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Recent change in water temperature and its effect

on fisheries catch of bottom gillnets in a coastal region

1. Introduction

of the Tsushima Warm Current

Aida SARTIMBUL', Hideaki NAKATA? and Tkuo HAYASHT®

Abstract: Effect of water temperature change in the recent decade on coastal fisheries in the
Tsushima Warm Current region is discussed using monitoring data on the water temperature
and fisheries catch of bottom gillnets from 1995-2005 near the Awashima Island, Niigata.
Interannual change in water temperature at Awashima showed significant negative correlation
with the Pacific Decadal Oscillation (PDO) index, indicating that even coastal water tempera-
ture is under the strong influence of climate events. The dominant species in the catch of bot-
tom gillnets has changed in response to water temperature. Turban shell (Turbo cornutus)
was most dominant in 1995-1998 and then rapidly declined responding to temperature increase,
while yellowtail (Seriola quinqueradiata) dominated in warm years (1998-2001) , followed by
cod (Gadidae spp.) in 2001-2005. Further, flounder (Paralichthys olivaceus) preferred colder
years as opposite to the yellowtail. It should be noted that a regime shift accompanied with
ENSO in 1997/1998 could have large effect on the catch composition. The recent decline of the
turban shell is closely connected with decrease of larger-sized individuals in the regional popu-
lation. Reduced food availability and intensified wave due to increased winter wind could be
the critical causes for this decline.
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well ; however its relation to coastal fisheries

Long-term change in water temperature of
the Japan Sea has apparently affected the dis-
tribution and abundance of fisheries resources,
including Pacific saury, chub mackerel and
other small pelagic fishes (ZHANG et al., 2000 ;
Hivama et al., 2002 ; TiaN et al., 2004, for ex-
ample). Many studies have demonstrated the
relationship between climatic change and fluc-
tuations in fisheries catch in recent decades as
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has not been well understood partly due to high
variability and lack of the monitoring data
with good quality. During 1990s, it is known
that ENSO occurred in 1997/1998 and possibly
gave much effect on marine organisms all over
the world, even in the Japan Sea (CHIBA et al.,
2003), while it is also reported that there could
be a regime shift around 1998 in the North Pa-
cific (MINOBE, 2002 ; TIAN et al., 2004). The
dynamics of water temperature and fisheries
production in the coastal region of Tsushima
Warm Current may have been connected with
such climate events on both decadal and inter-
decadal scales. In addition, recent warming in
this region may also give a serious effect on the
fisheries production in near future (TIAN et al.,
2004 ; DRINKWATER, 2005).

In this paper, we discuss the effect of water
temperature change, possibly due to the above
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Fig. 1.
the Tsushima Warm Current (TWC).

climate events in the recent decade, on coastal
fisheries in the Tsushima Warm Current re-
gion, using the data from continuous monitor-
ing of water temperature and bottom gillnet
catches at a coastal region (near Awashima Is-
land, see Fig. 1) from 1995 to 2005. The
Tsushima Warm Current (TWC) flows from
south-west to north-east along the coast of the
Japan Sea, and together with Liman Cold Cur-
rent (LCC), TWC divides the Japan Sea into
warm and cold basins with the boundary
around 40°N (Senjyu, 1999). The area of this
study, Awashima Island (38°29'24.00"N and
139°14'12.23"E), is located along the TWC path
and just south of the above boundary (Fig. 1).
The main objectives of this study are : (1) to
identify water temperature variability in the
coastal TWC region and its linkage to climate
change on a larger scale ; and (2) to examine
the possible effect of water temperature change
on coastal gillnet fisheries, focusing on the cli-
mate event such as a regime shift in 1997,/1998
accompanied by ENSO. The possible reason of
recent decline of turban shell (Turbo cornutus),
one of the dominant species for the bottom
gillnet fisheries at the Awashima Island is also
discussed in detail.
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The study area. Awashima Island (38°28'24.00"N and 139°14'12.23"E) is located in the coastal region of

2. Data and Methods

We installed a set of automatic water tem-
perature recorder, RTM-500 (Rigo Co. Ltd.,
Japan) on a rocky shore (about 6-7 m deep)
near the Awashima Island from June 1995 to
June 2005. This recorder is able to store about
65000 water temperature data covering the
range between —5 to 45° C with resolution of
0.01° C and accuracy of =0.05° C. In order to
avoid over storage, the recorder was reset in
every about 12 months. From the original 10
min interval data, we used ten-day and
monthly means of water temperature data in
this study. In addition, the Pacific Decadal Os-
cillation (PDO) index was used for the analysis
to clarify the possible response of coastal water
temperature in the TWC region to climate
change. The PDO index is defined as the time
coefficient of the leading EOF created from
monthly Sea Surface Temperature (SST)
anomalies pole-ward of 20°N in the Pacific bas
in ; positive (negative) PDO indices represent
the cooling (warming) phase in the central
North Pacific (MANTUA and HARE, 2002).
Monthly value of climatic indices (PDO) was
provided by Climatic Prediction Center of
NOAA for 1995 to 2005.
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Fig. 2. Time series of water temperature anomalies at the Awashima Island (solid line) and Pacific Decadal Os-

cillation (PDO) index (bar).

Together with temperature data, catch data
from bottom gillnet fisheries (with mesh size
of about 120 mm), which has been conducted al-
most all year around near the Awashima Is-
land, were collected from logbhooks of
fishermen of the Awashima-ura Fisheries Co-
operative within the period of 1995 to 2005. As
a biological time-series, these data are believed
to be more reliable than other fisheries in
terms of rather stable fishing efforts at mostly
fixed sites. For our interest, the monthly catch
data were used in this study.

Further, in order to investigate the possible
factors affecting the catch of turban shell, one
of the dominant species of the bottom gillnet
fisheries, we analyzed annual monitoring data
on the density and shell size of turban shell in-
dividuals at a wave-exposed rocky shore at the
northwestern side of the Awashima Island
(near the location of temperature measure-
ment), based on the routine sampling of the ar-
eas of 42-100 m® at the beginning of fishing
season (every June) from 1993-2006. The catch
data of seaweed fisheries (from 1995-2005) at
the Awashima Island were also used for the
discussion, together with a time-series of win-
ter wind (from 1995-2005) at Awashima col-
lected from the Japan Meteorological Agency.

3. Results

Temperature variation

Figure 2 shows time series of water tempera-
ture anomalies at the Awashima Island for
eleven-years (1995-2005), together with the

Pacific Decadal Oscillation (PDO) index. The
increase in water temperature for all the period
was about 0.6°C, however prominent warming
started from 1998. It is also noticeable that the
change in water temperature at the Awashima
Island corresponds well with the PDO indices ;
positive (negative) PDO indicates the cooling
(warming) event. From the time series, a re-
gime shift between cooling (1996/1997) and
warming (late 1998- early 2002) regime was de-
tected, while another shift possibly occurred in
2002/2003 with a shorter period (one year) of
cooling, followed by warming in 2004-2005.
However 2004-2005 warming may not be sup-
ported by PDO indices. There is negative sig-
nificant correlation between PDO indices and
water temperature anomalies at the Awashima
Islands (r =—0.552, p<0.001) (Fig. 3).

Fisheries catch and its composition

Year to year change in the total catch of bot-
tom gillnet fisheries near the Awashima Island
is shown in Fig. 4 (a). The fisheries yields of
about 40 tons were recorded except for 1999,
2001, and 2005 showing about twofold of the
other years. The catch composition of bottom
gillnet fisheries, as shown in Fig.4 (b), is domi-
nated by migrating pelagic species such as yel-
lowtail (Seriola quinqueradiata) and demersal
species such as cod (Gadidae spp., mainly Pa-
cific cod), coastal water species such as floun-
der (Paralichthys olivaceus) and red seabream
(Pagrus major), and non-migrating shellfishes
including turban shell (Turbo cornutus).
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Fig. 3. Correlation between Pacific Decadal Oscillation (PDO) indices and water temperature anomalies at the

Awashima Island.

From the time series, turban shell was most
dominant in 1995-1998, while yellowtail in 1998
—2001, followed by cod in 2001-2005. Further-
more, flounder and red seabream also contrib-
uted to the catch amount although the
percentage was relatively small.

According to the Awashima-ura Fisheries
Cooperative, catch data of turban shell in ear-
lier years actually included catch yields by pub-
lic diving at the opening of fishing period.
However, this ceremonial catch event ceased
in recent years due to rapid decline in the
amount ; this is an additional evidence of abun-
dance decline in the turban shell.

Relation between temperature variation
and fisheries catch

The time changes of water temperature
anomalies and fisheries yields of dominant four
species (turban shell, cod, yellowtail and floun-
der) are demonstrated on the monthly basis in
Fig. ba-e. The catch yields of turban shell (7.
cornutus) and cod (Gadidae spp.) show de-
creasing and increasing trends, respectively,

for 11 years (Fig. 5b-c). These trends may be
related in some way with warming of water
temperature after a regime shift in 1997,/1998
(see Fig. 2). In fact, significant negative cor-
relation (r =—0.706, p<0.05) between the wa-
ter temperature anomalies and the catch of
turban shell was obtained from cross-
correlation analysis with a lag of 6 months.

On the other hand, there are more direct re-
sponses of fisheries catch to water temperature
for yellowtail (S. quinqueradiata) and floun-
der (P. olivaceus) in an opposite way ; warm
years seems favorable (unfavorable) for yel-
lowtail (flounder) (Fig. 5d-e).

Monitoring of the density and shell size
composition of turban shell

The catch yields of turban shell were high
during 1995-1996 with negative anomalies of
water temperature, and rapidly decreased to
the lowest level in 20042005 without any sign
of the recovery. Figure 6 demonstrates density
(a) and size ratio of large (over 60 mm in shell
height) and small (under 60 mm in shell
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(a) Interannual change in the total catch of bottom gillnet fisheries near the Awashima Island.

(b) Interannual change in the catch composition of the bottom gillnet fisheries, including five dominant
species . turban shell, yellowtail, red seabream, flounder, and cod.

height) individuals (b) of the turban shell,
based on annual monitoring data from a rocky
shore habitat of the Awashima Island in 1993~
2006. It should be noted that small-sized tur-
ban shell showed remarkable increase in den-
sity, with average 3.7 individuals/ m” in 1998 to
2006, while large-sized one continuously de-
creased from about 1 individual/ m* in 1993~
1995 to lowest levels in recent years (Fig. 6a).

The replacement of the large-sized individu-
als by the small-sized ones in a regional popula-
tion is obvious in the time change of size
composition (Fig. 6b). Since the target of the
gillnet fisheries at the Awashima Island is
large-sized individuals, the above change in the
size composition is most critical to the fisheries
yield as shown by significant negative
correlations of turban shell catch with density
(Fig. 7a) and size ratio (Fig. Tb) of small-sized
individuals.

4. Discussion

Responses of fisheries catch to water tem-
perature change

Figure 8 shows the standardized index of wa-
ter temperature and fisheries catches of yellow-
tail, flounder, cod, and turban shell. All data
were standardized using the formula, (x:—x)
/sd, where «x; denotes the original data for
variable (i), and x and sd the mean and stan-
dard deviation, respectively. The catch index of
turban shell starts to decline from 1997 and
shows negative values after 1999. In contrast,
cod shows an increasing trend with positive
values after 2001. Furthermore, the catch in-
dex of yellowtail is positive during warm years
(1999-2001), while that of flounder is negative
during the same period.

As previously reported, regime shifts of oce-
anic conditions occurred in 1997,/1998 (BEAMISH
et al., 2004 ; CHIBA et al, 2003) and 2002/2003
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Fig. 5.
Awashima Island on the monthly basis.

(PICES, 2004 ; JMA, 2004). Besides the regime
shifts, it is also well known that ENSO oc-
curred in 1997/1998 (CHIBA et al, 2003 ; TIAN et
al., 2004). At Awashima, the regime shift
1997/1998 could be defined as a major shift of
water temperature from cold years with posi-
tive PDO to warm years with negative PDO,
followed by a great change of fisheries catch as
mentioned above.

