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Abstract 15 

Chum salmon (Oncorhynchus keta) migrate to the ocean in their first spring and growth during early 16 

marine life is critical for survival. We examined validity of circulating IGF-I and muscle RNA/DNA ratio 17 

as indices of growth rate using individually-tagged juvenile chum salmon fed or fasted for 10 days. 18 

Serum IGF-I level was highly, positively correlated with individual growth rate. Muscle RNA/DNA ratio 19 

also showed a positive correlation but its relation was not as high as that of IGF-I. We next measured 20 

these physiological parameters in chum salmon juveniles caught at river, estuary, port and nearshore of 21 

the northeastern Hokkaido, Japan, from May to June in 2013 and 2014, respectively. In both years, there 22 

was a trend that serum IGF-I levels were high in nearshore fish and low in river/estuarine fish in June. In 23 

contrast, muscle RNA/DNA ratio showed no clear temporal or spatial patterns. The present study shows 24 

that circulating IGF-I can be used as a growth index in juvenile chum salmon. Monitoring growth status 25 

using serum IGF-I suggests that growth of juvenile chum salmon in the survey area was activated when 26 

they left the coast. 27 
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1. Introduction 31 

Anadromous salmon hatch and reside in freshwater for a certain period, and migrate to the ocean as part 32 

of their life history. Salmon pass through the river and estuary during downstream migration and reach to 33 

the coast. They may stay in the coastal area until marine environments, such as water temperature, salinity 34 

and zooplankton abundance, become favorable (Wedemeyer et al. 1980; Fukuwaka and Suzuki 2002; 35 

Thorstad et al. 2012). The early marine stage including the life in the estuary, coast and offshore during 36 

the first year is known as the time of high mortality. A critical size, critical period hypothesis has been 37 

proposed to explain the high mortality (Beamish and Mahnken 2001). Based on this hypothesis and others, 38 

there are two critical periods; one occurs soon after sea entry mainly due to null adaptation to new 39 

environments and/or high predation pressure, while the other may be during fall to winter when shortage 40 

of energy reserve is lethal for young salmon (Healey 1982; Beamish and Mahnken 2001; Beamish et al. 41 

2004; Farley et al. 2007; Kocik et al. 2009). Although the precise timing and mechanism are still need to 42 

be elucidated, the importance of fish size and energy reserve has been claimed and it is therefore of great 43 

value to measure growth of free-living fish for estimating their survival and stock recruitment. However, 44 

a direct measure of growth of the same individual requires marking and recapture, which is labor-tense, 45 

time-consuming and difficult to recover at sea. Instead, past growth can be estimated by back-calculation 46 

techniques using otolith and/or scale, which are widely used in population dynamics studies for fish 47 

resources. On the other hand, biochemical growth indices such as RNA/DNA ratio and hormone level 48 

may be more reflective of recent growth status since they are directly involved in the growth process 49 

(Buckley 1984; Chícharo and Chícharo 2008; Picha et al. 2008; Beckman 2011). 50 

RNA/DNA ratio is most commonly used as a biochemical index of growth in marine 51 

organisms (Chícharo and Chícharo 2008). The rationale of using this parameter as a growth index is 52 

based on the facts that amount of ribosomal RNA in a cell reflects the capacity of protein synthesis 53 

whereas DNA is basically consistent, so that RNA/DNA ratio should be related to growth of whole 54 

animal. In a laboratory experiment using juvenile Atlantic salmon (Salmo salar), RNA/DNA ratio in 55 
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muscle was positively graded by feeding rations (Arndt et al. 1996). In addition, MacLean et al. (2008) 56 

found that muscle RNA/DNA ratio was strongly correlated with individual growth rate in weight (r2 = 57 

0.79) in Atlantic salmon smolts. In contrast, muscle or liver RNA/DNA ratio in post-smolt masu salmon 58 

(Oncorhynchus masou) reared in freshwater was not correlated with individual growth rate (Kawaguchi et 59 

al. 2013). These findings suggest that the relationship of RNA/DNA ratio with growth rate varies among 60 

species, life-history stages and rearing environments. 61 

Growth hormone (GH) and insulin-like growth factor (IGF)-I play key roles in regulating 62 

animal growth. GH from the pituitary gland stimulates hepatic production of IGF-I (Daughaday and 63 

Rotwein 1989; Le Roith et al. 2001; Ohlsson et al. 2009). IGF-I is released into the bloodstream, 64 

delivered to target tissues and stimulates cell proliferation, differentiation and growth. Many studies using 65 

fish reported that IGF-I level responded to changes in nutritional status and circulating IGF-I has been 66 

shown to reflect recent growth rates of individuals, making it as a candidate of growth index (Picha et al. 67 

