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Abstract

We tested the possibility that vgll3, a gene linked with maturation age in Atlantic

salmon (Salmo salar), may be associated with behaviour by measuring aggressiveness

and feeding activity in 380 juveniles with different vgll3 genotypes. Contrary to our

prediction, individuals with the genotype associated with later maturation (vgll3*LL)

were significantly more aggressive than individuals with the genotype associated

with earlier maturation (vgll3*EE). Individuals with higher aggression were also signifi-

cantly lighter in colour and had higher feeding activity. Although higher aggression

was associated with higher feeding activity, there was no association between feed-

ing activity and vgll3 genotype. Increased aggression of vgll3*LL individuals was inde-

pendent of their sex and size, and genotypes did not differ in their condition factor.

These results imply that aggressive behaviour may have an energetic cost impairing

growth and condition, especially when food cannot be monopolized. This may have

implications for individual fitness and aquaculture practices.
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1 | INTRODUCTION

Resource acquisition is an important component of individual fitness.

In most habitats, food supply is limited to some extent. In these

instances, individuals must compete for access to the resources nec-

essary for survival. Competition over access to scarce resources can

drive organisms to manifest aggressive behaviour (Colleter &

Brown, 2011). Consistent with the notion that many types of behav-

iours have genetic components (Boake, 1994; Dochtermann

et al., 2019; Foster & Endler, 1999), aggressive behaviour has also

been suggested to be at least partially influenced by genetics in a

wide range of taxa, including insects (Dierick & Greenspan, 2006),

mammals (Kukekova et al., 2011; Miczek et al., 2001) and fishes

(Laine et al., 2012; Tiira et al., 2003). Aggression is considered as a

good predictor of social dominance – an individual's tendency to win

contests and dominate resources (Nakano, 1994; Wilson et al., 2011).

Thus, social hierarchies that can form as a result of aggressive behav-

iour can result in inequalities for access to food amongst individuals

within a population and contribute to variation in individual growth

rates (Jobling & Wandsvik, 1983; Martins et al., 2008; Montero

et al., 2009; Vera Cruz et al., 2006) and thereby fitness (Huntingford

& Turner, 1987).

In general, aggressiveness is considered as being advantageous

for individuals, as it promotes social dominance and thus greater

access to food, potentially resulting in increased performance and sur-

vival of the individual (Tiira et al., 2003). However, individuals

exhibiting higher aggression levels also have higher energy demands,

as aggressiveness results in both greater energy loss due to
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movement involved in conflicts as well as injuries resulting from such

conflicts (Ang & Manica, 2010). This means that it is likely beneficial

for individuals to display aggression only when necessary, as opposed

to maintaining aggressiveness constantly. This has been demon-

strated, for example, in salmonid fish juveniles, with aggression

observed as a situational behaviour rather than a constant one (Li &

Brocksen, 1977). Furthermore, excessive aggression may incur meta-

bolic costs (Puckett & Dill, 1985). Thus, although aggressiveness has

benefits (Biro & Stamps, 2008; Stamps, 2007; Wilson, 2013), these

must be weighed against the potentially negative effects that high

aggression levels can cause.

Atlantic salmon juveniles display aggressiveness and form dominance

hierarchies also in captivity. A number of studies have shown a positive

correlation between aggressiveness and growth in salmonid juveniles

(Metcalfe et al., 1990; Nicieza & Metcalfe, 1999), suggesting that aggres-

sion may have net-positive benefits in this teleost family. In Atlantic

salmon, growth rate is known to be linked with the age at which individ-

uals reach sexual maturity, with initially faster growing juveniles being

more likely to mature earlier (Debes et al., 2021; Jonsson &

Jonsson, 2007). Age at maturity has also been shown to have a genetic

basis, with genotypes at the transcription co-factor vestigial-like family

member 3 (vgll3) locus having a large effect on the age, and thereby also

the size, at which Atlantic salmon mature, accounting for up to 39% of

observed variation in the trait (Ayllon et al., 2015; Barson et al., 2015).

Recently, Debes et al. (2021) observed that the influence of the vgll3 locus

on maturation time appears to be mediated by body condition, namely,

the relative mass of an individual given its length, reflecting individual fat-

ness (Sutton et al., 2000). More specifically, Debes et al. (2021) observed

that juvenile Atlantic salmon harbouring genotypes linked with earlier mat-

uration (vgll3*EE) had a higher condition factor than their vgll3*LL counter-

parts (the genotype linked with later maturation) in a common garden

environment, but there was no association between vgll3 genotype and

length. Males with the vgll3*EE genotype also matured more frequently,

but also their nonmaturing vgll3*EE female siblings had a higher body con-

dition factor, suggesting that the higher condition was due to alternative

processes rather than a result of maturation per se. However, the underly-

ing mechanisms linking vgll3 with body condition and maturation remain

unclear. Given that (vgll3-dependent) variation in body condition and mat-

uration may be driven by variation in resource input, we hypothesized that

these links might be mediated by genotype-dependent behavioural

aggressiveness so that vgll3*EE individuals express the highest aggressive-

ness, thus providing greater access to food. The aim of this study was

therefore to investigate the effect of vgll3 genotype on aggressive behav-

iour in juvenile Atlantic salmon using controlled aquarium-based trials.

