Betioli Junior, E.,Tormena, C.A., Moreira, W.H., Ball, B.C.,
Figueiredo, G.C., da Silva, A.P. and Giarola, N.F.B. (2014) Aeration
conditions of a clayey oxisol under long-term no-tillage. Revista
Brasileira de Ciência do Solo. ISSN 0100-0683.
This article is distributed under the terms of the Creative Commons
Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
http://hdl.handle.net/11262/10669
http://dx.doi.org/10.1590/S0100-06832014000300031
Deposited on: 17 March 2015

SRUC Repository – Research publications by members of SRUC
http://openaccess.sruc.ac.uk/

990

Edner Betioli Junior et al.

AERATION CONDITION OF A CLAYEY OXISOL UNDER LONGTERM NO-TILLAGE (1)
Edner Betioli Junior(2), Cássio Antônio Tormena(3), Wagner Henrique Moreira(2), Bruce C.
Ball (4), Getulio Coutinho Figueiredo(5), Álvaro Pires da Silva (6) & Neyde Fabíola Balarezo
Giarola(7)

SUMMARY
The hypothesis of this study was that the absence of soil tillage in long-term
no-tillage (NT) systems can be detrimental to soil aeration. The objective was to
assess the aeration condition of an Oxisol (Rhodic Ferrasol), very clayey texture
(750 g kg-1 of clay; 200 g kg-1 of sand), after 30 years of cultivation under NT. The
physical property soil air permeability (Ka) is sensitive to changes in the soil pore
system. Aside from Ka, the air-filled porosity (Ɛ a) and indices of pore continuity (K1
and N), derived from the relationship between Ka and Ɛ a, were used as indices of
soil aeration. From the soil layers 0.0-0.1 and 0.1-0.2 m, 240 undisturbed samples
were collected along a transect perpendicular to the crop rows, at three sampling
positions: corn plant row (CR); center of the interrow (INT); and the equidistant
point between CR and INT (PE). The properties Ka and Ɛ a were determined at soil
Ψm) of -2, -4, -6, -10, -30, and -50 kPa. Soil bulk density (BD) was
matric potentials (Ψ
also determined. The results confirmed the hypothesis. In the 0.0-0.1 m layer, Ka,
K1, N and Ɛ a were significantly greater and BD significantly lower in CR than at the
other sampling positions. At a Ψm of -10 kPa, the Ka of CR was 6.9 and 8.4 times
higher than in PE and INT, respectively, in the 0.0-0.1 m layer. The properties Ka,
K1 and N were sensitive enough to detect changes in the pore system and their
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differences between the sampling positions demonstrated the importance of the
spatial location for soil sampling. Tilling the crop rows provides better soil aeration
under NT.
Index terms: soil compaction, air permeability, air-filled porosity, pore continuity,
sampling spatial location.

RESUMO: CONDIÇÃO DE AERAÇÃO DE UM LATOSSOLO APÓS LONGO
TEMPO SOB PLANTIO DIRETO
A hipótese deste estudo foi que a ausência de revolvimento do solo em sistema plantio
direto (SPD) pode ser prejudicial à aeração do solo. O objetivo foi quantificar a condição de
aeração de um Latossolo Vermelho distroférrico, classe textural muito argiloso (750 g kg-1 de
argila; e 200 g kg-1 de areia), cultivado por 30 anos em SPD. A permeabilidade do solo ao ar
(Ka) é um atributo físico do solo sensível às alterações no sistema poroso do solo. Ka, porosidade
de aeração (Ɛ a) e índices de continuidade de poros (K1 e N), obtidos de relações entre Ka e Ɛ a,
foram utilizados como indicadores da aeração do solo. Para o estudo, 240 amostras com
estrutura preservada foram coletadas das camadas de 0,0-0,1 e 0,1-0,2 m de profundidade do
solo, ao longo de um transecto estabelecido perpendicularmente às linhas de cultivo, em três
posições distintas: linha da cultura do milho (CR); centro da entrelinha (INT); e ponto
equidistante entre CR e INT (PE). A Ka e a Ɛ a foram determinadas nos potenciais mátricos
(Ψm) de -2, -4, -6, -10, -30 e -50 kPa. A densidade do solo também foi definida. Os resultados
confirmaram a hipótese estabelecida. Valores de Ka, K1, N e Ɛ a foram estatisticamente
superiores na posição CR, na camada de 0,0-0,1 m. No Ψm de -10 kPa, a Ka da CR foi 6,9 e 8,4
vezes superior que em PE e INT, respectivamente, na camada de 0,0-0,1 m. Ka, K1 e N se
apresentaram suficientemente sensíveis para detectar as alterações no sistema poroso, e suas
diferenças entre as posições de amostragem comprovaram a importância da variabilidade
espacial na obtenção de amostras de solo. A mobilização do solo na linha de semeadura
propicia melhores condições de aeração do solo sob SPD.
Termos de indexação: compactação do solo, permeabilidade do solo ao ar, porosidade de
aeração, continuidade de poros, posição espacial de amostragem.

