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The objective of this work was to analyze the spatial variability of soil aggregates, porosity and density 
under five different land-uses and management conditions (degraded substrate - SD; degraded 
substrate with sewage sludge and Eucalyptus crop - SDLE; soil under pasture SP; capoeira under 
regeneration - SR; and soil under cerrado - SC). Total porosity (m3.m-3) and density (Mg m-3) of the soil; 
the mean weight diameter (MWD, mm) of the aggregates; and the percentage of aggregates resistant to 
rainfall were evaluated. The date of soil was analyzed with descriptive statistics for initial exploration 
and geostatistics, to analyze the spatial variability. There was spatial dependency and the parameter 
adjust range varied from 8 to 12 m under the treatments SD and SR for the aggregates and SR for 
macroporosity, total porosity and soil density. There was spatial dependency also under SP, for the 
aggregates, microporosity, and total porosity; under SC, for the aggregates; and under SDLE, for 
microporosity. Soil data with spatial dependence in the field were characterized both by high and low 
values in the same area. Therefore it is not adequate to consider these areas as homogeneous for 
future experiments and agricultural activities.  
 
Key words: Spatial variability, soil aggregates, geostatistics. 

 
 
INTRODUCTION 
 
At the Northwest region of the Brazilian state of São 
Paulo,  large  pasture  areas  are  used  for  bovine  cattle 

breeding and often show a history of degradation of their 
physical,  chemical and biological soil features. The same

  
*Corresponding author. E-mail: josycarina@gmail.com. 
 
Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution 
License 4.0 International License 



 
de Carvalho et al.          487 

 
 
 

 
 
Figure 1. Location of the study area. 

 
 
 
goes for other uses which are poorly carried, such as the 
building of fills, cut-offs for the construction of roads, and 
mining activities, which cause the removal of thick soil 
layers, and consequently increase the deterioration of the 
system and cause stronger impacts to the environment.  

This study has given special attention to the changes in 
physical soil attributes caused by moving large and thick 
volumes of soil for the construction of hydroelectric power 
dams (Alves et al., 2012). The construction of the 
hydroelectric power station of Ilha Solteira (SP, Brazil), in 
1967, required excavating over 8 m off the left margin of 
the Paraná River (at the city of Selvíria, MS, Brazil), and 
left a compacted and impoverished substrate with scarce, 
low-height vegetation. Neighboring areas, which are also 
susceptible to the traffic of heavy machinery, were 
transformed into pastures or natural secondary vegetation 
(capoeira). A small part of the area, contiguous to the 
remainder Experimental Farms located in Ilha Solteira, 
SP, remained intact, and its natural cerrado vegetation 
was maintained.  

The analysis of physical attributes of the afore-
mentioned management systems comes from knowledge 
of the variability of soil attributes across space and time 
(Grego and Vieira, 2005). According to Andrade et al. 
(2005), modeling the spatial dependency of soil variables, 
allows estimation points in unsampled locations, thus 
making it possible to produce maps and zonings of the 
variable  under   study   with   better   accuracy.   For  that 

purpose, geostatistics, more specifically semivariogram 
analysis, is the tool mostly used to characterize spatial 
variability.  

Another aspect analyzed in this study was soil 
aggregation. Carvalho et al. (2002) calls attention to the 
direction given in the study of aggregation of soil that 
mostly relate to the determination of the distribution of 
pore size and aggregates. Thus, it is believed that studies 
that verify the spatial variability of soil aggregation 
become important to the management of agricultural 
practices, once soil aggregation attributes are strongly 
associated with soil quality (Grego and Vieira, 2005). 

The hypothesis in this study is that taking spatial 
variations into consideration when analyzing the soil 
physical attributes enhances the knowledge on the use of 
the soils across the whole study area. Thus, the objective 
in this work was to analyze the spatial variability of the 
structure (soil aggregates), porosity (macro and micro) 
and density of the soil under different use conditions.  
 
