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“Unless someone like you cares a whole awful lot, nothing is going to
get better. It’s not.”
-Dr. Seuss

“One of the penalties of an ecological education is that one lives alone
in a world of wounds.”
-Aldo Leopold



Abstract

Migration is a fundamental ecological process, and for anadromous
salmonids, successful movement between freshwater and marine envi-
ronments is essential for growth, survival, and reproduction. River
fragmentation from hydropower development has severely disrupted
these movements, with dams creating hazardous downstream passage
conditions for both smolts and post-spawned adults (kelts). Delays, in-
creased predation risk, altered hydraulic conditions, and dam-related
injuries can reduce survival and threaten population viability, in par-
ticular in rivers containing multiple barriers. Downstream fish passage
solutions at dams can mitigate these negative effects, but the perfor-
mance of most solutions remain rarely evaluated.

The overarching aim of this thesis was to evaluate downstream passage
performance of dams for salmonids in fragmented rivers, identify en-
vironmental and behavioral drivers that impact passage rates, and as-
sess the efficiency of existing mitigation measures. Acoustic telemetry
was used to quantify movement patterns, route choice, passage effi-
ciency and success, migration speeds, and instantaneous loss rates for
smolts and kelts across river sections fragmented by hydroelectric
power stations (HEPs) compared to free-flowing sections.

Atlantic salmon smolt passage success at HEPs ranged from 71—95%,
whereas passage success in free-flowing sections ranged from 75—
100%. Smolt migration speeds in HEP sections ranged from 0.6-9.5
km-day 1, whereas migration in free-flowing sections ranged from 1.5-
24.2 km-day 1. In the river Moérrumséan, smolt passage success across
the study area averaged 61% across release groups (passage 2xHEPs:
52.6%, passage 1XHEP: 61.5%, control: 69.2%), and losses were mainly
observed in lentic habitats and reservoir forebays of the two small-scale
HEPs evaluated. Restored free-flowing sections exhibited the fastest
smolt migration speeds, and removal of the Marieberg HEP more than
doubled migration speeds. Smolts released downstream of the HEPs in
river Morrumsan, acting as a control group, exhibited similar passage
success and migration speeds as the HEP-passage groups, highlighting
limited effects associated with longer migrations and/or HEP passage.
When approaching the HEPs, downstream migrating smolts were
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strongly influenced by hydraulic conditions, preferentially selecting
high-velocity areas while avoiding strong velocity gradients, with in-
creased spill discharge promoting spill gate use and influencing overall
route selection. In river Dalalven, passage success across the study area
and the two large-scale HEPs remained relativity stable over three
years, averaging 57% (2019: 53%, 2020: 61%, 2021: 58%), correspond-
ing to a mean loss rate of 2.0 % km-1. Smolt passage success were low-
est through lentic habitats and HEP sections, where migration speeds
were also slowest, suggesting potential migratory bottlenecks. Smolts
released downstream of the HEPs in river Dalédlven, acting as a control
group, exhibited migration speeds more than twice as fast as those of
the HEP-passage group, highlighting indirect effects associated with
longer migrations and/or HEP passage. In both rivers, water temper-
ature and diel period were the most influential predictors of passage
rates, with increasing temperatures and nighttime periods associated
with increased passage rates.

In river Eman, kelt return rates to the Baltic Sea were on average 39%,
with only overwintering individuals that out-migrated in the spring
successfully reaching the river mouth. Overwintering was observed in
56% of salmonid spawners, with the majority overwintering as kelts in
the upper reaches of available river habitat (>30km upstream from
river mouth). Downstream migration was initiated by 69% of tagged
individuals, with passage success across HEP and free-flowing river
sections ranging from 81-93% and migration speeds of 0.6-6.2
km-day 1. Downstream passage was faster and more efficient at HEP
facilities equipped with designated downstream passage solutions.

Results demonstrate that while localized passage success within river
sections can be high, river-scale passage success remains strongly con-
strained by lentic bottlenecks, hydraulic alterations, and cumulative
barrier effects. However, restored free-flowing habitats and HEPs
equipped with downstream passage solutions substantially improved
connectivity and reduced migration delays. Together, these findings
highlight the critical importance of implementing site-specific and
functional downstream passage solutions for maintaining viable anad-
romous salmonid populations in fragmented rivers.



Populéarvetenskaplig sammanfattning

Vandring ar en grundlaggande ekologisk process, och for anadroma
laxfiskar ar en framgangsrik forflyttning mellan s6tvatten- och havs-
miljoer avgorande for tillvaxt, overlevnad och reproduktion. Fragmen-
tering av vattendrag till foljd av vattenkraftsutbyggnad har haft en
starkt negativ paverkan pa vandrande fiskpopulationer eftersom det
foreligger en forhojd skaderisk for laxfiskar, bade juvenila (smolt) och
utlekta vuxna (kelt), vid nedstromspassage av vattenkraftverk. For-
drojningar, okad risk for predation, forandrade hydrauliska forhallan-
den och skador relaterade till dammpassage minskar 6verlevnaden och
hotar darmed vandrande fiskpopulationers langsiktiga resiliens, i syn-
nerhet i vattendrag med flera hinder. Passagelosningar for nedstroms-
vandrande fiskar kan mildra dessa negativa effekter, men det ar fortfa-
rande ovanligt med utviardering av sddana miljoforbattrande atgarders
funktion.

Det overgripande syftet med denna avhandling var att studera laxfis-
kars nedstromsvandring i fragmenterade vattendrag, samt att utvar-
dera funktionen hos befintliga passagelosningar. Vidare undersoktes
vilka miljofaktorer som paverkade fiskarnas beteende och passage-
framgang. Akustisk telemetri anvandes for att kvantifiera rérelsemons-
ter, vagval, passerbarhet, migrationshastighet och forlustfrekvens for
smolt och kelt i vattendrag som fragmenterats av vattenkraftverk
(HEP), men aven langs fritt strommande sektioner.

Atlantlaxsmoltens passageframgang vid vattenkraftverk varierade mel-
lan 71 och 95 %, medan 6verlevnaden i de fritt strommande sektionerna
varierade mellan 75 och 100 %. Smoltens vandringshastighet i de frag-
menterade sektionerna varierade mellan 0,6 och 9,5 km-dag-1, medan
vandringen i fritt strommande sektioner varierade mellan 1,5 och 24,2
km-dag 1. I Morrumsan var passageframgangen jamforbar forbi de tva
utvarderade smaskaliga vattenkraftverken, 87 respektive 86 %, och to-
tal passageframgang i studieomradet var i genomsnitt 61 % for alla ut-
sattningsgrupper (passage av tva kraftverk: 52,6 %, passage av ett
kraftverk: 61,5 %, kontroll: 69,2 %). Vandringshastigheten var hogst i
de fritt strommande sektionerna, efter restaurering, och vid platsen for
Mariebergs vattenkraftverk mer an fordubblades vadringshastigheten
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efter att kraftverket tagits bort. Forluster av smolt observerades framst
ilangsamflytande (lentiska) habitat och i de uppddmda omradena upp-
stroms de tva vattenkraftverken som utviarderades. Smolt som satts ut
nedstroms vattenkraftverken i Morrumsén, och fungerade som kon-
trollgrupp, uppvisade liknande passageframgang och vandringshastig-
heter som grupperna som passerat vattenkraftverken. Nedstromsvand-
rande smolt paverkades starkt av de hydrauliska forhallandena i omra-
det uppstroms kraftverken, och valde framfor allt att simma till omra-
den med hog flodeshastighet samtidigt som de undvek platser med
starka hastighetsgradienter. Okad tappning av spillvatten resulterade i
att fler smolt passerade kraftverket genom spilluckorna och paverkade
darmed det overgripande vagvalet. I det betydligt storre vattendraget
Dalalven, var passageframgangen forbi de tva storskaliga vattenkraft-
verken relativt stabil under tre ar, dar i genomsnitt 57 % av smolten
framgangsrikt nadde till havet (2019: 53 %, 2020: 61 %, 2021: 58 %),
vilket motsvarar en genomsnittlig forlust pa 2 km-dag-1. Passagefram-
gang och vandringshastighet var lagst forbi langsamflytande habitat
och forbi vattenkraftverken, vilket tyder pa potentiella flaskhalsar for
overlevnad. En kontrollgrupp, i form av markta smolt som sattes ut
nedstroms kraftverken, uppvisade en vandringshastighet som var mer
an dubbelt sa hog som for de fiskar som tvingades passera vattenkraft-
verken. Skillnaderna mellan dessa tva grupper tyder pa indirekta, ne-
gativa effekter av 1anga vandringsstrackor och/eller kraftverkspassage.
I bada vattendragen var vattentemperatur och tid pa dygnet de faktorer
som hade storst betydelse for vandringsframgang, dar stigande tempe-
ratur och nattaktivitet var indikatorer pa hog overlevnad.

I Eman var keltéverlevnaden till Ostersjon i genomsnitt 39 % och end-
ast individer som overvintrande i vattendraget och vandrade ut pa va-
ren lyckades n& havsmynningen. Overvintring observerades hos 56 %
av de lekvandrande laxfiskarna, dar majoriteten overvintrade i de ovre
delarna av den tillgangliga delen av vattendraget (mer an 30 km upp-
stroms frdn mynningen i Ostersjon). Totalt initierade 69 % av de
markta fiskarna nedstromsvandring, med en passageframgang forbi
vattenkraftverk och i fritt strommande sektioner pa mellan 81 och 93
% och en vandringshastighet pa 0,6—6,2 km-dag 1. Nedstromsvand-
ringen var snabbare och effektivare vid de tva vattenkraftverk som var



utrustade med nedstromspassager, an det kraftverk som saknade pas-
sageforbattrande atgarder.

