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ABSTRACT 

MITIGATING THE IMPACTS OF RIVER FLOW REGULATION AND BARRIERS TO 
FISH SPAWNING MIGRATIONS  

Globally, migratory fish are threatened by anthropogenic modification to rivers. 
These create barriers that prevent fish accessing spawning grounds required for 
completion of life cycles. In order to make informed decsions, for mitigating the 
associated negative impacts, an understanding migratory behaviour when reaching 
barriers during the spawning migration is required. That said, there is a lack of 
information about the response of migratory fish to operational regimes in regulated 
rivers and the areas occupied, delays caused and routes taken around infrastructures. 
This study investigated the behaviour of three migratory fish species under operational 
regimes of three different infrastructures during each speciesô respective spawning 
season. The efficiency of a bypass channel that utilised the relationship between 
migratory behaviour and flow was also investigated for a further species.  

The literature was reviewed to identify the different types of migratory life 
histories of fish, the impact of different riverine modification on the respective spawning 
migrations and how this can be mitigated. Fish have evolved in direct response to the 
natural flow regime and connectivity of riverine habitats, but barriers to migration exist 
from source to sea. This regulates or disrupts the flow regime and connectivity that fish 
depend upon, which has had considerable detriment to many migratory fish species 
globally. The main conclusion of the review was that knowledge gaps exist for the 
target species, and understanding the behaviour of the study species during the 
spawning migration is essential to improve access to spawning grounds in regulated 
rivers and ultimately conserve populations.  

The effects of timing, magnitude and duration of eleven artificial flow (freshet) 
releases from two impounding reservoirs on river-resident brown trout (Salmo trutta L.), 
a species known to undertake spawning migrations, was investigated using radio 
telemetry in a regulated upland river in northern England. Most did not perform 
movements characteristic of spawning migrations; all were located within 10 m of the 
location occupied before freshets, and fish in a control reach behaved comparably. The 
largest unidirectional movements mostly occurred during elevated river level due to 
rainfall and reservoir overtopping events; other varied length movements occurred 
during natural peaks or low flow, indicating artificial freshets were not directly 
responsible, and may not be suitable to stimulate migration in river-resident fish in 
regulated rivers. 

An acoustic telemetry study was conducted to determine the impact of a high-
head hydropower station, associated diversion weir and spillway on downstream 
migrating shortfin eel (Anguilla australis) in the regulated Wairua catchment, Northland, 
New Zealand. Despite the diversion weir providing an alternative route, 88% (n = 21) of 
tagged eels that were detected here entered the power station forebay; of these, 52% 
were impinged onto intake screens, always when turbines were operating at greater 
than 3.04 MW/day. The rest (48%) passed the spillway and continued their migration, 
sometimes after long delays and having spent time immediately upstream of the intake 
where fitness could have been reduced due to high flows. Based on findings, the most 
effective mitigation here and at similar power schemes is considered to be operational 
or physical changes at the diversion weir to minimise entry of downstream migrating 
eels into the power canal during the migration period. Also discussed as potential 
solutions are turbine shutdowns, ensuring the spillway is available and provision of a 
bypass channel in the forebay. 

At a pumping station in the Anglian region, UK, where the upstream river level 
is maintained primarily by a co-located gravity sluice door, route choice and behaviour 
of downstream migrating European eel (Anguilla anguilla) (n = 7) immediately upstream 
of both routes was investigated using acoustic telemetry. During the study, three eels 
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passed through pumps despite only operating for 8% of the time the gravity sluice was 
open, and only two passed through the gravity sluice after arriving when it was closed; 
the remaining two retreated upstream. No eels were detected within 15 m of the gravity 
sluice when it was open and eel behaviour was indicative of reluctance to pass through 
pumps. Findings are discussed in terms of water resource management to implement 
operational changes, to make the gravity sluice an attractive downstream passage 
route for migrating eels and thus reduce passage through hazardous pumps. 

The efficacy of two bypasses in attracting and passing downstream migrating 
American eels (Anguilla rostrata), designed to utilise the relationship between eel 
migratory behaviour and flow through two methods of flow creation, i.e. an airlift and a 
siphon, was tested in a simulated forebay environment, as a potential remediation 
measure at infrastructures requiring eel passage. Under entrance velocity of 1.2 m/s in 
eight test runs, both bypasses performed comparably and eels tested in each readily 
located, entered and passed. Test findings are discussed in relation to real-world 
application at sites with different characteristics, and the suitability of each design in 
successfully providing a safe route for downstream migrating eels. 
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1 INTRODUCTION  

Rivers are diverse ï fish utilise this by migrating between habitats 

Riverine ecosystems are some of the most diverse on Earth (McCluney et al., 2014). 

Fish have evolved over millions of years to synchronize their behaviour, including 

migration for reproduction, feeding and predator avoidance, with specific parts of the 

natural flow regime in free-flowing rivers, such as floods in spring/winter or low flows in 

summer (Lehner et al., 2011). Migration is defined as relocation on a much greater 

scale than daily movements, between separate habitats where conditions are 

alternately favourable or unfavourable, and involves a substantial part of a population 

that move seasonally with predictability or synchronicity in time (Northcote, 1984; Baras 

& Lucas, 2001; Dingle & Drake, 2007; Shaw & Couzin, 2012; Brönmark et al., 2013). 

Migration is a major factor in the life history of many freshwater species (Rankin, 1985) 

and spawning migrations are usually the longest movements (Rustadbakken et al., 

2004; Zimmer et al., 2010). It is undoubtedly one of the most extraordinary aspects of 

ecology that has generated a lot of interest in the scientific community and amongst the 

public (Crook et al., 2014); two fascinating examples being the return of salmonids to 

natal streams and the transoceanic migrations of anguillid eels to spawning grounds. 

Riverine ecosystems and fish migration also depend upon longitudinal connectivity, or 

connections between upstream and downstream sections of a river network (Junk, 

Bayley & Sparks, 1989; Poff et al., 1997; Cote et al., 2009; Anderson et al., 2015; Brink 

et al., 2018) to access the required habitats. Thus, free-flowing rivers are essential to 

sustain migratory fish, the habitat they depend on and ultimately for completion of life 

cycles.  

Pressure on rivers results in removal of the flow regime and blockage of migration 

routes 

From source to sea, riverine ecosystems have been modified and exploited by humans 

for the resources they provide for thousands of years. Installation of weirs and dams to 

divert flow allow power to be generated and machinery to be driven, as well as water to 

be stored for drinking and sanitation, which has been integral to the growth of the 

population and society (Vorosmarty et al., 2010). As a result of these modifications, the 

flow regime that fish depend upon is often completely removed or regulated, and 

associated infrastructure becomes a barrier that prevents fish migration (Gerlier & 

Roche, 1998; Rustadbakken et al., 2004) or a partial barrier that interrupts migration 

and can cause delays for some or all individuals. A barrier may be considered as 
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anything that impedes movement of organisms between habitats, and for fish can be 

physical, such as the aforementioned infrastructure; hydraulic, such as high velocities 

created by such infrastructure; chemical, thermal or a matter of distance itself (Silva et 

al., 2018). Such disruptions to longitudinal connectivity have, in part, led to the 

worldwide 40% decline within migratory fish populations (Bacalbasa-Dobrovici, 1985; 

Cowx & Welcomme, 1998; Dudgeon, 2006; Brink et al., 2018). Increasing recognition 

of this has resulted in legislation calling for restoration of longitudinal connectivity at 

man-made obstacles in many countries (Lucas & Baras, 2001; Brink et al., 2018) in 

order to alleviate the pressures on natural resources. 

It is essential to understand migratory fish movements and behaviour in response to 

regulated flow regimes and around associated barriers so species-specific remediation 

measures can be designed and implemented. This is increasingly recognized as 

valuable in understanding the impacts of barriers to migration, however, it is one of the 

least studied areas of fish biology (Silva et al., 2018) and there is still a dearth of 

information on fish movements during the spawning migration in regulated catchments 

and the behaviour upon reaching barriers. For example, there is still a paucity of 

information about:  

¶ The response of potamodromous species to reservoir freshet (flow) releases of 

differing timing, magnitude and duration, intended to promote spawning 

migrations downstream of potable supply reservoirs 

¶ The route choice and fine-scale behaviour of downstream migrating 

catadromous eels in rivers where flow is regulated by hydropower and pumping 

stations, respectively, where there are multiple routes available and upon 

reaching barriers associated with infrastructure, i.e. areas occupied directly 

upstream before passage  

¶ The influence of operational regime on the timing of adult eel approach and  

behaviour at said infrastructure, including the delay caused, ability to complete 

onward migration after passage through various routes and fate 

¶ The efficiency of bypass channels for attracting and passing adult downstream 

migrating eels, including flows required, how different flow generation methods 

affect eel behaviour and eel behaviour before entry, during passage and the 

effects post-passage 
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State of the art, most appropriate telemetry techniques (determined by locally specific 

conditions) were employed in order to fill these gaps for the study species. Such 

research is consequently essential for management and conservation of these 

migratory species that are especially vulnerable to anthropogenic influences due to the 

complex requirements in order for life cycles to be fulfilled.  

The overall aim of the study was to investigate the impact of river flow regulation by 

reservoirs, a hydropower station and a pumping station on migratory fish access to 

spawning grounds, and, where necessary, help identify remediation measures to 

conserve fish. To this end, the study was divided into key topics that are addressed in 

Chapters 2 to 7. Specific aims and objectives are provided at the start of each chapter. 

Chapter 2 reviews different types of fish spawning migration, highlighting the 

importance of habitat connectivity and the natural flow regime for fish life cycles, with 

reference to key concepts and principles. It reviews current literature documenting the 

anthropogenic alterations to rivers which create barriers to migration, the impact this 

has on fish species worldwide and the consequent requirement for mitigation measures 

to be incorporated into management decisions, in order to meet legislative 

requirements. This will be discussed as well as examples of mitigation measures.  

Chapter 3 investigates the effectiveness of reservoir freshet (flow) releases of different 

timing, magnitude and duration on facilitating the upstream spawning migration of river-

resident brown trout ( in an upland river in West Yorkshire, UK, with emphasis on how 

the fish movements in this study compare to movement patterns characteristic of a 

spawning migration. The necessity of freshet releases for brown trout to perform 

spawning migrations is discussed. A freshet is defined as a rise in water level, in this 

case it is being released from a reservoir so is an artificial flow release. 