 
MATERIAL AND METHODS 
 
Study area 
 
The study area is located within Universidade Estadual Paulista's 
(Unesp) experimental farm at Selvíria, Mato Grosso do Sul state, 
Brazil (51°22' West, 20°22' South – Figure 1), at a 355 m above sea 
level  and  a  plain to slightly sloped relief. The Climate of the region  
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Table 1. Particle size characterization of the soil at the 0.00–0.20-m layer in the 
surroundings of the hydroelectric power station of Ilha Solteira (SP, Brazil), 
determined in 2004. 
 

Treatments 
  

Clay Silt Thick sand Thin sand Total sand 

------------------------------------ g kg-1 ------------------------------- 

SD 221 28 405 346 751 
SDLE 225 39 360 376 735 
SR 216 42 338 403 741 
SP 221 34 458 286 744 
SC 177 39 408 375 784 

 

SD, degraded soil with no anthropic intervention; SDLE, degraded soil treated with 
sewage sludge and planted with Eucalyptus; SR, degraded soil with capoeira under 
natural recovery; SP, soil with pasture replacing natural vegetation; SC, soil under 
native vegetation (cerrado). Clay, < 0.002 mm (pipette method); Silt, 0.053 – 0.002 
mm; Thick sand, 2.000 – 0.210 mm; Thin sand, 0.210 – 0.053 mm; Total sand, 2.000 
– 0.053 mm (Camargo et al., 2009).  

 
 
 
is Aw, according to the Köppen classification system.  

During the year, according to Demattê (1980), the average 
regional temperature is 23.7°C, with an average of 25.7°C during 
the warmest months (January and February) and of 20.6°C during 
the coldest months (June and July). The rainfall regime present an 
average annual rainfall rate of 1,300 mm, and the average relative 
humidity varies from 60 to 80% during the rainy months (from 
October to March), and from 50 to 60% during the dry months. 

The experimental area is located at former construction sites of 
the hydroelectric power station of Ilha Solteira (SP, Brazil). 
Therefore, since 1967, the area has undergone deep excavations, 
which reached up to an estimated height of approximately 8 m at 
some spots. As a consequence, the soil became impoverished and 
compacted. 

Some of the degraded plots were left as natural secondary 
vegetation (capoeira), others were kept preserved, with no further 
excavation, and part of the native cerrado vegetation was 
transformed into pasture. These land-use situations have been 
monitored over time with the aim of evaluating several processes 
related to their environmental recovery, thus becoming study sites 
for professors and students, among them are Colodro and 
Espindola (2006), Campos and Alves (2008), and Rosa et al. 
(2014).  
 
 
Sampling 
 
The soil samplings were made in July, 2004. Soil uses and 
managements were analyzed across five treatments employed in 
12 x 10 m plots:  
 
 Degraded soil, decapitated in 1967, with no traces of 
regeneration of its plant cover and with no treatments to promote 
recovery.  
 Degraded soil treated with a single rate of application 
(60 Mg ha-1) of sewage sludge in August 2003, and planted with 
Eucalyptus.  
 Degraded soil with presence of plant cover (capoeira) 
naturally recovered since 1967. 
 Soil with pasture, with no use of chemical supplies, formed 
onto a natural plant cover (cerrado) since 1993. 
 Soil covered by native cerrado. In this area the primitive soil is an 
Oxisol (Soil Survey Staff, 2010), corresponding to a Latossolo 
Vermelho  by  the   Brazilian   classification  system  (Santos  et  al., 

2013), of medium texture, and very deep and rich in Fe and Al 
oxyhydroxides (Carvalho et al., 2015). 

  
For the particle size analysis, five soil samples, one for each 
experimental plot, were sampled using a 30-point grid (Table 1) at 
0.00 to 0.20 m layer. These areas exhibit two texture classes 
(Demattê, 1980; Santos et al., 2013),which showed less expressive 
maximum differences in total clay and total sand content (≤ 48.50 
and ≤ 48.23 g kg-1, respectively) under native soil in comparison to 
the other treatments.  

