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Abstract 
 
Understanding the spatial variability of soil fertility is necessary for preventing nutrient losses or excessive agricultural inputs. The 
aim of this research was to evaluate the spatial variability of the chemical characteristics of a Typic Hapludox cultivated with 
soybean for 110 days at different depths and the impacts of these characteristics on crop yield. Soil samples were collected at a 
total of 80 points in an area of 5000 m

2
 . The contents of P, Ca, Mg, S, Cu, Fe, Zn and Mn were analyzed, in addition to pH and H+Al. 

The data were evaluated through descriptive statistics and geostatistical tools, and kriging maps were made based on 
semivariogram adjustments. Most of the soil fertility variables showed moderate or strong spatial dependence. The statistical 
moments obtained for the distributions showed that the symmetry of the distributions allowed the use of geostatistics techniques. 
In general, the greater the soil depth was, the lower the nutrient levels were. The soybean yield range (29.5 m) was similar to the P 
range in the 0.0-0.20 m soil layer (29.2 m). P influenced the soybean yield the most, as expressed by the similarity between the two 
kriging maps. In regions with more phosphorus at deeper soil layers, higher soybean yields were obtained. 
 
Keywords: geostatistics, semivariogram, maps, soil fertility, phosphorus 
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_sulfur; pH_active acidity; H + Al_potential acidity; C0 _nugget; C0 + C1_sill; a_range; SDI_spatial dependency 
index; SSR_sum of squared residuals; R

2
_determination coefficient; CV_coefficient of variation. 

 
Introduction 
 
Societal pressures on production systems to optimize 
resources and reduce production costs have been a constant 
in recent years. In agriculture, conservation practices are 
being carried out for the purposes of preserving the 
environment, increasing sustainability and improving soil 
quality (Lima et al., 2013). In this context, the no-tillage 
system is the main conservationist practice adopted by 
farmers to minimize the negative impacts of conventional 
farming systems (Topakci et al., 2011). 
In no-tillage systems, there is no soil plowing; therefore, 
almost all applications of agricultural inputs are performed 
superficially, without incorporation. Moreover, the 
deposition of various materials from the previous crops 
causes vertical variability in nutrient availability (Zanão 
Júnior et., 2010). The horizontal variation in nutrients is also 
related to the irregular distribution of these materials. Even 
homogeneously managed sites show heterogeneity in their 
soil chemical properties (Montezano et al., 2008). Other 
factors responsible for the two-way spatial variability 
(vertical and horizontal) are related to weathering, such as 
the origin material, relief, climate, time and microorganisms, 
which do not occur uniformly (Cavalcante et al., 2007). 
Most fertilizer and lime recommendations are made 
considering large areas to be homogeneous, as if these areas 
do not present spatial variability. Such management 
practices lead to the irrational use of these inputs in terms of 

both excess and insufficient application; improper inputs 
reduce crop development and yield, increase production 
costs and increase the risk of environmental contamination 
(Zanão Júnior, et al., 2010) 
By analyzing the spatial variability of soil fertility, it is 
possible to achieve sustainable agricultural production 
through the rational use of fertilizers. In this context, 
geostatistics emerge as an tool for inferring the spatial 
continuity of variables through semivariograms that 
determine the degree of dependence in space (Reichardt et 
al., 1986). Many researchers have shown that chemical 
characteristics may have spatial continuity (Schlindwein e 
Anghinoni, 2000; Cavalcante et al., 2007; Zanão Júnior et al.; 
Pereira, 2010; Lima et al., 2013; Cherubin et al., 2014). 
After verifying the spatial dependence of a regionalized 
variable through its semivariogram, it is possible to 
interpolate the variable to non-sampled locations, to 
represent the variable by means of isoline maps inside a 
domain, and to generate soil fertility maps that can be the 
basis for fertilization planning (Zanão Júnior et al., 2010). 
The hypothesis of this research is based on the existence of 
horizontal and vertical variability in the chemical 
characteristics of soils cultivated in no-tillage systems; these 
variations directly affect soybean development and yield. 
Therefore, the specific aim was to evaluate the spatial 
dependence of soybean yield and the importance of the 
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different soil chemical attributes at different depths in a 
Typic Hapludox cultivated in a no-tillage system for more 
than twenty years. 
 
