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Dams and weirs fragment rivers and can prevent fish from reaching habitats 
needed for feeding, refuge, and reproduction. Fishways are built to restore passage, 
but their presence alone does not guarantee functional connectivity.

This thesis examines how fishway performance can be assessed across species, 
sites, and time. A review of available methods showed that no single approach 
captures all relevant aspects of passage. A telemetric field study at a vertical-slot 
fishway found that passage differed among species and fish sizes and hinted at 
the importance of attraction, entry, and individual motivation. In Sweden, fish-
counter and electrofishing data from 35 fishway locations showed that more 
species were observed and community-level passage effectiveness was higher in 
nature-like than in technical fishways. Long-term observations in four of these 
fishways showed that movements of the otherwise rarely recorded vimba were 
concentrated in spring and early summer and were related to seasonal state and 
short-term changes in temperature and discharge.

Together, the studies show that fishway passage is a multi-stage process that 
is usually only partly observed. Reliable assessment therefore requires clear 
management objectives and, ideally, combinations of methods.
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Foreword 

 

Looking back while writing this thesis, I can only wonder what weird 

pivotal moments in life led me to this very point. 

 

— Biology is a somewhat interesting subject, yes, and I am good at it 

in school, so maybe…? 

— Why not focus on nature conservation, put my babbling to good use? 

— Why am I getting yelled at before the seminar on internal nature 

conservation even started? This guy has visited every continent and 

half of the islands on this planet – how is my question the dumbest 

he has ever heard? 

— Why would he quote that? Which teacher even finds the time to 

write half-page newspaper articles?i 

— Why am I standing next to a river, in the dark, alone, reinstalling 

Windows XP for the third time?ii 

— Why is this guy yelling angrily at me for ten straight minutes after I 

told him that he should consider some improvements for his fish-

way with a water depth of 20 cm? And why is he now suddenly nice? 

Wait, is this how crazy people talk? Did I meet an actual maniac? 

— Why is this project in Sweden? And why write it Karlsta(aaa)d and 

not Karlstadt? … No, it makes sense. Why even add a t behind a d? 

Is German the weird language here? 

— And, finally, why did this take so long? 

Oh, I remember. 

My mantra. 

 

This is too easy. How can I complicate it?

 

 
i After telling a class of school kids that in the past, there were “definitely” sturgeon (Acipenser sturio) 

in the river Lahn – 140 km upstream of its river mouth into the Rhine, with a mean annual discharge 

of 22 m³/s – and they can grow huuuge, longer than two of the kids stacked on top of each other! I 

mean, maybe. But also, maybe, I should pick up a book next time before a secret supplier of the local 

press assumes I am the authority on the matter? 
ii Because that is what professionals do in warm summer nights. Troubleshooting Microsoft products 

hooked up to antennas for radio-frequency identification. 



 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

This work is dedicated first and foremost to the few brave souls who 

actually read it and – hopefully – gain something while doing so. If not:  

Don’t tell me. 

 

 

It is also dedicated to the two people that took my interest in fish and 

threw it at a whole bouquet of diverse projects, making me slowly ac-

cept the understanding of fish migration and the meddling in it as the 

highest purpose one can serve in life something pretty amazing. 

 

Beate and Uli, 

 

I am sure you would (and probably did) enjoy the following quote: 

 

 

 

No doubt, when salmon passes and ladders come to be better 

understood, the means of evading them will be better under-

stood also, and we shall be fighting everlasting battles about 

it; but it must never be forgotten that no pass nor ladder, however 

good, can compensate to a fishery for the construction of a weir. 

 

 

 

—Francis Francis, Reports on salmon ladders. 

(1870) 
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Abstract 

River fragmentation by dams and weirs disrupts longitudinal connec-

tivity and can restrict fish movements between essential habitats, neg-

atively affecting populations to the point of local extinction. Fishways 

are widely used to mitigate these effects, but their presence alone does 

not mean that functional connectivity has been restored. Fishway per-

formance varies among species, life stages, seasons, and locations, 

while the performance pattern detected depend on the assessment 

methods used. At the same time, many evaluations remain limited to 

narrow target species or single monitoring approaches. This thesis ad-

vances the understanding of fishway performance in fragmented rivers, 

with emphasis on multi-species assessments, rarely studied fishes, and 

real-world field conditions. 

 

The thesis combines four studies that address fishway functionality 

from complementary perspectives. First, available methods for as-

sessing upstream fish passage were reviewed, showing that qualitative 

methods such as trapping, electrofishing, and fish counters are well 

suited for describing species composition and temporal patterns of 

fishway usage. Approaches that track individual fish, typically telemet-

ric, are needed to estimate fishway efficiencies, passage timing, and po-

tential delays (Paper I). Second, passive integrated transponder tags 

and radio telemetry were used in an exemplary assessment of a vertical 

slot fishway in the Po River, Italy. Passage was strongly dependent on 

species and release location: most successful passages were by rheo-

philic cyprinids, barbel and Italian chub, while several other species 

were rarely or never detected. Once fish had entered the monitored part 

of the fishway, most barbel and Italian chub completed the passage. 

Results indicated that attraction, entry, motivation, and seasonal tim-

ing may be as important as internal passability for successful fishway 

passage (Paper II). Third, fish counter observations from 35 Swedish 

fishways were combined with electrofishing records from surrounding 

river reaches to compare effectiveness metrics between fishway types. 

Nature-like fishways contained higher species richness and showed 

higher community-level passage effectiveness than technical fishways, 

whereas electrofishing data alone did not reveal the same differences 
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(Paper III). Fourth, long-term fish counter observations from four 

Swedish rivers showed that movements of vimba were strongly sea-

sonal, concentrated in spring and early summer, but differed in timing 

and intensity among rivers and years. Movement patterns were shaped 

by seasonal state and short-term changes in water temperature and 

discharge rather than by fixed environmental thresholds alone (Pa-

per IV). 

 

Together, these studies show that fishway performance is best under-

stood as a multi-stage process rather than a binary property of a struc-

ture. Fishway assessments should ideally provide information about 

both long-distance diadromous species and local fish communities and 

distinguish attraction, entry, passage, and timing, and should align 

methods with explicit biological and management objectives. Integra-

tion of methods and reuse of existing data can improve assessment of 

fishways across species, sites, and time, but careful ecological interpre-

tation remains essential for translating detections into meaningful ev-

idence of restored functional connectivity able to sustain fish popula-

tions long-term. 
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Svensk populärvetenskaplig sammanfattning 

Fiskar behöver kunna förflytta sig mellan olika delar av ett vattendrag 

för att hitta föda, undkomma ogynnsamma förhållanden och nå 

lämpliga lekplatser. Dammar och andra vandringshinder delar upp 

vattendragen och kan stänga av vägen till sådana viktiga livsmiljöer. 

Det kan leda till att fiskbestånd minskar eller till och med försvinner 

lokalt. 

 

En vanlig åtgärd är att bygga en fiskväg, också kallad fisktrappa eller 

faunapassage, som hjälper fisken att ta sig förbi hindret. Men en fiskväg 

löser inte automatiskt problemet. Fisken måste nå hindret, hitta 

fiskvägens ingång, simma in och ta sig genom hela konstruktionen − 

och göra det vid rätt tidpunkt. Hur väl detta lyckas kan skilja sig mellan 

arter, storleksgrupper, årstider och platser. 

 

Forskningen om fiskvägar har länge varit inriktad på lax och andra 

stora, långvandrande fiskar. Även mindre arter och fiskar som främst 

rör sig inom ett vattendrag behöver dock kunna nå olika livsmiljöer. I 

den här avhandlingen undersöker jag därför hur man kan bedöma hur 

väl fiskvägar fungerar för olika arter under verkliga förhållanden. 

 

I den första studien sammanställde jag de metoder som används för att 

undersöka fiskars vandring uppströms genom fiskvägar. Fällor och 

kamerabaserade fiskräknare kan visa vilka arter som använder en 

fiskväg, hur många fiskar som passerar och när de gör det. För att 

beräkna andelen av fiskarna som hittar ingången och tar sig genom 

fiskvägen, eller om hindret försenar deras vandring, behöver enskilda 

individer däremot följas med hjälp av exempelvis elektroniska märken 

eller radiosändare. Olika metoder ger alltså svar på olika frågor. 

 

I den andra studien följde vi fiskar vid en fiskväg i floden Po i Italien 

under åtta månader. Fiskar av flera arter märktes, men bara ungefär 

var tionde registrerades inne i fiskvägen. De flesta lyckade passager 

gjordes av två karpfiskarter som lever i strömmande vatten, och större 

individer passerade oftare än mindre. De flesta individer som väl hade 

nått den övervakade delen av fiskvägen tog sig dock också till utgången. 



 

ix 

 

 

Svårigheten kan därför främst ha legat i att nå dammen, hitta 

fiskvägens ingång eller simma in, snarare än i att ta sig genom själva 

konstruktionen. 

 

I den tredje studien kombinerade jag observationer från fiskräknare i 

35 svenska fiskvägar med elfiskedata från de omgivande vattendragen. 

Fler arter registrerades i naturlika fiskvägar, som efterliknar naturliga 

vattendragssträckor, än i mer regelbundet utformade tekniska 

fiskvägar. Av de vandrande arter som fanns i de omgivande 

vattendragen registrerades i genomsnitt 82 procent när de passerade 

genom naturlika fiskvägar. Motsvarande andel för tekniska fiskvägar 

var 61 procent. En jämförelse som enbart byggde på elfiskedata visade 

däremot inte samma skillnad. Detta visar att valet av 

undersökningsmetod kan påverka vilka slutsatser man drar. 

 

I den fjärde studien analyserade jag 14 års observationer av vimma 

(Vimba vimba) från fyra svenska vattendrag. Vimman är en karpfisk 

som vandrar för att leka men som sällan har studerats i fiskvägar. De 

flesta rörelserna skedde under våren och försommaren, särskilt i maj 

och juni, men tidpunkten och antalet fiskar varierade mellan 

vattendrag och år. Rörelserna var vanligast när vattnet blev varmare 

och vattenföringen minskade. Vandringen tycks alltså bero både på att 

fiskarna är redo att vandra under en viss del av året och på kortvariga 

förändringar i miljön, snarare än på att temperaturen eller 

vattenföringen når ett bestämt värde. 

 

Sammantaget visar avhandlingen att en fiskvägs funktion inte kan 

beskrivas med ett enkelt ja eller nej. Den kan fungera väl för en art men 

dåligt för en annan, och problem kan uppstå i olika steg på vägen förbi 

hindret. Bedömningar av fiskvägar behöver därför utgå från tydliga 

mål för vilka arter och livsstadier som ska kunna passera, när det ska 

ske och vilket resultat som är tillräckligt. Genom att kombinera 

metoder och använda långa observationsserier kan vi bättre förstå var 

problemen uppstår och hur fiskvägar kan förbättras. Först när 

tillräckligt många fiskar kan nå nödvändiga livsmiljöer vid rätt 

tidpunkt har en fungerande förbindelse, så kallad funktionell 

konnektivitet, verkligen återställts. 
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Introduction 

Every animal needs to move at some point in its life – to forage, avoid 

adverse weather, escape predation or predate on other animals, find 

mates and reproduce et cetera, ultimately trying to find suitable condi-

tions for the respective activity in its accessible environment. Land-

scapes provide the stage on which animals move through space and 

time. They are constantly shaped by natural processes, scaling from 

eons – leading to the inevitability of a mountain range – to mere days 

in which a catastrophic event could shift a river into a different course. 

Landscapes are also affected by humans whose effectiveness in extract-

ing resources for shelter, farming and expansion first created new land-

scapes and increasingly degraded them since the second half of the 20th 

century (Zerbe, 2022). A heavily impacted part within a landscape is 

the riverscape (Vári et al., 2022), hydrologically connected to its sur-

roundings vertically, laterally, and longitudinally to varying degrees 

over time (Poole, 2002). As a focal point of human civilisation, fish 

have been caught from rivers as food, floodplains have been converted 

to farmland, and dams have been erected to control, reroute the water 

flow, and harvest its power (Dudgeon et al., 2006; Vörösmarty et al., 

2010). Half of all river catchments have been profoundly affected by 

human activity (Su et al., 2021) and even new artificial freshwater eco-

systems emerged (Clifford & Heffernan, 2018) that might serve as al-

ternative waterways and habitats, such as canals (Vergeynst et al., 

2021) or rice paddies (Luo et al., 2014). No matter if a part of a river 

system is natural, semi-natural or artificial, one constant remains: the 

animals in the water, especially fish, need to move. 

 

All fish move in rivers 

Freshwater fish move for very similar reasons as land animals, such as 

searching for foraging grounds (L’Abée‐Lund & Vøllestad, 1987) or 

prey (which can be other fish moving to avoid this; Furey et al., 2016) , 

finding shelter from extreme (seasonal) conditions such as heat (Amat‐

Trigo et al., 2023), floods (Schwartz & Herricks, 2005), drought 

(Schiavon et al., 2024), or to spawn in suitable habitats (Brönmark et 

al., 2014). When fish movements are directed, sustained, and follow a 
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periodicity, they are usually described as migrations (Dingle & Drake, 

2007; Lucas & Baras, 2001).3 Fish migrations are directed towards a 

specific destination, such as shallow riffles with gravel beds for the 

spawning of salmonids (Hanrahan, 2007; Rubin et al., 2004), and their 

periodicity means that the timing of migration happens in regular in-

tervals and can be predicted at least in broad seasonal intervals (Brön-

mark et al., 2014). Migrations of fish can include a part of or the entire 

population (Chapman et al., 2012; Ordeix & Casals, 2024), leading to 

mass movements of a certain life stage or size class (e.g. salmon smolts; 

Furey et al., 2016; Thorstad et al., 2012). Migrations have also been de-

scribed as involving distances outside of the usual movement range 

(Dingle & Drake, 2007; Radinger & Wolter, 2014). 

 

At the extreme end of long-distance migrations of freshwater fish are 

those involving a change between freshwater and saltwater habitat. 

This life strategy is known as diadromy and is further divided into 

anadromy, catadromy and amphidromy (McDowall, 2007; Myers, 

1949). Anadromous fish are born in freshwater, move to saltwater as 

juveniles and come back to freshwater habitats as adults, spawning 

there and closing the life cycle. The best-known examples of anadromy 

include salmon species that have been observed to migrate over enor-

mous distances. Atlantic salmon (Salmo salar) tagged in the Penobscot 

River (Bangor, US, 40 km upstream of river mouth) were caught in the 

Baffin Bay near Greenland, 4300 km away (Meister, 1984). Chinook 

salmon (Oncorhynchus tshawytscha) of the Yukon River basin travel 

distances of more than 3000 km in freshwater between the headwaters 

in Canada and the river mouth at the Bering Sea (Eiler et al., 2014). In 

contrast, catadromous fish begin their life in saltwater, migrate into 

freshwater as juveniles, mature, and migrate back into saltwater as 

adults. A notable family of catadromous fish are eels (Anguillidae). A 

typical representative is the European eel (Anguilla anguilla) which 

spawns in the Sargasso Sea and enters rivers along the coasts of Europe 

and North Africa, 2500–7000 km away (Tesch & Thorpe, 2003; Wright 

 

 
3 Another possible characteristic of animal migrations is a one-way and permanent redistribution (e.g. 

a resettlement in a different region; Dingle & Drake, 2007). While it has not been explicitly described 

as such, it is present in freshwater fish as well – in the form of straying individuals between populations 

(Lucas & Baras, 2001). 
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et al., 2022). European eels inhabit wide stretches of the river 

catchments and are even present 1200 km upstream of the river Rhine 

in Lake Constance (Ministerium für Umwelt und Naturschutz, 

Landwirtschaft und Verbraucherschutz des Landes Nordrhein-

Westfalen, 2008). Amphidromous species exhibit traits from both 

anadromy and catadromy. They spawn in freshwater like anadromous 

species, while their larvae migrate into saltwater for some early feeding 

and growth, before they move back as juveniles into freshwater to 

spend most of their life cycle in there (McDowall, 1997), similar to ca-

tadromous species. The family Galaxiidae, consisting of 65 fish species, 

contains 11 species that have an amphidromous life cycle (Augspurger 

et al., 2017). An interesting case is that of the inanga (Galaxias macu-

latus). It migrates into the estuaries of rivers and spawns in brackish 

water just upstream of the saltwater (Hicks et al., 2010), a behaviour 

that was therefore coined ‘marginally diadromous’ (Allibone & Wallis, 

1993; McDowall, 1988). 

 

Spawning migrations of freshwater fish can also occur solely within 

freshwater habitats, a trait known as potamodromy. Potamodromous 

fish are also known to migrate long distances, with the record holder 

being the goliath catfishes (Brachyplastoma spp.) who spawn in the 

Western Amazonian basin and migrate downstream as larvae and ju-

veniles towards stretches as far as the Amazonian estuary, spanning 

distances of up to 5800 km (Barthem et al., 2017). Migration distances 

of potamodromous species can span a large range, for example in 

vimba (Vimba vimba) from several km up to 870 km (Backiel & Bon-

temps, 1996; Trzebiatowski & Narożański, 1973) or in common roach 

(Rutilus rutilus) with distances between 2 and 13 km (Geeraerts et al., 

2007; L’Abée-Lund & Vøllestad, 1985; but up to 20 km up- and 40 km 

downstream were reported by Lühmann & Mann, 1962) and Geeraerts 

et al. (2007) noted that observed migration distances depended on the 

location of barriers that roach tended to avoid. 

 

Plasticity of the life-history strategies of fish populations has multiple 

facets. Migratory species might adapt to some extent and sometimes 

form short-distance migratory or resident populations, possibly in-

duced by man-made barriers (Barrow et al., 2021; Boldyrev et al., 2023; 

Branco et al., 2017) or naturally by different use of resources and 
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habitats (Ramírez‐Álvarez et al., 2025). Partial migration might also 

occur in which a population splits between a resident and a migratory 

diadromous or potamodromous fraction (Barrow et al., 2021; Jonsson 

& Jonsson, 1993). An example of this is trout (Salmo trutta), in which 

the freshwater residents are known as brown trout, while the migratory 

part of the population are anadromous sea trout (e.g., Cucherousset et 

al., 2005). Salmonid populations might also be landlocked and instead 

of migrating towards the sea, they migrate towards large freshwater 

lakes, such as Atlantic salmon in Sebago Lake in the US (Ward, 1932) 

or in Lake Vänern in Sweden (Piccolo et al., 2012). Even the European 

eel is not strictly catadromus, as individuals are known that stay in 

coastal saltwater and brackish waters or move several times between 

different salinities, including freshwater (Durif et al., 2023; Edeline, 

2007). Lastly, potamodromous species can exhibit anadromy where sa-

linities are low enough, as expressed by multiple fishes, including roach 

and vimba, along the Baltic Sea (Bontemps, 1968; Müller & Berg, 

1982). Nearly all these life-history strategies include some type of 

movement in freshwater that is threatened if barriers exist along the 

route (Branco et al., 2017; Pelicice et al., 2015; Thorstad et al., 2008). 

 

Rivers are heavily impacted by man-made barriers 

The fragmentation of rivers by weirs and dams is one of the most im-

pactful stressors for riverine biodiversity worldwide (Vörösmarty et al., 

2010). Dams have been built for flood control, water storage, irrigation, 

navigation, and hydropower generation (Duarte et al., 2021), but their 

widespread presence leaves only 45% of the length of all rivers with 

overall lengths >500 km to be still free-flowing, and that share is ex-

pected to decrease to 35% within the 2030s (Grill et al., 2019; Thieme 

et al., 2021).4 These estimates are likely conservative, as a myriad of 

 

 
4 Expressed differently, only half of all rivers with length >500 km are still free-flowing, with an ex-

pected decrease to 42% (Grill et al., 2019; Thieme et al., 2021). Other reported metrics for the propor-

tions of fragmented rivers include more than half of all rivers with mean annual discharges of 

≥350 m³ s-1 (Nilsson et al., 2005) or half of the global river volume (Grill et al., 2015). He et al. (2024) 

even stated that more than 60% of rivers with length >500 km are not free-flowing anymore, but this 

is possibly an error as I could not comprehend this from the provided references. 
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small dams is inaccessible for global analyses (Lehner et al., 2024)5, so 

that the true impacts of dams on freshwater habitats could still be un-

derestimated (L. J. Baumgartner et al., 2022; Chen et al., 2023; Hennig 

& Magee, 2017). 

 

The ecological consequences of damming are more than a simple re-

duction of free-flowing river length. Dams disconnect habitats, inter-

rupt sediment transport, alter flow regimes, and obstruct longitudinal 

movements by fishes and other riverine species, while converting up-

stream stretches into impounded habitats (Figure 1). In Europe, for ex-

ample, impoundments have been described as creating pond-like envi-

ronments that favour generalist and limnophilic species (Parasiewicz 

et al., 2023). These changes can also reduce access to spawning, feed-

ing, and refuge habitats and isolate populations in fragments that may 

be too small to sustain them in the long term, leading to local extinc-

tions (Keijzer et al., 2024).6 A Baltic example comes from Lithuanian 

lowland rivers, in which stretches downstream of hydropower dams 

had higher relative abundance of roach (Rutilus rutilus) and lower 

abundance of schneider (Alburnoides bipunctatus) than natural river 

sections, indicating a shift towards fish species able to tolerate condi-

tions of long-term low flows (Virbickas et al., 2020). For migratory 

fishes in particular, fragmentation was associated with lower abun-

dance, reduced gene flow, and shifts in community composition, with 

species favoured by slower-flowing or impounded conditions becoming 

relatively more common above barriers (Chan et al., 2025; Duarte et 

al., 2021). 

 

 

 
5 Up to 38000 large dams have been georeferenced and were potentially available for these global anal-

yses (Mulligan et al., 2020; Zhang & Gu, 2023) and an additional 24000 large dams are now known 

worldwide (although not necessarily georeferenced; ICOLD 2023). The currently most extensive data-

base, the Global Dam Watch database, contains 41145 barriers and aims to include small dams in future 

versions (Lehner et al., 2024). 
6 Keijzer et al. (2024) reported that losses of global ranges of non-diadromous species averaged 3.3% 

(95% CI [0, 31.8]). This increased two- to four-fold in regions with additional data about smaller dams 

(height <15 m), highlighting the risk emanating from barriers of all sizes and the difficulties in as-

sessing it on a global scale. 
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Figure 1. Effects of dams on the ecology of rivers and mitigation measures. The ecological 

functions typically targeted by certain mitigation measures are indicated by ver-

tical overlap with the respective bar. 

 

In Europe, fragmentation of rivers increased rapidly over the course of 

the 20th century (Duarte et al., 2021) and over one million large and 

small dams are now counted in European rivers (Belletti et al., 2020). 

Consequently, only 23% of the length of rivers with lengths >500 km 

was estimated to be still free-flowing (Grill et al., 2019; Thieme et al., 

2021)7 and 10% of the length of all European rivers has been altered 

from free-flowing to impounded (Parasiewicz et al., 2023) – more than 

the combined lengths of all rivers in Sweden.8 

 

 

 
7  This corresponds to 29% of the rivers with lengths >500 km being still free-flowing in Europe 

(Thieme et al., 2021). Nilsson et al. (2005) estimated that a mere 12% of discharge from European 

rivers ≥ 350 m³ s 1 reached the sea without crossing man-made barriers, and Duarte et al. (2021) found 

that 68% of all European and 45% of the Baltic river length were impaired by large dams. 
8 The impounded river length reported by Parasiewicz et al. (2023) was 203100 km. The Swedish river 

network falling under the Water Framework Directive equals 84580 km (European Environ-

ment Agency, 2024). As this usually excludes streams with catchments <10 km² (such as headwaters), 

the full river network is longer, reaching ca. 192000 km (Swedish Meteorological and Hydrological In-

stitute, 2010). 
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The current development of river fragmentation in Europe is two-

edged. Since the introduction of the EU Water Framework Directive in 

2000, at least 5000 riverine barriers have been removed (Schiermeier, 

2018). Now the EU Nature Restoration Regulation demands the re-cre-

ation of 25000 km of free-flowing rivers between 2020 and 2030 as 

part of the EU Biodiversity strategy (Regulation (EU) 2024/1991, 

2024), but weirs and dams are still built which could partially counter-

act these efforts. Thieme et al. (2021) estimated an additional 

20000 km of European rivers converted from free-flowing to not free-

flowing in the 2030s.9 Current damming projects are realised where 

undeveloped hydropower potential exists, most prominently the Bal-

kan region (Carolli et al., 2023; Wagner et al., 2019). Wagner et al. 

(2019) found that the number of active hydropower plants in the Bal-

kans would quadruple if all planned stations were built10, with 37% of 

the new stations installed in protected areas. In addition, the number 

of existing barriers overall in the Balkans is possibly vastly underre-

ported and the construction of all new dams would increase the mean 

barrier density by 90%, from one dam every 78 km to one every 41 km 

(Carolli et al., 2023), heavily impacting rivers of high biodiversity value 

due to their often near-pristine conditions (Wagner et al., 2019). 

 

The trend of increasing obstruction of rivers for hydropower genera-

tion is not restricted to parts of Europe but is in fact a global phenom-

enon, currently changing the world’s volume of free-flowing unfrag-

mented rivers from 48% in the early 2000s to a projected 7% in the 

2030s (Grill et al., 2015; Nilsson et al., 2005; Zarfl et al., 2015). This is 

connected to the damming of and especially impactful for catchments 

that contain much of the freshwater biodiversity of the world, such as 

the Amazon, Congo and Mekong (Altowairqi & Shafi, 2024; Winemiller 

et al., 2016; Zarfl et al., 2015). While increased fragmentation is ex-

pected to affect the distribution of fish in tropical and subtropical rivers 

in the future, fragmentation of rivers in North America and Europe, 

 

 
9 Their projection was based on a dataset on hydropower developments in Zarfl et al. (2015) that did 

not include the whole extent of development in the Balkan region (Carolli et al., 2023). 
10 From an initial 1004 in 2017 to 3988 in the future (Wagner et al., 2019). These planned hydropower 

stations are currently built. According to the NGO Riverwatch, the number of active hydropower sta-

tions already increased to 1836 in 2024, 83% more than in 2017 (Schwarz, 2025). 
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India, China and South Africa is already high and expected to change 

for the worse (Barbarossa et al., 2020). For example, the dendritic con-

nectivity index11 for non-diadromous fish species of the Amazon basin 

could change from 81% to 58% if all planned large dams were built, 

while the index for the Rhine system in Europe is expected to decrease 

from ca. 30% to ca. 25% (Barbarossa et al., 2020). Unfortunately, this 

does not mean that the worst for freshwater fish species has already 

come to pass in temperate regions: While The Living Planet Index for 

freshwater migratory fish species12 decreased by 87% on average for 

tropical regions between 1970 and 2020, its decrease in temperate re-

gions was less pronounced, but still very large (−71% temperate overall, 

−75% in Europe; Deinet et al., 2024). Considering that a quarter of all 

freshwater fish species are threatened with extinction (Sayer et al. 

2025), the decline of migratory freshwater fishes is most extreme 

where threats are known (−96%) and habitat degradation, change, and 

loss together are the most widespread reasons (Deinet et al., 2024), the 

impacts of river fragmentation are large and ongoing as dams and weirs 

might stay in place for hundreds of years (Fuller et al., 2015). 

 

Fishways can compensate some barrier effects 

Old dams, especially low-head dams, are increasingly targeted for re-

moval, given that they might have outlasted their initial purposes and 

become increasingly obsolete (Habel et al., 2020; Poff & Hart, 2002). 

Ideally, the removal of a barrier is part of a larger effort to restore not 

only longitudinal, but also lateral and vertical connectivity, habitats, 

and river dynamics, leading to a permanent improvement of the whole 

river ecosystem (Foley et al., 2017; Palmer et al., 2005). Even as a 

stand-alone measure, dam removal still leads to a restoration of natural 

fluvial processes such as material transport, reduces water depths, and 

expands the riparian area upstream of the dam – changing this stretch 

back from lentic to lotic conditions – and it allows the longitudinal dis-

persal of organisms such as fish (Figure 1; Bellmore et al., 2019; Poff & 

 

 
11 Cote et al. (2009) developed the dendritic connectivity index as a measure for the longitudinal con-

nectivity of river networks. It ranges between 0 (no connectivity) and 100% (perfect connectivity). 
12 The Living Planet Index measures abundances of monitored populations (here: freshwater migratory 

fishes) over time (Deinet et al., 2024). See also Toszogyova et al. (2024) for criticism on these values. 
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Hart, 2002). In cases of logistical hurdles (retention of toxic sediments, 

other structures need water level above the natural state) or for soci-

ocultural reasons (dam is of historic interest), a partial removal of the 

barrier might be considered (Duda & Bellmore, 2022). Depending on 

the exact circumstances and execution, this might lead to a partial ful-

filment of the goals of a dam removal, such as allowing sediment 

transport and the free movement of fish, while other targets – like 

bringing water depths back to natural levels – might not be reached 

(Duda & Bellmore, 2022; B. G. Sullivan et al., 2019). If a dam needs to 

stay in place, for reasons such as hydropower generation or the perma-

nent provision of water, options for environmental mitigation are 

much more limited and may include some form of sediment and flow 

management (Kondolf et al., 2014; Malm Renöfält et al., 2010; Olden 

& Naiman, 2010), while a fishway can provide a pathway around a bar-

rier for at least part of the fish community (Figure 1; Clay, 1995; A. T. 

