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Temesgen Gashaw  

Addis Ababa University, 2018  

Abstract  

Understanding the impacts of land use land cover (LULC) changes on hydrology, ecosystem 

functions and services is indispensable not only to identify challenges and targeting interventions 

but also for watershed management planning measures. However, there is no comprehensive 

study on the impacts of LULC changes on hydrology, ecosystem functions and services with 

respect to the past and future periods in the Upper Blue Nile basin of Ethiopia. This study was 

intended to comprehend the impacts of LULC changes on hydrology, soil erosion, sediment yield 

and ecosystem services in the Andassa watershed of the Upper Blue Nile basin during the 1985-

2015 periods, and predict its impact in the coming three decades of the period from 2015 to 

2045. The hybrid land use classification technique for classifying time series Landsat images 

(1985, 2000 and 2015); the Cellular-Automata Markov (CA-Markov) model for prediction of the 

2030 and 2045 LULC states; the Soil and Water Assessment Tool (SWAT) for hydrological 

modeling; the Revised Universal Soil Loss Equation (RUSLE) model for estimating the rate of 

soil erosion; the Sediment Delivery Distributed (SEDD) model for sediment yield modeling; the 

modified ecosystem services valuation model for exploring the changes in ecosystem services 

were employed. The different layers of the spatiotemporal changes on the LULC were the basis 

for examining the changes in hydrology, soil erosion, sediment yield and ecosystem services. The 

results showed that in the past three decades, cultivated land and built-up areas significantly 

increased while areas occupied by natural vegetation such as forest land, shrublands and 

grasslands dwindled at a rapid rate. The predicted results suggest a continuation of the trend 

unless management interventions are made today. The LULC changes, which had occurred 

during the period of 1985 to 2015, had increased the annual flow (2.2%), wet seasonal flow 

(4.6%), surface runoff (9.3%) and water yield (2.4%). Conversely, the observed changes had 

reduced the dry season flow (2.8%), lateral flow (5.7%), groundwater flow (7.8%) and ET 

(0.3%). The 2030 and 2045 LULC states are expected to further increase the annual and wet 

season flow, surface runoff and water yield, and reduce the dry season flow, groundwater flow, 
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lateral flow and ET. The LULC changes have also increased the annual soil erosion rate from 

35.5 t ha-1 yr-1 in 1985 to 55 t ha-1 yr-1 in 2015, and sediment yield from 14.8 t ha-1 yr-1 in 1985 to 

22.1 t ha-1 yr-1 in 2015. The prediction result also shows that the increases in soil erosion and 

sediment yield are expected to continue in the 2030 and 2045 periods. The LULC changes 

occurred between 1985-2015 periods has also reduced most of the provisioning, regulating, 

supporting and cultural services. If the LULC changes are continued as a usual case business 

scenario, most of the  services are expected to reduce between 2015-2045 periods. The change in 

hydrological components, soil erosion, sediment yield and ecosystem services are a direct result 

of the significant transition from the vegetation to non-vegetation cover in the watershed. These 

suggest an urgent need to regulate the LULC changes in order to maintain the hydrological 

balance, to arrest the expected increase of soil erosion and sediment yield, and to reduce the 

expected loss of ecosystem services.  

Keywords: LULC, CA-Markov, Hydrology, Soil erosion, Sediment yield, Ecosystem services, 

SWAT, RUSLE, SEDD, Modeling 
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CHAPTER ONE 

1. INTRODUCTION 

1.1 Background    

Land use land cover (LULC) changes has become a global concern (Woldeamlak Bewket, 2002) 

because of its diverse environmental impacts (Fu et al., 2000; Gete Zeleke and Hurni, 2001; 

Woldeamlak Bewket, 2002; Lambin et al., 2003; Hurni et al., 2005). Globally, expansions of 

cropland and pasture land at the cost of a forest, natural grassland and savannas were observed 

during the period of 1770-1990 and 1700-1990, respectively (Lambin et al., 2003). However, the 

direction of LULC changes was not uniform across all regions of the world. For example, in 

temperate region’s forests increased at the rate of 3 x 106 ha-1 yr-1 while in tropical regions it 

decreased at the rate of 12 x106 ha-1 yr-1 (MEA, 2005). LULC changes towards the expansion of 

cultivated land at the expense of forested areas is also the fundamental environmental problem in 

Ethiopia (Gete Zeleke and Hurni, 2001; Solomon Gebreyohannis et al., 2010; Rientjes et al., 

2011; Gebremicael et al., 2013; Temesgen Gashaw et al., 2014a; Ebrahim Esa and Mohamed 

Assen, 2017). According to the previous estimate, the annual rate of deforestation in Ethiopia 

between 1990-2010 periods was at a rate of 1.4 x105 ha-1 yr-1 (FAO, 2010). Due to early 

settlement and the resulting population pressure, however, LULC changes were much 

pronounced in the highlands (Solomon Gebreyohannis et al., 2010; Rientjes et al., 2011; 

Gebremicael et al., 2013).   

LULC changes are important driving forces of environmental changes across all spatiotemporal 

scales. For example, LULC change is responsible for altering the hydrological response of 

watersheds (Dagnachew Legesse et al., 2003; Hurni et al., 2005; Girmay et al., 2009; Setegn 

Shimelis et al., 2009; Sriwongsitanon and Taesombat, 2011; Gebremicael et al., 2013; Neupane 

and Kumar, 2015). Several studies have reported the impacts of LULC changes on streamflow 

(e.g. Rientjes et al., 2011; Getachew Haile and Melesse Assefa, 2012; Gebremicael et al., 2013; 

Gwate et al., 2015; Kidane Welde and Bogale Gebremariam, 2017). For example, the conversion 

of forest to agriculture between 1985 and 2011periods in Angereb watershed in Ethiopia 

increased the mean wet flow by 39% and decreased the dry average flow by 46% (Getachew 

Haile and Melesse Assefa, 2012). The increase of streamflow in Quaternary catchment in South 

Africa during 2004-2013 was also observed due to the expansion of cultivated land (92%) and 



2 
 

decrease of wooded land (35%) and grasslands (9.8%) (Gwate et al., 2015). The increase of wet 

season flow (peak flow) and reduction of dry season flow (baseflow) at El Diem station of the 

Blue Nile basin during 1970-2010 periods were also attributed to the conversion of vegetation 

covers into agriculture and grasslands over large areas of the basin (Gebremicael et al., 2013). 

Changes in farmland, forest and urban areas in Upper Du watershed in China between 1978 and 

2007 were also affected streamflow (Yan et al., 2013). Other studies in Chemoga watershed 

(Woldeamlak Bewket and Sterk, 2005), Upper Gilgel Abbay catchment (Rientjes et al., 2011) 

and Gedeb catchment (Koch et al., 2012; Tekleab et al., 2014), have also reported a considerable 

effect of LULC changes on streamflow.  

It is also evident that surface runoff is lower and groundwater flow is higher in vegetated lands 

due to the greater infiltration of rainfall into the shallow and deep aquifer. In bare lands, where 

vegetation is absent, surface runoff is higher and groundwater flow is lower (Woldeamlak 

Bewket and Sterk, 2005; Gyamfi et al., 2016a). An example of this phenomenon is the study in 

the Comet catchment of Australia, where the clearing of forest vegetation from 83% to 38% 

increased the runoff by approximately 40% (Siriwardena et al., 2006). Similarly, increasing of 

surface runoff and reduction of groundwater flows was also reported in Olifants basin in South 

Africa between 2000 and 2013 due to the expansion of cultivated lands and urban areas at the 

expense of rangelands (Gyamfi et al., 2016a). Correspondingly, the increase of surface runoff 

due to the expansion of cultivated lands and the reduction of vegetated covers was reported in 

other studies (e.g. Nie et al. (2011) in Upper San Pedro watershed in Mexico; Karamage et al. 

(2017) in Rwanda; Tekalegn Ayele et al. (2017) in Lake Tana catchment and Beles watershed in 

Ethiopia).   

LULC changes have also affect the rate of soil erosion (Lal, 2001; Pimentel, 2006; Shi et al., 

2013; Ali et al., 2014; Desalew Meseret and Bhat, 2017) and sediment yield (Girmay et al., 

2009; Setegn Shimelis et al., 2009; Gebremicael et al., 2013; Shi et al., 2013; Yan et al., 2013; 

Ali et al., 2014; Huang and Lo, 2015; Kidane Welde and Bogale Gebremariam, 2017). For 

instance, the expansion of cultivated land and vegetation cover losses in the Central Rift Valley 

of Ethiopia between 1973-2006 (Derege Tsegaye et al., 2012), Rib watershed in the northwestern 

Ethiopia between 1986-2016 (Desalew Meseret and Bhat, 2017), Maithon reservoir catchment in 

India between1989-2004 (Sharma et al., 2011) periods have increased the rate of soil erosion. 
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The conversion of vegetation cover into agriculture and grasslands over large areas of the Upper 

Blue Nile basin has also caused an increase of sediment loss from 91 x 106 t yr-1 between 1980-

1992 to147 x 106 t yr-1 between1993-2009(Gebremicael et al., 2013). Setegn Shimelis et al. 

(2009) described the situation in the same basin as the expansion of cultivated land in the Blue 

Nile basin contributed to the increased rate of sedimentation problems into the Lake Tana and 

other reservoirs in the downstream areas.  

LULC changes are also the main drivers which significantly altered ecosystem services (Kreuter 

et al., 2001; Li et al., 2007; Hu et al., 2008; Costanza et al., 2014; Anaya-Romero et al., 2016;  

Mengistie Kindu et al., 2016; Terefe Tolessa et al., 2017; Kubiszewski et al., 2017; Wang et al., 

2017). For example, LULC changes have reduced the total global Ecosystem Service Values 

(ESV) from $US145 trillion in 2007 to $US125 trillion in 2011(Costanza et al., 2014). 

Apparently, the continued degradation of ecosystems comes in many countries of Africa at the 

expense of the livelihood of future generations (de Groot et al., 2012; Kubiszewski et al., 2017). 

LULC changes have also reduced the values of several ecosystem services in Ethiopia, as 

reported in Munessa-Shashemene landscape between 1986 and 2012 (Mengistie Kindu et al., 

2016), Toke Kutaye District between1984 and 2014 (Terefe Tolessa et al., 2016) and Chillimo 

forest between 1986 and 2015 periods (Terefe Tolessa et al., 2017).   

Therefore, understanding the impacts of LULC changes on hydrological responses, soil erosion, 

sediment yield and ecosystem services are very important for planning watershed management 

measures. In Ethiopia, several studies were carried out in relation to LULC changes (e.g. Gete 

Zeleke and Hurni, 2001; Gessesse Dessie and Kleman, 2007; Abate Shiferaw, 2011b; Temesgen 

Gashaw et al., 2014a; Rientjes et al., 2011; Solomon Gebreyohannis et al., 2014; Ebrahim Esa 

and Mohamed Assen, 2017), hydrology (e.g. Setegn Shimelis et al., 2008; Easton et al., 2010; 

Tibebe and Bewket, 2011), soil erosion (e.g. Bewket and Teferi, 2009; Abate Shiferaw, 2011a; 

Habtamu Sewnet and Amare Sewnet, 2016; Lemlem Tadesse et al., 2017; Temesgen Gashaw et 

al., 2017) and sediment yield (e.g. Setegn Shimelis et al., 2009 & 2010; Easton et al., 2010; 

Betrie et al., 2011; Tibebe and Bewket, 2011; Abdi Boru et al., 2012; Eshetu Tufa et al., 2014; 

HassenYesuf et al., 2015). In spite of this, there are only a few studies that focused on 

quantifying the effects of LULC changes on hydrological responses (e.g. Getachew Haile and 

Melesse Assefa, 2012; Tekleab et al., 2014; Kidane Welde and Bogale Gebremariam., 2017; 
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Tekalegn Ayele et al., 2017), soil erosion (e.g. Derege Tsegaye et al., 2012, Asnake Mekuriaw, 

2017; Desalew Meseret and Bhat, 2017), sediment yield (e.g. Kidane Welde and Bogale 

Gebremariam., 2017; Tesfa Worku et al., 2017) and ecosystem services (e.g. Mengistie Kindu et 

al., 2016; Terefe Tolessa et al., 2016; Terefe Tolessa et al., 2017). While predicting future 

impacts of LULC changes are imperative, with the assumption if management measures are not 

undertaken to reverse the LULC trends, such kinds of study are rare in Ethiopia.    

1.2  Statement of the problem   

Rapid LULC changes are fundamental environmental problems in Ethiopia, and it was very 

much serious in the highlands. In the Ethiopian highlands, there has been a continuous expansion 

of cultivation towards naturally vegetated and marginal landscapes and currently, the region has 

only a few remnant forests. The Andassa watershed which is found in the northwestern Ethiopian 

highlands is agriculturally very productive and the head stream areas of the Blue Nile River 

basin. However, the watershed has experienced human-induced land degradation mainly due to 

agricultural expansion and unregulated LULC changes. Therefore, thorough analyses and 

understanding of impacts of LULC changes on the hydrology are critically important for 

planning the management of water resources in particular and the entire watershed in general. In 

the watershed study, three potentially suitable sites for small-scale hydropower generations were 

identified to be constructed in the future (Nile Basin Capacity Building Network, 2005). Besides, 

the Andasa watershed is the upper catchment of the Grand Ethiopian Renaissance Dam, which is 

the largest dam in Africa, near the border with Sudan (Ali et al., 2014). Hence, understanding the 

impacts of LULC changes on soil erosion and sediment yield in this watershed is also very 

important not only for watershed management planning measures and restoring the degraded 

watershed but also to prevent siltation of the planned reservoirs. Moreover, understanding the 

impacts of LULC changes on ecosystem services in the study watershed is also indispensable to 

give public awareness and indicate policy directions about the lost/gain in ecosystem services. 

Because of its strategic importance to the Blue Nile River; one of the major tributaries of the 

transnational Nile River, the findings from this study watershed will be of value not only for the 

management of the land resources in the watershed but also for the management of soil erosion 

and sedimentation as well as maintaining a constant water flow to the larger Nile basin within 

and beyond the national boundary. Previously, there is no study carried out in the study 

region/area with respect to the past and future impacts of LULC changes on hydrology, soil 
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erosion, sediment yield and ecosystem services. Hence, this research was intended to fill this 

gap.  

1.3  Objectives of the study  

General objective 

The general objective of this study was to comprehend the impacts of LULC changes on 

hydrology, ecosystem functions and services in the Andassa watershed of the Upper Blue Nile 

basin in Ethiopia during the 1985-2015 periods, and predicting its impact in the future.   

Specific objectives  

 To analyze the LULC changes from 1985 to 2015 periods, identifying the drivers, and 

predicting the situation for the years 2030 and 2045.  

 To analyze the hydrological impacts of LULC changes for a period of 1985-2015 and to 

predict the LULC change impact on the hydrological status in the year 2045. 

 To explore the impacts of LULC changes on soil erosion and sediment yield during 1985-

2015 periods, and predicting the changes in soil erosion and sediment yield in the coming 

three decades.  

 To estimate the impacts of LULC changes on ecosystem services over the last three 

decades and to predict the changes in ecosystem services for the year 2045.  
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CHAPTER TWO  

2. LITERATURE REVIEW 

2.1 LULC changes and drivers in Ethiopia  

2.1.1 Trends of LULC changes  

In Ethiopia, several studies were carried out in relation to LULC changes (e.g. Kebrom Tekle 

and Hedlund, 2000; Gete Zeleke and Hurni, 2001; Gessesse Dessie and Kleman, 2007; Abate 

Shiferaw, 2011b; Temesgen Gashaw et al., 2014a; Rientjes et al., 2011; Solomon Gebreyohannis 

et al., 2014; Ebrahim Esa and Mohamed Assen, 2017; Muluneh Minta et al., 2018). Most of 

these studies indicated the increase of cultivated land at the expense of natural vegetated covers 

(Table 1). For example, Gete Zeleke and Hurni (2001) revealed the increase of cultivated land 

from 39% in 1957 to 70% in 1982 and to 77% in 1995 in Dembecha area while the natural forest 

cover declined from 27% to 2% and 0.3% over the course of these periods. The decline of forest 

cover from 50.9% in 1973 to 16.7% in 2001 due to the expansion of agricultural land was also 

observed in the Upper Gilgel Abbay catchment of the Blue Nile basin (Rientjes et al., 2011). In 

the same manner, croplands in Derekolli catchment which accounted 65.1% in 1957 were 

increased to 69.7% and 70.6% in 1986 and 2000 periods, respectively. Conversely, the shrubland 

has diminished at a rate of 1.6% and 0.31% per year between 1957-1986 and 1986-2000 periods, 

respectively (Belay Tegene, 2002). Gessesse Dessie and Kleman (2007) also illustrated the 

decline of forest cover in the south-central Rift Valley region from 16% to 2.8% in 1972 and 

2000 periods, respectively.   

Similarly, there was also a growth in area coverage of rainfed cropland, grassland, water body 

and barren land in Blue Nile basin between 1973-2000 at the expense of wooded grassland, 

woodland, shrubs and bushes, natural forest and afro-alpine vegetation (Gebremicael et al., 

2013). The increase of water body was basically due to the construction of different dams in the 

basin (Gebremicael et al., 2013). A reduction of woodland cover (97%) and grassland cover 

(88%) from 1972 to 2007 periods was also observed in the northern Afar rangelands while 

bushland cover and cultivated land increased more than threefold and eightfold, respectively 

(Diress Tsegaye et al. (2010). Kebrom Tekle and Hedlund (2000) study on Kalu District also 

reported the reduction in coverage of scrublands, riverine vegetation and forests, and an increase 

in remaining open areas, settlements, floodplains, and water body between 1958 and 1986  
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periods. In Kalu District, the area under cultivation is almost unchanged. In the same manner, 

forest cover was continuously decreased in Lake Hawassa between 1986 and 2011 periods while 

woodland cover increased. However, the change in cropland, bare land and grassland were very 

small (Kebede Wolka et al., 2014).  

On the other hand, some studies conducted in the previously degraded parts of northern Ethiopia 

revealed the improvement of vegetation cover due to community afforestation, land 

rehabilitation and integrated watershed management activities, such as Amare Bantider (2007) 

and Amare Bantider et al. (2011) in eastern Escarpment of Wello,  Munro et al. (2008) in Tigray 

highlands, Kirubel Mekonen and Gebreyesus Brhane (2011) in Medego watershed and Nigussie 

Haregeweyn et al. (2012) in Enabered watershed. The increase of forest cover was also reported 

in Chemoga watershed from 1957-1998 periods (Woldeamlak Bewket, 2002).   

2.1.2 Drivers of LULC changes  

LULC changes are caused by natural and human driving forces (Meyer and Turner, 1994; Belay 

Tegene, 2002). The natural drivers of LULC changes (e.g. climate change) are felt after an 

extended period of time while the effects of human drivers such as deforestation for fuel wood 

and construction materials, and expansions of cultivated land and urban are immediate and often 

radical (Woldeamlak Bewket, 2002). Whatever their speed and magnitude, however, most LULC 

changes have taken place due to human activities and development (Gete Zeleke and Hurni, 

2001). In relation to this, LULC change scholars coined that history of LULC change by human 

agency has begun since the existence of human beings (Lambin et al., 2003).   

In case of Ethiopia, most LULC changes are caused by human drivers mainly due to population 

growth (Woldeamlak Bewket, 2002; Hurni et al., 2005; Abate Shiferaw., 2011b; Temesgen 

Gashaw et al., 2014b) (See Table 2 for details). For example, the increase of population in the 

highlands since the mid to the turn of the 20th century had accelerated deforestation and 

intensified cultivation (Hurni et al., 2005). Population growth was also found the main driver for 

the expansion of cultivated land, forest and marshland and the reductions of shrublands, 

grassland/degraded land and riverine trees in Chemoga watershed during 1957-1998 periods 

(Woldeamlak Bewket, 2002). The expansion of cultivated land and degraded land and 

diminishing of forest land, shrubland and grassland in Dera District of northwestern Ethiopia 

during 1985-2011 were also attributed to population growth (Temesgen Gashaw et al., 2014b). 
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Demand for cultivable land, which mainly emanated from population growth, was also the 

fundamental driver of forest cover loss in Dembecha area (Gete Zeleke and Hurni, 2001), Upper 

Gilgel Abbay catchment (Rientjes et al., 2011) and Blue Nile basin (Gebremicael et al., 2013). In 

addition to the increase of human population number, institutional and policy factors were found 

the drivers for the reduction of forest and grassland and the increase of cultivated land, bare land 

and shrubland in Geleda catchment during 1957-2014 periods (Ebrahim Esa and Mohamed 

Assen, 2017). Similarly, land tenure arrangement, livelihood strategies, access to market and 

population increase were among the drivers of LULC changes in Nonno District (Messay 

Mulugeta., 2011). On the other hand, the increase of human population density coupled with the 

increase in a residential, industrial and institutional building was found the drivers of LULC 

changes in Mekelle city (Tahir et al., 2013). Hence, the rapid expansions of Addis Ababa, 

Hawassa and Bahir Dar cities in the recent periods, though not studied, are certainly the major 

drivers of LULC changes. Conversely, small-scale agriculture, commercial logging and 

commercial farms were the causes of forest cover loss in the south-central Rift Valley region 

during 1972-2000 periods (Gessesse Dessie and Kleman, 2007). Therefore, the major drivers of 

LULC changes in Ethiopia are emanated mainly from population growth, which is manifested 

mostly through the expansion of cultivated lands, even in areas where cultivation is almost 

impossible, and urban expansions.  
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Table 1: State of LULC changes in different parts of Ethiopia as reported in various studies 

Study area/region  LULC change 
study periods 

Percent of change in LULC  categories  References 
Cultivated land Forest  Shrubland Grassland Built-up 

area 
Blue Nile basin (174,846km2)  1973-2000 +81 -51nf -8sb +56  Gebremicael et al. (2013) 

Upper Gilgel Abbay catchment 
(1656km2) 

1973-2001 +122.36 -67.12 -47.2 +123  Rientjes et al. (2011) 

Koga watershed (266km2) 1957-2001 +44.35 -90.47   +111.1 Solomon Gebreyohannis et al. (2010) 

Dembecha area (271.03 km2) 1957-1995 +95.4 -98.88nf +1228 -35.78 +166.4 Gete Zeleke and  Hurni (2001) 

Chemoga  watershed (364 
km2) 

1957-1998 +10.2fs +51.31 -36.23 -63.62gd  Woldeamlak Bewket (2002) 

Dera District (73.56km2) 1985-2011 +25.79fs -56.09 -67.07 -3.81  Temesgen Gashaw et al. (2014a)  

Geleda catchment  
(262.64km2) 

1957-2014 +57.68fs -83.83 +18.61 -53.46  Ebrahim Esa and Mohamed Assen 
(2017) 

Borena Woreda (1047.95km2) 1972-2003 +58.30fs -55.24 -49.82 +18.56  Abate Shiferaw (2011b) 

Northern Afar rangelands 
(2506km2)  

1972- 2007 +775.52fs  +2.64 -88.23  Diress Tsegaye et al. (2010) 

South Central Rift Valley 
Region (3060km2) 

1972-2000  -82.42    Gessesse Dessie and Kleman (2007) 

Derekolli catchment 
(15.28km2)   

1957-2000 +8.56  -84.55 +202.4  Belay Tegene (2002)  

Kalu District (110km2) 1958 - 1986   +2.37 -31.39 -50.98  +191.7 Kebrom Tekle and Hedlund (2000) 

Central Rift Valley 
(2711.88km2) 

1973-2014 +318.63 -56.64  -41.74  Ariti et al. (2015) 

nf=natural forest; sb=shrubs and bushes; fs= Farmland and settlements; gd= Grassland/degraded land  

The positive and negative signs indicate the direction of the changes  
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Table 2: Drivers of LULC changes in Ethiopia  

Study area/region  Study period LULC changes Major driver (s)  References 

Ethiopian 

highlands 

1950 to the turn 

of 20th century 

Increased deforestation and intensified 

cultivation 

Population increase  Hurni et al. (2005) 

Geleda catchment  1957-2014 Reduction of  forest and grassland and increase 

of cultivated land, bare land and shrubland  

Population growth, institutional and 

policy factors  

Ebrahim Esa and Mohamed 

Assen (2017) 

Chemoga 

watershed 

1957-1998 Expansions of cultivated land, forest and 

marshland and reductions of shrublands, 

grassland/degraded land and riverine trees  

Population growth Woldeamlak Bewket (2002)  

Dera District  1985-2011 Expansions of cultivated land and degraded 

land and diminishing of forest land, shrubland 

and grassland  

Population increase  Temesgen Gashaw et al. 

