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INTRODUCTION
Soil structure and hydrological properties are among the main indicators of soil quality. They determine the processes of transport and retention of water and other substances in the soil, regulate its hydrological, aeration, thermal, and nutrient regimes, and influence root system development, crop productivity, biodiversity, and soil-forming processes. Soil hydrological properties determine the extent to which agroecological risks manifest, such as drought, waterlogging, leaching of nitrates beyond the root zone, and water erosion (Ruseva, 2002; 2006).
With prolonged agricultural use, soils deteriorate in their physical properties to varying degrees depending on their genetic characteristics (Dilkova, 1986, 2014; Ruseva, 2006). The structure becomes deteriorated, and the soil becomes susceptible to compaction and water erosion on sloping terrain. Epicalcic Chernozems are soils prone to physical degradation, which is difficult to restore even after long-term (10–15 years) grassing (Dilkova, 2014). Data on the structural and hydrological properties of representative Epicalcic Chernozems in the country, from both cultivated and uncultivated areas in lowland regions, have been obtained and presented in the works of Antipov-Karataev et al. (1960), Dilkova (1986, 2014), and others. A considerable number of studies, including on physical properties, have also been conducted on Epicalcic Chernozem on slopes with varying degrees of erosion at the experimental field in Trastenik, Ruse region (Ruseva, 1987; Lozanova, 2001).
Conducting new studies on the physical structure and hydrological properties of Epicalcic Chernozems from the experimental fields of the Institute of Soil Science, Agrotechnologies and Plant Protection N. Pushkarov will make it possible to analyze the changes that have occurred in the physical condition of soils from both flat and sloping terrains, over time as well as under the application of soil-conservation erosion control agrotechnologies. In recent years, new methods, indicators, and hypotheses regarding the mechanisms of structure formation have been proposed, which should be investigated and applied. Determining the interrelationships between indicators of soil structure, hydrological properties, and other soil parameters will contribute to clarifying the effects of anthropogenic impact on Epicalcic Chernozems in both flat and sloping terrains.
Objective:
The aim of the study is to assess the structural and hydrological characteristics of Epicalcic Chernozems under different land-use practices on flat terrains (the villages of Kovachitsa, Montana region, and Trastenik, Pleven region) and on sloped terrains subject to water erosion (the village of Trastenik, Ruse region).
Tasks of the dissertation:

1. Application of new and traditional methods and models to determine soil structure indicators and hydrological properties of Epicalcic Chernozems under non-arable and arable lands on flat terrains, as well as in a field experiment with two crops (wheat and maize) rotation and three tillage systems on sloped terrain. 
2. Comparison of traditional (suction type apparatus) method for determining the soil water retention capacity with the evaporation method using the TDR/MUX/mpts device (ETEST SP. Z O.O.).
3. Determination of soil hydraulic conductivity at low values of matric potential in unsaturated soil.
4. Assessment of the variability and reference values of structural and hydrological indicators in Epicalcic Chernozems and the degree of physical degradation in flat terrains and on slopes subject to water erosion.
5. Establishment of relationships between the studied indicators in order to evaluate the factors and the effects of applied erosion control agrotechnologies in the field experiment on the structure and hydrological properties of moderately eroded Epicalcic Chernozem. 
MATERIAL AND METHODS OF THE STUDY
The objects of the study include Epicalcic Chernozems from:
- Experimental field in the village of Kovachitsa, Montana region – a soil profile from a grassed area of a former meteorological site and surface horizons from arable land. Sampling date: 21/10/2021;
- Experimental field in the village of Trastenik, Pleven region – surface horizons from a grassed area and arable land. Sampling date: 21/04/2023;
- A three-year field experiment (2021–2023), conducted on a moderately eroded Epicalcic Chernozem at the Experimental Field for Erosion Control in the village of Trastenik, Ruse region, and a neighboring grassed area.
The studied sites fall within the same Subregion I2 – Lom–Svishtov, of the First Agroecological Region (Yolevski et al., 1980), which, according to the Soil-Geographical Zoning (Koinov et al., 1974) is part of the Central Danubian Province of the Chernozem Subzone within the Northern Bulgaria forest-steppe zone (Fig. 1). 
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Fig. 1. Map of the soil-geographical regions of the Chernozem Subzone (Koinov et al., 1974) and location of the studied sites.
Climatic characteristics of the studied regions and meteorological conditions during 2021, 2022, and 2023 at the experimental field Trastenik, Ruse
The climate in the region is temperate continental, with an average annual air temperature (Ta) for the period 1961–2010 of 11.6–12°C and a well-defined annual temperature amplitude, ranging from –2.1°C in the coldest month (January) to 23.4–24°C in the warmest month (July). The average annual precipitation (P) ranges from 548 mm in the Kovachitsa area to 585 mm in the Ruse area, with a maximum in June (72–81 mm) and a minimum in February and September. Data on meteorological parameters (precipitation, air temperature and humidity, total solar radiation, and wind speed) during the years of the field experiment at the experimental field Trastenik, Ruse (2021–2023) were recorded using an automatic meteorological station (ATMOS–41 All-in-one Weather Sensor, Meter©) and stored in a ZL6 data logger (Meter©) since 2021.
The experimental years (2021–2023) differ in terms of annual and seasonal precipitation. The first year (2021) was wet, with 27% probability of exceedance (Pr) of the annual total orecipitation (P) and 4% for the autumn–winter period (October–April) P (Table 1). Growing-season precipitation (May–September) indicates prolonged drought in 2023, with Pr = 99%. In 2022, exceptionally large amounts of rainfall were recorded on September 2 and 3 (60 mm and 42 mm), which formally leads to similarity in growing-season totals for 2021 and 2022. However, 2022 was drier and warmer compared to 2021, as shown by the distribution of monthly precipitation totals and reference evapotranspiration (ETo).
Table 1. Precipitation and reference evapotranspiration (ETo) at the experimental field Trastenik, Ruse. Pr – probability of exceedance (%).
	Years
	Precipitation, mm
	ETo, mm

	
	annual
	may–september
	October–April
	annual
	may–september

	averag*
	606
	299
	307
	942
	668

	2021
	682 (27%)
	227 (74%)
	437 (4%)
	908 (69%)
	669 (54%)

	2022
	413 (90%)
	225 (77%)
	282 (60%)
	1019 (24%)
	680 (43%)

	2023
	404 (94%)
	65 (99%)
	227 (85%)
	967 (45%)
	651 (68%)


1 Average precipitation for the period 1951–2023, and average ETo for 1961–2023 
Experimental design at the experimental field Trastenik, Ruse
The studied variants in the field experiment at Trastenik, Ruse, include the cultivation of two crops in rotation (wheat, maize) and three tillage systems (T0, T1, T2), resulting in a total of six variants (V1–V6) per year, established in plots of 748 m² in four replications (Table 2).
Conventional tillage for wheat (T0, T1) consists of several (usually three) disc harrowings in different directions at a depth of 10–12 cm. The final harrowing is carried out at a depth of 6–8 cm. Minimum tillage under wheat (T2) included one disking across the slope and direct seeding (10–12 cm) with plant protection measures for weed control.
Conventional tillage for maize (T0 and T1) includes primary tillage by moldboard ploughing at a depth of 20–25 cm. In the maize experiment, late deep ploughing is carried out at a depth of up to 28 cm using a PN-4-35 plough, followed by deep loosening to 40 cm using a KRH-2.4 cultivator-ripper. Under minimum tillage for maize, no primary inversion tillage is applied; instead, disc harrowing is combined with direct seeding. Minimum tillage (T2) for maize includes destruction of the preceding crop using glyphosate spraying, followed after 10–14 days by disc harrowing and direct seeding. In August, after shallow harrowing, a cover crop is sown at a depth of 6–8 cm. The cover crops in 2021 consisted of a mixture of wheat and rapeseed, while in 2022 and 2023 only barley was used as a cover crop.
Table 2. Scheme of the studied variants and rotations in the three-year field experiment at the Experimental Field Trastenik, Ruse.
	Crop
	Season
	T0- 
	T1
	T2

	
	
	control (up and down conventional tillage)
	coventional contour tillage
	minimum tillage, across the slope, use of a cover crop after wheat and applying it as green manure before sowing maize

	Rotation 1 - variants V1, V2, V3

	Winter wheat
	2020/2021
	V1
	V2
	V3

	Maize
	2022
	V1
	V2
	V3

	Winter wheat
	2022/2023
	V1
	V2
	V3

	Rotation 2 - variants V4, V5, V6

	Maize
	2021
	V4
	V5
	V6

	Winter wheat
	2021/2022
	V4
	V5
	V6

	Maize
	2023
	V4
	V5
	V6


Soil sampling in the field experiment at Trastenik, Ruse, was carried out in each variant (V1–V6) at the beginning (April) and end (October) of the growing season during 2021, 2022, and 2023. Soil samples for analysis of physical properties were collected in both disturbed and undisturbed states using rings of 100 and 200 cm³. Samples were taken once from four depths (0–5, 15–20, 35–40, and 65–70 cm), while in the remaining sampling campaigns only the first two depths were used.
Materials and Methods
Basic soil properties
The particle size distribution of soil samples was determined by sieving and the pipette method according to the international standard ISO 11277:2020. The sand (2–0.063 mm), silt (0.063–0.002 mm), and clay (<0.002 mm) fractions were determined in accordance with ISO 11277 (2020) and used for soil texture classification according to the IUSS Working Group WRB (2015).
The following chemical and physicochemical properties of the soil samples were determined: CaCO₃ content by the gasometric method using a Scheibler apparatus (Penkov, 1981); content and composition of soil organic matter determined by a modified Tyurin method (Kononova, 1963; Filcheva and Tsadilas, 2002).

The physicochemical properties, determined according to the methodology of Ganev and Arsova (1980), were: pH in water; cation exchange capacity – T8.2;

cation exchange capacity of the strongly acidic ion exchanger – TSA; weakly acidic ion exchanger – TA; titratable acidity (pH 8.2);  base saturation degree.
Soil structural and hydrological characteristics
Indicators for the assessment of soil structure were determined in terms of the solid phase (soil aggregation) and the pore space.

