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The analysis of the spatial interrelationship between soil properties and slope aspect is vital for 

understanding the range of influence on soil depth, moisture, and stone content distribution. This study 

aimed to investigate the spatial interrelationship of topsoil moisture and stone content in different slope 

aspects and soil depth. The 53.7 km2 watershed was divided into a 500m by 500m grid using ArcGIS 

and 230 soil samples were collected. In each sampling point, the soil was taken at three soil depth 

classes (0–25cm, 25–60cm, and 60–100cm) using a cylindrical auger, then soil samples were tested to 

determine the percentage of topsoil moisture, and stone content. The spatial interrelationship between 

aspect, soil depth, topsoil moisture, and stone content was analyzed using the R and GS+ software. 

The study had shown non-significant effects of aspect on topsoil moisture, stone content, and soil 

depth. However, topsoil moisture tends to be higher on the north-facing slope, while stone content 

tends to be higher on the southeast-facing slope. The analysis of Local Moran’s I revealed that topsoil 

moisture, stone content, and soil depth were significantly autocorrelated. The cross-semivariogram 

analysis of soil depth with topsoil stone content depicted a negative spatial correlation. The 

experimental cross-semivariogram of soil depth versus topsoil moisture was positively fitted to the 

exponential function, whereas soil depth with topsoil stone content was best fitted to the Gaussian 

model. Overall, soil depth is the more influential factor than the slope aspect regarding topsoil moisture 

depletion and stone content distribution in the study watershed. 
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Introduction 

Soil plays a vital role in the hydrological process, which 

can store rainwater temporarily and allow it to drain 

gradually (Zhu et al., 2014). Knowledge of soil moisture 

dynamics provides valuable information on the 

hydrological cycle (Legates et al., 2011), such dynamics 

typically exhibited high spatial and temporal variability 

over multiple scales (Zhu et al., 2014). Spatial scales reach 

from quite a small square meter to the watershed and 

further occurring at large scales, while temporal scales 

extent from seconds to centuries and longer (Addis and 

Andreas, 2015). The spatial patterns and temporal variation 

of soil moisture are influenced by several environmental 

factors, such as rainfall, topography (Qiu et al., 2001; 

Brocca et al., 2010; Kim, 2012; Feng et al., 2013), solar 

radiation (Brocca et al., 2010), wind (Gates, 2012; 

Moeslund et al., 2013; Alexandridis et al., 2016), soil 

texture (Baroni et al., 2013; Zhang and Shao, 2015), 

sampling scale (Feng et al., 2013), soil depth (Tromp-van 

Meerveld and McDonnell, 2006; Geroy et al., 2011), 

groundwater (Rosenbaum et al., 2012; Ries et al., 2015), 

time (Famiglietti et al., 2008) and vegetation cover (Zribi 

et al., 2010; Lu et al., 2011; Venkatesh et al., 2011; Wang 

et al., 2012; Baroni et al., 2013), and the impacts of the 

different environmental parameters are complex since the 

factors could interact with each other (Qiu et al., 2001; Guo 

et al., 2002; Famiglietti et al., 2008; Zhu et al., 2014). 

Spatial patterns and temporal variability of soil moisture in 

a watershed affect infiltration, runoff, soil erosion, 

evapotranspiration, solute transport, and ecosystem 

dynamics (Qiu et al., 2001; Yang et al., 2012; Yang et al., 

2014; Zhu et al., 2014). 

http://creativecommons.org/licenses/by-nc/4.0/
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Knowledge of soil moisture variability is also essential 
for hydrological modeling and watershed management ( 
Latron et al., 2008; Brocca et al., 2012), climate models 
(Hauser et al., 2017), and nutrient availability (Rodriguez‐
Iturbe, 2000; Wernerehl and Givnish, 2015). Several 
studies have been conducted on soil moisture to document 
the mechanisms driving moisture variability and precisely 
characterize its association with environmental parameters 
(Tromp-van Meerveld and McDonnell, 2006; Moeslund et 
al., 2013; Yang et al., 2014; McMillan et al., 2015). 
Recently, more studies have also focused on the impacts of 
slope direction (aspect) on the spatial distribution of soil 
moisture (Geroy et al., 2011).  

