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[bookmark: _Toc191016229]ABSTRACT
[bookmark: _Hlk189168776]Hydropower is crucial for meeting Ethiopia’s energy needs, but it can have ecological and socio-economic impacts if not managed properly. This study was conductedin the Tana Beles Hydropower Plant.The study aimed to assess the impact of theTana Beles Hydropower Plant on fish diversity, composition, and the socio-economic conditionof fishers. Data were collected through a combinationof field sampling, key informant interviews, focus group discussions, and questionnaires. Physico-chemical parameters were measured insitu using a portable multi-parameter device, and fishes were collectedusing gillnets of various mesh sizes.Fish species were identified using taxonomic keys, and their lengths and weights were recorded. Significant differences in physico-chemical parameters were observedbetween sampling sites across all parameters.A total of 374 fish specimenswere collected,of these 271 from upstream and 103 from downstream predominantly belonging to the cyprinidae family.Shannon diversity was higher at the upstream sites (H' = 1.66) than at the downstream (H'= 1.41), indicating moderate diversity.The species that dominated the upstream sites were Labeobarbus brevicephalus (46.0%) while, Labeobarbus beso (0.24%), was the least abundant. In contrast, Labeobarbus nedgia (42.85%) dominated the downstream sites, while Oreochromis niloticus (2.75%) was the least abundant.  Length-weight relationships varied among species, Labeobarbus intermedius (upstream) and Labeobarbus nedgia (downstream) exhibiting isometric growth, while others displayed allometric. Fulton’s Condition Factor exhibited significant site-specific variation in Labeobarbus brevicephalus, but not in Labeobarbus intermedius or Labeobarbus nedgia.Females were more numerous than males.Survey responses revealed that all fishers attributed fish mortality primarily to injuries from hydropower turbines, with 63.2% also reporting increased vulnerability to predation linked to turbine infrastructure. The study recommended adopting fish-friendly designs and monitoring fish movements near intakes to ensure sustainable fish populations and ecosystem health.
Keywords: Fishers,Fishes,Interbasin water transfer, Hydropower plant,Tana Beles
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[bookmark: _Toc191016230]CHAPTER 1: INTRODUCTION
[bookmark: _Toc191016231]1.1. Background and Justification of the Study
Freshwater ecosystems are among the most diverse and dynamic environments on earth. They are key to biodiversity maintenance and give multiple ecosystem services to humans (Redi et al., 2019). Despite making up only 0.8% of the earth’s surface area, and 0.01% of all water, this small area is home to about 12% of all known species (Dudgeon et al., 2006)It also supports approximately 40% of the world's fish biodiversity (Cardinale et al., 2012). Despite their significance, human activities such as pollution, land use changes, and hydropower development have been initiated to be major stressors on aquatic biodiversity, posing a rising threat to freshwater ecosystems(Alahuhta et al., 2019). 
Hydropower development contributes 16.3% of global electricity production(IEA, 2018), and is often considered a clean and renewable energy source.However, itcan have significant ecological, environmental, and socio-economic effects.Globally fishbiodiversityand the conservation of crucial fisheries are significantly threatened by hydropower development.Especially, it can alter habitats that are essential for fish migration and reproduction, fragment river systems, and disrupt natural water flow regimes (Winemiller et al., 2016).These disruptions are damaging especially for migratory fish species, such as anadromous, catadromous, and potamodromous fish, whose life cycles are frequently disrupted by hydropower plants. These ecological changes can be worsenedby human-caused elements like deforestation, sedimentation, and illegal fishing, exacerbating the pressures on fish populations(Yuet al., 2019).For instance, the Madeira and Xingu rivers in Brazil have been significantly affected by contentious hydropower projects (Lees et al., 2016). These rivers are home to at least 800 and 450 fish species, respectively, many of which are endemic(Fitzgerald et al.,2018).
[bookmark: _Hlk187865295][bookmark: _Hlk168339660]Ethiopia is one of East Africa’s water towers and is endowed with numerous inland water bodies, including twelve major river basins (Seleshi Bekele et al., 2007).The Blue Nile (Abay) Basin, the country’s largest basin, covers about 200,000 km²nearly 20% of Ethiopia’s land area,and contributes 50% of its total average annual runoff(Abebe Getahun, 2005). The basin provides significant opportunities for irrigation and hydropower generation(Siam and Eltahir, 2017).Lake Tana and Beles sub-basins are the two important sub-basins in the Blue Nile (Abay) basin. Tana and Beles sub-basins account for 15054 and 14200 km2of catchment area, respectively (Aster Denekew and Selesh Bekele, 2009).The headwaters of the Beles River originate from the western edge of Lake Tana. The Gilgel Beles River, a tributary of the Beles River, joins it in the middle courseand has a large watershed of 3474 km2(Girma Ebrahimet al., 2008).These sub-basins have important cultural, economic, and environmental resources that, with proper management, can provide the basis for the country’s faster economic growth(WorldBank, 2017).
Although Ethiopia’s enormous hydropower potential provides significant economic opportunities, it is crucial to balance these benefits with effective mitigation measures to address environmental impacts.Tana-Beles Hydropower Plantis part of the Tana-Beles Integrated Water Resources Development Project (TBIWRDP), which diverts water from Lake Tana to the Beles River to generate hydropower.Utilizing the 311meter height difference between the Beles River and Lake Tana, the facility generates 460 MW of power (Salini, 2006). This inter-basin transferuses about 2985 million cubic meters of water per year to produce 2,310 gigawatt hours of power(SMEC, 2008).However, the plant’s operation has significantly impacted the ecological, hydrological, and geomorphological systems of Lake Tana and the Beles River(Annys et al., 2019)
This study assessed the fisheries issues raised by the Tana-Beles Hydropower Plant, integrating primary data and local fisher's views to inform management options for aquatic ecosystems. By assessing these challenges, the study aims to identify potential opportunities for mitigating the negative effects of hydropower on fisheries and enhancing the sustainability of both aquatic ecosystems and local livelihoods in the Lake Tana and Beles sub-basin regions.
[bookmark: _Toc191016232]1.2. Statement of Problem		
Hydropower development is a key industry in Ethiopia, essential for economic growth, rural development, and food security.Though hydropower plants are essential for generating power and storing water, they pose significant ecological risks, particularly to aquatic ecosystems. Despite environmental impact assessment (EIA) regulations, downstream effects of hydropower infrastructure often remain poorly evaluated (Annys et al., 2019). Hydropower operations disrupt fish populations through altered water flows, habitat fragmentation, and blocked migration routes, driving species loss and taxonomic homogenization(Liu et al., 2022).Such impacts threaten both biodiversity and the livelihoods of communities dependent on fisheries.
Lake Tana sub-basin is considered as a growth corridor by the government of Ethiopia. It is a vital resource for irrigation, transportation, livestock and home to bothendemic and native fish species(Merron Teferi et al., 2021). That is why it is recognized as a UNESCO Biosphere Reserve. However, the Tana Beles Hydropower Plant’s inter-basin water transfers have induced hydrogeomorphic changes(Annys et al., 2019)and exposed fish to entrainment and impingement risks.Despite these threats, no comprehensive study has assessed the project’s long-term impacts on fish populations upstream and downstream, nor evaluated mitigation strategies to balance energy production with ecosystem resilience.This gap restricts the development of evidence-based strategies to address species decline, habitat fragmentation, and hydrological changes.
Addressing this limitation is critical to designing policies and adaptive management strategies that ensure sustainable fisheries in the Tana Beles region. To date, no research has quantified the ecological consequences of inter-basin water transfers on fish biodiversity in this system.The absence of baseline data on species distribution, population dynamics, and habitat connectivity emphasizes the importance of this work. Therefore,this study explores the effects and opportunities of maintaining ecohydrological balance and conserving fish population at the Tana Beles Hydropower Plant.

[bookmark: _Toc191016233]1.3. Objectives of the Study
[bookmark: _Toc191016234]1.3.1. General objective
The general objective of this study was to assess the effects and opportunities presented by the Tana Beles Hydropower Plant for enhancing fisheries and promoting the sustainable use of aquatic resources.
[bookmark: _Toc191016235]1.3.2. Specific objectives
· To analyze the physicochemical parameters at the upstream and downstream sites of the Tana Beles Hydropower Plant.
· To evaluate the relative abundance and diversity of fish species in the Tana Beles Hydropower plant.
· To determine some biological aspects (length-weight relationship, fecundity, sex ratio, and Fulton’s condition factor) of the dominant fish species.
· To assess the socio-economic effects of theTana Beles Hydropower Plant on the fishing community.
[bookmark: _Toc191016236]1.4. Research Questions
1. Are there variations in the physicochemicalparameters between sampling sites in the Tana Beles Hydropower Plant?
2. Is there a difference in the abundance and diversity of fish species between the upstream and downstream regions of the Tana Beles Hydropower Plant?
3. What are the biological characteristics of the dominant fish species, and how do these characteristics vary between sites?
4. What are the socio-economicimpacts of the Tana Beles Hydropower Plantfishing community? 
[bookmark: _Toc191016237]1.5. Significance of the Study
This study provides insights into the direct and indirect impacts of the Tana-Beles Hydropower Plant on fish populations, emphasizing the effects on fish diversity and abundance. It evaluates the environmental impacts on both upstream and downstream sites, contributing to a clearer understanding of the hydropower plant’s ecological effects. The research also explores the challenges and opportunities thatthe plantprovides for local fisheries and surrounding communities. By suggesting mitigation measures, the study provides practical recommendations for the sustainable management of water and fish resources, which can inform policymakers and guide future hydropower projects in Ethiopia.The findings of this research can be used by guide water resource development authorities, fishery managers, the FAO, the Ministry of Fisheries and Livestock, as well asacademic and research institutions. 














