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Abstract
Land degradation in the form of soil erosion is one of the major environmental problems in the highlands of Ethiopia. 
This research was aimed to estimate the effects of changes in land use/land cover (LULC) on water-borne soil erosion in 
the Chimbel watershed of the Upper Blue Nile Basin, Ethiopia. The spatial and temporal LULC changes were analyzed 
using Landsat 5 TM 1989 and Landsat 8 OLI-TIRS 2019 images following a supervised classification technique with the 
Maximum-Likelihood Classification (MLC) algorithm. Soil erosion was estimated using the Revised Universal Soil Loss 
Equation (RUSLE) model. The result reveals that cultivated land and built-up area increased by 11.3 and 7%, respectively, 
while grassland (6.9%), forest (6.4%), bush/shrubland (4.9%), and water body (0.2%) were reduced between 1989 and 2019 
periods. Consequently, the mean soil erosion rates estimated from the entire watershed were 24.0 t ha–1 year–1 in 1989 
and 28.3 t ha–1 year–1in 2019, which are higher than the tolerable soil loss (1–6 t ha–1 year–1) and soil formation (10–14 t 
ha–1 year–1) rates of the study region. Hence, applying a land management intervention to reverse the trend of LULC changes 
and thereafter its soil erosion is suggested for environmental improvement of the region.
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Abbreviations
LULC	� Land use/land cover
ha	� Hectare
yr	� Year
t	� Tone
RUSLE	� Revised universal soil loss equation

1  Introduction

The highlands of Ethiopia are characterized as a region with 
a high rate of land degradation in general and soil erosion 
in particularly. According to the previous estimate, nearly 
27 million hectares of the Ethiopian highlands were signifi-
cantly eroded and over 2 million hectares of land was beyond 
reclamation (Hurni 1985). Meshesha et al. (2012) have also 
reported that the highlands of Ethiopia are heavily degraded, 
and it is frequently affected by drought and famine. In the 
Ethiopian highlands, approximately 1.5 billion tons of top-
soil have been lost annually through soil erosion which can 
add about 1.5 million tons of grain to the country’s annual 
harvest (Tamene and Vlek 2008). Crop production in the 
region is seriously affected by soil erosion and may lead to 
a complete failure of harvest on half of the cultivated land 
within the next few decades (Hurni 1985).

The rate and severity of soil erosion and land degradation 
partly depend on the land-use pattern (Woldemariam and 
Harka 2020). Continuous expansion of cultivated land at the 
expense of forest and shrubland is the major cause of land 
degradation and loss of soil fertility (Belayneh et al. 2019; 
Kidane et al. 2019). Changes in LULC from permanent 
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vegetation cover to the state of less vegetation cover have 
increased soil erosion (Bewket and Abebe 2013; Gashaw 
et al. 2019). Studies in different parts of the Ethiopian high-
land and in the Upper Blue Nile basin revealed that expan-
sion of agricultural land into forest land is the major cause 
of land degradation in the form of soil erosion and is likely 
to have an impact in the future (Gebrehiwot et al. 2014; 
Tolessa et al. 2017).

In Ethiopia, there was a rapid rate of LULC changes, 
mainly expansion of cultivated land at the expense of for-
est land. For example, Gashaw et al. (2017) reported the 
expansion of cultivated land by 22.5%, while forest land was 
reduced by 45% from the year 1985–2015 in the Andassa 
watershed of the Upper Blue Nile basin. Kidane et al. (2019) 
in Guder watershed (highland of Ethiopia) also showed the 
expansion of cultivated land from 62% in 1973 to 67% in 
2015, while forest land reduced from 14% in 1973 to 9% in 
2015. Hence, the expansion of erosion-prone LULC types at 
expense of erosion resistance LULC classes exacerbates soil 
loss. The LULC changes have also contributed to physical 
and chemical changes in soil properties (Karltun et al. 2013).

Although several studies were undertaken in the high-
lands of Ethiopia on the impacts of LULC changes on the 
rate of soil erosion (Esa et al. 2018; Gashaw et al. 2017; 
Belayneh et al. 2019; Kidane et al. 2019; Moges and Bhat 
2017; Tebebu et al. 2010), those studies were assessed only 
the changes in soil erosion rate and the areas covered under 
each soil erosion severity class due to the impacts of LULC 
changes. However, information about the changes from one 
erosion severity to another severity class (i.e., erosion sever-
ity change matrix) is important for abating the ongoing soil 
erosion rate in the Ethiopian highlands in general and in 
the study of watershed in particular. In addition, undertak-
ing further research on a local scale is required for targeted 
intervention. This study was conducted in Chimbel water-
shed, which is a strategic location in Upper Blue Nile Basin 
of Ethiopia; it is one of the upper catchments of Lake Tana 
and the Grande Ethiopian Renaissance Dam (GRED). How-
ever, it experiences large-scale land degradation in the form 
of soil erosion which has a negative impact on large-scale 
water resource projects and agricultural products. To solve 
this problem, detailed studies about the impacts of LULC 
changes on soil erosion is necessary. Therefore, this study 
was aimed to assess the effects of LULC changes on soil 
erosion in the Chimbel watershed of the Upper Blue Nile 
Basin from the 1989–2019 period. The Revised Universal 
Soil Loss Equation (RUSLE) model was employed to pro-
vide estimates of annual soil erosion rate, in which most of 
the parameters were calibrated for the Ethiopian highland 
conditions (Hurni 1985) and applicable with the limited 
available data. The results of this study are necessary for 
land-use planners and decision-makers who require site-
specific information on the magnitude of soil erosion and its 

