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SUMMARY

The ability of a soil to keep its structure under the erosive action of water is
usually high in natural conditions and decreases under frequent and intensive
cultivation. The effect of five tillage systems (NT = no-till; CP = chisel plowing and
one secondary disking; CT = primary and two secondary distings; CTbhb = CT with
crop residue burning; and CTr = CT with removal of crop residues from the field),
combined with five nutrient sources (C = control, no nutrient application; MF =
mineral fertilizers according to technical recommendations for each crop; PL =
5 Mg hal y! fresh matter of poultry litter; CM = 60 m3 ha! y! slurry cattle manure;
and SM = 40 m3 ha! y! slurry swine manure) on wet-aggregate stability was
determined after nine years (four sampled soil layers) and on five sampling dates
in the 10t? year (two sampled soil layers) of the experiment. The size distribution
of the air-dried aggregates was strongly affected by soil bulk density, and greater
values of geometric mean diameter (GMD,p) found in some soil tillage or layer
may be partly due to the higher compaction degree. After nine years, the GMD,p
on the surface was greater in NT and CP compared to conventional tillage systems
(CT, CTb and CTr), due to the higher organic matter content, as well as less soil
mobilization. Aggregate stability in water, on the other hand, was affected by the
low variation in previous gravimetric moisture of aggregates, which contributed
to a high coefficient of variation of this attribute. The geometric mean diameter of
water-stable aggregates (GMDyg) was highest in the 0.00-0.05 m layer in the NT
system, in the layers 0.05-0.10 and 0.12-0.17 m in the CT, and values were
intermediate in CP. The stability index (SI) in the surface layers was greater in
treatments where crop residues were kept in the field (NT, CP and CT), which is
associated with soil organic matter content. No differences were found in the
layer 0.27-0.32 m. The effect of nutrient sources on GMD,p and GMDyg was small
and did not affect SI.

Index terms: soil tillage, manure, sampling time, soil structure, aggregation.
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RESUMO: EFEITOS DE CURTO E DE LONGO PRAZO DA APLICACAO DE

SISTEMAS DE MANEJO DO SOLO E DE FONTES DE
NUTRIENTES SOBRE A ESTABILIDADE DEAGREGADOS, EM
UM NITOSSOLO VERMELHO

A capacidade do solo em manter sua estrutura diante da agdo de agentes erosivos como a
dgua é geralmente alta em condigées naturais e reduz quando o solo é sujeito a um preparo
frequente e intensivo. O efeito de curto e de longo prazo de cinco sistemas de preparo do solo (PD
=plantio direto; PE =escarifica¢do e gradagem,; PC =arag¢do e duas gradagens; PCq = PC com
residuos queimados, e PCr = PC com residuos retirados) associados com cinco fontes de
nutrientes (T = testemunha, AM = aduba¢do mineral de acordo com a recomendagdo para
manuten¢do de cada cultura;, EA =5 Mg hal ano! de cama de avidrio, base umida, EB =
60 m3 ha! ano! de esterco liquido de bovinos; e 40 m? ha! ano! de esterco liquido de suinos)
sobre a estabilidade dos agregados foi determinado ao final do nono ano de experimentagdo
(coleta em quatro camadas) e em cinco épocas de amostragens efetuadas durante o décimo ano
(coleta em duas camadas), em um Nitossolo Vermelho com alto teor de argila, no Sul do
Brasil. A distribui¢do de tamanho de agregados secos ao ar foi fortemente alterada pela
densidade do solo, e os maiores valores de didmetro médio geométrico (DMGg,) encontrado em
alguns sistemas de preparo ou camadas podem ser parcialmente devidos ao maior estado de
compactagdo do solo. Depois de nove anos, o PD e o PE apresentaram maior DMGgy na
camada superficial, em comparag¢do com os sistemas de preparo convencional (PC, PCq e
PCr), devido ao maior contetido de matéria orgdnica, bem como & menor mobilizagdo do solo.
A estabilidade dos agregados em dgua, por outro lado, foi influenciada pela pequena varia¢do
na umidade das amostras por ocasido da realiza¢do do teste, resultando em alto coeficiente de
variagdo dessa determinagdo. O PD apresentou maior diGmetro médio geométrico dos agregados
estdveis em dgua (DMGg,) na camada de 0,00-0,05 m; o PC, nas camadas de 0,05-0,10 e
0,12-0,17 m; e o PE, valores intermedidrios. O indice de estabilidade dos agregados (IE) na
camada superficial foi maior nos tratamentos em que os residuos das culturas foram mantidos
na lavoura (PD, PE e PC), o que estd associado com o contetido de matéria orgdnica. NdGo
foram encontradas diferencas na camada de 0,27-0,32 m. As fontes de nutrientes mostraram
pequeno efeito sobre o DMGgy e DMGgy4 e nenhum efeito sobre o IE.