2008; Beckman 2011; Kawaguchi et al. 2013). On one hand, the relationship between IGF-I level and 68 

growth rate was disrupted by an acute change in water temperature or altered seasonally in post-smolt 69 

coho salmon (O. kisutch) (Beckman et al. 2004b,c). Although care should be taken in certain situations, 70 

circulating IGF-I so far is a good candidate of growth index in fish. 71 

Chum salmon (O. keta) is one of the eight Pacific salmon species widely distributed throughout 72 

the north Pacific Rim. Unlike other Pacific salmon except pink salmon (O. gorbuscha), chum salmon 73 

migrate to the ocean in their first spring. In Japan, this species is a target of intensive hatchery releases 74 

because of its importance in fishery catches along the north Japanese coasts (Miyakoshi et al. 2013). 75 

Several studies based on marking-recapture experiment have revealed that during the initial stage of their 76 

marine life (i.e. soon after sea entry) mortality is high loosing at least 72% of released juveniles (Bax 77 

1980; Fukuwaka and Suzuki 2002; Wertheimer and Thrower 2007). This high mortality is likely 78 

size-selective (Healey 1982). As most hatchery-reared chum salmon juveniles are released into the river, 79 

it is important to know how growth status is altered under changing food availability, salinity and water 80 
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temperature, and estimate their chance for survival during the critical periods at the estuary/coast and 81 

offshore. However, no study has linked the physiological parameters with individual growth rate in this 82 

species. The present study examined validity of RNA/DNA ratio and circulating IGF-I as indices of 83 

growth rate using individually-tagged juvenile chum salmon under captivity and measured these 84 

parameters during their downstream and coastal migration in northeastern Hokkaido, Japan. 85 

 86 

2. Materials and methods 87 

2.1. Rearing experiment 88 

Chum salmon juveniles were transferred from a local hatchery (Kamisato Hatchery) in Abashiri area, 89 

northeastern Hokkaido, to the rearing facility at Faculty of Fisheries Sciences, Hokkaido University and 90 

reared in freshwater glass aquariums (60 × 29.5 × 36 cm3) in a temperature-controlled room (10°C). Each 91 

aquarium was closed-circulation system installed with a portable upper filter system. In order to maintain 92 

water quality, one third of water was replaced twice a week. Fish were fed daily on a commercial diet 93 

(Marubeni Nisshin Feed Co. Ltd., Tokyo, Japan) to satiety until the beginning of the experiment. In May 94 

2014, fish were acclimated to artificial seawater (Marine Salt Pro; Spectrum Brands Inc., Tokyo, Japan) 95 

by gradually increasing the salinity over one week. In June 2014, juveniles were lightly anesthetized 96 

using 2-phenoxyethanol (Kanto Chemical, Tokyo, Japan) and individually marked with PIT-tags (size 97 

φ1.4 mm × 8.4 mm, Biomark, Boise, ID, USA). They were randomly placed into two 90 L seawater tanks 98 

(25 fish per tank) and one group was fed twice daily on the commercial diet with a ration at 3.0% body 99 

weight/day for 10 days. Another group was fasted throughout the experimental period. Salinity was kept 100 

at full-strength seawater (31-34‰) and water temperature was maintained between 11.0-11.5°C during 101 

the experiment. Water was not replaced during the experiment. The experiment was carried out in 102 

accordance with the guideline of the Hokkaido University Animal Care and Use Committee. 103 

Fork length (FL) and body weight (BW) of all fish were measured at the beginning of the 104 

experiment and 10 days after treatment. Condition factor (K) was calculated as follows: (BW (g)) x 105 
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1000/(FL (cm))3. Specific growth rate (SGR) was calculated as follows: SGR (%/day) = ln (s2 – s1) × (d2 106 

– d1)-1 × 100, where s2 is length or weight on day1 and d2 – d1 is the number of days among measurements. 107 

At the initial sampling, eight fish were sampled for blood and muscle. On day 10, fish from each 108 

treatment (Fed: n = 25, Fasted n = 24) were sampled for blood and muscle. Blood was withdrawn using 109 

10 or 20 µL plain glass tubes (Microcap; Drummond Scientific Company, Broomall, PA, USA) from the 110 

caudal vein, allowed to clot overnight at 4°C and centrifuged at 10,000 rpm for 15 min. Serum was 111 

collected and stored at -80°C until use. A piece of muscle was excised from whole body, immediately 112 

frozen on dry ice and store at -80°C until use. 113 

 114 

2.2. Field survey 115 

Field survey was carried out around the Abashiri coast, which is the Sea of Okhotsk side of Hokkaido 116 

Island, four times from mid May to mid June in 2013 and 2014, respectively (Fig.1). Fish were caught 117 

every 10 days by castnet at the Abashiri River, dragnet at the estuary and two-boat trawling. Trawling 118 

was conducted using a net (8-m-wide x 5-m-deep mouth, 18-m-long with wing nets 7-m-long and a 119 

central bag with 5-mm mesh) towed through the 1-2 m surface layer for 1-2 km at 4-6 km/h in the 120 

morning (6:00-8:00). Total catch at each site, trawling time and boat speed were recorded to calculate 121 

catch per unit effort (CPUE). River water temperature or sea surface temperature (SST) was recorded at 122 

the beginning of catch at each site. Eight fish from each point were sampled for physiological analyses. 123 

