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ABSTRACT

Here, we show that adult Atlantic salmon Salmo salar returned about 2 weeks later from the
feeding areas in the North Atlantic Ocean to the Norwegian coast, through a phenotypically
plastic mechanism, when they developed as embryos in c. 3°C warmer water than the regular
incubation temperature. This finding has relevance to changes in migration timing caused by

climate change and for cultivation and release of S. salar.
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Life begins when the egg cell is fertilized; then, during embryogenesis, the cell develops into
millions of cells that form tissues and organs that prepare the individual’s responses to future
experiences (Bateson et al., 2004; Dowling et al., 2007; Fox et al., 2010). The development is
governed by the genotype that is open for epigenetic modifications by the early environment
and temperature, in particular, has epigenetic effects (Bizuayehu et al., 2015; Burgerhout et
al., 2017). Phenotypically plastic modifications in ecologically relevant traits can be
generated through a suite of epigenetic mechanisms at the molecular level, with growing
interest in ecology and behavioural sciences (Bossdorf et al., 2008; Crews, 2008; Verhoeven
etal., 2016).

Phenotypes emerge from complex interactions between genes and environment during
development (Jonsson & Jonsson, 2014). Temperature has a pervasive effect on growth and
developmental rate, and warmer temperature during embryogenesis shorten the egg
incubation time. Without any apparent change in genetic structure, higher temperature during
larval development can affect later growth of juvenile fish (Korwin-Kossakowski, 2008;
Finstad & Jonsson, 2012; Scott & Johnston, 2012), as well as later reproductive allocations of
adults (Jonsson & Jonsson, 2016; Jonsson et al., 2014). Based on a study of the domestic
chicken Gallus gallus domesticus, Bertin et al. (2018) reported that temperature during
embryogenesis can influence later behaviours of these birds.

Anadromous Atlantic salmon Salmo salar L. 1759 is an ectothermic fish that in the
wild migrate between fresh and salt waters. They spawn in rivers in the autumn, the embryos

develop within the eggshell during winter and they hatch in the subsequent spring. The young
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grow and develop in fresh water until they transform (smolt) and move into the ocean for
feeding. They may migrate 1000 km or more before they start the return-migration back to
the home river for reproduction, 1-3 years after they left the natal stream. When migrating to

sea, the smolts are between 12 and 25 cm long and 1-5 years old (Jonsson et al., 2016).
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Salmo salar are also commercially produced in hatcheries and some of the young are released
to the wild for conservation purposes or to increase fishing opportunities (Jonsson & Jonsson,
2011).

There are inherited differences among salmonid populations in the timing of the return
migration from the ocean (Hansen & Jonsson, 1991; Kovach et al., 2012), possibly
genetically adapted to the local conditions influencing the fitness of the adults and their
offspring. Climate change is directional and often rapid (Peters et al., 2012). Thus, a
phenotypically plastic response to the climate experienced by the young in the river may be
an effective way to adjust the timing of the return migration in a changing climate. It is
known that S. salar spawn later in rivers that are warm during winter than in those that are
colder (Heggberget, 1988). Possibly, S. salar from winter warm rivers may feed longer in the
ocean before they start the return migration for spawning in fresh water and may thus be pre-
adapted to the thermal climate they experience during the embryogenesis.

Here, we investigated the effects on water temperature during the embryogenesis on
the time of the return migration in S. salar. We hypothesized that S. salar reared in relatively
warm water during the embryogenesis prolong the stay in the North Atlantic Ocean before
migrating back for spawning. In the experiment, Norwegian S. salar reared at the Norwegian
Institute for Nature Research (NINA) research station, Ims, near Stavanger, south-western
Norway (59° N; 6° E), were used. The research station is situated at the mouth of the River
Imsa. The fish originated from three different populations, the Rivers Alta (69° N, annual

mean flow 101 m®s ), Imsa (59° N, 5 ms™) and Lone (60° N, 1 m*s™) and more than five
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individuals of each sex and strain were used as brood stock. The eggs were incubated in
natural (cold) or heated (warm) River Imsa water (Table 1).
For the Alta (1 year-old smolts in 1989) and Lone (1 year-old smolts in 1993) S.

salar, the groups of fertilized eggs were divided in two similarly large parts and incubated at

This article is protected by copyright. All rights reserved.