[bookmark: _Toc191016238]	CHAPTER2: LITERATURE REVIEW	
[bookmark: _Toc191016239]2.1. Hydropower Development in Ethiopia	
[bookmark: _Hlk187867854]Hydropower is a renewable energy source generated by converting the kinetic energy of flowing water into electricity using turbines and generators (Branche, 2017). Ethiopia is expanding its hydropower production to meet the residential, commercial, and agricultural energy needs.The country has abundant hydroelectric resources, with an estimated 45,000 MW potential, making it the second-largest in Africa(Khan and Singh, 2017).Currently, hydropower accounts for nearly 90% of Ethiopia's electricity supply. The remaining percentages of geothermal, diesel, and wind energy were 0.2, 2.1, and 7.7%, respectively (Habtamu Diriba, and Li, 2021). Ethiopia operates various hydropower plants across its five major river basins, including those on the Awash, Omo, Wabi-Shebelle, Gilgel Gibe II and III, Tekeze, Tana Beles, and Fincha Amerti Neshesystem(Ashebir Dingeto, 2022). These have contributed to the country’s energy infrastructure over the years. Unlike other forms, hydropower does not consume or pollute the water it uses, hence, it leaves the water available for other uses like drinking, agriculture, and recreation (Yuksel, 2010). 
However, the expansion of hydropower has brought notable environmental and socio-economic consequences. Tana Beles Hydropower Plant has altered water flow and disrupted the local ecosystem affecting both the environment and nearby communities. The increased discharge of the Beles River has created dangerous conditions, contributing to severe erosion of riverbanks, the loss of farmland, and the displacement of local populations (Annys et al., 2019).Moreover, alterations in outflow patterns have caused a decline in the water level of Lake Tana, which has affected its ecological health (Assegid Yirgalem and Assefa Melesse, 2021). Specifically, the hydropower plant has caused a 0.33-meter decrease in Lake Tana’s average water level, reducing its surface area by 23 km² (Tadesse Alemayehu et al., 2009). The increased discharge has also led to riverbed eroding, reducing fish populations and disrupting the local aquatic ecosystem. More than 4,300 households have been affected by land loss and increased resource competition, driving many into poverty (Annys et al., 2019).
[bookmark: _Toc191016240]2.2. Fish Resources of the Tana and Beles Sub-Basin	
Ethiopia has rich ichthyofauna diversity in its lakes, rivers, and reservoirs, though these are poorly known (Abebe Getahun, 2002). The topography ranges from low to very high in altitude, contributing much to ecological and climatic variation which supports rich biodiversity. The Blue Nile (Abay) basin along with other river basins, supports a wide variety of fish species, playing a key role in the biodiversity of Ethiopia’s freshwater ecosystems. More than 200 speciesare found within the freshwater systems of Ethiopia, most of which are of Nilo-Sudanic origin and hence contribute considerably to the nation’s freshwater(Abebe Getahun, 2007).The Blue Nile basin is the largest and second basin in terms of the diversity of fish species in Ethiopia (Abebe Getahun, 2002).It is also the first basin as far as endemic species are concerned, partly because of the existence of the endemic Labeobarbus species (de Graaf et al., 2000; de Graaf, 2003)  and the Garraflock species of Lake Tana (Abebe Getahun, 2000). The Blue Nile River and its tributaries host a rich diversity of fish species, representing a mixture of Nilo-Sudanic, East African, and endemic fish forms of the Ethiopian highland(Abebe Getahun, 2007). 
Several studies have been conducted on the Blue Nile River and its tributaries by different researchers and these studies identify the most dominant fish families such as Mormyridae, Characidae, Cyprinidae, Bagridae, Schilbeidae, Mochokidae, and Cichlidae (Moges Beletew, 2007; Zeleke Berie, 2007; Mohammed Omer, 2010; Minwyelet Mingist, and Shewit Gebremedhin, 2014; Tadlo Awoke et al., 2015). These families are key components of the river’s ecological structure, reflecting a diverse and abundant aquatic life. Additionally, some of the left-bank tributaries of the Blue Nile River, such as Didessa, Dabus, Beles, Gilgel Beles, Beshilo, Dura, and Ardi, drain the southwestern parts of the western highlands of Ethiopia. According to Zeleke Berie (2007), a total of 23 fish species were recorded from the Beles and Gilgel Beles Rivers within the Blue Nile basin. The Beles River flows to the lower course of Abay where the diversity, abundance, and economic potentials of fish fauna have not been given appropriate attention due to the inaccessible mountains and rugged geographical features(Abebe Getahunet al., 2021).
[bookmark: _Hlk150910597]Lake Tana is the most famous freshwater body in Ethiopia as it is the largest lake and the source of the Blue Nile River. Of Lake Tana’s 27 fish species, 21 have been identified as endemic to Ethiopia(Abebe Getahun and Eshete Dejen, 2012). Of these, the 18 Labeobarbus species of Lake Tana represent the only remaining cyprinid species in the world (Nagelkerke and Sibbing, 2000; de Graaf et al., 2004; Wassie, Anteneh et al., 2012). Lake Tana Labeobarbus species contribute to regional food and economic security, providing more than 30% of lake-wide fishery harvest(Abebe Getahun et al., 2021). Of the 18 species, L.macrophthalmus is listed as Endangered, while the other fourspecies L. acutirostris, L. gorguari, L. ossensis,and L. platydorsus are listed as vulnerable, and the remaining species are classified as data deficient or abundant(Snoeks et al., 2010; Abebe Getahun et al., 2021). 
[bookmark: _Toc191016241][bookmark: _Hlk150498343]2.3. Opportunities of Hydropower Plants for Fisheries	
The increasingenergy demand is one of society’s most significant problems.In response to this global issue,  hydropower is promoted as a comparatively clean, reliable, and renewable power source to meet this demand (Tahseen and Karney, 2017).It is also seen as a viable option to decarbonize the global economy by reducing greenhouse gas emissions (Potvin et al., 2017). The low greenhouse gas emissions from ROR HEP schemes relative to other sources of electricity such as coal, natural gas, solar PV, nuclear, and wind, make ROR HEP an attractive option. Beyond energy generation, hydropower projects also offer additional benefits. They can provide energy to regions and communities that lack access to electricity(Sawin et al., 2015). Furthermore, during their construction, they may improve local infrastructure, such as roads, and create jobs, contributing to economic development. Additionally, they have the potential to reduce seasonal flooding by regulating river flows, further enhancing their value as a sustainable solution for both energy and flood management(Koch, 2002). 
One of the key advantages of ROR hydropower is that it does not require large reservoirs, unlike traditional hydropower systems, which store substantial amounts of water. Instead, ROR plants rely on the natural flow of rivers, which can offer unique benefits for fisheries, especially in comparison to larger dam projects. These systems generally have a lower environmental impact because they use existing weirs or minimal obstructions instead of creating large-scale dams that can disrupt ecosystems. This minimal alteration of natural water systems reduces habitat loss, sediment disruption, and changes to water flow, all of which can be significant ecological concerns in conventional damming practices (Bilotta et al., 2016).
 In terms of fisheries, ROR plants offer several specific opportunities. First, the natural river flow facilitated by these systems can enhance fish reproduction by maintaining access to critical spawning areas that might otherwise be blocked by large dams.Runoff river plants help to promote the spontaneous reproduction of fish and contribute to the recovery of aquatic populations in rivers that are otherwise affected by damming (Kuriqi et al., 2021). Additionally, the use of modern fish-friendly turbines in some ROR systems allows fish to pass through the turbines with minimal harm. This innovation significantly reduces the impact of water diversion on fish populations, helping to preserve biodiversity and maintain healthy aquatic ecosystems (Bilotta et al., 2016). 
[bookmark: _Toc191016242][bookmark: _Hlk150497929]2.4. Challenges of Hydropower Developments on Fisheries
Human activities, such as farming, deforestation, pollution, fishing, the introduction of exotic aquatic organisms, and dam construction, have all significantly impacted riverine fish populations. Fish abundance has decreased as a result of these activities, which vary in intensity(de Santis et al.,2023).  Among these factors,hydropowerdevelopment is one of the main factors jeopardizing riverine fish species.The impact of hydroelectric plants on river ecosystems has been well-documented for a decade (Anderson et al., 2015). Fish, especially those that migrate and live in rivers, are more vulnerable to the impacts of hydropower (Benejam et al., 2016).
The effects of hydropower on the ecology don't just happen only during operation times but also happen during the entire life cycle, including building and retrofitting (Moran et al., 2018). However, the consequences of hydropower development can be highly site-specific, with the severity of these effects varying depending on several factors, such as the location of the hydropower plant, the type of plant, and the individual species and habitats affected.From the construction phase to ongoing operations, hydropower projects influence fish populations in numerous ways.


[bookmark: _Toc121692168][bookmark: _Toc191016243]2.4.1.Mechanical damage
Fish injury and mortality resulting from entrainment and impingement during passage through hydropower infrastructure can significantly harm fish populations (Algera et al., 2020). The mortality caused by turbines is a well-documented concern, especially for species such as juvenile salmon, silver eels, and lamprey transformers, which are vulnerable during their migratory stages(Cadaet al., 2006).Research has shown that turbines, particularly those used in hydropower plants, can harm fish through shear stress, pressure changes, or physical contact with turbine blades(Coutant and Whitney, 2000).The severity of these effects depends on various factors, including turbine design, water flow conditions, and biological characteristics such as fish size, species, and behavior.
Kaplan turbines generally cause lower mortality compared to Francis turbines, with rates ranging from under 5% to approximately 20% in Kaplan turbines, compared to under 5% to over 90% in Francis turbines (Larinier et al., 1994). The primary difference between the two types of turbines lies in their head requirements. Francis turbines are typically used in higher-head installations, contributing to greater mortality. However, when Kaplan and Francis turbines are used in systems with similar head and discharge, mortality rates tend to be comparable. A clear example is the Mauzac power plant on the Dordogne River, which uses large, low-head Francis turbines and has recorded a fish mortality rate of around 5%  (Larinier and Dartiguelongue, 1989). 
[bookmark: _Toc121692169][bookmark: _Toc191016244]2.4.2. Impaired fish movement
The central, most prominent element of every hydropower scheme is undoubtedly a dam or a weir. Although these types of barriers are not exclusive to hydropower plants, they always have the same principal effects on fish (Van Treeck et al., 2022).These barriers prevent fish from accessing vital habitats necessary for feeding, spawning, and refuge, thereby disrupting the natural migration patterns that are essential for completing their life cycles (Knott et al., 2023).Diadromous species, such as European eels, Atlantic salmon, sea trout, and European sturgeon, are particularly vulnerable, as their life cycles depend on migrations between freshwater and saltwater environments(Schwevers and Adam, 2020). The obstruction caused by these structures can delay or completely block access to spawning and feeding grounds, leading to severe consequences for these species. Similarly, potamodromous species like European nase (Chondrostoma nasus) and chub (Leuciscus cephalus), which migrate within freshwater systems for foraging, spawning, and overwintering, are also impacted by the presence of hydropower plants, further compounding the problem(Benitez et al., 2015).
Delayed or blocked migrations can have cascading effects on fish populations. For instance, species like silver eels may accumulate upstream, while younger life stages, such as elvers, become trapped downstream, resulting in increased predation pressure as the fish are confined to smaller areas. This concentration of fish also heightens their vulnerability to disease, further reducing their chances of survival (Scruton et al., 2008). Additionally, the energy spent by fish trying to overcome barriers can deplete their energy reserves, preventing them from reaching critical spawning grounds, and thereby reducing reproductive success (Harris et al., 2017).Over time, these compounded effects lead to a significant decline in fish populations, threatening the long-term survival of migratory species and disrupting the ecosystems that depend on these vital migrations (Kibel and Coe, 2011)
[bookmark: _Toc191016245]2.4.3. Increased exposure to predation
The presence of hydropower plants disrupts migration routes for both diadromous and potamodromous fish species. These disruptions increase their vulnerability to predators by limiting their movement and exposing them to risks in altered habitats (Van Treeck et al., 2022).The presence of hydropower plants, especially during migration periods, increases the likelihood of fish encountering predators, such as piscivorous birds and fish, that are attracted to the vicinity of the plant (Larinier and Travade, 1999).The installation of dams can create favorable conditions for the proliferation of piscivorous species by providing impoundments where they can thrive. Additionally, these structures often result in the accumulation of migrating fish above the dam, which are more easily exploited by predators(Pereira et al., 2016).After crossing through a plant fish may be damaged, stunned, stressed, disoriented, or become trapped in turbulence or recirculating eddies at the base of the dam. These conditions increase their susceptibility to predation, as stressed and weakened individuals are easier targets for predators.
 Although limited data is available onthis impact, it is likely that predation significantly contributes to overall fish mortality rates (Larinier and Travade, 1999).In certain rivers and hydroelectric schemes, predation can account for a substantial proportion of fish population loss. For example, on the Columbia River, exposure to predators during turbine passage was identified as the primary cause of salmon mortality. Experimental studies conducted on Kaplan turbines showed a mean loss of 7%, with indirect mortality from predation potentially reaching 30% for juvenile Coho salmon when these effects were considered  (Collins et al., 1973).This data underscores the severity of predation risks that migrating fish face in the altered environments created by hydropower plants.
[bookmark: _Toc191016246]2.4.4. Habitat loss and fragmentation
[bookmark: _Hlk156444569]The greatest threat to global biological diversity is the direct destruction of habitats, along with their alteration and fragmentation into smaller patches.Hydropower development, intended to meet increasing global energy needs with minimal environmental impact, has become a major contributor to habitat loss, fragmentation, and degradation worldwide (Latrubesse et al., 2017).The rapid growth of hydropower projects in tropical regions has led to significant habitat loss and degradation, leading to a decline in biodiversity (Palmeirim and Gibson, 2021).Fragmented habitats, where species populations are isolated in smaller patches, hinder ecological connectivity and reduce the ability of species to access vital habitats. This lack of connectivity, particularly for migratory species, increases the vulnerability of many species to extinction(Zhang et al., 2022).
[bookmark: _Toc121692173]In the case of ROR hydropower plants, the alterations to natural river systems are often less overt but still significant. The construction of weirs, dams, and other infrastructure typically involves physical modifications to river structures, such as canalization (straightening and deepening river sections) and bank reinforcement(Anderson et al., 2015).These changes reduce the natural complexity of the riverbed, simplifying habitats that were once diverse and heterogeneous. For example, the loss of riparian zones, riffle-pool structures, and floodplainswhich are essential for maintaining biodiversitycan lead to a marked decrease in species richness. Numerous species may experience severe competition for the little resources left in their environments as they grow more homogenized, and some may even go extinct (Poff et al., 2007). As a result, vital biological processes like sediment transport, water filtering, and aquatic organism habitat availability are lost. Sometimes, species may not be able to complete their life cycles due to the loss of these habitats, which could result in population decreases and local extinctions(Hoffman and Dunham, 2007).
The Madeira River in the Brazilian Amazon, where the Jirau and Santo Antonio plants have significantly fragmented aquatic habitats. Despite being designed as run-of-river projects, these structures have changed the river’s natural flow and prevented species that rely on unhindered access to reproductive areas, from migrating. Fish populations have decreased, the plants have altered the river's flow, and vital ecosystem functions have been disrupted(Melo etal., 2021). This study shows the substantial effects that even run-of-river hydropower facilities may have on biodiversity, especially in areas where species rely heavily on intact, interconnected habitats to survive.
[bookmark: _Toc191016247]2.5. Mitigation Measurements
[bookmark: _Toc121692175][bookmark: _Hlk121470523]Integrated assessment and implementing mitigation measures are crucial steps to minimize negative effects on ecosystems and biodiversity. Mitigation efforts focus on enhancing fish passages, reducing turbine entrainment, and minimizing injury rates(Schilt, 2007). Integrating environmental studies into project planning can lead to the development of effective mitigation strategies, potentially resulting in improved fish production and quality (Haarklau and Pettersen, 2020). Effective measures include implementing setting minimum flow requirements, improving fish passage facilities, and friendly turbines (Brown et al., 2023).
[bookmark: _Toc191016248]2.5.1. Flow regulations
Flow regulation is a key mitigation measure for reducing the impacts of hydropower plants on river ecosystems, particularly on fish populations. Hydropower developments have the potential to significantly change natural flow regimes, which can result in habitat degradation, disturbed migration patterns, and detrimental impacts on aquatic biodiversity(Renofalt, 2010).To balance energy production with ecological preservation, effective flow regulation is essential. A fundamental approach to achieving this balance is the release of minimum flows below hydropower plants, ensuring a baseline water flow even during power generation. This helps maintain the river's hydrological continuity, supporting natural habitats and the ecological processes crucial for fish migration, feeding, and spawning. Additionally, limiting flow releases protects rivers' recreational and aesthetic value, promoting industries like boating, fishing, and tourism (Erlandsson, 2008). 
[bookmark: _Toc121692177]Managing the adverse effects of hydropeaking, in which hydropower facilities discharge huge amounts of water at irregular intervals, resulting in abrupt variations in downstream flow, is another crucial component of flow regulation(Mchayk et al., 2024). Aquatic life may be harmed by these variations, particularly young fish and macroinvertebrates. Retention basins can help buffer these flow variations, stabilizing downstream conditions. Research has indicated that, as the Vermilion River shows, retention basins may effectively mitigate the effects of hydropeaking by reducing flow variations and safeguarding aquatic ecosystems(Tonolla et al., 2017). Optimizing water release strategies to meet the habitat requirements of different life-history stages can maintain fish populations and habitats. In general, careful design and implementation significantly of flow regulation measures can reduce the ecological impacts of hydropeaking on the river ecosystem.
[bookmark: _Toc191016249]2.5.2. Constructing fishways
A fishway are engineered structure constructed on or around a natural or artificial obstruction toprovide a passageway for fish and other aquatic species. These systems are critical for mitigating hydropower’s ecological impacts, preventing population fragmentation, and sustaining biodiversity(Kemp 2015).Their effectiveness hinges on tailored designs that account for species-specific behaviors, hydrology, and habitat needs.  For instance, vertical-slot fish ladders, which mimic natural riffle-pool sequences, have proven highly effective for salmonids, while surface bypasses are better suited for downstream migration of juvenile fish(Wilkes et al., 2018).A study has shown that the fish ladder in Scotland, operational since 1951, which enables Atlantic salmon to navigate the Pitlochry Dam on the River Tummel. Designed with a series of ascending pools, the ladder maintains natural flow patterns and has achieved a 95% passage efficiency for salmon, demonstrating how species-specific design and habitat mimicry can yield success(Laborde et al., 2020).

