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Abstract: The long-term field experiment on the Kastanozem showed that the standard moldboard
plowing to a depth of 22 cm (control), chiseling to a depth of 35 cm, and three-tier plowing (machine
type PTN–40) to a depth of 45 cm was incapable of providing a stable soil structure and aggregate
system. The transcendental Biogeosystem Technique (BGT*) methodology for intra-soil milling of
the 20–45 cm layer and the intra-soil milling PMS–70 machine were developed. The PMS–70 soil
processing provided the content of 1–3 mm sized aggregate particle fraction in the illuvial horizon of
about 50 to 60%, which was 3-fold higher compared to standard plowing systems. Soil bulk density
reduced in the layer 20–40 cm to 1.35 t m−3 compared to 1.51 t m−3 in the control option. In the
control, the rhizosphere developed only in the soil upper layer. There were 1.3 roots per cm2 in
0–20 cm, and 0.2 roots per cm2 in 20–40 cm. The rhizosphere spreads only through the soil crevices
after chilling. After three-tier plowing (PTN–40), the rhizosphere developed better in the local
comfort zones of the soil profile between soil blocks impermeable for roots. After intra-soil milling
PMS–70, the rhizosphere developed uniformly in the whole soil profile: 2.2 roots per cm2 in 0–20 cm;
1.7 roots per cm2 in 20–40 cm. Matric water potential was higher, soil salinization was lower, and
the pH was close to neutral. Soil organic matter (SOM) content increased to 3.3% in 0–20 cm and
2.1% in 20–40 cm compared to the control (2.0% in the 0–20 cm soil layer and 1.3% in the 20–40 cm
layer). The spring barley yield was 53% higher compared to the control. The technology life cycle
profitability was moldboard 21.5%, chiseling 6.9%, three-tier 15.6%, and intra-soil milling 45.6%. The
new design of the intra-soil milling machine provides five times less traction resistance and 80%
increased reliability, halving energy costs.

Keywords: Kastanozem complex; Biogeosystem Technique methodology; intra-soil milling; soil
aggregate multilevel system; soil organic matter; yield efficiency
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1. Introduction

Soil change under different agricultural practices is a concerning issue [1,2]. This
urgently requires innovations in ecosystem development [3]. The soil properties depend
largely on the soil aggregate system [4]. The soil pore network provides a living space
for plant roots and microbial communities to access the organic substrate, oxygen, carbon
dioxide, and water for live biomass and soil organic matter (SOM) formation. There
is a need for a well-developed soil pore network [5]. This is possible via optimization
and stabilization of the soil geophysical dispersed aggregate system [4,6]. The current
agriculture system adversely influences the composition of the soil aggregate system.
The growth of plant and soil productivity depend on the adequate management of the
soil multilevel geophysical network architecture [5]. The dynamics of the soil structural
organization are an initiating factor of the soil genesis. The geophysical structure of the soil
porous media changes permanently [6]. The dead-end porosity of the soil is up to 99% [7].

Soil mechanical processing has a direct impact on soil properties. In the standard mold-
board plowing system, the soil layer below the plowing depth is excessively compacted.
Conditions for the SOM formation and turnover are getting worse. The SOM accumulation
and transformation into the nutrients is insufficient [8]. A new soil mechanical processing
concept is required to maintain the soil geophysical system properly [9].

In view of the standard moldboard plowing shortcomings, the multi-tier and chisel
plowing apply for soil loosening to a depth of up to 1.8 m. The passive working bodies
of these machines divide processed soil into large blocks [10,11]. However, the soil rough
block structure cannot be the goal of soil processing. The soil with a multilevel fine
aggregate system is acceptable for the priority plant’s root growth.

Active milling rippers (rotary tillers, rotavators) are used to obtain better soil prop-
erties [12,13]. These devices are equipped with soil mills mounted on a horizontal or a
vertical shaft [14]. The general disadvantage of the soil milling machines of this type is
excessive dispersion of the soil surface layer. This is dangerous in view of soil erosion, and
SOM mineralization is high as well. The vertical mills compact bedrock excessively due to
the reverse grinding angle of cutters.

The Kastanozem adverse property is the eluvial-illuvial differentiation of the soil
profile, and the standard agricultural system of soil processing worsens this [15].

Standard regulations of the quality of soil mechanical treatment impose limitations
only on the number of clods on the soil surface after tillage [16,17]. As a result, the standard
tillage system deteriorates the soil texture, physical fractions differentiation, and the hierar-
chy of aggregation. Soil porous media geophysical hierarchy degrades [18], as well as the
soil quality, functions, and conditions for the growth of the microbial community [19].

Available soil mechanical processing methods do not provide long-term stability of
soil geophysical, agro-physical, and biological properties for priority-plants growth [20,21].
Modern studies show a need for an improved understanding of soil health [22,23].

On the one hand, a result of the soil mechanical processing system is to be closer
to the structure and architecture of natural soil. On the other hand, the soil mechanical
processing system is not to be imitative. Artificial soil structure and architecture are to
be transcendental to promote a stable fertile soil evolution. Obviously, the answer is out
of the narrow span of the current tillage methodology possibilities. New soil processing
developments are crucial [24]. There is a need for soil mechanical processing methods to
provide the soil macroaggregates and microaggregates for enriched stable biogeochemical
turnover [25,26], and a multilevel heterogeneous soil architecture synthesis [27]. Preferable
conditions will appear for polymicrobial biofilms and SOM synthesis and function [28].

We propose the Biogeosystem Technique (BGT*) methodology focused on the nature-
friendly (but avoiding full-scale nature imitation) technical means and technology develop-
ment for long-term optimization of the soil geophysical and biological properties [29,30].
Intra-soil milling is one of the BGT* developments. The intra-soil milling ensures the
formation of fine-aggregate system in the soil’s illuvial horizon. The intra-soil milling
activates organic matter synthesis and reduces SOM’s excessive degradation and loss from
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the soil. The BGT* methodology is a promising strategy for mitigating and even reversing
soil degradation. This ensures a sustainable vector of the long-term evolution of highly
fertile healthy soil [20]. The prerequisites will become better for the plants’ higher resistivity
to pathogens [31].

This study is devoted to the development of intra-soil milling, focusing on the syn-
thesis of soil porous media of multilevel architecture. The intra-soil milling cutters and
intra-soil milling machines were developed. A long-term intra-soil milling field experiment
was fulfilled. Some data and figures from our former publications are partly repeated in
the text so as to not force the reader to search the initial and intermediate data.

The research aimed for the study of the soil morphological, geophysical, chemical,
physicochemical properties, SOM root development, yield, and agro-economic efficacy
of the intra-soil milling of the Kastanozem complex. Based on the former research, a
new-generation intra-soil milling machine with reduced traction resistance and higher
reliability was developed.

2. Materials and Methods
2.1. Site Description

The object of research belongs to the dry steppe of the Rostov Region, Southern Russia
(within 46.1◦ N–47.5◦ N and 41.7◦ E–44.3◦ E. Figure 1). The climate of the Rostov Region
is continental, arid, with annual precipitation of 300–350 mm [32]. The parent rocks are
carbonate and carbonate-sulfate loess-like loam and clay. The landscape is plain and mainly
automorphic [33].

Figure 1. Kastanozem complex of the dry steppe South Russia in the Rostov Region (blue mark—the
Kastanozem complex area geographical center). 2GIS. https://2gis.ae/geo/36.933956%2C46.209306?
m=43.574236%2C42.265672%2F5.17 (accessed on 6 July 2021).

