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SPATIAL VARIABILITY OF THE CHEMICAL, PHYSICAL AND
BIOLOGICAL PROPERTIES IN LOWLAND CULTIVATED
WITH IRRIGATED RICE®

José Maria Barbat Parfitt'?, Luis Carlos Timm® (), Eloy Antonio
Pauletto™® (™, Rogério Oliveira de Sousa®, Danilo Dufech Castilhos®,
Conceicao Lagos de Avila® & Nestor Luis Reckziegel(6)

SUMMARY

In the areas where irrigated rice is grown in the south of Brazil, few studies
have been carried out to investigate the spatial variability structure of soil properties
and to establish new forms of soil management as well as determine soil corrective
and fertilizer applications. In this sense, this study had the objective of evaluating
the spatial variability of chemical, physical and biological soil properties in a
lowland area under irrigated rice cultivation in the conventional till system. For
this purpose, a 10 x 10 m grid of 100 points was established, in an experimental
field of the Embrapa Clima Temperado, in the County of Capao do Leao, State of
Rio Grande do Sul. The spatial variability structure was evaluated by geostatistical
tools and the number of subsamples required to represent each soil property in
future studies was calculated using classical statistics. Results showed that the
spatial variability structure of sand, silt, SMP index, cation exchange capacity
(pH 7.0), Al3* and total N properties could be detected by geostatistical analysis. A
pure nugget effect was observed for the nutrients K, S and B, as well as
macroporosity, mean weighted diameter of aggregates, and soil water storage.
The cross validation procedure, based on linear regression and the determination
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coefficient, was more efficient to evaluate the quality of the adjusted mathematical
model than the degree of spatial dependence. It was also concluded that the
combination of classical with geostatistics can in many cases simplify the soil
sampling process without losing information quality.

Index terms: geostatistics, soil sampling, spatial dependence.

RESUMO: VARIABILIDADE ESPACIAL DOS ATRIBUTOS QUIMICOS,
FISICOS E BIOLOGICOS DE UM SOLO DE VARZEA CULTIVADO
COM ARROZ IRRIGADO

Nas dreas cultivadas com arroz irrigado no sul do Pais, poucos estudos tém sido realizados
no intuito de estudar a estrutura de variabilidade espacial dos atributos do solo e, assim,
estabelecer novas formas de manejo do solo e uso de corretivos e fertilizantes. Nesse sentido,
este trabalho teve como objetivo estudar a variabilidade espacial de atributos quimicos, fisicos
e brolégicos num solo de vdrzea com histérico de arroz irrigado no sistema convencional de
cultivo. Para isso, foi estabelecida uma malha de 100 pontos, em arranjo equidistante de
10 x 10 m, em drea pertencente a Embrapa Clima Temperado, situada no municipto do
Capado do Ledo, RS. A estrutura de variabilidade espacial de cada atributo for estudada por
meito da geoestatistica, e a determinagdo do niimero de subamostras necessdrias para representar
cada atributo em estudos futuros foi calculada utilizando-se a estatistica cldassica. Os resultados
mostraram que a geoestatistica permitiu detectar a estrutura de variabilidade espacial dos
atributos silte, areia, indice SMP, CTC (pH 7,0), Al** e N total. Os nutrientes K, S e Be os
atributos fisicos macroporosidade, diGgmetro médio ponderado dos agregados e armazenamento
de dgua disponivel apresentaram efeito pepita puro. A validacdo cruzada, por meto dos
coeficientes de determinagdo e de regressao, foi uma ferramenta mais eficiente na avaliagdo da
qualidade do modelo matemdtico ajustado do que o grau de dependéncia espacial. Concluiu-
se também que a combinagdo da estatistica cldssica com a geoestatistica pode, em muitos
casos, simplificar o processo de amostragem do solo, mantendo-se a qualidade da informagao.

Termos de indexag¢do: geoestatistica, vdrzea, amostragem do solo, dependéncia espacial.

INTRODUCTION

Most of the rice consumed by the Brazilian
population is grown on lowland soils in the South of
Brazil, mainly on Planosols (Albaqualfs) and Gleysol
(Epiaqualfs) TRGA, 2008). Modern techniques are
used in the cultivation of irrigated rice resulting in
high productivity levels, which are comparable to
those of the major rice-producing countries. However,
much has yet to be done. The soil management is
mostly homogeneous, because corrections and
fertilizations are based on the mean contents of soil
properties, which leads to the occurrence of over and
under-corrected and/or fertilized zones, according to
the criterion of maximum benefit. The first step
towards a change in this scenario is to know the degree
of spatial variability of soil properties. This is an
important step in the decision making process for a
more rational management of corrective and fertilizer
applications. According to McGraw (1994), soil spatial
variability occurs at different degrees and is related

to variations in the parent material, climate, relief,
organisms and time, i.e., the processes of soil
formation and/or the effects of management practices
in the area.

