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Abstract
Headwater streams account for a substantial proportion of the global stream network and contribute significantly to
downstream freshwater resources. They support diverse freshwater biota and provide essential ecosystem services.
However, water quality, streamflow and related ecosystem services in headwater streams are highly vulnerable to
rapid land use change, urbanization and climate change. Despite their ecological and socio-economic importance for
local communities and downstream aquatic ecosystems, headwater streams remain underrepresented in research and
conservation efforts. The primary objective of this thesis was to examine the effects of upstream land use on water
quality, flow dynamics, water access for smallholder farmers and associated risks in tropical headwater catchments
within mosaic landscapes of southwestern Ethiopia. To address this objective, I selected 16 focal catchments spanning a
land use gradient from forest-dominated through coffee agroforestry to agriculture-dominated catchments. Within these
catchments, I selected 46 small streams for water quality and aquatic biodiversity assessments (I & II). Additionally,
I trained farmers living near the outlets of the 16 focal catchments to participate in streamflow monitoring at each
outlet (III). To assess local knowledge and perceptions of water security, I interviewed 83 households within the focal
catchments (IV). This interdisciplinary approach enabled me to investigate the ecological, hydrological and social dynamics
of headwater streams. I found that, streams flowing through forest-dominated catchments maintained favorable water
quality conditions. However, despite their higher tree cover, coffee agroforestry catchments often exhibited water quality
conditions that were comparable to or even poorer than those observed in more open agricultural catchments. Elevated
E. coli concentrations were detected in most streams used by smallholder farmers for domestic and agricultural purposes,
highlighting an urgent public health concern. Environmental conditions and water quality strongly influenced aquatic
insect community composition, indicating that biological communities can serve as valuable bioindicators to complement
conventional water quality monitoring. Runoff exhibited strong seasonal variation driven by rainfall patterns, exposing
farmers to both flooding and water scarcity. Dry season streamflow was lower in catchments where irrigation was practiced.
I also found that smallholder farmers relied on multiple water sources for different purposes, with protected springs being
the dominant source for drinking water. Farmers experienced a variety of challenges, including water-related illnesses
associated with poor-quality water sources and the excessive time required to fetch water. In agricultural landscapes,
drinking water sources required frequent maintenance while households living downstream of settlements were exposed
to an elevated risk of waterborne illness. The findings highlight that different land uses affect water quality and aquatic
biodiversity in headwater streams in complex and varying ways. Although the region is widely recognized for its abundant
rainfall and water resources, smallholder farmers nevertheless faced significant water security challenges related to access
to safe drinking water, declining water quality and conflicts over water use.
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Abstract  

Headwater streams account for a substantial proportion of the global stream network 

and contribute significantly to downstream freshwater resources. They support 

diverse freshwater biota and provide essential ecosystem services. However, water 

quality, streamflow and related ecosystem services in headwater streams are highly 

vulnerable to rapid land use change, urbanization and climate change. Despite their 

ecological and socio-economic importance for local communities and downstream 

aquatic ecosystems, headwater streams remain underrepresented in research and 

conservation efforts. The primary objective of this thesis was to examine the effects 

of upstream land use on water quality, flow dynamics, water access for smallholder 

farmers and associated risks in tropical headwater catchments within mosaic 

landscapes of southwestern Ethiopia. To address this objective, I selected 16 focal 

catchments spanning a land use gradient from forest-dominated through coffee 

agroforestry to agriculture-dominated catchments. Within these catchments, I selected 

46 small streams for water quality and aquatic biodiversity assessments (I & II). 

Additionally, I trained farmers living near the outlets of the 16 focal catchments to 

participate in streamflow monitoring at each outlet (III). To assess local knowledge 

and perceptions of water security, I interviewed 83 households within the focal 

catchments (IV). This interdisciplinary approach enabled me to investigate the 

ecological, hydrological and social dynamics of headwater streams. I found that, 

streams flowing through forest-dominated catchments maintained favorable water 

quality conditions. However, despite their higher tree cover, coffee agroforestry 

catchments often exhibited water quality conditions that were comparable to or even 

poorer than those observed in more open agricultural catchments. Elevated E. coli 

concentrations were detected in most streams used by smallholder farmers for 

domestic and agricultural purposes, highlighting an urgent public health concern. 

Environmental conditions and water quality strongly influenced aquatic insect 

community composition, indicating that biological communities can serve as valuable 

bioindicators to complement conventional water quality monitoring. Runoff exhibited 

strong seasonal variation driven by rainfall patterns, exposing farmers to both flooding 

and water scarcity. Dry season streamflow was lower in catchments where irrigation 

was practiced. I also found that smallholder farmers relied on multiple water sources 

for different purposes, with protected springs being the dominant source for drinking 

water. Farmers experienced a variety of challenges, including water-related illnesses 

associated with poor-quality water sources and the excessive time required to fetch 

water. In agricultural landscapes, drinking water sources required frequent 
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maintenance while households living downstream of settlements were exposed to an 

elevated risk of waterborne illness. The findings highlight that different land uses 

affect water quality and aquatic biodiversity in headwater streams in complex and 

varying ways. Although the region is widely recognized for its abundant rainfall and 

water resources, smallholder farmers nevertheless faced significant water security 

challenges related to access to safe drinking water, declining water quality and 

conflicts over water use. 

  

Keywords: Bioindicators, coffee agroforestry, flow dynamics, freshwater 

ecosystems, headwater streams, land use, macroinvertebrates, Odonata, rural water 

security, smallholder farmers, tropical streams, water quality 

 

  



v 

 

Svensk sammanfattning 

 

Källvattendrag utgör en betydande andel av det globala nätverket av 

vattendrag och bidrar därmed till sötvattenresurser nedströms källorna. De 

utgör livsmiljöer for många sötvattensarter och tillhandahåller viktiga 

ekosystemtjänster. Källvattendragens vattenkvalitet, vattenflöde och därmed 

relaterade ekosystemtjänster är dock mycket sårbara för snabba 

markanvändningsförändringar, urbanisering och klimatförändringar. Trots 

deras ekologiska och socioekonomiska betydelse för lokalsamhällen och 

akvatiska ekosystem är källvattendrag fortfarande underrepresenterade i 

forskning och bevarandeinsatser. Mitt mål med denna avhandling var att 

undersöka effekterna av uppströms markanvändning på vattenkvalitet, 

flödesdynamik, vattentillgång för småbrukare och därmed sammanhängande 

risker i källvattenavrinningsområden i sydvästra Etiopien. För att uppnå detta 

mål valde jag 16 fokusavrinningsområden i mosaiklandskap som spänner över 

en markanvändningsgradient från markanvändning dominerad av skogsbruk, 

via kaffe-skogsjordbruk till jordbruksdominerade områden. Inom dessa 

avrinningsområden valde jag 46 små vattendrag för bedömningar av 

vattenkvalitet och akvatisk biologisk mångfald (I & II). Dessutom utbildade 

jag jordbrukare som bodde nära utloppen för de 16 fokusavrinningsområdena 

att delta i övervakning av vattenflöden vid varje utlopp (III). För att bedöma 

lokal kunskap och uppfattningar om vattensäkerhet intervjuade jag 83 hushåll 

inom fokusavrinningsområdena (IV). Denna tvärvetenskapliga metod gjorde 

det möjligt för mig att undersöka den ekologiska, hydrologiska och sociala 

dynamiken relaterat till källvattendrag. Jag fann att vattendrag som rinner 

genom skogsdominerade avrinningsområden bibehöll en gynnsam 

vattenkvalitet. Trots deras högre krontäckning uppvisade dock kaffe-

skogsjordbruksavrinningsområden ofta vattenkvalitetsresultat som var 

jämförbara med eller till och med sämre än de som observerades i mer öppna 

jordbruksavrinningsområden. Förhöjda koncentrationer av E. coli bakterier 

upptäcktes i de flesta vattendrag som används av småbrukare för hushålls- och 

jordbruksändamål, vilket belyser ett akut folkhälsoproblem. 

Miljöförhållanden och vattenkvalitet påverkade starkt sammansättningen av 

vattenlevande insektssamhällen, vilket indikerar att biologiska samhällen kan 

fungera som värdefulla bioindikatorer för att komplettera konventionell 

vattenkvalitetsövervakning. Avrinningen uppvisade stark säsongsvariation 
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driven av nederbördsmönster, vilket utsatte jordbrukare för både 

översvämningar och vattenbrist. Vattenflödet under torrsäsongen var lägre i 

avrinningsområden där bevattning tillämpades. Jag fann också att småbrukare 

var beroende av flera vattenkällor för olika ändamål, där skyddade källor var 

den dominerande källan för dricksvatten. Jordbrukarna upplevde en mängd 

olika utmaningar, inklusive vattenrelaterade sjukdomar i samband med 

vattenkällor av dålig kvalitet och den stora tidsåtgång som krävdes för att 

hämta vatten. I jordbrukslandskap krävde dricksvattenkällor frekvent 

underhåll medan hushåll som bodde nedströms bosättningar utsattes för en 

förhöjd risk för vattenburna sjukdomar. Resultaten belyser att olika typer av 

markanvändning påverkar vattenkvaliteten och den biologiska mångfalden i 

källvattendrag på komplexa och varierande sätt. Trots att regionen är allmänt 

känd för sin rikliga nederbörd och sina vattenresurser, mötte småbrukare ändå 

betydande utmaningar med tryggad vattenförsörjning kopplat till tillgång till 

säkert dricksvatten, sjunkande vattenkvalitet och konflikter om 

vattenanvändning. 