The slope aspect is the important topographic factor in 
the Ethiopian Highlands, due to high radiation and the 
prevailing wind direction, as well as due to its effect on the 
soil temperature. Several scholars have been documented 
that available water content is greater in soils on the north-
facing slope than in soils on the south-facing slope (Hanna 
et al., 1982; Bretherton et al., 2010). Similarly, the north-
facing slope displaying high infiltration rates, while the 
south-facing slope had low infiltration rates in the northern 
hemisphere (Cerdà, 1997). Typically, north-facing slopes 
have less sunlight and, in turn, have higher moisture levels 
and greater vegetation establishment (Kutiel et al., 1998; 
Gallardo-Cruz et al., 2009), while slopes with south-facing 
slopes are dominated by bare soil with stone patches 
(Kutiel et al., 1998). According to Gong et al. (2008), 
north-facing slopes have higher productivity and species 
diversity compared to south-facing slopes.  

Most earlier studies (Qiu et al., 2001; Guo et al., 2002; 
Zhu et al., 2014) have considered more than one 
environmental factor affecting soil moisture content, but 
few researches have studied the effect of slope aspect and 
soil depth following the dry period of a season at a 
watershed scale. Therefore, the objectives of this study 
were (i) to assess the effect of slope aspect on the 
distribution of topsoil moisture, stone content as well as 
soil depth; and (ii) to investigate the spatial pattern and 
dependence of soil depth, topsoil moisture and stone 
content following the dry period of a season.  

 
Materials and methods 

 
Description of the Study Site 
The study was carried out in the Gumara-Maksegnit 

mountainous agricultural watershed (12° 24’ N, 37° 33’ E) 
located in the northwest Amhara region, Ethiopia (Figure 
1). This hilly agricultural basin, which covers an area of 
53.7 km2, is one of the most heavily eroded parts of the 
Ethiopian highlands. The soils of the study watershed are 
dominated by Cambisol and Leptosol in the upper and 
central parts of the watershed and Vertisol in the lower part 
near the outlet. Elevation data were derived from a 30m 
resolution Shuttle Radar Topography Mission (SRTM) 
based on that that covers the entire study watershed (Figure 
1). The slope aspect was calculated using the ‘Aspect’ tool 
(default settings) in the Spatial Analyst module of ArcGIS. 
The land-use types of the study watershed are mainly 
agricultural land (63.5%) followed by forest (24.3%) and 
grazing land (12.2%) and the canopy composition of the 
forest land of the study watershed is dominated by species 
such as Acacia abyssinica, Olea africana, Ficus sur, 
Dodonaea vissosa, Entada abyssinica, Carissa spinarum, 
and Ephorbia abyssibica. 

 
Figure 1. The digital elevation model used in this study is 

superimposed on the watershed, and the 230 soil 

sampling sites under study are shown as triangles. 

 

Data Collection 
The sampling sites were selected with the use of a 

regularized sampling interval, one sample within a 500 by 

500 m square grid section of the watershed and a total of 

230 soil sampling points distributed across the different 

slope aspects were collected. Furthermore, based on the 

depth of the soil, the measurement and recording of soil 

moisture and stone content were taken in three soil depth 

classes namely: 0–25 cm (a total of 230 samples), 25–60 

cm (a total of 96 samples) and 60–100 cm (a total of 59 

samples), then each sample is provided a specific name and 

placed and sealed in a bag to retain moisture. For this study, 

the depth of the soil means the depth of a soil profile from 

the top to the parent material or bedrock or to the layer of 

obstacles or barriers (such as rock, gravel, or cement) for 

the roots of the surface plants. Soil samples in the study 

watershed were collected after the dry period of the season 

for three weeks in April and there was no precipitation 

during the sampling period. The amount of soil sample, 

around 2 kg, was collected with the best available tool 

(bucket auger), to ensure that the sample would be 

sufficient to complete all necessary laboratory analysis.  

