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From the editor

Thank you so much for your supporting La mer. Because of
the delaying of issuing La mer (2004, Vol.42, 3-4), we decided to
skip these two numbers, and will issue Vol.43(1-2)as soon as
possible. I must express my deep apologies in this matter, and

ask for your permission.
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Short-term, seasonal, and tidal variations in
the Yellow River plume

Tetsuo YANAGI* and Taka-aki Hino**

Abstract : The short-term, seasonal and spring-neap tidal variations of the Yellow River plume
in the Bohai Sea were investigated using NOAA AVHRR visible band images in 2002. As a re-
sult, the followings are revealed, that is, the Yellow River plume spreads mainly from Laizhou
Bay to Bohai Bay with the coast on the left hand side due to the Lagrangean tide-induced resid-
ual current and its spreading area during spring tide was wider than that during neap tide due
to the re-suspension by the strong tidal current. There was no distinct seasonal variation in the
Yellow River plume spreading in the Bohai Sea during 2002.

Keywords : Yellow River, river plume, Bohat Sea, NOAA AVHRR

1. Introduction

The river discharge of the Yellow River has
decreased from 1970’s due to the overuse of wa-
ter on land (e.g. HAYASHI et al., 2004). Yearly
averaged river discharge was about 3,000 m’/
sec in 1960’s but it was 1,000 m®/sec in 1990’s,
and there were more than 150 days in 1996
when there was no-water-discharge at Lijin
near the Yellow River mouth (see Fig. 1). Such
decrease of the river discharge may affect the
spreading of the Yellow River plume and the
marine environment in the Bohai Sea because
the Yellow River is the largest river which
empties to the Bohai Sea.

There have been many studies on the tide
(XIE et al., 1990), the tidal current (WAN et al.,
1998), the residual flow (FENG, 1987), the water
mass (LEE et al., 2002) in the Bohai Sea, and
the water discharge and the sediment discharge
from the Yellow River (Sa1mo and YANG, 1994).
However, the characteristics of the spreading
of the Yellow River plume and its effect on the

*Research Institute for Applied Mechanics, Kyushu
University

** Interdisciplinary Graduate School of Engineering
Sciences, Kyushu University

marine environment of the Bohai Sea have not
been clarified yet.

Using NOAA AVHRR visible images ob-
tained in 2002, we investigate the short-term,
seasonal and spring-neap tidal variations in the
Yellow River plume in this paper.

2. Used data

Used NOAA images were processed at the
NPEC (North Pacific Environmental Center),
Toyama, Japan. In case of NOAA infrared im-
age (Bands 4 and 5), the analysis method is al-
ready established for the users (e.g. SAKAIDA et
al., 2000). However, it is meaningless to di-
rectly compare and/or average visible images
(Band 1) of NOAA because the signal of
NOAA visible image (it expresses the bright-
ness of the sea surface) depends on the sun alti-
tude, the air condition, the sea surface
condition and so on, but no correction was
made for the signal of the visible Band 1 image
of NOAA. Therefore we normalized the signal
of the visible Band 1 of each image by designat-
ing the signal at the river mouth of the Yellow
River as 10 and that at the deepest part of the
Bohai Strait as 0 because it was considered that
the direct effect of the Yellow River plume did
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Fig. 1. The Bohai Sea. Numbers show the depth in meters.

not reach to the Bohai Strait. Large normalized
number means high turbidity with large effect
of the Yellow River plume and small one low
turbidity with small effect of the Yellow River
plume as shown in Fig. 3. Minus normalized
number means lower turbidity than that at the
Bohai Strait. The coverage area of each image
is 37°N-41°N and 117°E-123°E, and the spatial
resolution of each image is 1.1 km X 1.1 km
(Fig. 1). Every snapshot images during the
daytime from 30 January 2002 to 31 December
2002 with the cloud less than 50 % were ana-
lyzed. The data from 1 January to 29 January
2002 were lacking due to the problem of NPEC.

3. Results

The temporal variations in the water level,
the river discharge, and the sediment load at
Lijin (see Fig. 1) of the Yellow River in 2002
are shown in Fig. 2, which is obtained from HP
(http://www.yellowriver.gov.cn/other /hhsq/

hhsq.asp). There was no distinct seasonal
variation in water discharge and sediment load
except an artificial outflow in July when the
water level was high, the river discharge was
large and the sediment load was also large. The
reason of intermittent large sediment load
without high water level and large water dis-
charge in late September 2002 is not clear now.

