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Abstract: Life-history decisions, and trade-offs, are affected by resource acquisition, which

can vary among individuals, and during the life cycle of an individual. In Atlantic salmon

(Salmo salar) many life-history decisions, such as age-of-maturity, are strongly associated

with two genomic regions, vgll3 and six6. Previously, these genomic regions have been

associated with food acquisition in adult sea-run Atlantic salmon; however, this has not yet

been studied in juvenile salmon. Furthermore, population density strongly affects the food

availability of juvenile salmon through resource competition. Here, using controlled crosses
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reared in semi-natural stream conditions, I investigated the effect and relationship of

life-history genetics and population density on juvenile Atlantic salmon food acquisition.

Stomach contents from 148 juvenile Atlantic salmon were quantified for their prey item

composition, total number of prey items and dry weight, and environmental and genetic basis

of food acquisition were analysed using mixed effects models. Late maturing six6 genotype

fish had higher stomach-content dry weights and fuller stomachs than early maturing

individuals, in low densities. Furthermore, low density fish were of better condition and had

higher growth rates than high density fish. There was no association between six6 and vgll3

genotypes and food acquisition in high densities. The results support the existing knowledge

of the negative effect of increasing population density on juvenile Atlantic salmon growth

and condition. Furthermore, the density dependent association of six6 and food acquisition

suggest a trade-off between early maturation and maximised food acquisition.
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Introduction

Life-history decisions such as growth, maturation, the amount of offspring produced and

number of reproductive events during an individual's lifetime, are affected by resource

acquisition (Engen & Stenseth 1989; Hutchings & Jones 1998; Finstad et al. 2009).

Consequently, the amount of resources an individual is able to gather during its different

life-stages affects the amount of resources that can be allocated to different processes (Tanaka

1996; Hutchings & Jones 1998; Finstad et al. 2009; Prokkola et al. 2022). Furthermore,

population density is an important determinant of resource availability (Finstad et al. 2009;

Teichert et al. 2017). Resource acquisition varies among individuals, and if heritable,

consequently acts as a major evolutionary force affecting community level structures and

processes (Tanaka 1996; Mousseau et al. 2000; Aykanat et al. 2020). Differences in strategies

and trade-offs related to resource acquisition, feeding efficiency and prey preference can

therefore also promote ecological specialisation (Tanaka 1996; Aykanat et al. 2020).

Understanding the processes related to resource acquisition and life-history decisions is vital

for understanding how species and communities may respond to climate change driven

community disturbances, such as changes in resource availability.

Atlantic salmon Salmo salar (L.) is an important species with high ecological, economical

and cultural value. During the last few decades, Atlantic salmon populations have been

radically declining (Friedland et al. 2009; Czorlich et al. 2018). Noticeably, in addition with

overall population declines, a change in age composition has been observed in Atlantic

salmon (Czorlich et al. 2018; Utne et al. 2022). These declines have been linked to

anthropogenic actions such as overfishing, artificial migratory barriers, invasive species and

emerging pathogens, and climate change driven species community structure disturbances

(Erkan et al. 2015; Erkinaro et al. 2019; Marsh et al. 2019; Aykanat et al. 2020; Czorlich et

al. 2022; Utne et al. 2022). Community level disturbances can alter trophic network

structures and resource availability, which again affects population demography through

life-history decisions and strategies (Tanaka 1996; Aykanat et al. 2020; Prokkola et al. 2022;

Utne et al. 2022).

Atlantic salmon go through multiple ontogenic changes during their life history, from newly

hatched alevins to reproducing adults (Aas et al. 2011). Sexually mature adults migrate from
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the sea to their natal rivers to reproduce (Aas et al. 2011). Females lay their eggs in spawning

nests (redds) they have formed into the bottom substrate, and the males fertilise the eggs (Aas

et al. 2011). Once the eggs hatch, the alevin stage salmon will hide in the cover of the redds

and feed on their yolk sacs (Aas et al. 2011). Once the salmon alevin have developed into

motile fry, the fish disperse downstream in order to find suitable habitat for their freshwater

stage growth as parr (Aas et al. 2011; Marsh et al. 2019). The salmon parr will spend from

one to multiple years in freshwater, feeding on insect-based diet, preparing for sea-migration

(Hutchings & Jones 1998; Aas et al. 2011). Once the salmon start their migration from river

to sea, they will go through smoltification during which their osmoregulation changes in

order to acclimatise themselves to the saltwater environment (Aas et al. 2011). In the sea the

salmon go through their most substantial growth period until maturation takes place and

salmon migrate back to the rivers for spawning. The period salmon spend at sea prior to

maturation (sea age at maturity) varies greatly within and among populations (typical sea age

at maturity is 1-4 years) resulting in large size differences of adults at return (Aas et al. 2011;

Erkinaro et al. 2018). These changes during ontogeny are also reflected in the diet variation

in Atlantic salmon, which are associated with changes in the morphology, physiology,

feeding behaviour and habitat usage, aiming for maximum efficiency in the usage of

particular resources at a given stage of their life cycle (Coughlin 1991; Aykanat et al. 2020).