Reichardt & Timm (2008) reported the use of
several statistical tools in the study of spatial
variability of soil properties. Of these, geostatistics is
worth mentioning, which allows the detection of the
variability structure and spatial distribution of soil
properties in a given area. Several studies have used
this tool to investigate the spatial distribution of
different soil properties: Carvalho et al. (1998);
Carvalho & Assad (2003); Amaro Filho et al. (2007) —
physical and chemical soil properties; Cavalcante et
al. (2007) — chemical soil properties; Sousa et al. (1999)
and Gomes et al. (2007) — physical-hydric soil
properties; Souza et al. (2004) — physical soil
properties; and more specifically: Andrade et al. (2005)
— soil density and Veronese Junior et al. (2006) —
gravimetric soil water content and soil penetration
resistance.
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In the cultivated areas with irrigated rice in the
south of Brazil, few studies have been carried out with
the aim of studying the spatial variability structure
of soil properties in the different soil managements.
In this sense, this study had the following objectives:
(a) to identify the spatial variability structure of
chemical, physical and biological soil properties, (b)
to map the spatial distribution based on the
determination of the spatial structure of soil properties,
(c) to determine the number of subsamples required
to understand the mean pattern of a soil property and
(d) determine strategies for new samples in lowland
areas with a history of irrigated rice cultivation.

MATERIAL AND METHODS

A 10 x 10 m grid of 100 points was established, in
a 0.81 ha area of the lowland experimental station of
Embrapa Clima Temperado, in the county of Capao
do Ledo, state of Rio Grande do Sul (31 °49° 12,75 S;
52°27°59” W). The regional climate is Cfa,
according to Koppen’s classification, characterized as
a typical subtropical climate, maritime, with a
subhumid summer and humid or superhumid during
the rest of the year.

The soil in the area was classified, according to
Embrapa (2006), in two taxonomic classes: the
relatively high areas as Planossolo Haplico eutrofico
gleissodlico - Typic Albaqualf (NRCS, 2003) and the
relatively low areas as Gleissolo Haplico Ta eutréfoco
solédico - Umbric Epiaqualf (NRCS, 2003). Both soils,
although of different classes, have no field
discontinuities, which are very common in rice-
growing areas in Rio Grande do Sul. In the three last
growing seasons the experimental area had been
growing irrigated rice (for two years) and grain
sorghum (for one year). Both crops were cultivated
in conventional tillage, and soil sampling was
performed after sorghum harvest.

Disturbed soil samples from every point were
collected with a cutting spade from the 0—0.20 m soil
layer to determine the soil physical properties: particle
density (Pd) according to a methodology described by
Embrapa (1997), particle-size distribution (soil
texture) and water dispersed clay (Dc), according to
methods described by Gee & Bauder (1986) and soil
electrical conductivity (EC) in 5:1 extract (Tedesco et
al., 1995). The soil chemical properties pH (H50),
SMP index, H + Al, organic matter (OM), total N (TN),
available P, K and exchangeable Na, Ca, Mg and Al,
CEC (pH 7.0), total S and B and available Fe, Mn, Cu
and Zn were also determined in the same soil samples.
The soil organic matter content was determined
according to a method proposed by Embrapa (1997)
and the other soil chemical properties according to
Tedesco et al. (1995).

For the determination of the soil microbial biomass
carbon (MBC), samples were collected with a screw
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auger in the 0-0.20 m layer; the soil extract was stored
in a freezer until required for analysis. The MBC
was determined according to the methodology
described by Vance et al. (1987), in which chloroform
is replaced by a microwave oven (for 4 min) to
eliminate microorganisms and release cell
components, as suggested by Ferreira et al. (1999).
For the determination of size distribution of water
aggregate stability (mean weighted diameter MWD)
a 5 x 5 x 20 cm soil cube was collected (care should
be taken to avoid segmentation of the sample in the
field) and the sample was identified in the laboratory
according to a methodology described by Kemper &
Rosenau (1986), calculated as described by Palmeira
et al. (1999). Undisturbed soil samples were collected
for the determination of soil bulk density (Bd), soil
total porosity (Tp), soil macro (Macro) and
microporosity (Micro) and soil water retention curve
(tensions at 0; 1; 6; 10; 33; 100 and 1,500 kPa) using
a steel ring (diameter 5 cm, height 3 cm), for a total
of 100 observations of each soil property. The soil
available water storage (Aws) was also calculated for
each point according to Reichardt & Timm (2008).