From Fig. 8, we may conclude that the re-
sponses of coastal fisheries catch to water tem-
perature change into two categories : (1)
responses to warm-cold temperature change on
the inter-annual scale due to El Nino-La Nina
cycles, for example ; e.g. temporary shift of
vellowtail and flounder catches, and (2) re-
sponses to longer-term temperature changes
derived from regime shifts and/or warming
trends on the inter-decadal scale ; e.g. vanish-
ing of turban shell and increasing cod abun-
dance in recent years.

As warm water species, yellowtail may favor
warm water masses and migrate to the north
in the Japan Sea. HARA (1990 a, b) reported
that residence time and the period of fishery
formation of yellowtail increases with warm
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Time changes of water temperature anomalies (a) and catches of dominant species (b-e) at the

water masses spreading into the Japan Sea
coast. Furthermore during warm ElI Nino
years like 1998, followed by a regime shift to
the warm and negative PDO phase from late
1998, there was overall increase in the catch of
yellowtail in the Japan Sea (TAMEISHI et al. ;
2005). This suggests that increased catch of
yellowtail at Awashima may be caused by
northward spread of yellowtail to and its pro-
longed residence time in the Japan Sea, follow-
ing the water temperature increase due to the
regime shift and ENSO in 1997/1998. However,
flounder has negative response to the water
temperature increase ; there is high and low
catches of flounder during warm years (1999 to
2001) and cold years (before 1998 and after
2002), respectively. There has been however
very little detailed information concerning
temperature effect on this fish.

It is reported that Pacific cod are distributed
over a wide range from North Pacific to the Ja-
pan Sea, and as a demersal cold water species,
it is suggested that cold temperature regime is
favorable for productivity and recruitment of
Pacific cod (PFMC, 1998 ; BEAMISH et al.,
2004). In fact, northward shift of the Pacific
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Fig. 6.

(a) Interannual change in the density of turban shell (Turbo cornutus) at the rocky shore habitat of

Awashima Island during 1993-2006. (b) Interannual change in the fraction of small-sized turban shell (un-
der 60 mm in shell height) and large-sized one (over 60 mm in shell height).

cod distribution responding to recent warming
was actually suggested in the Japan Sea, from
more apparent decreasing catch yields in the
southwestern Japan Sea compared to those in
the north (Ishiko, unpublished data). There-
fore, the reason of increase in cod catch at
Awashima during warm years has remained
unknown. Though the catch yields of the mid-
dle of Japan Sea including Niigata Prefecture
have not yet showed any decline, relatively low
temperature in the coastal regions (9.7 to 11.1
°C at Awashima in the period of cod fishing)
could cause a spatial shift of cod distribution
toward the coast, resulting in increase of cod
abundance near the Awashima Island during
recent warm years.

Possible factors affecting recent decline in
the fisheries catch of turban shell

Remarkable decreasing of turban shell

catches to the lowest level in recent years has
insisted us to clarify the causal factors behind
it. The first hypothesis for this incidence could
be the change in food availability. It has been
revealed that diets of turban shell collected
from wave-exposed areas of Awashima Island
are dominated by small seaweeds such as red
algae (Polysiphonia morrowii) and brown al-
gae (Dictyota spp.) (YAMAKAWA and HAYASHI,
2004). Since there was no available data on
those prey biomass ; we collected the data for
three types of seaweed catch, which could be a
proxy of the prey biomass. The time series of
seaweed catches, which are standardized in the
same way as Fig. 8, is shown in Fig. 9a. It is no-
ticeable that the period of decline of turban
shell catch coincides with low seaweed catches
at the Awashima Islands. The correlation be-
tween the standardized indices of the catch for
turban shell and seaweeds (mean of the above
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Correlation of fisheries catches of turban shell with density of small-sized turban shell (a) and small-

sized fraction of the turban shell (b) in the neighboring habitat.

three types of seaweed) is significant (r =
0.739, p<0.01) as seen in Fig. 9 (b). However,
the above proxies are annual seaweeds and
mostly grow in intertidal zones, therefore di-
rect effect of the time change in the prey
biomass on the growth of turban shell should
be confirmed in another way in the future. In
addition, it should be also noted that species

composition of dominant seaweeds at the moni-
toring site has changed in recent years
(HavasHl, unpublished data) ; this suggests
possible decline of food availability in the as-
pect of food quality.

On the other hand, increase in water tem-
perature may lead to enhance the reproduction.
In fact, density of small-sized turban shell
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land during 1995-2005.

individuals increased to over 2 ind./m* after
1999 (Fig.6a). Further as seen in Fig. 7, in-
crease in the density and ratio of small-sized
turban shell (mostly the age of 24 years) well
corresponds to the decline in the fisheries catch
of commercial size turban shell (over 60 mm in
shell height with the age of more than 4 years).

In addition to decline in seaweed production
(Fig. 9a), density effect due to the increase in

the number of small individuals may also con-
tribute to enhance the competition among this
species, resulting in further decrease in the
abundance of large-sized individuals. More de-
tailed quantitative investigation on the feeding
and growth of the turban shell population in
this region is necessary.

Another possible hypothesis could be physi-
cal effect of strong wind in winter when
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adhesion ability of turban shell becomes
weaker. Since the monitoring site of the tur-
ban shell was a wave-exposed rocky shore un-
der the strong influence of prevailing wind in
winter, strong waves generated by the strong
wind may intrude the habitat of turban shell
and then do damage to large-sized turban shell
by washing them away from the suitable habi-
tat, resulting in density decline in large-sized
turban shell. The above statement is strength-
ened by the fact that there is different behavior
between small and large-sized turban shell.
Most of small-sized individuals tend to be hid-
den in the small holes and crevices among rocks
to avoid from any disturbances, while large
ones are on the surface of the rock where there
is no place to hide away from wave action
(HAYAsHI, unpublished data).

Recent warming after the regime shift of
1997/1998 in the Japan Sea could have trig-
gered high atmospheric pressure gradients be-
tween the Siberian High and the Aleutian Low,
and then followed by the stronger winter wind.
This hypothesis is supported by significant
negative correlations between average wind
speed in winter and turban shell catch (r =
-0.841, p<0.01) (Fig.10a), and between winter
maximum wind speed and turban shell catch (r
= -0.865, p<0.001) (Fig. 10 b).

In summary, our analysis suggested that
water temperature change modified by climate
events such as a regime shift and ENSO in 1997
/1998 have remarkable effect on the coastal
fisheries catch in the TWC region in the recent
decade. Although the geographic location of
Awashima Island, the main area of this study,
could be unique as described in Fig. 1, the find-
ings of this study strongly suggest that water
temperature and associated climate events can
be used as an indicator for prediction of coastal
fisheries along the Tsushima Warm Current
region.
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Structure of the upper deep current in the Melanesian Basin,

western North Pacific

Kanae KOMAKI® and Masaki KAWABE

Abstract: We used velocity and echo intensity data obtained from a lowered acoustic Doppler
current profiler to clarify the structure of the upper deep current at depths of 2000-3500 m over
the northeastern slope of the Solomon Rise in the Melanesian Basin, western North Pacific.
This current separates from the Antarctic Circumpolar Current and flows northward, carry-
ing oxygen-rich Upper Circumpolar Water. The current comprised western and eastern cores
located over the bottom slope at water depths of approximately 3000 and 4000 m, respectively.
Between the double cores of the current, a thick countercurrent was observed with a width of
more than 100 km. The countercurrent flowed over the bottom slope at a water depth of ap-
proximately 3500 m and carried water that is characterized by extremely high echo intensity.
These observations suggest that the equatorial eastward current observed at the southern
boundary of the East Caroline Basin is steered by the bottom slope and connects to the counter-
current in the Melanesian Basin, carrying equatorial water with high echo intensity.

Keywords: LADCP, upper deep current, Upper Circumpolar Water, western North Pacific

1. Introduction

Within the deep layer in the Pacific Ocean at
depths of 2000-3500 m, hereafter termed the up-
per deep layer, oxygen—rich water originating
from Upper Circumpolar Water (UCPW) is
carried by an anticyclonic gyre in the South
Pacific after leaving the Antarctic Circumpolar
Current (REID, 1997). The current in the upper
deep layer, hereafter termed the upper deep
current, flows along the 2500 m isobath in the
equatorial South Pacific, passing through the
northeastern slope of the Solomon Rise in the
Melanesian Basin (KAWABE et al., 2003). The
upper deep current in the equatorial region is
located on the onshore side of the deep western
boundary current in the lower deep layer below
3500 m; the deep western boundary current car-
ries Lower Circumpolar Water (LCPW) from
the Antarctic. The upper deep current enters
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the Philippine Sea, forming several branch cur-
rents that flow into the East and West Caroline
Basins and the West Mariana Basin. The trans-
portation of UCPW leads to elevated oxygen
levels in the Philippine Sea (KAwWABE, 1993;
KAWABE et al., 2003).

KAWABE et al. (2006) used moored current
meters at depths of 1880-3750 m at five moor-
ing sites (ML1-ML5) to observe the velocity of
the upper deep current within the Melanesian
Basin from February 1999 to February 2000.
The upper deep current was recorded at depths
of approximately 2000-3500 m at ML1-ML3 (3
°23'N, 159°30'E to 5°07'N, 160°52'E), with the
largest magnitude recorded in the middle of
this layer. They also found that the structure
of the upper deep current has two states and
that it changes sharply between them. In the
state observed during the first half of the ob-
servation period, a strong countercurrent flows
at ML1 and the upper deep current flows at
ML2 and ML3. In the other state observed dur-
ing the second half of the observation period,
the upper deep current is especially strong at
MLI1 and flows at ML1-ML3.
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On the basis of the distribution of dissolved
oxygen and geostrophic velocity, they inferred
that the upper deep current during the first
half of the observation period extended to the
west of ML1 and was divided into western and
eastern cores by the countercurrent. This infer-
ence may be correct, but should be confirmed
by direct measurement of current velocity,
since oxygen data do not directly show a cur-
rent, and geostrophic velocity includes an am-
biguity from an assumption of a reference
depth. For this purpose, velocity data from a
lowered acoustic Doppler current profiler
(LADCP) are suitable.

In the present paper, we confirm the double—
core structure of the upper deep current in the
Melanesian Basin and clarify the lateral exten-
sion of the current cores and the countercur-
rent by analyzing current velocity data
obtained using an LADCP. Moreover, we

170°W

160°E 170°E 180°
Fig. 1. Map of the western Pacific with an enlarged view (inset map; see the square on the main map for the
location of the inset map) of LADCP stations A1-A9 (dots) and moorings ML1-ML3 (crosses) on the slope
of the Solomon Rise within the Melanesian Basin. Contours are isobaths at 2000, 3000, and 4000 m. Shading

represents areas at depths greater than 5000 m. MB, Melanesian Basin; SR, Solomon Rise; EMB, East
Mariana Basin; WMB, West Mariana Basin; ECB, East Caroline Basin; WCB, West Caroline Basin.

discuss the origin of the countercurrent using
data of echo intensity from LADCP, which re-
flects the amount of particulate scatterers and
is expected to indicate the characteristics of wa-
ter masses.

2. Observations and method

We used LADCP data obtained at nine sta-
tions, A1-A9, located between 2°05'N, 158°30'E
and 5°46'N, 161°20'E within the Melanesian Ba-
sin (Fig. 1). The data were collected during the
period 30 January-2 February 1999 on the R.V.
Hakuho Maru KH-99-1 cruise using a 300-kHz
LADCP manufactured by RD Instruments
(RDD. Current velocity data obtained using
the LADCP were processed following the
method of Komaki and KAwABE (under re-
view); that is, we fitted the LADCP velocity
profile to current velocity at depths of 100-800
m measured using a 38-kHz RDI shipboard
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Fig. 2. Velocity vectors measured using LADCP at A1-A9 at depths of 8 =2.1°C (thin arrows) and current me-
ters at depths of approximately 2000 m at ML1-ML3 averaged for the five-day period around the time of the
LADCP observations (thick arrows). Contours are isobaths at 2000, 3000, and 4000 m. Shading represents

areas at depths greater than 5000 m.

ADCP and to the bottom velocity estimated us-
ing sound pulses reflected from the sea bottom.
Vertical shears of velocity were corrected to ob-
tain a consistent profile of velocity using the
fitted values. The barotropic tidal velocity esti-
mated using the tide model of EGBERT et al
(1994) was removed from the processed
LADCP velocity. We also used LADCP echo-in-
tensity data reflected from the third bin (12 m
below the instrument).