3.1 Short-term variation

The short-term variation in the Yellow River
plume spreading related to the artificial out-
flow in July 2002 is shown in Fig. 3. There was
no turbid water near the Yellow River mouth
on 27 June (Moon age of 16) before the artifi-
cial outflow but a small area of turbid water
(shown by the dark color from the Yellow
River mouth in Fig. 3) existed on 6 July (Moon
age of 25) just after the beginning of the artifi-
cial outflow on 29 June. It mainly spread
southeastward along the coast of Laizhou Bay
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Fig. 2. Temporal variations in water level, discharge, and sediment load of the Yellow River at Lijin in 2002.

on 6 July, northwestward along the coast of
Bohai Bay on 10 July (Moon age of 28; spring
tide). The spreading area of turbid water took
the maximum on 14 July (Moon age of 4) and
its area shrank on 15 July (Moon age of 5; neap
tide). There was no turbid water on 1 August
(Moon age of 22; neap tide) after the end of ar-
tificial outflow on 22 July as shown in Fig. 3.

3.2 Seasonal variation

The monthly composite images from Febru-
ary to November 2002 are shown in Fig. 4. Ten
to twenty images were composited every month
except December. The image in December is not
shown in Fig.4 because only one image was ob-
tained because of too many cloudy days in De-
cember 2002. The turbid water from the Yellow
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Fig. 3. Short-term variation in the Yellow River plume spreading related to the artificial

outflow in July 2002.

River mouth (shown by the dark color from
the Yellow River mouth in Fig. 4) spread
mainly along the southwestern coasts of
Laizhou Bay and Bohai Bay, and there was no
distinct seasonal variation in its spreading pat-
tern. The effect of artificial outflow in July
2002 was not distinct from Fig. 4, i.e., the
turbidity was not highest in July. This sug-
gests that the effect of re-suspension is large
for the spreading pattern of the Yellow River
plume, which will be discussed in the next sec-
tion.

Tt is interesting that the Yellow River plume
spread with the coast on the left hand side be-
cause the river plume usually spreads with the
coast on the right hand side in the northern
hemisphere (e.g. GRIFFITHS, 1986). We will dis-
cuss on this point later.

3.3 Spring-neap tidal variation

The average spreading pattern during the
spring tide (which was obtained by averaging
images during moon ages from 12.0 to 18.0 or
from 27.0 to 2.0) and that during the neap tide
(which was obtained by averaging images dur-
ing moon ages from 5.0 to 9.0 or from 20.0 to
24.0) from February to November in 2002 are
shown in Fig.5. The river discharge in 2002 was
nearly constant except in July as shown in
Fig.2. The turbidity was higher during the
spring tide than during the neap tide and the
spreading area was wider during the spring
tide than during the neap tide. This suggests

that the re-suspension by the strong tidal cur-
rent during the spring tide plays an important
role in the turbidity of the sea surface along
the shallow coastal areas of Bohai Bay and
Laizhou Bay.

4. Discussion

The yearly averaged image of the spreading
of the Yellow River plume is shown in Fig. 6
(a). We consider that this image should be the
characteristic feature of the spreading of the
Yellow River plume, because it has the charac-
teristic between those during spring tide and
neap tide shown in Fig. 5 and there was no
distinct seasonal variation on the spreading of
the Yellow River plume as was shown in Fig. 4.
The turbid water from the Yellow River mouth
spread mainly northwestward to Bohai Bay
with the coast on the left hand side. This is in-
teresting from the viewpoint of the dynamics
of the density-driven current, that is, the river
plume usually spreads with the coast on the
right hand side in the northern hemisphere due
to the Coriolis effect. Wind may affect the river
plume spreading but its effect is not large for
the Yellow River plume because there was no
distinct seasonal variation in the Yellow River
plume spreading as shown in Fig. 4 under the
distinct seasonal variation of monsoon wind in
the Bohai Sea.

