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A B S T R A C T   

Tropical savannah landscapes are faced with high soil degradation due to climate change and 
variability coupled with anthropogenic factors. However, the spatiotemporal dynamics of this is 
not sufficiently understood particularly, in the tropical savannah contexts. Using the Wa mu-
nicipality of Ghana as a case, we applied the Revised Universal Soil Loss Equation (RUSLE) model 
to predict the potential and actual soil erosion risk for 1990 and 2020. Rainfall, soil, topography 
and land cover data were used as the input parameters. The rate of predicted potential erosion 
was in the range of 0–111 t ha− 1yr− 1 and 0–83 t ha− 1yr− 1 for the years 1990 and 2020, 
respectively. The prediction for the rate of potential soil erosion risk was generally higher than 
the actual estimated soil erosion risk which ranges from 0 to 59 t ha− 1yr− 1 in 1990 and 0 to 58 t 
ha− 1yr− 1 in 2020. The open savannah areas accounted for 75.8 % and 73.2 % of the total soil loss 
in 1990 and 2020, respectively. The validity of the result was tested using in situ data from a 2 
km2 each of closed savannah, open savannah and settlement area. By statistical correlation, the 
predicted soil erosion risk by the model corresponds to the spatial extent of erosion damages 
measured in the selected area for the validation. Primarily, areas with steep slopes, particularly 
within settlement, were identified to have the highest erosion risk. These findings underscore the 
importance of vegetation cover and effective management practices in preventing soil erosion. 
The results are useful for inferences towards the development and implementation of sustainable 
soil conservation practice in landscapes with similar attributes.   

Introduction 

Soil erosion is influenced by natural factors such as rainfall, topography as well as soil physical and chemical characteristic coupled 
with anthropogenic activities [1,2]. The anthropogenic influence of soil erosion include land modification through agriculture, 
deforestation, construction and general land use [3]. Soil erosion results in on-site losses of fines and dense particles, such as clay and 
humus, that are essential soil nutrients carriers and also function as soil stabilising agents [4]. Soil erosion potentials are high within 
subhumid and dry-subhumid tropics given the high rainfall intensities and amount prevalent in such regions [5,6]. Besides rainfall, soil 
erosion within the tropical regions are generally concentrated in space over time (e.g. during change in cropping systems such as crop 
rotation) [7]. The consequential effects are multi-faceted, and include decreasing crop yields and water resource degradation, which 
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are observed in high turbidity and particle-induced pollutants. The water holding capacity of reservoir is reduced through sedimen-
tation thereby altering the hydrological regimes, and further compounding flood risk as a result of riverbed filling and stream plugging 
[8–10]. 

Globally, soil erosion disrupts sustainable functioning of ecosystems [11]. The impacts of soil erosion jeopardise the potential of a 
variety of ecosystem services, which could be derived from healthy soil. The Millenium Ecosystem Assessment [10] points out that 
ecosystem services for soil erosion control are on the decline globally. Globally, the range of soil erosion is highly substantial [12] and 
threatens ecological integrity, biodiversity and future agriculture productivity [13]. According to Ref. [4] about 1094×106 hectares - 
corresponding to c. 8.4 % of global land surface - are affected by soil erosion by water, with 751×106 hectares (5.8 %) even severely 
affected by water erosion. In contrast, wind-induced soil erosion affected about 549×106 hectares (4.2 %) of the world’s land mass, 
with about 296×106 hectares (2.3 %) being severe [14]. Economically, the impact of the deterioration of arable land amounts to 
billions of dollars [15]. According to Ref. [16], Africa faces irreversible soil productivity losses due to water erosion at national scales; 
in some parts of sub-Saharan-Africa already about 20 % of crop yield has been permanently reduced due to soil erosion processes. 
Obalum et al. [17] postulate for subsahara Africa about 50 % of productivity losses, which are attributable to soil erosion processes. In 
East Africa region [18] modelled land susceptibility to water and wind erosion risks and established a 10 % moderate or elevated water 
erosion risks (>10 t ha− 1yr− 1) while prediction for wind erosion was 25 % moderate or elevated erosion. Similarly, [19] predicted 
19.5 % of high to very high erosion risk in West Africa following a regional erosion risk mapping. In Ghana, the impact of soil erosion 
has been felt since the early 1930s [16]. Research has shown that since that time about 29.5 % of the country’s erosion impact could be 
classified as slight-to-moderate sheet erosion, with 23 % being severe sheet and gully erosion, and 43.3 % being classified as high sheet 
and gully erosion [20]. However, it is anticipated that actual figures may be significantly higher owing to enormous strain on land due 
to a mix of physical and socioeconomic reasons, including population pressure, poor farming methods, and effects of global climate 
change [21]. 

The trend of soil erosion implies a great threat to food security, poverty reduction and biodiversity conservation which are core 
component of the United Nations sustainable Development goals (SDGs). While SDG 15 aimed at protecting, restoring and promoting 
sustainable use of terrestrial ecosystem as well as halting and reversing land degradation and biodiversity loss, the SDGs 1 and 2 seek to 
end poverty and hunger, respectively [22]. Aside the destruction of ecosystem and loss of biodiversity, Soil erosion reduces the fertility 
and productivity of the soil leading to low agricultural productivity. Soil erosion risk modelling is part of efforts to promote sustainable 
agriculture, water and biodiversity conservation which are vital to achieve the SDGs [22]. Assessing soil erosion risk is therefore a step 
towards planning sustainable conservation practices in the face of climate variability and land use intensification for the realization of 
the aforementioned global goals [23]. Several empirical, statistical, and physical models are applicable in estimating soil erosion risk 
[24–27]. Generally, the selection of a model is highly dependent on the availability of a data, its applicability to study area’s attributes, 
intended use, processes and the calibration needs [28,29]. In practice, the Universal Soil Loss Equation (USLE) is one of the widely used 
empirical models[30]. Also, its derivatives, the Revised Universal Soil Loss Equation (RUSLE) [31], the Water Evaluation and Planning 
(WEAP), the Soil and Water Assessment Tool (SWAT) [32] and the Water Erosion Prediction Project (WEPP) [33] have been exten-
sively explored to model erosion risk under various contexts, including different climatic and soil conditions as well as land use 
practices. 

In this study, Wa municipality, an area typical for the tropical savannah agro-ecological zone, remote sensing techniques and data 
processing with Geographic Information Systems (GIS) build the basis for soil erosion risk modelling applying the RUSLE. GIS was 
applied in extracting, delineating and manipulating land characteristics that serve as input parameters for the estimation of soil erosion 
risk by the RUSLE model [34–36]. The RUSLE model which was initially developed for plot-based experiments has been applied for 
modelling at macro-scale and is useful for identifying areas which are vulnerable to soil erosion [37–39]. However, the means of 
validating the RUSLE model’s result is lacking. This study provides a three-stage approach to better estimate the soil erosion risk by 
predicting the potential soil erosion risk, the actual soil erosion risk and testing the validity of the results using soil erosion damage data 
that was measured in the field. In order to understand within the vulnerable savannah agro-ecological zone, the relevant dynamics of 
soil erosion across time, this case study on Wa municipality models the spatial pattern of soil erosion risk as well as potential erosion for 
the years 1990 and 2020 owing to changes in climate patterns and land use and land cover over these periods. Thus, the study evaluates 
how changes in land use and land cover (LULC) influence soil erosion risk in Wa municipality through the analysis of temporal soil 
erosion estimates. First, we modelled potential erosion for the Wa municipality, and predicted the actual soil erosion risk for the year 
1990 and 2020 using the RUSLE model. We then validated the modelled soil erosion risk using field measurements. This approach, 
especially the validation option, is useful, applicable and provided the basis for making inferences in future studies especially in the 
tropical context. 