 

Soil Moisture and Stone Content Analysis 
According to Dobriyal et al. (2012), due to the 

destructive nature of the gravimetric method, composite 

soil samples were collected within a from 1 m radius of the 

sampling point at three depth classes. Each soil sample had 

a mass of approximately 2 kg and the collected soil samples 

were placed in a tightly shaped plastic bag and weighed 

before and after oven-drying for 24 hours at 105°C and 

calculated using the following formula:  

 

((original mass of soil sample – the mass of dry soil)/ 

(mass of the dry soil)) × 100    (1) 

 

So, the gravimetric soil moisture was calculated for 

each observed sample in the watershed. Meanwhile, the 

percentage of stone content of the soil was calculated 

through the following formula: 

 

(Weight of stones in the original soil sample/original 

mass of the soil sample) × 100    (2) 
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Statistical analysis 
The basic classical statistical features, which includes 

mean values, standard deviation (SD), standard error of the 

mean (SEM), and coefficient of variation (CV) were 

analyzed and reported for each observed soil variables. 

One-way analysis of variance (ANOVA) was used to 

evaluate the influence of slope aspect as well as soil depth 

on soil moisture and stone content. A pairwise comparison 

was made using the Tukey honestly significant difference 

(HSD) method to determine statistical significance 

(P<0.05) in the R statistical software (Team RC, 2022). 

 

Local Moran’s I Spatial Autocorrelation  
The Moran’s I scatter plot provides a tool for visual 

exploration of spatial autocorrelation (Anselin and Francis, 

1996). According to Anselin (2002), describes Moran’s I as 

the spatial lag of the variable on the vertical axis and the 

standardized variable on the horizontal axis, the spatial lag 

refers to a separation distance between neighboring 

observations. The variables were standardized to facilitate 

the elucidation and labeling of the type of spatial 

autocorrelation (spatial association or spatial randomness). 

Spatial randomness means values measured at a location do 

not depend on values measured at neighboring locations. 

When the relationship between the geographically nearby 

values of a parameter tends to be similar on a map: high 

values tend to be located near high values, medium values 

near medium values, and low values near low values then 

there is spatial autocorrelation (Anselin et al., 2010). Many 

statistical methods do not use raw data but standardized 

versions of the datasets. Similarly, the Moran’s I scatter plot 

displays standardized variables, not the raw data. 

Standardization is denoted by a (Z), for z-score, after the 

variable name. Z-score produces values with zero mean and 

a variance of 1. The Z-score equation is described as follows: 

 

𝑍 =
𝑥𝑖,𝑡−𝑥̄

𝑠𝑥,𝑡
     (3) 

 

Where xi,t is the value of the variable x observed at 

location i at time t, x̄ is the mean of the variable x and sx,t 

is the standard deviation of the variable x at time t.  

The distribution is shown in four quadrants to indicate 

negative and positive spatial autocorrelation. The slope of 

the regression line (Moran’s I) shows the degree of spatial 

association between the observed attributes at nearby 

locations. The expected value of Moran’s I is similar but 

not equivalent to the correlation coefficient which ranges 

from -1 to 1, where +1 depicts strong positive, –1 strong 

negative spatial autocorrelation and 0 depicts random 

spatial ordering. GeoDa (Anselin et al., 2010) and GS+ 

software packages (Robertson, 2000) were employed for 

this study. Moran’s I for the local indicator is given by the 

following equation;  

 

𝐼 =
𝑛(𝑥𝑖−𝑥̄)∑ 𝑤𝑖𝑗

𝑛
𝑗=1 (𝑥𝑗−𝑥̄)

∑ (𝑥𝑖−𝑥̄)
2𝑛

𝑖=1

   (4) 

 

Where n is a number of observations, xi and xj are the 

values of the variable x observed at location i and j, x̄ is the 

mean of the variable x, and wij, an element of spatial weight 

matrix w, is the spatial weight between the locations of i 

and j.  

