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ABSTRACT

Currently, Brazil sells around 300 million dollars per year of peach palms (Bactris gasipaes), wherein this country is responsible 
for being the largest worldwide producer, exporter and consumer. In crop year of 2014, productive components of peach palms 
were analyzed according to soil physical properties in Registro, SP, Brazil. The objectives were to evaluate the variability of the 
soil attributes and define a linear and spatial correlation between the crop productive components and the soil physical properties. 
Geostatistical grid was installed to collect data from soil and plant, with 54 sampling points in a total area of approximately 10,000 
m2. With regard to linear point of view, stem diameter and palm height was explained by direct and exponential potential model, 
which was highly significant due to mechanical resistance to penetration.

Key words: Bactris gasipaes, geoestatistical methods, management, variability

Correlação espacial dos componentes produtivos para cultura                              
da pupunha e alguns atributos físicos de um Cambissolo

RESUMO

Atualmente o Brasil vende cerca de 300 milhões de dólares por ano de pupunha, sendo que este país é responsável por ser o 
maior produtor mundial, exportador e consumidor. No ano-safra de 2014, os componentes produtivos de Bactris gasipaes foram 
analisados de acordo com as propriedades físicas do solo em Registro, SP, Brasil. Com este trabalho, objetivou-se avaliar a 
variabilidade dos atributos de solo e estabelecer uma correlação linear e espacial entre os componentes produtivos da colheita 
e as propriedades físicas do solo. Malha geoestatística foi instalada para coletar dados de solo e na planta, com 54 pontos de 
amostragem, em uma área total de aproximadamente 10.000 m2. Quanto ao ponto de vista linear, diâmetro do caule e altura de 
palma foi explicada pelo modelo potencial direto e exponencial, o que foi altamente significativa, devido à resistência mecânica 
à penetração. 

Palavras-chave: Bactris gasipaes, métodos geoestatísticos, manejo, variabilidade
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Introduction
Currenntly, Brazil sells around 300 million dollars per year 

of peach palms, this country is responsible for being the largest 
worldwide producer, exporter and consumer. In this context, 
Southeast Brazil has the largest cultivated and harvested palm 
area (around 40 %). Additionally, São Paulo State stands out 
as one of the largest Brazilian producers of peach palm with 
8,580 ha planted and 3,120 ha harvested areas, and production 
of 9,220 Mg, mainly in Ribeira Valley region, which includes 
the cities of Registro, Iguape, Sete Barras, Jacupiranga, Cajati 
e Juquiá (IBGE, 2009).

Peach palm (Bactris gasipaes Kunth) farming for palm heart 
production has attracted interest since the 70s, as a new option 
for replacing Euterpe spp., which is traditionally exploited 
by extractivism. Given the agronomic, ecological, industrial 
and commercial qualities, peach palm stands out for having 
strong social and environmental impact, presenting itself as an 
alternative for small farmers (Trintinalio et al., 2005).

Since it is a perennial crop, palm is a quite demanding crop 
for soil attributes. In addition, it demands high water amount, 
so irrigation use becomes essential when are grown in areas 
with water shortage. However, the crop does not support poorly 
drained soils or problems with anoxia (Falcão et al., 1998).

Soil physical structure is an important factor involved in 
peach palm formation and establishment. Changes evidenced 
in physical attributes affect water, air, nutrient and root 
movements throughout soil profile (Cavallini et al., 2010). 
Therefore, soil management becomes an essential tool to be 
used in search for sustainable activities (Casalinho & Martins, 
2004).

Thus, studying variability of soil physical properties is 
important to establish precision agriculture, in which specific 
local management is performed (Montanari et al., 2010). At 
this stage, semivariogram use allows great land drawings with 
intention to adopt variability in spatial scales. One way to 
solve these problems would be to use geostatistical methods to 
evaluate spatial variability of soil physical capacity (Cavallini 
et al., 2010).

With an indicator of soil physical quality that could 
represent possible causes of low yield of cultivations in 
Registro, São Paulo State, Brazil, the objective of this study 
was: a) analyze variability of these attributes; b) define a linear 
and spatial correlation between productive components of 
peach palm and soil physical properties.