Sammanfattningsvis visar resultaten att aven om passageoverlevnaden
var hog inom vissa vattendragssektioner, begransades passagefram-
gangen pa vattendragniva av platsspecifika flaskhalsar for 6verlevnad
och inte minst kumulativa barriareffekter. Det finns dock en stor for-
battringspotential i form av aterstillandet av fritt strommande strackor
och vattenkraftverk utrustade med nedstromspassagelosningar, vilka i
kombination med andra miljoforbattrande atgarder kan rehabilitera
korridorfunktionen i reglerade vattendrag. Sammantaget understryker
dessa resultat den avgorande betydelsen av en bred implementering av
platsspecifika och vil fungerande passageatgarder, for att bibehalla
livskraftiga anadroma laxfiskpopulationer i fragmenterade vattendrag.
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Introduction

Importance of migration

Migration is a widespread ecological phenomenon occurring across
nearly all animal taxa. It represents an adaptive movement pattern ex-
pressed over diverse spatial and temporal scales, characterized by per-
sistent and directional movement of individuals or entire populations
between habitats (Dingle & Drake 2007, Lucas & Baras 2008). The
magnitude and distance of these movements vary across species and
environment s, from diel vertical migrations of zooplankton that can
span only a few meters per day, to annual migration of Arctic terns who
can move up to 670 km-day ! (Hansson & Hylander 2009, Egevang et
al. 2010). In terrestrial animals, migrations are often visible and follow
well-defined, species-specific routes across landscapes. In contrast,
aquatic migrations occur beneath the water surface, restricted spatially
to aquatic environments, and therefore generally unseen. The adaptive
value of migrations comes from the stabilizing forces of costs and ben-
efits: energy expenditure, increased predation risk and mortality must
be offset by advantages such as growth, survival, and reproductive suc-
cess (Gross et al. 1988, Thorpe 1988, Chapman et al. 2012). Large-scale
migrations are often connected with a species’ life history strategies, as
individuals move between habitats to exploit seasonal or habitat-spe-
cific resources, avoid unfavorable conditions, or improve reproductive
advantages (Fleming 1979, Dingle 2014). For example, humpback
whales migrate between high-latitude feeding grounds and low-lati-
tude breeding and calving areas (Rizzo & Schulte 2009). These strate-
gies can enhance population resilience to environmental variation and
promote local adaptation (Holt & Gomulkiewicz 1997, Nakazawa &
Yamamura 2007). A clear example of this is found in iteroparous and
anadromous fish species, like Atlantic salmon (Salmo salar) and certain
populations of brown trout (Salmo trutta), which migrate repeatedly
between freshwater and marine environments to optimize growth and
reproductive success throughout their lifecycle (Thorpe et al. 1998,
Dodson et al. 2013).
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Salmonid migrations

Atlantic salmon and anadromous brown trout begin their lifecycle in
freshwater, where juveniles remain for one to four years before migrat-
ing downstream to marine environments, or lacustrine environments
in the case of landlocked populations (McCormick & Saunders 1987,
Mills 1991) (Figure 1). During this transition phase from freshwater to
marine environments, juveniles undergo a series of physiological and
behavioral changes, driven in part by environmental cues, that prepare
them for survival at sea (Hoar, 1988, Thorpe 1988). This process,
known as smoltification, is regulated by both intrinsic factors (such as
age, size, and growth rate) and external environmental cues (such as
water temperatures, discharge, or photoperiod) (Wedemeyer et al.
1980, Thorpe 1989, Hvidsten et al. 1995, McCormick 1998). The inter-
action and timing of these cues influence not only the initiation of smol-
tification, but also migratory success, which typically varies between
years (Hvidsten et al. 1995, Haraldstad et al. 2017).

Downstream migration of smolt represents one of the most critical and
hazardous stages in the salmonid life cycle. At this stage, individuals
are relatively small (10 — 20 c¢m), energetically constrained, and ex-
posed to high mortality risks (Thorstad et al. 2011). Predation pressure
can vary based on biological traits (e.g., body size, condition factor),
environmental conditions (e.g., photoperiod, water temperature), and
anthropogenic modifications such as flow regulation, barriers, and the
presence of turbines (Thorstad et al. 2012, Hostetter et al. 2023,
Mensinger et al. 2023). Furthermore, smolts must navigate unfamiliar
environments, often traveling hundreds to thousands of kilometers be-
fore reaching productive marine feeding habitats (Davidsen et al. 2009,
Friedland et al. 2017).
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Figure 1. Diagram of the Atlantic salmon life cycle. Illustrations by Jennifer Clausen.

Once post-smolts migrate to marine environments for feeding, they
grow and eventually return to their natal freshwater habitat for spawn-
ing after one to five years at sea (Klemetsen et al. 2003). Mortality at
sea is substantial, with only a small proportion successfully returning
to their native rivers as adults for spawning (Hubley et al. 2008, Chaput
2012). In iteroparous species like Atlantic Salmon and anadromous
brown trout, this reproductive migration may occur several times dur-
ing an individual’s lifetime, and their ability to repeat spawning con-
tributes substantially to population stability and resilience (Seamons &
Quinn 2010, Moore et al. 2014). After spawning, post-spawned indi-
viduals, commonly called kelts, either remain in freshwater over winter
or migrate directly downstream toward estuarine and marine environ-
ments (Bendall et al. 2005). Mortality during the spawning migration
can be substantial, ranging between 10-80% and is influenced by mul-
tiple factors including migration distance, water temperature, river dis-
charge, individual physiological differences, and presence of barriers
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(Cooke et al. 2006, Keefer et al. 2008, Macdonald et al. 2010, Birnie-
Gauvin et al. 2019). Kelt mortality is also variable, but generally lower,
with rates typically ranging 0-40 %, and may differ between sexes and
species (Nyqvist et al. 2016, Haraldstad et al. 2018, Babin et al. 2021).

Differentiating mortality vectors and timing between the spawning and
post-spawning phases is challenging because spawning is seldom di-
rectly observed and often inferred from telemetry data or capture his-
tory (Martins et al. 2012, Gauld et al. 2016).The timing of downstream
kelt migration can be influenced by factors such as species, sex, body
size, and condition, and usually most strongly associated with hydro-
logical and thermal conditions such as river discharge and water tem-
perature (Kraabgl et al. 2008, Ostergren & Rivinoja 2008, Calles &
Greenberg 2009). Migration may occur both during the day and night,
and individuals can show location-specific diel preferences of migra-
tion (Bendall et al. 2005, Ostergren & Rivinoja 2008). The interval be-
tween successive spawning events varies widely, from several months
to multiple years, with repeat spawning generally being more common
among brown trout than Atlantic salmon (Bendall et al. 2005). The suc-
cess of these repeated migrations and spawning events depends on un-
hindered access between freshwater and marine environments, mak-
ing migratory salmonids particularly vulnerable to fragmented river
systems.

Fragmentation and ecological consequences

River fragmentation and other human-induced pressures have dramat-
ically altered freshwater ecosystems, contributing to an estimated 84%
decline in freshwater species abundance since the 1970’s (Almond et al.
2020). Currently, more than 60 % of the world’s large rivers (exceeding
1000 km in length) are fragmented by dams (WWF 2006), and an ad-
ditional 800,000 smaller dams estimated to exist globally (McCully
1996). The construction of these barriers fundamentally transforms
rivers, creating new ecosystems and disrupting riverine connectivity.
These alterations modify flow regimes, hydraulic conditions, water
temperature, sediment transport, habitat structure, and even influence
diurnal conditions (i.e., homogenize thermal variability, photoperiod
disruptions) (Baxter 1977, Fuller et al. 2015, Perkin et al. 2021, Chan et
al. 2025). Because anadromous fish species depend on unimpeded
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access to both freshwater and marine environments to complete their
life cycles, river fragmentation represents one of the most severe an-
thropogenic threats to their survival (Verhelst et al. 2021, Chan et al.
2025). Barriers can cause migratory delays, increase energetic costs,
restrict access to essential habitats, and degrade the environmental
conditions necessary for successful reproduction (Karlsson and
Karlstrom 1994, Northcote 1998, Larinier 2000, Lucas & Baras 2001).
By dividing rivers into a series of disconnected segments, fragmenta-
tion creates artificial isolation that disrupts populations connectivity,
reduces gene flow, and alters metapopulation dynamics (Castric et al.
2001, Jager et al. 2001, Costello et al. 2003, Taylor et al. 2003). Over
time, these processes can drive population declines or even local extir-
pation of migratory fish populations dependent on habitat located up-
stream of impassable barriers (Rolls 2011, Press et al. 2014).

For downstream migrating fish, the disruption of natural flow patterns
at barriers poses navigation challenges that can delay migration, in-
crease energetic costs and predation risk (Larinier 2000, Marschall et
al. 2011, Mensinger et al. 2023). Altered flow regimes, hydraulic condi-
tions, and water temperature can further compromise survival by in-
terfering with the environmental cues smolts and kelts rely on to ini-
tiate and follow for migration, while also transforming flowing (lotic)
habitats into still (lentic) zones that favor piscivorous predators
(McCormick 1998, Renardy et al. 2022, Mensinger et al. 2023). These
changes can shift or prolong migration, which is often optimized within
populations to ensure juveniles arrive in marine environments when
feeding conditions are favorable (McCormick et al. 1998, Hvidsten et
al. 1997, 2009). Passage at barriers can also be behaviorally selective,
where certain movement behaviors may be preferential for passage,
such as migrating along channel margins, diving to locate bottom-fed
spillway openings, or responding to specific flow cues (Arnekleiv et al.
2007, Scruton et al. 2007, Nyqvist et al. 2017). While smolts face high
predation pressure during their migration, post-spawning kelts are
equally vulnerable due to depleted energy reserves as a result of signif-
icant reproductive investments. The cumulative effects of migration
delays, sub-lethal passage injuries, and elevated water temperatures
can induce a physiological stress response that increases susceptibility
to disease and secondary infections, often leading to mortality (Teffer
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et al. 2017, Bordeleau et al. 2018, Elmer et al. 2023). Without a dedi-
cated downstream passage solution, smolts and kelts may be forced to
pass through hydropower turbines, where exposure to blade strikes,
shear forces, rapid pressure changes, and disorientation can cause sub-
stantial direct and indirect mortality (Ostergren and Rivinoja 2008,
Nyqvist et al. 2016, Algera et al. 2020, Vikstrom et al. 2020). Migration
delays and survival are often species- and site-specific, with bypass de-
sign and operational strategy being critical factors of passage efficiency
(Calles et al. 2012, Nyqvist et al. 2017). For the long-term viability of
anadromous salmonid populations, downstream migration requires
safe and efficient riverine passage. To achieve this, site-specific charac-
teristics of each barrier must be evaluated to determine passage perfor-
mance, and appropriate mitigation measures must be implemented.

