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ARTICLE INFO ABSTRACT
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tices because it provides important information about soil erosion hotspot areas and prioritizes
areas that require immediate management interventions. This study integrates the Revised Uni-
versal Soil Loss Equation (RUSLE) with Google Earth Engine (GEE) to estimate soil erosion rates
and map soil erosion in the Upper Tekeze Basin, Northern Ethiopia. SoilGrids250 m, CHIRPS-V2,
SRTM-V3, MERIT Hydrograph, NDVI from sentinel collections and land use land cover (LULC)
data were accessed and processed in the GEE Platform. LULC was classified using Random forest
(RF) classification algorithm in the GEE platform. Landsat surface reflectance images from
Landsat 8 Operational land imager (OLI) sensors (2021) was used for LULC classification. Besides,
different auxiliary data were utilized to improve the classification accuracy. Using the RUSLE-
GEE framework, we analyzed the soil loss rate in different agroecologies and LULC types in the
upper Tekeze basin in Waghimra zone. The results showed that the average soil loss rate in the
Upper Tekeze basin is 25.5 t ha~! yr~1. About 63 % of the basin is experiencing soil erosion above
the maximum tolerable rate, which should be targeted for land management interventions.
Specifically, 55 % of the study area, which is covered by unprotected shrubland is experiencing
mean annual soil loss of 34.75 t ha™! yr! indicating the need for immediate soil conservation
intervention. The study also revealed evidence that this high mean soil loss rate of the basin can
be reduced to a tolerable rate by implementing integrative watershed management and exclo-
sures. Furthermore, this study demonstrated that GEE could be a good source of datasets and a
computing platform for RUSLE, in particular for data scarce semi-arid and arid environments. The
results from this study are reliable for decision-making for rapid soil erosion assessment and
intervention prioritization.

1. Introduction

Almost all over the world, water availability, biodiversity, and agricultural productivity are threatened by land degradation
processes [1-4]. Although land degradation has many components and definitions, in ecological perspectives, it includes several
processes that may cause biodiversity loss and a decline in ecosystem functions and services [5]. Soil erosion by water is among the
primary forms of land degradation, causing grave environmental problems and food insecurity [6,7]. It decreases soil mass, depletes
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soil nutrients, and increases down-stream river sedimentation and siltation of reservoirs [6,8]. In sub-Saharan Africa, especially in East
Africa, with its degraded complex topography accompanied with high rainfall intensity; soil erosion and nutrient depletion threaten
food security and sustainable agricultural production [9-12]. Although it seems very difficult to establish the exact time when soil
erosion in the history of agriculture was considered a problem in Ethiopia, many soil and water conservation interventions were
introduced following the rising global awareness of land degradation and after the severe drought of Ethiopia in 1974 [13-15].
Nevertheless, soil erosion is still a significant challenge in Ethiopia [13,16,17], particularly in the country’s highlands due to high
rainfall erosivity, intensive agricultural practices, and high population pressure [18,19]. Northern dry land areas of Ethiopia are more
susceptible to soil erosion because their ecology is considerably damaged attributed to easily degradable soils, highly variable tem-
perature and rainfall, cultivation on steep slopes, deforestation, and dense and rapidly growing economically marginalized populations
[4]. As a result, the country’s backbone of the economy, agriculture, is severely affected by persistent soil erosion in the northern
highlands of Ethiopia [14,20]. It has been suggested that soil erosion in this area could be worsen because of increased population and
predicted rise in precipitation [13,21]. The country has implemented short- and long-term plans to reverse and minimize land
degradation through different community-based strategies. Both in its Growth and Transformation plan (GTP) and Climate Resilient
Green Economy (CRGE), the Ethiopian government adopted strategies to address the effects of land degradation caused by soil erosion
and build a climate-resilient green economy by 2025 [22-24]. However, given the economic and technical limitations to the con-
servation of all areas affected by soil erosion, targeting areas with high soil loss rates is required for effective and proper allocation of
limited resources [13,22,25]. For this purpose, scientifically investigated, organized, and mapped soil erosion severity status, at a
basin-level, is prerequisite to identify priority areas of conservation.

In Ethiopia, there are regional differences regarding efforts made to understand soil erosion processes [13]. For example, Tekeze
basin located in the Tigray highlands was among the major basins of Ethiopia that has got much attention from researchers. However,
most of the previous studies were plot-scale, or small-scale at small-watershed; and were fragmented. Recently, majority of the
sub-basin and basin-based soil erosion assessments studies are conducted in Blue Nile Basin [26-31], and Rift Valley Basin [17,32-36],
while data on soil erosion status in the Tekeze River basin in Waghimra administrative zone is scarce. Since the basin is home to
millions of rural farmers whose economy mainly depends on rain-fed agriculture, estimating soil erosion rates and identifying erosion
hotspot areas at basin level is critical for land and water resource management. Moreover, this basin is ecologically and historically
vulnerable to soil erosion due to degraded forest cover, high population pressure, and complex topography that aggravate soil erosion.

According to Karydas et al. [37] more than 80 erosion models have been developed for different purposes in half a century. Among
those models, Universal Soil Loss Equation (USLE, [38]), Modified Universal Soil Loss Equation (MUSLE, [39]), European Soil Erosion
Model (EUROSEM, [40]), and Water Erosion Prediction Project (WEPP, [41]) are commonly preferred by researcher around the world.
Above all, USLE and its revised version; Revised Universal Soil Loss Equation (RUSLE [42]) are the most frequently used models in soil
erosion studies [43,44]. RUSLE is used to estimate annual average soil loss rate by accounting for rainfall erosivity, soil erodibility,
slope, land use, and land management attributes [38,42]. Since soil erosion assessment as well as sustainable land and water man-
agement are increasingly requiring big-data-driven policymaking and management strategies; Remote sensing (RS) and Geographic
Information System (GIS) tools are facilitating the development of soil erosion models [45-47]. However, RS and GIS based soil erosion
models require extensive field soil data collection, which is expensive and time-consuming constraining soil erosion assessment for
present priority use. Furthermore, the increasingly available high-resolution gridded soil and other vegetation-related data are not well
utilized to estimate soil loss rates [27].

Google Earth Engine (GEE) has recently become a popular cloud-computing platform for retrieving and analyzing geospatial data
[48,49]. GEE offers cutting-edge technologies and unrestricted access to various remote sensing data, fostering the formation of
transformative research issues. GEE has been used for a variety of applications, such as drought assessment [50,51] and land use-land
cover change (LULCC) and vegetation mapping [52-54]. However, there are very few attempts to estimate soil loss estimation through
the RUSLE-GIS-GEE framework by integrating ArcGIS and GEE interface [55], for example, studies by Elnashar et al. [56] and Wang
and Zhao [57]. Implementing RUSLE in the GEE environment minimizes data filtering and image correction time. It facilitates accurate
estimation of soil erosion at global, regional, and watershed scales by increasing readily available soil, precipitation, and topographic
variables [56]. Using common datasets in the GEE could also help produce comparable results among different studies by minimizing
data-related errors and uncertainties. The increasing availability of open data sources, for example, Multi-Error-Removed Impro-
ved-Terrain (MERIT) Hydrograph, SoilGrids250 m, and high-resolution sentinel images in GEE have also increased the suitability of
this cloud-based platform for soil erosion studies. Particularly time-series data management for Normalized difference vegetation
index (NDVI) and spatio-temporal rainfall analysis could be much easier in the GEE environment. Furthermore, integrating the
classification algorithm, primarily the Random forest (RF) algorithm, could improve land cover classification for RUSLE.