 

 

Nyckelord: Bioindikatorer, flödesdynamik, kaffeodling, källvattendrag, 

makroinvertebrater, markanvändning, Odonata, skogsjordbruk, småbrukare, 

sötvattensekosystem, tropiska vattendrag, tryggad vattenförsörjning, 

vattenkvalitet  
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1. Introduction 

1.1. The United Nations sustainable 

development goals and water nexus 

In 2015, all member states of the United Nations adopted the 2030 agenda for 

sustainable development. The agenda is an ambitious and transformative plan 

encompassing 17 Sustainable Development Goals (SDGs) that collectively 

aim to eradicate poverty, protect the planet and ensure socioeconomic 

development and human wellbeing for both present and future generations 

(UN SDGs 2015; Nilsson et al. 2016). The goals span a broad range of socio-

economic and environmental dimensions. They are not independent but rather 

form a deeply interconnected system as they share common resources or 

address overlapping problems. These strong interactions among the goals can 

generate both synergies and trade-offs, meaning that while progress towards 

one goal can accelerate progress towards others or pursuing one goal may 

simultaneously hinder progress towards another (Pradhan et al. 2017; Kroll et 

al. 2019; Zhao et al. 2021; Renaud et al. 2022).  

Among all 17 goals, SDG 6 (clean water and sanitation) is one of the 

most interconnected, with documented linkages to at least 14 of the remaining 

16 goals (Hall et al. 2020; Evaristo et al. 2023). Water is not merely one sector 

among many; it is a cross-cutting, enabling resource that underpins the 

delivery of multiple other goals simultaneously (Taka et al. 2021; Nhamo et 

al. 2025). Provision of safe drinking water in rural communities reduces 

waterborne disease burden (SDG 3) (Hall et al. 2020). It reduces the time and 

labour spent, mostly by women and girls, fetching water from distant sources, 

freeing them to participate in agricultural production, income generating 

activities and education (SDGs 1, 2, 4 and 5). Sustainable water management 

supports agriculture and food security (SDG 2), energy generation (SDG 7), 

sustains healthy terrestrial and aquatic ecosystems (SDGs 14 and 15) and 

builds resilience to climate variability (SDG 13) (Nhamo et al. 2025). This 

highlights that water is not simply a goal in itself but a key enabling resource 

whose degradation cascades across the full portfolio of sustainable 

development objectives.  

These strong interlinkages among the SDGs and heavy dependency on 

water resources can also create trade-offs (i.e., efforts targeting one goal can 

sometimes negatively affect the progress of others) (Pradhan et al. 2017; Taka 
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et al. 2021). For example, under weak environmental monitoring and 

management schemes, socioeconomic development activities can result in the 

deterioration of water quality, which can directly and indirectly constrain 

progress toward SDG 6 (clean water and sanitation) and affect SDG 3 (good 

health and wellbeing), because pollution compromises human health. Impacts 

on aquatic biota and their habitats further hinder progress towards SDG 14 

(life below water) and riparian habitat degradation additionally threatens SDG 

15 (life on land) (Taka et al. 2021; Wang et al. 2022). Moreover, landscape 

alteration and stream channelization modify water availability, resulting in 

either water scarcity (drought) or excess water (flood). Water scarcity limits 

irrigation potential while flooding damages property, agricultural land and 

crops. Similarly, habitat alteration within stream systems can reduce fishing 

opportunities for downstream communities which altogether undermines 

efforts to achieve SDGs 1 and 2 (no poverty and zero hunger, respectively). 

For example, studies have shown that sanitation crises resulting from 

urbanization and livestock intensification have reduced self-purification 

capacity of rivers (Burke et al. 2009; Wen et al. 2017). In the Ebro basin of 

Spain, Ladrera et al. (2019) reported that intensive agriculture increases 

nutrient loading and contributes to the degradation of stream ecosystem.  

The physical foundation through which these water-SDG linkages are 

realized is freshwater ecosystems. Among freshwater ecosystems, headwater 

streams occupy a position of exceptional and disproportionate importance (Fig 

1). Despite their small size, first to third order streams, they constitute about 

70-80% of the total length of river networks globally (Alexander et al. 2007; 

Wohl 2017; Botter et al. 2026). They also generate the majority of the water 

volume that sustains larger rivers, lakes and downstream water supplies. Being 

spatially located at the interface between terrestrial and aquatic systems, they 

function as the primary conduit through which surface runoff, nutrients, 

sediment and pollutants from the surrounding land enter the broader 

hydrological system (Lassaletta et al. 2010). High physical and chemical 

variability in headwater streams creates diverse habitats that support 

exceptionally rich and often endemic biodiversity, including 

macroinvertebrates, fish and riparian vegetation (Richardson 2019; Bieroza et 

al. 2024). In developing countries across the tropics, headwater streams are 

often the most immediately accessible freshwater sources for rural and 

smallholder farming communities, supplying water for domestic uses, 

livestock and small-scale irrigation (Ferreira et al. 2023). Consequently, the 

livelihoods of rural households, including food security and health, are 

directly linked to the quantity and quality of water available in their 

catchments.   

Despite this significant importance and multifunctionality, headwater 

streams are frequently excluded from national and international water 

monitoring programmes, underrepresented in biodiversity assessments, and 

inadequately covered by water legislation and restoration programmes 
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(Lassaletta et al. 2010; Golden et al. 2025). This gap is even more pronounced 

in tropical low-income countries. In these regions, headwater catchments are 

undergoing rapid land use change driven by agricultural expansion, 

deforestation and urbanization. These land use changes and intensifications 

degrade water quality, alter flow regimes and accelerate biodiversity loss. 

Headwater streams in tropical low-income regions are thus simultaneously 

among the most functionally important and most threatened, yet systematic 

scientific assessments remain scarce.  

Addressing this knowledge gap requires an interdisciplinary approach 

that reflects the multidimensional role of water resources in headwater 

catchments in supporting human wellbeing and biodiversity. In this study, 

through the SDGs lens, I examined three interconnected dimensions of 

headwater streams along a land use gradient in a low-income country in the 

tropics: 1) water quality and aquatic biodiversity 2) flow variability and 3) 

water security challenges (Fig 1). Together, these three dimensions provide a 

comprehensive, SDG-informed assessment of the condition and management 

challenges of tropical headwater streams and generate evidence needed to 

support their conservation and sustainable governance.  
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Figure 1 Conceptual framework linking land use and livelihood strategies to water 

quality, flow variability and use in tropical headwater catchments and their outcomes 

for biodiversity and smallholder livelihoods.  
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1.2. Aquatic ecosystem 

Freshwater ecosystems support a large portion of global biodiversity and 

provide essential services for human wellbeing. Human societies have long 

depended on freshwater for domestic use, food production, socioeconomic 

development and cultural values (Lynch et al. 2023). Accessible freshwater is 

a scarce resource, comprising about 0.01% of global water resources and 

covering less than 1% of Earth’s surface (Shiklomanov 1998; Dudgeon et al. 

2006; Roberts 2014). However, it supports approximately 6-10% of known 

species, despite significant temporal and spatial variation in its distribution 

and availability (Dudgeon et al. 2006; Strayer and Dudgeon 2010). Freshwater 

biotic communities, ranging from microbes and insects to large vertebrates 

such as fish and amphibians, as well as algae and vascular plants, are highly 

diverse. These organisms play critical roles in global energy flow and nutrient 

cycling, thereby making freshwater ecosystems both ecologically valuable 

and highly vulnerable to anthropogenic disturbances and environmental 

change (Dudgeon et al. 2006; Reid et al. 2019). This wide range of 

biodiversity is adapted to different habitat features within freshwater systems. 

Consequently, the status and composition of aquatic communities are often 

used as indicators of water quality, surrounding habitat conditions and overall 

ecosystem health. In addition to conventional water-quality and flow 

monitoring approaches, engaging local communities that heavily rely on open 

water sources and exploring their perceptions may bridge knowledge gaps, 

particularly in regions with limited data on water quality, flow variability and 

water security challenges (Zvobgo et al. 2022).  

1.3. Land use and threats  

Streams and rivers serve as ecological connections across landscapes. They 

are sensitive to disturbance and act as indicators of landscape alteration. As 

primary recipients of runoff, sediments and pollutants, they transport these 

materials downstream to larger rivers, lakes and coastal systems, generating 

cascading effects across interconnected ecosystems (Meyer et al. 2007). Rapid 

population growth and modernization increasingly threaten these systems 

through direct exploitation, including fishing, channelization and dam 

construction. Simultaneously, land use change and associated anthropogenic 

pressures further degrade habitat quality by altering water quality and quantity 

(Mpopetsi et al. 2025). 

The effects of a single land use are relatively straightforward to assess 

and understand, facilitating the planning of restoration and management 

interventions. However, in reality, landscapes are mosaics of heterogeneous 

land uses and systems within a single catchment. These different land uses can 

exert distinct and interacting influences, sometimes producing combined or 
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cumulative effects that make assessment and understanding more complex 

(Tanaka et al. 2021).  

