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Observation of near-inertial internal waves in the abyssal Japan Sea

TOMOHARU SENJYU

Abstract: Observation with a moored Acoustic Doppler Current Profiler (ADCP) set to a very
short measurement interval revealed vertical propagation of near-inertial internal waves (NIW)
in the abyssal Yamato Basin in the Japan Sea. Flow and temperature measurements showed a
sinusoidal variation having near-inertial period associated with NIW. From the polarization of flow
vectors, vertical and horizontal wave numbers of the NIW were estimated to be 1.741x 107 m™
and 2.563x 10 m™, respectively. Phase propagation of the NIW was downward at speed of 5.34x

102 ms™, indicating an upward group velocity. Back-tracing of the energy ray path of NIW
passing through the observation point shows that the observed NIW were the bottom-reflected
waves. The bottom reflected waves were the downward-propagating NIW generated in the upper
layer. An event of clockwise rotation of wind vectors was suggested as a cause of the observed

NIW.
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1. Introduction

Internal gravity waves with frequency close to
the local inertial frequency (near-inertial internal
waves, NIW) are ubiquitous in the world oceans
(WEeBsTER, 1968; Fu, 1981). NIW have been
considered to be an important agent for mixing in
the ocean interior (HisivAa et al, 1996) which
controls the intensity of the global-scale thermo-
haline circulation (TooLe and McDouGALL, 2001);
however, NIW structure and propagation proc-
esses in the deep sea have not been clarified.

It is known that the Japan Sea, a semi-enclosed
marginal sea in the northwestern North Pacific
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(Fig. 1), has its own thermohaline circulation
system (Gamo and Horig, 1983; SeEnuvu et al,
2002). NIW have been frequently reported in the
Japan Sea not only in the upper layer (KanaRI et
al, 1987; Lig, 1988; Kim et al., 2001; Kim et al., 2005;
Park and WATTs, 2005; Okel et al., 2009; IGETA et
al,, 2009, 2011; Byun et al., 2010), but also in the
deep layer (TAKEMATSU et al,, 1999; SENJyu et al.,
2005; Mori et al, 2005). Considering that the
frequency of internal gravity waves (w ) must be
in the band between local inertial frequency (f)
and buoyancy frequency (N) (G, 1982), we
have some advantages to NIW observation in the
Japan Sea. First, the frequency of NIW generated
in there is limited to 0.837-1.149x 107* s™*, because
of the Japan Sea's latitudinal extent (35°-52° N).
Second, deep water in the sea, the Japan Sea
Proper Water, has very narrow ranges of
temperature and salinity (WOoRTHINGTON, 1981),
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which results in a buoyancy frequency on the
same order of f (typically 1.0-5.0x 10™* s™* below
1000 m). These facts indicate that NIW in the
abyssal Japan Sea have a narrow frequency
range. In addition, tidal flows in the Japan Sea are
generally weak (Sensyu et al, 2005). This fact
indicates little contamination from tidal motions.
The weakness of tidal flows also indicates that the
most of sub-diurnal variations in the Japan Sea
are the near-inertial motions, which suggests that
the intensity of the basin-scale thermohaline
circulation in the sea is mainly controlled by the
near-inertial flows associated with NIW, analo-
gous to the global-scale thermohaline circulation.

One reason that the behavior of NIW in deep
water has not been clarified is that deep flow
observations with high spatial and temporal
resolution are not common. For example, in the
Japan Sea, it has been common in long-term
current monitoring for serial single-layer current
meters to be spaced at tens to hundreds of meters
in the vertical, with 30-60 minute sampling
intervals (Senoyu et al, 2005). Therefore, we
made special observations to capture NIW
propagation in the abyssal Japan Sea, using a
moored Acoustic Doppler Current Profiler
(ADCP) set to a very short measurement
interval. Although the period of observation was
only about 2 days, we successfully observed
vertical NIW propagation in the deep sea. This
paper describes the results of the observation and
discusses the NIW structure, propagation, and
generation in the abyssal Japan Sea.

2. Observation

The ADCP (300 kHz Workhouse, Teledyne
RDI) was deployed at Sta. SH in the Yamato
Basin of the Japan Sea (38" 17.05' N, 135° 50.06' E)
at 07:12 on 13 May and recovered at 05:39 on 15
May 2013 by TR/V Nagasaki Maru of Nagasaki
University (Fig. 1). The ADCP was moored
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Fig. 1 Observation site. Contour lines indicate
water depth in meters. Star and circle indicate Sta.
SH of ADCP mooring and Sta. KS3638 of JMA,
respectively. YB and YR denote the Yamato Basin
and Yamato Rise, respectively. The ray-tracing
was done in the section along the solid line. The
area is enlarged map of the square in the inset
showing the Japan Sea.

upward looking at 2650 m. To detect NIW
propagation, we set bin size and measurement
intervals at 4 m (with the first bin at 6.2 m) and
10 seconds, respectively. The nominal accuracy of
the ADCP is + 0.5% of water velocity relative to
the instrument + 0.5 cms™. The accuracy and
precision of flow direction are + 2.0° and *+ 0.5’,
respectively.

The posture of ADCP during the observation
was very stable. Pitch and roll angles monitored
by a tilt sensor in the instrument were within + 1°
throughout the mooring period. Nevertheless, no
flow data were obtained by the equipment for
layers farther than 50 m because of weak acoustic
echo intensity, though the nominal observation
distance was set to 100 m. In addition, data at the
first layer (2644 m) were noisy. Therefore, we
analyzed the velocity profile in the 40 m range
from 2600 to 2640 m (layers 2-12 of the
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equipment, for a total of 11).

Six successive velocity profiles at 10-second
intervals were averaged to yield 1-minute inter-
val data. Furthermore, 5-minute running mean
was applied to the 1-minute data to reduce short-
term fluctuations. The size of the averaging time
window (5-minute) was determined try and
error to reserve the signal of vertical propagation
of NIW. Owing to the averaging, standard
deviation in a current measurement was reduced
to 0.16 cms™ The available data length is 45
hours 54 minutes from 07:43 on 13 May to 05:37 on
15 May 2013.

In addition to the flow observation, tempera-
ture at 2650 m was measured with a sensor
embedded in the ADCP transducer head at the
same sampling intervals as flows. Though the
nominal precision of the sensor is + 0.4°C and the
accuracy and time constant of the sensor are
unknown, the temperature measurements are
useful for the present study because the relative
values of temperature are available by the
resolution of the sensor, 0.01°C. The same proce-
dure of flows was applied to the temperature
data.

3. Results

Time series of east-west (u) and north-south
(v ) components of velocities at 2604, 2620, and
2636 m are shown in Fig. 2, along with tempera-
ture measurements (T) at 2650 m. Flows at each
layer exhibited similar temporal variations to
each other, showing a prevailing barotropic flow.
Speed and direction of the vertically-averaged
mean flow for the observation period were 2.73
cms™ and 315.8°, respectively. This northwest-
ward flow may be part of the cyclonic circulation
in the Yamato Basin (SeEnsvu et al, 2005), though
the observed flows showed a linear temporal
trend.

