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Abstract
Fishing has the potential to influence the life-history traits of exploited popula-
tions. However, our understanding of how fisheries can induce evolutionary genetic 
changes remains incomplete. The discovery of large-effect loci linked with ecologi-
cally important life-history traits, such as age at maturity in Atlantic salmon (Salmo 
salar), provides an opportunity to study the impacts of temporally varying fishing 
pressures on these traits. A 93-year archive of fish scales from wild Atlantic salmon 
catches from the northern Baltic Sea region allowed us to monitor variation in adap-
tive genetic diversity linked with age at maturity of wild Atlantic salmon populations. 
The dataset consisted of samples from both commercial and recreational fisheries 
that target salmon on their spawning migration. Using a genotyping-by-sequencing 
approach (GT-seq), we discovered strong within-season allele frequency changes at 
the vgll3 locus linked with Atlantic salmon age at maturity: fishing in the early sea-
son preferentially targeted the vgll3 variant linked with older maturation. We also 
found within-season temporal variation in catch proportions of different wild Atlantic 
salmon subpopulations. Therefore, selective pressures of harvesting may vary de-
pending on the seasonal timing of fishing, which has the potential to cause evolution-
ary changes in key life-history traits and their diversity. This knowledge can be used 
to guide fisheries management to reduce the effects of fishing practices on salmon 
life-history diversity. Thus, this study provides a tangible example of using genomic 
approaches to infer, monitor and help mitigate human impacts on adaptively impor-
tant genetic variation in nature.
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1  |  INTRODUC TION

Harvesting has the potential to influence life-history diversity in 
exploited natural populations. Size-selective fishing, for example, 
can induce changes in size and age at maturity of the target species 
(e.g. Allendorf et al., 2008; Czorlich et al., 2022; Heino et al., 2015). 
However, our understanding of when and how harvesting selection 
can induce evolutionary (i.e. genetic) changes in wild populations, 
as opposed to plastic (i.e. phenotypic) changes, remains incomplete 
(e.g. Heino et al., 2015).

Discoveries of large-effect loci associated with ecologically 
important life-history traits offer opportunities to study adap-
tive responses of populations to human-induced selection, as 
these loci provide a direct link to monitor the genetic basis of 
functional traits. Temporal variation in allele frequencies at large-
effect loci can be monitored to infer potential evolutionary im-
pacts of anthropogenic selective pressures on functional traits 
across decades or even centuries (e.g. Czorlich et al., 2018; Jensen 
et al., 2022; Thompson et al., 2019). Changes in allele frequencies 
of functionally important loci can substantially affect the adap-
tive potential of populations, and knowledge of such changes can 
provide important information to guide conservation and man-
agement actions for exploited populations (reviewed in Benham & 
Bowie, 2023; Waples et al., 2022).

Atlantic salmon (Salmo salar) is an anadromous fish targeted by 
both commercial and recreational fishing. It exhibits wide pheno-
typic diversity in several key life-history traits, such as the number of 
years spent feeding at sea before returning to fresh water to spawn 
(“age at maturity” or “sea age”) and the timing of migrations between 
the marine and freshwater environments (e.g. Erkinaro et al., 2019). 
A major part of the variation in Atlantic salmon age at maturity is 
explained by a single locus spanning the vgll3 (vestigial-like fam-
ily member 3) gene on chromosome 25 (Ayllon et al., 2015; Barson 
et al., 2015). Salmon carrying the vgll3 allele associated with “later” 
or “older” age at maturity (“vgll3*L”) spend, on average, more years 
feeding at sea before returning to spawn than salmon with the “ear-
lier” age at maturity allele (“vgll3*E”) (Barson et al., 2015). The gene 
exhibits sex-dependent dominance, with male heterozygotes tend-
ing to mature younger while female heterozygotes tend to mature 
older. A second locus, associated with the six6 gene on chromosome 
9 (“six6*L”/“six6*E”), also contributes to the age at maturity pheno-
type in some salmon populations (e.g. Besnier et al., 2023; Sinclair-
Waters et al., 2022).

Salmon that mature at an older age are larger and have higher 
reproductive success than younger, and therefore smaller, maturing 
individuals, which makes them important for the overall abundance 
of salmon stocks (reviewed in Mobley et  al.,  2021). The propor-
tion of old spawners can also positively correlate with the genetic 

diversity of salmon stocks (Vähä et al., 2007), underlining their im-
portance for the overall reproduction and viability of populations 
(e.g. Birkeland & Dayton, 2005). Furthermore, large salmon are par-
ticularly sought-after by commercial and recreational fishers and at-
tract fishing tourism that can provide substantial economic benefits, 
especially to remote regions (e.g. Anderson & Lee, 2013; Myrvold 
et  al.,  2019; Pohja-Mykrä et  al.,  2018; Pokki et  al.,  2018). Older-
maturing salmon have become rarer in many parts of the Atlantic 
salmon distribution (Chaput, 2012). Some rapid declines in mean age 
at maturity of salmon stocks have been accompanied by decreases 
in the frequency of the vgll3*L variant, demonstrating that the shift 
to younger average maturation age has, in these cases, been an evo-
lutionary, rather than a plastic response (Czorlich et al., 2018, 2022; 
Jensen et al., 2022).

In general, older and larger wild Atlantic salmon return to fresh-
water to spawn earlier in the season than younger and smaller 
salmon, and female salmon return earlier in the season than males 
(e.g. Foldvik et al., 2024; Harvey et al., 2017; Jokikokko et al., 2004; 
Niemelä et  al., 2006; Shearer,  1990). In addition, variation at the 
six6 locus is known to influence return migration timing of Atlantic 
salmon independent of age at maturity phenotype, with the six6*L 
(associated with older age at maturity) allele being linked to later 
within-season return timing in multiple populations (Cauwelier 
et al., 2018; Pritchard et al., 2018). Variation in the portfolio of age 
at maturity and timing of return migration occurs both across and 
within rivers: Atlantic salmon spawning in the upstream parts of 
river systems are often older and enter freshwater earlier during the 
spawning migration season than their downstream counterparts (e.g. 
Cauwelier et al., 2018; Miettinen et al., 2021; Stewart et al., 2002). 
The strong homing of Atlantic salmon back to their natal river areas 
means that this phenological variation may co-occur with substan-
tial population genetic substructuring. This implies that the timing 
of fishing during the spawning migration could have differential 
selective effects on different life-history strategy components and 
genetic subpopulations of Atlantic salmon stocks (see Morita, 2019; 
Tillotson & Quinn, 2018).

Atlantic salmon in the Baltic Sea region of northern Europe are 
a mix of wild populations and hatchery-produced stocks released as 
mitigation for the previous destruction of salmon rivers by hydro-
power development. There is strong phylogenetic differentiation 
among the salmon populations originating from the northernmost 
(Gulf of Bothnia), eastern and southern parts of the Baltic Sea basin 
(Säisä et al., 2005). The majority of Baltic salmon today are produced 
by wild rivers and hatcheries in the Gulf of Bothnia. After leaving 
fresh water, salmon from this region migrate to feeding grounds in 
the southern Baltic Sea, and when reaching age at maturity, they 
return during spring and summer along the coasts of the Gulf of 
Bothnia to their natal rivers for spawning.