The distribution of the soil aggregates across the aggregate size classes (> 10 mm, 10–5, 5–3, 3–1, 1–0.25, < 0.25 mm) was determined by manually sieving the air-dried soil sample using a set of sieves arranged in decreasing opening size in the following order: 10, 5, 3, 1, and 0.25 mm from top to bottom. The mean weighted diameter (MWD, mm) of fractions smaller than 10 mm was calculated. The water stability of the soil aggregates was determined by the method of Savinov, a modification of the method of Vershinin and Revut (1952) (cited in Dolgov, 1966). Four soil samples were prepared for wet sieving: one sample (20 g) by taking equal quantity (5 g) of air dried aggregates from four fractions: 10–5, 5–3, 3–1, and 1-0.25 mm; three replicate samples (20 g each) with air dried aggregates from a single fraction 3–1 mm. The wet sieving was done by the device of Savinov an hour after direct immersion of the air dried soil aggregates sample into water (slaked prevariant). The device consists of nest of sieves (i=5, 3, 1, and 0.25 mm), which remained immersed in water during the whole procedure. Aggregate water stability was expressed as the ratio of mean diameters after and before wet sieving (MWDR = MWDwet / MWDdry) and as the percentage of water-stable macroaggregates (WSA > 0.25, %) (Dilkova, 2014).
Soil samples for bulk density (Db) and water retention determination using a hanging water column capillarimeter (ISO 11274:1998) were collected in undisturbed state using 100 cm³ metal rings in four replications. Particle density (Ds) was measured in water using 100 cm³ pycnometers (ISO 11508:1998). Total porosity (Pt) was calculated using the measured bulk density (Db) and particle density (Ds):
Pt=(1-Db/Ds)×100%







(1)

The measurement of soil water retention was performed according to procedures similar to those described in ISO 11274:1998. Water drainage from saturated samples at matric potentials of 1, 5, 10, and 33 kPa (pF 1.0, 1.7, 2.0, and 2.5) was done by suction type apparatus (Shot filters G5 with diameters of pores 1.0-1.6 m). Soil water retention at suction 1500 kPa (pF =log10(|-cm H2O|)= 4.2) was determined using fine (<2 mm) earth samples by pressure membrane apparatus. Water retention at pF 5.6 was determined at 75% controlled relative humidity in desiccators containing a saturated NaCl solution. Soil moisture content (θ) in volumetric percentage (% vol.) was calculated using the formula:
=W×Db









(2)

where, W is gravimetric moisture content (% w/w) and Db is bulk density (g cm⁻³).
Plant available water capacity (PAWC, % vol.) was calculated as the difference between field capacity (FC) and wilting point (WP). The water content retained at pF2.0 was used as a measure for Field Capacity (FC) as suggested for soils with medium and coarse texture:

PAWC = pF2.0-pF4.2                                                                                                                                       (3)

where  is the volumetric water content.
The aeration capacity (AC) was calculated as the difference between total porosity (Pt) and water content at field capacity (θpF2.0), expressed in volumetric percentages:
AC = Pt- pF2.0 





 


(4)

The relative field capacity (RFC) was calculated in relation to total porosity:
RFC=pF2.0 /Pt








(5)
Data on silt (0.050–0.002 mm), clay (<0.002 mm), and soil organic carbon (SOC) were used to calculate a soil structure stability index (SI) proposed by Pieri (1992):
SI=1.724 ×SOC/(silt+clay) × 100%





(6)

The packing density (PD) indicator was calculated using the equation (Jones et al., 2003):
PD = Db  +  0.009 C,







    
(7)

where Db – is the measured soil bulk density (g cm⁻³), and C (%) is the clay content (<0.002 mm fraction).
The coefficient of filtration (Kf) was determined using method of de Boodt with a constant water head or, in cases of low permeability, by the falling head infiltrometer method.
Water retention capacity determined by the evaporation method
For simultaneous measurement of volumetric water content using a TDR sensor and matric potential using mini-tensiometers, the TDR/MUX/mpts device (ETEST SP. Z O.O.) was used. This system was developed at the Institute of Agrophysics in Lublin, Poland.
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Fig. 2. Arrangement of sensors in a 200 cm³ ring (a) and in a ring connected to the device (b, c).
To determine the hydraulic conductivity under unsaturated conditions as a function of matric potential, the procedure described by Masaoka and Kosugi (2018) was followed. 

[image: image3]
Fig. 3. Symbols, sensor arrangement described by Masaoka and Kosugi (2018), and actual distances used in the present study.

Hydraulic conductivity K (cm/day) was calculated according to the Darcy–Buckingham law using the following equation:

[image: image4.png]K(Rm) = Gm/Tm



,                                                                                             (8)
where [image: image6.png]


 is the flux through the measurement plane, and [image: image8.png]


 (cm/cm) is the hydraulic gradient, averaged over the time interval Δt.
Distribution models
Rosin–Rammler equation (Rosin and Rammler, 1933) was used to approximate the soil particle size distribution curve x: 
P(X<x)= 1–exp [–(x/)]


                                             
(9)

where the parameters α* and β were calibrated using the least squares method with the Solver tool in Excel. The parameter α* represents a measure of particle size (μm), while β is an indicator of particle size variability. Higher values of β indicate low variability in particle sizes, whereas lower values indicate a more uniform distribution across size classes.
The experimental data on soil water retention were approximated using van Genuchten model (van Genuchten, 1980) (Eq. 10):
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where W is the soil water content (cm³ g⁻¹) at matric potential h (hPa). Based on the calibrated parameters of the equation, the S-parameter (Dexter, 2004, 2006) was calculated. This parameter represents the slope of the water retention curve at its inflection point (Wi) and serves as an indicator of the degree of pore size concentration within a narrow range of pore diameters.
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(12)

According to Dexter (2004), the S parameter is an indicator of soil quality, with the absolute values of this parameter defining four categories of soil quality:|S| < 0.020 – very poor 0.020 ≤ |S| < 0.035 – poor 0.035 ≤ |S| < 0.050 – good |S| ≥ 0.050 – very good.
Statistical analysis of the data
The data were statistically processed using one-way and multi-factor analysis of variance (ANOVA), correlation and regression analysis, and principal component analysis (PCA), applying the STATGRAPHICS statistical software package. The accuracy of model approximations was evaluated using the root mean square error (RMSE).



RESULTS
Soil particle size distribution, chemical and physicochemical properties
The typical dominance (60–70%) of the silt fraction was observed in the Epicalcic Chernozems (Table 3). The clay content (<0.002 mm) ranged between 22 and 27%, which is considered a prerequisite for aggregate formation (>15%) (Horn et al., 1994).

Although most soil horizons from Kovachitsa and Trastenik (Ruse) were classified as Silty Loam, and those from Trastenik (Pleven) as Silty Clay Loam, in practice they are located close to the boundary between these two textural classes. According to the Kachinsky classification, based on physical clay content, the soils in Kovachitsa and Trastenik (Ruse) are slightly sandy-clayey, while the soil in Trastenik (Pleven) is medium sandy-clayey.

The soils are characterized by a relatively uniform particle size distribution with depth, although a slight coarsening of texture with depth is observed. The coefficient of variation (Cv) of the silt fraction with depth is 1–3%, while for clay and sand it is higher, at 3–7% and 7–24%, respectively. The homogeneity of particle size distribution is also evidenced by the nearly overlapping cumulative curves (Fig. 4).

Table 3. Content of organic carbon (C), total carbonates, and particle size fractions.
Physical clay was recalculated according to the methodology of Atanasov et al. (2013).
	Horizons
	Depth, 

cm
	Org.

С,%
	Totatl carb.
%
	FAO fractions  (2006), %
	
	Texture class  
	*Phys.
	Texture class 

	
	
	
	
	Sand
2–0.063 mm
	Silty
0.063–0.002 mm
	Clay
<0.002 mm
	Sand
2–0.05 mm
	 USDA
	clay <0.01 mm, %
	 Kachinsky

	soil profile in an uncultivated grassland area in the area of ​​EF Kovachitsa

	Ak 
	0-5
	2.07
	2.56
	17.3
	60.4
	22.3
	23.9
	SiL
	22.4
	slightly sandy-clayey

	0-16 cm 
	10-15
	1.38
	3.38
	10.3
	64.4
	25.3
	17.5
	SiL
	25.0
	slightly sandy-clayey

	A k

16-37 cm
	20-25
	1.25
	3.58
	10.1
	64.9
	25.0
	16.1
	SiL
	25.1
	slightly sandy-clayey

	Ak

37-50 cm
	45-50
	1.07
	5.8
	10.1
	65.2
	24.7
	18.4
	SiL
	24.0
	slightly sandy-clayey

	Ak

50-85 cm
	75-80
	0.71
	14.36
	13.3
	65.1
	21.5
	22.3
	SiL
	18.0
	clayey- sandy

	Нива Apk
	0-10
	1.46
	3.58
	
	
	
	
	
	
	

	Surface horizons of Epicalcic Chernozem, village of Trastenik, Pleven region

	grass, 
	0-10
	2.5
	следи
	6.1
	69.7
	24.2
	9.0
	SiL
	37.0
	medium sandy-clayey

	bushes
	15-20
	1.3
	0.48
	5.7
	67.3
	27.0
	9.8
	SiCL
	37.8
	medium sandy-clayey

	field, 
	0-5
	1.6
	1.07
	4.2
	70.8
	24.9
	8.3
	SiL
	38.3
	medium sandy-clayey

	charcoal
	15-20
	1.25
	1.68
	5.1
	68.7
	26.2
	7.4
	SiL
	38.1
	medium sandy-clayey

	
	30-35
	1.09
	7.78
	4.1
	68.4
	27.6
	9.3
	SiCL
	33.2
	medium sandy-clayey

	Average values ​​for the variants in the experimental field Trastenik, Ruse 

	Apk 
	3
	0-10
	1.37    ±0.04
	9.3

±2.3
	9.0a

±6.1
	64.8a

±4.6
	26.2

±1.8
	14.8

±6.8
	SiL
	29.3

±2.7
	slightly sandy-clayey

	
	7
	15-20
	1.24

±0.20
	6.8

±2.6
	10.8a

±5.0
	63.6a

±3.6
	25.5

±1.5
	16.4

±6.0
	SiL
	29.1

±2.0
	slightly sandy-clayey

	Ak
	3
	30-40
	0.9
	13.9

± 6.3
	11.8a

±3.3
	63.1a

±2.6
	25.1

±0.9
	17.8

±3.1
	SiL
	26.5

±3.0
	slightly sandy-clayey

	Ck
	
	60-70
	0.4
	18.5

± 2.9
	13.6a

± 6.4
	63.3a

±4.9
	23.0

±1.9
	19.8

±5.8
	SiL
	21.6

±3.3
	slightly sandy-clayey

	grass and bushes, Trastenik, Ruse,

	А 
	0-10
	2.0
	6.75
	8.4
	68.2
	23.4
	14.5
	SiL
	24.9


	slightly sandy-clayey

	
	15-20
	1.7
	10.48
	6.2
	68.7
	25.1
	12.6
	SiL
	27.6
	slightly sandy-clayey
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Fig. 4. Experimental and modelled (Eq. 9) data of cumulative soil particle size distribution in the studied soils.
The range of variation of the characteristic particle size parameter α* in the Rosin–Rammler equation (Eq. 9) was: between 23–29 μm in Kovachitsa, between 16–17 μm in the surface soil layers of Trastenik (Pleven), and between 20–25 μm in Trastenik (Ruse).

