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Abstract: The article presents results of studies on the effects of different-depth primary tillage methods on the
agrophysical properties of sod-podzolic surface-gleyed soil and the productivity of spring oat under Western Forest-
Steppe conditions. The tillage system significantly affected the soil water regime, density, and water permeability.
Surface non-moldboard tillage (10-12 cm) was found to increase productive moisture reserves in the upper soil layer
(0-10 cm) by 24,8% compared to plowing (2022 cm), and also increased total moisture reserves in the 0-30 cm
layer by 10%. At the same time, soil water permeability under surface tillage decreased by 14% before sowing and by
32% after harvesting. Bulk density studies showed that the highest values occurred in the 20-30 cm layer regardless
of the tillage method; however, shallow and surface tillage caused additional compaction of the lower horizons. The
results confirm the need for a differentiated approach to soil tillage that optimizes the water regime and preserves
favorable agrophysical properties, an important factor in sustainable environmental protection.

Keywords: soil tillage, agrophysical soil properties, density, moisture, water permeability, sod-podzolic soil, spring oat,
Western Forest-Steppe

1. Introduction

A key problem in modern agriculture is developing and studying soil-protective, ecologically stabilizing
tillage systems adapted to specific soil and climatic conditions. Soil tillage is a fundamental element of crop
cultivation technologies and is aimed at increasing soil fertility, obtaining stable and high-quality yields with
minimal material and energy costs (Karbivska et al., 2022a; Butenko et al., 2025).

At the same time, there is no consensus in the scientific community regarding the impact of different till-
age methods — moldboard and non-moldboard — on crop productivity. Some researchers prefer plowing,
while others report results showing the effectiveness of non-moldboard tillage (Skuodeiene, 2013; Belikhina,
2014; Zuza, 2016).

Rational mechanical tillage plays a crucial role in regulating plant growth and development conditions
(Skuodeiene, 2013; Li, 2013; Belikhina, 2014; Kyryliuk, 2014; Medvedev, 2015; Drebot et al., 2019). Its
quality largely determines the effectiveness of other agronomic practices, particularly fertilization and yield
formation.
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The leading component in the system of mechanical tillage, as part of crop cultivation technology, is pri-
mary tillage — the impact of tillage implements on the depth of the arable layer or deeper to create optimal
conditions for plant development. Although tillage does not add new substances to the soil, it significantly
changes the ratio of its solid, liquid, and gaseous phases and affects physicochemical and biological process-
es (Voytovyk et al., 2024; Hryhoriv et al., 2024; Dehodiuk et al., 2025).

Thus, tillage is an important factor in shaping soil physical fertility properties and a key measure for con-
trolling weeds, diseases, and pests (Fernandes, 2011; Dehodiuk et al., 2014; Zuza et al., 2016; Tsentylo,
2019; Tsyliuryk & Shapka, 2019).

Numerous studies have shown that intensive mechanical tillage accelerates humus mineralization, in-
creases nutrient losses, and deteriorates agrophysical properties, ultimately leading to erosion processes and
environmental degradation (Tarariko, 2005; Fernandes et al., 2011; Hallett et al., 2013; Capehart et al., 2014;
Mukherjee & Lal, 2014; Hafiz et al., 2015).

An alternative to such intensive technologies is tillage systems that reduce the number and depth of op-
erations, as well as increase soil surface resistance to erosion by retaining crop residues and stubble. Re-
search shows (Saiko & Malienko, 2009; Kachmar, 2013; Tsvei, 2014; Belikhina, 2014; Fahrig et al., 2015;
Hanhur, 2018; Tsiuk et al., 2018; Grynyk, 2019) that the most effective systems rationally combine different-
depth moldboard tillage with surface non-moldboard practices.

Reducing tillage intensity through unjustified replacement of plowing with non-moldboard methods and
decreasing tillage depth is not always advisable, both in terms of crop productivity and maintaining soil eco-
logical balance. Studies confirm that combining different-depth plowing with surface non-moldboard prac-
tices is appropriate (Radchenko et al., 2022; Voitovyk et al., 2023).