A sinusoidal flow variation with a period of
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Fig. 2 Time series of velocity at 2604, 2620, and 2636
m and temperature at 2650 m. Gray thin and black
bold lines in velocity show east-west (u) and
north-south (v) components, respectively. Thin
strait lines in each panel denote the linear trend
throughout the observation period.

about 20 hours, superimposed on the linear trend,
was clear in each layer. The phase of sinusoidal
variation in v led by about 90° than that in u,
showing a clockwise change of flow direction.
Similar periodical variation to that of flows was
found for temperature. In addition, vertically-
coherent fluctuations with relatively large ampli-
tude were occurred intermittently, for example a
velocity shift in 16:30-17:00 on 13 May and a jump
in v in 09:00-10:00 on 14 May. However, most of
short period fluctuations in flow and temperature
measurements are probably due to noise, which
amplitudes are near the measurement threshold
and tend to be large as increase of distance from
the equipment.

For a rough estimate of the dominant period of
variation, we separated the periodical compo-
nentsinu, v, and T (hereafter u’, v, and T”) from
background variations by subtracting the tempo-
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Table 1 Mean relative angles of the velocity vector at each layer to the velocity at 2640 m

Depth (m) 2636 2632 2628

2624

2620 2616 2612 2608 2604 2600

Relative Angle () 086 183 088 206

247 154 2.29 3.06 3.93 3.17

ral linear trends from the measurements, then
calculated auto-correlation functions for u’, v, and
T The linear temporal trend for flows was
calculated from the vertically-averaged flow by
least square method. The estimated periods
(frequencies) of u’ and V' as the mean for the all
observation depths were 1118.3 minutes (w,=
9.364x% 107 s™') and 1192.6 minutes (w,=8.781x
107 s7%), respectively, and the estimated period
(frequency) of T’ at 2650 m was 1136 minutes
(wr=9.218x 107° s™). Since the local inertial
period (frequency) at the observation site is
1158.9 minutes (f =9.036x 107 s71), the observed
periodical variations of flows and temperature are
mostly attributable to NIW. It may seem strange
that the frequency of V' is lower than the local
inertial frequency. This is likely due to an
insufficiently long observation period for precise
estimation of near-inertial motions, though a
region of negative relative vorticity can trap sub-
inertial frequency motions (Kunzg, 1985).
Because of the noisy short period fluctuations,
it is hard to confirm the polarization relation in a
snapshot profile of u' and . Therefore, we
calculated the angles between the velocity vector
at each layer and that at 2640 m (relative angles
referred to the deepest layer velocity vector),
and averaged them for the observation period
(Table 1 and Fig. 3). The mean relative angles
exhibited positive values throughout the observa-
tion depths, indicating a clockwise rotation of
velocity vectors in the layers.
Furthermore, the mean relative angles tend to
decrease from 3-4" at 2600-2608 m to less than 1°
at 2628 and 2636 m. This polarization suggests a
downward phase propagation of NIW (GiLt,
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Fig. 3 Relationship between the mean relative
angles of velocity vector to that at 2640 m (40)
and the vertical distance from 2640 m (4D). The
regression line is shown by the strait line.

1982). As a typical example of vertical NIW
propagation, time-depth diagrams of u’ and v’ are
shown in Fig. 4 for 11:00-17:00 on 14 May.
Vertical phase propagation from upper to lower
layers is discernible in both components. Similar
vertical phase propagations in u’ and ' to that in
Fig. 4 were detected several times during the
observation period.

4. Discussions
4.1 Structure of the NIW

At first, vertical phase speed and wave number
of the NIW were tried to estimate from vertical
cross-correlation functions for u’ and v'. However,
broad peaks in the cross-correlation functions
from a estimation.

prevented us reliable
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Fig. 4 Time-depth diagram for u' (upper) and v'
(lower) during 11:00 to 17:00 on 14 May 2013.
Negative values were denoted by dashed con-
tours. Broken line in lower panel shows the
estimated propagation speed 5.34x 1072 ms™.

Therefore, we estimated the vertical wave length
of the NIW from the polarization relation; Fig. 3
shows a clear linear relationship between the
relative angle (460) and distance from the
reference depth 2640 m (4D), with the correla-
tion coefficient of +0.89. The polarization relation
determined by least square method is

AD =10.025X 40 @,

which shows the vertical wave length A, of 3609
m (vertical wave number =1.741x 10 m™) as
AD at 40 =360". If we take w =9.291x 107 s* as
the mean of w, and w, reasonable frequencies
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Fig. 5 Vertical profile of squared buoyancy fre-
quency (N?) at Sta. KS3638 of IMA.

higher than the local inertial frequency at the
observation site, then vertical phase speed Cz (=
w/m) is estimated to be 5.34x 1072 ms™ (broken
line in the lower panel of Fig. 4). Such fast phase
propagations cannot be captured by typical deep-
sea mooring observations with few current
meters of tens to hundreds of meters vertical
spacing and 30-60 minutes sampling intervals.

Unfortunately, there were no stratification data
near the observation site during the mooring
period. Therefore, we inferred squared buoyancy
frequency N? in the abyssal Yamato Basin from
temperature and salinity data at Sta. KS3638
(38°16.52' N, 135 50.69' E), obtained by the Japan
Meteorological Agency (JMA) on 4 November
2012 (Fig. 1). N? from 2600 to 2640 m is 2.554-
3.385x 1078572 (Fig. 5), with mean 3.022x 107%s™
corresponding to the buoyancy frequency (peri-
od) of 1.739x 107 s (602.4 minutes).

Using the values of f, w, and N? above, the phase
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propagation angle of the NIW from the horizontal
(¢) was estimated at 81.6° from
w

NZ_ 2
tanzqa:Ffz:%.lS ).
Since the above relationship also represents
the aspect ratio of NIW (m?/ky?
horizontal wave number), x4y of the observed
NIW was estimated to be 2.563 x 10 m™

(horizontal wave length 14=24512 m).

. where ky is

4.2 Propagation of the NIW

Since phase propagation of the observed NIW
was directed from upper to lower layers, the
direction of the group velocity must be upward
according to the linear wave theory (GiLL, 1982).
This suggests that the observed NIW were
generated at the seabed or were bottom-
reflected waves. To examine the bottom genera-
tion/reflection possibility, we back-traced the
NIW energy ray from the observation site. The
WKB approximation is not applicable because of
the large vertical wave length of the NIW
comparable to the length scale of density
stratification N. However, variation of N is on the
order of 10 s™* below 1000 m (from 1.153x 107
s™ near the bottom to 5.140x 10™* s™* at 1116 m,
Fig. 5). Therefore, we considered that N is almost
ray-tracing
method is locally applicable below 1000 m.

constant and assumed that the

Since NIW can only freely propagate equator-
ward from its generation area (Goooooo, 2001)
and the critical latitude at which the local inertial
frequency f is the same as the observed NIW
frequency o is 39353 N, the generation or
reflection region of the observed NIW is likely to
be north of the observation site. Therefore,
tentatively, the backward ray-tracing was done
northward in the section along 135'50.0' E with
origin 38°17.0' N (observation site) on the 5-plane,
assuming the profile of N? at Sta. KS3638 of IMA

for the entire region (Fig. 1). Southward
propagation of the observed NIW is qualitatively
supported by the relationship between v/, and T’
in Fig. 2, when v was negative (southward) T’
tended to decrease because of upward advection
of cold water in the lower layer, and vice versa
(see Fig. 84 in GiLL, 1982).

The ray-tracing shows that the NIW passing
through a point 2620 m of the observation site
with upward group velocity are bottom-reflected
waves (Fig. 6), which were downward-propagat-
ing NIW incident on the bottom about 1.1 km
north of the observation site. Further back-
tracing suggests that the observed NIW were
generated in the upper layer, rather than the
seabed around the observation site.