Silva et al., 2018). 

 

Fishways, also termed fish ladder or fish pass, have been demonstrably 

built to facilitate upstream movement of fishes over dams and weirs 

since at least the 18th century (Clay, 1995) with the knowledge that these 

structures affect migratory fish, as stocks of food fishes such as salmon 

, American shad (Alosa sapidissima), or European eel collapsed up-

stream of impassable barriers (Francis, 1870; Goode, 1881; Hardy, 

1999). Early fishway designs included simple inclined planes along the 

weir surface, possibly aided by baulks that helped channelling the wa-

ter, but also chutes that were already separated into pools (Figure 2A), 

with a diversification of designs since at least the mid-1800s (Atkins, 

1874; Francis, 1870). The poor effectiveness of many fishways was al-

ready noted at the time (Francis, 1870; Prince, 1914) and the beginning 

of the 20th century saw the onset of systematic research and develop-

ment of fishways, including the Denil fishway (Figure 2B; Denil, 1909). 

Denil fishways, like other so-called baffle (or counter-current) fish-

ways, convert the energy of the flowing water on very short stretches, 

typically making it selective towards the large and strong-swimming 

salmonids they were initially designed for (Clay, 1995). 
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Figure 2. Examples of fishway types. (A) Pool and weir fishway, (B) Denil fishway with 

two turning pools, (C) Variant of a common rectangular fishway, (D) Variant of a 

vertical slot fishway in Casale Monferrato, Italy (Paper II), (E) Nature-like fish-

way in Karlshammar, Sweden (Papers III, IV). Panel (A) adapted from Francis 

(1870), panel (B) adapted from Katopodis (1992), panel (C) adapted from Atkins 

(1874). 
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In the mid-20th century, the vertical slot fishway was developed to 

work under widely varying water levels and was subsequently adapted 

to make it passable not only by salmonids, but also by potamodromous 

species (Adam et al., 2014; Branco et al., 2023; Katopodis & Williams, 

2012). Fishway designs began to proliferate and various technical fish-

ways – characterised by their clear, easier to calculate geometry – and 

nature-like fishways, imitating natural river stretches, exist today and 

can have multiple orifices between pools, boulders placed within pools, 

and different zones for movement, resting, rearing, and even spawning 

opportunities (FAO/DVWK, 2002; Gustafsson et al., 2013; Pander et 

al., 2013). 

 

Nature-like fishways were created from the 1970s onwards in conjunc-

tion with solutions for the hydrogeomorphological restoration of highly 

modified streams (Aadland, 2010; Katopodis, 2005). In the 1980s and 

1990s, nature-like approaches like rock ramps containing scattered 

boulders or pool and riffle fishways – in which walls of large rocks and 

boulders define pools – became more common (Aadland, 2010; 

FAO/DVWK, 2002; Katopodis et al., 2001). Even more fishway designs 

have emerged or were popularized in the 2000s, like the Larinier super 

active baffle pass (Larinier, 2002), the meander C-type fishway (Bahar-

vand & Laskar-Ara, 2021), or an Archimedes screw repurposed as a fish 

lift (Zielinski et al., 2022), to name a few. The proliferation of fishways 

reflects larger shifts in the science of fish migration: From the 1990s 

onward, more extensive research on the effectiveness of fishways for 

the fish communities in sub-tropical and tropical regions was con-

ducted (Lira et al., 2017; Pompeu et al., 2012; A. T. Silva et al., 2018) 

while in the Northern Hemisphere, the policies and practice shifted 

from selected target species toward community-level passage so that 

designs now needed to be adjusted to the needs and capabilities of all 

naturally occurring fish species (Adam et al., 2014; Harris et al., 2016; 

Katopodis, 1992; Lucas & Baras, 2001). 
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Functional assessment of fishways 

Fishway designs have always been adjusted to local conditions, such as 

existing structures, other objectives like flood management, space 

availability, ecological goals, the fish community, monetary con-

straints, and social acceptance (Clay, 1995; Cooper et al., 2019; 

FAO/DVWK, 2002). Fishways are therefore comparable in principle, 

but never identical in their performance to pass fish. Increasingly so-

phisticated tools exist to measure and model the hydraulic conditions 

in and around fishways (Tarena et al., 2024) or to simulate the behav-

iour of individual fish (Gao et al., 2016; Mawer, Pauwels, et al., 2023). 

However, information about the swimming capabilities and behaviour 

of target fishes is usually not available for the full range of local and 

regional conditions that need to be considered (Branco et al., 2023; 

Katopodis & Gervais, 2016; A. T. Silva et al., 2018). Direct assessment 

of fishway functionality therefore remains an irreplaceable tool in a 

feedback loop in which a design is explored in silico, evaluated in situ, 

and adjusted where needed (O’Connor et al., 2022; Roscoe & Hinch, 

2010; A. T. Silva et al., 2018). 

 

Assessments of fishway functionality differ between facilities because 

the data collected depend on the research questions that are to be an-

swered. The assessment goals might reflect management needs, such 

as whether enough spawners of a target species move past the barrier 

(Boggs et al., 2004; Calles & Greenberg, 2009; O’Connor et al., 2022), 

a broader interest in which parts of the fish community use a fishway 

(Makrakis et al., 2007; L. G. M. da Silva et al., 2012), or a need for more 

detailed knowledge, for example what proportion of fish attempting to 

pass actually succeeds (Bunt et al., 2012; Cooke & Hinch, 2013). The 

applicable methods can be broadly categorised into qualitative and 

quantitative approaches (M. J. Jones & O’Connor, 2017; Roscoe & 

Hinch, 2010). Qualitative methods record the presence, identity, or 

counts of fish, usually by trapping, electrofishing, camera systems such 

as automatic fish counters, or environmental DNA (eDNA; Haas et al., 

2024; Nakai et al., 2024; Nijssen et al., 2026). They provide infor-

mation about the effectiveness of a fishway, asking whether it is able to 

produce a desired output – usually if all target species can pass, provid-

ing a yes/no answer (M. J. Jones et al., 2017; Larinier, 2001; O’Connor 

et al., 2022). While this might be sufficient, qualitative methods do not 
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allow to directly find the reasons for the failure of fish to pass a fishway. 

Even if high counts of fish of a certain species are observed to pass a 

fishway, these need to be related to the number of fish that are theoret-

ically able to do so, which needs very motivated individuals (e.g., long-

distance migrators) and another location downstream where these can 

be quantified, for example the exit of another fishway (Boggs et al., 

2004; Dodd et al., 2024; Ebel, 2006). Quantitative methods provide 

information about fishway efficiency by observing individual fish at 

certain locations with methods such as mark-recapture, Passive Inte-

grated Transponder (PIT) telemetry, or following individual fish with 

radio or acoustic telemetry (M. J. Jones & O’Connor, 2017; Roscoe & 

Hinch, 2010). This allows the quantification of efficiencies of attrac-

tion/findability, entry, and passage through a fishway, and telemetric 

methods can additionally be used to estimate individual passage times 

and possible delays in migration (Castro-Santos & Haro, 2003; Caudill 

et al., 2007; CEN, 2021). 

 

Because fishways need to be evaluated under operating conditions, 

shortcomings in relation to their functionality may only become appar-

ent after construction. In many cases, these cannot easily be remedied, 

so the lessons learned are more useful for future fishway projects than 

for the structure under study. It is therefore important to decide early 

which questions are most relevant, which methods are best suited, and 

whether a combination of methods may be needed to answer them 

(Cooke & Hinch, 2013; O’Connor et al., 2022). 
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Objective 

The overall goal of this thesis was to advance the understanding of pas-

sage performance of fishways in fragmented rivers, with an emphasis 

on diverse fish communities and rarely studied species under real-

world conditions (in situ). Despite the widespread application of fish-

ways to mitigate impacts of anthropogenic barriers, their performance 

is rarely evaluated and varies widely across species and life stages. I aim 

to address key knowledge gaps by integrating field evaluations of fish 

behaviour and large-scale data analysis to inform the assessment and 

design of fish passage solutions. Four scientific studies were conducted 

to support this goal. 

 

Paper I provides a near-comprehensive overview of fishway assess-

ment methods. It refers to current guidelines on fishway design and 

outlines qualitative and quantitative methods to evaluate fishway effec-

tiveness and efficiency. Advantages, limitations, and applicability of 

these methods are discussed, thereby serving as the methodological 

foundation for this thesis and the other studies in it. 

 

In Paper II I evaluated fishway efficiency by the combination of two 

telemetric methods, PIT and radio telemetry. I investigated species-

specific passage success, size selectivity, and diel activity in a vertical 

slot fishway in the Po River in Italy. I expected some passage for all 

species – but passage success to be higher for rheophilic species – and 

no avoidance of the fishway at night. 

 

Paper III is a large-scale study in which I used existing species data 

from an electrofishing and a fish counter database to evaluate passage 

effectiveness at 35 fishway locations in Sweden. I categorised the fish-

ways as nature-like and technical fishways and predicted more species 

to be found in nature-like fishways and related to this, that a higher 

proportion of species is passed by nature-like fishways compared to 

technical fishways. 
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In Paper IV I used observations of a rarely monitored fish species, 

vimba, to describe seasonal migration patterns of this potamodromous 

cyprinid. Using fish counter data from four rivers in Southern Sweden, 

I tested which and how changes in photoperiod, river discharge, and 

water temperatures affected the migration of vimba. I expected vimba 

counts to show a clear relationship with photoperiod, short-term dif-

ferences in river discharge, and water temperature. 
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Methods 

Structured literature searches (Paper I) 

A search for literature was conducted between February 19 and April 

04 in 2022 in Web of Science and Google Scholar using pairwise com-

binations of the terms fishway or fish pass together with one of assess-

ment, electrofishing, fish counter, method, net*, telemetry, trap*, or 

video. The search was not exhaustive, but results were sorted by rele-

vance and included in the literature list when they described a method 

of fishway assessment either as part of a study or in a review. Results 

were included until at least three examples describing the application 

were found for each method and no further review could be found with 

reasonable effort. Additional searches were performed for combina-

tions of fish together with one of the above methods and the terms ef-

fect, injury, or mortality (e.g. fish electrofishing mortality). Technical 

manuals and handbooks about fishways and fishway monitoring in 

English and German language were also scanned for descriptions of as-

sessment methods. Necessary information from the results was ex-

tracted to list available methods, describe their application, list ad-

vantages and disadvantages, and provide reference studies for each. 

 

Passive and radio telemetry, study location (Paper II) 

Fieldwork for Paper II was conducted at a hydropower station in Po 

River in Casale Monferrato, region Piedmont, Italy (45°08′44.8″N 

8°27′15.4″ E; Figure 3).13 

 

 

 
13 Location in OpenStreetMap: https://www.openstreetmap.org/#map=15/45.14654/8.44660 

https://www.openstreetmap.org/#map=15/45.14654/8.44660
https://www.openstreetmap.org/#map=15/45.14654/8.44660
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Figure 3. Weir site and large-scale study design at Casale Monferrato hydropower sta-

tion in river Po, Italy. The overview map shows the location of the Po River in 

Northern Italy, as well as the dam in Casale Monferrato (light grey in shaded area) 

and the downstream Isola Serafini hydropower dam (grey). Figure 1 in Paper II. 

 

Since 2020, this dam made of inflatable rubber is the second in the 

river, 168 km upstream of the Isola Serafini hydropower station and 

468 km upstream from the river mouth. The mean annual discharge of 

the Po in Casale Monferrato is ca. 260 m³/s, of which 72.1 m³/s (28%) 

are abstracted for hydropower generation and 0.8 m³/s (0.3%) flow 

through the fishway. The river section around the dam is part of the 

high-plain section of the Po, marked by a mean slope of 0.08% and a 

substrate mainly made up of coarse gravel (ADBPO, 2009). The dam is 

equipped with a vertical slot fishway situated between weir and the hy-

dropower station on the left riverbank (Figure 4A). The fishway was 

assessed with the help of two telemetric methods, PIT and radio telem-

etry, over an observation period of eight months from late autumn to 

early summer (2021-10-26 to 2022-06-25). PIT telemetry was used to 

determine the fishway efficiency by comparing the proportion of fish 

passing the fishway between a group released downstream and a group 

released inside the fishway. For this, two PIT antennas were put inside 

the fishway: The lower antenna needed to be placed roughly halfway up 
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the fishway due to expected large differences in the water level below 

the dam, while the upper antenna was placed at the upper end of the 

fishway (Figure 4B). To follow the behaviour of fish outside of the fish-

way, six radio antennas covered a stretch from several km downstream 

of the Casale Monferrato dam to the next barrier 3.4 km upstream 

(Lanza dam; Figure 3). The necessary fish for the tagging were caught 

by electrofishing along three stretches up- and downstream of the dam 

site (Figure 3) and marked with PIT tags at the hydropower station 

right next to the fishway (Figure 4A). Some large fish above 600 g body 

weight and a broad dorsal fin were additionally marked with an exter-

nal radio transmitter. Details about the selection process can be found 

in the section Ethical considerations. 

 

 

Figure 4. (A) Bird’s eye photo of the Casale Monferrato dam site on the Po River, including 

the positioning of PIT antennas inside the fishway, radio antennas and their recep-

tion direction, and release location of fish. (B) Top view scheme of the vertical slot 

fishway (to scale). Figure 2 in Paper II. 
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Making use of (semi-)public databases (Papers III, IV) 

 

Camera observations from within fishways 

The main data source for Paper III and Paper IV was the partially 

public database Fiskdata (TIVA AB, n.d.) that contains underwater ob-

servations from fish counter cameras in Sweden. The conventional de-

sign is that of the VAKI Riverwatcher, in which the camera is mounted 

to the side of a metal tunnel through which fish must swim, and which 

can be illuminated (Figure 5A). In addition to the camera, infrared 

scanner plates can obtain the silhouettes of passing fish, allowing 

measurement in turbid or dark conditions while still identifying species 

with distinctive features, such as salmonids with their adipose fin or 

eels with their snake-like appearance (L. Baumgartner et al., 2010). Re-

cent systems use infrared stereo cameras in combination with neural 

networks trained to detect, measure, and determine the species of fish 

(Figure 5B; Fuentes-Pérez et al., 2025; Kläppe & Hebrand, 2024; 

Oukka & Seppänen, 2026; VAKI, 2026). This allows the cameras to be 

used with or without swim tunnels, making their placement more ver-

satile and the determination process less labour-intensive. 
 

 

Figure 5. Fish counter designs. (A) VAKI counter with a commonly sized swim tunnel 

(ca. 160 × 40 × 60 cm), (B) Stereo infrared camera without swim tunnel by TIVA 

AB. Both types of devices collected observations for the studies in Papers III and 

IV. Panel A adapted with permission from VAKI Aquaculture Systems Ltd, © 2026 

Merck & Co., Inc.; panel B reproduced with permission from TIVA AB, © 2024 

TIVA AB. This figure is not covered by the CC BY 4.0 licence of this thesis. 
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To minimise the effort needed to guide fishes towards the cameras, fish 

counters are often placed inside fishways. The data obtained for Pa-

pers III and IV therefore stemmed from the upper end of fishways all 

over Sweden (Figure 7). Raw data consisted of a timestamp, direction 

of movement (upstream/downstream), fish length, and species iden-

tity. For Paper III, the database was filtered for recordings of fish spe-

cies from within fishways of at least six months length, and fishways 

were categorised as either ‘technical’ or ‘nature-like’, allowing a com-

parison of the number of observed species, species richness, between 

these fishway types. For Paper IV, the database was scanned for rec-

ords of a single fish species, the cyprinid vimba. Fishway locations were 

included in the analysis if they had at least 200 observations of vimba 

in one year. This allowed to use daily counts of vimba to analyse their 

seasonal patterns. 

 

Electrofishing data from surrounding stretches 

Several other databases for waters in Sweden were available that al-

lowed to make use of their publicly available data. The Swedish Elec-

trofishing Register (SERS), maintained by the Swedish University of 

Agricultural Sciences (SLU), contains a myriad of electrofishing results 

from Swedish rivers14 that I utilised in Paper III (SLU, 2026) . Entries 

from the database were first filtered by their temporal and spatial vi-

cinity to the fishways with fish counter observations. The filtered elec-

trofishing data were then used to create lists of fish species present 

around the fishway, one downstream and one upstream list (Figure 6). 

Proportions were then calculated for each location by dividing the 

number of fish species occurring both in a fishway (observed by cam-

eras) and a surrounding river stretch (detected by electrofishing) by the 

number of all fish species in the surrounding river stretch. 

 

 

 
14 Actually, there are nearly nine myriads of results in the SERS database, namely 89222 electrofishing 

events in 6694 rivers in 192 catchments (effective 2026-02-28). 
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Figure 6. Filtering process for electrofishing data obtained from the Swedish Electrofish-

ing register. a Example data for the location 26 (Karlshammar, River Emån) in 

Paper III; b Only electrofishing events without any additional upstream migration 

barriers between the electrofishing site and the respective fishway were consid-

ered. 

 

Dams, mitigation measures, and environmental variables  

Another database, the Vatteninformationssystem Sverige (VISS; 

County Administrative Boards Sweden, n.d.-b), was used for Pa-

per III to find the dates and extent of modifications of the fishways 

and other dams in the catchment. The last time a fishway was modified 

could limit the starting date of usable electrofishing data, while unpass-

able downstream dams could restrict the downstream river network 

from which electrofishing data was combined into lists of downstream 

fish species (Figure 6). For some locations, VISS also contained fishway 

properties, such as name, length, or slope, helping to verify the classi-

fication of the fishways into ‘technical’ and ‘nature-like’. Its data on riv-

erine structures and barriers of the analysed locations coincided with 

another database, Åtgärder i Vatten (County Administrative Boards 

Sweden, n.d.-a) – I also searched both databases for information on 

structures and management actions in the catchments analysed in Pa-

per IV. 
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The third public database was Vattenwebb by the Swedish Meteorolog-

ical and Hydrological Institute (SMHI, 2026). It contains hydrological 

values along network points for all Swedish rivers both as historic sta-

tistics and predictions into the near future, based on a hydrological 

model for Sweden called S-HYPE (Bergstrand et al., 2014). For Pa-

per III, the mean annual discharges (1991–2022) at the fishway loca-

tions were used as a proxy for river size, allowing to incorporate this 

covariate in the analysis. For Paper IV, daily mean discharge and daily 

mean water temperatures were extracted from Vattenwebb and tested 

as environmental variables that could possibly influence the spawning 

migration of fish species, in this case vimba. 

 

Study areas 

I used the inclusion criteria described in the section ‘Camera observa-

tions from within fishways‘ to select suitable river stretches in Sweden. 

Overall, 35 fishways with fish counters in them – 20 nature-like and 15 

technical fishways – fulfilled the criteria and were included in the study 

on fish passage effectiveness (Paper III, accessed on 2024-06-26). 

These fishways are in temperate and boreal parts of Sweden, but not 

above the polar circle (Figure 7). In addition, four fish counters in 

Southeastern Sweden contained adequate numbers of observations of 

vimba movements and were selected for the study on vimba migration 

patterns (Paper IV, accessed on 2025-07-04; Figure 7). 
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Figure 7. Locations of fishways in Sweden from which fish counter data was obtained for 

analysis (Paper III). The four locations used in the analysis of Vimba vimba mi-

gration patterns (Paper IV) are highlighted with names of the respective river (and 

site) and these river catchments are shown in more detail on the right side.  
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Quantitative analyses 

A significance level of α = .05 (probability of Type I error = 5%) was 

used in all hypothesis tests. All two-sample tests were two-sided, test-

ing for any difference between groups. 

 

Paper II 

A power analysis of simulated Fisher’s exact tests was conducted to de-

termine which of the multiple tagged species was tagged in large 

enough numbers for inferential analyses. The power analysis deter-

mined two parts: 

1. How many fish needed to be released overall (allocated evenly to 

one of two release groups) to find a significant difference be-

tween two release groups if 5% of fish of group 1 and 20% of 

group 2 are detected again, while the test has a probability of 

20% or less to not detect a difference between the groups alt-

hough it exists (Type II error rate β = .20)? 

2. Taken the number determined in part 1, how many of these re-

leased fish needed to be detected at minimum to find a signifi-

cant difference between two release groups under at least the 

most extreme scenario – that is all fish from one group detected 

while none of the other group detected – while the test again has 

a Type II error rate of 20% or less? 

 

The overall passage success of individual fish (yes/no) was related to 

their body length, release site, capture location, and season of release 

using binary logistic regression. All combinations of the explanatory 

variables were created, and the corrected Akaike Information Criterion 

(AICc) was used to select the best model among them. Two metrics de-

scribed passage timing: Entrance time was defined as the time from 

release to detection at the lower antenna, and transit time as the time 

passing from the lower to the upper antenna. Fisher’s exact tests were 

used to test whether the transit success– passing inside the fishway 

from the lower to the upper antenna – was different between release 

groups and to test whether the usage of the fishway differed between 

day and night. 
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Paper III 

Generalized Linear Models (GLMs) were used to test whether species 

richness differed between fishways types, with a negative binomial er-

ror distribution for species richness and a logarithmic link function. 

Two types of fishways were categorised, namely nature-like (imitating 

the surrounding river in structure, such as rock ramps) and technical 

fishways (vertical-slot, pool-and-weir, Denil). Three covariates, namely 

fish counter observation length, latitude15, and mean discharge, were 

also included in the GLM. Welch’s t-tests were applied to test whether 

passage effectiveness (three metrics that were proportions of species) 

differed between the two fishway types.16 For this, species were also 

classified as ‘migratory’ or ‘stationary’, derived from their perceived 

needs for linear connectivity in Sweden (I. Näslund et al., 2013).  

 

Paper IV 

Generalized Linear Mixed Effect Models (GLMMs) were used to relate 

daily counts of movements of vimba to environmental variables of re-

curring (day of the year, day length) and fluctuating nature (discharge, 

water temperature, degree-days). In addition, discharge change and 

temperature change were defined as the difference of the current value 

to the mean of the last three days, representing short-term changes of 

the respective factor. A last variable, movement season, was created 

with the help of Hidden Markov Models (HMMs) that assigned one of 

three states to each day of the year depending on the number of move-

ments: no, few, and frequent movements. Temporal autocorrelation 

was accounted for by introducing a first-order autoregressive covari-

ance structure (AR(1)) in the model setup. As data came from multiple 

locations, river was included as a random variable. Daily counts of 

vimba were often zero throughout the observation periods so that hur-

dle GLMMs were employed that consisted of two model parts: A binary 

model component predicted the probability of vimba movement for a 

given day, using a binomial distribution with a logit link function 

 

 
15 An important relationship exists globally and over many biological communities that needs to be 

considered in all biodiversity assessments on larger scales: Species richness is generally highest along 

the equator and decreases towards the poles (Hillebrand, 2004). 
16 The assumption of normally distributed data was tested with the help of quantile-quantile plots, 

while the Welch’s t-test already accounts for different variances between two samples. 
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(no/yes). The conditional count model component then predicted the 

number of vimba for days with expected movement, using a truncated 

negative binomial distribution for the daily counts and a log link func-

tion. GLMMs were calculated for upstream and downstream move-

ments, respectively. 
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Ethical considerations 

 

Invasive tagging of fish 

For Paper II, ethical guidelines were considered in the design and ap-

plication of the tagging process in the field. Following the 3Rs princi-

ples of replacement, reduction, and refinement (Grimm & Dusseldorp, 

2025), the first goal was to reduce the overall number of tagged fish: 

Fish caught by electrofishing were initially not selected for species, as 

the overall goal was to detect movements through the fishway by a rep-

resentative part of the riverine community. After two days of tagging, 

it was possible to estimate community composition. Subsequently, in-

dividuals of fish species with predicted low abundance in the commu-

nity (and therefore very low predicted numbers in the sampled group) 

were not tagged anymore and released with the other fish. The refine-

ment process was conducted by setting the minimum fish length to 

6 cm (PTAGIS, 2014; Richard et al., 2013) and the fish weight to above 

6 g. For external radio tags, fish needed to weigh 600 g and above so 

that all respective tags were ≤2.5% of fish body weight (Chittenden et 

al., 2009; Jepsen et al., 2005). While not all tagged fish could be in-

cluded in the analyses, a full table of all tagged fish was added as a sup-

plement for full transparency (Table S1 in Paper II). 

 

On the use of generative AI 

The large language models GPT-5.4 (OpenAI) and Gemini 3.1 Pro 

(Google) were used to assist the writing of this thesis (accessed in 2026-

04). The tools were used to refine the language (grammar and clarity), 

to draft a part of the discussion structure (order of subheadings), and 

to validate argumentative completeness by comparisons between the 

sections ‘Methods’, ‘Summary of results’, and ‘Discussion’. The usage 

followed the “AI guidelines for researchers” published by Wiley (Wiley, 

2026). I inspected all model outputs for accuracy, possible bias, and 

decided on adaption into my work. I am fully responsible for the accu-

racy, originality, and integrity of the content. 
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Summary of results 

 

Paper I – Methods for fishway assessments 

Paper I synthesized current approaches for assessing upstream fish 

passage at fishways in the form of a book chapter. The chapter com-

pared methods across a wide range of studies to identify common per-

formance metrices and methodological strengths and limitations. 

 

The overview showed clear trade-offs among commonly used assess-

ment methods. Qualitative methods such as trapping, electrofishing, 

and optical fish counters are effective for describing species composi-

tion and temporal patterns of fishway use over prolonged periods, in-

cluding rare or small bodied species and early life stages. In contrast, 

quantitative methods – PIT, radio, and acoustic telemetry – are indi-

vidual-based and allow estimation of passage efficiencies, migration 

timing, and possible delays, but are constrained by tag size, detection 

range, sample size, and costs. Method choice therefore determined not 

only the performance metrices that could be reported, but also which 

taxa and body sizes could be assessed and at what spatial and temporal 

resolution (Table 1). No single method was sufficient to fully character-

ise fishway performance for a target fish community. 
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Table 1. Methods for assessing individual fishways. Table 1 in Paper I. 

Method Advantages Disadvantages Reference studies 

Trapping, netting 

Fish community 

and densities 

down- and up-

stream 

Cheap equipment Handling, 

labour-intensive 

sampling, 

very low complexity, 

passive 

Mallen-Cooper & Brand 

(2007), 

Yoon et al. (2015), 

Pennock et al. (2018) 

 Electrofishing 

Fish community 

and densities 

down- and up-

stream 

Small-scaled locali-

sation, 

active 

Risk for injury, 

costly equipment, 

low complexity, 

water depth < 4 m 

Schmutz et al. (1998), 

Aparicio et al. (2012), 

Donaldson et al. (2012) 

Optical fish counter 

Fish community 

passing fishway, 

quantification of 

recruitment 

No handling of fish, 

fine-scale behaviour, 

long-term observa-

tion, 

automation by soft-

ware possible 

Labour-intensive, 

very costly, 

low complexity, 

shallow depth, 

low turbidity, 

passive 

Haro and Kynard 

(1997), 

Holter et al. (2020), 

Hebrand and Kläppe 

(2023) 

 

Mark-recapture 

Attraction, entry 

and passage effec-

tiveness 

Cheap equipment Invasive tagging to 

small degree, 

low complexity, 

recapture rate de-

pendent 

Knaepkens et al. 

(2006), 

Drouineau et al. (2015), 

Amtstaetter et al. 

(2017) 

PIT telemetry 

Entry and passage 

efficiencies, 

fishway passage 

time 

Relatively cheap 

tags, 

high temporal reso-

lution, 

tags last fish lifetime 

Invasive tagging, 

costly equipment, 

medium complexity, 

very small detection 

range 

Calles and Greenberg 

(2009), 

Moser et al. (2011), 

Schwevers et al. (2020) 

Radio telemetry 

Attraction, entry 

and passage effi-

ciencies, passage 

time 

Individual location, 

high spatial and 

temporal resolution 

 

Invasive tagging, 

very costly, 

high complexity, 

large range, 

freshwater only 

Nyqvist et al. (2017), 

Sutela et al. (2018), 

Sullivan et al. (2019) 

Acoustic telemetry 

Attraction, entry 

and passage effi-

ciencies, passage 

time 

Individual location, 

high spatial (3D) and 

temporal resolution, 

fresh- and marine 

waters 

Invasive tagging, 

very costly, 

high complexity, 

large range, 

water depth > 1 m, 

low turbulence 

Roscoe et al. (2011), 

Hahn et al. (2020), 

Twardek et al. (2023) 



 

45 

 

 

Paper II – A combination of two quantitative methods 

In this paper, we evaluated upstream fish passage in a recently con-

structed vertical slot fishway at the Casale Monferrato hydropower sta-

tion in the Po River, Italy. PIT telemetry on mainly small-bodied fish 

and additional radio tags on selected large individuals allowed to quan-

tify multi-species passage success, size selectivity, as well as seasonal 

and diel passage patterns. 

 

Across an observation period of eight months, 99 of 988 PIT-tagged 

fish (10%) were detected within the fishway and 82 completed up-

stream passage of the dam.17 The utter majority of passing fish be-

longed to two of seven species, the rheophilic cyprinids barbel (Barbus 

spp.; n = 37) and Italian chub (Squalius squalus; n = 36). Only very few 

fish of three other species passed, belonging to carp (Cyprinus carpio), 

alborella (Alburnus alborella), and large wels catfish (Silurus glanis). 

