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ABSTRACT: Archeological Dark Earths (ADEs) are fertility soils that are notoriously superior to the
vast majority of soils typical of the Amazon region. The study on ADEs has intensified due to the good
characteristics presented by these soils, such as high concentration of nutrients (phosphorus, calcium,
magnesium). In this sense, the aim of this study was to evaluate the spatial distribution of soil chemical
attributes in an area of black archeological earth soil under cocoa cultivation in the municipality of Apui (AM).
The mapping of a 42 x 88 m mesh, with irregular spacing of 6 x 8 m, totaling 88 points, was carried out, and
then soil samples were collected at depths of 0.0-0.05; 0.05-0.10; (pH, O.C, Sto C, (H+Al), P, K, Ca, Mg, SB,
CEC and V%). Data were analyzed using descriptive and geostatistical statistics techniques. The mean and
median values were adjusted to the near values, indicating normal distribution, while the soil chemical
attributes were adjusted to the spherical and exponential semivariograms models. The majority of the attributes
presented coefficient of variation (CV) between 12.1 and 60%, characterized as average variability, the
variables in the study presented different ranges and most of them had a strong spatial dependence. The
geostatistical techniques used allowed the adjustments of the theoretical models that best represented the
experimental semivariance, thus enabling the construction of thematic maps of the spatial distribution of the
values of the attributes of the studied area.
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INTRODUCTION Dark Earths (ADEs), “Terra Preta de Indio” (TPI)

or Black Earth (BE) (KERN and KAMPF, 1989).

The Amazon region is characterized by the
enormous diversity of life, both plant and animal, as
well as human societies (PESSOA JUNIOR et al.,
2012). Most of the arable soils of this region are
acidic, with low cation exchange capacity (CEC)
and low natural fertility. This region is characterized
by its advanced stage of weathering, presenting
physical characteristics suitable for agricultural use,
however with strong nutritional limitations (LIMA
et al., 2006, CUNHA et al., 2007).

In contrast, there are records of soil areas
that have been affected by pre-historic man, which
have a dark color, remains of archeological
materials (ceramic fragments and lithic artifacts)
and high Ca**, Mg*, Zn, Mn, P, and the black soil
of this layer is commonly known as Archeological

According to German (2003), these areas of
ADE are found adjacent to water courses, occupying
floodplain areas, marginal rises, with expansion
ranging from one to hundreds of hectares, along
rivers and inter-rivers. These potentially agricultural
areas are being extensively explored in the
Amazonian environment, but inadequate use and
management can cause undesirable changes in the
natural ecosystem, leading to soil degradation
(CAMPOS et al., 2012). Thus, the studies of the
transformations resulting from the use and
management of the soils is of great importance for
the adoption of more compatible systems for each
type of evaluated area (ROZANE et al., 2010).

As regards chemical properties,
Archeological Dark Earths have characteristics that
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supplant the natural conditions of the adjacent soils
of the Amazon region that typically present low
retention of nutrients due to the low concentration of
organic material incorporated in the soil as the
occurrence of the natural fields that present high
aluminum concentration, resulting in low values and
pH, according to Mantovanelli et al. (2016); Viana
et al. (2016).

When trying to know the variability in the
soil, difficulties are encountered and this is due to
two factors: firstly because of the great territorial
extension of the Amazon region and few
researchers, the number of samples in the spatial
variability studies, besides the lack of knowledge
and choice of a pattern in the use of sample spacing
(OLIVEIRA et al., 2015). Currently one of the tools
to verify the existence of the variability in the
environment is geostatistics, it has allowed to
analyze characteristics and their random and spatial
aspects, creating an image of the variability of
characters, identifying the degree of spatial
dependence and providing information that allows
subsidizing the study of the phenomena to be
analyzed (SILVA NETO et al., 2012).