4.3 Generation of the NIW

It has been reported that near-inertial motions
observed in the upper layer of the Japan Sea
were associated with atmospheric disturbances
(Kim et al,, 2005; Okel et al., 2009; IGETA et al., 2009,
2011). Part of the near-inertial motions generated
in the upper layer can propagate down into the
deep layer (ALrorDp et al, 2012), though most of
wind energy injected into the ocean is confined in
the surface mixed layer (FuruicHi et al, 2008).
Therefore, we examined wind conditions before
and during the observation period using the Grid
Point Value/Meso Spectral Model (GPV/MSM)
data provided from JMA. The GPV/MSM is
hourly operational weather forecasting data with
spatial resolutions of 0.05° and 0.0625 in latitude
and longitude, respectively.

The time series of wind speed averaged over
the area in Fig. 1 (38°-40° N, 135°-137° E) is
shown in Fig. 7a for the period of 8-15 May 2013.
Although the wind speed was less than 10 ms™
throughout the analysis period, a marked event
occurred in 10-11 May. Fig. 7b shows the time
series of wind vectors for the 20-hour high-pass
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filtered component including the local inertial
period variations. A clockwise change in wind
direction is clear during the period from 13:00 on
May 10 to 12:00 on May 11. This clockwise change
in wind direction was dominant variation because
the high-pass filtered component accounts for
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Fig. 6 Ray path of the southward propagating NIW
passing through a point 2620 m of the observation
site in the section along the solid line in Fig. 1.

mean for 38-40N 135-137E

more than 40% of the total wind speed in this
period (Fig. 7a). Since surface near-inertial
currents are most efficiently enhanced when
inertially (LArce and
CrRAWFORD, 1995), this atmospheric event may be

wind vector rotates
a cause of the observed NIW.

Another possible process of the NIW genera-
tion is geostrophic adjustment accompanied with
instabilities of the mean flow (TaANG, 1979). North
of the observation site, the subarctic front in the
Japan Sea lies about 40° N with significant
variability due to mesoscale eddies generated by
instability (Isoba, 1994). Besides, internal lee
waves may be excited by interactions between
deep flows and the Yamato Rise (NikurasHIN and
2010), because the subarctic front
intersects the Yamato Rise throughout the year
(PArK et al.,, 2007) and the mesoscale fluctuations
in the subarctic front influence the deep flow field
(Senuvu et al, 2013). The high level of internal
wave energy in the Yamato Basin (Mori et al,
2005; SHCHERBINA et al., 2003) is partly attributable
to the instability of flows along the subarctic front
and the Yamato Rise. However, the observed
NIW may be not the case because of its large
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Fig. 7 Time series of the GPV/MSM wind averaged over the area 38°-40° N, 135°-137° E (Fig. 1) for the period
of 8-15 May 2013. (a) Wind speed (bold line) and that for the 20-hour high-pass filtered component (thin
line). (b) Wind vectors for the 20-hour high-pass filtered component.
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vertical wave length; it has been reported that
the vertical scale of internal lee waves excited by
interactions between deep flows and topography
are ~600 m (NikurAsHIN and FERrARI, 2010).

5. Remarks

Vertical propagation of NIW was observed in
the abyssal Japan Sea, where a barotropic flow
generally prevails. It is feasible to use the detailed
flow structure revealed by moored-ADCP obser-
vation of high spatial and temporal resolution to
elucidate mixing processes in the deep ocean
interior. Although vertical shears during the
observation period were relatively stable, typi-
cally on the order of 10 s seasonal and
intermittent intensifications of near-inertial flows
have been reported in the abyssal Japan Sea
(Morui et al., 2005). Strong vertical shear promot-
ing oceanic mixing is possible during such
periods.

The horizontal wave number and propagation
angle of NIW were estimated from equation (2)
which relates wave parameters m, ky, and ¢ with
w. In particular, the propagation angle ¢ depends
sensitively on w, because the denominator of
equation (2) becomes very small for NIW.
However, since our observation period was only
about 46 hours, 2.4 times of the local inertial
period, we could not estimate w precisely, posing
major limitation of this study. Precise estimation
of w based on longer-period observation remains
as a problem to be solved in future.
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Temporal variation of microalgal chlorophyll a in surface ice
and the underlying Water in lagoon Notoro-ko, Hokkaido, Japan.

Yasuto NisHiNno®, Tomoki SatoH? and Akira TANicucH®

Abstract: Lagoon Notoro-ko is a large brackish lake on the Okhotsk Sea coast of Hokkaido. It is
completely covered with sea ice during winter and hydrographic and biological conditions during
this season are unknown. Previous investigations done in warm seasons indicate that the lagoon
water is almost the same as the Okhotsk Sea water because there are few inflows from the land.
We conducted a winter investigation into the temporal changes of microalgal chlorophyll a in the
sea ice and water column beneath it during the period from February 6 to March 18, 2008. Of the
surface PAR, 1% penetrated to 6-10 m depth in the water column beneath the ice, where
04-60 mg/m® chlorophyll a was detected. Integrated chlorophyll a in 18 m ranged
8.7-119.1 mg/m? In contrast, chlorophyll a levels in 20-31 cm thick ice ranged 2.5-11.6 mg/m?
relatively less than in the water column. However, because chlorophyll a was largely concentrated
in the bottom-most part of the ice, it might be available to grazers in the underlying water. During
ice melting, a large proportion of the populations released from the ice likely sunk to the sea
bottom rather than remaining in the water column.

Keywords : ice algae, phytoplankton, chlorophyll a, Lagoon Notoro-ko

1. Introduction

The Okhotsk Sea is a marginal subarctic sea in
the western North Pacific. It is bordered by
Siberia Russia in the north and west and by
Hokkaido, Japan, in the south. It is the southern-
most ice-covered sea in the northern hemisphere
during winter WATANABE, 1963; PARKINSON and
GRrATz 19830 Many of the lagoons and brackish

10 Faculty of Bio-Industry Tokyo University of
Agriculture, 196 Yasaka, Abashiri, Hokkaido
099-2493, Japan

20 Hokkaido National Fisheries Research Institute,
Fisheries Research Agency, 2-2 Nakanoshima,
Toyohira, Sapporo, Hokkaido 062-0922, Japan

30 Sanyo TechnoMarine, Inc., 1-3-17, Nihombashi-
Horidomecho, Chuo-ku, Tokyo 103-0012, Japan

lakes on the Okhotsk Sea coast of Hokkaido also
freeze every winter. However, few studies on the
relationship between sea ice and biological
production have been conducted in the sea. One
of the reasons for this is that the majority of the
sea ice in the Okhotsk Sea is floe or drifting ice,
which makes it very difficult to follow its effect on
biological production over time. To avoid this
difficulty, we focused on fast sea ice.

There are several lagoons and brackish lakes in
the coastal region of eastern Hokkaido, Japan that
are permanently connected to the Okhotsk Sea
and freeze on the surface in winter. These
lagoons and lakes are productive fishing grounds,
particularly for marine demersal resources.
Among them, Lagoon Notoro-ko is the second
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largest and its water is exchanged with the
Okhotsk Sea water by tidal force. On the other
hand, there is little inflow from land drainage. As
a result, the physical and chemical properties of
the lagoon water are quite similar to those of the
Okhotsk Seall Imaba et al, 1995; NisHINO et al.,
200700 Because of this, the ice cover in Lagoon
Notoro-ko can be considered as a fast ice of the
Okhotsk Sea and a suitable stage to investigate
the Okhotsk Sea icé&] KUurRATA and NIsHIHAMA, 1987;
WATANABE et al., 1991; Asami and ImMADA, 20010]
The ice in Lagoon Notoro-ko starts to form in
late December, becomes fast enough for human
activities between late January and late March
and melts away by mid-April. We conducted a
series of investigations on the distribution of
microalgal chlorophyll a in both the icé] ice algael]
and the underlying waterd phytoplankton in
February and March 2008. This paper reports
temporal changes in the distributions of the ice
algae and the phytoplankton and discusses the
ecological role of the sea ice in the Okhotsk Sea.