Termos de indexagdo: preparo do solo, estercos, tempo de coleta, estrutura do solo, agregagdo.

INTRODUCTION

Soil structure has been defined as the size, shape
and arrangement of the solid particles and voids, and
is highly variable and associated with a complex set
of interactions among mineralogical, chemical and
biological factors (Letey, 1991). Although soil structure
is not considered a factor directly related to crop
production, it plays an important role in water and
air supply to roots, root elongation, nutrient
availability and macrofauna activity. A favorable
structure for plant growth can be defined in terms of
the presence of pores for water storage in a tension
range available to crops, pores for water and air
transmission and pores in which roots can grow
(Oades, 1984).

For agriculture or horticulture, a soil should have
not only a good structure, but also a structure which
will persist for a long time, e.g., a structure of high
quality and stability (Dexter, 1988). This author
classifies structure stability in two principal types:
(a) the ability of a soil to keep its structure under
water action; and (b) the ability of moist soil to keep
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its structure under the action of external mechanical
stresses. The first type of structure stability is
commonly evaluated through wet-sieving methods to
determine aggregate stability in water, as proposed
by Yoder (1936) and Kemper & Chepil (1965). The
structure stability under external stresses can be
determined in tests of compressibility (Gupta et al.,
2002) and shear strength (Fredlung & Vanapalli,
2002).

The best soil structure is usually found under
natural conditions, and the structure of most soils
under frequent and intensive cultivation is
deteriorated. This can be measured by the decrease
in aggregate stability (Carpenedo & Mielniczuk, 1990;
DaRosetal., 1997; Silva & Mielniczuk, 1997, 1998;
D’Andréa et al., 2002). Among tillage systems,
aggregate stability in the surface layer under no-till
is usually greater than in conventional tillage systems
(Hamblin, 1980; Carpenedo & Mielniczuk, 1990;
Campos et al., 1995; Castro Filho et al., 1998; Beutler
et al., 2001; D’Andréa et al., 2002), but in both soil
aggregates may be compacted, with predominance of
micropores (Carpenedo & Mielniczuk, 1990).
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The decrease in aggregate stability from natural
conditions to intensive cultivation and the possible
increase of this parameter with application of
conservation tillage are usually associated with
variations in the soil organic matter content (Campos
et al., 1995; Silva & Mielniczuk, 1997; Castro Filho
et al., 1998; Beutler et al., 2001; D’Andréa et al., 2002;
Marcolan & Anghinoni, 2006; Silva et al., 2006). Both
macro and microaggregates (diameter > and < 250
um, respectively) depend on organic matter for
stability against disruptive forces caused by quick
wetting (Oades, 1984). According to Tisdall & Oades
(1982), the organic binding agents which promote
aggregate stability are classified into transient (mainly
polysaccharides), temporary (roots and fungal hyphae)
and persistent (amorphous oxides and resistant
aromatic compounds, associated with polyvalent metal
cations and strongly sorbed polymers). Since roots
and hyphae stabilize macroaggregates, and soil tillage
influences plant root growth and organic carbon
oxidation, macroaggregation is mainly controlled by
soil management and tillage (Tisdall & Oades, 1982;
Oades, 1984) and can vary seasonally. On the other
hand, water-stability of microaggregates depends on
the persistent organic binding agents and appears to
be a characteristic of the soil, less variable over time
(Tisdall & Oades, 1982).

Due to the variation in biomass production and
root systems, crops have different ability to promote
aggregation and stabilization of soil aggregates due
to carbon supply (Wohlenberg et al, 2004), mechanical
effect (Tisdall & Oades, 1979; Silva & Mielniczuk,
1997, 1998; Campos et al., 1999), exudate production
or mycorrhizal association (Tisdall & Oades, 1979;
Tisdall, 1991; Degens, 1997), and can contribute to
seasonal variation of aggregate stability over a growing
season (Campos et al., 1999).

Studies of aggregate stability in different tillage
systems are usually carried out at a specific time and
do not necessarily reflect the effect during the entire
growing season. Furthermore, few studies about
annually manure applications in doses recommended
only to supply nutrients, and their interactions with
soil tillage are available. This study was performed
with the objective to evaluate the long-term and
seasonal effect of tillage systems and nutrient sources
on aggregate stability, and correlations of aggregate
stability with some soil physical and chemical
properties.

MATERIAL AND METHODS

This study was performed using samples collected
at the end of the ninth and during the tenth year of a
field experiment carried out at the Epagri
Experimental Station of Campos Novos (Campos
Novos, SC, Brazil, 27°24° S, 51°13° W,
970 m.a.s.l.), with the objective to study long-term
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effects of soil tillage and nutrient source treatments
on soil properties and crop yield. The soil was a Typic
Hapludox (Nitossolo Vermelho by the Brazilian Soil
Classification) with 705 g kg'! clay, 18.4 g kg'! organic
carbon, and high base saturation in the Ap horizon.

