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A b s t r a c t. Characterizing the spatial variability of soil
thermal properties is an important component of precision agriculture. The current study characterized the spatial variability
of soil thermal properties across five slope positions: summit,
shoulderslope, backslope, footslope, and toeslope. Triplicate
soil samples (0-18 cm) were collected from each slope position
from a pasture field planted with tall fescue (Festuca arundinacea syn. sychedonorus arundinaceus). Soil thermal properties
(thermal conductivity, volumetric heat capacity, thermal diffusivity), volumetric water content (at 0 and –33 kPa soil water
matric potentials), bulk density, and soil organic carbon were
determined. The results showed that soil organic carbon was 26%
higher, while ρb was 10% lower at the toe slope as compared with
the summit due to depositional forces. At saturation, volumetric
heat capacity was 5% higher at the toe slope as compared with
the summit which is consistent with the soil organic carbon and
volumetric water content results. Semivariogram analysis showed
that at saturation, the spherical isotropic models provided the best
fit for soil thermal properties (R2 = 0.95). The foot and toe slope
positions exhibited the least variability in terms of soil thermal
properties. Future studies should explore the influence of a combination of slope position and various cropping systems on soil
thermal properties.
K e y w o r d s: volumetric heat capacity, thermal diffusivity,
fractal dimension, soil organic carbon, thermal conductivity
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INTRODUCTION

Depositional and post-depositional processes can cause
variability in soil properties, even within homogenous soil
layers (Lacasse and Nadim, 1996) and this can play a major
role in crop productivity. Spatial variability studies are
important in predicting the influence of natural and anthropogenic factors on soil properties and in characterizing the
specific ecosystem functions of soils (Kosmas et al., 2000).
Spatial variability information leads to better management
practices aimed at maintaining and improving the sustainability of crop production systems (Ozgoz, 2009).
Due to spatial autocorrelation (Oliver, 1987), it is important to study the structure of any population using approaches
developed in Geostatistics (Isaaks and Srivastava, 1989;
Cressie, 1991). These approaches involve spatial modelling
(variography), spatial interpolation (kriging and other methods) and fractal characterization. This approach has been used
by several authors to report spatial and fractal variability in soil
physical, chemical and biological properties (e.g. Robinson
and Metternicht, 2006; Fu et al., 2010; Haruna and Nkongolo,
2013; Bogunovic et al., 2014; Haruna and Nkongolo, 2014;
Yang et al., 2016; Bogunovic et al., 2017; Fabijanczyk and
Zawadzki, 2017; Usowicz and Lipiec, 2021).
© 2021 Institute of Agrophysics, Polish Academy of Sciences
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Fractals arise from different sources and have been
observed in nature. Fractal dimension (FD) is a statistical
index of complexity that compares how the detail in a pattern changes over the scale at which it is measured (Kenneth,
2003). Thus, FD may be used to indicate if, at the smallest possible scale, variabilities in investigated soil properties can be
determined through length, area, or volume measurements.
Most phenomena with long-range variations would have an
FD value tending towards 1 as the observation variance would
change with sampling distance (lag). It would be better to
define variabilities in such properties by length. Fractals can
also fluctuate between 2 and 3, with the former representing
an area and the latter representing a volume measurement
(Burrough, 1981). As such, fractals are important tools in
understandingthe minute and sensitive variabilities in soils.
Fractals have been used previously to characterize soil parameters (e.g. Burrough, 1981; Perfect and Kay, 1995; Eghball et
al., 1997; Usowicz, 1999). However, fractals have not been
used to describe soil thermal properties.
Soil thermal properties influence water movement and
storage, nutrient availability, seed germination, and microbial activity (Shukla, 2014). Soil thermal properties can be
evaluated through the measurement of thermal conductivity (λ), volumetric heat capacity (C), and thermal diffusivity
(D). These properties may be influenced by anthropogenic
processes like tillage and cover cropping (Haruna et al.,
2017). Several researchers have reported the influence of
texture and management practices on soil thermal properties (e.g. Abu-Hamdeh and Reeder, 2000; Ochsner et al.,
2001; Lipiec and Usowicz, 2007; Adhikari et al., 2014;
Haruna et al., 2017; Sindelar et al., 2019; Haruna, 2019).
In addition, soil thermal properties may be influenced by
pedogenic factors like topography and landscape position,
factors that influence water content, soil organic carbon
(SOC), and soil depth (Mulla and McBratney, 2002).
Currently, there are few studies onconcerning the variability of soil thermal properties in cultivated fields (e.g.
Usowicz, et al., 1996; Usowicz et al., 2017; Gamage et al.,
2019). However, spatial variability and fractal characterization studies along a catena are rare. This information is
important since it can influence management decisions at
various landscape positions in a changing global climate.
Due to differences in soil properties that influence thermal properties (Bristow, 2002), soil thermal properties are
hypothesized to vary across the catena. The objectives of
the current study were to a) evaluate the spatial variability
of soil thermal properties across several slope positions,
and b) use fractal theory to assess thermal properties across
several slope positions.
MATERIALS AND METHODS