Results and discussion 
 
Descriptive data analysis 
 
The P in layer 3 presented the most discrepant data, with 
eleven outliers. On the other hand, Mg

2+
 and Cu

2+
 in layers 2 

and 3 presented only one outlier each. The exclusion of 
discrepant values allows more reliable characterization, 
mainly as it pertains to position measurements (Libardi et a., 
1996). 
Table 1 shows the descriptive data analysis, including the 
results of the normality tests. Normality was confirmed for 
all variables at all depths. In addition, the values of the 
position measurements were also similar, indicating that the 
values deviated slightly from a central value rather than 
showing an asymmetric distribution. 
According to the classifications for the available soil 
elements proposed by EMBRAPA, (2013), for the soybean 
crop in Paraná state, the levels of nutrients were classified as 
high for Ca

2+
 (1), Mg

2+
 (1, 2 and 3), P (1), Cu

2+
 (1, 2 and 3), 

Zn
2+

 (1) and Mn
2+

 (1, 2 and 3), moderate for Ca
2+ 

(2 and 3), 
Zn

2+
 (2 and 3) and pH, and low for S-SO4

2-
 (1,2 and 3) and P 

(2 and 3). Regarding soybean yield, the mean value obtained 
(3582 kg ha

-1
) was numerically higher than the average 

produced by Paraná State (3141 kg ha
-1

). 
The coefficient of variation (CV) was classified as low (CV 
<10%), moderate (10% <CV <20%), high (20% <CV <30%) or 
very high (CV> 30%). P (1 and 2), Zn (2 and 3) and S-SO4

2-
 (3) 

showed very high CVs, and pH (1, 2 and 3) and yield showed 
low CVs. The CVs increased with depth. In the process of soil 
formation, several factors cause vertical variability, including 
material of origin, relief, climate, weathering and 
microorganisms (Cavalcante et al., 2007). In addition, 
anthropological factors related to field management are 
associated with this kind of variation. 
 Ca

2+
, Mg

2+
, P, Zn

2+
 and Mn

2+
 were more concentrated in the 

surface layer. Some authors have observed a similar 
phenomenon (Cavalcante et al., 2007; Souza et al., 2010). 
These nutrients are applied superficially without 
incorporation into no-tillage systems, which explains this 
distribution (Dalchiavon et al., 2012). Therefore, due to the 
low reactivity of limestone, its efficiency is presumed to be 
reduced in deeper layers, and the Ca

2+
 and Mg

2+
 contents 

are lower in deeper layers (Costa et al., 2007). P is 
concentrated on the surface due to frequent applications of 
phosphate fertilizers (Bottega et al., 2013), combined with 
the low mobility of this element in soil. 
Esper Neto et al. (2016) showed the low mobility of Mn

2+
 in 

soil similar to that in this study. In addition, successive 
sprays of foliar Mn on soybean and corn are carried out 
annually, contributing to the higher surface contents of 
Mn

2+
. Zn

2+
 has relatively high mobility in soil (Smanhotto et 

al., 2010); however, soils with high clay content, iron oxides, 
or humic and fulvic acids increase the retention of this 
nutrient. In addition, higher pH values also decrease the 
vertical mobility of Zn

2+ 
due to its lower solubility; the same 

phenomenon can be observed in Mn
2+

, Cu
2+

 and Fe
 2+

. 
The pH values decreased slightly with depth, even though 
they remained within the range considered appropriate for 
crop growth. The levels of H + Al decreased moderately with 
depth. The levels of S-SO4

2-
 increased with depth. The 

highest amount of sulfur (S) is found in organic matter, and S 
may become labile in its sulfate form (SO4

2-
) after 

mineralization. In this state, SO4
2-

 is mobile in the soil, and 
between 20 and 60 kg ha

-1
 year

-1 
can be lost, although this 

movement is slower in soils with a clayey texture and high 
iron oxide levels (Rheinheimer et al., 2005). This may have 
occurred in this study, since this soil presented iron oxide 
contents between 18 and 36% (EMBRAPA, 2013). Table 1 
shows the values of asymmetry and kurtosis. The 
coefficients are close to zero, allowing geostatistical 
techniques to be applied (Dalchiavon et al., 2012). 
 