In tropical regions, a large portion of the landscape is inhabited and 

managed by smallholder farmers who represent about two billion people 

worldwide and contribute a significant share of global food production. These 

farmers typically cultivate small plots of land, often less than two hectares and 

rely heavily on local water resources within their catchments for both 

domestic and agricultural uses (IFAD and UNEP 2013). However, their water 

sources are often untreated and characterised by limited or absent water-

supply infrastructure and uncertain quality due to limited regular monitoring. 

For example, about three billion people worldwide use water of unknown 

quality, of which smallholder farmers in the tropics account for a large share 

(UN-Water 2021). Smallholders in developing countries are at the frontline of 

these risks because the quality and health of their water sources (springs, 

rivers, lakes and wells) often remain poorly understood. They also frequently 

experience unreliable water availability resulting from strong seasonal 

variability, increasing water demand and competition, rapid population 

growth, land use change and climate change.  

These regions are undergoing rapid land use change driven by 

population growth, urban expansion and agricultural intensification (Keys and 

McConnell 2005; Mpopetsi et al. 2025). In most cases, catchments are mosaic 

landscapes characterised by a mixture of land uses including residential areas, 

croplands, grasslands, agroforestry systems and forests. However, ongoing 

intensification is increasingly promoting monocropping systems aimed at 

maximizing yield (e.g., commercial farms and large-scale state-owned farms). 

These contrasting land use systems affect water resources in different ways, 

influencing both water quality and quantity, and thereby complicating 

assessment and monitoring. Headwater streams, which serve as primary water 

resources for smallholder farmers, are the at the forefront of these pressures. 

Yet, despite their critical importance, they remain underrepresented in 

restoration and catchment management agendas and receive far less attention 

than larger river basins.   

1.4. Quality, quantity and use  

Organic waste and chemical pollutants from agricultural, residential and 

industrial sources are easily transported into streams via runoff, leading to 

water quality degradation (Tanaka et al. 2021). Headwater catchments, 

characterized by steep slopes and rapid hydrological response, are particularly 

vulnerable to such inputs including nutrient enrichment, fecal contamination, 

and chemical pollution, all of which alter habitat conditions and propagate 

impacts to downstream aquatic biota (Dodds and Oakes 2008; Lassaletta et al. 
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2010). Conventional approaches for assessing land use impacts on water 

quality and biodiversity typically rely on comparison between degraded and 

reference catchments (Bowman and Somers 2005). The common method is 

evaluations of single dominant land use types using physicochemical or 

biological indicators. However, these approaches are often limited by sparce 

monitoring infrastructure, limited long-term data sets and restricted analytical 

capacity, particularly in tropical and low-income regions (Vadas et al. 2022). 

A further limitation is that they assume clear separation between land use type 

and the existence of minimally disturbed reference conditions. These 

assumptions rarely hold in heterogeneous, human dominated landscapes 

where multiple land uses co-occur and aquatic systems are strongly connected 

through upstream-downstream linkages.  

Headwater streams in many regions are characterised by strong 

seasonality, which is particularly important in the tropics. In these regions, 

heavy rainfall during the rainy season generates high flows, while the dry 

season is marked by low or intermittent flow (Johnson et al. 2022). Despite 

this high variability both in quality and flow dynamics, headwater streams 

have received limited attention and are widely characterized by data 

deficiency compared to large river basins which are routinely monitored for 

hydropower and large-scale irrigation schemes (Lassaletta et al. 2010; Bieroza 

et al. 2024). In human-dominated landscapes, rapid land use change alters 

runoff regimes and exposes smallholder farmers to increased risks of flooding 

during the rainy season and water scarcity during prolonged dry seasons. 

However, the conditions may vary between catchments depending on 

upstream land use. This is particularly critical in rural areas, where 

communities rely on streams for multiple uses, including irrigation, livestock 

production and domestic use, but where flow-gauging stations are absent and 

reliable early warning systems are lacking.  

Smallholder farmers frequently have limited water supply 

infrastructure and face persistent challenges in accessing safe water and 

meeting their water demands for domestic and agricultural uses. Despite 

ongoing efforts to achieve the UN SDGs, access to safe and clean water 

remains a major challenge across developing countries (UN-Water 2021; UN 

DESA 2025). Key contributing factors include limited water supply 

infrastructure, water quality deterioration resulting from agrochemicals, 

effluents from settlements and industrial areas, climate change, weak water 

governance and poor waste handling and monitoring systems. These 

challenges expose communities to a wide range of problems including public 

health risks, water access conflicts, and the burden of spending substantial 

time and labour fetching water from distant sources.  

Water-related conflict is among the most widespread and increasingly 

common societal challenges worldwide. In the tropics, where smallholder 

farming systems dominate, such conflicts range in intensity from minor  

triggers of tension to physical violence (Pacific Institute 2026). Some of the 
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conflicts involve downstream-upstream communities across large geographic 

areas and may be either transboundary or domestic, while others are more 

localized, occurring around shared water sources among households and 

communities. These conflicts can impose additional burdens, including 

interruption to water access, physical injury or death and socioeconomic 

disruption (Gleick 2019; Shoko 2025).    

Water quality degradation and flow variability are influenced by 

multiple interacting drivers in mosaic landscapes that conventional water 

quality and streamflow monitoring alone may not fully capture (Bennett et al. 

2006; Gomes et al. 2025). In tropical rural areas, smallholder farmers heavily 

rely on multiple water sources for their livelihoods. Upstream land use 

strongly influences water quality, flow variability, and ultimately water 

security, thereby exposing downstream households to a wide range of 

environmental and socioeconomic challenges (Dudgeon et al. 2006; Dodds 

and Oakes 2008). Headwater catchments are often overlooked in water quality 

and hydrological monitoring, yet the interactions among land uses, seasonal 

dynamics and human activities are particularly complex in these systems, as 

these drivers operate simultaneously across the landscape (Lassaletta et al. 

2010). Understanding such systems requires moving beyond conventional 

physicochemical assessments or freshwater ecological studies conducted in 

isolation. An interdisciplinary approach that combines land use composition 

with physicochemical, biological measurements, as well as local knowledge 

and perceptions may therefore provide a more comprehensive understanding 

of land use signals in complex catchments (Ares et al. 2024). By integrating 

ecological, hydrological, social dimensions, this approach can better capture 

the interacting and cumulative effects of multiple land uses across 

heterogenous landscapes and their implication for water security. 

1.5. Aim of the study 

The overall aim of this thesis was to examine the effects of land use on water 

quality and flow dynamics, water access and associated risks in tropical 

headstream catchments within mosaic landscapes of southwestern Ethiopia. 

To address this aim, the thesis was structured around three objectives: (1) to 

investigate the effects of land use on water quality and evaluate aquatic 

biodiversity as bioindicators of water quality (Chapter I and Chapter II); (2) 

to assess streamflow dynamics across catchments with different land use 

composition (Chapter III); and (3) to examine water access and associated 

challenges among smallholder farmers (Chapter IV). These objectives were 

addressed through an interdisciplinary approach integrating hydrological, 

biodiversity and social dimensions combining physicochemical 

measurements, biological indicators, participatory methods and local 
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knowledge. This interdisciplinary approach was challenging, but it provided 

a unique opportunity to examine water-security challenges from multiple 

perspectives and to generate complementary ecological, hydrological and 

social datasets.  

To achieve these objectives, the thesis is organized into four chapters 

(Fig 2). 

In chapter I, I investigated the effects of land use on water quality and aquatic 

biodiversity. Specifically, I examined the direct and indirect effects of 

upstream land use and human activities on stream macroinvertebrate 

communities including larvae of mayflies, stoneflies and true flies through 

their influence on water quality. In chapter II, I investigated how local and 

landscape variables influence the community composition of adult dragonflies 

and damselflies around streams and evaluated their potential as bioindicators 

of water quality. In chapter III, I assessed streamflow dynamics in headwater 

streams using participatory hydrology approaches to understand seasonal flow 

variability across catchments with different land use composition. In chapter 

IV, I investigated water access and associated perceived challenges among 

smallholder farmers based on interviews.   

Collectively, these chapters integrate ecological, hydrological and 

social perspectives to provide an interdisciplinary understanding of how land 

use influences freshwater systems and water security in tropical headwater 

catchments.  
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2. Methods  

2.1. Study area 

The study site for this thesis is located in Jimma Zone of Oromia region, 

southwestern Ethiopia and comprises about 8000 km2 of selected headwater 

catchments. The study area is geographically located between 7.23-8.31°N 

and 35.83-37.13°E (Fig 3). It receives annual rainfall ranging from 1200 to 

2400 mm with the main rainy season occurring between June and September 

(Korecha and Barnston 2007; Zignol et al. 2023). This area is considered one 

of the relatively humid regions of the country, receiving rainfall for 

approximately six to eight months of the year, although both the amount and 

frequency of rain events vary seasonally.  

The elevation of the study sites ranges from 1290 to 3050 meter above 

sea level and the undulating topography contributes to a dense stream network. 

Mean monthly temperatures range from 12 to 27°C (Zignol et al. 2023).  