The presence of carbonates determines the alkaline reaction of the soils. In the surface horizons, the reaction is weakly alkaline (pH in H2O between 7.5 and 8.0/8.2), while with depth, due to the increasing carbonate content, it is classified as moderately alkaline (pH in H2O between 8.2–8.6) (Penkov et al., 1991).

From the analysis of seasonal dynamics in total carbonate content in the experimental field Trastenik (Ruse), it was found that the variants with minimum tillage and green manuring (T2) shows the highest carbonate content in spring (Fig. 5). This is explained by the higher amount of organic material incorporated into the soil, which creates more favorable conditions for the dissolution of otherwise poorly soluble carbonates.


[image: image15]
Fig. 5. Total carbon content by seasons, variants, and soil depths. Field experiment, Trastenik, Ruse, 2021–2023.

Under the same type of land cover—grass vegetation in the studied sites—the soil organic carbon (SOC) content is assessed as high (2–2.5%) (Table 3). However, in the flat sites it sharply decreases in the 10–20 cm layer to 1.3–1.38%, which supports the hypothesis that these areas were previously used as arable land. In the cultivated areas across the three sites, SOC varies between 1.4 and 1.6%.

The humus in the surface layer of the soil in Kovachitsa is humate-type, while in the other sites it is fulvate–humate. Humic acids are about 80% bound to calcium. “Free” humic acids and those associated with mobile R₂O₃ forms account for about 20%, which differs from the typical humus composition of Epicalcic Chernozems, where humic acids are considered to be 100% bound to calcium (Filcheva et al., 2013).

Monitoring of soil organic carbon (SOC) in the variants of the field experiment at Trastenik, Ruse, did not reveal a clear trend in its changes during 2021 and 2022 (Fig. 6).

The application of erosion control technologies (T2) shows a positive effect in the maize–wheat–maize rotation, where the average SOC over the three-year period is 1.47% in the 0–20 cm layer, compared to 1.37% in T1 and 1.33% in the control (T0).
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Fig. 6. Dynamics of soil organic carbon (SOC). T0 – conventional tillage along the slope; T1 – conventional tillage across the slope; T2 – minimum tillage with cover crop. Rotation w–m–w (wheat–maize–wheat), rotation m–w–m (maize–wheat–maize). Vertical bars indicate standard deviations.
The cation exchange capacity (T8.2) in all horizons of the studied soil profiles varies within narrow limits—between 22 and 26 cmol/kg soil—and is classified as high (Penkov et al., 1991). It consists entirely of basic cations, predominantly calcium (20–24 cmol/kg) and, to a much lesser extent, magnesium cations (about 2.5 cmol/kg), which is reflected in a 100% base saturation degree.
SOIL STRUCTURAL AND HYDROLOGICAL PROPERTIES
Epicalcic Chernozems from flat areas
The size distribution of dry-sieved aggregates in the studied horizons of Epicalcic Chernozems in Kovachitsa and Trastenik (Pleven), under grass cover and in the surface layer of arable soils, shows a dominance (>50%) of agronomically valuable aggregates (10–0.25 mm). The percentages in the 0–5 cm layer are higher (78.6%) in the soil of Trastenik (Pleven) compared to Kovachitsa (70.4%) (Fig. 7).

The water stability of soil macroaggregates is highest (MWDR₁₀–₀.₂₅ = 0.66 and 0.68) in the surface 0–5 cm layer under grass vegetation in both sites and is assessed as very good (Fig. 8).
a)
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Fig. 7. Distribution of dry aggregates by size in Epicalcic Chernozem in Kovachitsa, Montana (a) and Trastenik, Pleven (b).
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           Fig. 8. Distribution of waterstable aggregates by size in a composite sample from horizons of Epicalcic Chernozems in Kovachitsa, Montana (a) and Trastenik, Pleven (b).

Under non-cultivated conditions, soil bulk density in the 0–5 cm layer is lower in Kovachitsa (0.99 g cm⁻³) compared to Trastenik, Pleven (1.22 g cm⁻³), which may be attributed to the high soil moisture (29.9%) in the surface layer at the time of sampling in Kovachitsa.

The packing density (PD) at a depth of 20 cm is high (PD > 1.75 g cm⁻³), both under non-cultivated (grass-covered) and cultivated conditions (Table 4).

Table 4. Particle density (Ds, g cm⁻³), bulk density (Db, g cm⁻³), sampling moisture content (Wₚᵣ.), total porosity (Pt, % vol.), and packing density (PD, g cm⁻³) of Epicalcic Chernozems.
	Hor.

cm
	Depth, cm
	Db, g cm-3
	W пр., 
% w/w
	Ds, g cm-3
	Pt, % vol.
	PD, g cm-3
	class

	Kovachitsa, grass area, former meteorological site

	Ak, 0-16
	0-5
	0.99 ±0.13
	29.9 ±2.3
	2.651
	62.7 ±4.9
	1.19
	low

	
	10-15
	1.52  ±0.02
	20.9 ±1.3
	2.696
	43.6 ±0.9
	1.74
	medium

	A k, 16-37
	20-25
	1.53 ±0.08
	20.7 ±0.2
	2.702
	43.2 ±2.8
	1.76
	high

	Ak, 37-50
	45-50
	1.52 ±0.04
	19.8 ±0.6
	2.699
	43.4 ±1.6
	1.74
	medium

	Ak, 50-85
	75-80
	1.15 ±0.06
	10.7 ±0.3
	2.651
	57.5 ±2.2
	1.31
	low

	Kovachitsa, field, fallow

	Apk
	0-5
	1.19 ±0.06
	23.8 ±1.1
	2.702
	56.6  ±2.1
	1.39
	low

	Trastenik, Pleven, grass, bushes
	

	A
	0-5
	1.22 ±0.01
	22.3 ±1.0
	2.660
	55.2 ±0.6
	1.43
	medium

	
	15-20
	1.55 ±0.02
	17.0 ±0.2
	2.712
	41.7 ±0.6
	1.80
	high

	Trastenik, Pleven, fields

	Ap
	0-5
	1.18 ±0.05
	19.2 ±0.6
	2.706
	56.4 ±1.8
	1.40
	low

	
	15-20
	1.54 ±0.03
	20.0 ±0.0
	2.726
	43.8 ±1.1
	1.77
	high

	
	30-35
	1.37 ±0.03
	22.1 ±0.1
	2.733
	49.9 ±1.2
	1.62
	mid


The experimental data on soil water retention at different matric potentials, as well as their approximation using the van Genuchten equation (Eq. 10) (van Genuchten, 1980), for the two study sites are presented in Fig. 9.
a)
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Fig. 9. Experimental data and modelled soil water retention curves using Eq. (10) (van Genuchten, 1980) for Epicalcic Chernozem: Kovachitsa, Montana—grassland and arable land (a); Trastenik, Pleven—uncultivated (grass and shrubs) and arable land (b).
The hygroscopic water content at pF 5.6 (W₅.₆) and wilting point (WP₄.₂) (Table 5) are approximately 2.5% higher in the Epicalcic Chernozem from Trastenik, Pleven, which is attributed to its slightly finer texture. The higher values of these parameters in the surface 0–5 cm layer are due to the higher organic matter content.

Soil water retention at pF 2.0 and 2.5 is similar in both soils; in the surface 0–5 cm layer under natural (non-cultivated) conditions it provides a high plant-available water capacity (above 20% vol.) in both soils. With depth and under cultivated conditions, field capacity decreases, while the higher proportion of non-plant-available water (WP₄.₂) leads to lower values of plant-available water capacity in the Epicalcic Chernozem from Trastenik, Pleven. Nevertheless, these values remain close to the optimal range.

Low aeration capacity (AC) values (below 10% vol.) and high relative field capacity (above 0.7) in the subsurface horizon confirm insufficient aeration. Soil Quality Index of Dexter (S) indicates very good soil quality in the surface 0–5 cm layer under both grassland and cultivated conditions, as well as at a depth of 75–80 cm (Table 5). In the remaining studied layers, soil quality is classified as good (0.035–0.050) for the soil in Kovachitsa, while at 15–20 cm depth in Trastenik, Pleven, soil quality is assessed as poor (<0.035) under both grassland and arable conditions.

Table 5. Water retention (W) at potentials pF 2.0, 2.5 and 4.2, plant-available water capacity (PAWC), relative field capacity (RFC), aeration capacity (AC), and Dexter Soil Quality Index of Dexter (S).
	Hor.
	Depth cm
	W2.0, 

% w/w
	W2.5,

% w/w
	WP4.2,

 % w/w
	W5.6, % w/w
	PAWC, % vol.
	RFC
	AC, % об.
	S

	Kovachitsa, grass, former meteorological site
	

	Ak 
	0-5
	35.8 ±2.8
	29.2 ±2.2
	10.1 ±0.04
	3.76 ±0.04
	25.1 ±0.7
	0.56
	27.6 ±6.8
	0.073

	
	10-15
	24.1 ±1.5
	20.6 ±1.4
	9.1 ±0.05
	3.53 ±0.01
	22.7 ±1.9
	0.84
	7.1 ±1.1
	0.038

	A k
	20-25
	23.2 ±0.6
	18.8 ±0.2
	9.2 ±0.04
	3.55 ±0.02
	21.3 ±1.0
	0.82
	7.8 ±4.2
	0.036

	Ak
	45-50
	23.2 ±0.9
	17.8 ±0.6
	9.5  ±0.07
	3.41 ±0.00
	21.0 ±0.8
	0.82
	8.0 ±1.5
	0.035

	Ak
	75-80
	28.7 ±0.9
	19.5 ±0.5
	9.3 ±0.01
	2.95 ±0.00
	22.2 ±0.2
	0.57
	24.6 ±2.8
	0.066

	Kovachitsa, field, fallow
	

	Apk
	0-5
	29.0 ±2.2
	22.7 ±0.5
	9.5 ±0.07
	3.54 ±0.12
	23.1 ±2.0
	0.61
	22.1 ±2.3
	0.059

	Trastenik, Pleven, grass and bushes
	

	A
	0-5
	34.1±1.5
	28.9±2.6
	14.0±0.23
	6.1±0.02
	24.4±1.6
	0.75
	13.8±1.0
	0.051

	
	15-20
	22.7±0.4
	18.7±0.1
	11.8±0.01
	5.9±0.04
	17.0±0.5
	0.85
	6.4±0.5
	0.028

	Trastenik, field, fallow
	

	Ap
	0-5
	28.2±0.8
	23.5±0.5
	11.3±0.04
	5.4±0.03
	19.9±1.0
	0.59
	23.2±3.0
	0.052

	
	15-20
	23.8±0.4
	20.9±0.1
	11.5±0.06
	5.5±0.01
	18.9±0.2
	0.83
	7.3±1.2
	0.031

	
	30-35
	26.5±0.6
	22.9±0.4
	12.4±0.07
	5.5±0.03
	19.4±0.5
	0.73
	13.5±1.5
	0.037


The coefficient of  filtration is moderately high in the surface soil layers in Trastenik, Pleven, while in the subsurface layer of the cultivated area it is the lowest—0.101 cm/h (Table 6). Although the aeration capacity is similar in the grassland and arable soil at this depth, the low filtration values indicate a disruption of pore connectivity, leading to reduced hydraulic conductivity.

