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ABSTRACT 

The conservation of anguillid eels in Kenya’s Athi-Galana-Sabaki (AGS) and Ramisi Rivers is 

crucial due to their ecological and economic significance and the increasing threats from habitat 

degradation. This study aimed to: analyse the population structure of anguillid eels, explore 

their ecological niches, and determine the ecological risks they face in these rivers. Fieldwork 

was conducted over 12 months, during which 393 eels were sampled using fyke nets. 

Population health was assessed through length-weight relationships and condition factors, 

while ecological niche dynamics were determined via stomach content analysis and habitat 

characterization. Bayesian models were applied to evaluate current and future ecological risks. 

The results revealed differences in population structure and ecological dynamics between the 

rivers. The Ramisi River supported a larger eel population (mean density 1.1 

individuals/net/day) than the AGS River (0.8 individuals/net/day). Anguilla bengalensis was 

the most abundant species (65%), and yellow eels in the AGS River exhibited a higher mean 

length (48.9±13.7 cm) compared to those in the Ramisi River (34.4±12.4 cm). Silver eels also 

demonstrated greater lengths in the AGS River (88.0±2.3 cm) than in the Ramisi River 

(66.8±8.4 cm). Ecological niche analysis revealed the utilization of nine dietary items, with the 

highest dietary overlap observed between A. bengalensis and A. bicolor (Schoener’s index: 

0.82). Anthropogenic activities, including water abstraction and riparian encroachment, were 

more pronounced in the AGS River, leading to greater habitat degradation (habitat integrity 

score of 56.6% compared to 92.3% in the Ramisi River). Risk analysis identified the yellow 

eel stage as the most vulnerable under future scenarios, underscoring the need for proactive 

conservation. This study concludes that anguillid eels in Kenya’s East-flowing rivers recruit 

across diverse size classes and habitats but face significant threats from human activities. It 

recommends urgent habitat restoration, regulation of water extraction, and community-driven 

conservation initiatives to safeguard these ecologically and economically vital species. 

 

 

 

 



vii 

 

TABLE OF CONTENTS 

DECLARATION AND RECOMMENDATION .................................................................. ii 

COPYRIGHT ......................................................................................................................... iii 

DEDICATION......................................................................................................................... iv 

ACKNOWLEDGEMENTS .................................................................................................... v 

ABSTRACT ............................................................................................................................. vi 

LIST OF TABLES ................................................................................................................ xiv 

LIST OF ABBREVIATIONS AND ACRONYMS ............................................................. xv 

CHAPTER ONE ...................................................................................................................... 1 

INTRODUCTION.................................................................................................................... 1 

1.1 Background to the study ................................................................................................... 1 

1.2 Statement of the problem ................................................................................................. 2 

1.3 Objectives ......................................................................................................................... 3 

1.3.1 Broad objective .......................................................................................................... 3 

1.3.2 Specific objectives ..................................................................................................... 3 

1.4 Hypotheses ....................................................................................................................... 3 

1.5 Justification ...................................................................................................................... 4 

1.6 Scope /Assumptions /Limitations..................................................................................... 4 

1.7 Definition of terms ........................................................................................................... 5 

CHAPTER TWO ..................................................................................................................... 8 

LITERATURE REVIEW ....................................................................................................... 8 

2.1 Life cycle and growth stages of anguillid eels ................................................................. 8 

2.2 Distribution and population characteristics of anguillid eels in the West Indian Ocean . 8 

2.3 Recruitment dynamics, migration strategies, and challenges of Glass eels in estuarine 

and freshwater habitats ......................................................................................................... 10 

2.3.1 Migration patterns and environmental cues influencing glass Eels’ recruitment and 

behaviour .......................................................................................................................... 12 

2.4 Environmental and ecological factors influencing anguillid eels’ distribution, habitat 

preference, and feeding dynamics ........................................................................................ 13 

2.5 Spawning locations and oceanic dynamics of anguillid eels in relation to recruitment 

declines ................................................................................................................................. 15 



viii 

 

2.6 Anthropogenic impacts on freshwater ecosystems and the vulnerability of anguillid eels 

in Kenyan Rivers .................................................................................................................. 16 

2.6.1 Habitat loss, fragmentation, and impact on eel bio-ecology ................................... 17 

2.6.2 Impacts of pollution on eels ..................................................................................... 18 

2.6.3 Invasive alien species and their impact on eels ....................................................... 19 

2.6.4 Over-harvesting of eels ............................................................................................ 21 

2.6.5 Impacts of climate change on eels ........................................................................... 23 

2.7 The decline of anguillid eels: Human-induced threats and conservation concerns for the 

Kenyan eel species ............................................................................................................... 23 

2.8 Assessing ecological integrity and risks to anguillid eels’ populations in the face of 

anthropogenic threats ........................................................................................................... 24 

2.9 Conceptual Framework .................................................................................................. 26 

CHAPTER THREE ............................................................................................................... 27 

POPULATION STRUCTURE OF ANGUILLID ASSEMBLAGES AT RIVERS ATHI-

GALANA-SABAKI AND RAMISI ...................................................................................... 27 

3.1 Introduction .................................................................................................................... 28 

3.2 Materials and Methods ................................................................................................... 29 

3.2.1 Study area ................................................................................................................ 29 

3.2.2 Sampling and research design ................................................................................. 31 

3.2.4 Biomass and Density Measurements ....................................................................... 33 

3.2.5 Data analyses ........................................................................................................... 33 

3.3 Results ............................................................................................................................ 33 

3.3.1 Relative lengths of eel species between the Rivers ................................................. 33 

3.3.2 Relative abundance of Yellow and Silver eels of Rivers AGS and Ramisi ............ 34 

3.3.3 Diversity of anguillids at Rivers AGS and Ramisi .................................................. 35 

3.3.4 Eel Biomass ............................................................................................................. 35 

3.3.5 Densities (Individuals.net-1day-1) of the eel species and life stages between the 

Rivers ................................................................................................................................ 37 

3.3.6 Size class abundance of the eel species occurring in River AGS and River Ramisi

 .......................................................................................................................................... 38 

3.4 Discussion ...................................................................................................................... 41 

3.5 Conclusion ...................................................................................................................... 43 

CHAPTER FOUR .................................................................................................................. 45 



ix 

 

EVALUATION OF THE ECOLOGICAL NICHES OF ANGUILLID EELS IN THE 

ATHI-GALANA-SABAKI AND RAMISI RIVERS .......................................................... 45 

4.1 Introduction .................................................................................................................... 46 

4.2 Materials and methods ................................................................................................... 51 

4.2.1 Dietary evaluation .................................................................................................... 51 

4.2.2 Measurement of water quality parameters ............................................................... 53 

4.2.3 Data analysis ............................................................................................................ 54 

4.3 Results ............................................................................................................................ 54 

4.3.1 Trophic levels, niche breadths, and diet overlaps .................................................... 54 

4.3.2 Stomach Diet Composition of the Eel Species of the Rivers AGS and Ramisi ...... 55 

4.3.3 Diet Preference in the Stomachs of the Rivers AGS and Ramisi Eels .................... 56 

4.3.4 Growth variables of the four anguillid eel species of the Rivers AGS and Ramisi 56 

4.3.5 Length- weight relationships of the anguillid species ............................................. 57 

4.3.6 Mean lengths, weights, and condition factors of anguillid life stages ..................... 57 

4.3.7 Length/Weight relationships of the different life stages of the Anguillids species 

between Rivers ................................................................................................................. 59 

4.3.8 The Habitat preferences of the anguillid eels of the River Ramisi and the River 

AGS .................................................................................................................................. 61 

4.3.7 Water quality and hydrological parameters of the upper and lower reaches of 

Rivers AGS and Ramisi .................................................................................................... 62 

4.3.8 Influence of water quality and hydrological features on habitat preference of 

Anguillids of River AGS and River Ramisi ..................................................................... 63 

4.4 Discussion ...................................................................................................................... 64 

4.5 Conclusion ...................................................................................................................... 67 

CHAPTER FIVE ................................................................................................................... 69 

ECOLOGICAL RISK ASSESSMENT OF ANTHROPOGENIC STRESSORS ON 

CATADROMOUS ANGUILLID EELS IN RIVER AGS AND RIVER RAMISI .......... 69 

5.1 Introduction .................................................................................................................... 70 

5.1.1 Vulnerability of Anguillid eels to human impacts and the role of Relative Risk 

Assessment (RRA) ........................................................................................................... 70 

5.1.2 Importance of studying Anguillid eels .................................................................... 70 

5.1.3 Eels’ life stages and their vulnerability to environmental stressors ........................ 71 

5.2 Habitat modifiers and Anguillid eels’ ecology .............................................................. 72 



x 

 

5.2.1 Impact of water abstraction and quality on anguillid eel populations ..................... 73 

5.2.2 Impact of water quality on Anguillid eel populations ............................................. 75 

5.2.3 Modification of the River bed and channel ............................................................. 77 

5.2.4 Effect of flow modification on Anguillid eels’ ecology .......................................... 81 

5.2.5 Impact of inundation on habitat integrity for Anguillid eels ................................... 83 

5.2.6 Impact of exotic flora and fauna on anguillid eels .................................................. 84 

5.2.7 Impact of indigenous vegetation removal and bank erosion on Anguillid eels....... 85 

5.2.8 Impact of solid waste disposal on anguillid eels ..................................................... 86 

5.2.9 Introduction to Relative Risk Assessment (RRA) ................................................... 87 

5.3 Materials and Methods ................................................................................................... 89 

5.3.1 Habitat integrity of the study sites ........................................................................... 89 

5.3.2 Ecological risk assessment ...................................................................................... 89 

5.3.2 Scenario modelling and stressor impact analyses .................................................... 92 

5.3.3 Natural, present and future risk assessment impact variables ................................. 96 

5.3.4 Data analysis ............................................................................................................ 97 

5.4 Results ............................................................................................................................ 97 

5.4.1 The habitat integrity of Rivers AGS and Ramisi ecosystems ................................. 97 

5.4.2 Analysis of risks across the eels’ life stages in the natural and present scenarios in 

the River Ramisi ............................................................................................................... 99 

5.4.3 Risk distribution in the natural and present scenarios among the eel life stages in 

the River Ramisi ............................................................................................................. 100 

5.4.4 Analysis of risks across eel life stages in natural and present scenarios in the River 

AGS ................................................................................................................................ 100 

5.4.5 Risk distribution in the natural and present scenarios among the eel life stages in 

River AGS ...................................................................................................................... 101 

5.4.6 Analysis of risks across eels’ life stages in natural, present and future scenarios in 

River Ramisi ................................................................................................................... 102 

5.4.7 Risk distribution in the natural, present, and future scenarios among the eels’ life 

stages in River Ramisi .................................................................................................... 102 

5.4.8 Analysis of risks across eel life stages in the natural, present, and future scenarios 

in the River AGS ............................................................................................................ 103 

5.4.9 Risk distribution in the natural, present, and future scenarios among the eels’ life 

stages in River AGS ....................................................................................................... 104 



xi 

 

5.5 Discussion .................................................................................................................... 104 

5.6 Conclusion .................................................................................................................... 106 

CHAPTER SIX .................................................................................................................... 107 

GENERAL DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS ............ 107 

6.1 Discussion .................................................................................................................... 107 

6.2 Conclusions .................................................................................................................. 107 

6.3 Recommendations ........................................................................................................ 108 

6.3.1. Habitat restoration and protection ........................................................................ 108 

6.3.2. Fish passage improvement .................................................................................... 108 

6.3.3. Regulatory and policy interventions ..................................................................... 109 

6.3.4. Community engagement and awareness............................................................... 109 

6.3.5. Research, monitoring, and data-driven management ........................................... 109 

6.3.6. Regional and international collaboration .............................................................. 109 

6.3.7. Climate adaptation and habitat connectivity ........................................................ 110 

6.3.8. Areas for further research ..................................................................................... 110 

REFERENCES ..................................................................................................................... 111 

APPENDICES ...................................................................................................................... 153 

Appendix A: Measurement of Glass Eel, Elver, and Yellow Eel ...................................... 153 

Appendix B: Examination of Eels’ Vomerine for Identification ....................................... 154 

Appendix C:  Photo of Silver Eel Stage of A. bicolor and Yellow Stage of A. bengalensis

 ............................................................................................................................................ 155 

Appendix D: Setting of Fyke Nets ..................................................................................... 156 

Appendix E: A Split Belly of Yellow Eel for Diet Studies, at River AGS ........................ 157 

Appendix F: Node Justification for Risk Assessment Scoring .......................................... 158 

Appendix G: Habitat Integrity Assessment Tool ............................................................... 173 

Appendix H: 12th WIOMSA Science Symposium Poster Presentation ............................. 177 

Appendix I: Publication 1 .................................................................................................. 178 

Appendix J:  Publication 2 ................................................................................................. 179 

Appendix K: Research Permit ............................................................................................ 180 

 

 

 

 



xii 

 

 

LIST OF FIGURES 

Figure 1: Map Showing the Spawning Area of WIO Tropical Eels .......................................... 9 

Figure 2: Conceptual Framework Showing Relationships Between Variables ....................... 26 

Figure 3: Map of Study Area Showing the AGS and Ramisi Rivers’ Sampling Sites ............ 31 

Figure 4: Relative Abundance of Yellow and Silver Eels of the Rivers AGS and Ramisi ..... 34 

Figure 5: Total Eel Biomass at Upper and Lower River Reaches ........................................... 36 

Figure 6: Species Biomass at the Upper and Lower Reaches of AGS .................................... 36 

Figure 7: Species Biomass at the Upper and Lower Reaches of the River Ramisi ................. 37 

Figure 8: CPUE of the Eel Species Between the Rivers .......................................................... 38 

Figure 9: Size Class Abundance of A. bengalensis.................................................................. 39 

Figure 10: Size Class Abundance of A. bicolor ....................................................................... 39 

Figure 11: Size Class Abundance of A. marmorata ................................................................ 40 

Figure 12: Size Class Abundance of A. mossambica ............................................................... 41 

Figure 13:  Stomach composition of anguillids in Rivers Ramisi and AGS ........................... 55 

Figure 14: Frequency of Diet Items of the Eels. ...................................................................... 56 

Figure 15a: Length-weight Relationship of  A. bengalensis of the  Rivers AGS and Ramisi . 57 

Figure 16a: L/W relationship of elvers of A. bengalensis ....................................................... 60 

Figure 17a: L/W relationship of elvers of A. bicolor ............................................................... 60 

Figure 18a: L/W relationship of elvers of A. marmorata ........................................................ 60 

Figure 19a: L/W relationship of elvers of A. mossambica ....................................................... 60 

Figure 20: Principal Component Analysis (PCA) for Eel Species Assemblage among Habitat 

Types and Reaches at Ramisi River ......................................................................................... 61 

Figure 21: Principal Component Analysis (PCA) for Eel Species Assemblage among Habitat 

Types and Reaches at River AGS. ........................................................................................... 62 

Figure 22: Canonical Correspondence Analysis (CCA) on the Influence of Environmental 

Variables on Eels’ Habitat Preference, among Sampling Locations ....................................... 64 

Figure 23: Overview of Various Anthropogenic Activities Impacting the River AGS 

Ecosystem ................................................................................................................................ 99 

Figure 24: Percentage Risk of the Eels’ Life Stages in the Natural and Present Conditions in 

the River Ramisi ...................................................................................................................... 99 

Figure 25: Relative Risk Percentage Distribution for the Hypothetical Natural (NAT) and 

Present (PRS) Scenarios for the Different Life Stages at the River Ramisi Ecosystem ........ 100 



xiii 

 

Figure 26: Percentage Risk of Eels’ Life Stages in Natural and Present Conditions in the 

River AGS .............................................................................................................................. 101 

Figure 27: Relative Risk Percentage Distribution for the Hypothetical Natural (NAT) and 

Present (PRS) Scenarios for the Eel Life Stages at the River AGS Ecosystem .................... 101 

Figure 28: Percentage Risk of Eel Life Stages in Natural, Present and Future Scenarios in the 

River Ramisi .......................................................................................................................... 102 

Figure 29: Relative Risk Percentage Distribution for the Hypothetical Natural (NAT), Present 

(PRS), and Future Scenarios for the Eel Life Stages at the River Ramisi ............................. 103 

Figure 30: Percentage Risk of Eel Life Stages in Natural, Present, and Future Conditions in 

River AGS .............................................................................................................................. 103 

Figure 31: Relative Risk Percentage Distribution for the Hypothetical Natural (NAT),  

Present (PRS), and Future Scenarios for the Eel Life Stages at the River AGS Ecosystem . 104 

  



xiv 

 

LIST OF TABLES 

Table 1: Mean Lengths of Yellow and Silver Eels of the AGS and Ramisi rivers .................. 34 

Table 2: Diversity Indices of Eel Communities Along Rivers AGS and Ramisi .................... 35 

Table 3: Trophic Levels and Diet Breadth of Anguillid Eels of Rivers AGS and Ramisi ...... 54 

Table 4: Diet overlap of anguillids of the Rivers AGS and Ramisi......................................... 55 

Table 5: Summary of Mean Total Lengths, Body depth, Weights, and Relative Condition 

factor (Kn) of the anguillid eels. .............................................................................................. 56 

Table 6: Summary of Lengths, Weights, and Relative Condition Factors (Kn) of Anguillid 

Eels’ Life Stages of the Rivers AGS and Ramisi .................................................................... 58 

Table  7: Tukey’s Range Analysis Results for Water Variables Across River Reaches in the 

AGS and Ramisi Rivers ........................................................................................................... 63 

Table 8: Risk Ranks and Node Descriptions ........................................................................... 92 

Table 9: Risks Impacting Different Eels’ Life Stages ............................................................. 93 

Table 10:The Different Scenarios and Node Descriptions Used in the Study ......................... 96 

Table 11: Instream and Riparian Habitat Modifier Scores in Rivers AGS and Ramisi .......... 98 

  



xv 

 

LIST OF ABBREVIATIONS AND ACRONYMS 

AGS   Athi – Galana - Sabaki 

ANOVA  Analysis of Variance 

CPUE   Catch Per Unit Effort 

ECU   European Currency Unit  

EIFAC   European Inland Fisheries Advisory Commission 

ICES   International Council for the Exploration of the Sea. 

FAO   Food and Agriculture Organization 

GoK   Government of Kenya 

GHGs   Greenhouse Gases 

IUCN   International Union for Conservation of Nature 

mm   Millimetres 

RRM    Relative Risk Model 

U.S.A.   United States of America 

UNESCO  United Nations Educational, Scientific, and Cultural Organization 

WIO   Western Indian Ocean 

WIOMSA  Western Indian Ocean Marine Science Association 

 

 

 

 

 



1 

 

CHAPTER ONE 

INTRODUCTION 

1.1 Background to the study 

The taxonomic group of freshwater Anguillidae, known as the genus Anguilla, 

encompasses 19 species worldwide (Arai, 2016). These species inhabit freshwater, brackish 

estuaries, and coastal waters across more than 150 countries (Jacoby & Gollock, 2014). Due to 

spending more than 90% of their lives in freshwater environments, they are primarily 

considered freshwater fish (Béguer-Pon et al., 2017). Eels of the Anguilla genus are highly 

migratory catadromous species with three freshwater stages (glass, yellow, and silver eels) and 

two marine stages (egg and larvae). Eggs hatch into Leptocephali (Larvae), which drift along 

ocean currents to the continental shelf. Leptocephali then metamorphose into glass eels and 

migrate upstream as elvers (Aarestrup et al., 2009; Kuroki, 2023). Elvers further metamorphose 

into yellow eels (immature stage) within freshwater habitats. Yellow eels then mature upstream 

into adult silver eels, which migrate downstream to ocean spawning areas where they spawn 

and perish. 

Anguilla eels are exploited globally at all life stages, with glass eels particularly sought 

after for food and aquaculture (Drouineau et al., 2018). East Asia has been the primary 

destination market for eels, with China and Taiwan accounting for nearly 75% of eel exports 

by volume, primarily to Japan (FAO, 2015). Along the east coast of Africa in the West Indian 

Ocean, five species have been documented, although Anguilla obscura Günther 1872 was 

considered an incidental occurrence (Jubb, 1964), and little information exists about it. Among 

the four main species found in East African rivers, Anguilla bicolor McClelland (1844), 

Anguilla marmorata Quoy Gaimard (1824), Anguilla mossambica Peters (1852), and Anguilla 

bengalensis Gray (1831), A. bicolor is less abundant (Jubb, 1964). Some Western Indian Ocean 

countries like Madagascar, Mauritius, and South Africa have entered global trade and could 

play a growing role in the future (Crook, 2014).  

Declining eel populations have led to various species being listed on the IUCN Red List 

of endangered species. The European eel (Anguilla anguilla) is classified as "critically 

endangered" (Jacoby & Gollock, 2014), while American and Japanese eels are categorized as 

"endangered" (Jacoby & Gollock, 2014; Jacoby et al., 2015). Anguilla reinhardtii and Anguilla 

marmorata are listed as "least concern" (Pike et al., 2020). Consequently, the European Union 

(EU) has prohibited all imports and exports of A. anguilla to and from its member states to 
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curb further decline and conserve dwindling populations. With dwindling temperate eel 

supplies, attention has shifted to less studied tropical eels, such as the increasing demand for 

A. mossambica glass eels for stocking ponds in East Asia (Fan et al., 2008). Despite fewer data 

available for tropical Anguilla species, conservation concerns also exist for many, including 

Anguilla bicolor, Anguilla mossambica, and Anguilla bengalensis, classified as "near 

threatened" by the IUCN (Pike et al., 2019).  

Human activities have altered aquatic ecosystems, inducing stressors affecting eel 

assemblages, such as pollution, river modifications, overharvesting, introduction of alien 

species, and climate change (Kuehne et al., 2023). These stressors may impact eels' physiology, 

population, and ecosystem functioning, directly or by facilitating opportunistic organism 

growth. For example, chemical or mechanical activities leading to lesions may promote 

opportunistic microorganism growth, causing diseases. The stressors result in unhealthy eel 

assemblages, loss of diversity, and ecological dysfunction (Arai, 2016). Thus, assessing the 

potential impacts of the stressors on eel assemblages for resource management and 

conservation measures is essential. 

Eels' effective habitat utilization stems from successful migration from marine to 

freshwater habitats without barriers. Such effective habitat use enhances feeding habits, 

growth, and maturity, essential for a successful eel life (Alexandre et al., 2016). The 

construction of barriers like dams and weirs, along with associated changes in river hydrology 

and hydraulics, poses significant threats to eel habitats (Koster et al., 2020). These impacts 

affect individual or group eels, ultimately influencing species assemblages, including species 

richness, relative abundance, and other ecological characteristics. An unpublished study by 

Kihia et al. (2022), sheds light on anguillid eels in Kenya, indicating that they have been 

overlooked as a resource and have not been thoroughly studied in terms of their biological or 

ecological status. In conclusion, this study will assess the bio-ecology and ecological status of 

anguillid eels in the Athi-Galana-Sabaki and Ramisi Rivers, shedding light on their population 

dynamics, habitat utilization, and potential threats within these riverine ecosystems. 

1.2 Statement of the problem 

Despite the East African anguillid species namely; Anguilla bicolor, Anguilla 

bengalensis, Anguilla marmorata and Anguilla mossambica being listed in different categories 

of the IUCN red list of threatened species, detailed information about their current status and 

the threats they face in Kenya remains scarce. Various anthropogenic activities, including 
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damming, agriculture, industry, and river modification, have been shown to affect the health 

of anguillid populations. In Kenya, east-flowing rivers originating from the central highlands 

are increasingly exploited for agriculture, industrial activities, channelization projects, and 

water abstraction. These alterations degrade habitat quality and disrupt anguillid migration, 

impacting both upstream and downstream movements and threatening the survival of local eel 

populations. Anguillids' unique catadromous life cycle, which requires them to migrate 

between freshwater and marine environments, is particularly vulnerable to barriers that obstruct 

their movement, such as dams and weirs. These obstructions can prevent eels from completing 

their life cycle, leading to reduced maturity and reproduction rates, ultimately contributing to 

population declines. Additionally, pollution from agriculture and industrial sources threatens 

the biology of eels by impairing vital physiological and reproductive functions. The Athi-

Galana-Sabaki River, which flows through densely populated agricultural and industrial areas, 

has become one of Kenya’s most polluted rivers, subjecting its aquatic ecosystems to multiple 

stressors. To protect the Anguilla eel species from further decline, it is essential to understand 

their population characteristics, ecological niches, and risks impacting their lifecycle.  

1.3 Objectives 

1.3.1 Broad objective 

The broad objective was to contribute to eel conservation efforts by assessing the population 

structure, ecological niche, and conservation status of anguillids in rivers that flow eastward in 

Kenya. 

1.3.2 Specific objectives 

i. To analyse the population structure of anguillids in the Athi-Galana-Sabaki and Ramisi 

rivers. 

ii. To explore the ecological niches of anguillids in the Athi-Galana-Sabaki and Ramisi 

rivers. 

iii. To determine the ecological risks against anguillids in the Athi-Galana-Sabaki and 

Ramisi rivers. 

1.4 Hypotheses 

i. There is no difference in the population structure of anguillids of River AGS and River 

Ramisi.  

ii. There is no difference in ecological niches of anguillids of River AGS and River Ramisi.  
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iii. There is no difference in ecological risks against the anguillid eels of the Athi-Galana-

Sabaki and Ramisi Rivers. 

1.5 Justification  

Monitoring the population characteristics of anguillid eels over time reveals trends that 

indicate whether their populations are thriving, declining, or stable. These trends can guide 

conservation efforts and assess the success of existing measures. anguillid eels hold both 

ecological and economic significance: they play an essential role in their ecosystems by 

contributing to nutrient cycling, habitat formation, and supporting biodiversity, while also 

providing a livelihood resource for local communities. Their status as indicators of ecosystem 

health allows changes in their populations to reflect broader environmental issues like 

pollution, climate change, and habitat degradation, which may impact other species as well. 

Given that anguillid eels are listed as vulnerable by the IUCN, understanding their population 

dynamics is critical for ensuring their survival and the continued ecological and economic 

benefits they provide. This study establishes a scientific basis for protecting anguillid eels and 

the ecosystems they inhabit, guiding policy and promoting sustainable management practices. 

The research also supports Kenya’s Vision 2030 ‘Environmental Pillar’ by identifying 

ecological threats in the Athi-Galana-Sabaki (AGS) and Ramisi Rivers, such as, pollution, 

habitat destruction, and water extraction; thereby contributing to strategies for sustainable 

riverine ecosystem management. Additionally, it aligns with Sustainable Development Goal 

15, which emphasizes sustainable ecosystem management and the protection of biodiversity. 

Anguillid eels, as a component of Kenya’s freshwater biodiversity, serve as indicators of 

ecosystem health, making their study critical for highlighting and addressing the need to protect 

these habitats from anthropogenic pressures such as pollution and habitat fragmentation. 

1.6 Scope /Assumptions /Limitations 

Scope 

The scope of this study includes assessing the population structure, ecological niche, 

and ecological risks facing anguillid eels in the Athi-Galana-Sabaki and Ramisi Rivers. This 

will involve collecting data on anguillid populations, their habitat preferences, and the current 

and future threats each life stage encounters within these river systems. Field surveys, data 

analysis, and interpretation will be conducted to gain insights into anguillid eels' bio-ecology 

and overall ecological status in these rivers. 
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Assumption 

Anthropogenic activities (e.g., pollution, dam construction, and water extraction) are 

assumed to influence eel population health and migration patterns significantly. Thus, 

any changes in population characteristics could be attributed to these activities, at least 

in part. 

Limitations 

i. The study duration did not capture seasonal variations or long-term trends in anguillid 

populations and their ecological niche assessments, because the study was time-bound. 

ii. There is a scarcity of literature on tropical anguillids and none in the 

East African region by the time of this study 

1.7 Definition of terms 

Alien species - Species that occur outside their natural range and dispersal potential. Alien 

species are spread by intended or unintended human activity to new areas. 

Catadromous – Fish or other organisms growing in fresh water and breeding in the Ocean  

Ecological health - Ecological health of a species refers to the overall well-being and 

functioning of a species within its ecosystem. It encompasses various factors such as population 

size, genetic diversity, habitat quality, interactions with other species, and overall resilience to 

environmental changes (Schaeffer et al., 1988) 

Ecological risk assessment - (EcoRA) Involves the assessment of the risks posed by 

anthropogenic threats. 

Glass eel - refers to young, unpigmented eel, recruiting from the sea into continental waters 

Habitat Fragmentation happens when parts of a habitat are destroyed, leaving behind smaller 

unconnected areas.   

Habitat integrity - “The intactness of ecosystems and associated ecological processes, as 

measured by indicators that capture a) the extent, quality and function of ecosystem 

components (including biotic and abiotic factors), and/or b) anthropogenic pressures as a proxy 

for ecosystem degradation and loss.” (Watson et al., 2018) 
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Habitat loss –The elimination or alteration of the conditions necessary for animals and plants 

to survive  

Habitat preference - Habitat preference is the habitat most likely to be chosen by a species 

given the opportunity or the habitat the species is best suited for. 

Habitat use -It is the way an animal uses the physical and biological resources in a habitat. 

Habitat may be used for foraging, cover, nesting, escape, denning, or other life history traits 

Human disturbance- ‘any human activity that impact the quality and/or quality of air, land 

and water 

Nodes -  Nodes in ecological risk assessments represent different components such as stressors, 

impacts, species, habitats, or other relevant factors that interact within the ecosystem. These 

nodes are interconnected through probabilistic relationships that help model the complex 

interactions and dependencies between various elements in the ecosystem. They play a crucial 

role in ecological risk assessments as they allow for the representation of uncertainties, 

dependencies, and interactions among different variables within the system. By defining nodes 

and their relationships, risks associated with specific stressors or changes in the environment 

can be quantified and potential impacts and ecological endpoints evaluated (Appendix 7). 

The North Atlantic Oscillation (NAO) is a climatic phenomenon characterized by a change 

in atmospheric pressure patterns over the North Atlantic Ocean. It is a large-scale seesaw in 

atmospheric mass between the subtropical high-pressure system near the Azores and the 

subpolar low-pressure system near Iceland. The NAO has a significant impact on weather 

changes in the North Atlantic region, influencing temperature, precipitation, and storm tracks. 

Recruitment refers to the number of fish that survive to enter a fishery.  These fish have to 

pass through several life history stages (e.g., egg, larva, juvenile, etc.). 

Risk is the probability or likelihood of a prescribed undesired effect occurring and impacting 

an environment (Suter, 1993). 

Silver eel refers to the seaward migratory eel life phase following the yellow eel phase (ICES 

2012). 

Silver eel Escapement is the downstream migration of Silver eels into the Ocean to breed. 
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A stressor is any physical, chemical, or biological entity that can induce an adverse response 

to the structure and function of an ecosystem (United States Environment Protection Agency 

(USEPA), 1998). 

Yellow eel refers to the life-stage resident in continental waters 

Yellow eel maintenance is the ability of the ecosystem to keep the yellow eels in good 

condition 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Life cycle and growth stages of anguillid eels 

Anguilla eels have six life growth stages, namely: egg, Leptocephali (Larva), Glass eel, 

elver, yellow, and silver eel stages. The duration taken to change from one developmental stage 

to the other is well documented for temperate eels, but similar information for tropical eels is 

scarce. The leaf-like eel leptocephali traverse tropical Oceans growing to 75–90 mm within 

one to three years, before reaching the continental slope of coastal nations where they transform 

into transparent elongated glass eels that recruit into river estuaries (Hatakeyama et al., 2022). 

Glass eels typically refer to an intermediary stage in the eel's complex life history between the 

leptocephalus stage and the juvenile (elver) stage. Glass eels are defined as "all developmental 

stages from completion of leptocephalus metamorphosis until full pigmentation", (Hatakeyama 

et al., 2022). Once they recruit to coastal areas and river mouths, they migrate up rivers and 

streams, overcoming various challenges of climbing over natural and man-made obstacles. In 

freshwater, they acquire pigmentation, often called elvers (young eels), that feed on insects, 

small crustaceans, and other invertebrates (Dörner & Berg, 2016).  

The yellow eel growth duration varies according to environmental parameters such as 

food availability, water quality and temperature, and species (Arai, 2016; Bernotas et al., 2020). 

The yellow eel stage is characterized by golden pigmentation on their ventral surface, after 

which they mature into silver eels and migrate to spawning locations in the deep sea. During 

migration, the silver eels do not feed but rely on stored energy (Couillard, 2014). The external 

features undergo dramatic changes, such as; enlarged eyes, (for optimal vision in the dim -blue 

-clear -ocean light) and their ventral surfaces turn silvery, to create a counter-shading pattern 

that shields them from oceanic predators such as sharks (Couillard, 2014).  

