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Abstract

We examined the combined effects of fasting in freshwater and water temperature during the transition from freshwater to
seawater on growth/metabolic parameters in juvenile chum salmon Oncorhynchus keta. Juveniles of 1 g in freshwater were
first subjected to a 5-day fasting period at 10 or 5 °C, acclimated to either 10 or 5 °C seawater and fed ad libitum for 30 days.
Control fish were transferred from 10 °C freshwater to 10 °C seawater and fed ad libitum throughout the experimental
period. Serum insulin-like growth factor (IGF)-I was measured to evaluate growth status/potential and liver glycogen as an
index of energy storage. Fasting in freshwater for 5 days negatively affected body size. Growth of juveniles kept at colder
temperatures was retarded in seawater for at least 20 days, which may partly be explained by a lower feeding rate in cold
seawater. Serum IGF-I levels were lower in fasted fish in freshwater at both temperatures and colder seawater had a negative
effect on restoring serum IGF-I levels after refeeding for 20 days. Liver glycogen content was low in fish fasted in freshwater
for 5 days. After refeeding in seawater for 10 days, liver glycogen content increased significantly in juveniles kept at colder
temperatures. Colder water temperatures in both salinities positively affected glycogen content for 30 days after transfer
to seawater, suggesting that juveniles allocated energy stores to the liver rather than growth under suboptimal feeding and
temperature conditions. The findings of the present study suggested that relatively cold freshwater could negatively affect
juvenile chum salmon growth soon after sea entry.
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cial fish along the coasts of Hokkaido and northern Japan.
They are obligatory anadromous fish: hatching in freshwater,
remaining in rivers for a few to several months depending on
the region and river system, and migrating to the ocean in
the spring of their first year (Salo 1991; Urawa et al. 2018).
Chum salmon resources in Japan are mainly sustained by
intensive hatchery releases (Morita et al. 2006; Nagata et al.
2012; Miyakoshi et al. 2013; Kitada 2014). In Hokkaido,
chum salmon fry/juveniles are reared in hatcheries until they
reach about 1 g and are then released into the rivers (Seki
2005, 2013). Released chum salmon juveniles can adapt to
seawater through hypo-osmoregulatory changes (Kashiwagi
and Sato 1969; Wong et al. 2019). Despite their ability to
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hypo-osmoregulate, juvenile chum salmon are vulnerable to
environmental fluctuations, such as food abundance, water
temperature, and predation pressure owing to their small
size. Recent declines in adult return rates along Hokkaido
coasts have been mainly attributed to climate change (Urawa
et al. 2018). Therefore, hatchery managers need to adjust the
timing of releases to match favorable river and coastal con-
ditions and/or make hatchery fish more robust against envi-
ronmental fluctuations (Mizuno 2012; Nagata et al. 2016).

High mortalities of juvenile chum salmon occur during
the early phase of their marine life (Healey 1982; Bax 1983;
Saito et al. 2011). Estimations by mark-recapture of juvenile
chum salmon suggested that the daily mortality soon after
sea entry ranged from 2.9% to 8.1% (Fukuwaka and Suzuki
2002; Wertheimer and Thrower 2007). Such high mortality
may be size/growth dependent; smaller sized juveniles or
those with poor growth are more susceptible to predation
and energy deficit under changing environments (Honda
et al. 2017, 2020; Duncan and Beaudreau 2019). A criti-
cal size and critical period hypothesis has been proposed
to explain the high mortality of juvenile salmon, which
states that juveniles must attain a certain size by a certain
period to survive during early marine life (Beamish and
Mahnken 2001; Farley et al. 2007). Although the validity
of the hypothesis has been recently challenged (Beacham
et al. 2017, 2018), there are several studies suggesting the
high mortality of juvenile salmon is growth dependent along
coastal waters (Moss et al. 2005; Duffy and Beauchamp
2011; Zavolokin and Strezhneva 2013; Tucker et al. 2016;
Duncan and Beaudreau 2019).