In Kovachitsa, at a depth of 10–15 cm, Kf is moderately low, while at 45–50 cm depth it is high.

Table 6. Filtration coefficient (Kf) measured under laboratory conditions on samples from surface soil layers of the studied land use in Trastenik, Pleven region and Kovachitsa, Montana region.
	Site
	Land use
	Depth, cm
	Kf, cm/h
	stdev.
	Cv, %
	class

	Kovatchica
	grass
	10–15
	0.280
	0.152
	54
	Medium low

	
	
	45–50
	2.146
	0.903
	42
	Medium high

	Trastenik, 
	grass, buches
	0–5
	0.416
	0.205
	49
	Medium high

	Pleven
	
	15–20
	0.631
	0.455
	72
	Medium high

	
	field
	0–5
	0.428
	0.281
	66
	Medium high

	
	
	15–20
	0.101
	0.115
	114
	Medium high


Field experiment on moderately eroded Epicalcic Chernozem
In the field experiment in Trastenik, Ruse, agronomically valuable aggregates also dominate, ranging from 61 to 74% in the 0–5 cm layer and from 57 to 64% in the 15–20 cm layer (Fig. 10).

In autumn sampling, aggregate water stability is higher, and after the extremely prolonged drought in 2023, a significant increase in aggregate stability is observed (Fig. 11, Table 7).

In the layer below 30 cm, the content of water stable soil aggregates is considerably higher, averaging about 33%, which is attributed to the higher carbonate content (Table 7).
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Fig. 10. Distribution of aggregate fractions after dry sieving, average for the period 2021–2023. MWDdry – mean weighted diameter of aggregates.
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Fig. 11. Mean content of water-stable aggregates (WSA > 0.25 mm) in a single fraction (F1–3 mm) for the three years (2021, 2022 and 2023) and both crops (winter wheat and maize) across tillage variants in the surface 0–5 cm and 15–20 cm layers of a moderately eroded Epicalcic Chernozem from the experimental field Trastenik, Ruse.
Table 7. Multivariate analysis of variance of water-stable aggregate content (WSA1–3 > 0.25 mm, % w/w) by depth, variant, crop, season, and year for the 0–20 cm layer at the Experimental Field Trastenik, Ruse.
	depth
	Surface soil layers (0–5 and 15–20 cm)

	
	
	variant
	
	crop
	
	season
	
	year
	

	0-5
	20.6a
	T0
	21.6b
	wheat
	20.1a
	April
	18.2a
	2021 
	20.2b

	15-20
	21.0a
	T1
	19.6a
	maize
	21.5a
	October
	23.4b
	2022 
	17.7a

	35-40
	36.2b
	T2
	21.6ab
	
	
	
	
	2023 
	24.5c

	60-65
	32.7b
	
	
	
	
	
	
	
	

	F
	55.9
	
	2.8
	
	3.64
	
	48.3
	
	29.5

	p
	0.000
	
	0.06
	
	0.06
	
	0.000
	
	0.000

	0-5
	35.6
	whole
	
	
	
	
	
	
	

	15-20
	33.1
	
	
	
	
	
	
	
	


The bulk density in the surface 0–5 cm soil layer does not differ between the variants and averages 1.31 ± 0.1 g cm⁻³ for the entire period (Table 8).

At an average clay content (<0.002 mm) of 26% in the surface 0–5 cm and 15–20 cm layers, the threshold bulk density (Db) corresponding to a high packing density (PD > 1.75 g cm⁻³) is 1.52 g cm⁻³, while the Db value below which soil compaction is considered low (PD < 1.4 g cm⁻³) is 1.17 g cm⁻³.

In all wheat variants, except T2 in October, high subsoil compaction is observed (Fig. 12). This is attributed to the formation of a plough pan as a result of disc harrowing at a depth of 10–12 cm.

In maize, compaction is assessed as moderate; however, the minimum tillage variant (T2) shows higher bulk density compared to T1, which is under conventional tillage but across the slope.

Table 8. Multivariate analysis of variance of factors affecting bulk density (Db, g cm⁻³) (a) and total porosity (Pt, %vol.)(b) in the field experiment at Trastenik, Ruse.
a) Bulk density (Db, g cm⁻³)

	depth
	Surface soil layers (0–5 and 15–20 cm)

	cm
	
	variant
	
	crop
	
	season
	
	year
	

	0–5
	1.31a
	T0
	1.45b
	wheat
	1.43a
	April
	1.41
	2021 
	1.43b

	15–20
	1.51b
	T1
	1.39a
	maize
	1.40a
	October
	1.41
	2022 
	1.38a

	35–40
	1.38b
	T2
	1.39a
	
	
	
	
	2023 
	1.43b

	60–65
	1.28a
	
	
	
	
	
	
	
	

	F
	
	
	11.5
	
	5.83
	
	0.29
	
	7.57

	p
	
	
	0.000
	
	0.016
	
	0.59
	
	0.001

	0–5
	1.05
	
	grass
	
	
	
	
	
	

	15–20
	1.33
	
	
	
	
	
	
	
	


b) Total porosity (Pt. % vol.)

	depth
	Surface soil layers (0–5 and 15–20 cm)

	cm
	
	variant
	
	crop
	
	season
	
	year
	

	0–5
	51.6c
	T0
	46.4a
	wheat
	47.3
	April
	48.1
	2021 
	47.1a

	15–20
	44.3a
	T1
	48.5b
	maize
	48.6
	October
	47.8
	2022 
	48.9b

	35–40
	49.4b
	T2
	48.9b
	
	
	
	
	2023 
	47.7a

	60–65
	53.2d
	
	
	
	
	
	
	
	

	F
	110.1
	
	11.7
	
	7.64
	
	0.31
	
	5.74

	p
	0.0000
	
	0.000
	
	0.006
	
	0.58
	
	0.004

	0–5 
	61.0
	
	
	grass
	
	
	
	
	

	15-20 
	51.0
	
	
	
	
	
	
	
	


Subsoil compaction is highest in T0 in autumn. On average over the entire period and rotations, compaction in the 15–20 cm layer is significantly higher (by 6%) in T0 (mean 1.57 ± 0.08 g cm⁻³) compared to T1 and T2 (mean 1.48 ± 0.11 g cm⁻³).
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Fig. 12. Bulk density (Db) and packing density (PD) in the 15–20 cm layer of Epicalcic Chernozem, experimental field Trastenik, Ruse.

Experimental and modelled data of soil water retention at different matric potentials, approximated using the van Genuchten equation (Eq. 10), are summarized for the entire period and presented in Fig. 13.

The results of the analysis of variance show that at all three investigated potentials in the wet range (pF 0.4, 1.0, and 1.7), water retention varies with depth, being lowest in the 15–20 cm layer as a result of compaction. Below this layer, water retention increases and approaches the values observed in the 0–5 cm layer, which is explained by the lower bulk density in that horizon.

Soils under conservation tillage practices (T1 and T2) exhibit higher water retention compared to conventional tillage along the slope (T0), although no significant differences are observed between T1 and T2. Season and crop type have no significant effect, except for water retention at pF 1.7 under wheat, which is higher than under maize (Table 9).

Water retention in the wet range under grassland conditions is higher than under cultivated soil, with the difference being especially pronounced in the 0–5 cm layer. In the subsurface 15–20 cm layer, values under grassland become comparable to those in the surface 0–5 cm layer of cultivated soil.
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Fig. 13. Soil water retention–matric potential relationships (pF curves) at depths of 0–5 and 15–20 cm. Averages for the period 2021–2023 for April (_a) and October (_o), showing experimental data and values fitted using the van Genuchten equation (Eq. 10) (van Genuchten, 1980).

Water retention in the so-called capillary zone is the most important for plant water availability. Comparative analysis of the studied factors shows that field capacity (FC) depends on depth (Table 10), and it should be noted that no increase in water retention is observed below a depth of 25 cm.

Table 9. Analysis of variance of factors affecting water retention capacity (W, % w/w) at matric potential pF 1.7.

	depth
	Surface soil layers (0–5 and 15 – 20 cm)

	cm
	
	variant
	
	crop
	
	season
	
	year

	0–5
	29.0c
	T0
	26.2a
	wheat
	27.5b
	April
	27.1a
	2021 
	27.4a

	15–20
	25.2a
	T1
	27.4b
	maize
	26.8a
	October
	27.1a
	2022 
	27.1a

	35–40
	27.0b
	T2
	27.7b
	
	
	
	
	2023 
	26.8a

	60–65
	27.9b
	
	
	
	
	
	
	
	

	F
	78.8
	
	11.4
	
	7.45
	
	0.17
	
	1.8

	p
	0.0000
	
	0.000
	
	0.007
	
	0.68
	
	0.17

	0–5 
	39.3
	
	
	grass
	
	
	
	
	

	15–20 
	29.4
	
	
	
	
	
	
	
	


At pF 2.0, the effect of subsoil compaction at 15–20 cm depth is still evident, resulting in an average decrease of nearly 3% in moisture content at this potential compared to the surface layer (Table 10). However, at the higher potential pF 2.5, this effect is no longer observed.

A consistent positive effect of the erosion control tillage practices compared to tillage along the slope is maintained, with an average difference of about 1%. It is noteworthy that water retention at pF 2.0 and 2.5 is higher in the first year compared to the subsequent years.

Under grass cover, water retention capacity at both investigated depths (0–5 and 15–20 cm) is higher than in the experimental field variants. This reflects the better structure of non-cultivated soil and the influence of grass vegetation.

Table 10. Analysis of variance of factors affecting water retention capacity (W, % w/w) at matric potentials pF 2.0 (FC).

