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Abstract: The intense and successive use of mechanization in modern cropping systems has increased
soil compaction under no-till areas. In this study, we aimed to assess the performance of a fixed
shank coupled with a seeder for the mitigation of soil compaction induced by machinery traffic
as an efficient alternative to replacing the chiseling and subsoiling operations in no-till areas. We
evaluated a long-term experiment conducted in clay loam (Rhodic Haplustox) soil in southern Brazil.
The experiment was conducted under a randomized block design, whose treatments consisted of
three wheel-traffic intensities: 0 wheel-traffic (0 WT), 14 wheel-traffic (14 WT), and 28 wheel-traffic
(28 WT), combined with four soil tillage mechanical interventions under a no-till field: no-till (NT),
no-till with a fixed shank (NT + FS), soil chiseling (SC), and soil subsoiling (SS). The soil physical
attributes evaluated were the soil penetration resistance (SPR), macroporosity (MaP), microporosity
(MiP), total porosity (TP), bulk density (BD), field-saturated hydraulic conductivity (Kfs), S index,
and plant-available water capacity (PAWC). In addition, three critical soil physical functions were
evaluated by using a soil physical quality index (SPQI). The results showed that SPR was sensitive to
soil compaction and captured differences among the mechanical intervention methods. Machinery
traffic caused soil compaction, increasing SPR and reducing PAWC. Soil chiseling and subsoiling
promoted lower BD, a higher TP, MaP, Kfs, and higher S index at the 0.05–0.15 m soil layer. Based
on the SPQI, no changes were detected in the soil physical functions between NT and NT + FS. On
the other hand, SC and SS enhanced soil physical functioning by 10%. We concluded that a 15-cm
deep fixed shank could not mitigate the soil compaction induced by machinery traffic at the seeder
operation. Therefore, this method is less effective in improving the soil’s physical environment
than chiseling and subsoiling operations. Finally, we encourage monitoring the persistence of these
benefits on the soil over the subsequent crop seasons and in years with an intense water deficit along
with the crop cycle.

Keywords: soil compaction; mechanical chiseling; soil physical restrictions; soil physical quality; seeding

1. Introduction

No-till (NT) is one of the most important soil conservation practices adopted in
Brazil [1] and worldwide [2] due to its benefits in reducing soil erosion [3,4], increasing
soil carbon stock [5], and improving soil biological diversity [6]. In Brazil, the state of
Paraná pioneered the NT adoption in the late 1970s [1]. However, despite NT advantages,
some factors have restricted the sustainability of this cropping system from a long-term
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perspective. In recent decades, the machinery traffic of larger and heavy machines [7–9]
carried out under wet soil conditions has been indicated as an important cause of soil
compaction in no-till areas [9–12]. In addition, other factors such as the absence of crop
rotation [13,14] have contributed to the soil degradation processes under NT, resulting in
compaction, potentiating the erosion process, and inducing crop yield loss [15]. However,
there are some management strategies (mechanical, biological, and chemical) that can be
applied to minimize these problems [16].

Soil mechanical intervention has been considered an alternative for breaking com-
pacted layers, improving the development of crop root systems, and increasing the soil’s
physical quality [17]. In more than 70% of the experimental studies, mitigating soil com-
paction is the main objective of using occasional tillage, which includes soil chiseling
and subsoiling [18]. A single strip of soil is mobilized during chiseling and subsoiling
operations, keeping at least 30% of the soil surface covered by crop residues. It can be
considered a conservation tillage strategy and can increase soybean yield with a better
effect on subsoiling due to the greater depth of mechanical intervention and the greater
capacity of this operation to break compacted layers compared to chiseling [19]. However,
previous studies in Brazil indicated that the temporary action of these operations is around
one year, e.g., [20–23]. Vizioli et al. [24] observed that soil chiseling every three years under
no-till had detrimental effects on crop yield compared to NT, but the mean values were not
statistically significant.

The NT technique is based on the localized seeding furrow using disruptive mechanisms
to transpose the surface straw and perform the deposition of fertilizers and seeds [25,26]. Some
studies have shown that mechanical intervention in the sowing line can locally improve the
soil’s physical quality as a result of the action of the sowing discs [27]. However, this effect
improves physical soil conditions only at the surface soil layers [28,29] and remains for a
short period after seeding [30]. As shown by Nunes et al. [31], coupling fixed shanks to the
seeders to a higher action depth can be an alternative for breaking compacted soil layers
in no-till. This practice has been more frequent in the Brazilian clay soils, presenting the
advantage that coupling shanks into the seeders breaks compacted layers in the sowing line
along with the seeding, minimizing additional machine traffic operations in the field [32].
Although this practice is well disseminated and adopted by Brazilian farmers [33,34], only
a few studies investigated its effects on the soil’s physical properties and the development
of plants [33] but without properly investigating crop yields. Furthermore, no studies
have compared the effects of a fixed shank in a seeder with mechanical intervention in the
pre-sowing of crops by using soil mechanical operations such as chiseling and subsoiling.

Field-scale studies are essential to determine the best management to be adopted
to mitigate soil compaction, monitoring the soil’s physical attributes and crop response.
Physical indicators of soil quality can capture the physical degradation of the soil [35].
Peixoto et al. [19] found that the most sensitive soil physical attributes in response to
soil tillage, regardless of depth, are macroporosity, microporosity, bulk density, S index,
aeration capacity, field capacity, and soil penetration resistance. The latter is an indicator
highly correlated with soybean yield, followed by aeration capacity, macroporosity, field
capacity, and S index. Indices that integrate indicators to infer key soil physical functions
have been proposed to evaluate the physical quality of soils in Brazil [35]. It was verified
that the soil physical quality index (SPQI) approach could detect and rank changes in key
soil physical functions induced by sugarcane cultivation in central-south and northeast
regions [35,36]. Santos et al. [37] used the SPQI to assess the impact of agriculture expansion
in the MATOPIBA region, in northeastern Brazil.

