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Abstract

Soil use and management systems aim to create conditions that are favorable to crop growth. The hypothesis is
that areas subject to intensive use of agricultural machinery and animal trampling tend to have a soil structure
that is altered by aggregate fragmentation, which causes soil compaction and consequently decreases the soil’s
physical and hydraulic properties. The aim of this study was to assess and compare the physical and hydraulic
parameters of a dystrophic yellow latosol in an area of Cerrado in the municipality of Chapadinha, Maranhao,
Brazil under different use and management systems. The following five use and management systems were
studied with five replicates: native forest (control), slash-and-burn agriculture, grassland, no-till crop production
and conventional tillage. Data analysis was performed using a completely randomized experimental design. The
soil’s density, macroporosity, microporosity, total porosity, hydraulic conductivity, infiltration, water retention
curve, penetration resistance and Soil quality assessment index (S index) were assessed for all management
systems. The soil use and management systems were found to have a significant effect on the penetration
resistance and the water infiltration rate. The native forest and slash-and-burn agriculture areas provided the
highest soil water infiltration rates and the lowest soil penetration resistance. A multivariate analysis identified
the variables associated with each soil use and management system. The slash-and-burn agriculture area had the
highest S index, which means it provided soil of the best physical quality.

Keywords: Guelph permeameter, S index, soil porosity
1. Introduction

Representing the water retention and penetration resistance of a soil mathematically is necessary for studies of
the physical and structural quality of the soil and the growth and development of plant roots (Silva et al., 2008).
Rossetti et al. (2012) report that using agricultural implements in places without or with low vegetation cover
directly impacts the soil’s physical attributes by decreasing its porosity. In turn, these structural changes promote
changes in the soil’s physical attributes, including its porosity, density and resistance to root penetration (Silva et
al., 2014).

The infiltration capacity is one of the main characteristics of a soil because it reflects the maximum capacity of
the soil to allow water entry under certain conditions, which makes it one of the most important parameters
affecting irrigation. A soil’s infiltration capacity significantly affects all phases of irrigation and therefore the
system’s performance (Cunha et al., 2009).

Several field methods have been used to determine the water infiltration rate of a soil; these include the ring
infiltrometer method, which stands out because it is simple and easy to perform (Santos et al., 2013a). The
hydraulic conductivity is one of the soil properties that best highlight the structural differences between the
various layers of the soil profile (Rossetti & Centurion, 2013).
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Specific soil management practices may result in medium- and long-term degradation of agricultural systems,
and soil compaction is one of the leading problems various regions currently face (Oliveira et al., 2014). Soil
compaction is characterized by changes in the physical properties of a soil due to a specific management practice
in which the soil is subjected to a specific pressure, which reduces the soil’s volume and increases its penetration
resistance and density (Oliveira et al., 2010; Ohland et al., 2014).

The various soil use and management systems aim to create conditions that favor crop growth. However, the
intensive use of agricultural machinery and animal trampling in pastures, particularly in the Cerrado region,
which has little rainfall and inadequate soil moisture, may increase soil compaction and therefore decrease the
infiltration rate.

The hypothesis is that in areas subjected to intensive use of agricultural machinery and animal trampling, the soil
structure tends to be altered due to aggregate fragmentation, which compacts the soil and thereby reduces its
physical and hydraulic attributes. The aim of this study was to assess and compare the physical and hydraulic
parameters of a dystrophic yellow latosol located in the Cerrado area in eastern Maranhao, Brazil under different
use and management systems.

2. Materials and Methods

The study was conducted in the municipality of Chapadinha in the eastern mesoregion of Maranhdo state, at
latitude 03°44'27" S and longitude 43°18'44"” W, from September, 2013, to August, 2014. The region has a hot
and semi-humid equatorial climate with a mean precipitation of 2100 mm year" and two well-defined seasons, a
rainy season that extends from January to June and a dry season with a water deficit from July to December (de
Moura-Silva et al., 2016).

The predominant soil of the region is classified as a dystrophic yellow latosol (Santos et al., 2013b). To best
understand the chemical and physical characteristics, soil samples were collected from 0 to 10 cm depths for
fertility and grain size analysis using the method described in EMBRAPA (1997); the following results were
obtained (Table 1).

