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Abstract 

Sugarcane cultivation has expanded in areas previously occupied by degraded pastures. In the first years of 
cultivation, besides the physical and chemical restrictions of the soils, other factors can make impossible the 
maximum productive expression of the crop, like the climatic and edaphic factors. The objective of this work 
was to evaluate the ideal sampling density and spatial variability of the physical and chemical attributes of soils 
cultivated with sugarcane. Georeferenced data provided by the Sugarcane Technology Center (STC) of an area of 
approximately 19,000 hectares located in the northwest region of São Paulo were evaluated. The granulometric 
fractions of the soils and organic matter contents and base saturation were determined at depths of 0.00-0.25 and 
0.25-0.50 m. An index named edaphic environment (ENV) was calculated based on the records of rainfall of the 
areas and the productivity of the sugarcane, being represented with aptitude scores ranging from 0 (worst 
condition) to 10 (best condition). The results showed a strong correlation between clay and organic matter 
attributes with ENV index. Regions with aptitude ≥ 6.65 of ENV index corresponded to sites with clay (CL) and 
organic matter (OM) content above 335 g kg-1 and 30 g kg-3, respectively. Only 10.86% of the area presented 
base saturation (V%) concentration ≥ 68%, correlating positively with CL and ENV. Through the scaled 
semivariogram it was possible to verify that a density of sampling of a sample to each 18 ha can be used for a 
mapping in macroscale of the evaluated attributes in the northwest region of the state of São Paulo.  

Keywords: geostatistics, spatial variability, production environments, Saccharum spp.  

1. Introduction 

Brazil is among the countries designed to meet the growing demand for food and biofuels in the next four 
decades (Strassburg et al., 2014). Among the segments of its economy, the production of sugarcane has a 
relevant socioeconomic role, due to the production of ethanol, as a source of renewable energy, and in natura, for 
animal feed and sugar and alcohol manufacture.  

It is estimated that ethanol production from sugarcane increases from 21 to 61.6 billion liters by 2021, 
consequently, 6.4 million hectares of planted area will be needed to meet this demand (Goldemberg et al., 2014). 
Currently, the state of São Paulo is the largest Brazilian producer, with 4558.6 thousand hectares of planted area 
and average productivity of 77,268 kg ha-1 (CONAB, 2017).  

The expansion of this crop in recent years has occurred mainly in the northwest region of the state, where small 
rural properties are leased by sugar and alcohol mills in the region. Such a condition can be justified by the 
inefficiency in the income transformation of small farmers who practice extensive livestock farming. The poor 
management of livestock and the low natural fertility of soils do not favor the maximum productive expression 
of the pastures, which directly infers in the erosive process of the soil that culminates with the degradation 
(Garbiate et al., 2011). This situation reinforces the need to adopt specific management practices for the 
production of sugarcane in these areas (Crusciol et al., 2014).  
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The exponential (Equation 2), spherical (Equation 3) and Gaussian (Equation 4) semivariogram models were 
tested, and the selection criteria were: a) the smallest sum of the squares of the deviations (SQD); b) the highest 
spatial dependence coefficient (R2) and c) the highest spatial dependence degree. The final decision of the 
adjustment model to be considered was based on the cross-validation of the data observed and estimated by the 
model, as well as the definition of the neighborhood size of points that would provide the best interpolation for 
ordinary kriging. The analysis of the Spatial Dependence Evaluator (SDE) and its classification was performed 
according to Montanari et al. (2010).  

γ̂ሺhሻ = C0 + C ቄ1 –	exp ቂ-3 ቀ h

A0
ቁቃቅ ;	h	>	0                         (2) 

γ̂ሺhሻ = C0 + C ൤3

2
ቀ h

A0
ቁ  – 

1

2
ቀ h

A0
ቁ3൨ ; 0 ≤ h ≤ A0 then γ̂ሺhሻ = C0 + C; h ≥	A0            (3) 

γ̂ሺhሻ = C0 + C ቄ1 –	exp ቂ-3 ቀ௛2

A0
ቁቃቅ ;	0 < h < d                        (4) 

where, γ (h) is the estimated semivariance; C0 is the pure nugget effect; C is the contribution of semivariance; A0 
is the range (m) and h is the distance vector (m); d corresponds to the maximum distance analyzed.  

