
Citation: da Silva, T.S.; Suzuki,

L.E.A.S.; Tormena, C.A.; Schmidt,

M.R.; Mazurana, M.; Levien, R. Soil

Tillage and Cropping System Effects

on the Physical-Hydric Properties of

a Soil under No-Tillage. Sustainability

2023, 15, 15936. https://doi.org/

10.3390/su152215936

Academic Editor: Helvi

Heinonen-Tanski

Received: 7 September 2023

Revised: 18 October 2023

Accepted: 13 November 2023

Published: 14 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Soil Tillage and Cropping System Effects on the
Physical-Hydric Properties of a Soil under No-Tillage
Tiago Stumpf da Silva 1, Luis Eduardo Akiyoshi Sanches Suzuki 2,* , Cássio Antonio Tormena 3,
Marcelo Raul Schmidt 1, Michael Mazurana 1 and Renato Levien 1

1 Department of Soils, Federal University of Rio Grande do Sul, Porto Alegre 91540-000, RS, Brazil;
tiago.stumpf@hotmail.com (T.S.d.S.); marceloraulschmidt@hotmail.com (M.R.S.);
michael.mazurana@gmail.com (M.M.); renatole@gmail.com (R.L.)

2 Center of Technological Development, Federal University of Pelotas, Pelotas 96010-610, RS, Brazil
3 Department of Agronomy, State University of Maringá, Maringá 87020-900, PR, Brazil;

cassiotormena@gmail.com
* Correspondence: luis.suzuki@ufpel.edu.br

Abstract: A no-tillage system (NT) is an alternative to replace soil management with intense soil
tillage and degradation. Our objective was to evaluate the physical–hydric properties of soil under
NT for four years after undergoing 13 years of minimum (4NTM) and conventional tillage (4NTC)
with reference to continuous NT for 17 years (17NT). The soil bulk density, porosity, storage capacities
of water and air, visual evaluation of soil structure (VESS), and saturated hydraulic conductivity
were determined. The root dry biomass of soybean, maize, and palisade grass was also measured.
NT during four years established after receiving 13 years of tillage did not significantly affect soil
properties compared to 17NT, which means that four years of NT reached structural stability similar
to continuous 17NT. The VESS scores were less sensitive to identifying soil compaction. Crops have
no significative influence on soil properties, but the roots of maize seem to be less sensitive to soil
compaction, which is important considering it is in a crop rotation system. The treatments (soil tillage
and crop rotation) presented soil compaction below a 10 cm depth, and to our loamy textural class
soil, a Bd > 1.60 Mg m−3 restricted soil aeration due to macroporosity < 0.10 m3 m−3.

Keywords: no-tillage; crop rotation; soil management practices; soil structure; saturated hydraulic
conductivity; visual evaluation of soil structure; soil compaction

1. Introduction

No-tillage is characterized by no soil disturbance, while the intensity of disturbance
increases from minimum to conventional tillage, generally characterized, respectively, by
chiseling, plowing, and harrowing [1]. No-tillage (NT) brings numerous benefits to the
soil and the environment [2], increasing organic matter, especially at the 0–10 cm soil layer
depth [3,4], with positive effects on soil structure and soil physical properties [2–6], being
considered a sustainable management system. NT is also characterized by having a more
organized and stable soil structure, with biopores created by plant root systems and meso-
fauna activity [1,7], being considered a sustainable (economic, social, and environmental,
for example) management system. On the other hand, soil compaction in no-tillage has
been observed at around 8 to 15 cm of soil depth [8]. The variability and diversity of soils,
uses, management, machinery, and climate, for example, make the soil behavior under
those different conditions complex, making it necessary for specific studies to understand
their influence over time.

NT is often adopted to replace conventional or minimum tillage practices [3,9,10],
which may significantly improve soil structure [11] and make the system sustainable. Soils
under conventional tillage generally present a compacted layer formed when tractor tires
run on the bottom of the plow furrow [8,12]. This compacted layer affects the flow of water
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and air in the soil, as well as the growth of roots in deeper layers, with negative impacts
on crop yields [13], compromising the sustainability of the system. Few studies have been
reported on how the conversion from conventional or minimum tillage into NT affects soil
structure [14,15]. Therefore, long-term studies can help elucidate the structural changes
that occur after NT adoption with the absence of soil mobilization [16,17], and they may
help decision makers regarding soil management.

Soil structure organization has a significant influence on the pore network, as well
as on its continuity and connectivity, thus affecting air and water flow in the soil [18].
The physical properties of soil, which control the hydraulic properties, such as hydraulic
conductivity and water infiltration, are important indicators of soil structure organization
and porosity due to soil tillage practices, which also affect plant growth [19]. The changes
undergone in these properties along the transition process into the NT system are not
well understood yet, and the results show divergences that may be related to interactions
between different soils, climates, and crop systems [3].

As we can see, no-tillage can bring many benefits to the most variable situations
(economic, environmental, and others), but soil compaction may negatively affect the
no-tillage system, so it is necessary to know which strategies to avoid or break up the soil
compaction layer (mechanically or biologically, for example).

Changes in soil physical properties modify the growth and development of the root
system under NT [20,21]. For instance, studies have shown that additional compaction
applied in NT reduces root growth and concentrates it in the 0–10 cm surface layer [20,21],
compromising the sustainability of the system.