INTRODUCTION
No-tillage (NT) is a soil management system in
which the seeds of crops are deposited without prior
plowing of the soil, where the soil is only disrupted
when opening furrows for sowing. This amount of
tillage is considered low and can maintain 30 to
100 % of the soil surface covered with plant residues
(Soane et al., 2012). Despite economic and agronomic
advantages in terms of reduced fuel consumption
(Fernandes et al., 2008) and improved soil erosion
control (Cogo et al., 2003), the reduced soil disturbance
under NT along with the increased weight of modern
agricultural machinery, have caused enough
compaction of the soil surface layers to create an
obstacle to the expansion of this cultivation system
(Siqueira, 2008). In 2012, NT covered an area of 32
million ha in Brazil, a significant proportion of the
approximately 117 million ha in the world
(FEBRAPDP, 2012).
The main soil disruption under NT occurs along
the sowing rows, due to the action of the shredder
cutting discs and, mainly, the furrow opener (also
known as knife or tine) whose function is to cut and
penetrate the soil for fertilizer placement. According

to Siqueira (2008), the use of furrow openers for NT
sowing has expanded in Brazil, as a means of breaking
up surface compaction, especially in clayey and very
clayey soils.
Compaction of soil can reduce soil aeration,
sometimes to levels that limit the crop development
(Czyz, 2004). An adequate oxygen supply to the soil is
important for supporting populations of aerobic
microorganisms, for enzymatic activity, and for the
oxidation and reduction reactions of elements such as
Fe2+ and Mn2+, which can be toxic to plants (Lal &
Shulka, 2004). Compaction alters various properties
of the pore system, such as size distribution
(Tarawally et al., 2004), continuity (Berisso et al., 2013)
and geometry of the pores (Alaoui et al., 2011),
modifying the dynamics of water and gases in soil.
The soil air permeability (Ka) is a physical property
that indicates the capacity of a pore system to
transport soil gases (Dörner & Horn, 2006) and has
been used to characterize the effects of management
systems on the soil structure (Ball et al., 1988;
Roseberg & McCoy, 1992), which may not be wellrepresented by bulk density (BD) and, or, total
porosity. The Ka is dependent on the fraction of airfilled pore space (McQueen & Shepherd, 2002;
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Ressureccion et al., 2007) and is therefore sensitive to
modifications in the distribution of soil macropores,
which are responsible for the process of water drainage
and soil gas flux. Alterations in Ka indicate changes
in quality of the soil physical environment for growing
plants and changes in the rate of processes linked to
gas concentrations in the soil (Silva et al., 2009). Soils
with values of K a
1 µm 2 can be considered
impermeable, according to McQueen & Shepherd
(2002).
Ball (1981), Ball et al. (1988) and McCarthy &
Brown (1992) describe a direct relationship between
Ka and air-filled porosity (Ɛa). Ball et al. (1988),
Blackwell et al. (1990), Dörner & Horn (2006) and
Groenevelt et al. (1984) used the relationships between
Ka and Ɛa to estimate indexes of pore continuity that
characterize functional changes in the soil pore system.
In Brazil, Silva et al. (2009) observed a reduction in
Ka with increasing BD, approaching a value of 1 µm2
with BD of approximately 1.2 kg dm-3, in soil texture
classified as very clayey. On the other hand, Rodrigues
et al. (2011) found values of approximately 5 µm2 in
very clayey soil with high organic matter contents
and under NT management for 23 years.
Some studies demonstrate that soils under NT
display values of Ka below those shown by conventional
tillage (Ball & Robertson, 1994; Rodrigues et al., 2011).
However, these studies of near surface soils ignore
spatial locations when obtaining samples in the field.
Since sowing is an operation that promotes localized
loosening that determines differences in soil physical
condition, in and between the crop rows, we highlight
the importance of distinguishing sampling location
when studying the soil air permeability. The
hypothesis of this study is that the absence of soil
tillage in long-term NT systems can be detrimental
to soil aeration. The objective of this study was to
determine BD, Ka and Ɛa as well as the relationships
between Ka and Ɛa to obtain pore continuity indices to
estimate the structural quality and aeration status
of an Oxisol (Rhodic Ferrasol) in a long-term (more
than 30 years) NT system.

