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Observation of tidal and residual circulations
in Osaka Bay by HF radar

Satoru TAKAHASHI ", Ichiro YUASA*, Morivasu TAKARADA ",
Akitsugu NADAI** and Yukiharu HISAKI***

Abstract : Observations of sea surface currents by HF radar were carried out in Okasa Bay in
autumn 1995. The overall characteristics of the major tidal currents (M,, S,, K, O,) in Osaka Bay
are examined. At the same time, variability of current and the clockwise residual circulation is
investigated over spring—neap tidal cycle. It is found that magnitude and spatial scale of a
clockwise residual circulation in the central part of Osaka Bay at spring tides are larger than
that at neap tides. Furthermore, it is sugested that the southward flow at flood tide in the cen-
tral part of Osaka Bay does not exist during neap tides.

Key words : HF radar, tidal current, residual current

1. Introduction

A high frequency ocean radar (HF radar) is
a quite useful instrument which enables us to
make a long term observation of sea surface
current in the wide area. In last decade, a num-
ber of observations by HF radar have been
made to analyze coastal phenomena such as
tidal and residual currents (PRANDLE, 1987),
frontal structure (MATTHEWS et al, 1993),
upwelling (SHKEDY et al., 1995), and so on.

Okinawa Radio Observatory of Communica-
tions Research Laboratory (CRL) developed
the first HF ocean radar system in Japan in
1988 (IcucHi et al., 1989) and the second one in
1991. OnnNo (1991, 1993) made several current
and sea state observations using HF radars at
Tokara Strait, Japan Sea and other places.
TAKEOKA et al. (1995) utilized the current meas-
urement by HF radars to analyze the Kyucho
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in the Bungo Channel.

As shown in Fig.l, Osaka Bay is a semi-
enclosed basin where the tidal current domi-
nates and the residual flow plays an important
role in the long term dispersion of material.
Furthermore, it is known that a clockwise re-
sidual circulation exists in the central part of
Osaka Bay (Yanaciand TAKAHASHI, 1988,1995 :
FUNIWARA et al., 1989 : Yuasa, 1994, et.c). In
order to obtain the detailed structure of these
currents, a long—term observation of currents
in wide area is necessary. However, most of the
past current observations in Osaka Bay were
point-wise measurement by current meter or
temporary measurement of vertical section by
Acoustic Doppler Current Profiler (ADCP) at
best. Therefore, we adopted current measure-
ments by the HF radars to the opbservation of
tidal current and residual circulation in Osaka
Bay. In the present work, we will illustrate the
characteristics of the tidal currents, and vari-
ability of current and a clockwise residual cir-
culation over spring-neap tidal cycles in Osaka
Bay.

2. Specifications of the HF Radar and Obser-
vations

Current measurements by the HF ocean
radar system were carried out at the two sites
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Fig.1. Map of Osaka Bay. Broken curved lines are depth contours. Numerals are depth in
meter. Straight broken lines shows the radar beams.

Table 1. Specifications of the HF ocean radar of CRL. After TAKEOKA et al. (1995)

Radar type
Center frequency
Range resolution
Transmit power
Antenna type

Frequency Modulated Interrupted Continuous Wave (FMICW) radar
24.515 MHz

1.5 km

100 W (peak), 50 W (average)

10-element phased array antenna

Beam width 15°
Beam directions +45° (13 directions)

shown in Fig. 1, from 11 November to 12 De-
cember 1995. Two spring tides (23 Nov. and 7
Dec.) and two neap tides (15 and 29 Nov.) were
included in this period. Table 1 shows the
specification of the HF ocean radar system of
CRL. A phased array antenna of 60 m long is
used and the radar beam can be steered electri-
cally in the direction within =45°. Sea echoes
over the range of 90 km can be detected under
a favorable condition. Harder the wind blows,

shorter the maximum observable range be-
comes, since sea waves impede the radio wave
propagation. The radio wave is backscattered
by sea surface waves with half the wave length
of the radio wave. The measured current veloc-
ity represents the integrated value over the
surface layer effective in advecting the surface
waves. The thickness of this effective surface
layer is said to be about 1/47 of the surface
wave length and hence 1/8 z of the radio wave
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Fig. 2. Tidal current ellipses of major 4 components. (a) is M, (b) S, (¢) K, and (d) O. tidal

current.

length (STEWART and Joy, 1974), and it is about
0.5 m for the radars of CRL since the radio
wave length is 12 m. Readers are referred to
IGucHi et al. (1989) and OuNoO (1991) for more
details of the radar hardware.

Backscattered signals along one beam were
recorded for 2 minutes, followed by 3 minutes
of the interval. This interleaving procedure has
5 minutes intervals, thus measurements along
12 separate beams can be made at hourly inter-
vals.

3. Data Analysis and Observation Results
Obtained signals were spectrally analyzed
and radial currents were determined. Here,
since data obtained time was different by beam
to beam at one site, radial currents were

interpolated to the currents at every hour on
the hour using linear interpolation method.
From these values, hourly current vectors at
cross points of radar beams were estimated.

3.1 Harmonic Constants

Harmonic analysis was carried out at each
cross points and harmonic constants of 10
major tidal constituents (K, Oi, Pi, Qi, Ma, Sa,
K., N2, M4, MS,) were obtained with use of the
least square method (Opamax : 1981). Tidal el-
lipses of M:, S:, K, and O, (major 4 compo-
nents) are shown in Fig. 2(a), (b), (¢) and (d),
respectively. M, tidal current is most dominant
component and phase progresses from near
coast to central part. Amplitude of M, tidal cur-
rent reaches about 70 cm/s near the Akashi
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Fig.3. Time series of the current vectors on 23 November 1995 (spring tide).
(a) flood tide, (b) slack after flood tide, (c) ebb tide, (d) slack after ebb tide.

Strait. Amplitude of S, tidal current is about
half of that of M. tidal current, but flatness, di-
rection of major axia and phase of S. tidal cur-
rent ellipses in the area where depth is more
than 20 m (the deeper area, see Fig. 1) are simi-
lar to M; tidal current. On the other hand, in the
area where depth is less than 20 m (the shal-
lower area), S tidal current gradually becomes
weak with the approach to the bay head
whereas M. tidal current rapidly becomes
weak. Amplitude of K, tidal current is weaker
than that of S: near the Akashi Strait but
stronger near the Tomogashima Channel. Flat-
ness ratio of K, tidal ellipses in the shallower
area becomes small with the approach to the
bay head although that of other components
does not change or becomes large. O, tidal

current is the weakest component among the
four major components. Its amplitude reaches
about 16 cm/s near the Akashi Strait and about
15cm/s near the Tomogashima Channel. Am-
plitude of the semi-diurnal tidal currents (M;
and S, components) become weak as approach-
ing from the Akashi Strait to Tomogashima
Channel. On the other hand, amplitude of the
diurnal tidal currents (K, and O, components)
is not so different between near the Akashi
Strait and the Tomogashima Channel, al-
though once that become weak off shore the
Kansai Airport.

3.2 Time Series of the Current
In this paper, the time at which westward ve-
locity at the Akashi Strait becomes maximum
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speed is called flood tide and the time at which
eastward velocity becomes maximum is called
ebb tide.

Figure 3 shows the time series of the surface
current vectors at flood tide (a), the slack after
flood tide (b), ebb tide (¢) and the slack after
ebb tide (d) on 23 November 1995 (spring
tide). From this time series, we can see how the
semi—diurnal current develops in Osaka Bay.
Maximum velocity reaches about 155 cm/s at
flood tide and about 180 cm/s at ebb tide near
the Akashi Strait. The surface current at the
deeper area is stronger than that at the shal-
lower area. A clockwise eddy is found in the
central part of Osaka Bay at the slack (Fig.3
(b) and (d) ), although the intensity at the
slack alfter flood tide is stronger than that at

Fig.4. Time series of the current vectors on 15 November 1995 (neap tide).
(a) ebb tide, (b) slack after ebb tide, (c) flood tide, (d) slack after flood tide.

the slack after ebb tide. In spite of flood tide,
southward flow has been said to exist at cen-
tral part of Osaka Bay from the past knowledge
(FUNWARA et al., 1989) and this flow is indeed
found in Fig.3 (a).