Some evidence suggests that high efficiency in early age may come at a cost of reduced

efficiency in later life stages (Claessen & Dieckmann 2002; Aykanat et al. 2020).

Two specific genomic regions have been strongly associated with life-history strategies in

Atlantic salmon, namely regions vgll3 and six6 in chromosomes 25 and 9, respectively

(Barson et al. 2015; Aykanat et al. 2019, Debes et al. 2021). Vgll3 genomic region has been

linked with individual age at maturity (Barson et al. 2015; Ayllon et al. 2015), ability of

multiple reproductive events (iteroparity, Aykanat et al. 2019), and precocious male

maturation, i.e., maturation of males which have not yet migrated from freshwater to sea

(Debes et al. 2021). Similarly, the six6 region has been linked to sea age at maturation on

population level, with strong correlation between the average allele frequencies in the region

and average maturation age within the population, the homozygous regions showing the

strongest tendency for early and late maturation (Barson et al. 2015). Both of these genomic

regions showcase strong differentiation between spatially divergent populations, suggesting

these regions play critical roles in local adaptations in Atlantic salmon (Barson et al. 2015;
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Pritchard et al. 2018). Furthermore, the genes found in these genomic regions seem to be

responsible for such regulatory processes as adipose and energy metabolism, cell growth and

cell differentiation in salmon and other organisms (Halperin et al. 2013; Moustakas-Verho et

al. 2020; Prokkola et al. 2022), suggesting a variety of mechanisms that these genomic

regions could involve in important life-history decisions in Atlantic salmon (Prokkola et al.

2022). Previously, these life-history genomic regions have also been associated with diet

acquisition in sea-age Atlantic salmon, where age-dependent genetic association with food

acquisition and diet composition have been reported (Aykanat et al. 2020), but this has not

yet been studied in freshwater stage stage juveniles.

Population density is another important determinant of resource availability for Atlantic

salmon, especially for stream dwelling juveniles, (Finstad et al. 2011; Puffer et al. 2017;

Grossman & Simon 2019). As many life-history decisions are dependent on the resource

acquisition, density-dependent resource availability can drive variation in life-history

strategies (Mousseau et al. 2000; Amundsen & Gabler 2008; Grossman & Simon 2019).

Density-dependent selection, where the fitness of different genotypes is affected by the

population density, can also take place, e.g., if early maturation is favoured in high population

densities, but late maturation is beneficial in low population densities . Intraspecific

competition increases with population density, as resource availability decreases (Amundsen

& Gabler 2008; Finstad et al. 2011). This intraspecific competition in early life stages can

have an effect on the individual's fitness in the long term, but whether it truly affects

evolution in the life-history decisions is still unknown. In addition to potential

density-dependent selection, density dependent trait regulation can take place; e.g., growth in

juvenile Atlantic salmon is greater in low density populations (Enefalk et al. 2019; Marsh et

al. 2019). In addition, responses to community level disturbances may be density dependent,

e.g., reduction in prey abundance may have more drastic effects in high population densities.

Correspondingly, here I investigated if food acquisition might explain how life-history

genomic regions associate with different life-history strategies, and whether these processes

are density-dependent.
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Aim & Objectives

The aim of this study was to investigate the effect of life-history genotypes and population

density on food acquisition in young Atlantic salmon, (Salmo salar, L.), the specific

objectives being i) collecting diet remains from juvenile salmon stomachs, ii) quantifying the

stomach contents, iii) analysing the genetic basis and effect of population density on food

acquisition.

The hypothesis was that early-maturing individuals would acquire more food in order to

allocate more resources to early maturation. Density was expected to have an effect on fish

growth and condition, as well as on food acquisition through limiting resource availability in

high densities.
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Materials and Methods

Fish crossing, rearing and genotyping

Atlantic salmon juveniles used in this experiment were crossed on 30 October 2019 (for all

following timepoints, see: Figure 1), using three unrelated females and males from LUKE

Nevajoki (Baltic Sea) broodstock population, resulting in three full-sib families. The parental

fish were all heterozygous in their life-history regions (vgll3 and six6), producing a juvenile

cohort containing all possible genotype combinations in their life-history regions, with

otherwise similar genetic background within families. At the egg stage, and during early

alevin stage (immediately post hatching), individuals were incubated in the University of

Helsinki fish facilities in vertical incubators at 7 °C, in the dark.

