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ABSTRACT: Liming represents a management procedure that can
affect the soil structure and its thermodynamic processes. In this
context, the aims of this study were to assess (i) the effects of the
surface and incorporated liming on the clay dispersion, soil water
availability, and aeration capacity; (ii) the influence of soil chemical
alterations inits physical attributes. For this, a field experiment was
installed in a family farming property, located in the southeastern
region of the State of Parana, in a Dystrudept soil. The treatments
were 3 application modes (on the surface, incorporated via plowing
and incorporated via subsoiling and harrowing), with and without
15 Mg-ha™ of lime, aiming to increase the base saturation in the
topsoil (0 —0.20 m) to approximately 70%. Eighteen months after
application, undisturbed and disturbed soil samples were collected
from the 0 — 0.10 and 0.10 — 0.20 m layers to evaluate the water-
dispersed clay (WDC), water content at the field capacity (6..)
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and at the permanent wilting point (8,,,), plant available water

PWP
capacity (PAWC), relative water capacity (RWC), aeration capacity
(AC), granulometry and the soil structural and chemical attributes.
WDC content in the 0 — 0.10 m layer increased when the soil was
revolved and it was influenced exclusively when lime was applied
on the soil surface. With surface liming there were increase in 0,
PAWC and RWC, and reductionin ACinthe 0—0.10 mlayer. In

the 0.10 - 0.20 m layer isolated effects were verified of the modes

Opups

pwp Was not

application and liming on 6., PAWC and RWC, while 6
influenced by treatments. The soil water availability and aeration
capacity alterations were mainly affected by micro and macroporosity
increases, pH reduction, A" precipitation, and substitution of this
ion in the exchange complex by Ca?* and Mg?*.

Key words: water field capacity, soil acidity, cation exchange capacity,

no-tillage system.

Bragantia, Campinas, v. 76, n. 3, p.433-446, 2017 433




AC.Auleretal.

INTRODUCTION

Soil water availability and aeration capacity are
important soil physical attributes which depend on
soil structure affecting the crop development and yield
(Fernandez-Ugalde et al. 2009). Low water availability
reduces water and nutrients plant uptake, especially in
acid soils where the root grow was limited in the surface
layers (Caires et al. 2008; Joris et al. 2013).

Soil acidity is considered a limiting factor to the yield
in extensive areas of the world, especially in tropical
and subtropical regions (von Uexkiill and Mutert 1995).
Specifically, in Brazil near 70% of the soils are estimated
as acids (Quaggio 2000). Damages caused by the soil
acidity are commonly corrected through lime application.
However, the acidity correction dynamics depends on
the mode of corrective material application (Caires et al.
2008; Caires et al. 2011).

Lime application started to be carried out at the soil
surface after the no-tillage system appearance. However,
as lime presents low water solubility and the products of
its reaction with the soil have limited mobility, the surface
liming action is slow in reducing sub-superficial acidity
(Caires et al. 1998; Ciotta et al. 2004; Caires et al. 2011).
On the other hand, in conventionally tilled areas, the
tilled layer acidity is neutralized through lime mechanical
incorporation, and the reaction is favored by mixing the
corrective material with the soil (Caires et al. 2006).

Although incorporation favors lime reaction, when
used isolated, soil tillage alters its structure, changing
thermodynamic processes that occur, such as water
availability and aeration capacity (Gomez-Paccard et al.

2015). Liming might affect the soil structure in positive
or negative ways (Haynes and Naidu 1998; Bronick and
Lal 2005).

However, the number of scientific works about the
influence of liming on the soil physical attributes is
scarce, contrasting and commonly limited to the Oxisols
aggregation mechanisms, especially in clay dispersion
and flocculation (Castro Filho and Logan 1991; Roth and
Pavan 1991; Haynes and Naidu 1998; Albuquerque et al.
2000; Albuquerque et al. 2003).

The comprehension about the effects of the clay
dispersion and soil flocculation is important, and these
attributes affect the porous space (Spera et al. 2008).
These alterations might also reflect in the soil water
availability and aeration capacity.

In this context, data obtained in this study aimed
to assess (i) the effects of the surface and incorporated
liming on the clay dispersion, soil water availability and
aeration capacity of a Dystrudept; (ii) the influence of
soil chemical alterations in its physical attributes.

MATERIAL AND METHODS
Study location and characterization

The experiment was installed in May 2012, in a
family farming property in the city of Irati (lat 25°28'S,
long 50°54'W, altitude of 821 m.a.s.l.), southeastern
region of Parana State, Brazil. The rainfall data registered
from the beginning of the experiment and the region
background average is presented in Figure 1. According
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Figure 1. Weekly rainfall and monthtly average rainfall in region of study. For monthtly average rainfall was considered the periodo between

1963 to 2013.
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Surface liming improves the soil physical quality

to the Koppen classification, the region has a humid
subtropical climate (Cfb) (IAPAR 2009).

The soil under study is classified as a Dystrudept
silt-clay (Soil Survey Staff 2013), or “Cambissolo
Haplico Aluminico” according to Brazilian System of
Soil Classification (Santos et al. 2013). Neither liming
or fertilizer was applied since the conversion into
agroecosystem pasture (from the 1960s). The forage
implemented in the experimental area was the giant
missionary grass (Axanopus catharinensis), managed
in continuous grazing and low stocking rate. The soil
attributes evaluated before the experiment installation
are presented in Table 1.