The upper deep current was observed at three
moorings: ML1 (located between A3 and A4),
ML2 (between A5 and A6), and ML3 (between
AT and A8) (KAWABE et al., 2006). The velocity
data obtained from three current meters sta-
tioned at depths of 2170 m (ML1), 2150 m
(ML2), and 1880 m (ML3) were temporally

averaged for the five-day period around the
day of LADCP observations; these average val-
ues were then compared with LADCP velocity.

3. Vertical structure of the upper deep cur-

rent

Figure 2 shows velocity vectors from LADCP
on an isothermal surface of potential tempera-
ture, @ =2.1°C, which is close to the top of the
upper deep layer at a depth of approximately
2000 m (KAWABE et al., 2003). The current is
eastward at A3, southward at A4, northward
at A5, southwestward at A6, northwestward at
A7, and southwestward at A8. The vector mean
of LADCP velocity between pairs of stations is
southeastward for A3 and A4, southwestward
for A5 and A6, and westward for A7 and AS8.
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Fig. 3. Vertical sections of the velocity component (cm s ') perpendicular to the section measured at A1-A9 in
the Melanesian Basin using LADCP. Shading represents a southeastward velocity. The barotropic tidal ve-
locity estimated using the tide model of EGBERT (1994) was removed from the data. The LADCP stations are
shown by solid triangles at the top of the panel. For reference, the mooring positions ML1-ML3 are shown

by open triangles.

These current directions are similar to those
measured using current meters at ML1, ML2
and MLS3, respectively, although the amplitude
of velocity is much larger. The southeastward
current at ML1 and the westward current at
ML3 are the countercurrent and the eastern
core of the upper deep current, which continued
for seven months during the first half of the
mooring observation (KAWABE et al., 2006).
The northwestward current at A2 may repre-
sent the western core of the upper deep current
inferred by KAWABE et al. (2006). These results
demonstrate that the LADCP velocity data
provide the correct direction of the velocity
component perpendicular to the observation
line.

The distribution of the perpendicular compo-
nent of velocity (Fig. 3) indicates that the
countercurrent has a great thickness at depths
less than 3500 dbar and has a wide extent (159°
—-160°E), encompassing A3 and A4, with the
maximum velocity of approximately 20 cm s
recorded at A3. The observed large vertical ex-
tent of the countercurrent is consistent with
the results of mooring observations

undertaken at ML1, as described by KAWABE et
al. (2006). The width of the countercurrent
spans more than two intervals between the
LADCP stations, which is larger than that
speculated by KAWABE et al. (2006). The ampli-
tude of velocity exceeds 10 cm s~ ' at every
measurement depth and exceeds 20 cm s™' at
2000 dbar and 2700-3200 dbar. These values
may represent an overestimate, although such
a strong current may be possible over short
time periods.

West of the countercurrent, a northwest-
ward current core exists at depths between
1600 and 2500 dbar at 158.5°-159°E (A1-A2),
with a maximum velocity of 10 cm s ' recorded
at 2000 dbar at A2 (Fig. 3). This current likely
represents the western core of the upper deep
current. In contrast, the northwestward veloc-
ity at A7 represents the eastern core of the up-
per deep current. This may include a cyclonic
eddy formed in combination with the counter-
current at A6. High velocities in excess of 30 cm
s ! within the eastern core may partly reflect
this eddy. The cyclonic eddy (or the counter-
current at A6) was not present in the current-
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Fig. 4. Vertical sections at A1-A9 in the Melanesian Basin of the velocity component (cm s ') perpendicular to
the section measured using LADCP (a) , the anomaly on isotherms of dissolved oxygen (ml 1) derived
from the average of values at A14-A17 (163.1°-164.3°E) as in KawaBg et al. (2003) (b) , and echo intensity
(dB) measured using LADCP (¢). Potential temperature is taken as the ordinate. The hatched areas in the
lower parts of (a) — (c) represent areas of no data due to the sea bottom. Shading in (a) indicates southeast-
ward velocity. Areas of oblique lines and dotted areas in (b) indicate values of less than 0.05 and 0.10 m1 1,
respectively.
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meter results for the eastern core averaged
during the first half of the mooring period;
however, the current—meter data at 2650 m at
ML2 show the countercurrent component
around the time of the LADCP observation
(KAWABE et al., 2006). The structure of the
eastern core of the upper deep current may be
affected by the existence of an eddy (or small-
scale countercurrent), but the location of the
core is largely unaltered.

4. Characteristics of water carried by the deep
currents

The western core of the upper deep current
carries oxygen-rich water. This is especially
pronounced in the upper part of the core above
the 1.9°C isotherm, which has a large dissolved
—oxygen anomaly of more than 0.20 ml 1", as
determined from the averages at A14-Al7 lo-
cated at 8.0°-9.7°N, 163.1°-164.3°E in a small
deep valley farther northeast of A9 (Fig. 4).
The oxygen anomaly extends to A3, the center
of the countercurrent, at depths shallower than
the 1.9°C isotherm. The oxygen anomaly de-
creases markedly in the eastern part of the
countercurrent to the east of A3. In the eastern
core of the upper deep current, the anomaly is
still positive but is relatively weak, occupying
the upper part of the core. The oxygen anom-
aly in the lower part (below the 1.8°C iso-
therm) is almost uniformly weak in the
western and eastern cores of the upper deep
current and the intervening countercurrent.

Echo intensity is relatively strong in the up-
per part (above the 1.8°C isotherm) of the
countercurrent, with the maximum intensity
recorded at the center of the countercurrent.
The intensity in the upper part of the counter-
current is much higher than that in the west-
ern and eastern cores of the upper deep current,
being much higher than that in the eastern
core. The highest echo intensity in the counter-
current and lowest in the eastern core are also
seen in the lower part of the upper deep layer,
although they are less pronounced than those
in the upper part.

Thus, the differences in water-mass charac-
teristics between the different currents are es-
pecially marked in the upper part of the
currents (Fig. 5). The countercurrent contains
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Fig. 5. Lateral distributions on an isotherm of 6 =
2.1°C at A1-A9 in the Melanesian Basin of cur-
rent velocity perpendicular to the observation
section measured using LADCP (upper panel),
the anomaly of dissolved oxygen from A14-A17
(middle panel), and echo intensity measured us-
ing LADCP (lower panel).

an intermediate oxygen anomaly between the
eastern and western cores of the upper deep
current. This suggests that the countercurrent
carries a mixture of the UCPW carried by the
two cores of the upper deep current; however,
echo intensity in the countercurrent is much
higher than that in the cores. This indicates
that the countercurrent carries the upstream
water, which is characterized by high echo in-
tensity. If the countercurrent flows into the
Melanesian Basin by proceeding along the 3000
or 3500 m isobaths, then the countercurrent in
the upstream region must flow eastward along
the southern boundary of the East and West
Caroline Basins near the equator, carrying wa-
ter with high echo intensity peculiar to the
near—equator  region. During eastward
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transportation, the water mixes with high—
oxygen UCPW carried by the upper deep cur-
rent.

FIRING et al. (1998) observed an eastward
deep current at depths of 2000-3500 m at 0-1°S,
150°E on the southern boundary of the East
Caroline Basin in August 1985 and January
1986. This eastward current may be steered
into the Melanesian Basin by the bottom slope
at a depth of approximately 3500 m, thereby
becoming the countercurrent observed in the
present study. The equatorial eastward cur-
rent, however, was not found at 146°E in Octo-
ber 1993 (FIRING et al., 1998). This may imply
that the equatorial eastward current on the
bottom slope is not always present. Even if the
equatorial eastward current is always present,
it does not detour around the Solomon Rise
when it is detached from the bottom slope at
the change in vertical structure. In such a case,
the current probably continues eastward along
the equator. The absence of the countercurrent
on the Solomon Rise during the second half of
the mooring observation described by KAWABE
et al. (2006) may reflect the disappearance of
the equatorial eastward current or the release
of the current from topographic controls.

5. Conclusions

Current velocity and echo intensity were
measured using LADCP over the northeastern
slope of the Solomon Rise in the Melanesian
Basin. We used these data to clarify the struc-
ture of the western and eastern cores of the up-
per deep current and the countercurrent at
depths of 2000-3500 m. We used the echo inten-
sity and dissolved oxygen characteristics of the
water to infer the upstream pathway of the
countercurrent.

The western core of the upper deep current
was observed at depths of 1600-2500 dbar over
the bottom slope, at water depths of approxi-
mately 3000 m, carrying UCPW with very high
dissolved oxygen. The eastern core was ob-
served in the eastern region over the bottom
slope at water depths of approximately 4000 m.
Between these two cores of the upper deep cur-
rent, a thick countercurrent flowed with a
large width of more than 100 km.

The countercurrent is located over the

bottom slope at water depths of approximately
3500 m, carrying water that is characterized by
extremely high echo intensity. Based on these
facts, we inferred that the equatorial eastward
deep current along the southern boundary of
the East Caroline Basin, as observed by FIRING
et al. (1998), is steered by the bottom slope at
water depths of approximately 3500 m. This
current is connected to the countercurrent
within the Melanesian Basin observed in the
present study.

The equatorial water carried by the equato-
rial eastward current mixes with high-oxygen
UCPW carried by the upper deep current. This
explains the fact that the water in the counter-
current has an oxygen content that is interme-
diate between that of the western and eastern
cores of the upper deep current. Moreover, the
long—time disappearance of the countercurrent
in the Melanesian Basin (KAWABE et al., 2006)
may occur when the equatorial eastward cur-
rent disappears or detaches from the bottom
slope.
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Distribution and Behavior of High-turbidity Water in
Shallow Water Area around Miyake-shima Island, Japan

Hisayuki ARAKAWA™, Yumiko NAKAYAMA, Tsutomu MORINAGA

Abstract: High-turbidity water was observed in the shallow water area around Miyake-shima
Island, southern Japan, (latitude: 34°06" N, longitude: 139°32" E) , specifically, on the south-
west and northeast sides of the island. On the other sides, clear ocean water was observed,
which is comparable to that the Kuroshio. It was found that the localization of high-turbidity
water to the northeast was caused by the Kuroshio current, which encompassed the island.
This is due to the effect of the island mass. The distribution of high-turbidity water in the
northeast ocean area shows a near-circular pattern with two spots at a distance of 1.0-2.0 km
from the shore. The turbidity increased with the increased water depth, showing a maximum
of 1.2 m ™' of the beam attenuation coefficient at a depth of 50 m. The content of inorganic ma-
terials in the suspended particles was very high (76%) , and they are considered to be land-based
materials that originate on Miyake-shima Island. The particle size of volcanic ash on land was
in a wide range between 1-2000 xm. The sediment of the seabed near the shore contained clay
minerals such as smectite and chlorite, indicating that they originated from volcanic products.
Moreover, the sediments did not contain particles smaller than 60 g m in size. The following
process can explain these observations. When rainfall flushes out muddy water containing vol-
canic ash from the shore area into the coastal waters, large particles—more than 60 ¢ m in size
—immediately settle to the bottom. Particles smaller than this size are dispersed by the flow of
the current and sediment; these fine suspended particles disperse 3 km offshore and intrude
into the pycnocline, forming a high-turbidity water layer.

Keywords: Turbidity distribution, Miyake-shima Island, Volcanic ash, High-turbidity water,

Sediment

1. Introduction

Mt. Oyama on Miyake-shima Island, one of
the Izu islands in the North Pacific Ocean,
erupted on July 8 and 14, 2000, and volcanic
products (also known as volcanic ashes), were
clearly visible in the atmosphere. On August
18, 2000, volcanic smoke climbed higher than
5000 m, and an enormous quantity of volcanic
ash fell on Miyake-shima and its surroundings.
Subsequent rainfall washed away the accumu-
lation of volcanic ash from the coast into the
surrounding sea area, causing ocean discolora-
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tion. This led to considerable concern about the
effects of volcanic sediments, which originated
directly from the volcanic ash that had fallen
into the ocean and the ash washed away from
the island, on the bountiful marine resources in
the shallow water regions around Miyake-
shima. These included the marine life of the
surrounding ocean area such as spiny lobsters,
abalones, and agar weeds.