K E Y W O R D S
Baltic salmon, fisheries management, fisheries-induced evolution, genetic stock identification, 
SNP, temporal genomics
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Currently, the Gulf of Bothnia salmon stocks are targeted by 
commercial and recreational fisheries during their spawning mi-
gration, both along the coast and in the rivers (e.g. ICES, 2023; 
Jacobson et al., 2020; Whitlock et al., 2021). The Atlantic salmon 
sea fishery in the Baltic Sea is currently the largest in the world 
(ICES, 2023). The biggest contributor to this fisheries catch is the 
wild salmon stock that spawns in the interconnected Tornio (Torne 
in Swedish) and Kalix Rivers of Finland and Sweden (ICES, 2023). 
This stock experienced a strong bottleneck from the mid-1970s to 
the mid-1990s due to overfishing and other impacts, but has since 
rebounded (Romakkaniemi et  al., 2003). Tornio-Kalix salmon are 
genetically differentiated within, but not between, the two rivers, 
with upper river reaches forming one genetic cluster and lower 
regions of the rivers forming another (Miettinen et  al.,  2021). 
This population structure is associated with differences in the 
seasonal timing of both smolt emigration and adult return migra-
tion between the upstream and downstream parts of the system 
(Miettinen et al., 2021).

Salmon fishing regulations in the Baltic Sea are a controver-
sial topic. Early-season coastal fishing has been banned for sev-
eral decades with the aim of assisting the recovery of wild salmon 
stocks. However, since 2017 Finland has advanced the start of 
the coastal fishing season to allow a limited amount of harvest 
in the early part of summer. As temporal selection resulting from 
seasonal fisheries openings and closures has potential to induce 
evolutionary changes in phenotypic traits of fish populations 
(Tillotson & Quinn, 2018), this legislative change has sparked dis-
cussions about whether it may allow excessive harvesting of large, 
older-maturing salmon that return to the rivers earlier in the sea-
son, and thereby lead to a reduction in mean age at maturity of 
Baltic salmon stocks. This concern may be of particular relevance 
for the Tornio–Kalix salmon that are harvested primarily along the 
eastern (Finnish) side of the Gulf of Bothnia during their spawning 
migration (Whitlock et al., 2018).

Earlier studies of temporal and spatial variation in stock com-
positions of Baltic salmon exist (e.g. Koljonen, 2006; Koljonen & 
McKinnell, 1996), but to date, none have assessed the harvesting 
pressures faced by the Tornio–Kalix subpopulations as they mi-
grate along the coasts of Gulf of Bothnia to spawn in the Tornio–
Kalix River system. Furthermore, temporal or spatial variation in 
adaptively important loci, such as vgll3 and six6, has not been pre-
viously studied in Baltic salmon catches. Such genetic monitoring 
can provide crucially relevant information about stocks that are 
heavily affected by intensive fishing (e.g. Whitlock et  al., 2018, 
2021), especially if their different subcomponents face unequal 
selection pressures.

Here, we apply population genetic approaches to Baltic salmon 
scale samples collected over 93 years (1928–2020) from commercial 
and recreational fisheries to investigate whether coastal and river 
fishing of wild salmon target specific genetic subpopulations and 
life-history components across the fishing season. This allowed us 
to address whether changes in the fishing season have the potential 

to alter the mean age at maturity of salmon stocks by the selective 
pressures they exert on large-effect loci.

2  |  MATERIAL S AND METHODS

2.1  |  Study area and sample collection

2.1.1  |  Genetic baseline

Full details of baseline sample collection, genotyping and analysis 
are provided in the Supplementary Methods and Results. The initial 
genetic baseline for this study comprised 496 wild salmon geno-
typed using a genome-wide SNP array, divided into six reporting 
units based on analysis of population genetic structure: (1) lower 
Tornio–Kalix (n = 186; sample sites Ka1, Ka2, Ka8, To1, To2, To3, 
To5, To8, To9, To10), (2) upper Tornio–Kalix (n = 115; Ka3, Ka4, Ka5, 
To4, To11, To12), (3) upper Lainio (n = 20; To7), (4) Ängesån (n = 33; 
Ka6, Ka7), (5) Simo (n = 111) and (6) Råne (n = 31) Rivers (Figure 1).

We augmented this initial baseline with individuals from two 
additional reporting units, Vindel (n = 22) and Kymi (n = 19) Rivers 
(Figure 1), genotyped with a Genotyping-in-Thousands by sequenc-
ing (GT-seq; Campbell et al., 2015) panel (see section 2.2 below). The 
Vindel River on the Swedish side of the Gulf of Bothnia supports 
a large wild salmon stock that along with neighboring, genetically 
similar rivers, may contribute a small number of individuals to the an-
alyzed fisheries catch (Whitlock et al., 2018). The Kymi River hatch-
ery stock originates from the Neva River and is, therefore, part of 
the eastern phylogenetic group of Baltic salmon from rivers in the 
Gulf of Finland and the south-eastern Baltic Sea main basin (Säisä 
et  al.,  2005). Kymi was included in the baseline to “capture” any 
salmon belonging to that distinct lineage.

2.1.2  |  Catch samples

We used tissue samples (dry scales) that had been collected from 
harvested Atlantic salmon as part of long-term fisheries monitor-
ing programs in the northern Baltic Sea region. These samples were 
from fish caught along the coast of the Gulf of Bothnia and within 
the Tornio and Kalix Rivers between 1928 and 2020. The sampling 
closely corresponded to the legal fishing seasons and within-season 
variation in fishing efforts in each area. As our focus was on the 
impacts of fishing on wild populations, we discarded any hatchery-
origin fish (marked by adipose fin removal and/or identified via scale 
reading). We aimed to explore genetic and phenotypic variation in 
the wild salmon harvest across space and time within the fishing 
season, and long-term changes across decades, rather than short-
term inter-annual variation. Therefore, to maximize sample sizes, we 
combined samples from 2019 and 2020 to form a “contemporary” 
collection and combined samples collected in earlier years into nine 
“historical” collections, each representing a distinct period (years 
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1928–1930, 1937–1938, 1977–1981, 1989–1996, 2004–2006 and 
2014–2016 for Tornio; and 1928–1931, 1937–1938 and 1962 for 
Kalix; Table 1; Table 2). We did not consider sex or age at maturity 
when selecting samples.

Coastal catch samples 2019–2020
Samples from contemporary coastal mixed-stock salmon fisheries 
were collected in five areas of the Gulf of Bothnia during the fishing 
seasons of 2019 and 2020 (Figure 2; Table 1). The sampling locations 
represented the main salmon fishing areas in the Gulf of Bothnia, 

where wild-spawned fish make up 70%–75% of the annual harvest 
(Pakarinen et al., 2022). Samples were obtained using salmon trap 
nets by Finnish and Swedish commercial fishers, who collected the 
samples across the entire season that they were fishing. All samples 
were taken within the legal national fishing seasons, apart from 25 
samples from site C4 that were taken for research purposes by a per-
mitted fisher before the season opening. We analyzed all sampled 
wild individuals except from site C1, from where we used a subset of 
individuals selected to represent the entire fishing season. In total, 
we genotyped 1098 coastal catch samples.

