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Abstract

Climatic and ecosystem changes in the transition region between the subarctic Oyashio and the 
subtropical Kuroshio Extension fronts may be the key to understanding recruitment variability of 
small pelagic fish populations in the Pacific waters off Japan. The transition region is characterized 
by complex oceanographic structure with the meandering fronts, eddies and streamers creating large 
spatial and temporal variability in the environment. Juveniles of small pelagic fishes such as Japanese 
sardine (Sardinops melanostictus), Pacific saury (Cololabis saira), and Japanese anchovy (Engraulis 
japonicus) migrate from the subtropical Kuroshio Current area to the subarctic Oyashio Current area 
across the transition region. A precipitous decline in number of age 0 recruits of Japanese sardine 
after the end of 1980s appears to be related to the extremely high mortality rate of young-of-the-year 
fish in the transition region. In contrast, populations of Pacific saury and Japanese anchovy increased 
after 1988. These synchronous changes in populations seem to be associated with the weakening of 
the Aleutian Low Pressure in the North Pacific and weakening of the Oyashio Current in winter, and a 
sea surface temperature (SST) rise in the Kuroshio-Oyashio transition region in spring. The contrasting 
responses of the fish populations to the SST rise can be explained by different temperature preference 
in terms of growth rate in larval and early juvenile stages; cool temperatures are preferred by sardine 
and warm temperatures are preferred by saury and anchovy.
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Introduction

Small pelagic fish populations have shown large 
fluctuations in the world oceans. These fluctuations of 
different populations seem to be synchronous within the 
California, Humboldt, and Kuroshio-Oyashio Current 
systems, as well as between the systems (Schwartzlose 
et al., 1999). Synchronous changes of fish populations are 
recognized to be associated with climatic and marine eco-
system changes in the North Pacific Ocean (Chavez et al., 
2003).

In the Kuroshio-Oyashio Current system in the 
Pacific waters off Japan (Fig. 1), the Pacific stock of 
Japanese sardine (Sardinops melanostictus) experienced 
a precipitous decline in the 1990s after the historical peak 
catch of 2.9 million metric tons (t) in 1987 to less than 
1% of this peak in the 2000s in Japan (Fisheries Research 
Agency, 2007). In contrast, the catches of the Pacific 

saury (Cololabis saira) and the Pacific stock of Japanese 
anchovy (Engraulis japonicus) increased after the end of 
1980s (Fisheries Research Agency, 2007). These small 
pelagic fishes spawn in the Kuroshio Current area off 
southern Japan. Eggs and larvae are rapidly transported to 
the downstream Kuroshio Extension area by the prevail-
ing current (Heath et al., 1998). In the spawning ground, 
abundance of eggs, yolk-sac larvae, and post-first-feeding 
larvae of Japanese sardine were positively correlated with 
each other (Watanabe et al., 1995). 

I hypothesize that recruitment of small pelagic fishes 
may be determined not in the Kuroshio Current area, but in 
the downstream Kuroshio-Oyashio transition region in the 
Pacific waters off northern Japan. Juveniles of the small 
pelagic fishes migrate north from the subtropical Kuroshio 
Current area to the subarctic Oyashio Current area across 
the transition region, a region of about 500 km wide and 
encompassing a 10°C temperature gradient, in spring 
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and early summer. They feed on abundant zooplankton 
in the northern transition region and the Oyashio Cur-
rent area in summer. The oceanographic environments 
of the transition region are seasonally and interannually 
variable (Yasuda, 2003), which can have deep impacts 
on growth and survival processes in the late larval and 
juvenile stages and eventual recruitment to adult popula-
tion. Interannual variations in vital parameters in early 
life stages were substantial in the cohorts of Pacific saury 
spawned in the transition region (Watanabe et al., 1997, 
2003). Cumulative survival from egg to age 1 recruits of 
Japanese sardine was strongly associated with sea surface 
temperature (SST) in the Kuroshio Extension area during 
the years of population increase and decline (Noto and 
Yasuda, 1999). 