The eruption of a marine volcano in 1974 led
to the creation of Nishino-shima Shinto Island
in the abovementioned ocean area. MATSUIKE et
al. (1975) investigated the turbidity of the in-
ner bay formed between Kyuto (the old island)
and Shinto (the new island) of Nishino-shima
and the turbidity of the island’s surrounding
ocean area. The results revealed that the water
temperature of the inner bay was 8 °C higher
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Fig. 1. Geographic location of Miyake-shima Island and the stations studied. Graph I: Geographical location.
Graph II: Stations for general observation. (Sta. 1-13) . Graph III: Stations for detailed observations along
the North-East direction of Miyake-shima Island. (Sta. NE1-NE12) . Stas. A, B, C, and I in Fig. 1-1I indi-
cate the locations for the collection of seabed sediments and volcanic ash, respectively.

than that of the surrounding ocean water and
the amount of suspended matter was approxi-
mately 15 times higher. They also reported
that a discolored ocean area, which occurred by
the outflow of the inner bay water to the sur-
rounding ocean area on surface, was observed
within 0.5-0.6 nautical miles from the island.
After a period of three and four months fol-
lowing the Oyama eruption, ARAKAWA et al.
(2003) investigated the turbidity distributions
of the offshore area around Miyake-shima Is-
land. They reported high-turbidity water lay-
ers at a depth of 60-90 m in the east and
northwest ocean areas that are approximately
3 km offshore. More importantly, the sus-
pended particles in the high-turbidity water
layers corresponded to the terrestrial particles
originating from Miyake-shima and not from
phytoplankton. This conclusion was based on
the high content of inorganic materials (ap-
proximately 57.7-63.4% of the total particles
measured in that area) ; however, the forma-
tion process of the high-turbidity water layers

remains unknown.

In this investigation, we studied the detailed
turbidity distributions in the inshore areas ap-
proximately 3 km from shore. The purpose of
this study was to clarify the flush-out process
and the behavior of muddy water containing
volcanic ash from the island.

2. Observation Methods

The oceanic observations were carried out
aboard the research vessel Yashio (40 Gt) of
the Oshima Branch, Tokyo Metropolitan Fish-
eries Experiment Station, on August 27-28,
2001. Fig. 1 illustrates the 13 observation sta-
tions (Stas. 1-13) that were set up to encom-
pass all coastal areas around Miyake-shima
(distance from the shore: 0.1-1 km). The figure
also shows the 12 observation stations (Stas.
NE1-NE12) that were set up in the ocean area
northeast of the island (distance from the
shore: 0.1-2.4 km). Sta. NE1 and Sta. NE3 cor-
respond to Sta. 3 and Sta. 4, respectively. Meas-
urements were performed for water tempera-
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Table 1 Water color on the Forel scale and transparency in the shallow sea area for stations 1-13 around

Miyake-shima.

Sta. Water color Transparency (m)
1 2 24

2 2 26

3 2 21

4 3 30

) 2 25

6 2 21

7 2 19

8 3 16

9 2 26

10 2 24

11 2 30

12 2 28

13 3 30

ture, salinity, turbidity, water color, and freezing water samples on-site, transporting

transparency. The water temperature and sa-
linity were recorded using a CTD instrument
(Ocean Sensors Inc.), and the turbidity was re-
corded using an in situ beam transmissometer
(Martek Inc.; light path length: 1 m, measured
wavelength: 486 nm). A continuous measure-
ment was performed from the surface layer to
the vicinity of the ocean floor. The water color
was determined by the Forel-Ule scale and the
transparency was determined using the Secchi
disc. Using a Van Dorn sampler, the water was
collected to determine the concentration of sus-
pended solids (SS), ignition loss, concentration
of chlorophyll a, and the particle size distribu-
tion. The concentration of suspended solids was
determined by the following method: the filter
cake was obtained by passing the sample water
through a Millipore HA filter (pore size: 0.45
um), dried at 60 °C for three days, and the
residue thus obtained was weighed. To deter-
mine the ignition loss (for calculating the con-
centration of suspended inorganic matter), the
filter cake was heated at 550 C for one hour
and the residue thus obtained was weighed. Af-
ter the sample water filtration through a
Whatman GF/F filter and chlorophyll extrac-
tion with a DMF, the chlorophyll a concentra-
tion was determined using a fluorometer
(Turner 10AU). The fluorometric method was
devised by SuzUKI and ISHIMARU (1990). The
particle-size distribution was determined by

them to the laboratory, allowing the samples
to thaw, and immediately analyzing them us-
ing a Coulter Counter Multisizer II in the
range of 2-60 ©m.

An illustration of the sampling stations for
the voleanic ash on the land and for the sedi-
ment at the bottom of the ocean is included in
Fig. 1. A sample of volcanic ash was taken from
the parking lot (Sta. I) of the Miyake-shima
Branch Office, Tokyo Metropolitan Govern-
ment, immediately following the accumulation
of ash on August 18, 2000. This was the day of
the main Mt. Oyama eruption. On July 10,
2001, a sample of sediment from the seabed was
collected from three stations and more specifi-
cally, from the east side of the island (Sta. A),
west side of the island (Sta. B), and north side
of the island (Sta. C). The depths of the sam-
pling points were 7 m, 6.5 m, and 6 m, respec-
tively, and the sampling was performed by
scuba diving. The particle size distribution was
determined using a particle size analyzer
(LS200, Beckman Coulter Inc.), and it was
found to be in the range of 0.4-2000 g m. Spe-
cies and quantities of minerals were determined
using an X-ray diffractometer (Rigaku Corpo-
ration, RINT2000) (Supo et al., 1961; OINUMA,
1968). To determine the density of volcanic ash,
the standard method of JSF T 111-1990 (Japa-
nese Society of Soil Mechanics and Foundation
Engineering, 1990) was used.
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Fig. 2. Vertical profiles of turbidity in the shallow waters at Stations 1-13 in the coastal areas around Miyake-

shima Island.

3. Results and Discussion
3-1 Distribution and Characteristics of High-
turbidity Water in Shallow Water Areas

Over the two-day period of August 21-22,
2001, typhoon No. 11 passed over the sea and
along the southern coast of Honshu Island in
Japan and brought 70 mm of rain to Miyake-
shima (specifically, the Tsubota district). The
oceanographic observations were carried out
six days after the typhoon. On that day
(August 27, 2001), the Beaufort wind scale
was zero to one, with very weak winds. From
on board, we made naked eye observations, but
we did not see any scenes of flushed-out muddy
water from the shore or regions of discolored
water.

Table 1 lists the water color and transpar-
ency in the shallow water areas around the is-
land. The water color was found to be in Forel
scale range of 2-3, and there was no drastic

difference in the water color among the obser-
vation stations. The transparency among sta-
tions was 16-30 m, with slightly lower
transparencies at Stas. 3, 6, 7, and 8.

Fig. 2 illustrates the vertical profiles of
turbidity in the shallow water areas around the
island. We found high-turbidity water on the
southwest side (Sta. 9) and the northeast side
(Stas. 2, 3, and 4) of the island, which exhibited
beam attenuation coefficients between 0.20-0.46
m~". The turbidity in the other areas was 0.10-
0.15 m™ ', which is comparable to the turbidity
of the Kuroshio, which had a range between 0.1
0.2 m~ ' (MATSUIKE and MORINAGA, 1977).
This result indicates that the seawater was
very clear, except on the southwest and north-
east sides of the island. During the observa-
tions, the Kuroshio directly affected the sea
area of Miyake-shima, causing the current to
flow to the northeast around the island with a
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velocity of ca. 1.5 knots (Quick bulletin of fish-
eries ocean condition on Metropolitan and 3
prefectures, No. 4068, Kanagawa Pref. Fisher-
ies Experiment Station, 2001). With regard to
the area of high-turbidity water, it was ob-
served that the water distributed into the
downstream and upstream areas of the current.

When an isolated island is directly aligned
with a current’s flow, a vortex is formed on the
leeward side of the island by the effects of the
land mass. This affects the distribution of sus-
pended material and the underwater biological
production (e.g., Doty and OGURI, 1956; Upa
and IsHINO, 1958; BARKLEY, 1972). HAMNER
and HAURI (1981) reported that when a current
flows against a reef or a small island, the flow
of ocean water is retarded at the upstream and
downstream sides and plankton accumulates in
the areas of retarded flow.

In this investigation, it is not possible to
clarify the vortex downstream of the island
since the current was not measured. HEYWOOD
et al. (1996) and Baines and Davies (1980) ex-
amined the conditions for vortex formation. If
the radius of Miyake-shima Island is 4000 m at
a depth of 50 m, the eddy viscosity is 10
m’s ', and the current velocity is 0.77 m s ' (ca.
1.5 knots), then the Reynolds number (Re) is
62. Applying the results of HEYWOOD et al
(1996), this proves that a vortex can be formed
at this time in the downstream direction of
Miyake-shima Island and the island mass effect
seems to act. However, we do not have results
for the extent of effects of the island mass on
the distribution of high-turbidity water along
the northeast direction of the island. The rela-
tionship between the vortex and the accumula-
tion of suspended particles is a subject for
future examination.

Fig. 3 illustrates the horizontal distribution
profiles of turbidity in the northeast ocean
area. The top and bottom panels in this figure
display the distributions in the surface layer
and at a depth of 20 m. The turbidity distribu-
tion in the surface layer (Fig. 8, top) was 0.14
m ' at Sta. NE1. With an increase in the dis-
tance from the shore, the turbidity increased,
reaching 0.98 m ' at Sta. NE9. Farther off-
shore, the turbidity decreased to 0.17 m™' at
Sta. NE12. The turbidity at Sta. NE6 and Sta.
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Fig. 3. Horizontal distribution of turbidity in the
high-turbidity water area. The top and bottom
panels show the turbidity distribution in the sur-
face layer and at a depth of 20 m, respectively.

NE10, located 0.5-2 km from NEZ2, had lower
values ranging between 0.11 and 0.13 m~'. The
turbidity at Sta. NE3 was 0.14 m™'; this value
increased with the distance from the shore,
reaching a maximum of 0.57 m ' at Sta. NE5.
Farther offshore, the turbidity decreased to
0.12 m ' at Sta. NE11. The distribution at a
depth of 20 m (Fig. 3, bottom) showed maxima
1.11m 'and 0.63 m 'at Sta. NE9 and Sta. NE5,
respectively. This was also the case for the sur-
face layer. From these observations, we can
conclude that the high-turbidity water was
near-circularly localized in two areas, where
the maxima (beam attenuation coefficients:
0.98 and 0.57 m "), were located at a distance of
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Table 1 Concentration of suspended solids, inorganic matter, and chlorophyll a in the surface layer at Sta. NE6

and Sta. NE9.
Sta. NE6 Om NE9 Om
Suspended solid (mg/L) 0.38 0.70
Inorganic matter (mg/L) 0.19 0.53
Chlorophyll a (rg/L) 0.60 0.96

approximately 1.0-2.0 km from the shore.

Fig. 4 illustrates the vertical distribution of
the turbidity between Stas. NE1 and NE12. The
turbidity in the surface layer was highest at
Sta. NE9, which was located at the center of the
circular turbidity distribution. At Sta. NE9,
the turbidity exceeds its value in the surface
layer to a depth of 65 m and the turbidity de-
creases with an increase in the distance from
this water column. The turbidity at Sta. NE9
increased with the depth of water, showing a
maximum of 1.2 m™' at a depth of 55 m.

Next, we examined the characteristics of the
suspended particles distributed in this high-
turbidity water. Table 2 lists the concentra-
tions of suspended solids (SS), inorganic
matter (determined from the SS and ignition
loss), and chlorophyll a. From this table, it is
seen that the surface water at Sta. NE9 has a
high turbidity and the that at Sta. NE6 is

relatively clear oceanic water. The SS of the
high-turbidity water at Sta. NE9 was 0.70 mg
L' and the concentration of the suspended in-
organic matter was 0.53 mg L~'. This means
that approximately 76% of the suspended parti-
cles in the high-turbidity water were inorganic
particles. The concentration of chlorophyll a at
Sta. NE9 was 0.96 ¢ g L™', which is one and a
half times greater than that at Sta. NE6. This
small difference in the chlorophyll a concentra-
tion has almost no influence on the variation of
water turbidity (MORINAGA et al., 1988). In
other words, it was proved that the high-
turbidity water had its origins in inorganic
particles.

