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Geostatistical Evaluation of Spatial Variability of Selected Soil Physical
Properties under Different Crops in Ado EKiti, Nigeria

ABSTRACT
The characterization of spatial variability of soil physical and chemical characteristics is

very important for precision farming and managing agricultural. Therefore, the objective of
this study was to evaluate the spatial variability of selected physical properties of a soil under
different crops in Ado Ekiti, Nigeria using descriptive statistics and geostatistical techniques.
Grids of 10 m x 10 m were set up on the field within three land uses. The field was about 3
hectares, out of which 1ha was apportioned for cowpea, 1ha was for sole maize and the rest
for maize/cassava intercrop. A total of one hundred and eighty-four (184) georeferenced
surface samples were collected for analysis of texture, bulk density (BD), particle density
(Pd), porosity (Pt) and saturated hydraulic conductivity (Ksat). The study used descriptive
statistics to investigate the striking features in each soil property and further adopted semi-
variogram and kriged maps to assess the spatial dependence and classification of the soil
properties respectively. The soil properties showed varying degrees of spatial variability, with
Ks highly variable (118%) than others. There was weak correlation between Ksat versus BD
(12%) and Pt (-14%) but the correlation was significant with sand content (22%). The mean
value of bulk density was 1.43 g cm™ while the hydraulic conductivity (Ksat) was averaged
48.74 cm hr”'. From the variogram, the range values for sand and clay was about 14 m while
it was 510 m for bulk density, total porosity and particle density and about 411 m for Ksat.
The range of spatial dependence values indicated that future sampling could be done within a
distance between 14 and 510 m. The semi-variogram revealed sand and clay having strong
spatial dependence, Ks having moderate spatial dependence whereas others showed weak

spatial dependence structure. The kriged maps further showed the spatial distributions of



these soil physical properties across the three different land use systems. As the measured soil
physical properties is shown to vary in space and exhibited random spatial patterns, the study
suggested that the field could be susceptible to erosion since it is dominated by high bulk
density, high sand content, hydraulic conductivity and subsequently low porosity.
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1.0 INTRODUCTION

Soils are known to vary across landscapes and so do their properties. Significant
within—field variability attributable to natural factors of soil formation and crop management
practices has also been reported [1]. Under similar management practices, soils in agricultural
fields have shown highly variable properties [2]. In view of this within —field variability in
soil properties, applying uniform management treatments, such as blanket fertilizer
application or excessive tillage, often result in over — application of such inputs in low-

yielding areas and over application of inputs in high-yielding areas [3].

Quantifying the spatial variability of soil properties therefore becomes appropriate in
farm planning and management for developing a more productive and efficient crop
management systems [1]. Traditionally, the spatial variability of soil properties has been
evaluated through classical descriptive statistics and geostatistical techniques that verify
relationships among several soil samples of a specific area or field, using the study of
regionalised variables [4]. While classical statistics uses the measure of central tendency to
quantify only the degree of spatial variability of soil properties within the field, while
geostatistical analysis methods of variography and kriging have been proven to be more
useful for characterising and mapping spatial variation of soil properties and have also

received increasing interest by soil scientists and agricultural engineers [5, 6, 7, 8]. In



quantitative evaluation of within — field spatial variability, geostatistical technique has been
successfully applied by various authors [e.g. 9, 10, 1, 11, 12]. Nigeria’s agricultural soils are
also characterised by the variability of soil properties in space and thus the variability of crop
yield within field, however field management has remain uniform such as blanket application
of fertilizer. This practice indicates danger to the environment as well as increased cost of
production. The study of spatial variability of soil properties has been used to generate
information to mitigate these problems through precision farming. The purpose of this study
is to evaluate some selected soil physical properties of a cultivated field and quantify the
spatial characteristics of the evaluated properties using classical statistical and geostatistical

techniques.

