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soil management

Introduction

Natural soil variability occurs due to factors 
acting on various spatial and temporal scales, 
caused by complex pedological processes 
(Burrough, 1993), influenced by relief and 
humidity regimes (Rezaei and Gilkes, 2005). 

However, crop establishment also modifies soil 
variability (Burgos et al., 2006), especially by 
farming work and implementation of agricul-
tural inputs, especially on the surface (Cama-
cho-Tamayo et al., 2008). Mello et al. (2006) 
found heterogeneous attributes in different soil 
types and indicated that spatial dependence is 
conditioned by relief, which causes to deter-
mine different management areas from each 
evaluated attribute of the soil, evidencing the 
need of carrying out researches in different soil 
classes. 

research paper 
Spatial variability of an Alfisol cultivated with sugarcane

Joedna Silva Cruz1, Raimundo Nonato de Assis Júnior2, Sammy Sidney 
Rocha Matias3, and Jesús Hernán Camacho-Tamayo4

1Departamento de Fitotecnia, Universidade Federal do Ceará - UFC, Av. Mister Hull, s/n - Campus do Pici - 
CEP 60021-970, Brazil.

2Departamento de Ciências do Solo, Universidade Federal do Ceará - UFC, Av. Mister Hull, s/n - Campus 
do Pici - CEP 60021-970, Brazil.

3Universidade Estadual do Piauí - UESPI. Rua Três, 11; Bairro Nova Corrente; CEP 64980-000, Corrente – 
PI, Brazil.

4Programa de Ingeniería Agrícola, Facultad de Ingeniería, Universidad Nacional de Colombia. Ciudad 
Universitaria, Ed. 214 – Of. 304, Bogotá, Colombia.

Abstract

J. Silva Cruz, R. N. de Assis Júnior, S. S. Rocha Matias, and J.H. Camacho-Tamayo. 2011. 
Spatial variability of an Alfisol cultivated with sugarcane. Cien. Inv. Agr. 38(1): 155-164. Soil 
variability occurs due to natural and anthropogenic factors acting at various spatial and temporal 
scales. The purpose of this study was to evaluate the spatial variability as well as the relation 
of some chemical attributes using different statistical techniques. The study was conducted in 
the municipality of Maracanaú (CE, Brazil) in the commercial area of sugar cane in a typic 
Hapludalf. Soils were sampled in a 100 x 100 m grid every 10 m and at a depth between 0 and 
20 cm for determination of exchangeable acidity, pH (KCl), Ca, Na, K, Mg, P, N, sum of bases, 
cationic exchange capacity, base saturation and organic matter. Data were subjected to analysis of 
descriptive statistics, multivariate analysis and geostatistics. Attributes showed low and medium 
variability, except for pH that did not show spatial dependence. Different statistical tools helped 
to identify the soil spatial variability and to get a better understanding of relationships among 
different attributes. Techniques also allowed to better plan and control agricultural production, 
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In general, there are different tools to identify 
the behavior of soil attributes, as well as to 
quantify and characterize them to determine a 
specific crop; the univariate statistics however, 
is the most commonly used. According to Fi-
dalski et al. (2007), these statistics may com-
promise interpretations and conclusions, as the 
existent dependence among the attributes ana-
lyzed is not explored. Other tools, like multivar-
iate statistics and geostatistics, help understand 
the behavior of soil attributes.

In multivariate statistics, the principal compo-
nents and hierarchical cluster analysis are wide-
ly used in environmental studies for the evalu-
ation, classification and construction of math-
ematical models for decision making. These are 
implemented in the study of soil properties to 
understand attributes variability, and the most 
important, their dependence between each oth-
er, which cannot be verified using univariate 
statistics (Fidalski et al., 2007). The principal 
components analysis reduces the dimensions, 
showing the different basic components, called 
principal components. Normally, a small num-
ber of components explain a high percentage of 
the total variance, i.e., the data cluster may be 
described in a smaller dimensional space (Ra-
mos et al., 2007). On the other hand, the hier-
archical cluster analysis identifies groups where 
the attributes present some similarities between 
each other. The use of these techniques has fa-
vored the variability identification of chemical 
attributes through a cluster of correlated soil at-
tributes (Fidalski et al., 2007; Theodoro et al., 
2003).

