Soil & Tillage Research 206 (2021) 104820

Contents lists available at ScienceDirect Soil & Tillage
Research

Soil & Tillage Research

ELSEVIER journal homepage: www.elsevier.com/locate/still

Check for

Precrops alleviate soil physical limitations for soybean root growth in an  [&&s
Oxisol from southern Brazil

Altamir Mateus Bertollo °, Moacir Tuzzin de Moraes ”*, Julio Cezar Franchini®,
Amin Soltangheisi ¢, Alvadi Antonio Balbinot Junior , Renato Levien *, Henrique Debiasi ©

& Federal University of Rio Grande do Sul, Faculty of Agronomy, Department of Soils, 91540-000, Porto Alegre, RS, Brazil

b Federal University of Technology-Parand, Campus Francisco Beltrao, Department of Agronomic Science, PO Box 135, 85601-970, Francisco Beltrao, PR, Brazil
¢ Embrapa Soybean, PO Box 231, 86001-970, Londrina, PR, Brazil

d University of Sao Paulo, Center of Nuclear Energy in Agriculture, Isotopic Ecology Laboratory, 13416-000, Piracicaba, SP, Brazil

¢ Lancaster Environment Centre, Lancaster University, Lancaster, UK

ARTICLE INFO ABSTRACT

Keywords: The impact of soil compaction on soybean root growth and grain yield can be alleviated by the presence of
Soil C?mPaCtiOH biopores and root channels in the soil profile. We hypothesize that cover crops (ruzigrass and oats) are better
Cropping system than grain crops (wheat and maize) to reduce the soil physical limitation to soybean root growth. We aimed to

Tillage system
Root growth
Biopores

identify which precrops have higher potential to reduce the mechanical and water stresses resulting from soil
compaction and soil desegregation, and to enhance soybean (Glycine max L) root growth and yield in an Oxisol
(Rhodic Eutrudox), with clayey soil texture. Soybean was grown after four precrops (ruzigrass, oats, wheat, or
maize), under four soil compaction levels [soil chiselling (MTC), no-tillage (NT), NT additionally compacted with
four passes of a tractor (NTCT), and NT additionally compacted with eight passes of a grain harvester (NTCH)].
Soil physical attributes (bulk density, macroporosity, water-filled pore space and soil penentration resistance) in
the soil profile (0—50 cm) and soybean components (grain yield, cumulative root length density and root dry
mass) were investigated. Soil physical attributes were improved over time due to the combined effects of natural
wetting-drying cycles and biopores created by the roots of precrops. Ruzigrass increased soybean root biomass
and length density, mainly at deeper soil layers of compacted treatments (NTCT and NTCH). The rate of increase
of soybean root length density in the soil profile was higher after ruzigrass cultivation in comparison with maize
and oats. Soil compaction effects on grain yield were partially (NTCH) or totally (NTCT) alleviated after two
years and ruzigrass intensified the mitigation process. Ruzigrass also resulted in higher soybean yields in com-
parison with maize, whereas NTCH and MTC reduced yields in approximately 400 kg ha™! (~13 %) compared to
NT and NTCT. Soil strengthening was more evident after ruzigrass and oats cultivation than maize or wheat
cropping. Soil compaction in clayey Oxisols can be alleviated over time as a result of root channels provided by
precrops combined with natural wetting-drying cycles. Among the evaluated precrops, ruzigrass is of particular
interest, as it provides the most suitable soil physical environment for soybean root growth and grain yield. In
contrast, chiselling was demonstrated to be a non-viable strategy to mitigate soil physical constraints for root
growth and grain yields.

1. Introduction and environmental benefits provided by NT are well-studied (Alvarez
and Steinbach, 2009; Engel et al., 2009; Franchini et al., 2012; Fuentes
No-tillage (NT) has long been recognized as one of the most impor- et al., 2009; Lal et al., 2007; Moraes et al., 2016a; Silva et al., 2014).

tant technologies for soil and water conservation. Currently, NT is However, compacted soil layers have been detected in areas managed
adopted in more than 100 million hectares worldwide and more than under long-term NT (Alvarez and Steinbach, 2009; Dal Ferro et al.,
32.8 million hectares in Brazil (FEBRAPD, 2019). Agronomic, economic 2014; Nunes et al., 2015) which can be associated to intensive traffic of
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In the years 2010-2012, the area was cropped with ruzigrass (Urochloa
ruziziensis R. German & Evrard) without grazing, which was desiccated
with glyphosate at 90 and 20 days before trial establishment in 2013.

Soil chemical and physical characteristics were evaluated, each 10
cm until 50 cm depth, depth after applying different levels of soil
compaction in 2013 (Table 1). The soil chemical attributes (pH in CaCl,,
available P, K™, Ca®*, Mg2+, and AI*") were determined by the methods
described in Teixeira et al. (2017). In addition, we calculated the
effective (CECeffective) and potential (CECppy.o) soil cation exchange ca-
pacity (CEC) for all compaction levels (Table 1).