2.2 Distribution and population characteristics of anguillid eels in the West Indian Ocean 

Freshwater eels are divided into temperate, subtropical, and tropical eels based on their 

distribution with tropical species being more specious (Arai, 2016). The four species that have 

been confirmed to occur within the West Indian Ocean (WIO) (Froese & Pauly, 2016; Jacoby 

& Gollock, 2014) have the widest distribution in the world. The tropical eel Anguilla 

marmorata (Quoy & Gaimard, 1824) is one of the largest anguillid eel reaching two metres in 

length and weight of up to 21 kg (Arai & Chino, 2018). This species also has the widest 

geographic distribution of the genus Anguilla (Tsukamoto et al., 2020) occurring from the east 
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coast of Africa to the Marquesas Islands in the South Pacific, as far as southern Japan in the 

north and as far south as southern Africa (Arai & Abdul, 2017). Anguilla bicolor (McClelland, 

1844) is widespread in the Indo-western Pacific, being described from streams in the 

Kimberley regions of northern Western Australia but also in Africa, where it is widespread but 

relatively uncommon along east African coast, Madagascar, and Mozambique in the lower 

Zambezi River (Froese & Pauly, 2016).  Anguilla bengalensis (McClelland, 1844) is common 

in East African water systems, an occasional vagrant to the Arabian Peninsula, and across the 

Indian Ocean to mainland India, Pakistan, and Bangladesh. Anguilla mossambica (Peters, 

1852) is endemic to the South Western Indian Ocean (SWIO) covering the coastlines of several 

countries and territories, such as Madagascar, Mauritius, Seychelles, Comoros, Réunion (a 

French overseas department), and the coastal regions of Mozambique, Tanzania, and Kenya 

(Jacoby & Gollock, 2014). For all the WIO eels, spawning is hypothesized to occur over the 

Mascarene Plateau (Schabetsberger et al., 2016), between 10°S and 20°S, and 60°E and 65°E 

(Figure 1). All anguillid eels in Kenya occur in the east-flowing Rivers that empty into the 

Indian Ocean. 

 

 

 

Figure 1: Map Showing the Spawning Area of WIO Tropical Eels  
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2.3 Recruitment dynamics, migration strategies, and challenges of Glass eels in estuarine 

and freshwater habitats 

Glass eel recruitment patterns are characterized by pulses of high recruitment followed 

by periods of low recruitment (Shuai et al., 2023). These pulses can be driven by a variety of 

factors, including changes in ocean currents, temperature, and food availability. Recruitment 

occurs in specific seasons; for example, European eels’ recruitment occurs in the spring, while 

American eels recruit in the fall (Miller et al., 2016). Studies in tropical Central and South 

America, recruitment occurs from February to May, whereas in West Africa it is from March 

to June, and May to August in Southeast Asia (Aoyama et al., 2018). However, the timing of 

recruitment can change significantly between years and locations.  

Recruitment of the temperate Anguilla anguilla glass eels has declined by over 5 % 

level pre-1980; for the Baltic Sea and 10% for the North Sea (ICES, 2012); Recruitment in 

tributaries of the River Thames, UK indicated declines of over 99 % (Gollock et al., 2011). 

The Bristol Channel and Severn Estuary system are the largest and most outstanding 

contributors to the UK glass eel fishery recruitment decline of approximately 70 % from their 

peak in the late 1970s (Bark et al., 2007). Other recruitment declines (97 %) have occurred in 

American eel (Anguilla rostrata) since the 1980s (Benchetrit & McCleave, 2016; MacGregor 

et al., 2008; Richkus & Whalen, 2000), Japanese eel (A. japonica) (Knights, 2003) over a 

similar timespan. Doole (2005) and Jellyman (2007) reported declines of up to 75 % in the 

subtropical New Zealand longfin eel (Anguilla dieffenbachii) since commercial fishing 

commenced in the 1970s. Specific statistics on the decline of recruitment of anguillid eels in 

the West Indian Ocean (WIO) region are limited. Most research and statistical data on eel 

recruitment decline focus on temperate species. 

There are several anthropogenic impacts potentially influencing the recruitment level 

and survival of anguillid eels. Larval marine migration and survival are influenced by oceanic 

and climatic variables that are beyond the control of single countries or states (Als et al., 2011; 

Côté et al., 2013; Gagnaire et al., 2012; Popova et al., 2019). One of the anthropogenic 

pressures affecting eel stocks in many temperate regions is commercial exploitation (fishing) 

for the glass eel life stage (Aschonitis et al., 2017; Guo et al., 2024).  As a result of the 

temperate-wide decline in glass eel recruitment, the value of glass eels has grown a hundred-

fold since the 1970s (USD 7.50 per Kg) to 2008 (USD 750 per Kg) (Briand et al., 2009). 

However, the glass eel trade was effectively outlawed in 2009 when European eel listing on 

the Convention on International Trade in Endangered Species (CITES) was effected (CITES 
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2007). The majority (87%) of European glass eel fishing occurs in estuaries, where a significant 

number of ‘civelliers’ (boats equipped with push nets) apply intense fishing pressure on glass 

eels as they migrate upstream during the flooding tide (Briand et al., 2009). 

 In Japan, glass eels are a delicacy that is appreciated for their taste and nutritional value. 

The Japanese eel is listed as “Endangered” on the IUCN Red List, and the Japanese government 

controls fishing for this species, but illegal fishing and poaching threaten the species’ recovery 

(Kaifu, 2019). 

Glass eels enter estuaries depending on latitude and the varying oceanic factors. For 

example, in Southern Spain, Arribas et al. (2012) found out that changes in the density of glass 

eels were partially influenced by local environmental factors, such as turbidity, rainfall, and 

temperature in the short term (monthly), whereas long term (inter-annual) changes were 

associated with primary production at the spawning area and the North Atlantic Oscillation 

(NAO) index (Arribas et al., 2012). Due to their cylindrical shape and small size, glass eels 

have relatively restricted locomotory capabilities; for instance, A. rostrata has a critical 

swimming speed of 11.7–13.3 cms-1, over a temperature range of 14–24.5 OC (Wuenschel and 

Able, 2008). It has also been reported that glass eels of A. rostrata and A. anguilla cannot swim 

continuously for long distances against currents beyond 30 cms-1 (Adam et al., 2008). The 

power of glass eels to actively migrate upstream, manoeuvring through an estuary system 

against the river flow is, in this case, limited.  

Passive upstream migration using ‘Selective Tidal Stream Transport’ (STST) is a 

technique by which fish with low swimming potential move upstream throughout an estuary 

system using tidal currents (Benson et al., 2021; Bice et al., 2023; Merk et al., 2023; Verhelst 

et al., 2018).  Selective Tidal Stream Transport’ occurs when a fish remains on or near the 

bottom channel during receding tides but moves into the water column on flood tides. The flood 

tide pushes the fish towards freshwater with relatively little energy costs. Using this technique, 

juvenile fish save up to 90 % of the energy that would otherwise be consumed by active 

swimming the same distance (Reeve et al., 2022). Although STST is the fundamental technique 

facilitating the migratory passage of glass eels through estuaries, tidal effects tend to be weaker 

in upper estuarine zones, a trait that makes the glass eels shift to active swimming for further 

dispersion upstream (Guo et al., 2024). At the freshwater interface or definitely from the point 

where the glass eels accumulate (Harrison et al., 2014; Tesch, 2003) they change their 

behaviour (Podgorniak et al., 2016) and actively swim against the current. Such active 
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swimming is displayed by characteristic ‘crawling’ behaviour that glass eels exhibit while 

scaling surfaces (Harrison et al., 2014; Tesch, 2003; Van Wichelen et al., 2021).  

 Water temperature of between 10 and 15 °C is considered a major stimulant to the 

onset of this active swimming for both A. anguilla (Briand, 2009; Cresci, 2022) and A. rostrata 

glass eels (Overton & Rulifson, 2009). In the UK, temperatures between 10 and 11oC are 

critical for stimulating elvers to scale weirs or sluice barriers (Monteiro et al., 2023). At a 

salinity of 10 ppt, the transformation from passive to active migration takes about 50 days at 

8OC but reduces to about 14 days at 12 °C (Briand, 2009). However, this will be particular to 

the haline and thermal fluctuations of the estuarine system, which will be determined by estuary 

length, tidal magnitude, spatial complexity, and freshwater discharge. 

Glass eel dispersion is also determined by endocrine control, with thyroid hormones 

being indicated to invigorate migratory behaviour (Cresci et al., 2017). Thyroid hormones play 

a fundamental role in the modulation of physiological and behavioural adjustments leading to 

the upstream migration and colonization of freshwater habitats by glass eels (Edeline et al., 

2009; Liu et al., 2019). Internal drivers such as body condition and endocrine control are 

indicated to play a fundamental role in the tendency of glass eels to remain within estuaries 

rather than proceed upstream to freshwater habitats (Cooke et al., 2022; Edeline et al., 2009; 

Harrison et al., 2014). Ex situ studies have shown that glass eels with a lower body condition 

preferred saline over freshwater (Cresci, 2020; Edeline et al., 2009) and adaptation is 

hypothesized to limit mortality due to exhaustion from swimming. Therefore, to settle within 

an estuary or to continue migration into freshwater is influenced by an individual’s energy 

content on estuarine arrival (Edeline et al., 2009). 

2.3.1 Migration patterns and environmental cues influencing glass Eels’ recruitment and 

behaviour 

Glass eels are distributed throughout the water column during the flood tide and 

passively migrate upstream using the flood tide current (Steendam et al., 2020). They move to 

the margins and swim upstream briefly before the current speed exceeds their sustained 

swimming potential, during the slack and early ebb tide. They move to the river bed during the 

full ebb tide and remain on or in the substrate to avoid being swept back by the ebb tide and 

river flow (Bru et al., 2009; Steendam et al., 2020; Trancart et al., 2013). River discharge has 

been displayed as an attracting cue that plays a fundamental role in the abundance of glass eels 

at the estuaries (Arribas et al., 2012; Crivelli et al., 2008). During high river flows, glass eels 
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assemble close to the banks of the estuary, exposing them to potential predation and 

exploitation risk as they scale upstream (Adam et al., 2008, Bru et al., 2009; Chen et al., 2023; 

Zumbrägel, 2024). Besides the rheotactic influence of river flow on upstream migration, 

olfactory cues related to freshwater are also important in the regulation of glass eel migratory 

behaviour (Briand et al., 2012; Edeline et al., 2009; Houde et al., 2022; Porceddu et al., 2022; 

Tesch et al., 2003). Eels have a well-developed sense of smell, with the olfactory loop and 

nasal cavity in glass eels being similar to those manifested by adults of other fish species 

(Naisbett-Jones & Lohmann, 2022).  

The smell of freshwater acts as both a behavioural ‘cue’ (e.g., prompting intense 

swimming activity during STST) and a directional ‘clue’ (e.g., showing the direction of inland 

waters) (Edeline et al., 2009). Earthy-odorous substances, such as geosmin, related to inland 

waters are important as attractants towards freshwater (Houde et al., 2022). Moreover, glass 

eels are also stimulated by odour associated with the presence of adult eels, which prompts 

orientation toward suitable habitats (Edeline et al., 2009; Huntingford et al., 2012).  

2.4 Environmental and ecological factors influencing anguillid eels’ distribution, habitat 

preference, and feeding dynamics 

The riverine distribution of eels is affected by environmental factors in microhabitats and 

biotopes such as depth, velocity, sediment, aquatic vegetation, and riverbank conditions, 

among other factors (Kume et al., 2019; Laffaille et al., 2003). Nguyen (2018) and Hsu (2019) 

reported that A. marmorata tends to live in freshwater areas rather than in brackish and marine 

habitats. However, other studies show the species inhabit a broad range of habitats, ranging 

from brackish estuaries to upland headwaters (Arai & Chino, 2018; Kumai et al., 2020; Wakiya 

et al., 2019). Arai et al. (2020) found that A. bicolor was widely distributed along rivers in the 

northwestern part of Peninsular Malaysia, with higher abundance in the downstream and 

midstream reaches, and only occasional occurrences in upstream areas. A. bengalensis, 

however, was found to prefer mainly upstream reaches and rarely occurred in midstream areas. 

Other studies indicated that the African mottled eel (A. bengalensis) mainly inhabited areas far 

inland by surmounting formidable barriers in their upstream migration (Bell-cross & Minshull, 

1988; Okeyo, 1998). A. mossambica, a species of plain skin coloration, is an inter-habitat 

migrant, moving between freshwater and seawater habitats (Lin et al., 2013). In other studies, 

A. mossambica was found to inhabit coastal and estuarine areas without migrating upstream 

into inland freshwater reaches (Lin et al., 2016). 



14 

 

In the river system, the substrates of the upper reaches are mainly bedrock, boulders, 

cobbles, and gravel, quite different from the substrates of the downstream, which are sandier 

and muddy because of eroded materials carried from the upper reaches (Chilton & Spotila, 

2022). Itakura and Wakiya (2020) studied the preference of biotopes by eels and reported that 

the density of eels was consistently lower among riverbanks consisting of concrete and sand, 

while it was highest in vegetation-infested riverbanks and the main channel. Densities 

increased in mud and boulder substrates, and a combination of habitat factors. Kumai et al. 

(2021) studied the habitat preference of A. marmorata. They found the species preferred 

habitats with larger substrate materials, fewer fallen leaves and less leaf detritus, higher current 

velocity, and lower turbidity than the temperate species A. japonica. Both species co-occur in 

the same river systems, although the distributions of the two anguillid eels were segregated. A. 

marmorata preferred clear-flowing mainstreams and tributaries, whereas A. japonica preferred 

stagnant muddy estuaries, backwater areas, irrigation channels, and reservoirs. Hsu et al. 

(2020) divided tropical and subtropical eels into two broad groups according to skin coloration 

(marbled or plain) to study biotope preferences. The study found out that, in 

tropical/subtropical areas, marbled and plain eels coexisted, but marbled eels tended to inhabit 

the middle to upper sections of the rivers while plain eels preferred the middle reaches to 

estuaries. Therefore, they concluded that the plain eels’ countershading may have helped them 

to remain hidden in the mud and sand substrates at the lower reaches of the Rivers, providing 

a refuge from being detected by predators/prey. On the contrary marbled eels can blend in with 

substrates such as cobble, gravel, and fallen leaves in the upper reaches (Chilton & Spotila, 

2022). 

The feeding ecology of a species is greatly linked to its population dynamics and contributes 

to the knowledge of resource partitioning, prey selection, predation, habitat preferences, 

competition, evolution and energy transfer within and between ecosystems (Braga et al., 2012). 

Such ecological knowledge is of significant value when developing conservation plans and 

therefore, it is a fundamental element in the protection of species and ecosystems (Braga et al., 

2012).  Anguillids are trophically valuable because adult eels often represent large piscivorous 

fish species in aquatic systems, feeding on crabs, frogs, shrimps and fish (Wakiya & Mochioka, 

2021). Hartanto et al. (2016) based on stomach content analysis of A. bicolor and A. 

marmorata, identified three dominant types of foods, namely; crabs, shrimps, and earthworms. 

The study showed that crabs were predominantly based on temporal and spatial studies. 

However, statistical analysis showed no significant differences in food variation during the 
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three months of sampling. Other studies by Rupasinghe and Attygalle (2006) on A. bicolor in 

the Bolgoda estuary, Bandaragama, Sri Lanka showed ontogenetic dietary shifts in eels where 

smaller individuals primarily fed on invertebrates, whereas larger individuals consumed both 

invertebrates and additional prey such as fish and worms. 

2.5 Spawning locations and oceanic dynamics of anguillid eels in relation to recruitment 

declines 

Eel spawning locations are difficult to identify because monitoring actual spawning has 

been difficult and expensive as it occurs in the first 1000m in the open ocean, making surveys 

hard to carry out (Miller et al., 2015). Consequently, the location and sizes of leptocephali are 

frequently used to identify possible breeding sites (Kimura & Tsukamoto, 2006; Miller et al., 

2022; Quatrain et al., 2019). Additionally, silver migrating eels have rarely been caught at the 

spawning location but a few incidental catches of silver eels have been obtained along 

continental margins (Chaput et al., 2014; Haro, 2014). Therefore, it has been deduced that the 

presence of the youngest eel larvae suggested the probable spawning areas (Friedland et al., 

2007; Leone et al., 2016; Schabetsberger et al., 2016; Tsukamoto, 2006).  

Temperate American (A. rostrata), European (A. anguilla), and Japanese (A. japonica) 

silver eels make long migrations (approximately 5,000 km) to spawn in the subtropical gyres 

of the North or North Atlantic Pacific oceans (Miller & Tsukamoto, 2016; Schabetsberger et 

al., 2021). In the case of Anguilla anguilla and A. rostrata the surface temperature of the 22.5°C 

found near the frontal zone in the Sargasso Sea, forms the northern zone of the spawning area 

(Hsiung et al., 2022). The temperature fronts (22.5°C) in the Sargasso Sea act as cues that aid 

adult eels to detect the spawning area (Friedland et al., 2007). The Sargasso Sea has a relatively 

stable temperature range, typically between 22-28°C (72-82°F), high salinity range, between 

36-37 parts per thousand (ppt), relatively low light levels due to its depth (>200m), complex 

current systems, (including the Gulf Stream, the North Atlantic Current, and the North 

Equatorial Current), which transport Anguilla eel larvae from the breeding sites towards 

continental shelf. The presence of Sargassum, a floating brown seaweed provides shelter, food, 

and protection for Anguilla eel larvae during their long oceanic journey (Godínez-Ortega et al., 

2021). A rapid gush of water affiliated with these fronts drives a variety of leptocephali species 

eastwards (Kuroki et al., 2014). Therefore, variation in the latitude or strength of these fronts 

(and the affiliated rapid water gushes) affect the spawning locality and the subsequent transport 

(south of the Mariana Islands) of the leptocephali to continental habitats, and partially explain 



16 

 

the decline in eel recruitment documented since the early 1980s (Correia et al., 2018; 

Westerberg et al., 2018). The spawning location of the Japanese eel corresponds to a salinity 

front (Leone et al., 2016; Miller & Tsukamoto, 2016) as in Sargasso Sea. The decrease in 

salinity in the frontal zone acts as a cue that triggers the cessation of migration and the 

commencement of spawning. Changes in the location of the salinity front impact on successful 

spawning, thus a decline in eel recruitment as observed in the recent decades (Correia et al., 

2018; Westerberg et al., 2018). 

The earliest attempt at locating WIO eel spawning was made by Jespersen (1942), after 

observing small leptocephali distribution in a region to the East of Madagascar, and suggested 

that the probable spawning site is at the Mascarene plateau. As established in the temperate 

Atlantic and Pacific Oceans, the eel spawning area is likely to be marked by thermal and/or 

salinity fronts. In the tropical SWIO, there is no clear thermal front in the upper ocean; 

however, the South Eastern Current (SEC) acts as a barrier, separating water masses of 

southern and northern origin with different salinities (Aubone et al., 2021; Fiedler & Lavín, 

2017; New et al., 2007).  

2.6 Anthropogenic impacts on freshwater ecosystems and the vulnerability of anguillid 

eels in Kenyan Rivers 

As the human population increases, the destruction of natural habitats to satisfy the 

demand for goods and services has increased dramatically, especially in developing countries, 

precipitating environmental disturbances that strongly affect freshwater ecosystems (Ligeiro et 

al., 2013). The peripheries of watercourses have historically been preferred for human 

settlements (Plieninger et al., 2018) but also for fisheries, agriculture, power generation, and 

industry. Modern industrial development and urbanization have concentrated human beings in 

densely populated cities located along rivers and waterways. As a result, there is increased 

utilization of hydrological resources culminating in water quality and quantity modification, 

habitat loss, and fragmentation (Collier et al., 2016), leading to habitat degradation and 

biodiversity loss (Lucy et al., 2016). Fish community structure is a key component of 

freshwater ecosystems, and species community composition is susceptible to the effects of 

human disturbance on lotic systems (Kalogianni et al., 2017).  

Habitat modification, such as instream dredging, bank stabilization, dams, and 

hydropower construction, directly impact community composition and cause the progressive 

dominance of alien species capable of enduring degraded environments (Boston et al., 2016). 
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Habitat fragmentation and reduced connectivity due to an increase in hydroelectric power 

plants are remarkable drivers of diversity loss and altered species community composition 

(Gracey & Verones, 2016). For example, species of salmon and trout have been significantly 

impacted by habitat fragmentation and modification caused by dams and other human activities 

in the Pacific Northwest of the United States. Dams disconnect migration routes, disrupt 

spawning grounds, and fragment populations, leading to decreased genetic diversity and 

resilience to environmental changes (Tamario et al., 2019). The current study seeks to examine 

the ecological and biological traits of anguillids in Kenya and the risks associated with their 

existence in Rivers AGS and Ramisi. 

2.6.1 Habitat loss, fragmentation, and impact on eel bio-ecology 

Rivers provide multiple goods and services to society (Elliott & Whitfield, 2011). This 

has led to river channelization, hydro-morphological modifications (dams and weirs), drying 

out of the lateral wetland, wetland drainage, water extraction, and modification of land use in 

the floodplain that leads to higher erosion and sedimentation (Basset et al., 2013; Elliott & 

Hemingway, 2002; Postel & Richter, 2003). These human activities lead to fragmentation and 

loss of eel habitats, through physical destruction of eels’ hide-outs and blockage of their 

waterways. For example, in Europe, 50–90% of habitats were lost by the end of the twentieth 

century (Feunteun, 2002), while approximately 75% were lost in Japan, Korea, Taiwan, and 

China between 1970 and 2010 (Chen et al., 2014). The subsequent results are visible impacts 

on the ecology of eels with impacts on their phenology (Chevillot et al., 2017; Menzel et al., 

2006) and modification of distribution patterns (Cheung et al., 2010). Itakura et al. (2015), 

reported that the increased river modifications and connectivity reduced the quantity and 

quality of appropriate habitat for not only eels but also a range of invertebrates and other fishes. 

Reduction in population and diversity of the invertebrates, many of which could provide food 

for the eels affected eel growth and abundance (Itakura et al., 2015). The rate of growth of eels 

in disturbed river systems was slower by 10% than in an undisturbed environment (Itakura et 

al., 2015). Similarly, yellow eels’ populations decreased with a decrease in the diversity of 

benthic invertebrates in areas with River modifications than in areas with an unmodified river 

system (Kanazawa & Miyake, 2006). A study by Onikura et al. (2007) reported lower eel 

abundances in creeks with river modifications than in comparable creeks with no 

modifications.  
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The construction of a dam on a river causes many problems for down and upstream 

migrating eels. These include: the delay, or even the total prevention of migration in still water 

zones of the impoundments; damage to eels when passing over spillways or through turbines; 

mortalities as a result of predation by birds either in the impoundment or else at the outlet of 

turbines; mortalities due to changes in water quality (deficit in oxygen content in the 

impoundment and super saturation of the atmospheric gases downstream of turbines or 

spillways), (Drouineau et al., 2015); mortalities due to mechanical injuries by turbines ranged 

from 15% to 100% depending on the type of turbine (Heisey et al., 2019). Obstruction of eels 

migrating upstream leads to a higher concentration of eels downstream of obstacles. This 

increases intraspecific competition for food and space, resulting in lower survival and growth 

weight (Righton et al., 2021). Aggregation of eel leads to increased susceptibility to predation 

(Drouineau et al., 2015), overfishing (Briand et al., 2012; Dekker et al., 2003), and possible 

modification to the sex ratio, as sex determination is density-dependent (Davey and Jellyman, 

2005). Obstacles to upstream migration act as a permanent selection pressure for the fittest to 

survive by modifying demographic traits, which act as selection pressure (Podgorniak et al., 

2016). Côté et al. (2014) demonstrated that by impairing migration within catchments, 

obstacles not only decreased the fitness of eels to reach suitable habitats but also led the eels to 

suffer damage during their migration (Mateo et al., 2017).  

2.6.2 Impacts of pollution on anguillid eels 

Ecologically, eels are important top predators in freshwater rivers, that govern 

ecosystem health by regulating the population of other smaller aquatic organisms like smaller 

fish, molluscs, crustaceans, insects, worms, carrion, and eggs of other fishes (Denis et al., 

2022). The Anguilla eels are useful bio indicators of stressful environments due to; their 

worldwide distribution and abundance, size, and long life (Aarestrup et al., 2009). They 

migrate extensively; collecting stressor signatures that can be correlated with the vast areas 

they cover (Patey et al., 2017). In polluted environments, smaller organisms consist of small 

amounts of pollutant compounds, and when fed upon by eels they accumulate in eel tissues 

over time. 

 Yellow eels stay in fresh water for between 10 to 25 years (Jellyman, 2022), during 

which they continuously accumulate xenobiotic compounds through gills, skin, and 

contaminated food (Belpaire et al., 2016). During the yellow stage, they accumulate high levels 

of fat reaching up to 27–29% of body weight at the onset of migration at the silver eel stage 
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(Van Ginneken et al., 2009), accumulating lipophilic compounds such as polychlorinated 

biphenyls (PCBs) from industrial waste and organochlorine pesticides (OCPs). They also 

become vulnerable to heavy metal pollutants such as Manganese (Mn), Zinc (Zn), Lead (Pb), 

Cadmium (Cd), Nickel (Ni), Cromium (Cr), Mercury (Pb) and Arsenic (As) from industrial 

and agricultural processes (Le et al., 2009). These heavy metals accumulate in tissues of eels 

in higher concentrations than in water because of biomagnification up the food chain.  

In circumstances where high doses of these metals accumulate in the eel, physiological 

damages to organs occur, leading to impacts on individual growth rates, reproduction, and 

mortalities (Rajeshkumar & Li, 2018).  The situation is worsened synergistically by parasitic 

infections leading to immunosuppression of the eels (Sures & Knopf, 2004), which paves the 

way for colonization by opportunistic bacteria and fungi (Rajeshkumar & Li, 2018) and 

subsequent mortalities. Eel diseases, which have been reported to be associated with pollution 

of the aquatic environment, include epidermal papilloma (Korkea-Aho, 2006), fin and tail rot 

(Kar, 2015), gill disease/hyperplasia (Kirk & Lewis, 1993), liver disease (Kar, 2015), neoplasia 

(Lombardini et al., 2014), parasitic infections, skin disease/ulceration (Tamam, 2014) and viral 

diseases (Van Beurden, 2012). The trigger for these diseases has been blamed on contaminated 

habitats (Landsberg, 2005). Of these, fin/tail rot, gill disease/ hyperplasia, and ulceration are 

linked to bacterial involvement (Kar, 2015). 

Organic waste causes eutrophication, which often comes along with oxygen depletion, 

leading to hypoxia (Teichert et al., 2016) and thus catastrophic events in eels, as intolerance to 

low oxygen concentration is a widespread species attribute. A study by Galib et al. (2018) 

analysed changes in fish abundance, species richness, and water quality parameters over time 

and space due to municipal wastewater disposed of in the Barnoi River in Bangladesh. The 

study found that fish abundance (measured as CPUE) and fish species richness were reduced 

by 40 and 50%, respectively, at the effluent-receiving downstream sites. Oxygen-demanding 

organic municipal wastewater has the potential to cause changes in biodiversity in freshwaters 

(Dudgeon, 2006). 

2.6.3 Invasive alien species and their impact on anguillid eels 

Invasive alien species (IAS) have resulted in major impacts on biodiversity at a global 

scale, where at least 39% of the species extinctions during the past 400 years have been 

attributed to Invasive Alien Species (Rattan et al., 2003). Human disturbance intentionally or 

unintentionally introduces alien species into the environment (Halpern et al., 2008). These 
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invasions are considered to be permanent forms of pollution and negatively affect stressed 

ecosystems susceptible to invasions (Kiruba-Sankar, 2018). Hundreds of freshwater species 

have been moved outside of their native ranges by vectors such as ballast water, canals, 

deliberate introductions, and releases from aquaria, gardens, and bait buckets (Shalovenkov, 

2019). As a result, many freshwater systems now harbour dozens of alien species. In turn, alien 

species can strongly alter the hydrology, biogeochemical cycling, and biotic composition of 

invaded ecosystems, and thus modulate the effects of other stressors (Kiruba-Sankar, 2018). 

This happens when the introduced species compete with native fishes for food, space, and 

survival, and also act as carriers for accompanying microscopic organisms, including 

pathogens and parasites. As a result, native species are confronted with new environmental 

conditions they had not encountered previously, further increasing stress and the need to adapt 

to the new circumstances. Deliberate or accidental introduction of fish species is considered as 

most insidious threat to fish conservation around the world.  

The eel trade has seen live glass eels being moved from one continent to another for 

aquaculture purposes. The introduction of European eel into Japan to enhance stocks for trade 

has the potential risks of competition for food and of the eventual possibility of, interbreeding 

between European and Asian eel species (Yuan et al., 2022). These introduced species move 

into the vicinity of the spawning grounds of the Japanese Eel, which could result in interspecific 

hybridizations and the collapse of the species (Pujolar & Maes, 2016). 

Anguillicola crassus is the most documented and has a wider impact on eels than all 

the other alien species (Becerra-Jurado et al., 2014). It is a natural parasite of Japanese eel, 

which was introduced into Europe in the mid-1970s through the aquaculture trade. This parasite 

causes inflammation of the swim bladder, leading to multiple bacterial infections, stress, and 

loss of appetite (Kirk, 2003; Lefebvre et al., 2013). A study by Pratama et al. (2019), on 

parasites of the swim-bladder of tropical A. bicolor found two nematodes, Anguillicola and 

Spirocamallanus with prevalence rate and intensity of 3.3% - 6.7%, 0.03 – 0.06 and 13.3%, 

0.13 respectively. Molecular identification of the nematodes demonstrated that they were 

closely related to Anguillicola crassus (95.40%) and Spirocamallanus philppinensis (97.93%). 

In Kenya, Seegers et al. (2003) listed the following fishes as alien species in the Athi-Galana-

Sabaki River; Oncorhynchus mykiss (Rainbow trout), Salmo trutta (Brown trout), Poecilia 

latipinna (Sailfin molly), Oreochromis mossambicus (Mozambique Tilapia), 

Ctenopharyngodon idella (Grass carp), Gambusia holbrooki (Eastern mosquito fish) and other 

fishes of the family Cichlidae. They were introduced at different times and for different 

https://www.fishbase.in/country/CountrySpeciesSummary.php?c_code=404&id=239
https://www.fishbase.in/country/CountrySpeciesSummary.php?c_code=404&id=238
https://www.fishbase.in/country/CountrySpeciesSummary.php?c_code=404&id=3226
https://www.fishbase.in/country/CountrySpeciesSummary.php?c_code=404&id=3226
https://www.fishbase.in/country/CountrySpeciesSummary.php?c_code=404&id=3
https://www.fishbase.se/country/CountrySpeciesSummary.php?c_code=404&id=79
https://www.fishbase.se/country/CountrySpeciesSummary.php?c_code=404&id=4521
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purposes, for example; Ctenopharyngodon idella was introduced in 1969 from Japan into 

Kenya for aquaculture and weed control; Gambusia holbrooki was introduced for mosquito 

control in Kenya. Tembo et al. (2023) reported that introduced Clarias gariepinus in AGS and 

Ramisi competed for food with Anguilla bengalensis, Anguilla bicolor and Anguilla 

mossambica. 

2.6.4 Over-harvesting of anguillid eels  

Glass eel fisheries take place in estuaries and at the mouths of Rivers and dams, where 

the natural concentration of glass eels (as they enter and move upstream) can more easily be 

exploited (Ringuet et al., 2002). Hand-held or ship-based nets are used, which are moved 

manually or fixed and include trawls, stow nets, and fyke nets (Yeh, 2002). The fishery for 

yellow and silver eels involves the use of cheap and fairly simple gear - baited traps, fyke nets, 

baited long lines, spears, or shore seines. Of these, the first three methods are the most 

commercially viable, and the choice of a method is governed by what is permitted in a country. 

The volume of global live eel exports (all species and all biological stages) reached 25,794 

tonnes in 1997 (compared to about 5000 tonnes before 1983) and was valued at USD385 

million (an average price of USD15/kg) (Anon., 2000). Spain is the largest consumer of eels 

in Europe, importing 20 tonnes of glass eels from Asia in 1997 for domestic consumption and 

they were purchased by consumers at an average price of USD125/kg (Frost, 2001).  

According to FAO (2015), eel farming is responsible for 90% of total eel production 

compared to wild-caught eels. Glass eels are caught in the wild because eels do not reproduce 

in captivity. Japan consumes 70% of total freshwater eel production (Shiraishi and Crook, 

2015).  China has supplied two-thirds of the world's production of eels - 130,000 tonnes each 

year since 1998 (FIS, 2000), worth over USD1.3 billion. Eel farming can be quite lucrative; 

For example, on one hectare of farmland, the net income from eel production reaches 1.2 to 

1.35 million Yuan (USD145 000 to USD163 000) per harvest in China (Guangwei & Shishan, 

1999). In Taiwan, the eel is the most important farmed fish, with an annual production that 

fluctuates between 26 000 and 56 000 tonnes, and worth more than USD400 million (Yeh 

2002). This high demand for eels in Eastern Asia food markets has led to the development of 

highly competitive aquaculture farms (Lee et al., 2003). These farms depend on wild-caught 

glass eels which increased demand for glass eels, completely transforming the global industry. 