In this study, we hypothesized that after conversion from minimum or conventional
tillage, the 4-year period under NT would present similar soil physical–hydric properties
via long-term NT. Thus, the objectives of this work were (i) to evaluate soil physical–hydric
properties in two short-term NT, i.e., 4 years of NT after receiving 13 years of minimum and
conventional tillage compared to continuous long-term NT for 17 years; and (ii) test the
capacity of palisade grass to produce root dry biomass, and its impacts on soil structure.

2. Materials and Methods
2.1. Site and Tillage Systems Description

The study was conducted in a long-term experiment at the experimental station of
the Federal University of Rio Grande do Sul, Southern Brazil (30◦05′47′′ S, 51◦40′52′′ W,
and 42 m asl). The soil was a loam Ultisol ([22]; Acrisol [23]; Argissolo Vermelho Distrófico
típico, Brazilian soil classification system [24]. The 0–10 cm soil layer had 46.2% of sand,
29.1% of silt, and 24.7% of clay, while the 10–20 cm layer had 43.7% of sand, 28.5% of silt, and
27.8% of clay. The local climate is humid subtropical (Cfa), with a mean annual temperature
of 18.8 ºC and a mean annual rainfall of 1455 mm (1970–2009, climatological normal),
ranging from 102 mm (March) to 154 mm (June), according to Bergamaschi et al. [25].

The experiment consisted of three tillage systems (no-tillage, minimum tillage, and
conventional tillage), lasting from 2000 to the summer of 2013; the minimum and conven-
tional tillage were replaced for no-tillage in the following years (Figure 1). Soil disturbance
in conventional and minimum tillage in their respective plots was carried out once every
year before the spring/summer crops. Minimum tillage consisted of chiseling down to a
25 cm depth, using a chisel plow with five shanks, a 0.40 m interval between shanks, and a
shank tip width of 6 cm. Conventional tillage was performed down to a 20 cm depth using
multiple passes of a disc plow with 4 discs of 71 cm (~28 inches) in diameter, followed
by two passes of harrowing using a disc harrow with 36 discs of 50 cm (~20 inches) in
diameter and a depth operation of around 10 cm. Since the summer of 2014, NT has been
conducted using a mounted precision seeder (Vence Tudo, AS11500 model, Ibirubá, Brazil)
with five tine furrow openers with 45 cm spacing and working a depth of around 12 cm.
The same NT seeder was used for autumn/winter crops but modified to 11 double-disc
furrow openers distributed along a 17 cm spacing.
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Figure 1. Timeline of the main events realized in the experiment.

In the spring/summer season, soybean (Glycine max L.) and maize (Zea mays L.) crops
were sown every alternative year in all plots. The autumn/winter crops were black oat
(Avena strigosa Schreb), ryegrass (Lolium multiflorum L.), and vetch (Vicia sativa L.), always
sown in NT without prior soil disturbance, over the spring/summer crop straw residues.

Table 1 shows the crops used over the years, with only one crop per spring/summer
being established until 2016. From the spring/summer of 2017, tillage plots were divided
into three subplots, with palisade grass [Brachiaria brizantha (Hochst. ex. A. Rich) Stapf]
being included as a third crop in the experimental field, performing the three tillage systems
(no-tillage, minimum tillage, and conventional tillage) in the plots and the crops (soybean,
maize, and palisade grass) in the subplots.

Table 1. Summarized description of crops in the experimental field from 2000 to 2018/2019.

Year Winter Summer Year Winter Summer

2000/01 Native grass Soybean 2010/11 Black oat + Vetch Maize
2001/02 Black oat + Vetch Maize 2011/12 Black oat + Vetch Soybean
2002/03 Black oat + Vetch Soybean 2012/13 Black oat + Vetch Maize
2003/04 Black oat Maize 2013/14 Black oat + Vetch Soybean
2004/05 Black oat Fallow 2014/15 Black oat + Vetch Maize
2005/06 Black oat + Vetch Soybean 2015/16 Black oat + Vetch Maize
2006/07 Black oat + Vetch Maize 2016/17 Black oat + Vetch Soybean
2007/08 Black oat + Vetch Soybean 2017/18 Black oat Maize/Soybean/Palisade
2008/09 Black oat + Vetch Maize 2018/19 Black oat
2009/10 Ryegrass Soybean

Black oat (Avena strigosa Schreb); Vetch (Vicia sativa L.); Ryegrass (Lolium multiflorum L.); Soybean (Glycine max L.);
Maize (Zea mays L.); Palisade: Palisade grass (Brachiaria brizantha cv. Xaraés).

A timeline of the main events performed in the experiment is presented in Figure 1.

2.2. Experimental Design and Treatments

The experiment was carried out in a split-plot design, with three soil-tillage practices
(no-tillage, minimum tillage, and conventional tillage) as the main plots and three crops
(soybean, maize, and palisade grass) as the subplots, with four replicates. In the 2017/2018
season, the main plots consisted of soil tillage: (i) 17 years in continuous no-tillage (17NT)
(from 2000 to 2017/2018); (ii) 4 years of NT after receiving 13 years of minimum tillage
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(4NTM); and (iii) 4 years of NT after receiving 13 years of conventional tillage (4NTC). The
subplots consisted of growing (i) soybean, (ii) maize, and (iii) palisade grass. Each 17NT
plot had dimensions of 10 × 15 m, while the 4NTM and 4NTC plots measured 10 × 7.5 m.
In 2017/2018, the three crops were sown in early November: soybean and maize with 45 cm
spacing in rows (soybean with 15.3 and maize with 3.5 seeds per meter) and palisade grass
with 17 cm spacing in rows. Palisade grass had to be reseeded in late December because of
low germination in the first sowing due to a water deficit, remaining 40 days less than the
other crops.