All soil chemical and physical analyses were
performed at the Laboratories of the Soil Department/
FAEM/UFPel, except for soil aggregate stability
analyses, which were carried out at the Laboratory of
Soil Physics/Embrapa Clima Temperado.

The data sets were initially analyzed by descriptive
statistics, where the mean, standard deviation,
coefficient of variation, skewness and kurtosis
coefficients were calculated. Based on the values of
these coefficients, the data sets that tended to normal
distribution were identified and, then, the necessary
number of subsamples (N) to represent each soil
property in future studies was calculated. For this,
Warrick & Nielsen (1980) equation was used, which
presupposes that the number of subsamples N is
sufficiently large for the application of the central limit
theorem, assuming that the distribution of the soil
property has normal distribution:

N = (8,2 §%) d -2 M

where t is the t-Student distribution value considering
the level of significance (o) and the number of freedom
degrees of the estimate of the sampling variance S2
and d the acceptable variance from the mean
(corresponds to the product between the arithmetic
mean and the variation percent around it). Two levels
of significance (o = 0.05 and 0.01) and two levels of
variation around the mean (10 and 20 %) were
evaluated.

Geostatistical tools (Journel & Huijbregts, 1978;
Webster & Oliver, 2001; Nielsen & Wendroth, 2003)
were used to analyze and identify the structure of
spatial dependence of each soil property. Software
GS+, 7.0 version (Robertson, 2004) was used to
calculate the experimental and theoretical
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semivariograms (mathematical model) and their
respective adjustment parameters (nugget effect, C;
sill, Cy+C; range, A), r? coefficient of determination
and the sum of squares of residuals (SSR). In the
present study, the cross validation (Vieira, 2000)
technique was used to analyze the quality of the
adjusted mathematical model of spatial variability
(theoretical semivariogram) for each one of the studied
soil properties. Thematic maps were constructed
based on the kriging technique (Webster & Oliver,
2001), to highlight the soil properties with the following
characteristics in the semivariograms: result of cross
validation technique r? > 0.5; coefficient of regression
(CR) between 0.85 and 1.15; and the proper definition
of the adjusted mathematical model of semivariogram
in the zone of spatial dependence.

The ratio Cy/(Cy+C) and the range are the
parameters that characterize the spatial structure of
a property. The Cy/(Cy+C) relation is the proportion,
in the dependence zone, that cannot be properly
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described by geostatistics in the domain, and the range
defines the distance over which the soil property values
are correlated with each other. A low value for the
Cy/(Cy+C) ratio and a high range generally indicate
that high precision of the property can be obtained by
kriging (Isaaks & Srivastava, 1989). The
classification proposed by Cambardella et al. (1994),
which considers the degree of spatial dependence
(DSD =Cy/(Cy+C) x 100) as strong when DSD < 25 %;
moderate when 25 < DSD <75 %; and weak when
DSD > 75 % was used to classify the degree of spatial
dependence of each one of the soil properties.

RESULTS AND DISCUSSION

The descriptive statistics (mean, standard
deviation, coefficient of variation, skewness and
kurtosis) of all 31 studied soil properties are shown in
table 1.

Table 1. Descriptive statistics of all 31 studied soil properties: mean, standard deviation, coefficient of
variation and coefficients of skewness and kurtosis

Standard Coefficient
Soil attribute Mean . . of variation Skewness Kurtosis
deviation
(%)

Physical
Clay (%) 14.34 1.32 9.19 0.08 -0.21
Silt (%) 39.89 3.31 8.30 0.17 -0.54
Sand (%) 45.83 3.76 8.20 0.19 -0.69
Dispersed clay (%) 7.85 1.38 17.61 0.16 -0.42
Bd (g cm3) 1.60 0.07 4.49 -0.52 0.52
Pd (g cm3) 2.52 0.08 3.02 0.08 -0.22
Tp (%) 43.85 2.69 6.13 0.02 0.13
Macro (%) 9.59 2.05 21.37 0.12 0.03
Micro (%) 34.26 1.88 5.48 0.16 -0.57
MWD (mm) 1.71 0.50 28.4 0.53 -0.15
Aws (cm3 cmr3) 24.98 7.10 28.42 -0.16 -0.83
EC (uS cm't) 51.67 16.53 31.99 0.67 0.07