After anesthetizing fish by 2-phenoxehanol, FL and BW were measured. Blood was withdrawn using 10 124 

or 20 µL plain glass tubes from caudal vein, allowed to clot overnight at 4°C and centrifuged at 10,000 125 

rpm for 15 min. Serum was collected and stored at -80°C. A piece of muscle was excised from whole 126 

body, which were mixture of white and red muscle but free of bone and other organs such as kidney, 127 

frozen on dry ice and store at -80°C until use. 128 

  129 

2.3. Sample analyses 130 
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RNA/DNA ratio was measured by a spectrofluorimetric method modified from Grémare and Vétion 131 

(1994) as described in Kawaguchi et al. (2013). Briefly, amount of total nucleic acids (DNA + RNA) was 132 

measured using 4 µg/mL Thiazole orange (Sigma-Aldrich, St. Louis, MO, Japan) and that of DNA using 133 

0.02 mg/mL Hoechst 33258 (Dojindo, Kumamoto, Japan). RNA/DNA ratio was calculated from these 134 

values.  135 

For measuring IGF-I, serum was first extracted with an acid-ethanol as described in Shimizu et 136 

al. (2000). IGF-I was quantified by time-resolved fluoroimmunoassay (TR-FIA) based on the method 137 

described in Small and Peterson (2005) using recombinant salmon/trout IGF-I (GroPep Bioreagents Pty 138 

Ltd., Adelaide, SA, Australia) as a standard. Time-resolved fluorescence was measured using Wallac 139 

ARVO SX (PerkinElmer, Waltham, MA, USA). 140 

 141 

2.4. Statistical analyses 142 

Results of the tank experiments were first analyzed by two-way ANOVA (time x treatment) using the 143 

JMP program (SAS Institute Inc., Cary, NC, USA). Simple regression analysis was also conducted using 144 

JMP program and relations were considered to be significant at P < 0.05. Regression coefficients were 145 

compared after z-transformation. Results of field survey were also analyzed by two-way ANOVA (time x 146 

site). When significant effects were found, differences were further identified by one-way ANOVA 147 

followed by Tukey’s HSD (honest significant difference) test. Differences among groups were considered 148 

to be significant at P < 0.05. 149 

 150 

3. Results 151 

In the fasting experiment, BW and K significantly decreased after 10 days of fasting (Table 1). Fasting for 152 

10 days also caused little and negative SGR in length and weight, respectively (Fig. 2). Both muscle 153 

RNA/DNA ratio and circulating IGF-I levels in fasted fish were significantly lower than those in fed fish, 154 

although the magnitude of difference was greater for serum IGF-I (Fig. 3). Muscle RNA/DNA ratio was 155 
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positively correlated with SGRs in length and weight (Fig. 4a,c). Serum IGF-I showed stronger positive 156 

relations with SGRs than muscle RNA/DNA in both length and weight (P < 0.05; Fig. 4b,d). Muscle 157 

RNA/DNA ratio also had a significant correlation with K, but no relationships with fork length and body 158 

weight were seen (Table 2). In contrast, serum IGF-I level was significantly correlated with FL, BW and 159 

K (Table 2).  160 

In the field survey, CPUE was highest at the estuary in May 2013, and the site of high CPUE 161 

shifted from the estuary to the port in June (Fig. 5). In May 2014, CPUE was high at the estuary as well 162 

as at the nearshore. The high CPUE at the nearshore was also observed in early June 2014. Water 163 

temperature in mid May 2014 was higher than that in 2013 (Fig. 5). FL and BW of chum salmon 164 

juveniles were similar among the sampling sites in May in both years except a significantly large size in 165 

fish caught at the nearshore in late May 2014 (Fig. 6 and Supplementary Fig. 1). In June, FL and BW 166 

tended to be small in fish at the estuary and large in fish at the nearshore in both years (Fig. 6 and 167 

Supplementary Fig. 1). 168 

Muscle RNA/DNA ratio was generally similar among the sampling sites in both years (Fig. 7). 169 

When the overall average values were compared among the sampling dates in each year, it was high in 170 

mid June in 2013 and early June in 2014, respectively. Serum IGF-I levels were low in fish at the estuary 171 

when compared to those at the nearshore from early June to mid June in 2013 and in late May in 2014 172 

(Fig. 8). Its levels gradually increased toward the nearshore during the same periods (Fig. 8). 173 

 174 

4. Discussion 175 

In the present study, we first tested if RNA/DNA ratio and/or circulating IGF-I could be used as indices 176 

of growth rate in juvenile chum salmon in seawater. Muscle may be the best part to measure RNA/DNA 177 

ratio since muscle constitutes majority of fish body’s mass. MacLean et al. (2008) found that muscle 178 