Geostatistical analysis 
 
Table 2 shows the adjusted semivariogram models with their 
coefficients. All variables presented a spatially dependent 
structure except pH (1), Mn

2+ 
(1, 2 and 3), Zn

2+
 and Fe

2+
 (2 

and 3). The theoretical spherical model was a better fit for 
the semivariance of most soil attributes, followed by the 
exponential model, which only fit Fe

2+
 (1) and SO4

2-
(3). Both 

theoretical models are commonly used for soil and plant 
variables (Cavalcante et al., 2007; Zanão Júnior et al., 2010). 
These dependencies mean that the distributions of these 
variables do not occur at random and are dependent on a 
range, and the distribution of sample points within the 
domain was adequate to describe them. On the other hand, 
when the variables are spatially independent, it is referred 
to as a pure nugget effect; that is, the semivariogram 
remains constant and equal to the sill (C0 = C0+C) for any 
values of h. In this case, spatial dependence, if it exists, will be 
manifested on another scale. The pH exemplifies this situation. 
For depth 1, the spatial independence of pH was verified, but 
at the other depths, it was not. In the no-tillage system, liming 
is performed superficially, and spatial dependence was not 
detected in the sampling grid of this work, thought it could be 
detected at smaller distances (Bottega et al., 2013) 
Zanão Júnior et al. (2010) cite the importance of the range 
coefficient (m) of adjusted models, which determines how 
far a regionalized variable correlates spatially and the 
distance above which the variable becomes independent in 
space (Lemos Filho et al., 2008). The range is also important 
for stipulating the number of "neighbors" for performing 
data interpolation. 
In the present study, the ranges varied from 97.3 m to P (3) 
and 13.8 m for pH (3); in addition, these variables presented 
different range values at different depths, showing the 
vertical variability of these attributes (Dalchiavon et al., 
2012). Furthermore, the range of P in the uppermost layer 
(29.2 m) was the most similar to the range of the spatial 
continuity of soybean yield (29.5 m). 
Analyzing the spatial dependence index [(C0/C0+C1)x100] 
showed that 33, 67 and 0% of the regionalized variables 
presented strong, moderate and weak dependence, 
respectively, indicating that the adjusted semivariograms 
describe much of the attribute variation. As the depth 
increased, the spatial dependence index values also 
increased. The distinct chemical reactions along the soil 
layers can be related to the differences in the patterns of 
spatial dependence (Dalchiavon et al., 2012). The spatial 
dependence index found for soybean yield was close to 
those found by other authors (Milani et al., 2006; Amado et 
al., 2007) 
Considering the coefficients of the adjusted models for the 
semivariograms, data interpolation was carried out by the 
kriging method with the purpose of generating spatial  
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Table 1: Descriptive analysis of the soil chemical characteristics in the no-tillage system at different depths. 

Variable Mean Median 
Value 

S
1
 

Coefficient 
W

2
 

Maximum Minimum Variation asymmetry kurtosis 

Yield
3
 3582 3589 4125 2982 235 6.6 -0.25 -0.39 N 

Depth 0.0-0.2 m (1) 
pH 5.0 5.0 5.3 4.7 0.1 2.4 0.24 0.34 N 
Ca

2+
 4.5 4.4 5.9 3.6 0.6 13.1 0.64 -0.46 N 

Mg
2+

 1.6 1.6 2.0 1.2 0.2 11.1 0.31 -0.12 N 
H+Al 4.4 4.4 5.1 3.5 0.3 6.4 -0.43 1.73 N 
P 18.9 18.0 33.7 9.6 5.8 30.7 0.60 -0.20 N 
SO4