However, fishway performance varies by direction of upstream fish passage including fish locks, Fish lifts, and bypass fish passes, while downstream systems primarily utilize surface bypasses. The design and operation of these facilities are crucial for facilitating fish migration and ensuring their protection during downstream movements(Clay, 2017).While these structures are crucial for fish migration, challenges remain in optimizing their design and effectiveness. Continuous monitoring and adaptation are necessary to address issues such as sedimentation and flow blockage, ensuring that these systems meet the ecological needs of aquatic life.Despite these measures, studies show that a significant proportion of fish (35-88%) still pass through turbines, risking injury or mortality(Knott et al., 2023). The effectiveness of fishways depends on factors like discharge rates, location, detectability, and fish community composition, suggesting that improving bypass efficiency requires an understanding of local fish behaviors.
[bookmark: _Toc191016250]2.5.3. Fish friendly turbines
Fish-friendly turbine technology is an innovative development designed to ensure fish can safely navigate through turbines. This technology minimizes the risk of injury or death by providing a safer passage for fish (Edenhofer et al., 2011).The research, which is done on fish-friendly turbines, mostly aims at reducing four different causes of harm. These causes are strike, shear forces, pressure, and cavitations (Therrien and Bourgeois, 2000). Conventional hydropower turbines only focus on electrical power generation, the new fish-friendly technology aims to bring benefits for both power generation and the protection of fish species.
Much of the ongoing research in the hydropower sector is concerned with the attainment of the ideal turbine. The United States Department of Energy initiated the Advanced Hydropower Turbine System (AHTS) Program to develop just as wanted a low-impact, fish-friendly turbine. A new turbine, the Alden turbine, which is designed by the Alden Research Laboratory among others, has today been developed under this AHTS program and is based on the shape of a pump impeller (Singal et al., 2023). This one will minimize the leading edge of the blade and maximize the size of flow passages (Ghosh and Prelas, 2009). The Alden Laboratory predicts that this fish-friendly turbine will have a maximum efficiency of 90.5% with a survival rate for fish of between 94 and 100% (Edenhofer et al., 2011). Another principle that can be used to be friendlier to the fish is the Archimedes screw. Archimedes screw turbine is considered a fish-friendly option for small-scale hydropower generation, offering a balance between renewable energy production and ecosystem preservation(Purece and Corlan, 2021). Studies have shown relatively low damage rates (1.5%) for downstream moving lampreys passing through turbines (Bracken and Lucas, 2013). The efficiency of Archimedes screw turbines is influenced by various parameters, including external factors that affect internal performance (Suraya et al.,2015).














[bookmark: _Toc191016251]CHAPTER 3: MATERIALS AND METHODS
[bookmark: _Toc191016252]3.1. Description of the Study Area
[bookmark: _Hlk189174591]The study was conducted in the Tana-Beles Hydropower Plant, located in the North Achefer District of the Amhara Region in Ethiopia. Tana Beles Hydropower Plant, sometimes referred to as Beles II or Tana Beles, is a run-of-the-riverhydroelectric power plant in Ethiopia near Lake Tana (Goor et al., 2010).The plant was designed to help meet national electricity demand and is one of the key projects within the Ethiopian power system, contributing to the country’s goal of becoming a regional energy center. The plant is situated along the Beles River, which flows into the Blue Nile River, southwest of Lake Tana.Tana-Beles sub-basin is located between 35 to 38.2° E and 10.3 to 12.8° N, covering a total area of about 29,200 km2 and elevation ranging from 515 to 4000 m a.s.l.(Tewodros Assefa et al., 2023).
The power plant receives water from Lake Tana through the Tana-Beles inter-basin transfer. After generating electricity, the water is discharged into the Beles River via a 7-kilometer-long tailrace tunnel that connects to the Jehana River, a tributary of the Beles River(Salini, 2006). Eventually, the Beles River drains into the Abay River, which flows out of Ethiopia(Bewuketu Abebe, 2016). It has an installed capacity of 460 MW, making it the second -largest power plant in the country.The project was initiated by the Ethiopian government to harness the hydropower potential of Lake Tana and the Beles River, located in the Blue Nile basin. It has been constructed in a single phase. The underground power station, located at a depth of about 311 m which houses four Francis turbines and other generating units and control systems, is built in the upper Beles sub-basin(McCartney et al., 2010).The project construction commenced in 2005 and subsequently entered commercial operation in 2010. The area has an unimodal rainfall pattern, with rain from May to October, and receives on average 1000 to 1600 mm yr-1(Annys et al., 2019).  The average minimum annual temperature in the Tana-Beles sub-basin ranges from 9 to 18°C, while the maximum annual temperature ranges from 18 to 28°C(DemelashAdeme et al., 2022).


[bookmark: _Toc191016253]3.2. Sampling Sites	
The sampling sites were chosen following a preliminary survey at the Tana Beles Hydropower Plant. Two main sampling sites (upstreamanddownstream) each comprising three sub-sites were purposely selected. These selections were based on several criteria, including proximity to the hydropower plant, habitat type, altitude, water depth, fish availability, substrate type, suitability for gillnet placement, and safety considerations(Table 1 and Figure 1). The upstream sub-sites werelocated at the water inlet of the plant on the western sideof LakeTana and characterized by the presence of infrastructure such as intake towers, diversion channel gates, and screens, with water entering the hydropower plant primarily from Lake Tana. The inlet area is under government protection, and it is covered by grass and scattered trees,while the southern sides have denser vegetation. Fishingisthe dominant practiceon the site. On the other hand,the downstream sub-sites, located on the outlet featured water exiting the hydropower plant after passing through turbines, which created fast-flowing, turbulent water with rocky bottoms in the artificial waterway. It is surrounded by agricultural activity (local people cultivated different crops in the nearby area)on the southern side and forest in the northern part. Geographical Positioning System (GPS) coordinates were utilized to pinpoint the exact locations of the sampling sites.
[bookmark: _Toc191017389]Table 1:  Selected sampling sites with their GPS coordinates in the study area
	Sites
	Coordination