The growth of fish is influenced by environmental fac-
tors. Water temperature is a primary abiotic factor affecting
fish growth by influencing the distribution and abundance of
prey items and fish metabolism. Water temperature affects
metabolic rates, and therefore fish growth. The standard
metabolic rate increases exponentially as the water tempera-
ture increases, whereas the maximal metabolic rate reaches
a peak at a certain temperature and declines thereafter. The
difference between the maximal and standard metabolic rate
is the aerobic scope, which is a reflection of the capacity
of organisms to work and/or grow (Claireaux and Chabot
2016). Correlation analyses revealed that a prolonged period
of optimal coastal water temperature increased the fry-to-
adult survival rates of hatchery-reared chum salmon (Morita
and Nakashima 2015). This implies that cold spring or/and
hot summer would reduce juvenile chum salmon growth and,
in turn, expose them to a risk of growth-dependent mortal-
ity. Nagata et al. (2007) reported coastal seawater surface
temperatures ranging from 8 to 13 °C are optimal for growth
and off-shore movement in juvenile chum salmon.

Water temperature also influences fish growth by alter-
ing endocrine system activity, such as the growth hormone
(GH)-insulin-like growth factor (IGF)-I system (Gabillard
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et al. 2005; Reinecke 2010). IGF-I is mainly produced by the
liver in response to GH stimulation from the pituitary gland
and mediates GH actions (Daughaday and Rotwein 1989).
IGF-I is also produced by peripheral tissues, such as mus-
cle and exerts its mitogenic action in autocrine and paracrine
systems (Le Roith et al. 2001; Ohlsson et al. 2009). In several
fishes, including salmonids, endocrine IGF-I is valuable as a
growth index because its circulating level generally correlates
with individual growth rate (Beckman et al. 2004a, b; Picha
et al. 2008; Beckman 2011). The validity of serum IGF-I as a
growth index has been confirmed for juvenile chum salmon,
and the juvenile growth status in the coastal area of the Aba-
shiri region, eastern Hokkaido, has been evaluated (Kaneko
et al. 2015, 2019; Taniyama et al. 2016).

Using rearing experiments, we previously assessed the
effects of feeding status and seawater temperature on juvenile
chum salmon growth (Nakamura et al. 2019). In that study,
transfer to cold seawater (5 °C) had moderate negative effects
on body size and serum IGF-1. However, when juveniles were
fasted in freshwater for 5 days and then transferred to cold
seawater, their growth was severely affected for 10 days even
after refeeding. In addition, serum IGF-I levels were not recov-
ered in these fish, and liver glycogen content was very high
(Nakamura et al. 2019). These results suggested that when
juvenile chum salmon experienced fasting during downstream
migration and entered cold seawater, they sacrificed growth
and stored energy in the liver to prepare for future nutritional
deficit. However, because the previous rearing experiments
were relatively short (10 days), their longer-term effects on
growth retardation need to be addressed.

In addition to the importance of coastal water temperature
for the growth of juvenile chum salmon, river water tempera-
ture may also affect growth performance (Morita et al. 2015;
Takahashi et al. 2016). Morita et al. (2015) found a positive
correlation between river water temperature, the number of
downriver migrating fry, and the number of adult returns in the
Chitose River, central Hokkaido, Japan. Their study highlights
the importance of river water temperature on the survival of
juvenile chum salmon in the river and/or coast. However, the
mechanism by which river water temperature influences the
survival of juvenile chum salmon before or/and after sea entry
is not clear. The present study examined the combined effects
of freshwater and seawater temperatures on the growth of juve-
nile chum salmon fasted in freshwater by a rearing experiment
utilizing growth and metabolic indices.