spatial distribution to LULC changes. The information can 
be transferred to agricultural organizations, policymakers, 
land-use planners, and decision-makers. Thus, local commu-
nities can take appropriate measures to conserve vegetation, 
soil, and water in the watershed study and beyond.

2 � Materials and Methods

2.1 � Description of Study Area

Chimbel watershed is located between 11°33´–11°43´ N and 
37º25´–37°32´ E (Fig. 1). It covers an area of 3705.1 ha, 
which is found within the Lake Tana sub-basin. It is one of 
the tributary river basins of the Upper Blue Nile Basin. Top-
ographically, the watershed is dominated by high elevation, 
which ranges from 1769 to 2233 masl. The slope gradient 
of the watershed ranges from 0° to 46.2°. The upstream part 
is characterized by a mountain and highly dissected terrain 
with steep slopes, while the downstream part is character-
ized by gentle slope and flat area. The main rainfall season 
which accounts for around 70–90% of the annual rainfall 
occurs in the 4 months of June through September (Ehsan 
et al. 2021) with a mean annual rainfall of 1494–1451 mm 
and a mean maximum and minimum temperature of 26.6 °C 
and 15 °C, respectively. Moreover, the higher rainfall dur-
ing boreal summer monsoon time, locally known as Kiremt, 
located in the northwestern highlands of Ethiopia is one of 
the main sources of water for the Blue Nile River of the 
River Nile. Agriculture is the dominant economic activity 
and the main source of livelihood for the population. The 
major crops grown in the watershed include maize (Zea 
mays L.), barley (Hordeum vulgare), teff (Ergarostis teff 
zucc), and Sorghum (Sorghum bicolor).

Chimbel watershed is endowed with diverse vegetation 
types due to topographic variation and located in highland of 
Ethiopia. Some of the indigenous vegetation types observed 
in study area include Hagenia abyssinica (kosso), Cordia 
Africana (Wanza), Olea africana (Weira), and Ficus spp 
(Warka). However, as confirmed from local communities, 
the coverage of these plant species has observed continu-
ous reduction in a few decades mainly due to and changed 
to expansion of Eucalyptus plantation, cultivated land, and 
Chat plantation.

2.2 � Image Pre‑processing and Classification

In this study, Landsat collection 2 level 1 Landsat 5 The-
matic Mapper (TM) collection 2 level 1 (Landsat 4-5TM C2 
L1) 1989 and Landsat 8 Operational Land Imager (OLI) and 
Thermal Infrared Sensor (TIRS) collection 2 level 1 (Land-
sat 8OLI/TIRS C2 L1) 2019 with a resolution of 30 m were 
used for developing the LULC maps of the study watershed. 
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The images are obtained from path 170 and raw 052, and 
have 30 m grid spatial resolution. The February and March 
month images were downloaded for Landsat 5 TM 1989 and 
Landsat 8 OLI-TIRS 2019, respectively, and hence, the sea-
sonal variation of the two Landsat images narrowed. Digital 
image data files were downloaded in zipped files from the 
United States Geological Survey (USGS) website (https://​
earth​explo​rer.​usgs.​gov/). Both satellite images were in TIFF 
form. Satellite images were corrected for atmospheric, sen-
sor, and illumination variance sources through radiometric 
corrections like haze reduction; noise reduction and finally 
histogram equalization (histogram equalization and nose/
haze reduction). The images were geo-referenced into the 

same map projection of World Geodetic System 1984 Zone 
37. Image classifications were made following a supervised 
classification technique with the Maximum-Likelihood Clas-
sification (MLC) algorithm by collecting ground control 
points from the five major LULC classes (Table 1).

