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ABSTRACT

Genetic variation is the foundation of all biological diversity. Documenting and
understanding this variation and factors affecting it is paramount in the era of global
biodiversity loss. This can be achieved through genomic approaches that provide
insights into adaptively important genetic diversity. Such information can be used for
efficient planning of conservation and management actions for natural populations. In
particular, the discovery of large-effect loci linked to important life-history diversity
allows studying the impacts of different selection pressures on ecologically relevant
genetic variation.

In this thesis, I characterised fine-scale genetic structuring and putatively adaptive
genetic variation in the largest Atlantic salmon (Salmo salar) stock in the Baltic Sea
region, spawning in the Tornio and Kalix Rivers. Furthermore, I used an archive of
tissue samples spanning 93 years (from 1928 to 2020) to examine how temporally
varying fishing mortality may affect adaptively important genetic and life-history
diversity in this actively exploited stock.

First, using 18 microsatellite markers, we found that upstream and downstream
reaches of the large Tornio-Kalix River complex were genetically differentiated. This
genetic structure was linked to life-history variation: migration timing at different life
stages varied between salmon from upper and lower parts of the river system.

Second, we used a genome-wide SNP array of 60,252 markers to further explore the
fine-scale population structure and to detect potentially adaptive genetic variation in
the Tornio-Kalix. We identified further population genetic substructuring and strong
candidates for genomic regions putatively under locally divergent selection. These
regions contained genes previously associated with major life-history variation, such
as migration and maturation timing of Atlantic salmon.

Third, we developed a genotyping-by-sequencing SNP panel to monitor spatiotemporal
variation in harvesting pressures imposed by commercial and recreational fisheries on
adaptive genetic variation and different subpopulations of the Tornio-Kalix stock. We
demonstrated that both coastal and river fisheries caught more salmon of upstream
origin in the early than late fishing season. We also found that the frequency of a genetic
variant strongly associated with older age at maturity in Atlantic salmon drastically
decreased in the catches over the fishing season. This indicates that temporal variation
in harvesting mortality has the potential to cause evolutionary changes in salmon life-
history diversity.

Together, these results provided valuable information for guiding the conservation and
management of wild Atlantic salmon. This thesis thus provides a tangible example of
using genetic and genomic approaches to infer and monitor ecologically important
genetic variation in nature and to help mitigate human impacts on it.



TIVISTELMA

Perinndllinen muuntelu on kaiken biologisen monimuotoisuuden perusta. Taméan
muuntelun ja siihen vaikuttavien tekijoiden selvittiminen on ensiarvoisen tirkedi
maailmanlaajuisen luontokadon aikakaudella. Genomiset menetelmét tarjoavat
keinon tutkia ja ymmartaa eliiden sopeutumisen kannalta tarkeda “adaptiivista”
geneettisti monimuotoisuutta, kuten perimén alueita, jotka vaikuttavat voimakkaasti
muunteluun elididen elinkiertopiirteissd. Tdma mahdollistaa tutkimukset erilaisten
valintapaineiden vaikutuksista ekologisesti tarkedan geneettiseen
monimuotoisuuteen. Tietoa voi kidyttdd luonnonpopulaatioiden suojelun ja hoidon
suunnittelussa.

Tutkin tdssd viitoskirjassa Itdmeren alueen pohjoisosassa, Tornionjoessa ja
Kalixjoessa kutevan Atlantin lohen (Salmo salar) kannan geneettista rakennetta ja
adaptiivista geneettisti muuntelua. Kiytin lisdksi 93 vuoden ajalta (1928-2020)
kerittya naytearkistoa tasta Itdimeren suurimmasta lohikannasta selvittddkseni, miten
ajallisesti vaihteleva kalastuskuolleisuus saattaa vaikuttaa kannan adaptiivisesti
tirkedan geneettiseen monimuotoisuuteen ja sitd kautta elinkiertopiirteisiin.

Havaitsimme 18:aa mikrosatelliittimarkkeria kayttimalla Tornionjoen-Kalixjoen yla-
ja alajuoksujen lohien eroavan toisistaan geneettisesti. Tima geneettinen rakenne oli
yhteydessd muunteluun elinkiertopiirteissi: yla- ja alajuoksuilta 1dht6isin olevat lohet
vaelsivat keskenidn eri aikoihin eri elinkierron vaiheissa.

Kaytimme lisdksi 60 252 SNP-markkerin kokoelmaa Tornionjoen-Kalixjoen
populaatiorakenteen tarkemmaksi tutkimiseksi sekd jokisysteemin lohikannassa
mahdollisesti esiintyvin adaptiivisen geneettisen muuntelun havaitsemiseksi.
Tunnistimme osapopulaatioita ja perimin alueita, joihin paikalliset valintapaineet
mahdollisesti vaikuttavat. Nami alueet sisdlsivat geenejd, jotka on yhdistetty
vaihteluun esimerkiksi lohen vaelluksen ja sukukypsyyden ajoituksessa.

Kehitimme my6s ns. genotyping by sequencing -menetelmdin perustuvan SNP-
markkerikokoelman seurataksemme, miten ajallinen ja paikallinen vaihtelu
kalastuksessa voi vaikuttaa Tornionjoen-Kalixjoen lohen eri osakantoihin ja
adaptiiviseen geneettiseen muunteluun. Osoitimme, ettd yldjuoksuilta ldht6isin
olevien lohien osuus saaliissa oli sekd rannikko- etta jokikalastuksessa suurempi alku-
kuin loppukaudella. Havaitsimme my0s, ettd Atlantin lohen vanhaan
sukukypsyysikddn ja siten suureen kokoon vahvasti kytkeytyvd geenimuoto oli
huomattavasti yleisempi alku- kuin loppukauden saaliissa. Tama viittaa siihen, ettd
ajallinen vaihtelu kalastuskuolleisuudessa voi potentiaalisesti aiheuttaa evolutiivisia
muutoksia lohen elinkiertopiirteissa.

Tama vaitoskirja on konkreettinen esimerkki luonnossa esiintyvin, ekologisesti
tirkedn perinnollisen muuntelun tunnistamisesta ja seurannasta geneettisin ja
genomisin menetelmin. TyO6n tuottamaa tietoa voi Kkayttdd lieventdmadn
ihmistoiminnan vaikutuksia tdhdn muunteluun. Tulokset hyodyttavit Itimeren lohen
suojelua ja kantojen hoitoa.



SAMMANFATTNING

Genetisk variation utgor grunden for all biologisk méngfald. Att dokumentera och
forsta denna variation samt bakomliggande faktorer ar av storsta vikt under eran av
global forlust i den biologiska mangfalden. Det hir kan uppnis med genomiska
metoder som ger kdnnedom i adaptivt viktig genetisk variation. Den erhallna
kunskapen kan anvindas for att effektivt planera bevarandet och forvaltningen av vilda
populationer. Fynden av framfor allt loci med stor effekt pd den viktiga
livshistorieméangfalden gor det majligt att forska i effekterna av olika selektionstryck
pé ekologiskt relevant genetisk variation.

I denna avhandling karaktiriserar jag den detaljerade genetiska strukturen och
formodade adaptiva genetiska variationen i Ostersjoregionens storsta laxbestdnd som
leker i Torne- och Kalixidlvarna. Med hjalp av arkiverade vivnadsprov samlade Gver en
tidsperiod pa 93 ar (frdn 1928 till 2020) undersokte jag ocksd hur tidsmissigt
varierande fiskedodlighet paverkar adaptivt viktig genetisk och livshistorisk méngfald
i bestandet som aktivt utnyttjas.

Forst fann vi med hjilp av 18 mikrosatellitmarkorer att Torne och Kalix dlvsystems
uppstroms- och nedstrémslekande laxar var genetiskt differentierade. Den genetiska
strukturen var kopplad till livshistorisk variation: olika livsstadiers vandringstidpunkt
skilde sig mellan de 6vre och nedre delarna av dlvsystemet.