2.0 METHODOLOGY

2.1 Description of study site

The study site is a 3 hectares (ha) field cultivated to arable crops (cowpea, sole maize
and maize/cassava intercrop) located on the SIWES Training Farm at the Teaching and
Research Farm, Ekiti State University, Ado Ekiti, Ekiti State. The site is located on latitude 7
41'N, longitude 5 15°E with an altitude of about 406 m above the sea level (Figure 1). The
land has been previously used for the cultivation of yam and cowpea and was left fallow for
about 3 years before the SIWES students started cultivating on it for training on crop

production.
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Figure 1: (a) Map of Nigeria showing (b) Ekiti State and (c) the study site

2.2 Field procedure and soil sampling

Of the 3-hectare field, 1 hectare planted to cowpea, 1 hectare to sole-maize and only
about 0.7 hectare to maize/cassava inter-crop were used for the study. Grids were set up on
the field within the three land use. Ninety-four (94) grids (10 m x 10m) were set up in
cowpea plot, fifty (50) grids (20 m x 10 m) in sole maize and forty-four (44) grids (15 m x 10
m) in maize/cassava intercrop, giving a total of one hundred and eighty-four (184) grids
(Figure 1). The center of each grid was geo-referenced with the aid of GPS (Garmin model)
for soil sampling. Disturbed and undisturbed soil samples were collected from the 0-20 cm

surface layer at the center of each grid. Thus, a total of one hundred and eighty-four (184)



samples were collected altogether. The samples collected were neatly packed and transferred

to the laboratory for analysis.
2.3 Evaluations

Soil texture: The granulometric analysis was determined using the modified hydrometer
method following the procedure described in [13] from disturbed air-dried soil samples after

passing through 2-mm sieve.

Bulk density: After preparation in the laboratory, the undisturbed core samples were oven-
dried at 105°C for 48 h and the weight of dry soil was determined. The bulk density was

determined using the equation according to [14]:

where BD is bulk density (g cm™); M, is weight of dry soil (g); V; is volume of soil, (cm?).

Particle density. Particle density was determined using volumetric bottle method following
the procedure described in [15] from disturbed air-dried soil samples after passing through 2-

mm sieve and then oven-dried for 24 h.

Total porosity. It was determined using the relation:

pt=1-22 2
Pd

where Pt is the total porosity (cm® cm™); BD is the bulk density (g cm™); Pd is the particle
density (g cm™).
Soil saturated hydraulic conductivity. Soil saturated hydraulic conductivity (Ksat) was

determined by the constant-head permeameter [16] on undisturbed soil samples collected in



metal cylinders (of known volume) after saturation by capillarity in a water bath for 48 hours.
The determination of Ksat was performed by collecting and measuring the amount of water
that percolates through the soil sample under a constant hydraulic head of about 3 cm in the
water column, according to the methodology described by [13]. From the data, soil Ksat was

calculated according to Equation 3.

Q*L
3
AxHxt

Ksat =

where Ksat is saturated hydraulic conductivity (cm/hr); Q is volume of water that flow
through the soil column in a given time (cm’); L is length of the soil column, cm; H is length
of soil column + water head above the soil column, cm; A is area the soil column (cmz); tis

time (h).

2.4 Data analysis
2.4.1 Descriptive statistics of soil properties

Descriptive statistics of minimum, maximum, average, standard deviation (SD),
skewness, kurtosis and coefficient of variation (CV) of data on sand, clay, bulk density,
saturated hydraulic conductivity, particle density and total porosity. The saturated hydraulic
conductivity data that did not follow normal distribution (Shapiro-Wilk test), it was logarithm
transformed for further analysis. In addition, the frequency distribution graph was plotted for

each variable. All classical statistical analyses were carried out using SPSS (IBM version 20).