Figure 1: Timeline of the experiment.
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Two days prior to transfer, incubator temperatures were gradually lowered to 4 °C. At the

alevin stage, 115 days post fertilisation (hereafter, dpf) (23 January 2020), the fish (N = 2100)

were transferred to Kainuu Fisheries Research Station. There, the alevins were reared in

enriched hatchery conditions, with natural rocks added to the tanks, in the dark. The water

flowing through the hatchery tanks is directed from the nearby Lake Kivesjärvi. Alevin

mortality was 6 % post transfer to Kainuu Fisheries Research Station, prior to the start of the

feeding.

Feeding started on 30 April 2020, 214 dpf, after the alevins had mostly consumed their yolk

sacks. The fish were fed Veranosi Vita feeds (pellet size 0.2/0.5 mm) using a belt feeder

operating between 7:00-22:00. Simultaneously to the start of the feeding, the light conditions

were set to follow the natural daylight cycle. 239 dpf (25 May 2020), when the incoming

water temperature reached 5 °C, 609 fish from each three full-sib families were transferred to

nine round indoor hatchery tanks (three rounds tanks per family) with 203 fish each, resulting

in densities of 174 fish per m2. Mortality during/immediately after the transfer period was 5.2

%. On 3 August 2020 (309 dpf) the pellet size of the fish feed was increased to 0.5/0.8 mm

(Veronesi Vita). On 3 September 2020 (339 dpf) the fish were transferred from the round

hatchery tanks into larger round indoor tanks, densities being 154 fish per m2; mortality

during this transfer was 0.5 %.

On 19-22 January 2021 (478 dpf), the fish were anaesthetised using benzocaine (40 mg/L)

and tagged with 12 mm passive integrated transponder (PIT) tags (Oregon RFID), for later

identification of individuals, and data collection for a separate study. A subset of fish (N =

40) were measured for their weight and fork length (hereafter, length) at the time of tagging,

with mean weight and length of 90.9 g (15.79742 SD), and  95 mm (5.254034 SD),

respectively. Simultaneously to the tagging, a small section of tail fin (~5 mm2) was sampled

for subsequent DNA extraction and genotyping work. The fin clips were placed in 20 µL of

Lucigen QuickExtract DNA Extraction Solution 1.0 and kept on ice or at -20 °C until the

DNA extraction on the same day, according to manufacturer’s instructions. Using the

extracted DNA, the individual fish were genotyped for their vgll3 and six6, as well as for

their genetic sex, using Kompetitive Allele Specific PCR (KASP) assay (LGC genomics, UK;

He et al. 2014) as per Prokkola et al. (2022).
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Density experiment

On 28 May 2021 (605 dpf), subsets of fish from the indoor tanks were transferred to six

semi-natural stream channels 24m in length and 1,5m in width (Figure 2).

Figure 2: Semi-natural stream channels used in the start of the density experiment

The water flowing through the semi-natural stream channels is directed from the nearby

Lake Kivesjärvi (same source as for the indoor tanks) with a standardised flow rate among

the channels (~0.16 m/s mean velocity measured from the upstream part of the channels). The

bottom substrate of the streams is composed of round pebbles, with few larger boulders,

similar to what would be the natural habitat of the fish. In the stream channels, the fish feed

on their naturally occurring prey (insects, arachnids and crustaceans), from the benthos and

drift. Prior to the transfer (on 24-26 May 2021), the fish were anaesthetised using benzocaine

(40 mg/L), measured for their weight and length, and assessed for their life-history

phenotypes, i.e., whether a fish expressed seaward migration-associated smolt appearance, or

river residency-associated parr appearance, where the colouring of the fish scales is silver or
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dark, respectively; a substantial portion of fish expressed the smolt appearance. In order to

attain sufficient numbers required for the experimental design, smolts were selected over

parrs and intermediate life-history phenotypes. Mixing different phenotypes was deemed

non-optimal, with the behavioural differences between smolts and parr. Fish selected for the

experiment were sorted with hand nets and PIT tag reader, and transferred to the six stream

channels. Two density treatments (“high” and “low”) were formed from each of the three

families, resulting in 48 and 112 fish in the low and high-density treatments (1.3 and 3.1 fish

per m2), respectively, corresponding to previous similar studies (see, e.g., Prokkola et al.