The preliminary calculation of Lagrangean
tide-induced residual current by M., S;, K;, and
O, constituents in the surface layer is shown in
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Fig. 6 (b) (Cut and YANAGI, 2005). Their nu-
merical model is a three-dimensional one and
the tides in the Bohai Sea are well reproduced.
The Lagrangean tide-induced residual current
in the surface layer was calculated based on the
calculated M., S,, Ki, and O, tidal currents. It
directs northwestward from the Yellow River

122

118

122 120

ellow River plume spreading in 2002.

mouth and it qualitatively explains the spread-
ing pattern of the Yellow River plume shown in
Fig. 6 (a). The quantitative numerical experi-
ment on the Yellow River plume spreading is
under conducting now.



6 La mer 43, 2005

(a) (b)

spring tide 2002
122

neap tide 2002
118

118 120

38

118 120 122

120 122

118 120 122

Fig. 5 The Yellow River plume spreading in spring tide (a) and neap tide (b) . Arrow shows the position of
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residual current by M, S,, Ki, and O, constituents (h)

5. Conclusion

We may conclude from this study that the
Yellow River plume spreads mainly from
Laizhou Bay to Bohai Bay with the coast on
the left hand side due to the Lagrangean tide-
induced residual current and the turbidity of
the river plume during the spring tide is higher
than that during the neap tide due to the re-
suspension by the strong tidal current. There
was no distinct seasonal variation of the Yel-
low River plume spreading in the Bohai Sea in
2002.

(Cui and Yanagi, 2005) .
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Feeding habits of two sillaginid fishes, Sillago sihama and

S. aeolus, at Sikao Bay, Trang Province, Thailand

Prasert ToneNUNUI, ™ Mitsuhiko SANO™ and Hisashi KUROKURA®

Abstract : The feeding habits of juveniles and adults of two sympatric sillaginid fishes, Sillago
sthama and S. aeolus, were examined on the basis of 892 (127 juveniles and 765 adults) and 734
(159 and 575) specimens, respectively, collected from the sandy bottom at Sikao Bay, Trang
Province, Thailand, from May 2003 to April 2004. The diets of juveniles (<130 mm in standard
length) of both species changed progressively with increasing body size, with a shift from cap-
turing small zooplankton, such as calanoid copepods, to larger benthic prey, such as
polychaetes, shrimps, and crabs. The latter three items were also the most important prey of
adults of the two species, together constituting >70% of stomach contents by volume. Pro-
nounced seasonal changes in adult diet were not detected in either fish species. In addition, con-
siderable overlaps of juvenile and adult diets between the two coexisting Sillago species were
found during the study period, indicating that there may be little or no competition between

them at Sikao Bay.

Keywords : feeding habits, Sillago sthama, Sillago aeolus, Sikao Bay

1. Introduction

Sillaginidae is a commercially and recrea-
tionally important fish family in many re-
gions, two species, Sillago sthama and S.
aeolus, being widely distributed throughout
coastal waters in the west-central Pacific and
Indian oceans (McKay, 1999). In Sikao Bay,
Trang Province, Thailand, our preliminary ob-
servations indicated that these two species were
the most dominant sillaginids, coexisting in
shallow sandy areas throughout the year.

Despite their abundance and popularity as
food fishes, little is known about the feeding
habits of S. sthama and S. aeolus, except for
studies of the former from Taiwan (Lzg, 1976)
and North Queensland, Australia (GUNN and
MILWARD, 1985). Studies on the feeding habits
of juvenile and adult sillaginids should be use-
ful for understanding the overall ecology of
sillaginids and determining future manage-
*Department of Global Agricultural Sciences, Gradu-
ate School of Agricultural and Life Sciences, The
University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, To-
kyo 113-8657, Japan

ment strategies.

The objectives of the present study were (1)
to describe the stomach contents of juvenile and
adult S. sithama and S. aeolus, (2) to clarify
dietary differences among different size classes
of juveniles of each species, (3) to determine
monthly changes in the diets of adults of each
species, and (4) to compare feeding habits be-
tween the sympatric congeners.

2. Materials and Methods

The study site, Sikao Bay (7°30° N, 99° 13" E),
opening broadly to the Andaman Sea, 1s located
in Trang Province on the southwest coast of
Thailand. It is a large-sized bay, with a length
and mouth width of approximately 40 km and
30 km, respectively. The bay has a relatively
flat sand surface with several small rocky reefs
along the coast. Maximum water depth is
about 20 m.