The shortage of Japanese glass eels since the early 1970s enhanced the import of European and 

American glass eels (Haro et al., 2000; Lee et al., 2003; Ringuet et al., 2002) into Japan. Also, 

https://www.fishbase.se/country/CountrySpeciesSummary.php?c_code=404&id=79
https://www.fishbase.se/country/CountrySpeciesSummary.php?c_code=404&id=4521
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fishing efforts increased in Europe and Asia (Briand et al., 2009) leading to the development 

of a large fishery targeting glass eels from North America (Meister & Flagg, 1997). 

In contrast, commercial eel exploitation from Africa is more recent. Since first record 

of the tropical eel trade from Africa started in 1998 with regular exports from Madagascar and 

intermittent live exports from Mozambique, Tanzania, and South Africa (Hoyle et al., 2016). 

Additionally, 387 tonnes of wild-caught glass eels and 10 tonnes of aquaculture were recorded 

in Madagascar, all of which were exported (Hoyle et al., 2016). In Kenya, Anguilla eels are 

caught for domestic consumption by riverine communities.  

Conservation measures have been employed in Europe for eel exports. Exports have 

been restricted after European eel inclusion in Appendix II of the Convention on Trade of 

Endangered Species (CITES) in 2009 and a ban on all imports and exports from and to the 

European Union implemented in 2010 (Nijman, 2015). In Japan, China, and Taiwan, glass eel 

fisheries are forbidden, and a special license is required to capture seed for aquaculture and 

research. Also, the catch of silver eels has decreased throughout the world by as much as 95% 

in the last 25 years (Cairns et al., 2014; Tatsukawa, 2003; Tsukamoto, 2009) because of a 

reduction in the abundance of the stock. Silver eel fisheries have, for example, completely 

disappeared in Taiwan (Tzeng, 2016) and are restricted in 11 prefectures in Japan (Jacoby & 

Gollock, 2014). In Europe, the decline in the silver eel has preceded the decline in the 

recruitment of glass eels from the ocean to freshwater ecosystems (Dekker et al., 2003).  

There are five principles of conservation measures in place for glass eel and elver 

fisheries practiced in Europe and Asia (Ringuet et al., 2002); a ban on commercial fishing, a 

requirement for elver passes against barriers, fishing gear type regulations, closed fishing 

seasons and licenses for eel fishing. Seven conservation measures have been drawn up for 

yellow and silver eel fisheries in Europe: gear controls in all countries (controls on net mesh 

sizes, mesh size differ in different countries), closed fishing, and licenses for fishing/dealing in 

eels and eel products which limits on the size of eels caught. Free gaps in weirs have been 

introduced to allow downstream migration, quota fishers allocations have been established and 

a complete banning of eel fishing for some time has been done, as it happened in Portugal, 

during the 2001-2002 season (Antunes, 2008). Riverine communities do the exploitation of 

Kenyan eels for food and subsistence, however, there are no policies in place for eel fishery 

management and conservation (Kihia et al., 2022). 
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2.6.5 Impacts of climate change on anguillid eels 

There are correlations between glass eel recruitment and different oceanic indicators, 

such as sea surface temperatures (Drouineau et al., 2017) Three main impacts of global 

warming on eels are: a limitation in trophic conditions (change in primary production) 

(Bonhommeau et al., 2008; Bonhommeau et al., 2009;), changes in oceanic currents modifying 

larval transport (Friedland et al., 2007; Zenimoto et al., 2009), and/or spatial oscillations of a 

salinity front used by adult eels to detect the spawning grounds which then lead to oscillations 

in the success of larval transport (Kimura & Tsukamoto, 2006). Bonhommeau et al. (2008) 

while analysing the decline of three Anguilla species, concluded that due to climate, an increase 

in sea surface temperature led to a higher stratification of the eel spawning grounds and 

consequently led to a lower primary production, which resulted in lower food availability for 

the leptocephali. Climate change interferes with the hydrological cycle, which indirectly 

influences river discharge (Milly et al., 2005) through modifications of precipitation regimes. 

Rainfall and river discharge are important triggers (indirect and direct, respectively) of silver 

eel migration (Drouineau et al., 2018; Trancart et al., 2013). Higher river discharge increases 

migration speed (Stein et al., 2016), while reduced discharge delays migration. Recruitment 

and escapement delay until environmental conditions are favourable (Drouineau et al., 2017). 

Moreover, reduced discharge leads to higher numbers of eels going through turbines, since a 

higher proportion of water is guided through the turbines during low flows, leading to physical 

injuries and higher mortalities (Jansen et al., 2007). 

2.7 The decline of anguillid eels: Human-induced threats and conservation concerns for 

the Kenyan anguillid eel species 

Like many other fish species, anguillid eel populations have seen progressive declines 

in recent decades because of several factors, including overexploitation, habitat modification 

and fragmentation, climate change, the introduction of alien species, and pollution (Cairns et 

al., 2022; Miller & Casselman, 2014; Simeoni et al., 2023; Tsukamoto et al., 2009).  Human-

induced multiple threats have been linked to an upsurge in the listing of eels in the IUCN Red 

List of species. For instance, Anguilla anguilla (European eel) is listed as “critically 

endangered” (Jacoby & Gollock, 2014), while American and Japanese eels have been classified 

as “endangered” (Jacoby & Gollock, 2014; Jacoby et al., 2015; Pike et al., 2020). 

Consequently, due to declining eel stocks, in 2010, the European Union (EU) banned all 

imports and exports of A. anguilla to and from the EU member states as a measure to curb 
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further decline and spur the conservation of the dwindling species. In this regard, diminishing 

global supplies of temperate and subtropical eels have shifted the exploitation focus to the less 

studied tropical eels. This is exemplified by the recent upsurge in export of A. mossambica 

glass eels from Mozambique for stocking ponds in E. Asia (Fan et al., 2008). Although there 

is less data available for tropical Anguilla spp., conservation concerns exist for many of these 

species, including Anguilla bicolor, Anguilla mossambica, and Anguilla bengalensis, which 

are listed as “near threatened” by IUCN (Pike et al., 2020). This study will come up with 

scientific information about the risk status of Kenyan eels that will inform conservationists to 

draw informed conclusions on the eels under study. 

2.8 Assessing ecological integrity and risks to anguillid eels’ populations in the face of 

anthropogenic threats 

Reduction in the quantity and quality of freshwater, estuarine, and coastal habitats 

compromises ecological integrity, and the resultant loss of biodiversity has become a cause for 

global concern (Davidson, 2014). Ecological integrity has been defined as “the ability to 

support and maintain a balanced, integrated adaptive assemblage of organisms having a species 

composition, diversity, and functional organization comparable to that of the natural habitat of 

the region” (Karr & Dudley 1981). The intact integrity of ecosystems should exhibit all the 

potential niche diversity associated with a given complexity operating at appropriate spatial 

and temporal scales (Karr & Dudley, 1981). Ecological features, either biotic or abiotic 

components, have been identified as the major factors in the distribution and abundance of 

fishes (Arunachalam, 2000). Fish species in an assemblage are stratified based on the suitability 

of the various macro-habitat and micro-habitat features and also of diet resources. Moreover, 

loss of or changes in fish assemblages may quantify habitat degradation that has occurred in 

the ecosystem. Generally, ecological integrity declines with increasing anthropogenic 

modifications, impacting negatively on diversity and population structure of assemblages (Guo 

et al., 2017). 

Diadromous fishes such as anguillids have broad distributions and are exposed to 

multiple threats at different stages of development (Dudgeon et al., 2006). There is a growing 

global concern for their population abundance and escapement trends because of ecological 

pressures that include habitat loss/modification, migration barriers, pollution, exploitation, 

parasitism and oceanic conditions that have synergistic and regionally variable impacts (Lotze 

et al., 2006).  Landis and Wiegers (1997), and Wiegers et al. (1998) adopted regional risk 
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assessment using a relative risk model (RRM) that incorporates multiple stressors, historical 

events (literature justification), spatial structure (regions/ landscapes), and multiple end points 

(impacts). Ecological risk assessment calculates the probability of an impact on a specified set 

of endpoints that exhibit a spatial and temporal distribution (Landis & Wiegers, 2005). The 

impacts considered are mortality, chronic physiological impacts, and reproductive effects. 

Relative risk assessment using RRM identifies the sources of stressors, ranks their importance, 

and combines this information to predict relative levels of risks. The Relative Risk Model 

(RRM) is a semi-quantitative approach that uses numerical ranks and weighting factors to 

evaluate and compare multiple ecological risks, especially when risks originate from different 

sources or types (Landis & Wiegers, 2005). 

Despite significant global research on the distribution, life cycle, and ecological 

functions of anguillid eels, critical knowledge gaps persist in Kenyan river systems, particularly 

within the Athi-Galana-Sabaki and Ramisi rivers. Existing studies have largely focused on 

temperate regions, with limited attention to tropical freshwater ecosystems, where 

environmental dynamics and species interactions differ considerably. Key knowledge gaps 

include the lack of detailed analyses of population structure, such as size distribution, age 

classes, and species diversity in these rivers. Furthermore, there is insufficient information on 

the ecological niches of anguillids, including habitat preferences, trophic interactions, and their 

role within riverine ecosystems. Conservation studies are lacking, with minimal evaluation of 

region-specific threats such as habitat degradation, migration barriers, and anthropogenic 

pressures. 

Addressing these gaps is critical for developing tailored conservation strategies to 

mitigate threats and ensure the sustainable management of anguillid populations in Kenyan 

rivers. Future research should prioritize long-term monitoring of anguillid populations to 

understand temporal trends in population dynamics. Studies should also focus on the genetic 

diversity and connectivity of populations to uncover migration patterns and recruitment 

processes. Additionally, experimental research on the impacts of specific anthropogenic 

activities, such as water extraction and riparian degradation, is necessary to quantify their 

effects on anguillid habitats. Collaboration between local communities, policymakers, and 

conservation organizations will be essential to implement and evaluate adaptive management 

strategies that support the conservation of anguillid eels and their ecosystems. 
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2.9 Conceptual Framework 

Independent variables are considered the multiple anthropogenic activities 

(agricultural, urbanization, industrialization, alien species, loss and fragmentation of habitats, 

climate change) that produce the stressors (Intervening variables) that impact the health 

(dependent variable) of the anguillids or pose risks (dependent variable) to the life stages of the 

eels.  

 
Figure 2: Conceptual Framework Showing Relationships Between Variables 
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CHAPTER THREE 

POPULATION STRUCTURE OF ANGUILLID ASSEMBLAGES AT RIVERS ATHI-

GALANA-SABAKI AND RAMISI 

Abstract 

Understanding the population dynamics of anguillid eels is crucial for effective conservation 

and sustainable management. However, this knowledge gap persists, particularly concerning 

anguillid eels in Kenya, emphasizing the importance of this study. From May 2021 to June 

2022, 393 anguillid eels were captured, and their biological measurements were recorded on-

site. The collected data underwent thorough analysis, employing both inferential and 

descriptive statistical methods. Results unveiled significant disparities between anguillid eel 

populations in the River Athi-Galana-Sabaki (AGS) and the River Ramisi. Notably, longer eels 

were predominantly found in River AGS (t= 4.8; P <0.01), while upper River Ramisi exhibited 

higher biomass compared to upper River AGS (F=3, p=0.04). Specifically, Anguilla 

bengalensis showed the highest biomass in Upper River Ramisi. Observable differences in 

relative densities were noted between the upper and lower reaches of the rivers. By categorizing 

eels into seven size classes based on length (cm), the study identified significant variations in 

species abundance between the rivers (p<0.05), with the highest relative abundance occurring 

in the 50-60 cm size class (36%). Moreover, the study revealed low diversity in both rivers, 

with River Ramisi displaying dominance at 0.82±0.06 and River AGS at 0.85±0.1. Overall, the 

study confirmed the presence of four eel species in Kenya with varying size class abundances, 

biomass, and low diversity. By elucidating the population structure of anguillid eels, this study 

provides crucial insights to inform targeted conservation strategies, ultimately contributing to 

protecting vulnerable populations. 
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3.1 Introduction 

Fish communities often exhibit distinct and non-random population structures (Plass-

Johnson et al., 2016), influenced by a mix of abiotic (such as temperature, water depth, 

currents, bottom substrates, and oxygen levels) and biotic factors (including alien species and 

predators) (Erős, 2017). Species distribution and abundance are determined by their tolerance 

to environmental conditions and interactions with other organisms (Gebrekiros, 2016). Larger 

water bodies offer more diverse habitats, supporting a wider range of species and age classes 

(Gebrekiros, 2016), while moderating biotic interactions like competition. This habitat 

diversity significantly shapes the composition and structure of stream fish communities (Tóth 

et al., 2019). 

In the West Indian Ocean, including the Kenyan coast, four anguillid species thrive: 

Anguilla bengalensis, A. bicolor, A. marmorata, and Anguilla mossambica (Jacoby et al., 

2015). Variables like distance from the sea, river depth, and flow velocity influence these 

anguillids' population structure and spatial distribution during their growth stages (Haro, 2014). 

Physiological traits like euryhalinity and stress tolerance enable them to adapt to fluctuating 

environmental conditions (Kültz, 2015), making them a significant component of fish 

communities. 

Anguillid eels show a size increase with latitude and distance from spawning areas 

(Durif et al., 2022), indicating their ability to tolerate fluctuating habitats. Understanding the 

fish-size continuum aids in determining trophic levels' production status and predicting human 

activities' impacts on ecosystems (Guo et al., 2017). However, the inability to breed anguillid 

eels in captivity has led to overharvesting wild juveniles for aquaculture and trade, resulting in 

a global decline (Aoyama et al., 2012). This decline significantly affects juvenile recruitment 

into freshwater ecosystems, thus impacting population structure consistency.  

While temperate eels have been extensively studied and listed on the IUCN Red List, 

tropical eels remain relatively overlooked (Jacoby et al., 2015; Nijman & Stein, 2022). Given 

the demand for eels, proper management and conservation policies are essential to prevent 

tropical eels from facing the same threats as their temperate counterparts (Arai 2014; Jacoby et 

al., 2015). Cooperation between countries is crucial for global conservation efforts due to the 

catadromy nature of anguillids (Jacoby et al., 2015). 

In Kenya, anguillid eels are harvested by artisanal fishers for food, but they receive 

little attention in conservation and management efforts (Kihia et al., 2022). Information on the 

population structure of wild stocks is essential for developing appropriate policies (Marini et 
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al., 2021). Currently, Kenya lacks specific conservation and management policies for anguillid 

eels. This study provides critical information on the population structure of anguillid eels in 

Kenya, laying the foundation for conservation and management strategies and policies. 

3.2 Materials and Methods 

3.2.1 Study area 

This study was carried out at two east-flowing rivers; Athi-Galana-Sabaki (AGS) River 

is the second largest River in Kenya and rises at 1° 42' S. Athi River, midway, the name changes 

to Galana and enters the Indian Ocean as Sabaki River (Figure 3). The River stretches 600 Km 

and drains a catchment of 66,837 km2, with upper reaches flowing NE across South-east of 

Nairobi; and then turns direction to the southeast at the north of the Ol donyo Sabuk National 

Park, where it shares a catchment area with the Tana River Catchment, to pour into the Indian 

Ocean to the northern of Malindi. The upper zone stands at 1500-2600 m above mean sea level 

(amsl), the middle zone at 500-1,500m amsl, and the coastal zone below 500 0 m amsl. Daily 

temperatures in the AGS catchment range between 10°C at the Upper reaches to 30°C in the 

downstream Coastal reach. The primary sources of the Athi-Galana-Sabaki River are the Ondiri 

Springs, the Tigoni Falls, the Kikuyu escarpment, Kabete, and Karura Forests. The major towns 

in this AGS catchment are: Nairobi, Thika, Kiambu, Machakos, Kajiado, and Malindi. 

Based on the 2009 Census, the population of the upper reaches is estimated at 9.79 

million, or 25.4% of the total population of Kenya, with a density of 167 persons.km-2, (Kenya 

National Bureau of Statistics, 2010). The per capita renewable water resource of the Athi 

Catchment Area is calculated at 464 m3 per year, while the annual water demand is estimated 

for the year 2010 as 1,145 Million Cubic Meters (MCM), and is projected to increase to 4,586 

MCM per year for 2030 in Athi Catchment (Koei, 2013).  

The upper zone of 2,600-1,500M (amsl) covers the Aberdares, Kikuyu Escarpment and 

Ngong Hills. This zone is predominantly volcanic, well-drained compared to the middle and 

lower reaches, and has relatively good aquifers of considerable value for domestic, community, 

and commercial water use (GoK, 2017). The implication of this is that the upper areas are well 

endowed with water resources such as Koma, Ruaka, Ruiru, Mathare, Mutoine, Mbagathi, 

Ngong, and Nairobi tributaries. Land use in this area is characterized by intensive agriculture 

of dairy farming, subsistence crop farming such as maize, beans, bananas and horticultural 

crops; providing a livelihood to about 70% of the area population (Koei, 2013). Coffee and tea 

are the main cash crops in the area. 
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The middle zone of 1,500-500M (amsl) the catchment covers the Taita Hills, Tsavo 

East National Park and Arabuko Sokoke forest reserves, which are important water towers for 

the region. The river flows through semi-arid terrain before reaching the Galana River Cliffs. 

Several tributaries namely Rivers Tsavo, Voi and Mbololo contribute to its flow and ecosystem 

sustainability, providing water for wildlife, vegetation, and local communities (domestic and 

fisheries). Rangelands in the Middle Athi Catchment Area (ACA) and Nolturesh Lumi area 

support pastoralism and the Galana Kulalu Irrigation scheme. Unfortunately, these rangelands 

are increasingly being converted to agro-pastoralism and urbanization with consequent loss of 

the protective vegetation cover (Koei, 2013). Their fragile volcanic soil, once disturbed by 

cultivation, becomes susceptible to soil erosion during rainy seasons. 

Downstream, the river drains large areas characterized by arid and semi-arid conditions 

at the Coastal zone of 500-0M (amsl). It is made up of the coastal region of Kilifi and finally 

Malindi, where the AGS River enters the Indian Ocean at Sabaki Estuary. The region is prone 

to seawater intrusion, worsening with proximity to the ocean. Water abstraction here is limited 

due to salinity, which renders it unfit for domestic and agricultural activities (Koei, 2013). The 

region is of economic importance to tourism, coral limestone, and sand harvesting. Cashew 

nuts, coconut, and mangoes are the dominant crops grown in the region and are the most 

important cash crops. 

Athi-Galana-Sabaki River basin experiences environmental pressures from catchment 

degradation (e.g., clearing of vegetation/forests for agriculture and industries) leading, to 

encroachment and cultivation of wetlands, pollution, especially at the major cities (Nairobi and 

Malindi), and rapidly growing towns such as Thika, Kiambu, Machakos, and Athi River. These 

urban centres constitute major sources of pollution from raw/partially treated domestic waste, 

industrial discharges, and poor solid waste disposal. Overgrazing causes accelerated erosion 

and subsequent siltation of the Rivers (GoK, 2017). Sampling at the upstream was carried out 

in Machakos County, Kabaa sub location at Kiaoni Bridge, while at the downstream sampling 

was done at Kilifi County at Sabaki Bridge. 

Ramisi River is in Kwale County in the south-eastern tip of the country.  It lies between 

latitudes 3° 3’ and 4° 45’ South and Longitudes 38° 31’ and 39° 31’ East. The River stretches 

200km starting at Shimba Hills (420 msl) to emptying into the Indian Ocean at Funzi Bay. The 

dominant rainy season is from March to June, while the short rains are from November to 

December (GoK, 2017). Average rainfall ranges from 500 mm in the rangelands to 1,200 mm 

in the high rainfall areas of the coastal Strip. The upper part of the catchment supports 
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subsistence agriculture of mainly Maize, Sorghum, Sweet potatoes, Sunflower, Soya beans, 

cowpeas, Simsim, Vegetables, Cassava, Bananas, Coconuts, Mangoes, Pawpaws, Avocadoes 

and Curcuma. The population lives in small scattered communities with population decreasing 

inland away from the coast (Mumma et al., 2011). The mid catchment is semi-arid with most 

of the local economy based on small-scale agriculture and pastoralism, but two other major 

activities are industrial agriculture (sugar-producing company KISCOL) and mineral 

exploitation (mining company “Base Titanium”) (Ferrer, 2019). The coastal areas host urban 

communities including Ukunda, Diani, and Msambweni. Ramisi water quality is rated as “good 

and less polluted” (GoK, 2017) but saline towards the Indian Ocean. The relatively high salinity 

is due to the inflow of brackish geothermal waters from the Mwananyamala hot springs and 

the influx of seawater during Oceanic high tides. Sampling was carried out at the Eshu bridge, 

upstream and at the Taliani site, downstream. 

 

 

Figure 3: Map of Study Area Showing the AGS and Ramisi Rivers’ Sampling Sites  

3.2.2 Sampling and research design  

Sampling was done between May 2021 and June 2022 where a total of 308 yellow and 

silver eels (Appendix 3) were landed. Each study river was stratified into upper and lower River 

reaches. Sampling at the upper River AGS was done at the 'Kiaoni’ site and at 'Sabaki' on the 

lower River AGS. Six fyke nets per site were laid per sampling session, each approximately 30 

metres apart. In River Ramisi, sampling was done at 'Eshu’ (upper River reach) and Taliani 

(Lower River reach) (Appendix 6). Three fyke nets were laid per site in each sampling session. 
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For 10 days in a month, commercial fyke nets of 3 and 10 mm mesh (Appendix 4) were set 

overnight for twelve months. Eel species landed were identified using morphological features 

as described by Ege (1939) and Durif et al. (2009) (Appendix 2).  

The total length of the eels was measured from the tip of the snout to the tip of the 

caudal fin using a graduated pipe (Appendix 1). Weight measurements were taken to the nearest 

0.01g using the “Denver Instrument” weighing balance XL–6100. The eels were grouped into 

size classes of between <20>80 cm. The size classification was determined through different 

life stage lengths as indicated by Froese (2006). Relative abundances were calculated as 

follows; 

𝑅𝐴% =
𝐼𝑠𝑖

∑ 𝑁𝑠𝑖
⁄ × 100…………………………………….……………………………….1 

Where, Isi = Total Number of individual spp; ∑ Nsi = Total Number of species population.  

Diversity indices were calculated as Shannon-Wiener Index (H’) (Shannon, 1948);  

 𝐻′ = ∑[(
𝑛𝑖

𝑁
)  𝑋 ln (

𝑛𝑖

𝑁
)]………………………………………………………………………2 

Where ni = number of individuals or amount (e.g., biomass) of each species (the ith species); N 

= total number of individuals (or amount) for the site, and ln = the natural log of the number. 

Shannon diversity (H): 0 = lowest diversity; 3 = highest diversity. 

Species dominance (D) was calculated using the formula by Berge and Parker (1970); 

𝐷 =
∑ 𝑛(𝑛−1)

𝑁(𝑁−1)
  ………………………………………….……………………………………... 3 

where n = the total number of individuals of each species, and N = the total number of 

organisms of all species. Dominance: 0 = lowest dominance (habitat shared by the maximum 

number of species); 1 = highest dominance (only one species dominating the habitat).  

Evenness was calculated as follows 

𝐸 =
𝐻

𝐻𝑀𝑎𝑥
………………………………………………………………………………………4 

Where E is evenness; H is the Shannon diversity index; Hmax is the maximum possible value 

of the Shannon diversity index given the number of species present 
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The index ranges from 0 to 1, with values closer to 1 indicating greater evenness. 

3.2.4 Biomass and Density Measurements 

Biomass (grams per net per day) (gnet-1d-1) was computed by taking the weights of the 

eels per the number of nets employed at the study sites, per the number of days the nets were 

set.  Density (CPUE) was measured as individuals per net per day by counting the total number 

of eels per the number of nets set at each site, per the number of days sampling was done. 

3.2.5 Data analyses 

Bartlett’s test was used to evaluate the homogeneity of variances in groups. Kruskal-

Wallis test was carried out where assumptions of parametric tests were not met. All statistical 

analyses were considered significant at p≤ 0.05. A T-test was used to compare statistical 

differences in eel lengths and weights between the rivers. ANOVA was used to analyse 

significant differences among eel weights and lengths of different size classes and species in 

the Rivers, and CPUE (Density) of the eels’ life stages.  Descriptive statistics were used to 

analyse density, biomass, and relative abundances of size classes between Rivers and among 

eel species across the Rivers. The influence of water quality parameters on the abundance of 

eels across the rivers was analysed by Principal Component Analysis (PCA). Eel species 

abundance and distribution in different biotopes were analysed using Canonical 

Correspondence Analysis (CCA). Ecological risk assessment was analysed using the Relative 

Risk Model.  

3.3 Results 

3.3.1 Relative lengths of eel species between the Rivers 

Generally, yellow eels of River AGS were the longest, with A. marmorata leading with 

a mean of 56.6 cm ± 10.6, whereas in River Ramisi, A. bengalensis was the longest at 40.2 ± 

14.5 cm (Table 1). The longest silver eels occurred in River AGS, led by A. marmorata at 104.0 

cm (n=1), while A. bicolor was the longest silver eel in the River Ramisi at 89.0 cm (n=1). The 

difference was statistically significant at (t-test t= 4.8; p ≤0.05) between the rivers (Table 1). 
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Table 1: Mean Lengths of Yellow and Silver Eels of the AGS and Ramisi rivers 

 Yellow eels (mean length) ± SE cm Silver eels (mean length) cm 

Species AGS Ramisi AGS Ramisi 

A. bengalensis 55.31 ± 15.1a 40.2 ±  14.5a 72.0 ±  4.6 49.8 ±  5.3 

A. marmorata 56.6  ± 10.6a 34.4  ± 12.5b 104.0 (n=1) 48.6  ± 16.8 

A. mossambica 47.2  ± 15.2a 28.5  ± 10.3b  - 48.6  ± 16.8 

A. bicolor 41.1  ± 16.8a 29.5  ± 8.5b  - 89.0 (n=1) 
 

 

3.3.2 Relative abundance of Yellow and Silver eels of Rivers AGS and Ramisi 

A. bengalensis had the highest abundance of yellow and silver eels in both the Rivers 

Ramisi and AGS. Of all the yellow eels caught in the River Ramisi, 86.9% were A. bengalensis; 

5.1% were A. bicolor, 5.7% were A. mossambica, and 2.3% were A. marmorata. In the River 

AGS, 50.1% were A. bengalensis, A. bicolor were 27.9%, whereas A. mossambica and A. 

marmorata trailed with 15.7% and 6.3%, respectively (Figure 4).  In the River Ramisi, silver 

eels of A. bengalensis were 46.87%, 40% for A. bicolor, 6.3 % for A. mossambica, and 6.3% 

for A. marmorata. In River AGS, all the silver eel catches were A. bengalensis (Figure 4).    

 

 

Figure 4: Relative Abundance of Yellow and Silver Eels of the Rivers AGS and 

Ramisi 
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3.3.3 Diversity of anguillids at Rivers AGS and Ramisi  

Generally, eel diversity was not statistically different between the rivers (t-test; t=0.48, 

p=0.63). However, diversity between the downstream locations of AGS (0.67±0.13) and 

Ramisi (0.42±0.21), and subsequent upstream locations (0.24±0.13) and (0.35±0.12) showed 

significant differences (Table 2). Species richness differed statistically between up and 

downstream reaches of the rivers (Table 2). The diversity at upper and lower AGS was 

comparable, unlike that at the Ramisi, which showed a statistical difference (Table 2). Eel 

dominance was comparable among the upstream locations (0.85±0.1) at River AGS and 

(0.82±0.06) at River Ramisi. The highest species evenness (0.96±0.11) was recorded at the 

downstream location of River Ramisi, which was statistically significant among the other 

locations.  

Table 2: Diversity Indices of Eel Communities Along Rivers AGS and Ramisi 

Rivers Reaches Richness 

(S) 

Frequency 

(n) 

Dominance_D Evenness_e^H/S Richness 

index (D) 

Diversity 

(H) 

AGS Upper  29 0.85± 0.1ab 0.94±0.07a 0.46±0.19a 0.24±0.13ab 

Lower 4 41 0.58±0.1a 0.91±0.07a 0.75±0.16b 0.67±0.13b 

Ramisi Upper 4 222 0.82±0.06b 0.84±0.06a 0.41±0.15a 0.35±0.12a 

Lower 3 12 0.71±0.11a 0.96±0.11ab 0.72±0.25b 0.42±0.21b 
 

* Variables with different letters (a, b) in the same columns indicate significant differences 

 

3.3.4 Eel Biomass 

Total eel biomass per river reaches  

The highest total eel biomass was at the upper River Ramisi (165.00±46.27) and was 

1.6 fold higher than at the lower Ramisi (97.60±71.5), whereas at the upper River AGS 

(110.90±56.9), biomass was 3.5 fold higher than at the lower AGS (32.20±10.0). Eel biomass 

differed statistically (ANOVA; F=3.00, p=0.04) among the river reaches (Figure 5) 
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Figure 5: Total Eel Biomass at Upper and Lower River Reaches 

Individual species biomass at the upper and lower River AGS  

Individual species biomass at River AGS showed A. marmorata having the highest 

biomass (222±187 gnet-1d-1), followed by A. bengalensis (72.4 ±17.7 gnet-1d-1) at the upper 

reaches of River AGS (Figure 6). A. bicolor was absent at the upper reaches of AGS. 

 

 

Figure 6: Species Biomass at the Upper and Lower Reaches of AGS  

 

Individual species biomass at the upper and lower River Ramisi 

At the River Ramisi, the highest biomass occurred at the upper reach with A. bengalensis 

leading (288±84.5 gnet-1d-1), followed by A. bicolor (51.1±38.8 gnet-1d-1), whereas A. 

marmorata had the least biomass (10.30 ±0.89 gnet-1d-1). At the lower Ramisi A. mossambica 

0

50

100

150

200

250

Upper AGS Lower AGS Upper Ramisi Lower Ramisi

Ee
l b

io
m

as
s 

(g
N

et
-1

d
ay

-1
)

River reaches

0

50

100

150

200

250

300

350

400

450

A.
bengalensis

A. bicolor A.
marmorata

A.
mossambica

B
io

m
as

s 
gn

et
-1

d
-1

Eel species

Upper AGS

Lower AGS



37 

 

had the highest biomass (48.75±18 gnet-1d-1), followed by A. bicolor wth (5.83±10 gnet-1d-1), 

whereas A. marmorata and A. bengalensis were absent at the lower reach (Figure 7) 

 

Figure 7: Species Biomass at the Upper and Lower Reaches of the River Ramisi 

3.3.5 Densities (Individuals.net-1day-1) of the eel species and life stages between the Rivers 

 Species densities per River 

Generally, the River Ramisi ecosystem had higher eel densities (Catch Per Unit Effort) 

(Individuals-1net-1day-1) than River AGS. A. bengalensis of the River Ramisi had the highest 

CPUE (1.7 Ind.-1net-1d-1), followed by A. mossambica (Ramisi) (1.3 Ind.-1net-1d-1), whereas A. 

marmorata of the River Ramisi had the least (0.64 Ind.-1net-1d-1) CPUE (Figure 8). A. 

marmorata was the only species that had a higher CPUE in the River AGS than in the River 

Ramisi. 
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3.3.6 Size class abundance of the eel species occurring in River AGS and River Ramisi  

Size class abundance of Anguilla bengalensis  

The size class abundance graph for A. bengalensis took a near pyramid shape in both Rivers 

with peaks at size class 50-60; 42.4% in the River AGS and 37.3% in the River Ramisi (Figure 

9). Smaller eels, in the size classes of less than 20 cm to 30–40 cm, were more abundant in the 

River Ramisi compared to the River AGS. In contrast, larger eels over 60 cm were more 

common in the River AGS (33.3%) than in the River Ramisi (5.1%) (Figure 9). 

 
           Figure 8: CPUE of the Eel Species Between the Rivers 
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Figure 9: Size Class Abundance of A. bengalensis 

Size class abundance of Anguilla bicolor 

Size class abundances graph for A. bicolor in both Rivers took a near dome-shape, though 

skewed more to the left (Figure 10). The peak for relative abundance in River AGS occurred 

at size class 20-30 (36.8%), whereas at River Ramisi the peak was at size class 30-40 (29.4%). 