Materials and methods
Fish

Juvenile chum salmon (fork length 5 cm and body weight
0.8 g) were transferred in May 2019 from a local hatchery in
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northeastern Hokkaido (Kamisato Hatchery; Tsubetu, Aba-
shiri-gun, Hokkaido, Japan) to an indoor rearing facility at the
Faculty of Fisheries Sciences, Hokkaido University (Hakodate,
Hokkaido, Japan). Fish were reared in 60-L freshwater (FW)
glass aquariums (size 60 29.5 %36 cm) in a temperature-con-
trolled room (10 °C), and each tank had a closed circulation
system with filtration in the upper half (Jex, Osaka, Japan).
Until the beginning of the experiment, fish were fed to satiety
once daily on a commercial diet (Marubeni Nisshin Feed Co.
Ltd., Tokyo, Japan). The following experiments were carried
out in accordance with the guidelines of the Hokkaido Univer-
sity Animal Care and Use Committee.

Rearing experiment

In late May 2019, a total of 240 fish (approximately 1 g) were
equally distributed into eight 40-L tanks (30 fish/tank; size
45%30x 30 cm) filled with freshwater and acclimated for
1 week with feeding as described above. Fish in four tanks
were kept at 10 °C and fasted for 5 days. Fish in the other four
tanks were also fasted while being acclimated from 10 to 5 °C
over 3 days, followed by two additional days at 5 °C. After
the 5-day fasting period in freshwater, fish were acclimated
to artificial seawater (SW; TetraMarin Salt Pro; Spectrum
Brands Inc., Tokyo, Japan) by gradually increasing the salin-
ity to 31-34 g kg~! (100% SW) as follows. On day 6, the first
two tanks of each group were transferred to four 40-L tanks
filled with 50% SW at 10 °C. The second half of each group
was brought to another temperature-controlled room (5 °C)
and transferred to four 40-L tanks filled with 50% SW that was
maintained at 9 °C using a portable heater. On day 7, a quarter
of 50% SW was removed from the tanks and the same amount
of 145% SW was added to make 75% SW. The water tempera-
ture of the two 75% SW tanks was reduced from 9 to 7 °C.
On day 8, fish were transferred to another set of tanks filled
with 100% SW at 10 or 5 °C, and 10-12 fish from each group
were further placed into two 40-L tanks to have replicates. Fish
were fed during the acclimatization period for 4 days and for
an additional 26 days. These treatments created four groups
based on rearing water temperatures in FW and SW: optimal
FW temperature and optimal SW (Opti/Opti), Opti/Cold, Cold/
Opti, and Cold/Cold (Fig. 1). Additional fish placed in two
40-L tanks filled with 10 °C FW were acclimated to 10 °C SW
as described above and fed once daily at libitum throughout
the experimental period for 35 days, which served as a control
group. Feeding rate (%) per tank was calculated as follows:

Juveniles — | Control

(0.89)

Opti (Fed) —— Opti (Fed)
Opti (Fast) i Opti (Re-fed) —— | Opti/Opti

Cold (Re-fed)——————»| Opti/Cold

4 Opti (Re-fed) — | Cold/Opti
Cold (Fast) Cold (Re-fed)— | Cold/Cold

Freshwater Seawater

-5 0 10 20 30
Days after seawater transfer

Fig.1 The design of the rearing experiment conducted in late May
2018. Juvenile chum salmon were fasted for 5 days in freshwater at
optimal (Opti; 10 °C) or cold (5 °C) temperature, transferred to opti-
mal or cold seawater, and maintained at the same temperature with
feeding. Control fish were fed and kept at the optimal temperature
throughout the experiment

seawater (Fig. 1). Fish were anesthetized using 3.3% 2-phe-
noxyethanol (Kanto Chemical, Tokyo, Japan). After FL
and BW were measured, the tail was cut and blood was
withdrawn using 10- or 20-pL plain glass tubes (Micro-
cap; Drummond Scientific Company, Broomall, PA, USA).
Blood was allowed to clot overnight at 4 °C and centrifuged
at 10,000 rpm for 15 min. Serum was collected and stored at
—80 °C until use. For the Cold/Cold group, blood was col-
lected from 13 fish because some individuals in this group
were too small to collect enough blood for analysis. When
necessary, sera from two individuals with similar body size
were pooled for hormone measurement. Gills and livers
were collected, immediately frozen on dry ice, and stored
at —80 °C.

