Rev Bras Cienc Solo 2016; v40:e0150160

Article

* Corresponding author:
E-mail: gsoracco@agro.unlp.edu.ar

Received: June 19, 2015
Approved: August 27, 2015

How to cite: Lozano LA,
Soracco CG, Villareal R,

Ressia JM, Sarli GO, Filgueira
RR. Soil Physical Quality and
Soybean Yield as Affected by
Chiseling and Subsoiling of a
No-till Soil. Rev Bras Cienc Solo.
2016;v40:€0150160.

Copyright: This is an open-access
article distributed under the

terms of the Creative Commons
Attribution License, which permits
unrestricted use, distribution,

and reproduction in any medium,
provided that the original author
and source are credited.

D‘ . Revista
« Brasileira de

Ciéncia do Solo

Division - Soil Use and Management | Commission - Soil and Water Management and Conservation

Soil Physical Quality and Soybean
Yield as Affected by Chiseling and
Subsoiling of a No-Till Soil

Luis Alberto Lozano™*, Carlos German Soracco™®”, Rafael Villarreal™, Juan M. Ressia®,

Guillermo 0. Sarli” and Roberto Ratil Filgueira®

™ Universidad Nacional de La Plata, Facultad de Ciencias Agrarias y Forestales, La Plata, Argentina.
@ Universidad Nacional del Centro, Facultad de Agronomia, Buenos Aires, Argentina.
©® Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET), La Plata, Argentina.

ABSTRACT: The concept of soil physical quality (SPQ) is currently under discussion,
and an agreement about which soil physical properties should be included in the SPQ
characterization has not been reached. The objectives of this study were to evaluate the
ability of SPQ indicators based on static and dynamic soil properties to assess the effects
of two loosening treatments (chisel plowing to 0.20 m [ChT] and subsoiling to 0.35 m
[DL]) on a soil under NT and to compare the performance of static- and dynamic-based
SPQ indicators to define soil proper soil conditions for soybean yield. Soil sampling and
field determinations were carried out after crop harvest. Soil water retention curve was
determined using a tension table, and field infiltration was measured using a tension
disc infiltrometer. Most dynamic SPQ indicators (field saturated hydraulic conductivity,
K,, effective macroporosity, €..,, total connectivity and macroporosity indexes [C, TP and
C.mac]) were affected by the studied treatments, and were greater for DL compared to
NT and ChT (K, values were 2.17, 2.55, and 4.37 cm h™ for NT, ChT, and DL, respectively).
However, static SPQ indicators (calculated from the water retention curve) were not
capable of distinguishing effects among treatments. Crop yield was significantly lower
for the DL treatment (NT: 2,400 kg ha™; ChT: 2,358 kg ha; and DL: 2,105 kg ha'),
in agreement with significantly higher values of the dynamic SPQ indicators, Ko, €., C, TP,
and C,mac, in this treatment. The results support the idea that SPQ indicators based
on static properties are not capable of distinguishing tillage effects and predicting crop
yield, whereas dynamic SPQ indicators are useful for distinguishing tillage effects and
can explain differences in crop yield when used together with information on weather
conditions. However, future studies, monitoring years with different weather conditions,
would be useful for increasing knowledge on this topic.
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INTRODUCTION

The area under no tillage (NT) has been increasing continuously throughout the world
in recent years. In 1999, NT was adopted on about 450,000 km?* worldwide, increasing
to 720,000 km? in 2003, and to 1,050,000 km? in 2009. The fastest rates of adoption
have been experienced in South America (Kassam et al., 2009). Argentina is among the
countries with a large area under NT, 280,000 km?, which constitutes about 70 % of the
whole cultivated area of the country (AAPRESID, 2014).

Economics, time savings, and soil conservation are the main factors responsible for
widespread adoption of NT in Argentina since the 1990s (Alvarez et al., 2009a). Some
authors have found that the replacement of Conventional Tillage (CT) by NT farming,
in Argentina and in other temperate regions of the world, has resulted in improved
erosion control, water conservation, and nutrient cycling; time savings; reduction in the
use of fossil fuels; and increased soil C sequestration (Lal et al., 2007; Thomas et al.,
2007; Strudley et al., 2008).