Methodologically, this study aims to contribute to soil erosion assessment based on RUSLE- GEE framework. In addition, the study
applied the upslope contributing area approach in order to derive the slope length (L) factor. This approach is more appropriate in
basin-based studies because the upstream contributing area is a more determinate factor than slope length in those areas [25,44,58]. In
addition, most of the available studies in Ethiopia used LULC as a proxy measurement for the C-factor. However, in semi-arid and arid
land areas, land cover classification is complicated due to the similarity of reflectance from the different LULCs. In these cases, NDVI is
decisive in differentiating surface reflectance. Furthermore, the current study fills the gap in the LULC classification system by
implementing random forest (RF) algorithm and adding 5 Axillary data (NDVI, Normalized difference witness index (NDWI), Tesseled
Cap indices, slope and elevation) to achieve higher accuracy.

Therefore, the overall objective of this study was to provide an up-to-date basin level soil loss severity map and implication of
estimated soil loss severity for suitable land management practices in the upper Tekeze basin using RUSLE-GEE framework. The
specific objectives were to: 1) estimate and map the extent and severity of soil loss by water erosion in the Upper Tekeze Basin, 2)
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analyse soil loss estimates in relation to land cover types and agroecological zones of the basin, and 3) identify soil erosion hotspot
areas of the basin for watershed management interventions.

Since land management practices depend on land cover types and agroecology [22], the result from this study can solve the scarcity
of soil loss data as well as help land degradation control and land resources management practices by raising awareness among policy
makers and land managers on the extent and severity of soil loss by water erosion. The result could also serve as feedback for the
long-term conservation works implemented in the basin over the past three decades.

2. Methods and datasets
2.1. Study area description

Tekeze River is one of the major tributaries of the Nile River. The river originates from the highlands of North Wollo, from Mount
Abune Yosef, drains to Waghimra, Tigray, and finally enters Sudan to join the Nile River. Tekeze river basin is situated in the north-
western part of Ethiopia and forms the most northern part of the Nile Basin within Ethiopia. The basin covers about 66,541 km?,
extends from 35.87° to 39.87° East, and 11.52°-14.8° North [59]. The basin is surrounded by the Blue Nile (Abay), Angereb and Mereb
Rivers, and the Afar Rift escarpment. The current study is conducted on the river’s upper basin in Waghimra Administrative Zone.
Geographically the study area extends from 12.11 to 13.13° N latitude and 38.40° to 39.30° E longitude (Fig. 1). The study area
includes 4 rural administrative districts in Waghimra zone, namely Gazgibla, Sekota Zurya, Zquala, and Tsagbji. In this part of the
basin, there exists very diverse and rugged topography. While the altitude of Tekeze basin in Ethiopia ranges from 500 m in its western
lowlands to over 4600 m in the central highlands, in the current study district, the elevations range from 1021 to 3880 m above sea
level (Fig. 1). Based on Hurni’s [60] agroecological classification which considers elevation, three different agroecological zones
dominate the study area. The Kolla agroecological zone (warm, semiarid lowlands; covering 17.5 %), followed by Weyna-dega (cool,
humid highlands; covering 68 %), and Dega (temperate cool sub-humid highlands; covering 14.5 % of the study area). Most of the
study area is semi-arid and arid according to the United Nations Environment Programme (UNEP) aridity classification [51]. While the
northern and northeastern part of the basin is dry sub-humid and non-dryland, the central and northern holds semi-arid and arid land
characteristics.

Unimodal and erratic rainfall patterns characterize rainfall in Waghimra zone. The basin receives much of its annual rainfall from
June to September (locally known as “Kiremt”) when the Inter Tropical Convergence Zone (ITCZ) is located north of Ethiopia [61]. This
rainy season contributes over 70 % of the annual precipitation in north and northwest Ethiopia, including in the Waghimra zone. While
the annual rainfall of the Tekeze basin reaches up to 2000 mm in the Ras Dashen Mountains [61], it is less than 1000 mm in the upper
river basin in the Waghimra administrative zone (Fig. 2).
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Fig. 1. Location of the study area: a) in Ethiopia, b) in Waghimra Adminstrative Zone c) studied sub-basin showing land use land cover.
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In almost all parts of the Tekeze basin, the summer (Kiremt) rain ceases around the end of August. The mid and high-altitude areas
receive rainfall from late June to early September. However, rainfall distribution of the lowland part extends from early July to mid of
August. About 63 % of the annual rainfall is in July and August [51]. The area’s annual minimum and maximum temperatures are
12.8 °C and 29 °C, respectively (Fig. 2). The primary crop production system is based on the summer season.

Over 90 percent of households throughout the Wag-himra Zone live on smallholder farming with landholdings of less than 1 ha.
The agricultural activities are rain-fed, with the main harvest from September to November. Farmers produce mainly cereals (sor-
ghum, teff, barley, and wheat), pulses, and vegetables. The region is characterized by severe land degradation, climate variability, and
high population density [62]. The zone has been one of the most drought-affected areas in the past. High vulnerability to drought and
famine, growing population pressure, and land degradation have affected agricultural production.

2.2. Datasets

Data used in this study includes i) Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) precipitation, ii)
SoilGrids data, iii) LULC data, iv) NDVI, and v) Shuttle Radar Topographic Mission (SRTM) Digital Elevation Model (DEM). The general
overview of flow of the methology applied to assess soil erosion by water in RUSLE-GEE framework is depicted on Fig. 3. Detailed
description of the different data used in the study is presented in the following subsections.

2.2.1. Precipitation data

CHIRPS precipitation data were used to estimate the erosivity factor. CHIRPS was chosen for its long-term data availability and
relatively high spatial resolutions as compared to most other satellite rainfall products. This product has good applicability over the
Horn of Africa and has been validated in Ethiopia by Dinku et al. [63]. Moreover, in ground-station data-scarce countries such as
Ethiopia, CHIRPS-v.2 is good alternative for climatological studies [64]. CHIRPS precipitation at 8-day temporal resolution and 1 km
spatial resolution was obtained from GEE for 42 years (1981-2021). This data set was used to generate long-term mean annual rainfall
in order to derive R-factor.

2.2.2. Land cover

LULC map (Fig. 4) was generated from Landsat surface reflectance images (Landsat 8 Operational land imager (OLI) sensors). LULC
classification was done for the year 2021 image in order to represent the current biophysical status and observed changes after 2010
area exclosure and ecological restoration policy of Ethiopia [24,65]. The image after 2021 is less reliable to represent biophysical
changes due to the war in the north Ethiopia and the damage it might caused on the land resources.

Table 1 presents the major LULC classes identified in the study area. LULC was classified using the Random forest (RF) classification
algorithm in the GEE code editor. In order to improve the classification LULC classification, axillary data such as elevation, NDVI,
Tasselled Cap brightness, dryness and wetness index, NDWI, and NBI (Normalized Burning Index) were utilized.