The structure of the soils was analyzed using the Kemper and 
Chepil (1965) method, which evaluates the stability of soil 
aggregates and the mean weight diameters (MWD’s) by means of a 
mechanical agitator containing a set of sieves with different 
diameters. Thus, the 30 samples were analyzed at 0.00 to 0.20 m 
depth using duplicate samples of 25 g each, which were sieved in 
9.52, 7.93, 6.35, 4.00, 2.00, 1.00, 0.50 and 0.50 mm mesh sieves. 

The soil aggregates were also evaluated using the rainfall-
simulation method, in which the hydraulic load used was enough to 
maintain constant dripping (Boyle-Mariotte's principle), as described 
by Roth (1985). This author verified simulator as the model used in 
this study, where precipitation of 64 mm/h represent a kinetic 
energy equivalent of about 60 to 80% of energy of the natural 
rainfall. 

For the rainfall-simulation method, duplicates of 3 g of soil 
aggregates were sampled for each treatment, and an average 
rainfall of 60 mm h-1 was applied onto them during 20 m to produce 
three classes of aggregate sizes: 9.52 to 6.35, 9.52 to 4.00 and 
9.52 to 2.00 mm. Then, the aggregates were transferred to 
aluminium crucibles with the aid of a wash bottle which were dried 
in the oven (105°C). The relative amount of stable aggregates 
under simulated rainfall (SAUSR) was obtained after reaching 
constant weight. 

The density of the samples was determined according to Blake 
and Hartge (1986), and the porosity (microporosity was obtained 
using 6-kPa tension) according to Camargo et al. (2009). For each 
of the treatments, the soil samples were obtained using 100 cm3 
volume rings and collected using 30 point grids at an equal distance 
of 2 m and at 0.00 to 0.10 m depth.  
 
 
Statistical analyses 
 
For  an  exploratory   analysis   of   the   data,   descriptive  statistics 



 
 
 
 
 
calculations were performed (mean, variance, coefficient of 
variation, skewness and kurtosis) using the STAT program (Vieira et 
al., 2002). Coefficients of skewness and kurtosis with values near 
zero (0) indicate data with normal distribution. If the data do not 
show normal distribution, some kind of transformation may be 
applied, such as logarithmic transformation. Normality is necessary 
when the hypothesis used is data randomness, to which classical 
statistics is applied. However, for geostatistics non-normality is not 
limiting for further analysis.  

To verify if there was spatial dependence among the variables, 
geostatistical analysis was employed (Vieira, 2000; Vieira et al., 
2008). The semivariograms were created based on the intrinsic 
stationarity assumption and the semivariance calculation γ(h) was 
estimated using Equation 1:  
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N (h) is the number of pairs of the measured Z(xi), Z(xi + h) values, 
separated by an h vector. According to Vieira (2000), it is expected 
that measurements taken near one another are more similar than 
those separated by large distances, that is, that the value of (h) 
increases along a distance of h, up to a maximum value, at which it 
stabilizes at a level that corresponds to the limit of the spatial 
dependence distance, the range. Measurements taken beyond the 
range will show random distribution.  

The semivariograms showed spatial dependence which was 
fitted using a mathematical model. Most of the semivariograms 
were fitted to the spherical model, whereas some fitted to the 
gaussian model (Equations 2 and 3). The models of the 
semivariograms were chosen according to the distribution of their 
points and were validated from the models adjusted according to 
Vieira et al. (2014). This method allowed the obtaining of 
Determination Coefficient (R2) and the Degree of Dependency 
(RD):  
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The semivariogram parameters were defined: C0 = nugget effect, 
which is the value of  (h). When h = 0; a = range, which is the 
distance beyond which  (h) remains rather constant after 
increasing along with h; C0 + C1 = sill, the value of  (h) beyond the 
range that approaches data variance; and C1 = structural variance, 
that is, the difference between the sill and the nugget effect. 