The Kuroshio-Oyashio transition region exists be-
tween the Kuroshio Extension Front, defined as 14°C at 
200 m depth, and the subarctic Front, defined as 4°C at 
100 m depth, off the Pacific coast of northern Japan (Fig. 1; 
Yasuda, 2003). The Kuroshio Extension is a strong jet of 
the dominant western boundary current, the Kuroshio Cur-
rent, of the North Pacific Subtropical Gyre. The Oyashio 
Current originates from the East Kamchatka Current, 
which is a part of the western subarctic gyre flowing 
southwestward from the Bering Sea. The East Kamchatka 

Current merges with the outflow of the Okhotsk Sea water 
and forms the Oyashio Current, flowing further southwest-
ward near to the Pacific coast of northern Japan. Situated 
between the major oceanic fronts, the transition region is 
largely affected by latitudinal shifts of the fronts and by 
occurrence and movements of eddies and streamers as-
sociated with the meandering fronts (Yasuda, 2003).

In this review, I describe in detail of the population 
fluctuations of the Pacific stock of Japanese sardine, 
Pacific saury, and the Pacific stock of Japanese anchovy 
in the last three decades, and demonstrate that the drastic 
population changes of these three fish species occurred 
at the same time in the end of the 1980s. The close asso-
ciation between the fish population changes and both the 
oceanographic changes in the Kuroshio-Oyashio transi-
tion region and the climatic change in the North Pacific 
Ocean will be depicted as a notable example of a direct 
climate-ocean-fish population linkage.

The Pacific Stock of Japanese Sardine

Spawning stock biomass (SSB) of the Pacific stock 
of Japanese sardine increased during the end of the 1970s 
and middle 1980s and peaked at 13.4 million t in 1988, but 
declined precipitously thereafter down to 0.22 million t in 
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Fig. 1.  Synoptic oceanography in the Pacific waters off Japan. Numerals represent locations of the 
capes separating the fishing area; 1. represents Cape Shionomisaki, 2. Cape Inubozaki, and 
3. Cape Shiriyazaki.
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Fig. 2. The Pacific stock of Japanese sardine (Sardinops 
melanostictus), showing spawning stock biomass, 
annual egg production, number of age-0 recruits, 
and survival in terms of number of age-0 recruits per 
1 million eggs produced, from 1978 to 2005.

1996 (Fig. 2; Fisheries Research Agency, 2007). The 
precipitous decline of the population began with the sud-
den decreases in number of age-0 recruits in the end of 
the 1980s. Average number of age-0 recruits was as high 
as 213.3 ± 2.4 billion during 1980–1987, but remarkably 
decreased after 1988 to a mean of 14.2 ± 2.4 (± SD) bil-
lion during 1988–1995 (Fig. 2). 

The decreases in number of age-0 recruits after 1988 
were not the results of low egg production but rather of low 
survival of young-of-the-year (YOY) fish. Annual total 
egg production of the Pacific stock of Japanese sardine 
increased in the 1980s and stayed at the maximum level 
of 3 800, 4 000, 6 700, and 3 900 trillion in 1988, 1989, 
1990, and 1991, respectively (Fig. 2; Fisheries Research 
Agency, 2007), with the exception of the exceptionally 
high estimate in 1986. In spite of the high egg produc-
tions, the number of age-0 recruits declined in the four 
consecutive years owing to the extremely low cumulative 
survival rate from egg stage to recruitment. Number of 

age-0 recruits that survived per 1 million eggs produced 
was as high as 120–310 during 1980–1985, which pro-
duced large numbers of age-0 recruits (215 ± 49 billion) 
that resulted in the steady increase of SSB in the early and 
middle 1980s. The survival rates decreased somewhat to a 
moderate level of 29 and 84 in 1986 and 1987, respectively, 
but suddenly dropped to about 6.0 in 1988 and 4.8 in 1989. 
The number of recruits further declined to around 1.0 in 
1990 and 1991. These low survival rates of YOY during 
1988 and 1991 were devastating to the population, and led 
to the SSB decline after 1990. The survival rate somewhat 
recovered to 7.3–15 recruits per 1 million eggs produced 
during 1992–1994, but SSB had declined to 14–4% of the 
peak in these years. Therefore, annual egg productions 
also decreased to 630 trillion in 1994. The survival rate 
further recovered to 42–110 during 1995–1998, but SSB 
was only 2–4% of the peak in 1988 and the annual egg 
production had reduced to 140 ± 34 trillion. The population 
never produced a large number of recruits in these years. 
SSB steadily declined in the 2000s, from 0.23 in 2000 to 
0.07 million t in 2005, in spite of moderate survival rate 
of 11–37 recruits per 1 million eggs produced. The further 
decline in SSB is considered to be a result of high fishing 
mortality by purse seiners (Watanabe, 2007a). 