Tasselled Cap indices are used to distinguish the presence and density of green vegetation, total reflectance, and soil moisture [66].
The accuracy evaluation (Table 2) was performed using indices including the user’s accuracy (UA), producer’s accuracy (PA), overall
accuracy (OA), and kappa coefficient [67,68]. These accuracy indices are calculated by constructing confusion matrix using GEE
syntax. The GEE inbuilt code for construction of error matrix and calculation of LULC accuracy was done following Stehman [69]. Eqs
(1)-(3), presents the calculations of UA, PA, and OA, respectively;
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Fig. 2. Annual rainfall, minimum and maximum temperature time series in the study area from 1981 to 2021 (derived from monthly cprps.v.2)-
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Table 1
Description of land use land cover classes in the study.
No LULC Description
classes
1 w) An area of land covered with surface water such lakes, and rivers.
2 (F) Areas covered by dense natural trees mainly grow naturally in the reserved land, church compounds, riverbanks, and plantations.
3 (BL) Areas covered with small trees, woody bushes. Sparse canopy trees and dense vegetation grown in protected areas and hillsides.
4 (ShL) Areas covered with short shrubs and bushes with little valuable wood, usually stony with a very rugged micro relief. A mix of tiny clusters of
plants or single plants dispersed on open grassing land.
5 (FrL) Cultivated land, crop fields, and fallow lands. Rural settlements fenced with trees that are commonly found around homesteads
6 (BrL) Areas of rock or soil with very sparse to no vegetation; large areas of sand, rock, and deserts with no to little vegetation
7 (RbSc) Dry riverbeds, stream channels, gullies, and sandy flooded areas.
8 (UrS) The urban settlement, residential, commercial and services, industrial, and mixed-use.

Note: W = water body, F = forest, BL = bush land, Shl = shrub land, FrL = farmland, BrL = bareland, RbSc = dry river beds and stream channels, and
UrS = urban settlements.

Table 2
Accuracy of the RF classification algorithm.
Year Accuracy LULC classes OA Kappa
w F BL Shl FrL BrL RbSc UrS
2021 UA 1 0.74 0.82 0.84 0.91 0.86 0.91 1 0.88 0.82
PA 0.93 0.81 0.85 0.86 0.90 0.91 0.89 0.82

Note: AU = user’s accuracy, PA = producer’s accuracy, OA = overall accuracy, W = water body, F = forest, BL = bush land, Shl = shrub land, FrL =
farmland, BrL = bareland, RbSc = dry river beds and stream channels, and UrS = urban settlements.

UA = )
> Cik
k=1
C.
PA; =2 (&)
>~ Cy
k=1
n
> Cik
oA=1 3
n
Where c;j = the value of the cell in row i and column j in the confusion matrix; n = the number of classes in the map.
The kappa coefficient was estimated using Eq. (4).
T r
DX — Y Xiy Xy
i=1 i=1
K= 1 . ; (4)
N* — Y Xy Xiy
i1

Where N = total number of pixels used in the matrix, r = number of classes in the matrix, x;; = correctly classified pixels in the matrix,
xi+ = sum of pixels described in ith row, x ; ; = sum of pixels described in ith column.

Table 2 shows the details of the accuracy evaluation of the RF classification. The classified map was obtained after the RF algorithm
achieved high accuracy, 0.88 and 0.82 overall accuracy and Kappa values, respectively. The final classified map is shown in Fig. 4. This
LULC map was used to identify croplands and other LULC classes for the purpose of support practice (P) factor mapping and for
aggregation of erosion rate in different LULC classes.

2.2.3. Soil

The most recent and improved version of the 250 m spatial resolution SoilGrids250 m dataset developed by International Soil
Reference and Information Centre (ISRIC) [70] was used for soil erodability estimation. The SoilGrids250 m data is generated based on
machine-learning methods including RF, gradient boosting, and multinomial logistic regression. Geo-referenced soil profile data
generated by World Soil Information Services (WSIS) have been used for the prediction of SoilGrids250 m data [70]. Previous studies
have used this product for RUSLE studies [18,22,56].

2.2.4. Elevations and flow accumulation
The Shuttle Radar Topography Mission (SRTM V3) product was used for LS factors, slope, and elevation data. This dataset has 30 m
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spatial resolution and undergone a void-filling process [71]. The flow accumulation (FA) area is a relatively downslope area (pixel)
where all the upstream areas are draining into. We used the openly available FA dataset of MERIT Hydrograph dataset
(“MERIT/Hydro/v1_0_1") for LS factor estimation [72]. This dataset was initially generated from error-corrected and highly improved
DEM. This data set has both flow accumulation pixel and flow contributing area as a distinct band and is freely available in GEE. After
importing the data to the GEE code editor using ee.Image (“MERIT/Hydro/v1_0_1") script, its resolution has been rescaled from a 90 m
to a 30 m to match the SRTM V-3 30 m DEM and the LULC map. The rest of the LS components, i.e., slope and aspect, were derived from
30 m resolution SRTM V-3 available in GEE.

2.2.5. Vegetation

The NDVI for C factor was computed from a cloud-masked sentinel that has been masked for water, clouds, heavy aerosols, and
cloud shadows. This product is provided at 10 m spatial resolution. We used the mean NDVI of the basin from 2017 to 2021. The
baseline date is taken based on data availability of the Sentinel collection (" COPERNICUS/S2_SR’).

2.3. Methods of soil loss estimation using RUSLE-GEE

Summary of data type, data source, and processing software for estimating RUSLE parameters presented in Table 3. RUSLE is an
empirical model that estimates the long-term average soil loss rate by taking into account six factors that affect soil erosion: rainfall
erosivity, soil erodibility, slope length and steepness, cover management, and conservation practices [38,42]. RUSLE has been very
popular mainly for its easy integration with GIS. This study uses GEE, an open-source platform for analyzing geospatial data to estimate
parameters of RUSLE and soil loss rates. GEE has been used worldwide for retrieving and processing earth observation data.

There is an attempt to integrate RUSLE with GEE because of the computation power of GEE and availability of geospatial data
allows the estimation of RUSLE parameters. This approach is now a days mentioned as GEE-RUSLE framework [55,56]. The popular
RUSLE formula is presented in Eq. (5);

A=RKILS.CP %)

Where A is annual average soil loss rate (t ha™! yr’l) at pixel level; R is a rainfall erosivity factor (MJ mm ha ' h! yrfl), K is
erodibility (t ha h (ha™! MJ~! mm™1)); LS factor is a dimensionless topographic factor accounting slope length (L) and slope steepness
(S). C is the land cover factor, and P is a factor for erosion control support practice.

Derivation of parameters and retrieval of all the datasets were carried out in GEE (Fig. 3) and most of the model’s input parameters
were adjusted for the study area’s specific context. The details of each parameter are presented in the following subsections.

2.3.1. Rainfall erosivity factor (R)

The rainfall erosivity factor (R) measures the power of rainfall to cause soil erosion. The major factors which cause soil erosion by
causing detachment of particles are rainfall amount and intensity [43,74]. Rainfall erosivity can be calculated based on kinetic energy
(E) and the maximum 30-min rainfall intensity [38,74]. Although several formulas are suggested by different researchers [75] to
calculate rainfall erosivity, this study adopted Eq. (6) developed by Hurni [76], considering the Ethiopian highland arid and semi-arid
region where rainfall is concentrated in a few months while the rest of the year experience deficient rainfall. Previously the equation
has been used by several studies in Ethiopia [18,25,35,77].

R= —8.12 + 0.562(Pa) (6)

R is rainfall erosivity in (MJ mm ha 'h! yr’l), and Pa is long-term mean annual rainfall (mm). We used 42 years (1981-2021) of
annual rainfall for deriving the R factor.