MATERIAL AND METHODS
The sampling was conducted in a commercial crop
field near Maringá, State of Paraná, Brazil (23º 30' S,
51o 59' W; 454 m asl), with a smoothly undulating
relief, an average slope of 3 %, and mean annual
temperature and pluvial precipitation of 22 oC and
1,450 mm, respectively. In this region, the dominant
climate type, according to the Köppen classification,
is mesothermal humid subtropical. The soil at the
study site was classified as Oxisol (Rhodic Ferrasol),
with very clayey texture (750 g kg-1 clay and 200 g
kg-1 sand in the 0.0-0.2 m layer), with organic matter
contents of 19.77 g dm-3 in the 0.0-0.1 m and 14.52 g
dm-3 in the 0.1-0.2 m layer.
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The sampling area (50 ha) was managed under
NT as of 1980, in the following summer-winter crop
sequence: corn-oat, soybean-corn, soybean-wheat.
Throughout the last 30 years of cultivation, dolomitic
limestone was periodically applied to the surface, based
on results of soil chemical analysis. Fertilizers were
applied during sowing, using a combined seederfertilizer drill equipped with cutting discs at the front
and parabolic tines at the rear, at a cutting angle of
20o, a tip thickness of 20 mm and a penetration depth
between 0.10 and 0.12 m. For oat and wheat sowing,
another seeder-fertilizer was used, only equipped with
cutting discs. During the corn and wheat crops, nitrogen
fertilizer was applied, based on the recommendations
for the respective crop. Pests, diseases and weeds were
controlled as recommended specifically for each crop.
In the sampled area, the track of tractors, harvesters
and sprayers were set randomly to avoid excessively
compacted regions in the field.
Soil sampling was carried out in September 2010,
after harvesting the second corn crop grown at a
spacing of 0.90 m. A transect of approximately 71 m
was established perpendicular to the corn row. Forty
undisturbed soil samples were taken from each of the
following sampling positions: the crop row (CR); the
center of the interrow (INT); and the point equidistant
(PE) between the CR and the INT of the corn crop
from layers 0.0-0.1 and 0.1-0.2 m depth (Figure 1).
Per layer, 120 samples were taken. Undisturbed soil
samples were collected in metal cylinders (7.5 diameter
× 5.0 cm height), which were introduced slowly and
continuously by an electro-mechanical automatic
sampler (Figueiredo, 2010) to ensure the maintenance
of the structural integrity of the soil sample.
In the laboratory, the soil samples were saturated
for 48 h, through the gradual elevation of the water
level, up to about 2/3 of the sample height. Samples
were then weighed and subjected to the matric
potentials (Ψm) of -2, -4, -6 and -10 kPa on a tension
table similar to that described by Ball & Hunter (1988);
the Ψm of -30 and -50 kPa, were established using
pressure chambers (Klute, 1986). After attaining
hydraulic equilibrium at each Ψm, each soil sample

Interrow

Point Equidistant

Crop Row

0.225 m 0.225 m

Figure 1. Schematic representation of the transect
and sampling positions.
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was reweighed and, immediately, the Ka was
determined using a constant head permeameter
(Figueiredo, 2010). The permeameter was similar to
that proposed by Ball & Schjønning (2002), based on
the application of successive increments of constant
rates of air-flow into a soil sample, to generate different
pressure gradients.
For each Ψm, Ka (µm2) was calculated using
equation 1:
Ka =