In this context, we hypothesized that coupling a fixed shank to a seeder would improve
the soil’s physical quality and that its effect would be equivalent to the use of soil chiseling
and soil subsoiling, regardless of the degree of soil compactness. To prove our hypothesis,
we simulated successive heavier machine traffic conditions and compared the coupling of
a fixed shank-seeder with chiseling and subsoiling soil mechanical intervention practices
used in crop pre-sowing. Thus, this study evaluates whether using a fixed shank coupled
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with a seeder can mitigate soil compaction induced by machinery traffic, becoming an
efficient alternative to replace the chiseling and subsoiling operations in no-till areas.

2. Materials and Methods
2.1. Experimental Site and Management

The experimental site used for this study belongs to the ABC Foundation, located in
Ponta Grossa, State of Paraná, southern Brazil (25◦01′42.87′′ S, 50◦15′07.18′′ W, 890 m above
sea level). The climate is mesothermal humid subtropical (Cfb), according to Koppen’s
classification [38]. The soil has a clay loam texture (518; 103 and 379 g kg−1 of clay, silt,
and sand, respectively), and is classified as a Rhodic Haplustox according to the US Soil
Taxonomy [39].

The experiment was carried out under a randomized block experimental design, with
split plots and plots arranged in bands, with 3 blocks and 12 treatment levels, totaling
36 experimental plots. In each one of the plots, two repetitions were performed. The size
of the plots was 6 m × 8 m (48 m2). The main treatments consisted of three variations in
wheel-traffic: 0 wheel-traffic (0 WT), 14 wheel-traffic (14 WT), and 28 wheel-traffic (28 WT),
and four mechanical interventions: no-till (NT)—seeder equipped without a fixed shank
opener (without intervention); no-till with a fixed shank (NT + FS); soil chiseling (SC); and
soil subsoiling (SS). The shank opener of a seeder used for maize (Zea mays L.) sowing
worked at a depth up to 0.15 m; the soil chiseling shank worked at a depth up to 0.25 m;
and the shank of soil subsoiling worked at a depth up to 0.40 m.

The experiment was installed in 2013 in an agricultural production area cultivated
under NT over ten past years (Figure 1). In 2013, 2014, and 2015, wheel traffic was carried
out to simulate different intensities of machinery traffic. In 2018, mechanical interventions
were conducted (soil chiseling and soil subsoiling). In the agricultural year 2018–2019,
maize was cultivated, and the treatments of a no-till seeder without a fixed shank opener
and a no-till seeder equipped with a fixed shank were applied. Soil sampling was carried
out after the maize crop harvest, in 2019.
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Figure 1. Chronology of the experimental site and management in the experimental area, highlighting
the field traffic events, soil mechanical interventions, soil sampling, and the crop cultivation sequence.

The crop production system in the region is characterized by a rotation including
summer and winter crops, as shown in Figure 1. Table 1 presents the yield of the crops after
the experiment implementation. The crop yield after the last traffic levels in the experiment
can be observed after 2015 (wheat crop). All yields correspond to the period before the soil
mechanical interventions.
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Table 1. Crop yields (kg ha−1) in the experimental area before soil mechanical interventions.

Treatments 2013–2014
(Soybean) 1

2014–2015
(Maize) 2

2015
(Wheat)

2015–2016
(Beans)

2016–2017
(Soybean)

2017–2018
(Maize)

0 WT 4565 13,089 3805 3689 4754 13,973
14 WT 4582 13,534 3756 3548 4671 14,149
28 WT 4640 12,873 3663 3445 4862 13,608

1 Crop yield after the first wheel traffic. 2 Crop yield after the second wheel traffic.

The wheel traffic was carried out in three stages for three consecutive years: the first
on 26 November 2013, with 6 wheel-traffic and 12 wheel-traffic to the treatment 14 WT and
28 WT, respectively; the second on 17 July 2014, with 4 wheel-traffic and 8 wheel-traffic
to the treatment 14 WT and 28 WT, respectively. Finally, on 16 June 2015, the last traffic
levels in the experiment were carried out, with 4 wheel traffic and 8 wheel traffic to the
treatment 14 WT and 28 WT, respectively, totaling treatments: 0 WT, 14 WT, and 28 WT.
The precipitation accumulated 15 days before each stage of wheel traffic was 34.2, 4.4, and
59 mm.

The traffic was carried out with a Massey Ferguson 7350 Dyna 6-7350 tractor, with a
Goodyear 12.4-26 radial front tire (Power Torque) with a width of 0.44 m and a Goodyear
24.5-32 radial rear tire (Dyna Torque III) with a width of 0.60 m. The load per pass is
0.70 kg cm−2, totaling 0, 9.8, and 19.6 kg cm−2 in the 0 WT, 14 WT, and 28 WT treat-
ments, respectively. During the study, machinery traffic in the experimental area was
restricted to the period of crop sowing. Soil chiseling and soil subsoiling were carried out
on 21 June 2018, in pre-sowing of the winter crop (black oat, cultivar Embrapa 29), with an
accumulated precipitation of 51.2 mm, 15 days before the soil mechanical intervention.

Table 2 shows the soil chemical attributes determined at the beginning of the exper-
iment (2013), and at 24 (2015) and 48 months (2017) after. During this period, limestone
was not applied, and fertilization management was conducted according to technical rec-
ommendations for each crop. The maize cultivated in the 2018/2019 summer crop was
the hybrid Agroceres AG9025 PRO3, which received basic fertilization of 32 kg ha−1 of
the formula 13-31-00 with 1.5% zinc, and the cover fertilization of 320 kg ha−1 of the NPK
formula 45-00-00 and 150 kg ha−1 of the NPK formula 00-00-58. The fertilization was the
same in all treatments.

