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HIGHLIGHTS
e The soil spatial variability is related with plant development.
¢ There was no difference between the interpolation methods.

e The hydraulic conductivity and mainly the slope change the plant growth.

Abstract: in Brazil, management agricultural practices not currently consider the soil spatial variability as a
result, crop growth can be non-uniform and yields often is low. This research aims to compare Kriging,
Cokriging and Collocated cokriging using soil physical and hydraulic properties and their influences on
soybean development. We hypothesized that spatial variability of physical and hydraulic properties has
influence on soybean development and this variability can be better represented by Collocated Cokriging
method. To test these hypotheses, we accessed the soil physical and hydraulic attributes in a field experiment
under no-till system, cultivated with soybean. Geostatistical interpolators were applied to generate maps from
which spatial dependence of the variables was evaluated. The experiment was conducted on a sandy clay
loam Oxisol, on an experimental station located in Ponta Grossa, Parana, Brazil. Evaluation of the soil
attributes was performed: bulk density (BD), particle size distribution, saturated soil hydraulic conductivity
(Kss), total porosity (TP), macroporosity and microporosity. The plant was plant height and stand. Data
analysis were performed by geostatistical methods; the spatial dependence was established using
experimental univariate and cross semivariograms with datasets. Modeling semivariograms led to the
generation of attribute maps by Kriging, Cokriging and Collocated cokriging. The estimation by Cokriging and
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Collocated cokriging was similar from Kriging. From the semivariogram, it was possible to identify that soil
and plant attributes were spatially related with each other. The soya growth was mainly changed by slope of
the area and little changed by saturated hydraulic conductivity.

Keywords: soil water; spatial variability; interpolation methods.

INTRODUCTION

The inaccurate estimation of crop growth is partially due to spatial variability of soil properties, which is
caused by the complex formation of soil process, topography, biotic factors and management (Yan and
coauthors) [1]. Spatial variability of soil can result in big variation of soil physical and hydraulic properties. In
addition, these soil physical properties have a great role in crop growth (Duarte and coauthors [2]; Strudley
and coauthors [3]).

The crop growth in agricultural systems can be altered by a variety of factors, such as physical quality.
Poor soil physical quality occurs when soils exhibit one or more of the following symptoms: poor water
infiltration, run-off of water from the surface, hard-setting, poor aeration, poor rootability, and poor workability.
Good soil physical quality occurs when soils exhibit the opposite or the absence of the conditions listed above
(4).

One of the most sensible parameters to detect the soil heterogeneity in the area is soil hydraulic
conductivity, defined as the soil’s ability to transmit water (Klute and Dirksen, 1986) [5]. The saturated soil
hydraulic conductivity (Krs), when compared with soil physical attributes, such as soil bulk density and texture
is highly variable mainly due to the variation of the macroporosity - that freely drain water under the influence
of gravity —contributing with more than 70 percent of the total soil water infiltration (Watson and Luxmoore,
1986 [6]). These attributes are central to understanding the soil-plant system from the perspective of soll
water dynamics (Klute and Dirksen, 1986) [5].

The link between plant development within a specific management system, and the spatial dependence
is possible through geostatistics. Schaffrath and coauthors [7] found that spatial correlations of soil physical
attributes were more evident in no-tillage systems than in conventional systems, leading them to conclude
that soil management have a significant influence on the spatial dependence of soil properties.

Geostatistics allows to study the spatial variability in agricultural systems. Given these capabilities,
geostatistics has been successfully applied in Soil Science. The analytical procedures through which
geostatistics reveals spatial patterns and defines relationships between variables relies on fitting models and
the use of specific interpolators. An incorrect choice of interpolator could result in lower precision in the
mapping of an area, which in turn could result in the wrong interpretation of spatial dependence of the
variable, and may also lead to problems in establishing the relationships between the different mapped
variables of the system (Schaffrath and coauthors, 2015 [7]).

In geostatistics, the examination of cross semivariograms is used when many variables are sampled in
the same space (Schaffrath and coauthors, 2015 [7]). Interpolators like Kriging utilizes a semivariogram to
estimate a variable unsampled location using weighted neighboring measured values (Nielsen and
Wendroth, 2003 [9]), Cokriging, utilizing spatial information of two or more variables (one is the primary
variable, the other is the auxiliary variable) along with spatial cross-correlation to estimate the unsampled
variable and Collocated cokriging make the linear combination between main variable (Z1) and one second
variable (Z2) (Xu and coauthors, 1992, [10]). According to Journel and Huijbregts (1978) [11], the major
contribution of cokriging is the co-estimating poorly sampled variables, and the reduction of error-variance
estimation and the opportunity to estimating many attributes in the same domain (Myers, 1982 [12]).