Qn æ z ö
ç ÷
As çè p ÷ø

(1)

where Q is the mass flow (m3 s-1); η the viscosity of
air at 20 oC (N s m-2); As the area perpendicular to
the air movement (m2); z the height of the soil column
(m); and P is the differential air pressure (Pa).
After calculating Ka at Ψm = -50 kPa, the samples
were oven-dried at 105 oC for 24 h, to determine BD
according to Grossman & Reinsch (2002).
The Ɛa was computed as the difference between
total porosity (TP) and volumetric water content of
the soil, after establishing the hydraulic equilibrium
for each Ψm. The TP was obtained using equation 2:
(2)
TP = 1 - BD
Pd
where Pd is the particle density (kg dm-3). The Pd
was estimated by the volumetric flask method
(Embrapa, 1997) and the mean value of 2.86 Mg m-3
was used to calculate TP.
Pore continuity was evaluated using the
relationship between Ka and Ɛa, using the KozenyCarman equation in its analogous form, as described
by Ahuja et al. (1984):
K a = Me aN

(3)

where M and N are the empirical parameters obtained
by fitting the equation to the data. N is considered an
index of pore continuity that reflects the increase in
Ka with the increasing of Ɛa or the decreasing of pore
tortuosity and surface area with an increase in the
fraction of pores available for flow (Groenevelt et al.,
1984). The relationship between Ka and Ɛa was fitted
to a logarithmic form for equation 3, which was
conducted using equation 4:
log(Ka) = log (M) + N log (εa)

(4)

Considering equation 4, the intercept with the axis
log Ɛa (in which Ka = 1 µm2) is referred to as the
limiting air content, and was proposed by Ball et al.
(1988) and Schjønning et al. (2002) as the amount of
soil pores blocked to aeration, that do not participate
in the convective transport of air, and is represented
by Ɛb. Therefore, Ɛb is the value of Ɛa below which airflow through the soil ceases due to the discontinuity
in the pore and aeration network and may be obtained
by using equation 5:

εb = 10(-log M)/N

(5)
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Another index of pore continuity, K1, was
calculated for the relationship Ka/Ɛa, according to
Groenevelt et al. (1984).
The BD and Ɛa were compared between treatments
through the confidence interval (85 %) of the mean,
in accordance with Payton et al. (2000). The normality
of the distributions of the values for Ɛa, Ka and K1
were evaluated by the Shapiro-Wilk test. When
normal distribution was absent, a logarithmic
transformation was applied to the data to adjust the
distributions to normality (Blackwell et al., 1990). The
correlations between log Ka and BD, and log Ɛa were
assessed by the Pearson correlation test. The
coefficients M and N and the means of K1 were tested
using a t test (p<0.05). All these procedures were
conducted using SAS (SAS, 2002) statistical software.

RESULTS AND DISCUSSION
In the 0.0-0.1 m layer, BD was lowest in the CR
(Table 1). At all sampling locations, BDs were greater
in the 0.1-0.2 m than the 0.0-0.1 m layer. For BD,
coefficient of variation (CV) values were lower in the
0.1-0.2 m layer than in the 0.0-0.1 m layer, indicating
more homogeneous soil physical condition in the 0.10.2 m layer. Heterogeneity in the 0.0-0.1 m layer was
probably due to the increased action of the drill cutter,
the root activity of the maize crop and wetting and
drying cycles. The lower BD values recorded in CR in
the 0.1-0.2 m layer can be the result of small variations
in deeper layers caused by the drill cutter, in addition
to the effect of the root system of the plants.
In a study in the same experimental area, Betioli
Jr et al. (2012) determined the least limiting water
range (LLWR) using the same sampling system (CR,
PE and INT positions), and found a critical BD (Bdc)
of 1.32 kg dm-3. The Bdc corresponds to the BD value
at and above which the LLWR is zero and the
penetration resistance and aeration conditions are
extremely limiting to plant growth. At the sampling
positions PE and INT, the average BD values were
greater than Bdc (Table 1). This suggests that longterm NT systems promote the confinement of the
plant in a volume where soil physical quality is better,
however small in spatial extent. This is restricted to
a depth of approximately 0.1 m and horizontally
probably to a few centimeters (around 0.12 m).
The greater Ɛa found at sampling position CR in
the 0.0-0.1 m layer (Figure 2) was due to the loosening
of the soil by the drill opener which resulted in an
increase in the volume of macropores, responsible for
water drainage in the soil. Despite the lower BD
observed for CR in the 0.1-0.2 m layer, no differences
between sampling positions were found in Ɛa in this
layer, probably due to the high CV. The mean CV
values of Ɛa, for the six Ψm in the 0.1-0.2 m layer,
were 27.25, 22.46, and 22.30 %, at the positions CR,
PE and INT, respectively.
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Table 1. Bulk density in the layers 0.0-0.1 and 0.1-0.2 m at the sampling locations crop row (CR), interrow
(INT), and the point equidistant between CR and INT (PE)
Layer