Abundance in both Rivers reduced drastically from size class 60-70 to >80 (ranged between 

5.9% and 0% respectively) (Figure 10) 

 

Figure 10: Size Class Abundance of A. bicolor 
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Size class abundance of Anguilla marmorata 

At the River Ramisi, A. marmorata had higher abundance at smaller size classes with a 

peak at size class 30-40 (50%). All size classes >60 were absent in Ramisi, skewing the graph 

towards the left (Figure 11). On the contrary, smaller size classes <40 were absent in the AGS, 

but had a peak at size class 50-60 (66.7%). All size classes >60 in River AGS were present, 

with the longest size class of > 80 having a relative abundance of 11% 

 

Figure 11: Size Class Abundance of A. marmorata 
 

 

Size class abundance of Anguilla mossambica 

At the River Ramisi, A. mossambica had concentrated abundance at size classes <60, 

with a peak at size class 20-30 (43.8%) (Figure 12). Size classes >60 recorded no eels, 

skewing the graph towards the left. At the River AGS, the graph took a near dome shape with 

a peak at size class 60-60 (44.4%), whereas size class 70-80 recorded 11% relative abundance 

(Figure 12). 
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Figure 12: Size Class Abundance of A. mossambica 

3.4 Discussion 

In the present study, the Yellow and Silver eels of the River AGS exhibited greater 

length compared to those found in the River Ramisi. However, despite this length disparity 

between the rivers, the mean length ranges of Yellow eels in both rivers (28.5 – 56.6 cm) fell 

within the mean range (20.8 – 60.9 cm) reported in a study by Guimaraes et al. (2009). 

Woolnough et al. (2009) noted that apart from environmental and biological conditions of 

aquatic ecosystems influencing fish growth, the size of the water body also plays a pivotal role 

in determining fish size. This is because larger water bodies provide more diverse habitats for 

predator evasion, increased productivity, and varying temperature zones conducive to eel 

growth. According to Helfman et al. (1987), eels tend to attain larger sizes with increased 

latitude and distance from spawning areas. The River AGS, being larger (600 km long; average 

width of 75 meters) than Ramisi (200 km long; average width of 15 meters), and extending 

further away from the spawning sites (Mascarene Islands), may have contributed to the larger 

eels in the River AGS compared to River Ramisi, as reported by Helfman et al. (1987). 

The relatively higher CPUE of all eel life stages in the River Ramisi compared to the 

River AGS could be attributed to the suitability of the ecosystem for eel recruitment and 

maintenance, governed by the integrity of biotic and abiotic factors conducive to anguillid 

growth and survival. The highest eel densities occurring in Upper River Ramisi over other river 

reaches confirm the suitability of the upper River Ramisi for eel growth. Itakura and Wakiya 
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(2020) reported that eel densities increase with a combination of habitat factors that are more 

likely to occur in ecosystems providing sufficient biotic and abiotic resources. 

Anguilla bengalensis yellow and silver eel stages were the most abundant in both rivers, 

followed by Anguilla bicolor. Anguilla marmorata and Anguilla Mossambica trailed in 

abundance in both rivers. River Ramisi portrayed a more successful ecosystem for yellow eel 

maintenance and silver eel escapement, in all eel species, compared to River AGS, as indicated 

by the abundance of yellow and silver eels. 

Generally, the population structure of the eels was characterized by an expansive 

population of young and growing individuals, indicating high recruitment and growth. High 

silver eel migration was evidenced by the low numbers of larger eels landed. The abundance 

of different size classes of eels in the current study was consistent with results from other 

studies determining eel population dynamics and growth (Lambert et al., 2006; Panfili et al., 

1994). Variations in size class abundance could be related to the number of glass eels recruited 

into the rivers at different seasons. Subsequently, the recruiting glass eels would develop into 

yellow eels of different sizes and abundances. A study by Sugeha (2010) on the recruitment of 

tropical eels (Anguilla celebesensis and Anguilla marmorata) in the Poso estuary, Indonesia, 

showed that recruitment was season and species-specific. Recruitment occurred in the dry 

season (May to September) and the rainy season (October to April). In the study, Anguilla 

celebesensis and Anguilla marmorata appeared as dry-season recruiting species, while 

Anguilla interioris and Anguilla bicolor were identified as rainy-season species. 

Glass eels and riverine yellow eels of Anguilla bicolor, A. bengalensis, A. marmorata, 

and A. mossambica were sampled in estuaries and rivers of La Réunion Island, Mauritius 

Island, Mayotte Island, and on the eastern coast of Madagascar between 2000 and 2006, 

suggesting that the composition of eel assemblages seems contrasted between the different 

islands of this region (Robinet et al., 2008). This contrasted distribution may be due to diverse 

migratory paths followed by the eel larvae before their estuarine recruitment (Réveillac et al., 

2008; Robinet et al., 2007; Robinet et al., 2003), varying spawning localities or seasons among 

species (Robinet et al., 2003), or different developmental traits or innate metabolism (Réveillac 

et al., 2008; Robinet et al., 2003; Robinet et al., 2008). These findings can be related to the 

current study, where different size classes had differing abundances because of differences in 

the recruiting number of individual species and seasonal recruitment variations. Species-

specific recruitment governed by seasons (Sugeha, 2010) could lead to differing abundances 

of the four eel species as observed in the current study. 
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In the current study, eel biomass differed among river reaches, a scenario that could be 

attributed to the influence of habitat conditions on eel growth and distribution, as reported in a 

study by Glova et al. (1998) on short and longfin eels in three New Zealand lowland streams. 

The study assessed the relationship between eel biomass and several instream variables and 

found that biomass of small shortfin eels was negatively correlated with distance from the 

ocean, mean water velocity, and median substrate size, whereas that of longfins was positively 

related to instream debris. Similar to the current study, Glova et al. (1998) noted considerable 

variance in eel biomass between streams for both species. Moreover, in the current study, 

similar eel species portrayed different biomass values at different river reaches, further 

confirming similarities with the findings of Glova et al. (1998). 

The diversity of eels was not statistically different between river habitats, generally 

portraying low diversity, indicating relatively few species present in the ecosystem, and those 

species are not evenly distributed in terms of abundance. Reduced diversity leads to ecological 

simplification, altering local interactions and controlling biodiversity and ecosystem function. 

Dominance was high with values towards one, meaning minimal variation or diversity. In this 

case, one specific species or trait is overwhelmingly prevalent compared to others in the same 

habitat. These findings are consistent with the findings of declining eel species as reported by 

Jacoby et al. (2015). 

3.5 Conclusion 

In conclusion, the population structure analysis of anguillid eels in Rivers AGS and 

Ramisi revealed significant ecological insights, providing critical data for understanding 

species distribution and habitat utilization. The identification of four distinct anguillid eel 

species highlights the biodiversity of these rivers and their role in supporting freshwater eel 

populations. However, variations in population structure across species and between different 

river sections indicate that ecological and environmental factors influence eel distribution and 

abundance.  

Contrary to the null hypothesis that there was no difference in the population structure 

of anguillid eels between River AGS and River Ramisi, the findings suggest habitat-specific 

variations. The predominance of longer eels in River AGS, alongside higher biomass and Catch 

Per Unit Effort (CPUE) in River Ramisi, underscores differences in habitat conditions, resource 

availability, and recruitment success. The dominance of the yellow eel life stage across both 

rivers further emphasizes the importance of these freshwater ecosystems for the growth and 
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development of anguillid eels. Additionally, the higher relative abundance of mid-length size 

classes suggests ongoing recruitment and growth patterns that require further investigation. 

Understanding these population dynamics is essential for fisheries management and 

conservation. These findings provide a foundation for assessing the health and sustainability 

of anguillid eel populations in Kenya, informing strategies to mitigate anthropogenic threats 

and ensure long-term species viability. Further research is necessary to investigate the 

underlying drivers of population structure variations and monitor changes over time, 

facilitating evidence-based conservation and management initiatives. 
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CHAPTER FOUR 

EVALUATION OF THE ECOLOGICAL NICHES OF ANGUILLID EELS IN THE 

ATHI-GALANA-SABAKI AND RAMISI RIVERS 

Abstract 

This study assessed of the ecological niches occupied by anguillid eels within the complex 

river systems of the Athi-Galana-Sabaki (AGS) and the Ramisi. Focusing on dietary patterns 

and habitat preferences, our research explored the dynamic interaction between these eels and 

their surrounding river environments. Utilising humane techniques, 68 anguillid eels were 

carefully examined, with stomach contents analysed to identify nine distinct diet items, 

revealing fish as the predominant dietary component. Niche breadth varied between 0.27 and 

3.4, while trophic levels ranged from 3.1±0.4 to 3.7±0.1. High niche overlap (0.65±0.5) was 

observed between Anguilla bengalensis and Anguilla bicolor. Relative condition factors (Kn) 

ranged from 0.15±1.08 to 0.86±0.42 across species. Length-weight relationship analysis 

yielded b values between 2.67 and 3.55, with A. bengalensis exhibiting the lowest and A. 

mossambica the highest. Notably, A. mossambica elvers displayed the highest b value (4.8), 

while A. marmorata silver stage exhibited the lowest (0.3). Habitat preferences varied among 

species, with A. bengalensis and A. marmorata favouring the upstream reaches, while A. 

mossambica and A. bicolor dominated the lower reaches. Biotope selection was river-specific, 

with A. bengalensis and A. marmorata preferring vegetated pools in the Ramisi, whereas 

vegetation presence was not significant in the AGS. In the River Ramisi, A. mossambica and 

A. bicolor showed a preference for fine substrate. Physical-chemical parameters positively 

influenced A. marmorata in the upper AGS and A. mossambica in the lower Ramisi. In 

conclusion, this study provides valuable insights into the ecological dynamics of the anguillid 

eels in the AGS and Ramisi rivers, emphasizing the intricate relationships between eel 

populations and their aquatic habitats. These findings contribute to our understanding of 

freshwater ecosystems and informs conservation efforts aimed at preserving eels’ biodiversity 

and ecosystem health. 
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4.1 Introduction 

Anguilla eels are globally distributed catadromous fishes that spend most of their lives 

in freshwater, before migrating to the Ocean to spawn (Arai, 2016). In the ocean, eggs hatch 

into leptocephali (larvae), which metamorphose into glass eels before entering continental 

waters and grow into elvers, yellow eels (immature adults), and finally, into silver eels (mature 

adults) that undertake return oceanic spawning and migrate and die (Arai,2016). Their 

existence is threatened by over-exploitation, habitat loss, climate change, pollution, and the 

introduction of alien species (Collier et al., 2016). Most of them are listed in different categories 

in the International Union for Conservation of Nature (IUCN) red list of endangered species 

(Jacoby et al., 2015).  

Anguilla spp. is a widely consumed fish of high economic value and an export 

commodity to markets in Europe and Asia (Shiraishi & Crook, 2015). The market demand for 

eels continues to rise, especially in Asian, American, and European countries which reach 

600,000 tons per year (Pangerang, 2022). Due to the reduced supply of commercially important 

temperate eels, the poorly studied tropical species are being targeted as an alternative to satisfy 

the high demand for eels and eel products (Cadiz & Traifalgar, 2020). West Indian Ocean 

(WIO) where Kenyan coast lies is home to four anguillid species; Anguilla bengalensis, A. 

bicolor, Anguilla marmorata and Anguilla mossambica (Jacoby et al., 2015).  

During the early larval stage in the open ocean, anguillid eel larvae (Leptocephalus) 

primarily feed on marine snow, which includes exudates from bacteria and phytoplankton 

(Tsukamoto & Miller 2021). The exudates release polysaccharides and simple sugars and 

provide the base to facilitate other particles to stick together into marine snow (Miller et al., 

2020). These carbohydrates become an important food source for the leptocephali, in addition 

to nutrition obtained from the digestion of the microorganisms aggregated in marine snow. In 

the early eels’ life, the transition from marine to freshwater is a critical stride preceded by 

metamorphosis from the marine larval to the continental glass eel stage, involving energy‐

taxing morphological, physiological, and behavioural shifts during which time they do not feed 

(Van Wichelen et al., 2022).  On arrival at the estuary, glass eels feed on detritus and wormlike 

benthic invertebrates (Lagarde et al., 2022; Van Wichelen et al., 2022). Eventually, food uptake 

intensifies and their diet diversifies, including a wide range of planktonic and benthic 

organisms.  

In freshwater, yellow eels become more predatory, preying on a wide range of marine, 

estuarine, and freshwater fauna. The principal food is invertebrates (especially molluscs and 
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crustaceans) and fish (Dörner & Berg, 2016; Maitland & Creg, 2010; Nishimoto et al., 

2023).  Yellow eels also scavenge on dead fish (Coad, 2016).  In some cases, they are reported 

to leave the water channel and enter marshy fields to feed on terrestrial fauna, such as slugs 

and worms (Coad, 2016).  Silver eel stage experiences regression of the digestive tract and 

therefore, it does not feed but survives on the fat reserves accumulated during the yellow eel 

stage (Hayden et al., 2019; Rousseau et al., 2013; Trischitta et al., 2013). One of the most 

important life-history traits that affect individual characteristics influencing food acquisition is 

body size 

Information on the diet of a species in nature is of the essence in the establishment of 

its nutritional requirements and the interaction with other organisms (Albertoni et al., 2003), 

and it is an integral tool for assessing the structure and functioning of ecosystems (Maestre et 

al., 2016). The feeding ecology of a species is greatly linked to population dynamics and 

contributes to the knowledge of resource partitioning, prey selection, predation, habitat 

preferences, competition, evolution, and energy transfer within and between ecosystems (Braga 

et al., 2012). Such ecological knowledge is of significant value when developing conservation 

plans; therefore, it is a fundamental element in protecting species and ecosystems (Braga et al., 

2012). 

   Anguillids are ecologically valuable because adult eels are long-lived top predators in 

freshwater systems, feeding on crabs, frogs, shrimps, and fish (Denis et al., 2022). Hartanto et 

al. (2016) based on stomach content analysis of A. bicolor and A. marmorata, identified three 

dominant types of foods, namely, crabs, shrimps, and earthworms. However, statistical analysis 

showed no significant differences in food variation during the three months of sampling in that 

study. Other studies by Rupasinghe and Attygalle (2006) on A. bicolor in the Bolgoda Estuary, 

Bandaragama, Sri Lanka showed that the eel fed on invertebrates when they were at a smaller 

size and changed to piscivorous (crabs, shrimps, small fish, and worms) when they became 

large.   

The condition factor is used to examine the overall condition, the fatness, or well-being 

of a fish. The reliance on the condition factor is based on the theory that the heavier fish of a 

given length is in a better condition (Koushlesh et al., 2018).  Length-weight relationship is a 

prerequisite for assessing population characteristics and indicates the degrees of stabilization 

of taxonomic characters in species (Pervin & Mortuza, 2008). Such studies are essential for 

assessing population dynamics, development of stock assessment models, and estimation of 

the health condition of the fish, and for life history and morphological comparisons of 
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populations from different regions (Le Cren, 1951). In addition, the growth pattern obtained 

from the slope parameter (b) of the length-weight relationship and condition factor (Kn) plays 

a vital role in understanding fish ecological adaptation (Abdoli et al., 2009; Dinh et al., 2016), 

explained by growth categories. The growth of fishes can be explained in three categories i.e., 

isometric, negative, or positive allometric growth. The cube law states that for isometric 

growth, the weight (or mass) of the organism is proportional to the cube of its length. Negative 

allometry occurs when the fish becomes lighter with length, which is attributed to insufficient 

diet and environmental changes. In positive allometry the fish increase in weight at a faster rate 

with its increase in length. Fulton’s (1904) cube law, Froese (2006) stated that, in the juvenile 

stages of fish, their growth rate is faster in length than width or any other direction. Thus their 

length-weight relationship changes as the fish grows in length. According to the general cube 

law, the weight of the fish varies with the cube of the length. 

The amount of energy present in a prey impacts weight increase, as well as the ratio of 

size and length (Cárcamo et al., 2019), and therefore, growth in length and weight is 

complementary and their rates of increase depend on the amount of prey energy 

(Wootton,2012). An energy-rich diet means that fish can have a high consumption rate, 

whereby costs of maintaining metabolism and synthesizing new tissue are covered (Wuenschel 

et al., 2006). In contrast, fish without an energy-rich prey intake rate will assign the energy 

budget to basic maintenance, affecting their rates of consumption and assimilation efficiency 

(Gallagher et al., 2022), thus compromising the making of new tissue.  

The contrast in dietary niche breadth has been linked to various aspects of species 

distribution (Lanszki et al., 2022), variety of spatial distributions (Alberdi et al., 2020), and 

habitats occupied (Fargallo et al., 2022; Walsh & Tucker, 2020), and reactions to landscape 

change (Kellner et al., 2019). The contrast in dietary niche breadth fosters resource partitioning 

among coexisting species within a community (Lanszki et al., 2022). When different species 

have definite dietary preferences or consume different food resources, they coexist without 

direct competition for the same limited resources. This leads to more versatile and stable 

ecosystems. Species with a broader dietary niche breadth can utilize a wider range of habitats 

or environmental conditions (Alberdi et al., 2020). This versatility enhances the ability to 

colonize new habitats or adapt to changing conditions, leading to broader geographic 

distributions. Conversely, species with narrower dietary niches are more restricted to specific 

habitats that provide for their preferred food resources. The contrast in dietary niche breadth 

influences species interplay such as predation, competition, and mutualism (Fargallo et al., 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8900610/#ref-1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8900610/#ref-20


49 

 

2022). It contributes to biogeographic designs by controlling species distributions across 

differing spatial scales. For example, some dietary specialists may portray restricted 

distributions, confined to specific regions where their preferred food resources occur. In 

contrast, generalist species with wider dietary niche breadths may have broader geographic 

ranges, stretching across multiple habitats or biomes (Fargallo et al., 2022). 

Considering the various variables that can determine dietary niche overlap, regional 

disparity could affect broad-scale patterns of niche overlap between species (Walsh & Tucker, 

2020). The overlap is influenced by various factors, including similar niches, competition for 

resources, habitat requirements, physical barriers (such as dams and weirs that act as barriers 

to species dispersal), changes in climate (which can shift suitable habitats and resource 

availability), and human-induced factors like habitat destruction, pollution, introduction of 

invasive species, and climate change. These factors can significantly impact species overlap by 

altering habitats and resource availability. 

The size of an organism can be a strong predictor of trophic position and the diversity 

of prey a species can consume. Jellyman (1989) found that the diet of each of the eel species 

he studied changed with size. The smallest eels of both species ate mainly amphiphods insect 

larvae and small molluscs incomplete sentence.  Therefore, consumer trophic ecology is driven 

by a trade-off between environmental factors and biological traits (Hayden et al., 2019). For 

example, fishes exposed to benthic or pelagic habitats will be adapted to totally different prey 

communities; a predator’s morphology, such as its size, mobility, and dentition will dictate 

what prey types it can capture; and the spatial range of a predator will also influence the breadth 

of prey it may consume (Stuart-Smith et al., 2013). The amount of energy present in a prey 

impacts weight increase, as well as the ratio of size and length (Cárcamo et al., 2019), therefore, 

growth in length and weight is complementary and their rates of increase depend on the amount 

of prey energy (Wootton, 2012). An energy-rich diet means that eel can have a high 

consumption rate, whereby costs of maintaining metabolism and synthesizing new tissue are 

covered (Wuenschel et al.,2006). In contrast, fish without an energy-rich prey intake rate will 

assign the energy budget to basic maintenance, affecting their rates of consumption and 

assimilation efficiency (Rosen & Worthy, 2018), thus compromising the making of new tissue.  

The geomorphological and hydrological conditions of rivers are highly diverse and 

dynamic and provide various habitats for fish and other aquatic life (Langerhans, 2008). In 

rivers three main zones exist; the crenon (spring zone), the rhithron (middle course) 

characterized by turbulent - oxygenated waters, and the potamon (lower course) which is the 
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downstream reach and characterized by slow and turbid water flows in the plains (Junk & 

Piedade, 2011). The temporal shifts between floods and low lotic flows create a large variety 

of habitats, of diverse durations, over time. Floodplain waters carry over nutrients from the 

decomposition of organic matter and vegetation, as well as animal manure (cattle, wild 

animals) into river channels. This leads to the rapid growth of algae, zooplankton, bacteria, and 

a rich fauna of aquatic invertebrates. After the floods, the water leaves the floodplains through 

a series of channels to return to the river’s main watercourse creating pools that may remain 

throughout the year and serve as a refuge for aquatic fauna. At the same time, aquatic vegetation 

grows rapidly, adding to the characteristics of the biotopes. 

  In the river system, the upper and lower reaches consist of diverse biotopes of biotic 

and abiotic characteristics (Guareschi & Wood, 2019). The riverine distribution of eels can be 

affected by environmental factors in microhabitats and biotopes, such as depth, velocity, 

sediment, aquatic vegetation, and riverbank conditions (Kume et al., 2019; Laffaille et al., 

2003). The influence of biotopes on eel abundance and diversity encompasses factors related 

to trophic interactions, habitat quality, food availability, and genetic adaptation (Bănăduc et 

al., 2022). 

Itakura and Wakiya (2020) studied the preference of biotopes by eels and found that the density 

of eels was consistently lower among riverbanks consisting of concrete and sand, while it was 

highest when riverbanks and main channels consisted of vegetation. Individual eels were found 

in a broader range of habitats with diverse depths and discharge velocities. Densities increased 

in mud and boulder substrates and combination with habitat factors (Wakiya, 2020).  

Kumai et al. (2021) studied the habitat preference of Anguilla marmorata. They found 

that the species preferred habitats with larger size substrate materials, fewer fallen leaves and 

leaf detritus, higher current velocity, and lower turbidity than Anguilla japonica. Both species 

co-occur in the same river systems, although the distributions of the two anguillid eels were 

segregated. Anguilla marmorata preferred clear-flowing mainstreams and tributaries, whereas 

Anguilla japonica preferred stagnant muddy estuaries, backwater areas, irrigation channels, 

and reservoirs. In another study, Nguyen (2018) and Hsu et al. (2019) reported that Anguilla 

marmorata tends to live in freshwater areas rather than in brackish and marine habitats, 

although other studies (Arai & Chino, 2018; Kumai et al., 2020; Wakiya et al., 2019) have 

shown that the species inhabit a broad range of habitats ranging from brackish estuaries to 

upland headwaters. Studies carried out by Arai et al. (2020) in the north-western part of 

Peninsular Malaysia showed that Anguilla bicolor was distributed widely from the upstream to 
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the downstream areas of the rivers, although it was more abundant in the downstream and 

midstream reaches and rarely found in upstream areas. Anguilla bengalensis, however, was 

found to prefer mainly upstream reaches and rarely occurred in midstream areas. Other studies 

concurred with Arai et al. (2020) and indicated that the African mottled eel (Anguilla 

bengalensis) mainly inhabited areas far inland by conquering formidable barriers during their 

upstream migration (Craig, 2015; Davies et al., 2021). Anguilla mossambica, a species with 

plain skin colouration, is an inter-habitat migrant, moving between freshwater and seawater 

habitats (Lin et al., 2012). In other studies, Anguilla mossambica was found to inhabit coastal 

and estuarine areas without migrating upstream into inland freshwater reaches (Lin et al., 

2015). 

  Hsu et al. (2020), in a study on biotope preferences, divided tropical and subtropical 

eels into two broad groups depending on skin colouration (marbled or plain). The study found 

that in tropical/subtropical areas, marbled and plain eels coexisted, but marbled eels tended to 

inhabit the middle to upper sections of the rivers, while plain eels preferred the middle reaches 

to estuaries. They concluded that the countershading of plain eels may be an adaptation that 

allows them to blend into the mud and sand substrates commonly found in the lower reaches 

of rivers, helping them avoid predators. In contrast, marbled eels appear to be adapted for 

camouflage among cobble, gravel, and fallen leaves typically found in the upper river reaches 

(Unmack, 2013). 

This study aimed to determine the habitat use through diet studies and habitat 

preference of anguillid eel species occurring in the River Athi-Galana-Sabaki and River Ramisi 

of Kenya. Information on the habitat ecology of the anguillid eels in Kenyan Rivers is lacking, 

and this is the first study of this kind and the region. The information from this study will assist 

in understanding the ecological niche of anguillid eels in Kenya, for the conservation and 

management of eels and their ecosystem   

4.2 Materials and methods 

4.2.1 Dietary evaluation 

A subsample of the total eels (68 eels) caught was selected for diet studies. Subsamples 

were considered per species, number of eels caught, and the sampling sites where they were 

landed. The subsamples were immobilized in an overdose of clove oil before being euthanized 

for the studies. The belly was cautiously split using a sharp blade, and the stomach contents 

were put on a petri dish containing 1% normal saline solution. The contents were examined 
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under a dissecting microscope. They were identified to the lowest taxon possible using 

dichotomous keys (Thorp & Rogers, 2014).  The eels that were not euthanized were released 

back into their habitat.  Anguilla marmorata was not sacrificed for diet studies because of the 

low number of individuals caught (N = 6). The frequency of diet items was calculated as in 

formula 5: 

%𝐹
𝑓𝑖=

𝑁𝑓𝑖

𝑁𝑓
×100

………………………………………………….……………………………...5 

Where, % Ff i is the frequency of occurrence of given item i, Nf i  is the number of 

stomachs in which the given item i occurs, and Nf  is the total number of stomachs 

The trophic (TL) level of each eel species was calculated using the formula 6 as proposed by 

Adams et al. (1983) 

Trophic level = ∑ (Proportion of diet from preyi  ×  Trophic level of preyi)
𝑛
𝑖=1 + 1……6 

Where n represents the number of different prey items in the species’ diet. 

The proportion of Diet from Preyi is the proportion of the species’ diet that comes from a 

specific prey itemi. 

The trophic level of Preyi is the trophic level of the prey itemi. The sum is calculated for each 

prey item in the diet, and 1 is added to the final result to represent the trophic level of the 

species itself. 

Diet breadth was calculated using the following formula by Feinsinger and Poole 

(1981); 

𝐵
𝑖= 

1

(𝑛−1)

{
1

(∑ 𝑃𝑖𝑗2 
𝑗

} − 1……………………………………………….…………………….7 

Where Bi = standardized index of niche breadth, pij = proportion of the diet of predator i on 

prey j, and n = total number of items (resources), whereby a value of 1 in diet breadth indicates 

generalist taxa that utilize all available resources and 0 indicates specialist taxa that favour 

specific resources. 

Niche overlap was calculated using a method described by Pianka (1981), as follows;  

𝑜𝑗𝑘 =
∑ 𝑝𝑖𝑗𝑝𝑖𝑘

𝑛
𝑖

√∑ 𝑝𝑖𝑗2 ∑ 𝑝𝑖𝑘2𝑛
𝑖

𝑛
𝑖

……………………………………………………………….…………8 
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Where Ojk = Pianka’s index of niche overlap between species j and k, pij = the proportion of 

the ith resource in the diet of species j, pik = the proportion of the ith resource in the diet of 

species k, and n = the total number of items.  Diet overlap of value >1 will indicate increased 

sharing of diet items while <1 is the reduction in diet sharing between species.  

The length-weight relationship was estimated by the following formula by Le Cren 

(1951) as;  

W = aLb ……………………………………………………………….………………………9 

This formula is expressed logarithmically as Log W = Log a + b Log L;  

Where W = Body weight of the eel, L = Total length of the eel, ‘a = a constant being the initial 

growth index, and ‘b’ = growth coefficient. Parameters ‘a and ‘b’ were calculated by the least 

squares regression method. The result was interpreted as R2 = Coefficient of determination (* 

b < 3 = negative allometric growth, b=3.0, isometric growth; b ˃  3, positive allometric growth). 

Condition factor (K) was calculated using the formula by Le Cren (1951) as follows; 

 K𝑛 =
𝑊

𝐿𝑏 …………………………………………………………………………………….10 

Where K is the condition factor, W is the weight of the fish, L is the length of the fish, and b 

is the allometric coefficient.  

4.2.2 Measurement of water quality parameters  

The study area is described in Chapter 3 (3.2.1). Channel discharge was measured by 

the ‘float gauging’ method using oranges of the same weight that were thrown into the River 

channel, and the velocity multiplied by the average cross-sectional area of the river. 

Conductivity, Total Dissolved Solids (TDS), temperature, salinity, and dissolved oxygen were 

measured in situ using a hand-held multi-parameter water quality meter (YSI 556 MPS model, 

USA).  

Water and hydrological variables were taken at each site during the sampling session 

before retrieving the nets. River depth was measured using a graduated string fastened with a 

piece of iron bar sank into the deepest parts of the rivers, while river width was taken across 

the river with a graduated string. All measurements were taken at intervals of 10 metres and 

repeated in triplicates at each sampling site.  
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Twelve biotopes were identified according to lotic speed, substrate, and habitat cover. 

The substrate was categorized into four types using soil sieves (e.g. bedrock) as follows; silt 

(70% <0.05 mm), sandy silt (70% = 0.02mm to 1mm), sand (70% = 1mm to 2mm), pebbles 

(70% >2mm), or bedrock. The river covers were evaluated as under vegetation or no 

vegetation, boulders (>256mm), bank/riparian vegetation, hydrophytes, or “no cover”. The 

biotopes were at the upper and lower reaches of the rivers. Fyke nets were set at each of these 

biotopes and the density (CPUE) of the eels was obtained.  

4.2.3 Data analysis 

Levene’s Test was used to evaluate data homogeneity to test for normality of data. 

Where data was homogenous and followed a normal distribution curve (normality), Analysis 

of Variance (ANOVA) was used at p≤0.05. Where homogeneity was not achieved, Kruskal-

Wallis tests and F statistics were applied. Descriptive statistics were applied to gain insights 

into patterns, trends, and relationships within the data. Least significant difference (LSD) 

statistical analysis was performed to show differences (p≤0.05) in environmental water 

parameters across upper and lower river reaches under study. The influence of water quality 

parameters and biotope types on the habitat preference of the eel species was determined by 

Canonical Correspondence Analysis (CCA).  

4.3 Results 

4.3.1 Trophic levels, niche breadths, and diet overlaps 

Among the three eel species examined, Anguilla bengalensis had the highest trophic 

level (TL), (3.7±0.08), followed by A. bicolor (3.4±0.30) and A. mossambica (3.1±0.4). 

Analysis of variance (ANOVA) demonstrated no significant differences (F=2.42, df = 67, 

p=0.097) in trophic levels among the species evaluated. Of the three species evaluated, A. 

bicolor had the highest diet breadth (0.38), followed by A. mossambica (0.34) and A. 

bengalensis (0.27), respectively (Table 3) 

Table 3: Trophic Levels and Diet Breadth of Anguillid Eels of Rivers AGS and Ramisi 

Species N Trophic level (TL) Diet breadth Index 

A. bengalensis 48 3.7±0.1 0.27 

A. bicolor 11 3.4±0.3 0.38 

A. mossambica 9 3.1±0.4 0.34 
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The highest diet overlap occurred between A. bengalensis and A. bicolor (0.65±0.5), while 

A. mossambica and A. bicolor had the least overlap (0.40±0.1) (Table 4). 

Table 4: Diet overlap of anguillids of the Rivers AGS and Ramisi 

*Diet overlap of value 1 indicates increased sharing of diet items while 0 is reduction in 

diet sharing between species.  

4.3.2 Stomach Diet Composition of the Eel Species of the Rivers AGS and Ramisi 

Fish was the diet item that occurred in the stomachs of all the eel species.  Fishes 

constituted the highest diet content (59.5%) in the stomachs of A. bengalensis and A. bicolor 

(37.4%) (Figure 13). Earthworms and insects occurred only in the stomachs of A. mossambica, 

with insects constituting the highest (42.4%) stomach content among the diet items consumed 

by the species. Plant material was only encountered in the stomachs of A. bicolor, while Pond 

snails and Bird remains were only in the stomachs of A. bengalensis (Figure 13) 

 

Figure 13:  Stomach composition of anguillids in Rivers Ramisi and AGS 

Eel species Diet overlap 

A. bengalensis A. bengalensis 

A. bicolor 0.65±0.5 A. bicolor 

A. mossambica 0.56±0.2 0.40±0.1 A. mossambica 
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4.3.3 Diet Preference in the Stomachs of the Rivers AGS and Ramisi Eels 

Nine diet items were successfully identified. Fishes were the most frequently occurring 

diet (0.9) in the eels’ stomachs, followed by prawns (0.7) and plant material (0.5), while 

earthworms (0.03) and pond snails (0.02) had the least frequency, respectively (Figure 14). 

 

Figure 14: Frequency of Diet Items of the Eels. 

4.3.4 Growth variables of the four anguillid eel species of the Rivers AGS and Ramisi 

The weight of the eels ranged between 107.34g±51.21 (A. mossambica) and 

406.70g±66.11 (A. marmorata) and was dependent on the species (F= 5.13, df = 303; p˂0.05), 

while length did not differ significantly (F= 2.55, df = 303; p= 0.06) among the species (Table 

5). The body depth (BD) was comparable (F= 1.587, df = 303; p=0.19), ranging from 2.0cm 

±0.0 for (A. bengalensis) to 2.74cm±0.42 (A. marmorata). Generally, all the eel species 

demonstrated poor growth conditions (Kn<1) (Table 5), which statistically had no significant 

difference (Kruskal-Wallis test; H=8, p>0.05) among the eel species.  

Table 5: Summary of Mean Total Lengths, Body depth, Weights, and Relative Condition factor 

(Kn) of the anguillid eels. 