The scale and technical characteristics of a hydroelectric power plant
(further referred to as HEP) strongly influence downstream passage
success. Small-scale HEPs (<10 MW) are more numerous and, when
equipped with bypass solutions, their small size and lower vertical
drops (low-head) are often easier for fish to pass. In contrast, large-
scale HEPs occur less frequently but generally pose greater passage
challenges due to larger vertical drops (high-head) and/or simply being
physically larger (Kosnik 2010, Larinier 2008). However, in the ab-
sence of bypass solutions, turbine passage at small-scale HEPs may be
particularly hazardous, as smaller turbines often operate at higher ro-
tational speeds (Larinier 2008). The specific turbine-type further af-
fects passage risk, as mortality rates vary widely among designs (e.g.,
Pelton, Kaplan, Francis) and are influenced by site-specific factors such
as dam height, discharge, rotational speed, number of turbines, as well
as fish species and life stage (Bell 1981, Hadderingh & Bakker 1998,
Larinier 2008, Vikstrom et al. 2020). Consequently, maintaining ade-
quate downstream passage across diverse HEP configurations requires
effective, site-specific mitigation strategies that address the underlying
causes of passage failure.

Fish passage solutions, also known as fishways or fish passes, are engi-
neered structures designed to facilitate the safe and efficient movement
of fish past river barriers (Silva et al. 2018). Among the various passage
strategies, dam removal is the most effective means of re-establishing
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longitudinal connectivity, as it allows rivers to return as closely as pos-
sible to their natural, free-flowing state (Silva et al. 2018, Birnie-
Gauvin et al. 2019). While dam removal is most commonly applied to
small barriers (<2 meters), large hydroelectric power stations have also
been decommissioned in recent years where ecological benefits have
outweighed the energy production value (Gowan et al. 2006). Given the
diversity of migratory behaviors among fish species, passage solutions
are often tailored to specific species, life stages, and site conditions,
which complicates full-river connectivity (Seliger & Zeiringer 2018,
Birnie-Gauvin et al. 2019). Historically, most passage design and man-
agement efforts have focused on upstream migration, particularly for
salmonids, where development of effective solutions has a relatively
long history. In contrast, downstream passage solutions have only
more recently received attention, and relatively few have been evalu-
ated for performance (Whitney et al. 1997, Larinier et al. 2002, Calles
et al. 2013, Nyqvist 2017) To be successful, solutions must not only en-
able individuals to locate the entry point of the fish passage solution
(attraction efficiency), but also allow them to pass the barrier in a safe
and timely manner (passage efficiency) (Aarestrup et al. 2003, Silva et
al. 201 8). Ensuring both components’ function effectively is crucial for
maintaining migratory connectivity and population resilience in frag-
mented river systems.

Downstream fish passage solutions

Historically, downstream passage solutions have been lacking in most
regulated rivers, forcing fish to migrate through hydropower turbines
as the primary route (Katopodis & Williams 2012) However, in recent
decades, several types of downstream passage solutions have been de-
veloped, including physical and behavioral guidance structures, man-
aged spill regimes, less damaging turbines, , and even optimally placed
nature-like fishways (Castro-Santos & Haro 2010, Katopodis & Wil-
liams 2012, Piper et al. 2018, Seliger & Zeiringer 2018, Nyqvist et al.
2018). Because migrating fish typically follow the main current when
approaching a dam, downstream passage solutions should be posi-
tioned near dominant flow paths, most often close to turbine intakes or
prioritized spill gates to maximize attraction (Fjeldstad et al. 2018).
Mechanical guidance devices, such as inclined and angled racks and
screens, combined with bypasses have been shown to be effective
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passage solutions (Nyqvist et al. 2017, Calles et al. 2021). Behavioral
guidance solutions have also been developed, but with varying success
in attracting and guiding fish to a bypass (Mussen et al. 2014, Leander
et al. 2024, Stoilova et al. 2023, 2025). Spill regimes, periods of con-
trolled, increased discharge through spill gates, are another manage-
ment strategy used to attract downstream migrating fish using flow
cues to an alternate passage route. Studies have shown positive rela-
tionships between managed spill and passage success, highlighting its
role in improving both efficiency and survival (Ferguson et al. 2005,
Scruton et al. 2008). However, the effectiveness of spill gates depends
on the proportion of total discharge released; when this fraction is low
additional guiding structures are often required to maintain effective-
ness. Spill gate opening placement also plays an important role, as both
smolts and kelts tend to prefer surface-oriented routes (Arnekleiv et al.
2007, Scruton et al. 2007, Nyqvist et al. 2017a). Managed spill opera-
tions timed to coincide with peak downstream migrations of smolts and
kelts have shown mixed results, with success varying by site and hydro-
logical conditions (Wertheimer and Evans 2005, Arnekleiv et al. 2007,
Scruton et al. 2007, Shry et al. 2021). At large dams with low head and
high species diversity, where multiple passage solutions are required to
support all fish populations, low-injury turbines can be used to accom-
modate fish passage. These specially designed turbines are supposed to
reduce injury and mortality by minimizing blade strike, pressure
changes, and turbulence. This is achieved through modifications such
as slower rotational speeds, optimized blade design, and reduced spac-
ing between blades and turbine walls (Cada 2001, Foust et al. 2011). To
mimic natural side channel stream conditions, nature-like fishways are
constructed, and today they are one of the most widely used multi-spe-
cies upstream passage solutions in Europe (Katopodis et al. 2012,
Tamario et al. 2018). If nature-like fishways are designed to incorpo-
rate site-specific hydrodynamics and are placed at optimal locations,
they can also function as bi-directional passage routes for both up-
stream and downstream passage (Calles & Greenberg 2009, Nyqvist et
al. 2017). However, like spill gates, these solutions typically require
high proportions of river discharge, creating a tradeoff with energy pro-
duction. While downstream passage solutions can be effective at indi-
vidual dams, many river systems contain multiple barriers, where
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repeated encounters may compound energetic costs, delays, and mor-
tality despite the presence of fish passage solutions.

There can be significant cumulative negative effects within river sys-
tems containing multiple barriers, even when passage solutions are im-
plemented (Norrgard et al. 2013, Nyqvist et al. 2016, Keefer et al.
2018). Even when fishways are considered functional, their overall pas-
sage efficiency may still be insufficient, particularly in rivers with mul-
tiple, cascading barriers (Shuman 1995, Schmutz & Moog 2018). The
direct and indirect mortality risks associated with blade strikes, shear
force, disorientation, and barotrauma at a single dam can accumulate
across multiple barriers, further reducing survival along the migratory
route (Ostergren and Rivinoja 2008, Nyqvist et al. 2016, Algera et al.
2020, Vikstrom et al. 2020). Whether the proportion of individuals
successfully passing consecutive barriers is sufficient to sustain viable
populations and whether these passage solutions actually enhance
population sustainability is still poorly understood. Most existing pas-
sage solutions have never been comprehensively evaluated for their
performance, with little known about their efficiency in improving pas-
sage, timeliness, and long-term survival of all native species and life
stages (Silva et al. 2018, Birnie-Gauvin et al. 2019). In addition, few
studies have evaluated the cumulative effects of downstream passage
across multiple hydroelectric power plants (Whitney et al. 1997,
Norrgard et al. 2013, Nyqvist et al. 2016). Field-based evaluations are
therefore critical for improving the design, implementation, and oper-
ation of fish passage solutions, ensuring that they effectively support
downstream migration and long-term population resilience.

Objective

The convergence of anadromous salmonids complex life cycle and an-
thropogenic river modifications has rendered migration increasingly
difficult and multifaceted, even when fish passage solutions are inte-
grated to mitigate delays and mortality. The overarching aim of this
thesis was to (1) evaluate downstream passage of salmonids of different
life stages in rivers with multiple HEPs by comparing passage efficiency
and migration speeds across fragmented and unfragmented river
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sections, (2) identify key factors influencing passage success, and (3)
assess the performance of existing downstream passage solutions.
These objectives were addressed using acoustic telemetry to track and
analyze individual movement patterns during migration. In chapter I,
salmon smolt emigration was evaluated at two small-scale HEPs with
a spill regime mitigation measure and at the restored river stretch of a
former HEP. In chapter II, the effect of flow velocity on migration be-
havior and route selection was evaluated for salmon smolt navigating
spill gate passage at two small-scale dams. In chapter III, smolt pas-
sage at two large-scale dams without fish passage solutions was evalu-
ated over three years. In chapter IV, dam passage at three small-scale
dams was evaluated for adult, post-spawned (kelt) salmonids. In each
instance, downstream passage was evaluated for varying degrees of fish
passage solutions available, from no solutions in place (chapter III), to
spill regimes (chapter I & IT), to multiple solutions (chapter IV).

Methods

All studies for this thesis were conducted in the field under real-world
conditions. Chapters I and IT were conducted simultaneously in the
river Morrumsan (Figure 2, Figure 3). Chapter III was conducted over
three years in the river Dalilven (Figure 4). Chapter IV was conducted
in the river Eman (Figure 5).
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L I

Figure 2. Overview map of study locations with corresponding chapter roman numerals.
Chapter I & II in the river Mérrumsan (pink), Chapter III in the river Daldlven
(blue), and Chapter IV in the river Emdn (purple).