2. Methods

Field surveys were conducted approximately
once a week or five times in total during the
period from February 6 to March 18, 2008, when
on-ice activity was feasible, at a fixed station in
the deepest part of the Lagoon Notoro-ko. Its
geographical position is 44°03'030N, 144°09'450E,
and the depth to the bottom is approximately 20
mO Fig. 10 lIce cores were taken with an ice
auger of 7 cm in diameter and water samples
were takenat1m, 5m, 10 m, 15 m and 18 m with
a Van Dorn bottle. Vertical temperature, salinity
and density sigma-td profiles were recorded
with a CTD0O JFE Advantech, Model ASTD102[]
Penetration of photosynthetically active radiation
0O PARO into the water column beneath the ice
was measured with a quantum meterd JFE
Advantech, AL30-CMPO by susupending the

i Okhotsk Sea

P

Fig. 1 Stationd solid circled for serial observations
on microalgal chlorophyll a contents in ice cover-
and the underlying water column at the center of
the deepest basin in Lagoon Notoro-ko onthe
Okhotsk Sea coast of Hokkaido, Japan, from Feb-
ruary 6 to March 18, 2008. Depth contours are
given at 5 m intervals.

sensor into the underlying water column through
the hole left after ice core samplingd diameter: ca.
10 cmO PAR at different depths is expressed in
relative valuesld %[ to that above the ice in aird

The ice cores were divided into five parts, i.e.
upper, upper-middle, middle, middle-lower and
lower. The upper, middle and lower parts were
exactly 5 cm in length, while length of the upper-
middle and middle-lower parts differed depend-
ing on the thickness of the ice on the day of
survey. Each of the ice cores was thawed and
chlorophyll a measured. Size-fractionated] > 10
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Table 1. Underwater PARD photosynthetically active radiationd at five sampling depths in values relative to
those on the ice coverll %[ during the ice-covered period from February 6 to March 18, 2008 in Lagoon
Notoro-ko. Sea ice thicknessC cm is also given for each sampling day.

Sampling date Feb. 6 Feb. 18 Feb. 29 Mar. 10 Mar. 18
O Ice thicknessO 0200 0290 0300 0310 0210
Depthd mO 2.60 150 170 310 6.00
5 0.75 042 053 0.98 115
10 0.30 0.17 0.23 0.40 0.37
18 0.17 0.10 0.11 0.25 0.25
~20 0.11 0.07 0.03 0.24 011

pm, 2-10 pm, < 2 pm0O chlorophyll a concentra-

tions were measured in the seawater samples and P
thawed ice by a serial filtration through polycar-
bonate filters of 10 um and 2 pm in pore size .
OWhatmanOand a glass fiber filterO GF/F, e
Whatman[l Chlorophyll a on the filters was e
extracted in dimethylformamide and measured .
with a fluorometerd Turner-Design, 10-AUD ac- 2
cording to the WEeLscHMEYERD] 1994(]
. 33.2
3. Results and Discussion E
3.1 Hydrographic conditions beneath ice cov- ‘:5_ —
er( Fig. 2, Table 10 a s24
Temperatures in the water column beneath
the ice ranged from -2.30 to -1.00 and generally 32
increased with depth. On February 18, supercool
water below -1.800 had formed in the upper 5 m 26-4
and, as a result, an inverse thermocline formed 26.2
around 5 m. Thereafter, temperature gradually 26
increased at every depth, particularly below .
10 m, and a thermocline formed around 15 m. 5.6
Salinity was < 327 throughout the water 20 G Teb Z5Feb— 0 Mar T8 ar.

column during the survey period, except for
February 18, when very saline water appeared in Fig. 2 Time courses in vertical section of tempera-
the surface and bottom layersd maximum: 33.30 turel) a: O O salinityl) bl and densityt c: sigma-T0
On February 29, it was indicated that the saline in the water column observed during the ice-
surface water has sunk and been diluted. Salinity covered period from February 6 to March 18,
. 2008, at the fixed station in Lagoon Notoro-ko on

dropped to < 32.4 through the water column in .

h | lini q g the Okhotsk Sea coast of Hokkaido, Japan. The
March. Very low salinity water was detected at bottom depth was about 20 m.
the surfaced minimum: 2930 on March 18
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Sigma-t was over 26 in most cases, which was
higher than that in warm seasons, i.e. 21.5-26.1
O NisHino unpublished datal]l The temporal and
vertical changes of sigma-t generally followed
those of salinity. High sigma-t values, > 26.9, were
observed in both the surface and bottom layers
on February 18. The lowest density[] 23.500 was
observed on March 18 in the diluted surface
water.

A coastal divergence from the East Sakhalin
Current reaches the coast of eastern Hokkaido in
autumn and winterJ OHsHIMA et al., 2002; SHIMIZU
and OHsHIMA, 20060] which is characterized by

1979;
Takizawa, 198200 Salinity at or below 32.4 in the
coastal water in winter indicates the presence of
the East Sakhalin Currentd AoTa, 197900 The
present results revealed the intrusion of this
water massd < 32.40 into Lagoon Notoro-ko in
winter. Within this water mass, high salinity
water appeared separately in the surface and the
bottom layers in late February, forming an
inverse pycnocline in the surface and a normal
pycnocline in the bottom layer. Such unusual
stratification indicates that some unfrozen brine
water had sunk rapidly to the bottom before
February 18 and the exclusion of the brine

salinities below 320 Fuii and SATOH,

continued until February 29. We conclude that ice
is most actively formed in February in Lagoon
Notoro-ko. In March, the low salinity water
affected by the East Sakhalin Current again filled
the entire water column, except for the surface
water which was diluted by melting ice. It is
possible that the high salinity bottom water
observed in February may have been the result
of a temporary
Intermediate Cold Water, which is highly saline
being 32.8-33.300 Takizawa, 1982] If it had been
the case, it occurred within a very short period
and was limited to a thin bottom layer( Fig. 20]
Therefore, it is a reasonable conclusion that the

intrusion of Okhotsk Sea

water mass occupying Lagoon Notoro-ko during
winter is basically the coastal water affected by
the East Sakhalin Current and temporarily
modified by the formation and melting of the ice.
Further investigations on nutrient compositions
and plankton assemblages are necessary.