2-
 2.7 2.6 4.1 1.8 0.5 19.0 0.62 -0.10 N 

Cu
2+

 13.7 13.5 17.4 8.9 1.6 11.7 0.14 0.34 N 
Fe

2+
 58.0 57.5 73.9 48.0 5.4 9.3 0.49 0.10 N 

Zn
2+

 7.0 6.9 9.6 3.9 1.1 15.9 -0.06 0.17 N 
Mn

2+
 252.8 253.9 312.1 182.1 25.5 10.1 -0.15 0.22 N 

Depth 0.2-0.4 m (2) 
pH 5.5 5.5 5.9 5.0 0.2 3.2 -0.51 0.18 N 
Ca

2+
 3.6 3.5 4.9 2.7 0.5 15.0 0.54 -0.60 N 

Mg
2+

 1.4 1.4 1.9 1.0 0.2 12.2 0.31 0.05 N 
H+Al 3.2 3.2 3.8 2.7 0.2 6.6 0.09 0.56 N 
P 1.8 1.6 3.4 0.5 0.7 37.2 0.69 -0.2 N 
S SO4

2-
 5.7 5.4 10.3 2.4 1.6 28.1 0.64 0.4 N 

Cu
2+

 14.6 14.1 21.8 10.8 2.4 16.4 0.82 0.49 N 
Fe

2+
 88.4 88.6 105.4 64.0 9.3 10.5 -0.32 0.20 N 

Zn
2+

 1.4 1.3 2.8 0.2 0.6 38.0 0.06 -0.05 N 
Mn

2+
 105.8 101.2 155.6 63.0 20.8 16.6 0.64 0.12 N 

Depth 0.4-0.6 m (3) 
pH 5.5 5.6 6,6 4,5 0,4 6.5 -0.14 1.14  
Ca

2+
 3.3 3.1 4.9 2.2 0.7 20.2 0.50 -0.67 N 

Mg
2+

 1.4 1.4 1.8 0.9 0.2 12.9 0.12 -0.37 N 
H+Al 3.3 3.2 4.4 2.6 0.3 10.5 0.79 0.97 N 
P 1.2 1.1 1.9 0.5 0.3 25.2 0.22 -0.62 N 
S-SO4

2-
 7.6 6.9 14.3 3.2 2.8 36.2 0.85 -0.02 N 

Cu
2+

 13.4 13.0 18.7 9.5 2.2 16.1 0.60 -0.11 N 
Fe

2+
 85.1 84.2 111.1 52.5 11.4 13.4 0.03 0.27 N 

Zn
2+

 1.3 1.3 2.2 0.3 0.5 36.4 -0.07 -0.70 N 
Mn

2+
 74.7 73.0 105.2 47.1 12.5 16.7 0.20 -0.32 N 

1standard deviation; 2 data normality; pH in CaCl2; P, Zn, Fe, Mn, Cu, and S inmg dm-3; Ca, Mg and H+Al, in cmolc dm-3; N: normal distribution by the Shapiro-Wilk or Kolmogorov-Smirnov test at 1%. 
 
 

 
 

Fig 1. Soybean yield kriging map (kg ha
-1

). Soybean yield has high variability and is related to the variability of phosphorus content 
in the topsoil. 
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Table 2. Semivariogram coefficients of the chemical characteristics of a Red Eutroferric Latosol in a no-tillage system at different 
depths. 