(2014 b) 

Dembecha area 1957-1995 A decrease of forest cover from 27.1%  to 0.3 

% and grassland from 18.1% to 11.6% 

 

Demand for cultivated land  Gete Zeleke  and Hurni 

(2001)  

Upper Gilgel 

Abbay catchment  

1973-2001 A lose of forest cover from 50.9% to 16.7% 

 

Increased demand for agricultural 

land 

Rientjes et al. (2011) 

Derekolli 

catchment 

1957-2000 Thinning of the shrubland and its modification 

to shrub-grassland and grassland 

Extensive use of woody 

vegetation for charcoal production 

and firewood 

Belay Tegene (2002) 

Blue Nile basin 1973-2000 A significant lose of natural vegetation cover Increased demand to have more 

cultivated land  

Gebremicael et al. (2013)  

South Central Rift 

Valley Region 

1972-2000 Reduction of forest cover from 16% to 2% Small-scale agriculture, commercial 

logging and commercial farms 

Gessesse Dessie and Kleman 

(2007)  

Northern Afar 

rangelands 

1972- 2007 Reduction of woodland (97%) and grassland 

(88%) while cultivated land (more than eight 

fold), bush-land (more threefold) and bare land 

increased in size 

 

Drought, increased the number of 

dry years, immigration, increased 

population growth and settlement, 

increased demand for firewood and 

infrastructural development, and 

expansion of cultivated land 

Diress Tsegaye et al.  (2010) 
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2.2 Hydrological processes, soil erosion, sediment yield and ecosystem services: Overview  

2.2.1 Key hydrological processes in a watershed  

The key hydrological processes that are taking place in a watershed are shown in Figure 1 and 

described as follows. Evaporation and transpiration (ET) from water bodies, vegetation covers 

and soil surface as a result of the sun’s solar energy is among the key hydrological processes that 

are taking place in a watershed (Chow et al., 1988; Han, 2010; Winkler et al., 2010). The 

evaporated air rises, condenses to form clouds and reaches the earth’s surface as precipitation. 

Precipitation takes various forms such as rain, snow, hail, sleet, dew, etc. However, most 

precipitation occurs in the form of rain. When precipitation reaches the land surface, part of it 

infiltrates into the soil and the ground, and part of it moves across the land as surface runoff or 

channel runoff (Chow et al., 1988; Han, 2010). Part of the precipitation infiltrates into the soil 

and the ground go deep into the ground and replenishes the aquifers while some stays the land 

surface and seep back into surface water bodies as ground water recharge (Han, 2010). Some 

groundwater finds openings in the land surface and comes out as springs. The springs enter into 

lakes (Chow et al., 1988). Again, water evaporates from water bodies (Winkler et al., 2010). 

Hence, the process is continuous which occurs on, above and below the earth's surface (Han, 

2010), and that have no any starting and ending point (Chow et al., 1988).   

 

Figure 1: Key hydrological processes in a watershed (Winkler et al., 2010)  
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2.2.2 Soil erosion   

Soil erosion is a two-phase process, which are the detachment of individual soil particles from 

the soil mass and their transport by erosive agents (Morgan, 2005). There are two types of soil 

erosion such as geologic erosion and accelerated erosion. Geologic erosion is a normal process 

of weathering that occurs at a slower rate as part of the natural soil-forming processes. In 

contrast, accelerated erosion is triggered by anthropogenic causes, such as deforestation, slash-

and burn agriculture, intensive plowing, intensive and uncontrolled grazing, and biomass burning 

(Blanco and Lal, 2008).  

Soil erosion is a serious environmental problem in most part of the world (Lal, 2001; Angima et 

al., 2003; Pimentel, 2006; Blanco-Canqui and Lal, 2008; Lulseged Tamene and Vlek, 2008; 

Pimentel and Burgess, 2013; Ferreira et al., 2015). Worldwide, about one-third of agricultural 

soils (i.e. nearly 2 billion hectares of land) were affected by soil degradation, in which water and 

wind erosion account for 56% and 28% of this damage, respectively (Oldeman et al., 1995).  In 

terms of severity, about 80% of the world’s agricultural land suffers from moderate to severe 

erosion while only 10% was reported to be at a slight erosion rate (Lal, 1994; Speth, 1994). 

Globally, 10 million hectares of croplands have been lost every year due to soil erosion 

(Pimentel, 2006). With increasing human population number, this figure is expected to be much 

higher today. In Africa, Asia and Latin America, where the majority of the population are 

dependent on agriculture (Lal, 2001; Pimentel, 2006), soil erosion is a serious challenge for food 

production (Lal, 2001; Pimentel, 2006; Seleshi Bekele et al., 2008; Blanco-Canqui and Lal, 

2008; Pimentel and Burgess, 2013; Lulseged Tamene and Le, 2015), and the problem will 

continue to persist in the 21st century (Lal, 2001; Hurni et al., 2005). Comparatively, Africa is 

more severely affected by soil erosion than Asia and Latin America, and of the one billion 

people affected globally, about 50% are found in Africa (Blanco-Canqui and Lal, 2008).    

Ethiopia, like many of the mountainous countries such as Haiti, suffers from severe soil erosion 

(Hurni, 1988; Gete Zeleke, 2000; Lal, 2001; Sonneveld and Keyzer, 2003; Seleshi Bekele et al., 

2008; Lulseged Tamene and Vlek, 2008; Bewket and Teferi, 2009; Kebede Wolka et al., 2015; 

Samuel et al., 2016). According to the previous estimate, the average annual soil erosion rate in 

Ethiopia was 18 t ha-1 yr-1 (Hurni, 1985). The problem is more serious in the highlands (FAO, 

1986; Gete Zeleke, 2000; Reusing et al., 2000; Lal, 2001; Sonneveld and Keyzer, 2003; Hurni et 



13 
 

al., 2005; Lulseged Tamene and Vlek, 2008; Bewket and Teferi, 2009; Setegn Shimelis et al., 

2010; Lulseged Tamene and Le, 2015), where steep topography, rapid deforestation and early 

settlements were existent (Gete Zeleke and Hurni, 2001; Hurni et al., 2005). Various studies 

report quite inconsistent figures about the rate of erosion in the highlands. For instance, Hurni 

(1988) reported a soil erosion rate of 16-300 t ha-1 yr-1 in cultivated fields while Gete Zeleke 

(2000) reported 130-170 t ha-1 yr-1 in a similar land use in the northwestern highlands of Ethiopia. 

The average rate of erosion from cultivated fields has been also reported 42 t ha-1 yr-1 (Hurni, 

1993) while FAO (1986) earlier had reported 100 t ha-1 yr-1 in the same highlands. In the previous 

estimate, the average soil erosion rate in the Ethiopian highlands was 35 t ha-1 yr-1 (FAO, 1986). 

However, recent studies by Bewket and Teferi (2009) in Chemoga watershed; Kebede Wolka et 

al. (2015) in Chaleleka wetland watershed; Habtamu Sewnet and Amare Sewnet (2016) in Koga 

watershed; Desalew Meseret and Bhat (2017) in Rib watershed (in 2016) found the erosion rate 

above 35 t ha-1 yr-1 in the respective study sites. The reported figures are way beyond the 

tolerable soil loss (TSL) rate that allows an economic and high level of production (Wischmeier 

and Smith, 1978; FAO, 1986; Blanco-Canqui and Lal, 2008; Gebreyesus Brhane and Kirubel 

Mekonen, 2009), which ranges between 5 to11 t ha-1 yr-1 (Renard et al., 1996). In terms of total 

loss, earlier estimates reported the annual loss of about 1.9 to 3.5 billion tons of topsoil from the 

highlands and as a result over 20,000-30,000 ha of cropland is taken out of production every year 

(EFAP, 1993). On the other hand, Girma Taddese (2001) reported the annual loss of 1.5 billion 

tons of topsoil in the same region, resulting in the reduction of about 1.5 million tons of grain 

from the country’s annual harvest. Hence, in spite of the inconsistency of the estimates, the 

figures are clear signals of the seriousness of the problem in the highland regions. From a model 

prediction, Sonneveld and Keyzer (2003), warned that the country’s potential production 

capacity of the land will be reduced by 30% from 2010 to 2030 if soil erosion is not properly 

managed in the highlands. They also suggested that the value added per capita per annum in the 

agricultural sector will decline from US$372 in 2010 to US$162 in 2030.   

2.2.3 Sediment yield  

Sediment yield refers the amount of eroded material that is actually transported from a plot, field, 

channel, or watershed  (Renard et al., 1997). Hence, soil erosion is the main source of sediment 

yield, and there is no sediment yield to any given point or a stream channel unless soil erosion 

has been taking place (UNESCO, 2013; Dutta, 2016; Megersa Kebede and Chakravarti, 2017). 
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However, all the soil erosion that occurred in the upper slope areas did not bring sediment yield 

to a down-stream point (UNESCO, 2013). This is because when the erosive agent has no 

sufficient energy to transport the eroded soil particles, some of them are deposited in the 

meantime before reaching the down-stream point (Morgan, 2005). Sedimentation, the deposition 

of sediment particles after separating from their origin (Dutta, 2016), reduces the storage 

capacity of reservoirs and lakes. Therefore, higher sediment yield and ultimately, sedimentation 

of reservoirs and lakes are indicators of a higher soil erosion rate in the upland areas (UNESCO, 

2013).  Hence, it is apparent that sediment yield is dependent on soil erosion, and sedimentation 

is dependent on sediment yield (Dutta, 2016).   

In the highlands of Ethiopia, equally worrisome to the soil loss is the annual sediment load from 

agricultural landscapes (Setegn Shimelis et al., 2009). Because of a large number of sediment 

loads from the upland areas, the water quality and storage capacity of natural lakes in the country 

has declined drastically (Brook Lemma, 2004; Fekadu Yohannes, 2005; Setegn Shimelis et al., 

2009). Lake Alemaya in the eastern highlands has already dried out due to uncontrolled erosion 

and sedimentation from the surrounding agricultural landscapes (Brook Lemma, 2004; Fekadu 

Yohannes, 2005; Eshetu Tufa et al., 2014). Other Lakes such as Abijata in Central Rift Valley 

region may dry out in the near future (Meshesha et al., 2012; Temesgen et al., 2013). Besides, a 

large amount of sediment loads from un-managed uplands has threatened water supply and 

power generation reservoirs in the country. Good examples of affected power generation 

reservoirs are Koka, Gilgel Gibe I, Aba Samuel, MelkaWakena; and water supply reservoirs are 

Angereb, Legedadi, Borkena and Adrako as well as several irrigation reservoirs in the northern 

highlands (Kebede Wolka, 2012). Similarly, in the East African region, the Sinnar, the Rosieres 

and the Khashm el Girba reservoirs in Sudan (Shahin, 1993; Ahmed, 2004; Ahmed and Ismail, 

2008; Seleshi Bekele et al., 2008) and the High Aswan reservoir in Egypt (Shahin, 1993; Ahmed 

and Ismail, 2008) have lost substantial proportions of their planned storage capacities due to 

sedimentation.  

2.2.4 Ecosystem services  

Ecosystem services are the benefits people obtained from the ecosystem (MEA, 2003). The 

services vary based on the type of ecosystem and their status (Terefe Tolessa et al., 2017), and 

each ecosystem offers a distinctive service that cannot be replaced by others. For example, forest 
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ecosystem supplies a different service (Anaya-Romero et al., 2016) from aquatic ecosystems. In 

addition, dense forests do not provide similar ecosystem services to that of degraded forest. The 

ecosystem services provided by a certain environment such as provisioning, regulating, 

supporting and cultural services (MEA, 2003; Braat and de Groot, 2012; Mengistie Kindu et al., 

2016; Costanza et al., 2017) are essential for several key components of human well-being, such 

as personal security, basic materials needs for a good life, health, freedom and choice, and good 

social relations (MEA, 2003) (Figure 2). For the detail description of these services and their 

importance to human well-being, readers are advised to refer MEA (2003).    

 
Figure 2: Ecosyetem services and their importance to human well-being (MEA, 2003)  
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In spite of the incredible contribution of ecosystem services to the functioning of nature and 

sustainable human well-being and survival (Braat  and de Groot, 2012; de Groot et al., 2012; 

Costanza et al., 2014 & 2017; Bartkowski, 2017; Kubiszewski et al., 2017), the values of 

ecosystem services globally have been significantly degraded over time and space (MEA, 2005; 

Costanza et al., 2014; Sutton et al., 2016). For example, the total global ESV in 2007 was 

$US145 trillion, however, it dropped to $US125 trillion in 2011 (Costanza et al., 2014). In terms 

of exposure to see the changes in the specific sites, the total ESV has reduced in Sanjiang plain 

(China) between1980-2000 (Wang et al., 2006), Menglun (China) between1988-2006 (Hu et al., 

2008), Nenjiang River basin (China) between 1980-2005 (Wang et al. (2015) and Mozambique 

between 2005-2009 periods (Niquisse and Cabral, 2017). In Ethiopia, studies carried out in the 

central highlands of Ethiopia such as in Munessa-Shashemene landscape (Mengistie Kindu et al., 

2016), Toke Kutaye District (Terefe Tolessa et al., 2016) and Chillimo forest (Terefe Tolessa et 

al., 2017) were shown reductions in the total ESV between 1986-2012, 1984-2014 and 1986-

2015 periods, respectively. It was also estimated that land degradation has lost about 17.7% of 

the country’s total terrestrial ESV (Sutton et al., 2016).   

2.3 Description of selected models  

2.3.1 Markov, Cellular Automata  and Cellular Automata-Markov  

A brief description of Markov, Cellular Automata and Cellular Automata-Markov models are 

provided in the following sections.   
 

Markov chain  

Markov is a stochastic model which requires pairs of LULC images (Clark labs, 2012; Eastman, 

2012). The model portrays the probability of one state being altered to another state in a so-

called transition probability matrix (Arsanjani et al., 2011; Li et al., 2015). However, it didn’t 

account any sense of spatial character or geography (Wang et al., 2012; Li et al., 2015) and does 

not provide clarification about the change processes (Adhikari and Southworth, 2012). 

Mathematically, the model is expressed (Sang et al., 2011; Adhikari and Southworth, 2012; Al-

sharif and Pradhan, 2013) as Eq.1.    

S(t+1)=Pij x S(t)                                                                   (1) 
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where, S(t) is the state of the system at time 1, S(t+1) is the state of the system at time 2; Pij  is 

the transition probability matrix in a state, Pn is the number of LULC categories  

Cellular Automata  

Cellular Automata (CA) is a spatial dynamic model which predicts transitions among any 

number of LULC categories (Li et al., 2015). In CA model, the transition of a cell from one 

LULC to another depends on the state of the neighboring cells (Adhikari and Southworth, 2012), 

which is based on the idea that a cell with higher proximity to a cell will have a higher 

probability to change in the future. Hence, CA model is very important to study complex 

geographic phenomena (Wang et al., 2012). Nevertheless, it pays attention merely to the local 

interactions of cells (Sang et al., 2011). Mathematically, CA model (Al-sharif and Pradhan, 

2013) is expressed as Eq.3.   

                       S(t,t+1)=f(S(t),N)                                                                          (3) 

where, S is the states of discrete cellular, t is the time instant, t+1 is the coming future time 

instant, N is the cellular field and f  is the transition rule of cellular states in local space.  

Cellular Automata-Markov  

Cellular Automata-Markov (CA-Markov) is a robust model which integrates the ability of 

Markov and CA models (Arsanjani et al., 2011; Wang et al., 2012; Li et al., 2015). Hence, CA-

Markov predicts not only the trend but also the spatial structure of different LULC categories 

(Arsanjani et al., 2011; Wang et al., 2012; Li et al., 2015). To predict future LULC conditions, 

the model requires a basis LULC image (time 2 image), transition probability matrix and 

suitability images as a group file (Clark labs, 2012; Eastman, 2012). The model is widely applied 

in LULC change modeling elsewhere (e.g. Kamusoko et al. (2009) in Zimbabwe; Arsanjani et al. 

(2011) in Iran; Sang et al. (2011) in China; Al-sharif and Pradhan (2013) in Libya; Adhikari and 

Southworth (2012) and Singh et al. (2015) in India).   
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2.3.2 Soil and Water Assessment Tool  

The Soil and Water Assessment Tool (SWAT) is a physically based model developed in 1990s. 

It was designed to predict the impact of land management practices on water, sediment and 

agricultural chemical yields in large complex watersheds with varying conditions over long 

periods of time (Arnold et al., 1998; Neitsch et al., 2002; Setegn Shimelis et al., 2008; Neitsch et 

al., 2011, Arnold et al., 2012b). The model predicts the impacts at the sub-basin (sub-watershed) 

or further at the Hydrologic Response Units (HRUs) (Githui et al., 2009; Tibebe and Bewket, 

2011; Ghoraba, 2015). HRUs are portion areas within the sub-basin that are comprised of a 

unique land cover, soil and slope combinations (Setegn Shimelis et al., 2008; Arnold et al., 2011; 

Arnold et al., 2012b; Kushwaha and Jain, 2013). Categorizing sub-basins into HRUs increases 

accuracy and provides a much better physical description. The predicted values from each HRU 

are routed to obtain the total value for the watershed (Neitsch et al., 2002; Githui et al., 2009; 

Arnold et al., 2011). SWAT requires diverse information to set up and run the model. The 

specific information required for SWAT includes weather, hydrology, soil, topography and land 

use data (Neitsch et al., 2002; Githui et al., 2009; Yan et al., 2013). SWAT can model the 

physical process associated with water movement, sediment movement, crop growth, nutrient 

cycling, etc (Neitsch et al., 2002; Easton et al., 2010).  

SWAT simulates the land phase of the hydrological cycle based on the water balance equation 

(Arnold et al., 1998) as shown in Eq.4.  

              ��� = ��� + ∑ ����� − ���� − �� − ����� − ��� ��
���                          (4)                       

where, SWt is the final soil water content (mm); SWo, Rday, Qsur, Ea, Wseep and Qgw are the initial 

soil water content, the amount of precipitation, the amount of surface runoff, the amount of 

evapo-transpiration, the amount of water entering the vadose zone from the soil profile and the 

amount of return flow on day i (mm), respectively; and t is the time (days).  

Runoff in SWAT can be estimated either by the Soil Conservation Service (SCS) curve number 

(CN) method (USDA-SCS, 1972) or the Green and Ampt infiltration method (Green and Ampt, 

1911). The SCS CN method is computationally efficient and the most popular method, which 

predicts runoff with a given rainfall event (Tibebe and Bewket, 2011; Ghoraba, 2015) mainly 

based on land use, soil properties and hydrologic conditions (Ghoraba, 2015). The SCS CN 
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method computes runoff using Eq.5 (Setegn Shimelis et al., 2008; Tibebe and Bewket, 2011; 

Ghoraba, 2015).   

                  ���� =
����� ��.���

����� � �.���

�

                                                                              (5)                                                                        

where, Qsurf is the daily surface runoff (mm), Rday is the rainfall depth for the day (mm), and S is 

the retention parameter (mm). The retention parameter (S) (Setegn Shimelis et al., 2008; Tibebe 

and Bewket, 2011; Ghoraba, 2015) is given in Eq.6.  

                � = 25.4	 �
����

��
− 10�                                                                            (6)       

where, S is drainable volume of soil water per unit area of saturated thickness (mm/day), CN is 

curve number  

SWAT works in different GIS interfaces, such as in ArcView (AVSWAT) (e.g. Tibebe and 

Bewket, 2011), ArcGIS (ArcSWAT) (e.g. Setegn Shimelis et al., 2008; Getachew Haile and 

Melesse Assefa, 2012; Kushwaha and Jain, 2013; Ghoraba, 2015; Huang and Lo, 2015; Begou et 

al., 2016) and Quantum GIS (QSWAT) (e.g. Yihun et al., 2016) interfaces. The model has 

continually expanded its capabilities throughout the years. The most significant improvement of 

the model since its release was made through the different stages of SWAT review. These were 

SWAT94.2, SWAT96.2, SWAT98.1, SWAT99.2, SWAT2000, SWAT2009 (Neitsch et al., 

2011) and SWAT2012. The improvement of capabilities taken place in each stage of SWAT 

review is detailed in Neitsch et al. (2011). Further reading material about the SWAT model can 

be referred from Arnold et al. (1998) and the online resources at http://swat-model.tamu.edu/.  

2.3.3 Revised Universal Soil Loss Equation  

The Revised Soil Loss Equation (RUSLE) model (Renard et al., 1996 & 1997) is often used to 

estimate soil erosion rate. RUSLE is an extension of the Universal Soil Loss Equation (USLE) 

model by adapting the input factors to the local conditions (McCool et al., 1995; Renard et al., 

1996). Because of its clear and relatively simple computational inputs, RUSLE has been widely 

applied in Ethiopia (e.g. Bewket and Teferi, 2009; Abate Shiferaw, 2011a; Derege Tsegaye et al., 

2012) and elsewhere in the world (e.g. Angima et al., 2003 in Kenya; Lu et al., 2004 in Brazil; 

Yue-Qing et al., 2008 and Xu et al., 2012 in China; Fu et al., 2006 in the United States; 
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Prasannakumar et al., 2012 in India; Lulseged Tamene and Le, 2015 in Sub Saharan Africa). 

RUSLE (Renard et al., 1997) and its predecessor USLE (Wischmeier and Smith, 1978) estimate 

average annual soil loss (A) from sheet and rill erosion as a function of five factors (Eq. 7).  

                            �	(�	ℎ���	����)= � ∗ � ∗ �� ∗ � ∗ �                                       (7) 

where,  R, K, LS, C and P are rainfall erosivity,  soil erodibility, topographic,  cropping and land-

cover and erosion control practice factors, respectively.  

Rainfall Erosivity (R) factor   

The R-factor accounts the erosive force of a specific rainfall (Wischmeier and Smith, 1978; 

Blanco-Canqui and Lal, 2008; Prasannakumar et al., 2012; Alexakis et al., 2013), which is 

determined by the amount, intensity and distribution of rainfall (Tadesse Amsalu and Abebe 

Mengaw, 2014), of which intensity is the most rainfall property that determines the amount of 

erosion (Blanco-Canqui and Lal, 2008). Hence, in the original USLE and its revised version 

(RUSLE), the R-factor was represented in the rainfall intensity data (Wischmeier and Smith, 

1978; Bewket and Teferi, 2009; Kouli et al., 2009; Syed and Hamelmal Hagos, 2016).  

Soil Erodablity (K) factors 

The K-factor corresponds to the influence of the soil physical and chemical properties on erosion 

during storm events in upland areas (Wischmeier and Smith, 1978; Renard et al., 1996; Blanco-

Canqui and Lal, 2008; Syed and Hamelmal Hagos, 2016). Few soil properties which affect soil 

erodiblity include soil texture, drainage condition, soil depth, structural integrity and organic 

content (Gebreyesus Brhane and Kirubel Mekonen, 2009; Prasannakumar et al., 2012). Among 

the various methods of determining the K-factor, the soil nomograph, which uses the relative 

proportions of soil texture, permeability, soil structure and organic matter content (Wischmeier 

and Smith, 1978; Fu et al., 2006; Abate Shiferaw, 2011a; Hailu Kendie and Klik, 2015; Kebede 

Wolka et al., 2015), is the most commonly used method.   