The spatial dependence ratio was also calculated (RD), which is 
the percentage proportion between the structural variance (C1) and 
the sill (C0 + C1), in Equation 4. According to Zimback (2001), (a) 
strong dependence > 75% (b) moderate dependence from 26 to 
75% and (c) weak dependence < 25%. 
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The   semivariograms'   adjustment   parameters   (C0,  C1,  a)  were  
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obtained for the soil variables which showed spatial dependence. In 
these cases, the neighboring values will be so similar which will be 
possible to estimate values using kriging for any place, where 
variable has not been measured. 

According to Vieira et al. (2002), the method estimates values 
using estimation conditions with no trend and with minimum 
variance towards the known values, that is, with minimum variance 
(Equation 5): 
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Where (xi, xj) is the semivariance estimated using the model fitted 
to the semivariogram, which corresponds to the distance between 
the points located at xi and xj positions; (xi, x0) is the semivariance 
that corresponds to the distance between the points located at xi 

and x0 positions; weight values and  is a Lagrange multiplier. 
Using the i values, (Z) can be estimated in the sampled space for 
any x0 position. Also, using the estimated values (Equation 6), 
isoline maps based on the geographic coordinate using the Golden 
Software (1999) software can be built. 
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RESULTS AND DISCUSSIONS  
 
Through the aggregate stability analysis (Table 2), MWD’s 
revealed aggregation states in direct proportion to the 
degradation degree of each treatment. Thus, soils which 
had no layers removed (soil under cerrado and soil with 
pasture) are composed by a different group of aggregates, 
when compared to the remaining treatments, which 
showed degraded soils (degraded substrate, degraded 
substrate + sludge + Eucalyptus, and soil developing 
natural secondary vegetation (capoeira).  

This situation may be expressed by MWD’s of the 
aggregates obtained: 4.70 mm for soil under cerrado; 
1.97 mm for soil with pasture; 1.50 mm for soil recovered 
with capoeira; 1.08 mm for degraded substrate with 
application of sludge and Eucalyptus crop; and 0.83 mm 
for degraded substrate (Table 2). According to Kiehl 
(1979), low stability is connected with a MWD index lower 
than 0.5 mm, above which the aggregation index is 
considered resistant to raveling and dispersion, this help 
to understand the values obtained in this study for the 
degradeted areas. 

Thus, the most adequate conditions for plant 
development were those seen on soil aggregates under 
cerrado and pasture. This is because of their capacity in 
conserving their structure when subjected to the water 
action. In this sense, in the study of Rodrigues et al. 
(2007), which was carried out at experimental farm at the 
UNESP of Ilha Solteira, the cerrado and pasture MWD’s 
also showed high indices when compared to the farm's 
degraded soils.  
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Table 2. Average values, variance, coefficient of variation (C.V.), skewness and kurtosis 
for the mean weight diameter (MWD) and stable aggregates under simulated rainfall 
(SAUSR).  
 

Soil uses Mean Variance C.V. Skewness Kurtosis 

Aggregates' MWD (mm) 
SD 0.83 0.23 57.78 1.20 0.95 
SDLE 1.08 0.25 46.90 1.93 3.45 
SR 1.50 0.17 27.76 -0.02 1.25 
SP 1.97 0.14 18.96 0.48 0.78 
SC 4.70 2.36 32.72 -0.48 -1.46 
      

SAUSR within 9.52–4.00 mm (%) 
SD 39.00 518.3 58.38 0.34 -0.44 
SDLE 44.38 773.3 62.65 -0.14 -1.44 
SR 15.25 142.4 78.24 1.16 1.20 
SP 15.91 125.7 70.48 0.30 -0.70 
SC 18.44 158.6 68.29 2.27 7.81 

 

SD, degraded soil with no anthropic intervention; SDLE, degraded soil treated with sewage 
sludge and planted with Eucalyptus; SR, degraded soil with capoeira under natural recovery; 
SP, soil with pasture replacing natural vegetation; SC, soil under native vegetation (cerrado). 
Aggregate stability using MWD by Kemper and Chepil (1965) and using simulated rainfall 
according to Roth (1985) and Carvalho et al. (2015).  