Unlike unsupervised image classification, supervised 
image classification is mainly controlled by the analyst 
that selects the pixels that are representative of the desired 
area. In supervised image classification which gives the best 
result, training data were involved, while in unsupervised 
image classification involves algorithms to examine the 
unknown pixels in an image and assign them into a num-
ber of class based on natural groupings or clusters present 

Fig. 1   Location map of the study watershed

Table 1   Descriptions of the LULC categories identified in the study watershed

LULC class Description

Forest land Areas covered with dense tress; both natural indigenous tree and riverine vegetation species; which 
includes Eucalyptus plantations

Bush/shrub land Land covered by small trees, bushes, and shrubs in some cases mixed with grasses; less dense than forests
Cultivated land Areas used for perennial and annual crops and irrigated sites
Water body Areas with open water such as ponds, lakes, streams, rivers, and reservoirs
Grassland All areas covered with grass and used for animal grazing
Built-up areas Settlement areas (towns, construction sites, and cluster and dense rural settlements)

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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in the image (Lillesand and Kiefer 1979). Before execut-
ing supervised image classification for each predetermined 
land-use/land-cover class, training samples were selected 
by delimiting polygon around representative sites. Gao and 
Liu (2010) reported that a satisfactory spectral signature is 
the one ensuring that there is minimal confusion among the 
land use/land covers to be mapped. Information from field 
data and prior 1989 was utilized to identify training area 
representing each land-use/land-cover class.

After image classification, the accuracy of the LULC 
maps was executed using an error matrix (Foody 2002; Zhu 
and Woodcock 2014; Shalaby and Tateishi 2007). It is per-
formed by comparing a classified image with a reference 
map based on different sources of information. (e.g., field 
surveys, Google Earth, and original mosaic maps). The ref-
erence points for the 2019 period were collected from field 
surveying using Global Positioning System (GPS) and high-
resolution Google Earth Image, while for the year 1989, ref-
erence points were composed of Google Earth Image and 
original mosaic images. The accuracy of classification was 
evaluated with error (confusion) matrix and kappa coeffi-
cient using GPS field collected points and image of Google 
Earth.

Besides, the number of conversions from one LULC 
to another LULC category within the study periods (i.e., 
transition matrix) was done using ArcGIS10.2 and ERDAS 
Imagine 2014 software. The result was a two-way cross 
matrix indicating a different combination of “from-to” 
change classes which was used to describe the main types 
of changes undertaken during the 1989 and 2019 periods. 
The rate of each LULC class was calculated using Eq. 1

where G is the rate of LULC changes (ha), R is the recent 
area of LULC (ha), P is the previous area of LULC (ha), and 
T is the time interval between R and P in years.

Parameterization of the RUSLE model The Revised Uni-
versal Soil Loss Equation (RUSLE) is an empirical erosion 
model recognized as standard method to calculate the aver-
age risk of erosion on arable land (Prasannakumar et al. 
2012; Benavidez et al. 2018; Mirakhorlo and Rahimzadegan 
2020). The model provides a rather and yet comprehensive 
framework for assessing soil erosion and its causative fac-
tors (Alexakis et al. 2013; Kalambukattu and Kumar 2017; 
Phinzi and Ngetar 2019). It is a combination of empirical 
and process-based routines designed to make optimum use 
of the database on which the USLE was anchored. RUSLE 
considers rainfall (R), soil erodibility (K), cover manage-
ment (C), topography (LS), and cover management (P) as 
important factors affecting soil erosion.

In this study, soil erosion was estimated using the RUSLE 
model (Wischmeier and Smith 1978), which computes the 

(1)G =
R − P

T
,

long-term mean annual soil loss rate using five factors as 
described in Eq. 2

where A is the annual soil erosion rate (t ha–1 year–1), R 
is the rainfall erosivity factor (MJ mm ha–1 h–1 year–1), K 
is the soil erodibility factor (t ha h ha–1 MJ–1 mm–1), LS 
is the topographic factor which includes the slope length 
and steepness factors (Dimensionless), C is the LULC fac-
tor (Dimensionless), and P is the land management practice 
factor (Dimensionless).

Rainfall erosivity (R) factor Calculation of the R factor 
requires rainfall intensity data, which represents the strength 
of the rainfall and it is associated with the rate and amount of 
runoff, which have the potential to cause erosion (Arnoldus 
et al. 1980). Due to the absence of rainfall intensity data in 
the watershed, the R factor in this study was developed using 
the regression equation established by Hurni (1985) for the 
Ethiopian conditions (Eq. 3). Hence, the R factor was calcu-
lated from the mean annual rainfall data of four meteorologi-
cal stations for the periods 1989–2019 (Table 2), which were 
obtained from the National Meteorological Service Agency 
(NMSA). These data were interpolated using the Inverse 
Distance Weighted (IDW) interpolation technique. The R 
factor analyzed was found in the range of 807.4–831.6 MJ 
mm h–1 ha–1 year–1 (Fig. 2a)

where R is the rainfall erosivity factor (MJ mm 
h–1 ha–1 year–1) and P is mean annual rainfall (mm).