Experiment characterization and
development

The experiment was carried out in bands with a factorial
design (3 x 2). In the bands (300 mz)’ the different modes
of lime application were distributed (on the surface;
incorporated via plowing and harrowing; incorporated
via subsoiling and harrowing); while in the plots (150 m?)
0 (control) and lime (15 Mg-ha™!) application treatments
were established. The lime rate was calculated to raise the
base saturation in the topsoil (0 - 0.20 m) to approximately
70%, according to the results obtained by Caires et al.
(2005) and Caires et al. 2006). The lime used presented
285 and 200 g-kg!' CaO and MgO as well as 101, 75 and
75% neutralizing power, reactivity and effective calcium
carbonate equivalent, respectively.

Thus, the treatments were: Control — no lime and
no tillage; LS — lime on the surface and no tillage;
PH — nolime but tillage with plowing and harrowing; LIPH —

lime incorporated via plowing and harrowing; SH — no
lime but tillage with subsoiling and harrowing;
LISH — lime incorporated with subsoiling and harrowing.
In the treatments that involved tillage for incorporation,
the application was carried out in 2 phases: 50% of the
dosage before the first management operation (plowing
or subsoiling) and the remaining 50% after this operation,
however, before the leveling harrowing (the same for both
incorporation modes). In the LS treatment, the corrective
material was applied in a single dosage, broadcasted on
the soil surface (Caires et al. 2006; Joris et al. 2016).
For plowing, a 3-disc of 28” reverse plow was employed
and the subsoiling was carried out with 5 parabolic
stems spaced at 0.40 m. Both operations were carried
out at 0.25 m soil depth. After these initial operations,
harrowing was carried out with a leveling harrow of
32 discs of 20", spaced at 0.175 m and 0.10 m depth.
After liming application, in May 2012 (and 2013),
the intercropped system of black oat and hairy vetch
(50 kg-ha! for each one) was implemented through surface
sowing during the autumn-winter season. In August 2012
(and 2013), the crop dissection was carried out (glyphosate,
3 c.p. L'ha™). After that, the corn crop was sowed (October
2012 and November 2013) with a 0.90 m row spacing and
density of around seven seeds per meter. It was conducted
without soil preparation, employing a five-line sowing-
fertilizing machine equipped with plane discs to open furrows,
and modified double disc to deposit fertilizer and seed.
The crop phytosanitary treatment and the phytomass
management were made with a backpack sprayer, aiming
to avoid machinery traffic on the area. In 2013 - 2014, the
same crop succession was employed with few adaptations
according to the crop needs.

Table 1. Soil chemical and physical attributes in the 0 — 0.10 and 0.10 — 0.20 m layers (n = 4) of the Dystrudept before the experiment installation.

e oc H+Al AR+ Ca* Mg K CEC v m
(m) PH (g-kg™) (cmol -dm) (%)
0-0.10 37 2746 16.33 6.80 1.00 1.30 0.61 19.24 15 70
0.10-0.20 3.6 19.46 19.63 9.00 0.40 0.50 0.41 20.94 6 87
Silt Clay WDC* Ma?° Mit
(g-kg™) (m*m>)
0-0.10 46 474 480 238 2.50 119 0.51 0.05 0.46 0.07
0.10-0.20 54 469 477 248 2.53 121 0.51 0.06 0.45 0.08

pH =in CaCl,; OC = Organic carbon content (Walkley-Black method); H + Al = Potential acidity; AP*, Ca**, Mg*, and K* = Aluminium, calcium, magnesium, and
potassium exchangeable; CEC = Cations exchange capacity (pH 7.0); V and m = Base and aluminium saturation, respectively; WDC = Water-dispersed clay; PD
and BD = Particle and bulk density, respectively; TP = Total porosity; Ma and Mi = Macro and microporosity (determined at -6 kPa), respectively; AC = Aeration
capacity (considering water content at —10 kPa). Adapted from Auler et al. (2017).
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Sampling, evaluations, and analyses

Eighteen months after liming, around 30 days after
corn sowing, 4 soil samples were collected (considered
as replications) per plot in the intrarows of the crop, in
each soil layer (0 - 0.10 and 0.10 - 0.20 m). Disturbed
and undisturbed soil samples were obtained. Disturbed
soil samples were collected using a shovel and the
undisturbed ones with stainless steel volumetric rings
(0.05 x 0.05 m, external diameter and height) employing
an Uhland sampler.

The undisturbed samples were saturated by the capillary
rise procedure and submitted to matric potentials (¥Ym) -6
and -10 kPa in a tension table (model M1-0801, Eijkamp®).
After this, the water content at the field capacity (8,.) defined as
-10kPa was determined. After the thermodynamic equilibrium,
the undisturbed samples had their wet mass evaluated and,
afterwards, they were dried in a forced air circulation oven
(105 °C/48 h) to obtain the dry soil mass. Later on, the
soil bulk density (BD) and volumetric water contents were
calculated (Dane et al. 2002). Disturbed samples were used
to determine the gravimetric water content at —-1,500 kPa ¥m

considered the permanent wilting point (8, ), which was

PWP
calculated considering the BD of the undisturbed soil sample
(Dane et al. 2002).