No detections were made of small wels catfish, carassius (Carassius 

spp.) and gudgeon (Gobio gobio). 

 

Overall passage success – defined as the proportion of released fish de-

tected by the upper antenna – depended strongly on release location. 

For small barbel, passage success was 23% for fish were released within 

the fishway and 7% for fish released downstream; corresponding values 

for Italian chub 18% and 8%. Once fish had reached the lower antenna, 

however, most completed the ascent: 92% of barbel and 77% of chub 

passed from the lower to the upper antenna, with no significant differ-

ences between release groups. Passage success for both barbel and Ital-

ian chub also depended on body size. Successfully passing individuals 

were substantially larger than individuals that did not pass (Figure 8). 

 

 

 
17 Of 82 individual fish passing, 81 were detected by the upper PIT antenna, while another one was only 

detected by radio antennas. 
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Figure 8. Boxplots of fork lengths of Barbus spp. or Squalius squalus with either no pas-

sage or that passed the fishway exit. Fish were either released within the vertical 

slot fishway or downstream. Boxes show median with interquartile ranges, whisk-

ers show the 1.5-fold interquartile range, dots represent outliers. Numbers of ob-

servations (n) written above each boxplot (Figure 4 in Paper II). 

 

Passage timing was highly variable. Most fish entered the fishway 

within hours to one week (84% of barbel and 92% of chub), while some 

successful fish were not detected until several months after their au-

tumn release (Figure 9). Timing patterns also differed between species: 

Italian chub had higher passage success in spring than in autumn (on 

average 22% higher), whereas no corresponding seasonal effect was 

found for barbel. Radio-tagged large carp showed prolonged presence 

near the dam in autumn, and 27% (4 of initially 15) carp passed the 

fishway in spring. The radio signals of four large carp ultimately indi-

cated no further movements. 
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Figure 9. Boxplots of (A) entrance times to the lower antenna and (B) transit times be-

tween the lower and upper antenna inside the fishway for Barbus spp. and 

Squalius squalus released either inside (fishway) or downstream of the fishway 

(downstream). Some extremely long entrance times not shown in panel A (Barbus 

spp.: 161.7 d, 173.6 d, 196.7 d; S. squalus: 197.9 d, 21.6 d). Boxes show median with 

interquartile ranges, whiskers show the 1.5-fold interquartile range, dots represent 

outliers (Figure 5 in Paper II). 

 

On a diel scale, barbel showed a pronounced nocturnal pattern, being 

significantly more likely to pass at night than during the day, whereas 

Italian chub showed a weaker, non-significant tendency towards noc-

turnal passage (Figure 10). 
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Figure 10. Numbers of fish reaching the fishway exit at different times of day. The outer 

ring shows daylight (white) and night (black) including twilight (grey). Depicted 

are times on the average day of the observation period as daytime lengths changed 

over time. Details of the calculation of the average day and times on the average 

day can be found in the methods section of Paper II (Figure 6 in Paper II). 
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Paper III – A combination of two qualitative methods 

In this study across Swedish rivers, we combined optical fish counter 

data from within fishways with electrofishing records from surround-

ing river stretches to assess fishway performance at the community 

level. The analysis included 35 fishways with operating fish counters 

(20 nature-like and 15 technical) distributed across 22 river catch-

ments with an overall of 39 fish species. 

 

Species richness observed within fishways was significantly higher in 

nature-like than in technical fishways. For migratory species, median 

richness was 10.5 species in nature-like and 6 species in technical fish-

ways – a significant difference while accounting for observation length, 

mean discharge, and species richness of the surrounding river. When 

stationary species were included, richness increased in both fishway 

types, but the difference remained, with medians of 11 and 7 species in 

nature-like and technical fishways, , respectively (Figure 11A). 

 

Passage effectiveness was also significantly higher in nature-like fish-

ways in both upstream and downstream directions. For migratory spe-

cies, mean upstream passage effectiveness was 82% in nature-like and 

61% in technical fishways, while mean downstream passage effective-

ness was 81% and 55%, respectively (Figure 11B, C). When migratory 

and stationary species were analysed together, effectiveness declined 

in both fishway types, but the differences remained significant: here 

mean upstream effectiveness decreased to 68% in nature-like and 51% 

in technical fishways, while mean downstream passage effectiveness 

was 64% versus 49% (Figure 11B, C). 

 

In contrast, electrofishing data from surrounding river stretches alone 

did not show a significant difference between fishway types. When only 

upstream similarity was compared, mean upstream similarity was 78% 

around nature-like fishways and 86% around technical fishways for mi-

gratory species, with very similar values (77% vs. 82%) when stationary 

species were included (Figure 11D). 
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Figure 11. Comparison of passage effectiveness between nature-like and technical fish-

ways in Swedish rivers. Indices calculated for migratory fish species and all fish 

species present at the respective locations. Boxplots with densities. Boxes show me-

dian (line) and mean (cross) with interquartile ranges, whiskers show the 1.5-fold 

interquartile range, and dots represent outliers. Adapted from Figures 3–6 in Pa-

per III. 
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Paper IV – Long-term observations from within fishways 

In this paper, I used 14 years of fish counter observations from within 

fishways in four rivers in Sweden to describe temporal movement pat-

terns of the rarely monitored cyprinid vimba and relate them to envi-

ronmental variables. Numbers of observed vimba moving up-

stream/downstream varied strongly among rivers and years, and 

downstream counts were generally lower than upstream counts while 

occurring within the same seasonal windows. 

 

Across rivers, upstream and downstream movements were concen-

trated in spring, especially May and June, but the exact timing differed 

among locations and years. The earliest major movement period oc-

curred in River Virån in 2023, when 64% of the annual upstream co-

hort was recorded between April 18 and May 1. Other short periods 

with large numbers of movements were also observed, most clearly in 

River Trosaån in 2024, where 58% of annual upstream and 73% of an-

nual downstream movements were observed on June 3 alone. In River 

Svartån, 13% of annual upstream and 19% of annual downstream 

movements of 2017 were observed on June 15 (Figure 12). River Emån 

showed the most stable seasonal pattern, with 93–99% of upstream 

and downstream movements occurring in May and June across all four 

years, whereas River Svartån also showed notable movements in Au-

gust in two of six years (Figure 12). Three seasons with expected move-

ment frequencies were modelled with Hidden Markov Models: A pe-

riod of few movements from April 25 onwards, followed by a season of 

frequent movements between May 11 and June 23, and again few 

movements until August 21. Outside these seasons, no movements 

were expected and between November 15 and March 25, the probability 

of no movement exceeded 95% (winter period). 
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Figure 12. (A) Recordings of Vimba vimba upstream and downstream movements 

through the fish counter in Tranås, River Svartån (years 2014–2019), one of four 

fishway time series analysed for Paper IV. (B) Daily mean total discharge (black 

line) and daily mean water temperature (grey line). Backgrounds mark seasons of 

few (light grey) and frequent movements (dark grey) differentiated by HMM (Fig-

ure 5 in Paper IV). 

 

Most movements of vimba were observed during receding discharge 

and rising water temperature. The best-supported hurdle GLMM for 

upstream movements included short-term change in discharge, water 

temperature, short-term temperature change, degree-days 18 , and 

movement season (Table 2). Short-term increases in discharge and 

 

 
18 Keep in mind that degree-days are a measure of accumulated thermal exposure and could only in-

crease over the course of each year. 
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increasing degree-days predicted fewer vimba movements and higher 

odds of zero observations. Conversely, more vimba movements and 

lower odds of zero observations were predicted by increasing water 

temperatures and shifting from a period with few expected movements 

to the season of frequent movements. Lower odds of zero observations 

were also predicted by short-term increases in water temperature 

(Table 2). Day length and day of the year appeared only in less-sup-

ported upstream models. 

 

Table 2. Relationships between daily upstream movements of Vimba vimba and environ-

mental variables in four Swedish rivers. Most parsimonious of the hurdle general-

ized linear mixed effect models selected by AICc. Adapted from Table 2 in Paper IV. 

Variable β 
[95% CI] 

Wald 
p-value 

IRR / 

OR 

[95% CI] 

Wald 

Conditional count model (log-link) for the number of vimba 

 (Intercept) −0.20 −1.59, −1.20  .784 0.82 0.20, 3.33 

 QrelΔ3d −9.65 −15.92, −3.37 .003 0.01* 0.00, 3.42* 

 Twater (°C) 0.10 0.02, 0.18 .013 1.11 1.02, 1.20 

 TΔ3d (°C) 0.12 −0.01, 0.24 .073 1.12 0.99, 1.27 

 degree-days (per 100 °C∙d) −0.10 −0.17, −0.03 .006 0.90 0.84, 0.97 

 season (movement vs. none) 0.54 −0.23, 1.32 .170 1.72 0.79, 3.75 

 season (frequent vs. few) 0.55 0.03, 1.06 .037 1.73 1.03, 2.89 

Binary model (logit-link) for the probability of no observation of vimba 

 (Intercept) 6.25 4.43, 8.08 <.001 520.15 83.93, 3223 

 QrelΔ3d 6.83 0.36, 13.29 .038 922.33 1.44, 592467 

 Twater (°C) −0.33 −0.45, −0.22 <.001 0.72 0.64, 0.80 

 TΔ3d (°C) −0.30 −0.51, −0.10 .004 0.74 0.60, 0.91 

 degree-days (per 100 °C∙d) 0.12 0.03, 0.22 .010 1.13 1.03, 1.25 

 season (movement vs. none) −1.48 −2.54, −0.42 .006 0.23 0.08, 0.66 

 season (frequent vs. few) −1.21 −2.07, −0.35 .006 0.30 0.13, 0.71 

IRR = incidence rate ratio in the conditional count model, OR = odds ratio in the binary 

model. QrelΔ3d = short-term change in relative discharge, Twater = daily mean water tempera-

ture, TΔ3d = short- term temperature change, degree-days = cumulative thermal exposure, 

season = expected movement season of Vimba vimba. Significant p-values at α = .05 in bold. 

* Please note that these values are given as percentages (%) and therefore very small. 

 

For downstream movements, AICc model selection resulted in two sup-

ported models and thus greater model uncertainty than for upstream 

movements. Both supported models retained water temperature, 

short-term temperature change, degree-days, and movement season, 

while short-term discharge change appeared in one model only. In the 
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most parsimonious downstream model, higher water temperature was 

associated with higher expected counts and lower odds of zero obser-

vations (IRR = 1.20, OR = 0.69), while higher degree-days showed the 

opposite pattern (IRR = 0.87, OR = 1.16). Short-term increases in wa-

ter temperature reduced the odds of zero downstream observations but 

were not associated with count size (OR = 0.70). Overall, the down-

stream models suggested environmental relationships like those of up-

stream movements, but less consistently. 
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Discussion 

 

A. From structural to functional connectivity: interpreting fishway 

performance 

A1. Functional connectivity as the appropriate framework for fish-

way assessment 

The widespread construction of fishways reflects an at least two centu-

ries old recognition that longitudinal connectivity is essential for sus-

taining migratory fish populations in regulated rivers (Atkins, 1874; 

Francis, 1870). Yet the presence of a fishway alone does not mean that 

connectivity has been functionally restored even though it is often 

treated this way (Adam et al., 2014; Armstrong et al., 2020; O’Connor 

et al., 2022). Early evaluations often relied on binary indicators of suc-

cess, such as whether fish were observed passing a barrier at all (Larin-

ier, 2001; Roscoe & Hinch, 2010). While this provides a basic indica-

tion of use, it fails to capture the biological relevance of passage and 

risk overlooking important limitations imposed by fishways on fish 

movement and population processes. 

Functional connectivity of fishways provides a more ecologically mean-

ingful framework for assessing their performance. Within this perspec-

tive, successful mitigation requires that fish are able not only to pass a 

barrier, but to locate the fishway entrance, enter it, and complete pas-

sage in sufficient numbers and within time windows that align with 

their life-history requirements (Franklin et al., 2024; O’Connor et al., 

2022). As a result, contemporary fishway science increasingly empha-

sises metrics such as attraction efficiency, passage efficiency, timing of 

migration, and the ecological consequences of delay, rather than simple 

presence–absence of passage (Castro-Santos & Perry, 2012; O’Connor 

et al., 2022; Roscoe & Hinch, 2010; A. T. Silva et al., 2018).19 

 

 

 
19 On the riverscape scale, the near surroundings of the fishway – dams, possible hydropower stations, 

reservoirs – and all other structures along the river then affect the functional connectivity for upstream 

and downstream migrations between key habitats (Rolls et al., 2013). For diadromous species, this can 

even include coastal areas (Lennox et al., 2025). 
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This thesis adopts functional connectivity as its primary interpretative 

framework, as it allows passage to be evaluated as a process rather than 

a binary outcome. The results presented in Papers I–IV illustrate 

both the challenges in evaluating fish movements through fishways and 

the potential of long-term observations to reveal constraining proper-

ties of fishways and shifts in migration timing that would otherwise re-

main obscured, particularly for less-studied fish species. 

 

A2. Geographic scope and transferability of fishway science 

Fishway research and practice have been shaped predominantly by 

studies conducted in Europe and North America, where dams and 

weirs are common barrier types (Belletti et al., 2020; Poff & Hart, 

2002; Santos et al., 2025) and river regulation as well as fishway con-

struction have long histories (Duarte et al., 2021; Katopodis & Wil-

liams, 2012).20. In these regions, fishway design standards, monitoring 

approaches, and performance expectations have largely developed in 

response to temperate river systems and a taxonomic focus historically 

dominated by salmonids (Noonan et al., 2012; Roscoe et al., 2011; A. T. 

Silva et al., 2018). The studies in this thesis fall largely within this same 

broad geographic and conceptual setting but still span different con-

texts: Paper II assessed a vertical-slot fishway in a large Italian river, 

whereas Papers III and IV used fish counter and electrofishing data 

from Swedish rivers in Baltic and temperate to boreal settings. 

 

This spread suggests that some conclusions of the thesis are transfera-

ble across similar regulated rivers, especially the need to distinguish 

passage stages, account for timing, and match assessment methods to 

the biological question. Other aspects require more local context. Fish 

communities, hydrological regimes, fishway design traditions, and the 

monitoring data available differ among regions and change how fish-

way performance can be interpreted. This is illustrated by Paper IV, 

where vimba movements in the studied Swedish rivers were 

 

 
20 For example, while the in Paper II mentioned weir has been built very recently in 2020, the upstream 

weir has been part of an irrigation channel that exists since 1874 (Coutenza Canali Lanza Mel-

lana e Roggia Fuga, 2023) and major deforestation for wetland cultivars like rice occurred since the 

18th century (Frascaroli et al., 2021). 
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concentrated in spring to early summer, while vimba migrations in 

other, usually larger, Baltic systems may begin earlier or include au-

tumn movements before overwintering in freshwater (Dębowski, 2018; 

Tambets et al., 2018). 

 

Transferability is likely limited in highly speciose rivers, like the Ama-

zon or Mekong. At Itaipu Dam (Rio Paraná, Brazil), the fishway itself is 

a 10 km long canal containing ladders, artificial ponds, and diverse na-

ture-like reaches. Makrakis et al. (2007) therefore combined several 

fishing methods at 11 stations and interpreted differences in species 

richness (overall 116) among different sections as evidence for selectiv-

ity. A later study in this system then concentrated on the presumed bot-

tleneck and used PIT-tagging of two migratory species to test whether 

passage success differed for individuals moving through this technical 

section (Fontes Júnior et al., 2012). On a catchment scale, the number 

of fish species can become extremely large: Ohara et al. (2015) found 

ca. 1000 species in the Madeira River (Amazon) and Cowx et al. (2025) 

nearly 1400 fish species in the lower Mekong. Consequently, classifica-

tion of species into ecological or migratory guilds (Cowx et al., 2025), 

the use of representative species (Fontes Júnior et al., 2012; Makrakis 

et al., 2024), and the incorporation of alternative measures like fisher-

ies data (de Souza et al. 2025) are needed to assess functional connec-

tivity on different scales in large and highly diverse catchments (Lira et 

al., 2017; Pompeu et al., 2012; Vu et al., 2022). 

 

A3. Scale dependence: individuals, species, and communities 

The interpretation of fishway performance is inherently dependent on 

scale, and apparent differences among studies often reflect the level of 

biological organisation at which connectivity was assessed rather than 

genuine contradictions (Noonan et al., 2012; Rolls et al., 2013; Roscoe 

& Hinch, 2010). I therefore considered different mechanisms for each 

analysis on fish passage: variables affecting individual fish (Paper II), 

the phenology of a migrating species (Paper IV), and an assemblage 

of migrating and non-migrating species (Paper III). 
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Analyses at the individual level as in Paper II can identify size-de-

pendent success, delayed passage, or repeated attempts, but they do 

not readily translate to consequences for populations or communities 

(Castro-Santos & Perry, 2012; Cooke & Hinch, 2013). 

 

Community-level assessments, in turn, are particularly relevant for 

management objectives centred on biodiversity conservation and res-

toration success (Harris et al., 2016; Pennock et al., 2018) . However, 

community metrics – such as the proportion indices in Paper III – 

alone may mask selective passage or timing-related constraints affect-

ing particular species or groups (L. J. Baumgartner et al., 2010; Thiem 

et al., 2013; see section D1. Integrating methods rather than selecting 

a single tool for a deeper discussion on combined methodology). 

 

Species-level analyses represent an intermediate scale that is particu-

larly relevant for fishway assessment, as migration ecology, swimming 

capacity, and seasonal timing can differ markedly between species (Lu-

cas & Baras, 2001). Results in this thesis demonstrate that species dif-

fer not only in overall passage frequency, but also in their temporal pat-

terns of movement and representation at fishways: In Paper II, barbel 

moved upstream with the same probability in autumn as well as in 

spring, while Italian chub were more successful in spring. In Pa-

per III, a minimum observation period of half a year for each fish 

counter was needed to ensure that rarely observed species did not skew 

the interpretability of the results and Paper IV showed that onset and 

duration of spawning migrations of vimba in nearby rivers may differ 

by weeks. The documentation of such species-specific patterns is espe-

cially important for less-studied (often small-bodied) fishes, whose 

passage requirements were often assumed to be less relevant due to 

non-migratory behaviour (P. E. Jones et al., 2021; Wilkes et al., 2019). 

Labels like “migratory” or “non-migratory” often depend on what a 

monitoring approach can reveal and on local context. For example, sev-

eral species in Paper III classified elsewhere as stationary or potamo-

dromous have diadromous populations along the Baltic Sea (Müller & 

Berg, 1982; I. Näslund et al., 2013). This raises an interpretative chal-

lenge for fishway assessments: even when movement would be ecolog-

ically plausible, its absence does not identify by itself why fishway pas-

sage was not observed. 
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B. Behaviour and migration timing in fragmented rivers 

B1. Motivation as a missing link in fishway assessment 

In many assessments, “non-passage” is treated as a single outcome, yet 

passage is a multi-step process (CEN, 2021; Cooke & Hinch, 2013; 

Kemp, 2016). A fish that is not recorded passing may not have reached 

the barrier, may have been present but not in a migratory state, may 

have approached without locating or entering the fishway, or may have 

entered but failed to pass (Cooke & Hinch, 2013; Goerig & Castro-San-

tos, 2017). The missing quantity in many assessments is therefore mo-

tivation: the probability that fish with the opportunity to pass will at-

tempt to do so. Without independent evidence that fish reached the 

barrier and attempted passage, it can remain unclear whether a fish 

could not pass or simply did not try (CEN, 2021; Dodd et al., 2024; 

Goerig & Castro-Santos, 2017; Kemp, 2016). 

 

Paper II illustrates this ambiguity directly. There, detections came 

from antennas placed within the fishway, so non-detection provided 

little evidence on possible arrival, attraction, and entry. This was most 

obvious for species that were not detected, such as carassius and gudg-

eon, for which several explanations remained compatible with the 

same outcome. Among those were low swimming performance (P. E. 

Jones et al., 2020), stress from handling (Portz et al., 2006; K. M. Sul-

livan et al., 2023), or lack of motivation (Chapman et al., 2012; Cooke 

& Hinch, 2013; Kemp, 2016). For common carp, nearly no small carp 

were passing, while some large radio-tagged carp were present near the 

dam in autumn and passed the following spring, indicating that the 

fishway selected for size and highly motivated individuals, although 

this is probably directly related in case of spawning migrations (Banet 

et al., 2022). Some large carps were also emitting signals of persistent 

inactivity, and a possible tag loss as well as predation – in this case by 

humans – could have affected these carp permanently (Jepsen et al., 

2015). 

 

Interpretating motivation as a measurable individual state – as op-

posed to an inherent trait – means that other factors for non-passage, 

swimming performance, handling stress, wounding, maturity, and 

predator presence can all influence the motivation of the individual fish 
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to move into and through a fishway (Brodersen et al., 2008; Dodd et 

al., 2024; P. E. Jones et al., 2021). The results of Paper III provide a 

comparison with some of these possible cofounders removed: The cam-

era observations impose much less stress on fish because they require 

no trapping, handling, and tagging (Fuentes-Pérez et al., 2025). At the 

same time, passage effectiveness was based on presence or absence, 

and observing two fish was sufficient for a species to be counted as 

passing the fishway, dismissing individual variability in passage suc-

cess. Still, the inclusion of stationary fish species lowered passage ef-

fectiveness in all cases, meaning that these were generally less likely to 

be observed to move through a fishway. They could have simply 

avoided the fish counter more often, but they could also be differently 

influenced by local factors, such as population density or habitat avail-

ability. The usually higher spatial heterogeneity in nature-like fishways 

could then accommodate more of these stationary species, providing 

more refuge than a passageway between habitats (Gustafsson et al., 

2013; Pander et al., 2013)  

 

Practically, this argues not only for assessment designs matching sea-

sonal windows, but also for measures that can capture the decision pro-

cess of individual fish more directly. For fishes with known spawning 

migrations, direct measurements of gonadal status is a potentially 

highly informative approach to determine maturity (e.g., Casali et al., 

2010) and should therefore be tested – it is now made possible by ul-

trasound imaging and non-lethal biopsies of gonadal tissues (Mechaly 

et al., 2025). Even without pre-assessment of individuals, motivation 

can be inferred by the quantification of attraction towards a fishway. 

This can be determined per individual fish by defining another area 

downstream that, when passed, indicates their intention to pass a bar-

rier (CEN, 2021; Goerig & Castro-Santos, 2017; A. T. Silva et al., 2018). 

 

Another measure of motivation is the use of a free-flowing control 

stretch, ideally nearby within the same river, that indicates the propor-

tion of fish moving (here: towards upstream) in a targeted manner 

(Norrgård et al., 2013; Twardek et al., 2023) . Such a control stretch 

also provides a reference for the seasonal and diel timing and velocity 

with which these fish move upstream. This reference stretch also allows 
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a more detailed interpretation of the time individual fish need to pass 

a barrier (Castro-Santos & Haro, 2003; Twardek et al., 2023). 

 

B2. Migration delay: definition, ecological relevance, and quanti-

fication 

Passage time and migratory delay are related, but not identical. Fish 

migration takes time even in free-flowing rivers, so delay is best under-

stood as additional time associated with a barrier rather than as the 

mere duration of passage itself. Around fishways, time can accumulate 

at several stages: before fish locate the entrance, between approach and 

entry, during movement through the structure, and before final exit, 

including reverse movements or fallback (Boggs et al., 2004; Cooke & 

Hinch, 2013; Ovidio et al., 2017). This can induce energetic costs, in-

creasing stress and mortality (Caudill et al., 2007; Roscoe & Hinch, 

2010), and could lead to an increased possibility of termination of mi-

gration over time (Castro-Santos et al., 2017; van Leeuwen et al., 2016). 

 

The quantification of passage time therefore needs operational defini-

tions of start and end points, ideally aligned with what a telemetry ar-

ray can resolve (CEN, 2021; Keefer et al., 2021). In Paper II, times 

could be measured between release point, the lower antenna inside the 

fishway, and the upper antenna. Because the lower antenna was placed 

roughly halfway up the structure, the full process from first arrival at 

the barrier to successful exit could not be captured. Where fuller detec-

tion arrays exist, stage-specific times can be separated more clearly. A 

common implementation is to use the first confirmed presence in a 

downstream area (tailrace/approach zone) and then measure the time-

to-event for every subsequent transition (approach, entry, exit/pas-

sage) (Hatry et al., 2016; Hill et al., 2025; Keefer et al., 2021). This is 

directly compatible with a downstream stretch to infer motivation of 

individual fish. 

 

The question then remains to make the measured times interpretable. 

Castro-Santos & Haro (2003) suggested survival analysis / time-to-

event analysis to allow calculation of the expected duration fish need to 

pass the assessed structure. They used Kaplan-Meier curves to visualise 

and compare the distribution of passage times and combined this with 
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logistic regression to show that increasing delay lowered passage suc-

cess, allowing to calculate acceptable durations for a postulated pas-

sage rate (e.g., 90–100% in Lucas & Baras, 2001). Cox proportional 

hazards regression extends this further by quantifying how covariates 

(discharge, temperature, fish size, diel period, etc.) change the instan-

taneous passage rate (the hazard), thereby identifying conditions asso-

ciated with higher passage rates within the observed range (Castro-

Santos & Haro, 2003; Xu et al., 2024). The inclusion of a control stretch 

then allows the calculation of migratory delay: the additional time 

needed to migrate. For example, Twardek et al. (2023) compared Chi-

nook salmon migration in an impounded river requiring fishway pas-

sage to a nearby free-flowing river and observed that fish passing the 

hydropower facility needed ca. two additional days for a comparable 

distance, allowing to extend the modelled relationships to simulate 

possible delays at other locations or cumulative effects when migrating 

fish have to cross multiple barriers (Bravo-Córdoba et al., 2021; Castro-

Santos et al., 2017). 

 

Migration delays are likely to matter most if they reduce the chance that 

fish reach their destination in the spawning season. For example, in the 

four rivers analyses in Paper IV, a delay of several days in the 2nd half 

of June might lead to a failure for migrating vimba to reach upstream 

spawning areas in time. Where factors explaining migratory delay have 

been determined, they can be potentially compared to factors affecting 

the appearance of these fish at the barrier in the first place. 

 

B3. Seasonal state, environmental cues, and timing mismatches 

Movements around barriers might be best understood as responses to 

short-term environmental dynamics interacting with seasonal state, 

rather than defined by a general discharge or temperature threshold 

(Brodersen et al., 2011; Brönmark et al., 2014; Mawer, Bruneel, et al., 

2023). Italian chub in Paper II and vimba in Paper IV were most of-

ten recorded to pass in spring, at times of potential spawning migra-

tion, a common observation for many migratory fish species (Lucas & 

Baras, 2001; Ordeix & Casals, 2024). Within this window, vimba move-

ments were often clustered into migration runs, with numbers on con-

secutive days correlated. On peak days, up to 58% of annual upstream 
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movements were recorded, indicating that environmental cues could 

initiate the actual movement at that location (Slavík et al., 2024; Tam-

bets et al., 2018). This pattern is consistent with a hierarchy of cues in 

which photoperiod and seasonal development set a time window of 

“readiness”, while transient changes in temperature and discharge 

shape when movements occur. 

 

Cue-driven timing also implies that mismatches can occur even when 

a fishway is physically passable once fish are inside it, like barbel and 

chub in Paper II. If attraction or entry conditions are favourable only 

within a narrow hydraulic or operational range, fish may arrive at the 

barrier when overall passage probability is temporarily low. In these 

cases, delayed or missing passage can reflect a mismatch between cue-

aligned arrival and fishway conditions rather than physical inability or 

missing motivation to pass (Bao et al., 2019; Hill et al., 2025; van Leeu-

wen et al., 2016). In a study on two salmonid species, van Leeuwen et 

al. (van Leeuwen et al., 2016) found that late opening of fishways in 

spring delayed migrating European grayling (Thymallus thymallus) 

and early closure the migration of brown trout in autumn. Bao et al. 

(2019) observed that the assessed vertical-slot fishway did not provide 

any flow during a third of the study period (in migratory season), lead-

ing to fish waiting until sufficient water levels allowed continuing their 

passage. Entrance flows can also be masked by competing flows, lead-

ing fish towards other structures like tailraces that do not provide pas-

sage (Andersson et al., 2012; Heneka et al., 2021; Lindberg et al., 2016). 

Insufficient attraction of fishway entrances has been identified as an 

important factor reducing overall fishway efficiency and, consequently, 

effectiveness (Baek et al., 2015; Bunt et al., 2016; Hershey, 2021). Un-

certainty about motivation and attempt, the interpretation of migra-

tory delay, and possible mismatches between environmental cues and 

fishway operation suggest that outcome metrics alone (e.g., passage ef-

ficiencies) often fail to explain why passage is inadequate. Instead, re-

cent reviews and syntheses repeatedly argue for more diagnostic, 

mechanism-based evaluations that link outcomes to fish behav-

iour/physiology, environmental conditions, and fishway properties 

and operation (Cooke & Hinch, 2013; Kemp, 2016; O’Connor et al., 

2022; Roscoe et al., 2011; A. T. Silva et al., 2018). 
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C. What determines fishway performance? From categories to 

mechanisms 

C1. Limits of high-level fishway categories 

Several attempts have been made to link fishway properties to their 

general performance by comparing fishway types with each other. 