2 | MATERIALS AND METHODS

2.1 | Fish husbandry and maintenance

Individuals used in this study were derived from a first-generation

hatchery-maintained Neva River strain at the Natural Resources Insti-

tute Finland (62�240500 0N, 025�570150 0E, Laukaa, Finland). Eggs and

milt of individuals with known vgll3 genotypes were transferred to

facilities at the University of Helsinki in October 2019. Families were

created by crossing vgll3*EE males with vgll3*EE females and vgll3*LL

females with vgll3*LL males so that all offspring within a family had

the same homozygous vgll3 genotype. Fertilized eggs were incubated

in replicated family compartments in vertical incubators with a re-

circulating water system with a constant water temperature of 7�C

until March 2020 as in Debes et al. (2021). They were then trans-

ferred to facilities at the Lammi Biological Station (61�040450 0N,

025�000400 0E, Lammi, Finland) as alevins several weeks before they

commenced feeding independently. In total, seven families of salmon

fry where all offspring had the genotype vgll3*EE and seven families

where all offspring had the genotype vgll3*LL were used in the study.

Each family (60–200 individuals per family) was reared in a separate

circular tank (50 cm height � 90 cm diameter � water depth 21 cm)

to maintain family identity. Tanks received continuous flowing filtered

water from a nearby lake with an average dissolved oxygen level of

11.2 mg l�1, pH 7.13, conductivity 88.1, N/NO2 + NO3 1151 μg l�1,

N/NH4 4 μg l�1 and the lake's natural water temperature was consis-

tently increased by 1�C using an external heater to promote faster

growth. The average daily water temperature for the experimental

period was 5.58�C (range 4.5–7.7�C). Individuals experienced ambient

light conditions (fluorescent lights evenly spaced along the tanks at a

height of 50 cm above the top of the tank) similar to the local light

cycle [ranging from 10 h light (L):14 h dark (D) at the beginning to

18 h L:6 h D at the completion of the experiment]. Each tank con-

tained 12 rocks, 10–15 cm in diameter, that served as refuge for the

fish and thus provided a possible stimulus to fight for advantageous

locations. Fish were initially fed with commercial 0.2 mm pellet food

(Vita, Veronesi, Verona, Italy) eight times daily using automated

feeders. As fish grew, a portion of 0.5 mm pellets was added and this

proportion was increased over time to meet the growth transition of

fish. Tanks were flushed of uneaten food daily, were cleaned regularly,

and dead individuals were removed and recorded daily. The mortality

rate throughout the study was 3.9% and the average mass of individ-

uals used in trials was 0.42 g and average length was 3.6 cm.

2.2 | Behavioural trial setup

Twenty-seven identical experimental glass aquaria (30 cm wid-

e � 25 cm deep � 40 cm high) filled to a depth of 30 cm with water

flow of approximately 3 l min�1 were used for the aggression trials.

The water in-flow point in each tank was positioned in a such a way

to create a single beneficial territory area near the inflow. A floating

feed ring (5 cm) was placed on the surface middle section of each

aquarium so that food pellets would drift along with the water cur-

rent, thereby further enforcing a profitable territory location. The

aquaria were covered on three sides to minimize disturbance, and the

top was covered with polystyrene to prevent the fish from jumping

from the aquaria. Enrichments were not provided in the experimental

aquaria to ensure proper observation of fish, but fish were able to

escape aggressions due to the size of the aquarium. Photoperiod and
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water source were the same as those of the holding tanks

described above.

2.3 | Behavioural trials

To evaluate aggressiveness, behavioural trials were conducted in the

above-described aquaria using four approximately size-matched indi-

viduals (mean within-trial length difference 0.31 ± 0.17 cm), two of

each vgll3 homozygote genotype, selected from four randomly chosen

families of the 14 available (the four individuals within a trial were

always from different families). Prior to the trials, individuals were net-

ted from the communal holding tanks and anaesthetized (sodium

bicarbonate-buffered methanesulfonate 125 mg l�1) in a separate

bath until they did not respond to touch for measurements and tag-

ging. For visual identification during the behavioural observations,

each fish was tagged with a randomly chosen yellow, red, orange or

blue mark in the dorsal musculature [visible implant elastomer (VIE)

tags, Northwest Marine Technology, Anacortes, USA], and length and

mass recorded. Following recovery from the anaesthetic (approxi-

mately 15 min), the four size-matched fish to be included in the spe-

cific trial were placed in one of the 27 test aquaria and allowed to

acclimate for at least 12 h without food before behavioural observa-

tions commenced (Lahti et al., 2001; Tiira et al., 2003).

