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ABSTRACT: The crop-livestock system can promote soil compaction in surface layers, mainly due to
animal trampling. However, plants and their root growth, in interaction with animal trampling, can
decrease the deleterious changes in soil structure caused by this system. Up to the present time, the
physical soil modifications in crop-livestock systems, including oat and ryegrass crops for winter
animal forages are unknown. The objective of this study was to quantify and to relate tensile strength,
friability and soil organic carbon in an Oxisol under a crop-livestock system. The study was conducted
in Campo Mouréo - Paran, Brazil. Four forage heights were used for the winter forages: 7, 14, 21 and
28 cm. For each forage height, five soil blocks were randomly collected from each layer of 0- 0.1, 0.1 -
0.2 and 0.2 - 0.3 m of depth. The increase in carbon content promotes an increase in soil tensile
strength at the 0.1 - 0.2 m soil depth, this layer having the highest values for tensile strength. The
forage height of 21 cm was found to be the best height for soil friability, and the soil was very friable
at this height. Despite a decrease in friability in the upper layers of the soil, the crop-livestock system
was not found to be a limiting factor for the subsequent cultivation of annual crops.
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RESISTENCIA TENSIL, FRIABILIDADE E CARBONO ORGANICO
EM UM LATOSSOL O VERMELHO DISTROFERRICO
SOBINTEGRACAO LAVOURA-PECUARIA

RESUMO: O sistema integracdo lavoura-pecuaria pode promover a compactacdo das camadas
superiores do solo, principalmente devido ao pisoteio animal. Porém, o desenvolvimento das plantas
e a producdo de raizes, em interagdo com o pisoteio animal, podem amenizar os efeitos deletérios
causados a estrutura do solo por esse sistema. Até agora, sdo desconhecidas as modificagdes fisicas
do solo em sistemas de integragdo lavoura-pecuaria que utilizam aveia e azevém como forrageiras de
inverno para a produgdo animal. Em func&o disto, o objetivo deste trabalho foi quantificar e relacionar
aresisténcia ténsil, a friabilidade e o teor de carbono organico em um Latossolo Vermelho distroférrico
sob uso com integracdo lavoura-pecudria. O experimento foi conduzido em Campo Mourdo - Parana,
Brasil. Quatro tratamentos foram utilizados com alturas de pastejo: 7, 14, 21 e 28 cm. Em cada tratamento
foram coletados, casualizadamente, cinco blocos de solo nas profundidades de O - 0,10; 0,10 - 0,20 e
0,20 - 0,30 m. O aumento no carbono organico do solo promoveu aumentos da resisténcia ténsil do
solo na camada de 0,10 - 0,20 m, sendo verificados nesta camada os maiores valores de resisténcia
ténsil. A friabilidade do solo foi muito fridavel com 21 cm de altura de pastejo. Apesar da diminuigdo da
friabilidade observada nas camadas superficiais, o sistema de integragdo lavoura-pecuaria ndo é fator
limitante aos cultivos anuais subseguentes.

Palavras-chave: agregado, estrutura do solo, plantio direto, qualidade fisica do solo, microestrutura

INTRODUCTION 2007). In Southern Brazil, both research and commer-

cial farms have demonstrated that crop-livestock sys-

Crop-livestock systems can have positive social, tems can improve net returns in comparison to grain
agronomic, economic and environmental effects crops aone (Fontaneli et al., 2006). However, soil
(Russdlle et al., 2007; Franzluebbers, 2007; Allen et al., compaction due to animal trampling decreases the soil
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physical quality needed for growing plants (Imhoff et
al., 2000).

Soil physical quality has been evaluated using prop-
erties, such as bulk density, porosity, resistance to pen-
etration, and aggregation parameters. Tensile strength
is the maximum stress that can be applied to a soil
without it undergoing any damage to its structure
(Hillel, 1980). The heterogeneity of tensile strength re-
sulting from the networks of cracks and micro-cracks
within the soil aggregate has been defined as soil fri-
ability (Dexter & Watts, 2000).