Materials and methods 

Study area 

Wa municipality is situated in Ghana’s Upper West Region, (between 10◦ 14′ 46.32″ N and 09◦ 42′ 5.04″ N and 02◦ 33′ 14.04 W and 
02◦ 0′ 57.96″ W). According to the 2010 census, 102,214 people reside in the municipality’s 579 km2 land [40]. According to the Ghana 
population and housing census for the 2021 census, the municipality’s population has grown to 200,672 people, of which 143,358 
people (71.4 %) live in urban areas while 57,314 of people (28.6 %) are residing in rural areas [41].To the western border of the study 
municipality lies the Wa West administrative District of Ghana, with the Nadowli administrative district lying to the east. In the Guinea 
Savannah agro-ecological zone, the Wa Municipal District (Fig. 1) is characterised by flora that has adapted to drought. 
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Fig. 1. Map of Wa municipality’s land elevation within the context of the Upper West region of Ghana. (a) A map of Ghana displaying its sixteen administrative regions, with Upper West shaded. (b) 
Map of the Upper West region displaying the eleven administrative districts and their borders; Wa municipality is shown by shade. (c) Digital elevation model (DEM); the black line designates the Wa 
municipality’s administrative boundary. Data source: See Shuttle Radar Topography Mission (SRTM) DEM, obtained from United States Geological Survey’s (USGS) Earth Explorer database. Retrieved 
from https://earthexplorer.usgs.gov/ on 18 September 2020). 
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A savannah landscape characterizes the Wa municipality. Its relief is slightly undulating in the savannah high plains, which are 
located between 160 and 300 m a.s.l. The southern and the northern areas are low-lying and constitute two drainage systems within 
the municipality with the main drainage system in the north. The main soil types are laterites, which can be found across the entire 
municipality, but in its western part shallow savannah ochrosols predominate. Locally clayey and sandy textures predominate; 
especially Nakore township and its environ in the western part of the municipality has abundant occurrence of sandy materials, while 
the community of Charia township and its environ is well known for a predominance of clay. Rivers in the low-lying areas are peri-
odical and provide discharge during the rainy season. The valleys also form the two principal drainage systems in the Wa municipality. 
The Billi and its tributaries drain the northern part of the Wa municipality, the Sing-Bakpong and its tributaries drain the southern part 
[42],both are tributary to Black Volta River. 

Climate of Wa municipality is tropical and characterised by two distinct seasons as controlled by the dry Northeast trade winds 
(which originate from the sub-tropical high-pressure region) and the South-west monsoon winds (which originate from the Indian sub- 
continent in south-westerly direction). The wet season, which runs from May to September, is linked to the southwest monsoon winds 
[42,43]. The dry Harmattan season usually commences in November and last till around March and is caused by the northeast trade 
winds. The mean annual temperature ranges from 20.5 to 37.2 ◦C, seldom drops below 15.5 ◦C and occasionally might exceed 40 ◦C. 
The relative humidity ranges from 68 to 72 %, with the mean annual rainfall varying between 840 and 1400 mm within the 1990–2020 
period [42,44]. Under the influence of Harmattan winds, relative humidity can drop below 20 % during extended drought periods. 

The central part of Wa municipality is highly urbanized with cluster of towns which significantly expanded since 1990 [45]. The 
northern part of the municipality is an expansion of rural settlements such as the Charia, Guuli and Anhiwienu, with these areas lying 
in the low-lands close to the major rivers in the region. Piisi, Boli and Sing villages are located in the slightly undulating low lands south 
of Wa; also, their location is close to the major rivers. In contrast, Nakore and Bulenga villages are located in the headwater areas. All 
these smaller villages correspond to nucleated villages and are directly connected by roads to Wa; between the villages along the roads 
dispersed settlements occur. The remaining area is predominantly rural and characterized with savannah vegetation. Agriculture and 
further processing of agricultural products characterizes the economic structure of Wa municipality [42]. Major crops cultivated are 
millet, sorghum, yam, soya beans and groundnuts. Beyond, trees of economic value such as the baobab, the shea tree, the teak tree 
among others are widespread in the area, and serve to diversify agricultural products and thus sustain livelihood and development [46, 
47]. Seasonal bushfires, climate change, and expanding built-up regions strain economic trees’ advantages and livelihoods. Based on 
the general characteristic of the municipality coupled with rapid settlement expansion and exposure of the landscape due to 
anthropogenic activities, the tendency for soil erosion risk in the area is high. 

RUSLE model 

We applied the RUSLE model in estimating the average annual rate of soil loss based on the sheet and rill erosion forms, and to show 
the distribution of potential and predicted soil erosion risks across space in the Wa municipality. The RUSLE model’s comparative 
advantage in modelling data scarce landscapes owing to its flexible data requirements make it applicable to the Wa municipality other 
than physically distributed models with extensive data requirement [37]. We applied the ArcGIS in conjunction with QGIS and the 
machine learning programme R to process the raster-based input data required to implement the RUSLE model. Estimation soil erosion 
risk was conducted applying the formula [31]: 

ASE
[
t ha− 1yr− 1] = R × K × L S × C × P (1)  

where: 
ASE connotes the average soil erosion rate per annum (t ha− 1 yr− 1); R connotes rainfall erosivity factor (R-factor) (MJ mm ha− 1 h− 1 

yr− 1); K connotes soil erodibility factor (K-factor) (t h MJ− 1 mm− 1); LS represents the slope length and steepness factor (LS-factor); C 
represents the cover management factor (C-factor), and P connoted the conservation support practice factor (P-factor). Weighted value 
0 and 1 are the respective lower and upper limits of C and P values, and this is influenced by the level of vegetation and conservation 
management practices available on the landscape. 

To better explain the effects of land use change on morphodynamics, we applied Eq. (1) and did set the C-factor and P-factor value 
to 1 as the identity number for multiplication operations. We define the resulting average potential soil erosion rate per annum Apot (t 
ha− 1 yr− 1) as the soil loss of a land surface without conservation and management practice. 

Data from diverse sources were used for the computation of the input variables for the model (Table SM1). The K-factor was 
generated using soil grid data from the International Soil Reference Information Centre (ISRIC) database (See https://soilgrids.org). A 
trapezoidal rule approach was complemented with machine learning for an onward computation to generate the K-factor input 
parameter. The LS-factor is obtained from the SRTM DEM with a horizontal resolution of 30 × 30 m. C-factors were deduced on the 
terrain cover characteristic presented in the Wa municipality’s LULC classification for the years 1990 and 2020 [45]. All the input 
raster data were of 30 × 30 m horizontal resolution except for the K-factor raster data that was available in 250 × 250 m resolution. By 
employing nearest neighbor techniques, the K-factor raster was resampled to the same resolution and projection to ensure model 
accuracy. 