Sampling location

Mean

CI

Maximum

Minimum

Mg m-3

m
0.0-0.1

0.1-0.2

CV
%

CR

1.098 Bb

±0.011

1.274

0.919

PE

1.351 Ab

±0.010

1.502

1.106

6.883
7.799

INT

1.347 Ab

±0.013

1.511

1.142

6.401

CR

1.349 Ca

±0.005

1.464

1.250

3.364

PE

1.376 Aa

±0.006

1.483

1.296

2.986

INT

1.369 Ba

±0.005

1.438

1.274

2.591

Mean, confidence interval (CI), maximum and minimum have the same unit as the corresponding soil property. Means followed
by the same letter, uppercase for comparison in the same layer and lowercase for comparison of the same position between
layers, do not differ significantly by the mean confidence interval (p>0.05).

0.30

0.1-0.2 m layer no differences were found between
sampling locations, demonstrating that the
mechanisms that caused the lower BD in CR
apparently had no influence on Ka. These results
indicate that the effects of soil cultivation on soil
aeration at location CR were restricted to the 0.0-0.1
m layer.

0.0-0.1 m
0.25
0.20
0.15
0.10

Ɛa, m3 m-3

0.05
0.00
0.30

CR
INT
PE

0.1-0.2 m

0.25
0.20
0.15
0.10
0.05
0.00
-2

-4

-6

-10
Ym, kPa

-30

-50

Figure 2. Mean values of air-filled porosity (Ɛ a) at the
sampling locations crop row (CR), interrow
(INT) and the point equidistant between CR and
INT (PE) in two soil layers (0.0-0.1 and 0.1-0.2 m).
Overlapping confidence intervals of the mean
indicate no statistical difference (p>0.05).

The values of Ka for each Ψm are presented in
table 2. The statistical distribution of the Ka values
was non-normal so a log+1 transformation was applied
to adjust the data distribution closer to normality and
allow parametrical statistical tests (Blackwell et al.,
1990).
The mean values of log Ka for location CR were
higher than those of PE and in INT in the layer of
0.0-0.1 m at all Ψm evaluated (Table 2). In the
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The values of log Ka in CR in the 0.0-0.1 m layer
were greater than in the layer below, at all Ψm
evaluated. At sampling position INT, the values for
log Ka in the 0.1-0.2 m layer were greater than those
obtained within the 0.0-0.1 m layer at -2, -4, -6 and
-10 kPa, despite the higher BD observed in 0.1-0.2 m
layer (Table 1). The increase in BD within the 0.1-0.2
m layer and the increasing log Ka value at position
INT at Ψm of -2, -4, -6, and -10 kPa, showed that
other soil factors aside from porosity determine this
property, such as the presence of a stable and
continuous pore network. A similar behaviour can be
observed in the PE position, which showed greater
log Ka values in the 0.1-0.2 m layer at Ψm of -2, -4
kPa. Conversely to the surface, the 0.1-0.2 m layer is
less affected by disruption from machinery traffic,
which results in less blockage in the pore network
(Figure 3). The behaviour of the CR position reflects
the effect of soil loosening on the reduction of the blockage
by the creation of larger and more interconnected pores.
Ressureccion et al. (2007) recommended the
measurement of Ka at matric potential equivalent to
field capacity (-10 kPa), once Ka is mainly governed
by soil structure, specially by the larger soil pores,
corresponding to the pores drained at -10 kPa. The
mean values of Ka (without log transformation)
obtained at -10 kPa were 11.04, 1.59 and 1.31 µm2 for
the sampling locations CR, PE and INT respectively,
in the 0.0-0.1 m layer. For the 0.1-0.2 m layer, the Ka
values were 2.13, 1.99 and 2.23 µm2 respectively, at
the sampling locations CR, PE and INT. As also
observed for BD, the Ka values in CR were greatest in
the 0.0-0.1 m layer. These Ka values are lower than
those found by Cavalieri et al. (2009) and by Rodrigues
et al. (2011) despite the differences in soil clay content
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Table 2. Soil air permeability (Ka) and index of pore continuity (K1) at the sampling locations crop row (CR),
interrow (INT) and the point equidistant between these CR and INT (PE), in two soil layers (0.0-0.1 and
0.1-0.2 m) at six matric potentials
Layer (m)
Sampling location