	
	Latitude
	Longitude
	Altitudes

	Upstream 1
	37.0283268
	13.14775
	1787±3.8

	Upstream 2
	37.0283241
	13.14683
	1790±4

	Upstream 3
	37.0283630
	13.14602
	1787.3.7

	Downstream 1
	37.0268659
	13.08409
	1453±7.7

	Downstream 2
	37.0268254
	13.06419
	1453±4.1

	Downstream 3
	 37.0269392
	13.06402
	1454±6


[image: C:\Users\hp\Desktop\pdf\-5834737209788449556_121.jpg]
[bookmark: _Toc191018354]Figure 1:  Map of the study area and sampling sites
[bookmark: _Toc191016254]3.3. Methods of Data Collection and Sampling Techniques
[bookmark: _Toc191016255]3.3.1. Physicochemical parameters
Physicochemical parameter samples were collected onthe study sitesduring July and August 2023. The parameters were measured in the morning before, fish collection to minimize the influence of diurnal variations and water disturbance. Measurements were taken at 10-meter intervals at each sampling point with three replications,to capture spatial variability and ensure robust data.The parameters included water temperature, pH, dissolved oxygen (DO), conductivity, total dissolved solids (TDS), and salinity were recorded on-site using a portable multi-parameter (900p model). Water transparency (Secchi depth) was determined using a 20 cm diameter Secchi disk.
[bookmark: _Toc191016256]3.3.2. Fish sampling and identification methods
Data were collected during July and August 2023 to study the fish populations of the upstream and downstream areas. A combination of monofilament and multifilament gillnets was employed for fish sampling. The gillnets had stretched mesh sizes ranging from 4, 6, 8, 10, 12, and 14 cm, with a panel length of 25 meters and a width of 1.5 meters per mesh size. Monofilament gillnets were primarily used to capture smaller-sized fish, while multifilament gillnets were deployed for larger fish. In addition, longlines with hooks of various sizes (9, 10, 11, and 12) were used in shoreline and structurally complex habitats unsuitable for gillnets.
The gillnets were set in thelakeat 5:30 PM, left overnight for approximately13 hours, and retrieved the following morning at 7:00 AM. The gillnets, along with hooks and lines, were set by swimmers across the water at 2:00 AM, left in the canal for about 7 hours, and retrieved at 9:00 PM. However, monofilament gillnets were set for an hour during the daytime. Motorized fishing vessels were used to collect fish samples from the upstream sites. After collection, photographs were taken from multiple angles to ensure accurate identification. The fish specimens were identified at the species level at the field using identification keys developed by(Nagelkerke and Sibbing, 2000; Abebe Getahun, 2017). 
The total length (TL),fork length (FL), and standard length (SL)of each specimen were measured to the nearest 0.1 cm using a measuring board.The body weight of each specimen wasmeasured to the nearest 0.1 g using a digital balance.After measurements, each specimen was carefully dissected to determine the sexand maturity of the fish. The gonad weight of each species was measured using a sensitive balance for fecundity studies. Samples of eggs were taken from some ripe female fish and preserved in a 5% formalin solution for fecundity estimation(Bagenal and Tesch, 1978).Subsequently, the fish specimens were placed in plastic jars containing 10% formalin, appropriately labeled with all relevant information.The specimens were transported to the Fisheries Laboratory at the Department of Fisheries, and Aquatic Sciences, Bahir Dar University, for further identification. In the laboratory,the specimens were soaked in tap water for one week to remove the formalin and then transferred to 75% ethanol for preservation (Genanaw Tesfaye and  Abebe Getahun, 2006).  Final taxonomic validation was carried out by comparing the specimens to published keys and reference collections at Bahir Dar Fisheries and other Aquatic Life Research Center
3.4. Species Diversity and Relative Abundance
The index of relative importance (IRI) and Shannon diversity index (H') were used to assess fish relative abundance and species diversity, respectively. The IRI is a measure of the relative abundance or commonness of the species based on the number and weight of individuals in catches, as well as their frequency of occurrence (Kolding, 1989). It provides better replacement of the ecologically important species rather than the weight, number, or frequency alone (Sanyanga, 1996). The Percent of Index of relative importance (% IRI) was calculated as:
%IRI = 0
Where:%IRI representsthe index of relative importance in percentages, %Wi and %Ni are the percentages of weight and number, respectively, of each species i in the total catch, %Fi is the percentage frequency of occurrence of each species in the total number of sampling settings,j represents the species number (ranging from 1 to S), S is the total number of species.
The Shannon index of diversity (H') is a measure of the number of species weighted by their relative abundances (Begon et al., 1990).This index explains both the variety and the relative abundance of species (Naeje et al., 2004). 
H′was calculated as:H' = – Σ pi lnpi
Where,H' is the Shannon’s diversity index, pi is the proportion of individuals found in the ith species, ln is the natural logarithm. Shannon’s diversity index (H') was used to assess the diversity of species across different sampling sites.
[bookmark: _Toc191016257]3.5. Length-Weight Relationship
[bookmark: _Hlk188431751]The relationship between fork length (FL) and total weight (TW) of the dominant fish species in the study area was determined using a power function(Bagenal and Tesch, 1978). 
TW = aFLb
Where; TW is Total weight (g), FL is Fork length (cm), and a and b are intercept and slope of the regression line, respectively. 
[bookmark: _Hlk187334219]The line fitted to the data was described by the regression equation for each species.  The significance of the association between the length and the weight parameters was tested using the t-test. The degree of association between length and weight was expressed by the correlation coefficient “r” which could take values ranging between – 1 and +1.According to Pauly (1983), when "r" is negative, it indicates that as one variable increases, the other tends to decrease, suggesting a negative correlation (which corresponds to a negative value of 'b' in regression analysis). When “r” is positive it means that one variable increases with the other and there is a positive correlation (which corresponds to a positive value of b in regression analysis).
[bookmark: _Toc129206721][bookmark: _Toc191016258]3.6. Fulton’s Condition Factor
The condition or plumpness of the dominant fish species in the Tana Beles was evaluated using Fulton’s condition factor (Bagenal and Tesch, 1978). The Fulton condition factor (FCF) was determined using the formula:
FCF= *100           
Where; TW is the total weight in grams, and FL is the fork length in cm.
[bookmark: _Toc191016259]3.7. Sex Ratio
The sex ratio (Female: Male) was calculated for the total sample. The sex ratio, which is the proportion of females to males, was calculatedusing the formula developed by (de Moraes Vazzoler, 1997).
Sex ratio =
[bookmark: _Toc191016260]3.8. Fecundity
Fecundity is a measure of the reproductive potential in fish. Absolute fecundity was estimated using the gravimetric method (Bithy et al., 2013). Three sub-samples of 1 g eggs were taken from different parts of the ovary and counted and the average was calculated. The average egg count from these sub-samples was, then,calculated. The total number of eggs per ovary was estimated by multiplying the average egg count and total ovary/egg weight.The correlation of fecundity with fork length, total weight, and ovary
weight was done to determine the relationship of fecundity with morphometric measurements calculated using the formula developed by (Le Cren, 1951). 
AF = axb 
Where; AF = absolute fecundity, X = represents the fork length or totalweight of the body or gonad weight of the body, a = the scale constant represents the intercept, and b = the allometric coefficient.
[bookmark: _Toc191016261]3.9. Socio-Economic Data
The Kebeles were purposively chosen based on the accessibility of landing sites, and therefore, Kunzila, Wenberiya, and Charman were selected. To select the fishers or interviewees, a simple random sampling technique was employed. The sample size from the fishers was determined by using the followingformula(Yamane, 1973;Singh and Masuku, 2014).
n=
Where; n is the required sample size, N is the number of total fishers, and e is the desired level of precision. 
Based on the total population size, an estimated sample size of 106 fishers was calculated from three Kebeles around the hydropower plant, with a 95% confidence level and a 5% margin of error. The fishers were randomly selected to ensure representation. The overall sample size for the study was 115 including 9 key informants.
[bookmark: _Toc185942782]The socio-economic data for the study were collected from December 2023 to June 2024 using the semi-structured questionnaires(Appendix1).Before administering the questionnaires, the purpose of the survey was explained to the participants. The questionnaires were initially prepared in English and then, translated into Amharic for face-to-face interviews. The content covered the sociodemographic characteristics of the respondents, the impacts of hydropower on fish, opportunities related to fish, future expectations, and potential mitigation measures.Interviews began with introductory questions to build rapport and trust, followed by more in-depth questions about the hydropower project. Interviews lasted between 30 minutes and 1 hour and were conducted at participants’ residences for their comfort.
After collectingthe data through questionnaire interviews, it was necessary tocheck the information for justification of the collected data.Crosscheck interviews were conducted with key informants and focus group discussions (FGDs). TheFGDs were held in two locations: one in the upstream area and one in the downstream area.Participants, including local elders, fishers, and administrative officials, were purposively selected to ensure diverse perspectives. Additionally, key informant interviews were conducted with fishery experts and Kebele livestock and fishery development agents, elders, and hydropower security staff. These interviews focused on discussing the challenges, opportunities, and management systems related to the Tana-Beles hydropower project. The FGDs primarily aimed to assess the impact of the plant’s construction on local fish resources.
[bookmark: _Toc191016262]3.10. Data Analysis
The collected data were organized and managed using Microsoft Excel and Word 2013. SPSS 27 version software was used to compute correlation and regression analyses.  Abiotic parameters and quantitative data derived from questionnaires were analyzed by descriptive statistics. The significance of differences in species diversity and relative abundance between sampling sites was tested using a t-test. The Chi-square test was used to test if the sex ratio varied from 1:1 in the total sample.
[bookmark: _Toc191016263]CHAPTER 4: RESULTS AND DISCUSSIONS
[bookmark: _Toc191016264]4.1. Physicochemical Parameters
The physicochemical parametersthis study, including temperature, DO, pH, TDS, conductivity, Secchi depth, and water depth of the present results arepresentedin Table 2. An independent sample t-test comparison of the upstream and downstream sites showed a significant difference (p<0.05) for all parameters.
[bookmark: _Toc191016265]4.1.1. Temperature
[bookmark: _Hlk187411302][bookmark: _Hlk182990443]The average water temperature at the upstream site was 23.10±0.17°C, while at the downstream site, it was 25.02±0.14°C(Table 2).The higher water temperature was recorded at the downstream might be due to the rapid movement of water, caused by high-pressure water flow through turbines or release mechanisms, which can lead to increased turbulent mixing (King, 2012).This turbulent mixing often results in frictionand energy conversion that generates heat (Evrim et al., 2021). Additionally, the increased flow velocity and turbulence of the water can limit its ability to release heat, causing the temperature to rise further.As a result, the downstream water can become warmer compared to the upstream area.
[bookmark: _Hlk188284971]The significant differences observed in this study at upstream (23±0.17°C)  and downstream (25.02±0.14°C) sites,  were consistent with findings of HPP studies in the Manantali Dam and hydropower Poland recorded lower upstream (26.30°C) and higher downstream (28.73°C), indicating significant variations(Faye and Euge, 2024).The variation in water temperature has significant ecological implications, as it influences the metabolic rates of fish, affecting their body condition, species abundance, and distribution within the water body (Adane Fenta and Almaz Kidanemariam, 2016). The mean water temperatures recorded in this study werewithin the typical range for tropical water bodies (20-30ºC) (Talling and Lemoalle, 1998).This indicates that the water temperature in the Tana Beles Hydropower Plant remains suitable for supporting aquatic life in tropical ecosystems.

[bookmark: _Toc191016266]4.1.2.Dissolved oxygen (DO)
The mean DO concentration was 8.63±0.22 mg/L at the upstream and 7.83±0.14 mg/L at the downstream(Table 2). This variation might be due to factors like turbulence, temperature differences, and vegetation.While turbulence enhances oxygen penetration, excessive turbulence can lead to anoxic conditions.Temperature differences might also play a role, as warmer water downstream holds less oxygen and the presence of vegetation upstream might contribute to higher oxygen levels. These combined factors result in the observed difference in DO concentrations. 
The mean DO in the present study recorded at downstream (7.83±0.14 mg/L) was lower than values at the Marszowice HPP on the Bystrzyca River in Poland (9.3 mg/L) (Tomczyk and Wiatkowski, 2021b) and the Skalka Hydropower Plant in Poland  (9.20±2.02) (Tomczyk and Wiatkowski, 2021a). In contrast, the present study of DO at upstream (8.63±0.22 mg/L) was lower than values reported for other HPP studies, such as, Marszowice HPP upstream (8.4 mg/L) (Tomczyk and Wiatkowski, 2021b),and higher than Skalka HPP upstream (9.35±2.06 mg/L) (Tomczyk and Wiatkowski, 2021a). This comparison showed the variations in DO levels across different hydropower plant sites, which might be influenced by factors such as operational practices, water flow regimes, and local environmental conditions.
The differences in DO concentrations between upstream and downstream sites at the Tana Beles Hydropower Plant have significant ecological implications. Lower DO levels downstream could impact the health and distribution of aquatic organisms, especially fish. However, the average DO in both upstream and downstream sites is above the 5 mg/L minimum required for fish (Francis-Floyd, 2003). 
[bookmark: _Toc191016267]4.1.3. pH	
The mean pH values recorded at the upstream and downstream sites were 7.97±0.16 and 7.36±0.10, respectively (Table 2). The significant variation in pH values between the upstream and downstream sites is likely due to the operations of the hydropower plant, which can influence water mixing, aeration, and temperature. Hydropower releases can introduce water oversaturated with CO2, increasing downstream emissions (Dolcetti et al., 2023). This oversaturation can affect the chemical composition of the water and contribute to environmental changes downstream. When CO2 dissolves in water, it forms carbonic acid, which lowers the pH values.
[bookmark: _Hlk187435626][bookmark: _Hlk187435034]The mean pH of the current study  atthe downstream site (7.36±0.10) was lower than the value reported in the downstream at the Manantali Dam and Hydropower Plant  (7.65)(Faye and Euge, 2024). However, it was lower  than the values recorded downstream of the Marszowice Hydropower Plant on the Bystrzyca River in Poland (8.7)(Tomczyk and Wiatkowski, 2021b), and the Skalka Hydropower Plant (8.20±0.48) (Tomczyk and Wiatkowski, 2021a). The mean pH at the upstream site (7.97±0.16) was comparable to that observed at the upstream station of the Manantali Dam and Hydropower Plant (7.96) (Faye and Euge, 2024), and above the Skałka Hydropower Plant (8.00±0.47) (Tomczyk and Wiatkowski, 2021a). However, it was higher than the pH observed above the Marszowice Hydropower Plant on the Bystrzyca River  (6.5) (Tomczyk and Wiatkowski, 2021b).The variation in pH levels across hydropower plant sites is influenced by factors such as geological composition, water flow rates, temperature, and anthropogenic activities. These factors can affect the buffering capacity of water, influencing its ability to maintain stable pH levels.
Changes in pH levels can significantly affect aquatic organisms, as pH plays a crucial role in their metabolic activities(Kumar et al., 2011).According toRoberts and Palmeiro(2008) lethargy, stress, skin irritation/lesions, ocular edema, skin color change, gill irritation, increased mucus production, respiratory symptoms, and mortality have all been linked to unfavorable pH levels.Despite the observed variations, the pH values atthe upstream and downstream sites remained within the optimal range for aquatic life, typically between 6.5 and 8.5 for healthy fish growth(WHO, 2008).These levels are generally considered suitable for sustaining most fish and aquatic organisms.
[bookmark: _Toc191016268]4.1.4. Electrical conductivity
The current study of the average electrical conductivity values at the upstream and downstream sites were 160.38±1.37 µS/cm and 153.80±0.84 µS/cm, respectively (Table 2).The lower conductivity value recorded in the downstream might be influenced by factors such as turbine mixing, temperature changes, and water flow alterations that affect ion concentrations.The mean conductivity at the upstream site (160.38±1.37 µS/cm) was lower than the values reported above the Skalka Hydropower Plant (458±58 µS/cm) (Tomczyk and Wiatkowski, 2021a). Conversely, the mean conductivity at the downstream (153.80±0.84 µS/cm) was higher than the downstream conductivity at Manantali Dam and Hydropower Plant (37.43 µS/cm) (Faye and Euge, 2024) but lower than the conductivity observed below the Skalka Hydropower Plant (466±55 µS/cm) (Tomczyk and Wiatkowski, 2021a). These comparisons indicate the variation in conductivity across different hydropower plant sites, likely influenced by local environmental conditions, operational practices, and the surrounding landscape.
Variations in electrical conductivity can have significant ecological implications for fish, as they reflectthe concentration of dissolved ions essential for their osmoregulation. Fish rely on stable ionic conditions to maintain their physiological balance, particularly for processes such as ion exchange and hydration. 
[bookmark: _Toc191016269]4.1.5. Total dissolved solids (TDS)
The average TDS values recorded at the upstream and downstreamsites were 81.97±0.82 mg/L and 75.53±0.95 mg/L, respectively(Table 2). The higher TDS at the upstream site might result from the accumulation of dissolved solids from natural sources like soil erosion and runoff, while the lower TDS downstream could be due to faster, more turbulent water flow that enhances sediment transport and dilutes dissolved solids.
[bookmark: _Hlk188992882]The mean TDS values of the current study at upstream (81.97±0.82 mg/L) and  downstream (75.53±0.95 mg/L)  were lower than the value reported in the New Assuit Barrage Hydropower Plant in Egypt (206.25±26.03) (Thabet, 2015). The difference in TDS values between Tana-Beles and New Assuit Barrage could be due to variations in water source chemistry, sediment load, human activities, and operational practices, with Tana-Beles having lower TDS due to fewer influences from agriculture, industry, and a different flow regime compared to the Nile-based New Assuit Barrage.TDS levels are an important water quality parameter, as high concentrations of dissolved solids can affect the osmoregulation of aquatic organisms, potentially leading to stress or reduced biological productivity. According to water quality standards, TDS concentrations in freshwater systems typically range between 30 and 500 mg/L, with values outside this range indicating potential concerns (WHO, 2008). The TDS values observed in this study fall within the acceptable range for supporting healthy aquatic life.
[bookmark: _Toc191016270]4.1.6.Secchi depth
[bookmark: _Hlk188361542][bookmark: _Hlk187917321]The average total Secchi depth values recorded at the upstream and downstreamsites were 20.58±0.78 cm and 28.17±2.06cm, respectively(Table 2).The variation in Secchi depth can be attributed to factors influencing water clarity. The lower Secchi depth at the upstream site might be result from higher suspended particles, such as sediment or organic matter, due to runoff, and erosion. In contrast, the higher Secchi depth at thedownstream might be due tofaster water movement limiting the accumulation of suspended solids, leading to higher Secchi depth values. Differences in water flow, and biological activity could also contribute to the observed variation.Variations in Secchi depth, which reflect changes in water transparency, can have significant ecological implications for fish. Clearer water with higher Secchi depth generally supports better habitat quality, allowing for more light penetration that promotes the growth of aquatic plants(Van den Berg et al., 1998).Specific studies on Secchi depth measurements at hydropower plant inlets and outlets are limited, making it difficult to compare with other studies.
[bookmark: _Toc191016271]4.1.7. Depth of water
The present study of mean depth measurements indicated significant variation (p < 0.05) across the sampling sites, with the highest mean depth of 328.50±13.47 cm recorded at upstream, and the lowest of 127.43±1.69 cm observed at downstream (Table 2). This variation is likely influenced by a range of factors, including the presence or absence of vegetation cover, topography, water volume, surface area, and the degree of evaporation. Specifically, the site located upstream near the intake structure was considerably deeper than the downstream sites, likely due to the hydropower plant water regulation processes and the topographic features surrounding the reservoir. This depth variation is crucial for aquatic organisms, as deeper waters tend to have more stable thermal and oxygen conditions, while shallower downstream waters experience greater fluctuations.
[bookmark: _Toc191017390]Table 2: Major abiotic parameters in the downstream and upstream sites
	Parameters
	Sampling site
	P-value

