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Abstract: Tillage modifies soil structure, which can be demonstrated by changes in the soil’s physical
properties, such as penetration resistance (PR) and soil electrical resistivity (). The aim of this study
was to evaluate the effect of deep tillage strategies on three morphogenetically contrasting soil classes
in the establishment of perennial crops regarding geophysical and physical-hydric properties. The
experiment was conducted in the state of Minas Gerais, southeastern Brazil. The tillage practices
were evaluated in Typic Dystrustept, Rhodic Hapludult, and Rhodic Hapludox soil classes, and
are described as follows: MT—plant hole; CT—furrow; SB—subsoiler; DT—rotary hoe tiller; and
DT + calcium (Ca) (additional liming). Analyses of PR and electrical resistivity tomography (ERT)
were performed during the growing season and measurements were measured in plant rows of each
experimental plot. Undisturbed soil samples were collected for analysis of soil bulk density (Bd) at
three soil depths (0-0.20, 0.20-0.40, and 0.40-0.60 m) with morphological evaluation of soil structure
(VESS). Tukey’s test (p < 0.05) for Bd and VESS and Pearson linear correlation analysis between Bd, p,
and PR were performed. Soil class and its intrinsic attributes have an influence on the effect of tillage.
The greatest effect on soil structure occurred in the treatments DT and DT + Ca that mixed the soil to
a depth of 0.60 m. The p showed a positive correlation with Bd and with PR, highlighting that ERT
may detect changes caused by cultivation practices, although ERT lacks the accuracy of PR. The soil
response to different tillage systems and their effects on soil structure were found to be dependent on
the soil class.

Keywords: deep mixing; subsoiling; soil electrical resistivity; resistance to penetration

1. Introduction

Soil structure controls many processes in soils [1] therefore, understanding and know-
ing how to manage it can be beneficial for both agricultural production and the environment.
Creating soil conditions favorable to root growth, with consequences on crop development
and production, involves optimizing the supply of air, water, and heat from the soil by
favoring uptake of water and nutrients [2]. High-density layers (of pedogenetic origin),
which normally behave in a manner similar to compacted layers (from human activity), not
only increase the risk of water erosion [3,4], but also limit crop growth and development by
restricting the root system to the surface layer [5], therefore making the development of
deep roots subject to the conditions of pre-existing pores [6] and much more vulnerable to
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dry conditions during the winter and short droughts during the rainy season, which are
very common in Brazilian conditions.

Mechanical modifications in the soil subsurface for the purpose of alleviation of high-
density or compacted soil layers are known as deep tillage operations [7]. Deep tillage can
increase the soil volume used by crop roots and may thus assist in resolving restrictions in
the subsoil, especially by increasing water uptake [7-9]. This positive effect can transform
marginal areas into productive systems [10-12] due to the resulting improvement in soil
physical quality, soil function, and the provision of ecosystem services [13].

The research our team has been conducting over the last decade has resulted in positive
results with the use of deep tillage, especially in non-irrigated coffee [14]. The success of
this system of management is due to the greater deepening of crop roots, allowing greater
uptake of water from deep layers, resulting in higher yields and longevity of the coffee fields
grown in areas of Cambissolos (Inceptisols) and Latossolos (Oxisols) [9,11,15-23]. However,
from a soil physical environment perspective, the question arises as to whether the same soil
management system will lead to similar results in different soil classes. Limited research
data are available on the performance of deep tillage in soils with contrasting physical
properties from tropical regions under perennial crop cultivation [24,25]. Most of the peer-
reviewed studies on deep tillage have been performed on annual/cereal crops [7] and/or
these studies have not been performed on soil classes with contrasting structure [24,25].
No work has been found to evaluate the effect of tillage systems on soil classes with
contrasting structures.

Changes in soil structure caused by tillage can affect soil chemical and physical-
hydric properties, such as soil moisture, soil solution ionic concentration, soil porosity,
and bulk density, which leads to variations in soil electrical resistivity (o) values [26-31].
Jetabek et al. [32] and Piccoli et al. [33] used Electrical Resistivity Tomography (ERT) to
identify the depth of soil “hardpans”, which then confirmed the data obtained by resistance
to penetration and bulk density. Roodposhti et al. [34] discussed how p varies in accordance
with soil moisture and bulk density, showing that at the same moisture content, increases
in bulk density result in a reduction in p. The same was reported by Melo et al. [35], who
observed an inverse relationship between p and bulk density. However, this relationship
is inverted for soils with moisture contents greater than 18 cm3 cm 3. In this respect,
ERT is considered one of the most effective geophysical methods for agricultural and
environmental studies [36]. In addition, it is a fast and non-invasive method that is able to
monitor the spatial and temporal variability of many soil chemical and physical properties
(structure, moisture, fluid composition) [33,37-40].

Thus, the hypotheses tested in this study were that (i) ERT, alone or in combination
with other physical attributes, is able to show the efficiency of deep tillage methods in
contrasting soil classes regarding structure; and, (ii) soils that have higher natural bulk
density have a better response to deep mixing and exhibit greater structural alleviation.
Our expectation is to find correlations between p and the other physical properties that
will confirm the potential of ERT under field conditions. Therefore, the aims of this study
were to (i) evaluate the effects of deep tillage systems on the establishment of a perennial
crop related to the structural quality of three contrasting soil classes and intrinsic attributes;
and, (i) determine the changes in electrical resistivity caused by soil tillage, as well as to
correlate p with soil physical properties.

2. Results and Discussion
2.1. Penetration Resistance (PR)

The results of PR for the Typic Dystrustept (CX), Rhodic Hapludult (PV) and Rhodic
Hapludox (LV) soil classes under the different tillage treatments (minimal tillage—MT,
conventional—CT, subsoiler—SB, deep mixing tillage—DT, and deep mixing tillage with
added supplementary liming—DT + Ca) are shown in the form of 2D maps in Figure 1.
Figure 1 presents values of soil resistance to penetration (MPa) measured in a transect per-
pendicular to the plant row to highlight the effect of tillage. PR is an able and effective tool
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for accessing the physical status of the soil or a sequence of changes in soil structure [40-43]
and was used for the presentation, discussion and comparison of results regarding the
efficiency of the tillage methods, with a limit value for root development of 3 MPa [44,45].