Materials and Methods
Experiment was conducted at the Education, Research and 

Extension Farm of the College of Engineering in Registro city 
(SP), Brazil. The coordinates are 24º 32' 08'' South and 47º 51' 
55'' West, with average annual rainfall of 1,500 mm, and annual 
temperature of 21.1 °C. The climate is classified according to 
Köppen-Geiger as Af type, characterized by tropical without 
dry season.

Soil characterization is defined as plain and river terraces 
of Iguape River basin, described as flat lands on low stream 
and / or tectonic depression of the river region of modern 

sediments in clayey alluvial soils of Eutrochrept eutrophic type 
areas upstream and hydromorphic soils on lowland (Embrapa, 
2013).

Soil preparation was accomplished by the following 
activities: subsoiling on January 9, 2012; harrowing on January 
19, 2012; and soil correction on January 20, 2012 with 1.5 t ha-

1, and then applied a dozer disc harrowing.
Seedlings were planted on January 24, 2012, at the 

Experimental Campus of UNESP-SP, and, plant and soil 
collection were performed on April 25, 2014. Time-of-planting 
fertilization was performed with 150 g NPK (4-14-08) per 
plant and maintenance made in accordance with soil analysis. 
Afterwards, in the first year after planting, topdressing 
fertilization was performed with 60 kg ha-1 N; 30 kg ha-1 P2O5 
and 40 kg ha-1 K2O + 1250 kg ha-1 FTE (Fritted Trace Elements) 
banana (Ca 7 %, S 5.7 %, B 1 %, Cu 1 %, Mn 1 %, Mo 0.1 
% and Zn 18 %), which were applied on plant surrounding. 
Subsequently, in the second year, an amount of 100 kg ha-1 N, 
50 P2O5 and 60 K2O + 100 kg ha-1 FTE banana and 1000 kg ha-1 
limestone was applied.

Plant spacing used for experiment installation was 2 × 1 
m (rows × plant). Experimental area containing 54 points was 
georeferenced using a Garmin GPS to represent the entire 
sampling area of approximately one ha, and one sample the 
soil was collected at 0.10 m of plants the planting line. For 
plant attribute measurement, we used a 2 m graduated scale 
to determine height. Diameter was measured at 50 cm height 
from the ground with using a digital caliper. Finally, number of 
leaves and tillers were counted manually. The soil penetration 
resistance was determined by the method of Stolf, (1991):

( )
NPR 5.581 6 891 0.0981

P A 10

   = + + × ×  
− ×    

where: PR is the soil penetration resistance (MPa); N is the 
number of hammer impacts performed to obtain penetrometer 
reading; A and N are, respectively, the readings before and 
after impact (cm).

The gravimetric moisture (GM) was determined at the time 
of soil collection, we used an auger to collect soil samples and 
afterwards to dertermine volumetric moisture (VM) according 
to the following equation: 

VM GM BD= ×

where: VM is volumetric moisture (m3 m-3); GM, gravimetric 
moisture (kg kg-1); and BD, bulk density (Mg m-3). For bulk 
density (BD) determination, we used the volumetric ring 
method and granulometric analysis (sand, silt and clay) 
throughout trench depth (Embrapa, 1997).

Plant attributes were stem diameter (Diam) in cm; plant 
height (Hei) in m; number of leaves and tillers (Till). And 
soil properties were penetration resistence (PR) in MPa; 
gravimetric moisture (GM) in kg kg-1; volumetric moisture 
(GM) in m3 m-3; bulk density (BD) in Mg m-3; real density (RP) 
in Mg m-3; total porosity (TP) in m3 m-3; sand, silt and clay in 
g kg-1; collected at 0.00-0.10 and 0.10-0.20 m depths. Being 

(1)

(2)
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identified the following attributes at each depth: a) 0.00-0.10 
m: PR1, GM1, VM1, BD1, RD1, TP1, Sand1, Silt1 and Clay1; 
b) 0.10-0.20 m: PR2, GM2, VM2, BD2, RD2, TP2, Sand2, 
Silt2 and Clay2.