Na*,K*-ATPase activity assay

Gill NKA activity was measured according to Quabius et al.
(1997) with minor modifications (i.e., correction of an incor-
rect concentration of sulfuric acid). Protein concentration
was measured using a BCA (bicinchoninic acid) Protein
Assay Kit (Thermo Scientific, IL, U.S.A.). The activity was
expressed as Pi (umol) per protein (mg) per time (h).

Time-resolved fluoroimmunoassay (TR-FIA) for IGF-I

To measure IGF-I, serum was first extracted with an
acid—ethanol, as described by Shimizu et al. (2000). IGF-I

(Weight of the pellet given — weight of the uneaten pellet trapped by the filter) X 100/total weight of fish in a tank.

Eight or 13 (Cold/Cold) fish from each treatment were
sampled before and 10, 20 and 30 days after transfer to

was quantified by TR-FIA, based on the method described by
Small and Peterson (2005), using recombinant salmon/trout
IGF-I (GroPep Bioreagents Pty Ltd, Adelaide, Australia) as
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a standard. Time-resolved fluorescence was measured using
a Wallac ARVO SX or Wallac ARVO X4 multilabel counter
(PerkinElmer, Waltham, MA, USA). When serum volume
was too small, sera from two individuals were pooled.

Glycogen content

Liver glycogen content was measured according to Dreiling
et al. (1987). Briefly, liver pieces (20-30 mg) were homog-
enized in cold 10% perchloric acid (Sigma-Aldrich) and cen-
trifuged at 10,000 rpm for 5 min at 4 °C. The supernatants
were reacted with I,-KI solution containing saturated CaC,.
The absorbance at 460 nm was measured using an ARVO
X4 multilabel counter. Values are expressed as mg per liver
weight (g).

Statistical analysis

The effects of fasting in freshwater on body size and physi-
ological parameters were analyzed using a one-way analysis
of variance (ANOVA) using the JMP program (SAS Insti-
tute Inc., Cary, NC, USA). When significant effects were
found, treated groups were compared with the control group
by Tukey’s honestly significant difference (HSD) test. The
effects of freshwater and seawater temperatures within each
sampling point on body size and physiological parameters
were analyzed using a two-way ANOVA. Differences among
groups, including the control group, were identified using
a one-way ANOVA followed by Tukey’s HSD test. Differ-
ences among groups were considered significant at P <0.05.

Results

Fasting for 5 days in freshwater had negative effects
on FL (F, 40=8.67, Residual =0.058, P=0.0008), BW
(Fy40=126.13, Residual=0.013, P<0.0001), and K
(Fy40=16.05, Residual =0.002, P <0.001) regardless
of water temperature (Fig. 2). There were negative main
effects of low freshwater temperature on FL (P=0.0468),
BW (P=0.0051), and K (P=0.0233) 10 days after seawa-
ter transfer, whereas no interactions between freshwater and
seawater temperatures were detected (Fig. 3). Thereafter,
low seawater temperature mostly had negative main effects
on FL (P=0.0004 on day 20; P <0.0001 on day 30) and
BW (P=0.004 on day 20; P=0.0008) without temperature
interaction, but not on K (Fig. 3). Control fish were larger
and heavier than the other fish throughout the experimen-
tal period for 30 days (Fig. 3, Online Resource, Table S1).
However, K became similar in all groups from 20 days after
seawater transfer (Fig. 3, Online Resource, Table S1).
Feeding rates after transfer to seawater appeared to
vary among groups and over time; however, having only
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Fig. 2 Effects of a 5-day fasting period in freshwater at optimal (Opti;
10 °C) and cold (5§ °C) temperature on fork length (FL; a), body
weight (BW; b) and condition factor (K; ¢) in juvenile chum salmon.
Control fish were fed ad libitum at the optimal temperature. Values
are expressed as means=+SE (n=8). Asterisks indicate a significant
difference from control group (Tukey’s HSD, P <0.05)