Maize was harvested in early April, and soybean in early May 2018, along with the
shoot dry biomass of palisade grass that was sampled by hand. The harvesting of maize
and soybean was performed with a combined harvester (7200–4900 kg on the front axle and
2250 kg on the rear axle). The autumn/winter crops were used as cover crops. Black oat
was sown at the end of May, with 17 cm spacing in rows and 80 kg ha−1 of seeds. Before
sowing spring/summer crops, black oat was desiccated with herbicide.

A 4 × 2 tractor with a front-wheel assist (FWA) of 53 kW was used for all operations
in the experiment over the years, including phytosanitary treatments. It had a total weight
of ~ 3500 kg and ~165 and ~137 kPa inflation pressures, respectively, on the front and rear
axle tires.

2.3. Soil Sampling and Physical–Hydric Properties

Soil sampling using undisturbed soil cores of ~102 cm3 (~4.0 cm diameter and
~5.7 cm height) was carried out in mid-March 2018, which coincided with the matu-
rity stage of soybean and maize growth. Samples were taken from the inter-row zone
in the middle of 0–10 cm, 10–20 cm, and 20–30 cm soil layers, totaling 216 samples
(4 blocks × 9 treatments × 3 depths × 2 cylinders per depth). Undisturbed soil samples
were used to determine soil bulk density (Bd), macroporosity (Mac—pores larger than
0.05 mm), microporosity (Mic—pores smaller than 0.05 mm), total porosity (TP), and sat-
urated hydraulic conductivity (Ksat). The soil samples were saturated and drained at a
−6 and −10 kPa matric potential to determine, respectively, the microporosity and field
capacity. After reaching equilibrium at each potential, the samples were weighed and
oven-dried at 105 ◦C for 48 h to quantify the Bd, porosity, and volumetric water content in
each matric potential.

TP [m3 m−3] was obtained using the ratio between Bd [Mg m−3] and soil particle
density (2.53 Mg m−3) (Equation (1)), while Mac [m3 m−3] was calculated as the difference
between TP and Mic [m3 m−3].

TP = 1 − (Bd/particle density) (1)

The soil physical quality indicators of storage capacity of water (FC/TP) and storage
capacity of air (AC/TP) were determined according to Reynolds et al. [26]. The FC/TP was
calculated using the ratio between volumetric water content retained at a matric potential
equivalent to the field capacity (FC), i.e., matric potential of −10 kPa and TP. The AC/TP
was determined using the ratio between air capacity (AC) and TP. The AC was calculated
as the difference between saturated volumetric water content and pore volume drained at
a matric potential of −10 kPa.

The undisturbed soil samples were also used for measuring the soil-saturated hy-
draulic conductivity (Ksat). Before being oven-dried at 105 ◦C, the samples were slowly
saturated via capillarity with water for 48 h, and then, the Ksat was determined using the
falling-head soil cores method according to Reynolds and Elrick [27] and calculated as
expressed by Equation (2):

Ksat = (Ø/Øs)2 (H/t) ln (h0/h1) (2)

where Ksat is the saturated hydraulic conductivity (LT−1); Ø is the diameter of the cylinder
without soil over the cylinder with a soil sample (L); Øs is the diameter of the cylinder with
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a soil sample (L); H is the height of the soil sample (L); h0 and h1 are the reference heights
(heights of the metal gauges + H) (L); and t is the time between the water level at h0 until
reaching the level at h1 (T). At each measurement, the water temperature was measured to
correct the viscosity and density to 20 ◦C.

2.4. Visual Evaluation of Soil Structure

The visual evaluation of soil structure (VESS) was performed using Guimarães et al.’s [28]
improved method. The evaluation was performed on 36 soil samples, i.e., 9 treatments
(three soil tillage practices × three crops) × 4 blocks. The VESS scoring (Sq) was performed
on the same day as the root system was sampled. Each soil sample was collected with
a spade (20 cm wide × 10 cm thick × 25 cm deep) and transferred to a plastic tray. The
characteristics evaluated were the size and shape of aggregates, the shape and position
of the roots, and the soil aggregate porosity. A soil structural quality score (Sq) was
attributed to each layer using the VESS reference chart, and the overall score for each
sample was calculated according to Guimarães et al. [28]. The interpretation of VESS scores
was integrated into a single value according to Ball et al. [29], ranging from 1 (good soil
quality) to 5 (poor soil quality): Sq1—friable (aggregates readily crumble), Sq2—intact
(aggregates easy to break with one hand), Sq3—firm (most aggregates break with one
hand), Sq4—compact (requires considerable effort to break aggregates with one hand), and
Sq5—very compact (difficult to break up).

2.5. Evaluation of the Plant Root System

On 6 April 2018, the sampling of soybean, maize, and palisade grass root systems
was performed, respectively, at 149, 144, and 105 days after sowing. The root samples
were extracted using a root auger (inner diameter—6 cm; height—10 cm), 10 cm from
the reference plant (two plants per plot) in each plot, in the 0–10, 10–20, and 20–30 cm
layers on the row crops. The roots were manually separated from the soil using sieves and
tweezers by washing and then oven-dried at 60 ◦C till constant weight to determine the
root dry biomass.