Table 3
Summary of data type, data source, and processing software for estimating RUSLE parameters.
Parameters Input data Source and processing environment
R CHIRPS-V2 rainfall data Obtained from GEE datasets using Javascript code ee.ImageCollection ("UCSB-
1 km Spatial resolution for the past 42 years (1981-2021) CHG/CHIRPS/PENTAD’)
K SoilGrids250 m Filtered and computed in GEE after the data is imported from SoilGrids as (ee.Image
Soil organic matter, soil textural class, and soil bulk density ~ (“projects/soilgrids-isric/-")
data HiHydroSoilv2_0 accessed through GEE

HiHydroSoilv2_0 [73]
Permeability class, and Hydrologic group and saturated
hydraulic conductivity
LS DEM: SRTM V3 30 m resolution STRM DEM is freely available in GEE and imported as (ee.Image (“USGS/
Flow accumulation: MERIT Hydrograph dataset SRTMGL1_003")
MERIT Hydrograph dataset is available in GEE and imported as ee.Image (“MERIT/
Hydro/v1.0_1")
C NDVI from sentinel collections Accessed and processed in GEE
P LULC and Slope data Image accessed and processed in GEE
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2.3.2. Soil erodibility factor (K factor)

The K-factor represents the erodability of soil particles by water. The level of resistance of soil particles to erosion is determined by
the soil’s physical and chemical properties, including organic matter, texture, structure, and permeability [38,42]. The significant
methodological variation of RUSLE application globally comes from the presence of several equations to estimate K factor [43].
Scholars have developed different formulas to determine soil erodibility. These are mainly based on parameters such as soil grain size
and the degree of saturation [78], particle size, amount of organic matter content, molecular bonding, structural class, and the rate of
permeability [38,79], and soil color [76]. In this study, we applied a model that considers the particle size, organic matter, structural
class, and rate of permeability developed by Wischmeier and Smith [38] and adopted by Renard et al. [42]. The formula is presented in
Eq. (7).

_[21%107* «M"'*(12 — OM) + 3.25(S — 2) + 3.5(P — 3)

K 100

+*0.1317 @

Where M is the particle size parameter and is estimated as (silty, + very fine sandy,) * (100 — clay,,), OM is the organic matter content
(%), S is the soil structure code, P is the soil permeability class, and 0.1317 is a factor to convert K unit from US metric system to the
international metric system unit. Not all the required data for Eq. (7) were directly available in SoilGrids250 m dataset, for example,
there is no very fine sand fraction in the dataset layer, and we estimated the very fine sand fraction as 20 % of the sand fraction
following Panagos et al. [7]. The upper limit of very fine sand plus silt contents was set to 70 %, and the maximum limit of OM was set
to 4 % to prevent an underestimation of K values following Wischmeier and Smith [38].

2.3.3. LS factor

LS is a measure of the topographic effect in the RUSLE model. It is a function of two components, slope length (L) and slope
steepness factor (S) [38,42]. Slope length is the horizontal distance from the origin of the erosion to the point where the slope gradient
decrease and overland flow concentrates. S factor is also the effect of slope gradient on soil erosion by water. Different equations are
available to calculate LS factor [38]. For this study, a more explained formula based on the contributing area concept has been used. In
order to measure the slope length (L), the upslope contributing areas is preferred over the combined slope-length approach since the
upstream area of a pixel is the key determinant factor of runoff to a given point [25,58]. The techniques of calculating L factor were
given by Desmet and Govers [58] as presented in Eq. (8).

B (Ag +D2)m+1 _ (Aj_j—in)"HJ
Y D™k (xm) +22.13™

(8)

where; Ai,j—in is contributing area to the grid cell (i, j) in m2, D is the grid cell size (30 m), X?j- = sina;j + cos a;j , a;j represents the
aspect of the cell (pixel).

where m (Eq. (8.1)) is related to p (Eq. (8.2)), the ratio of the rill to interill erosion suggested by Ref. [80] and later adopted by
Ref. [42];

_h
m_ﬂJrﬂ @1
and
pe sin #/0.896 8.2)

3.0(sin ) °® +0.56

Where 0 is the slope angle in degrees.

In order to solve the error related to the overestimation of soil erosion in larger streams and make an ideal erosion estimate over
extremely low-laying areas, we have limited the upslope contributing area to 4000 m? (which is almost equal to 4.5 pixels) as sug-
gested by Zhang et al. [81]. In this study, limiting the upslope contributing area to 4000 m? has sustainably decreased the mean soil
loss from ca. 195 to 25.5 t ha™! yr'.

In order to estimate the slope steepness (S) factor, the original formula from McCool et al. [82] and later Renard et al. [42] adopted
an algorithm for the S-factor estimation based on two slope gradient intervals (slope <0.09 and slope >0.09) (Egs. (9.1) & (9.2)) as
follow:

S=10.8 x sin 0 4 0.03, where slope gradient < 0.09 9.1)

S$=16.8 x sin 6- 0.5, for slope gradient > 0.09 (9.2)

Where 0 is the slope angle in degree.

However, due to the limitation of this method in estimating S in steeper slopes (>10°) and due to the evidence that the S-factor
calculated using this method is lower by around 20 % [83,84]; we used the method of Liu et al. [83] to account for slope gradient effect
greater than 10° (Eq. (9.3)). This S factor calculation method has been applied by previous studies (eg., Elnashar et al. [56]).

S$=21.91 x sin 6- 0.96 (9.3)
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2.3.4. Cover management factor (C)

The cover management factor (C) represents the effects of vegetation cover on soil loss rates. The cover management factor is the
dimensionless parameters of the RUSLE model. The crop cover and management factor is defined as the proportion of soil loss from
land with particular vegetation [38]. C factor can be changed over time and has a significant role in soil erosion management planning.
Land cover change has the most substantial influence on the C-factor, leading to a significant increase in the C-factor and soil loss.
Other studies in Ethiopia used land cover as a proxy measurement for the C-factor [6,26] by assigning values from 0 in covered land
surface to 1 in bareland. However, NDVI, which helps to assess the actual ground vegetation cover in every LULC type, can quickly
assess the C factor [85]. Several empirical studies have proved that NDVI is a good measure of cover management factors, particularly
in large-scale soil loss assessment studies [56,85]. For this study, a C-factor map of the basin was generated based on the following
empirical relationship of NDVI and C factor (Eq. (10)) [86].

(10)

NDVI
C:exp<— ax >

B — NDVI

where o and p determine the relationship between NDVI and C factors, and value of 2 and 1 was assigned for them, respectively, based
on Van der Knijff et al. [86]. This method of C estimation has been used by Refs. [27,30,47,56,85]. The C factor value in this study
ranges from O to 1. The lower C factor values represent well-protected soil, while the value approaching 1 is for bare surface.

2.3.5. Support practice factor (P)

The P in RUSLE is a human-made practice to reduce soil erosion by water and designate the effect of soil conservation and
management efforts made to overcome soil erosion and runoff [6,38]. The P-factor represents the ratio of the soil loss rate in a field
with a given conservation practice to the soil loss rate where no conservation practice is applied. For this study, we produced a P-factor
map based on land cover, where only contour tillage on croplands was considered. In this case, P-factor values were assigned to
croplands based on slope classes following the recommendation of Wischmeier and Smith [38]. In order to derive the P factor, the land
cover classes are grouped into two main classes: cropland and non-cropland [25,46]. The minimum value approaching 0.1 was
assigned to cropland assuming that soil and water conservation practices were applied in all croplands. For land cover types other than
cropland, a P-factor value of 1 was assigned. The classification of cropland into different slope classes and assigning values (Table 4)
was suggested by Ref. [38]. P values proposed for agricultural and non-agricultural landscapes were used by Refs. [12,17,56].

2.4. Vadlidation of model results

Model validation is an important and common task in soil loss assessment studies. Validating result with field or plot based data is
one and preferable validation technique, however field measured soil loss rate data is scarce in our study area for this purpose.
Furthermore, comparison of our result with field or plot scale data, or with averaged soil loss rates from large geographical region may
not be appropriate [87]. Due to these reasons, we followed scientific model validation by comparing our model result with previous
works carried out in the study area and outside the study area. This method of model validation in soil erosion studies is commonly
applied in previous studies [17,26,88,89].