F I G U R E  1 The geographic origin of (a) salmon stocks in the genetic baseline used for genetic stock identification in this study, and (b) 
sampling sites of wild baseline samples in the Tornio-Kalix River system. The darker lines depict national borders, including the Tornio/Torne 
River that flows on the border of Finland and Sweden.

Area Year
Sampling time span 
(dates) na Legal fishing season

Merikarvia (C1b) 2019 19 May – 17 July 93 1 May → 31 Dec.c

2020 8 May – 15 July 92

Luoto (C2b) 2019 28 May – 22 July 156 6 May → 31 Dec.c

2020 29 May – 11 July 96

Kemi River mouth (C3b) 2019 9 June – 3 July 96 16 May → 31 Dec.c

2020 2 June – 2 July 82

Tornio River mouth 
(C4b)

2019 14 June – 15 July 208 17 June → 31 Dec.c

2020 11 June – 20 July 152

Seskarö and Bergön, 
Sweden (C5b)

2020 18 June – 5 July 114 17 June – 5 July

Note: The legal fishing season refers to the time of the year when salmon fishing is allowed in each 
area.
aSamples in the filtered dataset.
bLocation on Figure 2.
cSpawning migration and consequently the salmon fishing season at the Gulf of Bothnian coast 
practically ends by August.

TA B L E  1 Location and collection time 
of coastal wild salmon catch samples from 
2019 to 2020 used in the study.
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Tornio River catch samples 2019–2020
We also examined the genetic composition of the contemporary rec-
reational fishing harvest in the Tornio River. Samples were collected 
in 2019–2020 from the three main fishing areas on the Finnish side 
of the Tornio River (R1/Downstream: 0–40 km upstream from the 
river mouth; R2/Pello-Lappea: 120–180 km from the river mouth; 
R3/Kihlanki: 240–280 km from the river mouth; Figure 2). All sam-
ples were collected by anglers using rod and reel, which has been 
the most common fishing method within the river since the 1970s. 
Fishing in the Downstream area (R1) mostly takes place in the early 
season and the fish caught in the area are primarily migrating to 
spawning grounds further upstream in the Tornio–Kalix system 
(Miettinen et al., 2021). In the Pello-Lappea (R2) and Kihlanki areas 

(R3), fishing occurs throughout the season and targets both local 
spawners and fish migrating to spawning grounds further upstream. 
We selected samples (n = 698) to be representative of the total 
wild catch throughout the seasons. Samples from these three river 
stretches can be assumed to represent the majority of the Tornio 
River salmon river catches.

Tornio and Kalix River catch samples 1928–2016
To examine temporal changes in the genetic composition of 
the Tornio-Kalix River catches over time, we took advantage 
of archived tissue samples held in Finland and Sweden. We se-
lected a representative subset (n = 1012) of all available samples 
(n > 10,000), and limited our analysis to samples collected between 

TA B L E  2 Tornio/Torne and Kalix River samples from 1928 to 2020 used in the study.

Area Time span (years) Time span (dates) na Mean sea age Note

Kalix River 1928–1931 12 June – 22 Aug. 91 2.38 Fishing method unknown. Catch date and 
specific location for some samples unknown1937–1938 27 June – 5 Aug. 70 2.40

1962 3 June – 26 July 83 2.32

Torne River, 
within 
Sweden

1928–1930 17 June – 14 Aug. 87 2.54

1937–1938 2 June – 23 Aug. 99 2.28

Tornio River, 
within Finland

1977–1981 10 June – 31 Aug. 81 1.68 Mostly other than rod angling catches

1989–1996 12 June – 2 Sept. 105 2.14 Mostly rod angling catches

2004–2006 26 May – 15 Aug. 137 2.23 Only rod angling catches

2014–2016 1 June – 31 Aug. 208 2.08

2019–2020 695 1.95

aSamples in the filtered dataset.

F I G U R E  2 Collection of catch samples from (a) the coast of Gulf of Bothnia (years 2019–2020), and (b) from the Tornio and Kalix Rivers 
(years 1928–2020). Fishing areas on the maps: (a) see Table 1 for names of coastal fishing areas; (b) R1 = Tornio River Downstream area, 
R2 = Pello-Lappea, R3 = Kihlanki, H1 = Kiviranta, H2 = Kengisfors, H3 = Kalix River Downstream area, H4 = Rödupp. The darker lines depict 
national borders, including the Tornio/Torne River that flows on the border of Finland and Sweden. Note that the bifurcation linking Tornio 
and Kalix (marked with a line) allows fish to access Tornio headwaters via the lower Kalix mainstem and vice versa.
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26 May and 2 September to avoid temporal biases among years 
(Table 2).

Tornio River, Finland (1977–2016): Samples from the Finnish side 
of the Tornio River were only available from the 1970s onward. 
We selected a subset of samples distributed across sites R1, R2 
and R3, collected as described above (Table 2, total samples suc-
cessfully genotyped from 1977 to 2016 = 531). Between the late 
1970s and the early 2000s, the Finnish Tornio River was stocked 
with hatchery-produced juvenile salmon of Tornio River origin 
(Romakkaniemi et al., 2003). To limit our analysis to wild-spawned 
fish, we excluded samples from any fish that had been marked by 
adipose fin removal and/or exhibited scale characteristics typical 
of stocked fish (Hiilivirta et  al.,  1998). The adipose fin was not 
removed during the first years of the stocking practice, and we 
therefore excluded all samples that could originate from those 
cohorts.

Torne and Kalix Rivers, Sweden (1928–1962): Samples from the 
Swedish side of the Tornio/Torne River were collected from two 
named areas (Kengisfors and Kiviranta) during the years 1930 
(n = 50) and 1937–1938 (n = 101), respectively. In addition, 59 sam-
ples were collected from unknown Tornio/Torne locations during 
1928–1929. Samples from the Kalix River during the years 1928–
1938 were collected from four named sites (Kamlunge, Månsbyn, 
Näsbyn, Rödupp) that were collapsed into two areas based on 
geographic proximity. In addition, 86 samples were collected from 
unknown Kalix River locations in 1962 (Figure 2; Table 2). No in-
formation was available on the catch method for these samples. A 
part of these samples was used in the temporal genetic study of 
Östergren et al. (2021).

Phenotypic data
Catch location, date, phenotypic sex and (since the 1970s) the pres-
ence/absence of adipose fin had been recorded for adult samples at 
the time of capture. The method of phenotypic sexing was generally 
not stated. We also had data for all adults on age at maturity, defined 
as the number of winters at sea before first spawning (“sea age”, 
number of “sea-winters”), from scale readings performed following 
international guidelines specific for Atlantic salmon (ICES, 2011). If 
the recorded sex and genetic sex (see below) were discordant, we 
used genetic sex in our analysis.

