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Abstract
We examined the sea-entry conditions (i.e., timing and body size) of juvenile chum salmon that improve their survival dur-
ing their coastal residency. On 25 June 2013, we sampled 365 juvenile chum salmon [57.5–98.6 mm fork length (FL)] off 
Konbumori, eastern Hokkaido, ⁓ 20 km east of the Kushiro River mouth, which originated from a hatchery in the Kushiro 
River. Sea-entry conditions of these Konbumori juveniles back-calculated using otolith daily increment analysis were com-
pared with data from 373 juveniles released from the same hatchery that were captured at the mouth of Kushiro River (i.e., 
just before sea entry) from April to July 2013. Most of the Konbumori fish were estimated to have entered the sea from 25 
May to 5 June, when coastal surface temperatures constantly exceeded 5 °C, which is considered favorable for juveniles. The 
estimated FLs at sea entry of the Konbumori fish were larger than FLs of fish sampled at the river mouth during a compa-
rable period, which suggests that size-selective mortality existed. Back-calculated post-sea-entry growth rates of fish with 
larger FL at sea entry, particularly those with FL > 65 mm, tended to be high enough for survival among the Konbumori fish. 
Assuming growth-dependent mortality, this case study suggests that the release of larger-sized juveniles under favorable 
coastal temperature conditions improves their survival.

Keywords  Coastal condition · Daily growth increments · Early marine life · Hatchery fish · Pacific salmon · Sea entry · 
Size-selective mortality

Introduction

Pacific salmon Oncorhynchus spp. are important fishery 
resources in the North Pacific. Species of this genus typi-
cally undergo massive mortality during their early life stages 
(Beamish 2018), and chum salmon Oncorhynchus keta are 
no exception to this, particularly just after their entry into 
the sea (Healey 1982; Bax 1983; Fukuwaka and Suzuki 
2002; Wertheimer and Thrower 2007). Mortality patterns of 
chum salmon during coastal residency are thought to be size 
selective (Healey 1982; Tucker et al. 2016). Juvenile chum 
salmon originating from Japan migrate north to the central 
Sea of Okhotsk, where they remain for their first summer 
and autumn (Chistyakova and Bugaev 2016; Urawa et al. 
2018). Recent studies have suggested that these juveniles 
experience growth-dependent mortality (Sogard 1997) along 
Japanese coasts (Honda et al. 2017, 2019). For juvenile 
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chum salmon originating from the Japanese Pacific coast, a 
median growth rate in length of 0.65 mm/day or more after 
sea entry seemed necessary for them to reach a fork length 
(FL) of more than 90 mm upon reaching waters off eastern 
Hokkaido (i.e., Konbumori; Fig. 1); juveniles with growth 
rates below 0.45 mm/day experienced difficulty in reach-
ing Konbumori, particularly if they originated from areas > 
200 km southwest of Konbumori (Honda et al. 2017). These 
growth rates were determined from otolith daily increment 
analysis, a method that, in addition to estimating growth rate, 
enables us to estimate the body size of an individual at the 
point of sea entry and its timing (Saito et al. 2007, 2009). 
Origin-based growth characteristics can be determined by 
concurrently using the otolith thermal marking technique 
(Urawa et al. 2001) and otolith daily increment analysis.

Although the biomass of wild chum salmon is not insig-
nificant (Miyakoshi et al. 2012a; Morita et al. 2013, 2019), 
Japanese chum salmon fishery resources have been sustained 
by hatchery programs (Morita et al. 2006; Miyakoshi et al. 
2013; Kitada 2014). Assuming growth-dependent mortality, 
release strategies such as releasing fish with a specific body 
size at a specific time is considered desirable to potentially 
increase post-sea-entry growth rates. Japanese hatchery 
programs have recommended that juveniles be released at 
target periods when coastal sea surface temperatures (SST) 
range from 5 to 13 °C and the juveniles weigh more than 1 g 
(approximately 50 mm FL) (Seki 2013). These release con-
ditions are based on empirical rules and the results of scien-
tific research (Seki and Shimizu 1996; Saito and Nagasawa 
2009), and are particularly applied because juvenile chum 
salmon occur frequently along Japanese coasts at SST rang-
ing from 5 to 13 °C (Kobayashi 1977; Irie 1990).