Meta-analyses based on reported attraction and passage efficiencies 

found large ranges and overlaps in fishway efficiencies per fishway type 

(Bunt et al., 2012, 2016; Hershey, 2021; Noonan et al., 2012; Sun et al., 

2023). Those that tested fishway type formally as an explanatory vari-

able found it non-significant in predicting overall efficiencies (Hershey, 

2021; Noonan et al., 2012). A general lack of data led two of the meta-

analyses to categorise fish species into salmonids and non-salmonids 

(Noonan et al., 2012; Sun et al., 2023). Hershey (2021) grouped species 

into ecological guilds and my own analysis in Paper III grouped by 

migratory needs, making results more interpretable through a more 

meaningful classification than the highly diverse group of ‘non-salm-

onids’. While the binary classification of fishways in Paper III as ‘na-

ture-like’ and ‘technical’ was coarser than the four to five fishway types 

in the meta-analyses on efficiencies, it did reveal a consistent commu-

nity-level pattern, with higher species richness and higher effectiveness 

of nature-like fishways, supporting similar notions made for passage 

efficiencies (Bunt et al., 2012, 2016; Hershey, 2021). 

 

At the same time, all these fishway categories remain coarse proxies. 

They pool structures along some similarities in geometry, but fishways 

could still differ strongly in length, slope, entrance position, allocated 

discharge, substrate, and other properties (Katopodis & Williams, 

2012; A. T. Silva et al., 2018). Therefore, broad patterns could be iden-

tified, but they do not explain why performance differed without addi-

tional information (Cooke & Hinch, 2013; O’Connor et al., 2022). 

 

C2. Detailed fishway properties as mechanistic drivers 

The meta-analyses on fishway efficiencies tested also some fishway 

properties in addition to type. These included slope and height differ-

ences (Bunt et al., 2012, 2016), as well as length (Sun et al., 2023), dis-

charge, and mean water velocity (Hershey, 2021; Noonan et al., 2012). 
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Noonan et al. (2012) found that shorter and steeper fishways had lower 

passage efficiencies, and Denil fishways were overall least efficient.21 

The most recent synthesis supported negative effects of increasing 

slope and length on passage efficiencies of non-salmonids (Sun et al., 

2023), whereas another again found no effect of slope or height (Her-

shey, 2021). Sun et al. (2023) also reported a negative effect of height 

difference in vertical slots on the passage efficiency of salmonids, which 

is supported more generally by Bunt et al. (2016). 

 

Approaches were also made to connect these properties to attraction 

efficiencies, but to a lesser extent than for passage efficiencies. One syn-

thesis related higher slopes to lower attraction efficiencies (Noonan et 

al., 2012), whereas another again found no effect of slope or height 

(Hershey, 2021). Sun et al. (2023) did not repeat their approach for 

attraction efficiencies because variables describing hydraulic condi-

tions at the entrance, outside of the fishway, could not be collected. 

 

The differences in available data and approaches do not allow detailed 

conclusions from these studies and leave important questions about 

the general mechanisms determining fishway performance unan-

swered (Cooke & Hinch, 2013; Lennox et al., 2019; A. T. Silva et al., 

2018). In particular, the variables that may matter most for attraction 

and early entry, such as entrance position, attraction flow, competing 

flows, and local hydraulics outside the fishway, were rarely available in 

a comparable way. Within the fishway, additional factors such as water 

depth, turbulence, substrate, light regime, operational discharge, and 

predator presence may further interact with species traits and motiva-

tional state (Cooke & Hinch, 2013; A. T. Silva et al., 2018). While these 

variables could not all be directly measured within this thesis, the re-

porting of more exhaustive data on fishways and study design is per-

haps the simplest and most effective measure for future large-scale 

studies like Paper III (e.g., Panagiotopoulos et al., 2024) and the 

mentioned meta-analyses (Table 3). 

 

 
21 Significant differences between fishway types were estimated from Table 2 in Noonan et al. (2012) 

using the “overlap rule for standard error (SE) bars”: Check the smallest difference between two means 

± their respective SE. If the difference is positive and larger than the sum of the two SE (if n ≥ 10; if n 

= 3, then larger than two times the sum), a statistical test will yield p < .05 (Cumming et al., 2007). 
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D. Assessing fishway functionality: methods, combinations, and 

data reuse 

D1. Integrating methods rather than selecting a single tool 

At the beginning of this work, I argued in Paper I that no single as-

sessment method captures all dimensions of fishway functionality. In 

broader terms, what becomes visible depends on what a method can 

resolve in space and time. For example, in Paper II, barbel passage 

was more likely at night. This matters because fishway assessments still 

commonly rely on entrance/exit trapping or electrofishing-only de-

signs (Ebel, 2006; M. J. Jones & O’Connor, 2017; Panagiotopoulos et 

al., 2024; Woschitz et al., 2020). Both can provide useful snapshots, 

but they often integrate movement over a chosen sample period rather 

than resolving when passage becomes difficult. Methodological guid-

ance for fishway monitoring explicitly notes that electrofishing-only is 

still used in some settings and that trap samples may be as short as one 

hour or extended to a day depending on logistics and catch size (M. J. 

Jones & O’Connor, 2017; Nijssen et al., 2026). If such designs are cen-

tred on daylight or pooled catches, they can miss whether a fishway is 

used differently at night, or whether navigation through a technically 

demanding structure becomes light-dependent. That risk can be eco-

logically important: light conditions have been shown to alter passage 

through fishways (M. J. Jones et al., 2017), and a Denil fishway was 

previously passed by Atlantic salmon more readily by day before rede-

sign (Nyqvist et al., 2017). The same logic applies to short-window 

monitoring. Holter et al. (2020) showed that a conventional short-term 

before-after fishway assessment could give a different picture than 

long-term data, and van Leeuwen et al. (2016) demonstrated that re-

stricted seasonal opening schedules of fishways can delay or block mi-

gration outright. The issue is therefore not that observations may miss 

some fish, but that they may miss the actual reason why performance 

appears low.  
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Paper II makes the complementarity of methods especially clear. Only 

a single small PIT-tagged carp passed the fishway, resulting in specu-

lation: were the fishway hydraulics too demanding or were the carps 

generally unmotivated due to age, season, or other factors (Cooke & 

Hinch, 2013; Dodd et al., 2024)? The radio-tagging of large carp re-

vealed their repeated presence in autumn near the dam without pas-

sage and the upstream passage of some individuals in the following 

spring, potentially only migrating for spawning in this season (Banet et 

al., 2022; Finger et al., 2020; Fortini, 2016). Comparable work has sim-

ilar: Lothian et al. (2020) used PIT telemetry to find phenotype-specific 

differences in passage through a baffle fishway, while larger-scale radio 

detections showed that many successful anadromous trout crossed the 

adjacent weir directly rather than using the fishway. Bravo-Córdoba et 

al. (2023) studied the passage of a weir location by Iberian barbel (Lu-

ciobarbus bocagei) and while PIT antennas covered the fishway, the 

hydropower plant was surveyed with the help of radio telemetry, 

thereby extending the assessment to a potential migration corridor for 

which PIT telemetry was inadequate. These two methods therefore 

complemented each other by resolving life stage or size class, spatial 

extent, and seasonal motivation. A similar logic appeared in Paper III 

at community scale: fish counter data from within fishways, paired 

with electrofishing data from surrounding reaches, revealed differ-

ences between nature-like and technical fishways, whereas a similarity 

index based on electrofishing around the structures alone did not. 

 

A single qualitative method can contribute much to fish migration sci-

ence, as shown by the long-term fish counter observations in Pa-

per IV. Yet a combination with other methods, such as hydraulic mod-

elling, would allow to include possible cofounding variables to the re-

search questions in Paper IV. Recent work in Austria has combined 

continuous fishway monitoring with 2D hydraulic modelling to test en-

trance findability (Mader et al., 2020). Through the combination of 

video monitoring with PIT telemetry, Jensen et al. (2024) were able to 

use passage efficiencies and fallback rates of tagged fish, as well as 

video counts of all passing fish, to estimate the run size of three species 

of river herrings (Alosa spec.), while Iaia et al. (2025) found that each 

method detected fish differently over the seasons. In their study, video 

recordings were able to resolve the diel patterns of fishway use much 
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clearer, probably due to low numbers of redetections in the PIT anten-

nas (3% of all tagged fish). In an assessment of a vertical slot fishway, 

García-Vega et al. (2017) used electrofishing surveys to identify species 

composition in the surrounding river and in the fish counter that oper-

ated only with infrared scanner plates (Figure 5A). Fish counting has 

also been used in combination with eDNA to validate the latter method 

(Fowler et al., 2024; Thalinger et al., 2019). 

 

D2. eDNA as a complementary assessment method 

Environmental DNA (eDNA) can complement fishway assessments by 

expanding species detection beyond electrofishing, trapping, or coun-

ter-based monitoring (Dal Pont et al., 2021; Nakai et al., 2024). This 

can help to confirm the presence of additional taxa around fishways 

(e.g., rare or small-bodied species) and to clarify whether part of the 

community remains undetected in conventional monitoring (Moody et 

al., 2025; Tolonen et al., 2024). However, transport, degradation, and 

sampling design can decouple eDNA signals from local fish behaviour, 

and eDNA does not by itself resolve movement direction, life-stage, or 

condition of individual organisms (Pont, 2024; Tolonen et al., 2024). 

This also means it cannot resolve possible stage-specific bottlenecks of 

fishways, like attraction, entry, or internal passage. Migration activity 

might be detectable by detecting larger amounts of eDNA during peri-

ods of higher activity (Fowler et al., 2024; Thalinger et al., 2019; Tillot-

son et al., 2018), but the relationship to abundance changes with the 

environment (Rourke et al., 2022). 

 

The emerging application of environmental RNA (eRNA) may help 

overcome some of the limitations of eDNA as it can reflect physiological 

states. Aminaka et al. (2025) found that gamete-specific transcripts in-

dicated spawning behaviour of fish in a laboratory setting, and differ-

ent RNA types might be usable to detect stress responses and metabolic 

processes in aquatic species in the future (Ahi & Schenekar, 2025). 

While eRNA applications are still highly experimental, I expect at least 

eDNA to become a tool complementary to the discussed fishway assess-

ment methods (Table 1) in the near future (Table 4). 
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Table 4. Environmental DNA as a method for individual fishway assessment (Table 1 con-

tinued). 

Method Advantages Disadvantages Reference studies 

eDNA 

Fish community 

downstream & 

upstream, 

passing fishway 

Quick sampling 

process,  

low cost,  

no handling 

No directionality, eDNA con-

centrations depend on spe-

cies and environment: abun-

dances not reliably esti-

mated, very rare species still 

overlooked 

Dal Pont et al. (2021), 

Tolonen et al. (2024), 

Moody et al. (2025, 

Review) 

 

D3. Using existing data to assess restoration at scale 

In addition to direct fishway assessment, relevant information already 

exists through other monitoring programmes in rivers. Using such data 

needs accessibility, meaning that it needs to be findable, available, and 

have at least some form of standardisation (Reichman et al., 2011; Wil-

kinson et al., 2016). In fact, it was the availability of two databases, with 

electrofishing data on SERS, as well as the fish counter observations on 

Fiskdata, that provided the basis for Papers III and IV. 

 

Already available data cannot be used uncritically, though – for exam-

ple, the meta-analysis on fishway efficiencies by Bunt et al. (2012) was 

criticised for misinterpreting source data (Williams & Katopodis, 2016) 

and was subsequently corrected and re-run (Bunt et al., 2016). Data 

stemming from public databases has probably even more potential for 

misinterpretation and its quality needs to be ensured by adequate 

meta-information including knowledge about its origins (Augustine et 

al., 2024; Fegraus et al., 2005; Reichman et al., 2011). While the hosts 

of the Swedish fish counter database could be contacted directly to en-

sure data met the requirements of my proposed analyses,22 other infor-

mation was less clear. The electrofishing data on SERS is not neces-

sarily gathered with the same strict monitoring protocol and can be in-

fluenced by other factors (such as liming; J. Näslund et al., 2023), while 

data derived from VISS on was expected to be incomplete for migration 

barriers (Belletti et al., 2020). This led to the simplifications described 

 

 
22 Viktor Hebrand (Fiskevårdsteknik AB) was part of the European Training Network “River flow reg-

ulation, fish behaviour and status” (RIBES) that financed large parts of this PhD project. 
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in Papers III and IV (section Dams, mitigation measures, and envi-

ronmental variables): both papers used a binary classification of pass-

ability (yes/no) for surrounding barriers to determine the length of the 

longitudinally connected river system. In addition, we decided against 

the use of individual length or population density for Paper III, alt-

hough these are theoretically available in SERS and Fiskdata as well. 

With such limitations in mind, similar approaches on a large scale are 

possible, for example when pooling data from various countries. 

 

A multitude of databases exist by now that are seemingly suited for re-

search questions on fish migration and passage in Europe. Some of 

them are worth mentioning due to their scope: WISE Freshwater23 pro-

vides data on the ecological status of surface waters in the European 

Union (European Environment Agency, n.d.), the AMBER barrier at-

las24 aims to provide the best possible overview of barriers in European 

rivers by allowing updates via an app (Belletti et al., 2020), and the Na-

tionale Visroutekaart25  shows the progress on fish passability along 

barriers in the Netherlands (Kroes & Philipsen, 2023). On the research 

side, the European Tracking Network has established a database of 

acoustic telemetry projects (Reubens et al., 2019).26 

 

Despite these advances built on EU frameworks for public access and 

re-use of environmental information, recent assessments describe Eu-

ropean water data consistently as scattered – there is still enormous 

potential in making freshwater datasets openly accessible to support 

research and policymaking in Europe (Megne & Jansen, 2025; Wa-

ter4All Partnership, 2024; Wilkinson et al., 2016). As an example, the 

current project Fish Stewards 27 aims to standardise the fish counter 

data on Fiskdata, as well as from others Swedish sources, and provide 

open access to it (Calles et al., 2025), hopefully inspiring similar ap-

proaches elsewhere. 

 

 
23 https://water.europa.eu/freshwater 
24 https://amber.international/european-barrier-atlas/ 
25 https://storymaps.arcgis.com/stories/257781d4187049f888a5df65254eeffb 
26 This might be the best framework to expand towards other standardised telemetric approaches, such 

as PIT tags. URL: https://europeantrackingnetwork.org/en 
27 https://fishstewards.org/ 

https://water.europa.eu/freshwater
https://amber.international/european-barrier-atlas/
https://amber.international/european-barrier-atlas/
https://storymaps.arcgis.com/stories/257781d4187049f888a5df65254eeffb
https://storymaps.arcgis.com/stories/257781d4187049f888a5df65254eeffb
https://europeantrackingnetwork.org/
https://fishstewards.org/
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E. Future directions, synthesis, and implications 

E1. The future of fishway assessment methods 

While combinations of methods have increased in research publica-

tions over the last years, they are still not routine in many fishway as-

sessments (Bett et al., 2022; A. T. Silva et al., 2018). This is unsurpris-

ing, as many assessments are likely shaped by regulatory demands and 

handbooks that do not explicitly require integrated monitoring and 

may exempt ecological evaluation when a fishway is assumed to follow 

current design practices (Adam et al., 2014; Armstrong et al., 2020; 

National Marine Fisheries Service, 2022; Woschitz et al., 2020; Zaugg 

et al., 2016; but see Franklin et al. (2018) for a proposed integration of 

methods). I therefore expect fishway assessments to remain rare rela-

tive to the number of built fishways (Bunt et al., 2012; Santos et al., 

2025; A. T. Silva et al., 2018). It is also important to keep in mind the 

requirements for a fishway: Generally, a functional fishway should at-

tract and pass fish without negative effects such as stress, injury, or de-

lay (Larinier et al., 2002), and ideally, this should be possible for all 

present fish species and life stages (Adam et al., 2014; Armstrong et al., 

2020; O’Connor et al., 2022). For these reasons, future progress in fish-

way science will likely depend on integrated methods and long-term 

observations as state of the art, and on using automation and existing 

monitoring in rivers to obtain the necessarily more extensive data more 

cost-effectively (Calles et al., 2025; Petreman et al., 2014; A. T. Silva et 

al., 2018). Automation changes the practical reach of existing ap-

proaches: fish counters and other camera systems can produce contin-

uous time series over many sites, while automated species identifica-

tion may reduce the labour that currently limits their use (Fuentes-Pé-

rez et al., 2025; Kandimalla et al., 2022; Li et al., 2024). 

 

However, more monitoring data alone will not improve fishway assess-

ment unless fishway performance goals are defined beforehand. Clear 

criteria therefore remain essential. In Paper II, the assessed fishway 

could be interpreted as successful if the objective were passage of bar-

bel and Italian chub, but much less so if the objective were connectivity 

for the whole fish community. Paper II also showed that high passage 

probability of fish within a fishway can coincide with low overall pas-

sage, so even increasingly automated detections still require ecological 
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interpretation of arrival, entry, internal passage, and passage timing. 

Performance criteria set a priori make metrics such as passage effec-

tiveness, passage efficiency, passage duration, or fallback interpretable 

rather than merely descriptive (Bravo-Córdoba et al., 2021; O’Connor 

et al., 2022). They also determine which analytical tools are most use-

ful, for example logistic models of passage success (Paper II) or time-

to-event approaches for passage timing (Castro-Santos & Haro, 2003; 

Castro-Santos & Perry, 2012). In addition, nearby free-flowing 

stretches can serve as reference observations for motivation and timing 

(Twardek et al., 2023). 

 

On the community scale, once such objectives are defined, standard-

ised long-term data from fish counters could be combined with existing 

monitoring programmes with methods such as trapping, electrofish-

ing, or eDNA, making comparisons among fishways much easier while 

increasing the value of existing monitoring programmes. Paper III 

supports the value of comparable fishway observations across sites that 

allow large-scale analyses (e.g., Panagiotopoulos et al., 2024; Sun et al., 

2023), and Paper IV the value of repeated observations over years: 

prediction of the phenology of fish migrations is incredibly useful for 

the timing of measures to improve linear connectivity and protect riv-

erine life (Teichert et al., 2020; van Leeuwen et al., 2016). Similar anal-

yses are possible for additional species, including those often treated as 

stationary / sedentary / non-migratory because their movements have 

rarely been recorded (P. E. Jones et al., 2021; Radinger & Wolter, 2014; 

Wilkes et al., 2019). In that sense, fishways remain bottlenecks in many 

rivers, but they also provide points of observation from which fish pop-

ulations and fishway performance can be monitored more systemati-

cally.  
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E2. Synthesis and management implications 

The methodological developments described above can increase the 

scope and value of fishway assessments if research questions are 

guided by a framework of functional connectivity that acknowledges 

that fishway performance is the outcome of multi-stage processes 

shaped by species requirements, the motivation of individual fish, tim-

ing and local conditions (Cooke & Hinch, 2013; Roscoe & Hinch, 2010; 

A. T. Silva et al., 2018). Paper II showed at the individual level that 

passage can be selective and stage-dependent, but missing information 

on the motivation of fish made it difficult to interpret all results confi-

dently. Paper IV showed how the timing of passage events is not only 

influenced by seasonal windows, but also by short-term environmental 

changes, leading to short periods in which most observations of the tar-

get species vimba were made. The exact movement patterns varied 

among rivers, raising questions about which local factors affected ob-

servations in the fishways and how. At the community level, higher spe-

cies richness and passage effectiveness in nature-like than in technical 

fishways were observed in Paper III, suggesting that greater hydrody-

namic heterogeneity and/or habitat provision may contribute to better 

fishway performance. More detailed information on fishway properties 

would have been needed to identify the factors underlying this appar-

ent advantage of nature-like fishways. Similarly, information on indi-

vidual motivation in Paper II and on the surroundings of the fish 

counters in Paper IV could have helped to explain the outcomes of 

those assessments. A more comprehensive consideration of variables 

to test and to report could therefore improve future fishway assess-

ments. While monetary considerations will continue to necessitate 

choices regarding target species, variables measured, and methods ap-

plied, deliberate planning can still ensure that assessment inform riv-

erine management effectively. 

 

Fishway assessments therefore need to define the performance goals 

and the metrics used to assess them. For management, this begins with 

a selection of target species, life stages, relevant seasons (or permanent 

operation), spatial scale, and a definition of acceptable performance 

(Armstrong et al., 2020; CEN, 2021; O’Connor et al., 2022). That way, 

performance metrics directly address conservation goals instead of ar-

bitrary efficiency targets (Cooke & Hinch, 2013; O’Connor et al., 2022; 
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Roscoe & Hinch, 2010). Following this framework, fishway efficiency 

can continue to describe the proportion of attempting fish that find, 

enter, and pass through a fishway (CEN, 2021), while fishway effec-

tiveness then describes whether an intended biological or ecological 

outcome has been achieved. Where performance goals concern large 

parts of or the whole fish community, integrated monitoring with mul-

tiple methods is likely necessary: combinations of telemetry, video, so-

nar or other approaches provide cross-validation and resolve ambigui-

ties in interpretation (Bett et al., 2022; Cooke & Hinch, 2013; Roscoe & 

Hinch, 2010). Finally, assessments must support decision-making by 

explicitly stating the metrics they provided, the questions that could be 

answered, and how the results link to management actions. For in-

stance, distinguishing marginal improvements from persistent passage 

failures can inform whether to invest in retrofitting or opt for partial or 

complete barrier removal. This decision-focused perspective is crucial 

because planning and prioritisation in large programmes, such as Swe-

den’s National Hydropower Plan, rely on results that can be compared 

between locations (Havs- och vattenmyndigheten, 2014). 

 



 

78 

 

 

Acknowledgements 

While most people in connection to my work have been paid for at least 

adjacent work, I feel the utmost respect to those that helped me on a 

voluntary basis. This is especially true for Mats Bagge and Göran 

Svensson, who seemed to not mind spending a part of their hard-

earned retirement to help me setting up and maintaining antenna 

equipment, as well as tagging sea trout smolts in River Nybroån near 

Ystad – and that over years. It cannot be overstated how much they did, 

so if anyone reading this meets them in the future, say: “Thank you for 

your service”. Thanks also to Ronnie Gustavsson, Anders 

Fälemark, and all other members of Ystadortens Fiskevårds- och 

Sportfiskeförening (YFS) for your help and for letting me live for long 

stretches in a house with one of the best views Skåne has to offer. I must 

also thank Anders Eklöv who took the time to voluntary come out 

and help tagging for a day, explaining the river, and introducing me to 

some of these sweet, sweet waterproof sheets highly valuable for out-

door notes in pouring rain. I did not know that these existed as I had a 

very sheltered life before (very bad pun intended). Further voluntaries 

included Johan Asplund Schmidt, Ali Hassan Khan from the 

RIBES consortium, my sister Anna Eggers, and Herman Forsberg 

from Lund University. Herman, together with his supervisors-or-asso-

ciates (someone should look that up) Anders Persson and Anders 

Nilsson, was able to take over the project and continues it to this day 

in some form. That warrants a precious „Da gibt es nichts zu meckern“. 

No notes. 

 

Two people contributed extraordinary efforts to the making of this the-

sis and it would probably not have been finished without them (one can 

ponder what dent that would have made in the fabric of this world): 

 

One the one hand, there is Olle Calles as main supervisor, who prob-

ably twisted his brain to make everything possible, paved, straightened, 

and smoothened the way linking the works that are indirectly or di-

rectly part of this thesis, and continued to support me far outside the 

normal timeframe for PhD work. Other things I might forget, but this 

is going to stick. One day, there will be a poor soul working in a 



 

79 

 

 

retirement home hearing me reminiscence of his deeds over and over 

again. And it will be glorious. 

 

On the other hand, there is Liesa Beuter, who I am neither allowed 

to call wife (legally) or girlfriend (personally), and so she is my ever-

lasting sambo, supporting me even in those times that are only good to 

remember as bad examples from which to learn and grow. I hope we 

will be able to look back and say: “Oh, this was a defining moment and 

that actually helped to achieve the thing we are doing right now!” 

While decisions lead to opportunities and those to other decisions and 

so on, the outcome of all of that is often only recognisable further down 

the road, and so, for now, I am simply grateful that we went this way 

together with all the changes it brings that we might never know about. 

 

Given that I have described the people above as extraordinarily sup-

portive, that must mean that now follows a list of people investing or-

dinary efforts, no? Let me try to put it as follows: my verbal and written 

abilities to express gratitude are limited, so imagine me using super-, 

extra-, remarkably, and sublime everywhere to accurately describe 

how everyone contributed their part. 

 

I am deeply indebted to my other supervisors at KAU, Johan Watz 

and Martin Österling. Johan has an innate ability to spot and point 

out my bullshit near immediately with polite, open-ended questions28, 

which helped me immensely in learning to trim my own scientific writ-

ings (not this section, though). On a personal level, it contributed much 

to me finding out that, yes, my brain actually is a bit different from 

those of my supervisors – unfortunately, that largely meant it works 

worse for all intents and purposes. But hey, learn and grow, learn and 

grow… 

Martin has been a bit quieter in many of our meetings due to my re-

search interests mainly overlapping with Olle’s, but I had the best dis-

cussion about how to manage and analyse some data in the one meeting 

 

 
28 ”Are you sure you want to…” – the answer always was: “No, not at all. I am throwing things against 

the wall and see what sticks. Please do not look too hard into this." 



 

80 

 

 

where it was just us two. That is a core memory unlocked. So thanks to 

them both for their efforts to make this a success. 

I am also happy that I had my fourth supervisor, Viktor Hebrand, for 

the first three years of my PhD work. His contributions from an applied 

perspective – what is the problem, what do I think I need help with, 

how can this be solved the quickest way – were extremely helpful in 

setting me up to work far away from Karlstad, as Fiskevårdsteknik was 

there to keep the HSwMS “Budgetary and logistical considerations” 

afloat. It was also very fun to figure out together the various field setups 

for the Nybroån. I am also thankful to Stefan Kläppe for building, ex-

plaining and sharing the networking devices that allow to remotely ac-

cess data from the antennas. That is serious ingenuity. 

 

On the field site in Italy, in Casale Monferrato, there were four people 

who so pleasantly allowed me to join their already existing team which 

ultimately led to Paper II in this thesis: 

Daniel Nyqvist, who has been an absolute generous supporter of us 

young researchers in the RIBES consortium, and who continues to 

have the patience to talk to me to this day, which is remarkable. 

There is also Claudio Comoglio, with whom working was a hoot. He 

is very fun to be around, with a unique mix of specialist knowledge and 

Italian virtues, and I wonder what would need to happen to upset him. 

Alfredo Schiavon, very down-to-earth, focused, incredibly nice and 

helpful, and the best companion in the field. He overcame quite a hur-

dle in his work and I still do not know how he pulled that off while mak-

ing it seem so easy. Definitely my go-to source if I need more infor-

mation about Italy’s fish populations. 

Alessandro Candiotto, who allowed me to visit his fish farm and 

help Alfredo out with his projects there, and who let me join his elec-

trofishing efforts so that I could be the first to spot a lamprey species 

he has been searching for years at that point – it was pure luck, so 

thanks for letting me trail behind and thanks to Alfredo for explaining 

to me what it actually meant so that I can still feel smug about “my” 

discovery. 

 

For Papers III and IV, Stefan Kläppe, Viktor Hebrand, and Mats He-

brand were crucial to sort out and understand the data basis, and I am 

very thankful I got this opportunity to access that goldmine of data on 



 

81 

 

 

fish occurrences in fishways in Sweden. It is very impressive work and 

that definitely shaped in how I think about future access to field data. 

At KAU, Stefanos Georganos took the time to go through a tough 

question of calculating distances along a river network in GIS in pains-

takingly detail and helped me understand the steps necessary to imple-

ment this on my own (in a worse way, given that he used Python and I 

used a rather slow and convoluted approach in R). At Länsstyrelsen 

Kalmar län, Tobias Borger pondered over multiple questions of mine 

in what I can only assume was stolen time29, and helped me to better 

understand the data itself as well as the perspective of the authorities.  

 

Multiple other people contributed to this thesis with pieces of infor-

mation. Sebastian Rock shared all the extra work he put in his thesis 

freely for me to save some time, Samuel Shry explained the steps nec-

essary for the printing process itself, and for every question I asked 

Joschka Wiegleb, he would show me various approaches on compara-

ble data or how I could set things up for future projects, allowing me to 

expand my horizon rapidly each time. 

 

It is this sharing of information and ideas that contributed to a great 

working environment at KAU, together with the direct and indirect 

moral support by others: 

Velizara Stoilova as my office-sharing partner (when I was there), 

incredibly caring, cheery, and with a great approach to difficulties along 

the way: find whoever is responsible for something and make them do 

the thing you want. I would gladly have her as a budget coordinator for 

future projects. She knows no fear. 

Henry Hansen, also employed at KAU as a PhD in the RIBES project. 

He had a very focused attitude towards what is actually important and 

impressed me with his ability to invest his limited time only where it 

mattered. If he ever diverted at some point, I did not notice. 

There were several other students in the RIBES project not employed 

at KAU that still shaped my experiences at the time of my PhD work. I 

hope we are all able to make the most use of what we have done and 

continue to do what we really, really like. 