The theoretical semivariograms were scaled by dividing the semivariance by statistical variance (Ceddia et al., 
2009; Comegna & Basile, 1994; Ferreyra et al., 2002; Vieira et al., 1981). The choice of the scaled 
semivariogram model that best fit the data was based on the higher R2 and the smaller sum of squares of the 
residues, generated from the observed and estimated data, besides the practical knowledge of the behavior of the 
assessed attributes. Subsequently the scaled semivariogram served as the basis for calculating the minimum 
number of soil samples (Oliveira et al., 2014, 2015), according to Equation 5:  

N	=	 α
A0

2/10000
                                     (5) 

where, N is the minimum number of samples required for the determination of a sampling mesh in an area α 
(ha). 

3. Results and Discussion 

The results showed a high variability of the silt (ST) and clay (CL) in both layers evaluated, with coefficients of 
variation (CV) above 45% (Table 1). These CV values can be justified by the diversity of soil classes and their 
particle size distribution present in the northwest region of São Paulo (IPT, 1981). CL ranged from 30 to 730 g 
kg-1 and ST from 10 to 380 g kg-1, considering the two evaluated layers (Table 1).  

 

Table 1. Descriptive analysis of the production environment for the sugarcane crop and the soil attributes 
analyzed in the 0 to 0.25 and 0.25 to 0.50 m 

Atributtes Average Median 
Value 

SD 
Coefficient 

Maximum Minimum Var. Kurtosis Asym. 

Soil depth 0.00-0.25 m 
CL1 (g kg-1) 713 749 915 190 125 17.6 2.62 -1.58 
ST1 (g kg-1) 89 81 380 10 45 50.5 5.69 1.66 
SD1 (g kg-1) 199 180 650 30 102 51.5 2.45 1.46 
OM1 (g kg-1) 20 18 81 5 8 41.7 5.84 1.72 
V%1 60 61 94 15 16 26.0 -0.56 -0.20 

Soil depth 0.25-0.50 m 
CL2 (g kg-1) 671 706 877 110 134 20.0 1.87 -1.39 
ST2 (g kg-1) 89 83 282 10 40 45.2 2.16 1.08 
SD2 (g kg-1) 241 215 730 26 118 59.0 1.96 1.33 
OM2 (g kg-1) 13 12 40 4 5 37.2 2.69 1.34 
V%2 56 57 90 9 16 28.9 -0.44 -0.25 

Edaphic environment 
ENV 5.3 5.0 9.0 1.0 1.8 34.2 0.14 0.33 

Note. ENV, SD, ST, CL, OM and V% are respectively the production environment, sand, silt, clay, organic 
matter and base saturation values in the 0.00-0.25 m layer when followed by the number 1 and in the layer 
0.25-0.50 m when followed by the number 2; SD, Var. and Assm. are respectively the standatd deviation and 
coefficients of variation (%) and asymmetry.  
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Soil organic matter (OM) was classified as medium in the superficial layer 0-0.25 m (20 g kg-1), and low in the 
sub-superficial layer 0.25-0.50 m (13 g kg-1) (Table 1). Although these values are unsatisfactory for sugarcane 
cultivation, the respective CVs of 41.7% and 37.2% indicated the existence of sites with values up to 81 g kg-1, 
which are classified as very high. The mechanized harvesting of sugarcane provides great deposition of residues 
on the soil surface, however, Segnini et al. (2013) reported in their studies that the incorporation of straw in the 
conventional soil preparation does not improve the accumulation of OM, as well as the carbon stocks and its 
quality. Therefore, conventional management may not be feasible for the maintenance of OM in the superficial 
layers of the soil, causing high spatial variability.  