In this sense, the study of spatial
dependence presents itself as an alternative not only
to reduce the effects of soil variation on crop
production, but also to estimate responses of soil
properties due to certain management practices,
besides allowing the reduction of the effects of
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horizontal and vertical soil variability, in many
cases, may even influence the interpretation of its
effects (Souza et al., 2004). In addition, a number of
that the chemical
spatial
verified by geostatistical analysis
(CAMPOS et al., 2007; ZANAO JUNIOR et al.,
2007; MARQUES JUNIOR et al., 2008; LIMA et

studies have demonstrated
attributes of the soil present
dependence,

intense

al., 2013).

Therefore, the objective of this work was to
evaluate the spatial variation of chemical attributes
in Archeological Dark Earth area under cocoa

cultivation in the Western Amazon.
MATERIAL AND METHODS

Characterization of the physical environment

The study area is located in the municipality
of Apui, Amazonas, Brazil, located along the
under the
geographic coordinates of 7° 12' 05 "S and 59° 39'
37" W. According to Koppen classification the
climate of the region belongs to group A (Tropical
Rainy Weather) and climatic type Am (monsoon
rainfall), presenting a dry period of short duration.
The rainfall is limited by the isoietas of 2,250 and
2,750 mm, with rainy period beginning in October
and extending until June. Annual mean temperatures
range from 25 °C to 27 °C and relative moisture

Transamazoénica highway (BR-230),

between 85 and 90% (Figure 1).

Niimde ()
%

Figure 1. Map of the southern region of the Amazon. Source: Adapted from Santos (2011).
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The geology of the region presents
sandstones of the beneficent formation, covered by
clay pack of the tertiary. In relation to the soils
present in the municipality, the following classes
predominate: Ultisols and Oxisols, and the soil of
the study area was classified as Argissolo Amarelo
the according to Embrapa (2013) and Typic
Haplohumult the according to Soil Taxonomy
(SOIL SURVEY STAFF, 2010).

The characteristic vegetation of this region
is the Dense Tropical Forest consisting of densified
and multi-layered trees between 20 and 50 meters in
height. According to Campos (2012), the
predominant landscapes of this region are the
natural fields, natural fields/forests. The BAE area
has been cultivated for fourteen years, during the
first six years it has been used to cultivate rice,
maize, beans and watermelon, and the cocoa culture
that has remained until the present study has been
inserted.

Soil sampling and chemical measurements

The survey was carried out between August
and December 2014, in this place the mapping of a
42 x 88 m mesh, with spacings of 6 x 8 m, totaling
88 sampling points at depths 0.0-0.05; 0.05-0.10;
0.10-0.20 m. At the crossing points of the mesh, soil
blocks with preserved structure were collected at
depths of 0.0-0.05; 0.05-0.10; 0.10-0.20 m, to
determine soil chemical attributes.

The pH was determined potentiometrically
using water, in soil ratios: 1: 2.5 solution. Ca™,
Mg** and AI** were extracted with 1.0 mol L' KCl
and titrated by titration. The P and K" were
extracted with Mehlich”!, the P measured by
spectrophotometry, the K" by flame photometry.
Potential acidity (H+Al) was extracted with 0.5 mol
L' calcium acetate and titrated by titration
(EMBRAPA, 2011).

The TOC was determined by wet
combustion with potassium dichromate and titrated
by titration from the Walkley and Black method
modified by Yeomans and Bremner (1988).

The storage organic carbon (Sto C) was
determined at all collection depths and was
calculated by the expression (WELDKAMP, 1994).
Sto C = (TOC x BD x e) / 10, where:

Sto C = Storage organic carbon (Mg ha™);
TOC = total organic carbon content (g kg');
BD = Bulk Density (kg dm™);

e = thickness of the layer considered (m).
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Based on the results of the chemical
analyzes, sums bases (SB), cation exchange capacity

(CEQ), base saturation (V %).