However, the effect of adoption of NT on soil physical properties has not always been
consistent across locations, soils, and experimental designs (Green et al., 2003; Strudley
et al., 2008). Some researchers in Argentina found a decrease in total porosity and
greater bulk density (BD) under NT compared to CT in Typic Argiudolls (Elissondo et al.,
2001; Fabrizzi et al., 2005; Sasal et al., 2006). Compaction associated with NT affects soil
porosity, producing a reconfiguration of the soil pore system (Horton et al., 1994; Strudley
et al., 2008). Several studies have investigated infiltration rates in soils under NT, with
contradictory results. Some of them concluded that Mollisols from the Pampas region
under NT have higher infiltration rates than under CT (Quiroga et al., 1998; Sanzano et
al., 2005; Steinbach and Alvarez, 2007). Other studies reported lower infiltration rates
under NT than under CT in similar soils (Alvarez et al., 2006; 2009a). In all cases, the
soils were under NT for at least 5 years, the minimum period cited as necessary for
stabilization of several soil properties (Alvarez et al., 2009a).

Deterioration of soil physical properties under NT produced a reduction in crop yields in
Mollisols from the Pampas region (Alvarez et al., 2006; 2009b) due to a negative impact
from compacted soil layers on root development and on water infiltration, resulting in less
water available for the crop. This compacted layer is called as ‘no-till pan’ (Reichert et al.,
2009), usually in depths from about 0.07 to 0.15-0.20 m, with high bulk density, low porosity,
and high mechanical resistance, underlying an upper layer (0 to about 0.07 m) of reduced
compaction due to rearrangement of soil particles and aggregates by biological processes
and action of coulters and shanks of no-till seeders and planters coulters.

To improve soil physical properties and crop yield, some researchers have studied the effects
of practices for loosening compacted NT soils. Elissondo et al. (2001) found a decrease in
BD in Typic Argiudolls, and Alvarez et al. (2006) and Soracco (2009) found an increase in
the infiltration rate due to the practice of loosening soil with a chisel plow in the same soil
type, but this effect did not persist after harvest. Positive significant effects from subsoiling
(DL) on crop yield in two Mollisols under NT were found by Alvarez et al. (2006).

Soil physical quality (SPQ) is a concept that refers primarily to soil strength and the
storage and transmission of water and air (lovino et al., 2013). This is a central concept
for quantifying land degradation and developing “best management” land use practices
(Reynolds et al., 2002; 2008). Assessing the SPQ of the top layer of the soil profile is of
significant practical interest, given that it affects many basic agronomic and environmental
processes, such as seed germination, root elongation, soil aggregation, impact of soil tillage,
soil erosion, soil surface sealing/crusting, aeration, infiltration, and generation of runoff
(Topp et al., 1997). Furthermore, SPQ is likely related to crop yield, as crop yield depends on
several of the properties cited. Nevertheless, agreement on which soil physical properties
should be included in the characterization of SPQ has not been reached. Reynolds et al.

Rev Bras Cienc Solo 2016; v40:0150160 2



Lozano et al. Soil Physical Quality and Soybean Yield as Affected by Chiseling...

’r-
‘
Y\

(2009) suggested evaluating SPQ from the pore volume distribution function, which is
derived from the water retention curve (WRC). However, lovino et al. (2013) proposed
adding dynamic indicators to this characterization, since water infiltration and movement
depends on the existence of hydraulically active macroporosity, which is not detected
by static measurements of the WRC. These dynamic indicators are consistent with the
need of distinguishing between capacity and intensity soil properties, where the later
include dynamic behavior over time and space and encompasses the functionality and
the reaction or processes of systems within the given environmental conditions (Mentges
et al., 2016; Reichert et al., 2016).

Measurement of hydraulic conductivity (K) at different soil water tensions and quantification
of water-conducting macroporosity (6,) are important for improving understanding of
soil physical behavior. The properties of the soil macropore network (i.e., macropore
volume fraction and diameter and continuity of macropores) have a big impact on the
infiltration characteristics of agricultural soils (Hillel, 1998). Studies for quantifying
macropore flow revealed that more than 70 % of water flux can move through macropores
(Watson and Luxmoore, 1986). In general, water flow through structured soils is mainly
conducted by macropores, even though they constitute only a very small fraction of
total porosity (Cameira et al., 2003). Macroporosity represents an important indicator of
SPQ, particularly in relation to the site-specific water transmission properties, and can
be used as a sensitive measure to assess soil structural degradation. The importance of
soil macroporosity for water transport properties of the soil presents a challenging task
for its quantitative assessment (Schwen et al., 2011).