Plant available water capacity (PAWC) was calculated
through the differences between 6, .and 6, , and the relative
water capacity (RWC) through the relation between 6,
and water content at saturation (0,) (Reynolds et al. 2007).
Aeration capacity (AC) was calculated through the difference
between the total porosity (TP) and 0, .. TP was determined
considering the relation between BD and particle density
(PD), which was determined by helium gas pycnometer
(model ACCUPYC 1330, Micromeritics Instrument Corp.®).
Microporosity (Mi) was obtained considering the soil water
retained at -6 kPa and macroporosity (Ma) by the difference
between TP and Mi (Dane et al. 2002).

Disturbed soil samples were dried in a forced air
circulation oven (40 °C/48 h) and sieved in a 2-mm mesh
sieve. Later on, the sand, silt, clay and water-disperse clay
(WDC) contents were determined by the densimeter
method; however, without previous sample treatment
(H,0, 30 v-v') and the use of chemical dispersion
(NaOH 1.0 mol-L ) in the latter (Dane et al. 2002). The degree
of flocculation (DF) was calculated based on the total clay
content and WDC (Dane et al. 2002). The organic carbon

content (OC) was determined by the Walkley-Black method;
active acidity (pH); potential acidity (H+Al); and AP**, Ca®*
and Mg** contents were also evaluated (van Raij et al. 2001).

Statistical analysis

The variance analysis statistical model was applied to
both soil layers (0 - 0.10 and 0.10 - 0.20 m) data employing
the completely randomized design in factorial arrangement
(2 x 3), with four replications (Fisher 1966). Presuppositions
of residue normality and homoscedasticity were verified by
the Shapiro-Wilk and Bartlett tests, respectively (Bartlett
1937; Shapiro and Wilk 1965). When necessary, Box-Cox
optimum potency was used to the data transformation (Box
and Cox 1964). After presuppositions had been verified, the
F-test was employed. In the case of significant interactions,
decomposition analyses were carried out and whenever
necessary the Tukey’s test was applied to multiple comparisons
(Tukey 1959), and Pearson’s linear correlation analyses were
performed (Pearson and Filon 1898). The software R, version
3.0.2, was used in the statistical analyses (R Core Team 2013).

RESULTS
Soil chemical and structural physical attributes

There was influence of the modes of lime application,
the liming and their interaction on BD, TP, Ma, Mi and
soil chemical attributes (pH, Ca**, Mg*, H + Al and
Al** contents), in both soil layers (Table 2). Even with
or without liming addiction, direct effects of tillage were
verified, such as reduction in BD and increase in TP and
Ma, as already reported by Auler et al. (2017).

Liming increased soil pH, Ca** and Mg**, and reduced
H + Al and AP** in all modes of application in the 0 — 0.10 m
layer. In the 0.10 - 0.20 m these effects only occurred
when lime was incorporated, and treatments with
incorporation did not differ from each other (Table 2).

Water-dispersed clay and degree of
flocculation

Only isolated effects regarding of the modes of lime
application were verified in WDC in the 0 - 0.10 m layer
following the order: subsoiling and harrowing > plowing
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Surface liming improves the soil physical quality

Table 2. Soil physical and chemical attributes in the 0 — 0.10 and 0.10 — 0.20 m layers of a Dystrudept due to the modes of lime application
and liming.

Soil attributes Control PH

0-0.10 m layer

Sand (g-kg™) 46 Aa 48 Aa 51 Aa 57 Aa 30 Aa 32 Aa
Silt (g-kg™) 460 Aa 461 Aa 494 Aa 464 Aa 443 Aa 449 Aa
Clay (g-kg™) 494 Aa 491 Aa 455 Ab 479 Aa 527 Aa 519 Aa
BD (kg-dm-) 127 Aa 1.08 Ba 0.97 Ab 0.97 Ab 1.00 Ab 1.00 Aa
TP (m*m=3) 0.49 Bb 0.57 Ab 0.61Aa 0.61Aa 0.60 Aa 0.60 Aab
Ma (m3m=) 0.26 Aa 0.10Bb 0.16 Ab 0.18 Aa 0.10 Ab 0.11Ab
Mi (m3-m=3) 0.23Bc 0.47 Aa 0.45 Ab 0.43 Ab 0.50 Aa 0.49 Aa
OC (g-kg™) 29.53 Aab 30.98 Aa 26.73 Ab 31.08 Aa 30.25 Aa 30.67 Aa
pH (CaCl, 1:2.5) 3.7Ba 4.8 Aa 41Ba 5.2 Aa 3.7Ba 5.2 Aa
H + Al (cmol -dm=) 1728 Aa 703 Ba 15.79 Aa 6.65 Ba 1715 Aa 6.59 Ba
AP+ (cmol -dm) 4.60 Aa 0.15Ba 3.68 Ab 0.05Ba 3.83 Aab 0.13Ba
Ca** (cmol -dm=) 1.48 Ba 743 Aa 210Ba 740 Aa 1.63 Ba 750 Aa
Mg?* (cmol -dm=) 1.25Ba 3.83Ac 1.38Ba 5.15 Ab 1.25Ba 6.18 Aa

