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Abstract
In this study, individual growth of juvenile offspring of anadromous and freshwater
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resident brown trout Salmo trutta and crosses between the two from the River Imsa,
Norway, was estimated. The juveniles were incubated until hatching at two temperatures (±S.D.), either 4.4 ± 1.5 C or 7.1 ± 0.6 C. Growth rate was estimated for 22 days
in August–September when the fish on average were c. 8 g in wet mass, and the estimates were standardized to 1 g fish dry mass. Offspring of anadromous S. trutta grew
better at both 15 and 18 C than offspring of freshwater resident S. trutta or offspring
of crosses between the two S. trutta types. This difference appears not to result from
a maternal effect because anadromous S. trutta grew better than the hybrids with
anadromous mothers. Instead, this appears to be an inherited difference between the
anadromous and the freshwater resident fish lending support to the hypothesis that
anadromous and freshwater resident S. trutta in this river differ in genetic expression.
Egg incubation temperature of S. trutta appeared not to influence the later growth as
reported earlier from the studies of Atlantic salmon Salmo salar.
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(Zuo et al., 2012) and is highly relevant during the present period of
rapid climate change (Jonsson & Jonsson, 2009, 2019).

Somatic growth is a significant ecological character influencing com-

Many trouts (genera Salmo, Salvelinus and Oncorhynchus) are fac-

(Laver

ultatively migratory species, and river resident and anadromous con-

et al., 2012). It constructs the framework and metabolic machinery

specifics are found in many of the same rivers (Jonsson et al., 2019).

necessary to synthesize and protect the gametes until their release

Growth and size are important to determine whether offspring

(Wootton, 1999). In ectotherms, temperature and consumption of

migrate or not, but little is known about whether this difference is

adequate food are the main determinants of growth, and when fish

phenotypically plastic and environmentally induced, or caused by

are fed to satiation, growth increases with increasing temperature

genetic adaptation. On the one hand, Ferguson et al. (2019) reported

until constrained by the oxygen content in the water (Holt &

that c. 50% of the variability in life-history traits between anadromous

Jørgensen, 2015; Pörtner, 2010). These animals may be compared

and nonanadromous trouts is because of genetic variance. They based

with an engine using food as fuel, temperature as accelerator and oxy-

this estimate on heritability studies from various trout species, such as

gen as speed limiter (Jonsson et al., 2013). Thus, there is good reason

examined changes in gene expression in offspring of anadromous and

why growth is one of the most studied ecological traits of ectotherms

nonanadromous rainbow trout Oncorhynchus mykiss (McKinney

petitive

ability

and

reproductive

success

of

animals
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et al., 2015). On the other hand, Cucherousset et al. (2005) reported
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M A T E R I A L S A N D M ET H O D S

that variation in life-history traits of brown trout Salmo trutta from
the Oir River, France, was chiefly environmentally induced. Further-

The experiment was performed at the NINA Research Station Ims,

more, Forseth et al. (1999) found that early migration of S. trutta was

southwestern Norway (59 N, 6 E) (Map, Figure 1). The fish used in the

associated with high growth rate, if growth was later restricted

experiment were the offspring from crosses of anadromous S. trutta,

because of high metabolic costs. The view that migration is initiated

collected in a fish trap 150 m upstream of the mouth of the River Imsa

by growth restriction was supported by the studies on anadromous

as they returned from the sea, and resident S. trutta, collected by elec-

and nonanadromous brook trout Salvelinus fontinalis (Morinville &

trofishing in the Fossbekk Brook, a tributary to the River Imsa 1 km

Rasmussen, 2003). Moreover, Olsson et al. (2006) and Wysujack

upstream from the sea. The S. trutta in the Fossbekk Brook are fresh-

et al. (2008) reported that food restrictions and poor growth induced

water resident, as there is an artificial waterfall build in the River Imsa

migratory behaviour in S. trutta. Nonetheless, when the offspring of

in 1993 that prevents anadromous S. trutta from moving farther

anadromous and nonanadromous S. trutta fed in the same habitat,

upstream and reaching this brook (Jonsson & Jonsson, 2017). It is

Kallio-Nyberg et al. (2010) found no difference in growth or size up to

unknown to what degree S. trutta spawning in this brook before the

catch size. But still, there can be quantitative migratory and genetic

waterfall was built, but the brook could be accessed by anadromous

differences in the propensity to migrate between offspring of the two

fish. Furthermore, it is also unknown whether offspring of S. trutta

life-history types (Jonsson, 1982; Lemopoulos et al., 2019).