For det andra utnyttjade vi en genomomfattande SNP-array bestdende av 60 252
markorer for att mer detaljerat utforska populationsstrukturen och finna potentiellt
adaptiv genetisk variation i Torne och Kalix dlvsystem. Vi identifierade en genetisk
substruktur samt starka kandidater for genomiska regioner under lokalt divergerande
urval. Regionerna innefattade gener som tidigare forknippats med variation i
livshistoriska egenskaper hos atlantisk lax sdsom tidpunkterna for vandring och
konsmognad.

For det tredje utvecklade vi en SNP-panel for genotypning genom sekvensering med
dndamalet att observera hur spatiotemporal variation i fisketryck fran béade
kommersiellt fiske och fritidsfiske paverkar adaptiv genetisk variation och olika
delpopulationer i Torne och Kalix #lvsystem. Vi visade att bade kust- och
flodfiskefangsten bestod till hogre grad av uppstromslekande lax under den tidiga
jamfort med den sena fiskesdsongen. Vi fann ocksé att frekvensen av en genetisk
variant som starkt forknippats med hogre konsmognadsalder hos lax minskade
drastiskt bland fingsten under fiskesdsongen. Det hir antyder att tidsméssig variation
i fiskedodlighet har potential att orsaka evolutiondra foriandringar i laxens
livshistorievariation.

Tillsammans gav de erhéllna resultaten vardefull information som kan anvéndas for
att vigleda bevarandet och forvaltningen av vild lax. Avhandlingen ir séledes ett
konkret exempel pa hur genetiska och genomiska metoder kan anvindas for att finna
och uppfolja ekologiskt viktig genetisk variation i naturen och for att minska manskans
inverkan pa den.
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1. INTRODUCTION

1.1 Importance of intraspecific diversity

Anthropogenic drivers such as habitat loss and degradation, climate change and
overexploitation of natural populations are behind the rapid and ongoing loss of global
biodiversity (IPBES 2019). Although most research on declining biodiversity has
focused on the species level, variation within species (intraspecific diversity) can be as
extreme as that between them (Des Roches et al. 2018). Extirpation and shrinking sizes
of wild populations and human-induced selection are driving rapid declines in
intraspecific diversity (e.g. Pinsky and Palumbi 2014; Mimura et al. 2017).

Genetic variation is the cornerstone of biodiversity, as it provides the raw material for
the evolution of populations (Frankham et al. 2017). Genetic diversity that underlies
fitness-related traits (adaptive genetic diversity) is central for the potential of
populations to adapt to changing environmental conditions, and consequently
expected to promote long-term persistence of populations (Hilborn et al. 2003).
Diversity in ecologically important traits, such as life-history strategies, can also
promote the stability of populations by buffering them against environmental change
and stochasticity (Schindler et al. 2010; Gharrett et al. 2013; Hoelzel et al. 2019;
Cordoleani et al. 2021; Carvalho et al. 2023).

Genetic diversity has declined by an estimated 6% in wild populations since the
Industrial Revolution (Leigh et al. 2019). This is concerning as the adaptive potential
provided by intraspecific genetic variation is particularly important during the rapid,
global environmental changes in the Anthropocene (Jensen et al. 2022b). Genetic
diversity is still mostly overlooked in biodiversity assessments and policy (Laikre 2010;
Frankham et al. 2017; Hoban et al. 2021), but efforts have been made on national (e.g.
Jarkko et al. 2019) and international levels (e.g. Hoban et al. 2020) to improve its
recognition as essential for conservation and management applications. A major
limiting factor in integrating genetic diversity into policy has been the lack of
population-level genetic data from most species (Schmidt et al. 2023). Urgent action
is therefore needed to document and preserve the existing genetic diversity in a broad
range of taxa.

1.2 Genomic approaches in conservation

Population genetic and genomic methods help us understand important properties of
natural populations, such as their size, connectivity and evolutionary processes
affecting intraspecific diversity (Hohenlohe et al. 2021). For example, these methods
can pinpoint genetic structuring of populations that is crucially valuable information
for the effective conservation and management of threatened and/or exploited species
(e.g. Quintela et al. 2020). The relatively new field of conservation genetics and
genomics aims to bridge the gap between academic research and on-site needs of
conservation, by incorporating insights from genetic studies into biodiversity policies
(Shafer et al. 2015).



Genomic approaches allow the identification of genome regions contributing to
adaptive phenotypic variation (Shafer et al. 2015). This is a core focus of evolutionary
biology, as characterising the genomic basis of traits, the distribution of adaptive
variation across the genome and its recurrence in different evolutionary lineages can
help us understand how biological diversity arises and is maintained. Knowledge of
adaptively important genetic variation is also essential for conservation and
management, as it can highlight loci, ecological factors and phenotypes relevant to
population persistence (Kardos and Shafer 2018). In general, high-throughput
genomic datasets can provide natural resource managers relevant information and
practical methods for promoting the long-term viability of populations (Mamoozadeh
etal. 2023).

Signatures of adaptive genetic variation can be identified by genome scans that
examine spatially varying allele frequencies potentially shaped by selection (reviewed
e.g. by Hoban et al. 2016). Potentially adaptive genetic variation can also be identified
by landscape genomic approaches or genome-wide association studies (GWAS) that
detect correlations between genetic and environmental or phenotypic variation
(Rellstab et al. 2015). These kinds of approaches have identified loci of large effect
associated with variation in important life-history traits, such as the horn type of Soay
sheep (Ouis aries) (Johnston et al. 2013), salmonid maturation and migration timing
(Barson et al. 2015; Hess et al. 2016; Prince et al. 2017; Pearse et al. 2019), gill-raker
count in Alpine whitefish (genus Coregonus) (De-Kayne et al. 2022), and mating
behaviour in ruff (Philomachus pugnax) (Lank et al. 1995, 2013). Information of such
adaptive genetic variation can be applied in delineating population or conservation
units, predicting their responses to anthropogenic effects, and even in gene-targeted
management to preserve the adaptive diversity of populations (Funk et al. 2012; Shafer
et al. 2015; Kardos and Shafer 2018; Thompson et al. 2019; Waples et al. 2022).

The field of temporal genomics makes use of samples from multiple time points to
examine evolutionary change, often with the focus of assessing anthropogenic impacts
on genetic diversity (e.g. Pinsky et al. 2021; Clark et al. 2023). Genotyping historical
samples can provide crucial information for conservation, for example about levels of
intraspecific diversity or extent of population structure before large-scale human
activities (Nielsen and Hansen 2008; Mondol et al. 2013; Habel et al. 2014; Nakahama
2021; Jensen et al. 2022b; Heino et al. 2023). As an example, studying temporal
genetic variation in functionally important large-effect loci can illuminate potential
evolutionary impacts of anthropogenic selection pressures on ecologically relevant
traits across time (e.g. (Czorlich et al. 2018a, 2022; Thompson et al. 2019; Campbell-
Staton et al. 2021; Jensen et al. 2022a). Temporal changes in such loci can provide
information about the adaptive potential of populations and may be used to guide
conservation and management actions for exploited populations (reviewed in Waples
et al. 2022; Benham and Bowie 2023).

Harvesting, such as fishing, has the potential to influence life-history traits of exploited
populations (Heino et al. 2015). Fisheries-induced evolution (FIE) has been a long-
standing concern: certain harvesting strategies, especially those targeting larger and
older fish, have been expected to ultimately lead to reduced yields through the assumed
evolutionary impact on fish size and age at maturity (Rutter 1902; Handford et al.
1977). Selection induced by fisheries is thus an unintended form of artificial selection
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(Heino et al. 2015) with potentially detrimental consequences for the diversity of fish
stocks. Although selection against larger and older fish has been shown to reduce mean
size and age at maturity over time (Allendorf and Hard 2009; van Wijk et al. 2013;
Uusi-Heikkild et al. 2015), empirical evidence of FIE in wild populations is scarce
(Hutchings and Kuparinen 2020). In addition, fisheries management is almost
exclusively based on demographic considerations and ignores possible effects of FIE
on exploited stocks (Allendorf and Hard 2009). Genetic monitoring of fisheries can
improve our understanding of anthropogenic evolutionary changes by detecting
possible adaptive responses of exploited stocks to harvesting selection.