Chapter 4 investigates the impact of the operation of a high-head hydropower station 

on downstream migrating shortfin eels, including timing of arrival, behaviour and route 

choice at an associated diversion weir, power station intake and spillway in Northland, 

New Zealand, with recommendations on how operational changes hold promise to 

reduce impingement onto the power station intake screens and allow adult eels to 

safely exit the catchment, such as management of the diversion weir and managing 

forebay level to increase spill in order to make alternative routes more attractive. The 

potential for a bypass channel to be implemented and setting a maximum generation 

level during migration season is also discussed.  
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Chapter 5 investigates the behaviour of downstream migrating European eels in the 

forebay of a pumping station with a co-located gravity sluice in Lincolnshire, UK, with 

emphasis on how pump operation affects route choice and availability, areas occupied 

immediately upstream and how operational changes to make the gravity sluice more 

attractive to eels hold promise to improve safe passage. 

Chapter 6 compares the attraction, entrance and passage of downstream migrant 

American eels through two bypass channels; airlift and siphon deep entrance bypass 

systems trialled in a simulated forebay, with emphasis on the efficacy of such 

measures in providing passage solutions to downstream migratory eels at various 

infrastructure globally. 

Chapter 7 summarises the information gained from chapters 3 to 6 in the context of the 

literature review in chapter 2, summarises global management implications and 

suggests recommendations for further study. The information in this thesis aims to 

provide guidance for water resource managers worldwide. This is in relation to the 

global requirement to alleviate impacts to rivers and migratory fish as demands on 

water resources and fish stocks increase, which is giving rise to legislation that requires 

water resource managers to do so. Thus, the recommendations aim to inform cost- 

effective remediation; specifically, the outputs will inform operational changes and 

design of alternative bypass routes to improve fish passage at infrastructure. Based on 

findings, this will minimise the costs of remediation and maximise the environmental 

benefits, which is in the best interests of both managers and fish inhabiting affected 

catchments. Further, the information aims to provide evidence to help understand the 

issue of barriers to fish migration, ideally to aid in the development of future less 

impactful riverine modifications that are designed with fish passage in mind. 
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2  LITERATURE REVIEW ON THE EFFECT OF FLOW REGULATION FROM 
SOURCE TO SEA  

2.1 Introduction  

Free-flowing, connected rivers provide a range of habitats, flows, temperatures and 

food webs to inhabiting biota (Brink et al., 2018). Migratory fish are sustained in rivers 

when the needs of all life stages are met, including that spawning grounds in either 

freshwater or the ocean can be accessed. The evolution of movement between 

freshwater and the ocean is discussed to have arisen as a result of ñmigration 

maximising fitness or the lifetime product of reproductive success x survivorship; 

therefore occurring when the gain in fitness from using a second habitat minus the 

migration costs of moving between habitats exceeds the fitness from staying in only 

one habitaté the relative availability of food in freshwater and seawater zones being 

the most important biological variableò (Gross, 1987). The natural flow regime is what 

has made such movements possible; hence fish life history strategies have evolved 

primarily in direct response to it (Bunn & Arthington, 2002) and consequently depend 

on it to provide cues and opportunities for free migration between different habitats 

required for different life stages. Although fish are adaptable and can evolve in 

response to man-made flow regimes, flow modification is broadly recognised as 

disrupting fish and fish habitats (e.g. Murchie et al., 2008). This is partly due to fish 

requiring longitudinal connectivity, which is often disrupted in rivers where flow is 

controlled by humans. Longitudinal connectivity refers to connections between 

upstream and downstream sections of a river network (Cote et al., 2009) and is 

essential for normal riverine ecosystem functioning and for fish to perform migrations to 

habitats required in order to complete their life cycle. In some systems, lakes are also 

present, which are important to ecosystem functioning, but for the purpose of the 

Thesis, rivers will be used to refer to the entire freshwater system and the prescence of 

lakes is implicit. Migratory fish are threatened globally, partly due to disruptions to 

longitudinal connectivity (Stanford & Ward, 2001; Anderson et al., 2015; Brink et al., 

2018) (Figure 2.1) as infrastructure is constructed in rivers to meet the needs of 

humans which can act as a partial or full barrier to fish migration. In recent years, there 

has been increasing recognition of the importance of longitudinal connectivity, but the 

effects of disruption on inhabiting biota remain poorly understood. Understanding 

migratory fish behaviour is at the forefront of ecological research to allow mitigation 

measures to be identified and recommended to improve the situation. 
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Figure 2.1. Schematic diagram showing river sections and areas from source to sea 

that are connected or disconnected by anthropogenic influences. Longitudinal 

disconnections are often seen among habitats in tributaries, whereas in lower reaches, 

lateral disconnections are also common (adapted from Fullerton et al., 2010). 

The aim of this literature review is to understand the different types of fish spawning 

migrations, the mechanisms driving them and how they are intrinsically linked with 

diverse natural river ecosystems. The review also aims to determine the effects of 

anthropogenic alterations to rivers on migratory fish and how these can be alleviated. 

More specifically, objectives are to 1) determine the different types of fish spawning 

migrations that occur in part or completely in rivers, 2) discuss current status and 

reasons for decline of these fishes, 3) establish causes for river modification with 

particular emphasis on dams and impoundments, hydropower and pumping stations 

and their effect on migratory fish, and 4) explore how these impacts can be mitigated, 

with particular reference to replicating the natural flow regime and providing efficient 

fish passage solutions, with emphasis on understanding the behaviour of the species in 

question and utilising this to provide cost-effective passage solutions or prevent entry 

into undesired areas. 

2.2 Drivers for spawning migrations  

Due to previous recognition that our understanding of the movements of organisms has 

in the past been hindered by inaccurate terminology (Dingle & Drake, 2007), it is 

important to first determine the difference between movement and migration. 

Movement is defined as the act of changing position or location, mostly occurring within 

a relatively well defined area, or home range (Dingle, 1996). Home range is an area 
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that provides resources necessary for survival, i.e. food, shelter and mates; 

movements occur between areas within the home range, to obtain resources and 

requirements necessary for breeding, maintenance or both (e.g. Dingle & Drake,  

2007). This area develops in response to local resources, in order to obtain food or 

avoid predators; hence to survive (Morais & Deverat, 2016).  

Migration is more specialized, often but not limited to larger temporal and spatial scales 

(Morais & Deverat, 2016). As discussed by Dingle (1996), migration results in 

relocation to a new habitat; this is not driven by resources in the first habitat such as 

food, and during migration fish will not respond to sensory cues from these resources, 

i.e. their motivation is not driven by these resources as it usually would be when 

moving around in the home range. The most recent definition of migration which 

encorporates that of the recognised Northcote (1978) definition with four overlapping 

concepts, is that migration is (1) a type of locomotory activity that is notably persistent, 

undistracted and straightened out, i.e. without straying from the directional path in 

another direction; (2) a relocation of the animal that is on a much greater scale, 

involving movement of a much longer duration than those in its normal daily activities, 

(3) a seasonal toïandïfro movement of populations between regions where conditions 

are alternately favourable or unfavourable; and (4) movements that lead to 

redistribution or mixing (of individuals, that leaves the location and spatial extent of the 

population un-changed) or dispersal (when animals in a population move apart) Dingle 

& Drake, 2007).  

2.3 Why do fish migrate?  

Migrations are impressive, regardless of distance and require longitudinal connectivity 

Migration is described as resulting from key resources and optimal habitats for growth, 

survival and reproduction being separated in space and time (Northcote, 1984; Lucas & 

Baras, 2001). Research demonstrates that migrating between habitats allows fish to 

optimize growth by accessing more productive areas, improve survival through 

increased growth, increased overwinter survival, access to refugia from severe 

conditions and predator avoidance, as well as potential for increased reproductive 

fitness through improved adult condition and access to optimal spawning habitat 

(Morais & Deverat, 2016) (Figure 2.2). Itsô evolution therefore ultimately maximises 

lifetime reproductive success (Gross, 1987). Indeed, all freshwater fish species 

worldwide, are said to migrate to some extent between feeding and breeding areas in 

order to complete their life cycles (Lucas & Baras, 2001; Brink et al., 2018) (Figure 2.2).  
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Spawning migrations, the focus of this review, are some of the most significant in the 

life history, varying greatly temporally and spatially and extending up to thousands of 

kilometres. Despite distance not being a primary criterion, migrations that cover 

extreme distances are often seen as being iconic (Lucas & Baras, 2001; Brink et al., 

2018) due to the vast distances and obstacles overcome in order to reach spawning 

grounds. Some examples are the return of salmonids to the streams in which they were 

born, or the transoceanic migrations of anguillid eels. Though less reported, there are 

migratory species in developing countries that are described as being ñevery bit as 

charismatic as Northern Hemisphere salmon and eelò such as largemouth yellowfish 

(Labeobarbus kimberleyensis, Gilchrist & Thompson, 1913) in South Africa, spotted 

sorubim (Pseudoplatystoma corruscans, Spix & Agassiz, 1829), the curimba 

(Prochilodus lineatus, Valenciennes, 1837), or the salmon-like dourado (Salminus 

brasiliensis, Cuvier, 1816) species in South America (Carolsfeld, 2003; Brink et al., 

2018) which has resulted in significant conservation interest to date. 

 

Figure 2.2. Schematic illustration of the habitats required by fish for different life stages 

(circled) and the movements between those habitats (arrows), demonstrating the 

functional life concept in fish. Taken from Lucas and Barras, (2001). 

Many species display plasticity in their life history and associated migration strategy, 

which is defined as ñthe ability of a single genotype to produce multiple phenotypes in 

response to variation in the environmentò (Pfennig et al., 2010). This can contribute to 

the occurrence of both resident and migrant individuals occurring within the same 

population; a phenomenon known as partial migration (Jonsson & Jonsson, 1993; 
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Secor, 1999; Chapman et al., 2012; Gillanders et al., 2015). Individuals will undergo a 

trade-off between maximising fitness (growth, reproduction) with the resources 

available throughout the year (Morais & Deverat, 2016). Migration as a life history may 

be selected for if the energetic demand of migrating to explore distant resources 

outweighs the cost of staying resident, which could be unfavourable due to predation 

risk and intraspecific competition from residents (Morais & Deverat, 2016). In this case, 

the risk of seeking out new habitats, where these factors may be more favourable may 

outweigh the cost of staying resident. Thus, evolution and genetics are partly 

responsible but are thought to be intertwined with environmental factors (Pulido, 2007) 

and the scale of spawning migrations seen in those that migrate depends on a range of 

factors. In terms of genetics, the evolution of a life history strategy such as migration 

evolves as it maximises fitness of individuals and populations (Gross, 1987), where 

individual fitness is reproductive success throughout the ontogeny (Morais & Deverat, 

2016) and at a population level also includes interactions between individuals where 

strategies develop depending on other individuals in the population (Gross, 1987). This 

evolution results in an increase of resilience and stability at a population level.  Thus, 

aforementioned plasticity in the life history has allowed fish to adapt and survive in 

present day rivers using strategies that evolved long before heavy modification to 

rivers. Despite this, the innate drivers for fish migration are maintained throughout 

generations, namely utilising flow to aid in migration to areas required for spawning.  