one duplicated tank (i.e., n=2) did not allow statistical
comparisons between groups (Fig. 4). When the data on
feeding rate were grouped by freshwater temperature expe-
rienced (n=4) for statistical analysis, the feeding rate dur-
ing the first 10 days was lower in fish held in cold fresh-
water (P =0.0295). Feeding rates during 11-20 days and
21-30 days after seawater transfer were lower in fish reared
in cold seawater (11-20 days: P <0.0001; 21-30 days:
P=0.0033).
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Fig.3 Combined effects of freshwater and seawater temperatures on
fork length (FL; a), body weight (BW; b) and condition factor (K; c)
in juvenile chum salmon. Treated groups were fasted for 5 days in
freshwater at optimal (Opti; 10 °C) or cold (5 °C) temperature, trans-
ferred to optimal or cold seawater and fed ad libitum for 30 days.
Control fish were fed and kept at the optimal temperature throughout
the experiment. Values are expressed as means +SE (n=38). Asterisks
indicate freshwater (FW) or seawater (SW) temperature had a main
effect in two-way ANOVA at a given time point. Groups sharing the
same letter are statistically not different each other (Tukey’s HSD,
P<0.05)

There was no effect of fasting for 5 days in freshwater
on gill NKA activity (Fig. 5). At 10 and 20 days after sea-
water transfer, there was no interaction but a negative main
effect of low freshwater temperature on gill NKA activity

3 control Opti/Opti [ Opti/Cold [ Cold/Opti Ml Cold/Cold

5 1

4—T—

Feeding rate (%BW)

1-10 11-20 21-30
Days after seawater transfer

Fig.4 Combined effects of freshwater and seawater temperatures
on feed intake by juvenile chum salmon. Treated groups were fasted
for 5 days in freshwater at optimal (Opti; 10 °C) or cold (5 °C) tem-
perature, transferred to optimal or cold seawater and fed ad libitum
for 30 days. Control fish were fed and kept at the optimal tempera-
ture throughout the experiment. Values are expressed as means+SE
(n=2)

(P=0.0078 on day 10; P <0.0001 on day 20), although its
effect was positive on day 30 (P =0.050; Fig. 6).

Serum IGF-I levels were lower in fish fasted for 5 days
in freshwater regardless of water temperature (F, 5, =42.53,
Residual =21.30, P <0.0001; Fig. 7). There was no interac-
tion but a negative main effect of low seawater temperature
on serum IGF-I on days 10 (P <0.0001) and 20 (P=0.0003),

15 ,

10

Gill NKA activity (umol Pi/mg/hr)

Cold

Control Opti
Groups

Fig.5 Effects of 5-day fasting in freshwater at optimal (Opti; 10 °C)
and cold (5 °C) temperature on gill Na*,K*-ATPase (NKA) activity
in juvenile chum salmon. Control fish were fed ad libitum at the opti-
mal temperature. Values are expressed as means+ SE (n=38). Aster-
isks indicate significant difference from control group (Tukey’s HSD,
P<0.05)
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Fig.6 Combined effects of freshwater and seawater temperatures on
gill Na*, K*-ATPase (NKA) activity in juvenile chum salmon. Treated
groups were fasted for 5 days in freshwater at optimal (Opti; 10 °C)
or cold (5 °C) temperature, transferred to optimal or cold seawater
and fed ad libitum for 30 days. Control fish were fed and kept at the
optimal temperature throughout the experiment. Values are expressed
as means+SE (n=38). Asterisks indicate freshwater (FW) temper-
ature had a main effect in two-way ANOVA at a given time point.
Groups sharing the same letter are statistically not different each other
(Tukey’s HSD, P <0.05)

whereas its effect was not seen on day 30 (Fig. 8, Online
Resource, Table S1).