Chemical
pH (H:0) 4.88 0.17 3.58 0.41 0.22
SMP 6.06 0.16 2.65 -0.19 0.32
H + Al (cmol. dm3) 4.61 0.70 15.18 0.09 -0.20
OM (%) 2.09 0.18 8.47 0.28 0.21
TN (mg dm3) 1.44 0.16 11.23 0.41 0.39
P (mg dm3) 12.54 5.18 41.29 0.72 -0.09
Ca® (cmol, dm?) 3.15 0.60 18.91 -0.63 0.14
K (mg dm?) 30.73 13.39 43.57 2.33 6.07
AT (cmol. dmr3) 0.64 0.32 50.31 0.69 -0.33
Mg** (cmol. dmr3) 1.61 0.34 21.35 -0.63 -0.19
CEC (cmol. dm3) 9.68 1.00 9.49 -0.42 -0.64
S (mg dm3) 15.82 4.23 26.76 1.76 5.47
Fe (mg dm3) 1379.40 141.80 10.28 0.04 -0.02
Mn (mg dm3) 12.23 3.83 31.35 0.19 -0.90
B (mg dm3) 0.33 0.08 23.71 0.07 0.17
Cu (mg dm'3) 1.26 0.22 17.38 0.15 -0.56
Zn (mg dm-3) 1.09 0.53 48.49 0.78 0.13
Na® (mg dm3) 51.95 14.99 28.85 0.58 -0.33

Biological
MBC (mg kg-1) 296.77 82.71 217.87 0.75 0.19
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The data of table 1 show that the mean values of
soil physical properties in the experimental field are
consistent with the values determined by Palmeira
et al. (1999) in this environment when cultivated with
irrigated rice in conventional tillage. The soil texture
can be classified as loamy, in the 0-0.20 m layer
(Embrapa, 2006) according to the particle size
distribution. The mean value of the soil total porosity
of 43.85 % is within the normal range of values for
this soil type. However, microporosity is predominant
(ratio Micro/Macro:3.6/1), which confers to the soil,
in horizon A, a restricted water movement and a
reduced water storage capacity (Table 1). The MWD
value of 1.71 mm shows the structural degradation
of this soil type when flood irrigation is used in rice
cultivation.

The mean values of the soil chemical properties
(Table 1) were classified according to the CQFS-RS/
SC (2004), as follows: very low water pH; the SMP
index indicates an amount of lime of 1.3 and 2.7 t ha'!
(100 % PRNT) for irrigated rice and soybean crops,
respectively; the mean content of organic matter
(2.09 g dm?) was considered to be low, which is
important because indicates the nitrogen availability
in the soil; the cation exchange capacity (CEC) value
of 9.68 cmol. dm is within the mean range of
interpretation, which establishes that a 30.73 mg dm
content of K is very low; the Al3* content is classified
as very low; concerning the mean content of P
(12.54 mg dm3), it is considered very high for irrigated
rice cultivation, and low for other crops; the mean Ca
content of 3.15 cmol, dm™ is classified as medium,
while the Mg (1.61 cmol, dm™) and S mean contents
(15.82 mg dm) are considered high; all mean values
determined for the micronutrients are high, except
for the mean value of Fe with low crystallinity
(1379 mg dm3) which is considered appropriate; the
mean MBC value was 296.77 mg kg1 (Table 1) and
is similar to the MBC value determined by Miorelli et
al. (2005) in an experiment with crop rotation system
on the same soil type and higher than the values
determined by Mattos et al. (2005), also under similar
conditions.