Southwestern Ethiopia hosts a large proportion of the country’s 

remaining Afromontane forest patches (Fashing et al. 2022). The area is 

characterized by mosaic landscapes in which smallholder farmers integrate 

trees into agricultural systems through agroforestry practices. In these 

systems, farmers cultivate food crops, fruit trees, coffee and shade trees within 

the same production unit. A large proportion of the population lives in rural 

areas and engages in smallholder mixed farming. They own small plots of land 

used for food crops, coffee, khat, enset and livestock grazing. A large portion 

of land within the main coffee growing zone (elevation range 1500-2000 m 

above sea level) is used for coffee production. Forest dominated catchments 

are also predominately found within this elevation range, although some forest 

patches extend to higher elevations (Hylander et al. 2013). This coffee 

growing zone is expected to shift upslope as temperature increase under 

climate change.  Coffee production is largely owned and managed by 

smallholder farmers. Across all production systems, native tree species are 

retained or planted to provide shade. However, management intensity varies 

considerably, ranging from wild coffee in natural forest to intensively 

managed garden coffee agroforestry systems. Along this gradient, both shade 

cover and the diversity of shade trees species generally decline with increasing 

management intensity (Hylander et al. 2024). Catchments located outside the 

coffee growing elevation range are mainly used for annual crop production.  
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Mixed farming systems are the dominant land use system in the region. 

Smallholder farmers are engaged in annual crop production, animal husbandry 

and coffee agroforestry (Manlosa et al. 2019). In coffee agroforestry systems, 

farmers retain or plant native trees to provide shade for coffee shrubs in coffee 

farms and home-gardens. This practice is widely believed to reduce pressure 

on natural forests while contributing to biodiversity conservation. Despite 

rapid land use change and increasing human pressure, the region continues to 

support relatively high levels of biodiversity including native trees, mammals, 

birds and insects.  

The conservation value of these landscapes is reflected by the presence 

of internationally recognized biodiversity hotspots and UNESCO-designated 

biosphere reserves including Yayo biosphere reserve and Kafa biosphere 

reserve (Tadese et al. 2021). Despite the ecological importance of these 

landscapes, freshwater ecosystems within them remain poorly understood. 

Except for large river basins monitored for hydropower generation, large scale 

irrigation projects and urban water supply, little is known about water quality, 

hydrology and associated biodiversity of headwater streams in Ethiopia, 

particularly in southwestern Ethiopia.  

Crop production is predominantly rainfed, although small-scale 

irrigation has recently received increasing attention from the government 

(Teferi et al. 2025). It is practiced by a limited number of farmers through 

stream diversion, channelization or by directly pumping water from small 

streams or rivers to farms. For smallholder farmers, water resources within 

their catchments and reliable access to them are essential for sustaining their 

livelihoods. They rely on untreated water sources, such as springs, streams, 

and wells, for both domestic and agricultural purposes including irrigation and 

livestock watering. Conventionally, arid and environmentally degraded 

regions receive more attention in research and water security intervention 

programs (Vörösmarty et al. 2010). However, despite high annual 

precipitation and substantial hydrological potential, rural water security 

remains a major challenge in southwestern Ethiopia due to rapid population 

growth, inadequate water supply infrastructure and land use-related declines 

in water quality and quantity. These challenges may vary considerably among 

catchments, highlighting the need for interdisciplinary assessments that 

combine hydrological and water quality measures with local knowledge and 

community perceptions.  
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2.2. Threats to freshwater and associated 

problems  

 

Ethiopia is traditionally known as ‘the water tower of east Africa’ and is 

endowed with diverse aquatic ecosystems including streams and rivers 

flowing from high elevations to the foot of mountains (Wamucii et al. 2021). 

Small streams to large rivers drain through different land uses. The small 

streams are critically important because they are feeders to larger rivers and 

also relatively more accessible water sources for rural communities at the local 

level. Larger rivers play a significant role in electric power generation, feeding 

reservoirs for urban water supply and large-scale irrigation projects. Some of 

the larger rivers even have transboundary importance to downstream nations 

(rivers in large basins including in the Blue Nile, Omo-Gibe, Wabe Shebele 

and Genale Dawa). The country also has lakes of different sizes mostly located 

in the Rift valley with characteristic freshwater and saline properties (Lemma 

and Desta 2016; Legass et al. 2026). This diversity of habitats and variation 

in water chemistry makes Ethiopian aquatic ecosystems rich in biodiversity 

and generate high ecosystem services for local and downstream communities.  

Geographically, the country is located in a tropical region, but 

topographic features (e.g., elevation) strongly influence rainfall distribution 

and thereby the quality and quantity of available water during different 

seasons across different landscapes (Bewket et al. 2024). For example, 

streams and rivers in the Ethiopian rift valley and lowland areas of Afar, 

Somali, Oromia and Amhara regions experience erratic rainfall and a 

prolonged dry season resulting in low dry season flows. Overall, about 50 % 

of the country’s total area is located in arid and semi-arid climatic conditions 

and is known for severe water scarcity exacerbated by climate change 

(Lemenih and Kassa 2011). Water resources in these areas also have naturally 

elevated concentration of fluoride, and heavy metals. Even in areas known for 

relatively abundant annual precipitation (e.g., the Ethiopian highlands 

including areas in southwestern Ethiopia), local communities are experiencing 

critical water security challenges due to deterioration in water quality and 

seasonal variability of flows (i.e., flood risk during the rainy season and the 

drying of streams and wells during prolonged dry periods or over withdrawal 

of water for irrigation, industrial and urban water supply) (Chanie 2024). 

Despite dense stream and river networks, particularly in the Ethiopian 

highlands, anthropogenic activities such as changes in land use, agricultural 

runoff, domestic waste and industrial waste strongly affect water quality 

(Woldeab et al. 2018; Bakure et al. 2020).  Increased water demand to meet 

domestic, agricultural and industrial needs creates critical pressure on water 

quality, flows and associated ecosystem services. Weak waste treatment 

regulation, poor water supply infrastructure, and the absence of cross-sectorial 
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collaboration compounded by the region’s vulnerability to climate change, 

have collectively driven a severe decline in water quality decline and access 

to safe water across the country. These interacting pressures create a vicious 

cycle in which degraded water quality further undermines water security and 

public health. Pollution from agriculture runoff and domestic waste is 

widespread in streams and rivers flowing through the Ethiopian highlands and 

landscapes intensively utilized for agriculture (e.g., eutrophication and 

elevated nutrient loads have been reported for tributaries of the Tekeze, 

Awash, Blue Nile and Omo-Gibe rivers) (Awoke et al. 2016). Streams and 

rivers crossing urban centres are heavily loaded with chemical pollutants form 

industries and domestics waste and have experienced severe physical habitat 

alteration (e.g. Kebena and Akaki streams flowing through Addis Ababa have 

been reported as the most degraded streams in the country due to effluents 

from industries, domestic waste and habitat alteration) (Beyene et al. 2009). 

In southwestern Ethiopia, streams draining mosaic landscapes are 

experiencing pressure from agriculture, coffee washing stations and rapidly 

expanding urban centres (Awoke et al. 2016). However, studies on Ethiopian 

aquatic ecosystems are limited in general. In particular, water quality and 

biodiversity in streams and rivers have received less attention compared to 

water flow monitoring in large rivers, due to increased interest in hydropower 

generation, large-scale irrigation and upstream-downstream geopolitics 

concerning large basins. 

In Ethiopia, agriculture is the main livelihood strategy for a large 

proportion of the population (World Bank 2010). Farming practices are 

traditional and smallholder farmers cultivate food crops and rear livestock 

mainly for subsistence as well as for cash in some places (e.g., coffee in 

southwestern Ethiopia) (Manlosa et al. 2019). Agriculture is among the most 

widespread and complex drivers of water contamination across the country. 

Runoff from croplands carrying sediments, fertilizers, pesticides and 

herbicides can easily enter water bodies. The large numbers of livestock, 

managed traditionally through a free grazing system, result in a direct and 

persistent fecal contamination pathway into both surface and shallow 

groundwater. Croplands, livestock and water resources frequently coexist in 

close proximity across rural Ethiopia. This makes the pressures complex and 

contamination difficult to prevent without deliberate land and water 

management. 

Domestic and human waste readily enter water courses due to poor 

waste management and treatment practices in rapidly growing urban areas 

with inadequate sanitation infrastructure. In Addis Ababa and other expanding 

residential areas, population growth has consistently outpaced the expansion 

of water and sanitation infrastructure, resulting in unregulated waste disposal, 

system overload and increased disease vulnerability. Streams and rivers 

flowing through settlements and urban areas are heavily contaminated by 

waste discharges, severely affecting downstream ecosystems and 
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communities. Although comprehensive studies are limited, a complied report 

in Ethiopia by  UNICEF (2023) highlighted that waterborne diseases account 

for approximately 60-80% of communicable diseases. Drinking water sources 

are further exposed to microbial contamination due to system leakages, poor 

management of distribution points and inadequate maintenance of storage and 

distribution facilities. For example, approximately 54-65% of drinking water 

sources in Ethiopia have been reported to test positive for fecal contamination, 

with concentrations exceeding acceptable levels in most cases (Adugna et al. 

2024; Bayeh et al. 2025).  

Industrial activities are limited but operate under weak regulation and 

monitoring with inadequate waste treatment, resulting in emerging industries 

introducing concentrated chemicals into water sources. Leather tanning, 

textile and detergent industries operating near urban centres (Addis Ababa, 

Sebeta and Mojo) have been reported to release effluents loaded with heavy 

metals (Faye and Sibali 2025). Mining and construction material excavation, 

both linked to water resource degradation, are common across the country, 

including in remote areas, but remain under-reported. In some areas, heavy 

metal concentrations exceed WHO and EU standards and local communities 

report significant impacts on public health and livestock (Gelaye 2024; Fereja 

et al. 2025). In areas known for coffee production, coffee washing stations 

release large amounts of organic-matter rich effluents, causing pollution in 

downstream aquatic ecosystems.  