0.10-0.20 m layer

Sand (g-kg™) 54 Aa 37Bab 43 Aa 43 Aa 21Ab 24 Ab
Silt (g-kg™) 449 Aa 418 Aa 496 Aa 483 Aa 504 Aa 464 Aa
Clay (g-kg™) 497 Aa 545 Aa 461 Aa 474 Aa 475 Aa 512 Aa
BD (kg-dm-=) 1.09 Aa 108 Aa 0.97Bb 1.07 Aab 1.03 Aab 1.01Ab
TP (m*m=) 0.57 Ab 0.58 Ab 0.62 Aa 0.58 Bb 0.59 Ab 0.62 Aa
Ma (m?-m=) 0.09 Ab 0.12 Aa 0.17 Aa 0.14Ba 0.11Bb 0.15 Aa
Mi (m3m=) 0.48 Aa 0.46 Ba 0.45 Ab 0.44 Aa 0.48 Aa 0.45Ba
OC (g-kg™) 20.29 Ab 19.26 Aa 2517 Aa 19.67 Ba 21.75 Aab 21.43 Aa
pH (CaCl,1:2.5) 37Aa 37Ab 4.0Ba 45Aa 3.6Ba 4.2 Aab
H+ Al (cmol -dm=) 18.99 Aa 1794 Aa 1772 Aa 11.03Bb 19.87 Aa 10.24Bb
AP (cmol -dm=) 6.53 Aa 5.48 Aa 4.83 Aa 2.30Bb 6.30 Aa 2.65Bab
Ca?* (cmol -dm) 0.58 Aa 113 Ab 1.38Ba 4.35Aa 0.88 Ba 410 Aa
Mg?* (cmol -dm) 0.55 Aa 120 Ab 1.35Ba 3.65Aa 0.73Ba 338 Aa

Averages (n =4) followed by the same capital letter for liming and the same small letter for the modes of lime application did not differ from each other by Tukey’s
test (p <0.05). Control = Treatment without liming; LS = Liming on the soil surface; PH = Plowing and harrowing without lime; LIPH = Lime incorporated via plowing
and harrowing; SH = Subsoiling and harrowing without lime; LISH = Lime incorporated via subsoiling and harrowing; BD = Bulk density; TP = Total porosity; Ma
and Mi = Macro and microporosity, respectively; OC = Organic carbon content (Walkley-Black method); pH = In CaCl,; H + Al = Potential acidity; AP+, Ca*, and
Mg?* = Aluminium, calcium, and magnesium exchangeable, respectively. Adapted from Auler et al. (2017).

and harrowing > without tillage (Table 3 and Figure 2).
Differently, in 0.10 - 0.20 m layer, WDC was influenced by
the modes of lime application and the liming but not by their
interaction (Table 3). In this specific case, liming increased
the clay dispersion and treatments, without tillage and with
plowing and harrowing, presented WDC statistically similar
and lower than the treatments with subsoiling and harrowing
in the 0.10 - 0.20 m soil layer (Figure 2).

However, for the DF there was influence of the modes
of application and their interaction with liming in the

Bragantia, Campinas, v. 76, n. 3, p.433-446, 2017

0 - 0.10 m layer (Table 3). In this case, without liming
control treatment presented higher DF than PH and
SH. With liming, LS, LSH, and PSH treatments did not
differ from each other. Among the modes of application,
liming reduced DF only when lime was applied on the
surface (Figure 3a). In the 0.10 - 0.20 m layer, it was only
observed effects of the modes of application (Table 3). In
this layer, the application on the soil surface presented
a higher DF in relation to SH. On the other hand, PH
did not differ from the other treatments (Figure 3b).
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Table 3. Summary of ANOVA of the water-dispersed clay, degree of flocculation, water content in field capacity, permanent wilting point,
plant available water capacity, water relative capacity, and aeration capacity in the 0 — 0.10 and 0.10 — 0.20 m layers of a Dystrudept due to

the modes of lime application and liming.

Sources of variation Orue
0-0.10 m layer
Modes of application * * * * * * *
Liming ns ns * * * * *
Modes versus liming ns * * * * * *
CV (%) 8 8 5 1 17 6 24
W 0.95m 0.97 0.95" 0.92"s 0.96" 0.97 0.94ns
B, 0.00m 457 3.30™ 20.12* 2.06" 2.45" 2,077
Sources of variation Ooue PAWC
0.10 - 0.20 m layer
Modes of application * * * ns ns * *
Liming * ns * ns * * ns
Modes versus liming ns ns ns ns ns ns *
CV (%) 7 17 22 7 14 3 14
W 0.92"s 0.99 0.92" 0.95 0.98" 0.97 0.96
B 10.12 9.15ms 418 7400 6.27™ 1710 6.76"

0

*Significant by the F-test (p < 0.05); "Non-significant. WDC = Water-dispersed clay; DF = Degree of flocculation; 6_.= Water content in field capacity;
0,,,, = Permanent wilting point; PAWC = Plant available water capacity; RWC = Relative water capacity; AC = Aeration capacity; CV = Coefficient of variation.;

PWP

W = Shapiro-Wilk test; B, = Bartlett test.

