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Quantification and Mapping of Ecosystem Services for the Conservation and 

Management of Dire and Legedadi watersheds, Central Highlands of Ethiopia 

Simeneh Admasu Namaga 

Abstract  

Quantification and mapping of ecosystem service is a critical endevours for the management 

of the ecosystems and integrating ecosystem service in land use management and planning. 

The study assessed the impact of Land Use Land Cover (LULC) dynamics on Ecosystem 

Service in the Dire and Legedadi watersheds. First, the benefits transfer method was applied 

to evaluate the ecosystem service value (ESV) changes in response to LULC. Second, the 

Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model was used to 

determine habitat quality and assess the watersheds' annual water yield capacity. Thirdly, the 

previously developed recreational indicators in the ArcGIS tool were also applied to assess 

recreational potential. Fourth, land suitability for apple farming was assessed using the FAO 

land evaluation methodology and finally, the premises of compensation for ecosystem 

services was assessed as a watershed management and planning tool.   

The findings revealed that both watersheds experienced considerable LULC changes between 

1985 and 2022. Natural vegetation, grassland, and eucalyptus plantations declined 

dramatically as settlement and cultivation increased. As a result, both watersheds experienced 

a substantial decrease in ESV and habitat quality. Total ESV in the Legedadi watershed has 

decreased from approximately US$ 65.8 million in 1985 to approximately US$ 11.9 million 

in 2022, and from approximately US$ 42.7 million in 1985 to approximately US$ 9.66 

million in 2022, respectively. Total ESV in the Dire watershed decreased from approximately 

US$ 437 thousand in 1985 to approximately US$ 59 thousand in 2022, and from 
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approximately US$ 225 thousand in 1985 to approximately US$ 36 thousand in 2022, 

according to global and local ESV estimates.  

The area of high habitat quality habitat in the Legadadi watershed has shrunk from 206 km2 

in 1985 to 50.26 km2 in 2022. Similarly, high habitat quality habitat has gradually declined in 

the Dire watershed, from 87.29 km2 in 1985 to 35.44 km2 in 2022. In terms of water-yielding 

capacity, the watershed’s total water yield increased between 1995 and 2021. The increase in 

water yield was greatly associated with increased rainfall and in the Legedadi watershed total 

water yield increased by 15.32%, while in the Dire watershed total water yield increased by 

32.5%. Climate variability has had a greater impact on annual water yield than land use 

changes. The watersheds possess considerable potential for outdoor recreation, with 

approximately 19% and 23% of the Legedadi and Dire landscapes, respectively, exhibiting 

supreme recreational potential. Further, considerable land is highly suitable for apple 

farming, about 6.7%, and 13.1% in the Legedadi and Dire watersheds respectively.  

The conversion of land into other economic land uses could potentially affect the sustainable 

ecosystem production capacity of the watersheds. Landscape restoration integrated with a 

sustainable agricultural development approach would ensure the sustainability of both 

agricultural production and ecosystem service synergies without negatively affecting 

biodiversity. Therefore, the study recommends that designing market-based innovative 

mechanisms is critical to ensure the active participation of relevant stakeholders, particularly 

smallholder farmers.   

Keywords: LULC, Ecosystem, Watershed, ESV, Habitat quality, Water yield, Recreation, 

Apple, Ecosystem market  
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Chapter One 

1 Background  

1.1 Introduction 

The ecosystem provides a diverse range of ecosystem benefits that are required for humans 

(Costanza et al., 1997; Pereira et al., 2005; Yohannes et al., 2012; Willemen et al., 2015; 

Stave et al., 2017; TEEB, 2018; Vargas et al., 2019). Ecosystem services provision depends 

on the state the of natural environment (Summers et al., 2012; Maes and Jacobs, 2017; 

Willemen et al., 2017). The ecosystem functionality and process rely on the intactness of the 

natural habitat and are considerably affected by the proximity to adverse land uses and the 

intensity of land uses (Fu et al., 2013; Yan et al., 2018; Hamere et al., 2021). Key 

biodiversity areas those rich in species (Duarte et al., 2016), greater endemism (Myers et al., 

2000; Naidoo et al., 2006; McBride et al., 2007), and a well-connected and conserved 

landscapes (Ribeiro et al., 2011; Choi et al., 2018) are more intact ecosystems, and lower 

species and ecosystem extinction risk (Cardinale et al., 2012; Harrison et al., 2014). The 

integrity and intactness of an ecosystem and its ecological processes, particularly its natural 

state, determine its completeness and functionality (Johnson, 2007; Oliver et al., 2015). The 

loss of ecosystem integrity and intactness reduces the quality of native biota habitat, disrupts 

ecological processes, and functions, and reduces ecosystem resilience and services (Johnson, 

2007; Oliver et al., 2015).  

Rapid population growth and environmental and social changes are major causes of global 

biodiversity decline and affect ecosystem processes (Brooks et al., 2006). The degradation of 

the natural environment has become a prime ecosystem threat (Haddad et al., 2015). 

Environmental pressures including overgrazing, and the spread of invasive species affect 

ecosystem conditions and services (MEA, 2005; Pereira et al., 2005). Policy and decision-
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makers are requiring detailed spatially explicit indicators and tools to understand the effects 

of land degradation on the ecosystem (de Groot et al., 2010).  

Globally, it is very difficult to secure the required financial support for the conservation of 

important biodiversity landscapes that do not demonstrate societal benefits (Robertson and 

Wunder, 2005; Goldman et al., 2008; Duarte et al., 2016). Valuation of ecosystem services 

could enhance biodiversity conservation by providing further justification for appropriate 

nature conservation, as well as increased financial support (Goldman et al., 2008; Goldman 

and Tallis, 2009). Integrating development strategies could help to improve ecosystem trade-

offs (Faleiro and Loyola, 2013). In this regard, the approach has the potential to protect areas 

outside of legally protected reserves (MEA, 2005; Polasky et al., 2005; Goldman et al., 2008; 

Wendland et al., 2010).   

Ethiopia is experiencing a dramatic era of development; the high cumulative demand for 

socio-economic necessities driven by the invariably fast-growing population is raising the 

necessity for rapid economic transformation. Most development plans have been focused on 

short-term economic feasibility to maximize economic outcomes while paying little attention 

to their environmental impacts, resulting in environmental deterioration (Adugna, 2016). The 

rapid expansion of urban sprawling and agricultural development is resulting in a swift 

ecosystem change in many parts of the country. Likewise, farmlands and human settlements 

are rapidly extending in the Ethiopian highlands where these areas are the source of many 

rivers and streams that discharge into the arid zone of the lowlands of Ethiopia (Jan et al., 

2015). A result of human-induced problems such as the intensive expansion of urbanization 

and agricultural practices which were aggravated by rapid population growth resulted in a 

dramatic decline in the forest covers and severely threatened the upper head watersheds. The 

annual topsoil loss was estimated at 1.5 billion tons and over 82% of the total land area in 

Ethiopia is experiencing soil erosion (Ermias et al., 2016).  
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The Legedadi and Dire watersheds are located approximately 35 kilometers northeast of 

Addis Abeba, in the Oromia regional state (Figure 1) covering 215 km2 and 97.5 km2, 

respectively. The Legedadi watershed is the largest of Addis Ababa’s three main water 

supply sources. The average annual surface water potential of the two watersheds was 

estimated to be 86 million m3 (MCM) for the Legedadi watershed and 50 MCM for the Dire 

watershed (AAWSA, 2011; 2016). The Legedadi and Dire watersheds are composed of 

various habitat types including forest, woodland, shrubland, grassland, and Afromontane. 

However, Eucalyptus plantation is the most dominating habitat in the area (Awraris, 2017).  

The Dire and Legedadi areas are mainly gentle slopes covered with vegetation (trees and 

grass) down to the edges of the riverbanks where they locally become vertical rock 

escarpments just above the riverbed. The soil classification of the area is five types of soils in 

the watershed namely Vertic Cambisols, Orthic Solonaks, Chromic Vertisols, Eutric Nitosols, 

and Chromic Luvisols (AAWSA, 2011; 2016). Vertic Cambisols and Chromic Vertisols are 

the predominant soil types found in almost all parts of the watersheds (AAWSA, 2011; 

2016).   

The watersheds are characterized by the Moist Dega agro-climatic zone, receiving an annual 

rainfall range between 1,200 to 1,300 mm; the mean annual rainfall is 1233 mm. The rainfall 

is bimodal type, which is distributed into a minimum rainy season occurring in the months 

between March and April and a longer rainy season occurring between June and September. 

In Legedadi and Dire watersheds, the weather is relatively cool in the wet season of June to 

September, while October to May has warmer temperatures with easterly winds. The mean 

monthly temperature is between 14oC and 18oC throughout the year.  

They are both sub-catchments of the Akaki River basin, which flows northeast to southwest 

and is part of the drainage system that forms the northwest corner of the Awash River basin.  
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The sub-catchment of Legedadi and Dire watersheds which mainly include the Lege Beri, 

Lege Sekoru, and Lege Bolo are from these sub-catchment’s streams enter to Legedadi 

reservoir through a common course and some others merge several hundred meters before 

entering Legedadi reservoir.  The Akaki River flows towards the southeast to join the larger 

Awash River (AAWSA, 2011; 2016). The altitude of the watersheds ranges between 2346 to 

3245 MASL. The region is characterized by a range of volcanic mountains. The major 

physiographic units found in the watershed area are mountains, dissected side slopes of 

mountains, hills, steep to undulating foot-slopes, gullies, valleys, and undulating plains and 

flat to almost flat plains (AAWSA, 2011; 2016).  

  

Figure 1: The Legedadi, and Dire watersheds and water reservoirs. 

1.2 Literature Review  

Initially, the concept of ecosystem services arose to illustrate the connection between human 

well-being and the natural environment (Ehrlich and Ehrlich, 1981). Later, the global value of 

ecosystem services was estimated (Costanza et al., 1997) to raise awareness about the 
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economic value of ecosystems. The United Nations MEA, which was launched in 2001, paid 

more attention to the development of ecosystem services research to better understand the 

effects of ecosystem change (MEA, 2005). Since then, numerous studies on ecosystem 

services assessment, modeling, and valuation for conservation planning (Egoh et al., 2008; 

Boyd and Banzhaf, 2007), and land administration (Nelson et al., 2009) have been conducted. 

Ecosystem services are generally categorized into four extensive classifications, namely 

provisioning, regulating, cultural, and supporting (De Groot et al., 2002; MEA, 2005) (Table 

1). The provision of benefits to the ecosystem that directly impact humans is a significant 

element of the services that are provided. The advantages that are obtained from the 

management of ecosystem processes, which include climate, waste, and flooding, as well as 

the regulation of water and air quality, are commonly known as regulatory services. Non-

material advantages that are derived from the ecosystem, such as spiritual inspiration, 

aesthetic experiences, education, and recreation, are also included. Supporting services, on 

the other hand, are the ecosystem functions that generate other services, such as primary 

production, nutrient cycling, and soil formation (MEA, 2005). 

Table 1: Categories of Ecosystem services  

Types of services Description of products Examples  

 

Provisioning services  Ecosystem products and goods  • Water and grazing  

• Fuel wood and fiber  

Regulating services  Regulatory services because of the 

ecosystem process  

• Climate and flood regulation 

• Pollination  

Cultural services  The non-material benefits people 

obtain from ecosystems 

• Spiritual and religious  

• Recreation and ecotourism  

• Aesthetic, Inspirational, Educational 

Supporting services  The basic services for the generation 

of all ecosystem services 

• Soil formation  

• Nutrient cycling  
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• Primary production 

• Habitat for endemic and rare species   

 

Ecosystem services assessment is an important element in the application of ecosystem 

services in practice (Daily and Matson, 2008; Duarte et al., 2016). It also has been recognized 

as an important tool for communicating ecosystem conditions and services of various scales 

(Maes and Jacobs, 2017). Multiple ecosystem functions could occur in a larger landscape and 

seascape, providing enormous ecosystem services. Prioritization of spatial areas is also 

regarded as an important step in conservation planning (Knight et al., 2006). Land 

management decisions could incorporate areas with the optimal trade-offs between services, 

biodiversity, and economic activities (Maes et al., 2012). These are critical decision-making 

tools, particularly in conflict zones where economic activities have an impact on the natural 

environment (Duarte et al., 2016). 

Most ecosystem service assessments solely focus on ecosystem service supply and lack an 

integrated consideration of the demand (Chang, 2018; Cheng et al., 2022). Such a disregard 

for ecosystem service demand creates a knowledge gap that has an impact on the quality of 

management and policy decisions. Understanding the ecosystem services produced, needed, 

and consumed, can be useful to minimize the gap between supply and demand (Troy and 

Wilson, 2006; Swetnam et al., 2011). The supply of ecosystem services in a specific area is 

the ability to provide ecosystem services (Burkhard et al., 2012). On the other hand, 

ecosystem service demand reflects the services that are consumed or desired by users (Wolff 

et al., 2015).  

Assessing the ecosystem service demand could help to understand the ecosystem quantity and 

the location where distinct ecosystem service is produced, needed, and consumed (Troy and 

Wilson, 2006; Swetnam et al., 2011; Wolff et al., 2015). On the other hand, quantifying and 
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mapping the provision of ecosystem services in a particular area within a given period is 

critical (Burkhard et al., 2012). More recently, given the importance of considering 

ecosystem services provision and demand several conceptual frameworks have been designed 

(Geijzendorffer et al., 2015; Schröter et al., 2014; Villamagna et al., 2013). 

Humans have altered the global ecology through the conversion of natural landscapes into 

other economic land used to support human populations (Grimm et al., 2008, Tylianakis et 

al., 2008, Kleijn et al., 2009; Ellis, 2015).  Understanding the ecological impacts of land use 

change is critical for managing lands to maintain ecosystem integrity (Allen et al., 2019). 

Even though human land development can cause dramatic ecological changes, many aspects 

of an ecosystem remain in place (Li et al., 2007).  

Long-term ecological research is essential for comprehending the temporal dynamics of land 

use change on ecosystems. LULC changes have a direct impact on biodiversity (Vitousek et 

al., 1997; Sala et al., 2000); and influence local and regional climate change (Houghton et al., 

1999). Further, it is a primary cause of soil degradation (Tolba et al., 1992) and an increase in 

natural disasters such as flooding and drought (Mas et al., 2004; Dwivedi et al., 2005). Such 

changes also influence the vulnerability of people to climatic, economic, and sociopolitical 

disruptions (Kasperson et al., 1995). Ecosystems all over the world are constantly changing in 

structure, complexity, and type (Grimm et al., 2008, Tylianakis et al., 2008, Kleijn et al., 

2009; Ellis, 2015). Changes in ecosystem composition result in ongoing changes to both 

floral and faunal communities, which can change underlying ecosystem processes such as 

seed dispersal, seedling establishment, and community structure.  

The diversity observed among living organisms and the complex ecological systems 

comprising biodiversity have been the subject of much scientific inquiry and analysis (Mace 

et al., 2012; Xu et al., 2019). The variability of species enhances ecosystem functionality and 
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resilience which enhances ecosystem function and stability in ecological communities that 

significantly contributes to improving ecosystem goods (Oliver et al., 2015). The relationship 

between biodiversity and ecosystem functioning has been influencing the provision of 

ecosystem services across scales (Cardinale et al., 2012). However, both biodiversity and 

ecosystem functioning are influenced by the interactions between individuals or species 

(Harrison et al., 2014; Liquete et al., 2016).    

The state of biodiversity can be determined by habitat function (Basane and James, 2016). A 

high-quality habitat is considered a habitat that possesses high biodiversity and significantly 

contributes to the improved ecosystem processes and services (Johnson, 2007). A habitat is 

an area that contributes to the reproduction and the continuous existence of species (Sharp et 

al., 2020). Habitat quality pertains to the capacity of an ecosystem to furnish favorable living 

circumstances that enable the survival and persistence of individual organisms and 

populations (Caro et al., 2020; Liu et al., 2021). Habitat quality is one of the indicators of 

biodiversity in a particular area (Norliyana and Mohd, 2020). The quality of a given habitat is 

an essential component for ensuring the maintenance and existence of biodiversity. The 

ecosystem services are highly dependent on habitat quality; though, there may be 

differentiation within habitat quality (Thomas et al., 2021).  

Since biodiversity ensures ecosystem stability and ecological balance, an area endowed with 

abundant flora and fauna can provide higher ecosystem goods and services. The presence of 

high-quality habitats in each area is a positive indication that the areas possess greater 

biodiversity and have better potential to support the delivery of a suite of ecosystem services 

(Stolton et al., 2010). A particular habitat with special ecological and biological values is 

essential to the functioning of the wider ecosystem processes. This area requires 
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extraordinary protection to safeguard the special value, such as sustaining vital ecosystem 

processes. 

The biodiversity state can be used as a basis proxy tool to measure the quality of an 

ecosystem (Havlicek and Mitchell, 2014; Hamere et al., 2021). Therefore, as a proxy for the 

condition of biodiversity, habitat quality is the ability of a given ecosystem to provide 

essential services and is a determinant for measuring ecosystem health (Polasky et al., 2011; 

Villamagna et al., 2013).  The capability of an ecosystem depends on the intactness of the 

natural habitat and is significantly affected by the proximity to adverse land uses by humans 

and the intensity of the land uses (Fu et al., 2013; Yan et al., 2018). The decline in 

naturalness and semi-naturalness of habitat together with other unprecedented impacts on 

land cover changes including expansion of settlements, intensive farming practices, and 

artificial monoculture plantations have a significant negative impact on habitat quality 

(Zhang H. et al., 2020; Hamere et al., 2021).  The long-term increase in land use change 

would affect the structure, complexity, and type of ecosystem composition resulting in the 

change in both floral and faunal communities that in turn alter essential ecosystem processes 

which leads to continuous decline in habitat quality (Su et al., 2020).   

Robust information on habitat quality is invaluable to making proper decisions on 

conservation planning (Rouget et al., 2003; Baral et al., 2014) including expansion of 

conservation intervention sites, and identification of principal habitat components that are 

vital for highest ecosystem services (Basane and James, 2016). Further determining the basis 

for ecosystem services such as the Service Providing Unit (SPU) (Luck et al., 2003) and 

Ecosystem Service Providers (ESP) (Kremen, 2005) is essential to understand the broader 

scale interaction between the distribution of resources in a particular geographic scale, 

functional traits, and factors affecting ecosystem services such as land use changes.  
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However, the relationship between the quality of a given habitat for supporting various life 

forms and the associated ecosystem processes, goods, and services has been hampered by 

fundamental knowledge gaps and poorly studied (Ken, 2012). There is a lack of empirical 

evidence on the role of biodiversity in maintaining ecosystem services (Mertz et al., 2007; 

Bastian, 2013). There is a dearth of research that has made use of empirical evidence to 

analyze the part played by biodiversity in furnishing ecosystem services (Mertz et al., 2007). 

Nonetheless, the precise quantitative associations between biodiversity, ecosystem 

constituents, mechanisms, and services remain insufficiently understood (Carpenter et al., 

2009; De Groot et al., 2010; Ken, 2012). Furthermore, the facets of biodiversity 

encompassing functional, structural, and genetic components have been inadequately 

examined (Feld et al., 2009). The operation of the ecosystem remains an enigma regarding 

the function of each species in furnishing ecosystem services, as posited by De Groot et al. 

(2010) and Gonzalez-Redin et al. (2016). Biodiversity may arise because of ecosystem 

services (Boyd and Banzhaf, 2007). Conversely, biodiversity constitutes an essential 

ecosystem property and a necessary condition for various ecosystem services (Bastian, 2013). 

The comprehension of the relationships between biodiversity and ecosystem services has the 

potential to enhance the delivery of ecosystem services, while concurrently supporting 

biodiversity conservation, as highlighted by Maes et al (2012). A multitude of scholarly 

works have emphasized the pivotal role of biodiversity in maintaining healthy ecosystem 

functioning. Decreasing plant diversity can affect ecosystem functioning and is likely to 

reduce ecosystem services (Cardinale et al., 2012; Loreau, 2010). Conversely, ecological 

restoration produces an increase in biodiversity and the provision of ecosystem services (Rey 

Benayas et al., 2009). There exists a positive correlation between the diversity of species and 

certain facets of ecosystem operation, namely productivity, biomass, nutrient cycling, carbon 
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flux, or nitrogen utilization, as indicated by studies conducted by Schwartz et al. (2000) and 

Isbell et al., (2011). 

Biodiversity plays an important functional role in ecosystems (Hooper et al., 2005; Benayas 

et al., 2009; Norris, 2012). Researchers have been working to reveal the details of this role in 

experimental and observational ecosystem studies in which biodiversity and ecosystem 

function are relatively straightforward to quantify (Klein et al., 2007; Tilman et al., 2006). 

Nevertheless, there is still much research work required to examine the quantitative 

relationships between biodiversity and ecosystem functions (Raffaelli, 2006).   

Habitat loss has consistent, adverse negative impacts on biodiversity, for example, negatively 

affects species richness and population abundance (Laurance et al., 2002), genetic diversity 

(Aguilar et al., 2008), pollination (Potts et al., 2010), watershed management (Bruijnzeel, 

2004), and carbon storage (Fargione et al., 2008). Thus, determining the state of habitat and 

biodiversity, particularly species richness and abundance is required to make inferences on 

the association of species dispersal and habitat (Ceballos and Ehrlich, 2006).   

The assessment of habitat quality serves as a significant parameter for the evaluation of 

regional ecological security, as elucidated by Liu et al. (2021). The degree of regional 

biodiversity and the provision of ecosystem services are factors that are directly linked to 

habitat quality, as expounded by Tang et al. (2020) and Zhu et al. (2020). Consequently, the 

study of habitat quality has gained widespread attention in the domain of ecological security 

research, as highlighted by Edmonds et al., (2021). Farley et al., (2005) and Thomas and 

Nisbet (2007) reported that water flow regulation can be significantly improved with an 

increase in forest areas.  
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1.2.1 Conceptual Framework of the Research  

The mapping, quantification, and modeling of ecosystem services are becoming an important 

component of research for the integration of ecosystem services into policy decision-making 

processes (Daily and Matson, 2008; Burkhard et al., 2012; Willemen et al., 2015; Adem et 

al., 2023). Ecosystem services mapping has been used to monitor conservation interventions 

(Egoh et al., 2008), and landscape planning (Albert et al., 2014; Polasky et al., 2011) over the 

last decade. maps and models can be used to visualize the spatial distribution of ecosystem 

services (Kareiva et al., 2011; Martnez-Harms and Balvanera, 2012; Crossman et al., 2013; 

Adem et al., 2023). The act of mapping the spatial extent and configuration of landscape 

features holds significant potential in identifying the type and value of ecosystem services 

available in a particular area (Jones et al., 2011; Verhagen et al., 2016; Sahle et al., 2018; 

Schmidt et al., 2019). Research on ecosystem services is expected to expand as the 

application of ecosystem services into the design of appropriate and efficient nature-based 

solutions programs (Maes and Jacobs, 2017).  