2.2. Experimental design and treatments

The experiment was laid out in a randomized block split-plot design,
with four precrops as the main plots, and four compaction levels as
subplots, with three replications (Fig. 1). Thus, there was 48 subplots (4
compaction levels, 4 precrops, and 3 blocks), with a size of 75 m? each
plot (5 m wide and 15 m length). The area was under No-Tillage since
1991 (22 years) (Fig. 1). Soil compaction and soil chiselling were per-
formed in February 2013. The soil gravimetric water content during the
tractor and harvester traffic was equivalent to field capacity (0.34 kg
kg_l). The soil compaction levels are described below:

(i) The first compaction level was performed by soil chiselling,
referred to as Minimum Tillage with Chiselling (MTC). Soil
chiselling in this treatment was performed when the soil was
friable (gravimetric water content of 0.29 kg kg ! at 0—20 cm soil
layer), using a chisel plow equipped with five shanks spaced 35
cm from each other, and a shank tip of 8 cm of width, working at
25 cm depth.

(ii) The second compaction level was the control under No-Tillage
system (NT).

(iii) The third compaction level was performed by tractor traffic,
referred to as No-Tillage with additional Compaction by four
Tractor passes (NTCT). The additional compaction on this treat-
ment was performed with a tractor (CBT 8060 model) 4 x 2 with
front-wheel assist drive (FWA) operating on traffic surface with
the FWA engaged, 71 kN of total weight (29 kN on the front axle
and 42 kN on the rear axle), equipped with tyres Goodyear
14.9-24 R1 (diagonals) in the front axle (inflation pressure of 120
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kPa), and 18.4-34 R1 (diagonals) in the rear axle (inflation
pressure of 115 kPa). The recommended tyre inflation pressure
for that tyre and load were 170 and 120 kPa for front and rear
tyres, respectively. The contact area calculated as proposed by
Keller (2005) were 0.22 and 0.34 mz, for the front and rear tyres,
respectively. The maximum vertical stress, calculated according
to Keller (2005) were 192 kPa in the front wheel and 181 kPa in
the rear wheel. The theoretical mean ground pressure for the
contact area calculated as Schjgnning and Lamandé (2010) were
132 kPa in the front wheel and 123 kPa in the rear wheel.

The fourth compaction level was performed by harvest traffic,
referred to hereafter as No-Tillage with additional Compaction by
eight Harvester passes (NTCH). Soil compaction in this treatment
was performed using a self-propelled grain harvester (SLC 7200
model), total weight of 93 kN (68 kN on the front axle and 25 kN
on the rear axle) equipped with single front tyres, Pirelli 23.1-30
R1, diagonals, inflated to pressure of 140 kPa; and rear tyres
Pirelli 9.00-16 F2 10PR, diagonals, inflated to a pressure of 310
kPa. The recommended tyre inflation pressure for that tyre and
load were 140 and 300 kPa for front and rear tyres, respectively.
The contact area calculated as proposed by Keller (2005) were
0.39 and 0.09 m? for front and rear tyres, respectively. The
maximum vertical stress (Keller, 2005) was 217 kPa in the front
wheel and 393 kPa in the rear wheel. The theoretical mean
ground pressure for the contact area calculated as Schjgnning and
Lamandé (2010) were 174 kPa in the front wheel and 277 kPa in
the rear wheel.

(iv)

The post-compaction or post-chiselling soil management for all the
treatments was no-tillage. After the application of the compaction levels,
plots were cultivated with wheat in winter 2013 and soybean in summer
2013/14 (Fig. 1a), using a tractor-pulled planter with row spacing of 17
cm and 45 cm, respectively. In sequence, precrops consisting of ruzi-
grass, maize, black oat, and wheat (Triticum aestivum) were cultivated in
the main plots in winter 2014 (Fig. 1a).

2.3. Crop sowing and management

On 20 February 2014, after soybean harvest (2013/2014 cropping
season), the vegetation in the area was desiccated with glyphosate (at a
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Fig. 1. Schematic representation showing the chronological sequence of management practices, treatment applications, and soil and root samplings in the exper-
iment (a), and the arrangement for soybean root sampling through soil-root monoliths. NT: no-tillage system; MTC: minimum tillage system with soil chiselling;
NTCT: no-tillage with additional compaction with four tractor passes; NTCH: no-tillage with eight harvester passes.
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dose of 720 g a.e. ha~!) mixed with mineral oil (0.5 1 ha™'). Maize
(hybrid AG 9010) was sown on 27 February 2014 with a tractor-pulled
planter comprising three rows at 90 cm spacing, shanks and double-
disks as furrow openers for fertilizer and seed deposition, respectively,
helical fertilizer metering mechanism, and horizontal plates with round
holes as seed meters. The planter was set to distribute 7 seeds m2 at 5 cm
depth, aiming to establish 6 seedlings m2, and 300 kg ha™! of fertilizer
(NPK 08-20-20) at the bottom of a 12 cm- depth furrow. The species
ruzigrass, black oat and wheat were also mechanically sown, using a
tractor-pulled planter equipped with 13 rows at 17 cm spacing, double-
disks as furrow openers for fertilizer and seed deposition, helical fertil-
izer metering mechanism, and fluted wheels for seed metering. Ruzi-
grass and black oat were sown on 28 February and 30 April 2014,
respectively. Wheat was fertilized with 270 kg ha! of NPK 8-20-20,
applied simultaneously with sowing at the same furrow. Ammonium
sulphate was applied to the soil surface as a side dressing to wheat and
maize plots at rates of 200 and 400 kg ha™, respectively (40 and 80 kg N
ha'!) 33 days after seedling emergence. The cover crops (ruzigrass and
black oat) were not fertilized. The planter was adjusted to distribute 350
seeds m™ at 3 cm depth for wheat and black oat aiming densities of 300
plants m™2, and 95 seeds m for ruzigrass, to establish 40 plants m™.

