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Abstract

The degradation of pastures in Brazil is a problem of agronomic and environmental importance because 
it impairs the productive capacity of the soil and the hydrological cycle. In this context, the integration 
of agriculture and livestock emerges as a promising practice in recovering degraded soils through 
aggregation, increasing organic carbon in the soil and breaking compacted layers via the growth of 
grass roots. This study aimed to evaluate suitable indicators of physical quality in regard to mitigating 
structural changes of a Latosol cultivated with different species of the genus Brachiaria. We evaluated 
the grasses Brachiaria brizantha (Xaraés, Piatã, Marandu), Brachiaria decumbens and Brachiaria 
ruziziensis and adopted fallow and conventional tillage as controls. Soil samples were used to evaluate 
the parameters total organic carbon, soil aggregation via wet sieving and the least limiting water range 
(LLWR). Total organic carbon and aggregate stability were not suitable indicators for quantifying soil 
structural changes, remaining high in the evaluated conservation systems, with a difference observed 
only in the control with conventional tillage. The LLWR varied among all systems and layers evaluated. 
Xaraés palisadegrass, followed by the Piatã and Marandu cultivars, stood out in terms of biological 
soil loosening ability, being similar to the recovery caused by soil tillage. Furthermore, B. decumbens 
showed intermediate performance, while B. ruziziensis showed activity similar to that in the fallow 
treatment, indicating limited potential for soil physical recovery.
Key words: Aggregate stability. Biological soil loosening. Brachiaria sp. Least limiting water range. 
Soil structural quality.

Resumo

A degradação das pastagens no Brasil é um problema de ordem agronômica e ambiental, pois 
compromete a capacidade produtiva do solo e o ciclo hidrológico. Neste contexto, a integração 
agricultura-pecuária surge como uma prática promissora na recuperação de solos degradados, através 
da agregação, aumento dos estoques de carbono no solo e do rompimento de camadas compactadas pelo 
crescimento radicular das gramíneas. Este trabalho objetivou avaliar o indicador adequado de qualidade 
física na mitigação da compactação de um Latossolo cultivado com espécies do gênero Brachiaria. 
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Foram avaliadas as gramíneas: Brachiaria brizantha (Xaraés, Piatã, Marandu); Brachiaria decumbens 
e Brachiaria ruziziensis. Adotou-se como controle: pousio e cultivo convencional. Amostras de solo 
foram utilizadas para avaliar o carbono orgânico total, a agregação do solo via peneiramento úmido e o 
intervalo hídrico ótimo (IHO). O carbono orgânico e a estabilidade dos agregados não foram indicadores 
adequados para quantificação das alterações estruturais do solo, permanecendo alta nos sistemas de 
conservação avaliados e diferindo apenas do controle com preparo convencional. O IHO variou entre 
todos os sistemas e camadas avaliadas. O capim Xaraés, seguido por Piatã e Marandu, destacou-se 
na escarificação biológica do solo, similarmente à recuperação via preparo do solo, e B. decumbens 
apresentou desempenho intermediário, enquanto B. ruziziensis apresentou atividade semelhante ao 
pousio, indicando potencial limitado de recuperação física do solo.
Palavras-chave: Brachiaria sp. Escarificação biológica do solo. Estabilidade de agregados. Intervalo 
hídrico ótimo. Qualidade estrutural do solo.

Introduction

Brazil is highlighted in terms of the production 
and export of beef, and such animal production 
is predominantly conducted in pastures. The 
producing regions in the Cerrado biome correspond 
to approximately 49.5 million hectares of grassland, 
accounting for approximately 30% of the cultivated 
area (SANO et al., 2010) and 50% of the meat 
produced in the country. Half of the pastures, 
however, are experiencing a decline in productivity, 
particularly as a result of ageing or overgrazing 
(FERREIRA et al., 2013).

On the other hand, Brazil has established a farming 
system that contributes to ensuring global food 
security (TOLLEFSON, 2010). This is because, for 
the soil to play its essential role in the environment 
and produce food, it is necessary to preserve its 
structure, especially through practices that maintain 
soil functions, particularly the management of soil 
compaction (SEVERIANO et al., 2011).

Soil compaction is a serious environmental 
problem whose impact on the soil structure promotes 
the degradation of environment, with increased 
emissions of carbon and other greenhouse gases, 
increased erosion and consequent siltation of 
waterways (HORN et al., 1995; NAWAZ et al., 2013).

The adoption of conservation agriculture 
systems greatly favours the quality of the soil and 
the environment in which they occur (VEZZANI; 
MIELNICZUK, 2009). In this context, the 
implementation of crop-livestock integration 
systems represents a tool for soil structure recovery 

(SOUZA et al., 2010; CHIODEROLI et al., 2012) 
and has been successfully conducted in South 
America (GARCÍA-PRÉCHAC et al., 2004).

Among the grasses used in these systems, 
Brachiaria (Trin.) Griseb. spp. (syn. Urochloa 
P. Beauv. spp.) are the most important forages 
(CRUVINEL et al., 2017). Currently, the breeding 
programme for this genus promoted by Embrapa 
(Brazilian Agricultural Research Corporation) is 
developing cultivars suitable for the cultivation 
conditions of the regional producing environments 
(MAIA et al., 2014).