According to the observations immediately
following the eruption in 2000, it was observed
during a survey that the inorganic matter con-
centrations of the high-turbidity water of sea
areas at a distance of ca. 3 km from the island



High-turbidity water in shallow water area around Miyake-shima Island

29

10X 10°
. 8X10% |
£ i
E 6x10%
2 i
2 3
E &t [ $ta.9 50 m
E N '
2Xx10° |
i Sta.6 surface. ™.~ -
0 L . . IIIA|.~“.‘ ORI FTRSSUUUO WOOOt OSSO WU B
1 10 100

Particle diameter (¢ m)

Fig. 5. Particle-size distributions in the high-turbidity water area. The solid and dotted lines indicate the distri-
butions at a depth of 50 m at Sta. NE9 and in the surface layer at Sta. NE6, respectively.

were 57.7 % and 63.4 %. (ARAKAWA et al., 2003).
From this, we understood that the high-
turbidity water measured in this survey con-
tained inorganic particles more than the ratio
right after the eruption.

Fig. 5 illustrates the particle-size distribu-
tions at Stas. NE6 and NE9. The suspended
particle sizes in the surface layer at Sta. NE6
were in the range of 2-30 xm, and the total
volume concentration was approximately 3.4 X
10" £ m® mL~". While the suspended particles at
a depth of 50 m at Sta. NE9 also had particle
sizes in the range of 2-30 xm, the total volume
concentration was found to be approximately
7.0x10" £ m® mL', which is twice that at Sta.
NES6. In the offshore high-turbidity water (ob-
served in October and November of 2000), the
particle size distribution showed a prominence
in the particle size range of 814 g m
(ARAKAWA et al., 2003). As a result, we can see
that the particles suspended in the high-
turbidity water in the shallow water area com-
prise a much wider range of particle sizes.

It is clear that the particles in the high-
turbidity water are mainly inorganic matter
and have sizes in the range of 2-30 ¢ m.

3-2 Characteristics of Voleanic Ash on Land

and Sediment at Ocean Bottom

Fig. 6 illustrates the results of X-ray diffrac-
tion for volcanic ash on land and for the sedi-
ment on the seabed. In the volcanic ash that
was collected immediately following the erup-
tion at Sta. I, a dominance of kaolinite and
non-clay minerals such as quartz and feldspar
was observed. The content of smectite and chlo-
rite, which originate from volcanic material,
was especially high. This trend is very similar
to that of the sediment from the seabed at Stas.
A, B, and C. At Stas. A and B, illite was not
found, but at Sta. C, illite was found in the
sediment. AOKI et al. (2000) collected mineral
core from the Iwo Jima ridge area of the Izu is-
lands at a depth of 3000 m and investigated the
components of the clay minerals. They re-
ported that smectite, which originates from
voleanic ash, constitutes a small amount of the
clay minerals in the ridge area. Based on these
facts, it is evident that the particles deposited
on the seabed near the shore are volcanic prod-
ucts. However, we cannot report in detail
whether the particles are from the volcanic ash
that was directly deposited following the erup-
tion of 2000 or the volcanic ash that was indi-
rectly deposited after being flushed-out from
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the land by rainfall.

To understand the behavior of the high-
turbidity water, we need to investigate the
movement of the volcanic ash that has fallen
into the ocean and the ash that has been
flushed out from the land as muddy water.
This requires an investigation of the size of the
particles that were deposited into the seabed

and the size of particles that were suspended in
the ocean water. This investigation was carried
out by comparing the particle size distribution
for the volcanic ash deposited on land as well as
that deposited on the seabed. Fig. 7 illustrates
the particle size distribution immediately fol-
lowing the eruption on August 18, 2000, for the
land-deposited volcanic ash and the sediment
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Fig. 7. Particle-size distributions for volcanic ash on land and for sediment at the bottom of the three stations.

Fig. 1 shows Stas. I, A, B, and C.

from the seabed that was near the point of the
muddy outflow of the deposited volcanic ash.
The distribution curve for the land-deposited
volcanic ash had a small peak in the range of
200-500 ¢ m, and most particles were in the
range of 1-2000 ¢ m. At Sta. A, the distribu-
tion curve for the sediment from the seabed had
a prominent peak in the range 300-350 xm; for
Sta. B, the range was 1100-1200 1 m; and for
Sta. C, the range was 150-200 « m. Particles
smaller than 60 ©«m were found only in a very
small quantity at Sta. A, and they were not ob-
served at the other seabed stations.

To calculate the settling velocity (v ) for the
particles of size 60 ¢ m (D), the following
Stokes’ equation is used:

_ 1 .5 o—0
v = 18D g P

where is gravitational acceleration, osis the
density of the particles, o is the density of
seawater (1.023 g ecm ™), and u is the viscosity
coefficient of seawater (1.0 X 10 *dyn s cm *).

Since the specific gravity of the land-
deposited volcanic ash is 2.81, the settling

velocity of particles with a size of 60 g m is es-
timated to be approximately 3.50 mm s~ '. Ac-
cordingly, particles with sizes greater than 60
u«m will sediment to the bottom within about
48 min after being flushed out to shallow water
areas that have a depth of less than 10 m.

Judging from this, among the particles (of
volcanic origin) flushed out from the island,
particles with a size greater than 60 zm are ex-
pected to sediment rapidly to the seabed, and
particles smaller than this size are expected to
be dispersed in the suspension.

3-3 Flush-out Process of Muddy Water Con-
taining Volcanic Ash from the Island

As mentioned previously, it is known that
the suspended particles in high-turbidity water
are particles of volcanic origin with sizes less
than 30 ¢ m. If we assume the average particle
concentration in the water column (centered at
Sta. NE9, with a radius of 1 km and depth of 50
m) is 0.5 mg L', the total weight of the sus-
pended particles amounts to 78,500 kg. The
spouting of voleanic ash from the crater dimin-
ished from September of 2000, and no large-
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scale spouting occurred until August of 2001.
Therefore, the high-turbidity water observed
during this period did not result from the vol-
canic ash that had fallen directly into the ocean
from the crater.

Dol et al. (2005) investigated the effect of
rainfall intensity on the sediment that was
transported into the river on Miyake-shima Is-
land after the eruption in 2000. They reported
that some rivers on the island continue to dis-
charge considerable volumes of sediment. Fig. 8
illustrates the vertical distribution profile of
sigma-t along the line from Sta. NE1 to Sta.
NE12. We see that low-density ocean water,
less than 22 in sigma-t, distributes inward
from the shore (Sta. NE1) to the center (Stas.
NE7 and NE9) of the near-circularly localized
high-turbidity water. Let us compare this with
the distribution profiles for the turbidity illus-
trated in Fig. 4. It is clear that high-turbidity
water is present at a depth of less than 70 m at
Sta. NE9, where a pycnocline is observed.
Therefore, we can conclude that the appearance
of particles in high-turbidity water is due to
muddy volcanic ash that was flushed out by
rainfall that had taken place 4-5 days before
the observation date.

Particles with sizes of 8-14 ym were promi-
nent in the high-turbidity water in October and
November of 2000 (3—4 months after the erup-
tion of Mt. Oyama), and they were located in
the pycnocline at a depth of 60-90 m (ARAKAWA
et al., 2003). We then considered how many
days are required for the formation of this
high-turbidity layer. To do this, we calculated
the settling velocity of the particles with sizes
of 8-14 #m from Stokes’ equation by assuming
the specific gravity of volcanic ash as 2.81, as
previously mentioned. The settling velocity in
the mixed layer on October and November 2000
(0. = ca. 23.5) was calculated to be 0.62x10 '~
1.9X10""mm s ". Therefore, particles with a di-
ameter of 8 um take 11.2 days to reach the
pycnocline, and those that are 14 g m in size
take 3.6 days.

MORIKAWA et al. (1996, 1997) examined the
intrusion phenomenon of turbid water in Lake
Biwa and explained that the intrusion of turbid
water with particles that are 5-10 g m in di-
ameter from the pycnocline resulted easily. In

other words, the following should be consid-
ered: the particles discharged from the land set-
tle in the mixed layer (requiring a period of 4-
11 days), and then they intrude into the
pycnocline layer; as a result, the high-turbidity
layer observed in 2000 was formed.

By combining these results, we can obtain a
schematic view of the flush-out process for vol-
canic ash particles, as illustrated in Fig. 9.
When muddy voleanic ash (A) from land is
flushed out by rainfall into the ocean, particles
larger than 60 © m settle rapidly (B1), and
smaller particles (C1) disperse and form sedi-
ments. Since the settling velocity is high, parti-
cles larger than 14 g m in the muddy water and
especially those larger than 30 £ m are depos-
ited on the seabed (B2) and/or pass through
the pycnocline (C3). Fine particles (C2) be-
tween 8 and 14 um in size disperse offshore
over a period of 4 to 11 days. After this period,
they intrude into the pycnocline and form a
high-turbidity layer. The settling velocity of
the particles decreases slightly in the
pycnocline. The sigma-t of the high-turbidity
layer in 2000 was approximately 25, and the
high turbidity-water requires more than 1.8-
5.6 days to pass through the pycnocline at a
depth of 60-90 m. In addition, the high-
turbidity water may be adverted by
entrainment into the ocean current.

In the near future, it will be possible to quan-
titatively estimate the damage to fishing
grounds by the movement of high-turbidity
water and flushed-out volcanic ash.
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Inter-annual variation in seawater temperature on the Uwa Sea coast,
Ehime Prefecture

Satoshi SUzZUKI and Ichiro TAKEUCHT*

Abstract : Global seawater surface temperature has been rising 0.5°C /100 yr. Since the mid-
1990s, in particular, The years of high temperature frequently recorded Thus, global warming
is reported to have already probably influenced the fish production. Accordingly, in the present
study, we analyzed seawater temperature data recorded daily on the Uwa Sea coast, Ehime Pre-
fecture at 0.5, 2.0 and 5.0 m depths between 1981 and 2004. The coast is one of the main areas
for fish and pearl oyster aquaculture. A significant trends of annual mean seawater tempera-
ture ranging between 0.032 and 0.035°C were found for all depths. These increases occurred
mainly in winter (0.059 to 0.074°C yr '), while temperatures in summer were almost constant
(0.007 to 0.022°C yr "). In our previous study, we measured seawater salinities off Yusu in the
Uwa Sea, where values were high in winter (34.47 = 0.15) and low in summer (33.94 = 0.27).
Recently, the Kuroshio has a tendency to flow close to the southern coast of Shikoku Island.
Thus, the high tempereture and salinity in winter might be caused by the inflow from the
Kuroshio. On the other hand, during summer, the cold water, in a process called “bottom intru-
sion”, derived from the Kuroshio is reported to reach the coast along the Uwa Sea. We consid-
ered that the bottom intrusion is responsible for the constancy of seawater temperatures in
summer. Global warming is thought to have increased the speed of the Kuroshio Current.
Therefore, the seawater temperatures at the coast of the Uwa Sea may continue to increase

mainly in winter.

Keywords : inter-annual variation, seawater temperature, Uwa Sea
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Table 1 Number of samples collected annually by depth.

1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992
0.5m 198 267 290 316 342 323 269 264 252 224 241 247
2.0m 192 268 291 317 342 325 273 263 252 225 241 246
5.0m 191 268 292 316 342 319 266 264 251 224 241 246

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
0.5m 228 264 269 281 316 326 304 310 314 316 315 291
2.0m 235 266 269 0 264 323 304 310 307 316 314 289
5.0m 228 265 269 279 318 326 309 311 313 316 314 289

Table 2 Increase of annual mean seawater
temperature at 3 depths between 1982 and 2004.

Depth (m) Increase (C yr "
0.5 0.032
2.0 0.032
5.0 0.035

Table 3 Increase of minimum and maximum seawater
temperatures in each year from 1981 to 2004.