	
	Upstream 
	 Downstream
	

	
	Mean ± SE
	Mean ± SE
	

	Oxygen (mg/L)
	8.63±0.22
	7.83±0.14
	0.011

	Water Temperature(oC)
	23.10±0.17
	25.02±0.14
	0.000

	pH
	7.97±0.16
	7.36±0.10
	0.011

	TDS (mg/L)
	81.97±0.82
	75.53±0.95
	0.000

	Conductivity (µS/cm)
	160.38±1.37
	153.80±0.84
	0.003

	Salinity
	0.08±0.002
	0.07±0.00
	0.010

	Secchi depth(cm)
	20.58±0.78
	28.17±2.06
	0.006

	Depth(cm)
	328.50±13.47
	127.33±1.69
	0.000


N.B, SEis standard error of the average of means, TDS is total dissolved solid 
[bookmark: _Toc191016272]4.2. Fish Species Composition in Tana Beles
During the study period from July to August 2023, a total of 374 fish specimens were collected from sites close to the Tana Beles Hydropower Plant. Of these, 271 were collected from the upstream and 103 downstream, comprising 141 males, 231 females, and 2 unsexed individuals. These specimens represented eight species: L. brevicephalus, L. intermedius, L. nedgia, L. megastoma, L. tsanensis, L. beso, O. niloticus and C. gariepinus. All species belong to the class Actinopterygii (ray-finned fishes), categorizedalong three orders and three families (Table 3).
The cyprinidae family was the dominant family in the catch, contributing approximately 94.12% of the catch. Within the genusLabeobarbus, three species were particularly abundant, accounting for 82.67% of the total Labeobarbusspecies caughtfrom the study sites.Labeobarbus brevicephalus (34.94%) was the most abundant species followed byL. intermedius (26.71%), and L. nedgia (21.03%). Other species, Labeobarbus megastoma (10.23%), L. tsanensis (6.25%), and L. beso (0.85%) were lower in abundance.
[bookmark: _Toc191017391]Table 3:  Fish species composition in the study area
	Species      
	Genus
	Family
	Order
	Number (N)  
	Total Catch (%)

	Labeobarbus nedgia
	Labeobarbus
	Cyprinidae
	Cypriniformes
	74
	19.79

	Labeobarbus intermedius
	Labeobarbus
	Cyprinidae
	Cypriniformes
	94
	25.13

	Labeobarbus brevicephalus
	Labeobarbus
	Cyprinidae
	Cypriniformes
	123
	32.89

	Labeobarbus tsanensis
	Labeobarbus
	Cyprinidae
	Cypriniformes
	22
	5.88

	Labeobarbus megastoma
	Labeobarbus
	Cyprinidae
	Cypriniformes
	36
	9.62

	[bookmark: _Hlk185512783]Labeobarbus beso
	Labeobarbus
	Cyprinidae
	Cypriniformes
	03
	0.80

	Oreochromis niloticus
	Oreochromis
	Cichlidae
	Cichliformes
	18
	4.81

	Clarias gariepinus
	Clarias
	Clariidae
	Siluriformes
	4
	1.06

	Total
	
	
	
	374
	


[bookmark: _Toc191016273]4.3. Species Diversity and Relative Abundance
[bookmark: _Toc191016274]4.3.1. Species diversity
[bookmark: _Hlk188085354]In the present study, L. intermedius, L. nedgia, L. brevicephalus, L. megastoma, and O. niloticus were common across both sampling sites. However, L. tsanensis,L. beso,and C. gariepinuswere only found in the upstream site during the sampling period (Table 4). A higher number of species were recorded at the upstream site (8 species) compared to the downstream site (5 species).

[bookmark: _Toc191017392]Table 4: Fish species distribution in upstream and downstream sitesnear Tana BelesHydropower Plant
	Species
	Sampling sites

	
	 Upstream
	Downstream

	Labeobarbusbrevicephalus
	+
	+

	Labeobarbusintermedius
	+
	+

	Labeobarbusnedgia
	+
	+

	Labeobarbusmegastoma
	+
	+

	[bookmark: _Hlk167732227]Labeobarbustsanensis
	+
	-

	Labeobarbusbeso
	+
	-

	Oreochromis niloticus
	+
	+

	[bookmark: _Hlk188036911]Clarias gariepinus
	+
	-


N.B, + = present; - = absent.
[bookmark: _Hlk191009626]The highest Shannon diversity index (H' = 1.66) was recorded at the upstream site, while the lowest (H' = 1.41) was observed downstream siteand showedsignificant variations (p < 0.05). Species diversity, as indicated by the Shannon index, was higher in the upstream sitethanin the downstream site, reflecting differences in the overall fish community composition. Reduced biodiversity downstream of hydropower plants might result from the structural effects of hydropower plant, including mechanical disturbances caused by turbine operations.In addition to these disturbances’ variations in physicochemical parameters of water such as temperature, oxygen levels, and otherfactorsalso affect the aquatic ecosystem. Due to the cumulative ecological constraints from the plant's infrastructure, the value of H' at the downstream tends to lower. Based on the results, the H'value at the upstream (1.66) and downstream (1.41) sites of the Tana Beles hydropower plant indicated that the habitat structure is moderately balanced in terms of species diversity. According to Das et al. (2012),an index value above 3 indicates a stable and balanced habitat structure, while values below 1 suggest pollution and degradation of the habitat.
[bookmark: _Hlk188042149][bookmark: _Hlk188042214]The H' values observed in the present study for both sites, werelower compared to the H' values reported for other HPP studies ofJaguara Hydropower Plant(H'=2.52),Miranda Hydropower Plant(H'=2.03), andPai Joaquim Hydropower Plant(H'=2.01),in the Upper ParanaRiver Basin, Brazil(Souza et al., 2016).However,  there werehigher than Blue Nile River (8 species: H' = 1.23–1.64; Dereje Tewabe et al., 2009), Lake Tana sub-basin (Gumara River) (Hʹ =1.21) (Felegush Erarto et al., 2020),  and Rib River mouth (H'= 0.63)(Yeshezerf Shumye, 2016).
[bookmark: _Toc191016275]4.3.2. Relative abundance	
In the current study, a total number of 374 fishes with a total weight of 40.78 kg were caught from both sampling sites of the Tana Beles Hydropower Plant.The number of individuals and the total weight of fish were higher in the upstream site compared to the downstream site. Specifically, 271 fish (weighing 27.03 kg) were recorded at the upstream, while 103 fish (weighing 13.75 kg) were recorded in the downstream. The differencein the number and weight of fish specimens might be due to a combination of environmental, ecological, and anthropogenic factors, all of which may influence the fish populations in different ways.
Allfish specimens showed significant variation in number of catches between upstream and downstream sites (p<0.05) except L.beso, O. niloticus and L. nedgiashowed significant variation (p > 0.05)(Table5).






[bookmark: _Toc191017393][bookmark: _Hlk168798996]Table 5: Total catches of fishes in upstream and downstream sites(t-test).
	Species fish
	Site
	Total
	Percentage composition
	P-value

	
	Upstream
	Downstream
	
	
	

	Labeobarbus nedgia
	34
	40
	74
	19.79
	0.279

	Labeobarbus intermedius
	65
	29
	94
	25.13
	0.001

	Labeobarbus brevicephalus
	103
	20
	123
	32.89
	0.008

	Labeobarbus tsanensis
	22
	0
	22
	5.88
	0.000

	Labeobarbus megastoma
	29
	7
	36
	9.63
	0.001

	Labeobarbus beso
	3
	0
	3
	0.80
	0.156

	Oreochromis niloticus
	11
	7
	18
	4.81
	0.148

	Clarias gariepinus
	4
	0
	4
	1.07
	0.016


The species composition of gillnet and monofilament catches was ranked based on the index of relative importance (IRI) for the upstream and downstream sampling sites (Table 6). At the upstream sites, L. brevicephalus (46%) was identified as the most important species, followed by L. intermedius (26.68%) and L. nedgia (10.92%) as the second and third most important species, respectively.whereas, at the downstream sites, L. nedgia(42.85%) was the most important species, followed byL.intermedius(34.54%),andL. brevicephalus(17.76%).The observed variation in species composition between the upstream and downstream sites might be attributed to the differences in water flow, operations of the hydropower plant,and varying environmental conditions. Additionally, variations in fish migration patterns, food resource availability, and human fishing activitiescould also contribute to the differences in species composition.





[bookmark: _Toc191017394]Table 6: Percentage of the index of relative importance (IRI) of fishes between sampling sites.
	Sites
	Fish species
	Ni
	%Ni
	Wi
	%Wi
	Fi
	%Fi
	IRI
	%IRI

	Upstream  
	L.nedgia
	34
	12.55
	5423.2
	20.06
	5
	55.56
	1811.34
	10.92

	
	L.intermedius
	65
	23.99
	6376.4
	23.58
	9
	100
	4756.87
	28.68

	
	L.brevicephalus
	103
	38.01
	10350.6
	38.28
	9
	100
	7628.96
	46.00

	
	L. megastoma
	29
	10.70
	2346
	8.68
	6
	66.67
	1291.86
	7.79

	
	L.tsanensis
	22
	8.12
	1153.2
	4.27
	5
	55.56
	687.96
	4.15

	
	O. niloticus
	11
	4.06
	695.8
	2.57
	4
	44.44
	294.78
	1.78

	
	L. beso
	3
	1.11
	177.1
	0.66
	2
	22.22
	39.16
	0.24

	
	C.gariepinus
	4
	1.48
	515.3
	1.91
	2
	22.22
	75.15
	0.45

	
	Total
	271
	
	27037.6
	
	
	
	16586.08
	

	Downstream 
	L.nedgia
	40
	38.83
	7142.8
	51.97
	4
	44.44
	4035.79
	42.85

	
	L.intermidus
	29
	28.16
	4178.7
	30.40
	5
	55.56
	3253.29
	34.54

	
	L.brevicephalus
	20
	19.42
	1469.6
	10.69
	5
	55.6
	1672.79
	17.76

	
	L.megastoma
	7
	6.80
	283.3
	2.06
	2
	22.22
	196.83
	2.09

	
	O. niloticus
	7
	6.80
	669.6
	4.87
	2
	22.22
	259.29
	2.75

	
	Total
	103
	
	13744
	
	
	