Note: n = Sample size; L= mean length, SE = Standard error; W =weight; Kn =condition 

factor 

Species  n BD (cm±  SE) L (cm±  )  W (g)  Kn ± SE  

A. bengalensis 229 2.00±0.10 37.20±1.10 157.82±16.92 0.86±0.42 

A. bicolor 35 2.17±0.28 40.02±2.85 202.33±43.28 0.15±1.08 

A. marmorata 15 2.74±0.42 47.05±4.38 406.70±66.11 0.18±1.65 

A. mossambica 25 2.45 ±0.33 32.62±3.34 107.34±51.21 0.15±1.28 
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4.3.5 Length- weight relationships of the anguillid species 

The results showed a positive allometric growth (b˃3) for both A. mossambica (b=3.55) 

and A. bicolor (b=3.23) (Figure 15a and 15b), which corresponded to coefficient of 

determination; R2=0.93 and R2=0.81, respectively while A. bengalensis (b = 2.7) and A. 

marmorata (b = 2.8) exhibited negative allometric growth (Figure 15c and 15d), respectively. 

R2 = Coefficient of determination (* b < 3 = negative allometric growth, b ˃ 3, positive 

allometric growth).  

 

Figure 15a: Length-weight Relationship of  A. 

bengalensis of the  Rivers AGS and Ramisi 

Figure 15b: Length-weight Relationship of  

A. marmorata of Rivers the AGS and 

Ramisi 

 

Figure 15c: Length-weight Relationship of  A. 

bicolor of the Rivers AGS and Ramisi 

Figure 15d: Length-weight Relationship of 

A. mossambica of the Rivers AGS and 

Ramisi 

4.3.6 Mean lengths, weights, and condition factors of anguillid life stages 

Among all the life stages and species, Elvers recorded the lowest mean length, ranging 

from (16.85±2.62) for A. bengalensis to (22.83±8.55) for A. bicolor. Except for A. marmorata, 
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silver eels were the longest among the life stages, with A. bengalensis leading at 54.57±4.94 

cm, and Elvers of A. marmorata were the shortest at 12±14.81 (Table 6).   

The highest condition factor (Kn) was recorded on the silver stage of A. bicolor 

(0.10±0.06) followed by the yellow stage of A. bengalensis (0.09±0.01), and the lowest in 

Elvers of A. bicolor (0.04±0.09). However, the condition factors were not statistically different 

at p ≤ 0.05 among the life stages.  

Table 6: Summary of Lengths, Weights, and Relative Condition Factors (Kn) of Anguillid Eels’ 

Life Stages of the Rivers AGS and Ramisi 

Species  Stage  n L (Length) (cm) ±SE W(weight) (g) ±SE Kn  ± SE  

A. bengalensis Elver 42 16.85±2.62 7.74±43.60 0.05±0.03 

 Silver 9 54.57±4.94 339.56±82.23 0.07±0.05 

 Yellow 225 39.83±1.08 174.66±17.10 0.09±0.01 

A. bicolor Elver 3 22.83±8.55 14.6±142.43 0.04±0.09 

 Silver 6 51.75±6.05 424.17±100.71 0.10±0.06 

 Yellow 37 39.49±2.85 181.39±47.48 0.06±0.03 

A. marmorata Elver 1 12±14.81 3.2±246.69 0.07±0.16 

 Silver 1 36.7±14.81 85±246.69 0.06±0.16 

 Yellow 33 50.55±4.11 462.48±68.42 0.07±0.04 

A. mossambica Elver 7 20.21±5.60 13.48±93.24 0.05±0.06 

 Silver 1 44.5±14.81 180±246.69 0.07±0.16 

 Yellow 27 37.02±3.59 141.718±59.83 0.06±0.04 

 

Note: n = Sample size; L= mean length, SE = Standard error; Kn = relative condition factor. 
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4.3.7 Length/Weight relationships of the different life stages of the Anguillids species 

between Rivers 

Elvers (b=4.80) and yellow eels (b=3.18) of A. mossambica (Figure18a and 18b, 

respectively), and the Elvers of A. bengalensis (b=4.01) (Figure 16a), showed a positive 

allometric growth while all the other growth stages of the different species showed negative 

allometric growth (b<3) (Figure 16b and c, Figure17a, b and c; Figure 18 a, b and c; Figure 

19c). The length-weight relationship equations are demonstrated in the curves of Figures 16 to 

19 (R2 = Coefficient of determination (* b < 3 = negative allometric growth, b ˃ 3, positive 

allometric growth). 
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Figure 16a: L/W relationship of 

elvers of A. bengalensis 

Figure 16b: L/W relationship of 

yellow eels of A. bengalensis 

Figure 16c: L/W 

relationship of silver eels of 

A. bengalensis 

  

 
Figure 17a: L/W relationship of 

elvers of A. bicolor 

Figure 17b: L/W relationship 

of yellow eels of A. bicolor 

Figure 17c: L/W relationship 

of silver eels of A. bicolor 

 
 

 

Figure 18a: L/W relationship of 

elvers of A. marmorata 

Figure 18b: L/W relationship of 

yellow eels of A. marmorata 

Figure 18c: L/W relationship 

of silver eels of A. 

marmorata 

  
 

Figure 19a: L/W relationship of 

elvers of A. mossambica 

Figure 19b: L/W relationship 

of yellow eels of A. 

mossambica  

Figure 19c: L/W relationship 

of silver eels of A. 

mossambica  
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4.3.8 The Habitat preferences of the anguillid eels of the River Ramisi and the River AGS 

 Biotopes preference at the River Ramisi 

The PCA results indicated that the most important contributors to variations in the 

occurrence of the four eel species across sampled habitat types and reaches along Ramisi River 

were the first two axes (PCA 1 and PCA 2), explaining 54% and 33%, respectively (Figure 20). 

Conversely, the third and fourth axes had a relatively smaller influence, contributing only 12% 

to the occurrences. Anguilla bengalensis and Anguilla marmorata were notably prevalent in 

pools and areas with vegetation cover, in the upper river reach. Conversely, these species 

exhibited a negative association with boulders and coarse substrates. On the other hand, 

Anguilla mossambica and Anguilla bicolor showed an affinity for fine substrate and displayed 

a negative association with riffles, boulders, and vegetation cover, in the lower reach of the 

River Ramisi. 

 

Figure 20: Principal Component Analysis (PCA) for Eel Species Assemblage among Habitat 

Types and Reaches at Ramisi River 

 

 The Biotopes preference at the River AGS 

The PCA results revealed that the first two axes, PCA 1 and PCA 2, explained 66% and 

28% of the variations in the distribution of the four eel species across different habitat types 

and reaches at AGS River sampling locations (Figure 21). PCA 1 indicated distinct habitat 

preferences among the eel species at the sampled locations.  A. bengalensis and A. marmorata 
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predominantly favoured pools and showed a negative association with vegetation cover and 

coarse substrate, in the upper river reach. Conversely, A. bicolor and A. mossambica exhibited 

negative correlations with fine substrate, boulders, and riffles, without cover, in the lower reach 

of the river. 

 

Figure 21: Principal Component Analysis (PCA) for Eel Species Assemblage among Habitat 

Types and Reaches at River AGS. 

 

4.3.7 Water quality and hydrological parameters of the upper and lower reaches of Rivers 

AGS and Ramisi 

  Statistical analysis of water and hydrological parameters by post-hoc test (p≤0.05) to 

compare group means between river reaches (upper and lower), showed statistical differences 

in some of the parameters (Table 7). Total Dissolved Solids (TDS) and conductivity were 

statistically different between all river reaches. Salinity differed statistically between upper 

reaches of River AGS (0.2±0.28) and Upper River Ramisi (2.9±0.26), and between the 

corresponding lower reaches of the River AGS (0.6±0.26) and the lower Ramisi (3.6±0.34). 

Discharge was significantly different between all the river reaches.  Depth was statistically 

different between the upper AGS and the upper Ramisi. Dissolved oxygen was significantly 

different between lower AGS and lower Ramisi. (Table 7). The mean temperature at the focal 

rivers was 27.8+1.1oC but varied significantly between river reaches (F=, P<0.05). Mean river 

water temp was higher at the Ramisi (29.1+1.1) than AGS (26.4+1). Upper Ramisi had the 
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highest temperature (31.4±1.02), which differed significantly from the upper AGS and the 

lower Ramisi but was comparable with the lower AGS.  

Table  7: Tukey’s Range Analysis Results for Water Variables Across River Reaches 

in the AGS and Ramisi Rivers 

Samp

ling 

site/R

each 

Temp. 

(oC) 

TDS 

(mg/L) 

Conduc

tivity 

(S/m) 

Salin

ity 

(ppt) 

Dept

h (m) 

Veloc

ity 

(m/s) 

Disch

arge 

(m3/s) 

Disso

lved 

oxyge

n 

(mg/

L) 

pH 

Upper 

AGS 

24.3±1

.05c 

220.6±1

81.7a 

400.0±3

94.21a 

0.2±0

.28b 

1.9±0

.12a 

0.3±0

.07a 

46.3±

12.5a 

7.5±0

.24a 

7.6±0

.08a 

Upper 

Ramisi 

31.4±1

.02a 

3488±5

98.91b 

5878.6±

406.8b 

2.9±0

.26a 

0.2±0

.10b 

0.2±0

.06a 

0.2±1

0.04b 

7.1±0

.22a 

7.4±0

.07a 

Lower 

AGS 

28.6±1

.01ab 

720.0±5

93.4c 

926.0±3

22.34c 

0.6±0

.26b 

0.58±

0.1b 

0.3±0

.06a 

24.1±

11.5c 

7.1±0

.27a 

7.0±0

.08b 

Lower 

Ramisi 

26.7±1

.35bc 

5836±8

03.56d 

6624.4±

545.8d 

3.6±0

.34a 

0.3±0

.10b 

0.3±0

.06a 

0.9±1

0.04b 

4.4±0

.28b 

6.8±0

.10b 

Variables with different letters (a, b, c, d) in the same columns indicate significant 

differences (p ≤0.05) 
 

 

4.3.8 Influence of water quality and hydrological features on habitat preference of 

Anguillids of River AGS and River Ramisi 

Canonical correspondence analysis (CCA) revealed that the first two axes (CCA 1 and 

CCA 2) accounted for 69.6% and 23% of the variation in the occurrence of the four eel species, 

respectively (Figure 22). The third axis (CCA 3) only contributed to 8% of the occurrences.  A. 

mossambica at was positively influenced by TDS (5836±803.56), conductivity 

(6624.4±545.8), and salinity (3.6±0.34) while A. marmorata was largely influenced by 

discharge (46.3±12.5 (m3/s), dissolved oxygen (7.5 mg/L ±0.24), pH (7.6±0.08) and 

temperature (24.3 o C ±1.05). A. bengalensis at the upstream location of River Ramisi was 

negatively influenced by TDS and salinity, while A. bengalensis occurring at the upstream 

location of River AGS was negatively influenced by pH, dissolved oxygen, and discharge. 
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(Figure 4.23). A. bicolor, which was negatively influenced by discharge (0.9±10.04 m3/s) and 

TDS (5836±803.56 mg/L). However, the results demonstrated relative influence but no 

statistical difference in the influence of environmental conditions on habitat preference by the 

eel species in CCA 1 (p=0.28, Eigen value=0.32) and CCA 2 (p=0.82, Eigen value=0.10). 

 

 

Figure 22: Canonical Correspondence Analysis (CCA) on the Influence of Environmental 

Variables on Eels’ Habitat Preference, among Sampling Locations  

4.4 Discussion 

The anguillids in this study fed on invertebrates (shrimps, crabs, insects, worms) and 

vertebrates (fishes and birds) diet items. Among these, fish emerged as the predominant dietary 

component, particularly notable in A. bengalensis and A. bicolor; however, Insects constituted 

the highest stomach content of Anguilla mossambica. In similar studies fish also dominated the 

diet component of Anguilla anguilla in similar studies by Radke and Eckmann (1996) and 

Dörner and Benndorf (2003). Another study by Jellyman (1989) in Lake Pounui, New Zealand, 

confirmed the consumption of similar organisms as in this study, among them ‘Aves’ (birds) 

by Anguilla australis and Anguilla dieffenbachii. Jellyman (1989) deduced that the eels 

consumed foods of terrestrial origin, such as birds during the flood periods, compared to non-

flood periods. Although yellow and silver eels have been established as carnivorous, high diet 

of plant material was retrieved from the stomachs of Anguilla bicolor. The high diet component 

of plant material in the stomachs of A. bicolor could be a result of the eel feeding on large 
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numbers of Prawns. Prawns are known to feed on a variety of plant material (Lima et al., 2014), 

which could accumulate in the stomachs of A. bicolor. Similarly, in the studies by Jellyman 

(1989), vegetable matter and substrate (mud and sand) were present in the stomachs of Anguilla 

australis and Anguilla dieffenbachii, which was attributed to being ingested accidentally with 

prey species. The presence of pond snail, earthworms, crabs, and detritus organic matter as diet 

items of anguillid eels was also reported in studies carried out on Anguilla anguilla by 

Denoncourt and Stauffer (1993). 

 It was confirmed that anguillids of River AGS and River Ramisi were third trophic 

level fish, ranging between 3.1 and 3.7. The trophic level range in the current study falls within 

the range (between 3.5 and 4.1) obtained from the studies of Froese et al. (2012), on four 

temperate eels, namely Anguilla rostrata, A. anguilla, A. japonica, and A. australis. The trophic 

levels of Anguilla bengalensis (3.7) in the current study correlate with those of Anguilla 

rostrata (3.7) (Froese et al., 2012). The presence of anguillid eels as secondary consumers in 

Rivers AGS and Ramisi is critical for ecological balancing through population control of 

primary consumers. This trophic position is ecologically important in offering energy transfer 

to higher trophic level creatures for ecosystem health and sustainability. Moreover, the trophic 

position makes them important in the assessment of pollution in the ecosystem, through 

studying the bioaccumulation of pollutant elements in eel organs.  

The diet breadth for anguillids of River AGS and River Ramisi, a range of 0.27 – 0.38, 

was an indication that the eels were utilizing approximately 27 to 38 % of the available 

resources in their environment. This value represents the proportion of different types of diet 

resources included in the anguillids’ diet relative to the total number of potential resources 

available. This low diet breadth is linked to diet specialization on food items identified in eels’ 

stomachs in this study.  Due to the narrow diet breadth (<0.5) revealed in the study the eels 

have been considered ‘specialists’ that favour specific diet resources over others, in the 

ecosystem. Owing to their higher proficiency to acquire preferred resources, the eel species 

have restricted food preferences, thus, narrow dietary niches that overlap with other specialists 

having more generalized feeding patterns). Jellyman (1989) in a study on Anguilla anguilla 

concluded that individual eels were normally very selective in their diet and this was also found 

to be the case in the current study.  

The species under study generally overlapped in diet consumption, with the highest 

overlap occurring between Anguilla bicolor and Anguilla bengalensis. These results agree with 

those of Arai and Abdul (2017), on research carried out to assess the niche breadth and overlap 
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between Anguilla bicolor and Anguilla bengalensis, which found out that, both species 

coexisted in most of habitats of Penang Island (Malaysia), and shared the same niche breadth, 

used the same demersal habitats and foraged for the same prey. 

The anguillid species of Rivers AGS and Ramisi had poor growth conditions. In the 

process of growth, A. bengalensis and A. marmorata became lighter with increasing length 

(Negative allometry) while A. bicolor and A. mossambica became heavier with increasing 

length (Positive allometry). The poor growth condition (Kn) demonstrated by A. marmorata, 

A. bicolor, and A. mossambica in the current study was comparable to that reported on Anguilla 

anguilla by Milošević et al. (2022). The b values were within the same range as in the current 

study and a study by Sidqi et al. (2018) on A. bicolor in the Banda Aceh waters of Indonesia. 

Froese (2006), through a meta-analysis of data involving the length-weight relationship of 1773 

species, indicated that 90% of the intercept values ranged between 0.001 and 0.05. In our study, 

the intercepts disagreed with these values and ranged between 0.38 and 0.54. Regarding the b 

values, our results ranged between 2.7 and 3.5, whereas Froese (2006) reported that b values 

for teleost fish should fall within the expected range of 2.5 and 3.5. The lower limit in this 

study slightly, fell slightly short of agreement with the work done by Froese (2006) by a value 

of 0.2. The growth analysis of the different life stages of the anguillid species revealed 

generally poor growth conditions (Kn<1) in all life stages of the different species under study. 

The elver life stage of A. bengalensis and A. mossambica, and the yellow eel stage of A. 

mossambica, showed positive allometry. This meant that the elvers of A. bengalensis and A. 

mossambica, and the yellow eels of A. mossambica, became heavier-bodied as they grew 

longer.  Muscle development in the elvers and fat accumulation in the yellow eels were the 

probable reasons for the positive allometry. 

 The current study reports that the marbled eels (A. bengalensis and A. marmorata) 

were mainly found in the upper River AGS and River Ramisi, whereas plain-coloured A. 

bicolor was absent in the upper AGS.  This scenario in the current study agrees with the 

findings of Hsu et al. (2020) which revealed that marbled eels were more abundant at the upper 

River reaches than the plain coloured eels which occur in mid to lower reaches of Rivers. The 

scenario to inhabit either the upper or lower river reaches by the eels was attributed to the need 

to camouflage from predators and in search for food. The lower reaches are suitable habitats 

for the plain coloured eels since siltation from upstream and sand deposition from ocean tides 

provide plain suitable camouflage habitats, whereas the marbled eels prefer habitats with fallen 

leaves and vegetation found mostly at the upstream of Rivers (Hsu et al., 2020).  Although A. 
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bicolor (plain coloured) was observed in the upper reaches of the River Ramisi, contradicting 

the findings of Hsu et al. (2020), this observation aligns with the research by Arai et al. (2020). 

Arai (2020) noted that A. bicolor was present in both upstream and downstream areas of rivers 

but was more plentiful in the midstream and downstream sections, but less frequently found in 

upstream regions. Moreover, as was the case in this study, Arai et al. (2020) revealed that A. 

bengalensis was found in the upper reaches of Rivers and rarely in mid and downstream. 

Nguyen (2018) and Hsu (2019) reported that Anguilla marmorata inhabited freshwater areas 

more than brackish water areas, which was found to be the case in this study. However, the 

current study was contrary to that by Tsukamoto et al. (1998), who found that Anguilla 

mossambica was distributed at the lower reaches of Rivers and the estuaries, whereas this study 

found Anguilla mossambica inhabited the upper and lower reaches of Rivers AGS and Ramisi.  

Although the physical-chemical parameters showed significant differences among 

some variables, they did not influence the habitat preference of the eels. The different biotopes 

did not have significant differences, giving an insinuation, as reported by Jellyman (2022), that 

anguillid eels have a special set of behavioural and morphological attributes that have enabled 

them to become a globally widespread and successful genus inhabiting diverse niches. These 

attributes include physiological and behavioural adaptability to varying aquatic environments 

and plasticity to extreme environmental situations (Arai, 2020; Jellyman, 2022). Therefore, the 

non-significant difference in the influence of habitat preference by, biotopes, physicochemical 

and hydrological parameters in the current study would be attributed to the plasticity of eels to 

extreme environmental conditions as reported by Arai (2020) and Jellyman (2022).  

4.5 Conclusion 

In conclusion, this study highlights significant ecological insights into the dietary 

habits, niche dynamics, and habitat preferences of anguillid eels in Rivers AGS and Ramisi. 

The findings indicate that fish constitute a major portion of the diet across species, confirming 

a strong reliance on piscivory. However, variations in niche breadth and trophic levels among 

species suggest differing ecological roles and dietary strategies, contributing to ecosystem 

stability. The high niche overlap observed between Anguilla bengalensis and Anguilla bicolor 

suggests potential competition for resources, emphasizing the importance of understanding 

interspecific interactions in riverine ecosystems. 

Contrary to the null hypothesis that there is no difference in the ecological niches of 

Anguillid eels between River AGS and River Ramisi, the study reveals habitat- and species-
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specific variations. Differences in relative condition factors, length-weight relationships, and 

habitat preferences indicate species-specific responses to local environmental conditions, such 

as substrate type, water quality, and resource availability. The observed river-specific biotope 

selection further suggests that eels exhibit nuanced adaptations to habitat heterogeneity, 

reinforcing the need for location-specific conservation and management strategies. 

Additionally, positive associations between water quality parameters and species 

presence highlight the critical role of environmental conditions in shaping eel distribution and 

abundance. These findings underscore the importance of preserving habitat diversity and 

maintaining favourable ecological conditions to support sustainable eel populations. Future 

research should focus on long-term monitoring of niche dynamics and environmental 

influences to enhance conservation strategies and ensure the resilience of Anguillid eel 

populations in Kenya’s river systems. 
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CHAPTER FIVE 

ECOLOGICAL RISK ASSESSMENT OF ANTHROPOGENIC STRESSORS ON 

CATADROMOUS ANGUILLID EELS IN RIVER AGS AND RIVER RAMISI  

Abstract 

This study assessed the ecological risks to anguillid eels in the east-flowing rivers of Kenya, 

specifically focusing on River Ramisi and River AGS. Using the Relative Risk Assessment 

(RRA) model, the research evaluates the impact of various environmental stressors on different 

life stages of the eels’ larval recruitment, yellow eel maintenance, and silver eel escapement 

across natural, present, and future scenarios. The findings reveal that while River Ramisi, with 

an overall habitat integrity score of 92.3%, remains largely natural with minimal anthropogenic 

impacts, River AGS, with a score of 56.6%, exhibits significant degradation (ANOVA; p = 

0.04, F = 6.49). In the natural scenario, both rivers displayed low-risk scores across all life 

stages, but present and future scenarios show a marked increase in risk, particularly in River 

AGS. The yellow eel maintenance and silver eel escapement phases are the most vulnerable to 

habitat degradation, water quality issues, and migration barriers, with the risk escalating in 

future scenarios due to the anticipated intensification of anthropogenic activities. The study 

underscores the critical need for targeted conservation strategies to mitigate risks and preserve 

eel populations, particularly in the more disturbed River AGS. The findings also contribute to 

the understanding of how environmental changes influence the life stages of eels, providing a 

foundation for future research and management interventions. 
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5.1 Introduction 

5.1.1 Vulnerability of Anguillid eels to human impacts and the role of Relative Risk 

Assessment (RRA) 

Anguillid eels face significant vulnerability due to human impacts across their life 

cycle, which can disrupt their complex migratory patterns and survival (Wu & Zhao, 2024). 

Human activities, such as habitat destruction, pollution, overfishing, and the construction of 

barriers like dams, have profound effects on eel populations. These impacts can alter key 

environmental parameters, such as water quality, temperature, and flow regimes, which are 

critical for the eels' various life stages (Tamario et al., 2019). The application of Relative Risk 

Assessment (RRA) is instrumental in understanding and mitigating these effects. RRA helps 

identify and quantify the risks associated with human-induced stressors and assesses the eels' 

capacity to withstand and recover from these disturbances (Landis &Thomas, 2009). By 

evaluating the potential impacts on each life stage (glass eel, yellow eel, and silver eel) RRA 

provides valuable insights into the specific vulnerabilities and critical areas for conservation 

efforts. This approach enables the development of targeted management strategies aimed at 

preserving eel populations and ensuring their long-term sustainability in the face of ongoing 

human pressures (Dudgeon et al., 2019; Froehlicher et al., 2023). 

5.1.2 Importance of studying anguillid eels 

The study of anguillid eels is of critical importance due to their ecological, economic, 

and cultural significance (Drouineau, 2018). Eels serve as an important source of food and 

livelihood for many communities around the world, particularly in regions where eel fishing 

has been a traditional practice for centuries (Shanmughan et al., 2022). The decline in eel 

populations due to environmental stressors not only threatens the biodiversity of aquatic 

ecosystems but also jeopardizes the livelihoods of those who depend on eel fisheries. 

Additionally, eels play a vital role in aquatic food webs, acting as both predators and prey, and 

their decline can have cascading effects on other species and the overall health of aquatic 

ecosystems (Righton et al., 2021). Understanding the factors that contribute to eel population 

declines through RRA is essential for developing effective conservation strategies that protect 

both the species and the human communities that rely on them. 
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5.1.3 Eels’ life stages and their vulnerability to environmental stressors 

Anguillid eels exhibit complex life cycles that involve migration between freshwater 

and marine environments (Arai, 2014). Each life stage, glass eel, yellow eel, and silver eel face 

unique environmental challenges that can be assessed using RRA. Glass Eels represent the 

early juvenile stage of anguillid eels and are particularly susceptible to environmental stressors 

during their migration from the ocean to freshwater habitats (Jacoby et al., 2015). This stage is 

marked by a transparent, larval form that is highly vulnerable to changes in water quality and 

habitat availability. The journey from the Sea to estuaries and freshwater systems exposes glass 

eels to varying levels of pollutants, changes in salinity, and habitat degradation, all of which 

can significantly impact their survival rates (Bolliet et al., 2017; Martínez-Gómez et al., 2023). 

Additionally, their delicate nature makes them prone to disturbances from human activities, 

such as fishing and dam construction, which can further exacerbate their vulnerability during 

this critical life stage (Denis et al., 2024; Maes et al., 2006). 

Yellow Eels are in the growth stage, where eels have migrated into freshwater or 

brackish environments and have developed their characteristic yellow-brown coloration (Arai, 

2014). This stage can last several years and is crucial for their growth and development. Yellow 

eels face different environmental stressors compared to their earlier stage; they are affected by 

factors such as water temperature, oxygen levels, and habitat structure (Wright et al., 2022). 

Variations in these parameters can influence their feeding efficiency, growth rates, and overall 

health. For instance, higher water temperatures and reduced oxygen levels can lead to 

decreased food availability and lower growth rates, impacting their overall fitness and 

preparedness for the next life stage (Cairns et al., 2021; Ovidio et al., 2013). Habitat 

modifications and pollution can also alter their living conditions, further stressing these eels 

(Lambert & D’Adamo, 2011; Sarre et al., 2015). 

Silver Eels are in the final life stage before migration back to the ocean to spawn. At 

this stage, eels undergo significant physiological changes, including the development of a 

silvered body and increased fat reserves, to prepare for the long migration and spawning in the 

Sea (Arai & Chino, 2018). Silver eels encounter numerous obstacles, such as barriers to 

migration, including dams and weirs, and changes in ocean currents driven by climate change. 

These factors can hinder their ability to reach spawning grounds and successfully reproduce 

(Durif et al., 2022; Miller, 2023). Additionally, alterations in oceanic conditions, such as shifts 

in temperature and currents, can affect their migration routes and timing, potentially leading to 

decreased reproductive success and population declines (Bevacqua et al., 2014; Haro et al., 

2014).  
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5.2 Habitat modifiers and Anguillid eels’ ecology 

Habitat quality and complexity are essential drivers of freshwater biodiversity, 

particularly for species with complex life cycles such as Anguillid eels. These catadromous 

fishes rely on a mosaic of interconnected habitats throughout their continental phase, with 

specific environmental conditions influencing their growth, survival, and recruitment (Tesch, 

2003). Various habitat modifiers, natural and anthropogenic, directly or indirectly alter 

physical structure, hydrology, water quality, and biological productivity within riverine 

systems, thereby shaping the ecological niches eels occupy. Habitat modifiers can act as either 

enhancers or stressors. Structural features such as submerged woody debris, undercut banks, 

vegetated margins, and variable substrates promote habitat heterogeneity and provide critical 

functions, including refuge, foraging grounds, and thermal regulation (Sullivan et al., 2006). 

These attributes are particularly important for the yellow eel stage, during which individuals 

exhibit strong site fidelity and depend on cover to avoid predation and conserve energy. 

Conversely, anthropogenic habitat alterations, including channelization, pollution, 

sedimentation, and vegetation removal, reduce complexity and disrupt ecosystem function. 

Simplified or degraded habitats limit eel access to essential microhabitats and can alter 

behavioural patterns, condition factors, and population dynamics (Baras et al., 1998). 

Furthermore, habitat continuity is crucial for eels, as their life history requires migration 

between marine and freshwater environments. Modifiers that create physical barriers or 

fragmented habitats compromise longitudinal connectivity, leading to recruitment failure or 

increased mortality during upstream and downstream movement (Béguer-Pon et al., 2015). 

Habitat modifiers also influence ecological processes such as organic matter retention, 

prey availability, and oxygen dynamics. For example, areas with intact habitat features often 

support higher benthic invertebrate diversity and productivity, thereby sustaining the diverse 

diets of eels across developmental stages (Sugeha et al., 2001). In degraded systems, the 

decline in prey diversity, coupled with elevated pollutants and reduced oxygen levels, affects 

eel physiology and feeding behaviour, potentially reducing growth rates and reproductive 

fitness. 

Water temperature and flow regimes, often shaped by surrounding land use and climate 

modifiers, also affect habitat suitability for eels. Thermal extremes and unnatural flow 

fluctuations may push individuals beyond their physiological limits, particularly for glass eels 

and elvers during initial freshwater entry (Acou et al., 2008). Additionally, changes in sediment 

dynamics—whether through erosion or fine sediment deposition, can alter substrate 
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composition, affecting eel burrowing and reducing interstitial spaces critical for shelter and 

ambush hunting. 

Overall, habitat modifiers play a foundational role in defining the ecological conditions 

under which Anguillid eels thrive or decline. The cumulative and often synergistic impact of 

these modifiers determines the resilience of eel populations, especially in systems experiencing 

increasing anthropogenic pressure. Sustainable management and restoration of riverine habitats 

thus require a comprehensive understanding of how both in-stream and adjacent landscape 

elements influence eel ecology across spatial and temporal scales. 

5.2.1 Impact of water abstraction and quality on anguillid eel populations 

Water abstraction, the process of extracting water from natural sources for agricultural, 

industrial, and domestic purposes, has been identified as a significant anthropogenic stressor 

affecting freshwater ecosystems (Grill et al., 2019). This activity alters hydrological regimes, 

disrupts habitat integrity, and influences the survival and recruitment of aquatic species, 

including catadromous anguillid eels. In rivers such as the Athi-Galana-Sabaki and Ramisi, 

extensive water abstraction for irrigation, municipal supply, and hydropower generation poses 

a severe ecological threat to eel populations by modifying essential habitat conditions (McClain 

et al., 2020). 

Water abstraction leads to significant hydrological alterations, such as reduced river 

discharge, increased water temperature, and altered sediment transport (Poff & Zimmerman, 

2017). Anguillid eels, which depend on stable flow regimes for migration and feeding, are 

particularly vulnerable to these changes. Reduced water levels can limit access to critical 

habitats, disrupt connectivity between freshwater and marine environments, and increase 

predation risks due to habitat fragmentation (Dekker, 2019). Additionally, lower water volumes 

lead to decreased dissolved oxygen levels, which can cause physiological stress and reduced 

growth rates in eels (Bardonnet & Acolas, 2021). 

In Kenyan rivers such as the AGS and Ramisi, seasonal variations exacerbate the effects 

of water abstraction. During dry seasons, excessive water withdrawals intensify low-flow 

conditions, leading to habitat desiccation and increased competition among aquatic organisms 

(Masese et al., 2018). These conditions negatively impact eel recruitment and growth, as 

juveniles require stable freshwater environments before migrating to marine breeding grounds 

(Schmidt et al., 2020). 
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Catadromous eels, such as Anguilla bengalensis, Anguilla mossambica, and Anguilla 

bicolor, rely on unimpeded river flow for their upstream and downstream migrations (Jacoby 

et al., 2015). Water abstraction-related reductions in river discharge create barriers to migration 

by lowering water levels at critical points such as waterfalls, rapids, and estuarine zones. In 

extreme cases, over-abstraction may result in completely dry riverbeds, cutting off migration 

routes entirely (Limburg & Waldman, 2018). Moreover, abstraction infrastructure such as 

pumps, diversion channels, and reservoirs can physically harm eels, leading to injury or 

mortality. Studies have shown that juvenile eels attempting to navigate through water intake 

structures face significant mortality risks due to impingement and entrainment (Friedland et 

al., 2021). In the AGS and Ramisi Rivers, unregulated abstraction points may contribute to 

similar risks, exacerbating population declines and threatening the long-term viability of eel 

stocks. 

Water abstraction affects not only quantity but also quality. Reduced flow volumes 

concentrate pollutants, increase water temperatures, and promote algal blooms, all of which 

negatively impact eel health (Grill et al., 2019). In Kenya, agricultural and industrial activities 

along river catchments introduce pesticides, heavy metals, and organic pollutants, further 

exacerbating water quality issues (Masese et al., 2018). Eels are particularly susceptible to 

bioaccumulation of contaminants due to their long lifespan and position in the food chain 

(Limburg & Waldman, 2018). Declining water quality can impair physiological functions such 

as respiration, osmoregulation, and immune response in eels. Studies have demonstrated that 

exposure to pollutants in low-flow environments increases stress hormone levels and reduces 

reproductive success in catadromous eels (Friedland et al., 2021). Given the importance of the 

River AGS and the River Ramisi for eel populations in Kenya, ensuring adequate water quality 

is crucial for maintaining healthy stocks. 