2.4.2 Geostatistical analysis
Geostatistical analysis was done using the GS+ (Gamma Design Software, Version
5.2, 2005) to determine the spatial dependency and estimation of the soil properties

evaluated. Isotropic semivariograms of linear, power, spherical, exponential and Gaussian,



were tested from omnidirectional semivariances, y(h), of a set of spatial observations, Y,;,

expressed as [17]:
oy 1 N(h)
)/(h) - T(h) Zizl (Yx+h - Yx)z 4

where 7(h) is the covariance; h is the spatial separation distance, known as the time lag;
N(h) is the number of pairs of observations separated by a distance; Y, is soil variable
observed at point x while Y, ; soil variable observed at point x + h.

To characterize the spatial covariance structure of the variables, the best model was
selected based on the coefficient of determination, R®>. From the models, basic spatial
parameters such as nugget (Co), sill (C+Co) and range (Ao) were determined. The nugget to-
sill ratio expressed as the structural variance was calculated for each soil physical property
and used to evaluate the degree of spatial dependence associated with each soil property.
Structural variance values were categorized into one of three classes of spatial dependence as
proposed by [18]. For structural variance less than 0.25, the variable is considered strongly
spatially dependent; if the structural variance is greater than 0.25 and less than 0.75, the
variable is considered moderately spatially dependent; and if the structural variance is greater
than 0.75, the variable was considered weakly spatially dependent [18, 19]. In addition, a
structural variance value close to zero indicates continuity in the spatial dependence.

After selecting the best fit semivariogram model for each variable, contour maps were
created through ordinary kriging of the Geostatistical Analyst extension in ArcGIS v. 10.1°
(Esri, Redland, CA, USA). Cross-validation of the kriged results was made using validation
statistics of mean absolute error (MAE) and mean square error (MSE) as:

N —
_ Xi=qlz* -2

MAE



N (z*-2)?

MSE =

where z* is the predicted soil variable; Z is the mean of measured soil variable; N is the total
number of sampling locations. The predicted values for each soil variable were obtained from

the cross-validation procedure in the GS”.

3.0 RESULTS AND DISCUSSION

3.1 Descriptive statistics

The descriptive statistics of soil variables of the SIWES Training Farm is presented in Table
1. The sand content ranged between about 51 and 68% (mean = 64.3%) while clay content
was low, ranging between 2 and 11% (mean = 7.04%). The soil had bulk density (BD)
ranging from 1.10to 1.73 g cm” (mean=143 g cm” ) while the particle density ranged from
2.02 to 2.97 g cm™ (mean = 2.51 g cm™). For total porosity (Pt), the values were between
0.27 and 0.0.56 cm’ cm™ (mean = 0.43 ¢cm’ cm™). The saturated hydraulic conductivity
(Ksat) ranged from 2.35 to 326.20 cm h™', with an average value of 48.74 cm h™'. For Ksat,
the results are in agreement with the findings of [20] and [21] who from different studies
reported high variability in Ksat. The relatively low values of bulk density and clay content
obtained from the study could have led to increase in the value of Ksat. Low Ksat also
indicated low level of compaction and presence of large number of macrospores which allow
water to percolate through the soil. The least varied physical property was found to be
particle density. For instance, the spatial distribution of water retention properties closely
followed the distribution pattern of sand and clay content. This indicates a differential water
retention capacity of different textured soils across the field. The relatively high variability of
Ksat may be attributed to differences in soil pore geometry as a result of soil disturbance.
Increase in porosity could be as a result of low bulk density i.e. degree of compaction and

granulation is very low and also increase in organic matter.



Table 1. Descriptive Statistics of Soil Physical Properties of the Field.