	9417.98
	


[bookmark: _Hlk188996690]Where: - L. nedgia is Labeobarbus nedgia, L. intermidusis Labeobarbus intermidus, L. brevicephalus is labeobarbus brevicephalus, L. megastoma is labeobarbus megastoma, L. beso is labeobarbus beso, L. tsanensis is Labeobarbus tsanensis, O. niloticus is Oreochromis niloticus, and C. gariepinus is Clarias gariepinus
[bookmark: _Toc191016276]4.4.Length-Weight Relationship
The total weight of the three dominantLabeobarbusspecies (L. brevicephalus,L. intermidusand L. nedgia)with fork length (FL) was statistically significant (p < 0.05). The regression equation describing this relationship is shown in Figures 2 and 3.In the upstream site, L. brevicephalusand L. nedgiaexhibited negative allometric growth for combined sexes, males, and females (figure 2).While,L. intermediusshowed isometric growth,where weight increases proportionally to the cube of the length, as the b value was approximately 3.Whereas, in the downstream sites, L. brevicephalus showed negative allometric growth(figure3). While,L.intermedius exhibited positive allometric growth and L. nedgiashowed isometric growth.These different growth patterns between sites might reflect ecological variations, including differences in water velocity, food availability, environmental stressors, and physiological adaptations.
The b values observed in the present study, ranged from 2.525 to 3.205 for the dominant fish species, aligned with the values reported by Wang et al. (2024), where the b parameter ranged from 2.505 to 3.307 for 12 fish species' length-weight relationships in Heishui Hydropower Plant, China. However, the b values in this study are higher than those reported for Labeo niloticus (2.391) at  the Remaila site of Kashm el-Girba reservoir, Sudan (Ahmed et al., 2011).The variations in results obtained by other studies and in the present study were probably because of the differences in species type, water quality parameters, food availability, feeding habits,  and spawning period (Bagenal and Tesch, 1978). 
Similar results (isometric growth) were obtained for L. intermedius byDemeke Admasu and Elias Dadebo (1997) in Lake Awassa.The b-value obtained for Labeobarbus intermedius in the downstream (3.2) was greater than the result obtained for Labeobarbus intermedius (2.96,2.95) from River Angereb (Genanaw Tesfaye, 2006) and Arno-Garno River (Shewit Gebremedhin, 2014), respectively. The b-value for Labeobarbus brevicephalus was 2.64 at upstream sites and 2.52 at downstream sites, both of which are lower than the b-value reported for L. brevicephalus (3.0) in previous studies. Similarly, the b-value for Labeobarbus nedgia from upstream sites (2.64) was lower, but the value from downstream sites (3.07) was higher compared to the b-value of L. nedgia (2.9) reported in some tributary rivers of Lake Tana(Gizachew Teshome et al., 2015).
Fish can reach either isometric, negative allometric, or positive allometric growth in their lives(Nehemia et al., 2012). In fishes, the regression coefficient b = 3 describes isometric growth, which means that body weight grows at a proportional rate to the size of the fish (Ricker,1975).However, when the b value is less than or greater than 3, it indicates allometric growth, where weight does not increase proportionally with size (Bagenal and Tesch, 1978). A negative allometric growth pattern occurs when fish grow more in length than in weight (b< 3),whereas positive allometric growth indicates greater weight gain relative to length (b> 3). Overall, this study revealed a strong correlation between the length and weight of fish collected from sites close to the Tana Beles Hydropower Plant.


















[bookmark: _Toc191018355]Figure 2: Length-weight relationship of species,(a)L. brevicephalus, (b) L. nedgia and(c) L. intermidius in the upstream sites.






[bookmark: _Toc191018356]Figure 3: Length-weight relationship of (a)L. brevicephalus, (b) L. nedgia and(c) L. intermidius in the downstream sites.
[bookmark: _Toc191016277]4.5. Fulton’s Condition Factor (FCF)
[bookmark: _Hlk188276746]Fulton’s condition factor was assessed for three dominant Labeobarbus species (L. brevicephalus, L. intermedius, and L. nedgia) at both upstream and downstream of the Tana Beles Hydropower Plant. The FCF values for these species were compared to determine the effects of hydropower plant on their condition.The t-test comparisonshowed Labeobarbusnedgia exhibits no significant differences (p> 0.05) in FCF values between the upstream and downstream sites.Whereas, L.brevicephalus and L. intermedius exhibited a significant difference (p < 0.05) in the FCF values between the upstream (1.34±0.12) and downstream (1.67±0.46) sites for L. brevicephalus and between the upstream (1.49±0.35) and downstream (0.76±0.24) sites for L. intermedius(Table7). The downstream fishes showed higher conditions than the upstream site. 
This variation might be due to reduced fish diversity and abundance at downstream sites, resulting in lower competition for food resources specially for L. breviecephals. Moreover, Fulton’s Condition Factor is influenced by factors such as fish age, season, stage of maturation, gut fullness, type of food consumed, fat reserves, and muscular development (Barnham and Baxter, 1998). Higher condition is associated with increased energy content, sufficient food availability, enhanced reproductive potential, and more favorable environmental conditions.
The mean Fulton Condition Factor (FCF) values were obtained for L. intermedius (1.34±0.12) from upstream and (1.67±0.46) from downstream. In the present study were comparatively higher than the results obtained for L. intermedius (1.31±1.6, 1.23±0.85) from  Mille and Borkena River, Awash Basin, respectively (Assefa Tessema et al., 2011), (1.0, 1.12) from Beles and Gilgel Beles (Zeleke Berie, 2007). The mean FCF value obtained for L. nedgia in the present study was 1.53± 0.62 upstream and 1.51±0.35 which was comparable to the value reported for L. nedgia (1.48) from the Angereb and Sanja Rivers in the Tekeze Basin. The mean FCF value obtained for L. brevicephalus in the present study was 1.34 ± 0.12 upstream and 1.67 ± 0.46 downstream of the Tana Beles, both of which were higher than the value reported for L. brevicephalus (1.27 ± 0.02) from the Arno Garno River (Shewit Gebremedhin et al., 2014)
[bookmark: _Toc191017395]Table 7:Fulton condition factor (Mean ± SE) for the most dominant species in Tana Beles
	Fish species      
	Site
	Mean ± SE
	P- value

	Labeobarbus brevicephalus
	Upstream
Downstream
	1.34±0.12
1.67±0.46
	0.014

	Labeobarbus intermedius
	Upstream
Downstream
	1.49±0.35
0.76±0.24
	0.000

	Labeobarbus nedgia
	Upstream
Downstream
	1.29±0.05
1.20±0.25
	0.127


[bookmark: _Toc191016278]4.6. Sex Ratio
The sex ratio of fish species was presented (Table 8).Out of the 374 fish specimens collected from the Tana Beles Hydropower Plant during the study period, 2 specimens (0.53%) were unsexed and excluded from the sex ratio analysis. A total of 372 specimens (99.47%) were sexed, comprising 231 females (61.76%) and 141 males (37.70%), resulting in an overall female-to-male sex ratio of 1.64:1. The highest deviations from the expected 1:1 ratio was observed in L. tsanensis (2.67:1) and L. intermedius (2.03:1). Significant differences in sex ratios (p< 0.05) were found for L. intermedius, L. tsanensis, and L. brevicephalus, which may be attributed to factors such as differences in maturation rates, environmental conditions (e.g., temperature, habitat), differential mortality rates between sexes, migration patterns, and reproductive behaviors. In contrast, other species showed no significant deviation (χ², p> 0.05) from the theoretical 1:1 ratio.
Sexratio plays importantrole in shaping population demographics and mating systems of fishes (Sowersby et al., 2020).In the present study,females were more numerous than males for the Labeobarbus species. Similar results have been reported for other cyprinid fishes, such as Labeohorie and Lates niloticus in Lake Chamo(Elias Dadebo et al., 2003), and Labeobarbus species in Megech and Dirma Rivers (Wassie Anteneh, 2005). The variation in the sex ratio between male and female migratory fish species may be attributed to several biological factors, including differences in maturity rates, mortality rates, timing of migration, and migration rates(Olowo et al., 2022).Such factors can influence the availability and distribution of males and females at different stages of the reproductive cycle, leading to imbalances in the sex ratio within migratory populations(Matsuyama et al., 1988).  
[bookmark: _Toc185948673][bookmark: _Toc191017396]Table 8: Males, females, χ² values, and sex ratios of fish species in Tana Beles Hydropower Plant
	Species
	Female
	Male
	Sex ratio (F: M)
	χ²
	P-value

	Labeobarbus brevicephalus
	80
	41
	1.95:1
	12.57
	0.000***

	Labeobarbus intermedius
	63
	31
	2.03:1
	10.89
	0.001**

	Labeobarbus nedgia
	42
	32
	1.31:1
	1.35
	0.245(ns)

	Labeobarbus tsanensis
	16
	6
	2.67:1
	4.55
	0.033*

	Labeobarbus megastoma
	20
	16
	1.42:1
	0.44
	0.504(ns)

	Labeobarbus beso
	1
	2
	2:1
	0.33
	0.564(ns)

	Oreochromis niloticus
	8
	10
	0.8:1
	0.22
	0.637(ns)

	Clarias gariepinus
	1
	3
	0.33:1
	1.00
	0.317(ns)


N.B: *** = p < 0.001, ** = p < 0.01, *= p < 0.05, ns = not significant (p > 0.05).
[bookmark: _Toc191016279]4.7. Fecundity
Fecundity was conducted for the two most dominant Labeobarbus species (L. intermedius and L. brevicephalus) from the total sample collected at the Tana Beles Hydropower Plant. For L. intermedius, the fork length (FL) ranged from 16 to 45 cm (mean±SE = 22.81±2.27), and the absolute (total) fecundity ranged from 1,425 to 7,453 with an average fecundity of approximately 3,621. For L. brevicephalus, the absolute fecundity ranged from 1,267 to 4,439 with an average fecundity of approximately 2,506 with forklength of 14 to 26.5 cm (mean ± SE = 18.78±0.84).
Information about the fecundity of Barbus species in Africa is limited (Marshall, 1995). The few data on the fecundity of Labeobarbus are from the recent studies by Alekseyev et al.(1996)and Wassie Anteneh (2005) from Lake Tana and its tributaries. According to Oliva‐Patern et al. (2002) fast growth, high fecundity,and early maturity are the characteristics of unstable environments. The absolute (total) fecundity of L. intermedius and L. brevicephalus ranged from 1,425 to 7,453 and 1,267 to 4,439 eggs, respectively, with average fecundities of 3,621 and 2,506 eggs. The fecundity of L. brevicephalus in this study was almost similar to the findings reported byWassie Anteneh (2005) in Megech and Dirma Rivers. Similarly, the fecundity of L. intermedius in this study closely matched the results obtained byShewit Gebremedhin et al. (2014) in the Arno Garno River. However, the absolute fecundity of L. intermediusin Beles and Gilgel Beles Rivers,which ranged from 1535 to 13864 (Zeleke Berie, 2007), was somewhat higher than the findings in this study. This difference may be attributed to variations in the size at maturity or to environmental factors that influence reproductive output.
The relationship between absolute fecundity (AF) and fork length (FL), total weight (TW), and gonadal weight (GW) for both species was found to be linear (Figures 7 and 8).A strong correlation was observed between AF and FL, TW, and GW in both species.This suggests that as the size and weight of the fish increase, their fecundity also increases.Similar findings have been reported for L. intermediusin Beles and Gilgel Beles Rivers (Zeleke  Berie, 2007), in Gelda and Gumara Rivers (Alekseyev et al.1996), and in the head of Blue Nile River (Mohammed Omer, 2010),where fecundity was strongly and positively correlated with its gonad weight, fork length, and body weight.
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[bookmark: _Toc191018357]Figure 4: Relationship between fecundity and (a) fork length, (b) gonad weight and (c) body weight of L. brevicephalus in Tana Beles Hydropower Plant




[bookmark: _Toc191018358]Figure 5: Relationship between fecundity and (a) fork length, (b) weight, and (c) gonad weight of L. intermedius in Tana Beles Hydropower Plant
[bookmark: _Toc191016280]4.8. Effects and Opportunities of Tana Beles Hydropower Plant
[bookmark: _Toc191016281][bookmark: _Hlk185319469]4.8.1. Socio-demographic characteristics
The present study of socio-demographic characteristics of the fisher’s, respondents in the Tana Beles Hydropower Plant, including gender, age, religion, marital status, family size, and educational background was presented in Table 9. A total of 106 fishers all males were interviewed for the present study. The reason was due to the culture of the community in which priority is given to males in a gender-based labor division. This result wasaligned with the report of Dereje Tewabe (2014) on Lake Tana; Erkie Asmare et al. (2016) on Jemma and Wonchit River; Shewit Gebremedhin et al. (2013) on Lake Tana, Mathewos Temesgen (2017) on Lake Langano and Sewunet Tegegne(2020)on the western part of Lake Tana. 
Of the respondents, 86 (81.13%) of them were married and have families and the remaining 17 (16.04%) were single and 3 (2.83%) were divorced. Respondent’s marital status was predominantly dominated by married heads of households. This could be due to the burdens and responsibilities they support their families, including covering expenses for their children’s health, education, and basic needs(Mathewos Temesgen,2017). All respondents were identified as Orthodox Christians. According to the respondents, 53.77% of them had a family size of 4-6.
The educational status of the respondents also showed that 25.47% were illiterate, 21.7% could read and write, 39.62% had an elementary education, and 13.21% had completed secondary education. This indicates that fishing is not limited to illiterate or low-income communities but also provides employment opportunities for those with varying educational backgrounds.Most of the interviewed fishers from both upstream and downstream were found in an age category of 41-50 years (35.85%), followed by above 50 (23.58%),31-40 (21.7%), and 18-30 (18.87%) age categories.