Table 1 shows underwater PAR intensities in
relative valuesd %[ to that above the ice. Relative
PAR at 5 m depth was 2.6% on February 6; it
decreased afterwards in February 1. 5-1. 7%
and increased again to 6.0% in March. PARs at
other depths varied in parallel with this. The 1%
PAR depth, which is generally assumed to be the
compensation depth of phytoplankton photosyn-
thetic production, was 6.5-10.7 m during the
entire period, indicating that positive production
was continually performed at significant depths
through the ice covered period. This is not
surprising because the lagoon is located in the
southern half of the northern hemisphereld 44°03’
N[ Recorded values of the ten-day average of
daily solar irradiance during the same period
were 53-7.1 MJ/m? in January, 8.8-10.5 MJ/m? in
February and 11.9-12.5 MJ/m? in March, which
were about 23-54% of the annual maximum
recorded in middle of May[J 23.1 MJ/m?0 of the
same yearl] JAPAN METEOROLOGICAL AGENCY, 2008[]

KisHinoO 199300 reported that relative PAR
beneath 33 cm thick ice was about 0.7% under
natural conditions and about 4% after the
removal of snow that had accumulated on the ice
in Lagoon Saroma-ko, about 100 km north of
Lagoon Notoro-ko. Although this demonstrates
that light penetration through ice is largely
obstructed by snow accumulation, such heavy
accumulation was not recorded on any occasion
in the present investigation in Lagoon Notoro-ko.
The reason for this difference between lagoons is
not clear at present.
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chlorophyll a 2-10 punil cand small-sized chlorophyll a < 2 punil dlJin 20-31 cm thick sea icé] upperl] and the

underlying water column down to 18 m[J lower fr
about 20 m.

3.2 Chlorophyll a0 Fig. 30

Chlorophyll a concentration in the ice was
2.2-8.4 ug/L in the upper part, 2.8-13.4 ug/L in
the middle part and 21.8-163.6 ug/L in the lower
part. This demonstrates that so-called ice algae
O microalgal communities within sea iceld can at-
tain very high densities particularly in the lower
part of the ice. Fig. 3 shows that their density
gradually increased during the course of ice
development until the end of February, but
suddenly decreased when the ice started melting
in early March. Among the ice algae, the large
size classlJ > 10 ymO always predominated, while
intermediated 2-10 pmOand smalld < 2 umOsize
classes usually contributed less than 20%. The
exclusive dominance of the large size class was
constant throughout the survey period. Similar
trends of vertical and temporal variations of the
ice algal chlorophyll a had been observed in a
preliminary survey done in the preceding winter;
while absolute concentration was apparently dif-
ferent between deep central areal] this stationd
and shallow near-shore area, the trends were
essentially the same in different areas. Similarity
in concentration between several ice cores col-
lected from the area of ca. 1 m® had also been
confirmed.

om February 6 to March 18, 2008. The bottom depth was

The sudden decrease in chlorophyll a in the ice
from February 29 to March 10 is remarkable and
interesting. Because the ice was approximately
the same thickness in this period, it is unlikely
that the lower layer of the ice holding dense algae
had melted. It must be noted that chlorophyll a in
the middle part also dropped markedly from 13.4
to 33 pg/L in the same period. One possible
explanation for this decrease is as follows: As
solar radiation and air temperature increased

O data not shown[] the ice might start melting
internally before the surface temperature of the
increased to the melting
temperature of the sea ice] -1.800 [J The internal

underlying water

melt probably progressed around brine pockets,
which are characteristic of sea ice. The pockets
gradually expanded and the ice algae inside were
released into the underlying water. During this,
the thickness of the ice might have remained
unchanged.

Released ice algae partly contributed to an in-
crease in phytoplankton in the underlying water
column. As seen in Fig. 3, such a contribution to
phytoplankton increase was positive in the small-
er size classes but less so in the large size class.
The latter indicates that the large-sized ice algae,
probably in the form of colonies or aggregates,
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Fig.4 Temporal changes in chlorophyll a stocks in the ice cover(] m [0and the underlying water column m (Jin
total amountC upper; mg/m?0 and average concentrationl lower: mg/m?®0 observed during the ice-covered
period from February 6 to March 18, 2008, in Lagoon Notoro-ko, Hokkaido, Japan.

sunk down to the sea bottom rapidly and were
hardly sampled with a VVan Dorn bottle. If so, a
large proportion of the ice algae contributed to
the benthic rather than planktonic community. A
bloom of the larger phytoplankton occurred on
March 18, well after the major decrease of large-
sized ice algae and took place in subsurface layer
0 5-10 mO instead of the surface layer underneath
the melting ice0 Fig. 3b[] Since PAR at 10 m on
March 18 was 1.15%0 Table 100 blooming in the
5-10 m layer was natural. It is interesting to note
that the larger phytoplankton avoided the low
salinity surface water underneath the melting ice
but the smaller size classes did not. This demon-
strates that ice algae and phytoplankton popula-

tions interact differently in different size classes.

3.3 Integrated chlorophyll a in ice and water

column(] Fig. 401

The amount of

through the ice cores was 2.5 mg/m? at begin-
ning, increased steadily to a maximum of
11.6 mg/m? on February 29 and dropped to 1.7
and 2.7 mg/m? on March 10 and 18, respectively.
During this period, since ice thickness was more
or less constant at 20-31 cm[ Fig. 300 accumula-
tion and loss of chlorophyll a should have occur-
red in the bottom part of the ice. The sudden
decrease in chlorophyll a on March 10, when the
thickness of the ice was still increasing, albeit

integrated chlorophyll a
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marginally, is interesting Fig. 30] This implies
that release of the ice algae into the underlying
water column is triggered by the widening of the
brine pockets inside the ice, not because of the
collapse of the sea ice, as discussed in the preced-
ing chapter.

Integrated chlorophyll a through water column
to 20 m depth differed from that in the ice over
time. Chlorophyll a continually increased in the
water column from 8.7 mg/m? on February 6 to
43.7 mg/m? on March 10 and finally reaching
119.1 mg/m? on March 18. Consequently, the
ratio of the ice algae to phytoplankton in total
chlorophyll a was relatively high before March 10
with a maximum of about 25% on February 29,
but decreased sharply to about 2% in March. Nev-
ertheless, the average chlorophyll a concentration
in the ice was always higher than in the water
column even on March 18 when the phytoplank-
ton bloom occurred. Because it is generally
known that the density of dietary microalgae
positively affects herbivore feeding efficiency, the
sea ice provides herbivores with efficient grazing
areas, especially on its under surface exposed to
the water. Benthopelagic mysids and shrimps
were occasionally observed with abundant cope-
pods in the surface layer at the present investiga-
tion site[] data not shown(]

4. Conclusions

The present study site, Lagoon Notoro-ko, is
located in the southern half of the northern hemi-
sphere. This makes the light conditions in the
water column under ice cover essentially differ-
ent to that in high arctic seas. In the high arctic,
because solar radiation in winter is generally low
and largely reflected by snow and ice, under-
water light conditions are very poor and thus
phytoplankton production is negligibly low. In
contrast, except on the occasional heavy snow
days, phytoplankton photosynthetic production

in Lagoon Notoro-ko is not limited in this way.
The present results evidently show that, in the
water column covered with 20-31 cm ice, the 1%
PAR depth] compensation depthJwas as deep as
6.5-10.7 n] cf. Table 100 The phytoplankton chlor-
ophyll a concentration was well over 1.0 pg/L to
the depths throughout winterd Fig. 30 This level
of chlorophyll a is comparable to those in warm
seasons[] KurRATA and NisHIHAMA, 1987; NisHINO et
al, 20140 The brackish nature of the lagoon
water might benefit this; the water column is
easily stratified and holds phytoplankton in the
shallower layers.