spawning in the Fossbekk brook still emigrate to sea, but knowledge

Temperature influences growth rate and other life-history traits of
fishes (Elliott, 1994; Jonsson et al., 2013), and even temperature before

from another rivers indicates that the migratory trait is soon lost if
migration no longer is profitable (Sandlund & Jonsson, 2016).

hatching may have a knock-on effect on later growth (Jonsson

Four different crosses were created: anadromous male × anadro-

et al., 2014). For instance, both Finstad and Jonsson (2012) and

mous female, anadromous male × resident female, resident male × resi-

Burgerhout et al. (2017) reported that the eggs of Atlantic salmon Salmo

dent female and resident male × anadromous female (Figure 2). Eggs

salar incubated at 7 C gave better growing offspring than those incu-

were collected from 12 anadromous females (mean length ± 1 S.D.:



bated in 4 C cold water. Similarly, egg incubation temperatures modified

38.0 ± 3.5 cm, range: 31.4–44.2 cm; mean mass: 577.3 ± 185.9 g,

growth performance of juveniles in Senegal sole Solea senegalensis

range: 315–993 g) and 12 freshwater resident females (length:

(Carballo et al., 2018). Likewise, early environments of reptiles reflect

27.9 ± 3.8 cm, range: 20.5–34.4 cm; mass: 220.5 ± 93.0 g, range

later growth in turtles, lizards and crocodilians (Booth, 2006;

83–423 g), and crossed with sperm from 12 anadromous males (length:

Deeming, 2004). Nonetheless, the knock-on effect of early temperature

40.4 ± 8.0 cm, range: 31.1–53.4 cm; mass: 771.3 ± 451.0 g, range

may differ among species. In some cases, higher egg incubation temper-

309–1539 g) and 12 freshwater resident males (length 26.0 ± 4.1 cm,

ature results in higher growth (Alberts et al., 1997; Hare et al., 2004), in

range: 19.5–32.1 cm, mass: 167.0 ± 64.5 g, range: 76–271 g) on

others, growth is reduced (Kobayashi et al., 2018; Siviter et al., 2019),

9 November 2018. Each adult was used in two different crosses, one

but in some species, it may not have any effect at all on later growth.

by partnering it with a resident S. trutta a nd the other with an anadro-

In this study, the authors tested if offspring of anadromous and

mous S. trutta. The cross cohorts were raised separately in incubation

freshwater resident S. trutta or crosses between the two of the River

trays with constant water flow until the start of exogenous feeding.

Imsa population grew differently. The eggs were incubated at two tem-

Each family group was split into two groups, one incubated in ambient





peratures, c. 4 C and c. 7 C until hatching. Four degrees is the present


River Imsa water and the other in 2.7 warmer water (mean ± 1 S.D.:

winter temperature in the River Imsa, and 7 C is the expected winter

4.4 ± 1.5 vs. 7.1 ± 0.6 C) to simulate the potential climate impact on

temperature around the year 2080 (Durtsche et al., 2021). Then,

embryogenesis in c. 2080 (Durtsche et al., 2080) (Figure 3).

they were reared at the same natural River Imsa temperature until

The fertilized eggs were split from each crossing into four groups,

the start of the growth experiment when groups were gradually

two groups incubated at ambient River Imsa temperature and two

acclimatized to either c. 15 C or c. 18 C. These are the temperatures

groups incubated in warmer water until hatching. After hatching, the

experienced by S. trutta during summer and are not far from the

larvae were transferred to sixteen 60 l tanks (4 parental crossings × 2

optimal temperatures for growth, which for this population was

embryonic temperatures × 2 replicates) and reared at ambient water





found to be between 14 C and 16 C (Forseth et al., 2009; Forseth &

conditions of the River Imsa and maintained at similar densities and

Jonsson, 1994). In nature, anadromous S. trutta typically grow faster

fed on food pellets (Ewos, Cargill®, Norway) to satiation. On 22 Feb-

and become larger than freshwater resident S. trutta, because anad-

ruary and 9 April 2018, the “warm” and “cold” S. trutta were moved

romous S. trutta feed in less energy constrained habitats (Ferguson

into rearing tanks, respectively, and the next day, exogenous feeding

et al., 2019; Nevoux et al., 2019), although exceptions occur where

was initiated. From 10 April 2018 onwards, all S. trutta were

the resident S. trutta feed on fish (Hughes et al., 2019). The authors

maintained at the ambient temperature conditions of the River Imsa.

hypothesized that (a) offspring of anadromous S. trutta would grow

By incubating eggs over winter at two temperatures, ambient

better than freshwater resident S. trutta when reared under similar

River Imsa winter temperature and 2.7 C warmer than ambient tem-

conditions and fed ad libitum in a hatchery, and (b) elevated embryo

perature, the authors tested for the effects of embryonic temperature

temperature would stimulate the growth rate of juveniles later

on the growth of juveniles. Growth was tested at two temperatures

in life.