Depth-m

Figure 1. 2D maps of soil resistance to penetration for three soil classes (CX, PV, and LV) under five
different soil tillage treatments [MT: minimum tillage with a pit (0.4 m in diameter by 0.7 m deep);
CT: conventional tillage (0.25 m deep); SB: subsoiler with booted ripper points on two shanks (0.45 m
deep); DT: deep mixing tillage with rotary hoe tiller (0.5 wide by 0.6 m deep); DT + Ca: deep mixing
tillage with rotary hoe tiller (0.5 wide by 0.6 m deep) + additional liming. The horizontal dashed line
demarcates the working depth of the plow (approximately 0.25 m); dotted lines project the working
area of the implements used; red arrows indicate the signs of machine traffic; U: soil moisture based
on the weight (U, %) of each layer at the time of data collection. Measurements were performed
eight months after tillage operations.

The effect of the different soil tillage systems that caused reductions in PR was clearly
observed in all the soil classes and treatments, shown in the maps by light-colored cen-
tralized zones (RP less than 3 MPa). Dotted lines indicate the expected projection of the
working area of each implement, which helps in perceiving the differences in the efficiency
of tillage systems in each soil class, indicated by the PR values. In general, PR values less
than 3 MPa were found between 1.6 and 2.0 m on the “x” axis (plant row) and vary in depth
with the action of each implement, whereas the higher values (greater than 3 MPa) did
not have a defined pattern of distribution, but were affected by the soil structure itself at
depths where there was no effect of tillage (below 0.25 m) and near the surface (0-0.10 m),
coinciding with the signs of machine traffic (Figure 1—red arrows). It should be noted that
all the machine traffic locations could not be monitored due to the difficulty of controlling
the machine and implementing traffic within the experimental area (Figure 1).

In relation to soil class, in general, the mean of PR throughout the sector was the lowest
for LV—3.90 MP%a, followed by CX—>5.14 MPa and PV—5.55 MPa, respectively. Observation
of the effect of the treatment in its working area, considering the distance of 1.5-2.5 m and
depth that varies in accordance with each implement (MT—0.6 m, CT—0.25 m, SB—0.45 m,
DT—0.60 m, and DT + Ca—0.60 m), showed that even 8 months after the implantation of
soil tillage, the effects caused by it were clear, above all in PV, where there was a greater
contrast of the PR values between the areas with tillage and without tillage, followed by
CXand then by LV, where the contrast was less.

In the CX soil class, the greatest tillage efficiency was achieved by MT and CT, which
achieved 100% to the depth desired, with PR values less than or equal to 3 MPa, whereas
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the effect of the other treatments did not reach the depth expected (approximately 90%).
This can be observed comparing the effect of tillage on MPa to the dotted lines that project
the expected result. The efficiency of the implements in MT and CT may have been favored
by the previous action of plowing and disking.

Under natural conditions, this soil (CX) exhibits physical restriction starting at 0.05 m,
with reduction in the amount of sand and a doubling in the amount of silt fraction compared
to the previous layer (0-0.05 m), favoring an increase in Bd (Table 1). This shallow physical
restriction is an intrinsic property to most of the soils included in this class [46]. This may
have led to an increase in mechanical resistance of the soil at the time of tillage. However,
deep tillage aims at alleviating the high soil density observed in this layer for the purpose
of improving the physical quality of the soil for crops [9]. Much of the references cited
here [9,11,16,22] used soil tillage methods similar to those used in the present study in
setting up coffee fields. Improvements in soil physical quality at depth one year after the
implantation of the crop are reported and likely due to an increase in aeration capacity and
in water availability in the Typic Dystrustept (Cambissolo Haplico distréfico tipico) under
study. In the PV and LV soil classes, all the treatments had PR values less than or equal to
3 MPa in the working areas of the tillage implements. The contrast of the PR values within
and outside the plant row, especially in CX and PV in comparison with LV, is noteworthy
(Figure 1).

Table 1. Physical characterization of the soils of the experimental area.

Soil CX PVvd2 LVe2

Horizon A Bw BC A BA Bt A Bol Bo2

Depth m 0-0.05 0.05-0.15 0.15-0.60+ 0-0.12 0.12-0.35 0.35-0.55+ 0-0.10 0.10-0.60 0.60+

Bd P 1.38 1.41 1.47 1.11 1.42 1.47 1.32 1.06 1.19

Pd 2.55 2.63 2.63 2.53 2.63 2.7 2.64 2.73 2.69
ot o4 o045 o048 05 o046 046 05 05 05

FC 0.36 0.37 0.41 0.32 0.33 0.38 0.40 0.33 0.38

Mic m®m~3 0.38 0.39 0.42 0.33 0.34 0.39 0.41 0.34 0.40

Mac 0.11 0.07 0.06 0.21 0.12 0.08 0.13 0.23 0.13

AC 0.25 0.17 0.15 0.41 0.28 0.18 0.26 0.43 0.28
 Cay w7 35 35 48 469 &3 506 65 686

Sand % 419 28.4 28.4 40.6 38.9 24.0 29.6 21.3 20.1

Silt 16.5 36.1 36.1 14.5 14.2 8.64 19.7 13.1 11.3
"~ TextwreClss ~ Clay  Claylam Clylam  Clay  Cay  Cay  Chay  Cay  Clay

CX: Typic Dystrustept; PV: Rhodic Hapludult; LV: Rhodic Hapludox. Bd: bulk density; Pd: particle den-
sity; Tp: total porosity; FC: field capacity estimated at —10 kPa; Mic: Microporosity estimated at —6 kPa;
Mac: Macroporosity determined according to [47]; CA: soil aeration capacity determined according to [48];
Texture Class according to the Soil Survey Division [49].

CXand PV are soil classes with similar characteristics regarding high natural density of
horizons in the subsurface (B horizon), which explains the high values of PR. Cambissolos
(Inceptisols) generally have physical conditions that are not favorable to plant development,
mainly due to the greater silt in relation to clay fraction content that characterizes these less
weathered soils. They are characterized by the subangular block structure in the B horizon
and coherent massive structure in the C horizon, which have a direct effect on their naturally
high density [46], and this results in low soil porosity. Furthermore, the reduced thickness
of the solum (A + B horizons) of the CX in this study is noteworthy (Table 1). Argissolos
(Ultisols in this study), however, have mature pedogenesis, promoting accumulation of
clay fraction and occurrence of clay skins in the textural B diagnostic horizon [50], where
the block structure predominates. Latossolos (Oxisols), for their part, have an advanced
stage of weathering-leaching and are deep soils [50]. Due to its greater gibbsite content,
this soil class shows granular structure, which promotes high macroporosity [51] and lower
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bulk density compared to CX and PV (Table 1), which explains the lower values of PR
observed in Figure 1.