For each studied attribute, it was performed a classical 
descriptive analysis using SAS statistical software 
(Schlotzhaver & Littell, 1997), in which average, median, 
minimum and maximum values, standard deviation, coefficient 
of variation, kurtosis, skewness and distribution frequency 
were calculated. Later, there was an identification of outliers, 
replacing them by average value of the surrounding mesh. 
To test normality hypothesis, or lognormalidade, was used 
Shapiro & Wilk at 5 % probability. A correlation matrix was 
set aiming to perform simple linear correlations for two by two 
of all studied attributes, as well as present regression analysis 
for pairs of great interest. On this purpose, we selected those 
with higher linear correlation, and therefore presented a cross 
semivariogram with consequent co-kriging. Subsequently, we 
examined the spatial dependence by calculating the simple 
semivariogram separately for each attribute. However, for 
those who showed spatial interdependence, we also calculated 
cross semivariograms based on assumptions of intrinsic 
hypothesis stationarity, using the Gamma Design Software 
(GS+, 2004). Settings of simple and cross semivariograms, 
according to their models, were made primarily by the initial 
selection of: a) the smallest residual square sum (RSS); b) the 
highest coefficient of determination (r2), and c) the highest 
spatial dependence evaluator (SDE). Therefore, final decision 
of model that represents the adjustment was performed by 
cross-validation, as well as to define neighborhood size, which 
provided better mesh kriging and/or co-kriging, performed 
by block kriging. For each attribute, it was related a nugget 
effect (Co), range (Ao) and sill (Co + C). Thus, spatial analisys 
dependence evaluator (SDE) was obtained according to the 
following expression (GS+, 2004):

a perfect model, i.e., with a linear coefficient of zero and 
angle of 1 (GS+, 2004). Thus, to obtain an optimal number of 
neighboring points, kriging and co-kriging maps were designed 
through interpolation of dependence and interdependence 
analysis among spatial properties. Finally, were established 
geostatistical components for simple semivariogram, cross 
semivariogram, cross-validation, kriging and cokriging. 

Results and Discussion
According to Pimentel-Gomes & Garcia (2002), variability 

of attributes can be classified according to coefficient of 
variation (CV), in which classes were determined as low (CV 
≤ 10 %), average (10 % < CV ≤ 20 %), high (20 % < CV ≤ 30 
%) and very high (CV > 30 %). In Table 1, number of leaves 
(NL) had an average variability, with coefficient of variation 
of 19.7 %. As for stem diameter, plant height and tiller showed 
very high variability with coeficients of 33.8 %, 36.2 % e 41.5 
%, respectively. 

The PR, GM and VM showed an average variability at all 
soil depths, with coefficients of variation between 11.5-18.2 
%; however, clay and silt, showed average varibility (10.6 
and 13.2 %), only at 0.10-0.20 cm depth. For the other soil 
attributes (BD1, BD2, RD1, RD2, TP1, TP2, SAND1, SAND2, 
CLAY1 and SILT1), the variability was low (Table 1). When 
a statistical variable has normal frequency distribution, the 
most appropriate measure of central tendency to represent 
it, is average. In contrast, were used median or geometric 
average, in case of lognormal type (Rosa Filho et al., 2009). 
Therefore, central tendency measure to represent the attributes 
Diam, TILL Hei, Perf, GM1, GM2, VM1, VM2, BD1, BD2, 
TP1, TP2, SAND1, SAND2, CLAY1, CLAY2, SILT1 e SILT2 
should be average.

Since they showed a frequency distribution of normal type, 
with positive skewness coefficients between 0.0018 and 0.854, 
as well as negative ones from -0.961 to -0.0001. In addition, 
it was also obtained positive kurtosis coefficients between 
0.044 and 2.052, as well as negative ones between -0.513 e 
-0.052. However, these coefficients were all significant at 5 
% probability by Shapiro and Wilk normality test, once such 
probability varied between 0.0001 and 0.7308 (Table 1).