Soil cover is a spatially differentiated Kastanozem complex [34] (complex of chestnut
saline solonetzic soils [35]). The solonetzic morphological properties of soil are clearly
noticeable in the Kastanozem complex. The salinization of the soil profile was inherited
from the parent rock, an ancient seabed. The soil upper layer of the Kastanozem complex
is saline and the non-toxic soluble salts content is about 0.2%. The content of soluble salts
sharply increases in deeper soil horizons up to 2.2%. The soil complex components are
the Haplic kastanozem and the Salic solonetz. These soil areas replace each other at short
distances, up to several meters. In the pattern of the soil cover structure of the Kastanozem

https://2gis.ae/geo/36.933956%2C46.209306?m=43.574236%2C42.265672%2F5.17
https://2gis.ae/geo/36.933956%2C46.209306?m=43.574236%2C42.265672%2F5.17
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complex, the Salic solonetz is a less fertile soil negatively influencing the properties of the
whole complex. Therefore, the Salic solonetz is a subject of land reclamation. At the same
time, the chestnut soil itself bears stable signs of solonetz genesis.

The Haplic kastanozem is the main component of the Kastanozem complex (60–65%
of the complex area). The soil profile is 40–60 cm in depth and moderately solonized. The
SOM content is 2.6%, physical clay is 47.7%, and clay is 29.5%. The content of CaCO3 is
0.15% (up to 3–10% at a depth about 0.8–1.5 m), and pH = 7.6. The exchangeable cation
composition is: Ca2+ 182 mmol kg−1, Mg2+ 65 mmol kg−1, Na+ 34 mmol kg−1.

The Salic solonetz (35–40% of the complex area) profile is about 40 cm in depth. The
upper eluvial horizon of soil is about 10–20 cm. The depth of the soil illuvial horizon is
about 15–40 cm. The transition soil horizon located beneath the illuvial soil horizon has a
light brown coloration, inherited from the carbonate saline loess-like loam parent rock. The
soil is saline and solonized. The solid residual is up to 2.0% in the soil transitional horizon
and vadose zone. The SOM content is about 2.2%, physical clay is 52.4%, and clay is 34.2%.
The content of CaCO3 is 0.45% (up to 16% at a depth about 0.6 m), and pH = 7.9. The
Na+ ion content is noticeable in the soil adsorption complex (SAC). The exchangeable Na+

content in SAC is up to 20% of cation exchange capacity (CEC) in the illuvial horizon of
Salic solonetz. This content is by 1.5–2.0 times higher than that of Haplic kastanozem [33].

2.2. Intra-Soil Milling Methodology

Based on a heuristic approach to mechanical system synthesis, a device was developed
for the processing of the illuvial soil horizon by the intra-soil milling method [36,37]. An
objective of heuristic synthesis was to create a dispersed, fine, multilevel aggregated soil
system for the priority biological process in the illuvial horizon. The tasks were to improve
the conditions of organic matter synthesis; eliminate the soil surface erosion; higher soil
productivity; and low energy consumption. The preset technical parameters for the device
were as follows:

The total soil treatment layer was 45 cm.
The upper 0–20 cm soil layer was processed by moldboard plowing.
The soil layer of 20–45 cm processing was performed by the milling ripper installed

on the horizontal shaft.
The drive of the milling ripper by the closed drive gearing was mounted into the

vertical passive ripper of two functions.
The first function was a passive loosening of the soil along the passage. The second

function was that gearing transmits torque from the drive shaft to the horizontal milling
shaft.

The width grip of the device was about 65 cm.

2.3. Sampling Strategy, Sampling Sights, and Soil Sampling,

The soils were sampled from the wall of the soil profile section down to a 1.0 m
depth [38,39].

We chose a sampling strategy as a set forth plan to assure that the sample we use
represents the variable Kastanozem complex terrain [38,40]. The sampling strategy of this
study was based on the data and approach of the long-term research [41]. A singularity of
the Kastanozem soil zone is the spatial variability at a distance about 10 to 100 m. Individual
solonetz areas differ from the surrounding soil at a distance of 10 m. The solonetz area at
the given location can be similar to the solonetz area several kilometers away. This feature
of the spatial soil cover structure of Kastanozem is important for the soil sampling strategy
reliability. The soil sampling strategy we used can be characterized as a combination of the
model-based, zone, expert, and database approach [42,43].

The stages of the soil sampling strategy are as follows.
The soil samples were taken from every soil horizon from the cross-sections of the

soil profile. The soil sample from the individual cross-section was a composite of the three
samples taken from the different places of corresponding soil horizon in the profile cross-
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sections wall. A composite soil sample from every soil profile cross-section was accepted
as an individual sample. There were three individual samples from the cross-section in the
corresponding soil area of the Kastanozem complex to carry out a statistical procedure.

Soil geophysical properties were investigated according to Klute, 1986 [39]. Soil
bulk density was determined into the soil profile by a metal ring pressed to the wall of
cross-section at a given depth (intact core).

Soil aggregate analysis was fulfilled by the dry sieving method according to Nichols [44].
The soil aggregate composition before machining and the influence of the cutter type

on the soil crumbling were studied in the field experiment. The size of the field site for
each repetition for the cutter type studying was 5.0 m in length and 0.8 m in width. The
size was chosen accounting for the width grip of PMS–70 of 0.65 m. The registration area
of every repetition of the experiment was located in the middle of the repetition site. The
width and length of the registration area were 0.4 m and 0.5 m, respectively. This choice of
position of registration area eliminated the edge effect of the milling device penetration
into the soil and its extraction from soil.

The study of the soil aggregate distribution after intra-soil milling was made by the
Roentgen method [45]. Barium sulfate was a contrast agent for roentgenogram visualizing.
This agent was placed into the soil profile before intra-soil milling. For that, the soil trench
was prepared to be 2 m in length, 50 cm in width, to a depth of 35 cm. On the trench
bottom, a 1–2 mm barium sulfate layer was scattered. Then, the soil layers, removed before,
returned to the initial position in the soil profile. While returning, the soil was sealed
layer-by-layer to restore the natural bulk density. The 20–45 cm soil layer was milled by the
PMS–70 alongside the strip. This provided elimination of the edge effects of the soil strip
processing. After the strip intra-soil milling processing, the trench of 80 cm long and 20 cm
wide was made in the middle of the strip perpendicular to the direction of the PMS–70
movement. The X-ray soil profile survey was performed using the trench.

The soil water regime was characterized by the thermodynamic potential of soil water
(matric potential). The matric potential was calculated using the VG-equation for θ(h)
Equation (1) [46]:

(θ−θr)/(θs−θr) = 1/(1 + αhn)m, (1)

where θ is the volumetric soil water content (m3 m−3); s and r indicate saturated and resid-
ual values of soil water content, respectively; h is the soil matric potential, m (1 MPa = 10 m);
α, n, and m are the empirical parameters affecting the shape of the retention curve [46]. For
the α, n, and m calculations, the soil moisture was determined by oven drying at 105 ◦C [39].
The soil water field capacity (h = 3.3 m) was determined by oven drying at 105 ◦C. Soil
water maximal hydroscopic capacity θmh (h = 1500 m) was determined by oven drying at
105 ◦C followed by cooling to a temperature of 25 ◦C at 98% air humidity. The soil water
content at the wilting point (residual value of soil water θr) was calculated via Equation (2):

θr = θwp = 1.3θmh. (2)

The relative number of plant roots with diameters greater than 1 mm in the soil profile
cross-section was determined as a quotient of dividing the number of roots across the area
of determination (20 cm2) to 20 cm2.