Variable Model a
1
 (m) C0+C

2
 C0

3
 SDI

4
 SSR

5
 R

2(6)
 

Yield
1
 Esferic 29.5 29380 58770 50 0.0000007 0.86 

Depth 0.0-0.2 m (1) 
Ca

2+
 Esferic 41.0 0.002 0.019 13 0.000003 0.98 

Mg Esferic 87.3 0.045 0.014 31 0.00006 0.93 
H+Al Esferic 16.2 0.017 0.084 20 0.0001 0.92 
P Esferic 29.2 35.08 13.52 39 11.2 0.94 
S SO4

2-
 Esferic 40.1 0.082 0.307 27 0.0014 0.96 

Cu
2+

 Esferic 58.6 2.957 1.179 40 0.142 0.93 
Fe

2+
 Exponential 21.5 30.03 6.64 22 43 0.58 

Zn
2+

 Esferic 82.1 1.56 0.713 54 0.0655 0.90 
Depth 0.2-0.4 m (2) 
pH Esferic 15.7 0.00016 0.00002 12 0.0000002 0.82 
Ca

2+
 Esferic 27.8 0.02967 0.01497 50 0.000031 0.70 

Mg Esferic 43.9 0.01688 0.00839 50 0.000006 83 
P Esferic 30.2 0.7050 0.1390 20 0.0134 0.94 
S SO4

2-
 Esferic 16.11 12.65 2.79 22 1.28 0.95 

Depth 0.4-0.6 m (3) 
pH Esferic 13.8 0.1228 0.0259 21 0.0002 0.90 
Ca

2+
 Esferic 38.9 0.0469 0.0164 35 0.0001 0.87 

Mg Esferic 60.9 0.0413 0.0202 49 0.00002 0.94 
P Esferic 97.6 0.2098 0.0529 26 0.0003 0.98 
S SO4

2-
 Exponential 15.6 7.92 2.43 69 1.31 0.71 

Cu
2+

 Esferic 65.0 0.0286 0.01425 50 0.00005 0.68 
1
range; 

2
sill; 

3
nugget; 

4
spatial dependence index; 

5
sum of squared residuals; 

6
determination coefficient 

 

 
Fig 2. Ca and Mg kriging maps (cmolc dm

-3
) at different depths. The value surface reveals that the greatest spatial variability was 

observed in the intermediate layer for Ca and Mg. 
 
 
 
 



1469 
 

Table 3. Soil chemical characteristics before sample collection. 

Depth pH
1
 P

3
 SO4

-2
 Ca

2+
 Mg

2+
 H+Al Cu

2+
 Fe

2+
 Zn

2+
 Mn

2+
 

(m) CaCl2 --mg dm
-3

--
 

-------cmolc dm
-3

--- --------------mg dm
-3

--------- 

0.0-0.2 5.0 17.9 0.34 7.2 1.6 5.98 16.9 52.3 15.6 107.5 
0.2-0.4 5.0 12.6 0.07 5.6 1.3 5.55 21.0 73.2 8.6 91.7 
0.4-0.6 5.3 4.6 0.06 5.6 1.3 4.78 25.1 85.4 2.4 71.5 
1
pH in CaCl2 (0,01 mol L

-1
), 

2
Organic matter,

 3
P, Cu, Fe, Zn and Mn extracted by Mehlich-1 solution; 

4 V 
= base saturation; Ca, Mg and 

Al extracted by KCl 1,0 mol L
-1

; H+Al determined by the SMP method. 
 

 
Fig 3. P and S kriging maps (mg dm-3) at different depths. The highest spatial variability in P content was found in the first layer. 
The highest spatial variability in S content was found in the third layer. 

 
Fig 4. Cu, Zn and Fe kriging maps (mg dm

-3
) at different depths. 
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Fig 5. Sketch of the area identifying the sampling points at different depths. 