2022).

In early June (202 dpf),  a disease outbreak by Saprolegnia parasitica emerged in the

facilities (first infections in the stream channels were detected on 6 June). Due to high

mortality caused by S. parasitica (23 %, 32 %, 10 %, 14 %, 17 % and 21 % in the streams

1–6, respectively), the high density treatments were topped up from the remaining fish stocks

kept in the indoor tanks, to maintain the density effect between environmental treatments. On

24 June (633 days post fertilisation) the density experiment was restarted with the

supplemental fish added (Table 2). The supplemental fish were excluded from all future

analysis, due to their differing environmental and phenotypical background.

On 10 August 2021 (680 dpf), fish were caught from the straight stream channels by lowering

the water level and catching the fish using hand nets. The fish were transferred to outdoor

sun-covered round recovery tanks, identical to the indoor holding tanks. At all times, families

and density treatments were kept separated. After a 24h recovery period, the fish were

anaesthetised using benzocaine (40 mg/L) and measured for their length and weight. Due to a

PIT antenna malfunction (data collected for another study), the fish were then transferred to

six circular stream channels, 26.5m in length and 1.5m in width (Figure 3), with otherwise

comparable conditions to the straight streams. The experiment was then restarted in the

circular channels on 11 August 2021 (for genotype combinations and densities, see Table 1).
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Figure 3: Circular stream channel. Water flows clockwise and gets drained from the centre;
fish are restricted to the outer circle.

Stomach content collection and analysis

On 16th September 2021 (717 days post fertilisation) the fish were caught from the circular

stream channels by lowering the water level and catching the fish using hand nets. Fish were

then moved to indoor facilities using 100 L aerated buckets, the fish were anaesthetised using

benzocaine (40 mg/L)  measured for their length and weight, and their stomach contents were

extracted using pulsed gastric lavage method (Baker et al. 2014; Braka et al. 2017; Hatanpää

et al. 2020) (see: Figure 4) and stored individually in ethanol. After flushing the stomach of a

fish, the contents were carefully rinsed from the collection bowl into a sample collection bag

(commercial household filter tissue bag) using a funnel. The sample bag was then placed

inside a 50 mL falcon tube filled with absolute ethanol and stored at +4 C. Post processing,

the fish were placed in indoor holding tanks to recover for min. 12h, keeping the density

treatments and families separate at all times, and released back to the stream channels the

following day.
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Table 1: Genotype combinations of fish in the round stream channels after the addition of the
filler fish.

Round

stream

Family Density

treatment

N(vgll3EE) N(vgll3EL) N(vgll3LL) N(six6EE) N(six6EL) N(six6LL) N(total) Density

(fish/m2)

1 F8 LD 7 6 8 7 5 9 21 0.5

2 F5 LD 10 2 5 6 5 6 17 0.4

3 F5 HD 16 15 20 15 14 22 71 1.8

4 F8 HD 11 13 21 15 14 16 80 2.0

5 F3 LD 6 4 5 5 3 7 15 0.4

6 F3 HD 3 8 7 5 4 9 93 2.3

The stomach content samples were removed from the sample bags into plastic cups by rinsing

with ethanol and gently scraping with a scalpel (Figure 5). The leftover material that could

not be removed consistently weighted less than 0.0001g (Mettler Toledo AE 240). The

stomach contents were analysed for their prey item composition by counting the number of

individuals from following prey item groups: mosquitoes, midges, trichoptera flies, other

diptera flies, Asellus aquaticus, cased caddis larvae, arachnids, a larval group consisting of

mosquito, midge and other diptera larvae (which could not be identified as separate groups),

mysid shrimps, and molluscs. The samples were also analysed for the presence/absence of the

following groups: plant matter, inorganic matter, fully digested matter, and partly digested

matter (i.e., adult or larval remains that cannot be determined as complete individuals). For

dry weight, the samples were placed in a drying oven, after the prey item quantification, for
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minimum 2h at 80 °C. Dry weights were then measured using a precision scale (Mettler

Toledo AE 240).

Figure 4: Pulsed gastric lavaridge method for collecting juvenile salmon stomach contents

Figure 5: Quantified stomach content samples; on the left are mosquitoe and midge larvae,
on the right Asellus aquaticus and mysid shrimps
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Post stomach content collection, on 11 October 2021, the fish were caught with hand nets by

lowering the water level of the circular stream channels. Fish were moved to indoor facilities

using 100 L aerated buckets, anaesthetised using benzocaine (40 mg/L), measured for their

length and weight, and assessed for their maturation (males were deemed precocious when

they visibly had produced milt). Precocious males were excluded from the further analysis.