Soil Erodibility factor (K). The K-factor, ((t ha h)*(ha MJ mm)− 1) defines the proneness of soil to erosion as a result of the soil’s 
inherent properties that influence the resistance to detachment. Soil physical properties (including porosity, structure and texture) 
play significant roles in soil erosion as they influence the degree of resistance or susceptibility to rainfall impacts in the form of splash 
or overland flow [48]. In computing the soil erodibility factor, we obtained data from the ISRIC database. The soil information applied 
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in estimating the K-factor with the equation proposed by Sharpley & Williams in 1990, wich includes contents of silt, clay, sand and 
organic matter. While these data are at the “SoilGrids” and available for soil layers from 0 cm to 200 cm depth (with other sub di-
visions), we used weighted averages of these characters for the soil layers within 0–30 cm depth. By employing numerical integration 
through a Trapezoidal equation, the average values for each layer of overall depth intervals for 0–30 cm were estimated using a 
weighted mean of the predictions in the interval [49]: 

1
b − a

∫b

a

f (x)dx ≈
1

(b − a)
1
2
∑N− 1

K=1
(XK + 1 − XK)(f (XK)+ f (XK + 1)) (2)  

where: 
N connotes the number of depths; xk represents the kth depth; f(xk) is the estimated value of the target variable (i.e., soil property) 

at depth xk. 
Machine learning was employed in the processing and generating of the weighted averages of the respective raster layers for the 

various soil properties as inferred from Eq. (2). The output raster layers were used subsequently as the input parameters for the 
computation of the K-factor using the proposed Eq. (3) [50,51]: 

k = 0.1317

(

0.2+ 0.3 ∗ e

{

− 0.0256SAN

(

1− SIL
100

)}

∗

(
SIL

CLA + SIL

)0.3
)

∗

{

1 −
0.25 ∗ TOC

TOC + e(3.72− 2.95∗TOC)

}

∗

{

1 −
0.7 ∗ SN1

SN1 + e(22.9∗SN1− 5.51)

}

(3)  

where: 
SAN represents sand, SIL connotes silt, CLA is clay, and C represents the organic carbon contents of the soil (mass-%) and SN1=1- 

SAN/100. 
Slope Length and Steepness factor (LS). LS-factor is an important parameter that influences soil erosion, and it represents the 

cumulated effects of slope steepness (S) and slope length (L) on soil erosion [52]. The distance between an upslope starting point to 
downslope point where soil deposition starts is referred to as the slope length (L) [53]. The exposure to soil loss is increased by 
increasing the length of the slope and the steepness per unit area, which increases the values of runoff and associated flow velocity 
[54]. A steeper slope has a higher tendency to influence erosion because it produces higher flow velocity of runoff, thereby increasing 
the shear stress on the surface and in consequence mobilising more material [55]. The combined effects of the slope length and the 
steepness measure the topographic impact on erosion [54–56]. The LS-factor utilised in the RUSLE model was derived from a 30 × 30 
m resolution SRTM DEM by computation using the Hydrology module [53] of the SAGA GIS software. The fill sink algorithm was used 
for data pre-processing, utilising the spill-elevation method [57]. The DEM was further processed by applying the multiple flow di-
rection tool (MFD) [58] in SAGA GIS for the attribution of flow directions and accumulation [59]. The computation of LS-factor 
considers unit contributing area that is factored distribution of LS-factor over the entire landscape [60]. 

Rainfall erosivity factor (R). The R-factor is the capacity of rain to triggger soil erosion [53,61]. The Rainfall variables that determine 
the total erosivity includes the drop size and drop distribution, amount and intensity coupled with terminal velocity [62,63]. The 
raindrop impact partly determines the rate of runoff usually associated with rain and, in effect, reflects in numerical value of rainfall 
erosivity [30]. Based on high-resolution data, a product of long-term average rainfall energy (E) together with a maximum of 30 min 
rainfall intensity (I30) for storm events is desirable for computation of Rainfall erosivity. However, in absence of high-resolution and 
sufficient data, several context-specific simplified approaches have been proposed to estimate an R-factor [64,65]. In this study, we 
explored tropical landscape-specific equations applicable to the context of Wa municipality in computing R-factor (in MJ mm ha− 1 h-1 

yr− 1). The equation for estimating R [66] is given as follows: 

R = 0.562(Ar) − 8.12 (4)  

where: 
R denotes Rainfall erosivity factor, and (Ar) denotes average annual rainfall. 
Time series erosivity was computed from the long-term rainfall data from 1980 to 1990 and 2010–2020 for the examined years 

1990 and 2020, respectively. The inverse distance weighted (IDW) technique was used to interpolate the long-term rainfall data. The 

Table 1 
Classes of Land Cover and their spatial extent (%) in the Wa municipality area. For the C-factor values assigned for the respective land cover classes 
and references are provided.   

Area Covered (%)   

Land cover classes 1990 2020 Weighted C-factor value Source of Weighted C-factor value 

Closed savannah 22.22 15.77 0.001 [74,75] 
Open savannah 70.30 67.72 0.002 [76] 
Other (bare land) 3.83 3.82 1 [77,78] 
Settlement 1.28 10.33 0.8 [77] 
Vegetated wetland 2.30 2.16 0.21 [77] 
Water 0.07 0.20 0 [77,78]  
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Fig. 2. Map of K, LS and R-factor. (A) Soil erodibility map for the Wa municipality (Data source: ISRIC- World Soil Information "SoilGrids" provides a raster (TIF format) global soil map and associated 
information (See https://soilgrids.org; accessed on 20 September 2021). (B) LS factor map for the Wa municipality. Source of Data: SRTM DEM from USGS’ Earth Explorer website (See https:// 
earthexplorer.usgs.gov/ 15th September 2020). (C1) The R-factor for 1990 (C2) the R- factor for 2020 (See data base at: https://power.larc.nasa.gov/ accessed on 15 April 2021). 
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output raster of the interpolation was extracted to the extent of the study area and subsequently applied in Eq. (4) to compute the 
erosivity factor. 

Land Cover and Management Factor (C). The C-factor is explained as the influence of vegetation cover on erosion [67]. Barelands are 
more prone to erosion than vegetated lands as – among others - they are protected to rain drop impact by leave coverage, as soil 
cohesion is supported by plant roots and as vegetation increases surface roughness and, thus, decelerates flow velocity [30,68,69]. 
Therefore, depletion in vegetation cover may cause the C-factor to increase significantly, and in effect increase in soil loss rate. The 
C-factor corresponds to an assigned numeric value (0–1), which is based on the land cover types and their resistance capability to 
erosivity capabilities as presented as vegetative protection (Table 1). Completely bare land has a C-factor of 1, while densely vegetated 
land that tends to protect the soil from detachment has a C-factor of 0. Hence, the lower the C-factor value the better erosion prevention 
capability and vice versa [68]. Several approaches are proposed for computation of C-factor. The approach of Benkobi et al. (1994); 
also [31] is based on a field experiment that considers the C-factor as the product of soil loss ratio and the total storm energy of a 
rainfall event with 30 min intensity (EIn) divided by the total storm erosivity EI. The soil loss ratio is computed as the product before 
land use, surface cover, canopy cover, soil moisture and surface roughness [31,71]. Though this approach seems preferable, some 
limitations hinder its adoption. The approach involves a laborious field experiment to obtain the surface cover, canopy cover, soil 
moisture and surface roughness on the assumption of their uniform distribution throughout the entire landscape [72]. The samples 
obtained may not reflect exact prevailing conditions of the entire landscape and may differ from season to season [31,72]. Base on this 
we employed the option of satellite images which gives a better impression about the landscape characteristics in terms the type and 
extent of vegetation coverage. 