(a) (@A) 70 +
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‘:\‘\ S Aa
2 300 L b b a £ 607
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S 20+ 50 T Ab Al Ab Aa
200 - ‘ ’ T e s
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(b) Modes of application Modes of application
(b) (c)
50T 4 50 T
350 T
= A ab A A
T ;;40 T b /\a 40 +
£ 300 < £
(@)}
o 30+ 30+
S 250
20 - 201
200 Surface PH SH Without  With
Without With s o
Liming Modes of application Liming

Figure 2. Water-dispersed clay content (g-kg-1) in the 0 — 0.10 (m)
and 0.10 - 0.20 m (m) layers of a Dystrudept soil due to the modes
of application (a) and liming (b). Average values (n = 4) followed
by the same capital letter for liming and small letter for modes of
application did not differ from each other by Tukey’s test (p < 0.05).
PH =Incorporated via plowing and harrowing; SH = Incorporated via
subsoiling and harrowing.

Figure 3. Degree of flocculation (DF) in the 0-0.10 (a) and 0.10—-0.20 m
(b, c) layers of a Dystrudept due to the modes of lime application
[on the surface, incorporated via plowing and harrowing (PH) and
via subsoiling and harrowing (SH)] and liming [without (=) or with
lime (m)]. Average values (n = 4) followed by the same capital letter
for liming and the same small letter for the modes of application did
not differ from each other by Tukey’s test (p < 0.05).
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Surface liming improves the soil physical quality

The acidity correction in LS reduced DF according
to the increase found in the pH, Ca?* and Mg?** contents.
However, the opposite were noted for AI’** and H + Al
contents. DF presented strong positive correlations with
BD and Ma and strong negative correlations with TP
and Mi (Table 4).

Soil water availability

In the layer 0 - 0.10 m, 6, 6, PAWC, and RWC
were influenced by the modes of lime application, liming
and its interaction (Table 3). In this layer, without soil
acidity correction, the PH, and SH treatments were not
different from each other regarding 6,_and were higher
than that in the Control (Figure 4a). However, with liming
the 6, . with LISH treatment was higher than that with
LIPH, while the LS treatment was similar with both modes
of lime application. Among modes of lime application,
liming increased 6,.in the layer 0 - 0.10 m only when the
corrective material was applied on the surface (Figure 4a).

Regarding 6,
liming, the PH and SH treatments did not differ from

in the layer 0 - 0.10 m, without

each other and were higher than Control. While with
soil acidity correction, there was no statistical difference
pwp iD this
in the layer

between modes of lime application for 0

layer. However, liming provided higher 6,

0 - 0.10 m among lime application methods (Figure 4b).
Changes in the 8, ,and 6,
reflected on the PAWC. In this layer, without soil acidity

correction, the Control treatment presented lower PAWC

in the 0 - 0.10 m layer,

when compared with the PH and SH treatments, which
did not differ from each other. Liming PAWC did not
showed statistical differences among the LS, LIPH, and
LISH treatments. However, liming resulted in a distinct
PAWC behavior in the 0 - 0.10 m layer, regarding
lime application methods. In treatments without soil
disturbance, liming increased PAWC while with treatments
that involved incorporation with plowing and harrowing
or subsoiling and harrowing, liming reduced PAWC
(Figure 4c).

The RWC in the 0 - 0.10 m layer was sensitive to
changes in 6, and 6_.. Without soil acidity correction,
the WLWT treatment presented RWC lower than that
presented with PH and SH, which did not differ from

Table 4. Pearson’s correlation coefficients (n = 8) between structural physical attributes, granulometry, and chemical attributes with water
availability and aeration capacity due to liming applied on the surface, incorporated with plowing and harrowing or incorporated with
subsoiling and harrowing in the 0 — 0.10 or 0.10 — 0.20 m layers (significant interactions).

0-0.10m 0.10-0.20m
a ttfi';illl te On the surface IPH
PAWC RWC AC AC
Sand 0.31 0.23 0.12 0.51 0.30 -024 -001 -017 0.37 -0.03 -0.33
Silt -031 -011 -003 -033 -0.08 0.15 -0.01 0.35 011 0.28 -0.28
Clay 0.22 0.03 -0.01 0.15 -0.04 -0.06 0.04 -042 -014 -0.26 0.31
WDC -0.87* 0.80* 0.83* 0.57 0.67 -0.76* 0.50 -072 -021 -0.10 -0.61
BD 0.87* -0.92* -091* -0.81* -0.86* 0.83* 0.51 -0.16 0.07 0.23 -0.90*
TP -0.88* 0.93* 0.91* 0.81* 0.86* -0.84* -0.53 0.18 -0.04 -0.24 0.89*
Ma 0.73* -0.98* -098* -0.83* -097* 0.99* -0.27 -0.08 0.03 -0.45 0.99*
Mi -0.80* 0.99* 0.99* 0.86* 0.97* -098* 0.02 0.28 -017 0.59 -0.37
ocC -0.32* 033 0.31 0.33 0.19 -0.28 0.56 -0.83* 0.04 -0.01 0.22
pH -0.84* 0.97* 0.96* 0.81* 0.92* -0.92* 0.81* -093* 092* -0.81* -0.16
H+ Al 0.86* -098* -098* -0.81* -0.93* 094 -0.79* 0.92* -0.95* 0.81* 0.31
AP+ 0.86* -0.98* -0.98* -0.80* -0.93* 0.93* -0.80* 0.93* -0.97* 0.81* 0.27
Ca> -0.88* 0.97* 0.98* 0.78* 0.93* -0.94* 0.82* -0.92* 0.91* -0.77* -0.31
Mg -0.77* 0.93* 0.93* 0.79* 0.89*  -0.90* 0.77* -0.95* 0.97* -0.88* -0.39