Cross Semivariogram  

Cross semivariogram expresses the spatial association 

between two properties or attributes when measured at 

progressively greater separation distance across the 

landscape. Cross‐ semivariogram was intended to explore 

and determine spatial interrelations using co-regionalized 

models between selected soil attributes. Cross‐

semivariograms identify variables that are leading 

indicators of other variables or how much and how far one 

variable is predicted to change in relation to the other 

variable. Spatial dependence between two variables Z1 and 

Z2 can be expressed by the cross semivariogram 

 

γ12(h)=
1

2N(h)
∑ [Z1(xi+h)-Z1(xi)][Z2(xj+h)-Z2(xj)]
N(h)
i=1  (5) 

 

The cross semivariogram is subject to the same 

hypothesis as the semivariogram and can be fit to the same 

model equations (Ceddia et al., 2009). The main difference 

is that the cross semivariogram can be negative if one 

variable changes in the opposite direction to the other 

(Goovaerts, 1999).  

 

Results and Discussions 

 

Effects of Aspect on Topsoil Moisture 
The distribution of topsoil moisture and stone content, 

as well as the depth of soil under the different slope aspects, 

were shown in Table 1. The availability of the soil for the 

plant is determined by the moisture content of the soil 

(Rodriguez‐Iturbe, 2000; Wernerehl and Givnish, 2015), 

which is also the most important factors that affect runoff 

(Yang et al., 2014) and soil erosion (Yang et al., 2012). The 

measured soil variables were classified according to the 

slope aspects. To provide insight into the topsoil moisture, 

topsoil stone content, and soil depth for the different slope 

aspects, a selection of descriptive statistics summary was 

used. The average topsoil moisture percentage across the 

different slope aspects varies between 4.75±0.77% and 

14.72±5.62%. According to Brandt et al. (2017), the 

resulting topsoil moisture contents of the study watershed 

during the sampling period ranges from extreme stress 

(wilting point) to good (Table 1). Compared to the other 

slope aspects, the topsoil moisture content tends to be 

higher on the north-facing slope, which agreed with the 

study conducted by Bretherton et al. (2010). The result 

indicated that the highest average topsoil moisture content 

at different slope aspects was found, in descending order, 

for north, northwest, northeast, south, southwest, west, 

east, and southeast facing slope. The coefficient of 

variation (CV), standard deviation (SD), and basic 

statistical parameters of topsoil moisture content on 

different slope aspects showed that observed soil variables 

had relatively large variance (Table 1). According to the 

soil variability guidelines provided by Wilding (1985), the 

soil property shows low variability when CV is < 0.15, 

moderately variable when the CV is between 0.15 and 0.35, 

and the most variable when the CV is > 0.35. According to 

Wilding (1985), the CV values of topsoil moisture contents 

across the different slope aspects were generally 

considered as highly variable (CV ranges from 0.36 to 

1.14).  
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The resulting topsoil moisture distribution seems not 

significantly dependent on the slope aspect (Table 2), 

which contradicts the study conducted by Geroy et al. 

(2011), where the slope aspect affects particularly the soil 

moisture distribution. The non-significant topsoil moisture 

distribution on the different slope aspects might be because 

of the measurement was carried out following the dry 

period of the season. Similarly, Tromp-van Meerveld and 

McDonnell (2006) and Famiglietti et al. (2008) 

documented that time of the year had an effect on the soil 

moisture distribution. However, it was evident that the 

slope aspect had an influence on the numerical values of 

the topsoil moisture percentage, and this could probably 

due to variation in hydrological processes, land use, land 

management coupled with the different hillslope processes 

in the watershed. Generally, a larger number of sample 

sizes and an intensive temporal measurement would have 

resulted in a better understanding of the soil moisture and 

its behavior through time, as reported by Qiu et al. (2001).  