 

Figure 2: Conceptual framework of the study adopted from De Groot at al., 2010a; and Hein, 

2010.  
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Following the conceptual framework presented (Figure 2), the study first assessed the 

impacts of LULC changes on Ecosystem Service Values (ESVs) in both watersheds. In the 

second paper, the quality of habitats was assessed based on the standardized modeling of 

InVEST. In the third paper, the study quantified the annual water yield capacity and then 

assessed the impacts of LULC changes and climate variability on the water yield capacity of 

the watersheds. The InVEST model was used to quantify and map water yield and the 

associated impacts exerted by climate and LULC changes on water yield were also assessed 

using the model. The annual water yield capacity of the watersheds was estimated based on 

the actual conditions. 

In the fourth paper, the study assessed the recreational potential of the watersheds using the 

previously established recreational indicators namely, naturalness, greenness, level of 

disturbance, diverse landforms, activity, and water features (Nigussie et al., 2021). 

Sustainable ecotourism planning and development interventions can be applied to improve 

the recreational services of the landscapes. In the fifth paper, land evaluation was made for 

apple-based agroforestry farming in both watersheds. Finally, the study provides premises for 

the establishment of market-based conservation mechanisms to sustainably finance 

sustainable watershed management interventions in the watersheds.  

1.3 Statement of the Problem  

Like most highlands of Ethiopia, the Dire and Legedadi watersheds have been threatened by 

several factors including habitat destruction and degradation due to the expansion of 

cultivation land, unrestricted grazing, and urbanization (AAWSA 2016; Awraris, 2017). The 

indigenous trees were dominantly covering the area but rapidly disappeared (Pohjonen, 

1989). Natural forest native to the central highlands is under threat due to rapid population 

growth and urbanization (Legesse, 2010). Population growth, environmental problems, rapid 

industrialization, and the demand for natural resources are projected to increase (Abiye et al., 
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2009). Thus, the water quality of reservoirs has declined (Taye, 2009; Yilikal et al., 2018; 

Helnata, 2019). Moreover, the radical outward settlement expansion to peri-urban areas is 

threatening the water sources (Tamiru et al., 2005).  The rapid population growth through 

natural birth and migration rates are expected to challenge the watershed’s capacity to deliver 

drinking water for Addis Ababa city and the surrounding fast-growing towns (Tamiru et al., 

2005, AAWSA, 2011; 2016; Yilikal et al., 2019; Zinabu and Michael, 2020). The unmet 

water demand in Addis Ababa is projected to rise (Kifle et al., 2017) to 307 million cubic 

meters in 2030 (Yilikal et al., 2019; Zinabu and Michael, 2020).   

The population growth and subsequent development of marginal areas in Ethiopia further 

reduced the natural vegetation of the highland areas (Aster, 2004; Muleta et al., 2006). This is 

severely threatening the production of agriculture and the long-term ecosystem sustainability 

in the watersheds. The unsustainable land use practices resulted in significant sediment load 

to the reservoirs (Gebreegziabher et al., 2021). These alter the regular flow of water and pose 

a risk to potable water that affects the welfare of people and exposes the downstream people 

to social, economic, and environmental problems (Yilikal et al., 2018; Yilikal et al., 2019).  

One of Africa's fastest-growing cities Addis Ababa requires a steady water supply to meet 

year-round residents and seasonal visitors. The city is a significant contributor to the 

country's GDP (Ezana, 2021). The chronically unbalanced water supply and demand cannot 

satisfy the current fast-growing population (Gebrekidan et al., 2023; Tirusew and Fekadu, 

2023). Thus, it is very urgent to design effective watershed management practices in the 

headwaters. Sustainable management of the ecosystem intervention can be considered the 

most effective option to tackle the water scarcity in the city and its surroundings (Yilikal et 

al., 2019; Tirusew and Fekadu, 2023).  
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1.4 Research Questions    

1. How do Land Use Land Cover changes affect the ecosystem service values 

across the years?  

2. What is the status of habitat quality in terms of providing ecosystem services? 

3. What is the annual water-yielding capacity of the watersheds? 

4. How are Land Use Land Cover changes and Climate variability influencing 

the water yield in the watersheds across the years? 

5. What is the extent of land available for outdoor recreational activities? 

6. How much land is available for apple-based agroforestry farming to improve 

ecosystem services?  

1.5 Objectives  

1.5.1 General Objective 

The prime objective of this study is to quantify and map ecosystem services to support the 

conservation and management of the Dire and Legedadi watersheds in the central highlands 

of Ethiopia.         

1.5.2 Specific Objectives   

1. Quantifying land use land cover changes and its impacts on ecosystem service 

values.  

2. Quantifying and mapping habitat quality in responses to land use land cover 

dynamics.   

3. Quantifying and mapping the annual water-yielding capacity of the watersheds.  

4. Assessing the recreational potential of the watersheds. 

5. Determining suitable land for apple-based agroforestry farming intervention.     



16 
 

1.6 Significance of the Study  

Understanding the trajectories and extents of LULC is essential to develop invaluable 

information about the magnitude and trends of LULC changes for robust policy and decision-

making related to land management and its proper implementation. The foremost significance 

of this study is that it sought to demonstrate the need for a management paradigm that 

comprised innovative market-based instruments to address overall biodiversity loss and 

sustainable natural resource management interventions. This study assessed the impact of 

land use changes on ecosystem services such as habitat quality, recreation, and water 

production, and further broader concepts have been covered including watershed 

management and local economic development. Further, the ecosystem service values 

assessment could potentially be invaluable to promoting the landscape’s socioeconomic, 

political, and cultural importance and could contribute to finding additional financial and 

social support for the protection of landscapes. Finally, the study's findings will be critical in 

developing ecosystem services approaches to landscape restoration and sustainable livelihood 

schemes which could contribute to an improvement in providing a wide range of economic 

and environmental benefits.  

1.7 Scope of the Study  

This study was limited by both thematic and geographic scopes. Thus, the study assessed the 

impact of LULC changes on ESVs, HQ, and AWY; assessed the recreational potential and 

land suitable for apple farming, and finally assessed the premises of market-based 

conservation tools to use as management interventions in the most important watersheds of 

Dire and Legedadi watersheds in central Ethiopia.  

1.8 Limitations of the Study  

The quality and resolution of the data used can limit the assessment of LULC changes 

(Ashbir et al., 2020). Data were gathered from a variety of sources, which could be the 
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study's main limitation because uncertainties in simulated LULC changes cannot be 

completely avoidable (Ashbir et al., 2020). Due to limited data sources, the impact of future 

land-use changes and other significant challenges, such as climate change, on the landscape 

ecosystem could not be assessed. An additional limitation of this study is the difficulty in 

valuing ecological changes using land cover types and the equivalent" biome category to 

which the assigned ESVs belong in a broader context, as well as the significant difference 

that can occur when applied in the local context. Further, the study applied the InVEST 

model, however, the model has various limitations including generating insufficient 

information about species distribution (Stephen et al., 2011). The InVEST model, albeit 

valuable, presents a notable limitation in that it does not incorporate the effects of soil, 

climate, hydropower generation, edge effect, and vegetation discrepancies on a given 

ecosystem (Zhang et al., 2014). Furthermore, ecological threat factor weighting depends on 

expert judgments (Terrado et al., 2016; Baral et al., 2014). Thus, expert’s opinions had a 

significant impact on modeling habitat quality (Abreham et al., 2020).   

1.9 Structure of the Dissertation  

The thesis is organized into nine chapters, Chapter one provides background and 

justification of the research. A brief review of the literature was presented and statements of 

the problems, study significance, scope, and limitations were also presented. The second 

chapter published in Heliyon describes how the ESV changes in response to land cover 

dynamics; the analysis can help with the land management decision-making process. The 

third chapter published in the Journal of Sustainable Environment examines the impact of 

land cover changes on habitat quality. The fourth chapter published in Water 

Conservation Science and Engineering compares the impact of climate variability and land 

use changes on annual water yield. In Chapter Fifth, the ArcGIS tool was used to model the 

watershed's recreational potential using previously created indicators. Chapter Six published 
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in Heliyon examines land suitability for apple farming; the analysis aimed to support the 

management intervention for ecosystem service restoration and livelihood improvement. 

Finally, Chapter Seven, published in Integrated Environmental Management and 

Assessment synthesized the findings of the study.  
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Chapter Two 

2 Impact of Land Use Land Cover Changes on Ecosystem Service Values in the Dire 

and Legedadi watersheds 

2.1 Abstract  

Land use land cover (LULC) change in a landscape is the main driver of degradation in 

ecosystem goods and services. This study was aimed at analyzing the dynamics of the LULC 

change in the catchments of the water supply reservoirs as well as the impact on the LULC 

Ecosystem Service Values (ESVs) between 1985 and 2022. The benefit transfer method was 

used to evaluate ecosystem service value (ESV) changes in response to LULC. The 

watersheds experienced substantial LULC changes. As a result, the natural vegetation, 

grasslands, and eucalyptus plantations declined dramatically, while settlements and 

cultivated lands increased substantially. The global and local ESV estimates show a dramatic 

decline in ESVs in the last three decades. According to global and local ESV estimates, total 

ESV in the Legedadi watershed has decreased from approximately US$ 65.8 million in 1985 

to approximately US$ 11.9 million in 2022 and from approximately US$ 42.7 million in 1985 

to approximately US$ 9.66 million in 2022. According to global and local ESV estimates, 

total ESV in the Dire watershed decreased from approximately US$ 437 thousand in 1985 to 

approximately US$ 59 thousand in 2022 and from approximately US$ 225 thousand in 1985 

to approximately US$ 36 thousand in 2022. The overall decline in ESV demonstrates that the 

natural environment is deteriorating because of the replacement of the natural land cover by 

other economic land uses. Hence, it is highly recommended that implementing sustainable 

watershed management practices to halt the dramatic loss of natural ecosystems must be a 

high priority.   

Keywords: Dire, ESV, Legedadi, LULC, Watersheds  
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2.2 Introduction  

Humans have been continuously altering ecosystems in various ways. Most prominent is the 

conversion of natural areas into farms and urban areas, which is the primary cause of 

ecosystem degradation in many places (Grimm et al., 2008; Tylianakis et al., 2008; Kleijn et 

al., 2009; Eyasu et al., 2019). These changes have a negative impact on climate patterns, 

biodiversity resources, and socioeconomic dynamics (Sala et al., 2000), resulting in 

biodiversity loss, global warming, and increased natural disasters such as flooding and 

drought (Sala et al., 2000; Mas et al., 2004; Dwivedi et al., 2005). Changes in land use and 

land cover (LULC) have negative impacts on ecosystem services (Bennett and Saunders, 

2010). However, ecosystem functions can be improved by biodiversity resources that support 

the stability of ecological communities (Stolton et al., 2010; Oliver et al., 2015). 

The existence of reliable information on LULC changes is essential for land management and 

planning (Fan et al., 2007). The rapidly growing population and increased socioeconomic 

demand have put pressure on LULC not only in unprotected lands but also in nature reserves, 

protected habitats, and national parks (Amsalu et al., 2007; Efrem et al., 2009; Geremew, 

2013; Mesfin and Kumelachew, 2018; Belay and Mengistu, 2019). For instance, in Ethiopia, 

significant LULC changes have been observed (Gete and Hurin, 2001; Belay, 2002; Girmay, 

2003; Selamyihun, 2004; Emiru et al., 2019) in various landscapes under legal protection 

such as the Bale Mountain Eco-Region (Sisay et al., 2016), the Awash National Park 

(Solomon et al., 2014), Simien Mountains National Park (Menale et al., 2011), and Nech Sar 

National Park (Aramde et al., 2016). These modifications are linked to deforestation, 

biodiversity loss, and land degradation (Selamyihun, 2004).  

Understanding landscape patterns and the effects of land conversion on natural phenomena is 

critical for the proper land management decision-making process (Rawat and Kumar, 2015). 
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The availability of reliable information on the values of natural ecosystem services can make 

the contribution of natural areas more visible and quantifiable at the highest levels of 

decision-making (Hailu et al., 2020). More recently, several studies have estimated the 

ecosystem service values (ESVs) of important landscapes by assigning ESV coefficients to 

different LULC types as a proxy (Costanza et al., 1997; van der Ploeg and de Groot, 2010; 

Knoke et al., 2011; Kindu et al., 2016; Terefe et al., 2016; Terefe et al., 2017; Hailu et al., 

2019; Abreham et al., 2019; Ashbir et al., 2020; Hailu et al., 2021; Wondimagegn et al., 

2022). Valuing ecosystem services in monetary terms is critical for increasing user awareness 

and presenting evidence to decision-makers (Arowolo et al., 2018; Alarcon et al., 2016). This 

would assist decision-makers in sustainably managing environmental resources 

(Biedemariam et al., 2022). The Dire and Legedadi watersheds have considerably changed in 

LULC in which natural forests and grasslands were replaced by farmland and settlements 

(AAWSA, 2016; Awraris, 2017). Thus, assessing the effects of LULC changes on ESVs in 

the Dire and Legedadi watersheds can help increase public awareness (Temesgen et al., 

2018). Further, the information can be used to support the decision and policymaking in 

landscape planning and management of ecosystem services (de Groot et al., 2010; Temesgen 

et al., 2018) and to predict the implications of land use management on the ecosystem 

services (Lawler et al., 2014). The objective of this study was, therefore, to quantify LULC 

changes and assess the economic value of ecosystem service changes associated with LULC 

dynamics in the most important watersheds of Addis Ababa city by using time series Landsat 

images for the period between 1985 and 2022.   

2.3 Materials and Methods   

 2.3.1 Data collection     

Geographic Information Systems (GIS) and Remote Sensing (RS) techniques are powerful 

and low-cost tools for assessing spatial and temporal changes in LULC (Herold et al., 2003; 
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Serra et al., 2008). The application of remote sensing data is the most common method for 

detecting, quantifying, and mapping LULC patterns in a landscape (Chen et al., 2005). This 

study employed Landsat series images 5, 7, and 8 Operational Land Imager (OLI) and 

Thermal Infrared Sensor (TIRS) images with 30 m spatial resolution to detect the LULC 

changes between the years 1985 and 2022. The analysis focused on this period because there 

have been unregulated LULC changes attributed to the transformation of government policies 

associated with land-related resources in the assessment period (Tatek, 2022) and to be able 

to illustrate the trends over the last four decades.  

2.3.2 Image processing  

The Landsat images of the years 1985, 1995, 2010, and 2022 were freely obtained from the 

United States Geological Survey (USGS) website (URL: https://www.usgs.gov/landsat-

missions/landsat-data-access). To limit the impact of the wet season variation in vegetation 

and to minimize cloud cover, all the acquired images were taken for the dry season (January- 

February). Before classification, the images were converted to the RGB color composite to 

get a better view of surface features and to clearly distinguish them during classification 

(Asmamaw, 2013; Kazakeviciute-Januskeviciene et al., 2020). All the images were projected 

to the Universal Transverse Mercator (UTM) zone 37 N and datum of World Geodetic 

System 84 (WGS84) for consistency and compatibility.  

2.3.3 LULC classification 

The accuracy of the classified images was checked against reference data collected from the 

field sites and other images (Foody, 2002).  During the field survey, Ground Control Points 

(GCPs) were collected from representative locations and through participant observation 

methods by traversing the landscape through transect walks with local communities (Muzein, 

2006). By using the collected reference points, a comprehensive accuracy assessment was 
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conducted, which included an examination of overall accuracy, user accuracy, and producer 

accuracy (Table 2). The total accuracy was calculated by dividing the number of correctly 

classified elements (i.e., the sum of the diagonal elements in an error matrix) by the total 

number of pixels included in the evaluation process (Foody, 2002; Lillesand et al., 2015; 

Aramde et al., 2016). The Kappa statistic is an alternative measure of classification accuracy 

that subtracts the effect of random accuracy and quantifies the magnitude of correct 

classification compared to another (Foody, 2002; Lillesand et al., 2015; Aramde et al., 2016).
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Table 2: Accuracy assessment  

 

Land class  1985 1995 2010 2022 

Producer  User  Producer  User  Producer  User  Producer  User  

Natural vegetation 76.50 59.10 78.95 78.95 88.24 78.95 88.24 78.95 

Settlement 86.20 80.60 87.10 90.00 89.74 92.11 91.84 93.75 

Grassland 100.00 70.00 100.00 82.61 100.00 82.61 100.00 82.61 

Eucalyptus Plantation 50.00 68.80 78.95 88.24 82.61 90.48 85.19 92.00 

Cultivation 56.80 51.20 72.41 63.64 77.78 73.68 81.40 77.78 

Waterbody 62.50 100.00 76.92 100.00 76.92 100.00 76.92 100.00 

Bare land 70.60 70.60 85.71 85.71 85.71 100.00 85.71 100.00 

Overall, accuracy  67.50 67.50 81.51 81.51 85.71 85.71 87.36 87.36 

Kappa statistics 0.60 0.60 0.78 0.78 0.83 0.83 0.85 0.85 



25 
 

2.3.4 LULC change detection.  

Change detection is a common method for analysing LULC changes (Hegazy and Kaloop, 

2015). Image overlay, classification comparisons of land cover statistics, change vector 

analysis, principal component analysis, image rationing, and normalized difference 

vegetation index (NDVI) differencing are the most used change detection methods (Jensen, 

2000). The following formula (Eq.1) was used to compute the magnitude of the LULC 

change (Fasika et al., 2019). Each type of LULC in the study period was compared and the 

rate of change was determined using the equation (Eq.2).  

Total area change = Area final year – Area initial year………….1 

Where an area is the extent of each LULC type; positive values suggest an increase whereas 

negative values indicate a decrease (Hamere et al., 2021). 

Rate of change =
Area final year − Area initial year 

𝑁
………………2 

Where N is the time interval between the initial and final years. 

2.4 Global and local ESV coefficients  

The total ESVs in the watersheds during the study period were calculated using two types of 

ESV coefficients of the respective LULC types. The ESVs coefficients were used as a proxy 

for each LULC type in the global coefficients (Costanza et al.,1997). Local-level estimates of 

ESV are crucial in Ethiopian landscapes because of the diversity of ecosystem services 

resulting from heterogeneity in land use characteristics (Getachew et al., 2014; Kindu et al., 

2016). Thus, the total ESVs in both watersheds were estimated using locally modified 

coefficients adapted from an earlier study (Kindu et al., 2016) (Table 3). 



26 
 

2.5 ESV analysis  

The benefits transfer technique, which is based on worldwide value coefficients or adjusted 

value coefficients has been a widely used method, especially in data-deficient areas 

(Costanza et al., 1997; Kindu et al., 2016). The ESVs analysis was performed using 

coefficients assigned to each watershed's LULC type (Table 3). The total ESV for each 

LULC type was calculated by multiplying the area (ha) of each LULC type by its 

corresponding value coefficients (Costanza et al., 1997; Kindu et al., 2016) using the formula 

below in Eq. (3). To analyse the impact of variations of ESVs over time, the obtained ESV 

was also adjusted to the single year 2017 using the US Bureau of Labour Statistics CPI 

Inflation Calculator. 

𝐸𝑆𝑉𝑡 = ∑(𝐴𝑘 ∗ 𝑉𝐶𝑘)………………3 

 

Where ESVt = Total estimated ESVs, Ak = area (ha) and VCk = the value coefficient 

(approx..... US$ ha-1year-1) for LULC type ‘k’(Costanza et al., 1997; Kindu et al., 2016).  

The ESV change was calculated using the formula below shown in Eq. (4) (Cabral et al., 

2016; Kindu et al., 2016; Gashaw et al., 2018).  

𝐸𝑆𝑉 𝑐ℎ𝑎𝑛𝑔𝑒 (%) =
(𝐸𝑆𝑉𝑟𝑒𝑐𝑒𝑛𝑡 𝑦𝑒𝑎𝑟−𝐸𝑆𝑉 𝑖𝑛𝑖𝑡𝑖𝑎 𝑦𝑒𝑎𝑟)

𝐸𝑆𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑦𝑒𝑎𝑟
∗ 100………….4 

Although each LULC type did not perfectly match the biome proposed by Kreuter et al., 

(2001), the matching of the TEEB proposed biome and the LULC type in the watershed 

qualified this study. The tropical forest, for example, is assigned to natural vegetation, while 

the Eucalyptus plantation is assigned to woodland; settlement is assigned to the built-up area; 

farmland is assigned to cultivated land; reservoirs are assigned to a water body; and desert is 

assigned to bare land, while grass/rangeland is assigned to grazing land (Abreham et al., 
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2019). As a result, the individual ecosystem valuation was created using data obtained from 

Van der Ploeg et al., (2010) and cascaded into the East Africa individual coefficient of ESV 

function (McVittie and Hussain, 2013) (Table 4).  

Table 3: ESVs coefficients (a) global ESV coefficients and (b) local ESV coefficients  

 

Land classes  Equivalent 

biome  

US$ ha-1 yr-1 

a b 

Bare lands   Desert 0 0  

Natural forests   Tropical forest 2008  986.69 

Plantation forests   Tropical forest  2008  986.69 

Croplands Cropland   92  225.56 

Grasslands Grass/rangelands 244  293.25 

Settlements Urban 0  0 

Water Lakes/rivers 8498  8103.5 

 

Table 4: Ecosystem functions value coefficients of each LULC type. 