Maize and wheat were mechanically harvested on 6 August and 15
September 2014, respectively, and their residues were chopped and
uniformly distributed over the soil surface. Ruzigrass and black oat were
desiccated with glyphosate (1.440 and 720 g a.e. ha™!, respectively)
mixed with mineral oil (0.5 1 ha’l) on 28 August and 18 September
2014, respectively. Weeds naturally grown in all plots were chemically
managed (glyphosate, 540 g a.e. ha™!) on 1 October 2014. Soybean
(cultivar BRS 359RR) was sown on 10 October 2014, using a tractor-
pulled planter equipped with seven rows at 45 cm spacing, shanks and
double-disks as furrow openers for fertilizer (fertilizer metering mech-
anism with feed screw) and seed deposition (precision vacuum seeder
with vertical plates). The seeder was adjusted to distribute 37 seeds m™?
at 5 cm depth, aiming the establishment of 30 seedlings m™2. The fer-
tilizer (NPK 0-20-20) was applied at a rate of 270 kg ha™, in the bottom
of a 12 cm deep furrow.

The planting, crop management and the control of weeds, pests and
diseases followed the technical recommendations for soybean, maize,
wheat, black oat, and ruzigrass, and it was the same for all treatments.

2.4. Soil sampling

Soil sampling was performed in two different times: i) the first
sampling was performed at the beginning of the experiment (after soil
compaction or chiselling) in February 2013; ii) the second sampling was
performed in January 2015 during the soybean cropping, after precrops
(Fig. 1a). Undisturbed soil cores (internal diameter and height of 5.0 cm)
were collected from five soil layers at 10 cm depth intervals (0—-10,
10-20, 20—30, 30—40, and 40—50 cm), and from three different posi-
tions (crop rows, the left, and the right side of inter-rows). The first
sampling comprised 12 plots (four compaction levels x 3 repetitions),
totalling 180 soil cores. In the second sampling, all 48 plots were
sampled, totalling 720 samples. The cores were sampled at soil water
content near field capacity with a soil sampler apparatus coupled with a
tractor, enabling the vertical penetration of the core into the centre of
each soil layer.

2.5. Determination of soil physical and hydraulic properties

Soil samples were submitted to a matric potential of —6 kPa on a
tension table to perform the soil penetration resistance test. After soil
sample reaching to the hydrostatic equilibrium, the soil penetration
resistance (SPR) was measured with a lab penetrometer (Moraes et al.,
2014). The soil cores were then weighed and oven-dried at 105 °C for 48
h to quantify the soil bulk density (Mg m~>) and volumetric soil water
content (m3 m’?’). The soil total porosity (m3 m’g) was obtained by the
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relationship between bulk density and soil particle density (2.96 Mg
m_s), while the macroporosity (pores >50 mm) was calculated as the
difference between total porosity and soil microporosity (pores <50
mm, equivalent to water content at ¥ = —6 kPa, equilibrated on a
tension table). Water-filled pore space was calculated as microporosity
divided by total porosity.

2.6. Grain yield and root growth sampling

Soybean grain yields were evaluated by mechanical harvest of 12 m
of six central rows within each subplot, corresponding to a total area of
32.4 m>. The seeds were cleaned, weighed, and the values obtained were
adjusted to 13 % moisture content.

Root system sampling was performed on 5 January 2015, 87 days
after soybean sowing. Soil monoliths (50 cm depth x45 cm wide x7 cm
thick) were taken from trenches perpendicular to the soybean rows,
opened in all 48 subplots (Fig. 1b). Each monolith was divided into five
depths (0—10, 10—20, 20—30, 30—40, and 40—50 cm) and three widths
of 15 cm each, resulting in 15 soil blocks for each monolith (Fig. 1b).
Soybean roots were then separated from the blocks and water was used
to wash away the soil through a 500 pm sieve (Bohm, 1979)

The root length in each soil block was measured by scanning of 10 %
of dry root mass and then correlating it to the total dry root mass of the
soil block. Root scanning was performed with a scanner (Delta-T Scan)
followed by images processing with the software Safira 2.0 (Jorge and
Silva, 2010) for analysis of fragments and roots. Root length density was
calculated as the ratio of root length to soil volume. Root dry biomass
was determined after oven-drying at 60 °C for five days and then related
to soil surface area or soil volume.