Table 2. The soil chemical characterization (0–0.20 m) of the experimental area performed in 2013,
2015, and 2017.

Year
pH Al H + Al Ca Mg K BS CEC P OC BS

CaCl2 ————————mmolc dm−3—————————- mg dm−3 g dm−3 %

2013 4.7 1 45 23 11 0.8 34.8 79.8 25 37 44
2015 4.7 1.8 60 16 8 2.6 26.6 86.6 26 47 31
2017 4.7 2 64 22 13 2 37 101 30 30 37

CEC: Cation exchange capacity, OC: organic carbon, BS: base saturation.

Figure 2 shows the precipitation that occurred 10 days before maize sowing and
during crop development. The accumulated precipitation 10 days before maize sowing
was 24.8 mm. The accumulated precipitation during the crop development was 240, 17.6,
216.20, 88.20, and 158.60 mm in October, November, December, January, and February,
respectively. Meteorological data were obtained from the Agrometeorological Station of
the Experimental Field of ABC Foundation in Ponta Grossa, Paraná.
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Figure 2. Daily rainfall data (mm) observed 10 days before maize sowing and during crop develop-
ment. Ponta Grossa—PR.

The maize was manually harvested in March 2019, in an area of 9.6 m2, with four rows
of 6.0 m and a spacing of 0.40 m.

2.2. Soil Sampling and Analysis

The measurements of soil penetration resistance (SPR) were carried out up to 0.4 m
deep using an electronic field penetrometer (Falker, model PenetroLOG PLG1020). At the
time of SPR determination, the mean gravimetric soil water content values (g g−1, %), with
respective standard deviation, were 21.44 ± 0.19 for 0 WT, 21.95 ± 0.17 for 14 WT, and
21.95 ± 0.66 for 28 WT, and 21.72 ± 0.13 for NT, 21.58 ± 0.33 for NT + FS, 21.71 ± 0.41 for
SC, and 22.17 ± 0.68 for SS.

The field-saturated hydraulic conductivity (Kfs) was measured at a depth of 0.05–0.15 m
using the ‘simplified falling-head’ method [40]. Infiltration time was measured using a ring
infiltrometer of 0.20 m diameter inserted 0.05 m into the soil. A pre-established volume of
water (0.5 L) was added to the soil surface. The α parameter utilized to calculate Kfs was
12 [41] due to the soil-defined structure and infiltration time of less than 5 min.

Undisturbed soil samples (cylinders of 0.05 × 0.05 m) were collected at a depth of
0.05–0.15 m and used for soil physical analyses. These samples were saturated by capillary
raising for 48 h. Then, the samples were weighed. The soil water content was determined
at nine matric potentials: for −3, −6, −10, −30, and −50 kPa in a pF laboratory station,
(ecoTec); Richard’s extractor for −100 and −300 kPa and a WP4-T Dewpoint Potential
Meter was used for −1000 and −1500 kPa. The permanent wilting point (PWP) of the
plants was calculated according to Campbell [42]. The soil water retention curve was fitted
by the van Genuchten model [43] to determine the S index, which was obtained according
to Dexter [44].

The total porosity (TP, m3 m−3), soil macroporosity (MaP, m3 m−3), soil microporosity
(MiP, m3 m−3), and bulk density (BD) were calculated following the methodology described
by Teixeira et al. [45]. In addition, we calculated some Reynolds’s indexes [46]: the soil
aeration capacity (SAC), which ranges from 0 to 1: (SAC = 1 − (θFC/TP)) where θFC is
the volumetric water content at the field capacity and is usually considered as the water
content at the matric potential of −10 kPa [47]. Plant available water (PAWC (m3 m−3))
was calculated as the difference between the field capacity (FC), assumed to be the water
content at −10 kPa, and the plant permanent wilting point (PWP) of plants (−1500 kPa)
(PAWC = FC−10kPa − PWP).

2.3. Soil Physical Quality Index Development

The effects of wheel traffic and mechanical intervention on soil physical quality were
assessed by an overall soil physical quality index (SPQI) for the 0.05–0.15 m layer, adapted
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from Cherubin et al. [35]. Three steps are necessary for developing the SPQI: (i) the
selection of indicators, (ii) the interpretation of selected indicators, and (iii) the integration
of indicators into the SPQI. In the first step, appropriate soil physical indicators were
selected to monitor three critical soil physical functions: f(i) support to plant growth,
f(ii) water fluxes, and f(iii) soil aeration capacity. Then, based on published literature
and the authors’ experience, we selected six indicators from our dataset to compose the
minimum dataset, these being f(i)—BD and SPR, f(ii)—PAWC and Kfs, and f(iii)—SAC
and MaP.

In the second step, the indicators were transformed into dimensionless values ranging
from 0 to 1. The indicators were ranked based on linear scoring curves. The highest value
of each indicator was considered detrimental or beneficial according to its relationship with
the respective soil’s physical functions. For “more is better” indicators (e.g., Kfs, PAWC,
and MaP), the highest observed value received a score of 1. For “less is better” indicators
(e.g., BD and SPR), the lowest observed value received a score of 1. For “optimum”
indicators, such as SAC, a threshold value (SAC = 0.33) was used to score the maximum
value (score = 1), while values above and below 0.33 had their scores reduced linearly.

In the third step, the transformed values were combined into an index by multiplying
the scores of each indicator by the function weight (Equation (1)):

SPQI = Σf(scores)W, (1)

where SPQI is the soil physical quality index, f(scores) is the score obtained for each
function, and W is the weight of each function, as exemplified in Table 3.

Table 3. An example of the framework applied to develop the Soil Physical Quality Index (SPQI) for
assessing the effects of wheel traffic and soil mechanical intervention in a Rhodic Ferralsol.