The soil cover of the Western Forest-Steppe of Ukraine is mainly represented by sod-podzolic surface-
gleyed and gray forest soils. The main factor limiting their fertility is gleying of the upper horizons caused by
stagnation of atmospheric precipitation above a compacted illuvial layer, which negatively affects plant
growth and development (Hryhoriv et al., 2021; Karbivska et al., 2022b).

In addition, these soils have weak structure, insufficient aeration, and low water permeability. Therefore,
developing agrotechnical measures to improve air and thermal regimes, reduce the negative impact of exces-
sive moisture, and optimize plant water supply during critical growth periods is particularly important.

The need for a systematic study of the hydrophysical and mechanical parameters of the arable horizon
stems from the specific nature of the genesis of sod-podzolic surface-oily soils, which are characterised by
a high susceptibility to loss of structure, over-compaction and inadequate aeration. Most existing studies in
the region focus on general patterns of fertility dynamics, while the local response of these soils to reduced
tillage in crops with a fibrous root system (in particular spring oats) remains insufficiently studied.

The scientific hypothesis of the study was based on the assumption that minimising and reducing the
depth of primary tillage of sod-podzolic surface-gleyed soil would lead to a deterioration in the water-
physical regime and a critical increase in penetration resistance in the subsoil layers during the growing sea-
son, which would act as a limiting factor for the grain yield of spring oats.

The study aimed to comprehensively assess the effect of tillage methods and depths on field moisture pa-
rameters, water permeability, and the dynamics of penetration resistance in the 0-30 cm layer beneath spring
oats, as well as to establish the nature of the correlations between changes in these agrophysical properties
and the level of seed yield and by-product productivity of the crop under the conditions of the Western For-
est-Steppe

2. Materials and Methods

The experimental part of the research was carried out in 2023-2025 at the botanical garden of Vasyl Stef-
anyk Carpathian National University (48°56'32.2" N, 24°42'18.7" E) on sod-podzolic, superficially gleyed
soil with a slope of 1-3°. The agrochemical condition of the arable soil layer was characterized by the fol-
lowing indicators: the humus content, determined by the Tyurin method, was 1.78%; the content of alkaline
hydrolyzed nitrogen (according to Kornfield) was 65.0 mg/kg of soil; the availability of mobile forms of
phosphorus and potassium (according to Machygin) was 50 and 121 mg/kg of soil, respectively. The hydro-
lytic acidity, determined by the Kappen method, was 2.86 mg-eq./100 g of soil; the reaction of the soil solu-
tion (pH saline) was 5.0, and the sum of absorbed bases was 12.5 mg-eq./100 g of soil.

The study was conducted between 2023 and 2025 as part of a stationary field experiment at the Depart-
ment of Forestry and Agricultural Management, using a four-field short-rotation crop rotation system with
the following crop sequence: red clover — winter wheat — oats — winter rapeseed. In all years of the study, the
immediate predecessor of oats was winter wheat. The experimental design included the following main till-
age treatments: 1) ploughing to a depth of 20-22 cm (control); 2) ploughing to a depth of 14-16 cm; 3) shal-
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low tillage to a depth of 10—12 cm. The field trial used four replicates. The total area of the sowing (demon-
stration) plot was 80 m?, whilst the recording (harvest) area was 40 m? The treatment variants within the
replicates were arranged systematically (sequentially). The fixed spatial arrangement of the tillage treatment
variants within the plots remained unchanged throughout the three-year study period, enabling assessment of
their cumulative effect. The influence of spatial variability in soil cover was offset by the plot's high flatness,
the considerable plot size, and the high agronomic homogeneity of the background conditions.

The object of the study was the agrocenosis of spring oat (Avena sativa L.) variety Ant. The research fo-
cused on different-depth tillage methods and their effect on crop yield.

Agrophysical parameters were determined using standard methods. Soil density was determined using the
cutting ring method in accordance with DSTU ISO 11272:2001; samples were taken using cylindrical rings
4.0 cm high and with an internal diameter of 5.6 cm (actual volume of the ring — 100 cm?). Field soil mois-
ture was determined using the thermostatic-gravimetric method in accordance with DSTU ISO 11465:2001.
Productive moisture reserves were calculated based on soil moisture and bulk density readings and expressed
in millimetres (mm) of water column. Soil permeability was determined using the flooded ring method (ac-
cording to Nesterov), with results expressed in mm/h. Soil resistance to penetration (hardness) was deter-
mined using the penetrometric method with an Agratronix Soil Compaction Tester, with results expressed in
megapascals (MPa).