The C-factor was deduced from a supervised LULC classification to establish the type as well as the stretch of land cover and by this 
to achieve a reliable C-factor as input parameter for the RUSLE model (Table 1). We used LULC maps for the years 1990 and 2020 
generated from satellite images adapted from Ref. [45] (Fig. 3). The categorization and definition of LULC classes (Table SM 2) was 
adapted after Ghana’s LULC classification scheme to visualize remote sensing data [73]. Based on the land use and land cover classes, 
we estimated the C-factor by assigning weighted C-factor value to each land use and land cover types. The weighted value of each land 
use and land cover types were carefully selected by evaluating literature in the context of tropical savannah landscape ([69–73]. The 
C-factor raster images that served an input parameter for the RUSLE model was obtained by multiplying the established weighted value 
for each LULC class to their corresponding weighted C-factor value (Table 1). 

Conservation Support Practice factor (P). P-factor values ranges from 0 to 1 and indicate the effectiveness of conservation practices in 
the landscape as a measure against soil erosion [79,80]. A lower P-factor value implies better management and conservation practices 
and higher effectiveness in reducing soil erosion. In comparison, a high P-factor value represents less effective conservation practices 
and less effective erosion control ability [81]. Thus, a P-factor value of 0 indicates highest erosion control ability, while a P-factor value 
of 1 means no soil conservation or erosion control measure is implemented [79,82]. The type of conservation and management option 
highly depends on the topography of landscape; hence computation of P-factor considers slope of landscape to adopt conservation 
activities such as contour plowing, strip cropping and terrace risers and bunds to control surface runoff and force infiltration [81,83]. 

Field survey of on-site erosion damages 

To validate the results of RUSLE model, we conducted in January/February 2022 a field survey to measure the spatial extents of on- 
site soil erosion damages, specifically, rills and inter-rills in the Wa municipality. Specifically, a survey was implemented on 2 km2 

plots each in the Wa municipality’s closed savannah, open savannah, and settlement LULC areas. On-site damages that qualify as rills 
and inter-rill in the context of the RUSLE model specification for soil erosion risk assessment were identified, mapped and measured 
[84]. A potable GPS (Garmin 60Cx) was used in mapping and geocoding the individual damage spots that comprise linear channels 
whose dimensions are within rill and inter-rills categories other than ephemeral gullies and gullies [85]. Rills as linear erosion channels 
had a cross-sectional area of less than 929 cm2 and a maximum depth of 0.5 m [85,86]. The spatial extent of damages from various 
survey plots was categorised into five classes of damages in a digitised damage map depicting extent of disturbance within each LULC 
area (Fig. 5) and systematically and statistically compared to the corresponding soil erosion risk predicted by the RUSLE model. Prior 
to the systematic and statistical comparison, the data was standardized by logistic transformation. 

Results 

RUSLE model input parameters 

Soil Erodibility factor (K). Within this model, the K-factor values estimated for the whole landscape of Wa municipality ranges from 
0.024 to 0.034 t h MJ− 1 mm− 1, with the mean value corresponding to 0.029 t h MJ− 1 mm− 1 (std.=0.001) (Fig. 2A). The values spread 
heterogeneously across the study municipality with relatively low values (0.024–0.028 t h MJ− 1 mm− 1) in the western and south- 
western part of the municipality where coarse-textured soils predominate. In the most western part of Wa municipality K-factor 
values of 0.029–0.030 t h MJ− 1 mm− 1 can be observed. Isolated patches of highest K-factor values occur across the entire study area. 
The field survey showed a distribution of diverse soil characteristics, corresponding to the diversity in k-factor for the area. 

Slope Length and Steepness factor (LS). In the study municipality, the LS-factor values range from 0 to 7.12, with a mean value of 2.96 
(std = 0.06) (Fig. 2B). Due to the overall slightly undulating terrain in the Wa municipality LS values remain < 2.2. Correspondingly, 
variability of the LS-factor is low. Steep slopes and coinciding increased LS-factors predominantly occur around the central and north- 
eastern areas of the municipality. Locally slopy areas also occur in the urbanized of Kpelisi, Mungu, Duuli and the Wa township. 
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Fig. 3. LULC map for the Wa municipality and corresponding C-factor input parameter for modelling soil erosion risk for the years 1990 and 2020. (A) 1990 and (A) 2020 are LULC maps for 1990 and 
2020, respectively, while (B) 1990 and (B) 2020 are corresponding C-factor input parameters for the years 1990 and 2020, respectively (LULC classification adapted from Ref. [45]). 
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Rainfall erosivity factor (R). The decadal rainfall for the entire Wa municipality from 1980 to 1990 averaged 948 mm (std.=0.74) 
with a corresponding average R-factor of 524.83 MJ mm ha− 1 h− 1 yr− 1 (std.=0.53). In the year 2020 rainfall averaged 723 mm, also 
with a corresponding R- factor of 398.63 MJ mm ha− 1 h− 1 yr− 1. This data is consistent with Ghana meteorological agency and Ghana 
statistical service’s annual rainfall statistics for the Wa municipality [42]. Generally, rainfall erosivity factors (R) differ in spatial 
variability across the Wa municipality for the observation years 1990 and 2020. In 1990, the highest R-factors ranging between 530 
and 560 MJ mm ha− 1 h− 1 yr− 1 occurred along a N-S corridor across Wa municipality, while in the neighboring areas R-factors varied 
between 480 and 530 MJ mm ha− 1 h− 1 yr− 1 (Fig. 2 C1). In contrast, during the study year 2020 the R-factor is evenly distributed across 
the study area with values predominantly < 480 MJ mm ha− 1 h− 1 yr− 1. (Fig. 2 C2). 

Estimated Cover factor (C) and Support Practice factor (P). The area of Wa municipality is predominantly covered with the savannah 
open vegetation that constitutes the arable land for various agricultural activities. Settlement and bare lands areas show the highest C- 
factor values (0.8 and 1, respectively) (Fig. 3). The smallest C-factor values are assigned to areas with dense vegetation cover (example 
the closed savannah vegetation and the vegetated wetland areas). While the closed savannah areas are characterised by a dense cover 
of trees and bushes and a dense ground vegetation layer, the vegetated wetlands areas are characterised by a dense grass and shrub 
cover that get inundated regularly. Due to the expansion of settlement areas and corresponding decline of savannah areas between 
1990 and 2020, the area characterized by low C-factor values is distinctly larger in the year 1990 than in the year 2020, as it is also 
evident in the LULC classification (Table 1). Previous scientific works extensively established P-factor values in the context of typical 
tropical regions. However, our field survey shows that support or erosion control practices is lacking in the Wa municipality; thus, our 
model considered 1 as the value for the P-factor. 