2.7. Data analysis

The data of soil attributes (bulk density, macroporosity, water-filled
pore space and SPR) and plant responses (grain yield, cumulative root
length density and dry mass) were subjected to analysis of variance
(ANOVA) using PROC GLM to test the effect of precrops and compaction
levels. Each soil layer was analysed separately for testing soil and root
parameters. When the effects of treatments were significant (P < 0.05),
means were compared with Fisher’s least significant difference test (P <
0.10).

Independently of soil layers, SPR models were obtained by fitting
SPR values to bulk density and water content separately for each pre-
crop, using the non-linear model (eq. 1) described by Busscher (1990).
The Busscher model was fitted to the measured data using the routine
"PROC NLIN" following the Gauss-Newton method from the Statistical
Analysis System 9.4 - SAS (SAS Institute Inc., 2013), and the graphs
plotted through the program SigmaPlot®12.5 (Systat software, Inc.).

SPR = aBD"¢¢ (@)

where SPR is the soil penetration resistance (MPa); BD is the bulk den-
sity (Mg m’3); 0 is the soil volumetric water content (m* m’S); a,bandc
are fitting parameters of the model.

SRP models were compared among precrops using the area under the
curve, calculated by the integral of the model, considering water content
and bulk density values ranging from 0.36 to 0.46 m® m~> and 1.15 to
1.40 Mg m 3, respectively. These intervals comprise the common values
for all the treatments at field condition. Areas under the curves were
calculated with numerical integration considering the portions based on
Vectorized adaptive quadrature (quadva) routine (Shampine, 2008)
using the Matlab® software. The integral values were subjected to
ANOVA test (P < 0.05) and, whenever F-values were significant (P <
0.05), means were compared by Tukey test (P < 0.05). All data analyses
were performed using the software Statistical Analyses System (SAS
Institute Inc., 2013).
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3. Results
3.1. Soil physical attributes

The interaction between precrops and soil compaction levels influ-
enced the soil structure through the soil profile (Figs. 2 and 3). Except
for MTC, bulk density values at 0—30 cm depth in January 2015 (after
precrops) were generally lower than in February 2013 (before precrops),
and this effect was even clearer for the uppermost layer (0—10 cm)
under additionally compacted treatments (NTCT and NTCH) (Fig. 2).
Conversely, bulk density at 30—50 cm layers usually increased after
precrops regardless of the compaction level. Higher bulk density before
precrops compared to after them at 0—10 cm layer was also observed
under MTC (Fig. 2a). The alteration of the bulk density values between
sampling dates was crop-dependent; at 0—10 cm depth, bulk density
differences among different precrops were small except for NTCH,
where lower values were observed for ruzigrass and wheat (Fig. 2h).
However, ruzigrass usually resulted in higher bulk density at deeper
layers, mainly at 30—50 cm depth under MTC, NT and NTCT.

Precrops associated with wet-dry cycles enhanced soil macroporosity
under different compaction levels (Fig. 3f, g, h) compared to the pre-
vious conditions in 0—30 cm soil depth, except under MTC (Fig. 3e)
whose soil macroporosity was not influenced by precrops in 0—20 cm
soil depth. Under MTC, macroporosity was enhanced by precrops at
20-30 soil depth compared to the previous condition (MTC before crop
cultivation). We cannot differentiate among precrops for modifying
macroporosity under NT (Fig. 3f) and NTCT (Fig. 3g), and it can be
stated that all of them acted very well in enhancing macroporosity
especially in the soil surface layer (0—10 cm), while under NTCH
(Fig. 3f), ruzigrass and wheat were more effective related to oats and
maize in the same soil layer.

Precrops decreased the percentage of water-filled pore spaces
(WFPS) under different compaction levels (Supplementary Figs. S1f,
S1g, S1h) in comparison with the previous conditions in 0—30 cm soil
depth, except under MTC (Supplementary Fig. Sle) which WFPS were
increased by precrops in 0—10 and 20—30 cm soil depths.

3.2. Soil penetration resistance curves

Soil penetration resistance (SPR) models were clearly influenced by
precrops (Table 2 and Fig. 4). Under a given combination between bulk
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density and water content values, SPR was higher after precrops,
evidencing a time-mediated soil strengthening process. Additionally, the
relative increase in SPR from February/2013 to January/2015 was
strongly associated to the precrops (Fig. 4b). Cover crops (oats and
ruzigrass) enhanced SPR by 50 % compared to before precrops whereas
this increase was around 30 % under grain crops (maize and wheat). The
effect of cover crops on improving soil strength was intensified with
increasing bulk density, while the reverse trend was observed under
grain crops (Fig. 4b). Corroborating these results, the area under the
curve was increased by 43 % averaged among precrops compared to
before them. The area under the curve was also influenced by different
precrops, being higher under cover crops (ruzigrass and oats) in com-
parison with grain crops (maize and wheat) (Table 2).