 

 
29 Stolen by me, so I consider this an absolutely win. 



 

82 

 

 

Other students at KAU offered direct and indirect moral support, 

among them Jacqueline Hoppenreijs, who I can absolutely see to 

continue her path in academia, navigating it confidently and always 

with an approach to improve. That is an energy I wish I had. There is 

also a particular office that over time contained Raviv Gal, Emil 

Nordström and Anneli Brändén. They made the horrible mistake 

to always have an open door and so every question that I could not di-

rect somewhere else was directed towards them, so they are best de-

scribed as layman therapists who listened, nodded at the right mo-

ments, and added to the conversation until the necessary number of 

words has left my mouth. It was fun keeping you occupied, although I 

am very sorry for talking so much. Except regarding Raviv. He can talk 

as much as me, and we shall not be allowed to see each other in a pro-

fessional setting ever again (maybe under supervision from a responsi-

ble state agency – maybe). 

 

Lastly, I want to thank the people who made the decision to read this 

work diligently and take the time to provide the review by peers needed 

to challenge my thoughts written herein: John Piccolo (as examiner), 

Pauliina Louhi (as opponent), Leif Asbjørn Vøllestad, Michaël 

Ovidio, and Isabel Boavida (as committee members). Dissecting it 

is what makes this exercise worthwhile in the first place. 

 

On an administrative level, Daniel Olsson (as former head of the de-

partment), Kristina Oskarsson (as administrator), and Eva Berg-

man helped swiftly each time I needed it. Thanks also to Niclas Carls-

son for helping with some things specific to fish and fieldwork and 

Geni Zanol for having the patience of a saint (I still have a key for the 

cabinet). Lastly, I want to thank Ted Morrow − for things he does not 

even know about yet. But I am sure it will work out. 

− It always did. 

 

Funding 

All studies were carried out with funding provided by the European 

Union Horizon 2020 Research and Innovation Programme under the 

Marie Skłodowska-Curie Actions, Grant Agreement No. 860800 

(MSCA RIBES). 



 

83 

 

 

References 

 

Aadland, L. P. (2010). Reconnecting Rivers: Natural Channel Design in 

Dam Removals and Fish Passage. Minnesota Department of Natural Re-

sources. www.dnr.state.mn.us/eco/streamhab/reconnecting_rivers. 

html 

Adam, B., Bosse, R., Dumont, U., Göhl, C., Görlach, J., Heimerl, S., Kalusa, 
B., Krüger, F., Redeker, M., Schwevers, U., & Sellheim, P. (2014). 
Merkblatt DWA-M 509. Fischaufstiegsanlagen und fischpassierbare 
Bauwerke - Gestaltung, Bemessung, Qualitätssicherung. DWA German 
Association for Water, Wastewater and Waste e.V. 
https://shop.dwa.de/DWA-M-509-Fischaufstiegsanlagen-und-
fischpassierbare-Bauwerke-Gestaltung-Bemessung-Qualitaetssicher-
ung-Mai-2014-Stand-korrigierte-Fassung-Februar-2016/M-509-
Hauptprodukt-14-main 

ADBPO. (2009). Carta Ittica del Fiume Po. Tratto di alta pianura. 
Autorità di bacino del fiume Po. 
https://www.adbpo.it/download/CartaItticaPo2009/pdf/Risultati_Alt
aPianura.pdf 

Ahi, E. P., & Schenekar, T. (2025). The Promise of Environmental RNA Re-
search Beyond mRNA. Molecular Ecology, 34(12), e17787. 
https://doi.org/10.1111/mec.17787 

Allibone, R. M., & Wallis, G. P. (1993). Genetic variation and diadromy in 
some native New Zealand galaxiids (Teleostei: Galaxiidae). Biological 
Journal of the Linnean Society, 50(1), 19–33. 
https://doi.org/10.1111/j.1095-8312.1993.tb00916.x 

Altowairqi, T., & Shafi, M. (2024). A comprehensive review of the biodiver-
sity of freshwater fish species in Valleys worldwide and in the Kingdom 
of Saudi Arabia. Journal of Advanced Veterinary and Animal Re-
search, 11(2), 356. https://doi.org/10.5455/javar.2024.k784 

Amat‐Trigo, F., Andreou, D., Gillingham, P. K., & Britton, J. R. (2023). Be-
havioural thermoregulation in cold‐water freshwater fish: Innate resili-
ence to climate warming? Fish and Fisheries, 24(1), 187–195. 
https://doi.org/10.1111/faf.12720 

Aminaka, Y., Wong, M. K.-S., Yada, T., & Hyodo, S. (2025). The use of envi-
ronmental RNA for inferring fish spawning behavior. Scientific Re-
ports, 15(1), 37559. https://doi.org/10.1038/s41598-025-23861-8 

  

http://www.dnr.state.mn.us/eco/streamhab/reconnecting_rivers.html
http://www.dnr.state.mn.us/eco/streamhab/reconnecting_rivers.html
https://shop.dwa.de/DWA-M-509-Fischaufstiegsanlagen-und-fischpassierbare-Bauwerke-Gestaltung-Bemessung-Qualitaetssicherung-Mai-2014-Stand-korrigierte-Fassung-Februar-2016/M-509-Hauptprodukt-14-main
https://shop.dwa.de/DWA-M-509-Fischaufstiegsanlagen-und-fischpassierbare-Bauwerke-Gestaltung-Bemessung-Qualitaetssicherung-Mai-2014-Stand-korrigierte-Fassung-Februar-2016/M-509-Hauptprodukt-14-main
https://shop.dwa.de/DWA-M-509-Fischaufstiegsanlagen-und-fischpassierbare-Bauwerke-Gestaltung-Bemessung-Qualitaetssicherung-Mai-2014-Stand-korrigierte-Fassung-Februar-2016/M-509-Hauptprodukt-14-main
https://shop.dwa.de/DWA-M-509-Fischaufstiegsanlagen-und-fischpassierbare-Bauwerke-Gestaltung-Bemessung-Qualitaetssicherung-Mai-2014-Stand-korrigierte-Fassung-Februar-2016/M-509-Hauptprodukt-14-main
https://www.adbpo.it/download/CartaItticaPo2009/pdf/Risultati_AltaPianura.pdf
https://www.adbpo.it/download/CartaItticaPo2009/pdf/Risultati_AltaPianura.pdf
https://doi.org/10.1111/mec.17787
https://doi.org/10.1111/j.1095-8312.1993.tb00916.x
https://doi.org/10.5455/javar.2024.k784
https://doi.org/10.1111/faf.12720
https://doi.org/10.1038/s41598-025-23861-8


 

84 

 

 

Amtstaetter, F., O’Connor, J., Borg, D., Stuart, I., & Moloney, P. (2017). Re-
mediation of upstream passage for migrating Galaxias (Family: Galaxi-
idae) through a pipe culvert. Fisheries Management and Ecology, 
24(3), 186–192. https://doi.org/10.1111/fme.12211 

Andersson, A. G., Lindberg, D.-E., Lindmark, E. M., Leonardsson, K., An-
dreasson, P., Lundqvist, H., & Lundström, T. S. (2012). A Study of the 
Location of the Entrance of a Fishway in a Regulated River with CFD 
and ADCP. Modelling and Simulation in Engineering, 2012(1), 1–12. 
https://doi.org/10.1155/2012/327929 

Aparicio, E., Pintor, C., Durán, C., & Carmona-Catot, G. (2012). Fish pas-
sage assessment at the most downstream barrier of the Ebro River (NE 
Iberian Peninsula). Limnetica, 31(1), 37–46. 
https://doi.org/10.23818/limn.31.04 

Armstrong, G. S., Aprahamian, M. W., Fewings, G. A., Gough, P. J., Reader, 
N. A., & Varallo, P. V. (2020). Fish Pass Manual: Guidance Notes On 
The Legislation, Selection and Approval Of Fish Passes In England 
And Wales. Institute of Fisheries Management. https://ifm.org.uk/wp-
content/uploads/2020/09/Fish-Pass-Manual.-GoodVersion-pdf.pdf 

Atkins, C. G. (1874). On fish-ways. In Report of the Commissioner for 1872 
and 1873, Part II (pp. 591–616). Commission of Fish and Fisheries. 
https://www.biodiversitylibrary.org/item/53676#page/713/ 

Augspurger, J. M., Warburton, M., & Closs, G. P. (2017). Life-history plas-
ticity in amphidromous and catadromous fishes: a continuum of strate-
gies. Reviews in Fish Biology and Fisheries, 27(1), 177–192. 
https://doi.org/10.1007/s11160-016-9463-9 

Augustine, S. P., Bailey‐Marren, I., Charton, K. T., Kiel, N. G., & Peyton, M. 
S. (2024). Improper data practices erode the quality of global ecological 
databases and impede the progress of ecological research. Global 
Change Biology, 30(1), e17116. https://doi.org/10.1111/gcb.17116 

Backiel, T., & Bontemps, S. (1996). The recruitment success of Vimba vimba 
transferred over a dam. Journal of Fish Biology, 48(5), 992–995. 
https://doi.org/10.1111/j.1095-8649.1996.tb01492.x 

Baek, K. O., Ku, Y. H., & Kim, Y. D. (2015). Attraction efficiency in natural-
like fishways according to weir operation and bed change in Nakdong 
River, Korea. Ecological Engineering, 84, 569–578. 
https://doi.org/10.1016/j.ecoleng.2015.09.055 

Baharvand, S., & Laskar-Ara, B. (2021). Hydraulic design criteria of the 
modified meander C-type fishway using the combined experimental 
and CFD models. Ecological Engineering, 164, 106207. 
https://doi.org/10.1016/j.ecoleng.2021.106207  

https://doi.org/10.1111/fme.12211
https://doi.org/10.1155/2012/327929
https://doi.org/10.23818/limn.31.04
https://ifm.org.uk/wp-content/uploads/2020/09/Fish-Pass-Manual.-GoodVersion-pdf.pdf
https://ifm.org.uk/wp-content/uploads/2020/09/Fish-Pass-Manual.-GoodVersion-pdf.pdf
https://www.biodiversitylibrary.org/item/53676#page/713/
https://doi.org/10.1007/s11160-016-9463-9
https://doi.org/10.1111/gcb.17116
https://doi.org/10.1111/j.1095-8649.1996.tb01492.x
https://doi.org/10.1016/j.ecoleng.2015.09.055
https://doi.org/10.1016/j.ecoleng.2021.106207


 

85 

 

 

Banet, N. V., Fieberg, J., & Sorensen, P. W. (2022). Migration, homing and 
spatial ecology of common carp in interconnected lakes. Ecology of 
Freshwater Fish, 31(1), 164–176. https://doi.org/10.1111/eff.12622 

Bao, J., Li, W., Zhang, C., Mi, X., Li, H., Zhao, X., Cao, N., Twardek, W. M., 
Cooke, S. J., & Duan, M. (2019). Quantitative assessment of fish pas-
sage efficiency at a vertical-slot fishway on the Daduhe River in South-
west China. Ecological Engineering, 141, 105597. 
https://doi.org/10.1016/j.ecoleng.2019.105597 

Barbarossa, V., Schmitt, R. J. P., Huijbregts, M. A. J., Zarfl, C., King, H., & 
Schipper, A. M. (2020). Impacts of current and future large dams on 
the geographic range connectivity of freshwater fish worldwide. Pro-
ceedings of the National Academy of Sciences, 117(7), 3648–3655. 
https://doi.org/10.1073/pnas.1912776117 

Barrow, J. S., Yen, J. D. L., Koehn, J. D., Zampatti, B. P., Thiem, J. D., Ton-
kin, Z., Strawbridge, A., & Morrongiello, J. R. (2021). Lifetime move-
ment history is associated with variable growth of a potamodromous 
freshwater fish. Journal of Animal Ecology, 90(11), 2560–2572. 
https://doi.org/10.1111/1365-2656.13561 

Barthem, R. B., Goulding, M., Leite, R. G., Cañas, C., Forsberg, B., Venti-
cinque, E., Petry, P., Ribeiro, M. L. de B., Chuctaya, J., & Mercado, A. 
(2017). Goliath catfish spawning in the far western Amazon confirmed 
by the distribution of mature adults, drifting larvae and migrating juve-
niles. Scientific Reports, 7(1), 41784. 
https://doi.org/10.1038/srep41784 

Baumgartner, L., Bettanin, M., McPherson, J., Jones, M., Zampatti, B., & 
Beyer, K. (2010). Assessment of an infrared fish counter (Vaki River-
watcher) to quantify fish migrations in the Murray-Darling Basin (In-
dustry & Investment NSW - Fisheries Final Report Series, p. 47). Indus-
try & Investment NSW. 

Baumgartner, L. J., Boys, C. A., Stuart, I. G., & Zampatti, B. P. (2010). Eval-
uating migratory fish behaviour and fishway performance: testing a 
combined assessment methodology. Australian Journal of Zoology, 
58(3), 154–164. https://doi.org/10.1071/zo10035 

Baumgartner, L. J., Marsden, T., Duffy, D., Horta, A., & Ning, N. (2022). 
Optimizing efforts to restore aquatic ecosystem connectivity requires 
thinking beyond large dams. Environmental Research Letters, 17(1), 
014008. https://doi.org/10.1088/1748-9326/ac40b0 

  

https://doi.org/10.1111/eff.12622
https://doi.org/10.1016/j.ecoleng.2019.105597
https://doi.org/10.1073/pnas.1912776117
https://doi.org/10.1111/1365-2656.13561
https://doi.org/10.1038/srep41784
https://doi.org/10.1071/zo10035
https://doi.org/10.1088/1748-9326/ac40b0


 

86 

 

 

Belletti, B., Leaniz, C. G. de, Jones, J., Bizzi, S., Börger, L., Segura, G., Cas-
telletti, A., Bund, W. van de, Aarestrup, K., Barry, J., Belka, K., 
Berkhuysen, A., Birnie-Gauvin, K., Bussettini, M., Carolli, M., Con-
suegra, S., Dopico, E., Feierfeil, T., Fernández, S., … Zalewski, M. 
(2020). More than one million barriers fragment Europe’s rivers. Na-
ture, 588(7838), 436–441. https://doi.org/10.1038/s41586-020-3005-
2 

Bellmore, J. R., Pess, G. R., Duda, J. J., O’Connor, J. E., East, A. E., Foley, 
M. M., Wilcox, A. C., Major, J. J., Shafroth, P. B., Morley, S. A., Magirl, 
C. S., Anderson, C. W., Evans, J. E., Torgersen, C. E., & Craig, laura S. 
(2019). Conceptualizing Ecological Responses to Dam Removal: If You 
Remove It, What’s to Come? BioScience, 69(1), 26–39. 
https://doi.org/10.1093/biosci/biy152 

Bergstrand, M., Asp, S.-S., & Lindström, G. (2014). Nationwide hydrological 
statistics for Sweden with high resolution using the hydrological model 
S-HYPE. Hydrology Research, 45(3), 349–356. 
https://doi.org/10.2166/nh.2013.010 

Bett, N. N., Hinch, S. G., Bass, A. L., Braun, D. C., Burnett, N. J., Casselman, 
M. T., Cooke, S. J., Drenner, S. M., Gelchu, A., Harrower, W. L., Le-
doux, R., Lotto, A. G., Middleton, C. T., Minke-Martin, V., Patterson, D. 
A., Zhang, W., & Zhu, D. Z. (2022). Using an integrative research ap-
proach to improve fish migrations in regulated rivers: a case study on 
Pacific Salmon in the Seton River, Canada. Hydrobiologia, 849(2), 
385–405. https://doi.org/10.1007/s10750-020-04371-2 

Boggs, C. T., Keefer, M. L., Peery, C. A., Bjornn, T. C., & Stuehrenberg, L. C. 
(2004). Fallback, Reascension, and Adjusted Fishway Escapement Esti-
mates for Adult Chinook Salmon and Steelhead at Columbia and Snake 
River Dams. Transactions of the American Fisheries Society, 133(4), 
932–949. https://doi.org/10.1577/t03-133.1 

Boldyrev, V. S., Yakovlev, S. V., & Viphlo, E. V. (2023). Alien Vimba Bream 
Vimba vimba (Cyprinidae) in the Ural River Basin. Russian Journal of 
Biological Invasions, 14(3), 279–284. 
https://doi.org/10.1134/s2075111723030037 

Bontemps, S. (1968). Migrations des populations de géniteurs de la Brême 
Vimba (Vimba vimba L.) dans le bassin de la Vistule. Bulletin Français 
de Pisciculture, (229), 133–139. 
https://doi.org/10.1051/kmae:1968006 

Branco, P., Amaral, S. D., Ferreira, M. T., & Santos, J. M. (2017). Do small 
barriers affect the movement of freshwater fish by increasing residency? 
Science of The Total Environment, 581, 486–494. 
https://doi.org/10.1016/j.scitotenv.2016.12.156  

https://doi.org/10.1038/s41586-020-3005-2
https://doi.org/10.1038/s41586-020-3005-2
https://doi.org/10.1093/biosci/biy152
https://doi.org/10.2166/nh.2013.010
https://doi.org/10.1007/s10750-020-04371-2
https://doi.org/10.1577/t03-133.1
https://doi.org/10.1134/s2075111723030037
https://doi.org/10.1051/kmae:1968006
https://doi.org/10.1016/j.scitotenv.2016.12.156


 

87 

 

 

Branco, P., Mascarenhas, A. M., Duarte, G., Romão, F., Quaresma, A., Am-
aral, S. D., Ferreira, M. T., Pinheiro, A. N., & Santos, J. M. (2023). Ver-
tical slot fishways: Incremental knowledge to define the best solution. 
Biology, 12(11), 1431. https://doi.org/10.3390/biology12111431 

Bravo‐Córdoba, F. J., García‐Vega, A., Fuentes‐Pérez, J. F., Fernandes‐Cel-
estino, L., Makrakis, S., & Sanz‐Ronda, F. J. (2023). Bidirectional con-
nectivity in fishways: A mitigation for impacts on fish migration of 
small hydropower facilities. Aquatic Conservation: Marine and Fresh-
water Ecosystems, 33(6), 549–565. https://doi.org/10.1002/aqc.3950 

Bravo-Córdoba, F. J., Valbuena-Castro, J., García-Vega, A., Fuentes-Pérez, 
J. F., Ruiz-Legazpi, J., & Sanz-Ronda, F. J. (2021). Fish passage assess-
ment in stepped fishways: Passage success and transit time as standard-
ized metrics. Ecological Engineering, 162, 106172. 
https://doi.org/10.1016/j.ecoleng.2021.106172 

Brodersen, J., Nicolle, A., Nilsson, P. A., Skov, C., Brönmark, C., & Hansson, 
L. (2011). Interplay between temperature, fish partial migration and 
trophic dynamics. Oikos, 120(12), 1838–1846. 
https://doi.org/10.1111/j.1600-0706.2011.19433.x 

Brodersen, J., Nilsson, P. A., Hansson, L.-A., Skov, C., & Brönmark, C. 
(2008). Condition‐dependent individual decision‐making determines 
Cyprinid partial migration. Ecology, 89(5), 1195–1200. 
https://doi.org/10.1890/07-1318.1 

Brönmark, C., Hulthén, K., Nilsson, P. A., Skov, C., Hansson, L.-A., 
Brodersen, J., & Chapman, B. B. (2014). There and back again: migra-
tion in freshwater fishes. Canadian Journal of Zoology, 92(6), 467–
479. https://doi.org/10.1139/cjz-2012-0277 

Bunt, C. M., Castro‐Santos, T., & Haro, A. (2012). Performance of fish pas-
sage structures at upstream barriers to migration. River Research and 
Applications, 28(4), 457–478. https://doi.org/10.1002/rra.1565 

Bunt, C. M., Castro‐Santos, T., & Haro, A. (2016). Reinforcement and vali-
dation of the analyses and conclusions related to fishway evaluation 
data from Bunt et al.: ‘Performance of fish passage structures at up-
stream barriers to migration’. River Research and Applications, 32(10), 
2125–2137. https://doi.org/10.1002/rra.3095 

Calles, O., & Greenberg, L. (2009). Connectivity is a two‐way street—the 
need for a holistic approach to fish passage problems in regulated riv-
ers. River Research and Applications, 25(10), 1268–1286. 
https://doi.org/10.1002/rra.1228  

https://doi.org/10.3390/biology12111431
https://doi.org/10.1002/aqc.3950
https://doi.org/10.1016/j.ecoleng.2021.106172
https://doi.org/10.1111/j.1600-0706.2011.19433.x
https://doi.org/10.1890/07-1318.1
https://doi.org/10.1139/cjz-2012-0277
https://doi.org/10.1002/rra.1565
https://doi.org/10.1002/rra.3095
https://doi.org/10.1002/rra.1228


 

88 

 

 

Calles, O., Rudberg, P. M., Jonsson, S. G., Broman, A., Brodin, M., Nilsson, 
F., Kläppe, S., Nyqvist, D., Näslund, J., & Watz, J. (2025). Fish Stew-
ards. Delning av fiskräknardata för ekosystemsförvaltare [Fish Stew-
ards. Sharing of fish counter data for ecosystem managers]. 
https://fishstewards.org/ 

Carolli, M., Leaniz, C. G. de, Jones, J., Belletti, B., Huđek, H., Pusch, M., 
Pandakov, P., Börger, L., & Bund, W. van de. (2023). Impacts of exist-
ing and planned hydropower dams on river fragmentation in the Balkan 
Region. Science of The Total Environment, 871, 161940. 
https://doi.org/10.1016/j.scitotenv.2023.161940 

Casali, R. C. V., Vono, V., Godinho, H. P., Luz, R. K., & Bazzoli, N. (2010). 
Passage and reproductive activity of fishes in the Igarapava fish ladder, 
Grande River, Southeastern Brazil. River Research and Applications, 
26(2), 157–165. https://doi.org/10.1002/rra.1242 

Castro-Santos, T., & Haro, A. (2003). Quantifying migratory delay: a new 
application of survival analysis methods. Canadian Journal of Fisheries 
and Aquatic Sciences, 60(8), 986–996. https://doi.org/10.1139/f03-
086 

Castro-Santos, T., & Perry, R. (2012). Time-to-event analysis as a frame-
work for quantifying fish passage performance. In N. S. Adams, J. W. 
Beeman, & J. H. Eiler (Eds), Telemetry techniques: a user guide for 
fisheries research (pp. 427–452). American Fisheries Society. 

Castro-Santos, T., Shi, X., & Haro, A. (2017). Migratory behavior of adult 
sea lamprey and cumulative passage performance through four fish-
ways. Canadian Journal of Fisheries and Aquatic Sciences, 74(5), 790–
800. https://doi.org/10.1139/cjfas-2016-0089 

Caudill, C. C., Daigle, W. R., Keefer, M. L., Boggs, C. T., Jepson, M. A., 
Burke, B. J., Zabel, R. W., Bjornn, T. C., & Peery, C. A. (2007). Slow 
dam passage in adult Columbia River salmonids associated with unsuc-
cessful migration: delayed negative effects of passage obstacles or con-
dition-dependent mortality? Canadian Journal of Fisheries and 
Aquatic Sciences, 64(7), 979–995. https://doi.org/10.1139/f07-065 

CEN. (2021). EN 17233:2021. Water quality - guidance for assessing the 
efficiency and related metrics of fish passage solutions using teleme-
try. Comit´e Europ´een de normalisation (CEN), CEN-CENELEC Man-
agement Centre. 

Chan, J. C. F., Lam, B. Y. K., Dudgeon, D., & Liew, J. H. (2025). Global con-
sequences of dam‐induced river fragmentation on diadromous mi-
grants: a systematic review and meta‐analysis. Biological Reviews, 
100(5), 2020–2037. https://doi.org/10.1111/brv.70032  

https://fishstewards.org/
https://doi.org/10.1016/j.scitotenv.2023.161940
https://doi.org/10.1002/rra.1242
https://doi.org/10.1139/f03-086
https://doi.org/10.1139/f03-086
https://doi.org/10.1139/cjfas-2016-0089
https://doi.org/10.1139/f07-065
https://doi.org/10.1111/brv.70032


 

89 

 

 

Chapman, B. B., Hulthén, K., Brodersen, J., Nilsson, P. A., Skov, C., Hans-
son, L. ‐A., & Brönmark, C. (2012). Partial migration in fishes: causes 
and consequences. Journal of Fish Biology, 81(2), 456–478. 
https://doi.org/10.1111/j.1095-8649.2012.03342.x 

Chen, Q., Li, Q., Lin, Y., Zhang, J., Xia, J., Ni, J., Cooke, S. J., Best, J., He, 
S., Feng, T., Chen, Y., Tonina, D., Benjankar, R., Birk, S., Fleischmann, 
A. S., Yan, H., & Tang, L. (2023). River Damming Impacts on Fish Hab-
itat and Associated Conservation Measures. Reviews of Geophysics, 
61(4). https://doi.org/10.1029/2023rg000819 

Chittenden, C. M., Butterworth, K. G., Cubitt, K. F., Jacobs, M. C., Ladou-
ceur, A., Welch, D. W., & McKinley, R. S. (2009). Maximum tag to body 
size ratios for an endangered coho salmon (O. kisutch) stock based on 
physiology and performance. Environmental Biology of Fishes, 84(1), 
129–140. https://doi.org/10.1007/s10641-008-9396-9 

Clay, C. H. (1995). Design of fishways and other fish facilities (2nd edn). 
CRC Press. https://doi.org/10.1201/9781315141046 

Clifford, C. C., & Heffernan, J. B. (2018). Artificial Aquatic Ecosystems. Wa-
ter, 10(8), 1096. https://doi.org/10.3390/w10081096 

Cooke, S. J., & Hinch, S. G. (2013). Improving the reliability of fishway at-
traction and passage efficiency estimates to inform fishway engineering, 
science, and practice. Ecological Engineering, 58, 123–132. 
https://doi.org/10.1016/j.ecoleng.2013.06.005 

Cooper, B., Crase, L., & Baumgartner, L. J. (2019). Estimating benefits and 
costs: a case of fish passages in Lao PDR and the development of the 
Lower Mekong Fishway Support Tool. Marine and Freshwater Re-
search, 70(9), 1284–1294. https://doi.org/10.1071/mf19156 

Cote, D., Kehler, D. G., Bourne, C., & Wiersma, Y. F. (2009). A new measure 
of longitudinal connectivity for stream networks. Landscape Ecology, 
24(1), 101–113. https://doi.org/10.1007/s10980-008-9283-y 

County Administrative Boards Sweden. (n.d.-a). Åtgärder i Vatten 
[Measures in waterbodies]. Retrieved 22 April 2026, from 
https://atgarderivatten.lansstyrelsen.se/ 

County Administrative Boards Sweden. (n.d.-b). VISS. 
Vatteninformationssystem Sverige [Waters information system 
Sweden]. Retrieved 22 April 2026, from https://viss.lansstyrelsen.se/ 

Coutenza Canali Lanza Mellana e Roggia Fuga. (2023). Ieri, oggi e domani. 
Il contesto storico - L’irrigazione della pianura casalese [Yesterday, 
Today, and Tomorrow. The Historical Context - Irrigation of the 
Casale Plain]. https://canalilanza.it/la-nostra-storia  

https://doi.org/10.1111/j.1095-8649.2012.03342.x
https://doi.org/10.1029/2023rg000819
https://doi.org/10.1007/s10641-008-9396-9
https://doi.org/10.1201/9781315141046
https://doi.org/10.3390/w10081096
https://doi.org/10.1016/j.ecoleng.2013.06.005
https://doi.org/10.1071/mf19156
https://doi.org/10.1007/s10980-008-9283-y
https://atgarderivatten.lansstyrelsen.se/
https://viss.lansstyrelsen.se/
https://canalilanza.it/la-nostra-storia


 

90 

 

 

Cowx, I. G., Vu, A. V., Hogan, Z., Mallen-Cooper, M., Baumgartner, L. J., 
Lai, T. Q., Grill, G., & Sayer, C. A. (2025). Understanding the Threats to 
Fish Migration: Applying the Global Swimways Concept to the Lower 
Mekong. Reviews in Fisheries Science & Aquaculture, 33(2), 257–285. 
https://doi.org/10.1080/23308249.2024.2401018 

Cucherousset, J., Ombredane, D., Charles, K., Marchand, F., & Baglinire, J.-
L. (2005). A continuum of life history tactics in a brown trout (Salmo 
trutta) population. Canadian Journal of Fisheries and Aquatic Sci-
ences, 62(7), 1600–1610. https://doi.org/10.1139/f05-057 

Cumming, G., Fidler, F., & Vaux, D. L. (2007). Error bars in experimental 
biology. The Journal of Cell Biology, 177(1), 7–11. 
https://doi.org/10.1083/jcb.200611141 

Dal Pont, G., Ritter, C. D., Agostinis, A. O., Stica, P. V., Horodesky, A., 
Cozer, N., Balsanelli, E., Netto, O. S. M., Henn, C., Ostrensky, A., & Pie, 
M. R. (2021). Monitoring fish communities through environmental 
DNA metabarcoding in the fish pass system of the second largest hydro-
power plant in the world. Scientific Reports, 11(1), 23167. 
https://doi.org/10.1038/s41598-021-02593-5 

Dębowski, P. (2018). Passage of Vimba, Vimba vimba (L.), through the fish 
pass on the Włocławe Dam, Vistula. Scientific Annual of the Polish An-
gling Association, 31, 57–71. https://doi.org/10.12823/sapaa.0860-
648x.18003 

Deinet, S., Flint, R., Puleston, H., Baratech, A., Royte, J., Thieme, M. L., 
Nagy, S., Hogan, Z. S., Januchowski-Hartley, S. R., & Wanningen, H. 
(2024). The Living Planet Index (LPI) for migratory freshwater fish 
2024 update – Technical Report (p. 46). World Fish Migration Founda-
tion. https://www.worldwildlife.org/publications/2024-living-planet-
index-update-for-migratory-freshwater-fishes 

Denil, G. (1909). Les échelles à poissons et leur application aux barrages de 
Meuse et d’Ourthe [Fish ladders and their use at the Meuse and Ourthe 
dams]. Bulletin de l’Académie Royale Des Sciences, Des Lettres et Des 
Beaux-Arts de Belgique, 1221–1224. 