In addition, these species can promote biological 
soil loosening (SILVA et al., 2014; FLÁVIO NETO 
et al., 2015), minimizing compaction by machinery 
traffic and animal trampling, especially that 
managed under no-tillage and promoting nutrient 
cycling (PACHECO et al., 2011) and the production 
of straw (NUNES et al., 2006), which has enabled 
the adoption of integrated production systems in 
tropical conditions of the Brazilian Cerrado. For 
these reasons, Brachiaria pastures are noteworthy, 
especially those containing the species B. brizantha, 
B. decumbens, and B. ruziziensis.

In turn, grass cultivation has positive effects on 
soil structure, especially when grown in the off-
season of summer crops in anticipation of no-tillage 
(PÉRÈS et al., 2013; SILVA et al., 2014). These 
benefits are due to the continuous renewal of roots 
and input of plant waste to the soil (OADES, 1984; 
SILVA; MIELNICZUK, 1998). However, in the 
Brazilian Cerrado, this period is characterized as a 
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dry winter, which could limit the development of 
grasses that are less tolerant to drought.

Soil quality stands out in terms of its functional 
role in the ecosystem by preserving environmental 
quality, supporting biological productivity 
and promoting plant and animal health (SOIL 
SCIENCE GLOSSARY TERMS COMMITTEE, 
2008). In this context, the physical attributes of 
the soil can influence its potential quality because 
these attributes are affected by the management 
approaches to which the soil is subjected. Thus, soil 
physical quality indicators can be used to identify 
the structural changes the soils have undergone that 
have led to their degradation (LEÃO et al., 2006).

Among the indicators of the structural condition 
of the soil, soil aggregation measures are associated 
with cementing agents of organic origin (KONG 
et al., 2005; RAWLINS et al., 2013; MONCADA 
et al., 2013). Soil aggregation, at first, is closely 
related to the ability of the soil to resist degradation, 
thus indicating changes in soil management 
(ZOTARELLI et al., 2005).

The evaluation of aggregate stability, although 
widely conducted (RAWLINS et al., 2013), should 
be associated with other indicators (MONCADA 
et al., 2013). In this sense, the least limiting water 
range (LLWR) is a complementary alternative to 
evaluate soil structural conditions (OLIBONE et al., 
2010; LIMA et al., 2012).

The LLWR is an indicator representing the soil 
water content range at which there are minimal 

physical constraints to the growth of plants related 
to water availability, air supply and the mechanical 
resistance of the soil matrix to root growth. This is 
a multifactorial index that decreases with increasing 
soil compaction until the critical bulk density (Bd) 
of the soil is reached, at which its value is null 
(SILVA et al., 2006a).

Considering the importance of sustainable 
agriculture and livestock production in Brazil, 
the present study evaluated the physical recovery 
of a Distroferric Red Latosol subjected to crop-
livestock integration systems with the cultivation of 
Brachiaria species through the use of soil structure 
quality indicators and factors limiting the LLWR 
and aggregation of the soil.

Materials and Methods

Study area and site description

The study was conducted at the Experimental 
Field of the Federal Institute of Education, Science 
and Technology Goiano, Campus Rio Verde, state 
of Goiás, Brazil (17°48’34” S and 50°54’05” W) in 
an area of 2016 m2, with a clayey Distroferric Red 
Latosol (SANTOS et al., 2018) (Table 1), cultivated 
with Brachiaria decumbens for 10 years in an 
extensive grazing system. The climate is classified 
according to Köppen as tropical wet (Aw), tropical 
savannah subtype, with a dry winter and rainy 
summer.

Table 1. Physical and chemical characterization of the Distroferric Red Latosol in the municipality of Rio Verde, state 
of Goiás.

Pd(1) Bd(2)
Particle size analysis(3)

VCS CS MS FS VFS Silt Clay
2.8 1.2 1 15 154 141 53 195 441

Sulfuric acid attack(4)

SiO2 Al2O3 Fe2O3 Ki Kr
4.1 20.4 20.4 0.34 0.21

(1) Particle density in the 0-0.2 m layer; (2)soil bulk density of the 0-0.2 m layer; (3)determined by the pipette method for the 0-0.2 m 
layer; (4)determined for the Bw horizon (1.00-1.20 m). VCS: very coarse sand; CS: coarse sand; MS: medium sand; FS: fine sand; 
VFS: very fine sand; Ki: SiO2/Al2O3 molecular ratio; Kr: SiO2/(Al2O3 + Fe2O3) molecular ratio.
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In the pasture recovery process, we conducted 
the experiment during the 2010/2011 growing 
season with thirty-two plots of 5.4 x 6 metres (32.4 
m2) randomly placed into four blocks and grown 
with corn (Zea mays) with a spacing of 0.88 m 
between rows.