(±S.D.), 14.9 ± 2.2 C and 18.3 ± 1.5 C measured once every hour
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F I G U R E 1 The River Imsa (1) in
southwestern Norway where the
anadromous Salmo trutta spawned. (A)
The location of the fish trap where the
anadromous fish were sampled. (B) The
location of the upstream impassable
waterfall, built between 1993 and 1995.
(C) The brook, Fossbekk, where the
resident fish spawned

B

A
C

(here called 15 C and 18 C), and replicated. The authors used 10 fish

distributed within each temperature regime to avoid systematic tank

in each replicate (4 parental crossings × 2 embryonic temperatures

effects. Oxygen saturation was always close to 100% during the

× 2 temperatures × 2 replicates × 10 fish per trial = 320 fish in total).

experiment. The fish were fed ad libitum with granulated fish food

All fish were individually colour marked with Alcian blue, and replaced

administered from automatic feeders. Each fish was weighted (preci-

fish was not used in the growth calculations. Somatic growth was

sion: ±0.01 g) at the beginning and at the end of the experiment

measured for 22 days from 27 August, when the fish were c. 8 g, to

after the fish had been starved for c. 24 h. Fish that died during the

17 September 2019.

experiment (46 of 320) were replaced with similar-sized fish to

After the start of exogenous feeding and until the start of the

maintain densities at 10 fish per tank, but the replacement fish were

growth performance measurements, the fish were reared at the nat-

not included in the results. The setup of the growth performance

ural River Imsa temperatures (range 6.5–20.0 C). The fish were kept

experiments followed a well-documented and standardized protocol

in tanks that were 45 × 45 cm and 60 cm deep. The tanks had a

(Finstad & Jonsson, 2012; Forseth et al., 2009; Jonsson et al., 2001;

water level of 30 cm, water flow of 2 l min−1 and surface light

Larsson et al., 2005). After the growth experiment was finished, the

intensity of c. 70 lx during daytime (12 h light:12 h dark cycle). No

fish were killed and dry masses were determined. The fish were

fish was used more than once. The setup was designed so that two

dried for 48 h at 55 C and weighed to the nearest 0.0001 g. The

replicates of each incubation temperature were run simultaneously

authors tested for the effects of parental type and incubation tem-

for each experimental temperature. Ten individually marked fish

perature treatment on growth rate using standardized growth (Ω)

were used in each tank. Experimental units were randomly

for 1 g fish (Ostrovsky, 1995):
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Egg incubaon

Crossed

12 A
females

12 R
females

12 A
males

12 R
males

Rearing
natural
temperature

Growth
experiment

AxA
4.4o

AxA
4.4o

AxA
14.9o

AxA
14.9o

AxA
7.1o

AxA
7.1o

AxA
18.3o

AxA
18.3o

AxR
4.4o

AxR
4.4o

AxR
14.9o

AxR
14.9o

AxR
7.1o

AxR
7.1o

AxR
18.3o

AxR
18.3o

RxA
4.4o

RxA
4.4o

RxA
14.9o

RxA
14.9o

RxA
7.1o

RxA
7.1o

RxA
18.3o

RxA
18.3o

RxR
4.4o

RxR
4.4o

RxR
14.9o

RxR
14.9o

RxR
7.1o

RxR
7.1o

RxR
18.3o

RxR
18.3o

A

F I G U R E 2 The experimental design:
12 anadromous (A) and 12 freshwater
resident (R) Salmo trutta of each sex were
crossed. Parallel groups of the fertilized
eggs from each cross were incubated at
two temperatures (±S.D.), either
4.4 ± 1.5 C or 7.1 ± 0.6 C. After hatching,
parallel groups were reared at natural
River Imsa temperature until the
commencement of the growth experiment
when parallels of the 16 reared groups
were tested at two temperatures (±S.D.),
either 14.9 ± 2.2 C or 18.3 ± 1.5 C 14.9.
Ten S. trutta were used in each group
tested, 320 fish altogether

et al., 2008). At the start of the experiment, the respective mean
lengths and wet masses (±S.D.) of the offspring crosses of anadromous
males × anadrome females were 84.0 ± 14.7 mm and 7.6 ± 4.3 g, anad-

10
Temperature °C

romous males × resident females were 83.7 ± 13.7 mm and 7.2 ± 3.4 g,
resident males × anadromous females were 84.6 ± 16.9 mm and

8
2

7.9 ± 4.6 g, and resident males × resident females 84.2 ± 16.2 mm and

B
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7.9 ± 3.1 g. Differences in growth were tested by ANOVA using IBM

1

1

2
0

SPSS Statistics Version 27.