2.4 Different types of spawning migrations 

Fish migrations that occur exclusively within freshwater are defined as 

ópotamodromousô; this is the broad term for fish that may be more commonly classified 

as ónon-anadromousô, óriver-residentô or óinlandô (Morais & Deverat, 2016). When fish 

migrate between fresh and salt water, these migrations are classified as being 

ódiadromousô and are broken down further based on the direction of the spawning 

migration. óAnadromousô species migrate from the sea to spawn in freshwater and 

ócatadromousô species migrate from freshwater into the sea to spawn (Dingle, 1980; 

McDowall, 1987). Diadromous species spend most of the ontogeny in the area used for 

growth and migrate to the alternate environment to breed (Myers, 1949). Diadromous 

species provide both direct and indirect benefits to the ecosystem as they inhabit 

multiple habitats and act as consumers, ecosystem engineers, modulators of 

biogeochemical processes and transport vectors (Flecker et al., 2010).  In order to 

survive in such different habitats, large demands are placed on the physiology of 

anadromous fish. Fish can also adopt an óamphidromousô ï where migration between 
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the sea and freshwater is not directly associated with reproduction but occurs regularly 

at another definite stage of the life cycle (Myers, 1949) ï or an óoceanodromousô life 

history, when migration between necessary habitats and the entire life history is carried 

out within the ocean (Morais & Deverat, 2016). The latter two are beyond the scope of 

this thesis as the focus is on spawning migrations in freshwater.   

Homing back to natal sites to spawn or óphilopatryô, though not a requirement for fish to 

be classified as migratory (Waldman et al., 2008), is exhibited in anadromous (Dittman 

& Quinn, 1996), catadromous (Hunter et al., 2003) and potamodromous species 

(Rakowitz et al., 2009). In evolutionary terms, this behaviour is advantageous as it 

ensures eggs are deposited in suitable habitat and also balances the number of 

spawners within the reproductive capacity of the area (Northcote, 1997). This will also 

be affected by density dependence regulating the number of spawners in the area, 

depending on competition for resources such as space or suitable spawning locations 

(e.g. Rose et al., 2001). Ultimately this relies on density dependent mortality to regulate 

the distribution of populations (e.g. Hixon & Jones, 2005). This behaviour indicates 

evolution of mechanisms in response to relatively predictable environmental conditions 

or rhythmic patterns of changes (Lucas & Baras, 2001). Whilst the conditions that 

resulted in selection of homing traits prevail, this will remain the most adaptive strategy. 

It has been discussed that spawning migrations are normally the longest movements 

carried out within each year, even in landlocked fish (Rustadbakken et al., 2004; 

Zimmer et al., 2010). However, Dingle & Drake, (2007) and Morais and Deverat, (2016) 

discuss that ñclassicò examples of migration in migratory fish and across all taxa might 

be extreme cases and the exception rather than the rule (Dingle & Drake, 2007). This 

information is important when aiming to understand the migratory behaviour of a 

population in order to conserve it and highlights the need for further research in this 

area, to prove or disprove such suggestions. There is consequently increasing 

recognition that a broad range of behaviours are exhibited within populations, i.e. 

displaying alternate life history strategies (or life history plasticity) (see Morais & 

Deverat, 2016).  

The strong imprinting of migration in fishes is evidenced in examples such as 

landlocked diadromous fish (described as the first cases of alternative life histories) 

that have been discussed to potentially mimic migratory behaviour in the new restricted 

habitat and even started to migrate again after the removal of barriers (McDowall, 

1988). In brown trout, barrier removal resulted in an increase in spawning success by 

adults, fry survival, recruitment and smolt migration success as well as more adults 
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migrating to the sea and adults spawning in areas further upstream (Birnie-Gauvin et 

al., 2018). Variation in migratory tendency occurs between species, between 

populations within a species (Gillanders et al., 2015) and between individuals within a 

population, but the latter has received less attention (Chapman et al., 2011) and is 

important when aiming to understand the migratory behaviour of a species in order to 

conserve them. There are a number of factors determining whether a species migrates 

and the distance of migrations.  

Food availability is an important factor determining both where migratory fishes occur 

(Gross, 1987) and the direction of movement; Gross et al., (1988) previously attributed 

diadromous fish distribution to global patterns in aquatic productivity. When feeding 

and reproductive areas are separated temporally (i.e. in migratory species, in part due 

to reproductive seasons being constrained by environmental factors), being able to 

feed at one time of year and breed at another is favourable (Bonnet, Bradshaw, & 

Shine, 1998). This is particularly suited to a capital breeding strategy, which relies on 

energy acquired previously in the feeding area (and hence ócapitalisedô) to be drawn 

upon during reproduction (McBride et al., 2013). This is linked to semelparity; where 

the animal only spawns once in a lifetime (Bonnet, Bradshaw & Shine, 1998) as 

opposed to iteroparous animals known to carry out several reproductions (Morais & 

Deverat, 2016).  

Energy stored in somatic and visceral tissues is used during reproductive development, 

for example Sockeye salmon Oncorhynchus nerka (W) use around 80% of their total 

energy stores during upstream migration and spawning (Brett, 1986). This influences 

whether an animal can survive after spawning (Jonsson, Jonsson & Hansen, 1997) and 

explains why semelparous animals only spawn once then are óspentô and die. 

Repeated spawning is seen in some populations, for example in Atlantic salmon 

(Salmo salar (Linnaeus, 1758)) (e.g. Jonsson et al., 1991), which is possible if less 

energy has been allocated for a single reproductive event. Glebe & Legett, (1981b) 

previously linked semelparity to fish investing more than 60% of their total energy in 

migration and spawning, based on observations of several populations of American 

shad Alosa sapidissima (Wilson, 1811) and some observations of salmonids 

(Oncorhynchus and Salmo). Further, the largest individuals in Nauyuk Lake, Northwest 

Territories, Canada were thought to have never been able to spawn again due to the 

amount of energy allocated for reproduction (Jonsson, Hansen and Jonsson, 1991). 

For eels, the total amount of energy allocated to gonad growth and migration has been 
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calculated to be 75% in female eels which is said to be extremely high in relation to 

other teleosts (cf. Wootton, 1979).  

Based on a capital spawning life history strategy, feeding during the migration in 

unknown environments is unnecessary. It can be costly as it poses other constraints 

such as energy required for finding and catching prey and digestion that could be used 

for directed swimming so could potentially cause delays (Lucas & Baras, 2001).The 

alternative strategy is income breeding, where energy is acquired locally, throughout a 

prolonged spawning season and is directly allocated to reproduction; many species 

exhibit mixed capital- and- income breeding patterns and the scale of this is affected by 

ontogeny or in relation to environmental conditions (McBride et al., 2015). Ultimately, 

flexible processes of energy acquisition allow energy to be invested cautiously in order 

to maximise lifetime reproductive value (McBride et al., 2013) and the advantages of 

capital versus income breeding depend on the abundance, predictability and temporal 

stability of food availability (Chastel et al., 1995).  

Starting a migration with maximum fuel reserves has been described as an optimum 

strategy as long as sufficient energy is stored beforehand (Lucas & Baras, 2001). 

However, conditions during the migration may result in more energy expenditure, 

making reserves insufficient; in which case feeding would be required. In Atlantic 

salmon, the maturation is a step-wise process (Thorpe, 1994). This is said to be for 

obvious reasons - that when the prospects of successful reproduction and survival are 

jeopardized, the maturation process can stop (Svedäng & Wickström, 1997). The 

maturation process in eels is also discussed to be a step wise process based on fat 

content analysis that would make it impossible for eels to reach the Sargasso Sea if 

this was the only reserve available (Svedäng & Wickström, 1997).   

Migrating to habitats where conditions are different requires morphological and physical 

changes in order for animals to survive in the new habitat, which also places energetic 

demands on the animal. Further, some of the required changes would make feeding 

difficult, for example, the increase in jaw size of adult male salmon to aid in competing 

for females at the spawning grounds, amongst other functions (Quinn and Foote, 1994; 

see Witten & Hall, 2003) and the silvering process in mature adult eels (Brujis & Durif, 

2009) to allow for survival in the ocean. These are perhaps some of the most iconic 

and impressive morphological differences exhibited in migratory fishes.  

Some fish do not display diadromy despite having access to the ocean (Loughlin et al., 

2017), rendering them partially migratory. In such populations, there is said to be a 
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selective balance between migratory and resident individuals (Alerstam et al., 2003), 

with factors such as age-, sex- and dominance affecting expression of the ómigratory 

urgeô (Lack, 1968), Also, it would only be beneficial for a certain proportion of the 

population to migrate, due to aforementioned density dependence. As well as changes 

in food availability, harshness of seasonal shifts and difficulty of migration may 

determine whether residency or migration is favoured (Alerstam et al., 2003). Southern 

rivers that have high and predictable temperature regimes, for example, select for early 

age at maturity and an increase in expenditure on reproduction when compared to 

rivers at higher latitudes, such as in American shad where age at sexual maturity and 

frequency of repeat spawners increased with latitude (Leggett and Carscadden,1978; 

Glebe & Leggett, 1981a,b). This is further supported by Solomon & Templeton (1976), 

where a population of brown trout perform localised movements where spawning, 

nursery and feeding habitats were within close proximity to the home range, negating 

the need to move further. 

There are three different types of migratory strategy; obligate migrants, that migrate 

regardless of environmental and individual conditions; facultative migrants, that 

potentially migrate depending on environmental and individual conditions; or obligate 

residents, that stay resident irrespective of environmental conditions (Dingle & Drake, 

2007; Brodersen et al., 2014). An example of obligate migration is seen in salmon 

(Oncorhynchus and Salmo spp; Dingle, 1996) whereas facultative migration is seen 

roach (Rutilus rutilus (L.) that migrate from the lake to connected streams, displaying 

partial migration, before returning to the lake the following spring (e.g. Brodersen et al., 

2008). Brodersen et al., (2014) found that there is a positive relationship between 

somatic body condition and the probability of migration, but only in individuals that 

adopt a migratory strategy at some point in the ontogeny; and discuss that in obligate 

residents, this does not influence individual participation in migration.  