All 27 aquaria were used simultaneously in the experiment dur-

ing each session. Individuals within an aquarium were unfamiliar with

the aquarium prior to the acclimation period, and individuals were

also unfamiliar with each other as they had been kept in different

(family-specific) tanks prior to the experiment. Interobserver calibra-

tion for recording of behaviours was conducted at the beginning of

the experiment following initial training, whereby each observer

recorded behaviours of the same set of four fish for 30 min each and

then behaviour recordings were compared. Fish were observed from

behind cloth blinds by an observer not familiar with the vgll3 geno-

types of the individuals. Each aquarium was observed for a total

period of 30 min per day over three consecutive days by one of

three observers, with the observer of a specific aquarium changing

each day. As food is known to stimulate aggressive behaviour

(Newman, 1956), fish were fed 0.5 g of pellet food (0.5 mm) at the

start of the observation period in a feeding ring in the same location,

thereby defining a profitable feeding territory to defend in the

aquarium. The number of aggressive behaviours received and per-

formed (nips, charges, chases; Keenleyside & Yamamoto, 1962) and

approaches (Symons, 1968) as well as the number of food eating

attempts (hereafter feeding activity) was recorded for each individual.

Actual aggression was calculated as the total number of aggressive

behaviours an individual performed towards any of the other three

individuals. Net aggression was calculated as actual aggression minus

the number of aggressive behaviours an individual received towards

it from any of the other three individuals. Furthermore, as colour

change has been shown to occur regularly during agonistic behaviour

with aggressive fish becoming lighter coloured while submissive fish

show more striking dark colour (Keenleyside & Yamamoto, 1962),

the colour of individuals was scored at the end of each observation

day. Normal brown (neutral colour; Keenleyside & Yamamoto, 1962)

individuals were awarded 0 points, light-coloured individuals were

awarded 1 point and dark-coloured individuals were awarded �1

point. Water temperature was also recorded at the beginning of each

day. The Fulton's condition factor for each individual was calculated

based on the mass and length of each individual at the beginning of

the trials as shown in Equation (1), where W is weight (in g) and L is

length (in cm).

Condition factor¼ W
L

� �3

�100 ð1Þ

There were no mortalities or visible injuries suffered by individuals

during the trials. At the end of each trial (three 30 min observation

sessions over three consecutive days), the four individuals in each of

the 27 aquaria were removed, euthanized with an overdose of sodium

bicarbonate-buffered methanesulfonate (250 mg l�1) and a fin sample

was stored in 95% ethanol for vgll3 genotype confirmation and sexing.

Overall, four sessions were conducted in each of the 27 aquaria

[in total 108 trials, including a total of 432 individuals (7–40 per fam-

ily)]. However, post-trial genotyping of all individuals identified a small

number of cases where individuals with an incorrect vgll3 genotype

had been included in a trial, resulting in the exclusion of 13 trials from

the data-set, leaving 95 trials (380 fish) for analyses. Each aquarium

trial was observed for a total of 90 min (three 30 min sessions across

three consecutive days). The three sessions in each trial were con-

ducted consecutively, and thus the entire experimental period was

12 days.

2.4 | Statistical analysis

The effect of vgll3 genotype on aggressiveness was tested using

actual and net aggression scores as the dependent variable in sepa-

rate univariate mixed effects models. We used a frequentist frame-

work for actual aggression and a Bayesian framework for net

aggression (since frequentist models did not converge well for net

aggression). Bayesian models sampled two Markov chains, each with

2000 iterations, with a sampling interval of two. For both traits, we

fitted genotype (categorical fixed effect: vgll3*EE & vgll3*LL) and

observer (categorical fixed effect: three levels) as covariates. Sex

was tested as a potential covariate but it had negligible effect on

model fit (P approximately 0.99) and was excluded from the final

models. Random effects included family (n = 14), aquarium (n = 27),

individual identity (n = 380) and day of observation (n = 12), with

four observation sessions (n = 4) and trial number (n = 95). We addi-

tionally tested whether aggression was associated with fish colour

(dark, neutral, or light) and feeding activity (continuous) by including

them in the above-described models as covariates. We tested

whether genotype was a significant predictor of either feeding activ-

ity or colour as response variables, again including all covariates and

random effects described above, except for trial number, which
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overparameterized the model. Finally, condition factor was tested

as a continuous response variable in association with predictors

of genotype, observer and all the random effects described

above.

Statistical modelling was carried out using R version 3.6.1,

with packages glmmTMB v1.0.2.1 (actual aggression) and brms

v2.15.0 (net aggression). For actual aggression, we used quadratic

negative binomial error distribution to account for the large num-

ber of zero scores. For net aggression, we used a Gaussian error

distribution. Significance was determined by using a P value

threshold of 0.05 in the case of actual aggression and a 95%

credible interval [95% confidence interval (CI)] excluding zero in

the case of net aggression (due to Bayesian modelling). Normality

of residuals was verified using QQ plots and homogeneity of

residuals across predictor levels was confirmed. Multicollinearity

was deemed negligible given the low variance inflation factor of

each predictor (all below 1.03).

2.5 | Ethical statement

The care and use of experimental animals complied with the European

Union Directive 2010/63/EU animal welfare laws, guidelines and poli-

cies as approved by the Animal Experiment Board in Finland (ELLA)

under Licence SAVI/42575/2019.