The impact of water abstraction extends beyond direct effects on eel populations to 

their prey base and overall ecosystem structure. Reduced water levels alter sediment transport 

and nutrient cycling, leading to declines in macroinvertebrate populations, which constitute a 

major food source for eels (Benejam et al., 2016). Reduced water availability can alter habitat 

structure, leading to changes in species composition and a decline in the abundance of key prey 

such as insects, worms, fish, and crustaceans (Masese et al., 2021). Eels are opportunistic 

feeders whose diet is influenced by habitat conditions. In the AGS and Ramisi rivers, habitat 

degradation due to water abstraction may force eels to shift their dietary preferences, 

potentially leading to nutritional stress and reduced fitness (Bardonnet & Acolas, 2021). Such 
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disruptions to food web interactions lead to cascading effects on the overall riverine ecosystem, 

affecting biodiversity and ecosystem stability (Schmidt et al., 2020).  

Ecological risks associated with water abstraction require a multi-faceted approach, 

incorporating sustainable water management, habitat conservation, and regulatory 

enforcement. Environmental flow assessments can help determine minimum flow requirements 

necessary to sustain eel populations while balancing human water needs (Poff & Zimmerman, 

2017). Implementing water allocation policies that prioritize ecological integrity can mitigate 

the adverse effects of abstraction on riverine habitats (Jacoby et al., 2015). Additionally, 

integrating fish-friendly infrastructure, such as eel ladders and bypass channels, can enhance 

migration success and reduce mortality at water abstraction sites (Dekker, 2019). Community-

based conservation initiatives involving local stakeholders in water governance can also 

contribute to sustainable water management in the AGS and Ramisi rivers (Masese et al., 

2021). 

5.2.2 Impact of water quality on anguillid eel populations 

Water quality is a critical determinant of aquatic ecosystem health and directly 

influences the survival, growth, and recruitment of catadromous Anguillid eels in freshwater 

systems (Matthews et al., 2019). The ecological risk assessment of anthropogenic stressors, 

such as pollution, sedimentation, and habitat degradation, necessitates an understanding of key 

water quality parameters, including temperature, dissolved oxygen (DO), pH, turbidity, and 

contaminants (Friedland et al., 2020). In River Athi-Galana-Sabaki (AGS) and River Ramisi, 

increasing human activities have altered water quality, posing significant risks to Anguillid eel 

populations and their habitats (Koei, 2013).  

Water temperature plays a crucial role in regulating the physiological processes of 

Anguillid eels, including metabolism, growth, and migration (Tesch, 2003). Ideal temperature 

ranges for Anguillid eels vary by species, but fluctuations due to deforestation, climate change, 

and industrial effluents can disrupt their life cycles (Morrison & Secor, 2016). Additionally, 

dissolved oxygen (DO) is essential for eel survival, as low oxygen concentrations can lead to 

stress, reduced feeding efficiency, and increased mortality (Arai, 2016). Anthropogenic 

stressors, such as organic pollution from agricultural runoff and sewage discharge, contribute 

to hypoxic conditions, reducing habitat suitability for eels in AGS and Ramisi rivers (Jacoby 

et al., 2015). 
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The pH of freshwater environments is a critical factor influencing the physiological and 

biochemical processes of aquatic organisms. Anguillid eels thrive in a pH range of 6.5 to 8.0, 

but acidification or alkalization due to industrial discharge and acid rain can negatively impact 

their survival and growth (Daverat et al., 2012). Changes in pH can also affect the 

bioavailability of toxic substances such as heavy metals, which accumulate in eel tissues, 

causing sub lethal effects that impair reproductive success (Corsi et al., 2018). In AGS and 

Ramisi, the encroachment of human settlements and increased industrial activities threaten the 

natural pH balance, leading to ecological consequences for eel populations. 

Turbidity and sedimentation affect the ecological integrity of freshwater habitats, 

influencing the feeding behaviour and recruitment success of Anguillid eels (Pratt & Threader, 

2011). Increased sediment loads from deforestation, agriculture, and urbanization in AGS and 

Ramisi rivers degrade eel habitats by smothering benthic organisms, reducing prey availability, 

and obstructing migration routes (Gollock et al., 2016). High turbidity levels also reduce light 

penetration, disrupting primary production and altering the food web dynamics essential for 

sustaining eel populations (Maes et al., 2007). 

Industrial and agricultural pollutants significantly impact the health and survival of 

Anguillid eels in freshwater ecosystems. Heavy metals such as mercury (Hg), lead (Pb), and 

cadmium (Cd) accumulate in eel tissues, leading to bioaccumulation and biomagnification, 

which impair neurological and reproductive functions (Pierron et al., 2013). Additionally, 

persistent organic pollutants (POPs), including pesticides, polychlorinated biphenyls (PCBs), 

and pharmaceuticals, pose long-term ecological risks by altering endocrine function and 

reducing recruitment success (MA & Belpaire, 2010). 

In AGS and Ramisi rivers, increased agricultural runoff introduces nitrogen and 

phosphorus into the water, resulting in eutrophication, algal blooms, and hypoxic conditions 

that further threaten eel habitats (Njiru et al., 2021). Pesticide residues from sugarcane and 

horticultural farms contribute to endocrine disruption in eels, affecting their migration and 

reproductive cycles (Schmidt et al., 2015). The cumulative effects of these contaminants 

underscore the need for stringent water quality monitoring and mitigation strategies to 

safeguard Anguillid eel populations. 

Reduced water quality can lead to physiological stress, impaired immune function, and 

increased susceptibility to diseases, thereby affecting eel population dynamics (Silberschneider 

et al., 2001). Furthermore, the disruption of olfactory cues due to chemical pollutants hinders 

the ability of eels to locate suitable habitats and spawning grounds (Cresci et al., 2019). 

Research has shown that Anguillid eels in polluted rivers exhibit slower growth rates and lower 
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body condition factors compared to those in pristine environments (Belpaire et al., 2016). This 

decline in health and fitness directly affects the sustainability of eel populations, given their 

complex life cycle that involves long-distance migration to the ocean for spawning (Righton et 

al., 2013). In the context of AGS and Ramisi rivers, effective water quality management is 

essential to mitigate the negative impacts of anthropogenic stressors on eel populations. To 

address the ecological risks associated with declining water quality, integrated water resource 

management (IWRM) approaches should be implemented to regulate pollution sources and 

improve aquatic habitat conditions (European Eel Regulation, 2007). Riparian buffer zones, 

afforestation programs, and wastewater treatment facilities can help reduce sedimentation, 

nutrient loading, and chemical contamination in AGS and Ramisi rivers (Dekker, 2003). 

Additionally, community-based conservation efforts involving local stakeholders can enhance 

sustainable fishing practices and promote awareness of eel conservation needs (Harrison et al., 

2014). 

Furthermore, regular monitoring of water quality parameters and pollutant levels is 

crucial for assessing the health of freshwater ecosystems and implementing timely mitigation 

measures (Jacoby & Gollock, 2014). The integration of eco-toxicological assessments with 

population studies can provide a comprehensive understanding of the impact of water quality 

degradation on Anguillid eels and inform adaptive management strategies (Van den Thillart et 

al., 2009). 

5.2.3 Modification of the River bed and channel 

Riverbed modification is a significant anthropogenic stressor that alters the physical 

and ecological characteristics of freshwater ecosystems, impacting biodiversity, hydrology, 

and species habitat availability. In the context of catadromous anguillid eels in the Athi-Galana-

Sabaki (AGS) and Ramisi Rivers, bed modification due to human activities such as sand 

mining, dam construction, and channelization poses severe threats to their recruitment, 

migration, and overall survival (Harrison et al., 2021). These alterations disrupt the natural 

sediment transport processes, leading to habitat degradation that directly affects eel populations 

and their ecological functions. 

Riverbed modification significantly alters habitat structure, influencing the physical 

conditions necessary for anguillid eel survival (Pinder et al., 2022).  Bed degradation through 

sand and gravel extraction reduces substrate complexity, which is essential for the shelter and 

feeding grounds of juvenile and adult eels (Breckling et al., 2020). The removal of sediments 

not only decreases habitat heterogeneity but also exposes fine sediment layers to increased 
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erosion and siltation, which can smother benthic organisms, reducing prey availability for eels 

(Pinder et al., 2022). Moreover, bed modification alters channel morphology, leading to 

increased water velocity and decreased flow regime, making it difficult for eels to navigate and 

find suitable habitats (Moyle & Marchetti, 2019). 

Anguillid eels are highly migratory species requiring unimpeded passage between 

freshwater and marine environments. Bed modification disrupts migration corridors by altering 

flow dynamics and sediment deposition patterns, creating barriers that hinder eel movement 

(Crook et al., 2021). Channelization and dredging lead to reduced water depth and flow 

alterations that can disorient migrating eels, increasing their vulnerability to predation and 

anthropogenic mortality (Miller et al., 2020). Additionally, modified riverbeds often contribute 

to the loss of critical recruitment habitats, especially in areas where sediment removal results 

in reduced organic matter accumulation, an essential factor for juvenile eel settlement (Crook 

et al., 2021).  

Bed modification significantly influences the trophic interactions within river 

ecosystems by disrupting the benthic food web. Many benthic invertebrates, which form a 

crucial part of the diet of anguillid eels, depend on stable sediment structures (Clarke et al., 

2020). The destruction of riverbeds through activities such as mining and dam-induced 

sediment trapping reduces the availability of these prey species, subsequently affecting eel 

foraging success and growth rates (Doughty et al., 2021). Reduced prey abundance due to bed 

modification has been linked to decreased condition factors in eels, which can influence their 

overall fitness and survival rates (Briand et al., 2022). Another consequence of bed 

modification is the alteration of sediment composition, leading to increased pollution and 

contaminant accumulation. Disturbed riverbeds release previously sequestered pollutants, 

including heavy metals and organic contaminants, which can have deleterious effects on eel 

physiology (Tesch, 2019). Elevated levels of pollutants such as mercury and polychlorinated 

biphenyls (PCBs) have been found in eels from modified riverbeds, with evidence suggesting 

bioaccumulation and biomagnification within the food web (Laffaille et al., 2003). Exposure 

to these pollutants not only affects eel health but also poses risks to human populations reliant 

on eels for subsistence and economic activities (Acou et al., 2020). The effects of bed 

modification are exacerbated by climate change, which alters hydrological regimes and 

sediment transport dynamics. Increased rainfall variability and extreme weather events 

accelerate erosion in modified riverbeds, leading to more pronounced habitat degradation 

(Laffaille et al., 2003). In addition, climate-induced changes in temperature and flow regimes 

can compound the negative effects of sediment removal, further reducing the resilience of eel 
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populations (Poff et al., 2021). These combined stressors necessitate integrated management 

approaches that consider both anthropogenic and climate-related impacts on river ecosystems. 

Addressing the ecological risks associated with bed modification requires sustainable 

river management strategies aimed at reducing anthropogenic pressures on riverbeds. 

Restoration efforts such as sediment replenishment, re-naturalization of riverbanks, and flow 

regulation can help mitigate habitat loss and improve recruitment conditions for eels (Kemp et 

al., 2022). Additionally, establishing protected zones where activities such as sand mining are 

restricted can aid in preserving critical habitats necessary for eel populations (Geist & Hawkins, 

2020). Policies and regulations should also promote sustainable practices that balance 

economic activities with ecological conservation, ensuring the long-term sustainability of 

riverine ecosystems. 

Anthropogenic alterations to river channels, including channelization, dam 

construction, and bank stabilization, have profound ecological consequences on aquatic 

biodiversity, particularly on catadromous species such as anguillid eels (Kemp et al., 2015).  

Channel modification alters the physical and biological integrity of river systems, affecting 

habitat availability, water flow regimes, sediment transport, and connectivity essential for eel 

recruitment, growth, and migration (Kemp et al., 2015). Channelization, involving the 

straightening and deepening of river channels for flood control, irrigation, and navigation, 

alters the natural hydrological and geomorphological processes of river systems. These 

modifications typically lead to increased water velocity, reduced habitat complexity, and loss 

of critical habitats such as riparian vegetation and floodplains (Jellyman & Bowen, 2019). 

Anguillid eels rely on diverse microhabitats, including undercut banks, woody debris, and 

submerged vegetation, which are often lost due to channelization (Bardonnet & Riera, 2021). 

The loss of habitat complexity directly affects juvenile eels, which depend on slow-

flowing, structurally rich environments for refuge and foraging (Arai et al., 2016). In the AGS 

and Ramisi Rivers, channelization may exacerbate habitat fragmentation, limiting the 

recruitment of glass eels and elvers into suitable upstream habitats, ultimately affecting 

population dynamics. Studies have shown that increased water velocity from channelization 

can hinder upstream migration of juvenile eels, particularly in species such as Anguilla 

bengalensis and Anguilla mossambica that require diverse habitat structures for growth and 

development (Silva et al., 2020). Concrete barriers and riprap used for bank stabilization 

prevent natural erosion but significantly impact the ecological functionality of river systems 

(Masese et al., 2021). These structures reduce the natural exchange between rivers and 

floodplains, thereby limiting nutrient cycling and habitat availability for benthic organisms, 
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which form part of the diet of eels (Drouineau et al., 2018). Moreover, hardened banks reduce 

the availability of refuge for eels, exposing them to increased predation risk (Braga et al., 

2012). 

In the Kenyan context, riverbank stabilization projects aimed at preventing erosion have 

inadvertently contributed to habitat degradation for freshwater fish (Masese et al., 2021). The 

installation of concrete embankments along sections of the AGS and Ramisi Rivers may hinder 

the natural recruitment and dispersal of eels, restricting their movement between freshwater 

and estuarine environments. Additionally, bank stabilization efforts often lead to substrate 

homogenization, reducing the diversity of benthic invertebrates essential for eel foraging (Piper 

et al., 2021). Dams and weirs are among the most significant anthropogenic stressors affecting 

the migratory patterns of catadromous Anguillid eels. These structures disrupt natural flow 

regimes, alter sediment transport, and act as physical barriers to migration (Foulds & Lucas, 

2013). In particular, upstream migration of juvenile eels and downstream migration of silver 

eels to spawning grounds are impeded by dams, leading to population declines (Acolas et al., 

2020). 

In the AGS and Ramisi Rivers, existing and proposed dam projects for hydropower and 

irrigation threaten eel populations by reducing water flow and connectivity between critical 

habitats. Studies have indicated that eels face increased mortality rates when attempting to pass 

through dam turbines, leading to significant losses of reproductive individuals (Calles et al., 

2013). Furthermore, the alteration of flow regimes by dams can affect downstream estuarine 

conditions, influencing the recruitment success of glass eels into freshwater systems (Trancart 

et al., 2021). Mitigation measures such as fish ladders and eel passes have been proposed to 

facilitate eel migration past barriers. However, their effectiveness is often limited, as many eel 

species exhibit poor climbing abilities, and these structures do not fully mitigate the broader 

ecological impacts of altered flow regimes (Clarkin et al., 2019). In Kenya, there is limited 

research on the effectiveness of existing mitigation measures, highlighting the need for further 

studies on eel passage solutions specific to the region’s river systems. 

Channel modification affects sediment transport, which is crucial for maintaining 

suitable benthic habitats for eels. The reduction of sediment load due to dam construction and 

bank stabilization can lead to the degradation of downstream habitats, impacting prey 

availability and shelter for juvenile eels (Schneider et al., 2018). Conversely, excessive 

sedimentation from poorly managed land-use activities, such as agriculture and deforestation, 

can smother eel habitats and reduce water quality by increasing turbidity and reducing oxygen 

levels (Walker & Jones, 2018). In the AGS and Ramisi Rivers, sedimentation linked to riparian 
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deforestation and construction activities threatens the integrity of eel habitats. Fine sediments 

can clog interstitial spaces in riverbeds, reducing habitat suitability for eels and their prey 

(Daverat et al., 2022). Additionally, altered water quality parameters, such as increased nutrient 

loads from agricultural runoff, can lead to algal blooms, further degrading eel habitats and 

affecting food availability. 

Given the ecological importance of anguillid eels in riverine ecosystems and their role 

in sustaining local fisheries, addressing the impacts of channel modification is crucial for their 

conservation in Kenya. Effective management strategies should prioritize habitat restoration, 

maintaining connectivity between freshwater and marine environments, and implementing eel-

friendly infrastructure modifications (Jacoby et al., 2015). Conservation measures such as 

reforestation of riparian zones, the creation of artificial “refugia”, and improved fish passage 

solutions could mitigate some of the adverse effects of channel modification on eel populations. 

5.2.4 Effect of flow modification on anguillid eels’ ecology 

Flow modification is a critical anthropogenic stressor affecting freshwater ecosystems, 

particularly for catadromous species such as anguillid eels (Jansen et al., 2007). These species 

rely on natural flow regimes for migration, feeding, and reproduction, making them highly 

vulnerable to alterations in river discharge, water velocity, and seasonal flow patterns. Flow 

modifications arise from human activities such as dam construction, water abstraction, 

channelization, and climate change-induced hydrological shifts, all of which impact the 

ecological integrity of riverine habitats (Poff et al., 2017). Catadromous Anguillid eels, 

including Anguilla bengalensis, A. bicolor, and A. mossambica, depend on unimpeded 

freshwater systems for their upstream and downstream migrations (Arai, 2016). Barriers to 

movement, such as dams and weirs, disrupt these life cycle processes, reducing recruitment 

success and population viability (Verhelst et al., 2018). In the context of River AGS and River 

Ramisi, hydrological modifications, including the construction of irrigation dams and water 

abstraction for agriculture, have altered flow regimes, potentially impeding the movement of 

juvenile eels (elvers) from marine to freshwater environments (Mbaka & Mwaniki, 2015). 

Low flow conditions exacerbate recruitment challenges by reducing water depth and 

connectivity among essential habitats, leading to higher mortality rates and lower population 

densities (Silva et al., 2018). Conversely, sudden increases in flow due to flood events from 

artificial reservoir releases may disorient migrating eels, increasing their vulnerability to 

predation and energy depletion (Bardonnet & Baglinière, 2018). This highlights the need for 

eco-hydrological management approaches to balance human water needs with the biological 
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requirements of eels. Flow modification influences sediment transport, nutrient cycling, and 

habitat structure, thereby affecting the quality of eel habitats and the availability of prey species 

(Jacoby et al., 2015). Reduced flow rates contribute to sediment deposition, leading to habitat 

homogenization and the loss of structurally complex microhabitats where eels forage and seek 

refuge (Baumgartner et al., 2020). For example, excessive sedimentation in low-flow 

conditions can smother benthic invertebrates and aquatic vegetation, key dietary components 

for eels (Jacoby et al., 2015). Additionally, changes in flow regimes can alter the composition 

of fish and invertebrate communities, indirectly affecting eel feeding ecology. In highly 

modified river sections, reductions in benthic macroinvertebrate diversity and abundance have 

been observed, which may lead to increased competition for food resources and shifts in eel 

diet composition (Aedo et al., 2020). Hydrological alterations affect eel growth rates, condition 

factors, and overall physiological health (Arai et al., 2014). Eels in flow-modified rivers often 

exhibit lower condition factors due to reduced food availability and increased energetic costs 

associated with navigating altered hydrodynamic conditions (Trancart et al., 2020).  

Seasonal flow reductions can lead to hypoxic conditions, particularly in stagnant water 

zones, which negatively affect eel metabolism and survival. Studies have demonstrated that 

hypoxia tolerance in anguillid eels varies among species, with prolonged exposure to low 

oxygen levels leading to increased stress responses and potential mortality (Cullen & 

McCarthy, 2017). These physiological constraints further underscore the necessity of 

maintaining natural flow regimes to sustain eel populations in rivers experiencing hydrological 

modifications. 

To mitigate the adverse effects of flow modification on anguillid eels, various 

conservation and management strategies have been proposed. The implementation of fish-

friendly infrastructure, such as eel ladders and bypass channels, has shown promise in 

facilitating upstream migration despite flow barriers (Briand et al., 2018). Additionally, 

environmental flow assessments have been employed to establish minimum flow requirements 

that support eel habitats while accommodating human water demands (Arthington et al., 2018). 

In the Kenyan context, the integration of ecosystem-based water management approaches, 

including the restoration of riparian buffer zones and the regulation of water abstraction, is 

essential to sustaining healthy eel populations. Community engagement in sustainable water 

resource management can further enhance conservation efforts, ensuring that local livelihoods 

dependent on eels are safeguarded while minimizing ecological risks (Ogutu-Ohwayo et al., 

2016). 
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5.2.5 Impact of inundation on habitat integrity for anguillid eels 

Inundation, defined as the temporary or seasonal flooding of terrestrial or semi-aquatic 

environments, plays a critical role in shaping the structure and function of riverine habitats 

(Junk et al., 1989; Tockner & Stanford, 2002). Anguillid eels are facultative catadromous fishes 

that utilize both freshwater and estuarine systems. Flooding regimes influence key aspects of 

habitat availability, connectivity, and ecological quality. The impacts of inundation on eel 

habitats can be both beneficial and detrimental, depending on the magnitude, timing, duration, 

and frequency of flooding events. Moderate, seasonal inundation can enhance habitat integrity 

by increasing habitat complexity and access to productive floodplain zones (Van Appledorn et 

al., 2024). Floodplains and inundated riparian zones provide critical nursery and foraging 

habitats, particularly for juvenile eels (elvers and yellow eels). These areas are often rich in 

macroinvertebrates, crustaceans, and small fish, which constitute important dietary items for 

anguillid species (Sugeha et al., 2001). In this context, inundation supports biological 

productivity and energy flow, facilitating the growth and survival of eels during their 

freshwater residency phase. In addition, inundation plays a key role in restoring longitudinal 

and lateral connectivity within river networks (Ward et al., 2002). During high-flow or flood 

events, eels can access upstream habitats or side streams that may be otherwise inaccessible 

during low-flow periods. This connectivity is essential for the dispersal and migration of 

juvenile stages, and for accessing diverse microhabitats necessary for different life-history 

strategies. Elvers benefit from increased access to upstream rearing habitats, while adult yellow 

eels may exploit newly inundated zones for feeding (Tsukamoto & Arai, 2001). 

However, when inundation patterns are altered due to anthropogenic activities, such as 

dam operations, deforestation, and climate change-induced shifts in rainfall, negative 

consequences for habitat integrity may arise (Tsukamoto & Arai, 2001). Artificial or prolonged 

inundation may lead to habitat degradation through increased turbidity, sedimentation, and 

organic loading, which can decrease dissolved oxygen levels and affect benthic prey 

communities (Bunn & Arthington, 2002; Kingsford, 2000). These changes can reduce habitat 

suitability for eels, particularly in their critical growth stages. Furthermore, abrupt changes in 

water levels following inundation events may result in the stranding of eels in ephemeral pools, 

increasing mortality risk. Habitat fragmentation caused by prolonged flooding or water 

infrastructure may also interfere with the upstream migration of glass eels and elvers, 

disrupting natural recruitment processes (Ibbotson et al., 2002). In highly modified systems, 

altered flood regimes can also disrupt the environmental cues which eels rely on for movement 

and reproduction. The timing of downstream migrations, often triggered by hydrological and 
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lunar cycles, may be misaligned, which can impact successful spawning migrations 

(Behrmann-Godel & Eckmann, 2003; Tsukamoto, 1992). Thus, the ecological integrity of 

inundated habitats must be evaluated in the context of natural versus anthropogenic drivers. 

 5.2.6 Impact of exotic flora and fauna on anguillid eels 

The introduction of exotic species, both macrophytes and fauna, into freshwater 

ecosystems has emerged as a significant driver of ecological change, with wide-ranging 

impacts on native biodiversity and ecosystem functioning (Strayer, 2010; Thomaz et al., 2015). 

For Anguillid eels, which are already threatened by habitat fragmentation, overfishing, and 

pollution, the presence of invasive species compounds the pressures on their habitats, feeding 

ecology, and population dynamics (Jacoby et al., 2015). Exotic aquatic plants such as 

Eichhornia crassipes (water hyacinth), Salvinia molesta, and Hydrilla verticillata have 

proliferated in many tropical and subtropical freshwater systems, including rivers and lakes 

inhabited by Anguillid eels. These macrophytes can significantly alter the physical and 

chemical characteristics of aquatic habitats (Thomaz & Cunha, 2010). Dense mats of floating 

vegetation reduce light penetration, leading to oxygen depletion in the water column, 

particularly during night-time respiration and decay phases (Villamagna & Murphy, 2010). 

Such hypoxic conditions can negatively affect the metabolic performance and survival of eels, 

particularly juveniles. Moreover, invasive macrophytes alter habitat structure by modifying 

water flow, reducing habitat heterogeneity, and outcompeting native aquatic vegetation that 

may support diverse macroinvertebrate communities (Thomaz & Cunha, 2010). This shift in 

habitat complexity and food web composition can influence the availability and diversity of 

prey items for eels, especially during their yellow eel growth stage when benthic foraging is 

predominant (Katselis et al., 2003). In systems where submerged macrophytes dominate, the 

reduction in open-water zones can also interfere with eel movements and hunting efficiency. 

Invasive fish species and crustaceans also pose significant threats to Anguillid eels. 

Predatory species such as Micropterus salmoides (largemouth bass), Clarias gariepinus 

(African sharptooth catfish, when introduced outside its native range), and Oreochromis 

niloticus (Nile tilapia) have been observed to compete with eels for food resources or prey on 

early life stages such as elvers (Gkenas et al., 2012). Invasive fish can disrupt native food webs, 

potentially reducing the abundance of key prey items such as prawns, fish fry, and aquatic 

insects, which constitute significant portions of eel diets (Sugeha et al., 2001). In addition, 

exotic crustaceans such as Procambarus clarkii (red swamp crayfish) can alter sediment 

dynamics through bioturbation and can predate on or outcompete native invertebrates, further 
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modifying benthic food resources (Twardochleb et al., 2013). These changes in prey dynamics 

can lead to altered foraging behaviour, reduced growth rates, and even displacement of eels 

from preferred habitats. Beyond trophic interactions, some invasive species may introduce 

novel pathogens or parasites, as was the case with Anguillicola crassus, a parasitic nematode 

originally from East Asia, associated with reduced swimming performance and impaired 

migration in European eels (Anguilla anguilla) (Kirk, 2003). While this parasite has not been 

extensively reported in African Anguillid populations, its potential spread remains a concern 

in interconnected or poorly monitored ecosystems. 

The combined effects of exotic macrophytes and fauna may lead to habitat 

simplification, prey base alteration, and increased competition or predation risk, all of which 

can impact the recruitment, growth, and survival of anguillid eels. In river systems such as the 

Athi-Galana-Sabaki and Ramisi, which are increasingly exposed to biological invasions due to 

catchment degradation and aquaculture introductions, these effects warrant close monitoring. 

Altered ecological conditions may shift eel distributions, limit the availability of nursery 

habitats, and compromise population resilience under changing environmental conditions. The 

interaction of exotic species with other stressors, such as water abstraction, pollution, and 

habitat fragmentation, can exacerbate their impact on eel populations. Therefore, effective 

management of anguillid habitats must integrate invasive species control with broader 

ecosystem restoration strategies to maintain the ecological integrity and productivity of eel-

supporting systems. 

5.2.7 Impact of indigenous vegetation removal and bank erosion on anguillid eels 

The removal of indigenous riparian vegetation and the subsequent increase in bank 

erosion are critical factors influencing riverine ecosystem health. These disturbances 

significantly affect the structural integrity, hydrology, and ecological functioning of freshwater 

habitats (Gregory et al., 1991; Naiman & Décamps, 1997). For anguillid eels, which depend 

on structurally diverse and stable habitats during various life stages, the degradation of riparian 

zones can result in the loss of essential microhabitats, disruption of food webs, and increased 

vulnerability to both natural and anthropogenic stressors. Riparian vegetation provides multiple 

ecological services crucial for maintaining eel habitats. Overhanging vegetation moderates 

stream temperature by offering shade, regulates sediment input, and supplies all ochthonous 

organic matter, which fuels aquatic food webs (Sweeney & Newbold, 2014). Leaf litter and 

woody debris contribute to the formation of coarse benthic substrates and instream cover—
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features essential for foraging, shelter, and predator avoidance, particularly during the yellow 

eel stage (Tesch, 2003). 

The removal of native vegetation, often driven by agricultural expansion, urban 

development, or logging, leads to reduced bank stability and increased exposure of the river 

channel to solar radiation and runoff. Elevated water temperatures, sedimentation, and nutrient 

loading can negatively affect eel physiology, reduce dissolved oxygen levels, and degrade 

benthic habitats where eels typically forage (Broadmeadow & Nisbet, 2004). Such conditions 

may deter glass eels and elvers from colonizing affected reaches, ultimately impacting local 

recruitment and population structure. 

Bank erosion, often a direct consequence of vegetation loss, alters channel morphology, 

increases turbidity, and reduces habitat complexity (Rosgen, 1996). Erosion-driven 

sedimentation can smother benthic substrates and microhabitats used by eels for ambush 

hunting or concealment. Fine sediment deposition also clogs interstitial spaces in gravel beds 

and root mats that are vital for invertebrate production, thereby reducing prey availability for 

eels (Bilby & Bisson, 1992). Moreover, high sediment loads can interfere with eel gill function 

and hinder migration, particularly for juvenile stages that rely on visual and tactile cues for 

upstream movement. In lowland tropical rivers such as the Athi-Galana-Sabaki and Ramisi, 

where seasonal flows are common, bank erosion may intensify during the rainy season, causing 

widespread habitat instability and potential stranding of eels in disconnected or deoxygenated 

pools. The combined effect of vegetation loss and erosion contributes to the fragmentation of 

suitable eel habitats, especially in rivers where migration corridors are already constrained by 

other anthropogenic factors such as dams and water abstraction. Disrupted flow regimes and 

reduced habitat quality may affect eel behaviour, condition, and growth rates, as well as limit 

the resilience of populations to environmental change (Schmidt et al., 2009). 

5.2.8 Impact of solid waste disposal on anguillid eels 

Solid waste pollution in aquatic environments poses a growing threat to freshwater 

ecosystems globally, with critical implications for aquatic biodiversity, including catadromous 

species such as anguillid eels (Ogello et al., 2024). Improper disposal of solid waste, ranging 

from plastics and metals to organic debris and urban refuse, degrades water quality, alters 

habitat structure, and introduces toxic compounds into aquatic food webs (Windsor et al., 

2019). Plastics, bottles, polythene bags, construction debris, and other non-biodegradable 

materials can accumulate along riverbanks and within channels, leading to blockage of critical 

microhabitats used by eels for foraging and shelter (Moore, 2008). This accumulation reduces 
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habitat heterogeneity by covering benthic substrates, smothering vegetation, and obstructing 

eel movement, especially during their upstream migration as glass eels and elvers. In urbanized 

or peri-urban river systems, solid waste disposal often occurs near riparian zones, contributing 

to localized anoxia due to the decomposition of organic waste and the retention of debris during 

low-flow periods (Tesch, 2003). Such conditions are particularly detrimental to yellow eels, 

which rely on structurally complex habitats with adequate dissolved oxygen levels and 

interstitial spaces for concealment (Kaifu et al., 2013). Solid waste also serves as a vector for 

chemical contamination in freshwater systems. As plastics degrade, they release microplastics 

and associated toxicants such as phthalates, bisphenol A, and heavy metals into the water 

column and sediments (Rochman et al., 2013). These compounds can bio-accumulate in 

aquatic organisms, with potential physiological effects on eels, including endocrine disruption, 

reduced reproductive capacity, and immunosuppression (Browne et al., 2011). 

Moreover, eels are known to bio-accumulate persistent organic pollutants (POPs) and 

heavy metals due to their long lifespan, benthic behaviour, and lipid-rich tissues (Belpaire & 

Goemans, 2007). In habitats contaminated with urban and industrial waste, the ingestion or 

dermal exposure to such pollutants can impair eel health, leading to reduced growth rates, 

lesions, or even mortality, particularly in juvenile life stages. Chronic exposure may also affect 

the condition factor and hepatosomatic index, important indicators of eel health and metabolic 

function (Ferrante et al., 2010). Solid waste impacts aquatic food webs by disrupting the base 

of the trophic structure. Organic debris and leachate from decomposing waste materials can 

promote algal blooms and bacterial proliferation, leading to hypoxic conditions that reduce 

macroinvertebrate diversity and abundance (Allan & Castillo, 2007). Since eels are 

opportunistic feeders that depend on aquatic invertebrates, fish, and crustaceans, a reduction in 

prey base due to water quality decline and sediment contamination can impair feeding 

efficiency and growth (Sugeha et al., 2001). 