Miller & Bond (2015) suggest that resident individuals may potentially adopt a migratory 

life history later in life, but until they discovered that older individuals individuals in a 

population of Dolly varden trout ((Salvelinus malma (Walbaum, 1792)) ñretired from 

anadromyò, it was not known that migratory individuals became resident. The authors 

suggested that size benefits of marine foraging declined in older fish, in this case the 

authors hypothesize that this is viable in this particular population due to foraging 

opportunities being subsidized by the predictable annual supply of energyȤrich eggs 

and carcasses of spawning Pacific salmon (Oncorhynchus spp) (Miller & Bond, 2015) .  
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Specific environmental conditions are required for fish to reproduce (Morais & Deverat, 

2016). In a river with a natural flow regime, potamodromous, anadromous, and 

catadromous fish typically perform spawning migrations during high flow events as they 

provide cues for migration and allow access and movement to spawning sites located 

in different areas (Lucas & Barras, 2001). The flow regime is described as a ómaster 

variableô (Poff et al., 1997) which controls or influences not only the timing of migration 

and reproduction of many organisms but also other aspects of the physical aquatic 

environment (Lytle & Poff, 2004). Timing of spawning migration has been related to 

environmental factors including lunar cycle, diel cycle and increased turbidity (Hellawell 

et al., 1974; Lucas & Baras, 2001) with seasonal changes said to be vital in governing 

the rate and onset of sexual maturation in salmonids (Brink et al., 2018) and reduced 

photoperiod during the autumn/winter spawning season being discussed to provide the 

cue for salmonids to become sexually mature and ready to migrate (Crisp, 2000). 

Trancart et al., (2013) discuss that for anguillid eels, rainfall is the most relevant factor 

for analysis of factors that influence migration as it is a proxy for other cues affecting 

migrations (river flow, temperature change, wind, atmospheric pressure, turbidity and 

effects on luminosity from associated cloud cover). Further, certain species have 

temperature thresholds that trigger spawning migrations, for example in brook lamprey 

(Lampetra planeri (Bloch)) (7.5oc) (Malmqvist, 1980), Atlantic eels (Anguilla) (10 ï 18oc) 

(Haro, 1991) and striped bass (Morone saxatilis (Walbaum)) (17ï18°C) (Carmichael et 

al., 1998).  In recent research into salmonid migration, the importance of social cues for 

timing of salmon migration has been discussed, with findings that individual sockeye 

salmon alter their behaviour in response to annual fluctuations in population density 

(Berdahl et al., 2017). 

2.4.1 Potamodromy  

Information and distribution 

Of the worldôs 33,592 fish species, 40% are reported to reside in freshwater (~13,440) 

and it is likely more than 13,000 of these are potamodromous (~96%) (Morais & 

Deverat, 2016). Potamodromous fishes are reported to inhabit mostly the Northern 

Hemisphere but are present in numerous parts of the world (Morais & Deverat, 2016). 

This could therefore be due to fewer and more recent studies in the Southern 

Hemisphere as a result of an increase in research interest in response to the decline in 

species in the Northern Hemisphere, motives for research or quality of past data (e.g. 

Funge-Smith, 2018). Potamodromous species support essential commercial and 

recreational fisheries worldwide (Morais & Deverat, 2016), some of the most well 
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recognised and iconic species being large catfish in South America and Asia, and 

salmonids such as brown trout that are abundant in many river systems on a global 

scale (Jonsson & Jonsson, 2011), being non-native in many countries where they have 

been introduced.  

Species example and information 

Brown trout are a favoured model study species for a potamodromous life history as 

they are one of the most genetically diverse vertebrates known (Ferguson, 1989) and 

display plasticity in the migratory life history (Rieman & Dunham, 2000; Klemetsen et 

al., 2003). This makes them highly adaptable. They are also ecologically valuable in 

terms of assessing habitat quality and understanding anthropogenic impacts to rivers 

due to their sensitivity to many anthropogenic pressures such as habitat modification, 

flow regulation and chemical pollution (Pont et al., 2006). They occur in habitats 

ranging from very small streams to large rivers and even coastal ranges (Klemetsen et 

al., 2003), which makes them a good ecological indicator as their status can reveal the 

qualitative status of the environment in comparison to other environments where they 

reside, including the impact of differing flow regimes (Milner et al., 2012). This also 

applies to other trout species (Wenger et al., 2011).  

In brown trout, individuals display seasonal movements between habitats, have 

different requirements for different life stages (Figure 2.3) and are capable of being 

highly motile, but like many species display large variation in migration distances. They 

have been extensively reported to migrate upstream to find appropriate spawning 

habitat (reviewed in Banks, 1969; Solomon & Templeton, 1976; Beard & Carline, 1991; 

Young 1994, 1999; Arnekleiv & Kraabol, 1996, Ovidio et al., 1998; Ovidio, 1999; Burrell 

et al., 2000; Arnekleiv & Ronning, 2004; Bettinger & Bettoli, 2004; Bendall et al., 2005; 

Popoff & Neumann, 2005; Saraniemi et al., 2008; Quinn et al., 2011), but can also be 

relatively sedentary (Bridcutt et al., 1993; Burrell et al., 2000; Brown et al., 2001; Knouft 

& Spolita, 2002; Popoff & Neumann, 2005). Brown trout have also been discussed to 

possibly migrate downstream for spawning (Gosset et al., 2006). The variation in 

migratory distance and direction has been related to spatial distribution of appropriate 

spawning habitat relative to adult feeding or refuge areas (Lucas & Baras, 2001). 
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Figure 2.3. The life cycle of brown trout. Adapted from information in); Heggenes, 

(1990); Armstrong et al., (2003); Jonsson & Jonsson, (2011); Quinn et al., (2011); The 

Wild Trout Trust, (2014).  

Current status and reasons for decline 

Potamodromous fish are described as being one of the most threatened faunal groups 

worldwide (Beatty et al., 2014) with more than 20% in the world being classified as 

extinct, threatened or endangered (Revenga et al., 2000). Habitat degradation, invasive 

species and overharvesting as well as dams that cause barriers to migration are 

amongst the most impactful pressures (Brink et al., 2018). When assessing the impact 

of dams for global freshwater fish diversity, Liermann et al., (2012) reported that of the 

397 freshwater ecoregions evaluated, 50% were obstructed by large and medium sized 

dams and ~27% faced additional obstruction, highlighting the significance of this 

impact worldwide. Climate change is also recognised as being one of the most 
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significant pressures on potamodromous fishes, as it adds to current and future 

anthropogenic stressors (Beatty et al., 2014, and references therein). Broad-scale 

studies of climate change focus mainly on temperature, but altered flows can also 

decrease the amount of suitable habitat. For example, four trout species in the interior 

Western United States (~1 million km2) are predicted to decline by between 35 ï 77% 

in response to increased temperature and frequency of winter floods as a result of 

warmer, rainier winters that are predicted during future climate change (Wenger et al., 

2011).  

2.4.2 Anadromy  

Information and distribution  

Anadromous fishes spend most of their lives in the sea and individuals in a population 

migrate into freshwater to breed at a specific time in the ontogeny (Myers, 1949; Morais 

& Deverat, 2016). It is currently estimated that there are 175 (Riede, 2004) 

anadromous species worldwide, with potentially more that are yet to be discovered, 

which currently only equates to ~0.5% of the worldôs fish species (Morais & Deverat, 

2016). Many populations are a valuable resource for many countries in terms of having 

high economic value for fisheries of small and large scale, high market value such as 

sturgeons and salmonids high recreational value in fishing lakes, which is important for 

tourism in certain coutries, are valued for the necessity for protein sources, and also 

have cultural value (Morais & Deverat, 2016), such as eels (e.g. Righton & Walker, 

2013).  

The reasons for the evolution of anadromy have been discussed by numerous authors 

over the past few decades (reviewed in Morais & Deverat, 2016). Most recently, it is 

discussed that this life history strategy is an adaptation in evolutionary history in a 

particular environment, potentially in response to predation, competition or geological 

history (Bloom and Lovejoy, 2014), independent of marine or freshwater origin. In 

salmonids there is a gradient of tactics from freshwater residency to anadromy (e.g. 

Jonsson & Jonsson, 1993). This ófacultative diadromyô indicates that neither of these 

life history strategies is better than the other, but one will be favoured  under certain 

circumstances, as discussed in section 2.4 (McDowall, 1988) and emphasizes the 

effect of environmental conditions on which life history is selected.  

Species example and information 

Some of the most iconic anadromous migrations are those of salmonids in various 

regions of the Northern Hemisphere that migrate to the ocean for feeding and back to 
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natal streams for breeding (Banks, 1969) such as Atlantic salmon (Figure 2.4). 

Migration into the sea for feeding where food resources are more abundant allows for 

larger growth (McDowall, 2001), for example Pacific salmon (Oncorhynchus spp) 

obtain more than 95% of their biomass in the marine environment (Naiman et al., 

2002). Salmonids also require cold, well-oxygenated streams for spawning as lower 

temperatures result in increased concentration of dissolved oxygen (Wetzel, 2001) and 

consequently increasechance of egg survival. These are often found in headwaters but 

may vary depending on location, i.e. in mountainous areas; this may be very close to 

the head of the tide (Banks, 1969). 

