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Figure R18-1. The PICES biogeographical regions and naming convention for the North
Pacific Ocean with the area discussed in this report highlighted.
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1. Highlights
•

The PDO index shows an abrupt phase reversal to positive around 2013/14, which implies that a regime shift
similar to 1956/1957 and 1976/1977 occurred.

•

After 2013, the center of the Aleutian Low shifted eastward by 25° in longitude, which likely induces northerly
(southerly) wind with cold (warm) air in the central (eastern) North Pacific, leading to SST cooling (warming).

•

The Oyashio transport on the slope off the Hokkaido coast decreased interdecadally after 1993, because of
stagnation of mesoscale clockwise eddies off the Hokkaido coast and northward shift of the gyre boundary.

•

The southernmost latitude of the First Oyashio Intrusion abnormally shifted northward to 41–43°N during 2015–
2016 and seemed to return to the south after March 2017.

•

Nutrient concentrations at the sea surface in the main stream of the Oyashio exhibited an interdecadal increase
in January (pre-bloom period) and decrease in July (post-bloom period) after 1990.

•

Chlorophyll a concentrations at the sea surface in January also showed an interdecadal increase.

•

Significant trends toward decreasing O2 have been found on isopycnal surfaces between 26.6 and 27.4 σθ.

•

The hypoxia boundary shoaled from 680 m in 1951 to 560 m in 2010, which seemed to correspond to the fact
that the deepest catch of Pacific cod changed from 720 m in 1957 to 575 m in recent 10 years.

•

After the Fukushima accident, the concentration of 137Cs had been increased up to 70±4.2 Bq m-3 in September
2011, rapidly decreased until May 2012, and then mostly returned to the background level before the accident.

•

Concentrations of size-fractionated chlorophyll a clarified that the small fraction < 2 µm was dominant in all
seasons except the spring, although the large fraction > 10 µm was frequently highlighted due to major
composition of phytoplankton in spring bloom.

•

Mesozooplankton communities associated with the Kuroshio-Oyashio Transition and Kuroshio waters expanded
extensively northward in summer–autumn of 2015 and 2016, when the First Oyashio Intrusion weakened
abnormally.

•

Euphausiids biomass was negatively correlated with temperature at the depth of 200 m and declined in 2008,
2010, and after 2013, associated with a high temperature in the subsurface.

•

Good recruitment of sardine has occurred since 2010, and the spawning stock biomass and catch have been
increasing in recent years.

•

Catch and biomass of sardine seem to be negatively related with those of anchovy and flying squid.

•

The catch of Pacific saury by Japanese fisheries tended to decrease after 2010.

•

Chum salmon catches have decreased further since 2010 on the Hokkaido and Honshu Pacific sides, the
reasons of which have not been identified.

•

Pink salmon catch decreased during 2011–2015 probably due to low SSTs during coastal residency of juveniles
and high SSTs during spawning migrations of adults and/or loss of diversity of spawning timing caused by
artificial selection for early spawning fish in hatcheries.

•

Four species of alcids showed contrasting population trends in the 2010s along the Pacific coast of eastern
Hokkaido; Common Murres and Tufted Puffins that showed a large decline in the 1970s did not recover, whereas
Spectacled Guillemots and Rhinoceros Auklets seemed to increase slightly in the 2010s.

•

In 2016, pup production of Steller sea lions decreased in Kuril Islands after 20 years of increasing trend, while
those in Sakhalin and northern Okhotsk continued to increase.
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2. Introduction
(Mitsudera)
The Oyashio is a western boundary current of the subarctic gyre in the North Pacific, whose
upstream region is usually called the East Kamchatka Current originating in the Bering Sea.
The Oyashio water is transformed greatly as it flows along the Kuril Islands by vigorous tidal
mixing and the outflow from the Sea of Okhotsk (Yasuda 1997). A part of the Oyashio intrudes
southward into the subtropical gyre and finally becomes a source water of the North Pacific
Intermediate Water (NPIW) (Yasuda et al. 1996). Another part of the Oyashio turns
northeastward and becomes the Oyashio Return Flow (or often referred to as the Subarctic
Current).
It is well known that the Oyashio off the east coast of Hokkaido exhibits complicated
hydrographic structures because of the confluence between the warm and saline Kuroshio
water and the cold and fresh Oyashio water. Nevertheless, recent analyses of satellite
observations, hydrographic observations and velocity measurements reveal that the flow field
is well characterized by a series of organized mean flows, including a southwestward flow
relating to the First Oyashio Intrusion, a northeastward flow over the Kuril-Kamchatka Trench,
another southwestward flow associated with the Second Intrusion, and a stable
northeastward flow corresponding to the Oyashio Return Flow (Kuroda et al. 2017). The
Oyashio transport off Hokkaido decreased remarkably during the past decades (1993–2011),
caused by the frequent appearance of clockwise warm eddies originating in the Kuroshio, and
the decrease was probably linked with the recent northward shift of the gyre boundary
associated with the interdecadal weakening of the Aleutian Low (Kuroda et al. 2015).
Stable, organized flows were also found in the Transitional Domain (TD) farther to the east,
which is a boundary between the subtropical gyre and subarctic gyre of the North Pacific,
although the region is known as a region of complex mixed waters. Isoguchi et al. (2006)
found two stationary jets that transport the Kuroshio water into the TD. Particularly, the
western jet, called J1, flows northeastward in contact with the Oyashio Return Flow, forming a
sharp temperature-and-salinity in-between (Wagawa et al. 2014; Kida et al. 2015). This is the
Subarctic Front, or the Oyashio Front, identified usually by the 4 ºC contour at a depth of 100
m as a proxy.
The organized flow field in the Oyashio off Hokkaido and the stationary jets in the TD must be
important for material transport associated with biogeochemical cycles, as well as heat and
salt transport across the subtropical-subarctic gyre boundary. These currents appear to exist
over sea-floor elevations whose amplitude is as high as ~500 m, except for the northeastward
flow over the Kuril-Kamchatka Trench. It is curious why such small-amplitude topographic
features can anchor the surface currents in the deep Pacific Ocean (~6000 m). A theoretical
modeling effort is in progress from a point of view of geostrophic turbulence over topography
and baroclinic Rossby wave characteristics (Miyama et al. 2018; Mitsudera et al. 2018).
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3. Atmosphere
(Sugimoto, Suga)
Regime shift
The climate system in the North Pacific exhibits long-term variations on decadal and
interdecadal time scales (Mantua et al. 1997; Minobe 1999). Because the phase reversals of
such long-term variations appear like a step function rather than a sinusoidal function, these
reversals are often called a ‘climate jump’ or ‘regime shift’. Specifically, a regime shift is an
abrupt transition from one quasi-steady climatic state to another, with the transition period
being much shorter than the duration of each state. Such regime shifts occur not only in sea
surface temperature (SST) and atmospheric fields, such as sea level pressure (SLP), but also
in the marine ecosystem and fisheries (Mantua et al. 1997). At least six regime shifts
occurred in the 20th century, during 1925/26, 1942/43, 1957/58, 1970/71, 1976/77, and
1997/98 (Minobe 1997, 1999, 2002; Zhang et al. 1997; Yasunaka and Hanawa 2002, 2003,
2005; Yeh et al. 2011; Jo et al. 2013).
Evidence for a regime shift in 2013/14
To determine whether or not a regime shift has occurred since the 1997/98 event, we
investigated the Pacific Decadal Oscillation (PDO), which is the dominant mode of climate
variability in the North Pacific SST field (Zhang et al. 1997) and has important impacts on the
marine ecosystem and fisheries (Mantua et al. 1997). The PDO index (Figure R18-2a) shows
an abrupt phase reversal around 2013/14. The difference in the index value between January
2009–December 2013 and January 2014–July 2017 is 2.08, larger than that of any previous
regime shifts (the difference between consecutive 5-year periods is 1.03 for 1953–1957and
1958–1962, −0.47 for 1966–1970 and 1971–1975, 1.10 for 1972–1976 and 1977–1981, and
−1.15 for 1993–1997 and 1998–2002). This abrupt reversal implies that a regime shift
occurred around 2013/14. To further investigate whether or not a regime shift occurred at this
time, we identified years when significant shifts occurred in the North Pacific SST field,
without any prescribed spatial patterns related to known regime shifts. Here, we used the
winter SST of January–March because this is known season of regime-shift occurrence (e.g.,
Yasunaka and Hanawa 2005), and we used the difference between 5-year means before and
after a given year as an indicator of the shift. The averaging time of 5 years was selected to
reduce influences from relatively high-frequency variations such as El Niño, which has a
typical time scale of 3–4 years. Then, the number of grid points in which the difference
between means before and after a given year changes by more than 10% significance level
was counted. Figure R18-2b presents a time series of the ratio of these grid points to the total
number of grid points over the North Pacific. This detection method successfully identifies
major shifts that occurred in the second half of the 20th century. Furthermore, it is found that
the ratio in 2013/14 is the highest in the 21st century and ranks second since 1950 overall.
Thus, there is an extremely high possibility that a regime shift occurred in 2013/14 in the
North Pacific.
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[Figure R18-2] (a) Time
series of the PDO
index, from the NOAA
web site. (b) Time
series of the ratio of
grid points that
undergo a significant
difference in 5-year
means before and after
a particular year in the
winter (January–
March) SST field in the
North Pacific (0°–60°N,
120°–260°E), from
NOAA’s extended
reconstruction of SSTs
(ERSSTv4; Huang et
al. 2014). For example,
the value for the year
2000 is the difference
between 1995–1999
and 2000–2004. White
circles indicate years
since 2014 when the
number of years used
in the calculation is <
5. Horizontal dashed
line indicates the mean
plus one standard
deviation of ratio.