Statistical and geostatistical analysis

Soil attributes were analyzed by means of
descriptive statistical analysis, being determined the
mean, median, coefficient of variation, skewness
and kurtosis coefficient. The Kolmogorov-Smirnov
(KS) test (p<0.05) was performed using Minitab 14

software (MINITAB, 2000).

Geostatistics was used to evaluate the
spatial variability of the attributes studied, according
(1983). In order to do the
geostatistical analysis, it was necessary to know if
there was spatial dependence or not of the attributes
studied, which can be verified by means of the

to Vieira et al.

semivariogram graph.
The semivariogram is a

estimated by equation (1):

A 1 N (h) s
yn=— B M [z(x) - Z(x, +h)]

i=1

ey

Where: v (h) - the value of the semivariance
for a distance h; N (h) - number of pairs involved in
the semivariance calculation; Z (xi) - value of
attribute Z in position xi; Z (xi + h) - value of
attribute Z separated by a distance h from position

X1.

The adjustments of the experimental models
to the semivariogram were based on the higher
value of the coefficient of determination and the
smaller value of the square root of the mean error,
and the choice of the best fit was performed using
the “Jack-Knifing” technique according to Vieira et

al. (1983).

In order to analyze the degree of spatial
dependence of soil attributes, Cambardella et al.
in which the
spatial
dependence that has a nugget effect of <25% of the
plateau, moderate when it is between 25 and 75%

(1994) classification was used,

semivariogram is considered a strong

and weak > 75%.

After adjustment of the
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graphical
representation of the semivariance y (h), represented
in the Y coordinate, as a function of a given distance
(h), represented in the X coordinate. In order to
characterize the spatial variability, geostatistical
analysis was used (Isaaks and Srivastava, 1989).
Based on the assumption of stationarity of the
intrinsic hypothesis, which the semivariogram is

permissible
mathematical models, the data were interpolated
using kriging. Thus, the inverse of the square of the
distance was used as interpolator for the attributes
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that did not present structure of spatial dependence.
The geostatistical analysis was performed in Surfer
software version 8.0 (GOLDEN SOFTWARE,
2002).

RESULTS AND DISCUSSION

Descriptive statistics of chemical attributes

The pH values in water in the evaluated
layers ranged from 6.23 to 5.7 (Table 1). These
results are similar to those found by Santos et al.
(2013); Viana et al. (2016) from 4.3 to 6.6. The
differences in pH variation in the soil studied with
the other studies show the heterogenic nature of the
occurrence of ADEs, either by the
pedoenvironmental conditions or by the human
activity in each place, in this way we can affirm that
the pH indexes are presented as one of the indicative
of the high natural fertility of these soils, in many
cases pH values always higher than 5.5.

The Ca®* and Mg** contents were higher in
the superficial layer of 0.0-0.05 m and 0.05-0.10 m,
who stated that, in general, ADEs exhibit high levels
of nutrients, mainly Ca and P, from human and
animal bone remains, as well as the formation of
highly stable organic matter-calcium complexes
(NOVOTNY etal., 2007; SANTOS et al., 2013).

The saturation by bases revealed high
values in all layers evaluated between 77.25% and
52.65%, characterizing them as well as eutrophic
soils. Probably, the impact of anthropic action is not
limited to the surface horizons, but it can alter the
soil in depth, as a drastic reduction occurs with
increasing depth (KERN; KAMPF, 2005).

The levels of available phosphorus were
high in the anthropogenic horizons, with a tendency
to increase in depth, varying from 93.7 to 124.34 mg
dm™, corroborating Campos et al. (2012); Santos et
al. (2013); Viana et al. (2016). These results are due
to the intensity of the incorporation of debris by the
ancient inhabitants, as highlighted by Fraser &
Clement (2008), in a study on ADE soils in the
Amazon region. The levels of exchangeable AI’*
were low in all strata evaluated (Table 1), similar to
those observed Campos et al. (2012).