Sikao Bay has relatively short dry (January
to April) and long rainy (May to December)
seasons. Salinity in the sampling area was es-
sentially marine. Watler temperatures at a
sandy beach (Rajamangala Beach) at Sikao
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varied from 27.0 to 30.9 °C, but no seasonal
trends were apparent.

Individuals of Sillago sihama and S. aeolus
of 130 mm in standard length (SL) or more
were defined as adults, following histological
examination of the gonads. To examine sea-
sonal dietary differences, adults of the two spe-
cies were collected monthly from gill net
fishery landings conducted within Sikao Bay
from May 2003 to April 2004. Gill nets (500 m
wide, 1 m deep, and 25 mm X 25 mm square
mesh) were set primarily on the sandy bottom
in the central area of the bay (water depth
about 15 m) between 05:00 and 07:00 hours, and
retrieved between 09:00 and 10:00 hours. Both
species were collected during the same gill net
operations.

To clarify ontogenetic dietary shifts, most
juveniles (<130 mm SL) of the two species were
captured from Rajamangala Beach using a
small seine net (10 m wide, 1 m deep, and 1 mm
X 1 mm square mesh with a 4.5 m long central
purse-bag). Sampling was conducted monthly
at flood tide (water depth about 1 m) between
6:00 and 9:00 hours from December 2003 to Feb-
ruary 2004, when juveniles of both species were
abundant. Some large juveniles (101-129 mm
SL) collected from gill net fishery landings
during the above three months were added to
the juvenile samples. Juvenile specimens were
pooled for each month for dietary analysis. Im-
mediately after collection, adult and juvenile
specimens were preserved on ice.

In the laboratory, within 4 hours of collec-
tion, SL and body weight were measured for
each adult and juvenile specimen to the nearest
1 mm and 0.1 g, respectively. Juveniles were
sorted into 5 size classes (<10 mm SL, 11-40
mm SL, 41-70 mm SL, 71-100 mm SL, and 101
129 mm SL), although no specimens were in-
cluded in the 71-100 mm SL size class.

Food items from the stomach contents of
each specimen were identified to the lowest pos-
sible taxon and the percentage volume of each
in the diet visually estimated under a binocular
microscope, as follows. Initially, the stomach
contents were squashed on a slide glass with a
I mm X 1 mm grid to a uniform depth of 1
mm, and the area covered by each item meas-
ured. The measured area was then divided by

the total area of the stomach contents in order
to calculate the percentage volume of that item
in the diet (HormNoucHI and Sano, 2000;
NAKAMURA et al., 2003). Food resource use was
expressed as mean percentage composition of
each item by volume (%V), which was calcu-
lated by dividing the sum of the individual
volumetric percentage for the item by the num-
ber of specimens examined (HoBsoN, 1974;
SANO et al., 1984). Specimens with empty guts
were excluded from the analysis.

To measure the degree of feeding intensity of
each adult in each species, the Stomach Full-
ness Index (SFD) was used:

SFI = [SCW/ (BW—SCW)] X 100,

where SCW is a weight of stomach contents
and BW is a fish body weight. Specimens with
empty stomachs were included in the compari-
sons of mean SFI among months and species
(S. sihama and S. aeolus).

A two-way analysis of variance (ANOVA)
with unequal replication (ZAR, 1999) was used
to test (1) for species and month effects on per-
centage composition of main food items in
adults and (2) for species and body size effects
on percentage composition of main food items
in juveniles. Prior to the analyses, homogeneity
of variances was improved by transformation
of data to arcsin vx. If the ANOVA results in-
dicated significant treatment effects (P<0.05),
the Gabriel test was used to determine which
means were significantly different. If ANOVA
revealed a significant interaction between spe-
cies and month for adults or between species
and body size for juveniles, a one-way ANOVA
and post-hoc Gabriel test were used to compare
the mean of one factor separately at each level
of the other factor and vice versa (UNDERWOOD,
1997). Some ANOVA results are not presented
in the present study because of space limita-
tions.