Thirty days after corn emergence, Brachiaria 
grasses were overseeded into the plots for the 
implementation of the crop-livestock integration 
system, which consisted of the following treatments 
using 9 kg ha-1 of pure and viable seeds: (1) 
Brachiaria brizantha cv. Xaraés (BbX); (2) 
Brachiaria brizantha cv. Piatã (BbP); (3) Brachiaria 
brizantha cv. Marandu (BbM); (4) Brachiaria 
decumbens cv. Basilisk (Bdec) and (5) Brachiaria 
ruziziensis (Br). The Xaraés, Piatã and Marandu 
palisadegrasses were obtained from the breeding 
programme of Embrapa.

For comparison, we adopted the following as 
control treatments: (6) no cultivation of Brachiaria, 
leaving the soil fallow and with weeds (Fallow), 
and comprised predominantly of a canopy of dicot 
weeds in terms of density and diversity, as described 
by Flávio Neto et al. (2015) and (7) conventional 
tillage, which was performed by mechanical 
recovery via ploughing and harrowing the soil 
with a rotary tiller (CT) during the implementation 
of the subsequent agricultural calendar at the end 
of the cultivation of the off-season pastures in the 
integrated treatments. This operation was carried 
out when the soil water content was close to field 
capacity.

In November 2011, we sowed corn for silage 
for 90 days. Next, the development of grasses was 
monitored by evaluating the increase in dry matter 
production, which varied according to seasonality. 
The grasses growing in the pastures were cut to 
0.2 m, and the residues were removed. Cutting was 
performed in March, May, July, September, October 
and November 2011, and information regarding the 
performance of these forage plants can be found in 
Maia et al. (2014).

Sampling protocol

To evaluate the structural recovery of the 
soil promoted by the cultivation of the studied 
grasses, undisturbed and random soil sampling 
was conducted in each plot during the 2011/2012 
growing season. The samples were collected at 
0-0.1, 0.1-0.2 and 0.2-0.3 m deep using metal rings 
0.064 m in diameter and 0.05 m in height. The 
samples were then wrapped in PVC film.

At the same time, monoliths were collected 
by creating small trenches in the experimental 
plots across the same layers described above for 
the subsequent assessment of soil aggregates. The 
monoliths were removed with the aid of spatulas 
and packaged in plastic containers to maintain their 
integrity until their evaluation in the laboratory.

Soil aggregation analysis

In the laboratory, the monoliths were initially 
broken by hand through the disruption of soil clods 
at the point of greatest weakness, and aggregates 
that were 4.76 to 8.00 mm diameter were obtained 
by sieving the undisturbed material. The aggregate 
stability in water was determined according to the 
principle of slow wetting by capillarity, as described 
by Kemper and Rosenau (1986). To this end, 
the samples were placed in a vertical oscillation 
device on a series of sieves of 2.00, 1.00, 0.50, 0.25 
and 0.106 mm mesh size, as described by Yoder 
(1936). Subsequently, the content retained on each 
sieve was transferred to an aluminium can, which 
was placed in an oven at 110°C for 24 hours. The 
geometric mean diameter (GMD) of the aggregates 
was determined according to Kemper and Chepil 
(1965).

We also determined the total organic carbon 
(TOC) content in the soil from the surplus material 
resulting from the initial preparation of the monoliths 
according to Teixeira et al. (2017).
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Least limiting water range

Undisturbed soil samples were collected to 
determine the least limiting water range (LLWR). 
After initial saturation, the samples were subjected 
to a matric potential of -6 kPa to determine their 
field capacity, as described by SEVERIANO et al. 
(2011) for Latosols in the Brazilian Cerrado. Next, 
the soil water content was adjusted to range from 
0.04 to 0.53 dm3 dm-3 for penetrometer testing, as 
proposed by Leão et al. (2006).

Then, the samples were oven dried at 105ºC for 
48 hours to determine their soil Bd and total porosity 
(TP) (TEIXEIRA et al., 2017).

A penetration resistance curve (PRC) was 
generated by adjusting the penetration resistance 
(PR) values according to the volumetric water 
content (θ) and Bd according to the non-linear 
model proposed by Busscher (1990). The empirical 
parameters of adjustment were obtained by 
minimizing the sum of squares of the difference 
between the determined values and those estimated 
by the models using algorithms in spreadsheets 
according to Leão and Silva (2004). The obtained 
PRC is expressed by equation 1:

The LLWR was determined according to 
the procedures described in Silva et al. (1994) 
considering as the upper limits the water content in 
the soil retained at the matric potential of -6 kPa as 
the field capacity (θFC) (SEVERIANO et al., 2011) 
and/or that at which the air-filled porosity (θAFP) is 
10%.

The lower limits were the water content 
retained at the matric potential of -1500 kPa and/
or the permanent wilting point (θPWP) corresponding 
to the penetration resistance of 2.5 MPa (θPR) 
(SEVERIANO et al., 2011), using at Eq. 1.

The LLWR was determined by adjusting the 
limits of soil water content according to the soil 
Bd. The upper limit is the lowest value between θFC 
and θAFP, and the lowest limit is the highest value 
between θPWP and θPR.