The results of this study indicate that the tillage systems were efficient in reducing
the PR of the soils, notably within the working depth of the implements. This suggests
that even soil classes that have naturally greater restriction for agricultural use, such as
CX [46,52] and PV, if properly tilled, can show physical improvement, with PR values
that do not limit crop growth (less than 3 MPa). Nevertheless, Figure 1 shows that the
effectiveness of tillage systems may have been affected by the soil intrinsic attributes,
both those related to mechanical resistance to penetration and those pertinent to natural
reconsolidation of the soil [53,54].

Several studies [40—-43] have suggested the development of a soil tillage efficiency
indicator. Thus, we propose that the tillage systems efficiency be evaluated by comparing
the areas/depths of the soil under mechanical intervention with lateral areas/depths not
subjected to management practices. The indication criteria should also include reduction of
PR in relation to the area not under management (considering a critical value for the crop
or not) and the depth and width of the working area of the tillage system visualized by the
2D map of PR.

2.2. Electrical Resistivity Tomography (ERT)

Similar to PR, p values shown in the form of 2D maps (Figure 2), exhibited strong
spatial variability in the transects of each treatment in the three soil classes. The quality of
the p maps can be observed by the values in the lower right corner, which indicate the root
mean square (RMS) of each treatment in each soil class after inversion (Figure 2). Variation
in the RMS ranged from 9% to 15.8%, with a mean of 13.7% (Table 2).
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Figure 2. 2D maps of soil electrical resistivity for three soil classes (CX, PV, and LV) under five
different soil tillage treatments [MT: minimum tillage with a pit (0.4 m in diameter by 0.7 m deep);
CT: conventional tillage (0.25 m deep); SB: subsoiler with booted ripper points on two shanks (0.45 m
deep); DT: deep mixing tillage with rotary hoe tiller (0.5 wide by 0.6 m deep); DT + Ca: deep mixing
tillage with rotary hoe tiller (0.5 wide by 0.6 m deep) + additional liming. The horizontal dashed
line demarcates the working depth of the plow (approximately 0.25 m); dotted lines project the
working area of the implements used in each tillage treatment; U soil moisture based on the weight
(U, %) of each layer at the time of data collection. Measurements were performed eight months after
tillage operations.
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Table 2. Summary of the parameters of inversion and root mean square (RMS).
Soil Treatment No. of Points Rejected No. of Points Used RMS %
MT 13 148 15.7
CT 45 116 15.8
CX SB 10 151 14.6
DM 19 142 14.5
DM + Ca 14 147 14.0
- MT 2w 143
CT 3 158 9.0
PV SB 4 157 14.5
DM 3 158 14.1
DM + Ca 11 150 14.7
- mMr L 152
CT 2 159 14.5
LV SB 6 155 15.5
DM 5 156 9.0
DM + Ca 3 158 10.7
~ Mean o 11 137

Number of interations = 4; CX: Typic Dystrustept, PV: Rhodic Hapludult, and LV: Rhodic Hapludox; MT:
minimum tillage with a pit (0.4 m in diameter by 0.7 m deep); CT: conventional tillage (0.25 m deep);
SB: subsoiler with booted ripper points on two shanks (0.45 m deep); DM: deep mixing tillage with ro-
tary hoe tiller (0.5 wide by 0.6 m deep); DM + Ca: deep mixing tillage with rotary hoe tiller (0.5 wide by
0.6 m deep) + additional liming.

In evaluation of soil structure after management practices, [26] observed RMS less than
10% after 4 to 6 interactions, just as in [28], with RMS lower than 9%. However, when there
is the possibility of a greater number of interactions, it is possible to achieve lower RMS,
as in [55], who observed RMS varying from 1.20 to 1.70% for interactions ranging from
6 to 7. In the same way, [36], studying the root-soil interaction under irrigation systems,
stipulated a value for RMS of 16%, just as [56], when analyzing the water dynamics in the
subsurface directed by land use, reported an RMS of 15.75% in their maps.

The values of RMS found in our study are greater than those found in studies con-
ducted in soils of temperate regions [26,28,36,55,56], which indicates the need for more
studies involving soils of tropical regions. The greater error values in evaluations of ERT
can be explained by the greater difficulty in establishing good contact between the elec-
trodes and the dry soil, which affects electrical readings and the accuracy of inversion
of resistivity [57,58]. In addition, soils with greater clay content, specially those having
high-activity clays, can form cracks during dry periods [59], producing noise that increases
errors in readings. Abrupt changes in soil structure are another factor that can be source of
noise and lead to an increase in RMS, especially when associated to changes in porosity
caused by soil management.

The p values ranged from 7 to 7000 Odm; however, p values up to 3000 (Om were used
for creating the maps, understanding that values greater than that would pollute and could
impede accurate interpretation of the images. This range of values can be considered
high compared to that reported in the literature with similar objectives: 30-1680 (dm [30],
150-1061 Qm [55], 20-80 Oim [32], and 0-500 O0m [33]. Yet, all of these were in soils of
temperate regions with no research reporting results for soils under tropical conditions. The
highest amplitude of p values was observed in CX for the treatment with the subsoiler—SB
(0.45 m depth), followed by PV also in the SB treatment, and LV in DT + Ca (Figure 2).

For all the soil classes and treatments analyzed, there as a tendency for an increase in p
with an increase in depth, proceeding from less dense areas to denser ones. At depths where
soil tillage occurred’ from 1.5-2.5 m, approximately (x axis, Figure 2) and thus regions of
greater structural alleviation (blue dotted lines), the lowest p values were observed (p less



Plants 2022, 11, 2255

7 of 21

than 300 Om). In CX, it is possible to identify clear patterns of the effect of deep tillage,
specially in the SB and DT treatments compared to the other treatments. The results of this
study show that p maps can provide a better estimate of horizontal action as a function
of implement being used than those obtained with PR maps (Figure 1). In PV, similar
patterns to CX were observed, but were not so easily separated out from the background
soil conditions. In contrast, in LV, it was not possible to distinguish clear patterns among
any of the deep tillage treatments.