Soil Physical
Function Weight (A) Soil

Indicators Weight (B)

Value of
Transformed

Indicator
(C)

Soil
Indicator

Score
(B × C)

Σ

(B × C) (D)

Soil
Function

Score
(D × A)

SPQI Σ

(D × A)

Support for
plant growth 0.333

BD 0.5 0.800 0.400
0.765 0.255

0.609

SPR 0.5 0.730 0.365

Water fluxes 0.333
PAWC 0.5 0.830 0.415

0.545 0.181Kfs 0.5 0.260 0.130
Soil aeration

capacity 0.333
SAC 0.5 0.690 0.345

0.520 0.173MaP 0.5 0.350 0.175

2.4. Statistical Analysis

The effect of the treatments was evaluated through analysis of variance (ANOVA).
When a significant effect was observed, treatment means were compared by the Duncan
test (p < 0.10). The presence of outliers in the dataset was verified by the Grubbs test
only for the Kfs, proceeding with outliers’ removal, which resulted in the normality of
residues for the ANOVA in all studied variables. All analyses were performed using the R
software [48].

3. Results
3.1. Field Measurements of Soil Penetration Resistance

Machinery traffic induced increments on soil penetration resistance (Figure 3a). In
this study, significant changes (p ≤ 0.01) were detected under wheel traffic in the 0.05 to
0.10 m soil layer for the 14 and 28 WT compared to the treatment 0 WT, with average
values of 1404.03 kPa, 1682.98 kPa, and 1619.69 kPa to treatments 0 WT, 14 WT, and 28 WT,
respectively. At other depths, no significant SPR differences were found for additional
traffic levels.
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Mechanical intervention induced the reduction in soil penetration resistance (Figure 3b)
from the 0.05 to 0.10 m soil layer 11 months after the soil mechanical intervention. This
layer demonstrated significant differences (p ≤ 0.1), with higher SPR values for NT and
lower values for SC. There was no significant statistical difference for SPR values between
NT + FS and SS in this layer, differing from NT and SC. However, this effect was not
observed at the surface layer (0.00–0.05 m), for which there were no significant differences
in the SPR values.

In the layer from 0.10 to 0.15 m, there were no significant differences between the NT
and NT + FS. Both differed from SC and SS (p ≤ 0.01), which did not present significant
differences between them and presented reduced SPR values compared to NT and NT + FS.
This result was repeated for layers from 0.15 to 0.20 (p ≤ 0.001) and 0.20 to 0.25 m (p ≤ 0.1)
(Figure 3a). In a depth of 0.25–0.30 m, there was a significant difference (p ≤ 0.1) for the
SPR values in the SS, which differed from other treatments. There were no significant
differences among the treatments in the deeper layers (0.30–0.40 m).

3.2. Soil Physical Measurements at the 0.05 to 0.15 m Soil Layer

Most soil physical indicators were not sensitive to the impacts of the wheel traffic
(Table 4). However, SPR and PAWC were exceptions. For the PAWC, machinery traffic
reduced the values by 18% compared to the absence of traffic (0 WT), regardless of intensity
(14 or 28 WT). The 0 WT also showed statistical differences, with reduced SPR values near
11% (average of 1525.09 kPa) compared with 14 and 28 WT (average values of ~1700 kPa).

Table 4. Physical indicators of the wheel traffic at a depth of 0.05–0.15 m.

Physical
Indicators 0 WT 14 WT 28 WT p-Value CV (%)

BD (Mg m−3) 1.28 a 1.26 a 1.22 a 0.355 4.71
TP (m3 m−3) 0.51 a 0.52 a 0.56 a 0.104 4.32
MaP (m3 m−3) 0.10 a 0.12 a 0.17 a 0.138 26
MiP (m3 m−3) 0.40 a 0.40 a 0.39 a 0.289 4.13
Kfs (cm h−1) 0.48 a 0.41 a 0.38 a 0.477 74.41
S index 0.038 a 0.036 a 0.038 a 0.412 6.6
SAC 0.24 a 0.26 a 0.33 a 0.170 17.13
PAWC (m3 m−3) 0.17 a 0.14 b 0.14 b 0.007 *** 6.62
SPR (kPa) 1525.09 b 1735.88 a 1715.99 a 0.054 * 15.96

* Significant at 10%; *** Significant at 1%. Mean values followed by the same letter do not differ the accord-
ing to Duncan test (p < 0.10). PAWC: Plant available water capacity; SPR: soil penetration resistance (kPa).
WT: wheel traffic.
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Despite the tendency to reduce Kfs with the increase in wheel traffic (38.29, 41.12, and
48.23 cm h−1 for the 28, 14, and 0 WT), no significant differences were observed for this
attribute. The coefficient of variation for Kfs ranged from 59.59 to 80.08%. High CV values
for Kfs were verified in other studies [40–49]. Cavalieri et al. [14] found a coefficient of
variation of Kfs between 60 and 90%.

The soil mechanical interventions (SC and SS treatments) resulted in significant re-
ductions (p ≤ 0.05) in BD compared to the control treatment (NT), with BD mean values
of 1.30 g cm−3 in the NT and 1.22 and 1.24 g cm−3 in SS and SC, respectively (Table 5).
No significant differences were found by the Duncan test between SC and NT + FS. The
reduction in BD increases soil porosity; thus, the SC and SS treatments provided an increase
in TP (p ≤ 0.05) when compared to NT and NT + FS due to changes in the MaP (p ≤ 0.05),
with no change in MiP (p = 0.196). Average values of 0.10 m3 m−3 for MaP were observed
for NT, while for SS, the MaP average value was 0.15 m3 m−3 (Table 5).

Table 5. Physical indicators for the soil mechanical interventions at a depth of 0.05–0.15 m.