Geostatistics and especially kriging interpola-
tion are useful tools for map construction and 
for understanding variability of soil properties 
in a specific area. This tool may be implement-
ed at different scales in relation to specific data, 
depending on the resolution desired in the study 
(Webster, 2008). Characterization of soil spatial 
variability allows a better representation of the 
complex relations between the soil character-
istics and the environment (Goovaerts, 1998), 
which helps determine the practices to be used 
on crops management (Bouma et al., 1999). The 
search of representative information on spatial 

soil variability has increased, resulting in more 
appropriate model developments and manage-
ment systems for agricultural production (God-
win and Miller, 2003), identifying the relation 
among soil properties as well as defining ho-
mogeneous management areas, as reported by 
different authors of sugar cane cultivation in or-
der to adopt agriculture precision (Berner et al., 
2007; Corá et al., 2004). 

The objective of this study was to evaluate the 
spatial variability of some chemical attributes 
and their relations, in a Typic Hapludalf cul-
tivated with sugar cane, using univariate sta-
tistics, multivariate analysis and geostatistics 
techniques.

Materials and methods

The work was carried out in Hacienda Jaçanaú, 
located in the municipality of Maracanaú 
(CE, Brazil), with geographical coordenates 
03º49’88’’ South latitude, 38º38’19’’ West lon-
gitude and a mean altitude of 47 m. According 
to the Köppen classification (1936), the cli-
mate in the region is AW’, hot and humid, with 
temperatures higher than 18 ºC in the coldest 
month, mean precipitation of 1,200 mm, with 
rains concentrated from February to April. The 
relief is soft, undulating, with a slope between 
2 and 5%. The experiment was made in a sugar 
cane commercial area, cultivated more than 20 
years ago, fertirrigated with manual harvest and 
without hey burning during the last five years. 
The soil was classified as Typic Hapludalf of 
sandy texture, with mean contents of 81% of 
sand, 9 % of clay and 10 % of silt.

The samples were collected in points with a reg-
ular distance of 10 m, in a grid of 100 x 100 m, 
in two perpendicular directions between each 
other, with a total of 100 points. Samples in the 
0.0 – 0.20 m layer were collected in each point. 
The pH, organic matter content, P, K, Ca, Mg, 
Na, H+Al and N were determined with these 
samples, following the methodology proposed 
by Raij et al. (2001). P and K were extracted 
by the resin method. P was determined by pho-
tocolorimeter, K and Na by flame emission 
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spectrophotometry. Ca and Mg were extracted 
with solution 1 N of KCl and were determined 
by atomic absorption spectrophotometry. H + 
Al3+ were extracted with calcium acetate at pH 
7. The sum of bases (SB) was determined from 
Ca, Mg and K, which along Al define the capac-
ity of cationic exchange (CEC). The saturation 
by bases (V) was determined based on the rela-
tion between SB and CEC.

Initially, a descriptive data study was made for 
the statistical analysis, calculating mean, me-
dian, minimum and maximum, variation coef-
ficient (CV), and also skewness and kurtosis. 
Therefore, the attribute normality was evalu-
ated, which is not essential, but provides better 
predictions when it is associated to geostatisti-
cal techniques (Diggle and Ribeiro, 2000). The 
Warrick and Nielsen classification (1980) was 
used for the CV analysis, with low variability 
for values lower than 12%, mean between 12 
and 60%, and high for values higher than 60%.

Subsequently, a multivariate analysis was car-
ried out, performing a factor analysis by prin-
cipal components (AFCP) and hierarchical 
cluster (AAH), in order to determine the rela-
tion among the chemical attributes. The corre-
lation matrix was used for this analysis, where 
the data from each attribute were previously 
standardized, with mean 0 and variance 1. For 
AFCP, the Varimax rotation was applied. The 
Euclidian distance was used for AAH, so as to 
separate an attribute cluster into groups, and the 
results were represented graphically (dendro-
gram) in order to facilitate the identification of 
the groups formed by the attributes analyzed, 
using the Ward algorithm (Manly, 1997). The 
analysis of descriptive statistics and multivari-
ate analysis were made with the program SPSS 
v.17.