The greatest p values are in the non-tilled areas, especially below 0.25 m, the mean
depth reached by the plow, and in some small areas near the surface, to approximately
0.10 m (Figure 2). Besson et al. [26] observed lower p values in machine traffic areas, with
greater Bd, than in non-compacted areas, without, however, determining the exact position
of the wheel tracks. In our study, the distribution of p was consistent with the values of
PR except for the surface PR. The red arrows in Figure 1 demarcate high PR areas, which
we indicated as signs of machine traffic. Our results showed that the ERT was unable to
demarcate these same positions.

Changes in p under the conditions evaluated may largely be caused by changes in bulk
density, moisture, and porosity [28,31]. Temperature variations may affect p values [26,29,38],
and may even hinder the ability of data collection in the field [56]. However, for this study,
which was performed under tropical conditions, we assumed that the temperature was
stable during acquisition of p [26,60]. Zhou et al. [61] showed that the greatest changes in p
take place at around and below 0 °C. In addition, another source of variation in p is the
effect of integration of the hemisphere, which means that the results of p are affected by
characteristics lateral to the ERT transect [27]. Variations in moisture also create difficulties
in interpretation of the results [32,35,62].

Areas of greatest p below the depth of 0.25 m, especially in CX and PV, are consistent
with the results of PR and with the morphological attributes of these soil classes that have
naturally greater bulk density in the subsurface [46]. The ERT was able to identify changes
caused by the different soil tillage methods, but it was unable to precisely demarcate the
region changed by each tillage method. Studies performed for the purpose of detecting
structural changes in agricultural areas show that ERT does not have sensitivity to abrupt
variations in p, such as rock fragments or even high-density clods surrounded by material of
high porosity [27,30]. In addition, soil moisture has a predominant effect on p in detriment
to structural changes [28,34,63]. Melo et al. [35] simultaneously studied the relationship
among p, moisture content in the soil, and the degree of compaction in a Brazilian Typic
Hapludox [64] and concluded that soil moisture content has a greater effect on p than
the degree of compaction. It should be emphasized that 2D resistivity tomography was
performed in the driest season of the year, winter, in which the last rainfall of 7 mm
occurred 10 days before data collection (ERT and PR). In that period, the mean maximum
temperature was 24 °C and the mean minimum was 10 °C, with relative humidity of 63.5%,
which led to soil moisture below FC (Table 1, Figure 2).

Seladji et al. [62] observed that the relationship between bulk density and p is con-
trolled by soil moisture, and is significant and negative when less than 0.25 g g~ for French
soils. Studies performed by Melo et al. [35] show that there is an inversion of interpretation
of the relationship between bulk density and p with variation in moisture, specifically
at the value of 0.18 m3 m~3, or approximately 13.4% moisture, based on weight in a
Typic Hapludox [64] in the same region as this study, whereas most studies show a direct
relationship between p values and soil porosity [32,38,65,66] under dry soil conditions.
Melo et al. [35] showed that above this soil moisture content (18 m® m~3), the rela-
tionship is reversed between p and porosity. Results of this nature are presented by
Naderi-Boldaji et al. [67] and Piccoli et al. [33], who identified areas of alleviation of poros-
ity by plowing areas of low p, whereas a compacted area (plow pan) was identified by
high p.

The soil profile evaluated by the ERT may act as an insulating or conductive material
depending on its moisture content. Moisture content is the main factor that controls p
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because the main mechanism responsible for conduction of electrical current in the soil
is electrolysis [38]. Under high moisture conditions, the soil matrix will act as a resistive
material and the water present in the pores as a conductor, whereas under low moisture,
the air present in the pores leads to an increase in resistivity, and the soil matrix will be
a conductor [35]. Therefore, under the conditions of increase in bulk density and high
moisture, there is a reduction in the amount of water stored due to the reduction in porosity.
As a result, there is a greater amount of resistive material (soil matrix) and consequently
high p in compacted locations [67]. In contrast, low p in porous areas suggests that the
porous spaces may be filled with water, which increases conductivity. This mechanism
presumably explains the low p values that predominate in the LV (Figure 2).

2.3. Bulk Density (Bd)

The results of the analysis of Bd carried out on the soil classes PV, CX, and LV under
different tillage systems (MT, CT, SB, DT, and DT + Ca) are shown in Figure 3, except for
MT, because sample collection performed within the plant row would cause considerable
damage to the plant. The soil tillage strategies affected Bd for the three soils in a different
way. In CX there was a significant effect of the different tillage systems, which did not
occur for PV and LV; nevertheless, there were differences among the depths for the three
soil classes (Figure 3). In the PV soil, unlike the others, at the 0.20-0.40 m depth, all
the treatments exceed the critical bulk density limit, 1.32 and 1.30 g-cm’?’, 0.20-0.40 and
0.40-0.60 m, respectively (vertical red line-Figure 3), suggesting that its subsoil environment
is more restrictive to plants. However, the use of treatments labeled “deep tillage” (DT and
DT + Ca) reduced the Bd in relation to Bdc, especially compared to MT and CT treatments
in the PV and LV soils. This result shows how effective soil tillage was in loosening the
soil and physically improving the root environment. Few studies relate the morphological
attributes of soil classes to plant growth or to management practices. Studies generally
relate the soil physical properties to management practices only in the arable layer, 0-0.30 m
on average, and do not consider the morphological attributes of each horizon in discussion
or their effect on crop growth and productivity [68-71].
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Figure 3. Bulk density (Bd) and critical bulk density (vertical red line) for three soil classes under
different soil tillage systems for a perennial crop. Measurements were performed seven months after
tillage operations. Mean values followed by the same lowercase letters in the row and uppercase
letters in the column do not differ from each other by Tukey’s test (p < 0.05). MT: minimum tillage
with a pit (0.4 m in diameter by 0.7 m deep); CT: conventional tillage (0.25 m deep); SB: subsoiler
with booted ripper points on two shanks (0.45 m deep); DT: deep mixing tillage with rotary hoe tiller
(0.5 wide by 0.6 m deep); DT + Ca: deep mixing tillage with rotary hoe tiller (0.5 wide by 0.6 m deep)
+ additional liming; Critical bulk density by according to [72]; (CX: Typic Dystrustept, PV: Rhodic
Hapludult, and LV: Rhodic Hapludox).