Ecosystem function 

types 

Ecosystem service values (US$ ha-1year-1 in each land use land cover 

FL CL GL WL SL BL S/B Wb 

Water supply 178 0 114.4 4.33 114.4 0 0 1770.6 

Food production 67 186 130 0 130 0 0 14.5 

Flaw material 475.51 103.4 19 138.2 19 0 0 1.4 

Biomass fuel 31.34 0 79 67.28 67.28 0 0 0 

Genetic resources 327.68 0 0.01 0 0.01 0 0 8.23 

Water regulation 15.6 0 5 0 5 0 0 3878.4 
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Water purification 275.2 0 99.71 253.56 99.71 0 0 1348.13 

Erosion control 360 3.45 55.89 26.76 
 

0 0 0 

Biological control 20.62 30 30 0 30 0 0 0 

Biodiversity 

protection 

263 24 52.68 11.44 52.68 0 0 361.4 

Climate regulation 569 204.65 121.91 383.72 121.91 0 0 66.76 

Gas control 22.12 0 2.41 0 2.41 0 0 0 

Carbon sequestration 1229.79 96 297.39 8.16 297.39 0 0 00 .00 

Nutrient recycling 11.61 0 0 0 0 0 0 0 

Pollination 48.29 20 32 0 0 0 0 0 

Soil formation 3.26 0 7 0 0 0 0 0 

Habitat/regulation 28.057 0 0 0 0 0 0 0 

Recreation 810.68 0 3.11 0 0 0 0 519.47 

Tourism 73.74 0 0 0 0 0 0 0 

 

Note: FL= Forest; CL=Cultivation; GL= Grassland; WL= Woodland; SL= Shrub/Bushland; BL= 

Bareland; S/B= Settlement/ Built area; Wb= Water body  

2.6 Elasticity of the ESV changes with LULC. 

The elasticity of ESV change was calculated to assess the dependability of the ESV results. 

Using the value coefficient constant for the remaining LULC types identified, the ESV used 

in Eqs. (3) of a specific LULC class was adjusted by 50% (Mattias et al., 2017). Changes in 

the Coefficient of Sensitivity (CS) value should be small and < 1(Aschonitis et al., 2016). A 

simplified method developed by Aschonitis et al., (2016) was used to calculate the CS as 

shown in Eq. (5), 

CS =
VCikAk

ESVi
………………………………….5 
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Where ESVi = the total ESV (approx. US$ yr-1) from all LULC types identified 

at i year (approx. US$ yr-1), VCi,k = total value of ES provided by the k LULC 

class at i year (approx.. US$ yr-1), and Ak= area coverage (ha) of the k LULC 

type at i year.  

2.7 Results  

2.7.1 LULC changes (1985-2022)  

During the study period, substantial LULC change was observed in both watersheds. 

Between 1985 and 2022, the natural vegetation, water body (Dire reservoir), and eucalyptus 

plantation in the Dire watershed have declined by 89.5%, 19%, and 28.5%, with annual 

decline rates of 1.15 km2, 0.002 km2, and 0.21 km2, respectively. Whereas settlement, 

cultivation, and bare land have increased by 3025%, 136.6%, and 180%, respectively, with 

annual increment rates of 0.32 km2, 0.33 km2, and 1.99 km2. Between 1985 and 1995, the 

Dire watershed's grassland-dominated land cover was largely replaced by bare land between 

2010 and 2022. (Figure 3; Table 5). Similarly, the natural vegetation, grassland, and 

eucalyptus plantation declined dramatically, while settlement and cultivation increased 

drastically. The natural vegetation, water body (Legedadi reservoir), grassland, and 

eucalyptus plantation in the Legedadi watershed have declined by 53.8%, 26.42%, 97.77%, 

and 52.22%, with annual decline rates of 0.6 km2, 0.02 km2, 3 km2, and 0.62 km2, 

respectively. Whereas the cultivated land and settlements increased at a rate of 0.65 km2 and 

3.63 km2 per year, respectively (Figure 4; Table 5). 

The land transition matrix in both watersheds reveals that the conversion of natural 

vegetation to cultivation, settlement, and bare land has taken place. Similarly, the grassland 

has transformed into cultivation, settlement of Eucalyptus, and bare land. It is important to 

note that the land use types of settlement, cultivation, and water bodies have remained 

unchanged, except in the case of cultivation in the Dire watershed, which has been converted 

into bare land (Tables 6 and 7). 
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Table 5: LULC changes in the Legedadi and Dire watersheds (1985, 2022) 

 

LULC types  Legedadi watershed  

1985 1995 2010 2022 

Area 

(km2) 

% Area 

(km2) 

% Area 

(km2) 

% Area 

(km2) 

% 

Natural vegetation 41.43 19.2 34.3 15.89 33.87 15.73 19.13 8.86 

Waterbody 3.86 1.79 3.67 1.7 3.64 1.69 2.84 1.32 

Settlement  0.2 0.09 1.98 0.92 23 10.68 24.38 11.29 

Grassland 117.26 54.33 78.73 36.48 16.12 7.48 4.95 2.29 

Eucalyptus  44.27 20.51 46.93 21.74 10.24 4.75 21.15 9.8 

Cultivation  8.81 4.08 50.22 23.27 128.5 59.66 143.4 66.44 

Total  215 100 215 100 215 100 215 100 

Dire watershed  

Natural vegetation  47.75 49.16 22.50 23.19 13.66 14.07 5.00 5.15 

Settlement  0.4 0.41 1.37 1.41 6.79 6.99 12.5 12.87 

Grassland 11.83 12.18 47 48.44 0 0 0 0 

Bare land  0 0 0 0 13.25 13.64 37.14 38.25 

Eucalyptus  28 28.83 16 16.49 26.95 27.75 20 20.6 

Cultivation  9.15 9.42 10.15 10.46 35.63 36.69 21.65 22.3 

Waterbody  0 0 0 0 0.84 0.86 0.81 0.83 

Total  97 100 97 100 97 100 97 100 
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Figure 3: LULC changes in the Dire watershed (1985-2022) 
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Figure 4: LULC changes in the Legedadi watershed (1985-2022) 
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Table 6 : Transition matrix of LUCC in the Dire watershed between 1985 and 2022 (unit: km2) 
L

an
d
 c

la
ss

 1
9
8
5

 

Land class  Land class 2022  

Natural 

vegetation 

Settlement Bareland Eucalyptus Cultivation Water 

body 

Total 

Natural vegetation 11.06 2.32 14.09 11.42 8.19 0.44 47.52 

Settlement 0.01 0.08 0.09 0.03 0.23 0.00 0.43 

Grassland 0.38 1.50 2.59 0.87 6.51 0.13 11.97 

Eucalyptus 1.01 0.97 14.18 7.27 4.15 0.19 27.79 

Cultivation 0.13 0.29 5.70 2.16 1.12 0.05 9.45  
Total  12.59 5.15 36.65 21.76 20.2 0.81 97.17 

 

Table 7: Transition matrix of LUCC in the Legedadi watershed between 1985 and 2022 (unit: km2) 

 

L
an

d
 c

la
ss

 1
9
8
5

 

Land class  Land class 2022 
 

Natural 

vegetation  

Waterbody  Settlement Grassland Eucalyptus Cultivation Total 

Natural vegetation 1.31 0.00 5.01 1.06 0.86 33.48 41.72 

Waterbody 0.00 2.82 0.13 0.80 0.00 0.09 3.86 

Settlement 0.00 0.00 0.18 0.00 0.00 0.03 0.21 

Grassland 0.50 0.00 12.71 4.95 17.85 80.15 116.16 

Eucalyptus 2.88 0.00 5.35 11.62 2.29 22.40 44.54 

Cultivation 0.27 0.00 1.49 1.73 1.32 4.60 9.41  
Total  4.96 2.82 24.88 20.17 22.32 140.75 215.90 
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2.7.2 Estimated ESVs (1985-2022) 

Between 1985 and 2022, both global and local estimates of ESV coefficients show a dramatic 

decrease in ESVs. Based on the global and local ESV estimates, total ESVs in the Legedadi 

watershed have decreased from approximately US$ 65.8 million in 1985 to approximately 

US$ 11.9 million in 2022 and from approximately US$ 42.7 million in 1985 to approximately 

US$ 9.66 million in 2022 (Table 8). Similarly, based on global and local ESV estimates, total 

ESVs in the Dire watershed decreased from approximately US$ 437 thousand in 1985 to 

approximately US$ 59 thousand in 2022 and from approximately US$ 225 thousand in 1985 

to approximately US$ 36 thousand in 2022 (Table 9). 

Based on global estimates, the eucalyptus plantation was the leading contributor to the ESV 

in the Legedadi watershed in 1985, 1995, and 2022, accounting for approximately US$ 24.9 

million (38%), US$ 18.5 million (43.2%), and US$ 4.2 million (35.5%), respectively, 

followed by natural vegetation accounting for approximately US$ 23.3 million (35.5%), US$ 

13.5 million (31.58%), and US$ 3.84 million (32.17%). However, in 2010, natural vegetation 

contributed approximately US$ 9.3 million (50.3%), followed by the Legedadi water 

reservoir, which contributed approximately US$ 4.2 million (22.87%) (Table 8). Between 

1985 and 1995, the eucalyptus plantation contributed approximately US$ 12.2 million 

(28.7%) and approximately US$ 9.1 million (32.1%), respectively, while natural vegetation 

contributed approximately US$ 11.4 million (26.86%) and approximately US$ 6.6 million 

(23.45%) (Table 8). Natural vegetation and cultivation, on the other hand, were the highest 

contributors, contributing approximately US$ 4.5 million (31.31%) in 2010 and 

approximately US$ 3.2 million (33.5%) in 2022, respectively, followed by the Legedadi 

water reservoir, which contributed approximately US$ 4 million (27.64%) and US$ 2.3 

million (23.84%) in 2010 and 2022, respectively (Table 8). 
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Similarly, natural vegetation was the primary contributor to the ESV in the Dire watershed 

between 1985 and 1995, accounting for approximately US$ 269 thousand (61%) and US$ 89 

thousand (58.69%) based on the global estimate, and approximately US$ 132 thousand 

(50.36%) and US$ 43 thousand (41.07%) based on the local assessment, respectively; 

eucalyptus plantation contributed approximately US$ 157.9 thousand (36%) and US$ 63 

thousand (35%) (Table 9). However, between 2010 and 2022, the eucalyptus plantation 

became the main contributor to the ESV in the Dire watershed, accounting for approximately 

US$ 74 thousand (58.85%) and US$ 40 thousand (68%); and approximately US$ 36.4 

thousand (48.42%) and US$ 19.7 thousand (54.64%) based on global and local estimates, 

respectively, followed by natural vegetation and water reservoir contributing approximately 

US$10 thousand (17%) and US$ 6.5 thousand (18.8%) in 2022 (Table 9). 
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Table 8: Estimates of ESVs of Legedadi watershed in million approx. US$ for each LULC type (1985-2022). ESV a = ESVs (million in 2022 

approx.US$ yr -1) 

LULC types 1985 1995 2010 2022 

ESVa (%) ESVb (%) ESVa (%) ESVb (%) ESVa (%) ESVb (%) ESVa (%) ESVb (%) 

Natural. Ve 23,376,794 (35.5) 11,486,877 (26.86) 13,568,256 (31.58) 6,667,163 (23.45) 9,317,501 (50.28) 4,578,429 (31.31) 3,841,304 (32.17) 1,887,537(19.55) 

Eucalyptus  24,979,258 (37.94) 12,274,295 (28.7) 18,564,381 (43.2) 9,122,156 (32.1) 2,816,983 (15.2) 1,384,207 (9.47) 4,246,920 (35.56) 2,086,849 (21.61) 

Cultivation  227,756 (0.35) 558,398 (1.31) 910,187 (2.12) 2,231,541 (7.85) 1,619,614 (8.74) 3,970,871 (27.16) 1,319,280 (11.05) 3,234,530 (333.5) 

Grassland 8,039,814 (12.21) 9,662,605 (22.6) 3,784,393 (8.81) 4,548,251 (16) 538,859 (2.91) 647,625 (4.43) 120,780 (1) 145,158 (1.5) 

Settlement  0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Waterbody 9,217,440 (14) 8,789,542 (20.55) 6,143,969 (14.3) 5,858,749 (20.61) 4,237,782 (22.9) 4,041,053 (27.64) 2,413,432 (20.21) 2,301,394 (23.85) 

Total  65,841,065.04 42,771,718.57 42,971,188.42 28,427,862.27 18,530,740.56 14,622,186.17 11,941,716.00 9,655,470.47 
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Table 9: Estimates of ESVs of Dire watershed in thousand approx. US$ for each LULC type (1985-2022). ESV a = ESVs (million in 2022 

approx. US$ yr. -1) 

LULC types                  1985      1995      2010      2022  

 ESVa (%)  ESVb (%) ESVa (%) ESVb (%)  ESVa (%) ESVb (%)  ESVa (%) ESVb (%) 

Natural 269,428 (61.53) 132,391 (58.7) 89,004 (50.36) 43,735 (41.07) 37,578 (29.83) 18,465 (24.54) 10,040 (17) 4,933 (13.66) 

Eucalyptus  157,989 (36.1) 77,632 (34.42) 63,292 (35.81) 31,100 (29.2) 74,138 (58.85) 36,430 (48.42) 40,160 (68) 19,733 (54.64) 

Cultivation   2,365 (0.55) 5,799 (2.57) 1,839 (1.04) 4,510 (4.24) 4,490 (4.56) 11,010 (14.64) 1,991 (3.37) 4,883 (13.52) 

Grassland/Bare  8,111 (1.85) 9,748 (4.32) 22,591 (12.78) 27,152 (25.5) 0 (0) 0 (0) 0 (0) 0 (0) 

Settlement   0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Waterbody  0 (0) 0 (0) 0 (0) 0 (0) 9,779 (7.76) 9,325 (12.4) 6,883(11.6) 6,563 (18.18) 

Total  437,894 (100) 225,572 (100) 176,728 (100) 106,497 (100) 125,986 (100) 75,230 (100) 59,075 (100) 36,114 (100) 
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2.7.3 Impacts of LULC Changes on Distinct Ecosystem Service Values  

Table 10 below shows the ESVs provided by different ecosystem services. The data shows 

that LULC changes have varying effects on the various ecosystem services in the study area. 

The total provisioning of ecosystem services in the Legedadi and Dire watersheds has 

decreased from US$ 103.6 thousand in 1985 to US$ 73.4 thousand in 2022; and from US$ 

64.1 thousand in 1985 to US$ 17.3 thousand in 2022, respectively. In the Legedadi, 

regulating services have decreased from US$ 247.4 thousand in 1985 to US$ 88.5 thousand 

in 2022, while in the Dire watershed, it has decreased from US$ 161.8 thousand in 1985 to 

US$ 39.8 thousand in 2022. In the Legedadi and Dire watersheds, supporting services have 

decreased from US$ 8.5 thousand in 1985 to US$ 3.06 thousand in 2022, and from US$ 

5,000 in 1985 to only US$ 889 in 2022, respectively. Cultural services have decreased from 

US$ 39 thousand in 1985 to US$ 1.5 thousand in 2022, and from US$ 42.2 thousand in 1985 

to US$ 4.8 in 2022, in the Legedadi and Dire watersheds, respectively. Ecosystem services 

have declined across study periods, except food production, which increased from US$ 19.7 

thousand in 1985 to US$ 28.6 thousand in 2022 in the Legedadi and increased from US$ 6.4 

thousand in 1985 to US$ 9.5 in 1995 and to US$ 7.5 in 2010 before declining to US$ 4.3 in 

2022.  

Between 1985 and 1995, the value of regulating services accounted for more than 60% of the 

total in the Legedadi watershed, while it slightly decreased between 2010 and 2022. 

Similarly, between 1985 and 2022, the Dire regulating services accounted for the largest 

share, accounting for more than 59%. In all periods, the provisioning services are the second 

largest in both the Legedadi and Dire watersheds. It accounted for approximately 27% of the 

Legedadi between 1985 and 2010, rising to 44% by 2022. Similarly, provisioning services 

accounted for approximately 26% of all periods in the Dire watershed. 
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Cultural and support services have contributed to the lowest levels in both watersheds. 

Cultural and supporting services in the Legedadi contributed about 10% and 2% all the time, 

respectively, with cultural services dropping to 1% in 2022. Throughout the study period, 

cultural and supporting services contributed more than 11% and nearly 2% to the Dire 

watershed. 
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Table 10:  Ecosystem functions value coefficients of each LULC type in the Legedadi and Dire watersheds. 

 

Group  

Legedadi Dire  

Indicators  

  

Ecosystem service values (US$ year) Ecosystem service values (US$ year) 

Provisioning 

services 

  

  

  

  

  

  

ESV 1985 ESV 1995 ESV 2010 ESV 2022 ESV1985 ESV1995 ESV2010 ESV2022 

Water supply 27,815.29 21,813.42 14,362.31 9,091.50 9,974.09 9,451.08 4,035.48 2,410.79 

Food production 19,714.24 21,927.14 28,318.67 28,638.79 6,439.05 9,505.40 7,554.58 4,373.65 

Flaw material 28,962.79 29,489.48 31,118.97 26,945.02 27,746.08 14,852.69 13,905.27 7,381.29 

Biomass fuel 13,540.44 10,452.08 3,023.91 2,413.56 4,314.90 5,494.63 2,241.30 1,502.30 

Genetic resources 13,608.72 11,270.42 11,128.64 6,291.94 15,646.84 7,373.27 4,483.02 1,645.07 

 Subtotal  103,641.48 94,952.54 87,952.50 73,380.81 64,120.96 46,677.07 32,219.65 17,313.09 

 Regulating 

services 

  

  

  

Water regulation 16,203.23 15,162.46 14,726.35 14,406.67 804.05 586 3,470.95 3,219.50 

Water purification 39,522.41 34,136.74 18,432.00 9,685.05 21,420.05 14,935.33 11,725.10 7,539.19 

Erosion control 22,683.52 18,177.33 13,811.49 1,337.36 18,632.03 11190.0075 5,761.71 2,409.89 

Biological control 4,636.39 4,575.77 5,037.00 4,450.50 1,614.01 2178.45 1,350.57 752.6 

Biodiversity protection 19,186.24 16,236.89 14,273.65 4,970.70 13,721.37 8820.1 5,059.58 2,356.13 
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Climate regulation 56,916.78 57,645.19 51,707.04 38,255.54 41,228.65 26,748.99 25,461.55 15,004.15 

Gas control 1,199.03 948.46 788.05 11.93 1,084.74 610.97 302.1592 110.6 

Carbon sequestration 87,029.15 70,799.38 58,866.47 15,411.06 63,347.48 42,752.57 20,439.32 8,390.55 

 Subtotal  247,376.75 217,682.22 177,642.05 88,528.81 161,852.37 107,822.41 73,570.95 39,782.61 

 Supporting 

services 

  

  

  

  

Nutrient recycling 481 398.22 393.23 

                    

-    

554.3775 261.225 158.5926 58.05 

Pollination 5,929.17 5,180.11 4,721.42 3,026.40 2,867.41 2793.525 1,372.24 674.45 

Soil formation 955.88 662.93 223.26 34.65 238.475 402.35 44.5316 16.3 

Habitat/regulation 1,162.40 962.36 950.29 

                    

-    

1,339.72 631.2825 383.25862 140.285 

 Subtotal  8,528.45 7,203.62 6,288.20 3,061.05 4,999.98 4,088.38 1,958.62 889.09 

 Cultural 

services 

  

  

  

Recreation 35,956.31 29,957.63 29,398.74 1,490.69 38,746.76 18386.47 11,510.24 4,474.17 

Tourism 3,055.05 2,529.28 2,497.57 

                    

-    

3,521.09 1659.15 1,007.29 368.7 

 Subtotal  39,011.36 32,486.91 31,896.31 1,490.69 42,267.85 20,045.62 12,517.53 4,842.87 

Total 398,558.04 352,325.29 303,779.06 166,461.36 273,241.16 178,633.48 120,266.76 62,827.66 
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2.7.4 Sensitivity analysis result on LULC 

The CS value was less than one. According to the global ESV assessment, CS for Eucalyptus 

was higher at 0.38%, 0.43%, and 0.36% in the Legedadi watershed in 1985, 1995, and 2022, 

respectively. Whereas the CS for natural vegetation was higher at 0.5% in 2010. Similarly, 

according to the local ESV assessment, CS for Eucalyptus was higher in 1985 and 1995, at 

0.29% and 0.32%, respectively, whereas CS for natural vegetation and cultivated land was 

higher in 2010 and 2022, at 0.31% and 0.33%, respectively (Table 11). According to the 

global ESV assessment, CS for natural vegetation was higher at 0.62%, 0.5%, and 0.46% in 

the Dire watershed in 1985, 1995, and 2022, respectively, whereas CS for Eucalyptus was 

higher at 0.6% in 2010. However, according to the local ESV assessment, CS for natural 

vegetation was higher in 1985 and 1995, at 0.59% and 0.41%, respectively, whereas CS for 

Eucalyptus was higher in 2010 and 2022, at 0.48% and 0.55%, respectively (Table 12). This 

is due to the large size of the land and the high ESV value assigned to the land use types. 

Table 11: Change in estimated total ESV and coefficient of sensitivity (CS) after a 50% 

adjustment of ecosystem services valuation coefficient (VC) in the Legedadi watershed. 

 
1985 1995 2010 2022 

% CS % CS % CS % CS 

Natural vegetation VC ± 50% 9.9 0.36 9.9 0.32 9.8 0.50 9.87 0.32 

Eucalyptus plantation VC ± 50% 9.9 0.38 9.9 0.43 9.8 0.15 9.87 0.36 

Cultivation VC ± 50% 4.72 0.00 4.71 0.02 4.71 0.09 4.7 0.11 

Grassland VC ± 50% 6.71 0.12 6.7 0.09 6.69 0.03 6.69 0.01 

Settlement VC ± 50% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Waterbody VC ± 50% 5.53 0.14 5.52 0.14 5.52 0.23 5.51 0.20 

Bare VC ± 50% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 12: Change in estimated total ESV and coefficient of sensitivity (CS) after a 50% 

adjustment of ecosystem services valuation coefficient (VC) in the Dire watershed. 

 1985 1995 2010 2022 

 % CS % CS % CS % CS  

Natural vegetation VC ± 50% 8.16 0.62 7.4 0.50 6.3 0.31 4.96 0.46 

Eucalyptus plantation VC ± 50% 8.16 0.36 7.4 0.36 6.3 0.60 9.72 0.07 

Cultivation VC ± 50% 3.88  0.01 3.64 0.01 4.23 0.01 8.37 0.15 

Grassland VC ± 50% 5.52 0.02 5.01 0.13 0.00 0.00 0.00 0.00 

Settlement VC ± 50% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Waterbody VC ± 50% 0.00 0.00 0.00 0.00 3.52 0.08 2.77 0.32 

Bare VC ± 50%  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  

2.8 Discussions  

Both watersheds are experiencing rapid changes in land use. Cultivation and settlement are 

rapidly encroaching on land use, displacing natural vegetation and grassland. Awraris (2017) 

reported a similar finding, that cultivated land dominated land use in the study watersheds. 