Despite several SDGs and national water initiatives undertaken over the 

past three decades to improve safe water supply and water resources 

management, the challenges remain severe in Ethiopia. This is mainly due to 

the complex natural and anthropogenic drivers of water resource degradation 

discussed above, combined with weak water governance and limited 

institutional capacity. National water policies exist; however, they mainly 

focus on transboundary and large river basins and implementation is uneven, 

underfunded and poorly coordinated across federal, regional and local 

government levels. In rural areas, the lack of water quality monitoring and 

adequate maintenance of drinking water sources places an additional burden 

on access to safe drinking water. Many public facilities in rural areas, 

including schools and health centres have no reliable water sources, 

highlighting the severity of the water crisis in the country. 
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Figure 3 Map of study site: focal catchments (n = 16) showing the stream network 

(blue lines) and outlets (blue dots); location of 46 reaches sampled for water quality 

and biodiversity within 16 focal catchments, each drained by small perennial streams 

(orange rectangles); location of households interviewed for water use surveys (red 

triangles). The inset in the lower-right corner shows a map of Ethiopia, with the study 

site indicated by a red rectangle.  

2.3. Study systems 

First, I derived a stream network for the study area from a 30 m resolution 

digital elevation model (DEM) using the Hydrology toolbox in ArcGIS Pro 

2.7. The resulting stream network covered an approximate area of 8000 km2. 

A 10 m resolution land use map was subsequently produced through 

supervised classification of Sentinel-2 satellite imagery within the Google 

Earth Engine platform. The classification was supported by local expert 

knowledge and prior familiarity with the landscape.  

Second, I selected 16 focal catchments and established streamflow 

measurement stations at their outlets as part of a participatory hydrology 

approach (see chapter III for further details). Guided by the land use map of 

the study area and prior knowledge of the landscape, catchment selection was 

designed to capture a land use gradient ranging from natural forest dominated 

catchments through coffee agroforestry systems to agriculture dominated 

catchments (For further details on how land use map was developed see 

chapter I). The selected focal catchments ranged in size from 43 to 289 km2 
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and outlet elevations ranged from 1290 to 2010 m above sea level (see chapter 

III for detailed catchments characteristics).  

Third, within the focal catchments, I selected 46 study catchments for 

water quality and biodiversity assessments (chapter I and II). Within each 

catchment, I established a 100 m long stream reach for measuring water 

quality variables and sampling aquatic and riparian biodiversity including 

stream macroinvertebrates and adult Odonata (dragonflies and damselflies). 

Finally, I selected 84 households within the focal catchments for face-to-face 

interviews to investigate water access and associated water security challenges 

using local perceptions and local knowledge (chapter IV).  

2.4. Water quality and biodiversity in headwater 

streams  

In chapters I and II, I investigated the effects of land use on stream water 

quality and macroinvertebrate communities and evaluated the potential of 

adult dragonflies and damselflies as bioindicators of water quality. To achieve 

this, I generated three datasets describing catchment scale land use, local 

stream environmental variables and biodiversity. The data sets were generated 

based on land use mapping, field assessments and laboratory analysis in 46 

study catchments.  

For each catchment, I first established a 100 m long sampling reach at 

the outlet and measured water quality and local environmental variables (Fig 

4a-e). Accordingly, five water quality variables namely dissolved oxygen, pH, 

turbidity, conductivity and water temperature were measured in situ using a 

portable digital multiparameter meter. An additional five variables including 

total nitrogen, total phosphorus, total organic carbon, E. coli and total 

coliforms were analysed in the laboratory from water samples collected from 

the same reach. Water samples were stored frozen until analysis, except 

samples for bacterial analysis, which were transported in a cooling box and 

processed for incubation within eight hours at the Microbiology laboratory of 

Jimma University. Subsequent chemical analyses for nutrient load and organic 

carbon were conducted at the Marine ecology lab of Stockholm University. 

 During field sampling, local environmental variables were also 

recorded within each reach. The local environmental variables included 

stream buffer land use composition (estimated from hand-sketched buffer 

maps), canopy cover (estimated from five canopy photos taken from the 

middle of the stream channel and analysed in ImageJ software), elevation, 

water volume index (derived from water depth and width) and instream 

substrate composition (visually estimated during macroinvertebrate 

sampling).  
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Figure 4 Macroinvertebrate sampling and water quality measurements at a stream 

reach. a) Illustration of a sample reach and its surrounding buffer land use (S1 to S5 

represent 10-meter stream segments within the sample reach) b) macroinvertebrate 

sampling using a D-frame net c) sorting and preserving macroinvertebrate samples in 

ethanol in the field d) on-site water quality measurement using a portable 

multiparameter meter e) estimation of bacterial load following incubation using 3M 

Petrifilm.  

 

Second, I sampled biodiversity, including macroinvertebrates and adult 

dragonflies and damselflies. Macroinvertebrates were collected using a kick-

sampling method with a D-frame net, by disturbing the substrate for 2 minutes 

across the five 10-meter stream segments within each sampling reach. 

Samples from each reach were then pooled into a single composite sample 

after identification for statistical analysis (Fig 4b-c). For this thesis, mayflies, 

stoneflies and true flies from the collected samples were identified to family 

level using morphological identification keys (Nilsson 1996, 1997; Bouchard 

2004).  

Third, adult dragonflies and damselflies (Odonata) were sampled over 

a two-hours period using a standard professional sweep net (40 cm diameter) 

along each sampling reach. As dragonflies and damselflies are most active 

during clear, sunny conditions, only 30 sites met the required sampling 

condition during the field campaign and were therefore included in the 

analysis of this thesis. All the collected specimens were identified to species 

level following morphological identification keys (Dijkstra and Clausnitzer 

2014).  
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Fourth, for each catchment I extracted land use composition metrics 

including the proportion of forest, agroforestry, open agriculture, wetland and 

urban cover from the study area land use map. Using Google Earth imagery, I 

also estimated settlement density and calculated a coffee washing stations 

index based the number of coffee washing stations upstream of each 

catchment outlet and their distance to the sampling site.  

Then, I tested how different macroinvertebrate taxa (at family level) 

responded to water quality and local environmental variables using a separate 

generalized linear model (GLMs) for each taxon. To examine the direct and 

indirect effects of land use on the different taxa, I ran a piecewise structural 

equation model (pSEM). The pSEM enabled me to disentangle the pathways 

through which land use and water quality variables influenced the biological 

responses. In catchments with no long-term monitoring data, this approach 

helps to capture indirect land use effects that are not fully reflected in snapshot 

water chemistry measurements, including seasonal human activities and other 

temporal dynamics. This is particularly important because macroinvertebrate 

communities integrate environmental conditions over longer time scales, 

whereas water chemistry reflects more immediate and short-term variability.  

To test the bioindicator potential of adult dragonflies and damselflies, I 

ran generalized linear models (GLMs) in which the presence-absence records 

of dragonflies and damselflies species were used as predictor variables and six 

water quality variables as response variables, namely dissolved oxygen, 

turbidity, total nitrogen, E. coli load, taxa water quality index (taxa WQI) and 

settlement density. Each variable was modelled separately. For each response 

variable, the model containing five indicator species and the lowest AICc was 

selected as best-supported model. Standardizing the number of predictors 

across models allowed direct comparison of their predictive performance for 

the selected water quality variables. Finally, I used K-fold cross-validation to 

evaluate model performance using the coefficient of determination (R2).  

2.5. Participatory hydrology for monitoring 

headwater streams 

To monitor streamflow in these ungauged headwater streams, I adopted a 

participatory hydrology approach (Fig 5). First, I trained farmers living near 

the catchment outlets to record water depth twice per week over a two-year 

period in the 16 focal catchments. Water levels were measured at established 

flow monitoring stations located at the bridge crossings, where a fixed bench 

mark was used as a reference point. All surface runoff from the upstream 

catchment passed beneath the bridge. Second, I mapped the stream-channel 

transection at each monitoring station. Third, I measured flow velocity on five 

occasions including events during both low and high flow conditions using a 
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standard mechanical flow meter device (Model 2030R). Then, I calculated 

stream discharge using the velocity-area method by combining the measured 

flow velocity with the stream channel cross-sectional area. Fourth, I developed 

site-specific rating curves describing the relationship between water depth and 

discharge, using an exponential function. Finally, I estimated a continuous 

discharge time series for over a two-year monitoring period using the rating 

curves developed for each stream and water depth records collected by 

participating farmers. This approach enabled the generation of long-term 

runoff records in data deficient catchments where conventional gauging 

stations were absent. I also interviewed farmers living near the outlets of the 

focal catchments to assess their perceptions of irrigation water shortage (see 

Section 2.5 for details).  

 

 

Figure 5 Procedure for field data collection and time-series runoff estimation using a 

participatory hydrology approach. a) focal catchment and monitoring station located 

at the catchment outlet (blue dot) b) field measurements at the outlet, including 

channel cross-sections and streamflow c) rating curve developed from the relationship 

between discharge and water depth d) water-depth records collected by farmers twice 

weekly and used to estimate a discharge time series (reported as runoff) e) runoff 

metrics derived from the estimated runoff time series over the study period. Blue dots 

indicate peak flow and baseflow during the rainy and dry seasons respectively; blue 

bars indicate mean runoff for the corresponding seasons.  