The experiment was conducted at the Middle Tennessee
State University Farm in Murfreesboro, TN (35.891103 N,
–86.267280 W, average elevation – 191 m above sea level),

with a total area of 177 ha. The majority (87%) of soils in the
study area are classified (USDA) as Typic Paleudalfs, with
some Rhodic Paleudalfs (Soil Survey Staff). Five south-facing slope positions were identified in three different fields
(Table 1, Fig. 1). Each field measured 181 m x 60 m. Tall
fescue (Festuca arundinacea syn. sychedonorus arundinaceus) was planted in all fields and cut for hay production. The
climate of the study area is Humid Subtropical. The mean
30-year annual temperature is 14.6°C, with the months of
January (–3.7°C) and August (32.3°C) being the coldest and
warmest months, respectively. The mean precipitation over
the last three decades was 1357 mm, with the months of May
(139 mm) and October (85 mm) recording the highest and
lowest precipitation, respectively.
Ta b l e 1. Selected soil properties and slope components at the
various landscape positions within the study site
Slope
Slope
Sand
Silt
Clay
Slope positions
(%)
shape
(%)
(%)
(%)
Summit
2
Linear
55.00 24.44 20.56
Shoulderslope
9
Convex
55.56 28.89 15.56
Backslope
14
Linear
53.33 29.44 17.22
Footslope
5
Concave 58.33 25.56 16.11
Toeslope
2
Linear
55.00 23.89 21.11

a)

b)

Fig. 1. a) Study site showing the sample points. Please note that
the orange stars represent the approximate sample location/points,
b) schematic of the cross-sectional area of the landscape.

The study area was divided into a regular grid with each
box within the grid measuring approximately 12 m x 12 m.
Soil samples were collected from each grid subsection.
A trimble Geo 7 x GPS with an accuracy of 10 cm was used
to record the georeferenced coordinates. The field area is
under perennial grass management with very little human
influence. The soil samples were collected at 0-18 cm depth
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because the fields were under perennial grass management
with very little human influence. Triplicate soil samples
were collected from the three adjacent fields in a cylindrical
soil core (volume = 508.9 cm3) using an Uhland soil sampler
(Uhland, 1950) in June 2019 (3 samples x 3 different fields
x 5 slope positions = 45 samples). The soil samples were
trimmed, covered at both ends with a plastic cap and transported to the laboratory. They were refrigerated at 4°C until
the time of analysis.
After the soil cores were removed from the refrigerator, the plastic caps were gently removed. The bottom of
each soil core was secured using a cheesecloth and rubber
bands. They were placed in a tub and saturated with tap
water from the bottom up for about 24 h by gently raising the water level. The electrical conductivity of the water
was 0.3 dS m–1 at 20°C. After saturation, the soil samples
were weighed, placed on pressure plates, and equilibrated
to –33 kPa of pressure (Dane and Hopmans, 2002). After
equilibration, the soil samples were weighed and the volumetric water content (θ) was determined for that pressure.
The soil thermal properties were measured using a KD2
(Decagon Devices, Pullman, WA) dual-probe heat-pulse
sensor. This sensor has been used by several researchers
in the past (e.g. Dahiya, et al., 2007; Adhikari et al., 2014;
Haruna et al., 2017; Zaibon et al., 2019). Before measurement, the probe was calibrated and its accuracy was tested
using performance verification standards. The soil thermal
properties were measured at each pressure (0 and –33 kPa)
by vertically inserting the probe into the soil. In order to
avoid errors in measurement due to improper soil contact,
the probe was inserted into new areas during each measurement and core walls were avoided.
After the θ and thermal properties were measured, the
soil was oven-dried at 105°C and the bulk density (ρb) was
measured using the core method (Grossman and Reinsch,
2002). The soil was then ground and passed through a 2-mm
sieve. Twenty grams of the ≤ 2 mm aggregates were used for
to conduct a soil particle size analysis using the sedimentation method (Gee and Or, 2002). Another 50 g of the ≤ 2 mm
aggregate was used for SOC determination using combustion analysis (loss on ignition at 360°C) (Schulte and
Hopkins, 1996).
Statistical analysis (SA) was conducted with respect to
moments at each slope position in SAS ver. 9.4 (SAS Institute,
2013). Normality was tested using Anderson-Darling statistics at p ≤ 0.05. The data was normally distributed. In order
to fully understand the nature of the variability, a semivariogram analysis was conducted for each soil property at each
slope position. SA semivariogram analysis was conducted
using GS+ (Gamma Design Software, Plainwell, Michigan)
ver. 9. In general, a semivariogram is defined by the following equation (Ayoubi et al., 2007):

Υ (h) =

m(h)