Table 1. Collection of five samples for the acquisition of mean pH, organic matter (OM) content, phosphorus (P)
content, potassium (K) content, base sum (BS), cation exchange capacity (CEC), base saturation (V%) and grain
size, among other parameters of soils subjected to different management systems

Area pH OM P K BS CEC H+Al A" Sand Silt Clay
g dm’ Tt I —— mmol/cm?® ------mmmmeev % gkg!

NF 41 21 8 2.3 18.3 51.3 33 36 810 70 120

CT 48 19 54 2.1 24.1 57.1 33 42 800 80 120

NT 47 20 4 3.1 28.1 56.1 28 50 860 20 120

SB 4 25 4 1.7 217 88.7 67 24 610 210 180

GL 4 38 3 6.5 225 122.5 100 18 600 160 240

Note. NF: Native forest; CT: Conventional tillage; NT: No-till planting; SB: Slash-and-burn agriculture; GL:
Grassland.

Soil samples were taken from each treatment, sampling sites were positioned randomly in the five treatment
areas, however, near the collection sites of the other attributes: a) conventional tillage (CT: area planted with
soybeans (Glycine max)); b) grassland (GL: elephant grass (Pennisetum purpureum) rotational grazing areas
with about 15 units animals per hectare, with burning); c) slash-and-burn agriculture (SB: newly deforested area
with only one year of burning before planting, cultivated with cassava (Manihot esculenta)); d) no-till crop
production (NT: area planted with soybeans grown on pearl millet (Pennisetum glaucum) straw); and e) nature
reserve with native forest (NF). A completely randomized experimental design was used in the data analysis. The
plots were subdivided in time based on the infiltration rate data collected using a ring infiltrometer.

Samples were collected to characterize the soil grain size and fertility at depths from 0 to 10 cm. The following
physical and hydraulic variables were assessed using the method of EMBRAPA (1997): density, total porosity,
macroporosity and microporosity. Undisturbed samples were collected in metal rings averaging 0.052 m in
height and 0.04 m in diameter. The total porosity was determined using the indirect method.
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The soil water retention curve was obtained using the method of EMBRAPA (1997); disturbed samples were
saturated for 24 h, and a Richards extractor was used to determine the gravimetric moisture at each tension
adjustment. Subsequently, the experimental points, based on the volumetric moisture, were fitted using the
model proposed by Van Genuchten (1980) (Equation 1) and the software package Soil Water Retention Curve
(SWRC) version 3.0 (Dourado Neto et al., 2001), which was developed by the Luiz de Queiroz College of
Agriculture (Escola Superior de Agricultura “Luiz de Queiroz” — ESALQ) to obtain the empirical fit parameters
(o, n and m).

0=6+ _-6) )

A+ (a-v,)']"

Where, 6 = moisture content (soil water content per unit volume, m®.m-?); 6, = residual moisture (water content
at a tension of 1,500 kPa, m* m™ ); 8, = saturated moisture (water content under saturated conditions, m>.m?); ¥,
= water matric potential (kPa); and a, m and n = empirical parameters of the equation.

The S index was estimated using the water retention curve; it is equal to the value at the inflection point. The
index S represents the distribution of the most frequent pore size and makes possible the direct comparison of
different soils and the effects of different management practices on the physical quality of the soil. This slope is
obtained by fitting the curve to a mathematical model, and the parameters of this mathematical model are used to
calculate the index using Equation (2), which was proposed by Dexter (2004):

1 —(1+m)
S=—n(as—e,)[1+—J 2
m

Where, S = slope of the water curve at its inflection point; 6, = residual water content (g g); 6, = saturated water
content (g g); and m and n = empirical parameters of the equation.

A ring infiltrometer and a Guelph permeameter were used to assess the soil’s water infiltration rate. The Guelph
Permeameter (GP) description of steady and constant head discharge of water from an uncased well into
unsaturated soil is given by Reynolds (2008) and Reynolds et al. (1985). Five soil water infiltration tests were
performed in each area using the double-ring method, in which concentric rings were fixed vertically to the soil.
A 5-cm layer of water was maintained, and its infiltration was measured after 2, 5 and 10 min. The soil’s water
permeability was determined using the Guelph permeameter and a 5-cm hydraulic load.