	Depth
	Surface soil layers (0–5 and 15 – 20 cm)

	cm
	
	variant
	
	crop
	
	season
	
	year

	0-5
	26.7c
	T0
	24.7a
	wheat
	25.6b
	April
	25.3a
	2021 
	25.8b

	15-20
	23.9a
	T1
	25.6b
	maize
	25.1a
	October
	25.3a
	2022 
	25.2a

	35-40
	25.0b
	T2
	25.7b
	
	
	
	
	2023 
	24.9a

	60-65
	25.2b
	
	
	
	
	
	
	
	

	F
	53.4
	
	7.94
	
	4.95
	
	0.05
	
	4.49

	p
	0.0000
	
	0.000
	
	0.027
	
	0.83
	
	0.012

	0-5 
	35.5
	
	
	grass
	
	
	
	
	

	15-20
	27.2
	
	
	
	
	
	
	
	


The moisture content at pF 4.2 (WP – wilting point) (Table 11) and at pF 5.6 (Wh – hygroscopic water content at 75% relative air humidity) is closely related to the main properties of the soil solid phase and reflects the slight coarsening of soil texture and the decrease in organic matter with depth.

Although the differences between the variants are below 0.3% for WP and below 0.1% for Wh, statistical analysis confirms that these differences are significant. The decrease in WP leads to an increase in plant-available water capacity. Higher values of hygroscopic moisture under grass cover are attributed to the higher soil organic carbon content.

Table 11. Analysis of variance of factors affecting water retention capacity (W, % w/w) at matric potential pF 4.2 (WP).

	depth
	Surface soil layers (0–5 and 15 – 20 cm)

	
	
	variant
	
	crop
	
	season
	
	year

	0-5
	10.1b
	T0
	10.5c
	wheat
	10.4b
	April
	10.4b
	2021 
	10.3a

	15-20
	10.6c
	T1
	10.3b
	maize
	10.2a
	October
	10.2a
	2022 
	10.3a

	35-40
	10.1b
	T2
	10.2a
	
	
	
	
	2023 
	10.4a

	60-65
	9.1a
	
	
	
	
	
	
	
	

	F
	70.5
	
	10.9
	
	2.47
	
	14.3
	
	0.74

	p
	0.0000
	
	0.000
	
	0.0010
	
	0.000
	
	0.48

	0-5 
	9.8
	
	
	grass
	
	
	
	
	

	15-20
	11.3
	
	
	
	
	
	
	
	


Plant-available water capacity (PAWC), relative field capacity (RFC), aeration capacity (AC), and Dexter’s S index are key descriptors of pore size distribution and are used as primary indicators of soil physical quality (Reynolds et al., 2009).

The PAWC data for the surface 0–5 cm and 15–20 cm soil layers show that plant-available water capacity is above and around the optimal value of 20% vol. in the field experiment variants (Fig. 14a), while under grass cover PAWC reaches 27.1% (Table 12a). PAWC is on average about 1% vol. higher in the erosion control variants T1 and T2 compared to the control T0.

In autumn, the conservation tillage practices (T1 and T2), which have a positive effect in reducing subsoil compaction, generally lead to lower variability of PAWC in the 15–20 cm layer (Table 12a, Fig. 14a).
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Fig. 14. Variation of plant-available water capacity (PAWC) (a), relative field capacity (RFC) (b), aeration capacity (AC) (c), and soil physical quality index of Dexter (S) (d) at depths of 0–5 cm and 15–20 cm in Epicalcic Chernozem, Experimental Field Trastenik, Ruse. Yellow symbols refer to winter wheat variants, green symbols refer to maize variants.

The relative field capacity (RFC) falls within an optimal narrow range of 0.6 to 0.7. Lower RFC values indicate water deficiency, while higher values indicate insufficient aeration required for nitrification processes. In the surface 0–5 cm layer, as well as below 30 cm depth, this indicator generally remains within optimal values (Table 12b, Fig. 14b). Exceptions are the wheat plots, where compaction is observed even in the 0–5 cm layer. In the 15–20 cm layer, higher RFC values prevail, which is explained by soil compaction at this depth. Under grass cover, RFC remains within optimal limits in both layers (Table 12b).

Table 12. Multivariate analysis of variance of PAWC (a), RFC (b), and AC (c) by depth, variant, crop, season and year for the 0–20 cm layer.
a) plant-available water capacity (PAWC, % vol.)
	depth
	Surface soil layers (0–5 and 15 – 20 cm)

	
	
	variant
	
	crop
	
	season
	
	year
	

	0-5
	21.8b
	T0
	20.2a
	wheat
	21.3a
	April
	20.8a
	2021 
	21.9c

	15-20
	20.2a
	T1
	21.2b
	maize
	20.7a
	October
	21.2a
	2022 
	20.1a

	35-40
	20.6a
	T2
	21.6b
	
	
	
	
	2023 
	20.9b

	60-65
	20.6a
	
	
	
	
	
	
	
	

	F
	10.2
	
	6.69
	
	3.27
	
	0.92
	
	10.8

	p
	0.0000
	
	0.0014
	
	0.07
	
	0.33
	
	0.000

	0-5 cm
	27.1
	grass
	
	
	
	
	
	
	

	15-20 cm
	21.3
	
	
	
	
	
	
	
	


b) relative field capacity (RFC)
	depth
	Surface soil layers (0–5 and 15 – 20 cm)

	
	
	variant
	
	crop
	
	season
	
	year
	

	0-5
	0.69b
	T0
	0.78b
	wheat
	0.78b
	April
	0.75a
	2021 
	0.79b

	15-20
	0.82c
	T1
	0.74a
	maize
	0.73a
	October
	0.75a
	2022 
	0.72a

	35-40
	0.70b
	T2
	0.74a
	
	
	
	
	2023 
	0.75a

	60-65
	0.60a
	
	
	
	
	
	
	
	

	F
	72.2
	
	6.36
	
	17.12
	
	0.03
	
	10.16

	p
	0.0000
	
	0.002
	
	0.000
	
	0.86
	
	0.000

	0-5 cm
	0.61
	grass
	
	
	
	
	
	
	

	15-20 cm
	0.72
	
	
	
	
	
	
	
	


c) (AC, %vol.)
	depth
	Surface soil layers (0–5 and 15 – 20 cm)

	
	
	variant
	
	crop
	
	season
	
	year
	

	0-5
	16.5b
	T0
	10.8a
	wheat
	11.0a
	April
	12.5a
	2021 
	10.3a

	15-20
	8.2a
	T1
	12.9b
	maize
	13.7b
	October
	12.2a
	2022 
	14.4c

	35-40
	15.1b
	T2
	13.5b
	
	
	
	
	2023 
	12.5b

	60-65
	21.2c
	
	
	
	
	
	
	
	

	F
	75.5
	
	5.79
	
	15.39
	
	0.20
	
	11.9

	p
	0.000
	
	0.004
	
	0.000
	
	0.66
	
	0.000

	0-5 cm
	23.7
	grass
	
	
	
	
	
	
	

	15-20 cm
	14.7
	
	
	
	
	
	
	
	


The most direct indicator of the degree of soil compaction is aeration capacity (AC) (Table 12c, Fig. 14c). Critical aeration capacity values below 10% vol. lead to insufficient oxygen availability for plant development.

Despite the large variability of this parameter, two distinct soil layers can be clearly distinguished: the surface 0–5 cm layer, characterized by predominantly very good and sometimes excessively high AC values, and the 15–20 cm layer, which shows suboptimal values across all variants and crops.

The high variability of this indicator does not allow a clear statistical differentiation between the applied agronomic technologies, except in October, when conservation (erosion control) practices clearly improve the aeration of this layer.

According to Dexter’s soil quality index (S), the surface 0–5 cm and subsurface 15–20 cm soil layers fall into different quality classes. The surface layer in 81% of the measurements during the 2021–2023 period is classified as good quality, while in the remaining 19% it reaches very good quality.

The median |S| values for variant T0 are 0.041, for T1 – 0.046, and for T2 – 0.049, which is at the threshold of very good quality. The coefficients of variation are similar across variants (13%, 14%, and 12%, respectively).

For the 15–20 cm layer, affected by subsoil compaction, the median S values are 0.030, 0.035, and 0.036 for T0, T1, and T2, respectively. These correspond to poor quality for T0 and good quality for T1 and T2, with variability again ranging between 10–12%. The seasonal dynamics and the strong influence of subsoil compaction on this indicator are illustrated in Fig. 14d.

In spring, the Soil Quality Index of Dexter (S) indicates good soil quality across all variants. In autumn, more pronounced subsoil compaction results in poor soil quality in all variants except T2, where it remains at a good level.

The filtration coefficient (Kf) is the main indicator characterizing soil hydraulic conductivity. Although Kf shows high variability in individual measurements, averaged over the three-year period it clearly indicates approximately twofold higher values in the conservation (erosion control) variants, both for maize and wheat (Table 13).

Table 13. Mean values over the study period of the filtration coefficient (Kf) measured under laboratory conditions for the variants in the experimental field at Trastenik, Ruse region. Cv – coefficient of variation.

	Var.
	crop
	Depth, cm
	Kf, cm/h
	Stdev, cm/h
	Cv, %
	class

	T0
	noun before corn
	15–20
	9.52
	13.62
	143.1
	high

	T1
	noun before maize
	15–20
	17.96
	7.99
	44.5
	high

	T2
	noun before maize
	15–20
	17.84
	29.81
	167.1
	high

	T0
	wheat
	15–20
	0.65
	0.40
	60.8
	medium high

	T1
	wheat
	15–20
	1.29
	0.56
	43.1
	medium high

	T2
	wheat
	15–20
	1.89
	2.44
	129.5
	medium high


Comparative analysis and relationships between the studied structural and hydrological indicators

A summary of the main structural and hydrological parameters obtained from the field surveys of flat areas (experimental fields Kovachitsa, Montana, and Trastenik, Pleven) and from the 3-year field experiment under wheat–maize rotation and three tillage systems (Trastenik, Ruse) is presented in Table 14.

Although the structural index (SI, Eq. 6) reflects well the differences between non-cultivated and cultivated areas, its assessment suggests that even the so-called natural (grassland) soils are degraded. This is mainly due to the very high silt content, which, together with clay content, implies that much higher organic matter levels would be required to form stable soil aggregates. At the same time, most physical quality indicators in the 0–5 cm layer under grass cover indicate excellent soil quality. According to Reynolds et al. (2009), a multi-indicator approach should be used for soil physical quality assessment, since the representativeness of individual indicators and their classification thresholds may not coincide across different indices. In this case, it can be argued that instead of SI = 5, a threshold of SI = 4 would be more appropriate to distinguish degraded Epicalcic Chernozems from those at high risk of degradation.

The extensive dataset from the field experiment also allows evaluation of the variability and sensitivity of the studied indicators. The highest coefficients of variation (Cv) are observed for the filtration coefficient (Table 13), water-stable aggregates (WSA1–3), and aeration capacity (AC) (Table 14).