3.3. Soybean root growth

Soybean root length density (Fig. 5) and root dry biomass (Fig. S2)
were affected by the interaction between precrops and soil compaction
levels. Under MTC, oat was the most successful crop to improving the
soil quality (i.e., physical, chemical or biological quality) for soybean
root growth (Fig. 5e) and consequently higher root biomass at all depths
evaluated (Fig. S2e). Precrops did not influence neither soybean root
length density under MTC (Fig. 5e) nor root dry mass of soybean culti-
vated under NT (Fig. S2f). However, the positive effects of Ruzigrass
were shown under the most compacted treatments [NTCT (Fig. S2g) and
NTCH (Fig. S2 h)], ruzigrass enhanced soybean root dry biomass
(Figs. S2g nd S2h) and root length density in deep soil layers (0-40 and
0—50 cm) in NT (Fig. 5f). Both wheat and ruzigrass resulted in greater
root length density under NTCT (Fig. 5g), whereas ruzigrass had the
most positive effect under NTCH (Fig. 5h).

The beneficial influence of precrops on soybean root length density
at deeper soil layers intensified with increasing the compaction level.
The rate of increase of soybean root length density in the soil profile was
higher after ruzigrass cultivation in comparison with maize and oats
(Table 3). Conversely, the intercept was not significantly influenced by
precrops, showing that the positive effects of ruzigrass on soybean root
length density in relation to the other crops were stronger at deeper soil
layers. The NT system promoted higher root growth in the soil profile
relative to MTC and NTCT, and higher intercept values compared to
MTC (Table 3).

Soybean root system distribution in 2D was affected by precrops and

Soil bulk density (Mg m?)
09101.1121314091.01.11.21314091.01.1121314091.01.1121314

U T FETTE FETTE FETTL NN QT PR FEETE RTERS FRTEE PR R ]

| o If * I—|0v= ¢ [ Before crops

| o o *I—|O 7 & Compaction levels
“—o e o MTC

i - | /f v NT

| 1 O NTCT

Jb) * 1o ¢ NTCH

I EEEEE AT FETTE FEETE e |

Depth (cm)

Jn

Previous crops

“ep 0@
—le B Ruzigrass
b ‘ Maize
1 7 B Oats
o B Wheat

Fig. 2. Soil bulk density in the soil profile before and after previous crops (ruzigrass (a), maize (b), oats (c), and wheat (d)) under different compaction levels
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are significant (p < 0.05).
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Fig. 3. Soil macroporosity in the soil profile before and after previous crops (ruzigrass (a), maize (b), oats (c), and wheat (d)) under different compaction levels
(minimum tillage with chiselling - MTC (e), no-tillage - NT (f), no-tillage compacted with four traffic of tractor - NTCT (g) and no-tillage compacted by eight passes of
harvest - NTCH (h)) in an Oxisol. Bars represent the values of least significant difference by Fisher’s exact test, when followed by * the differences between treatments

are significant (p < 0.05).

Table 2

Empirical parameters fitted to the models of soil penetration resistance and in-
tegral of the equations (area under curve) as affected by precrops in an Oxisol.

Previous crop SPR model! R? Area under the
curve!
Before cropping at 0.2945 BD>74 0.96*  0.165C
2013 0—0.5252
Ruzigrass 0.3640 BD>79%% 0.92%  0.246 A
970.5070
Maize 0.5835 BD*9363 0.93* 0218 B
6—0.0932
Oats 0.3182 BD>%28 0.95%*  0.255A
6—0.7787
Wheat 0.4188 BD*8325 0.94*  0.227B
970.5426

Is0il penetration resistance model: SPR = a*BDP*0S; BD: bulk density (Mg m™®);
0: soil water content (m® m~%); R2= [1-(SQerror/SQmodel)]; *significant at 5%
level of probability by F-test; "means followed by the same letter did not differ at
5% level of probability by Tukey test.

compaction levels (Fig. 6). As expected, soybean root biomass usually
concentrated beneath the crop row regardless of depth and treatments
(Fig. S3), which is explained by the tap root position (high biomass but
low area). However, root biomass concentration was generally higher
under MTC, mainly in the plots cultivated with ruzigrass (Fig. S3a-i). For
instance, soybean root biomass values were ~2400 and 470 g m~> in the
row (from —7.5 to +7.5 cm of plant stem) and inter-row (from +7.5 to
+22.5 cm of plant stem), respectively, under no-tillage (NT) (Fig. S3a-i),
reduced to ~1500 and 240 g m~ under MTC (Fig. $3b-i). Conversely,
root length density presented a more uniform horizontal distribution
from the soybean row for all depths and treatments (Fig. 6), indicating a
similar potential for water and nutrient uptake from row and inter-row.