Topographic (LS) factor  

The LS-factor account the influence of topography on erosion and it includes both the slope 

length (L-factor) and slope steepness (S-factor) factors (Wischmeier and Smith, 1978; Fu et al., 

2006; de Asis and Omasa, 2007; Kouli et al., 2009; Prasannakumar et al., 2012). In the steeper 

and longer slopes, erosion by water is greater due to the greater influence of topography in 

increasing runoff (Wischmeier and Smith, 1978; Abate Shiferaw, 2011a; Alexakis et al., 2013). 
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Conversely, in gentle and shorter slopes, soil erosion by water is lower. Hence, the LS-factor in 

the model is one of the major surface parameters for erosion (Alexakis et al., 2013).  

Cropping and Land-Cover (C) factor 

The C-factor accounts the role of vegetation covers on soil erosion (Wischmeier and Smith, 

1978; Morgan, 2005). In areas where vegetation is absent soil erosion by water is higher. In 

reverse, soil erosion on the vegetated land is lower, which is due to the higher protection of the 

soil surface by vegetation against erosion (Alexakis et al., 2013). Therefore, one can reduce soil 

erosion by reverting the LULC types into the directions of having more vegetated covers 

(Temesgen Gashaw et al., 2017). Because of this, the C-factor is perhaps the most important 

factor to reduce soil erosion (McCool et al., 1995).  

Erosion control practice (P) factor  

The P-factor accounts the role of conservation practices in reducing erosion (Wischmeier and 

Smith, 1978). The value of P-factor is between 0 and 1. In general, higher values are assigned to 

areas with no conservation practices while minimum values approaching 0 are provided for areas 

with good conservation practices (Wischmeier and Smith, 1978; Prasannakumar et al., 2012; 

Ganasri and Ramesh, 2016). Therefore, the lower the P value is, the more effective is the practice 

of protecting erosion (Prasannakumar et al., 2012; Ganasri and Ramesh, 2016).   

2.3.4 Sediment Delivery Distributed  

The Sediment Delivery Distributed (SEDD) model estimates the distribution of sediment yield of 

a certain area as a function of soil erosion and Sediment Delivery Ratio (SDR), as shown in Eq. 8 

(Ali and De Boer, 2010; Batista et al., 2017; Lulseged Tamene et al., 2017).  

                                   �� = �� ∗ ���                                                                   (8)   

where, SY is sediment yield; SL is soil erosion 

SEDD partitions a certain area into morphological units and determines the SDR for each unit of 

a watershed (Ferro and Porto, 2000; Zhao et al., 2017; Yan et al., 2018). The SDR expresses the 

probability that eroded particles on a given upland location will reach the nearest stream channel 

(Ferro and Minacapilli, 1995), and ultimately to the outlet of a watershed (Batista et al., 2017). 

Hence, SEDD model is imperative to estimate the amount of sediment yield from each unit of a 

watershed. For this reason, SEDD has been widely employed in several studies (e.g. Jain and 
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Kothyari, 2000; Fernandez et al., 2003; Ali and De Boer, 2010; Batista et al., 2017; Lulseged 

Tamene et al., 2017; Zhao et al., 2017; Diwediga et al., 2018; Yan et al., 2018).  

2.3.5 Partial Least Square Regression  

Partial Least Squares Regression (PLSR) is an extension of multivariate analysis (Eq. 9), which 

generalizes and combines features from principal component analysis and multiple regressions 

(Abdi, 2007). PLSR predicts a set of dependent variables from a set of independent variables 

(Wold et al., 2001; Abdi et al., 2014). This prediction is achieved by extracting a set of latent 

factors (also named latent variables) that has the best predictive power (Abdi, 2007; Carrascal et 

al., 2009). PLSR is very useful under the following conditions: 1) when the numbers of 

predictors are similar or higher than observations, 2) for highly correlated predictors, 3) for a 

large number of predictors, and 4) for several response variables and many predictors (Wold et 

al., 2001; Carrascal et al., 2009; SAS Institute Inc, 2017). The presence of collinearity, a problem 

that exists due to a close relationship of independent variables, affects the predictive power of the 

dependent variables when one employs the ordinary multivariate analysis (Abdi, 2007; SAS 

Institute Inc, 2017). Hence, for data showing collinearity, PLSR model is useful in exploring the 

individual variables’ impacts (Abdi, 2007 & 2010; Carrascal et al., 2009; Abdi et al., 2014; 

Godoy et al., 2014). PLSR model, though it was developed  in areas of Chemometrics, was also 

used in various environmental studies (e.g. Carrascal et al., 2009; Ibrahim and Wibowo, 2013; 

Shi et al., 2013; Yan et al., 2013;  Fang et al., 2015; Yuan et al., 2015; Praskievicz, 2016; 

Tekalegn Ayele et al., 2017). The basic PLSR algorithm is not provided here, but can be found in 

Wold et al. (2001), Abdi (2007 & 2010), Carrascal et al. (2009), Abdi et al. (2014) and Godoy et 

al. (2014).   

                   � = �� + 	���� + ���� + 	����	+ ...+ 	����					                         (9) 

where, y is the response variable, b0 is the intercept, x is the independent variables from 1 to i, 

and b is the coefficients of the x variables.   

The robust advantages of PLSR model are in that it gives weight for predictors by developing 

latent factors. Therefore, one can easily understand the most influencing variables for a particular 

response (Abdi, 2007). In PLSR, the Variable Importance for the Projection (VIP) represents the 

importance of the predictor in determining the PLS projection for both predictor and responses 
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(Cox and Gaudard, 2013; Shi et al., 2013; SAS Institute Inc, 2017). Larger VIP values express 

the high importance of the variable (Shi et al., 2013). In general, a VIP value of 0.8 is considered 

as the minimum acceptable value in the wider scientific community (SAS Institute Inc, 2017). 

On the other hand, the regression coefficients in PLSR models are often used to reveal the 

direction of the relationships between changes in the dependent and independent variables (Shi et 

al., 2013; Yan et al., 2013). PLSR is a readily available statistical tool which can be employed in 

various software such as in MatLab (Andersson and Bro, 2000), SIMCA-P (Shi et al., 2013; Yan 

et al., 2013), XLSTAT (Tekalegn Ayele et al., 2017), R (Mevik and Wehrens, 2016), JMP (Cox 

and Gaudard, 2013; Praskievicz, 2016; SAS Institute Inc, 2017), SPSS and Origin 2017.   

2.3.6 Ecosystem service valuation model  

The ecosystem service valuation model was established by Costanza et al. (1997) for 16 biomes, 

and it was employed in various studies to determine ESV for LULC categories (e.g. Kreuter et 

al., 2001; Li et al., 2007; Hu et al., 2008). However, this model is criticized due to its 

uncertainties and limited use at the local level (Kreuter et al., 2001; Wang et al., 2006 & 2017; 

Braat and de Groot, 2012; Mengistie Kindu et al., 2016). Consequently, the values of ecosystem 

coefficients have been modified by van der Ploeg and de Groot (2010) for 11 biomes. The 

modification was done on the basis of the previous estimation by Costanza et al. (1997) through 

a benefit transfer method, which refers to the process of using existing values and other 

information from the original study site to estimate ESV of other similar location in the absence 

of site-specific valuation method. However, the modified estimates given by van der Ploeg and 

de Groot (2010) are very general and, because of the scale effect, it did not clearly represent the 

context of a certain region. A further estimation of global ecosystems was carried out by de 

Groot et al. (2012) and Costanza et al. (2014). However, their estimates were also criticized 

because it overestimates some ecosystem services (Terefe Tolessa et al., 2016), and by any 

means, it did not actually represent a particular region. As a result, modifications of the 

ecosystem coefficients to a particular country were done. Previously, a modification was made in 

China using expert knowledge based valuation methods (Xie et al., 2008). Similarly, a more 

conservative estimation coefficients for Ethiopia were developed by Mengistie Kindu et al. 

(2016) for 11 biomes using expert knowledge of the study landscape conditions and other 

studies, mainly from the Economics of Ecosystems and Biodiversity (TEEB) valuation database 

(van der Ploeg and de Groot, 2010;  Knoke et al., 2011).   
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CHAPTER THREE 

3. MATERIALS AND METHODS  

3.1 Descriptions of the study area  

The Andassa watershed is within the Blue Nile basin of Ethiopia (Figure 3), which is situated 

around 560 km northwest of Addis Ababa and with a close proximity to the capital city of the 

Amhara National Regional State Bahir Dar. The geographical location is between 11 º08’-11 

º32’N and 37º16’-37 º32’ E. The watershed covers about 58, 760 ha of land from the Districts of 

Bahir Dar Zuria, Mecha and Yilmana Densa in West Gojam Zone. The topography is very 

rugged with hills and valleys having altitudes ranging from 1701 m at the lowest point to 3216m 

a.s.l at the highest point. According to the data obtained from the Geographic Information 

System (GIS) department of the Ministry of Water, Irrigation and Electricity (MoWIE), the 

major soil types of the study watershed are Haplic Alisols (49.6%), Eutric Leptosols (22.8%), 

Chromic Luvisols (10.8%), Haplic Nitisols (9%) and Eutric Vertisols (7.1%). With the data 

obtained from the same source, its geology is characterized by Alluvium, Ashangi basalts, 

basalts related to volcanic centre and Termaber basalts. The Andassa River, the main River 

drains the watershed, is among the tributaries of the Blue Nile River in the upper catchments.  

Agriculture is the leading economic activity in the watershed and the main sources of livelihoods 

for the local population. The study area comprises mixed farming zones where crops are grown 

for food and for cash, and livestock is kept for the complementary purpose, as a means of 

security during a food shortage, and to meet farmers’ cash needs. The dominant crops grown are 

Tef (Eragrostistef (Zucc.) Trotter.), Finger Millet (Eleusine coracana (L.) Gaertn.), Maize (Zea 

mays L.), Barely (Hordiumvulgare L.), Wheat (Triticumaestivum L.), Faba bean (Viciafaba L.), 

Pea (Pisumsativum L.), Chickpea (Cicerarietinum L.) and Grass pea (Lathyrussativus L.). Tuber 

crops such as Potato (Solanumtuberosum L.) and Sweet potato (Ipomoea batatas (L.) Lam.) and 

vegetables such as Shallot (Allium cepa L.) and Garlic (Allium sativum L.) are also produced. 

Sugarcane (Saccharumofficinarum L.) is also the highly produced plantation along the bank of 

the Andassa River.   

The climate of the study watershed is highly sub-tropical (85.2%) with a small segment of 

temperate climate (14.8%). Weather record data collected from three meteorological stations for 

the period from 1990 to 2011 shows that the mean annual rainfall (1990-2011) in the study 
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region ranges from 1242 mm in Adet to 1398 mm in Bahir Dar localities, showing small 

variability between the years (Figure 4). Similar to rainfall, the mean temperature variations 

during those periods are also negligible (Figure 4).  

 

Figure 3: Location map of the study watershed and meteorological stations within the study 

region  
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Figure 4: Annual rainfall and mean temperature of the study region from 1990 to 2011 periods 

3.2 Data types and sources  

Three Landsat images (Landsat-5 TM 1985, Landsat-7 ETM+ 2000 and Landsat-8 OLI_TIRS 

2015) were downloaded free of charge from U.S Geological Survey (USGS) Center for Earth 

Resources Observation and Science (EROS) (https://earthexplorer.usgs.gov/). Details of the 

image characteristics are tabulated in Table 3. ASTER Global Digital Elevation Model (ASTER 

GDEM) with 30 m cell size was obtained from the Aster Global Digital Elevation Map 

(http://gdex.cr.usgs.gov/gdex/), and streamflow, sediment, river, road and soil map data were 

collected from the hydrology and GIS department of the MoWIE. Meteorological data, such as 

rainfall, temperature, relative humidity, wind speed and solar radiation were obtained from the 

National Meteorological Agency (NMA). Population data of the 1994 and 2007 periods at the 

smallest administrative unit (Kebele) were also obtained from the Central Statistics Agency 

(CSA). In addition to these data, primary data were also collected through extensive field works 

and in-depth focus group discussions with agricultural development agents and local elders. 

Consequently, six focus group discussions were undertaken from Bahir Dar Zuria, Mecha and 

Yilmana Densa Districts. Thus, two focus group discussions from each District were carried out 

(i.e. one from local elders and one from agricultural development agents). In each focus group 
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discussion held with local elders and agricultural development agents, ten and six members were 

participated, respectively, and both men and women were selected to participate in the group 

discussions.  

Table 3: Landsat images used for LULC change analyses and their characteristics 

Landsat image   Path/Row  Sensor Resolution/Scale No. of 

Bands 

Date of 

acquisition 

Cloud 

cover 

Landsat-5  170/52 TM 30 m 7 1985-02-17 0 

Landsat-7 170/52 ETM+ 30 m 8 2000-02-03 0 

Landsat-8 170/52 OLI_TIRS 30 m 11 2015-02-20 0 

 

3.3 LULC change assessment  

3.3.1 Image classification   

Image classifications were carried out to extract useful thematic information (Boakye et al., 

2008; Al-sharif and Pradhan, 2013) from the three Landsat images (Table 3). Preprocessing tasks 

such as geometric and radiometric corrections (Giriraj et al., 2008; Schulz et al., 2010; Teferi et 

al., 2010; Mosammam et al., 2016; Temesgen Gashaw et al., 2017) were applied before 

classifying the images. The types of radiometric corrections undertaken were histogram 

equalization, haze reduction, noise reduction, etc. Image classifications were employed using the 

hybrid classification technique (Teferi et al., 2010; Solomon Gebreyohannis et al., 2014), which 

combines both the unsupervised and supervised classification techniques. Apparently, the hybrid 

classification technique improves the classification accuracy better than using either the 

unsupervised or supervised classification techniques alone (Lillesand and Kiefer, 2000). 

Unsupervised classifications were carried out using Iterative Self-Organizing Data Analysis 

(ISODATA) clustering algorithm while supervised classifications were undertaken with 

Maximum Likelihood Classification (MLC) algorithm by collecting 450 ground truth samples 

from the five LULC classes (75 GPS points in each LULC). The LULC classes together with 

their descriptions are presented in Table 4. In classifying the 1985 and 2000 images, reference 

data from Google earth images from the corresponding time periods were collected, as it is also 

employed by Abineh Tilahun and  Bogale Teferie (2015) and Malarvizhi et al. (2016) for LULC 

classifications of the respective study sites. Furthermore, geo-linking techniques and in-depth 

focus group discussions with local elders were also undertaken. ERDAS Imagine 2014 and 

ArcGIS 10.3 software were used for image classification and mapping purposes, respectively.  
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Table 4: LULC types in the Andassa watershed and their descriptions 

LULC types Descriptions  

Cultivated land Include areas used for perennial and annual crops, irrigated areas and the scattered 

rural settlements.  

Forest Areas covered with dense trees, which include both eucalyptus and coniferous trees.  

Grassland Areas covered by grasses usually used for grazing and those remain some months in a 

year.  

Shrubland  Areas covered with small trees, bushes and shrubs. In some areas, grasses are found 

within them. These areas are less dense than forests.  

Built-up area Areas used for construction sites and towns.  

 

3.3.2 Accuracy Assessment  

Accuracy assessment was done to understand the representation of the classified images on the 

ground (Congalton, 1991 & 2005; Congalton and Green, 1999; Temesgen Gashaw et al., 2014a; 

Mosammam et al., 2016). Hence, any classified image without accuracy assessment limits the 

confidence of the result (Congalton, 1991; Congalton and Green, 1999). Accuracy assessment is 

commonly done with reference to other images (Congalton, 1991 & 2005; Congalton and Green, 

1999; Foody, 2002; Mekuria Argaw, 2005; Gessesse Dessie and Kleman, 2007; Schulz et al., 

2010; Teferi et al., 2010). To do an accuracy assessment of the classified images, 480 random 

sample points were created in ArcGIS 10.3. Reference points were collected for the 1985, 2000 

and 2015 classified images from the corresponding Google Earth images (i.e. 05 February, 1985; 

21 February, 2000 and 28 February, 2015, respectively). A similar procedure was followed by 

Abineh Tilahun and Bogale Teferie (2015) and Temesgen Gashaw et al. (2017). Then, the 

classified images were compared with the reference images by means of error matrix (Foody, 

2002; Schulz et al., 2010; Rientjes et al., 2011; Ariti et al., 2015). Additionally, various measures 

of accuracy assessment such as producer accuracy, user accuracy (Congalton, 1991), overall 

accuracy and Kappa coefficient were done. Overall accuracy (Congalton, 1991 & 2005; Foody, 

2002) was computed following Eq.10 while the Kappa coefficient (Congalton, 1991) was 

calculated using Eq. 11.                        

                                    �� = �
� 	

�
� ∗ 100                                                           (10) 

where, OA is overall accuracy, X is the number of correct values in the diagonals of the matrix, 

and Y is the total number of values taken as a reference point  
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where, K is Kappa coefficient, r  is  the  number of rows  in  the  matrix,  xii  is  the  number of 

observations  in  row  i  and  column  i, xi+ are the marginal  totals  of row  i, x+i  are  the  

marginal  totals  column  i,  and  N  is  the  total  number  of  observations   

3.3.3 Methods of exploring the drivers of LULC changes  

Whatever their speed and magnitude, most LULC changes have occurred due to human drivers 

(Gete Zeleke and Hurni, 2001). Hence, exploring the trend of population growth and its 

association with the observed LULC changes is very much crucial. To appreciate the trend of 

population growth and its association with the observed LULC in the study watershed, 

population data of the 1994 and 2007 census reports (CSA, 1994 & 2007) were used. As it is true 

in most of the time, obtaining population data of the entire study watershed was indisputably 

difficult (Woldeamlak Bewket, 2002; Ebrahim Esa and Mohamed Assen, 2017). Due to this, the 

smallest administrative units called Kebeles whose entire areas are within the study watershed 

were used for this purpose. Accordingly, ten Kebeles from the three administrative Districts (i.e. 

Bahir Dar Zuria, Mecha and Yilmana Densa) were purposefully selected. Using the data, various 

statistics such as growth between 1994 and 2007, the rate of growth (%) and doubling time in 

years were computed and associated with the observed LULC changes. The rate of growth (%) 

and doubling time in years was calculated using Eq. 12 and 13 (Woldeamlak Bewket, 2002; 

Abate Shiferaw, 2011b), respectively.  

                     � =
�

�
ln�

���

���
� ∗ 100                                                                       (12)                                                           

                     	�� = 70/�                                                                                    (13) 

where, r is  the rate of growth in percent, Pt2 is the population at time 2, Pt1 is the population at 

time 1, n is the number of years between time 1 and time 2, and DT is doubling time of year  

 

To asses other drivers of LULC changes, focus group discussions with agricultural development 

agents were also carried out (See section 3.2 for details).  

3.4 LULC prediction and model validation  

3.4.1 LULC prediction  

LULC change predictions for the 2030 and 2045 periods were employed using the CA-Markov 

model, which is available in IDRISI; Geospatial software for monitoring and modeling the Earth 
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system; version 17.0. As mentioned in section 2.4.1, CA-Markov predicts both the trend and the 

spatial structure of different LULC categories (Arsanjani et al., 2011; Wang et al., 2012; Li et al., 

2015) based on the basis (historical) LULC image, transition probability matrix and suitability 

images as a group file (Clark labs, 2012; Eastman, 2012). This study employed the 2015 

classified map as a basis LULC image, and the 2000 and 2015 maps for assembly transition 

probability matrix (with the proportion errors of 0.15). In order to prepare a single suitability 

map, CA-Markov considers factors and constraints (Clark Labs, 2012; Eastman, 2012; Omar et 

al., 2014; Singh et al., 2015). Factors are criterion that indicate the relative suitability of areas 

under consideration (Clark Labs, 2012; Eastman, 2012), and they are mapped on a continuous 

scale. Constraints are criterion which limit the alternatives under consideration (Clark Labs, 

2012; Eastman, 2012), and they are mapped as Boolean image. In the Boolean images of each 

class, a value of either 1 or 0 was assigned to non-constraint and constraint criterion, 

respectively. The factors and constraints considered were distance to rivers, distance to towns, 

distance to roads, proximity to developed area, suitable areas for conversion to each class, 

elevation and slope. Data related to the distance to towns, proximity to the developed areas and 

suitable areas for conversion to each class were derived from the classified LULC maps while 

elevation and slope data were generated from a 30 m ASTER GDEM. Suitable areas for 

conversion to each class were assigned by giving the value for the five classes from 0 (no 

probability of conversion) to 1 (high probability of conversion). It was done through in-depth 

focus group discussions with agricultural development agents (See section 3.2 for details). Slope 

was considered as a common constraint for cultivating and built-up area categories since 

increasing slope gradient inhabits both cultivated and built-up purposes. However, slope was not 

considered as a constraint for forest, shrubland and grassland uses. Table 5 presents the details of 

the factors and constraint considered for each LULC class with their weights. In-depth focus 

group discussions with agricultural development agents and local elders (See section 3.2 for 

details) were held to assign a set of relative weights for a group of factors, and a very good 

acceptable consistence ratio (Clark Labs, 2012) were obtained for each class as shown in Table 

5. The factors and constraint were integrated using a Multi-Criteria Evaluation (MCE) decision 

support system with Weighted Liner Combination (WLE) fuzzy membership function to produce 

a single suitability map for each class. To do so, factors were first changed to binary format from 

0 to 255; in which 255 is high suitable and 0 is none suitable. The factors and constraint maps 
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considered for each LULC class is provided in the Appendix where the suitability maps for each 

LULC class are shown in Figure 5.  

Table 5: Factors and constraints considered and their weights for predicting LULC conditions in 

the Andassa watershed 

LULC types Factors Factor weight Consistency 
ratio 

Constraint and classes  
considered 

Cultivated land  Suitable areas for conversion to 
Cultivated land 

0.5544 0.02 Slope (>15 to 58 degrees)  

 Proximity to developed land 0.2835   
 Distance to rivers 0.1112   
 Elevation 0.0509     
Forest Suitable areas for conversion to 

Forest 
0.6942   0.01 Slope (None) 

 Proximate to developed land 0.2103    
 Elevation  0.0955   
Shrubland Suitable areas for conversion to 

Shrubland 
0.5396   0.01 Slope (None) 

 Proximate to developed land 0.2970   
 Elevation 0.1634   
Grassland Suitable areas for conversion to 

Grassland 
0.6370 0.03 Slope (None) 

 Proximate to developed land 0.2583   
 Elevation 0.1047   
Built-up area Suitable areas for conversion to 

Built-up area 
0.4312 0.04 Slope (>13 to 58 degrees) 

 Proximate to developed land 0.2703   
 Distance to towns 0.1724   
 Distance to roads 0.0794   
 Elevation 0.0467   
 

  

Figure 5: Suitability map of cultivated land (a), forest (b), shrubland (c), grassland (d) and built-

up area (e) in the Andassa watershed   

3.4.2 Model validation  

Model validation is a fundamental component in any modeling activity (Pontius and Schneider, 

2001; Al-sharif and Pradhan, 2013; Singh et al., 2015; Mosammam et al., 2016). To check the 
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capability of CA-Markov model in predicting future LULC states, (Giriraj et al., 2008; Adhikari 

and Southworth, 2012; Al-sharif and Pradhan, 2013, Omar et al., 2014), the 2015 LULC states 

were simulated using the 1985 and 2000 classified images. Thereafter, the simulated and the 

classified 2015 LULC maps were compared using the Relative Operating Characteristic (ROC) 

(Pontius and Schneider, 2001) tool accessible in the IDRISI module. Kappa indexes 

(Mosammam et al., 2016) such as Kappa for no information (Kno), Kappa for location 

(Klocation), Kappa for stratum-level location (KlocationStrata) and Kappa for standard 

(Kstandard) (Clark Labs, 2012; Omar et al., 2014; Mosammam et al., 2016) were also used to 

compare the agreements of the two maps. For the descriptions of Kappa indexes, one can refer 

papers published by Pontius (2000), Clark Labs (2012) and Omar et al. (2014).  In addition, 

comparisons of the simulated and the classified LULC classes were also done.   