The recruitment failure of Japanese sardine during 
the end of the 1980s and the beginning of the 1990s could 
not be explained by high mortality in the first feeding 
stage. When abundance of post-first feeding larvae of 
6–8 mm notochord length in the spawning grounds are 
plotted against annual egg production of the stock for 13 
years from1978 to 1990, a significant positive correlation 
was detected (Watanabe et al., 1995). Even in the 3 years 
(1988–1990) of low survival from egg stage to age-0 
recruitment (Fig. 2), the abundance of post first feeding 
larvae was high and clearly proportional to the large egg 
production. The high mortality from egg stage to age-0 
recruitment experienced by the three year classes did not 
occur in the first feeding stage up to 6–8 mm body length at 
approximately two weeks after fertilization in the spawn-
ing ground. The recruitment failure of these year classes 
was apparently materialized by high mortality after the 
first feeding stage (Watanabe et al., 1995).

The Pacific stock of Japanese sardine spawns in the 
subtropical Kuroshio Current area along the Pacific coast 
of southern Japan mostly in February and March (Wa-
tanabe et al., 1996; Oozeki et al., 2007). Eggs and larvae 
are rapidly transported northeastward by the current and 
reach the waters off Cape Inubozaki in central Japan in 
2–3 weeks (Heath et al., 1998). Sardine larvae are further 
transported by the Kuroshio Extension to the offshore 
waters of central Japan. They metamorphose to juveniles 
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in 30–40 days after hatching (Watanabe and Saito, 1998). 
Sardine juveniles migrate north across the transition 
region along the warm water streamers originating from 
the Kuroshio Extension in early summer (Sugisaki et al., 
1996; Takahashi et al., 2008b), and reach the Oyashio 
Current area in summer. Age-0 recruits usually appear in 
the fishing ground off eastern Hokkaido in August (Wada, 
1988). The Kuroshio-Oyashio transition region seems to 
be a key area to understanding large variations in survival 
of YOY sardine.

Synchronous Changes

Large magnitudes of population changes occurred 
in the other small pelagic fishes in the end of the 1980s. 
Pacific saury is one of the important pelagic fish species 
in the western North Pacific, exploited by Japan, Rus-
sia, and Korea. The major fishing grounds of saury are 
located in the Oyashio Current area and the transition 
region off northern Japan. Annual catch of saury in Japan 
during 1978–2005 averaged (± SD) 240 ± 51 thousand t 
(Fisheries Research Agency, 2007). Catch-per-unit-effort 
(CPUE), as an index of population density, averaged 
(± SD) 10.4 ± 2.8 t per fishing boat per night during 1978 
and 1987, but jumped up to 25.4 t in 1988 and averaged 
28.5 ± 7.4 t in the next 10 years between 1988 and 1997 
(Fig. 3, Tohoku National Fisheries Research Institute, 
2007). CPUE decreased to the level before 1987 in 1998 
and subsequent years.

Pacific saury migrates north and south across the 
Kurosio-Oyashio transition region (Fukushima, 1977; 
Watanabe and Lo, 1989). Adult saury move southward 
from the feeding grounds in the Oyashio Current area to 
the transition region in the end of summer and spawn there 
in autumn. They further move to the southern Kuroshio 
Current area and continue spawning in this area in winter. 
They return to the transition region and continue spawning 
until early summer. Early life parameters such as daily 
growth and instantaneous mortality rates and resulting pre-
schooling juvenile productions of the saury are generally 
stable in the subtropical Kuroshio Current area in winter, 

but variable in the transition region in autumn and spring 
(Watanabe et al., 1997, 2003). As a large proportion of the 
saury exploited in the fishing season during August and 
December is up to 1 year old (Fukushima et al., 1990), 
the increase in CPUE of the saury in 1988 was due to 
increased recruitment of age-0 fish, most probably of the 
autumn and spring spawned cohorts with large variability 
in the transition region. 