Study areas

The study for Chapters I and II was conducted in the lower 25 km sec-
tion of the river Morrumsan (56°09'31.1"N 14°44'52.0"E) located in
Southern Sweden (Figure 3). The river Morrumsan is the largest river
system in the region, extending approximately 186 km from its head-
waters to the Baltic Sea, containing around 34 migration barriers (23
HEPs, only the four lowermost are equipped with passage solutions),
and supports one of Sweden’s southernmost populations of Atlantic
salmon. Migratory fish are able to access the lower 34.5 km of the river
with the four HEPs within this section equipped with various types of
fish passage solutions designed to accommodate both upstream and

22



downstream migration. The fifth HEP (Grano HEP) is currently im-
passable for upstream migrating fish. The study area encompassed the
two lowermost hydropower plants in the system, upper Hemsjo HEP
and lower Hemsjo HEP, as well as the restored site of the former
Marieberg HEP (dam was removed in 2020). Together, these sites rep-
resent a key section of the river for assessing passage efficiency and mi-
gratory behavior in relation to hydropower operations and fish passage

solutions.
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Figure 3. Overview of study area for chapters I & II in the river Morrumsan. A) Overview
of the lower 25 km of river, indicating locations of the Hemsjo hydroelectric plants
(HEPs), spill gates (zig-zag symbols), the former Marieberg HEP (hexagon), and
receiver arrays (F-L). B) The locations of the release sites (stars, 1-3), HEPs
(squares), spill gates (zig-zag symbols), residual flow stretches, trap locations (tri-
angles), and receiver arrays (A-E).
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The river Dalalven, located in central Sweden (60.5639276°N,
17.4404065°E), was the study site for Chapter III, with the study fo-
cusing on the lower 28 km of the river (Figure 4). The river Dalélven is
one of Scandinavia’s largest river systems (542 km long) and the river
historically supported a substantial population of Atlantic salmon. Be-
fore the construction of dams for hydropower generation, the river sus-
tained an estimated annual salmon catch exceeding 35 tons in Alv-
karleby during the late 19th century (Nordquist et al. 1911). Today,
there are around 64 migration barriers (42 HEPs) along the river and
a remnant of this once-abundant population persists in the lowermost
10 km of the river, where approximately 1 km of suitable spawning and
rearing habitat remains within a residual flow stretch below the lower-
most dam. The absence of upstream fish passage solutions at this dam
restricts diadromous fish to this section of the river. The study section
encompassed the lower 28 km, including the two lowermost hydroelec-
tric power plants in the system, Lanforsen HEP and Alvkarleby HEP,
which play critical future roles for determining the extent of accessible
habitat and the potential for re-establishing longitudinal connectivity
in the system.
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Figure 4. Map of the study reach in the river Daldlven with acoustic receivers (grey circles)
deployed to track the downstream migrations of Atlantic salmon smolts past mul-
tiple HEPs (black bars). River sections of interest are divided into: Upper, lake
Marma, Lanforsen HEP, Alvkarleby HEP, and Lower (dashed lines). Release sites
(Upper and Control) are also indicated (arrows). Capture location located at con-
trol release site.

The river Eman is situated in southeastern Sweden (57.1429° N,
16.4517° E). The study described in Chapter IV was conducted within
the lowermost 53 km of the river (Figure 5). The 220 km-long river sys-
tem comprises of approximately 40 HEPs and about 300 additional
barriers that restrict fish migration. Only around 10 percent of these
structures are currently equipped with functional fish passage solu-
tions (Halldén 1999, Stenstrom 2018). By 1952, dam construction had
already blocked fish migration about 10 km upstream from the river
mouth. In the early 2000s, the lowermost dam at Emsfors was re-
moved, and nature-like fishways were installed at lower and upper
Finsjo (2000) and Karlshammar (2020). These restoration efforts
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extended the range of accessible habitat for migratory fish by roughly
40 km, up to the Hogsby HEP, which now represents the first complete
migration barrier. The designated study reach therefore included the
three lowermost hydropower plants: upper Finsjo HEP, lower Finsjo

HEP, and Karlshammar HEP.

Upper A
Finsj6 + A
Hogsby HEP
HEP : | o |
| Lower o "Jlb
2 o
,"#' Finsjo + o P
I HEP o |
[e] | | | o |
| .
: I | ; 3 | Karlshammar | Baltic
Kvillen ) P Fliseryd (free flowing) | <l d <o
I | | . |
|+ 1 |
0 2.5 5 km
| I
A °
| Upper
{:. Finsjo +
33\\\ HEP
Pod
|
]

d

|

|

¢

b
Capture & /’/’Ib
Release site

o

prasy
L SR
’
2”0
~

0 100 200m
[ —

Lower
Finsjo +
HEP

Figure 5. Map of study area (A) in the river Emdn with acoustic receivers (gray circles) to

track spawning/post-spawning salmonid migrations past multiple HEPs. Addi-
tional map of Finsjé HEPs (B) with spill gates (gray bars) and powerhouse (black
bars), and nature-like fishways (short dashed lines). Dashed vertical lines divided
river sections of interest: upper Finsjo, lower Finsjo, Fliseryd, and Karlshammar
(long dashed lines). Capture and release site is also indicated (arrow).
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Acoustic telemetry

To investigate passage rates, survival, route selection, and migration
speed, spatial and temporal data from tagged individuals were col-
lected in the field using acoustic telemetry. This technique enables pas-
sive monitoring of individuals throughout their migration and is widely
recognized as one of the most effective tools for studying movement
ecology and migratory behavior of fish in natural environments
(Crossin et al. 2017, Hellstrom et al. 2022, Jacoby et al. 2025).

Acoustic transmitters were surgically implanted into a sample of wild-
caught salmonids in each study. Fish were captured using traps (wolf
traps or funnel traps) or by electrofishing prior to or during their down-
stream migration. Individuals were anesthetized and surgically im-
planted with one or more acoustic transmitters into the abdominal cav-
ity through a ventral incision (Table 1). All acoustic transmitters were
manufactured by Innovasea (Nova Scotia, Canada). Also, in the river
Eman study (Chapter IV), passive integrated transponder (PIT) tags
(Oregon RFID, Oregon, USA) were surgically inserted into the dorsal
muscle tissue. Across all studies, tag burden did not exceed 4.6% of fish
body mass and remained within accepted thresholds reported in previ-
ous studies (Newton et al. 2016, Lothian et al. 2024). Total length and
body mass were recorded for all tagged individuals. Following surgery,
fish were given a recovery period before release. Fish were either re-
leased at the capture location (Chapter IV) or transported to a desig-
nated release site, given an acclimatization period, and then released
(Chapters I-III).

27



Table 1. Summary of tagged individuals by study, including study location, year(s) when
study took place, species, life stage, number of individuals used in the study, acous-
tic or PIT transmitter type, and capture method.

. Life Transmitter Capture
Study Year(s) Species N total
stage type method
River Morrumsan
2021 Salmo salar Smolts 120 V5-180kHz Wolf trap
(Chapters 1 —11)
River Dalalven 2019, V5-180kHz, o
Salmo salar  Smolts 260 Electrofishing
(Chapter Il) 2020, 2021 V5D-180kHz
) . V9-180-kHz,
River Eman Salmo salar,
2024 Adults 64 V13-69-kHz, Funnel trap
(Chapter IV) Salmo trutta
12mm HDX PIT

In Chapters I, III, and IV, arrays of acoustic receivers were deployed
across the study reaches in gate-like configurations along the river to
record presences/absence data for tagged, migrating fish. Information
on when and where individuals passed specific receiver locations was
then used to analyze migration dynamics. In Chapter II, multiple re-
ceivers were positioned in close proximity within the forebays of two
HEPs to obtain high-resolution telemetry data. When three or more re-
ceivers simultaneously detected the same acoustic transmission, trian-
gulation methods were applied to estimate the relative positions of
tagged fish every 2-3 seconds while within detection range (Campbell
2025). These positional data were subsequently used to track individ-
ual movements and assess how migratory behavior responded to vary-
ing environmental conditions, with a particular focus on river flow ve-
locity.

Analyses

Passage and losses

Detection data from acoustic receiver arrays were retrieved for each
study, and detection efficiency was assessed by comparing detections
with the known migratory extent of individual smolts. Efficiency was
100% for most arrays (99% in Chapter IV) and assumed 100% at river-
mouth arrays. Detection probability was assumed to be 1 and survival
was estimated directly from observed entry-exit proportions. Passage
success was calculated as the number of fish detected at both upstream

28




and downstream arrays of a river section, and passage efficiency as the
proportion exiting relative to those entering. Fish not detected exiting
a section were classified as lost, and section-specific instantaneous loss
rates were calculated as —In(survival)/section length to standardize
among sections of differing lengths. In multi-channel sections, fish
route selection was monitored by recording the number of individuals
using each route based on array detections.

Passage speeds

Passage times were calculated as the interval between first upstream
and first downstream detections for each river section, including only
fish detected at both arrays to avoid bias from incomplete passages. In
Chapter IV, kelts overwintering within a section (passage >30 days)
were excluded. Section distances were used to calculate downstream
migration speeds (km-day 1) and loss rates (%-km1). Two comple-
mentary speed metrics were computed: mean individual section speed,
reflecting individual-level variability, was calculated by dividing sec-
tion distance by each fish’s travel time and averaging across all success-
ful migrants; section-level speed, reflecting population-level move-
ment, was calculated as total section distance divided by total travel
time across all fish. These metrics together capture individual behav-
ioral variation and overall section migration dynamics.

Speeds were compared among sections using the Kruskal-Wallis test,
with post-hoc pairwise Wilcoxon tests and Benjamini-Hochberg p-
value adjustment. Factorial effects of section, sex, and species were
tested using aligned rank transform (ART) ANOVA (R package AR-
Tool), and post-hoc section contrasts within species or sex were ob-
tained using estimated marginal means with Bonferroni correction.

Generalized linear models

To assess the influence of biological, environmental, and anthropo-
genic factors on passage success, binomial logistic regression (GLMs)
was applied to each river section, with the response variable indicating
whether a fish successfully exited a section. Global models included fish
length, condition factor, release day, year, diel period, and release site
as additive predictors. Length and condition factor were standardized
by global means and standard deviations for Chapters I-III; for
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Chapter IV, condition was standardized within species due to signifi-
cant interspecific differences. Environmental covariates such as water
temperature, total discharge, and diel period at section entry were ob-
tained from the nearest upstream HEP or, when available, from HEPs
within the section. To account for predictable seasonal variation and
temporal autocorrelation, temperature and discharge were detrended
by calculating residuals from seasonal trends, estimated as 7-day
(Chapters I-III) or 14-day (Chapter IV) sliding averages of daily values
across the study period.

