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Abstract

Insights into the genetic basis of local adaptation and drivers of population differentiation improve our
understanding of evolution and the maintenance of biological diversity. Characterising adaptively
important genetic variation also allows more efficient planning of conservation and management
actions. We used a genome-wide SNP array to analyse the genetic population structure of a large
Atlantic salmon (Salmo salar) population in the interconnected Tornio/Torne and Kalix River system of
the Baltic Sea basin, and to identify genomic signatures of fine-scale selection within it. We identified
signals of selection and genotype-environment associations (GEA) especially on chromosome (Chr) 9,
including on a haploblock containing the six6 gene and other loci that have been earlier suggested to be
adaptively important in salmonids. We also detected signals of selection in genome regions including
other genes of ecological relevance, such as two known appetite-controlling genes in the melanocortin
system (pomca on Chr 9 and mc4r on Chr 14), and the maturation-associated gene taar13c-like (on Chr
21). Variation in these and other identified candidate genes may potentially reflect differential selective
pressures experienced by salmon from different parts of the large river system, regarding traits related
to e.g. vision, feeding and growth, age at maturity and/or migratory timing. This indicates a need for
management strategies to consider ecologically important genomic regions such as these, in order to
protect adaptive genetic diversity in wild salmon populations.

Keywords: Baltic salmon, candidate gene, environmental adaptation, fisheries management, genomic
scans, landscape genomics, population genomics, selection signatures
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1. Introduction

Uncovering the genomic basis of local adaptation is a key aim in evolutionary biology. Adaptive variation
determines e.g. the long-term viability of wild populations (e.g. Hohenlohe, Funk, & Rajora, 2021), and
the genetic basis of this variation defines how organisms can respond to environmental changes. Thus,
understanding how genomic variation contributes to adaptive diversity provides a more complete
picture of the evolutionary process and maintenance of biological diversity in general.

Diversity in ecologically relevant traits is important for the adaptive potential (e.g. Hohenlohe et al.,
2021) and stability of populations (e.g. Carvalho, Satterthwaite, O’Farrell, Speir, & Palkovacs, 2023;
Cordoleani et al., 2021; Gharrett, Joyce, & Smoker, 2013; Hoelzel, Bruford, & Fleischer, 2019), as it can
buffer them against environmental change and stochasticity (Schindler et al., 2010). Additionally, it can
reduce temporal variability in the numbers of individuals that can be harvested from exploited
populations (e.g. Schindler et al., 2010). Characterising adaptively important genetic variation is thus
valuable for the conservation and management of threatened natural populations, as knowledge of it
can be applied to guide actions that aim to mitigate human-induced disturbances. These applications
include identifying population units, predicting their selective responses to anthropogenic effects such
as climate change or harvesting regimes, and even management that focuses on specific genetic variants
to preserve adaptive diversity of populations (see e.g. Kardos & Shafer, 2018; Shafer et al., 2015;
Thompson et al., 2019; Waples et al., 2022).

Population genomics methods allow the identification of genome regions contributing to adaptive
variation (e.g. Shafer et al., 2015), ranging from single loci to large structural variants. Signatures of
adaptive variation in the genome can be identified by genomic scans that examine spatially varying
allele frequencies potentially shaped by selection (reviewed e.g. by Hoban et al.,, 2016), and by
landscape genomic approaches that detect correlations between environmental and genetic variation
(e.g. Rellstab, Gugerli, Eckert, Hancock, & Holderegger, 2015). These approaches have been used to
identify numerous genomic regions, including large-effect loci associated with important life history
variation, as candidates for being under fine- and broad-scale local selection (e.g. Prince et al., 2017;
Pritchard et al., 2018).

Atlantic salmon (Sa/mo salar, Salmonidae) is an ecologically, culturally and economically important
anadromous fish species that has been heavily impacted by human activities (Myrvold, Mawle, & Aas,
2019; Ignatius, Delaney, & Haapasaari, 2019). Generally, Atlantic salmon spend their first years in
flowing fresh water, from where they migrate to the sea, returning one to multiple years later to spawn
near their natal freshwater location (Thorstad et al., 2011; Webb et al., 2007). This homing behaviour
can promote reproductive isolation (e.g. Quinn, 1993), thus providing opportunities for locally adaptive
differentiation over fine spatial scales. Fine-scale, putatively adaptive genetic variation has indeed been
identified in recent studies of different Atlantic salmon lineages (e.g. Pritchard et al., 2018; Wellband et
al., 2018; Watson et al., 2022).

A distinct phylogeographic lineage of Atlantic salmon migrates into the Baltic Sea, one of the world’s
largest bodies of brackish water, located in northern Europe. In the past century, hydropower dam
construction, pollution and overfishing have caused the loss of Baltic salmon populations from
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approximately two thirds of the c. 100 rivers where they historically spawned in (Karlsson & Karlstrém,
1994; Palmé, Wennestrém, Guban, Ryman, & Laikre, 2012; Romakkaniemi et al., 2003). Stocking of
hatchery-origin salmon sustains many of the remaining stocks (ICES, 2023). Increased gene flow due to
stocking has resulted in more homogeneous salmon populations (both within and among rivers) over
the last century, raising concern for the ability of the remaining populations to adapt to changing
environmental conditions (Ostergren et al., 2021). Many of the remaining wild populations in the
northernmost part of the Baltic Sea (the Gulf of Bothnia) have recovered since the late 1990s, and
salmon from these rivers are actively harvested both at sea and in rivers (ICES, 2020). The marine fishery
represents one of the few remaining commercial sea harvests of Atlantic salmon currently permitted in
the world. To safeguard the adaptive potential of these salmon stocks, their adaptive genetic diversity
needs to be examined.

The largest remaining wild Baltic salmon stock spawns in the unregulated Tornio (Torne in Swedish) and
Kalix River complex (ICES, 2023); two large neighbouring river systems partly interconnected by a
bifurcation (Figure 1). Because of their long migrations passing through all the major salmon fishing
areas in the Baltic Sea, salmon from these rivers are heavily exploited by fisheries (ICES, 2023). An earlier
study using 18 microsatellite markers found that the population structure of salmon in this large river
system was linked to life history variation: the main genetic divergence in the system was between
salmon from upper and lower river sections, and it was associated with differences in smolt and adult
migration timing (Miettinen et al., 2021). However, neither the factors potentially driving population
structuring nor possible adaptive differentiation in this system have been previously investigated.

In this study, we used a genome-wide dataset from a SNP array to assess the fine-scale genetic
structuring of Atlantic salmon in the Tornio-Kalix system and search for genomic signatures of local
selection, possibly associated with environmental variation. The aim was to improve our understanding
of adaptive genetic diversity and its potential drivers in this important wild salmon stock, and generate
information that may help to understand the possible responses of this stock to human-induced
selective pressures and environmental changes.
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2. Material and methods

2.1 Study area and sample collection

The Tornio-Kalix River complex contains the Tornio (Torne in Swedish) River that is one of the largest
unregulated rivers in northern Europe (length 522 km, watershed area 40,157 km2, mean discharge 389

m>**, ¢. 50,000-150,000 returning spawners annually in recent years), and the Kalix River (length 461

km, watershed area 23,600 km2, mean discharge 299 m>?

, €. 30,000-60,000 returning spawners
annually in recent years), that are located in a terrain that ranges from a boreal zone to a subarctic
headwater zone (HELCOM, 2011; Romakkaniemi et al., 2003; ICES, 2023). 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 (Tarendo River) ca. 200-250 km upstream of the river mouths connects the
two rivers, allowing more than half of the annual discharge of the Tornio (Torne) River main branch to

flow into the Kalix River main stem (e.g. Dankers & Middelkoop, 2008).

Tissue samples of wild salmon juveniles were collected from 52 electrofishing locations across the
Tornio (n = 221, years 2012-2014) and Kalix (n = 155, years 2012-2015) Rivers (Table 1). The samples
used here (n = 376) consisted of a subset (n = 282) of the juveniles used in Miettinen et al. (2021), 61
parr from three new sites in the Tornio River (sites To9, To10 and Tol1) and 34 parr from two sites in
the Kalix River (sites Ka6 and Ka7) (Table S1). We merged the locations into 19 broader sampling sites on
the basis of geographical proximity (Figure 1, Table 1), as in Miettinen et al. (2021). The number of
sampled juveniles per site ranged from 17 to 21.

2.2 Environmental, geographic and bioclimatic data

We collected information of 26 environmental, geographic and bioclimatic variables available for the
sampling locations in our dataset (Table S2). For each variable, we used the weighted average of
measurements from each location for each site (based on the number of samples per location). We then
standardised the variables by subtracting the mean and dividing by the standard deviation, using the
scale() function in R 4.1.3 (R Core Team, 2022). We tested for correlations among these variables using a
Pearson correlation test in R and retained only 10 variables with a Pearson correlation coefficient (r) of <
0.7 with any of the other (nine) retained variables. The retained variables were distance from river
mouth, water depth, water velocity, bottom substrate, underwater vegetation, isothermality,
temperature annual range, mean temperature of wettest quarter, precipitation of the wettest quarter,
annual precipitation (Figure S1). We note that distance from river mouth was very strongly correlated
with elevation, latitude and mean annual temperature (not retained; Figure S2) and can therefore be
considered a temperature-related proxy in our analyses.

2.3 DNA extractions

We extracted DNA using the QIAGEN DNAamp Mini Kit method, the QuickExtract™ DNA Extraction
Solution method (Lucigen), or a salt extraction method (Aljanabi & Martinez, 1997). We used a
NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific) and Qubit fluorometer with the


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

dsDNA BR Assay Kit (Thermo Fisher Scientific) to assess DNA concentrations. We then standardised the
DNA to a NanoDrop-estimated concentration of 25-35 ng/pl.

2.4 Genotyping and data quality filtering

Genotyping was conducted at the Centre for Integrative Genetics (CIGENE, Norwegian University of Life
Sciences, Norway) with a custom SNP microarray (Affymetrix Axiom) containing 60,252 markers
developed for Atlantic salmon. Samples with a dish quality control (DQC) metric < 0.95 and a call rate <
0.97 were removed from downstream analyses (n = 7). To assess and control for sequencing batch
effects among genotyping runs, we genotyped the same individuals {n = 13) on all runs.

First, we mapped the positions of the SNP markers to the Ssal_v3.1 reference genome (assembly
GCA_905237065.2). Overall, 54,763 SNPs mapped to the reference, with the total genotyping rate being
98.3%. Next, using PLINK v1.9 (Chang et al., 2015) we filtered out SNPs that did not map to
chromosomes 1-29 on the reference genome (n = 642). We then filtered out SNPs with i) any
mismatching genotypes in control samples among runs (n = 2,772); ii) > 10% missing data (n = 1,262); iii)
a minor allele frequency (MAF) < 5% (n = 12,768); and iv) strong deviations from Hardy-Weinberg
equilibrium (HWE p < 0.00001; n = 64), possibly indicative of technical genotyping problems. We based
the HWE calculation only on individuals from the lower parts of the Tornio-Kalix system (n = 174;
excluding the bifurcation site Ka8) that comprised the majority of samples in the dataset and were
known to not contain significant substructure (Miettinen et al., 2021). This filtered dataset used for
downstream analyses consisted of 37,255 SNPs and had an overall genotyping rate of 99.2%.

To avoid family sampling of juvenile salmon that can bias allele frequency estimates (Hansen, Nielsen, &
Mensberg, 1997; Hansen & Jensen, 2005; Ostergren, Palm, Gilbey, & Dannewitz, 2020), we studied the
presence of closely related individuals in the dataset by splitting it into the different sampling sites,
applying an additional MAF filter (< 0.05) for each site, and using the --genome function in PLINK to
estimate pairwise genome-wide identity-by-descent (IBS) between each individual. We then used a
PI_HAT (pairwise IBS value) threshold of > 0.35 to identify potential close relatives, and retained only
one individual per group of putative full siblings. In total we removed seven individuals from putative
full-sib pairs.

We used PLINK or PGDSPIDER version 2.1.1.5 (Lischer & Excoffier, 2012) to convert input files into
different formats when needed. We used BEAGLE 5.4 (Browning, Tian, Zhou, & Browning, 2021;
Browning, Zhou, & Browning, 2018) with the filtered dataset to impute missing genotypes or infer
phasing where necessary for our analyses. Two SNPs were found to share the same chromosomal
position, so we removed one of them from the phased dataset.

2.5 Assessing genetic diversity and population structure
2.5.1 Expected and observed heterozygosity

We used adegenet 2.1.10 (Jombart & Ahmed, 2011) and hierfstat 0.5-11 (Goudet & Jombart, 2022) in R
to estimate genome-wide expected and observed heterozygosities for each sampling site, over all
filtered SNPs (n = 37,255).
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2.5.2 Runs of homozygosity

We used PLINK to analyse runs of homozygosity (ROH) in the dataset, to compare among-site variation
in the length distributions of ROH, which can be informative about population history (long ROH may
indicate isolated or bottlenecked populations) (e.g. Ceballos, Joshi, Clark, Ramsay, & Wilson, 2018; Foote
et al., 2021; Purfield, Berry, McParland, & Bradley, 2012). We used the following settings in PLINK: --
homozyg --homozyg-density 50 --homozyg-gap 500 --homozyg-window-snp 50 --homozyg-window-
threshold 0.5. We used the mean length of ROH in samples from each sampling site.