1.3 Atlantic salmon as a system to study local adaptation and human-
induced evolution

1.3.1 Local adaptation, life-history diversity and their conservation
implications

Atlantic salmon (Salmo salar, Salmonidae) is an ecologically, culturally and
economically important fish species across its range (Myrvold et al. 2019). It has been
heavily impacted by human activities and is increasingly threatened by climate change
(Jonsson and Jonsson 2009; Thorstad et al. 2021).

Atlantic salmon exhibits wide variation in its life-history characteristics, such as in the
timing of maturation and seasonal migrations. In general, anadromous Atlantic
salmon spend their first years in fresh water, from where they migrate to the sea, and
return one to multiple years later to spawn (hereafter “age at maturity” or “sea age”)
near their natal freshwater location (Thorstad et al. 2011). The precise homing
behaviour promoting reproductive isolation (Quinn 1993) provides opportunities for
locally adaptive differentiation over fine spatial scales. Salmonids indeed frequently
exhibit pronounced geographic population structuring and fine-scale local adaptation
(Fraser et al. 2011; Primmer 2011), contributing to the broad intraspecific diversity.
Coupled with ample genomic resources, this makes Atlantic salmon a suitable model
for exploring fine-scale adaptive genetic variation, of which examples have been
putatively identified in different lineages of the species (Pritchard et al. 2018; Wellband
et al. 2018; Watson et al. 2022).

Variation in age at maturity in Atlantic salmon is an important trait from ecological
and economical perspectives (reviewed in Mobley et al. 2021). Atlantic salmon of an
older sea age are larger and have higher reproductive success than younger and smaller
individuals, and their proportion can positively correlate with the genetic diversity of
salmon stocks (Vihi et al. 2007). However, maturation at an older age decreases the
probability of survival to reproduction. Furthermore, large salmon are particularly
prized catches for fishers and thus attract fishing tourism (Anderson and Lee 2013;
Pokki et al. 2018; Myrvold et al. 2019). Older-maturing Atlantic salmon have generally
become rarer (Chaput 2012), which has raised conservation concern.

Age at maturity is also linked to seasonal timing of spawning migration: old and large
Atlantic salmon tend to return from the sea to fresh water early in the migration season
(Shearer 1990; Jokikokko et al. 2004; Niemela et al. 2006; Harvey et al. 2017). Also,
Atlantic salmon spawning in upstream parts of river systems are often old and enter
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fresh water early during the spawning migration season (e.g. Stewart et al. 2002). This
implies that variation in seasonal timing of fishing may impose differential selective
pressures on different life-history strategies and genetic subpopulations of Atlantic
salmon stocks. This is important to note for management as variation in age at maturity
and timing of return migration contribute significantly to the portfolio of life-history
diversity and resilience of salmon populations (Quinn et al. 2016; Erkinaro et al. 2019;
Tamario et al. 2019; Jacobson et al. 2020).

1.3.2 Genetic basis of life-history diversity

Variation in age at maturity across European phylogeographic lineages of Atlantic
salmon is largely explained by a single locus around the vgll3 (vestigial-like family
member 3) gene on chromosome 25 (Ayllon et al. 2015; Barson et al. 2015). Salmon
carrying the vgli3 allele associated with “later” or “older” age at maturity (“vgll3*L”)
tend to spend more years at sea before returning to spawn than salmon carrying the
“earlier” maturation allele (“vgli3*E”) (Barson et al. 2015).

A second locus, associated with the six6 (SIX homeobox 6) gene on chromosome 9,
may also contribute to Atlantic salmon age at maturity (e.g. Sinclair-Waters et al. 2020,
2022). Additionally, variation at this locus is linked to return migration timing of
Atlantic salmon (Cauwelier et al. 2018; Pritchard et al. 2018).

The link between genetic and phenotypic variation in adaptively important traits is
often unknown, which has limited the application of adaptive genetic variation in
conservation (Kardos and Shafer 2018). Large-effect loci linked with ecologically
important life-history traits, such as vgll3 and six6, offer opportunities to monitor how
selection targets adaptive genetic variation, and how populations respond to it. Genetic
monitoring of such loci thus allows studying how anthropogenic drivers, such as fishing
regimes, affect intraspecific diversity. Atlantic salmon is therefore a rare example of a
species that allows studying contemporary evolution by monitoring of temporal
changes in specific loci. Recent studies have found rapid declines in salmon
populations’ mean maturation age along with decreases in the frequencies of the
vgll3*L and/or six6*L variants, demonstrating that the observed age at maturity shifts
have been an evolutionary response (Czorlich et al. 2018b, 2022; Jensen et al. 2022a).

1.4 Baltic salmon

The Baltic Sea in northern Europe hosts a distinct phylogeographic lineage of Atlantic
salmon (Bourret et al. 2013; hereafter “Baltic salmon”). People in this region give
salmon high cultural value (Autti and Karjalainen 2012) and have used salmonids for
food for millennia (Butler et al. 2019). In the past century, hydropower construction,
pollution and overfishing have extirpated Baltic salmon from approximately two thirds
of the rivers they historically spawned in (Karlsson and Karlstrom 1994;
Romakkaniemi et al. 2003; Palmé et al. 2012). In addition, gene flow due to stocking
of hatchery-produced salmon has homogenised Baltic salmon populations (both within
and among rivers), raising concern for the remaining populations’ ability to adapt to
changing environmental conditions (Ostergren et al. 2021). Due to these reasons,
Baltic salmon are currently considered threatened (VU; vulnerable; HELCOM Red List,
HELCOM 2013).
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Most Baltic salmon today originate from wild rivers and hatcheries in the Gulf of
Bothnia, in the northernmost part of the Baltic Sea. After leaving fresh water, salmon
from this region migrate to feed in the southern Baltic Sea. When reaching sexual
maturation, the adult salmon migrate north towards their natal rivers (Figure 1). While
on this spawning migration during spring and summer months, the salmon are
harvested by fisheries (ICES 2020, 2023; Jacobson et al. 2020; Whitlock et al. 2021).

orwegian Sea

Tornio &
Kalix
Rivers

Sweden

Finland

Estonia

Latvia

Denmark _ Feeding Lithuania
grounds

Figure 1. Main estimated migration routes of salmon originating from the Tornio-Kalix River system
(based on lkonen 2006; Whitlock et al. 2018). Google Earth was used to create the underlying map that
includes data from Google, Landsat/Copernicus, Data SIO, NOAA, U.S. Navy, NGA, GEBCO, IBCAO,
and U.S. Geological Survey.

The largest remaining wild Baltic salmon stock spawns in the northernmost part of the
region, in the unregulated Tornio (Torne in Swedish, Duortnoseatnu in Northern Sami)
and Kalix (Galaseatnu in Northern SAmi) Rivers in Finland and Sweden (ICES 2023).
A natural bifurcation connects these two large neighbouring rivers, essentially making
them one large complex. Salmon from the Tornio and Kalix migrate through all the
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major salmon fishing areas in the Baltic Sea and are thus heavily exploited by marine
fisheries (ICES 2023). They are also valuable for local fishers and tourist anglers along
the rivers, benefitting the local economy (Pohja-Mykra et al. 2018). Concerns for the
long-term future of the salmon stock have been raised already in the 19th century
(Kokko 1864).

Current salmon fishing regulations in the Baltic Sea are a controversial topic. The
marine fishery is the largest commercial sea harvest of Atlantic salmon permitted in
the world (ICES 2023), and targets salmon of mixed origin (i.e. the catches comprise
salmon from multiple stocks) (Jacobson et al. 2020). In 2017, Finland advanced the
allowed start date of the coastal fishery, allowing a limited amount of salmon harvest
in the early summer. This “advanced early-season fishing” has sparked discussions
about whether it allows excessive harvesting of large, older-maturing salmon that tend
to migrate earlier in the season, and ultimately leads to a reduction in mean age at
maturity of Baltic salmon stocks. This concern may be particularly relevant for the
Tornio-Kalix salmon that are harvested primarily along the eastern side of the Gulf of
Bothnia during their spawning migration (Whitlock et al. 2018).