 
 
 

Tropical soils are subject to increased erosion and soil 
organic matter loss, thus studies that evaluate the effects 
of incorporating organic materials into soil aggregation 
are important. In this sense, Spaccini et al. (2002) 
evaluated MWD of aggregates of Ethiopian tropical soils. 
MWD was higher in forest soil than treated soils (crop 
residues and manure), regardless of location. 

The quality of the structure of a degraded Oxisol was 
also evaluated by Bonini and Alves (2011) in order to 
detect its degree of recovery after 17 years of treatment 
with green fertilizers, chalk, gypsum and grass Brachiaria. 
In this work a higher average MWD value for native 
cerrado plant cover was also obtained, followed by an 
increase in aggregate size in the treatments featuring an 
increase in the aforementioned supplies.  

The treatment with sludge and Eucalyptus cultivation 
showed a small increase in percentage of aggregates in 
comparison to the degraded soil with no improvement. It 
is known, based on the analyses made by Galdos et al. 
(2004) and Barbosa et al. (2002), that the addition of 
sludge significantly increases the percentage of organic 
matter, which consequently increases aggregate stability.  

The increase in average MWD values was also 
detected by Maria et al. (2007) when analyzing a clayed 
Oxisol subjected to two rates, 10 and 20 Mg ha-1, of 
sewage sludge. As detected in this and other studies 
(Baldock and Kay, 1987; Silva and Mielniczuk, 1997; 
Wohlenberg, et al., 2004) which evaluated the stability of 
soil aggregates under that same condition, a kind of land 
cover  offers   a   continuous   supply   of   organic  matter 

produced by root exsudates, by the renovation of the root 
system, and by the shoots or harvest residues, which 
cause stronger agglutination of soil particles. 

The coefficients of variation for the MWD parameter 
indicated a strong difference between treatments, 
especially between SP (18.96%) and SD (57.78%). This 
is justified by the heterogeneities of the different use and 
management conditions to which the soils were 
subjected. In this same area, the soil aggregates in the 
pasture were strongly different from the other uses and 
management studied by Rodrigues et al. (2007) and 
Costa et al. (2014). These and other authors confirm that 
there is an effect of the permanent pasture root system 
on the macroaggregate formation process, especially the 
rhyzosphere, in aggregate formation and stability. 

According to the classification proposed by Warrick and 
Nielsen (1980), the coefficient of variation is classified as 
low (< 12%), medium (from 12 to 60%) and high (> 60%). 
Most coefficients of variation detected in this study 
ranged from medium to high (> 20%) for the variables 
related to soil aggregates (Table 2), which indicates high 
variation between the minimum and maximum values. 
However, in the rainfall simulation method for the 
detection of soil stability the variation of the coefficients 
between treatments was low, which mean that the 
method translates a degree of homogeneity between the 
treatments. 

The proven heterogeneity between the treatments 
when submitted to the method of stability through of a 
mechanical agitator  with  set of sieves, and homogeneity  



 
 
 
 
 
in the method of stability through the simulator-rainfall, 
can be understood by the particularities that each method 
presents. 

In the stability by mechanical agitator, for example, the 
samples arranged in the set of sieves were immersed in 
a cylinder containing water, which provided the filling of 
the pores of the soil aggregates by the water, and 
compresses their internal spaces and, consequently, the 
cohesion between the particles which is overcome, added 
to that, there is a agitation of the sieves. This type of 
analysis aims to reproduce the phenomena of 
concentrated water and flood (Kemper and Chepil, 1965; 
Kemper and Rosenau, 1986). 

In the method of stability of aggregates by simulator-
rainfall, soil aggregate samples were not immersed in 
water before being submitted to dripping and agitation, 
which may explain a low rate of soil loss during the 
application of this method and, consequently, a low 
coefficient of variation between treatments. In accordance 
with the studies that used this method, its objective is to 
reproduce the action of the raindrops on the aggregates 
of the soil (Meester and Jungerius, 1978; Benito Rueda 
and Diaz-Fierros Viqueira, 1989).  