2.2  |  DNA extractions and 
genotyping-by-sequencing

We used QuickExtract™ Solution (Lucigen) to extract DNA from 
the 1977–2020 Tornio River catch samples and the 2019–2020 
coastal catch samples from Sweden. The rest of the coastal sam-
ples were extracted by the Natural Resources Institute Finland 
(Luke, Jokioinen), using the QIAGEN DNeasy Blood & Tissue Kit. 
DNA was extracted from the 1928–1962 Tornio and Kalix River 
samples either using the Chemagic™ 360 instrument (PerkinElmer, 
at University of Helsinki) or the QIAGEN QIAsymphony robot and 

QIAsymphony DNA extraction kit (at the Swedish University of 
Agricultural Sciences; SLU), following the manufacturer's instruc-
tions. We tested DNA concentrations and integrity with NanoDrop 
(Thermo Fisher Scientific), Qubit (Thermo Fisher Scientific) and/or 
agarose gel electrophoresis.

We genotyped and sexed 2803 coastal and river catch samples 
and the 41 additional baseline samples (Vindel/Kymi) using a 229 
SNP genotyping-by-sequencing panel (GT-seq) developed and opti-
mized for this study. This panel includes markers linked to the adap-
tively important large-effect loci vgll3 (vgll3top marker; vgll3*L = C/G; 
vgll3*E = A/T) and six6 (six6top marker; six6*L = A/T; six6*E = C/G) 
(Barson et  al., 2015) plus a marker on the male-specific sdY locus 
(Yano et al., 2013). Full details on the SNP panel development and 
genotyping are provided in the Supplementary Methods & Results.

Using vcftools 0.1.17 (Danecek et al., 2011), we removed geno-
types with a genotype quality of <15 (--minGQ 15) and a read depth 
of <8 (--minDP 8). Using PLINK v1.90 (Chang et al., 2015), we then 
filtered out SNPs and individuals with >30% missing data (--geno 0.3 
--mind 0.3) from this genotyping-by-sequencing dataset.

2.3  |  Genetic stock identification

2.3.1  |  Units for mixed stock analysis

We first estimated the overall stock composition of the total contem-
porary (2019–2020) coastal and river catch collections and the nine 
historical river catch collections. For the three most recent sampling 
periods (2019–2020, 2014–2016 and 2004–2006), for which we had 
larger numbers of samples, we also qualitatively explored trends in 
the stock composition of catches across the fishing season. To do 
this, we divided the total samples from each fishing location into 
four quartiles, which represented the early, early-mid, late-mid and 
late parts of the fishing season at that location (Table S1). Quartiles 
were defined by ordering the samples from each location by catch 
day, splitting them into four consecutive equally sized groups, and 
then adjusting the quartile boundaries so that fish caught on the 
same day were not split between quartiles. Note that, using this ap-
proach, each location-specific quartile contains an approximately 
equal number of fish but the date boundaries for the quartiles are 
different at each fishing location. We took this approach rather than 
splitting samples by predefined temporal boundaries (e.g. catch 
month) to avoid estimating mixture proportions from very different 
sample sizes. We did not investigate within-season trends in stock 
composition for site C5, from which the sample size was small and 
the fishing season short.

For 2019–2020, we also estimated how many individual salmon 
from each reporting group were caught across the season at each 
location. We obtained cumulative total catch numbers of wild 
salmon (available for 1-day intervals in the coastal areas managed 
by Sweden, 5-day intervals in the coastal areas managed by Finland, 
and 15–16-day intervals in the Tornio River) and used these to 
infer daily catch numbers. We then combined these with our stock 
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    |  7 of 16MIETTINEN et al.

composition estimates (see below) to estimate the total number of 
fish from each genetic reporting unit caught in the early, early-mid, 
late-mid and late seasonal quartiles at each location.

2.3.2  |  Performance of SNP panel

We tested the performance of the SNP panel with 166 SNPs for GSI 
by using a “leave-one-out” population re-assignment procedure im-
plemented in R package rubias (Moran & Anderson, 2019; R Core 
Team,  2021). We used the proportion of baseline individuals re-
assigned to their correct reporting unit as a measure of SNP panel 
performance.

2.3.3  |  Genetic stock analysis

We performed mixed stock analysis separately for all catch subsam-
ples (fishing areas, quartiles and time points) using a maximum likeli-
hood approach implemented in the R package rubias. We used the 
genetic baseline described above and default options of a uniform 
prior and 200 burn-in, followed by 2000 MCMC replicates.

2.3.4  |  Population of origin

We used information from the mixed stock analyses to assign indi-
viduals to their most likely population of origin. Individuals with a 
probability (PofZ) < 0.7 of originating from any baseline population 
were considered unassigned (following Aykanat et al., 2020).

2.3.5  |  Phenotypic variation across Tornio–Kalix 
subpopulations

To examine life-history variation across Tornio–Kalix subpopula-
tions, we calculated mean age at maturity and capture date across 
salmon assigned by rubias to each of the subpopulations in the entire 
catch dataset (1928–2020).

2.4  |  Patterns of phenotypic variation associated 
with maturation-linked loci

2.4.1  |  Association of vgll3 and six6 genotypes with 
age at maturity

We investigated the relationship between sex, vgll3 and six6 geno-
types and age at maturity across the entire catch dataset using multi-
nomial logistic regression implemented in nnet 7.3.19 in R (Venables 
& Ripley, 2002). As only 39 fish had a sea age of four sea-winters 
or older, we used three age at maturity categories: 1, 2 and 3+. 
The initial model included additive effects of vgll3 and six6 (coded 

as count of L alleles) plus a dominance effect for each locus (coded 
as 1 for heterozygotes, and 0 otherwise). To account for the known 
sex-specific dominance at vgll3, we modelled males and females sep-
arately. We assessed the significance of each effect term by com-
paring the likelihoods of a full model and a reduced model lacking 
that term, using likelihood ratio tests (lmtest 0.9.40 in R, Zeileis & 
Hothorn, 2002). We removed all non-significant terms from the full 
model and repeated this process with the subsequent reduced mod-
els to arrive at the final model.

2.4.2  |  Patterns of phenotypic and genotypic 
variation across the fishing season

Variation in sex and age at maturity across the fishing season
We investigated the relationship of sex and age at maturity with 
salmon catch date, coded as days since 1 May, within the total 2019–
2020 fisheries catch. We implemented a general mixed model using 
lme4 1.1.34 (Bates et al., 2015) in R, with sex, age at maturity and 
their interaction as fixed factors and year and fishing location as ran-
dom factors. We selected the model terms based on their ecological 
relevance and statistical significance. We visually assessed the nor-
mality of residuals for the models with the qqnorm function in lme4, 
and homoscedasticity by using the plot function in R.