Matric potential

0.0-0.1

0.1-0.2

0.0-0.1

log10 Ka + 1

0.1-0.2
log10 K1

kPa

µm

2

CR

-2

1.723 Aa

0.539 Ab

1.737 Aa

1.660 Aa

PE

-2

0.338 Bb

0.622 Aa

1.162 Bb

1.484 Aa

INT

-2

0.286 Bb

0.604 Aa

1.208 Bb

1.559 Aa

CR

-4

1.934 Aa

1,056 Ab

1.754 Aa

1.473 Ab

PE

-4

0.845 Bb

1.079 Aa

1.267 Bb

1.488 Aa

INT

-4

0.785 Bb

1.102 Aa

1.239 Bb

1.487 Aa

CR

-6

2.001 Aa

1.228 Ab

1.766 Aa

1.469 Ab

PE

-6

1.051 Ba

1.225 Aa

1.281 Bb

1.454 Aa

INT

-6

1.030 Bb

1.260 Aa

1.238 Bb

1.478 Aa

CR

-10

2.043 Aa

1.328 Ab

1.754 Aa

1.435 Ab

PE

-10

1.202 Ba

1.298 Aa

1.247 Bb

1.427 Aa

INT

-10

1.116 Bb

1.348 Aa

1.242 Bb

1.432 Aa

CR

-30

2.093 Aa

1.391 Ab

1.750 Aa

1.400 Ab

PE

-30

1.345 Ba

1.367 Aa

1.254 Bb

1.382 Aa

INT

-30

1.332 Ba

1.439 Aa

1.252 Bb

1.403 Aa

CR

-50

2.142 Aa

1,428 Ab

1.771 Aa

1.404 Ab

PE

-50

1.392 Ba

1.408 Aa

1.268 Ba

1.369 Aa

INT

-50

1.435 Ba

1.502 Aa

1.288 Bb

1.426 Aa

Means followed by the same letter, uppercase in the column and lowercase in the line, do not differ significantly by the t-test
(p>0.05).

between the soil in those studies and in the present
paper.
K1 distribution was also non-normal and was logtransformed. In general, a comparison between
sampling locations demonstrated that greater pore
continuity was associated with higher values of log
Ka (Table 2). However, in the comparison between
the same sampling locations, in different layers, some
cases have higher log K1 in the 0.1-0.2 m layer, even
without significant differences in log Ka. This can be
seen at sampling location INT, at -2, -30 and -50 kPa,
and PE, at -2, -4, -6, -10 and -30 kPa. In these cases,
according to Groenevelt et al. (1984), aspects of the
pore system, such as size distribution, tortuosity, and
pore continuity are determinants for these differences.
The behaviour was also opposite in CR at Ψm -2 kPa,
where log K1 did not differ between the layers, despite
the increase in log Ka observed in the 0.0-0.1 m layer.
This situation can be explained by the proportional
reduction of Ka and Ɛa from the first to the second soil
layer; since K1 is the result of the ratio K a/Ɛa,
differences would be found if the numerator value had
remained stable in the two soil layers while the
denominator varied, or vice-versa. However, the
greater log Ka values in the 0.0-0.1 m layer cannot be
attributed solely to greater soil pore continuity (Table
2), but also to greater Ɛa (Figure 2).