RNA/DNA ratio was strongly correlated with individual growth rate in weight in Atlantic salmon smolts. 179 

On the other hand, Johnson et al. (2002) examined effect of variable rations on muscle RNA/DNA ratio in 180 
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juvenile red drum (Sciaenops ocellantus) and found that fasting was effective to see a significant 181 

reduction of RNA/DNA ratio but no significant differences were observed among different feeding 182 

rations. Thus, the sensitivity of muscle RNA/DNA ratio as a growth index needs to be evaluated in each 183 

case. In the present study, muscle RNA/DNA ratio significantly decreased in fasting group and had a 184 

weak positive correlation with individual growth rate both in length and weight. We did not examine 185 

varying feeding ratios in the present study but the correlation analysis suggests that muscle RNA/DNA 186 

ratio in juvenile chum salmon reflects nutritional status and recent body growth for some extent. 187 

Circulating IGF-I in fish generally responds well to changing nutritional conditions; it is high 188 

when fish are fed and decreased when fish are restricted feeding or deprived of feed (Beckman et al. 189 

2004b; Picha et al. 2008). In Chinook salmon (O. tshawytscha), circulating IGF-I levels started to decline 190 

in 4 days during fasting (Pierce et al. 2005). In the present study, serum IGF-I levels were significantly 191 

decreased by fasting for 10 days. There were positive correlations between serum IGF-I level and 192 

individual growth rate in length and weight, and the IGF-I-growth relationship was stronger than that of 193 

muscle RNA/DNA ratio. Although positive relationships between circulating IGF-I level and individual 194 

growth rate have been reported in Atlantic salmon (Dyer et al. 2004), coho salmon (Beckman et al. 195 

2004a,b,c) and masu salmon (Kawaguchi et al. 2013), this study is the first to clarify the relationship in 196 

juvenile chum salmon. Our results suggest that IGF-I is a better growth index than muscle RNA/DNA 197 

ratio in chum salmon, which is consistent with the findings in masu salmon (Kawaguchi et al. 2013). On 198 

the other hand, time course of the IGF-I response may vary among experimental conditions such as 199 

temperature, season and fish status (Beckman et al. 1998, 2004c; Larsen et al. 2001; Beckman 2011). 200 

Seasonal changes in the basal IGF-I levels may also affect the relationship (Beckman et al. 2004b; 201 

Beaudreau et al. 2011). We also examined the IGF-I-growth relationship in August and found significant 202 

positive correlations in length and weight (data not shown). This result suggests that although the strength 203 

or slope of the relationship may vary, circulating IGF-I consistently reflects the growth rate at least during 204 

spring and summer in juvenile chum salmon.  205 
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We collected juvenile chum salmon at river, estuary, port, and nearshore by following their 206 

downstream and coastal migration route from May to June in Abashiri region, northeastern Hokkaido, 207 

Japan. Distribution of chum salmon juveniles along coastal waters in this region is largely influenced by 208 

SST (Nagata et al. 2007). When SST is low (i.e. <8°C), their distribution is limited to the estuaries and 209 

littoral zones. SST above 8°C allows juveniles to disperse to nearshore area but high SST (>14°C) drives 210 

them to leave for the offshore (Nagata et al. 2007). Thus SST ranging 8-13°C is optimal for juvenile 211 

chum salmon to grow in this area. In the present study, relatively high CPUE was observed at the estuary 212 

in May 2013 where SST was 8-12°C. Fish moved to the port when SST at the estuary became >14°C, 213 

which is in good agreement with the findings by Nagata et al. (2007). In 2014, high CPUEs were recorded 214 

at the estuary and nearshore in late May and their distribution shifted to the port and nearshore in June. 215 

The high CPUE at the nearshore in late May is somewhat peculiar since SST (7°C) was below the optimal 216 

range. Although the precise reason for this is not known, it may be related to the profile of SST at that 217 

area and fish conditions. SSTs in mid May 2014 at the port and nearshore were about 8°C which was 218 

favorable for juveniles. Fish caught at the nearshore were exceptionally large being 7-cm long and 3-g 219 

weight. These fish might be early migrants or fast-growing individuals that moved to the nearshore in late 220 

May just before SST slightly dropped. 221 

Stefansson et al. (2012) monitored muscle RNA/DNA ratio in post-smolt Atlantic salmon 222 

migrating from the river through the fjord, coastal areas and the open ocean off the Norwegian coast. 223 