1.4.1 Knowledge gaps

Efficient management of exploited fish stocks requires an understanding of their
underlying population structure and can benefit from knowledge of intraspecific
diversity (e.g. Bekkevold et al. 2020; Fuentes-Pardo et al. 2023). However, prior to this
thesis, within-river neutral or adaptive genetic differentiation of Baltic salmon had not
been assessed at fine spatial scales or by using genome-wide marker sets. Earlier
studies of temporal and spatial variation of Baltic salmon populations in mixed-stock
coastal catches (e.g. Koljonen and McKinnell 1996; Koljonen 2006) had therefore not
been able to assess harvesting mortality faced by within-river subpopulations, or
selective pressures exerted on adaptive genetic variation. Consequently, Baltic salmon
have thus far been managed on the river level, without considerations of potential
genetic structure and adaptive diversity within rivers.

To improve our understanding of the diversity and relevant biological units in this
salmon lineage, this thesis investigated fine-scale population substructuring, adaptive
differentiation and their potential drivers, to ultimately guide effective conservation
and management of wild salmon. Through monitoring of temporal genetic variation in
salmon catches, this work specifically focused on exploring the potential evolutionary
impacts of fishing on salmon life-history diversity. This included assessing whether
fishing particularly in the early season targets adaptively important genetic variation
in Baltic salmon.
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2. AIMS OF THE THESIS

In this thesis, I aimed to:

1) characterise the fine-scale population genetic structure of the largest Baltic salmon
stock (spawning in the Tornio-Kalix River complex) and its associations with life-
history variation (Chapters I and II),

2) uncover potential adaptive genetic variation in the Tornio-Kalix salmon (Chapter
ID),

3) elucidate how fishing may affect this genetic variation and the phenotypic traits it
underlies (Chapter III), and ultimately to

4) guide the conservation and management of wild Atlantic salmon in the Baltic Sea
region (Chapters I-111).

The broader objectives of this work were to improve our understanding of neutral and
adaptive genetic diversity and its potential drivers in a large Atlantic salmon stock, and
by monitoring adaptively important loci, to infer possible evolutionary responses of
salmon to human-induced selective pressures.

Overall, this thesis represents an effort to bridge the gap between academic research
and practical conservation. The process of translating the outcomes of this academic
groundwork towards concrete management actions is outlined below (Figure 2).

THESIS WORKFLOW

ACADEMIC
GROUNDWORK

Characterising genetic population structure & phenotypic variation

FUNDAMENTAL

SNP marker panel design & development

|:> Characterising putatively adaptive genetic differentiation

|
APPLIED

Framework for conservation & management actions

Figure 2. Diagram describing how genetic information generated in Chapters | and Il of this thesis was
used as a basis for developing a method (SNP marker panel) that was utilised in addressing applied
management questions (Chapter Ill). The colour gradient corresponds to the transition from more
fundamental to applied research.
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3. MATERIAL AND METHODS

3.1 Study area and sampling

This thesis made use of Atlantic salmon samples of different life stages from the Baltic
Sea region, with particular focus on the largest wild Baltic salmon stock that spawns in
the Tornio and Kalix Rivers in Finland and Sweden. The Tornio and Kalix are among
the largest undammed rivers in northern Europe (Tornio: length 522 km, watershed
area 40,157 kmz2; Kalix: length 461 km, watershed area 23,600 km2). They are located
in a terrain that ranges from a boreal zone to a subarctic headwater zone
(Romakkaniemi et al. 2003; HELCOM 2011). The two rivers have their mouths located
c. 50 km apart, and flow into the northernmost part of the Gulf of Bothnia in the Baltic
Sea. A natural bifurcation (Tarend6 River) ca. 200-250 km upstream of the river
mouths connects the two rivers.

3.1.1 Genetic baseline samples

Genetic baseline samples for the studies in this thesis were collected in 2004-2019 from
five wild rivers (Kalix, Rane, Simo, Tornio and Vindel) and six stocks of reared origin
(i, Kymi/Neva, Lule, Oulu, Simo and Tornio broodstocks). These samples were used
to i) study the population structure of northern Baltic salmon stocks (Chapters I-III),
ii) identify putatively adaptive genetic variation in the Tornio-Kalix River system
(Chapter II), and iii) allow genetic stock identification (GSI) of mixed-stock salmon
catches in coastal and river fisheries (Chapters I and III).

Altogether, we used 1,149 unique baseline individuals, of which 274 were shared among
all chapters (Table 1). Chapter III contained baseline samples from the five wild rivers
and six stocks of reared origin mentioned above (Figure 3a), whereas Chapters I and IT
used only samples from the Tornio and Kalix Rivers (Figure 3b). Chapter I contained
the largest Tornio-Kalix baseline (n = 749), of which we used a subset (n = 274) in
Chapter II. We complemented this subset of Chapter I samples by adding three
additional electrofishing sites (n = 54 individuals) in Chapters II and III, to improve
the spatial resolution of sampling in the upper parts of the Tornio River system. In
Chapters II and III, we also replaced Chapter I samples from two sites (Ka6 and Ka7y,
collected in 2012) with other individuals from the same sites (n = 33, collected in 2015),
because the original tissue samples used in Chapter I were not available anymore for
Ka6 and Kay. We assumed the population structure in the system between 2012 and
2015 to be relatively stable, which is supported by the similar patterns of genetic
divergence of Ka6 and Ka7y to other sites in the microsatellite and SNP datasets
(Chapters I and II).
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Figure 3. The geographic origin of baseline samples (Chapters I-1ll), showing the a broad locations of
origin of the whole baseline (Chapter Ill), and b sampling of juveniles from the Tornio-Kalix system
(Chapters I-lll). Sites coded with darker green and a white font were only used in Chapters Il and lI.
The darker lines depict national borders, including the Tornio River that flows on the border of Finland
and Sweden.

3.1.2 Catch samples

In this thesis, we used an archive of Baltic salmon scale samples collected over 93 years
(1928 to 2020) from commercial and recreational fisheries targeting adult salmon on
their spawning migration. Adult catch samples from the Tornio River in 2009-2010 (n
= 287) were collected from one 70-kilometre river stretch and were used only in
Chapter I (Table 1), whereas three Tornio River stretches were used in Chapter III,
providing a more complete picture of spatiotemporal fishing patterns in the region. The
samples were selected to be representative of the total catch throughout the fishing
seasons, without consideration of sex or age at maturity. Furthermore, in Chapter I we
used smolts collected in 2011 from a trap located at the Tornio River mouth (n = 196).
Altogether, we analysed genotypes of 3,228 smolt and adult catch samples across all
chapters. The catch samples (Figure 4) were used for i) understanding patterns of
temporal variation in stock composition of smolt and adult migrations within seasons
(Chapters I and III), and ii) monitoring how fishing may target life-history loci within
fishing seasons (Chapter II1).
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Table 1. Types and numbers of sam

ples used in the chapters of this thesis.

Type of samples Origin of samples Chapter | Chapter Il Chapter Il
Tornio-Kalix juveniles Tornio and Kalix n =749 n=361¢ n=243% n=361°
Smolt samples from 2011 Tornio n=196°
Adult catch samples from 2009-2010 Tornio n =287°

Wild: Rane, Simo,
and Vindel Rivers,
reared: li, Kymi,
Lule, Oulu, Simo and
Tornio stocks

Baseline samples from other stocks n=175% n=313°

Tornio and Kalix n=2,745

Adult catch samples from 1928-2020

@ Used for SNP panel development, ° used for GSI.
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Figure 4. Coastal and river sampling of Atlantic salmon adult and smolt catches (Chapters I-Ill), showing
sampling areas from a the coast of Gulf of Bothnia (years 2019-2020), and b from the Tornio and Kalix
Rivers (years 1928-2020). Coded fishing areas on the map: C1 = Merikarvia, C2 = Luoto, C3 = Kemi
River mouth, C4 = Tornio River mouth, C5 = Coastal fishing area in Sweden, R1 = Tornio River
Downstream area, R2 = Pello-Lappea, R3 = Kihlanki, H1 = Kiviranta, H2 = Kengisfors, H3 = Kalix River
Downstream area, H4 = Rodupp. The darker lines depict national borders, including the Tornio River
that flows on the border of Finland and Sweden.