3 | RESULTS

3.1 | Aggression versus genotype

For both actual and net aggression, the vgll3*LL genotype was asso-

ciated with significantly higher aggression scores than the vgll3*EE

genotype (Table 1 and Figure 1). There was an observer effect for

actual aggression, but not for net aggression (Table 1). Closer assess-

ment of the records of each observer indicated that observer

TABLE 1 Parameter estimates with
standard errors, 95% credible intervals
and P values (for actual aggression only)
for each of actual and net aggression

Model Variable Group Estimate Std. error 95% CI P

Actual aggression Genotype LL 0.36 0.19 0.01 to 0.73 0.048

Observer 1 v 2 0.79 0.21 0.36 to 1.22 <0.001

1 v 3 0.47 0.23 0.03 to 0.91 0.035

2 v 3 –0.31 0.20 –0.70 to 0.07 0.107

Fish† 0.11 0.02

Date† 0.04 0.06

Aquarium† 0.03 0.03

Family† 0.01 0.03

Session† 0.01 0.01

Trial† 0.01 0.04

Net aggression Genotype LL 0.12 0.06 0.01 to 0.23 n/a

Observer 1 v 2 0.01 0.05 –0.10 to 0.11 n/a

1 v 3 0.01 0.05 –0.10 to 0.10 n/a

2 v 3 0.00 0.05 –0.10 to 0.10 n/a

Fish† 0.18 0.05

Date† 0.02 0.02

Aquarium† 0.02 0.02

Family† 0.06 0.04

Session† 0.05 0.06

Trial† 0.02 0.01

Note: Random effects (†) are shown with their estimates (variance for actual aggression, standard

deviation for net aggression) and the standard error of those estimates vgll3*LL genotype is shown

relative to vgll3*EE genotype. Observers 2 and 3 are shown relative to observer 1.

Abbreviation: n/a, not available.

F IGURE 1 Predicted actual and net aggression scores by vgll3
genotype from each model at the data scale. Error bars denote 95%
confidence intervals (left) or 95% credible intervals (right)
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1 recorded fewer aggression observations overall compared to either

observer 2 or observer 3 (observer 1 average aggressions recorded:

0.12 vs. 0.26 for observer 2 and 0.19 for observer 3). We therefore

reanalysed the data excluding the measurements of observer 1 to

ensure that they were not affecting our conclusions. When excluding

data from this observer, and controlling for the same covariates and

random effects, the direction of the genotype effect was the same,

and significant differences were observed with the same variables

(data not shown). Therefore, the results for the full data set are

reported below.

3.2 | Aggression versus colour and feeding activity

Individuals with higher actual aggression were significantly lighter in

colour and had higher feeding activity during the trials (Table 2 and

Figure 2). Post hoc testing further showed that light colour was signifi-

cantly associated with higher aggression than dark colour (esti-

mate = 1.23, SE = 0.38, Z = 3.21, P = 0.003) or neutral colour

(estimate = 0.54, SE = 0.19, Z = 2.86, P = 0.011), while the differ-

ence between dark and neutral colour was in a similar direction, but

not significant (estimate = 0.69, SE = 0.36, Z = 1.92, P = 0.125).

There was no significant interaction between feeding activity and col-

our in predicting aggression.

The same effects tested as predictors of actual aggression were

also tested for net aggression, with similar patterns being seen.

Specifically, light colour showed significantly higher net aggression

than dark colour (estimate = 0.21, SE = 0.08, 95% CI = 0.05–0.37),

while neutral colour was associated with higher net aggression than

dark colour, but this was not significant (estimate = 0.06,

SE = 0.06, 95% CI = �0.06 to 0.19). Feeding activity was also asso-

ciated with higher aggression (estimate = 0.01, SE <0.01, 95%

CI = 0.00–0.01).

3.3 | vgll3 genotype versus colour, feeding activity
and body condition

Given that lighter fish colour was significantly associated with higher

actual aggression, and that vgll3*LL individuals also had higher aggres-

sion, we investigated whether there was an association between fish

colour and vgll3 genotype, but this association was not significant

(estimate = 0.46, SE = 0.42, 95% CI = �0.41 to 1.26). We similarly

investigated whether there was an association between feeding activ-

ity and genotype, both of which were also associated with actual

aggression in independent analyses, but this association was also not

significant (estimate = 0.11, SE = 0.13, 95% CI = �0.17 to 0.37). This

indicates that vgll3 genotype is not explicitly associated with feeding

activity or colour, despite all three being associated with aggression.

No significant difference between the condition factor between vgll3

genotypes was observed (estimate = 0.01, SE = 0.02, 95%

CI = �0.01 to 0.02).

TABLE 2 Parameter estimates with
standard errors, 95% credible intervals
and P values for actual aggression

Variable Group Estimate Std. error 95% CI Z P

Feeding n/a 0.04 0.01 0.02–0.06 7.68 0.042

Colour Neutral 0.75 0.37 0.02–1.48 2.04 <0.001

Light 1.33 0.39 0.57–2.09 3.42 <0.001

Fish† 0.28 0.03

Date 0.05 0.06

Aquarium 0.04 0.04

Family 0.01 0.01

Session 0.01 0.01

Note: Random effects (†) are shown with their overall variance explained (estimate) and its standard

error. Neutral and light colours are each shown relative to dark. Feeding activity is continuous.

Abbreviation: n/a, not available.