Tensile strength and friability may be influenced by
soil organic matter (Rahimi et al., 2000; Watts & Dex-
ter, 1998). Organic matter can be incorporated into
small pores, creating bonds between particles and in-
creasing soil strength in larger aggregate sizes (Guérif,
1994). On the other hand, the specific adsorption of
organic compounds onto clays can modify the balance
of electrical charges and decrease aggregate tensile
strength (Goldberg et al., 1990).

In crop-livestock systems, animal trampling can
promote soil compaction in surface layers. However,
plants and their root growth, in interaction with ani-
mal trampling, can decrease the deleterious changes
in soil structure caused by this system. Up to the
present time, the physical soil modifications in crop-
livestock systems, including oat and ryegrass crops for
winter animal forages, are unknown. Therefore, the
objective of this study was to quantify and to relate
tensile strength, friability and soil organic carbonin an
Oxisol used on crop-livestock system.

MATERIALAND METHODS

The study was conducted in Campo Mouréo,
Parana State, Brazil, (24°02'38" S, 52°22' 40" W). Ac-
cording to Koepen's classification, the climate is clas-
sified as Cfa, mesothermic humid, with 1,340 mm of
rain, concentrated between October and March. The
soil is a Typic Haplorthox (Soil Survey Staff, 2006).
Particle size analysis (Embrapa, 2006) of the O - 0.15
m layer presented the following values: 850 g kg™
(clay), 120 g kg™ (silt) and 30 g kg™ (sand).

The experimental area has been cultivated under a
no-tillage system for more than 15 years, in a crop
rotation with corn, soybean, wheat, canola, black oat
and oilseed radish. The experiments started in April
2002, with oat plus ryegrass crops for livestock in win-
ter and soybean in summer. Animal grazing took place
yearly, between May and October. For this study four
forage heights were used: 7, 14, 21 and 28 cm. The
animal stocking rates required to maintain forage height
at 7, 14, 21 and 28 cm were: 2.61, 2.44, 2.25 and
1.82 A.U. ha, respectively. The sizes of the experi-

mental areas were: 1.0, 1.6, 2.1 and 3.3 ha for the 7,
14, 21 and 28 cm forage heights, respectively.

The soil was sampled in October 2005. For each
forage height, five blocks of soil (0.15 x 0.2 x 0.1
m) were collected from 0 - 0.1, 0.1 - 0.2 and 0.2 -
0.3 m layers. The soil blocks were wrapped in plastic
film immediately after removal to maintain soil water
content and the integrity of the samples until their ar-
rival a the laboratory. Carefully, the blocks were manu-
ally broken up into their individual aggregates. Aggre-
gates were then air-dried for 36 h and submitted to a
final drying at a constant temperature of 40°C for 48
h. The aggregates were passed on 12.5 mm and 19
mm diameter opening sieves, and the fraction between
then selected and separated into individual packs until
the tensile strength test was carried out. These sizes
aggregates were chosen partly because in this range
they are easier to handle and measure and partly be-
cause thisis the range of aggregate sizes normally ob-
tained by soil tillage (Imhoff et a., 2002). For the mea-
surement of tensile strength, 60 aggregates were sepa-
rated from each soil block and crushed in individual
tests. Before the tensile strength tests, each aggregate
was precisely weighed. The indirect tension test was
carried out using an electronically controlled loading
frame, with an electronic load cell with a capacity of
20 kg, coupled to a computer for data acquisition and
storage. The equipment applied a constant strain rate
of 0.03 mm s™ until the aggregate failed; i.e., until it
had a visible formation of a continuous crack running
approximately between the polar diameters. After the
test, the aggregates were oven dried to determine re-
sidual water content.

The effective diameter of each aggregate was cal-
culated following Watts & Dexter (1998):

D =D, (M/M )" (1)

where D is the effective diameter (mm), Dm is the
mean diameter (mm), M is the dry mass of an indi-
vidual aggregate (g) and M is the mean mass of the
aggregates of the samples. The tensile strength was
calculated following Dexter & Kroesbergen (1985):

RT = 0.576 ( P/D?) (2)

where 0.576 is the proportionality constant, P is the
applied force at failure (N) and D is the effective di-
ameter of each aggregate (m).