In PV and LV soils in general, the Bd increased with depth, without difference between
the 0.20-0.40 m and 0.40-0.60 m layers. Lower Bd in the 0-0.20 m layer is associated with its
greater organic matter content (Table 1). The absence of effect among the tillage systems on
the Bd for the PV and LV soils can be explained by the lower sensitivity of Bd in detecting
changes in structural alleviation. In addition to lower sensitivity of Bd, lower persistence
of the effects of tillage in PV and LV is related to faster reconsolidation in these soils than in
CX. Reconsolidation or the “age-hardening” phenomenon [73-75] is a natural process that
occurs in a slower way at depth than on the surface and mainly depends on accumulated
rainfall [53,76] and wetting and drying cycles [77], even without machine traffic [78]. This
phenomenon is the result of the rearrangement of soil particles, especially clay particles,
in new positions of minimum free energy and strengthening of the cementation bonds in
new points of contact between pairs of mineral particles [73]. This can explain why CX
has slower reconsolidation, since PV and LV have greater clay in relation to silt content,
a higher degree of weathering-leaching, and greater concentration of Fe and Al oxides,
which, for their part, accelerate such process [79].

Corroborating the fact that the effects of soil management in this study are not percep-
tible through Bd at 9 months after tillage, Reichert et al. [80] report that in a subtropical
Argissolo (Ultisol), in less than one year, the effects of chisel plowing observed through
changes in Bd disappeared, reaching a compaction condition similar to that of an area
under a no-tillage system for 10 years. The authors attributed this effect to reconsolidation
of the soil, due to mechanical disruption of the aggregates and their later rearrangement.
Loss of the effect of soil management is also observed in Drescher et al. [81] through Bd in
a period shorter than a year in a clayey Latossolo Vermelho (Oxisol). Nicoloso et al. [82]
evaluated the effect of mechanical chisel plowing on a very clayey Latossolo (Oxisol) and
noted a short-term effect of the practice, without obtaining improvement in the physical
conditions nine months after the operation. Scarpare et al. [83] evaluated deep tillage
similar to the DT and DT + Ca treatments in a sandy-clay kaolinitic Latossolo (Oxisol) and
observed reduction in Bd and increases in the density of the root system in soils under
sugarcane cropping. However, the effect of this tillage on Bd persisted for one year, but
was not observed in the second year. Those results differ especially from the results in our
study, mainly due to variation in texture and mineralogy between the Latossolos (Oxisols).
Bavoso et al. [84] evaluated the quality and the resilience of two Latossolos (Oxisols) and
found that the soil with greater clay content had greater resilience. Peixoto et al. [85] used
a machine learning algorithm to rank soil properties that are more sensitive in detecting
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structural changes due to soil tillage: PR was most important and Bd appeared in sixth
place. This is in agreement with a previous study of Abreu et al. [86], who also showed
greater sensitivity of PR in relation to Bd. In this respect, Simdes et al. [76], evaluating the
effect of subsoiling on an Ultisol on the east coast of North America, showed, through PR,
evident reconsolidation in this soil class at 11 months after tillage. This effect is expected;
as reported by Theadgill [40], for Ultisol, reconsolidation of greater density layers generally
occurs in one year. Thus, Busscher et al. [41] observed loss of the effect of subsoiling in an
Ultisol, with reconsolidation of around 75% in one year and 90% in two years. However,
reconsolidation cannot clearly be observed in this study using PR (Figure 1).

In CX, the lower values of Bd are associated with mobilization of the soil by tillage,
especially in the 0-0.20 m depth. In the other depths, Bd is consistent with the working
depth of the implements. The Bd values of the surface layer (0-0.20 m) show that the effect
of plowing and disking associated with the other implements led to significant reduction
in Bd in relation to the MT treatment, where mechanical mobilization did not occur, just
as in the subsequent layer, where SB, DT, and DT + Ca led to reduction in Bd compared
to MT and CT. However, in the 0.40-0.60 m layer, the Bd values are not different, which
corroborates the fact, described above, that it is possible that in the CX, the effective depth
of the implement was not reached (Figure 1). The shallowest C horizon, with coherent
massive structure, helps to understand such effect. These results are can be used to show
that deep tillage is important in reducing Bd and in structural alleviation of higher density
soils. This beneficial effect was found in subsoiled soils in Germany [87,88] and in Brazilian
Cambisols (Inceptisols) with the DT treatment [9,11,15,16] as long as the clay:silt ratio
is greater than 0.3, as in the case of the present study (lowest ratio = 1.0). In soils with
clay:silt ratios below 0.3, subsoiling has resulted in a collapse of the soil structure and in
compaction [7].

Therefore, the lower sensitivity of the Bd measurement in detecting changes brought
about by tillage in soils with more advanced weathering-leaching processes and deeper
solum (Figure 3, PV and LV) can be explained by the factors that act on reconsolidation.
The response of the soil in returning to its state before tillage is affected by the organic
matter content, texture, and mineralogy [79], as well as climate and weathering [84]. LV
and PV have greater clay and Fe and Al oxides content than CX (Tables 1 and 2) and under
environmental conditions of high rainfall, this leads to greater ability of rearrangement
of particles, or reconsolidation [53]. Thus, CX, which is less weathered-leached, exhibited
a longer duration of the effects of tillage, i.e., it had lower reconsolidation or resilience
capacity. Data compiled by Oliveira et al. [21] showed results in tropical Inceptisols and
Oxisols (Cambissolos and Latossolos), i.e., porosity modifications may indicate improve-
ments caused by soil tillage that remain up to five years after setting up the coffee crop.
This indicates that Bd may not be a good indicator for making inferences regarding soil
quality in accordance with the tillage treatment used.