3.5 Change detection and analyses  

Change analyses are usually done to demonstrate the patterns of changes and to make useful 

decisions. After classification of images and predictions of the 2030 and 2045 LULC states, 

comparisons (Gete Zeleke and Hurni, 2001; Schulz et al., 2010; Mosammam et al., 2016) 

between the subsequent LULC periods were made. Conversion matrix (Diress Tsegaye et al., 

2010; Teferi et al., 2010; Rientjes et al., 2011) between 1985 and 2000, 2000 and 2015, 2015 and 

2030, and 2030 and 2045 periods were also done to uncover the gains and losses of each LULC 

category between the periods, which was done using the Land Change Modeler (LCM) tool in 

the IDRISI environment.  Additionally, the percent of change (Ebrahim Esa and Mohamed 

Assen, 2017) and rate of change (Abate Shiferaw, 2011b) were also computed to demonstrate the 

magnitude of the changes experienced between the periods using Eq. 14 and 15, respectively.   

                  �������	��	�ℎ���� = 	 �
� ��

�
� ∗ 100                                                         (14) 

                  ����	��	�ℎ����	(ℎ�/����)= 	 �
� ��

�
�                                                       (15) 

where, X is an area of LULC (ha) in time 2, Y is an area of LULC (ha) in time 1, Z is Time 

interval between X and Y in years 

3.6 SWAT model data inputs and analyses 

3.6.1 Data inputs  

Spatial data, such as DEM, LULC and soil, and temporal data such as climate and streamflow, 

which are required for SWAT as inputs, were secured as detailed below.  
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Digital Elevation Model (DEM): DEM was the first inputs of the SWAT model. The type of 

DEM used for the SWAT model in this study was ASTER GDEM. The ASTER GDEM was 

used for flow direction and flow accumulation calculation, drainage network generation, 

watershed delineation, sub-basin definition and HRUs setup. The topographic parameters of the 

study watershed, such as terrain slope, channel slope or reach length was also derived from the 

ASTER GDEM. Based on the topographic characteristics, the SWAT model identified 13 sub-

basins. The DEM and drainage networks of the study watershed are shown in Figure 3.  

Land use/land cover: LULC maps were an important component of the SWAT model. 

Therefore, the classified (1985, 2000 and 2015) and the predicted LULC (2030 and 2045) maps 

were used independently to uncover the hydrological impacts of LULC changes in the study 

watershed. The SWAT model requires a conversion of the LULC types into the four digits of the 

SWAT code. The SWAT codes given to cultivated land, forest, shrubland, grassland and built-up 

area were AGRC (Agricultural Land-Close-grown), FRST (Forest-Mixed), RNGB (Range-

Brush), RNGE (Range-Grasses) and URBN (Residential), respectively.  

Soil: The physical and chemical properties of the soils in the watershed, such as texture, 

available water content, hydraulic conductivity, bulk density and organic carbon content for 

different layers of each soil type are determining factors of runoff. According to FAO 

classification, there are 7 soil types in the study watershed (Figure 6). To account the soil 

properties in the model, a soil map (Scale 1:50,000) was obtained from the hydrology department 

of MoWIE. Related soil properties were also obtained from the Amhara National Regional State 

Bureau of Finance and Economic Development (ANRS BoFED). To integrate the soil map with 

the SWAT model, a soil database containing physical and chemical properties of soils was 

prepared for each soil layer and added to the SWAT soil databases.  



34 
 

 

Figure 6: Soil types of the Andassa watershed  

Climate: SWAT requires long-term daily climate data. Therefore, daily climate data for the 

periods 1990-2011 were collected from Bahir Dar (11. 6027ºN, 37.322ºE, 1827 m a.s.l), Adet 

(11.2745ºN, 37.4931ºE, 2179 m a.s.l) and Meshenti (11.47165ºN, 37.2854ºE, 1958 m a.s.l) 

meteorological stations, which were obtained from the NMA. The Meshenti station is within the 

watershed and only contains precipitation data. On the other hand, Bahir Dar and Adet stations 

contain all other climate variables such as precipitation, temperature (minimum and maximum), 

solar radiation, relative humidity and wind speed, and they are in the proximity of the watershed 

(Figure 3). Dew points required for SWAT were then calculated for Bahir Dar and Adet stations 

using precipitation and temperature (minimum and maximum) data. Finally, the collected data 

were added to the SWAT weather database table. The mean monthly rainfall and temperature 

(1990-2011) characteristics of the stations are shown in Figure 7.  
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Figure 7: Mean monthly rainfall and temperature (1990-2011) characteristics of the stations in 

the Andassa watershed 

Streamflow: The streamflow data, which collected at the outlet of the watershed (Figure 3) for 

the periods 1990 to 2011, were used for calibration and validation of the SWAT model. The data 

were obtained from the hydrology department of MoWIE.   

The SWAT model processing steps employed in this study are provided in the appendix.  

3.6.2 Sensitivity analysis  

Sensitivity analysis is a method of identifying the most important parameters for calibration and 

validation of SWAT model (Moriasi et al., 2007; Arnold et al., 2012a; Tang et al., 2012). To 

identify the most important SWAT parameters, 19 flow parameters (Table 6) were selected from 

literature (Tang et al., 2012; Gebremicael et al., 2013; Yihun et al., 2016; Gyamfi et al., 2016a; 

Khalid et al., 2016; Tekalegn Ayele et al., 2017). For this purpose, global sensitivity analysis 

(Abbaspour, 2013; Begou et al., 2016; Khalid et al., 2016), which allows changing each 

parameter at a time (Arnold et al., 2012 a), was employed in SWAT-CUP 2012 version 5.1.4. 

Indices such as t-Stat and P-value were used to provide a measure and significance of sensitivity, 

respectively (Abbaspour, 2013; Narsimlu et al., 2015; Begou et al., 2016; Khalid et al., 2016). 
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Hence, higher t-test in absolute values measures high sensitivity while a p-value of 0 is more 

significant (Abbaspour, 2013; Narsimlu et al., 2015; Khalid et al., 2016).   

Table 6: Flow parameters considered for calibration and validation of the SWAT model 

No. Input parameter  Description  

1 CN2.mgt SCS runoff curve number  

2 SURLAG.bsn Surface runoff lag time 

3 OV_N.hru Manning's "n" value for overland flow 

4 ALPHA_BF.gw Baseflow alpha factor (days) 

5 GW_DELAY.gw Groundwater delay (days) 

6 GWQMN.gw Threshold depth of water in the shallow aquifer required for return flow to occur 

(mm) 

7 GW_REVAP.gw Groundwater "revap" coefficient 

8 REVAPMN.gw Threshold depth of water in the shallow aquifer for "revap" to occur (mm) 
9 RCHRG_DP.gw Deep aquifer percolation fraction 

10 ESCO.hru Soil evaporation compensation factor 

11 EPCO.hru Plant uptake compensation factor 

12 CANMX.hru Maximum canopy storage 

13 SL_SUBBSN.hru Average slope length  

14 HRU_SLP.hru Average slope steepness 

15 CH_N2.rte Manning's "n" value for the main channel 

16 CH_K2.rte Effective hydraulic conductivity in main channel alluvium 
17 SOL_AWC.sol Available water capacity of the soil layer 

18 SOL_K.sol Saturated hydraulic conductivity 

19 SOL_Z.sol Depth from soil surface to bottom of layer 

 

3.6.3 Calibration and validation 

Model calibration is a procedure of altering or adjusting model parameters, within the 

recommended ranges, based on observed data to ensure the same response over time (Lijalem 

Zeray et al., 2007; Arnold et al., 2012a; Vilaysane et al., 2015). On the other hand, validation is 

the process of checking the representation of the parameters by simulating the observed data with 

an independent data set without adjusting model parameters (Lijalem Zeray et al., 2007; Arnold 

et al., 2012a; Vilaysane et al., 2015). Therefore, in this study, calibration and validation were 

carried out using 22 years (1990-2011) of daily observed flow data. The data were divided into 

warm-up (1990-1991), calibration (1992-2006) and validation (2007-2011) periods. For a better 

parameterization of the SWAT model and to reduce the model output uncertainty, the study used 

a longer calibration period with a LULC data input within the calibration period (2000). 

Calibration and validation were carried out in SWAT-CUP 2012 version 5.1.4 using Sequential 

Uncertainty Fitting (SUFI-2) algorithm, based on the SWAT-CUP user manual (Abbaspour, 
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2013). SUFI-2 is a semi-automated calibration and uncertainty analysis algorithm (Zhou et al., 

2014) that accounts for all sources of uncertainty, including  uncertainty in the driving variables 

(e.g. rainfall), conceptual model, parameters and measured data (Tang et al., 2012; Zhou et al., 

2014; Vilaysane et al., 2015). SUFI-2 is the most popular calibration and uncertainty analysis 

program, and has been used in many studies (e.g. Setegn Shimelis et al. (2008) in Lake Tana 

basin, Tang et al. (2012) in Chao river basin, Zhou et al. (2014) in Lake Dianchi basin, Narsimlu 

et al. (2015) in Kunwari river basin and Dile et al. (2016) in Gumera watershed).   

3.6.4 Model performance 

There are various indices, which are available to check the performance of SWAT model. In this 

study, Nash-Sutcliffe Efficiency (NSE), Percent Bias (PBIAS) and Root Mean Square Error 

(RMSE)-observations standard deviation ratio (RSR) were used to evaluate the performance of 

the SWAT model as recommended by Moriasi et al. (2007). In addition to these indices, 

Coefficient of Determination (R2), a measure of consistency of simulated and observed data, was 

also considered in evaluating the model. NSE is a normalized statistics that determine the 

relative magnitude of the residual variance compared to the measured data variance. The values 

of NSE ranges from -∞ to 1; in which higher value indicates better performance of the model 

(Moriasi et al., 2007; Begou et al., 2016; Yihun et al., 2016). PBIAS  measures the estimation 

bias of the model. Positive and negative PBIAS indicated the underestimation and 

overestimation bias of a model, respectively, while low-magnitude values indicate better model 

simulations. The optimal value of PBIAS is 0 (Moriasi et al., 2007; Zhou et al., 2014; Begou et 

al., 2016; Gyamfi et al., 2016a). RSR is the other commonly used error index statistics. RSR 

standardizes the RMSE using the observation standard deviations. The value of RSR ranges 

between 0 and a large positive number. The lower the RSR value is the better the model 

simulation performance (Moriasi et al., 2007). The computation of R2 is based on the formula 

available in Begou et al. (2016) and Tekalegn Ayele et al. (2017) while NSE, PBIAS (Moriasi et 

al., 2007; Tekalegn Ayele et al., 2017) and RSR (Moriasi et al., 2007; Gyamfi et al., 2016a) were 

calculated using Eq. 16, 17 and 18, respectively.   
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where, n is the total number of observations,  Yi
obs  and  Yi

sim are the observed and the simulated 

values, respectively, Y 
mean is the mean of the observed data and STDobs is the standard deviation 

of the observed data.   

3.6.5 Methods of exploring the impacts of LULC changes on hydrological responses 

To uncover the hydrological impacts of LULC changes, the LULC maps were used separately 

while all other SWAT inputs were similar. The obtained hydrological components (e.g. annual 

flow, wet season flow, dry season flow, surface runoff, lateral flow, groundwater flow, water 

yield and ET) on annual and a monthly average basis were, then compared. To assess the 

relationship between changes in LULC classes and hydrological components, pair-wise Pearson 

correlation was chosen and computed. Additionally, the hydrological impacts of individual 

LULC changes were explored using the Partial Least Squares Regression (PLSR) model, which 

was done following the correlation analysis.   

As mentioned in Section 2.4.5, PLSR predicts a set of dependent variables from a set of 

independent variables (Wold et al., 2001; Abdi, 2007 & 2010; Carrascal et al., 2009; Abdi et al., 

2014), which is achieved by extracting a set of latent factors that have the best predictive power 

(Abdi, 2007; Carrascal et al., 2009). In this study, multicollinearity test of the independent 

variables (predictors) was employed, considering Tolerance and Variance Inflation Factor (VIF), 

and the result (not shown here) revealed the co-linear characteristics of the data. Therefore, 

PLSR model is useful here in exploring the individual variables’ impact (Abdi, 2007 & 2010; 

Carrascal et al., 2009; Abdi et al., 2014; Godoy et al., 2014). The dependent variables used in 

PLSR in this study were annual flow, wet season flow, dry season flow, surface runoff, lateral 

flow, groundwater flow, water yield and ET while the independent variables were the LULC 

classes. Considering their relationships, four PLSR models were developed for annual, wet 

season and dry season streamflow (PLSR 1), surface runoff and water yield (PLSR 2), lateral 
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flow and groundwater flow (PLSR 3) and ET (PLSR 4). To overcome the problem of over-fitting 

of the data, the appropriate number of predictors was determined using R2 (goodness of fit), Q2 

(goodness of prediction), Q2
cum (cumulative goodness of prediction with a given number of 

factors) (Shi et al., 2013; Yan et al., 2013; Tekalegn Ayele et al., 2017) and Root Mean PRESS 

(Predicted Residual Sum of Squares) (SAS Institute Inc, 2017). In general, a Q2
cum above 0.5 

exhibits a good predictive ability of the PLSR model (Shi et al., 2013) while the minimum Root 

Mean PRESS shows the appropriate number of factors explaining the model (SAS Institute Inc, 

2017). The “Statistically Inspired Modification of PLS” (SIMPLS) algorithm as recommended 

by De Jong (1993) for multiple response variables was chosen to estimate the response 

parameters. The detailed procedures for the calculation of R2, Q2 and Qcum are provided in SAS 

Institute Inc (2017), Shi et al. (2013) and Yan et al. (2013). The VIP to illustrate the importance 

of the predictor in determining the PLSR projection for both predictor and responses (Cox and 

Gaudard, 2013; Shi et al., 2013; SAS Institute Inc, 2017), and the regression coefficients to 

reveal the direction of the relationships between changes in individual LULC class and 

hydrological components (Shi et al., 2013; Yan et al., 2013) were employed. Though PLSR does 

not rely on the distributional assumptions of normality (Cox and Gaudard, 2013; SAS Institute 

Inc, 2017), the data were also checked using the Shapiro-Wilk (S-W) (Shapiro and Wilk, 1965) 

normality test, and the result revealed that the data was from the normal distribution (See 

appendix for details). PLSR was undertaken in JMP 13.2.0 while R statistical package version 

3.3.2 (freely accessed from http://cran.r-project.org/) was employed for multicollinearity test of 

predictors and other statistics.   

3.7  RUSLE model data inputs and analyses 

3.7.1 Determining RUSLE input parameters 

RUSLE (Renard et al., 1996 & 1997), which computes annual soil loss as a function of the R, K, 

LS, C and P factors (See Eq. 7), was employed in this study.   

The R, K and C factors of RUSLE which were used in this study were adapted to Ethiopian 

conditions by Hurni (1985), Hellden (1987) and the SCRP (1996) in the highlands of Ethiopia.   

Rainfall Erosivity (R) factor   

Though USLE and its predecessors RUSLE used rainfall intensity data in their original equation, 

such type of data is rarely available in Ethiopia in general and in the study region in particular. 
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For this reason, the R-factor in this study was computed using the alternative regression 

empirical equation tasted and adapted by Hurni (1985) to the Ethiopian conditions (Eq. 19), as 

has been employed in several studies (e.g. Bewket and Teferi, 2009; Abate Shiferaw, 2011a; 

Derege Tsegaye et al, 2012; Syed and Hamelmal Hagos, 2016; Asnake Mekuriaw, 2017; 

Desalew Meseret and Bhat, 2017). To develop the R-factor of the study area, daily rainfall data 

of six meteorological stations (Figure 3) covering the periods from 1995-2007 were obtained 

from the NMA. Thereafter, the mean annual rainfall of the stations (1995-2007), which are 

required for computing the R-factor (Table 7), was computed from the daily data set.   

                              R= -8.12 + (0.562 * P)                                                                   (19) 

where, R and P are the rainfall erosivity factor and the mean annual rainfall (mm), respectively  

The computed R-factor was interpolated using Inverse Distance Weight (IDW) method and 

converted into a 30 m cell size grid (Figure 8).   

Table 7: The mean annual rainfall and the corresponding R-factor in the study region 

 

Stations   

Location Mean annual rainfall 

(1995-2007) 

R-factor 

Latitude Longitude Elevation (m) a.s.l 

Bahir Dar 11. 6027 37.322 1827 1440 801 

Meshenti 11.47165 37.2854 1958 1402 780 

Merawi 11.4106 37.1637 2000 1635 911 

Adet  11.2745 37.4931 2179 1269 705 

Tis Abay 11.48755 37.579 2642 1288 716 

Sekela 10.988 37.214 2715 1951 1088 

 

Soil Erodablity (K) factor  

The soil physicochemical properties are important to determine the K-factor. However, a 

complete soil  data, which are required to calaculate the K-factor, are unavailable in the study 

watershed. On the other hand, determining these soil properties by collecting soil samples is 

expensive, particularly for large areas. In cases where a complete soil physicochemical properties 

are unavailable, Hurni (1985), Hellden (1987) and SCRP (1996) suggested K-values based on 

the soil colors to the Ethiopian condition.  Due to the absence of soil properties related data, the 

suggested method has also employed in several studies (e.g. Bewket and Teferi, 2009; Derege 

Tsegaye et al., 2012; Tadesse Amsalu and Abebe Mengaw, 2014; Asnake Mekuriaw, 2017). A 

similar method was applied in this study to obtain the K-factor map (Figure 8). For this purpose, 
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a soil map was obtained from the GIS department of MoWIE and K-values were assigned based 

on literature (Table 8). Additionally, field surveys were also carried out to identify the soil 

colors.   

 
Figure 8: The R-factor (a) and K-factor (b) maps of the study watershed 

Table 8: The soil types of the study watershed and the corresponding K-values 
Soil type Area  K_ 

value 

Reference  

Ha % 

Haplic Alisols 29,142 49.6 0.25 Bewket and Teferi (2009); Habtamu Sewnet and Amare 

Sewnet (2016); Desalew Meseret and Bhat (2017); Mengesha 

Zerihun et al. (2018) 

Eutric Leptosols 13,399 22.8 0.2 Temesgen Gashaw et al.  (2017); Mengesha Zerihun et al. 

(2018) 

Lithic Leptosols 107 0.18 0.2 Aschalew Dagnew (2010) 

Chromic Luvisols 6324 10.76 0.2 Desalew Meseret and Bhat (2017); Temesgen Gashaw et al.  

(2017) 

Haplic Nitisols 5285 8.99 0.25 Habtamu Sewnet and Amare Sewnet (2016); Mengesha 

Zerihun et al. (2018) 

Eutric Regosols 338 0.58 0.2 Habtamu Sewnet and Amare Sewnet (2016); Desalew Meseret 

and Bhat (2017) 

Eutric Vertisols 4165 7.09 0.15 Habtamu Sewnet and Amare Sewnet (2016); Asnake Mekuriaw 

(2017); Desalew Meseret and Bhat (2017); Mengesha Zerihun 

et al. (2018) 

Total  58,760 100   
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Topographic (LS) factor  

The LS-factor (Figure 9) map in this study was derived from a 30 m resolution ASTER GDEM 

using Eq. 20, as suggested by Moore and Burch (1986 a & b), and employed by Abate Shiferaw 

(2011a), Prasannakumar et al. (2012), Nigussie Haregeweyn et al. (2017), Ostovari et al. (2017) 

and Mengesha Zerihun et al. (2018). In preparing the LS-factor map, ArcGIS 10.3 and Arc 

Hydro extension tools were employed.  

           LS= (Flow accumulation x cell size /22.13)0.4 x (sin slope /0.0896)1.3                 (20) 

where, cell size is the resolution of the ASTER GDEM (here 30 m), S is the slope gradient (in 

degree)  

  

Figure 9: The slope (in degree) (a) and LS-factor (b) maps of the Andassa watershed 

Cropping and Land-Cover (C) factor 

In order to develop C-factor maps (Figure 10) from the corresponding LULC temporal layers, C-

values were assigned for each LULC type based on literature (Table 9).    

 



43 
 

Table 9: The LULC classes and the corresponding C-values in the study watershed 

LULC classes C_value Reference  

Cultivated land 0.15 Hurni (1985); Bewket and Teferi (2009); Tadesse Amsalu and Abebe Mengaw (2014); 

Asnake Mekuriaw (2017); Desalew Meseret and Bhat (2017); Lulseged Tamene et al. 

(2017); Temesgen Gashaw et al.  (2017) 

Forest  0.001 Hurni (1985); Reusing et al. (2000); Morgan (2005); Fu et al. (2006); Asnake 

Mekuriaw (2017); Lulseged Tamene et al. (2017); Temesgen Gashaw et al. (2017); 

Mengesha Zerihun et al. (2018) 

Shrubland 0.014 Wischmeier and Smith (1978); Abate Shiferaw (2011a); Habtamu Sewnet and Amare 

Sewnet (2016); Desalew Meseret and Bhat (2017); Temesgen  Gashaw  et al. (2017) 

Grassland 0.01 Hurni (1985); Morgan (2005); Bewket and Teferi (2009); Abate Shiferaw (2011a); 

Tadesse Amsalu and Abebe Mengaw (2014); Asnake Mekuriaw (2017); Lulseged 

Tamene et al. (2017); Desalew Meseret and Bhat (2017); Temesgen Gashaw et al. 

(2017) 

Built-up area  0.004 Fu et al. (2006); Kayet et al. (2018) 
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Figure 10: The C-factor maps of the study watershed in 1985 (a), 2000 (b), 2015 (c), 2030 (d) 

and 2045 (e) layers  

Erosion control practice (P) factor  

In the study watershed, there are very few soil conservation measures that are found in the 

discrete farm plots. Since there is no major conservation practices followed in the study area, 1 

was assigned to the P-factor, as suggested by Morgan (2005), which has no any effect on the 

calculation. The suggested value was also employed in several studies because of the absence of 
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significant conservation measures in the study sites (e.g. Fu et al., 2006; Beskow et al., 2009; 

Derege Tsegaye et al., 2012; Batista et al., 2017; Ostovari et al., 2017).   

3.7.2 Methods of exploring the impacts of LULC changes on soil erosion 

To explore the impacts of LULC changes on soil erosion in the study area, a “fixing changing 

method” was employed. Hence, the LULC maps were used separately while the R, K, LS and P 

factors of RUSLE were constant. This method is very popular and was also applied in several 

environmental studies (e.g. Nie et al., 2011; Yan et al., 2013; Huang and Lo, 2015; Gyamfi et al., 

2016a; Tekalegn Ayele et al., 2017).    

 

3.8  SEDD model data inputs and analyses 

3.8.1 Data inputs 

As mentioned in Section 2.4.4 (Eq. 8), SEDD estimates the spatial distribution of sediment yield 

of  a particular area  or watershed  using two major components such as soil erosion and SDR. 

The soil erosion maps that were done in RUSLE were used for this purpose. On the other hand, 

the SDR was developed following Eq. 21 (Ferro and Minacapilli, 1995; Jain and Kothyari, 2000; 

Ali and De Boer, 2010).   