The winter SST difference associated with this latest regime shift (Figure R18-3a) represents
strong negative values in the central North Pacific and positive values along the west coast of
North America that extend to the equatorial Pacific. The SLP difference represents large
negative anomalies in the central/eastern North Pacific, which result from an eastward shift of
the Aleutian Low (AL) center by 25° in longitude (Figure R18-4). The AL center was located at
170°E in winter during 2009–2013, but at 165°W in winter during 2014–2017. The AL
eastward shift likely induces northerly (southerly) wind with cold (warm) air in the central
(eastern) North Pacific, leading to SST cooling (warming). Both the SST and SLP patterns
during 2013/14 are similar to those during regime shifts in 1956/57 and 1976/77 (Figure R183).
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[Figure R18-3] Difference map of winter SST (January–March) between consecutive 5-year
periods for each regime shift (colors), from ERSSTv4: (a) 2013/14, (b) 1997/98, (c) 1976/77,
and (d) 1956/57. Black contours indicate the winter SLP difference (December–February)
from the NCEP/NCAR reanalysis dataset (Kalnay et al. 1996). The contour interval is 1 hPa
and zero contours are omitted.

[Figure R18-4] Winter SLP during (left panel) 2009–2013 and (right panel) 2014–2017. The
contour interval is 1 hPa. Shading denotes regions with SLP < 1005 hPa. The AL center,
defined as the location of minimum SLP, is indicated by (×)
Previous studies have reported that regime shifts in the 20th century have been concurrent
with El Niño events, which suggests that El Niño events may act as a trigger for regime shifts
(e.g., Yasunaka and Hanawa 2005). The latest El Niño event, which occurred in summer
2014, and took the mature phase in December 2015, had the second largest magnitude on
record (Figure R18-5). The concurrence of these latest regime shift and El Niño events lends
further support to the possibility that El Niño events are important factors in the occurrence of
regime shifts.
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[Figure R18-5] Time series of the Niño-3 index, from the Japan Meteorological Agency (JMA)
website. The years indicated with arrows are those associated with the North Pacific regime
shifts shown in Figure R18-2b.
In the western North Pacific, including the Oyashio, the SST response during 2013/14 was
smaller than that during other regime-shift periods (Figure R18-3). However, it is expected
that the influence of an AL change in 2013/14 would be noticed in the western North Pacific in
the late 2010s because of delayed ocean-adjustment processes related to baroclinic Rossby
wave propagation that occurs as a result of the AL change. Thus, it will be important to monitor
the western North Pacific in the coming few years to identify this change and mitigate regime
shift damage to the marine ecosystem and fisheries as soon as possible.
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4. Physical Oceanography
(Kakehi)
The Fisheries Resources Institute (Shiogama) defines the Oyashio region as the area that is
< 5 ºC at 100-m depth. The southernmost position of the Oyashio coastal intrusion (the First
Oyashio Intrusion; OY1) varies every year (Figure R18-6a). From 2009 to 2014, the position
fluctuated around the climatological latitude (calculated as 40.0°N from 1960 to 2016),
although sporadic northward or southward shifts occurred (Figure R18-6c). From June 2015
to June 2016, the position persistently shifted northward and was located at 41–43°N. The
13-month running mean latitude of OY1 was the highest in February 2016 (41.8°N) since
1960. The second closest to the coastal intrusion of the Oyashio (the Second Oyashio
Intrusion; OY2) was also located on the climatological latitude (39.5 °N) from 2009 to 2014 and
shifted northward in 2015 (Figure R18-6d). Because of these northward shifts of the Oyashio,
the migration of chum salmon (Oncorhynchus keta) and Pacific saury (Cololabis saira) to the
nearshore region of Japan was blocked in 2015 and 2016. The northward shifts were caused
by an anti-cyclonic eddy (warm core ring [WR]) that was located off the southeastern
Hokkaido Island (the so-called Doto area) (Figure R18-7). The WR named WR-2010G by the
Fisheries Resources Institute (Shiogama) occurred on August 2010 on the northern side of the
Kuroshio Extension (37°N, 145°E), moved northward from 2010 to 2011, and stayed off
Hokkaido Island during 2012–2016 (Figure R18-8). From 2015 to 2016, when the OY1 shifted
extremely northward, the WR-2010G extended to the nearshore of Hokkaido Island, although
its center position was approximately the same as that of previous years (Figure R18-7). The
WR-2010G started to move northeastward on October 2016 and vanished on February 2017.
Such a long-lived WR is unprecedented; therefore, the mechanisms of maintaining the
structure of the WR so that it survives the winter several times over is an issue to be
addressed in future. The southernmost latitude of the OY1 moved south from March 2017
and reached the average latitude on April 2017 for the first time in 2 years.
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[Figure R18-6] Time series of the
southernmost latitude of the First
(a) and Second (b) Oyashio
Intrusion defined as the region that
is < 5 ºC at 100-m depth
(https://ocean.fra.go.jp/temp/temp.
html) in 1960–2017. Thin and thick
lines indicate monthly values and
the 13- month running mean,
respectively. (c) and (d) indicate
those in 2009–2017.
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[Figure R18-7] Shown here are First Oyashio Intrusion (OY1), the Second Oyashio Intrusion
(OY2), the anti-cyclonic eddy (warm core ring -WR), the Kuroshio Extension (KE), the
cyclonic eddy (cold core ring- C, and the Tsugaru warm water (TW), The solid colours red,
yellow, green, and blue regions indicate the KE area (red-T ≥ 14 °C at 200-m depth), warm
water derived from the KE (yellow -T < 14 °C at 200-m depth, and T ≥ 10 °C at 100-m depth),
mixed water between the KE and the Oyashio (green - 5 ≤ T < 10 °C at 100-m depth), and
the Oyashio (blue -T < 5 °C at 100-m depth).