Stocks of chlorophyll a within the icé] ice algaed
were also notably large. Integrated chlorophyll a
was comparatively smaller than in the underlying
water column but its concentration was very high

0 Fig. 40 A certain proportion of the ice algal
populations is continuously released into the
water. This might form an efficient forage site of
filter feeders in the underlying water, because
they prefer dense food suspension to phytoplank-
ton distributed over wide water columnO PARSONS
and TAKAHASHI, 1973; TaNIcucH, 19750 Since ma-
jor part of the ice algae is concentrated into the
bottom-most part of the ice, their products are
partly available to grazers including benthopela-
gic organisms on the under-surface of the ice. We
also suggest that most of the large-sized ice algae
sink directly to the sea bottom in late February

0 Fig. 30 which might be consumed by benthic
grazers. Such contribution of the ice algae could
be determined by collecting the sinking colonies
with e.g. sediment traps in future survey.

In summary, sea ice is a unique ecological plat-
form, where microalgae perform three primary
producer roles, i.e. produce nutrient rich products

O pasturel] allow grazers to feed on the products

0 meadow([J and transport products to the benthic
community[] feeder(
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Seasonal variations in the population structure and depth
distribution of Calanus sinicus in northern Kagoshima Bay

T. Koeari®Y | S. HosoucHI®, H. Mori?, H. OTa®, R. Fukupa® and M. UcHivAMA®

Abstract: We investigated seasonal variations of population structure and depth distribution of
Calanus sinicus in northern Kagoshima Bay. Animals were abundant during April to June when
chlorophyll a concentrations were high. Young copepodites or adults appeared over the seasons,
however, copepodite stage 5 dominated when the population abundance was the lowest during
August 2009 and July 2010. We found little indication of seasonal vertical migration since all
developmental stages occurred above 50 m and below 100 m throughout the year. RNA:DNA
ratios revealed no significant decline throughout the year. These results suggest that Calanus
sinicus reproduces throughout the year and does not experience a deep-water dormancy period in

northern Kagoshima Bay.

Keywords : Calanus sinicus, population structure, depth distribution, nucleic acids

Introduction

Calanoid copepods are among the most diverse
groups of crustacean zooplankton[J more than
2000 species; RazouLs et al.,, 2005-20130] contribu-
ting significantly to marine biomassC VErRITY and
SMETACEK, 199600 with greater than half of the
global abundance of zooplankton[] LONGHURST,
198501 These copepods integrate carbon flows
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from lower trophic levels of both the classical and
microbial food webs because they consume phy-
toplankton, heterotrophic microzooplankton, and
sinking detrital particlest] DacG, 1993; GIFFORD,
1993; KogARI et al., 20031 They represent a major
food resource for epi- and mesopelagic fishes
0J BroDEUR et al., 1999; Moku et al., 2000; Y AMAMURA
et al,, 200200 marine mammalsC] KAwAMURA, 1982[]
and seabirds[] RusseLL et al, 199900 Thus, an
understanding of trophodynamics
ecosystems demands careful study of the popula-
tion dynamics of calanoid copepods.

Calanus sinicus BrodskyO 19650 is widely dis-
tributed around coastal areas in East Asiall e.g,
HuLsemann, 19940 where it contributes the bio-
mass of zooplankton communities(] Uve and
SHimiIzu, 1997; UYE et al., 199901 However, the life
history of Calanus sinicus is quite variable. For
example, reproduction occurs throughout the
year in the Inland Sea of Japari] Huang et al., 1992,

in marine
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1993a, b[J whereas stage 5 copepodites] C50 are
found in abundance at depth in Sagami Bay
[0 NoNnoMURA et al., 20080 and the Yellow Sed Pu et
al, 2004a, b indicating a dormant life history
phase. In the Yellow Sea, they produce dormant
stock residing at depth during the food-scarce
summer and increase their abundance during the
food-rich seasons] Pu et al., 2004a, b; ZHANG et al.
200700 Uvyel 200001 reviewed that this species
prospered in the shelf ecosystem with not only
suitable ambient temperature and food supply for
reproduction and development but also enough
depth for diel vertical migration and egg hatching
before sink to bottom. However, there is little
information on the life cycle prospering in the
region with suitable temperature, food availabil-
ity and depth.

Kagoshima Bay is a large semi-enclosed embay-
ment located at the southernmost part of Kyushu,
Japan. This embayment is characterized by deep

0 deeper than 200 m[ bathymetry. The deep and
semi-enclosed nature of the embayment in the
northern area promotes deep-water hypoxia dur-
ing autumn to winter period. Although we know
that C. sinicus occurs in the northern area of
Kagoshima Bay[] Nozawa and Saisyo, 19800]
there is little knowledge of seasonal variations in
their population structure and depth distribution.
We expect the specific life cycle with continuous
reproduction and without dormancy in the north-
ern area of Kagoshima Bay due to 1) the suffi-
cient depth for vertical migration and egg hatch-
ing, 2) the limited water exchange in the semi-
enclosed embayment and 3) the suitable temper-
atures and food supply for growth and egg pro-
duction] KoBaRI et al. 2002, 2009}

The objective of this study was to clarify a
year-round reproduction and dormant stock of C.
sinicus in the northern area of Kagoshima Bay.
Our hypothesis is that the population’s life cycle is
adapted to the high temperature, high food availa-

bility and deep water column, and is character-
ized by year-round reproduction with no dormant
stock. We tested our hypothesis by monitoring
seasonal changes in population structure and
depth distribution with monthly sampling. In ad-
dition, we measured nucleic acids contents of the
C5s in order to evaluate the potential for dorman-
cy similar to other subarctic Pacific copepod
groupsl] Koeari et al.,, 20130

Materials and Methods
Oceanographic observations and zooplankton
sampling

Oceanographic observations and zooplankton
sampling in Kagoshima Bay were carried out on a
monthly basis, between April 2009 to December
2010 at S160131°39.9 N, 130°419 E: 140-m deep;
Fig. 10 All sampling was carried out during
research cruises of the T/S Nansei-Maru. Tem-
perature and salinity profiles down to 135 m were
carried out with CTD system[J Seabird SBE-9[]
Water samples for chlorophyll a and dissolved
oxygen measurements were collected from 8
depths[] 10, 20, 30, 50, 75, 100, 125 and 135 m[
with a CTD-CMS system and from the sea sur-
face with a plastic bucket. These samples were
filtered through a Whatman GF/F filterd 0.7-pum
nominal pore size[Junder vacuum pressure
<20kPa. Chlorophyll pigments were immediately
extracted from material retained on filter papers
by direct immersion into N, N-dimethylforma-
mideJ DMFOat -5°C in darkness for more than 24
hoursO Suzuki and IsHIMARU, 1990C] Chlorophyll a
concentration was measured with a fluorometer
0 Turner Designs Co., TD-7000 by the non-acidifi-
ed fluorometric methodd WELSCHMEYER, 19940
Dissolved oxygen was determined by the Win-
kler titration method.

Zooplankton collections and identification
Zooplankton samples for enumeration were col-
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Fig. 1. Location of oceanographic observations and zooplankton sampling in northern area of

Kagoshima Bay[] S16: 31°40.2'N, 130°41.6’'E[]

lected with a Vertical Multiple Plankton Sampler
00 0.25-m? mouth square, 0.1-mm mesh size;
TerAzAkI and TomATsu, 199700 hauled at 1 m sec™?
during the day time[J 09:00-11:0000 for each cruise.
The following discrete depth intervals were sam-
pled on the upcast: 0-50, 50-100 and 100-135 m.
Subsamples for enumeration were preserved in a
5% borax-buffered formaldehyde seawater solu-
tion. Individual C. sinicus were identified by stage
for copepodites] C1-C50 and by sex[ i.e., male or
femalel for adultsCJ C60 All animals were exam-
ined under a stereo dissecting microscope] Nikon
SMZ12000
Fresh zooplankton samples for biochemical
analyses were collected with vertical net hauls
(05 m sec™'[] from near bottom to sea surface
using a modified North Pacific Standard net
00 MoTtoba, 1957: diameter 45 cm, mesh size
0.335 mm0J equipped with a large cod end 2L
On deck, individual specimens were quickly iden-

tified to species and developmental stage under a
dissecting microscope. C. sinicus C5s picked for
biochemical analyses were placed in 2 mL vials,
stored at —800], and transported back to land for
laboratory analyses of nucleic acids contents.