Time-to-event models

Passage timing within each river section was analyzed using time-to-
event models to assess how biological, environmental, and anthropo-
genic factors influenced downstream passage rates, defined here as the
proportion of smolts passing per unit time (Castro-Santos & Perry
2012). Cox proportional hazards models were fitted, with the event de-
fined as successful downstream passage and time measured from first
upstream to first downstream detection; fish not exiting a section were
right-censored at their last detection. A global model including all can-
didate covariates was fitted, followed by full subset model selection us-
ing the MuMIn package (Barton 2020), retaining models within AAIC
< 6 and excluding uninformative parameters (Arnold 2010). Best-fit
and most parsimonious models were examined, and proportional haz-
ards assumptions were evaluated with Schoenfeld residuals. Higher
hazard rates indicate faster passage. Temporally varying covariates
such as total, turbine, and spill discharge, and standardized hourly
temperature, were assigned based on each individual’s time of entry; in
non-hydropower sections, total discharge was obtained from the near-
est upstream HEP, and spill rates were calculated per HEP.

Hydraulic modeling

In Chapter II, two-dimensional hydraulic models were created using
BASEMENT (Vanzo et al. 2021) with technical data on structures and
discharge provided by the relevant operators. Bathymetry was obtained
from surveys and refined using LiDAR data to improve river bounda-
ries and interpolate missing values. Known elevation points were used
to validate and correct the bathymetry. Raster resolution ranged from
0.25 to 0.5 m depending on the model.
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Smolts were clustered based on inflow and proportional spill using K-
means clustering and the elbow method (Umargono et al. 2020), yield-
ing two cluster groups for analysis. Model runtime was set to allow sta-
bilization, and inflow data were offset to account for travel time from
upstream sources and verified against local discharge measurements.
Proportional spill was calculated as the fraction of total inflow passing
through spill structures, and discharge data from all outflow locations
(spillways, turbines, fishways) were used to ensure accurate represen-
tation of flow conditions.

Static hydraulic models were developed to represent observed condi-
tions for the two smolt clusters. The computational mesh used finer el-
ements in areas of high interest (e.g., spillways) and coarser elements
elsewhere. Hydraulic outputs at each mesh node (GPS coordinates, X,
Y, and Z velocities) were extracted and interpolated using natural
neighbor interpolation via the WhiteboxTools Python package (Geo-
spatial 2023).

Fish and receiver positioning

High-resolution smolt tracks in spill-gate forebays were produced by
combining raw acoustic detections to calculate location estimates per
transmission, generating individual tracks using the R package kaltoa
(Campbell 2025). Array receiver clocks were synchronized using a
mixed model in the R package TMB (Kristensen et al. 2016), treating
clock drift as a Gaussian random walk and applying hourly drift correc-
tions, yielding clock accuracy of 2—4 ms.

Positions were estimated using the PMC-TOA model with o_det = 2
ms, ¢ = 466 ms, and § = 32 (Campbell et al. 2025), accounting for di-
rect and reflected detection errors. Position estimates and uncertain-
ties were then smoothed using a continuous-time correlated random
walk with a Kalman filter and Rauch—Tung—Striebel smoother (John-
son et al., 2008; Campbell et al., 2025), with horizontal velocity follow-
ing a Rayleigh distribution (mode = 0.2 m-s™1) and velocity correlation
dropping below 0.05 after 5 s. Environmental covariates were attached
to each position to assess flow effects, including the vector difference
between fish velocity and local water surface velocity (delta velocity
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magnitude). Additional transformed parameters (e.g., squared, log)
were included to improve model fit.

Route selection

Observed smolt route selection through the spill gates and turbine in-
take channels was determined from individual tracks. Fish were classi-
fied as using a route if their final positions were within or within 10 m
of that route. Individuals that did not exit the forebay or showed signs
of predation (i.e., prolonged movement within the forebay) were ex-
cluded. Additional behavioral metrics included array time, calculated
as the interval between first and last detections, and entry location,
based on the first position in the array relative to the river channel
thirds (west, middle, east). Passage route proportions were calculated
as the number of fish exiting via each route divided by the total exiting
the array downstream.

Animal movement analysis

Step selection functions (SSFs) were used to assess how environmental
covariates influenced smolt navigation within spill-gate arrays. SSFs
were implemented as conditional logistic regressions using Cox pro-
portional hazards models (survival package; Therneau 2015), treating
all tracks as a single fish under the assumption of similar swimming
behavior. Random steps were simulated from a continuous-time corre-
lated random walk (CTCRW) fitted to the smoothed tracks. Observed
and random positions were compared with associated environmental
covariates to evaluate relative preference. Models were assessed using
ranked AIC, variable significance, and goodness-of-fit metrics, with the
best-fitting and most parsimonious models examined in detail.

Simulation analysis

The best-fitting SSF model was used to simulate smolt tracks within
each spill-gate array. For each simulated track, an upstream starting
point was selected, and up to 100 steps were simulated. At each step,
random available positions were generated using the fitted CTCRW
model, and the SSF was applied to select the next position. Tracks
ended when a route entrance (within 10 m of a spillway or turbine in-
take) was reached or the maximum number of steps was completed.
The simulation was validated by replicating the observed dataset 200
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times: each observed fish’s track was simulated from its first detected
position, and simulated route choices were compared to observed route
selections to assess model performance.

Summary of results

In Chapters I - III, smolt passage efficiencies at HEPs ranged from 71-
95%, compared with efficiencies of 75-100% in free-flowing river sec-
tions. The lowest recorded passage efficiency was at Alvkarleby HEP
(2019: 71%), in river Dalélven, a large-scale dam lacking downstream
passage solutions. Small-scale dams with a spill passage solution (up-
per and lower Hemsjo HEPs in river Morrumsan) had relatively high
passage efficiencies (87% and 86% respectively), but the proportion of
smolts passing via the spill passage solution was only 60%. Smolt
movement in HEP spill-gate forebays was influenced by flow velocity
and velocity gradients. Smolts preferentially selected areas of higher
velocity while avoiding strong gradients affected their route selection.
River section loss rates for smolt across the studies ranged between o
and 13.6% - km™, and section migration speeds varied from 2.1 — 24.2
km-day -1. The highest lost rates for smolt were observed in river section
containing HEPs or lentic habitat, where as some of the highest passage
rates and migration speeds for smolt were observed in free-flowing
river sections. Dam removal (Marieberg HEP) in river Morrumséan im-
proved smolt migration speeds, which were approximately twice as fast
post-removal. Among the variables analyzed, diel period, body size,
and water temperature had the greatest impact on passage rates.

In Chapter IV, kelt passage efficiencies at dams and free-flowing river
sections ranged from 81-93%, with the lowest passage efficiency ob-
served at an HEP lacking a dedicated downstream passage solution at
the turbine intake (lower Finsjo HEP). The highest passage efficiency
was at a HEP that incorporated multiple downstream passage solutions
(Karlshammar HEP). Downstream migration loss rates across study
sections ranged between 1.0 — 13.2% - km, with the highest loss rates
within an HEP river section (upper Finsjo HEP). Downstream migra-
tion speed across study sections ranged from 0.6 - 6.2 km-day-1, with
the lowest speeds recorded at the HEP lacking a dedicated downstream
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passage solution at the turbine intake (lower Finsjo HEP). Among the
variables analyzed, sex, species, diel period, and water temperature had
the greatest impact on passage rates. Overwintering was also found to
be an important aspect of downstream migration for kelts, with only
individuals overwintering in the river successfully migrating to the
river mouth in the spring, with no successful outmigration in the fall.

Chapter |

In the river Morrumsén, passage efficiencies for smolt were 86% and
87% at upper and lower Hemsjo HEPs respectively, with variation ob-
served in route selection, delays, and loss rates between the HEPs. Ap-
proximately 60% of individuals passed each HEP via the spill gates.
Passage rates were influenced the most by body size, diel period, and
water temperature, whereas total river discharge had little effect. Over-
all cumulative passage success to the river mouth was 61%, with most
losses occurring within lentic sections of river, particularly in HEP
forebays and naturally slow-flowing river sections (Figure 6A). In the
river sections that had been restored following dam removal, migration
speeds were significantly faster than all other sections of the river
(post-restoration x= 56.1 km-day 1, Figure 6B) representing a signifi-
cant increase compared to pre-restoration speeds (pre- X =28.0
km-day1, post-x= 56.1 km-day 1, Mann Whitney U: p< 0.001).
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Figure 6. (A) Cumulative passage success from release to the river mouth for each release
group (release group 3: solid line, release group 2: dotted line, release group 1:
dashed line). Locations of each HEP are also highlighted in relation to their dis-
tance from the river mouth (HEP 2: upper Hemsjo, HEP 1: lower Hemsjo, and the
removed Marieberg HEP). (B) Smolt speeds for each river stretch from release to
the river mouth. Color indicates river passage type (free flowing main channel,
turbine intake and HEP powerhouse, or HEP bypass and residual flow stretch).
Median lines indicated for each river section as well as a mean line of overall mi-
gration speed Table indicates river stretch distances in meters.
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Chapter I

High-residency arrays in the spill gate forebays of upper and lower
Hemsjo HEP successfully tracked smolt movement through two pas-
sage options: turbine intake channels or spill gates. Observed hydraulic
scenarios indicated that smolts passed each forebay under two domi-
nant proportional spill conditions, with increased spill discharge in-
creasing spill gate passage (observed: 11—-14%; simulated: 4%). Forebay
entry location likely influenced route selection, with the highest spill
gate passage when smolts entered the HEP forebay on the same side of
the river as the spill gates (64% and 100% for the upper and lower
HEPs, respectively). The Cox proportional hazards models showed that
flow velocity, velocity magnitude, and change in velocity magnitude
were highly influential in determining step selection probabilities. In-
creased velocity magnitude increased step selection probability (HR =
3.31 x 103, 95% CI: 1.80 x 103-6.06 x 103, p < 0.001), whereas greater
changes in velocity magnitude reduced it (HR = 1.47 x 1077, 95% CI:
7.88 x 10°8—2.74 x 1077, p < 0.001). An individual-based model (IBM)
parameterized with SSF results produced 16,800 simulated tracks (Fig-
ure 7B), which closely approximated observed patterns, though spill
gate passage was slightly underestimated (predicted: 44% vs. observed:
56%, Figure 7A).
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Figure 7. (A) Aggregated simulated passage route counts for smolts at upper and lower
HEPs under both flow clusters. Blue boxplots show simulated counts across repli-
cates (IQR and outliers, median as black circle), with observed counts shown as
purple circles. (B) Example of simulated tracks for lower HEP, generated from ob-
served entry points using the SSF and CTCRW model. Tracks ended upon reaching
a route entrance (10 m radius around spillway or turbine, black ellipses) or after
100 steps; gray error ellipses show positioning uncertainty.
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Chapter Il