Muscle RNA/DNA ratio progressively increased as the fish migrated, suggesting activated muscle growth 224 

during this period. In the present study, muscle RNA/DNA ratio of juvenile chum salmon showed no such 225 

trend; it was relatively constant when different sampling sites were compared. However, when sampling 226 

dates were considered, the basal values were high in mid June 2013 and early June 2014. It might not be 227 

directly related to a change in growth status given the relatively weak relation with growth rate in the 228 

laboratory experiment. Water temperature or/and developmental stage should affect the basal levels, 229 

however, these need to be confirmed experimentally. 230 
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Although plasma/serum IGF-I levels in fish have been measured in many laboratory 231 

experiments, limited number of study have dealt with IGF-I in migrating salmon (Beckman et al. 2004a; 232 

Stefansson et al. 2012; McCormick et al. 2013; Ferris et al. 2014). Beckman and his colleagues validated 233 

IGF-I as an index of individual growth rate for immature coho salmon under laboratory conditions 234 

(Beckman et al. 2001, 2004b,c) and utilized it to evaluate growth status of post-smolt coho salmon caught 235 

at the Strait of Georgia, Canada, and Puget Sound, USA (Beckman et al. 2004a). This approach has been 236 

extended for sockeye, chum and Chinook salmon in British Columbian coastal waters (Ferriss et al. 2014). 237 

Variations in plasma IGF-I levels were found to reflect alterations of salmon growth status in response to 238 

local environments (Ferriss et al. 2014). In the present study, serum IGF-I levels in juvenile chum salmon 239 

also showed spatial and temporal variations. A general trend was that circulating IGF-I levels was low in 240 

fish at the estuary and high at the nearshore in June. The increased serum IGF-I levels well corresponded 241 

to the increased fish size, supporting the result of the laboratory experiment that IGF-I could be used as a 242 

growth index in this species. Based on these results, chum salmon juveniles activated growth when they 243 

left the nearshore, which would be important to reach a critical size by the end of the summer in the Sea 244 

of Okhotsuk. Our finding is also similar to that of Stefansson et al. (2012) who reported increased IGF-I 245 

levels during downstream and coastal migration in Atlantic salmon smolts in Norwegian coastal waters. 246 

In contrast, plasma IGF-I levels in Atlantic salmon smolts migrating in the Gulf of Maine, USA, were 247 

lower than those in the Penobscot River (McCormick et al. 2013). This discrepancy in IGF-I profile may 248 

be due to a temporal increase in IGF-I during smoltification or/and difference in water temperature 249 

between the river and the ocean (McCormick et al. 2009, 2013). 250 

 We found that small fish were consistently caught at the estuary throughout the sampling 251 

period and their serum IGF-I levels were low. These results suggest that fish in the estuary were under 252 

poor growth condition. Estuary is an important area for juvenile salmon especially for chum salmon (Salo 253 

1991; Hillgruber and Zimmerman 2009) since it serves as a site for acclimation to seawater or a refuge 254 

from unfavorable temperature or feeding conditions. However, drawbacks are competition for food and 255 
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delay of migration timing. Indeed, fish in estuary were often small and found to be at high density 256 

(Magnusson and Hilborn 2003; Hillgruber and Zimmerman 2009; Kocik et al. 2009). We observed the 257 

distribution of juveniles was similar to that reported in the previous studies above; larger fish were caught 258 

in the nearshore and smaller fish were caught in the estuary in June in both years. Our results on IGF-I 259 

suggest that juveniles at the estuary had low growth rate and might suffer high mortality as indicated by 260 

marking-recapture experiments (Bax 1980; Fukuwaka and Suzuki 2002; Wertheimer and Thrower 2007). 261 

In order to test this hypothesis, more comprehensive sampling around the estuary and port is necessary in 262 

future survey.  263 

In summary, the present study suggests that circulating IGF-I is a growth index in juvenile 264 

chum salmon in seawater. Monitoring growth status using IGF-I suggested that the growth of juvenile 265 

chum salmon in the Abashiri coastal waters was activated when they left the coast, while fish with low 266 

growth rate might stay in the estuary and experience size-selective mortality. 267 

 268 

5. Acknowledgements 269 

We thank Yuji Yoshida, and staffs of the Abashiri Fisheries Cooperative Association, the Abashiri City 270 

Science Center, and the East Branch of Fisheries Technical Guidance Office for supporting field surveys. 271 

We also thank staffs of the Kitami Salmon Enhancement Programs Association for providing juvenile 272 

chum salmon for tank experiment. This work was supported by Grant-in-Aids for Scientific Research 273 

from Japan Society for the Promotion of Science (#25450289) and Hokusui Foundation. 274 

 275 

6. References 276 

Arndt SKA, Benfey TJ, Cunjak RA (1996) Effect of temporary reductions in feeding on protein synthesis 277 

and energy storage of juvenile Atlantic salmon. J Fish Biol 49: 257-276. 278 

Bax NJ (1980) Early marine mortality of marked juvenile chum salmon (Oncorhynchus keta) released 279 

into Hood Canal, Puget Sound, Washington, in 1980. Can J Fish Aquat Sci 40:426-435. 280 