Even though the numbers of chum salmon fry/juveniles 
released from Japanese hatcheries have remained constant 
since the early 1980s (Urawa et al. 2018), and techniques 
used in hatchery programs have improved (Seki 2013), 
return rates of chum salmon adults to Japanese waters have 
in recent years, and in particular between 2016 and 2018, 
declined to levels similar to those of the early 1980s [Hok-
kaido National Fisheries Research Institute, Salmon infor-
mation: https​://salmo​n.fra.affrc​.go.jp/zousy​oku/sakem​asu.
html, Accessed 28 Jan 2020; North Pacific Anadromous 
Fish Commission (NPAFC) Catch Statistics: https​://npafc​
.org/stati​stics​/, Accessed 28 Jan 2020]. Why this decline has 
occurred remains to be clarified, but the more severe envi-
ronmental conditions that juveniles encounter during their 
early marine life stages before reaching the offshore waters 
of the Sea of Okhotsk are suspected to play a role (Miyako-
shi 2018; Saito and Fukuwaka 2018).

If the characteristics of sea-entry conditions (timing and 
body size) of juvenile chum salmon that improve post-sea-
entry survival/growth, and the relationship between these 
characteristics and the corresponding coastal environment, 
were better understood, hatchery programs could be ame-
liorated by adjusting release strategies to improve juvenile 
survival. Because Japanese rivers are relatively short and 
most juvenile chum salmon are thought to migrate to the 
sea within a short period after hatchery release (< 10 days) 
(Mayama et al. 1982; Torao et al. 2010; Miyakoshi et al. 
2012b), sea-entry conditions are considered to be closely 
linked to release conditions (i.e., decisions taken on the tim-
ing of release and the size of juveniles at release). None-
theless, it is extremely difficult to identify sea-entry condi-
tions that enhance juvenile chum salmon survival without 

Fig. 1   Study site in eastern 
Hokkaido [bold frame (left 
panel); enlarged map (right 
panel] and location of the 
release site [Tsurui Salmon 
Field Station (open circle)] of 
juvenile chum salmon in the 
Kushiro River system, and 
sampling sites at the Kushiro 
River mouth (open star) and off 
Konbumori (solid star). Gray 
line (right panel) shows the 
50-m-depth contour

https://salmon.fra.affrc.go.jp/zousyoku/sakemasu.html
https://salmon.fra.affrc.go.jp/zousyoku/sakemasu.html
https://npafc.org/statistics/
https://npafc.org/statistics/
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a detailed understanding of population structure at the time 
of sea entry throughout the entire migratory period (Bea-
cham et al. 2018). That is, the characteristics of individuals 
that survive can only be determined once the entire picture 
of the initial population structure before massive mortality 
takes place is clarified, and subsequently, the characteris-
tics of dead fish among the population have been identified, 
and vice versa. However, in situ field observations at the 
moment of death, or even finding a dead juvenile salmon in 
the marine realm, is nearly impossible, except for remains 
found in the stomach contents of predatory animals (Beam-
ish et al. 1992; Okado et al. 2020). Thus, we must first 
understand the timing and size-class composition of juve-
niles just before or after sea entry (i.e., near a river mouth) 
throughout their entire migratory periods in a specific river. 
Second, we need information on the sea-entry condition 
of juveniles sampled at a specific point during their ocean 
migration route, which we can obtain by using otolith daily 
increment analysis. Finally, by comparing these two data sets 
for a single cohort, we can determine the sea-entry charac-
teristics of surviving fish and fish mortality by the time of 
the latter sampling point.