Natural vegetation has been rapidly lost, resulting in increased soil loss in both watersheds 

(AAWSA, 2016; Awraris, 2017). As a result, the Legedadi reservoir has experienced severe 

siltation, with an average annual siltation rate of 110,500 m3, and its volume capacity 

decreased by 2.1 MCM between 1979 and 1998 (AAWSA, 2011). The annual soil loss in the 

Legedadi watershed was estimated between 69.9 and 138.4 tons/ha (Gebreegziabher et al., 

2021).  

In the Lededadi watershed, population density increased by 65% in just one decade 

(AAWSA, 2011; 2016). Rapid population growth and radical outward settlement expansion 

are endangering Addis Ababa's and surrounding areas' water sources (Tamiru et al., 2005). 
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Thus, rapid population growth (due to increased natural birth rate and rural-urban migration) 

is expected to increase the demand for farmlands and settlement, destroying natural areas and 

worsening watershed capacity in generating vital ecosystem services, particularly 

hydrological services. Water users in Addis Ababa have been extremely dissatisfied with the 

current water supply, which has decreased in quantity and quality over time (Zinabu and 

Michael, 2020). Furthermore, the city's unmet water demand is expected to rise to 307 MCM 

by 2030 (Zinabu and Michael, 2020). 

The overall ESVs of the watersheds have decreased dramatically during the study period 

because of the loss of important natural habitats, particularly natural forest, and grassland 

habitats. The primary contributor to the decline of ESVs in the watersheds was the dramatic 

conversion of natural vegetation and grassland to settlement and cultivation (Kindu et al., 

(2016); Terefe et al., (2016); Terefe et al., (2017); Hailu et al., (2019); Abreham et al., 

(2019); Hailu et al., (2021) reported a similar dramatic reduction in ESVs in various parts of 

Ethiopia. Terefe et al. (2017) estimated a total ESV decline of approximately US$ 3.69 

million between 1973 and 2015 in Ethiopia's Chillimo forest central highlands. Likewise, due 

to the expansion of cultivation, settlement, and development of the Dire reservoir, the natural 

habitat particularly the grassland in the Dire watershed has greatly deteriorated, thus a 

substantial reduction in ESV was obtained.  

In general, all ecosystem services declined across all periods in both watersheds, except food 

production; the increased cropland size and a higher ecosystem service value attributed to it 

have caused an increase in food provisioning service (Tatek, 2022). Although the 

construction of the Dire water reservoir in 1999 contributed to the increase of water 

regulation services between 2010 and 2022; further, land use modifications could have a 

substantial negative impact on the watershed's hydrological services and affect people's 

welfare (Yilikal et al., 2019). Moreover, greatly increased soil erosion and consequently 
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resulted in a substantial sediment load to the water reservoirs. To reverse the adverse impact 

of land use changes a quick management intervention is required such as the introduction of 

agroforestry practices in the entire watershed system, a considerable amount of land is 

suitable for apple-based farming practices, which could meaningfully restore watershed 

ecosystems and enhance local income (Simeneh et al., 2022). 

2.9 Conclusion  

The findings of the study revealed that the replacement of natural vegetation by settlement 

and farmland was highly dynamic. The anthropogenic disturbance harmed the ecosystem 

process, resulting in a decrease in ESV in both watersheds. The decline in ESV is expected to 

continue as both watersheds experience rapid land conversion. To address the complex socio-

ecological problems in the watersheds, an urgent and active landscape restoration scheme is 

required with the active participation of key stakeholders.  To ensure effective and 

sustainable watershed management intervention; the use of innovative market-based 

sustainable land management practices can be a valuable tool for managing the ecosystems 

and improving the livelihoods of nearby farmers. However, further research on the prospects 

of economic instruments needed to be assessed.  
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Chapter Three  

3 Assessing Habitat Quality using the InVEST model in the Dire and Legedadi 

watersheds. 

3.1 Abstract 

This study aimed to quantify and map habitat quality in the Dire and Legedadi watersheds 

between 1985 and 2022 using the InVEST habitat quality model. The purpose of this study 

was to assess the spatiotemporal changes in habitat quality in the Dire and Legedadi 

watersheds. The result showed that between 1985 and 2022, both watersheds experienced a 

substantial decline in habitat quality. The extent of high habitat quality habitat in the 

Legadadi watershed has decreased considerably from 206 km2 in 1985 to 50.26 km2 in 2022. 

Similarly, high habitat quality habitat in the Dire watershed has gradually declined from 

87.29 km2 in 1985 to 35.44 km2 in 2022. The construction of the Dire water reservoir in 1999 

helped to maintain the extent of moderate habitat quality which increased from 6.93 km2 in 

1995 to 25.36 km2 in 2010. The rapid expansion of farmland and settlement at the expense of 

natural vegetation was strongly linked to the decline in habitat quality. As a result, 

appropriate watershed management intervention is required. Therefore, the outcome of this 

research will provide a scientific basis for future ecosystem monitoring to monitor the 

impacts of watershed management interventions.  

Keywords: Dire and Legedadi, Watersheds, InVEST, Habitat quality,  
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3.2 Introduction  

A high-biodiversity ecosystem is regarded as a high-quality habitat that contributes to 

improved ecosystem processes (Johnson, 2007). The decline in biodiversity resources and 

intactness, on the other hand, is having a significant negative impact on habitat quality 

because of several unprecedented LULC changes such as increased settlement, farming, and 

artificial monoculture plantations (Abreham et al., 2020; Zhang et al., 2020; Hamere et al., 

2021). The degradation of habitat quality was primarily caused by intensive land use 

expansion associated with human activities (Liang and Liu, 2017). As a result, the proximity 

to and intensity of adverse land uses has a significant impact on ecosystem functioning and 

process (Fu et al., 2013; Yan et al., 2018), and the ability to generate ecosystem services can 

deteriorate (Polasky et al., al., 2011; Villamagna et al., 2013; Thomas et al., 2021). 

Similarly, the study watersheds have drastically changed interms of LULC (Simeneh et al., 

2023a). Natural forests and grassland were the dominant land cover types until the late 1980s 

when they were largely replaced by farmland and settlement (AAWSA, 2016; Awraris, 

2017). Due to the increased deterioration of natural habitats in both watersheds, the water 

quality in the reservoirs was reported to be very low (Taye, 2009; Helnata, 2019). According 

to a recent study, planting an apple tree can help restore watershed ecosystems and increase 

local income (Simeneh et al., 2022). Understanding landscape patterns, the interaction of 

human activities, and the effects of land conversion on natural phenomena is critical for 

proper land management and decision-making that contributes to the preservation of 

ecosystem integrity (Rawat and Kumar, 2015). The study of watersheds' rapid LULC changes 

and their effects on the quality and quantity of ecosystem services are poorly known and less 

understood. Assessing the effects of LULC changes on habitat quality and ESVs in the Dire 

and Legedadi watersheds can help with proper ecosystem management intervention, which 

can help humans meet a variety of economic and environmental needs.  
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Assessments of habitat quality and ecological risk are required as part of sustainable 

ecosystem management to reduce the negative effects of anthropogenic disturbances (Zhang 

et al., 2022). This study's assessment model can be used as an effective decision-support tool 

to prioritize important ecological areas and can also be adapted for use in ecosystem 

management intervention (Zhang et al., 2022). The availability of biodiversity resources in a 

specific environment and the environment's ability to provide suitable living conditions are 

influenced by quality habitat (Hall et al., 1997). It is regarded as a critical representation of 

regional biodiversity and ecosystems, as well as a critical link in ensuring regional ecological 

security and enhancing human well-being (Chen et al., 2016). Understanding the temporal 

and geographical aspects of habitat quality is the foundation for developing land-use planning 

and management (Liu et al., 2018). 

To quantify habitat quality, the Integrated Valuation of Ecosystem Services and Tradeoffs 

(InVEST) model has been widely used (Sharp et al., 2020; Abreham et al., 2020; Zhang et al., 

2020; Hamere et al., 2021). The model provides an excellent research method and 

perspectives (Terrado et al., 2016; Romero and Luque, 2006), as well as information on land 

use and threats to computing habitat quality. The spatial extent of habitat quality within the 

landscape was determined by the habitat's proximity to human-dominated land use and the 

intensity of disturbance caused by the land use (Sharp et al., 2020). We hypothesize that 

habitat quality deteriorated over time because of threat factors present in the study area. As a 

result, the purpose of this study was to assess the spatiotemporal changes in habitat quality in 

the Dire and Legedadi watersheds using InVEST software to provide scientific foundations 

for sustainable watershed management practices in Addis Ababa’s rapidly deteriorating 

headwaters. 
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3.3 Materials and Methods  

3.3.1 The InVEST Habitat Quality Model.  

The InVEST model offers a good research method as well as perspectives (Hamere et al., 

2021; Abreham et al., 2020; Sharp et al., 2020; Zhang et al., 2020; Terrado et al., 2016; 

Romero and Luque, 2006). To compute habitat quality, the model incorporates information 

on land use and threats. The spatial extent of habitat quality within the landscape was 

determined by the habitat's proximity to human-dominated land use and the intensity of 

disturbance caused by the land use (Sharp et al., 2020). The model considers LULC with 

higher habitat quality to be relatively intact and capable of supporting increased biodiversity, 

whereas LULC with lower habitat quality indicates reduced biodiversity support and denotes 

a degraded habitat (Baral et al., 2014). The model is based on the relative impact of threats to 

habitats, the distance between the threat source and the habitat, and the sensitivities of 

specific habitats to any potential threats that could lead to habitat degradation (Chen et al., 

2016; Sharp et al., 2020). 

For this study, five biodiversity threats were identified, namely settlement, farming, 

eucalyptus dominance, road, and land degradation, and the significance (weight) of each 

threat was prioritized based on the opinions of local key informants, experts' knowledge, and 

review of the literature (Abreham et al., 2020; Hamere et al., 2021), using the approach 

developed by Terrado et al., (2016) and Wu et al (2014) (Table 13).  

The key inputs of habitat quality in the InVEST model, according to Sharp et al., 2020, are 

the suitability of each LU/LC type (Hj) for providing habitat for biodiversity; second, 

anthropogenic threats that originate at pixel x (rx) affecting habitat quality; and third, the 

sensitivity of each LU/LC type to each threat (Table 13). 

𝑖𝑟𝑥𝑦 = 1 − (
𝑑𝑥𝑦

𝑑𝑟𝑚𝑎𝑥
)     ………………………………if linear……….5 
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𝑖𝑟𝑥𝑦 = exp(− (
2.99

𝑑𝑟𝑚𝑥
)𝑑𝑥𝑦)   ………………………………if exponential…….6 

Where, dxy= linear distance between grid cells x and y, and drmax = maximum 

effective distance of threats r’s across space (Sharp et al., 2020). 

The total threat level in a grid cell x with LULCj is calculated as the relative habitat 

suitability score (Hj), which ranges from 0 to 1, with 1 indicating the highest suitability to 

species (Sharp et al., 2020). The model's final input is the sensitivity of habitat type to 

different threats; this allows for the differentiated impacts of threats on different habitats to be 

accounted for. Threat impacts on habitat are determined by 1) the threat's effect over space 

(irxy); 2) the relative weight of each threat's importance compared to the others (wr); and 3) 

the relative sensitivity of each habitat to the respective threat (Sjr) (Sharp et al., 2020). The 

grid x's stress level Dxj with land-use type j is calculated as follows. 

𝐷𝑗𝑥 = ∑ ∑ (
𝑤𝑟

∑ 𝑤𝑟
𝑅
𝑟=1

)𝑌𝑟
𝑦=1

𝑅
𝑟=1 𝑟𝑥𝑖𝑟𝑥𝑦θ𝑥𝑆𝑗𝑟………….7 

where R= number of threat factors, yr = set of grid cells on r’s map, wr =relative effect of 

each threat, θx = level of accessibility to a grid cell x, and Sjr = relative sensitivity of each 

habitat type to each threat (Sharp et al., 2020). 

The model's output ranges from 0 to 1, with 1 representing the highest level of habitat quality 

(Sharp et al., 2020). Threats with higher destructive values (on a scale of 0-1) have higher 

impacts on habitat, and the more sensitive a habitat type is to a threat (higher Sjr), the more 

degraded the habitat type could be by the threat.  

The environmental level that the ecological environment provides for the survival of 

individual organisms and populations is referred to as habitat quality (Yanan et al., 2022). It 

is a variable with a numerical range ranging from low to high (Sharp et al., 2020; Yanan et 
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al., 2022). The higher the quality of the habitat, the more stable the ecosystem's ecological 

structure and function (Sharp et al., 2020; Yanan et al., 2022). The manner and intensity with 

which human land use determines habitat quality, and the more intense the land use, the more 

pronounced the decline in habitat quality (Almpanidou et al., 2014). The degree of habitat 

degradation was used to calculate habitat quality, and the habitat quality score decreased as 

the degree of habitat degradation increased (Sharp et al., 2020; Yanan et al., 2022). The 

habitat quality calculation formula is as follows (Sharp et al., 2020).  

𝑄𝑥𝑗 = 𝐻𝑗  [1 − (
  𝐷𝑥𝑗

2

𝐷𝑥𝑗
2  +𝑘𝑧

)]…………………………….8 

 where, Qxj is the habitat quality of grid cell x in land cover type j; Hj is the habitat 

suitability of land cover type j; Dz xj is the level of habitat threat for grid cell x in 

land cover type j; k is the half-saturation factor, which is generally taken as half of 

the maximum value of Dz xj; and x is a constant. 
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Table 13: Ecological habitat quality input data used for the InVEST habitat quality model in the Dire and Legedadi watersheds. 

 

Threat Maximum Distance Weight Decay LULC types   

NV W S GL EP C BL 

    Habitat suitability score   

1 1 0 1 1 0 0 

Habitat sensitivity to threats   

Eucalyptus dominance 1 0.75 Linear 0.75 0.5 0.2 0.8 0.00 0.00 0.00 

Settlement 2 1.00 Exponential 1.00 0.8 0.00 1.00 0.8 0.00 0.6 

Farming 2 1.00 Exponential 1.00 1.00 0.00 1.00 0.8 0.00 0.00 

Roads 3 0.75 Linear 0.8 0.75 0.00 0.5 0.5 0.2 0.5 

Land degradation 1 0.60 Linear 0.6 0.6 0.2 0.6 0.6 0.6 0.6 

 



 

53 

3.3.2 Data Preparation and Input for the InVEST- Habitat Quality Model. 

The InVEST habitat quality model requires data inputs (both spatial and non-spatial) (Figure 

5). Thus, LU/LC maps, threat sources, and impacts, habitat types, habitat sensitivity to each 

threat, and half-saturation constant were all required inputs (Sharp et al., 2020). The 

information on LULC was obtained from Simeneh's (2023a) previous study in the study area. 

To run the habitat quality model, all the required inputs were loaded, including LULC maps 

for the respective years, threat sources and impacts, habitat types, and habitat sensitivity to 

each threat. Finally, habitat quality maps for each year were created; the final habitat quality 

maps were classified into three categories (low, moderate, and high). 

 

Figure 5: Flowchart showing methodological steps followed in the study. 
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3.4 Results and Discussions  

Between 1985 and 2010, the watersheds were dominated by high habitat quality habitats 

(Figure 6; 7). In the Dire watershed, the extent of high habitat quality has gradually declined 

between 1985 and 2022, from 87.29 km2 (89.84%) in 1985 to 78.23 km2 (80.56%) in 1995, 

71.81 km2 (73.9%) in 2010, and 35.44 km2 (36.48%) in 2022. Low habitat quality, on the 

other hand, has increased from 9.87 km2 (10.16%) in 1985 to 11.95 km2 (12.31%) in 1995 

and then to 49 km2 (50.44%) in 2022. (Table 14). The construction of the Dire water 

reservoir in 1999 helped to maintain the extent of moderate habitat quality. It increased from 

6.93 km2 (7.14%) in 1995 to 25.36 km2 (26.1%) in 2010 but then decreased to 12.71 km2 

(13.08%) in n 2022 (Table 14; Figure 8). 

The extent of high habitat quality habitat in the Legadadi watershed has decreased 

extensively from 206 km2 (95.5%) in 1985 to 179.5 km2 (83.2%) in 1995 and then to 156.85 

km2 (72.66%) in 2010. However, by 2022, the high habitat quality would have dropped to 

50.26 km2 (23.28%). Low habitat quality, on the other hand, increased from 9.62 km2 

(4.46%) in 1985 to 36.31 km2 (16.82%) in 1995, then to 59 km2 (27.34%) in 2010 and 165 

km2 (76.72%) in 2022. (Table 14; Figure 9). 

In the last 37 years, the quality of the habitat has deteriorated dramatically. In general, high-

quality habitats in 1985 degraded into low-quality habitats by 2022 (Table 14). This is due to 

an unprecedented increase in anthropogenic pressure, which has resulted in severe changes in 

the ecosystem's healthy functioning. A similar finding was reported that only 1.96 % of the 

area has high environmental quality; the medium, poor extremely deteriorated quality 

environment consisted of 77%, 13.30%, and 8.12%, respectively (AAWSA, 2011). Rapid 

anthropogenic LULC changes associated with the expansion of human settlements and 

artificial plantations may result in a significant loss of habitat quality (Jie et al., 2015; Li et 
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al., 2018; Liting et al., 2019; Abreham et al., 2020; Hamere et al., 2021) and pose a threat to 

biodiversity (Sun et al., 2019; Kunwar et al., 2020). Similarly, rapid urbanization and 

agricultural expansion have destroyed previously dominant natural habitats, resulting in 

substantial habitat quality degradation in watersheds. Natural habitat loss can have a variety 

of effects on the larger ecosystem and have a significant impact on human well-being. The 

magnitude of poor habitat quality has grown considerably as settlement and cultivation areas 

have expanded. With a declining trend, high habitat quality values have only occurred in 

areas where natural habitats and reservoirs are located. Human activities, particularly 

settlement and urbanization, unrestricted grazing, deforestation, and agricultural practices, 

have the potential to degrade habitat quality and disrupt ecological processes. Similar 

findings have been reported in the Winkie and Beressa watersheds (Abraham et al., 2020; 

Hamere et al., 2021). Furthermore, eucalyptus plantations' dominance and land degradation 

have contributed to the watershed's declining habitat quality (Hamere et al., 2021).  

Table 14: Habitat quality changes in the Legedadi and Dire watersheds using the InVEST 

habitat quality model (1995, 2022)  

Habitat 

quality 

Legadadi watershed 

1985 

(km2) 

% 

1995 

(km2) 

% 

2010 

(km2) 

% 

2022 

(km2) 

% 

Low 9.62 4.46 36.31 16.82 59.03 27.34 165.62 76.72 

Moderate  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

High  206.27 95.54 179.57 83.18 156.85 72.66 50.26 23.28 

Total  215.89 100.00 215.88 100.00 215.88 100.00 215.88 100.00 

Dire watershed 

Low 9.87 10.16 11.95 12.31 0.00 0.00 49.00 50.44 
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Moderate 0.00 0.00 6.93 7.14 25.36 26.10 12.71 13.08 

High 87.29 89.84 78.23 80.56 71.81 73.90 35.44 36.48 

Total  97.16 100.00 97.11 100.00 97.17 100.00 97.15 100.00 
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Figure 6: Habitat quality in the Dire watershed (1985-2022) 

 

 

 

 

 

 

Figure 7: Habitat quality in the Legadadi watershed (1985-2022)  
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Figure 8: Classified habitat quality maps in the Dire watershed 

 

 

 

 

 

 

Figure 9: Classified habitat quality maps in the Legedadi watershed 
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3.5 Conclusion  

By mapping critical habitats for ecosystem conservation, habitat quality modeling aids in 

sustainable land management initiatives. The rapid expansion of farmland and settlement in 

the study watersheds has largely resulted in a decline in habitat quality. The decline in habitat 

quality is expected to continue. To improve habitat quality in both watersheds, a sustainable 

water management strategy should be implemented based on the severity and extent of 

habitat quality degradation. It is also critical to ensure that the watershed management 

intervention causes little or no economic loss to other land uses (mainly for agriculture) 

through implementing appropriate incentive-based watershed management practices in the 

study landscapes. Thus, this study will assist decision-makers in appropriately planning for 

sustainable watershed management practices in the study watersheds.  
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Chapter Four  

4 Impacts of Land Use Land Cover Changes and Climate Variability on Water Yield in the 

Central Watersheds of Ethiopia 

4.1 Abstract  

Water yield capacity assessment is critical for water management and ecosystem improvement. 

Using the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model, we 

assessed the effects of land use changes and climate variability on annual water yield in the Dire 

and Legedadi watersheds. The model was run using meteorological data, land use, soil depth, 

plant water content, and biophysical parameters. The impact of land use changes and climate 

variability was investigated by creating three scenarios: actual conditions, actual conditions 

with Land Use and Land Cover (LULC) remaining constant, and actual conditions without 

climate variability. The findings revealed that the total water yield in both watersheds has 

increased. The Legedadi watershed increased total water yield by 15.32% from 111.6 million m3 

(1149 millimeters) in 1995 to 131.8 million m3(1357.5 millimeters) in 2021; while the Dire 

watershed increased total water yield by 32.5% from 259.5 million m3(1202 millimeters) in 1995 

to 386.6 million m3(1790 millimeters) in 2021. The effect of climate variability on annual water 

yield was approximately 99.9% and 73.3% in the Legedadi and Dire watersheds, respectively; 

land use change was 0.01% and 26.7%. Despite its higher water yield, urban and agricultural 

land expansion may have an impact on water yield. As a result, participatory watershed 

management interventions that consider landscape patterns are required to optimize and 

maintain ecosystem services. 

Keywords: Ecosystem services, InVEST, Annual Water Production, Landscape 
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4.2 Introduction 

Water yield is an important indicator of ecosystem function and plays an important role in 

sustainable development (Peijie et al., 2021). It has a direct impact on key sectors such as 

agriculture, industry, fisheries, and domestic activities and is critical for socio-economic 

development (Pessacg et al., 2015; Bower, 2014; Elbeltagi et al., 2020; Yang and De Hua, 2021). 