2

4
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Mar
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Ethics statement

The care and use of the experimental fish complied with the Norwe-

Apr

gian animal welfare laws and policies as approved by the Norwegian

Months

Animal Research Experimentation Agency (NARA) with the Animal
F I G U R E 3 Temperature from fertilization on 9 November 2018
to hatching (1) and start of feeding (2) of Salmo trutta eggs incubated
in cold (solid line) and hot (broken line) water



Ω = Mt – M0 ð100=btÞ,
b

b

Care and Use ID: 15450.
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ð1Þ
Warming of eggs during incubation had no significant effect on later
growth for any of the offspring groups when tested at either 14.9 C

where Mt and M0 are the respective body masses (g) at the end and

or 18.3 C (Figure 4). Furthermore, fish grew better at 14.9 C than

beginning of the experiment, t is the duration of the experiment in days

18.3 C (F1,215) = 7.86, P = 0.006), but not for the individual crosses

and b is the allometric mass exponent for the relationship between spe-

tested at each of the two temperatures (all P > 0.05). Nonetheless,

cific growth rate and body mass, which was estimated at 0.308 (Elliott

offspring of anadromous S. trutta grew better than those of freshwa-

et al., 1995). Ω effectively eliminates the effects on growth rates of dif-

ter resident S. trutta when fish from the two incubation temperatures

ferences in initial body sizes (Finstad & Jonsson, 2012; Sigourney

were pooled (14.9 C: F1,56 = 5.16, P = 0.03; 18.3 C: F1,57 = 4.92,

FISH
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experiment, offspring of anadromous parents grew on average faster

(a)

than offspring of freshwater resident parent from the same river when
reared under similar experimental conditions. This might have been

0.02

because the anadromous fish had largest eggs giving their offspring a
size advantage early in life (Jonsson & Jonsson, 1999). Nonetheless,
the size of the fish in the various groups was similar to the size they
were at the commencement of the experiment, indicating no early

Growth day -1

0.01

growth advantage of anadromous offspring. Furthermore, anadromous offspring grew better than hybrid offspring from anadromous
females indicating that the better growth of anadromous offspring
was because of the differences in genetic expression between the test

(b)

groups, and not being a maternal effect provided by nutrients or other
matter in the eggs.

0.02

Is there any evidence that environmental growth-constraints initiate migration in S. trutta? According to Olsson et al. (2006) and
Wysujack et al. (2008), low food availability and poor growth increase

0.01

the proportion of migratory S. trutta in a population. Furthermore,
experimentally Davidsen et al. (2014), Jones et al. (2015) and Archer
et al. (2019) exhibited that restricted food rations induced smolting

0
1 2 3

1 2 3

18oC

15 o C

F I G U R E 4 Mean growth per day (Ω, Equation 1, ±S.D.) at 18.3 C
and 14.9 C of juvenile age 0 offspring of (a) 7.1 C and (b) 4.4 C
incubated freshwater resident Salmo trutta (1, solid line) and
anadromous (3, broken line), and hybrids between freshwater resident
and anadromous (2, dotted line) S. trutta of the River Imsa, Norway

and migration in S. trutta, and the influence of low feeding appeared
most effective in winter and spring. Apparently, these findings appear
to contradict that of Forseth et al. (1999). These latter authors
reported that the largest, most fast-growing individuals in a cohort
migrated first. They claimed, nonetheless, that this probably was
because future growth of these fish was more energy restricted than
more slow growing individuals in the cohort. Fast-growing fish have
high maintenance costs, and before migration, these authors showed
that only a very small proportion of their energy was allotted to
growth. Similarly, Morinville and Rasmussen (2003) exhibited that