 
 
continuity maps. To make the maps, interpretation classes of 
soil fertility by layer were generated for soybean crops in 
Paraná state (EMBRAPA, 2013). 
Geostatistical software proposes empirically intervals; 
therefore, it is more reasonable to construct kriging maps 
according to the interpretation of the nutrients based on 
fertility classes (Zanão Júnior et al., 2010). The maps were 
constructed based on these fertility classes (Figures 1, 2, 3, 
and 4). Maps for the variables that did not present spatial 
dependence were not constructed. 
The pH values in CaCl2 were classified as adequate (between 
5 and 6.4) in almost all the studied areas for layers 2 and 3. 
The Ca and Mg contents were classified as high for soybean 
crops in the whole sampled area, as they were above 4 and 
0.8 cmolc dm

-3
, respectively, for layer 1, with two small 

areas classified as moderate Ca in layer 1. In layers 2 and 3, 
the Ca contents were classified as moderate, and the Mg 
contents remained high (Figure 2). 
The P levels were considered high in the whole area in all 
layers. and In spite of this, in the regions where the P 
contents were higher, there was higher soybean crop yield, 
as shown in figures 1 and 3. The kriging maps for the two 
variables were very similar. In addition, in the spatial 
dependence modeling, the range of the semivariograms for 
P (1) and yield were very similar (Table 2). In layers 2 and 3, 
low levels of P were found in most of the studied area. In 
addition, average levels of P were found in regions where 
the highest soybean crop yield was obtained, which is a 
strong indication of the importance of adequate P in 
subsurface soil. As the volume of soil fertilized with P 
increases, the absorption of the element and the 
development of soybean plants also increase (Nunes et al., 
2011). These results suggest the implementation of different 
phosphate management zones, since the behavior of P in 
the soil and the yield are not homogeneous (Leão et al., 
2007) 
The S-SO4

2-
 was classified as low for layer 1 in the majority of 

the study area; nevertheless, in a region where moderate S-
SO4

2-
 content was found in the soil, higher soybean yield was 

identified (Figure 1). However, the range of the adjusted 
model in the semivariogram for this variable was not similar 
to the yield adjustment, as was the case for P (Table 2). At 
the other soil depths, the levels of S-SO4

2-
 were classified as 

low, and the maps of S-SO4
2-

 content were very 
homogeneous in these layers. 
Cu, Zn and Fe (1) were homogeneous at all depths. The maps 
showed moderate and high levels of Cu and Zn, with only 

small areas classified as low for Zn in layers 2 and 3. Cu and 
Zn (1) were also present in areas that had higher soybean 
yields (Figure 4). 
 
Material and methods 
 
Experimental area 
 
This study was carried out in the Technology Diffusion Unit 
of a cooperative society called the Cooperativa 
Agroindustrial de Maringá in the municipality of Floresta, in  
the north-central region of Paraná state, Brazil (23° 35’ 42” 
S, and 52° 04’ 02” W). The soil of the experimental area was 
classified as a Typic Hapludox (Soil Survey Staff, 2014) and 
had been under no-tillage cultivation for more than 20 
years. The climate was classified as Cfa (Alvares et al., 2013). 
The initial chemical characterization of the sampled area is 
shown in Table 3. 
In September 2015, the area was demarcated by 
establishing a rectangle of 50x100 (5000 m

2
) referenced as a 

Y axis (50 m) and an X axis (100 m) in the Cartesian 
coordinate system. The soybean cultivar NA5909 was sown 
at a density of 31 seeds m

-2
 at the beginning of October. All 

cultural treatments, from soybean planting to harvest, were 
carried out according to the region and soil chemical 
analyses (EMBRAPA, 2013). 
Soil samples were collected after the soybean harvest at a 
total of 80 referenced points at the X and Y coordinates 
(Figure 1) at three depths: 0.0-0.2 (1), 0.2-0.4 (2) and 0.4-0.6 
(3) m. 
Samples were collected with a cutter shovel (layer 1) and a 
Dutch auger (layers 2 and 3). Each sample was identified and 
sent to the laboratory to be dried in a forced-air circulation 
oven at 60°C until constant mass. Afterwards, the samples 
were milled and sieved with a 2 mm sieve to measure the 
calcium (Ca