The theory of regionalized variables was con-
sidered for the experimental semivariograms 
fit to theoretical models (Vieira, 2000). These 
models were estimated by the program GS+ 
v.7 (Robertson, 1998), which adopts the high-
est value of the determination coefficient (R2), 
the lower residual sum of squares (SQR) and the 
closest value to one of the correlation coefficient 
obtained by the method of cross-validation (CV) 

as criteria for the model selection. The predic-
tion in unsampled zones from each attribute by 
ordinary kriging was obtained by the resulting 
models, represented in contour maps, using 
the program Surfer v.7 (Golden Software Inc., 
1999). The correlation among the soil attributes 
was verified along the maps and the Pearson 
Linear Correlation Analysis. The classification 
of the degree of spatial dependence (GDE) was 
made based on the relation between the nug-
get effect and sill (C/Co+C), assigning strong 
for GDE higher than 75%, moderate for GDE 
between 25 and 75% and low for GDE smaller 
than 25% (Cambardella et al., 1994). 

Results and discussion 

The results obtained from the descriptive analy-
sis showed that the attributes are close to the 
normal distribution, as the similar values of the 
media and the median for each attribute indi-
cated, in addition to the values close to zero of 
skewness and kurtosis, which was also verified 
by the Kolmogorov-Smirnov normality test (Ta-
ble 1). The fit for normality for these attributes, 
in different soil types, is reported by various au-
thors (Silva et al., 2001; Yemefack et al., 2005; 
Camacho-Tamayo et al., 2008).

Phosphorous was the only attribute that was not 
close to normal distribution, with distant media 
and median values, in addition to presenting a 
significant normality test. According to Cama-
cho-Tamayo et al. (2008), this behavior with 
higher values than the natural soil contents and 
high variability shown by maximum and mini-
mum values, is due to the distribution of this 
agricultural input through the years, modifying 
soil contents, especially on the surface, because 
of the scarce mobility and solubility of this ele-
ment. According to Cressie (1993), it is conve-
nient to verify that not very long tails are pres-
ent in the normal distribution, more than in nor-
mality, in order to avoid a result compromise, 
especially when kriging is performed using 
estimations based on mean values (Warrick and 
Nielsen, 1980). Another important fact is the oc-
currence of the proportional effect between the 
mean and the data variance, across a surface, 
which allows estimating well defined sill in the 
semivariograms.
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pH, saturation by bases and the Na and N 
contents presented low variability, following 
the CV classification by Warrick and Nielsen 
(1980). The other attributes presented mean 
variability, where the highest value of the CV 
of the P outstands. This variability observed in 
the attributes has been reported by different au-
thors (Silva and Chaves, 2001; Yemefack et al., 
2005; Camacho-Tamayo et al., 2008), who also 
emphasized the behavior of P, element that is 
distributed superficially or incorporated in the 
first centimeters of soil.

It was observed that the attributes formed two 
groups in the factor analysis by principal com-
ponents. The first group is formed by pH, H+Al, 
MO, P and Mg. The second group is formed by 
N, Na, K, SB and CEC (Figure 1). It is evident 
that the Na and K contents presented a higher 
influence on the SB and CEC behavior, com-
pared to the other cations (Figure 1). The attri-
butes Ca and V were presented isolated; the ex-
changeable acidity presented an inverse relation 
with the bases saturation, and the pH did with 
the sum of bases.