*Significant to the F-test (p <0.05). IPH = Incorporated with plowing and harrowing; ISH = Incorporated with subsoiling and harrowing; DF = Degree of flocculation;
0..=Water content in field capacity; 6,,,, = Permanent wilting point; PAWC = Plant available water capacity; RWC = Relative water capacity; AC = Aeration capacity;
WDC =Water-dispersed clay; BD = Bulk density; TP = Total porosity; Ma and Mi = Macro and microporosity, respectively; OC = Organic carbon content (Walkley-
Black method); pH = In CaCl,; H + Al = Potential acidity; A**, Ca?*, and Mg?* = Aluminium, calcium, and magnesium
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Figure 4. Water content in field capacity (0 a) and at the permanent wilting point (0,,,.;b), plant water available
capacity (PWAC; c) and soil relative water capacity (RWC; d) in the 0 — 0.10 m layer of a Dystrudept due to the
modes of lime application [on the surface, incorporated via plowing and harrowing (PH) and via subsoiling and
harrowing (SH)1and liming [without (=) or with lime (m)]. Averages (n = 4) followed by the same capital letter for
liming and the same small letter for the modes of lime application did not differ from each other by Tukey’s test
(p<0.05).

each other. However, with liming, LS and LISH treatments ~ treatments with plowing and harrowing presented RWC
were similar and higher than the LIPH. Regarding  lower than that with treatments without tillage or with
application methods, liming increased RWC only when  subsoiling and harrowing, which were not different from

lime was applied on the surface (Figure 4d). each other (Figure 5).
In the 0.10 - 0.20 m layer, no significant interactions When lime was applied on the surface, 8., 6, , PAWC,
were observed for the variables 6., 6,,, PAWC, and  and RWC presented strong positive correlations with

RWC. However, in this layer ch and RWC were isolated WDC, TP, Mi, pH, Ca** and Mg?, and strong negative
influenced by the modes of lime application and the  correlations with BD, Ma, H+Al and AI’*. Arbitrarily,
liming. While regarding PAWC there were only liming  for incorporation with plowing and harrowing and
effects. The 6,,, was not altered by the treatments in ~ incorporation with subsoiling and harrowing were
this layer (Table 3). verified significant correlations between 6, , and PAWC

Treatments with plowing and harrowing presented  only with soil chemical attributes, and restricted to the
lower 6, _than that ones without tillage and with subsoiling 0 - 0.10 m soil layer (Table 4).
and harrowing, which were not different from each other
in the 0.10 - 0.20 m layer. Also, in this layer liming  Soil aeration capacity
reduced 0, (Figure 5).

PAWC increased with liming in the 0.10 — 0.20 m layer, There was influence of lime application modes,
as a direct effect of 0, increase in this layer (Figure 5).  liming and their interaction in AC in both soil layers,
Alterations of 0, in the 0.10 - 0.20 m layer, due to the  except for liming in the 0.10 - 0.20 m layer (Table 3).
modes of lime application and liming, also reflected on ~ In the 0 - 0.10 m layer, the Control treatment presented
the RWC. In this layer, liming reduced RWC and the  higher AC than that in the PH and SH treatments, which
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were not different from each other. With liming, AC,
in the LIPH treatment, was higher than that in LS and
LISH, which were similar in the 0 - 0.10 m layer. When
the soil was not revolved to incorporate lime, surface
liming promoted reduction in AC in the 0 - 0.10 m
layer (Figure 6a).

In the layer 0.10 — 0.20 m, the PH treatment presented
higher AC than that in the Control and SH treatments,
which were similar to each other (Figure 6b). With
liming, there was no difference in AC in the layer
0.10 - 0.20 m regarding the modes of lime application
(Table 3). However, in relation to PH and SH treatments,
the AC, in the 0.10 - 0.20 m layer, with LIPH was reduced
and with LISH was increased, respectively (Figure 6b).

In the 0 - 0.10 m layer, AC was correlated positively
with BD, Ma, H + Aland AI’* content and negatively with
WDC, TP, Mi, pH, Ca** and Mg** contents, when lime was
applied on the soil surface (Table 4). In the 0.10 - 0.20 m,
AC was negatively correlated only with BD and positively
with TP and Ma for the LIPH treatment in relation to
PH treatment (Table 4).

(a) g 5 .
= 080 T b
2
8~ 06071 4 b a
S =
=f o0 fa ) a
a E a a a
a 0,20 +
Z
% 000
@ Surface PH SH
(b) Modes of application

B¢ Opy PAWC, and RWC
(m3*m=3)

Without With
Liming

Ho. Ho

F

B PAWC

PWP

W WRC

Figure 5. Water content in field capacity (6..) and at the permanent
wilting point (8,,,,), plant available water capacity (PAWC), and relative
water capacity (RWC) in the 0.10 — 0.20 m layer of a Dystrudept
due to the modes of application (a) and liming (b). Average values
(n=4)followed by the same capital letters for liming and small letter
for mode of application did not differ from each other by Tukey’s
test (p < 0.05). PH = Incorporated via plowing and harrowing;
SH = Incorporated via subsoiling and harrowing.

