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Abstract: The survival strategies of Pacific salmon (Oncorhynchus spp.) offer a useful framework for quantifying
both inter- and intra-specific interactions and also climate-related risk factors around the North Pacific Rim. The
annual growth patterns of adult chum salmon (O. keta) returning to the Ishikari River were estimated with the backcalculation method based on scale analysis. Their growth increased during the first year in the Okhotsk Sea in the
1990s. The growth in the first year was negatively correlated with the sea ice concentration in winter, and positively
correlated with the sea surface temperature (SST) during summer and fall in the Okhotsk Sea, despite the lack of a
relation between SST and zooplankton biomass. The positive correlation between the growth in the Okhotsk Sea
and survival was also observed in Hokkaido chum salmon. In the Bering Sea, the relationship between residual
carrying capacity and growth patterns of Hokkaido chum salmon indicated that the growth reduction is affected by
changes in population density-dependence. Results of stepwise multiple regression analysis of the survival rate
of Hokkaido chum salmon population on body size at release from the hatchery and growth in the Okhotsk Sea
showed that chum salmon have periods of critical mortality in the early marine period and the first winter at sea.
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Introduction

the Okhotsk Sea, and the Bering Sea.  After spending their
early marine lives in the coastal waters of Hokkaido in the
spring, they spend their first summer and fall in the southern
part of the Okhotsk Sea (< 50°N); they then move to the
Western Subarctic Gyre for their first winter (Urawa et al.
2001).  Thereafter, these chum salmon migrate between their
summer feeding grounds in the Bering Sea and their overwintering grounds in the Alaskan Gyre (Urawa 2000; Urawa
et al. 2005).  After about four years, they return to their natal
rivers to spawn.
In this paper, we analyzed the spatial and temporal
growth and survival patterns of Hokkaido chum salmon in
the Okhotsk and Bering seas, and related climate change to
their life-history strategies.

For the last several decades, the Pacific salmon (Oncorhynchus spp.) has remained healthy because of large-scale
hatchery programs and favorable oceanic conditions associated with long-term climate change and the climatic regime
shift (e.g. Beamish and Bouillon 1993; Kaeriyama 1998;
Klyashtorin 1998).  Pacific salmon are an important keystone
species, not only as a human food resource, but also as an
important component of the ecosystem of the sub-arctic Pacific Ocean.  They occupy more than four trophic levels in
the sub-arctic food web (Aydin et al. 2003; Kaeriyama 2003).  
Thus, the life history of salmon offers a useful framework for
quantifying inter- and intra-specific interactions and climaterelated risk factors around the North Pacific Rim.
Two hypotheses attempt to define the period of critical mortality in Pacific salmon: (1) size-selective mortality
occurs during the early marine period (Healey 1982), and
(2) salmon mortalities during the first marine fall and winter result from insufficient summer growth (Beamish et al.
2004; Moss et al. 2005).  Hokkaido chum salmon (O. keta)
are widely distributed throughout the North Pacific Ocean,
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MATERIALS AND METHODS
In 1970–2001 (except for 1973 and 1985), the scales of
age-4 (four-year-old) adult female chum salmon returning to
the Ishikari River were collected and measured with a scale
image processor  (Ratock System Engineering Co.) to provide an index of growth.   Each year for approximately 30
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scales we calculated length along the long axis (measured
to the nearest µ), the number of circuli from the focus to the
inner edges of the check (Rcj and Ros), and individual annuli
(r1–r4).  The Rcj, Ros, and r1–r4 variables indicate scale radii
from one to four years, respectively, in coastal Japan and the
Okhotsk Sea (Fig. 1).  Individual growth in fork length was
calculated from the following formulae based on Kaeriyama
(1998):

lation size (the return), respectively, for 20 brood years at
Hokkaido.   The relationship between the RCC and mean
fork length of age-4 adult females or mean age at maturity
for each year-class returning to 11 rivers in Hokkaido (Kaeriyama, 1998) were estimated by simple regression analysis.  
Relationships among return rates of Hokkaido chum salmon
populations, body weights of juveniles released, and growth
in the first year were evaluated by stepwise multiple regression analysis.
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Annual Change in the Growth Patterns of the Ishikari
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The results of our study on annual changes in the growth
patterns of Ishikari River chum salmon are shown in Fig. 2.  
In all age groups, growth during the first year increased in
the 1990s.   This growth increase occurred in the Okhotsk
Sea, but not in the coastal waters of Hokkaido.   However,
growth in subsequent years decreased from the 1980s to the
mid-1990s.  In particular, the reduction in growth was considerably greater during the third year than in any other year
in the Bering Sea.