Meanwhile, the descriptive statistical summary of the 

measured soil depth for various slope aspects is presented 

in Table 1. The mean soil depth varies from 19.8±1.5 cm 

to 53.44±5.86 cm. Regarding the slope aspect, the depth of 

the soil exhibited moderate to high variation, as indicated 

by the values of coefficient of variation (0.17 in the 

southeast to 0.78 in the west) (Wilding, 1985). This 

variability could be related to the heterogeneity of land use 

patterns (Addis et al., 2016), overlaid with severe but 

variable erosion occurrence within the watershed (Addis et 

al., 2015). The soil depth measured on the north-facing 

slope seems higher than on the other slope aspect (Table 

1). However, there is no statistically significant difference 

between the mean values of soil depth measured across the 

different slope aspects (Table 2). The highest soil depth 

values were found in ascending order in the different slope 

aspects for southeast, south, east, southwest, northeast, 

west, northwest and north (Table 1).  

 

Distribution of Topsoil Stone Content on Different 

Slope Aspect 

The descriptive statistical summary of measured topsoil 

stone content indicates a mean value that ranges from 

14.04±1.73% to 24.56±3.54% (Table 1). The variation of 

topsoil stone content observed across the different slope 

aspects is not significant (Table 2). However, focusing on 

only the numerical values, the highest topsoil stone content 

was obtained on the southeast facing slope, with the mean 

value equals to 24.56%. Meanwhile, the lowest topsoil 

stone content was obtained on the northeast facing slope, 

with a mean value equal to 14.04% (Table 1). One of the 

main factors, which might be responsible for the reduction 

of stone content at the northeast facing slope might be due 

to the soil and water conservation structures in the location, 

which reduced the removal of fine soil particles (Addis et 

al., 2015), leading to least stone content distribution. 

Meanwhile, the higher topsoil stone content on the 

southeast facing slope could probably be due to long-term 

cultivation practices coupled with rainfall-driven erosion. 

Generally, the topsoil stone content across the slope 

aspects was moderate to highly variable with CV ranges 

from 0.32 to 0.92 (Table 1). The resulting distribution of 

the topsoil stone content is not significantly dependent on 

the slope aspect (Table 2). The non-significant topsoil 

stone content across the different slope aspects might be 

because of the variation in geological processes, 

topographic conditions, land management practices and 

rainfall-driven erosion processes in the study watershed 

(Addis et al., 2016).  

 

Table 1. Overview of the descriptive statistics of the selected physical soil variables classified based on slope aspects 

Soil variables Aspect in degree‡ No Min Max Range Mean SD† SEM† CV† 

Moisture (%) 

E (67.5–112.5) 24 0.47 13.46 12.99 5.27 3.81 0.78 0.72 

N (337.5–360) and (0–22.5) 7 4.45 42.12 37.67 14.72 13.76 5.62 0.93 

NE (22.5–67.5) 40 0.62 53.53 52.91 8.52 9.71 1.53 1.14 

NW (292.5–337.5) 15 2.32 33.64 31.32 9.35 7.73 2.00 0.83 

S (157.5–202.5) 52 0.69 46.35 45.66 8.37 7.90 1.10 0.94 

SE (112.5–157.5) 6 1.81 6.31 4.5 4.75 1.72 0.77 0.36 

SW (202.5–247.5) 36 0.86 26.97 26.11 8.14 6.74 1.12 0.83 

W (247.7–292.5) 50 1.05 49.60 48.55 8.03 8.87 1.25 1.10 

Stone content 

(%) 