Understanding changes in watersheds requires an assessment of the spatiotemporal variation of 

water yield (Lu et al., 2020). The collective effects of climate and land use changes can have an 

impact on watershed capacity (Yu et al., 2015; Peijie et al., 2021). Climate change has an impact 

on water production capacity by altering the pattern and intensity of precipitation and 

temperature (Lian et al., 2020; Dagnachew et al., 2003; Song et al., 2015). While the impact of 

land use changes can vary (Yue et al., 2018; Zhang et al., 2018), for example, natural area 

deterioration has a significant impact on watershed hydrologic cycles, affecting 

evapotranspiration (Ajanaw, 2021), infiltration, and water retention rates, as well as changing the 

rainfall pattern and intensity (World Commission on Dams 2000; Ennaanay, 2006; Bonan, 2015; 

Srivastava et al., 2020; Aghsaei et al., 2020). 

Ethiopia has been designated as a disaster-prone country, and its people are particularly 

vulnerable to climate change. Climate erraticism has resulted in increased temperature extremes, 

erratic rainfall, and recurrent severe flooding during the main rainy season, displacing thousands 

of people in various parts of Ethiopia. The Dire and Legedadi watersheds are important 

headwaters for the Blue Nile and Awash River basins, as well as the main water sources for 

Addis Ababa. As a result, hydrological stability and water supply service function in these 

watersheds are critical for socioeconomic development. However, they are facing severe 

environmental issues because of unprecedented anthropogenic pressures. The conversion of 
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natural forests and grassland into farmland and settlement (AAWSA, 2016; Awraris, 2017; 

Simeneh et al., 2023a) has impacted habitat quality and overall ecosystem services in the Dire 

and Legedadi watersheds (Simeneh et al.,2023b). Such changes may have a negative impact on 

watershed hydrological services, reducing water quality and quantity (Ajanaw, 2021). As a 

result, downstream water users in Addis Ababa have been extremely dissatisfied with the water 

supply, as both the quantity and quality of water have decreased over time (Yilikal et al., 2019). 

Several studies have used the InVEST model to assess landscape water production capacity and 

determine the impacts of climate and land use changes, including Pessacg et al., (2015) in the 

Chubut River Basin; Sangam et al., (2016) in the Bago River Basin; Lang et al., (2017) in the 

Sancha River Basin; Goyal and Khan, (2017) in the Sutlej River Basin; Bai et al., (2019) in 

Kentucky; Mesfin et al., (2019) in the Wabe catchment; Yang et al.,(2019) in the monsoon 

catchments; Aghsaei et al., (2020) in the Anzali wetland catchment; Guodong et al.,(2020) in 

North China; Hu et al.,(2020) in the Dongting Lake wetland region; Mo et al., (2021) in the 

Dongjiang Lake Basin; Peijie et al., (2021) in the Shule River Basin; and Ningrum et al.,(2022) 

in Tesso Nilo National Park. Understanding the water services provided by watersheds could aid 

in addressing the city of Addis Ababa’s and its surrounding areas’ water scarcity problem. 

Several assessments have been conducted, with the primary focus on monitoring changes in 

water quality and quantity in the water reservoirs (Getahun, 2014; Sisay, 2014; Yilikal et al., 

2018), but there has been little in-depth investigation of the watershed’s ecosystem processes and 

landscape patterns. As a result, the goal of this study was to assess the landscape’s annual water 

production capacity and estimate the effects of changes in land use and climate on the water 

production capacity of the Dire and Legedadi watersheds. 
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4.3 Materials and Methods 

4.3.1 Data sources and preparation 

Meteorological data, land use, soil depth, plant available water content, watersheds, and the 

biophysical table are all used to run the water yield model. Meteorological and land use data 

were collected for the years 1995, 2010, and 2021. The National Meteorological Agency (NMA) 

provided meteorological data from stations (Sendafa, Aletu, Dire Gidib, Entoto, and Sulutla). 

The average value of the nearest stations was used to replace the missing methodological data 

(Ferrari and Ozaki, 2014; Mohammad et al., 2017). 

The meteorological data were then spatially interpolated to the entire watersheds using the 

geographically weighted regression Kriging algorithm in the ArcGIS 10.5 spatial analyst tool. 

Counting the number of rainy days in each month yielded the number of rain events for each 

year. The annual potential evapotranspiration for the Legedadi watershed was obtained from 

Habtamu (2017) and then spatially interpolated into 1 km × 1 km grid pixels using the 

CROPWAT 8.0 software for the Dire watershed (Zotarelli et al., 2015). Based on the physical 

and chemical properties of the soil, the plant available water capacity (PAWC), which is the 

difference between the wilting point and field capacity can be estimated (Zhou et al., 2005; 

Easton, 2016). Field capacity is the amount of water that remains in the soil profile after 48-72 

hours of free drainage after saturated conditions, whereas the wilting point is the minimum 

moisture content of the soil that can support plant growth and below which plants cannot recover 

(Easton, 2016) (Table 15).   
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Table 15: Average available water content for various soil textural classes (Easton, 2016) 

 

Soil textural class 

 

Wilting point Field 

capacity 

Available 

water 

% Moisture 

Sand  5  12  7 

Sandy loam  9 21 12 

Loam  16 36 20 

Silt loam  18 39 21 

Clay loam  24 39 15 

Silty clay  24 39 13 

Clay  27 39 12 

 

Soil data were obtained from (Sisay, 2014; Simeneh et al., 2022); the fraction of plant available 

water content was calculated by calculating the wilting point and field capacity of the various 

soil types in the study watersheds. The crop coefficients (Kc) for each LULC were obtained from 

the InVEST user’s guide (Sharp et al., 2020), (Table 16) and the study on LULC changes in 

watersheds conducted by Simeneh et al., (2023a) was used (In Figure 3; 4). The meteorological 

data obtained from the NMA was examined. In 1995, 2010, and 2021, the mean maximum 

temperature in Legedadi was 23.5°C, 22.6°C, and 22.9°C, respectively, while it was 23.5°C, 

23.6°C, and 22.6°C in the Dire watershed. The Legedadi watershed had mean minimum 

temperatures of 2.9°C, 9.3°C, and 7.4°C in 1995, 2010, and 2021, respectively, while the Dire 
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watershed had mean minimum temperatures of 2.9°C, 9.7°C, and 8.8°C in 1995, 2010, and 2021, 

respectively. Annual precipitation in the Legedadi watershed was 1302 mm, 1108 mm, and 

1887.2 mm in 1995, 2010, and 2021, respectively, while in the Dire watershed, it was 1220 mm, 

1295.8 mm, and 1409.5 mm in 1995, 2010, and 2021, respectively. 

Table 16: Kc for different land cover types (Sharp et al., 2020). 

Land cover  Kc 

Irrigated cropland  1.2 

Field cropland/ Forest closed/ Stream/Flooded/marsh 1 

Forest  0.9 

Natural shrub  0.8 

Urban non-vegetated 0.1 

Residential 0.1 

 

4.3.2 Water Yield Model InVEST 

The InVEST water yield model has been tested, and reliable results have been obtained 

(Guodong et al., 2020; Peijie et al., 2021). The model quantifies the relative water contributions 

of different parts of a landscape, and it also provides insight into how changes in land use 

patterns affect annual surface water and hydropower production (Sharp et al., 2020). The model 

assumes the amount of water runoff from the watershed to determine the water yield, i.e., the 

removal of precipitation from the water storage and evapotranspiration losses (Sharp et al., 

2020). 
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The model runs on a gridded map, and the pixel-scale calculations allow for the representation of 

the heterogeneity of key water yield driving factors such as soil type, precipitation, and 

vegetation type (Sharp et al., 2020). In every 300 m by 300 m grid cell, the average annual 

precipitation (Px), annual reference evapotranspiration, soil depth, plant available water content, 

plant root depth, and land use characteristics are used to calculate the average annual water yield 

(Yxj) as follows (Sharp et al., 2020). 

Yxj = 1 − (
AETxj

Px
) ∗ Px…………………….8 

Where AET is the annual actual evapotranspiration and AETxj, Px is an approximation 

of the Budyko curve (Zhang et al., 2001) given as: 

AWCx

Px
=

1+PETx

Px
− [1 + (

PETx

Px
)

ω

]
1

ω……………9 

Where PET (𝑥) is the potential evapotranspiration and ω (𝑥) is a non-physical 

parameter that characterizes the natural climatic-soil properties. The Potential 

evapotranspiration PET (𝑥) is defined as: 

PET(x) =
Kc(ℓx)∗ET0(x)

Px
…………………….10 

Where ET0 (𝑥) is the reference evapotranspiration from pixel 𝑥 and (ℓ𝑥) is the plant 

(vegetation) evapotranspiration coefficient associated with the LU/LC ℓ𝑥 on pixel 𝑥.  

ET0 (𝑥) reflects local climatic conditions, based on the evapotranspiration of reference 

vegetation grown in that location. (ℓ𝑥) is largely determined by the vegetative characteristics of 

the land use and land cover found on that pixel (Allen et al., 1998; Allen et al.,2005). Kc adjusts 

the ET0 values to the crop or vegetation type in each pixel of the land use/land cover map. Ω (x) 
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characterize the natural climatic-soil properties. It is an empirical parameter that can be 

expressed as follows Donohue et al., (2012):  

ω(x) = 𝑍(
AWCx

Px
) + 1.25…………….11 

Where AWC(x) is estimated as the product of plant available water capacity (PAWC) 

on pixel x, the minimum of root restricting layer depth and vegetation rooting depth 

(Sharp et al., 2020). Px is the annual precipitation on pixel x. (Z = 0.2 × N). 

Parameter Z, as a constant, represents the precipitation characteristics with a value 

from 1 to 30 and it is larger when the rainfall events are more frequent. Where N is 

the number of rainfall events (N > 1 mm) per year (Donohue et al.,2012; Redhead et 

al., 2016).  

4.4 Scenarios of Climate Variability and LU/LC Change 

It is critical to investigate the impact of land use changes and climate variability on water yield 

(Shilong et al., 2010). As a result, the annual water yield capacity of the watersheds (1995, 2010, 

and 2021) was estimated using actual conditions; then, the effects of climate variability and land 

use changes on water yield variations were analyzed using three explicit scenarios: actual 

conditions, actual conditions without LULC change, and actual conditions without climate 

variability. Under the actual scenario, LULC data and climate data were used in the model. 

Precipitation in 2010 and 2021 remains unchanged from 1995 in the absence of climate 

variability, and water yields for 1995, 2010, and 2021 were quantified to assess the impact of 

land use changes. The land use condition in 2010 and 2021 remains unchanged from 1995 in the 

scenario without land use change, and water yields were computed to determine the influence of 

climate variability (Table 17). Finally, the three scenarios were compared to see how climate 
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variability and LULC changes affected water yield. Equations (12) and (13) (Lang et al., 2017) 

quantified the contribution of climate and LULC changes to water yield variability: 

Gc =
C

C+L
∗ 100……………….12 

Gl =
L

C+L
∗ 100……………….13 

Where Gc is the contribution of climate variability to the change in water yield under the 

scenario without LULC change, GL is the contribution of LULC to the change in water 

yield under the scenario without climate change, C represents the difference in mean 

annual water yield in 2010 and 2021 under the scenario without LULC change, and L 

represents the difference in mean annual water yield in 2010 and 2021under the scenario 

without climate change. 

Table 17: Simulations of water yield variation by scenario. 

Year Scenarios 

Actual conditions Conditions without 

Climate variability  

Conditions without Land 

Use Change 

1995 1995 precipitation  1995 precipitation 1995 precipitation 

1995 land use 1995 land use 1995 land use 

2011 2010 precipitation 1995 precipitation 2010 precipitation 

2010 land use 2010 land use 1995 land use 

2021 2021 precipitation 1995 precipitation 2021 precipitation 

2021 land use 2021 land use 1995 land use 
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4.5 Result  

4.5.1 Annual water yield 

The total water yield in both watersheds increased from approximately 371.1 MCM in 1995 to 

approximately 518.4 MCM in 2021. In 1995, the total water yield in the Legedadi was 

approximately 259.5 MCM, with a mean water yield (MWY) of 1202 millimeters (mm). It 

decreased to approximately 219.9 MCM in 2010 with a mean water yield (MWY) of 1018.6 mm, 

then increased to approximately 386.6 MCM in 2021 with a mean water yield (MWY) of 1790 

mm (Table 18; Figure 10). The decrease in total water yield in 2010 could be attributed to lower 

annual rainfall in that year (Figure 10). Similarly, Dire’s total water yield in 1995 was 

approximately 111.6 MCM, with a mean water yield (MWY) of 1149.5 mm. It increased to 

approximately 116.8 MCM with a mean water yield (MWY) of 1202 mm in 2010 and then 

improved to approximately 131.8 MCM with an MWY of 1357.5 mm in 2021 (Table 18; Figure 

10). 

The Legedadi watershed contributes the most to total water yield, accounting for approximately 

70%, 65.5%, and 75% of total water yield in 1995, 2010, and 2021, respectively. Between 1995 

and 2021, the total water yield in Legedadi increased by 32.5%, and it increased by 43% between 

2010 and 2021, while it decreased by 18.9% between 1995 and 2010. Similarly, the total water 

yield in Dire has increased by 15.32% between 1995 and 2021, 11.38% between 2010 and 2021, 

and 4.45% between 1995 and 2010.  
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Table 18: Total and mean water yield characteristics in the Dire and Legedadi watersheds  

 

Watershed Total Water Yield (106 m3/year) (Water Yield Depth) (mm 

1995 2010 2021 

Legedadi 259.5 (1202) 219.9 (1018.6) 386.6 (1790) 

Dire 111.6 (1149.5) 116.8 (1202) 131.8 (1357.5) 

Total  371.1 335.8 518.4 

 



71 

 

  

Figure 10: Water yield pattern of Dire and Legedadi watersheds with actual conditions  
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4.5.2 Influence of Land Use Land Cover Changes and Climate variability on water yield 

Climate variability was found to be the major driver of variations in water yield in both 

watersheds. The effect of climate variability on annual water yield was approximately 99.9% and 

73.3%, respectively, while the effect of land use changes was only 0.01% and 26.7% in the 

Legedadi and Dire watersheds (Table 19; Figure 11, 12). Climate variability resulted in a 32.5% 

increase in total water yield in the Legedadi and a 14% increase in the Dire between 1995 and 

2021 in the absence of LULC change, which was consistent with actual conditions. Although 

total water yield decreased by 18.9% between 1995 and 2010, a substantial increase of 43.2% 

was observed in the Legedadi watershed between 2010 and 2021. Similarly, total water yield 

increased by 6.13% and 8.5%, respectively, between 1995 and 2010 and 2010 and 2021 in the 

Dire watershed (Table 19; Figure 11, 12). In the absence of climate variability, LULC 

conversions increased total water yield by 0.72%, 0.68%, and 0.03% in the Legedadi watershed 

between 1995 and 2021; 1995 and 2010, and 2010 and 2021, respectively; while a 2.7%, 6.5%, 

and 3.5% reduction was observed in the Dire watershed between 1995 and 2021; 1995 and 2010, 

and 2010 and 2021, respectively (Table 19; Figure 11, 12). 
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Table 19: Total and mean water yield under different scenarios 

 Scenarios  Total Water Yield (106 m3/year) (Water Yield Depth) (mm) 

1995 2010 2021 

Legedadi 

Actual conditions 259.5(1202) 219.9 (1018.6) 386.6 (1790) 

Conditions without Climate variability 259.5 (1202) 261.3 (1210.3) 261.4 (1210.8) 

Conditions without Land Use Change 259.5 (1202) 218.2 (1010.5) 384.6 (1781.3) 

Dire 

Actual conditions 111.6 (1149.5) 116.8 (1202) 131.8 (1357.5) 

Conditions without Climate variability 111.6 (1149.5) 109.5 (1127.5) 113.5 (1169) 

Conditions without Land Use Change 111.6 (1149.5) 118.9 (1224.7) 129.9 (1337.4) 
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Figure 11: Water yield pattern of Dire and Legedadi watersheds with LU/LC unchanged 
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Figure 12: Water yield pattern of Dire and Legedadi watersheds with climate variables unchanged 
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4.6 Discussions 

4.6.1 Annual water Yield  

Between 1995 and 2021, the total water yield in the Dire and Legedadi watersheds increased. It 

has risen from approximately 259.5 MCM in 1995 to approximately 386.6 MCM in 2021 in the 

Legedadi watersheds. Similarly, the Dire watershed's total water yield has increased from 

approximately 111.6 MCM in 1995 to approximately 131.8 MCM in 2021. Increased rainfall in 

the Legedadi watershed from 1302 mm in 1995 to 1887.2 mm in 2021; and 1220 mm in 1995 to 

1409.5 mm in 2021 in the Dire watershed could contribute to increased annual water yield in 

both watersheds. Furthermore, the annual water yield reduction of 18.9% (41.3 MCM) in the 

Legedadi watershed between 1995 and 2010 could be attributed to a decrease in annual rainfall 

from 1302 mm in 1995 to 1108 mm in 2010; Mesfin et al., (2019) reported that improved 

precipitation and lower actual evapotranspiration contributed to higher annual water yields in 

Ethiopia's Wabe catchment. The two watersheds' average annual surface water potential was 

estimated to be 86 MCM in the Legedadi catchment and 50 MCM in the Dire catchment 

(AAWSA, 2011). Our estimates for the Legedadi and Dire watersheds in 2010 are approximately 

219.9 MCM and approximately 116.8 MCM, respectively, which are higher than the AAWSA 

estimates (AAWSA 2011). This could be because the InVEST model does not distinguish 

between surface, subsurface, and base flow water yield; instead, the model assumes that all water 

yields from a pixel reach the point of interest and then adds the water yield (Sharp et al., 2020). 

Human and livestock water consumption is increasing through wells and springs in both 

watersheds. Deep wells are used in urban areas such as Sendafa, Legedadi, and Dire, whereas 

shallow wells are used in rural areas (AAWSA, 2011).  Thus, the total water abstraction in both 

watersheds was estimated to be 790 m3/day, which is less than the required water utilization 
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demand by both livestock and humans in the area (AAWSA, 2011). The current total water yield 

(518.4 MCM) in both watersheds may be insufficient to meet rising water demands, as rapid land 

cover changes and human and livestock growth are expected to degrade the quality of ecosystem 

services throughout the watersheds (Simeneh et al., 2023b). To fully meet the current water 

demand of Addis Ababa, an estimated supply quantity of 0.8 MCM/day (Van Rooijen and 

Taddesse, 2009) to 1.2 MCM/day would be required (Tirusew and Fekadu, 2023). This disparity 

contrasts sharply with current water supply rates from both surface and groundwater, which are 

estimated to be 0.48 MCM/day, covering only about 40% of the daily water demand (Tirusew 

and Fekadu, 2023). As a result, a mega water project may be required to meet Addis Ababa's 

projected 307 MCM unmet water demand by 2030 (Zinabu and Michael, 2020). 

4.6.2 Influence of Land Use Land Cover Changes and Climate Variability 

Both climatic and LULC dynamics have a significant impact on water yield (Ningrum et al., 

2022). Furthermore, there is a strong positive relationship between precipitation and water yield 

(Pessacg et al., 2015). Similarly, we discovered that the impact of climate variability was greater 

than that of LULC change in our study. Climate variability had a significant impact on annual 

water yield in the Legedadi and Dire watersheds (Surafel and Amare, 2022); whereas land use 

conversion had a minor impact. Climate change has had a greater impact on water yield changes 

than LULC changes, according to Mo et al., (2021) in the Dongjiang Lake Basin; Lang et al., 

(2017) in the Sancha River Basin; Pessacg et al., (2015) in the Chubut River Basin; Bai et al., 

(2019) in Kentucky; and Sangam et al., (2016) in the Bago River Basin. Precipitation is an 

important variable of climate elements that has a significant impact on water yield (Lang et al., 

2017). It occurs primarily naturally because anthropogenic factors have little effect on 

precipitation. However, both climatic conditions and LULC changes can influence actual 
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evapotranspiration. Although human activities have a significant impact on LULC changes, they 

have little impact on water yield. The complex process of land conversion could be the main 

reason for the lower contribution of land use change (Lang et al., 2017). Because various land 

use conversions resulted in both positive and negative water yields, the overall effect of land use 

changes on water yield was not explicitly illustrated. The effect of LULC change on water yield 

was slight (0.01%) in the Legedadi watershed, but it had a substantial influence on annual water 

yield (26.7%) in the Dire watershed. This could be due to the Dire watershed's conversion of 

grassland, which covered approximately 48.5% of the total land cover in 1995, to bare land, 

cultivated land, and reservoir in 2021. Changes in LULC affect soil conditions, erosion, 

biodiversity, and the underlying surface, all of which increase runoff. This process in the 

watershed will affect reservoir capacity and, eventually, water yield (Lang et al., 2017). 

Conversion of land use is a complicated process (Nie et al., 2011). The forest's deep root 

structure allows the plant to extract deep soil moisture, and the increased ability to intercept 

rainfall may result in lower water yields (Lang et al., 2017). As a result, converting cultivated or 

grassland to forest land may result in a lower water yield (Dagnachew et al., 2003; Sisay, 2014; 

Lang et al., 2017; Awraris Mamo, 2017). Cultivated and grassland, in contrast to forest land, 

have shallow root systems and lower interception capability, which may result in increased water 

yield. Thus, the growth of shrubs and grass would be more appropriate to improve water yield 

capacity (Guodong et al., 2020), especially in areas where fresh water is scarce. Furthermore, in 

urban areas, the formation of a rainproof layer of surface covers such as concrete, asphalt, and 

cement could contribute to rapid runoff, potentially reducing soil moisture and increasing water 

yield. Thus, the conversion of natural vegetation to urban areas has resulted in an increase in 

water yield in the area, but it may be detrimental to long-term water provision in the study 
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watersheds. As a result, watershed restoration inventions must consider the spatial patterns and 

ecology of landscapes. 

4.7 Conclusion  

The InVEST model is critical in determining water yield (Lian et al., 2020). Thus, this study 

quantified annual water yield and then compared the effects of land use and climate variability 

on water yield in the Dire and Legedadi watersheds using the InVEST water yield model. 

