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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?!

— Why am I standing next to a river, in the dark, alone, reinstalling
Windows XP for the third time?

— 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

highestpurpese-ene-ean-serveinlife 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-
perIV).

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 popularvetenskaplig sammanfattning

Fiskar behover kunna forflytta sig mellan olika delar av ett vattendrag
for att hitta foda, undkomma ogynnsamma forhallanden och na
lampliga lekplatser. Dammar och andra vandringshinder delar upp
vattendragen och kan stidnga av vagen till sidana viktiga livsmiljoer.
Det kan leda till att fiskbestand minskar eller till och med férsvinner
lokalt.

En vanlig atgird ar att bygga en fiskvag, ocksa kallad fisktrappa eller
faunapassage, som hjalper fisken att ta sig forbi hindret. Men en fiskvag
loser inte automatiskt problemet. Fisken maste nd hindret, hitta
fiskvagens ingdng, simma in och ta sig genom hela konstruktionen -
och gora det vid ratt tidpunkt. Hur val detta lyckas kan skilja sig mellan
arter, storleksgrupper, arstider och platser.

Forskningen om fiskvagar har lange varit inriktad pa lax och andra
stora, ldngvandrande fiskar. Aven mindre arter och fiskar som frimst
ror sig inom ett vattendrag behover dock kunna na olika livsmiljoer. I
den har avhandlingen undersoker jag darfor hur man kan bedoma hur
val fiskvagar fungerar for olika arter under verkliga forhallanden.

I den forsta studien sammanstillde jag de metoder som anvands for att
undersoka fiskars vandring uppstroms genom fiskvagar. Fallor och
kamerabaserade fiskraknare kan visa vilka arter som anvander en
fiskvag, hur manga fiskar som passerar och nar de gor det. For att
berdkna andelen av fiskarna som hittar ingangen och tar sig genom
fiskvagen, eller om hindret forsenar deras vandring, behover enskilda
individer daremot f6ljas med hjalp av exempelvis elektroniska marken
eller radiosandare. Olika metoder ger alltsa svar pa olika fragor.

I den andra studien foljde vi fiskar vid en fiskvag i floden Po i Italien
under atta manader. Fiskar av flera arter marktes, men bara ungefar
var tionde registrerades inne i fiskvagen. De flesta lyckade passager
gjordes av tva karpfiskarter som lever i strommande vatten, och storre
individer passerade oftare an mindre. De flesta individer som val hade
natt den 6vervakade delen av fiskviagen tog sig dock ocksa till utgangen.
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Svarigheten kan darfor framst ha legat i att nd dammen, hitta
fiskvagens ingang eller simma in, snarare an i att ta sig genom sjalva
konstruktionen.

I den tredje studien kombinerade jag observationer fran fiskraknare i
35 svenska fiskviagar med elfiskedata fran de omgivande vattendragen.
Fler arter registrerades i naturlika fiskvagar, som efterliknar naturliga
vattendragsstrackor, an i mer regelbundet utformade tekniska
fiskvagar. Av de vandrande arter som fanns i de omgivande
vattendragen registrerades i genomsnitt 82 procent nir de passerade
genom naturlika fiskvagar. Motsvarande andel for tekniska fiskvagar
var 61 procent. En jamforelse som enbart byggde pa elfiskedata visade
daremot inte samma skillnad. Detta visar att valet av
undersokningsmetod kan paverka vilka slutsatser man drar.

I den fjarde studien analyserade jag 14 ars observationer av vimma
(Vimba vimba) fran fyra svenska vattendrag. Vimman ar en karpfisk
som vandrar for att leka men som sillan har studerats i fiskvagar. De
flesta rorelserna skedde under varen och forsommaren, sarskilt i maj
och juni, men tidpunkten och antalet fiskar varierade mellan
vattendrag och ar. Rorelserna var vanligast nar vattnet blev varmare
och vattenforingen minskade. Vandringen tycks alltsa bero bade pa att
fiskarna ar redo att vandra under en viss del av aret och pa kortvariga
forandringar i miljon, snarare an pa att temperaturen eller
vattenforingen nar ett bestamt varde.

Sammantaget visar avhandlingen att en fiskvags funktion inte kan
beskrivas med ett enkelt ja eller nej. Den kan fungera val for en art men
daligt for en annan, och problem kan uppsta i olika steg pa viagen forbi
hindret. Bedomningar av fiskviagar behover darfor utga fran tydliga
mal for vilka arter och livsstadier som ska kunna passera, nar det ska
ske och vilket resultat som ar tillrackligt. Genom att kombinera
metoder och anvinda langa observationsserier kan vi battre forsta var
problemen uppstar och hur fiskvagar kan forbattras. Forst nar
tillrackligt manga fiskar kan na nodvandiga livsmiljoer vid ratt
tidpunkt har en fungerande forbindelse, sa kallad funktionell
konnektivitet, verkligen aterstillts.
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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 (Vari 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; Vorosmarty 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 (I’Abée-Lund & Vgllestad, 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 (Bronmark 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 (Bron-
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 fiir 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 & Narozanski, 1973) or in common roach
(Rutilus rutilus) with distances between 2 and 13 km (Geeraerts et al.,
2007; L’Abée-Lund & Vellestad, 1985; but up to 20 km up- and 40 km
downstream were reported by Liihmann & 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

18



habitats (Ramirez-Alvarez 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 Vanern 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; Miiller & 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 (Vorosmarty 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 (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.