where ri, St, FLt, Lt, Lcj, and Los are scale radius at age i, scale
length from focus to the inner edges of age t annuli, fork
length at age t, and growth at age t, for salmon from coastal
Japan and the Okhotsk Sea.  The values '114' and '40' express
focus radius and fork length at the first scale formation.  
The Meteorological Agency of Japan provided us with
mean monthly sea surface temperatures (SST) per 1° latitude and longitude blocks (25–49°N, 121–180°E) for 1950–
2004.  We also used the satellite data of the AVHRR/NOAA
(50–56°N, 145–155°E) for the SST for 1985–2004, and the
SeaWiFS data on chlorophyll-a for 1998–2004 (50–56°N,
145–155°E).
Parameters of Ricker’s recruitment curve (R = αPe-βP)
were estimated for year-classes of Hokkaido chum salmon
(20 brood years) by the Levenberg-Marquardt method.  From
the recruitment curve, the replacement level (ln (α)/β) was
defined as the index of carrying capacity (Kaeriyama 2003).  
The residual carrying capacity (RCC) was defined as:

Growth Pattern in the Bering Sea
Significant positive correlation was observed between
annual growth and fork lengths of Ishikari River female chum
salmon from the second to fourth years (r > 0.48, P < 0.01)
despite the lack of a  correlation in the first year (r = -0.21, P
= 0.40; Table 1).  We evaluated the relationship between the
fork length of Ishikari River chum salmon and the RCC of
Hokkaido chum salmon populations.  Fork length declined
with a decrease in the RCC (Fig. 3).  At < 10% of the RCC,
the fork lengths of age-4 female chum salmon reached their
biological minimum size (64 cm) in the Ishikari River.  The
RCC was significantly positively correlated with body size
and negatively related to age at maturity in Hokkaido chum
salmon (Yatsu and Kaeriyama 2005).  This phenomenon indicates a density-dependent effect (e.g. chum salmon: Kaeriyama 1989; Ishida et al. 1992; Helle and Hoffman 1998,
sockeye salmon: Rogers 1980; Rogers and Ruggerone 1993).  
Thus, these results suggest that the growth of Hokkaido
chum salmon will be affected by the interaction between the

RCC (%) = (CC - R) / CC x 100
where CC and R are the carrying capacity and mean popu-

Table 1. Relationships between annual growth and fork length at
maturity of age-4 female chum salmon returning to the Ishikari River
during 1970–2001.
Age

Slope

Constant

r

F

-0.21

730

-0.16

0.74

Second

1.06

520

0.49

9.05

0.005

Third

1.14

538

0.76

38.28

<0.001

Fourth

1.04

561

0.63

18.10

<0.001

First
Fig. 1. Measurements of chum salmon scales. r1-r4: scale radius of
individual annuli; rcj: scale radius in the coastal waters of Hokkaido;
ros: scale radius in the Okhotsk Sea.
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Fig. 2. Annual changes in the mean growth of age-4 female chum salmon returning to the Ishikari River in 1970–2001. L1: length in the first year;
Lcj: length near the coast of Japan; Los: length in the Okhotsk Sea, bars: standard deviation.
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Fig. 3. Relationship between the residual carrying capacity (RCC) of
chum salmon in Hokkaido and anomalies in the fork length of age-4
adult chum salmon in the Ishikari River.