F IGURE 2 Associations between
actual aggression and (a) fish colour
and (b) feeding activity. Error bars
(left) and the shaded area (right)
denote the 95% confidence interval
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4 | DISCUSSION

Aggression has been reported to have a large influence on the growth

of fish, with numerous studies showing positive correlations between

aggression and growth rate (Buchner et al., 2004; Hoogenboom

et al., 2013; Metcalfe et al., 1990; Thorpe et al., 1992). It has previ-

ously been suggested that earlier maturation in vgll3*EE juveniles is

mediated via higher body condition, which could possibly be due to

increased fat reserves (Debes et al., 2021). Given that aggression has

a genetic component (Dunbrack et al., 1996), we hypothesized that

higher aggression in vgll3*EE fish may allow increased food intake and

thereby lead to higher body condition. Contrary to our hypothesis, we

found that vgll3*LL, and not vgll3*EE, fish displayed increased aggres-

sion. Consistent with earlier studies (Keenleyside & Yamamoto, 1962;

O'Connor et al., 1999; Oikonomidou et al., 2019), however, we

observed significant associations between fish colour and aggression

(lighter coloured fish tended to be more aggressive), and more aggres-

sive individuals also had higher feeding activity, but both of these

associations were independent of vgll3 genotype. Taken together, this

suggests that higher body condition previously linked with the

vgll3*EE genotype is not directly due to them being more competitive

for resources via increased aggression and/or feed intake, at least

under our experimental scenario.

Given that our initial hypothesis was not supported, how can the

higher aggression of vgll3*LL individuals be explained? Although

increased aggression may improve access to resources, this may come

at a net cost of higher energy expenditure (Réale et al., 2010) which, if

sufficiently high, could lead to delayed sexual maturation. In natural

environments, individuals may calibrate their tendency for aggression

with numerous other factors such as the availability of resources,

intra- and interspecific competition, flow rates and obstacles. These

factors may all influence the expected payoff associated with aggres-

sion as natural environments are more diverse, and therefore less

restrictive, than the experimental laboratory environment, which may

allow for more diverse behavioural strategies in the wild (Metcalfe

et al., 1995; Millinski & Parker, 1991). For example, in the wild, aggres-

sive behaviour may increase the risk of predation (Jakobsson

et al., 1995); losers of conflicts are able to retreat to avoid injury and

excessive aggression may incur metabolic costs in salmon (Puckett &

Dill, 1985). This raises the possibility that depending on the context,

increased aggression may lead to either net energy loss or net energy

gain. Such an explanation would mean that a correlation between

aggression and sexual maturation may be context dependent and that

our experimental design resulted in aggression, leading to a net

expenditure of energy. Thus, future experiments with alternative

designs could help to determine the generality of this finding. For

example, earlier research reported a negative correlation between

aggression and growth rate when food is provided in limited amounts,

thus negating the profitability in being aggressive (Vøllestad &

Quinn, 2003). Another factor that may have affected the results is

dominance hierarchies formed in rearing tanks during the months

prior to the experiment. Although individuals from different tanks

were used in each trial, and thus were unfamiliar with each other,

prior position in a hierarchy could have been a factor. Furthermore,

environments with higher flow rates discourage aggression as it

increases the cost of attacks (Olla et al., 1992). The effects of such

factors could be tested by measuring growth and aggression in indi-

viduals with different vgll3 genotypes in low versus high food and/or

flow environments, where the profitability of energy expenditure cau-

sed by increased aggression may vary depending on the conditions.

As we originally predicted, higher aggression was indeed linked

with higher feeding activity. However, this association was indepen-

dent of vgll3 genotype. Therefore, the more aggressive vgll3*LL indi-

viduals were not always the same individuals with higher feeding

activity, suggesting that by diverting energy towards increased aggres-

sion, some of the more aggressive vgll3*LL individuals actually spent

less time feeding, as has been shown earlier (Fernandes &

Volpato, 1993). Furthermore, higher aggression is only expected to

have a positive effect on energy budget if the energy intake is higher

than the energy used (Laskowski et al., 2021). If, for example, more

aggressive vgll3*LL individuals also have higher energy use due to

them also having higher metabolic rate, or if their dominant status

results in them having higher stress levels (Boujard et al., 2006; Corrêa

et al., 2003; Nelissen, 1985), but at the same time they are not

succeeding in obtaining more food, then it is possible that by being

more aggressive vgll3*LL individuals actually have a reduced energy

budget, resulting in a reduced probability to mature early. Future

research clarifying the metabolic rate of individuals with differing vgll3

genotypes would be beneficial in this respect. Finally, our data cannot

reveal the proximate mechanism as to why aggressive behaviour at

this particular juvenile age/size is associated with vgll3 genotype.

Generally, many behaviours, physiology and life/history traits are

assumed to be integrated via correlative selection and controlled by

complex physiological pathways (Réale et al., 2010).