3. Results and discussion
3.1. Spatial distribution of RUSLE parameters

This section discusses the spatial distribution of RUSLE parameters in the basin (Fig. 5). The parameters showed spatial variation in
the study area and varying influence on the estimated soil loss rates.

R factor ranges from 353 to 535.5 MJ mm ha~! h™! yr~! (Fig. 5A). Higher erosivity is spatially distributed in the southern and
southwest part of the study area. Erosivity increases to the southern part of the basin, which it’s most part is highland agroecology
being the origin of most of highland streams. The erosivity ranges from 535 in the highland southern part of the basin to 354 MJ mm
ha ! h™! yr~! in the northern part (Fig. 5A). The relatively higher R-value is associated with more rainfall power to erode the soil
particles and, thus, high vulnerability to erosion.

K-factor values range from 0.002315 to 0.036 t ha h (ha™! MJ~! mm ™) (Fig. 5B). The mean K factor in the highland agroecology is

Table 4
Slope classes for assigning P value for farmlands.
Slope in percentage P factor values
0-5 0.10
5-10 0.12
10-20 0.14
20-30 0.19
30-50 0.25
50-100 0.33
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Fig. 5. Spatial distribution maps of RUSLE parameters; R factor (A), K factor (B), LS factor (C), C factor (D), Slope (E), P-factor (F).

0.00995, while it is 0.013861 and 0.017766 in the midland and lowland agroecology, respectively. The K factor distribution was the
opposite of rainfall erosivity distribution. The highest K factor values were observed in the lower part of the basin, where there is a
lower erosivity factor, but coincided with higher C and P factor.

The LS-factor map is shown in Fig. 5C, and ranges from 0.03 to 62.2. Higher LS factor values are located on the basin’s high slope
and hillside areas (Fig. 5E) both in western and eastern, and the lower and upper part of the basin. The mean LS factor is 10.013. The
Dega agroecology has a higher mean LS factor of 12.34. The Weyna-dega and Kolla agroecologies have 9.3, and 8.4, respectively.

The C-factor ranges from 0 to 1 (Fig. 5D). The highest C factor values are found in the northern part of the basin where there is poor
vegetation cover, eroded floodplain, and bare grounds. The lower C values are distributed in the basin’s central, western, and southern
parts over conserved forests and managed watersheds. These areas are relatively less vulnerable to soil erosion. Pocket areas of dense
forest on less human-accessible mountainsides, church forests, and area exclosures and successful cases of integrated watershed
managements were found to have lower C factor values. Generally, the C factor map (Fig. 5D) shows that the north and north-western
part of the basin exhibited higher C factor values indicating lower vegetation cover. Low rainfall and aridity of rainfall contribute to the
absence of vegetation cover in this part of the study area. The lower C factors are located in the southern highland of the basin. This
part of the basin is where the Tekeze River and most of its tributary streams originate. In this part of the basin vegetation cover is
relatively better because of relatively better annual rainfall. Despite high erodabilty factors, the area has lower C factor.

P factor is a means to measure the impact of erosion management practices on erosion rate, particularly the erosion control
strategies implemented on agricultural lands. The P factor in the study area ranges from 0.1 to 1 (Fig. 5F) and the slope map that is used
for classification of croplands by different slope class for the assignment of P factor values is shown on (Fig. 5E). Lower P factor is
spatially distributed in the central part of the study area over the croplands. However, higher P factors area almost evenly distributed in
the basin over the vast spare shrub lands and degraded wood and bush lands (Fig. 5F).

3.2. Assessment of the extent and severity of soil loss by water erosion in the upper Tekeze basin

The spatial variability of soil erosion severity rates in the upper Tekeze Basin are presented in Fig. 6. Highly eroded areas are
clustered in the highland regions of the basin and over the mountainous shrub lands of the northern part of the basin mainly because of
steeper slopes and higher soil erodabilty (Fig. 5B). While the rainfall erosivity is low in the northern lowland agroecology of the basin,
low cover factor combined with poor management factor make the region more prone to erosion. On the other hand, a lower soil loss
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Fig. 6. Spatial distribution of soil loss rates severity in the upper Tekeze basin, (0-5; very slight), (5-15: slight), (15-30: moderate), (30-50: severe),
(above 50: very sever).
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rate was seen in the vast middle parts of the basin due to the lower LS factor and better cover management and support practice factors.
The central midlands and the southwest part of Waghimra zone have relatively low soil erosion rate than the north and northeast part
of the study area (Fig. 6).

The mean soil erosion rate in the study area is 25.46 t ha™! yr_l. This estimate was higher than estimates by Fentat al [87]. (16.9t
ha! yr’l) for Ethiopian Basins. The result agrees with Sonneveld et al. (2011) estimate of mean soil loss rates for northwestern and
central highlands of Ethiopia (more than 20 t ha™! yr™?). But lower than some other watershed base studies by Yirgu et al. [36] (30.6 t
ha! yr™1) for Upper Domba watershed in southern Ethiopia, and by Eniyew et al. [6] who reported 576 t ha™! yr! for Telkwonz
Watershed in northwestern Ethiopia. However, since the study was conducted over a large spatial scale, basin and sub-basin scale
comparison is more appropriate and meaningful. Regarding this, the estimated mean annual soil loss rate can be considered generally
consistent with estimates by Ref. [56] for the blue Nile basin in general (39.73 t ha~! yr™!) and lower than, estimates for upper blue
Nile (57.98 t ha~! yr1). Similarly, the result is in agreement with mean soil loss rates estimate by Haregeweyn et al. [16] (27.5 tha™!
yr’l) and Fenta et al. [22] (32.5 t ha™! yr’l) for upper blue Nile basin.

We have classified the soil erosion rate into five classes; less than 5 t ha™! yr~! (very slight), 5-15 tha~! yr~! (slight), 15-30 t ha™*
yr~! (moderate), 30-50 t ha™! yr™! (sever) and above 50 (very severe erosion). This classification was according to soil erosion
literature in Ethiopia [16].

Areas under very slight soil loss (<5 t ha™! yr™!) cover 24.4 % of the basin. Slight soil loss (5-15 t ha~! yr™!) is also observed over
for 22.5 % of the total basin area. Moderate soil loss rate is also seen in over 21.7 % of the basin. Both severe and very severe soil loss
rates are observed over 31.3 % of the basin (Table 5). The very slight and slight soil loss rate classes covering 47 % of the basin
contributed more than 9 % of the total soil loss. Severe and very severe soil erosion classes contributed 25 % and 47 % of the total soil
loss in the basin, respectively (Table 5).

The result showed that the soil erosion severity distribution in terms of area coverage of the basin is gradually decreasing from 24.4
% very slight to 22.5 % slight, 21.7 % moderate, 16.1 % severe and then to 15.2 % very severe. However, the more significant part of
the total soil loss in the basin was generated from the moderate, severe and very severe erosion classes contributing 18.25, 25.06 and
47.43 % of the total soil loss, respectively. The second and third contributors to the total soil loss are from severe and moderate soil
erosion classes that cover 16.1 and 21.7 % of the basin. The severity class distribution implies that the majority of total soil loss is
generated from the 15.2 % of the basin, which experiences very severe soil erosion and moderate to high erosion rates. The general
pattern of the soil erosion severity distribution indicates that a high amount of soil loss rate is observed in a very large basin area.
Geographically, the sight and very slight soil losses are concentrated in the middle part of the basin, with a relatively gentle slope and
terraced agricultural lands. Slight erosion classes were also observed on upslope areas in highly protected watersheds (Bella-Wuleh
watershed). Moderate erosions are almost evenly distributed through the basin on hilly, bare, and moderately protected area exclo-
sures. However, the severe and very severe erosion classes are observed dominantly in the northern high-slope areas of the basin.
Spares shrubs cover this part of the basin dominantly.