2.4. Correlation between p and Other Soil Properties

Pearson correlation analyses are presented in Figure 4, which shows only those with
significant correlations. Analyzing our entire dataset obtained from the three soil classes,
we can observe positive correlations between PR and depth (r = 0.34) and between p and
Bd (r = 0.19) (Figure 4A). Observed in that way, these results are diluted by the three soil
classes. For that reason, we opted to separate the correlations by soil class, emphasizing
the individuality of each one in its interactions. Thus, we can note an increase in the
sensitivity of the analysis, observed by the increase in the correlation coefficient (r) in
CX and PV (Figure 4B,C, respectively) by the emergence of significant correlations not
otherwise perceived (Figure 4B) and the absence of significant correlations in LV. The lack
of significant correlations in LV may be related to its greater resilience, i.e., its rapid ability
to restructure itself [79,82,84,89] due to its high flocculating power induced by Al and Fe
oxide minerals (gibbsite, goethite, and hematite) that favor the granular structure [51].
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Figure 4. Representations of Pearson linear correlation coefficient for variables of sampling depth,
penetration resistance (PR), soil electrical resistivity (RES), and bulk density (Bd), with data from all
the soils evaluated (CX: Typic Dystrustept, PV: Rhodic Hapludult, and LV: Rhodic Hapludox) (A),
and separately for each soil CX (B), PV (C), and LV (D). Only significant correlations are shown
(p < 0.05); blue circles indicate positive correlations and red circles negative correlations; the upper
off-diagonal entry denotes the pie chart for the pairwise correlation level and the lower off-diagonal
entry denotes the corresponding pairwise correlation coefficient.

In observing p and its interdependence on the other soil attributes evaluated in this
study, Figure 4 shows that p was affected by the physical properties of each soil class. In
general, PR can be used to clearly distinguish the different soil tillage systems and their
effects on PR [42,90,91]. In addition, according to Abreu et al. [86] and Peixoto et al. [85,92],
PR is more sensitive than Bd in detecting compaction. PR and Bd positively correlated
with p, r = 0.39 for PR in CX, and r = 0.47 for Bd in PV. These correlations indicate the
capacity and the sensitivity of ERT as a tool to identify structural changes brought about
by management systems in tropical soils, becoming an important alternative for studying
temporal and spatial changes in a non-destructive manner, as previously observed by
Piccoli et al. [33] in soils in Italy.
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The correlation between p and Bd as found in the literature is negative [26,31,32,93],
but also positive, as reported by Naderi-Boldaji et al. [67] and Piccoli et al. [33], which was
already discussed above and explained by the effects of high soil moisture [35]. In regard
to PR, Piccoli et al. [33] showed a positive correlation with p, whereas Jefdbek et al. [32]
reported a negative correlation. The distribution of clay, silt, and sand fractions among
the soil classes (CX, PV, and LV) were different and varied with depth (Table 1), and it
appears that the effect of management practices may have superimposed some tendencies
of correlation between p and texture (sand, silt, and/or clay). In contrast, Piccolli et al. [33]
showed that the results of p were driven mainly by texture, p, and clay: r = 0.30, which was
not observed in the present study.

The absence of correlation between PR and Bd can be explained by the marked effect
of soil moisture on PR, which did not occur for Bd [33,94]. The correlation between PR
and depth in CX and PV can be explained by the morphological attributes of these soil
classes, which tend to have naturally higher density in subsurface horizons [41,50,91,95].
Both classes have a block structure (surface-surface contact) in the B horizon, observed
during field work. Furthermore, in CX, in addition to the high values of Bd that increase
with depth (Figure 3), the main factor that confers higher density is the increase in silt
content below 0.05 m (Table 1) [52], sealing the pore system, with a consequent increase
in PR (r = 0.56). In a different manner, in PV, the main attributes that caused higher Bd
(Figure 3) are the increase in clay content and the presence of clay skins in the Bt horizon
(Table 1). In addition, reduction in SOM in the subsurface layers increases PR, as well as Bd
(Figure 3) [74]. Unlike CX and PV, LV has an advanced degree of weathering-leaching, with
a deep and more homogeneous soil profile [50] due to its greater gibbsite content, which
confers good aggregation due to its very small and stable granular structure [51]. For that
reason, in LV, the changes caused by management practices are less intense than genetic
control of the soil structure, i.e., the soil management practices are not able to supersede
the physical effect of the granular structure.

Comparing the effects of the tillage systems obtained by the different tools tested
in this study (PR, Bd, and ESS) with the results achieved by ERT, we can affirm that the
hypothesis of this study was partially confirmed, since ERT is sensitive to structural changes
in the soil, but shows reduced accuracy in demarcating the modified area [27].

3. Materials and Methods
3.1. Characterization of the Study Area

The present study was conducted in the experimental area of the fruit growing sector
of the Universidade Federal de Lavras (UFLA) in the Southeast region of Brazil. The climate
in the region is Cwa according to the Képpen climate classification system [96], with hot
and humid summers, cool and dry winters, mean annual temperature of 21.6 °C, and mean
annual rainfall of 1339.5 mm, concentrated in the months of November to March, according
to the data obtained in the period from 01/01/1998 to 01/01/2018 [97].

Due to geological complexity, there is great diversity of the parent material of the soils
in the municipality of Lavras [98-100]. The campus of UFLA is in the Planalto Atlantico
geomorphological unit, under the main influence of leucocratic granitic gneiss (LgG) and
mesocratic granitic gneiss (MgG), and there are a wide variety of soil classes even in small areas.
This allowed the selection of three classes of soil, classified by mapped by
Curi et al. [101], according to Santos et al. [50] and US Soil Taxonomy [64]: Cambissolo Haplico
Tb distrofico tipico or Typic Dystrustept—CX; Argissolo Vermelho distréfico tipico or Rhodic
Hapludult—PV; and Latossolo Vermelho distréfico tipico or Rhodic Hapludox—LV. These
soils are well represented on a national (Brazil) scale (Latossolos—31.6%, Argissolos—26.9%,
and Cambissolos—5.26%, Santos et al., [102]), and even on a worldwide scale when
considering correlations with the orders in the US Soil Taxonomy classification system
(Inceptisols—15%, Ultisols—8%, and Oxisols—8% [103]. The naturally high bulk density
found in Inceptisols (Cambissolos) and Ultisols (Argissolos) is a prominent characteristic
in these soil classes [41,46], as well as the very small granular structure present in Oxisols
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(Latossolos) of tropical regions [51]. Both these attributes contribute to the contrasting
conditions found in these soil classes for crop growth in regard to root development and
soil water availability.

Before the experiment was set up, undisturbed soil samples were collected from the
soil horizons for physical characterization (Table 1), and disturbed samples for chemical
characterization were collected at the depths of 0-0.2, 0.2-0.4, and 0.4-0.6 m (Table 3),
according to standard methods described in Teixeira et al. [47]. The study areas were under
fallow conditions for at least 5 years before the experiment was set up. In all three areas,
weed control was carried out sporadically with use of herbicide or mechanical cutting.
Each area comprises approximately 1200 m?.