Population increase after the end of the 1980s was 
also seen in the Pacific stock of Japanese anchovy. Number 
of anchovy age-0 recruits averaged 33.8 ± 7.8 (± SD) bil-
lion during 1980 and 1987, but increased to 74.8 billion 
in 1988 and averaged 96.9 ± 35.0 billion between 1988 
and 1995 (Fig. 4; Fisheries Research Agency, 2007). The 
recruitment increase directly paralleled catch increase of 
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Fig. 3.  Pacific saury (Cololabis saira), showing catch in metric 
tons per fishing boat per night operation (CPUE) from 
1978 to 2005.
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anchovy after 1990. When the fishing ground of the Pacific 
stock of Japanese anchovy is separated into four latitudinal 
areas, a clear north-south difference in the magnitude of 
variability can be seen (Fig. 4). In the southern fishing 
area southwest of Cape Shionomisaki at 33° N (Fig. 1), 
anchovy catch averaged 15.5 ± 4.7 thousand t during 1978 
and 89 and did not increased much after 1990, with the 
average of 16.4 ± 10.1 thousand t during 1990 and 2005 
(Fisheries Research Agency, 2007). In the middle fishing 
area between Cape Shionomisaki and Cape Inubozaki at 
35° 40' N, the catch averaged 39.2 ±13.2 thousand t during 
1978–1990 and more than doubled to 103.5 ± 42.0 during 
1991–2005. In the northern fishing area between Cape 
Inubozaki and Cape Shiriyazaki at 41o 30' N, in which 
the transition region is included, the catch increased by 
more than one order of magnitude from 8.2 ± 6.6 in the 
12 years to 100.8 ± 46.7 thousand tons in the 16 years. In 
the northern most fishing area in the Oyashio Current area 
off Hokkaido Island, the increase was most remarkable 
from 0.1 ± 0.1 thousand t to 15.0 ± 13.4 thousand t, more 
than two order of magnitude. 

Variability in catches of Japanese anchovy was 
large in the northern fishing areas. CVs in annual catch 
in each of the 4 fishing areas during the 28 years from 
1978–2005 were 0.51, 0.60, 0.96, and 1.45, respectively. 
As the catches in the northern and Hokkaido fishing ar-
eas were as small as 8.2 and 0.1 thousand t before 1988, 
respectively, large variability in catches in the northern 
and Hokkaido fishing areas seem to have resulted from 
the northward expansion of the distributional range of the 
anchovy stock with the high recruitment success after the 
1988 year-class. 

The population trends of these small pelagic fishes 
changed simultaneously in 1988. These three species seem 
to have responded to common environmental changes 
occurring in the transition region in the western North 
Pacific.

Oceanographic Changes in 
 the Transition Region

A decadal climate shift occurred in the North Pacific 
at the end of the 1980s (Minobe and Mantua, 1999). The 
North Pacific Index (NPI) provides a measure of the in-
tensity of the mean wintertime Aleutian Low Pressure. It 
is calculated as the area-weighted sea level pressure over 
the region 30–65° N, 160° E–140° W. The three-year run-
ning mean of the index ranged from -0.65 to -1.29 during 
1980–1987, but increased to -0.05 in 1988 and stayed 
positive over the next three years from 1989 to 1991. It 
then returned to around zero in the following four years 

and decreased to less than -0.3 after 1996 (Fig. 5). These 
changes indicate that Aleutian Low Pressure was strong 
from 1980 and 1987, but weakened remarkably during 
1988–1991, and then stayed at the moderate level.