Collocated cokriging join the benefit to estimate the second variable, in addition is an attempt to avoid
matrix instability that comes out from the application of ordinary cokriging (Goovaerts, 1997 [13]). This
problem is a direct consequence of a high auto-correlation between closer secondary data as opposed to
lower auto-correlation and more distant primary data, resulting in negative co-estimates (Xu and coauthors
1992 [10]). According to Xu and coauthors, another reason for choosing collocated cokriging is the need of
eliminating redundant information since secondary data collocated or located near unknown primary data
tend to screen the influence of further away secondary data [10].

Studies focused on the spatial variability of soil properties and comparing the performance of kriging and
Cokriging had been developed. However, there are few studies including Collokated cokriging. This
manuscript wanted to advance the investigation of spatial variability of soil physical and hydraulic properties
with geostatistics analyzing the effects of spatial variability on soil physical and hydraulic properties and their
influences on soybean plant development by Kriging, Cokriging and Collokated cokriging.
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MATERIAL AND METHODS

Study area

Field data acquisition was obtained in an experimental farm located in Ponta Grossa, within the state of
Parand, Brazil (25° 24' 56" S and 50° 06' 14" W) (Figure 1). The climate of the region is described as
mesothermal, subtropical and moist, being a type humid temperate climate with moderaty hot summer Cfb
within the K6ppen classification scheme. The local climate is characterized by mild summers, hard frosts in
the winter, and the absence of a dry season. Average annual rainfall is 1545 mm and the mean temperature
is 18.7 °C (IAPAR, 1978) [15].

The area selected for the study is situated in the middle third of an area with low slope; the relief is
convex, with a little slope towards the South of 10 percent. The altitude varies between 1012 and 1022 meter
above sea level. The soil has been classified as a Oxisol clay soil according to the USA Soil Taxonomy (Soil
Survey Staff, 2014 [17]). The area has been cultivated under no tillage for approximately 20 years in
accordance with the following crop rotation: maize (Zea mays L.) and soybean (Glycine max L.) during the
spring/summer followed by wheat (Triticum aestivum L.) intercropped with black oat (Avena strigosa Schreb.)
b vetch (Vicia sativa L.) during the autumn/ winter. When the field experiments were established, the
experimental areas were covered with crop residue after the maize harvest, and cultivated with soybean,
cultivar Nidera 5909.

Sampling scheme

A regular square grid of sampling points, with intervals of 10 m x 10 m in the X and Y directions, was set
up within the experimental field over a rectangular area of 70 m by 110 m, resulting in a total of 96 sampling
points. At each of the sampling points, the altitude was measured with a GPS system; altitude constituted
one of the variables within the subsequent analysis of the field data (Figure 2).

In the sampling grid, points located between lines of the soybean plants, undisturbed soil samples were
collected from 0-5 cm depth, utilizing a soil sampler of the Uhland type. This sampler was coupled with ring
with a cross-section of 5 cm, with a volume of approximately 100 cm?,

The soil samples were saturated by capillarity, placed on tension table, and submitted to a tension of -6
kPa. After the establishment of hydraulic equilibrium, the samples were weighed, dried in an oven at 105 °C
and weighed again to determine the mass of dry soil from which the soil water content under a tension of -6
kPa was obtained by difference. The total porosity (TP) was calculated from the soil bulk density (BD) and
the particle density (PD) using the value 2,65 g cm (Flint and Flint, 2002 [16]) using the following equation:

BD
TP(%)=1—E*100 1)

The macroporosity was calculated as the difference between TP and from the quantity of water retained
in the soil at -6 kPa), according to the methodology suggested by Lorraine and coauthors 2002 [18]. Disturbed
samples were also collected from between the rows of plants at each of the 96 grid points and submitted for
particle size analysis (sand, silt, and clay). The particle size analysis was performed using the hydrometer
method (Gee and coauthors,2002 [19]).