For peach palm crop components, average value for 
number of leaves was 5.6; as for diameter was 6.3 cm. Height 
average was 1.16 m, while number of tillers was 6.7. Bovi et 
al. (2007), studying the use of sewage sludge in peach palm 
yield in Entisols, found a significant regression equation with 
r2 of 0.97 that larger diameters increased crop yield.

Low values of bulk density were found for both layers 
(BD1=1.261 kg dm-3, BD2=1.254 kg dm-3) and penetration 
resistance (PR1=1.095 MPa, RP2=2.007 MPa) testified that, 
in which soil did not appear compact throughout experiment. 
Therefore, this fact has become a favorable factor for maximum 
crop development, because the soil is not compacted in depth 
assessed, which favored both root and shoot growth.

Once topsoil loses water more intensively by 
evapotranspiration, it is already expected increasing values of 
GM at deeper layer what is consistent with studies of Freddi 
et al. (2005), Santos et al. (2005), Carvalho et al. (2006) and 

( )o

CSDE 100
C C

 
= × 

+  

where: SDE is the spatial dependence evaluator; C, is the 
structural variance; C + Co, sill. After, the spatial dependence 
evaluator (SDE) was classified as follows: SDE < 20 % = 
very low spatial dependence (VLD); b) 20 % < SDE< 40 % 
= low dependence (LOD); c) 40 % < SDE < 60 % = average 
dependence (AVD); d) 60 % < SDE < 80 % = high dependence 
(HID), and e) 80 % < SDE < 100 % = very high dependence 
(VHD), as proposed by Dalchiavon & Carvalho (2012). It is 
inferred that cross-validation is a tool to evaluate alternative 
models of simple and cross semivariograms, for kriging and 
co-kriging. During analysis, each point within spatial domain 
is individually removed, and its value estimated as if it did 
not exist. Thus, a graph of observed versus estimated values 
can be drawn for all points. Wherefore, correlation coefficient 
(r) between these values reflects efficiency adjustment, given 
by sum of squared deviation technique, representing the linear 
regression equation. A perfect fit would have a regression 
coefficient of 1 and the line of best fit would coincide with 

(3)
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Martins et al. (2009). GM magnitude (0.206 and 0.222 kg 
kg-1) testified that PR data were obtained in an optimum soil 
moisture since it was at maximum friability (Table 1).

Total porosity affects water, air, nutrient, and root 
movements throughout soil profile. Thus, average porosity 
observed in this study, which was 0.49 m3 m-3 for both depths, 
were close to those found by Souza et al. (2004), who studied 
peach palm cultivation in Oxisols (Table 1). For Kiehl (1979), 
these values of total porosity are close to an ideal agricultural 
soil, which advocates 0.50 m3 m-3 as being suitable for 
increasing farming yield.

Regarding particle-size fractions, the following average 
values were observed for sand (630 and 604 g kg-1); silt (152 
and 154 g kg-1) and clay (216 and 241 g kg-1) at two studied 

depths. In addition, for real density averages we found 2.48 
kg dm-3. Souza et al. (2004), also studying soil texture and 
particle size in Oxisols, obtained different values for sand and 
clay, which were 80 g kg-1 and 760 g kg-1, respectively. Thus, 
only confirms to the silt which was 160 g kg-1. As for the real 
particle the averages were closer to the present study, being of 
2.59 kg dm-3.

Correlations between plant and soil attributes (Table 2) 
showed significance for the pairs NL × Clay (r = -0.281*); 
Diam × GM1 (-0.332*); Diam × GM2 (-0.275*); Diam × 
Sand1 (0.294*); Diam × Clay1 (-0.419**); Diam × Silt1 
(0.324*); Hei × GM1 (-0.433**); Hei × GM2 (-0.331*); 
Hei × Sand2 (0.321*); Hei × Clay1 (-0.430**) and Hei × 
Clai2 (-0.333*) and ranged respectively inverse and direct. 