Collecting these sorts of data requires intensive field 
surveys and also involves considerable expense since the 
entire period of sea entry of juveniles covers several months. 
Additionally, in waters where juveniles that originate from 
different regions co-occur, the target cohort must be labeled 
for identification, for example, with an otolith thermal mark. 
For these reasons, few studies targeting juvenile Pacific 
salmon examine the relationship between sea-entry condi-
tions and subsequent survival/growth (Woodson et al. 2013; 
Claiborne et al. 2014). We report new data for a considerable 
number of juvenile chum salmon sampled at a river mouth 
and in coastal waters, which were released from the Kush-
iro River, eastern Hokkaido, in 2013 (i.e., the 2012 brood 
year). The number of adult returns (fish of ages-2–5) to the 
Kushiro River for the 2012 brood year was estimated to be 
approximately 23,000, and was smaller than the number of 
adult returns of the 1980–2011 brood years (approximately 
181,000, on average) (Hokkaido National Fisheries Research 
Institute, unpublished data, 2020). We assumed that using 
data obtained from poor-return stocks is effective to evaluate 
the survival conditions of juvenile, since they presumably 
experienced more severe, and thus more distinctive, environ-
mental conditions during their coastal residency.

Materials and methods

Sampling juvenile chum salmon

About 8.742 million juvenile chum salmon were released 
from the Tsurui Salmon Field Station (Fig. 1), which is 

about 31 km upstream of the Kushiro River mouth, between 
15 April and 29 May 2013 (i.e., 2012 brood-year stock; 
Online Resource 1). The fish could be identified by the same 
thermal hatch code, 2-2-3-3H, in their sagittal otoliths. Addi-
tionally, about 34.739 million juvenile chum salmon without 
a thermal hatch code were released into this river system 
during 2013 from other salmon hatcheries. Naturally spawn-
ing chum salmon have also been reported in this system 
(Miyakoshi et al. 2012a). Juveniles originating from rivers 
in this region are thought to migrate to the Sea of Okhotsk 
following the easternmost coast of Hokkaido Island (Irie 
1990; Honda et al. 2017; Urawa et al. 2018).

Juvenile chum salmon were sampled about 400  m 
upstream of the Kushiro River mouth (Fig. 1) on 17 days 
between 22 April and 5 July (Online Resource 2). On each 
sampling date, a beach seine (18 m wide, 1.3–1.8 m deep, 
with a 4.6-m-long, 4-mm-mesh bag) was pulled with the 
assistance of a small boat. The daily total sampled area 
was approximately 2000 m2 and was consistent between 
sampling dates. In total, 7976 juvenile chum salmon were 
caught, of which 1398 were retained for subsequent analysis 
(other fish were released immediately on-site after count-
ing). FLs of retained specimens were immediately measured 
(samples were not frozen) to the nearest 0.1 mm, and their 
sagittal otoliths removed. Otoliths were later mounted on 
glass slides using Buehler Thermoplastic Cement (Buehler, 
Lake Bluff, USA). Each otolith was then polished using 
0.3- to 12.0-µm Buehler FibrMet Abrasive Discs until the 
thermal hatch code was readable under light microscopy; 
the presence (or absence) of the code was noted, and was 
verified by two experts. Measurements were made at mag-
nification 200×. From the 1398 specimens, the 2-2-3-3H 
hatch code was found in 373 fish (40.0–72.4 mm FL; Online 
Resource 2).