Watersheds are critical to the overall socioeconomic development of Addis Ababa and its 

environs. Although water yield and depth increased in both watersheds between 1995 and 2021 

due to increased precipitation, a decrease in precipitation resulted in a lower water yield and 

depth between 1995 and 2010, particularly in the Legedadi watershed. Changes in land use have 

had a less impact on water yield in both watersheds, but the expansion of urban and cultivated 

land may be susceptible to water yield. The findings of this study can be used to guide watershed 

management interventions (Wang et al., 2016) that include further investigation of landscape 

patterns to optimize and maintain the ecosystem's functionality of pristine ecological processes 

in watersheds. 
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Chapter Five 

5 Analyzing Outdoor Recreational Potential in the Dire and Legedadi watersheds of central 

Ethiopia.  

5.1 Abstract  

Outdoor activity is increasingly being recognized as a common practice in Addis Ababa and its 

surrounding landscapes. Many operators are utilizing social media platforms to promote 

recreational products. The landscapes surrounding the city of Addis Ababa are becoming the 

primary destination for hiking. Using the ArcGIS tool, this study evaluated the potential for 

outdoor recreation in the Dire and Legedadi landscapes by employing previously established 

indicators. The findings revealed that the highest weight was assigned to the measure of natural 

intactness (1.39), followed by landscape greenness (1.35), and topographic variability (1.16). 

Conversely, the presence of water features, steepness of the terrains, and level of disturbance 

received the lowest weights, with values of 1.03, 0.83, and 0.42, respectively. These landscapes 

possess considerable potential for outdoor recreation, with approximately 19% and 23% of the 

Legedadi and Dire landscapes, respectively, exhibiting supreme recreational potential. 

Furthermore, the existence of diverse bird species further enhances the significance of the area 

for the development of ecotourism and biodiversity conservation. Therefore, designating this 

area as a key biodiversity area would contribute to the effective implementation of global 

biodiversity frameworks. 

Keywords: ArcGIS, Outdoor Recreation, Potential, Watershed, Ethiopia  
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5.2 Introduction  

Nature-based recreational activities are among the most relevant ecosystem services provided by 

landscapes (Gómez and Barton, 2013; Elmqvist et al., 2016) and can be considered as one of the 

limited natural recreational services for human beings. In urban ecosystems, nature-based 

recreational activities encompass a wide range of human-dominated green infrastructure (Takano 

et al., 2002; Camps et al., 2015) as well as semi-natural and natural areas. The proximity of 

natural and semi-natural areas to metropolitan cities has become crucial for outdoor recreation 

(Chiara et al., 2018). Exposure to nature, particularly through outdoor recreation, is widely 

believed to enhance human well-being (Sandifer et al., 2015) by fostering aesthetic experiences 

(Church et al., 2014), improving mental health (Bratman et al., 2019), and promoting social 

cohesion (Hernández-Morcillo et al., 2013). 

According to Sharp et al. 2020, outdoor recreational activities heavily rely on ecological factors, 

including species richness (Loureiro et al., 2012), habitat diversity (Neuvonen et al., 2010; 

Loureiro et al., 2012), precipitation (Loomis and Richardson, 2006), and temperature 

(Richardson and Loomis, 2005), as well as other attributes such as infrastructure and cultural 

attractions (Mills and Westover, 1987; Hill and Courtney, 2006). Other types of green 

infrastructure found in and around cities consist of urban and peri-urban forests (Bertram and 

Larondelle, 2016), tree-lined streets (Takano et al., 2002), peri-urban agriculture (Zasada, 2011), 

brownfields and vegetable gardens (Pueffel et al., 2018), and abandoned areas (Foster, 2014), all 

of which support various nature-based recreational activities and experiences (Caspersen and 

Olafsson, 2010). 
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Agricultural landscapes play a vital role in promoting tourism and enhancing the quality of life in 

rural areas (Kati et al., 2018). The Dire and Legedadi landscapes primarily consist of agricultural 

lands, serving as the main source of income. The rural population in both watersheds heavily 

relies on a mixed crop-livestock system (Simeneh et al., 2023a). Crop production and livestock 

farming contribute significantly to the income of small-scale farmers (Simeneh et al., 2023a). 

However, the expansion of cropland could negatively affect the recreational services.  

The aesthetic appeal of landscapes and the amenities associated with the natural environment 

contribute to the enjoyment of outdoor recreation. Activities such as trekking, hiking, boating, 

and bird watching require specific landscape features, including diverse topography, suitable 

habitats, and the preservation of the area's integrity (Nigussie et al., 2021). The Ethiopian 

government has acknowledged tourism as a critical sector for development, leading to the 

implementation of significant projects aimed at promoting tourism destinations and improving 

infrastructure across the country. Despite the rapid growth of outdoor activities in the areas 

surrounding Addis Ababa, no empirical research has been conducted to evaluate the recreational 

potential of protected and unprotected landscapes. 

The assessment of the potential for recreational activities is of great significance to effectively 

strategize and formulate plans for outdoor recreational endeavors (Burkhard et al., 2012; 

Castillo-Eguskitza et al., 2018). To measure the magnitude of recreational services, it is possible 

to employ a comprehensive approach to ecosystem services that utilizes comparable biophysical 

metrics (Tratalos et al., 2016; Liu et al., 2020). The concept of recreational potential can be 

defined as the extent of available recreational space within a given landscape (Liu et al., 2020; 

Tallis et al., 2012). To achieve this, previously established predictors such as the amount of 
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greenery in the area, the presence of water features, the level of naturalness, the configuration of 

the landscape, the degree of disturbance (including proximity to residential areas), and the 

variety of recreational activities were utilized (Nigussie et al., 2021). Furthermore, the 

characteristics of the study landscape were also considered. The application of the ArcGIS tool 

has been tested in various recreational potential assessments (Snyder et al., 2008; Silberman and 

Rees, 2010; Sherrouse et al., 2011; Selemawi et al., 2021; Jeetendra and Raj, 2023). Therefore, 

the objective of this assessment was to map and quantify the recreational potential of the 

landscape using the aggregated ArcGIS software, to utilize this information for appropriate 

development of outdoor recreational activities in the watersheds. 

5.3 Materials and Methods 

5.3.1 Mapping Recreational Potential   

The methodological technique was developed based on a comprehensive examination of 

previous approaches employed for the mapping of cultural environmental services (Frank et al., 

2013; Nahuelhual et al., 2013; Plieninger et al., 2013; Casado-Arzuaga et al., 2014; Paracchini et 

al., 2014; van Berkel and Verburg, 2014; Lorena et al., 2015; Schägner et al., 2018; 

Ghorbanzadeh et al., 2019; Selemawi et al., 2021; Jeetendra and Raj, 2023). To assess and 

delineate the most suitable areas within landscapes for recreational activities, a straightforward 

weighted overlay analysis was executed (Nino et al., 2017; Edgars and Zane, 2020). The study 

made use of previously established indicators for recreational purposes (Nigussie et al., 2021). 

To quantify and map the recreational potential of the landscapes, the biophysical environment of 

the watersheds, encompassing habitat quality, Normalized Difference Vegetation Index (NDVI), 

Digital Elevation Model (DEM), Slope (derived from the DEM), settlement (derived from the 

LULC), and water reservoirs, was employed as a proxy (Table 20; Figure 13; 14). The NDVI 
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serves as a measure of greenness, which can be summarized and applied across various areas of 

interest for comparison (Tucker, 1979; Vukomanovic and Orr, 2014). The state of biodiversity 

can serve as a foundational proxy tool for evaluating the quality of the landscape ecosystem 

(Havlicek and Mitchell, 2014). Consequently, habitat quality was employed as an indicator of the 

intactness of the natural environment (Polasky et al., 2011; Villamagna et al., 2013). 

Table 20: Indicators and their proxy variables used for quantifying and mapping recreational 

potential.  

Indicators  Proxy predictors   Data source  

Greenness   NDVI  Image analysis performed in ArcGIS 10.5 tool  

Intactness  Habitat quality Habitat quality assessment using InVEST HQ model Simeneh 

et al., 2023b 

Water features Reservoir and rivers  The land classification made by Simeneh et al., 2023a and 

extraction from DEM 

Mosaic 

landscape   

DEM and Slope  Spatial analysis tool using ArcGIS 10.5  

Disturbance 

level   

LULC  The land classification made by Simeneh et al., 2023a   
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Figure 13: Summary of methods used to assess recreational potential in landscapes.  
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 Figure 14: The biophysical environment of the watersheds, includes layers of Slope (a), LULC (b), HQ (c), and NDVI (d) used 

to quantify and map recreational potential. 
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5.3.3 The Application of AHP and Predictors Weight Determination  

The evaluation of recreational services can be conducted using the ArcGIS tool and the 

Analytical Hierarchy Process (AHP) method, as suggested by Nahuelhual et al. (2013). AHP, a 

widely employed Multi-Criteria Decision Making (MCDM) technique in spatial multi-criteria 

decision analysis (Kordi and Brandt, 2012), provides a structural foundation for quantifying the 

evaluation of decision factors and criteria through a pair-wise method (Arabinda, 2003). 

Consequently, the relative importance of spatial criteria weighting is determined, thus measuring 

the significance of each spatial criterion. Subsequently, a pairwise assessment to estimate the 

relative importance of attributes and construct an assessment matrix of the ranks for every 

hierarchical stage was made (Saaty and Vargas, 2000; Gomal et al., 2011; Nahuelhual et al., 

2013) (Table 21). The final recreational maps are then classified into 4 classes (High, Medium, 

Low, and Poor) using natural breaks (Casado-Arzuaga et al., 2014; Lorena et al., 2015; 

Selemawi et al., 2021). 
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Table 21: Pairwise comparison of the nine-point rating scale after Saaty and Vargas (2000) 

Importance  Definition  Explanation  

1 Equal significance Two criteria contribute equally to the objective criteria 

3 Moderate significance Judgments and experience slightly favor one criterion over another 

5 Strong significance Strongly favored by judgments and experience 

7 Very strong significance A criterion is strongly favored, and its dominance established in practice 

9 Extreme importance The evidence favoring one criterion over another is of the highest probable 

order of affirmation 

2,4,6,8, Intermediate values  When adjustment is needed 

Reciprocals  Values for inverse comparison   
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The individual recreational potential maps of the selected criteria had been weighted using their 

importance (Table 22). The total rating for each alternative was calculated following Zardari et 

al., 2015 and Pramanik's 2016 method by multiplying the significance of weight assigned to 

every characteristic by the scaled value given for that attribute to the alternative and then 

summing the product’s overall attributes (Cengiz and Akbulak 2009; Pramanik 2016; Pande et 

al., 2021a). Thus, all the layers had been overlaid by recognizing cellular values to the same 

scale, giving a weight value to the individual criterion, and integrating the weight cell values as 

given below: 

𝐿𝑆 = ∑ 𝑊𝑖 𝑋𝑖𝑛
𝑖=1 …………………………. (14) 

Where LS= total recreational potential score, Wi = the weight assigned to each 

selected recreational potential criteria; Xi = the factor score (cells) of i recreational 

potential criteria, and n = the total number of land capability criteria (Simeneh et 

al., 2022). 

The consistency of the judgment matrix is examined with the calculation of the consistency 

index (CI) as defined by the equation (Mansouri, 2014; Simeneh et al., 2022):  

CI =
(λmax−n)

(𝑛−1)
…………………………. (15) 

Where CI = consistency index, λmax = matrix's most significant or principal 

eigenvalue that could be calculated from the matrix, and n = order of the matrix 

(Ying et al., 2007; Zardari et al., 2015; Pramanik, 2016).  

Also, in the AHP, a measure of consistency ratio (CR) was calculated to indicate the randomized 

probability of matrix judgments as follows:  
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𝐶𝑅 =
𝐶𝐼

𝑅𝐼
…………………………. (16) 

Where CI = average of the resulting consistency index, depending on the order of the 

matrix given by Malczewski (1999; 2000), and RI (Random Index) = values for 

matrices of different sizes (Saaty, 2003).  

Table 22: Criteria classification for recreational potential  

 

Indicators category  

Predicators 

Eigenvector 

weight Significance (%) 

Greenness  NDVI 1.35 23.08 

Naturalness Habitat quality 1.39 23.08 

Water features  Reservoirs 1.03 11.54 

Scenery  Elevation 1.16 23.08 

Slope 0.83 11.54 

Disturbance LULC 0.42 7.69 

Consistency Index (CI) = -1.04 and Consistency Ratio (CR) = -0.93 

 

5.4 Results and Discussion  

The individual recreational potential maps of the selected criteria had been weighted using their 

importance. The rating of the six evaluation criteria revealed the importance of every criterion in 

the order of intactness, greenness, topography, water feature, steepness, and recreational 

disturbance (Table 23). Intactness obtained the highest weight (1.39) followed by Greeness 

(1.35), and topography (1.16) respectively. The water feature, steepness, and recreational 

disturbance obtained the bottom 1.03, 0.83, and 0.42 respectively (Table 23).  
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A total of 312 km2 of land was computed to determine the landscapes' recreational potential. Out 

of this about 40.53 km2 (18.82%) and 22.95 km2 (24.13%) of the land have the highest 

recreational potential and approximately 21.17 km2 (9.83%) and 17.7 km2 (18.61%) have 

moderate recreational potential in the Legedadi and Dire landscapes respectively. Whereas 

approximately 143.7 km2 (66.7%) and 35.6 km2 (37.4%) have the poorest recreational potential 

and about 10 km2 (40.64%) and 18.91 km2 (19.88%) of the landscapes have the lowest 

recreational potential in the Legedadi and Dire landscapes, respectively (Table 24; Figure 15).  

The environmental elements are related to the complexity and connectivity of landscapes that 

regularly have a strong tremendous relation to the biodiversity richness on various scales (Amici 

et al., 2015). Consequently, the recreational potential in this study is largely associated with the 

landscape’s environmental factors. Therefore, the landscape's excessive recreational potential 

area can be essential for landscape conservation and recreational activities. The rugged terrains 

having steep slopes and gorges have higher potential; accordingly, these lands should have extra 

multifunctional surroundings services advantages.  

The poorest and lowest recreational potential areas of the landscapes account for more than 70% 

while moderate and highest recreational potential areas account for below 30% within the 

Legedadi watershed. In contrast, the poorest and lowest recreational potential areas account for 

about 57% at the same time while the highest and slightest potential regions account for 

approximately 43% in the Dire watershed. In each landscape, the poorest and lowest recreational 

potential areas are mainly located in the area in which congested settlement, bare land, and 

agricultural activities take place; while moderate and highest recreational potential areas are 

found in an area in which natural vegetation is ample and land adjacent to the reservoir. 
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The Dire has a higher annual cultural service value of US$ 4,843 than the Legedadi US$ 1491 

(Simeneh et al., 2023a). Most of the recreational potential regions are in Mount Bereh and 

surrounding areas. Recently, mount Bereh and its surroundings have become a favorite place for 

paragliding activities as the rugged terrain and appropriate weather circumstance favors a smooth 

adventure flying activity. Therefore, the development of new tourism products would enhance 

tourism in the landscapes. Furthermore, the Dire and Legedadi water reservoirs can be among the 

important bird conservation areas, due to their significance for bird conservation mainly for the 

Afrotropical biome birds and large aggregation of waterbirds. charismatic bird species have been 

observed in the study areas. The richness and abundance of waterbirds also attract people to the 

area by providing them with a unique experience of witnessing the birds in their natural habitat. 

The presence of waterbirds further suggests that the area could be attractive for conservation 

activities for the protection of species and the ecosystem and could also make the area important 

for the development of ecotourism. An increasing number of bird species can provide higher 

satisfaction to visitors (Hepburn et al., 2021) bring additional economic resources to local 

communities, and contribute to biodiversity conservation (Schwoerer et al., 2022). However, 

recreation can also lead to displacement, influence breeding success, and reduce the survival of 

sensitive bird species (Rodríguez-Prieto et al., 2014).  
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Table 23: Description of the input layers used in weighted overlay analysis.  

Criteria Land suitability classes Weight Influence 

(%) 

S1 

Highly suitable 

S2 

Moderately 

suitable 

S3 Marginally 

suitable 

S4 

Very low 

  

Elevation >3000 

 

2700-3000 

 

2500-2700 <2500 1.16 23.08 

Slope 0-5˚ 

 

5-20˚ 

 

20-50˚ 

 

>50˚ 

 

0.83 11.54 

Greenness (NDVI) >0.5 0.5-0 0-(-0.5) <-0.5 1.35 23.08 

Naturalness (HQ) >0.75 0.5-0.75 0.25-0.5 <0.25 1.39 23.08 

Disturbance (LULC) Natural vegetation, 

Reservoirs, 

Grassland 

Plantation Cultivation Settlement 0.42 7.69 

Proximity to water 

reservoirs 

0-500 m 500-1000 m 1000-2000 m >2000 m 1.03 11.54 
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Table 24: Quantified recreational potential in the study landscapes  

 

Classes Quality  

Watersheds 

Legedadi Dire  

Area (km2) Percent 

Area 

(km2) 

Percent 

S1 High  40.53 18.82 22.95 24.13 

S2 Moderate 21.17 9.83 17.7 18.61 

S3 Low   10 4.64 18.91 19.88 

N Poor  143.7 66.71 35.56 37.38 

Total    215.4 100 95.12   
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Figure 15: Images depicting the spatial recreational potential map of the study landscapes.  

 

5.6 Conclusions  

Outdoor recreation is important for human well-being. It also helps local communities to earn 

money and improve social interaction. The study's findings demonstrated that landscapes have 

tremendous recreational potential. High recreational value areas can be used to develop 

ecotourism and are also important for biodiversity conservation. Because there is a growing 
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interest in outdoor recreational activities in the area, proper ecotourism planning can benefit the 

local community. Furthermore, the presence of such a diverse bird species may make the area 

valuable enough to be designated as an important bird area, which could support effective 

biodiversity conservation and hasten the implementation of a global biodiversity framework. 

Finally based on the results of this study ecotourism planning and management interventions 

were proposed to improve the recreational value of the landscapes. 
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Chapter Six 

6 Analysis of Land Suitability for Apple-based Agroforestry Farming in Dire and Legedadi 

watersheds of Ethiopia.  

6.1 Abstract  

This study was conducted to evaluate land suitability for apple farming in the Dire and Legedadi 

watersheds of the central highlands of Ethiopia. Attributes that determine apple growth were 

categorized into environmental, soil, climate, and land management factors. The land evaluation 

methodology developed by FAO (1976) was applied in six steps. First, nine thematic layers are 

prepared. Second, pair-wise comparison matrices were performed using AHP. Third, thematic 

layers are reclassified. Fourth, weights are assigned to each class. Fifth, weighted overlay 

analysis was performed to produce a land suitability map. Finally, the land suitability map was 

classified into high, moderate, marginally suitable, and unsuitable categories. Soil type received 

the highest weight of 1.98 followed by elevation and LULC of 1.51 each. The mean temperature, 

rainfall, soil pH, and soil drainage weight were 1.41, 0.94, 0.56, and 0.52 respectively. Whereas 

the slope and aspect weighted the lowest at 0.38 and 0.19 respectively. Out of the total area of 

the watersheds, about 14 km2 (6.7%) and 12.34 km2 (13.1%) are highly suitable for apple 

farming in the Legedadi and Dire watersheds respectively. Whereas, about 113.35 km2 (53.8%) 

and 42.54 km2 (45.2%) of land are not suitable in the Legedadi and Dire watersheds 

respectively. Landholders who play a pivotal role should be incentivized to grow perennial crops 

(e.g., apple trees) to enhance environmental income and alleviate poverty.  

Keywords: Agroforestry, Ecosystem services, Apple, Land suitability, Watersheds   
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6.2 Introduction  

Agroforestry provides numerous environmental and socioeconomic benefits that have larger 

local and regional importance (Jose, 2009). It is a highly recognized tool for integrated and 

sustainable land use schemes that enhance ecological and economic viability (Mbow, 2015; 

Pande et al., 2021). Agroforestry has also directly influenced agricultural productivity through 

the reduction of soil erosion, maintaining moisture and organic matter of soil, controlling pests, 

enhancing pollination, and increasing resilience to climate impacts (Hooper et al., 2005; Mbow, 

2015; Roointan et al., 2018; Do et al., 2020). Moreover, agroforestry systems have a 

multifunctional ecosystem role, which provides multiple ecosystem services; including the 

provision of food and fiber; regulating climate, water, and soil; enhancing water and air quality; 

improving nutrient recycling which increases soil and maintains fertility; critical species for 

ecological functioning and aesthetic values are among the principal ecosystem services of 

agroforestry (McAdam et al., 2009; Torralba et al., 2016; Pande et al., 2021).  

The application of an agroforestry system plays an important role in the conservation of natural 

resources, especially soil and water conservation (Pande and Moharir, 2015; Rajesh et al., 

2021;). Despite its principal component of soil and water conservation, integrated watershed 

management is also critical to maintaining biodiversity resources and enhancing crop production 

and livestock development (Abhijit et al., 2013). Thus, it can be considered an invaluable tool for 

watershed management in which it backstops sustainable use of natural resources and enhances 

the well-being of people. The appropriate application of agroforestry practice can increase the 

productivity of the agricultural landscape which has a greater implication for ecological 

functioning and biodiversity conservation (Rohit et al., 2019). Moreover, agroforestry provides a 

unique opportunity to combine the twin objectives of climate change adaptation and mitigation.  
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It has been increasingly recognized as a useful tool to mitigate climate change impacts (Verchot 

et al., 2007; Shahid et al., 2021) and provides an unparalleled contribution to enhancing ecosystem 

resilience.   

Apple is a deciduous fruit tree that grows in temperate climate zones where most commercial 

varieties fulfill their required chilling temperature. Although apple trees originated and their 

environmental requirement is appropriate in temperate regions, many tropical and subtropical 

countries are adopting the tree (Williams and Tzoc, 1990). The lower temperatures at much 

higher altitudes allow the fruit to reach of its chilling requirement (Osborne, 2000). The 

applications of apple-based agroforestry systems have significant contributions to biomass 

production and mitigate climate change impacts (Zahoor et al., 2021; Pande et al.,2021).  

In Ethiopia, the apple tree was introduced six decades ago by European missionaries (Bezabih, 

2009; Ashebir et al. 2010; Girmay et al., 2014). Later, the agricultural-led economic growth 

strategy provided massive emphasis on the introduction of temperate fruits to different parts of 

the country (Handoro and Gemu, 2007). Most farmers typically produce apples to supplement 

their meager household income (Zerihun et al., 2019). Hayesso (2008) and Girmay et al., (2014) 

reported that the annual apple fruits production is about 50 metric tons in Ethiopia which is 

below the demand; consequently, Ethiopia imports about 350 metric tons of apple fruits annually 

(Hayesso, 2008; EHDA, 2012). This indicates the presence of a promising market for apple 

growers in Ethiopia.   