[Figure R18-8] The trajectory of the center position of the warm core ring (WR-2010G), which
was first identified in August 2010. Colors indicate years.
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5. Chemical Oceanography
Nutrients
(Kasai)
The Japan Fisheries Research and Education Agency (FRA) has regularly conducted
oceanographic surveys to monitor the Oyashio conditions since 1987 along a transect of
about 500-km length that extends southeastward from the southeastern coast of Hokkaido
(Akkeshi Bay), which is referred to as “A-line” (Figure R18-9). Stn. A01 is the closest to the
Hokkaido coast and on the continental shelf, and Stn. A21 is the most offshore and in the
Kuroshio-Oyashio Transition zone. The A-line monitoring was carried out on average five
times a year, with ADCP (Acoustic Doppler Current Profiler), CTD (Conductivity Temperature
Depth), some nets for sampling zooplankton, and water sampler to measure biochemical
parameters such as chlorophyll a, nutrient, and dissolved oxygen concentrations. Routinelymonitored data on the A-line are distributed from a website (https://ocean.fra.go.jp/a-line/aline_index2.html)) and some parts of the A-line data were used in this report to describe the
recent status of the Oyashio region.
Generally, the most remarkable feature in dynamics of nutrients in the Oyashio region is
characterized by large seasonal variability in the surface mixed layer. Annual maximum of
nutrient concentrations appears in winter. The nutrient concentrations decrease rapidly during
spring due to large-scale phytoplankton bloom (Saito et al. 2002). Nutrient concentrations are
depleted to low level during summer to autumn. After late autumn, seasonal stratification in
the surface layer is broken by intensified vertical convection associated with strong wind and
cooling at the sea surface. As a result, nutrients are entrained into the mixed layer from the
subsurface layer beneath the bottom of mixed layer.
At the sea surface, the maximum concentration of nitrate in the main stream of the Oyashio
on the continental slope (Stn. A03–A07 on the A-line) was observed in January and March
(Figure R18-10). The nitrate concentrations during winter were higher in the main stream area
than those in adjacent waters. During summer and autumn, nitrate concentrations reached
their annual minimum (2–3 μM for nitrate). The decline of nitrate concentration from March to
May, which corresponds to the period of the spring bloom of phytoplankton, was about 10 μM
for nitrate. This decline was comparable between in the shelf to shelf-edge area (Stn. A01–
A02) and in the main stream area on the slope (Stns. A03–A07). On the other hand, the
decrease of nitrate concentration after May was higher in the main stream area than in the
shelf to shelf-edge area. This implies differences in dynamics of spring bloom between the
two areas.
Monthly mean concentrations of nitrate were estimated by changing average periods: such as
during 1990–2014, 1990–1996, 1997–2002, 2003–2008, and 2009–2014. A remarkable
difference in decline of nitrate concentrations during the spring bloom (March–May) are not
apparent between for the recent years of 2009–2014 and the other periods. However, the
nitrate concentrations in May seemed to be different among the mean periods, which
suggests the presence of interannual variability in occurrence time and magnitude of
phytoplankton bloom.
Using the long term dataset from oceanographic monitoring surveys, some previous studies
reported linear trends in variability of nutrient concentration within surface mixed layer in the
subarctic region of the North Pacific. Ono et al. (2002) reported a decrease of phosphate
concentrations in the mixed layer, using a dataset from the 1960s to the 1990s. Moreover,
Whitney (2011) showed there were significant trends, namely, the increase of nitrate and
phosphate concentrations in the Bering Sea. Their analysis also indicated that there was no
significant trend in the western subarctic region including the Oyashio region.
However, we detected significant interdecadal increases of nutrient concentrations at the sea
surface in January (i.e., pre-bloom period) after 1990 on the A-line for both the shelf to shelf
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edge and the main stream of the Oyashio region on the slope (Figure R18-11). In contrast,
interdecadal decreases of nutrient concentrations at the sea surface were detected in July
(post-bloom period). The decreases were statistically significant only for the main stream of
the Oyashio region. The slopes of the regression line in January were estimated as 0.15–0.16
μM yr-1 for nitrate, 0.019–0.021 μM yr-1 for phosphate, and 0.39–0.47 μM yr-1 for silicate.
These trends imply that there were interdecadal variations in nutrient supply to the surface
layer and/or consumption of nutrients by primary production. The possible process and
mechanism of the interdecadal variability are unclear and need to be clarified in future work. It
is moreover noteworthy that the significant interdecadal variations of nutrient concentrations
were limited to the sea surface and hardly appeared in the subsurface layer of 26.8–26.9
σt (Figure R18-12).

[Figure R18-9] Regular monitoring transect of the A-line off the southeastern coast of
Hokkaido.
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[Figure R18-10] Monthly means of nitrate concentrations at the sea surface averaged for five
different periods (a) on the shelf to shelf edge (Stns. A01–A02) and (b) in the main stream of
the Oyashio on the slope (Stns. A03–A07).

13

Kuroda et al. 14

[Figure R18-11] Year-to-year time series of concentrations of nutrients at the sea surface.
Solid and open squares denote the monthly means in January and July, respectively. Left
and right panels correspond to the shelf to shelf-edge region and the slope region associated
with the main stream of the Oyashio, respectively. Upper, middle, and lower panel indicates
time series of nitrate, phosphate, and silicate concentrations, respectively. The vertical bars
represent mean ± one standard deviation. Regression lines in each panel indicate linear
trends estimated by the least square method. Regarding a significant trend (p < 0.05), its
determination coefficient and criterion of p-value are illustrated.

Shelf and shelf edge (Stns. A01-A02)

Oyashio main stream (Stns. A03-A07)

[Figure R18-12] Same as upper panels in Figure R18-11, but for an isopycnal layer with
26.8–26.9 σt. Linear trends, which were estimated from monthly means both for January and
July after 1990, are not significant under the 95-% confidence interval
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Dissolved Oxygen
5.2.1. Deoxygenation
(Sasano)
Over the past several decades, the decrease of dissolved oxygen (O2) has been observed in
the western North Pacific (Keeling et al. 2010, and references therein). Together with the
warming and acidification of the ocean that are occurring concurrently, the trend toward
dissolved O2 decline (i.e., ocean deoxygenation) is considered as one of the serious
consequences of climate change on the marine environment driven by human activities
(Gruber 2011).
The Oyashio is the western boundary current of the Western Subarctic Gyre in the North
Pacific that reaches off the eastern coast of northern Japan. In the Oyashio, significant trends
toward decreasing O2 have been found on isopycnal surfaces between σθ = 26.6 and 27.5 kg
m−3 (Figure R18-13; modified from Sasano et al. (2018)). The highest rate of O2 decrease
(−0.70 ± 0.06 µmol kg−1 yr−1) has been determined on σθ = 26.7 kg m−3 in the subsurface
temperature-minimum (dichothermal) layer. Sasano et al. (2018) suggested that vertical
exchanges of water in the upper layers of the subarctic North Pacific have diminished, and
thereby the O2 content in the subsurface has been reduced. Additionally, because the
Oyashio water itself has its sources in the Okhotsk Sea Mode Water (OSMW) and in Western
Subarctic water (WSAW), changes in the O2 concentration in the Oyashio region are also
attributable to the changes in those in the source region (Andreev and Kusakabe 2001;
Nakanowatari et al. 2007).