Juvenile chum salmon were collected from coastal waters 
off Konbumori (Fig. 1), about 20 km east of the Kushiro 
River mouth, by a two-boat surface trawl. The trawl net was 
25 m long, 4 m deep, with a 3-m-long and 4-mm-mesh bag, 
and was towed for 10–20 min at a speed of 2.5–3.5 kN, par-
allel to the shore. Fish collection was conducted seven times, 
on 4, 11, 18, and 25 June, and 9, 16, and 23 July 2013, at five 
stations (Stns 1–5), each at a different distance from shore 
(0.6, 1.2, 4.0, 8.0 and 12.0 km, respectively; 42°50–56′N, 
144°33–35′E); Stn 5 was surveyed once only, on 9 July 2013. 
Of the 1773 juvenile chum salmon caught, 1686 (95.1%) 
were collected at Stn 1, and 52 (2.9%) at Stn 2, on 25 June 
2013. Fish were placed into an icebox and transported to the 
laboratory where they were stored at − 18 °C until measure-
ment. After thawing the fish, their FL was measured and 
otolith hatch code checked (as described previously). Of the 
original 1773 juveniles, 473 had the Kushiro River hatch 
code (2-2-3-3H), of which one (58.7 mm FL) was caught on 



786	 Fisheries Science (2020) 86:783–792

1 3

16 July 2013 at Stn 2 and the others (57.5–98.6 mm FL) on 
25 June at Stns 1 (n = 471) and 2 (n = 1).

Otolith daily increment analysis

For juveniles sampled from Konbumori, the sagittal oto-
lith not used in hatch code identification was used for daily 
increment analysis, unless one otolith of a pair was lost, 
broken, or replaced by vaterite. Consequently, otoliths from 
365 specimens were used (57.5–98.6 mm FL), all from 
fish sampled at Stn 1 on 25 June. Otolith daily incremen-
tal analyses followed methods used by Honda et al. (2017), 
wherein data for 18 of the 365 specimens used in this study 
were also reported; these data were reused without change. 
Extracted sagittal otoliths were mounted on glass slides 
using thermoplastic cement, then polished on both sides 
using 0.3–3.0-µm abrasive discs until the core was exposed. 
Sea-entry timing was determined based on the presence of 
a “sea-entry check,” a distinctive growth increment that 
forms on an otolith when a fish migrates from freshwater 
to marine environments (Saito et al. 2007). For 37 speci-
mens (mean ± SD, 75.6 ± 8.4 mm FL) for which this check 
was unclear, or for which multiple check-like increments 
were observed, we estimated the point of sea entry on the 
otolith by analyzing the otolith’s strontium (Sr) to calcium 
(Ca) weight percent ratio using an electron probe micro-
analyzer (JXA-8230; JEOL, Tokyo) following Honda et al. 
(2017). The point of sea entry was defined when a three-
point running average (the measurements were spaced at 
2-μm intervals) of the Sr:Ca ratio exceeded 4.0 × 10-3 (see 
Honda et al. 2017, for details). The number and width of 
otolith daily growth increments beyond the sea-entry check/
point were counted and measured using an otolith meas-
urement system (ARP/W + RI version 5.30; Ratoc System 
Engineering, Tokyo). Increment measurements were per-
formed along a line from the core to either the dorsal or 
ventral side, depending on where the increments were most 
clear. Sea-entry date was back-calculated by subtracting the 
number of daily growth increments counted from the date on 
which a fish was sampled. The relationship between otolith 
radius (R, micrometers) and FL (millimeters) is described 
in Eq. (1) as follows:

where a and b are the intercept and slope of the regression 
line fitted to log-transformed FL and R, respectively. To 
make the curve fit data for both R and FL when fish hatched 
(RH and FLH), and R and FL for fish when captured (RC and 
FLC), a and b were calculated individually by minimizing 
the sum-of-squares residuals between observed and pre-
dicted FLH and FLC (using the least-square method), using 
the Solver Add-in with Microsoft Excel®. We assume RH to 

(1)FL = a ⋅ R
b
,

be 141.13 µm for fish measured along the ventral-side line, 
and 111.11 µm along the dorsal-side line, while FLH for all 
fish was set at 20.44 mm (Saito et al. 2009). Using Eq. (1), 
we were able to back-calculate FL at sea entry and daily 
growth in FL (millimeters).