Table 2: List of meteorological stations and their cor-
responding mean annual rainfall during 1989–2019 periods.

Soil erodibility (K) factor The erodibility of soil is an 
expression of its inherent resistance of soil particles to 
detach and transport by rainfall runoff. K factor is an essen-
tial component for predicting soil erosion using the RUSLE 
model (Wolka et al. 2015). The K factor map of this study 
was developed (Fig. 2b) following Eq. 4 (Wischmeier and 
Smith 1978) using the soil physical (clay, silt, and sand) 
and chemical properties (organic matter content) data of the 

(2)A = R × K × LS × C × P,

(3)R = (0.562 × P) − 8.12,

Table 2   List of meteorological stations and their corresponding mean 
annual rainfall during 1989–2019 periods

Stations Latitude Longitude Elevation 
(m a.s.l)

Mean 
annual rain-
fall (mm)

R factor

Bahir Dar 11.60 37.32 1827 1428 794.4
Deke-Esti-

fanos
11.90 37.27 1802 1578 878.7

Tis Abay 11.49 37.58 2642 1361 756.8
Zege 11.71 37.32 1808 1618 901.2
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upper layer (0–30 cm), which was accessed from the inter-
national soil reference information center (ISRIC) database 
(Hengl et al. 2017). The obtained data from ISRIC have a 
spatial resolution of 250 m

where K is the soil erodibility factor; SOM is the soil organic 
matter content; S and P are soil structure and permeabil-
ity codes, respectively; M is a newly defined term, that is 
M = (%silt + %ery fine sand) × (100 − %clay).

Topographic (LS) factor The LS factor represents the 
combined effects of the slope length (L factor) and slope 
steepness (S factor) factors on water-induced soil erosion. 
The LS map of this study was developed using Eq. 5 (Moore 
and Burch 1986) using the Shuttle Radar Topographic Mis-
sion (SRTM) Digital Elevation Model (DEM), which has a 
resolution of 30 m. The SRTM data were accessed from the 
USGS website (https://​ers.​cr.​usgs.​gov)

where fac (flow accumulation) is a raster-based total of accu-
mulated flow to each cell as determined by accumulating 

(4)K =
[

2.1 ×M
1.14 × 10−4 × (12 − SOM) + 3.25 × (S − 2) + 2.5(P − 3)

]

/

100,

(5)LS = (fac × cell size∕22.13)0.4 ×
(

0.01745 sin
(

slope∕0.0896

))1.4

× 0.4,

the weight for all cells that flow into each downslope cell; 
cell size is the length of cell sides; L and S stand for slope 
length and steepness factors; the slope is the slope gradient 
in degrees. The LS factor and slope maps of the study area 

are indicated in Fig. 2c, d.
Cover management (C) factor The cover management 

factor describes how each land cover (e.g., forest, cropland, 
grassland, and bushland) affects the rate of soil erosion 
(Wischmeier and Smith 1978). To develop C factor maps 
of the 1989 and 2019 periods, corresponding C values were 
assigned for each LULC type based on an intensive review 
of previous studies in the study region (Gashaw et al. 2019, 
2020; Moges and Bhat 2017; Haregeweyn et  al. 2017) 
(Table 3 and Fig. 3).

Conservation practice (P) factor The P factor refers to 
management practices such as mulching, terracing, strip 

cropping, contour tillage, and other protection measures and 
their effect in reducing the amount and rate of water-induced 

Fig. 2   The R factor (a), K factor (b), slope gradient (c), and LS factor (d) maps of the study watershed

https://ers.cr.usgs.gov
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soil erosion (Demirci and Karaburun 2012). P values can be 
determined by considering the type of conservation meas-
ures implemented in the study area. However, as confirmed 
from intensive field observations, there are no significant 
soil and water conservation practices implemented in this 
watershed, and for that matter, in the Ethiopian Highlands 
(Hurni 1983). As a result, P factor values were assigned to 
each LULC types from preceding studies in the highland 
regions (Table 3; Fig. 4). As shown in Fig. 4, the P values 
ranges from 0.0 to 0.9, in which the highest value is assigned 
to areas which area vulnerable to erosion.

2.3 � Methods of assessing effects of LULC changes 
on soil losses

The mean annual soil loss rate of the study watershed was 
estimated by multiplying the five RUSLE factors in the Arc-
GIS 10.2 raster calculator tool. To comprehend the effects of 
LULC changes on soil erosion, P and C factors are changed 
and other RUSLE parameters are kept constant. However, all 
the RUSLE model parameters were initially converted into 
the uniform coordinate system (UTM Zone 37 N using the 
WGS 1984 datum) and grid cell size (i.e., 30 m). For analy-
sis of soil loss associated with LULC change, each raster 
dataset was converted into polygon and Zonal statistics. To 
quantify soil erosion class changes between the 1989 and 
2019 periods, the conversion matrix was calculated.