The first four components were considered in 
the factors analysis, with eigenvalues higher 
than one, which in this case, showed an accept-
able interval (Kaiser and Rice, 1974). These 
principal components explain approximately 
75% of the total variance (Table 2). It was ob-
served that the lowest communality values were 

P, MO and N, indicating that these attributes 
are slightly representative in the principal com-
ponents analyzed. PC1 represented 32.43% of 
the total variance influenced by the attributes 
Na, K, SB and CEC, showing a strong relation 
among these attributes, in addition to an inverse 
correlation with pH. PC2 represented 21.58% 
of the total variance, evidencing an increasing 
influence of H+Al and SB, attributes that are in-
versely correlated, as observed in Figure 1. PC3 
represented 11.29% of the total variance, show-
ing the correlation existing between pH and 
Mg, possibly due to the superficial distribution 
of dolomite lime (30.4% of CaO and 21.95% of 
MgO). PC4 presented 9.50% of the total vari-
ance, revealing Ca as the attribute better ex-
plaining the behavior of this component.
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Figure 1. Factor analysis of principal components of 
chemical attributes with Varimax rotation for the first two 
components.

Table 1. Descriptive statistics of the attributes pH, Ca, Na, K, Mg, sum of bases (SB), exchangeable acidity (H + Al), P, 
cation exchange capacity (CEC), base saturation (V), organic matter ( OM) and N.

Attribute Mean Median CV Minimum Maximum Skewness Kurtosis K-S

pH (KCl)  5.47 5.40   5.59 4.70 6.30 0.17   0.13 ns

Ca, cmolc∙dm-3 1.11 1.00 32.64 0.30 2.00 0.14 -0.16 ns

Na, cmolc dm-3 0.96 1.00   9.87 0.80 1.10 0.02 -0.9 ns

K, cmolc dm-3 2.60 2.60 23.47 1.20 3.90 0.23 -0.59 ns

Mg, cmolc dm-3 0.70 0.65 42.98 0.10 1.40 0.3 -0.74 ns

SB, cmolc dm-3 5.39 5.30 14.77 3.70 7.30 0.18 -0.63 ns

H+Al, cmolc dm-3 1.61 1.65 29.47 0.66 2.81 0.56 0.03 ns

P, mg dm-3          49.00 43.17 43.63     13.12     98.19 0.63 -0.54 *

CEC, cmolc dm-3 7.08 6.95 15.46 4.86 9.74 0.52 -0.05 ns

V,  %     77.32     76.92   6.77     64.03 87.16 -0.13 -0.66 ns

OM, g kg-1 9.18 9.31 18.47 6.18 13.47 0.02 -0.36 ns

N, g kg-1 0.82 0.81 10.69 0.67 1.02 0.17 -0.76 ns

CV: coefficient of variation; K-S: Kolmogorov-Smirnov test (P=0.05) (*) significant and (ns): no significant.
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The analysis of hyerarchical cluster identified 
two groups, similar to the groups found in the 
factor analysis. The first group is related to the 
presence of cations, formed by CEC, SB, K, Na, 
V, N and Ca. The second group is composed 
mainly by attributes helping the description of 
soil acidity, formed by P, MO, H+Al, Mg and 
pH. The strong influence that K in SB presented 
in this soil was also verified, as well as in CEC, 
along with Na, where these attributes formed a 
subgroup. Likewise, the influence of Mg on the 
pH behavior was confirmed.

The results of the theoretical model fit of isotro-
pic semivariograms showed that the predominant 
model was spherical, followed by the exponential 
and Gaussian models (Table 3). The pH was the 
only attribute that presented an undefined spatial 
dependence, as the distribution of this attribute in 
soil is randomized, presenting a pure nugget effect 
(EPP). The determination coefficient (R2) was al-
ways higher than 0.80 for the attributes presenting 
spatial dependence, where Mg, H+Al, P, MO and 
N were the attributes showing the best fit. These 
R2 values, along the cross validation for all the at-
tributes, indicate adequate data reliability. Studies 
developed by different authors obtained theoreti-
cal semivariograms models fitting for chemical 
attributes (Silva and Chaves, 2001; Gallardo and 
Paramá, 2007 and Camacho-Tamayo et al., 2008).

Table 2. Coefficients of the first four components of the attributes pH, Ca, Na, K, Mg, sum of bases (SB), exchangeable 
acidity (H + Al), P, cation exchange capacity (CEC), base saturation (V), organic matter (OM) and N.