A pore connectivity index based on water flux (Cw) that relates hydraulically active
porosity and total porosity was recently by Lozano et al. (2013). This index was valuable
for understanding the effects of the NT system on the connectivity of different pore size
families and pore anisotropy.

Evaluation of the effects of different loosening practices on SPQ through the use of static
and dynamic indicators, together with analysis of crop yield, can assist in understanding
the modifications that these tillage systems produce on the soil. Furthermore, this can be
a first step towards the choice of a set of useful indicators for evaluating SPQ in relation
to crop yield. We hypothesized that soil physical quality indicators are good crop yield
predictors, and that soil physical quality indicators based on dynamic properties are
better predictors than those based on static properties.

The objectives of this study were to evaluate the ability of soil physical quality indicators
based on static and dynamic properties to assess the effects of two loosening treatments
in a soil under a long-term no-till system on crop yield; and to compare the performance
of static- and dynamic-based soil physical quality indicators in relation to crop yield.

MATERIALS AND METHODS

Site and treatments

The experiment was carried out in the Pampas region, Argentina. The soil was classified
as a fine, mixed, thermic Petrocalcic Paleudoll (Soil Survey Staff, 2006), Luvic Phaeozem
(IUSS, 2007). The A horizon had a loam texture. The climate in the region is temperate
(the temperature seldom goes below 0 °C), and approximate annual rainfall is 1,000 mm.

The plots studied were located at 36° 42’ S and 592 50’ W. Initially, the plots were under
NT with a crop rotation of wheat/short-season soybean for 20 years. In the year 2011,
a complete randomized block experimental design with three treatments was applied:
a) no tillage (NT), in which only a narrow (0.05 m) strip of the soil was drilled to deposit
crop seeds; b) chisel plowing (ChT), in which the soil was chiseled to a depth of 0.20 m
each year in November, just before soybean seeding (distance between shanks: 0.53 m);
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and (c) deep loosening tillage (DL), in which the soil was subsoiled to a depth of 0.35 m
each year in November, just before soybean seeding (distance between shanks: 0.57 m).
There were three plots of 30 m width and 70 m length for each treatment.

At soybean crop maturity (which was reached on May 2013), soybean yields were
measured using small quadrants (1 m?, five replications per treatment and block).
All plants in the quadrant were harvested by hand. Pods per plant, seeds per pod, and
1,000 grain weight were assessed. Crop yield was extrapolated to kg per hectare using
the number of plants per hectare.

Soil sampling and infiltration runs were carried out in August 2013.

Laboratory determinations

To determine the water retention curve (WRC), undisturbed soil samples (0.05 m height,
0.05 m diameter) were collected from the first 0.10 m of each plot, from places close to
the infiltration runs, avoiding rows and trafficked zones. Ten replicates from each plot
were collected. The samples were covered with plastic caps to protect the soil from
mechanical disturbances and evaporation.

Soil bulk density (BD) was measured using the core method (Blake and Hartge, 1986). Total
porosity (TP) was calculated from BD, assuming a particle density of 2.65 Mg m?, which is
normal for mineral soils (Hillel, 1998) and close to values measured for similar soils in the
Pampas region (Cosentino and Pecorari, 2002). Disturbed soil samples were taken from the
same depth and placed in plastic bags to determine soil particle size distribution using the
pipette method (Gee and Bauder, 1986) and to determine organic matter content using
the Walkley-Black method (Walkley and Black, 1934). Water retention data in the range of
pressure head values, h (L), from -1 to 0 m were determined on the undisturbed soil cores
using a sand box apparatus. Volumetric water contents, 8 (L* L), corresponding to h <-3 m
were estimated using the computer program ROSETTA 1.0 (Schaap et al., 2001), which uses
hierarchical pedotransfer functions, with sand, silt, and clay content and bulk density (BD) as
input parameters. The van Genuchten (1980) model was fitted to the water retention data
obtained for each soil sample using the RETC code (van Genuchten et al., 1991).