Because of inadequate management arid, the Spanish 
Mediterranean has undergone desertification. Thus, the 
stability of soil aggregates by rainfall simulator was 
evaluated for these soils. It was verified that stable 
aggregates increased in the management in which oats 
straw was introduced to the soil when compared with the 
"control" (abandoned land), herbicide, plowing and 
plowing + oats. The authors noted that two main factors 
protect soil against erosion: vegetation cover, which can 
reduce rainfall energy and aggregate stability, strongly 
related to soil organic matter content (García-Orenes et 
al., 2012). 

Brazilian Oxisols of the Cerrado biome with 
unsustainable management have also processes similar 
to desertification that justify the use of practices such as 
those mentioned in this study. Other statistical 
parameters were tested for skewness and kurtosis. It was 
verified that most treatments showed compatible with the 
normal distribution (values near 0), except for the MWD 
under SDLE, and the aggregate percentage under SC. 
However, according to Souza et al. (2014), geostatistics, 
are more important than normality because the 
semivariograms shows well-defined sills, thus enabling 
the hypothesis of the neighboring points which show 
more similarity than points further from one another.  

Porosity and density are soil physical attributes which 
enable inferring soil-water-plant relations, soil compaction 
state and prospects of root expansion, and therefore are 
very useful for management plans (Reichert et al., 2007). 
In this work, as shown in Table 3, the macroporosity 
average was higher at the native plant cover (cerrado) 
area, followed by the area with a degraded substrate 
grown with Eucalyptus  and  onto  which  sewage  sludge  
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was applied, which indicates at least an initial recovery of 
the structural conditions due to the organic matter input, 
despite the short period (one year) of that management 
practice. Jorge et al. (1991) also observed an increase in 
macroporosity in a clayed Oxisol to which 40 or 80 t ha-1 
of sewage sludge were applied in one single application. 
The behavior of the soil density (Table 3) suggests that 
the available land cover has some sort of effect onto soil 
density, at least within the first 0.10 m. It is interesting 
that, in absolute values, the density of Eucalyptus areas 
is higher than that of the material under exposed soil and 
under cerrado, which may be associated with higher 
contents of sand in it (Rodrigues et al., 2007), as shows 
Table 1.  

Soils presenting pastures and capoeira reflect the 
effects of soil compaction to which they were subjected, 
and showed macroporosity values of 0.19 and 0.17 m3.m-

3, respectively. Although grasses favor porosity, a cattle 
stepping significantly contributes to soil compaction 
(Courtney and Trudgill, 1984). The degraded substrate, 
due to its high densification degree, showed the smallest 
macroporosity value (0.12 m3.m-3), similar to that 
obtained by Bonini and Alves (2011) for that same area 
(0.10 m3.m-3). 

The microporosity values ranged from 0.24 to 0.27 
m3.m-3. Thus, there was no expressive reduction in 
microporosity, even after the treatments applied at the 
surface (incorporation of sewage sludge and Eucalyptus 
crops). Moreover, at the soil covered by cerrado, which 
features a rougher texture and a greater supply of 
organic matter, the values obtained were not much 
different from those of the degraded substrates.  

The soil under cerrado, which presents a thicker plant 
cover, showed the highest total porosity value, 0.53 m3.m-

3, in spite of its rougher particle size distribution (Carvalho 
et al. , 2015), probably due to is high sand content.  

Since density is inversely proportional to porosity, the 
degraded substrate showed the highest value for density 
among all treatments (1.92 Mg.m-3), due to the 
aforementioned removal of a thick layer of soil followed 
by its compaction by heavy machinery. The degraded 
substrate with Eucalyptus crop and sludge application 
showed a reduction in soil density (1.61 Mg.m-3), and 
consequently an increase in macroporosity, which is 
similar to what was observed by Colodro and Espindola 

(2006). However, as these authors adequately evaluate, 
it should be considered that this reduction may have also 
been caused by the mechanical effect of soil tillage using 
a rotating hoe, added to the residue's action.  