An important element of the sampling strategy was a long-term field experiment in
the rain-fed condition. The scheme of the experiment was as follows:

1. Moldboard plowing to a depth of 22 cm (standard farming technique).
2. Chiseling to a depth of 35 cm.
3. Three-tier tillage to a depth of 45 cm by PTN–40 plow (standard soil amelioration

technique).
4. Intra-soil milling of the 20–45 cm layer by PMC–70 device.

The randomized scheme of the experiment was in three replicates.
Ameliorative soil processing was carried out once in options 2–4 in 1972. After that,

standard agriculture was applied in every experiment option. In the field experiment, the



Processes 2021, 9, 1302 6 of 25

soil and plant samples were collected on the fixed plots in the area of every experiment
repetition. The yield was accounted according to Janvry et al., 2017 [47].

2.4. Soil Analyses

The soil chemical properties were studied by water extraction of soluble salts, with the
water to soil ratio (5:1). The procedure included forced shaking for 5 min and placing the
mixture on a paper filter. The composition of the filtrate was studied by standard analytical
methods. The soil dry residue (soluble salt content) was determined by oven drying at
105 ◦C [40]. The pH was determined at 20 ◦C by a pH-meter using an ion meter with a
glass electrode (TITAN, Tom Analit Ltd., St. Petersburg, Russia).

The soil physicochemical properties (an absorbed cation–anion composition) were
determined using the standard method for the soils of high carbonate content (SW-846) [48].

The SOM content was determined by a wet oxidation procedure, i.e., the Walkley–
Black (WB) method [49,50].

The parameters were studied in triplicate. Calculations of the associated errors and
statistical significance of the data were performed with Statistica v.10.0.1011, developed by
StatSoft (Tulsa, USA, www.statsoft.com, accessed on 6 July 2021). All data presented in the
tables (mean ± standard deviation) and in the text were statistically significant at p < 0.05.

3. Results
3.1. Soil Milling Cutters and Device

The soil milling cutters (Figure 2) and the intra-soil milling device (Figure 3) were
developed [37].

Figure 2. Disk cutters for intra-soil milling processing. From left to right, above: Two-teeth milling cutter; three-teeth
milling cutter; four-teeth milling cutter; five-teeth milling cutter; below: Six-teeth milling cutter; four-teeth milling cutter
with an expanded working body; four-teeth combined milling cutter with dumps; two-teeth screw milling cutter.

www.statsoft.com
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Figure 3. Mechanical scheme of intra-soil milling device. Mechanical drive 1, chisel for preliminary
soil loosening 2, moldboard plow section 3, soil illuvial and transitional horizons milling ripper 4,
passive ripper with closed gearing housing 5.

The device (Figure 3) was equipped with a moldboard section 3. This passive working
body provided plowing of the soil upper layer of 0–20 cm. The device had a mechanical
drive 1 connected to the power take-off shaft. The chisel for preliminary soil loosening 2
formed a slit in front of the passive ripper 5. The passive ripper 5 loosened the soil along
its passage. Simultaneously, the passive ripper 5 was closed housing for the transmission
drive gearing. The drive gearing transmitted the torque to the milling ripper 4. The
milling cutters of 250 mm diameter were installed vertically with a spacing of 80 mm along
the horizontal shaft of milling ripper 4. The milling ripper 4 processed the illuvial and
transitional horizons of soil in layers 20–45 cm. The rotation speed was about 500 rpm.

3.2. Soil Geophysical Properties Depending on the Mill Type

The aggregates composition data in the control option of the experiment (not milled
soil) are given in Table 1. The layers for studying the soil geophysical properties were
selected according to the standard of agrochemical studies. The data showed a low per-
centage of the soil fine aggregates preferable for the SOM formation, soil amelioration, and
better plant growth.

Table 1. Soil aggregate composition of the solonetz before processing (dry sieving), %.

Depth, cm Fraction, mm
>10 3–10 1–3 0.25–1 <0.25 Σ (1–10 mm)

0–20 72.5 ± 7.1 10.2 ± 2.7 4.3 ± 1.5 1.8 ± 0.8 11.2 ± 3.0 14.5

20–40 58.2 ± 6.0 13.2 ± 2.6 11.1 ± 2.8 11.3 ± 2.5 6.2 ± 2.7 24.3
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A soil aggregate composition after intra-soil milling is presented in Table 2. The soil
layers for sampling were selected accounting for the PMS–70 device design [51,52]. The
layer of sampling of 0–15 cm was less than the depth of the intact soil layer 0–20 cm to
exclude the marginal transition effect of soil milling in the 20–45 cm layer. As layer 0–15
was not processed, the data for this layer were borrowed from Table 1. The content of the
>10 fraction in transition layer 15–30 cm was less than in the intact layer 0–15 cm. At the
same time, this content was higher compared to the mill processed 30–45 cm layer. All
types of the studied milling cutters provided a statistically significant change in the soil
aggregate composition (Table 2). The six-teeth milling cutter provided the best soil crushing
in the layer 30–45 cm, and the content of preferable for plant growth soil aggregate fraction
1–3 mm was maximal. In other options of milling cutter type, this content was a little bit
less. However, in every option of the milling cutter type, the soil aggregate fraction 1–3 mm
content was many times higher than that in the initial soil (Table 1). According to the
Table 2 data, every milling cutter type provided the soil aggregate composition preferable
for the plant root growth.

Table 2. Soil crumbling depending on the milling cutter type, % (dry sieving).

Mill Cutter Type Depth, cm Fraction, mm
>10 3–10 1–3 0.25–1 <0.25 Σ (1–10 mm)

Four-teeth milling cutter
0–15 72.5 ± 7.1 10.2 ± 2.7 4.3 ± 1.5 1.8 ± 0.8 11.2 ± 3.0 14.5

15–30 42.2 ± 6.9 23.4 ± 3.2 18.3 ± 4.6 9.8 ± 2.3 6.30 ± 2.5 41.7
30–45 18.9 ± 3.0 32.9 ± 4.6 27.1 ± 5.2 10.9 ± 2.2 10.2 ± 2.2 60.0

Five-teeth milling cutter
0–15 72.5 ± 7.1 10.2 ± 2.7 4.3 ± 1.5 1.8 ± 0.8 11.2 ± 3.0 14.5

15–30 34.1 ± 6.8 27.4 ± 5.1 23.9 ± 3.2 8.6 ± 2.0 6.0 ± 2.6 51.3
30–45 12.2 ± 2.7 27.1 ± 5.5 33.2 ± 3.6 13.9 ± 2.1 13.6 ± 3.2 60.3

Six-teeth milling cutter
0–15 72.5 ± 7.1 10.2 ± 2.7 4.3 ± 1.5 1.8 ± 0.8 11.2 ± 3.0 14.5

15–30 13.1 ± 3.0 23.3 ± 4.5 33.7 ± 4.0 13.30 ± 3.1 16.7 ± 3.5 57.0
30–45 4.7 ± 1.2 26.0 ± 3.0 37.3 ± 6.8 16.7 ± 3.2 15.3 ± 2.5 63.3

Four-teeth cutter with
expanded working body

0–15 72.5 ± 7.1 10.2 ± 2.7 4.3 ± 1.5 1.8 ± 0.8 11.2 ± 3.0 14.5
15–30 24.7 ± 3.5 25.0 ± 3.0 27.0 ± 5.0 13.0 ± 3.6 10.3 ± 2.5 52.0
30–45 8.8 ± 2.3 25.3 ± 3.5 34.0 ± 4.0 16.8 ± 2.9 15.1 ± 2.5 59.3

Four-teeth combined
cutter with dumps

0–15 72.5 ± 7.1 10.2 ± 2.7 4.3 ± 1.5 1.8 ± 0.8 11.2 ± 3.0 14.5
15–30 29.5 ± 3.7 27.0 ± 2.0 24.7 ± 3.1 11.3 ± 3.1 7.5 ± 2.2 51.7
30–45 18.0 ± 3.6 30.3 ± 4.9 28.0 ± 3.6 12.0 ± 2.0 11.7 ± 2.1 58.3

The result of intra-soil crumbling and mixing is visible on the X-ray photos of the
barium sulfate scattering field (Figure 4) [53].
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Figure 4. X-ray diffraction in soil on barium sulfate particles after PMS–70 intra-soil processing.