Our findings may also have implications of relevance for aquacul-

ture. Early maturation of fish in aquaculture is generally problematic,

as sexual maturation diverts energy away from growing and towards

production of gonads and reproductive-related behaviours, which can

lead to reduced growth and flesh quality (Taranger et al., 2010). Thus,

at first glance, the delayed maturation of phenotype of vgll3*LL fish

appears to be desirable for aquaculture. However, this has to be bal-

anced against the new observation reported here of increased aggres-

sion displayed by vgll3*LL fish if this result is consistent throughout

the salmon life cycle. Thus, although vgll3*LL fish have a higher proba-

bility of late maturation, increased aggression, along with the

increased social stress that an aggressive vgll3*LL fish may cause on

subordinate fish farmed together with it, may counteract some of the

benefits that would normally be expected. Aggressive interactions

between fish lead to the release of cortisol. Chronic exposure to social

stress for subordinate fish leads to a variety of physiological problems

such as increased cortisol levels (Pottinger & Carrick, 2001), decreased

growth rate (Abbott & Dill, 1989), decreased pathogen resistance

(Peters et al., 1988) and disease susceptibility (Pottinger &

Pickering, 1992). Further studies will be needed to identify the mech-

anism of how a delayed maturation genotype and aggression are

linked, if at all, and whether this finding is consistent throughout the
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salmon life cycle. Such findings may have implications for aquaculture

and further our understanding of the complex nature of the benefits

and costs of aggressive behaviour in wild species.

ACKNOWLEDGEMENTS

Funding was provided to C.R.P. by the Academy of Finland (Grant

Numbers 307593, 302873 and 327255), the European Research

Council under the European Articles Union's Horizon 2020 research

and innovation program (Grant No. 742312), and the University of

Helsinki, and to P.B. by the OLVI Foundation, Finland. We would like

to acknowledge staff at the Natural Resources Institute Finland hatch-

ery in Laukaa and members of the Evolution, Conservation and Geno-

mics research group for their help in coordinating and collecting

gametes for crosses. We acknowledge Shadi Jansouz and Annukka

Ruokolainen for performing DNA extractions and SNP genotyping,

and two anonymous reviewers for constructive comments on an ear-

lier manuscript draft. We thank Lammi Biological Station for hosting

the experiments.

AUTHOR CONTRIBUTIONS

C.R.P., K.T. and P.B. conceived the study. C.R.P. designed crosses.

C.R.P., K.T. and P.B. designed the experimental setup. P.B. and

P.L. cared for the fish and designed and constructed the behavioural

arenas. P.B., A.T. and K.T. collected the data. C.R.P. coordinated

genotyping. P.B. and P.N. performed data analysis. P.B. and

C.R.P. drafted the manuscript. All authors provided comments and

approved the final version of the manuscript.

ORCID

Craig R. Primmer https://orcid.org/0000-0002-3687-8435

REFERENCES

Abbott, J. C., & Dill, L. M. (1989). The relative growth of dominant and sub-

ordinate juvenile steelhead trout (Salmo gairdneri) fed equal rations.

Behaviour, 108, 104–113.
Ang, T. Z., & Manica, A. (2010). Benefits and costs of dominance in the

angelfish Centropyge bicolor. Ethology, 116, 855–865.
Ayllon, F., Kjærner-Semb, E., Furmanek, T., Wennevik, V., Solberg, M. F.,

Dahle, G., … Wargelius, A. (2015). The vgll3 locus controls age at matu-

rity in wild and domesticated Atlantic salmon (Salmo salar L.) males.

PLoS Genetics, 11, e1005628.

Barson, N. J., Aykanat, T., Hindar, K., Baranski, M., Bolstad, G. H., Fiske, P.,

… Primmer, C. R. (2015). Sex-dependent dominance at a single locus

maintains variation in age at maturity in salmon. Nature, 528,

405–408.
Biro, P. A., & Stamps, J. (2008). Are animal personality traits linked to

lifehistory productivity? Trends in Ecology & Evolution, 23, 361–368.
Boake, C. R. B. (1994). Quantitative genetic studies of behavioral evolution.

Chicago, IL: University of Chicago Press.

Boujard, T., Cuvier, A., Geurden, I., Laurent, L., & Mambrini, M. (2006).

Selection for growth and feeding hierarchy in brown trout. Applied Ani-

mal Behaviour Science, 99, 344–356.
Buchner, A. S., Sloman, K. A., & Balshine, S. (2004). The physiological

effects of social status in the cooperatively breeding cichlid Neo-

lamprologus pulcher. Journal of Fish Biology, 65, 1080–1095.
Colleter, M., & Brown, C. (2011). Personality traits predict hierarchy rank

in male rainbowfish social groups. Animal Behavior, 81, 1231–1237.

Corrêa, S. A., Fernandes, M. O., Iseki, K. K., & Negrão, J. A. (2003). Effect

of the establishment of dominance relationships on cortisol and other

metabolic parameters in Nile tilapia (Oreochromis niloticus). Brazilian

Journal of Medical and Biological Research, 36, 1725–1731.
Debes, P. V., Piavchenko, N., Ruokolainen, A., Ovaskainen, O., Moustakas-

Verho, J. E., Parre, N., … Primmer, C. R. (2021). Polygenic and major-

locus contributions to sexual maturation timing in Atlantic salmon.