In-situ infiltration test

A tension disc infiltrometer (Perroux and White, 1988) was used in order to determine the
steady-state infiltration rate. Infiltration tests were carried out during the fallow period
(August). The infiltrometer disc had a base radius of 0.0625 m. Infiltration measurements
were conducted at four randomly selected sites in each plot, avoiding rows and trafficked
areas. To consider only the effects of tillage on soil water infiltration, crop residues were
removed from the soil surface. To ensure good hydraulic contact between the device
and the soil, the surface was flattened with a spatula, and a thin, dry sand layer was
spread on it. Infiltration runs were performed at three values of soil water pressure head,
h (namely, -0.06, -0.03, and 0.0 m, applied in this order and at the same place). This
sequence of supply water pressure heads was adopted because a descending order may
cause hysteresis, with progressive drainage occurring close to the disk while wetting
continues at the infiltration front (Jarvis and Messing, 1995). Flow monitoring continued
until steady-state flow from the disc was attained. Cumulative infiltration was recorded
every min up to 10 min, every 5 min up to 30 min, and every 10 min up to the end of the
test. When the amount of water entering into the soil did not change for four consecutive
measurements taken at 10 min intervals, steady-state flow was assumed, and the
steady-state infiltration rate was calculated based on the last four measurements. The
time necessary to reach the steady state was around 1.5 h for each tension.

Soil hydraulic conductivity, K, at the different soil water pressure heads, h (i.e., K¢, K5, and
K,), were thus calculated from the cumulative water infiltration using the multiple-head
method (Ankeny et al., 1991).
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Soil Physical Quality (SPQ) indicators based on dynamic properties
Water-conducting macro- and mesoporosity

The classical capillary rise equation allows us to approximate the maximum water-filled

pore size r [L] at a specific h [L]:

r — _20(cosa) Eq. 1
pg[hl

where o is the surface tension of water [M T?], a is the contact angle between water

and the pore wall (assumed to be zero), p is the density of water [M L?], and g is the

acceleration due to gravity [L T?].

We assume that the equivalent pores with radii smaller than r calculated from equation 1
are full of water and are responsible for all the flux of water under a given water pressure
head, and that the equivalent pores with radii larger than the value calculated from
equation 1 are not contributing to the water flux.

The water-conducting porosity due to pores between two radii ra and rb (ra<rb), 6 (ra, rb),
(assuming pore radius equal to the minimum pore radius), resulting in a difference in
total soil water flux or hydraulic conductivity AK (ra, rb), is (Watson and Luxmoore, 1986):

8nAK (ra,rb)

pg (ra)?

Since ra is the minimum equivalent pore radius in the range, € (ra, rb) is an estimation
of the maximum water-conducting porosity, because pore radius (ra) appears in the
denominator of equation 2. Implicitly assumed in equation 2 is a unit hydraulic gradient,
i.e. steady-state conditions during infiltration (Wahl et al., 2004).

e(a, b)= Eq. 2

From equation 1, infiltration at water pressure heads of -0.03 and -0.06 m will exclude pores
with equivalent diameters>1 mm and >0.5 mm, respectively. In our study, we defined
water-conducting macropores (¢,,,) as those pores draining at h>-0.03 m (equivalent
r>0.5 mm), and water-conducting mesopores (€,.) as those draining at h from 0.03 and
-0.06 m (0.5 mm>equivalent r>0.25 mm).

Flow-weighted mean pore radius, R,

Reynolds et al. (1995) proposed using the flow-weighted mean pore radius R, (L),
which represents an effective equivalent mean pore radius conducting water at
a certain supply pressure head and has been used to characterize temporal and
tillage-induced changes in water-conducting macropores (Messing and Jarvis, 1993;
Reynolds et al., 1995; Sauer et al., 1990; Schwen et al., 2011). Following Reynolds
et al. (1995), R, is defined by:

R, =%I,<€,D Eq. 3
here, M, [L? T"] is the matric flux potential of a soil, measured over the pore water
pressure head range, where pores are considered to be water-conducting, and can be
calculated by:

M, = [K(h)dh Eq. 4

As stated by the authors, Ry, compared to storage-based r, better reflects the effects of
pore restrictions, such as entrapped air bubbles or small unwetted zones.

Generally, R, indicates that with increasing h, larger pores become water-conducting
(Reynolds et al., 1995). lovino et al. (2013) proposed using R, as an integration of the
traditional capacitive indices in evaluating the SPQ. In this paper, we calculated R, at the
three water pressure heads measured (i.e., Ryo00m: Roo.03m @aNd Ryoo6m)-
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Applying equation 1, we also calculated the maximum equivalent pore radius C that
corresponds to pores can be water-conducting at a given supply pressure head (Reynolds
et al., 1995; Moret and Arrue, 2007).

