowing.  

However, chisel tillage also has certain disadvantages. One issue is 

the accumulation of plant residues on the surface, which can slow down 

their decomposition and create challenges for crop growth. Additionally, 

since soil inversion does not occur, there is an increased risk of perennial 

weed proliferation, necessitating effective control measures, such as 

herbicide application or mechanical removal. In spring, chisel-tilled fields 

may warm up more slowly, which can sometimes affect the sowing 

schedule for heat-loving crops.  

Chisel tillage is widely used in minimum tillage systems, particularly 

in arid regions such as the Ukrainian Steppe. Its application significantly 

preserves soil moisture, enhances soil fertility, and promotes stable crop 

yields. For this reason, chisel tillage is an essential component of modern 

environmentally oriented farming (Bibutov et al., 2021).  

Localized application of fertilizer combined with soil tillage is an ef-

fective agronomic practice that ensures optimal availability of nutrients 

for crops and efficient use of fertilizers. This approach helps minimize 

nutrient losses, reduce their fixation in the soil, and create better condi-

tions for the growth and development of crop root systems (Kaminskyi 

et al., 2022).  

Applying fertilizers directly in the zone where roots actively absorb 

nutrients increases the efficiency of nutrient uptake by crops through their 

direct delivery to the soil layers where the majority of roots are concen-

trated. This is especially important under arid conditions, where the root 

system primarily develops in the upper soil layers and nitrogen losses due 

to evaporation or leaching can be significant. The choice of localized 

application method depends on soil type, nutrient availability, previous 

crop, and cultivation technology (Turganbayev et al., 2023).  

The most common methods include band application in the seeding 

layer, deep fertilizer placement using specialized applicators, or a combi-

nation with pre-sowing cultivation. Integrating localized fertilization with 

soil tillage not only ensures a uniform nutrient distribution within the 

plow layer but also creates optimal conditions for the development root 

system. This approach enhances soil aeration, water retention capacity, 

and capillary moisture movement, supporting healthy crop growth (Mali-

archuk et al., 2021; Turganbayev et al., 2023).  

When fertilizers are applied simultaneously with primary or pre-

sowing tillage, they are evenly incorporated into the soil, ensuring the 

gradual release of nutrients and their availability throughout the growing 

season. Localized placement of nitrogen fertilizer reduces nitrate nitrogen 

losses, which is especially important for light sandy and loamy soils prone 

to leaching. 

At the same time, the direct application of phosphorus and potassium 

fertilizers in the root zone increases their utilization efficiency, as these 

nutrients are less mobile in the soil and require direct contact with the root 

system for effective uptake. The choice of a specific localized fertilization 

method, combined with soil tillage, should be based on soil agrochemical 

analysis, the physicochemical properties of fertilizers, and the biological 

characteristics of the cultivated crop (Bryant et al., 2021; Fen et al., 2021; 

Zhang et al., 2023);  

b) mulch tillage technologies. Mulch tillage is an agronomic practice 

that involves loosening the soil without inverting the plow layer, while 

leaving crop residues from previous crops on the soil surface. This ap-

proach helps retain moisture, prevent erosion, and improve conditions for 

plant growth (Lei et al., 2021; Zhang et al., 2022).  

The crop residues left on the field serve as mulch, which protects the 

soil from overheating, regulates thermal properties, and reduces moisture 

evaporation. Dark mulch absorbs solar radiation, promoting faster soil 

warming in spring, while light-colored mulch reflects sunlight, preventing 

overheating in summer (Qin et al., 2024).  

Additionally, mulch tillage improves the physical condition of the 

soil, increases microbiological activity, and contributes to the accumula-

tion of organic matter. The plant residues covering the soil protect it from 

overheating during dry periods, which is particularly important for mois-

ture conservation and maintaining optimal conditions for plant growth 

(Buesa et al., 2021; Li et al., 2021; Du et al., 2022).  

Mulch tillage enhances crop productivity and profitability, promotes 

sustainable agricultural practices, preserves chernozem fertility, and 

regulates the balance of soil, water, air, and nutrients (Ramadhan, 2021).  

Mulch tillage is an effective method for enhancing soil fertility and 

ensuring stable crop yields, particularly in arid climates (Tian et al., 2020; 

Wang et al., 2023; Wu et al., 2023).  

c) minimal and no-till tillage technologies (no-till, mini-till, strip-till). 