Dingle, H., & Drake, V. A. (2007). What Is Migration? BioScience, 57(2), 
113–121. https://doi.org/10.1641/b570206 

Dodd, J. R., Cowx, I. G., Joyce, D. A., & Bolland, J. D. (2024). Can’t pass or 
won’t pass: The importance of motivation when quantifying improved 
connectivity for riverine brown trout Salmo trutta. Journal of Fish Biol-
ogy, 104(3), 851–865. https://doi.org/10.1111/jfb.15628  

https://doi.org/10.1080/23308249.2024.2401018
https://doi.org/10.1139/f05-057
https://doi.org/10.1083/jcb.200611141
https://doi.org/10.1038/s41598-021-02593-5
https://doi.org/10.12823/sapaa.0860-648x.18003
https://doi.org/10.12823/sapaa.0860-648x.18003
https://www.worldwildlife.org/publications/2024-living-planet-index-update-for-migratory-freshwater-fishes
https://www.worldwildlife.org/publications/2024-living-planet-index-update-for-migratory-freshwater-fishes
https://doi.org/10.1641/b570206
https://doi.org/10.1111/jfb.15628


 

91 

 

 

Donaldson, J., Moore, M., & Marsden, T. (2012). Waterpark Creek Fishway 
Project (p. 25). Fisheries Queensland. http://www.catchmentsolu-
tions.com.au/files/2013/07/Waterpark-Creek-fishway-report.pdf 

Drouineau, H., Rigaud, C., Laharanne, A., Fabre, R., Alric, A., & Baran, P. 
(2015). Assessing the Efficiency of an Elver Ladder Using a Multi‐State 
Mark–Recapture Model. River Research and Applications, 31(3), 291–
300. https://doi.org/10.1002/rra.2737 

Duarte, G., Segurado, P., Haidvogl, G., Pont, D., Ferreira, M. T., & Branco, 
P. (2021). Damn those damn dams: Fluvial longitudinal connectivity 
impairment for European diadromous fish throughout the 20th cen-
tury. Science of The Total Environment, 761, 143293. 
https://doi.org/10.1016/j.scitotenv.2020.143293 

Duda, J. J., & Bellmore, J. R. (2022). Dam Removal and River Restoration. 
In Encyclopedia of Inland Waters (pp. 576–585). 
https://doi.org/10.1016/b978-0-12-819166-8.00101-8 

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z., Knowler, D. 
J., Lévêque, C., Naiman, R. J., Prieur‐Richard, A., Soto, D., Stiassny, M. 
L. J., & Sullivan, C. A. (2006). Freshwater biodiversity: importance, 
threats, status and conservation challenges. Biological Reviews, 81(2), 
163–182. https://doi.org/10.1017/s1464793105006950 

Durif, C. M. F., Arts, M., Bertolini, F., Cresci, A., Daverat, F., Karlsbakk, E., 
Koprivnikar, J., Moland, E., Olsen, E. M., Parzanini, C., Power, M., 
Rohtla, M., Skiftesvik, A. B., Thorstad, E., Vøllestad, L. A., & Browman, 
H. I. (2023). The evolving story of catadromy in the European eel (An-
guilla anguilla). ICES Journal of Marine Science, 80(9), 2253–2265. 
https://doi.org/10.1093/icesjms/fsad149 

Ebel, G. (with Frank Friedrich,Arne Gluch,Christine Lecour,Falko Wagner). 
(2006). Methodenstandard für die Funktionskontrolle von 
Fischaufstiegsanlagen [Methods standard for the functional assess-
ment of fishways]. 

Edeline, E. (2007). Adaptive phenotypic plasticity of eel diadromy. Marine 
Ecology Progress Series, 341, 229–232. 
https://doi.org/10.3354/meps341229 

Eiler, J. H., Masuda, M. M., Spencer, T. R., Driscoll, R. J., & Schreck, C. B. 
(2014). Distribution, Stock Composition and Timing, and Tagging Re-
sponse of Wild Chinook Salmon Returning to a Large, Free‐Flowing 
River Basin. Transactions of the American Fisheries Society, 143(6), 
1476–1507. https://doi.org/10.1080/00028487.2014.959997 

  

http://www.catchmentsolutions.com.au/files/2013/07/Waterpark-Creek-fishway-report.pdf
http://www.catchmentsolutions.com.au/files/2013/07/Waterpark-Creek-fishway-report.pdf
https://doi.org/10.1002/rra.2737
https://doi.org/10.1016/j.scitotenv.2020.143293
https://doi.org/10.1016/b978-0-12-819166-8.00101-8
https://doi.org/10.1017/s1464793105006950
https://doi.org/10.1093/icesjms/fsad149
https://doi.org/10.3354/meps341229
https://doi.org/10.1080/00028487.2014.959997


 

92 

 

 

European Environment Agency. (n.d.). WISE Freshwater. Retrieved 15 
January 2026, from https://water.europa.eu/freshwater 

European Environment Agency. (2024). Surface water bodies: Number 
and Size [table]. WISE Water Framework Directive Database. 
https://water.europa.eu/freshwater/resources/metadata/wfd-dash-
boards/surface-water-bodies-number-and-size-table? 

FAO/DVWK. (2002). Fish passes - Design, dimensions and monitoring. 
FAO/DVWK. https://www.fao.org/4/y4454e/y4454e00.htm 

Fegraus, E. H., Andelman, S., Jones, M. B., & Schildhauer, M. (2005). Max-
imizing the Value of Ecological Data with Structured Metadata: An In-
troduction to Ecological Metadata Language (EML) and Principles for 
Metadata Creation. The Bulletin of the Ecological Society of America, 
86(3), 158–168. https://doi.org/10.1890/0012-
9623(2005)86[158:mtvoed]2.0.co;2 

Finger, J. S., Riesgraf, A. T., Zielinski, D. P., & Sorensen, P. W. (2020). 
Monitoring upstream fish passage through a Mississippi River lock and 
dam reveals species differences in lock chamber usage and supports a 
fish passage model which describes velocity‐dependent passage through 
spillway gates. River Research and Applications, 36(1), 36–46. 
https://doi.org/10.1002/rra.3530 

Foley, M. M., Bellmore, J. R., O’Connor, J. E., Duda, J. J., East, A. E., Grant, 
G. E., Anderson, C. W., Bountry, J. A., Collins, M. J., Connolly, P. J., 
Craig, L. S., Evans, J. E., Greene, S. L., Magilligan, F. J., Magirl, C. S., 
Major, J. J., Pess, G. R., Randle, T. J., Shafroth, P. B., … Wilcox, A. C. 
(2017). Dam removal: Listening in. Water Resources Research, 53(7), 
5229–5246. https://doi.org/10.1002/2017wr020457 

Fontes Júnior, H. M., Castro-Santos, T., Makrakis, S., Gomes, L. C., & 
Latini, J. D. (2012). A barrier to upstream migration in the fish passage 
of Itaipu Dam (Canal da Piracema), Paraná River basin. Neotropical 
Ichthyology, 10(4), 697–704. https://doi.org/10.1590/s1679-
62252012000400002 

Fortini, N. (2016). Nuovo atlante dei pesci delle acque interne italiane. 
Guida completa ai pesci, ciclostomi, crostacei decapodi di acque dolci e 
salmastre. Aracne. 

Fowler, C. M., Ogburn, M. B., Aguilar, R., Heggie, K., Legett, H. D., Richie, 
K. D., & Plough, L. V. (2024). Viability of high-frequency environmental 
DNA (eDNA) sampling as a fish enumeration tool. Ecological Indica-
tors, 166, 112384. https://doi.org/10.1016/j.ecolind.2024.112384 

Francis, F. (1870). Reports on salmon ladders (p. 32). Horace Cox. 
http://hdl.handle.net/10793/1606  

https://water.europa.eu/freshwater
https://water.europa.eu/freshwater/resources/metadata/wfd-dashboards/surface-water-bodies-number-and-size-table?
https://water.europa.eu/freshwater/resources/metadata/wfd-dashboards/surface-water-bodies-number-and-size-table?
https://www.fao.org/4/y4454e/y4454e00.htm
https://doi.org/10.1890/0012-9623(2005)86%5b158:mtvoed%5d2.0.co;2
https://doi.org/10.1890/0012-9623(2005)86%5b158:mtvoed%5d2.0.co;2
https://doi.org/10.1002/rra.3530
https://doi.org/10.1002/2017wr020457
https://doi.org/10.1590/s1679-62252012000400002
https://doi.org/10.1590/s1679-62252012000400002
https://doi.org/10.1016/j.ecolind.2024.112384
http://hdl.handle.net/10793/1606


 

93 

 

 

Franklin, P. A., Bašić, T., Davison, P. I., Dunkley, K., Ellis, J., Gangal, M., 
González‐Ferreras, A. M., Roberts, C. G., Hunt, G., Joyce, D., Klöcker, 
C. A., Mawer, R., Rittweg, T., Stoilova, V., & Gutowsky, L. F. G. (2024). 
Aquatic connectivity: challenges and solutions in a changing climate. 
Journal of Fish Biology, 105(2), 392–411. 
https://doi.org/10.1111/jfb.15727 

Franklin, P. A., Gee, E., Baker, C., & Bowie, S. (2018). New Zealand Fish 
Passage Guidelines. NIWA Client Report No. 2018019HN. National In-
stitute of Water & Atmospheric Research Ltd. 

Frascaroli, F., Parrinello, G., & Root-Bernstein, M. (2021). Linking contem-
porary river restoration to economics, technology, politics, and society: 
Perspectives from a historical case study of the Po River Basin, Italy. 
Ambio, 50(2), 492–504. https://doi.org/10.1007/s13280-020-01363-3 

Fuentes-Pérez, J. F., Martínez-Miguel, M., García-Vega, A., Bravo-Córdoba, 
F. J., & Sanz-Ronda, F. J. (2025). Design and Initial Validation of an In-
frared Beam-Break Fish Counter (‘Fish Tracker’) for Fish Passage Moni-
toring. Sensors, 25(13), 4112. https://doi.org/10.3390/s25134112 

Fuller, M. R., Doyle, M. W., & Strayer, D. L. (2015). Causes and conse-
quences of habitat fragmentation in river networks. Annals of the New 
York Academy of Sciences, 1355(1), 31–51. 
https://doi.org/10.1111/nyas.12853 

Furey, N. B., Hinch, S. G., Bass, A. L., Middleton, C. T., Minke‐Martin, V., & 
Lotto, A. G. (2016). Predator swamping reduces predation risk during 
nocturnal migration of juvenile salmon in a high‐mortality landscape. 
Journal of Animal Ecology, 85(4), 948–959. 
https://doi.org/10.1111/1365-2656.12528 

Gao, Z., Andersson, H. I., Dai, H., Jiang, F., & Zhao, L. (2016). A new Eu-
lerian–Lagrangian agent method to model fish paths in a vertical slot 
fishway. Ecological Engineering, 88, 217–225. 
https://doi.org/10.1016/j.ecoleng.2015.12.038 

García-Vega, A., Sanz-Ronda, F. J., & Fuentes-Pérez, J. F. (2017). Seasonal 
and daily upstream movements of brown trout Salmo trutta in an Ibe-
rian regulated river. Knowledge & Management of Aquatic Ecosys-
tems, (418), 9. https://doi.org/10.1051/kmae/2016041 

Geeraerts, C., Ovidio, M., Verbiest, H., Buysse, D., Coeck, J., Belpaire, C., & 
Philippart, J.-C. (2007). Mobility of individual roach Rutilus rutilus (L.) 
in three weir-fragmented Belgian rivers. Hydrobiologia, 582(1), 143–
153. https://doi.org/10.1007/s10750-006-0561-x 

  

https://doi.org/10.1111/jfb.15727
https://doi.org/10.1007/s13280-020-01363-3
https://doi.org/10.3390/s25134112
https://doi.org/10.1111/nyas.12853
https://doi.org/10.1111/1365-2656.12528
https://doi.org/10.1016/j.ecoleng.2015.12.038
https://doi.org/10.1051/kmae/2016041
https://doi.org/10.1007/s10750-006-0561-x


 

94 

 

 

Goerig, E., & Castro-Santos, T. (2017). Is motivation important to brook 
trout passage through culverts? Canadian Journal of Fisheries and 
Aquatic Sciences, 74(6), 885–893. https://doi.org/10.1139/cjfas-2016-
0237 

Goode, G. B. (1881). Notes on the life-history of the eel, chiefly derived from 
a study of recent European authorities. In Bulletin of the United States 
Fish Commission (Vol. 1, pp. 71–124). Government Printing Office. 
https://www.biodiversitylibrary.org/item/22550#page/107/mode/1up 

Grill, G., Lehner, B., Lumsdon, A. E., MacDonald, G. K., Zarfl, C., & 
Liermann, C. R. (2015). An index-based framework for assessing pat-
terns and trends in river fragmentation and flow regulation by global 
dams at multiple scales. Environmental Research Letters, 10(1), 
015001. https://doi.org/10.1088/1748-9326/10/1/015001 

Grill, G., Lehner, B., Thieme, M., Geenen, B., Tickner, D., Antonelli, F., 
Babu, S., Borrelli, P., Cheng, L., Crochetiere, H., Macedo, H. E., Filguei-
ras, R., Goichot, M., Higgins, J., Hogan, Z., Lip, B., McClain, M. E., 
Meng, J., Mulligan, M., … Zarfl, C. (2019). Mapping the world’s free-
flowing rivers. Nature, 569(7755), 215–221. 
https://doi.org/10.1038/s41586-019-1111-9 

Grimm, H., & Dusseldorp, M. (2025). The (re)turn of the 3Rs: an inquiry 
into the normative nature of Russell and Burch’s principles of humane 
experimental technique – their misunderstanding, reform and imple-
mentation through an ethics tool. Laboratory Animals, 59(5), 556–569. 
https://doi.org/10.1177/00236772251326352 

Gustafsson, S., Österling, M., Skurdal, J., Schneider, L. D., & Calles, O. 
(2013). Macroinvertebrate colonization of a nature-like fishway: The ef-
fects of adding habitat heterogeneity. Ecological Engineering, 61, 345–
353. https://doi.org/10.1016/j.ecoleng.2013.09.023 

Haas, C., Thumser, P. K., Hellmair, M., Pilger, T. J., & Schletterer, M. 
(2024). Monitoring of Fish Migration in Fishways and Rivers—The In-
frared Fish Counter “Riverwatcher” as a Suitable Tool for Long-Term 
Monitoring. Water, 16(3), 477. https://doi.org/10.3390/w16030477 

Habel, M., Mechkin, K., Podgorska, K., Saunes, M., Babiński, Z., Chalov, S., 
Absalon, D., Podgórski, Z., & Obolewski, K. (2020). Dam and reservoir 
removal projects: a mix of social-ecological trends and cost-cutting atti-
tudes. Scientific Reports, 10(1), 19210. https://doi.org/10.1038/s41598-
020-76158-3 

Hahn, L., Martins, E. G., Nunes, L. D., Machado, L. S., Lopes, T. M., & 
Câmara, L. F. da. (2020). Semi-natural fishway efficiency for goliath 
catfish (Brachyplatystoma spp.) in a large dam in the Amazon Basin. 
Hydrobiologia, 1–16. https://doi.org/10.1007/s10750-020-04438-0  

https://doi.org/10.1139/cjfas-2016-0237
https://doi.org/10.1139/cjfas-2016-0237
https://www.biodiversitylibrary.org/item/22550#page/107/mode/1up
https://doi.org/10.1088/1748-9326/10/1/015001
https://doi.org/10.1038/s41586-019-1111-9
https://doi.org/10.1177/00236772251326352
https://doi.org/10.1016/j.ecoleng.2013.09.023
https://doi.org/10.3390/w16030477
https://doi.org/10.1038/s41598-020-76158-3
https://doi.org/10.1038/s41598-020-76158-3
https://doi.org/10.1007/s10750-020-04438-0


 

95 

 

 

Hanrahan, T. P. (2007). Bedform morphology of salmon spawning areas in 
a large gravel-bed river. Geomorphology, 86(3–4), 529–536. 
https://doi.org/10.1016/j.geomorph.2006.09.017 

Hardy, C. (1999). Fish Or Foul: A History of the Delaware River Basin 
Through the Perspective of the American Shad, 1682 to the Present. 
Pennsylvania History: A Journal of Mid-Atlantic Studies, 66(4), 506–
534. https://www.jstor.org/stable/27774214 

Haro, A., & Kynard, B. (1997). Video Evaluation of Passage Efficiency of 
American Shad and Sea Lamprey in a Modified Ice Harbor Fishway. 
North American Journal of Fisheries Management, 17(4), 981–987. 
https://doi.org/10.1577/1548-8675(1997)017<0981:veopeo>2.3.co;2 

Harris, J. H., Kingsford, R. T., Peirson, W., & Baumgartner, L. J. (2016). 
Mitigating the effects of barriers to freshwater fish migrations: the Aus-
tralian experience. Marine and Freshwater Research, 68(4), 614. 
https://doi.org/10.1071/mf15284 

Hatry, C., Thiem, J. D., Hatin, D., Dumont, P., Smokorowski, K. E., & 
Cooke, S. J. (2016). Fishway approach behaviour and passage of three 
redhorse species (Moxostoma anisurum, M. carinatum, and M. macro-
lepidotum) in the Richelieu River, Quebec. Environmental Biology of 
Fishes, 99(2–3), 249–263. https://doi.org/10.1007/s10641-016-0471-3 

Havs- och vattenmyndigheten. (2014). Strategi för åtgärder i 
vattenkraften. Avvägning mellan energimål och miljökvalitetsmålet 
Levande sjöar och vattendrag (B. Risinger, Ed.). Havs- och 
vattenmyndigheten. https://www.havochvatten.se/data-kartor-och-
rapporter/rapporter-och-andra-publikationer/publikationer/2014-07-
04-strategi-for-atgarder-inom-vattenkraften.html 

He, F., Zarfl, C., Tockner, K., Olden, J. D., Campos, Z., Muniz, F., Svenning, 
J.-C., & Jähnig, S. C. (2024). Hydropower impacts on riverine biodiver-
sity. Nature Reviews Earth & Environment, 1–18. 
https://doi.org/10.1038/s43017-024-00596-0 

Hebrand, V., & Kläppe, S. (2023). Fiskdata.se - fiskräkning på nätet. 
www.fiskdata.se/raknare/index.php 

Heneka, P., Zinkhahn, M., Schütz, C., & Weichert, R. B. (2021). A Paramet-
ric Approach for Determining Fishway Attraction Flow at Hydropower 
Dams. Water, 13(5), 743. https://doi.org/10.3390/w13050743 

  

https://doi.org/10.1016/j.geomorph.2006.09.017
https://www.jstor.org/stable/27774214
https://doi.org/10.1577/1548-8675(1997)017%3c0981:veopeo%3e2.3.co;2
https://doi.org/10.1071/mf15284
https://doi.org/10.1007/s10641-016-0471-3
https://www.havochvatten.se/data-kartor-och-rapporter/rapporter-och-andra-publikationer/publikationer/2014-07-04-strategi-for-atgarder-inom-vattenkraften.html
https://www.havochvatten.se/data-kartor-och-rapporter/rapporter-och-andra-publikationer/publikationer/2014-07-04-strategi-for-atgarder-inom-vattenkraften.html
https://www.havochvatten.se/data-kartor-och-rapporter/rapporter-och-andra-publikationer/publikationer/2014-07-04-strategi-for-atgarder-inom-vattenkraften.html
https://doi.org/10.1038/s43017-024-00596-0
https://doi.org/10.3390/w13050743


 

96 

 

 

Hennig, T., & Magee, D. (2017). Comment on ‘An index-based framework 
for assessing patterns and trends in river fragmentation and flow regu-
lation by global dams at multiple scales’. Environmental Research Let-
ters, 12(3), 038001. https://doi.org/10.1088/1748-9326/aa5dc6 

Hershey, H. (2021). Updating the consensus on fishway efficiency: A meta‐
analysis. Fish and Fisheries, 22(4), 735–748. 
https://doi.org/10.1111/faf.12547 

Hicks, A., Barbee, N. C., Swearer, S. E., & Downes, B. J. (2010). Estuarine 
geomorphology and low salinity requirement for fertilisation influence 
spawning site location in the diadromous fish, Galaxias maculatus. Ma-
rine and Freshwater Research, 61(11), 1252–1258. 
https://doi.org/10.1071/mf10011 

Hill, C. R., O’Sullivan, A. M., Hogan, J. D., Curry, R. A., Linnansaari, T., & 
Harrison, P. M. (2025). Poor Upstream Passage for Endangered Atlan-
tic Salmon (Salmo salar) at a Trap‐and‐Transport Fishway in the 
Wolastoq/Saint John River, New Brunswick. River Research and Ap-
plications. https://doi.org/10.1002/rra.70008 

Hillebrand, H. (2004). On the Generality of the Latitudinal Diversity Gradi-
ent. The American Naturalist, 163(2), 192–211. 
https://doi.org/10.1086/381004 

Holter, T. H., Myrvold, K. M., Pulg, U., & Museth, J. (2020). Evaluating a 
fishway reconstruction amidst fluctuating abundances. River Research 
and Applications, 36(8), 1748–1753. https://doi.org/10.1002/rra.3688 

Iaia, M., Quadroni, S., Brignone, S., Piccinini, A., Bettinetti, R., & Volta, P. 
(2025). Assessment of the effectiveness and efficiency of two fishways 
with vertical slot openings in an Alpine River (Toce River, northern It-
aly). Ecological Engineering, 212, 107535. 
https://doi.org/10.1016/j.ecoleng.2025.107535 

Jensen, O. P., Vastano, A. R., Allen, M. C., Hernandez, M. F., Lockwood, J. 
L., Vasslides, J. M., & Weldon, O. (2024). Migratory passage and run 
size of American Shad and river herring in the Raritan River, New Jer-
sey, USA. Transactions of the American Fisheries Society, 153(3), 289–
300. https://doi.org/10.1002/tafs.10467 

Jepsen, N., Schreck, C., Clements, S., & Thorstad, E. B. (2005). A brief dis-
cussion of the 2% tag/bodymass rule of thumb. In M. T. Spedicato, G. 
Lembo, & G. Marmulla (Eds), Aquatic telemetry: advances and appli-
cations. Proceedings of the Fifth Conference on Fish Telemetry held in 
Europe. Ustica, Italy, 9-13 June 2003 (pp. 255–259). FAO/COISPA. 
https://www.fao.org/3/y5999e/y5999e25.pdf  

https://doi.org/10.1088/1748-9326/aa5dc6
https://doi.org/10.1111/faf.12547
https://doi.org/10.1071/mf10011
https://doi.org/10.1002/rra.70008
https://doi.org/10.1086/381004
https://doi.org/10.1002/rra.3688
https://doi.org/10.1016/j.ecoleng.2025.107535
https://doi.org/10.1002/tafs.10467
https://www.fao.org/3/y5999e/y5999e25.pdf


 

97 

 

 

Jepsen, N., Thorstad, E. B., Havn, T., & Lucas, M. C. (2015). The use of ex-
ternal electronic tags on fish: an evaluation of tag retention and tagging 
effects. Animal Biotelemetry, 3(1), 49. https://doi.org/10.1186/s40317-
015-0086-z 

Jones, M. J., Baumgartner, L. J., Zampatti, B. P., & Beyer, K. (2017). Low 
light inhibits native fish movement through a vertical‐slot fishway: Im-
plications for engineering design. Fisheries Management and Ecology, 
24(3), 177–185. https://doi.org/10.1111/fme.12205 

Jones, M. J., & O’Connor, J. P. (2017). Monitoring the performance of fish-
ways and fish passage works (Arthur Rylah Institute for Environmen-
tal Research. Technical Report Series No. 257., p. 79). Department of 
Environment, Land, Water and Planning. 

Jones, P. E., Champneys, T., Vevers, J., Börger, L., Svendsen, J. C., Con-
suegra, S., Jones, J., & Leaniz, C. G. de. (2021). Selective effects of small 
barriers on river‐resident fish. Journal of Applied Ecology, 58(7), 
1487–1498. https://doi.org/10.1111/1365-2664.13875 

Jones, P. E., Svendsen, J. C., Börger, L., Champneys, T., Consuegra, S., 
Jones, J. A. H., & Leaniz, C. G. de. (2020). One size does not fit all: in-
ter- and intraspecific variation in the swimming performance of con-
trasting freshwater fish. Conservation Physiology, 8(1), coaa126. 
https://doi.org/10.1093/conphys/coaa126 

Jonsson, B., & Jonsson, N. (1993). Partial migration: niche shift versus sex-
ual maturation in fishes. Reviews in Fish Biology and Fisheries, 3(4), 
348–365. https://doi.org/10.1007/bf00043384 

Kandimalla, V., Richard, M., Smith, F., Quirion, J., Torgo, L., & Whidden, 
C. (2022). Automated Detection, Classification and Counting of Fish in 
Fish Passages With Deep Learning. Frontiers in Marine Science, 8, 
823173. https://doi.org/10.3389/fmars.2021.823173 

Katopodis, C. (1992). Introduction to fishway design. 
https://doi.org/10.1139/l92-049 

Katopodis, C. (2005). Developing a toolkit for fish passage, ecological flow 
management and fish habitat works. Journal of Hydraulic Research, 
43(5), 451–467. https://doi.org/10.1080/00221680509500144 

Katopodis, C., & Gervais, R. (2016). Fish swimming performance database 
and analyses (p. 556). DFO Can. Sci. Advis. Sec. Res. Doc. 2016/002. 

Katopodis, C., Kells, J. A., & Acharya, M. (2001). Nature-Like and Conven-
tional Fishways: Alternative Concepts? Canadian Water Resources 
Journal / Revue Canadienne Des Ressources Hydriques, 26(2), 211–
232. https://doi.org/10.4296/cwrj2602211  

https://doi.org/10.1186/s40317-015-0086-z
https://doi.org/10.1186/s40317-015-0086-z
https://doi.org/10.1111/fme.12205
https://doi.org/10.1111/1365-2664.13875
https://doi.org/10.1093/conphys/coaa126
https://doi.org/10.1007/bf00043384
https://doi.org/10.3389/fmars.2021.823173
https://doi.org/10.1139/l92-049
https://doi.org/10.1080/00221680509500144
https://doi.org/10.4296/cwrj2602211


 

98 

 

 

Katopodis, C., & Williams, J. G. (2012). The development of fish passage re-
search in a historical context. Ecological Engineering, 48, 8–18. 
https://doi.org/10.1016/j.ecoleng.2011.07.004 

Keefer, M. L., Jepson, M. A., Clabough, T. S., & Caudill, C. C. (2021). Tech-
nical fishway passage structures provide high passage efficiency and ef-
fective passage for adult Pacific salmonids at eight large dams. PLoS 
ONE, 16(9), e0256805. https://doi.org/10.1371/journal.pone.0256805 

Keijzer, T., Barbarossa, V., Marques, A., Carvajal‐Quintero, J. D., 
Huijbregts, M. A. J., & Schipper, A. M. (2024). Threats of dams to the 
persistence of the world’s freshwater fishes. Global Change Biology, 
30(2). https://doi.org/10.1111/gcb.17166 

Kemp, P. S. (2016). Meta‐analyses, Metrics and Motivation: Mixed Mes-
sages in the Fish Passage Debate. River Research and Applications, 
32(10), 2116–2124. https://doi.org/10.1002/rra.3082 

Kläppe, S., & Hebrand, V. (2024). Next generation fish monitoring. With 
TiVA’s fish algorithms, AI, and cloud service. https://tiva.se/en/home/ 

Knaepkens, G., Baekelandt, K., & Eens, M. (2006). Fish pass effectiveness 
for bullhead (Cottus gobio), perch (Perca fluviatilis) and roach (Rutilus 
rutilus) in a regulated lowland river. Ecology of Freshwater Fish, 15(1), 
20–29. https://doi.org/10.1111/j.1600-0633.2005.00117.x 

Kondolf, G. M., Gao, Y., Annandale, G. W., Morris, G. L., Jiang, E., Zhang, 
J., Cao, Y., Carling, P., Fu, K., Guo, Q., Hotchkiss, R., Peteuil, C., Sumi, 
T., Wang, H., Wang, Z., Wei, Z., Wu, B., Wu, C., & Yang, C. T. (2014). 
Sustainable sediment management in reservoirs and regulated rivers: 
Experiences from five continents. Earth’s Future, 2(5), 256–280. 
https://doi.org/10.1002/2013ef000184 

Kroes, M., & Philipsen, P. (2023). Rapportage Nationale Visroutekaart. 
Resultaten actualisatie landelijke database vismigratie in 2021 (knel-
punten, vismigratievoorzieningen en connectiviteit-kaarten) (p. 54). 
Rijkswaterstaat. https://open.rijkswaterstaat.nl/@269153/rapportage-
nationale-visroutekaart-2021/ 

L’Abée-Lund, J. H., & Vøllestad, L. A. (1985). Homing precision of roach 
Rutilus rutilus in Lake Arungen, Norway. Environmental Biology of 
Fishes, 13(3), 235–239. https://doi.org/10.1007/bf00000935 

L’Abée‐Lund, J. H., & Vøllestad, L. A. (1987). Feeding migration of roach, 
Rutilus rutilus (L.), in Lake Arungen, Norway. Journal of Fish Biology, 
30(3), 349–355. https://doi.org/10.1111/j.1095-8649.1987.tb05759.x  

https://doi.org/10.1016/j.ecoleng.2011.07.004
https://doi.org/10.1371/journal.pone.0256805
https://doi.org/10.1111/gcb.17166
https://doi.org/10.1002/rra.3082
https://tiva.se/en/home/
https://doi.org/10.1111/j.1600-0633.2005.00117.x
https://doi.org/10.1002/2013ef000184
https://open.rijkswaterstaat.nl/@269153/rapportage-nationale-visroutekaart-2021/
https://open.rijkswaterstaat.nl/@269153/rapportage-nationale-visroutekaart-2021/
https://doi.org/10.1007/bf00000935
https://doi.org/10.1111/j.1095-8649.1987.tb05759.x


 

99 

 

 

Larinier, M. (2001). Environmental issues, dams and fish migration. In G. 
Marmulla (Ed.), Dams, Fish and Fisheries: Opportunities, Challenges 
and Conflict Resolution. FAO Fisheries Technical Paper No. 419. FAO. 