Pore continuity index based on water flux

A pore continuity index (Cw) based on water flux (Lozano et al., 2013) was calculated
for each pore size family with radii between r, and r, (r,>r,) as the ratio between K(h,)
and K(h,) (cm h') (where h, and h, are the pressure heads at which pores with equivalent
radii greater than r, and r,, respectively, drain) and the pore volume fraction occupied
by this family (m> m?) in this range, according to:

K(h.) - K(h )

Cw, ., = e(h:) _ e(h:) Eq.5

where Cw,, , (cm h) is the pore continuity index for the pore size family with radii between
r, and r,, K(h,) and K(h,) are the hydraulic conductivities at the pressure heads at which
r, and r,, respectively, drain, and 8(h,) and 6(h,) are the pore volume fractions (m> m?)
with radii lower than r, and r,, respectively. In this study, we calculated Cw of TP, and
Cw of macropores (diameter>1 mm) and mesopores (1 mm<diameter<0.5 mm). Pore
volume fractions corresponding to TP, macropores, and mesopores were derived from
the WRC for each treatment.

Soil Physical Quality indicators based on static properties

Soil Physical Quality indicators based on static properties were calculated from the soil
WRC as follows (Reynolds et al., 2009; lovino et al., 2013):

Macroporosity: Ppa. = 6, - 6., Eq. 6
Air capacity: AC = 6, - B¢ Eq.7
Plant available water capacity: PAWC = B¢ - Oppp Eq. 8
Relative field capacity: RFC =—gi Eq.9

S

where 8, [L* L?], 8,, [L* L], 8:c [L? L], and By [L® L] are the volumetric water contents
corresponding to pressure heads of 0, 0.1, 1, and 150 m, respectively.

The WRC data was also used to calculate the SPQ index S, following Dexter (2004):
-(1+m)
s=—n(us-ur)[1+rﬁ—} Eq. 10

where U, [M M*] and U, [M M"] are the saturated and residual gravimetric water contents,
respectively, and n and m are the fitting parameters, with m = 1 - 1/n. For each treatment,
an average value for each SPQ indicator was calculated as the arithmetic mean of the
values obtained in the 10 replicated samples.

The structural stability index (SSI) was calculated from texture and organic carbon content
data, following Reynolds et al. (2009):

S5l = _1.7240C_ 4 100:0<SS|
(Silt + Clay) © =20l Eq. 11

where OC is the soil organic carbon content (wt.%), and (Silt + Clay) (wt.%) is the
combined silt and clay content of the soil.

Statistical analysis

To determine the effect of treatments, SPQ indicators and crop yields were analyzed
separately (ANOVA with treatment as a factor) (Sokal and Rohlf, 1995). When a significant
treatment effect was found, Fisher’s least significant difference (LSD) test (Sokal and
Rohlf, 1995) was used to compare the means of the different soil management practices.
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Because the statistical distribution of K, data is skewed and non-normal, logarithmic
values were used for analysis. The values of the SPQ indicators were compared with the
range of optimal values suggested by Reynolds et al. (2009). For all analyses, significance
was determined at p=0.05.

RESULTS AND DISCUSSION

Soil granulometry and organic matter

Mean particle size distribution of the A horizon did not differ significantly among treatments
and exhibited 290 g kg™ clay, 490 g kg™ silt, and 220 g kg™ sand, and was classified as
clay loam. Soil organic matter content was different among treatments (NT: 40 g kg™,
ChT: 50 g kg, and DL: 56 g kg™). Organic matter contents were correlated with visual
observation in the field of a greater amount of wheat crop residues in ChT and DL compared
to NT. Greater wheat yield under tilled treatments than under reduced tillage treatments
were found by Alvarez and Steinbach (2009), which supports the idea of higher production
of wheat residues under ChT and DL compared to NT. In contrast, other studies did not
find differences in organic matter content between NT and Minimum Tillage (Fabrizzi
et al., 2005) or Conventional Tillage (Garcia and Fabrizzi, 1998; Faldtico et al., 1999).
Thus, differences in organic matter content require further study.