              SDR= exp(− � ∗	��) = ����− � ∗ � �
��

��
�

�

���
�                                    (21) 

where, 	� is a catchment-specific parameter; ti is the travel time of surface runoff (hours) for cell 

i to the nearest river channel along the flow path, N is the number of cells that a flow path passes 

until it reaches the river channel for a cell, li is the flow length (m) and vi is the flow velocity.  

The flow velocity (vi) was estimated using Eq. 22 (Jain and Kothyari, 2000).  

                                    v� = ��	∗ 	��
�.�                                                             (22)   

where,  ri is the parameters associated with surface roughness coefficient (m/s), and si is the slope 

of a watershed (m/m).  

The flow length and slope parameters in this study were computed from a 30 m cell size ASTER 

GDEM. The data were processed in ArcGIS 10.3 and Arc Hydro tools. The surface roughness 

coefficients for the LULC types (Table 10) were adopted from Haan et al. (1994).  
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Table 10: Surface runoff coefficients (r) of the LULC types (Adopted from Haan et al. (1994) 
and other studies) in the study watershed 

LULC types r (m s-1) Other studies which used this value  

Cultivated land  2.62 Jain and Kothyari (2000); Fernandez et al. (2003); Batista et al. (2017) 

Forest  0.76 Jain and Kothyari (2000); Fernandez et al. (2003); Bhattarai and Dutta (2007); 

Batista et al. (2017) 

Shrubland 1.56 Jain and Kothyari (2000); Batista et al. (2017) 

Grassland 0.76 Batista et al. (2017) 

Built-up area 6.19 Fernandez et al. (2003) 

 

After using Eq.8, the total sediment yield of each LULC type was obtained by multiplying the 

mean sediment yield of the individual LULC categories by their area, and the watershed total 

was obtained by adding those values. Batista et al. (2017) reported that they applied the same 

technique to calculate the total sediment yield of the Upper Grande River basin, i.e., multiplying 

the mean sediment yield of the basin by its area.     

3.8.2 Model calibration  

In order to calibrate the model, continuously measured sediment data for some periods of time in 

Ethiopia are hardly available. Likewise, the Andassa watershed does not have such kinds of data, 

and it has only a few data which were monitored at the outlet of the watershed (Figure 3) from 

1990-2014. Thus, in order to calibrate SEDD model, a discharge-sediment rating curve (Figure 

11) was developed from discharge (m3/s) and sediments in the water (mg/L) data. Based on these 

relationships, the daily sediment yield at the outlet of the watershed was estimated using the 

measured daily discharge data for 1992-2011 periods, and the daily data were, then, converted 

into annual values. Similar procedures for developing discharge-sediment rating curve to obtain 

the annual sediment yield were followed by Beskow et al. (2009). As mentioned previously, the 

value of � is the catchment-specific parameter. Hence, in order to find the best fit value that 

provides the lowest error in relation to observed sediment, values between 0.001 and 0.03 were 

tested with an increment of 0.001. Considering the available data, calibration was made using the 

2000 LULC map. Fu et al. (2006) and Batista et al. (2017) were also followed a very similar 

procedure of calibration to find the best fit � value for their study sites.   
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Figure 11: The discharge-sediment rating curve of the Andassa watershed    

3.8.3 Methods of exploring the impacts of LULC changes on sediment yield 

To explore the impacts of the spatiotemporal LULC changes on sediment yield, the soil erosion 

and surface roughness coefficient maps were used independently while other factors of SDR 

were constant. Thereafter, the mean annual and total sediment yield of each LULC categories 

was compared.    

3.9 Estimation of  ecosystem service values  

The change in ESV in the study watershed was assessed using the classified (1985, 2000 and 

2015) and the predicted (2030 and 2045) LULC states. The modified ecosystem service 

valuation model (Mengistie Kindu et al., 2016) developed for 11 biomes for Ethiopian condition 

was employed in this study to determine ESV from the five LULC categories. Thereafter, the 

LULC types of the study watershed were associated to the corresponding representative biomes 

(Table 11). The most representative biomes used as a proxy for each LULC category are: 1) 

cropland for cultivated land, 2) tropical forest for forest and shrubland, 3) grassland/rangeland 

for grassland, and 4) urban for built-up area.   

The LULC categories are not exactly identical with the representative biomes. For example, 

cultivated land in this study accounts areas used for perennial and annual crops, irrigated areas 

and the scattered rural settlements. The inclusion of rural settlements in this category, even 

though they are scattered, may not exactly represent the ESV assigned to cropland biome. Forest 
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in the study area is also areas covered with dense trees, which include both eucalyptus and 

coniferous species. In addition, shrubland was also represented with tropical forest biome. 

However, shrubland in the study area are areas less dense than forests, and it only represents 

areas covered with small trees, bushes and shrubs, and in some areas, grasses are found within 

them. Thus, the composition and structure of the represented forest and shrubland categories are 

somehow different from that of the tropical forest biome but they provide similar ecosystem 

services. In the same way, built-up area was represented with urban biome. In the study area, the 

built-up area did not represent a very urbanized area rather it represents only areas used for 

construction sites and towns. So the functions and characteristics of the built-up area are also a 

little bit different from urban biome, and built-up areas are expected to provide a better 

ecosystem service than the represented biome. However, the represented grassland biome is very 

much related in view of the fact that grasslands in the study watershed are areas covered by 

grasses usually used for grazing and those remain some months in a year. Thus, though the 

represented biomes are not exactly similar in their characteristics and functions with the LULC 

in this context, they can be used as surrogates for estimating ESV of the LULC types for the 

study watershed. Such uses of proxies for LULC types with the corresponding biomes are 

common in ESV studies (e.g. Kreuter et al., 2001; Tianhong et al., 2010; Mengistie Kindu et al., 

2016; Terefe Tolessa et al., 2016 & 2017).   

Table 11: LULC categories in the Andassa watershed, the corresponding biomes, and the 

modified ecosystem service valuation model coefficients (Mengistie Kindu et al., 2016)  

LULC  categories  Equivalent Biome The modified ecosystem service valuation model  
coefficient (US $ ha-1 yr-1) 

Cultivated land  Cropland  225.56 

Forest  Tropical Forest  986.69 

Shrubland Tropical Forest 986.69 

Grassland Grassland 293.25 

Built-up area Urban 0 

 

Estimation of ESV from each LULC category was undertaken using Eq.23, following the 

method employed in the previous studies (Kreuter et al., 2001; Hu et al., 2008; Tianhong et al., 

2010; Mengistie Kindu et al., 2016). The total ESV of the entire watershed was obtained by 

summing the estimated ESV from each LULC category. In addition to the computation of total 

ESV, the values of 17 individual ecosystem services were also estimated using Eq. 24 (Hu et al., 
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2008; Tianhong et al., 2010; Mengistie Kindu et al., 2016). The modified ecosystem service 

valuation model coefficients that were used in this study are shown in Table 12. The percent 

change of ESV across different periods (i.e. between 1985-2000, 2000-2015, 1985-2015, 2015-

2030, 2030-2045 and 2015-2045) were computed using the formula shown in Eq. 25 (Cabral et 

al., 2016; Mengistie Kindu et al., 2016).   

                              ���� = ∑ (�� ∗	 ���)                                                                   (23) 

                              ���� = ∑ ��� ∗	 �����                                                                  (24) 

          �������	��	���	�ℎ���� = 	 �
���������	����	������������	����

�����������	����
� ∗ 100                 (25)                                           

where, ESVk and ESVf  are ESV of LULC type ‘k’ and ESV service function ‘f’, respectively; Ak 

is an area (ha) of LULC type ‘k’; VCk is the value coefficient of LULC type ‘k’ (US $  ha-1 yr-1) 

and VCfk  is the value coefficient of function ‘f’ (US$  ha-1 yr-1) for LULC type ‘k’.  

Table 12: Coefficients (US $ ha-1 yr-1) of the modified ecosystem service valuation model 

(Mengistie Kindu et al., 2016) for the four represented biomes 

Ecosystem services Biome 

Cropland Tropical forest  Grassland Urban  

Water supply   8   

Food production 187.56 32 117.45  

Raw materials   51.24   

Genetic resources   41   

Water regulation  6 3  

Climate regulation  223   

Disturbance regulation  5   

Gas regulation  13.68 7  

Biological control 24  23  

Erosion control  245 29  

Waste treatment  136 87  

Nutrient cycling  184.4   

Pollination 14 7.27 25  

Soil formation  10 1  

Habitat/refuge  17.3   

Recreation   4.8 0.8  

Cultural   2   

Total  225.56 986.69 293.25 0 

Note: The equivalent LULC categories for each biome are available in Table 11.   
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After the total ESV of the study watershed obtained, the average ESV of the land (US$ ha-1yr-1) 

was also estimated for the previous (i.e. 1985, 2000 and 2015) and the predicted LULC periods, 

following the formula established in Eq. 26.  

                                 ����� = ����/��                                                                     (26)       

where, ESVav is the average ESV of the land (US$ ha-1 yr-1) during a specific year, ESVt is the 

total ESV in that year, and Wa is the area of the watershed in ha.   
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CHAPTER FOUR 

4. RESULTS AND DISCUSSIONS 

4.1  LULC changes in the study watershed 

4.1.1 Accuracy of the classified images  

The accuracy report of the three classified images is shown in Table 13. The diagonals of the 

matrix are the correctly classified values while the off-diagonals are the misclassified values. The 

overall accuracy of the classification ranges between 85.8% and 88.8% for the period 1985, 2000 

and 2015. A Kappa coefficient of above 0.80 was also obtained for the three classified images. 

According to Monserud (1990), a Kappa value between 0.70 and 0.85 are generally rated as very 

good. Therefore, the validation data set indicated a very good agreement of the classified image 

with the ground truths.  

Table 13: The accuracy report of the 1985, 2000 and 2015 classified images 

  Reference from Google earth (Date: 05 February, 1985)  
Row total 

User acc. 
(%)   CULT FRST SHRB GRAS BULT 

1985 
classified 
image 
 (Date:17 
February, 
1985) 

CULT 152 1 2 17 2 174 87.4 
FRST 1 81 12 0 0 94 86.2 
SHRB 2 7 97 0 1 107 90.7 
GRAS 11 0 2 63 0 76 82.9 
BULT 3 0 0 2 24 29 82.8 
Column total  169 89 113 82 27 480  
Prod. acc. (%) 89.9 91 85.8 76.8 88.9   

                                                                Kappa coefficient= 0.83                               Overall accuracy=86.9% 
 
  Reference from Google earth (Date: 21 February, 2000)  

Row total 
User acc. 
(%)   CULT FRST SHRB GRAS BULT 

2000 
classified 
image 
 (Date:03 
February, 
2000) 

CULT 158 4 7 6 7 182 86.8 
FRST 3 67 6 1 0 77 87 
SHRB 6 3 89 5 0 103 86.4 
GRAS 11 0 0 61 2 74 82.4 
BULT 5 0 0 2 37 44 84.1 
Column total  183 74 102 75 46 480  

 Prod. acc. (%) 86.3 90.5 87.3 81.3 80.4   
                                                                 Kappa coefficient= 0.81                           Overall accuracy=85.8 % 
 
  Reference from Google earth (Date: 28 February, 2015)  

Row total 
User acc. 
(%)   CULT FRST SHRB GRAS BULT 

2015 
classified 
image  
(Date: 20 
February,  
2015) 

CULT 176 0 8 10 3 197 89.3 
FRST 0 54 2 0 0 56 96.4 
SHRB 0 5 87 2 0 94 92.6 
GRAS 6 0 5 60 2 73 82.2 
BULT 8 0 0 3 49 60 81.7 
Column total  190 59 102 75 54 480  
Prod. acc. (%) 92.6 91.5 85.3 80 90.7   

                                                            Kappa coefficient=  0.85                                  Overall accuracy=88.8% 

Note: CULT, FRST, SHRB, GRAS, BULT is cultivated land, forest, shrubland, grassland and built-up area, 

respectively; Prod. acc. and User acc. are producer and user accuracy, respectively.  

 



52 
 

4.1.2 Trends of LULC changes   

Analyses of LULC patterns in the study watershed indicated the expansions of cultivated land 

and built-up areas at the expense of vegetated cover types in the last three decades (Table 14 and 

Figure 12). During these periods, cultivated land has expanded from 62.7% in 1985 to 73.1% in 

2000, and again to 76.8 % in 2015 (Table 14). Between 1985-2000 and 2000-2015 periods, it 

increased by 16.6 and 5.1%, respectively. The rate of increment during 1985-2000 and 2000-

2015 periods were 407 and 145.5 ha/yr, respectively (Table 14). Similarly, built-up areas had 

also increased from 0.1% to 0.2% and to 1.1% in 1985, 2000 and 2015 periods, respectively 

(Table 14). During 1985-2000 and 2000-2015 periods, built-up area increased by 192.5% and 

562.8%, respectively (Table 14). The rapid percent change of built-up area during 1985-2000 

and 2000-2015 periods were observed in the direction of the regional capital city Bahir Dar, i.e.,  

in the northeastern parts of the study watershed. Focus group discussions held with agricultural 

development agents are also consistent with this trend. In contrast, forest, shrubland and 

grasslands had decreased during 1985-2015 periods (Table 14). For example, forest coverage 

decreased from 3.5% in 1985 to 2.6% in 2000 and to 1.9% in 2015 with the annual diminishing 

rate of 37.6 and 24.4 ha/yr between 1985-2000 and 2000-2015 periods, respectively. Similarly, 

shrubland and grasslands also decreased at a rate of 328.7 and 97 ha/yr, and 45.2 and 62.2 ha/yr, 

respectively, between 1985-2000 and 2000-2015 periods.  
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Figure 12: The LULC of the Andassa watershed in 1985, 2000 and 2015 periods  
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Table 14: The area coverage of LULC types in the Andassa watershed in the period 

between1985-2015, and the percent and rate of changes occurred during these periods   

Study period  LULC types 
Cultivated land  Forest Shrubland Grassland  Built-up area  

Area (ha)      
1985 36,820 2068 15,377 4461 35 
2000 42,925 1504 10,447 3783 101 
2015 45,108 1138 8992 2850 672 
Area (%)      
1985 62.7 3.5 26.2 7.6 0.1 
2000 73.1 2.6 17.8 6.4 0.2 
2015 76.8 1.9 15.3 4.9 1.1 
Percent of change*       
1985-2000 +16.6 -27.3 -32.1 -15.2 +192.5 
2000-2015 +5.1 -24.3 -13.9 -24.7 +562.8 
1985-2015 +22.5 -45 -41.5 -36.1 +1838.4 
Rate of change (ha/year)       
1985-2000 +407 -37.6 -328.7 -45.2 +4.4 
2000-2015 +145.5 -24.4 -97 -62.2 +38 
1985-2015 +276.3 -31 -212.8 -53.7 +21.2 
*Percent of change was calculated using e.q 14 

 

4.1.3 Analyses of LULC conversions  

The conversions taken place from one LULC category to another during 1985-2000 and 2000-

2015 periods are presented in Table 15. The diagonals of the matrix from the tables are the 

persistence while the off-diagonals are the conversions from one category to the others. The 

change detection analyses indicated the significant conversions in LULC in both periods.  

Conversions between 1985 and 2000 

In these periods, 8216 ha, 2230 ha, 547 ha and 1ha of cultivated land were converted from 

shrubland, grassland, forest and built-up area, respectively. While cultivated land converted from 

other LULC categories, a significant area of cultivated land was also reverted to shrubland, 

grassland, forest and built-up area (Table 15). During these times, some area of built-up was also 

converted from cultivated land (47 ha), grassland (26 ha) and shrubland (2 ha). Although it is a 

small proportion, 5 ha, 3 ha and 1 ha of the built-up area were also in reverse converted to 

grassland, shrubland and cultivated land, respectively. Gains and losses in forest, shrubland and 

grassland were also taken place during these periods (Table 15). For example, 8216 ha of 

cultivated land, 651 ha grassland, 408 ha of forest and 2 ha of the built-up area were altered from 

shrubland. In reverse, a considerable area of shrubland was also reverted from cultivated land 

(3009 ha), grassland (794 ha), forest (542 ha) and built-up area (3 ha).  
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Conversions between 2000 and 2015 

During these periods, 4598 ha, 322 ha, 207 ha and 148 ha of shrubland were converted to 

cultivated land, forest, grassland and built-up, respectively. About 2484 ha, 513 ha, 110 ha and 

16 ha of grassland were also reverted to cultivated land, shrubland, built-up area and forest, 

respectively. An estimated 575 ha, 297 ha and 12 ha of forest were also converted to shrubland, 

cultivated land and grassland, respectively. Similarly, shrubland, grassland and forest were also 

converted from other LULC categories (Table 15). In these periods, a significant area of 

cultivated land was converted from shrubland (4598 ha), grassland (2484 ha), forest (297 ha) and 

built-up area (9 ha). In reverse, there was also a considerable conversion of cultivated land to 

other categories.  

Generally, during the two periods, the expansion of cultivated land was utmost from the 

shrubland while the expansion of built-up area was mainly from the cultivated land.  

Table 15: Transition area matrix (ha) between 1985-2000 and 2000-2015 periods in the Andassa 

watershed 

1985       2000 
 Cultivated land  Forest Shrubland Grassland Built-up area Total  
Cultivated land 31,930 119 3009 1715 47 36,820 
Forest 547 948 542 30 0 2068 
Shrubland 8216 408 6099 651 2 15,377 
Grassland 2230 29 794 1382 26 4461 
Built-up area 1 0 3 5 26 35 
Total  42,925 1504 10,447 3783 101 58,760 
       
2000    2015   
 Cultivated land  Forest Shrubland Grassland Built-up area Total  
Cultivated land 37,721 180 2724 1969 331 42,925 
Forest 297 619 575 12 0 1504 
Shrubland 4598 322 5171 207 148 10,447 
Grassland 2484 16 513 660 110 3783 
Built-up area 9 0 9 2 82 101 
Total  45,108 1138 8992 2850 672 58,760 

 

4.1.4 Drivers of LULC changes    

It is quite observed that, the population number in the sample areas of the study watershed has 

grown through 1994 to 2007 periods. The increase of population between these periods varied 

from 11% in Wetet Ber Kebele to 51% in Kimbaba Kebele (Table 16). Due to the rapid increase 

of population number, the pressure on natural resources is expected in the study watershed. As 

indicated in the LULC transitions taken place during1985-2000 and 2000-2015 periods (Table 
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15), the expansion of cultivated land mainly at the expense of the shrubland and the extension of 

built-up areas largely from cultivated lands have confirmed the highest role of population growth 

for the LULC changes in the study watershed. Additionally, results of focus group discussions 

have also found that reduction of land productivity, which has lead for searching new fertile 

cultivable lands, is the other important driver of these changes. Hence, the increased of 

population number is certainly the driver of LULC changes in the study watershed (Table 16).  

Similar to this finding, population growth was the most important factor for the LULC dynamics 

in Chemoga watershed (Woldeamlak Bewket, 2002), Dera District (Temesgen Gashaw et al., 

2014b) and Geleda catchment (Ebrahim Esa and Mohamed Assen, 2017). Likewise, Hurni et al. 

(2005) also reported that population increment from the mid to the turn of the 20th century in 

Ethiopia accelerated deforestation and intensified cultivation in the highlands. Generally, 

population growth, which manifested through various ways, is the primary driver of vegetated 

cover losses in the study watershed in particular and in Ethiopia in general (See Table 2 for 

details).  

Table 16: The population number and growth rate in the sample Kebeles of the Andassa 

watershed between 1994 and 2007 periods  

Name of Kebele District 1994 2007 Growth 
between 

1994-2007 

Change 
between 

1994-2007 
(%) 

Growth rate 
(%) between 
1994-2007 

Doubling 
time in years 
(after 2007) 

Sebatamit Bahir Dar Zuria 5624 6,281 657 12 0.85 82 
Wenedata Bahir Dar Zuria 2965 3,588 623 21 1.47 48 
Kimbaba Bahir Dar Zuria 6,182 9,309 3,127 51 3.15 22 
Alahayi  Bahir Dar Zuria 4209 5,123 914 22 1.51 46 
Feres Woga  Bahir Dar Zuria 4933 5,786 853 17 1.23 57 
Genebe Sosetu Bahir Dar Zuria 5050 5,867 817 16 1.15 61 
Wetet Ber Mecha 5223 5,802 579 11 0.81 87 
Braqet Mecha 6282 7,719 1437 23 1.58 44 
Felege Berhan Mecha 5343 6,409 1,066 20 1.40 50 
Abeyot Fere Yilmana Densa 5726 7,135 1,409 25 1.69 41 

 

4.2  The predicted LULC changes 

4.2.1 CA-Markov model validation  

Visual comparison of the 2015 simulated and classified maps (Figure 13) are reasonably similar. 

The area extents of the two maps (Table 17) also illustrate the acceptable range of decisions, in 

which agriculture accounts 77.1% and 76.8% in the simulated and classified maps, respectively. 
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In addition, there are also approximately equal proportions of forest, shrubland and grassland 

between the simulated and the classified maps. On the other hand, the model is not that much 

effective in the predictions of the built-up areas. This is due to the models’ less ability in 

capturing the randomly new developed built-up areas. Validations through different statistics 

have been also done, and the ROC value of 89.5% was achieved. All the Kappa statistics such as 

Kno (87.7%), Klocation (82.2%), KlocationStrata (82.2%) and Kstandard (81.6%) were also 

above 80%, which indicates the better performance of the model in simulating future LULC 

states (Singh et al., 2015; Mosammam et al., 2016).  

  

Figure 13: The 2015 simulated (a) and classified (b) LULC maps of the Andassa watershed  

Table 17: The 2015 simulated and classified LULC statistics of the study watershed  

LULC types Simulated Classified  

Area (ha) Percent (%) Area (ha) Percent (%) 

Cultivated land 45,313 77.1 45,108 76.8 

Forest  1167 2.0 1138 1.9 

Shrubland  9149 15.6 8992 15.3 

Grassland 2917 5.0 2850 4.9 

Built-up area 214 0.4 672 1.1 

Total   58,760 100 58,760 100 
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4.2.2 The predicted LULC states  

The predicted LULC states of the study watershed for the 2030 and 2045 periods are shown in 

Figure 14 while their area coverage is provided in Table 18. The result indicated that the area of 

cultivated land will grow from 76.8% in 2015 to 83.3% in 2030 and to 85.8% in 2045. A 

continuous increment in built-up areas will also observed through 2015 (1.1%), 2030 (2%) and 

2045 (5.9%) periods. In contrast, forest cover will diminish from 1.9% to 1.5% and to 1.3%, 

shrubland from 15.3% to 9.2% and to 4.7%, and grassland from 4.9% to 4% and to 2.3% through 

2015, 2030 and 2045 periods, respectively. In general, a continuous expansion of cultivated land 

and built-up areas at the cost of natural vegetation covers is expected through 2015, 2030 and 

2045 periods unless proper management measures will be undertaken.    

  

Figure 14: The 2030 and 2045 LULC of the Andassa watershed 
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Table 18: The predicted LULC area of the study watershed in the 2030 and 2045 periods 

Study period  LULC class 
Cultivated land  Forest Shrubland Grassland  Built-up area  

Area (ha)      
2030 48,932 898 5391 2342 1197 
2045 50,425 763 2780 1344 3448 
Area (%)      
2030 83.3 1.5 9.2 4.0 2.0 
2045 85.8 1.3 4.7 2.3 5.9 
Percent of change*       
2015-2030 +8.5 -21.1 -40 -17.8 +78.3 
2030-2045 +3 -15 -48.4 -42.6 +188 
2015-2045 +11.8 -32.9 -69.1 -52.8 +413.3 
Rate of change (ha/year)       
2015-2030 +255 -16 -240.1 -33.9 +35 
2030-2045 +99.5 -9 -174 -66.5 +150 
2015-2045 +177.2 -12.5 -207.1 -50.2 +92.5 
Note: the 2015 data are provided in Table 14. *Percent of change was calculated using e.q 14 

4.2.3 Modeled future LULC dynamics  

The modeled LULC dynamics between 2015-2030 and 2030-2045 periods (Table 19) are 

presented below.  