Table 1. Descriptive analysis of productive components for peach palm crop and some physical attributes in Eutrochrept soils of Registro-SP, Brazil

(1)NL, Diam, HEI, TILL, are respectively the number of leaves, diameter, height and tiller; PR, GM, VM, BD, RD, TP, SAND, CLAY and SILT, 1 and 2, are respectively the penetration resistance, gravimetric 
moisture, volumetric moisture, bulk density, real density, total porosity, sand, clay and silt, at depths of 0-0.10 and 0.10-0.20 m; (2)FD: frequency distribution; NO and UN stand for, respectively, normal 
and undetermined.

(1)NL, Diam, HEI, TILL, are respectively the number of leaves, diameter, height and tiller; PR, GM, VM, BD, RD, TP, SAND, CLAY and SILT, 1 and 2, are respectively the penetration resistance, gravimetric 
moisture, volumetric moisture, bulk density, real density, total porosity, sand, clay and silt, at depths of 0-0.10 and 0.10-0.20 m; (2) ** and *: significant at 1 and 5 %, respectively.

Table 2. Simple linear correlation matrix between productive components of peach palm crop and soil physical attributes in Eutrochrept soils of Registro-SP, 
Brazil
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The inverse relationship (that is, when some attribute value 
increases another one decreases) of presented pairs shows that 
when Diam and Hei increase, the number of leaves also do. The 
inverse correlation between plant and soil moisture shows that 
pupunha not tolerate saturated soils, which leads to a decrease 
in plant development due to lack of oxygen in the soil.

Following the conventional classification by Will (2002), 
attribute combinations: NL × Clay1; Diam × Silt1; Diam × 
Sand2; Diam × PR1; Diam × GM1; Diam × GM2; Hei × PR1; 
Hei × GM2; Hei × Sand2; and Hei × Clay2 have presented 
moderate significance. However, combinations: Diam × Clay1, 
Hei × GM1 and Hei × Clay1 got great significance, while NL 
× Diam and NL × Hei had very high and Diam × Hei was the 
one with the best significance level, being presented as ideal. 

In Table 2, another soil attribute that showed significant 
and positive correlation with productive components were 
resistance to penetration at 0.00-0.10 m and sand at 0.10-0.20 
m depth. However, the clay presented positive and negative 
correlation with the vegetative components of peach palm In 
Figure 1, regression equations of the attributes are presented, 
given the following models: a) direct potential and b) direct 
exponential.

In Figure 1, it is observed a minimum PR1 value of 
0.801 MPa, what is related to a palm stem diameter of 4.35 
cm. In this way, a maximum PR1 of 1.562 MPa, reached a 
maximum diameter of 8.13 cm. As for Figure 1b, when occur 
the minimum value of PR1 (0.801 MPa) involve a minimum 

Figure 1. Regression equation between productive components of peach 
palm stem diameter (Diam, a) and plant height (Hei, b)  with soil physical 
penetration resistance established for 0.00-0.10 m layer for Eutrochrept soils 
in Registro-SP, Brazil

A.

B.

height of peach palm (0.91 m). Thus, for RP1 maximum value 
(1.562 MPa), it will present the maximum palm height (1.49 
m). Finally, when there is a greater resistance to penetration, 
diameter will increase and therefore the time for peach palm to 
adapt in a large variety of soils and be quite vigorous, enabling 
its use for degraded area recovery.      

In the Table 3, the attributes NL, DIAM, PR1, GM2, VM2, 
SD1, TP1 and SILT1 showed very high spatial dependence 
(SDE=83.3 - 99.8 %) and PR2 high (SDE=78.8%), whose 
semivariogram models were exponential, spherical and 
gaussian. Moreover, those remaining (HEI, TILL, GM1, VM1, 
SD2, RD1, RD2, TP2, SAND1, SAND2, CLAY1, CLAY2 and 
SILT2) showed pure nugget effect. 

Regarding semivariogram performance, there was a 
decreased ratio, analyzed by spatial coefficient of determination 
(r2), which was as follows: 1) NL (0.972); 2) TP1 (0.965); 3) 
SD1 (0.919); 4) DIAM (0.894); 5) VM2 (0.805); 6) GM2 
(0.768); 7) PR1 (0.649); 8) PR2 (0.555) and 9) SILT1 (0.435). 
In addition, with respect to spatial dependence evaluator 
(SDE), this ratio was: 1) DIAM (96.9); 2) PR1 (94.1); 3) SD1 
(92.5); 4) GM2 (90.2); 5) SILT1 (90.1); 6) VM2 (87.6); 7) TP1 
(84.3); 8) NL (83.3) and 9) PR2 (78.8). 