K, and SPQ indicators based on dynamic properties

Field saturated hydraulic conductivity - K,, €., C,TP, and C,mac were significantly higher
for DL compared to NT and ChT (Table 1). These results are in agreement with the fact
that K, depends mostly on ¢,,,, which has already been reported (Capowiez et al., 2009;
Soracco et al., 2011). The pore connectivity indexes for TP and for macroporosity (C, TP
and C,mac, respectively) followed the same trend as K, and were higher for DL, which
means that this practice increased the connectivity of macropores, and this change
persisted until post-harvest. The results confirm the usefulness of C, in detecting changes
in pore configuration due to tillage practices.

The flow-based R, differed significantly among treatments only at a tension of 0.06 m of
water column, and was highest for DL. The R, value, which includes the effects of pore
constrictions on water transmission (Reynolds et al., 1995), describes an average pore size
for the total soil tension range, including soil microporosity (Moret and Arrde, 2007). A higher
R, value can be considered indicative of poorer soil quality given that water flows at an
excessive rate down the profile without being stored in the root zone (lovino et al., 2013).

The dynamic-based SPQ indicators show that, overall, the DL created persistent changes
in effective macroporosity, increasing the connectivity of total- and macroporosity. These
results are in agreement with Soracco et al. (2012) who, working in a similar soil, found
no differences in K, and ¢, between NT and ChT. found No differences in infiltration
rate after harvest between NT and chisel plowing in silty loam and loam soils from the

Table 1. Values of field saturated hydraulic conductivity (K,), water-conducting macro and mesoporosity (€., and €., respectively),
pore continuity indexes based on water flux for total porosity, macroporosity, and mesoporosity (C, TP, C,mac, and C,mes, respectively),
and flow-weighted mean pore radius corresponding to applied pressure heads of 0.00. 0.03, and 0.06 M (Rg .00 ms Roo.03m» @Nd Rg .06 ms
respectively) for the different treatments

Treatment Ko™ €ma €me C,.TP C,mac C,mes RV Ro0.03m Ro 0.06 m
cmh? % cmh? mm

NT 2.17 a 0.0011 a 0.0014 a 4.09 a 28.95a 12.03 a 0.14 a 0.11a 0.10 a

ChT 2.55a 0.0018 a 0.0016 a 4,40 a 30.97 a 6.92 a 0.21a 0.10a 0.08 a

DL 4.37b 0.0032 b 0.0017 a 7.81b 47.90 b 11.57 a 0.19a 0.06 a 0.22b

Different letters in the same column indicate significant differences among treatments for the corresponding parameter (LSD test, p=0.05). " Statistical
analysis on K, was performed on log-transformed values.
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Pampas region were found by Sasal et al. (2006), Alvarez et al. (2006), and Soracco
etal. (2010). Increased values of K, after subsoiling a previously no-tilled soil, compared
to surface tillage, were found by Sojka et al. (1997). Higher values of water infiltration
rates in soils from the Argentinean Pampas region under DL than under NT were found
by Alvarez et al. (2009b). These studies show that the effects of soil loosening on soil
hydraulic properties and its resilience depends on the implement used.

SPQ indicators based on static properties

There were no differences among treatments for most of the static SPQ indicators.
Furthermore, most of these indicators fell in the optimal ranges proposed by Reynolds
et al. (2009) (Table 2). According to static indicators, the ChT and DL treatments did not
produce persistent changes in SPQ that remained until postharvest. Moreover, the NT
treatment exhibited optimal/ideal values for all the SPQ indicators (except for SSI). These
results are in agreement with several reports from the Pampas region (Sasal et al., 2006;
Alvarez et al., 2006; Alvarez et al., 2009a,b; Soracco et al., 2010, 2012), which found
that the effect of soil loosening before seeding on total porosity did not remain until
harvest. In addition, the effects of soil tillage on macroporosity (Pmac) and air capacity
(AC) did not remain until harvest. Macropores are the most affected by traffic, and the
macropores created by the tillage treatments were likely destroyed by the harvest traffic.

Static-based SPQ indicators were not capable of distinguishing treatments.
Crop yields and SPQ relationships

Air temperature was high during emergence compared to the historical average, enabling
rapid plant emergence but, as of January, the temperature was slightly lower than the
historical average (Table 3). Very high rainfall was registered in November and December
but, in January and February, a period with very high temperature and normally with
water deficit, it was about half the historical average (Table 3). This produced a more
pronounced water deficit in these two months.