2.6. Data Analysis

The normality of the data was checked using the Shapiro–Wilk test prior to any further
statistical tests. Non-normal data were log-transformed before analysis. An ANOVA was
conducted with a split-plot design model to test the main effect (soil tillage) and split-plot
effect (crops) and their interaction. Each soil layer (0–10, 10–20, and 20–30 cm) was analyzed
separately to test soil properties and the root dry biomass. When the effects of treatments
were significant, means were compared using Tukey’s test (p < 0.05). The coefficient of
variation was interpreted based on Pimentel-Gomes and Garcia [30], using the following
range: low (smaller than 10%), medium (between 10 and 20%), high (between 20 and 30%),
and very high (larger than 30%).

Regression analyses using an Excel spreadsheet version 2016 were realized between
macroporosity with bulk density and saturated hydraulic conductivity. From the equation
obtained via the regression between macroporosity and bulk density, the critical value
of bulk density was defined and corresponded to 0.10 m3 m−3 macroporosity, a value
considered to limit soil aeration to plant growth [31]. Furthermore, the average bulk
density values were relativized, according to Equation (3), and we named the relative bulk
density (RBd, %):

RBd = (actual bulk density, Mg m−3/bulk density corresponded to 0.10 m3 m−3, Mg m−3) × 100 (3)

Statistical analysis was performed using R 3.40 (R Foundation for Statistical Com-
puting, Vienna, Austria) combined with the ExpDes package [32]. A Spearman rank
correlation coefficient (r) between root dry biomass and soil physical–hydric properties
was performed using SigmaPlot version 14.0 (Systat Software, San Jose, CA, USA). The
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correlation coefficients were interpreted using the ranges indicated for Mukaka [33] and
Schober et al. [34]: r = 0.00 to 0.10: negligible correlation; r = 0.10 to 0.39: weak correlation;
r = 0.40 to 0.69: moderate correlation; r = 0.70 to 0.89: strong correlation; and r = 0.90 to
1.00: very strong correlation.

3. Results
3.1. Soil Physical–Hydric Properties

Soil tillage practices and crops did not have significant effects (p > 0.05) on soil bulk
density (Bd), macroporosity (Mac), total porosity (TP), and saturated hydraulic conductivity
(Ksat) at all investigated depths (Table 2), while Mic was significantly affected by crops
(p < 0.05) at the 10–20 cm soil layer.

Table 2. Physical–hydric properties according to soil tillage and cropping systems (n = 4).

Treatment Bd
(Mg m−3)

Mac
(m3 m−3)

Mic
(m3 m−3)

TP
(m3 m−3)

Ksat
(mm h−1)

RBd
(%)

Soil tillage Layer 0–10 cm
17NT 1.55 (0.07) ns 0.11 (0.04) ns 0.27 (0.02) ns 0.38 (0.03) ns 175 (53) ns 96.88
4NTM 1.58 (0.10) 0.11 (0.04) 0.25 (0.02) 0.36 (0.03) 204 (62) 98.75
4NTC 1.60 (0.05) 0.11 (0.03) 0.26 (0.01) 0.37 (0.02) 158 (44) 100.00
CV (%) 5.6 31.7 5.4 7.5 35
Crops
Soybean 1.60 (0.06) ns 0.10 (0.02) ns 0.26 (0.02) ns 0.36 (0.03) ns 118 (27) ns 100.00
Maize 1.55 (0.07) 0.12 (0.03) 0.26 (0.02) 0.38 (0.02) 230 (48) 96.88
Palisade 1.59 (0.09) 0.10 (0.05) 0.25 (0.02) 0.36 (0.04) 189 (27) 99.38
CV (%) 4.8 24.5 2.9 6.4 76

Soil tillage Layer 10–20 cm
17NT 1.64 (0.06) ns 0.09 (0.04) ns 0.26 (0.02) ns 0.35 (0.02) ns 113 (55) ns 102.50
4NTM 1.65 (0.06) 0.09 (0.02) 0.26 (0.01) 0.35 (0.02) 122 (55) 103.13
4NTC 1.65 (0.06) 0.08 (0.03) 0.25 (0.02) 0.34 (0.02) 88 (28) 103.13
CV (%) 3.4 20.8 4.2 4.8 90
Crops
Soybean 1.64 (0.07) ns 0.08 (0.03) ns 0.26 (0.02) a 0.35 (0.03) ns 139 (45) ns 102.50
Maize 1.65 (0.04) 0.09 (0.03) 0.26 (0.02) a 0.34 (0.01) 89 (19) 103.13
Palisade 1.65 (0.06) 0.10 (0.04) 0.25 (0.02) b 0.35 (0.02) 95 (18) 103.13
CV (%) 3.4 34.3 3.7 7.0 76

Soil tillage Layer 20–30 cm
17NT 1.65 (0.05) ns 0.07 (0.02) ns 0.28 (0.01) ns 0.34(0.02) ns 28 (11) ns 103.13
4NTM 1.62 (0.08) 0.08 (0.04) 0.26 (0.01) 0.34 (0.04) 55 (28) 101.25
4NTC 1.65 (0.05) 0.08 (0.02) 0.27 (0.02) 0.34 (0.02) 50 (10) 103.13
CV (%) 6.1 13.8 5.6 5.2 71
Crops
Soybean 1.65 (0.05) ns 0.07 (0.02) ns 0.27 (0.02) ns 0.34 (0.02) ns 37 (11) ns 103.13
Maize 1.65 (0.05) 0.07 (0.03) 0.27 (0.01) 0.34 (0.02) 51 (15) 103.13
Palisade 1.62 (0.08) 0.08 (0.04) 0.27 (0.02) 0.35 (0.03) 44 (14) 101.25
CV (%) 6.7 27.4 6.0 6.2 99

17NT: 17 years of continuous no-tillage; 4NTM: 4 years of no-tillage after receiving 13 years of minimum tillage;
4NTC: 4 years of no-tillage after receiving 13 years of conventional tillage. Bd: bulk density; Mac: macroporosity;
Mic: microporosity; TP: total porosity; Ksat: saturated hydraulic conductivity; RBd: relative bulk density. Different
letters indicate significant differences among treatments in the same soil layer (p < 0.05, Tukey’s test); ns: treatments
in the same soil layer are not statistically different using Tukey’s test. The standard deviation of the mean is given
in parentheses (±). CV: coefficient of variation.