Increase (°C yr ")

Depth. (m) Minimum Maximum
0.5 0.078 —0.015
2.0 0.079 —0.012
5.0 0.067 0.005
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(19984F) M 514.4°C (19864), 2.0 mTiF9.5C (1997
) M 513.7°C (19864E), 5.0 mTi39.3°C (19954)
N 513.3°C (19864F) TH D, HEI05mIicBIF2E
MK E <, BT, BE5.0 miZB i 2EBIEIR/NE
Mot (Fig. 6)o HPFHERAKMIKED FASEE, &
0.5 mTiX0.078°C yr ', 2.0 mTIix0.079°C yr ', 5.0
mTIiZ0.067C yr '"TH YO (Table 3), RTOHEIT
AR LA 2R Ui (p<0.05) H Pk ik i
O _EA#EER, #X0.5mTiF-0.015C yr ', 20 mT
13-0.012°C yr ', 5.0 mTi30.005°C yr 'TH b (Ta-
ble 3), EZI05mBLV20 mFAETEELOMET
], EE5.0 miEAE TR OBEN S B SR
b, £ UT, £TOES THRAKMGKE O LA HEE
DI iR D LA 2 K& Rl > Thicicw,
FRZ B O MFIZ19814E D 5 20044F 12 P THREIZ/NE
{75572 (Fig. 6; p<0.05),

% H Ok & PR & ofRETRT & (1981
D 5200441 T TOKH, KIS OV KiE%E



1990 1995

1985

——— T a . ey Q. - T o
— © — T © - Sf
o @Pamp -y
- « compeemd D> - © et~ e 5 et
e 0 O e o - oL
comantil o ™ N L ™ 0
= e e pak - S
.l."..ail' L —— L ——
. e ——T
. i i
o T !IL..-.!UBI
) . .l“vl”‘-' l!‘ﬁch-ll ) . ”1“'
—— Y T
i‘- o~ I‘ . 'o""‘
.‘aul..“ul. ll.ﬁ“ll...nﬁ'! T ’.ﬂ.‘l
s i g
.‘...l.l'.l..‘-. T —— - T -
- N .-
. — -
e N et i, ..
g ey —¥ Biaug ¥
. ll.ﬁ.m.ul S 2.
o Rt ———
’ﬁ - vy -
= = e
- T - -.l...l-.lt .ualr. - - ...J.’l_'.l.. - T !ll_l."l_ﬁ.

T T
[Xp] (@ o] o 0 o [te] o w o W o Yo} o 0 ow o w o v O W o
333333333333333333

2000



FIREFRFERIC B T 2 KR O R B) 39

30.0
25.0
20.0
15.0

10.0

0.0
30.0

& 0.5 m depth

25.0

20.0

15.0

Seawater temperature (°C)

10.0
0.07 2.0 m depth

30.0

W}

25.0}

20.0¢t

15.0¢

10.0;= 50

0.0 d

[0}
o

o

0

1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002t 3
2003
2004

Year

Fig. 3. Annual mean seawater temperature at Shitaba, Uwajima along the coast of Uwa Sea between 1982 and
2004. Vertical lines indicate standard deviations.
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Fig. 4. Deviation in mean annual seawater temperature at Shitaba, Uwajima along the coast of Uwa Sea between
1982 and 2004. The mean from 1982 to 2004 has been set to zero.

0&L7), RTOEITEE (12H, 1ABLU2H)
Oifpkig LA BEETH Y, HFE (6 H, THBXU
8H) BEFLAEEABA OGN (Fig. T)o %
ZOHKIRIZTXTOESTHEIZ LA LTE D (p<0.
05, =0 LHE#EER, #E0.5 mT0.074C yr ', &
&2.0 mT0.064C yr ', #H&5.0mT0.059C yr 'T
Hoteo EFOLFHEER, AETREOMAESSm
T0.013°C yr !, #EZ2.0mT0.007°C yr !, #FX5.0
mT0.022°C yr 'TH O, FicgHICHLTRETD
WS TR MM AR L7z (Table 4),

Ul kv, FREFHETFEICE T 2HKE,
BTOERSITBOLWTEEY LNV T BRI EZR L
TOVBW, FFICATORKE LANFELL, EFRIZIZ
F—ETHR LT3 0 s onis,

4. ER
HIERIEIRALICT & 2 &5 2 5N 5 iEKiED LA R
HHTHE SN TE D, #1Y 7O KBS O TR
9804ELHM 5, A ¥ RPED SAEFEITH I TIX19704E
L & WK iR B SRR S Ul 72 (SHEPPARD and
RioJA-N1ETO, 2005), M7l T, 19984ELIRE, + —
ZNFTVTOT L= hNY T — 7D LR 7S K
TR EABBIY, Z7L—FNY T Y =T TIHRHE
iz v I A BBl S T % (BERKELMANS
and OLIVER, 1999), i Td, JLKBEHEHFEDO T F
> 2L D Gravelines T3 19904E LI, & ZF O i {Kiff
TR K O I ik IR A LU & Mg U< <
# LU (WOEHRLING et al., 2005), F7z, A FV X
@ Plymouth T3 19904F LG S 2 i /K IR B s hfEsd S
N5 &5 -7 (HAWKINS et al., 2003),
APFETIE, FRBFAET FICH T 2198140

Table 4 Increase of mean seawater temperature in each month from 1981 to 2004.

Depth Increase (°C yr ")
(m) Jan. Feb. Mar.  Apr. May Jun. Jul. Aug.  Sept. Oct. Nov. Dec.
0.5 0.081  0.070  0.052 0.021 0.024 0.035 0.002 —0.016 0.049 0.037 0.038 0.072
2.0 0.066  0.067  0.052 0.024 0.017  0.040 0.0004 —0.019 0.050 0.036  0.028  0.060
5.0 0.070  0.0567 0.046  0.024 0.032 0.055 0.019 —0.007 0.060 0.038 0.027  0.050
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Fig. 5. Seawater temperatures averaged each month over 24 yr at Shitaba, Uwajima along the coast of Uwa Sea.
Vertical lines indicate standard deviations.
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Fig. 6. Monthly average maximum and minimum seawater temperatures in each year at Shitaba, Uwajima
along the coast of Uwa Sea coast from 1981 to 2004. Vertical lines indicate standard deviations.
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Fig. 7. Deviation in mean monthly seawater temperature at Shitaba, Uwajima along the coast of Uwa Sea be-
tween 1981 and 2004. The mean at each month from 1981 to 2004 has been set to zero.
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Fig. 4. Coral reef community found at the southern
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Vertical distribution and feeding ecology of a copepod
Gaetanus variabilis in the southern Japan Sea during winter

Atsushi YAMAGUCHTI', Susumu OHTSUKA?, Kazumasa HIRAKAWA®, Tsutomu IKEDA'

Abstract: Vertical distribution, gut fullness and gut contents were investigated on an aetideid
copepod Gaetanus variabilis during winter at a station in the southern Japan Sea. Most indi-
viduals of C3-C6 (adult) G. variabilis were distributed between 500 and 1000 m depth. While
early copepodid stages resided deeper than older ones, no diel vertical migration was detected
throughout the copepodid stages. Feeding activity of G. variabilis as judged by gut fullness
scores varied with developmental stage/sex, but no diel feeding rhythm was observed. Adult
males cease feeding as a reflection of degeneration of their feeding appendages. The gut content
analysis showed that G. variabilis is a particle feeder consuming mainly upon silicoflagellates,
followed by diatoms, tintinnids and fragments of metazooplankton. An estimated daily ration
of G. variabilis population based on calculated metabolic rates was 5.03 mg C m * day ', which
accounts for 4.5% of the local primary production or 54% of particulate organic carbon flux
down to the 500 m depths at southern Japan Sea.

Keywords: gut content, daily ration, mesopelagic, copepods, Japan Sea

1. Introduction

While a large body of information about
feeding of pelagic copepods has been accumu-
lated on epipelagic and neritic species, little is
known about those living in the deep-sea (cf.
review of MAUCHLINE, 1998). From the view-
point of global carbon cycle, biological
mineralization of organic carbon in the mid- to
deep-ocean is thought to be a key process. Since
a significant portion (17-60%) of planktonic
respiration is hypothesized to occur in the
mesopelagic layer (BIDDANDA and BENNER,
1997; HERNANDEZ-LEON and IKEDA, 2005), accu-
rate information about plankton feeding in the
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deep ocean is needed to evaluate the role of
zooplankton in mineralization of organic car-
bon in the deep-sea.

The family Aetideidae is a medium to large-
sized calanoid copepods inhabiting mesopelagic
to bathypelagic zones of the world oceans.
Aetideid copepods feed on both phytoplankton
and zooplankton, and are characterized as
mixed feeders or detritivores (MATTHEWS,
1964; ARASHKEVICH, 1969). AUEL (1999) esti-
mated that ingestion rates of aetideid copepods
tobe 1.6 £ 0.1 g Cm *yr 'in the 500-2000 m
depth in the Greenland Sea, which accounts
>40% of the available carbon supply in
mesopelagic layers. In the Swedish fjord,
BAMSTEDT (1981) noted that among carnivores
the aetideid copepods has the highest annual
mean energy requirement (43% of carnivorous
energy flow). Both studies show that the
aetideid copepods play a important role in ma-
terial cycle and mineralization, mediating par-
ticulate matter flux in the mesopelagic zones of
high latitude seas.

In the Japan Sea, the species-diversity of
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Fig. 1. Location of sampling station (circled star) in the southern Japan Sea. Depth contours (1000, 2000, and

3000 m) are superimposed.

zooplankton at depth is known to be much less
than those in the adjacent regions of the North
Pacific (VINOGRADOV, 1973). This is largely due
to the lack of bathypelagic species in the Japan
Sea, because of the connecting straits between
Japan Sea and western North Pacific are shal-
low (<130 m) (ZenNkEviTcH, 1963). In the
southern Japan Sea, the number of pelagic co-
pepod species is reported to be 62 (TAKAHASHI
and HIRAKAWA, 2001) or 87 (HIRAKAWA et al.,
1990). Among them, only 15 species are known
to occur in the mesopelagic zone of the Japan
Sea (TaraHASHI and HIRAKAWA, 2001), where
characterized by near-zero temperature. Since
Gaetanus variabilis (=Gaidius variabilis) is
the only suspension feeding copepod inhabiting
the lower mesopelagic zone (cf. HIRAKAWA et
al., 1990), it is of great interest to know the
function of G. variabilis in the vertical mate-
rial flux in the Japan Sea.

In the present study, we investigated the
ecology of G. variabilis in the southern Japan
Sea, including their vertical distribution, gut
contents and gut fullness. We also calculate the
daily ration of G. wvariabilis based on their
metabolic rates (oxygen consumption) to

assess their role in material flux in the
mesopelagic zones of the Japan Sea.

2. Materials and Methods
2-1. Sample collection

In 26-27 January 1997, zooplankton samplings
were made in the daytime and nighttime with
oblique tows of IONESS (mesh size: 330 #m,
mouth opening: 1 m*) through 16 discrete
depths between the surface and 1000 m at St. J7
(37°00'N, 131°30°E; 2130 m deep) in the south-
ern Japan Sea (Fig. 1). IONESS (Intelligent
Operation Net Environmental Sampling Sys-
tem: SEA Co. Ltd, Japan) is a version of
MOCNESS (WIEBE et al., 1985) and capable of
collection of eight samples per cast. Consecu-
tive two IONESS casts from 16 depth strata be-
tween 1000-900, 900-800, 800-700, 700-600, 600
500, 500-400, 400-300, 300-200, 200-150, 150-
100, 100-75, 75-50, 50-30, 30-20, 20-10, and 10-0
m achieved each sampling. Daytime casts were
made from 11:54-14:08 (local time) and night
casts from 19:22-22:07. Sunrise and sunset of 26
January 1997 was at 07:16 and 17:32, respec-
tively. A flow meter (Rigosha, Japan) was
mounted in the mouth of the net to register the
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Fig. 2 Gaetanus variabilis C6F. (a) Diagram of digestive tract showing three principal zones (1-3). Zones 1-2
were defined as foregut and zone 3 as hindgut in this study. (b) Specimens of which only hindgut filled (gut
content score: 3). (¢) Specimens of which both foregut and hindgut filled (gut content score: 4). See text for

details.

volume of water passing through the net. All
zooplankton samples were immediately pre-
served in 5% borax-buffered formalin-seawater
on board. Temperature and salinity data were
obtained by a CTD system (SBE 911plus). Wa-
ter samples were collected from 0, 20, 50, 75,
100, 125, 200, 300, and 500 m depth using water
bottles, filtered through Whatman GF/F fil-
ters, and chlorophyll a was extracted with N,
N-dimethylformamide (SUZUKI and ISHIMARU,
1990) and measured using a fluorometer (EP-
777, Japan Spectroscopic Inc.). Chlorophyll a
data were provided by Dr. H. NAGATA (Seikai
National Fisheries Research Institute).