The fish were then released back to the experimental streams.

Data analysis

All statistical analysis was performed in R software 4.1.2 (R Core Team 2021). Separate

linear mixed effect models (lmer function, R package lm4/lmerTest) were run using stomach

content dry weight, index of stomach fullness, total number of ingested prey items, fish

condition and daily specific growth rate as response variables to test for genotype and density

effects. Index of stomach fullness was calculated as 100*(Stomach content dry weight / fish

weight), Fulton’s condition index as (fish weight / fish length^3)*100 (Fulton 1911), and

specific growth rate as [log(weight of the fish in the start of the experiment) - log(weight of

the fish in the end of the experiment)] * 100 / number of days between the start and the end of

the experiment.

Genetic variation of vgll3 and six6 was included additively in the models as 1, 2 and 3 for

EE, EL and LL genotypes, respectively, i.e., genotypes were coded as continuous variables

with heterozygotes having the average value of the two homozygotes. Density treatment was

included as a two-level  categorical variable (1 = “High”, 2 = “Low”). Lastly, fish length and

an interaction term of density and fish length were included in the model for stomach-content

dry weight.

A semi-automated model selection, using the MuMIn R package, was applied to select the

most parsimonious models based on second-order Akaike information criterion (AICc), to

account for the small population size (N/K < 40) (Burnham & Andersson 2002). The global

model structure was as follows:
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Y = D*V*S (+D*L) + F,

where Y is the vector of the response variable given as the function of density (D), vgll3 and

six6 genotypes (V, S, respectively), and normally distributed random variance due to the

family effect (F). Additionally, fish length (L) was included as a fixed term in the model with

stomach content dry weight as response variable. All but categorical variables were

standardised using the bestNormalize R package. Models were fitted using maximum

likelihood. Models with delta AICc value less than 2 were deemed statistically equally

parsimonious. Residuals of the most parsimonious models were inspected for normality,

homogeneity and independence.
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Results

The final dataset consisted of 148 individuals with diet, size and genetic data, after removing

the supplementary fish added after the disease outbreak to maintain high density conditions

(n = 138), and precocious males (n = 11). Furthermore, for linear mixed modelling and

automated model selection 23 individuals with partially missing observations (which were

included in the model testing, i.e., genotypes or fish length) were removed, resulting in n =

125.

Prey item quantification

All 148 individuals had identifiable prey items in their stomachs; furthermore, 131

individuals had unidentifiable, either partly or fully digested material in their stomachs.

Benthic prey items (different larvae, mysid shrimps, Asellus aquaticus and molluscs) made

up 96% of the prey items, where surface prey items, i.e., adult midges, mosquitoes and other

diptera contributed 4%. In addition to all combined larvae (excluding cased caddis larvae),

which accounted for 78% of all ingested prey items, Asellus aquaticus, mysid shrimps and

cased caddis larvae were the most abundant prey item groups (6%, 6% and 5%, respectively).

Mosquitoes were the most abundant surface prey item, contributing for 2% of all prey items.

Stomach content dry weight

There were three equally parsimonious models (dAICc < 2) that explained the variation in

stomach content dry weight (Table 2). In models 1 and 3, there was a significant

density-dependent genotype effect on stomach content dry weight, where late maturing six6

genotype fish had higher stomach content dry weight than early maturing and heterozygotes,

in low density (p = 0.02 in both models) (Figure 6). Furthermore, in model 2 which included

density in addition to the fixed term of fish length, there was a significant relationship

between population density and stomach content dry weight, where low density fish had
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higher stomach content weights (p = 0.05). Vgll3 and fish length had no significant effect on

stomach content dry weight in the models they were included in.

Table 2: three most parsimonious (dAICc < 2) models explaining stomach content dry
weight. Fish length was included as a fixed term in the global model. Significant effects are

shown in italics.

Fixed
effect

Estimate Std. error d.f. p-value AICc dAICc

Model 1 350.9 0.00

Intercept 0.114 0.287 40.510 0.692

Fish
length

0.076 0.099 87.665 0.444

Density
LD

-0.607 0.479 120.956 0.207

six6 -0.104 0.118 120.775 0.379

Density
LD:six6

0.493 0.208 120.315 0.019

Random
effect

Variance Std. Dev.

Family 0.022 0.150

Residual 0.845 0.919

Model 2 352.2 1.33

Intercept -0.100 0.144 2.694 0.542

Density
LD

0.414 0.209 124.017 0.050

Fish
length

0.079 0.102 89.066 0.439

Random
effect

Variance Std. Dev.