Nucleic acids analyses

We measured RNA and DNA with the micro-
plate fluorescent assay[l MFAL developed by
WaAGNER et al.[] 199801 The MFA assay is a modifi-
cation of the sequential fluorometric method of
BeNTLE et al.00 1981[] in which DNA and RNA in a
single sample are determined sequentially by the
addition of DNase and RNase using Ethidium
Bromide as fluorescent dyeld see CALDARONE et al.,
2006 for detailsC] WAGNER et al.0 199800 modified
the sequential fluorometric method to the MFA
with 96-well microtiter plates by adopting a
sarcosyl extraction technique and eliminating the
DNase step, thus allowing application of the assay



64 La mer 53, 2015

to small samples[] single copepodsl] without ex-
tended working time.

Each specimen was thawed and then homogen-
ized by vigorous shaking with 5 zirconia beads in
200 pL of a 1% sarcosyl extraction buffer. Sam-
ples were shaken for 5 minutes at room tempera-
ture on a vortex mixer equipped with a multiple-
vial head. Following the initial homogenization,
samples were then diluted with Tris buffer to
reduce the sarcosyl concentration to 0.1%, and
then shaken for an additional 10 minutes. Finally,
sampled were centrifuged] 15000 gl for 10 min at
40 to separate insoluble copepod remains.

In each run, 75 pL aliquots of sample superna-
tant and 8 replicates from 0.01 to 0.5 pg mL™
DNAUD calf-thymus, Sigma-Aldrich D45220 and
from 002 to 3 pg mL™ RNAL bakers-yeast,
Sigma-Aldrich R712500 were transferred to 96-
well microplates[] Nuncl] Zero concentrations of
the standard solutions were also treated as re-
agent blanks[J containing all chemicals but no co-
pepod homogenatel] Here, we used RiboGreen

O Invitrogen R114910 as a fluorescent dye instead
of Ethidium Bromidél used by WAGNER et al. 19980
because of its greater nucleic acid sensitivity and
efficacy] GorokHowA and KyLg, 2002[] We added
100 pL of 0.2% RiboGreen to each well, and the
plates were then kept at room temperature for 5
minutes. The fluorescence of RiboGreen was then
scanned using a microplate readef] Perkin-Elmer,
ARVO MX14200 with 485 nm[ excitation[] and
535 nm emission) filters (First scan The RNase
solutiond 10 pLO was then added to each well.
The microplate was kept at room temperature
for another 20 minutes and RiboGreen fluores-
cence was scanned Second scan] The concen-
trations of RNAO pg mL™*Owere calculated as the
differences between first (DONA + RNA) and sec-
ond DNAUO scans, and the standard curve of
RNA versus the fluorescence established from
the first scan of the same plate. DNA concentra-

tionsC) ug mL™*0 were computed from the second
scan and the standard curve of DNA versus
fluorescence established from the second scan
[0 RNase treated[] of the same plate.

Results
Environmental variables

Sea surface temperature ranged from 16.3 to
29.00 O Fig. 20 The thermocline and halocline
were developed above 30 m during May to Au-
gust 2009 and during May to October 2010. Sur-
face waters during the summer of 2010 were
much less saline than for the same period in 2009.
Over the course of the study period, seasonal
variations in temperature(d 16.1 to 18.30 O below
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100 m were less pronounced than variation of
salinity] 33.9 to 34.1PSUin the same depths. The
dissolved oxygen concentrations above 50 m
were greater than 3.0 mL L™* during the entire
study period. However, the dissolved oxygen
concentration below 100 m gradually declined
after July 2009 and 2010 and reached to 1.1 mL
L™ near the base of the water column in Decem-
ber 2009. Chlorophyll a concentrations were
greater than 5 mg m™ above 30 m during April to
July in both years, but were 0.5 to 1.0 mg m™
throughout the water column during December
2009 to January 2010.

Population structure

Peak abundance values for C. sinicus in the
water column were measured in June 20090 216
individuals m™20 April 20100 99 individuals m=20
and in November 2010070 individuals m™0
0 Fig. 30, when phytoplankton biomass above

50 m was high. C. sinicus C5s were typically the
most abundant stage and were present through-
out the study period. The population was com-
posed entirely of C5s in August 2009 and July
2010 when the water column abundance of C.
sinicus was the lowest] <10 individuals m™0
Young copepodites from C1 to C4 composed less
than 30% of the population throughout the study
period, except in April 20100 ~50% of the total
abundancel] Adult males and females were sam-
pled during the most months, however, their sea-
sonal pattern was not clear.

Depth distribution

We generally measured a high abundance of C.
sinicus both above 50 m and below 100 m, except-
ed for November 2010 when the relative abun-
dance was the greatest in the 50-100 m layer
(Fig. 4). Over the course the year, C. sinicus was
abundant above 50 m during June to July and
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below 100 m in December but seasonal migration
was not apparent for the population. Moreover,
we noted no clear seasonal pattern when we
considered each developmental stage separately.
Young copepoditesd] C1 to C40 appeared abun-
dantly in the layers above 50 m as well as below
100 m. Adults and C5s were abundant both above
50 m and/or below 100 m, except for November
2010 when they appeared abundantly in the
50-100 m layer.

Nucleic acids ratio

Individual DNA and RNA contents both de-
creased during August to October and then in-
creased from November to Decemberd Fig. 50
The RNA:DNA ratio was relatively stable during
the summer with values increasing toward De-
cember.

Discussion

While C. sinicus reproduction takes place
throughout the year in the Inland Sea of Japan,
the population follows a clear seasonal pattern
with high abundance during June to August and
low during September to March Huanc et al.,
1992, 19934, b Studies by Huang et al.0 HuANG et
al., 1992, 1993a, b found no evidence of a dor-
mant stock in the Inland Sea of Japan and con-
cluded that the population was able to produce
three generations a year because ambient tem-
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Fig. 5. Seasonal changes in individual RNA and DNA
contentd pg individual ™0 and RNADNA ratios of
copepodite stage 5 for Calanus sinicus at S16 in
Kagoshima Bay. Error bars represent + 1SE.

peratures and food availability were suitable.
However, Uvell 20000 has pointed out that C.
sinicus prospers in shelf waters with enough
depth to perform full-scale vertical migration and
to avoid embedding at bottom before egg hatch-
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ing. On the other hand, a different life history was
found for the Sagami Bay[dJ Nonomura et al., 20080
and Yellow Seall Pu et al., 2004a, b; ZHANG et al.,
20070populations. While all developmental stages
were abundant above 100 m during May in
Sagami Bay, C5s were found in the layers below
200 m[ NonomuraA et al.,, 20080] Such a deep ap-
pearance of C5 was also evident for the C. sinicus
population in Yellow Seall Pu et al, 2004a, b;
ZHANG et al., 2007C] While all development stages
including nauplii occurred in the water column
during August, C5s were concentrated at depth
in the central part of Yellow Sea, indicating a
dormant stock. These latter studies suggest that
the Yellow Sea population of C. sinicus produces
dormant stock during the summer when food
availability is low and temperatures are high
because their reproductive and development
timings fit the more favorable seasons(] Pu et al,,
2004a, b; Znanc et al, 20070 These findings
indicate that a variety of the life histories for C.
sinicus is characterized by presence or absence of
dormancy. Also, they seem to result from the
combined effects of food availability, thermal
regime, and deep bathymetry.