 13 

Beamish RJ, Mahnken C (2001) A critical size and period hypothesis to explain natural regulation of 281 

salmon abundance and the linkage to climate and climate change. Prog Oceanogr 49:423-437. 282 

Beamish RJ, Mahnken C, Neville CM (2004) Evidence that reduced early marine growth is associated 283 

with lower marine survival of coho salmon. Trans Am Fish Soc 133:26-33. 284 

Beaudreau AH, Andrews KS, Larsen DA, Young G, Beckman BR (2011) Variation in plasma levels of 285 

insulin-like growth factor-I (IGF-I) in lingcod: relationships among season, size, and gonadal steroids. 286 

Mar Biol 158:439-450. 287 

Beckman BR (2011) Perspectives on concordant and discordant relations between insulin-like growth 288 

factor 1 (IGF1) and growth in fishes. Gen Comp Endocrinol 170:233-252. 289 

Beckman BR, Larsen DA, Moriyama S, Lee-Pawlak B, Dickhoff WW (1998) Insulin-like growth factor-I 290 

and environmental modulation of growth during smoltification of spring chinook salmon 291 

(Oncorhynchus tshawytscha). Gen Comp Endocrinol 109:325-335. 292 

Beckman BR, Shearer KD, Cooper KA, Dickhoff WW (2001) Relationship of insulin-like growth factor-I 293 

and insulin to size and adiposity of under-yearling chinook salmon. Comp Biochem Physiol A 294 

129:585-593. 295 

Beckman BR, Fairgrieve W, Cooper KA, Mahnken CVW, Beamish RJ (2004a) Evaluation of endocrine 296 

indices of growth in individual postsmolt coho salmon. Trans Am Fish Soc 133:1057-1067. 297 

Beckman BR, Shimizu M, Gadberry BA, Cooper KA (2004b) Response of the somatotropic axis of 298 

juvenile coho salmon to alterations in plane of nutrition with an analysis of the relationships among 299 

growth rate and circulating IGF-I and 41 kDa IGFBP. Gen Comp Endocrinol 135:334-344. 300 

Beckman BR, Shimizu M, Gadberry BA, Parkins PJ, Cooper KA (2004c) The effect of temperature 301 

change on the relations among plasma IGF-I, 41-kDa IGFBP, and growth rate in postsmolt coho 302 

salmon. Aquaculture 241:601-619. 303 

Buckley LJ (1984) RNA-DNA ratio: an index of larval fish growth in the sea. Mar Biol 80:291-298. 304 

Chícharo MA, Chícharo L (2008) RNA:DNA ratio and other nucleic acid derived indices in marine 305 



 14 

ecology. Int J Mol Sci 9:1453-1471. 306 

Daughaday WH, Rotwein P (1989) Insulin-like growth factors I and II. Peptide, messenger ribonucleic 307 

acid and gene structures, serum, and tissue concentrations. Endocr Rev 10:68-91. 308 

Dyer AR, Barlow CG, Bransden MP, Carter CG, Glencross BD, Richardson N, Thomas PM, Williams 309 

KC, Carragher JF (2004) Correlation of plasma IGF-I concentrations and growth rate in aquacultured 310 

finfish: a tool for assessing the potential of new diets. Aquaculture 236:583-592. 311 

Farley EV, Moss JH, Beamish RJ (2007) A review of the critical size, critical period hypothesis for 312 

juvenile Pacific salmon. N Pac Anad Fish Comm Bull 4:311-317. 313 

Ferriss BE, Trudel M, Beckman BR (2014) Regional and inter-annual trends in marine growth of juvenile 314 

salmon in coastal pelagic ecosystems of British Columbia, Canada. Mar Ecol Prog Ser 503:247-261. 315 

Fukuwaka M, Suzuki T (2002) Early sea mortality of mark-recaptured juvenile chum salmon in open 316 

coastal waters. J Fish Biol 60:3-12. 317 

Grémare A, Vétion G (1994) Comparison of several spectrofluorimetric methods for measuring RNA and 318 

DNA concentrations in the deposit-feeding bivalve Abra ovate. Comp Biochem Physiol B 319 

107:297-308. 320 

Healey MC (1982) Timing and relative intensity of size-selective mortality of juvenile chum salmon 321 

(Oncorhynchus keta) during early sea life. Can J Fish Aquat Sci 39:952-957. 322 

Hillgruber N, Zimmerman CE (2009) Estuarine ecology of juvenile salmon in western Alaska: a review. 323 

Am Fish Soc Symp 70:183-199. 324 

Johnson MW, Rooker JR, Gatlin III DM, Holt GJ (2002) Effects of variable ration levels on direct and 325 

indirect measures of growth in juvenile red drum (Sciaenops ocellatus). J Exp Mar Biol Ecol 326 