The rapidly growing populations coupled with environmental and social changes such as 

devastating habitat destruction and degradation for cultivation practice and expansion of 

urbanization are adversely affecting the characteristics of the upper headwaters of Addis Ababa 
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the Dire and Legedadi watersheds (AAWSA, 2011; 2016; Gebreegziabher et al., 2021). 

Consequently, the widespread alteration and fragmentation of the natural land cover became the 

greatest threat to the ecosystems. The application of a properly designed apple-based 

agroforestry system in both watersheds will largely contribute to the improvement of ecosystem 

services (e.g., water quality and quantity through reducing siltation) in the watersheds.  

More recently, several land evaluation studies were made that assessed land suitability for 

various crops in Ethiopia including Agidew, (2015) for sorghum and barley crops; Girma et al., 

(2015) for maize, wheat, and sorghum; Hailu et al., (2015) for barley and wheat; Nahusenay and 

Kibebew (2015) for barley, wheat, bean, and lentil; Liambila and Kibret (2016) for sorghum, 

maize, bread wheat, sweet potato, and soybeans; Motuma et al., (2016) for wheat and sorghum 

and; Hamere and Teshome, (2018) for wheat and barley. More recently, Getachew et al., (2022) 

have assessed land suitability for apple (Malus domestica) production in the Sentele watershed of 

southern Ethiopia. Further, several studies have demonstrated the socioeconomic benefits of 

apple farming in Ethiopia including Handoro and Gemu, 2007; Hayesso, 2008; Bezabih, 2009; 

Ashebir et al. 2010; Lemlem et al., 2013; Fetena et al., 2014; Girmay et al., 2014; Girmay et al., 

2014; Sintayehu et al., 2017; Behailu and Kebede, 2018; Tamirat and Muluken, 2018; Zerihun et 

al., 2019; Tesfaye and Amene, 2022. The Addis Ababa Water and Sewage Authority (AAWSA) 

has grown apple trees along the buffer areas of water reservoirs. However, this was practiced 

without land suitability evaluation. Therefore, this study aims to assess the land suitability to 

provide the first comprehensive information for apple farming in the study area for robust 

intervention to enhance the ecosystem service of the watersheds.  
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6.3 Methods  

6.3.1 Methodological approach   

The methodological approach for the land evaluation procedure was designed based on the Food 

and Agriculture Organization (FAO) land suitability guideline (FAO, 1976; 2007b) and a review 

of similar works such as the study made by Karma and Gibji (2021) and Getachew et al., (2022) 

land evaluation assessment for apple tree (Figure 16). Land suitability is a multi-criteria analysis 

that involves several parameters; therefore, the evaluation process requires a multi-criteria 

approach (Rabia and Terribile, 2013). Accordingly, based on expert opinion from Holeta 

Agricultural Research Centre (HARC), Addis Ababa Water and Sewage Authority (AAWSA), 

and field observation and review of literature; apple tree was chosen for land suitability 

evaluation in the watersheds as the practice will enhance ecosystem services and income for the 

local economy. 

6.3.2 Factors Affecting Apple Growth 

The identified influential factors were categorized into the soil, topographic, land management, 

and climate data (Kim and Shim, 2018; Karma and Gibji, 2021; Getachew et al., 2022) for the 

assessment of land suitability evaluation. A total of nine factors that influence apple growth were 

selected and prioritized. These are soil type, soil drainage, soil pH, rainfall, current land use, land 

cover, mean temperature, elevation, slope, and aspect (Table 25; Figure 16).  

6.3.3 Creation of Thematic Maps 

All these files were extracted for the study watersheds before running the spatial analysis model 

in ArcGIS 10.5. The input raster’s were reclassified into different classes. Once all the criteria 

were recalculated, the "Weighted Overlay" tool was used to produce the suitability classes. For 
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each criterion, a weight factor was assigned when producing the result. Finally, the Weighted 

Overlay Analysis (WOA), an effective technique to resolve spatial complexity in suitability 

analysis was applied to generate the land suitability map (Girvan et al. 2003; Pramanik 2016; 

Taddese 2014). The final suitability map was reclassified based on FAO (1976): these are highly 

suitable, moderately suitable, marginally suitable, and not suitable.  Highly suitable areas show 

the most favorable/the best biophysical conditions for apple growth in the study area. The 

moderately and marginally suitable areas indicate the next priority areas which need scrutiny of 

factors and decisions on the feasibility of investment over other opportunities. The unsuitable 

area represents those sites constrained by reservoirs, settlements, and other land use types (Table 

26). 

Table 25: Indicators and their proxy variables used for assessing land suitability for apple 

farming in the study watersheds.  

Parameters  Indicators  Proxy layers  Data source  

Topography  Slope  Slope  Extracted from DEM using spatial analysis tool in ArcGIS 

10.5 Elevation  Elevation  

Aspect  Aspect   

Soil  Soil drainage  Soil 

drainage 

Obtained from Oromia Water Works Design, Construction 

and Supervision Enterprise (OWWDCSE) 

Soil type  Soil type 

pH pH 

Climate  Rainfall  Rainfall   Obtained from NMA then interpolation algorithm 

performed using spatial analysis tool in ArcGIS 10.5  

Mean 

temperature  

Temperature  Obtained from NMA then interpolation algorithm 

performed using spatial analysis tool in ArcGIS 10.5  
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Land 

management  

Land use  LULC  Land classifications and analysis were made in the ArcGIS 

10.5 tool 

 

 

 

 

 

Figure 16: Summary of methods applied to evaluate land suitability for apple-based agroforestry 

farming in the watersheds.  

Table 26: Land suitability classification, descriptions, and numerical scale (FAO, 1976) 

Classes  Suitability Description Scale 

S1 Highly suitable  Land without significant limitations. This land is 

not perfect but is the best that can be obtained. 

1 

S2 Moderately suitable  Land that is suitable but has limitations that either 

reduce productivity or increase the inputs needed 

to sustain productivity compared with those 

2 
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needed on S1 land.  

S3 Marginally suitable  Land with limitations so severe that benefits are 

reduced, and/or the inputs needed to sustain 

production are increased so that this cost is only 

marginally justified.  

3 

N Not suitable  Land that cannot support land use on a sustained 

basis, or land on which benefits do not justify 

necessary inputs. 

4 

 

6.3.4 The application of AHP and predictors weight determination  

The integration of the AHP method with ArcGIS provides a powerful and accurate analysis of 

land suitability for agroforestry (Chuma et al., 2021). The AHP method provides a structural 

basis for quantifying the comparison of decision elements and criteria in a pairwise technique 

(Arabinda, 2003). The method evaluates the relative significance of all parameters by assigning 

weight to each of them in hierarchical order to ensure the credibility of the relative significance. 

AHP also provides measures to determine the inconsistency of judgments mathematically (Saaty, 

1980). The AHP employs an underlying nine-point recording scale to rate the relative preference 

on a one-to-one basis of each factor (Saaty, 1980; Saaty and Vargas, 2000). This nine-point scale 

used in analytical hierarchy studies ranges from 1 (indifference or equal importance) to 9 

(extreme preference or absolute importance) (Table 27). The information from key actors was 

used to derive the relative importance of one criterion to another using the AHP (Saaty, 1980; 

Saaty and Vargas, 2000), which has been used in a pairwise comparison technique to assign 

individual parameter weights for each factor (Table 28). 
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The individual suitability maps of the selected criteria were classified into four levels of 

suitability classes and weighed by their importance. The total score for each alternative was 

calculated by multiplying the importance of weight assigned to each attribute by the scaled value 

given for that attribute to the alternative and then summing the product’s overall attributes 

(Cengiz and Akbulak 2009; Zardari et al., 2015; Pramanik 2016: Pande et al., 2021a). Thus, all 

the layers were overlaid by recognizing cell values to the same scale, giving a weight value to the 

individual criterion, and integrating the weight cell values as given below: 

𝑳𝑺 = ∑ 𝑾𝒊 𝑿𝒊𝒏
𝒊=𝟏 …………………………..(17) 

Where LS indicates the total land suitability score, Wi denotes the weight assigned to each 

selected land suitability criteria; Xi indicates the factor score (cells) of i land suitability criteria, 

and n denotes the total number of land capability criteria. 

Table 27: Pairwise comparison of the nine-point rating scale after Saaty and Vargas (2000) 

 

Importance  Definition  Explanation  

1 Equal significance Two criteria contribute equally to the objective 

criteria 

3 Moderate significance Judgments and experience slightly favor one 

criterion over another 

5 Strong significance Strongly favored by judgments and experience 

7 Very strong significance A criterion is strongly favored, and its 

dominance established in practice 

9 Extreme importance The evidence favoring one criterion over 

another is of the highest probable order of 
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affirmation 

2,4,6,8, Intermediate values  When adjustment is needed 

Reciprocals  Values for inverse 

comparison  

 

 

The consistency of the judgment matrix is examined with the calculation of the consistency 

index (CI) as defined by the equation (Mansouri, 2014):  

CI =
(λmax−n)

(𝑛−1)
…………………………..(18) 

Where CI is the consistency index, λmax is the most significant or principal eigenvalue 

of the matrix that could be calculated from the matrix and n is the order of the matrix 

(Ying et al., 2007).  

Also, in the AHP, a measure of consistency ratio (CR) was calculated to indicate the randomized 

probability of matrix judgments as follows:  

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
…………………………..(19) 

Where CI is the average of the resulting consistency index, depending on the order of 

the matrix given by Malczewski (1999; 2000), and RI (Random Index) values for 

matrices of different sizes (Saaty, 2003).  
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Table 28: Land suitability criteria classification for apple cultivation  

 

Category  Criteria  Unit  Land suitability classes Eigenvector 

weight  

Significance 

(%) 

References 

S1  

Highly 

suitable  

S2  

Moderately 

suitable 

S3 

Marginally 

suitable 

S4  

Not suitable 

Topography  Elevation MASL 2500-

3000 

 

3000-3400 

and 

2100-2500 

1800-2100 <1800 and 

>3400 

1.51 12.73 Devkota (1999); 

Manandhar et al. 

(2014); Getachew 

et al., (2022)  

Slope % <10 

 

10-18 

 

18-28 

 

>28  0.38 5.09 Finnigan et al. 

(2000); Roots of 

Peace (2008); 

Manandhar et al. 

(2014); Madrigal-

Martínez and 

Puga-Calderón 

(2018); Getachew 

et al., (2022) 

Aspect Direction  East  South, 

southeast  

West, 

Southwest  

North, 

northwest, 

northeast  

0.19 3.64 Roots of Peace 

(2008); 

Manandhar et al., 

(2014). 

Climate  Rainfall Mm 1000–

1500 

1500-2000 500-1000 <500 and 

>2000 

0.94 12.73 Chada (2009); 

Getachew et al., 

(2022) 

Mean °C 18-19 17-18 and 16-17 and <16 and >21 1.41 12.73 Chada (2009); 
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Temperature 19-20 20-21 Chattopadhyay 

(2009); Sharma et 

al. (2013);  

Soil  Soil pH -log (H+) 6.0–6.5  5.7–6.0 5.6–5.7 <5.6 and 

>6.5 

0.56 8.49 Getachew et al., 

(2022)  

Soil 

Drainage 

% Well-

drained 

and good 

aeration  

Moderately 

drained and 

medium 

aeration 

Prone to 

waterlogging 

Waterlogged 0.52 6.37 Chada (2009); 

Manandhar et al. 

(2014); Karma and 

Gibji (2021). 

Soil type  Texture Sandy 

loam and 

sandy 

clay loam  

Silt loam  Loamy sand 

and clay 

loam  

Gravelly 

loamy sand, 

sand, silty 

clay loam, 

and clay 

1.98 25.47 Roots of Peace 

(2008); 

Manandhar et al. 

(2014); Madrigal-

Martínez and 

Puga-Calderón 

(2018). 

Land 

management  

Land  

Use/Land 

Cover  

Type  Orchards, 

tars, and 

level 

terraces 

Grassland 

Agricultural 

land   

 

Forest  

 

Settlement, 

waterbodies  

1.51 12.73 Manandhar et al., 

(2014); Getachew 

et al., (2022); 

Karma and Gibji 

(2021). 
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6.4 Results  

6.4.1 Suitability of evaluation criteria 

The ranking of the nine evaluation criteria showed the importance of each criterion in the order 

of soil type, elevation, LULC, temperature, rainfall, pH, soil drainage, slope, and aspect (Table 

29). Soil type received the highest weight (1.98) followed by elevation and LULC (1.51). The 

mean temperature, rainfall, soil pH, and soil drainage weight were 1.41, 0.94, 0.56, and 0.52 

respectively. Whereas the slope and aspect weighted the lowest at 0.38 and 0.19 respectively. 

The major soil types in both watersheds are loam and clay. Thus, about 64% and 36% are highly 

and moderately suitable for the apple tree in the Dire watershed, while about 73.5% and 26.5% 

are highly and moderately suitable in the Legadadi watershed. The highly suitable elevation of 

2500-3000 m.a.s.l constitutes 41.9% and 29.3%; moderately suitable elevation constitutes about 

58.1% and 70.7% in the Dire and Legadadi watersheds. On the other hand, 57% and 89% of the 

watersheds are not suitable for apple growth with the current land use practices in the areas. The 

mean annual temperature in the Dire and Legedadi watersheds was 15.19°C and 15.02°C in 

2020. Thus, favorable mean annual temperature constitutes about 19.59% and 22.79% of the 

Dire and Legedadi watersheds respectively.  

The annual rainfall in the Dire and Legedadi watersheds was about 1406.1 mm and 1886.4 mm 

in 2021 respectively. The Highly suitable rainfall constitutes about 22.68% of the Dire and 

29.77% of the Legedadi respectively, while moderately and marginally suitable rainfall 

constitutes about 36.08% and 38.14% in the Dire, and about 34.42% and 35.81% in the 

Legedadi. The pH value of the study watersheds ranges from 4.4 to 7.9. Thus, the results show 

that about 84% and 62.15% of the Dire and Legedadi watersheds are unsuitable for apple growth 

from the soil pH perspective respectively. About 43.3% and 56.7%; of the Dire and 44.65% and 
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55.35% of the Legedadi watersheds were found highly and moderately suitable respectively 

which is highly required for the successful growth of the apple tree. With regards to the slope 

factor, about 38.85% and 34.88% of the Dire and Legedadi watersheds fall under the unsuitable 

slope category. The aspect factor results showed that the east-facing slope has covered about 

26.80% and 20.93% of the Dire and Legedadi watersheds which is highly suitable for apple 

production, and about 34% of the watersheds have a southeast-facing slope, which is moderately 

suitable for apple production (Table 30).  

Table 29: Evaluation criteria, weights, and area under different land suitability classes 

 

Category Criteria 

Dire (%) Legedadi (%) 

S1 S2 S3 

Marginally 

suitable 

S4 S1 S2 S3 

Marginally 

suitable 

S4 

Highly 

suitable 

Moderately 

suitable 

Not 

suitable 

Highly 

suitable 

Moderately 

suitable 

Not 

suitable 

Topography 

Elevation 41.9 58.1 0.00 0.00 29.30 70.70 0.00 0.00 

Slope 22.52 21.84 16.80 38.85 15.35 9.30 40.47 34.88 

Aspect 26.80 34.02 26.80 12.37 20.93 33.95 20.47 24.65 

Climate 

Rainfall 22.68 36.08 38.14 3.09 29.77 34.42 35.81 0.00 

Mean 

temperature 

19.59 32.99 24.74 22.68 22.79 31.63 28.37 17.21 

Soil 

Soil types 63.92 36.08 0.00 0.00 73.49 26.51 0.00 0.00 

Soil pH 12.62 3.18 0.20 83.99 3.72 16.93 17.21 62.14 

Soil 

drainage 

43.30 56.70 0.00 0.00 44.65 55.35 0.00 0.00 
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Land 

management 

LULC 37.83 5.02 0.00 57.15 11.21 0.00 0.00 88.79 

 

6.4.2 Land suitability analysis  

A total of 305 km2 of land was computed for apple-based agroforestry practices in both 

watersheds using the criteria established. Out of this about 14 km2 (6.7%) and 12.34 km2 

(13.1%) of land is highly suitable for apple farming in the Legedadi and Dire watersheds 

respectively. About 29.29 km2 (13.9%) 19.05 km2 (20.3%); 53.86 (25.6%) and 20.12 km2 

(21.4%) are moderately and marginally suitable for apple-based agroforestry farming in the 

Legedadi and Dire watersheds, respectively. However, about 113.35 km2 (53.8%) and 42.54 km2 

(45.2%) of land are not suitable in the Legedadi and Dire watersheds respectively (Table 30; 

Figure 17). The proportion of highly suitable land in the Dire watershed is more considerable 

(13.1%) than in the Legedadi watershed (6.7%). This could be due to the smaller settlement and 

infrastructure development in the Dire watershed. However, the highly suitable areas were 

mainly occurring in the higher elevations of both watersheds.  

The Dire watershed has more moderate suitable land (20.3%) than the Legedadi watershed 

(13.9%). These areas are mainly located adjacent to the highly suitable areas in both watersheds. 

More specifically areas adjacent to the reservoirs, and farmland stretched out to the periphery of 

the watersheds. The marginally suitable and unsuitable areas are widely observed in both 

watersheds. They consisted of about 66.6% and 79.4% in the Dire and Legedadi watersheds 

respectively. Unsuitable areas were in areas where land was used for other development such as 

the reservoir, intensive farmland, unpaved and paved roads, and congested settlement areas. 
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Since these areas are already occupied by other land users, we consider these areas inappropriate 

for apple farming in both watersheds.   

Table 30: Quantified land suitable for apple-based agroforestry in the Legedadi and Dire 

Watersheds 

Classes Suitability Legedadi Dire 

Area (km2) % Area (km2) % 

S1 Highly suitable 14 6.7 12.34 13.1 

S2 Moderately 

suitable 

29.29 13.9 19.05 20.3 

S3 Marginally 

suitable 

53.86 25.6 20.12 21.4 

N Not suitable 113.35 53.8 42.54 45.2 

Total 210 100 94 100 

 

 

 

 

 

 

 

 

Figure 17: Apple-based agroforestry suitability map in a) Dire watershed and b) Legedadi 

watershed.  

a b 
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6.5 Discussion  

6.5.1 Factors evaluation  

Soil is one of the important parameters that determine plant growth (Mustafa et al., 2011). Apple 

growth can be influenced by soil types. Clay loam and clay soil characteristics are classified as 

the most suitable and moderately suitable soil textures for apple production (Roots of Peace, 

2008; Manandhar et al., 2014; Madrigal-Martínez and Puga-Calderón, 2018). The loam and clay 

soil types in the watersheds provide higher suitability for apple growth watersheds. Altitude is 

also an important factor affecting plant growth (Bozdag et al., 2016). High altitudes 

characterized by lower average temperatures allow faster chilling conditions (Osborne, 2000). 

Apple trees can be cultivated at an elevation ranging between 1800 and 3000 m.a.s.l (Karma and 

Gibji, 2021; Getachew et al., 2020); but the altitude ranges between 2500 to 2700 m.a.s.l is 

highly suitable (Getachew et al., 2020) as the crop gets its chilling requirement to overcome its 

dormancy (Fadon et al., 2020). The northern parts of the watersheds are the highest peaks which 

are suitable locations to fulfill the chilling requirement of the tree. 

The natural vegetation has been replaced by settlement and agricultural land uses in both 

watersheds; particularly in the Legedadi watershed (Awraris, 2017). Thus, 90% of the Legedadi 

watershed is unsuitable for apple growth based on the current land use practices. Temperature 

affects the net carbon exchange, carbon balance, and carbon partitioning in the apple tree 

(Zavala, 2004; Calderon-Zavala et al., 2004). The apple tree requires a temperate climatic regime 

for growth and fruit development (Krishna, 2014). Low temperature is the most significant factor 

in affecting dormancy completion (Ramirez and Kallarackal, 2014). Temperature also influences 

the photosynthesis and respiration processes of the apple (Hester and Cacho, 2003). The result 
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revealed that the moderate temperature of the study watersheds could be the most favorable for 

the apple tree.  

The other most important factor affecting the growth of apple trees is rainfall. Both excessive 

and lower rainfall are harmful to apple growth. Although, the annual rainfall in the Dire (1406.1 

mm) and Legedadi (1886.4 mm) watersheds is a little bit over the optimum range for apple 

production of 1000–1250 mm (Randev, 2009); the entire watersheds are suitable for apple 

farming. A wide range of soil pH could be favorable for apple trees; however, the highly suitable 

soil pH ranges between 6.0 and 6.5 (Anderson, 2015). The soil pH in the study area ranges 

between 4.4 to 7.9 which resulted in most of the watersheds being unsuitable for apple trees. 

Well-drained soils are considered the best for apple cultivation (Chada, 2009; Chattopadhyay, 

2009). Thus, the soil drainage in the study watersheds is well-drained which is favorable for the 

cultivation of apples.  

The slope is also an important indicator of land suitability since it influences drainage, irrigation, 

and soil erosion (Wu et al., 2009). An increase in slope degree slows down the development of 

soils and decreases soil depth and fertility (Atalay, 2006). Aspect factors determine sunlight 

availability for the growth of a particular crop. Thus, aspect is an important factor that affects 

apple yield (Aggelopoulou et al.,2010). Further, the quality of fruit is greatly determined by the 

availability of sunlight (Lakiso, 1980; Morales-Quintana et al., 2020). Thus, the availability of 

suitable aspect conditions could be important for apple growth in the study watersheds. 

6.5.2 Land suitability  

Sustainable watershed management interventions are vital to improving ecosystem services 

through restoring ecological integrity and maintaining the biodiversity resources of important 
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landscapes. The practice of agroforestry could also help to improve the well-being of societies at 

all levels (Jose, 2009). Agroforestry has been recognized as an invaluable tool to control soil 

erosion by reducing the rate of soil runoff as canopy interception increases (Tyagi et al., 2002) 

and can retain a large volume of rainfall (Bundela, 2007). The higher infiltration capacity of trees 

considerably improves the recharge of groundwater, the perennial flow of the stream, and 

enhanced soil moisture availability through micro-climatic interventions. 