2+
) and magnesium (Mg

2+
) contents extracted by 

1 mol L
-1 

KCl. Phosphorus (P), copper (Cu
2+

), iron (Fe
2+

), zinc 
(Zn

2+
) and manganese (Mn

2+
) were extracted by Mehlich-1 

(0.0125 mol L
-1 

H2SO4 + 0.05 mol L
-1 

HCl). Sulfur (S-SO4
-2

) was 
extracted with 0.01 mol L

-1
 calcium phosphate solution, and 

the active acidity (pH) and potential (H + Al) were measured 
(EMBRAPA 2009). 
Available P was determined using the molybdate blue 
method and was measured with a spectrophotometer. Ca

2+
, 

Mg
2+

, Fe
3+

, Cu
2+

, Zn
2+

 and Mn
2+

 were determined using a 
Varian

®
 AA240FS atomic absorption spectrophotometer. The 

S-SO4
2-

 was determined by titration with barium chloride. 

http://www.scielo.br/scielo.php?pid=S0100-06832018000100511&script=sci_arttext#B55
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The potential acidity was determined, and 0.01 mol L
-1

 CaCl2 
was used to determine the pH (EMBRAPA 2009). 
 
Exploratory analysis 
 
The data were initially subjected to exploratory analysis to 
investigate the presence of possible discrepancies (outliers). 
To find outlier data, a critical limit was established, defined 
by the interquartile range (DQ) calculated by subtracting the 
lower quartile from the upper quartile. Thus, it was possible 
to establish the upper limits (Q3 + 1,5 x DQ) and lower limits 
(Q1 - 1,5 x DQ) of the data, where Q1 refers to the first 
quartile and Q3 to the third quartile. Then, the data 
characterization was performed by calculating the mean and 
median as measures of the central tendency, standard 
deviation, variance and coefficient of variation as dispersion 
measures. The Kolmogorov-Smirnov and Shapiro-Wilk tests 
were performed to verify the normality of the data. Values 
considered outliers were excluded from the semivariograms 
and cross-validation but were preserved in the kriging 
process (Schaffrath et al., 2008). 
 
Geostatistical analysis 
 
The spatial dependence of the soil chemical attributes was 
verified through adjustments of the mathematical models 
used for semivariograms. The obtained data were assumed 
to show the probability distribution of a random function 
that attends to the intrinsic stationarity, allowing the 
estimation of a semivariance function by the Matheron 
estimator defined by equation 1. 

γ∗(H)  =  
1

2 N(H)
∑N(H)

i=1 [Z(s) − Z(s + H) ]2 (1) 

γ∗(H)is the semivariance as a function of the separation 
distance between two points, N (h) is the number of pairs of 
measured values Z(s), and Z(s+H), separated by a sample 
distance, is the modulus of vector h. 
The models adjusted to the semivariograms were spherical 
and exponential and showed the nugget (C0), sill (C0 + C1) 
and range (a) as coefficients. Subsequently, the spatial 
dependency index (SDI) was calculated (Cambardella et al., 
1994). This index uses a relationship between the 
coefficients of the models [(C0/C0+C1)x100] to classify the 
spatial dependence as weak (SDI > 75%), moderate (25% ≤ 
SDI ≤ 75%) or strong (SDI < 25%). 
After the spatial dependence was verified, inferences of the 
variables to the non-sampled regions were made using the 
best non-biased linear estimator (kriging). This method uses 
the sum of the weights equal to a unit and the minimum 
variance using 16 nearest neighbors and a search radius of 
same distance as the range, thus allowing the creation of 
maps of the spatial distribution of the soil chemical 
attributes. The maps were generated using the Surfer 
program, version 8.0. 
 
Conclusion 
 
Horizontal and vertical variabilities in soil chemical 
characteristics contribute to variability in soybean crop yield. 
Most of the variables at the three depths evaluated showed 
spatial dependence on the scale adopted for the present 
study. 
Among the studied variables, the P in the superficial layer 
showed a semivariogram range equivalent to that obtained 
for the soybean yield, and the respective maps obtained by 
kriging were similar, demonstrating the impact of this 

variable on the crop. In addition, regions with more 
phosphorus at deeper soil layers also produced higher yields. 
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