The coefficient of variation (CV) ranged from 3.02 %
(Pd) to 50.31 % (Al). According to the classification
proposed by Wilding & Drees (1983), the clay, silt,
sand, dispersed clay, Bd, Pd, Tp, Microporosity, pH
(H,0), SMP index, OM, TN, CEC and Fe data sets
showed low variability compared to their mean
(CV £ 15 %), whereas the MWD, Macroporosity, EC,
Aws, H + Al, Ca2t, Mg2*, S, Mn, B, Cu, Na and MBC
data sets showed moderate variability compared to
their mean (15 < CV <35 %). The P, K, Al*" and Zn
data sets, in turn, showed high variability compared
to their mean (CV > 35 %). The variation of soil
physical, in general, was lower than of the soil
chemical properties, as already observed in other soil
types by Carvalho et al. (1998) and Cavalcante et al.
(2007). The range of the values of the coefficients of
skewness varied from -0.63 to +0.78, except for the
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data distribution of S (+1.76) and K (+2.33), which
indicates that these elements have a local distribution,
that is, high values were found for these elements at
some points, but most values were low (Grego et al.,
2006). The same tendency was observed for the
coefficients of kurtosis (Table 1). It can be concluded
that most data distributions tend to be normal (except
S and K distributions that tend to be lognormal), so
the mean value of each data set can be considered the
center of distribution (Nielsen & Wendroth, 2003).
Based on these results, the number of subsamples N
was calculated (Equation 1) for all properties (except
for S and K), at two levels of significance (o = 0.05
and 0.01) and two levels of variation around the mean
(10 and 20 %) (Table 2).

Table 2 shows that the number of necessary
subsamples varied from only one sample for the

Table 2. Number of necessary subsamples to
compose one sample of each soil property based
on the estimated error around the mean, at two
significance levels

Estimated error (%)

10 20
Soil attribute
Levels of significance (o)
0.05 0.01 0.05 0.01
Physical
Clay (%) 4 6 1 2
Silt (%) 3 5 1 2
Sand (%) 3 5 1 2
Dispersed Clay (%) 1 2 1 1
Bd (g cm3) 1 1 1 1
Pd (g cm? ) 28 48 7 12
Tp (%) 18 31 5 8
Macro (%) 2 2 1 1
Micro (%) 40 68 10 17
MWD (mm) 31 53 8 13
Aws (cm3 cm-3) 3 5 1 2
EC (uS em?) 4 6 1 2
Chemical
pH (H,0) 1 1 1 1
SMP 1 1 1 1
H + Al (cmol.dm3) 10 17 3 5
OM (%) 3 5 1 1
TN (mg dm3) 4 7 1 2
P (mg dm3) 61 104 16 26
Ca®" (cmol. dm-3) 12 21 3 5
AI** (cmol . dm3) 104 188 26 45
Mg** (cmol . dm-3) 17 28 5 7
CEC (cmol . dm3) 4 7 1 2
Fe (mg dm3) 6 10 2 3
Mn (mg dm3) 35 60 9 15
B (mg dm?) 22 40 6 10
Cu (mg dm?) 22 37 6 10
Zn (mg dm) 89 152 22 38
Na* (mgdm?) 36 62 9 16
Biological
MBC (mg kg1) 30 51 7 13
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properties Pd, pH and SMP index (variance around
the mean of 10 % and significance level of 0.01) to a
large number of subsamples, e.g., 26 for Al soil content
for the least demanding level (acceptable error of 20 %
around the mean and level of significance of 0.05) up
to 188 subsamples for the most demanding level
(acceptable error of 10 % and level of significance of
0.01), which was a larger number than the number
of data used in this study. Compared to the results of
Amaro Filho et al. (2007), who studied the horizontal
variability of the soil physical properties of a red Oxisol
in Mossord, RN, these results were similar for the
data sets of Sand, Bd, Pd and Tp, and higher for those
of Silt and Clay. Schlindwein & Anghinoni (2002)
however, in their study of a Red Oxisol in Passo Fundo
(RS) and Coronel Bicaco (RS), considering only the
fertilization system and a soil sampling of 0—-0.10 m
layer, noted a similar pattern in the number of
calculated subsamples for the properties pH and SMP
index, a smaller number for OM and a larger for P.
It is important to mention that the position of the
sampling points in space is not considered in the
calculation of descriptive measures of the data by
classical statistics (Table 1) and in the estimate of
the number of necessary subsamples (Table 2).
Consequently, it is possible that variables with equal
descriptive measures have totally different variability
structures and spatial distributions. Knowledge on
spatial dependence and distribution of the properties
in the experimental field in the study, among other
things, makes it possible to identify homogeneous
zones of every property. Then, based on classical
statistic, appropriate strategies of soil sampling can
be elaborated with the purpose of monitoring the
dynamic performance, based on the physical, chemical
and biological properties.