Variation in vgll3 and six6 allele frequencies across the fishing 
season
We investigated the relationship between vgll3*L allele count, six6*L 
allele count and salmon catch date. We initially examined these 
across the entire catch dataset. To investigate in detail the potential 
impact of the current fishing regime, we also performed separate 
analyses for the coastal and river catches from 2019–2020. Using 
lme4 in R, we first applied a general linear mixed model with catch 
date as the dependent variable, vgll3*L and six6*L allele count as 
fixed factors, and fishing area and year as random factors. To ask 
whether vgll3 and/or six6 effects on catch date were entirely medi-
ated through their effects on the age at maturity phenotype, we re-
peated this analysis with the addition of the fixed factors sex, age at 
maturity and their interaction. We selected the model terms based 
on their ecological relevance and statistical significance. We visually 
assessed the normality of residuals for the models with the qqnorm 
function in lme4, and homoscedasticity by using the plot function 
in R. To account for the possibility that our results could be biased 
by including different stocks with different allele frequencies and 
migration timing, we repeated all analyses including only individuals 
assigned by rubias to the large lower Tornio–Kalix population.

To illustrate and visually examine the change in vgll3*L and six6*L 
allele frequencies across the seasons in the 2019–2020 fisheries 
catches, we used ggplot2 to plot them graphically and used geom_
smooth() to fit a generalised additive model (GAM) across the data 
separately for the river and coastal catches, and also for each fishing 
area. We similarly illustrated and visually examined these within-
season changes in the nine historical collections (Table 2).
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8 of 16  |     MIETTINEN et al.

2.4.3  |  Changes in vgll3 and six6 allele frequencies 
across years

To examine whether any SNPs exhibited unusually high variation in 
allele frequency across the 93-year sampling period, which could 
suggest temporally varying selection, we used OutFLANK_0.2 
(Whitlock & Lotterhos, 2015) to identify SNPs with unusually high 
FST among the seven contemporary or historical collections from the 
Tornio River (Table 2). We applied default parameters and consid-
ered SNPs with q < 0.05 to be significant FST outliers. To illustrate 
and visually examine the changes in vgll3*L and six6*L allele frequen-
cies in the Tornio River catches over time, we fit a GAM across the 
data (using ggplot2 and geom_smooth() as above).

3  |  RESULTS

3.1  |  Genotyping quality control

Out of the 2803 catch samples and 229 SNPs genotyped with the GT-
seq panel, 56 individuals and 59 SNPs were removed due to exceed-
ing the missing data threshold, and one individual due to unusually 
high heterozygosity suggesting sample contamination. One SNP was 
removed due to mismatches between genotypes inferred by array 
genotyping and genotypes inferred by genotyping-by-sequencing. 
The final dataset comprised 2745 catch samples and 41 additional 
baseline samples (Vindel and Kymi Rivers) genotyped at 166 base-
line SNPs, vgll3top, six6top and the sdY marker. Mean genotyping suc-
cess across the 168 autosomal SNPs was 95.3%. Phenotypic sex was 
discordant with genotypic sex based on the sdY marker in 261 (9.5%) 
catch samples.

To generate the genetic baseline for the genetic stock identifica-
tion (GSI) of the catch samples, we extracted the genotypes for the 
166 SNPs from the SNP array dataset, and added the genotyping-
by-sequencing genotypes for two additional baseline populations 
(Vindel and Kymi). We also removed seven baseline individuals from 
the Tornio–Kalix system that, on the basis of population structure 
analysis (details in Supplementary Methods and Results), appeared 
to originate from locations further upstream in the system than 
where they were collected.

3.2  |  Genetic stock identification of Baltic 
salmon catches

The estimated self-assignment accuracy of samples from the base-
line populations using the 166 retained GSI SNPs ranged from 87.9% 
(Ängesån tributary in the Kalix River) to 100% (Kymi, Råne and 
Vindel Rivers) (Table S2).

Mixture analysis inferred that the majority of wild salmon caught 
in the contemporary (2019–2020) coastal and Tornio River fishery 
originated from the lower Tornio–Kalix genetic cluster (coastal fish-
ery: 75.9%; river fishery: 80.5%). An additional 2.8% and 17.5% of 

the coastal catches, and 8.5% and 10.5% of the river catches origi-
nated from the upper Lainio and other upper reaches of the Tornio–
Kalix system, respectively (Table S3; Figure S1). Stock proportions in 
the historical (1928–2016) collections were relatively constant, but 
in the Tornio River there was an overall decrease in the proportion 
of upper Tornio–Kalix salmon over time (Figure S1).

Visual inspection indicated that for 2019–2020, the proportion 
of catch originating from the upper Tornio–Kalix and upper Lainio 
decreased across the fishing season in the coastal fishing areas 
(Merikarvia, Luoto, Kemi River mouth, Tornio River mouth), and in the 
Downstream (R1) and Pello-Lappea (R2) fishing areas in the Tornio 
River (Figure  3a). Overall, salmon originating from upper Tornio–
Kalix and upper Lainio were particularly well-represented (c. 45%) in 
the Downstream catches from the Tornio River (mostly taken early 
in the fishing season), whereas by far most of the catches from the 
more upstream Pello-Lappea and Kihlanki (R3) areas (mainly taken 
later in the season) originated from lower Tornio–Kalix (Figure 3b). 
The pattern of increasing proportions of salmon originating from the 
lower Tornio–Kalix over the season was evident also in the Tornio 
River catches from 2004–2006 and 2014–2016 (Figure S2).

3.2.1  |  Phenotypic variation across Tornio–Kalix 
subpopulations

Visual inspection of the entire catch dataset indicated that salmon 
assigned to the upper parts of the Tornio–Kalix tended to be caught 
earlier in the season than salmon assigned to the lower Tornio–Kalix 
cluster. Salmon originating from the upper Lainio were caught par-
ticularly early and had an old age at maturity (Table 3).

3.3  |  Patterns of phenotypic variation associated 
with maturation-linked loci

3.3.1  |  Association of vgll3 and six6 genotypes with 
age at maturity

When applying a multinomial logistic regression model with the en-
tire catch dataset, we observed significant additive effects of vgll3 
and six6 on age at maturity in both males and females (Figure  4; 
Table S4). We additionally observed a significant vgll3 dominance ef-
fect in males, but not in females. No six6 dominance effect was seen 
for either sex (Table S4a). Information on the final fitted models is 
provided in Table S4b.

3.3.2  |  Patterns of phenotypic and genotypic 
variation across the fishing season

Females were caught earlier in the season than males in both coastal 
(t = 4.62, p < 0.001) and river (t = 6.70, p < 0.001) fisheries, as well as 
across the entire catch dataset in 2019–2020 (t = 8.65, p < 0.001; 
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    |  9 of 16MIETTINEN et al.