Treatments

The main treatments were a combination of residue
management and soil tillage, namely: no-till (NT);
chisel plowing and one secondary disking (CP);
primary and two secondary diskings (CT); CT with
crop residues burning (CTb); and CT with removal of
crop residues from the field (CTr). The treatments
were established annually in 6 x 30 m plots,
perpendicular to slope, prior to sowing of spring/
summer cash crops. Crop residues were also burned
or removed after harvesting of the spring/summer
crops, but without tillage operations. Chiseling and
primary disking broke the soil up to a depth of 0.25
and 0.15 m, respectively. Winter cover crops were
sown in autumn by a direct drilling machine. A
tractor with approximately 4.0 Mg and four-wheel
drive was used to perform the primary tillage
operations (i.e. primary disking and chisel plowing)
and a tractor with approximately 2.9 Mg and two—
wheel drive for the secondary tillage operations (i.e.
secondary distings) and sowing. Only soybean was
harvested with a combine harvester (mass of 10 Mg).

Nutrient source treatments consisted of: control -
no nutrient application (C); mineral fertilizer
according to technical recommendations for each crop
(CFSRS/SC, 1995) (MF); 5 Mg ha'! y'! fresh-matter
of poultry litter (PL); 60 m? ha'! y! slurry cattle
manure (CM); and 40 m3 ha'! y'! slurry swine manure
(SM). Fertilization was applied just before the spring/
summer crop sowing, in 6 x 30 m plots, transversal
to tillage systems (slope direction) in each block, before
the secondary tilling. The experimental design was
5 x 5 factorial, with 25 treatment combinations and
three replications, in a split random block design.
Crops were sown in a three-year rotation, according
to the sequence: rye (Cecale cereale)/soybean (Glycine
max); common vetch (Vicia sativa)/corn (Zea mays);
black oat (Avena strigosa)/black bean (Phaseolus
vulgaris).

Soil sampling

Undisturbed cores were sampled from all plots at
the end of ninth year, six months after the last tillage,
in the layers 0.00-0.05, 0.05-0.10, 0.12-0.17, and
0.27-0.32 m, using stainless steel rings (height
0.05 m, inner diameter 0.062 m). Cores were also
sampled in the 0.025-0.075 and 0.125-0.175 m layers
1, 60, 120, 240, and 360 days after sowing, in the 10th
year of the experiment, considering all combinations
of mineral fertilizer with tillage systems. Cores were
sampled in the crop inter-row, avoiding areas of recent
machinery traffic.
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Aggregate stability was determined with the same
cores used to establish the water retention curve. After
application of 100 kPa tension, part of the sample was
used to determine gravimetric water content and the
remaining was carefully broken down to clods smaller
than 0.008 m diameter, which passed through a
8.0 mm screen. The clods/aggregates were air-dried
for 72 h under laboratory conditions and stored in
metal cans shut with a lid (not hermetically closed),
where they remained until the aggregate stability test
was performed. These aggregates were labelled “air-
dried aggregates”.

Air-dried aggregate size distribution

The air-dried aggregates (AD) were spread carefully
in a plastic box using right-and-left movements,
starting at one end and moving to the center of the
box, in order to avoid segregation. A small plastic
box with rectangular edges was used to sample
approximately 25 to 30 g of air-dried aggregates all
along the band of previous right-and-left disposal. At
the same time, 10 to 15 g was sampled to determine
gravimetric moisture.

For size distribution determination, a nest of sieves
with opening screens of 4.0, 2.0, 1.0, 0.5, and 0.25 mm
was used. Aggregates which passed through a sieve
with 0.25 mm opening were collected at the bottom.
The aggregate sample was spread on the upper sieve
and the set was submitted to 12 gentle right-and-left
movements, turned 90° and submitted again to 12
gentle right-and-left movements, to allow that only
aggregates with a diameter greater than the respective
open mesh of each sieve would be maintained on it,
without applying excessive disruptive energy. The
mass of aggregates retained on each sieve was used
to calculate the AD geometric mean diameter (GMD p)
using the following equation:

GMD,p= EXP {Zél (ri.ln a’i)} (@h)

i=1

where i denotes the aggregate classes (8.0-4.0; 4.0-
2.0; 2.0-1.0; 1.0-0.5; 0.5-0.25; and < 0.25 mm), r; the
ratio of aggregate mass from class i related to the
total, and d; the mean diameter for class i.