3.2 Genetic markers

First, we applied 18 microsatellite markers to samples of salmon from different life
stages, to investigate the genetic population structure within the Tornio and Kalix
Rivers, and to examine its associations with variation in freshwater and marine life-
history traits (Chapter I).

Second, we used a genome-wide SNP (single nucleotide polymorphism) array of
60,252 markers developed for Atlantic salmon (CIGENE, Norwegian University of Life
Sciences, Norway) to explore the fine-scale population genetic structure of the Tornio-
Kalix salmon in more detail (Chapter II), along with examining broader genetic
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structure among other northern Baltic salmon stocks in the genetic baseline (Chapter
III). Moreover, we used the SNP array to identify genomic signatures of fine-scale local
selection in the Tornio-Kalix stock (Chapter II).

Third, we used a genotyping-in-thousands by sequencing approach (GT-Seq; Campbell
et al. 2015) to genotype 229 SNPs for genetic stock identification (GSI) and monitoring
of life-history loci in coastal and river catches of Baltic salmon collected between 1928
and 2020 (Chapter III). The outline for designing and using the panel is described
below.

3.2.1 SNP panel development and use for genotyping of wild catch
samples

We applied information from the first two studies to design and develop a GT-seq SNP
marker panel for investigating whether coastal and river fishing of wild Baltic salmon
target specific genetic subpopulations and life-history loci over the fishing seasons
(Chapter IIT). Making use of SNP markers allowed monitoring of specific adaptive loci,
and higher precision of GSI than with the microsatellites used in Chapter I. This
collection of markers targeted 229 SNPs, of which in total 169 passed our quality
control thresholds.

The workflow for the development and use of the SNP panel is outlined in Figure 5 and
described in detail in Chapter III. Figure 5 also describes the types and numbers of
samples used in the SNP panel development, and its application in GST and monitoring
of adaptive loci (Chapter III). It should be noted that while we were developing the SNP
panel, a part of the genotyping data for the final baseline were still being generated.
Thus, a preliminary baseline was used for the identification of SNPs to be used in the
panel. Due to this, the panel did not contain some of the candidate SNPs detected with
the full Tornio-Kalix baseline in Chapter II. Nevertheless, the panel included well-
known adaptive loci, which allowed us to address whether the timing of fishing could
alter life-history diversity of the studied Baltic salmon stocks.
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Figure 5. Diagram describing the design and development of the genotyping-by-sequencing SNP panel
and the subsequent genetic stock identification (GSI) and monitoring performed with it (Chapter IIl). n
refers to the numbers of samples used at each step.

3.3 Detection of candidate adaptive loci

We used a combination of “outlier” approaches, univariate and multivariate genotype-
environment association (GEA) analyses, and XP-EHH tests to search for genomic
regions exhibiting signals of divergent selection (Chapter IT) (summarised in Table 2)
in the Tornio-Kalix salmon stock. We used these genome scans to identify SNP markers
exhibiting exceptionally i) high allelic variation among sampling sites (outlier
analyses), ii) strong associations with environmental parameters (GEA analyses), or
iii) low genetic variation surrounding them (i.e. regions exhibiting elevated haplotype
homozygosity). The aim of this was to improve our understanding of adaptive genetic
diversity and its potential drivers in this wild salmon stock.

To summarise the principle of the different methods used in Chapter II, first, outlier
analyses attempt to identify signatures of selection by comparing among-population
allelic variation to an estimated neutral distribution of genetic variation. Second, the
haplotype-based summary statistic (XP-EHH test) compares extended haplotype
homozygosity (EHH) among populations to detect signals of population-specific
selective sweeps, characterised by long haplotypes at high frequency and low genetic
diversity near adaptive alleles (Szpiech 2022). Finally, GEA analyses search for
selection signatures by identifying strong correlations between genetic and
environmental variation. Whereas univariate GEA analyses test one locus and
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environmental predictor at a time, multivariate GEA analyse multiple loci and
predictors simultaneously. The multivariate method, such as a redundancy analysis
(RDA), may be better suited to detect weak, multilocus signals of selection (Forester et
al. 2018).

Only a subset of the environmental variables available for the Tornio-Kalix system were
used in Chapter II, due to many of them being highly correlated with each other. In
particular, distance from river mouth, elevation, latitude and mean annual
temperature are strongly correlated in the Tornio-Kalix, and therefore only one of these
predictors (distance from river mouth) was retained. However, this predictor can be
assumed to reflect some variation in the other above-mentioned variables, which is
important to note in the interpretation of the associations from our GEA analyses.

Following Pritchard et al. (2018) and Zueva et al. (2021), we considered the top-ranked
0.5% SNPs from each test as candidate outliers. The reasoning for this was based on
the different methods we used having different ways of estimating neutral variation
that they use as a reference for identifying outlying genetic variation. The model-based
approaches assume that signals of selection reflect demographic history, but a realistic
demographic model is difficult to fit. Thus, we used an approach of consistently
considering the top-ranked 0.5% SNPs of the empirical distribution from the different
tests. When selection is indeed acting on loci in a dataset, this approach can be powerful
in detecting important genomic regions (reviewed in Hahn 2019).

A particular caveat in genome scans with large datasets is the risk of false positives due
to multiple testing (reviewed in Hahn 2019). To mitigate this, we considered only
overlapping results from the independent tests by the different approaches. To further
evaluate the validity of our candidate genomic regions, we searched the literature for
their potential functional relevance in salmonids and other fish. This was also useful
for assessing potential repeatability of the signals across different evolutionary
lineages.
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Table 2. Methods and their test statistics used to detect signals of local selection in Chapter II.

Definition of
Approach Software Test statistic Method description candidate SNPs*
Genome pcadapt 4.3.2  Mahalanobis Ordination method that identifies “Outlier-based
scans for (Privéetal. 2020)  distances, p- outliers based on correlations candidates” were
outliers value between genetic markers and SNPs in the top-
population structure determined by ranked 0.5% in all of
the optimal number of principal the tests.
components.
BayPass 2.31 Absolute XtX Identifies outliers by estimating
(Gautier 2015) per-SNP deviations from the
underlying genome-wide
population structure based on a
neutral covariance matrix of
population allele frequencies.
BayeScEnv g-value, Bayesian model-based method that
v1.1 (de alpha estimates the posterior probability
Villemereuil and parameter that a given locus is under
Gaggiotti 2015) selection.
Univariate LFMM 2 (caye g-value Model-based method that detects “Univariate GEA
genotype- et al. 2019) outliers by evaluating associations candidates” for each
environment of allele frequencies with environmental
association environmental variables while using  variable were SNPs in
(GEA) latent factors to account for the top-ranked 0.5%
population structure. in all of the tests.
BayPass 2.31 Absolute Identifies loci associated with
Pearson population-specific environmental
correlation covariates, while accounting for
coefficient underlying genome-wide
(r) population structure as above.
BayeScEnv g, q-value Bayesian model-based method that
vi.1 identifies outlier loci showing an
increase in between-population Fsr
with increasing environmental
differentiation, while assuming the
populations are independent.
Multivariate | vegan 2.6-4 Loadings in Ordination-based method that “RDA candidates” had
GEA (Oksanen et al., the determines how sets of loci covary  extreme loadings on
(redundancy 2022 ordination in response to the multivariate the RDA axes.
analysis; space environment, and can detect
RDA) relatively weak, multilocus
signatures of selection (Forester et
al., 2018). Partial RDA can be used
to correct for population structure.
Haplotype- selscan v1.3.0  XP-EHH Identifies genomic regions “XP-EHH candidates”
based (Szpiech and (maximum suggestive of selective sweeps, were in SNPs the top-
Hernandez2014)  absolute indicated by elevated haplotype ranked 0.5%.
normalised homozygosity.
score)
* In Chapter II.
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4. RESULTS AND DISCUSSION