Physical
Indicators NT NT + FS SC SSS p-Value CV (%)

BD (g cm−3) 1.30 a 1.27 ab 1.24 bc 1.22 c 0.033 ** 6.54
TP (m3 m−3) 0.51 b 0.52 b 0.54 a 0.54 a 0.015 ** 6.09
MaP (m3 m−3) 0.10 c 0.12 bc 0.13 ab 0.15 a 0.039 ** 36.52
MiP (m3 m−3) 0.40 a 0.39 a 0.40 a 0.39 a 0.196 4.85
Kfs (cm h−1) 26.18 b 34.82 ab 53.39 ab 59.03 a 0.067 * 63.07
S index 0.035 b 0.035 b 0.039 a 0.039 a 0.001 *** 12.49
SAC 0.27 bc 0.24 c 0.28 ab 0.31 a 0.028 ** 26.33
PAWC (m3 m−3) 0.14 a 0.15 a 0.15 a 0.15 a 0.1, 14 9.27
SPR (kPa) 2009.15 a 1791.86 a 1295.77 c 1539.16 b 0.005 *** 12.45

* Significant at 10%; ** Significant at 5%; *** Significant at 1%. Mean values followed by the same letter do not
differ the according to Duncan test (p < 0.10). NT: no-till; NT + FS: no-till with fixed shank; SC: Soil chiseling; SSS:
Soil subsoiling.

A greater MaP in SC and SS was reflected in Kfs, with significant differences verified
for Kfs (p ≤ 0.10) and higher values in SC and SS treatments. However, these were equal
and did not differ from NT + FS. The NT had the lowest mean value of Kfs (26.18 cm h−1),
statistically equal to NT + FS and SC. The values of coefficients of variation ranged from
50.76 to 66.71%. For the SAC, significant differences were verified, with greater aeration
capacity for the SS and lower for the NT + FS.

There were no differences among treatments for PAWC (p = 0.114), corroborating
with the MiP (p = 0.196). The PAWC is retained in the soil MiP and was not influenced by
mechanical interventions. The S index was significant at p ≤ 0.001, significantly higher
on SC and SS compared to NT and NT + FS. The SC and SS treatments showed higher
mean values of the S index (0.039) compared to NT and NT + FS (0.035) (Table 5). The SPR
showed significant differences in the F-test (p = 0.005). The Duncan test indicated that the
mean of the SC (1295.77 kPa) differed from the SS mean (1539.16 kPa) and both differed
from the NT and NT + FS means (2009.15 and 1791.86 kPa, respectively). NT and NT + FS
were statistically equal regarding the mean SPR values (Table 5).

3.3. Soil Physical Function and Soil Physical Quality Index (SPQI)

For the plant growth physical function, there was a significant effect on the interaction
treatment between the wheel traffic and mechanical interventions (Table 6). The wheel-
traffic treatment effect was observed only for the SC, with a higher value for 0 WT compared
to 14 and 28 WT (p ≤ 0.05). The 14 WT and 28 WT treatments significantly reduced plant
growth scores (0.80 and 0.79, respectively) compared to 0 WT (0.88). A significant effect
was observed for mechanical interventions in all-wheel traffic. In the 0 WT treatment, SC
had the highest index (0.88), differing from SS (0.79), which had the second highest index
and differed from NT and NT + FS (0.66 and 0.71, respectively. For 14 WT, SC and SS did
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not show significant differences, while NT was statistically equal to NT + FS (p ≤ 0.001).
The significance level (p-value) was lower for the 28 WT treatments (p ≤ 0.05), where SC
and SS showed no difference and only SC differed from NT and NT + FS.

Table 6. Soil physical functions and soil physical quality index (SPQI) for the wheel-traffic and
mechanical interventions for depth of 0.05–0.15 m.

f(i) Plant growth

Treatments NT NT + FS SC SS p-Value

0 WT 0.66 aC 0.71 aC 0.88 aA 0.79 aB 0.0001 ***
14 WT 0.64 aB 0.68 aB 0.80 bA 0.76 aA 0.001 ***
28 WT 0.69 aB 0.68 aB 0.79 bA 0.74 aAB 0.04 **
p-value 0.26 0.68 0.02 ** 0.19

f(ii) Water
fluxes f(iii) Soil aeration capacity SPQI

0 WT 0.54 a 0.52 a 0.60 a
14 WT 0.49 ab 0.58 a 0.59 a
28 WT 0.42 b 0.70 a 0.62 a

p-value 0.07* 0.18 0.72
CV (%) 26.45 17.90 9.72

NT 0.43 b 0.58 b 0.56 b
NT + FS 0.43 b 0.54 b 0.55 b
SC 0.54 a 0.60 ab 0.65 a
SS 0.53 a 0.66 a 0.65 a

p-value 0.07* 0.08 * 0.002 ***
CV (%) 19.47 22.32 10.13

* Significant at 10%; ** Significant at 5%; *** Significant at 1%. Mean values followed by the same letter lowercase
do not differ the wheel traffic the according to Duncan test (p < 0.10). Mean values followed by the same letter
uppercase do not differ from the mechanical interventions the according to Duncan’s test (p < 0.10).

For the function “water fluxes”, a higher water flux score was found for 0 WT com-
pared to 28 WT (p ≤ 0.10), and further reduced by 22.22% in 28 WT (0.42) concerning
the maximum performance (0.54) in 0 WT. The function related to soil aeration capacity
indicates no differences among 0 WT, 14 WT, and 28 WT (0.52, 0.58, and 0.70, respectively).
Overall, the IQFS showed that the traffic level intensification did not decrease the soil’s
capacity to perform its specific physical functions.