Attribute PC1 PC2 PC3 PC4 Communality

pH (KCl) -0.022 -0.154  0.821 0.240 0.756

Ca 0.354 -0.080  0.035 0.842 0.842

Na 0.738 -0.100 -0.061 -0.137 0.577

K 0.901 -0.103 -0.195 0.001 0.861

Mg 0.062 0.271  0.703 -0.538 0.862

SB 0.950 -0.034  0.109 0.210 0.960

H + Al 0.219 0.926  0.012 -0.045 0.908

P 0.161 0.075 -0.268 -0.483 0.336

CEC 0.845 0.449  0.090 0.138 0.942

V 0.225 -0.911  0.040 0.112 0.894

OM 0.169 0.686  0.077 -0.030 0.506

N 0.623 0.248  0.133 0.254 0.532

Eigenvalue 3.891 2.590  1.355 1.140

Total Variance, % 32.43 21.58  11.29 9.50

Cumulative variance, % 32.43 54.01  65.30 74.80

Loading factors higher than 0.7 (absolute value) are shown in italic. 

The attributes K, H+Al and MO presented the 
highest ranges, with distances higher than 80 m 
and a mean dependence degree. Lower ranges 
were found for SB, Ca and Na. Most of the at-
tributes presented a moderate GDE, except SB, 
P and V, which presented a strong GDE; these 
attributes were fitted to theoretical exponential 
models.

Phosphorous was the only attribute presenting 
non significant correlations with the other at-
tributes (Table 4), showing an inverse correla-
tion of this attribute with pH, which indicates 
that the higher pH, the lower the P presence. 
However, it is observed a positive correlation 
between phosphorous and MO. A contrary 
situation was observed for CEC that present-
ed the largest cluster of significant correla-
tions with the other attributes, especially with 
SB. The pH presented a significant and posi-
tive correlation with Mg and Ca, which was 
stronger with Mg, as also observed in the hi-
erarchical cluster. An inverse correlation was 
observed between pH and K, P, exchangeable 
acidity and MO.

The strong influence of K on SB and CEC is 
also confirmed by the high positive correlation 
among these attributes, which was verified by 
the factor analysis (Figure 1) and the hierarchi-
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Table 3. Parameters of semivariogram models for pH, Ca, Na, K, Mg, sum of bases (SB), exchangeable acidity (H + Al), 
P, cation exchange capacity (CEC), base saturation (V), organic matter (OM) and N.

Attribute Model Co Co + C Range, m C/Co + C R2 VC

pH (KCl) PPE 0.094 0.094 ND 0 0 0.430

Ca Spherical 0.027 0.074 39.10 0.637 0.83 0.93

Na Spherical 0.004 0.014 43.30 0.741 0.84 0.90

K Spherical 0.200 0.402 92.40 0.502 0.94 1.05

Mg Spherical 0.030 0.103 64.70 0.708 0.99 0.99

SB Exponential 0.096 0.688 42.60 0.860 0.87 0.96

H + Al Gaussian 0.108 0.312 86.60 0.654 0.99 1.00

P Exponential 43.500 283.00 56.10 0.846 0.99 0.91

CEC Spherical 0.466 0.963 72.00 0.516 0.95 1.00

V Exponential 5.710 31.040 79.50 0.974 0.82 0.94

OM Gaussian 0.870 2.968 82.97 0.707 0.98 1.05

N Spherical 0.003 0.006 63.9 0.556 0.96 0.99

PPE: pure nugget effect; VC: cross validation coefficient; ND: Not defined. 

Table 4. Pearson correlation of the attributes pH, Ca, Na, K, Mg, sum of bases (SB), exchangeable acidity (H + Al), P, 
cation exchange capacity (CEC), base saturation (V), organic matter (OM) and N.

pH Ca Na K Mg SB H+Al P CEC V OM

Ca  0.216* 1

Na -0.030   0.086 1

K -0.120   0.235*  0.584** 1

Mg  0.237* -0.366** -0.047 -0.145 1

SB  0.096  0.547**  0.586**  0.872**  0.053 1

H+Al -0.094 -0.073  0.110  0.153  0.263** 0.181 1

P -0.166 -0.135 -0.005  0.094  0.054 0.020  0.052 1

CEC  0.026  0.384**  0.508**  0.751**  0.175 0.863**  0.652**  0.042 1

V  0.106  0.293**  0.167  0.250* -0.203* 0.279** -0.879** -0.06 -0.236* 1

OM -0.109  0.043  0.069 -0.021  0.281** 0.111  0.495**  0.170 0.340** -0.399** 1

N  0.039  0.407**  0.339**  0.405**  0.092 0.571**  0.232*  0.077 0.559**  0.02 0.384**

*P ≤ 0.05; ** P ≤ 0.01.