Statistical analysis

The results of the soil aggregation and TOC 
analysis were subjected to analysis of variance 
according to a randomized block design, and 
the means were compared with the Scott-Knott 
test at 5% probability. In addition, the Pearson 
correlation coefficient (r) was used to evaluate 
the correspondence between the TOC data and 
those regarding soil aggregation and the LLWR to 
evaluate the relevance of these soil physical quality 
indicators.

Results

The total organic carbon (TOC) content in the 
soil varied among the evaluated Brachiaria species 
and soil layers (Table 2). At the soil surface (0-0.1 
m), the presence of the cultivars of B. brizantha 
(Bb) and B. decumbens (Bdec) somewhat promoted 
the TOC content. The plots in the B. ruziziensis (Br) 
and fallow treatments had intermediate values of 
TOC content, while the lowest TOC content was 
found under conventional tillage (CT).
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Table 2. Total organic carbon (TOC) in different layers of a Distroferric Red Latosol after cultivation with different 
types of vegetation cover in the municipality of Rio Verde, state of Goiás.

Treatments
TOC (g dm-3)

0-0.1 m 0.1-0.2 m 0.2-0.3 m
BbX 35.5a 26.7c 24.3a
BbP 34.5a 30.0b 26.3a
BbM 33.9a 28.1c 26.2a
Bdec 35.8a 27.8c 26.2a
Br 30.5b 26.4c 27.2a
Fallow 31.0b 26.7c 20.4b
CT 23.7c 33.6a 27.1a

BbX: Brachiaria brizantha cv. Xaraés; BbP: Brachiaria brizantha cv. Piatã; BbM: Brachiaria brizantha cv. Marandu; Bdec: 
Brachiaria decumbens; Br: Brachiaria ruziziensis; CT: conventional tillage. For the same layer, values followed by different letters 
are significantly different according to the Scott-Knott test (P ≤ 0.05).

On the other hand, in the 0.1-0.2 m layer, the 
highest TOC content occurred in the soil under CT. It 
is noteworthy that the TOC content of the soil under 
BbP was greater than that under the other species 
of Brachiaria, which had the lowest concentrations 

of TOC, similar to that found in the fallow treatment 
(Table 2).

Within the 0.2-0.3 m layer, the highest values 
of TOC content were found in the soil under the 
cultivation of grasses and CT.

Table 3 shows that in all evaluated systems and 
layers except for the CT, which had the lowest 
values, there was no difference in the geometric 
mean diameter (GMD) of aggregates. In general, 
the GMD values remained high even in all layers 
in the treatments without soil revolving (e.g., 
no Brachiaria cultivation and crop-livestock 
integration).

Regarding the distribution of aggregates among 
size classes, more than 95% of the aggregates were 
stable in water and were retained on all sieves ≥ 0.25 
mm in mesh size across all treatments and layers 
(Table 3). More than 90% of the soil aggregates 
were classified into the largest size class (2-8 mm) 
for treatments without soil revolving and across all 
evaluated layers (Table 3).

The assessment of the LLWR (Figure 1) 
demonstrated differential effects of the grasses on 
the soil structuring process. Among the limits that 
influence the LLWR, the water content at which the 
resistance to the critical penetration of 2.5 MPa was 
reached (θPR) most affected its amplitude, especially 
at increasing soil depths.

In contrast, the minimal aeration porosity of 
10% did not limit the LLWR in any treatment or 
layer (Figure 1).
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Table 3. Geometric mean diameter (GMD) and classification of aggregates according to size class in a Distroferric 
Red Latosol in the municipality of Rio Verde, state of Goiás.

Treatments
GMD

Size classes
A B C D E F

(mm) - - - - - - - -- - - - - - - % - - - - -- -- - - - - - _- - - -
0-0.1 m layer

BbX 4.6a 97.7a 0.3a 0.3a 0.7b 0.4b 0.6b
BbP 4.6a 97.7a 0.2a 0.3b 0.7b 0.4b 0.8b
BbM 4.4a 95.4a 0.8a 0.8b 1.1b 0.7b 1.2b
Bdec 4.5a 96.5a 0.7a 0.5b 0.9b 0.5b 0.9b
Br 4.3a 93.6a 1.5a 1.3b 1.7b 1.1b 0.9b
Fallow 4.3a 95.1a 0.8a 0.8b 1.2b 0.9b 1.2b
CT 3.0b 81.3b 2.7a 3.3b 5.3b 3.6a 3.8a

0.1-0.2 m layer
BbX 4.6a 97.5a 0.3b 0.2b 0.6b 0.5b 1.0a
BbP 4.5a 96.9a 0.3b 0.4b 0.8b 0.6b 0.9a
BbM 4.3a 94.6a 1.0b 1.1b 1.6b 1.1b 0.6a
Bdec 4.6a 97.3a 0.3b 0.3b 0.7b 0.5b 1.0a
Br 4.4a 94.9a 1.1b 0.9b 1.2b 0.8b 1.0a
Fallow 4.6a 96.8a 0.4b 0.6b 1.0b 0.6b 0.7a
CT 3.4b 85.7b 2.2b 2.4a 3.9a 4.5a 1.4a