Based on Pimentel-Gomes and Garcia [30], the coefficient of variation was low (smaller
than 10%) to Bd, Mic, and TP, high (between 20 and 30%), very high (larger than 30%) to
Mac, and very high to Ksat (Table 2).

From the linear regression between Bd and Mac (Mac = −0.357 Bd + 0.670; R2 = 0.66;
p < 0.001; Figure 2a), the Bd = 1.60 Mg m−3 was taken as the critical value in which it
corresponds to Mac = 0.10 m3 m−3, a limit value of air-filled porosity for plant growth
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suggested by Grable and Siemer [31]. In the subsurface layers of 10–20 and 20–30 cm,
Bd exceeded 1.60 Mg m−3, and the macroporosity was lower than 0.10 m3 m−3 (Table 2),
resulting in a relative bulk density (RBd) larger than 100%. Although the bulk density and
macroporosity did not reach values larger than the critical value (respectively, 1.60 Mg m−3

and 0.10 m3 m−3) in the surface soil layer (0 to 10 cm), it is possible to verify that they
are close to reaching the critical value of Bd = 1.60 Mg m−3, with a relative bulk density
ranging between 96.88 and 100% (Table 2).
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For the storage capacity of water (FC/TP) and storage capacity of air (AC/TP), no
significant differences (p > 0.05) were observed for tillage systems (Figure 3), in agreement
with the results of the physical–hydric properties presented before (Table 2). Overall, all
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rated hydraulic conductivity) and macroporosity (b) for all treatments and soil layers investigated.
Each point in Figure “(b)” is the replicate of each treatment.

The relationships between Ksat and Mac for crop treatments are shown in Figure 2b.
Regarding a macroporosity of 0.10 m3 m−3 as the critical value of air-filled porosity, the
Ksat was 57 (R2 = 0.51; p < 0.01), 76 (R2 = 0.56; p < 0.01), and 91 mm h−1 (R2 = 0.36;
p < 0.01), respectively, for soybean, palisade grass, and maize. The values of Ksat are the
minimum capacity of soil flow water considering the critical value of soil macroporosity
(=0.10 m3 m−3).

For the storage capacity of water (FC/TP) and storage capacity of air (AC/TP), no
significant differences (p > 0.05) were observed for tillage systems (Figure 3), in agreement
with the results of the physical–hydric properties presented before (Table 2). Overall, all
treatments presented FC/TP mean values below 0.66, a value considered optimal for good
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soil physical quality, according to Reynolds et al. [26], at all investigated depths (Figure 3).
The AC/TP showed a significant difference among crops (p < 0.01) in the surface soil layer
(Figure 3d), with lower values for palisade grass and soybean. All treatments showed
average values of AC/TP higher than the optimal value of 0.34 [26] (Figure 3).

Figure 3. Storage capacity of water (FC/TP) and air (AC/TP) for soil tillage (respectively, (a) and
(c)) and cropping systems (respectively, (b) and (d)) in each soil layer. The dashed line is the mean
value. The red line is the optimal value of good soil quality, according to Reynolds et al. [26]. 17NT:
17 years of continuous no-tillage; 4NTM: 4 years of no-tillage after receiving 13 years of minimum
tillage; 4NTC: 4 years of no-tillage after receiving 13 years of conventional tillage. S: soybean; M:
maize; PG: palisade grass. Different letters indicate significant differences among treatments in the
same depth (p < 0.05, Tukey’s test).
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3.2. Field Measurement of the Soil Structure Using the VESS

The visual evaluation of soil structure (VESS) revealed significant interaction (p < 0.01)
between soil tillage and crops (Table 3), differently from the physical–hydric properties
results presented before. In the 17NT, the palisade grass showed lower structural quality
scores (Sq = 2.00-intact), while 4NTM had the highest value (Sq = 2.64-firm) (Table 3).
Comparing crop treatments, palisade grass under 17NT showed a lower score (Sq = 2.00)
and differed statistically from soybean (Sq = 2.65) and maize (Sq = 2.50) (Table 3). For
4NTM, soybean had a lower Sq score (Sq = 2.22), which was not significantly different
from palisade grass (Sq = 2.64) but was different from maize (Sq = 2.69). Despite the
statistical differences, the results show that all treatments were below Sq = 3, from which
soil structural quality begins to decline [29].

Table 3. Values of Sq to the interaction between treatments on the visual evaluation of soil structure
(VESS), with different soil tillage practices within each crop and different cropping systems within
each soil tillage.