Sail friability (adimensional) was calculated by the
coefficient of variation method proposed by Watts &
Dexter (1998):

F=2Yy °Y (3)
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where F is soil friability, o, is the standard deviation
of the measured values of tensile strength, Y is the
mean of measured values of tensile strength and n is
the number of replications. The criteria established by
Imhoff et al. (2002) were used to classify soil friabil-
ity as. not friable (<0.1), slightly friable (0.1 - 0.2),
friable (0.2 - 0.5), very friable (0.5 - 0.8) and mechani-
caly unstable (>0.8).

Soil organic carbon (SOC) was determined for each
soil sample after the tension test and after aggregates
had been oven dried at a constant temperature of 40°C.
The samples were passed through a2 mm opening sieve
and mixed. SOC was determined according to the
Walkley & Black method (Embrapa, 1997).

The data were tested for normality using the Shapiro-
Wilk statistics (Statistical Analyses System Institute,
1999). The soil water content of the aggregates was
evaluated using a significance level of 1% (Statistical
Analyses System Ingtitute, 1999). Analyses of variance
were calculated through a randomized experiment on a
split-plot design with five repetitions. The main factor
for the split-plot design model was the depth, and the
subplot-factor was the forage height. Differences be-
tween variable values were compared using the Tukey

test (p < 0.05). These dtatistical tests were performed
using the software Sisvar (Ferreira, 2007). Regression
analyses were carried out on the mean values of thefive
repetitions for each variable by forage height, and lin-
ear coefficients were submitted to t-tests (Statistical
Analyses System Ingtitute, 1999).

RESULTSAND DISCUSSION

Statistical moments for tensile strength, friability
and SOC indicate that the present study datafit a nor-
mal distribution (Table 1). These results are similar to
those of Bartoli et al. (1992) and Dexter & Watts
(2000). However, Perfect et a. (1995), Imhoff et al.
(2002) and Blanco-Canqui et al. (2005) have reported
log-normal distribution for soil tensile strength data. No
differences in the soil water content of the aggregates
(mean value = 0.03 g g™) were found (p < 0.01).
Therefore, the tensile strength values reflect only the
effects of the different forage heights. The interaction
between sample depth and forage height was signifi-
cant at p < 0.25 for tensile strength, at p < 0.19 for
SOC, maximum and mean friability, and at p < 0.16
for minimum friability (Table 2).

Table 1 - Statistic momentsfor tensile strength, friability and soil organic carbon (SOC) for four forage heights and three soil

depthsin acrop livestock system.

Variable Treatments (forage height and sample depth)
7 cm 14 cm 21 cm 28 cm
100  20@ 300 100  20@ 300 100  20@ 300 100  20@ 30
Tensile strength (kPa)
Minimum 31 27 25 33 28 22 23 26 26 26 30 25
Mean 75 75 64 92 82 74 73 93 63 79 86 66
Maximum 155 182 174 204 199 200 169 283 151 171 234 182
Std dev® 28.3 30.8 285 349 346 351 32.8 46.7 24.8 32.6 37.0 30.9
CVv® 0.38 0.41 0.45 0.38 0.42 0.47 0.45 0.50 0.39 0.42 043 0.47
p < W® 0.77 031 0.85 0.32 042 0.54 0.07 0.42 0.95 0.03 0.29 0.39
Friability (adimensional)
Minimum 0.33 0.36 0.38 0.34 0.36 042 0.40 0.45 0.33 0.37 0.38 041
Mean 0.38 041 045 0.38 042 047 0.45 0.50 0.39 0.42 0.43 0.47
Maximum 041 045 0.48 0.42 046 0.52 0.50 0.56 0.41 0.46 0.47 0.51
Std dev® 0.08 0.09 0.08 0.03 0.07 0.06 0.09 0.07 0.09 0.04 0.08 0.09
CV(5) 216 21.2 179 8.3 16.2 13.2 20.6 14.8 24.2 10.7 189 19.9
p<w® 0.79 0.03 048 0.44 029 0.54 0.86 0.94 0.03 0.80 0.72 041
Soil organic carbon (g dnr?)