274:141-157. 327 

Kawaguchi K, Kaneko N, Fukuda M, Nakano Y, Kimura S, Hara A, Shimizu M (2013) Responses of 328 

insulin-like growth factor (IGF)-I and two IGF-binding protein-1 subtypes to fasting and re-feeding, 329 

and their relationships with individual growth rates in yearling masu salmon (Oncorhynchus masou). 330 



 15 

Comp Biochem Physiol A 165:191-198. 331 

Kocik JF, Hawkes JP, Sheehan TF, Music PA, Beland KF (2009) Assessing estuarine and coastal 332 

migration and survival of wild Atlantic salmon smolts from the Narraguagus River, marine using 333 

ultrasonic telemetry. Am Fish Soc Symp 69:293-310. 334 

Larsen DA, Beckman BR, Dickhoff WW (2001) The effect of low temperature and fasting during the 335 

winter on growth and smoltification of coho salmon. N Am J Aquaculture 63:1-10. 336 

Le Roith D, Bondy C, Yakar S, Liu J, Butler A (2001) The somatomedin hypothesis: 2001. Endocr Rev 337 

22:53-74. 338 

Maclean SA, Caldarone EM, St Onge-burns JM (2008) Estimating recent growth rates of Atlantic salmon 339 

smolts using RNA-DNA ratios from nonlethally sampled tissues. Trans Am Fish Soc 137:1279-1284. 340 

Magnusson A, Hilborn R (2003) Estuarine influence on survival rates of coho (Oncorhynchus kisutch) 341 

and chinook salmon (Oncorhynchus tshawytscha) released from hatcheries on the U.S. pacific coast. 342 

Estuaries 26:1094-1103. 343 

McCormick SD, Sheehan TF, Björnsson B Th, Lipsky C, Kocik JF, Regish AM, O’Dea MF (2013) 344 

Physiological and endocrine changes in Atlantic salmon smolts during hatchery rearing, downstream 345 

migration, and ocean entry. Can J Fish Aquat Sci 70:105-118. 346 

Miyakoshi Y, Nagata M, Kitada S, Kaeriyama M (2013) Historical and current hatchery programs and 347 

management of chum salmon in Hokkaido, northern Japan. Rev Fish Sci 21:469-479. 348 

Nagata M, Miyakoshi Y, Ando D, Fujiwara M, Sawada M, Shimada H, Asami H (2007) Influence of 349 

coastal seawater temperature on the distribution and growth of juvenile chum salmon, with 350 

recommendations for altered release strategies. N Pac Anad Fish Comm Bull 4:223-235. 351 

Ohlsson C, Mohan S, Sjӧgren K, Tivesten Ӓ, Isgaard J, Isaksson O, Jansson J, Svensson J (2009) The 352 

role of liver-derived insulin-like growth factor-I. Endocr Rev 30:494-535. 353 

Picha ME, Turano MJ, Beckman BR, Borski RJ (2008) Endocrine biomarkers of growth and applications 354 

to aquaculture: a minireview of growth hormone, insulin-like growth factor (IGF)-I, and IGF-binding 355 



 16 

proteins as potential growth indicators in fish. N Am J Aquaculture 70:196-211. 356 

Pierce AL, Shimizu M, Beckman BR, Baker DM, Dickhoff WW (2005) Time course of the GH/IGF axis 357 

response to fasting and increased ration in chinook salmon (Oncorhynchus tshawytscha). Gen Comp 358 

Endocrinol 140:192-202. 359 

Salo EO (1991) Life history of chum salmon (Oncorhynchus keta). In: Croot C, Margolis L (ed) Pacific 360 

Salmon Life History UBC Press, Vancouver, Canada, pp 233-309. 361 

Shimizu M, Swanson P, Fukada H, Hara A, Dickhoff WW (2000). Comparison of extraction methods and 362 

assay validation for salmon insulin-like growth factor-I using commercially available components. 363 

Gen Comp Endocrinol 119:26-36. 364 

Small BC, Peterson BC (2005) Establishment of a time-resolved fluoroimmnoassay for measuring plasma 365 

insulin-like growth factor I (IGF-I) in fish: effect of fasting on plasma concentrations and tissue 366 

mRNA expression of IGF-I and growth hormone (GH) in channel catfish (Ictalurus punctatus). 367 

Domest Anim Endocrinol 28:202-215. 368 

Stefansson SO, Haugland M, Björnsson BTh, McCormick SD, Holm M, Ebbesson LOE, Holst JChr, 369 

Nilsen TO (2012) Growth, osmoregulation and endocrine changes in wild Atlantic salmon smolts and 370 

post-smolts during marine migration. Aquaculture 362-363:127-136. 371 

Thorstad EB, Whoriskey F, Uglem I, Moore A, Rikardsen AH, Finstad B (2012) A critical life stage of 372 

the Atlantic salmon Salmo salar: behavior and survival during the smolt and initial post-smolt 373 

migration. J Fish Biol 81:500-542. 374 

Wedemeyer GA, Saunders RL, Clarke WC (1980) Environmental factors affecting smoltification and 375 

early marine survival of anadromous salmonids. Mar Fish Rev 42:1-14. 376 

Wertheimer AC, Thrower FP (2007) Mortality rates of chum salmon during their early marine residency. 377 