For each catchment, daily precipitation data for the study period were 

obtained from the CHIRPS database using the Climate Engine platform (Funk 

2015). The CHIRPS database provides blended precipitation estimates 

derived from satellite observations and ground-based records at a spatial 

resolution of approximately 4.8 km. It has been recommended for rainfall 

monitoring in this region and has been widely validated for rainfall 



21 

 

assessments across East Africa, including Ethiopia (Funk et al. 2015; Dinku 

et al. 2018).  

In this study, the estimated discharge time series was expressed as 

runoff (mm/hour) to account for differences in catchment area and facilitate 

comparisons among catchments. From the runoff time series, I derived four 

runoff metrics. The 5th percentile runoff for each season and the mean runoff 

during January and February were used to represent baseflow conditions and 

mean dry season runoff, respectively. Similarly, the 95th percentile runoff and 

the mean runoff during July and August were used to represent peak runoff 

and mean rainy season runoff, respectively. 

I used linear mixed-effects models to test the responses of the different 

runoff metrics to land use, dry season irrigation practices, precipitation and 

slope, with catchment identity treated as a random effect. By integrating 

information from chapter IV, I then examined the relationship between 

farmers’ perceptions of irrigation water shortages and both baseflow and dry 

season runoff using logistic regression models. Finally, I used a one-way 

ANOVA to test whether peak runoff and rainy season runoff differed among 

farmer groups with different perceptions of flood risk. 

2.6. Water security challenges, local knowledge 

and perceptions   

 

To investigate water access for domestic and agricultural uses, as well as 

associated challenges faced by rural households, I selected 84 smallholder 

farmer households for face-to-face interviews. The selected households were 

located at different distances from and positions within the landscape 

(upstream and downstream) relative to the main streams and tributaries of the 

focal catchments. This sampling design enabled coverage of a broad range of 

landscape setting that differed in livelihoods, topography, rainfall conditions 

and irrigation practices all of which may influence household water demand 

and accessibility.  

I conducted face-to-face interviews in the respondents’ preferred 

languages (primarily Afaan Oromoo and in a few cases in Amharic) with the 

household head (man or woman) representing the family. Interviews 

combined structured and open-ended questions. For example, I asked the 

participants where they obtained water for domestic and agricultural uses, how 

far the sources were located from their households, what challenges they 

perceived to be associated with different sources and water security (see 

Chapter IV for details). These questions served as a guide for the interviews 

and facilitated discussion of broader issues related to water use and access 

within their landscapes, including the water sources used during different 
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seasons, resource sharing and access to communal sources. They also 

described social interactions associated with water collection and source 

management including queueing, competition and conflict.  

Using the location of each household and the stream location most 

frequently used for activities such as washing clothes or watering livestock, I 

delineated a household-specific catchment. I then extracted land use 

composition metrics for each household catchment from the study site land 

use map. Combining spatial analysis with interview data enabled the 

generation of both qualitative and quantitative data to examine how water 

access and water security challenges varied with landscape context.     

I used descriptive statistics (frequencies and percentages) to summarise the 

water sources used by households for different purposes across seasons and to 

describe associated challenges. I then tested the influence of upstream land 

use on the composition of drinking water sources using a multivariate 

permanova (adonis2). Finally, I used GLMs to examine the effects of 

upstream land use on water related problems reported by households and on 

seasonal shifts in domestic water use toward rainwater harvesting. 

 



23 

 

3. Main findings and insights    

3.1. Water quality and bioindicators in 

headwater catchments  

 I investigated the effects of land use on water quality in mosaic headwater 

catchments and found that upstream land use strongly influenced stream water 

quality. Most measured water quality variables indicated poorer conditions in 

agriculture- and agroforestry-dominated catchments than in forest-dominated 

catchments (Fig 6a-b). This pattern suggests that forest catchments 

experienced lower levels of human disturbance and contain fewer sources of 

pollution than more intensively used landscapes. Streams flowing through 

forest-dominated catchments were characterised by higher dissolved oxygen 

concentration, lower turbidity and lower nutrient loads.  

Contrary to expectations, many aspects of water quality in agroforestry-

dominated catchments were neither similar to those observed in forest 

catchments nor consistently better than those open agriculture-dominated 

catchments (Fig 6a-b). These catchments were often characterised by lower 

dissolved oxygen and elevated turbidity, water temperature, nutrient 

concentrations and bacterial loads, indicating degraded habitat conditions. 

Particularly noteworthy was the high concentration of E. coli, which signals 

fecal contamination and raises concerns for human health because rural 

households rely on stream water for domestic and agricultural purposes (See 

section 3.3). According to WHO and U.S. Environmental Protection Agency 

recommendations, E. coli concentrations should not exceed 100 CFU/100 ml 

for bathing and reactional water (WHO 2003; U.S. EPA 2012). In the present 

study, 89% of the sampled streams (n = 36) exceeded this threshold, with 50% 

exceeding the high-risk threshold of 1000 CFU/100ml. Similar to the current 

findings, agriculture and settlement land uses are recognized as a major 

hotspots of E. coli export to river systems due to high livestock densities, poor 

manure management practices and inadequate sanitation infrastructure, 

including lack of septic systems and pit latrines (Lim et al. 2022; Boithias et 

al. 2024).  This prevalence of bacterial contamination suggests that water-

quality degradation represents not only an ecological concern but also a 

potential water security and public health challenge.  

Changes in water quality associated with upstream land use influenced 

the abundance and community composition of aquatic biodiversity both 
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within and around streams, including larvae of mayflies, stoneflies and true 

flies (Chapter I) as well as adult dragonflies and damselflies (Chapter II). 

Responses to landscape, local habitat and water quality variables were 

complex, and a broad community metrics such as total abundance and 

diversity alone did not reveal clear patterns. In contrast, taxon-specific 

analyses revealed different patterns, reflecting differences in taxa’s tolerance 

to pollution and environmental disturbance (Fig 6c-d). This finding highlights 

that broad community metrics, such as total abundance and diversity indices, 

may overlook important ecological responses to environmental stressors. 

Other studies have also pointed out that taxon-specific indicators can provide 

a clearer signal of ecosystem degradation because individual taxa differ 

substantially in their sensitivity and tolerance to changes in water quality, flow 

regimes and habitat conditions (Berger et al. 2018; Miliša et al. 2022). 

In general, settlement density and coffee washing stations in agriculture 

and agroforestry landscapes had strong direct negative effects on pollution 

sensitive taxa, such as Perlidae (common stoneflies) while favouring 

disturbance tolerant taxa such as Chironomidae (none-biting midges) (Fig 7a-

b). These direct responses indicated that biological communities can provide 

integrative signals of upstream disturbance and water quality degradation that 

may not be detected by snapshot physicochemical measurements alone.   

Headwater streams are hydrologically and ecologically connected to 

downstream river networks. Consequently, the deterioration of water quality 

and loss of freshwater biodiversity in headwater streams can have cascading 

impacts on downstream biodiversity and ecosystems services (Freeman et al. 

2007; Alexander et al. 2007).  
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Figure 6 Effects of land use on water quality and the response of macroinvertebrates 

to changes in water quality in streams. a-b) Elevated E. coli and temperature indicate 

a decline of water quality in agroforestry and agriculture dominated landscapes, 

respectively. Relationship between macroinvertebrate communities and water quality, 

illustrated by examples of c) a sensitive and d) a tolerant family. 

b)

c) d)

a)
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Figure 7 Direct and indirect effects of land use on the abundance of two 

macroinvertebrate families based on piecewise structural equation models (pSEM). 

Higher settlement density and the presence of coffee washing station had positive 

effects on a) Chironomidae (true flies) but negative effects on b) Perlidae (stone flies). 

Solid lines indicate significance effects (p < 0.05), whereas dotted lines indicate trends 

(p < 0.1). Black and red lines represent positive and negative effects, respectively.  

Upstream land use and local environmental conditions also influenced 

the community composition of adult dragonflies and damselflies around 

streams. Species occurrence records proved to be useful predictors of several 

key environmental variables, including dissolved oxygen, turbidity and total 

nitrogen. Models based on the five most informative indicator species 

explained a substantial proportions of variation in these variables (R2 ranged 

from 0.42 to 0.54), whereas predictive performance was lower for E. coli loads 

(R2 = 0.36) and the taxa water quality index (taxa WQI) (R2 = 0.13) (Fig 8).  

Individual species were associated with different environmental 

conditions, highlighting their potential as indicators of specific aspects of 

stream quality. For example, the presence of Trithemis ellenbeckii and the 

absence of Orthetrum guineense, Proischnura subfurcata, Pseudagrion 

guichardi and Pseudagrion spernatum were strongly associated with high 

dissolved oxygen levels. Similarly, the occurrence of Pseudagrion kersteni 
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and Pseudagrion spernatum was associated with elevated nitrogen 

concentration and greater influence of upstream settlements. High turbidity 

was associated with the absence of Pinheyschna waterstoni and Platycypha 

caligata and the presence of Pseudagrion kersteni (Chapter II). 