The field saturated soil hydraulic conductivity (Ki) was determined in the field by a Simplified Falling
Head method (SFH) (Bagarello and coauthors 2004 [20]). The measurements were conducted between the
rows of soybean plants, using a steel cylinder with dimensions of 21.2 cm (diameter) x 9.4 cm (height); the
area of the base (A) was 353 cm?. The measurement site was prepared by removing any plant straw from
the soil surface, the steel cylinder was inserted into the surface of the exposed soil to a depth of 5 cm. A fixed
volume of water (V = 0.35 L) was evenly applied to the soil across the entire area encircled by the steel ring.
The infiltration time (ta) was recorded from the application of the water to the soil to the moment at which
water was no longer visible on the soil surface. The dry soil sample was collected from an area adjacent to
the steel ring and a sample of saturated soil was collected from inside the ring after the complete infiltration
of the water into the soil. The difference in the volumetric water content (A6) between the saturated soil
(sample collected from inside the ring after infiltration) and non-saturated soil (dry soil sample collected from
outside the ring) was obtained from measurements of volumetric moisture. Following the acquisition of the
raw data, K was calculated according to the following equation provided by (Bagarello and coauthors 2004
[20]):
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In Equation 2, D =V / A is the ratio of the volume of water applied to the area of the steel ring inserted
into the soil. This ratio determines the depth of the water in the ring above the soil at the start of the
measurement of the infiltration time ta. ¢* is a constant which depends on the texture and structure of the
soil; * varies between 4 and 36 m™* (Elrick and Reynolds, 1993 [21]). Within the experimental area the texture
of the soil was approximately sand 74 %, silt 5 %, clay 21 %, and a value of 12 m* was accordingly adopted
for the constant o*.

The following plant attributes were measured at each of the sampling points: plant height, reproductive
stage, and stand (number of plants per unit length along the rows). In order to gather the plant height and
reproductive stage data, six plants were evaluated at each sampling point, three in the row left the sampling
point and three in the row right in east direction. The height measurements were performed with a graduated
ruler, recorded in centimeters, measuring from soil level up to the highest totally expanded leaf. The
reproductive stage was assessed according to the procedures of Fehr and Caviness (1977) [22], in which
visual observations were made of the flowers on the last nodes on the stem with a fully developed leaf. The
recorded value for each plant was the mean of the six measurements obtained at each point. The value for
the stand was obtained by manually counting the number of plants per meter along a plant row.

Data analysis

The results were submitted to descriptive statistical analyses (Vieira and coauthors 2002 [23]) which
included testing of the normality of the data through the Kolmogorov Smirnov test at alpha levels of 0.01 and
0.05. In the case of the Kjs data, a transformation to the logarithm of Kis was required to obtain the assumption
of normality.

Geostatistical analyses (Vieira and coauthors 2002 [23]) were employed to verify if the variables
displayed spatial dependence, and then to perform interpolation and build maps through the methods of
ordinary Kriging, Cokriging and collocated Cokriging. Semivariograms were calculated using Avario program
for each variable using estimator and examined evidence of spatial dependence and trend. The data for
altitude, plant height, K, sand, clay, microporosity and BD, displayed no trend and presented stationarity.
The experimental semivariograms were represented by a Gaussian model for the following variables: altitude,
plant height, Ks, sand, clay, and microporosity. The semivariogram for BD was described by a spherical
model.

The procedures for these analyses are detailed in (Vieira and coauthors 2002 [23]). The nugget effect
(c,) and the sill (Co+C:) for each variable were obtained after fitting the semivariance models to the

experimental semivariograms and used to calculate a ratio Standard deviation ratio (SDR):

c
sDR=| %0 |x100
(g+cjx (3)

which is a measure of the spatial dependence of the variable and was used to classify the dependence
as weak (SDR > 75 %), moderate (25 % < SDR < 75 %), or strong (SDR < 25 %) (Cambardella and coauthors
1994 [24]). For the variables which presented a spatial dependence, the values adjacent to the sampling
points were estimated by Kriging. For the variables between which there was spatial correlation, the cross
semivariograms (examples are presented in Figure 5) were fit to the Gaussian model of equation, and the
estimation of the values of the correlated variables at points adjacent to the sampling points could be
performed by Cokriging and Collocated cokriging (Vieira and coauthors 2002 [23])

These methods provide estimated values without biases and with minimum variance in relation to the
known values at the sampling points. Once these interpolation procedures for the estimation of the values of
variables at any point within the sampling grid were set up, it was possible to produce contour (isoline) maps
over the sampled area for each interpolator (Kriging, Cokriging and collocated Cokriging) and variables
utilizing the program Surfer 7.0 (Golden Software, 1999 [25]).