3.3. Long-Term Change of the Soil Geophysical Properties

The crushing and mixing of the aggregates in the treated soil layer have been character-
ized quantitatively (Table 3). The soil aggregate composition indicates the soil geophysical
structure as unsatisfactory for the plat growth after moldboard. The loosening effect of
soil chiseling was low. While three-tier plowing, up to 25% of the material of the illuvial
horizon entered the 0–20 cm soil layer. Conversely, 35% of the amount of the upper soil
humus horizon strewed down the soil profile between large structural blocks of illuvial
and transitional horizons. The content of the artificial aggregate particle fraction of 1–3 mm
size was high in the illuvial soil horizon after PMS–70.

According to the data of Table 3, the initial aggregates became larger in a course of
the soil evolution after milling processing of the 20–45 cm layer. The aggregates of the
>10 mm size acquires the mechanical shear stress zones after milling cutter impact. Thus,
the artificial aggregates become more accessible for the active soil amelioration process. All
soil aggregates remain easily permeable for the root system until now.

The dynamics of the soil aggregate composition after different options of soil mechan-
ical treatment influence the corresponding dynamics of other soil properties. In order to
not overload the paper with data, below we presented only the resulting figures on the
bulk density of soil (Section 3.3.1), soil morphological properties and root development
(Section 3.4), soil moisture content (Section 3.5), soil chemical properties (Section 3.6), soil
physicochemical properties (Section 3.7), soil organic matter (Section 3.8), biometric pa-
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rameters of agrophytocenosis (Section 3.9), and economical efficacy of the soil mechanical
processing (Section 3.9.1).

Table 3. Solonetz soil profile aggregate composition after soil mechanical treatment. Dry sieving fractions, %. Experimental
site "Kolkhoz Leninsky Put’".

Soil Processing Depth, cm >10 mm 5–10 mm 3–5 mm 1–3 mm 1–0.25 mm <0.25 mm

1972
Before soil processing 0–20 68.7 ± 5.0 9.6 ± 2.1 5.0 ± 1.7 8.2 ± 1.6 5.2 ± 1.6 3.3 ± 1.3

20–40 39.0 ± 5.6 15.3 ± 2.6 12.6 ± 2.8 21.3 ± 4.5 7.0 ± 1.0 4.8 ± 1.1

Moldboard plowing, depth 22 cm (control) 0–20 58.8 ± 5.7 10.2 ± 1.6 7.2 ± 2.3 14.4 ± 2.4 5.8 ± 1.8 3.6 ± 1.0
20–40 46.1 ± 5.5 18.1 ± 3.2 11.8 ± 2.7 17.1 ± 2.8 4.5 ± 1.9 2.4 ± 0.8

Chiseling, depth 35 cm 0–20 58.8 ± 5.7 10.2 ± 1.6 7.2 ± 2.3 14.4 ± 2.4 5.8 ± 1.8 3.6 ± 1.0
20–40 46.1 ± 5.5 18.1 ± 3.2 11.8 ± 2.7 17.1 ± 2.8 4.5 ± 1.9 2.4 ± 0.8

Three tier soil tillage PTN–40, depth 45 cm 0–20 48.3 ± 6.0 14.1 ± 3.0 11.3 ± 2.5 15.9 ± 3.6 4.7 ± 2.1 5.7 ± 1.5
20–40 39.8 ± 4.8 13.0 ± 3.6 10.9 ± 3.0 20.8 ± 4.5 7.3 ± 2.5 8.2 ± 1.7

Soil milling PMS–70, layer 20–45 cm 0–20 44.4 ± 5.8 13.9 ± 1.9 12.5 ± 2.7 18.2 ± 3.4 8.5 ± 2.5 2.5 ± 0.8
20–40 11.0 ± 4 10.4 ± 3.1 9.9 ± 3.0 39.6 ± 4.6 16.7 ± 3.2 12.4 ± 1.6

2008

Moldboard plowing, depth 22 cm (control) 0–20 47.4 ± 6.5 11.0 ± 3.6 8.2 ± 1.4 18.4 ± 2.9 7.8 ± 1.6 7.2 ± 2.0
20–40 49.9 ± 4.0 13.1 ± 3.2 12.9 ± 2.8 14.0 ± 2.0 7.2 ± 1.7 2.9 ± 1.0

Chiseling, depth 35 cm 0–20 57.2 ± 6.2 11.1 ± 2.6 9.0 ± 2.6 12.9 ± 3.4 4.9 ± 1.9 4.9 ± 1.5
20–40 47.1 ± 5.9 18.9 ± 3.9 12.8 ± 2.4 14.8 ± 2.4 4.3 ± 1.5 2.1 ± 0.8

Three tier soil tillage PTN–40, depth 45 cm 0–20 39.8 ± 5.8 11.6 ± 3.5 13.8 ± 3.0 18.1 ± 3.9 10.5 ± 2.7 6.2 ± 1.7
20–40 43.4 ± 7.4 14.1 ± 2.5 15.5 ± 2.8 15.8 ± 3.3 6.1 ± 1.8 5.1 ± 1.2

Soil milling PMS–70, layer 20–45 cm 0–20 24.1 ± 7.4 16.7 ± 3.2 17.5 ± 5.4 22.3 ± 5.7 12.5 ± 2.3 6.9 ± 2.0
20–40 14.0 ± 4.6 13.4 ± 3.5 19.2 ± 3.4 31.8 ± 4.0 15.2 ± 3.3 6.4 ± 2.3

2019

Moldboard plowing, depth 22 cm (control) 0–20 63.0 ± 8.2 10.3 ± 3.2 6.1 ± 1.7 10.2 ± 3.4 4.9 ± 1.1 5.5 ± 1.5
20–40 45.2 ± 6.0 16.3 ± 2.5 13.6 ± 3.9 16.2 ± 2.3 5.4 ± 1.5 3.3 ± 1.5

Chiseling, depth 35 cm 0–20 45.3 ± 6.1 12.3 ± 2.5 11.8 ± 2.4 17.0 ± 4.6 8.2 ± 1.7 5.4 ± 1.4
20–40 45.1 ± 7.1 13.3 ± 3.5 11.8 ± 2.7 15.6 ± 2.5 7.9 ± 1.2 6.3 ± 1.5

Three tier soil tillage PTN–40, depth 45 cm 0–20 43.9 ± 6.1 12.0 ± 2.0 11.4 ± 2.4 17.2 ± 2.7 9.5 ± 1.9 6.0 ± 1.0
20–40 43.4 ± 7.4 14.1 ± 2.5 15.5 ± 2.8 15.8 ± 3.3 6.1 ± 1.8 5.1 ± 1.2

Soil milling PMS–70, layer 20–45 cm 0–20 29.4 ± 4.4 14.6 ± 3.1 15.1 ± 3.8 24.0 ± 3.0 10.9 ± 2.7 6.0 ± 2.0
20–40 13.0 ± 4.0 12.2 ± 2.7 16.1 ± 3.6 33.3 ± 5.5 17.1 ± 2.7 8.3 ± 2.5

Note: The 1972, 2008 data borrowed from Kalinichenko et al., 2011.