Mean 17.2 12.4 12.0 209 175 117 26.3 185 146 215 16.8 125
Std dev® 1.5 2.3 3.1 1.6 3.9 2.6 2.1 1.2 3.6 1.8 2.8 1.4
CVv® 8.5 18.9 26.3 7.5 222 225 7.9 6.3 24.8 8.4 16.8 115
p<WwW® 0.10 0.11 0.33 041 0.19 0.53 0.86 0.49 0.03 0.69 0.29 0.35

@0 - 0.1 m depth. ?0.1 - 0.2 m depth. ®¥0.2 - 0.3 m depth. @Standard deviation. ®Coefficient of variation (%). ©Probability obtained
by Shapiro-Wilk test (p < 0.01).
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SOC content was different in the three layers, with
the highest value (21.5 g kg™) at 0 - 0.1 m of depth,
the intermediate value (16.3 g kg™) at 0.1 - 0.2 m of
depth and the lowest value (12.7 g kg™) at 0.2 - 0.3
m (Figure 1a). The crop residues on the soil surface
increased the SOC, contributing to the organic carbon
gradient through the layers (Hao & Kravchenko, 2007;
Tormena et al., 2004).

Differences in SOC were found among the differ-
ent forage heights (Figure 1b). The height of 21 cm had
the highest mean SOC value (19.8 g kg™). There was

no difference between the SOC values for the heights
of 28 and 14 cm, which showed intermediate values,
and the height of 7 cm showed the lowest SOC value
(13.9 g kg™). These results are probably linked to the
residual biomass of oat and ryegrass left after grazing,
with the least residual biomass being found on the sur-
face of the soil with a forage height of 7 cm due to the
higher grazing pressure. Conversely, for the forage
height of 14 cm, the decrease in grazing pressure, in
comparison to that at 7 cm, resulted in an increase in
residua biomass from the plants. Despite having the low-

Table 2 - F probability obtained by analysis of variance for factors depth and treatment (forages height) to tensile strength,

friability and soil organic carbon variables.

. Friability .
Factor Tensile strength — - Organic Carbon
minimum mean maximum
F probability
Depth 0.01 0.43 0.41 0.43 <0.01
Treatment 0.11 0.59 0.58 0.62 <0.01
Depth x treatment 0.25 0.16 0.19 0.19 0.19
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Figure 1 - Soil organic carbon by depth (a) and forage height (b), soil tensile strength by depth (c) and forage height (d). Same lettersdo

not differ (Tukey test, p < 0.05).

Sci. Agric. (Piracicaba, Braz.), v.66, n.4, p.499-505, July/August 2009



Physical properties of an Oxisol 503

est grazing pressure, the forage height of 28 cm had a
similar SOC content to that found at 14 cm, and it was
hypothesized that this happened because the oat plants
finished their cycles before the ryegrass plants and that
the oat straw blocked ryegrass growth. Therefore, this
fact counter-balanced the lowest grazing pressure found
at 28 cm, leading to lower SOC values in comparison
to those found at 21 cm, and maintenance of similar
levels to those found at 14 cm (Figure 1b).

The highest values for tensile strength were found
inthe 0.1 - 0.2 m layer (p < 0.05) and the lowest val-
uesin the 0.2 - 0.3 m layer(Figure 1c).A tendency for
intermediate values was observed in the 0 - 0.1 m
layer. Inthe 0.1 - 0.2 m layer tensile strength increased
with increases in SOC content (Figure 2a): a positive
and strong correlation between these two variables was
found (r2=0.81). Conversely, Tormena et al. (2008)
found a negative correlation between SOC and tensile
strength. SOC should be associated to an increase in
tensile strength because it acts as an aggregating agent,
stabilizing the microaggregates and thereby helping to
an increased tensile strength, according to Guérif
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(1994). The 0.1 - 0.2 m layer was more strongly af-
fected by animal trampling than the 0 - 0.1 m layer,
because the root systems of the oat and ryegrass crops
increased soil resilience in the surface layer. In addi-
tion, the root systems promoted increases in fail zones
inside the aggregates of the 0 - 0.1 m layer, which was
magnified by the wet and dry cycles of the soil. In
the 0.2 - 0.3 m layer, neither animal trampling nor plant
roots had a strong enough effect to modify the tensile
strength of the soil (Figure 1c).