One of the key trends in modern farming systems is the reduction of in-

tensity of mechanical soil tillage. This shift is driven by the need to reduce 

soil degradation, preserve organic matter, decrease erosion processes, 

enhance soil fertility, and optimize agricultural production costs. Exces-

sive mechanical tillage can lead to the destruction of soil structure, deple-

tion of humus content, decline of beneficial microbial communities, and 

deterioration of soil’s water and physical properties. Therefore, modern 

tillage technologies focus on minimizing soil profile disturbance and 

adopting alternative cultivation approaches (Wulanningtyas et al., 2021).  

One of the most radical reduced tillage systems is the no-till techno-

logy, which completely eliminates mechanical soil cultivation. In this sys-

tem, seeding is performed directly into the stubble of the previous crop 

using specialized seed drills that create narrow slits for seed placement. This 

method preserves soil structure, while the surface remains covered with 

plant residues, providing protective benefits, such as reducing moisture 

evaporation and preventing water and wind erosion (Silva et al., 2023).  

Weed control in the no-till system is primarily carried out through 

chemical methods, using broad-spectrum and selective herbicides. This 

approach effectively eliminates weeds without mechanical loosening, but 
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it requires careful selection of herbicides and adherence to application 

guidelines to prevent negative environmental impacts. Plant nutrition in 

this system relies on the application of mineral fertilizers and the use of 

cover crops (green manure), which gradually decompose, enriching the 

soil with essential nutrients (Qi et al., 2022).  

The no-till system is particularly effective in the Steppe and Forest-

Steppe regions of Ukraine, where it reduces the risk of moisture loss, 

which is critical during summer droughts. Crop residues left on the soil 

surface help retain moisture, regulate soil temperature, and protect against 

extreme fluctuations. Additionally, this technology promotes the gradual 

increase of organic matter in the soil, enhancing fertility and biological 

activity (Fuentes-Llanillo et al., 2021).  

However, the implementation of no-till requires adaptation of the en-

tire agronomic system, including proper planning of crop rotation and 

effective management of weeds and pests. A crucial aspect of this system 

is the use of specialized direct-seeding drills, which allow sowing without 

disturbing the soil surface layer (Qi et al., 2022).  

Thus, no-till is one of the most promising technologies in modern ag-

riculture, as it significantly reduces energy costs, improves soil water 

balance, enhances erosion resistance, and helps maintain agroecosystem 

productivity over the long term (Roozbeh et al., 2021).  

Mini-till is a minimal tillage system that involves limited mechanical 

soil disturbance to a depth of 10–12 cm, using disc harrows and sweep 

cultivators. The primary goal of this technology is to preserve soil fertility 

by minimizing mechanical loosening, which helps reduce erosion pro-

cesses, retain moisture, and increase organic matter content.  

Unlike traditional moldboard plowing, mini-till provides a gentler in-

tervention in the soil cover, helping to maintain its natural structure. The 

use of disc harrows or sweep cultivators allows for the partial processing 

of soil at the surface, while deeper layers remain undisturbed. This ap-

proach reduces soil compaction and improves the soil’s water-air balance, 

which has a positive effect on seed germination and root system devel-

opment in agricultural crops.  

One of the key benefits of mini-till is its ability to reduce the risk of 

wind and water erosion, as some crop residues remain on the soil surface, 

providing a protective cover. This residue helps retain moisture, decreases 

evaporation, prevents overheating in summer, and protects against exces-

sive cooling in colder periods. As a result, optimal conditions are created 

for beneficial soil microorganisms, which facilitate the natural decompo-

sition of organic matter and improve nutrient availability for plants 

(Volkov et al., 2021).  

The mini-till technology also helps reduce fuel costs and equipment 

wear, as its shallower tillage depth requires less energy compared to 

traditional plowing. The lower mechanical load on machinery extends its 

operational lifespan and improves fieldwork efficiency by allowing faster 

equipment passes. This is particularly crucial during time-sensitive peri-

ods such as sowing and harvesting.  