P = 0.03). Similarly, anadromous S. trutta offspring grew better than

migrant S. fontinalis had lower growth efficiencies (ratio of growth to

the hybrid groups (F1,158 = 6.16, P = 0.01), whereas offspring of fresh-

consumption) than residents, indicating that migrants have higher

water resident and the hybrids grew at similar rates (F2,158 = 0.8,

metabolic costs. Therefore, they concluded that their results agreed

P = 0.5). In addition, the two hybrid groups grew similarly

with the notion that there is a link between metabolic costs and the

(F1,101 = 0.18, P = 0.7) and these were therefore treated together

adopted life-history strategy. Thus, energy restrictions, especially in

(Figure 4).

winter and spring, appear to induce smolting and migration in S. trutta,
and that these restrictions are first experienced by the most fastgrowing individuals in a food-restricted population (Jonsson &

4
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DISCUSSION

Jonsson, 1993).
There is also support for the fact that anadromy in S. trutta is

The results of this study lend support to the authors' first hypothesis

partly genetic. Experimental evidence reported by Jonsson (1982)

that juvenile offspring of anadromous S. trutta grew better than those

exhibited that offspring of anadromous S. trutta migrated to sea inde-

of freshwater resident S. trutta. As there is a close relationship

pendent of place of release, and offspring of freshwater resident

between feeding rate and growth rate (Jonsson et al., 2001), this result

S. trutta from the same river tended to stay resident even when

indicates that offspring of anadromous S. trutta fed at a highest rate

released in a lake supporting anadromous S. trutta. Furthermore, some

when food was offered ad libitum, and therefore grew relatively fast.

earlier studies have shown genetic differences between the two life-

Jonsson (1985) reported that the largest juvenile S. trutta at age

history forms (Lemopoulos et al., 2018; Skaala & Nævdal, 1989).

2 years in the River Voss, Norway, smolted and became anadromous,

These findings support Ferguson et al. (2019) who, based on studies

whereas smaller ones at the same age matured sexually and became

from various partly anadromous salmonids, estimated that c. 50% of

freshwater resident or smolted 1 year later. A similar finding was

the variability in life-history traits between anadromous and non-

reported for sockeye salmon Oncorhynchus nerka by Ricker (1938).

anadromous S. trutta is because of genetic variance.

Nonetheless, these earlier studies were performed under natural con-

In the River Imsa, anadromous and freshwater resident S. trutta

ditions, which meant that different habitat and feeding opportunities

probably originated from anadromous S. trutta entering the river after

might influence the result (Jonsson, 1989). But in the present

the last glaciation period when the sea level stood higher.
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Nonetheless, the present anadromous and resident S. trutta have
been geographically isolated for at least 25 years when an artificial
waterfall was built in the River Imsa, stopping anadromous S. trutta
from migrating more than 850 m upstream, whereas the resident fish
spawn in a tributary c. 1000 m above the river outlet. This geographical isolation during at least five generations may have influenced the
genetics of the test groups inducing a difference in genetic expression
whether this is caused by allelic differences or epigenetically induced
(cf. Baerwald et al., 2016; Jonsson & Sandlund, 1979; Sandlund &
Jonsson, 2016). It is unknown to what extent anadromous trout
spawned in the Fossbekk before the waterfall was built.
There was no support for the authors' second hypothesis that
warm-incubated and cold-incubated S. trutta juveniles grew differently.
This is further supported by the fact that the mass–length relationship
between cold and warm incubated S. trutta is similar although the metabolic rates and aerobic scopes were different (Durtsche et al., 2021). This
result differs from that of Finstad and Jonsson (2012) which investigated
the growth of juvenile S. salar using a similar experimental protocol.
There was no apparent reason for this difference between these two
closely related species. Nonetheless, even populations of the same species may differ in developmental response to early environmental cues,
as shown from the populations of the common frog Rana temporaria.
Burraco et al. (2017) reported that the populations of R. temporaria from
temporary pools had a higher degree of developmental plasticity than
tadpoles of the same species from permanent pools. In contrast, juvenile
S. salar incubated as eggs in warm water (7 C) were slimmer than conspecifics incubated in cold water (3 C) (Greenberg et al., 2021), showing
another difference between S. trutta and S. salar.
The ecological significance of the present results is that offspring
of anadromous S. trutta in a river grow differently from offspring of
freshwater resident conspecifics, or crosses between the two. This
may imply that offspring of anadromous S. trutta have increased probability to smolt and migrate to sea because of their greater size at the
same age (Forseth et al., 1999; Jonsson, 1985). Given similar feeding
opportunities, water temperature during egg incubation in winter
should not have any effect on future growth of the juvenile S. trutta.
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