Am Fish Soc Symp 57:1-15. 378 

 379 

380 



 17 

Figure legends 380 

Fig. 1. Locations of the survey area and sampling sites. Black circles indicate the collecting sites for chum 381 

salmon juveniles. 382 

 383 

Fig. 2. Effect of fasting on specific growth rate (SGR) in length (A) and weight (B). Individually-tagged 384 

fish were fed or fasted for 10 days. Values are expressed as means ± SE (Fed: n = 25, Fasted: n = 24). 385 

Asterisks indicate significant differences between treatments. 386 

 387 

Fig. 3. Effect of fasting on muscle RNA/DNA ratio (A) and serum IGF-I level (B). Values are expressed 388 

as means ± SE (Fed: n = 25, Fasted: n = 24). Asterisks indicate significant differences between 389 

treatments. 390 

 391 

Fig. 4. Correlations between muscle RNA/DNA ratio and SGR in length (a) and weight (c), and between 392 

serum IGF-I level and SGR in length (b) and weight (d). Dots are data from both fed and fasted fish (n = 393 

46). 394 

 395 

Fig. 5. Catch per unit effort (CPUE) for chum salmon juveniles and water temperature at the river, estuary, 396 

port and nearshore from mid May to mid June in 2013 (left) and 2014 (right). CPUE at the river is 397 

expressed as catch per casting and indicated by numbers, and that at estuary as catch per drag-netting. 398 

CPUEs at the port and offshore are expressed as catch per 1-km trawling. Shaded areas indicate 399 

temperature range 8-13°C which has been suggested to be optimal for juvenile chum salmon in that area 400 

(Nagata et al. 2007).  401 

 402 

Fig. 6. Body weight (BW) of juvenile chum salmon at the river, estuary, port and nearshore from mid 403 

May to mid June in 2013 (left) and 2014 (right). Values are expressed as means ± SE (n of each site is 404 
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shown under corresponding bar). Symbols sharing the same letters are not significantly different from 405 

each other. 406 

 407 

Fig. 7. Muscle RNA/DNA ratio of juvenile chum salmon at the river, estuary, port and nearshore from 408 

mid May to mid June in 2013 (left) and 2014 (right). Values are expressed as means ± SE (n of each site 409 

is shown under corresponding bar). Symbols sharing the same letters are not significantly different from 410 

each other. 411 

 412 

Fig. 8. Serum IGF-I level in juvenile chum salmon at the river, estuary, port and nearshore from mid May 413 

to mid June in 2013 (left) and 2014 (right). Values are expressed as means ± SE (n of each site is shown 414 

under corresponding bar). Symbols sharing the same letters are not significantly different from each 415 

other. 416 
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Kaneko et al., Table 1	


Day 0 Day 10 

  FL Fed 5.8 ± 0.17 5.9 ± 0.07 

Fasted 5.7 ± 0.11 

  BW Fed 1.37 ± 0.12 ab 1.43 ± 0.06 a 

Fasted 1.13 ± 0.07 b 

  K Fed 0.69 ± 0.02 a 0.69 ± 0.01 a 

Fasted 0.58 ± 0.01 b 

Table 1 
Comparison of morphological parameters among treatments.	


Values are expressed as mean ±SE (Day 0: n = 8; Day 10: Fed n = 25, 
Fasted n = 24). Symbols sharing the same letters are not significantly 
different from each other.	




Kaneko et al., Table 2 

FL BW K SGR-FL  SGR-BW 
Muscle 

RNA/DNA 

BW 0.87   

K - 0.33   

SGR-FL 0.23 0.44 0.45   

SGR-BW 0.15 0.42 0.71 0.82   

Muscle  

RNA/DNA 
- - 0.21 0.11 0.25   

Serum  

IGF-I 
0.17 0.41  0.58 0.82 0.90 0.23 

Table 2 

Regression coefficients (r2) among physiological and biochemical parameters. 

(-): not significant. 
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Supplementary Fig. 1. Fork length (FL) of junvenile chum salmon at 
the river, estuary, port and nearshore from mid May to mid June in 
2013 (left) and 2014 (right). Values are expressed as mean ±SE (n of 
each site is shown under corrresponding bar). Symbols sharing the 
same letters are not significantly different from each other.	
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Kaneko et al., Supplementary figure 2 

Supplementary Fig. 2. Gill Na+,K+-ATPase (NKA) of junvenile chum 
salmon at the river, estuary, port and nearshore from mid May to mid 
June in 2013 (left) and 2014 (right). Values are expressed as mean 
±SE (n of each site is shown under corrresponding bar). Symbols 
sharing the same letters are not significantly different from each other.	