Figure 4 shows the time series of the current
vectors at ebb tide (a), the slack tide after ebb
tide (b), flood tide (c) and the slack tide after
flood tide on 15 November 1995 (neap tide).
The figure shows that the semi-diurnal current
develops in Osaka Bay. Maximum velocity
reaches about 110 cm/s at ebb tide and about
70 cm/s at flood tide near the Akashi Strait.
Storong surface current is distributed in the
deeper area. A clock-wise eddy is found in the
central part of Osaka Bay at the slack after ebb
tide (Fig.4 (b) ). These results correspond to
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that of spring tides with the intensity of cur-
rents put aside. However, southward flow at
the flood tide is not found in Fig.4 (c). Here,
most of past observations were carried out dur-
ing spring tides and the observation during
neap tides was rarely made in Osaka Bay. This
fact suggests that the southward flow existing
at flood tide does not exist during neap tides.
Furthermore, at the slack after flood tide of
neap tides, we can not find a clockwise eddy in
Fig.4 (d). This clockwise eddy may be a funda-
mental flow structure of Osaka Bay. Namely,
there is a possibility that the residual circula-
tion fluctuates with lunar age period. Thus, we
will investigate the variability of the residual
circulation in the spring to neap tidal duration
in the next section.

3.3 Residual Circulation during Spring Tides
and Neap Tides

Figure 5 shows the circulation patterns
which are obtained by averaging the current
velocities at the beam cross points over 25
hours at spring tide (a) and neap tide (b). A
clockwise residual circulation develops in the
central part of Osaka Bay at both spring and
neap tides. Maximum velocity of the circula-
tion reaches about 70 cm/s during spring tides
and about 30cm/s during neap tides near the
Akashi Strait and the overall residual velocity
during spring tides is 2-3 times stronger than
that during neap tides.

The positions of western, northern and east-
ern edges of a clockwise circulation are not so
much different between spring and neap tides.
However, during spring tides, a clockwise cir-
culation spreads more to south than that dur-
ing neap tides. Most likely, this is because the
western edge of a clockwise residual circula-
tion is constrained by the northern part of the
Awaji Island whereas northern and eastern
edges are constrained by the slope which be-
comes deep rapidly from 20m to 50m depth
(refer to Fig.1), leaving only southern edge
free from such topographic constriction. That
is, spatial scale of this circulation at spring
tides is larger than that at neap tides.

4. Discussions and Conclusions
Variability of current and a clockwise

residual circulation are investigated over
spring to neap tidal cycles in Osaka Bay using
the observation results by HF radar. As a re-
sult, it is suggested that the southward flow at
flood tide in the central part of Osaka Bay ex-
ists during spring tides but not during neap
tides. However, this southward flow can be
seen during neap tides of 29 November 1995
(not shown). Here, the tidal range at the tide
station of Osaka (34°39'N, 135°26’E) is about 61
cm at morning of 15 November and 83 cm at
morning of 29 November with a difference of
about 22 cm for the same neap tide condition.
This fact suggests that, although under the
neap tides, there are two cases where the south-
ward flow at flood tide does or does not de-
velop in the central part of Osaka Bay
depending on the tidal range at the neap tidal
period. This phenomenon will be studies more
in the near future using a numerical model.

FUITWARA et al. (1989) investigated the vari-
ability of a clockwise residual circulation in the
central part of Osaka Bay with use of ADCP ob-
served data. They suggested that intensity of
the residual circulation fluctuated according to
the fluctuation of the maximum velocity of
tidal current at the Akashi Strait. In our re-
sults, intensity of a clockwise circulation at
apring tides is stronger than that at neap tides.
That is, their suggestion corresponds to our re-
sult. Furthermore, in our results, intensity of a
clockwise eddy at the slack after ebb tide (Fig.
3 (d) ) is stronger than that at the slack after
flood tide (Fig.3 (b) ) during spring tides. On
the other hand, during neap tides, we can find
a clockwise eddy at the slack after ebb tide
(Fig.4 (b)), but we cannot find that at the
slack after flood tide (Fig.4(d) ). This fact sug-
gests that a clockwise eddy at the slack is
caused effectively by the eastward flow at the
Akashi Strait and should contribute to com-
pose a clockwise residual circulation in the cen-
tral part of Osaka Bay.
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Ammonium and phosphate pools of Noctiluca scintillans

and their supplies to the water column in Harima
Nada, the Seto Inland Sea, Japan

Santiwat PITHAKPOL*, Kuninao TADA® and Shigeru MONTANI"

Abstract : The contribution of ammonium and phosphate contained in Noctiluca scintillans to
the water-column nutrient pools were investigated in Harima Nada, the Seto Inland Sea, Japan.
Ammonium nitrogen (NH,"-N) and phosphate (PO,*”-P) concentrations varied widely from
undetectable to 36.5 £ M and to 1.6 4 M, respectively. Percentages of NH,*-N and PO.*~-P contrib-
uted by Noctiluca were estimated based on population densities and the cellular nutrient
contents. The NH,*-N and PO,’ -P contained in Noctiluca contributed to the water column
NH.,*-N and PO.*-P pools ranging from 0 to 119% and to 809, respectively. The estimated high
percentages of both macro-nutrients were usually found in the middle of spring (April to June)
where Noctiluca red tides were observable, indicating that during this period the nutrient
regeneration by Noctiluca should not be ignored. The temporary enhancement of nutrients at
the sea surface by Noctiluca during Spring season when low ambient nutrient concentration is
characterized, effectively supports the growth of autotrophs and results in successive

phytoplankton blooms.

Key words : Noctiluca scintillans, nutrient pools, nutrient regeneration, the Seto Inland Sea

1. Introduction

Noctiluca scintillans is one of the important
red tide heterotrophic dinoflagellate which is
abundant in tropical and subtropical coastal
waters (e. g. HUANG and Qr1, 1997 ; OkAICHI and
NisHIo, 1976 ; TADA et al., 1997, UHLIG and
SAHLING 1990). The extraordinary mass devel-
opment of this organism dyes sea surface with
large red streaks when optimum physico-
chemical and biological factors are suitable for
cell division and accumulation. This phenom-
ena, so-called Noctiluca red tide, has been stud-
ied in ecological aspects in global to regional
level (e. g. ADNAN, 1989 ; OkalcHI and NISHIO,
1976 ; OMORI and HAMNER, 1982 ; PORUMB, 1992 ;
SCHAUMANN et al., 1988 ; UHLIG and SAHLING,
1990 ; HUANG and Qi, 1997). In the Seto Inland
Sea, Japan, seasonal variation in population
density and Noctiluca biomass have been stud-
ied (TADA et al., 1997) together with biophilic

* Department of Life Sciences, Kagawa University,
Miki, Kagawa, Japan 761-0795

cellular carbon and nitrogen contents (TADA et
al., 2000). Noctiluca has been ecologically con-
sidered to be a nutrient regenerator in the
coastal seas due to its high cellular contents of
ammonium nitrogen (NH,*-N) (OkaicHl and
NIsHIO, 1976 ; SCHAUMANN et al., 1988 ; MONTANI
et al, 1998) and phosphate (PO,* -P)
(SCHAUMANN et al., 1988 ; MONTANI et al., 1998).
The high concentrations of NH,*-N and PO2~-P
which contaminate the sea surface after cell
lysis, are subsequently utilized by autotrophs.
Noctiluca ingests particulate organic matter
(POM) such as phytoplankton, detritus
(Fukuyo et al., 1990) and bacterial size particles
(KIRCHNER et al., 1996), and transforms those or-
ganic materials into inorganic nutrients inside
the cell by metabolic activity. Although proto-
zoan nutrient regeneration has been consid-
ered to be less important than that of the
microheterotrophs (HARRISON, 1980, 1992 ;
CARON and GOLDMAN, 1990), vertical migrating
of the species may transport a significant frac-
tion of their regenerated nitrogen(NH,*-N) to
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the sea surface where it is easily aaccessible
by primary producers (LONGHURST and
HARRISON, 1988 ; LONGHURST et al., 1989 ;
HARRISON, 1992). In this study, the authors con-
ducted a long-term study of Noctiluca abun-
dance in Harima Nada over the period
beginning May 1995 an lasting until December
1998. The cellular NH,*-N and PO.*"-P contents
had been measured and data were used to esti-
mate the nutrient pools of Noctiluca in the
study area. The study further examines the
role of Noctiluca as the nutrient regenerator in
the Seto Inland Sea.

2. Materials and methods

Collection of Noctiluca and water samples
Seawater samples were collected almost
monthly from May 1995 to December 1998 at
the depths of 0, 5, 10, 20, and in deeper water
2m from the bottom at Stn. NH (34°28’N,
134°24'E) located in Harima Nada, the Eastern

La mer 37, 2000

part of the Seto Inland Sea, Japan (Fig.l). A
10-¢ Vandorn type water bottle was used to
collect water samples except the sea surface
sample that was collected using a 15- £ plastic
bucket. Water samples were poured into twice-
rinsed 5 £ -capacity polyethylene bags and
stored in the dark at surface ambient water
temperature during transportation to the land
laboratory. Within a few hours after collection,
samples were filtered using a Whatman GF/F
filter. Duplicate filtrate samples were immedi-
ately frozen in a freezer (—20°C) for subse-
quent analysis of NH."-N and PO.*"-P. Noctiluca
abundance were estimated from 1¢ water fil-
tration through 300 ym-open mesh screen. Cells
retained on the screen were fixed with formal-
dehyde solution (1% final concentration) and
counted under a stereomicroscope at 10 X mag-
nification. In case of high Noctiluca density in
the samples, serial dilutions to appropriate cell
number were performed before counting.