 

Figure 2.4. Life cycle of the Atlantic salmon.  Artwork by Katrina Mueller, USFWS and 

Project SHARE. Adapted from U.S. Fish and Wildlife Service, 2017 and Miramichi 

Salmon Association, 2018. Figure available online at 

https://www.fws.gov/mainefieldoffice/Atlantic_salmon.html 

Current status and reasons for decline 

The conservation status is available for 48% of the 175 anadromous species. Of these, 

30.9% are extinct or threatened (critically endangered, endangered or vulnerable) 

(Banbury & OôMeara, 2014). Due to having a specific life history requiring access to 

habitats over a large range, modification of the natural flow regime (Rolls et al., 2013) 

and barriers obstructing access to spawning grounds (Zhou et al., 2014) are 

recognised as some of the main reasons that this group of fishes are at risk. For 
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example, wild Atlantic salmon are hugely important to the economy in recreational, 

commercial and subsistence fisheries (TEEB, 2009; NASCO, 2018). They have been 

prized for their migratory ability to return to pristine rivers and indicate a healthy 

ecosystem, passing seemingly impassable weirs; they are also culturally important 

Mawle & Peirson, 2009). They have declined throughout their range and have been 

lost from many areas of Europe (WWF, 2001), with a reported 90% fall in nominal 

catch in the past 40 years (ICES, 2017) (Figure 2.5). An anadromous life cycle requires 

great energy expenditure and high swimming performance, as adult migrants are 

required to swim against the flow in order to reach upstream spawning locations 

(Morais & Deverat, 2016). Hence, barriers to the migration that cause delays cause 

more energy to be expended and have a negative impact on populations. High market 

value can also lead to overfishing and destruction of populations (Morais & Deverat, 

2016). The global supply of seafood is shifting from fisheries to aquaculture (FAO, 

2007) and salmon in fish farms become infested with lice. Wild salmon are recognised 

to have declined from infestation of salmon lice from salmon farms, with an over 80% 

louse-induced mortality found in pink salmon (Oncorhynchus gorbuscha (W)) by 

Krkoġek et al., 2007). Activities such as pollution, which can cause direct mortality, 

affect behaviour and degrade habitat; reduction in genetic diversity through 

anthropogenic activities, intended or unintended (farm escapes) (WWF, 2001; 

Vasemägi et al., 2005) as well as fisheries and global warming (Nicola et al., 2018) 

pose threat to salmonids.  

 

Figure 2.5. Total reported nominal catch of Atlantic salmon (tonnes round fresh weight) 

in four North Atlantic regions, 1960ï2016. Taken from ICES, 2017).  
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2.4.3 Catadromy  

Information and distribution  

Catadromous fishes are a unique subset of diadromous fishes because despite 

decades of research, there are less than 50 species reported (McDowall, 1987; 

Watanabe et al., 2009; Feutry et al., 2013). Other than eels, these species mostly 

contain a range of mullets, kuhliids and flatfishes; of catadromous species identified, 16 

are anguillid eels, ~12 are mullets and five are kuhliids (McDowall, 1987; Watene et al., 

2009; Feutry et al., 2013). Catadromous species are distributed at temperate to tropical 

latitudes, and the greatest are found at tropical to subtropical latitudes as a larger 

proportion of anugillid eels are found there (McDowall, 1997). Spawning and larval 

development occur in the marine environment, before migration to the freshwater 

habitat for feeding and growth. The spawning migration is in a downstream direction, 

exiting freshwater feeding grounds and returning to the oceanic spawning grounds as 

adults. Many catadromous species also display plasticity in the life history, particularly 

in terms of how much they use the pure freshwater environment (Tsukamoto et al., 

2001). Anguillid eels can also display facultative catadromy, where some individuals 

remain in the ocean for juvenile growth (e.g. Tsukamoto & Arai, 2001; Daverat et al., 

2006). Distance of migrations into the ocean varies widely, with anguillid eels being the 

most distinct and iconic, covering distances of up to 6,000 km (van den Thillart, Palstra 

& van Ginneken, 2009) to spawn. Other catadromous fishes differ to anugillid eels in 

that they migrate to just the nearshore waters where the water body becomes saline 

within estuaries (McDowall, 1988) and there is little evidence of any spawning areas far 

out in the ocean like anguillid eels (McDowall, 1987; 1988; 1997; Lucas & Baras, 

2001). This makes the catadromous anguillid life history unique (Morais & Deverat, 

2016). 

Globally, there are 19 species of freshwater eel in the genus Anguilla, which are often 

cited as examples of largeïscale migration; anguillid eels will be used as an example 

here. Eels, as well as other catadromous species, are highly valuable commercially 

(Tsukamoto 2001; Ringuet et al., 2002; Morais & Deverat, 2016) and are ecologically 

important as they are considered to be good ecological indicators of water quality due 

to their longevity, relatively sedentary lifestyle in catchments, and the fact that they are 

a key species in many aquatic food webs, feeding on a wide variety of prey and 

providing food to other species (e.g. Ruddock et al., 2003). All anguillid eels are 

thought to be semelparous and die after spawning (Tesch, 2003). Other species have 
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apparently overall larger variation in life history patterns than anguillid eels (McDowall, 

1988)  

Species example and information 

Although anguillid eels breed in a number of areas, they all carry out the same life 

cycle as the European eel (Figure 2.6). Eels metamorphose from the larval planktonic 

óleptocephalusô into transparent óglass eel when nearing the continent and are called 

óelversô once the skin develops pigmentation. Juvenile eels reach the continent as 

either glass eels or elvers depending on the time taken for the journey and enter rivers 

where they will reside and feed as óyellow eelsô until it is time to return to the ocean 

spawning grounds. Accumulation of enough fat for the migration, gonadal development 

(Tesch, 2003) and appropriate environmental conditions (Brujis & Durif, 2009) trigger 

the onset of sexual maturity. During this process, eels transform from yellow eels into 

migratory ósilver eelsô. This transformation has been described as a second 

metamorphosis. However, Aroua et al., (2005) found that due to significant hormonal 

changes, silvering should be considered as an onset of puberty. Nevertheless, the 

transformation encompasses many significant changes that result in remarkable 

functional and ecological changes for the eel (Lokman, 2016) to prepare for survival 

during the oceanic migration. The body colour becomes silver due to differentiation of 

pigment cells (Pankhurst & Lythgoe, 1982) which increases countershading (Han et al., 

2003). Eyes also increase in size, gonads develop and there are changes to the gut, 

muscle, heart, swimbladder (Lokman, 2016) and stomach (Tsukamoto et al., 2014). 

Having already acquired tolerance to salinity whilst in freshwater, behaviour also 

changes as feeding ceases and eels move downstream (Brujis & Durif, 2009). The 

most significant influence on eel movements during the downstream migration has 

been reported to be high flow but also hours of darkness and the dark moon, which is 

hypothesized to be an anti-predator mechanism (Sandlund et al., 2017; Huisman et al., 

2016). Water level and temperature are also contributing factors (Vollestad et al., 1994; 

Durif & Elie, 2008) and all of these factors may interact (Sandlund et al., 2017). 
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Figure 2.6. The life cycle and habitat use of the European eel, adapted from Jacoby & 

Gollack, (2014); Pujolar et al., (2015).  

The mysterious life cycle of eels has fascinated biologists for many generations, and 

numerous studies have been conducted to better understand the specifics of the 

spawning migration. Eels may exclusively inhabit the marine environment (Tsukamoto 

et al., 2001); this would mean that they performed an oceanodromous migration. 

Marine resident eels may be explained by interspecific competition for resources in 

freshwater habitats leading to more resources being provided as a result of residing in 

the marine environment (Moriarty, 1978). Despite this plasticity, it is recognised that a 

catadromous life history is probably dominant in anguillid eels (Lucas & Baras, 2001). 

Tsukamoto et al., (2001) discuss whether entering rivers for the feeding stage is 

determined by genetics or behavioural plasticity, as the marine breeding habitats are 

probably a traditional trait from the marine ancestor from which anguillid eels orginate 

(Tsukamoto & Aoyama, 1998). Despite this variability, generally for fish to be 

considered catadromous they must migrate to the brackish or marine environment to 

spawn, with larvae feeding and growing in these habitats before entering estuaries or 

freshwater as juveniles for growth until maturity (Morais & Deverat, 2016). 
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Current status and reasons for decline 

The decline of temperate species of eel is perhaps one of the most evident examples in 

recent years of the negative impact that humans have on a freshwater resource. 

Several species are now listed on the International Union for the Conservation of 

Nature (IUCN) Red List as endangered; American and Japanese ((Anguilla japonica 

(Temminck & Schlegel)) or critically endangered (European eel) (IUCN, 2014) after the 

decline in stocks of juveniles (Figure 2.7). For European eel, numbers have drastically 

dropped to just 5% of what they were in the 1960s and 1970s. ICES also advise that 

the stock is outside safe biological limits and that current fisheries are not sustainable 

(ICES, 2017). Although the species found in New Zealand (Shortfinned and Longfinned 

eel ((Anguilla dieffenbachii (Gray)) have not yet been evaluated by IUCN, the threats to 

eels of the Southern hemisphere are said to be the same as proposed for European 

eels and other temperate species (Feunteun, 2002; Lokman, 2016). Further, it is 

recognised in New Zealand that eel habitat loss is occurring and there has been a 

decline in glass eel and elver recruitment (Jellyman et al., 2002). A catadromous life 

history covering vast distances and a broad range of habitats makes eels particularly 

vulnerable to anthropogenic pressures that create barriers and affect movement 

between habitats (Bruijs & Durif, 2009; Calles et al., 2010; Marohn, Prigge & Hanel, 

2014).  

Barriers, particularly to adult downstream migrants attempting to exit the freshwater 

catchment, are recognised as being a major contributing factor to global eel declines 

(Dekker et al., 2016). They are sometimes in the form of turbines that must be safely 

navigated in order to exit the catchment but that can cause mortality associated with 

passage (Jansen et al., 2007). For example, a study on eel mortality in Canadian 

waters estimated that 75% of all anthropogenic American eel mortality is caused by 

hydroelectric dams (COSEWIC, 2012). Further,  such infrastructure causes long delays 

to the migration (Winter et al., 2006) which could deplete fat reserves and consequently 

reduce chances of successfully reaching spawning grounds (Acou et al., 2008; Piper et 

al., 2013; Eyler et al., 2016; Dainys et al., 2017) as eels require enough fat reserves for 

oocyte development before spawning, and to travel the distance of the migration 

without feeding, as they are not fully developed at the time of maturation (Lokman et 

al., 1998) after an already energetically costly silvering transformation (Crook et al., 

2014). There are multiple studies that generally accept that silver eels exit rivers in 

autumn to spawn as a single reproductive cohort the following spring (e.g. Vøllestad et 

al., 1986; Tesch, 2003; Miller et al., 2015; Capoccioni et al., 2014). However, findings 
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from eel migrations leaving from several European coastlines using satellite telemetry 

demonstrated that many eels undertake a slower paced migration than that generally 

accepted in the literature, which enables them to reach the Sargasso spawning area 

before spawning begins again the following December (Righton et al., 2016) Durif et 

al., (2005) also discusses that the silvering process is actually more flexible than it was 

thought. This complicates management, but it is known that mature silver eels can 

revert back to yellow eels in response to delays (Svedang & Wickstrom, 1997). Despite 

this flexibility, multiple eel species are threatened worldwide, indirect impacts of delays 

at barriers such as increased predation risk and the worsening of diseases (if present) 

due to stress make this process potentially unfavourable (e.g. Garcia De Leaniz, 2008; 

Forty et al., 2016) and may further contribute to their decline. In terms of efficient 

passage (see section 2.6.1), it would obviously be best if eels, when mature, could exit 

the catchment without long delays and complete their spawning migration. 