0,35 T
(a) Aa
Tt 025 + Aa
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< o1 1 Bb Ab Ab
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b
(b) 0,20
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E
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0,05
Surface PH SH
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Figure 6. Aeration capacity in the layers 0—-0.10 (a) and 0.10-0.20 m
(b) of a Dystrudept due to the modes of lime application [on the surface,
incorporated via plowing and harrowing (PH), and incorporated via
subsoiling and harrowing (SH)] and liming [without (=) or with (m)
lime]. Averages (n = 4) followed by the same capital letter for liming
and small letter for modes of lime application did not differ from each
other by Tukey’s test (p < 0.05).

DISCUSSION
Clay dispersion and flocculation

The lowest WDC and the highest DF in the without
tillage treatment (with and without liming) possibly
resulted from the preservation of the soil macroaggregates.
These results were not observed for PH and SH
independently of the liming (Fernandez-Ugalde et al.
2009). For WDC, considering that soil mobilization in
the 0 — 0.10 m layer was the same for the treatments with
plowing and subsoiling, as a function of the harrowing
operation employed in both modes of application, the
distinction among them might be ascribed to: (i) higher
clay content in the soils under subsoiling and harrowing
in relation to that under plowing and harrowing (Table 2);
and (ii) the combined effect of higher soil Ma under
plowing and harrowing when compared to that under
subsoiling and harrowing (Table 4); together with the 2 wet
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and dry cycles occurred before the sample collection in
2013, between the 2" week of June and the 2" week of
September, and between the 3™ week of September and
the 3 week of November (Figure 1), which preceded
sample collection.

This effects occur because the initial clay content
is one of the most important attributes in determining
the amount of WDC (Kjaergaard et al. 2004), and the
soil fast wetting, after a dry cycle, might have a
disaggregating action due to the air bubbles trapped in
the soil macropores (Kemper and Rosenau 1984; Roth and
Pavan 1991; Oliveira et al. 2005; Pires et al. 2005, 2007).
The fast soil wetting is due to the high water infiltration
in soils with high macroporosity (Alaoui et al. 2011).

Considering that this result for PH and SH was not
observed for DF (Figure 3a), it can be assumed that DF is
more sensitive than WDC to assess the clay dispersion. It
occurs for soils submitted to disturbance and differences
in the initial total clay content (Table 2). One possible
explanation for this result is that WDC did not consider
the initial total clay content, which directly affects the
WDC (Dane et al. 2002).

The non-significant effect of liming on the WDC and
DF for LPH, and LSH treatments in the 0 - 0.10 m layer
was possibly due to: (i) high Al**and H* natural content
in the soil (Table 1), considering that the trivalence and
the small hydrated ions radius, respectively, present high
resistance to dispersion (Russel 1973; Rengasamy et al.
1986; Haynes and Naidu 1998); and (ii) the lime time
of reaction in the soil (18 months), since the dispersive
effect of liming through the increase of negative charges,
as a consequence of the increase in the soil pH, is
minimized with time after the application due to the
higher Ca?*and Mg* concentration, positively charged Al
amorphous hydroxide [AI(OH)?**] precipitation and the
highest soil solution ionic strength, which compresses
the double diffuse layer and promote flocculation of the
initially dispersed particles (Haynes and Naidu 1998;
Albuquerque et al. 2003).

On the other hand, the significant effect of the liming
in DF for the LS treatment in the 0 - 0.10 m layer might
be explained by the exchange of AI’** by Ca** and Mg?**
increasing the diffuse double layer, which increases the
clay dispersion (Haynes and Naidu 1998; Albuquerque
et al. 2003). Therefore, having in mind that LS exhibits
a structure more closed than LPH and LSH (Table 2),

which preserves soil macroaggregates with Ca** coated
surfaces (Briedis et al. 2012), the dispersed clays cannot
be oriented and, as a result, they cannot flocculate to form
new micro-aggregates and remain dispersed (Westerhof
et al. 1999).

Similarly, although the lime reaction was lower in the
0.10 - 0.20 m layer when compared to 0 - 0.10 m, the
pH and the Ca** and Mg?** were lower and the AI’* was
higher in this layer in treatments without lime (Table 2).
Therefore, in this case, the clay dispersion was certainly
favored by the substitution of AI** for Ca** and Mg
in the cationic exchange complex, as a consequence
of the Al’*ion precipitation process, and the H* ion
reduction in the soil solution, which is clearly related to
the valence effects and the hydrated ion radius (Russel
1973; Rengasamy et al. 1986; Albuquerque et al. 2000;
Dontsova and Norton 2002).

Liming effects in the soil-water-air
relations

The positive correlation between 6, . and WDC might
be an indirect effect of the highest WDC, considering that
the WDC reduces the soil structure stability and alters
its porous space (Roth and Pavan 1991; Albuquerque et
al. 2003; Auler et al. 2017). This hypothesis is reinforced
when are considered the similarities and correlation of
0., and Mi in the layer 0 — 0.10 m (Tables 2,4). In such
case, higher Mi implies higher retention per capillarity,
justifying higher 6, . (Houlbrooke and Laurenson 2013;
Libardi 2012).