2.5.3 Population structure

For studying the genetic population structure in the Tornio-Kalix system, we removed SNPs in high
linkage disequilibrium (n = 16,510) using PLINK (command --indep-pairwise 50 5 0.5). This “LD-pruned
dataset” for analyses of population structure consisted of 20,745 SNPs, with a total genotyping rate of
99.2%. We used this LD-pruned dataset i) to estimate the number of distinct genetic clusters by running
ADMIXTURE 1.3.0 (Alexander, Novembre, & Lange, 2009) with K = 1 to K = 19, using the five-fold cross-
validation (CV) error for each K to determine the optimal number of clusters, and ii) to perform a
principal component analysis (PCA) with PCADAPT 4.3.2 (Privé, Luu, Vilhjdlmsson, Blum, & Rosenberg,
2020) in order to determine the optimal number of principal components (PCs) to describe the data. We
visualised the ADMIXTURE results with POPHELPER (Francis, 2017) in R, and assessed the optimal number
of PCs by visually inspecting screeplots and PCA plots using ggplot2 (Wickham 2016) in R (Figure S4b).
Furthermore, we used iii) StAMPP (Pembleton, Cogan, & Forster, 2013) in R to estimate global and
pairwise Fsr.

2.6 Identifying genomic signatures of local selection

As a combination of different approaches is recommended for identifying candidate genome regions
under putative selection (e.g. de Villemereuil, Frichot, Bazin, Francois, & Gaggiotti, 2014; Rellstab et al.,
2015), we applied several analytical frameworks (described in Table 2) on the dataset of 37,255 SNPs,
and only discuss regions showing signals of local selection in multiple types of analyses.

Following Pritchard et al. (2018) and Zueva, Lumme, Veselov, Primmer, & Pritchard (2021), we ranked
SNPs by test score and considered the 0.5% highest-ranked SNPs (i.e. 186 SNPs; equivalent to an
empirical p-value < 0.005 when considering all SNPs in the dataset) from each test as putative outliers in
all analyses except for the multivariate GEA.

2.6.1 Outlier-based approaches

We used three outlier-based approaches to identify highly differentiated loci among sampling sites,
consistent with locally divergent selection (Table 2). We used i) PCADAPT in R with three principal
components, based on our population structure analysis (2.5.3 above), ii) BAYPASS to first generate five
independent covariance matrices using the LD-pruned SNP dataset (n = 20,745; non-default parameters
used were -npilot 20 -pilotlength 1000 -nthreads 8) and then conduct five replicate runs (non-default
parameters used: -npop 19 -npilot 25 -pilotlength 2000 -nval 2000 -nthreads 8) using a different

7
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covariance matrix to control for population structure for each run, and iii) BAYESCENV with a model not
including environmental associations (equivalent to a BayeScan model, Foll & Gaggiotti, 2008) (non-
default parameters used: -threads 16 -pr_pref 1 -pr_jump 0.005 -nbp 12). All the BAYPASS runs were
initialised with a different random number seed, and we used the median XtX value over the five runs
for each SNP as their test statistic. For BAYESCENV that attempts to infer both divergent and balancing
selection, we only considered SNPs with a positive alpha parameter value, indicative of divergent
selection.

2.6.2 Genotype-environment association (GEA) analyses

2.6.2.1 Univariate GEA

We used three genotype-environment association (GEA) approaches that perform univariate statistical
analyses to identify correlations between genetic variation and the 10 environmental variables (Table 2):
i) BAYPASS as above (2.6.1), except for using the median Pearson correlation coefficient (r) over the five
runs for each SNP as their test statistic, ii) BAYESCENV as above (2.6.1), except for using the parameter -
pr_pref 0, and iii) LFMM using the function I[fmm_ridge and K = 4 latent factors, based on the number of
genetic clusters identified when analysing population structure (2.5.3 above).

2.6.2.2 Multivariate GEA

We used redundancy analyses (RDA) with the R package vegan to determine how sets of loci covary in
response to the multivariate environment (i.e. the 10 environmental variables we used). To control for
population structure that may cause spurious detections of candidate loci caused by neutral processes
(e.g. de Villemereuil et al., 2014; Excoffier, Hofer, & Foll, 2009), we performed a partial RDA (pRDA)
using values of the first three PC axes that best explained population structure (see 2.5.3) as a
conditioning matrix. Because correcting for population structure can also remove true selective signals
of environmental variables that co-vary with the structure (Forester, Lasky, Wagner, & Urban, 2018), we
also performed a full RDA not accounting for it. Based on inspection of screeplots and distribution of p-
values (as in Blanco-Pastor et al., 2021), we retained the first two RDA axes in both pRDA and full RDA.
We identified candidate SNPs (“pRDA candidates” from the pRDA and “full RDA candidates” from the
full RDA) by using a relatively liberal cut-off of loadings > 3 SD from the mean distribution of each of the
two RDA axes (as in e.g. Forester et al., 2018; Salisbury et al., 2023) in each RDA, corresponding to a
two-tailed p-value threshold of 0.0027.

Furthermore, we used variance partitioning in partial RDA to gain estimates of the contributions of
defined sets of variables on the total observed genetic variation in the dataset (Table S4), i.e. to study
the independent impacts of geography, environment, and past demographic processes (neutral
population structure) on the observed genetic variation when the influence of other variables has been
removed (reviewed in Capblancq & Forester, 2021; Forester et al., 2018).

2.6.3 Haplotype homozygosity

We investigated cross-population extended haplotype homozygosity (XP-EHH) (Sabeti et al., 2007) at
each SNP to identify genomic regions suggestive of hard selective sweeps, indicated by elevated


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

haplotype homozygosity. Based on our analysis of population structure (see 2.5.3), we classified each
sampling site to one of the identified genetic clusters (subpopulations), and then used SELSCAN with
default settings (except for --max-gap 2000000, as in Pritchard et al., 2018) to estimate XP-EHH for each
SNP for each of the six pairwise subpopulation comparisons. Then, we standard-normalised the XP-EHH
values across all chromosomes and within each pairwise comparison (using function --norm), and used
the maximum absolute normalised score over all comparisons as our test statistic for each SNP (as in
Pritchard et al., 2018).

2.6.4 Identification of candidate haploblocks

We used PLINK (function --blocks) to identify sets of neighbouring SNPs in high linkage disequilibrium
(hereafter “haploblocks” or “blocks”), in order to assess if multiple of our candidate SNPs could be
tagging the same locus. Following Pritchard et al. (2018), we used the following parameters for
haploblock identification: --no-small-max-span --blocks-inform-frac 0.8 --blocks-max-kb 5000 --blocks-
strong-lowci 0.55 --blocks-strong-highci 0.85 --blocks-recomb-highci 0.8. We then defined the haploblock
boundaries as the genomic positions halfway between the blocks” outermost SNPs and the closest SNPs
outside of it. Any haploblocks containing candidate SNPs closer than 10kb apart were condensed into a
single block. To avoid false positives, we used a conservative approach of classifying the detected blocks
as “candidate haploblocks” and discussing them only if they contained candidate SNPs from multiple
types of analyses (i.e. candidates from at least two of the following: outlier-based analyses, GEA
analyses, XP-EHH testing).

2.6.5 Annotation of candidate genomic regions

We used information from the NCBI Salmo salar Annotation Release 102, and the intersect function of
BEDTOOLS 2.30.0 (Quinlan & Hall, 2010) to annotate genes within the candidate haploblocks. Then, we
made a literature search to assess whether these genes have been found relevant for local adaptation to
environmental conditions in other studies of salmonids and other fishes.

2.6.6 Assessing overlap with previously identified structural variants

Structural variants are increasingly recognized as being adaptively important in many taxa (e.g. Cayuela
et al., 2020; Fuentes-Pardo, Farrell, Pettersson, Sprehn, & Andersson, 2023; Han et al., 2020; Le Moan,
Bekkevold, & Hemmer-Hansen, 2021), and have been shown to be common in Atlantic salmon genomes
(Bertolotti et al.,, 2020). We checked our candidate genomic regions for overlap with previously
identified structural variants in Atlantic salmon (Bertolotti et al., 2020) with BEDTOOLS, using the function
intersect.
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3. Results

3.1 Genotyping and data quality filtering

In total, 369 individuals ranging from 16 to 21 per sampling site (Table 1) met the Affymetrix sequencing
quality thresholds. We removed seven individuals from full-sib pairs, and one individual (from site Ka4)
that was suspected to be a sample mix-up not originating from the river system based on initial
screenings of population structure (not shown). The final dataset for downstream analyses consisted of
361 individuals.

3.2 Genetic diversity and population structure

Observed heterozygosity (Hobs) per sampling site ranged from 0.337 (Ka4) to 0.38 (To2). In general,
sites in the main stems of the lower Tornio and Kalix showed higher Hobs than those in the Angesan
tributary or upper parts of the river system (Table S1). Runs of homozygosity (ROH) were on average
longer for individuals sampled from the Angesan tributary and upper parts of the system, indicating
higher levels of inbreeding (Table S1).

ADMIXTURE results (cross-validation error, CV) for the LD-pruned dataset suggested that the optimal K
number of clusters was 3, but CV errors of K values from 2 to 4 were close (Figure S3, Figure S4a). K=4
was best in line with geography, as four genetic clusters could distinguish the lower and upper parts of
the river system, as well as two tributary populations (the upper parts of the Lainio River in the
Tornio/Torne River system, and the Angesan River in the Kalix River system) (Figure 2). The same four
genetic units were supported by PCA that showed three PCs to explain most of the variation in the
system (Figure 2, Figure S4b). The main genetic cluster consisting of most downstream and upstream
individuals followed geography quite closely, with the geographically most distant sites being far apart
on the PCA plot. A small number of individuals collected from the lower parts of the river system
genetically resembled individuals from upper parts of the system.

Global Fsr across all sites was 0.015. Pairwise Fs; ranged from 0.001 (between Kal and Ka2) to 0.042
(between Ka4 and Ka7). The pairwise Fs; estimates between sites in the upper Lainio or Angesan
tributary versus any other sites ranged from 0.022 (between To7 and Ka8) to 0.039 (between To7 and
Ka4), and from 0.011 (between Ka6 and Kal) to 0.042 (between Ka7 and Ka4) (Table S3).

3.3 Genomic signatures of local selection

3.3.1 Outlier-based analyses

Out of the top-ranked SNPs (0.5% of the dataset, i.e. 186 SNPs), 90, 82 and 98 were found on
Chromosome 9 using PCADAPT, BAYPASS, and BAYESCENV, respectively (48.4%, 44.1% and 52.7% of the top-
ranked outliers in these analyses, respectively). Overall, 65 SNPs were top-ranked in all three of the
outlier-based analyses (hereafter referred to as “outlier-based candidates”, Figure S5), of which 59
(90.8%) were on Chromosome 9, one on Chr 13, one on Chr 14, two on Chr 20 and one on Chr 28.

3.3.2 Genotype-environment association (GEA) analyses
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3.3.2.1 Univariate GEA analyses

We identified 84 SNPs that were top-ranked across all three different univariate GEA analyses for each
variable (hereafter “univariate GEA candidates”). Of those, 35 were associated with bottom substrate,
27 with BIO3, 23 with distance from river mouth, nine with annual precipitation, eight with BIO16, seven
with vegetation, five with BIOS, six with depth, and four with velocity. Twenty-eight of these “univariate
GEA candidates” were associated with multiple environmental variables. The highest number of
univariate GEA candidates were on Chr 9 (13 out of the 84 SNPs, i.e. 15.5%).

3.3.2.2 Multivariate GEA analysis (RDA)

Using a partial redundancy analysis (pRDA) to control for population structure, and a “full” RDA not
accounting for it, we identified 371 SNPs (hereafter “pRDA candidates”) and 432 SNPs (hereafter “full
RDA candidates”) associated with multivariate environmental variation, respectively. Only six of these
803 candidate SNPs were shared among the two different types of RDA (Figure S5). Chr 9 contained the
highest number of candidates in the full RDA (131 out of 432 SNPs, i.e. 30.3%) and second most (after
Chr 1) in the pRDA (27 out of 371 SNPs, i.e. 7.3%). The most correlated predictors of the pRDA
candidates and full RDA candidates, respectively, were as follows: bottom substrate (n = 91, n = 32),
distance from river mouth (n =54, n = 71), water velocity (n = 37, n = 52), BIO16 (n = 30, n = 175), BIO3
(n =29, n =74), underwater vegetation (n = 28, n = 1), BIO8 (n = 27, n = 3), water depth (n = 26, n = 32),
BIO12 (n =26, n =14), and BIO7 (n =23, n=3).

Partitioning the observed genetic variance into different components showed that
geography/environment, climate and genetic structure together explained 6.9% of the overall genetic
variance across the river system, while the fraction of unexplained variation was 93.1% (Table S4).
Geography/environment and climate independently explained 1.7% and 1.8% of the total genetic
variation, respectively (i.e. 25.4% and 24.7% of the variance explained by the full RDA model,
respectively) when population structure was controlled for (Table S4). The genetic structure alone
explained 1.7% of the total variance (i.e. 25.2% of the total explained variation). The confounded effect
of the different components (i.e. geography/environment, climate and genetic structure) also accounted
for a fourth of the total explained variation (24.7%), meaning that this portion of genetic variance could
not be uniquely associated with any of the three sets of predictors.

3.3.3 Haplotype homozygosity

The haplotype-based XP-EHH analysis showed that the 186 top-ranked SNPs showing signs of elevated
haplotype homozygosity (hereafter “XP-EHH candidates”), possibly indicative of a selective sweep on an
allele within the haplotype, were mostly found on Chr 9 (112/186, 60.2% of all candidates). Out of the
XP-EHH candidates, 20 overlapped with the 65 outlier-based candidates (19 of them on Chr 9, one on
Chr 28), two with the 84 univariate GEA candidates, and 30 with the 803 RDA candidates (Figure S5).