At the same degraded area studied here, Campos and 
Alves (2008) have observed an improvement in density 
values, which decreased from 1.68 to 1.48 Mg.m-3 after 
the application of biosolids (sewage sludge). The 
coefficients of variation for total porosity and soil density 
showed the smallest values, which are considered 
average to low (< 20%).  
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Table 3. Average values, variance, coefficient of variation (C.V.), skewness and kurtosis for soil porosity 
(macroporosity and microporosity) and density.  
 

Soil uses Mean Variance C.V. Skewness Kurtosis 

Macroporosity (m3.m-3) 
SD 0.12 0.0015 32.80 0.51 -0.39 
SDLE 0.23 0.0013 15.63 0.40 0.48 
SR 0.17 0.0013 21.29 -0.09 -0.42 
SP 0.19 0.0010 16.42 0.14 -0.71 
SC 0.36 0.0041 17.53 0.95 4.65 
      

Microporosity (m3.m-3) 
SD 0.24 0.0003 7.66 0.39 0.10 
SDLE 0.24 0.0014 15.17 0.29 0.24 
SR 0.27 0.0004 7.08 0.04 -0.77 
SP 0.25 0.0005 9.07 0.71 0.78 
SC 0.17 0.0006 13.79 0.94 1.16 
      

Total porosity (m3.m-3) 
SD 0.36 0.0015 10.79 -0.10 -1.38 
SDLE 0.48 0.0022 9.76 0.66 1.22 
SR 0.44 0.0008 6.33 -0.15 -0.82 
SP 0.44 0.0009 6.98 0.39 0.97 
SC 0.53 0.0033 10.82 1.60 5.36 
      

Density (Mg.m-3) 
SD 1.92 0.0119 5.69 -0.35 -0.34 
SDLE 1.61 0.0151 7.63 0.06 -0.68 
SR 1.66 0.0076 5.27 -0.15 -0.53 
SP 1.68 0.0056 4.46 -0.15 -0.15 
SC 1.19 0.0096 8.24 -0.16 -0.50 

 

SD, degraded soil with no anthropic intervention; SDLE, degraded soil treated with sewage sludge and planted with 
Eucalyptus; SR, degraded soil with capoeira under natural recovery; SP, soil with pasture replacing natural vegetation; SC, 
soil under native vegetation (cerrado). Density (Blake and Hartge, 1986) and porosity (microporosity was obtained under a 
6-KPa tension) according to Camargo et al., 2009. 

 
 
 

For the variables that showed dependence, with a 
range between 8 and 12 m, the semivariograms were 
created and fitted (Figures 2). The remaining attributes 
showed pure nugget effect, that is, no spatial 
dependence. Thus, the soil aggregates MWD were 
spatially dependent under SD, SR, SC and SP, but not 
under SDLE, which may result from the form of 
distribution of the sludge within the area, at short 
distances, and also resulted in discrepant values and 
hampered the identification of the spatial dependency. 
Under SD there was also spatial dependence for the 
percentage of aggregates analyzed using the rain 
simulator, which may indicate an intrinsic spatial 
variability of soil that features horizons that are remnants 
of degradation processes, once spatial dependence was 
also detected for this treatment during the MWD analysis.  

There was spatial dependence for macroporosity under 

SR, for microporosity under SDLE and SP, for total 
porosity under SR and SP, and for soil density under SR. 
SR, where the soil layers was removed were shallower 
than SD which showed spatial dependence for most of 
the physical attributes analyzed. This fact may indicate 
that even when the soil removal is not so deep there is 
spatial variability due to intrinsic differences to the most 
superficial horizons. Grego and Vieira (2005) also 
detected spatial dependence for density and porosity in 
small plots. Rosa et al. (2014) conducted studies which 
evaluate the natural regeneration conditions of soils with 
Cerrado vegetation. The authors, who based their results 
on physical and chemical parameters, found that the 
processes of natural regeneration of the Cerrado in 
degraded areas are relatively more successful than in 
forest regions. The efficiency in soil recovery under 
Cerrado    makes    comprehensible    the    good   results  



 
de Carvalho et al.          493 

 
 