2-2. Enumeration

At the land laboratory, Gaetanus variabilis
specimens were sorted, staged and counted
from a 7/8 aliquot. Separation of females (I)
from males (M) was possible from copepodid
stage 4 (C4) onward (e.g. C4F or C4M). The
330 «m mesh net was considered to retain
from C3 onward, as judged by diagonal size
(467 um) of the net used and the cephalosome
width of each copepodid stage (mean *+ 1sd, C2:
371£14; C3: 518£20; C4F: 68657, C4M: 724+
59 um). Biomass (wet mass) of each copepodid
stage was estimated from the prosome length
data in YAMAGUCHI et al. (2005), combined
with wet mass-prosome length relationships of
this species (YaMAGUcHI and IKEDA, 2000).
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Fig. 3. Vertical distributions of temperature, salinity, and chlorophyll a (left), total zooplankton biomass and
composition of Gaetanus variabilis (middle), and each copepodid stage of G. variabilis (middle to right).
Female/male determination was done for C4 to C6. D: day, N: night.

Biomass of G. variabilis at each sampling stra-
tum was computed from abundance data multi-
plied by individual wet mass. Percentage
composition of G. variabilis biomass to the to-
tal zooplankton biomass was calculated from
total zooplankton wet mass data provided by
Dr. N. IgucHI (Japan Sea National Fisheries
Research Institute).

2-3. Gut content and gut fullness analysis

Based on the cellular structure, the gut of co-
pepods was separated into three zones (cf.
MAUCHLINE, 1998). Morphology of digestive
tract of Gaetanus variabilis was semi-looped z-
shaped (Fig. 2a), and the zones 1-2 referred as
foregut and zone 3 as hindgut in this study.
Under a stereomicroscope, the gut fullness of
C5 and C6 (adults) was scored into 1-4 (1: gut
empty, 2: only foregut filled, 3: only hindgut
filled, 4: both foregut and hindgut filled; cf.
Fig. 2b, ).

Nighttime samples of Gaetanus variabilis
C6F from 600-700 m depth, where they were
most numerous, were used for gut content
analysis. Up to 10 individuals of which guts
filled were sorted and rinsed in distilled water
for overnight. Their hindguts were carefully
removed from the prosome with a pair of fine

needles under a dissecting microscope and then
rinsed in distilled water. The specimens were
placed on a deep hole glass slide filled with dis-
tilled water and dissected using fine needles.
After removing all remains of the gut wall by
means of a pair of tweezers, all gut contents
were picked up with a fine pipette and mounted
on a small area (within the diameter of a stub)
of a Millipore filter with the aid of a vacuum
pump. The filter was dehydrated by alcohol se-
ries (70, 90, 99 and 100%) and deposited in a
decicator overnight. The totally dried filter was
trimmed and mounted on a stub, and then
ionsputterred. Gut contents from all individu-
als were mounted together on the stub and ob-
served under a scanning electron microscope

(SEM, Joel JSM-T20).

2-4. Estimation of daily ration

Daily ration was calculated from respiration
data by the method described by IKEDA and
Motopa (1978). Respiration data used in this
calculation were adjusted metabolic rate
(AMR; range: 3.64-4.21 w1 O [body NJ] ***h
mean: 3.93) at 0.5°C (close to in situ tempera-
ture of the present sampling site, cf. Fig. 3) re-
ported on Gaetanus variabilis in the Japan Sea
by IKEDA and HIRAKAWA (1998). Dry mass (D
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M, ¢ g) of each copepodid stage of G. variabilis
was computed from the prosome length data
(YAMAGUCHI et al., 2005) using an allometry
equation (YAMAGUCHI and IKEDA, 2000). As-
suming body N content of all G. wvariabilis
copepodid stages as 9.8%DM (cf.
IKEDA and HIRAKAWA, 1998), respiration rates
of each copepodid stage were estimated from
the mean AMR value. Respiration rates were
then converted to carbon units assuming a res-
piratory quotient ([CO:]/ [O:] of 0.97 (protein
metabolism, cf. GNAIGER, 1983). Carbon budget
equation for copepods may be expressed as: In-
gestion (I) = Growth (G) + Metabolism (M) +
Egestion () + Excretion (U). Assuming as-
similation efficiency ((G+ MJ]/ I) and gross
growth efficiency (G/ D to be 70% and 30%, re-
spectively (cf. IKEDA and MoTopa, 1978), in-
gestion rates (I: g C individual ' h™") can be
calculated from M as I= M/ (0.7-0.3). The rates
were converted to daily basis (x 24 hours), thus
estimated ingestion rates were varied from 0.22
#g Cind ' day™' for Cl to 10.26 g C ind™'
day ' for C6F. Since C6M of G. variabilis cease
feeding (cf. YAMAGUCHI et al., 2005), ingestion
rates were not estimated for C6M. Daily ration
of individuals in a given depth stratum were
summed (#g Cm ?day ") and integrated over
0-1000 m depth range (mg C m *day ).

3. Results
3-1. Vertical distribution and abundance

The surface temperature and salinity were
12.5°C and 34.35PSU, respectively, and both de-
creased rapidly with increasing depth until 200
m (Fig. 3). Below 200 m, both temperature and
salinity were stable at <1.0°C and 34.05PSU, re-
spectively, indicating the characters of “Japan
Sea Proper Water” (cf. Supo, 1987). Chloro-
phyll a showed a maximum (0.14 mg m™*) at
100 m, then decreased rapidly with depth and
was almost nil at 200 m.

Total zooplankton biomass peaked at 300-400
m during day, while at 0-10 m during night
(Fig. 3). This day-night shift of total
zooplankton biomass was attributed by two
large diel vertical migrators: a hyperiid
amphipod Themisto japonica (cf. IKEDA et al.,
1992) and a euphausiid Euphausia pacifica (cf.
IcucHr et al., 1993). Biomass of Gaetanus

variabilis varied between 0 and 3.5 mg WM m *

with depth, and their contribution to the total
zooplankton biomass was greater below 500 m
depths (6.3-16.7%). In terms of standing stock,
biomass of G. variabilis was 0.93-1.02 ¢ WM
m ° that accounts 2.89-2.92% of total zoo-
plankton biomass integrated over 1000 m (31.8
-35.3g WM m ?).

Gaetanus variabilis was distributed below
150 m both day and night, and no diel changes
in the vertical distribution pattern was seen
across all copepodid stages (Fig. 3). C1-C3 dis-
tributed mainly below 800 m throughout the
day. The depth where the 50% population re-
sided (Dsp, cf. Pennak, 1943) was 930 m (day-
time) or 942 m (nighttime) for C3. On the
other hand, C4 was concentrated at 500-600 m
throughout the day (D of C4F and C4M was
588-650 m and 537-588 m, respectively). C5 was
abundant at 400-600 m extending their vertical
distribution to shallower depth than C4 did
(D3 of C5F and C5M was 522-597 m and 537
590 m, respectively). Adult female (C6F) and
male (C6M) occurred the shallowest depths
(150200 m), although their populations cen-
tered at slightly deeper depth than that of C5
(Ds; of C6F and C6M was 608-681 m and 664—
684 m, respectively). Total abundance of C3-C6
stage G. variabilis integrated over the 0-1000
m water column was 675-815 individuals m*.
Sex ratios (female:male) were nearly equal for
C4 (1.2-1.6:1) and C5 (0.8-1.4:1), but skewed to
female for C6 (3.9-5.4:1) (Fig. 3).

3-2. Gut content and daily ration

Gut fullness scores of C5 and C6 Gaetanus
variabilis varied little between day and night
but between stages (Fig. 4). All C6M exhibited
empty guts throughout the day. Subsequent
observations on feeding appendages of C6M re-
vealed that their maxillae had reduced setae,
suggesting that they are unable to feed. For
C5F, C5M and C6F, no significant changes in
gut fullness scores with depth were observed
(Fig. 4). Tt is noted that the data 200-400 m
depths are not accurate because of smaller sam-
ple size (n=1-11, cf. Fig. 3).

Observed diet components of Gaetanus
variabilis were centric diatoms (Thalassiosira
eccentrica and others), tintiniids (Parafavella
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hindgut filled, and 4: both foregut and hindgut filled) of C5-C6 stages of Gaetanus variabilis. Numbers of
examined specimens were shown in the parentheses. F: female, M: male; (D): day, (N): night.

sp.), silicoflagellates (Distephanus speculum)
and fragments of metazooplankton (hook of
chaetognaths) (Fig. 5). Silicoflagellates were
most numerous (more than 100 cells per stub),
followed by centric diatoms (>50), tintiniids
(>10) and the fragments of metazoans (<10). It
is noted that most of the centric diatom and
tintiniid cells were observed being damaged,
but silicoflagellate cells were intact.

Vertical profiles of the estimated daily ration
of the total of C3-C6 of Gaetanus variabilis
populations showed a maximum at 500-700 m
depth 14.4 ©g Cm *day ', Fig. 6), with an in-
tegrated value over the 0-1000 m water column
of 503 mg C m *day .

4. Discussion
4.1. Vertical distribution

In the Oyashio region, western subarctic Pa-
cific, a reversed (nocturnal descent) diel verti-
cal migration pattern of a modest degree has

been reported for Gaetanus (=Gaidius)
variabilis (Y AMAGUCHI and IKEDA, 2000). How-
ever, no such the DVM was observed for the
same @G. variabilis at the station in the south-
ern Japan Sea in this study (Fig. 3). In the
northern Norwegian fjord, the vertical behav-
ior of aetideid copepods (Chiridus armatus) is
reported to be variable, depending on the sea-
sonal change in day/night lengths, and the
DVM ceased during the periods of summer
midnight sun (no dark period) and winter
darkness (no light daytime) (FALKENHAUG et
al., 1997). From this view, YAMAGUCHI and
IKEDA's earlier study (YAMAGUCHI and IKEDA,
2000) was the compilation of data from all sea-
sons of the year. In contrast, the present re-
sults are from January only which corresponds
to the annual minimum of day length at this
latitude. This difference may be attributed to
this dissimilar conclusion for the DVM behav-
ior of G. variabilis between these two studies.
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Fig. 5. SEM micrographs of gut contents of Gaetanus variabilis C6F. The diatom Thalassiosira eccentrica (a, b),
tintinnids (Parafavella spp.) (¢, d), fragment (hook) of chaetognaths (d), and the silicoflagellate
Distephanus speculum (e, f) are seen. Scale bars indicate 10 ¢ m.

Differential depth distribution patterns
across copepodid stages of Gaetanus variabilis
observed in this study (Fig. 3) suggest possible
ontogenetic vertical migration (OVM) of this
species characterized by developmental ascent.
The OVM pattern and its magnitude of G.
variabilis estimated in the present study (420
m: 942 m [Dss of C3] —522 m[Dss of CS5F]) are
consistent to those reported at Site H (41°30'N,
145°47E) in the Oyashio region (337 m,

YamacucHl and IKEDA 2000) and St. KNOT
(44°00’N, 155°00'E) in the western subarctic
Pacific (543 m, YAMAGUCHI et al., 2004). The
OVM characterized by developmental ascent is
a widespread phenomenon in deep-sea copepods
(WEIKERT and KOPPELMANN, 1993; RICHTER,
1994; FALKENHAUG et al., 1997) and ostracods
(KAERIYAMA and IKEDA, 2002). The OVM pat-
tern is interpreted as a life history trait or
strategy to reduce predation risk. They spend
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grated over the 0-1000 m water column. Note that daily ration is based on mean abundance of day/night.

the juvenile stages in lower-predation environ-
ments (deep layer) and ascend to higher-food
environments with development (YAMAGUCHI
et al., 2004). Since the lifetime fecundity of
deep-sea zooplankton is low in general (cf. M
AUCHLINE, 1991), reducing mortality at the ju-
venile stage is of prime importance for the
maintenance of their populations.