The applied soil tillage systems lead to an improvement in the physical properties of the subsurface layer in T1 and T2 over the 3-year experimental period (Table 14). Specifically, mean values of PD and RFC decrease by approximately 3% and 6%, respectively, while S, FC, and AC increase by about 6%, 4%, and 77%, respectively. In addition to the statistical significance of these relative changes compared to T0, PD shows a shift in classification—from high to medium compaction (1.4 < PD < 1.75 g cm⁻³), while S shifts from poor (0.02–0.035) to medium (0.035–0.050) soil quality.

With the exception of WSA1–3 and CaCO₃ content in the variants of the field experiment in Trastenik, Ruse, all other studied physical properties differ significantly between the surface 0–5 cm and subsurface 15–20 cm layers (Table 14). The differences between these two layers in most soil physical quality indicators are substantial, both under grassland (non-cultivated) and arable conditions (Table 14).

Table 14. Structural and hydrological indicators of the studied soils. Mean values, standard deviations, and coefficients of variation (Cv, %) in the three tillage variants at Trastenik, Ruse (T0, T1, T2). Different letters (a, b, c) indicate statistically significant differences between variants in the field experiment at Trastenik, Ruse (P < 0.05), while letters (x, y) indicate statistically significant differences (P < 0.05) between depths in the field experiment (n = 42 per depth).
	Parameter
	Depth
	Kovachitsa
	Trastenik, Pleven
	Trastenik, Ruse

	
	cm
	whole
	field
	whole
	field
	whole
	T0
	
	T1
	
	T2
	

	
	
	
	
	
	
	
	average
	Cv, %
	average
	Cv, %
	average
	Cv,%

	SI
	0–5
	4.7
	3.3
	4.7
	3.0
	4.0
	2.6
	
	2.7
	
	2.8
	

	
	15–20
	2.9
	
	2.5
	2.3
	3.4
	
	
	
	
	
	

	Db, g cm–3
	0–5
	0.99 ±0.13
	1.19 ±0.06
	1.22 ±0.01
	1.18 ±0.05
	1.05 ±0.02
	1.35 a,x ±0.14
	10
	1.31 a,x ±0.10
	8
	1.28 a,x ±0.07
	6

	
	15–20
	1.52 ±0.02
	
	1.55 ±0.02
	1.54 ±0.03
	1.33 ±0.10
	1.53 b,y ±0.14
	9
	1.47 a,y ±0.09
	6
	1.48 a,y ±0.11
	7

	PD, g cm–3
	0–5
	1.19
	1.39
	1.43
	1.40
	1.26
	1.59 a,x ±0.13
	8
	1.55 a,x ±0.10
	7
	1.53 a,x ±0.07
	4

	
	15–20
	1.74
	
	1.80
	1.77
	1.56
	1.76 b,y ±0.14
	8
	1.71a,y ±0.09
	5
	1.71 a,y ±0.10
	6

	MWDa, mm
	0–5
	2.6
	2.8
	3.3
	3.2
	2.7
	3.2b,x ±0.5
	16
	3.1ab,x ±0.5
	15
	2.9a,x ±0.4
	15

	
	15–20
	3.8
	
	4.6
	3.5
	3.8
	3.9b,x ±0.5
	12
	3.9 b,x ±0.5
	12
	3.7 a,x ±0.3
	8

	WSA1–3, w/w
	0–5
	47.0 ±1.6
	22.1 ±4.2
	61.9 ±1.5
	19.6 ±0.7
	35.6 ± 1.1
	20.6a,x ±6.5
	31
	18.8 a,x ±8.0
	43
	20.8 a,x ±9.0
	43

	
	15–20
	32.6 ±3.3
	
	31.5 ±1.7
	14.2 ±1.4
	33.1 ± 3.4
	21.2a,x ±7.4
	35
	18.8 a,x ±5.5
	29
	20.0 a,x ±5.1
	25

	WP, %w/w
	0–5
	10.1 ±0.04
	9.5 ±0.07
	14.0 ±0.23
	11.3 ±0.04
	9.8 ±0.03
	10.6b,x ±0.6
	5
	10.2ab,x ±0.6
	6
	10.0 a,x ±0.2
	2

	
	15–20
	9.1 ±0.05
	
	11.8 ±0.01
	11.5 ±0.06
	11.3 ±0.14
	10.7a,x ±0.5
	6
	10.7 a,y ±0.6
	6
	10.5 a,y ±0.4
	4

	FC, %w/w
	0–5
	35.8 ±2.8
	29.0 ±2.2
	34.1 ±1.5
	28.2 ±0.8
	35.5 ±0.4
	26.2a,x ±1.7
	7
	26.7a,x ±2.5
	9
	27.2a,x ±1.9
	7

	
	15–20
	24.1 ±1.5
	
	22.7 ±0.4
	23.8 ±0.4
	27.2 ±3.4
	23.0a,y ±1.6
	7
	24.4 b,y ±1.8
	7
	24.0 ab,y ±1.4
	6

	PAWC, %vol.
	0–5
	25.1 ±0.7
	23.1 ±2.0
	24.4 ±1.6
	19.9 ±1.0
	27.1 ±1.0
	20.7a,x ±2.6
	13
	21.6 a,x ±2.9
	13
	22.3 a,x ±3.1
	14

	
	15–20
	22.7 ±1.9
	
	17.0 ±0.5
	18.9 ±0.2
	21.3 ±5.3
	19.2a,y ±2.0
	10
	20.2 a,y ±1.9
	9
	19.9 a,y ±1.6
	8

	AC, %vol.
	0–5
	27.6 ±6.8
	22.1±2.3
	13.8 ±1.0
	23.2 ±3.0
	23.7 ±2.0
	12.6a,x ±6.7
	53
	13.0 a,x ±6.1
	47
	13.7 a,x ±5.8
	42

	
	15–20
	7.1 ±1.1
	
	6.4 ±0.5
	7.3 ±1.2
	14.7 ±9.1
	4.4a,,y ±3.4
	78
	8.0 b,y ±4.8
	59
	7.8 ab,y ±4.5
	57

	RFC
	0–5
	0.56
	0.61
	0.75
	0.59
	0.61
	0.71a,x ±0.13
	19
	0.69 a,x ±0.10
	15
	0.68 a,x ±0.10
	15

	
	15–20
	0.84
	
	0.85
	0.83
	0.72
	0.84b,y ±0.12
	14
	0.79 a,y ±0.08
	11
	0.79 a,y ±0.10
	12

	S
	0–5
	0.073
	0.059
	0.051
	0.052
	0.076
	0.042a,x±0.006
	15
	0.045a,x±0.006
	13
	0.047a,x±0.005
	11

	
	15–20
	0.038
	
	0.028
	0.031
	0.042
	0.033a,y±0.006
	17
	0.036b,y±0.004
	12
	0.035b,y ±0.003
	10


SI – structural index, Db – bulk dencity, PD – packing dencity, MWD – Mean Weight Diameter, WSA1_3 – content of water-stable aggregates in the 1–3 mm fraction, PAWC – plant available water capacity, RFC – relative field capacity, S – Dexter index

This conclusion is also demonstrated by the principal component analysis (PCA) conducted on data from the field experiment in Trastenik, Ruse (Fig. 15). The principal components in the analysis are linear combinations of the following variables: PD (g cm⁻³) – soil packing density, PAWC (% vol.) – plant-available water capacity, RFC – relative field capacity, S – Dexter soil quality index, FC – field capacity (% w/w), and AC – aeration capacity (% vol.). The first principal component explains 64.8% of the variance, while the second explains 33.0%, giving a total of 97.8% explained variance. This clearly illustrates the separation of data between the two soil layers in relation to the first principal component (PC1), which can be interpreted as a compaction indicator, with positive values corresponding to the subsurface layer “2” (15–20 cm) and negative values corresponding to the surface layer “1” (0–5 cm).

The highest loadings in PC1 are associated with the packing density (PD, 0.492) and the Soil Quality Index of Dexter (S, −0.463). The highest loadings in PC2 are associated with plant-available water capacity and field capacity.
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Fig. 15. Biplot of the first two principal components from the principal component analysis (PCA), performed on a dataset including PD – soil packing density, PAWC – plant-available water capacity, RFC – relative field capacity, S – Dexter soil quality index, FC – field capacity (% weight), and AC – aeration capacity (%).

Taking into account random factors such as seasonal and interannual climatic conditions, crop growth stage, and both immediate and residual effects of soil tillage and crop rotation systems, a comparison of tillage effects was performed for the two implemented crop rotations (Table 15). The effect of reduced tillage (T2) for erosion control is more pronounced in the W–M–W rotation than in the M–W–M rotation with respect to PD, RFC, and S indicators. The M–W–M rotation shows a stronger positive effect on WSA1–3 and PAWC under T2 due to the repeated incorporation of cover crops as green manure before maize cultivation.

Table 15. Influence of crop rotation and applied soil tillage (T0, T1, T2) on selected physical soil properties.

	Parameter
	Depth
	Rotation W-M-W
	Rotation M-W-M

	
	cm
	T0
	T1
	T2
	T0
	T1
	T2

	PD, g cm-3
	0-5
	1.60a
	1.56a
	1.52a
	1.57a
	1.56a
	1.55a

	
	15-20
	1.81b
	1.72ab
	1.69a
	1.78ab
	1.69a
	1.75ab

	MWDa, 
	0-5
	3.2a
	3.3a
	2.9a
	3.2a
	3.0a
	2.8a

	mm
	15-20
	3.9ab
	3.8ab
	3.6a
	4.0b
	3.9ab
	3.9ab

	WSA1-3, %
	0-5
	23.1a
	19.4a
	21.3a
	19.0a
	20.6a
	22.2a

	
	15-20
	25.3a
	19.1a
	19.8a
	19.4a
	20.2a
	21.1a

	PAWC, 
	0-5
	21.6a
	23.4a
	23.5a
	20.7a
	20.5a
	22.0a

	%vol.
	15-20
	19.7ab
	20.4b
	19.8ab
	18.3a
	19.5ab
	20.3ab

	RFC
	0-5
	0.73a
	0.73a
	0.69a
	0.69a
	0.66a
	0.69a

	
	15-20
	0.89b
	0.81ab
	0.75a
	0.83ab
	0.76a
	0.83ab

	S
	0-5
	0.042a
	0.048ab
	0.050b
	0.043a
	0.042a
	0.046ab

	
	15-20
	0.033ab
	0.037b
	0.036b
	0.031a
	0.034ab
	0.034ab


The interaction between biotic and physical soil properties is well illustrated in the maize–wheat–maize (M–W–M) rotation through two relationships: between microbial carbon and water-stable aggregates (WSA1–3) (Fig. 16a), and between soil organic carbon (SOC) and plant-available water capacity (PAWC) (Fig. 16b) (Kuncheva et al., 2025). The mean values reflect an overall improvement in soil properties as a result of the applied erosion-control practices.

a)
[image: image39] b)
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Fig. 16. Relationships between WSA1–3 (content of water-stable aggregates in the 1–3 mm fraction) and Cmic (a), and between plant-available water capacity (PAWC) and soil organic carbon (SOC) (b) in the maize–wheat–maize (M–W–M) rotation.