3.3.1. Bulk Density of Soil after Different Options of Mechanical Treatment

With respect to the Table 4 data, the soil bulk density after moldboard plowing was
close to the 1.35 t m−3 value, which is critical for the plant growth on the Kastanozem [15].

Table 4. Soil bulk density after different options of soil mechanical treatment.

Soil Processing Depth, cm Bulk Density, t m−3

2019

Moldboard plowing, depth 22 cm (control) 0–20 1.32 ± 0.05
20–40 1.51 ± 0.06

Chiseling, depth 35 cm 0–20 1.34 ± 0.04
20–40 1.49 ± 0.06

Three tier soil tillage PTN–40, depth 45 cm 0–20 1.31 ± 0.06
20–40 1.43 ± 0.08

Soil milling PMS–70, layer 20–45 cm 0–20 1.25 ± 0.04
20–40 1.35 ± 0.05
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Almost the same adverse data on the bulk density of soil were registered after chiseling.
Compared with the moldboard plowing and chiseling, the soil bulk density was slightly
less after PTN–40 plowing because of better soil loosening.

After PMS–70, the long-term soil bulk density figures (Table 4) were less compared to
the moldboard plowing, chiseling, and PTN–40 plowing. In the PMS–70 option of the field
experiment, the soil bulk density was optimal for the plant growth and sustainable soil
evolution in the processed soil layer 20–45 cm and in the upper soil layer 0–20 cm. The last
effect is a consequence of the improved conditions for plant and soil biota development.
Intra-soil processing positively influenced the 0–20 layer indirectly.

3.4. Soil Morphological Properties and Root Development after Different Options of
Mechanical Treatment

The data on the root development are presented in Table 5.

Table 5. Root development after different options of soil mechanical treatment.

Soil Processing Depth, cm Number of Plant Roots D > 1 mm
in Soil Profile, pcs cm−2

2019

Moldboard plowing, depth 22 cm (control) 0–20 1.3 ± 0.6
20–40 0.2 ± 0.1

Chiseling, depth 35 cm 0–20 1.5 ± 0.9
20–40 0.3 ± 0.2

Three tier soil tillage PTN–40, depth 45 cm 0–20 1.7 ± 1.2
20–40 0.7 ± 0.3

Soil milling PMS–70, layer 20–45 cm 0–20 2.2 ± 0.8
20–40 1.7 ± 0.6

The standard moldboard plowing of the 0–22 cm soil layer (control option) does not
change the adverse consequences of the solonetz pedogenesis. The vertical morphological
differentiation of the soil horizons remained visible. The eluvial horizon had a brown color.
Its structure was coarse. The illuvial horizon had a darker color, grayish at the top. Its
structure was dense. The rhizosphere developed only in the upper soil layer 0–20 cm in
the control option of the experiment (Table 5). This feature of the standard moldboard
plowing is obvious in Figure 5, where the plant roots are visible only in the eluvial horizon
of the soil.

After chiseling, the morphological properties of the soil and the spread of rhizosphere
were not noticeably different compared to the control option of experiment.

In the option of three-tier PTN–40 plowing, the large soil blocks of illuvial and transi-
tional horizons partly moved to the upper soil horizon. Accordingly, the upper soil horizon
blocks partly sank to the lower horizons of the soil. This ameliorative plowing option
provided some possibility for the root system expansion down into the soil profile due to
mechanical perturbation of the soil profile. The conditions for rhizosphere development
were better in the 0–20 cm upper soil layer, as well as in the deeper soil layer of 20–40 cm
in the option of three-tier PTN–40 plowing. The roots grew in the soil layer of 20–40 cm
in the areas, where some part of the fine particles of the surface soil horizon got between
the blocks of illuvial and transition soil horizons after three-tier PTN–40 plowing (Table 5).
Figure 6 shows that the blocks of the illuvial and transition horizons remain unchanged
long-term after three-tier PTN–40 plowing. This is an obstacle for the root development in
this option of the field experiment.
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Figure 5. Solonetz soil profile wall in the layer 0–35 cm after moldboard plowing. Eluvial (0–18 cm)
and illuvial (18–35 cm) soil horizons.

Figure 6. Solonetz profile wall at a depth about 20–35 cm (40 years after the PTN–40 plowing).

After PMS–70 intra-soil processing, the soil layer 20–45 cm acquired a uniform dark-
brown color and become morphologically homogenous. In consequence, the soil geophysi-
cal and morphological properties become much more suitable for plant root development.
The rhizosphere developed uniformly both in the upper 0–20 cm and in the milled 20–45 cm
soil layer. The root system architecture became well developed and spread uniformly
throughout the soil profile, and the thin roots predominated (Table 5). The homogenous
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soil layer 20–45 cm after PMS–70 intra-soil processing presented in Figure 7. This figure
shows that the soil structure and architecture become favorable for the development of
roots in the whole soil profile. The soil cross-section wall riddled with roots.

Figure 7. Solonetz soil profile wall at a depth of 25–40 cm (40 years after PMS–70 processing).

3.5. Soil Moisture Content after Different Options of Mechanical Treatment

The data on the soil water content are presented in the form of matric water potential
(Table 6).

Table 6. Matric water potential after different options of soil mechanical treatment.

Soil Processing Depth, cm
Matric Water

Potential, MPa, Earing
Stage

Matric Water
Potential, MPa, Wax

Ripeness Stage

2019

Moldboard plowing, depth
22 cm (control)

0–20 −0.07 ± 0.01 −0.57 ± 0.15
20–40 −0.04 ± 0.02 −0.47 ± 0.12

Chiseling, depth 35 cm 0–20 −0.08 ± 0.02 −0.60 ± 0.10
20–40 −0.04 ± 0.01 −0.48 ± 0.18

Three tier soil tillage PTN–40,
depth 45 cm

0–20 −0.08 ± 0.05 −0.55 ± 0.10
20–40 −0.04 ± 0.02 −0.44 ± 0.14

Soil milling PMS–70, layer
20–45 cm

0–20 −0.07 ± 0.03 −0.52 ± 0.01
20–40 −0.04 ± 0.02 −0.40 ± 0.10

In the control option of the experiment, the mean soil moisture content was low in
the Kastanozem complex during the vegetation season. The low matric water potential
limited rain-fed plant growth. The slightly improved soil moisture regime was revealed
only in the first 3–4 years after chiseling [45]. In 2019, the matric water potential in this
option of field experiment was the same to the control option. After the PTN–40 processing,
the precipitations entered the soil deeper horizons better than after moldboard plowing
or chiseling, but to a limited extent. In general, the soil moisture regime after moldboard
plowing, chiseling, and three-tier plowing followed a regional pattern. The matric water
potential was low for plant comfort growth.