Family 0.026 0.160

Residual 0.884 0.940
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Model 3 352.6 1.71

Intercept 0.287 0.365 75.383 0.433

Fish
length

0.077 0.010 92.296 0.440

Density
LD

-0.619 0.478 121.032 0.197

six6 -0.107 0.118 120.898 0.367

vgll3 -0.075 0.098 122.175 0.448

Density
LD:six6

0.490 0.206 120.520 0.020

Random
effect

Variance Std. Dev.

Family 0.025 0.157

Residual 0.840 0.917

Figure 6: Variation of stomach content dry weight among six6 genotypes, within high and
low population densities. Late maturing (L) fish had significantly (p = 0.02) higher stomach
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content dry weights than early maturing (E) and heterozygote (H) fish, in low densities. There
was no difference in stomach-content dry weight of different six6 genotypes in high density

treatments.

Index of stomach fullness

There were eight equally parsimonious models (dAICc < 2) that explained the variation in

weight-corrected stomach fullness, model 1 being the null model (Table 3). In models 2 and

3, there was a density-dependent genotype effect on stomach fullness, where late maturing

six6 genotype fish had fuller stomachs than early maturing and heterozygotes, in low density

(p = 0.03 and p = 0.02 for models 2 and 3, respectively) (Figure 7). Furthermore, there was a

suggestive relationship between density and stomach fullness, and fish length and stomach

fullness (p > 0.1) in models 2 and 3, respectively. Vgll3 and fish length had no significant

effect in models 4, 5, 6 and 7 where they were included.

Table 3: The eight most parsimonious (dAICc < 2) models explaining juvenile salmon
stomach fullness. Significant effects are shown in italics.

Fixed
effect

Estimate Std. error d.f. p-value AICc dAICc

Model 1
(null)

358.9 0.00

Intercept 0.006 0.089 125.000 0.944

Random
effect

Variance Std. Dev.

Family 0.000 0.000

Residual 0.984 0.992

Model 2 359.4 0.51

Intercept 0.259 0.283 125.000 0.361

Density
LD

-0.820 0.494 125.000 0.099
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six6 -0.150 0.124 125.000 0.228

Density
LD:six6

0.493 0.219 125.000 0.026

Random
effect

Variance Std. Dev.

Family 0.000 0.000

Residual 0.937 0.968

Model 3 359.4 0.51

Intercept 0.223 0.295 46.390 0.453

Fish
length

-0.174 0.103 85.663 0.094

Density
LD

-0.666 0.496 121.316 0.182

six6 -0.148 0.122 121.126 0.229

Density
LD:six6

0.495 0.216 120.662 0.023

Random
effect

Variance Std. Dev.

Family 0.021 0.143

Residual 0.907 0.952

Model 4 359.9 0.93

Intercept 0.287 0.365 75.383 0.433

Density
LD

0.077 0.099 92.296 0.440

Random
effect

Variance Std. Dev.

Family 0.025 0.157

Residual 0.840 0.917

Model 5 360.2 1.24

Intercept -0.107 0.118 120.898 0.367

Density -0.619 0.478 121.032 0.200
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LD

Fish
length

-0.107 0.118 120.900 0.367

Random
effect

Variance Std. Dev.

Family 0.025 0.157

Residual 0.840 0.917

Model 6 360.2 1.26

Intercept 0.216 0.241

vgll3 -0.098 0.105

Random
effect

Variance Std. Dev.

Family 4.55e-17 6.75e-09 125.000 0.371

Residual 0.977 0.989 125.000 0.350

Model 7 360.7 1.78

Intercept 0.019 0.107 1.252 0.885

Fish
length

-0.069 0.091 1.252 0.451

Random
effect

Variance Std. Dev.

Family 0.025 0.157

Residual 0.035 0.917

Model 8 360.9 1.95

Intercept 0.122 0.344 125.000 0.723

Density
LD

0.192 0.191 125.000 0.319

six6 0.004 0.104 125.000 0.969

vgll3 -0.086 0.105 125.000 0.415

Random
effect

Variance Std. Dev.
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Family 0.000 0.000

Residual 0.969 0.985

Figure 7: Variation of stomach fullness (log-standardised) among six6 genotypes, within high
and low population densities. Late maturing (L) fish had significantly (p < 0.05) higher

stomach fullness indexes than early maturing and heterozygote fish, in low densities. There
was no difference in stomach fullness of different six6 genotypes among high density

treatments.