[Figure R18-13] Time series of O2 on isopycnals from σθ = 26.6 to 27.5 kg m−3 in the Oyashio
region. Thick broken and solid lines indicate trends and oscillations. Error bars indicate
standard deviations in each year. Modified from Sasano et al. (2018).
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Superimposed on the secular trend of O2 decline, O2 concentration has been oscillating in the
bidecadal time-scale (Figure R18-13). Because the oscillations of O2 are well-correlated with
North Pacific Index (Trenberth and Hurrell 1994), they are considered to be linked with the
changes in atmospheric forcings (Ono et al. 2001) through the subsequent oscillations in the
mixing ratio of OSMW and WSAW that have different O2 concentrations (Takatani et al. 2012;
Sasano et al. 2018). They are also attributable to the 18.6-year period nodal tidal cycle which
induces tidal diapycnal mixing around the Bussol’ Strait in the Kuril Islands (Osafune and
Yasuda 2006). However, the controlling mechanisms for the bidecadal oscillations are not yet
fully understood to date.
Monitoring the changes in the physical and biogeochemical variables such as O2 for the
extended period is a key to understand the linkage between decadal to longer-term variations
in the circulations of the atmosphere and the ocean and their impacts on the O2 content of the
ocean. Clarifying the changes in O2 in the OSMW and in the WSAW, respectively, are also
very important to understand the cause of long-term O2 decrease in the Oyashio and the
subarctic North Pacific in more detail.
5.2.2. Potential impacts on organisms in continental margins
(Ono)
The O2 concentration in Region 18 has been monitored intensively mainly by the Japan
Meteorological Agency, and temporal variation of O2 content in open ocean area was
analysed using these data. Multi-decadal decrease of O2 was detected in subsurface waters
and were described in Section 5.2.1. Fortunately, level of O2 in continental shelf waters is still
high enough for most marine organisms (ca., > 5.5 ml/L at 200 m), and severe biological
affection by deoxygenation has not been reported in Region 18.
However, in continental slope area, shoaling trend of hypoxia boundary (O2 = 1.4 ml/L) has
been detected by recent analysis (Ono et al. 2011). In the continental slope area off the
Hokkaido coast, the O2 concentration at a fixed depth from 300 m to 1000 m had been
decreased at the rate of −0.06 to −0.07 ml/L/decade. As this result, the hypoxia boundary
shoaled from 680 m in 1951 to 560 m in 2010 (Figure R18-14). The deepest catch of Pacific
cod occurred at 720 m in 1957 and at 575 m in the 2000s (Figure R18-15). Although there are
many factors controlling deepest catch depth, resemblance of hypoxia boundary depth and
deepest catch depth indicate us that hypoxia may be one of the main factors that determine
deepest habitat of Pacific cod in this area. Recent studies showed that fishes are affected
by O2 concentration even in higher level than "lethal boundary" or "escape boundary"
(sublethal hypoxia). If we assume "sublethal hypoxia boundary" as the level of O2= 3.5 ml/L
(Vaquer-Sunyer and Duarte 2008), this boundary becomes 359 m in 1951 and 321 m at 2010,
respectively (Figure R18-14). This result indicates that many demersal species in continental
slope area other than Pacific cod may have been received sublethal level of hypoxic stresses.
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[Figure R18-14] Temporal variation of oxygen concentration on several isobaths from 300 m
to 600 m in the continental slope area off the Hokkaido coast. Red dashed and solid lines
show levels of DO = 1.4 ml/L and DO = 3.5 ml/L, respectively, which corresponds to average
escape boundary and sublethal hypoxia boundary, respectively, of fishes (Renaud 1986).

[Figure R18-15] Temporal variation of deepest catch depth of Pacific cod obtained by test
operations of the Japan Fisheries Agency in the areas of Tohoku Prefecture (blue dots) and
Hokkaido Prefecture (red dots). Blue and Red dashed lines represent depth of hypoxia
boundary (DO = 1.4 ml/L) in off-Hokkaido area and off-Tohoku area, respectively.
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5.3 Anthropogenic radionuclides
(Kaeriyama)
After the Fukushima Dai-ichi nuclear power plant accident occurred in March 2011,
anthropogenic radionuclides such as iodine-131, cesium-134, and -137 (131I, 134Cs and
137
Cs), were released into the ocean through atmospheric deposition and as direct releases
(Chino et al. 2011; Buesseler et al. 2011). The evaluation of 134Cs and 137Cs in the marine
environment is important for addressing risks to both marine ecosystems and public health
through consumption of fisheries products, because of their long half-life (2.07 years for 134Cs
and 30.07 years for 137Cs). Before this accident, radioactive Cs also existed in the North
Pacific. Most of this material originated via global fallout as a result of nuclear weapons
testing held during the 1950s and 1980s (Aakrog 2003; Bowen et al. 1980). After this era of
global fallout, the concentration of 137Cs in the surface seawater has decreased with time and
the horizontal distribution of 137Cs in surface seawater has been relatively homogenous over
the entire North Pacific in the 2000s (Aarkrog 2003; Hirose and Aoyama 2003; Hong et al.
2004). In the 2000s, the 137Cs concentration in the surface water was almost at a level of
1.5–2.0 Bq m-3 (Hirose and Aoyama 2003; Povinec et al. 2004).
In a short period of time the Fukushima-derived radiocesium (134Cs and 137Cs) spread
broadly in the surface water especially in the north area of Kuroshio Extension, because the
Fukushima Dai-ichi nuclear power plant is located at 37˚25’N, 141˚02’E north of the Kuroshio
Extension (Aoyama et al. 2013; Kaeriyama et al. 2013; Kumamoto et al. 2015; Smith et al.
2014) (Figure R18-16). Some part of these Fukushima-derived radiocesium had been trapped
in the mode waters (Subtropical Mode Water and Central Mode Water), and transported to the
subtropical area south of the Kuroshio Extension (Aoyama et al. 2016; Kaeriyama et al. 2014;
2016; Kumamoto et al. 2014; Men et al. 2015; Yoshida et al. 2015).
After the Fukushima accident, the concentration of 137Cs in surface seawater in the Oyashio
region has been monitored since June 2011 by FRA (Kaeriyama 2015; 2017). In June 2011,
the concentration of 137Cs in surface water was 14±3.9 Bq m-3, higher than those just before
the Fukushima accident (~ 2.0 Bq m-3) (Figure R18-17). The concentration of 137Cs increased
up to 70±4.2 Bq m-3 in September 2011, then rapidly decreased until May 2012. The increase
of 137Cs in the Oyashio water observed during the first year from the accident seems to have
originated from the atmospheric deposition occurred during March and April 2011 in the
western and central North Pacific (cf. Honda et al. 2012; Kobayashi et al. 2013). In May
2012, 15 months after the Fukushima accident, the concentration of 137Cs were in the
range of 2.0–4.6 Bq m-3, slightly higher than the concentration level observed before the
accident (~ 2.0 Bq m-3). After that, the concentration of 137Cs were almost constant until May
2017 (1.7±0.44 Bq m-3; n=14) and this average value is mostly equal to the background level
of 137Cs in the surface water in the North Pacific before the Fukushima accident.
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[Figure R18-16] The concentration of 137Cs in the surface seawater in the North Pacific and
adjacent seas: (a) obtained during March–June 2011, (b) during July–December 2011, (c)
during January–June 2012 and (d) during July–December 2012. The color of the closed
circles indicates the concentration of 137Cs. Modified from Kaeriyama (2017).

[Figure R18-17] Temporal changes in the concentration of 137Cs in surface water collected in
the Oyashio region. Error bars indicate counting error (±1σ). When 137Cs was under detection
limit (< 3σ), the detection limit was plotted as cross symbols. Grey area indicates background
level of 137Cs concentration in the North Pacific
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6. Phytoplankton
(Taniuchi)
The Oyashio region is known to be a high productivity region of the world's oceans. In this
region, the abundance of phytoplankton exhibits drastic seasonal variation. The pattern of
seasonal variation of chlorophyll a (hereafter, Chl. a) concentration was reported based on of
the A-line monitoring dataset from 1990 to 2002 (Saito et al 2002; Kasai and Ono 2007). After
2002, the pattern of seasonal variation in the Oyashio region hardly seemed to change
(Figure R18-18). The concentration of Chl. a was minimum in winter (January) and increased
to the maximum (> 4 µg/L) in spring (May). The concentration of Chl. a decreased to around
1 µg/L in summer (July). The concentration of Chl. a increased slightly in autumn (October).
Section 5.1 in this report reported the interdecadal increase of nutrient concentrations in
January in the Oyashio region on the slope. As well as the nutrient concentrations, the
concentration of Chl. a in January showed an interdecadal increase for the recent 25 years
(Figure R18-19, p<0.05). It is likely that the increase of nutrient concentrations enhanced the
phytoplankton growth. In October, the concentration of Chl. a tended to increase until 2009
and decrease after 2010 (Figure R18-19). Significant trends of concentration of Chl. a were
not apparent in the other seasons than January.
Generally, phytoplankton is composed from many kinds of algae, the size, shape and
characteristics of which are different. Odate and Maita (1988) studied the distribution of size
composition of Chl. a in western North Pacific in spring. Their study showed that dominant
phytoplankton size in the subarctic region was >10 µm, whereas that in the Kuroshio-Oyashio
Transitional Zone and subtropical region was <2 µm. It is worth noting that dominant
phytoplankton size changes on a seasonal timescale. For example, during summer, the
dominant fraction in the Oyashio region is limited to the small size <2 µm (Hayakawa et al.
2008).
Concentration of size fractionated Chl. a on the A-line started to be measured from 2007
(Figure R18-20). The size component >10 µm to total Chl. a increased from an early spring
(March) and reached more than 50 % in spring (May), as reported by Odate and Maita
(1988). The <2 µm fraction increased from summer (July), became the most dominant (> 50
%) in autumn (October), and decreased to 30−50 % in winter (January). In the Oyashio
region, the large fraction of >10 µm was frequently highlighted due to major composition of
phytoplankton in spring bloom, but the fraction of <2 µm is dominant in all seasons except the
spring.