Interestingly, ruzigrass cultivation under NT (Fig. 6b-i) and additionally

compacted treatments (Fig. 6¢c-i and d-i) consistently led to higher

values of soybean root length density near the centre of inter-row,
mainly up to 30 cm depth.

Soybean roots penetrated to deeper soil layers in areas previously
cultivated with ruzigrass under NT (Figs. 6b-I and S3b-i), NTCT
(Figs. 6b-i and S3c-i), and NTCH (Figs. 6S3d-i) compared to the other
precrops. Soybean cultivated after oats in compacted soils also presented
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Fig. 4. Soil penetration resistance (SPR) curves as a function of soil water content and bulk density influenced by precrops (a) and its relative difference from the

beginning of the experiment in 2013 (before precrops) (b) in an Oxisol.
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Fig. 5. Cumulative soybean root length density in soil profile affected by previous crops (ruzigrass (a), maize (b), oats (c), and wheat (d)) under different compaction
levels (minimum tillage with chiselling - MTC (e), no-tillage - NT (f), no-tillage compacted with four traffic of tractor - NTCT (g) and no-tillage compacted by eight
passes of harvest - NTCH (h)) in an Oxisol. Bars represent the values of least significant difference by Fisher’s exact test (p < 0.10), when followed by * the differences

between treatments are significant.

Table 3

Rate of increase of root length density per cm of soil depth (slope of linear
regression) for simple effects of previous crops and compaction levels at the soil
profile (0-50 cm depth, see also Fig. 7).

Simple effects Rate of RLD increases’ Std Dev  intercept  Std Dev
(cm em™%)

Previous crop

Ruzigrass 0.065 a 0.019 1.420 ns 0.646

Maize 0.046 b 0.014 1.428 0.289

Oats 0.050 b 0.016 1.196 0.527

Wheat 0.055 ab 0.014 1.327 0.416

Compactions levels

MTC 0.054 b 0.009 1.161 b 0.451

NT 0.058 a 0.024 1.522a 0.475

NTCT 0.049 b 0.016 1.321 ab 0.512

NTCH 0.056 ab 0.016 1.367 ab 0.477

RLD: root length density; 'slope from linear regression (y = a*x + b) between
cumulative root length densities in soil profile and soil depth. *Means followed
by the same letter do not differ by the Fisher’s exact test (p < 0.10). ns: non-
significant. MTC: minimum tillage system with soil chiselling; NT: no-tillage
system; NTCT: no-tillage with additional compaction with four tractor passes;
NTCH: no-tillage with eight harvester passes.

reduction of root dry mass (Figs. S3c-iii and S3d-iii) and root length
density (Fig. 6¢-iii and d-iii) at the topsoil (0—10 cm depth) in relation to
the sites cultivated with ruzigrass. MTC resulted in reduced soybean root
growth in the entire soil profile (Figs. 6a and S3a) compared to NT
(Figs. 6b and S3b). Considering ruzigrass as precrop, MTC led to smaller
soybean root biomass (Figs. S3a-i and S3a-iv) and length (Fig. 6a-i and a-
iv) even when compared to NTCH (Figs. 6 and S3 d-i). The same effect
was observed for wheat (Figs. 6d-iv and S3d-iv) at 0—20 cm layer.

3.4. Precrops alleviate soybean grain yield losses induced by soil
compaction

Soybean grain yield was influenced by the precrops (Fig. 7a) and soil
compaction levels (Fig. 7b), but not by their interaction. The highest
soybean grain yield was obtained after ruzigrass, significantly higher
than after maize cropping (Fig. 7a). Soybean grain yield was lower under
MTC and NTCH in comparison with NT and NTCT (Fig. 7b), which did
not differ from each other. It has to be highlighted that the yield losses

due to heavy soil compaction (NTCH) and chiselling (MTC) were similar
(~400 kg ha™1).

4. Discussion

Our results showed significant reductions of soil compaction under
the most compacting treatments (NT, NTCT, and NTCH) (i.e, lower bulk
density and greater macroporosity) by the cultivation of all precrops
evaluated before soybean cultivation at 0—20 cm depth (Figs. 2 and 3).
Values of bulk density, macroporosity and water-filled porosity after
precrops were similar to those measured for NT at the start of the
experiment, representing the initial condition of the experimental area.

There were small differences in bulk density, macroporosity and
water-filled porosity among the precrops evaluated (Figs. 2, 3 and S1), in
spite of the wide variation in their capacity to produce roots and shoots
and hence, to reduce the level of soil compaction (Moraes et al., 2016b).
This result can be ascribed mainly to the low sensitivity of physical at-
tributes based on mass/volume relations (e.g., bulk density and mac-
roporosity) to detect alterations on soil structure promoted by plants, as
previously reported by Dal Ferro et al. (2014) and Moraes et al. (2016a).
Simultaneously, root growth of the precrops contributes to fracture
compacted layers (Gregory et al., 2007) and creates a complex network
of continuous and stable biopores (Perkons et al., 2014; Rosolem and
Pivetta, 2017; Wuest, 2001), thus improving soil structure mainly by
altering the pore size distribution (Leitner et al., 2014). Moreover,
precrops provide the addition of root and shoot biomass, root exudates
and soil mulching, leading to a favourable soil environment to macro-
biota (Wuest, 2001) and microbiota functioning (Silva et al., 2010),
which in turn result in a better soil aggregation and structural quality
(Moraes et al., 2017; Naveed et al., 2017).