The sand (SD) and base saturation (V%) contents presented low CV values in comparison to the other attributes, 
classified as medium < 35% (Table 1). The mean V% was 60% in the 0-0.25 layer and 56% in the 0.25-0.50 m 
layer, indicating soil profiles with constructed fertility.  

In the overall mean, the ENV index was 5.3 and its CV was classified as medium 34%. According to the STC 
classification methodology, the region would be classified as production environment “C” for sugarcane 
cultivation, however, it can be inferred the existence of sites with index 1 and 9 according to minimum and 
maximum values (Table 1). It is evident the existence of sites with production environments “A” and “E” and a 
local investigation is necessary in order to identify the limiting factors of production, thus defining specific 
management zones.  

All attributes presented average values close to the median, however, only ENV index, V%1 and V%2 presented 
values of asymmetry and kurtosis close to zero, being considered the only attributes with symmetric frequency 
distributions (Table 1). 

Significant linear correlations of the ENV index with all attributes were observed, being positive with the 
contents of ST, CL, OM, V%, and negative with SD (Table 2). Among the coefficients obtained, there was a 
moderate correlation between the CL content and the ENV index in both evaluated layers, being, therefore, the 
attribute that most influenced the edaphic environment. It is understood that the CL content is directly linked to 
the inputs of OM and V%, in which the agricultural suitability of the soils favors the use of high technological 
level in the cultivation of sugarcane. This can be proved by the positive correlations between CL × OM and V%, 
in which coefficients of 0.52** and 0.26** in the 0-0.25 m layer, and 0.41** and 0.30** in the layer of 0.25-0.50 
m, respectively, were found (Table 2).  

 

Table 2. Pearson correlation matrix and respective coefficients between production environment for sugarcane 
and soil attributes analyzed 

Atributtes ENV SD1 ST1 CL1 OM1 

Soil depth 0.00-0.25 m 

SD1 -0.67**     

ST1 0.42** -0.65**    

CL1 0.64** -0.94** 0.36**   

OM1 0.43** -0.62** 0.54** 0.52**  

V%1 0.40** -0.32** 0.30** 0.26** 0.44** 

Atributtes ENV SD2 ST2 CL2 OM2 

Soil depth 0.25-0.50 m 

SD2 -0.68**     

ST2 0.37** -0.53**    

CL2 0.65** -0.96** 0.27**   

OM2 0.38** -0.46** 0.32** 0.41**  

V%2 0.55** -0.35** 0.27** 0.30** 0.32** 

Note. ENV, SD, ST, CL, OM and V% are respectively the production environment, sand, silt, clay, organic 
matter and base saturation values in the 0.00-0.25 m layer when followed by the number 1 and in the layer 
0.25-0.50 m when followed by the number 2; ** significant at 1% probability.  

 

As for the SD content, this was negatively correlated with all attributes. It is understood that SD is related to 
lower water retention (Zhao et al., 2010) and low soil fertility (Souza et al., 2010), consequently lower 
availability of nutrients to the plants, not favoring the supply of soil OM. Souza et al. (2010), found low 



jas.ccsenet.

coefficient
in an Argi
due to the 
that the EN
was due to

According
to the exp
moderate f
a represen
semivarian
distances, 
obtained a
municipali
between p

 

Figure 3. 
and SD

S
em

iv
ar

ia
n

ce
 (
γ)

 

org 

ts of linear cor
isol. The autho
low input of o

NV index was
o SD content, w

g to the geostat
ponential and s
for CL1, CL2,
ntativity of 5
nce (C0 + C). T
showing that 
a high C0 for
ity of Angatub
oints in the sam