Property N Min. Max. Mean SD Ccv Skewness Kurtosis

Sand, % 184 51.29 67.65  64.30+0.170 2.35 0.037 -1.85+0.18  6.04+0.36
Clay, % 184 232 11.32 7.04+0.110 1.49 0.211 -0.13+0.18  0.27+0.36
BD, g cm™ 184  1.10 1.73 1.43+0.098 0.13 0.093 -0.07+£0.18  -0.56+0.36
Pd, g cm™ 184  2.02 2.97 2.51+0.011 0.13 0.050 -2.24+0.18  14.04+0.36
Pt, cm® cm™ 184  0.27 0.56 0.43+0.004 0.06 0.137 -0.31+0.18  -0.33+0.36

Ksat, cm h 94 2.35 326.20  48.74+5.928 57.50 1.179 2.61£0.25  8.14+0.49

BD: bulk density; Pd: particle density; Pt: total porosity; Ksat: saturated hydraulic conductivity
N: number of samples; Min.: minimum value; Max.: maximum value; SD: standard deviation; CV: coefficient
of variation

According to the classification proposed by [22], a parameter is considered to be low
in terms of variability if the CV<12%, moderately variable when 12% < CV<60% and highly
variable when CV>60%. In this study, the CVs for sand, bulk density, and Pd were less than
12%, indicating that these variables had low variability within the field. On the other hand,
Clay and Pt, had CV between 12 and 60%, indicating moderate variability while Ksat had
CV>100%, indicating very high variability. Similar studies have also reported low CV for
sand [10] and BD [10, 11]. [10] found moderate CV for clay content. For Ksat, the result
agrees with the findings of [20] and [21] who reported high variability of Ksat. In this study,
the high variability of Ksat may be attributed to differences in soil pore geometry as a result
of variable soil disturbance during land preparation. Certain sampling points may be
characterized by biopores created by soil organisms and plant roots, thus increasing the water
movement.

The frequency and normal distribution curves for the variables are shown in Figure 2.
Only the logarithm transformed Ksat (LnKsat) had positive skewness, showing skewness to
the right, while other variables sand, clay, bulk density, Pd and Pt had negative skewness

(Table 1), showing skewness to the left (Figure 2). [23] stated that where a variable shows
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Figure 2. Frequency and normal distribution curve of the selected soil physical properties of

the field.

symmetry to either right or left, there is the tendency of high frequency of values below or
above mean, respectively.

In this study, sand, clay, bulk density, Pd and Pt had high frequency of values above
the mean. [11] in a study on spatial variability of physical properties under land use change
reported negative and positive skewness for bulk density and Pt, respectively. According to
[24], for a normal distribution, the kurtosis coefficient must be zero, and values between +2
and -2 are accepted. In this study, only the kurtosis values for clay, bulk density and Pt were
within the acceptable limit. In addition, the negative kurtosis for bulk density and Pt (Table 2)
indicates that the curves were platykurtic, showing that the distribution was flatter than
normal. Whereas the positive kurtosis for clay indicates that the data was leptokurtic, that is,

the distribution was narrower than normal (Figure 2). Other researchers [e.g. 25, 11] have
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Table 2. Results of Pearson correlation test between the soil physical properties.

Property LnKs BD Pd Pt Sand Clay
LnKs 1 0.122  -0.054  -0.138 0215  -0.100
BD 1 -0.097 -0.8797  0.071  -0.131
Pd 1 0.555"  0.027  0.103
Pt 1 -0.044  0.151
Sand 1 -0.3107
Clay 1

BD: bulk density; Pd: particle density; Pt: total porosity; LnKs: log transformed saturated hydraulic conductivity
**Correlation is significant at the 0.01 level (2-tailed).
*Correlation is significant at the 0.05 level (2-tailed).

also reported this behavior.
3.2 Relationships between soil physical properties

The relationships between sand, clay, bulk density, Pd, Pt and LnKsat are presented in
Table 2. There was significant positive correlation between Ks and sand content. Total
porosity (Pt) had negative and significant correlation with bulk density whereas the
correlation was positive with Pd. Sand had negative and significant correlation with clay
content. The basis of the positive relationship between soil Ksat and sand content is direct;
that is, higher Ksat values are associated with coarser, rather than finer textured soil. In
addition, high sand content indicates more macropore or transmission pores, hence increased
water conductivity. Total porosity has an inverse relationship with bulk density, thus the
confirmation obtained here. On the other hand, an increase in particle density indicates more
pores, especially micropores and hence contributes to total pores. Soil having more sand will
definitely have low clay content which is a function of parent material from which the soil

was formed.