Molecular Ecology, 30, 4505–4519.
Dierick, H. A., & Greenspan, R. J. (2006). Molecular analysis of flies

selected for aggressive behavior. Nature Genetics, 38, 1023–1031.
Dochtermann, N. A., Schwab, T., Anderson Berdal, M., Dalos, J., &

Royauté, R. (2019). The heritability of behavior: A meta-analysis. Jour-

nal of Heredity, 110, 403–410.
Dunbrack, R. L., Clarke, L., & Bassler, C. (1996). Population level differ-

ences in aggressiveness and their relationship to food density in a

stream salmonid (Salvelinus fontinalis). Journal of Fish Biology, 48,

615–622.
Fernandes, M. d. O., & Volpato, G. L. (1993). Heterogeneous growth in the

Nile tilapia: Social stress and carbohydrate metabolism. Physiology &

Behavior, 54, 319–323.
Foster, S. A., & Endler, J. A. (1999). Geographic variation in behavior.

Oxford, England: Oxford University Press.

Hoogenboom, M. O., Armstrong, J. D., Groothuis, T. G. G., &

Metcalfe, N. B. (2013). The growth benefits of aggressive behavior

vary with individual metabolism and resource predictability. Behavioral

Ecology, 24, 253–261.
Huntingford, F. A., & Turner, A. K. (1987). Animal conflict. London: Chap-

man and Hall.

Jakobsson, S., Brick, O., & Kullberg, C. (1995). Escalated fighting behaviour

incurs increased predation risk. Animal Behaviour, 49, 235–239.
Jobling, M., & Wandsvik, A. (1983). Effect of social interactions on growth

rates and conversion efficiency of Arctic charr, Salvelinus alpinus L.

Journal of Fish Biology, 22, 577–584.
Jonsson, N., & Jonsson, B. (2007). Sea growth, smolt age and age at sexual

maturation in Atlantic salmon. Journal of Fish Biology, 71, 245–252.
Keenleyside, M., & Yamamoto, F. T. (1962). Territorial behaviour of juve-

nile Atlantic salmon (Salmo salar L.). Behaviour, 19, 139–169.
Kukekova, A. V., Trut, L. N., Chase, K., Kharlamova, A. V., Johnson, J. L.,

Temnykh, S. V., … Lark, K. G. (2011). Mapping loci for fox domestica-

tion: Deconstruction/reconstruction of a behavioral phenotype.

Behavior Genetics, 41, 593–606.
Lahti, K., Laurila, A., Enberg, K., & Piironen, J. (2001). Variation in aggres-

sive behaviour and growth rate between populations and migratory

forms in the brown trout, Salmo trutta. Animal Behaviour, 62,

935–944.
Laine, V. N., Herczeg, G., Shikano, T., & Primmer, C. R. (2012). Heterozy-

gosity-behaviour correlations in nine-spined stickleback (Pungitius

pungitius) populations: Contrasting effects at random and functional

loci. Molecular Ecology, 21, 4872–4884.
Laskowski, K. L., Moiron, M., & Niemelä, P. T. (2021). Integrating behavior

in life-history theory: Allocation versus acquisition? Trends in Ecology &

Evolution, 36, 132–138.
Li, H. W., & Brocksen, R. W. (1977). Approaches to the analysis of ener-

getic costs of intraespecific competition for space by rainbow trout

(Salmo gairdneri). Journal of Fish Biology, 11, 329–341.
Martins, C. I. M., Hillen, B., Schrama, J. W., & Verreth, J. A. J. (2008). A

brief note on the relationship between residual feed intake and

aggression behaviour in juveniles of African catfish Clarias gariepinus.

Applied Animal Behaviour Science, 111, 408–413.
Metcalfe, N. B., Huntingford, F. A., Thorpe, J. E., & Adams, C. E. (1990).

The effects of social status on life-history variation in juvenile salmon.

Canadian Journal of Zoology, 68(12), 2630–2636.
Metcalfe, N. B., Taylor, A. C., & Thorpe, J. E. (1995). Metabolic rate, social

status and life-history strategies in Atlantic salmon. Animal Behaviour,

49, 431–436.

1270 BANGURA ET AL.FISH

https://orcid.org/0000-0002-3687-8435
https://orcid.org/0000-0002-3687-8435


Miczek, K. A., Maxson, S. C., Fish, E. W., & Faccidomo, S. (2001). Aggres-

sive behavioral phenotypes in mice. Behavioural Brain Research, 125,

167–181.
Millinski, M., & Parker, G. A. (1991). Competition for resources. In J. R.

Kreb & N. B. Davies (Eds.), Behavioural ecology (3rd ed.). Oxford,

England: Blackwell.