Table S4c). We found a significant relationship between vgll3 geno-
type and catch date when examining the entire catch dataset (from 
1928–2020; t = −11.64, p < 0.001), and when examining the 2019–
2020 coastal (t = −5.59, p < 0.001) and river (t = −6.59, p < 0.001) 
fisheries separately. We also observed a significant association 

between six6 genotype and catch date in the entire catch dataset 
(from 1928–2020; t = 4.98, p < 0.001) and the 2019–2020 coastal 
dataset (t = 2.09, p = 0.037), with six6*L being associated with a later 
catch date (Table S4d). When accounting for the mixed stock struc-
ture of our dataset by applying the same models as above only to 

F I G U R E  3 Estimated stock proportions of wild salmon catches from (a) the coastal fishing areas and (b) the Tornio River during fishing 
seasons 2019–2020. The catches were split temporally into quartiles (the four points per stock and area) based on the number of genetic 
samples. The points represent median quartile days (i.e. median catch date of individuals in each quartile), counted as days since May 1 (see 
Table S1). The error bars denote 95% credible intervals. For illustrative purposes, estimated proportions of Kymi, Råne, Simo and Vindel 
River stocks are not shown. TK refers to Tornio-Kalix.
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TA B L E  3 Phenotypic and life-history loci variation across individuals assigned to Tornio-Kalix subpopulations in the dataset of catches 
from 1928 to 2020.

Subpopulation Sex n
Sea age 
(mean + SD)

Catch date (since may 
1; mean + SD)

vgll3*L frequency 
(mean + SD)

six6*L frequency 
(mean + SD)

Lower Tornio-Kalix Female 1150 2.28 + 0.58 64.23 + 23.59 0.55 + 0.36 0.80 + 0.29

Male 889 1.82 + 0.82 72.57 + 25.17 0.55 + 0.36 0.80 + 0.29

Total 2068 2.08 + 0.73 67.72 + 24.58 0.55 + 0.36 0.80 + 0.29

Upper Tornio-Kalix Female 237 2.08 + 0.43 52.07 + 17.68 0.56 + 0.36 0.47 + 0.37

Male 163 1.84 + 0.74 57.92 + 19.93 0.63 + 0.36 0.46 + 0.36

Total 405 1.99 + 0.59 54.53 + 18.81 0.58 + 0.36 0.47 + 0.36

Upper Lainio Female 57 2.28 + 0.53 40.46 + 18.99 0.82 + 0.28 0.86 + 0.25

Male 43 2.38 + 0.70 44.77 + 23.51 0.83 + 0.29 0.83 + 0.26

Total 102 2.33 + 0.60 41.79 + 21.18 0.82 + 0.28 0.85 + 0.25

Ängesån Female 10 1.90 + 0.32 52.90 + 22.88 0.20 + 0.35 0.75 + 0.26

Male 5 1.40 + 0.89 48.80 + 12.62 0.40 + 0.22 0.80 + 0.27

Total 15 1.73 + 0.59 51.53 + 19.65 0.27 + 0.32 0.77 + 0.26
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10 of 16  |     MIETTINEN et al.

individuals assigned to the lower Tornio–Kalix, the significant effect 
of vgll3 on catch date persisted in the entire catch dataset (t = −9.25, 
p < 0.001) and the 2019–2020 coastal (t = −5.33, p < 0.001) and river 
(t = −4.48, p < 0.001) datasets, but the six6 effect was no longer sig-
nificant (Table S4d).

Visual exploration of the data confirmed that the frequency of 
vgll3*L strongly decreased over the main fishing season (of 13 weeks) 
in catches from each coastal fishing area in 2019–2020 (Figure 5a; 

Figure S3), apart from the area managed by Sweden (C5), for which 
the fishing season was extremely short (2½ weeks; not shown). 
When the frequency of vgll3*L was examined in combination with 
estimates of daily total catches from the different coastal fishing 
areas managed by Finland (C1 to C4), we found that relatively few 
salmon (in terms of absolute numbers of salmon caught, compared 
to later in the season) were caught early in the season when the vari-
ant was most frequent in the catches (Figure 5a; Figure S3).

F I G U R E  4 Relationship between mean age at maturity of salmon (i.e. sea age, as number of winters spent at sea before first spawning) 
and genotypes of the (a) vgll3 and (b) six6 genes, analysed across the entire Baltic salmon catch dataset from 1928 to 2020. E and L represent 
the alleles associated with early and late maturation, respectively.
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F I G U R E  5 vgll3*L (associated with older age at maturity) allele frequency in (a) coastal wild salmon catches, and in (b) Tornio River catches 
during 2019–2020. The lines depict a relationship between vgll3*L and catch date, fitted with a GAM (smoother used: y ~ s(x, bs = “cs”)), 
whereas the grey area around the lines illustrates the uncertainty of the fitted relationship (95% confidence intervals). The histograms above 
show the estimated daily catch sizes (number of salmon caught per day) in these areas for the duration of the fishing season. The data points 
represent the vgll3 genotype of individual samples. The points are jittered on the y-axis to aid figure interpretation. TK refers to Tornio-Kalix.
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    |  11 of 16MIETTINEN et al.

The frequency of vgll3*L in the 2019–2020 Tornio River catches 
also strongly decreased during the fishing season in each fishing area 
(Figure 5b; Figure S4). In the Downstream area (R1), most salmon were 
caught early in the season when fish with the vgll3*L allele were most 
abundant in the catches. In the areas further upstream (Pello-Lappea, 
R1; Kihlanki, R2), more salmon were caught later in the season, when 
the vgll3*L allele was less abundant in the catches. In contrast to vgll3, 
no consistent pattern was observed for six6 across the different fishing 
areas (Figure S5, different areas not shown).

A similar decline in vgll3*L allele frequency across the fishing sea-
son was observed for nearly all historical time points (Figures S6 and 
S7), whereas six6*L frequency either increased across the season or 
showed no trend (Figures S6 and S7).

We found that vgll3 and six6 genotypes had a significant effect 
on catch date also when sex and sea age were controlled for. For all 
datasets examined, except for the Tornio River catches 2019–2020 
with only fish assigned to the lower Tornio–Kalix, vgll3*L was asso-
ciated with an advance in catch date and six6*L with a delay in catch 
date (Table S4e). This effect was seen most clearly when plotting the 
change in vgll3 and six6 allele frequencies over time within two-sea-
winter fish (the most frequent age category in the catches): vgll3*L 
allele frequency generally declined over the season, while six6*L fre-
quency generally increased (Figure S8).

3.3.3  |  Long-term temporal genetic variation in 
maturation-linked loci

The vgll3*L frequency in the Tornio River salmon catches appeared 
to fluctuate considerably over the 93-year time span of the avail-
able data (Figure 6; see results from OutFLANK analysis below). The 
variant was particularly frequent in the samples from 1928 to 1930, 
and rarest during the late 1970s and early 1980s. After that, the 
variant became more frequent until the early 2000s (2004–2006), 
after which changes in its frequency were relatively small. In con-
trast, the frequency of the six6*L allele appeared to increase over 
time (Figure S9).