3.3. Soil erosion analysis viz-a-viz land cover types

The share of different LULC classes to the total soil loss in the study area is presented in Table 6. The largest share of total soil loss
comes from soil erosion over shrubland, 99,950,272.9 t yr’l, which counts for 79.9 % of the total soil erosion from basin. The mean
annual soil loss rate from this land cover class is also the highest of all land cover (34.7 t ha~! yr™1). The higher soil erosion rate over
shrublands could be due to the spares vegetation and higher LS factor. The LULC classification of the basin showed that most
shrublands are very sparsely distributed with bare and sandy exposed surfaces. Vegetation is dry most of the year and is highly
vulnerable to soil erosion during intense rainfall. This finding was consistent with [56], who reported that the highest erosion in the
Blue Nile basin comes from shrublands. Low soil loss rate was found on farmland contribution being 4.25 % to the total soil loss in the
study area with mean annual soil loss rate of 3.56 t ha~* yr~'. Mean soil loss from this study is lower than reports from studies by Fenta
etal. [22,87], Yirgu [36], and Haregewoyn et al. [16]. In these studies higher mean soil loss rates were reported on cropland than other
land cover types. Furthermore, reduction in cropland mean soil loss rate in this study might be due to the method applied to limit the
maximum contributing area while deriving L factor. Besides, the study area is known for its ridged topography that hinders expansion
of agricultural land. Furthermore, the most available agricultural land lies in the relatively gentle slope are with low annual rainfall,
thus low erosivity. In most of the croplands, stone bunds are constructed to protect soil erosion. Besides, biological measures such as
grasses and Aloe vera are common soil and water conservation mechanism (Fig. 7A). Due to the relatively gentle slope of farmlands and
conservation structures on them, the soil erosion rate of farmlands is lower in most of the agricultural lands. However, due to the

Table 5
Soil erosion severity classes and respective total soil losses in the basin.
Severity classes (t Description  Area Area Mean soil loss rates (t Std Total soil loss by the class Contribution to the total soil
ha~! yr’l) (Km?) (%) ha™! yr’l) (t yr’l) loss (%)
<5 Very slight 1122 24.4 213 1.24 2960612.1 2.33
5-15 Slight 1033 22.5 9.60 3.0 8779632.1 6.90
15-30 Moderate 996 21.7 22.0 4.0 23159069.78 18.25
30-50 Sever 741 16.1 38.85 5.7 31,815,573.14 25.06
>50 Very severe 700 15.2 77.80 28.8  60,195,744.64 47.43
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Table 6
Mean soil erosion rate and total soil loss from different LULC categories.
Land cover Mean soil loss rates (t ha™! yr™!) Std Total soil loss rate (t yr—!) Contribution to the total soil loss (%)
Forests 7.2 10.4 147505.78 0.13
Bush and woodlands 22.66 19.65 5,763,929.86 4.6
Unprotected shrub lands 34.75 27.88 99,950,272.9 79.9
Farmland 3.56 7.78 5,316,081.33 4.25
Bare lands 31.68 34.46 11382931.34 9.0
Dry river beds and streams channels 27.6 28.93 2477398.37 2.0
Settlement areas 12.95 13.97 60320.578 0.05

Fig. 7. Soil and water conservation mechanism implemented on croplands (A) (Aloe vera strip, Photo taken around Tiya village) and farming on
steep slope areas expose to sever soil erosion (B) (Photo taken outside of Agewmariayma watershed, July 2022).

shortage of the cultivable land, some high slope areas are being converted to cropland. In these high slope areas soil erosion is
extremely high. During intense rainfall, it totally damages the crops. Fig. 7B shows a photo of a mountainside newly converted to
farmland. The crops are eroded by soil erosion and the soil conservation works could not withstand the force of the erosion accelerated
by the slope gradient and land use conversion. Forestland is also the second that contributes lower soil erosion in the study area.
Forestlands have 7.2 tha™ yr~! and 0.13 % to the total soil loss in the study basin. Forests area located in the relatively high slope and
elevation remote area where there is less human access. Rehabilitated watersheds with good forest cover are also found in this LULC
category and contribute low soil erosion. However, bush and woodlands exposed to higher soil erosion (22.66 t ha™! yr™1). They are
found over the complex topography and in areas with high LS factor. Most of the wood and bushlands are found in community based
watershed conservation sites where exclosures are currently established. Their erosion rate is not yet reduced down to the acceptable
soil erosion rate.

Bare land with a mean annual soil loss rate of 31.7 t ha~! yr~! contributes 9 % of total soil loss in the basin. Most of the bare lands
are found in the lower part of the basin behind the Tekeze hydroelectric dam. The topography in this part of the basin is highly diverse,
ranging from low deposition areas to high slop mountainsides. This area is constantly vulnerable to erosion, so soil development is
challenged, and regeneration of vegetation cover is almost impossible.

3.4. Soil erosion analysis viz-a-viz agroecological zones

The agroecological classification of the Ethiopian farming system and ecosystem has great implications for soil and water con-
servation practice [22,60]. Soil erosion management should also consider these agroecologies since there is distinct rainfall distri-
bution, runoff production, vegetation cover, and cropping practice. Elevation is the prime determinant of agricultural land use in
Ethiopia because it influences the temperature and rainfall distribution. Generally, crop production also exhibits a distribution mosaic
in Ethiopia. Some crop types are found within several zones, while others are restricted to single agroecology. This distinct crop
distribution also has different runoff production, erosion vulnerability, and management requirements. In the study area, we classified

Table 7

Agroecological distribution of soil erosion risks in the upper Tekeze Basin.
Agroecology Altitude (m) Area (km?) Area (%) Mean soil loss rate (t ha ! yr—1) Total soil loss rate (t yr ')
Dega (Highlands) Above 2300 668 14.54 19.8 28137689.82
Weyna-dega (Midland) 1500- 2300 3125 68 24.3 85877094.56
Kolla (Lowland) below 1500 799 17.5 37.6 28137689.82
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the agroecology into three dominant agroecological zones. While the majority of the basin is Weyna-dega (midland) and Kolla
(lowland), small portion is found in Dega (highland) agroecology (Table 7).

Most of the basin (68 %) is characterized by midland (Weyna-dega) agroecology. This is the part of the basin where the most
extensive cropland is found. As seen in Table 7, the mean soil loss in this agroecology is 24.3 t ha~! yr~1. The Weyna-dega agroecology
experienced higher mean soil loss rate than the high land agroecology. The Dega agroecology is the high slope area and the origin of
the major Tekeze River and its tributaries, so one might expect higher soil loss in this zone. However, this agroecology has good
vegetation cover and low soil erodabilty. The Kolla (lowland) agroecology, which covers 17.5 % of the basin, experienced 37.6 t ha™!
yr~! soil loss rate. This zone is characterized by high aridity, complex topography, and low rainfall. High K factor values, low
vegetation cover characterize this agroecology.