3.3.4 Candidate haploblocks
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We found 311 unique candidate SNPs from outlier-based analyses, univariate GEA analyses, and XP-EHH
testing (Figure S5), contributing to 105 unique haploblocks that contained these candidate SNPs. The
length of the 105 blocks ranged from 0.004 Mb to 4.45 Mb (shortest and longest haploblocks were both
on Chr 5).

The RDA analyses identified 693 additional unique candidate SNPs. The 105 haploblocks mentioned
above contained 159 RDA candidate SNPs (44 from pRDA, 109 from f2RDA, 6 from both), with 103 of
them matching SNPs identified by other analyses (Figure S5).

Focusing only on candidate genomic regions with strongest support for being putatively under selection,
we discuss only haploblocks containing SNPs identified by multiple types of analyses (i.e. at least two of
the following: outlier-based, GEA or XP-EHH candidates; therefore ignoring blocks containing only
univariate GEA and RDA candidates). We found 18 such haploblocks (hereafter “candidate haploblocks”)
(Table 3; Figures S6a-r). The highest number (n = 8) of these blocks was on Chr 9. The environmental
variables associated with these candidate blocks in either univariate or multivariate GEA analyses were
BIO16 (nine times), distance from river mouth (six times), BIO3 (six times), depth (three times), velocity
(twice), BIO7 (once), BIO12 (once), bottom substrate (once), and underwater vegetation (once). Three of
the blocks included candidate SNPs from all different types of analyses (i.e. from outlier-based,
univariate and multivariate GEA, and XP-EHH tests), all of them on Chr 9. The size of the candidate
blocks ranged from 0.05 Mb (on Chr 28) to 2.37 Mb (on Chr 18). Out of the 223 genes found within these
candidate blocks, 161 were on Chr 9 (Table 3). Overall, these 18 blocks contained 164 of the 311
candidate SNPs identified by the outlier-based, univariate GEA or XP-EHH approaches, and 104 of the
803 RDA candidates. We list putatively adaptive genes within the candidate haploblocks in Table S5.
Figure 3 shows empirical p-values of test scores, excluding scores based on RDA loadings, and annotated
genes in the haploblock containing most candidate genes (block 2), and Figures S5a-r show these for all
the 18 candidate haploblocks.

3.3.5 Overlap with previously identified structural variants

We found six of the 311 unique candidate SNPs from outlier-based, univariate GEA and XP-EHH analyses
to overlap with structural variants identified in Bertolotti et al. (2020): five of them were labelled as
deletions, and one of them as an inversion. Two of the candidate SNPs within our candidate haploblocks
were among these genomic rearrangements (both were labelled as deletions, Table 3). Our candidate
haploblocks also contained more structural variants (Table S6), but they did not directly overlap with our
candidate SNPs.
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4. Discussion

Using a genome-wide SNP array, this study characterised the fine-scale population genetic structure of a
large Atlantic salmon stock and identified candidate loci exhibiting signals of local selection. The
putatively adaptive loci identified here partly overlapped with candidate loci previously detected in
other salmonids and across the range of Atlantic salmon, providing further evidence for a recurring
genetic basis of local selection across evolutionary lineages.

4.1 Genetic diversity and population structure

We identified four relatively distinct genetic clusters in the Tornio-Kalix River complex, consisting of the
lower parts of both rivers, upper parts of both rivers, the Angesan tributary in the Kalix River, and the
upper part of the Lainio tributary in the Tornio/Torne River. This is largely in line with previous studies
using small, neutral sets of markers (Jansson, 1993; Miettinen et al., 2021; Stdhl, 1981; Stahl, 1983).
When using partial redundancy analyses (pRDA) to decompose the possible drivers of population
differentiation in the river system, we found a small but significant portion (6.9%) of the genetic
variation to be explained by a combination of geography/environment, climate, and genetic structure
(Table S4). Each set of these variables independently explained a significant proportion (a fourth) of the
total explained genetic variation. The remaining fourth of the explained variation could not be uniquely
attributed to any specific set of predictors (Capblancg & Forester, 2021; Capblancg, Luu, Blum, & Bazin,
2018). Although the fraction of remaining unexplained variation was very large (93.1%), these results
suggest that geographic/environmental and climatic variation play a role in differentiating loci and sites
in the system. The high proportion of unexplained variation could be due to genetic drift within the
subpopulations (Meirmans, 2015), and/or the variables used here not capturing some important drivers
of selection in the river system.

Stocking is known to cause homogenisation of salmonid stocks (Ostergren et al., 2021), and could be a
factor behind the lack of a stronger population structure in the Tornio-Kalix system. Large-scale stocking
took place in many regions of the Tornio system from 1977 to 2002 (with offspring of adult salmon
caught in the Tornio River), during and after a bottleneck that led to the near-extinction of the stock in
the late 1980s (Anttila, Romakkaniemi, Kuusela, & Koski, 2008; Pruuki, 1993; Romakkaniemi et al., 2003;
Romakkaniemi, 2008). This could explain why the “downstream” genetic cluster identified here
extended surprisingly high up in the Tornio River (up until site To10; Figure 2b). The Anges&n and upper
parts of the Lainio tributary have not been stocked as heavily as most other sites in the Tornio River,
which could partly explain their genetic divergence from the other sites. However, a study using 82 SNPs
compared samples from the late 1920s and 2012 and found no evidence for significant genetic changes
in the Tornio or Kalix stocks over time (Ostergren et al., 2021).

The Jokkfall (above site Ka2) waterfall in the Kalix River was a partial migration barrier until the
construction of a fish ladder in the 1980s (Jansson, 1993), but the lack of migration obstacles in the main
stem of the Tornio River (Romakkaniemi et al., 2003) could explain the relatively shallow population
structure in the river system. Also, our results indicated notably high gene flow between the Tornio and
Kalix Rivers. A natural explanation for this could be the bifurcation (site Ka8) that connects the two
rivers, providing a natural passage for salmon from one river to enter the other. Individuals from this
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site appeared genetically intermediate between the upstream and downstream clusters (Figure 2),
suggesting some gene flow through it (Miettinen et al., 2021). Also, the mixing of waters from the two
rivers caused by the bifurcation could be thought to increase the rate of salmon originating from one
river to stray to the other during spawning migration (due to limited distinction of the rivers via
olfactory cues) (Miettinen et al., 2021), which is supported by tagging studies demonstrating straying to
be rather common among the Tornio and Kalix (A. Romakkaniemi, unpublished data). Additionally, a
small proportion of individuals sampled from downstream sites genetically resembled upstream
subpopulations (Figure 2), possibly suggesting that upstream individuals may end up spawning in lower
parts of the system.

Salmon from the Angesan, upper Lainio and the other upper parts of the river system exhibited lower
mean heterozygosities (similar to Jansson, 1993; Miettinen et al., 2021) and on average longer runs of
homozygosity (ROH) compared to the downstream genetic cluster, potentially indicating higher levels of
inbreeding in these subpopulations. This may suggest that demographic bottlenecks and thus high drift
have at least partly driven the genetic divergence of these subpopulations, likely along with adaptive
processes (see Bradbury et al., 2014). Future analyses of gene flow within the river system could help
resolve the role of different factors in the observed population structure.

4.2 Genomic signatures of local adaptation

Using a combination of genotype-environment association (GEA, including redundancy analyses; RDA)
analyses and outlier- and haplotype-based approaches, we found signals of putatively adaptive genetic
variation related to several environmental/geographic and climatic variables, such as precipitation and
distance from river mouth. Here, we only discuss genomic regions (candidate haploblocks) that
contained candidates from multiple types of analyses. Many of the genes found in the candidate
haploblocks are related to previously documented major life-history variation, such as the timing or
length of migration (six6, mc4r, e.g. Pritchard et al., 2018), age at maturity (six6, taar13c-like, e.g. Barson
et al., 2015; Sinclair-Waters et al., 2022) or feeding and appetite control in Atlantic salmon {(pomca,
mc4r, e.g. Kalananthan et al., 2023, 2020; Norland, Eilertsen, Rgnnestad, Helvik, & Gomes, 2023). Many
of the candidates also included loci previously identified as outliers among or within salmonids of
different lineages (e.g. Lépez, Cadiz, Rondeau, Koop, & Yafiez, 2021), including comparisons of wild and
domesticated Atlantic salmon (e.g. Lépez et al.,, 2019). These results therefore suggest a level of
genomic parallelism underlying putative local adaptation across broad geographical areas and
evolutionary lineages of salmonids.

In general, the allele frequencies of many candidate SNPs closest to the candidate genes reflected the
upstream-downstream divergence in the river system reasonably closely. Within-river variation of the
candidate genes involved in migration and maturation in particular could potentially explain previously
detected life history diversity linked with population structure in this river system: smolt and adult
migration timing (inferred from smolt and adult catches from the Tornio River) of salmon originating
from the upper river sections has been found to differ from their downstream counterparts (Miettinen
et al., 2021).
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It should be noted that the north-south geography of the Tornio-Kalix River system (Figure 1), as well as
the complex life history of Atlantic salmon, complicate interpretations of the drivers of putative adaptive
differentiation. Population structure, geography and some environmental/climatic predictors are
correlated in this river system, and therefore the drivers of selection signatures may be difficult to
distinguish (Excoffier et al.,, 2009, Wang & Bradburd, 2014). Due to strong correlations between
variables such as elevation, latitude, and annual mean temperature, we retained only distance from
river mouth that can be considered a proxy for these and other relevant environmental variables (Figure
S1), including migration difficulty (distance x elevation) and the “north-south gradient” that in turn
reflects the harshness of environmental and climatic conditions experienced by the salmon juveniles. In
addition, we performed RDA with a partial model accounting for population structure, and with a “full”
model not accounting for it. These two models detected very different SNPs (Figure S5), which likely
reflects that the partial model prevented the detection of many potentially adaptive
environmental/climate-associated SNPs identified by the other analyses, especially on Chr 9, because of
their strong association with population structure (Forester et al., 2018; Salisbury et al., 2023). Thus, we
also consider the results of the full RDA model relevant (see Forester et al., 2018).

4.2.1 Functional relevance of identified candidate genes

A large proportion of the signals of selection were detected in several regions on chromosome 9 (Chr 9).
Our results provide additional support for a particular genomic region on this chromosome to
repeatedly underlie adaptive diversification in Atlantic salmon (Pritchard et al., 2018): this candidate
haploblock contained the highest number of annotated genes (n = 50, Figure 3), and included candidate
SNPs identified by all analysis methods in our study. This block (hereafter “six6 block”) included the six6
gene that encodes an evolutionarily conserved transcription factor and is expressed in the developing
eyes, nose, brain, gill, and testis of salmon (Kurko et al., 2020; Moustakas-Verho et al., 2020). It is
involved in fine- and broad-scale local adaptation and/or spatial differentiation within and among
multiple lineages of Atlantic salmon (Gabian, Moran, Saura, & Carvajal-Rodriguez, 2022; Pritchard et al.,
2018; Zueva et al., 2021), as well as Pacific salmonids (Andrews et al., 2023; Tigano & Russello, 2022),
and is thus a strong candidate for being the selective target in the genomic region in this study.

The six6 gene has been found to be associated with age at maturity in multiple studies of wild and
aquaculture Atlantic salmon (Barson et al., 2015; Besnier et al., 2023; Jensen et al., 2022; Kess et al.,
2022; Sinclair-Waters et al., 2022, 2020), and in Pacific salmonids (Waters et al., 2021; Willis et al.,
2020). It has also been found to epistatically interact with another large-effect locus involved in salmon
maturation (vgl/3 on Chr 25), regarding age at maturity (Besnier et al., 2023) and maximum metabolic
rate (Prokkola et al., 2022). However, it is possible that instead of age at maturity, six6 is associated with
some other correlated trait in a population-specific way (e.g. size at maturity or migration timing; Barson
et al., 2015, Pritchard et al., 2018, Wellband et al., 2018, Zueva et al., 2021, Kess et al., 2022). For
example, allele frequencies of six6 gene have been found to vary with migration timing of Atlantic
salmon in the Atlantic and Barents-White Sea lineages (Cauwelier, Gilbey, Sampayo, Stradmeyer, &
Middlemas, 2018; Pritchard et al., 2018), and along an elevation gradient in the North American lineage
in the Miramichi River (Wellband et al., 2018). Similar to the Tornio River (Miettinen et al., 2021),
salmon spawning in the upper river sections enter the Miramichi earlier in the migration season
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(Chaput, Douglas, & Hayward, 2016) and had the highest alternate six6 allele frequencies among
tributaries in the system (Wellband et al., 2018). Interestingly, Cauwelier et al. (2018) also found an
upstream-downstream genetic population structuring across multiple salmon rivers in Scotland, with the
six6 genomic region being associated with migration timing differences in some of the rivers (Cauwelier
et al., 2018). We also observed upstream individuals (except for the upper Lainio subpopulation) in the
Tornio-Kalix system to exhibit a higher frequency of the “early migration timing” allele of six6 as in
Cauwelier et al. (2018) and Pritchard et al. (2018). This implies that six6 may be associated with
migration timing in four different evolutionary lineages of Atlantic salmon (Baltic, Barents-White Sea,
Scottish/North Atlantic and North American).