Data analysis

We compared back-calculated dates and FLs of fish at sea 
entry caught at Konbumori (hereafter, Konbumori fish) with 
dates and FLs of fish caught at the Kushiro River mouth 
(river-mouth fish). Then, mean daily growth in FL from the 
estimated sea-entry date to the date of collection (i.e., 25 
June 2013 for all specimens) was calculated individually and 
used as an index of growth rate in the analyses. We did this 
because daily growth in FL of juvenile chum salmon during 
their early marine life is generally linearly correlated with 
daily periodicity (Salo 1991; Vega et al. 2017). Honda et al. 
(2017) used the exact same back-calculation method as that 
used in the current study, and found an individual linear-like 
growth trajectory in Japanese juvenile chum salmon. The FL 
measurement for Konbumori fish was done post-thawing—a 
process known to shorten fish FL (Kasugai 2013). Nonethe-
less, in the case of measurements of juvenile chum salmon 
(n = 50) collected at the Chitose and Shizunai Rivers in Hok-
kaido, the difference in FL before (34–77 mm, x) and after 
(32–74 mm, y) freezing and thawing was small, and can be 
described by y = 0.99x − 2.1 (Morita, unpublished data). 
A similar equation with a slope of > 0.93 was reported by 
Armstrong and Stewart (1997) for juvenile Atlantic salmon 
Salmo salar of FL 32–139 mm. As all the thawed fish were 
obtained from Konbumori, the back-calculated FLs at sea 
entry might be slight underestimates, but we decided not to 
correct our estimated FL.

Generalized additive models (GAMs) were used to inter-
pret how the sea-entry condition (date and FL) of Konbu-
mori fish affected their subsequent growth. Growth rate was 
set as an objective variable, and back-calculated sea-entry 
(Julian) date and sea-entry FL were set as predictor vari-
ables, with wrapping in a non-parametric smoothing func-
tion. Gamma-distribution with a log link was used for model 
error distribution. All GAMs were fitted using R version 
3.5.2 (R Core Team 2018) and the statistical packages mgcv 
(Wood 2019) and MuMIn (Bartoń 2018). Predictor variables 
and the best model were selected based on generalized cross 
validation and Akaike’s information criterion (AIC) values, 
and the lowest AIC model chosen. To select the best model 
from all possible combinations of factors, model selection 
for GAMs was done using the dredge function in MuMIn. 
One fish with a back-calculated FL of 81.44 mm at sea entry 
was considered an outlier (its FL exceeded the mean by + 
5σ); it was excluded only from this analysis to meet the 
assumptions for model building. If a distinctive trend was 
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apparent, we focused on relationships between growth rates, 
and dates and FL at the time of sea entry, taking favorable 
and unfavorable growth rates in this region into considera-
tion (> 0.65 and < 0.45 mm/day, respectively) (Honda et al. 
2017).

Coastal SST has been used for decades as a criterion for 
the timing of juvenile chum salmon release and sea entry 
(Seki 2013). Back-calculated sea-entry timing was compared 
with coastal SST (degrees Celsius), which was calculated 
daily by averaging hourly data from a water temperature log-
ger (Starmon mini; Star-Oddi, Gardabaer, Iceland) deployed 
at 3-m depth at Konbumori Stn 2 (42°56.53′N, 144°34.57′E) 
from 30 April to 31 July 2013. For comparison with histori-
cal values, daily SST anomalies (difference in average SST 
from 1994 to 2012) were calculated.

Results

Juvenile chum salmon were captured continuously at the 
Kushiro River mouth from early May to early June 2013 
(Fig. 2); the ratio of thermal-marked fish increased from 
3 June because many juveniles were released in late May 
(Online Resources 1, 2). Estimated sea-entry dates of Kon-
bumori fish occurred over a shorter period of time, between 
15 May and 15 June (with 5–95th percentiles between 
25 May and 5 June; hereafter, main period of sea entry) 
(Fig. 2). Although FLs of river-mouth fish (mean ± SD, 
54.3 ± 5.9 mm FL) and back-calculated FLs at sea entry for 
Konbumori fish (58.9 ± 4.4 mm FL) were generally similar, 
they showed a particular difference in early June (Fig. 2). 
The FLs of river-mouth fish sampled on 24 and 27 May 
combined (55.7 ± 4.5 mm FL), and 3 (57.2 ± 6.2 mm FL) 