WN
Ny A
z Honshuu
) 35N
O W sl:odous;‘m -
RS gej + Stn. NH
APAN & a &
J 2
E Kagawa
34N
- Shikoku ; \
33N
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Fig. 1.
Inland Sea, Japan.

The location of sampling station, Stn. NH, in Harima Nada, eastern part of the Seto
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Fig.2. Monthly changes in Noctiluca mean cell diameter during a) 1995-1996. b) 1997-1998.

Noctiluca samples used for determination of
cellular nutrient contents were collected by
carrying out a vertical tow of a zooplankton
net (300« m opening mesh) at a depth of 20m in
April, May, June, October, November and De-
cember 1996.

Noctiluca cellular content and cell size deter-
mination

The details of the method for determining
Noctiluca cellular nutrient contents are given
elsewhere (MONTANI et al., 1998). Buoyant
Noctiluca cell collected by a zooplankton net
were siphoned off the top of net-plankton sam-
ples. Cells were washed to eliminate other
plankton species with 0.2¢m filtered seawater
for 3-5 times by repeating the siphon process.
Noctiluca cell were carefully placed onto a 0.45
um Milipore filter (cellulose nitratemembrane).

Noctiluca cells together with the filter were ho-
mogenized and sonicated in and ice-cold water
bath. Double-distilled water was used to dis-
solve the inorganic nutrients from the samples.
The liquid phase was then filtered using a 0.45
um disposable disk membrane filter for fur-
ther analysis of NH.*-N and PO.* -P using the
Technicon Auto-Analyzer I (GRASSHOFF et al.,
1983). All samples were prepared in replicates
(n=2~6).

Noctiluca cell diameter was measured for dif-
ferent collection period of the year by observ-
ing 20 live cells from the plankton net sample
under a light microscope with a micrometer at
100 X magnification. No fixing solution was
used to fix the cells but we reduced the sea
water volume on the Sedgwick-Rafter count-
ing chamber so that the movement of Noctiluca
was restricted. Noctiluca cell volumes were
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Fig.3. Vertical profiles and monthly changes in Noctiluca population density at Stn. NH

during 1995-1998.

calculated assuming spherical shape.

Estimation of ammonium and phosphate pools
of Noctiluca.

The ammonium and phosphate contents of
Noctiluca was measured in the 1996 samples
and used to estimate the Noctiluca inorganic
nutrient pools based on its cell volume. We also
observed seasonal changes in Noctiluca cell di-
ameter during the study period. The largest
cells were usually observed in March with di-
ameters decreasing from March to July of Octo-
ber and then increasing toward December (Fig.
2 a, b). For the remaining months that we were
not able to measure cellular nutrient contents
due either to low cell densities in the water col-
umn (in August and September) or due to the
difficulty of separating Noctiluca from other
contaminated zooplankton in the net-samples
(in July). We used linear correlation equations
between Noctiluca cell volume and cellular NH,*-

N and PO.*"-P to calculate nutrients content of
the cell.

3. Results
The abundance of Noctiluca scintillans in the
Seto Inland Sea

The high population density of this organism
was clearly noticed once or twice every year
during the study period (note that our moni-
toring was carried out at almost monthly inter-
vals). Population densities ranged from 0 to
12,600 cell 1. The peak cell densities at the sea
surface occurred in April to May 1995, and
March to May 1998 (Fig. 3). In April 1995 a den-
sity of 155 cell 17! was unexpectedly found in
the bottom layer. There were small cell density
peaks reaching to 500 cell 17! in May 1996 and
May 1997 (Fig. 3). No Noctiluca density greater
than 1,000 cell 17! was found in the 1997 sam-
ples. However, a moderately high cell density
was counted at that time (426 cell 177).
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Fig. 4.
during 1995-1998.

The seasonal variation in NH,*-N and PO.*"-P
in the study area

The NH,*-N and PO.*~-P concentrations of
seawater samples varied widely from undetect-
able to 365u4M and to 1.6uM for NH,*-N and
PO.#7P, respectively. Ammonium nitrogen con-
centration usually increased in middle of
spring. The highest concentration of 36.5uM
was found concurrently with 718 cell 17! Nocti-
luca density in June 1995 (Fig.4). Low ammo-
nium level spring and summer were found
with the exception of samples taken in 1996.
Low NH.*-N concentrations, however, were
measured in autumn and winter waters for
most of the samples throughout the monitor-
ing period.

Seasonal changes in PO.*"-P concentrations
experienced the same seasonal trends as the
concentrations of NH,*-N concentration (Fig.
5). Phosphate and NH,*-N concentration in-
creased concurrently with the increase in
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Vertical profiles and monthly changes in NH,*~N concentrations ( M) at Stn. NH

Noctiluca cell density in May 1995 and May
1998. Low PO.*"-P concentrations were found in
early spring and summer as a result of phyto-
plankton uptake. We observed that nutrient
flux from water-sediment interface occasion-
ally induced high concentration of both nutri-
ents found in a bottom layer.

The estimation of ammonium and phosphate
provided by Noctiluca

The intracellular NH,*-N and PO.*~-P con-
tents of Noctiluca were calculated based on the
correlation between cell volume and cellular
inorganic nutrient contents as :

Noctiluca cellular NH,*-N (pmol/cell)

=2X107° v+88.89 (D
Noctiluca cellular PO&~-P (pmol/cell)
=3x10°v—129.13 )

where v is the Noctiluca cell volume(um?®).
The Noctiluca ammonium nitrogen and PO -
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Fig.5. Vertical profiles and monthly changes in Po.’”-P concentrations ( zM) at Stn. NH

during 1995-1998.

P contents of has been reported in a previous
study (MONTANI et al., 1998). The estimated sea-
sonal changes in Noctiluca cellular nutrient
content is shown in Fig. 6. Noctiluca cell diame-
ter decreased from the largest cells found in
the March sample to the smallest cells found in
April, July and October samples. Cell diameters
then increased toward December (unpublished
data). The same trend in changes in cellular
nutrient content was obtained. The highest
Noctiluca cellular NH,*-N and PO.*"-P contents
were found in the March 1998 samples (11.2
and 1.5 nmol cell ! for NH,*-N and PO,’"-P, re-
spectively) when the cell diameter was 1019.2
um. The lowest cellular nutrient content was
found in the July 1997 samples (1.0 and 0.1
nmol cell™! for NH,*-N and PO.*"-P, respec-
tively) when the cell diameter averaged 448
um (Fig.6).

Nutrient pools of Noctiluca were estimated
by the multiplication of intra-cellular nutrient
contents and cell standing stocks in 0-33 m

depth water-column. High Noctiluca NH."-N
and PO.*"-P pools comparing to the ambient
nutrient pools were found in May and June
1995, April and May 1996, 1998 and March 1997.
These led the percentages of NH,*-N and PO.*"-
P contained in Noctiluca to the ambient nutri-
ent standing stocks ranged from 6.5-119% and
from 5.1-80.0%, respectively. Low percentages
of NH,*-N and PO.*"-P pools to the ambient nu-
trient concentrations were found in other peri-
ods of the year (Fig.7).

4. Discussion

Seasonal variation in Noctiluca abundance
Noctiluca abundance has been studied glob-
ally (e. g. western coast of Brittany-FEVRE and
GRALL, 1970; German Bight-UHLIG and SAHLING,
1982, 1990 ; SCHAUMANN et al., 1988; Romanian
Black Sea-PorRUMB, 1992; Dapeng Bay, the South
China Sea-HUANG and Q1, 1997 ; Seto Inland Sea-
TaDA et al., 1997). HuanG and Q1 (1997) re-
ported that during the peak period of
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abundance between March and May in Dapeng
Bay, South China Sea, the average density of
Noctiluca had a significantly positive relation-
ship with average water temperature. Our
study documents the same phenomenon. Other
physical factors effecting on the appearance of
Noctiluca population are wind and tidal current
(UHLIG and SAHLING, 1990). UHLIG and SAHLING
(1990) also stated that Noctiluca growth is in-
fluenced by light intensity. Cell growth in na-
ture could be influenced by increasing day
length from December toward June (in the Ger-
man Bight). In spring, water temperature
would be the dominating growth parameter.
Moreover, hydrographical features, such as
fronts, have been postutated as an indicator in
outbreaks of the red tide (FEVRE and GRALL,
1970). The calm weather and weak stratifica-
tion of the water column with a warm surface

layer obviously aids in generating a Noctiluca
patch (SCHAUMANN et al., 1988). However,
PoruMB (1992) reported the most abundance of
Noctiluca (over 509 of its density) in Roma-
nian Black Sea water was observed between 50
and 75m depth in summer. He suggested that
the stratification of water masses and strong
heating of the superficial water in August may
cause a numerical decrease in the Noctiluca
population in the surface water. High tempera-
ture in the surface layer (over 21°C was stated
by PoruUMB, 1992, in Romanian Black Sea wa-
ters) modifies the behavior of Noctiluca which,
by modifying their buoyancy, succees in avoid-
ing layers that are over heated.