[Figure R18-18] Monthly mean of Chl. a concentration at the sea surface in the Oyashio
region (Stns. A03–A07) that was averaged for four periods such as 1991–1996, 1997–2002,
2003–2008, and 2009–2014. Vertical bar represents standard error that was estimated from
the dataset of 1991–2014.
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[Figure R18-19] Year-to-year time series of concentration of Chl. a at the sea surface in the
Oyashio region (Stns. A03–A07) for individual months. Panels from the top to bottom
correspond to January, March, May, July, and October. The regression line only for January
is significant at the 95 % confidence limit.
In general, picoeukaryotes and Synechococcus sp. were considered to be the major groups
of the < 2 µm size fraction. In the Oyashio region, the cell density of picoeukaryotes showed
little seasonal variation (Figure R18-21); it was minimum (c.a. 3000 cell/L) in winter (January)
and increased gradually to maximum (c.a. 10000 cells/L) in autumn (October). On the other
hand, the cell density of Synechococcus sp. showed a distinct seasonal variation (Figure R1821); it was minimum (500 cells/L) in spring (May) and then increased to more than 10000
cell/L in summer (July). High cell density was restricted to autumn (October). The increase of
cell density in summer and autumn corresponded to the dominance of <2 µm fraction of Chl.
a. These results suggested that Synechococcus sp. determined the abundance of <2 µm
fraction of Chl. a during summer to autumn.
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[Figure R18-20] Time series of size composition of Chl. a at the depth of 10 m in the Oyashio
region (Stns. A03–A07). Total Chl. a concentration for each month is depicted by thick lines
with open circles.

[Figure R18-21] Monthly mean of cell density of picoeukaryotes and Synechococcus sp. at
the depth of 10 m in the Oyashio region (Stns. A03–A07). The monthly mean was estimated
from dataset from 2003– 2014. The vertical bars represent one? standard error estimated
from the dataset from 2003–2014.
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7. Zooplankton
7.1. Mesozooplankton
(Tadokoro)
Oyashio and Kuroshio-Oyashio Transition waters are important feeding and nursery areas for
the pelagic fishes which are commercially important in Japan. Those fishes mainly feed on
mesozooplankton. Therefore, the variation of mesozooplankton is considered to be a cause
of the population dynamics of those fishes (e.g., Watanabe et al. 1996). Decadal scale
variation of the mesozooplankton was well studied in the Odate Project and revealed the
relationship with climatic regime shift (Chiba et al. 2006, 2008, 2009), variation in feeding
pressure of Japanese sardine (Tadokoro et al. 2005) and the18.6 year cycle of the strength of
diurnal tide (Tadokoro et al. 2009). However the period of those studies covered from 1960 to
end of 1990. The recent variation of the mesozooplankton from 2000 to present have not
been reported until now. We analyzed the mesozooplankton samples obtained at a
monitoring transect of the A-line conducted by Fisheries Resources Institute (Kushiro and
Shiogama) in the Oyashio and Kuroshio-Oyashio Transition waters and revealed the
geographical, seasonal and interannual variation of mesozooplankton community structure
from 2007 to 2017. Observations have been carried out five times each year (January, March,
May, July, and October) along the A-line transect (Figure R18-9). Mesozooplankton samples
were collected by vertical haul of NORPAC net (mouth diameter: 45 cm, total length: 180 cm,
mesh size: 0.335 mm) from 150 m or sea floor to 0 m at 17 stations along the A-line. The total
number of collected samples collected was 748. Samples were immediately preserved in 5 %
buffered formalin. The number of individuals for each species were counted under the
microscope. Target taxonomic groups are, Copepoda, Chordata, Amphipoda, Euphausiacea,
Cnidaria, Chaetognatha, Gastropod, and Diplostraca. To classify the mesozooplankton
community based on the species composition, cluster analysis was used. The variable is the
individual count of each species and the value is transformed by the common logarithm. BrayCurtis and Ward methods are used for similarity index and distance, respectively.
354 species appeared in this area including 205 Copepoda, 35 Chordata, 34 Amphipoda, 25
Euphausiacea, 22 Cnidaria, 19 Chaetognatha, 8 Gastropoda, and 6 Diplostraca.
The cluster analysis identified four community groups (Figure R18-22). The top 10 abundant
species in each group are indicated in Table R18-1. Cold water Copepoda mainly appeared in
groups 1 and 2. In those groups, species such as Neocalanus plumchrus which appeared
from spring to summer mainly composed the group 2. On the other hand, species such as N.
flemingeri which appeared from winter to spring mainly composed the group 1. It is considered
that although the two are cold water communities, seasonality is different. We therefore
named the group 1 Cold winter-spring community and group 2 Cold spring -summer
community. Group 3 was composed by cold and warm species and we named it Transition
community. Group 4 was mainly composed by warm species and we named it Warm
community.
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Table R18-1
Most abundant top 10 species and species number of each groups. The species indicated by
blue and red character are cold and warm species, respectively.