E (67.5–112.5) 24 0.00 73.75 73.75 19.51 17.43 3.56 0.89 

N (337.5–360) and (0–22.5) 7 0.00 31.88 31.88 16.26 10.77 4.40 0.66 

NE (22.5–67.5) 40 0.00 45.90 45.90 14.04 10.92 1.73 0.78 

NW (292.5–337.5) 15 0.00 36.93 36.93 17.04 12.52 3.23 0.73 

S (157.5–202.5) 52 0.00 61.90 61.90 18.93 12.15 1.69 0.64 

SE (112.5–157.5) 6 15.33 36.93 21.6 24.56 7.92 3.54 0.32 

SW (202.5–247.5) 36 0.00 59.52 59.52 16.78 15.46 2.58 0.92 

W (247.7–292.5) 50 0.00 50.99 50.99 16.49 13.19 1.87 0.80 

Soil depth (cm) 

E (67.5–112.5) 24 8.00 101.00 93.00 39.46 29.29 5.98 0.74 

N (337.5–360) and (0–22.5) 7 9.00 101.00 92.00 53.44 35.17 5.86 0.66 

NE (22.5–67.5) 40 12.00 101.00 89.00 46.25 32.31 5.11 0.70 

NW (292.5–337.5) 15 10.00 101.00 91.00 51.07 37.22 9.61 0.73 

S (157.5–202.5) 52 10.00 101.00 91.00 37.58 28.64 3.97 0.76 

SE (112.5–157.5) 6 16 25 9 19.8 3.35 1.5 0.17 

SW (202.5–247.5) 36 10.00 101.00 91.00 43.50 32.55 13.29 0.75 

W (247.7–292.5) 50 10.00 101.00 91.00 47.20 36.81 5.21 0.78 
No: No. sample; Notes. †SD – standard deviation; SEM (mean) – standard error of mean; CV – coefficient of variation;  ‡E – East; N – North; NE – 

Northeast; NW – Northwest; S – South; SE – Southeast; SW – Southwest; W – West. 
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Table 2. Effects of slope aspect and soil depth on mean values of selected soil properties 

Variable 
Slope aspect Soil depth (cm) 

E N NE NW S SE SW W 0–25 cm 25–60 cm 60–100 cm 

Soil moisture (%) 5.27A 14.72 A 8.52 A 9.35 A 8.37 A 4.75 A 8.14 A 8.03 A 8.11B 14.88A 16.50A 

Stone content (%) 19.51A 16.26 A 14.05 A 17.04 A 18.93 A 24.56 A 16.78 A 16.49 A 17.19A 9.61B 5.00B 

Soil depth (cm) 39.46 A 53.44 A 46.25 A 51.07 A 37.58 A 19.8 A 43.5 A 47.2 A    
Different letters in the same row represent a significant difference (P<0.05). 

 

Table 3. Overview of the descriptive statistical summary of soil moisture and stone content classified based on soil depth 

Variables Soil depth (cm) No. sample Min Max Range Mean SD SEM CV 

Soil moisture (%) 

0–25 cm 230 0.47 53.53 53.06 8.11 8.12 0.54 1.00 

25–60 cm 96 0.60 62.19 61.59 14.88 8.79 0.90 0.59 

60–100 cm 59 2.14 26.86 24.72 16.50 5.56 0.74 0.34 

Stone content (%) 

0–25 cm 230 0.00 73.75 73.75 17.19 13.29 0.88 0.77 

25–60 cm 96 0.00 55.07 55.07 9.61 13.04 1.33 1.36 

60–100 cm 59 0.00 40.74 40.74 5.00 9.10 1.21 1.82 

 

 