3.3 Spatial variability and mapping of soil physical properties

11



Table 3 and Figure 3 show the results of the geostatistical analysis of the measured
soil physical properties. Sand and clay showed pure nugget effect (Figure 3a and 3b); bulk
density, Pd, and Pt were fitted to Gaussian model (Figure 3c, 3d and 3e) while InKsat was
fitted to spherical model (Figure 3f), with the coefficient of determination (R?) ranging from
0.104 (sand) to 0.947 (LnKs). Other researchers [e.g. 10, 25, 26, 27, 11] have reported these
models for soil physical properties. The nugget effect or the semivariance at separation
distance of zero (h = 0) ranged between 0.00 (cm® cm™)? (from Pt) and 5.6 (%)* (from sand).
According to [28], the range is a function of field and experimental variability, or random
variability that is undetectable at the scale of sampling. Except for sand and clay, the close to
zero nugget from other variables is an indication of very smooth spatial continuity between
neighbouring points. The sand and clay content that had high nugget effect compared to other
variables indicates high discontinuity among samples. [29] stated that the higher the nugget
effect, the greater the discontinuity in samples. As the separation distance (h) increases, the
semivariance increases to a more or less constant value, known as the sill or total
semivariance. The sill values ranged from 0.02 (cm’ cm™)* (Pt) and 5.60 (%)*(sand). The
ranges of spatial dependencies vary between 214 and 511 m, indicating that the optimum
sampling interval varies greatly among the different soil properties [10]. The sand and clay
content that showed small range (214 m) of spatial dependence indicates that spatial
continuity diminishes rapidly over a short distance. The value of semi-variogram range of the
soil physical properties obtained in this study were not in agreement with the range obtained
in previous studies [e.g. 26, 27, and 30]. Differences in soil, land use type, cropping and

management systems in the different regions may account for these contrasting results.

Furthermore, the resulting semivariograms indicate strong spatial dependencies (SSD)
for BD, Pd and Pt. The structural variance also showed moderate spatial dependence for Ksat

and weak spatial dependence for sand and clay. These results indicate that the distribution of
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Table 3: Fitted Models and Estimated Parameters of the Experimental Semivariograms of

Soil Physical Properties of the Field.

Var. Model C, CHC A, C/(CHC Spatial R2 MAE  MSE
dependence
Sand Nugget effect 5.600 5.60 2143 1.00 WSD 0.104  0.620  0.553
Clay Nugget effect 2.170 2.17 2143 1.00 WSD 0.596 0304  0.139
BD Gaussian 0.020 0.07 510.9 0.23 SSD 0.833  0.046  0.003
Pt Gaussian 0.003 0.02 510.9 0.13 SSD 0900  0.020  0.001
Pd Gaussian 0.013 0.05 510.9 0.25 SSD 0560  0.021  0.001
LnKs Spherical 0.768 1.83 410.9 0.42 MSD 0947 0498 0306

BD: bulk density, g cm™; Pd: particle density, g cm™; Pt: total porosity, cm® cm™; LnKs: log transformed
saturated hydraulic conductivity, cm h™*

C,: nugget effect; C,+C: sill; A,: spatial range, m; SSD: strong spatial dependence; MSD: moderate spatial
dependence; WSD: weak spatial dependence

R?: coefficient of determination; MAE: mean absolute error; MSE: mean square error.

the soil properties in space is not random. Strong spatial dependence on soil properties is an
indication that such properties are controlled by variability in intrinsic soil properties such as
geology, soil forming factors, texture and so on [31], whereas moderate and weak spatial
dependence could be due to management such as land use, tillage, cropping system,
irrigation, among others.