In relation to the cation exchange capacity
(CEQ), there was a clear trend of CEC decrease with
soil depth, a behavior also observed by Glaser et al.
(2000) and Santos et al. (2013) in studies of ADEs
in the Amazon. The highest base sum results were
observed in the superficial layer of 0.0-0.05 m,
when comparing subsurface layers, which ranged
from 21.77 to 12.59 cmolc dm>, thus indicating the
tendency of base reduction when increasing depth
and increase occur relative to the AI’* content.
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The organic carbon (O.C) contents ranged
from 55.31 to 31.31 g kg, decreasing with soil
depth. Similar results were obtained by Campos et
al. (2012); Santos et al. (2013). The high carbon
content in the ADEs can be attributed to the
composition of organic matter rich in pyrogenic
carbon (coal), added to the soil by the activity of
pre-Columbian indigenous peoples (GLASER et al.,
2000). In relation to the storage carbon, the high
indexes are attributed to the anthropic changes that
this soil suffered in its formation. Falcdo and Borges
(2006) report that ADE areas present high levels of
organic matter and more intense biological activity
than non-anthropogenic soils, the authors say that
these high values can come from human and animal
remains.

The results referring to the descriptive
analysis of the chemical attributes are presented in
(Table 1). The values of the central tendency
measures (mean and median) are close for all
variables, justifying values of skewness and kurtosis
close to zero, except for acidity and V% at depth
0.05 - 0.10 m and Al**and V% at depth 0.10-0.20 m.

The skewness coefficient is used to
characterize how and how much the frequency
distribution moves away from the symmetry. So that
if the value found for this coefficient is zero, the
distribution is symmetric, if positive, the distribution
is asymmetric on the right, and if negative, is
asymmetric on the left (ALHO et al., 2014). Taking
into account this understanding, it was verified that
most of the variables presented positive asymmetric
coefficients, except for the variables Ca, SB and V%
in the layer 0.0-0.05 m; SB, CEC and V% in the
0.05-0.10 m layer and O.C, H+Al and CEC in the
respective 0.10-0.20 m layer, both exceptions
characterized as negative asymmetric coefficients
(Table 1). Although asymmetric distributions were
found, there was some evidence that, because of the
similarity between the mean and median values and
the results of the skewness and kurtosis coefficients
close to zero, they presented for most of the
evaluated variables, these results show That
measures of central tendency are not dominated by
atypical values in the distribution. According to
Cambardella et al. (1994), such results indicate that
the data are suitable for the application of
geostatistics.

In relation to the classification of the
coefficient of variation (CV) proposed by (Warrick
& Nielsen, 1980), it was observed that the pH and
CEC variables in depth 0.0 - 0.05 m, and O.C and
CEC in depth 0.05 - 0.10 m and CEC at depth 0.10 -
0.20 m presented low variability of data, while all
others presented medium variability. No attribute,
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therefore, presented high variability. Taking into
account the standards established by Nogueira
(2007), which states that a coefficient of variation
greater than 35% reveals that the series is
heterogeneous and the mean has little meaning, and
if it is greater than 65%, the series is described as
very heterogeneous and the mean has no meaning,
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but if, however, it is less than 35%, the series is
homogeneous and the mean has significance and
can be used as representative of the series. Series
from where it was obtained. In this way, according
to the results we can say that most of the attributes
behaved presenting series of homogeneous data and

the mean presenting meaning.

Table 1. Descriptive statistics of chemical attributes on Archeological Dark Earth under Cacao cultivation in
Western Amazonia.