and 6 June (50.1 ± 4.9 mm FL), were significantly smaller 
than those of Konbumori fish, which, for estimated sea-
entry dates 24–27 May had an average FL of 59.7 ± 5.2 mm, 
and for 3–6 June, 59.5 ± 4.1 mm (Wilcoxon rank sum test, 
p < 0.01; Fig. 3). The values of river-mouth fish were also 
smaller than those of Konbumori fish with estimated sea-
entry dates between 28 May and 2 June, 58.6 ± 4.3 mm FL 
(p < 0.01, Fig. 3). Additionally, many individuals with < 
50 mm FL were found among river-mouth fish sampled on 
24 and 27 May (12.0%), 3 June (11.6%) and 6 June (59.3%), 
while 0%, 1.6% and 1.5% of Konbumori fish were estimated 
to migrate to the sea at < 50 mm FL from 24 to 27 May, 28 
May–2 June, and 3–6 June, respectively (Fig. 3). 

The mean estimated growth rate ± SD (range) of Konbu-
mori fish was 0.57 ± 0.10 (0.33–1.05) mm/day. As a result 
of model selection for GAMs, the full model was selected as 
the best model (Table 1). Both smoothing terms, sea-entry 
date and FL at sea entry, were statistically significant as pre-
dictor variables (Table 2). According to the predicted growth 
rate based on the selected model, growth rates outside the 
main period of sea entry (i.e., Julian date 144–155) tended 
to be lower (Fig. 4a). However, this trend was based on a 
small sample during the corresponding period and should 
be interpreted with caution. When focusing on FL at sea 
entry, growth rates of both larger and smaller fish tended to 
be higher (Fig. 4b). Particularly for juveniles with larger FL 
at sea entry, i.e., > 65 mm, only one fish (3.1%) exhibited a 
growth rate less than 0.45 mm/day, while the growth rate 
of half of these fish exceeded 0.65 mm/day (Fig. 5). None-
theless, it should be noted that large individual variability 
was observed in growth rates relative to sea-entry conditions 
as indicated by the low deviance explained in the selected 
model (Table 1, Fig. 4).   

Fig. 2   Comparison between 
date and fork length of juvenile 
chum salmon captured at the 
Kushiro River mouth (open 
triangle, n = 373) and back-
calculated sea-entry date and 
fork length at sea entry for those 
captured at Konbumori (solid 
rhombus, n = 365)
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The main period of sea entry was immediately after 
the point at which daily SST at Konbumori exceeded 5 °C 
(Fig. 6). Compared with SST anomalous data for the period 

between 1994 and 2012, the SST in 2013 was lower before 
8 June (− 0.48 °C on average from 2 May–8 June) and 
increased after 9 June (+ 0.97 °C on average from 9 June–25 
July).

Discussion

Although many juvenile chum salmon with a FL < 50 mm 
were sampled at the Kushiro River mouth in early June, 
they were rare among the Konbumori fish for which back-
calculated FL at sea entry was determined for a similar 
time period. As juvenile chum salmon gradually commence 
their offshore migration at 70–80 mm FL (Kaeriyama 1986; 

Fig. 3   Fork length distributions of juvenile chum salmon captured 
on 24 and 27 May 2013 combined, and 3 and 6 June, at the Kushiro 
River mouth (open bars) and corresponding distributions using back-
calculated fork lengths at sea entry from 24 to 27 May, 3–6 June and 

the in-between period (28 May–2 June) for those captured at Konbu-
mori (solid bars). Asterisk indicates significant difference as deter-
mined by Wilcoxon rank sum test at α = 0.01