One SNP was removed from the OutFLANK analysis due to fail-
ing the heterozygosity threshold (He < 0.1). Analysis with OutFLANK 
across time points identified two significant FST outliers among the 
167 remaining SNPs: vgll3, with the highest FST across time points 
(q < 0.0025), and one baseline SNP (q < 0.028; on chromosome 9, c. 
11.3 Mb apart from six6top) (Figure S10). Six6 exhibited the fourth-
highest FST across time points but was not a significant outlier 
(q = 0.236).

4  |  DISCUSSION

Using genotyping-by-sequencing on 2745 wild Atlantic salmon 
caught by commercial and recreational fisheries in the northern 
Baltic Sea, we discovered that fishing in the early season targeted a 
genetic variant strongly linked with older age of maturation (vgll3*L 

on chromosome 25; Ayllon et  al.,  2015; Barson et  al.,  2015). This 
suggests that temporally varying fishing mortality within the season, 
due to for example earlier openings to the season, has the potential 
to cause evolutionary changes in a key life-history trait and its diver-
sity in the salmon populations targeted by these fisheries. We could 
also confirm that subpopulations spawning upstream in the largest 
Baltic salmon river complex are more frequent in early than late-
season catches (Miettinen et al., 2021), further highlighting the po-
tential impact of seasonal fishing timing on these populations. This 
knowledge, and the novel genetic tools that we present in this arti-
cle, can be used to guide management to reduce the potential del-
eterious effects of fishing practices on salmon populations and their 
life-history diversity. Overall, this study provides a tangible exam-
ple of using genomic approaches to infer, monitor and help mitigate 
human impacts on adaptively important genetic variation in nature.

Furthermore, this study improved our ability to identify Baltic 
salmon subpopulations from mixed stock fishery catches, and 
therefore to quantify selective pressures extorted on them by both 
coastal and river fisheries. This improves the selection of tools avail-
able to effectively manage and conserve different components of 
these wild salmon stocks.

4.1  |  Temporally varying fishing mortality can 
induce life-history changes

We found that salmon caught in the early season possessed higher 
frequencies of vgll3*L than late-season catches, and so also exhibited 

F I G U R E  6 Long-term changes in vgll3*L allele frequency in 
the Tornio/Torne River salmon catches from 1928 to 2020. The 
line depicts a relationship between vgll3*L and sampling year, 
fitted with a GAM (smoother used: y ~ s(x, bs = “cs”)), whereas the 
grey area around the lines illustrates the uncertainty of the fitted 
relationship (95% confidence intervals). The data points represent 
the vgll3 genotype of individual samples. The points are jittered on 
the y-axis to aid figure interpretation.
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greater sea age, in both coastal and river fisheries. This indicates that 
heavy fishing mortality on salmon migrating early in the summer has 
the potential to cause evolutionary changes in the age at maturity of 
Baltic salmon stocks: mean reproductive age and size of fish may de-
crease if fishing strongly and continuously targets larger individuals 
(e.g. Conover & Munch, 2002; Jørgensen et al., 2007; Uusi-Heikkilä 
et al., 2015). Using specific genetic markers to monitor or manage 
potential harvest-induced evolution is still possible in only few spe-
cies. In Atlantic salmon, the observed relationship between catch 
date and vgll3*L can be used to improve predictions of evolutionary 
responses of salmon to temporally varying harvesting pressures.

We also confirmed an additional effect of the genetic variant 
six6*L on Atlantic salmon age at maturity, as well as an association of 
six6*L with catch date that was in the opposite direction to vgll3*L. 
Corresponding with the observation that six6*L is strongly associ-
ated with later river mouth catch date within an Atlantic salmon 
age class in Scotland (Cauwelier et al., 2018), and also in the Teno 
River of northern Finland/Norway (Pritchard et al., 2018), we found 
that six6*L frequency was positively associated with catch date also 
when the effect of vgll3*L was accounted for. However, the realised 
change in six6*L frequency across the fishing season was weak, mak-
ing any effect of changing fisheries regimes on six6 difficult to pre-
dict. The observed small increase in the frequency of the six6*L allele 
between 1928 and 2020 may reflect the decreasing proportions of 
upper Tornio-Kalix fish in the catches, rather than directional selec-
tion at this locus.

Interestingly, both vgll3 and six6 were significantly associated 
with catch date when sex and age at maturity were accounted for, 
but these associations were in different directions. In the case of 
vgll3, this suggests that the association of vgll3*L with earlier catch 
date is not solely mediated through its effect on age at maturity; 
fish of the same age class tend to be caught earlier if they carry 
more vgll3*L alleles. This indicates that strong early season fishing 
has the potential to cause evolutionary changes towards younger 
maturation age by selecting against vgll3*L even if older salmon 
would be left unharvested. The opposing effects of vgll3 and six6 
on catch date, a good proxy for the timing of the return spawn-
ing migration, suggest that there could be selection on the joint 
vgll3-six6 allele spectrum to optimise return timing in wild Atlantic 
salmon populations, in addition to the selection that is acting to 
optimise age at maturity. This could explain observations that 
Atlantic salmon populations differing in their age at maturity port-
folio may also exhibit large differences in six6*L allele frequency 
(e.g. Barson et al., 2015).

The vgll3*L allele has become rarer over recent decades in 
Atlantic salmon catches of the Teno and Eira Rivers of Finland and 
Norway, respectively (Czorlich et al., 2018; Jensen et al., 2022). For 
both rivers, this genetic change was accompanied with a reduction 
in mean age at maturity. Czorlich et  al.  (2022) inferred direct and 
indirect effects of fishing to underlie this rapid evolutionary change 
in the Teno, while habitat modifications were suggested to be be-
hind the change in the Eira (Jensen et al., 2022). Here, we found that 
allele frequencies of vgll3 in the Tornio River catches over 93 years 

fluctuated more than any of the 167 other SNPs genotyped. The 
frequency of vgll3*L was highest in the oldest samples (1928–1930) 
and lowest in the late 1970s-early 1980s. However, we caution that 
although our catch samples from different years were similarly dis-
tributed across the season and had a relatively similar mixed stock 
composition, we cannot completely rule out an influence of different 
catch dates, locations or stocks on this observation. Some uncer-
tainty about fishing methods for older samples, meaning that fish 
could have been harvested in a size-selective manner, is another 
possible source of bias. Nevertheless, the observed long-term fluc-
tuations are reasonably concordant with historical age structure 
changes of the Tornio-Kalix River salmon catches, that have likely 
been affected by changes in fishing (e.g. Kallio-Nyberg et al., 2014; 
Karlsson & Karlström,  1994; Romakkaniemi et  al.,  2003), among 
other factors (e.g. climatic variation; Huusko & Hyvärinen, 2012). 
Salmon caught in the Tornio–Kalix in the early 1900s were, on av-
erage, notably larger and older than today (e.g. Järvi, 1938; Kallio-
Nyberg et al., 2014). Offshore fishing intensified especially between 
the 1960s and 1980s (Karlsson & Karlström, 1994) and consequently 
increased the mortality of salmon spending multiple years at sea 
(Romakkaniemi et al., 2003). The average size and sea age of Tornio 
River catches strongly increased in the 1990s (e.g. Romakkaniemi 
et al., 2003), likely due to a combination of reduced offshore fishing, 
strong restrictions on coastal fishing including the enforcement of 
an early summer ban, and high survival of salmon at sea owing to 
abundant prey stocks and warm winters (between 1982 and 1992) 
(Karlsson & Karlström, 1994; Romakkaniemi et  al., 2003). We ob-
serve similar changes in our multi-year dataset (Table 2).