3 � Results and discussion

3.1 � LULC changes between 1989 and 2019

The accuracy assessment result reveals that the overall accu-
racy of 92.67 and 90.19% and a Kappa coefficient of 0.90 
and 0.80 for the LULC maps of 1989 and 2019 periods, 
respectively, were attained. The obtained overall classifica-
tion accuracy and Kappa statics are above the recommended 
values (Foody 2010). Similarly, classification accuracy for 
each land use/land cover was also executed (Table 4). The 
resulting of classification accuracy of LULC in two periods 

was reasonably good and accepted for the subsequent change 
analysis and change detection. Thus, this classification is 
feasible for further application.

Among the LULC types, cultivated land occupies the 
largest share of the total area (43.3% in 1989 and 54.6% 
in 2019) followed by grassland and bush/shrubland. While 
water bodies occupy the smallest portion, which account for 
about 0.4 and 0.2% in 1989 and 2019 periods, respectively 
(Table 5 and Fig. 3). The change detection result between 
the 1989–2019 periods showed that cultivated and built-up 
areas have increased by 418.8 ha (11.3%) and 257.5 ha (7%), 
respectively. While water body, grassland, bush/shrub, and 
forest land were reduced by 0.2, 6.9, 4.9, and 6.4%, respec-
tively. The result shows that there is an expansion of built-up 
and cultivated land at the expense of natural vegetation cov-
ers. This is consistent with the finding (Aneseyee et al. 2020) 
which showed that there is an expansion of cultivated and 
built-up area at the expense of forest, grazing, and shrub-
land in the Winike watershed (Omo Gibe basin Ethiopia). 
Similarly, Garede and Minale (2014) stated that there was 
a continued expansion of cultivated land and settlement 
from the period of 1973–2011 which has brought a signifi-
cant decrease in the water bodies, forests, and bushlands in 
the Ribb watershed in Northwestern Ethiopia. In contrast, 
Mekuriaw (2017) states that cropland decreased by 9%, 
while grassland and vegetation cover increased by 136% and 
96% from the period of 2010–2015 in Melaka watershed, in 
the highlands of Ethiopia. Gashaw et al. (2019) have also 
indicated that the expansion of cultivated land and built-up 
areas is at the expense of forest, shrubland, and grasslands 
in the Andassa watershed (Northwestern Ethiopia) between 
the 1985 and 2015 periods.

The transitions of each LULC type between 1989and 
2019 were also assessed (Table 6; Fig. 5). The diagonals of 
the matrix in Table 6 are the unchanged LULC area, while 
the off-diagonals are the transitions from one LULC to 
another. The result reveals that 179, 46.3, 16.7, and 325 ha 
of bush/shrubland were converted to grassland, built-up 
area, forestland, and cultivated land, respectively. Although 
a significant area of bush/shrubland was lost to other land-
use categories, 163.4, 4.6, 81.5, and 136.4 ha of land were 
gained from grassland, built-up area, forest land, and culti-
vated land, respectively. Similarly, 325.6, 494.2, 57.1, 106.1 
and 1.3 ha of cultivated land were converted from bush/
shrubland, grassland, built-up area, forest land, and water 
body, respectively. While 136.4, 226.3, 186.9, and 16 ha of 
cultivated land were converted to bush/shrubland, grass-
land, built-up area, and forest land, respectively. During 
this time, built-up gained 46.3, 73, 17.4, and 187 ha of land 
from bush/shrubland, grassland, forestland, and cultivated 
land, respectively. In reverse, some portion of the built-up 
area was converted to other land-use categories. For exam-
ple, bush/shrubland (4.6 ha), grassland (4.6 ha), forestland 

Table 3   The assigned C and P factor values for the corresponding 
LULC types in this study compiled from published sources

LULC class C factor P factor

Cultivated land 0.15 0.9
Grassland 0.01 0.8
Bush/shrub land 0.014 0.8
Water body 0.0 0.0
Forestland 0.001 0.7
Built-up area 0.05 0.9
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Fig. 3   The 1989 (a) and 2019 (b) LULC and C factor maps of the study area
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Fig. 4   The 1989 (a) and 2019 (b) P factor maps of the study area (the highest value is assigned to areas which is vulnerable to erosion)
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(1.2 ha), and cultivated land (57.1 ha) were gained from 
built-up areas. As shown in Table 6. Although it was a small 
proportion 1.8, 0.9, 2.1, 1.5, and 1.3 ha of water body was 
converted to bush/shrubland, grassland, built-up area, forest 
land, and cultivated land, respectively.