By using the kriging algorithm of the geospatial analyst tool in ArcGIS, the contour
maps of the individual soil property are shown in Figures 4-8. The visualization of the
distribution maps showed that the soil varies in terms of physical properties, that is
heterogeneity, indicating that the distribution of the variables are strongly influenced by both
factors including geology, management practices, soil texture, among others. Figure 4 shows
the kriged contour map of the spatial variability and classification of the sand content of the
field. For the cowpea plot, it was observed that there was slightly high sand content. Also for
sole maize plot, there was slightly high sand content. For maize/cassava intrecrop, there was
moderately high sand content. Figure 5 shows the kriged contour map of the spatial

variability and classification of the clay content. For the cowpea plot, the kriged contour map

13
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Figure 3: Semivariogram of a) sand content, b) clay content, ¢) soil bulk density (BD), d)
total porosity (Pt), e) particle density (Pd), and f) log transformed saturated hydraulic

conductivity (LnKs) of the field.

showed that there was very low to low clay content in the northeastern region of the map. It
was noted that for sole maize plot, there was low clay content due to inherent soil factor such
as soil type and environmental factor. For maize/cassava, it was observed that there was very
low clay content in this area of the field. The differences in the sand and clay contents are

attributed to geologic and intrinsic soil forming factors and the differences in these textural
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properties have implications in terms of pore space, water and nutrient retention and
availability. Figure 6 shows the kriged contour map of the variability and classification of the
soil bulk density (BD) of the field. For the cowpea plot, it shows that there was low bulk
density.

Also from the sole maize plot, it was observed that there was low BD. The low bulk
density indicates that the degree of compaction is low due to recent ploughing, harrowing and
ridging operations conducted on the soil. For maize/cassava intercrop, the bulk density (BD)
was medium (a bit higher) compared to cowpea and maize plots, this may be attributed to
crop intensification. The higher sand content in this region is also an avenue for the increased
bulk density as more pore volume is available for compression.

Figure 7 shows the kriged contour map of the spatial variability and classification of
the soil’s total porosity (Pt) of the field. For both cowpea and sole maize plots, the total
porosity (Pt) is classified as high. The high Pt observed may be as a result of low bulk density
which is attributed to better aggregation and improved pore space. Conversely, maize/cassava
intercrop had Pt classified as medium to low. This may be attributed to the relatively higher

BD due to crop intensification.

Figure 8 shows kriged contour map of the spatial variability and classification of the
soil saturated hydraulic conductivity (Ksat) for sole maize and maize/cassava intercrop only.
For sole maize plot, the Ks is classified as moderate to high while it was classified as high for
maize/cassava intercrop. The high Ks observed in maize/cassava intercrop may be due to
high volume of macropore due to high sand content. The saturated hydraulic conductivity is a
dynamic property of soil and its behavior is determined by the degree of compaction that the

soil offers [32] as well as the quantity and continuity of pores, mainly macro spores.

The result of test for cross-validation of the kriging procedure checked using

performance parameters of MAE and MSE are shown in Table 3. While the MAE indicates
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the bias, the MSE determines the prediction accuracy [33]. Both the MAE and MSE values
are very low, indicating that the kriging procedure was acceptable. Regardless of what factors
caused the spatial variability observed, the magnitude of the soil properties may be expected
to influence the spatial distribution of crop growth and yield, thus having considerable
implications regarding the implementation of soil sampling schemes and site-specific

management practices.

CONCLUSIONS

Both the descriptive and geostatistical methods showed spatial variability of the soil
physical properties across the field and this is attributed to localized previous sand mining
activities and farming practices.

The variability of the soil physical properties is not random, revealing weak to strong
spatial dependence.

The BD, Pd, Pt and Ksat could be well described using either Gaussian or spherical
models. The semivariogram for sand and clay contents shows a small range of spatial
dependence and purely nugget effect.

The maize/cassava intercrop showed higher BD and medium to low porosity, hence this
portion is more liable to compaction and could impair crop growth and productivity.