The field hydraulic conductivity (Kfs) was determined using the Guelph permeameter with a 5-cm hydraulic load
following Reynolds, Elrick and Tan (1989; Equation 3).

CAR
(272H2 +ﬁa2C+—2”HJ @)
a

Where, H = applied hydraulic load (cm); a = diameter of the soil hole used in the measurement (cm); C = shape
factor that depends on H/a and the soil type (tabulated); 4 = factor estimated by assessing the soil’s
macroporosity and texture; R = difference in the permeameter reading of the water reservoir; and « = ratio
between the soil’s texture and structure (cm).

Kfs =

Impact penetrometer tests were performed to a depth of 40 cm in the five areas using the method of Stolf (1991);
they were subdivided into three test levels: 0-10, 10-20 and 20-40 cm. Soil samples were collected at depths
from 0 to 10 cm to determine the gravimetric moisture as part of the evaluation of the soil’s penetration
resistance.

An analysis of variance was performed, and the assumptions of error homogeneity and heterogeneity were tested.
The means were compared using the Tukey test at the 5% significance level. ANOVA was performed using
Assistant software (Silva & Azevedo, 2006). A first-order linear principal component analysis (PCA) using an
orthogonal linear transformation was performed to separate the correlated and uncorrelated variables by using a
vector array to reduce the dimensionality (Silva Cruz et al., 2011) and facilitate interpretation of the dataset
(Boriivka, Vacek, & Jehlicka, 2005) using Canoco®, version 4.5. PCA is a type of indirect gradient analysis that
assesses the data’s total variability (Terbraak & Smilauer, 2002). The biplot rule was used for the vector analysis
(Kroonenberg, 2007). Principal components analysis used 5 samples of each treatment totaling 25 samples.

3. Results and Discussion

The soil’s water retention differed between the soil use and management systems (Figure 1), which indicates that
the soil’s attributes affected its water content for the different potentials applied to the sample because soil
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horizons of the same texture class do not always have similar curves (Mota et al., 2008). Other factors, including
rainfall intensity, soil sampling and wild animal traffic in the area, also affected the shapes of the curves.

Native Forest

Slah-and-Burn Agriculture

Grassland

0.45

Conventional-tillage

035 === No-till crop production

Volumetric Moisture (m*.m-)

0.15

0.05
0.1 1 10 100 1000

Applied Tension(kPa)

Figure 1. Water retention curves for the different soil use and management systems

At the saturation point, the slash-and-burn area had the highest soil moisture value, followed by the grassland
area, the areas managed with other systems and, finally, the native forest area. However, for the other potentials
applied, the reverse was observed in the water retention curves, with the native forest area retaining more water
than all the others (Table 2). Water retention in a native forest is related to the increased number of micropores,
whose size and geometry favor water retention by means of capillary action (Ramos et al., 2013). However, this
was not observed under conventional tillage, which resulted in the lowest water retention, differing from the
other soil use and management systems. This trend was maintained until the permanent wilt point because of the
intensive use of agricultural machinery in the area. When production processes are introduced to latosols, the
pores with the largest diameter may be severely affected by the first passes of agricultural machinery due to the
high susceptibility of such soil to compaction (Carducci et al., 2011). Soil compression resulting from soil
management increases the soil’s matric potential due to the partial conversion of macropores into micropores and
thereby reduces the macroporosity and increases the water retention (Oliveira et al., 2007).

When a ring infiltrometer was used, the highest infiltration rates occurred in the slash-and-burn agriculture and
native forest arcas because native forests have the most vegetation cover and are not subjected to mechanized
processes. Conversely, slash-and-burn agriculture resulted in a higher infiltration rate and a higher hydraulic
conductivity than the other soil use and management systems, which was probably due to the number of
macropores and because this was the first year of slash-and-burn agriculture. However, the infiltration rates of
the slash-and-burn agriculture and native forest areas did not differ significantly. The infiltration rate was higher
at 2 min than at 5 and 10 min, which is explained by the soil’s initial water content.

The infiltration rate obtained with the Guelph permeameter and the hydraulic conductivity did not differ
significantly among the soil use and management systems because of the wide range of data obtained under the
different treatments. These results confirm the variability of the different soil use and management systems.
Rossetti and Centurion (2013) found no differences in the hydraulic conductivity of soil subjected to
conventional tillage and no-till crop production when assessing the physical and hydraulic traits of a red latosol.