Number of ingested prey items

There were four equally parsimonious models (dAICc < 2) that explained the variation in the

number of prey items ingested by an individual, one of the models being the null model

(Table 6). Fish length was included in three of the models. Additionally, six6 and vgll3 were

included in one of the parsimonious models, each. There was no density or genotype effect

on prey item numbers, but larger fish had consumed more prey items than smaller fish, in

both high and low densities (p = 0.05) (Figure 8).
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Table 4: four most parsimonious (dAICc < 2) models explaining the number of ingested prey
items. Significant effects are shown in italics.

Fixed
effect

Estimate Std. error d.f. p-value AICc dAICc

Model 1 361.0 0.00

Intercept 0.019 0.089 125.000 0.830

Fish
length

0.176 0.089 125.000 0.051

Random
effect

Variance Std. Dev.

Family 0.000 0.000

Residual 0.983 0.992

Model 2 362.4 1.38

Intercept 0.215 0.237 125.000 0.365

Fish
length

0.177 0.089 125.000 0.049

six6 -0.093 0.104 125.000 0.373

Random
effect

Variance Std. Dev.

Family 0.000 0.000

Residual 0.977 0.989

Model 3
(null)

362.7 1.69

Intercept 0.012 0.091 125.000 0.892

Random
effect

Variance Std. Dev.

Family 0.000 0.000

Residual 1.014 1.007
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Model 4 362.7 1.74

Intercept 0.167 0.241 125.000 0.830

Fish
length

0.176 0.089 125.000 0.051

vgll3 -0.069 0.104

Random
effect

Variance Std. Dev.

Family 0.000 0.000

Residual 0.980 0.990

Figure 8: Correlation between fish length and number of ingested prey items (both
log-standardised). Larger fish had consumed more prey items in both high and low densities

(p = 0.05).
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Fish condition

There were three equally parsimonious models (dAICc < 2) that explained the variation in

fish condition  (Table 5). In all three models, there was a significant relationship between

density and fish condition, i.e., low density fish had higher Fulton’s condition factor scores

than high density fish (p > 0.001) (Figure 9). Six6 and vgll3 had no significant effect in either

high or low densities.

Table 5:  three most parsimonious (dAICc < 2) models explaining the variation in Fulton’s
condition index. Significant effects are shown in italics.

Fixed
effects

estimate Std. error d.f. p-value AICc dAICc

Model 1 285.3 0.00

Intercept -0.263 0.308 3.220 0.451

Density
LD

0.7185 0.1395 122.7622 1.01e-06

Model 2 287.2 1.91

Intercept -0.60748 0.47858 5.24087 0.363

Density
LD

-0.10418 0.11801 122.79155 9.12e-07

six6 0.49330 0.20815 122.23226 0.612

Model 3 287.2 1.94

Intercept -0.18386 0.34837 5.40079 0.619

Density
LD

0.71152 0.14019 122.74526 1.39e-06

vgll3 -0.03600 0.07568 122.20182 0.635
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Figure 9: Variation of fish condition based on Fulton’s condition factor (standardised for
normality) between high density (HD) and low density (LD) treatments. Low density fish

were significantly in better condition than high density fish (p > 0.001).

Fish growth

There were three equally parsimonious models (dAICc < 2) that explained the variation in

specific daily growth rate between May and September 2021 (Table 6). In all three models,

density had a significant effect on fish growth, i.e., low density fish had significantly higher

specific growth rates than high density fish (p < 0.001) (Figure 10). Six6 and vgll3 had no

significant effect in either high or low densities.

Table 6: three most parsimonious (dAICc < 2) models explaining the variation in daily
growth rate. Significant effects are shown in italics.

Fixed
effect

Estimate Std. error d.f. p-value AICc dAICc

27



Model 1 285.3 0.00

Intercept -0.2308 0.2561 3.0802 0.432

Density
LD

0.9838 0.1500 123.0312 1.35e-09

Random
effect

Variance Std. Dev.

Family 0.1730 0.416

Residual 0.5776 0.760

Model 2 287.2 1.94

Intercept -0.30799 0.30773 6.56432 0.352

Density
LD

0.98686 0.15005 123.08176 1.23e-09

six6 0.03566 0.08067 122.12619 0.659

Random
effect

Variance Std. Dev.

Family 0.1696 0.4118

Residual 0.5770 0.7596

Model 3 287.2 1.97

Intercept -0.31244 0.31351 6.77389 0.353

Density
LD

0.99089 0.15072 122.98717 1.25e-09

vgll3 0.03715 0.08143 122.08950 0.649

Random
effect

Variance Std. Dev.