The documentation of these physical properties in field scale distribution maps will
allow derivation of zones of physical and mechanical sensitivity. This will further help define
management zones, which can be combined with minimum soil samples to provide a more

accurate prediction of spatial variability of soil properties for site-specific soil management.

REFERENCES

[1] Jung WK, Kitchen NR, Sudduth KH, Anderson SH. Spatial characteristics of claypan soil
properties in an agricultural field. Soil Sci. Soc. Am. J. 2006;70:1387-1397.

21



[2] Babalola O. Spatial variability of soil water properties of tropical soils of Nigeria. Soil
Science. 1978;126:269-279.

[3] Fergurson RB, Hergert GW, Schepers JS, Gotway CA, Catioon JE, Peterson TA. Site-
specific nitrogen management of irrigated maize: Yiels and soil residual nitrogen effects.
Soil Sci. Soc. Am. J. 2002;66:544-553.

[4] Davis JC. Statistics and Data Analysis in Geology, 2nd Ed. Wiley & Sons, New York,
NY. 1986.

[5] Webster R, Oliver MA. Geostatistics for Environmental Scientists. Wiley & Sons, New
York, NY. 2001.

[6] Corwin DL, Lesch SM, Shouse PJ, Soppe R, Ayers JE. Identifying soil properties that
influence cotton yield using soil sampling directed by apparent soil electrical
conductivity. Agron. J. 2003;95:352-364.

[7] Mueller TG, Hartsock NJ, Stombaugh TS, Shearer SA, Cornelius PL, Barnhise RI. Soil
electrical conductivity map variability in limestone soil overlain by loess. Agron. J.
2003;95:496-507.

[8] Corwin DL, Lesch SM. Survey protocols for characterizing soil spatial variability with
apparent soil electrical conductivity: I. survey protocols. Comput. Electron. Agric.
2005;46:103-133.

[9] Traugmar EB, Yost RS, Uehara G. Application of geostatistics to spatial variability of soil
properties. Advances in Agronomy. 1985;38:45-94.

[10] Jabro JD, Stevens BW, Evans RG. Spatial relationships among soil physical properties
in a grass-alfalfa hay field. Soil Science, 2006;171(9):719-727.

[11] Awe GO. Land use change and crop production: Spatial variability of some soil physical
and hydraulic properties of an Alfisol grown to cowpea (Vigna unguiculata). American-
Eurasian J. Agric. & Environ. Sci. 2017;17(1):85-98.

[12] Edet CO, Ushie PO, Ekpo CM. Effect of Additives on the Thermal Conductivity of
Loamy Soil in Cross River University of Technology (CRUTECH) Farm, Calabar,
Nigeria. Asian Journal of Physical and Chemical Sciences 3(4): 1-8, 2017; Article
n0.AJOPACS.36665

[13] EMBRAPA. Centro Nacional de Pesquisa de Solos (Rio de Janeiro, RJ). Manual de
métodos de analise de solo. 2. Ed. Reviewed. Rio de Janeiro, 230pp. 2011.

[14] Blake GR, Hartge KH. Bulk density, in: Klute, A. (Ed.), Methods of Soil Analysis: Part
1, Physical and Mineralogical Methods, nd edn, AS. SSSA, Madison, USA, 1986;363-
375.

[15] Gubiani PI, Reinert DJ, Reichert JM. Metodo alternative para determinacao da
densidade de particulars do solo — exatidao, precisao, e tempo de processamento. Ciencia
Rural. 2006;36(2):664-668. (Abstract in English).

[16] Klute A, Dirksen C. Hydraulic conductivity and diffusivity: laboratory methods, in:
Klute, A. (Ed.), Methods of Soil Analysis. Part 1. Physical and Mineralogical Methods,
2nd ed. Agron. Monogr. 9. ASA, Madison, WI, pp. 1986;687-734.