Table 1   Generalized additive 
models (GAMs) performed 
to describe the growth rate of 
juvenile chum salmon

The variables were wrapped in a non-parametric smoothing function
GCV Generalized cross validation, AIC Akaike information criterion

Model no Predictor variable GCV AIC Adjusted R2 Deviance 
explained 
(%)Sea-entry date Fork length at 

sea entry

1 + + 0.026703 − 697.0 0.116 13.9
2 + 0.027194 − 690.2 0.091 9.9
3 + 0.029532 − 660.0 0.009 2.6

Table 2   Specific results for the best GAM (model no. 1; see Table 1) 
describing post-sea-entry growth rate of juvenile chum salmon

Smooth terms Effective df Reference df F p

Sea-entry date 4.42 5.47 2.32 0.036
Fork length at sea 

entry
3.77 4.73 8.30 < 0.001

Estimate Standard error t
(Intercept) − 0.557 0.0086 − 64.39 < 0.001
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Irie 1990; Mayama and Ishida 2003), it may be that many 
smaller river-mouth fish had not yet reached Konbumori by 
the time the fish were sampled there (on 25 June 2013), 
and had remained in coastal waters near the Kushiro River 
mouth. However, FLs at sea entry for Konbumori fish were 
significantly larger than those of river-mouth fish, not only 
in early June, but also in late May. Another possibility is 
that the smaller river-mouth fish passed through closer to 
the shore, and thus were not captured at Konbumori. Yet all 
Konbumori fish were sampled at the station nearest to the 
shore (0.6 km). It seems unlikely that the smaller fish swam 
exclusively within such a narrow range (i.e., < 0.5 km from 
shore) (Mayama et al. 1982; Irie 1990; Seki 2005). Consid-
ering that substantial mortality of juvenile chum salmon was 
reported for fish between 45 and 55 mm FL (Healey 1982), 
our results suggest that many of the fish with < 50 mm FL 

at the time of sea entry died before reaching Konbumori 
(i.e., size-selective mortality). Should the freezing of fish 
decrease their length (Kasugai 2013), the FLs based on back-
calculated measurements of freeze–thawed Konbumori fish 
might have been underestimated; however, our results were 
not contradictory.

Estimated dates for sea entry of most Konbumori fish 
ranged from 25 May to 5 June (5–95th percentiles). Envi-
ronmental conditions during this period may have been suit-
able even for recruitment of the Kushiro 2012 brood-year 
stock for which adult return was poor (as described previ-
ously), simply because of favorable coastal SST (> 5 °C) 
(Seki 2013). The average biomass of zooplankton at Stn 1 
off Konbumori on June 2013 was 0.46 g/m3 (wet weight), 
and was roughly average that of other years (0.16–0.90 g/
m3 from 2004 to 2018) (Sato, unpublished data). Its taxo-
nomic composition also did not differ much from that in 
other years, suggesting little year-specific variation in terms 
of prey availability. In early June 2013, SST increased rap-
idly, and anomalies in SST shifted from negative to positive 
from 9 June (Fig. 6), indicating a relatively short period of 
favorable water temperature conditions for coastal residency. 
In fact, an abrupt increase in SST from winter to summer has 
often been observed in recent years off Hokkaido, particu-
larly when poor-return stocks of chum salmon migrated to 
the sea (Morita and Nakashima 2015; Saito and Fukuwaka 
2018; Saito and Miyakoshi 2018).