Genetic variation in the six6 block was associated with annual precipitation, precipitation of the wettest
quarter (i.e. precipitation in the summer), distance from river mouth, and water velocity. This is similar
to a six6 association with winter precipitation in the Miramichi River (Wellband et al., 2018).
Precipitation has been described as a potential driver of adaptive genetic differentiation among
salmonid populations (e.g. Bourret, Kent, Lien, & Bernatchez, 2013; Hecht, Matala, Hess, & Narum,
2015). Within-river variation in precipitation could possibly be involved in e.g. the timing of migrations
and/or in fish size through its effects on water flow (Wellband et al., 2018). Precipitation also affects
run-off and therefore likely water colour, visibility and turbidity, which could be connected to the
suggested of roles of six6 in spatial cognition, navigation, foraging and spawning site selection (Pritchard
et al., 2018, Moustakas-Verho et al., 2020), and to this gene being involved in adaptive, vision-related
responses to variation in habitats experienced by salmonids (Tigano & Russello, 2022). Therefore,
variation in six6 could be an adaptive response to differences in visual habitats among the sites (Tigano
& Russello, 2022). Finally, six6 has been found to be associated with diet acquisition strategies of
Atlantic salmon in the marine environment (Aykanat et al.,, 2020). We therefore argue that six6 may
have multiple adaptive roles for salmon in this river system, and that some of them may be life stage-
specific (Aykanat et al., 2020), i.e. not only associated e.g. with the juvenile and spawning environment.
The six6 variation we observed may also reflect differential selective pressures experienced by the
subpopulations regarding e.g. food intake, age at maturity and/or migration timing.

Three other candidate blocks also contained genes involved in reproductive timing (Table S5). For
example, taar13c-like was associated with age at maturity in a study of wild Atlantic salmon populations
from the Atlantic lineage (Sinclair-Waters et al., 2022), and its paralogue was a candidate under putative
selection among salmon originating from freshwater lakes and the Atlantic Ocean (Zueva, Lumme,
Veselov, Kent, & Primmer, 2018). Grm4 was associated with migratory behaviour (resident vs. migratory
life history) of brown trout in Finland (Lemopoulos, Uusi-Heikkild, Huusko, Vasemagi, & Vainikka, 2018).
It belongs to the metabotropic glutamate receptors that have been found to be under differential
selection or methylation between resident and migratory rainbow trout ecotypes (Baerwald et al., 2016;
Hale, Thrower, Berntson, Miller, & Nichols, 2013).

Morphology- or growth-related genes (in 11/18 blocks) included bdkrb2, acv2rb and gpr4 that are
associated with (muscle) growth in Atlantic salmon or rainbow trout (Barria et al., 2019; Phelps, Jaffe, &
Bradley, 2013; Weber, Ma, Birkett, & Cleveland, 2022; Yoshida, Lhorente, Carvalheiro, & Yanez, 2017;
Yoshida & Yafez, 2022). Diet- or feeding-associated genes (in 7/18 blocks) included pomca
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(proopiomelanocortin a precursor, hypothalamic neuropeptide) and mc4r (melanocortin receptor 4),
both in the melanocortin system and involved in appetite control and feeding of Atlantic salmon (e.g.
Kalananthan et al., 2023, 2020; Norland et al., 2023). In addition to appetite control and feeding, mc4r
has a key role in energy homeostasis and somatic growth/weight gain in fish and other vertebrates
(Krashes, Lowell, & Garfield, 2016; Metz, Peters, & Flik, 2006; Khalil et al., 2023). This gene or a
homologous region has been found to be associated with migration distance or difficulty in salmonids
(Moore et al., 2017; Pritchard et al., 2018). As individuals from the upstream reaches of the Tornio-Kalix
migrate earlier in the spawning migration season (Miettinen et al., 2021), they may be fasting for a
longer time than their downstream counterparts, because Atlantic salmon are not thought to feed
during their spawning migration (Jonsson, Jonsson, & Hansen, 1997). To add, a 3110bp deletion in the
pomca haploblock was tagging the gene capnil-like (calpainl catalytic subunit-like) whose expression is
triggered following starvation in rainbow trout juveniles (Salem, Nath, Rexroad, Killefer, & Yao, 2005).
Thus, e.g. appetite, growth and starvation resistance could be expected to adaptively vary in salmon
populations in response to migration duration and difficulty, which could possibly explain our results for
the genes mentioned here.

Interestingly, almost all candidate blocks (16 out of 18) contained genes associated with
temperature/thermal adaptation, such as hspa4l that is heavily involved in heat stress responses in
rainbow trout (Huang, Li, Liu, Kang, & Wang, 2018; X. Liu et al., 2021), and the exoc5 and farp1 genes
that are associated with cold adaptation in fish (Bilyk, Zhuang, & Papetti, 2023; Sun, Huang, Kong, Wang,
& Kang, 2022). Many of the temperature-related genes were on blocks that were associated with e.g.
distance from river mouth and/or precipitation (i.e. variables strongly correlated with temperature and
elevation; Figure S2), suggesting these associations could reflect the potential role of these genes in
thermal adaptation in this system.

We found candidate genes associated with adaptation to hypoxia in many blocks (in 7/18 blocks).
Hypoxia in the river system can be assumed to increase with elevation from sea level, resulting from a
lower barometric pressure causing a decrease in oxygen levels. Distance from river mouth was very
strongly correlated with elevation, and therefore candidate blocks associated with it may include
particularly relevant candidate genes involved in altitude and hypoxia adaptation, such as the major
regulators of hypoxia responses hifla and eif5 (Braz-Mota & Almeida-Val, 2021; Tariq, Ito, Ishfaq,
Bradshaw, & Yoshida, 2016), and rock2 (Chen et al., 2020).

Water chemistry has been recognised as a potential selective agent driving local adaptation in Atlantic
salmon (Bourret et al., 2013). As precipitation affects run-off and therefore likely water chemistry too,
alkalinity- or acidity-related candidate genes (in total in 5/18 blocks), such as bdkbrl and bdkrb2 that
were in a block associated with precipitation, could be thought to be involved with local adaptation to
the water chemistry of the juvenile environment. On the other hand, salinity-associated genes were
found on multiple blocks (in 10/18), and genes such as odcl (e.g. Whitehead, Roach, Zhang, & Galvez,
2011) and arf1 (Gao, Xu, & Xu, 2021) could possibly indicate differential selective pressures experienced
by salmon from different parts of the river system during their marine phase in the Baltic Sea that has a
strong salinity gradient. Future studies examining possible subpopulation-specific migration routes at
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sea and/or water chemistry of the juvenile/spawning environment could improve our understanding of
the selective pressures faced by salmon originating from different sites and at different life stages.

In addition to six6 (see above), we found many genes associated with light and/or vision (in 6/18 blocks),
situated on blocks associated with precipitation, water velocity, water depth, bottom substrate and/or
underwater vegetation. Variation in these variables likely affects e.g. water colour, turbidity, visibility
and general light conditions. Genes such as exoc5 and otx2b are associated with eye development (Lobo
et al., 2017; Kurko et al., 2020), while rgra codes a vision-related intracellular signalling protein and may
be involved with adaptation to differences in light conditions (e.g. Liu et al., 2020; K. Wang et al., 2019;
Perez et al. 2021). Rp1/1 has been suggested to facilitate visual adaptation of benthic ectomorphs of
cichlids to darkness (Malinsky et al., 2015), and was found here on a candidate block with overall eight
genes possibly associated with vision or light. Differences in vision-related genes have also been
observed among pink salmon populations, with the potential adaptive explanation being the
transitioning from planktivorous to piscivorous diets during the salmon life cycle, which requires
developing e.g. night vision to chase prey (Christensen et al., 2021). Therefore, the vision- or light-
related genes discussed here could be adaptively important in different parts of the life cycle of salmon.

4.2.2 Limitations

We note that loci under weaker selection might not have been detected by our approach of accounting
only for candidate genomic regions overlapping across multiple types of analyses. Furthermore, some of
the candidate regions identified here could also be related to gene regulation, and/or be a result of
historical selection and might thus not contribute to phenotypic variation in the current environment
(reviewed by Waples et al., 2022). Therefore, complementary analyses and experimental manipulations
are needed to better understand how the candidate loci may be involved in local adaptation.

4.3 Management implications

We identified putatively adaptive differentiation at the functional genetic level in the Tornio-Kalix
system, indicating that adaptive processes have a role in shaping the population structure previously
studied only with few neutral markers. The adaptive genetic diversity demonstrated to exist within the
river system should be monitored and considered in fisheries management (as recommended in general
by e.g. Miettinen et al., 2021; Bernatchez et al., 2017). The importance of population substructuring in
Baltic salmon was also recently highlighted by a modelling study demonstrating that extinction of local
subpopulations (at the river level) can reduce the genetic diversity of the surviving subpopulations,
suggesting that the loss of genetic diversity within Baltic salmon has probably been overlooked, and that
the Tornio-Kalix stock (and its substructure) is crucial for the genetic diversity of Baltic salmon as a
whole (Kurland, Ryman, Hdéssjer, & Laikre, 2023). This further underscores the importance of preserving
local subpopulations, and provides support that salmon should be managed at the subpopulation level
(see Pritchard et al., 2018; Vaha, Erkinaro, Falkegard, Orell, & Niemeld, 2017; Vah3, Erkinaro, Niemeld, &
Primmer, 2007, 2008).

Preserving adaptive genetic diversity can protect a wide range of life history variation that can be
essential for the evolutionary and harvesting potential of populations (e.g. Carvalho et al., 2023).
Although most of the genetic variation relevant to management and conservation is likely polygenic,
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identifying adaptive candidate loci is the first step to developing e.g. genetic assays that can be used in
monitoring and guiding management strategies to help preserve variation at these loci (Hohenlohe et
al., 2021). Information from this study can thus be used to develop genetic markers for monitoring
changes in allele frequencies of the ecologically relevant candidate adaptive loci identified here, and for
genetic stock identification of Baltic salmon catches to identify them to their subpopulations of origin.
This can in turn help examine the influence of human-induced selective pressures (such as climate
change and fishing practices) on the subpopulations and candidate adaptive loci across time and space
(both in the future and in the past; e.g. Kardos & Shafer, 2018).

Allele frequencies of large-effect loci in Atlantic salmon can respond to selection rapidly, demonstrated
e.g. by the substantial drop in the frequency of the six6 allele associated with older age at maturity after
a dam construction in River Eira in Norway (Jensen et al., 2022). This highlights that such loci can be
suitable diagnostic markers for understanding rapid evolutionary changes in wild populations (see also
Czorlich, Aykanat, Erkinaro, Orell, & Primmer, 2022; Czorlich, Aykanat, Erkinaro, Orell, & Primmer, 2018).
Furthermore, an improved understanding of the environmental drivers of local adaptation may allow
predicting future trajectories of salmon stocks and identifying particularly vulnerable populations under
different scenarios of environmental change (e.g. Capblancgq, Fitzpatrick, Bay, Exposito-Alonso, & Keller,
2020; Capblancq & Forester, 2021; Layton et al., 2021).

Finally, the relatively weak genetic structure of the Tornio-Kalix salmon stock may also indicate a
possible homogenising effect of past stocking activities on its genetic diversity. This further underlines
the need for caution when considering future stocking in this or other river systems, to account for the
potential within-river locally adaptive differences (see Ostergren et al., 2021).

4.4 Conclusions

Our study elucidated the genetic population substructuring and identified multiple strong candidates for
loci under fine-scale local selection in the largest Baltic salmon stock. These candidates are involved in
life history variation of ecologically important traits in multiple salmonid lineages. Most notably, our
results provide further support for the six6é genomic region to be adaptively important over the global
range of salmonids.

Acknowledgements

We are grateful to field workers and other staff for sample provision and assistance with research
material (Rauno Hokki, Kari Pulkkinen, Markku Kilpala), including laboratory assistance (Linda S6derberg,
likki Donner, Morgan Frapine). We acknowledge CIGENE (Centre for Integrative Genetics, Norwegian
University of Life Sciences, Norway) for genotyping our samples, and CSC (IT Center for Science, Finland)
for computational resources. We thank the EvolConGen research group and UHI Institute for
Biodiversity & Freshwater Conservation for discussions.

This study was funded by Tornio/Torne River fishing license revenues, The Swedish Agency for Marine
and Water Management, The Swedish Research Council Formas (Grant/Award 2013-1288 to J0), The
Finnish Society of Sciences and Letters (grant to VLP), Societas pro Fauna et Flora Fennica, The Betty

19


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Vadananen Fund from The Kuopio Naturalists’ Society (KLYY, Betty Vdanasen rahasto), The Raija and Ossi
Tuuliainen Foundation (Raija ja Ossi Tuuliaisen S3atid), The Baltic Sea Fund from The Finnish Foundation
for Nature Conservation (Suomen Luonnonsuojelun S3atid), the Alfred Kordelin Foundation (Alfred
Kordelinin saatio), and the LUOVA doctoral programme (University of Helsinki) (grants and funding to
AM), the Finnish Society of Sciences and Letters (to VLP), the University of Helsinki, and the European
Union (ERC, FishLEGs, 101054307) (to CRP).

20


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model-based estimation of ancestry in unrelated
individuals. Genome Research, 19(9), 1655-1664. https://doi.org/10.1101/gr.094052.109

Aljanabi, S. M., & Martinez, I. (1997). Universal and rapid salt-extraction of high quality genomic DNA for PCR-
based techniques. Nucleic Acids Research, 25(22), 4692-4693.