Descriptive Mean Median SD 'CV (%) Min. Max. Skewness Kurtosis d
Statistics

0.0-0.05m
pH (H,O) 6.23 6.08 0.65 10.43 449 753 0.08 -0. 56 0.03™
0.C (gkg™) 55.31  54.71 10.94 19.77 27.96 83.76  0.19 0.04 0.20%*
Sto C (g kg'l) 2474  23.39 532  21.50 11.60 38.97 0.24 -0.01 0.00™
H+Al (cmol, dm?) 6.54 6.43 3.44  52.59 1.16 15.06  0.36 -0.59 0.07*
Al* (cmol. dm™)  0.06 0.06 0.01 16.66 0.04 0.10 0.26 -0.54 0.00™
P (mg dm™) 93.70  94.12 3273 3493 30.38 170.66 0.33 -0.43 0.20*
K (cmol. dm™) 0.03 0.02 0.01  33.33 0.00 0.05 0.55 -0.29 0.04™
Ca (cmol, dm™) 19.57  20.00 3.20 16.35 12.75 26.25  -0.29 -0.50 0.20*
Mg (cmol, dm™) 2.12 2.13 1.06  50.00 0.25 5.00 0.47 -0.09 0.20*
SB (cmol, dm™) 21.77  21.76 3.27 15.03 13.27 27.75 -0.53 -0.09 0.20*
CEC (cmol, dm®) 2828 28.06 278  9.83 2190 3435 0.01 -0.33 0.20*
V% 77.25  76.85 11.25 14.56 4774 9481  -0.42 -0.32 0.20%*
0.05-0.10m
pH (H,0) 6.13 6.01 0.78 12.72 478 7.78 0.48 -0.55 0.05*
0.C (gkg™) 40.41 3940 4.15 10.26 30.56 5140 0.31 -0.09 0.01™
Sto C (gkg™) 19.36  18.98 2.85 14.72 13.83 26.53 0.52 -0.03 0.20*
H+Al (cmol, dm™)  9.15 8.58 497 5431 099 19.64 0.19 -1.00 0.15*
Al (cmol, dm™)  0.07 0.08 0.03  42.85 0.03 0.17 0.76 0.33 0.00™
P (mg dm™) 109.61 110.62 33.63 30.68 3522 198.32 0.01 -0.25 0.20*
K (cmol. dm™) 0.03 0.02 0.01  33.33 0.01 0.05 0.40 -0.14 0.17*
Ca (cmol, kg'3) 11.60 1195 395 34.05 340 21.50 0.20 -0.32 0.02"
Mg (cmol, dm™) 4.05 4.00 1.47  36.29 095 7.10 0.06 -0.79 0.20*
SB (cmol, dm™) 15.89 1591 465 29.26 5.16 2481 -0.09 -0.74 0.20*
CEC (cmol. dm™) 2575  25.90 2.05 796 2098 29.83 -0.14 -0.62 0.20*
V% 63.96 64.89 18.33  28.65 30.87 96.02  -0.05 -1.06 0.18*
0.10-0.20 m
pH (H,O) 5.70 5.52 0.75 13.15 458 795 0.88 0.10 0.00™
0.C(g kg'l) 31.31 31.78 5.45 17.40 20.11 4345 -0.15 -0.35 0.20*
Sto C (gkg™) 29.81  29.68 6.18  20.73 13.86 45.62 0.04 0.03 0.20*
H+Al (cmol, dm®) 11.53  12.12 498 43.19 132 2211  -0.22 -0.96 0.08*
Al (cmol, dm™) 0.08 0.08 0.03  37.50 0.04 0.20 1.12 0.51 0.00™
P (mg dm™) 124.34 126.23 30.39 24.44 48.29 191.64 0.04 -0.22 0.20*
K (cmol, dm™) 0.02 0.01 0.01  50.00 0.00 0.05 0.91 0.26 0.00™
Ca (cmol, dm™) 1047  10.31 429  40.97 275 2038 040 -0.44 0.20*
Mg (cmol, dm™) 1.99 2.00 1.00  50.25 0.38 4.88 0.43 -0.15 0.20*
SB (cmol, dm™) 12.59 1246 440 3494 551 2278  0.31 -0.85 0.05*
CEC (cmol, dm™) 24.46 24.61 1.88  7.68 20.36 29.25  -0.25 -0.12 0.02™
V% 52.65 51.69 19.06 36.20 23.07 93.78 0.33 -1.04 0.02"