All precrops increased SPR in a certain bulk density and water con-
tent related to the values before their cultivation in February/2013, but
this increase was higher for cover crops (ruzigrass and oats) compared to
grain crops (maize and wheat) (Table 2 and Fig. 4). Soil strengthening
over time, without significant alterations in bulk density and water
content, results from the age-hardening process (Utomo and Dexter,
1981) in highly-wheatered tropical soils under long-term NT (Moraes
et al.,, 2019b, 2017). It is important to highlight that aggregate
strengthening over time is usually an advantageous process, increasing
soil resistance against disruptive forces, e.g. the pressures applied by
agricultural machinery wheels (Moraes et al., 2019b).
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Precrops significantly influenced soybean root growth (Figs. 5 and
S2; Table 3) and distribution (Figs. 6 and S3) in the soil profile. In
general, ruzigrass promoted greater soybean root growth compared to
the other precrops evaluated under all compaction levels except under
MTC. The more compacted the treatment and the deeper the soil layer,
the higher the positive response of soybean root growth to ruzigrass
cultivation. Increased soybean root growth and activity in crop rotations
including ruzigrass under NT in Brazil was recently reported by Rosolem
and Pivetta (2017). Our results indicate that the soil physical quality for
root growth through the soil profile was improved by ruzigrass despite
the small differences in bulk density (Fig. 2), macroporosity (Fig. 3) and
water-filled porosity (Fig. S1). Furthermore, these data reinforce the low
sensitivity of soil physical attributes based on mass/volume relations to
management alteration (Dal Ferro et al., 2014; Moraes et al., 2016a), as
previously discussed.

In Brazil, chiselling has frequently been pointed out as a strategy to
disrupt compacted soil layers in areas under long-term NT (Klein and
Camara, 2007; Scarpare et al., 2019). However, in the last decade,
several studies have shown that soil chiselling did not increase grain
yield (e.g. Franchini et al., 2012; Moraes et al., 2016a; Rosolem and
Pivetta, 2017). Moreover, positive effects of chiselling on soil physical
attributes (bulk density, penetration resistance and macroporosity) are
short-lived, usually less than two years (Moraes et al., 2016a; Rosolem
and Pivetta, 2017). In our study, soil chiselling provided lower bulk
density and higher macroporosity at 0—30 cm layer in both sampling
dates (February/2013 and January/2015), but did not lead to enhanced
soybean grain yield (Fig. 7b) and root growth (Fig. 6). In spite of
reducing mechanical stresses to roots, as a consequence of lower values
of bulk density (Fig. 2) and hence SPR (Fig. 4a), soil chiselling probably
increased the water stress, leading to higher overall physical limitations
to soybean root growth and yield, mainly compared to NT. This affir-
mation is supported by the higher macroporosity (Fig. 3) and lower
water-filled porosity under MTC at 20—30 cm depth (Fig. S1), indicating
that chiselling reduced the soil water retention capacity. Likewise,
Moraes et al. (2019a, 2018b), based on the results obtained from a
long-term field experiment in a similar soil, concluded that minimum
tillage with chisel plough reduced the soil water availability. In addition,
chisel plough shanks break the soil mainly at its planes of weakness,
producing large and compact soil blocks encompassed by cracks, large
pores, small soil particles, and aggregates (Moraes et al., 2016a). Soil
chiselling also results in organic matter losses and reduces soil
biochemical quality (Melero et al., 2011). Unlike biopores, the pores
generated by soil tillage or other non-biological processes are irregular
in shape, less continuous and with few interconnections (Zhang et al.,
2018); thus, non-biological pores are considered less efficient to conduct
water and gases (Oades, 1993).