The mathematical models (theoretical
semivariograms) adjusted to the experimental
semivariograms, as well as the Cy parameters (nugget
effect), Cy+C (sill), A (range), r2 (coefficient of
determination) and SSR (sum of squares of residuals)
related to the adjustment process are shown in table 3.
The calculated values for the DSD (degree of spatial
dependence, Cambardella et al., 1994) and the cross
validation results: coefficient of determination (r2)
between the estimated values by the adjusted
theoretical semivariogram and the observed values
and the respective coefficient of regression adjustment
line (CR) are also shown.

Table 3 shows that experimental semivariograms,
which describe the structure of spatial variability of
the studied soil property, were adjusted to the spherical
model for 12 properties (Clay, Tp, Micro, Aws, pH, SMP
index, OM, Al3*, CEC, B, Cu and Zn), to the exponential
model for seven properties (Bd, Macro, MWD, H + Al,
TN, K, and S) and to the Gaussian model for 12
properties (Silt, Sand, Dispersed Clay, Pd, EC, P, Ca%*,
Mg2*, Fe, Mn, Na and MBC). The coefficients of
determination of adjustments (r2) varied from 0.20
(S) to 1.00 (Micro), and only for Clay (xr2=0.41), Macro
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(r2=0.35), MWD (r2 = 0.46), Aws (r2=0.22), H + Al
(r2=0.24), S (r2 = 0.20), B (r2=0.44) and Cu (r2 =
0.24) they were lower than 0.5. The degree of spatial
dependence (DSD), that establishes the classification
of the degree of spatial dependence between adjacent
observations of the property is classified as strong
(DSD < 25 %) for 25 soil properties (Silt, Sand, Bd,
Pd, Macro, MWD, Aws, pH, SMP index, H + Al, TN,
P, Ca2t, K, Al3*, Mg2*, CEC, S, Fe, Mn, B, Cu, Zn, Na
and MBC) and moderate for the 6 remaining properties
(25 < DSD £ 75 %) (Table 3). According to
Cambardella et al. (1994), variables with strong spatial
dependence (DSD < 25 %) are the most influenced by
soil composition characteristics, such as original
material, climate, organisms and time.

The range of spatial dependence (A) of all studied
soil properties varied from 16.2 m (for the property
Aws) to 354.7 m (for Pd), and this estimate indicates
a higher range than the maximum separation distance
between the property observations in the experimental
grid (maximum diagonal of 127.3 m). Higher range
values at the cited distance would therefore be
inconsistent; this result would therefore have to be
validated in a larger grid although it is known that
changes in the dimension of the area may affect the
semivariogram. The same behavior was found for
the soil properties Tp, EC, P, Ca2t, Mg2*, Fe, Mn, Na,
and MBC. However, under these circumstances, it
may be affirmed, based on the determined dependence
structures that the observations of each one of these
properties depend on each other within the studied
domain (Brye et al., 2004). Nielsen & Wendroth (2003)
emphasize that the nugget effect may occur in the
following situations: error in the laboratory process
of soil sampling and laboratory analysis or due to the
fact that the magnitude of spatial dependence is lower
than the shortest distance between the sampled grid
points (here 10 m), or possibly due to a combination
of both situations. This can explain the pattern of
the semivariograms of B, K, S, MWD, Macro, and
Aws, although their range is more than 10 m in the
adjustment process (as shown in the combined analysis
of Table 3 and Figures 1 and 2), which contain the
experimental and theoretical semivariograms of all
studied soil properties. The analysis of these figures
allows us to conclude that the spatial pattern of these
properties can be classified as nugget effect, because
the first point of the experimental semivariogram
practically reaches the sill. Therefore, for future
studies aimed at characterizing the spatial dependence
structure of the cited properties in this experimental
field and/or a similar area, it is recommended that
the properties are sampled at distances shorter than
10 m.

According to Vieira (2000) and Faraco et al. (2008),
the cross validation technique is the most efficient
tool in the assessment of the quality of semivariogram
adjustment. Based on cross validation, it is possible
to verify if the adjusted mathematical model is capable
of accurately transforming the discrete samplings in
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Table 3. Adjusted mathematical models to the experimental semivariograms and their respective parameters
(nugget effect, sill and range), coefficient of determination and sum of squares of residuals, degree of
spatial dependence and the results of cross validation (coefficient of determination and the coefficient