The quality of the estimation methods (Kriging, Cokriging and collocated Cokriging) was evaluated
through two approaches. First, from the variance of the estimation, which is extremely sensitive to the form
of the semivariogram or cross semivariogram (Vieira and coauthors 2002 [23]) Second, through the
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normalized root mean square error (RMSE), which measures the error of predictions from the model (Fortin
and coauthors 2014 [26]).

Analyses of correlation were performed to identify relationships between variables selected as
dependent Ky, plant height, BD and a set of potential explanatory variables (easily measured soil physical
attributes, including texture). The significance of the explanatory variables in predicting the dependent
variables was analyzed by performing an F-test utilizing the ‘Biotools’ package (Silva, 2015 [27]) of the R
statistical software (R Core Team, 2014 [28]).

RESULTS

Descriptive Statistics

The descriptive statistics of the 96 recorded values for each of the measured variables are presented in
Table 1. Of particular interest is the coefficient of variation (CV), which is a measure of the values dispersion
of the vales across the different sampling points in relation to the mean value. Following the classification
scheme of Warrick and Nielsen (1980) [29], the CV was found to be low for altitude, plant height, sand, clay,
bulk density, microporosity, and total porosity, with CV values ranging from 0.31 % (altitude) to 12 % (clay
and microporosity), medium for stand, log(Ks) and macroporosity, varying between 17 % and 34 %, and high
for Kis (CV = 98 %). Plant height, bulk density, and total porosity presented normal distributions, while the
distributions for altitude, plant stand, sand, clay, macroporosity, microporosity and log(Ks), showed a
significant asymmetry (Table 2).

Spatial Dependence

The experimental semivariograms for each of the variables in Table 1 were examined to identify those
displaying spatial dependence. In the case of the macroporosity, the total porosity, and the plant stand, the
semivariograms showed a semivariance which did not vary with the distance h. Therefore, these attributes
displayed only a nugget effect, indicative of a total absence of spatial dependence (Journel and Huijbregts,
1978 [11]).

The semivariograms demonstrated the existence of spatial dependence, these semivariograms were fit
to the Gaussian model, and spherical model to the bulk density (BD). The results obtained from the fitted
models are presented in Table 2, including the conclusions from the spatial dependence ratio (SDR), defined
by Equation (3). While a strong spatial dependence ratio (SDR) was found for the clay soil content, there was
a moderate SDR for altitude, plant height, sand content, bulk density (BD), and microporosity, and a low SDR
for Kis. However, if we analyze the range of the K (40 meters) is higher than of bulk density (27m) and sand
(37m) (Table 2, a) but these two soil attributes have SDR classified as moderated, while Ky is weak

Starting from the fitted semivariogram models of the spatially dependent variables in Table 2, a contour
map of each variable was generated by ordinary Kriging. The resulting maps for altitude, plant height, and
the following soil variables: saturated hydraulic conductivity (log [Kss]), clay content, microporosity, and bulk
density (BD) are in Figure 3. Examination of the maps revealed that the saturated hydraulic conductivity was
highest in areas of greater altitude (corresponding to areas of smaller slope), and plant development (height)
was also varied from 71.5 to 79 cm in the areas with smaller slope, while in the areas of greater slope the
plant height range was 64 to 69 cm. Although the height of the plants has low correlation with Ks, in some
areas of the map, the low Ky are associated with low plant development. This difference in plant height of 15
cm may have an influence on subsequent crop production, while its correlation with a difference in Kss
suggests that this parameter should be considered in crop management practices.

Correlations between the variables

Spearman correlation coefficients were calculated between all pairs of the following variables: altitude,
plant height, soil bulk density (BD), log (Kss), sand, silt, and clay content of the soil (Figure 4).