[bookmark: _Toc191017397]Table 9: Summary of demographic features of the respondentfishers in the Tana Beles Hydropower Plant
	Variable
	Category
	Upstream (n = 70)
	Downstream (n = 36)
	Overall
(n = 106)
	P-value

	
	
	%
	%
	%
	

	Gender

	Male
Female
	100
 0
	100
0
	100
0
	


	Marital status

	Married
Single
Divorced
	85.71
14.29
0
	72.22
19.4
8.33
	81.13
16.04
2.83
	0.035



	Religion

	Orthodox
Muslim
	100
0
	100
0
	100
0
	


	Educational status


	Illiterate
Read and write
Elementary
Secondary
	17.14
20.00
47.14
15.71
	41.67
25.00
25.00
 8.33
	25.47
21.70
39.62
13.21
	0.020

0.00

	Family size


	1-3
4-6
7-9
Above 9
	17.14
51.43
22.86
8.57
	25
58.33
11.11
5.56
	19.81
53.77
18.87
7.55
	



	Age



	18-30
31-40
41-50
Above 50
	10.00
17.14
40.00
32.86
	22.22
44.44
27.78
5.56
	18.87
21.70
35.85
23.58
	0.009






Categorization of fishers
Based on the number of days spent per year on fishing activities, the fishers from both the upstream and downstream areas of the hydropower plant were categorized into full-time, part-time, and seasonal fishers.The results showed that the respondents from the upstream site were classified as full-time (48.57%), part-time (44.28%), and seasonal fishers (7.14%). In contrast, the downstream fishers were classified as part-time (72.22%) and seasonal fishers (27.78%) (Table 10). Overall, the majority of respondents at the Tana Beles Hydropower Plant were part-time fishers (53.77%).
The majority of respondents in the present study (53.77%) was lower thanthefindings of Shewit Gebermedhin et al. (2013) on Lake Tana (63.8%), Mathewos Temesgen (2017) on Lake Langano (61.7%), Alamrew Eyayu (2019) on Ayima River (62.8%), and Mulugeta Wakjira and  Abebe Getahun, 2016 on the lower Omo River and the Ethiopian part of Lake Turkana (74%). However, the present study was higher than the value reported by Sewunet Tegegne(2020)on the western part of Lake Tana (48.7%). The variation in fisher classification mightbe arise from differences in categorization methods. Part-time and seasonal fishers often rely on alternative sources of livelihood, such as agriculture, labor employment, and trade. In Africa and parts of Asia, part-time fishers often alternate seasonally between fishing and other occupations, such as agricultural laboring (Welcomme, 1985). It has also been reported that part-time fishers commonly combine fishing with other livelihoods, particularly in tropical regions (Alamrew Eyayu, 2019). 
In the study area, 46.22% of fishers fished one to three days a week, 38.68% fished four to five days a week, 11.32% fished rarely, and 3.78% fished every day. This suggests that most of the fishers were part-time and engaged in other means of livelihood. Additionally, 65% of respondents had more than 10 years of fishing experience.






[bookmark: _Toc191017398]Table 10: Fishing activities, frequency of fishing per week, and experience of fishing by respondents
	Fishing activity
	Category
	Upstream
	Downstream 
	Overall
	P-value


	
	
	N
	(%)
	N
	(%)
	N
	(%)
	

	Fishers’ category
	Full time
	34
	48.57
	0
	0
	34
	32.07
	0.066

	
	Part-time
	31
	44.28
	26
	72.22
	57
	53.77
	

	
	Seasonal
	5
	7.14
	10
	27.78
	15
	14.15
	

	Frequency of fishing (days per week)
	Daily
	4
	5.71
	0
	0
	4
	3.78
	0.022

	
	1-3
	24
	34.28
	25
	69.44
	49
	46.22
	

	
	4-5
	35
	50
	6
	16.67
	41
	38.68
	

	
	Occasional
	7
	10
	5
	13.89
	12
	11.32
	

	Fishing experience (years)
	1-5
	4
	5.71
	6
	16.67
	10
	9.43
	0.019

	
	6-10
	6
	8.57
	21
	58.33
	27
	25.47
	

	
	11-15
	17
	24.28
	9
	25.0
	26
	24.53
	

	
	16-20
	21
	30
	0
	0
	21
	19.81
	

	
	21-25
	15
	21.43
	0
	0
	15
	14.15
	

	
	Above 25
	7
	10.00
	0
	0
	7
	6.60
	



Livelihood diversification among fishers
The primary livelihood sources for the interviewed fishers were fishing, agriculture, daily labor, and trade.The respondents reported that 36% relied only on fishing, while 41% combined fishing with farming, 20% combined fishing with daily labor,and 3% engaged in fishing along with other activities (Figure 6). Similarly, both farming and fishing are key activities for food supply and income generation in various parts of Ethiopia(Erkie Asmare et al. 2016; Mulugeta Wakjira and Abebe Getahun, 2016; Dagninet Amare et al., 2018, and Alamrew Eyayu 2019).

[bookmark: _Toc191018359]Figure 6: Livelihood diversification among fishers in the study area
Fishing gear and boats
The fishery at the Tana Beles Hydropower Plant is characterized by aspecific combination of fishing gear and boats (Table 11). Fishers at the plant utilize various types of fishing gear, such as gillnets of different kinds and mesh sizes, hooks and lines, cast nets, and fish traps. Among the fishers, 26.42% of themchose multifilament gillnets, while the majority, at 73.58%, preferred monofilament gillnets, which are imported from Sudan. This preference might be due to monofilament nets being more cost-effective and efficient. Gillnets were the predominant fishing gear used, with panel dimensions of 3m x 25m and 3m x 50m, and stretched mesh sizes ranging from 4 cm to 14 cm. The majority of fishers (87%) utilized gillnets with a mesh size smaller than 8 cm, primarily targeting smaller fish. Most respondents (91.4%) owned traditional reed boats, while only 8.6% used motorized boats, indicating the prevalence of traditional fishing practices. This also suggests the increasing commercial gillnet fisheries and high fishing pressure in the study area. There is one fisher’s association that owns motorized boats. Overall, the increase in fishing gear reflects growing human pressure on the fish resource(Zelalem Bacha, and Mberengwa, 2011).
[bookmark: _Toc191017399]Table 11: Fishing gears and boat possession by the respondents
	Fishing activates
	Types
	Number
	Percentage (%)
	P-value

	Fishing gear
	Multifilament
	24
	22.6
	0.000

	
	Monofilament
	42
	39.6
	

	
	Multifilament and
hooks and lines
	4

	3.8

	

	
	Monofilament and
hooks and line
	36
	34.0
	

	Boat
	Motorized boat
	6
	8.6
	0.000

	
	Reed boat
	64
	91.4
	


Monthly income of fishers
The data revealed a significant change in the income distribution of fishers before and after the hydropower plant construction. Before the plant’s construction, most respondents earned between 1600-2000 Ethiopian birr per month. However, following the plant’s construction, this proportion decreased from 32.86% to 11.43% (Table 12). Similarly, those earning above 2000 birr decreased from 20% to 8.57%. On the other hand, the number of respondents in lower income categories, such as 200-700 and 750-1000 birr, increased after the construction, indicating that many fishers experienced a decrease in income, likely due to the negative impacts of the hydropower plant on their fishing activities.The overall trend suggests that the hydropower plant has adversely affected the income of many fishers, particularlythose who previously earned higher incomes.The results highlight the need for further investigation into the specific causes and the implementation of support measures to assist affected fishers, such as alternative livelihoods or compensation programs.
[bookmark: _Toc186806660][bookmark: _Toc191017400]Table 12: Fisher's monthly income before and after Tana Beles Hydropower Plant construction
	Income per month
	Income before hydropower plant (Eth. Birr)
	Income after hydropower plant (Eth. Birr)

	
	No. of
respondent
	%
	No. of
Respondent
	%

	200-700
	5
	7.14
	14
	20.00

	750-1000
	16
	22.86
	25
	35.71

	1100-1500
	12
	17.14
	17
	24.28

	1600-2000     
	23
	32.86
	8
	11.43

	Above 2000
	14
	20
	6
	8.57


[bookmark: _Toc191016282]4.8.2. Socio-economic contribution of Tana Beles Hydropower Plant
All respondents reported benefiting from improved infrastructure, particularly the 40 km access road from Kunzila to the outlet, developed due to the Tana Beles Hydropower Plant. This common response suggests that the plant has indeed improved local road infrastructure, making it easier access to fishing sites, enhanced transportation of fish products to markets, and improved overall connectivity in the locality. Additionally, 66% of fishers described benefiting from increased access to electricity resulting from the hydropower plant (Table 13). This indicates that efforts to electrify the area have provided tangible benefits and improved quality of life through basic facilities powered by electricityDuring group discussions, participants collectively agreed on the positive impacts of the hydropower plant on infrastructure and living standards.
Only 22.6% of fishers described benefiting from employment opportunities created by the Tana Beles Hydropower Plant. This indicates that the majority had not directly gained from these job prospects. This inequality may result from limited job openings or competition for positions. The lower percentage of fishers benefiting from employment opportunities underscores the need for targeted strategies to maximize local employment benefits from future hydropower projects.A significant portion of fishers (34%) believe the hydropower plant has created new habitats for fish. 
[bookmark: _Toc191017401]Table 13: Perceptions of fishers on opportunities of Tana Beles Hydropower Plant
	Closed question for fishers (n= 106)                                                                    
	Response rate (%)

	
	Yes
	No
	Uncertain

	Have you benefited from improved infrastructure such as road
	100
	0
	0

	Have you benefited from increased access to electricity
	66
	44
	0

	Have you benefited from employment opportunities
	22.6
	77.4
	0

	Can create new habitats for fish
	34
	56.6
	9.4



[bookmark: _Toc191016283]4.8.3.Effects of Tana Beles Hydropower Plant on fish resources
The responses from fishers regarding the Tana Beles Hydropower Plant reveal significant concerns about the negative impact of the hydropower project on local fish populations.All respondents recognized that the plant has had a detrimental effect on fish populations in the lake (Table 14). This indicates a widespread perception among fishers that the planthas negatively impacted fish populations and production.Furthermore, all of respondents also reported a decline in fish production, underscoring the serious concern over reduced fish stocks, which might be linked to the changes introduced by the hydropower plant.
A key challenge identified by 76.42% of respondents is the obstruction of fish migration routes. This is a critical issue, as many fish species depend on seasonal migration for spawning. The disruption of these routes likely hampers reproductive success, leading to long-term declines in fish populations. The hindrance of migration routes reflects a common problem found in many hydropower projects, where barriers such as dams prevent the movement of fish, which can severely affect biodiversity and overall fish production.
Increased mortality due to the plant’s infrastructure was another major challenge, reported by all of respondents, suggesting that the hydropower structure might be causing direct harm to fish. Fish mortality is closely linked to the hydropower plant’s structures, with fish being sucked into intake pipes or trapped by debris screens, leading to injury or death.The Tana Beles Hydropower Plant significantly impacts fish populations and fishery management. The plant's turbines pose considerable risks to fish, resulting in declining fish production and disrupted migration routes(Michel Larinier, 2001). These effects not only harm the livelihoods of local fishermen but also disrupt the ecological balance of the lake.Some fishers also perceived the migratory Labeobarbus species declined because of this hydropower. Even though there was a filter upstream of Tana Beles hydroelectric power, the filters allowed fish to enter the turbines and cause mortality of fish, and some pass through it and are found downstream.Focus group discussions and key interviews also confirmed that these issues are not only harming the environment but also threatening the livelihoods of local fishers, who rely on stable fish stocks for their income.
Further, 73.58% of participants expressed concerns about habitat loss or fragmentation, which can occur as a result of the hydropower plant’s construction and operation. The creation of reservoirs and the alteration of natural waterways can destroy or fragment critical habitats, making it difficult for fish to find suitable environments for feeding, breeding, and shelter. The loss of these habitats can lead to reduced fish populations over time, affecting both biodiversity and local fishing economies.
Lastly, 63.21% of respondents pointed to increased vulnerability to predation as another significant challenge. Changes in the aquatic environment, such as altered flow regimes or habitat fragmentation, may make fish more susceptible to predators. This increased predation risk further threatens fish populations, compounding the effects of other ecological disturbances caused by the hydropower plant.