Larinier, M. (2002). Baffle fishways. Bulletin Français de La Pêche et de La 
Pisciculture, (364), 83–101. https://doi.org/10.1051/kmae/2002109 

Larinier, M., Travade, F., & Porcher, J. P. (2002). Fishways: biological ba-
sis, limits and legal considerations. Bulletin Français de La Pêche et de 
La Pisciculture, (364), 9–20. https://doi.org/10.1051/kmae/2002110 

Lehner, B., Beames, P., Mulligan, M., Zarfl, C., Felice, L. D., Soesbergen, A. 
van, Thieme, M., Leaniz, C. G. de, Anand, M., Belletti, B., Brauman, K. 
A., Januchowski-Hartley, S. R., Lyon, K., Mandle, L., Mazany-Wright, 
N., Messager, M. L., Pavelsky, T., Pekel, J.-F., Wang, J., … Higgins, J. 
(2024). The Global Dam Watch database of river barrier and reservoir 
information for large-scale applications. Scientific Data, 11(1), 1069. 
https://doi.org/10.1038/s41597-024-03752-9 

Lennox, R. J., Birnie‐Gauvin, K., Bate, C., Cooke, S. J., Haraldstad, T., 
Berhe, S., Penney, H. D., Bangley, C. W., Vollset, K. W., & Piczak, M. L. 
(2025). Marine Fish Passage—Underappreciated Threats to Connectiv-
ity Within the Marine Environment. Marine Ecology, 46(1). 
https://doi.org/10.1111/maec.12859 

Lennox, R. J., Paukert, C. P., Aarestrup, K., Auger-Méthé, M., Baumgartner, 
L., Birnie-Gauvin, K., Bøe, K., Brink, K., Brownscombe, J. W., Chen, Y., 
Davidsen, J. G., Eliason, E. J., Filous, A., Gillanders, B. M., Helland, I. 
P., Horodysky, A. Z., Januchowski-Hartley, S. R., Lowerre-Barbieri, S. 
K., Lucas, M. C., … Cooke, S. J. (2019). One Hundred Pressing Ques-
tions on the Future of Global Fish Migration Science, Conservation, and 
Policy. Frontiers in Ecology and Evolution, 7, 286. 
https://doi.org/10.3389/fevo.2019.00286 

Li, J., Liu, C., Wang, L., Liu, Y., Li, R., Lu, X., Lu, J., & Shen, J. (2024). 
Multi-species identification and number counting of fish passing 
through fishway at hydropower stations with LigTraNet. Ecological In-
formatics, 82, 102704. https://doi.org/10.1016/j.ecoinf.2024.102704 

Lindberg, D. ‐E., Leonardsson, K., & Lundqvist, H. (2016). Path Selection of 
Atlantic Salmon (Salmo salar) Migrating Through a Fishway. River Re-
search and Applications, 32(4), 795–803. 
https://doi.org/10.1002/rra.2909 

Lira, N. A., Pompeu, P. S., Agostinho, C. S., Agostinho, A. A., Arcifa, M. S., & 
Pelicice, F. M. (2017). Fish passages in South America: an overview of 
studied facilities and research effort. Neotropical Ichthyology, 15(2), 
e160139. https://doi.org/10.1590/1982-0224-20160139  

https://doi.org/10.1051/kmae/2002109
https://doi.org/10.1051/kmae/2002110
https://doi.org/10.1038/s41597-024-03752-9
https://doi.org/10.1111/maec.12859
https://doi.org/10.3389/fevo.2019.00286
https://doi.org/10.1016/j.ecoinf.2024.102704
https://doi.org/10.1002/rra.2909
https://doi.org/10.1590/1982-0224-20160139


 

100 

 

 

Lothian, A. J., Schwinn, M., Anton, A. H., Adams, C. E., Newton, M., Koed, 
A., & Lucas, M. C. (2020). Are we designing fishways for diversity? Po-
tential selection on alternative phenotypes resulting from differential 
passage in brown trout. Journal of Environmental Management, 262, 
110317. https://doi.org/10.1016/j.jenvman.2020.110317 

Lucas, M. C., & Baras, E. (with Timothy J. Thom,Annie Duncan,Ondrej 
Slavík). (2001). Migration of Freshwater Fishes. Blackwell Science Ltd. 
https://doi.org/10.1002/9780470999653 

Lühmann, M., & Mann, H. (1962). About the migration of fish in the Elbe 
after marking experiments (Über die Wanderung von Fischen in der 
Elbe nach Markierungsversuchen). Der Fischwirt, 12(12), 353–365. 

Luo, Y., Fu, H., & Traore, S. (2014). Biodiversity Conservation in Rice Pad-
dies in China: Toward Ecological Sustainability. Sustainability, 6(9), 
6107–6124. https://doi.org/10.3390/su6096107 

Mader, H., Brandl, A., & Käfer, S. (2020). Design and Function Monitoring 
of an Enature® Vertical Slot Fish Pass in a Large Potamal River in 
Carinthia/Austria. Water, 12(2), 551. 
https://doi.org/10.3390/w12020551 

Makrakis, S., Gomes, L. C., Makrakis, M. C., Fernandez, D. R., & Pavanelli, 
C. S. (2007). The Canal da Piracema at Itaipu Dam as a fish pass sys-
tem. Neotropical Ichthyology, 5(2), 185–195. 
https://doi.org/10.1590/s1679-62252007000200013 

Makrakis, S., Sanz-Ronda, F. J., Bravo-Cordoba, F. J., Hartmann, L. de A., 
Fortunato, W. C. P., Borghezan, H. L. M., Dias, J. H. P., & Makrakis, M. 
C. (2024). Enhancing Fish Passage Efficiency: Lessons from UHE Porto 
Primavera’s Fish Ladder. Sustainability, 16(23), 10704. 
https://doi.org/10.3390/su162310704 

Mallen‐Cooper, M., & Brand, D. A. (2007). Non‐salmonids in a salmonid 
fishway: what do 50 years of data tell us about past and future fish pas-
sage? Fisheries Management and Ecology, 14(5), 319–332. 
https://doi.org/10.1111/j.1365-2400.2007.00557.x 

Malm Renöfält, B., Jansson, R., & Nilsson, C. (2010). Effects of hydropower 
generation and opportunities for environmental flow management in 
Swedish riverine ecosystems. Freshwater Biology, 55(1), 49–67. 
https://doi.org/10.1111/j.1365-2427.2009.02241.x 

Mawer, R., Bruneel, S. P., Pauwels, I. S., Elings, J., Pickholtz, E., Pickholtz, 
R., Schneider, M., Coeck, J., & Goethals, P. L. M. (2023). Individual 
variation in the habitat selection of upstream migrating fish near a bar-
rier. Movement Ecology, 11(1), 49. https://doi.org/10.1186/s40462-
023-00414-0  

https://doi.org/10.1016/j.jenvman.2020.110317
https://doi.org/10.1002/9780470999653
https://doi.org/10.3390/su6096107
https://doi.org/10.3390/w12020551
https://doi.org/10.1590/s1679-62252007000200013
https://doi.org/10.3390/su162310704
https://doi.org/10.1111/j.1365-2400.2007.00557.x
https://doi.org/10.1111/j.1365-2427.2009.02241.x
https://doi.org/10.1186/s40462-023-00414-0
https://doi.org/10.1186/s40462-023-00414-0


 

101 

 

 

Mawer, R., Pauwels, I. S., Bruneel, S. P., Goethals, P. L. M., Kopecki, I., 
Elings, J., Coeck, J., & Schneider, M. (2023). Individual based models 
for the simulation of fish movement near barriers: Current work and fu-
ture directions. Journal of Environmental Management, 335, 117538. 
https://doi.org/10.1016/j.jenvman.2023.117538 

McDowall, R. M. (1988). Diadromy in fishes: migrations between freshwa-
ter and marine environments. Croom Helm. https://archive.org/de-
tails/diadromyinfishmi0000mcdo/page/n7/mode/2up 

McDowall, R. M. (1997). The evolution of diadromy in fishes (revisited) and 
its place in phylogenetic analysis. Reviews in Fish Biology and Fisher-
ies, 7(4), 443–462. https://doi.org/10.1023/a:1018404331601 

McDowall, R. M. (2007). On amphidromy, a distinct form of diadromy in 
aquatic organisms. Fish and Fisheries, 8(1), 1–13. 
https://doi.org/10.1111/j.1467-2979.2007.00232.x 

Mechaly, A. S., Awruch, C., Cabrita, E., Costas, B., Fernandes, J. M. O., 
Gallego, V., Hirt-Chabbert, J., Konstantinidis, I., Olivera, C., Ramos-
Júdez, S., Ramos-Pinto, L., & Fatsini, E. (2025). Cutting-Edge Methods 
in Teleost and Chondrichthyan Reproductive Biology. Reviews in Fish-
eries Science & Aquaculture, 33(1), 77–112. 
https://doi.org/10.1080/23308249.2024.2377999 

Megne, S., & Jansen, T. H. (2025). European green data – Implementation 
takeaways. European Parliamentary Research Service (EPRS). 
https://www.europarl.europa.eu/thinktank/en/docu-
ment/EPRS_BRI(2025)774710 

Meister, A. L. (1984). The marine migrations of tagged Atlantic salmon 
(Salmo salar L.) of USA origin (CM 1984/M:27; p. 28). International 
Council for the Exploration of the Sea (ICES). 
https://www.ices.dk/sites/pub/CM%20Doccuments/1984/M/1984_M
27.pdf 

Ministerium für Umwelt und Naturschutz, Landwirtschaft und Verbraucher
schutz des Landes Nordrhein-Westfalen (with Detlev 
Ingendahl,Hartwig Schulze-Wiehenbrauck,Karin Schindehütte,Tomás 
Brenner,Lothar Kroll,Christoph Stern,Christian Köhler,Jan 
Baer,Thijlbert Strubelt,Franz Geldhauser,Michael Schubert). (2008). 
Aalbewirtschaftungsplan – Flussgebietseinheit Rhein [Eel 
management plan – river basin Rhine] (p. 29). https://www.portal-
fischerei.de/bund/bestandsmanagement/aalbewirtschaftung-
splaene?sword_list%5B0%5D=Aalbewirtschaftungsplan&no_cache=1 

  

https://doi.org/10.1016/j.jenvman.2023.117538
https://archive.org/details/diadromyinfishmi0000mcdo/page/n7/mode/2up
https://archive.org/details/diadromyinfishmi0000mcdo/page/n7/mode/2up
https://doi.org/10.1023/a:1018404331601
https://doi.org/10.1111/j.1467-2979.2007.00232.x
https://doi.org/10.1080/23308249.2024.2377999
https://www.europarl.europa.eu/thinktank/en/document/EPRS_BRI(2025)774710
https://www.europarl.europa.eu/thinktank/en/document/EPRS_BRI(2025)774710
https://www.ices.dk/sites/pub/CM%20Doccuments/1984/M/1984_M27.pdf
https://www.ices.dk/sites/pub/CM%20Doccuments/1984/M/1984_M27.pdf
https://www.portal-fischerei.de/bund/bestandsmanagement/aalbewirtschaftungsplaene?sword_list%5B0%5D=Aalbewirtschaftungsplan&no_cache=1
https://www.portal-fischerei.de/bund/bestandsmanagement/aalbewirtschaftungsplaene?sword_list%5B0%5D=Aalbewirtschaftungsplan&no_cache=1
https://www.portal-fischerei.de/bund/bestandsmanagement/aalbewirtschaftungsplaene?sword_list%5B0%5D=Aalbewirtschaftungsplan&no_cache=1


 

102 

 

 

Moody, K. N., Gardner, S. T., Sundt‐Hansen, L. E., Fossøy, F., McCoskey, D. 
N., Morrice, K. J., & Pracheil, B. M. (2025). Environmental DNA as a 
tool for hydropower impact assessments: current status, special consid-
erations, and future integration. Biological Reviews, 100(6), 2584–
2607. https://doi.org/10.1111/brv.70059 

Moser, M. L., Keefer, M. L., Pennington, H. T., Ogden, D. A., & Simonson, J. 
E. (2011). Development of Pacific lamprey fishways at a hydropower 
dam. Fisheries Management and Ecology, 18(3), 190–200. 
https://doi.org/10.1111/j.1365-2400.2010.00773.x 

Müller, K., & Berg, E. (1982). Spring migration of some anadromous fresh-
water fish species in the northern Bothnian Sea. Hydrobiologia, 96(2), 
161–168. https://doi.org/10.1007/bf02185431 

Mulligan, M., Soesbergen, A. van, & Sáenz, L. (2020). GOODD, a global da-
taset of more than 38,000 georeferenced dams. Scientific Data, 7(1), 31. 
https://doi.org/10.1038/s41597-020-0362-5 

Myers, G. S. (1949). Usage of Anadromous, Catadromous and Allied Terms 
for Migratory Fishes. Copeia, 1949(2), 89. 
https://doi.org/10.2307/1438482 

Nakai, M., Masumoto, T., Asaeda, T., & Rahman, M. (2024). Improving the 
efficiency of adaptive management methods in multiple fishways using 
environmental DNA. PLOS ONE, 19(4), e0301197. 
https://doi.org/10.1371/journal.pone.0301197 

Näslund, I., Degerman, E., Calles, O., & Wickström, H. (2013). 
Fiskvandring – arter, drivkrafter och omfattning i tid och rum [Fish 
migration - species, motives and extent in time and space] (Havs- och 
vattenmyndighetens rapport 2013:11, p. 41). Havs- och 
vattenmyndigheten. https://www.havochvatten.se/data-kartor-och-
rapporter/rapporter-och-andra-publikationer/publikationer/2013-10-
30-fiskvandring---arter-drivkrafter-och-omfattning-i-tid-och-rum.html 

Näslund, J., Andersson, M., Bergek, S., Degerman, E., Donadi, S., Duberg, 
J., Holmgren, K., Kinnerbäck, A., Sers, B., Staveley, T., Strömberg, H., 
& Myrstener, E. (2023). Considerations needed for analysing data from 
the Swedish Electrofishing RegiSter (SERS), with special reference to 
the RivFishTIME database of long-term riverine fish surveys. Fauna 
Norvegica, 42, 47–51. https://doi.org/10.5324/fn.v42i0.5647 

National Marine Fisheries Service. (2022). NOAA Fisheries West Coast Re-
gion Anadromous Salmonid Passage Design Manual (p. 181). National 
Marine Fisheries Service, West Coast Region. https://www.fisher-
ies.noaa.gov/resource/document/anadromous-salmonid-passage-facil-
ity-design-manual  

https://doi.org/10.1111/brv.70059
https://doi.org/10.1111/j.1365-2400.2010.00773.x
https://doi.org/10.1007/bf02185431
https://doi.org/10.1038/s41597-020-0362-5
https://doi.org/10.2307/1438482
https://doi.org/10.1371/journal.pone.0301197
https://www.havochvatten.se/data-kartor-och-rapporter/rapporter-och-andra-publikationer/publikationer/2013-10-30-fiskvandring---arter-drivkrafter-och-omfattning-i-tid-och-rum.html
https://www.havochvatten.se/data-kartor-och-rapporter/rapporter-och-andra-publikationer/publikationer/2013-10-30-fiskvandring---arter-drivkrafter-och-omfattning-i-tid-och-rum.html
https://www.havochvatten.se/data-kartor-och-rapporter/rapporter-och-andra-publikationer/publikationer/2013-10-30-fiskvandring---arter-drivkrafter-och-omfattning-i-tid-och-rum.html
https://doi.org/10.5324/fn.v42i0.5647
https://www.fisheries.noaa.gov/resource/document/anadromous-salmonid-passage-facility-design-manual
https://www.fisheries.noaa.gov/resource/document/anadromous-salmonid-passage-facility-design-manual
https://www.fisheries.noaa.gov/resource/document/anadromous-salmonid-passage-facility-design-manual


 

103 

 

 

Nijssen, D., Fladung, E., Herbst, M., Burghardt, G., Mockenhaupt, B., 
Wieland, S., Heimann, W., Scheifhacken, N., Schütz, C., & Scholten, M. 
(2026). Development of design guidelines for a standardised box trap 
for multispecies fishway efficiency evaluation: Design, effectiveness and 
injury reduction. Fisheries Research, 297, 107711. 
https://doi.org/10.1016/j.fishres.2026.107711 

Nilsson, C., Reidy, C. A., Dynesius, M., & Revenga, C. (2005). Fragmenta-
tion and Flow Regulation of the World’s Large River Systems. Science, 
308(5720), 405–408. https://doi.org/10.1126/science.1107887 

Noonan, M. J., Grant, J. W. A., & Jackson, C. D. (2012). A quantitative as-
sessment of fish passage efficiency. Fish and Fisheries, 13(4), 450–464. 
https://doi.org/10.1111/j.1467-2979.2011.00445.x 

Norrgård, J. R., Greenberg, L. A., Piccolo, J. J., Schmitz, M., & Bergman, E. 
(2013). Multiplicative loss of landlocked Atlantic salmon Salmo salar L. 
smolts during downstream migration through multiple dams. River Re-
search and Applications, 29(10), 1306–1317. 
https://doi.org/10.1002/rra.2616 

Nyqvist, D., Nilsson, P. A., Alenäs, I., Elghagen, J., Hebrand, M., Karlsson, 
S., Kläppe, S., & Calles, O. (2017). Upstream and downstream passage 
of migrating adult Atlantic salmon: Remedial measures improve pas-
sage performance at a hydropower dam. Ecological Engineering, 102, 
331–343. https://doi.org/10.1016/j.ecoleng.2017.02.055 

O’Connor, J., Hale, R., Mallen-Cooper, M., Cooke, S. J., & Stuart, I. (2022). 
Developing performance standards in fish passage: Integrating ecology, 
engineering and socio-economics. Ecological Engineering, 182, 106732. 
https://doi.org/10.1016/j.ecoleng.2022.106732 

Ohara, W. M., Queiroz, L. J. de, Zuanon, J., Torrente-Vilara, G., Vieira, F. 
G., & Doria, C. da C. (2015). <b>Fish collection of the Universidade 
Federal de Rondônia: its importance to the knowledge of Amazonian 
fish diversity. Acta Scientiarum. Biological Sciences, 37(2), 251–258. 
https://doi.org/10.4025/actascibiolsci.v37i2.26920 

Olden, J. D., & Naiman, R. J. (2010). Incorporating thermal regimes into 
environmental flows assessments: modifying dam operations to restore 
freshwater ecosystem integrity. Freshwater Biology, 55(1), 86–107. 
https://doi.org/10.1111/j.1365-2427.2009.02179.x 

Ordeix, M., & Casals, F. (2024). Why and when do freshwater fish migrate? 
Observations of migration patterns of the native fishes from the Iberian 
Peninsula (SW Europe). Limnetica, 43(1), 1. 
https://doi.org/10.23818/limn.43.02  

https://doi.org/10.1016/j.fishres.2026.107711
https://doi.org/10.1126/science.1107887
https://doi.org/10.1111/j.1467-2979.2011.00445.x
https://doi.org/10.1002/rra.2616
https://doi.org/10.1016/j.ecoleng.2017.02.055
https://doi.org/10.1016/j.ecoleng.2022.106732
https://doi.org/10.4025/actascibiolsci.v37i2.26920
https://doi.org/10.1111/j.1365-2427.2009.02179.x
https://doi.org/10.23818/limn.43.02


 

104 

 

 

Oukka, H., & Seppänen, A. (2026). Simsonar Optical Fish Counters. Ad-
vanced technology for precise monitoring of fish migration. 
https://www.simsonar.com/ 

Ovidio, M., Sonny, D., Dierckx, A., Watthez, Q., Bourguignon, S., Court, B., 
Detrait, O., & Benitez, J. P. (2017). The use of behavioural metrics to 
evaluate fishway efficiency. River Research and Applications, 33(9), 
1484–1493. https://doi.org/10.1002/rra.3217 

Palmer, M. A., Bernhardt, E. S., Allan, J. D., Lake, P. S., Alexander, G., 
Brooks, S., Carr, J., Clayton, S., Dahm, C. N., Shah, J. F., Galat, D. L., 
Loss, S. G., Goodwin, P., Hart, D. D., Hassett, B., Jenkinson, R., Kon-
dolf, G. M., Lave, R., Meyer, J. L., … Sudduth, E. (2005). Standards for 
ecologically successful river restoration. Journal of Applied Ecology, 
42(2), 208–217. https://doi.org/10.1111/j.1365-2664.2005.01004.x 

Panagiotopoulos, P., Buijse, A. D., Winter, H. V., & Nagelkerke, L. A. J. 
(2024). A large-scale passage evaluation for multiple fish species: Les-
sons from 82 fishways in lowland rivers and brooks. Ecological Engi-
neering, 199, 107158. https://doi.org/10.1016/j.ecoleng.2023.107158 

Pander, J., Mueller, M., & Geist, J. (2013). Ecological functions of fish by-
pass channels in streams: migration corridor and habitat for rheophilic 
species. River Research and Applications, 29(4), 441–450. 
https://doi.org/10.1002/rra.1612 

Parasiewicz, P., Belka, K., Łapińska, M., Ławniczak, K., Prus, P., Adamczyk, 
M., Buras, P., Szlakowski, J., Kaczkowski, Z., Krauze, K., O’Keeffe, J., 
Suska, K., Ligięza, J., Melcher, A., O’Hanley, J., Birnie-Gauvin, K., 
Aarestrup, K., Jones, P. E., Jones, J., … Wiśniewolski, W. (2023). Over 
200,000 kilometers of free-flowing river habitat in Europe is altered 
due to impoundments. Nature Communications, 14(1), 6289. 
https://doi.org/10.1038/s41467-023-40922-6 

Pelicice, F. M., Pompeu, P. S., & Agostinho, A. A. (2015). Large reservoirs as 
ecological barriers to downstream movements of Neotropical migratory 
fish. Fish and Fisheries, 16(4), 697–715. 
https://doi.org/10.1111/faf.12089 

Pennock, C. A., Bender, D., Hofmeier, J., Mounts, J. A., Waters, R., Weaver, 
V. D., & Gido, K. B. (2018). Can fishways mitigate fragmentation effects 
on Great Plains fish communities? Canadian Journal of Fisheries and 
Aquatic Sciences, 75(1), 121–130. https://doi.org/10.1139/cjfas-2016-
0466 

  

https://www.simsonar.com/
https://doi.org/10.1002/rra.3217
https://doi.org/10.1111/j.1365-2664.2005.01004.x
https://doi.org/10.1016/j.ecoleng.2023.107158
https://doi.org/10.1002/rra.1612
https://doi.org/10.1038/s41467-023-40922-6
https://doi.org/10.1111/faf.12089
https://doi.org/10.1139/cjfas-2016-0466
https://doi.org/10.1139/cjfas-2016-0466


 

105 

 

 

Petreman, I. C., Jones, N. E., & Milne, S. W. (2014). Observer bias and sub-
sampling efficiencies for estimating the number of migrating fish in riv-
ers using Dual-frequency IDentification SONar (DIDSON). Fisheries 
Research, 155, 160–167. https://doi.org/10.1016/j.fishres.2014.03.001 

Piccolo, J. J., Norrgård, J. R., Greenberg, L. A., Schmitz, M., & Bergman, E. 
(2012). Conservation of endemic landlocked salmonids in regulated riv-
ers: a case‐study from Lake Vänern, Sweden. Fish and Fisheries, 13(4), 
418–433. https://doi.org/10.1111/j.1467-2979.2011.00437.x 

Poff, N. L., & Hart, D. D. (2002). How Dams Vary and Why It Matters for 
the Emerging Science of Dam Removal. BioScience, 52(8), 659–668. 
https://doi.org/10.1641/0006-3568(2002)052[0659:hdvawi]2.0.co;2 

Pompeu, P. S., Agostinho, A. A., & Pelicice, F. M. (2012). Existing and fu-
ture challenges: The concept of successful fish passage in South Amer-
ica. River Research and Applications, 28(4), 504–512. 
https://doi.org/10.1002/rra.1557 

Pont, D. (2024). Predicting downstream transport distance of fish eDNA in 
lotic environments. Molecular Ecology Resources, 24(4), e13934. 
https://doi.org/10.1111/1755-0998.13934 

Poole, G. C. (2002). Fluvial landscape ecology: addressing uniqueness 
within the river discontinuum. Freshwater Biology, 47(4), 641–660. 
https://doi.org/10.1046/j.1365-2427.2002.00922.x 

Portz, D. E., Woodley, C. M., & Cech, J. J. (2006). Stress-associated impacts 
of short-term holding on fishes. Reviews in Fish Biology and Fisheries, 
16(2), 125–170. https://doi.org/10.1007/s11160-006-9012-z 

Prince, E. E. (1914). A Perfect Fish Pass. Some suggestions as to Defects in 
Fish Passes and how to Overcome Them. Transactions of the American 
Fisheries Society, 43(1), 47–56. https://doi.org/10.1577/1548-
8659(1913)43[47:apfp]2.0.co;2 

PTAGIS (with PIT Tag Steering Committee). (2014). PIT Tag Marking Pro-
cedures Manual (Version 3.0; p. 29). Pacific States Marine Fisheries 
Commission. https://ptagis.org/content/documents/2014-mark-proce-
dures-manual.pdf 

Radinger, J., & Wolter, C. (2014). Patterns and predictors of fish dispersal 
in rivers. Fish and Fisheries, 15(3), 456–473. 
https://doi.org/10.1111/faf.12028 

Ramírez‐Álvarez, R., Peterson, T. A., Contreras, S., & Górski, K. (2025). Ef-
fects of biotic interactions on ecological niche dynamics: Low niche 
equivalence among amphidromous fish life‐history strategies. Journal 
of Animal Ecology. https://doi.org/10.1111/1365-2656.70079  

https://doi.org/10.1016/j.fishres.2014.03.001
https://doi.org/10.1111/j.1467-2979.2011.00437.x
https://doi.org/10.1641/0006-3568(2002)052
https://doi.org/10.1002/rra.1557
https://doi.org/10.1111/1755-0998.13934
https://doi.org/10.1046/j.1365-2427.2002.00922.x
https://doi.org/10.1007/s11160-006-9012-z
https://doi.org/10.1577/1548-8659(1913)43
https://doi.org/10.1577/1548-8659(1913)43
https://ptagis.org/content/documents/2014-mark-procedures-manual.pdf
https://ptagis.org/content/documents/2014-mark-procedures-manual.pdf
https://doi.org/10.1111/faf.12028
https://doi.org/10.1111/1365-2656.70079


 

106 

 

 

Regulation (EU) 2024/1991. (2024). Regulation (EU) 2024/1991 of the Eu-
ropean Parliament and of the Council of 24 June 2024 on nature resto-
ration and amending Regulation (EU) 2022/869 (Text with EEA rele-
vance). Official Journal of the European Union. http://data.eu-
ropa.eu/eli/reg/2024/1991/oj 

Reichman, O. J., Jones, M. B., & Schildhauer, M. P. (2011). Challenges and 
Opportunities of Open Data in Ecology. Science, 331(6018), 703–705. 
https://doi.org/10.1126/science.1197962 

Reubens, J., Verhelst, P., Knaap, I. van der, Wydooghe, B., Milotic, T., De-
neudt, K., Hernandez, F., & Pauwels, I. (2019). The need for aquatic 
tracking networks: the Permanent Belgian Acoustic Receiver Network. 
Animal Biotelemetry, 7(1), 2. https://doi.org/10.1186/s40317-019-
0164-8 

Richard, A., O’Rourke, J., Caudron, A., & Cattanéo, F. (2013). Effects of pas-
sive integrated transponder tagging methods on survival, tag retention 
and growth of age-0 brown trout. Fisheries Research, 145, 37–42. 
https://doi.org/10.1016/j.fishres.2013.03.001 