Other factors contributing to the worldwide decline of eels are climate change, changes 

in oceanic currents disease and parasites, exploitation at every phase of the life cycle, 

habitat loss, pollutants, predation and depleted body condition (e.g. Dekker et al., 

2014), causing reduction of fitness (Tsukamoto et al., 2001; Baltazar-Soares et al., 

2014; Hanel et al., 2014; Dainys et al., 2017). For European eel reduction of fitness can 

be caused by the swimbladder parasite Anguillicola crassus (Newbold et al., 2015), 

which reduces swimming performance and is proposed to consequently affect 

likelihood of reaching the spawning grounds (Barry et al., 2014).  
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Figure 2.7. Time trends in abundance of major juvenile eel stocks of the world. Taken 

from Dekker & Casselman, (2014). 

2.4.4 Summary 

This section overviewed three of the main types of migration, with particular emphasis 

on spawning migrations and related environmental factors that allow habitats required 

for different life stage to be exploited. Although the spawning migrations of 

potadromous fish species within freshwater such as brown trout, are small in distance 

when compared to the transoceanic migrations of catadromous species such as the 

European eel, these migrations are just as important to enable completion of life cycles 

(Lucas & Baras, 2001) and all migratory fish require free movement between habitats 

throughout their ontogeny. The increasing demands on rivers as a result of climate 

change, the growing human population and resultant increase in anthropogenic 

pressures makes migratory species especially vulnerable to extinction or decline as 

they are affected by changes in inhabited ecosystems and consequently along 

migration routes (Runge et al., 2014), with barriers to the migration being particularly 

impactful. Research to better understand the behaviour of migratory fish in modified 

rivers is required in order to alleviate the pressure of barriers to spawning migrations of 

fish.  
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2.5 River modification and its effect on spawning migrations 

Importance of rivers for humans and consequent modifications  

As well as supporting fish to carry out complex life histories, rivers have been integral 

to the growth of society and the human population, with almost the whole population 

relying on freshwater sources for the variety of services they provide (Vorosmarty et al., 

2010). Historically, water was one of the first methods for driving machinery and 

transporting goods that did not involve the use of animals (Cowx & Welcomme, 1998). 

Through modification of waterways throughout the catchment, different areas have 

been utilized to meet water, energy and transportation needs for centuries, resulting in 

many anthropogenic pressures and alterations to freshwater systems (Nilsson et al., 

2005). Industrial processes have required on a reliable source of water, and society 

requires water for drinking and hygiene. Humans have accessed, exploited and 

inhabited areas that were once inaccessible such as those below sea level. In order to 

utilise rivers and flow for these uses, weirs and dams are often installed to divert the 

flow or hold back water and are increasingly installed in response to urbanization, rapid 

agricultural and economic development coupled with an unpredictable climate (World 

Commission on Dams, 2000; Lucas & Baras, 2001). This considerably reduces riverine 

flows (Cowx & Welcomme, 1998) and consequently removes or alters the natural flow 

regime. Free-flowing rivers are vital for people in developing areas where millions of 

tons of fish are harvested (Opperman, et al., 2015), yet only 36% of the worldôs rivers 

longer than 1,000 km are free-flowing. The rest (and majority) of the worldôs rivers are 

extensively modified or fragmented for anthropogenic benefit, with plans for more than 

3,500 new dams in Asia, Africa and South America as the human population grows and 

the socio-economic status shifts (Brink et al., 2018). Many migratory freshwater fish are 

now endangered or nearly extinct (IUCN, 2017) with a major well accepted cause being 

threats from increasing human activities that create barriers to migration that make 

access to spawning grounds increasingly difficult. This has resulted in increasing 

controversy over construction of dams in developed countries (Jellyman & Harding, 

2012, and references therein). 

Impact of river modification on fish spawning migrations  

As well as aforementioned endogenous (genetic, physiological, metabolic) factors 

determining the evolution and ability of fish to migrate (Foreseth et al., 1999; Acolas et 

al., 2012), migratory behaviour is intrinsically linked to the environment that fish have 

adapted to survive in. Migratory fish need longitudinal connectivity throughout the 

range of habitats required in order to complete their life cycles. Many migratory species 
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are adapted to synchronize their behaviour with specific flow patterns such as peak 

floods in spring/winter or low flows in summer, with patterns providing cues for 

dispersal, migration and reproduction, feeding and predator avoidance as resources 

become available (Lehner et al., 2011) and all are recognised as being necessary for 

ecosystem functioning (Junk, Bayley & Sparks, 1989; Richter et al., 1996; Poff et al., 

1997). In temperate regions there is a distinct seasonality in photoperiod and 

temperature which provides seasonal peaks in productivity; these seasons are much 

more extreme in arctic regions which results in highly distinct migratory patterns. In 

tropical and subtropical regions there is less seasonality, so required resources such 

as floods are less available to fish (Lucas & Baras, 2001). In a review by Poff et al., 

(2010) on the ecological responses to flow regime change, 17 papers reported 

negative responses of fish. These all reported disruption of fish spawning cues, in 

response to a shift in timing of peak flows (n = 12) and to increased predictability of 

flows (n = 5). Similar findings were found in a review by Webb et al., (2013). This 

highlights the complex relationship between spawning fish and the flow regime, and the 

need for flows to be available that provide the cues and opportunities for spawning. 

Thus, the potential for negative impacts of alterations to flow patterns on fish are 

obvious, through disruption of life cycles and ecological processes (Lehner et al., 

2011).  

Considering this, barriers to migration created by lack of flow or physical barriers in the 

form of weirs, dams and associated infrastructure upset the delicate, vital balance 

between fish and their ecosystems. Barriers in any form cause significant delays to 

migrating fish. This can worsen the onset of diseases (if present) due to stress (Garcia 

De Leaniz, 2008), increase predation risk (Forty et al., 2016), and ultimately prevent 

fish from reaching spawning grounds or cause fish to arrive at spawning grounds at 

unfavourable times (Eyler et al., 2016). Despite migration barriers often being thought 

of as localised structures (Silva et al., 2018), the concept can be extended to anything 

that causes a reduction in fitness both during and after passage (Castro-Santos, Cotel, 

& Webb, 2009).  

The current situation leaves water resource managers today in a difficult position when 

attempting to balance the complex needs of the riverine ecosystem with those of 

society. In order to alleviate the pressures of barriers to fish migration, the behaviour of 

the species in question needs to be understood so that mitigation measures can be 

targeted. Those significant modifications to waterways and impacts of associated 

barriers that are relevant to the thesis will be discussed throughout this section, namely 
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impoundments, particularly reservoirs, dams, hydropower stations and pumping 

stations. 

2.5.1 Impoundments and dams 

Impoundments are large bodies of water constructed by dams that impound or divert 

part or all of riverine flow, consequently also eliminating peak flows and stabilizing low 

flows (Lehner et al., 2011). A dam is defined as a concrete or earthen barrier 

constructed across a river and designed to control water flow or to create an 

impoundment, where a weir is a dam on a river to stop and raise the water level for the 

purpose of conveying it to a mill, forming a fish pond, or similar (IFC, 2018). One type 

of impoundment is a reservoir, which will be used as an example here. Reservoirs are 

constructed for potable, agricultural or industrial supply; flood control, irrigation, 

generation of electricity, recreation, navigation and development (Avakyan & 

Lakovleva, 1998; WCD, 2000; British Dam Society, 2018). There are 16.7 million 

reservoirs worldwide larger than 10 km2 and estimated to be ~2.8 million larger than 

0.001 km2 (Lehner et al., 2011). Reservoirs are most commonly constructed by 

damming the natural watercourse, created between hills or mountains that act as walls 

to hold the water; the second method is created by draining a lake using a dam on a 

stream to allow water to collect at a different location and create a reservoir-lake; the 

third being a pumped-storage reservoir located in a geomorphological depression 

which also requires a dam to retain water (Avakyan & Lakovleva, 1998). Reservoirs 

exist on all continents, all altitudes and range in size, with the total capacity of stored 

water behind dams in Africa being 997.2 km3 compared 95.5 km3 in Australia (See 

Lehner et al., 2011 for a detailed review) (Figure 2.8).  
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Figure 2.8. Global distribution (by country) of large reservoirs included in the Global 

Reservoir and Dam database (GRanD). Taken from Lehner et al., (2011). 

Barriers created by dams and impoundments 

Dams and impoundments (including reservoirs) create barriers to migratory fish by 

physically obstructing the river and consequently blocking longitudinal connectivity. 

This impedes upstream movement of anadromous and potamodromous species and 

downstream movement of catadromous species, both juveniles and adults by 

preventing them from completing life cycles when habitat required for different life 

stages is either side of the barrier. Impoundments, including reservoirs extend 

longitudinally and horizontally over a far greater distance than dams (Pelicice et al., 

2015). This creates a behavioural barrier to juvenile and adult fish requiring 

downstream passage, as they likely lack the required orientation for downstream 

migration across the long stretch of water between upper areas of reservoirs and the 

dam in the lower area (Thornton et al., 1990; Pelicice et al., 2015). Juvenile fish may be 

prevented from dispersing and colonising new patches, which is essential for 

populations to persist in habitats (Nilsson et al., 2005; Travis and Dytham, 1999). Adult 

potamodromous and diadromous fish that do successfully ascend dams and enter a 

reservoir must also exit in order to migrate either up or downstream for feeding or 

reproduction.  During seasonal migration periods, large numbers of juvenile fish have 

been reported to be pumped into reservoirs as a result of impingement (e.g. Ketelaars 

et al., 1998) Young fish that drift downstream to disperse and find appropriate habitat 

for feeding and growth as part of the life cycle, such as cyprinids in Europe (Reichard 
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et al., 2001) and Atlantic salmon, white sucker ((Catostomus commersoni (Lacepède, 

1803), Cyprinidae, and sea lamprey (Petromyzon marinus L.) in North America 

(Johnston, 1997) may be  prevented from doing so due to the absence of the natural 

flow regime and infrequency of suitable flows (Pelicice et al., 2015). If fish are not 

aiming to drift downstream due to the risk associated with dispersing to new habitats, 

e.g. if there is a low amount of suitable habitat (e.g. Bowler et al., 2005), unnatural 

flows could cause fish to be washed out and/ or stranded (e.g. Greimel et al., 2015). If 

the reservoir operates using turbines to move water from one place to another, this 

may result in fish being impinged or entrained into turbines when searching for an exit, 

which can cause injury or direct mortality (see sections 2.5.2 and 2.5.3). Fish passes, 

or ófishwaysô may facilitate up and downstream passage yet many are ineffective 

(Noonan et al., 2012; Brown et al., 2013) (see section 2.6). 