Conversions between 2015 and 2030   

In these periods, 3890 ha, 1218 ha, 113 ha and 36 ha of cultivated land will be converted from 

shrubland, grassland, forest and built-up area, respectively. About 389 ha, 135 ha and 39 ha of 

built-up area will be also reverted from cultivated land, shrubland and grassland, respectively. 

Although cultivated and built-up area will be converted from other land uses, there will be also a 

significant loss of cultivated and built-up area to other land uses (Table 19). Between these 

periods, there will be a huge loss of forest, shrubland and grassland to other land uses. For 

example, about 3890 ha, 135 ha, 69 ha and 4 ha of shrubland will be converted to cultivated land, 

built-up area, grassland and forest, respectively. About 141 ha, 113 ha and 5 ha of forest will be  

also converted to shrubland, cultivated land and grassland, respectively. The grassland converted 

to cultivated land, built-up area, shrubland and forest will be 1218 ha, 39 ha, 11 ha and 1 ha, 

respectively. In contrast, forest, shrubland and grassland will be also gain from other categories 

(Table 19).   

Conversions between 2030 and 2045 

A significant conversion of LULC categories will be also taken place between these periods 

(Table 19). For example, 2466 ha, 1083 ha, 103 ha and 20 ha of cultivated land will be reverted 
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from shrubland, grassland, forest and built-up area, respectively. A considerable area of 

cultivated land (2115 ha), shrubland (117 ha) and grassland (41ha) will be also converted to a 

built-up area. A substantial area of cultivated land and the built-up area will be also reversed to 

other categories. In contrast, there will be also a huge conversion of forest, shrubland and 

grassland to other land uses. For instance, 103 ha, 34 ha and 2 ha of forest will be converted to 

cultivated land, shrubland and grassland, respectively. An estimated 2466 ha, 117 ha, 80 ha and 2 

ha of shrubland will be also converted to cultivated land, built-up area, grassland and forest, 

respectively. The grassland reverted to cultivated land, built-up area and shrubland will be 1083 

ha, 41 ha and 2 ha, respectively. Even though, forest, shrubland and grassland will be 

experienced significant losses (Table 19), there will be also a gain of forest, shrubland and 

grassland from other categories.  

Table 19: LULC conversion matrix (ha) for the period 2015-2030 and 2030-2045 

2015         2030 
 Cultivated land  Forest Shrubland Grassland Built-up area Total  
Cultivated land 43,676 15 343 685 389 45,108 
Forest 113 879 141 5 0 1138 
Shrubland 3890 4 4895 69 135 8992 
Grassland 1218 1 11 1582 39 2850 
Built-up area 36 0 0 0 635 672 
Total  48,932 898 5391 2342 1197 58,760 
       
2030    2045   
 Cultivated land  Forest Shrubland Grassland Built-up area Total  
Cultivated land 46,753 3 17 45 2115 48,932 
Forest 103 758 34 2 0 898 
Shrubland 2466 2 2727 80 117 5391 
Grassland 1083 0 2 1215 41 2342 
Built-up area 20 0 0 2 1175 1197 
Total  50,425 763 2780 1344 3448 58,760 

 

4.3  Impacts of LULC changes on hydrology  

4.3.1 Sensitive SWAT parameters   

Sensitivity analysis, which was carried out using 19 flow parameters (Table 6), identified the 8 

most sensitive parameters controlling the output variable (Table 20). The three most sensitive 

parameters in the order of sensitivity are ALPHA_BF.gw, CN2.mgt and CH_K2.rte.These 

parameters are highly related to surface runoff. Additionally, the parameters ALPHA_BF.gw and 

CN2.mgt were also identified as the most sensitive parameters in the region (Gebremicael et al., 

2013; Yihun et al., 2016).   
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Table 20: Sensitive flow parameters and their rank   

Parameter t-Stat p-value Rank of 

sensitivity 

Fitted value Min  value  Max value 

V__ALPHA_BF.gw 11.53 0.00 1 0.429 0.234 0.769 
R__CN2.mgta 2.92 0.00 2 -0.133 -0.185 -0.013 
V__CH_K2.rte 2.25 0.02 3 106.4 63.7 128.4 
V__GW_DELAY.gw 1.90 0.06 4 325.9 247.1 413.6 
V__GWQMN.gw 1.50 0.13 5 2490.1 1852.6 3294.4 
V__RCHRG_DP.gw 1.49 0.14 6 0.439 0.416 0.544 
V__GW_REVAP.gw 1.16 0.25 7 0.017 0.005 0.035 
V__ESCO.hru 0.77 0.44 8 0.907 0.882 0.948 
Note: a indicates adding 1 on the fitted value; V implies replace the parameter with the fitted value; R indicates 

multiply the parameter with fitted value  

4.3.2 Calibration and validation 

The graphical comparison of the observed and simulated flow for the calibration (1992- 2006) 

and validation (2007- 2011) periods are shown in Figure 15 and 16. The simulation has captured 

the observed flow reasonably. Statistical performance indices are also shown in Table 21. The 

obtained R2 (0.86 for calibration and 0.91 for validation) values show very good consistency 

between the observed and simulated data, and indicates less error variance between the two data 

(Moriasi et al., 2007; Begou et al., 2016; Gyamfi et al., 2016a; Tekalegn Ayele et al., 2017). NSE 

above 0.75, PBAIS less than 10% and RSR less than 0.5 were also attained. The positive values 

of PBAIS indicate the underestimation of the model. According to Moriasi et al. (2007), the 

performance of the model is very good. The overall performance indices during the validation 

period are higher than the performance indices of calibration period, which suggests an overall 

superior quality of data. Similar model efficiency improvements in the validation period were 

also reported by Uhlenbrook et al. (2010) and Nie et al. (2011). In general, the performance 

indices obtained during the calibration and validation periods indicated a very good performance 

rate of the model in simulating the hydrological impacts of LULC changes over the 1985 to 2045 

periods.   
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Figure 15: Monthly average flow in the calibration (a) and validation (b) of the SWAT model  

 
Figure 16: Scatter plot of the observed and simulated monthly average flow (m3/s) in the 

calibration (left) and validation (right) period 
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Table 21: Model performance statistics for the calibration and validation periods  

Period Evaluation statistics 

R2 NSE PBIAS RSR 

Calibration  0.86 0.86 4.8 0.05 

Validation  0.91 0.91 1.4 0.01 

 

4.3.3 Hydrological impacts of LULC changes at the watershed scale  

The impacts of LULC changes on streamflow in the Andassa watershed are summarized in Table 

22. Corresponding to the increase of cultivated land and built-up areas and the reduction of 

forest, shrubland and grasslands (Figure 12), the annual streamflow of the watershed has 

increased from 300.6 m3/s in 1985 to 304.5 m3/s in 2000 and to 307.3 m3/s in 2015. The 

continued increase of cultivated land and built-up areas and extraction of vegetation covers 

(Figure 14) are expected to further increase the annual streamflow in 2030 (312.4 m3/s) and 2045 

(318.2 m3/s) periods. A similar increment in response to the LULC changes was also observed in 

the wet season flow (June-September) throughout the 1985 to 2045 periods (203.2 m3/s, 208.5 

m3/s, 212.6 m3/s, 219.2 m3/s and 227 m3/s in 1985, 2000, 2015, 2030 and 2045, respectively). 

Conversely, the reduction of vegetation covers and the increase of cultivated land and built-up 

area have reduced the dry season flow (October-May) over these periods (97.4 m3/s, 96 m3/s, 

94.7 m3/s, 93.2 m3/s and 91.2 m3/s in 1985, 2000, 2015, 2030 and 2045 period, respectively).  

The finding of this study is consistent with several studies. For example, the increasing trend of 

annual, wet (June–September) and short (March-May) rainy season streamflow and, the 

decreasing trend of dry season flow (October-February) at El Diem station of the Blue Nile basin 

during the 1970-2010 periods were associated with the conversion of vegetation cover into 

agriculture and grasslands over large areas of the basin (Gebremicael et al., 2013). A study in 

Angereb watershed also revealed the increase of mean wet monthly flow (39%) and a decrease 

of dry average monthly flow (46%) due to the conversion of forest to agriculture between the 

1985 and 2011periods (Getachew Haile and Melesse Assefa, 2012). The increase of streamflow 

in Quaternary Catchment (South Africa) during the 2004-2013 periods were also due to the 

increase of cultivated land (92%) and the reduction of wooded land (35%) and grasslands (9.8%) 

(Gwate et al., 2015). Similarly, the significant decline of minimum daily flows in the Chemoga 

watershed during the three driest months (December to February) between the 1960 and 1999 

periods was partially explained by changes in LULC and degradation  of  the  watershed  that  
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involves  destruction  of  natural  vegetation  covers, expansion  of  croplands,  overgrazing  and  

increased  area  under  eucalyptus  plantations (Woldeamlak Bewket and Sterk, 2005). Likewise, 

the reduction of low flow index in the Upper Gilgel Abbay catchment was also due to the 

expansion of agricultural land at the expense of forest lands and changes in the annual and 

seasonal distribution of rainfall (Rientjes et al., 2011). On the other way, Tekleab et al. (2014) 

also explained the situation in Gedeb catchment as enhanced peak discharge during the 1973-

2010 periods were typically associated with the LULC changes in the catchment.  

The impacts of LULC changes on the annual average surface runoff, lateral flow, groundwater 

flow, water yield and ET are provided in Table 22. Correspondingly, the increase of cultivated 

land and built-up areas and the reduction of the vegetation covers of LULC (Figure 12) have 

resulted in a surface runoff increase from 221.1 mm in 1985 to 233.7 mm in 2000 and, to 242.8 

mm in 2015. The increment in surface runoff is also expected to continue into 2030 (258.1 mm) 

and 2045 (276.9 mm) LULC periods. Similarly, water yield has increased throughout 1985 to 

2045 LULC periods (381.5 mm in 1985, 386.6 mm in 2000, 390.5 mm in 2015, 396.7 mm in 

2030 and 405.2 mm in 2045). In contrast, groundwater flow has reduced through 1985 (126.5 

mm), 2000 (121.9 mm), 2015 (116.7 mm), 2030 (110.5 mm) and 2045 (101 mm) periods. As a 

result of the LULC changes, lateral flow has also reduced from 32.9 mm in 1985 to 31 mm in 

2000 and, will continue its reduction to 28.2 mm in 2030 and 27.4 mm in 2045. The reduction of 

ET has been also observed through 1985 to 2045 periods (580.8 mm, 579 mm, 578.8 mm, 577.1 

mm and 576  mm in 1985, 2000, 2015, 2030 and 2045 period, respectively), though the change is 

not considerable (Table 22).  

The effects of LULC changes on streamflow, surface runoff, water yield, groundwater flow and 

lateral flow are clearly seen in both the annual and monthly average values. Conversely, the 

influence of LULC to the changes in ET is very small, especially on the monthly average values 

(Figure 17). During 1985 to 2045 periods, water yield has increased from June to September and 

shows a reduction in the rest of the month (Figure 17). The increase of water yield in these 

periods is, therefore, due to the increase of water yield in the four wettest months (June-

September). Hence, the reduction of water yield in the dry months (October-May) is attributed to 

the reduction of flow in these months.  
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The findings of this study is consistent with Tekalegn Ayele et al. (2017) in Lake Tana 

catchment and Beles watershed (Ethiopia), where cultivated lands are increased at the expense of 

vegetation covers, and where surface runoff is increased and groundwater flow reduced. Due to 

the significant decrease of forest, shrubland and grassland, the decrease of ET in the study 

watershed is expected (although the change is insignificant). Therefore, the result of this study is 

generally in agreement with the fact that seasonal crops (here cultivated land) have less ET than 

perennial trees (here vegetated LULC) (Yan et al., 2013; Deng et al., 2015; Tekalegn Ayele et 

al., 2017).   

Table 22: Annual average hydrological components (1992-2011) during the different LULC 

periods in the Andassa watershed  

 Streamflow (m3/s) Other hydrological components (mm) 
Study periods 

Annual  
Wet (June-
September) 

Dry season 
(Oct-May) 

Surface 
runoff  

Later 
flow 

Ground 
water flow 

Water 
yield  

ET 

1985 300.6 203.2 97.4 222.1 32.9 126.5 381.5 580.8 
2000 304.5 208.5 96.0 233.7 31.0 121.9 386.6 579.0 
2015 307.3 212.6 94.7 242.8 31.0 116.7 390.5 578.8 
2030 312.4 219.2 93.2 258.1 28.2 110.5 396.7 577.1 
2045 318.2 227.0 91.2 276.9 27.4 101.0 405.2 576.0 
Percent changes (%)         
1985-2000 1.3 2.6 -1.4 5.2 -5.9 -3.7 1.3 -0.3 
2000-2015 0.9 2.0 -1.4 3.9 0.2 -4.2 1.0 0.0 
1985-2015 2.2 4.6 -2.8 9.3 -5.7 -7.8 2.4 -0.3 
2015-2030 1.7 3.1 -1.6 6.3 -9.1 -5.4 1.6 -0.3 
2030-2045 1.9 3.6 -2.1 7.3 -2.9 -8.6 2.1 -0.2 
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Figure 17: Monthly average (1992-2011) streamflow, surface runoff, lateral flow, groundwater 

flow, water yield and ET response to the LULC changes in the Andassa watershed 
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4.3.4 Hydrological impacts of individual LULC changes  

The pair-wise association of the five LULC classes and hydrological components is shown in 

Table 23. The result indicated that almost all LULC classes have a strong association with the 

different hydrological components. For example, a forest has a significant negative correlation 

with the annual flow,  wet season flow, surface runoff and water yield while its correlation with 

dry season flow, lateral flow, groundwater flow and ET are positive. In the same pattern, 

shrubland significantly correlated with the annual flow, wet season flow, dry season flow, 

surface runoff, lateral flow, groundwater flow, water yield and ET. Correspondingly, the 

grassland has a significant correlation with the annual flow, wet season flow, dry season flow, 

surface runoff, lateral flow, groundwater flow, water yield  and ET. It is also observed that 

cultivated land significantly correlated with the annual and wet season flow (positive), dry 

season flow (negative), surface runoff (positive), water yield (positive),  lateral flow (negative), 

groundwater flow (negative) and ET (negative) (Table 23). However, the built-up area has no 

significant association with lateral flow and ET while it has a significant correlation with other 

hydrological components (Table 23). The significant correlation of almost all LULC classes with 

most studied hydrological components suggests that almost all LULC classes are very important 

for the changes in hydrological components.   

Significant correlations between hydrological components were also observed in the study 

watershed (Table 23).  Importantly, the correlation between annual flow, surface runoff and 

water yield are perfectly positive while they are negatively correlated with the dry season flow, 

lateral flow, groundwater flow and ET. The result has also indicated that the correlation between 

dry season flow, lateral flow, groundwater flow and ET are positively significant. Above all, the 

significant correlation among hydrological components supports the general idea that the 

increment of one hydrological component increases the quantity of some other components while 

reducing the amount of other components.  
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Table 23: Pair-wise Pearson correlation for changes in five LULC types and hydrological 

components between 1985 and 2045 periods a. Numbers in parenthesis are the probability values 

(p-value)  

 CULT FRST SHRB GRASS BULT Annual  

STQ 

Wet 
STQ 

Dry 

STQ 

SUR Q LAT Q GW Q WYL

D  

ET 

CULT 1.000                      

FRST -0.993 

(0.001) 

1.000            

SHRB -0.992 

(0.001) 

0.977 

(0.004) 

1.000           

GRAS -0.960 

(0.009) 

0.959 

(0.010) 

0.977 

(0.004) 

1.000          

BULT  0.791 

(0.111) 

-0.766 

(0.131) 

-0.857 

(0.064) 

-0.913 

(0.030) 

1.000         

Annual 
STQ 

0.951 
(0.013) 

-0.931 
(0.022) 

-0.980 
(0.003) 

-0.988 
(0.002) 

0.937 
(0.019) 

1.000        

Wet STQ 0.953 
(0.012) 

-0.935 
(0.020) 

-0.981 
(0.003) 

-0.990 
(0.001) 

0.935 
(0.019) 

1.000 
(0.000) 

1.000       

Dry STQ -0.959 
(0.010) 

0.946 
(0.015) 

0.983 
(0.003) 

0.995 
(0.000) 

-0.929 
(0.022) 

-0.998 
(0.000) 

-0.999 
(0.000) 

1.000      

SUR Q 0.947 

(0.015) 

-0.927 

(0.023) 

-0.977 

(0.004) 

-0.988 

(0.002) 

0.942 

(0.017) 

1.000 

(0.000) 

1.000 
(0.000) 

-0.998 

(0.000) 

1.000     

LAT Q -0.963 

(0.008) 

0.929 

(0.023) 

0.981 

(0.003) 

0.945 

(0.015) 

-0.855 

(0.065) 

-0.974 

(0.005) 

-0.972 
(0.006) 

0.966 

(0.007) 

-0.971 

(0.006) 

1.000    

GW Q -0.938 

(0.018) 

0.922 

(0.026) 

0.970 

(0.006) 

0.990 

(0.001) 

-0.951 

(0.013) 

-0.998 

(0.000) 

-0.999 
(0.000) 

0.998 

(0.000) 

-0.999 

(0.000) 

0.959 

(0.010) 

1.000   

WYLD  0.945 

(0.016) 

-0.926 

(0.024) 

-0.976 

(0.005) 

-0.989 

(0.001) 

0.946 

(0.015) 

1.000 

(0.000) 

0.999 
(0.000) 

-0.998 

(0.000) 

1.000 

(0.000) 

-0.967 

(0.007) 

-0.999 

(0.000) 

1.000  

ET -0.978 

(0.004) 

0.952 

(0.013) 

0.995 

(0.000) 

0.968 

(0.007) 

-0.877 

(0.051) 

-0.985 

(0.002) 

-0.985 
(0.002) 

0.982 

(0.003) 

-0.983 

(0.003) 

0.992 

(0.001) 

0.974 

(0.005) 

-0.981 
(0.003) 

1.000 

Note: a= bold numbers for p < 0.05, CULT: Cultivated land; FRST: Forest; SHRB: Shrubland; GRAS: Grassland; 

BULT: Built-up area, STQ: streamflow; SUR Q: Surface runoff; LAT Q: Lateral flow; GW Q: Groundwater flow; 

WYLD: Water yield; ET: Evaporation and transpiration.   

A summary of the four PLSR models constructed separately is given in Table 24. In the four 

PLSRs models such as in PLSR 1 (annual, wet season and dry season flow), PLSR 2 (surface 

runoff and water yield), PLSR 3 (lateral flow and groundwater flow) and PLSR 4 (ET), the 

obtained  R2 and Q2
cum values are above 0.50, suggesting a good prediction of the models.  For 

annual, wet season and dry season flow, one component explains the model (98.5% of the 

variation). The addition of other factors does not considerably improve the prediction capacity of 

the model, at the same time, it does not substantially enhance the percent variation explained by 

predictors (Table 24). The inclusion of other factors, rather, increase prediction error. The 

increase of prediction error with the addition of more predictors suggests that other predictors are 

not strongly correlated with the residual of the predicted variables. The first PLSR model is 

dominated by cultivated land and built-up area on the positive side and forest, shrubland and 

grassland on the negative side. To distinguish the relative importance of predictors, shrubland 

and grassland (VIP>1.0) have more significance in this model (Table 25). The regression 

coefficients also express that cultivated and built-up area influence annual and wet season flow 
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positively while the effects of forest, shrubland and grassland on these components are negative.  

Conversely, the influence of cultivated land and built-up area in dry season flow is negative and 

the vegetated LULC types affect the dry season flow positively (Table 26).   

 For surface runoff and water yield (PLSR 2), two components explain the model, which 

accounts for 99.6% of the variation. Adding the third component does not considerably improve 

the predictive ability of the model and percent variation explained by the predictors (Table 24). 

The result disclosed that changes in surface runoff and water yield were dependent on cultivated 

land and built-up area (on the positive side) and forest, shrubland and grassland (on the negative 

side), from which shrubland, grassland and built-up area have relatively greater importance (VIP 

>1.0) in this model (Table 25). The regression coefficients of this model have also provided a 

similar direction of influences as discussed above (Table 26). For lateral flow and groundwater 

(PLSR 3), a single component has explained the model, which accounts for 95.3% of the 

variations explained by the predictors. Again, adding other predictors does not noticeably 

improve model prediction and percent variation explained by the predictors (Table 24). The 

LULC categories that explain the variance in lateral flow and groundwater flow on the positive 

and negative side are forest, shrubland and grassland, and cultivated land and built-up area, 

respectively (Table 25). A similar direction of influence by predictors on lateral flow and 

groundwater flow is also expressed by the regression coefficients (Table 26). The close 

association of decrease in lateral flow and groundwater and reduction of vegetation covers 

suggests that the reduction of vegetation covers reduced lateral flow and groundwater flow in the 

study watershed. In the fourth PLSR model (ET), the minimum Root Mean PRESS was obtained 

with three components, which explains 99.9% of the variance (Table 24). Among the LULC 

classes, cultivated land, shrubland and grassland have greater importance (VIP>1) for the small 

change in ET (Table 25). In this model, cultivated land, forest, grassland and built-up area have 

negative regression coefficients. In contrast, shrubland has a positive regression coefficient 

(Table 26).   
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Table 24: Summary of PLSR models of the hydrological components in the Andassa watershed 

Response 
variable Y 

R2 Q2  Compon
ent  

% of the 
explained 

variability in Y 

Cumulative explained 
variability in Y (%) 

Root Mean 
PRESS 

Q2 cum 

Annual,  
Wet and Dry 
STQ 

0.985 0.919 1 98.5 98.5 0.275 0.919 
2 1.1 99.6 0.334 0.990 
3 0.1 99.7 0.431 0.998 
4 0.3 100 0.431 0.999 
5 0.0 100 0.431 0.999 

SUR Q and 
WYLD  

0.996 0.989 1 97.9 97.9 0.311 0.903 
2 1.7 99.6 0.305 0.989 
3 0.2 99.8 0.402 0.998 
4 0.2 100 0.402 0.999 
5 0.0 100 0.402 0.999 

LAT Q and 
GW QS 

0.953 0.867 1 95.3 95.3 0.393 0.867 
2 1.3 96.6 0.627 0.987 
3 2.3 98.9 0.856 0.997 
4 1.1 100 0.856 0.999 
5 0.0 100 0.856 0.999 

ET 0.999 0.999 1 97.4 97.4 0.261 0.932 
2 1.6 99.0 0.411 0.988 
3 0.9 99.9 0.258 0.999 
4 0.1 100 0.258 0.999 
5 0.0 100 0.258 0.999 

Note: The bold number indicated the number of factors required to fit the PLSR models; the minimum Root Mean 

PRESS shows the number of predictors explain the model (SAS Institute Inc, 2017).  