Water stress was described as the most limiting factor to soybean
production in Southern Brazil (Sentelhas et al., 2015); therefore,
increased grain yields are expected to occur in response to management
practices enhancing soil water availability (Franchini et al., 2012) and
deep rooting (Battisti and Sentelhas, 2017). In our study, the highest
soybean grain yields were obtained under NT and after ruzigrass (Fig. 7),
precisely the treatments which led to the greatest soybean root growth
through the soil profile (Figs. 5 and 6) and hence, improved plant access
to deep-stored water and nutrients (Han et al., 2017; Jakobsen and
Dexter, 1988). The role of deep rooting to mitigate water stress impacts
on soybean grain yields was clearly demonstrated in a recent study
performed by Battisti and Sentelhas (2017). According to these authors,
soybean with deep rooting (200 cm depth) can enhance grain yields in
Brazil from 500 kg ha™! up to 2500 kg ha™!, depending on the water
stress intensity and time of occurrence in relation to the more critical
growth stage. Besides enhancing soybean rooting, improved soil struc-
ture and mulching due to ruzigrass cultivation under NT without addi-
tional compaction and mechanical disturbance (chiselling) increases
water and oxygen availability to roots (Calonego and Rosolem, 2010;
Moraes et al., 2018b), leading to higher soybean yields.
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It has to be highlighted that the better soil structure and root growth
provided by ruzigrass cultivation during a 6-month period was not
enough to increase soybean yields under the most compacted treatment
(NTCH) to the same level as NT, indicating a partial alleviation of
compaction effects on crop growth. Accordingly, longer time is required
to a complete alleviation of soil compaction constraints to soybean
yields under NTCH. In contrast, soybean yields under NTCT, which is
less compacted compared to NTCH, were similar to NT regardless of
precrops. Thus, we can assume that combined effects of drying-wetting
cycles, biopore creation and soil mulching can be resulted in complete
alleviation of compaction impacts on soybean yields up to the level
corresponding to NTCT after two years. These data are in agreement
with Calonego et al. (2017) who concluded that the beneficial effects of
cover crops on soybean performance and yield would be observed in
medium to long term.

Our results demonstrate that the use of mechanical chiselling to
break compacted layers resulted in soybean yield losses, at a similar rate
as the most compacted treatment (NTCH) (Fig. 7). Conversely, most
studies have shown that chiselling effects on soybean yields in Brazil are
not significant or positive in short-term, depending on the initial
compaction level (e.g. Calonego et al., 2017; Calonego and Rosolem,
2010; Franchini et al., 2012). In our study, chiselling led to bulk den-
sities ranging from 1.05 to 1.18 Mg m ™~ at 0—30 cm depth after pre-
crops, regardless of their species (Fig. 2). For the same experimental
area, maximum bulk density (Proctor test) was estimated at 1.52 Mg
m~3 (Torres and Saraiva, 1999), thus resulting in a degree of compact-
ness (Reichert et al., 2009) ranging from 69 to 77 %. These degree of
compactness values are lower than the optimum for soybean yields,
varying from 85 to 90 % (Reichert et al., 2009). When degree of
compactness is lower than the optimum value, such as under MTC, crop
yield losses are expected to occur due to three main reasons: 1) low
soil-root contact (Hékansson and Lipiec, 2000; Reichert et al., 2016); 2)
low unsaturated hydraulic conductivity (Hakansson and Lipiec, 2000);
and 3) low water storage (Moraes et al., 2019a, 2018b, 2016a). Me-
chanical chiselling also disrupts pore continuity and interconnectivity,
creating isolated, non-biological pores, which are less effective for water
and gas conduction (Oades, 1993; Rabot et al., 2018). The final outcome
of all these effects acting simultaneously is the reduction of soil water
uptake and crop yields, as shown in our paper. Additionally, as already
discussed, our results showed poorer soybean root growth under MTC
mainly related to NT, which decisively contributes to decrease soybean
yields.

5. Conclusion

It has been postulated that the crops grown from March to September
(autumn/winter in Brazil), before soybean cropping season (October to
February), may alleviate soil physical constraints regarding soybean
root growth and grain yields. Our results greatly support these obser-
vations, once physical attributes (bulk density, macroporosity and
water-filled porosity) were improved over a 2 year-period in response to
combined effects of wetting-drying cycles with soil mulching and the
roots of precrops. More importantly, soybean root growth (biomass and
length density) and grain yields were enhanced by ruzigrass cultivation
in comparison with the other precrops. In addition, the positives effects
of ruzigrass on soil structure were greater as higher the initial soil
compaction level in the profile. Thus, our data clearly show the high
potential of ruzigrass cultivation to alleviate negative impacts of com-
pacted soil layers on crop rooting and yield, mainly through the creation
of long, continuous biopores, which reduces mechanical and water
stresses to roots. These effects are expected to occur in many regions and
soils with a suitable environment for ruzigrass establishment and
growth.

Precrops also lead to higher soil strength, since soil penetration
resistance in a given bulk density and water content was increased after
two years, as a result of age-hardening phenomenon. Cover crops
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(ruzigrass and oats) enhance soil strength more than grain crops (maize
and wheat). Soil strengthening without alterations on bulk density and
pore space, together with biopores alleviating mechanical and water
stresses to root growth, is here considered a fairly important process to
provide higher soil resistance to aggregate disruptive forces (e.g., ma-
chinery traffic) and hence, better soil structure stability.

In spite of reducing soil mechanical impedance, our findings indicate
that chiselling do not improve or even impairs soybean rooting. In
addition, chiselling causes soybean yield losses in relation to non-
compacted NT, which are similar to those observed in the most com-
pacted plots. Thus, mechanical chiselling is not a suitable strategy to
alleviate soil compaction effects on soybean root growth and yield in
clayey Oxisols of Northern Parana State, Brazil.
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