Liver glycogen content was low in fish fasted for 5 days
in freshwater at both water temperatures when compared to
that in fed fish (¥, ,,=23.30, Residual =19.04, P <0.0001;
Fig. 9). There were positive main effects of low freshwater

50 -
401
E
(@)}
< 30
T
(O] T
g 20 1
2
[0
w10

i t
t
0 PP Y
Control Opti  Cold
Groups

Fig.7 Effects of5-day fasting in freshwater at optimal (Opti; 10 °C)
and cold (5 °C) temperature on serum insulin-like growth factor
(IGF)-I levels in juvenile chum salmon. Control fish were fed ad libi-
tum at the optimal temperature. Values are expressed as means +SE
(n=38). Asterisks indicate significant difference from control group
(Tukey’s HSD, P <0.05)
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(P=0.0149) and low seawater (P=0.0013) on liver glyco-
gen 10 days after seawater transfer (Fig. 10). In addition,
an interactive effect of freshwater and seawater was seen
on live glycogen content (P=0.0031), being three times
higher in fish kept at low freshwater and seawater tempera-
tures than in other groups (Fig. 10). There was no interac-
tion but a positive main effect of low seawater temperature
20 days (P <0.0001) and 30 days (P=0.0128) after transfer.
A positive effect of low freshwater temperature was seen on
30 days after transfer (P=0.0079) and the fish kept at low
temperatures maintained higher levels of liver glycogen for
30 days after transfer (P=0.0023; Fig. 10, Online Resource,
Table S1).

Discussion

The present study is an expansion of Nakamura et al. (2019),
who reported the synergetic negative effect of fasting in
freshwater and transfer to cold seawater on the growth of
juvenile chum salmon in a short-term. In the present study,
we further examined the effect of freshwater temperature
in addition to that of seawater temperature for a longer
period compared to the previous study (1 month compared
to 10 days). The results of the present study highlight the

[JcControl [Z]Opti/Opti [T]Opti/Cold []Cold/Opti [ Cold/Cold

%07 *SW temp *SW temp
— J a a
E 40 _L ab
g 1 labc
-+ 30+
L
O]
E 201
5] bc
(7}

10 -

0 - o g
(8)(8)(8)(8)(5) (8)(8)(8)(8)(6) (8)(8)(8)(8)(6)

10 20 30
Days after seawater transfer

Fig.8 Combined effects of freshwater and seawater temperatures
on serum insulin-like growth factor (IGF)-I levels in juvenile chum
salmon. Treated groups were fasted for 5 days in freshwater at opti-
mal (Opti; 10 °C) or cold (5 °C) temperature, transferred to optimal
or cold seawater and fed ad libitum for 30 days. Control fish were fed
and kept at the optimal temperature throughout the experiment. Val-
ues are expressed as means +SE (n=5-8). Due to the small serum
volume, some samples were pooled. Numbers of the samples ana-
lyzed for each group are shown in parentheses. Asterisks indicate sea-
water (SW) temperature had a main effect in two-way ANOVA at a
given time point. Groups sharing the same letter are statistically not
different each other (Tukey’s HSD, P <0.05)
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Fig.9 Effects of 5-day fasting in freshwater at optimal (Opti; 10 °C)
and cold (5 °C) temperature on liver glycogen content in juvenile
chum salmon. Control fish were fed ad libitum at the optimal temper-
ature. Values are expressed as means+ SE (n=28). Asterisks indicate
significant difference from control group (Tukey’s HSD, P <0.05)
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Fig. 10 Combined effects of freshwater and seawater temperatures on
liver glycogen content in juvenile chum salmon. Treated groups were
fasted for 5 days in freshwater at optimal (Opti; 10 °C) or cold (5 °C)
temperature, transferred to optimal or cold seawater and fed ad libi-
tum for 30 days. Control fish were fed and kept at the optimal temper-
ature throughout the experiment. Values are expressed as means + SE
(n=8). Asterisks indicate freshwater (FW) and/or seawater (SW)
temperatures had main effects or interaction in two-way ANOVA at
a given time point. Groups sharing the same letter are statistically not
different each other (Tukey’s HSD, P <0.05)

importance of both freshwater and seawater temperature for
growth of juveniles during the first month of their ocean life.