Rolls, R. J., Ellison, T., Faggotter, S., & Roberts, D. T. (2013). Consequences 
of connectivity alteration on riverine fish assemblages: potential oppor-
tunities to overcome constraints in applying conventional monitoring 
designs. Aquatic Conservation: Marine and Freshwater Ecosystems, 
23(4), 624–640. https://doi.org/10.1002/aqc.2330 

Roscoe, D. W., & Hinch, S. G. (2010). Effectiveness monitoring of fish pas-
sage facilities: Historical trends, geographic patterns and future direc-
tions. Fish and Fisheries, 11(1), 12–33. https://doi.org/10.1111/j.1467-
2979.2009.00333.x 

Roscoe, D. W., Hinch, S. G., Cooke, S. J., & Patterson, D. A. (2011). Fishway 
passage and post‐passage mortality of up‐river migrating sockeye 
salmon in the Seton River, British Columbia. River Research and Ap-
plications, 27(6), 693–705. https://doi.org/10.1002/rra.1384 

Rourke, M. L., Fowler, A. M., Hughes, J. M., Broadhurst, M. K., DiBattista, 
J. D., Fielder, S., Walburn, J. W., & Furlan, E. M. (2022). Environmen-
tal DNA (eDNA) as a tool for assessing fish biomass: A review of ap-
proaches and future considerations for resource surveys. 
Environmental DNA, 4(1), 9–33. https://doi.org/10.1002/edn3.185 

Rubin, J. ‐F., Glimsäter, C., & Jarvi, T. (2004). Characteristics and rehabili-
tation of the spawning habitats of the sea trout, Salmo trutta, in Got-
land (Sweden). Fisheries Management and Ecology, 11(1), 15–22. 
https://doi.org/10.1111/j.1365-2400.2004.00349.x  

http://data.europa.eu/eli/reg/2024/1991/oj
http://data.europa.eu/eli/reg/2024/1991/oj
https://doi.org/10.1126/science.1197962
https://doi.org/10.1186/s40317-019-0164-8
https://doi.org/10.1186/s40317-019-0164-8
https://doi.org/10.1016/j.fishres.2013.03.001
https://doi.org/10.1002/aqc.2330
https://doi.org/10.1111/j.1467-2979.2009.00333.x
https://doi.org/10.1111/j.1467-2979.2009.00333.x
https://doi.org/10.1002/rra.1384
https://doi.org/10.1002/edn3.185
https://doi.org/10.1111/j.1365-2400.2004.00349.x


 

107 

 

 

Santos, J. M., Quaresma, A. L., Romão, F., Amaral, S. D., Mameri, D., 
Santo, M., Bochechas, J., Telhado, A., Godinho, F. N., Pádua, J., Pin-
heiro, P. J., Silva, A. T., Viseu, T., Almeida, P. R., Ferreira, T., Pinheiro, 
A. N., & Branco, P. (2025). Fishways in Portugal: Status, Main Findings 
and Research Needs. Water, 17(19), 2898. 
https://doi.org/10.3390/w17192898 

Schiavon, A., Comoglio, C., Candiotto, A., Spairani, M., Hölker, F., Tarena, 
F., Watz, J., & Nyqvist, D. (2024). Navigating the drought: Upstream 
migration of a small-sized Cypriniformes (Telestes muticellus) in re-
sponse to drying in a partially intermittent mountain stream. 
Knowledge & Management of Aquatic Ecosystems, (425), article id 6. 
https://doi.org/10.1051/kmae/2024003 

Schiermeier, Q. (2018). Europe is demolishing its dams to restore ecosys-
tems. Nature, 557(7705), 290–291. https://doi.org/10.1038/d41586-
018-05182-1 

Schmutz, S., Giefing, C., & Wiesner, C. (1998). The efficiency of a nature-
like bypass channel for pike-perch (Stizostedion lucioperca) in the 
Marchfeldkanalsystem. Hydrobiologia, 371–372(0), 355. 
https://doi.org/10.1023/a:1017091625603 

Schwartz, J. S., & Herricks, E. E. (2005). Fish use of stage-specific fluvial 
habitats as refuge patches during a flood in a low-gradient Illinois 
stream. Canadian Journal of Fisheries and Aquatic Sciences, 62(7), 
1540–1552. https://doi.org/10.1139/f05-060 

Schwarz, U. (with Jacob von Bonim). (2025). Hydropower Projects on Bal-
kan Rivers – 2024 Update (p. 40). RiverWatch &  EuroNatur. 
https://www.balkanrivers.net/en/studies/Hydropower-projects-on-
balkan-rivers-2024-update 

Schwevers, U., Adam, B., & Mögeltönder-Löwenberg, S. (with Florian 
Dersch,Sandra Goepfert). (2020). PIT-Tagging Hochrhein (p. 221). 
Institut für Angewandte Ökologie, Kirtorf-Wahlen, im Auftrag des 
Bundesamts für Umwelt (BAFU). https://www.bafu.ad-
min.ch/dam/de/sd-web/Qc4KAtS6DcFB/pit-tagging-hochrhein.pdf 

Silva, A. T., Lucas, M. C., Castro‐Santos, T., Katopodis, C., Baumgartner, L. 
J., Thiem, J. D., Aarestrup, K., Pompeu, P. S., O’Brien, G. C., Braun, D. 
C., Burnett, N. J., Zhu, D. Z., Fjeldstad, H., Forseth, T., Rajaratnam, N., 
Williams, J. G., & Cooke, S. J. (2018). The future of fish passage science, 
engineering, and practice. Fish and Fisheries, 19(2), 340–362. 
https://doi.org/10.1111/faf.12258 

  

https://doi.org/10.3390/w17192898
https://doi.org/10.1051/kmae/2024003
https://doi.org/10.1038/d41586-018-05182-1
https://doi.org/10.1038/d41586-018-05182-1
https://doi.org/10.1023/a:1017091625603
https://doi.org/10.1139/f05-060
https://www.balkanrivers.net/en/studies/Hydropower-projects-on-balkan-rivers-2024-update
https://www.balkanrivers.net/en/studies/Hydropower-projects-on-balkan-rivers-2024-update
https://www.bafu.admin.ch/dam/de/sd-web/Qc4KAtS6DcFB/pit-tagging-hochrhein.pdf
https://www.bafu.admin.ch/dam/de/sd-web/Qc4KAtS6DcFB/pit-tagging-hochrhein.pdf
https://doi.org/10.1111/faf.12258


 

108 

 

 

Silva, L. G. M. da, Nogueira, L. B., Maia, B. P., & Resende, L. B. de. (2012). 
Fish passage post-construction issues: analysis of distribution, attrac-
tion and passage efficiency metrics at the Baguari Dam fish ladder to 
approach the problem. Neotropical Ichthyology, 10(4), 751–762. 
https://doi.org/10.1590/s1679-62252012000400008 

Slavík, O., Pfauserová, N., Brabec, M., Kolářová, J., Červený, D., & Horký, P. 
(2024). The effect of temperature on the dynamics of common bream 
Abramis brama migrations between the reservoir and its tributary. 
Ecology of Freshwater Fish, 33(1). https://doi.org/10.1111/eff.12736 

SLU. (2026). Fish monitoring in rivers and streams – SERS. 
http://www.slu.se/electrofishingdatabase 

Su, G., Logez, M., Xu, J., Tao, S., Villéger, S., & Brosse, S. (2021). Human 
impacts on global freshwater fish biodiversity. Science, 371(6531), 835–
838. https://doi.org/10.1126/science.abd3369 

Sullivan, B. G., Taylor, M. K., Carli, C., Ward, T. D., Lennox, R. J., & Cooke, 
S. J. (2019). Partial dam removal restores passage for a threatened 
salmonid. River Research and Applications, 35(6), 669–679. 
https://doi.org/10.1002/rra.3426 

Sullivan, K. M., Bailey, M. M., & Berlinsky, D. L. (2023). Passage efficiency 
of alewife in a Denil fishway using passive integrated transponder tags. 
North American Journal of Fisheries Management, 43(3), 772–785. 
https://doi.org/10.1002/nafm.10893 

Sun, J., Tan, J., Zhang, Q., Shen, Y., Shi, J., Zhang, H., & Shi, X. (2023). At-
traction and passage efficiency for salmonids and non‐salmonids based 
on fishway: A meta‐analysis approach. River Research and Applica-
tions. https://doi.org/10.1002/rra.4194 

Sutela, T., Orell, P., Huusko, A., Jaukkuri, M., Huusko, R., Mäki‐Petäys, A., 
& Erkinaro, J. (2018). Vertical and horizontal distribution of ascending 
Atlantic salmon in power plant tailrace channels. Fisheries Manage-
ment and Ecology, 25(4), 267–274. https://doi.org/10.1111/fme.12291 

Swedish Meteorological and Hydrological Institute. (2010). Sveriges 
vattendrag. Faktablad, 44, 1–4. 
https://www.smhi.se/download/18.437eac6d192990f803f2849/17298
43495671/webbSveriges%20vattendrag%2016_med%20mark%C3%B6
r.pdf 

Swedish Meteorological and Hydrological Institute. (2026). Om data i 
Vattenwebb. https://www.smhi.se/data/sjoar-och-
vattendrag/vattenwebb/om-data-i-vattenwebb  

https://doi.org/10.1590/s1679-62252012000400008
https://doi.org/10.1111/eff.12736
http://www.slu.se/electrofishingdatabase
https://doi.org/10.1126/science.abd3369
https://doi.org/10.1002/rra.3426
https://doi.org/10.1002/nafm.10893
https://doi.org/10.1002/rra.4194
https://doi.org/10.1111/fme.12291
https://www.smhi.se/download/18.437eac6d192990f803f2849/1729843495671/webbSveriges%20vattendrag%2016_med%20mark%C3%B6r.pdf
https://www.smhi.se/download/18.437eac6d192990f803f2849/1729843495671/webbSveriges%20vattendrag%2016_med%20mark%C3%B6r.pdf
https://www.smhi.se/download/18.437eac6d192990f803f2849/1729843495671/webbSveriges%20vattendrag%2016_med%20mark%C3%B6r.pdf
https://www.smhi.se/data/sjoar-och-vattendrag/vattenwebb/om-data-i-vattenwebb
https://www.smhi.se/data/sjoar-och-vattendrag/vattenwebb/om-data-i-vattenwebb


 

109 

 

 

Tambets, M., Kärgenberg, E., Thorstad, E. B., Sandlund, O. T., Økland, F., & 
Thalfeldt, M. (2018). Effects of a dispersal barrier on freshwater migra-
tion of the vimba bream (Vimba vimba). Boreal Environmental Re-
search, 23, 339–353. http://hdl.handle.net/11250/2580521 

Tarena, F., Nyqvist, D., Katopodis, C., & Comoglio, C. (2024). Computa-
tional fluid dynamics in fishway research - a systematic review on up-
stream fish passage solutions. Journal of Ecohydraulics, ahead-of-
print(ahead-of-print), 1–20. 
https://doi.org/10.1080/24705357.2024.2363772 

Teichert, N., Tétard, S., Trancart, T., Oliveira, E. de, Acou, A., Carpentier, 
A., Bourillon, B., & Feunteun, E. (2020). Towards transferability in fish 
migration models: A generic operational tool for predicting silver eel 
migration in rivers. Science of The Total Environment, 739, 140069. 
https://doi.org/10.1016/j.scitotenv.2020.140069 

Tesch, F. ‐W., & Thorpe, J. E. (2003). The Eel (J. E. Thorpe, Ed.; R. J. 
White, Trans.; 3rd edn). Blackwell Publishing. 
https://doi.org/10.1002/9780470995389 

Thalinger, B., Wolf, E., Traugott, M., & Wanzenböck, J. (2019). Monitoring 
spawning migrations of potamodromous fish species via eDNA. Scien-
tific Reports, 9(1), 15388. https://doi.org/10.1038/s41598-019-51398-0 

Thiem, J. D., Binder, T. R., Dumont, P., Hatin, D., Hatry, C., Katopodis, C., 
Stamplecoskie, K. M., & Cooke, S. J. (2013). Multispecies fish passage 
behaviour in a vertical slot fishway on the Richelieu river, Quebec, Can-
ada. River Research and Applications, 29(5), 582–592. 
https://doi.org/10.1002/rra.2553 

Thieme, M. L., Tickner, D., Grill, G., Carvallo, J. P., Goichot, M., Hartmann, 
J., Higgins, J., Lehner, B., Mulligan, M., Nilsson, C., Tockner, K., Zarfl, 
C., & Opperman, J. (2021). Navigating trade-offs between dams and 
river conservation. Global Sustainability, 4, e17. 
https://doi.org/10.1017/sus.2021.15 

Thorstad, E. B., Økland, F., Aarestrup, K., & Heggberget, T. G. (2008). Fac-
tors affecting the within-river spawning migration of Atlantic salmon, 
with emphasis on human impacts. Reviews in Fish Biology and Fisher-
ies, 18(4), 345–371. https://doi.org/10.1007/s11160-007-9076-4 

Thorstad, E. B., Whoriskey, F., Uglem, I., Moore, A., Rikardsen, A. H., & 
Finstad, B. (2012). A critical life stage of the Atlantic salmon Salmo 
salar: behaviour and survival during the smolt and initial post‐smolt 
migration. Journal of Fish Biology, 81(2), 500–542. 
https://doi.org/10.1111/j.1095-8649.2012.03370.x  

http://hdl.handle.net/11250/2580521
https://doi.org/10.1080/24705357.2024.2363772
https://doi.org/10.1016/j.scitotenv.2020.140069
https://doi.org/10.1002/9780470995389
https://doi.org/10.1038/s41598-019-51398-0
https://doi.org/10.1002/rra.2553
https://doi.org/10.1017/sus.2021.15
https://doi.org/10.1007/s11160-007-9076-4
https://doi.org/10.1111/j.1095-8649.2012.03370.x


 

110 

 

 

Tillotson, M. D., Kelly, R. P., Duda, J. J., Hoy, M., Kralj, J., & Quinn, T. P. 
(2018). Concentrations of environmental DNA (eDNA) reflect spawning 
salmon abundance at fine spatial and temporal scales. Biological Con-
servation, 220, 1–11. https://doi.org/10.1016/j.biocon.2018.01.030 

TIVA AB. (n.d.). FISKdata.se. Retrieved 22 April 2026, from 
https://fiskdata.se 

Tolonen, K. T., Lehtinen, A., Laamanen, T., & Koljonen, S. (2024). As-
sessing the Potential of Environmental DNA for Monitoring Nature‐
Like Bypasses: Erroneous Surveillance Owing to DNA Flow‐Through. 
Environmental DNA, 6(5). https://doi.org/10.1002/edn3.70004 

Toszogyova, A., Smyčka, J., & Storch, D. (2024). Mathematical biases in the 
calculation of the Living Planet Index lead to overestimation of verte-
brate population decline. Nature Communications, 15(1), 5295. 
https://doi.org/10.1038/s41467-024-49070-x 

Trzebiatowski, R., & Narożański, A. (1973). A contribution to studies on the 
biology of vimba – Vima vimba vimba (L.) from the Rega River. Acta 
Ichthyologica Et Piscatoria, 3(2), 17–27. 
https://doi.org/10.3750/aip1973.03.2.02 

Twardek, W. M., Cooke, S. J., & Lapointe, N. W. R. (2023). Fishway perfor-
mance of adult Chinook salmon completing one of the world’s longest 
inland salmon migrations to the upper Yukon River. Ecological Engi-
neering, 187, 106846. https://doi.org/10.1016/j.ecoleng.2022.106846 

VAKI. (2026). VAKI Riverwatcher. https://www.riverwatcher.is/ 

van Leeuwen, C. H. A., Museth, J., Sandlund, O. T., Qvenild, T., & Vøllestad, 
L. A. (2016). Mismatch between fishway operation and timing of fish 
movements: a risk for cascading effects in partial migration systems. 
Ecology and Evolution, 6(8), 2414–2425. 
https://doi.org/10.1002/ece3.1937 

Vári, Á., Podschun, S. A., Erős, T., Hein, T., Pataki, B., Iojă, I.-C., Adamescu, 
C. M., Gerhardt, A., Gruber, T., Dedić, A., Ćirić, M., Gavrilović, B., & 
Báldi, A. (2022). Freshwater systems and ecosystem services: Chal-
lenges and chances for cross-fertilization of disciplines. Ambio, 51(1), 
135–151. https://doi.org/10.1007/s13280-021-01556-4 

Vergeynst, J., Pauwels, I., Baeyens, R., Mouton, A., Mulder, T. D., & 
Nopens, I. (2021). Shipping canals on the downstream migration route 
of European eel (Anguilla anguilla): Opportunity or bottleneck? Ecol-
ogy of Freshwater Fish, 30(1), 73–87. https://doi.org/10.1111/eff.12565  

https://doi.org/10.1016/j.biocon.2018.01.030
https://fiskdata.se/
https://doi.org/10.1002/edn3.70004
https://doi.org/10.1038/s41467-024-49070-x
https://doi.org/10.3750/aip1973.03.2.02
https://doi.org/10.1016/j.ecoleng.2022.106846
https://www.riverwatcher.is/
https://doi.org/10.1002/ece3.1937
https://doi.org/10.1007/s13280-021-01556-4
https://doi.org/10.1111/eff.12565


 

111 

 

 

Virbickas, T., Vezza, P., Kriaučiūnienė, J., Akstinas, V., Šarauskienė, D., & 
Steponėnas, A. (2020). Impacts of low-head hydropower plants on cy-
prinid-dominated fish assemblages in Lithuanian rivers. Scientific Re-
ports, 10(1), 21687. https://doi.org/10.1038/s41598-020-78701-8 

Vörösmarty, C. J., McIntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, 
A., Green, P., Glidden, S., Bunn, S. E., Sullivan, C. A., Liermann, C. R., 
& Davies, P. M. (2010). Global threats to human water security and 
river biodiversity. Nature, 467(7315), 555–561. 
https://doi.org/10.1038/nature09440 

Vu, A. V., Baumgartner, L. J., Mallen‐Cooper, M., Doran, G. S., Limburg, K. 
E., Gillanders, B. M., Thiem, J. D., Howitt, J. A., Kewish, C. M., 
Reinhardt, J., & Cowx, I. G. (2022). Diverse migration tactics of fishes 
within the large tropical Mekong River system. Fisheries Management 
and Ecology, 29(5), 708–723. https://doi.org/10.1111/fme.12566 

Wagner, B., Hauer, C., & Habersack, H. (2019). Current hydropower devel-
opments in Europe. Current Opinion in Environmental Sustainability, 
37, 41–49. https://doi.org/10.1016/j.cosust.2019.06.002 

Ward, H. B. (1932). The Origin of the Landlocked Habit in Salmon1. Pro-
ceedings of the National Academy of Sciences, 18(9), 569–580. 
https://doi.org/10.1073/pnas.18.9.569 

Water4All Partnership. (2024). White Paper. Best practices in water data 
management. Towards a European water data ecosystem. Version 1.5. 
https://www.water4all-partnership.eu/publication/vision-european-
water-data-ecosystem-water4all-white-paper 

Wiley. (2026). Using AI tools in your research. https://www.wiley.com/en-
us/publish/article/ai-guidelines/ 

Wilkes, M. A., Webb, J. A., Pompeu, P. S., Silva, L. G. M., Vowles, A. S., 
Baker, C. F., Franklin, P., Link, O., Habit, E., & Kemp, P. S. (2019). Not 
just a migration problem: Metapopulations, habitat shifts, and gene 
flow are also important for fishway science and management. River Re-
search and Applications, 35(10), 1688–1696. 
https://doi.org/10.1002/rra.3320 

Wilkinson, M. D., Dumontier, M., Aalbersberg, Ij. J., Appleton, G., Axton, 
M., Baak, A., Blomberg, N., Boiten, J.-W., Santos, L. B. da S., Bourne, P. 
E., Bouwman, J., Brookes, A. J., Clark, T., Crosas, M., Dillo, I., Dumon, 
O., Edmunds, S., Evelo, C. T., Finkers, R., … Mons, B. (2016). The FAIR 
Guiding Principles for scientific data management and stewardship. 
Scientific Data, 3(1), 160018. https://doi.org/10.1038/sdata.2016.18 

  

https://doi.org/10.1038/s41598-020-78701-8
https://doi.org/10.1038/nature09440
https://doi.org/10.1111/fme.12566
https://doi.org/10.1016/j.cosust.2019.06.002
https://doi.org/10.1073/pnas.18.9.569
https://www.water4all-partnership.eu/publication/vision-european-water-data-ecosystem-water4all-white-paper
https://www.water4all-partnership.eu/publication/vision-european-water-data-ecosystem-water4all-white-paper
https://www.wiley.com/en-us/publish/article/ai-guidelines/
https://www.wiley.com/en-us/publish/article/ai-guidelines/
https://doi.org/10.1002/rra.3320
https://doi.org/10.1038/sdata.2016.18


 

112 

 

 

Williams, J. G., & Katopodis, C. (2016). Commentary—Incorrect Applica-
tion of Data Negates Some Meta‐analysis Results in Bunt et al. (2012). 
River Research and Applications, 32(10), 2109–2115. 
https://doi.org/10.1002/rra.3076 

Winemiller, K. O., McIntyre, P. B., Castello, L., Fluet-Chouinard, E., 
Giarrizzo, T., Nam, S., Baird, I. G., Darwall, W., Lujan, N. K., Harrison, 
I., Stiassny, M. L. J., Silvano, R. A. M., Fitzgerald, D. B., Pelicice, F. M., 
Agostinho, A. A., Gomes, L. C., Albert, J. S., Baran, E., Jr., M. P., … 
Sáenz, L. (2016). Balancing hydropower and biodiversity in the Ama-
zon, Congo, and Mekong. Science, 351(6269), 128–129. 
https://doi.org/10.1126/science.aac7082 

Woschitz, G., Gumpinger, C., Ratschan, C., Guttmann, S., & Zeiringer, B. 
(with Alexis Dujmic,Jürgen Eberstaller,Albert Rechberger,Stefan 
Schmutz,Günther Unfer,Gerald Zauner). (2020). 
Mindestanforderungen bei der Überprüfung von Fischaufstiegshilfen 
und Bewertung der Funktionsfähigkeit [Minimum requirements for 
the assessment of fishways and the evaluation of the functionality] (p. 
47). Österreichischer Fischereiverband. https://www.fischerei-
verband.at/aktuelles/oefv-broschueren/ 

Wright, R. M., Piper, A. T., Aarestrup, K., Azevedo, J. M. N., Cowan, G., 
Don, A., Gollock, M., Ramallo, S. R., Velterop, R., Walker, A., Wester-
berg, H., & Righton, D. (2022). First direct evidence of adult European 
eels migrating to their breeding place in the Sargasso Sea. Scientific Re-
ports, 12(1), 15362. https://doi.org/10.1038/s41598-022-19248-8 

Xu, J., Li, D., Hu, X., Jiao, Y., Wang, J., Wu, Y., Lin, C., Ke, S., Bai, T., 
Wang, N., Liu, B., & Shi, X. (2024). Quantitative Assessment and Regu-
lation of Passage and Entrance Attraction Efficiency of Vertical-Slot 
Fishway on Heishuihe River in Southwest China. Animals, 14(16), 2365. 
https://doi.org/10.3390/ani14162365 

Yoon, J.-D., Kim, J.-H., Yoon, J., Baek, S.-H., & Jang, M.-H. (2015). Effi-
ciency of a modified Ice Harbor-type fishway for Korean freshwater 
fishes passing a weir in South Korea. Aquatic Ecology, 49(4), 417–429. 
https://doi.org/10.1007/s10452-015-9534-3 

Zarfl, C., Lumsdon, A. E., Berlekamp, J., Tydecks, L., & Tockner, K. (2015). 
A global boom in hydropower dam construction. Aquatic Sciences, 
77(1), 161–170. https://doi.org/10.1007/s00027-014-0377-0 

  

https://doi.org/10.1002/rra.3076
https://doi.org/10.1126/science.aac7082
https://www.fischerei-verband.at/aktuelles/oefv-broschueren/
https://www.fischerei-verband.at/aktuelles/oefv-broschueren/
https://doi.org/10.1038/s41598-022-19248-8
https://doi.org/10.3390/ani14162365
https://doi.org/10.1007/s10452-015-9534-3
https://doi.org/10.1007/s00027-014-0377-0


 

113 

 

 

Zaugg, C., Boller, L., Dönni, W., & Guthruf, J. (2016). 
Massnahmenumsetzung Sanierung Fischgängigkeit. Umfang und 
Methodenwahl von Wirkungskontrollen [Implementation of measures 
remediation fish passability. Extent and choice of methods of impact 
controls] (p. 30). Bundesamt für Umwelt (BAFU). https://plattform-
renaturierung.ch/mediathek/massnahmenumsetzung-sanierung-fisch-
gaengigkeit-umfang-und-methodenwahl-von-wirkungskontrollen/ 

Zerbe, S. (2022). Restoration of Multifunctional Cultural Landscapes, 
Merging Tradition and Innovation for a Sustainable Future. 129–199. 
https://doi.org/10.1007/978-3-030-95572-4_4 

Zhang, A. T., & Gu, V. X. (2023). Global Dam Tracker: A database of more 
than 35,000 dams with location, catchment, and attribute information. 
Scientific Data, 10(1), 111. https://doi.org/10.1038/s41597-023-02008-
2 

Zielinski, D. P., Miehls, S., & Lewandoski, S. (2022). Test of a Screw-Style 
Fish Lift for Introducing Migratory Fish into a Selective Fish Passage 
Device. Water, 14(15), 2298. https://doi.org/10.3390/w14152298 

 

https://plattform-renaturierung.ch/mediathek/massnahmenumsetzung-sanierung-fischgaengigkeit-umfang-und-methodenwahl-von-wirkungskontrollen/
https://plattform-renaturierung.ch/mediathek/massnahmenumsetzung-sanierung-fischgaengigkeit-umfang-und-methodenwahl-von-wirkungskontrollen/
https://plattform-renaturierung.ch/mediathek/massnahmenumsetzung-sanierung-fischgaengigkeit-umfang-und-methodenwahl-von-wirkungskontrollen/
https://doi.org/10.1007/978-3-030-95572-4_4
https://doi.org/10.1038/s41597-023-02008-2
https://doi.org/10.1038/s41597-023-02008-2
https://doi.org/10.3390/w14152298


Multi-species assessments 
of fishway performance

Florian Eggers

Florian E
ggers  |   M

ulti-species assessm
ents of fishw

ay perform
ance   |   2026:41

Multi-species assessments of fishway 
performance

Dams and weirs fragment rivers and can prevent fish from reaching habitats 
needed for feeding, refuge, and reproduction. Fishways are built to restore passage, 
but their presence alone does not guarantee functional connectivity.

This thesis examines how fishway performance can be assessed across species, 
sites, and time. A review of available methods showed that no single approach 
captures all relevant aspects of passage. A telemetric field study at a vertical-slot 
fishway found that passage differed among species and fish sizes and hinted at 
the importance of attraction, entry, and individual motivation. In Sweden, fish-
counter and electrofishing data from 35 fishway locations showed that more 
species were observed and community-level passage effectiveness was higher in 
nature-like than in technical fishways. Long-term observations in four of these 
fishways showed that movements of the otherwise rarely recorded vimba were 
concentrated in spring and early summer and were related to seasonal state and 
short-term changes in temperature and discharge.

Together, the studies show that fishway passage is a multi-stage process that 
is usually only partly observed. Reliable assessment therefore requires clear 
management objectives and, ideally, combinations of methods.

DOCTORAL THESIS   |   Karlstad University Studies   |   2026:41

Faculty of Health, Science and Technology

Biology

DOCTORAL THESIS   |   Karlstad University Studies   |   2026:41

ISSN 1403-8099

ISBN 978-91-7867-740-5 (pdf)

ISBN 978-91-7867-739-9 (print)


	Tom sida
	Tom sida
	B_Paper I_Eggers et al_2024_Methods for the assessment of fishways.pdf
	 Methods for the Assessment of Fishways (Upstream Fish Passage)
	1 Fish Movements in Rivers and Streams
	1.1 Fish Migration Strategies
	1.2 Environmental Factors

	2 Fishways
	2.1 Motivation for Fishways
	2.2 State of the Art

	3 Assessment of Fishway Performance
	3.1 Selection of Method
	3.2 Conclusion

	References


	Tom sida
	Tom sida
	B_Paper II_Eggers et al. 2025_Fish Behaviour in a Vertical Slot Fishway Multi-Species Upstream Passage Success .pdf
	Fish Behaviour in a Vertical Slot Fishway: Multi-Species Upstream Passage Success, Size Selectivity and Diel Passage Patterns in a Large Italian River
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Site
	2.2   |   Fish Capture
	2.3   |   PIT Tagging and Telemetry
	2.4   |   Statistical Methods
	2.5   |   Large Fish and Radiotelemetry
	2.6   |   Ethics Statement

	3   |   Results
	3.1   |   Passage Success
	3.2   |   Differences Between Release Locations
	3.3   |   Entrance and Transit Times
	3.4   |   Timing of Passage
	3.5   |   Large Fish

	4   |   Discussion
	5   |   Conclusion
	Acknowledgements
	Data Availability Statement
	References


	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida


  𝛤 =  [    0 . 9  0 . 05  0 . 05   0 . 1  0 . 8  0 . 1   0 . 05  0 . 05  0 . 9 ]    = no movements   = few movements   = frequent movements  
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