Apart from the factors mentioned above, the
primary factor in Noctiluca multiplication is
the presence of food (PoRUMB, 1992). Noctiluca
is well-known for its grazing behavior on a
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wide variety of foods, including phytoplankton
(mainly diatoms and flagellates), zooplankton,
fish eggs, detritus (HATTORL, 1962; FUKUYO et
al, 1990), and copepods eggs (KIMOR, 1979;
DANN, 1987). HuanGg and Q1 (1997) suggested
that during the peak period of the Noctiluca
abundance, the average density of Noctiluca at
stations in Dapeng Bay showed a significantly
negative relationship with average Chloro-
phyll a concentration. This indicated that
Noctiluca exerts some predation pressure on
the phytoplankton. Cyanophytes and bacteria
may also serve as a food source for Noctiluca.
SWEENEY (1970) observed cyanophyte Tricho-
desmium sp. within Noctiluca food vacuole.
KIRCHNER et al. (1996) reported that bacteria
and bacterial sized fluorescent latex micro-
spheres can be removed from the water by en-
trapment in the mucoid web of Noctiluca. They
also suggested that Noctiluca ingests bacteria
in the winter when other food source are
scarce. In the Seto Inland Sea, we found that a
decrease in phytoplankton biomass occurred
concurrently with an increase in Noctiluca
population (TADA et al., 1997).

Ammonium and phosphate provided by
Noctiluca

The regeneration and supply of limiting nu-
trients in coastal surface waters are ecologi-
cally important especially in temperate regions
where there are the high seasonal fluctuations
in nutrient concentrations and other physical
factors, such as water temperature. Organisms
which contribute to nutrient regeneration have
been seriously investigated for decades (HAR-
RISON, 1980, 1992). It was suggested that micro-
heterotrophs account for considerably more of
the energy tranfer and nutrient cycling within
the plankton community than the grazing con-
cept [phytoplankton-zooplankton-fish] held
(HARRISON, 1992). The regeneration by micro-
grazers excretion, for example of heterotrophic
bactivorous and herbivorous, however, has
also been studied extensively. CARON and
GoOLDMAN (1990) suggested that protozoans
may be important nutrient remineralizers. This
ovservation was based on the abundance of
protozoa in coastal and oceanic waters, the fact
that they are major consumers of bacteria and
autotrophic picoplankton, their high biomass-
specific metabolism, and field observations
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that often associated high nutrient regenera-
tion rates with the particle size class in which
they fall (CARON and GOLDMAN, 1990 ; HARRISON,
1992).

Nutrient regeneration contributed by Nocti-
luca has been considered by OkaIicHI and NISHIO
(1976). Okaichi and Nishnio pointed out that
the harmfulness of this dinoflagellate is due to
the high NH.*-N content in the cell. In adiction
ammonium possibly contaminates the sur-
rounding water when cell lysis occurs. This
topic has been subsequently discussed by a few
additional authors. SCHAUMANN ef al. (1988) has
concluded based on the reports of German sci-
entists that the dense accumulatin of Noctiluca
cell in the red tide patch heavily influenced the
chemical and biological balance of the pelagic
ecosystem. Aging Noctiluca cells ascend to the
water surface which is in part achieved by ac-
tive intracellular ion exchange and NH.*-N ac-
cumulation which reduces the specific weight
of the cell. Part of this NH;"-N is then subse-
quently secreted together with PO.*"-P near to
at the surface of the water column. This obser-
vation has been evidently supported by our
findings that patches of Noctiluca red tide pro-
vided 16- and 25-fold greater concentrations of
NH.*-N and PO, -P (maximum 86 and 4.6 M,
respectively). Concentrations were greater in
the uppermost layer (0-10 cm depth) of the
water column compared with concentrations in
the ambient sea water (MONTANI ef al., 1998).
We also reported the intracellular nutrient con-
tents of Noctiluca which are used to estimate
NH,*-N and PO.*"-P pools in this study.

The increase in Noctiluca population density
enhances NH.”-N and PO.’”-P concentrations
on the sea surface due to its mass nutrient ac-
cumulation in the cell which is secreted as
waste or released to the water after cell lysis
(SCHAUMANN et al., 1988, MONTANI et al. 1998).
MONTANI ef al. (1998) reported that the NH,*-N
concentrations at the center of Noctiluca red
tide between 0-10cm depth were markedly
higher than those of the next 10cm depth layer
(10-20cm). In addition to direct nutrient regen-
eration, a large amount of organic detritus and
dissolved organic matter (DOM) produced
within the red tide may stimulate microbial ac-
tivities (SCHAUMANN et al., 1988) which is

believed to provide an important fraction of re-
generated nutrient. In this study, we can point
out that NH,*-N and PO.*~-P pools contained in
Noctiluca in Harima Nada, the Seto Inland Sea,
accounted for 0-119% and 0-809%, of the ambi-
ent nutrient pools respectively during spring.
These high percentages are important ecologi-
cally in relation to the biogeochemical cycles of
the biophilic elements, mainly nitrogen and
phosphorus, in marine environment.
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Influences of concentration, particle-size and kind

of inorganic suspended matter on feed caught by Manila clam,

Ruditapes philippinarum

Akihisa TABATA® ', Tsutomu MORINAGA* and Hisayuki ARAKAWA*

Abstract : The influences of concentration ,particle-size and kind of inorganic suspended mat-
ters on the feed caught by of Manila clam, Ruditapes philippinarum, were quantitatively ana-
lyzed using a Coulter Counter. Total of 250 samples under shell-length 40 mm (% 1.0 mm) were
examined. Inorganic particles such as porcelain clay, kaolinite (average size 4.2 um and 15.3
um) and red-yellow soil (average size 4.5 um) were suspended in filtered seawater. Phyto-
plankton, Paviova lutheri (average size 5.6 um) constituted the simulated feed suspension. The
percent catch rate was based on the proportion of feed particles reduced from the initial num-
ber. As the particle-size distribution of phytoplankton followed a normal mode, the catch rate’s
was expressed as the average in the range from 4.0 to 6.3 ym.

When the kaolinite particles of size 4.2 um were added at the concentration of 2.0X10° ml1™ to
the phytoplankton suspension of 1.0 X 10° cells - ml™' containing one clam, the catch-rate of
phytoplankton by the clam was 74.5% * h™', revealing that the rate remained almost constant,
compared to the pre-addition figure of 70.4% - h~'. However, the catch-rate decreased strikingly
to 48.7% - h ™' when the kaolinite concentration increased to 5.0 X 10° particles * ml™. In case of
the experiment mentioned above, the very fine kaolinite particles were found adhering to the
tip of the clam’s incurrent siphon. Furthermore, the phytoplankton cell catch-rates were almost
constant when kaolinite was replaced with red-yellow soil. When kaolinite particles of sizes 4.2
and 15.3 um respectively were added at the concentration of 0.5 X 10° particles * ml™* to a feed
suspension of identical concentrati wadicating, the cell catch-rates were 77.8% - h™' in the for-
mer and 24.19 - h™' in the latter size, indicating a wide variation in the performance of the clam.
Thus it is considered that the influence of inorganic suspended matter on the feed caught by
Manila clam depends heavily on inorganic particle’s concentration and size, but little on its

kind.

Key words : inorganic suspended matter, feeding, Manila clam, catch rate

1. Introduction

Recently, a great deal of clay and sand are
found dispersed in the coastal waters owing to
reclamation works, dredging operations and
river transports. Thus it is considered that
these particles suspended in seawater have a
direct influence on tidal flat inhabiting benthic
suspension feeders, for instance, the bivalve

* Department of Ocean Sciences, Tokyo University
of Fisheries, 5-7 Konan-4, Manato-ku, Tokyo 108
-8477, Japan.

! Present address: Department of Urban Environ-
mental Engineering, Faculty of Engineering,
Hokkaido University, Kita-Ku, Sapporo-city,
Hokkaido 0608628, Japan.