Growth rates estimated in our study (0.57 ± 0.10 mm/day) 
were similar to those (0.54 ± 0.12 mm/day) of juvenile chum 
salmon originating from the Kushiro River and sampled at 
Konbumori from 2005 to 2014 (n = 122, 56.0–97.0 mm 
FL at capture) reported by Honda et al. (2017); data for 18 
specimens were common to both studies. This suggests that 
the growth rate of our specimens (part of the 2012 brood-
year stock) was not remarkably high or low. We reported 

Fig. 4   Relationships between 
back-calculated post-sea-entry 
growth rates of juvenile chum 
salmon captured at Konbumori 
(n = 364) and their sea-entry 
dates in 2013 (a) and fork 
length at sea entry (b). Smooth-
ing curves (solid lines) and 
95% confidence intervals (gray 
shading) fitted by the developed 
generalized additive model (see 
Tables 1, 2) are shown

Fig. 5   Composition of post-sea-entry growth rates of juvenile chum 
salmon captured at Konbumori, categorized into < 0.45  mm/day 
(white), 0.45‒0.65  mm/day (gray), and > 0.65  mm/day (black) for 
four different fork length groups at the time of sea entry. Growth 
rates of < 0.45  mm/day and > 0.65  mm/day were suggested as unfa-
vorable and favorable, respectively, for this region (Honda et al. 2017)
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that some individuals with smaller FL at sea entry exhibited 
a high growth rate (Fig. 4b). Assuming growth-dependent 
mortality (Sogard 1997), this suggests that even small fish 
at sea entry also have a chance of survival, particularly those 
that maintain a faster growth rate after sea entry. However, 
considering the possible decrease in survival probability of 
smaller fish at the river mouth (Fig. 3), and the fact that 
Konbumori fish assigned to the large FL category (specifi-
cally, > 65 mm) at sea entry tended to grow faster (Figs. 4b, 
5), increased survival is also likely with the release of 
larger-sized fish under favorable coastal SST condition in 
this region. Faster growth rates exhibited by larger-sized fish 
at sea entry may have been due to their size-based higher 
swimming performance, which is considered to enhance 
prey availability through intra-cohort food competition 
(Ward et al. 2006; Urawa et al. 2018). Moreover, assuming 
that larger body size at the time of sea entry resulted from 
the faster growth rate of a fish by the time of sea entry, we 
suspect that this individual characteristic potentially contrib-
utes to faster growth even after sea entry. Saito et al. (2009) 
reported a positive correlation between back-calculated FL 
at sea entry and subsequent growth rates of juvenile chum 
salmon sampled along the southeastern coast of Shiretoko 
Peninsula, northeastern Hokkaido, except for 1 year dur-
ing which the zooplankton biomass was relatively high. For 
poor-return stock of juvenile Chinook salmon Oncorhyn-
chus tshawytscha from California’s Central Valley, estimated 
FLs at sea entry of fish collected in coastal waters were sig-
nificantly greater than those of fish collected at an estuary 
exit point (Woodson et al. 2013). It has also been suggested 
that release of larger juvenile chum salmon fry/juveniles 
increases adult return rates (Yatsu and Kaeriyama 2005; 
Wertheimer and Thrower 2007). Takahashi (2010) compared 

return rates of adult chum salmon from stocks released at 
49- and 53-mm average FL from the Tokushibetsu River, 
northern Hokkaido on 31 May 2001, under favorable coastal 
SST, and found the return rate of fish released at the larger 
size was twice that of fish released at the smaller size.

We identified the sea-entry conditions and subsequent 
growth rates of fish that survived for about 20–30 days at 
sea, and traveled about 20 km from the river mouth at which 
they entered the sea. However, our results were based on 
stock of a single brood-year originating from a single river, 
with all the specimens used in the otolith daily increment 
analysis captured on one date. Moreover, large individual 
variability in growth rate relative to sea-entry conditions 
was observed. Thus, to more fully understand the sea-entry 
conditions that promote survival and growth of juvenile 
chum salmon in this region, particularly as larger body size 
at release or sea entry does not always deliver higher Pacific 
salmon adult return rates (Saito and Nagasawa 2009; Tomaro 
et al. 2012), further research on environmental conditions 
during Pacific salmon coastal residency that yield higher 
return rates is required. To accomplish this, intensive sam-
pling over a wider area along salmon migration routes is 
advised so that changes in the compositions of sea-entry 
condition and growth rate of surviving fish can be tracked 
at larger spatiotemporal scales.
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