Estimated potential erosion risk Apot 

The modelled potential erosion risk for the years 1990 and 2020 is expressed as soil loss by potential erosion Apot. and focusses on 
the physical factors controlling erosion, thus, exclusively the R, LS and K-factors are taken as input for the RUSLE model. The resulting 
maps of potential erosion risk (Fig. SM1) are complemented by the corresponding statistical values (Table 2) for the respective years. 
Altogether, for 1990 the estimated rate of potential erosion range between 0 and 111 t ha− 1y− 1 corresponding to a total potential soil 
loss in Wa municipality of c. 395,959 tons. For the year 2020 the rate of potential erosion is estimated to lie within 0–83 t ha− 1y− 1, with 
a corresponding total potential soil loss in Wa municipality of c. 376,266 tons. For both observation years more than 50 % of the 
landscape was prone to high-to-extreme grades of potential erosion risk. For 1990 36.5 % of the Wa municipality was exposed to a high 
potential erosion risk; within the error margins this equals the area being exposed to high potential erosion in 2020 (38.1 %; Table 2). 
Areas with “low” and “moderate” potential erosion risk predominantly occured in flat areas. In contrast, areas exposed to the "very 
high" and "extreme" potential erosion risk corresponded to areas with high LS-factors or occurred in urbanised areas with extensive 
road networks and. 

Estimated soil erosion risk 

In 1990, about 83.9 % of the Wa municipality were exposed to low to a moderate soil erosion risk while in 2020 spatial extent of 
areas exposed to low to moderate soil erosion risk decreased to 76.0 % (Table 3). These areas of low to moderate soil erosion risk 
contributed in 1990 to 44.8 % of the total erosion in Wa municipality, for 2020 this value amounted 39.3 %. In contrast, areas that were 
exposed to "high" and "very high" soil erosion risk covered in 1990 15.35 % of the area of Wa municipality, and increased in spatial 
extent to 23.4 % in 2020; it is estimated that these areas exposed to “high” and “very high” soil erosion risk contributed about half of 
the municipality’s total soil loss in the respective year. The statistics document the contribution of the different soil erosion risk grades 
to the estimated annual soil loss: For 1990 total soil loss in Wa municipality is estimated 150,401 tons increased to an estimated total 
erosion of 200,464 tons in 2020. The soil erosion risk in Wa municipality averaged in 1990 2.6 t ha− 1 y− 1 (range of spatial distribution: 
0–59 t ha− 1 y− 1) and in 2020 3.5 t ha− 1 y− 1 (range of spatial distribution:0–68 t ha− 1 y− 1) (Fig. 4). Exposure to high soil erosion risk 
especially occurred around the central part of the Wa municipality, with isolated patches of very high and severe soil erosion risk. Very 
high to extreme soil erosion risk predominantly can be observed at hillside locations within settlement areas; this observation applies 
for both observation years. 

Spatial variations in soil erosion risk for Wa municipality closely correlate to land use. In general, the areas covered by open 

Table 2 
Estimated soil loss by potential erosion Apot. at Wa municipality by different severity classes.    

1990: Soil loss by potential erosion Apot. 2020: Soil loss by potential erosion Apot. 

Potential 
Erosion Risk 

Soil erosion (t 
ha− 1y− 1) 

Total area 
(ha) 

Total 
area  (%) 

Total soil loss 
(t y− 1) 

Total soil 
loss (%) 

Total area 
(ha) 

Total 
area (%) 

Total soil loss 
(t y− 1) 

Total soil 
loss (%) 

Low <3 16,933.8 29.3 34,352.6 8.7 15,933.9 27.6 28,840.3 7.7 
Moderate 3–5 8101.2 14.0 42,541.4 10.7 7050.2 12.2 27,495.6 7.3 
High 6–10 21,119.0 36.5 145,261.1 36.7 22,019.0 38.1 147,747.8 39.3 
Very High 11–15 8223.4 14.2 105,664.4 26.7 8519.3 14.7 104,957.9 27.9 
Extreme >15 3506.6 6.1 68,139.9 17.2 4306.5 7.5 67,224.5 17.9   

57,884 100.0 395,959.4 100.0 57,828.9 100.0 376,266.1 100.0  
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savannah vegetation contribute about three-quarters of the total soil loss in 1990 and 2020 with a spatial extend of open savannah 
vegetation of 70.4 % in 1990 and 67.8 % in 2020. The areas covered by open savannah vegetation are to a great extent cultivated and 
grazed, resulting in a high exposure to soil erosion. This is exacerbated by seasonal bush fires that usually occur during Harmattan 
season that disturb vegetation cover and, thus, expose the area to erosion at the beginning of the rainy season (which advances the 
harmattan season). Closed savannah vegetation covered in 1990 22.2 % (12,869 ha) of Wa municipality and had shrunk until 2020 to 
15.8 % coverage (9134 ha) (Table 4). 

Due to the relatively low soil erosion risk under closed savannah vegetation, the decrease in the area covered by the closed 
savannah vegetation between 1990 and 2020 caused an increased exposure to soil loss in areas covered in 1990 still by the closed 
savannah. Areas covered by settlements and bareland in general have a high exposure to soil erosion risk [87,88]. The spatial extent of 
settlement areas in Wa municipality quadruplicated from 5.1 % in 1990 to 22.2 % in 2020. The contribution of areas covered by 
settlements or barelands to the total soil loss in Wa municipality amounted 13.4 % in 1990 and increased to 20.4 % in 2020 (Table 4). 

Validation of modeled soil erosion risk applying RUSLE model 

During 2022 field survey in each of the land use classes, closed savannah (Fig. 5A), open savannah (Fig. 5B), and settlement 
(Fig. 5C), a 2 km2 test plot was systematically mapped for soil erosion damages. Mapping results were then applied to validate the 
RUSLE modelling results for soil erosion risk for the year 2020. For each plot area erosion damage maps (Fig. 5 A2, B2, B3) were 
systematically compared to the 2020 RUSLE modelling results of the soil erosion risk (Fig. 5 A1, B1, C1). Altogether in all three survey 
plots, 79 linear erosion forms corresponding to rills were mapped and measured. Eighteen (18) of the rills (coverage: 15.1 m2) were 
mapped in the closed Savannah vegetation areas, while 26 of the rills (coverage: 69.8 m2) were mapped in areas covered by open 
savannah vegetation. In settlement areas degree of on-site damages was highest with a total number of 35 rills mapped (coverage: 
109.9 m2). In total, an area damaged by soil erosion of 194.8 m2 was mapped within the 6 Km2 of the three test plot areas. 

The extent of on-site damages measured on each of the test plots is consistent with the modelled soil erosion risk for the respective 
sites. The soil erosion risk for settlement plot (C1) is classified as "high," "very high," and "severe," with a soil loss estimate of 6–54 t 
ha− 1 y− 1. The areas of high to extreme soil erosion risk correspond to the large spatial extent of soil erosion damages mapped and 
measured in the settlement test plot (C2). In comparison, in the open savannah vegetation test plot (B1) soil erosion risk is "moderate" 
to "high" (3–10 t ha− 1 y− 1); the corresponding damage map of the open savannah test plot (B2) shows in comparison to the settlement 
test plot (C2) comparatively small spatial extent of areas with on-site erosion damages (mostly in the range of 2–5 m2). Overall, the 
closed savannah test plot (A1) had the lowest soil erosion risk (< 3 t ha− 1 y− 1). This corresponds to the least spatial extent of all the 
individual eroded area of less than 3 m2 in the closed savannah damage map (A2). In a nutshell, for the test plots A1, B1 and C2 
estimated soil erosion risk corresponds to the area of on-site damages in the respective test plots A2, B2 and C2. 