Manila clam which is one of the important spe-
cies from the view-point of fishery resources.
GRIZZLE et al. (1989) and NumacucH! (1990)
reported the profound influence of concentra-
tion of particulate organic matter (POM) and
suspended solids (SS) on the bivalve’s growth
and survival rate. With respect to studies on
the influence of particle-size on filtration per-
formance, there are the reports of KUWATANI
(1965), KusuNok1 (1977a, b), Hans (1988), and
ARAKAWA et al. (1997). KusunoklI (1977a, b) in-
vestigated the quantities of suspended parti-
cles caught by oyster according to particle-size.
ARAKAWA et al. (1997) examined the size of cap-
tured particles for different shell-lengths of the
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Fig. 1. Particle size distribution of kaolinite and typic red-yellow soil. Symbols @ and Il indi-
cate kaolinite suspension with average particle-sizes of 4.2 ym and 153 um, respectively,

and A indicate red-yellow soil.

clam, supposing that the particle-size of feed
greatly influenced the clam’s growth in the
early stages.

In an earlier related research, Fujnya et al
(1958) studied the influences of waste water
and industrial drainage on the feed and filtra-
tion of Manila clam with references to their
concentrations and the opening and shutting
movement of incurrent siphon. CHIBA and
OsHiMA (1957) examined the effect of oragnic
and inorganic suspended particles on the
amount fed and the filtration speed of Manila
clam and blue mussel, and found that the speed
were approximately constant, irrespective of
the quantities of bentonite particles. Apart
from this, there is very few information on the
influence of inorganic matter suspended in
seawater on the feed caught by bivalves.

This study attempts to examine the influ-
ences of concentration, particle-size and kind of
the inorganic particulate matter on the feed
capture of Manila clam.

2. Materials and Method
2.1 Samples and Materials
The bivalve Manila clam, Raditapes philip-

pinarum , collected from the tidal flat at Futtsu,
Chiba Prefecture were used in this study. A
total of 250 clams of shell-length 40 mm (+1.0
mm), were used for the experiment. Each sam-
ple was kept from one to eight weeks in basins
with filtered seawater maintained at 21+3 °C.
The inorganic particles employed in this ex-
periment were porcelain clay, kaolinite and
typic red-yellow soil. The powdered kaolinite
was mixed with seawater filtered through
millipore HA (pore-size 0.45 um), and after one
hour, the resulting kaolinite suspension was di-
vided into two kinds; one was the supernatant
fluid of suspension, and the other was the sus-
pension filtering through a net of mesh size 20
u#m, and not through that of mesh size 10 gm.
Fig. 1 shows the particle-size distributions of
the supernatant and filterate fractions of the
kaolinite suspension obtained. The average
particle-size was 4.2um for the supernatant and
15.3 um for the filtrate. Considering the particle
range from 2.3 to 11.b um in the supernatant
suspension, kaolinite particles less than 4.0 ym,
constituted nearly 70% of it. On the other hand,
the suspension of the filtrate was constituted
more than 609 by particles in the range from
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Fig. 2. Particle size distribution of the phytoplankton, Paviova lutheri.

14.5 to 18.3 um. The red-yellow soil embeded in
the Kunigami marge located at Nago, Okinawa
Prefecture was also studied. This soil consists
of Illite, Halloysite, and etc. (Aok1, 1973) The
red-yellow soil was mixed with sea water, fil-
tered through millipore HA (pore-size 0.45 um),
and after one hour, the supernatant fluid of the
resulting soil suspension was used as an experi-
mental sample. The particle-size distribution of
s0il suspension is also shown in Fig. 1, the aver-
age size being 4.5 um. In the case of soil, there
were also fewer particles of larger size in the
suspension, and those below 4.0 um, occupied
approximately 602 of the total. This distribu-
tion is similar to that of the supernatant sus-
pension of kaolinite particles mentioned above.

The feed suspension was the phytoplankton,
Paviova lutheri monocultured in a constant
temperature room, and it was allowed to emi-
grate into the seawater. The particle-size distri-
bution of phytoplankton cells is shown in Fig.
2. They ranged in size from 2.3 to 11.5 um, the
maximum numbers (90% of the total) falling
in the range from 4.6 to 5.7 um. The average
cell-size of the phytoplankton was 5.6 #m. This
value is a little larger than that of ARAKAWA et
al. (1997).

2.2. Method

The experiments were conducted at the
Banda Marine laboratory of Tokyo University
of Fisheries during the period from June to De-
cember in 1995. An outline of experimental sys-
tem is illustrated in Fig. 3. The experimental
tank was cylindrical in shape and had a diame-
ter of 18 cm, and a depth of 10cm. this tank was
set in the constant temperature water-tank.
Also, the experimental tank contained yet an-
other cylindrical inner container, 6 cm each in
diameter and depth, which retained the experi-
mental bivalve, and a aerator to facilitate water
circulation. Such an experimental system en-
ables the pseudo faeces to keep in an inner con-
tainer, and is similar to that in the previous
paper (ARAKAWA et al., 1997).

The experiments intended to examine the ef-
fect of, (1) concentration of inorganic particle,
(2) it’s size, and (3) it’s kind on the feed caught
by Manila clam. Under the first aspect,
kaolinite particles were added to phytoplank-
ton suspension, and the mixture had the con-
centration of 1.0 X 10° particles - ml™". At this
fixed concentration, we tried four ratios of
phytoplankton to kaolinite mix; 10:0,5:5, 2: §,
and 0: 10. Further, keeping the concenration of
phytoplankton at 1.0 X 10° cells - ml™" we added
kaolinite at concentrations of 2.0 X 10° particles-
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mi~! and 5.0 X10° particles - ml~". In the second
aspect examining the size, kaolinite particles of
sizes 4.5 and 15.3 um, at a concentration of 0.5
X 10° particles -ml™', was added to the phyto-
plankton suspension at an identical concentra-
tion. In the third study in this series, evaluating
the kind of inorganic particle, the red-yellow
soil at a concentration of 5.0 X 10° particles -
ml~! was added to the phytoplank-ton suspen-
sion having the concentration of 1.0X10° cells -
ml~'. The suspensions mentioned above were
maintained in a dispersed state with weak air-
pumping in order to avoid sedimentation,
thereby producing uniform mixtures.

From about five to ten minutes after intro-
ducing a sample clam in the vessel, we ob-
served the vigorous filtration activity with
incurrent siphon, and after one hour, we col-
lected 200ml of the water from the vessel with
a whole-pipet. The number of particles in the
sampled water was measured with a Coulter
Counter (Model ZM ; aperture size of 100 £m).
The objective particles for the study were
those in the range from 2.0 to 25 um. A control
was employed simultaneously, using the vessel

without the experimental animals, and deter-
mining the particle numbers from a similar
sample as mentioned earlier.

The catch rate, C,» is obtained using the fol-
lowing formula(ARAKAWA et al., 1997);

1 Cr—Cetry 9% p!
n-t Ce»y 100 C6-r70 (1)

Cry =

where, C.») is the concentration of particles
without the clam, C,;) denotes the concentra-
tion of particles(diameter at ¢ - class: di) con-
tained in the water with the clam, ¢ (hour)
stands for the experimental period, and n is the
number of clams.

Besides, the average diameter of captured-
particle D is based on the following formula:

~ Zdi'Ndi

D= 22 Nd; @

Where, d: stands for the diameter of particle-
size at i-class, and Nd; stands for the number of
particles at the diameter d;.

In this study, each of the values of n and ¢
mentioned above was one piece and one hour,
respectively. Also, the value of catch rate was
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expressed as the average for the size range
from 4.0 to 6.3 um as the particle-size of phyto-
plankton had a normal mode in distribution.

3. Rusults
3.1. Quantity of inorganic matter
3.1.1. Constant concentration

Figure 4 shows the relationship between
catch rates of phytoplankton cells and
kaolinite particles on the clam and particle-size
when it was kept for 60 minutes in filtered
seawater. Circle and square symbols denote the
phytoplankton, Paviova lutheri and the kaoli-
nite with particle-size of 4.2 £ m, respectively.
Both had a concentration of 1.0 X 10° particles -
ml~'. In the former, the catch rates of phyto-
plankton cells were 63.6% - h™ corresponding
to the particle-size of 2.3 um, 65.4% «h™' for 5.7
um, and 62.1% -h™' for 11.5 um. Accordingly,
their catch rates were about 60-70% - h ' for the
size range from 2.3 to 11.6 um. On the other
hand, the catch rates of kaolinite were 3.5% -
h™' corresponding to 2.3 um particle-size, 34.1
% -h' for 5.7 um, and 54.3% -h™' for 11.5 xm,
respectively. The noticeable difference for
kaolinite particles was the high catch rates for
the size range from 9.1 to 11.5 um. These facts

suggest that the feeding pattern of clam on the
phytoplankton cell distinctly differs from that
with the kaolinite particle.