5.2.9 Introduction to Relative Risk Assessment (RRA) 

Relative Risk Assessment (RRA) is a widely recognized tool to evaluate the risks posed 

by multiple stressors to species and ecosystems. The Relative Risk Assessment (RRA) model 

is particularly valuable in environmental management and conservation due to its ability to 

integrate multiple sources of risk across diverse spatial and temporal scales. Unlike other 

assessment models that may focus on singular factors or static conditions, the RRA model 

offers a more comprehensive approach by considering the cumulative and synergistic effects 

of various stressors, such as pollution, habitat loss, and climate change, on ecosystems and 
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species (Landis & Wiegers, 1997). This holistic perspective is crucial for understanding the 

complex interactions between different environmental variables and their combined impact on 

vulnerable species like anguillid eels. Additionally, the RRA model allows for the prioritization 

of management actions by quantifying the relative risks posed by different stressors, enabling 

more effective allocation of resources and targeted interventions (Landis, 2003). By 

incorporating uncertainty and variability in ecological responses, the RRA model also provides 

a more realistic and adaptable framework for risk management, making it superior to more 

traditional, deterministic models that may overlook the nuances of ecosystem dynamics (Hope, 

2006). This adaptability is essential in addressing the multifaceted and evolving nature of 

environmental threats, particularly in the context of global environmental change. 

The RRA model is structured around nodes that represent different environmental 

factors or variables influencing the overall risk to a particular species or ecosystem (Landis, 

2003). These nodes are assigned values based on the extent of their impact, and their relative 

importance is weighted to provide a comprehensive risk score. The model is particularly 

valuable in ecological risk assessment, as it integrates qualitative and quantitative data from 

various sources, including expert judgment, field observations, and community input, to assess 

risks holistically (Landis & Wiegers, 2007). This comprehensive approach is crucial for 

managing complex ecosystems, where multiple interacting stressors must be considered to 

understand and mitigate risks effectively (Hope, 2006). 

RRA has been extensively applied in aquatic ecosystems to assess the impact of 

multiple stressors on species' health and ecosystem integrity. Aquatic ecosystems are highly 

susceptible to cumulative impacts from human activities, such as habitat modification, 

pollution, and the introduction of invasive species (Dudgeon, 2019; Fahrig, 2003). These 

activities often interact synergistically, leading to more severe ecological consequences than 

the sum of individual stressors alone (Brown et al., 2013; Crain et al., 2008). The RRA 

framework is particularly suited to addressing these complexities by allowing for the 

integration of diverse stressors and their interactions, providing a more accurate picture of the 

potential risks to aquatic species. By using RRA, conservationists and policymakers can 

prioritize management actions that target the most significant threats to aquatic biodiversity. 

Given the complex life cycle of Anguillid eels and the diverse stressors they face, RRA 

provides a valuable framework for identifying key risk factors and informing conservation 

strategies (Hope, 2006). By assessing the relative impact of different stressors on each life 

stage, RRA can help prioritize management actions that address the most critical threats. For 

example, reducing barriers to migration and improving water quality in freshwater habitats 
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could be targeted to enhance the survival of yellow and silver eels (Edeline et al., 2006; 

McIntyre et al., 2016). Additionally, addressing global issues like climate change through 

policy interventions can mitigate broader risks to eel populations across their migratory range 

(Hartmann et al., 2013). The application of RRA to the study of anguillid eels provides a robust 

method for evaluating the risks posed by multiple environmental stressors across different life 

stages. By integrating qualitative and quantitative data, RRA enables a comprehensive 

assessment of the factors contributing to eel population declines and supports the development 

of targeted conservation strategies. As human activities continue to impact aquatic ecosystems, 

the use of RRA will be increasingly important in ensuring the survival and sustainability of 

vulnerable species like anguillid eels. Through this model, conservationists can develop more 

effective strategies to mitigate risks and preserve the ecological and economic value of eel 

populations for future generations. 

This study aimed to evaluate the effects of multiple stressors on all life stages of 

anguillid eels in two east-flowing rivers in Kenya, which experience varying levels of 

anthropogenic stress (River AGS and River Ramisi). While numerous studies have addressed 

freshwater ecosystem degradation and its impacts on other organisms, no research has yet 

focused on the ecological risks faced by Kenya's anguillid eels, despite their listing on the 

IUCN Red List of endangered species. This study is, therefore, a pioneering effort in the region. 

Understanding the ecological risks faced by eels is crucial for conservation efforts aimed at 

preserving the species' population viability. 

5.3 Materials and Methods 

The study area is as described in Chapter Three (3.2.1) 

5.3.1 Habitat integrity of the study sites 

The general habitat integrity of the study Rivers was evaluated using the method by 

Kleynhans (1996) as follows. In-stream and riparian habitat modifiers were assessed and scores 

were assigned. The final habitat integrity score (HIS) was calculated using equation (11) 

𝐻𝐼𝑆 = 100 − [
∑ 𝐼𝑆×𝐶𝑖

25
]………………………………………….……………………….11 

Where HIS is Habitat Integrity Score; IS is each score; Ci is each weight 

5.3.2 Ecological risk assessment 

Relative Risk Model (RRM) derived from the Regional-scale Ecological Risk 

Assessment framework established by Wiegers et al. (1998) and operationalized for application 

in Africa by O’Brien and Wepener (2012). The model was used to rank ecological risks 
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impacting on life stages of Anguillids of River AGS and River Ramisi. The RRM application 

involves the use of both Bayesian Networks (BNs) and Monte Carlo randomization procedures 

that adapt to current best international practice (Van et al., 2016). The term “relative” means 

the assessment is a ranking exercise that applies relative probability (O’Brien et al., 2021; Vezi 

et al., 2019). The basis of the study focused on describing the cause-and-effect relationships of 

multiple stressor sources, stressors, and ecosystem/habitat relationships and how these 

interactions affected stakeholders’ concerns (end points). In the current study, the “causes” are 

habitat degradation, pollution, climate change, alien species, and overharvesting of eels, all of 

which produce multiple stressors (e.g., fragmented habitat, chemical compounds, increased 

ocean temperatures, competition for food, and pressure on eel populations, among others). The 

stressors affect (“effects”) spawning, larvae recruitment (leptocephali), yellow eel 

maintenance, and silver eel escapement. The risk of ecological impacts for each eel life stage 

was calculated and ranked by quantitatively determining the interactions of the stressors and 

habitats. A ranking of ecological risks presented the results in terms of Zero, low, moderate, 

and high classifications. The presentation of the methods consisted of the five parts for 

ecological risk assessment: problem formulation, exposure assessment, effects assessment, risk 

characterization, and uncertainty analysis as described below; 

Problem Formulation: This initial step involved defining the scope and objectives of the 

Ecological Risk Assessment by identifying the stressors of concern, the ecological receptors 

(eel life stages) that may be affected, and the pathways through which stressors may interact 

with receptors. Problem formulation also regards the potential for exposure and the ecological 

importance of the effects. 

Exposure Assessment: Exposure assessment considered quantifying the magnitude, and 

spatial extent of stressor exposure to the eels’ life stages. 

Effects Assessment: Effects assessment aimed to characterize the potential negative impacts 

of the stressor exposure on the eels’ life stages. This involved integrating ecological indicators 

to evaluate the relationship between stressor exposure and potential ecological responses. 

Effects assessment considered various endpoints, such as changes in population of spawners, 

recruiting larvae numbers, successful yellow eels’ maintenance and silver eels’ escapement.  

Risk Characterization: Risk characterization was used to integrate the information gathered 

in the problem formulation, exposure assessment, and effects assessment stages to approximate 

the overall ecological risk posed by the stressors. This involved combining data on stressor 

exposure and effects to quantify the potential and scale of adverse ecological effects. Risk 
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characterization included probability distributions, to express the likelihood and severity of 

adverse effects. 

Uncertainty Analysis: Uncertainty analysis involved scenario analysis and probabilistic 

modelling to quantify and spread the range and sources of uncertainty in risk estimates. In the 

current study where there was uncertainty with the different input nodes from specific sites, the 

risk rank was assigned a zero or low rank in order not to overcompensate for the uncertainty.  

The critical life stages of the eels were denoted as; recruitment of larvae in the ocean (LARVAE 

_ RECRUIT), Elver and yellow eel maintenance in river (ELV_YEL_MAINT), adult silver eel 

escapement from river into the ocean (SILVER_ESCAP) and oceanic spawning of adult eels 

(SPAWNNING).  

Ranking of risks 

A ranking scheme incorporated in the software, for each node helped to calculate the 

relative risk to each specific endpoint. End points (ranked as either zero, low, moderate, or 

high) described the wellbeing condition or severity of impact for the respective nodes. The 

causal-effect nodes that helped in understanding the complex relationships and dynamics 

within the ecosystem aided in assessing the potential risks posed by stressors such as pollutants, 

invasive species, habitat destruction, or climate change as presented in Appendix 7. Table 8 

shows the ranking values assigned to four categories of risks as derived from relative risk 

model.  
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Table 8: Risk Ranks and Node Descriptions  

Rank Description of node (Appendix7) 

Zero The node is in pristine condition, and no impact or risk (less than 25%) is 

present compared to pre-anthropogenic establishment or reference conditions. 

Low The node is in a largely natural condition, and low impact or risk (25 – 50%) is 

present compared to pre-anthropogenic establishment or reference conditions. 

The ecosystem is functioning sustainably 

Moderate The node is in a moderately modified condition, and moderate impact or risk 

(50 – 75%) is present compared to pre-anthropogenic establishment or 

reference conditions. Ecosystem functioning is on the threshold for possible 

failure 

High The node is in a significantly altered condition, and high impact or risk (75 – 

100%) is present compared to pre-anthropogenic establishment or reference 

conditions. Ecosystem functioning is at the failure threshold. The ecosystem 

can sustain functioning (Wade et al., 2020) 

 

5.3.2 Scenario modelling and stressor impact analyses 

Qualitative data were collected through expert judgments, community inputs, and field 

observations. Each node received a score based on its impact on the overall risk. For instance, 

a node representing "habitat degradation" might be assigned a high score in areas with 

significant development and pollution. The importance of each node was then weighted, 

reflecting its relative significance in contributing to the overall risk. For example, if "barriers 

to migration" were deemed more critical than "predation," they were assigned a higher weight 

in the model. These nodes are selected based on their relevance to the specific life stage of the 

species being studied and the environmental context of the area (Table 9). To predict future 

risks, hypothetical scenarios were developed based on assumptions about changes in 

environmental conditions, human activities, and other influencing factors over time. This 

process involved considering secondary data from government policies, strategic plans, and 

input from experts and the community to identify potential future risks. For instance, a scenario 

might assume increased habitat degradation due to urbanization, climate change, or intensified 

agricultural practices, leading to adjustments in the node weights. If new risks, such as the 
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introduction of invasive species or new migration barriers, were anticipated, additional nodes 

were introduced, or existing ones were modified accordingly. 

Under the adjusted node values and weights, the model was run to generate new risk 

scores, providing a quantitative assessment of overall risk under the future scenario. These 

scores were then compared to the present-day risk assessment to evaluate the extent of potential 

changes. The analysis of future risk scores helped identify the factors that contribute most to 

the predicted risks and the life stages of the species that are most vulnerable. A hypothetical 

future risk assessment scenario, informed by conservation and management strategies, was 

conducted by adjusting node weights that had a significant impact on eel life stages. To model 

this, the score for a node expected to have increasing impacts was adjusted accordingly. The 

results were presented graphically to guide conservationists and managers in developing 

effective intervention strategies. 

Table 9: Risks Impacting Different Eels’ Life Stages  

Life stage Risk assessment nodes 

Larvae/Glass eels 

recruitment 

*Presence of barriers (Dams, weirs, sluices, tidal barriers) 

Climate change (Temperature fluctuations, sea-level rise, altered 

ocean currents) 

Habitat degradation (Coastal development, estuarine degradation) 

Water quality (Pollution (chemical runoff, heavy metals, pesticides), 

salinity changes, oxygen levels 

Fishing pressure (Overfishing, illegal harvesting, bycatch) 

Predation (Increased predator populations, introduced species) 

Competition (Invasive species, competition with other juvenile fish) 

Changes in Oceanic Conditions (Altered ocean currents, changes in 

plankton availability, oceanic pollution) 

Elvers- Yellow eels 

maintenance 

*Habitat Degradation (Loss of aquatic vegetation, alteration of river 

channels, sedimentation, damming, and other physical alterations to 

their habitat). 

Water Quality Degradation (Pollution levels (e.g., chemical, 

agricultural runoff), pH changes, dissolved oxygen levels, 

temperature fluctuations). 
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Food Availability (Changes in prey species populations, competition 

with other species, effects of habitat degradation on the food web). 

Predation Risk (Presence of invasive species, changes in predator 

populations, altered predator-prey dynamics due to environmental 

changes). 

Fishing Pressure (Overfishing, bycatch, and illegal harvesting). 

Hydrological Changes (Altered flow regimes due to damming, water 

withdrawals for irrigation, and urbanization). 

Climate Change (Rising temperatures, altered precipitation patterns, 

changes in seasonal cycles) 

Contaminant Accumulation (Bioaccumulation of heavy metals, 

persistent organic pollutants (POPs), and other contaminants that can 

affect eel health and reproduction). 

Competition with Other Species (Interactions with other fish species 

that may compete for resources such as food or habitat). 

Silver eels 

escapement 

*Barrier Effects (Physical barriers like dams and weirs can prevent or 

delay the migration of silver eels from freshwater to the ocean, 

reducing their chances of successful spawning.  

Habitat Degradation (Degraded habitats, especially in downstream 

areas, can affect the health and condition of silver eels, making them 

less fit for migration. Poor water quality, lack of cover, and altered 

flow regimes can also hinder their ability to escape. 

Water Quality (e.g., Pollution, Oxygen Levels) (Poor water quality, 

including pollution and low oxygen levels, can stress or kill silver eels 

during their migration. Contaminants may also accumulate in their 

bodies, affecting reproductive success). 

Fishing Pressure (Silver eels are often targeted by fisheries due to 

their size and maturity. High fishing pressure can significantly reduce 

the number of eels reaching the sea). 

Predation. (Predation pressure, particularly in degraded habitats or at 

bottlenecks like dams, can increase mortality rates during migration). 

Climate Change (Changes in temperature and hydrological regimes 

due to climate change can alter migration timing and success, with 
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warmer waters potentially stressing eels or leading to mismatches in 

migration cues). 

Flow Regime Changes (Alterations in natural river flow, such as 

reduced flow due to water extraction or modified flow regimes from 

dam operations, can delay migration or reduce the number of eels able 

to escape. 

Turbines and Water Intakes (Hydroelectric turbines and water intakes 

can physically harm or kill migrating eels, reducing the number of 

silver eels that successfully reach the ocean). 

Spawning *Oceanic Conditions (The conditions in the ocean where eels spawn, 

such as temperature, salinity, and currents, are crucial). Unfavourable 

changes in these conditions can impact the success of spawning and 

the survival of larvae. 

Availability of Spawning Habitat (The specific areas where eels 

spawn is limited and specific. Any changes or loss of these habitats 

due to factors like climate change or oceanographic shifts can 

severely impact spawning success). 

Predation; (Both adult eels and their eggs or larvae are subject to 

predation. Increased predation rates can significantly reduce the 

number of eels that successfully spawn or the number of viable 

offspring.) 

Pollution (Oceanic pollution, including plastic debris, chemical 

contaminants, and oil spills, can affect the spawning environment or 

directly harm adult eels and their progeny). 

Climate Change (Changes in ocean temperature and currents due to 

climate change can disrupt spawning cues, alter spawning grounds, 

and affect the survival of larvae). 

Overfishing of Adult Eels (High levels of fishing pressure on adult 

eels, particularly before they reach the spawning grounds, can reduce 

the number of individuals that spawn, impacting population 

recruitment). 
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Genetic Diversity (Reduced genetic diversity within eel populations 

can affect their adaptability to changing conditions in the spawning 

grounds, potentially leading to lower survival rates of offspring). 

*Risk assessment node with the highest impact on the respective eels’ life stage. 

Table 10: The Different Scenarios and Node Descriptions Used in the Study 

Scenario 

name 
Description Node variables 

Natural 

(NAT) 

This scenario represents the natural pre-

anthropogenic state of the site. Assumed 

that no or little modification has occurred 

to the environment. 

All input nodes were set to have a 

zero rank (0–25%) range. 

Present 

(PRS) 

This scenario represents the present state 

of node variables and the impacts or risks 

that are currently present at each site. 

All input nodes were adjusted to fit 

the current impact rank. 

Future 1 

(FUT 1) 

This scenario represents the future state 

over the next 20 years if no interventions 

take place. 

All input nodes were adjusted in 

relation to the current scenario and 

with consideration of escalating 

stressor drivers. 

Future 2 

(FUT 2) 

This scenario represents the future state 

over the next 30 years if no interventions 

take place. 

All input nodes were adjusted in 

relation to the FUT 1 scenario and 

with consideration of escalating 

stressor drivers. 

Note. The scenario timelines assume linear progression of anthropogenic stressors if no 

management interventions are implemented. 

5.3.3 Natural, present and future risk assessment impact variables 

Three scenarios were assigned impact variables according to stressor impacts with 

natural (NAT)- pristine scenario having the lowest of or between 0 and 25% risk scores (Table 

10). Natural risk scenarios were considered as potential hazards that are inherent in the 

environment without any human influence. Present (PRS) risks were considered as threats and 

stressors influenced by humans and impacting ecosystems at the present time. Future (FUT) 
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risks involved projecting potential threats and challenges that ecosystems may face in the future 

based on current trends and anticipated changes.  

5.3.4 Data analysis 

The overall habitat integrity data for the study sites was analysed using the methods 

developed by Kleynhans (1996). To assess the difference in habitat degradation between River 

Ramisi and River AGS, an ANOVA test was conducted with a significance level of p≤0.05. 

Tukey’s range analysis was employed to analyse water parameters.  Risk assessment data analysis 

was conducted using the modelling program Netica, developed by Norsys Software 

(http://www.norsys.com/). By using Netica, the data was structured in such a way as to 

visualize and quantify the dependencies between different factors influencing the system under 

study. This approach facilitated the identification of key variables and the assessment of their 

relative impacts on the outcomes of interest. Netica played a crucial role in the data analysis 

by enabling a distinct understanding of the interrelationships within the data, thereby 

supporting the information on effective strategies and recommendations. 

5.4 Results 

5.4.1 The habitat integrity of Rivers AGS and Ramisi ecosystems 

The overall habitat integrity score for River Ramisi was 92.3%, placing it in class ‘B’ 

according to Kleynhans' (1996) classification. This indicates that the ecosystem is largely 

natural with minimal modifications; while some changes in habitat and biota may have 

occurred, the ecosystem functions remain essentially unchanged. Both the instream and 

riparian environments were largely intact. In contrast, River AGS had a habitat integrity score 

of 56.6%, placing it in class ‘D’ according to the same classification system. There was a 

significant difference in habitat integrity between River AGS and River Ramisi, with River 

AGS showing significantly greater anthropogenic impact (ANOVA p = 0.04, F = 6.49). The 

most significant habitat modifier impacts in River AGS were bank erosion, water abstraction, 

vegetation removal, water quality degradation, and barriers (Table 11). Some examples of these 

anthropogenic activities are shown in Figures 23a to k 
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Table 11: Instream and Riparian Habitat Modifier Scores in Rivers AGS and Ramisi 

Instream 

Habitat 

Modifier 

River AGS 

Score 

River 

Ramisi 

Score 

Riparian 

Modifier 

River AGS 

Score 

River 

Ramisi 

Score 

Water 

abstraction 

12.0 0.0 Bank erosion 12.5 6.0 

Water 

quality 

10.5 4.0 Indigenous 

vegetation 

removal 

11.5 1.5 

Bed 

modification 

6.0 3.0 Water 

abstraction 

12.0 0.0 

Channel 

modification 

11.0 2.5 Water quality 10.0 4.0 

Flow 

modification 

11.0 2.5 Exotic 

vegetation 

encroachment 

7.5 1.0 

Inundation 4.0 2.0 Channel 

modification 

10.5 0.0 

Exotic 

macrophytes 

5.5 0.0 Flow 

modification 

10.0 2.0 

Exotic fauna 5.0 3.0 Inundation 4.0 0.0 

Solid waste 

disposal 

3.5 0.0 — — — 

Note. Dashes (—) indicate that no corresponding riparian modifier was assessed for that 

instream factor 
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Figure 23: Overview of Various Anthropogenic Activities Impacting the River AGS 

Ecosystem 

5.4.2 Analysis of risks across the eels’ life stages in the natural and present scenarios in 

the River Ramisi 

The risk scores for the life cycle ecology in natural scenario (NAT) in the Ramisi River 

ranged from 22.41 ± 18.06 to 24.29 ± 15.99, with the larval recruitment phase having the lowest 

risk, while the Silver eel escapement phase had the highest, respectively (Figure 24). The error 

bars indicate standard deviation. In the Present Scenario (PRS), the risk scores ranged from 

24.49 ± 16.1 to 39.73 ± 25.20, with the larval recruitment phase having the lowest risk while 

the yellow eel maintenance phase had the highest risk scores, respectively (Figure 24).  

 

Figure 24: Percentage Risk of the Eels’ Life Stages in the Natural and Present Conditions in 

the River Ramisi 
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5.4.3 Risk distribution in the natural and present scenarios among the eel life stages in 

the River Ramisi 

Generally, the hypothetical natural (NAT) and present (PRS) scenarios for all life 

stages in River Ramisi were dominated by a zero-risk percentage distribution (Figure 25) 

 
Figure 25: Relative Risk Percentage Distribution for the Hypothetical Natural (NAT) and 

Present (PRS) Scenarios for the Different Life Stages at the River Ramisi Ecosystem 

5.4.4 Analysis of risks across eel life stages in natural and present scenarios in the River 

AGS  

In the Natural (NAT) scenario in the life cycle ecology in the AGS River, the risk scores 

ranged from 23.58 ± 14.65 to 24.40 ± 21.22, with the lowest risk in the Larvae Recruitment 

phase and yellow eel maintenance phase, respectively (Figure 26). In the present scenario 

(PRS) the risk scores ranged from 38.56 ± 27.12 to 58.37 ± 24.82, with the lowest risk for the 

Larvae Recruitment phase and the highest in the yellow eel maintenance phase (Figure 26). 



101 

 

 

Figure 26: Percentage Risk of Eels’ Life Stages in Natural and Present Conditions in the 

River AGS 

5.4.5 Risk distribution in the natural and present scenarios among the eel life stages in 

River AGS 

All life stages in the hypothetical natural scenario (NAT) were dominated by a zero-

risk percentage distribution. All life stages in the ecological present scenario (PRS) were 

dominated by a zero-risk percentage distribution (Figure 27) except in yellow eel maintenance 

and silver eel escapement, which were dominated by low risk 

 

Figure 27: Relative Risk Percentage Distribution for the Hypothetical Natural (NAT) and 

Present (PRS) Scenarios for the Eel Life Stages at the River AGS Ecosystem 
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5.4.6 Analysis of risks across eels’ life stages in natural, present and future scenarios in 

River Ramisi  

In Future 1 scenario (FUT1), the risk scores ranged from 32.92 ± 27.21 to 46.65 ± 

26.96, with the lowest risk for the Larvae Recruitment phase and highest was in yellow eel 

maintenance phase (Figure 28). In Future 2 scenario (FUT2), the risk scores ranged from 

45.299 ± 29.72 to 49.18 ± 22.7, with the lowest risk in Spawning phase and the highest in 

yellow eel maintenance phase. (Figure 28)  

 

 

Figure 28: Percentage Risk of Eel Life Stages in Natural, Present and Future Scenarios in the 

River Ramisi 

5.4.7 Risk distribution in the natural, present, and future scenarios among the eels’ life 

stages in River Ramisi  

The hypothetical scenario (FUT1) for all life stages in River Ramisi was dominated by a zero-

risk percentage distribution except for silver eel escapement, which was dominated by low-risk 

(Figure 29), The hypothetical Future 2 scenario (FUT2) was dominated by a low-risk 

distribution across all life stages (Figure 29). 
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Figure 29: Relative Risk Percentage Distribution for the Hypothetical Natural (NAT), Present 

(PRS), and Future Scenarios for the Eel Life Stages at the River Ramisi 

5.4.8 Analysis of risks across eel life stages in the natural, present, and future scenarios 

in the River AGS 

Future 1 scenario (FUT1) risk scores in River AGS ranged from 42.99 ± 27.25 to 

63.94 ± 25.68, with the lowest risk in the Larvae Recruitment phase and yellow eel 

maintenance phase having the highest risk (Figure 30). Future 2 (FUT2) scenario risk scores 

ranged from 44.10 ± 24.14 to 71.7 ± 21.9, with the lowest risk in the Spawning phase and the 

highest score in the silver el escapement phase, respectively (Figure 30). 

 

Figure 30: Percentage Risk of Eel Life Stages in Natural, Present, and Future Conditions in 

River AGS 
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5.4.9 Risk distribution in the natural, present, and future scenarios among the eels’ life 

stages in River AGS 

The hypothetical future scenario (FUT1) (Figure 31) had a low-risk percentage 

distribution for all life stages except in spawning, which was dominated by a zero-risk 

distribution. The hypothetical FUT2 scenario (Figure 31) had a low-risk percentage 

distribution for larval recruitment and spawning phase, whereas yellow eel maintenance and 

silver eel escapement portrayed a moderate-risk distribution 

 

Figure 31: Relative Risk Percentage Distribution for the Hypothetical Natural (NAT),  

Present (PRS), and Future Scenarios for the Eel Life Stages at the River AGS Ecosystem 

5.5 Discussion 

This is the first Relative Risk Assessment (RRA) study on Anguillid eels, therefore, 

literature on similar studies elsewhere is lacking. The findings highlight the varying degrees of 

risk across different eel life stages in River AGS and River Ramisi, providing critical insights 

into anguillid eels' ecological challenges in Kenya. The risk scores across natural, present, and 

future scenarios indicate the impact of environmental conditions on the well-being of eels at 

different life stages, with significant implications for conservation and management strategies. 

In the natural or pristine scenario, both River AGS and River Ramisi show relatively 

low-risk scores across all life stages, indicating that under undisturbed conditions, the eel 

populations would face minimal ecological threats. This suggests that historically, these rivers 

would have provided suitable habitats for the various life stages of eels, supporting healthy 

population dynamics. The slightly higher risk score for the silver eel escapement phase in River 

Ramisi, and the yellow eel maintenance phase in River AGS, could be indicative of natural 
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environmental challenges, such as predation or natural barriers, that these life stages may have 

encountered. 

In the present scenario, risk scores increase, particularly in the yellow eel maintenance 

phase for both rivers, reflecting the impact of ongoing anthropogenic activities such as habitat 

degradation, water pollution, and barriers to migration. In River AGS, the escalation in risk 

scores highlights the significant environmental stressors currently affecting eel populations, 

with the yellow eel maintenance phase being particularly vulnerable. This stage is critical for 

the growth and maturation of eels, and an increased risk could lead to a decline in population 

resilience, eel maturity, and recruitment. 

For River Ramisi, the increase in risk scores in the present scenario, though less severe 

than in River AGS, indicates that even relatively undisturbed environments are not immune to 

human impacts. The highest risk during the yellow eel maintenance phase suggests that factors 

such as habitat fragmentation and water quality deterioration are becoming more pronounced, 

threatening the sustainability of eel populations. 

The future scenarios paint a more concerning picture, especially for River AGS. In 

Future 1 (FUT1), the risk scores for the yellow eel maintenance and silver eel escapement phase 

reach moderate levels, and in Future 2 (FUT2), the risk scores for the phase escalate. These 

scenarios assume worsening environmental conditions due to increased urbanization, climate 

change, and intensified agricultural practices. The elevated risk in these future scenarios 

indicates that, without significant intervention, the survival of eels, particularly in River AGS, 

could be severely compromised. The moderate risk for yellow eel maintenance and silver eel 

escapement in the FUT2 scenario suggests that these life stages will be under severe pressure, 

potentially leading to a significant decline in eel populations if mitigation measures are not 

implemented. 

In contrast, ecological risks in the River Ramisi's future scenarios show a less drastic 

increase in risk, with FUT2 indicating a shift from zero to low-risk distribution across all life 

stages. However, the trend suggests that even this relatively undisturbed river could face 

mounting challenges in the future, necessitating proactive conservation efforts to maintain its 

ecological integrity. 

The findings underline the urgent need for targeted conservation strategies in Kenya to 

address the varying risks faced by eel populations. The results suggest that without 

intervention, the future of anguillid eels, particularly in River AGS, is at significant risk. 

Strategies should focus on mitigating habitat degradation, improving water quality, and 

removing barriers to migration. Additionally, conservation efforts in River Ramisi should aim 
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to preserve its current state while addressing emerging threats to prevent the escalation of risks 

in the future. By prioritizing these actions, Kenya can safeguard its eel populations, ensuring 

their continued ecological and economic importance. 

5.6 Conclusion 

In conclusion, this study underscores the necessity of conducting risk assessments to 

evaluate the conservation status of Anguillid eels in the Athi-Galana-Sabaki (AGS) and Ramisi 

rivers, providing crucial insights for conservation planning. Despite the hypothesis that there 

is no difference in ecological risks against Anguillid eels in these rivers, the findings indicate 

distinct risk levels influenced by anthropogenic impacts and habitat conditions. River AGS 

presents higher risk levels due to significant habitat degradation, water pollution, and barriers 

to migration, while River Ramisi, though experiencing lower current risks, is projected to face 

increasing threats in future scenarios. 

The study highlights that different life stages of Anguillid eels are subjected to varying 

levels of risk, with the yellow eel maintenance and silver eel escapement phases being 

particularly vulnerable. This suggests that conservation strategies must be tailored to address 

these critical life stages. Additionally, scenario analyses reveal that if current trends persist, 

risks to eel populations, especially in River AGS, will escalate, potentially leading to severe 

population declines. The increasing risk scores for River Ramisi in future projections 

emphasize the importance of proactive conservation even in relatively undisturbed 

environments. 

These findings reinforce the need for targeted conservation interventions, including 

habitat restoration, water quality improvement, and ensuring unobstructed migration routes. 

The use of Relative Risk Assessment (RRA) as a tool for ecological risk evaluation has proven 

effective in this study, demonstrating its value in conservation planning and policy-making. 

Future research should focus on long-term monitoring and adaptive management strategies to 

mitigate risks and ensure the sustainability of anguillid eel populations in Kenya and similar 

riverine ecosystems worldwide. 
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CHAPTER SIX 

GENERAL DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS 

6.1 Discussion 

The study analysed the population structure of anguillids in the Athi-Galana-Sabaki and 

Ramisi rivers. This study involved examining factors such as population density, size 

distribution, age structure, and species diversity. Through survey methods using sampling fyke 

nets, the research gave insights into the demographic characteristics of anguillid populations in 

both river systems. 

The study explored the ecological niche of Anguillids in the Athi-Galana-Sabaki and 

Ramisi rivers, encompassing aspects such as habitat preferences, trophic interactions, and 

ecological roles. Through habitat surveys, diet analysis, and ecological modelling, factors 

shaping the distribution and behaviour of Anguillids within their respective river ecosystems 

were elucidated. 

The study aimed to determine the conservation status of Anguillids in the Athi-Galana-

Sabaki and Ramisi rivers and develop appropriate conservation interventions based on the 

findings. This involved assessing threats, evaluating population trends, and identifying priority 

areas for conservation action. 

The integrated analysis of population structure, ecological niche, and conservation 

status provides a holistic understanding of anguillid populations in the Athi-Galana-Sabaki and 

Ramisi rivers. This knowledge serves as a foundation for evidence-based conservation 

management aimed at preserving anguillid biodiversity and ecosystem integrity. 

By implementing targeted conservation interventions informed by scientific research, 

stakeholders can mitigate threats, enhance habitat quality, and promote the sustainable 

management of anguillid populations. Collaboration between scientists, policymakers, local 

communities, and conservation organizations is crucial for achieving long-term conservation 

goals and ensuring the persistence of anguillids in these river systems. 

6.2 Conclusions 

The findings from this study collectively highlight the critical importance of 

understanding the population structure, ecological niches, and ecological risks facing anguillid 

eels in Kenya's river systems. The population assessment revealed significant differences 

between anguillid eel populations in the River Athi-Galana-Sabaki (AGS) and the River 
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Ramisi, refuting the null hypothesis that no difference exists in their population structures. 

Variations in eel length, biomass distribution, and habitat modifiers underscore the influence 

of environmental factors and anthropogenic activities on eel populations, emphasizing the need 

for river-specific conservation strategies. 

Additionally, the ecological niche assessment demonstrated distinct differences in 

dietary habits, trophic interactions, and habitat preferences among anguillid species in AGS 

and Ramisi rivers. The dominance of fish in eel diets, coupled with variations in niche breadth 

and habitat selection, challenges the assumption of uniform ecological niches between the two 

rivers. The study underscores the importance of localized management approaches that account 

for species-specific and river-specific ecological dynamics. 

Furthermore, the evaluation of ecological risks highlights varying degrees of 

anthropogenic pressures on eel populations, disproving the null hypothesis of uniform risk 

exposure. Differences in habitat integrity, barriers to movement, and resource availability 

indicate that conservation efforts must be tailored to mitigate specific threats in each river 

system. 