Jonsson, Bror; Jonsson, Nina. Egg incubation temperature affects the timing of the Atlantic salmon Salmo salar homing migration. Journal of Fish Biology 2018
10.1111/jfb.13817



two different temperatures (Table 1). For the two other groups compared, Alta (smolts in
1990) and Imsa (smolts in 1993), brood stocks from two consecutive years were used giving
1 year-old and 2 year old smolts, respectively. Alta (1990) consisted of cold-incubated fish
from the Alta (1989), smolting at age 2 years and compared with 1 year-old warm-incubated
fish. For the Imsa (1993), the parental fish of the cold and warm-water incubated groups were
caught in the river in the autumns 1990 and 1991, respectively. The heating started in the
autumn, within two weeks of the egg fertilization, when the natural water temperature
decreased to c. 5°C and the heating was terminated in spring when the natural temperature
started to increase. The warm egg incubation temperatures were on average 2.5-3.6° C
warmer than the natural, cold river temperatures (Table 1).

One month prior to release, the pre-smolts were anaesthetized with benzocaine (30 mg
I'Y), measured (total length, L) and tagged with numbered Carlin tags (Carlin, 1955) more
than 2 weeks before release. The different smolt groups were released on the same dates, 7
May in 1989 and 1990 and 4 May in 1993, below the Wolf and box traps in the River Imsa
situated approximately 150 m above the outlet and they migrated to sea (illustrated in Jonsson
& Jonsson, 2011, figure 6.5). The respective smolt groups consisted of between 1908 and
1998 individuals. The fish were recaptured as maturing adults in the sea-fishery on the coast
as they returned, one year after being released (one-sea-winter, 1SW) and time of recapture
was used as estimate of time of return (cf. Hansen & Jonsson, 1991). On their return, S. salar
hesitate at the mouth of the River Imsa until the water flow increases with autumn rain

(Jonsson, N. et al., 1990; Jonsson et al., 2007). These fish were not included in the analysis.
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Furthermore, 27 (7.7% of all 353 recaptures) came back as two-sea-winter (2SW) S. salar.
These were not included in the analysis, because 2SW S. salar return earlier in the season
than 1SW S. salar (cf. Jonsson, N. et al., 1990) and the proportion of 2SW S. salar varied

among groups. Differences in mean Ly time of return were tested by t-tests and the overall
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differences were tested by ANOVA. Whether egg incubation temperature influenced
recapture north or south-east of the River Imsa, was tested by a y*-test. Furthermore, the
difference in spatial distribution of the recaptures was tested by a R x C-test (Snedecor &
Cochran, 1973). The distance from the River Imsa to the recaptures were grouped in five
consecutive 100 km long groups (up to 500 km from the river). Salmo salar recaptured
farther away were grouped in a 6th distance category.

Smolts produced from eggs incubated in warm water were significantly longer than
similar aged smolts from eggs incubated in cold water (Table 1). Two-year-olds incubated at
the egg stage in cold water was longer at smolting than the corresponding 1 year-old warm-
incubated smolts. In only two of the groups, did larger smolts give larger 1SW S. salar (Table
1).

Adult S. salar were recaptured along the Norwegian coast within 1500 km from the
River Imsa. More of the recaptures of the warm incubated S. salar tended to be located south
of the River Imsa than the cold incubated groups, but the difference was not significant (y* =
1.59, 1 d.f., P > 0.05). Furthermore, the distance from the River Imsa to the recaptured fish
was similar (x> = 7.9, 5 d.f., P > 0.05).