[17] Nielsen DR, Wendroth O. Spatial and temporal statistics: sampling field soils and their
vegetation. Catena Verlag, Reiskirchen, 2003;398pp.

[18] Cambardella CA, Moorman TB, Novak JM, Parkin TB, Karlen DL, Turco RF, Konopka
AE. Field scale variability of soil properties in Central Iowa soils. Sci. Soc. Am. J..
1994;58:1501-1511.

[19] Igbal J, Thomasson JA, Jenkins JN, Owens PR, Whisler FD. Spatial variability analysis
of soil physical properties of alluvial soils. Soil Sci. Soc. Am. J. 2005;69:1338-1350.

22



[20] Shukla MK, Slater BK, Lal R, Cepuder P. Spatial variability of soil properties and
potential management classification of a chernozemic field in lower Austria. Soil Sci.
2004;169:852-860.

[21] Wang YQ, Shao MA. Spatial variability of soil physical properties in a region of the
Loess Plateau of PR China subject to wind and water erosion. Land Degrad. Develop.
2013;24:296-304.

[22] Warrick AW, Nielsen DR. Spatial variability of soil physical properties in the field. In
application of Soil Physics. Ed. D. Hillel. 1980;319-324.

[23] Souza LC de. Variabilidade especial dasalinidade de um solo alluvial no semi arido
paraibano.1999;77pp.

[24] Ortiz JL. Emprego do geoprocessamento no estudo da relag@o entre potencial produtivo
de um povoamento de eucalipto e atributos do solo e do relevo. 2003. 205pp.
Dissertagdo (Mestrado) - Escola Superior de Agricultura “Luiz de Queiroz”,
Universidade de Sao Paulo, Piracicaba, Brasil. (Abstract in English).

[25] Carvalho LAI, Meurer CA, Silva J, Centurion JF. Spatial variability of soil properties in
two managements in sugarcane crop. Eng. Agric. 2010;32(1):60-68.

[26] Cavalcante EGS, Alves MC, Souza ZM, Pereira GT. Variabilidade especial do atributos
fisicos do solo sob diferentes usos ¢ manejos. R. Bras. Eng. Agri. Amb. 2011;15(3):237-
243 (Abstract in English).

[27] Santos D, Souza EG, Nobrega LHP, Bazz CL, Goncalves Junior AC.

Variabilidade especial de atributos fisicos de um Latossolo Vermelho apos cultivo de
soja. R. Bra. Eng. Agri. Amb. 2012;16(8):843-848 (Abstract in English).

[28] Webster R, Oliver MA. Sample adequately to estimate variograms of soil properties. J.
Soil Sci. 1992;43:177-192.

[29] Vieira SR. Geoestatistica em estudos de variabilidade especial do solo. In: Novais, R.F.,
Alvarez, V.H., Schaefer, C.E.G.R. (Eds). Topicos em ciéncia do solo. Vigcosa: Sociedade
Brasileira de Ciéncia do Solo. 2000;1:1-53. (Abstract in English).

[30] Schaffrath VR, Tormena CA, Fidalski J, Goncalves ACA. Variabilidade e corelacao
especial de propriedade fisicas de solo sob plantio direto e prepare convencional. R.
Bras. Ci Solo. 2008;32:1369-1377 (Abstract in English).

[31] Yasrebi J, Saffari M, HamedFathi N, Emadi M, Baghernejad M. Spatial variability of
soil fertility properties for precision agriculture in southern Iran. J. Appl. Sci.
2008;8:1642-1650.

[32] Reichert JM, Suzuki AS, Reinert DJ, Horn R, Hakasson I. Reference bulk density and
critical degree of compactness for no-till crop production in subtropical highly
weathered soils. Soil and Tillage Research. 2009;102:242-254.

[33] Utset A, Lopez T, Diaz M. A Comparison of soil maps, kriging and a continued method
for spatially predicting bulk density and field capacity of Ferrasols in the Havana
Mantazas Plain. Geoderma. 2000;96:199-213.

23