The kaolinite with particle-size of 4.2 ym was
added to the phytoplankton suspension, and
the concentration of resulting suspension was
1.0 X 10° particles - ml™'. Table 1 exhibits the
number of particles caught by clam in relation
to the phytoplankton: kaolinite ratio. The
number of particles was 1.4 X108 cells - piece '+
h~! corresponding to the ratio 10: 0, 1.6 X 10®
particles - piece™ - h™ for 5: 5, 62 X 107
particles - piece™' - h™! for 2: 8, and 1.8 X 107
particles - piece™ - h™ for 0: 10, respectively.
The efficiency of particle-capture decreased
with an increase in the proportion of kaolinite.
In particular, when the ratio of phytoplankton
to kaolinite was 0: 10, the capture rate was only
1.8 X107 particles - piece ' - h !, and this was just
one-tenth that of the suspension containing
only phytoplankton cells.

3.1.2. Increase of particle concentration

In the particle-size distribution of phyto-
plankton cells caught, about 87.9% of the total
was constituted by those in the range from 4.0
to 6.3 ym. Table 2 shows the changes in catch
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Table 1. Relationships between mix ratio and actual number of particle captured by the clam.

Mix ratio
(phytoplankton: kaolinite)

Number of sample

Number of particle
(particles* piece™'* h™)

10:0
5:b
2:8
0:10

oo sl ey

14 *£0.13x10°
1.6 +0.08x10°
6.2 £0.29%x10"
1.8 £0.06 <107

Table 2. Results of different experimental conditions on the catch-rate of phytoplankton cells

by the clam.

Initial condition of experiment

Number of sample

Catch rate(% + h™)

I Kaolinite concentration
(particles » m1™")
0
2.0 x10°
50 xX10°

I Kaolinite-size
(umj]
4.2
15.3

Il Particle types
Kaolinite (4.2 x m)
Red-yellow soil

70.4+6.7
745142
48.7+14.7

7718L£4.2
24147

48.7+5.2
488+15

* Remarks : Phytoplankton concentrations of condition I and I, and condition II are 1.0X10° cells * m1~",

and 0.5X10° cells * ml ™', respectively.

rate depending on the concentrations of kaoli-
nite particles introduced. Here, the feed suspen-
sion of phytoplankton was at a concentration
of 1.0X10° cells- ml~'. With respect to this sus-
pension, kaolinite particles at the concentra-
tions of 2.0 X 10° and 5.0 X 10° particles - ml™'
were added.

In case of the phytoplankton suspension hav-
ing no kaolinite, the catch rates of clam was
70.4% - h~' for the size range from 4.0 to 6.3
1 m. However when kaolinite particles were
added at 2.0 X 10° and 5.0 X 10° particles - ml™’,
the catch rates of phytoplankton cell were
745% -h~' and 48.7% - h ™!, respectively. At the
higher kaolinite concentration, the drop in
catch rate was quite evident. The fine kaolinite
particles were found adhering to the tip of the
clam’s incurrent siphon.

3.2. Particle-size of inorganic matter
Table 2 expresses the changes in catch rates
of phytoplankton cells in the size range from

4.0 to 6.3 um by the clam when two different
sizes of kaolinite were added. The concentra-
tion of feed suspension was 0.5 X 10° cells -
ml~', and a similar concentration of kaolinite
particles at sizes 4.2 and 15.3 um were intro-
duced. The catch rates of phytoplankton cells
were 77.8% - h ! for the particle-size of 4.2 um
and 24.1% -h™' for 15.3 um, respectively. It is
clear throughout the experiments that when
the particle-size of the added kaolinite was
larger, the catch rate of feed particles was ex-
tremely low.

3.3. Kind of inorganic matter

Figure 5 shows the catch rates of clam in re-
lation to particle-size when it was exposed for
60 minutes in seawater containing red-yellow
soil at the concentration of 1.0X10° particles -
ml~". The catch rate of red-yellow soil was 21.6
9% =« h™' corresponding to the particle-size of
2.3 um, 57.8% -h~'for 5.7 um, and 41.2% -h! for
11.5 um. The catch rates(65 to 68% -h™') were
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Fig.5. Changes in the catch-rates of clams exposed to red-yellow soil suspension.

higher for the size range 7.2 to 9.1 um. Compar-
ing these rates with those for phytoplankton
(Fig. 4), we found that the values for the
phytoplankton were nearly equal (62 to 74% -
h~!) for a wide particle size range from 2.3 to
115 #m; as against very similar catch rates(65
to 68% -h™Y) for the soil particles but for a nar-
rower range from 7.2 to 9.1 xm. This result sug-
gests that the capture probability of
phytoplankton cells is distinctly different from
that of soil and as well as the kaolinite.

Table 2 shows the percent catch rates in the
presence of inorganic matter such as kaolinite
and red-yellow soil. Here, the value of catch
rate was expressed for the size range from 4.0
to 6.3 um, the concentration of the feed phyto-
plankton cells being 1.0 X 10° cells - ml~'. Also,
the concentrations of added inorganic particles
were 5.0 X 10° particles - ml~". In case of the soil
addition, the catch rate of phytoplankton cells
was 48.8% - h™! which was approximately the
same as that with the 4.2 um kaolinite particles.
This reveals that the type of the inorganic par-
ticle has little influence on the catch rate of the
Manila clam.

4. Discussion

In order to fully understand the influence of
inorganic particle on the feed caught by Ma-
nila clam, it is necessary to have some prior
basic information on the filtration perform-
ance. Hence, some preliminary experiments:
(1) the changes in phytoplankton cell catch
rate when the clam were either performing ac-
tive filtration or not, (2) the changes in
phytoplankton cell catch rate with lapse of
time, and (8) the influence of the concentration
of phytoplankton cell on filtration performance
were conducted.

In the first item, the catch rate of clam in a
state of motion was about three times of that in
a state of rest, corresponding to the particle
range from 2.3 to 11.5 gm. The clam used in the
present experiment performed active filtration
with the end of the incurrent siphon opened.
(ARAKAWA et al., 1997)

With respect to the second item, the authors
obtained that the number of cells captured was
0.8 X108 cells - piece™ -h™'in the first half-hour,
1.4 X108 cells - piece™ - h™! at the end of the first
hour and 1.8 X108 cells * piece™' -h™' by the sec-
ond hour when the cell concentration was 1.0
X 10° cells - ml~'. There was a rapid increase
during the first hour and these after the
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increase was gradual. Throughout these ex-
periments, it is found that the filtration activ-
ity of clam continued to an hour.

In case of the third item, the catch rates at
different concentrations of phytoplankton cells
were 50 to 75% -h™! for the size range from 2.3
to 11.5 um. The catch rate of phytoplankton
cell is little influenced by the wide range in
concentration(0.5 to 6.0 X 10° cells - ml™"). The
catch rates of different particle-sizes and con-
centrations, in the present study, was almost
constant throughout the experiments for cell
concentrations between 0.5 to 6.0 X 10° cells -
ml~'. In an earlier study, ARAKAWA et al. (1997)
experimenting with pellets, reported that with
regard to sizes from 2.0 to 10 #m, the catch
rates at the concentration of 6.0 X 10° particles-
ml~"' were extremely lower than those at 1.0 X
10° and 3.0 X 10° particles * ml~'. This does not
coincide with the present findings. It could be
attributed to the variations in particle-size dis-
tribution, particle’s kind and shape between
the phytoplankton and pellet.

As to the influence of inorganic particle on
the filtration performance of Manila clam, the
catch rates of phytoplankton cells(size range
from 4.0 to 6.3 um) abruptly decreased with in-
crease in inorganic particles. J¢RGENSEN (1966)
has reported that the filtration speed of a bi-
valve decreased corresponding to an increase
in the sediment-particle concentration result-
ing in closure of the incurrent siphon. In our
observations too, we found that the adhension
and settlement of inorganic particle in the
incurrent siphon of clam occurred in the pres-
ence of larger amounts of suspended matter,
thereby lowering the phytoplankton cell catch
rate. Further experiments are necessary to clar-
ify this point.

With regard to the influence of particle-size
of inorganic matter on feeding, the catch rate
of phytoplankton cell decreased remarkably as
the size increased from 4.2 ym to 153 pm.
SEMURA (1995) reported that the filtration
speed of Adult scallop, Pecten albicans changed
with kind and quantity of the feed phytoplan-
kton, and found some relationship between the
phytoplankton cell size and particle of sizes 5
to 7T um which were effectively caught with the
gill or the filtering organ. The remarkable

decrease in catch rate observed in this study
when the particle-size of kaolinite is larger,
might be because the kaolinite particles of size
4.2 um are more effectively filtered than those
of 153 ym.