Differences were not found (p < 0.05) in tensile
strength values among the different forage heights
(Figure 1d). However, a tendency of reduced tensile
strength values was observed for the forage height of
7 cm, probably due to the apical meristems of oat
plants being cut off, allowing the ryegrass plants to
achieve better growth due to a reduction in competi-
tion between the two species. As the ryegrass has a
more aggressive root system than the oat plant, its
continuous growth and death may have contributed to
adecreasein soil tensile strength. These results showed
that a plant with an aggressive root growth system,
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Figure 2 - Tensile strength (a) and friability (b, c e d) in correlation with soil organic carbon, to the depth of 0- 0.1 m (O), 0.1- 0.2 m
() and 0.2-0.3m(A). *** (p< 0.05), **(p < 0.10), *p < 0.15) using t test.
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like ryegrass, could prevent soil structure degradation
in a crop-livestock system.

The minimum, mean and maximum friability val-
ues for the forage height of 21 cm at the depth of 0.1
- 0.2 m (Figure 3) were different (p < 0.05). This be-
havior is probably related to the fact that this forage
height treatment had the highest SOC values (Figure
1b). A positive correlation between SOC and friability
was observed (Figures 2b, cand d ) at 0 - 0.1 m of
depth (r’=0.88, 0.89 and 0.80 for minimum, mean and
maximum friability, respectively) which is explained by
the fact that this soil depth had the highest SOC in-
corporation (Figure 1a). An increase in SOC establishes
awell-developed soil structure hierarchy, which results
in a wide range of aggregate tensile strengths and an
increase in soil friability (Watts & Dexter, 1998). Or-
ganic fragments of crop residues are generally sup-
posed to induce weak sites, as well as soil porosity,
thereby contributing to increased soil friability.

Minimum friability
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0.0 . . . Forage height(cm)
&7 314 -0-21 <-28
01 } Aa Aa Aab  Aa
Aa Aa Aa Aa
02 t Aa Aa Ab  Aa
-03 *
Mean friability
0.3 0.4 05 0.6
0.0 T T ) Forage height (cm)
-7 0O-14 -0-21 <-28
Aa Aa Aab Aa
B 01
< Aa Aa Aa Aa
Q.
[
© 02} Aa  Aa Ab  Aa
-03 *
Maximum friability
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0.0 Forage height(cm)
A7 14 -0-21 <-28
01 t Aa Aa Aab Aa
Aa Aa Aa Aa
02 Aa  Aa  Ab  Aa
-03 *

Figure 3 - Sail friability to forage height of 7, 14, 21 and 28 cm.
Capitd letterscomparetheforage heightsin each depth,
and small |etters compare the forage heights among the
depths (p < 0.05). The letters sequence corresponds
on treatments 7, 14, 21 and 28 cm on columns for the
layersat 0-0.1; 0.1 - 0.2 and 0.2 - 0.3 m depth.

At the depth of 0.2 - 0.3 m, the minimum,
mean and maximum friabilities were negatively corre-
lated with SOC (r*=0.77, 0.80 and 0.83), indicating that
increases in SOC cause a decrease in soil friability
(Figures 2b, ¢ and d), probably due to the aggregat-
ing effects of SOC. This effect may be related to the
quality of the SOC and its interaction with inorganic
soil components, especially Fe and Al oxides. This soil
friability behavior may be explained by the narrow
range of tensile strength found in this layer due to the
reduced influence of soil management at lower depths.
The friability of the soil was classified as friable in the
0 - 0.1 m layer and in the 0.1 - 0.2 m layer for the
forage heights of 7, 14 and 28 cm, and very friable in
the 0.2 - 0.3 m layer for the forage heights of 14 and
28 cm, showing that soil friability reductions occur in
the surface layer (Table 1). Soil friability was also very
friable in the 0.1 - 0.2 m layer and friable in the 0.2 -
0.3 m layer for the forage height of 21 cm (p < 0.05),
suggesting a vertical heterogeneity in the physical con-
dition of the soil. Therefore, it is necessary to main-
tain a minimum forage height of 21 cm in order to re-
duce the effects of animal trampling on the physical
and structural conditions of the soil, as measured by
soil tensile strength and friability.
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