For mechanical interventions, NT + FS presented SPQI similar to NT. A higher SPQI
was observed for SC and SS, with a significance level of 1%. SC and SS scores for NT and
NT + FS were reduced (from 0.65 to 0.56 and 0.55, respectively). The water fluxes function
(p ≤ 0.10) presented a similar result, with a reduction in SC and SS scores for NT and
NT + FS (from 0.54 and 0.53 to 0.43, respectively). For soil aeration capacity, the SS was
significantly higher than NT and NT + FS, which did not differ from SC (p ≤ 0.10).

3.4. Maize Yield

Despite the trend of increasing maize yield with the reduction in traffic levels, there
was no statistical difference in maize yield (Figure 4). The maize yield was reduced by 7.3%
in 28 WT (12.18 ton ha−1) concerning the maximum maize yield (13.14 ton ha−1) in 0 WT
(Figure 4a). Furthermore, there was no significant difference in maize yield in response to
mechanical interventions.
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The highest average yield found in mechanical interventions was in the SC treatment
(13.11 ton ha−1), followed by NT (12.97 ton ha−1) and SS (12.55 ton ha−1). On the contrary,
the lowest average yield was observed in NT + FS (12.03 ton ha−1) (Figure 4b), but all
results are above the yield average in the state of Paraná (9.708 ton ha−1) and the region of
Campos Gerais (10.6 ton ha−1) [50].

4. Discussion
4.1. Field Measurements of Soil Penetration Resistance

By evaluating the SPR in the 0.0–0.40 m soil layer in Rhodic Haplustox subjected to
wheel-traffic and mechanical interventions, we observed that neither treatment promoted
significant SPR changes at the superficial soil layer (average 0–0.05 m) (Figure 3). This
fact was probably due to the more significant accumulation of organic matter in the first
centimeters of the soil, associated with the greater presence of roots [51] and wetting-drying
cycles at the soil surface [52]. In the no-till crop system, it is common to increase the SPR
values at subsurface soil layers, between 0.07 to 0.20 m depth [31–33], as found in this
study. Generally, the 0.05 to 0.20 m soil layer presents the most significant compaction
problems under no-till [14,53,54]. Compaction reduces soil porosity, increases soil pen-
etration resistance, and prevents roots from exploring deeper soil layers. As a result, it
reduces the efficiency of using fertilizers and water, increasing the risk of runoff and erosion;
consequently, it increases water pollution, affecting the yield of crops [10]. The increase in
SPR in subsurface soil layers occurred for sites without wheel traffic (0 WT) and 14 and
28 WT treatments. However, SPR values increased at 14 and 28 WT, indicating that the
traffic of machines affects more pronouncedly the compaction of subsurface layers [54].

Mechanical intervention is considered a strategy to break up compacted soil lay-
ers [17–19]. Soil chiseling and soil subsoiling were efficient in reducing the SPR in the
subsurface when compared to no-till with a fixed shank and to the system without soil
mobilization (no-till). Nunes et al. [22] found similar results at the 0.07 to 0.20 m soil layer
after soil chiseling, and the SPR was reduced. The SPR is a soil attribute that is relatively
easy to measure in the field and provides instantaneous information at the assessment time.
Therefore, this rapid assessment allows us to diagnose which layers were most affected by
the management. In addition, it is a sensitive indicator of soil compaction [53,55–57]. Soil
compaction is the primary justification for mechanical intervention in NT. Diagnosing and
monitoring soil compaction methods should be improved to assist in decision-making [18].
When soil compaction is verified, the affected soil layer must be identified and analyzed so
that the correct type of mechanical intervention can be carried out. This verification in crop
production areas must be conducted using field methodologies, such as soil penetration
resistance measurements.
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The study of the other soil physical attributes was carried out at the 0.05 and 0.15 m
soil layers because it shows the influence of the treatments on the SPR. This layer presents
intense root growth, and thus, the soil’s physical limitations could affect plant develop-
ment [58,59].

4.2. Effects of Machinery Traffic on Soil Physical Quality

In general, the traffic intensity did not provide significant differences for the physical
attributes studied but significantly changed the PAWC and SPR. Soil moisture conditions
and the initial compaction state at the time of machinery operations govern the impact
of physical changes during machinery traffic [8]. Castioni et al. [60] verified that soil
with a lower initial bulk density is the most susceptible to compaction upon mechanized
operations. In this study, the bulk density was similar among the wheel-traffic treatments,
suggesting that these values were already high (compacted) enough to limit the additional
compaction caused by further machine traffic levels (14 and 28 WT).

However, the traffic increase promoted soil compaction, as evidenced by the SPR. The
SPR observed in the 0.05–0.15 m layer was lower when there was no additional traffic
and was also sensitive for evaluating different effects between SC and SS in the 0.05 to
0.15 m layer, which was not observed for the other physical attributes, demonstrating
the capacity of discrimination for different mechanical interventions of this soil physical
attribute. In addition, the traffic increase reduced the soil’s physical quality, evidenced by
the physical functions of plant growth and the water flux function due to soil chiseling.
This demonstrates that increased machinery traffic may have affected soil porosity and,
consequently, the soil water processes and the water supply for plants. Sattolo et al. [9]
reported that machinery traffic masked the potential gains of crop diversification on the soil
physical quality as the soil compaction induced by a higher frequency of machine operations
required the management of a more diverse crop sequence. The compaction causes crop
physiological and morphological disturbances, leading to reduced crop yield [15,61].