In Table 3, the decreasing ratio of ranges of spatial 
dependence was as follows: 1) NL (13.3 m), 2) TP1 (12.42 
m), 3) GM2 (10.95 m), 4) SILT1 (10.6) 5) VM2 (9.6 m), 6) 
SD (9.25 m), 7) Diam (8.3 m), 8) PR1 (7.2 m) and 9) PR2 
(6.3 m). Therefore, solely on the basis of this research, as 
well as seeking to support future research in which the same 
attributes are involved, the values of the ranges of spatial 
dependence to be used in geostatistical packages that will feed 
the computer packages used in precision agriculture in general 
should not be smaller than 6.3 m for the soil attributes. On 
the other hand, solely for the attribute of the plant, not less 
than 8.43 m. According to Bottega et al. (2013), the range of 
values influencing the estimation of local not observed, since 
it determines the number of values used in interpolation. Thus, 
estimates with interpolation by ordinary kriging using larger 
ranges of values tend to be more reliable, with maps that better 
represent reality. Thus, estimates with kriging interpolation 
using larger ranges of values tend to be more accurate, with 
kriging maps that better represent reality.

In an initial comparison of simple kriging map for 
the production component (NL), whose parameters are 
semivariogramas in Table 3, it can be noted that there was high 
spatial direct similarity between NL and PR1. Thus, in Figure 
2, it could be observed that in places where there were larger 
and/or smaller PR1, the same happened with NL. However, for 
the other soil attributes, such similarity has not occurred.

Co-kriging existing between NL × PR1 (Table 3, Fig. 2) 
may suggest that such attributes are good indicators of plant 
and soil physical quality, when we want to cultivate peach palm 
crop. Therefore, it can be recommended specific conservation 
tillage practices, targeted at certain areas, where PR1 resulted 
in the highest values, aiming to raise crop yield. These results 
are in agreement with Silva et al. (2010) who described the co-
kriging as the spatial and/or temporal simultaneous two random 
variables that are strongly associated with each other making it 
possible to use this technique in estimating unsampled values.

Diam = 5.358xPR10.9346

r = 0.31*    n = 54

Hei = 5.544e0.6456PR1

r = 0.33*    n = 54
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(1)NL, Diam, HEI, TILL, are respectively the number of leaves, diameter, height and tiller; PR, GM, VM, BD, RD, TP, SAND, CLAY and SILT, 1 and 2, are respectively the penetration resistance, gravimetric 
moisture, volumetric moisture, bulk density, real density, total porosity, sand, clay and silt, at depths of 0-0.10 and 0.10-0.20 m; parentheses after model: number of pairs in the first lag; (2)sph: spherical, 
exp: exponential, gaus: gaussian, pne: pure nugget effect (3)RSS: sum of squared residuals, (4)SDE: spatial dependence evaluator, and HID: high dependence, and VHD: very high dependence.

Table 3. Parameters of simple and cross semivariograms for productive component of peach palm and soil physical attributes of Eutrochrept in Registro-SP, 
Brazil

Figure 2. Kriging map of PR1 (a), cross-semivariogram (b) and co-kriging map of number of leaves (NL) (c) in function of penetration resistance at 0.00-0.10 
m depth
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Conclusions
Average values of soil bulk density and penetration 

resistance were in the respective ranges of 1,254 - 1,261 kg 
dm-3 and 1,095 - 2,007 MPa, promoted a substantial decrease 
of peach palm productive components. 

With regard to linear point of view, stem diameter and 
palm height was explained by direct and exponential model, 
which was highly significant, due to mechanical resistance to 
penetration. 

Spatially speaking, number of leaves could be estimated 
through direct co-kriging by mechanical penetration resistance. 
Thus, values higher than 1.00 MPa for this soil attribute have 
indicated sites with greater yield.
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