19



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.®

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 built*°, 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 index* 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 species!2 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.

23



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 Renofilt 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 18t 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., 20109;
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 )

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 Il)

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
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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.

A Radio antenna
CPIT antenna
O Release location

flow direction 7\ _—*

metal sheet against flotsam, fishway exit chute of trash rack
upper antenna lower antenna -

s 3925m, sh=256m

85.60 m, Ah = 74.05 m (max 5.70 m)

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 lll, 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; Klappe & Hebrand, 2024;
Oukka & Seppanen, 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.

A B

swim tunnel

camera cone

infrared
scanner plates

Figure 5. Fish counter designs. (A) VAKI counter with a commonly sized swim tunnel
(ca. 160 x 40 x 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
1V. 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 rivers4 that I utilised in Paper ITI (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).

35



No. electrofishing

Filter steps
P events (locations)?
upstream downstream
| Electrofishing results in catchment |2007 (514) 160 (40)
| Earliest since year 2000 | 1412 (362) 103 (24)
| Earliest 0 years before operation of fishway | 998 (289) 62 (14)

| Earliest 5 years before operation of fish counter | 552 (219) 33 (V)

| Latest 5 years after operation of fish counter | 552 (219) 33 (7)

||n vicinity of up to 25 km away from fishway | 9% (34) 33 (7)

| Split into upstream and downstream occasions |

| No other barriers® | 33 (7)

Y | List of taxa upstream | | List taxa downstream |

Figure 6. Filtering process for electrofishing data obtained from the Swedish Electrofish-
ing register. @ Example data for the location 26 (Karlshammar, River Emdn) in
Paper III; ® 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, Atgirder 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 a = .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 Il

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 § = .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 Il

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, latitude!s, 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.2¢ For this, species were also
classified as ‘migratory’ or ‘stationary’, derived from their perceived
needs for linear connectivity in Sweden (I. Naslund 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 Al

The large language models GPT-5.4 (OpenAl) 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 “Al 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 | — 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 Cheap equipment Handling, Mallen-Cooper & Brand
and densities labour-intensive (2007),

down- and up- sampling, Yoon et al. (2015),

stream

very low complexity,
passive

Pennock et al. (2018)

Electrofishing

Fish community

Small-scaled locali-

Risk for injury,

Schmutz et al. (1998),

and densities sation, costly equipment, Aparicio et al. (2012),
down- and up- active low complexity, Donaldson et al. (2012)
stream water depth < 4 m
Optical fish counter
Fish community No handling of fish, Labour-intensive, Haro and Kynard
passing fishway, fine-scale behaviour, very costly, (1997),
quantification of ~ long-term observa- low complexity, Holter et al. (2020),
recruitment tion, shallow depth, Hebrand and Klappe
automation by soft- low turbidity, (2023)
ware possible passive

Mark-recapture

Attraction, entry ~ Cheap equipment Invasive taggingto  Knaepkens et al.

and passage effec- small degree, (2006),

tiveness low complexity, Drouineau et al. (2015),
recapture rate de- Amtstaetter et al.
pendent (2017)

PIT telemetry

Entry and passage Relatively cheap Invasive tagging, Calles and Greenberg

efficiencies, tags, costly equipment, (2009),

fishway passage
time

high temporal reso-
lution,
tags last fish lifetime

medium complexity,
very small detection
range

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)
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Paper Il — 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.” 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.: 161.7d, 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
I[talian 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 lll - 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 I11.
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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 Viran 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 Trosaan in 2024, where 58% of annual upstream and 73% of an-
nual downstream movements were observed on June 3 alone. In River
Svartan, 13% of annual upstream and 19% of annual downstream
movements of 2017 were observed on June 15 (Figure 12). River Eméan
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 Svartan 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 Trands, River Svartdn (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 8, 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.

[95% CI]
Wald

IRR/ [95% CI]

Variable B OR Wald

p-value

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

(Intercept) -0.20 -1.59, -1.20 784 0.82 0.20, 3.33
Qrelazd -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
Tasa (°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
Qrelazd 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
Tasa (°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. Qrelaza = short-term change in relative discharge, Tywater = daily mean water tempera-
ture, Tasa = short- term temperature change, degree-days = cumulative thermal exposure,
season = expected movement season of Vimba vimba. Significant p-values at a = .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).2¢. 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 IT 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
18t 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 (Debowski, 2018;
Tambets et al., 2018).

Transferability is likely limited in highly speciose rivers, like the Ama-
zon or Mekong. At Itaipu Dam (Rio Parana, 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 Junior 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 Junior 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 (Miiller &
Berg, 1982; 1. Nislund 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
(Norrgard 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-Coérdoba 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 274 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; Bronmark 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 (Slavik 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.2!
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-Cordoba 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,
Garcia-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 Quick sampling No directionality, eDNA con- Dal Pont et al. (2021),
downstream & process, centrations depend on spe-  Tolonen et al. (2024),
upstream, low cost, cies and environment: abun- Moody et al. (2025,
passing fishway  no handling dances not reliably esti- Review)

mated, very rare species still

overlooked

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. Naslund 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 (Fiskevardsteknik 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 Freshwater2s 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).2¢

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/
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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-Coérdoba 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;

76



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).
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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.
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