0.2-0.3 m layer
BbX 4.5a 96.2a 0.76b 0.60b 1.0b 0.7 B 0.8 B
BbP 4.5a 96.8a 0.46b 0.43b 0.8b 0.6 B 0.9 B
BbM 4.1a 92.3a 1.68b 1.60b 2.1b 1.4 B 1.0 B
Bdec 4.3a 94.1a 1.25b 1.01b 1.5b 0.9 B 1.3 B
Br 4.0a 91.1a 2.24a 1.52b 2.1b 1.3 B 1.7 B
Fallow 4.4a 94.8a 1.25b 1.06b 1.3b 0.7 B 0.9 B
CT 2.5b 74.2b 4.21a 4.60a 7.2a 3.7 A 6.2 A

BbX: Brachiaria brizantha cv. Xaraés; BbP: Brachiaria brizantha cv. Piatã; BbM: Brachiaria brizantha cv. Marandu; Bdec: 
Brachiaria decumbens; Br: Brachiaria ruziziensis; CT: conventional tillage. Size classes: A: 2-8 mm; B: 1-2 mm; C: 0.5-1 mm; D: 
0.25-0.5 mm; E: 0.106-0.25 mm; F: < 0.106 mm. For the same layer, values followed by different letters are significantly different 
according to the Scott-Knott test (P ≤ 0.05).

The Bb cultivars and Bdec stood out in relation 
to the fallow control in terms of the restoration of 
the soil structure, as evaluated by the LLWR in 
all layers. The magnitude of this indicator showed 
the following sequence: LLWRBbX > LLWRBbP > 
LLWRBbM > LLWRBdec (Figure 1).

On the other hand, the species Br showed limited 
potential in terms of soil recovery in comparison 

to the other species of Brachiaria, with LLWR 

conditions similar to those found in the fallow 
control (Figure 1).

Moreover, the highest amplitudes of the LLWR 
were observed in all layers of the soil under CT, 
indicating that the disturbances caused by soil 
preparation is effective in removing compacted 

layers (Figure 1).
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With respect to the values of GMD (Table 
3) in association with the LLWR (Figure 1), 
although no differences were detected in any of the 

treatments except for CT, there were discrepancies 
in the amplitude of the LLWR detected among the 
conservationist systems.

Figure 1. Variation in soil water content (θ, dm3 dm-3) according to depth for critical values of the least limiting water 
range in a Distroferric Red Latosol in the municipality of Rio Verde, state of Goiás. BbX: Brachiaria brizantha cv. 
Xaraés; BbP: Brachiaria brizantha cv. Piatã; BbM: Brachiaria brizantha cv. Marandu; Bdec: Brachiaria decumbens; 
Br: Brachiaria ruziziensis; CT: conventional tillage. 
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Figure 2. Pearson correlations between physical quality indicators and total organic carbon in a Distroferric 
Red Latosol in the municipality of Rio Verde, state of Goiás, under different soil management systems. 
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Figure 2. Pearson correlations between physical quality indicators and total organic carbon in a Distroferric Red 
Latosol in the municipality of Rio Verde, state of Goiás, under different soil management systems.
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We observed a weak but significant correlation (r = 0.49*) between the LLWR and TOC when 

considering all treatments evaluated in the study (Figure 2). A stronger correlation was found between the 
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carbon into the deeper layers (deeper than 0.2 
m), most likely due to the pivoting root system of 
most species in this treatment, which belong to the 
subclass Dicotyledoneae.

Despite the differences in TOC values among 
the treatments, these values are numerically small. 
This is because of the slow and gradual increase 
of carbon in the soil, which even occurs as a result 
of the correct establishment and maintenance of 
conservation management systems over long periods 
of time (ASSIS; LANÇAS, 2005), especially in 
tropical soils, where organic matter mineralization 
tends to overcome the inputs (TIRLONI et al., 
2012).

In contrast, structural changes can occur in a 
short time, both in terms of degradation, if the 
pressure applied by machinery and grazing animals 
overcome the soil load bearing capacity (ZINK 
et al., 2010; SEVERIANO et al., 2013), and the 
recovery via mechanical or biological loosening 
(SEVERIANO et al., 2010; FLÁVIO NETO et 
al., 2015). Such findings are essential for the 
interpretation of the results presented below given 
the importance of root growth and organic matter in 
soil aggregation (BRANDÃO; SILVA, 2012).

Soils that are disturbed have lower geometric 
mean diameter (GMD) values compared to those 
under conservation systems as a result of a decrease 
in the number macroaggregates (> 2 mm), which 
are disrupted by the action of machinery on the 
soil. This fact justifies the absence of differences 
in GMD values observed across all the evaluated 
systems and layers except for CT (Table 3).

The GMD values remained high even in all 
layers in treatments without soil revolving when 
compared to the values obtained by Tirloni et al. 
(2012) in a very clayey Latosol. This is because the 
stability of aggregates can rapidly increase with the 
inclusion of pasture in the crop rotation process due 
to the lack of soil revolving, the constant renewal of 
the vigorous root system and the increased activity 
of soil fauna under pasture (MARCHÃO et al., 

We observed a weak but significant correlation 
(r = 0.49*) between the LLWR and TOC when 
considering all treatments evaluated in the study 
(Figure 2). A stronger correlation was found between 
the LLWR and TOC (r = 0.71**) when the analysis 
was restricted to the integrated systems including 
grasses.