 

 

 



 
494          Afr. J. Environ. Sci. Technol. 
 
 
 

 
 
Figure 2. Semivariograms featuring spheric adjustment parameters (Esf (C0; C1; a) of the soil's physical 
attributes: a) MWD – SD; b) MWD – SR; c) MWD – SC; d) MWD – SP; e) aggregates under simulated rainfall at 
the 9.52–4.00-mm class; f) macroporosity – SR; g) microporosity – SDLE; h) microporosity – SP; i) total porosity 
– SR; j) total porosity – SP; and k) density – SR. 

 
 
 
achieved in SR treatment in the present study. 

After performing the spatial dependency analysis and 
obtaining the parameters for the semivariogram, maps 
were created in variables using values estimated and 
kriging which are grouped by classes (Figures 3). In 
these maps of soil attributes, regions were identified with 
high and low values resulting from spatial dependence.  

According to Vieira and Dechen (2010), when there is 
spatial dependence, estimating value for unsampled 
areas by means of kriging occurs optimally that is, with 
no trend and minimum variance.  

Some correlations between the soil attributes featuring 
the same soil uses, that is, at the same sampled area, 
become clear in the maps. At the degraded substrate, 
higher values of MWD and percentage of aggregates 
(using the rainfall simulator) at the lower portion of the 
plot were observed. At the recovered soil, macroporosity, 
total porosity and soil density (Figures 3. f; i and k) 
showed high correlation, that is, places with higher 
macroporosity  and  total   porosity   showed   the   lowest 

values of soil density. However, the MWD at the 
recovered soil did not correlate with these attributes, 
which may be justified by the different methods used for 
obtaining MWD in comparison to those used to obtain the 
other attributes.  

At the soil covered by pasture similarities between total 
porosity and MWD were observed (Figures 3. j and d). 
The upper portion of the plot showed the highest values 
for these attributes. Regarding the microporosity, 
although spatial dependence structure was detected, the 
attribute's behavior was not similar to that of the other 
attributes under the same land uses. The areas 
presenting spatial dependence structure in the map show 
differences in soil physical attributes, which may cause 
differences in plant development, especially under the 
uses characterizing correlation between soil attributes: at 
the degraded substrate, at the recovered substrate, and 
under pasture.  

These results indicate spatial dependence especially in 
areas which have undergone some kind of impact.  
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Figure 3. Isoline maps obtained from data spatialization using ordinary kriging of the soil's physical attributes: a) MWD – SD; b) MWD – SR; c) MWD – SC; d) MWD – SP; e) 
aggregates under simulated rainfall at the 9.52–4.00-mm class; f) macroporosity – SR; g) microporosity – SDLE; h) microporosity – SP; i) total porosity – SR; j) total porosity – 
SP; and k) density – SR. 



 
 
 
 
 

Therefore, care should be taken when considering 
these areas homogeneous in further studies.  
 
 
Conclusions 
 
The removal of the part of soil profile created an environ-
ment where spatial variability depends on the distance 
that separates the samples. The intrinsic differences to 
the most surface and subsurface soil horizons enabled 
the spatial dependence of the structure, porosity and 
density under the degraded and regenerated land uses, 
probably due to the removal of soil at different depths for 
the construction of the hydroelectric power station. 

Areas delimited using spatially dependent data were 
identified in the maps of soil attributes, which indicates 
differences in their physical potential for plant develop-
ment. Therefore it is not correct to consider these areas 
as homogeneous for future experimental agricultural 
activities. It can be stated that two methods used to 
evaluate the state of aggregation of the different 
managements are not equivalent. But both contribute to 
verify the state of aggregation under the differentiated 
action of water. 
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