1
[z (xi + h) − z (xi )]2
2m(h) i=1
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(1)

where ϒ(h) is the experimental value of the semivariogram
at a distance h, m(h) represents the sample value pairs within the distance h, and z(xi+h) and z(xi) are sample values at
two points separated by distance h. The distance tolerance
was half the distance between lags. Semivariograms were
evaluated by fitting them to theoretical models. Each of
these models are defined in terms of nugget variance (C0),
sill (sum of structural variance, C1, and nugget variance,
C0), and correlation range (A0). The nugget effect indicates
the variability of the parameter being examined at a scale
which is smaller than the sampling interval. As such, nugget
effects are present when the semivariogram value increases
from a value other than zero. The sill is the value at which
no further increase is observed in the semivariogram, while
the range is the distance from zero to the point where the
semivariogram model flattens out (i.e. reaches about 95%
of the sill value). Each of the four models are briefly defined
below (McBratney and Webster, 1986);
Linear isotropic model

 
C1
Υ (h) = C0 + h
A0

(2)

Spherical isotropic model
(3)
Exponential isotropic model



−h
Υ (h) = C0 + C1 1 − exp
A0

(4)

Gaussian isotropic model

 2 
−h
Υ (h) = C0 + C1 1 − exp
A20

(5)

From the errors (difference between the observed and
predicted data) produced from each model, the Root Mean
Square Error (RMSE) was calculated according to the following formula:


n 
2
1 
RM SE = 
Z (Xi) − Ẑ (Xi)
N i=1

(6)

where N is the number of samples, Z(Xi) is the observed
value, and Ẑ(Xi) is the predicted value. The FD value was
determined from the slope of the semivariance vs. distance.
Also, the degree of spatial dependence (DSD = C0 / (C0 +
C1) x 100)) of each variable was determined. A ratio < 25%
represents a strong degree of dependence, 25-75% shows
a moderate degree of dependence, and > 75% shows a weak
degree of dependence (Cambardella et al., 1994).
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Ta b l e 2. Pearson correlation coefficient for soil physical and
thermal properties at 0 kPa soil water matric potential
λ
1.0000
–0.69
C
(<0.0001)
0.94
D
(<0.0001)
–0.43
θ
(0.0033)
0.65
SOC
(<0.0001)
0.58
ρb
(<0.0001)

C

D

θ

SOC

ρb

λ

1.0000
–0.89
1.0000
(<0.0001)
0.54
–0.51
1.0000
(0.0001) (0.0003)
0.78
–0.75
0.63
1.0000
(<0.0001) (<0.0001) (<0.0001)
–0.76
0.72
–0.62
–0.62
1.0000
(<0.0001) (<0.0001) (<0.0001) (<0.0001)

λ – thermal conductivity, C – volumetric heat capacity, D – thermal diffusivity, θ – volumetric water content, SOC – soil organic
carbon, ρb: soil bulk density.
RESULTS

The descriptive statistics of soil physical and thermal
properties are shown in Table 2. The results showed that
SOC was 71% higher at the toeslope compared with the
backslope, which had the lowest SOC. Soil ρb was 5 and
14% higher on the backslope compared with the summit and
toeslope, respectively. At 0 kPa, soil water matric potential

(SWMP), λ values at the backslope was 4, 6, 6, and 25%
higher compared with the values at the summit, shoulderslope, footslope and toeslope, respectively. Thermal
conductivity values were reduced with a decrease in SWMP
from 0 to -33 kPa at the summit, shoulderslope and backslope. At 0 kPa SWMP, C values at the toeslope were 5,
15, 16, and 4% higher compared with values at the summit,
shoulder, back, and foot slopes, respectively. In general, C
values decreased with a decrease in SWMP from 0 to –33
kPa. Thermal diffusivity values followed a similar trend to λ
at 0 and –33 kPa SWMP. At 0 kPa SWMP, θ at the toeslope
was 16, 19, 42 and 13% higher compared with values at
the summit, shoulderslope, backslope and footslope, respectively. At each slope position, θ values were significantly
lower at –33 kPa SWMP compared with 0 kPa SWMP.
Table 3 shows Pearson’s correlations of soil thermal and physical properties at 0 kPa SWMP. The results
showed a significant (p ≤ 0.05) correlation between the
measured soil properties. Soil λ was positively correlated
with ρb (r = 0.58, p < 0.0001) and θ (r = 0.65, p = 0.0033)
and negatively correlated with SOC. The volumetric heat
capacity was positively correlated with θ (r = 0.54, p =
0.0001) and SOC (r = 0.78, p ≤ 0.0001) and negatively