Fig. 5. Changes in the ice cover area (ICA) in the Okhotsk Sea and
anomalies in the growth of Ishikari River chum salmon in their first
year (L1).

carrying capacity and population density-dependent effects
in the Bering Sea.
Growth Patterns in the Okhotsk Sea
The increase in growth of Ishikari River chum salmon
during the first year occurred in the Okhotsk Sea, but not in
the coastal waters of Hokkaido in the 1990s (Fig. 2).  This
growth increase was negatively correlated with the extent of
sea ice cover area (ICA; Ustinova et al. 2002) in winter (r =
-0.467, n = 30, F = 7.83, P < 0.01; Figs. 4 and 5), and positively correlated with the SST during summer and fall in the
Okhotsk Sea (Fig. 7), despite the lack of relationships between the ICA and phytoplankton biomass (r = -0.37, n =
7, F = 0.81, P = 0.41; Fig. 6A), and between SST and zoo-

Fig. 4. Correlations between the winter SST and the ice cover area
(ICA) in the Okhotsk Sea for 1957–2004. Solid and open circles indicate positive and negative correlation coefficients, respectively.
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plankton biomass (r = -0.12, n = 44, F = 0.62, P = 0.43; Fig.
6B).
It is generally believed that the timing and duration of
sea ice cover and winter wind currents determine the onset of
spring primary production.  Hunt et al. (2002) proposed the
oscillating control hypothesis, which predicts that pelagic
ecosystem function in the southeastern Bering Sea will alternate between primarily bottom-up control in cold regimes
and primarily top-down control in warm regimes.  Late ice

retreat (late March or later) leads to an early, ice-associated
bloom in cold waters, whereas no retreat or early ice retreat
(before mid-March) leads to an open-water bloom in warm
waters in May or June.  Regulated by productivity and predation, zooplankton populations are not closely coupled to
the spring bloom, but are sensitive to water temperature.  
Zooplankton population size is limited by bottom-up food
shortages and top-down predators.  Both limitations are central to the control of energy flow in the southeastern Bering
Sea ecosystem.  In the Okhotsk Sea, however, neither chlorophyll-a nor zooplankton populations were closely coupled
to the ICA in winter and SST in summer and fall.  Therefore,
it is difficult to adopt the oscillating control hypothesis (Hunt
et al. 2002) for the mechanism(s) of primary production in
the Okhotsk Sea.
The correlation map indicated a strong positive correlation between growth anomalies in Ishikari River chum
salmon and SSTs during summer and fall in the Okhotsk Sea
(Fig. 7).  This result suggests that growth in Ishikari River
chum salmon will be affected by SSTs during summer and
fall and not by productivity trends such as chlorophyll-a and
zooplankton biomasses.
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300
200

A

0
1984

1986

1988

1990

1992

1994

1996

1998

2000

2002

Anomaly length (mm)

100

2004

Year

Fig. 6. Annual changes in the ice cover area (ICA), chlorophyll-a
(A) and zooplankton biomass (B) in the Okhotsk Sea. a) Southern
Okhotsk Sea; b) West Kamchatka area: north of 54ºN; c) West Kamchatka area: south of 54ºN (Shuntov and Dulepova 1996); f) Northern Okhotsk Sea: spring; g) Northern Okhotsk Sea: fall; h) Southern
Okhotsk Sea: summer; i) Southern Okhotsk Sea: fall (Merzlyakov et
al. 2005).
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Fig. 8. Changes in growth anomalies (length, A) after Ishikari River
chum salmon’s first year, mean body weights (BW, B) of released
juveniles, and return rates (RR) of Hokkaido chum salmon populations.

Fig. 7. Correlation between SSTs during summer and fall, and
growth anomalies in Ishikari River chum salmon in the Okhotsk Sea
for 1967–1998. Solid and open circles indicate positive and negative
correlation coefficients, respectively.
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Table 2. Result of the stepwise multiple regression analysis of the return rates of Hokkaido chum salmon populations, mean body weights of
released juveniles, and the mean growth rates of Ishikari River chum salmon during their first year.
Variable

Slope

Partial correlation

T

P

Mean body weight of juvenile released

4.003

0.700

3.797

0.002

Growth at the first year

0.002

0.039

0.152

0.881

Constant

0.876

0.240

r2 = 0.685, df: n1 = 2, n2 = 15, F = 16.32, P < 0.001, AIC = 41.404
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