The positive correlation established between the soybean vegetative development and soil hydraulic
conductivity (Spearman correlation coefficient between plant height and log (Ks) = 0.27, Figure 4) may be
due to its macroporosity and sand content (Table 1) that are generally associated with high values for K.
Though the correlation between Kss and plant height was low, the comparison of the contour maps for Kt and
plant height (Figure 3) demonstrated that in some areas the K were associated with vegetative development
of the soybean plants, with zones of high and low values for Kis being associated with zones of higher and
lower vegetative development, respectively. Soil bulk density have low correlation with the plant development
(Figure 4)
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Spatial relationships and estimator performance

An inspection of the contour maps of the attributes obtained by ordinary Kriging (such as those presented
in Figure 3) suggests that many of the attributes displayed joint variations in space, which were revealed by
constructing experimental cross semivariograms. The Gaussian model, were considered to give the best
representations of the experimental cross semivariograms, as assessed from the variance and the root mean
square error. The cross semivariograms confirmed the existence of high spatial correlations between the
variables, which were already known to have high spatial dependence, with the magnitude of the nugget
cross semivariance being close to zero and much less than the magnitude of the sill cross semivariance
(Goovaerts, 1997 [13]). Four cross semivariograms are presented in Figure 5. The range of the cross
semivariograms was of 50 m, indicating that there was correlation between the variables up to this distance.

When two variables present joint variation in space, the mapping of one of the variables using the data
collected for the other is possible through Cokriging and collocated Cokriging, which use interpolators built
from the modelled cross semivariogram between the two variables. Contour maps constructed by Cokriging
and Collocated cokriging for Kss, using the Kis x clay cross semivariogram, for sand, using the sand x altitude
cross semivariogram, and for clay, using the microporosity x clay cross semivariogram are presented in
Figure 6, together with the ordinary Kriging contour maps for K, sand, and clay. The mapping obtained
utilizing the Cokriging and Collocated cokriging methods makes possible the visualization of the joint variation
of the variables, from which inferences concerning the influences of management and slope may be reached.

The low influence of the soil texture on Kss can be seen on the Figure 6 contour maps where the zones
with high values for Kss (log [Kss / cm hl] 1.2 to 1.4) corresponded to high sand content (752 to 788 g kg™?)
and low clay (175 to 189 g kg!). However, soil texture was not the major factor in setting the zone of maximum
Kss, for within this area the sand content (716 to 752 g kgt) was less than the maximum and the clay content
(177 to 201 g kg™) was greater than the minimum.

The highest clay concentration was found on the western side of the study area, in a zone where the
altitude was between 1016 and 1020 m, between 2.35 and 6.19 m below the southwestern corner of the
study area. In contrast, the highest sand content occurred towards the eastern side of the study area, in a
zone of higher altitude (1020 to 1021 m), with a maximum altitude difference of slope from the southwestern
corner of 1.68 m.

The values for the normalized root mean square error (NRMSE) and the variance by the different
interpolation methods confirmed for all variables, Kriging was similar from those provided by Cokriging and
Collocated cokriging (Figure 7). The use of a restricted neighborhood for multicollocated cokriging provided
similar results than the utilization of kriging. Its means that a secondary information was highly satisfactory
and leads to estimates that correspond closely with the natural behavior of soil physical and hydraulic
properties.

10223
10126
= 1016.9
10142

0113

Figure 1. A) Study area located in Ponta Grossa, Parana, Brazil; B) Block diagram indicating the topography of the
experimental area as a relief map: darker colors correspond to higher altitudes, lighter to lower altitudes.
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Figure 2. A) Satellite image of the study area, Ponta Grossa, Parana, Brazil. B) Sampling grid established within the

study area.

Table 1. Statistical moments of the altitude, plant development attributes and physical and hydraulic properties of the
soil from the measurements made at the 96 sampling points in the study area, located in Ponta Grossa, PR, Brazil.

Variable Mean Variance 2CV ~ Minimum Maximum 34 Skewness Kurtosis
Altitude / m 1018 9.80 0.31 1011 1022 11 -0.72 -0.82
Plant height / cm 72.1 44.49 9.25 56.67 83.17 26.50 -0.29 -0.76
Stand / plants m-! 11.39 3.95 17.44 3 17 14 -1.29 3.99
Hog[Krs / cm h1] 1.14 0.16 346 0.17 2.19 2.02 -0.35 -0.13
Sand / g kgt 736.1 734.7 3.68 669.3 795.9 126.6 0.12 -0.38
Clay / g kg? 206.8 604.6 11.89 149.7 280 130.3 0.18 -0.03
Bulk density/ g cm-3 1.55 0.01 5.08 1.37 1.72 0.35 -0.03 -0.42
Microporosity / % 27.06 10.49 11.97 16.73 33.96 17.23 -1.01 1.79
Total porosity / % 40.02 6.81 6.52 34.8 46.8 12.0 0.36 -0.29
Macroporosity / % 12.96 16.08 30.94 5.18 28.4 23.2 1.36 2.30

1Kss — field-saturated hydraulic conductivity; 2CV - coefficient of variation; 34 = (maximum — minimum)

Table 2. Parameters estimated from the experimental semivariograms for the following variables: altitude, plant height,
field-saturated hydraulic conductivity of the soil (as log[Kss]), soil texture — sand and clay, soil bulk density (Ds), and the

microporosity of the soil.