In the present study, the influence of inor-
ganic suspended matter on the feed caught by
Manila clam depended heavily on particles
concentration and size of inorganic particles,
but little on its kind. These influences could ei-
ther be fluctuated in the clam of smaller shell-
lengths, or different benthic suspension
feeders. They have to be examined further.
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Distribution of underwater irradiances and estimated light

attenuation by oil slick in the ROPME Sea area

Tsutomu MORINAGA ", and Hisayuki ARAKAWA”®

Abstract : Classifying seawater in the ROPME Sea area by optical water type (JERLOV, 1964),
the water masses of Oceanic Types II and Il were distributed at its centre, and those of Coastal
Types 1 and 3, in the coast of UAE and the Arabian side in the vicinity of lat. 27°30’ N, respec-
tively. The depths of water at which PAR attenuated to 1% of its surface value were 26 m and
37 m in the former, and 18 m and more and approximately 18 m in the latter. At the centre of
the sea area, the diffuse attenuation coefficients for ultraviolet light A and B were 0.26~0.33
m ™' and 0.39~0.53 m !, respectively. They are several times greater than those of PAR. Based on
the experiment about an oil slick on sea surface, the ratio of penetrated light into water became
to be smaller as the wavelength was shorter. When the thickness of an oil slick was 0.2 mm, the
value of PAR just below that decreased to approximately 19 of the sea surface. The relation-
ship between the thickness of an oil slick and the ratio of PAR attenuation can be expressed by
a following formula : EpPaAR=100exp(—23.3 h) r*=0.989, where EpPaRr, h, and r are relative
irradiance (%), thickness of oil slick (mm), and correlation coefficient, respectively. The slicks
of crude oil spilled into this Sea area are considered to have an impact on the optical environ-

ment underwater.

Key words : spectral irradiance, optical water type, oil slick, ROPME Sea area

1. Inyroduction

The ROPME Sea area (hereinafter abbrevi-
ated as “RSA”) is bounded by seven countries-
United Arab Emirates, Qatar, Bahrain, Saudi
Arabia, Kuwait, Iraq and Iran, and it has tradi-
tionally been called the Persian Gulf or the
Arabian Gulf. This sea area is connected to the
Arabian Sea through the Strait of Hormuz and
the outer Gulf of Oman. The mean depth of
water is approximately 35 m with the utter ab-
sence of water depths over 100 m. The shape of
this sea area is rectangular with a length of ap-
proximately 960 km and a width of approxi-
mately 250 km, and the total area is 240,000
km* which is nearly equal to the area of Hon-
shu Island, Japan.

During the Gulf War in 1990, 1.08 X 107 barrels
of crude oil spilled into the RSA, and there
were enormous impacts upon diverse marine
animals and plants (FAYAD and OVERTON, 1995;
READMAN et al., 1996). QOils spilled into oceans

* Department of Ocean Sciences, Tokyo University
of Fisheries, Konan, Minato-ku, Tokyo 108-8477,
Japan

are considered to have impacts on not only
aquatic animals and plants but also their habi-
tat conditions. Detailed studies are available on
physiology and ecology of fish and algae ; e. g.
HoLT et al, 1978; PROFFITTE et al., 1995 ;

WATANABE et al., 1998. Also, studies on water
quality, sea bottom sediments and the effects
upon sand shoals are conducted ; OTSUKI et al.,
1998 ; I. ALAM et al., 1998. We anticipate that oil
slicks hamper the penetration of sun light, with
consequential degradation of the optical envi-
ronment underwater.

Historical studies were more papers, e.g.
ScoTT, 1908; ScHULY, 1914; BLEGVAD, 1944;
EMERY, 1956. For example, EMERY (1956) pro-
vided the first detailed map of the surface sa-
linity distribution, together with some vertical
profiles, from data obtained on board the RV
Meteor. After that, a joint research by Tokyo
University of Fisheries and Kuwait Oceano-
graphic Institute was conducted on board the
RT/V Umitaka-Maru in 1968 (Tokyo Univ. of
Fish, 1974). OsuitE (1974), one of investiga-
tors on board, reported that the values of
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Fig. 1. Map showing the observation Stations in Dec. 1994. The numerals are Station numbers

from 1 to 11.

transparency and SS in the Gulf ranged from 8
to 16 m and 0.2 to 1.8 mg/l, respectively. From
a recent survey by the RV Mt. Mitchell of
NOAA, USA, ReynNoLDs (1993) found out that
the low salinity water near the mouth of the
Gulf might be associated with an inflow of
water from the Gulf of Oman through the
Strait of Hormuz. However, none made the op-
tical oceanographic study.

This study was conducted as an integral part
of the International Scientific Research Pro-
gramme “An Integrated Study on the Effects of
Crude Oil Spills in the ROPME Sea Area” In the
study, relative irradiance of visible light by
wavelength, photosynthetically available ra-
diation (PAR) and ultraviolet light in lat. 28° N
and further south of the RSA was observed
concurrently, assessing how far light in what
wavelength penetrates sea water, whereby the
effects of slicks caused by crude oil spills in
this sea area on light attenuation were investi-
gated.

2. Observation Method
Oceanographic observations were carried
out aboard the RT/V Umitaka-Maru (1,828 G

/T) of Tokyo University of Fisheries from 15 to
17 December, 1994. A total of eleven observa-
tion stations were arranged in the RSA on lat.
28°N and further south (Fig. 1). Conventional
oceanographic observation elements such as
visible light, PAR, and ultraviolet light (A and
B) were taken up in this study. Observations of
visible light were made at all stations, PAR at
Stations 1, 3,5, 6, 7, 8,9, 10 and 11, and ultravio-
let (A and B) at Stations 5, 7, 8, and 10, respec-
tively. An irradiance meter, PRR-600 (Biosphe-
rical Instruments Inc.) provided with a depth
sensor was used to measure the relative
irradiance of visible light by wavelength 412,
443, 490, 510, 555, 665 nm and PAR, 400-700 nm.
An another meter, IL-1700 (International Light
Inc.) was also used with the ultraviolet light A,
326-380 nm (the maximum transmittance: 355
nm, hereinafter called “UV-A"), and B, 270-306
nm (the maximum transmittance : 288 nm,
hereinafter called “UV-B”). The observation
method was such that the each instrument was
lowered from the ship’s sunny side, whereby
observations were carried out on the sea sur-
face and the bottom or continueously down to
the limit of observations by pre-set water
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Fig. 2. Depth profiles of downward irradiance at Stn. 6 (upper) and at Stn. 9 (lower).
The numerals in the figures indicate wavelength (nm) of visible light.

depth.

The effects of oil slicks on submarine
irradiance distribution were experimentally in-
vestigated in the following method. At culmi-
nation on a fine day, measurements were taken
with an instrument, PRR-600, which was used
in field observations, soaked near the surface of
distilled water contained in a cylindrical tank
coated black inside (70cm both in dia. and
depth) placed on the rooftop of our laboratory.
The Iranian heavy crude oil was used with a
specific gravity of 0.87 g/cm?

3. Results and Discussions
3-1 Irradiance distribution of visible light by
wavelength
Figure 2 shows measurements of irradiance
of visible light by wavelength taken at Station
6 in the central region of the Sea area and at
Station 9 on the coast of UAE. At Station 6, the
wavelengths in descending order of light pene-
tration were 490, 510, 555, 443, and 412 nm, and
the reading of 665 nm was assumed to be below

the measuring limit at the depth of 256 m. On
each the wavelengths given, the inclination of
attenuation was approximately the same from
the sea surface down to the vicinity of bottom.
It follows that the water mass under investiga-
tion is optically uniform. At Station 9, it was
observed that the irradiance decreased as a
function of water depth tended to be steeper
than that at Station 6. However, the sequential
order of wavelengths with good light penetra-
tion was identical. Light attenuation of each
wavelength is approximately linear, indicating
that the water mass is optically homogeneous,
even in the coastal waters, except at the bot-
tom layer.

Figure 3 illustrates the relative irradiance
distribution of visible light by wavelength at
the depth of 10 m at all stations. It could be
seen from the figure that the value of relative
irradiance was lower on the shorter wave-
length side, with peaks at 490 or 510 nm, and
registered sharp falls on the longer wavelength
side. This distribution pattern was commonly
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Fig. 3. Spectral distributions of downward irradiance at the depth of 10m.

seen at all stations within the Sea area. When
arranged in descending order, the magnitude
of light penetration took the following order:
Stations 3, 5, 10, 4, 6, 8, 11,7, 2,9, and 1. The rela-
tive values of irradiance at Station 1 to that at
Station 3 for the range of wavelength from 412
to 665 nm are within 10 to 40%6. In other words,
there are optically different water masses in
this Sea area. According to JERLOV's optical
water mass classification (1964), the Oceanic
Types @I and Il are widely distributed in wa-
ters at the central part of the Sea area from the
Strait of Hormuz to off Qatar Peninsula. The
coast of UAE (Station 9) corresponds to
Coastal Type 1, and water area in the vicinity
of 27°30" N correspond to the Coastal Types 1
to 3.