The finding of this study reveals a large proportion of 
bush/shrubland; grassland and forest land were converted to 
cultivated land. This result was consistent with the findings 

of other studies conducted in different parts of the country. 
For instance, Gashaw et al. (2020) in Andassa watershed, 
Belay and Mengistu (2019) in Muga watershed; Teferi et al. 
(2013) in Jedeb watershed, the upper Blue Nile basin in 
Ethiopia reported the conversion of shrubland, grassland, 
and forest land to cultivated land. Similarly, a consider-
able area of cultivated land was converted to built-up areas 
(Table 6 and Fig. 5).

Expansion of built-up areas was due to population growth 
in association with the expansion of Bahir Dar town which 
was founded close to the study area. This result is in agree-
ment with the finding of Kidane et al. (2019) who reported 
the high rate of soil erosion due to vegetation degradation in 
the Guder watershed. Gashaw et al. (2019) in the Andassa 
watershed have also described the increase of soil erosion 
and sediment yield losses between 1985 and 2015 periods as 
a result of reductions of erosion-resistant LULC types and 
expansion of erosion vulnerable LULC types (i.e., cultivated 
land). The results of this study are also aligned with the find-
ings of Moges and Bhat (2017) in the Rib watershed, which 
reported the intensification of mean annual soil erosion rates 
between 1986 and 2016 periods due to the expansion of cul-
tivated land and diminish of vegetation covers.

Table 4   The accuracy 
assessment results of the 1989 
and 2019 period LULC maps

LULC class 1989 2019

Producers’ 
accuracy (%)

Users’ accu-
racy (%)

Condi-
tional 
kappa

Producers’ 
accuracy (%)

Users’ accu-
racy (%)

Condi-
tional 
kappa

Bush/shrub land 91.4 93.0 0.9 84.6 78.6 0.8
Grassland 91.7 94.3 0.9 96.2 91.5 0.7
Built-up area 100.0 100.0 1 75 75 1.0
Cultivated land 92.65 90.0 0.9 84.2 84.2 0.8
Water body 100.0 100.0 1 100.0 100.0 1.0
Forestland 95.7 94.3 0.9 75.4 87.8 0.9
Overall accuracy 92.7% 90.2%
Kappa coefficient 90.3% 80.1%

Table 5   The area coverage of LULC classes and rate of changes in 
study area between 1989 and 2019

LULC class 1989 2019 Rate of 
change 
(ha year–1)

Area (ha) % Area (ha) %

Bush/shrub land 709.0 19.1 529.2 14.3 − 6.0
Grassland 969.1 26.2 715.0 19.3 − 8.5
Built-up area 108.9 2.9 366.5 9.9 8.6
Forest land 299.7 8.1 64.3 1.7 − 7.8
Cultivated land 1603.8 43.3 2022.6 54.6 14.0
Water body 14.5 0.4 7.6 0.2 − 0.2
Total 3705.1 100.0 3705.1 100.0

Table 6   The LULC change 
matrix between 1989 and 2019 
periods (area in ha)

BSL bush/shrub land, GL Grassland, BU built-up area, Fl forest land, CL cultivated land, WB water body
The bold diagonal values are indicating the unchanged land use/land cover and soil erosion respectively 

1989 2019 Total area Loss

BSL GL BU FL CL WB

BSL 141.5 178.9 46.3 16.7 325.6 709.0 567.5
GL 163.4 220.9 73.0 17.6 494.2 969.1 748.2
BU 4.6 4.6 40.7 1.2 57.1 0.8 108.9 68.2
FL 81.5 83.4 17.4 11.3 106.1 299.7 288.4
CL 136.4 226.3 186.9 16.0 1038.2 1603.8 565.6
WB 1.8 0.9 2.1 1.5 1.3 6.8 14.5 7.7
Total area 529.2 715.0 366.5 64.3 2022.6 7.6 3705.1
Gain 387.7 494.1 325.7 53.0 984.3 0.8
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Effects of LULC changes on soil losses This study used 
(Kidane et al. 2019; Negese 2021; Zerihun et al. 2018; Har-
egeweyn et al. 2017) soil erosion severity categories to effec-
tively visualize the spatial distribution of soil erosion hotspot 
areas and the results are presented in Fig. 6 and Table 7. The 
result showed that about 47% of the study area in 1989 was 
under very slight erosion risk class, while the remaining 

areas were under slight-to-very severe erosion risk classes. 
In 2019, 46.8% of the study area was affected by very slight 
erosion risk, while 23% of the area was covered by a very 
severe erosion risk class. There was an increasing trend in 
moderate and very severe erosion risk as compared to the 
year 1989, while very slight and slight erosion risk shows a 
decreased trend (Fig. 6 and Table 7).