Tillage

Crops 17NT 4NTM 4NTC

Soybean 2.65 (0.47) ns 2.22 (0.50) 2.48 (0.42)
Maize 2.50 (0.76) ns 2.69 (0.47) 2.50 (0.42)
Palisade grass 2.00 (0.45) B 2.64 (0.47) A 2.42 (0.57) AB

Crops

Tillage Soybean Maize Palisade grass

17NT 2.65 (0.47) A 2.50 (0.76) A 2.00 (0.45) B
4NTM 2.22 (0.50) B 2.69 (0.47) A 2.64 (0.47) AB
4NTC 2.48 (0.42) ns 2.50 (0.42) 2.42 (0.57)

17NT: 17 years of continuous no-tillage; 4NTR: 4 years of no-tillage after receiving 13 years of minimum tillage;
4NTC: 4 years of no-tillage after receiving 13 years of conventional tillage. Different letters in the line indicate
significant differences among treatments (p < 0.05, Tukey’s test); ns: treatments in the same line are not statistically
different using Tukey’s test. The standard deviation of the mean is given in parentheses (±). Treatment with the
same Sq number in the line is statistically different because we present the mean value of four replicates, which
was statistically considered the decimal number.

3.3. Root Dry Biomass of Soybean, Maize, and Palisade Grass

There were no significant differences between soil tillage treatments on root dry
biomass (p > 0.05). Crops showed significant differences at the 0–10 cm and 10–20 cm
layer depth (p < 0.01) but no differences for the 20–30 cm (Figure 4). Maize and palisade
grass showed significantly higher root dry biomass at the 0–10 cm soil layer (i.e., 1617 and
1376 kg ha−1, respectively) than soybean (370 kg ha−1) (Figure 4), which may be associated
with the fibrous root system of maize and palisade grass and the taproot for soybean. At the
10–20 cm soil layer, maize presented the highest root dry biomass (786 kg ha−1) and differed
statistically from soybean and palisade grass. It is important to report that the root system
of palisade grass was sampled 105 days after sowing, while 149 and 144 days, respectively,
for soybean and maize. Palisade grass had to be reseeded in late December/2017 because
of low germination in the first sowing due to a water deficit, remaining 40 days less than
the other crops.

The root dry biomass was positively correlated with Ksat (r = 0.47; p < 0.001), macrop-
orosity (r = 0.35; p < 0.01), and total porosity (r = 0.31; p < 0.01), and negatively correlated
with bulk density (r = −0.27; p = 0.013) (Figure 5). The correlation coefficient was moderate
(r = 0.40 to 0.69) to Ksat and weak (r = 0.10 to 0.39) to macroporosity, total porosity, and
bulk density, based on Mukaka [33] and Schober et al. [34].
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Figure 4. Root dry biomass for different cropping systems evaluated at each soil layer. Different
letters indicate significant differences among treatments (p < 0.05, Tukey’s test).

Figure 5. Spearman rank correlations between bulk density (a), macroporosity (b), total porosity (c),
saturated hydraulic conductivity (d), and root dry biomass.

4. Discussion

There were no significant effects of soil tillage and crops (except to microporosity at
a 10–20 cm depth) on soil physical–hydric properties, such as bulk density (Bd), macrop-
orosity (Mac), total porosity (TP), and saturated hydraulic conductivity (Ksat) at all depths.
Therefore, 4 years of NT after 13 years of soil tillage—minimum tillage (4NTM) and con-
ventional tillage (4NTC) present soil physical–hydric properties similar to continuous NT
for 17 years in this loamy soil. A gap in our study is the absence of temporal data regarding
the no-tillage along the 4 years after 13 years of minimum and conventional tillage because
this monitoring could show us the time of soil consolidation after tillage.

Chiseling a Ferralic Nitisol under NT was able to reduce soil compaction, and this
effect lasted for 12 to 24 months, depending on depth [35]. Similar to our results and
from Nunes et al. [35], Reichert et al. [36] found a short-term effect of chiseling tillage
that remained for two years in NT. They found no differences in bulk density and total
porosity in comparison to 13 years of continuous NT on a sandy clay loam due to faster
soil reconsolidation in sandier soil.
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Using the equation (Bdcritical = −0.00071 × clay + 1.8618) proposed by Reichert
et al. [37], we obtained critical Bd values that restrict root elongation or yield a decrease
of 1.69 and 1.67 Mg m−3, according to the clay content of 24.7 and 27.8%, respectively, to
the 0–10 and 10–20 cm soil layer. Based on the Bd corresponding to Mac = 0.10 m3 m−3

obtained from the equation generated via the regression analysis between Bd and Mac
(Mac = −0.357 Bd + 0.670; R2 = 0.66; Figure 2), we found a Bd = 1.60 Mg m−3 value slightly
superior to 1.52 Mg m−3 and a value of Bd corresponding to Mac = 0.10 m3 m−3 for loam
and clay loam textural soils obtained by Suzuki et al. [21].

Our Bd value of 1.60 Mg m−3 is critical to soil aeration, while larger values, such as
1.67 Mg m−3 (obtained using the equation proposed by Reichert et al. [37]), may limit root
elongation and crop yield. The 10–30 cm soil layer reached critical values of Bd larger
than 1.60 Mg m−3 (Table 2), indicating that there may be a restriction of soil aeration for
plant growth, corroborating with the macroporosity < 0.10 m3 m−3. Additionally, despite
statistically not being different, the Ksat decreases according to deeper soil layers, especially
in the 20–30 cm region, which corroborates with the smaller macroporosity, responsible
for water flow, and increase in bulk density. According to Schlüter et al. [38], the Ksat is
controlled by pore size—mainly macropores and their abundance and connectivity.