The established multiple regression relationship between water-stable aggregates in the 1–3 mm fraction (WSA1–3) and the variables soil water content (SW), wilting point moisture (WP), proportion of clods >10 mm (D10), and total calcium carbonate content (CaCO₃) has predictive value for assessing the seasonal dynamics of this indicator (Fig. 17).
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Figure 17. Predicted versus measured values of water-stable aggregate content in the 1–3 mm fraction (WSA1–3), obtained using multiple regression including soil water content (SW), wilting point moisture (WP), proportion of clods >10 mm (D10), and total calcium carbonate content (CaCO₃). Data from four depths (0–10, 10–20, 30–40, 60–70 cm). “o” – measurements taken in October; “a” – measurements taken in April.
Physical indicators related to pore space are interdependent, as shown by their correlation coefficients and regression analyses (Tables 16 and 17, Fig. 18).

Table 16. Correlation coefficients between density and water-retention indicators.

	
	Db
	FC
	PAWC
	AC
	RFC
	S

	Db
	1
	
	
	
	
	

	FC
	–0.668
	1
	
	
	
	

	PAWC
	–0.246
	0.846
	1
	
	
	

	AC
	–0.890
	0.266
	–0.202
	1
	
	

	RFC
	0.884
	–0.258
	0.188
	–0.985
	1
	

	S
	–0.813
	0.904
	0.677
	0.490
	–0.498
	1


In the Epicalcic Chernozems of flat terrains, no relationships were found between the hydraulic conductivity coefficient (Kf) and pore-size distribution indicators. Instead, Kf showed correlations with total calcium carbonate content and with the aggregate fraction <0.25 mm within the 10–0.25 mm aggregate fraction (Table 17).

Table 17. Correlation coefficients of Kf with physical soil properties determined by soil horizons in Epicalcic Chernozems profiles.
A) flat terrains (Kovachitsa, Montana district and Trastenik, Pleven)

	Db
	Pt
	W1.7
	W2.0
	W2.5
	AP1.7
	AP2.0
	PAWC 
	RFC
	S
	Wi
	CaCO3
	Ф<0.25mm

	0.224
	–0.257
	–0.276
	–0.279
	–0.467
	–0.174
	–0.171
	0.009
	–0.156
	–0.173
	–0.347
	0.804
	0.915


B) sloping terrain, moderately eroded Epicalcic Chernozem, Trastenik, Ruse 
	Db
	Pt
	W1.7
	W2.0
	W2.5
	AP1.7
	AP2.0
	PAWC 
	RFC
	S
	Wi

	–0.980
	0.992
	0.694
	0.564
	0.275
	0.996
	0.995
	–0.861
	–0.997
	0.976
	0.977
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Fig. 18. Average values of the coefficient of filtration (Kf), measured in April at a depth of 15–20 cm under wheat and maize: (a) in relation to the degree of packing dencity (PD); (b) in relation to the volume of air-filled pores at potentials pF 1.7 and pF 2.0. The yellow symbols refer to wheat, and the green symbols refer to maize.
Among the basic soil properties, particle size distribution plays a primary role in controlling soil water retention (Minasny and McBratney, 2018). In general, relationships (pedotransfer functions) are sought between parameters of the soil water retention curve or hydrological indicators (FC, WP, PAWC) and texture-defining fractions (clay, silt, sand). The parameters obtained from the equations used to approximate particle size distribution (Eq. 9, Rosin–Rammler) and pore size distribution (Eq. 10, van Genuchten) from the three study sites were subjected to correlation analysis.

The strongest correlation was found between the parameter α* from Eq. 9 (Rosin–Rammler), characterizing the dominant particle size, and the parameter n from Eq. 10 (van Genuchten), which describes the shape of the soil water retention curve and the pore size distribution (Fig. 19).

[image: image44]
Fig. 19. Regression relationship between parameter α* from Eq. 9 (Rosin–Rammler), characterizing the dominant particle size (μm), and parameter n from Eq. 10 (van Genuchten), characterizing pore size distribution.
Soil water retention determined by the evaporation method
The evaporation method for determining soil water retention using the TDR/MUX/mpts system was applied to 81 undisturbed samples taken in 200 cm³ rings, for which hydraulic conductivity was also measured. The data were compared with measurements obtained using a suction type apparatus connected to a hanging water column and a vacuum chamber. The maximum negative pressure achieved and measured with the TDR/MUX/mpts system was approximately −1000 cm water column, whereas the suction type apparatus method reached −330 cm water column.

A total of 27 measurement series were conducted, each with three parallel measurements in three soil cores, to determine soil water retention as a function of matric potential using the evaporation method. Two configurations of tensiometers were tested: a single vertically installed mini-tensiometer (R1), and two horizontally installed tensiometers placed at two depths in two replicates (R2 and R3). Figure 20 presents four representative measurement series for illustration. As expected, the position of tensiometers at two depths in R2 and R3 did not influence the shape of the water retention curve obtained for each core using this method. The curves are identical within each core but are shifted in time with the wetting front, which allows the calculation of hydraulic conductivity as a function of matric potential.

In most cases, the water retention data obtained by the different methods showed good agreement; however, in some cases deviations and discontinuities were observed (Fig. 20a). These are most often attributed to drying of the upper part of the core at the initial stage of measurement and the occurrence of hysteresis effects. Data gaps in some figures may also result from errors in the interpretation of the TDR signal.

Since the suction type method (Method 1) measures gravimetric water content in 100 cm³ rings, while the evaporation method with TDR (Method 2) measures volumetric water content in 200 cm³ rings, comparison between methods was performed after converting gravimetric values into volumetric percentages using data from four 100 cm³ cores. The comparative analysis was carried out using analysis of variance for potentials measured by both methods, as well as regression analysis (Table 18, Fig. 21).
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Fig. 20. Water retention curves obtained using the evaporation method with TDR/MUX/mpts (TDR, separately for each soil core R and tensiometer positions z1 and z2) and with a suction type apparatus (K, mean of four replicates with hanging water column). Samples from Kovachitsa (a, b) and from the field experiment in Trastenik, Ruse (c, d).
a)
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Fig. 21. Relationships between soil volumetric water content (θ) obtained by the evaporation method (Method 2) and the traditional method with suction apparatus (Method 1) at identical matric potentials, measured using a vertically installed mini-tensiometer in core R1 (a), and using all measurements from the three cores R1, R2, and R3 (b).

Table 18. Mean values and standard deviations of soil water content (W, % gravimetric) measured by Method 1 and Method 2 at matric potentials pF 1.0, 1.7, 2.0, and 2.5 across all studied samples. Results of one-way ANOVA and least significant difference (LSD) test at 95% confidence level.
	Method
	pF 0.4
	pF 1.0
	pF 1.7
	pF 2.0
	pF 2.5

	1 (average of four replicates
	42.4a±1.6
	40.7a±2.9
	38.2a±1.9
	35.9a±2.2
	30.0a±3.0

	2 (ring R1)
	
	41.3a±1.0*
	38.7a±2.3
	36.2a±2.2
	31.4a±3.2

	2 (average R2,R3)
	42.0a±3.4
	41.2a±4.0
	38.2a±5.1
	35.3a±5.8
	31.2a±6.0

	2 (average R1, R2, R3)
	
	41.2a±3.5
	38.3a±4.2
	35.7a±3.9
	31.5a±5.0

	n – number
	14
	14 (*n=3)
	18
	18
	18

	F
	0.12
	0.07
	0.05
	0.16
	0.46

	p
	0.88
	0.97
	0.98
	0.92
	0.71


The obtained results show good agreement between mean values, as indicated by the statistical test of means and by the slope (a₁) of the regression lines (Y = a₀ + a₁ × X), which is close to 1 when the intercept is constrained to pass through the origin (a₀ = 0) (Fig. 21).

At the same time, variability depending on tensiometer position is higher when tensiometers are installed horizontally compared to vertical installation. In the horizontal configuration, standard deviation ranges between ±3.4% and ±6.0%, and the coefficient of determination is R² = 0.35. In the vertical configuration, the standard deviation is about two times lower (±1% to ±3.2%), while the coefficient of determination is substantially higher (R² = 0.59) (Paparkova, 2023). After increasing the number of measured samples, the coefficient of determination improved significantly for horizontally installed tensiometers as well (R² = 0.51; Fig. 21b).

For samples taken in October 2023, measurements were performed only with horizontally installed tensiometers, which allowed averaging of three replicates per depth. The results show that, for the upper tensiometer position, the correlation between water contents measured by the two methods is higher (a₁ = 0.965, R² = 0.644) compared to the lower tensiometer position (a₁ = 0.940, R² = 0.952). Averaging water content values recorded at the target potential from both tensiometers placed at two depths provides the best agreement (a₁ = 0.961, R² = 0.708).

Hydraulic conductivity K (cm day⁻¹) as a function of matric potential using the evaporation method was calculated according to the procedure described by Masaoka and Kosugi (2018) (Eq. 8). The results (Fig. 21 c,d), obtained for the 0–5 cm and 15–20 cm layers in variant V3 for sampling on 23.10.2023, were used to calculate K and are presented in Fig. 22. The reduction in hydraulic conductivity in the compacted layer is already evident at higher values of negative water pressure head.

a)
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Fig. 22. Relationships between hydraulic conductivity (K) and matric potential expressed as water head (hm).
CONCLUSIONS

New and traditional methods and models were applied to determine key soil properties, soil structure, and hydrological characteristics of Epicalcic Chernozems from non-cultivated and cultivated flat areas, as well as from a three-year field experiment with winter wheat–maize rotation and three tillage systems on sloping terrain. The obtained experimental data from the three study sites (Kovachitsa, Montana district; Trastenik, Pleven district; and Trastenik, Ruse district) of the Institute of Soil Science, Agrotechnologies and Plant Protection “N. Poushkarov” provide an updated assessment of the current state of Epicalcic Chernozems in terms of particle size distribution (ISO 11277), organic carbon content and composition, carbonate content, pH, and sorption properties.

The results for key physical soil quality indicators were statistically analyzed to determine the effects of applied agricultural technology, crop type, season, and sampling depth under the field experiment evaluating erosion-control practices in Trastenik, Ruse. An assessment of variability and reference values of structural and hydrological indicators was performed, as well as an evaluation of the degree of physical degradation in flat areas and on slopes affected by water erosion.