Montero, D., Lalumera, G., Izquierdo, M. S., Caballero, M. J., Saroglia, M., &

Tort, L. (2009). Establishment of dominance relationships in gilthead

sea bream Sparus aurata juveniles during feeding: Effects on feeding

behaviour, feed utilization and fish health. Journal of Fish Biology, 74,

790–805.
Nakano, S. (1994). Variation in agonistic ellcounters in a domnance hierar-

chy of freely interacting red-spotted masu salmon Oncorhynchus

masou ishikawai. Ecology of Freshwater Fish, 3, 153–158.
Nelissen, M. H. J. (1985). Structure of the dominance hierarchy and domi-

nance determining “group factors” in Melanochromis auratus (Pisces,

Cichlidae). Behaviour, 94, 85–107.
Newman, M. A. (1956). Social behaviour and interspecific competition in

two trout species. Physiological Zoology, 29, 64–81.
Nicieza, A. G., & Metcalfe, N. B. (1999). Costs of rapid growth: The risk of

aggression is higher for fast-growing salmon. Functional Ecology, 13,

793–800.
O'Connor, K. I., Metcalfe, N. B., & Taylor, A. C. (1999). Does darkening sig-

nal submission in territorial contests between juvenile Atlantic salmon,

Salmo salar ? Animal Behaviour, 58, 1269–1276.
Oikonomidou, E., Batzina, A., & Karakatsouli, N. (2019). Effects of food

quantity and distribution on aggressive behaviour of gilthead sea-

bream and European seabass. Applied Animal Behaviour Science, 213,

124–130.
Olla, B. L., Davis, M. W., & Ryer, C. H. (1992). Foraging and predator avoid-

ance in hatchery-reared Pacific salmon: Achievement of behavioral

potential. In J. E. Thorpe & F. A. Huntingford, eds. The importance of

feeding behaviour for the efficient culture of salmonid fishes (pp. 5–13).
Baton Rouge, LA: World Aquaculture Society.

Peters, G., Faisal, M., Lang, T., & Ahmed, I. (1988). Stress caused by social

interaction and its effect on susceptibility to Aeromonas hydrophila

infection in rainbow trout Salmo gairdneri. Diseases of Aquatic Organ-

isms, 4, 83–89.
Pottinger, T. G., & Carrick, T. R. (2001). Stress responsiveness affects

dominant–subordinate relationships in rainbow trout. Hormones and

Behavior, 40, 419–427.
Pottinger, T. G., & Pickering, A. D. (1992). The influence of social interac-

tion on the acclimation of rainbow trout, Oncorhynchus mykiss

(Walbaum) to chronic stress. Journal of Fish Biology, 41, 435–447.

Puckett, K. J., & Dill, L. M. (1985). The energetics of feeding territoriality in

juvenile Coho Salmon (Oncorhynchus Kisutch). Behaviour, 92, 97–111.
Réale, D., Garant, D., Humphries, M. M., Bergeron, P., Careau, V., &

Montiglio, P.-O. (2010). Personality and the emergence of the pace-

of-life syndrome concept at the population level. Philosophical Transac-

tions of the Royal Society B: Biological Sciences, 365, 4051–4063.
Stamps, J. A. (2007). Growth-mortality tradeoffs and ‘personality traits’ in

animals. Ecology Letters, 10, 355–363.
Sutton, S., Bult, T., & Haedrich, R. (2000). Relationships among fat weight,

body weight, water weight, and condition factors in wild Atlantic Salmon

Parr. Transactions of the American Fisheries Society, 129, 527–538.
Symons, P. E. (1968). Increase in aggression and in strength of the social

hierarchy among juvenile Atlantic salmon deprived of food. Journal of

the Fisheries Board of Canada, 25, 2387–2401.
Taranger, G. L., Carrillo,M., Schulz, R., & Fontain, P. (2010). Control of puberty

in farmed fish.General and Comparative Endocrinology, 165, 483–515.
Thorpe, J. E., Metcalfe, N. B., & Huntingford, F. A. (1992). Behavioural

influences on life-history variation in juvenile Atlantic salmon, Salmo

salar. Environmental Biology of Fishes, 33, 331–340.
Tiira, K., Laurila, A., Peuhkuri, N., Piironen, J., Ranta, E., & Primmer, C. R.

(2003). Aggressiveness is associated with genetic diversity in land-

locked salmon (Salmo salar). Molecular Ecology, 12, 2399–2407.
Vera Cruz, E. M., Brown, C. L., Luckenbach, J. A., Picha, M. E.,

Bolivar, R. B., & Borski, R. J. (2006). Insulin-like growth factor-I cDNA

cloning, gene expression and potential use as a growth rate indicator

in Nile tilapia, Oreochromis niloticus. Aquaculture, 251, 585–595.
Vøllestad, L. A., & Quinn, T. P. (2003). Trade-off between growth rate and

aggression in juvenile coho salmon, Oncorhynchus kisutch. Animal

Behaviour, 66, 561–568.
Wilson, A. J. (2013). Competition as a source of constraint on life history

evolution in natural populations. Heredity, 112, 70–78.
Wilson, A. J., de Boer, M., Arnott, G., & Grimmer, A. (2011). Integrating

personality research and animal contest theory: Aggressiveness in the

green swordtail Xiphophorus helleri. PLoS One, 6, e28024.

How to cite this article: Bangura, P. B., Tiira, K., Niemelä, P. T.,

Erkinaro, J., Liljeström, P., Toikkanen, A., & Primmer, C. R.

(2022). Linking vgll3 genotype and aggressive behaviour in

juvenile Atlantic salmon (Salmo salar). Journal of Fish Biology,

100(5), 1264–1271. https://doi.org/10.1111/jfb.15040

BANGURA ET AL. 1271FISH

https://doi.org/10.1111/jfb.15040