Ta b l e 3. Descriptive statistics of soil physical and thermal properties at 0 kPa and –33 kPa soil water matric potentials
0 kPa
–33 kPa
SOC
ρb
λ
C
D
θ
λ
C
D
θ
Slope position
g kg–1
g cm–3 W m–1 k–1 MJ m–3 K–1 mm2 s–1 cm3 cm–3
W m–1 k–1 MJ m–3 K–1 mm2 s–1 cm3 cm–3
Summit
Mean
18.73
1.24
1.38
2.95
0.47
0.38
1.26
2.77
0.46
0.26
Median
18.02
1.25
1.31
2.92
0.45
0.37
1.31
2.78
0.45
0.21
Std. Dev
5.80
0.09
0.14
0.13
0.06
0.10
0.18
0.29
0.07
0.24
CV
0.31
0.07
0.10
0.04
0.14
0.27
0.14
0.11
0.14
0.93
Shoulderslope
Mean
15.89
1.27
1.35
2.70
0.50
0.37
1.25
2.72
0.47
0.13
Median
14.83
1.29
1.30
2.66
0.47
0.33
1.22
2.72
0.44
0.13
Std. Dev
4.10
0.09
0.14
0.16
0.08
0.11
0.12
0.32
0.06
0.07
CV
0.26
0.07
0.11
0.06
0.16
0.29
0.10
0.12
0.13
0.56
Backslope
Mean
13.76
1.30
1.43
2.62
0.55
0.31
1.37
2.68
0.53
0.15
Median
12.79
1.33
1.42
2.62
0.56
0.33
1.34
2.78
0.47
0.13
Std. Dev
4.57
0.08
0.11
0.13
0.06
0.10
0.26
0.36
0.15
0.07
CV
0.33
0.06
0.07
0.05
0.11
0.32
0.19
0.14
0.28
0.51
Footslope
Mean
19.90
1.23
1.35
2.97
0.46
0.39
1.43
2.80
0.52
0.17
Median
18.02
1.23
1.38
2.98
0.46
0.40
1.43
2.72
0.57
0.16
Std. Dev
6.35
0.10
0.17
0.18
0.08
0.05
0.24
0.25
0.12
0.04
CV
0.32
0.08
0.13
0.06
0.18
0.14
0.17
0.09
0.23
0.26
Toeslope
Mean
23.58
1.14
1.25
3.10
0.41
0.44
1.30
2.82
0.47
0.23
Median
21.51
1.13
1.21
3.13
0.40
0.50
1.33
2.83
0.47
0.24
Std. Dev
7.09
0.08
0.14
0.17
0.07
0.14
0.17
0.24
0.09
0.10
CV
0.30
0.07
0.12
0.05
0.16
0.32
0.13
0.09
0.18
0.46
SOC – soil organic carbon, ρb – soil bulk density, λ – thermal conductivity, C – volumetric heat capacity, D – thermal diffusivity;
θ – volumetric water content, Std. Dev – standard deviation, CV – coefficient of variation.
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Fig. 2. Spatial variability and semivariogram of a) soil organic
matter (SOC), and b) bulk density across all five slope positions.
Please note that the x and y axis are the georeferenced x and
y coordinates for the study site.

correlated with ρb. Thermal diffusivity was positively
correlated with ρb (r = 0.72, p < 0.0001) and negatively
correlated with θ and SOC.
Soil physical and thermal properties were spatially distributed across five slope positions (Figs 2-4, Table 4). Four
isotropic models provided the best fit for the data in the
current study: linear, spherical, exponential, and Gaussian.
The root mean square error for the isotropic models used
in the current study showed a good prediction. The semivariogram model fit was determined from the coefficient
of determination (R2) values. Soil organic carbon showed
a good spatial distribution across the hillslope with the
highest values located around the southern portion of the
map (which corresponds to the toeslope position (Fig. 2a).
As expected, soil bulk density also showed a good spatial distribution across the landscape with the lowest bulk
density values being obtained around the toeslope position
(Fig. 2b). Furthermore, the results show that C and D were
more spatially distributed compared with λ (Figs 3 and
4a). The best model fit for thermal properties at the summit, shoulderslope, and backslope was a linear isotropic
model (R2 > 0.86). At the footslope, the Gaussian isotropic
model (R2 = 0.89) provided the best fit, while the spherical
isotropic model provided the best fit (R2 = 0.95) at the toeslope position. The best model fit for soil thermal properties
across all slope positions at 0 kPa SWMP was the spherical isotropic model (R2 = 0.95), while at –33kPa SWMP
the best model fit across all slope positions was the linear
isotropic (R2 = 0.95) model. At 0 kPa, soil thermal properties mainly responded to the Gaussian isotropic model at
all slope positions. At –33 kPa, the linear isotropic model was the most common at all slope positions. At 0 kPa,
the spherical isotropic model provided the best fit for λ
(R2 = 0.95, toeslope), while at –33 kPa, the linear isotropic
model provided the best fit for λ (R2 = 0.95, toeslope). At
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Fig. 3. Spatial variability and semivariogram of a) thermal conductivity (T), and b) volumetric heat capacity (C) across all five
slope positions. Please note that the x and y axis are the georeferenced x and y coordinates for the study site.