Overall, these findings underscore the urgent need for targeted conservation 

interventions to safeguard anguillid eel populations and their habitats. By informing adaptive 

management strategies, this study contributes to the sustainable conservation of eel biodiversity 

and freshwater ecosystems, ensuring the ecological balance and livelihood support functions 

of these critical aquatic habitats. 

6.3 Recommendations 

6.3.1. Habitat restoration and protection 

Immediate restoration of degraded catchments, especially in the Athi-Galana-Sabaki 

(AGS) River, must be prioritized. riparian zones and wetlands, such as those encroached upon 

by urban developments like Jam City Estate, should be rehabilitated and legally protected. 

Strict enforcement of land use regulations must ensure that designated forestry and wetland 

areas are not repurposed for urbanization. Additionally, pollution control measures should be 

strengthened by enforcing environmental impact assessments, conducting regular industry 

audits, and implementing stringent waste management policies to improve water quality. 

6.3.2. Fish passage improvement 

All physical barriers obstructing eel migration must be addressed through the 

installation of effective fish passage systems. Relevant agencies must collaborate to construct 
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and enhance fish ladders, weirs, and bypass channels to facilitate free movement of eels, 

particularly for silver eel escapement and recruitment phases. Any future river infrastructure 

projects must integrate fish-friendly designs to minimize disruption to eel migration routes. 

6.3.3. Regulatory and policy interventions 

Policymakers must enact and enforce strict regulations to curb habitat destruction, 

pollution, and unregulated water abstraction in eel habitats. Although eels are not currently 

overexploited in Kenya, proactive regulations must be implemented to prevent future threats. 

These should include the establishment of fishing quotas, seasonal protection measures, and 

habitat conservation mandates to secure eel populations for posterity. 

6.3.4. Community engagement and awareness 

Local communities must be actively involved in eel conservation initiatives. 

Government agencies and conservation organizations should develop targeted educational 

programs to raise awareness among riverine communities, fishermen, and policymakers about 

the ecological importance of eels. Sustainable fishing practices should be promoted, alongside 

alternative livelihoods such as aquaculture and ecotourism, to reduce dependency on wild eel 

populations. Engaging indigenous communities and integrating their traditional knowledge 

into conservation planning will enhance the effectiveness of these efforts. 

6.3.5. Research, monitoring, and data-driven management 

Long-term monitoring programs must be established to assess eel population trends, 

habitat conditions, and the effectiveness of conservation interventions. Government agencies 

and academic institutions should invest in research to further understand eel population 

dynamics, ecological niches, and the impacts of environmental disturbances. Specific focus 

should be placed on the factors influencing recruitment success, growth variations, and species 

interactions in different habitats. Regular risk assessments should be conducted to anticipate 

emerging threats and adapt conservation strategies accordingly. 

6.3.6. Regional and international collaboration 

Given the catadromous nature of Anguillid eels, Kenya must actively engage in regional 

and international conservation efforts. Cross-border collaboration with neighbouring countries 

and international organizations is essential to address transboundary issues such as habitat 

degradation, illegal fishing, and trade regulations. Participation in global eel conservation 

initiatives and information-sharing on best practices will strengthen conservation efforts. 
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6.3.7. Climate adaptation and habitat connectivity 

Climate change adaptation strategies must be developed and integrated into 

conservation plans. Efforts should focus on restoring habitat connectivity to allow eels to 

respond to changing environmental conditions. This includes maintaining adequate water flow 

in rivers, protecting breeding and feeding grounds, and implementing adaptive management 

strategies to mitigate climate-induced habitat shifts. 

6.3.8. Areas for further research 

Despite the progress made in understanding Anguillid eel population structures, ecological 

niches, and associated risks, key knowledge gaps remain. Future research should investigate: 

i. The mechanisms driving population fluctuations and declines. 

ii. The effectiveness of conservation measures, particularly habitat restoration and fish 

passage systems. 

iii. The impacts of climate change on eel migration and habitat suitability. 

iv. Innovative and sustainable approaches to eel management and restoration. 
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APPENDICES 

Appendix A: Measurement of Glass Eel, Elver, and Yellow Eel 

 

 
a) Glass eel, b) Elver, and c) Yellow eel caught at River AGS 
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Appendix B: Examination of Eels’ Vomerine for Identification  

 

 

Open mouth of the eels (a, c) for morphological identification of eels at Upper River Ramisi; (b) shows ocular measurements for identification of 

eel life stages. ©photo 
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Appendix C:  Photo of Silver Eel Stage of A. bicolor and Yellow Stage of A. bengalensis 

 
(a)A. bicolor silver stage characterized by the silver colour, conspicuous lateral line, and a white underbelly caught at River Ramisi and; 

(b)Yellow eel stage of A. bengalensis caught at Upper River AGS, Kenya. ©photo 
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Appendix D: Setting of Fyke Nets 

 

(a) Setting a 3mm size- mesh- fyke net at the River Ramisi. (b) Retrieving the fyke net after an overnight stay, and c) retrieving a 10mm fyke net 

at the River Ramisi. ©photo 
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Appendix E: A Split Belly of Yellow Eel for Diet Studies, at River AGS 
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Appendix F: Node Justification for Risk Assessment Scoring 

Node name  Node code  Rank (score) 
Rank definition and 

measure for variable 
Justification 

 Alien or 

invasive 

species 

predators on 

silver eels 

within the 

rivers 

ALIEN_ESC_PRED 

Zero (25) Absence 

Presence of alien fish that are 

invasive and actively predate 

on fishes including eels. E.g. 

Trout, Bass, Clarias spp. 

Low (50) 
 at least one Trout 

species/ 1 species  

Moderate (75) 
at least one Bass 

species/ 2 species 

High (100) 
>2 species present/ >2 

species  

 Alien or 

invasive 

species 

predators 

within the 

estuary 

ALIEN_EST_PRED 

Zero (25) Absence 

Presence of alien fish that are 

invasive and actively predate 

on fishes including eels. E.g. 

Trout, Bass, Clarias spp. 

Low (50) 
 at least one Trout 

species/ 1 species  

Moderate (75) 
at least one Bass 

species/ 2 species 

High (100) 
>2 species present/ >2 

species  

 Alien or 

invasive 

species 

predators 

within the 

river 

ALIEN_RIV_PRED 

Zero (25) Absence 

Presence of alien fish that are 

invasive and actively predate 

on fishes including eels. E.g. 

Trout, Bass, Clarias spp. 

Low (50) 
 at least one Trout 

species/ 1 species  

Moderate (75) 
at least one Bass 

species/ 2 species 

High (100) 
>2 species present/ >2 

species  

Distance 

needed to 

travel to 

DIST_SPAWNING 

Zero (25) 
Need to travel < 1000 

km  
The distance (km) that silver 

eels need to travel to the 

spawning ground from the 

mouth of the estuary. 
Low (50) 

Need to travel > 1000 

km but < 2000 km 
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spawning 

grounds 
Moderate (75) 

Need to travel > 2000 

km but < 3000 km 

Calculated as the 

hypothetical straight line eels 

follow from the mouth of the 

estuary to the area of the 

SEC (15.4° - 17.0°S and 

60.0°E).  

High (100) 
Need to travel > 3000 

km 

Distance 

needed to 

travel from 

spawning 

grounds 

DISTANCE_SEC 

Zero (25) 
Need to travel < 1000 

km  

The distance (km) that larvae 

need to travel from the 

spawning ground to the 

mouth of the estuary. 

Calculated as the 

hypothetical straight line eels 

follow to the mouth of the 

estuary from the area of the 

SEC (15.4° - 17.0°S and 

60.0°E).  

Low (50) 
Need to travel > 1000 

km but < 2000 km 

Moderate (75) 
Need to travel > 2000 

km but < 3000 km 

High (100) 
Need to travel > 3000 

km 

The number 

of barriers in 

the estuary 

EST_BARRIERS 

Zero (25) 

There are no barriers 

preventing larvae and 

glass eels entering the 

rivers  Physical barriers like dam 

walls, gauging weirs and 

hydropower turbines can 

affect the migration of larvae 

and glass eels into the rivers. 

The size and the number of 

barriers will affect the 

migration of these eels life 

stage. 

Low (50) 

There are some (1-3) 

barriers but they do not 

prevent larvae and glass 

eels entering the rivers  

Moderate (75) 

There are few barriers 

(4-6) preventing larvae 

and glass eels entering 

the rivers  

High (100) 

The barriers prevent the 

larvae and glass eels to 

enter the rivers  
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The water 

quality of the 

estuarine 

environment 

that affect 

eels 

EST_QUALITY 

Zero (25) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an A or B 

the risk zero as there is 

no potential of change to 

the variable from 

natural/ideal state. 

Water quality in terms for 

eels in rivers are classified 

based on the outcomes for 

the eco-classification 

assessment for estuaries 

(water quality component) 

that describes the changes in 

water quality from a natural 

to a severely modified state.  

Low (50) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an C the 

risk low as there is 

moderate potential of 

change but still in a 

suitable condition. 

Moderate (75) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an D the 

risk moderate as there is 

a threshold of potential 

for concern and water 

quality is in an 

unacceptable condition.  

High (100) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an E or F 

the risk high as the 

condition is in an 



161 

 

unacceptable and 

unsustainable state.  

Type of 

estuary mouth 

(open/closed).  

EST_TYPE 

Zero (25) Year round open estuary  

The timing/duration the 

mount of the estuary is open 

and accessible for eels to 

migrate into.  

Low (50) 
Partially open-closed 

estuary, tidally.   

Moderate (75) 
Seasonally closed (low 

flow periods).  

High (100)   

Fishing of 

elver and 

yellow eels 

FISHING_ELV_YEL 

Zero (25) 
Zero kilograms per 

hectare is harvested.  

Intensity of harvest based on 

actual yields given as 

kilograms (kg) per hectare 

per year. CPUE accounted 

for in the risk profile. 

Low (50) 

Less than 18 kg/per 

hectare/per year is 

harvested.  

Moderate (75) 

Between 18 and 36 

kg/per hectare/per year 

is harvested 

High (100) 

More than 36 kg/per 

hectare/per year is 

harvested.  

Fishing for 

larvae 
FISHING_LARVAE 

Zero (25) 
Less than 10 tons per 

year  

Intensity of harvest based on 

actual yields given as tons 

per year. CPUE accounted 

for in the risk profile. 

Low (50) 
Between 100 and 6000 

tons per year 

Moderate (75) 
Between 6000 and 10 

000 tons/year 

High (100) 
More than 10 000 

ton/year  

Fishing for 

silver eels 
FISHING_SILVER 

Zero (25) no fishers per km The fishing pressure from 

fisher using seine and fyke 

nets (less so gill nets and 

baited hooks and lure, 

Low (50) < 3 fishers per km 

Moderate (75) 3-15 fisher per km 
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High (100) >15 fishers per km 

because they don't feed). has 

on sliver eels migrating down 

river 

The cover 

required for 

the 

maintenance 

of fish/invert 

communities 

(food for 

eels) 

FOOD_COVER 

Zero (25) 

Less than 25% of the 

expected species are 

intolerant to changes in 

the cover conditions. 

Variable represent the 

expected fish/invert 

communities available for 

eels as food that are cover 

specific or sensitive to 

changes the cover conditions 

as it could influence their 

life-cycle, feeding ecology 

and behavioural activities.  

Low (50) 

More than 25% but less 

than 50% of the 

expected species are 

intolerant to changes in 

the cover conditions. 

Moderate (75) 

More than 50% but less 

than 75% of the 

expected species are 

intolerant to changes in 

the cover conditions. 

High (100) 

More than 75% of the 

expected species are 

intolerant to changes in 

the cover conditions. 

The water 

quality 

conditions for 

the 

maintenance 

of fish/invert 

communities 

(food for 

eels) 

FOOD_RIV_QUALITY 

Zero (25) 

Less than 25% of the 

expected species are 

intolerant to changes in 

the water quality 

conditions. 

Variable represent the 

expected fish/invert 

communities available for 

eels as food that are water 

quality specific or sensitive 

to changes the water quality 

conditions as it could 

influence their life-cycle, 
Low (50) 

More than 25% but less 

than 50% of the 

expected species are 

intolerant to changes in 
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the water quality 

conditions. 

feeding ecology and 

behavioural activities.  

Moderate (75) 

More than 50% but less 

than 75% of the 

expected species are 

intolerant to changes in 

the water quality 

conditions. 

High (100) 

More than 75% of the 

expected species are 

intolerant to changes in 

the water quality 

conditions. 

The velocity-

depth classes 

conditions for 

the 

maintenance 

of fish/invert 

communities 

(food for 

eels) 

FOOD_VD 

Zero (25) 

Less than 25% of the 

expected species are 

intolerant to changes in 

the velocity-depth 

conditions. 
Variable represent the 

expected fish/invert 

communities available for 

eels as food that are 

influenced or sensitive to 

changes in the velocity-depth 

conditions as it could 

influence their life-cycle, 

feeding ecology and 

behavioural activities.  

Low (50) 

More than 25% but less 

than 50% of the 

expected species are 

intolerant to changes in 

the velocity-depth 

conditions. 

Moderate (75) 

More than 50% but less 

than 75% of the 

expected species are 

intolerant to changes in 

the velocity-depth 

conditions. 
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High (100) 

More than 75% of the 

expected species are 

intolerant to changes in 

the velocity-depth 

conditions. 

The 

abundances 

of indigenous 

predators on 

silver eels in 

the river 

environment 

IND_ESC_PRED 

Zero (25) No predation pressure Predation pressure as a factor 

of predator per eel in the 

system (relative to size class 

and predator) on eels from 

any wildlife that has the 

ability to predate on eels as a 

potential victim. Excluding 

alien species. 

Low (50) 1 predator 4 eels 

Moderate (75) 
Moderate predator 

pressure 

High (100) 1 predator per eel. 

The 

abundances 

of indigenous 

predators on 

larvae/glass 

eels 

IND_EST_PRED 

Zero (25) No predation pressure Predation pressure as a factor 

of predator per eel in the 

system (relative to size class 

and predator) on eels from 

any wildlife that has the 

ability to predate on eels as a 

potential victim. Excluding 

alien species. 

Low (50) 1 predator 4 eels 

Moderate (75) 
Moderate predator 

pressure 

High (100) 1 predator per eel. 

The 

abundances 

of indigenous 

predators on 

yellow eels  

IND_RIV_PRED 

Zero (25) No predation pressure Predation pressure as a factor 

of predator per eel in the 

system (relative to size class 

and predator) on eels from 

any wildlife that has the 

ability to predate on eels as a 

potential victim. Excluding 

alien species. 

Low (50) 1 predator 4 eels 

Moderate (75) 
Moderate predator 

pressure 

High (100) 1 predator per eel. 

The cover 

requirements 
LARVAE_COV Zero (25) 

More than 75% of 

estuary (1 km) have 

Based on the percentage of 

marginal vegetation (1km 
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(depth and 

plants) for 

larvae to 

survive 

within the 

estuary 

sufficient cover for 

larvae 

from mouth) that provides 

cover for eel larvae to enter 

the estuary.  

Low (50) 

Between 50 - 75% of 

estuary (1km) have 

sufficient cover for 

larvae. 

Moderate (75) 

Between 30 - 50% of 

estuary (1km) have 

sufficient cover for 

larvae. 

High (100) 

Less than 30% of 

estuary provide 

sufficient cover for 

larvae. 

The velocity 

depth 

required for 

the larvae 

entering the 

estuary 

LARVAE_VD 

Zero (25) 
Average depth available 

is more than 1.3 m deep.  

Velocity depth classes 

provide habitat and 

connectivity between habitats 

for eels. No 

preferences/significant result 

found for velocity classes.  

Low (50) 

Average depth available 

is between 0.7 and 1.3 m 

deep.  

Moderate (75) 

Average depth available 

is between 0.4 and 0.7 m 

deep.  

High (100) 
Average depth available 

is less than 0. 4m deep.  

The 

abundances 

of  predators 

on silver eels 

in the marine 

environment 

MAR_SIL_PRED (Marine 

silver eel predation) 

Zero (25) <10km 
The exposed distance (km) 

within the continental shelf, 

as assumed predation 

numbers are higher in 

continental shelf.  

Low (50) > 10 km but < 200 km 

Moderate (75) > 200 km but < 500 km  

High (100) > 500 km 

The water 

quality of 

MARINE_QUALITY 

(Marine water quality) 
Zero (25) 

If the eco-classification 

outcomes from the water 

Water quality in terms for 

eels in rivers are classified 
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marine 

environment 

that can affect 

spawning 

quality eco-classification 

assessment is an A or B 

the risk zero as there is 

no potential of change to 

the variable from 

natural/ideal state. 

based on the outcomes for 

the eco-classification 

assessment for estuaries 

(water quality component) 

that describes the changes in 

water quality from a natural 

to a severely modified state.  

Low (50) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an C the 

risk low as there is 

moderate potential of 

change but still in a 

suitable condition. 

Moderate (75) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an D the 

risk moderate as there is 

a threshold of potential 

for concern and water 

quality is in an 

unacceptable condition.  

High (100) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an E or F 

the risk high as the 

condition is in an 

unacceptable and 

unsustainable state.  
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The number 

of barriers in 

the river 

affecting 

upstream 

migration  

RIV_BARRIERS (River 

barriers) 

Zero (25) 

There are no barriers 

preventing larvae and 

glass eels entering the 

rivers  Physical barriers like dam 

walls, gauging weirs and 

hydropower turbines can 

affect the migration of larvae 

and glass eels into the rivers. 

The size and the number of 

barriers will affect the 

migration of these eels life 

stage. 

Low (50) 

There are some (1-3) 

barriers but they do not 

prevent larvae and glass 

eels entering the rivers  

Moderate (75) 

There are few barriers 

(4-6) preventing larvae 

and glass eels entering 

the rivers  

High (100) 

The barriers prevent the 

larvae and glass eels to 

enter the rivers  

The number 

of barriers in 

the river 

affecting 

downstream 

migration  

RIV_ESC_BARRIER (River 

escapement barrier) 

Zero (25) 
There are no barriers 

affecting eel escapement 
Physical barriers like dam 

walls, gauging weirs and 

hydropower turbines affect 

the escapement of silver eels 

back into the estuary. The 

higher the number of barriers 

the lower the success of eel 

escapement back into the 

estuaries.  

Low (50) 

There are a few barriers 

but does not influences 

eel escapement 

Moderate (75) 

There are a number of 

barriers which effect 

more than 50 % of eel 

escapement 

High (100) 

The barriers prevent the 

eels to pass and thus no 

escapement takes place 

The water 

quality 

required for 

the 

SIL_RIV_QUALITY (Silver 

eel River Quality) 
Zero (25) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an A or B 

Water quality in terms for 

eels in rivers are classified 

based on the outcomes for 

the eco-classification 
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maintenances 

of silver eels 

in the river  

the risk zero as there is 

no potential of change to 

the variable from 

natural/ideal state. 

assessment (water quality 

component) that describes 

the changes in water quality 

from a natural to a severely 

modified state.  

Low (50) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an C the 

risk low as there is 

moderate potential of 

change but still in a 

suitable condition. 

Moderate (75) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an D the 

risk moderate as there is 

a threshold of potential 

for concern and water 

quality is in an 

unacceptable condition.  

High (100) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an E or F 

the risk high as the 

condition is in an 

unacceptable and 

unsustainable state.  

The required 

depth for 

SILVER_ESC_DEPTH 

(Silver eel escapement depth) 
Zero (25) 

Average depth available 

is more than 1.3 m deep.  

Velocity depth classes 

provide habitat and 

connectivity between habitats 
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silver eel 

escapement Low (50) 

Average depth available 

is between 0.7 and 1.3 m 

deep.  

for eels. No 

preferences/significant result 

found for velocity classes.  

Moderate (75) 

Average depth available 

is between 0.4 and 0.7 m 

deep.  

High (100) 
Average depth available 

is less than 0. 4m deep.  

The Location 

in the 

Western 

Indian Ocean 

(tropical vs 

temperate)  

WIO_LOCATION (West 

Indian Ocean location) 

Zero (25) 
Within 10 ° North or 

South from the equator Tropical region near the 

equator are considered to 

have more preferred climate 

and environmental 

preferences for eels and the 

further the location mores 

away the greater the risk to 

the eels to have these 

conditions.  

Low (50) 

Within 10° to 15° North 

or South from the 

equator 

Moderate (75) 

Within 15°  to 25° North 

or South from the 

equator 

High (100) 

Further than 25° North 

or South from the 

equator 

The water 

quality 

required for 

the 

maintenances 

of yellow eels 

YEL_RIV_QUALITY  

Zero (25) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an A or B 

the risk zero as there is 

no potential of change to 

the variable from 

natural/ideal state. 

Water quality in terms for 

eels in rivers are classified 

based on the outcomes for 

the eco-classification 

assessment (water quality 

component) that describes 

the changes in water quality 

from a natural to a severely 

modified state.  Low (50) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an C the 
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risk low as there is 

moderate potential of 

change but still in a 

suitable condition. 

Moderate (75) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an D the 

risk moderate as there is 

a threshold of potential 

for concern and water 

quality is in an 

unacceptable condition.  

High (100) 

If the eco-classification 

outcomes from the water 

quality eco-classification 

assessment is an E or F 

the risk high as the 

condition is in an 

unacceptable and 

unsustainable state.  

The cover 

(including 

depth) 

required for 

yellow eels 

YELLOW_COV (Yellow eel 

maintenance cover) 

Zero (25) 

More than 75% of 

river/risk region have 

sufficient cover for 

yellow eels  
Based on the percentage of 

marginal vegetation in the 

river or risk region that 

provides cover for yellow 

eels.  

Low (50) 

Between 50 - 75% of the 

river of risk region have 

sufficient cover for 

yellow eels. 

Moderate (75) 
Between 30 - 50% river 

of risk region have 
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sufficient cover for 

yellow eels. 

High (100) 

Less than 30% of river 

or risk region provide 

sufficient cover for 

yellow eels. 

The velocity 

depth 

requirement 

of yellow eels 

YELLOW_VD (Yellow eel 

maintenance Velocity and 

Depth 

Zero (25) 
Average depth available 

is more than 1.3 m deep.  

Velocity depth classes 

provide habitat and 

connectivity between habitats 

for eels. No 

preferences/significant result 

found for velocity classes.  

Low (50) 

Average depth available 

is between 0.7 and 1.3 m 

deep.  

Moderate (75) 

Average depth available 

is between 0.4 and 0.7 m 

deep.  

High (100) 
Average depth available 

is less than 0. 4m deep.  

Fishing for 

silver eels in 

the marine 

environment  

MAR_SIL_HARVEST 

(Marine Silver eel harvest) 

Zero (25) 
Zero kilograms per 

hectare is harvested.  

Intensity of harvest based on 

actual yields given as 

kilograms (kg) per hectare 

per year. CPUE accounted 

for in the risk profile. 

Low (50) 

Less than 2 kg/per 

hectare/per year is 

harvested.  

Moderate (75) 

Between 2 and 8 kg/per 

hectare/per year is 

harvested 

High (100) 

More than 8 kg/per 

hectare/per year is 

harvested.  

Altitude of 

the river  
RIVER_ALT (River altitude) Zero (25) 

Average river altitude of 

catchment/risk region 

below 180m 

The average altitude of the 

river/s the eels migrate into 

from the estuary.  
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Low (50) 

Average river altitude of 

catchment/risk region 

between 180m and 

620m  

Moderate (75) 

Average river altitude of 

catchment/risk region 

between 620m and 

1400m 

High (100) 

Average river altitude of 

catchment/risk region 

above 1400m 

Presence of 

Alien 

parasites in 

the elver 

yellow eels 

ELV_YEL_PARA (Elver-

Yellow eel parasites) 

Zero (25) no parasite 

The intensity/severity of 

alien parasite infestation on 

anguillid eels  

Low (50) 
Parasite presence but no 

mortalities 

Moderate (75) 
High infestation low 

mortalities 

High (100) Mass mortalities in eels 
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Appendix G: Habitat Integrity Assessment Tool 

The Kleynhans method 

• Impacts along the River recorded in respect to specified criteria and impact categories 

• Two assessments were carried out namely; In-stream and riparian modifiers 

• Standard weightings were applied to each criteria 

• Overall weighted scores were calculated 

• Assessments were carried out at every 105 km distance. 

 

Habitat Integrity Criteria 

Instream and Riparian habitat modifiers Impact categories 

• Water abstraction 

• Flow 

modification 

• Bed modification 

• Channel 

modification 

• Water quality 

• Inundation 

• Exotic macrophytes 

• Exotic fauna 

• Solid waste disposal 

• Vegetation removal 

• Exotic vegetation 

encroachment 

• Bank erosion 

 

• None  0 

• Small  1 - 5 

• Moderate 6 - 10 

• Large  11 - 15 

• Serious 16 – 20 

• Critical  21 - 25 

 

 

Weights of modifiers 
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Overall habitat integrity calculated using the formula; 

……………………………………………………………….1 

Classes for assessment of habitat integrity 
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Sampling site guide 

 

 

Optimal Suboptimal Marginal Poor

20        19        18         17      16   15       14      13       12     11  10        9        8         7        6    5       4       3        2       1        0

20        19        18         17      16   15       14      13       12     11  10        9        8         7        6    5       4       3        2       1        0

20        19        18         17      16   15       14      13       12     11  10        9        8         7        6    5       4       3        2       1        0

20        19        18         17      16   15       14      13       12     11  10        9        8         7        6    5       4       3        2       1        0

20        19        18         17      16   15       14      13       12     11  10        9        8         7        6    5       4       3        2       1        0

20        19        18         17      16   15       14      13       12     11  10        9        8         7        6    5       4       3        2       1        0

1. Epifaunal

Substrate/

Available Cover

Greater than 70% of substrate 

favorable for epifaunal 

colonization and fish cover; mix 

of snags, submerged logs, 

undercut banks, cobble or other 

stable habitat and at stage to 

allow full colonization potential 

(i.e., logs/snags that are not new 

fall and not transient).

40-70% mix of stable habitat; 

well-suited for full colonization 

potential; adequate habitat for 

maintenance of populations; 

presence of additional substrate 

in the form of newfall, but not 

yet prepared for colonization 

(may rate at high end of scale).

20-40% mix of stable 

habitat; habitat availability 

less than desirable; substrate 

frequently disturbed or 

removed.

Less than 20% stable habitat; lack 

of habitat is obvious; substrate 

unstable or lacking.

Condition CategoryHabitat 

Parameter

Dominated by 1 velocity/ depth 

regime (usually slow-deep).

SCORE 

2. Embeddedness Gravel, cobble, and boulder 

particles are 0- 25% surrounded 

by fine sediment. Layering of 

cobble provides diversity of 

niche space.

Gravel, cobble, and boulder 

particles are 25- 50% 

surrounded by fine sediment.

Gravel, cobble, and boulder 

particles are 50- 75% 

surrounded by fine sediment.

Gravel, cobble, and boulder 

particles are more than 75% 

surrounded by fine sediment.

4. Sediment

Deposition

Little or no enlargement of 

islands or point bars and less 

than 5% of the bottom affected 

by sediment deposition.

Some new increase in bar 

formation, mostly from gravel, 

sand or fine sediment; 5-30% 

of the bottom affected; slight 

deposition in pools.

Moderate deposition of new 

gravel, sand or fine sediment 

on old and new bars; 30-50% 

of the bottom affected; 

sediment deposits at 

obstructions, constrictions, 

and bends; moderate 

deposition of pools 

prevalent.

Heavy deposits of fine material, 

increased bar development; more 

than 50% of the bottom changing 

frequently; pools almost absent due 

to substantial sediment deposition.

SCORE 

3. Velocity/Depth

Regime

All four velocity/depth regimes 

present (slowdeep, slow-

shallow, fastdeep, fast-

shallow).(Slow is < 0.3 m/s, 

deep is > 0.5 m.)

Only 3 of the 4 regimes present 

(if fast-shallow is missing, 

score lower than if missing 

other regimes).

Only 2 of the 4 habitat 

regimes present (if 

fastshallow or slow-shallow 

are missing, score low).

Banks shored with gabion or 

cement; over 80% of the stream 

reach channelized and disrupted. 

Instream habitat greatly altered or 

removed entirely.

SCORE 

SCORE 

5. Channel Flow

Status

Water reaches base of both 

lower banks, and minimal 

amount of channel substrate is 

exposed.

Water fills >75% of the 

available channel; or <25% of 

channel substrate is exposed.

Water fills 25-75% of the 

available channel, and/or 

riffle substrates are mostly 

exposed.

Very little water in channel and 

mostly present as standing pools.

SCORE 

6. Channel

Alteration

Channelization or dredging 

absent or minimal; stream with 

normal pattern.

SCORE 

Some channelization present, 

usually in areas of bridge 

abutments; evidence of past 

channelization, i.e., dredging, 

(greater than past 20 yr) may be 

present, but recent 

channelization is not present.

Channelization may be 

extensive; embankments or 

shoring structures present on 

both banks; and 40 to 80% 

of stream reach channelized 

and disrupted.
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Kleynhans CJ. 1996. A qualitative procedure for the assessment of the habitat integrity status of the Luvuvhu River 

(Limpopo system, South Africa). Journal of Aquatic Ecosystem Health 5: 41–54. 

 

Optimal Suboptimal Marginal Poor

20        19        18         17      16   15       14      13       12     11  10        9        8         7        6    5       4       3        2       1        0

Left         Bank         10          9            8              7                 6          5              4                 3          2               1               0

Right         Bank         10          9            8              7                 6          5              4                 3          2               1               0

Left         Bank         10          9            8              7                 6          5              4                 3          2               1               0

Right         Bank         10          9            8              7                 6          5              4                 3          2               1               0

Left         Bank         10          9            8              7                 6          5              4                 3          2               1               0

Right         Bank         10          9            8              7                 6          5              4                 3          2               1               0

Moderately stable; infrequent, 

small areas of erosion mostly 

healed over. 5-30% of bank in 

reach has areas of erosion.

More than 90% of the 

streambank surfaces and 

immediate riparian zone covered 

by native vegetation, including 

trees, understory shrubs, or 

nonwoody macrophytes; 

vegetative disruption through 

grazing or mowing minimal or 

not evident; almost all plants 

allowed to grow naturally.

70-90% of the streambank 

surfaces covered by native 

vegetation, but one class of 

plants is not wellrepresented; 

disruption evident but not 

affecting full plant growth 

potential to any great extent; 

more than one-half of the 

potential plant stubble height 

remaining.

Width of riparian zone <6 meters: 

little or no riparian vegetation due 

to human activities.

50-70% of the streambank 

surfaces covered by 

vegetation;  disruption 

obvious; patches of bare soil 

or closely cropped vegetation 

common; less than onehalf 

of the potential plant stubble 

height remaining.

Moderately unstable; 30- 

60% of bank in reach has 

areas of erosion; high 

erosion potential during 

floods.

Unstable; many eroded areas; 

"raw" areas frequent along straight 

sections and bends; obvious bank 

sloughing; 60-100% of bank has 

erosional scars.

Less than 50% of the streambank 

surfaces covered by vegetation; 

disruption of streambank 

vegetation is very high; vegetation 

has been removed to 5 centimeters 

or less in average stubble height.

SCORE 

8. Bank Stability

(score each bank)

Note: determine 

left

or right side by

facing 

downstream.

SCORE ___ (RB)

9. Vegetative

Protection (score

each bank)

Banks stable; evidence of 

erosion or bank failure absent or 

minimal; little potential for 

future problems. <5% of bank 

affected.

Habitat 

Parameter

Condition Category

7. Frequency of

Riffles (or bends)

Occurrence of riffles relatively 

frequent; ratio of distance 

between riffles divided by width 

of the stream <7:1 (generally 5 

to 7); variety of habitat is key. In 

streams where riffles are 

continuous, placement of 

boulders or other large, natural 

obstruction is important.

Occurrence of riffles 

infrequent; distance between 

riffles divided by the width of 

the stream is between 7 to 15.

Occasional riffle or bend; 

bottom contours provide 

some habitat; distance 

between riffles divided by 

the width of the stream is 

between 15 to 25.

Generally all flat water or shallow 

riffles; poor habitat; distance 

between riffles divided by the 

width of the stream is a ratio of 

>25.

    Total Score __________

SCORE ___ (LB)

SCORE ___ (RB)

SCORE ___ (LB)

SCORE ___ (RB)

10. Riparian

Vegetative Zone

Width (score each

bank riparian 

zone)

Width of riparian zone >18 

meters; human activities (i.e., 

parking lots, roadbeds, clear-

cuts, lawns, or crops) have not 

impacted zone. 

Width of riparian zone 12-18 

meters; human activities have 

impacted zone only minimally.

SCORE ___ (LB)

Width of riparian zone 6- 12 

meters; human activities 

have impacted zone a great 

deal.
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Appendix H: 12th WIOMSA Science Symposium Poster Presentation 
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Appendix I: Publication 1 
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Appendix J:  Publication 2 
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Appendix K: Research Permit 

 