The warm-water incubated S. salar were recaptured significantly later than the
respective cold-water-incubated groups, indicating that they fed longer at sea before they
started the return migration (Figure 1). For all groups pooled, the difference was 12.3 days
(Fe,345 = 3.97, P <0.001) and the differences in mean Ly of the sea-sojourn were also

significant for all group pairs, except for the River Alta S. salar released in 1989 when the
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difference was not significant (P > 0.05). The difference in duration of the sea-sojourn holds
whether the cold-incubated fish were shorter or longer than the warm-incubated fish or

released as 1 or 2 year-old smolts. Furthermore, there was no significant difference in time
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from release to recapture between the two cold-incubated River Alta groups released in 1989
and 1990 and originating from the same parental crossing.

As hypothesized, our results indicate that maturing S. salar, kept as embryos in heated
water, after release returned to the Norwegian coast later in the summer than corresponding S.
salar incubated in colder water. This indication is strong, because the differences between the
warm and cold groups hold independent of strain and whether the released smolts of the cold-
water incubated groups were shorter or longer, similar aged or older than those from warmer-
water incubated groups released the same year. On average, there was almost a two-week
difference in duration of the sea-sojourn, which is significant when most of the fish return
during a few weeks in summer.

It is well known that early experiences can affect salmonid behaviour. For instance,
their homing ability requires that they learn the location of the home river when out-
migrating to the ocean (Hasler & Wisby, 1951; Hansen et al., 1993). It is also known that
water temperature during the previous winter and early spring influences the time when the
smolts leave the river in spring (Jonsson & Ruud-Hansen, 1985; Otero et al., 2014).
Similarly, the timing of the present return migration appears phenotypically plastic,
depending on the temperature experienced by the embryos two or more years prior to the fish
returned from the ocean. This plasticity appears general for S. salar and independent of
population origin.

This appears to be the first record of such a variation in a behavioural decision of an
adult ectotherm, caused by the ambient temperature during embryogenesis. However, effects
of temperature during embryogenesis on later growth, life-history traits and locomotor
behaviour have been reported (Shine & Olsson, 2003; Martell et al., 2005; review in Jonsson
& Jonsson, 2014). In these cases, temperature during early ontogeny drives the phenotypic

plasticity and allows the organisms to cope better with conditions that they may experience
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later in life. In general, little is known about how temperature in early life may affect later
behavioural decisions. This gap in knowledge is surprising, not the least because ectothermic
animals are entirely dependent on their thermal climate.
Whether the different timing of the return migration of S. salar to the Norwegian
Q) coast is caused by the return of fish from different marine feeding-areas or by different innate
~ responses to environmental cues, such as experienced temperature or photoperiod (cf. Mundy
O & Evenson, 2011), is unknown. From the distribution of the recaptures, it was not possible to
L ﬁ conclude that the warm-incubated S. salar returned or fed farther south than the cold-
ﬁ incubated groups, as the slight difference in distribution of the recaptures was not significant.
The difference in timing of the recaptures may be associated with epigenetic
modifications caused by the temperature that S. salar experience as developing embryos. It is
known that the initiation of the homing migration in S. salar is linked to the onset of sexual
@ maturation (Jonsson & Jonsson, 2011) and Moran and Pérez-Figurola (2011) hypothesized
Q) that an environmentally induced methylation pattern of the genome, which alters its
| ) transcriptional capabilities (DNA-methylation), may cause early maturation. Furthermore,
Moran et al. (2013) provided evidence that DNA-methylation was associated with seawater
adaptation in brown trout Salmo trutta L. 1758. In addition, Baerwald et al. (2015) reported
q) that DNA-methylation was associated with migration traits such as smolting in rainbow trout
Oncorhynchus mykiss (Walbaum 1792) and recently, Saino et al. (2017) reported that
O migration phenology and breeding success are predicted by methylation of a photoperiodic
gene in barn swallow Hirundo rustica. Thus, it appears reasonable to hypothesize that DNA-
methylation or perhaps another epigenetic mechanism associated with the temperature during
the embryogenesis, is responsible for the different timing of the return migration in S. salar,