Fig. 4. Spatial variability and model representation of a) thermal
diffusivity (D), and b) volumetric water content (VWC) at saturation, across all five slope positions. Please note that the x and
y axis are the georeferenced x and y coordinates for the study site.

0 kPa, the Gaussian isotropic model provided the best fit for
C (R2 = 0.94, toeslope) while at –33 kPa, the linear isotropic
model provided the best fit for C (R2 = 0.91, shoulderslope).
At 0 kPa, the Gaussian isotropic model provided the best fit
for D (R2 = 0.94 toeslope), while at –33 kPa, the linear model provided the best fit for D (R2 = 0.78). At 0 and –33 kPa
SWMP, the Gaussian isotropic model provided the best fit
for θ (R2 = 0.77 and 0.79, respectively, back slope). At all
slope positions, the linear isotropic model provided the best
fit for SOC (R2 = 0.68, backslope), while the linear isotropic
model provided the best fit for ρb (R2 = 0.98, backslope).
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Table 4. Spatial and fractal characteristics of physical and thermal properties at 0 kPa and –33 kPa soil water matric potentials
Slope position
Summit
Model
Nugget
Sill
Nugget/Sill
A0 (m)
R2
RMSE
DSD (%)
FD
Shoulderslope
Model
Nugget
Sill
Nugget/Sill
A0 (m)
R2
RMSE
DSD (%)
FD
Backslope
Model
Nugget
Sill
Nugget/Sill
A0 (m)
R2
RMSE
DSD (%)
FD
Footslope
Model
Nugget
Sill
Nugget/Sill
A0 (m)
R2
RMSE
DSD (%)
FD
Toeslope
Model
Nugget
Sill
Nugget/Sill
A0 (m)
R2
RMSE
DSD (%)
FD

SOC

ρb

λ

C

0 kPa

D

θ

Linear Spherical Gaussian
27.608 0.002
0.000
27.608 0.025
0.200
0.000 0.913
1.000
19.000 36.460
55.530
0.65
0.89
0.76
15.780 0.001
0.009
27.608 0.002
0.001
0.857 1.618
1.232

Gaussian
0.011
0.122
0.910
71.014
0.76
0.003
0.012
1.714

Gaussian
0.000
0.067
0.999
71.014
0.77
0.002
0.001
1.271

Linear Gaussian Gaussian
14.306 0.000
0.021
14.306 0.179
0.101
0.000 0.999
0.798
19.00 71.014
71.000
0.61
0.91
0.69
6.650 0.003
0.002
14.306 0.000
0.026
1.374 1.237
1.836

Gaussian
0.018
0.234
0.922
71.014
0.68
0.007
0.020
1.690

Gaussian Exponential
0.005
0.006
0.053
0.029
0.897
0.801
71.014 123.000
0.73
0.28
0.001
0.002
0.006
0.007
1.727
1.873

Linear Gaussian
14.902 0.003
14.902 0.070
0.000 0.964
19.000 58.128
0.68
0.98
8.819 0.007
14.902 0.003
0.743 1.433

Linear
0.012
0.012
0.000
19.000
0.46
0.003
0.012
1.743

Exponential Spherical
0.014
0.000
0.044
0.004
0.683
0.934
104.850
6.420
0.31
0.05
0.003
0.001
0.021
0.000
1.869
1.920

Linear
0.008
0.008
0.000
19.000
0.632
0.004
0.008
1.299

Gaussian
0.000
0.200
1.000
63.549
0.77
0.006
0.000
1.445

λ

–33 kPa
C
D

θ

Linear
0.029
0.029
0.000
19.000
0.90
0.014
0.029
0.862

Linear
0.080
0.080
0.000
19.00
0.46
0.038
0.080
0.484

Linear
0.005
0.005
0.000
19.000
0.57
0.002
0.005
1.062

Linear
0.059
0.059
0.000
19.000
0.05
0.026
0.059
1.542

Spherical
0.000
0.017
0.999
4.870
0.24
0.003
0.000
1.932

Linear
0.087
0.087
0.000
19.000
0.91
0.040
0.087
0.120

Linear
0.004
0.004
0.000
19.000
0.25
0.004
0.004
1.936

Linear
0.006
0.006
0.000
19.000
0.55
0.002
0.006
1.691

Exponential
0.057
0.155
0.635
123.000
0.20
0.013
0.089
1.913

Linear
0.104
0.104
0.000
19.000
0.86
0.042
0.104
0.808

Linear Gaussian
0.021
0.000
0.021
0.144
0.000
0.999
19.000 71.014
0.75
0.79
0.003
0.004
0.021
0.000
1.788
1.369

Linear Gaussian Gaussian
33.921 0.002
0.012
33.921 0.102
0.459
0.000 0.981
0.974
19.000 71.014
70.010
0.62
0.84
0.89
15.755 0.002
0.007
33.921 0.002
0.012
1.372 1.503
1.459