If efficient passage solutions are not in place and fish are trapped in the reservoir or 

above/ below dams, migrations can be delayed, which can result in cessation of 

migration in adults (Aarestrup & Koed, 2003; Bolland et al., 2018) and cause 

aforementioned negative impacts from delays (see previous section). For juveniles, 

they can be prevented from accessing areas required for growth, which may increase 

predation risk and result in competition for resources (Freeman et al., 2001). Further, 

juvenile young-of-year fishes depend on stable habitat conditions for survival, and have 

previously been found to have reduced habitat persistence downstream of a 

hydropower dam which can reduce the persistence of native fishes in systems where 

flow is regulated (Freeman et al., 2001). Sometimes, reservoirs such as those 

associated with hydropower genration have spillways that can provide downstream 

passage; these have higher survival rates than exiting reservoirs via moving parts, i.e. 

turbines, or deep-water regulating outlets due to associated risk of injury or mortality 

(Cowx & Welcomme, 1998; Coutant & Whitney, 2000; Keefer et al., 2011). However, 

adult upstream migrants can repeatedly fall back over spillways, which in itself can 

result in injury or death and migration delays (Boggs et al., 2011).  

Considering the aforementioned impacts, species can be lost from areas upstream of 

the dam / impoundment unless passage is provided (Cowx & Welcomme, 1998) as 

access to feeding and spawning grounds is prevented (Anderson et al., 2015). 

Longitudinal connectivity is required to facilitate ecological processes such as 

dispersal, migration and energy transfer along river networks, making freshwater 

biodiversity dependent on the capacity to maintain all such processes (Hermoso et al., 

2018). Hence, fragmentation or disruption of longitudinal connectivity caused by dams 
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and reservoirs has been responsible for significant declines in biodiversity (Vörösmarty 

et al., 2010) due to a number of contributing factors ( 

Table 2.1; McAllister et al., 2001).  

Table 2.1. Impacts to freshwater biodiversity that are caused by dams and their associated 
reservoirs 

¶ Blocking movement of migratory species up and down rivers, causing extirpation or 
extinction of genetically distinct stocks or species 

¶ Changing riverine turbidity/sediment levels that species/ecosystems are adapted to 
affects species adapted to natural levels. Trapping silt in reservoirs deprives 
downstream deltas/estuaries of maintenance materials/nutrients that productive 
ecosystems require 

¶ Filtering out of woody debris which provides habitat and sustains a food chain 

¶ Changing conditions in rivers flooded by reservoirs: running water becomes still, silt is 
deposited, deepwater zones, temperature and oxygen conditions are created that are 
unsuitable for riverine species 

¶ Providing new habitats for waterfowl in particular for overwintering or in arid regions 
which may increase their populations 

¶ Possibly fostering exotic species. Exotic species tend to displace indigenous 
biodiversity 

¶ Reservoirs may be colonised by species which are vectors of human and animal 
diseases 

¶ Flood plains provide vital habitat to diverse river biotas during highwater periods in 
many river basins. Dam management that diminishes or stops normal river flooding of 
these plains will impact diversity and fisheries 

¶ Changing the normal seasonal estuarine discharge which can reduce the supply of 
entrained nutrients, impacting the food chains that sustain fisheries in inland and 
estuarine deltas 

¶ The cumulative effects of a series of dams, especially where the impact footprint of one 
dam overlaps with that of the next downstream dam(s) 

¶ Modifying water quality and flow patterns downstream 

¶ Other human activities, including agriculture, forestry, urbanisation and fishing, although 
these are primarily land-based. 

 

Modification or removal of the natural flow regime  

Flow regulation is one of the main ecological impacts caused by dams (Poff et al., 

1997; Bunn & Arthington, 2002). Dams can hold back a high proportion if not all of the 

flow in a catchment for prolonged periods of time (Acreman et al., 2010) causing 

absence of or reduced frequency of flows than what would be experienced in the 

natural river. Consequently, floods and inter-annual, seasonal, weekly and hourly runoff 

flow redistribution are decreased or completely removed, which significantly transforms 

the river (Avakyan & Lakovleva, 1998). Often the water is managed in terms of 

minimum needs to meet ecological objectives which will vary site-by-site, i.e. the 

minimum flows required to keep water flowing over habitat (Acreman & Ferguson, 

2010). In these cases, a uniform, óflatlineô compensation flow which does not replicate 
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the natural flow regime (Figure 2.9) or a very small constant flow is all that is provided 

to rivers. In some cases, the only flow received may be to meet the needs of specific 

species of faunal groups, which is not suitable for all flora and fauna and hence does 

not maintain ecological integrity. Apart from this or if mitigation is in place that aims to 

replicate the natural flow regime to maintain ecological integrity (see section 2.6.5), the 

only other flow received by rivers downstream results from reservoirs overspilling if 

they are at capacity during high flow events. Removal of the flow regime also prevents 

associated habitat from receiving necessary flows for habitat maintenance and other 

functions, whilst allowing opportunistic vegetation to flourish; this in turn creates slower 

flow conditions, decreases the scouring action of the flow and encourages deposition of 

finer sediment due to inhibition of bed material movement (Cowx & Welcomme, 1998; 

Lucas & Baras, 2001).   

 

Figure 2.9. Hypothetical flow regime including natural flows (blue) and flow experienced 

in a regulated (pink) regime where the compensation flow and freshet releases are 

managed,that would typically be experienced downstream of a water supply reservoir 

(taken from Dunbar et al., 2008). 

Other negative effects on migratory fish  

The water released from reservoirs can be cooler than that in the river, if they are 

constructed in deep valleys. This can result in reduced species diversity and 

replacement of fish communities if the new temperatures are different to those required 

by inhabiting species (Lucas & Baras, 2001). Such temperature shifts reduce the 

naturally high degree of seasonal and temporal variation in rivers, with stream 

temperatures downstream of reservoirs being higher in winter and lower in summer 
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(Cowx & Welcomme, 1998; Lucas & Baras, 2001). These changes can also remove 

thermal signals that are essential for certain behaviours such as spawning, swimming 

ability and fish growth in different species (Cowx & Welcomme, 1998; Lucas & Baras, 

2001). Further, gravels are trapped in reservoirs; this is particularly detrimental for 

species that require them for spawning such as salmonids and barbel (Cowx & 

Welcomme, 1998) when they are removed and the reservoir prevents them from being 

replenished.  

2.5.2 Hydropower generation 

Hydroelectric power, where power is generated by using the energy from falling water 

to drive water turbines that in turn drive electric generators, provides almost one-fifth of 

the worldôs electricity (Paish, 2002) and has risen steadily over the past 10 years but 

has always contributed the most renewable power capacity. Being a renewable energy 

source, it is rapidly gaining importance (Zarfl et al., 2015) and is considered the most 

important renewable electricity source worldwide (Bratrich et al., 2004) as global 

targets for renewable energy increase. Under the United Nations Sustainable 

Development Goals 7: affordable and clean energy, the global targets for achievement 

by 2030 include ñuniversal access to affordable, reliable and modern energy services, a 

substantial increase in the share of renewable energy in the global energy mix and to 

enhance international cooperation to facilitate access to clean energy research and 

technology, including renewable energy, energy efficiency and advanced and cleaner 

fossil-fuel technology, and promote investment in energy infrastructure and clean 

energy technologyò (UNDP, 2018). In the EU, legislation requires 20% of energy 

production to be from renewable sources by 2020, which further increases the interest 

in hydropower (EPCEU, 2009). 

Of 37,600 dams higher than 15 m reported worldwide in 2011, more than 8,600 were 

primarily for hydropower generation (International Commission on Large Dams, 2011). 

There are plans to build many more, especially in the Amazon, Congo and Mekong, 

which are the worldôs most biodiverse river basins (Winemiller et al., 2016) as well as 

on other continents (Figure 2.10).  
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Figure 2.10. Global spatial distribution of future hydropower dams, either under 

construction (blue dots 17 %) or planned (red dots 83 %). Taken from Zarfl et al., 

(2015). Full details of data collection and processing on hydropower dams available in 

the reference. 

Being renewable, hydropower is often environmentally preferred over fossil fuels or 

nuclear power (Renofault et al., 2010). However, there are still significant 

environmental impacts that must be taken into consideration for it to be considered 

carbon-neutral, including construction costs and loss of terrestrial vegetation, fuel types 

used, average consumption and emission loads from equipment and machinery and 

emissions and CO2 (IFC, 2018). After construction, impacts to fish and other biota 

must also be considered, as potential impacts include changes in stream water flow, 

velocity and depth, timing, duration, abruptness of transition and predictability of flow 

regimes due to project activities; habitat fragmentation in watersheds; aggravation of 

existing soil erosion rates due to project activities; modification of quality of water in 

streams; changes in pH and elevated levels of turbidity, total suspended and dissolved 

solids, potentially causing fish kills and depletion of species richness and infrastructure 

creating barriers to fish migration (see IFC, 2018). As a result of these potential 

impacts, it may not be considered green energy in terms of the health of rivers and 

inhabiting biota (e.g. Rosenberg et al., 1995; Ausubel, 2007). 

Large hydropower schemes are generally coupled with large impoundments whereas 

small scale schemes are órun-of-riverô (Robson, 2013) and do not require water to be 
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stored but a weir or dam is installed to divert some of the flow to drive turbine(s) before 

water is returned downstream (Robson, 2013; Anderston et al.,  2015). Run-of-river 

schemes vary in design as they are tailored to the geography, historical use and 

modification of the water body (Anderson et al., 2015). They are recognised as being 

one of the most cost-effective and the main prospect for future developments in Europe 

after recognition that large-scale opportunities have already been exploited or would no 

longer be deemed environmentally acceptable (Paish, 2002). Run-of-river schemes 

can utilise a low, medium or high head of water in order to power turbines. Low head 

schemes have been defined as using a head of water between 5-25 m but also less 

than 10 m and are said to vary with turbine size (Paish, 2002), and occur in lower 

gradient river reaches, medium-head use a head of water between 25-50 m and high-

head 50 m+, the latter of which are limited to high-gradient, upland rivers (Anderson et 

al., 2015). The head of water is the change in water levels between the intake and the 

discharge point of the hydropower scheme, and is a vertical height measured in 

metres, with more head meaning more water pressure across the turbine(s) and 

consequently more power being generated (Hogan, 2005; Renewables First, 2015).  