The moderate to high exposure to soil erosion risk in the open savannah LULC class indicates the high vulnerability of this area. The 
spatial pattern of the corresponding damage measurements (Fig. 4 B2) is in line with the model results (Fig. 4 B1). The highest 
exposure to soil erosion was observed in the settlement area plot. The spatial extent of erosion damages (Fig. 5 C2) and the corre-
sponding soil erosion risk map (Fig. 5 C1) underline high exposure to soil erosion. However, spatial accordance of soil erosion damages 
mapped and soil erosion risk modelled is less solid for the settlement areas than for the areas covered by open and closed savannah 
(Fig. 6). Overall, the configuration of soil erosion damages observed in the three different study plots is largely conform with the 
modelling result of soil erosion risk in the respective areas (Fig. 6). 

As means of model validation systematic comparison of the RUSLE modelling result for soil erosion risk with the on-site field 
measurements of soil erosion damages, satisfactory performance of the modelling results can be pointed out (Fig. 6). Soil erosion risk 
modelling results for closed savannah test plot A1 and the corresponding on-site damages A2 show a strong spatial overlap and are 
significantly positively correlated (R2 = 0.69, n = 18, α < 0.05). This also applies for the mapping results for the open savannah (R2 =

0.71, n = 26, α < 0.05; Fig. 6b) and the settlement test plot (R2 = 0.58, n = 35, α < 0.05; Fig. 6c). On the whole, the model output of soil 
erosion risk for the entire 6 km2 of plot areas and the on-site mapped 79 linear damage form shows a positive correlation with R2 = 0.61 
(n = 79). The analyses establish a statistical significance at p < 0.05 for the individual validations. 

Table 3 
Estimated soil loss by soil erosion ASE and soil erosion risk at Wa municipality by different severity classes.    

1990: Soil erosion ASE risk by grade 2020: Soil erosion risk ASE by grade 

Soil Erosion 
Risk 

Soil erosion (t 
ha− 1y− 1) 

Total area 
(ha) 

Total area 
(%) 

Total soil loss 
(t y− 1) 

Total soil 
loss (%) 

Total area 
(ha) 

Total area 
(%) 

Total soil loss 
(t y− 1) 

Total soil 
loss (%) 

Low <3 38,166.1 65.9 23,302 15.5 30,002.5 51.9 26,732 13.3 
Moderate 3–5 10,421.2 18.0 44,027 29.3 13,960.1 24.10 52,145 26.0 
High 6–10 7592.7 13.1 58,751 39.1 10,957.0 18.9 73,729 36.8 
Very High 11–15 1288.6 2.2 16,934 11.3 2547.5 4.4 29,811 14.9 
Extreme >15 415.3 0.7 7387 4.9 361.8 0.6 18,047 9.0   

57,883.9 100.0 150,401 100.0 57,828.9 100.0 200,464 100.0  
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Fig. 4. Spatial distribution map of the estimated soil erosion risk for Wa municipality for years (A) 1990 and (B) 2020.  
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Discussion 

The c. 30 % higher erosion risk predicted for the year 2020 than 1990 emphasize the RUSLE models results based on the prevailing 
driving factors in each year. These results are strongly linked to regional land use dynamics and changes in vegetation cover. The 
vegetation cover is essential in soil erosion risk reduction as its canopy intercepts rainfall, improves infiltration, and lowers the rainfall 
energy there by reducing its impacts on soil erosion [89]. The spatial distribution of soil erosion risks presented in the soil erosion risk 
map (Fig. 4) shows that areas with very high and extreme soil erosion risk correspond to areas with relatively low vegetation cover and 
slopes with steep gradients, a finding that corresponds to those among others of [81,90]. This especially applies to urbanized areas 
which occur in slopy terrain such as Bamahu, Kpelisisi Guli Kpelisi, Mungu, Duuli and the Wa township, which can be characterized as 
very high to severe rate of exposure to soil erosion risk. During the 30 years between 1990 and 2020 the areas with very high to severe 
exposure to soil erosion risk expanded, and this was triggered by urban spread and its associated alteration of vegetation cover. These 
findings correspond to those from other African strongly urbanizing areas such as Harare [86]. The observed significance of topo-
graphic characteristics (LS-factor) and cover factors as the main drivers for soil erosion risk within the Wa municipality is consistent 
with [89]. Beyond, [91] highlight the relevance of the slope length for controlling soil erosion risk. 

The decrease in vegetation cover and the associated increase of soil erosion risk can be explained by the Wa municipality’s 
increasing population and associated developmental activities [92]. Ghana’s population and housing census has estimated a growth of 
the Wa municipality’s population by 10 % between 2000 and 2010, counting 98,675 inhabitants in 2000 and 107,214 in 2010 [93]. A 
subsequent population and housing census conducted in 2021 attests a population growth to 200,672 inhabitants in Wa municipality 
[41], indicating a 6.0 % annual population growth since 2010. Population growth and associated settlement expansion drive infra-
structure development, alteration of vegetation cover and environmental degradation as a whole [94,95]. Between 1990 and 2020 
settlement spaces expanded spatially from 7.44 km2 to 59.86 7.44 km2 [45]. In parallel, the estimated soil loss for Wa municipality 
amounted 1637 tons in 1990 and octuplicates until 2020 to 13,794 tons in settlement areas. The settlement expansion-based soil 
erosion risk can be especially attributed to the infrastructure developments that need to be synchronized with the demands of pop-
ulation growth [94,96]. As the expansion of settlement areas is pronounced within the central part of Wa municipality where most 
settlements are clustered, construction of roads and other infrastructure developments are in progress. This leads to the destruction of 
the ecosystem and exposes surface material due to earth movements. In consequence, urbanization processes in Wa municipality led to 
the shrinking of areas covered by woody vegetation, a process especially due to the exploration of savannah vegetated areas for 
agriculture and other livelihood diversification options such as unregulated small-scale gold mining [73,97]. In total, an increase of 
settlement areas by 87.57 % between 1990 and 2020 in the Wa municipality parallel to a 40.89 % decrease of areas covered by woody 
vegetation [45] occurred. These changes in vegetation and land use are reflected in an estimated 25 % rise in total rate of soil loss 
between 1990 and 2020. 

The strong control of soil erosion risk by LULC is also observed in areas under different savannah vegetation cover. In the year 1990 
and 2020 area under open savannah vegetation in particulater contibuted to significant amount of soil loss due to proliferations of 
human activities within these areas, especially cultivation and grazing. Vulnerability to soil erosion corresponds to high soil erosion 
risk within the open savannah area with an escalating soil loss wherever canopy cover diminishes, ranging 2–4 t ha− 1yr− 1 in areas 
covered by trees and bushes and 16–34 t ha− 1yr− 1 for farmlands [98]. These data affirm the consequential effects of exploiting 
vegetated savannah areas within the Wa municipality for agriculture, which renders this area to high soil erosion risk. 