Gaussian
0.013
0.236
0.944
58.006
0.52
0.014
0.014
1.728

Gaussian
0.002
0.108
0.980
71.014
0.76
0.003
0.002
1.513

Spherical
0.000
0.004
0.929
8.150
0.36
0.008
0.000
1.966

Linear
0.066
0.066
0.000
19.000
0.03
0.016
0.066
1.853

Linear
0.055
0.055
0.000
19.000
0.73
0.020
0.055
1.484

Linear
0.015
0.015
0.000
19.000
0.12
0.003
0.015
1.826

Linear
0.002
0.002
0.00
19.000
0.49
0.005
0.002
1.694

Linear Linear
45.296 0.005
45.296 0.005
0.000 0.000
19.00 19.000
0.36
0.58
13.912 0.002
45.296 0.005
1.699 0.999

Gaussian
0.010
0.219
0.954
53.538
0.90
0.005
0.010
1.495

Gaussian
0.003
0.037
0.916
65.420
0.94
0.005
0.003
1.621

Linear
0.018
0.018
0.000
19.000
0.10
0.004
0.018
1.853

Linear
0.023
0.023
0.000
19.000
0.94
0.008
0.023
1.420

Linear
0.057
0.057
0.000
19.000
0.35
0.022
0.057
1.611

Linear
0.006
0.006
0.000
19.000
0.78
0.003
0.006
0.483

Linear
0.007
0.007
0.000
19.000
0.49
0.003
0.007
1.190

Spherical
0.009
0.062
0.851
41.000
0.95
0.001
0.011
1.687

SOC – soil organic carbon, ρb – soil bulk density, λ – thermal conductivity, C – volumetric heat capacity, D – thermal diffusivity;
θ – volumetric water content, A0 – range of spatial variability, DSD – degree of spatial dependence, FD – fractal dimension. Other
explanations as in Table 2.
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The range of spatial variability (A
(A0) of the semivariogram is the interval between the correlated measurements
and may be utilized as an effective evaluation criterion of
the sampling designs and mapping soil properties. At 0 kPa,
the A0 of the soil thermal properties was between 6.4 and
104.9 m at all slope positions. At –33 kPa SWMP, the A0 of
the soil thermal properties was between 4.9 and 123 m at all
slope positions. At 0 and –33 kPa SWMP, the A0 for θ at all
slope positions was between 8.2 and 123 m and between 19
and 71 m, respectively. The A0 for SOC was 19 m, while that
of ρb was between 19 and 71 m at all slope positions.
The DSD provides information on the relationship
between the spatial proximity among the observed units
and the numeric similarity among their values (Lee, 2017).
The results of the current study indicated a strong spatial
dependence (DSD
(DSD ≤ 25%) for thermal properties, ρb, and
θ across all slope positions and matric potentials. Except
for the summit, foot and toe slopes, SOC exhibited a strong
spatial dependence across the investigated landscape positions (Table 4). The strong spatial dependence may be
controlled by inherent variations in soil characteristics such
as texture and mineralogy, while extrinsic factors such as
soil management may control the variability of the weak
spatially dependent parameters.
Table 4 shows the FD of soil properties across several
landscape positions and matric potentials. The FD of SOC
ranged between 0.743-1.699, while that of ρb ranged from
0.999-1.618. At 0 kPa, the FD of θ ranged from 1.299-1.966,
while at –33 kPa SWMP, it ranged from 1.190-1.694. At
saturation on the summit, the dimensions of the λ and D fractals were easier to describe with a length rather than an area,
while that of C was easier to describe with an area. At all
other slope positions (at 0 kPa SWMP), the FD of the soil
thermal properties resembled more of an area than a length.
On the summit at –33 kPa SWMP, the FD of the soil thermal
properties generally approach a length. On the shoulder and
back slopes (–33 kPa SWMP) the dimensions of the λ and
D fractals approach an area, while that of C approaches
a length. At the foot slope (– 33 kPa SWMP), the FD of the
soil thermal properties were easier to describe with an area.
At the toe slope (–33 kPa SWMP), the FD of λ and C were
similar to an area while that of D was similar to a length. In
general, at saturation, the FD for soil thermal properties at all
slope positions ranged from 1.232-1.920, while at –33 kPa
SWMP, it ranged from 0.120-1.936.
DISCUSSIONS