The soil profile was loose and homogeneous after PMS–70 processing. The soil moves
to the root system from both: the fine soil macro-aggregates (initial soil aggregates) and
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the freshly formed micro-aggregates (PMS–70 result). This provided an improved soil
water regime compared other options of the field experiment (Table 6). Plants consumed
water freely. The rate of consumption of water, nutrients, and energy for the production
of biomass was less after PMS–70 processing. The data on the matrix potential show that
PMS–70 processing ensures soil water saving. At the same natural humidification rate, the
intra-soil processing provided better conditions for the plants organogenesis and a higher
yield compared to other options in the experiment.

3.6. Soil Chemical Properties after Different Options of Mechanical Treatment

Soil chemical properties differ in the options of the experiment (Table 7).

Table 7. Soil chemical properties after different options of mechanical treatment.

Soil Processing Depth, cm Soil Salinization, % pH

2019

Moldboard plowing, depth 22 cm (control) 0–40 0.078 ± 0.016 7.4 ± 0.3
40–60 0.61 ± 0.11 7.9 ± 0.2

Chiseling, depth 35 cm 0–40 0.089 ± 0.018 7.4 ± 0.2
40–60 0.52 ± 0.08 7.9 ± 0.2

Three tier soil tillage PTN–40, depth 45 cm 0–40 0.066 ± 0.005 7.3 ± 0.2
40–60 0.46 ± 0.08 7.5 ± 0.2

Soil milling PMS–70, layer 20–45 cm 0–40 0.61 ± 0.10 7.1 ± 0.1
40–60 0.36 ± 0.05 7.2 ± 0.2

In the control and chiseling options of the field experiment, the dry residue in the
0–40 cm layer was about 0.1%, and pH was about 7.4. In the PTN–40 option, the dry
residue and pH in the 0–40 cm soil layer were a little bit less than that in the control and
chiseling options. After PMS–70 intra-soil milling, the dry residue was almost the same
as the PTN–40 option, and pH figures reduced noticeably in the 0–40 cm soil layer. In the
40–60 cm soil layer, the dry residue and pH were rather high in the control option. These
figures were the same after chiseling. In the PTN–40 option, the values of the dry residue
and pH were less than that in the control and chiseling options. The PMS–70 intra-soil
milling provided a noticeable reduction in the soil dry residue and pH in the 40–60 layer.

3.7. Soil Physicochemical Properties after Different Options of Mechanical Treatment

The content of absorbed Na+ in solonetz was about 18–20% of CEC in the control
option. The figures were the same after chiseling. The absorbed Na+ content value was of
14–16% 30–40 years after PTN–40 plowing. The content of absorbed Na+ was 10–12% of
CEC 30–40 years after PMS–70 soil processing.

3.8. Soil Organic Matter after Different Options of Mechanical Treatment

In the control option (standard agriculture), the SOM content (Table 8) was less than
that compared to the natural Kastanozem [15].

The SOM content after chiseling was a little bit higher in the period of 3–4 years
after the beginning of the experiment, but later on, this content stabilized back to the
mean standard agriculture level [45]. The SOM content was higher after PTN–40 plowing
compared to the control option. After PMS–70 treatment, the SOM content increased. Soil
aggregation after PMS–70 intra-soil milling suited the root system architecture scale, and
stabilized the soil geophysical system, both biologically and mechanically. This provided a
preferential development of soil biota, plant roots, and a higher norm of SOM synthesis.
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Table 8. Soil organic matter content after different options of mechanical treatment.

Soil Processing Depth, cm SOM, %

2019

Moldboard plowing, depth 22 cm (control) 0–20 2.0 ± 0.5
20–40 1.3 ± 0.3

Chiseling, depth 35 cm 0–20 2.1 ± 0.6
20–40 1.3 ± 0.3

Three tier soil tillage PTN–40, depth 45 cm 0–20 2.2 ± 0.5
20–40 1.4 ± 0.2

Soil milling PMS–70, layer 20–45 cm 0–20 3.3 ± 0.5
20–40 2.1 ± 0.4

3.9. Biometric Parameters of Agrophytocenosis

The spring barley mean yield accounted for 2.55 t ha−1 in the control option (Table 9).

Table 9. Spring barley yield after different options of soil mechanical treatment.

Soil Processing Yield, t ha−1 Yield Increment, %

2019
Moldboard plowing, depth 22 cm (control) 2.55 0

Chiseling, depth 35 cm 2.86 12
Three tier soil tillage PTN–40, depth 45 cm 3.14 23

Soil milling PMS–70, layer 20–45 cm 3.90 53
LSD 0.05 0.32

The yield increment was unreliable in the chiseling option. After PTN–40 plowing, the
yield increment was reliable compared to the control option of the experiment. The PMS–70
intra-soil processing provided a reliable increase in yield compared to other options of the
experiment.

3.9.1. Economy of the Different Options of Soil Mechanical Treatment

For the economic assessment of technology, our own data and literature sources were
used [17,54]. The technology life cycle duration estimated as follows: Chisel, 3 years;
three-tier plowing, 8 years; and intra-soil milling, 30 years according to the long-term field
experiments data.

At the estimated technology life cycle [54]—chisel, 3 years; three-tier plowing, 8 years;
intra-soil milling, 30 years—annual technology costs were assessed to be, respectively:
Chiseling, $100 ha−1; three tier plowing, $190 ha−1; intra-soil milling, $410 ha−1. The
mean yield of spring barley accounted for 2.55 t ha−1 in the control option. The yield
increment was 12, 23, and 53%, respectively, in the soil processing options of the experiment.
The technology profitability was calculated as: Control option, 21.5%; chisel, 6.9%; three-
tier plowing, 15.6%; and intra-soil milling, 45.6% in the life cycle. Calculations fulfilled
the example of the spring barley. An economic assessment of technology showed the
applicability and economically valuable result of intra-soil milling technology [41].

3.10. Intra-Soil Milling Machine New Technical Solution

The PMS–70 design comprises the chisel for preliminary soil loosening 2 and the
passive ripper 5 (Figure 3). These parts of the machine caused high traction resistance,
which was a drawback of the PMS–70 design [55]. Concerning this fact, projecting the new
intra-soil processing machine, we applied a heuristic nonstandard approach to synthesize
the device mechanical system (Figure 8). The goal was to maintain the benefits of past de-
sign while increasing the reliability of the device, reducing the cost of intra-soil processing,
and provide efficient land-use.
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Figure 8. Intra-soil milling machine PMS–280, (a) side view, (b) front view. Mills 1; shaft 2; frame 3; driving gear 4; ring
cogwheel 5; internal gearing 6; driven gear 7; external cutter 8.

The heuristic essence of the new device is the drive unit system 4–8 design. This
system moves along the slit without traction resistance [56]. The new intra-soil milling
PMS–280 device (Figure 8) comprises the mills 1, shaft 2, frame 3, driving gear 4 ring
cogwheel 5, internal gearings 6, driven gear 7, and external cutters 8.

4. Discussion
4.1. Soil Geophysical Properties

Table 1 data showed that the aggregates composition of the Kastanozem Solonetz is
inappropriate for the SOM formation and plant roots growth. This hinders the sustainable
evolution of the soil. The need for the Kastanozem Solonetz improvement is obvious.

For the Kastanozem Solonetz amelioration, intra-soil milling of the soil illuvial horizon
has been developed [36]. The soil aggregate composition after intra-soil milling (Table 2)
showed that the four-, five-, and six-milling cutters ensured the soil illuvial horizon and
transitional horizon crushing and mixing, providing a fine aggregate composition of
the soil.