In the western North Pacific, a clear oceanographic 
response to the decadal NPI change was detectable. Sea 
surface temperature (SST) in the Pacific waters off north-
ern Japan in winter and spring is largely affected by the 
latitudinal shift of the Oyashio Current (Yasuda, 2003). 
Strength of the southward intrusion of the Oyashio Current 
can be indexed by the area with SST <10°C south of the 
37° N line in the longitudes ranging from 140° to 150° E 
(Ebisawa and Kinoshita, 1998). They examined interan-
nual change in the index during February and March and 
found that the Oyashio Current extended south beyond 
the 37° N line during 1980–1987, but retreated north to 
around the 37° N line in 1988–1991, then recovered some-
what to its southerly-extending mode after 1992 (Fig. 5). 
SST anomalies in April and May in the transition region 
between 35–40° N from the 28 year mean (1978–2005) 
tended to be zero or negative during 1980–1987, but 
turned positive during the four consecutive years from 
1988–1991, and then returned to around zero after 1992. 
In the western North Pacific, variation in the strength of the 
Aleutian Low Pressure in winter seems to have resulted in 
variation in the southern extension of the Oyashio Current 
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in winter (Yasuda, 2003), which eventually affects SST 
in spring in the transition region (Fig. 5).

The transition region shifted from relatively cold to 
warm conditions in 1988 and the population trends of the 
small pelagic fishes changed synchronously in this year; 
survival of YOY sardine declined, population density 
of Pacific saury increased, and recruitment of Japanese 
anchovy increased. It is unknown whether the latitudinal 
shift of the Oyashio Current and/or SST change in the 
transition region had direct effects on survival and recruit-
ment of these pelagic fishes. SST rise in the transition 
region can cause decreases in the magnitude of vertical 
mixing of the water column and nutrients supply from the 
deeper aphotic layers in winter, and result in low biologi-
cal productivity in spring. Unfavorable feeding conditions 
for juvenile Japanese sardine might have occurred in the 
transition region in the warm years after 1988. However, 
these three species are all planktivores. The contrastive 
population changes with the SST rise cannot simply be 
explained by the change in zooplankton abundance in the 
transition region.

Although the main hypothesis of this paper is that 
recruitment of small pelagic fishes may be determined 
in the Kuroshio-Oyashio transition region in the Pacific 
waters off northern Japan, an alternative hypothesis of the 
drastic fish population dynamics can be mass mortality 
of larvae in the spawning grounds in the Kuroshio Cur-
rent area off southern Japan. Nakai (1962) assumed that 
the population decline of Japanese sardine in the 1940s 
occurred owing to high mortality of early larvae in the 
Kuroshio Current area. The observed abundances of 
eggs and early larvae reported by Watanabe et al. (1995) 
in the 1980s and early 1990s, however, clearly indicated 
that recruitment determination of Japanese sardine did 
not occur in the spawning grounds along the Kuroshio 
Current. Recently, Takasuka et al. (2008) demonstrated 
the species-specific spawning temperature preferences 
of Japanese sardine (16°C) and anchovy (22°C), chub 
mackerel (Scomber japonicus) (18°C), and jack mackerel 
(Trachurus japonicus) (22°C), and proposed a hypothesis 
that direct temperature impacts on vital parameters of 
eggs and larvae in the spawning grounds can be a cause 
of multi-species regime shifts of small pelagic fishes. 
However, no clear regime shift signal was detected in 
the egg-density-weighted mean SST as a proxy of actual 
temperature experienced by the populations of the sardine 
(18.0–19.0°C during 1985–1993 and17–18°C during 
1994–1999) and anchovy (around 22°C during 1984–1989 
and 20°C during 1989–1999) (Takasuka et al., 2007). In 
general, the environmental conditions of the spawning 
grounds of sardine and anchovy in the Kuroshio Current 
area are relatively stable compared to the northern tran-

sition and Oyashio regions. The coefficient of variation 
of annual mean SST during 1950–2000 was 0.07 in the 
Kuroshio Current region, much smaller than that in the 
transition region (0.24) or in the Oyashio region (0.21) 
(Tian et al., 2003). Thus, species-specific spawning tem-
perature preferences probably do not constitute the major 
cause of the contrasting fish population dynamics detected 
over the last several decades.