The slash-and-burn agriculture and grassland areas showed increased hydraulic conductivity associated with
increased macroporosity and total porosity, and no-till crop production and conventional tillage showed reduced
hydraulic conductivity, which was saturated at a depth of 15 cm in almost all the soil use and management
systems (Table 2). There was no variation in the soil’s porosity composition in the slash-and-burn agricultural
system, which indicates that ash has no significant effect on the pore volume; instead, it affects the pore quality,
which changes the pore system’s continuity.

The management systems did not cause significant alterations in most properties of the soil except in the
macroporosity, due to its higher susceptible level. The hydraulic conductivity in the saturated condition is more
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dependent on the structure than on the soil texture, therefore its value increases when the degree of aggregation
of the soil increases. The effect of the structure, especially the macropores (diameter greater than 50 um), allows
the clayey soil to exhibit values of hydraulic conductivity similar to those of the sandy soil (Gongalves & Libardi,
2013).

Table 2. Mean values of the soil density (g cm™), infiltration rate (IR; cm min™), hydraulic conductivity (K; cm
h™"), macroporosity (%), microporosity (%) and total porosity (%) for the different soil use and management
systems, Chapadinha - Maranhdo, 2014

Area SD IR (A2) IR (AS5) IR (A10) IR (P) K Macro Micro TP
LR S —— Bt 1111 R — cemh’! %
NF 1.32a 0.52 Aa 030Ba  0.21Ca 0.29a 0.0091a 445bc S55a 50.0a
CT 1.30a 0.12Ab  0.02Bb  0.02Bb 0.14 a 0.0059a 427c¢ 73 a 50.0a
NT 1.24a 021 Ab  0.10Bb 0.09Bab 0.25a 0.0104a 48.1ab 48a 53.0a
GL 1.12a 0.14Ab  0.06Bb  0.04 Bb 0.31a 0.0129a 422a 8.6a 57.6a
SB 1.10a 044Aa 024Ba 0.16Ca 025a 0.0105a  35.0a 6.6a 58.4a
V(%) 1846 - 3673 - 8798 8946 530 37.52 1749

P>F 0.3466 - 0.001 - 0.567 0.212 0.001 0.001 0.174

Note. NF: Native forest; CT: Conventional tillage; NT: No-till crop production; GL: Grassland; SB:
Slash-and-burn agriculture; SD = Soil density; IR (A2), IR (AS) and IR (A10) = Infiltration rate using a ring
infiltrometer at 2, 5 and 10 min, respectively; IR (P) = Infiltration rate using a Guelph permeameter; TP = Total
porosity; CV = Coefficient of variation. ‘Means followed by the same uppercase (columns) or lowercase (rows)
letters do not differ significantly according to the Tukey test at the 5% significance level.

Figure 2 shows that the highest penetration resistance was obtained in the grassland area due to the soil
compaction caused by animal trampling; this is similar the findings of Senra et al. (2007), who determined that
soil compaction was caused by animal trampling. This shows the deleterious effect of high animal units (AU) per
area on soil surface sealing, which causes soil compaction, expressed by the penetration resistance, which
reflects the intensity of the animal trampling in the field. The onset of soil surface sealing causes particle
reorganization and densification and consolidation of the surface structure (Branddo et al., 2006). Even in thin
layers, the effect of AU on the soil’s physical and hydraulic properties primarily affects the water infiltration
conditions, which corroborates the studies of Ludvikova et al. (2014), who measured increased penetration
resistance for higher stocking rates, even in a short-term experiment.

Penetration resistance (MPa)

0.6 11 16 2.1 2.6
005 @

0.1

015 °

Depth (m)

++®.. Native forest = ¢ = Slash-and-burn agriculture
= - Grassland e No-till crop production
«=e = Conventional tillage

Figure 2. Penetration resistance of the soil at three depths under the different soil use and system
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The conventional tillage and no-till crop production areas showed an increase in the penetration resistance with
depth at all depths and lower moisture than the areas under other soil use and management systems. The degree
of soil compaction may be attributed to traffic in the form of heavy machinery, such as tractors and harvesters
used for tilling, planting and harvesting (Costa & Nishiyama, 2007). Decreased values were observed at depths
between 0 and 10 cm under the conventional tillage system, evidencing the soil disaggregation caused by
agricultural implements, which somewhat increases the total porosity of the profile and temporarily improves the
root growth conditions.