Additionally, mini-till helps retain a significant amount of organic 

matter in the soil, as crop residues are evenly distributed across the sur-

face. This contributes to an increase in humus content and enhances the 

soil’s physicochemical properties. However, reduced tillage intensity 

creates favorable conditions for the germination of certain weed species, 

necessitating effective weed control measures. The mini-till system relies 

on a combination of herbicide application and mechanical weed man-

agement, such as sweep cultivators for undercutting weeds.  

Thanks to its versatility, mini-till is an effective technology across 

various agro-climatic zones, particularly in the Steppe and Forest-Steppe 

regions of Ukraine, where moisture conservation is a priority. It can be 

used in crop rotations involving a wide range of crops, including cereals, 

legumes, and industrial crops (Milyutkin et al., 2021). Thus, mini-till 

serves as an intermediate system between traditional tillage and no-till, 

combining the advantages of both approaches. It enables cost reduction, 

soil fertility preservation, erosion prevention, water balance improvement, 

and supports the transition to sustainable agriculture.  

Strip-till is a tillage system that involves loosening and cultivating on-

ly the soil strips where crops will be sown, while the inter-row areas 

remain undisturbed. This approach combines the benefits of traditional 

tillage and no-till, allowing for reduced soil disturbance, preservation of 

natural soil structure and moisture, and lower risks of soil degradation 

(Maliarchuk et al., 2021; Różewicz et al., 2022).  

One of the key advantages of strip-till is the ability to apply fertilizers 

directly into the cultivated strips, improving nutrient uptake by the root 

system and enhancing crop productivity. Additionally, partial soil loosen-

ing in the seed zones ensures better seed-to-soil contact, leading to uni-

form germination and strong early plant development (Górski et al., 2022; 

Wang et al., 2023).  

The retention of crop residues in the inter-row areas plays a critical 

protective role – these residues reduce moisture evaporation, protect the 

soil from overheating in summer, and prevent nutrient leaching during 

excessive rainfall. Moreover, they act as a source of organic matter, 

enhancing biological soil activity and promoting the gradual accumula-

tion of humus (Sha et al., 2024).  

Another significant benefit of strip-till is its lower energy consump-

tion compared with conventional tillage. Since only 30–40% of the field 

area is tilled, fuel use is reduced, machinery wear is minimized, and 

resource efficiency is improved. This makes strip-till particularly suitable 

for low-moisture regions, such as Ukraine’s Steppe (Sereda et al., 2021).  

However, the successful implementation of strip-till requires precise 

adherence to technological parameters, particularly proper alignment of 

tilled strips with future planting rows. This necessitates the use of modern 

machinery equipped with precision farming systems, which may require a 

significant investment from farmers. Additionally, on heavy, compacted 

soils, extra loosening may be required, partially offsetting the economic 

benefits of the system. Due to its effectiveness, strip-till is widely used for 

row crops, such as corn, sunflower, soybean, and rapeseed. This technol-

ogy improves crop yields by optimizing the growth conditions, while 

minimizing environmental impact (Kulyk et al., 2020; Lee et al., 2021).  

Thus, strip-till represents a promising alternative to traditional plo-

wing and no-till, offering an optimal balance of soil resource manage-

ment, fertility preservation, and economic feasibility.  

 

Automation and precision agriculture  

 

Automation and precision agriculture are modern approaches in the 

agricultural sector that enhance soil cultivation efficiency and optimize 

resource use. The application of advanced monitoring and soil analysis 

technologies enables farmers to make informed decisions regarding crop 

management and field maintenance.  

Precision agriculture involves the use of modern information tech-

nologies to maximize profit, optimize agricultural production, and utilize 

natural resources efficiently (Raj et al., 2022).  

Through the automation of processes such as parallel guidance, soil 

analysis, and crop monitoring, farmers can reduce costs related to fuel, 

seeds, and fertilizers, while also increasing crop yields.  

The integration of artificial intelligence in precision agriculture al-

lows for real-time monitoring of crop growth, soil conditions, and weather 

patterns, contributing to effective resource management and waste reduc-

tion (Ghazal et al., 2024).  

The integration of modern monitoring and soil analysis technologies 

into precision agriculture enhances the efficiency of agricultural produc-

tion, reduces costs, and ensures the sustainable development of agroeco-

systems (Vinod et al., 2024).  