The higher SOC value at the toeslope was attributed
to a greater deposition of residues by gravity, and by the
action of water and/or wind at the back slope (Burke et al.,
al.,
1999; Longbottom et al.,
al., 2014) and less microbial activity
due to the anaerobic conditions prevalent at the toe slope
(Garcia-Pausas et al.,
al., 2007). The lowest SOC values at the
backslope were probably due to slope steepness, the higher
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erodibility at these positions, and a greater degree of microbial breakdown from a more favourable soil condition.
Conversely, Garcia-Pausas et al.
al. (2007) reported the lowest
SOC value at the summit due to the temperature limitation
of net primary productivity. One reason for this contrast
could be the slope aspect. In the current study, the southfacing slopes are perpendicular to the sunlight, while the
slopes in the study by Garcia-Pausas et al.
al. (2007) were not.
Soil ρb was consistent with the SOC results which could
be due to the susceptibility of the backslope to runoff, less
moisture (which accelerates the breakdown of SOC), and
less biopores. Due to the deposition of SOC which is usually noticed at the foot and toe slopes, ρb was lowest at these
slope positions. Oztas et al.
al. (2003) reported similar findings.
In contrast, Khan et al.
al. (2013) reported lower ρb values on
the summit compared to other landscape positions due to
soil textural differences. The summit had a significantly
higher sand content and a lower clay content compared to
other landscape positions (Khan et al.,
al., 2013). This contrast
could also have been the result of differences in SOC content. The current study had 175, 50, and 39% higher SOC
values at the summit, back, and foot slopes respectively, as
compared to the study conducted by Khan et al.
al. (2013).
The lower λ values at 0 kPa SWMP were attributed to
higher ρb values at the backslope position. Since the λ value
of soil minerals is higher than the λ value of other soil constituents (Bristow, 2002), as ρb increases, the contact between
soil particles also increases, thus increasing the λ value.
As such, landscape positions with higher ρb values had
higher λ values (Table 2). Additionally, the λ value of SOC
(0.25 W m–1 K–1) is lower than that of clays (2.9 W m–1 K–1)
(Bristow, 2002) and SOC can lower ρb, therefore higher
SOC can reduce λ. Water drainage between 0 and –33 kPa
SWMP was probably responsible for the difference in λ values between these pressures at the summit, shoulderslope
and backslope. As the water drains out of the soil pores, it is
quickly replaced by air. Since the λ of air (0.025 W m–1 K–1)
is lower than that of water (0.57 W m–1 K–1), a decrease in
water content reduced λ from 0 to –33 kPa SWMP.
The highest C values at the toeslope were attributed to
water content and SOC. The C value of water is significantly higher than that of other soil constituents (Bristow,
2002), thus, a higher water content leads to higher C values.
Rapid water drainage between 0 and –33 kPa SWMP also
resulted in a significant reduction in C values between these
pressures. Furthermore, since SOC acts in a similar way to
colloids with a higher surface area, they tend to increase
water availability, which may be responsible for the higher
C values at landscape positions with higher SOC values.
The thermal diffusivity was similar to λ at all slope positions
and SWMP because D is a function of the ratio of λ to C.
Therefore, factors that increase λ and reduce C will increase
D values (Haruna et al.,
al., 2017). Volumetric water content
was higher at the toeslope, this is probably due to the higher
SOC values and lower ρb values at this slope position. In
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contrast, Mohanty and Mousil (2000) reported no significant
differences in θ across various slope positions as a result of
similarities between SOC across these slope positions.
The significant correlation between ρb and λ shows that
the soil can warm quickly and to a deeper depth at the shoulder and back slopes. As ρb increases, pore spaces are reduced
and thedegree of contact between soil minerals increases, thus
conducting more heat. Additionally, as SOC and θ increased
across different slope positions, CV also increased. This
increase was higher at the foot and toe slopes compared to
other slope positions (Table 2). Similarly, Abu-Hamdeh and
Reeder (2000) and Haruna (2019) reported an inverse relationship between SOC and λ under laboratory conditions.
Correlation results show that foot and toe slope positions
may be more suitable for θ conservation and reducing soil
thermal conductance. Nonetheless, thermal conductance
is also dependent on the amount of solar radiation reaching the soil surface. Due to the slope aspect, the shoulder
and back slope will receive more solar radiation, increasing
θevaporation and resulting in the depletion of SOC. This will
further increase thermal conductance on the shoulder and
back slope positions. Results from the current study suggests
that, in a more variable climate, the foot and toe slope positions may be able to better buffer against extreme soil heat
change compared with other slope positions. Further studies
onconcerning the interaction effects between slope position and various land management practices on soil thermal
properties will provide more useful information about crop
productivity in a rapidly changing global climate.
Spatial variability maps (Fig. 2) further illustrate
the inverse relationship between SOC and bulk density
described above. The probable reason for the improved
spatial distribution of C and D compared with λ could be
due to the influence of SOC and θ on C.
C. Since D is the ratio
of λ and C,
C, changes in C will certainly influence D.
D. This
suggests that, along a hillslope, C and D are more difficult
to predict spatially as compared to λ.
The spherical, exponential, and Gaussian isotropic
models indicate an inverse relationship between spatial
autocorrelation and distance (Burrough, 1986; McBratney
and Webster, 1986). Since the spherical, exponential and
Gaussian isotropic models provided the best model fit for
soil thermal properties at saturation (Table 4), results from
the current study suggests that, among other factors, the
similarity between soil thermal properties is highly dependent on the volumetric water content at all slope positions. In
order to avoidexcessive similarities between the soil thermal
propertiesproperty results and capture sufficient variability
for future studies, the distance between soil samples should
be further apart under wet soil conditions (between 0 and
–33 kPa SWMP). The drier the soil, the closer the distance
between soil samples (see range of spatial variability in
Table 4). The reason for this could be that the λ and C values
for water are greater than those ofproduced by air.