The land policy of Ethiopia prohibits practicing farming lands steeper than 30% slope (Lakew, 

2005). Thus, the growing of perennial crops (e.g., apple trees) could be invaluable not only for 

improving ecosystem services but also for ensuring food security. Ranjith et al., (2002) reported 

that agroforestry combined with contour strips has a significant effect on maintaining soil 

organic nutrients. The inclusion of trees in soil conservation and erosion control is one of the 

most widely acclaimed and compelling reasons for including trees on farmlands prone to erosion 

hazards. Sustainable watershed management practices have generated promising improvements 

in farm incomes and food security in some of the piloted watersheds in the Tigray, Amhara, and 

Oromia regions of Ethiopia (Gebreselassie et al., 2016). Therefore, effective, and participatory 

watershed management undertakings are essential to alleviate the complex socio-ecological 

problems in the catchment.   

Considerable land is suitable for apple farming practices in the Legedadi and Dire watersheds. 

Therefore, the application of apple farming as a watershed management intervention could 

significantly contribute to improving water quality and quantity by largely reducing silt in the 

water reservoirs. As the city of Addis Ababa is highly reliant on ecosystem services (e.g., water 

provision) from the surrounding central highlands of Ethiopia, water availability is becoming the 

most important intensively growing constraint in the city (Anteneh et al., 2019). The 
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unsustainable land use practice in the upper catchment has increased soil erosion and significant 

sediment load to the water reservoirs; for example, in the Legedadi alone the annual soil loss was 

estimated between 69.9 and 138.4 tons/ha (Gebreegziabher et al., 2021). The annual siltation rate 

of the reservoir was estimated at 110,500 m3 and reduced the capacity by 2.1 MCM between 

1979 and 1998 (AAWSA, 2011; AAWSA, 2016). 

Moreover, Zerihun et al., (2019) reported that the apple-based agroforestry system largely 

improved the livelihoods of small-scale farmers in the drought-prone areas of north-western 

Ethiopia. Girmay et al., (2014) indicated that apple grower farmers in southern Ethiopia are 

earning an average of US$ 272.89 yr-1. Similarly, the practice of apple-based agroforestry 

farming has contributed to higher net revenue for apple growers in the Dendi district of West 

Shoa Ethiopia (Lemlem et al., 2013). More recently, Tesfaye and Amene (2022) reported that the 

livelihood status of apple-producer farmers in the Chencha woreda of southern Ethiopia has 

greatly improved compared to the previous living conditions. Therefore, with the presence of a 

huge unmet market demand for apple fruits, apple growers can make an additional income to 

improve their livelihood. Thus, properly designed apple farming could play a critical role in the 

improvement of the overall socio-economic and ecological conditions of farmers and reduce 

their vulnerability to climate-related natural disasters.   

6.6 Conclusion  

The study area is the most important headwaters of Addis Ababa city which suits ecosystem 

services that are vital for the inhabitants of Addis Ababa and surrounding communities are 

benefiting. The growing apple tree has been practiced by AAWSA along the buffer areas of 

water reservoirs without assessing the land suitability for the crop, thus this study will provide 

information on apple-based agroforestry farming in the study watershed to support landscape 
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restoration endeavors by key actors in the study watersheds. The result revealed that considerable 

land is suitable for apple-based agroforestry farming. Thus, the apple tree can be used as a 

critical watershed management tool to halt the rapid deterioration of the watershed ecosystem. A 

sustainable watershed management scheme will provide multitudes of benefits; such, first, it 

contributes to watershed services through improving agroecosystems; second, enhances the local 

economy through increased income; and third contributes to household food security and 

wellbeing. However, landholders who play a pivotal role in sustainable watershed management 

practices should be incentivized to grow economic highland fruits (e.g., apple tree) further 

sustainable and efficient value-adding supply chain needs to be created to enhance environmental 

income to households and thereby contribute to alleviating poverty. Although the study 

demonstrates that apples can be used as a tool to improve watershed services; further 

investigations are required to improve the harvest of quality apple fruit such as identifying key 

site-specific factors including soil amenability, electrical conductivity (EC) of soil and water, 

wind speed during pollination, and the amount of lime in the soil, selecting appropriate apple 

varieties that are compatible for cross-pollination, trees healthiness, fruit thinning and local pests 

and diseases are amongst the most important factors that determine the success of apple farming. 
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Chapter Seven 

7 Synthesis  

The big upper Akaki catchment is not only the prime source of water but also an important 

contributor Awash River basin (AAWSA, 2016; Simeneh et al., 2023a); their hydrological 

function is essential for socioeconomic development in the Basin (Simeneh et al., 2023). 

Unlikely, the rapid conversion of natural areas into settlements and farmland (AAWSA, 2016; 

Awraris, 2017; Simeneh et al., 2023a) has reduced the ecosystem service value of the landscapes 

(Simeneh et al., 2023a) and deteriorated ecosystem quality (Simeneh et al., 2023b). These land 

use modifications affect the hydrology of the watersheds (Sisay, 2014; Ajanaw, 2021; Simeneh 

et al., 2023c), and the welfare of downstream water users (Yilikal et al., 2019). Furthermore, 

greatly increased soil erosion and sediment load to the reservoirs (Gebreegziabher et al., 2021). 

Meeting the daily water demand of the city requires a supply of 0.8 MCM to 1.2 MCM 

(Van Rooijen and Taddesse, 2009; Tirusew and Fekadu, 2023).  

The chronically unbalanced water supply and demand cannot satisfy the current fast-growing 

population (Tirusew and Fekadu, 2023). Further, Addis Ababa's competitiveness as a diplomatic 

hub, business, and industrial center could be negatively impacted. Unregulated groundwater 

extraction can be a short-term solution but not sustainable and affects groundwater 

mismanagement (Tirusew and Fekadu, 2023). The city dwellers are not satisfied with the water 

services (Yilikal et al., 2019), as water demand has remained suppressed, with a current supply-

demand gap (World Bank, 2007; Tekle, 2008). To improve water supply, inhabitants of major 

cities of Ethiopia including Addis Ababa residents have demonstrated their support for 



119 

 

Ecosystem-Based Water Supply Management (EBWSM) through direct payment (Yilikal et al., 

2019; Solomon et al., 2019).  

Watershed management practice is dynamic (Getahun, 2022) that involves the management of 

land, water, and biota, for socioecological and economic developments (Wang et al., 2016). 

Community-based integrated watershed management program was introduced about two decades 

ago to tackle natural resource depletion and improve the livelihood of Ethiopians (Gebregziabher 

et al., 2016; Battistelli et al., 2022); however, most of them were not successful (Tesfaye et al., 

2014). The rapid and quick-time cognizance of farmers has hindered the program (Gebreselassie 

et al., 2009). Watershed management involves serval features (Gebregziabher et al., 2016) and 

requires a long time to get the benefits (Hagos et al., 2018; Battistelli et al., 2022; Kissinger et 

al., 2013).  

Farmers in the area have a limited understanding of the advantages of sustainable watershed 

management practices (Hana, 2020). Although Ethiopian land policy prohibits farming on slopes 

steeper than 30% (Lakew, 2005), they are engaged in conventional farming practices. Growing 

annual plants on steep slopes is popular due to a scarcity of farmland and a lack of viable 

livelihood options in the area. Furthermore, inadequate financing is the foremost constraint to 

reverse land degradation in Ethiopia (Zeleke, 2017; Battistelli et al., 2022). Therefore incentive-

based conservation approaches are required (Battistelli et al., 2022) that can offer diversified as 

well as increased funding for accelerating conservation in Ethiopia (Battistelli et al., 2022). For 

example, in the Bale Mountains Ecoregion REDD+ Project, the first-ever carbon credit sale was 

hosted despite the lack of a legal framework (Farm Africa, 2022). Similarly, several PES 

projects, including the Choke, Arjo-Diga woodland, Hadew rangeland, and Kulfo watershed, are 

currently being piloted (Admanaban and Fekadu, 2017).  



120 

 

Therefore, this research can be used as the primary basis of information to help policymakers and 

researchers understand the need for sustainable watershed management intervention to support 

nature conservation through long-term financial investments in the central watersheds and 

elsewhere.  Several economic instruments have been broadly implemented in numerous growing 

nations to reverse the ecosystem degradation traits by way of linking upstream with downstream 

by addressing the environmental externalities that affect downstream users (Fisher et al., 2010; 

Nepal et al., 2014). Among the various instruments, the PES is the most applicable and 

sustainable financing mechanism (Greiber, 2009; FAO, 2014; Rode et al., 2016). PES is rooted 

within the demand for ecosystem services and entails people outside the range (Farley and 

Costanza, 2010). Since PES affects land use decisions by enabling landholders to enhance 

environmental services; landholders need to recognize the tradeoff between current and 

alternative farming practices (Wegner, 2015; Nyongesa, 2011; Rode et al., 2016). The ability of 

land users to transition to sustainable land practices is heavily influenced by a socio-economic 

situation (Wegner, 2015). Payments are frequently made using the opportunity cost rather than 

the monetary value (Jack et al.,2008). Additional revenue streams include regenerative 

agriculture practices (Fripp; 2014; Wollenberg et al., 2022), receiving payments for controlling 

nutrient runoff (Okiria et al., 2021), and eliminating pesticide use (Niklas and Robert, 2022) can 

be obtained. User-financed PES programs were more closely adapted to local conditions and 

needs in both developed and developing countries than government-financed PES programs 

(Wunder et al., 2008). 

PES is an important tool for managing shared resources (Fisher et al., 2010). It functions as fixed 

social rules, which may be the result of the collective governance model (Murtinho and Hayes, 

2017). PES has long been used as a critical ecosystem conservation and livelihood enhancement 
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tool in neighboring Kenya (Nyongesa, 2011). Ethiopia recently emphasized the importance of 

incentive-based conservation practices in its National Adaptation Plan (FDRE, 2019). Although 

it is late, the use of economic instruments is invaluable and necessary to replace outdated and 

conventional command and control methods (Hagos et al., 2011). To address chronic water 

poverty, a multitude of solutions would be required; however, improving the management of 

existing watersheds through market-based inventive instruments is also vital (Yilikal et al., 

2019). Although successful water-based payment programs were implemented in the global 

north; successful WPES exist in important cities of the global south such as Cuenca in Ecuador 

and Rio de Janeiro in Brazil (TNC, 2015), and the Upper-Tana- Nairobi Water Fund (UTNWF) 

in Kenya is the first of its kind in Africa (TNC, 2015).  

Mapping the important elements of sustainable watershed management as well as designing new 

ways to fund conservation interventions is critical (Battistelli et al., 2022). Furthermore, a 

detailed assessment of sellable ecosystem services; market demand; and the economic impact of 

land use change needs to be defined before project implementation (Langat et al., 2017). The 

development of robust ecosystem service monitoring systems and standardized impact 

assessment tools are also important to detect changes in the ecosystem after watershed 

management interventions are implemented (Wunder, 2006; Brouwer et al., 2011) and 

information needs to be accessed by key parties to ensure accountability and long-term PES 

program. Those who pay must engage in meaningful activities to ensure the long-term supply of 

ecosystem services (Greiber, 2009). Land security was critical to their successful payments for 

watershed services (PWS) schemes in developing countries (Porras et al., 2008).  Most 

importantly, the effective participation of local governments in the implementation of PES 
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systems is critical for their acceptance by local communities (Brouwer et al., 2011; Young and 

de Bakker, 2014).  

Legal and regulatory frameworks that provide clarity on governance are required for successful 

PES schemes (Greiber, 2009; FAO, 2016; Gebreselassie et al., 2016). In contrast, the absence of 

supportive legal frameworks is a major impediment to the successful implementation of PES in 

many countries (Greiber, 2009). Legal interventions in PES also provide facts and clarity for 

PES actors and inspire participation. This is beneficial as public entities can invest in public 

funds or use public goods, and PES-related legislation creates legal certainty and develops trust 

among parties (Greiber, 2009). The sociocultural context, including an appropriate distribution of 

natural resource rights and obligations, as well as ethical considerations, should be critically 

examined (Rode et al., 2016). In contrast to unilateral decision-making processes (Maren et al., 

2014; Memon and Thapa, 2016), a collective decision on the PES can improve the provision and 

regulation of ecosystem services on the supply side (Adhikari and Agrawal, 2013; Sattler et al., 

2015).  

Despite the government's promising interest in environmental protection, legal frameworks that 

allow for the incorporation and design of compatible incentive-based conservation mechanisms 

remain lacking. Prior land certification experience has increased tenure security and conservation 

finance (Holden et al., 2009; Hagos, 2012). The proclamation on community-based watershed 

management and utilization (Federal Negarit Gazette, 2020) can be viewed as an important step 

toward watershed management interventions. Further, the recently adopted capital market 

proclamation is expected to deliver various reforms (Federal Negarit Gazette, 2021) this could 

help to tap into new funding to protect the natural ecosystems (Battistelli et al., 2022).  
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Identifying and defining the role and interest of key actors within the PES scheme is 

exceptionally vital. Moreover, a depth analysis of existing governance systems inside the 

designing of the PES scheme is required. According to (World Bank, 2008), public institutions, 

CBOs, NGOs, and financial institutions that provide resources are vital actors in the PES 

scheme. However, the capacity to implement a PES scheme requires an understanding of 

existing information and interests (Simelton et al., 2013). Likewise, the key stakeholders of the 

PES programs include the Addis Ababa Water and Sewage Authority, Community-Based 

Organizations (CBOs), private actors can be private ventures that operate in both watersheds can 

be PES project implementing agencies as they are the ecosystem sellers and buyers. while 

regulatory agencies including but not limited to the Oromia national regional state bureaus of 

Agriculture and Natural Resources, Rural Land Administration and Use, and the Addis Ababa 

City Administration Environmental Protection Authority are the important actors for the PES 

project. Nongovernmental intermediaries include organizations such as weAspire, Vitens Evides 

International, UN-Habitat, the World Bank, and the United Nations Development Programme 

(UNDP). Addis Ababa University, Kotebe Metropolitan University, and Oromia Agricultural 

Research Institute are among the research and academic institutions.   

The sustainable watershed management scheme is expected to increase environmental profits 

(Joram et al., 2018) and thus contribute to poverty alleviation. For example, erosion reduction 

leads to more favorable soil properties in terms of soil fertility and water retention (Springgay, 

2019). Improved agricultural land and inputs could help to enhance water supply and quality 

(Tesfaye et al., 2016). The provision of freshwater and the improvement of water quality and 

quantity and flow regulation are vital benefits obtained from watersheds that determine the social 

and economic well-being of downstream users (Springgay, 2019).  
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Agroforestry practices play an important role in natural resource conservation. In the study area, 

a significant amount of land was discovered to be suitable for apple-based agroforestry farming 

(Simeneh et al., 2022). Furthermore, the watersheds have an unparallel opportunity for 

ecotourism development (Simeneh et al., 2023e); therefore, ecotourism can be also used as an 

alternative financing mechanism that can boost landscape biodiversity and the local economy 

(Simeneh, 2020).  

Catchment investment programs in Africa have demonstrated greater conservation yields a nine 

to 23-fold increase in return (Bennett and Carroll, 2014; TNC, 2016). Further, the Upper Tana 

water fund program has generated a viable return on investment which includes a discount in 

sediment awareness and a boom in annual water and agricultural yields (TNC, 2015). Ethiopian 

land policy prohibits farming on slopes steeper than 30% (Lakew, 2005), however, most farmers 

are engaged in conventional farming practices. Thus, contributing to soil nutrient depletion; the 

loss from agricultural lands resulted in a crop production loss of 104 million tonnes with a 

market value of USD 48.35 billion between 2003-2016 (Tilahun, 2020). 

The total annual ecosystem service value in the Legdadi was estimated between US$ 11.9 

million and US$ 9.66 million while it was estimated between US$ 59 thousand and US$ 36 

thousand in the Dire watershed (Simeneh et al., 2023a). Furthermore, using information obtained 

from Van der Ploeg et al., (2010) and cascaded into the regional coefficient of ESV function 

(McVittie and Hussain, 2013), the annual water-related ecosystem services within the Legedadi 

and Dire watersheds were predicted to be US$ 43.6 thousand and US$ 15.4 thousand, 

respectively (Simeneh et al., 2023a). The construction of sediment traps was proposed to help 

reduce sedimentation in both watersheds at a total estimated cost of US$13.5 million in the 
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Legedai watershed and US$1.1 million in the Dire watershed, respectively (AAWSA, 2011), 

which appears to be an unwise investment. 

7.1 Conclusion  

Both watersheds are the most important headwaters which provide suits of ecosystem services. 

Thus, they are also critical to the overall socioeconomic development. However, the 

anthropogenic disturbance rapidly deteriorates the entire ecosystem, resulting in a decrease not 

only in ecosystem service values but also in the quality of habitat in both watersheds. The 

decline in ecosystem service values and quality of habitat is expected to continue. Although 

water yield has increased in both watersheds due to climate variability, a decrease in water yield 

may occur in the future. Despite land use changes having a lower impact on water yield in both 

watersheds, unsustainable land management practices may lead to natural hazards and make 

downstream people susceptible to water shortage. 

The presence of diverse water bird species in the watersheds can make the area better for 

ecotourism development and biodiversity conservation. A proper ecotourism development can 

generate revenue for local communities while also raising conservation awareness. Thus, 

ecotourism can be used as a landscape management tool to take economic advantage of the ever-

increasing demand for outdoor recreational activities in watersheds. Furthermore, agro-trees can 

be used to restore the watershed ecosystem.  

Although further detailed study is required to gain an actual understanding of the complex 

ecosystem services in the watersheds; the findings of this study could be used for planning and 

management intervention including reducing land degradation and climate change risks, 
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recreational services development, increasing agricultural productivity, improving livelihoods, 

and a wider range of economic and environmental benefits in the larger watersheds and beyond. 

7.2 Recommendations 

Designing innovative financing mechanisms (e.g., PES, water fund, etc.) is therefore highly 

critical to abate biodiversity loss and improve the local economy. In addition to the global 

framework, the study can be linked to national and sectoral level strategies such as the National 

Adaption Plan (NAP), Nationally Determined Contributions (NDCs), National Adaption Plan 

(NAP-ETH), and Climate Resilient Green Economy (CRGE) all of which have evolved to 

support efforts to address climate change risks. Payment for ecosystem services has enormous 

potential for use as a tool to address complex socioeconomic and environmental issues in the 

watersheds and at large. The foremost reasons that make PES feasible could include; first, the 

rapid deterioration of watersheds, as they are losing their ability to provide water services; 

second, hydrological instability and water poverty could result in a greater negative 

socioeconomic impact and well-being in the region; third, downstream water users have 

demonstrated their willingness to support the Ecosystem-Based Water Supply Management 

program; forth, the government has been proposing multi-million dollar unsustainable sediment 

trapping dam projects; and finally, the local community has recognized the importance of 

sustainable land use.  

• Therefore, designing incentive-based approaches to reverse biodiversity decline is 

critical. However, further research on the prospects of the instruments needed to be 

assessed.  

• An urgent and active watershed rehabilitation program is required with the active 

participation of key stakeholders.   
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• Given the increasing enthusiasm for outdoor leisure pursuits in the vicinity, judicious 

ecotourism strategizing stands to yield dividends for the indigenous populace. 

• Furthermore, the presence of such a diverse bird species may make the area valuable 

enough to be designated as an important bird area, which could support effective 

biodiversity conservation and hasten the implementation of a globally agreed biodiversity 

framework.   

• Ecotourism planning and management interventions need to be designed to improve the 

recreational value of the landscapes.  

• Smallholder farmers should be incentivized to cultivate high-value fruits suited to 

highland ecosystems. 
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Annex 1: Data collection questionnaire for Habitat quality assessment in the Dire and 

Legedadi watersheds), central highlands of Ethiopia 

I am called Simeneh Admasu conducting a doctoral study in Environmental Planning at the 

Ethiopian Institute of Architecture, Building Construction and City Development (EiABC) of 
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Addis Ababa University. My doctoral research revolves around quantifying and mapping the 

impact of LULC changes in the ecosystem services in the Big Upper Akaki catchment (Dire and 

Legedadi watersheds). This questionnaire is divided into two sections and will take about 15-20 

minutes to complete.  

Warm regards,  

Simeneh Admasu 

 Section I. Expert and/or KII 

A. General Information 

a) Name__________ _____________________Age ______Sex ____Education-------------- 

b) Village__________________________ _____________________________ 

c) Major occupation_________________________________ 

d) How long have you lived in the area? _________________________________ 

1. What are the challenges for land management in your area? 

--------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------- 

2. What are the habitat types in your locality? 

--------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------- 

3. What are the most important threats that affect sustainable management of various land 

uses?  
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a) -------------------------------- 

b) --------------------------------- 

c) -------------------------------- 

d) -------------------------------- 

e) ---------------------------------- 

f) --------------------------------- 

4. How are these threats affecting the biodiversity of the area? 

a) -------------------------------- 

b) --------------------------------- 

c) --------------------------------- 

d) -------------------------------- 

e) ---------------------------------- 

f) --------------------------------- 

5. What practices are applied for reducing threats on biodiversity and ecosystems and to 

improve land productivity?  

--------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------- 

6. How far the threats are situated from the habitat/land uses? (Maximum distance) 

--------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------------ 

7. Which threat is distributed quickly to the surrounding habitat/ecosystem? (Exponential) 
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--------------------------------------------------------------------------------------------------------------

-------------------------------------------------------------------------------------------- 

8. Which threat is slowly disturbed that brings huge long-term effect on the ecosystem? 

(Linear) 

--------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------- 

9. What do you think the contribution of pristine habit for ecosystem services? 

10. All the necessary information will be filled by the expert. 

No.  

 

Habitat types/land 

uses 

 

Threat  Maximum distance b/n 

habitat and 

the threat 

Distance 

decay* 

Remarks 

      

      

      

      

      

      

      

*Distance decay = does the threat has long and short-term effect? 

11. Sensitivity analysis of the threats. Based on the Likert scale, a threat may be impact to the 

habitat quality as 5 (very high), 4 (pose a high threat), 3 (pose a medium threat), 2 (pose a 

low threat), 1 (poses no threat) and 0 (do not know). 



199 

 

Table 1. Expert judgment matrix format. This value will be provided by expert judgment 

based on professional experience by comparison one form the other (comparing two threat 

impact) 

Threats  Scale 

5 (very high) 4 (high) 3 (medium) 2 (low) 1 (threat) 0 (do not know) 

       

       

       

 

 

 

 