4.3. Effects of Mechanical Intervention on Soil Physical Quality

The soil chiseling and soil subsoiling provided a reduction in soil bulk density and
an increase in total porosity and macroporosity when compared with NT and NT + FS.
In addition, the S index indicated a better structural quality. The highest SPQI scores
were observed for the soil chiseling and soil subsoiling, suggesting that the soil under this
mechanical intervention is physically functioning at 65% of its total capacity. Based on
SPQI, the no-till and no-till with fixed shank decrease the performance of soil physical
functions to 56% (no-till) and 55% (no-till with fixed shank) of its total capacity. Studies
have shown that the use of shanks coupled with the seeder improved the soil physical
quality in the row position compared to the inter-row under no-till [34] at surface depths
under NT but did not alleviate soil compaction at the 0.10−0.20 m depth [28]. Regarding
the soil surface, a more significant amount of organic matter and roots in NT ensures that
this layer is not usually compacted. In our research, we evaluated the physical quality of
the soil without comparing rows and inter-row; we assessed the most affected layer by
machine traffic (0.05–0.15 m), inferring that a 15-cm deep fixed shank cannot mitigate the
soil compaction induced by machinery traffic in the seeder. Therefore, it has been proven
to be less effective in improving the physical environment of the soil than chiseling and
subsoiling tillage operations.

Soil chiseling was similar to the no-till with a fixed shank for bulk density, field-
saturated hydraulic conductivity, microporosity, and soil aeration capacity in the 0.05 to
0.15 m soil layer. The seeder equipped with a fixed shank opener demonstrated a small
but lower effect than soil subsoiling. Soil subsoiling presented a more significant aeration
capacity function, with soil operating at 66% of its capacity and soil chiseling at 60%. Soil
disturbance increases the total soil porosity, with a higher effect on macropores responsible
for soil aeration. Nunes et al. [33] verified that using a seeder equipped with fixed shank
openers up to 0.17 m depth increased soil macroporosity and total porosity and decreased
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soil bulk density and soil penetration resistance in the layer between 0.07 and 0.17 m. Using
shanks coupled with the seeder to reach deeper soil depths under NT [31] could provide
an initially localized soil decompaction that favors rapid root development. However,
few works evaluate the use of a seeder equipped with fixed shanks in Brazil, evaluating
the physical quality of the soil with a physical index compared with soil chiseling and
subsoiling. We recommend conducting further research to analyze this information and
reach further conclusions.

The highest index (0.88) for plant growth function was found for the soil chiseling in
0 wheel traffic. Cavalcanti et al. [36] also found a score of 0.88 for the plant growth function
in areas with mechanical intervention. Mechanical intervention induces immediate benefits,
such as changes in pore size distribution and reductions in SPR, favoring plant growth.
Reduction in wheel-traffic favors water fluxes (Table 6), and soil chiseling and subsoiling
favor this soil function. Mechanical intervention in sugarcane cultivation in the Atlantic
Forest biome in northeastern Brazil also provided an increase in the physical functioning of
the soil from 67% (area without mechanical intervention) to 72%, with soil tillage with a disk
harrow at 0.20 m depth which represents the conventional management [36]. However, the
action period of mechanical interventions is questioned. Cherubin et al. [35] verified that
the SPQI was sensitive to identifying that soil tillage operations improve soil capacity to
perform its physical functions, even though it had short-term effects. In this study, physical
attribute evaluations were performed 11 months after soil chiseling and subsoiling, and
their effects are still under observation. In their meta-analysis, Peixoto et al. [18] verified
that the occasional tillage improved soil physical attributes with persistence, generally
greater than 24 months. After a mechanical intervention, the soil may be more susceptible
to compaction, as there may be a reduction in soil density and an increase in macrop-
orosity [60]. In this sense, machine-controlled traffic after a mechanical intervention can
also be a strategy as well as management aimed at reducing compaction in association
with biological chiselings with plants, such as the forage radish (Raphanus sativus) which
promotes a significant increase in soil organic carbon storage [62].

We verified that up to 0.15 m, SC significantly reduced the SPR concerning the other
treatments, especially when compared to no-till. This practice is even more efficient in
mitigating soil compaction when compared to subsoiling in this soil layer. This fact is due
to the depth at which the shank of soil chiseling worked, 0.25 m. The shank of SS works up
to 0.40 m, with a more significant effect in deeper layers [18]. In deeper layers, significantly
below 0.20 m, soil subsoiling resulted in lower SPR values (Figure 3). It is important to
emphasize that in the 0.05 to 0.10 m soil layer, soil subsoiling did not change the SPR com-
pared to no-till with fixed shank. These results show that soil subsoiling is a recommended
practice to mitigate compaction in deeper layers of soil, with a more negligible effect on the
subsurface when compared to soil chiseling. No-till had the highest SPR values, demon-
strating that no-till only, without any intervention, results in a greater resistance to root
growth [54]. Hence, it is crucial to evaluate the layer with physical restriction and the depth
of shank action to choose the most suitable mechanical intervention.

The soil physical quality index (SPQI) and the soil physical functions approach were
able to detect changes in treatments and the S index. Some authors observed lower S
index values in soils with higher density, indicating a reduction in their physical quality
associated with compaction [27]. The S index can be correlated with the degree of soil
compaction [63]. Microporosity was not affected by treatments because it is a more stable
soil attribute, as micropores are mainly present in soil microaggregates less altered by the
action of roots and soil tillage.

4.4. Maize Yield Responses to Soil Compaction and Decompaction

Despite the reduction observed in the PAWC and the increase in the SPR with the
increase in traffic levels, which affects the growth of roots, the upper part of a plant
(leaf, stem), and the development and yield of crops [64], maize yield was not affected in
this study, despite the trend of increasing maize yield with the reduction in traffic levels.
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Indeed, the adequate amount and distribution of rainfall (Figure 2) observed at all stages of
development of the maize crop promoted water availability for the crop and did not limit
plant development, especially in its critical stages [8,61]. Thus, even reducing PAWC and
increasing SPR, the crop yield was not harmed, as the rains were sufficient to contribute to
the water storage, favoring plant water and obtaining nutrients [65,66]. However, in years
of low rainfall, a water deficit can probably occur with effects on crop yield in soil with a
lower PAWC [67,68].