Wet-aggregate size distribution and stability
index

The aggregates from all sieves of the previous
measurements were joined for wet-aggregate stability
determination. For this measurement, a method
similar to the modified approach of Kemper & Chepil
(1965) was used. Nests of sieves with 4.0, 2.0, 1.0,
0.5 and 0.25 mm open mesh were placed within
individual PVC tubes. The water level in each tube
was enough to touch the bottom of the top sieve on
the upper position of the apparatus. Aggregate sample
was spread on the top sieve and allowed to saturate
by capillarity during approximately 1 min, and then
the water level was raised until the sample in the top
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sieve was just covered. Samples remained in this
condition for 10 min for complete wetting, and than
apparatus was, applying up-and-down movements of
approximately 4.0 cm throughout the water, at a
frequency of 42 times per minute. After that, the
nests of sieves were removed and the aggregates
remaining on each sieve were transferred to individual
cans, oven-dried and weighed, to determine the
aggregate mass of each class. The mass of aggregates
<0.25 mm diameter was determined as the difference
of total mass of aggregates (oven-dried mass) and the
sum of oven-dried mass of aggregate classes
> 0.25 mm diameter. Since the sand content was low
(< 3 %) in the Ap horizon, it was not removed to correct
calculations of aggregate stability.

The water-stable geometric mean diameter
(GMDyyg) was determined using the same equation
as described for size distribution of air-dried
aggregates. Additionally, the aggregate stability index
(SI) was determined by the relation between water-
stable and air-dried mean diameter:

SI = GMDws/GMDAD (2)

Chemical analysis

Chemical analysis was performed in disturbed
samples collected at the same time as soil cores, from
the layers 0.00-0.05, 0.05-0.10, 0.10-0.20 and 0.20—
0.40 m. Soil for chemical analysis was sampled at
four positions in each plot, mixed, oven-dried at 60 °C
during 48 h, ground with an electronic device and
stored in paper boxes. The chemical analysis was
performed at the Laboratory for Soil Analysis of the
Epagri Research Center for Family Agriculture
(Chapeco, SC), using the method described in CFSRS/
SC (1995).

Statistical analysis

The analysis of variance (ANOVA) test was run to
quantify variances among tillage systems, nutrient
sources, soil layer and sampling dates. Mean
differences were compared using the Tukey test
(p <0.05). Due to the covariance between gravimetric
moisture and aggregate stability, the procedure of
general linear models was performed to determine
mean differences among tillage systems in each layer,
among layers within each tillage system, and among
tillage systems across sampling times. The Pearson
correlation was established among aggregate stability
indexes and soil properties.

RESULTS AND DISCUSSION

Tillage systems showed differences for geometric
mean diameter of water-stable aggregates (GMDyyg)
and stability index (SI) (Table 1). Differences among
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tillage systems and sampling layers and SI were
observed in the dry (GMD,p) and water-stable size
distributions, with interaction between these two
sources of variation at the end of the ninth year of
treatment application. The differences among nutrient
sources were smaller, and there was no interaction
with tillage systems and sampling layers. Aggregates
sampled on five dates during the 10t year showed
statistical differences among tillage systems for
GMDws, and SI among sampling dates, layers, with
interactions between sampling dates and layers or
tillage systems for some parameters (Table 2). In both
studies, the coefficient of variation was high, especially
for GMDyg and SI, which can be partly explained by
the variation in gravimetric moisture of aggregates
at the time of aggregate stability determination.
Gravimetric moisture correlated best with
aggregate stability in water, both for GMDyg and SI,
in soil sampled after nine years of treatment (Table 3).
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When dry aggregates were allowed to saturate in
contact with water at atmospheric pressure, air
bubbles are entrapped inside the aggregate and are
compressed by water pulled into it by capillarity, until
the air bubbles burst out of the partially wetted
aggregate, with its partial disintegration (Kemper &
Koch, 1966). The wetter the aggregate, the smaller
the effect of air bubble entrapment, which may be
expressed in a high positive correlation between
gravimetric moisture and aggregate stability (Table 3
and Figure 1). The size distribution of air-dried
aggregates (GMDyp), on the other hand, was strongly
affected by bulk density, determined in the same core
as used to sample aggregates (Table 3 and Figure 2).
Since almost the whole volume of the soil core sampled
was used in this determination, the greater the bulk
density, the greater the mean aggregate diameter
obtained by the disruption of the soil core. This
correlation explains part of the differences found in

Table 1. Analysis of variance (ANOVA) for size distribution and aggregate stability indexes, determined in
four layers after nine years under five tillage systems and five nutrient sources

Source of variation

Size distribution and aggregate stability indexes

GMD ap

GMD ws SI

Soil tillage (ST) ok
Nutrient source (NS)
ST x NS

Layer

Layer x ST

Layer x NS

CV (%)

ns

ns
*h%

*hk

ns
21.0

*kh%k

ns
*kh%

*kh%k

ns
12.3

*kk *kk

*%

ns
*hk

ns
*hk

*hk *kk

ns
25.5

ns
22.2

U: gravimetric moisture; GMD,p: geometric mean diameter of air-dried aggregates; GMDyg: geometric mean diameter of water-

stable aggregates; and SI: stability index of aggregates.
significant.