4.1 Upstream-downstream genetic divergence is linked to life-history
variation

In Chapters I and II, we found substantial genetic differentiation within the large
Tornio and Kalix Rivers: Atlantic salmon from the upper reaches differed genetically
from individuals from the lower reaches, regardless of river system. Using SNP
markers on a dataset that included additional sampling sites to those used in Chapter
I, we identified in total four genetic clusters in the river system (“lower” and “upper
Tornio-Kalix”, “upper Lainio” tributary, and “Anges&n” tributary) (Chapter II; Figure
6).
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Figure 6. a A map of the Tornio-Kalix River system, with the identified genetic subpopulations overlaid
on it, and b a principal component analysis (PCA) visualising the genetic population structure of the
Tornio-Kalix salmon stock, showing the first two PC axes. The proportion of variance explained by each
principal component is indicated on the axis labels. Each point represents an individual, and their
distribution on the axes depicts their genetic distance from each other. The paler coloured points
correspond to individuals from sites closer to the river mouths. The PCA was run using an LD-pruned
dataset of 20,745 SNPs.

Overall, the population structuring within the Tornio-Kalix system was significant but
relatively shallow (global Fst = 0.015; Chapters I and II). This genetic differentiation
was associated with an underlying pattern of isolation by distance (IBD). This common
phenomenon in nature means that the genetic divergence between individuals was
positively correlated with their geographic distance (Jenkins et al. 2010; Meirmans
2012), indicating higher gene flow between neighbouring than distant sites, or past
population expansion (Slatkin 1993). Additionally, we observed rather high genetic
homogeneity between the Tornio and Kalix Rivers, some of which could possibly be
explained by the bifurcation connecting them. Compared to other large salmon rivers,
this pattern and level of substructuring in the system resembles for example the
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Varzuga (in Russia) and Miramichi (in Canada) Rivers (Primmer et al. 2006; Wellband
et al. 2018), but is in stark contrast to the geographically close and physically similar
Teno (Deatnu in Northern Sami, Tana in Norwegian) River that hosts almost 30
genetically distinct Atlantic salmon subpopulations (Vdha et al. 2017). This
comparison underlines that population genetic differentiation of Atlantic salmon at
fine spatial scales varies across geographic regions (Dionne et al. 2009).

The genome-wide SNP array allowed higher power than the microsatellites to identify
population substructuring in clustering methods (Chapters I and II). However, the
SNPs and microsatellites found a similar pattern of population genetic divergence
between the upper and lower river areas, which was also in line with studies from this
river system using a limited number of allozyme markers and restricted geographic
coverage (Stahl 1981, 1983; Jansson 1993). This may indicate temporal stability of the
population structure, and suggests that a relatively low number of more traditional
markers, such as microsatellites, can be sufficient in characterising large-scale neutral
population structuring.

Compared to the lower Tornio-Kalix, genetic diversity was slightly reduced in the upper
genetic cluster and in the Angesan and upper Lainio tributaries. This pattern was
consistent across most of the diversity metrics evaluated for the microsatellites and
SNPs, such as allelic richness, heterozygosity or runs of homozygosity (ROH) (Chapters
I and II). This might suggest that the upstream subpopulations have experienced
stronger bottlenecks and genetic drift and have lower effective population sizes (Ne).
These results are concordant with observations and general predictions across a range
of taxa that neutral genetic diversity is higher in downstream parts of riverscapes
(Raeymaekers et al. 2008; Paz-Vinas et al. 2015; Blanchet et al. 2020).

Studying smolts migrating from the Tornio River to the sea, we found that smolts from
the upper river reaches were older and tended to reach the river mouth later in the
season than their downstream-origin counterparts (Chapter I). We also found an
association between the genetic structure and seasonal migration timing of adults
returning from the sea to spawn (Chapters I and III). Inferred from catch dates (a good
proxy for migration timing), adults originating from the upper river reaches migrated
earlier in the sea (Chapter III) and returned to the Tornio River earlier in the season
than adults from the lower reaches (Chapters I and III). Notably, salmon from the
upper Lainio were particularly old (in terms of their sea age; Chapter III) and frequent
in the early season catches (Chapter III). These results highlight the potential impact
of seasonal fishing timing on the different subpopulations. The results of Chapters II
and IIT shed light on the potential genetic basis of these spawning migration
differences, how fishing targets adaptive genetic variation associated with this
variation, and what the evolutionary implications of that might be.

4.2 Signatures of local selection on adaptively relevant loci

A combination of GEA analyses and outlier- and haplotype-based approaches revealed
strong candidates for genomic regions exhibiting signatures of fine-scale local selection
in the Tornio-Kalix salmon stock (Chapter II). Many of the candidate genome regions
(haploblocks) contained loci of ecological relevance, including genes previously
documented to be associated with variation in key life-history traits of Atlantic salmon,
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such as in the timing of maturation or migration (six6, taari3c-like; Barson et al. 2015;
Pritchard et al. 2018; Sinclair-Waters et al. 2022), or feeding and appetite control
(pomca, me4r; Kalananthan et al. 2020, 2023; Norland et al. 2023). Furthermore,
many of the candidate haploblocks contained genes possibly involved with local
adaptation to environmental conditions in salmonids or other fishes, supporting their
putatively adaptive role in the Tornio-Kalix stock. Overall, these results shed light on
the role of genomic variation in potential local adaptation of this relatively weakly
subdivided salmon stock. Moreover, this work provided support for the repeatability
of selection signatures across broad geographical areas and evolutionary lineages.

We observed genotype-environment associations in all candidate haploblocks,
suggesting that variation in the river environment may play a role in adaptive
differentiation of Tornio-Kalix salmon. For instance, precipitation variation was often
associated with allelic variation of SNPs in our candidate haploblocks and is therefore
a candidate environmental driver of local adaptation (Bourret et al. 2013a; Hecht et al.
2015). The functional relevance of the detected candidate loci could also be related to
local selective pressures from, for example, elevation (Rougemont et al. 2023), water
chemistry (Bourret et al. 2013a), temperature (Dionne et al. 2008) or photoperiod
(Garcia De Leaniz et al. 2007). However, as anadromous salmon encounter widely
varying freshwater and marine environments during their life, interpreting the possible
adaptive role of candidate genes in specific environments is challenging. Therefore,
without experimental manipulations the genotype-environment associations provide
only indications of possible drivers of local adaptation and should be interpreted with
caution (e.g. Pavlidis et al. 2012; Bekkevold et al. 2020). Nevertheless, improved
knowledge of potential environmental drivers of population structuring and local
adaptation may allow predicting future evolutionary trajectories of salmon stocks and
identifying particularly vulnerable populations under different scenarios of
environmental change (Capblancq et al. 2020; Capblancq and Forester 2021; Layton
et al. 2021).

In general, the allele frequencies of many candidate SNPs closest to adaptively relevant
genes in the candidate haploblocks reflected the main upstream-downstream genetic
divergence in the Tornio-Kalix system (Figure 7 shows allele frequency variation of
SNPs closest to four candidate genes discussed here). Similar patterns of concordant
allelic variation at adaptive and neutral markers have been observed in other salmonid
lineages (Moore et al. 2014; Xuereb et al. 2022). This pattern could possibly reflect a
strong underlying influence of local adaptation on population structuring in the system
(Moore et al. 2014). Overall, differential selective pressures experienced by salmon
from different parts of the river system could underlie the general pattern of spatial
variation in the candidate SNPs’ allele frequencies.
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Figure 7. Allele frequencies of the physically closest candidate SNPs to four candidate genes discussed
here (six6 and pomca on chromosome 9, mc4r on chromosome 14, taar13c-like on chromosome 21)
(Chapter Il). The pie charts show the mean allele frequencies of the SNPs, combined over the different
sites in the four genetic subpopulations identified in Chapter Il (lower and upper Tornio-Kalix, upper
Lainio, Angesan). The two colours per SNP correspond to their different alleles.