Hydraulic conductivity (Ksat) is characterized as a property with large variability,
ranging with a wide coefficient of variation [39–41], as observed in our study, with values
ranging between 35 and 99% (Table 2), values considered very high (larger than 30%)
according to Pimentel-Gomes and Garcia [30]. This large variability may result in no
significant differences between treatments, even with large differences in the mean value.
Nevertheless, no significant differences in treatments match with the other soil physical
properties, such as porosity and bulk density, despite their lower coefficient of variation.

Although the surface soil layer (0 to 10 cm) does not present bulk density and macro-
porosity restrictive to root growth and crop yield, their values are close to them, with a
relative bulk density (based on reference bulk density = 1.60 Mg m−3 as critical to soil
aeration) between 96.88 and 100%. Generally, the lower bulk density and larger macrop-
orosity in the surface layer are associated with the cutting disc or seeder rod in the row [21]
since the furrower mechanisms may mobilize the entire soil surface layer when winter
and soybean crops are introduced in the area [42]; to the larger organic carbon content
and biopores formed in no-tillage [13]; and the soil depth limiting root growth due to soil
compaction in no-tillage is around 8 to 15 cm [8]. When relative bulk density is larger than
100%, the macroporosity will be smaller than 0.10 m3 m−3, which is a critical air-filled
porosity for plants. Additionally, the Ksat will decrease, as represented by the relationships
between Ksat and Mac (Figure 2b).

The maximum production of crop-available nitrogen by mineralizing organic matter
occurred when ~66% of the soil pore space was water-filled or when ~34% of the pore
space was air-filled [43]. Our results indicate that the storage capacity of water (FC/TP)
and the storage capacity of air (AC/TP) present similar structural conditions for soil tillage
and crop (except in the 0 to 10 cm to AC/TP) treatments, corroborating the results obtained
for other soil physical–hydric properties (bulk density, porosity, and saturated hydraulic
conductivity), that are not statistically different between short- and long-term NT. The
mean values of FC/TP and AC/TP remained, respectively, below and above the optimal
limits of 0.66 (FC/TP) and 0.34 (AC/TP) proposed by Reynolds et al. [26], but the mean
values of FC/TP and AC/TP from 10 to 30 cm were closer to the optimal limits, while the
physical–hydric properties (bulk density and macroporosity) presented before, evidenced
soil compaction below a 10 cm depth.

The treatment palisade grass presented significant differences in soil tillage (4NTM-Sq
2.64 > 4NTC-Sq 2.42 > 17NT-Sq 2.00), while for soybean and maize the visual evaluation
of soil structure (VESS) indicated that soil tillage treatments are not statistically different
between a long-term (17 continuous years) and short-term (4 years) NT, regardless of
previous soil mobilization, in accordance with the other soil physical–hydric properties
previously discussed. Crops differed in the 17NT and 4NTM, with maize having the
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larger soil structure score, respectively, 2.50 and 2.69. Despite some significant differences
(tillage and crops), generally, the treatments presented an acceptable soil structure quality
(Sq < 3) [28]. Different from the previous physical–hydric property results that showed
soil compaction below a 10 cm depth and critical values (i.e., bulk density, macroporosity,
FC/TP, and AC/TP) for plants, the visual evaluation of soil structure (VESS) revealed
an adequate soil structure, but it is important to consider that the VESS was performed
with a block soil sample collected from a 0–25 cm depth, which means no stratification
of the soil layers. Munkholm et al. [44] reported an agreement between quantitative soil
measurements and the VESS on the effects of tillage practices.

We expected the influence of palisade grass roots, creating different sizes of continuous
biopores and improving soil structure, as a potential crop to be included in a crop rotation
system, but until now, we have not observed a significative influence in the physical–hydric
properties of the soil, perhaps due to the short time (cycle of 105 days) since it was included
in the experiment and the soil sampling (spring/summer 2017 to March-2018), while
soybean and maize remained, respectively, 149 and 144 days after sowing. Those statements
imply the need for further studies related to crops, especially the palisade grass.

In agreement with our expectations and in disagreement with our results until now
regarding palisade grass, the literature reports that the root system of cover crops con-
tributes to increasing soil porosity and decreasing soil resistance to penetration in the
subsurface layers [1,45,46]. In NT, channels formed by root decay and other biological
activities create long and continuous porosity [47,48] that connects the soil surface with
deeper layers, improving root colonization in these pores [46]. Calonego et al. [45] verified
that palisade grass intercropped with maize for two years improved the soil’s physical
and structural properties in the 20 to 40 cm layer through the least-limiting water range.
Bertollo et al. [1] found higher soybean root density and root dry biomass, respectively, in 0
to 50 cm and 0 to 40 cm in areas where ruzigrass (Brachiaria ruziziensis R. Germ. and Evrard)
had been previously grown during a 2-year period, under compacted NT. The results show
the potential of grasses in structuring soil in deeper layers.

The soybean, maize, and palisade grass roots dry biomass concentrated in the surface
soil layer (0 to 10 cm), in agreement with the results of several authors [49–52] and in
accordance with the better soil physical–hydric conditions in this soil layer as previously
shown, but maize and palisade grass had the larger and significant root biomass in the
surface. Silva et al. [53] evaluated the distribution of maize roots in 0 to 40 cm and found
that ~80% of roots concentrated within the shallower 20 cm. However, the remaining 20%
of maize roots below the 20 cm depth could significantly contribute to biopore formation
below this layer over time since it had less effect from mechanical implements, tire pressure,
and animal trampling.