Table 3. Chemical characterization of the soils of the experimental area.

Soil CX PV LV
Depth m 0-0.2 0.2-0.4 0.4-0.6 0-0.2 0.2-0.4 0.4-0.6 0-0.2 0.2-0.4 0.4-0.6
pH H,O 6.30 5.70 5.50 6.00 5.70 5.70 6.90 6.50 6.00
CaCl, 5.70 5.10 4.90 5.40 5.10 5.10 6.30 5.90 5.40
C P-Mehlichl 142 338 250 255 227 071 11 108 190
P-resin mg kg~! 254 5.73 1.18 10.9 525 341 10.4 4.76 3.45
K-Mehlich-1 94.0 454 32.5 133 103.0 717 66.5 38.9 234
< s; a3 250 42 312 241 47 286 214
Mg 1.25 0.59 0.44 1.11 0.85 0.57 1.19 0.95 0.60
Al cmolc kg™ 0.00 0.06 0.15 0.00 0.00 0.00 0.00 0.00 0.00
H+ Al 3.06 4.12 3.68 2.55 341 3.55 1.79 2.14 2.86
CECy 10.1 8.38 6.62 8.21 7.67 3.12 7.85 3.93 2.86
ocC 1.40 0.90 0.90 1.80 1.10 0.80 1.10 1.10 0.60
SOM % 241 1.55 1.55 3.10 1.90 1.38 1.90 1.90 1.03
BS 9.40 50.8 46.0 69.1 55.3 46.6 774 64.6 49.5
Algat 0.00 1.30 3.50 0.00 0.00 0.00 0.00 0.00 0.00

CX: Typic Dystrustept; PV: Rhodic Hapludult; LV: Rhodic Hapludox. OC = organic carbon; SOM = soil organic
matter; BS = Base saturation; Algyt = Aluminum saturation.

3.2. Experimental Design and Treatments

The same experiment with five treatments and five replications was set up in the three
soil classes in a completely randomized design, totalizing 75 experimental plots in the
field. Each plot was composed of a plant row with six plants, occupying an area of 40.5 m?.
The choice of treatments was based on the main soil tillage systems used for establishing
perennial crops in Brazil and on works developed by our research group [9,11,15,16,23].
The treatments included: MT—minimum tillage, without soil plowing, and surface furrow
(0.10 m depth) for marking the plant row using a furrow opener + plant hole (0.40 m
diameter by 0.70 m depth) using a soil borer auger; CT—conventional tillage, disk plowing
(0.25 m) + two diskings (0.20 m) + furrow (0.25 m) using a furrow opener; SB—subsoiling,
plowing (0.25 m) + two diskings (0.20 m) + subsoiler with booted ripper points on two shanks
spaced at 0.50 m (0.45 m); DT—deep mixing tillage, disk plowing (0.25 m) + two diskings
(0.20 m) + rotary hoe tiller (0.50 width by 0.60 m depth); DT + Ca—deep mixing tillage
and supplementary liming, plowing (0.25 m) + two diskings (0.20 m) + rotary hoe tiller
(0.50 width by 0.60 m depth) + additional liming at the depth of 0.40 to 0.60 m to reach
70% and 15% base saturation with Ca and Mg, respectively. For that purpose, liming was
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applied in the amounts of 3.91, 4.09, and 4.04 t ha~1! in the soils CX, PV, and LV, respectively.
The rotary hoe tiller is a type of modified rotary hoe with a width of activity of 0.5 m, con-
ducted in strips, composed of a vertical revolving tilling wheel that mixes the surface and
subsurface horizons (BigMix® model AS-2, manufactured by Mafes Agromecanica) [104].
The area was tilled in the spring, on 29 November 2018, three days after the last rainfall of
20 mm.

Atemoia (Annona cherimola x Annona squamosa) was planted on 14 December 2018
at a spacing of 4.5 x 1.5 m, with 6 plants per plot. Soil amendment was performed with
liming at the depth of 0 to 0.4 m to raise Ca and Mg saturation to 70% and 15% base
saturation, respectively, except for MT, in which liming was performed in the plant hole.
In addition, Braquiaria Ruziziensis grass (Urochloa ruziziensis) was sown between rows
and was periodically cut. Liming and fertilization recommendations were according to
crop needs, as described in Rozane and Natale [105]. In this study, the effects of addition
of complementary liming were only discussed for the DT treatment, since this study
focused on analyzing the physical effects on the soil brought about by the different forms of
deep tillage.

3.3. Variables Analyzed
3.3.1. Electrical Resistivity Tomography (ERT)

Electrical resistivity tomography (ERT) was used to determine the apparent electrical
resistivity (pa) of the soil in the field. The readings of pa were obtained with a resistivity
meter, model X5tal (Alto Energia, Belo Horizonte, Minas Gerais, Brazil), eight months
after soil tillage. The Dipole-Dipole array was used because it has greater horizontal
resolution [38] and it is useful for accessing morphological changes in the soil due to
tillage [30,32]. In one plot of each treatment in each soil, the readings of pa were taken
in transects measuring 3.80 m, perpendicular to the plant row, between the 4th and 5th
plant. The transect was composed of 21 rods (electrodes) at a distance of 0.19 m from each
other, reaching a depth of 0.70 m, composed of 14 levels at a distance of every 0.05 m, with
the first level at 0.09 m from the surface. Each transect in this arrangement resulted in
161 readings (n = 161), and a total of 2415 pa values were measured.

The data obtained through ERT compose a 2D section of apparent resistivity (oa) for
each treatment. Since they are not homogeneous soils, they do not contain an isotropic
current distribution [38], and to resolve this modeling problem, the data were inverted
using the Res2DINVDemo 4.9.17 software (Geotomo Software, Penang, Malaysia) [106]
for obtaining true resistivity values (o). All the inversions of the ERT converged with
4 interactions, given the limitations imposed by the Demo version of the Res2DINV pro-
gram. For that reason, to reduce the noise and the root mean square (RMS), the “RMS error
statistic” tool was used, which allows points with greater error or outliers to be excluded.
We adopted a maximum error level of 16% for the following reasons: (i) weak signal/noise
ratio in the dipole-dipole arrangement, especially when there are wide separations be-
tween pairs of current and potential electrodes [107] and (ii) dry soils may manifest cracks
due to contraction movement [59], and this may produce anomalies in the current signal,
hindering the readings.