*%k%k kk %
s ’

, and ns: statistical significance at 0.1, 1 and 5 % and non-

Table 2. Analysis of variance (ANOVA) for size distribution and aggregate stability indexes, determined in
two layers on five sampling dates in the tenth year under five tillage systems and five mineral nutrient

sources

Source of variation

Size distribution and aggregate stability indexes

GMD ap

GMD ws SI

Soil tillage (ST)

Sampling time

ns

*kk

ST x Sampling time ns
Layer

Layer x ST

ns
ns
Layer x Sampling time
CV (%)

ns
36.1

ns

*kk
*%
*kk

ns

*kk

18.1

dkk
*kk
*%

*%

ns ns

*% ns

24.3 17.0

U: gravimetric moisture; GMD,,: geometric mean diameter of air-dried aggregates; GMDyg: geometric mean diameter of water-

stable aggregates; and SI: aggregate stability index.
significant.

*kk k%
s )

*

, and ns: statistical significance at 0.1, 1 and 5 % and non-
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Table 3. Pearson correlation coefficients between size distribution and aggregate stability indexes with
physical and chemical properties determined in four layers, after nine years under five tillage systems

and five nutrient sources

Size distribution and aggregate stability indexes

Attribute
GMD ap GMD ws SI

Gravimetric moisture 0.31%** 0.65%** 0.59%**
Bulk density 0.71%%* 0.44%** 0.04 ns

pH 0.05 ns 0.25%** 0.27%%*
H + Al 0.00 ns -0.18%* -0.22%**
Organic matter -0.12* 0.18** 0.29%**
Available phosphorus -0.31%** 0.11%* 0.36***
Exchangeable K -0.36%** 0.09xs 0.35%**
Exchangeable Ca 0.03 »s 0.36%** 0.43%**
Exchangeable Mg 0.06 »s 0.29%** 0.32%**

GMD,,: geometric mean diameter of air-dried aggregates; GMDyg: geometric mean diameter of water-stable aggregates; and SI:

*kk Kk
’

aggregate stability index.

size distribution (Table 4). It means that soil compaction
and size distribution of air-dried aggregates are well
correlated, and greater values of GMD »p found in some
tillage treatments or layers might be partially due to
a greater compaction degree. Greater GMDp can be
due to physical approximation of soil particles caused
by external stress application without subsequent
stabilization, since the effect of bulk density on water
stability was lower (Figure 2) as observed also by Silva
& Mielniczuk (1997). Carpenedo & Mielniczuk (1990)

3.0 ,

GMDws = 6.8492U + 0.3437 (R> = 0.42%+*)

2.5
2.0 |
1.5 4
1.0 4

GMD,,,, mm

0.5
0.0

1.0 4

0.8 -

0.6 - CEREE AN

SI
B
B
J
B
.
.
o
i3
B
B

*
.
.
eyt e »
0.4 . PR SO 323

LAY
02 { T N e PRST

0.0 T T T )
0.00 0.05 0.10 0.15 0.20

GRAVIMETRIC MOISTURE, U (kg kg)

Figure 1. Correlation between gravimetric moisture
(U) at the time of testing aggregate stability, with
geometric mean diameter of water-stable
aggregates (GMDy,) and aggregate stability
index (SI), of cores sampled in four layers after
nine years under five soil tillage systems and
five nutrient sources.
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, *, and ns: statistical significance at 0.1, 1 and 5 % and non-significant.

pointed out that the greater aggregate stability found
in NT compared to CT did not result in a better quality
of soil aggregates, because in both tillage systems the
aggregates were compacted, with predominance of
micropores, while in aggregates from soil under
perennial grass, savanna or forest macroporosity and
total porosity were higher. Bulk density was also
highly and positively correlated with GMDyg
(r = 0.44), but not with SI (r = 0.04), supporting the
above statements.

Chemical parameters and organic matter had a
positive and highly significant correlation with SI,
and only potential acidity (H + Al) was negatively
correlated (Table 3), which was not expected once
cations act as bridges between organic colloids and
clay, and H and multivalent are more efficient in
promoting stabilization than monovalent or divalent
cations (Oades, 1984). Organic matter, on the other

¢ GMD 4, =4.3122BD - 1.924 (R =0.50%**)
5.01 o GMD ys = 1.8171BD - 1.043 (R = 0.19%*%)

4.0
3.0+

2.0

GMD,,, mm

1.0

0.8 0.9 1.0 1.'1 1.2 1.3 14
BULK DENSITY, BD (Mg m*)

Figure 2. Correlation between bulk density (BD)
with geometric mean diameter of air-dried
(GMD,;)) and water-stable aggregates (GMDy),
of cores sampled in four layers after nine years
under five tillage systems and five nutrient
sources.
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Table 4. Size distribution and aggregate stability indexes in four layers, after nine years under five tillage

systems (averaged across nutrient sources)