3.5. Evaluation of model results by comparing with other assessments

This result of the RUSLE-GEE estimate of soil erosion was compared with findings of previous studies in Ethiopia, mainly in the
Tekeze basin and the Upper Blue Nile River Basin. The mean soil erosion rate from this study (25.5 t ha~! yr™!) is comparable with
other studies in the Ethiopian highlands by Sinshaw et al. [30] (25.52 t ha™! yr’l); and by Haregeweyn et al. [16] (27.5t ha! yr’l).
Unlike these comparable reports, as presented in Table 8, higher estimates were also reported by some studies in different parts in
Ethiopian highlands. For example, Elnashar et al. [56] estimated 57.98 t ha* yr~! erosion rate for the upper Blue Nile basin; Ewunetu
et al. [18] estimated 46 t ha~! yr~! for North Gojjam sub-basin of Upper Blue Nile River; and Tamene et al. [25] estimated 45 t ha™*!
yr~! in Adikenafiz, Gerebmihiz and Laelaywukro watersheds in Nothern Ethiopia. Lower estimation of mean soil loss was also reported
by Kebede et al. [26] (9.1 tha™! yr’l), and Ayalew [90] (13.2t ha™! yr’l) for Zingin (Blue Nile) and upper Beles in the Blue Nile basin,
respectively.

Besides the difference in land use management, difference in methods of estimation and datasets could result in different model
results. Since the estimation was carried out in the GEE platform, different equations, and dataset for LS factor and C factor, the
estimated soil loss rate is reasonable and comparable with results of previous studies, particularly with GEE-RUSLE framework and
basin and sub-basin studies. Variations in time, space, assessment scales, input data, and methods followed could lead to difference in
results. This is because erosion is a process with significant variation in time and space [13].

A recent review of soil erosion assessment studies in Ethiopia by Tamene et al. [91] reported that the soil loss rate in Ethiopia varies
between 0 and 220 t ha~! yr!, and the national average gross soil erosion rate is estimated to be 38 t ha~! yr~. Studies implementing
RUSLE give the highest soil loss (51 t ha~! yr 1), while the field-survey approach gives the lowest (20 t ha~* yr—1). Compared with this
report, the current study estimated 25.5 t ha~* yr, slightly higher but close to the field survey approach but lower than the country
average estimation using RUSLE.

However, our result is highly comparable and within the average soil erosion rate range in the sub-moist (23.6 + 2.7 tha™! yr 1)
and the arid zone (28.8 + 6.5 t ha~! yr™1) of Ethiopia. More importantly, the estimate from this study is highly in agreement with field
experiment-based soil erosion rate in the Agewmariayam watersheds, in the current basin. Girmay et al. [92] estimated the mean soil
loss rate at 25.00 tha~! yr~! in Agewmariayam watershed. According to this comparison, we can say that our estimation of soil erosion
rate using GEE-frame work produces reasonable results that can be used as input for land and water conservation policies.

3.6. Erosion hotspot areas for management interventions in soil erosion reduction

This study will benefit policymakers in exploring the extent and severity of soil erosion and identify hotspot areas of soil erosion in
the upper basin of the Tekeze River in the Waghimra administrative zone. The spatial pattern of the soil erosion risk map (Fig. 6) shows
that the entire basin experience from very slight to very severe erosion. However, because conservation efforts are economically
expensive, it is impossible and economically inefficient to implement conservation measures in all areas that are affected by erosion.
One of the aims of soil erosion assessment is to identify erosion hotspot areas and prioritize immediate conservation [16,22]. The soil
erosion severity analysis in this study indicated that about 36.9 % of the basin is within the acceptable soil loss tolerance. Soil loss

Table 8
Comparison of the estimated mean soil loss rates by this study (25.5 t ha~! yr~1) with previous studies conducted in different basins in Ethiopia.
No  Basin/watershed Slope & topographic characteristics ~ Dominant LULC Mean soil loss rates (tha™!  References
yrh)
1 Rib Watershed Dominated by gentle slope Cultivated & grasslands 25.52 [30]
2 Zingin (Blue Nile) Moderate slope Cultivated 9.1 [90]
3 Beshillo (Blue Nile) Dominated by high slope terrain Farmland & grasslands 37 [89]
(>30 %)
4 Upper beles (Blue Nile Basin) flat to very steep slope Cultivated & Bushlands 13.2 [26]
5 Upper Blue Nile Basin Moderate slope Cultivated land 27.5 [16]
6 Adikenafiz, Gerebmihiz & About 12° mean slope Cultivated & grazing land 45 [25]
Laelaywukro
7 Upper Blue Nile Basins From low to high slope Dominated by Shrub and 57.98 [56]
cultivated
8 North Gojjam sub-basin (Upper Gentle to moderate slope Cultivated land & settlement 46 [18]
Blue Nile)
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tolerance is the maximum tolerable soil erosion rate that that will allows crop productivity to be sustained and does not significantly
affect land productivity [38,76]. The tolerable mean annual soil loss of 10 t ha! yr’1 was used to evaluate the potential risk of soil
erosion in the basin following previous studies in the highland of Ethiopia and the Blue Nile River basin (e.g., Refs. [22,56,87,92]).
According to this threshold, 36.9 % of the study area affected is exposed to mean annual soil erosion of less than 10 t ha~* yr~* which
can be considered as acceptable soil erosion rate. The remaining 63 % of the study area, which is affected by moderate, severe, and very
severe erosion, is above the tolerable soil erosion rate, contributing 90.74 % of the total soil erosion, and hence needs an immediate soil
conservation measure in order to halt this severe and very severe erosion rate. The very severe soil erosion rate alone, which covers
15.2 % of the basin, contributes 47.43 % to the total soil loss. This area is very critical and a hotspot of very severe erosion in the basin.
Therefore, land management intervention should prioritize this area to reduce severe erosion. Moderate and severe erosion contribute
18.25 and 25.06 % of soil loss, respectively. The government and any natural resource conservation stakeholder, including policy-
makers, should immediately consider these hotspot areas for soil conservation measures.

Over the past two decades, watershed management practices such as the construction of stone bunds and the establishment of
exclosures have been implemented in the semi-arid highlands of northern Ethiopia to reduce soil erosion [93]. Regarding the effec-
tiveness of the implemented conservation measures, studies in the highland of Ethiopia reported that physical, biological and inte-
grated conservation measures are very effective [94,95]. In the northern highlands of Ethiopia, there is ample evidence that land
management measures such as stone bunds, soil trenches, check dams afforestation, and areas exclosures are effective practices for
controlling runoff and soil erosion [22,96]. For example, Taye et al. [97] showed that stone bunds, trenches, and stone bunds with
trenches in rangeland and cropland are successful protection measures. Similarly, Ebabu et al. [98] demonstrated that soil bunds,
combined with grass enclosure with trenches effectively reducing soil loss and runoff in the Upper Blue Nile Basin. Fenta et al. [22]
reported that land cover and agroecology-specific land management practices such as level bunds, graded bunds, trenches, and
exclosures could reduce the national mean soil loss rate by about 68 %. A study in north-west part of Ethiopia [99] reported that
implementing conservation practices such as contour ploughing with terracing could reduce the mean annual soil erosion by 62 %.