of regression) of all studied soil properties

Cross validation

Attribute Model Co Co+C A@m) r2 SQR DSD (%) 12 CR
Physical
Clay (%) Spherical 0.7370 1.99 82.4 0.41 1.74 27.02 0.27 0.88
Silt (%) Gaussian 1.2700 12.21 35.7 0.98 0.78 9.42 0.68 0.90
Sand (%) Gaussian 0.3100 14.17 33.3 0.98 1.08 2.14 0.78 0.91
Dispersed clay (%) Gaussian 0.9360 2.72 97.3 0.72 1.58 25.60 0.37 1.00
Bd (g cm-) Exponential 0.0003 0.01 31.5 0.90 1.62E-07 2.91 0.18 0.71
Pd (g cm3) Gaussian 0.0026 0.03  354.7 0.80 4.49E-06 7.98 0.20 0.98
Tp (%) Spherical 4.6600 11.16 192.8 0.80 3.25 29.45 0.25 0.97
Macro (%) Exponential 0.4100 4.30 24.9 0.35 1.24 8.70 0.15 0.73
Micro (%) Spherical 1.5300 3.84 43.7 1.00 4.11E-03 28.49 0.27 0.95
MWD (mm) Exponential 0.0210 0.24 19.2 0.46 1.11E-03 8.8 0.01 0.33
Aws (cm3cm-3) Spherical 0.7000 50.25 16.3 0,22 68.7 1.37 0.07 0.54
EC (u Scm) Gaussian 45.2000 129.8 153.6 0.94 203 25.82 0.18 0.84
Chemical
pH (H,0) Spherical 0.0003 0.03 23.0 0.60 4.50E-05 0.99 0.44 0.94
SMP Spherical 0.0049 0.03 45.0 0.99 1.45E+06 14.04 0.52 1.03
H + Al (cmol. dm3) Exponential 0.0770 0.53 37.5 0.24 0.098 12.68 0.31 0.98
OM (%) Spherical 0.0146 0.03 44.7 0.84 1.38E-05 32.74 0.32 1.00
TN (mg dm-3) Exponential 0.0045 0.03 89.7 0.93 1.62E-05 6.00 0.52 0.97
P (mg dm-3) Gaussian 9.5000 59.73 141.0 0.98 28.3 13.72 0.68 1.07
Ca*" (cmolc dm™ Gaussian 0.1120 1.85 2527 0.99 0.003939 5.71 0.76 1.01
K (mg dm-3) Exponential 19.10 184.10 23.7 0.66 504 9.40 0.12 0.76
AI** (cmol. dm-3) Spherical 0.0036 0.11 34.5 0.90 0.0002405 3.20 0.59 1.00
Mg*" (cmol. dm3) Gaussian 0.0440 0.70 166.9 0.97 2.52E-03 5.91 0.73 1.03
CEC (cmole dm-3) Spherical 0.2010 1.18 72.9 0.89 0.086 14.55 0.61 1.04
S (mg dm-3) Exponential 1.1700 9.98 27.6 0.20 15.6 10.49 0.07 0.76
Fe (mg dm-3) Gaussian 15200.0 47100.0 244.7 0.69 5.84E+07 24.40 0.33 1.01
Mn (mg dm-3) Gaussian 11.0400 42.07 262.2 0.70 132 20.79 0.69 1.04
B (mg dm-?) Spherical 0.0004 0.01 17.3 0.44 6.47E-07 3.85 0.07 0.74
Cu (mg dm-3) Spherical 0.0058 0.05 32.2 0.24 0.0007816 10.39 0.42 0.90
Zn (mg dm-3) Spherical 0.0294 0.30 42.3 0.73 8.44E-03 8.92 0.37 0.79
Na* (mg dm3) Gaussian 86.0000 682.90 181.9 0.98 4451 11.20 0.63 0.98
Biological
MBC (mg kg1) Gaussian 4930.00 30960.0 341.4 0.86  1.43E+07 13.73 0.19 1.11

C,: Nugget Effect; C, + C: Sill; DSD = C/(C, + C); A: Range; r?: Coef. of Determination; SQR: Sum of squares of residuals; CR:

Coef. of regression.

a continuous set. The results of cross validation
(Table 3) showed values of over 0.5 for the r2 coefficient
for silt (0.68), sand (0.78), SMP index (0.52), TN (0.52),
P (0.68), Ca?* (0.76), Al3* (0.59), Mg2* (0.73), CEC
(0.61), Mn (0.69) and Na (0.63) soil properties and
lower than 0.5 for the other studied properties. For
the coefficient of regression (CR), which indicates
whether or not the kriging technique over or
underestimates extreme values, the values ranging
from 0.85 to 1.15 were considered adequate, and it
was possible to verify that most properties met this
requirement, except for the Bd (0.71), Macro (0.73),
MWD (0.33), Aws (0.54), EC (0.84), K (0.76), S (0.76),
B (0.74) and Zn (0.79) soil properties.