4.2. Feeding activity

Observed degeneration of feeding appendages
of C6M Gaetanus variabilis in this study is a
common phenomenon known in aetideid cope-
pods (MATTHEWS, 1964; MACLELLAN and SHIH,
1974). Degeneration of feeding appendages re-
sults in cease feeding (Fig. 4), then body mass
of C6M becomes less than that of C5M because
of its utilization for metabolism and produc-
tion of spermatophores at C6M. The decrease
in the body mass (i.e. negative growth) from
C5M to C6M of G. variabilis has already been
reported by YaMmacucHl and IKEDA (2000).
Longevity of C6M of aetideids is known to be
shorter than that of C6F (MATTHEWS, 1964),
which is reflected in the skewed sex ratios to

females in C6 (Fig. 3).

Diel feeding rhythms characterized by a
marked peak at night is a common phenome-
non for epipelagic copepods (ATKINSON et al.,
1996; Sarro and TacucHi, 1996; BESIKTEPE,
2001). Day and night differences in gut fullness
of Gaetanus variabilis were less marked (Fig.
4). The depth where G. variabilis distributed
throughout the day (400-800 m, Fig. 3) corre-
sponds to the light intensity of 10 *to 10 " u W
cm * in clearest oceanic water, or the thresh-
olds for daytime predation by fish (10°° ¢ W
cem ?) and for phototaxis of copepods (10 W
cm *) (MACKIE, 1985). Since feeding copepods
are more vulnerable to visual predation than
non-feeding copepods, TSUDA et al. (1998) hy-
pothesized that the copepods’ nocturnal feeding
without DVM is advantageous in reducing vis-
ual predation by fish. From this view, absence
of diel feeding rhythm of G. variabilis of this
study may be related to the dim light condi-
tions in their habitat depth throughout the day
where visual predation risk is considered to be
low.

Recently, SCHPYEN and KAARTVEDT (2004)
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have revealed spatial and temporal variations
of various scales of feeding activities of an an-
other aetideid copepod Chiridius armatus by
measuring fecal pellet production rates. Ac-
cording to their results, fecal pellet production
by adult female C. armatus increased at night-
time during the day, in spring season of the
year and for those living in shallower depths.
Assuming that gut fullness is comparable to fe-
cal pellet production, presence of clear diel feed-
ing rhythm and the effect of depth distribution
seen in C. armatus may be interpreted by their
shallower habitats (<200 m depth) than those
of G. variabilis (500-1000 m) in this study.

4-3. Gut contents

From the morphology of mouthpart append-
ages, aetideid copepods are classified to mixed
feeders on both animals and plants
(ARASHKEVICH, 1969). In the laboratory experi-
ment, OLSEN et al. (2000) observed that the
aetideid copepod Chiridius armatus foraged
heavily on dead, non-moving prey, suggesting
the use of chemoreceptors in the search for
food. Microscopic observation (SEM or TEM)
on gut contents of aetideid copepods revealed
that “pigmented cells”, diatoms, dinoflagell-
ates, coccoliths, cysts and eggs,
silicoflagellates, radiolarians and fragments of
copepods (HARDING, 1974), or bacteria, olive-
green materials, olive-green body/minipellets,
siliceous fragments, amorphous materials, and
crustacean cuticles (GOWING and WISHNER,
1986; 1992) are major components. HOPKINS
and TORRES (1989) examined the gut contents
of aetideid copepods (Gaetanus tenuispinus and
Euchirella rostromagna) in the Southern
Ocean, and found diatoms, silicoflagellates,
dinoflagellates, tintinnids and radiolarians in
it. Relative contribution of phytoplankton,
protozoans and metazoans in the total diet
components of aetideids is reported to be 52, 31
and 18%, respectively (HOPKINS and TORRES,
1989). Gut contents of Gaetanus variabilis in
this study (Fig. 5) are consistent to that of
HopPxins and TORRES (1989) in that the most
numerous components were silicoflagellates,
followed by centric diatoms, tintiniids, and the
fragments of metazoans.

LAMPITT et al. (1993) observed that

Gaetanus pileatus ingested marine snow aggre-
gates. Since the marine snow aggregates con-
sist of cyanobacteria and picoplankton, each of
which are too small to ingest by these classes of
crustaceans, such the feeding mediated by ma-
rine snow could be a significant short cut in the
food chain pathways (cf. GowING and
WISHNER, 1992). In the present study, non- or
little damaged silicoflagellate cells were ob-
served frequently in the gut contents of
Gaetanus variabilis (Fig. 5). According to
TAKAHASHI (1987),  the  sinking  of
silicoflagellates is in the form of large aggre-
gates which sink faster than discrete cells, and
silicoflagellates generally sink faster than ma-
rine snow mediated diatom assemblages. This
faster sinking of silicoflagellates is a possible
cause for its dominance in the gut content of
mesopelagic G. variabilis.

4-4. Implications for carbon flux

In our calculation of carbon ingestion by
Gaetanus variabilis from respiration rates, we
assumed assimilation efficiency as 70% (cf.
IKEDA and MoTODA, 1978). The assimilation ef-
ficiency may be underestimated, since ALVAREZ
and MATTHEWS (1975) determined assimilation
efficiency of aetideid copepod Chiridius
armatus to be 90% on Artemia and 95% on
mixed zooplankton in laboratory experiments.
These high assimilation efficiency values are on
animal food which contains high organic mat-
ter (=low ash). CONOVER (1966) reported a
negative relationship between assimilation effi-
ciency and ash contents for copepods fed vari-
ous types of food. Since we found no evidence of
carnivorous feeding in G. variabilis from gut
content analysis in this study (Fig. 5), the as-
similation efficiency of G. variabilis cannot be
so high as observed for C. armatus by ALVAREZ
and MATTHEWS (1975).

Primary production (NAGATA, 1998) and
CZCS chlorophyll concentrations (KM et al.,
2000) in the Japan Sea have been reported to
peak in spring, and the former reaches as high
as ca. 1000 mg C m *day ' (calculated from Ta-
ble 1 of NAGATA, 1998). Primary production
has been estimated in the waters around
Yamato Rise, central Japan Sea, in winter is
112 mg C m *day ' (calculated from Table 1 of
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NAGATA, 1998). If we apply the flux-primary
production relationship established by SUESS
(1980) ; Cuw = Cproa / (0.0238 z+ 0.212), where
C,;oa 1is primary production (112 mg C m™*
day ') and Cp.. is carbon flux (mg C m *
day ') at a given depth (z, m), POC fluxes
down to the 500 m depth was estimated to be
9.25 mg Cm *day '. Compared with the winter
primary production data or fluxes at 500 m
depth presently available, calculated POC in-
gestion by Gaetanus variabilis (5.03 mg C m *
day ', Fig. 6) accounts to 4.5% of primary pro-
duction or 54.4% of POC fluxes at 500 m depth.
In the 500-1000 m water column of the south-
ern Japan Sea, the biomass of G. variabilisis a
small fraction (6-17%) of the total zooplankton
(Fig. 3). Nevertheless, this species is only com-
ponent of suspension feeding copepods
(HIRAKAWA et al., 1990; TAKAHASHI and
HiraKAWA, 2001), and provides a significant
impact on POC flux in this zone (>500 m) (Fig.
6).

In Greenland Sea, the POC consumption by
euchaetid and aetideid copepods in the
mesopelagic zones has been calculated as 4-28%
of the local primary production (AUEL, 1999).
AUEL (1999) has noted that aetideid copepods
alone consume more than 40% of carbon supply
to the mesopelagic zone. In Swedish fjords, the
population of an aetideid copepod Chiridius
armatus has been evaluated to have the great-
est annual mean energy requirement (43% of
carnivorous energy flow) among other car-
nivorous zooplankton (BAMSTEDT, 1981). Thus,
the feeding of the aetideid copepods is esti-
mated to influence the carbon flux in the high
latitude seas.
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Information for Contributors

. The scientific journal,"La mer," the official organ of Japanese-French Oceanographic Society (JFOS), is pub-

lished quarterly. "La mer" is open to all researchers in oceanography, fisheries and related sciences in the
world. The journal is devoted to the publication of original articles, short contributions, reviews, book re-
views, and information in oceanography, fisheries and related fields. Submission of a manuscript will imply
that it has not been published or accepted for publication elsewhere. The editorial board decides the acceptance
of the manuscript on the basis of peer-reviews and is responsible for its final editing. The Society reserves the
copyright of all articles in the Journal.

. Submission: Manuscripts must be written in French, English or Japanese. Authors are requested to submit

their original manuscript and figures with one copy to the Editor in chief.

. Publication charges: Each accepted article is charged 50,000 yen for publication. For members, there will be no

page charge for less than ten printed pages, and 10,000 yen will be charged per page for the excess, except for
color pages. For nonmembers there is a publication charge of 10,000 yen per printed page except for color
pages. Color illustrations will be provided at cost.

. Proofs and reprints: Fifty reprints of each article will be provided free of charge. Additional reprints can be

provided in blocks of 50 copies. Proofs will be sent to the corresponding author. A reprint order form will be
sent with the proofs.

. Manuscripts should be sent to

Editor in Chief of "La mer"
Jiro Yoshida
Department of Ocean Sciences
Tokyo University of Marine Science and Technology
Konan, Minato-Ku, Tokyo, Japan 108-8477.
Jiroy@s.kaiyodai.ac.jp

Manuscript Preparation

. General

1) Manuscripts must be typed with double-spacing on one side of A4 size white paper with wide margins.

2) Figures, tables, and figure captions should be prepared separate from the main text.

3) Authors should submit an electronic copy of their paper with the final version of the manuscript. The elec-
tronic copy should match the hardcopy exactly and should be stored in CD-R/W or FD. MS-WORD (Win-
dows) and PDF formats are accepted.

. Details

1) The first page of the manuscript should include the title, author's full names and affiliations including Fax
numbers and E-mail addresses. The corresponding author should be designated. Key words (up to four
words) and running head should be written at the bottom of the page.

2) An abstract of 200 words or less in English or French should be on the second page.

3) The main text should start on the third page. Please adhere to the following order of presentation: main
text, acknowledgements, appendices, references, figure captions, tables. All pages except the first page must
be numbered in sequence.

4) Mathematical formulae should be written with a wide space above and below each line. Syst e me Interna-
tional (SI) units and symbols are preferred.

5) All references quoted in the text should be listed separately in alphabetical order according to the first
author's last name. Citations must be complete according to the following examples:

Article: Yanacr, T. T. Takao and A.Mormvoro (1997): Co-tidal and co-range charts in the South China Sea
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derived from satellite altimetry data. La mer, 35, 85-93.

Chapter: WyNNE, M.J. (1981): Pheaophyta: Morphology and classification. In the Biology of Seaweeds.
LoBBaN, C.S. and M. J. WyNNE (eds.), Blackwell Science, Oxford, p. 52-85.

Book: SVERDRUP, H. U., M. W. JonnsoN and R. H. FLEMING (1942): The Oceans: Their Physics, Chemistry and
General Biology. Prentice-Hall, Englewood Cliffs, New York, 1087pp.

6) Illustrations: All illustrations should be provided in camera-ready form, suitable for reproduction (which
may include reduction) without retouching. Photographs, charts and diagrams are all to be referred to as
"Fig(s)." and should be numbered consecutively in the order to which they are referred. They should accom-
pany the manuscript, but should not be included within the text. All figures should be clearly marked on the
back with the figure number and the author's name. All figures are to have a caption. Captions should be
supplied on a separate sheet.

T) Photographs: Original photographs must be supplied as they are to be reproduced (e.g. black and white or
color). If necessary, a scale should be marked on the photograph. Please note that photocopies of photo-
graphs are not acceptable. Half-tone illustrations should be kept to a minimum.

8) Color illustrations: The printing cost of color illustrations must be borne by authors or their institution.
Authors will receive information about the cost on acceptance of the manuscript.

9) Tables: Tables should be numbered consecutively and given a suitable caption on top and each table typed
on a separate sheet.
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