In the river Dalalven, passage success across the 27 km study section,
with two large-scale dams lacking fish passage solutions, was similar
across the three study years, averaging 57% (2019: 53%, 2020: 61%,
2021: 58%, Figure 8A), corresponding to a mean loss rate of 2 % - km-
1. As a comparison, passage success across the 10 km long unfrag-
mented control section, was 94%, corresponding to a mean loss rate of
0.62% - km. Mean section migration speeds were also consistent
among years, with smolts traveling an average of 2.7 km-day ! and typ-
ically requiring around 11 days to reach the Baltic Sea from the upper
release site (27 km upstream from river mouth) after passing the two
large-scale HEPs. Passage rates and migration speeds were lowest
through lentic habitats and HEP sections, suggesting potential migra-
tory bottlenecks. Average section speeds were 4.0 km-day ! through
Lanforsen HEP and 0.76 km-day ! through Alvkarleby HEP. The Alv-
karleby section also exhibited the highest loss rates, averaging 5.5% -
km- across the three study years, with an average passage efficiency of
80% (2019: 71%, 2020: 78%, 2021: 94%). Among the variables ana-
lyzed, water temperature, body size, release year, and diel period were
the strongest predictors of passage rates. Passage rates in some sec-
tions increased during the night, with increasing water temperatures,
and with increasing body size. For Alvkarleby HEP, release year was an
important variable for passage rates and the operation of the G6 tur-
bine improving passage rates at high discharge levels. Both release
groups exhibited similar passage rates through the Lower river section,
94% for the control group and 97% for the HEP-passage group; how-
ever, section migration speeds in the control group were more than
twice those of the HEP-passage group in 2020 (Figure 8B). Section
speed in the Lower river section were the highest recorded across the
study area and were significantly faster than all other sections (pair-
wise Wilcoxon rank sum test, p-values range = 3.8e-8 to <2e-16).
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Figure 8. (A) Cumulative passage success (logio scale) during downstream smolt migra-
tion from the respective release sites (upper and control) to the river mouth across
study years (2019-2021). Dotted black vertical lines indicate the locations of the
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bootstrapped 95% confidence intervals for the mean (n = 1000). Symbol denotes
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Chapter IV

In the river Eman, 61 salmon and anadromous brown trout continued
migrating upstream after release, and 50 (82%) successfully passed the
upper Finsjo HEP using the nature-like fishway; no individuals entered
the double rotating screw turbine. A subset of tagged individuals (27%)
migrated an additional 24 km upstream to Hogsby HEP, the first de-
finitive barrier in the river system. The majority of losses occurred dur-
ing the fall, with 20 individuals having their last detections during this
period. Overwintering occurred in 35 individuals with two-thirds of
overwintering upstream of upper Finsjo HEP (>30km upstream from
river mouth) throughout winter. Downstream migration was initiated
by 44 individuals and occurred primarily during daylight hours and in
spring. Passage efficiencies at HEPs ranged between 81-93%, with the
lowest efficiency at lower Finsjo HEP (81%), the only HEP in the study
area without a dedicated downstream passage solution.

Passage success across all analyzed river sections remained relatively
high (81-93%), yet travel efficiency differed markedly, with section-
level speeds ranging from 0.6 km-day ! in the lower Finsjo section to
6.2 km-day ! in the Karlshammar section. Downstream individual
passage speeds differed significantly among river sections (Kruskal—
Wallis: ¥2 = 29.50, df = 3, p < 0.001; Figure 9) and pairwise compari-
sons showed that both upper Finsjo and lower Finsjo sections had sig-
nificantly lower speeds than the Fliseryd and Karlshammar sections,
while no differences were detected between upper Finsjo and lower
Finsjo or between Fliseryd and Karlshammar sections. Individual pas-
sage speeds also differed by sex, with females migrating faster than
males (x2 = 4.87, df = 1, p = 0.027), whereas no overall difference was
detected between species. However, aligned rank transform ANOVA
revealed significant effects of river section, species, and their interac-
tion on passage speeds, indicating section-specific species responses.
Post-hoc tests showed that salmon migrated at lower speeds in the
lower Finsjo section compared to the upper Finsjo and Fliseryd sec-
tions. Overall, 25 fish (21 brown trout and 4 salmon) successfully mi-
grated to the river mouth and exited the river in spring, corresponding
to an overall survival of 42% for trout and 29% for salmon. Only indi-
viduals that overwintered in the river were ultimately detected at the
river mouth, with no successful outmigration in the fall.
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Discussion

This thesis examined the downstream migrations of Atlantic salmon
and anadromous brown trout smolts and kelts in regulated river sys-
tems. Across four studies, the research evaluated fish passage rates, mi-
gration speed, and the influence of environmental and anthropogenic
factors under varying river conditions. Collectively, the results demon-
strate that hydropower infrastructure continues to impose significant
constraints on downstream migration efficiency. However, targeted
restoration measures, such as dam removal and other fish passage so-
lutions, can substantially improve migration outcomes.

Passage efficiencies at individual HEPs ranged between 71% and 95%,
with some below the recommended 90% threshold for effective fish
passage (Calles et al., 2013, Silva et al., 2018). Although these values
indicate moderate success at individual sites, overall smolt passage
rates to sea after navigating two large HEPs without FPSs averaged
58%, with kelt passage rates to sea after spawning and navigating three
HEPs with a variety of FPSs averaging 39%, reflecting the cumulative
effects of multiple barriers and natural mortality. The comparison be-
tween HEP- and control-release groups in rivers Morrumséan (Chapters
I) and river Daldlven (Chapter III) highlighted possible cumulative ef-
fects of multiple barrier passages, demonstrating how cumulative
losses arise from both HEP passage and natural mortality. These cu-
mulative losses increase with the number of barriers encountered, such
that fish originating higher in the system experience greater losses.
However, because the fate of lost individuals cannot be directly deter-
mined, disentangling the specific causes of mortality remains challeng-
ing. Losses associated with HEP sections may result from forebay de-
lays (e.g., navigational difficulties leading to increased predation risk
or energetic costs), direct turbine-related injuries (e.g., blade strike,
pressure changes, or shear forces), post-passage effects (e.g., sublethal
injuries or disorientation increasing vulnerability to predation), or
some combination of these factors (Coutant & Whitney 2000, Thorstad
et al. 2012, Algera et al. 2020, Mensinger et al. 2023). Even when indi-
vidual passage efficiencies appear acceptable, sequential exposure to
multiple dams can reduce overall migratory success (Whitney et al.
1997, Norrgard et al. 2013, Nyqvist et al. 2016). This cumulative impact
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is illustrated by the upper and lower Finsjo HEPs. Passage efficiency at
upper Finsjo was relatively ok (88%); however, passage at lower Finsjo
was lower (81%). The two Finsjo HEPs are located in close proximity
(approximately 850 m apart), likely compounding their negative ef-
fects on downstream migration within a very limited river reach. Thus,
even though multiple downstream passage solutions were present at
upper Finsjo HEP, their positive effects were partially offset by the ab-
sence of an adequate downstream passage solution at the turbine in-
take of lower Finsjo HEP.

Full-river losses accumulated progressively downstream, particularly
within impounded sections. Most losses were concentrated to lentic
habitats, particularly within hydropower forebays and reservoir
reaches, consistent with previous studies reporting increased preda-
tion risk for smolts and disorientation in low-flow environments
(McCormick 1998, Renardy et al. 2021, Mensinger et al. 2023). This
pattern was evident in the Lake Marma river section upstream of Lan-
forsen HEP, in river Dalalven, where passage rates ranged from 75% to
88% across the three study years. This reservoir section, approximately
8 km in length and up to 3 km in width, appeared difficult for smolts to
traverse, with a mean section passage speed of only 3.7 km-day 1. His-
torically, this river section was a naturally lentic environment, which
may have posed challenges for smolt migration; however, damming ex-
acerbated these conditions by elevating water levels and further reduc-
ing the limited flow velocity cues available to migrating smolts. The ob-
served differences in losses between river sections with and without
HEPs suggest that these barriers impose substantial additional costs
on downstream migration beyond what fish would experience in un-
fragmented river. These differences between presences or absence of
HEPs is further supported by the observed differences in migration
speeds among river sections.