In theory, the semivariogram value is null at the null
separation distance (no lag). However, the semivariogram
often exhibits a nugget effect at a very small lag, which is
a value greater than zero. This nugget effect may be attributed to spatial sources of variation at smaller distances
than the sampling interval, measurement errors, or both. In
order to eliminate measurement errors, replicate samples
were collected. Thus, the nugget effect in the current study
may be attributed to spatial sources of variation at distances
smaller than the sampling interval. At 0 kPa SWMP, the
nugget effect of soil thermal properties was highest for
C and λ at the shoulderslope. This suggests that at 0 kPa
SWMP, C and λ were more spatially variable over small
distances at the shoulderslope compared with other slope
positions. At –33 kPa SWMP, C showed the highest degree
of spatial variability within small distances at all slope
positions (apart from the footslope position) compared to
other measured thermal properties. This microvariability
may be attributed to the sensitivity and dependence of C to
dynamic soil properties (θ and SOC). Soil organic carbon
had the highestdegree of variability in spatial dependence
of all properties measured at all slope positions.
In general, the A0 of soil thermal properties was lower
at the toe slope compared with the other slope positions,
thereby suggesting that soil thermal properties are more
homogeneous at this position compared with other slope
positions. For the purposes of conducting a statistical analysis, an understanding of the A0 value for various soil thermal
properties could allow for the construction of independently
accurate datasets for similar slope positions in future soil
sampling designs. This may be used as a tool in the designation of areas for resampling, and to design future field
experiments that avoid spatial dependence. Kerry and Oliver
(2004) suggested that the sample interval should be less than
half the A0 value. As such, for future studies concerning the
characterization of the spatial dependency of soil thermal
properties in a similar landscape, it is recommended that soil
thermal properties should be sampled at distances smaller
than half the A0 found in the current study (Table 4).
The strong DSD of soil thermal properties in the current study suggests, regardless of slope position that their
spatial autocorrelation depends more on intrinsic soil
properties rather than on extrinsic properties. As such, the
sampling design for future studies concerning soil thermal
properties on similar landscape positions should be based
on textural and mineralogical characteristics rather than on
soil management. For SOC, intrinsic properties only play
a role at the steepest parts of the landscape. Therefore, in
order to avoid redundancy and to capture variability, SOC
sampling decisions concerning the summit, foot, and toe
slopes should be based on current land management.
Long- and short-range variation in soil properties have
been related to the length and area description, respectively,
of their FD (Burrough, 1981). At saturation on the summit,
λ and D exhibited long-range variabilities while C exhib-
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ited a tendency to change over short distances. At other
slope positions, the measured soil thermal properties exhibited a likelihood to vary over small distances. At –33 kPa
SWMP, the measured soil thermal properties exhibited
a long-range variability at the summit. This was probably
due to the significantly lower θ values at this pressure.
The wider range of FD at –33 kPa SWMP suggests that
as the soil dries, soil thermal properties tend to be less selfsimilar. This isoccurs in concert with results onconcerning
the A0 values. Results show that, under laboratory conditions, variability in soil matric potentials leads to a greater
proportion of short-range variations in soil thermal properties. Furthermore, the results of the current study show that
the soil thermal and physical properties at each slope position are influenced by several intrinsic and dynamic soil
characteristics. Therefore, management decisions
decisi
should be
tailored uniquely for each slope position rather than for the
entire catena. In a more variable climate, with the increasing probability of longer periods of drought, current results
suggest that soil thermal properties across these slope positions will become more erratic, which indicates a significant
degree of disorder and antipersistence in the spatial structure.
CONCLUSIONS

1. Statistical analysis semivariogram analysis showed
that the Gaussian (R2 = 0.89) and linear (R2 = 0.91) isotropic models provided the best fit for soil thermal properties
at 0 and –33 kPa soil water matric potential, respectively,
across the slope positions.
2. The range of autocorrelation was wider at –33 kPa
compared with 0 kPa soil water matric potential for all
soil thermal properties, thereby suggesting that soil water
content may be an important consideration when planning
future sampling schemes to avoid spatial dependence.
3. Significant correlations between soil physical and
thermal properties suggest that foot and toe slope positions
may provide a better buffer against extreme heat change
and are more suitable for crop productivity as compared to
other slope positions.
4. The spatial autocorrelation of soil thermal properties depends more on textural characteristics rather than on
management practices.
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