The pore continuity index N demonstrated higher
pore continuity at sampling location CR than INT, in
the 0.0-0.1 m layer. As also found for Ka and K1, no
significant treatment differences in N were found in
the 0.1-0.2 m layer (Figure 3). With the exception of
position CR, where both K1 and N were higher in the
0.0-0.1 m layer in relation to CR in the 0.1-0.2 m
layer, some divergences between K1 and N were found.
At the same sampling location, log K1 was greater in
the 0.1-0.2 m layer for INT and PE at most Ψm, yet
no significant difference (p>0.05) was observed for N.
For PE, N was also lower in the 0.1-0.2 m than the
0.0-0.1 m layer. Continuity indices based on single
measurements and on overall relationships do not
necessarily agree (Ball et al., 1988). Rodrigues et al.
(2011) also found different trends for pore continuity
as determined by the logarithmic relationship between
Ka and Ɛa (N) and the ratio Ka/Ɛa (K1). In that study,
N indicated pores supposedly more continuous in the
0.0-0.1 m layer, whereas log K1 showed greater pore
continuity in the 0.1-0.2 m layer. In this study, the
values of N are below those reported in other studies
under NT, where N varied from 1.83 to 9.97 (Ball et
al., 1988; Roseberg & McCoy, 1992; Rodrigues et al.,
2011).
According to Ball et al. (1988), Ɛb can be considered
as the percentage of Ɛ a of the sample that is
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impermeable to gas flow. It was observed that in the
0.0-0.1 m layer, there was a greater volume of blocked
pores at the sampling locations INT and PE, while in
the 0.1-0.2 m layer the parameter was similar at the
three sampling locations (Figure 3). The Ɛb values
found in this study were similar to those obtained by
Ball et al. (1988) in soil under NT in the UK. However,
the observed behavior of Ɛb in relation to pore
continuity, evaluated by index N, differed from that
reported by Ball et al. (1988), who found higher values
for Ɛb, directly linked to those of N.
The degree of association between log Ka and the
soil physical properties (BD and log Ɛa) were evaluated
by the Pearson correlation coefficient (Table 3). It was
observed that BD was significantly negatively
correlated with log Ka in the 0.0-0.1 m layer but there
was no significant correlation in 0.1-0.2 m layer. The
correlation of log Ka with log Ɛa was highly significant
between the two layers of sampling, with slightly
higher correlation values in the surface soil layer.
Considering a critical value of K a
1 µm 2
(McQueen & Shepherd, 2002) as the condition under
which soil aeration is low enough to affect plant growth
in the 0.0-0.1 m layer, with the exception of sampling
location CR, the Ka of most samples was below the
2.00

0.0-0.1 m
0.1-0.2 m

1.80

N

1.60
1.40
1.20
1.00
9.00

0.0-0.1 m

critical value up to Ψm of -10 kPa. In the 0.1-0.2 m
layer, a large increase was observed in the percentage
of samples from CR which had Ka 1 µm2 up to Ψm
of -10 kPa, besides the standardization of the
percentages of samples with Ka below 1 µm2 at the
different sampling positions. These results demonstrate
the importance of a spatial differentiattion between the
sampling locations when studying Ka.
The reduction in the percentage of samples with
Ka 1 µm2, as a result of the reduction in Ψm (Table
4) reflects the increase in Ka values obtained as the
soil dries and demonstrates the important effect of
soil water content or air-filled porosity on Ka (Ball et
al., 1988).
The comparison (ratio) between the percentage of
samples with Ka 1 µm2 and the percentage of
samples with critical values of Ɛa (Ɛa 10 %) (Table 4)
shows differences of up to 18 times, as observed in the
PE position in the 0.1-0.2 m layer, at Ψm of -10 kPa.
These results support the claim of Silva et al. (2009)
that Ɛa may not reflect in precise measurements of
the behavior of gases in the soil for measuring the
volume and not taking pore continuity into
consideration, which is more important for the soil
air flow. Aeration is a dynamic process and is dependent
on other factors, e.g., the saturation degree (Juca &
Maciel, 2006), wetting/drying process (Kamiya et al.,
2006) and the presence of biopores and vertical cracks
(Tang et al., 2011). For the positions PE and INT,
fewer samples with Ka 1 µm2 were in the 0.1-0.2 m
layer in relation to the 0.0-0.1 m layer even though
BD was greater in the 0.1-0.2 m layer. This result is
probably related to Ɛb, which showed a similar
behavior, with lower values at the positions PE and
INT in the 0.1-0.2 m than the 0.0-0.1 m layer. These
results suggest that a higher percentage of pores
available to the air flux could have contributed to the
lower percentage of samples with Ka 1 µm2.
Considering that sowing is the only tillage operation
in NT, it is hardly surprising that the conditions in