Population abundance was high during April to
June and low during July to August in the
northern area of Kagoshima Bay. The seasonal
changes in abundance corresponded to those in
chlorophyll a concentrations in the surface layer.
A similar seasonal pattern was observed for the
C. sinicus population in the Kii Channel of the
Inland Sea of Japan[] Huang et al., 1993al] Young
copepodites and adults were present during most
of the study period and year-round reproduction
was also evident for the populations in the Inland
Sea of Japan and the neighboring waters. In the
present study, seasonal migration was not clear
for all development stages. While only C5 was
found in summer when the population abundance
was the lowest, they appeared in both surface and

bottom layers. These results suggest that C. sini-
cus conducts a year-round reproduction and does
not produce a dormant stock in the northern area
of Kagoshima Bay. However, the timing of great-
est abundance was earlier in northern area of
Kagoshima Bay{1 April to Junedcompared to that
of the Inland Sea of JapanC June to August] and
the regional variations may be due to differences
in seasonal temperature and phytoplankton bio-
mass patterns.

Laboratory studies on the growth and develop-
ment of the congeneric species, Calanus pacificus

0 VIDAL, 1980a, b, ¢, dOJ demonstrated that growth
rate varied with temperature only under food-
saturated conditions. Similar interactive effects of
food availability and temperature have not been
demonstrated for C. sinicus growth and develop-
ment rates. However, egg production rates have
been demonstrated to increase logistically with
phytoplankton biomass] Uvg, 200001 while both
growth and development rates appear to be
temperature-dependent Uyeg, 19881 Sea surface
temperatures greater than 200 were evident
during July in the Inland Sea of Japan{] HUANG et
al, 1993ad and from May through December in
the northern area of Kagoshima Bay. High phyto-
plankton concentrations were measured during
August and September in the Inland Sea of Japan

0 >5 mg m~3 Huane et al., 1993al] and during May
and June in the present studyd >10 mg m~>0
Thus, it is appears that C. sinicus abundance
increases during the spring when thermal and
food[ i.e,, phytoplankton biomass[] conditions are
optimal for development and growth. This opti-
mal period occurs earlier in the northern area of
Kagoshima Bay relative to the Inland Sea of
Japan.

In the northern area of Kagoshima Bay, year-
to-year variations were found for the environ-
mental conditions such as ambient temperature,
salinity and chlorophyll a from spring to summer.
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As seen in less abundance for C. sinicus under
the low food availability in 2010, environmental
conditions during spring to summer are likely
important for their life history strategy. However,
even if they increased their abundance during
spring to early summer like in 2009, the popula-
tion abundance was lowest during summer when
the population was composed entirely of C5s. In
the Yellow Sea and Sagami Bay, C5s found in
deep layers are considered to be dormantl] Pu et
al., 2004a, b; ZHANG et al., 2007, NoNOMURA et al.,
200801 In the present study, however, we find no
evidence for dormancy in the northern area of
Kagoshima Bay. For marine calanoid copepods,
dormancy has been identified by an empty and
reduced gutd MILLER et al. 19840 or by the shape
and/or structure of diapause eggsl Ban, 199701
More recently, dormancy for copepods has also
been identified biochemically by low aminoacyl-
tRNA synthetase activitied] YEBRrA et al., 2006Jor
low RNA:DNA ratiosd] Kosarli et al., 201300 We did
not measure a significant decline in RNA:DNA
ratios for our study population. Based on the
equation developed by Kobari et al.[0 Kosari et al.,
20130 the RNA:DNA ratios measured for C.
sinicus were much higher than ratios measured
for “active” copepods] 1.0 to 1.600 These findings
suggest that no dormant stock is formed for the
C. sinicus population in the northern area of
Kagoshima Bay. Why then is the population
abundance low and composed of C5s during the
summer in the northern area of Kagoshima Bay?
Summer phytoplankton biomass never dropped
below 1 mg chlorophyll a m™, indicating that
clutch size and spawning frequency were prob-
ably food-saturated] Uye, 20000 It is possible that
hatching and development failures i.e., embry-
onic and naupliar malformationsO were enhanced
with high summer surface temperatures] >250 [
as suggested by ZHane et al.[0 20070 resulting in
elevated mortality for early life stages in

Kagoshima Bay. On the other hand, copepod
mortality increases with high thermal regimes
since predation activity is enhanced HuNTLEY
and Lorez, 1992; HiIrsT and Kigreog, 20021 The
naupliiar and young copepodite stages of C. si-
nicus are known to reside in surface layers
throughout the dayd UYE et al., 1990; Huang et al.
1992, 1993b[] Uyel 200001 pointed out that the C5
and adult stages can, however, avoid visual pred-
ators in the shelf waters where they are able to
carry out a full-scale diel vertical migration. The
water column depth at our study site was 140 m,
deeper than Kii Channel where the full-scale diel
vertical migration has been observed] Uyg, 20000
Taking into account for the predominance of C5s
even under the cold thermal regime without the
growth inhibition[ i.e., winter to spring[] we sug-
gest that the predominance of C5s occurs[] espe-
cially in summer[J as a result of high predation
mortality on early life stages. However, how do
they sustain their population with quite low abun-
dance of the early life stages even in the year-
round reproduction and equiproportional devel-
opmentd UyEg, 1998[® Indeed, the abundances of
C1 to C4 were lower than those in the previous
studied] Uve et al,, 1990; Huang et al. 1992, 1993b[]
Based on the results in the Yellow Seald Pu et al.,
2004b[] C. sinicus exhibited different life history
strategies to conduct summer dormancy at depth
in the deepest area and to reproduce throughout
the year in the neighboring shallow area. Since
there are basin areas deeper than 200 m in
northern and southern Kagoshima Bay, C. sinicus
might be sustained by recruitment of dormant
stock forming in the basin areas.

UYe] 200000 pointed out that shelf waters might
provide a suitable habitat for C. sinicus due to the
ideal temperature, food supply and depth. These
conditions of a sufficiently deep water column, the
high thermal regime, and suitably high food sup-
ply appear to be met for the C. sinicus population
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in the northern area of Kagoshima Bay. The
importance of both ambient temperature and
food supply in copepod life cycles has been well
studiedd Huanc et al., 1993a; Pu et al,, 2004a, b;
ZHANG et al., 200700 Our study also emphasizes
that water column depth plays an important role
in calanoid copepod life cycles because of the
potential limits imposed vertical migrants. It has
been hypothesized that coastal populations of C.
sinicus are supplied by estuarine circulation
transporting populations flourishing in shelf
waters[] Uyg, 20000] However, such circulation
was limited in the northern area of Kagoshima
Bay due to the presence of a narrow channel
O TAkaHASHI, 19770 We suggest that C. sinicus
can complete their life cycle in the northern area
of Kagoshima Bay where food availability and
depth are suitable, even in the high thermal
regime.
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