Simple semiva
D2), silt (ST1 

rrelation of the
ors attributed t
organic matter
s strongly infl
where -0.67** 

tistical analysi
spherical mod
 SD1, SD2, ST
0.02% to 75.
The high value
the spatial dis
r the semivar
ba, São Paulo.
mpling grid, w

ariograms and 
and ST2), org

enviro

Journal of A

e attributes OM
this fact to the
r in the 0.20-0
uenced by soi
in the layer of

is, all variables
els (Figure 3)
T1, ST2, OM1
.84% of the 
es of C0 can b
tribution of at

riograms of c
. The authors 

which made it i

their respectiv
anic matter (O
onment of pro

Agricultural Sci

320 

M and V% wi
e points sampl

0.40 m layer of
il SD content. 
f 0.00-0.25 and

s presented spa
. The spatial d

1, OM2, V%2,
nugget effect
e justified by t

ttributes is esse
lay and total 
consider that 

impossible to d

ve parameters 
OM1 and OM2

duction of sug

Distance (m)

ience

ith the product
led at lower a
f the soil. In th
The highest n

d -0.68** in th

atial dependen
dependence ev
 ENV index at
t (C0) in the 
the similarity b
entially homog

sand content
this behavior 

detect lower va

of the clay con
), saturation by

garcane (ENV)

tivity of the su
altitude (< 518
he present stud
negative corre
he layer of 0.20

nce with semiv
valuator (SDE
ttributes, and h

definition of
between point
geneous. Vieir
ts, evaluating 
is due to the 

ariability patte

ntents (CL1 an
y bases (V%1 
) 

Vol. 10, No. 9;

ugarcane cultiv
.21 m), which
dy, it was obse
elation of the i
0-0.50 m (Tabl

variograms adju
E) was classifie
high for V%1,
f the threshol
ts observed at 
ra et al. (2011)

an Oxisol o
minimum dist

erns. 

 

nd CL2) sand (
and V%2) and

2018 

vated 
h was 
erved 
index 
le 2). 

usted 
ed as 
with 

ld of 
short 
) also 
f the 
tance 

SD1 
d 



jas.ccsenet.

The semiv
semivariog
m) present
semivarian
fertility ma

In this reg
occurs in t
of 20 sam
base satur
semivariog
convention

In relation
(Figure 3)
deviate fro

Based on 
physical an
was justifi
model (Fig
ST1, ST2,
for A0 of S

The fit of t
zero (Figu
which the
physical an

 

Figure 4.

 

The minim
this study
representa
(2015), ev
densities o
Peripheral
attributed 

From the k
represente
and 50.43
municipali

org 

variance stabili
grams (Trevisa
ted ranges abo
nce structure a
anagement use

gion of the São
total area, and

mples randomly
ration does no
gram, it was 
nal sampling o

n to the 0.25-0.
. The soil phy

om that observ

the scaled se
nd chemical at
ied by the low
gure 4). This 
 SD1, SD2, O

SD1, SD2, ST1

the exponentia
ure 4). Similar
y obtained ex
nd chemical at

. Scaled semiv
soi

mum number o
y was a samp
ative of an area
valuating the l
of sampling, m
 Depression, a
especially to g

kriging maps, 
d by classes a

3% of the are
ities of Ilha 

izes when the 
an et al., 2017)
ove 11550 m, e
at short distanc
ed in the sugar

o Paulo state, s
d the amount u
y collected in 
ot present hig
verified that t

of the soil is no

50 m soil laye
ysical and ferti
ved in the soil s

emivariogram,
ttributes and th

w contribution 
SDE characte
M1 and V%2.

1, OM1 and EN

al model was s
r results were 
xponential sca
ttributes of the

variogram and 
il in the 0-0.50

of samples calc
le for each 1

a cultivated wit
levels of alum
much higher th
a sample in 44
geology, the sh

it was observe
above 372 g kg
ea, respective
Solteira, Itap

Journal of A

threshold is r
). It was obser
except for CL1
ces, between 32
rcane cultivatio

soil pH correct
usually applied
an area of hom
gh variability 
there is no sp
ot appropriate, 

er, A0 was foun
ility condition
superficial laye

 exponential 
he ENV index 
of the structu

eristic in the s
. The semivari
NV index (Fig

satisfactory, wi
obtained by O

aled semivario
e São Paulo sta

their respectiv
0 m layer and e

culated to dete
18.12 ha. This
th sugarcane, t

minum and mic
han the presen
4,083 ha and, 

hape of the land

ed that the hig
g-1 for CL1 an

ely (Figures 5
pura and wes

Agricultural Sci

321 

reached, thereb
rved that the so
1 and V%1 att
240 and 6930 
on.  