[Figure R18-22] Dendrogram of the cluster analysis for the species level abundance of each
sampling station. We classified mesozooplankton community into 4 groups.
Next, we examined the relationships between community structure and water mass, which is
classified by temperature and salinity at 100-m depth on the basis of water-mass definition of
Hanawa and Mitsudera (1987) (Figure R18-23). The stations were belonged to six water
mass of Coastal Oyashio, Surface Coastal Oyashio, Oyashio, Surface Oyashio, KuroshioOyashio Transition, and Kuroshio waters. Almost all of the Cold winter-spring community and
the Cold spring-summer community appeared in the Oyashio and Coastal Oyashio waters.
The Transition community mainly appeared in Oyashio and Kuroshio-Oyashio Transition
waters. The Warm community mainly appeared in the Kuroshio-Oyashio Transition and
Kuroshio waters. These results indicate that the mesozooplankton community structure and
water mass are tight linked with each other.
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[Figure R18-23] Water temperature (°C) and salinity at 100m depth that each group
appeared. Classification of water mass was referred by Hanawa and Mitsudera (1987).
From January to March, Cold winter-spring community mainly appeared, however Cold
spring-summer community also appeared in 2007–2009 and 2014 in the northern areas
(Figure R18-24). Transition community mainly appeared in the southern areas and the Warm
community also appeared in the most southern areas except for in 2011–2013.
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[Figure R18-24] The groups that appeared in each month and each station from 2007 to
2017.
In May, the Cold spring-summer community mainly appeared and Cold winter-spring
community only appeared in 2009–2011, 2014, and 2017. The Transition community mainly
appeared in the southern areas and the Warm community also appeared in the most
southern areas in 2013 and 2016.
In July, Cold spring-summer community mainly appeared in 2007–2010, and 2012 in the
northern areas. During this period, the Transition community mainly appeared in the southern
areas, and Warm community appeared in the most southern areas. On the other hand,
Transition community mainly appeared in 2011, and 2013–2015 in the northern areas.
Moreover, the Warm community occupied wide areas in the northern areas. However, the
Cold spring-summer community mainly appeared in the northern to southern areas and Warm
community only appeared in the most southern areas.
In October, the Transition community dominated the northern areas and Warm community
appeared in the southern areas throughout the observation.
Based on the results, schematic of the seasonal variation of the mesozooplankton community
can be indicated as follows. From January to March, the Cold winter-spring community
appears in the northern areas and the Transition community appears in the southern areas,
and the Warm community appears in the most southern areas. In May, the Cold springsummer community mainly appeared in the northern areas, the Transition community
appears in the southern areas, and the Warm community appears in the most southern areas.
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In July, the Cold spring-summer community or the Transition community appeared in the
northern areas, and Warm community appears in the most southern areas. In October, the
Transition community almost only appeared in the northern areas and the Warm community
appeared in the southern areas. This study also revealed that year to year variation of the
seasonal pattern of the community structure. Appearance of the communities corresponded
with the water mass features (Figure R18-23). Therefore, the year to year variation of the
seasonal pattern of the community structure is considered to be related to the variation of the
water mass. For example, the area of the Transition community and the Warm community
expanded to the northern areas in July and October from 2015 to 2016. In those years, saline
and high temperature waters also expanded to the northern areas (Figure R18-25).
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[Figure R18-25] Salinity (a) and temperature (b) at 100m depth in each month and each
station from 2007 to 2017.
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Euphausiids
(Okazaki)
The community structure and distributional patterns of euphausiids along A-line coincided
well with physical oceanographic features in the Oyashio region and the mixed water region
(Sogawa et al. 2013). Forty species were detected in this area. The six dominant species
were identified in cold-water: Euphausia pacifica, Thysanoessa inspinata, Tessarabrachion
oculatum, Thy. longipes, Thy. inermis and Thy. raschi. On the other hand, the thirteen species
dominating in the mixed water region were identified: Nematoscelis difficilis, E. gibboides, E.
similis, E. recurva, E. hemigibba, N. microps, Nematobrachion boopis, Bentheuphausia
amblyops, Stylocheiron maximum, E. mutica, S. abbreviatum, Thysanopoda orientalis and N.
atlantica. Regarding the vertical distribution of four dominant species in the Oyashio region
(Sogawa et al. 2016), E. pacifica is a surface migrant and Tess. oculatum is a moderate
subsurface migrant. Thy. inspinata and Thy. longipes segregated vertically between E.
pacifica and Tess. oculatum at night. Therefore, only E. pacifica are able to live in warmer
temperatures and higher chlorophyll a in the surface layer. The reason why E. pacifica is the
dominant species in the area is that they can undergo a food rich environment at the surface
layer by adapting the warmer temperature. Taki (2012) also suggested that difference of the
temperature tolerances may strongly affect the distributional pattern and the dominance of
euphausiids off northeastern Japan.
Euphausiid samplings (bongo net tow from ca. 500 m depth to surface) at five stations along
A-line have continued since 2006. The mean euphausiid biomass obtained in July changed
annually (Figure R18-26). Negative anomalies of the biomass were detected in 2008, 2010
and the years after 2013. Further, the euphausiid biomass was correlated negatively with
200-m depth temperature (r = −0.56). Because the community structure and distributional
patterns of euphausiids corresponded to water mass structures as mentioned above, annual
changes of local oceanographic features such as temperature is likely to affect the
euphausiid biomass and composition in the western North Pacific.

[Figure R18-26] Annual changes of mean euphausiids biomass and 200-m depth temperature
in July at five stations (Stns. A04, A09, A13, A17 and A21) along A-line during 2006 to 2016.
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8. Fish
8.1. Pelagic fish and squid
(Furuichi, Yukami, Kamimura, Kaga, Kidokoro)
Japanese fishers have been harvesting various marine organisms in the Oyashio, Kuroshio and
its adjacent regions for a very long time. Small pelagic fish such as Japanese sardine
(Sardinops melanostictus), Japanese anchovy (Engraulis japonicus), chub mackerel
(Scomber japonicus), Pacific saury (Cololabis saira) and Japanese flying squid (Todarodes
pacificus) have constituted most of the commercial landings since the early 20th century, but
the landings have varied considerably (Figure R18-27). These species undergo seasonal
north-south migrations between spawning grounds in the subtropical, Kuroshio region (see
Sugisaki et al. 2010) during autumn-winter-spring and feeding grounds in the subarctic
Oyashio water in summer. One of the distinctive features of the Kuroshio-Oyashio system is
the large latitudinal contrast of environments. The dominant zooplankton size increases with
latitude, and the start of active plankton production is earlier in the year in the south than in
the north. Therefore, ontogenetic migration in the Kuroshio-Oyashio system favors small
pelagic fish (Ito et al. 2004). Consistent with this "surf riding theory", reproduction occurs on
time and space scales that take advantage of the “wave” of food supply that propagates from
south to north (Pope et al. 1994). The spawning grounds of these species usually extend
from Kyushu Island (southern Japan) to Cape Inubo (36ºN), except for the flying squid, which
has its major spawning grounds in the East China Sea in winter, and for anchovy and Pacific
saury, whose spawning grounds extend from southern Japan to the extensive area of the
Transition Zone, presumably beyond the International Date Line in recent years when stock
level has been high (anchovy) or to the California Current (Pacific saury). Biomass patterns
and Japanese commercial catches of these small pelagic fishes indicate decadal changes or
alternations of dominant species called “species replacements” (Figures R18-27 and 28).
Although mechanisms of species replacements have not been fully resolved, ocean-climate
regime shifts together with species interactions have profound impacts on dynamics of small
pelagic fishes.