SD = Standard Deviation, CV = Coefficient of Variation, Min = Minimum, Max = Maximum, d = Normal test of Kolmogorov Smirnov,
* Significant at the 5% probability level, OC = Organic Carbon; CEC = Cation Exchange Capacity, SB = Sum Base, V% = Saturation
Base, Sto C = Storage organic carbon.
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Geostatistical analysis

The chemical attributes of the soil were
adjusted to the spherical and exponential
semivariograms models (Table 2). Studies related to
the spatial variability of soil attributes have shown
that the spherical and exponential models have been
the most frequent (AMADO et al., 2009;
SANCHEZ et al., 2009; SIQUEIRA et al., 2010;
DALCHIAVON et al., 2012). In addition, therefore,
the adjusted models found in the present study are in
agreement with the research done on soil variability.
Another factor observing in the present results was
the predominance of the adjustment to the spherical
semivariogram model, in the depths 0.0-0.05 m and
0.05-0.10 m. In this work, the spherical model is the
most cited by researchers as being more common in
studies related to the attributes of soil and plant
(VIEIRA et al., 2011).

All the chemical attributes studied showed a
coefficient of determination (R*) above 0.70 (Table
2), that is, at least 70% of the variability in the
values of the estimated semivariance are explained
by the adjusted models (CAMPOS et al., 2007).
According to Azevedo (2004) when R’ is higher
than 0.5, the better the estimation of values by the
ordinary kriging method. The cross-validations
representing the adjusted models showed a good
performance, with values varying from 0.75 to 0.98.

At the distance at which the semivariance
stabilizes is considered the extent of spatial
dependence. The variables that underwent different
spatial dependence, the lowest range was K (12 m),
depth 0.0-0.05 m, and the highest observed was for
CEC (64 m), in the depth 0.10-0.20 m.

There were attributes that the distance of
collection of the sample points in the field was not

Table 2. Estimated models and parameters to semivariograms of chemical attributes on Archeological Dark
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enough to characterize the spatial variability,
presenting pure nugget effect. It was the case of O.C
and Sto C at depth 0.0-0.05 m, and O.C at depth
0.10-0.20 m. When the studied variable is spatially
independent, its C, (nugget effect) is equal to C;+C,
(plateau), known as pure nugget effect (PNE). PNE
is important and indicates a random distribution, ie,
unexplained variability or undetected variation, and
due to undetected measurements,
sampling or microvariation errors, considering that
the sampling spacing used is greater than necessary
to detect the dependence (CAMBARDELLA et al.,

may occur

1994).

The relationship between the C./(C,+C))
ratio was expressed according to the classification
proposed by (CAMBARDELLA et al., 1994), where
the semivariograms with spatial dependence less
than or equal to 25% have a strong spatial
dependence. Is moderate when this ratio varies from
25 to 75% and is weak if this value exceeds 75%
according to this classification. The attribute that
presented a spatial dependence (SD) between 25 and
75% was only Ca, Mg and CEC at depth 0.05-0.10
m, and P and CEC and V% at depth 0.10 -0.20 m.
The other attributes studied presented SD less than
or equal 25%, thus presenting Zando Junior et al.

(2007), which highlights the importance
knowledge of spatial dependence structure.

Points out that the variables that have a
strong spatial dependence are more influenced by
the intrinsic properties of the soil, that is, by the soil
spatial
dependence is due to the homogenization of the soil,
whereas to the extrinsic attributes weak dependence

formation factors, while the moderate

(CAMBARDELLA et al., 1994).

Earth under Cacao cultivation in Western Amazonia.