Discussion

The small increases in the total organic carbon 
(TOC) levels promoted by B. brizantha (Bb) and B. 
decumbens (Bdec) in the soil surface layer (0-0.1 m) 
were consistent with the biomass added to the soil 
by the root systems (TRUJILLO et al., 2006).

The lowest TOC content found under 
conventional tillage (CT) in relation to that in the 
other treatments occurred due to the soil revolving 
performed by the rotary tiller and the consequent 
disruption of aggregates in the surface layer of the 
soil. In this case, the elimination of the physical 
protection of organic matter and exposure to attack 
by aerobic microorganisms occur (TISDALL; 
OADES, 1982), which can lead to the rapid loss 
of soil carbon as CO2 and subsequently contribute 
to the greenhouse effect and global warming 
(OLIVEIRA et al., 2004).

The finding of the highest TOC content in the soil 
under CT in the 0.1-0.2 m layer can be explained 
by the inversion of layers caused by the preparation 
machinery because the observed values are similar 
to those found at the surface in all treatments without 
soil tillage and because sampling was performed 
immediately after ploughing.

The TOC values observed in the treatments 
including the cultivation of grasses and CT in the 
0.2-0.3 m layer are likely due to the input and/
or maintenance of carbon promoted by the roots 
of grasses and by the incorporation of corn plant 
residues, respectively. In this way, the lower TOC 
content observed in the fallow soil suggests that 
the root system of the weeds failed to incorporate 
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2007). Similar results were reported by Silva and 
Mielniczuk (1998), who observed a positive role of 
grass cultivation on aggregate stability and organic 
carbon in a similar soil.

Moreover, Conte et al. (2011) observed higher 
levels of soil aggregation in grazed areas compared 
to those without grazing, indicating the formation of 
clods via soil compaction due to animal trampling. 
In this sense, the observation of the greatest values 
of GMD (4.6) in the soil under BbP and BbX, 
which were equal to that in the fallow soil, could be 
associated with soil compaction, thereby indicating 
the possible existence of historical degradation 
resulting from previous soil management. This 
result requires further investigation regarding the 
accuracy of the assessment of aggregation in the 
evaluation of soil structural quality.

A diameter of 0.25 mm is the threshold between 
macro- and microaggregates in the soil (OADES; 
WATERS, 1991). The high percentage of aggregates 
(95%) retained in the sieves with a mesh size ≥ 
0.25 mm in all treatments and soil layers (Table 
3) when analysed alone indicates that almost all of 
the aggregates found in the experimental soil are 
at advanced stages of aggregation, suggesting high 
physical quality. Systems that promote the formation 
of stable macroaggregates are desirable because 
they support higher applications of external forces 
without disruption, conferring greater resistance to 
compaction and erosion to the soil (SEVERIANO 
et al., 2008; SALTON et al., 2008).

In agreement with Daynes et al. (2013), the soil 
aggregation process is associated with dynamic and 
dependent phenomena, including the effects of the 
biota on soil organic matter and the influence of the 
root system of the growing plants on the unit particles, 
among other factors. In this sense, the continuous 
input of plant residues observed in crop-livestock 
integration systems ensures a positive balance in 
terms of aggregation, while soil revolving, which 
was observed in CT, for example, may be related to 
lower aggregate stability (OLIVEIRA et al., 2004).

Conversely, the results of our study indicate 
that the differences in the TOC content in the soil 
(Table 2) were small and therefore did not have a 
sufficient effect on soil aggregation to distinguish 
the treatments without soil revolving, with only 
differences between CT and other systems being 
identified (Table 3). This result therefore suggests 
that soil aggregation measures determined by wet 
sieving are not suitable for differentiating the effects 
of soil restructuring, in contrast to the formation 
of dense soil clods, which arise from root growth 
and the stabilization of macroaggregates or from 
compaction forces imposed on the soil.

The morphology of Oxidic Latosols is 
characterized by very small and resistant granular 
aggregates with diameters of 50-300 μm (FERREIRA 
et al., 1999; VOLLANT-TUDURI et al., 2005; 
CARDUCCI et al., 2011) with high structural 
stability and friability (VITORINO et al., 2003). In 
this context, it was observed that more than 90% of 
the soil aggregates were in the largest size class (2-8 
mm) in the treatments without soil revolving and 
in all evaluated layers (Table 3), being at least six 
times larger than the basic structural units of these 
soils, as described by the previously mentioned 
authors. Furthermore, it is emphasized that on the 
basis of the universally accepted methodology 
used in this study (KEMPER; ROSENAU, 1986), 
aggregates between 2.00 and 4.76 mm present in the 
soils are removed, which can limit the accuracy of 
the identification of soil physical quality.