Although crops (soybean, maize, and palisade grass) do not show significative sta-
tistical influence in quantitative soil physical–hydric properties (bulk density, porosity,
hydraulic conductivity, FC/TP, and AC/TP), our study suggests that growing maize in a
crop rotation with soybean, rotating grasses, and legumes, may have a potentially greater
impact on soil structure stabilization conditioned by its voluminous root system, includ-
ing subsurface layers (below a 10 cm depth), since maize presented the highest root dry
biomass (786 kg ha−1) at the 10 to 20 cm soil layer, and differed statistically from soybean
and palisade grass, showing that the roots of maize are less sensitive to soil compaction
considering the critical values of bulk density, macroporosity, FC/TP, and AC/TP below a
10 cm depth. On the other hand, palisade grass looks like it has potential to be included in a
crop rotation system, especially rotating with legumes, alternating different characteristics
of root and relation carbon/nitrogen, for example, but further studies are necessary since it
had a smaller cycle until sampling (105 days after sowing) compared to the maize (144 days
after sowing), being necessary to elucidate if the smaller root dry biomass of palisade grass
below a 10 cm depth is due to a smaller cycle until harvesting or restriction associated with
soil compaction, reported by the critical bulk density and macroporosity values. These
crops can provide significant soil improvements, especially in terms of physical properties,
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the root dry biomass input, and the accumulation of organic matter [54], with benefits to
the sustainability of the system. The previous cultivation with palisade grass and the use
of soil chemical correctives reduced the soil compaction effects on the soybean growth and
grain yield in a greenhouse experiment [55], while the dry matter of palisade grass was
reduced by high compaction (bulk density = 1.62 Mg m−3) but its growth was not inhibited
by medium compaction (bulk density = 1.57 Mg m−3), in an Oxisol with 752 g kg−1 of
sand [56].

In NT, it is essential to maintain crops with different root characteristics in order to
intensify the positive effects of crop rotation on soil physical–hydric properties. Calonego
and Rosolem [54] point out that important benefits have been observed in soil structure
in the medium and long term with cover crop species with extensive and vigorous root
systems, with the ability to grow through high-resistance soil layers, increasing organic
matter content, and stabilizing soil aggregates. Nouri et al. [57] reported that maize in
rotation with soybean and cotton resulted in more favorable structural conditions and
consequently increased cotton and soybean yields under NT. Similar to maize, palisade
grass is a potential crop to produce the root dry biomass (Figure 4), especially in the 0 to
10 cm soil layer, even though this crop was sown ~40 days after soybean and maize.

Despite macroporosity being smaller than 0.10 m3 m−3 and bulk density larger than
1.60 Mg m−3 below the 10 cm depth, indicating critical values of air-filled porosity, the Ksat
in the 0.10 m3 m−3—macroporosity was high to palisade grass and maize, respectively, 76
and 91 mm h−1, compared to 57 mm h−1 with soybean, evidencing the possible positive
effect of biopores formed by root decomposition. Plant roots play an important role in
soil-saturated hydraulic conductivity [41]. The root dry biomass was positively correlated
with the Ksat (r = 0.47; p < 0.001), macroporosity (r = 0.35; p < 0.01), and total porosity
(r = 0.31; p < 0.01), reinforcing positive effects of the root system in improving soil structure
and water and air flow. This result is supported by other studies on the correlations
between the Ksat and other root characteristics [41,58]. According to Zhu et al. [41], this
positive correlation can be attributed to root growth and decomposition, forming larger
and connected pores. In addition, roots can increase soil porosity by bonding soil particles,
releasing exudates, and increasing organic matter content through their decomposition.
Since soil mobilizations were not carried out over 4 years on 4NTM and 4NTC treatments,
nor for 17 years on the 17NT treatment, correlations may be attributed to root biopore
formation [13,48,59] and the natural soil reconsolidation [36]. We also observed a negative
correlation between the root dry biomass and bulk density (r =−0.27; p = 0.013), evidencing
that soil compaction may limit root growth and the sustainability of the system.

5. Conclusions

Short-term no-tillage (NT), i.e., 4 years of NT after receiving 13 years of minimum
(4NTM) or conventional tillage (4NTC), has no statistical difference in soil physical–hydric
properties (such as bulk density, porosity, saturated hydraulic conductivity, and storage
capacity of water and air) compared to continuous long-term NT for 17 years in a loamy
textural class soil, confirming our hypothesis that a 4-year period under NT would present
similar soil physical–hydric properties previously modified by long-term tillage practices,
which means that four years of NT reached structural stability similar to continuous NT
during 17 years.

Below the 10 cm depth, soil tillage and cropping systems presented restrictions related to
soil compaction, based on macroporosity < 0.10 m3 m−3 and bulk density > 1.60 Mg m−3–values
from which there can be a restriction to adequate soil aeration to the plants. However,
despite no significant effects of crops (soybean, maize, and palisade grass) in the soil
physical–hydric properties, the roots of maize seem to be less sensitive to soil compaction,
and the biopores formed by its root decomposition in the compacted layer may contribute
to improve hydraulic conductivity. This information is important when considering a crop
rotation system, including plants less sensitive to soil compaction. Despite no significant
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impact on soil structure in just one crop cycle, further studies are necessary to verify the
possible potential of palisade grass to be included in a crop rotation system.

The soil’s physical–hydric properties (such as bulk density, macroporosity, saturated
hydraulic conductivity, and storage capacity of water and air) were more sensitive than the
visual evaluation of soil structure to identify soil compaction, evidenced below the 10 cm
depth. This statement may be because the visual evaluation of soil structure was performed
with no stratification of the soil layers (0 to 25 cm depth), which may have hidden the soil
compaction layer.
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