Soil samples were collected every 10 cm to a depth of 30 cm during the period of spring vegetation re-
covery and before oat harvesting (DSTU ISO 11465:2001).

Statistical analysis of the obtained experimental data was performed by the method of one-way analysis
of variance (ANOVA) using the software packages Microsoft Excel and Statistica 10.0. The reliability of
differences between mean values was assessed by the least significant difference (LSDo.0s) at a significance
level of p <0.05.

The hydrothermal conditions during the growing season of spring oats were assessed using data from the
Ivano-Frankivsk Regional Weather Station. The average air temperature and total precipitation during the
growing season in the years the studies were conducted were taken into account. In 2023, the average grow-
ing-season air temperature was 16.8°C, 2.4°C above the long-term average, while total precipitation was
557.7 mm, 12.7 mm (2.3 per cent) above the long-term average. In 2024, the average growing-season air
temperature was 15.4°C, 0.7°C above the long-term average, while total precipitation was 345.3 mm (70 per
cent of the long-term average). In 2025, the average air temperature was 14.7°C, matching the long-term
average; however, precipitation distribution was significantly uneven during the growing season. The mete-
orological data obtained were taken into account when interpreting the soil water regime indicators.

Primary tillage included: plowing with a PLN-3.35 plow, plowing with subsoil loosening using a plow
with subsoilers, and disking with a BDT-3.0 unit. Other agronomic practices were carried out according to
standard recommendations for the Western Forest-Steppe.

3. Results and Discussion

Water-physical properties of the soil significantly affect crop yield levels, and their formation largely de-
pends on the method of primary tillage.

The results showed a certain relationship between soil water-physical properties and tillage methods. Wa-
ter is a key biophysical factor influencing crop productivity and soil fertility. Analysis of soil moisture
at different vegetation periods showed that different tillage methods contributed to moisture accumulation
mainly in the layers subjected to mechanical impact (Table 1).

Productive moisture reserves in the 0—10 cm soil layer at the time of oat sowing in the control (plowing
20-22 cm) and in the 14—-16 cm plowing variant were almost identical and amounted to 18-22%. However,
under surface non-moldboard tillage (10—-12 cm), moisture reserves in this layer were higher, reaching 20%,
which is 24,8% more than under plowing.

Under plowing (20-22 cm), moisture in the 10-20 cm layer was close to that in the upper layer and
amounted to 18%, while in the 20-30 cm layer it increased to 22%. At the same time, no significant differ-
ences between treatments were observed in the 20-30 cm layer.

In general, in the 0—30 cm soil layer, productive moisture reserves were 10% higher under surface tillage
(10—12 cm) compared to plowing. By harvest, all experimental variants showed a deficit of productive mois-
ture.
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Table 1. Soil moisture under different main tillage methods at the time of sowing and harvesting oats, %

Moisture, %

Variant Soil layer, cm - -

At Sowing At Harvesting
0-10 16 12
Plowing (20—22 cm, control) 10-20 18 13
20-30 22 15
0-10 18 13
Plowing (14-16 cm) 1020 18 13
20-30 22 15
0-10 20 10
Surface tillage (10—12 cm) 10-20 20 15
20-30 23 16
LSDo.os 1.6 1.4

Water permeability reflects the qualitative state of soil, which can change with tillage methods. Soil water
permeability is a cumulative concept; however, it is directly related to soil structure and the amount of water
that infiltrates.

The main task of soil tillage is to ensure optimal water movement, which depends directly on soil struc-
ture. Water permeability decreases when many fine, dispersed particles are present and, conversely, increases
under well-aggregated (crumbly) soil structure.

Our results indicate that different depths and tillage methods affected soil water permeability and, accord-
ingly, its structure (Table 2).