Parameters Model NE Sill Range (m) SD R? cv
0.0-0.05 m

pH (H,0) Sph. 0.01 0.38 25.00 2.63 0.85 0.97
0.C (gkg™) - - - - PNE - -
Sto C (gkg™) - - - - PNE - -
H+Al (cmol. dm™)  Sph. 1.00 14.33 30.00 6.97 0.89 0.86
ATI** (cmol, dm™) Sph. 0.00 0.00 30.00 7.50 0.80 0.93
P (mg dm™) Sph. 2980,00 16670,00  30.00 17.87 0.97 0.78
K (cmol. dm™) Sph. 0.00 0.00 12.00 6.00 0.98 0.75
Ca (cmol, dm™) Sph. 0.13 9.88 24.00 1.31 0.83 0.83
Mg (cmol, dm™) Exp. 0.10 0.96 30.00 10.41 0.89 0.94
SB (cmol, dm™) Exp. 0.91 9.47 22.50 9.60 0.83 0.90
CEC (cmol, dm™)  Exp. 0.65 7.87 24.00 8.25 0.79 0.77
V% Sph. 31.00 130.90 29.00 23.68 0.98 0.90
0.05-0.1 m
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pH (H,0) Sph. 0.01 0.62 30.00 0.87 1.61 0.81
0.C (gkg™") Sph. 2.10 55.31 22.00 0.74 3.79 0.88
Sto C (gkg™) Sph. 1.11 13.76 27.00 0.82 8.06 0.89
H+Al (cmol, dm™)  Sph. 1.01 25.52 30.00 0.88 3.67 0.96
AP** (cmol, dm™) Sph. 0.00 0.00 27.00 0.86 5.00 0.91
P (mg dm™) Exp. 156.00  1407,00  20.00 0.84 11.08 0.76
K (cmol, dm™) Exp.. 0.00 0.00 20.00 0.80 10.00 0.83
Ca (cmol, dm™) Sph. 4.98 16.12 36.00 091 30.89 0.94
Mg (cmol, dm™) Sph. 0.70 2.13 55.80 0.94 32.86 0.95
SB (cmol. dm™) Sph. 0.53 19.99 22.00 0.87 2.65 0.82
CEC (cmol, dm™)  Sph. 4.54 9.18 60.00 0.90 49.45 0.80
V% Sph. 14.90 328.20 24.40 0.84 4.53 0.83
0.1-0.2 m

pH (H,0) Sph. 0.01 0.53 30.00 0.90 1.88 0.81
0.C (gkg™) - - - - - PNE -
Sto C (gkg™) Sph. 1.10 38.64 25.64 0.93 2.84 0.84
H+Al (cmol, dm™)  Sph. 0.20 25.18 30.00 0.92 0.79 0.92
AP** (cmol, dm™) Exp. 0.01 0.05 40.00 0.86 20.00 0.86
P (mg dm™) Exp. 378.00  991.80 25.00 0.93 38.11 0.78
K (cmol, dm™) Exp. 0.00 0.00 15.00 0.98 3.33 0.73
Ca (cmol, dm™) Sph. 0.34 19.22 28.00 0.94 1.76 0.93
Mg (cmol, dm™) Exp. 0.10 1.16 33.00 0.86 8.62 0.94
SB (cmol, dm™) Sph. 0.60 17.66 26.20 0.97 3.39 0.90
CEC (cmol, dm™)  Sph. 2.83 6.11 64.00 0.76 46.31 0.97
V% Sph. 13440  313.50 38.60 0.93 42.87 0.98

NE = Nugget effect, SD = Spatial Dependence, CV = Cross Validation, OC = Organic Carbon, CEC = Cation Exchange Capacity, SB =
Sum Base, V% = Saturation Base, Sph = Spherical, Exp = Exponential, PNE = Pure Nugget Effect, Sto C = Storage organic carbon

Kriging maps of soil chemical attributes

From the semivariogram adjustments, the
kriging maps were constructed (Figure 2). Maps are
fundamental parts of precision agriculture, since
they are subsequently geoprocessed, in order to
assist in the correct use and management of the soil.