tion through ag
d is based on a
mogeneous gra
in crop areas

patial depende
requiring a gr

nd between 863
n in this layer 
er.  

behavior was 
 (Figures 3 an

ural semivarian
caled semivar
iance was stab

gure 3). 

ith coefficient 
Oleiveira et al
ograms with R
ate.  

ve parameters f
environment of

ermine the spa
s sample mus
theoretically h
cronutrients in
nt study. In Cu
Atlantic plate

dscape and the

ghest CL conte
nd 335 g kg-1

5A ans 5B). 
st of Pereira 

ience

by defining th
oil attributes o
tributes (Figur
m, due to the 

gricultural cor
a soil analysis 
anulometry). T
s. Different fr
ence above 32
reater level of d

30 and 8970 m
was more hom

observed, be
d 4). The low 

nce and the hig
riogram was p
bilized at 10322

of determinati
l. (2015) and 
R2 between 0.

for the physica
f production o

atial variability
st be compose
homogeneous o
n soils of the 
uesta basaltic 

eau, a sample 
e intensity of th

ents occurred n
for CL2, in w
The contours 
Barreto, in w

e range (A0) o
of the superfici
re 3). These att
textural variat

rrectives, e.g., 
from a single 
Thus, it is pre
from that obse
240 m, which
details (Figure

m, for CL2 and
mogeneous, ho

eing similar to
spatial depend
gh nugget effe

possibly inheri
2 m, close to t

ion (R2) of 0.7
Marques Júnio
50 and 0.91, 

  
al and chemica
f sugarcane 

y of the invest
ed of 20 or m
of 18.12 ha. M
São Paulo sta
regions, a sam
in 43,448 ha. 
he weathering 

near the Paran
which they corr

of these cla
which they h

Vol. 10, No. 9;

of the experim
ial layer (0.00
tributes tended
tion of soils an

calcium carbo
sample (comp
supposing tha
erved in the 

h indicates tha
e 3).  

d V%2, respect
owever, it doe

o most of the
dence, SDE > 4
ect in the fit o
ited from attrib
the ranges obta

70 and SSE clo
or et al. (2015
working with

al attributes of 

tigated attribut
more sub-sam

Marques Júnior 
ate, found diff
mple in 50,09
Such variabil
of these sites.

á and Tietê Ri
responded to 1

asses comprise
have the litho

2018 

mental 
-0.25 
d to a 
nd the 

onate, 
posed 
t soil 
V%1 

at the 

tively 
s not 

e soil 
46%, 

of the 
butes 
ained 

ose to 
5), in 
h soil 

the 

tes in 
mples, 

et al. 
ferent 
3 ha, 
ity is 
 

ivers, 
12.37 
e the 
ology 



jas.ccsenet.

characteriz
processes 
the “Exper
some place

It is also 
between 1
occurs to a
the CL con

 

Figure 5.
SD2, soil 

org 

zed by basalt 
and formed th
rimental Camp
es with a typic

observed a sp
15 and 43 g k
a lesser extent
ntents in this la

. Kriging maps
organic matte

0.25-

spills occurred
he soils that tod
pus of Ilha So

cal clay dystrop

patial correlati
kg-1 correspond
, the ST conte
ayer were abov

s of clay conte
er (G) OM1 and
-0.50 m layers

Journal of A

d in the Meso
day have a clay
olteira” condu
phic Red Lato

ion between t
d to CL < 272
ents below 107
ve 225 g kg-1.