Tillage system

Layer
NT Cp CT CTb CTr
m Geometric mean diameter of air-dried aggregates - GMDap (mm)
0.00-0.05 295a C 2.47b C 2.12be C 1.94¢ C 2.12be C
0.05-0.10 3.42a AB 3.53a A 3.63a A 3.47a AB 3.27a AB
0.12-0.17 3.56ab A 3.80a A 3.74ab A 3.71ab A 3.46b A
0.27-0.32 3.14a BC 3.07a B 289a B 3.11a B 3.04a B
Geometric mean diameter of water stable aggregates - GMD ws (mm)
0.00-0.05 1.76a A 1.12b BC 0.94b B 0.57c B 0.58¢ C
0.05-0.10 1.17bc B 1.38b AB 1.68a A 1.13bc A 0.95¢ B
0.12-0.17 1.42ab B 1.41ab A 1.51a A 1.16b A 1.13b A
0.27-0.32 0.78ab C 0.86a C 0.71b B 0.70b B 0.70b C
GMD ws corrected to antecedent moisture within soil layer (mm)
0.00-0.05 1.62 a 1.14b 0.90 ¢ 0.66 d 0.66 d
0.05-0.10 1.19¢ 1.39b 1.66 a 1.11cd 0.96 d
0.12-0.17 1.32 ab 1.47 a 1.51a 1.22 be 1l.11c
0.27 -0.32 0.76 ab 0.82 a 0.76 ab 0.70 b 0.70 b
GMD ws corrected to antecedent mois ture within tillage system (mm)
0.00 -0.05 1.59 A 1.09 B 0.87 C 0.65 B 0.60 B
0.05-0.10 1.15 B 1.29 A 1.55 A 0.87 AB 0.88 A
0.12-0.17 1.22 B 1.22 AB 1.33 AB 0.87 AB 0.97 A
0.27-0.32 1.17 B 1.17 AB 1.09 BC 1.17 A 0.91 A
Aggregate stability index for geometric mean diameter - SI
0.00-0.05 0.59a A 0.45b A 0.45b A 0.29¢c A 0.28¢c AB
0.05-0.10 0.34bc B 0.40b B 0.46a A 0.32¢ A 0.29¢ A
0.12-0.17 0.40ab B 0.37 abc B 0.40a A 0.31c A 0.33bc A
0.27-0.32 0.25ab C 0.28a C 0.24ab B 0.22b B 0.23b B
SI corrected to antecedent moisture within soil layer
0.00-0.05 0.54 a 0.46 b 0.43b 0.32¢ 0.31c
0.05-0.10 0.35 be 0.39 b 0.46 a 0.32 cd 0.29d
0.12-0.17 0.37 a 0.39 a 0.40 a 0.33b 0.32b
0.27-0.32 0.24 be 0.27 a 0.26 ab 0.22 ¢ 0.23 be
SI corrected to antecedent moisture within tillage system

0.00-0.05 0.55 A 0.45 A 0.42 A 0.31 A 0.29 A
0.05-0.10 0.34 B 0.38 B 0.41 A 0.26 A 0.27 A
0.12-0.17 0.35 B 0.34 B 0.34 B 0.25 A 0.29 A
0.27-0.32 0.34 B 0.32 B 0.39 AB 0.32 A 0.28 A

NT: no-till; CP: chisel plowing; CT: conventional tillage; CTh: CT with burning of crop residues; and CTr: CT with removal of crop
residues. Means followed by the same lower case letters in a given row and capital letters in a given column do not differ

statistically (Tukey, p < 0.05).

hand, promotes aggregate stabilization because
organic binding agents may have a transient,
temporary or persistent effect, depending on which
binding agent is involved in stabilization (Tisdall &
Oades, 1982). The correlation between pH and available
phosphorus with aggregate stability is probably due
to the association of these parameters with others
involved in aggregate formation and stabilization.

The geometric mean diameter of air-dried
aggregates was greater in the intermediate soil layer
and lower in the surface layer (Table 4). In the
intermediate layer, the bulk density was greater (data
not shown), showing close association between both
parameter (Table 3 and Figure 2). Differences among
tillage systems were found in the layers 0.00-0.05
and 0.12—-0.17 m. After nine years of tillage system,

the GMDyp in the NT and CP was higher in the 0.00—
0.05 m layer, but no differences were found in the
surface layer (0.025-0.075 m layer) when considering
all five sampling dates performed during the tenth
year (Table 5). The higher values in the surface layer
of NT and CP can be explained not only by the higher
organic matter content (Table 6), but also because the
soil is less broken up by soil till than in the
conventional systems (CT, CTb and CTr). This
statement can be confirmed by the increase in GMDp
240 and 360 days after sowing (Table 7), when natural
soil reconsolidation occurred, resulting in increased
bulk density.