3. Results
3.1 Juveniles

Of the 127 stomachs of juvenile Sillago
sthama, 117 individuals contained food items,
10 (8%) being empty. Among 159 stomachs of
juvenile S. aeolus, 133 contained food 1tems, 26
(16%) being empty.
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Table 1. Percentage volume (%V) of food items in the diets of juvenile Sillago

sthama and S. aeolus.

S. sthama S. aeolus
Food items %V BV
Copepods 47.2 38.2
Polychaetes 33.5 26.1
Decapods
Shrimps 5.0 11.1
Crabs 2.3 3.2
Hermit crabs 0.9 0.9
Mud lobsters 0.8 0.3
Larvaceans 4.0 44
Fish 3.0 1.6
Trumpet worms 1.6 5.8
Arrow worms 0.7 0
Ostracods 0.3 +
Molluscs + 1.2
Amphipods + 0.5
Isopods + 0.1
Sea anemones 0 5.3
Stomatopods 0 0.3
Unidentified fragments 0.7 1.0
Number of fish with food examined 117 133
Standard lenght (mm) 8129 7-128
-+ <01
The overall feeding habits of juvenile S. 3.2 Adults

sithama and S. aeolus are shown in Table 1. The
major food items of the two species were
calanoid copepods and polychaetes, those cate-
gories accounting for 80.7% and 64.3% of the
stomach contents by volume in S. sthama and
S. aeolus, respectively.

Based on the %V data, size-related and spe-
cies differences in the dietary composition of
the two major food items (calanoid copepods
and polychaetes) were examined. The remain-
ing (minor) prey items were excluded from
this analysis. A two-way ANOVA revealed
that %V differed significantly among the size
classes in each of the two food items, species
X size class effects being insignificant for each
item (Table 2). In both S. sihama and S.
aeolus, copepods were taken mainly by juve-
niles in the <10 and 11-40 mm SL size classes
(Fig. 1, Table 3). In larger size classes, how-
ever, this prey item was vreplaced by
polychaetes. The ANOV A results also indicated
that the %V of copepods differed significantly
between S. sthama and S. aeolus, with greater
%V in the former, whereas that of polychaetes
did not (Fig. 1, Table 2).

Of the 765 adult specimens of S. sthama, 652
contained food items, 113 (15%) being empty.
Among the 575 adult specimens of S. aeolus, on
the other hand, 393 contained food items, 182
(32%) being empty. The overall mean SFI of
specimens was 0.561 and 0.415 in S. sthama and
S. aeolus, respectively. Monthly changes in SFI
for each species are shown in Fig. 2. Mean SFI
values varied little from month to month for
both species, except for January in S. aeolus.

The overall feeding habits of adult S. sthama
and S. aeolus are shown in Table 4. The two
species consumed a variety of food, including
small invertebrates and fishes. In both species,
polychaetes were the most important prey
item, followed by crabs and shrimps, the three
categories constituting 80.1% and 74.0% of the
stomach contents by volume in S. sthama and
S. aeolus, respectively.

Based on the %V data, scasonal and species
differences in the dietary composition of the
three major food items (polychaetes, crabs, and
shrimps) were examined. The remaining (mi-
nor) prey items were excluded from this analy-
sis. A two-way ANOVA revealed that there
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Table 2. Results of a two-way ANOVA testing the effects of species and size class
on percentage volume of each main food category in the diets of juvenile
Sillago sihama and S. aeolus.

Source DF MS F P
Copepods
Species 1 0.87 4.72 0.030
Size class 3 16.8 91.7 <0.001
Species X Size class 3 0.41 2.24 0.084
Error 242 0.18
Polychaetes
Species 1 0.32 1.98 0.160
Size class 3 11.5 70.8 <0.001
Species X Size class 3 0.23 1.42 0.237
Error 242 0.17

Data transformed to arcsin vX.
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Copepods Polychaetes
Crabs Others

Fig. 1. Percentage volume (%V) of prey items in the diets of four size classes of juvenile Sillago sthama (a) and
S. aeolus (h). Number of individuals containing food given above each column.
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Table 3. Results of Gabriel multiple comparison test examining differences in percentage volume
of each main food item of juvenile Sillago sihama and S. aeolus among size classes.