Andrews, K. R, Seaborn, T., Egan, J. P., Fagnan, M. W., New, D. D., Chen, Z,, ... Narum, S. R. (2023). Whole genome
resequencing identifies local adaptation associated with environmental variation for redband trout.
Molecular Ecology, 32(4), 800—818. https://doi.org/10.1111/mec.16810

Anttila, P., Romakkaniemi, A., Kuusela, J., & Koski, P. (2008). Epidemiology of Gyrodactylus salaris (Monogenea) in
the River Tornionjoki, a Baltic wild salmon river, 373—-382. https://doi.org/10.1111/j.1365-2761.2008.00916.x

Aykanat, T., Rasmussen, M., Ozerov, M., Niemel3, E., Paulin, L., Vah3, J. P., ... Primmer, C. R. (2020). Life-history
genomic regions explain differences in Atlantic salmon marine diet specialization. Journal of Animal Ecology,
89(11), 2677-2691. https://doi.org/10.1111/1365-2656.13324

Baerwald, M. R., Meek, M. H., Stephens, M. R., Nagarajan, R. P., Goodbla, A. M., Tomalty, K. M. H,, ... Nichols, K. M.
(2016). Migration-related phenotypic divergence is associated with epigenetic modifications in rainbow
trout. Molecular Ecology, 25(8), 1785-1800. https://doi.org/10.1111/mec.13231

Barria, A., Christensen, K. A., Yoshida, G., Jedlicki, A., Leong, J. S., Rondeau, E. B., ... Yafiez, J. M. (2019). Whole
genome linkage disequilibrium and effective population size in a coho salmon (oncorhynchus kisutch)
breeding population using a high-density snp array. Frontiers in Genetics, 10(MAY).
https://doi.org/10.3389/fgene.2019.00498

Barson, N. J., Aykanat, T., Hindar, K., Baranski, M., Bolstad, G. H., Fiske, P., ... Primmer, C. R. (2015). Sex-dependent
dominance at a single locus maintains variation in age at maturity in salmon. Nature, 528(7582), 405-408.
https://doi.org/10.1038/nature16062

Bernatchez, L., Wellenreuther, M., Araneda, C., Ashton, D. T., Barth, J. M. I., Beacham, T. D, ... Withler, R. E. (2017).
Harnessing the Power of Genomics to Secure the Future of Seafood. Trends in Ecology and Evolution, 32(9),
665—680. https://doi.org/10.1016/j.tree.2017.06.010

Bertolotti, A. C., Layer, R. M., Gundappa, M. K., Gallagher, M. D., Pehlivanoglu, E., Nome, T., ... Macqueen, D. J.
(2020). The structural variation landscape in 492 Atlantic salmon genomes. Nature Communications, 11(1).
https://doi.org/10.1038/s41467-020-18972-x

Besnier, F., Skaala, @., Wennevik, V., Ayllon, F., Utne, K. R., Fjeldheim, P. T., ... Glover, K. A. (2023). Overruled by
nature: A plastic response to environmental change disconnects a gene and its trait. Molecular Ecology,
(March), 1-12. https://doi.org/10.1111/mec.16933

Bilyk, K. T., Zhuang, X., & Papetti, C. (2023). Positive and Relaxed Selective Pressures Have Both Strongly Influenced
the Evolution of Cryonotothenioid Fishes during Their Radiation in the Freezing Southern Ocean. Genome
Biology and Evolution, 15(4), 1-13. https://doi.org/10.1093/gbe/evad049

Blanco-Pastor, J. L., Liberal, I. M., Sakiroglu, M., Wei, Y., Brummer, E. C., Andrew, R. L., & Pfeil, B. E. (2021). Annual
and perennial Medicago show signatures of parallel adaptation to climate and soil in highly conserved genes.
Molecular Ecology, 30(18), 4448—-4465. https://doi.org/10.1111/mec.16061

Bourret, V., Kent, M. P,, Lien, S., & Bernatchez, L. (2013). LANDSCAPE GENOMICS IN ATLANTIC SALMON (SALMO
SALAR): SEARCHING FOR GENE — ENVIRONMENT INTERACTIONS. Evolution, 67(12), 3469-3487.
https://doi.org/10.1111/evo.12139

Bradbury, I. R., Hamilton, L. C., Robertson, M. J., Bourgeois, C. E., Mansour, A., & Dempson, J. B. (2014). Landscape
structure and climatic variation determine Atlantic salmon genetic connectivity in the Northwest Atlantic.
Canadian Journal of Fisheries and Aquatic Sciences, 71(2), 246—258. https://doi.org/10.1139/cjfas-2013-0240

21


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Braz-Mota, S., & Almeida-Val, V. M. F. (2021). Ecological adaptations of Amazonian fishes acquired during
evolution under environmental variations in dissolved oxygen: A review of responses to hypoxia in fishes,
featuring the hypoxia-tolerant Astronotus spp. Journal of Experimental Zoology Part A: Ecological and
Integrative Physiology, 335(9—10), 771-786. https://doi.org/10.1002/jez.2531

Browning, B. L., Tian, X., Zhou, Y., & Browning, S. R. (2021). Fast two-stage phasing of large-scale sequence data.
American Journal of Human Genetics, 108(10), 1880—1890. https://doi.org/10.1016/j.ajhg.2021.08.005

Browning, B. L., Zhou, Y., & Browning, S. R. (2018). A One-Penny Imputed Genome from Next-Generation
Reference Panels. American Journal of Human Genetics, 103(3), 338—348.
https://doi.org/10.1016/j.ajhg.2018.07.015

Capblancq, T., Fitzpatrick, M. C., Bay, R. A., Exposito-Alonso, M., & Keller, S. R. (2020). Genomic Prediction of
(Mal)Adaptation across Current and Future Climatic Landscapes. Annual Review of Ecology, Evolution, and
Systematics, 51, 245-269. https://doi.org/10.1146/annurev-ecolsys-020720-042553

Capblancq, T., & Forester, B. R. (2021). Redundancy analysis: A Swiss Army Knife for landscape genomics. Methods
in Ecology and Evolution, 12(12), 2298-2309. https://doi.org/10.1111/2041-210X.13722

Capblancq, T., Luu, K., Blum, M. G. B., & Bazin, E. (2018). Evaluation of redundancy analysis to identify signatures of
local adaptation. Molecular Ecology Resources, 18(6), 1223—1233. https://doi.org/10.1111/1755-0998.12906

Carvalho, P. G., Satterthwaite, W. H., O’Farrell, M. R., Speir, C., & Palkovacs, E. P. (2023). Role of maturation and
mortality in portfolio effects and climate resilience. Canadian Journal of Fisheries and Aquatic Sciences, 80(6),
924-941. https://doi.org/10.1139/cjfas-2022-0171

Cauwelier, E., Stewart, D. C., Millar, C. P., Gilbey, J., & Middlemas, S. J. (2018). Across rather than between river
genetic structure in Atlantic salmon Salmo salar in north-east Scotland, UK: potential causes and
management implications. Journal of Fish Biology, 92(3), 607-620. https://doi.org/10.1111/jfb.13542

Cauwelier, Eef, Gilbey, J., Sampayo, J., Stradmeyer, L., & Middlemas, S. J. (2018). Identification of a single genomic
region associated with seasonal river return timing in adult Scottish Atlantic salmon (Sa/mo salar), using a
genome-wide association study. Canadian Journal of Fisheries and Aquatic Sciences, 75(9), 1427-1435.
https://doi.org/10.1139/cjfas-2017-0293

Caye, K., Jumentier, B., Lepeule, J., & Frangois, O. (2019). LFMM 2: Fast and accurate inference of gene-
environment associations in ggenome-wide studies. Molecular Biology and Evolution, 36(4), 852—-860.
https://doi.org/10.1093/molbev/msz008

Cayuela, H., Rougemont, Q., Laporte, M., Mérot, C., Normandeau, E., Dorant, Y., ... Bernatchez, L. (2020). Shared
ancestral polymorphisms and chromosomal rearrangements as potential drivers of local adaptationin a
marine fish. Molecular Ecology, 29(13), 2379-2398. https://doi.org/10.1111/mec.15499

Ceballos, F. C., Joshi, P. K., Clark, D. W., Ramsay, M., & Wilson, J. F. (2018). Runs of homozygosity: Windows into
population history and trait architecture. Nature Reviews Genetics, 19(4), 220-234.
https://doi.org/10.1038/nrg.2017.109

Chang, C. C., Chow, C. C., Tellier, L. C. A. M., Vattikuti, S., Purcell, S. M., & Lee, J. J. (2015). Second-generation
PLINK: Rising to the challenge of larger and richer datasets. GigaScience, 4(1), 1-16.
https://doi.org/10.1186/s13742-015-0047-8

Chaput, G., Douglas, S. G., & Hayward, J. (2016). Biological Characteristics and Population Dynamics of Atlantic
Salmon (Salmo salar) from the Miramichi River, New Brunswick, Canada. Canadian Science Advisory
Secretariat Research Document, 29(May), i--v, 1--53. Retrieved from %3CGo%0Ato

Chen, X., Wang, J., Yue, W., Lei, S., Pugiong, Dobjay, S., ... Wang, C. (2020). Integrated transcriptome provides
resources and insights into the adaptive evolution of colonized brown trout (Salmo trutta fario) in the
Tibetan Plateau. Journal of the World Aquaculture Society, 51(3), 763—774.
https://doi.org/10.1111/jwas.12621

22


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Christensen, K. A, Rondeau, E. B., Sakhrani, D., Biagi, C. A., Johnson, H., Joshi, J., ... Koop, B. F. (2021). The pink
salmon genome: Uncovering the genomic consequences of a two-year life cycle. PLoS ONE (Vol. 16).
https://doi.org/10.1371/journal.pone.0255752

Cordoleani, F., Phillis, C. C., Sturrock, A. M., Fitzgerald, A. M., Malkassian, A., Whitman, G. E., ... Johnson, R. C.
(2021). Threatened salmon rely on a rare life history strategy in a warming landscape. Nature Climate
Change. https://doi.org/10.1038/s41558-021-01186-4

Czorlich, Y., Aykanat, T., Erkinaro, J., Orell, P., & Primmer, C. R. (2022). Rapid evolution in salmon life history
induced by direct and indirect effects of fishing. Science, 376(6591), 420—423.
https://doi.org/10.1126/science.abg5980

Czorlich, Yann, Aykanat, T., Erkinaro, J., Orell, P., & Primmer, C. R. (2018). Rapid sex-specific evolution of age at
maturity is shaped by genetic architecture in Atlantic salmon. Nature Ecology and Evolution, 2(11), 1800—
1807. https://doi.org/10.1038/s41559-018-0681-5

Dankers, R., & Middelkoop, H. (2008). River discharge and freshwater runoff to the Barents Sea under present and
future climate conditions. Climatic Change, 87(1-2), 131-153. https://doi.org/10.1007/s10584-007-9349-x

de Villemereuil, P., Frichot, E., Bazin, E., Francois, O., & Gaggiotti, O. E. (2014). Genome scan methods against more
complex models: When and how much should we trust them? Molecular Ecology, 23(8), 2006—2019.
https://doi.org/10.1111/mec.12705

de Villemereuil, P., & Gaggiotti, O. E. (2015). A new FST-based method to uncover local adaptation using
environmental variables. Methods in Ecology and Evolution, 6(11), 1248-1258.
https://doi.org/10.1111/2041-210X.12418

Excoffier, L., Hofer, T., & Foll, M. (2009). Detecting loci under selection in a hierarchically structured population.
Heredity, 103(4), 285—-298. https://doi.org/10.1038/hdy.2009.74

Foll, M., & Gaggiotti, O. (2008). A genome-scan method to identify selected loci appropriate for both dominant and
codominant markers: A Bayesian perspective. Genetics, 180(2), 977-993.
https://doi.org/10.1534/genetics.108.092221

Foote, A. D., Hooper, R., Alexander, A., Baird, R. W., Baker, C. S., Ballance, L., ... Morin, P. A. (2021). Runs of
homozygosity in killer whale genomes provide a global record of demographic histories. Molecular Ecology,
30(23), 6162—6177. https://doi.org/10.1111/mec.16137

Forester, B. R., Lasky, J. R., Wagner, H. H., & Urban, D. L. (2018). Comparing methods for detecting multilocus
adaptation with multivariate genotype—environment associations. Molecular Ecology, 27(9), 2215-2233.
https://doi.org/10.1111/mec.14584

Francis, R. M. (2017). pophelper: an R package and web app to analyse and visualize population structure.
Molecular Ecology Resources, 17(1), 27-32. https://doi.org/10.1111/1755-0998.12509

Fuentes-Pardo, A. P., Farrell, E. D., Pettersson, M. E., Sprehn, C. G., & Andersson, L. (2023). The genomic basis and
environmental correlates of local adaptation in the Atlantic horse mackerel (Trachurus trachurus).
Evolutionary Applications, 16(6), 1201-1219. https://doi.org/10.1111/eva.13559

Gabian, M., Moran, P., Saura, M., & Carvajal-Rodriguez, A. (2022). Detecting Local Adaptation between North and
South European Atlantic Salmon Populations. Biology, 11(6), 1-21. https://doi.org/10.3390/biology11060933

Gao, J., Xu, G., & Xu, P. (2021). Full-length transcriptomic analysis reveals osmoregulatory mechanisms in Coilia
nasus eyes reared under hypotonic and hyperosmotic stress. Science of the Total Environment, 799, 149333.
https://doi.org/10.1016/j.scitotenv.2021.149333

Gautier, M. (2015). Genome-wide scan for adaptive divergence and association with population-specific covariates.
Genetics, 201(4), 1555—-1579. https://doi.org/10.1534/genetics.115.181453

Gharrett, A. J., Joyce, J., & Smoker, W. W. (2013). Fine-scale temporal adaptation within a salmonid population:
Mechanism and consequences. Molecular Ecology, 22(17), 4457-4469. https://doi.org/10.1111/mec.12400

23


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Goudet, J., & Jombart, T. (2022). hierfstat: Estimation and tests of hierarchical F-statistics. R package version 0.5-
11. https://CRAN.R-project.org/package=hierfstat

Hale, M. C., Thrower, F. P., Berntson, E. A., Miller, M. R., & Nichols, K. M. (2013). Evaluating adaptive divergence
between migratory and nonmigratory ecotypes of a salmonid fish, oncorhynchus mykiss. G3: Genes,
Genomes, Genetics, 3(8), 1273—1285. https://doi.org/10.1534/g3.113.006817

Han, F., Jamsandekar, M., Pettersson, M. E., Su, L., Fuentes-Pardo, A. P., Davis, B. W., ... Andersson, L. (2020).
Ecological adaptation in Atlantic herring is associated with large shifts in allele frequencies at hundreds of
LOCL. ELife, 9, 1-20. https://doi.org/10.7554/ELIFE.61076

Hansen, M. M., & Jensen, L. F. (2005). Sibship within samples of brown trout (Salmo trutta) and implications for
supportive breeding. Conservation Genetics, 6(2), 297-305. https://doi.org/10.1007/s10592-004-7827-5

Hansen, M. M., Nielsen, E. E., & Mensberg, K. L. D. (1997). The problem of sampling families rather than
populations: Relatedness among individuals in samples of juvenile brown trout Salmo trutta L. Molecular
Ecology, 6(5), 469-474. https://doi.org/10.1046/j.1365-294X.1997.t01-1-00202.x

Hecht, B. C., Matala, A. P., Hess, J. E., & Narum, S. R. (2015). Environmental adaptation in Chinook salmon
(Oncorhynchus tshawytscha) throughout their North American range. Molecular Ecology, 24(22), 5573—5595.
https://doi.org/10.1111/mec.13409

HELCOM. (2011). Salmon and Sea Trout Populations and Rivers in the Baltic Sea. Baltic Sea Environment
Proceedings, (No. 126A).