Main crop yields for the treatments were as follows: NT: 2,400 kg ha*; ChT: 2,358 kg ha™;
and DL: 2,105 kg ha™, the last treatment exhibiting significantly lower yield than the NT
and ChT crops. This result is in disagreement with Botta et al. (2010), who found lower
soybean yield under NT than under the chisel plowing treatment and subsoiling treatment.
In contrast, Fabrizzi et al. (2005) found no differences in wheat yields between NT and
ChT, in agreement with our results.

The DL treatment exhibited values of static SPQ indicators similar to those of NT and ChT
(except for greater SSl). Thus, these static indicators were not useful for distinguishing
treatments in terms of effects on crop yields.

The DL treatment exhibited significantly higher values of the dynamic SPQ indicators
Ko, €mar Co TP, and C,mac. However, the positive effect of this tillage treatment on pore
connectivity and related water conductivity negatively influenced crop yield. This may

Table 2. Mean values and standard deviations of macroporosity (Pmac), air capacity (AC), plant available water capacity (PAWC),
relative field capacity (RFC), bulk density (BD), Dexter’s index (S), and structural stability index (SSI) for the different treatments

Treatment Pmac AC PAWC RFC BD S SSI
m’m? Mg m?

NT 0.11 £0.01a** 0.23+0.02a"" 0.16+0.0la" 0.54%x009a 1.09+0.05a" 0.059 a* 5.07

ChT 0.14 £ 0.05a** 0.25+0.04a"" 0.19+0.03b" 053%0.12a 1.00*0.06a" 0.061a" 6.13

DL 0.12+0.05a"" 024 £0.06a"" 0.17 £0.04ab* 0.55*0.11a~ 1.02+0.12a" 0.056 a* 7.11°

Different letters in the same column indicate significant differences among treatments for the corresponding parameter (LSD test, p=0.05). Values
followed by a double plus sign (**) are within the range of optimal/ideal values proposed by Reynolds et al. (2009); mean values followed by a plus sign
(*) are in the range of good values. A minus sign () indicates that the value is outside the range of optimal and/or good values proposed by this author.
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Table 3. Average air temperature and total rainfall received for the month during the soybean
production season

Period® Rainfall Temperature
2012-2013 1961-1990 2012-2013 1961-1990
mm °C

November 108.1 87.8 18.6 16.9
December 214.2 77.8 20.1 20.1
January 56.0 89.9 21.3 21.6
February 46.1 83.9 20.1 20.9
March 125.6 127.0 15.6 18.4
April 1435 59.8 15.6 14.6
May 49.9 48.0 10.3 10.9
Total 743.4 574.2 17.4 17.6

@ In Azul, Buenos Aires (National Weather Service, Azul Station: 36° 45’ S, 59° 50" W).

be attributed to the exceptional dry period of January and February. Probably, the
water available during December from very high rainfall during that month was rapidly
conducted to deeper soil layers, due to the presence of more conductive macropores
in that treatment. Therefore, in the subsequent dry period, the water was no longer
available for the crop, while in the NT and ChT treatments, with lower K, and pore
connectivity values, the water remained in the surface horizon. The soybean root
system is characterized as shallow, and the creation of macropores by the soybean
root system is more limited (Bathke and Blake, 1984).

For crop yield, the static SPQ indicators showed low predictive value. The dynamic SPQ
indicators were capable of distinguishing treatments. In particular, the dynamic indicators
related to pore connectivity (€., C,TP, C,mac, and R,) were inversely related to crop
yield. The DL treatment, with higher values of these indicators, exhibited lower crop yield.
A possible interpretation of this result is that a soil with a high macropore connectivity
value will likely transmit water quickly below the root zone, with a reduced ability to
store it for crop use. Therefore, its soil quality can be considered poor, as previously
indicated by lovino et al. (2013). However, the impact of the treatments on crop yields
may vary depending on weather conditions. In the year studied, the initial high rainfall
and subsequent dry period, determined lower crop yields in the treatment with a greater
amount of vertically connected macropores. Future studies, monitoring years with different
weather conditions, would be useful for increasing knowledge on this topic.

CONCLUSION

Soil physical quality indicators based on static properties are not capable of distinguishing
tillage treatments and have low efficiency as crop yield predictors, whereas those
indicators based on dynamic properties are capable in distinguishing tillage effects and
are useful as crop yield predictors.
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