The candidate haploblock that contained the highest number of candidate genes and
was identified by all analysis methods included the six6 gene (Figure 8). Although our
data cannot ascertain that six6 is the target of selection in this genomic region, it is
known to be involved in fine- and broad-scale local adaptation and/or spatial
differentiation in salmonids (Pritchard et al. 2018; Zueva et al. 2021; Gabian et al.
2022; Tigano and Russello 2022; Andrews et al. 2023). It is also associated with age at
maturity in Atlantic salmon and Pacific salmonids (Barson et al. 2015; Sinclair-Waters
et al. 2020, 2022; Willis et al. 2020; Waters et al. 2021; Jensen et al. 2022a; Kess et
al. 2022; Besnier et al. 2023). However, six6 may be associated with some other trait
that is correlated with age at maturity, in a population-specific way (e.g. migration
timing; Pritchard et al. 2018; Wellband et al. 2018; Zueva et al. 2021; Kess et al. 2022).
It may also have multiple adaptive roles, some of which might be life stage-specific
(Aykanat et al. 2020). In Chapter III, we confirmed that six6 affected both age at
maturity and catch date (indicating spawning migration timing) of wild Baltic salmon.
Therefore, this thesis adds to the growing knowledge of the effects of six6 on adaptively
important variation in natural populations and suggests a level of genomic parallelism
underlying putative local adaptation over the global range of salmonids (e.g. Zueva et
al. 2021).
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Figure 8. Signatures of local selection on the candidate haploblock with the highest number of candidate
SNPs and genes in Chapter Il. This block contained the six6 gene (circled in red). The dashed and
dotted lines indicate empirical p < 0.005 and p < 0.001, respectively (empirical p = SNP rank/total number
of tests). The grey rectangles show the boundaries of candidate haploblocks identified in Chapter Il. The
panels from top to bottom show empirical p-values for outlier-based tests, XP-EHH test, univariate GEA
analyses of distance from river mouth (also a proxy for e.g. temperature-related variation) and of the
environmental variable (annual precipitation, i.e. BIO12) associated with candidate SNPs in the
haploblock in both univariate and multivariate GEA analyses.

4.3 Temporally varying selection pressures on adaptive loci imply
potential for human-induced evolutionary change

Knowledge of the genetic basis of age at maturity in Atlantic salmon, combined with
genotyping catch samples from the northern Baltic Sea collected throughout fishing
seasons, provided us with a rare opportunity to infer possible evolutionary impacts of
harvesting on wild populations (Chapter III). First, we confirmed that the known large-
effect loci vgll3 and six6 affected age at maturity in the studied Baltic salmon catches.
Then, we discovered that fishing in the early season preferentially targeted the vgll3*L
variant strongly linked to older age at maturity (Figure 9; Chapter III). This within-
season pattern was consistent across years, suggesting that strong fishing in the early
season could lead to a reduction in the mean reproductive age and size of Baltic salmon.
The potential for this kind of an evolutionary effect resulting from early-season fishing
of Atlantic salmon has been suggested previously (Consuegra et al. 2005; Quinn et al.
2006). The results from this thesis improve our understanding of the potential
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mechanisms that are behind seasonal fishing timing possibly causing evolutionary
changes in Atlantic salmon age at maturity.

Genetic monitoring of the wild salmon catches allowed us to examine migration
patterns that are difficult to study in laboratory conditions (Elmer 2016). We found
both vgll3 and six6 to affect return migration timing, regardless of sea age that is
known to be negatively correlated with the timing of spawning migration. This adds to
our understanding of the genetic basis of migratory diversity, and has management
implications for Baltic salmon (see below).

Finally, by retrospectively monitoring temporal genetic changes in the adaptive loci,
we found that their allele frequencies in the Tornio River catches have changed
substantially during the last century. The long-term vgli3 allele frequency fluctuations
were more pronounced than those of six6 and largely followed known age structure
changes in the Tornio catches over time. This further suggests that possible future
reductions in the vgll3*L frequency are likely to lead to corresponding reductions in
the mean age at maturity of Tornio-Kalix salmon.

To summarise, we found temporal variation in how fishing targets large-effect loci,
thus creating potential for human-induced evolution in age at maturity of wild salmon
populations. Overall, this study provides a concrete example of using genomic
approaches to infer anthropogenic impacts on adaptively important genetic variation
in nature.

a 600 b 600
** **
< 4004 < 4001
2 2
& 2001 & 2001
0 0
1.001 © p i 1001 S48
2 2 Stock
S 0751 S 0751
g_ 8— O Lower TK
o o ® Upper TK
“— “—
§ g @ Lainio
= 0.501 = 0.501 i .
9 g; © Angesan
O  Other
O  Unassigned
0.254 0.251
0.00- “ par 0.00-
0 25 50 75 50 75 100 125
Days since start of fishing season Days since start of fishing season

Figure 9. vgli3*L (associated with older age at maturity) allele frequency in a coastal wild salmon
catches and b Tornio River catches during 2019-2020. The lines depict a relationship
between vglI3*L and catch date, fitted with a GAM, whereas the grey area around the lines illustrates
the uncertainty of the fitted relationship (95% confidence intervals). The histograms above show the
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estimated daily catch sizes (number of salmon caught per day) in these areas for the duration of the
fishing season. The data points represent the vgll3 genotype and assigned origin of individual samples.
The points are jittered on the y-axis to aid figure interpretation.

4.4 Conservation and management implications

This thesis provides recommendations for conservation and management of wild
Atlantic salmon populations in the northern Baltic Sea region. The results of this
research are actively communicated to decision-makers of Baltic salmon fisheries
management (e.g. (Palm et al. 2023) and have high potential for being useful in
improving the long-term sustainability of wild Baltic salmon fisheries.

As each year spent at sea before reaching maturation increases the body size of Atlantic
salmon substantially, age at maturity is a highly relevant trait for fisheries
management. Chapter III demonstrated that seasonal fishing timing can be a potential
selective force that may cause changes in this trait in Baltic salmon. Genetic monitoring
of fisheries catches provided a simple take-home message: intensive early-season
fishing may reduce the proportion of vgli3*L alleles in the spawning stock, and
consequently lead to a reduction in mean age at maturity of Tornio-Kalix salmon.
Interestingly, the frequency of vgll3*L was high in early-season catches even
independent of sea age. This indicates that by selecting against vgli3*L, strong early-
season fishing has the potential to cause evolutionary changes towards younger
maturation age in salmon, even if older age classes would be left unharvested (e.g. in
case of an upper size limit). These results underline that temporal regulation of
fisheries plays a central role in preserving salmon life-history diversity (Saura et al.
2010; Mobley et al. 2021). Our results thus support the notion that restrictions on
early-season fishing are important for maintaining a healthy proportion of older
spawners in northern Baltic salmon stocks.

Genetic variation in life-history loci such as vgll3 and six6 maintains a portfolio of
maturation and migration phenotypes in salmon stocks. Within-river phenotypic
differentiation in the Tornio-Kalix appeared to be at least partly driven by genetic
variation at these loci (Chapter III). Preserving this diversity by avoiding harvest-
induced selection can promote the populations’ resilience to climate change (Kovach
et al. 2015), help them endure stochastic environments and reduce temporal variability
in the numbers of individuals that can be sustainably harvested from the stock
(Schindler et al. 2010). This type of phenotypic diversity can in turn be important for
the functioning of whole species communities and ecosystems (Hughes et al. 2008;
Des Roches et al. 2018). Safeguarding this intraspecific variation should be the aim of
salmon management (Jacobson et al. 2020), and to do so the potential evolutionary
outcomes of temporally varying fishing mortality need to be carefully considered in
regulating fisheries. In a broader context, to meet international objectives for
biodiversity conservation and sustainable development, evolutionary principles must
be integrated into policies much better than they currently are (Carroll et al. 2014). To
this end, this thesis provides relevant insights for a better understanding of how
fisheries policy may influence specific aspects of intraspecific diversity.