This consideration reinforces the fact that 
our results are unclear regarding the origin of 
the soil aggregates, if they were formed by the 
cementing action of organic matter and the action 
of the root system of the studied grasses or from the 
accumulated compaction processes over the history 
of the degraded area. Thus, would have to be termed 
clods and not soil aggregates, as highlighted by 
Severiano et al. (2008).

Likewise, Silva et al. (2006b) observed that 
the GMD of soil aggregates increased with soil 
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compaction due to the likely mechanical compaction 
that occurred as evidenced by the combination of 
soil particles, which led the authors to consider 
that the GMD is not a good indicator of the effects 
of soil physical degradation. This low efficiency 
of aggregate stability analysis by sieving in water 
was reported by Nichols and Toro (2011), and the 
numerical values also do not express the impacts 
of biological, mechanical or environmental factors 
on soil structure. Therefore, this method should be 
combined with other structural indicators for a more 
accurate evaluation of soil quality (MONCADA et 
al., 2013).

Thus, it is necessary to evaluate the physical 
quality of the soil subjected to crop-livestock 
integration with the cultivation of Brachiaria 
species using indicators with higher accuracy. The 
proposed use of the LLWR, as shown in Figure 1, 
involves combining different attributes into a single 
parameter, which represents a breakthrough for 
studies of soil biophysics, as noted by Tormena et 
al. (2007).

The water content at which the resistance to the 
critical penetration of 2.5 MPa is reached (θPR) affects 
most LLWR amplitudes because it is a dynamic 
property associated with soil compaction (VAZ et 
al., 2001; DEXTER et al., 2007). In contrast, the 
minimal aeration porosity of 10% did not limit the 
LLWR in any treatment or layer due to the porous 
character of Red Latosols, the predominantly oxidic 
mineralogy and granular structure of which confer 
the soil with high structural stability and friability, 
reflecting the agglutination of the solid fraction of 
the soil and interconnected pores (REATTO et al., 
2009; SEVERIANO et al., 2013; FLÁVIO NETO 
et al., 2015).

The better performance of the Bb cultivars and 
Bdec in terms of the amplification of the LLWR 
values in comparison to the fallow treatment 
suggests that the use of integrated management 
systems involving the cultivation of Brachiaria 
species, mainly Bb, can be an alternative method 

that can be used to alleviate the harmful effects of 
compaction on soil structure. Such practices are 
of particular interest in the Cerrado region due to 
the high susceptibility of Oxidic Latosols in this 
region to compaction, as the occurrence of soil 
compaction is practically inevitable in this area as a 
result of machinery traffic and trampling by animals 
(SEVERIANO et al., 2013).

This behavior is understood when analysing 
the performance of Bb cultivars used in Brazilian 
agriculture. These grasses were developed by the 
breeding programme of Embrapa with an aim to 
obtain plants that are well adapted to the humid 
tropical climate conditions and chemically poor 
acidic soils found in the Brazilian Cerrado (VALLE 
et al., 2009). In turn, this region is characterized 
by two well-defined seasons (dry winter and 
rainy summer), which make livestock on pasture 
vulnerable to the effects of seasonality of forage 
production (COSTA et al., 2008; BUSTAMANTE 
et al., 2012).

These grass species are native to countries at 
low latitudes on the African continent (AMBIEL 
et al., 2008), where they were naturally exposed to 
stressful conditions of sunshine and seasonal water 
deficit. These effects were partially circumvented 
by the C4 photosynthetic apparatus, which 
guarantees the better use of incident radiation 
and more efficient water use (SAGE; ZHU, 2011; 
GUENNI et al., 2002). These characteristics were 
enhanced when breeding these cultivars, notably 
the Xaraés and Piatã palisadegrasses, and thus the 
higher metabolic activity during the dry off-season 
in the Brazilian Cerrado contributes to the growth 
of the root system, allowing the disruption of the 
compacted soil layers that are usually found in 
agricultural areas, as evidenced by Flávio Neto et 
al. (2015).

Therefore, our results indicate that in crop-
livestock integration systems, management of the 
forage genus in question can promote a significant 
improvement in soil physical properties, confirming 
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the positive results obtained by Blanco-Canqui et 
al. (2011), who also worked with other species of 
cover crops in no-till systems, and Petean et al. 
(2010), who found that crop-livestock integration 
establishes a physical environment conducive to 
the development of plants because it prevents the 
overgrazing of pastures.

The structural improvement of the soil as a result 
of biological loosening promoted by the studied 
grasses during the livestock phase in integrated 
systems directly affects the development of crops in 
succession. In this sense, by assessing the recovery 
of a physically degraded soil by cultivating these 
grasses, Flávio Neto et al. (2015) reported that the 
cultivation of BbX and BbP alleviated the effects of 
seasonality and increased the water availability for 
soybean in succession, which mitigates water stress 
coincident with the phenological stages of higher 
water demand for this crop.

On the other hand, in the Br and fallow 
treatments (Figure 1), there was a gradual reduction 
in the LLWR until the intermediate layer (0.1-0.2 
m), when it became null. In such cases, any water 
content in the soil imposes limitations on plant 
growth due to the high resistance to penetration 
of the soil by the root system of the plants grown 
therein (SILVA et al., 2006a).