The vgll3*L frequency has remained relatively stable in the 
2000s, and our results do not suggest that it would have become 
rarer in the catches since 2017, when coastal salmon fishing man-
aged by Finland in the Gulf of Bothnia has been, to a limited extent, 
allowed to start as soon as environmental conditions permit. Due to 
restrictions on both fishing effort and catch quotas, the intensity of 
fishing during the “advanced” part of the season (i.e. allowed since 
2017) in 2019–2020 may not have been strong enough (Pakarinen 
et al., 2022) to have caused a directly detectable vgll3*L reduction 
in the Tornio River catches in these years. However, due to the long 
generation time of late-maturing salmon in this region, evaluating 
potential evolutionary changes due to a regulation change in 2017 
requires assessment over a longer time period than is possible with 
this dataset. Thus, we recommend continued genetic monitoring of 
subsequent generations of salmon to evaluate the potential evolu-
tionary impact of the “advanced” early season fishing.

We also found that early season fishing, both on the coast of Gulf 
of Bothnia and in the Tornio River, caught relatively more salmon 
originating from upstream sites of the Tornio–Kalix system than late 
season fishing. This is in line with a previous microsatellite study that 
analysed stock composition of 2009–2010 adult salmon catches in 
the Tornio River (Miettinen et al., 2021), and concordant with find-
ings of seasonal migration timing differences within rivers in other 
salmon lineages (e.g. Niemelä et al., 2006; Stewart et al., 2002; Vähä 
et al., 2011). Notably, salmon assigned to the upper Lainio genetic 
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cluster were frequent only in the earliest catches. Salmon originating 
from this subpopulation and other upstream parts of the Tornio–
Kalix were also, on average, older than catches originating from the 
lower reaches. These results support earlier views on within-river 
differences in migration behaviour and age structure in the Tornio–
Kalix system, and suggest that subpopulations spawning in the 
upper river reaches may be particularly vulnerable to strong early 
season fishing (Miettinen et al., 2021). Particular concern for these 
populations is justified because their longer migrations and longer 
life cycle (due to an older smolt age; Miettinen et al., 2021) compared 
to downstream populations predispose them to higher fishing and 
natural mortality.

4.2  |  Significance of results to salmon management

Diversity in life-history traits, such as age at maturity or migration 
timing, may buffer populations against environmental changes, and 
can reduce variability among years in the numbers of fish that return 
to spawn and can be sustainably harvested from salmonid popula-
tions (e.g. Carvalho et  al., 2023; Connors et  al., 2022; Cordoleani 
et  al.,  2021; Gharrett et  al.,  2013; Hoelzel et  al.,  2019; Schindler 
et al., 2010). Fishing has been shown to cause evolutionary changes 
in the mean age and size at maturity of salmon populations (Czorlich 
et al., 2022). As the restoration of genetic traits altered by fishing is a 
slow natural process, proactive preservation of this kind of ecologi-
cally important diversity is recommended (e.g. Enberg et al., 2009). 
Our results suggest that to safeguard variation in age at maturity 
and migration timing in salmon stocks, the potential evolutionary 
impacts of temporally varying fishing pressures need to be carefully 
considered in regulating fisheries (Mobley et al., 2021). Preserving 
this kind of phenological variation within and among salmon popula-
tions by avoiding harvest-induced selection can promote the popu-
lations' resilience to climate change (Kovach et al., 2015), help them 
endure stochastic environments and minimise the need for fisheries 
closures (Schindler et al., 2010).

Our genetic analysis of coastal catches from 2019–2020 provides 
evidence that restrictions on early summer coastal salmon fishing 
are important to prevent the excessive targeting of the earliest mi-
grating salmon, that mainly originate from populations in upstream 
river areas. The results also demonstrated that the vgll3*L variant 
was always more frequent in catches from each coastal area during 
the “advanced” fishing season, compared to any later time point. In 
addition, compared to later in the summer, catches from the “ad-
vanced” season were more often females, which are particularly im-
portant for the reproduction and recruitment of salmon stocks (e.g. 
Jonsson & Jonsson 2011). Thus, we argue that the current temporal 
restrictions of the coastal fisheries are important and should not be 
relaxed, as they help to conserve the viability of the upstream popu-
lations in particular, as well as life-history variation and subsequently 
the adaptive potential and long-term resiliency of the Tornio–Kalix 
stock. This is, in turn, expected to maintain the genetic diversity of 
Baltic salmon as a whole (Kurland et al., 2023).

Salmon fishing in the Downstream area of the Tornio River ap-
peared to target the upstream subpopulations and vgll3*L variant 
particularly strongly compared to other studied fishing areas. Angling 
along the Tornio River has increased markedly following a relatively 
recent recovery of the river's salmon stock (Palm et al., 2023), and 
fishing in the Downstream area is more concentrated in the early 
summer than in other areas. Due to the differences in regulation and 
conditions of coastal and river fishing, the river fishing can harvest 
salmon that have reached the river before the initiation of full-scale 
coastal fishing. According to sonar monitoring at a site c. 100 km 
upstream from the Tornio River mouth (Kattilakoski), only very few 
salmon migrate through the lowest river reach before the start of 
river fishing on June 1st (Palm et al., 2023). This and our results sug-
gest that Downstream fishing in the Tornio River currently mostly 
capitalizes on the stock component that the coastal fishing restric-
tions protect. Thus, regulating the Downstream fishing could be a 
powerful additional measure in conserving the old and upstream-
spawning salmon (see Harvey et al., 2017; Quinn et al., 2006), and 
should be considered to protect these subpopulations and the ge-
netic variants underlying old age at maturity and/or early migration 
timing. Reducing fishing mortality on the upstream subpopulations 
could also help to enhance the overall production and population 
size of the entire river system. To further assess the area-specific 
impact of harvesting on the Tornio–Kalix subpopulations, future 
studies could compare the genetic composition and vgll3*L frequen-
cies of smolts emigrating from the river system to the proportional 
genetic composition of adult catches.

4.3  |  Conclusions

Knowledge of the genetic basis of age at maturity in Atlantic salmon 
(Ayllon et al., 2015; Barson et al., 2015) combined with genotyping 
an extensive time series of catch samples provided us with a rare 
opportunity to infer possible evolutionary impacts of fishing on wild 
salmon populations. Our results suggest that variation in seasonal 
timing of fishing has the potential to cause evolutionary changes in 
key life-history traits of Atlantic salmon. Most notably, we found the 
frequency of the vgll3 variant linked with older maturation to de-
crease in fishing catches over the season, which suggests that strong 
early season fishing could lead to a reduction in mean reproductive 
age and size of salmon.
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