Impact of Soil Depth on Topsoil Moisture and Stone 

Content 
The basic descriptive statistics for soil moisture and 

stone content measured in the three soil depth classes are 

given in Table 3. Soil depth linked to soil capacity to hold 

moisture in the occurrence or absence of rainwater 

regulates crop production (Christopher et al., 2008). The 

mean values of the physical properties of the soil measured 

in different soil depth classes ranged from 8.11% to 16.5% 

for soil moisture and 5.0% to 17.19% for stone content 

(Table 3). The variability of soil moisture and stone content 

observed at different soil depth classes within the study 

watershed was classified as medium to highly variable for 

topsoil moisture and highly variable for stone content 

(Table 3). Pearson’s correlation coefficients (r) of soil 

depth with topsoil moisture (with the r values of 0.57) and 

soil depth with topsoil stone content (with r values of ‐

0.63) were significantly correlated. The basis of the 

negative relationship between soil depth and topsoil stone 

content is direct, which indicts higher soil depth values are 

associated with smaller topsoil stone content. Topsoil 

moisture content is positively correlated with soil depth 

and thus it is directly affected by soil depth. Similarly, 

Tromp-van Meerveld and McDonnell (2006) and Geroy et 

al. (2011) documented that the spatial variability of soil 

moisture is influenced by soil depth. However, there is no 

clear indication that soil moisture and stone content are 

correlated with each other in the three soil depth classes. 

Soil moisture data observed at different soil depth classes 

indicated that there is a significant difference in the mean 

soil moisture observed at 0-25 cm with 25-60 cm and 60-

100 cm determined by ANOVA (Table 2). Comparison of 

the soil moisture content for the soil depth classes suggests 

that overall soil moisture content on 25–60 cm and 60–100 

cm soil depth classes were significantly higher than the 

topsoil (0–25 cm) moisture content (Table 2). With 

increasing soil depth, mean soil moisture increases 

significantly for the two layers (from 0-25 cm to 25-60 cm 

and from 0-25 cm to 60-100 cm), which is consistent with 

the previous finding (Qiu et al., 2001). However, the CV 

of soil moisture is decreased with increasing depth (Table 

3), which contradicts with the study conducted by Qiu et 

al. (2001) and Baskan et al. (2013). The ANOVA 

performed also suggests that the topsoil stone content at the 

0-25 cm soil depth is significantly changed compared to the 

soil depth classes of the soil of 25-60 cm and 60-100 cm 

(Table 2). According to Kassaye et al. (2018), the actual 

and potential soil erosion in the study watershed covers a 

huge area, which contributes to the low overall soil 

moisture and low soil depth.  

 

Local Moran’s I  
The spatial autocorrelation of the observed topsoil 

moisture content (0-25 cm), topsoil stone content (0-25 

cm), and soil depth were illustrated using Moran’s I 

scatterplots (Figure 2). In Figure 2a-c the Moran’s I 

scatterplots of (a) topsoil moisture content, (b) topsoil 

stone content and (c) soil depth is presented. The 

correlogram for topsoil moisture content exhibited 

significantly positive autocorrelation (p = 0.001) within 

4108 m with Moran’s I value of 0.38, and then did not show 

an autocorrelation and negative correlation with increasing 

lag distances (Figure 2a). The Moran’s I scatterplot 

(correlogram) showed that the topsoil stone content (Figure 

2b) was significantly positively autocorrelated (p = 0.001) 

up to 3081 m with Moran’s I value of 0.30, and a negative 

correlation at the lag distance between 3081 m and 10270 

m, then positively autocorrelated with increasing lag 

distances. The correlogram of soil depth showed that there 

was significantly positively autocorrelated (p = 0.001) 

within 4108 m with a Moran’s I value of 0.56, and a 

negative correlation at the lag distance between 4108 m 

and 11297 m, then positively autocorrelated with the 

increasing lag distances (Figure 2c).  

 

Cross Semivariogram 
Considering the relationships of topsoil moisture and 

topsoil stone content with soil depth, one might expect that 

the spatial pattern and magnitude of observed topsoil 

moisture and stone content should be strongly related to a 

soil depth of the watershed as a soil depth indicates the soil 

genesis process, which eventually affects water holding 

capacity and soil fertility status of the soil. GS+ software 

was used to obtain the cross-semivariogram model of each 

of the observed soil physical attributes and the Gaussian 

model and exponential function were best fitted to the 

experimental values of the measured physical soil 

attributes (Figure 3). 
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Figure 2. Spatial autocorrelation, Moran’s I scatterplots with trend line of soil physical properties, (a) topsoil moisture 

content, (b) topsoil stone content, (c) soil depth 

 

Studying the relationship of soil depth with moisture 

content is crucial as a soil depth affects available water 

capacity since it can limit the volume of soil available for 

root growth (Kirkham, 2005). The isotropic cross-

semivariogram of soil depth with topsoil moisture content 

showed a positive correlation up to a lag distance of 9244 

m with r2 = 0.82 (Figure 3a). This result indicated that over 

the range of the cross-semivariogram, depth and moisture 

content exhibited the same spatial dependence; hence, the 

spatial relationship was obtained at pairs of sample sites 

separated by distances no greater than the range. 