Hoban, S., Kelley, J. L., Lotterhos, K. E., Antolin, M. F., Bradburd, G., Lowry, D. B., ... Whitlock, M. C. (2016). Finding
the genomic basis of local adaptation: Pitfalls, practical solutions, and future directions. American Naturalist,
188(4), 379-397. https://doi.org/10.1086/688018

Hoelzel, A. R., Bruford, M. W., & Fleischer, R. C. (2019). Conservation of adaptive potential and functional diversity.
Conservation Genetics, 20(1), 1-5. https://doi.org/10.1007/s10592-019-01151-x

Hohenlohe, P. A., Funk, W. C., & Rajora, O. P. (2021). Population genomics for wildlife conservation and
management. Molecular Ecology, 30(1), 62-82. https://doi.org/10.1111/mec.15720

Huang, J., Li, Y., Liu, Z., Kang, Y., & Wang, J. (2018). Transcriptomic responses to heat stress in rainbow trout
Oncorhynchus mykiss head kidney. Fish and Shellfish Immunology, 82(July), 32—40.
https://doi.org/10.1016/j.fsi.2018.08.002

ICES. (2020). EU request on evaluation of a draft multiannual plan for the Baltic salmon stock and the fisheries
exploiting the stock. Report of the ICES Advisory Committee, ICES Advic(eu.2020.02).

ICES. (2023). Baltic Salmon and Trout Assessment Working Group (WGBAST). ICES Scientific Reports, 5(53), 465 pp.
Retrieved from http://doi.org/10.17895/ices.pub.4979

Ignatius, S., Delaney, A., & Haapasaari, P. (2019). Socio-cultural values as a dimension of fisheries governance: The
cases of Baltic salmon and herring. Environmental Science and Policy, 94(November 2018), 1-8.
https://doi.org/10.1016/j.envsci.2018.12.024

Jansson, H. (1993). Allozyme evidence for local populations of Atlantic salmon (Salmo salar L.) in the Kalix River,
northern Sweden. ICES, 1-15.

Jensen, A. J.,, Hagen, I. J., Czorlich, Y., Bolstad, G. H., Bremset, G., Finstad, B., ... Karlsson, S. (2022). Large-effect loci
mediate rapid adaptation of salmon body size after river regulation. Proceedings of the National Academy of
Sciences of the United States of America, 119(44), 1-8. https://doi.org/10.1073/pnas.2207634119

Jombart, T., & Ahmed, I. (2011). adegenet 1.3-1: New tools for the analysis of genome-wide SNP data.
Bioinformatics, 27(21), 3070-3071. https://doi.org/10.1093/bioinformatics/btr521

Jonsson, N., Jonsson, B., & Hansen, L. P. (1997). Changes in Proximate Composition and Estimates of Energetic
Costs During Upstream Migration and Spawning in Atlantic Salmon Salmo salar. The Journal of Animal

24


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Ecology, 66(3), 425. https://doi.org/10.2307/5987

Kalananthan, T., Folkedal, O., Gomes, A. S., Lai, F., Handeland, S. O., Tol3s, 1., ... Rennestad, I. (2023). Impact of
long-term fasting on the stomach-hypothalamus appetite regulating genes in Atlantic salmon postsmolts.
Aquaculture, 563(October 2022), 1-10. https://doi.org/10.1016/j.aquaculture.2022.738917

Kalananthan, T., Lai, F., Gomes, A. S., Murashita, K., Handeland, S., & Rgnnestad, I. (2020). The Melanocortin
System in Atlantic Salmon (Salmo salar L.) and Its Role in Appetite Control. Frontiers in Neuroanatomy,
14(August), 1-15. https://doi.org/10.3389/fnana.2020.00048

Kardos, M., & Shafer, A. B. A. (2018). The Peril of Gene-Targeted Conservation. Trends in Ecology and Evolution,
33(11), 827-839. https://doi.org/10.1016/j.tree.2018.08.011

Karlsson, L., & Karlstrom, O. (1994). The Baltic salmon (Salmo salar L .): its history, present situation and future.
Dana, 10, 61-85.

Kess, T., Lehnert, S. J., Bentzen, P., Duffy, S., Messmer, A., Dempson, J. B,, ... Labrador, C. 2. (2022). Parallel
genomic basis of age at maturity across spatial scales in Atlantic Salmon. BioRxiv, 1-38. Retrieved from
https://doi.org/10.1101/2022.09.09.507321

Khalil, K., Elaswad, A., Abdelrahman, H., Michel, M., Chen, W, Liu, S., ... Dunham, R. (2023). Editing the
Melanocortin-4 Receptor Gene in Channel Catfish Using the CRISPR-Cas9 System. Fishes, 8(2).
https://doi.org/10.3390/fishes8020116

Krashes, M. J., Lowell, B. B., & Garfield, A. S. (2016). Melanocortin-4 receptor-regulated energy homeostasis.
Nature Neuroscience, 19(2), 206—219. https://doi.org/10.1038/nn.4202

Kurko, J., Debes, P. V., House, A. H., Aykanat, T., Erkinaro, J., & Primmer, C. R. (2020). Transcription profiles of age-
at-maturity-associated genes suggest cell fate commitment regulation as a key factor in the Atlantic salmon
maturation process. G3: Genes, Genomes, Genetics, 10(1), 235-246. https://doi.org/10.1534/g3.119.400882

Kurland, S., Ryman, N., HGssjer, O., & Laikre, L. (2023). Effects of subpopulation extinction on effective size (Ne) of
metapopulations. Conservation Genetics, 24(4), 417—-433. https://doi.org/10.1007/s10592-023-01510-9

Layton, K. K. S., Snelgrove, P. V. R., Dempson, J. B., Kess, T., Lehnert, S. J., Bentzen, P., ... Bradbury, I. R. (2021).
Genomic evidence of past and future climate-linked loss in a migratory Arctic fish. Nature Climate Change,
11(2), 158-165. https://doi.org/10.1038/s41558-020-00959-7

Le Moan, A, Bekkevold, D., & Hemmer-Hansen, J. (2021). Evolution at two time frames: ancient structural variants
involved in post-glacial divergence of the European plaice (Pleuronectes platessa). Heredity, 126(4), 668—683.
https://doi.org/10.1038/s41437-020-00389-3

Lemopoulos, A., Uusi-Heikkild, S., Huusko, A., Vasemagi, A., & Vainikka, A. (2018). Comparison of migratory and
resident populations of brown trout reveals candidate genes for migration tendency. Genome Biology and
Evolution, 10(6), 1493—-1503. https://doi.org/10.1093/gbe/evy102

Lischer, H. E. L., & Excoffier, L. (2012). PGDSpider: An automated data conversion tool for connecting population
genetics and genomics programs. Bioinformatics, 28(2), 298—-299.
https://doi.org/10.1093/bioinformatics/btr642

Liu, X., Wang, Y., Liu, Z.,, Kang, Y., Ma, F., Luo, Z., ... Huang, J. (2021). miR-434 and miR-242 have a potential role in
heat stress response in rainbow trout (Oncorhynchus mykiss). Journal of Fish Bioclogy, 99(6), 1798—1803.
https://doi.org/10.1111/jfb.14881

Liu, Y., Zhang, W., Du, X,, Liu, Y., Qu, 1., Liu, X,, ... Zhang, Q. (2020). Genome-wide identification of nonvisual opsin
family reveals amplification of RPE-retinal G protein receptor gene (RGR) and offers novel insights into
functions of RGR(s) in Paralichthys olivaceus (Paralichthyidae, Teleostei). Journal of Experimental Zoology
Part B: Molecular and Developmental Evolution, 334(1), 25-36. https://doi.org/10.1002/jez.b.22914

Lobo, G. P., Fulmer, D., Guo, L., Zuo, X., Dang, Y., Kim, S. H., ... Lipschutz, J. H. (2017). The exocyst is required for
photoreceptor ciliogenesis and retinal development. Journal of Biological Chemistry, 292(36), 14814—-14826.

25


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

https://doi.org/10.1074/jbc.M117.795674

Lépez, M. E., Cadiz, M. I., Rondeau, E. B., Koop, B. F., & Yaiiez, J. M. (2021). Detection of selection signatures in
farmed coho salmon (Oncorhynchus kisutch) using dense genome-wide information. Scientific Reports, 11(1),
1-13. https://doi.org/10.1038/s41598-021-86154-w

Lépez, Maria Eugenia, Linderoth, T., Norris, A., Lhorente, J. P, Neira, R., & Yafiez, J. M. (2019). Multiple Selection
Signatures in Farmed Atlantic Salmon Adapted to Different Environments Across Hemispheres. Frontiers in
Genetics, 10(October), 1-15. https://doi.org/10.3389/fgene.2019.00901

Malinsky, M., Challis, R. J., Tyers, A. M., Schiffels, S., Terai, Y., Ngatunga, B. P., ... Turner, G. F. (2015). Genomic
islands of speciation separate cichlid ecomorphs in an East African crater lake. Science, 350(6267), 1493—
1498. https://doi.org/10.1126/science.aac9927

Meirmans, P. G. (2015). Seven common mistakes in population genetics and how to avoid them. Molecular
Ecology, 24(13), 3223-3231. https://doi.org/10.1111/mec.13243

Metz, J. R, Peters, J. J. M., & Flik, G. (2006). Molecular biology and physiology of the melanocortin system in fish: A
review. General and Comparative Endocrinology, 148(2), 150-162.
https://doi.org/10.1016/j.ygcen.2006.03.001

Miettinen, A., Palm, S., Dannewitz, J., Lind, E., Primmer, C. R., Romakkaniemi, A., ... Pritchard, V. L. (2021). A large
wild salmon stock shows genetic and life history differentiation within, but not between, rivers. Conservation
Genetics, 22(1), 35-51. https://doi.org/10.1007/s10592-020-01317-y

Moore, J. S., Harris, L. N., Le Luyer, J., Sutherland, B. J. G., Rougemont, Q., Tallman, R. F,, ... Bernatchez, L. (2017).
Genomics and telemetry suggest a role for migration harshness in determining overwintering habitat choice,
but not gene flow, in anadromous Arctic Char. Molecular Ecology, 26(24), 6784—6800.
https://doi.org/10.1111/mec.14393

Moustakas-Verho, J. E., Kurko, J., House, A. H., Erkinaro, J., Debes, P., & Robert, C. (2020). Gene Expression
Patterns Developmental expression patterns of six6[: A gene linked with spawning ecotypes in Atlantic
salmon. Gene Expression Patterns, 38, 119149. https://doi.org/10.1016/j.gep.2020.119149

Myrvold, K. M., Mawle, G. W., & Aas, @. (2019). 1668 The Social , Economic and Cultural values of wild Atlantic
salmon sessment of changes in values.

Norland, S., Eilertsen, M., Rgnnestad, I., Helvik, J. V., & Gomes, A. S. (2023). Mapping key neuropeptides involved
in the melanocortin system in Atlantic salmon (Salmo salar) brain. Journal of Comparative Neurology, 531(1),
89-115. https://doi.org/10.1002/cne.25415

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O'Hara, R. B., Solymos, P.,
Stevens, M. H. H., Szoecs, E., Wagner, H., Barbour, M., Bedward, M., Bolker, B., Borcard, D., Carvalho, G.,
Chirico, M., De Caceres, M., Durand, S., ... Weedon, J. (2022). vegan: Community Ecology Package.
https://cran.r-project.org/web/packages/vegan/index.html

Ostergren, 1., Palm, S., Gilbey, J., & Dannewitz, J. (2020). Close relatives in population samples: Evaluation of the
consequences for genetic stock identification. Molecular Ecology Resources, 20(2), 498-510.
https://doi.org/10.1111/1755-0998.13131

Ostergren, J., Palm, S., Gilbey, J., Spong, G., Dannewitz, J., K&nigsson, H., ... Vasemagi, A. (2021). A century of
genetic homogenization in Baltic salmon — evidence from archival DNA. Proceedings of the Royal Society B:
Biological Sciences 288:20203147. https://doi.org/10.1098/rspb.2020.3147

Palmé, A., Wennestrom, L., Guban, P., Ryman, N., & Laikre, L. (2012). Compromising Baltic salmon genetic diversity
- conservation genetic risks associated with compensatory releases of salmon in the Baltic Sea. Havs- Och
Vattenmyndighetens Rapport, 18.