Growth performances of sardine and anchovy are 
closely associated with temperature in opposite manners. 
Takasuka and Aoki (2006) and Takasuka et al. (2007) ex-
amined correlations between the larval growth rate in the 3 
days prior to collection and SST at the collection sites, and 
demonstrated that optimum temperatures for growth of 
Japanese sardine (8.0–33.4 mm SL) and Japanese anchovy 
larvae (6.4–34.3 mm SL) collected in the East China Sea, 
the Kuroshio Current area and the downstream Kuroshio 
Extension and the Kuroshio-Oyashio transition region 
were different from each other, i.e., 16°C for sardine and 
21°C for anchovy. They interpreted that the different 
preference to temperature in terms of larval growth rate 
was considered to be a key factor of differential responses 
to the SST rise in the transition region after 1988. As has 
been reported in larval and early juvenile Pacific saury, the 
recent growth rate in length was largely affected by fish 
body length itself (Oozeki et al., 2004). Because growth 
rates in length tend to slow down in the late larval stage in 
Japanese sardine (Watanabe and Kuroki, 1997; Watanabe 
and Nakamura, 1998) and Japanese anchovy (Takahashi 
et al., 2001; Takahashi and Watanabe, 2004a), we need 
to consider body length as a factor in growth rate for a 
more detailed discussion on the effects of temperature on 
fish growth rates. 

Growth rate in early life stages is considered to be 
a principal factor of recruitment determining process 
(Houde, 1987; Bailey and Houde, 1989). This seems to 
be especially true in late larval and early juvenile stages. 
Frequency distribution of growth rates after the onset of 
metamorphosis of Japanese anchovy tended to shift to 
the faster rates with the progress of metamorphosis in 
the Kuroshio-Oyashio transition region (Takahashi and 
Watanabe, 2004a, b). These observations indicated that the 
fast growing anchovy had a higher probability of survival 
in the metamorphosing stage and successfully recruited to 
adult population in the region. Recruitment of Japanese 
sardine was also dependent on growth rates in the juvenile 
stage in the transition region (Takahashi et al., 2008). 
Takahashi (personal communication, Seikai National 
Fisheries Research Institute, Nagasaki 851-2213, Japan) 
examined growth rates of metamorphosing sardine and 
anchovy collected in the transition region and found that 
growth rate decreased in sardine and increased in anchovy 
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with the SST rise in spring. The opposite responses in 
growth rate to SST changes between sardine and anchovy 
can be a recruitment determining mechanism working 
through growth rate selective survival during late larval 
and juvenile stages of these clupeoid species.

As for Pacific saury, the SST rise in the transition 
region could favor growth and survival in early life stages. 
Four species of sauries (Scomberesocidae) are distributed 
in the world oceans (Hubbs and Wisner, 1980). They are 
members of order Belonidae together with flying fishes 
and halfbeaks, and were originally warm water species. 
Larval and juvenile Pacific saury showed an increase in 
growth rate with an experimental temperature rise up to 
24°C (Oozeki et al., 2004). The weaker Oyashio Cur-
rent in winter and the SST rise in the transition region in 
spring after 1988 (Fig. 5) could have favored growth and 
survival and probably eventual recruitment of the transi-
tion region spawned cohorts of Pacific saury, leading to 
the increase in CPUE of the saury. The decline in CPUE 
of saury after 1998 could not be explained by warm SST 
during 1999–2004.

The climatic changes in the North Pacific, oceano-
graphic changes in the transition region, and population 
trends of the small pelagic fishes in the Pacific waters off 
Japan in the last quarter century are typical example of 
the close linkage of climate – ocean – fish populations. 
The linkage is not limited to small pelagic fish species. 
In some groundfishes, such as Tanakius kitaharai, Hip-
poglossoides dubius, and Lophiomus setigerus, CPUE by 
Japanese bottom trawlers increased greatly in the 1990s 
after the low period in the 1980s in the coastal and offshore 
waters in the transition region (Nihira et al., 2003). The 
climate – ocean – fish population linkage seems to be a 
universal phenomenon irrespective of pelagic and bottom 
dwelling fish species in this transition region with a steep 
latitudinal gradient in environmental conditions between 
the subtropical and subarctic water domains (Watanabe, 
2007b).
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