The data demonstrates the importance of meteorological conditions in the initial and final years of monitoring when assessing the effect of soil conservation practices. Seasonal dynamics driven by changes in crop cover, tillage practices, and soil moisture regime can be captured using the proposed analytical approaches, including crop sequence and seasonal effects, as well as the applied statistical analyses. While cover crops combined with minimum tillage reduce surface runoff and soil loss, their effect on other soil properties is variable. Positive effects on subsoil compaction indicators and plant-available water capacity (PAWC) are more pronounced under maize, while they are less evident under wheat.

The results indicate that no stable improvement in the physical quality of moderately eroded Epicalcic Chernozem can be detected after three years of applying soil conservation technologies. The findings can serve as a basis for assessing long-term changes in the physical quality of Epicalcic Chernozems under sustained implementation of measures aimed at reducing subsoil compaction and erosion on sloping terrains, which are the main degradation processes affecting these soils.

Statistically significant relationships between the studied indicators were identified, supporting the evaluation of factors and the effects of soil conservation practices on the structure and hydrological properties of moderately eroded arable Epicalcic Chernozems.

Finally, a comparison between soil water retention data obtained using the suction method and the evaporation method with the TDR/MUX/mpts system was conducted for undisturbed soil samples. The results show good agreement in mean water content values at identical matric potentials. The main advantage of the evaporation method is the possibility to obtain a large number of data points over a wide range of matric potentials, enabling a more detailed characterization of pore size distribution, differentiation between matrix and structural pores, and estimation of hydraulic conductivity under unsaturated conditions at low potentials.

Main conclusions of the study

1. New experimental data on the particle size distribution of the studied soils were obtained according to ISO 11277:2020. The typical dominance (60–70%) of the silt fraction (0.063–0.002 mm) in Epicalcic Chernozems and the slight coarsening of the mechanical composition with depth were confirmed in all study sites. Vertical variability (Cv) of silt ranges from 1 to 3%, while horizontal variability in the field experiment at Trastenik, Ruse, ranges from 6 to 7%. Clay content (<0.002 mm) varies between 22 and 27%. The Rosin–Rammler equation was parameterized to model soil particle size distribution. 

2. New data were obtained on soil organic carbon (SOC) content and composition, physico-chemical properties, and total carbonate content. Under grass cover, SOC in the surface 0–5 cm layer is high (2–2.5%), followed by a sharp decrease in flat areas at 10–20 cm depth (1.3–1.38%) and a less pronounced decrease in Trastenik, Ruse (down to 1.7%). In cultivated areas across all sites, SOC ranges between 1.4 and 1.6%. The application of minimum erosion-control tillage (T2) shows a positive effect in the maize–wheat–maize rotation, where mean SOC over three years is 1.47% in the 0–20 cm layer, compared to 1.37% in T1 and 1.33% in the control (T0) under conventional tillage. 

3. Seasonal dynamics of total carbonate content were monitored in the Trastenik, Ruse experimental field, showing that the minimum tillage variant with cover crops (T2) exhibits the highest carbonate content in spring. This is explained by the greater amount of organic matter input, which enhances conditions for the dissolution of otherwise poorly soluble carbonates. Differences between spring and autumn carbonate content reach 3% in T2 and 2% in T1. 

4. In the surface horizons of all three sites, agronomically valuable aggregates (10–0.25 mm) dominate (>60%). Water stability of soil macroaggregates is very high in the surface 0–5 cm layer under grass cover in Trastenik (Pleven) and Kovachitsa, where WSA1–3 values are 62% and 47%, respectively, and significantly lower in Trastenik (Ruse) - 33%. In cultivated areas, aggregate stability is low, with WSA1–3 ranging from 19% to 22%. During autumn sampling in the field experiment at Trastenik (Ruse), aggregate stability increases, and after the prolonged drought in 2023 a marked improvement in water stability was observed. In layers below 30 cm, the content of water-stable aggregates increases to an average of about 33%, which is attributed to higher carbonate content. 
5. A multiple regression relationship between water-stable aggregates in the 1–3 mm fraction (WSA1–3) and soil water content at sampling (SW), wilting point moisture (WP), proportion of clods >10 mm (D10), and total carbonate content (CaCO₃) shows predictive value for assessing the seasonal dynamics of this indicator.

6. The packing density (PD) at a depth of 15–20 cm is high (PD > 1.75 g cm⁻³), both under non-cultivated conditions (grass) and under cultivated areas. This conclusion is also supported by the low values of the aeration capacity and the high relative field capacity (RFC). The higher mean weight diameter of soil aggregates also indicates a more cloddy structure. The deterioration of physical indicators in the 10–20 cm layer in the studied grass-covered areas supports the hypothesis that they were previously used as arable land.

7. New experimental data were obtained on soil water retention as a function of matric potential (pF curves) for the studied sites in Kovachitsa and Trastenik, Pleven, as well as for each sampling event during the three-year field experiment in Trastenik, Ruse. The van Genuchten equation was parameterized, by which the soil water retention curve for the studied soil horizons was modeled. Based on the obtained experimental data, key hydrological parameters (FC – field capacity and WP – wilting point) and indicators of soil physical quality such as plant available water capacity (PAWC), aeration capacity (AC), relative field capacity (RFC), and Dexter’s Soil Quality Index of Dexter (S), representing the slope at the inflection point of the pF curve, were determined.

8. According to the Soil Quality Index of Dexter (S), the surface 0–5 cm layer in 81% of measurements during the 2021–2023 period is of “good” quality, and in the remaining 19% of “very good” quality. The median |S| for variant T0 is 0.041, for T1 – 0.046, and for T2 – at the threshold of “very good” quality at 0.049. The median S values for the 15–20 cm layer, characterized by subsoil compaction, are 0.03, 0.035, and 0.036 for T0, T1, and T2, respectively, indicating poor quality for T0 and good quality for T1 and T2, with variability of 10–12% in all cases.

9. With the exception of WSA1–3 content and CaCO₃, all other studied physical properties differ significantly between the surface 0–5 cm and subsurface 15–20 cm layers. Subsoil compaction below 10 cm depth is the result of the formation of a so-called “plough pan”, caused by the applied tillage practices. Principal component analysis (PCA), performed on data from the field experiment in Trastenik, Ruse, shows that the data from the two layers are clearly separated with respect to the first principal component (PC1), which can be interpreted as a compaction indicator with positive values for the subsurface layer (15–20 cm) and negative values for the surface layer (0–5 cm). The highest loadings in PC1 are the packing density density PD (0.492) and Dexter’s Soil Quality Index (S)  (–0.463). The highest loadings in PC2 are plant available water capacity and field capacity.

10. The applied conservation tillage variants (T1 and T2) in the experimental field Trastenik, Ruse, lead to an improvement of the physical properties of the subsurface 15–20 cm layer during the 3-year experiment. Specifically, mean PD and RFC decrease by 3% and 6%, respectively, while S, FC, and AC increase by 6%, 4%, and 77%, respectively. These statistically significant changes relative to the control variant (T0) lead to a change in classification—from high to moderate compaction (1.4 < PD < 1.75 g cm⁻³), and for S—from poor (0.02–0.035) to moderate (0.035–0.050) soil physical quality. When averaging hydraulic conductivity (Kf) over the three-year period, a clear trend of approximately twofold higher mean values under conservation variants is observed, both for maize and wheat.
11. The structural index (SI) reflects well the differences between uncultivated and cultivated areas; however, even its highest values (SI = 4.7), obtained for uncultivated grass-covered soils, classify them as degraded. At the same time, most physical quality indicators in the 0–5 cm layer under this land use show very good quality. It is proposed that instead of SI = 5, a threshold value of SI = 4 should be used to separate degraded Epicalcic Chernozems from those at high risk of degradation. 
12. A statistical relationship was established between the parameter characterizing the dominant soil particle size (α* from the Rosin–Rammler equation) and the parameter n from the van Genuchten equation, which describes the shape of the water retention curve and the pore size distribution. 
13. The accumulated field experimental dataset allows for the assessment of the variability and sensitivity of the studied physical soil properties under the influence of a complex set of factors—season, crop, and agricultural management practices. The highest coefficients of variation (Cv) were observed for hydraulic conductivity, water-stable aggregates (WSA1–3), and aeration capacity (AC). Plant available water capacity was optimal in surface layers and showed low seasonal variability. The positive effect of erosion control tillage compared to up-and-down tillage was expressed as an average increase of about 1 vol.% in plant available water capacity. 
14. The effect of minimum tillage (T2) for erosion control is more pronounced for PD, RFC, and S in the wheat–maize–wheat rotation. The maize–wheat–maize rotation shows a stronger effect on WSA1–3 and PAWC under T2 due to the double inclusion of a cover crop as green manure before maize. The interaction between biotic and physical soil properties is well illustrated in this rotation through two relationships: between microbial carbon and water-stable aggregates (WSA1–3), and between soil organic carbon (SOC) and plant available water capacity (PAWC). 
15. Water retention curves as a function of matric potential were obtained and compared using two methods — the evaporation method with a TDR/MUX/mpts device and a suction type apparatus. The effect of the position and configuration of mini tensiometers used to determine soil water potential was analyzed. Measurement variability was relatively higher with horizontal placement of mini tensiometers compared to vertical placement of a single mini tensiometer. 
16. Based on the obtained water retention data from two levels of undisturbed soil samples determined by the evaporation method, hydraulic conductivity K (cm/day) as a function of matric potential was calculated using the procedure described by Masaoka and Kosugi (2018).
CONTRIBUTIONS OF THE DISSERTATION
1. A comprehensive dataset of new experimental results on key soil properties, soil structure indicators, and hydrological properties of Epicalcic Chernozems under different land use conditions, landscape settings, and conventional and conservation agricultural practices has been obtained. 

2. An assessment of variability has been performed and reference values for structural and hydrological indicators of Epicalcic Chernozems have been established, as well as the degree of physical degradation under different land use conditions, landscape settings, and conventional and conservation agricultural technologies. 

3. A methodological approach has been developed for evaluating the impact of soil conservation practices on indicators of the physical quality of Epicalcic Chernozem in a field experiment with winter wheat–maize rotation, including selection of indicators, statistical analyses, and evaluation criteria. 

4. Interrelationships among the studied indicators have been established in order to assess the factors and the effects of applied erosion control technologies in a field experiment on the structural and hydrological properties of a moderately eroded Epicalcic Chernozem. 

5. A new, lower threshold value of the structural index (SI) has been proposed to distinguish degraded Epicalcic Chernozems from those at high risk of degradation, based on the analysis of a complex set of physical quality indicators. 

6. For the first time in the country, the evaporation method using a TDR/MUX/mpts system has been tested and applied for simultaneous measurement of soil water potential and moisture for determining water retention and hydraulic conductivity of Epicalcic Chernozems at low matric potential values under unsaturated conditions.
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