There were differences in GMDyyg among tillage
systems and layers (Table 4). Since this determination
was highly correlated with aggregate moisture at the
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Table 5. Bulk density, gravimetric moisture at time of water aggregate stability test, size distribution and
aggregate stability indexes at two layers and in five tillage systems (averaged across sampling dates

performed during the tenth year)

Tillage system

Property
NT CP CT CTb CTr
0.025-0.075 m
BD (Mg m-3) 1.17 a 1.08 b 1.09 ab 1.06 b 1.10 ab
U (kg kg'1) 0.081 a 0.069 a 0.080 a 0.066 a 0.068 a
GMD ap (mm) 221 a 2.16 a 212 a 1.93 a 1.91a
GMD ws (mm) 1.11a 0.95a 091 a 0.67b 0.60 b
GMD wsc (mm) 1.10 a 0.96 ab 0.90 b 0.68 ¢ 0.61c
SI 0.52 a 0.46 ab 0.44 b 0.35¢ 0.32 ¢
Slc 0.51 a 0.46 ab 0.43 b 0.36 ¢ 0.33 ¢
0.125-0.175 m
BD (Mg m-3) 1.25a 1.22 a 1.23 a 1.21a 1.23 a
U (kg kg-1) 0.083 a 0.073 a 0.081 a 0.077 a 0.079 a
GMD ap (mm) 2.49 a 2.72 a 2.58 a 2.54a 2.35a
GMD ws (mm) 1.04 ab 1.05a 1.03 ab 0.80 be 0.75¢
GMD wsc (mm) 1.03 a 1.06 a 1.03 a 0.80 b 0.75b
SI 0.42 a 0.39 a 0.39 a 0.32 b 0.32b
Slc 0.42 a 0.40 a 0.39 a 0.32 b 0.32 b

NT: no-till; CP: chisel plowing; CT: conventional tillage; CTh: CT with crop residues burned; and CTr: CT with crop residues
removed; GMD,,: geometric mean diameter of air-dried aggregates; GMDy4: geometric mean diameter of water-stable aggregates;
GMDygc: geometric mean diameter of water-stable aggregates corrected to aggregate moisture; SI: aggregate stability index;
SI.: aggregate stability index, corrected to aggregate moisture; U: gravimetric moisture; and BD: bulk density. Means followed
by the same lower case letters in a given row do not differ statistically (Tukey, p < 0.05).

Table 6. Organic matter content in four layers after nine years under five tillage systems (averaged across

nutrient sources)

Tillage system

Layer
NT CP CT CTb CTr
m g kg
0.00-0.05 39.0 38.6 37.8 35.0 34.8
0.05-0.10 35.4 36.6 38.6 36.4 36.0
0.12-0.17 33.4 34.2 35.8 35.4 34.8
0.27-0.32 31.4 32.0 32.2 30.8 32.0

NT: no-till; CP: chisel plowing; CT: conventional tillage; CTh: CT with burning of crop residues; and CTr: CT with removal of crop

residues.

time of aggregate stability analysis (Table 3 and
Figure 1), differences among means were also
compared with least square means, using general
linear models and considering covariance among these
variables, both for tillage system within each layer
and for layer within each tillage system. This
procedure improved the mean differentiation among
soil tillage in each layer, despite the low variability in
aggregate moisture within each one, and corrected
mean values for soil layers, where the variation in
aggregate moisture was greater due to variation in
storage time among them (data not shown).
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Greater differentiation in GMDyyg among tillage
systems was found in the surface layer (Tables 4 and
5). NT system showed greater GMDyyg in the 0.00—
0.05 m layer, CT in 0.05-0.10 and 0.12—-0.17 m layer,
and CP intermediate values. A similar trend as in
0.00-0.05 m was observed in the 0.025-0.075 m layer
when soil cores were sampled on five dates during the
tenth year of treatments (Table 5). These results can
be explained by the differences among tillage systems
concerning crop residue disposition after tillage (on
the surface in NT, partly incorporated in CP and
incorporated in the arable layer in CT) and,
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Table 7. Bulk density, gravimetric moisture at time of water aggregate stability test, size distribution and
aggregate stability indexes at two layers and in five sampling dates performed during the tenth year

(averaged across tillage systems)

Sampling dates (days after sowing)