[Figure R18-27] Japanese catch of sardine, anchovy, chub mackerel, Pacific saury and flying
squid (winter spawning stock) along the Pacific coast of Japan. Japanese flying squid catches
include the catches in the Okhotsk Sea and the Nemuro Strait.
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[Figure R18-28] Biomass of sardine, anchovy, chub mackerel, Pacific saury and flying squid
(winter spawning stock) along the Pacific coast of Japan. NB: anchovy biomass represents
only Japanese coastal and offshore waters. Biomass of Pacific saury was estimated for
western and central North Pacific west of 177ºW
Sardine biomass and catch were high during the 1980s and decreased in the 1990s. The
onset of increase and decrease of the biomass occurred in the early 1970s and 1989,
respectively, which coincided with regime shifts found in sea surface temperature (SST) and
mixed layer depth (Nishikawa and Yasuda 2008) around the Kuroshio Extension.
Reproductive success, which is determined by interannual changes in survival rates of larvae
and juveniles, is affected by the SST of the Kuroshio Extension southern area and locations
around the southern boundary of the Oyashio intrusion. Spawning stock biomass (SSB) was
around 0.5 million t in the late 1990s and has decreased to less than 0.1 million t since 2002.
Therefore, recruitment and catch have been extremely low in the 2000s. However, good
recruitment has occurred since 2010, and SSB and catch have been increasing in recent
years. Mean body weight of age 0–2 sardines was low during the 1980s when sardine
biomass was high. It suddenly increased in the early 1990s, and then, no obvious change has
been observed (Figure R18-29).
Chub mackerel biomass and catch were high during the 1970s and decreased in the early
1990s, thereafter increasing slightly. Despite the occurrences of strong year-classes in 1992
and 1996, intensive fishing on immature fishes prevented stock recovery. In 2004, an
occurrence of a strong year-class together with a “stock recovery plan” slightly improved
stock biomass and catch in subsequent years. Thus, recruitment and catch since the 1990s
have been variable. The biomass of chub mackerel fluctuated between 0.15 million t (2001)
and 2.07 million t (2013) after 2000. The mean body weight of age 0–2 chub mackerel was
low until the mid-1980s, when chub mackerel biomass was high, and gradually increased in
the late 1980s (Figure R18-29).
Anchovy and flying squid biomass and catch have been relatively high since the 1990s, but
with considerable year-to-year fluctuations (e.g. a drastic decline of squid catch in 1998 and
1999 when an extremely strong El Niño occurred), which reflected their relatively short life
spans (2 or 3 years for anchovy and 1 year for squid). The biomass of anchovy decreased
gradually from 2003 (1.5 million t) to 2015 (0.2 million t). The biomass of flying squid
fluctuated between 0.7 and 1.0 million t between 2009 and 2014 and decreased to 0.5 million
t in 2015. The biomass in 2015 was lower compared to biomass trends since 1990s. Low
reproductive success in 2015 could be attributed to low winter SST in the main spawning
grounds (East China Sea).
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[Figure R18-29] Mean body weight by age of sardine, anchovy and chub mackerel along the
Pacific coast of Japan
The catch and biomass of sardine seem to be negatively related with those of anchovy and
flying squid. The mean body weight of age 0–2 anchovy has been relatively stable since the
late 1970s, except for a slight increase in body weight of age-1 fish in the late 1980s, which
coincided with the increase in body weight of chub mackerel (Figure R18-29).
The catch of Pacific saury by Japanese fisheries fluctuated in the range of 0.2–0.35 million t
during 1990s and 2000s except in 1998 and 1999 in which the stock size of Pacific saury
declined abruptly. Saury catch tended to decrease after 2010, although the catches by
Chinese Taipei’s and Chinese fisheries tended to increase. It is considered that the decline of
the catch of the Pacific saury by Japanese fisheries after 2010 was caused by the decline of
stock size and immigrants into the water around the Japanese Islands which was observed
by the Japanese fisheries-independent surveys.
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8.2. Pacific salmon
(Saito)
Six species of Pacific salmon [chum salmon (Oncorhynchus keta), pink salmon (O.
gorbusha), masu salmon (O. masou), sockeye salmon (O. nerka), coho salmon (O. kisutch),
Chinook salmon (O. tschawytscha)], and steelhead trout (O. mykiss) are harvested in the
coastal waters along the Pacific coast of Hokkaido and Honshu. Of these salmonids, the first
three species are abundant, and consequently the most important targets for the Japanese
salmon fishery. The annual catch of each of the other four species was ca. 0–80 metric tonnes
in the coastal waters of all of Japan during the last 10 years (2007–2016), except the coho
catch in 2011, which was about 1,400 metric tonnes. The high catch of coho salmon in 2011
was due to escapees from pen-culture facilities in the Sanriku region, the northeastern Pacific
coastal area of Honshu, where the Great East Japan Earthquake struck on March 11, 2011.
Spawning populations of chum, pink, and masu salmon exist in northern Japan, although
those of pink salmon occur mainly on the Okhotsk coast of Hokkaido. A few sockeye salmon
occasionally return from the ocean as adults to Lake Kussharo (43°38’N 144°20’E) in the
Kushiro River system, Hokkaido, which is derived from a lacustrine conspecific population
(Kasugai et al. 2014). These four species are also artificially propagated in hatcheries: the
annual numbers of chum and pink salmon released from Japan have been kept almost
constant since the 1980s and 1990s, respectively (chum: 1.6–2.1 billion, pink: 102–151
million). The numbers of released masu salmon have ranged from 7.7 million to 17.4 million
since the early 1990s, and those of sockeye salmon have decreased gradually from 2.9
million in 1992 to ca. 0.2 million in 2013–2015 (NPAFC 2017). The contribution of hatchery
fish to total commercial catches is estimated to be 70% for chum salmon, and 20–30% for
pink and masu salmon (Morita 2014). Although the contribution of hatchery-origin sockeye
salmon to coastal catch is unknown, several tens to hundreds of adult sockeye salmon return
to their rivers of release (e.g., the Abira, Shizunai, and Kushiro Rivers) every year. Sockeye,
coho, Chinook salmon, and steelhead trout, as well as some chum and pink salmon caught
during spring and early summer in the coastal waters of northern Japan, are thought to be
fish in their feeding or spawning migrations.
The chum salmon catch in Japan has increased since the mid-1970s. It reached the highest
level of 266 thousand metric tonnes in 1996, decreased to 140 thousand metric tonnes in
2000, and recovered to 257 thousand metric tonnes in 2003 (Figure R18-30a). However,
catch has decreased gradually since then and reached 95 thousand metric tonnes in 2016,
which was the lowest level in the last 34 years. The chum salmon catch on the Hokkaido
Pacific side showed a similar annual pattern to total catch. The catch on the Honshu Pacific
side decreased abruptly in 1999, and the 1999 level was maintained until 2009. However,
chum salmon catches have decreased further since 2010 on both the Hokkaido and Honshu
Pacific sides. The reasons for these recent declines are unknown, but a recent study
demonstrated that a decrease in return rates for chum salmon to Iwate Prefecture, the most
productive area for chum salmon on the Honshu Pacific coast, is linked to an increased
frequency of juveniles residing in the warm coastal water (Wagawa et al. 2016). Although it
might be difficult to understand the decreased chum salmon catch on the Hokkaido Pacific
side with the same explanation shown by Wagawa et al. (2016), their findings provide
valuable insight to resolve the recent declines in chum salmon along the Pacific coast of
Japan. Another possible reason for the decreased chum salmon catch could be increased
predation on chum salmon juveniles during their coastal residency by predatory fish, such as
masu salmon and walleye pollock (Theragra chalcogramma). For example, masu salmon
have been identified as an important predator of chum juveniles even at the smolt life stage,
as well as immature fish (Nagasawa and Mayama 1997). The average annual catch of masu
salmon in Pacific coastal waters of Hokkaido was 0.37 thousand metric tonnes during
1992–2006, but the annual catch increased abruptly to 0.47–0.82 thousand metric tonnes
during 2007–2011 (Figure R18-30c). In fact, a three-year lagged time-series of chum catch (t3: t = 1995–2016) on the Hokkaido Pacific side was significantly correlated with the time
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series of masu salmon catch (t’: t’=1992–2013) in the same area (r = −0.51, p <0.05),
suggesting the possibility that immature masu salmon fed on out-migrating chum juveniles in
coastal waters when the return age of chum salmon is assumed to be 4 years old, which is
the dominant age at return for Japanese chum salmon. As chum salmon juveniles originating
from the Honshu Pacific side also migrate along the Hokkaido Pacific coast toward the Sea of
Okhotsk (Irie 1990), the same predation impact of masu salmon is supposed.
The catch of pink salmon in Japan was predominantly in even-numbered years compared
with odd-numbered years during the 1990s and early 2000s (Figure R18-30b). However, the
dominance was reversed in 2003–2004: the 2003 catch (18.5 thousand metric tonnes) was
very close to that in 2002 (19.6 thousand metric tonnes) but the 2004 catch (9.2 thousand
metric tonnes) fell to almost half of the 2003 catch. Since then, the odd-numbered years have
become predominant. The pink salmon catch decreased for both odd- and even- numbered
year lines during 2011–2015 in Japan, but the 2016 catch reached the highest level among
the even-numbered years after 2004. The reasons for the declines during 2011–2015 were
proposed to be due to low sea surface temperatures (SSTs) during coastal residency of
juveniles and higher SSTs during spawning migrations of adult fish and/or loss of diversity of
spawning timing caused by artificial selection for early spawning fish in hatcheries during the
mid-1980s and mid-1990s (Saito et al. 2016). The catches on the Hokkaido Pacific side
contained mostly adult pink salmon heading to their natal rivers on the Okhotsk coast of
Hokkaido, which are caught in coastal fisheries during August and September, but those in
the Honshu Pacific side are fish undertaking an oceanic feeding migration during spring and
early summer. Catches on the Honshu Pacific side have dropped to lower levels since 1999,
suggesting that the oceanic distribution of pink salmon has changed compared with that in
previous years.
The catch of masu salmon ranged from 0.7 thousand to 2.2 thousand metric tonnes during
1992–2016 in Japan (Figure R18-30c). Annual variability in catch seemed to be larger on the
Hokkaido Pacific side [coefficient of variation (CV) = 0.38] than on the Honshu Pacific side
(CV = 0.27). As mentioned above, the annual catch on the Hokkaido Pacific side increased
abruptly during 2007–2011 and was maintained or exceeded a similar level of the average
annual catch of 1992–2006 after 2012. The reasons for the increased masu salmon catch
on the Hokkaido Pacific side are unknown, but Morita (2014) hypothesized climatic changes,
because Russian catches of coho salmon, a species with a life history similar to that of masu
salmon, appeared to be synchronized with the masu catches in Hokkaido.
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[Figure R18-30] Commercial catches of (a) chum, (b) pink, and (c) masu salmon on the
Hokkaido Pacific side (red lines), the Honshu Pacific side (blue lines), and all of Japan (black
lines). The data sources refer to the NPAFC Statistics
(http://www.npafc.org/new/science_statistics.html). As regional catches of all species were
unknown in the original 2006–2014 dataset, the regional catches of each species were
calculated from the regional proportions of catches shown in the NPAFC Docs. 1048, 1140
(Rev.1), 1344, 1401, 1465, 1515, and 1585. Regional catches for 2008 and 2009 were
estimated from unpublished data collected by the former Hokkaido National Fisheries
Research Institute, and Japan Fisheries Research and Education Agency, Sapporo, Japan
(currently, Salmon Research Department, Fisheries Resources Institute, Sapporo, Japan),
due to the lack of information available on regional catches in NPAFC Docs. 1183 and 1259
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9 Sea bird and marine mammal
9.1. Status of breeding seabirds along Pacific coast of Hokkaido
(Watanuki)
On the islands along the Pacific coast of eastern Hokkaido, 9 species of seabirds have been
recorded to breed. Information on the status of Leach’s Storm-Petrels (Oceanodroma
lencorhoa) and Ancient Murrelets (Synthliboramphus antiquus) are limited. The interannual
change of populations of other 7 species since 1960s to 2013 will be described basing on the
Seabird’s Colony Database and data from MONITORING 1000 program by Ministry of the
Environment Japan (https://www.sizenken.biodic.go.jp/seabirds/).
Black-tailed Gulls were recorded to breed on Daikoku, Yururi and Moyururi Islands. The
number of adults counted in breeding sites during the spring and summer were less than 100
before 2000 but can be more than 1000 afterwards (Figure R18-31). Contrarily, the numbers
of adults of Slaty-backed gulls (L. schstisagus that breed mainly on Daikoku, Yururi and
Moyururi Islands observed in the breeding sites increased until 1980s and peaked (20,000
birds in total) around the 1980s and 1990s then decreased afterwards (Figure R18-31). The
number of nests of Japanese Cormorants (Pharacrocorax filamentosus) on Moyururi, Yururi
and Daikoku Islands varied between 100 and 300 and showed no apparent interannual
trends, while the number of Red-faced Cormorants (P. urile), that breed on Yururi and
Moyururi Islands declined between 1960 and 1980, continuing at lower than 20 nests (Figure
R18-31).
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[Figure R18-31] Trends of the number of adults or number of nests of gulls and cormorants
breeding in eastern coast of Hokkaido.
Four species of alcids showed contrasting population trends in 1960s and 2010s along the
Pacific coast of eastern Hokkaido (Figure R18-32). Common Murres (Uria aalge) were
reported to breed on Moyururi Island before 1970’s but its numbers on breeding sites
declined since then and breeding was not observed afterwards. Tufted Puffins (Fratercula
cirhata), that breed on Yururi and Moyururi Islands, showed a similar trend; they declined from
the 1970’s to the 1990s and did not show recovery. The number of adults of Spectacled
Guillemots (Cepphus carbo) observed on the water near potential breeding sites along the
cliffs declined both at Moyururi and Yururi Islands between the 1970s and the 1990s but seemed
to slightly increase in 2000s. Contrarily, population of Rhinoceros Auklets appeared to
increase slightly in 1960s to 201’s.
The factors affecting these changes seabird’s populations are unclear. Foxes, Norwegian rats,
and white-tailed sea eagles were recognized as potential threats on Daikoku, Yururi and
Moyururi Islands. Disturbance of breeding birds by white-tailed sea eagles is often observed
at Daikoku Island. By-catch by coastal gillnets might be a concern. In addition to these local
anthropogenic and predator impacts, the meso-scale climate change and the concordant
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changes of fish stocks might influence the change of seabird populations in northern Japan.
Japanese anchovy is the preferred prey species for increased growth and survival of the
chicks of Rhinoceros Auklets. Thus the population increase of this species in 1990s and
2000s, that was also observed at two colonies off west coast Japan (NPRES Regions 19),
might be attributed to the high availability of anchovy. The populations of Spectacled
Guillemots on the islands of the same region showed similar trend; declined until 1990s then
increased afterwards, indicating an influence of meso-scale ecosystem change in northern
Japan.