In the field experiment, the soil geophysical structure (Table 3) was unsatisfactory for
the plat growth after moldboard and soil chiseling. The initial vertical differentiation of
the solonetz remained the same after standard moldboard plowing and chiseling. After
chiseling, the effect of soil loosening was lost in the period of three-four years [45].

After three-tier plowing, some mixing of the soil layers provided better soil structure
compared to the control option of the experiment. The soil loosening effect of the three-tier
PTN–40 was higher compared to the moldboard plowing and the soil chiseling. The large
blocks of the illuvial horizon (Figure 6 to the left) and transitional horizon (to the right)
remained intact until now in this option of the experiment. These large structural blocks
hinder soil improvement. To a great extent, the plant roots developed in the vertical cracks
between the soil blocks.

The PMS–70 intra-soil processing provided multiple occasions of intensive crumbling
and mixing of the illuvial horizon and transitional horizon aggregates in the treated
20–45 cm layer (Table 3). The content of the artificial aggregate particle fraction of 1–3 mm
size in the illuvial soil horizon was high, compared to other options of the experiment.

The operating mode of the milling ripper device was full immersion into the soil. This
prevented the shortcoming of the surface soil milling machines because the upper horizon
position of the soil in the soil profile remained intact. Moreover, the processing energy
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consumption was reduced compared to the surface soil milling machines since its value is
proportional to the diameter of the milling cutter.

PMS–70 mills crushed the initial soil aggregates providing a goal hierarchy of the soil
porous media fine aggregates. The high content of artificial aggregate particle fraction
of 1–3 mm size in the illuvial soil horizon after PMS–70 is a significant result for the
optimal evolution of soil. This provides priority roots and biota development, synthesis,
conservation, and functioning of SOM in the rhizosphere. After processing, the aggregates
>10 mm size disaggregate to the smaller size under the increased influence of water, the
root system, and geological weathering. The intra-soil milling helps to open the dead-end
soil pores for root development and nutrition. The SOM was involved in the active soil
biological process after intra-soil milling to a higher degree compared to the standard
plowing systems.

The result of intra-soil milling suits the aim of the soil dispersed and aggregated
structure formation in focus of the soil biological process promotion compared to the
moldboard plowing, chiseling, and three-tier plowing.

4.1.1. Soil Bulk Density

With respect to the Table 4 data, the soil bulk density after moldboard plowing
exceeded the 1.35 t m−3 value, which is critical for the plant growth on the Kastanozem [15].
Almost the same result was observed after chiseling. The soil bulk density was slightly less
after PTN–40 plowing.

Soil bulk density was excessive after moldboard plowing, chiseling, and PTN–40
plowing. In the zone of Kastanozem, the standard adverse effects of the periodic excessive
soil moisture are soil peptization, soil superdispersity, soil fusing, and subsequent soil
compaction [57]. These well-known effects manifested in results of standard agronomy
practice and standard soil amelioration practice because of an unstable mineralogical com-
position of Kastanozem [58], influencing instability of the soil structure and architecture,
and causing high soil bulk density.

After the PMS–70 option of the experiment, the bulk density of soil is a prerequisite
for the soil multilevel architecture because intra-soil milling produced a fundamentally
new soil geophysical structure. The long-term soil bulk density figures were optimal for
plant growth. The artificial weathering front moved deeper into the soil drastically. The
intra-soil milling increased the artificial aggregation and reinforcement of the soil’s fine
particles with carbonates, roots, and SOM, and reduced the standard adverse effects of
periodical excessive moisturizing and soil compaction.

Compared to the standard plowing options, the new geophysical soil structure after
PMS–70 soil processing did not lose its strength (or lost it to a small extent) under the
influence of the water gravitational downward flux to the vadose zone under the impact
of precipitation. This is because the volume of soil porous media, which accepts the
water, is greater after soil processing with PMS–70. Thus, a shorter period of excessive
water impacts the soil aggregates. We share the point of view of I.M. Young et al. [59],
supported by P. Baveye [60] that a functional quantification of soil structure is much more
complicated compared to the standard result of aggregates’ determination on the set of
sieves (Tables 1–3). The process of aggregation does not necessarily imply the development
of distinct separated soil aggregates within the soil profile. The existence of aggregates
in situ is probably a sequence of the disaggregation–aggregation stages. The intra-soil
milling provides better control of the disaggregation–aggregation equilibrium than the
conventional soil plowing technology ensures.

4.2. Morphology of Soil and Development of Roots

The spread of rhizosphere in the 0–20 cm topsoil layer was unsatisfactory for plant
growth in the control option (Table 5). Differentiation of the root system corresponded to
the unfavorable morphological arrangement of the soil profile (Figure 5). The border in the
soil between eluvial (in agriculture—plowing layer) and illuvial horizons was whitish due
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to the soil mass transformation under the influence of solonetzic pedogenesis. Almost the
same was observed after chiseling. Here, the rhizosphere spread down to a 35 cm depth,
but only in the soil crevices along the trace of the chisel.

After standard tillage and chiseling, the soil morphological conditions, geophysical
structure, and aggregate composition did not provide the SOM synthesis, soil productivity,
and sustainable evolution of the soil as well.

After three-tier plowing (Table 5, Figure 6), in the morphological structure of the soil
profile, there were many blocks of the soil illuvial horizon in the soil surface layer. At the
same time, a large portion of aggregates from the upper soil horizon poured down the
soil profile.

The soil loosening effect of the three-tier PTN–40 was higher than that after the
moldboard plowing and soil chiseling. The roots and soil biota were spread throughout
the local comfort zones of the soil profile.

The prerequisites were much better for the stimulation of soil microbiota, the rhizo-
sphere, and plants after PMS–70 20–45 cm intra-soil processing (Table 5, Figure 7). The soil
acquired a homogeneous fine macro-aggregate structure throughout the entire soil profile
0–45 cm layer. In a period of 30–40 years after PMS–70, there were no morphological signs
of the solonetzic pedogenesis restoration. The rhizosphere penetrates freely down to a
depth of about 40–45 cm. Plant roots spread evenly through the processed soil profile.

The root system formed a stable mechanical framework that retained the new soil
structure favorable for plants after PMS–70 treatment. This prerequisite provided a biologi-
cal stabilization of the soil medium pH value close to 7. The soil multilevel dispersed fine
macro-aggregate system was stable (Section 4.1.1).

The soil after PMS–70 20–45 cm intra-soil processing has a uniform darker coloration
and is occupied by the rhizosphere (Figure 7). This provides a prerequisite for the long-term
successful soil biological process, reliable SOM turnover, and higher soil productivity [61].

4.3. Soil Moisture in Field Experiment

The soil moisture regime repeated the known natural regularities of the dry steppe
in the control option of the experiment (Table 6). The rate of moisture penetration into
the soil was weak. The water redistributes locally over the soil surface between the
Kastanozem complex components and evaporates from the soil surface in a noticeable
quantity [33,41]. The soil moisture regime improved only slightly in the first 3–4 years after
chiseling [45]. After the PTN–40, water penetrates the soil’s deeper horizons prematurely
into the soil zones to which the soil upper humus layer fragments strewed down during
the soil plowing. Overall, the soil moisture regime after moldboard plowing, chiseling, and
three-tier plowing corresponds a regional pattern.

After PMS–70 processing, a loose and homogeneous soil layer provided a diverse soil
solution flux from fine soil macro-aggregates to the rhizosphere. The last had a larger area
of surface contact with the moist soil. Thus, the plants spent less energy and nutrients
to get the soil solution from the soil compared with standard technologies. The plant
redistributed saved energy for the sake of rhizosphere development and carbon reversible
sequestration in the SOM, as well as for the aboveground biomass formation.