Within the Wa municipality, seasonal bushfires (Plate 1), which generally occur during the Harmattan season [99], could be an 
exacerbating factor to increase soil erosion risk. Several studies pronounce the significant influence of bush fires on the rate of soil 
erosion [100,101]. According to Ref. [100], the severity level of bushfires is proportional to the rate of soil erosion. The interception 
functions of the trees canopy are lost after bushfire, thus, increased generation of surface run-off results and associated with soil 
detachment and sediment transport [102]. Estimated pre-fire soil erosion rates of 69 t ha− 1yr− 1 are distinctly lower than the estimated 
post-fire soil erosion rates (94 t ha− 1yr− 1) documenting that the soil erosion rate shortly after the fire event increased by 36.2 % [103]. 
However, it has to be considered that bush fires not only affect canopy cover but also soil characters as it is well known that a rise in soil 
water repellency is a frequent after-effect of bush and forest fires [104]. However, the long-term impact of fire on soil erosion could be 
higher than the immediate impact: An assessment of soil erosion after a decade of fire events shows a by a third reduced impact of fire 
on soil erosion compared to the impact observed immediately after bush fire event [103]. 

Table 4 
Estimates of soil loss under different LULC across Wa municipality.   

1990: Estimated soil loss by land use class 2020: Estimated soil loss by land use class 

Land use Total area 
(ha) 

Total area 
(%) 

Total soil loss (t 
y− 1) 

Total soil loss 
(%) 

Total 
(ha) 

Total area 
(%) 

Total soil loss (t 
y− 1) 

Total soil loss 
(%) 

Closed Savannah 12,869.0 22.2 14,584 9.7 9133.7 15.8 9627 4.8 
Open Savannah 40,722.5 70.4 113,987 75.8 39,224.9 67.8 146,689 73.2 
Other 22,18.1 3.8 18,549 12.3 2211.4 3.8 27,167 13.6 
Settlement 744.4 1.3 1637 1.1 5985.9 10.4 13,794 6.9 
Vegetated 

Wetland 
1329.9 2.3 1644 1.1 1273.1 2.2 3187 1.6  

57,884.0 100 150,401 100 57,828.9 100.0 200,464 100  
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Fig. 5. Validation maps for model result and corresponding maps of field plots surveyed from January to February 2022. (A1) The 2 km2 model output for closed savannah area with various levels of soil 
erosion risks for the year 2020; (B1) the 2 km2 model output for open savannah area with various levels of soil erosion risks for the year 2020; (C1) the 2 km2 model output for settlement area with 
various levels of soil erosion risks for the year 2020. (A2) the corresponding plot of A1 with 18 measured spatial extents of soil erosion damages; (B2) the corresponding plot of B1 with 26 measured 
spatial extents of soil erosion damages;(C2) the corresponding plot of C1 with 35 measured spatial extents of soil erosion damages. (D) The soil erosion risk map for the Wa municipality for the year 2020 
from which A1, B1 and C1 were extracted. 
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The Wa municipality soils’ physical characteristics and resulting erodibility potentials cause their low propensity to resist erosion 
[48].The dominance of sandy soil texture across Wa municipality and herein formed shallow savannah ochrosols and laterites is re-
flected in the distribution of soil erosion risk [42]. Coarse-textured soils dominate within the south-western part of the study mu-
nicipality, resulting in moderate to severe soil erosion risks. Coarse-textured soils are in general characterized by high infiltration rates 
and corresponding low surface run-off generation; however, due to poor cohesion effects of sandy material erodibility is high [105, 
106]. Also, the settlement areas of Nakore and Chansa township and the adjourning central part of the Wa municipality are char-
acterized by widely spread soils with sandy texture and was estimated to have high-to-severe soil erosion risk. In contrast, soils with 
high clay content are characterized by relatively poor infiltration rates and consequently affect strong surface run-off generation, but 
due to the strong cohesion of clayey soils resistance capabilities are high and erodibility is low [107]. Beyond, soils with high aggregate 
stability resist the impact of raindrops and have a propensity to affect erosion [105,108]. In the North-western part of Wa municipality, 
soils with clayey texture are widely spread and frequently covered by savannah vegetation. These areas show low to moderate 
exposure to soil erosion risk owing to the combine detachment resistance properties of soil characters and soil coverage [41]. 

The RUSLE model’s prediction of higher risk of potential erosion, compared to the actual risk of soil erosion is attributed to lack of 
vegetation cover and underlines the influence of the municipal’s climate, soil and topographic characteristics on erosion. The climatic 
influence on potential erosion risk for the 1990 and 2020 is reflected in the R-factor maps (Fig. 2 C1 a and C2) and the corresponding 

Fig. 6. Evaluation of the model’s results and field measurement. (a) evaluation for closed savannah LULC class; (b) evaluation for open savannah 
LULC class (c) evaluation for settlement LULC class; (d) the combined evaluation of a, b and c. 
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Plate 1. Soil erosion damages in the Wa municipality observed during the field survey. (CS) Damage observed within the closed savannah vegetation area; (OP) damages observed within the open 
savannah vegetation area; (SE) damage observed within the settlement area. 
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potential erosion risk maps (Fig. SM1 A and B). Thus, the spatial distribution of potential erosion risk is higher in the year 1990 than 
2020 oweing to the higher amount and distribution of rainfall in the year 1990 than 2020. Increasing rainfall intensity and amount 
potentially increases soil detachment and soil erosion [109]. Beside the climatic influence on the potential erosion risk, the topo-
graphic characteristics of the study area control erosion as areas with steep slopes show the highest severity of potential erosoin risk 
[90]. 

The actual soil erosion risk map (Fig. 4) shows low soil erosion risk in areas with significant vegetation cover, while the core-
sponding areas on the potential risk of erosion map (Fig. SM1) shows “high” to “severe” risk. Most of the high to severe soil erosion 
risks were estimated for settlement and bareland areas while savannah vegetated areas underlie relatively low to moderate soil erosion 
risk. According to Ref. [110], human-induced modification of vegetation cover causes a high exposure to erosion risk in tropical 
landscapes. Unfortunately, the cover factor’s function of erosion control is lacking in the settlement and bareland areas, consequently 
resulting in severe soil erosion risk [86] – and showing comparable exposure as the potential erosion risk. 

The RUSLE model’s predictions of soil erosion risk operate on the assumption of detachment of soil on the field [111]. The 
assessment of the model outputs is improved when data from field surveys (point-like plot-based data) are used for the validation [111, 
112]. The data on spatial damages, estimated from the test-plots under different land use represent the effective amount of soil 
removed. These mapped damages correspond spatially with soil loss estimates generated using the RUSLE model. Settlement areas 
showed the highest spatial extent of effective soil erosion damage while closed and open savannah areas featured less spatial extent of 
eroded areas. The spatial extent of eroded areas in each of the test-plots agreed widely with the estimated soil erosion risk area 
applying the RUSLE model. Thus, the validation of the predicted soil erosion risk as provided by applying the RUSLE model by 
alignment with spatial extent of measured effective damages has been proven to be a suitable tool to affirm the reliability of a model 
application to a new environment. Statistical analyses established positive correlations between data resulting from the utilisation of 
the RUSLE model and on-site measured data. Overall, the statistics for the 79 point-based data from the field survey and the corre-
sponding modelling are positively correlated and highly significant (α < 0.05). Though field damage estimation could not account for 
damages based on sheet erosion, the spatial extent of damages from field measurements reflected the predicted output and enhanced 
model evaluation and validation. Despite the essence of long-term field measurement as an ideal means for empirical models validation 
in soil erosion estimation, plot-based point data are suitable for effective validation and the general comprehension of the model 
performance [111,113]. 