[Figure R18-32] Trends of the number of adults or number of nests of four species of alcids
breeding in eastern coast of Hokkaido.
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9.2. Pinnipeds
(Yamamura)
Steller sea lions (SSLs) distributed in the Kuril Island comprise the Asian stock along with
those from Okhotsk and Kamchatka. However, the stock has fluctuated with contrasting
trends among natal areas; whereas those in Kamchatka are still stagnating after the steep
decline by the beginning of 1990s, SSLs from Okhotsk and Kuril have increased at a
relatively steady rate of 4 % yr-1 by 2012, based on the monitoring continued by Russian and
Japanese scientists. This recovery also seriously impacted Japanese coastal fishery,
especially in the west coast of Hokkaido Island, by breaking fishing nets and depredations.
SSLs have been culled in this area, but the number culled has been rather moderate between
1993–2014. In 2012, SSL was downlisted from “Endangered” to “Near Threatened” in both
red lists of IUCN and Japan Ministry of Environment, and then Japan started population
control of SSL in western Hokkaido in the period of 2014–2023. To accomplish the control,
Japan is now culling ca. 500 SSLs a year. This increased culling pressure appears to have
affected the hauling out behavior of SSLs in the past two seasons, but the effect on the
population dynamics remains still unclear.
However, in 2016, decreased pup production was observed in Kuril Islands after 20 years of an
increasing trend, while SSLs in Sakhalin and northern Okhotsk continued to increase (Muto et
al., 2021). The decline of pup production which occurred only in the Kuril Archipelago may be
related to the bottom-up forcing in the positive (cold) phase of PDO in the western NPO. In
May 2016, an unprecedented superabundance of SSLs (>5,000) was observed on and near
Benten Rock, near Cape Soya situated on the northern tip of Hokkaido Island (Figure R1833). Usually SSLs are low in number in May, since they migrate to Russian waters to
reproduce. Although there was no plausible explanation for the superabundance of SSLs, they
may have aggregated for certain prey (e.g. sand lance -Ammodytes spp.).
The Kuril harbor seal Phoca vitulina tejnegeri and the spotted seal Phoca largha are commonly
found along the Hokkaido coast. Although spotted seals used to be seasonal migrators that
were distributed here only during winter, some fraction of the seals persist throughout the
year in some sites of Hokkaido (e.g. Yagisihi and Rebun Islands, along the west coast) in
recent years, and the hauling out sites are extending south. Kuril harbor seal is the only
species that reproduce on the shores of Hokkaido. This species once declined to nearextinction level in Hokkaido waters, but recovered by 2010 (Kobayashi et al., 2015). Since both
species are causing fishing damage especially with the salmon set net fishery, approximately
100 seals per year are culled.
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[Figure R18-33] Superabundance of Steller sea lions on and near the Benten Rock in the
Soya Strait, northern tip of the Hokkaido Island in May 2017. This photo was taken using an
UAV. (Photo courtesy of Yoko Goto, Wakkanai Fisheries Research Institute)
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