ARAKAWA et al. (1998) carried out the obser-
vations of irradiance and turbidity concur-
rently in this Sea area, and they clarified that
there was a clean water mass at the central
part of RSA with increasing turbidity in waters
closer to the coasts ; and consistent turbidity
from the surface to the bottom layer. There re-
sults are in good agreement with the results of
the present study on relative irradiance distri-
bution.

3-2 Distribution of PAR

Figure 4 shows the depth profile of relative
irradiance of PAR at each station. PAR on the
sea surface at Station 10 (17 December, 1994,
noon, fine) was approximately 1.8X10* ¢ mol -
m % - s~ The attenuation trends of PAR were
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Fig. 4. Depth profiles of PAR at each station.

approximately linear at all stations from the
sea surface to the vicinity of bottom. The sta-
tions in descending order of good irradiance of
PAR were Stations 10, 11, 5, 3, 6, 8, 7, 9 and 1.
The relative values at the depth of 10 m were
169% at Station 10, and 8% at Station 1, and the
latter was approximately half of the former.
The water depth at which PAR assumed 1% of
the sea surface was in the range from 26 to 37
m for generous areas of waters, except for ap-
proximately 18 m in the Gulf water at Station
1, and greater in other areas of Gulf water. Fur-
thermore, the diffuse attenuation coefficient
for PAR was between 0.20 and 0.29 m !, which
was smaller at the center of the Gulf water and
greater in the coasts and peripheral waters.
This is in close agreement with the results of
the distribution of optical water mass types.

3-3 Distribution of Ultraviolet Light (A, B)

When PAR on the sea surface at Station 10
was approximately 1.8 X 10° g mol - m™ - s7/,
irradiance of UV-A and UV-B were about 1.4 X
10*W - m™?, and 1.3 X 10™*W - m™2, respec-
tively.

Figure 5 shows the relative irradiance of UV-
A and UV-B. Supposing that UV-A just beneath
the sea surface is 100%, UV-A at Station 10 as-
sumed 24.3% at the depth of 5 m, 7.6% at 10 m,
and it reached the limit of measurement at the
depth of 20 m. The trend for the attenuation of
UV-A at each station was linear. The diffuse at-
tenuation coefficients for UV-A ranged from
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Fig. 5. Depth profiles of UV-A (upper) and UV-
B (lower) at each station.

0.26 to 0.33 m', and there were slight disper-
sions.
The attenuation trends of UV-B were also
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Table 1. Each value of the diffuse attenuation coefficients for visible light, PAR and ultraviolet light
under different optical water types. Unit is indicated as m ™.

Stn. 1| 2 [ 3 | 4 5 6 7 8 9 10 11
Water Type 31 5 m ; m I I o m 1 m I
Kwmax. TRANS [ 0.19 \ 0.12 | 0.11 ] 0.11 0.06 0.11 0.11 0.11 0.12 0.11 0.11
Kpar ( 0.290 ] - \ 0.208 \ — 0.234 0.224 0.252 0.239 - 0.207 0.226
Kyv-a J - - \ - \ - 0.310 - 0.332 0.333 — 0.258 —
Kuv-5 | - - | -1 - 0.406 ~ 1 0531 - ~ | 0389 -

Irradiance (%)

0.01

Unit: mm

'

L

400

450 500 550 600 650 700

Wavelength (nm)

Fig. 6.

Spectral distributions of relative downward irradiance just under oil slick.

The numerals are thickness of oil slick on water surface.

linear. Due to significant attenuation, the limit
of measurement was ranged from 7 to 15 m.
The diffuse attenuation coefficients for UV-B
were between 0.39 and 0.53 m ™', which were
greater than those for UV-A. It follows that
UV-A at the central part of the Gulf featuring
clear water is such that approximately 1% or
more of the ultraviolet light on the sea surface
penetrates 15 m or more.

3-4 Relationships between Optical Water
Type, PAR and Ultraviolet Light (A, B)
Table 1 shows the relationships between the

optical water mass type at each station and the
diffuse attenuation coefficients for PAR and ul-
traviolet light (A, B). Kuaxrans. in the table in-
dicates the diffuse attenuation coefficient for
the wavelength at which light penetration is
highest. Concerning the relationship between
the optical water mass type and the diffuse at-
tenuation coefficient for PAR (Kear), to begin
with, Kpar of 0.21-0.25 m™* corresponds to the
Oceanic Types I and M (Kgs: 0.06 m™', Ksw:
0.11 m™Y) and Kear of 0.29m ! corresponds to the
Coastal Type 3 (Kso: 0.19m™), respectively.
Therefore, values of Kpar correspond to
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Fig. 7. Correlation between the thickness of oil slick and the ratio of PAR attenuation.

approximately 1.5 to 4.0 times the diffuse at-
tenuation coefficients (Kus, Ksw, Kso) of each
water mass, which are slightly larger than the
theoretical results of Okamr (1978) ; i. e, 1.6 to
2.1. In the next attempt to obtain similar rela-
tionships as those above on the relation be-
tween the diffuse attenuation coefficients for
UV (Kuv-a and Kuv-8) and Kpar, we found that
Kuv-a was approximately 2.5 to 5.0 times Kpag,
and Kyv-s was approximately 4.0 to 6.0 times
Kpar. From the discussion above, it can be
found that the ultraviolet lights (A, B) attenu-
ate most violently.

3-5 Effects of Oil Slicks on Underwater

Irradiance Distribution

Crude oil spilled into the sea immediately
propagetes over wide areas of water under the
effects of wind and waves, and forms oil slicks.
Fig.6 shows the relative irradiance distribution
of visible light just below oil slicks by thick-
ness. Relative irradiance is shown taking the
value in the absence of oil slicks as 100. When
the thickness of an oil slick is 0.02 mm, subma-
rine irradiance just below that is 6.3, 37.5 and
71.1% at wavelengths of 412, 510 and 665 nm.

When the thickness of an oil slick is 0.1 mm,
0.10% at 412 nm, 1.22 9% at 510 nm and 24.1 % at
655 nm, respectively. Namely, greater attenua-
tion of irradiance is caused by oil slicks on the
sea surface at shorter wavelengths. Besides, the
diffuse attenuation coefficients due to slicks
were 6.9X10° m™' at a wavelength of 412 nm,
and 1.4X10° m™* at a wavelength of 665 nm.

Figure 7 shows the relationship between
PAR just below the sea surface and the thick-
ness of an oil slick. If the irradiance in the ab-
sence of oil slicks is taken as 100, irradiance
was 47.8% when the thickness of an oil slick is
0.02 mm, 9.62% to 0.1 mm, and 0.91% to 0.2 mm.
The relationship between the thickness of an
oil slick and the ratio of PAR attenuation is ex-
pressed by the formula below.

Epr=100 - exp (—23.3 - h), r?=0989

where,
Epar : relative value of PAR,
h : thickness of crude oil slick (mm)
r : correlation coefficient
From the above discussion, we can see that
the value of PAR sharply drops as the thick-
ness of an oil slick increases, and the irradiance
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just below that when the thickness of slick is
even with only 0.2 mm assuming approxi-
mately 19 of the case without slick. At this
time, the value of diffuse attenuation coeffi-
cient for PAR is 2.3 X10°m ™.

Concerning with UV, the attenuation of
irradiance due to oil slick is quite violent at
shorter wavelengths, thus penetration of UV
into sea water is considered to become almost
nil if there are oil slicks.

On the basis of the investigation stated
above, the effects of crude oil spills in the RSA
on submarine irradiance are examined. The
quantities of crude oil spilled as a consequence
of the Gulf War were reported to be 1.08 X107
barrels (1.7X10° k1). The spilled crude oil ran
along the coast of Saudi Arabia, reaching near
the Abu Ali Peninsula, fouling 640 km of the
coasts (HAYES et al., 1993). The scope of crude
oil propageted at this time was reportedly 35
linear miles (64.8 km), with a width of 10 miles
(185km) (Peter, 1991), and the area was ap-
proximately 1,200km? Assuming that the crude
oil propageted at an uniform thickness, the
thickness of an oil slick is calculated to be 0.14
mm or more. This suggests that the submarine
space at the time of the crude oil spills is a
black world.

In this study, the effects of crude oil slicks on
the submarine optical environment were inves-
tigated. Several tens percent of the spilled oil is
said to solve into the sea. In future, it is there-
fore necessary to investigate the effects of
emulsified oil in the sea for assessing precisely
the influences of spilled oil on the changes of
underwater irradiance.
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