Table 25: VIP values and PLSR weights of hydrological components in the Andassa watershed 

PLSR 

Predicto

rs 

Annual, wet  

and dry STQ 

SUR Q and WYLD LAT Q and  

  GW Q  

ET 

VIP W*(1) VIP W*(1) W*(2) VIP W*(1) VIP W*(1) W*(2) W*(3) 

CULT 0.994 +0.445 0.985 +0.443 -0.309 1.006 -0.450 1.019 -0.458 -0.821 +0.457 

FRST 0.977 -0.437 0.970 -0.433 +0.458 0.979 +0.438 0.997 +0.446 -0.717 +1.127 

SHRB 1.022 -0.457 1.012 -0.457 +0.073 1.032 +0.462 1.049 +0.466 +1.218 -1.066 

GRAS 1.033 -0.462 1.025 -0.462 -0.076 1.025 +0.458 1.019 +0.453 -1.139 +0.991 

BULT  0.973 +0.435 1.008 +0.442 +0.832 0.956 -0.428 0.910 -0.411 +0.209 +0.643 

Note: The bold numbers are values greater than 0.3, the positive and negative signs indicate the sign of the loadings 

in PLSR model 
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Table 26: PLSR coefficients showing the impacts of individual LULC types on hydrological 

components during 1985-2045 periods   

PLSR model Response 

variables  

PLSR predictors 

Cultivated land Forest Shrubland Grassland Built-up area 

PLSR 1 Annual STQ +0.2036 -0.1999 -0.2092 -0.2114 +0.1992 

Wet STQ +0.2039 -0.2003 -0.2096 -0.2118 +0.1995 

Dry STQ -0.2046 +0.2010 +0.2103 +0.2125 -0.2002 

PLSR 2 SUR Q +0.1301 -0.0912 -0.1918 -0.2291 +0.3963 

WYLD +0.1254 -0.0844 -0.1907 -0.2302 +0.4086 

PLSR 3 LAT Q  -0.2010 +0.1956 +0.2062 +0.2047 -0.1911 

GW Q -0.2051 +0.1997 +0.2104 +0.2089 -0.1950 

PLSR 4 ET -0.5893 +0.2916 +0.8638 +0.4008 -0.2605 

Note: The positive and the negative signs revealed the position of influence   

 

4.4  Impacts of LULC changes on soil erosion 

The factors of RUSLE were multiplied in ArcGIS 10.3 spatial analyst tool to obtain the 

spatiotemporal variations of annual soil erosion rate over 1985-2045 periods, and the results are 

provided in Figure 18 and Table 27. The estimated soil erosion rate was finally classified into 

five severity classes such as very slight (0-5 t ha-1 yr-1), slight (5-15 t ha-1 yr-1), moderate (15-30 t 

ha-1 yr-1), severe (30-50 t ha-1 yr-1) and very severe (>50 t ha-1 yr-1). The result revealed a 

substantial increase in soil erosion rate in the study watershed through 1985-2045 periods.   

As shown in Figure 18 and Table 27, areas in a very slight and slight level of erosion intensity 

were diminished through 1985-2030 periods while the very severe category was increased during 

the same periods, indicating that there were shifts from the smallest levels of erosion intensity to 

the next higher level of erosion category. During the 2030-2045 periods, the slight and very 

severe erosion categories are expected to continue with the same trend. The moderate erosion 

intensity showed a declining trend through the 1985-2045 periods, except in 2030. However, the 

severe erosion intensity does not exhibit a clear trend in the study periods. In line with this study, 

a pattern of reducing the very slight, slight and moderate erosion rate and increase of the high, 

very high and severe erosion categories was also reported in Rib watershed during 1986 and 

2016 periods (Desalew Meseret and Bhat, 2017). The highest soil loss affected areas in the study 

watershed (i.e. erosion rate more than 50 t ha-1 yr-1) are mainly found in the upper and steepest 

areas and the lowest was mostly on the gentle slopes (Figure 18). Field observations which were 

carried out in the selected sites have also proven these findings. Similar to the current finding, 

the highest soil erosion rate in Chemoga watershed (Bewket and Teferi, 2009), Borena woreda 
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(Abate Shiferaw, 2011a), Koga watershed (Habtamu Sewnet and Amare Sewnet, 2016), Geleda 

watershed (Temesgen Gashaw et al., 2017) and Melaka watershed (Asnake Mekuriaw, 2017) 

were reported to be from the steepest areas of the respective study sites. In the Andassa 

watershed, areas which are above the tolerable soil loss (TSL) rate were increased during the 

1985-2045 periods. When we consider 15 t ha-1 yr-1 as the maximum TSL rate for ease of 

presentation, areas above the TSL has increased from 36.7% in 1985, to 40.1% in 2000 and to 

41.9% in 2015, and is expected to increase to 44.9% and 45.4% in 2030 and 2045 periods, 

respectively (Table 27). In terms of coverage, the very slight and slight erosion intensity 

accounts 54.6-63.3% of the study watershed during 1985-2045 periods. On the other hand, the 

moderate, severe and very severe erosion categories collectively account 36.7-45.4% during the 

same periods (Table 27).  
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Figure 18: The spatial distributions of soil erosion rate in the Andassa watershed in 1985 (a), 

2000 (b), 2015 (c), 2030 (d) and 2045 (e) periods  
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Table 27: Soil erosion severity classes (Adopted from Nigussie Haregeweyn et al., 2017 and 

Mengesha Zerihun et al., 2018) in the Andassa watershed from 1985-2045 periods  

Study period Soil erosion severity classes 
Very slight 
 ( 0-5 t ha-1 yr-1) 

Slight  
(5-15 t ha-1 yr-1) 

Moderate  
(15-30 t ha-1 yr-1) 

Severe  
 (30-50 t ha-1 yr-1) 

Very Severe  
(>50 t ha-1 yr-1) 

Area (ha)      
1985 32,260 4936 4795 4125 12,644 
2000 31,574 3631 3588 3744 16,223 
2015 31,015 3155 3461 3870 17,259 
2030 30,193 2216 3561 4322 18,468 
2045 30,542 1531 3092 4135 19,460 
Percent (%)      
1985 54.9 8.4 8.2 7.0 21.5 
2000 53.7 6.2 6.1 6.4 27.6 
2015 52.7 5.4 5.9 6.6 29.4 
2030 51.3 3.8 6.1 7.4 31.4 
2045 52.0 2.6 5.3 7.0 33.1 

 

The mean annual soil erosion rate in the study area increased from 35.5 t ha-1 yr-1 in 1985 to 52 t 

ha-1 yr-1 in 2000 and to 55 t ha-1 yr-1 in 2015 and is expected to extend to 55.1t ha-1yr-1 in 2030 

and to 59.4 t ha-1yr-1 in 2045 (Table 28). The estimated annual soil erosion rates in this study are 

very close to the previous estimate made in the Ethiopian highlands by FAO (1986), and other 

studies which were carried out in the same region (i.e. the highlands) such as Derege Tsegaye et 

al. (2012), Desalew Meseret and Bhat (2017), Habtamu Sewnet and Amare Sewnet (2016) and 

Mengesha Zerihun et al. (2018) (See Table 29 for details). In a broader sense, the change in 

erosion rate during these years was associated with the increase of erosion vulnerable LULC 

category (i.e. cultivated land) and diminishing of the vegetation cover, which is less susceptible 

to erosion (i.e. forest, shrubland and grassland). Similar to this result, the increase of the mean 

annual soil erosion rate due to the expansions of cultivated land and reductions of vegetation 

covers was also reported in Maithon reservoir catchment in India between 1989-2004 (Sharma et 

al., 2011), Central Rift Valley region in Ethiopia between 1973-2006 (Derege Tsegaye et al., 

2012) and Rib watershed in Ethiopia between 1986-2016 (Desalew Meseret and Bhat, 2017) 

periods. While expansion of cultivated land at the cost of vegetation covers increase the rate of 

soil erosion in the current study watershed and in several areas as mentioned above, the 

improvement in vegetation covers, in reverse, reduce soil erosion by water, as reported by 

Alkharabsheh et al. (2013) in northern Jordan between 1992-2009, Asnake Mekuriaw (2017) in 

Meleka watershed in Ethiopia between 2010-2015 and Yan et al. (2018) in Loess Plateau in 

China between 1990-2010 periods.  
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Assessment of soil erosion rates from individual LULC types was made, and the result indicates 

that the highest mean annual soil erosion rate was obtained in cultivated land (e.g. 51.5 t ha-1 yr-1 

in 1985 and 66.1 t ha-1 yr-1 in 2015), which is even higher than the erosion rate estimated for the 

entire watershed (e.g. 35.5 t ha-1 yr-1 in 1985 and 55 t ha-1 yr-1 in 2015) (Table 28). In contrast, 

the mean annual soil erosion rate estimated from forest, shrubland and grassland are lower than 

the erosion rate estimated from cultivated land and the entire watershed. The built-up area 

experiences very close soil erosion rate to forested areas. The high soil erosion rate estimated 

from cultivated lands in the current study area, as compared to vegetated LULC types, is 

comparable to the previous estimates given by FAO (1986) for the Ethiopian highlands (i.e. 100 t 

ha-1 yr-1 mean annual erosion in cultivated lands and 35 t ha-1yr-1 in the region) and elsewhere 

such as Fu et al. (2006) in Pataha Creek watershed (USA) and Karamage et al. (2016) in 

Rwanda. On the other hand, the low erosion risk observed in vegetated covers is realistic since 

vegetation covers protect the soil from severe erosion (Fu et al., 2006; de Asis and Omasa, 2007; 

Sharma et al., 2011). This is also in agreement with the results reported in Pataha Creek 

watershed, USA (Fu et al., 2006), Chemoga watershed, Ethiopia (Bewket and Teferi, 2009) and 

Central Rift Valley region, Ethiopia (Derege Tsegaye et al., 2012). Plot-level studies which were 

carried out in the highlands also revealed that in forested areas annual average erosion rates of 

water were not higher than 1 t ha-1 yr-1 (Hurni, 1985). Thus, the estimates made in this study are 

realistic as compared to field observations and previous studies.   

Table 28: The mean annual soil erosion rate in each LULC type and the entire watershed during 

1985-2045 periods  

Year Mean annual soil erosion rate (t ha-1 yr-1)  
Cultivated land Forest  Shrubland  Grassland Built-up area Entire watershed  

1985 51.5 2.3 11.0 3.6 0.9 35.5 
2000 66.3 11.3 13.6 13.0 16.5 52.0 
2015 66.1 3.3 19.7 22.3 8.5 55.0 
2030 62.6 5.0 16.4 32.0 5.1 55.1 
2045 67.0 9.6 20.8 30.2 1.9 59.4 
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Table 29: Mean annual soil erosion rate estimates in the Ethiopian highlands 

Study area  Mean annual 

soil erosion  

rate (t ha-1yr-1) 

Model 

used  

Reference  

Dembecha District 49 RUSLE  Mengesha Zerihun et al. (2018) 

Rib watershed 41.38 RUSLE Desalew Meseret and Bhat (2017) 

Geleda watershed  23.7 RUSLE Temesgen Gashaw et al. (2017) 

Upper Blue Nile Basin 27.5 RUSLE Nigussie Haregeweyn et al. (2017) 

Koga watershed 47.4 RUSLE Habtamu Sewnet and Amare Sewnet (2016) 

Jabi Tehinan watershed 30.4 RUSLE Tadesse Amsalu and Abebe Mengaw (2014) 

Wondo Genet watershed 26 RUSLE Amare Sisay et al. (2014) 

Northwestern highlands 84 RUSLE Yihenew G. Selassie and Yihenew Belay (2013) 

Central rift valley 56 USLE Derege Tsegaye et al. (2012) 

Borena Woreda 27 RUSLE Abate Shiferaw (2011a) 

Chemoga watershed  93 USLE Bewket and Teferi (2009) 

Northwestern highlands 243 WEPP* Gete Zeleke (2000) 

Ethiopian highlands  35 USLE FAO (1986) 

WEPP*= Water Erosion Prediction Project  

The total soil loss in the watershed amounted nearly 2.086 x 106 tons in 1985, 3.056 x 106 tons in 

2000, 3.232 x 106 tons in 2015, and is expected to increase to 3.237 x 106 tons in 2030 and to 

3.491 x 106 tons in 2045 (Table 30). Of the total soil loss, cultivated land contributed to more 

than 90% in the whole periods (Table 30). The second and third contributors to the total soil loss 

are the shrubland and grassland, respectively. Nevertheless, the contributions of forest and built-

up areas were insignificant, which both accounted less than 0.7% throughout these periods. In 

the same way, cultivated land was also the foremost contributor to the total soil loss in Rwanda 

(Karamage et al., 2016) and Pataha Creek watershed (USA) (Fu et al., 2006), which accounted 

95% and 92.8%, respectively. The highest contributions of cultivated land in the current study 

watershed might be attributed to the following reasons: 1) the larger area coverage, which is 

more than half of the watershed, and 2) the high soil erosion rate experienced in this LULC type 

(Table 28).   
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Table 30: The contributions of each LULC type to the total soil loss in the study watershed in 

the 1985-2045 periods  

Soil loss 
 

Soil loss (tones)   
Cultivated land  Forest  Shrubland Grassland Built-up area Total 

1985 1,896,230 4756 169,147 16,060 32 2,086,225 
2000 2,845,928 16,995 142,079 49,179 1667 3,055,848 
2015 2,981,639 3755 177,142 63,555 5712 3,231,803 
2030 3,063,143 4490 88,412 74,944 6105 3,237,094 
2045 3,378,475 7325 57,824 40,589 6551 3,490,764 
Percent (%)       
1985 90.9 0.2 8.1 0.8 0.0 100 
2000 93.1 0.6 4.6 1.6 0.1 100 
2015 92.2 0.1 5.5 2.0 0.2 100 
2030 94.6 0.1 2.7 2.3 0.2 99.9 
2045 96.7 0.2 1.7 1.2 0.2 100 

 

4.5 Impacts of LULC changes on sediment yield 

4.5.1 Model calibration  

According to the discharge-sediment rating curve, the mean annual sediment yield of the study 

watershed during the calibration period (1992-2011) was 20.3 t ha-1 yr-1 (Figure 19). The mean 

annual sediment yield between1995-2005 and 1997-2002 periods were also 20.7 and 21 t ha-1 yr-

1, respectively, which are related to the sediment yield in the calibration period. On a monthly 

basis, sediment yield is very high particularly in August, July and September while in the months 

from November to May, sediment yield is very low (Figure 19). The value of � that provides a 

very close sediment yield to the calibration period (i.e. 20.3 t ha-1 yr-1) was 0.027.  Even though 

the previous study carried out in the three small catchments of India revealed the value of � was 

not sensitive to sediment yield (Jain and Kothyari, 2000), the coefficient � in the study 

watershed was very sensitive to sediment yield, and different value provides varying results. In 

relation to this finding, the � parameter was also sensitive to sediment yield in Pataha Creek 

watershed (Fu et al., 2006) and Upper Grande River basin (Batista et al., 2017). Hence, this study 

highlights that the coefficient � must be calibrated and the � value that provides the lowest error 

in relation to observed sediment must be used.  
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Figure 19: The mean annual (a) and the mean monthly (b) sediment yield of the study watershed 

during 1992-2011 periods  

After the value of the � parameter was determined, SDR of the five LULC temporal layers were 

developed (Figure 20). The values of the SDR were generally in a range between 0 and 1 (Batista 

et al., 2017); higher value provides higher sediment yield if soil erosion rate is also higher, and 

vice versa. The mean SDR of the study area has increased from 0.39 in 1985 to 0.40 in 2000 and 

to 0.42 in 2015, and is expected to increase in the coming decades (Table 31). Of the LULC 

categories, cultivated land has higher SDR than forest, shrubland and a grassland LULC type, 

which is reasonable since the probability of eroded materials to reach the nearest stream channel 
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from vegetated LULC types are lower than the non-vegetated covers (Fu et al., 2006; Girmay et 

al., 2009).   

 

  

Figure 20: The SDR of the Andassa watershed in 1985 (a), 2000 (b), 2015 (c), 2030 (d) and 

2045 (e) periods  
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Table 31: The mean SDR of each LULC type and the entire watershed during 1985-2045 

periods  

Year Mean SDR  
Cultivated land Forest  Shrubland  Grassland Built-up area Entire watershed  

1985 0.46 0.08 0.29 0.25 0.76 0.39 
2000 0.43 0.10 0.37 0.27 0.63 0.40 
2015 0.44 0.13 0.36 0.29 0.68 0.42 
2030 0.44 0.14 0.34 0.24 0.69 0.43 
2045 0.44 0.13 0.32 0.22 0.74 0.44 

 

4.5.2 Impacts of LULC changes on sediment yield  

Sediment yield was estimated using SEDD model, which integrates RUSLE and SDR (Eq.8). 

The estimated sediment yield was, then, categorized into five severity classes; very slight (0-5 t 

ha-1 yr-1), slight (5-15 t ha-1 yr-1), moderate (15-30 t ha-1 yr-1), severe (30-50  t ha-1 yr-1) and very 

severe (>50 t ha-1 yr-1). Figure 21 and Table 32 present the changes of sediment yield in space 

and time in the study watershed during 1985-2045 periods. The result shows a considerable 

increase of sediment yield in the course of these periods.   

Areas categorized into a very slight level of sediment yield intensity were reduced during the 

1985 to 2045 periods. In reverse, severe and very severe categories were increased during these 

periods (Table 32). The moderate sediment yield intensity has increased in the 1985 to 2030 

periods, but slightly decreased in 2045. On the contrary, the slight category shows a general 

trend of reducing from 1985 to 2045 periods, except the 2030 period. The implication of 

reducing the very slight and slight classes and increase of the moderate, severe and very severe 

categories is that area which experiences very slight and slight sediment yield intensity was 

shifted to the next higher sediment yield category. The highest sediment yield (Figure 21) was 

observed in areas which have a highest soil erosion rate (Figure 18) and SDR (Figure 20). This is 

because sediment yield is a function of soil erosion rate and SDR as indicated in Eq. 8. By 

considering these relationships, areas which experience high erosion rate, but low SDR, because 

of the low SDR, such areas did not have a high sediment yield. Conversely, higher SDR alone 

did not bring higher sediment yield unless the erosion rate in this area is also higher. Similar to 

the pattern of soil erosion, areas which experience above 15 t ha-1 yr-1 of sediment yield increased 

from 23.1% in 1985 to 28.1% in 2000 and to 29.7% in 2015 and is expected to increase to 31.6% 

and 32.8% in 2030 and 2045, respectively (Table 32). In terms of area coverage, the very slight 
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and slight sediment yield intensity accounts 67.2-76.9%, while the moderate, severe and very 

severe categories comprise 23.1-32.8% during the study periods (Table 32).  

 

   

Figure 21: The spatial distributions of sediment yield in 1985 (a), 2000 (b), 2015 (c), 2030 (d) 

and 2045 (e) periods in the Andassa watershed   
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Table 32: Sediment yield severity classes (Adopted from Lulseged Tamene et al., 2017) in the 

Andassa watershed during 1985-2045 periods  

Study period Sediment yield severity classes   
Very slight 
 ( 0-5 t ha-1 yr-1) 

Slight  
(5-15 t ha-1 yr-1) 

Moderate  
(15-30 t ha-1 yr-1) 

Severe  
 (30-50 t ha-1 yr-1) 

Very Severe  
(>50 t ha-1 yr-1) 

Area (ha)      
1985 39,807 5429 4140 3226 6158 
2000 37,222 5073 4456 3730 8279 
2015 36,318 4969 4588 3925 8960 
2030 35,150 5027 4985 4302 9296 
2045 34,771 4690 4946 4398 9955 
Percent (%)      
1985 67.7 9.2 7.1 5.5 10.5 
2000 63.3 8.6 7.6 6.4 14.1 
2015 61.8 8.5 7.8 6.7 15.2 
2030 59.8 8.6 8.5 7.3 15.8 
2045 59.2 8.0 8.4 7.5 16.9 

 

In a similar pattern to the increase of soil erosion rate (Table 28) and SDR (Table 31), the mean 

annual sediment yield has increased from 14.8 t ha-1 yr-1 in 1985 to 20.4 t ha-1 yr-1 in 2000 and to 

22.1 t ha-1 yr-1 in 2015, and expected to increase to 23.7 t ha-1 yr-1 in 2045 (Table 33). The mean 

annual sediment yield results obtained from this study are comparable with other findings in the 

Ethiopian highlands such as in Gumera watershed (Meqaunint Tenaw and Seleshi Awulachew, 

2010), Anjeni-Gauged watershed (Setegn Shimelis et al., 2010), Fincha watershed (Abdi Boru et 

al., 2012), Tekeze dam watershed (Kidane Welde and Bogale Gebremariam, 2017) and 

Laelaywukro catchment (Lulseged Tamene et al., 2017) (See Table 34 for details). The estimated 

sediment yield is also reasonable as compared to the measured data (See section 4.5.1 for 

details). The increase of sediment yield through 1985-2045 periods is generally due to the 

increase of cultivated land and built-up areas and shrinking of forest, shrubland and grasslands. 

In line with this finding, the increase of sediment yield in Tekeze Dam watershed (Ethiopia) 

from 12.54 t ha-1 yr-1 in 1986 to 15.17 t ha-1 yr-1 in 2008 (Kidane Welde and Bogale 

Gebremariam, 2017) was attributed mainly to the increase of agricultural land and bare land, and 

the reduction of shrubland and grasslands. The increase of sediment yield in Upper Du watershed 

in China from 1978-1999 (Yan et al., 2013), Ming Shan National Park in Taiwan from 1996-

2007 (Huang and Lo, 2015), Olifants basin in South Africa from 2000-2007 (Gyamfi et al., 

2016b) and Beressa watershed in Ethiopia from 2010-2014 (Tesfa Worku et al., 2017) were also 

due to expansions of cultivated land and reductions of vegetation covers. In reverse, 

improvements in vegetation cover such as expansions of grassland and forest, and reduction of 
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farmland has reduced sediment yield in the Loess Plateau in China between 1990 and 2010 

periods (Yan et al., 2018).  

In terms of exposure to assess sediment yield from each LULC type, sediment yield is highest in 

cultivated land and lowest in forested areas (Table 33). The shrubland and grassland experience 

lower sediment yield than cultivated land. The sediment yield estimated from the built-up area is 

lower than the shrubland and grassland. The highest sediment yield estimated from cultivated 

land and the lowest from forested areas is generally reasonable since cultivated lands are exposed 

to higher erosion and higher flow velocity, and then contribute higher sediment yield. In contrast, 

forested areas allow minimum erosion and lower flow velocity, and the contribution of such 

areas to sediment yield is small. In the same way, the highest sediment yield in Maileba and 

Gum Selassa catchments in Tigray in northern Ethiopia were measured from cultivated land than 

other LULC categories (Girmay et al., 2009). The highest sediment yield in cultivated lands and 

the lowest in vegetated lands were also reported in Pataha Creek watershed (USA) (Fu et al., 

2006).    

Table 33: Mean annual sediment yield estimates from each LULC type in the Andassa 

watershed during 1985-2045 periods 

Year Mean annual sediment yield  (t ha-1  yr-1)  
Cultivated land Forest  Shrubland  Grassland Built-up area Entire watershed  

1985 22.2 0.3 2.9 1.0 0.7 14.8 
2000 26.2 2.9 4.9 5.2 9.2 20.4 
2015 26.6 0.6 7.4 9.1 4.7 22.1 
2030 25.5 1.3 4.4 10.6 3.0 22.1 
2045 27.0 2.7 5.4 9.1 1.2 23.7 

 
Table 34: Mean annual sediment yield estimates in the Ethiopian highlands  
Study area  Mean annual 

sediment yield 

(t ha-1 yr-1) 

Model used Reference  

Tekeze dam watershed 15.17 SWAT Kidane Welde and Bogale Gebremariam (2017) 

Adikenafiz catchment  56 SEDD Lulseged Tamene et al. (2017) 

Gerebmihiz catchment 44 SEDD Lulseged Tamene et al. (2017) 

Laelaywukro 20 SEDD Lulseged Tamene et al. (2017) 

Mizewa watershed 40.9 SWAT Maru Alem and Birhanu Zemadim (2013) 

Fincha watershed 25.38 Measured  Abdi  Boru et al. (2012) 

Gumera watershed 21.6 Measured  Meqaunint Tenaw and Seleshi Awulachew (2010) 

Anjeni-Gauged watershed 24.6  Measured  Setegn Shimelis et al. (2010) 

May Zegzeg catchment 5.6 Estimateda Nyssen et al. (2007) 

a=It was done by subtracting sediment sinks from catchment sediment sources, and dividing the result by the 

catchment area 
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Corresponding to the increase of soil loss (Figure 18, Table 28) and SDR (Figure 20, Table 31), 

the annual sediment yield was 0.867 x 106 tons in 1985, 1.201 x 106 tons in 2000, 1.296 x 106 

tons in 2015, 1.301 x 106 tons in 2030 and 1.395 x 106 tons in 2045 (Table 35), a substantial 

increase. All through these periods, cultivated land contributes to more than 92% of the total 

sediment yield. The shrubland and grasslands are the second and third contributors to these 

increases, respectively. On the other hand, the contributions of forest and built-up area are not 

considerable, which both contribute less than 0.5% throughout the study periods (Table 35). In 

the same manner, agricultural land in Pataha Creek watershed (USA) contributed about 87.41% 

of the sediment yield (Fu et al., 2006). Similar to the soil loss, the uppermost contributions of 

cultivated land in the current study area are attributed to its larger area coverage (i.e. more than 

62% of the watershed) and the high sediment yield measured in this LULC type than others 

(Table 28).  