Pembleton, L. W., Cogan, N. O. I., & Forster, J. W. (2013). StAMPP: An R package for calculation of genetic
differentiation and structure of mixed-ploidy level populations. Molecular Ecology Resources, 13(5), 946—

26


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

952. https://doi.org/10.1111/1755-0998.12129

Phelps, M. P., Jaffe, I. M., & Bradley, T. M. (2013). Muscle growth in teleost fish is regulated by factors utilizing the
activin Il B receptor. Journal of Experimental Biology, 216(19), 3742—-3750.
https://doi.org/10.1242/jeb.086660

Prince, D. J., O’'Rourke, S. M., Thompson, T. Q., Ali, O. A,, Lyman, H. S., Saglam, I. K., ... Miller, M. R. (2017). The
evolutionary basis of premature migration in Pacific salmon highlights the utility of genomics for informing
conservation. Science Advances, 3(8). https://doi.org/10.1126/sciadv.1603198

Pritchard, V. L., Makinen, H., Vaha, J.-P., Erkinaro, J., Orell, P., & Primmer, C. R. (2018). Genomic signatures of fine-
scale local selection in Atlantic salmon suggest involvement of sexual maturation, energy homeostasis and
immune defence-related genes. Molecular Ecology. https://doi.org/10.1111/mec.14705

Privé, F., Luu, K., Vilhjalmsson, B. J., Blum, M. G. B., & Rosenberg, M. (2020). Performing Highly Efficient Genome
Scans for Local Adaptation with R Package pcadapt Version 4. Molecular Biology and Evolution, 37(7), 2153—
2154. https://doi.org/10.1093/molbev/msaa053

Prokkola, J. M., Asheim, E. R., Morozov, S., Bangura, P., Erkinaro, J., Ruokolainen, A., ... Aykanat, T. (2022). Genetic
coupling of life-history and aerobic performance in Atlantic salmon. Proceedings of the Royal Society B:
Biological Sciences, 289(1967). https://doi.org/10.1098/rspb.2021.2500

Pruuki, V. (1993). Changes in the status of the salmon stock in the River Tornionjoki. /CES Statutory Meeting.

Purfield, D. C., Berry, D. P., McParland, S., & Bradley, D. G. (2012). Runs of homozygosity and population history in
cattle. BMC Genetics, 13. https://doi.org/10.1186/1471-2156-13-70

Quinlan, A. R., & Hall, I. M. (2010). BEDTools: A flexible suite of utilities for comparing genomic features.
Bioinformatics, 26(6), 841-842. https://doi.org/10.1093/bioinformatics/btq033

Quinn, T. P. (1993). A review of homing and straying of wild and hatchery-produced salmon. Fisheries Research,
18(1-2), 29-44. https://doi.org/10.1016/0165-7836(93)90038-9

R Core Team (2022). R: A Language and Environment for Statistical Computing. R Foundation for Statistical
Computing. https://www.R-project.org/

Rellstab, C., Gugerli, F., Eckert, A. J., Hancock, A. M., & Holderegger, R. (2015). A practical guide to environmental
association analysis in landscape genomics. Molecular Ecology, 24(17), 4348-4370.
https://doi.org/10.1111/mec.13322

Romakkaniemi, A., Per3, I., Karlsson, L., Jutila, E., Carlsson, U., & Pakarinen, T. (2003). Development of wild Atlantic
salmon stocks in the rivers of the northern Baltic Sea in response to management measures. /CES Journal of
Marine Science, 60(2), 329-342. https://doi.org/10.1016/51054-3139(03)00020-1

Romakkaniemi, Atso. (2008). Conservation of Atlantic salmon by supplementary stocking of juvenile fish (Doctoral
Dissertation). Helsinki University Print.

Sabeti, P. C., Varilly, P., Fry, B., Lohmueller, J., Hostetter, E., Cotsapas, C., ... Stewart, J. (2007). Genome-wide
detection and characterization of positive selection in human populations. Nature, 449(7164), 913-918.
https://doi.org/10.1038/nature06250

Salem, M., Nath, J., Rexroad, C. E., Killefer, J., & Yao, J. (2005). Identification and molecular characterization of the
rainbow trout calpains (Capnl and Capn2): Their expression in muscle wasting during starvation.
Comparative Biochemistry and Physiology - B Biochemistry and Molecular Biology, 140(1), 63-71.
https://doi.org/10.1016/j.cbpc.2004.09.007

Salisbury, S. 1., Perry, R., Keefe, D., McCracken, G. R., Layton, K. K. S., Kess, T., ... Ruzzante, D. E. (2023). Geography,
environment, and colonization history interact with morph type to shape genomic variation in an Arctic fish.
Molecular Ecology, 32(12), 3025—-3043. https://doi.org/10.1111/mec.16913

Schindler, D. E., Hilborn, R., Chasco, B., Boatright, C. P., Quinn, T. P., Rogers, L. A., & Webster, M. S. (2010).

27


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Population diversity and the portfolio effect in an exploited species. Nature, 465(7298), 609—-612.
https://doi.org/10.1038/nature09060

Shafer, A. B. A., Wolf, J. B. W., Alves, P. C., Bergstrom, L., Bruford, M. W., Brannstrém, 1., ... Zieliiski, P. (2015).
Genomics and the challenging translation into conservation practice. Trends in Ecology and Evolution, 30(2),
78-87. https://doi.org/10.1016/j.tree.2014.11.009

Sinclair-Waters, M., Nome, T., Wang, J., Lien, S., Kent, M. P., Saegrov, H., ... Barson, N. J. (2022). Dissecting the loci
underlying maturation timing in Atlantic salmon using haplotype and multi-SNP based association methods.
Heredity, 129(6), 356—365. https://doi.org/10.1038/s41437-022-00570-w

Sinclair-Waters, M., @degard, J., Korsvoll, S. A., Moen, T., Lien, S., Primmer, C. R, & Barson, N. J. (2020). Beyond
large @ effect locill: large B scale GWAS reveals a mixed large @ effect and polygenic architecture for age at
maturity of Atlantic salmon. Genetics Selection Evolution, 1-11. https://doi.org/10.1186/s12711-020-0529-8

Stahl, G. (1981). Genetic differentiation among natural populations of Atlantic salmon (Sa/mo salar) in northern
Sweden. Ecological Bulletins, (34), 95—105.

Stahl, Gunnar. (1983). Differences in the amount and distribution of genetic variation between natural populations
and hatchery stocks of Atlantic salmon. Aquaculture, 33(1-4), 23—32. https://doi.org/10.1016/0044-
8486(83)90383-6

Sun, Z., Huang, L., Kong, Y., Wang, L., & Kang, B. (2022). Regulating Strategies of Transcription and Alternative
Splicing for Cold Tolerance Harpadon nehereus Fish. Frontiers in Ecology and Evolution, 10(June), 1-10.
https://doi.org/10.3389/fevo.2022.912113

Szpiech, Z. A., & Hernandez, R. D. (2014). Selscan: An efficient multithreaded program to perform EHH-based scans
for positive selection. Molecular Biology and Evolution, 31(10), 2824—2827.
https://doi.org/10.1093/molbev/msu211

Tarig, M., Ito, A., Ishfaq, M., Bradshaw, E., & Yoshida, M. (2016). Eukaryotic translation initiation factor 5A (elF5A)
is essential for HIF-1a activation in hypoxia. Biochemical and Biophysical Research Communications, 470(2),
417-424. https://doi.org/10.1016/j.bbrc.2016.01.024

Thompson, T. Q., Renee Bellinger, M., O'Rourke, S. M., Prince, D. J., Stevenson, A. E., Rodrigues, A. T., ... Miller, M.
R. (2019). Anthropogenic habitat alteration leads to rapid loss of adaptive variation and restoration potential
in wild salmon populations. Proceedings of the National Academy of Sciences of the United States of America,
116(1), 177-186. https://doi.org/10.1073/pnas.1811559115

Thorstad, E. B., Whoriskey, F., Rikardsen, A. H., & Aarestrup, K. (2011). Aquatic nomads: The life and migrations of
the Atlantic salmon. In @. Aas, S. Einum, A. Klemetsen, & J. Skurdal (Eds.), Atlantic salmon ecology (pp. 1-32).
Wiley-Blackwell.

Tigano, A., & Russello, M. A. (2022). The genomic basis of reproductive and migratory behaviour in a polymorphic
salmonid. Molecular Ecology, 31(24), 6588—6604. https://doi.org/10.1111/mec.16724

Véaha, J.-P., Erkinaro, J., Falkegard, M., Orell, P., & Niemel3, E. (2017). Genetic stock identification of Atlantic
salmon and its evaluation in a large population complex. Canadian Journal of Fisheries and Aquatic Sciences.
https://doi.org/10.1139/cjfas-2015-0606

Vaha, J.-P., Erkinaro, J., Niemeld, E., & Primmer, C. R. (2007). Life-history and habitat features influence the within-
river genetic structure of Atlantic salmon. Molecular Ecology. https://doi.org/10.1111/j.1365-
294X.2007.03329.x

Vaha, J.-P., Erkinaro, J., Niemel3, E., & Primmer, C. R. (2008). Temporally stable genetic structure and low migration
in an Atlantic salmon population complex: implications for conservation and management. Evolutionary
Applications. https://doi.org/10.1111/j.1752-4571.2007.00007.x

Wang, I.J., & Bradburd, G. S. (2014). Isolation by environment. Molecular Ecology, 23(23), 5649-5662.
https://doi.org/10.1111/mec.12938

28


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Wang, K., Shen, Y., Yang, Y., Gan, X,, Liu, G., Hu, K,, ... He, S. (2019). Morphology and genome of a snailfish from the
Mariana Trench provide insights into deep-sea adaptation. Nature Ecology and Evolution, 3(5), 823—833.
https://doi.org/10.1038/s41559-019-0864-8

Waples, R. S., Ford, M. J., Nichols, K., Kardos, M., Myers, J., Thompson, T. Q., ... Willis, S. C. (2022). Implications of
Large-Effect Loci for Conservation: A Review and Case Study with Pacific Salmon. Journal of Heredity, 113(2),
121-144. https://doi.org/10.1093/jhered/esab069

Waters, C. D., Clemento, A., Aykanat, T., Garza, J. C., Naish, K. A., Narum, S., & Primmer, C. R. (2021).
Heterogeneous genetic basis of age at maturity in salmonid fishes. Molecular Ecology, (January), 1435—-1456.
https://doi.org/10.1111/mec.15822

Watson, K. B., Lehnert, S. J., Bentzen, P., Kess, T., Einfeldt, A., Duffy, S., ... Bradbury, I. R. (2022). Environmentally
associated chromosomal structural variation influences fine-scale population structure of Atlantic Salmon
(Salmo salar). Molecular Ecology, 31(4), 1057—1075. https://doi.org/10.1111/mec.16307

Webb, J., Verspoor, E., Aubin-Horth, N., Romakkaniemi, A., & Amiro, P. (2007). The Atlantic salmon. In E. Verspoor,
L. Stradmeyer, & J. L. Nielsen (Eds.), The Atlantic salmon: Genetics, conservation and management (pp. 17—
45). Blackwell Publishing.

Weber, G. M., Ma, H., Birkett, J., & Cleveland, B. M. (2022). Effects of feeding level and sexual maturation on
expression of genes regulating growth mechanisms in rainbow trout (Oncorhynchus mykiss). Aquaculture
(Vol. 551). https://doi.org/10.1016/j.aquaculture.2022.737917

Wellband, K., Mérot, C., Linnansaari, T., Elliott, J. A. K., Curry, R. A., & Bernatchez, L. (2018). Chromosomal fusion
and life history-associated genomic variation contribute to within-river local adaptation of Atlantic salmon.
Molecular Ecology, (November 2018), 1439-1459. https://doi.org/10.1111/mec.14965

Whitehead, A., Roach, J. L., Zhang, S., & Galvez, F. (2011). Genomic mechanisms of evolved physiological plasticity
in killifish distributed along an environmental salinity gradient. Proceedings of the National Academy of
Sciences of the United States of America, 108(15), 6193—6198. https://doi.org/10.1073/pnas.1017542108

Wickham H (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York. ISBN 978-3-319-24277-4

Willis, S. C., Hess, J. E., Fryer, J. K., Whiteaker, J. M., Brun, C., Gerstenberger, R., & Narum, S. R. (2020). Steelhead
(Oncorhynchus mykiss) lineages and sexes show variable patterns of association of adult migration timing
and age-at-maturity traits with two genomic regions. Evolutionary Applications, (July), 1-21.
https://doi.org/10.1111/eva.13088

Yoshida, G. M., Lhorente, J. P., Carvalheiro, R., & Yaiiez, J. M. (2017). Bayesian genome-wide association analysis
for body weight in farmed Atlantic salmon (Salmo salar L.). Animal Genetics, 48(6), 698—703.
https://doi.org/10.1111/age.12621

Yoshida, Grazyella M., & Yaiiez, J. M. (2022). Increased accuracy of genomic predictions for growth under chronic
thermal stress in rainbow trout by prioritizing variants from GWAS using imputed sequence data.
Evolutionary Applications, 15(4), 537-552. https://doi.org/10.1111/eva.13240

Zueva, K. J., Lumme, J., Veselov, A. E., Kent, M. P., & Primmer, C. R. (2018). Genomic signatures of parasite-driven
natural selection in north European Atlantic salmon (Salmo salar). Marine Genomics, 39(December 2017),
26-38. https://doi.org/10.1016/j.margen.2018.01.001

Zueva, K. J., Lumme, J., Veselov, A. E., Primmer, C. R., & Pritchard, V. L. (2021). Population genomics reveals
repeated signals of adaptive divergence in the Atlantic salmon of north-eastern Europe. Journal of
Evolutionary Biology, 34(6), 866—878. https://doi.org/10.1111/jeb.13732

29


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Tables

Table 1. Sampling site information.