For the identified erosion hotspot areas in the study area, suitable land management practices, including soil or stone bunds and
exclosures should be implemented to minimize soil erosion. Mainly focus should be made on the vast shrublands vulnerable to natural
and human-made degradation. Soil and water conservation practices have been implemented in Waghimra administrative zone for the
last two decades. However, the effectiveness of these interventions varies from place to place. Substantial portion of the shrublands are
open to human and animal intervention, hence vulnerable to degradation and overgrazing. Combined with the frequent drought and
surface aridity, vegetation cover is unable to regenerate and protect soil from erosion. Despite challenges that hinder the effectiveness
of soil conservation measures, few watersheds that achieve soil erosion under a tolerable threshold show how erosion management
could be possible in the upper Tekeze basin. To compare and investigate the role of conservation measures in reducing soil erosion rate,
we purposely selected four sub-watersheds in the basin and studied the mean soil erosion rate. We compared shrub land where there
are poor erosion-controlling efforts with the managed watersheds and shrublands (Table 9 & Fig. 8A-D). The four examples of sub-
watersheds are featured as follows: Bella-Wuleh (Fig. 8B) is under exclosure and integrated watershed management; Hamuset-
Chochorba (Fig. 8C) is under soil and water conservation (SWC) practices; Asketeam (Fig. 8D) is under area exclosure; while
Ziquala shrubland (Fig. 8A) is unprotected. All areas are found in relatively similar topographic settings. Mean soil erosion rate in the
unprotected shrubland is about 54.58 t ha~! yr~!. The most successful case in soil erosion management is Bella-Wuleh watershed,
showing erosion rate of 7.5 t ha~* yr~. This management practice has reduced the soil erosion rate by 86.3 % from that of unprotected
shrubland. In this watershed, previous study by Gebrernichael et al. [94] has confirmed that watershed management has positively
transformed the upland of Bella-wuleh watershed; evidence of increase in vegetation and water has been observed after imple-
mentation of integrated watershed management. High, low, and moderate slopes characterize the area and are an upslope area sus-
ceptible to soil erosion. However, due to the continuous effort of soil and land management, the mean soil loss has dropped to 7.5 t
ha!yr~! (Table 9 & Fig. 8A), which is within the range of an acceptable soil erosion rate. Similarly, in the Asketema area exclosure of
mountain area, protection of the area from animal grazing and human use alone has reduced the soil erosion compared with un-
protected areas. The mean soil loss is reduced to 10 t ha=! yr™!, and is less than it’s nearby unprotected mountain ridges.

Recent study by Fenta et al. [22] showed that implementation of land cover and agroecology specific management practices in the
upper Blue Nile and Tekeze basin would reduce total soil loss by 50 %. Furthermore, managing erosion-prone areas in Dega and
Weyna-dega agroecologies can lead to 70 % total soil loss reduction. Watershed-scale studies in northern Tekeze basin demonstrated
that implementation of soil/stone bunds and exclosures reduced soil loss [93,100]. According to these empirical evidences and the
observed erosion rate reduction over area exclosure and managed watersheds, it is clear that soil erosion reduction is possible if proper
management and conservation is implemented on properly identified erosion hotspot areas. Soil and water conservation structures on
previously degraded shrub lands have been implemented in the study area (Fig. 9A). It is evident that promising results have been
obtained in protecting the soil loss and helping vegetation regeneration (Fig. 9B).

3.7. Limitation of the study

Validation of the model estimation in this study is carried out by comparing it with previous studies conducted in the highlands of
Ethiopia. While such validation is common and possible in the literature, using measured soil loss data to validate the soil erosion rate
would have been more appropriate. Furthermore, we could not get spatially comparable prior studies in the area to triangulate with
the current study; the result was compared to the studies conducted by different scholars on other sub-basin of the Blue Nile in
Ethiopia. In addition, this estimates form this study are on the annual time scale; however, future studies are needed on soil erosion
estimation on seasonal and monthly time scales in order to identify the risk of soil erosion in the rainy seasons, as the rainfall is highly
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Table 9

Comparison of protected and unprotected watersheds in terms of soil erosion rate.
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Sampled sub- Conservation level Dominant LULC Agroecology Mean slope Mean soil loss rate (t ha™*
watersheds (%) yrh
Bella-Wuleh sub- Area exclosure & Integrated watershed Cultivated & Weyna-dega 25.18 7.5
watershed management woodland
Hamuset- chochorba Area exclosure with SWC practice Shurbland Weyna-dega 45.73 17.2
Asketeam Area exclosure Wood & bushland Dega 65.65 10
-area closure
Ziquala shrubland Unprotected Shurbland Kolla/ 53.64 54.6
Lowland
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Fig. 8. Location of the sample sub watershed in the study area and their soil loss rates (t ha! yr"l) (A: Ziquala shrubland, B: Bella Wuleh sub-
watershed, C: Hamuset-Chochorba, D: Asketema area exclosure).

Fig. 9. Soil and water conservation structure on degraded shrub lands (A: Stone bund on previously degraded shrubland, and B: Soil retention and
vegetation growth along the constructed stone bunds).
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unevenly concentrated on the three (June, July, August) months in the basin. Finally, since RUSLE-GEE depend on free and open data
sources, error also might arise from the lack of a very fine sand layer in the SoilGrids250 m dataset. Due to the absence of very fine sand
data in the SoilGrids250 m dataset, we used very fine sand as 20 % of the sand fraction, as suggested by Ref. [7]. Finding an alternative
data source or adding the very fine sand layer to the SoilGrids250 m dataset is necessary for future studies to improve the estimation of
soil erosion rate in GEE.

4. Conclusions

As soil resource is increasingly vital with the growing food demand of the increasing world population, a practical soil erosion
assessment framework is desired for conservation and management practices. This study assesses soil erosion by water using the RUSLE
model in the GEE platform in the Upper Tekeze basin in Waghimra administrative zone, one of the oldest settlement areas of Northern
Ethiopia. This study used all required data from GEE freely available datasets. Besides, all the computation and analysis of the RUSLE
parameter and the final soil erosion statistics were performed inside GEE code editor. Our RUSLE-GEE model estimates 25.5 tha ! yr?
mean annual soil loss rate in the study area. On about 1939.5 km? (36.9 %) area of the Upper Tekeze Basin rate of soil loss by erosion is
with an acceptable soil erosion rates below 10 t ha™! yr™!, whereas about 63 % of the area showed above acceptable rates, ranging
from 10 to over 50 t ha~! yr™L. Soil loss analysis by land cover type demonstrated that the highest soil loss rates are found in sparsely
vegetated shrub lands; contributing about 80 % of the total soil loss of the basin. Both in terms of mean soil loss rate and contribution to
the total soil loss, bare lands are the second most erosion hotspot areas in the Upper Tekeze basin. Croplands have significantly lower
mean erosion rate of 3.56 t ha ! yr~! and contribute a lower percentage (4.25 %) to the total soil loss of the basin. The result showed
that about 63 % of the study area requires immediate soil conservation measures. Particularly, the focus should be given to shrublands
that have the highest mean soil erosion rate and significant contribution to the total soil erosion rate in the study area. Wood and bush
lands located in high slope area are also among the highest vulnerable LULC classes to soil erosions that need soil and water con-
servation measures. Area exclosures and adoption of different soil erosion controlling mechanisms such as terracing, and stone and soil
bonds on exposed shrublands have good reputability in minimizing soil erosion in the highlands of Ethiopia. Few watersheds in the
study area that achieve soil erosion within the tolerable threshold show how erosion management could be possible in the climato-
logically harsh and topographically complex region of upper Tekeze basin. We compared shrub land where there are poor erosion-
controlling efforts with the managed watersheds and shrub lands. Mean soil erosion in the unprotected shrubland was found being
the highest, about 54.58 t ha~! yr 1. However, on managed watershed, due to the continuous effort of soil and land management, the
mean soil loss has dropped within the range of the acceptable soil erosion rate. Area exclosure from animal grazing and human use has
reduced the soil loss rates. Therefore, this study concludes watershed management using area exclosure and soil and water conser-
vation practices can help to reduce soil erosion and to rehabilitate and protect the ecosystem, and also to protect croplands from sever
erosion.

The study also highlighted that using RF algorism has improved land cover classification for RUSLE model; using freely available
datasets in the GEE, SoilGrids250 m, and high-resolution sentinel images in GEE are the greatest benefits of GEE-RUSLE framework for
soil erosion studies.
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