Fasting 1 g juvenile chum salmon in freshwater for 5 days
was long enough to suppress FL, BW, and K, regardless
of water temperature, when compared to the fed control at
optimal temperature. Refeeding during and after transfer
to seawater at optimal temperature allowed the juveniles to

catch up with the control fish in terms of body size 20 days
after transfer, although the control fish showed better growth
thereafter. Our results support the suggestion of Nakamura
et al. (2019) that the feeding status of juvenile chum salmon
in the river is a factor affecting growth after sea entry.

Cold freshwater inhibited the growth of fasted fish for at
least 10 days after transfer to seawater. This finding implies
that river water temperature and food availability influence
the growth of juvenile chum salmon during residency in the
estuary and shoreline. Morita et al. (2015) found positive
correlations between water temperature in the Chitose River
during the downstream migration period, the number of
down-migrating chum salmon fry, and the fry-to-adult sur-
vival rate. Their results suggested that, despite chum salmon
spending most of their life in the ocean, river temperature
determines juvenile survival. However, it is unknown if cold
river water temperature directly increases juvenile chum
salmon mortality during their freshwater residency or indi-
rectly by reducing their growth capacity after entry into the
ocean. Moreover, both scenarios are possible.

Cold seawater also affected the overall growth of juve-
nile chum salmon that experienced fasting in freshwater. We
previously reported the combined effect of fasting in fresh-
water and transfer to cold seawater in a short-term experi-
ment (10 days; Nakamura et al. 2019), and the results of the
present study indicated that it lasts for a longer period (more
than 30 days) in cold seawater. Cold seawater appeared to
suppress the appetite of fish fasted in freshwater, which was
possibly caused retarded growth, although its mechanism is
unknown. These findings again emphasize the importance
of nutritional conditions of juvenile chum salmon during
their river residency.

Gill NKA activity in fish in seawater was influenced by
the freshwater temperature experienced. Enhanced branchial
NKA activity is essential for juvenile chum salmon to adapt
to seawater. Juvenile anadromous salmon undergo smoltifi-
cation when the river-type parr transfers to the ocean-type
smolts by increasing gill NKA activity while in freshwa-
ter (Hoar 1988; McCormick et al. 2013). High gill NKA
activity was maintained or further increased upon sea entry
(Hoar 1988; McCormick et al. 2013). However, in the pre-
sent study, fish that were fasted in cold freshwater did not
show increased gill NKA activity, whereas that in the other
groups was increased. Such a negative effect lasted for at
least 20 days. It is not known if reduced gill NKA activity
affects juvenile chum salmon growth during that period. The
reason for the positive effect on gill NKA of cold freshwater
30 days after transfer to seawater is unknown. In addition,
it is worth noting that in situ branchial NKA activity might
differ if assayed at the respective acclimated temperatures.

Serum IGF-I responded well to fasting in freshwater and
cold seawater temperatures, and may provide a mechanis-
tic basis for growth retardation under these conditions. As
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expected, serum IGF-I levels were low in fish fasted for 5
days in freshwater. Its levels were restored within 20 days
with refeeding in optimal seawater, whereas it took more
than 20 days in cold seawater. Given that the feeding rate in
fish held in cold freshwater was low, the decrease in serum
IGF-I levels is possibly owing to the reduced food intake
rather than a direct action of cold water temperature on IGF-
I. Although a similar finding was reported by Nakamura
et al. (2019), it was a short-term assessment for 10 days
and the present study shows that its effect lasted more than
20 days. These findings suggested that when coastal seawa-
ter temperature is low, juveniles have reduced growth capac-
ity, as reflected in low circulating IGF-I.