It is noteworthy, therefore, that the data obtained 
by the evaluation of the LLWR in crop-livestock 
integration systems under no-tillage conditions 
allow this indicator to be considered suitable for 
quantifying structural changes in soil grown with 
pastures, notably those containing Bb and Bdec, 
corroborating the results obtained by Leão et al. 
(2006).

Although having a nonlimited LLWR, and with 
smaller aggregate sizes in general, it is important 
to note that the CT treatment showed an increase 
in θPR concomitant with a reduction in θAFP starting 
at a depth of 0.2 m, which possibly arose from the 
occurrence of a slightly compacted soil layer at 

the bottom of the furrow left by the implements 
used in soil preparation. Considering that this was 
due to historical use, these results highlight the 
importance of the prior physical correction of depth 
in the process of the conversion of agricultural 
land into no-tillage (OLIVEIRA et al., 2007) and 
crop-livestock integration systems, which is an 
established procedure in Brazil.

In contrast, although the greatest amplitude in the 
LLWR occurring under CT may indicate less soil 
compaction in this treatment, the distribution and 
connectivity of the porous system become impaired 
by the absence of the beneficial activity of grass 
roots on the soil structure (FRANZLUEBBERS; 
STUEDEMANN, 2008).

The discrepancy in terms of the LLWR 
amplitudes found in the conservationist systems 
(Figure 1) and the lack of differences in GMD 
behaviour in response to the types of soil cover 
(Table 3) demonstrate the ineffectiveness of the 
analysis of aggregate stability using wet sieving in 
distinguishing soil aggregates and clods formed by 
the compaction of soil particles. Compacted soils 
may show high stability of aggregates in water but 
inadequate distribution of the volume of macro- and 
micropores, resulting in reduced total soil porosity 
(SEVERIANO et al., 2008; CONTE et al., 2011).

Thus, the high GMD values observed in the Br 
and fallow treatments mainly occurred as a result 
of the history of soil physical degradation, an 
opposite process to the structuring maintained by 
the formation and stabilization of macroaggregates 
through the root system of grasses and input of 
organic carbon into the soil. Brandão and Silva 
(2012) evaluated the effect of Br on soil aggregation 
and observed that this grass has a low potential to 
increase GMD values, with no difference between 
treatments with and without grass for the percentage 
of aggregates larger than 1 mm.

Nevertheless, the use of Brachiaria species in 
integrated systems for the recovery of degraded 
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Latosol structure was generally efficient, except 
under Br cultivation. Furthermore, the biological 
soil loosening potential of Bb cultivars, mainly 
evidenced by the higher LLWR amplitude of the 
soil under these treatments, reinforces the results of 
Calonego et al. (2011) and Chioderoli et al. (2012) 
and helps confirm their potential to act positively in 
regard to soil aggregation. Such effects are associated 
with the abundance and aggressiveness of the root 
system of these grasses and their efficiency in terms 
of the exudation of organic compounds (SANTOS 
et al., 2012).

The differential action of grass roots during the 
livestock phase of the integration system in terms 
of soil physical improvement is emphasized. By 
growing through the soil profile, roots contribute 
to an increase in TOC (Table 2) and biological soil 
loosening (Figure 1), although there was no effect 
on the aggregation parameters evaluated via wet 
sieving (Table 3). This is verified by the Pearson 
correlation analysis illustrated in Figure 2, where 
there is a positive correlation between the LLWR 
and TOC but not between the aggregation attributes 
and TOC.

The weak correlation (r = 0.49*) between the 
LLWR and TOC, when considering all treatments 
evaluated in the study (Figure 2), is due to CT, 
which promotes the mechanical disruption of soil 
clods and the inversion of soil layers, increasing 
the amplitude of the LLWR but also changing the 
arrangement of carbon in the soil profile.

On the other hand, the stronger correlation 
between the LLWR and TOC (r = 0.71**) for only 
the integrated systems with grasses can be explained 
by the growth and subsequent decomposition of 
grass roots, resulting in the formation of biopores 
that contribute to the reduction of soil density and, 
consequently, the other related physical attributes as 
well as an increase in carbon in the soil layers used 
by the grass (TIRLONI et al., 2012).

Conclusions

The crop-livestock integration system recovered 
the structure of the Latosol, with the diagnosis of 
physical resilience being related to the adopted 
quality indicator as well as to the Brachiaria 
genotype used.

Aggregate stability is not a good indicator for 
quantifying the potential for soil structure recovery 
compared the evaluated treatments, as it did not 
elucidate the effects of the adopted management 
systems on soil structure and did not distinguish soil 
aggregation from compaction. In turn, the LLWR 
is a better indicator of the assessed management 
systems, indicating the potential for recovery of soil 
structure.

Our results show that the cultivation of BbX 
and BbP is promising in terms of biological soil 
loosening to a layer of 0.3 m, with greater impacts 
on the surface layers. In addition, the efficiency of 
Xaraés palisadegrass indicates its potential use as 
a management strategy in soil recovery in crop-
livestock integration systems.
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