Section migration speeds ranged between 0.6 and 24.2 km day ! across
river sections, with speeds typically lowest within HEP sections and
highest within free-flowing sections. The slow progression through
these areas could indicate increased behavioral hesitation or difficulty
locating passage routes, likely associated with HEP factors such as al-
tered hydrodynamics, predation risks, and navigational difficulties
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(Hvidsten & Johnsen 1997, Larinier 2008, Serrano et al. 2009). An ex-
ample of this would be Alvkarleby HEP, where passage speeds were
consecutively the slowest across all study river sections in the river
Dalalven and across all three study years. In contrast, migration
through free-flowing and restored river sections, as well as at HEPs
that have incorporated downstream fish passage solutions, demon-
strated that improved connectivity and flow conditions can enhance
migration speeds, emphasizing the importance of maintaining or re-
storing free-flowing reaches. Karlshammar HEP, which is equipped
with multiple integrated downstream passage solutions, exhibited the
fastest river section speeds of all study sections. In contrast, this pat-
tern was not observed at upper Finsjo HEP, where multiple down-
stream passage solutions are also present but passage speeds remained
relatively slow compared to other river sections. One possible explana-
tion for the slower speeds at upper Finsjo HEP relates to its upstream
location and the kelt life stage. Upper Finsjo HEP is located approxi-
mately 30 km upstream from the Baltic Sea, placing it relatively high
in the river system accessible to migratory fish. Across the study sys-
tem, river section speeds generally increased in a downstream direction
(with the exception of lower Finsjo), which may reflect increasing mi-
gratory readiness or physiological condition, as well as rising spring
water temperatures that could be a cue for out-migration (Ostergren &
Rivinoja 2008). Downstream migration of kelts also differs fundamen-
tally from that of smolts, as it often occurs over longer timescales. Kelts
may pause to overwinter or move slowly through certain river sections,
especially individuals in our study that were last detected during the
fall and were ultimately classified as lost. These slow passage speeds
may be more closely linked to physiological condition than to passage
performance at the HEP itself (Halttunen et al. 2013, Penney & Moffitt
2015). River restoration through the removal of the Marieberg HEP in
the river Morrumséan also improved migration speeds, with this section
speed more than doubling following HEP removal. Reduced delay
times relative to pre-removal conditions and to HEPs lacking down-
stream passage solutions further support the ecological value of such
mitigation and restoration measures.

The different types of downstream fish passage solutions assessed pro-
vided insight into how passage design influences downstream passage
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rates. Dam removal, as discussed above, reduced passage delays and
restored a free-flowing river section, improving connectivity and rep-
resenting, from an ecological perspective, the most beneficial passage
solution. For HEPs that remain in place, the presence of multiple
downstream passage solutions appeared to be a key factor contributing
to higher passage rates and faster passage speeds. Karlshammar HEP
exhibited some of the highest passage rates and speeds in this study
and incorporates both a wide, nature-like fishway and physical guid-
ance structures (racks) that direct fish toward a bypass at the turbine
intake, likely contributing to these positive outcomes. Spill gate pas-
sage appeared to facilitate downstream migration at small-scale dams
for both smolts and kelts to some extent; however, the primary limita-
tion may be the ability of individuals to locate the spill route. Hydraulic
modeling and fish movement tracks from the Hemsjo HEP forebays in-
dicated that flow velocities into spill gates must be sufficiently strong
for smolts to detect and follow during downstream migration (Williams
et al. 2012, Jebria et al. 2023). Increasing spill discharge may improve
spill gate passage proportions, but potential hydropower losses must
also be considered. A similar pattern appeared to occur at lower Finsjo
HEP, where kelts experienced delays and may have had difficulty locat-
ing the spill gate or the entrance to the nature-like fishway. At these
HEPs, incorporating a combination of downstream passage solutions,
such as physical guidance structures at spill gates and turbine intake
channels leading to a bypass, could potentially improve passage rates
and speeds (Calles et al. 2012, Nyqvist et al. 2017, Fjeldstad et al. 2018).
At upper Finsjo HEP, the majority of kelts passed via the spill gates,
although some individuals used the low-injury turbine for downstream
passage. With similar passage success observed between spill and low-
injury turbine routes, this combination of downstream passage solu-
tions, together with the nature-like fishway, appeared to provide ade-
quate downstream passage conditions. Passage However, most HEPs
in Sweden today, including several evaluated in this thesis, are not
equipped with downstream passage solutions, leaving turbine passage
as the only available route for downstream-migrating fish.

HEPs lacking dedicated passage solutions generally exhibited lower
passage rates compared to sites where some form of downstream pas-
sage solution was available. This pattern was evident at Alvkarleby
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HEP, where no dedicated downstream passage exists and the only
available route is through the turbines. The Alvkarleby river section
exhibited the lowest passage rates of all sections analyzed and some of
the slowest section speeds. However, Lanforsen had relatively good
passage rates, with speeds comparable to other river sections. This was
the first HEP encountered by smolt in the river Daldlven, so perhaps
the lack of cumulative dam passages improved passage rates and
speeds (Elder et al. 2016). The forebay layout of Lanforsen HEP is rel-
atively narrow, funneling the river into a 60m wide turbine intake
channel, with strong flow velocities and few low velocity areas, which
could have led to increased speeds during HEP passage. Lanforsen
HEP is also less than half of the head height of Alvkarleby HEP (10 me-
ters and 23 meters respectively) and Lanforsen HEP has Kaplan tur-
bines, whereas Alvkarleby HEP has primarily Francis turbines. These
differences in head height and turbine type could also play a role in
passage rates (Algera et al. 2020, Vikstrom et al. 2020). At lower Finsjo
HEP on the river Eman, the turbine intake is equipped with a rack, pre-
venting turbine passage for kelt, which most likely improved kelt pas-
sage rates in this river section, but this HEP still induced passage delays
as downstream passage solutions seemed difficult to locate, highlight-
ing the importance of passage placement (Williams et al. 2011). Over-
all, HEPs equipped with downstream passage solutions, particularly
when well positioned, tended to exhibit higher passage rates and
speeds relative to sites lacking such measures.

Analyses across chapters identified diel period, water temperature, and
body size as significant predictors of passage rates and timing, whereas
discharge played a more limited role. The findings regarding diel pe-
riod align with established patterns in salmonid migration, where kelts
often migrate more efficiently during daylight hours, while nocturnal
movement may function as a predator-avoidance strategy for smolts
(Ostergren & Rivinoja 2008, Thorstad et al. 2012). At the free-flowing
Fliseryd river section, kelt passage rates were significantly higher dur-
ing the day than at night, whereas smolts exhibited significantly higher
nocturnal passage rates in both rivers Morrumsan and Daldlven. Day-
light duration might also have been an important factor for the start
(shorter day lengths) and end (longer day lengths) of overwintering in
kelt. When examining water temperature, smolts increased passage
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rates with increasing water temperatures, but this relationship ap-
peared to be less influential for kelts. These temperature effects likely
reflect physiological thresholds related to migratory readiness, envi-
ronmental cueing, and possibly linked to predator avoidance, which
may be more critical for smolts than for kelts (McCormick et al. 1998,
Hvidsten et al. 2009). For kelts, both the start and end of overwintering
holding periods occurred at similar water temperatures, suggesting a
possible thermal threshold for overwintering behavior, and may act as
a cue for initiating or reinitiating downstream migration during spring
(Ostergren & Rivinoja 2008, Nyqvist et al. 2017). Migration timing in
relation to diel period and water temperature is particularly important
in spring, when increasing day length and rising water temperatures
coincide. As we find these variables can affect passage rates, their tim-
ing represents a key consideration for migratory survival and manage-
ment (McCormick et al. 1998, Thorstad et al. 2012). Fish length was
also positively correlated with passage rates in smolts, with no corre-
sponding effect observed in kelts. In contrast, biotic influences on kelt
passage rates were more strongly associated with sex and species. The
stronger size dependency observed in smolts may reflect differences in
predation risk and swimming performance, as larger smolts are
stronger swimmers and less vulnerable to predation (Ibbotson et al.
2011, Jonsson et al. 2016). Kelts likely experience reduced predation-
driven selectivity and instead appear to be more influenced by physio-
logical condition, potentially linked to spawning recovery rather than
migratory performance (Halttunen et al. 2013). Release date also
emerged as an influential variable for smolts in certain sections of the
river Dalalven, with later releases having a negative effect on passage
rates. This is noteworthy given that the timing of smolt migration is
highly predictable, with peak emigration typically occurring within a
narrow window of only a few days to a few weeks each year. A similarly
synchronized emigration pattern was observed for kelts, with nearly all
successful emigrants leaving the river within a brief period in spring.
These results suggest that timing is a critical factor for both smolts and
kelts, likely reflecting selection for entry into the marine environment
at an individual’s optimal period that maximizes feeding opportunities,
minimizes mortality risks, or a combination of both and other, less
well-understood processes (Hvidsten et al. 2009, Thorstad et al. 2012,
Simmons et al. 2024). The relatively weak influence of discharge
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contrasts with previous studies showing positive associations between
increased flow and downstream migration rates. This discrepancy may
stem from the regulated flow regime, where operational constraints at
HEPs dampen natural discharge variability, thereby reducing its eco-
logical signal as a migratory cue (Renofilt et al. 2010). Nevertheless,
flow velocity appeared to strongly influence fine-scale smolt movement
behavior within the Hemsjo HEP forebays, suggesting that discharge
effects may operate at finer spatial or temporal scales than those cap-
tured by our river section scale passage models. Additionally, because
our studies focused on passage efficiencies during migration rather
than on the precise timing of migration initiation, discharge may have
more importance as a migratory cue rather than directly influencing
passage rates within individual river sections (Carlsen et al. 2004, Ben-
dall et al. 2005). Together, these studies highlight the importance of
environmental variables as key cues guiding migratory salmonids,
shaping migration timing and behavior, and ultimately influencing
their ability to successfully navigate river systems enroute to the ma-
rine environment.

Overall, this thesis demonstrates that while barriers continue to con-
strain downstream migration of salmonids, meaningful improvements
can be achieved through barrier removal and improved passage solu-
tions. Because it is nearly impossible to construct fish passage solutions
to be 100% effective, these results highlight the importance of river-
wide connectivity planning and prioritization of dam removal where
feasible. These findings reinforce that hydropower-induced habitat
fragmentation can create both physical and behavioral bottlenecks that
increase exposure to predation, stress, and energetic costs, factors
known to affect survival (Lawrence et al. 2016, Baktoft et al. 2020,
Mensinger et al. 2023). However, the impacts of fragmentation can be
mitigated through the development of site-specific passage solutions
that are evaluated to ensure they improve passage efficiency and reduce
delays. We also found that some passage solutions performed less ef-
fectively than expected, while certain HEPs lacking dedicated passage
solutions nevertheless exhibited high passage rates. This underscores
the importance of thorough passage evaluations, efficiency testing, and
long-term monitoring to quantify site-specific conditions and develop
a more accurate understanding of river-specific migratory challenges,
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thereby supporting more effective management strategies. The use of
acoustic telemetry provided a robust empirical foundation for as-
sessing movement dynamics, passage rates, migration speeds, and the
effectiveness of restoration actions and fish passage solutions (CEN,
2021). Continued integration of long-term ecological monitoring with
adaptive management will be critical for effectively balancing renewa-
ble energy production with the conservation of migratory fish popula-
tions.