observed in the present study (cf. Roth, 2013).
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The present findings have implications for cultivation and management of S. salar.
Increased temperature in hatcheries to accelerate the rate of embryogenesis, can influence
several ecological traits including the timing of adult returns. It has been reported that
hatchery salmon return later in the season than wild conspecifics and that their behaviours in
the river differ (Jonsson, B. et al., 1990; @kland et al., 1995). Possibly, temperature during
early development is responsible for at least some of these differences. This is at least partly
supported by experiments with coho salmon Oncorhynchus kisutch (Walbaum 1792) (Le
Luyer et al., 2017). These authors compared genome-wide patterns of methylation and
variation at the DNA level in hatchery-reared O. kisutch with those of their wild counterparts
in two geographically distant rivers. They reported that the rearing environment explained a
significant proportion of epigenetic variation. The differentially methylated regions showed
enrichment for biological functions that may affect the capacity of hatchery-born smolts to
migrate successfully in the ocean. Shared epigenetic variation between hatchery-reared S.
salar provided evidence for parallel epigenetic modifications induced by hatchery rearing in
the absence of genetic differentiation between hatchery and natural-origin fish for each river.

The present findings have implications relative to ongoing climate change. The
temperature increase is expected to be strongest in winter when salmon eggs are incubated in
the gravel bottoms of rivers and stimulate the fish to return later in the year. This adaptation
improves the possibility of S. salar surviving in a warmer environment. Furthermore, for S.
salar straying to another river, this phenotypic flexibility can adapt offspring quickly to new
thermal environments. Fishery managers should be aware of this adaptation to the
temperature experienced by the embryos in the river, as it affects when S. salar can be fished

on the coast and in rivers.
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Legend to figure

FIG. 1. Mean (xSD) number of days at sea of one-sea-winter (1SW) adult Salmo salar of the
strains from the Norwegian Rivers Alta, Imsa and Lone, released as smolts at the

mouth of the River Imsa in 1989, 1990 and 1993 and recaptured on the Norwegian
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Table 1 Number and total length (Lt) of recaptured, adult one-sea-winter (LSW) Salmo salar

on the Norwegian coast when they returned from the feeding area in the North Atlantic

Ocean. The fish were reared from eggs incubated in natural (cold) and heated (warm) water

trap in the River Imsa

from the River Imsa and released as 1 year-old or 2 year-old smolts downstream of the fish

Cold-water incubated ova Warm-water incubated ova
Year | Riv | Smol | Mean+ | Recaptu | Smo | Adu Smol | Mean+ | Recaptu | Smo | Adu
releas | er | tage SE res ItLy | ItLy tage SE res ItLy | It
ed (year | (range) (n) (cm | (cm (year | (range) (n) (cm | Ly
s) egg ) ) s) egg ) | (em
incubatio incubatio )
n n
temperat temperat
ure (°C) ure (°C)
1989 | Alta 1 4,92 + 36 16.5 | 62.7 1 7.69 £ 39 18.6 | 63.7
1.52 + * 0.33 + t
(2.5-8.2) 07 | 2.8 (6.5-8.2) 1.9% | 4.2°
1990 | Alta 2 4,92 + 8 33.9 | 67.4 1 7.46 £ 26 18.6 | 59.5
1.52 + * 0.76 t *
(2.5-8.2) 7.7*% | 5.5* (4.8-8.4) 12 | 2.6
1993 | Ims 2 372+ 49 25.2 | 62.6 1 733+ 50 18.0 | 57.2
a 0.97 + * 0.61 t *
(2.2-6.7) 3.7% | 6.3* (4.6-8.0) 17 | 3.4
1993 | Lon 1 449 + 63 159 | 56.4 1 711+ 55 19.2 | 575
e 0.91 + + 0.79 + +
(3.7-7.3) 147 | 4.2 (4.6-8.0) 207 | 43
All 156 19.9 | 60.3 170 18.6 | 59.3
+ + + +
6.0 | 5.8 1.8 | 4.6
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*, Mean length significantly larger than the compared group (P < 0.05).