Drones and satellite monitoring. Drones and satellite monitoring en-

able the assessment of soil moisture levels, erosion risks, and fertilization 

needs. They play a key role in modern agriculture, providing accurate and 

real-time evaluation of soil and crop conditions. These technologies allow 

farmers to effectively manage resources and improve crop yields.  

Soil moisture assessment. Using satellite imagery and drones, it is 

possible to monitor crop conditions, soil moisture levels, and overall plant 

development efficiently (Miller et al., 2024).  

Erosion level assessment. Satellite monitoring helps analyze terrain 

conditions, evaluate soil fertility levels, and track weather patterns (Zhang 

et al., 2024).  

Fertilization needs assessment. Drone monitoring is an effective tool 

for controlling uniformity of fertilizer distribution, detecting plant diseases 

and pests at early development stages, and optimizing irrigation based on 

the specific needs of each field segment.  

The integration of drones and satellite monitoring into agricultural 

processes enhances farm management efficiency, reduces costs, and 

ensures the sustainable development of agriculture (Raoufat et al., 2020).  

Navigation through GPS and precision agriculture systems optimize 

agricultural processes by enabling accurate control of machinery move-

ment, which helps minimize overlaps in treated areas, reducing fuel 

consumption, equipment wear, and unnecessary resource expenditures. 

As a result, the efficiency of agricultural machinery increases, while fuel, 

fertilizer, and pesticide costs decrease, positively affecting farm econom-

ics and promoting the rational use of natural resources (Padhiary et al., 

2024).  
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Additionally, articulated robots and automated systems allow for the 

precise application of fertilizers and plant protection products, preventing 

overuse, reducing negative environmental impacts on soil and ecosys-

tems, and ensuring the even distribution of nutrients, which enhances crop 

quality and yield.  

The use of such technologies reduces manual labor, increases 

productivity, and automates soil management processes, leading to the 

development of more sustainable and efficient agroecosystems (Gorjian et 

al., 2020; Kitić et al., 2022; Azmi et al., 2023).  

 

Conclusion  

 

Modern trends in soil tillage worldwide and in Ukraine are focused 

on reducing energy consumption, preserving soil fertility, and adapting to 

climate change. Amidst global warming, characterized by prolonged 

droughts and severe weather events, there is an urgent call to enhance 

agricultural technologies that maintain consistent productivity while 

reducing the harmful effects of human actions on the environment. 

One of the key directions is the wider adoption of minimal and no-till 

systems, which help reduce soil erosion, improve soil structure, retain 

moisture, and decrease carbon dioxide emissions into the atmosphere. 

The use of cover crops and mulching plays a crucial role in restoring soil 

fertility, as they contribute to the accumulation of organic matter, im-

provement of water balance, reduction in the need for mineral fertilizers, 

and protection of soil from degradation.  

The implementation of precision agriculture, based on satellite navi-

gation systems, drones, sensors, and geographic information systems 

(GIS), significantly enhances soil cultivation efficiency. These technolo-

gies allow for precise calculation of fertilizer and pesticide application 

rates, minimizing their excessive impact on ecosystems, and optimizing 

fuel consumption by preventing overlaps during field treatments.  

Innovative agricultural technologies, such as automated control sys-

tems for agricultural machinery, autonomous tractors, robotic soil cultiva-

tion systems, and AI-driven data analysis, reduce labor costs and improve 

the quality of field operations. The use of biological plant protection 

methods and microbial-based products further helps reduce chemical 

stress on the soil and preserve its biological diversity.  

In the future, digital technologies and process automation are ex-

pected to be actively integrated into agriculture, making soil tillage even 

more efficient and environmentally sustainable. Artificial intelligence 

(AI) and machine learning will enable farmers to receive more accurate 

predictions regarding soil conditions, optimal timing for agricultural 

operations, and yield forecasts. Satellite monitoring and blockchain 

systems will ensure transparency in agricultural processes and enhance 

food security.  

Overall, the future of soil tillage is closely linked to the expansion of 

sustainable farming practices, which maintain a balance between produc-

tivity, economic efficiency, and natural resource conservation. The inte-

grated use of precision agriculture technologies, innovative agricultural 

technological solutions, and biological farming methods will contribute to 

soil preservation for future generations, while enhancing productivity in 

the face of climate change.  
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