Property
1 60 120 240 360
0.025-0.075 m
BD (Mg m-?) 1.05b 1.08b 1.10b 1.09b 1.18a
U (kg kg-1) 4.7Db 10.3 a 4.8Db 12.0 a 4.5b
GMD ap (mm) 1.87b 1.97b 1.80b 2.23 ab 2.46 a
GMD ws (mm) 0.81a 0.86 a 0.82 a 0.88 a 0.87 a
GMD wsc (mm) 0.87 a 0.79 a 0.88 a 0.77 a 0.94 a
SI 0.45 ab 0.45 ab 0.46 a 0.38 be 0.35¢
Slc 0.48 a 0.41b 0.49 a 0.32¢ 0.38 be
0.125-0.175 m
BD (Mg m-3) 1.21Db 1.21Db 1.22Db 1.20b 1.30 a
U (kg kg-1) 4.7c 10.1b 53¢ 14.0 a 5.1c
GMD ap (mm) 2.31 be 2.06 ¢ 210 ¢ 3.55a 2.66 b
GMD ws (mm) 0.87Db 0.83b 0.83 b 1.24 a 0.88Db
GMD wsc (mm) 0.94 ab 0.78 b 0.89 ab 1.10 a 0.95 ab
SI 0.38 a 0.41 a 0.39 a 0.35 ab 0.32Db
Slc 0.40 a 0.39 ab 0.41 a 0.30 b 0.34 Db

GMD,,: geometric mean diameter of air-dried aggregates; GMDyg: geometric mean diameter of water-stable aggregates;
GMDyg: geometric mean diameter of water-stable aggregates corrected to aggregate moisture; SI: aggregate stability index;
SI.: aggregate stability index, corrected to aggregate moisture; U: gravimetric moisture; and BD: bulk density. Means followed
by the same lower case letters in a given row do not differ statistically (Tukey, p < 0.05).

consequently, by the aggregate stability promoted by
transient and temporary organic binding agents
resulting from the crop residue decomposition (Tisdall
& Oades, 1982). Soil organic carbon content and
organic matter supply are usually correlated to
aggregate stability, as determined in other studies
which compared tillage systems (Castro Filho et al.,
1998; Beutler et al., 2001; D’Andréa et al., 2002;
Wohlenberg et al., 2004; Marcolan & Anghinoni, 2006;
Silva et al., 2006). This is also confirmed by the much
lower values of GMDyg found in three surface layers
in tillage treatments where crop residues were burned
(CTDb) or removed from the field (CTr). Only NT
system showed greater GMDyyg in the surface layer.
The other tillage systems showed higher GMDyg in
intermediate or lower sampling layers.

Highest SI values were found in the surface layer
(0.00-0.05 m) 1in tillage systems with crop residues
maintained on the field, which is related to organic
matter supply (Wohlenberg et al., 2004), and there
were no differences among layers when crop residues
were burned (CTb) or removed (CTr) after applying
the correction to antecedent moisture (Tables 4 and
5). The variation of ST among sampling dates (Table 7)
is related to the dynamics of supply and decomposition
of organic matter, which is greater after straw
addition and decreases in the intervals.

The effect of the nutrient sources, which in this
study also have, on average, low C:N carbon sources,

was small on size distribution of GMD p and GMDyg
and not detected on SI (Table 8). Among nutrient
sources, the mean diameter of aggregates in poultry
litter and cattle manure was greater than others,
probably because in both manures the amount of
organic material with high C:N ratio is greater, from
which persistent binding agents are derived (Tisdall
& Oades, 1982), as well as greater fungi development
during decomposition. The low effect of nutrient

Table 8. Size distribution and aggregate stability
indexes after nine years under five nutrient
sources (averaged across five tillage systems and
four layers)

Size distribution and
aggregate stability indexes

Nutrient source

GMD ap GMD ws SI
mm
Control 3.08 AB 1.03 BC 0.33 A
Mineral fertilizers 3.03 B 1.01C 0.33 A
Poultry litter 3.22 A 1.18 A 0.36 A
Cattle slurry 3.21 AB 1.16 AB 0.36 A
Swine slurry 3.08 AB 1.03 BC 0.34 A

GMD,: geometric mean diameter of air-dried aggregates;
GMDy,q: geometric mean diameter of water-stable aggregates;
and SI: aggregate stability index. Means followed by the same
letter in a given column do not differ statistically (Tukey,
p <0.05).
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sources on size distribution and aggregate stability
can be associated to the low rates applied (only for
nutrient supply) and high soil clay content, since the
effect of organic matter is more pronounced in soils
with higher application of organic material (Weil &
Kroontje, 1979) or containing smaller amounts of the
finer particle class (Baver et al., 1972).

CONCLUSIONS

1. Air-dried aggregate size distribution is strongly
affected by bulk density, and greater values of
geometric mean diameter are found in no-till and chisel
plow systems, or in compacted layers under
conventional tillage system. The stability index is
highly correlated with previous gravimetric aggregate
moisture. In treatments where crop residues are
maintained in the field, the stability index in the
surface layer is greater, which is associated with
organic matter supply. Soil tillage did not affect
aggregation in the 0.27—-0.32 m layer.

2. The geometric mean diameter of water-stable
aggregates in the no-till system was highest in the
0.00-0.05 m layer, lowest in the 0.05-0.10 and 0.12—
0.17 m layers under conventional tillage, and
intermediate under chisel plowing. The effect of
nutrient sources on aggregate stability is lower than
of tillage systems after nine years of annual
application.
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