Fig. 5   The gain, loss, and unchanged areas of each LULC types in the Chimbel watershed between 1989 and 2019 periods
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Fig. 6   The estimated mean annual soil loss rates of the study watershed in 1989 (a) and 2019 (b) periods
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The spatial distribution of soil erosion shows that severe 
and very severe soil erosion affected areas are mainly found 
in upper and steeper areas and the lowest was mostly found 
in gentle slopes (Fig. 6). The severity of erosion was signifi-
cantly higher on areas where vegetation cover was converted 
to non-vegetated areas, areas with high drainage density cou-
pled with steep slope topography in study periods (Fig. 6). 
Mekuriaw (2017) found high soil erosion in areas where 
there are sparse vegetation cover and poor soil conserva-
tion measures. Based on the finding, moderate, severe, and 
very severe erosion class as an indicator of land degradation 
occurred in the study area. As confirmed from field observa-
tion, there is severe soil erosion like gullies and rill erosion. 
However, there is little biological conservation measure at 
different scales which were conducted by local community 
participation. Within this intervention, there is a continued 
forest clearance and cultivation of steep slopes to support 
the demand of the rapid population growth which aggra-
vates the problem at large. Expansion of cultivated land at 
expense of natural vegetation has intensified the problem of 
land degradation through soil erosion by water (Bewket and 
Abebe 2013).

The transition between each soil severity class was ana-
lyzed and the results are presented in Table 8. As shown in 
Table 8, about 170 ha and 190 ha of land were converted 
from very slight-to-moderate and very severe erosion class, 
respectively, from the year 1989–2019 which is an indica-
tor for expansion erosion-prone areas. As shown in Table 8, 
125.1, 107.5, 92.8, and 190.4 ha of very slight erosion 

severity class were converted to slight, moderate, severe, 
and very severe erosion severity class. While 132.2, 76.2, 
97.6, and 168.2 ha of soil severity class were converted from 
slight, moderately severe, and very severe soil erosion class 
to very slight erosion class, respectively. This implies that 
there is net losses of 42.7 ha of very slight erosion severity 
class were converted to other. Similarly, 61.4,67 and 66 ha 
of land were converted from slight to moderate, severe, and 
very severe erosion severity classes, respectively. The tran-
sition from 828.5 ha very severe erosion severity class was 
the result of the transition from very slight (190.4 ha), slight 
(66.4 ha), moderate (62.2 ha), and severe (105.5 ha) ero-
sion severity class. In this case, very severe erosion severity 
class gain, 59.6 ha of land compared to a net loss to other 
severity class. Increased in severe and very severe erosion 
risk is mainly due to LULC transition which results from 
diminished erosion resistance areas (vegetation cover) and 
increased erosion-prone LULC types like cultivated land 
(Fenta et al. 2016; Esa et al. 2018). Besides, the area under 
different soil severity classes that remained unchanged was 
estimated at 1231.2, 141.2, and 97.4 ha in case of very slight, 
slight, moderate, severe, and very severe erosion severity 
classes, respectively. Similarly, about 116.1 and 403.9 ha 
severe and very severe erosion severity classes remained 
unchanged, respectively (Table 8).

The mean soil loss in the Chimbel watershed was 24.4 t 
ha–1 year–1 in 1989 which increased to 28.3 t ha–1 year–1 in 
2019. The estimated mean annual soil erosion rates in both 
periods in the watershed study are far beyond the tolerable 

Table 7   The area coverage and 
amount of soil losses for each 
severity classes. Adopted from 
Haregeweyn et al. (2017)

Soil loss (t 
ha–1 year–1)

Severity classes 1989 2019 Total soil loss (t year–1)

(ha) (%) (ha) (%) 1989 2019

 < 5 Very slight 1747 47.2 1704.3 46 4566.2 5236
5_15 Slight 467 12.6 399.4 10.8 5190.8 5504.1
15–30 Moderate 314.7 8.5 379.6 10.2 7872.5 10,562.9
30–50 Sever 407.4 11 393.2 10.6 17,018.5 11,833.4
 > 50 Very sever 768.9 20.8 828.6 22.4 55,939.2 71,786.9
Total – 3705.1 100 3705.1 100 90,587.3 104,923.2

Table 8   Soil erosion class 
change matrix between 1989 
and 2019 (area in ha)

 The bold diagonal values are indicating the unchanged land use/land cover and soil erosion respectively