Variable Model 1C, 2C, a 32 ‘RMSE S5SDR
Altitude / m Gaussian 0.02 0.05 50.73 0.79 0.18 Moderate
Plant height / cm Gaussian 15 23.89 40 0.49 0.42 Moderate
log[Kss / cm h1] Gaussian 0.11 0.03 40 0.20 0.36 Weak
Sand /g kg* Gaussian 151.75 185.85 36.98 0.74 1.29 Moderate
Clay /g kg* Gaussian 148.36 520.23 45.00 0.77 1.60 Strong
Bulk density / g cm- Spherical 0.005 0.002 27.22 0.23 0.07 Moderate
Microporosity / % Gaussian 6.70 5.03 44.36 0.61 0.06 Moderate

1C, - nugget effect; 2C1 - sill; a - range; r? - coefficient of determination; “RMSE — root mean square error; 5SDR - spatial
dependence ratio defined by equation (3) (SDR < 25 %: Strong; 25 % < SDR < 75 %: Moderate; SDR > 75 %: Weak).
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Figure 3. Spatial variations in the altitude, soybean development (plant height), and soil properties: hydraulic
conductivity (Kss), clay and sand content, microporosity, bulk density (BD) presented as contour maps generated from
the raw data by ordinary Kriging.
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Figure 6. Contour maps showing the spatial variation of the field-saturated hydraulic conductivity (log(Kss)) of the soil
(top row), the sand content (middle row) and the clay content (bottom row). The estimation methods which produced
the maps were Kriging (left column), Cokriging (central column) and Collocated cokriging (right column). The cross
semivariograms used to generate the Cokriging and collocated Cokriging maps were log(Kss x clay for Kss, sand x altitude
for sand, and clay x microporosity for clay.
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Figure 7. Comparison of the performance of the Kriging (Kri), Cokriging (coKri) and collocated Cokriging (coloc)
interpolators in the prediction of the selected variables at the sampling points. RMSE- root mean square error: Kfs- field
saturated hydraulic conductivity.

DISCUSSION

Descriptive Statistics

The high variation occurring with Kss, implies that this variable always changes at short distance.

Field-saturated hydraulic conductivity, Kss, is known to be highly variable (Bagarello and Sgroi, 2004 [30];
Keller and coauthors 2012 [31]). This arises because Kss is strongly influenced by many factors that impinge
upon the formation of the local soil including landscape and the soil biology, as well as soil management.
Utilizing the same methodology for the measurement of Ky, Keller and coauthors 2012 [31] has reported a
CV value for log (Krs) of 34 % in fields where the soil texture varied from clay loam to clay. The low values of
CV for sand, bulk density, and total porosity are like results previously reported by Keller and coauthors 2012
[31], who studied a soil like the present study.

The difference between the maximum and minimum values (4 in Table 1) for the plant attributes (height
and stand) and some soil properties can give an indication of how the physical and hydraulic properties
influence on the plant development. Part of the influence can be attributed to altitude difference (11 m) may
have contributed to the soil texture variation (4A(sand) = 126.6 g kg*; A(clay) = 130.3 g kg?).
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Spatial Dependence

The altitude can influence the trajectories along which water drains over the ground; for this reason, local
features of the landscape can reduce the spatial dependence (Sobieraj and coauthors 2002 [32]). The weak
spatial dependence (small SDR) found for log (Kss) can be attributed to no-tillage system. Alletto and Coquet
2009 [33] has asserted that when a no-till system is implanted the consequent improvements in the soil
attributes are not expressed homogeneously across the entire area, and as time passes, the variability in the
soil may increase.

The moderate spatial dependence for BD in the present study was similar to that found in Cecilia and
coauthors 2017 [34] in Oxisol under no tillage system, the same type of soil and system management used
in our research. In addition, the low values for the nugget effect (Table 2, Coy) are an indication that the spatial
variability of the soil was carefully detected, which may be describes to the small spacing (10 m) of the
sampling grid.