In the S index analysis, the highest value was obtained for the slash-and-burn agriculture area, followed by the
grassland, native forest, conventional tillage and no-till crop production areas (Table 3). The highest S index was
observed for the system that used burning, slash-and-burn agriculture, which indicates that its use affected the
soil’s physical characteristics less. The S index of the grassland area most likely resulted from the high organic
matter content of that area (Tablel). Dexter (2004) and Streck et al. (2008) observed a close relationship between
the S index and the soil’s organic matter content. Differences in the structural quality index may also have
resulted from the soil’s organic matter content because the highest levels of organic matter in all the study areas
were observed in the grassland, which may have contributed to improved pore system rearrangement and
therefore improved physical conditions for plant growth.

The native forest area had a lower S index than the managed areas did. Ramos et al. (2013) obtained a lower S
index for a native forest area than that for managed areas when studying red latosol. The conventional tillage and
no-till crop production areas showed lower values of the S index than the other areas did, which may be
attributable to machinery traffic and inadequate use of agricultural implements in friable soil, thus favoring
compaction (Klein & Libardi, 2002). The results showed that even under intensive management, these areas
provide good physical conditions for plant growth with S indices that are greater than 0.056.

Table 3. Mean S index for each soil management system used

Soil use Texture class S index

Native forest Loamy sand -0.12228
Conventional tillage Sandy loam -0.10093
No-till crop production Loamy sand -0.06972
Grassland Sandy clayed loam -0.15989
Slash-and-burn agriculture Sandy loam -0.17325

The principal component analysis is shown in Figure 3. The results show that axis I explains 58.8% of the data
variability; it differentiates the soil use and management systems by separating the native forest and
slash-and-burn agriculture areas, which are on the right-hand side, from the grassland, no-till crop production
and conventional tillage areas, which are on the left-hand side. The first axis consists of variables that explain
most of the data variation, and the second axis corresponds to the second highest amount of variation and is
independent of the first axis (Roy Bhowmik & Sen Roy, 2006). This result shows that the slash-and-burn
agriculture area was similar to the native forest area because this was the first year this management system was
used; however, slash-and-burn agriculture did differ from the other farming systems. Soil management systems
that enable increased plant residue input and decreased soil use favor increases in the soil’s organic carbon
content and the amount of electric charge in the soil (Kuwano et al., 2014).

Of all the study variables, the soil’s density and microporosity were the least able to explain the differences
among the study areas because the vectors were closer to the origin. The soil densities obtained were inversely
proportional to the hydraulic conductivity, the infiltration rate measured using the permeameter, the
macroporosity and the gravimetric moisture. The other variables assessed had strong interactions with the
different soil use and management systems, as shown by the longer vectors.

In the analysis of the main components, 76.2% of the variability of the data can be explained by the axes I and II.
Axis I explained 58.8% and axis II, 17.4%. Axis I differentiated the conventional tillage with higher soil
resistance to native forest penetration, showing the highest values of infiltration rate measured with the
concentric rings at 2, 5 and 10 minutes. Axis II differentiated the conventional tillage with the highest values of
soil density, grassland and slash-and-burn agriculture. Delalibera et al. (2012) also succeeded in separating the
management areas using multivariate statistical analysis in their assessment of chemical and physical attributes
of soils.
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Figure 3. Center and standardized principal component analysis of the variables assessed for the different soil
use and management systems

The highest penetration resistances were associated with the grassland, no-till crop production and conventional
tillage areas, and the highest soil densities were associated with the conventional tillage and native forest areas,
which is confirmed by the smaller angle between their vectors. A higher soil penetration resistance may limit
root growth and therefore plant growth (Reichert et al., 2009).

4. Conclusion

Soil use and management systems have significant effects on the soil’s resistance to water penetration and
infiltration. The native forest and slash-and-burn areas had the highest water infiltration rates and the lowest
penetration resistances. Additionally, the native forest area had the highest water retention capacity at field
capacity, while the slash-and-burn agriculture was the soil use and management system with the highest S index,
which indicates that it is the soil with best physical characteristics.
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