Soil erosion severity 
class in 1989

Soil erosion severity class in 2019

Very slight Slight Moderate Severe Very severe Total

Very slight 1231.2 125.1 107.5 92.8 190.4 1747.0
Slight 131.2 141.2 61.4 66.9 66.4 467.0
Moderate 76.2 38.9 97.4 40.0 62.2 314.7
Severe 97.6 57.7 30.6 116.1 105.5 407.4
Very severe 168.2 36.5 82.8 77.4 403.9 768.9
Total 1704.3 399.4 379.6 393.3 828.5 3705.1
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soil loss rates (i.e., 1–6 t ha–1 year–1) (Hurni 1983). Our 
estimation was consistent with a comprehensive study by 
Haregeweyn et al. (2017), in the Upper Blue Nile Basin, 
which found comparable results with an average soil loss 
rate of 27.54 t ha–1 year–1. Similarly, a study conducted in 
the Guder watershed reported an average soil erosion rate 
ranging between 25 and304 t ha–1 year–1(Kidane et al. 2019). 
The result of the soil erosion risk analysis reveals that about 
31% of the study area has experienced a soil loss rate higher 
than the average soil loss tolerance (SLT) adapted to the 
northwestern highland of Ethiopia. As confirmed from the 
result, the estimated total soil loss of watershed increases 
from 90,587.2 t year−1 in 1989 to 104,923 t year−1 in 2019 
(Table 9). The main reason for this increase in soil erosion 
risk over the study period was attributed to the expansion of 
cultivated and built-up areas at expense of vegetation covers.

The mean annual soil erosion rates of each LULC cate-
gory were estimated and the results are indicated in Table 9. 
The result shows that there is a significant variation between 
LULC in soil erosion rates. Cultivated land experienced the 
highest soil loss rates that range from 35.3 t ha–1 year–1 in 
1989 to 36.3 t ha–1 year–1 in 2019. Similarly, there was an 
increase in soil erosion rates in the built-up area from 24.8 t 
ha–1 year–1 in 1989 to 25.8 t ha–1 year–1 in 2019. Conversely, 
the lowest soil loss was observed in forest land, which is 
8.2 t ha–1 year–1 in 1989 and 8.3 t ha–1 year–1in 2019. Also, 
the estimated soil loss rates from grazing land are relatively 
small, which is 11.2 t ha–1 year–1 and 11.3 t ha–1 year–1 in 
2019 (Table 9). Studies are also indicated that soil erosion 
was significantly higher in cultivated land than forest land 
(Prasannakumar et al. 2012; Kayet et al. 2018; Mukanov 
et al. 2019).

4 � Conclusions

Geospatial technologies and the RUSLE model were inte-
grated to evaluate the effects of LULC changes on water-
borne soil erosion. The result reveals that grassland (6.9%), 

forest (6.4%), bush/shrubland (4.9%), and water body 
(0.2%) were reduced, while cultivated land and built-up area 
increased by 11.3 and 7%, respectively, between 1989 and 
2019. Based on the soil erosion severity classes, about 13% 
of the area was under slight risk, 8.3% was of moderate risk, 
11% was a severe risk, and 21% was under very severe ero-
sion risk class in 1989. In 2019, about 46.8% was affected 
by very slight erosion risk, 12% was of slight erosion risk, 
11% was of moderate erosion risk, 8% was affected by severe 
erosion risk, and 23% of the area was covered by very severe 
erosion risk. Thus, the result shows an increasing trend in 
moderate and very severe erosion risk, while very slight 
and slight erosion risk shows a decreased trend between 
1989 and 2019. It was mainly an expansion of cultivated 
land at the expense of vegetation-covered areas. The mean 
annual soil erosion from the entire watershed was 24.4 t 
ha–1 year–1in 1989 and 28.3 t ha–1 year–1 in 2019, which is far 
beyond the estimated tolerable soil loss (1–6 t ha–1 year–1) 
and soil formation (10–14 t ha–1 year–1) rates of the Ethio-
pian highlands. Cultivated land experienced the highest soil 
loss rates of 35.3 t ha–1 year–1in 1989 and 36.3 t ha–1 year–1in 
2019. In contrast, the lowest soil loss was observed in forest 
land which is 8.2 t ha–1 year–1in 1989 to 8.3 t ha–1 year–1 in 
2019. Thus, it is important to implement appropriate land 
management interventions to reverse the trends of LULC 
changes and soil erosion in the study watershed.
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Table 9   The area coverage and 
soil erosion rates of each LULC 
types in 1989 and 2019 periods

LULC class Area (ha) Mean annual soil loss (t 
ha–1 year–1)

Total soil loss (t year–1)

1989 2019 1989 2019 1989 2019
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Forest land 299.7 64.3 8.2 8.3 2463.8 531.8
Cultivated land 1603.8 2022.6 35.3 36.3 56,627.0 73,436.6
Water body 14.5 7.6 – – – –
Total 3705.2 3705.2 24.4 28.3 90,587.2 104,923.0
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