Meanwhile, the isotropic cross-semivariograms of soil 

depth with topsoil stone content showed a negative 

correlation up to a range of 12325 m, and the coefficient of 

determination (r2) equals 0.96, indicating a strong negative 

spatial interdependence between soil depth and topsoil 

stone content (Figure 3b). The cross-semivariogram of soil 

depth with topsoil moisture content was best fitted with the 

exponential function while soil depth with topsoil stone 

content was best fitted with the Gaussian model. On the 

contrary, the isotropic cross-semivariogram constructed 

for the moisture content of the topsoil versus topsoil stone 

content was not correlated (r2 = 0.08).  

Overall, the resulting isotropic cross-semivariograms 

showed that a significant spatial relationship existed 

between soil depth with topsoil moisture and stone content 

observed at the same location, and the resulting r2 show 

that models fit the experimental cross-semivariogram data 

very well while the nugget effect was smaller (for soil 

depth with topsoil stone content, the relative nugget effect 

equal 0.2) to moderately spatially dependent (for soil depth 

with topsoil moisture content, the relative nugget effect 

equal 0.48). As an illustration, the cross semivariograms of 

the measured pairs of physical soil attributes, such as soil 

depth with topsoil moisture and topsoil stone content, are 

displayed in Figure 3. 
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Figure 3. Cross-semivariograms of the attributes measured in the study watershed (a) soil depth versus topsoil 

moisture content using the exponential function, (b) soil depth versus topsoil stone content using the Gaussian model 

 

 

 

 

Conclusions  
 

This work aims to investigate the potential influence of 

slope aspect and soil depth on soil moisture and stone 

content and shows the importance of soil depth in any 

further analysis to be developed in soil and environmental 

modeling in the study watershed or nearby areas with 

similar characteristics. Classical statistics indicated that 

soil moisture increased with increasing soil depth and the 

amount of variation (CV) in soil moisture decreased with 

increasing depth. Regarding the interrelationship, there 

was a significant positive correlation between soil depth 

and soil moisture, while a significant negative correlation 

was detected between stone content and soil depth. This 

linkage implies that soil moisture distribution in the study 

watershed is sensitive to soil depth and thus represents an 

important factor in the regional as well as the global water 

cycle. However, the slope aspect had no significant effect 

on the spatial distribution of topsoil moisture, topsoil stone 

content as well as soil depth.  

Meanwhile, the Moran’s I scatterplot of topsoil 

moisture, stone content and soil depth had significantly 

positively autocorrelated, which means the dependence of 

the values of topsoil moisture, stone content and soil depth 

on the values of the same variable recorded at neighboring 

locations in the study watershed. The composition of the 

parental material, soil erosion and sedimentation may be 

responsible for the strong spatial dependence of topsoil 

moisture, stone content and soil depth. The experimental 

cross-semivariograms of soil depth with topsoil stone 

content displayed a negative correlation up to a range of 

12325 m with the coefficient of determination (r2) equals 

to 0.96, while depth with topsoil moisture content was 

positively correlated up to a lag distance of 9244 m with 

(r2) equals to 0.82. 

Generally, the study showed the potential of soil depth 

over slope aspect for controlling the distribution of soil 

moisture and stone content, which in turn regulates the 

microclimate, soil formation, parent material and 

hydrological and geological processes in the Ethiopian 

Highlands of the study watershed; nevertheless, further 

studies are required to fully understand the interactive 

relationships of several environmental factors. 
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