Conclusions 

In the Savanna agro-ecological zones of Ghana soil erosion threatens environmental sustainability and agricultural productivity. 
Although predicting soil erosion risk is critical for developing land management plans sustainably in a vulnerable landscape, research 
in the Savannah agro-ecological zones has paid little consideration. This study assesses soil erosion risks within the context of land use 
dynamics in Wa municipality since 1990, a fast-developing area with rapid population growth. Assessment of soil erosion risk and 
estimation of average soil erosion rates per annum are based on a change detection of LULC in Wa municipality between 1990 and 
2020 [45]. The application of the RUSLE model emphasizes in particular settlement areas and bareland in slopy terrain as highly 
vulnerable to soil erosion. The predicted rates of potential erosion for the years 1990 and 2020 were distinctly higher than the actual 
predicted rates of soil erosion of the respective years. The comparative lower actual soil erosion risk rate is due to vegetation cover 
influence that is reflected in the actual erosion risk model prediction for vegetated areas. Given the high risk associated with altered 
vegetated areas caused by human disturbances, the importance of a cover factor in soil conservation is emphasised. Aside the alteration 
of vegetation covers due to settlement activities, it is highlighting that areas with a high soil erosion risk spatially predominantly occur 
in areas with steep and long slopes. 

Urbanization processes and settlement activities that cause changes and loss of vegetation cover can be attributed to the estimated 
c. 30 % increase of soil loss between 1990 and 2020. Though the modelling data as well as the field survey identify the settlement areas 
as a high-risk zone, it can also be pointed out that the open savannah area contributes distinctly to the total rate of soil loss. In 
consequence, since open savannah is the most widespread land cover class its contribution to total rate of soil loss is significant. In 
general, in Wa municipality the vegetation cover is largely altered through the exploration of the area for agriculture. These coupled 
with bushfire renders the area to high erosion risk. Due to the increasing population in Wa municipality, infrastructural development 
and agricultural production must synchronize with the populace’s demands. Unfortunately, in the quest to achieve that, the conversion 
of vegetated areas into settlement areas and agricultural areas has led to significant soil erosion and in consequence land degradation 
in the Wa municipality. Especially settlement areas and bareland have been identified as areas being highly exposed to soil erosion risk. 
Overall, the soil erosion risk within the Wa municipality is strongly link to human-induced activities through land use intensification 
that renders the municipality vulnerable to erosion. Soil and water conservation strategies important in such situation, however, the 
field survey established that Wa municipality has no such interventions. It is therefore recommended to establish an integrated 
landscape management inclusive of soil and water conservation strategies to curtail the impending erosion-related menace. Findings 
from this study are relevant for designing and implementing mitigation strategies for the Wa municipality and tropical savannah 
landscapes at large. Outcomes of modelling soil erosion risk by applying the RUSLE in Wa municipality for the year 2020 was validated 
on a plot-based field survey conducted in January 2021. Statistical evaluations document an acceptable performance of the model 
output data. The statistics from the corroborative validation increase confidence in using the model. 
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M. Möller, V. Naipal, M. Nearing, S. Owusu, D. Panday, E. Patault, C.V. Patriche, L. Poggio, R. Portes, L. Quijano, M.R. Rahdari, M. Renima, G.F. Ricci, 
J. Rodrigo-Comino, S. Saia, A.N. Samani, C. Schillaci, V. Syrris, H.S. Kim, D.N. Spinola, P.T. Oliveira, H. Teng, R. Thapa, K. Vantas, D. Vieira, J.E. Yang, S. Yin, 
D.A. Zema, G. Zhao, P. Panagos, Soil erosion modelling: a global review and statistical analysis, Sci. Total Environ. 780 (2021), https://doi.org/10.1016/j. 
scitotenv.2021.146494. 

[12] P. Borrelli, D.A. Robinson, L.R. Fleischer, E. Lugato, C. Ballabio, C. Alewell, K. Meusburger, S. Modugno, B. Schütt, V. Ferro, V. Bagarello, K. Van Oost, 
L. Montanarella, P. Panagos, An assessment of the global impact of 21st century land use change on soil erosion, Nat. Commun. 8 (2017), https://doi.org/ 
10.1038/s41467-017-02142-7. 

[13] Intergovernmental Panel on Climate Change (IPCC), Summary for Policymakers. In: Climate Change and Land: an IPCC special report on climate change, 
desertification, land degradation, sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems [P.R. Shukla, J. Skea, E. 
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les hautes terres de la vallée du Rift Central, Ethiopie, Hydrol. Sci. J. 59 (2014) 2203–2215, https://doi.org/10.1080/02626667.2013.865030. 
[63] J. Thomas, S. Joseph, K.P. Thrivikramji, Assessment of soil erosion in a tropical mountain river basin of the southern Western Ghats, India using RUSLE and 

GIS, Geosci. Front. 9 (2018) 893–906, https://doi.org/10.1016/j.gsf.2017.05.011. 
[64] J.H. Lee, J.H. Heo, Evaluation of estimation methods for rainfall erosivity based on annual precipitation in Korea, J. Hydrol. 409 (2011) 30–48, https://doi. 

org/10.1016/j.jhydrol.2011.07.031. 
[65] K.G. Renard, J.R. Freimund, Using monthly precipitation data to estimate the R-factor in the revised USLE, J. Hydrol. 157 (1994) 287–306, https://doi.org/ 

10.1016/0022-1694(94)90110-4. 
[66] H. Tilahun, G. Taddesse, A. Melese, T. Mebrate, Assessment of spatial soil erosion hazard in Ajema Watershed, North Shewa Zone, Ethiopia, Adv. Plants Agric. 

Res. Res. 8 (2018) 552–558, https://doi.org/10.15406/apar.2018.08.00384. 
[67] S. Lee, Soil erosion assessment and its verification using the universal soil loss equation and geographic information system: a case study at Boun, Korea, 

Environ. Geol. 45 (2004) 457–465, https://doi.org/10.1007/s00254-003-0897-8. 
[68] D. Mengistu, W. Bewket, R. Lal, Sustainable intensification to advance food security and enhance climate resilience in Africa, Sustain, Intensif. to Adv. Food 

Secur. Enhanc. Clim. Resil. Africa. (2015) 137–163, https://doi.org/10.1007/978-3-319-09360-4. 
[69] M. Wynants, H. Solomon, P. Ndakidemi, W.H. Blake, Pinpointing areas of increased soil erosion risk following land cover change in the Lake Manyara 

catchment, Tanzania, Int. J. Appl. Earth Obs. Geoinf. 71 (2018) 1–8. 
[70] L. Benkobi, M.J. Trlica, J.L. Smith, Evaluation of a refined surface cover subfactor for use in RUSLE, J. Range Manag. 47 (1994) 74–78, https://doi.org/ 

10.2307/4002845. 
[71] J. Wu, Y. Kurosaki, B. Gantsetseg, M. Ishizuka, T.T. Sekiyama, B. Buyantogtokh, J. Liu, Estimation of dry vegetation cover and mass from MODIS data: 

verification by roughness length and sand saltation threshold, Int. J. Appl. Earth Obs. Geoinf. 102 (2021), 102417, https://doi.org/10.1016/j. 
jag.2021.102417. 
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