Family 0.1745 0.4177

Residual 0.5765 0.7593
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Figure 8: Variation of specific daily growth rate (log standardised) among high and low
density treatments. Low density fish had significantly higher growth rates (p > 0.001).
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Discussion

The results of this study are in line with earlier findings (see, e.g.; Finstad et al. 2009; Puffer

et al. 2017; Grossman & Simon 2019) on the negative effect of population density on

juvenile Atlantic salmon growth and condition, where through the energy-costly intraspecific

competition the growth and condition of individuals in high densities is significantly lower

than in low densities. Correspondingly, population density can potentially affect those

juvenile Atlantic salmon life-history decisions which are dependent on body size, e.g.,

maturation timing (Skilbrei 1989; Salminen 1997; Hutchings & Jones 1998), resulting in

density-dependent trait regulation, or density-dependent selection. Here, I found that

variation in food acquisition between different six6 genotype fish was only present in low

population densities, i.e., higher resource availability.

Analysing juvenile Atlantic salmon diet variation based on a single-time point stomach

content sample can be problematic due to high variation of diet data, multitude of prey items,

and lack of knowledge of the available prey items in the environment (Hyslop 1980;

Amundsen & Sanchez-Hernandez 2019). With these limitations, here I concentrated on the

amount of food ingested by an individual on a single time point as a proxy for food

acquisition (Hyslop 1980; Amundsen & Sanchez-Hernandez 2019) and used the quantified

prey item composition only to describe the diet variation within the whole population at the

time of sampling. Similarly to adult Atlantic salmon, where size and age-dependent variation

in food acquisition strategies have been linked with six6 genotypes (Aykanat et al. 2020),

variation in juvenile Atlantic salmon food acquisition seems to be density-dependent, and

linked with six6. Contrary to expectations, late maturing individuals had acquired more food

than early maturing individuals, measured as both total dry weight of stomach contents and

weight-corrected stomach fullness.

This association could be due to a trade-off, where resource allocation towards early

maturation reduces the amount of energy that can be allocated to maximum food acquisition

(Finstad et al. 2009; Debes et al. 2021). Additionally, the energy density of mainly insect

based diets of juvenile Atlantic salmon may not be enough to compensate for the energy used

for maximum feeding activity (McNamara & Houston 1996; Enberg et al. 2012; Aykanat et
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al. 2020). Furthermore, early maturing vgll3 individuals have recently been found to have

greater aerobic scopes than late maturing fish, suggesting greater assimilation (Prokkola et al.

2022). Although those results were linked to the vgll3 genotype, which was not associated

with food acquisition in this study, the capability of higher energy efficiency of early

maturing genotype individuals could explain the ability to reach the body size required for

early maturation with lower food acquisition. Aykanat et al. (2020) suggested that six6 related

fitness trade-offs during an individual's lifetime could explain variation in the genetic locus,

e.g., by the trade-off between freshwater and seawater growth. The results of this study

support the hypothesis, implying that late maturing individuals aim to maximise food

acquisition during all life stages, even if the increased activity itself is energy costly in

freshwater.

Population density maintained resource availability could affect the adaptive landscape of

food acquisition strategies, resulting in fluctuation in the direction of natural selection on the

different genotypes (Claessen & Dieckmann 2002). Some suggestions of this type of

phenomenon have been presented (see: Aykanat et al. 2020), but more research is needed.

Due to the spatial differentiation of the six6 genomic region between populations (Barson et

al. 2015; Pritchard et al. 2018), the effect of any selection on food acquisition would differ

based on the average allele frequency of the given population. Based on their results on the

linkage between six6 and food acquisition in sea, Aykanat et al. (2020) further proposed that

genetic variation in the six6 region could be linked to population level survival at sea,

highlighting the importance of understanding the processes linking genetic variation with

food acquisition in order to better understand population level responses to changing

environments  – an argument further underlined by these results on juvenile Atlantic salmon.

Moreover, including different life stages of Atlantic salmon food acquisition strategies and

how/if they change through different life stages is important in order to build a more

complete picture of the potential responses of the species to different environmental factors.

To further deepen the knowledge of the linkage between life-history genomic regions and

food acquisition in juvenile Atlantic salmon, multiple time-points of stomach content

collection should be deployed.
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Conclusions

Population density strongly affects resource availability and acquisition in juvenile Atlantic

salmon, which results in differences in growth and fish condition between high and low

population densities. When resource availability is high, i.e., in low population densities,

variation in genetic life-history decisions is manifested, resulting in differing resource

acquisition and allocation strategies. The six6 genomic region seems to be linked to

density-dependent variation in food acquisition in juvenile Atlantic salmon in a similar

manner as with age and size-dependent variation in food acquisition in adults.
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