Species Food item Size class (standard length in mm)

S. sthama Copepods 101-129 4170 140 <10
Polychaetes <10 11-40 41-70 101-129

S. aeolus Copepods 101129 41-70 1140 <10
Polychaetes <10 11-40 41-70 101-129

Size classes not significantly different (P=0.05) are linked by underlining and arranged in order

of increasing percentage volume.

(a)

2.5

37

0.5

40

st ] 57
35 56

(b)

SFI

[S9)
N

May Jun  Jul  Aug Scp

Oct

Nov Dec  Jan  Feb Mar  Apr

Month

Fig. 2. Monthly changes in Stomach Fullness Index (SFI) of adult Sillago sthama (a) and S. aeolus (b).
Bars indicate standard deviation. Number of specimens examined given above each bar.

was a significant interaction between month
and species for the major items (Table 5). The
%V of each item, therefore, was compared
among months for each species, using a one-
way ANOVA and post-hoc Gabriel test. These
tests indicated that the %V of each of the three

items in S. sthama and S. aeolus differed sig-
nificantly among the various months of the
study, but no apparent seasonal variations
were detected (Fig. 3, Table 6). Comparing the
%V of each food item between the two species in
each month, differences were statistically
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Table 4. Percentage volume (%V) of food items in the diets of adult Sillago sihama
and S. aeolus.

Food items S. sthama S. aeolus
%V %V
Polychaetes 58.7 46.8
Decapods
Shrimps 12.4 11.3
Crabs 9.0 15.9
Mud lobsters 1.1 3.9
Hermit crabs 0.9 2.2
Mole crabs 0.4 24
Trumpet worms 2.8 6.0
Stomatopods 2.6 3.1
Fish 2.6 0.8
Molluscs
Bivalves 0.7 1.6
Squids 0.2 0.3
Sea slugs 0.1 0.6
Bristtlestars 0.9 0.6
Sea anemones 0.5 0.8
Amphipods 0.2 0.1
Isopods 0.2 0
Crustacean fragments 3.0 2.1
Unidentified fragments 0.7 1.5
Number of {ish with [ood examined 652 393
Standard lenght (mm) 130 233 130200

Table 5. Results of a two-way ANOVA testing the effects of species and month on
percentage volume of each main food item in the diets of adult Sillago
sthama and S. aeolus.

Source DF MS F P

Polychaetes
Species 1 7.26 18.1 <0.001
Month 11 1.27 3.16 <0.001
Species X Month 11 1.55 3.86 <0.001
Error 1021 0.40

Crabs
Species 1 2.61 12.1 0.001
Month 11 1.17 5.43 <0.001
Species X Month 11 0.64 2.97 0.001
Error 1021 0.21

Shrimps
Species 1 0.002 0.01 0.9
Month 11 0.83 6.02 <0.001
Species X Month 11 0.40 2.87 0.001
Error 1021 0.13

Data transformed to arcsin vx
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Table 6. Results of Gabriel multiple comparison test examining differences in percentage vol-
ume of each main food item of adull Sillago sihama and S. aeolus among months.

Species Food item Month

S. sthama Polychaetes Feb Mar Nov Aug Jan Apr Sep Dec Jul May Jun Oct
Shrimps May Dec Jul Oct June Sep Aug Nov Mar Feb Jan Apr
Crabs May Apr Oct Feb Jun Mar Jan Sep Jul Dec Nov Aug

S. aeolus Polychaetes Mar Jun Jul May Sep Nov Oct Feb Aug ;%;)1 Dec Jan
Shrimps Oct Aug Feb Sep Jul Jun Jan Mar Dec May Nov Apr
Crabs Jan Dec Nov Apr May Mar Oct Feb Sep Jul Aug Jun

Months not significantly different (P=>0.05) are linked by underlining and arranged in order
of increasing percentage volume.
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significant in some months: S. sthama had
higher %V of polychaetes in May, June, July,
and October, and of shrimps in January,
whereas S. aeolus showed greater %V of
polychaetes in January, and of crabs in June
and July (Fig. 3).

4. Discussion

The dietary compositions of juveniles of both
Sillago sihama and S. aeolus changed progres-
sively with increasing body size. This change
included a shift from the ingestion of small
zooplankton, such as calanoid copepods, by
small juveniles, to the consumption of larger
benthic prey, such as polychaetes, shrimps, and
crabs, by larger juveniles, the latter diet being
similar to those of adults of the two species.
Such ontogenetic changes in food items have
been found in several other sillaginid species
(HYNDES et al., 1997; SCHAFER et al., 2002).