The cross validation criterion was found to be a
more efficient tool in the determination of the quality
of the semivariogram, and thematic maps (Figure 3)
of silt, sand, SMP index, TN, Al3* and CEC soil

properties were constructed using the kriging
technique, which is based on the defined spatial
dependence structure by the theoretical semivariogram.
Despite their proper performance during the cross
validation process, that is, their efficiency for use in
the kriging technique, the maps of P, Ca2t, Mg2*, Mn
and Na* properties were not constructed because their
semivariograms were not conclusive. This occurred
because the spatial dependence values (A) found were
higher than the maximum distance between the
observations of the property in the experimental grid
(maximum diagonal of 127.3 m) (Table 3).

Table 3 also shows that although the degree of
spatial dependence of the property was classified as
strong (DSD < 25 %) the performance of the adjusted
semivariogram through the use of the cross validation
technique was not necessarily good. For example,
the adjusted semivariogram for the pH property, with
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Figure 1. Isotropic experimental and theoretical semivariograms of the chemical properties in lowland soil

cultivated with irrigated rice.

a DSD of 1 % (strong DSD), did not show a good
performance during the cross validation process
because the determination and regression coefficients
were 0.44 and 0.94, respectively. Similar results were
found by Gomes et al. (2007), i.e, adjusted
semivariograms for soil properties with strong spatial
dependence they did not show a good performance
during the cross validation process. A more accurate
visual analysis of the experimental and theoretical
semivariograms for the pH property (Figure 1)
demonstrates that, in the spatial dependence zone

limited by range A, which is the most important in
the kriging process, there is only one point of the
experimental semivariogram located next to the sill.
The theoretical semivariogram is therefore not
conclusive.

From the joint analysis of tables and figures it is
possible to observe that when the coefficient of variation
of the property is high, the semivariogram and the
spatial distribution are valuable tools in the
simplification of resampling, or, on the contrary, when
the coefficient of variation is low, classical statistics
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Figure 2. Experimental and theoretical isotropic semivariograms of the physical and biological properties

in lowland soil cultivated with irrigated rice.

may be more practical than geostatistics in the
determination of the mean performance of the property
in future studies, in many cases. This can be
exemplified in the present study by the performance
of the AI3* and SMP properties. Despite the fact that
Al is a soil property with a high coefficient of variation,
which means that a large number of subsamples is
required to obtain an accurate estimate of the mean,
its spatial performance (Figure 3) made it possible to
divide the area into three homogenous subareas: one

L-shaped subarea located in the center, which had a
relatively high value of Al3*, and the two other
subareas on the remaining part had a lower value of
Al3*. Therefore, a good estimate of the mean can be
inferred from a small number of subsamples. On the
other hand, the SMP index performance is very
different, because only one random sample is required
to accurately represent the mean, using classical
statistics. However, a large number of samples would
be necessary if geostatistics was applied (Figure 3).
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spatial structure properly determined in a lowland soil cultivated with irrigated rice.
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CONCLUSIONS

1. The spatial variability structure of the silt, sand,
SMP index, cation exchange capacity, Al** and total
N soil properties were adequately determined by
geostatistics, and although the parameters of the
Mg2+, Ca?*, Na*, P and Mn soil properties showed a
good performance in the cross validation process, their
spatial range was out of the domain area.

2. The range of variability of the spatial
dependence structure of the contents of B, K, S and
the values of macroporosity, mean weighted diameter
of aggregates and available water storage was less
than 10 m, which deserves further investigation.

3. Cross validation technique, through the
coefficients of determination and regression, was found
to be more efficient to evaluated the quality of the
adjusted mathematical model than the spatial
dependence degree.

4. The number of necessary subsamples to
determine the mean performance of the soil properties
accurately by classical statistics, for properties such
as soil texture fractions, bulk density, macroporosity,
available water storage, electrical conductivity, pH,
SMP index, organic matter, total N, CEC, and Fe
was 10 at the maximum. However, the number of
necessary subsamples to determine the contents of P,
Al%*, and Zn was higher than 100 at an estimated
error of 10 % of the mean and a level of significance of
0.01.

5. The combination of both classical statistics and
geostatistics can in many cases simplify the soil
sampling process at no detriment to the quality of
soil information.
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