Common turbine types 

There are several turbine types, specifically designed for their application, i.e. impulse 

turbines are designed to operate at high head, low flow such as in large scale 

schemes, and reaction turbines that are designed for low-head, high flow application 

such as run-of-river schemes (Figure 2.11). Run-of-river schemes are generally said to 

generate power using ófastô rotation impulse (high head) or reaction (low head) turbines 

(BHA, 2005).   
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Figure 2.11. Types of typical Hydropower Turbines. Figure created from information in 

EERE, (2018), available online at https://www.energy.gov/eere/water/types-

hydropower-turbines. Crossflow turbine diagram available from 

https://ossberger.de/en/hydropower-technology/ossbergerr-crossflow-turbine/.  

Risk of entrainment or impingement 

Despite intakes of hydropower turbines being screened to prevent debris being drawn 

in (Barnthouse, 2013), passage through turbines can potentially result in direct 

mortality (Larinier et al., 2008) or severe injury that will inhibit successful completion of 

the migration. Fish can be trapped or óimpingedô onto screens, or pulled or óentrainedô 

into turbines if the spacing of the bars on the screen are large enough to allow entry. 

Small diameter turbines are reported to be most damaging to downstream migrating 

fish (Watene & Boubee, 2005, and references therein). Injury and mortality rates vary 

from site to site, depending on turbine type, size, local hydraulic conditions, power 

station configuration, number and spacing of blades, rotation speed, water head and 

generation levels, and are also affected by fish size and behaviour, with downstream 

migrating eels being reported to have a higher mortality rate than juvenile salmonids 

due to their elongate body; this as well as low flow through turbines is recognised as 

https://www.energy.gov/eere/water/types-hydropower-turbines
https://www.energy.gov/eere/water/types-hydropower-turbines
https://ossberger.de/en/hydropower-technology/ossbergerr-crossflow-turbine/
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the most damaging to eels (Larinier et al., 2008; Smith et al., 2017, and references 

therein; Yang et al, 2018). Damage during passage through turbines depends on the 

design of the turbine; typical hydropower turbines such as Kaplan or Franics have gaps 

between the blades and the turbine casing where fish can get caught, with small 

designs that spin fast to produce the most energy for the lowest cost being recognised 

as the most damaging (Spring, 2010). Kaplan turbines typically have five or six blades, 

Francis can have up to 18, which increases the risk of blade strike and injury to fish 

(Spring, 2010). Injuries can be caused by pressure increase or drop and effects to the 

swimbladder, cavitation, mechanical strike, scratch/ grinding, shear stress or 

turbulence (Figure 2.12), as well as potential damage caused in the outfall if it is not 

safe (i.e. too shallow) when fish exit (Lucas & Baras, 2001; Yang et al., 2018). Turbines 

are also used in some reservoirs so pose risks to migratory fish attempting to exit these 

impoundments (see section 2.4.1).  

 

Figure 2.12. Mechanisms within a turbine that can injure fish. 1ïPressure increase; 2ï

Pressure drop; 3ïCavitation; 4ïStrike;5ï Scratch; 6ïShear stress; 7ïTurbulence. 

Taken from Yang et al., (2018). 

Studies on eels report wide variations in mortality during hydropower turbine passage 

i.e. 9 ï 60% in European eels (Winter et al., 2006; Bruijs et al., 2009; Calles et al., 

2010; Pedersen et al., 2012); 16 ï 100% for American eels  (Eyler et al., 2016; Carr & 

Whoriskey, 2008) and it is predicted to be 100% for large shortfins in New Zealand 

(Mitchell & Boubée, 1992), with risk of mortality increasing with size of eels and head 

height of the intake (see Beentjes et al., 2005). This has received increasing attention 
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in recent years due to the aforementioned decline of eel species. Consequently, 

hydropower can only be considered as ógreenô energy if environmental implications, 

specifically protection of fish and ecosystem services, are considered (BHA, 2008). 

There can be multiple hydroelectric dams along migratory pathways; for eels, 

cumulative mortality when multiple structures must be navigated can significantly 

reduce overall escapement of silver eels. Cumulative mortality rate was predicted to be 

60% for female American eels leaving the Kennebec River basin, Maine, where there 

are 22 hydroelectric dams (McCleave, 2001) when presuming a very low (10%) 

mortality rate at each dam. However, it is likely survival at each structure will be lower; 

in the Ottawa River watershed, passage through five hydroelectric dams was estimated 

to be as low as 2.4% for American eels (MacGregor et al., 2015). For salmonids, 100% 

mortality was reported after passage through eight hydropower stations (Nyqvist et al., 

2015). Replacing turbines with fish friendly ones (see section 2.6.42.6) are one 

mitigation measure that may reduce injury and mortality. 

Modification or removal of the natural flow regime 

Hydropower, regardless of head or whether water is stored, often diverts relatively 

large volumes of water which results in a stretch of river being depleted of flow while 

the station is operating (Anderson et al., 2015), except in the case of small run-of-river 

schemes. Hence, it poses many of the same aforementioned negative implications as 

large impoundment schemes, caused by separation of channel and diversion of flow 

(Robson, 2013). The amount of water available for hydropower generation depends on 

rainfall patterns, with more water available during wetter periods or high flows (Origin 

Energy Limited, 2017). During these times, power is generated when it is most cost ï 

effective in response to fluctuating electrity rates, rather than to meet the needs of 

inhabiting fish, per se. This is usually at night, which is often when fish migrate due to 

the decreased predation risk during low light levels (e.g. Helfman, 1986). Despite more 

water passing the structure during these times, high flows associated with periods of 

rainfall provide a cue to diadromous and potamodromous species that follow the major 

flow during downstream migration (Anderson et al., 2015). Consequently, fish are 

attracted to hydropower intakes and unless there is a safe passage route, injury or 

mortality could result from impingement or entrainment, or delays to the migration and 

associated risks (Larinier et al., 2008).  

In order to satisfy peaks in electricity demand, plants work intermittently; this creates 

periodic flow fluctuations in the receiving water body known known as hydropeaking 

(Valentin et al., 1996). These fluctuations generally have a more rapid start/stop than 
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natural flow regimes, have more frequent changes and their maximum value is much 

lower than a natural high flow event for example, as they are driven by factors such as 

generation costs, turbine regulation and gate manipulation (e.g. Schmutz et al., 2015; 

Greimel et al., 2015). This has been found to have negative impacts on spawning 

behaviour in migrant fish; only 5% of adult lake sturgeon (Acipenser fulvescens 

Rafinesque) were in ripe-running condition in hydropeaking years compared with 79% 

of males and 39% of females in non-hydropeaking years (Lucas & Baras, 2001). 

Hydropeaking may be required in some years and not others, i.e. in years with more 

rainfall it may not be necessary and depending on demand. Hydropeaking can also 

wash juveniles further downstream, requiring a longer spawning migration as adults if 

the species homes (Lucas & Baras, 2001) and requiring significant energy expenditure 

to avoid downstream displacement (Griemel et al., 2015). It can also cause behavioural 

changes and loss of habitat (Vehanen et al., 2000, Flodmark et al., 2002). Further, 

rapid release of water from storage reservoirs could put fish inhabiting the donor water 

body at risk of impingement or entrainment. 

Other negative impacts on migratory fish  

The aforementioned impacts from impoundments associated with large schemes also 

apply here. Also, hydropeaking can also cause fluctuations in temperature if 

temperature of water released from upstream of the dam is different from that in the 

receiving water, known as thermopeaking (e.g. Choi & Choi, 2018). Flow regulation as 

a result of hydroelectric projects has been suggested to reduce normal turbulence, 

which can lead to disorientation and consequent slowing of migration (Odeh et al., 

2002, and references therein).  

2.5.3 Pumping stations 

Another major impact to freshwater ecosystems and inhabiting migratory fish is through 

land drainage from pumping stations, which typically divert all water through pumps 

and represent a complete barrier to migratory species that must pass through these 

structures in order to exit the catchment. The land that pumping stations drain is often 

below sea level as it has been reclaimed from the sea for uses such as agriculture, 

flood protection, water level management, sewage control and to feed canals for 

navigation (Buysse et al., 2014). Consequently, water has to be pumped out of the 

catchment to a higher level in order for these areas to be inhabited and exploited 

(Figure 2.13). Wetland areas have been increasingly reclaimed in response to an 

increase in population and a decrease in the productive capacity of over-used farmland 

(Cowx & Welcomme, 1998). This has required an increase also in irrigation works that 
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are regulated by pumping stations in order to supply the reclaimed areas, which 

increased exponentially between the years 1950 ï 2000 (Fernando & Halwart, 2000). 

The worldwide distribution of pumping stations is poorly quantified (Buysse et al., 

2014); notwithstanding, they are widely used in Europe; in England and Wales, 

Northern Ireland, Belgium and the Netherlands alone there are ~946, 335, 150 and 

3000, respectively (Solomon & Wright, 2012; Buysse et al., 2014, and references 

therein; DEFRA, 2015; 2018; NI Water, 2019). There have been numerous studies to 

determine the impact of pumping stations on passing fish, (mainly salmonids) in 

Canada, France, Denmark, the U.S., New Zealand and Sweden (see Buysse et al., 

2014, and references therein), highlighting the impact globally.  

 

Figure 2.13. Major components in a pumping station. Taken from Environment Agency, 

(2010).  

Risk of entrainment or impingement  

The same risks of impingement, entrainment and damage caused by passage created 

by hydropower turbines apply to fish at pumping stations, and the impact is considered 

comparable (Brink et al., 2018). During passage through a pump, fish can be damaged 

by grinding, impeller strike, shear stress, or in the turbulence, as seen in hydropower 

(Figure 2.12), and/or surroundings in the outfall (e.g. Bolland et al., 2018). The risk of 

these, as with hydropower, is dependent on the pump type and the size of the fish. 

Cumulative mortality is also an issue after passage through multiple pumping stations 










