Kriging is the interpolated surface of each
variable, which shows the spatial distribution.
Through kriging, it is possible to identify the
location and coverage of extreme values, the degree
of homogeneity of the area and the directions of
larger gradients (GUIMARAES et al., 2016). The
use of sampling optimization maps provides
information that allows you to better understand the
spatial distribution pattern and define management
zones. These maps can be very useful in

experimental planning and as a tool for precision
agriculture programs (MONTANARI et al., 2005).
The spatial distribution maps of the studied
variables should be presented in five regular
intervals of specific values for each variable,
allowing a greater understanding of the distribution,
especially those with small intervals between
maximum and minimum values.

Particularly from the maps generated for the
chemical attributes, one can identify that the spatial
distribution pattern is quite variable throughout the
study area, because for all variables that presented
spatial dependence structure, the distribution spots
are heterogeneous, thus characterizing sufficient
information that Archeological Dark Earths exhibit
spatial heterogeneity in their distribution.
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Figure 2. Kriging maps of chemical attributes in Archeological Dark Earths under Cacao cultivation in Western
Amazonia.
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CONCLUSIONS

Geostatistics provided adequate information
to understand the spatial distribution of chemical
attributes in the Cocoa area. The spherical and
exponential model was adjusted for the variables
that presented spatial dependence structure. The
spatial distribution of chemical attributes in the area
showed a strong and moderate degree of spatial
dependence.

In the depth (0.0-0.05 m), all variables
studied had a strong spatial dependence, except for
Sto C and TOC that did not present spatial
dependence. Moderate spatial dependence was
observed at depths (0.05-0.10 m) for Ca and Mg,
CEC and at depth (0.10-0.20 m) for P, CEC and
V%.
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The kriging technique proved to be an
important tool in understanding the dynamics of soil
chemical attributes evaluated in this study. The
spatial variability of chemical attributes should be
taken into account in agricultural planning, this
information can be used to optimize fertilizer
applications, increasing productivity and reducing
costs and environmental problems.
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RESUMO: As Terras Pretas Arqueolégicas (TPAs) sdo solos de fertilidade que notoriamente sdo
superiores a grande maioria dos solos tipicos da regidio amazodnica. Assim, o uso das TPAs intensificou-se
devido as caracteristicas quimicas apresentadas por esses solos, como a alta concentracdo de nutrientes
(fésforo, célcio, magnésio). Nesse sentido, o objetivo deste estudo foi avaliar a distribui¢do espacial dos
atributos quimicos do solo em uma 4rea de Terra Preta Arqueoldgica sob cultivo de cacau no municipio de
Apui (AM). O mapeamento de uma malha de 42 x 88 m, com espacamento irregular de 6 x 8 m, totalizando 88
pontos, foi realizado e, em seguida, foram coletadas amostras de solo nas profundidades de 0,0-0,05; 0,05-0,10;
(pH, O.C, Sto. C, (H + Al), P, K, Ca, Mg, SB, CEC e V%). Os dados foram analisados por meio de técnicas
estatisticas descritivas e geoestatisticas. Os valores médios e medianos foram ajustados aos valores proximos,
indicando distribuicdo normal, enquanto os atributos quimicos do solo foram ajustados aos modelos de
semivariogramas esféricos e exponenciais. A maioria dos atributos apresentou coeficiente de variacdo (CV)
entre 12,1 e 60%, caracterizada como variabilidade média, as varidveis do estudo apresentaram diferentes
faixas e a maioria teve forte dependéncia espacial. As técnicas geoestatisticas utilizadas permitiram os ajustes
dos modelos tedricos que melhor representaram a semivaridncia experimental, possibilitando a construcao de
mapas temdticos da distribui¢do espacial dos valores dos atributos da 4rea estudada.

PALAVRAS-CHAVE: Atributos do solo. Estatistica descritiva. Geoestatistica. Apui. Distribui¢ao
espacial.
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