Implications and concluding remarks

The findings presented in this thesis provide an evidence-based picture
of the current conditions for downstream passage of salmonids in reg-
ulated rivers. We see that passage can be difficult, especially when bar-
riers are present, causing delays and increased losses. But we also see
how fish passage solutions can help mitigate the negative effects of
dams, and that some dams without passage solutions have an unex-
pectedly high passage efficiencies, emphasizing the importance of eval-
uations.

Together, these studies reflect both the challenges and the opportuni-
ties inherent in reconciling renewable energy production with the
health of aquatic ecosystems. As a biologist, this duality is ever-present:
on one hand, the depressing realization that we, as a society, have and
still are profoundly disrupting the natural systems on which we de-
pend; on the other, the hopeful recognition that with innovation, coop-
eration, and adaptive management, we can meaningfully reduce our
impact and foster recovery, providing an opportunity for future gener-
ations.

Balancing hydropower and fish migration is a complex human-wildlife
conflict, or rather, a challenging relationship. It requires clear commu-
nication, shared responsibility, and adaptive co-management between
policymakers, hydropower companies, engineers, and ecologists.
Achieving this balance requires compromise on both sides. We as a so-
ciety must find ways to retain the societal and climate benefits of
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hydropower while conserving the ecological integrity and biodiversity
of our rivers.

The broader implication is clear: sustainable hydropower is possible
only if ecological considerations are treated as fundamental design and
operational principles, not as afterthoughts. Technological innovations
of fish passage solutions offer promising pathways forward. However,
these solutions must be applied within a river-wide perspective that ac-
counts for all fish species and life stages, not only iconic migratory
salmonids. Ongoing national initiatives, such as Sweden’s hydropower
relicensing program, represent important steps toward this goal. This
program provides the opportunity to integrate updated ecological
knowledge into policy and practice, ensuring that renewable energy de-
velopment aligns with environmental sustainability.

Ultimately, I hope that the work presented in this thesis contributes to
meaningful action, restoring rivers, improving fish passage, and ena-
bling smolts and kelts to migrate safely and efficiently, without the bur-
den of humans hindering their life cycle. If we are going to make our
world a better place, we have to take action and find solutions that sus-
tain both our environment and society.
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for help with VPS data filtering and field support during range testing.
Thanks Petter and Tomas for always helping and giving advice. Daniel,
you're always willing to help, and I've learned a lot from your practical
experience. Jack, thanks for leading the paper on the amazing other
side of the Dalalven study. Michael, you are a machine when it comes
to work (I really look up to you for that) and a great friend as well,
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thanks for spearheading the other Dalidlven project; what a great col-
laboration.

These projects would not have been possible without collaboration with
industry. I want to thank Uniper/Sydkraft, Fortum, and Vattenfall for
their help with these projects. Special thanks to Johan for always being
available and truly having a passion for improving fish passage.
Thanks, David, for answering all my questions and for being around
the office to chat and develop new project ideas. Thanks, Marco, for all
your help as well in answering questions. Thanks to Stefan and the
TIVA crew for all of your support with fish camera/counters and help-
ing me with all my questions about the data.

Thanks to all of the great people at the County Administrative Boards
of Blekinge, Gavleborg, Uppsala, Skane, Halland, and Kalmar that have
been involved in these projects. Your work on the ground and as fish-
eries managers truly makes a difference for salmonid populations.
Thanks, as well to the County Administrative Boards of Varmland and
Skane for their support on some side-hustle projects along the way. It’s
always fun to have great collaborations where researchers and manag-
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populations. Special thanks to Kalle for believing in me enough to hire
me even when my Swedish wasn’t up to par. Your passion and commit-
ment to fisheries management, and your willingness to speak out on
conservation issues, are exactly what we need more of. You made the
Dalalven project happen and gave me a chance; for that, I am always
thankful. You're a good friend, and I hope you are enjoying retirement.
Thanks as well to Anna for your help and support. Your work helped
pave the way for the Dalidlven project, and I hope we can continue to
collaborate on future projects.

Thanks to the local fishing organizations along the study rivers. You are
the driving force on the ground, enforcing rules, communicating with
fishermen, educating youth, and protecting our rivers. You make a real
difference in the community by bringing better fisheries management
to your backyard and showing that positive change comes from local
engagement. Thank you for your service in making our rivers better for
tomorrow.
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Thanks to Karin, Vibeke, Lukas, and Ivan for their support within the
LIFE Connects project. The project has been a great success, and hope-
fully we can wrap it up with some dam removals soon. It has been a real
pleasure to work on, and the project group has always been incredibly
supportive of this work. Thanks to Andrea for helping with the fish tag-
ging and for being the on-call veterinarian. Special thanks to Fredrik
for all of your help with these studies, especially in Ronne a. Your pas-
sion for fisheries conservation and your expertise in river restoration
make a real difference and help bring back the natural river systems we
once had. You are a true hero and a good friend, and I'm grateful for
your help.

Thanks to Oscar and Petter at LNU for your support and collaboration
on the Eman project. We were able to make the project even stronger
with the additional tags, and I really enjoy working with y’all. Thanks
Petter as well for being my 50% seminar opponent. I hope we can con-
tinue collaborating in the future, and I can’t wait to see what those tri-
ple-tagged trout get up to! Thanks as well to Larry and Veli for provid-
ing some left over tags for this project, it’s always nice to have a larger
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The SLU Alvkarleby group was also a special group, where I always felt
welcome and part of the gang, even though that time has unfortunately
ended. Everyone was incredibly helpful and always went out of their
way to support our studies and projects. Special thanks to Ann-Britt
and Jorgen for supporting and helping with fieldwork on the Daldlven
telemetry projects. I will always have fond memories of our collabora-
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Thank you to all of my coworkers in the biology department at KAU.
Though I wasn’t around very much during fika, lunch, or biology meet-
ings, I truly appreciate your support. Gym workouts and after works
were a fun distraction from the work. Thanks to Henry, Niclas, Seb,
Veli, Jacqueline, and everyone I've forgotten for making these times
special. Special thanks to Henry for being my in-house therapist, a good
friend, and someone who I could just hang out with and relate to as
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special thank you to Jen for your exceptional illustrations and artwork.
Jen, your work communicates the beauty of these fish and their life cy-
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What can I say about Andrew, except that you are the driving analytical
force behind these projects. My quasi-advisor, you have done so much
to support me and this work. You work magic in R, and I have never
met anyone as analytically gifted as you. Whenever I had an analysis,
model, or output I couldn’t wrap my head around, you were there. You
are an amazing person and friend, and I hope we can continue to work
together and stay connected across the pond.

My advisors are my backbone and have been my support group
throughout this journey. Martin, you're always there to help, and I
thank you for taking the time to join meetings, edit papers, and give
feedback on ideas. Anders, your comments are always deep and make
me think, which is a good thing, and I really enjoyed working together.
Thank you for helping me see the bigger ecological picture. Gustav,
what can I say, you’'ve been helping me since Johanna and I asked you
to be our master’s advisor. You have supported me throughout my ca-
reer in Sweden, and I truly look up to your optimism, curiosity, and
dedication to the field. Olle, you are the godfather of my PhD journey
and the most influential person along the way. This would not have
been possible without you, and I am so grateful to have you as my pri-
mary advisor. You are a great friend, coworker, and person in general.
From helping Sofie and the girls get to the hospital with a possible con-
cussion when I was out of town, to working over Christmas and sum-
mer breaks editing manuscripts, you have always been there for me,
day or night, and I am truly thankful. As a teacher and supervisor, you
make education fun for your students. It’s hard to describe your im-
mense passion for teaching and the profound influence you have had
on us. I strive someday to be even half the advisor that you were to me.

My family are the ones who have had to put up with me, and I am for-
ever grateful that they have endured this journey with me. My parents,
both academics and my dad being the original Dr. Shry, taught me the
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path. Thanks to my sister and brother for their support throughout my
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Milly for being there for me, Sofie, and the girls. You've helped us move
multiple times, including to Karlstad, and it’s been a joy to come and
visit and get a break from this work over the last five years. My wife,
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and finishing this PhD would not have been possible without you. Every
time I started planning ahead, you knew it usually meant there was
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I wanted to go tag. You put up with my shenanigans and took care of
the house and kids while I was gone, which isn’t easy. You're also there
for me on the bad days and help bring me back around again. Thank
you for always being there for me. Tyva and Nava, you were both born
during this PhD journey and brought new purpose to my life. Your joy
and happiness encourage me every day, and I hope the work I do now
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Anadromy in Fragmented Rivers

Migration is essential for anadromous salmonids, but hydropower (HEP)
development has fragmented rivers and disrupted downstream passage for smolts
and kelts. Passage solutions can mitigate these impacts, but their performance
remains rarely evaluated, particularly in multi-barrier systems. This thesis assessed
downstream passage performance in fragmented rivers and evaluated mitigation
effectiveness using acoustic telemetry to quantify movement patterns, speeds,
and passage/loss rates across rivers with multiple HEPs, including sites with/
without passage solutions and free-flowing sections. Free-flowing sections showed
high passage success, and HEP removal more than doubled migration speeds.
Passage losses and reduced speeds were greatest in lentic habitats and HEP
sections, identifying these areas as bottlenecks. In contrast, HEPs with dedicated
downstream passage solutions showed improved performance, with faster speeds
and higher passage success. Biotic and abiotic factors influenced passage success,
and cumulative barriers possibly influenced passage speeds. Overall, while passage
efficiency can be high at individual HEPs, river-scale migration is constrained by
interacting natural and anthropogenic factors, highlighting the importance of site-
specific mitigation measures.
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Migration is essential for anadromous salmonids, but hydropower (HEP)
development has fragmented rivers and disrupted downstream passage
for smolts and kelts. Passage solutions can mitigate these impacts, but
their performance remains rarely evaluated, particularly in multi-barrier
systems. This thesis assessed downstream passage performance in
fragmented rivers and evaluated mitigation effectiveness using acoustic
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