0.1-0.2 m

Ɛb, %

7.00

Table 3. Pearson correlation coefficients between
log Ka and some soil physical properties at
sampling locations crop row (CR), interrow
(INT) and the point equidistant between CR and
INT (PE), in the 0.0-0.1 and 0.1-0.2 m layer

5.00

3.00

Layer

Sampling location

BD(1)

log Ɛ a(2)

m

1.00
CR

PE

INT

Figure 3. Mean values of the regression parameter
(N) between log Ka and log Ɛ a and blocked pores
(Ɛ b) at the sampling locations crop row (CR),
interrow (INT) and the point equidistant
between CR and INT (PE) in the layers 0.0-0.1
and 0.1-0.2 m. Overlapping confidence intervals
of the mean indicate no statistical difference
(p>0.05).
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0.0-0.1

0.1-0.2

CR

-0.51*

0.72*

PE

-0.66*

0.85*

INT

-0.58*

0.85*

CR

-0.13 ns

0.61*

PE

-0.12 ns

0.65*

ns

0.66*

INT

-0.04

* (p<0.05), ns (p>0.05). (1) BD, soil bulk density. (2) log Ɛa, logarithm
of air-filled porosity.
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Table 4. Percentage of soil samples with air permeability (Ka 1 µm2) and air-filled porosity (Ɛa 10 %)
below the critical values at the sampling locations crop row (CR), interrow (INT) and the equidistant
point between CR and INT (PE), in the 0.0-0.1 and 0.1-0.2 m layers, at different matric potentials
Layer

Matric potential (kPa)

Sampling location
-2

-4

-6

-10

m

0.1-0.2

0.1-0.2

1 µm2

CR

7.5

0.0

0.0

0.0

0.0

0.0

PE

80.0

60.0

42.5

30.0

20.0

20.0

INT

85.0

70.0

47.5

42.5

17.5

10.0

CR

75.0

52.5

32.5

7.5

5.0

2.5

PE

77.5

42.5

20.0

5.0

5.0

2.5

INT

77.5

40.0

17.5

10.0

5.0

2.5

Ɛa

0.0-0.1

-50

%
Ka

0.0-0.1

-30

10 %

CR

30

2.5

0.0

0.0

0.0

0.0

PE

95

82.5

80.0

62.5

25.0

15.0

INT

100

92.5

82.5

70.0

27.5

7.5

CR

100

100.0

100.0

82.5

60.0

40.0

PE

100

100.0

100.0

90.0

55.0

20.0

INT

100

100.0

100.0

87.5

60.0

40.0

terms of BD and Ka are best in the CR position, as
this is the point of action of the cutting discs and
furrow opener for seed and fertilizer deposition, which
also break the compacted layer. Nevertheless, it is
observed that in the space between two crop rows,
represented here by the positions PE and INT, the Ka
conditions are very restrictive, suggesting that the
NT system can provide a zone with satisfactory soil
physical conditions, but a rather small soil volume
that can be explored by the crop root system.
Considering a tillage surface area of approximately
0.12 m, action of the tines to a depth of approximately
0.1 m, and considering the spacing between corn rows
of 0.9 m, the volume of tilled soil at sowing in which
the physical conditions are theoretically nonrestrictive
to root growth was calculated as 66.66 m3 ha-1.

CONCLUSIONS
1. Values of air permeability (Ka), air-filled porosity
and indices of pore continuity were significantly
greater and bulk density significantly lower in the
crop rows than at the other sampling positions in the
0.0-0.1 m layer.
2. At a matric potential of -10 kPa, the air
permeability in the crop rows was 6.9 and 8.4 times
higher than at the equidistant point between crop rows
and interrows and in the center of the interrow,
respectively, in the 0.0-0.1 m layer.
3. In the 0.1-0.2 m layer, the evaluated
parameters, except for bulk density, did not differ

significantly between sampling positions and were in
general more restrictive than in the 0.0-0.1 m layer.
4. The soil aeration parameters (Ka, K1 and N)
were sensitive enough to detect changes in the pore
system and their differences between the sampling
positions demonstrated the relevance of the choice of
the spatial location of soil sampling.
5. The absence of soil disturbance between crop rows
under long-term no-tillage can restrict soil aeration.
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