These findings suggest that adult dragonfly and damselfly communities 

can provide valuable information about stream environmental conditions, 

upstream disturbances and may serve as complementary bioindicators for 

assessing water quality in data deficient tropical catchments. Adult 

dragonflies and damselflies are relatively easy to observe and identify. They 

also play important ecological and conservation roles as predators and flagship 

species for conservation values (Simaika and Samways 2011; Bried and 

Samways 2015). Thus, identification of potential indicator species represents 

a promising opportunity for future freshwater monitoring. This is particularly 

relevant for headwater catchments, which are often overlooked in monitoring, 

conservation and restoration programs despite their ecological importance. 

At the same time, the observed species-specific responses indicate that 

ecological responses to land use change and water quality degradation are 

highly complex. As a result, simple classifications that groups species into 

broad tolerant and sensitive categories are unlikely to fully capture the 

diversity of ecological responses or the complexity of environmental 

conditions in tropical streams. Instead, effective bioassessment requires 

multiple taxonomic or trait-based indicators that respond to different 

environmental gradients. For example, previous studies have shown that 

certain taxa are strongly associated with nutrient enrichment, whereas others 

are more sensitive to thermal stress, reduced dissolved oxygen or physical 

habitat degradation associated with riparian zone (Beermann et al. 2018; 

Schoolmaster and Partridge 2024).  
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Figure 8 Predictive performance of dragonfly and damselfly (Odonata) species-based 

models for water quality parameters (dissolved oxygen, turbidity, total nitrogen and 

E. coli) and habitat disturbances (taxa water quality index (WQI) and settlement 

density). Bars show mean 5-fold cross-validation performance (R2) for simplified 

five-species models. 

3.2. Participatory hydrology in headwater 

catchments  

Using a participatory hydrology approach, I monitored streamflow in 

headwater catchments for two years (May 2022–August 2024). The approach 

proved to be a cost-effective and efficient method for generating hydrological 

data in data-deficient catchments while simultaneously engaging local 

communities in monitoring activities. The resulting dataset revealed strong 

seasonality in streamflow, with low runoff during the dry season and high 

runoff during the rainy season (Fig 9). Such seasonal fluctuations have 

important implications for smallholder farmers who depend on headwater 

streams for domestic use, livestock watering, and irrigation (Guido et al. 2020; 

Maru et al. 2023; Whitney et al. 2025). 
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Figure 9 Time series runoff and rainfall for two streams a) stream S48 and b) stream 

S121, over the study period (May 2022-August 2024). Daily precipitation data was 

downloaded from CHIRPS database (Funk 2015). 

During the study period, precipitation variability emerged as the 

dominant driver of runoff dynamics, resulting in low flows during January and 

February and high flows during July and August. In addition, dry-season 

irrigation practices in upstream areas were associated with reduced baseflow 

and dry-season runoff downstream, contributing to farmers’ perceptions of 

water scarcity (Table 1). These findings suggest that increasing irrigation 

water demand could intensify upstream–downstream competition for water 

resources in the future (see also Chapter IV). Rapid land use change, 

population growth, climate change, and expanding irrigation development at 

both local and national scales may further aggravate these pressures, 

highlighting the need for integrated landscape planning and equitable water-

resource management (Krol et al. 2006). 

Despite the strong influence of seasonality and irrigation, relationships 

between runoff variability and land use were generally weak, particularly 

during the rainy season. The high temporal variability of headwater-stream 

runoff, combined with low resolution of water depth records and available 

precipitation data likely contributed to this pattern. Although CHIRPS 

precipitation data are valuable in regions with limited climatic records, their 

spatial and temporal resolution (about 4.8 km and aggregated daily 

precipitation) may not adequately capture localized, short-duration rainfall 
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events that strongly influence runoff generation in headwater catchments 

(Funk et al. 2015; Gebremicael et al. 2022).  

Similarly, water-level measurements collected twice per week may 

have missed short-term hydrological fluctuations, particularly during storm 

events. Additional uncertainty may have arisen from the limited number of 

discharge measurements used to calibrate rating curves and the need to 

extrapolate these relationships to estimate the highest flow values. Together, 

these factors likely reduced our ability to detect strong relationship between 

land use and runoff metrics. Nevertheless, the results highlight the complexity 

of hydrological processes in tropical headwater catchments and indicate that 

understanding flow dynamics in humid landscapes characterized by steep 

slopes, high-intensity rainfall, and flashy runoff responses requires further 

investigation (Bieroza et al. 2024; Manopkawee et al. 2026). 

Although headwater catchments are rarely considered in flood-risk 

assessments, farmers living near catchment outlets reported damage to crops, 

grazing land, bridges, and, in some cases, risks to human and livestock safety 

during high-flow events. In chapter IV, I also found that a large number of 

households perceived flooding as problematic, although some benefited from 

associated soil fertility improvements and soil moisture replenishment (Fig 

10d). These findings suggest that flood risks in headwater systems may be 

underestimated and highlights the need for continued monitoring, public 

awareness, and locally relevant early-warning systems including weather 

forecast. 

One of the most surprising findings was the negative relationship 

between forest cover and both baseflow and dry-season runoff (Table 1). This 

pattern may reflect limited groundwater contributions together with high 

evapotranspiration and interception losses associated with forest cover, 

making the results more consistent with the trade-off theory than the sponge 

theory (See also Ilstedt et al. 2007; Peña-Arancibia et al. 2019). However, 

because deeply weathered tropical soils can enhance infiltration under 

moderate tree cover, the relationship between forests and dry-season flows is 

likely context dependent (Ilstedt et al. 2007). Uncertainty in some explanatory 

variables, particularly irrigation estimates and satellite-derived rainfall data, 

also requires caution in interpreting these results. Future studies should 

therefore investigate how tree cover, landscape configuration, canopy 

structure, tree-species composition, and water use interact to influence 

hydrological processes in tropical headwater catchments. 
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Table 1 Effects of upstream land use on dry season and baseflow runoff 

metrics of headwater streams. Land use, irrigation practices, precipitation and 

slope variable were considered as fixed effects, while catchment (site) was 

included as a random effect in the linear mixed model (SC = standardized 

coefficient; ns = non-significant variables removed via backward elimination). 
Variables Dry season runoff 

(mm/hour) 

Baseflow runoff 

(mm/hour) 

Forest  

 

SC = -0.01 p = 0.007 SC = -0.005 p = 0.007 

Agroforestry (%) ns ns 

Wetland (%) ns ns 

Irrigation SC = -0.04 p < 0.001  SC = -0.041 p < 0.001 

Cumulative precipitation 

of December 

ns - 

Dry period precipitation 

(mm) 

ns - 

Cumulative precipitation 

3 days (mm) 

- ns 

Cumulative precipitation 

30 days (mm) 

- SC = 0.003 p = 0.045 

Cumulative precipitation 

90 day (mm) 

- ns 

Slope mean (%) ns ns 

3.3. Water use, water security and associated 

local knowledge and perception in headwater 

catchments 

Smallholder farmers relied on multiple water sources to meet different 

domestic and agricultural needs. This diversification of water sources can be 

viewed as a good practice and an important adaptation strategy that increases 

resilience to seasonal water scarcity and reduces competition for individual 

sources. Among the available sources, the priority was consistently given to 

the quality of drinking water, regardless of season. This was reflected in the 

finding that approximately 65% of households identified protected springs as 

their primary source of drinking water in general (Chapter IV). In forest-

dominated catchments, households relied on a broader range of sources, 

including protected springs, unprotected springs, and streams. 

However, even households with access to protected springs reported a 

range of challenges, including physical access difficulties (e.g., long queues, 

distant source locations), unreliable supply, and concerns about water quality 
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and associated health risks. Streams were the dominant source for non-

drinking purposes such as clothes washing and personal hygiene, indicating 

frequent human contact with stream water despite known evidence of fecal 

contamination (Chapter I). During the rainy season, many households shifted 

these activities to rainwater harvested from rooftops, reducing reliance on 

stream water and illustrating the flexibility of local water-use strategies. 

The condition of water sources and the challenges associated with them 

varied considerably among catchments and among households within the 

same catchment. Although protected springs were generally enclosed with 

concrete structures, many sources showed signs of inadequate maintenance 

and deterioration. For examples, drinking water sources in agriculture 

catchments required frequent maintenance. Farmers frequently reported poor 

construction quality and a lack of regular cleaning and repair for the storages. 

Common problems included limited storage capacity, cracked storage tanks 

and damaged outlet pipes. As a result, the existence of a protected water source 

did not necessarily guarantee reliable access to safe water. 

Water use related conflict emerged as another important dimension of 

water insecurity among rural households. Although southwestern Ethiopia is 

generally perceived as a water-rich region, many respondents reported 

spending more than 30 minutes on a round trip to collect drinking water (Fig 

10a). This substantial time investment reduces opportunities for education, 

income-generating and other socioeconomic activities. The burden of water 

collection fell disproportionately on women and children, who were primarily 

responsible for fetching water and carrying heavy containers to meet 

household water needs. This pattern is consistent with observations from 

many developing countries across the Global South (Graham et al. 2016). In 

addition to the physical burden, competition for access to drinking-water 

sources frequently resulted in queue-related conflicts. Respondents reported 

that such conflicts sometimes exposed women and children to verbal abuse, 

physical injury, and other forms of vulnerability, highlighting that water 

insecurity is not only a question of resource availability but also of social 

wellbeing and equity. 

Another major finding was the absence of routine water-quality 

monitoring for most rural water sources, including drinking-water sources. 