[bookmark: _Toc191017402][bookmark: _Hlk184534010]Table 14: Possible challenges fishers (N = 106) raised on the decline in fish production due to Tana Beles Hydropower Plant
	Perception/Challenge
	N
	Frequency (%)
	Type

	The plant has affected fish populations in the lake?
	106
	100
	Perception

	Has fish production declined?
	106
	100
	Perception

	Hinder fish movements?
	81
	76.42
	Challenge

	Increased mortality duetostructure?
	100
	100
	Challenge

	Habitat loss or fragmentation?
	78
	73.58
	Challenge

	Increased vulnerability topredation?
	67
	63.21
	Challenge


Severelyimpacted fishspecies
Fisher’s perceptions indicate significant impacts on several fish species due to the Tana Beles Hydropower Plant, as reflected in the perceived risk percentages. According to fisher responses,Labeobarbus species, identified as the most severely impacted species, is seen as being entirely at risk (100%),followed by O. niloticus (82.1%) andC.gariepinus (44.3%). This indicates that fishers believedLabeobarbusspecieswere particularly vulnerable to the environmental changes caused by the hydropower plant. These changes includealtered water flow, habitat disruption, and the effects of the hydropower turbines, which may cause direct injuries or mortality due to their proximity to turbine structures.These combined impacts are believed to significantly harm fish populations. In contrast, C.gariepinus, is considered less vulnerable with a perceived risk of 44.3%. These perceptions emphasize the varying degrees of concern among the fish species impacted by the hydropower plant.
The high perceived risks for O. niloticus (Nile tilapia) and Labeobarbus species, which are economically and ecologically important, indicate the need for targeted conservation efforts. Furthermore, the complete perceived risk for Labeobarbus specieshighlights its critical vulnerability, calling for urgent mitigation strategies.The perception that C. gariepinus is comparatively less at risk suggests potential differences in species resilience or exposure to the plant’s impact. 
[bookmark: _Toc191016284]4.8.4. Mitigation measure of Tana Beles Hydropower Plant
All respondents are aware of the fish screens installed at the plant, suggesting good communication or visibility of this infrastructure among fishers. However, the vast majority (93%) of fishers do not believe that the fish screen system effectively prevents debris and larger fish from entering (Table 15). This indicates a perceived ineffectiveness or dissatisfaction with the current system. Such perceptions raise concerns about the actual ecological benefits of the infrastructure and call into question the efficiency of the mitigation measures in place.
All respondents indicated that they did not receive compensation for the disruptions to their livelihoods caused by the construction of the hydropower plant. These disruptions included the loss of fishing areas, reduced catch rates, and other economic impacts. This suggests inadequate consideration of the socioeconomic impacts on the fishing community. Additionally, all respondents reported they were not involved in decision-making processes regarding the plant’s impact on fisheries. This suggests a lack of participatory governance or consultation with the local fishing community in managing impacts.
During focus group discussions with fishers, several potential solutions were identified to mitigate the adverse effects of the Tana Beles Hydropower Plant on fish populations. These include improving fish screens to prevent fish from being drawn into the plant, restoring and protecting habitats through erosion control and sediment management, and establishing protected areas for critical species.Strong community engagement is crucial for success, starting with involving local fishers in decision-making, providing training on sustainable practices, and ensuring transparent communication. Compensation for income losses due to the plant's impacts could help gain support. The effectiveness of these measures depends on how they are perceived by fishers and their impact on livelihoods. Targeted conservation efforts for species like Labeobarbus, including breeding programs and habitat protection, are essential. By integrating these strategies into hydropower operations, we can ensure the sustainability of both local fisheries and the aquatic ecosystem.
[bookmark: _Toc191017403]Table 15: Perceptions of fishers on the mitigation measure of Tana Beles Hydropower Plant
	Closed question for fishers (n= 106)                                                                    
	Response rate (%)

	
	Yes
	No
	Uncertain

	Are you aware of the fish preventionsystem installed at the plant?
	100
	0
	0

	Do you believe the fish screens are in preventing debris and larger fish from entering the plant?
	0
	93
	7

	Received any compensation for the disrupted livelihoods?
	0
	100
	0

	Involved in any decision-making processes on its impact?
	0
	100
	0












[bookmark: _Toc191016285]CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS
[bookmark: _Toc191016286]5.1. Conclusions
The Tana Beles Hydropower Plant has significantly affected the physicochemical parameters of the water, although all measured parameters remained within permissible limits for aquatic life, ensuring environmental suitability for fish populations.
Fish abundance and diversity showed significant variations across sites, with higher numbers and weights upstream compared to downstream. Species diversity was greater at upstream (H' = 1.66) than downstream (H' = 1.41). The species composition varied between upstream and downstream sites, with L. brevicephalus being the most dominant species upstream (IRI = 46.0%), while L. nedgia became the most important species downstream (IRI = 42.85%). In contrast, L. intermedius ranked second in both sites. The dominance of different fish species between upstream and downstream sites suggests altered ecological dynamics due to the hydropower plant's presence.
Length-weight relationships of dominant species were curvilinear, with L. brevicephalus and L. intermedius exhibiting negative allometric growth, while L. nedgia showed positive allometric growth. Significant deviations from the expected 1:1 sex ratio was observed in L. intermedius, L. tsanensis, and L. brevicephalus (p< 0.05), with females outnumbering males.The fecundity of L. intermedius and L. brevicephalus demonstrated significant correlations with fork length, total weight, and gonadweight, which indicatedthat larger fish have higher reproductive output.The studyalso indicated site-specific variations in the mean condition factor (FCF) of L.brevicephalus andL. intermedius,but no significant differences were observed for L. nedgia.
Despite ecological findings, local fishers face significant socio-economic challenges. fish productiondeclined due to turbine-related injuries, disrupted migration routes, and increased predation. Many fishers have diversified their livelihoods, turning to farming, and daily labor as fish resources can no longer support full-time fishing activities.These findings emphasize the importance of implementing effective mitigation measures to minimize the negative impacts of hydropower development on both the environment and local communities.
[bookmark: _Toc191016287]5.2. Recommendations
Based on the present study of results, the following recommendations were forwarded: -
· Install appropriate protective screens or barriers at the intake to prevent fish from being drawn into the structure.
· Facilitate alternative income-generating opportunities for fishers whose livelihoods have been disrupted by the hydropower plant, such as aquaculture development, 
· Operate the hydropower plant in consultation with fisheries biologists and environmental experts to ensure sustainable management practices and balance energy production with ecological conservation.
· Conduct long-term studies on the population dynamics, reproductive biology, and migratory behavior of fish species impacted by hydropower operations.
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Appendix 1: Questionnaire
Bahir Dar University College of Agriculture and Environmental Sciences Department of Fisheries and Aquatic Sciences MSc. in Fisheries and Aquaculture, the title of assessment of the challenges and opportunity of a hydropower plant on fish resource in Tana Beles   Ethiopia.
Part I: Questionnaire for individual fishers 
Region ----------------- Zone ------------------ Woreda ---------------- Town-------------- 
Kebele _____Got___________ Date__________
I. Demography
1. Sex: Male  [image: ]              Female [image: ]
2. Religion: A. Christian-Orthodox B. Christian-Protestant C. Muslim   E. Others
3. Age-(in a year):   A.18-30       B.31-40        C. 41- 50           D. above 50
4. Education: A. Illiterate B. Read and write C. Elementary D. Secondary school E. Diploma/degree
5. Marital status: A. single        B. Married        C. Divorced         D. Widowed
6. Family members (size) -------------------------------------------------
II. Questionnaires related to Fishing 
7. Fishing experience (in years): A. 1-5 B. 6-10 C.11- 15 D.16- 20 E. 21-25 F. above 25
8. What was your reason to start fishing? -------------------------------------------------
9. What fish species do you fish from Tana Beles hydropower?
10. Average amount of fish you harvest (Kg/ day) -----------------------------------------------
11. Your income per month-about _________Birr.
A. 200-700 	B. 750-1000	C. 1100-1500	     D. 1600-2000     E. Above 2000
12. Categorization of fishers
A. Full-time fishers.   B. Part-time fishers    C. Seasonal fishers
13. If you are not full-time fishers, what are your other means of income? -------------------
14.  Number of working days per year-------------------------------------------------
15. Which type of fishing gear do you use?
A. multi-filament B. Mono-filament C. Beach seine D. hooks and lines E. other specify --
16. What is the type and size of the gillnets you have been using in fishing?
	Type
	Length (cm)
	Width (cm)
	Stretched mesh size (cm)
	Quantity

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	


17. Please specify the number of fishing boats you possess or have access to: 
A. Motorized             B. Reed boat (Tankuwa)     C. Others (Specify) --------------
18. When do you fish? All year round in summer, in winter only during holidays other 
(specify). Why? -------------------------------------------------
19. Do you get any support from professionals on how to use the fish resources? If yes, what sort, when, and how? -------------------------------------------------
Part III: Impact of Tana Beles Hydropower Plant
20. Do you believe the construction of the Tana Beles Hydropower Plant has affected fish populations in the lake?
1. Yes       2. No
21. (If yes to question 20) in your opinion, how has the hydropower plant impacted fish populations? (Choose all that apply)
·Changes in water quality                                        · Disruption of fish migration patterns 
· Impact of mechanical damage on fish                    · Other (Specify): ------------------------
22. In your opinion, Rank the major challenges of -----------------------------------------
23. If yes to question 20, have you noticed a change in the average catch per day since the construction of the hydropower plant?
A. Increased               B. Decreased         C.  No change      D. No opinion
24. If increased or decreased to question 23, by what percentage has your average daily catch changed? (Enter a number) ______%
25. Have you observed any fish injuries or mortalities that you believe are related to the hydropower plant turbines?
1. Yes            2. No             3. Unsure 
26. Which fish species are highly affected by the plant? -----------------------------------------
Part IV: Opportunities and Suggestions
27. Have you benefited in any way from the construction of the Tana Beles Hydropower Plant? (Choose all that apply)
· Increased access to electricity 
· Improved infrastructure (roads, bridges) 
· Employment opportunities 
· Other (Specify): __________________________
28. The establishment of hydropower plants can create new habitats for fish.
1. yes 2. No 3. uncertain
29. Could the hydropower project create opportunities for enhanced monitoring and research of fish populations? 
1. yes 2. No 3. uncertain
30. Have you noticed any barriers, nets, or screens in the water near the plant's intake area(Yes/No)
31. If yes, do you believe the system is effective in helping fish reach their spawning grounds?
1. yes 2. No 3. uncertain
32. Have you received any compensation from the hydropower developer for lost fishing income or disrupted livelihoods? (Yes/No, if yes, was it adequate?)
33. Have you been involved in any decision-making processes related to the plant or its impact on fisheries? (Yes/No, if yes, how satisfied were you with the process?) ------------
36. What should be done to minimize the negative impact of the Tana Beles Hydropower Plant on Fishes? -------------------------------------------------
Part II. Questionnaire for Fishermen Association
1. When was this fishermen's association established?
2. Number of fishermen in your association ______ A. Male  [image: ]       B. Female [image: ]
3. Number of fishes captured by each member per day_____________
4. Number of boats you used: A. Motorized B. Wooden C. Others
5. Sizes of gear (fishnet filament size) you use in cm ___________
6. From where do you obtain the fishing gear you used? _________________
7. Do you believe the construction of the Tana Beles Hydropower Plant has affected fish populations in the lake?
1 yes       2 No
8. If yes in your opinion, how has the hydropower plant impacted fish populations? (Choose all that apply)
· Changes in water quality                                       · Disruption of fish migration patterns 
· Impact of mechanical damage on fish                   · Other (Specify): _________
9. In your opinion, Rank the major challenges of-------------------------------------------------
10. Have you noticed a change in the average catch per day since the construction of the hydropower plant?
A. Increased            B. Decreased                    C.  No change               D. No opinion
10. If increased or decreased to question 23 by what percentage has your average daily catch changed? (Enter a number) ______%
11. What are the major impacts of HPP on Water quality? --------------------------------------
12. What are the opportunities of the hydropower establishment on Fishes? -----------------
13. How is the fish abundance and diversity before and after the establishment of the hydropower dam? -------------------------------------------------
14. What should be done to minimize the negative impact of the Tana Beles hydropower Dam on fish and water quality parameters? -------------------------------------------------
Part III. Questions for focus group discussion
1. Do you think that the establishment of this plant affects fisheries in Tana Beles?
1. Yes    [image: ]2. No[image: ]            3. I don’t know  [image: ]
2. If you yes, what are the effects of the Tana Beles Hydropower plant on Fishes? ----------
3. What are the major impacts of the Tana Beles Hydropower Plant on Water quality? -----
4. What are the opportunities of the hydropower establishment on Fishes? -------------------
5.  How is the fish abundance and diversity before and after the establishment of the hydropower dam? -------------------------------------------------------------------------------------
6. What were the problems faced by the fishermen during fishing activities?
7. How does the government body manage the fish resources properly?
8. What are the important measures you suggest to avoid fish declines? --------------------
Thank you in advance for your kind support.
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Appendix 4: Photographs in stitu measuring of physicochemical during sampling
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