The inversion method applied was the smoothness-constrained method, using the
mathematical Gauss—Newton least squares method [108]. Of the 161 points of apparent p,
an average of 151 were used for the inversion and construction of the models that generated
the maps.

After each measurement of ERT and PR, soil samples were collected along the transect
at the depths of 0-0.2, 0.2-0.4, and 0.4-0.6 m for determination of soil moisture by the
laboratory oven method.

3.3.2. Penetration Resistance in the Field (PR)

Soil mechanical resistance to penetration (PR) in the field was measured by the cone
index using an impact dynamic penetrometer (IAA/PLANALSUCAR-STOLF) with a cone
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tip at a 30° angle and basal diameter of 1.28 cm [94,109], eight months after soil tillage.
The dimensions of the cone tip are in accordance with Standard 5313.3 of the American
Society of Agricultural and Biological Engineers [110]. Evaluation of PR was considered as
reference for comparison with the p analysis. For that purpose, in each soil in the same plot
of each treatment in which p was evaluated, a transect was established measuring 3.80 m,
parallel to that described in Section 3.3.1. The distance between the transects of PR and pa
was 0.20 m. The measurements of PR were obtained on the same date as those of the pa.
Twenty (20) points were checked for PR along the transect at a distance of 0.20 m from one
to another to the depth of 0.60 m. On an electronic spreadsheet, the PR data were clustered
at each 0.05 m of depth. This made for a total of 240 values of PR per transect, resulting in
3600 values recorded.

3.3.3. Bulk Density (Bd)

Bulk density (Bd) was determined on undisturbed soil samples in volumetric rings
(0.025 m height by 0.06 m diameter) collected using an Uhland sampler [111] seven months
after soil tillage. Four samples (replicates) were taken at a spacing of 0.20 m from one to
another in the center of each layer (0-0.20, 0.20-0.40, and 0.40-0.60 m), taking the center of
the planting furrow as a reference in the three replications of each treatment in each soil,
for a total of 540 samples. In the laboratory, the samples were dried in a laboratory oven at
105-110 °C for 48 h to obtain soil dry mass (SDM), and Bd (g~cm’3) was calculated as the
ratio between SDM and its volume.

The critical bulk density (Bdc) values based on soil texture were plotted together with
the Bd values for comparison of the results. Critical bulk density refers to the variation in
Bd values when the least limiting water range (LLWR) is zero (Bdc LLWR). The Bdc LLWR
values were different for each soil texture class based on previous studies and compiled in
Reichert et al. [89] in a pedotransfer function (Bdc LLWR = 0.00078 clay + 1.83803).

3.4. Statistical Analyses

The p values were exported from the Res2DINVDemo 4.9.17 (Geotomo Software,
Penang, Malaysia) (Geotomo, 2017) after being inverted and filtered for the SURFER
13.6.618 software (Golden Software, Golden, CO, USA), just as the PR data for linear
interpolation by triangulation, in order to obtain 2D maps for each treatment in each soil.

The Bd and VESS data (see Supplementary Materials) were tested regarding normality,
independence, and homogeneity of variance. Upon meeting these presuppositions, analysis
of variance (ANOVA) tests were carried out, and means were compared (Tukey’s test,
p < 0.05) for each soil class. For ANOVA, a completely randomized design (CRD) was
adopted, with four replications for Bd and five replications for VESS. For Bd, a mixed linear
model was used to compare the depths within each soil class.

To evaluate the ability of ERT in detecting changes caused by soil management prac-
tices, Pearson linear correlation analysis was performed between p, PR, Bd, and the sam-
pling depth. The PR and p data were extracted from a subset of data corresponding to the
soil layer collected for analysis of Bd to compose the correlation matrix.

4. Conclusions

Our results showed that the soil response to different tillage systems and their effects
on soil structure is dependent on soil class. Differently from most of the other papers,
we demonstrated, by several aspects, the importance of soil class and soil structure on
the effects of different tillage systems. Given their influence, we understand that soil
classification and characterization of soil structure are crucial to better understand the
dimension of the effects of different tillage systems.

The soil tillage strategies reduced resistance to penetration and increased electrical
resistivity, as observed in the 2D maps. The greatest effect on soil structure, which led to
better physical quality, was brought about by the treatments with deep tillage that mixed
the soil in the 0-0.60 m layer (DT and DT + Ca), and ensured greater structural alleviation.
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This is best observed in the Inceptisol and in the Ultisol, in which the contrast between
the areas mobilized and not mobilized by soil tillage was greater. In the Oxisol, due to
its high structural quality, a natural condition brought about by its unique and stable
microgranular structure, the effect of the treatments was not expressive, not overcoming
the genetic control of the soil class. Therefore, deep tillage strategies should consider the
morphogenetic conditions of the soil class in decision making processes for two reasons:
(i) to avoid unnecessary tillage operations and (ii) to indicate operations for increasing soil
quality by improving soil functions and ecosystem services.

The VESS did not show sensitivity to define differences among the soil tillage systems,
probably due to the short time space between soil tillage and when VESS was carried out.
Bulk density was not a good indicator of the structural changes caused by tillage strategies
in the Rhodic Hapludult and the Rhodic Hapludox, since these soils tend to reconsolidate
more quickly. Bulk density is therefore more sensitive in the Typic Dystrustept, a younger
soil under tropical conditions. Soil electrical resistivity was positively correlated with bulk
density throughout the dataset considering all the soil classes, and positively correlated
with resistance to penetration in the Inceptisol. This study confirmed the potential for
identification of structural changes caused by deep tillage in tropical soils on a field scale,
and for characterization and monitoring of agricultural management practices. Future
studies may concentrate on application of geophysical techniques to assist in the use of
precise agriculture practices for efficient management of resources and increase in crop
yield, which assists in decision making.

Supplementary Materials: Data (Table S1) and discussion about the Visual Evaluation of Soil Struc-
ture (VESS) can be downloaded at: https://www.mdpi.com/article/10.3390/plants11172255/s1,
Table S1: Visual evaluation of soil structure (VESS) under different soil tillage systems in three soil
classes [112-115].
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