Liver glycogen content in refed fish was considerably
increased by the combination of cold freshwater and cold
seawater, indicating that excess energy was stored in the
liver. Liver glycogen is an important energy reserve for fish
to cope with acute stress (Vijayan and Moon 1992; Vijayan
et al. 1993). Thus, the fish that experienced fasting in cold
freshwater and entered cold seawater might prepare for
future stressful conditions by accumulating energy. How-
ever, partitioning more energy to glycogen would sacrifice
growth. In addition, these fish did not eat well after trans-
fer to cold seawater so their growth was further suppressed.
Such compensatory mechanisms may protect fish from acute
stress, but expose them to a higher risk for growth-dependent
mortality.

The mechanism by which liver glycogen dramatically
increased in fish subjected to fasting and cold temperatures
is not known at present, but the balance between synthesis,
breakdown, and glycogen storage is important. In temper-
ate euryhaline milkfish Chanos chanos, hypothermal stress
(18 °C compared to 28 °C) in freshwater accelerated the
breakdown of liver glycogen to maintain the energy balance
of the body, whereas no changes were seen in fish in sea-
water (Chang et al. 2018), indicating an interactive effect of
water temperature and salinity on metabolism. In the present
study, the situation is more complicated because of interac-
tions among feeding status, water temperature, and salinity.
However, analyzing enzymes, such as glycogen synthase and
phosphorylase, involved in the synthesis and breakdown of
glycogen in the liver should be useful to understand glyco-
gen metabolism, which is a subject of future study.

Morita et al. (2015) proposed multiple possible pathways
to explain the impact of cold river temperature on juvenile
chum salmon survival. Cold river temperature limits the
availability of prey items in the river, reduces digestion
efficiency of those prey items in the river, directly causes
thermal damage, and/or increases predation risk by reduc-
ing metabolism and swimming speed. The present study
revealed that cold freshwater prevented juvenile chum
salmon from restoring growth and serum IGF-I after the
5-day fasting period by reducing appetite and partitioning
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more energy to the liver, which provides a mechanistic basis
for the impact of cold river temperature on juvenile chum
salmon growth, although the other possibilities are not mutu-
ally exclusive.

The findings of the present study may provide additional
considerations on hatchery rearing strategies and parameters
to be monitored in the spring. Size at release (i.e.,>1 g)
has been one of the most important traits of hatchery-reared
chum salmon because of the size-dependent survival during
off-shore migration (Saito et al. 2010; Honda et al. 2017,
2020). Releasing fish> 1 g has been recommended in Hok-
kaido (Seki 2005, 2013). Kasugai et al. (2014) estimated the
period taken for downriver migration by chum salmon fry
released into the Nishibetsu River, eastern Hokkaido, to be
5-26 days and suggested that nutritional status during that
period affected their survival before entry into the sea. The
present study further suggests that even for fish around 1 g,
poor feeding status in freshwater in addition to low river
water temperature would suppress growth in the estuaries
and coasts, even when seawater temperatures are optimal
and food is available. Therefore, rearing chum salmon juve-
niles with nutritional supplementation and forage training
would make them more robust against low prey abundance
in the river, and monitoring river water temperature in addi-
tion to coastal water temperature would help determine the
optimum release time.

In conclusion, the present study indicated that the nega-
tive effects of fasting in freshwater and transfer to cold sea-
water on the growth of juvenile chum salmon lasts more than
20 days, and cold freshwater also affects growth soon after
sea entry. Thus, in addition to coastal seawater temperature
at the time of release, the water temperature and food avail-
ability in the rivers is important for hatchery release.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12562-021-01526-5.
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