ent (A) CL1 an
d (H) OM2, an
, and environm

Agricultural Sci

322 

zoic period (IP
yey or very cla

ucted by Dema
sol (Oxisol), r

the classes of 
 g kg-1. In the

7 g kg-1 represe
 

nd (B) CL2, sil
nd base saturat
ment of produc

ience

PT, 1980). Th
ayey texture. In
attê (1980), it 
eaching values

the ST1 and 
e 0.25-0.50 m 
ented the great

lt (C) ST1 and 
tion (I) V%1 a
ction of sugarc

his layer went 
n a detailed su
was observed

s of 620 g kg-1

CL1 maps, in
layer this spat
ter part of the 

(D) ST2, sand
and (J) V%2 in
cane (K) ENV 

Vol. 10, No. 9;

through pedog
urvey of the so
d the occurren
 of clay. 

n which ST l
tial correspond
area, 72.5%, w

d (E) SD1 and 
n the 0.00-0.25

2018 

genic 
ils of 
ce in 

evels 
dence 
while 

 

(F) 
and 



jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 9; 2018 

323 

The highest SD contents occurred near to the dam of the river that cuts the map, represented by classes above 
729 g kg-1 in the 0.00-0.25 m layer and above 675 g kg-1 in the 0.25-0.50 m layer, occupying 34.11% and 42.61% 
of the area, respectively (Figures 5E and 5F). This condition suggests the existence of soils with low agricultural 
ability. Therefore, the contents of CL at these sites do not exceed 180 g kg-1.  

High V% levels occurred in the same region, represented by classes above 68% for V%1 and 64% for V%2, 
corresponding to 10.86% and 19.24% of the total area, respectively (Figures 5I and 5J). These results support the 
linear correlations obtained between V% × CL and OM, which, although weak, between 0.26** and 0.44**, are 
justified by spatial distribution. The V%2 map presented spatial distribution similar to the map of CL2, being 
soils with the best agricultural aptitude (Figures 5B and 5J). 

The spatial distribution of OM indicated levels above 30 g kg-1 for OM1 and 24 g kg-1 for OM2 near the river, 
which corresponded to 25.69% and 5.43% of the area, respectively. The best OM condition was observed at sites 
with CL and V% above 272 g kg-1 and 54% at 0-0.25 m layer, and above 255 g kg-1 and 64% at the 0.25-0.50 m, 
respectively. Corroborating with the results of the linear correlation between OM × V% and CL, indicating that 
the contribution of organic matter is influenced by the clay content and base saturation in the layer of 0.25-0.50 
m. 

The best environments for the sugarcane production were verified in the coastal regions (Figure 5K). It is 
observed by the spatial distribution of the ENV index by highest occurrence of environments “A”, “B” and “C” 
representing 65.83% of the area. In addition, it was verified that 34.17% of the area presented soils with a score 
lower than 5, that is, soils with medium to low production potential classified as “D” to “E” environments.  

In the comparison between ENV index maps and soil attributes, it can be seen that CL, OM and V% levels 
follow the distribution of “A” and “B” environments with grades above 6.65 (Figures 5K, 5B, 5G and 5J). The 
CL content also followed the distribution of the production environments, however in an inverse way, that is, the 
higher the sand content, the worse the production environment. Similar result to the behavior of the simple linear 
correlation matrix (Table 2). Souza et al. (2010) affirm that spatial variability of soil attributes should be taken 
into account in agricultural planning to optimize fertilizer applications and increase sugarcane productivity, thus 
reducing production costs and environmental problems.  

4. Conclusion 

Through the scaled semivariogram it was possible to verify that the sampling density of a sample for each 18 ha 
can be used for a mapping in macroscale in the northwest region of the state of São Paulo. 

The semivariance structures of the soil attributes and index of production environments were better fitted to 
exponential models, with moderate to high spatial dependence classification and ranges up to 13920 m. 

The index based on production environments for sugarcane was positively correlated with the contents of silt, 
clay, organic matter and saturation by bases, and negatively with the sand content. 

The best environments for the production of sugarcane were verified in the coastal regions, due to the higher clay 
content, organic matter and better soil base saturation, considering the two layers evaluated. 

Further sample planning studies should be carried out in other regions and soils with different characteristics 
from those observed in the present study, in order to verify the influence of the spatial variability of the soil 
attributes in the appropriate sample grid size. 
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