The mechanical intervention also did not affect maize yield, a result similar to that
observed by Nunes et al. [22] who also did not verify significant changes in maize yield
after soil chiseling intervention. Ren et al. [69], when evaluating the biomass production
of maize crops, also did not find significant differences comparing different intensities
of soil tillage (strip tillage and intensive tillage). However, they did observe a tendency
towards an increase in maize biomass with strip tillage combined with the cultivation
of mustard (Sinapis alba L.) cultivated before maize. Blanco-Canqui and Wortmann [70]
report that occasional mechanical intervention in a no-till system does not affect crop
yields in 80% of cases evaluated on a global scale. In Brazil, some authors found an
increase in maize yield [51], but others did not find positive effects on yield with the
mechanical intervention [71]. This difference is because crops have different factors that
limit production, and each can respond differently to stresses [15]. Peixoto et al. [18], in
their meta-analysis, concluded that occasional tillage did not affect crop yields, although
we observed that crop yields increased in regions under water restriction and soils with
low water retention capacity and availability. The soil penetration resistance becomes the
dominant stress for growing roots under dry conditions [15] because the SPR increases
as the soil retains less moisture [72], a condition that was not verified during the maize
development (Figure 2). We believe conducting similar studies with information on crop
yield in years of hydric restrictions is relevant.

5. Conclusions

Mechanical intervention should be used with the correct diagnosis of soil compaction,
and the type of mechanical intervention should be selected according to the soil layer most
affected. For example, the coupling of a fixed shank seeder could be used when surface soil
layers are affected by compaction. When subsurface layers are most affected, soil chiseling
and subsoiling are recommended. The SPR allowed us to diagnose which layers were most
affected by the soil management and is a soil attribute that is relatively easy to measure in
the field, providing instantaneous information at the assessment time.

In this study, coupling of the fixed shank to a seeder does not improve the soil’s
physical quality, and its effect is different from the use of soil chiseling and soil subsoiling
operations because additional machine traffic shows the effects of compaction in the
subsurface soil layer (0.05 to 0.15 m). Adequate water availability over the maize crop
development cycle affected the crop yield response to treatments, with no effect on grain
yield. We encourage monitoring the persistence of these benefits on the soil over the
subsequent crop seasons and in years with intense water deficit along with the crop cycle.
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Field Evaluation of Controlled Traffic Farming in Central Europe Using Commercially Available Machinery. Am. Soc. Agric. Biol.
Eng. 2017, 60, 657–669. [CrossRef]

67. Arshad, M.A.; Franzluebbers, A.J.; Azooz, R.H. Components of surface soil structure under conventional and no-tillage in
northwestern Canada. Soil Tillage Res. 1999, 53, 41–47. [CrossRef]

68. Edreira, J.I.R.; Guilpart, N.; Sadras, V.; Cassman, K.G.; van Ittersum, M.K.; Schils, R.L.M.; Grassini, P. Water productivity of
rainfed maize and wheat: A local to global perspective. Agric. For. Meteorol. 2018, 259, 364–373. [CrossRef]

69. Ren, L.; Nest, T.V.; Ruysschaert, G.; D’Hose, T.; Cornelis, W.M. Short-term effects of cover crops and tillage methods on soil
physical properties and maize growth in a sandy loam soil. Soil Tillage Res. 2019, 192, 76–86. [CrossRef]

70. Blanco-Canqui, H.; Wortmann, C.S. Does occasional tillage undo the ecosystem services gained with no-till? A review. Soil Tillage
Res. 2020, 198, 104534. [CrossRef]

71. Fidalski, J.; Yagi, R.; Tormena, C.A. Revolvimento ocasional e calagem em latossolo muito argiloso em sistema plantio direto
consolidado. Rev. Bras. Ciênc. Solo 2015, 39, 1483–1489. [CrossRef]

72. Blainski, É.; Tormena, C.; Fidalski, J.; Guimarães, R.M.L. Quantificação da degradação física do solo por meio da curva de
resistência do solo à penetração. Rev. Bras. Ciênc. Solo 2008, 32, 975–983. [CrossRef]

http://doi.org/10.1016/j.still.2020.104611
http://doi.org/10.1111/j.1475-2743.2006.00017.x
http://doi.org/10.1590/S0100-06832004000300009
http://doi.org/10.1590/S1415-43662006000400009
http://doi.org/10.1007/s11104-011-1020-7
http://doi.org/10.1007/s11104-013-1961-0
http://doi.org/10.1016/j.still.2021.105122
http://doi.org/10.1016/j.fcr.2004.06.011
http://doi.org/10.1016/j.still.2021.104993
http://doi.org/10.1016/j.still.2016.01.010
http://doi.org/10.1016/j.still.2017.09.001
http://doi.org/10.1016/j.still.2003.12.006
http://doi.org/10.13031/trans.11833
http://doi.org/10.1016/S0167-1987(99)00075-6
http://doi.org/10.1016/j.agrformet.2018.05.019
http://doi.org/10.1016/j.still.2019.04.026
http://doi.org/10.1016/j.still.2019.104534
http://doi.org/10.1590/01000683rbcs20140428
http://doi.org/10.1590/S0100-06832008000300007

	Introduction 
	Materials and Methods 
	Experimental Site and Management 
	Soil Sampling and Analysis 
	Soil Physical Quality Index Development 
	Statistical Analysis 

	Results 
	Field Measurements of Soil Penetration Resistance 
	Soil Physical Measurements at the 0.05 to 0.15 m Soil Layer 
	Soil Physical Function and Soil Physical Quality Index (SPQI) 
	Maize Yield 

	Discussion 
	Field Measurements of Soil Penetration Resistance 
	Effects of Machinery Traffic on Soil Physical Quality 
	Effects of Mechanical Intervention on Soil Physical Quality 
	Maize Yield Responses to Soil Compaction and Decompaction 

	Conclusions 
	References