The existence of spatial dependence on the variables, as well as the similarity of behavior between them,
suggests that the spatial variability of soil properties be analyzed together, before adopting an experimental
design at random, since any treatment adopted in this plot that requires homogeneity will lead to false results
(Grego and Vieira, 2005).

The subareas with different levels of physical soil quality were demonstrated by the bulk density (BD)
and the hydraulic conductivity (Kss) variable and may be the result of low slope of the area. The low slope in
an area can affect the soil hydraulic properties, and the spatial and temporal dynamics of processes occurring
in the soil. These processes control the movement of the chemical elements within the soil and consequently
alter plant development ( Strudley and coauthors [3]).

Correlations between the variables

The positive correlation between altitude, Kt and plant development (plant height) can be associated to
the no tillage system that was adopted approximately 19 years before the study starts, it is possible that
biological factors, and in particular the channels formed through the soil by ants and earthworms may have
had a greater influence on the saturated conductivity of the soil (Blouin and coauthors 2013 [36]), than the
soil texture, which would account for the weak correlation found between log(Ks) and the soil textural
attributes. In addition the direct association between Kis and the soil physical quality, which arises because
soil structure, macroporosity and soil structure determine the water flow (Vieira and Klein, 2007 [37]).

The low correlation between BD and plant development have found by numerous studies that has proved
that the increase in bulk density restrict plant development (Zarehaghi and coauthors 2017 [38]). However,
in the present study the highest value for the bulk density was 1.72 g cm3, found in two small regions within
the area of higher sand content (Figure 3). According to Daddow and Warrington 1983 [39], the upper limit
values for bulk density in sandy loam soils, for the successful development of plants is between 1.70 and
1.80 g cm3. Across most of the study area, the soil was a sandy loam with an average density of 1.55 g cm-
3(Table 1), which is below the critical value cited above, so the bulk density should not have altered the plants
development.

Spatial relationships and estimator performance

The observations concerning the spatial distribution of the soil texture indicate that the altitude did
influence the distribution across the study area. For example, erosive processes may have contributed to the
transport of clay to lower parts of the landscape (Figure 6), as verified by Sadeghi and coauthors 2017 [40].
In addition, it is possible that variations in the relief may have influenced the soil texture distribution across
the study area, since the spatial distribution of the soil particle size distribution is related to the relief (Sobieraj
and coauthors 2002 [32]). Comparing kriging with collocated cokriging for water table mapping Xu and
coauthors 1992 [10] found better representation for collocated cokriging.

Due to Cokriging and Collocated cokriging no require the determination of the second variable in all
points, the use of these methods allow safe money and time in the procedure of field sample and laboratory
analysis, but the statistical procedure is more complex. However, statistically kriging is the simplest method
in comparison to Cokriging methods, but the numbers of samples is bigger, requiring more time and money
in laboratory and field.

The mapping using the different interpolators can be compared by examining the maps within the rows
of Figure 6. Although the maps obtained with the Collocated cokriging interpolator present greater detail, an
established characteristic of maps generated by the Collocated cokriging method (Goovaerts, 1999 [13]), the
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behavior and distribution are like the maps generated by ordinary Kriging. Thus, it may be assumed that the
variable map produced by ordinary Kriging is enough to evaluate the behavior of the variable across a study
area, and offers a similar result to Cokriging and Collocated cokriging.

These results can contribute to soya farmers, especially in representative areas sloping in Brazil under
No-tillage system, that like our results in these areas the soil physical and hydric can be variable in short
space. The knowledge of this variability is so important to management system that which must agree with
this variability.

CONCLUSION

From the semivariogram, it was possible to identify that soil and plant attributes were spatially related
with each other. The slope of the area altered the soil texture and had a positive correlation with sand content.
This alteration on sand content and hydraulic conductivity contributed low to the soybean development, the
mainly contribution was the slope.

Differences were evident between the maps generated by the Kriging, Cokriging and Collocated
cokriging interpolators, the Cokriging methods produced more detailed maps than ordinary Kriging, but this
does not imply greater precision because the RMSE and variance was similar between methods. Therefore,
according to objective, we can choose one of these methods. If the objective is safe time and money in
analyses and sampling process, the Cokriging and Collocated cokriging interpolators are more
recommendable but if the objective is facility in statistical procedure the Kriging is easier than Cokriging and
Collocated cokriging.
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