4.4. Soil Salinity and Physicochemical Properties

Soil salinity did not change under the standard agronomy practice in the control
option in the period of the experiment (Table 7). Thirty years after the experiment began,
the dry residue was not high in the 0–40 cm soil layer in the experiment. The dry residue in
the 40–60 cm soil layer was rather high in the control and chisel options. After PTN–40, the
dry residue in the 40–60 cm soil layer was reduced compared to the control option, and the
chisel as well. After PMS–70, the dry residue in the 40–60 cm soil layer was reduced almost
twice compared to the control and chisel options, and 30% compared to the PTN–40 option.

The change of the soil moisture regime was insignificant and short-term after chiseling.
The salt regime of soil did not change after chiseling as well. There was no sufficient internal
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surface for the developed soil–water–gas interfaces inside the undestroyed soil blocks for
leaching of the salts and product of SAC exchange reactions after PTN–40. The soil salt
properties were better after PTN–40 compared to standard agronomy and chiseling but
remained close to that of the natural properties on the Kastanozem complex.

The soil desalination was higher after PMS–70 compared to other options of the
experiment. The downward shift of the upper boundary of salt horizon was obvious. This
dynamic of the salt balance was a consequence of the long-term favorable moisture regime
in the soil profile of the Kastanozem complex, provided by the PMS–70.

The content of absorbed Na+ in the CEC in solonetz was rather high in the control
option. This is a standard unfavorable result of the conventional agronomy practice. The
same adverse result was observed after chiseling. After PTN–40 plowing, the content of
absorbed Na+ in the CEC in solonetz was reduced compared to the control option and
the option of chiseling as well. Soil amelioration proceeds on the full scale after PMS–70
processing. The readily soluble salts actively leached due to the transfer of sulfates and
carbonates from the transition horizon to the illuvial horizon, and phyto-amelioration. The
conditions were conducive for the exchange reactions in the SAC. The content of absorbed
Na+ in CEC was reduced compared to the control option, the option of chisel, and 25%
compared to the PTN–40 plowing option. Artificial fine soil aggregates were a comfortable
substrate for the development of the root system and biota after PMS–70 processing.

4.5. SOM in Field Experiment

The humus content is relatively small, about 3.0%, in a virgin soil of Kastanozem
complex [33]. The SOM content at the standard agriculture is lower than that in the
natural soil (Table 8). This is a lack of the current standard moldboard plowing and
chisel technologies. The SOM content was higher after PTN–40 plowing. Some part of the
organic material was lost deeper into the soil and mineralized or subjected to sedimentation
between the blocks of illuvial and transition horizons.

The content of the accessible form of soil nutrients was higher after the PMS–70 treat-
ment compared to other options of the experiment. The statement is justified concerning
the SOM increment. After PMS–70 treatment, the SOM content increased to 3.3% in the
0–20 cm soil layer and to 2.1% in the 20–40 cm layer. Soil aggregation suited the root
system architecture scale, and stabilized the soil geophysical system, both biologically
and mechanically. As a result, the root system obtained better prerequisites for carbon
dioxide release into the soil solution. The carbon dioxide loss from soil was reduced corre-
spondingly to a fine soil aggregate composition. The multilevel soil aggregates architecture
reduced the rate of carbon dioxide release from the soil to the atmosphere. The conditions
of manifestation of the carbonic acid amphoteric properties in soil solution were improved.
The soil pH value was about 7.1–7.3.

The improved SOM regime reveals the function of natural organic compounds in the
soil solution as indicators of soil quality and increased biological productivity [62]. The
loss of biological matter from soil was reduced [63].

4.6. Yield of Agrophytocenosis and Technology Economical Assessment

The data for yield in the experiment (Table 9) showed a decisive preference of the PMS–
70 intra-soil milling before the moldboard, chiseling, and three-tier plowing by PTN–40.
The increment of spring barley yield was up to 53% in the PMS–70 option. The profitability
of the intra-soil milling technology was 2.9 to 6.6 times higher compared to other options
of the field experiment.

4.7. New Intra-Soil Device Development

The new PMS–280 device (Figure 8) retains the principle of intra-soil processing by the
mills 1 installed on the horizontal shaft 2. The heuristic entity of the new device is a design
of the drive unit system 4–8 [64]. The external cutters 8 on the ring cogwheel 5 performs a
slit in the soil. The system 4–8 moves along the slit transmitting the torque to the milling
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tool positioned inside the geophysical solid media. Compared to the former developments,
the new design reduces the traction resistance of the machine by 5, the reliability increases
by 80%, and the energy cost is 2 times lower. We have a series of related patents [65–69].
The North Caucasus State Zonal Machine Test Station (Zernograd), which is widely known
and authoritative in the world, verified new intra-soil device rotor drive (Figure 9) [70].

Figure 9. Intra-soil milling machine PMS–280.

The fulfilled geophysical, biological, technical, and economical assessments of the
BGT* methodology are the basis of the positive forecast for intra-soil milling practical ap-
plication. The formation, accumulation, stability, and transformation of SOM into nutrients
will provide long-term sustainable evolution of the highly fertile healthy soil [9,71].

New technology is a condition of the SOM stabilizing and enriched biological turnover.
The technology provides the priority of the rhizosphere expansion, formation, and stabiliza-
tion of soil aggregates. Better conditions of plant development ensure natural prerequisites
for the suppression of phytopathogen [31]. The soil biological productivity becomes
higher [23,72]. This eases the conflict “Biosphere—Technology” [73]. Higher biosphere
biological production is a buffer of the climate system stability [69,74]. The new design of
the intra-soil milling machine provides five times less traction resistance and 80% increased
reliability, halving energy costs.

5. Conclusions

In the Kastanozem complex of the dry steppe, the morphological, geophysical, chemi-
cal, physicochemical properties, SOM, root development, yield, and agro-economic efficacy
were studied. The standard moldboard plowing, chiseling, and three-tier tillage are inca-
pable of providing the formation of the stable soil aggregate system for plant growth and
productivity. The soil bulk density was high and increased with depth. The soil aggregates
remained impermeable to roots. The moldboard plowing, chiseling, and three-tier tillage
showed a short-term effect on the soil geophysical disperse aggregate structure.

The transcendental BGT* methodology developed of the illuvial horizon and transi-
tional horizon intra-soil milling, focused on a stable soil structure for plant growth and
productivity. Intra-soil milling cutters were developed and tested. The PMS–70 machine
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was developed for intra-soil milling of the soil layer 20–45 cm. The PMS–70 was tested in
the field experiment in the Kastanozem complex of the dry steppe. The field experiment
revealed that PMS–70 ensures a long-term stable multilevel fine aggregate 1–3 mm sized
system in the processed soil layer, and indirectly improves the geophysical properties of
the soil upper layer. Intra-soil milling provides an unimpeded spread of the rhizosphere
in the soil layer 0–45 cm. Soil water content increased. Conditions for plant nutrition
improved. Soil salinization was reduced and the pH value was close to 7.0. SOM con-
tent increased. Compared to moldboard plowing, chiseling, and three-tier tillage, the
PMS–70 intra-soil processing ensured better plant growth and a reliable increase in yield.
The newly developed intra-soil milling machine PMS–280 reduces traction resistance and
provides higher reliability. The BGT* transcendental methodology of the illuvial horizon
and the transitional horizon intra-soil milling is an important prerequisite to improve the
soil-biological process and to have the higher land use efficacy.
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