] . . Latitude . o .
Sampling site Location N) Longitude ("W)  Samples (n)* Sampling years

Forsbyn 66.0758679 22.7313647 8
Forshaga 65.9501012 22.874327 6

Kal 2012
Kamlunge 66.0025135 22.8499411 5
Rian 65.8809964 23.0048283 1
Ansvarforsen 66.613788 22.7522401 11

Ka2 2012
Orrforsen 66.5562608 22.7508014 10
Mustisuanto 67.3692504 21.9365067 8

Ka3 Nurmikoski 67.3921581 21.8928112 8 2012
Nurmisuanto 67.4059321 21.9117864 4

Kad Kalixfors 67.7337232 20.323975 10 2012
Saarisuanto 67.6752691 20.5557125 9
Akkalkoski 67.471751 20.5688603 8

Ka5 Laxselet 67.4773639 20.5369344 5 2012
Luspakoski 67.4455858 20.8757275 7
Ka6 Kurkkiokoski 66.8982004 22.0041706 16

2015
Ka7 Niilivaarabron 67.1917784 21.6024237 17
Pistoniva 67.343954 22.4410378 11

Ka8 2012
Pitkakoski 67.1884331 22.7298243 9
Kiviranta 65.8516998 24.1629342 4
Oravaisensaari 65.9185498 24.1270009 6

Tol 2012
Tanskinsaari 65.8820998 24.1476509 5
Vahanara 65.9325831 24.0980843 4
To2 Korpikoski 66.7017276 23.8994462 4
Matkakoski 66.142041 23.9334641 5

2012-2013

Turtola 66.6281485 23.8783968 4
Vuennonkoski 66.1700562 23.8466294 4
Jarhoinen 66.952267 23.8643357 6

To3 Kaartisenniva 67.4479508 23.5122696 7 2012
Kassa 67.0681505 23.6736191 7
Jolkettkurkkio 67.690781 21.4304608 1
Saarikonsuanto 67.7756797 20.9265822 7

Tod 2012
Talvimaansuanto 67.736168 21.0184749 7
Tervaskoski 67.7346393 21.1679981 5
Kangosenkoski 67.4478073 22.6617762 10

To5 2012
Sienikoski 67.5093604 22.6632245 10
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Kenttakoski 6vre 68.2920307 21.451032 10
To7 2012
Suunsaari yttre 68.2785338 21.4436546 10
Kaarnekoski 67.6272176 23.5412366 8
To8 Kihlanki 67.5641842 23.4881197 4 2012
Mukkaskoski 67.4479508 23.5122696 3
Pyssykorva 67.6883509 23.49302 4
Sonkamuotka 68.148883 23.244183 14
To9 2012-2014
Visanto 68.02955 23.467933 4
Jatuni 68.431667 22.645083 15
Tol0 2012-2014
Kuttanen 68.380333 22.846267 4
Lammaskoski 68.766117 21.378117 4
Toll Naimakkaluspa 68.661333 21.624533 6 2012-2014
Vuokkasenniva 68.5853 21.870617 7
Kinnerpuska 68.7491356 22.209137 5
Mukkakoski 68.7687356 22.1881036 6
Tol2 2012
Patoniva 68.7326023 22.2345703 1
Pultsakurkkio 68.7358189 22.224487 7

* Individuals used in analyses.
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Table 2. Description of methods and their test statistics used in this study to detect signals of local selection.

Approach Software Test statistic Method description Definition of outliers*
Genome pcadapt 4.3.2 Mahalanobis Identifies outliers based on “Outlier-based
scans for (Privé etal,, 2020)  distances, p- correlations between each genetic candidates” were SNPs
outliers value marker and population structure in the top-ranked 0.5%
determined by the optimal number of in all of the tests.
principal components.
BayPass 2.31 Absolute XtX Bayesian method that identifies
(Gautier, 2015) outliers by estimating per-marker
deviations from the underlying
genome-wide population structure by
using a neutral covariance matrix of
population allele frequencies.
BayeScEnvv1.1 g-value, Bayesian method that estimates the
(de Villemereuil&  alpha posterior probability that a given
Gaggiott, 2015) parameter  locus is under selection.
Univariate LFMM 2 (caye, g-value Detects associations of allele “Univariate GEA
genotype- Jumentier, Lepeule, frequencies with environmental candidates” for each
environment | & Francois, 2019) variables while using latent factors to  environmental variable
association account for population structure. were SNPs in the top-
(GEA) BayPass 2.31 Absolute Bayesian method that identifies loci ranked 0.5% in all of
Pearson outliers associated with population- the tests.
correlation specific covariates, while accounting
coefficient for underlying genome-wide
(r) population structure.
BayeScEnvv1.1 g, g-value Bayesian method that identifies
outlier loci showing an increase in
between-population Fsr with
increasing environmental
differentiation.
Multivariate vegan 2.6-4 Loadings in PCA-based method that determines “pRDA/full RDA
GEA (Oksanen et al., the how sets of loci covary in response to  candidates” had
(redundancy o) ordination the multivariate environment, and extreme loadings on
analysis; RDA) space can detect relatively weak, multilocus  the RDA axes.
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 suggestive  “XP-EHH candidates”
based (Szpiech & (maximum of hard selective sweeps, indicated by were in SNPs the top-
Hernandez, 2014)  absolute elevated haplotype homozygosity. ranked 0.5%.
normalised
score)

* |n this study.
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Table 3. Information about the 18 candidate haploblocks identified in this study. Type refers to the approach that
identified candidates in each block (“GEA (both)” = identified by both univariate and multivariate GEA; “RDA
(both)” = identified by both pRDA and full RDA), and GEA refers to the environmental variable associated with each
block (associations identified by both univariate and multivariate GEA are underlined).

Block Chr Start(bp) End(bp) Length Type GEA® # candidate Structural
# (Mb) SNPs (and variants’
genes)
22041594 22229310 0.19 RDA, XP-EHH Distance 3(6)
2 9 22646469 24333545 1.69 Outlier, GEA BIO12, BIO16, 26 (50)
(both), XP-EHH distance,
velocity
3 9 24394915 25479569 1.08 Outlier, RDA BIO3, BIO16, 59 (29)
(both), XP-EHH depth,
distance,
velocity
4 9 25544576 26572371 1.03 Outlier, GEA Depth, 41 (29) One candidate
(both), XP-EHH distance SNP in a 860bp
deletion (Bertolotti
et al., 2020).
5 9 28118150 28415589 0.30 Outlier, RDA BIO16 5(1)
(both), XP-EHH
6 ] 28487961 28693554 0.21 Outlier, GEA BIO3, BIO16 4 (6)
(both), XP-EHH
7 9 28708901 28998334 0.29 Outlier, GEA BIO16 4(7)
(both)
8 9 44000579 46193652 2.19 Outlier, RDA BIO3, BIO16 10 (33) One candidate
SNPina 3110bp
deletion (Bertolotti
et al., 2020).
9 13 33821031 34113068 0.29 Outlier, RDA BIO16 1(4)
10 13 72834066 73244495 0.41 RDA, XP-EHH BIO3 6(7)
11 14 24272662 24610951 0.34 Outlier, RDA BlOl16 1(9)
12 14 31661331 31822502 0.16 RDA (both), XP- BIO7, distance 3(e)
EHH
13 14 47642849 48234437 0.59 RDA, XP-EHH BIO3 4 (8)
14 17 56717526 56866325 0.15 RDA, XP-EHH Distance 3(6)
15 18 1235854 3603311 2.37 GEA (both), XP- Bottom 4 (9)
EHH substrate
vegetation
16 20 27662780 27760237 0.10 Outlier, RDA BIO3 2(5)
17 21 49415626 49962816 0.55 Outlier, GEA BlOl1l6 3 (6)
(both)
18 28 6645841 6691045 0.05 Outlier, RDA, XP- Depth 2(2)
EHH

? BIO3 = Isothermality, BIO7 = Temperature annual range, BIO12 = Annual precipitation, BIO16 = Precipitation of wettest
quarter.
® Structural variants that directly overlapped with candidate SNPs.

33


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.553800; this version posted August 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure legends

Figure 1. Map showing the location of samples used in the study, collected from 19 different sites in the Tornio (in
Finland/Sweden) and Kalix (in Sweden) Rivers. A bifurcation (Tarend6 River) connecting the Tornio and Kalix is
located at site Ka8. The darker line depicts national borders, including the Tornio River that flows on the border of
Finland and Sweden.

Figure 2. a ADMIXTURE coefficients for the Tornio-Kalix salmon at K values from 2 to 4 (each vertical line depicts an
individual), b a map of the Tornio-Kalix River system, with the identified genetic clusters of the salmon stock
overlaid on it, and c 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. ADMIXTURE and PCA were run using the LD-pruned dataset of
20,745 SNPs.

Figure 3. Signatures of local selection on the chromosome 9 region containing the six6 gene (circled in yellow). 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 the study (Table
3). 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.

34


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

69°N +

68°N -

67°N 1

Latitude

66°N -

To11

[To12

To7

Lainio River =~y

Ka4

Kab

SWEDEN

To4

NORWAY

To10)

Ka3

To5

Ka7

Ka6

Angesén River

Kalix River ~

To9

To8

FINLAND

To3

Ka2

To2

Ka1

\/ Torne River

To1

)

sokm NI NN |

Tornio/

215E

220

E

23¢

Longitude

E 24°E

25°E

Location

Tornio/Torne

Kalix



https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

o #‘I','l-.\'.ﬁl"l "ll*l"b.l u'\puu..'fﬂ.lr -l"ll'\l A :

e X

1 1 1 1 | 1 1 | |

C]uster1. Cluster2 Cluster3 Cluster4

1 1 | 1 | |

Ka1

Kaz2

T T 1 T T 1 1
Ka8 To01 To02 To03 To05 To08 To09 To10

| | |

—
—4

1 ]
Ka5 To04 To11 To12 To07 Kaé Ka7

b

| |
Lower Kalix Bifurcation

Lower Tornio

C

69°N -

68°N =

67°N -

Latitude

66°N =

NORWAY

[To12

To11

010
N\
To9

Lainio River=a

0.11

Ka4 To4

To8

FINLAND

To5

Ka5

Ka3

Ka8

Ka7

Angesan

To3

Tornio/
Ve 'Torne River

To2

Angesan River

PC2 (0.96%)

Ka6

SWEDEN

Ka2

Kalix River

0.0+
Ka1

To1

sokm TN |

Lower Tornio-Kalix

-
-
—

ealy 3l

|
Upper Kalix Upper Tornio Lainio Angesan

Site

Upper Lainio

21°E  22°E  23°E g :

24°E  25°E
Longitude

0.00
PC1 (1.31%)


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

—-log10 Empirical P
O—=_NWPLPOOI O—_,NWPLPOOI O_,NWPAPOI O_2DNWPAOG

Block 2, chromosome 9

3. g

........................................ 23 8 A, . &lT

_____ 4_____.t__j;_A_._____;_iq_‘eeA.__:L T

1 R o i=b 4 4 s om £ o

po-§ost” 2 * ¢ .

X

7

A TPt Pt A9 [

ac

aC

- ’ O

L e S PO S 2]
."K"",‘; ------------- =L Ll R e R N e R = : ':T;-"'é'%
la "lfﬁt 4 °* e ..: ‘.mlii‘.. . ®

A maea ’ % a 0:;“; o8 s & a2

0

)

..................................................... PRI S DN X JUURRUNE N

"""" ;."'"""""""":""""'""i&'"'t' 6"

A ‘ ‘?“ 4 x.# Py f4a y ‘ 5
1° T a 4 4.2 4 I | i&‘!‘ﬁl » o >
nqbl dqx24 itﬂldchq)p.? It ppnid aa LOC10i 1

LOC10 1(% LOC12 03 fgfi pciax4 sixda hif; LOC10 Sl

1210 923 ?erp' a10b :S;? ﬁkif cﬂ six‘a prkﬁ zr{FSQwﬂBQ g

cﬁ) tmerw 79 mrpl35 tavﬁs‘ dhﬁ' sﬁGa slcfa6 S @:

atyn3 hs 9 tdry F;.hm Locjg%aaos o

. rtwlﬂri/.m LOC1QW(Z "ﬁ Irrf mnﬁ : Zah : -
22 238 P B 24.0 24.5

Position, Mb

Test

® pcadapt

A BayPass
BayeScEnv
XP-EHH
LFMM


https://doi.org/10.1101/2023.08.23.553800
http://creativecommons.org/licenses/by-nc-nd/4.0/