Table 2. Soil water permeability depending on tillage methods, mm/hour

. Plowing Plowing Surface tillage
Time (hours) 24 25 ¢m, control) (14-16 cm) (10-12 cm)
At sowing time

1 153 143 134

2 147 131 122

3 128 118 108

Total 3 hours 430 393 366
LSDo.os 12 10 11

At harvesting time

1 71 64 50

2 68 52 41

3 47 43 30

Total 3 hours 188 159 122
LSDo.os 9 8 7

Surface tillage decreased soil water permeability in the upper layer by 14% before sowing and by 32% af-
ter harvesting compared with plowing at a depth of 20-22 cm.

Bulk density is a key agronomic characteristic of soil that reflects its structure, water-physical properties,
and level of biological activity. Despite the significant period between autumn primary tillage and the begin-
ning of spring vegetation recovery — during which natural soil compaction occurs — differences in the density
of the arable layer between treatments remained significant.

Soil density was determined using the core method (cutting ring) with a volume of 4 cm?® and a diameter
of 5.6 cm at the bottom and 5.7 cm at the top. Samples were taken in an undisturbed state from layers of 0-10,
10-20, and 20-30 cm. The 20-30 cm layer had the highest soil density at both sowing and harvesting times
for spring oat under all tillage treatments (Table 3).

Soil density in the 0—10 cm layer at both sowing and harvesting times was almost identical across all till-
age methods, at 1.15 and 1.25 g/cm?, respectively. Meanwhile, in the 20—30 cm layer under 14—16 cm plow-
ing and surface tillage, it was 8% higher than the control (1.29 g/cm?).
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Table 3. Soil bulk density under different primary tillage methods

Soil density, g/cm?

Variant Soil layer, cm
At sowing time At harvesting time
0-10 1.15 1.25
Plowing (20-22 cm, control) 10-20 1.27 1.27
20-30 1.29 1.30
0-10 1.17 1.23
Plowing (1416 cm) 10-20 1.22 1.25
20-30 1.39 1.39
0-10 1.17 1.25
Surface tillage (10-12 cm) 10-20 1.37 1.37
20-30 1.39 1.41
LSDo.os 0.04 0.03

When assessing the structural condition of soil, in addition to density and porosity indicators, data on re-
sistance to penetration by metal wedges and rods are also used; these are generally referred to as penetration
resistance (plunger measurements). In loose soil, where pore volume exceeds the volume of the solid phase,
the plunger penetrates deeper under the same applied force than in denser soil. Soil resistance to penetration
at the soil surface at the time of sowing oats was almost identical across all tillage treatments and ranged
from 1.44 to 1.52 MPa (Table 4).

Table 4. Soil resistance to penetration under different primary tillage methods, MPa

Soil resistance to penetration, MPa

Variant Soil layer, cm At sowing time At harvesting time
0-10 1.52 1.88
Plowing (20—22 cm, control) 10-20 2.03 3.01
20-30 3.29 4.60
0-10 1.44 1.86
Plowing (1416 cm) 1020 2.66 3.83
20-30 3.83 4.81
0-10 1.44 1.92
Surface tillage (10-12 cm) 10-20 3.15 5.39
20-30 4.74 5.81
LSDo.os 0.24 0.27

As soil moisture increases, its hardness decreases, while saturation with monovalent metals increases
hardness. Soils with low humus content are harder than highly humified soils, and well-structured soils are
less hard than poorly structured ones.

Research has shown that the methods and depth of primary tillage had a significant impact on the yield of
spring oats (Fig. 1). The highest crop productivity was achieved with the traditional deep ploughing method
at a depth of 20-22 cm (control), where seed yield was 3.50 t/ha and by-product (straw) yield reached 5.30 t/ha.
Reducing the depth of mechanical tillage led to a gradual decline in grain yield. Thus, with ploughing to
a depth of 14—16 cm, the seed yield fell to 3.43 t/ha, and with shallow tillage to a depth of 10-12 cm, it fell
to 3.30 t/ha. The downward trend in productivity under the minimised tillage treatments clearly correlates
with deteriorating agro-physical indicators, particularly increased soil resistance to penetration during
the later stages of the crop's growing season. At the same time, by-product (straw) formation proved more
stable across the various technological approaches. Under shallow ploughing (14—16 cm) and surface tillage
(10-12 cm), straw yield remained virtually unchanged at 5.23 t/ha, which was only slightly (by 0.07 t/ha)
lower than the control treatment with deep tillage.