Chapters I and III demonstrated that harvest timing during the season influences how
fishing targets the specific Tornio-Kalix subpopulations: early-season catches
contained higher proportions of salmon originating from upstream river reaches than
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catches in the later season. The upstream subpopulations may be more vulnerable to
the impacts of fisheries exploitation, mainly due to their longer life cycle and
migrations compared to downstream-spawners (Chapters I and III). They may also
face higher fishing mortality relative to their population size. This notion is based on
our GSI analysis from Chapter I that found a higher proportion of upstream-origin
individuals in adult than smolt catches. However, as the smolt dataset contained only
one year, this evidence is not conclusive. Detailed knowledge of the different
subpopulation sizes in the Tornio-Kalix system would allow evaluating the
proportional harvesting pressures faced by salmon spawning in different parts of the
system. Future investigations of stock proportions of smolts from multiple years, as
well as studies of effective population sizes could shed light on this issue. Regardless of
the exact harvesting pressures, this work showed that seasonal fishing timing is
important to consider in order to minimise the risk of overexploiting the upstream
subpopulations.

Identifying potentially adaptive loci is the first step in developing genetic assays that
can be used in monitoring and guiding management strategies to help preserve
variation at these loci (Hohenlohe et al. 2021). In addition to the known life-history
loci such as vgll3 and six6, other, putatively adaptive genetic variation identified in
Chapter II could possibly be used for monitoring adaptive responses to natural or
anthropogenic influences, and for example be used as indicators for climate change
responses (see Kovach et al. 2012). However, the strategy for preserving adaptive
diversity should generally not be based on single loci — especially if the link between
the putatively adaptive genetic variation and a phenotype has not been validated
(Kardos and Shafer 2018).

Finally, we also examined the broader population structure among the different
northern Baltic salmon stocks that have not been studied with this resolution of genetic
markers before (Chapter III). As the Tornio River hatchery broodstock and wild salmon
from the lower part of the river system were genetically alike, distinguishing them with
GSI appears to be very difficult. Furthermore, the population structure analyses
indicated interesting, reasonably strong genetic resemblance between the Oulu and
Lule River broodstocks. These two rivers are not very close to each other geographically
(they have their mouths on the opposite sides of the Bothnian Bay, c. 165 km apart),
but their broodstocks share some ancestry that likely explains the relatively strong
genetic resemblance between the two stocks: salmon from Indalsilven, Skelleftedlven
and Umedlven were used in creating both broodstocks (Saisi et al. 2003; Vasemaigi et
al. 2005). Overall, the SNP panel developed in Chapter I1I can be a useful tool for future
studies of these Baltic salmon broodstocks and wild populations. This study therefore
improved the tools available for identifying different Baltic salmon stock components
from mixed-stock fishery catches, and for quantifying selective pressures and
harvesting mortality imposed on the stocks by fisheries.
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5. CONSIDERATIONS AND FUTURE DIRECTIONS

5.1 Genomic basis of local adaptation

The genome scan approaches used in Chapter II are efficient in detecting strong signals
of directional selection. Our rather conservative approach of accounting only for
candidate genomic regions identified by multiple software and multiple types of
analyses strengthens the validity of the discussed loci. However, it is likely that this
approach missed loci under weaker selection (Whitlock and Lotterhos 2015), which
may mean that the total number of genes involved in local adaptation in the Tornio-
Kalix system is much higher (Konijnendijk et al. 2015). In addition, the density of the
SNP array used in this thesis is not very high and likely does not cover all adaptively
relevant genomic regions. Nevertheless, our approach identified many loci with
previously suggested adaptive relevance in salmonids and more broadly in fishes,
supporting their role as true candidates involved in local adaptation.

A challenge in interpreting genome scans is that footprints of divergent selection can
be confounded with genetic patterns generated by neutral, demographic processes,
such as genetic drift (Gautier 2015). Furthermore, inferring the potential drivers of
putatively adaptive genetic variation is particularly complicated when the drivers of
selection are collinear with population structure. In the Tornio-Kalix River complex,
certain climatic predictors (e.g. temperature) and population genetic structure are
strongly correlated along the north-south gradient, the drivers of selection signatures
in this system difficult to distinguish (Excoffier et al. 2009; Wang and Bradburd 2014).
In addition, environmental predictors not included in our GEA analyses, but correlated
with some of the retained variables mean that genetic variation associated with
distance from river mouth, for instance, may reflect an association with elevation or
temperature (Chapter II). Furthermore, some of the candidate regions identified could
be related to gene regulation. Therefore, complementary analyses and experimental
manipulations are required to understand how the candidate loci may be involved in
local adaptation.

Lastly, this thesis did not focus on chromosomal rearrangements that are increasingly
recognised as important in local adaptation (Cayuela et al. 2020; Han et al. 2020; Le
Moan et al. 2021; Hoikkala and Poikela 2022; Fuentes-Pardo et al. 2023). Their
possible adaptive role in Baltic salmon should be an avenue of future research.

5.2 Management-related perspectives

This thesis provided evidence for spatiotemporal variation in fishing pressures to
potentially impact salmon life-history diversity. On the other hand, the evolutionary
responses of Atlantic salmon to selective fishing can be complicated to predict and
depend on the genetic architecture underlying age at maturity (Kuparinen and
Hutchings 2017; Oomen et al. 2020).

Our data allowed us to only speculate about the factors behind the observed long-term
fluctuations in vgll3*L frequencies in the Tornio-Kalix catches (Chapter III). In
addition, due to the long generation time (typically six or more years) of northern Baltic
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salmon, we could not observe or infer potential evolutionary impacts of the fishing
regulation change since 2017 with our dataset ending in 2020. This means that the
potential evolutionary outcomes of the currently allowed “advanced early-season
coastal fishing” on Baltic salmon stocks remains an important question for future
research to address.

Finally, our results suggest possible local adaptation to climatic conditions in the Baltic
salmon subpopulations, which will be increasingly relevant for future management
considerations under intensifying climate change. Arctic ecosystems and fresh waters
have been called “harbingers of ecological change” (Heino et al. 2020) as they are
warming up faster than more southern areas (Prowse et al. 2006). This highlights a
need to monitor and understand future responses of populations to environmental
changes in these ecosystems (Alioravainen et al. 2023). To help with this, candidate
loci identified by the GEA analyses (Chapter II) could offer a rough basis for predicting
responses and evolutionary trajectories of Tornio-Kalix salmon to rapidly changing
conditions.
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6. CONCLUSIONS

This thesis demonstrated that the population genetic structure of the largest wild Baltic
salmon stock is linked with life-history differences that are associated with genetic
variation at large-effect loci. This work also showed that these ecologically important
loci face spatially and temporally varying selection pressures from commercial and
recreational fisheries. This indicates that anthropogenic, temporally varying selection
on these loci has the potential to cause evolutionary changes in salmon life-history
diversity. Figure 10 below illustrates a synthesising diagram of the results from this
thesis.

The results from this thesis are actively communicated to decision-makers and can be
used to guide the conservation and management of wild Atlantic salmon populations.
To summarise, these results provide a tangible example of using genetic and genomic
approaches to infer and monitor ecologically important genetic variation in nature and
to guide management to mitigate human impacts on this diversity.

Maturation (I, I1I)
Life-history differences (I) {
Migration (I, I11)

Within-river
genetic structure (I, I1)

Putatively adaptive genetic
variation (II)

Temporally varying
selection pressures (I1I)

Figure 10. Synthesising diagram of the main results of the chapters in this thesis. The dashed arrow
represents a putative connection between results, whereas the solid arrows illustrate strong evidence
for connections found in this thesis. The Roman numerals refer to the thesis chapters.
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