Table 35: The contributions of individual LULC categories to the total sediment yield in the 

study watershed during 1985-2045 periods 

Sediment yield Sediment yield (Tons)  
Cultivated land  Forest  Shrubland Grassland Built-up area Total  

1985 817,404 620 44,593 4461 25 867,103 
2000 1,124,635 4362 51,190 19,672 929 1,200,788 
2015 1,199,873 683 66,541 25,935 3158 1,296,190 
2030 1,247,766 1167 23,720 24,825 3591 1,301,069 
2045 1,361,475 2060 15,012 12,230 4138 1,394,915 
Percent (%)       
1985 94.3 0.1 5.1 0.5 0.0 100 
2000 93.6 0.4 4.3 1.6 0.1 100 
2015 92.6 0.1 5.1 2.0 0.2 100 
2030 95.9 0.1 1.8 1.9 0.3 100 
2045 97.6 0.1 1.1 0.9 0.3 100 

 

Comparisons of the various levels of soil erosion and sediment yield intensity were made and the 

results are shown in Figure 22. The results indicate that the sediment yield in the very slight level 

of intensity is higher than the soil erosion rate, which accounts between 59.2-67.7%, and 51.3-

54.9%, respectively. In reverse, the sediment yield in the very severe level of intensity is lower 

than the soil erosion, which comprises between 10.5-16.9%, and 21.5-33.1%, respectively. As 

mentioned previously, the highest soil erosion rate was found in the steepest areas while the 

lowest is mainly in gentle slopes (Figure 18). Hence, the presence of higher sediment yield in the 

very slight level of intensity as compared to the soil erosion rate has been realistic since in gentle 
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slope area deposition is higher than erosion. Conversely, the lower sediment yield in the very 

severe level of intensity as compared to the soil erosion is also reasonable since erosion is higher 

than deposition in the steep slope areas.   

 

Figure 22: Comparison of soil erosion and sediment yield severity classes in the study watershed 

during 1985-2045 periods  

4.6  Impacts of LULC changes on ESV 

4.6.1 Changes in the total ESV   

The changes in ESV from 1985 to 2015 periods, and its predicted amount in the year 2030 and 

2045 for each LULC type and total ESV were evaluated and presented in Table 36. In the study 

watershed, the ESV of cultivated land increased between 1985 and 2015 periods mainly due to 

its expansions. Conversely, the ESV of forest, shrubland and grassland over these periods has 

been reduced (Table 36). The increase of ESV for cultivated land and its reduction for vegetated 

LULC categories are expected to continue in 2030 and 2045 periods. Consequently, the total 

ESV has reduced from US$ 26.83 x 106 in 1985 to US$ 22.58 x 106 in 2000 and to US$ 21.00 x 

106 in 2015 and is expected to further reduce to US$ 17.94 x 106 in 2030 and to US$ 15.25 x 106 

in 2045. It was found that the major contributor to these changes is the change in shrubland. The 
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next major contributor to the reduction of the total ESV across the study periods was the 

reduction of forest cover (Table 36; Figure 23). It is also observed that the LULC occurred over 

1985 to 2015 periods has lost US$ 5.83 x 106 ESV, and the expected changes in LULC during 

2015 to 2045 periods will drop about US$ 5.75 x 106 ESV if the existing condition is not 

improved in terms of land management practices (Table 37).    

The loss of ESV in the study watershed mainly due to the loss of shrubland and forest land use 

categories is very similar to the findings of various studies in Ethiopia and elsewhere. For 

example, the predominant contributor to the reduction of ESV in Munessa-Shashemene 

landscape of Ethiopia (Mengistie Kindu et al., 2016), Toke Kutaye District, Ethiopia (Terefe 

Tolessa et al., 2016) and Chillimo forest, Ethiopia (Terefe Tolessa et al., 2017) during 1973-

2012, 1973-2014 and 1973-2015 periods, respectively, were the reductions in natural forests and 

woodlands, forest land and shrub/bushland, and forest land, respectively. Moreover, the loss of 

ESV during 1973-2004 periods in Pingbian County (China) were also due to the loss of forest 

and shrubland (Li et al., 2007). A study by Hu et al. (2008) in Menglun (Southwest China) also 

illustrates the major contribution of forest cover loss for the deterioration of ESV during 1988 to 

2006 periods.  

Table 36: Effects of LULC changes on the total ESV (US$ in millions) in the Andassa 

watershed    

LULC types 1985  2000  2015  2030  2045  

ESV % ESV % ESV % ESV % ESV % 

Cultivated land 8.31 31.0 9.68 42.9 10.17 48.4 11.04 61.5 11.37 74.5 

Forest  2.04 7.6 1.48 6.5 1.12 5.3 0.89 5.0 0.75 4.9 

Shrubland 15.17 56.5 10.31 45.7 8.87 42.2 5.32 29.7 2.74 18.0 

Grassland 1.31 4.9 1.11 4.9 0.84 4.0 0.69 3.8 0.39 2.6 

Built-up area 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 

Total  26.83  22.58  21.00  17.94  15.25  

 

 

 

 

 

 

 



87 
 

 

Figure 23: Proportions of LULC (%) and ESV (%) for the periods from 1985 to 2045 in the 

Andassa watershed   

The LULC changes in the study watershed have also reduced the average ESV of the land from 

457 US$ ha-1 yr-1 in 1985 to 384 US$ ha-1 yr-1 in 2000 and to 358 US$ ha-1 yr-1 in 2015, and is 

expected to continue to reduce to 305 US$ ha-1 yr-1 in 2030 and 260 US$ ha-1 yr-1 in 2045. The 

reduction of the average ESV of the land throughout the study periods is attributed to the 

reductions of vegetated land covers and expansions of the non-vegetated LULC type. The 

estimated average ESV of the land use in the study area is lower than other findings such as in 

Chillimo forest (Terefe Tolessa et al., 2017) and Munessa-Shashemene landscape (Mengistie 

Kindu et al., 2016) (Table 38). This could be attributed to a number of reasons, such as the 

dominance of cultivated land in the study watershed, which covers above 62% of the watershed 

in the whole study periods and the selected ecosystem service coefficients have contributed to 

the estimated average ESV of the land in the study watershed. For example, if this study used the 

ecosystem service valuation model established by Costanza et al. (1997) for similar biomes (i.e. 

92 for cropland biome, 2008 for tropical forest biome, 244 for grassland biome), the total ESV in 

the study watershed will be US$ 39.51 x106 in 1985, US$ 28.87x 106 in 2000, US$ 25.19 x 106 in 
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2015, US$ 17.70 x 106 in 2030 and US$ 12.08 x 106 in 2045. Consequently, the average ESV of 

the land will be 672 US$ ha-1 yr-1 in 1985, 491 US$ ha-1 yr-1 in 2000 and 429 US$ ha-1 yr-1 in 

2015, showing a higher ESV of the land. Conversely, if the model established by Costanza et al. 

(1997) was used, the average ESV of the land in the 2030 and 2045 periods will be 301 US$ ha-1 

yr-1 and 206 US$ ha-1 yr-1, respectively. Studies conducted elsewhere, such as by Wang et al. 

(2006 & 2015) and Hu et al. (2008) in China (Table 38) have also shown highest ESV of the land 

as compared to these findings. However, the ESV of the land in the study watershed relates to 

the Toke Kutaye District, particularly in the 1984 and 2000 periods (Table 38) (Terefe Tolessa et 

al., 2016).  
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Table 37: Changes in ESV (US$ in millions) in the Andassa watershed  

LULC types 1985-2000 2000-2015 1985-2015 2015-2030 2030-2045 2015-2045 

US $ in 

millions 

Change 

in %     

US $ in 

millions 

Change 

in  %  

US $ in 

millions 

Change in  

%  

US $ in 

millions 

Change 

in %  

US $ in 

millions 

Change 

in %  

US $ in 

millions 

Change 

in  %  

Cultivated land 1.37 16.5 0.49 5.1 1.86 22.4 0.87 8.6 0.33 3.0 1.2 11.8 

Forest  -0.56 -27.5 -0.36 -24.3 -0.92 -45.1 -0.23 -20.5 -0.14 -15.7 -0.37 -33.0 

Shrubland -4.86 -32.0 -1.44 -14.0 -6.3 -41.5 -3.55 -40.0 -2.58 -48.5 -6.13 -69.1 

Grassland -0.2 -15.3 -0.27 -24.3 -0.47 -35.9 -0.15 -17.9 -0.3 -43.5 -0.45 -53.6 

Built-up area 0  0  0  0  0  0  

Total   -4.25  -1.58  -5.83  -3.06  -2.69  -5.75  

 

Table 38: The average ESV of the land in selected studies, which was computed following Eq. 26 using the available data from the 

studies   

Study area  Area (ha) Year  ESV (US$ in 
millions) 

Average ESV 
of the land 
(US$ ha-1yr-1) 

Reference  

Chillimo Forest, Dendi District of Oromia National Regional State, 
Central highlands of Ethiopia 

7687.26 1986 7.66 996 Terefe Tolessa et al. 
(2017)  2001 6.40 833 

 2015 5.37 699 
Toke Kutaye District, West Shewa zone of Oromia National Regional 
State, Centeral highlands of Ethiopia 

72,697.2 1984 33.93 467 Terefe Tolessa et al. 
(2016)  2000 28.22 388 

 2014 16.71 230 
Munessa–Shashemene landscape, Munessa and Arsi-Negele Districts, 

Centeral highlands of Ethiopia 

103,675 1986 118.5 1143 Mengistie Kindu et al. 
(2016) 
 

 2000 114.8 1107 
 2012 111.1 1072 

Nenjiang River Basin, Heilongjiang Province, Northeast China 
 

29,420,000 1980 99,940 3397 Wang et al. (2015)  
 2005 97,510 3314 

Menglun, Xishuangbanna, Southwest China  33,488.34 1988 41.200 1230 Hu et al. (2008) 
 2006 29.773 889 

Sanjiang Plain, Heilongjiang Province, China 10,882,948 1980 37, 629.323 3458 Wang et al. (2006) 
 2000 22,001.018 2022 
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4.6.2 Impact of LULC changes on the specific ESV   

The impacts of LULC changes in the specific ecosystem services are presented in Table 39. The 

result revealed that there exist diverse effects of LULC changes in the various ecosystem 

services; it increased some ecosystem service while others were reduced. For example, during 

1985-2015 periods, only food production, biological control and pollination increased 

corresponding to the LULC changes. Conversely, most of the ecosystem services were reduced 

(Table 39). The increase of food production, biological control and pollination in these periods is 

certainly attributed to the expansion of cultivated land over these periods. On the other hand, the 

decline of most ecosystem services is highly associated with the reduction of shrubland (Table 

14). Similar to this finding, a decrease in grasslands, woodlands and aquatic regions between 

2003 and 2013 periods in Manas River basin in China has resulted in a decrease in the value of 

climate regulation, gas regulation and various types of ecosystem services (Wang et al., 2017).  

In the same way, the reduction of natural forests and woodlands in Munessa-Shashemene 

landscape, Ethiopia (Mengistie Kindu et al., 2016) and forest land and shrub/bush land in 

Chillimo forest, Ethiopia (Terefe Tolessa et al., 2017) have also resulted in the reductions of 

several ecosystem service values.  

From the periods 2015 to 2045, merely food production and biological control are expected to 

increase while 15 ecosystem service functions are expected to reduce (Table 39).  The predicted 

reduction in ESV in the study watershed for 2015-2045 is also similar to the findings of 

Mengistie Kindu et al. (2018) where business as usual case scenario reduced the ESV as 

compared to other assumptions. These findings are also consistent with others elsewhere (e.g. 

Niquisse et al., 2017). Hence, it is very clear that the impacts of LULC changes in the Andassa 

watershed are significant both on the specific ecosystem services and the overall ESV.  

In the observed (1985-2015) and predicted (2015-2045) periods, the greatest ecosystem service 

loss was from erosion control (US$ 1.84 x 106 and US$ 1.65 x 106), climate regulation (US$ 

1.63 x 106 and US$ 1.47 x 106), nutrient cycling (US$ 1.35 x 106 and US$ 1.22 x 106) and waste 

treatment (US$ 1.14 x 106 and US$ 1.02 x 106). In a broader category, the greatest loss of 

ecosystem services between1985-2015 and 2015-2045 periods, in a decreasing order, were from 

regulating services, supporting services, provisioning services and cultural services (Table 39).  
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Table 39: Effects of LULC changes in the values of the specific ecosystem services in the 

Andassa watershed 

No. Ecosystem services  ESV across periods (US$ in millions) Overall change 
ESVf  

1985 
ESVf  
2000 

ESVf  
2015 

ESVf  
2030 

ESVf  
2045 

1985-
2015 

2015-
2045 

1 Provisioning services         
 Water supply 0.14 0.10 0.08 0.05 0.03 -0.06 -0.05 

 Food production 7.99 8.88 9.12 9.65 9.73 1.13 0.61 

 Raw materials 0.89 0.61 0.52 0.32 0.18 -0.37 -0.34 

 Genetic resources 0.72 0.49 0.41 0.26 0.14 -0.31 -0.27 

2 Regulating services         
 Water regulation 0.12 0.08 0.07 0.04 0.02 -0.05 -0.05 

 Climate regulation 3.89 2.67 2.26 1.40 0.79 -1.63 -1.47 

 Disturbance regulation 0.09 0.06 0.05 0.03 0.02 -0.04 -0.03 

 Gas regulation 0.27 0.19 0.16 0.10 0.06 -0.11 -0.1 

 Biological control 0.99 1.12 1.15 1.23 1.24 0.16 0.09 

 Erosion control 4.40 3.04 2.56 1.61 0.91 -1.84 -1.65 

 Waste treatment 2.76 1.95 1.62 1.06 0.60 -1.14 -1.02 

3 Supporting services         
 Nutrient cycling 3.22 2.20 1.87 1.16 0.65 -1.35 -1.22 

 Pollination 0.75 0.78 0.78 0.8 0.76 0.03 -0.02 

 Soil formation 0.18 0.12 0.10 0.07 0.03 -0.08 -0.07 

 Habitat/refugia 0.30 0.21 0.18 0.11 0.06 -0.12 -0.12 

4 Cultural services         
 Recreation 0.09 0.06 0.05 0.03 0.02 -0.04 -0.03 

 Cultural 0.03 0.02 0.02 0.01 0.01 -0.01 -0.01 

 Total  26.83 22.58 21.00 17.94 15.25 -5.83 -5.75 
 

Quantitative evaluation of the changes in ESVs, such as this, can easily create a common 

understanding of the ongoing land use dynamics and is important to indicate the vulnerability of 

each ecosystem services (Cabral et al., 2016). This can provide an avenue for decision-making 

processes (Costanza et al., 1997; Anaya-Romero et al., 2016; Niquisse et al., 2017), and help to 

develop a land-use planning framework vital for maintaining the health and sustainability of land 

resources (Cabral et al., 2016; Jacobs et al., 2016; Bartkowski, 2017).    

To account for the uncertainty of the model and the represented biomes, several studies 

computed Coefficient of Sensitivity (CS) using the standard economic concept of elasticity (e.g. 

Kreuter et al., 2001; Wang et al., 2006 & 2015; Hu et al., 2008; Mengistie Kindu et al., 2016; 

Terefe Tolessa et al., 2017) and in most cases, the Value Coefficients (VC) were adjusted by 

±50% (e.g. Wang et al., 2006; Li et al., 2007; Hu et al., 2008; Mengistie Kindu et al., 2016; 

Eshetu Yirsaw et al., 2017; Terefe Tolessa et al., 2017). In this method, CS values greater than 1 
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and less than 1 represents the estimated ecosystem value is elastic and inelastic (i.e. the data are 

reliable), respectively, with respect to that coefficient (Kreuter et al., 2001; Hu et al., 2008; 

Tianhong et al., 2010; Mengistie Kindu et al., 2016; Eshetu Yirsaw et al., 2017; Terefe Tolessa et 

al., 2017). However, adjusting VC to ±25% also gives the same result. Hence, this method is not 

adequately addressing the reliability of the estimation because it is independent of the ±50% 

change of VC and it always gives values less than 1, indicating erroneously that the coefficients 

are robust (Aschonitis et al., 2016). Due to this reason, applying CS method to understand the 

trustworthiness of the model in ecosystem services are criticized (Aschonitis et al., 2016). 

Accordingly, CS analysis was not employed in this study. On the other hand, the reliability of the 

model was not checked by any other methods. Hence, this is one of the limitations of this study.  

With its limitations, however, the paper added a new dimension of local level estimation in ESV 

based on expert knowledge of the country than based on global data sets which could otherwise 

underestimate or overestimate the values. Studies of this kind are scarce in Africa that resulted in 

the absence of local level estimation for decision-making processes in resource conservation and 

sustainable utilization. Hence, the output of the study will provide additional local level 

information to be included in global values for decision-making processes. It also helps to be 

used in data scarce areas as a substitute for similar conditions. The study has also given an 

insight into the future changes in the ESV, which are not the case in other studies in Ethiopia, 

such as Terefe Tolessa et al. (2016 & 2017) and Mengistie Kindu et al. (2016), given the existing 

land use changes are unfolding due to the various proximate and underlying causes (Mengistie 

Kindu et al., 2018). Moreover, this particular piece of work may trigger further studies to 

investigate how ESVs are changing in the context of existing land degradation and climate 

change.   
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CHAPTER FIVE 

5. CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Significant expansions of cultivated land and built-up area at the expense of forest, shrubland 

and grasslands have occurred during 1985-2015 periods. Population growth and reduction of 

land productivity are the drivers of such changes. The trend of increasing in cultivated land and 

built-up area and reductions of natural vegetation covers are expected to continue in 2030 and 

2045 periods unless proper management measures are implemented.  

 

The LULC changes occurred between 1985-2015 periods had increased the annual and wet 

season flow, surface runoff and water yield while the dry season flow, groundwater flow, lateral 

flow and ET have reduced in the course of these periods. The 2030 and 2045 LULC states are 

expected to increase the annual and wet season flow, surface runoff and water yield, and reduce 

the dry season flow, groundwater flow, lateral flow and ET. The expected increase of wet season 

flow may result in flooding, and the reduction of dry season flow may affect future irrigation 

practice. The effects of LULC changes on streamflow, surface runoff, groundwater flow, lateral 

flow and water yield are very noteworthy in both the annual and monthly average values. 

Nevertheless, the response of ET to the LULC changes is very small, especially in the monthly 

average values.  
 

Due to the significant expansions of erosion vulnerable LULC type and diminishing of erosion 

resistant covers, soil erosion and sediment yield have increased in the past three decades and the 

same trends are expected to continue in the future. The expansions of cultivated land are the 

foremost contributor to these increases. The expected increase in soil erosion will reduce the 

productivity of the land and will negatively affect the livelihood of the watershed community in 

the future. On the other hand, the expected increase of sediment yield will have negative 

implications on increasing sedimentation in the identified potential small-scale hydropower sites 

of the study watershed and the Grand Ethiopian Renascence Dam.   

 

Moreover, the LULC changes had reduced several ecosystem services between 1985 and 2015 

periods and the same trends are expected to continue in the coming three decades. The reduction 

of shrubland in all of these periods is the major contributor to the reduction of ecosystem 

services in the study watershed. 
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5.2 Recommendations 

Based on the results of this study, the following recommendations are given: 

 Successive efforts towards increasing vegetation covers are very important in order to 

reduce the wet season flow, surface runoff, soil erosion, sediment yield and the loss of 

ecosystem services and, to increase the dry season flow, lateral flow and groundwater 

flow. One way of increasing vegetation cover in the study watershed is through changing 

the widely implemented cereal production with fruit production.  

 Considerable attention to ameliorate the livelihoods of the watershed community will 

restrain further expansions of cultivation and thereby will reduce its subsequent effects on 

hydrology, soil erosion, sediment yield and ecosystem services. Designing ecotourism in 

the study watershed is one dimension that improves the income of local communities. In 

addation, the government should facilitate Payment for Ecosystem Services (PES) at 

micro-level as a conservation strategy.  

 Implementing proper soil and water conservation measures are highly necessary to arrest 

the expected increase of soil erosion and sediment yield.    

 Experts of environment, conservation, resource management and sustainability, ecology, 

biodiversity, and eco-system are required to develop a plan for sustainable use of the site 

to ensure its functions for the next generations.   

Further research  

 Monitoring of land use change and landscape process is important.  

 Better calibration of SDR is needed.     

 Finding a robust method that will account the uncertainty of the ecosystem service 

valuation model and the represented biomes is very important.   
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APPENDIX 
Tables 

Table a: Shapiro-Wilk (S-W) test for each response and predictor variables. Significance level is 

measured at ᾳ =0.05   

Measure CULT FRST SHRB GRAS BULT Annul 

STQ 

Wet  

STQ 

Dry 

STQ 

SUR 

Q 

LAT 

Q 

GW 

Q 

WYLD  ET 

P-value 0.730 0.598 0.947 0.965 0.114 0.928 0.944 0.973 0.921 0.556 0.902 0.927 0.882 

Note: P-value above alpha value (ᾳ=0.05) express the normal distribution of the data; CULT: Cultivated land; 
FRST: Forest; SHRB: Shrubland; GRAS: Grassland; BULT: Built-up area, STQ: streamflow; SUR Q: Surface 
runoff; LAT Q: Lateral flow; GW Q: Groundwater flow; WYLD: Water yield; ET: Evaporation and transpiration.  

Figures 

Figure a: Suitability areas for conversion to cultivated land (a), forest (b), shrubland (c), 

grassland (d) and built-up area (e) in the Andassa watershed 

 

Figure b: Proximate to developed cultivated land (a), forest (b), shrubland (c), grassland (d) and 

built-up area (e) in the Andassa watershed 
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Figure c: Distance to rivers, towns and roads, and elevation factors considered in the Andassa 

watershed  

 

 
Figure d: Slope constraint map for cultivated land (a), built-up area (b), and forest, shrubland 

and grassland (c) in the Andassa watershed 
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Figure e: The SWAT model processing steps employed in this study (Adapted from Getachew 

Haile and Melesse Assefa, 2012) 
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Figure f: Annual rainfall distribution recorded in meteorological stations in the surrounding 

areas of the study watershed for the period 1995 to 2007   

 

 

 

 

 

 

 

 

 

 

 

  

0

500

1000

1500

2000

2500

3000

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

A
n

n
u

al
 r

ai
n

fa
ll

 (
m

m
)

Bahir Dar Meshenti Merawi Adet Tis Abay Sekela


	Cover page.pdf (p.1-2)
	PhD Thesis approval sheet.pdf (p.3)
	PhD Thesis_corrected.pdf (p.4-136)