It should be noted that the lower seed yield under surface tillage (3.30 t/ha) was caused by high soil
hardness in the 1020 and 20-30 cm layers at the time of harvest (which, according to Table 4, reached
5.39-5.81 MPa and hindered root development).
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Fig. 1. Yields of spring oats under different methods of primary tillage

The results obtained are consistent with those of many researchers (Six et al., 2002; Blanco-Canqui &
Lal, 2007; Hobbs et al., 2008; Pinheiro et al., 2014; Lal, 2015), who found that the primary tillage system
significantly affects soil structure, density, and water-physical properties.

In particular, it has been noted that minimizing mechanical tillage contributes to the redistribution of pore
space and changes in moisture accumulation in the upper soil horizons (Dexter, 2004; Pagliai et al., 2004;
Lipiec et al., 2003). Tebriigge & Diiring (1999) confirmed similar patterns, showing improved moisture ac-
cumulation under surface tillage systems.

Under Ukrainian conditions, Kachmar (2013), Tsvei (2014), and Grynyk (2019) reported similar results
and also noted the dependence of soil water-physical properties on tillage intensity.

However, the trends we have observed point to a significant physical-mechanical trade-off in minimising
tillage on sod-podzolic surface-gleyed soils, which requires a detailed mechanistic explanation. On the one
hand, the higher moisture content of the near-surface layer (0—10 cm) under surface tillage (10—12 c¢m) is due
to two factors: the formation of a mulch layer from winter wheat crop residues on the surface and the artifi-
cial disruption of capillary connections between the tilled and underlying layers. This significantly reduces
physical evaporation of water from the field surface (the dry-layer effect) during critical spring growth stages
of spring oats. However, this positive effect is completely offset by deterioration in the physical condition of
the lower layers (10-30 cm). Without periodic mechanical loosening and under systematic pressure from
agricultural machinery on sod-podzolic soils prone to natural compaction, gravitational macropores are
sharply destroyed. As a result, at harvest, penetration resistance in the 10-20 cm layer increased to 5.39 MPa,
while in the 20-30 cm layer it reached a critical 5.81 MPa, significantly exceeding the physiological thresh-
old for cereal root development. This restructuring of pore space directly affects moisture kinetics: a reduc-
tion in large aeration pores sharply reduces the soil profile's water permeability. Water is retained in the up-
per layer not only because evaporation decreases, but also because rapid infiltration into deeper layers be-
comes physically impossible.

From an environmental perspective, the data obtained call into question the widely held view that mini-
mum tillage on genetically vulnerable soils in the Western Forest-Steppe is unquestionably 'environmentally
sustainable'. The direct reduction in water permeability and the over-compaction of the subsoil horizon pose
serious environmental risks. During the heavy rainfall typical of the region, blocked infiltration inevitably
turns into surface runoff. This increases the risk of water micro-erosion, nutrient leaching, and localised sur-
face waterlogging (peatification), which impairs gas exchange and stimulates anaerobic processes.

Thus, implementing purely surface tillage without periodic deep chiselling or ploughing on sod-podzolic
surface-gleyed soils is environmentally risky and agronomically ineffective, as the short-term hydrological
comfort created in the topsoil undermines the long-term stability of the entire edaphic profile and limits the
realisation of the yield potential of spring oats.



Effect of Different Primary Tillage Methods on Agrophysical Properties... 795

4. Conclusions

The study established that the water-physical properties of sod-podzolic soil depend significantly on pri-
mary tillage methods. Surface non-moldboard tillage (10-12 ¢cm) increased productive moisture reserves in
the 0—10 cm layer by 24,8% and in the 0-30 cm layer by 10% compared to plowing (20-22 cm). At the same
time, surface tillage reduced soil water permeability by 14% before sowing and by 32% after harvesting,
indicating a deterioration in the structural condition of the upper soil layer.

The highest soil density formed in the 20-30 cm layer regardless of the tillage method; however, under
shallow and surface tillage, it was 8% higher than under plowing. Soil hardness in the upper layer did not
differ significantly among the treatments. The obtained results confirm the feasibility of a differentiated ap-
proach to soil tillage, which allows optimization of the water regime and preservation of favorable agrophys-
ical soil properties.
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