With the exception of some communal tap-water systems, water-quality 

assessment was largely absent despite widespread reliance on untreated 

sources. This represents a significant public-health concern, particularly 

because many households reported relying on poor-quality or seasonally 

deteriorated water sources for drinking and other domestic uses for at least 

part of the year. As a result, many respondents perceived a link between water 

quality and illness within their households, with particular concern for 

children (Fig 10b). These concerns are supported by the detection of fecal 

contamination in several stream-water sources (Chapter I), which are 
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frequently used for domestic activities and sometimes as alternative water 

sources when preferred sources become unavailable.  

I also found a significant relationship between reported water-borne 

illnesses and the proportion of settlement cover in upstream catchments 

(Chapter IV). Similarly, farmers living downstream of coffee-washing 

stations frequently reported unpleasant odours and visible deterioration in 

stream-water quality during the coffee-processing season. According to 

respondents, these conditions reduced the suitability of stream water for 

washing clothes, watering livestock, and other household uses. As a result, 

coffee washing stations were perceived as one of the causes of water-related 

conflicts (Fig 10c). These observations are consistent with the negative effects 

of coffee-washing stations on water quality and aquatic biodiversity 

documented in Chapter I. 

The use of multiple water sources may further increase the risk of 

contamination during water collection, transport, and storage if appropriate 

handling practices are not followed. These findings highlight the need for 

improved water-quality monitoring, public-health awareness, and household 

water-treatment and handling practices, including boiling, filtration, safe 

storage, and the use of separate containers for different water sources to 

minimize cross-contamination. 



34 

 

 

Figure 10 Challenges of water access and security in rural areas. a) distance of 

drinking water sources to household locations, b) water related-illness c) farmers’ 

perception of causes of water - related conflict d) farmers’ perception of effects of 

flooding 
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4. Implications for achieving SGDs and future 

lines of work 

Improving water security through safe water supply and maintaining 

freshwater ecosystem services and biodiversity are central targets of the 

United Nations Sustainable Development Goals (SDGs). However, achieving 

these goals remains challenging worldwide, particularly in low-income 

countries in tropical regions. This is due to a combination of factors, including 

limited water-supply infrastructure, population growth, rapid land use change, 

climate change, extreme weather events, increasing pollution from residential, 

agricultural, and industrial activities, and lack of persistent monitoring and 

data gaps. Although many water-resource development initiatives often focus 

on large river basins, headwater catchments receive limited attention. Yet, 

headwater streams occur at the interface between land and water, are highly 

sensitive to environmental change, and directly influence both downstream 

ecosystems and local water security. Rural communities in headwater 

catchments, particularly those in relatively humid areas, are frequently 

overlooked in water supply infrastructure development compared to urban 

communities and those in arid regions. This marginalization 

disproportionately exposes smallholder farmers to often hidden water security 

challenges.  

The findings of this thesis highlight the need for integrated management 

strategies and interdisciplinary research that simultaneously consider 

ecological, hydrological, and social dimensions of freshwater systems. Such 

approaches are particularly important in rapidly changing tropical landscapes, 

where agricultural intensification, urban expansion, agro-processing 

industries, wetland conversion, and growing irrigation demand are 

transforming catchments and creating new pressures on freshwater resources. 

Prioritizing investment in data-deficient regions and headwater catchments 

can help bridge critical knowledge gaps and support more effective 

conservation and management interventions. 

Sustainable management of headwater catchments requires landscape-

scale approaches that extend beyond the protection of riparian zones and 

stream channels alone. For example, maintaining forest cover across 

catchments can improve stream water quality (Fig 11a). However, due to their 

steep slopes and rapid hydrological responses, headwater catchments often 

generate flashy runoff that can rapidly transport pollutants downstream with 
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limited opportunity for natural retention and purification. Consequently, 

pollution prevention, waste management, and wastewater treatment should be 

prioritized at source areas before pollutants enter aquatic systems. Failure to 

control pollution upstream can have cascading consequences for downstream 

ecosystems and the communities that depend on them for water and other 

ecosystem services. 

At the local scale, the positive effects of wetlands on water quality, 

despite their relatively small coverage, highlight their disproportionate 

ecological importance. Future management efforts should therefore prioritize 

wetland protection and restoration across agricultural landscapes. Similarly, 

the findings point to the need for improved waste handling, treatment, and 

regular environmental monitoring at wet coffee-processing facilities. During 

periods of high rainfall, pollutants from settlements and livestock areas can be 

rapidly transported into streams, increasing the risk of microbial 

contamination. Strengthening environmental extension services and public 

awareness regarding sanitation, waste management, and livestock-manure 

handling could therefore contribute to reducing water-quality deterioration. 

The results also reveal important trade-offs associated with rural 

development strategies. Smallholder farmers benefit from infrastructure 

development and market access, including roads, settlements, and coffee-

processing facilities. However, households located downstream of such 

developments may face increased exposure to water-quality degradation and 

water-related health risks (Fig 11b-c). Addressing these trade-offs requires 

stronger collaboration among the sectors responsible for water management, 

agriculture, health, infrastructure development, and environmental protection. 

Improved coordination and monitoring across administrative levels can help 

reduce unintended negative impacts of development activities on freshwater 

ecosystems and local communities. Small-scale irrigation plays a substantial 

role in increasing agricultural production and improving food security. 

However, irrigation water withdrawals significantly reduce dry season flow 

(Fig 11e). These impacts are likely to become more pronounced with the 

expansion of irrigation and under future climate change, potentially 

intensifying upstream-downstream conflicts and placing additional pressure 

on aquatic ecosystems. Natural forest patches and coffee shade trees are 

integral components of these heterogeneous headwater catchments. However, 

further research is needed to identify the optimal level of tree cover and spatial 

configuration for sustaining dry season streamflow and maintaining 

ecosystems services (Fig 11f).  
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Figure 11 Illustration of likely trade-offs and synergies among land use, human 

activities, water quality, freshwater biodiversity and dry season streamflow. a) better 

water quality in catchments with high forest cover b-c) poorer water quality in streams 

with a greater number of coffee washing stations and high settlement density d) 

pollution from settlement areas and coffee washing stations negatively affects 

sensitive taxa and favours tolerant taxa e) irrigation practices withdraw stream water 

and reduce dry season streamflow f) identifying the optimal level of tree cover for 

sustaining dry season flow requires further investigation.   

The study further demonstrates that participatory hydrology can provide a cost-

effective approach for generating baseline hydrological information in ungauged 

headwater catchments. Such approaches can improve understanding of seasonal flow 

variability and its relationship with land use in data-deficient regions. However, the 

high variability observed in runoff responses also highlights the need for 

improvements both temporal and spatial resolution of water depth and precipitation 

records. Hence, future research may benefit from establishing model catchments that 

combine participatory monitoring with conventional hydrological gauging stations 

including high-resolution water depth and rainfall measurements.  

Finally, my findings show that water security and access to safe drinking water 

remain major challenges for rural communities in southwestern Ethiopia despite 
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relatively abundant rainfall and water resources. Water-related conflicts, unreliable 

access to drinking-water sources, and concerns about water quality were common 

among households. In the short term, regular maintenance and monitoring of protected 

springs should be prioritized in collaboration with local communities. In the long 

term, developing water-source monitoring systems, establishing source-functionality 

databases, and exploring additional groundwater resources could strengthen rural 

water security. Furthermore, planning and implementation of upstream development 

activities, including irrigation schemes and coffee-washing stations, should involve 

local communities and relevant technical experts to minimize upstream-downstream 

conflicts and promote more equitable water-resource management.  

Although participatory hydrology proved to be a cost-effective approach for 

generating baseline flow data in ungauged headwater catchments, important 

uncertainties remain regarding the drivers of runoff variability. Future studies should 

combine participatory monitoring with conventional gauging stations, high-resolution 

rainfall measurements, and longer monitoring periods to improve understanding of 

hydrological processes in tropical mosaic landscapes. Particular attention should be 

given to the effects of landscape configuration, tree cover, irrigation practices, and 

groundwater contributions on dry-season flows.  

Further research is also needed to address existing knowledge gaps and provide 

the evidence necessary to support effective decision-making and the sustainable 

management of tropical headwater catchments, which play a critical role in 

maintaining both downstream aquatic ecosystems and broader water security (Fig 12). 

Future research might benefit from combining disciplinary and interdisciplinary 

approaches. Disciplinary studies are needed to deepen understanding of the 

hydrological, ecological, and social processes operating in headwater catchments. 

Interdisciplinary approaches that integrate these dimensions can also offer a practical 

pathway for addressing complex management challenges in systems where 

conventional monitoring remains limited. Based on the findings of this thesis and 

existing knowledge, several measures can be recommended to maintain water quality, 

reduce the risks associated with flow variability and improve rural water security 

(Table 2). Some challenges, including elevated E. coli concentrations, poor drinking 

water quality, dry season water scarcity and water quality deterioration due to waste 

from coffee washing stations and settlements, are particularly urgent and require 

immediate intervention through community engagement and technical support from 

governmental and nongovernmental organizations. Other challenges, however, will 

require long-term strategies, substantial financial inputs and sustained efforts (Table 

2).   
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Figure 12 A framework for future lines of work on headwater catchments to maintain 

ecosystem services and improve water security. Addressing the interconnected 

challenges of water quality, flow variability and water use in headwater catchments 

requires both interdisciplinary research and cross-sector action, encompassing 

government and non-governmental organization efforts and community engagement 

(see table 2 for details). 
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