cal cluster analysis (Figure 2). This influence is 
also observed in the contour maps (Figures 3 
and 4), where areas with high K content corre-
spond to zones with higher CEC and SB val-
ues. In the same way, the similarity observed 
between MO and the exchangeable acidity in 

the hierarchical cluster analysis is confirmed by 
the positive correlation among these attributes, 
in addition to the similarity among the contour 
maps obtained by kriging. The influence of Ca 
on SB is also verified, where Mg is the cation 
with lower influence on SB and CEC.
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Figure 2. Dendrogram resulting from cluster analysis, 
showing the formation of attributes groups for pH, Ca, Na, 
K, Mg, sum of bases (SB), exchangeable acidity (H + Al), 
P, cation exchange capacity (CEC), bases saturation (V), 
organic matter (OM) and N.

The resulting contour maps confirmed the re-
lation among the different attributes (Figures 3 

and 4), as well as the variability existing in the 
soil, which indicates that a future application 
using variable rate techniques of different fer-
tilizers and amendments, based on the require-
ments of the crop, is a convenient way to im-
prove their use, as well as to diminish produc-
tion costs and environmental impact, due to the 
excesses or deficiencies on the input distribution 
when conventionally distributed on the soil with 
a uniform rate.

The different attributes presented low or mean 
variability, where pH was the only attribute that 
did not show spatial dependence. The other at-
tributes studied presented spatial dependence, 
identifying different zones using the elaboration 
of contour maps, which are basic for the specific 
management of agricultural input distributions, 
especially fertilizers.

Figure 3. Contour maps obtained by kriging for Ca (A), Na (B), K (C), Mg 
(D), H+Al (E) and P (F).
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The use of different statistical tools helped 
identify the spatial soil variability, as well 
as in the comprehension and determination 
of the different relations among attributes 
characterizing the soil, techniques that may 
help in decision making for a better organi-
zation and control of agricultural produc-
tion.
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Resumen

J. Silva Cruz, R. N. de Assis Júnior, S. S. Rocha Matias y J. Camacho-Tamayo. 2011. 
Variabilidad espacial de un Alfisol cultivado con caña de azúcar. Cien. Inv. Agr. 38(1): 
155-164. La variabilidad del suelo ocurre debido a factores que actúan en varias escalas 
espaciales y temporales, naturales o antrópicas. El objetivo del presente estudio fue evaluar 
la variabilidad espacial y la relación de algunos atributos químicos, mediante diferentes 
técnicas estadísticas. El trabajo fue realizado en el municipio de Maracanaú (CE, Brasil), 
en área comercial de caña de azúcar, en un Typic Hapludalfs. Se tomaron muestras de suelo 
cada 10 m, en una malla regular de 100 m x 100 m, en una capa entre 0 y 0,20 m, para la 
determinación de acidez intercambiable, pH (KCl), Ca, Na, K, Mg, P, N, suma de bases, 
capacidad de intercambio catiónica, saturación de bases y materia orgánica. Los datos fueron 
analizados mediante estadística descriptiva, multivariada y, geoestadística e interpolación por 
kriging ordinario. Los atributos presentaron variabilidad baja o media, donde el pH fue el único 
atributo que no presentó dependencia espacial. Las diferentes técnicas estadísticas ayudaron a 
caracterizar la variabilidad espacial del suelo y la identificación de las diferentes relaciones entre 
atributos, cuyos resultados permiten una mejor planeación y control en la producción agrícola, 
especialmente en la realización de prácticas de manejo localizado de insumos agrícolas.

Palabras clave: Geoestadística, componentes principales, agrupamiento jerárquico.
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