Positive correlations between 0, , and Ca*" and
Mg**, possibly result from the formation of outer-
sphere complexes regarding adsorption and these ions
reduced ionic radius. As in this kind of adsorption the
bond between cations and clay particles is mediated by
water molecules, the higher the cations adsorption is the
higher the 6 value is. Also, Ca** and Mg** ions present
small ionic radius, therefore, a large hydrated radius,
»wp due to the higher
number of water molecules solvating these ions (Sparks
2003; Pires et al. 2011; Libardi 2012; Auler et al. 2017).

The results for PAWC and RWC are due to: (i) increase in
0, through Mi increase with LS when compared to Control

which also contributed to higher 6

(Tables 2,4); and (ii) increase in 6, , through liming with
LIPH and LISH treatments when compared to PH and SH,
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respectively (Figure 4b); however, in this case, Mi increase
was more significant to the increase in PAWC.

Regarding the alterations in several soil physical
and chemical attributes, through liming on the surface
or incorporated, presented in this study, the absence
of treatment effects on the 6, , in the 0.10 - 0.20 m
layer (Table 3), might possibly be ascribed to the small
variation of the lime reaction in this layer (Table 2) —
pH between 3.6 and 4.5, for example — as a function of
the short time of application (Joris et al. 2016).

Only the Control and SH treatments presented poor and
ideal PAWGC, respectively, in the 0 — 0.10 m layer, considering
the PAWC categories revised by Reynolds et al. (2007) for
fine texture soils: “ideal” (> 0.20 m*m™), “good” (= 0.15 and
<0.20 m*m™?), “limited” (= 0.10 and < 0.15 m*m~) and “poor”
(< 0.10 m*m™). According to this classification, LS, LIPH
and LISH treatments presented limited PAWC and, on the
other hand, PH treatment showed good PAWC in this layer.

These results show that although liming might be beneficial
to soil water retention, mainly in the 0 — 0.10 m layer (Auler
etal. 2017), soil acidity correction might limit the PAWC if
there is lack of rainfall, depending on the period and the water
stress level (Caires et al. 2008; Joris et al. 2013). However,
when the crop root system reaches the 0.10 - 0.20 m soil
layer, the plants are not likely to suffer water stress, since in
this layer there was good PAWC regardless of the modes of
lime application or liming (Table 3).

On the other hand, these limitations might not
compromise crop growth, development and yield (Caires
etal. 2008), since liming increases root growth, nutrient
adsorption and accumulation of dry mass in corn
and soybeans in water stress conditions, mainly with
Al*susceptible genotypes (Joris et al. 2013).

Regarding RWC effects, according to Reynolds et al.
(2007), only treatments with plowing and harrowing
presented optimal balance between the soil water availability
and aeration (RWC between 0.60 and 0.70), in both soil
layers. The remaining treatments might have reduced the
microbial activity in the soil due to lack of water (RWC < 0.60)
or air in the soil (RWC > 0.70), which might hamper
important processes that influence plant development
such as mineralization (Reynolds et al. 2007).

In the 0 - 0.10 m layer, the increase in the BD and
Ma, and reduction in TP and Mi, due to LS treatment in
relation to Control shows strong positive correlations with
AC (Table 4). It is important to emphasize that in this

study the increase in BD did not influence Ma reduction,
such as it is usually observed (Silva et al. 2014; Auler et al.
2017). This behavior might be a consequence of biopores
formation, influenced by the increase in the earthworm
activity or at root growth conditioned by liming (Caires et
al. 2008; Joris et al. 2013; Auler et al. 2017). In this case, the
biopores formation also might explain those correlations.

AC correlations in the 0.10 - 0.20 m layer, between the
treatments with plowing and harrowing, only occurred
with physical attributes, show that these alterations
depend on the soil disturbance (increase in the Ma)
and not from liming (Table 4). That result might be
explained due to the importance of the macropores for
the soil aeration (Silva et al. 2014).

AC values below 0.10 m* m~ were not observed for
all modes of lime application, with or without liming, in
both soil layers (Figure 6). This value is considered as a
limiting factor to the crop development. It is important to
emphasize that the Control treatment provided increase
in AC, in the 0 - 0.10 m layer, when compared to the
conditions prior to the experiment installation, although
BD increase was also observed (Table 1).

These results were possibly due to the stoloniferous
growth habit and the fasciculate root system of the forage
A. catharinensis, considering the short time between
the conversion of the area from pasture to agriculture
(20 months). This behavior might be the result of biopores
formation in the soil through the slow and gradual
decomposition of the fasciculate roots and stolons of
the forage (Auler et al. 2017). These results reinforce the
plant beneficial effects on the soil structural quality.

CONCLUSION

The application of lime after eighteen months affects the
soil clay dispersion uniquely when applied on the surface.

Surface liming is the better mode of lime application to
increase the soil water availability, mainly the water content
at the field capacity. These changes are more significant in
the 0 — 0.10 m soil layer. Surface liming also reduces the
aeration capacity in this layer, but not until critical limits.

The soil water availability and aeration capacity
alterations are mainly mediated by micro and macroporosity
increases, pH reduction, AP** precipitation, and substitution
of this ion in the exchange complex by Ca?* and Mg**.
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