A shift from capturing small zooplankton to
larger benthic prey organisms with growth in
juveniles of the two Sillago species may be
partly the result of continuing morphological
development of feeding-related characters, in-
cluding an increase in mouth width (e.g. DE-
VRIES et al., 1998; KrEBS and TURINGAN, 2003;
KaNOU et al., 2005) and the ability to extend
the jaws downward and forward (GUNN and
MILWARD, 1985; HYNDES et al., 1997; SCHAFER
et al., 2002). Such protrusible jaws would facili-
tate the taking of benthic prey on and in the
substrate.

The diets of adult S. sihama and S. aeolus at
Sikao Bay consisted mainly of polychaetes,
crabs, and shrimps. These food items were es-
sentially similar to those described for S.
sthama from Taiwan (LEE, 1976) and North
Queensland, Australia (GUNN and MILWARD,
1985), and other sillaginid species from tropical
and temperate waters (KAKUDA, 1970; BREWER
and WARBURTON, 1992; HYNDES et al, 1997;
PLATELL and POTTER, 2001; SCHAFER et al.,
2002).

Our results showed that the diets of adult S.
sthama and S. aeolus did not undergo pro-
nounced seasonal changes, although the %V of
the three major food items in each of the two
species differed significantly among some
months of the study. The lack of seasonal

changes in diet may be attributable to rela-
tively little seasonal fluctuations in food re-
source abundance at the study site, as also
reported in other tropical coastal waters
(CoLEs and McCaIN, 1990; McCARTHY et al.,
2000). This inference may be supported by the
fact that the overall mean SFI of specimens
varied little from month to month for cither
species.

In the present study, a considerable overlap
in dietary composition in juveniles and adults
between the two coexisting Sillago species was
recognized during the study period, although
the %V of major food items was somewhat dif-
ferent between the species in some months,
suggesting that there is little or no competition
between the two species at Sikao Bay. Several
studies have demonstrated that diets among re-
lated cohabiting fishes greatly overlap where
food resources are relatively abundant, while
lower food abundance results in greater trophic
and/or habitat segregation through inter-
specific competition (e.g. Ross, 1986; HoL-
BROOK and ScumrITt, 1989; HOrRINOUCHI et al.,
1998). The considerable diet and habitat over-
lap between the two Sillago species at Sikao
Bay may be due to the relative abundance of
food resources, although we did not examine
food resource abundance at the study area. The
relationship between diet compositions of the
two species and prey abundance appears to be a
subject for further research.
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Associations Tintinnides (Ciliophora, Tintinnina) -
Dinoflagellés (Dinophyceae) autotrophes potentiellement
nuisibles au niveau de la Baie de Tunis et de deux lagunes
associées: Ghar El Melh et Tunis Sud (Méditerranée Sud

Occidentale)

Mohamed Néjib DaLy Yauia'”, Ons Dary YanHia-KEFL”, Sami Soutsst”,
Fadhila MAAMOURI" et Patricia Aissa”.

Abstract : Une étude des Tintinnides et des Dinoflagellés autotrophes susceptibles d'étre
nuisibles a été réalisée mensuellement dans la baie de Tunis et au niveau de deux lagunes
associées: Ghar El Melh et Tunis Sud. Les résultats obtenus montrent que du point de vue
qualitatif, les communautés lagunaires de Tintinnides sont trés influencées par les populations
marines avoisinantes. En effet, 61 espéces de Tintinnides ont été recensées dans la baie de Tu-
nis, 15 espéces dans la lagune de Ghar El Melh, et seulement 12 dans la lagune de Tunis Sud. De
plus, toutes les espéces rencontrées au moins dans l'une de ces lagunes s’avérent étre présentes
dans la baie de Tunis. Le décompte des principales espéces montre que les densités moyennes
annuelles atteintes en milicux lagunaires (Lagune de Tunis Sud: 223,1 cellules.litre ' ; Lagune
de Ghar El Melh: 62,3 cellules.] ') sont supérieures a celles enregistrées en mer (baie de Tunis:
49,1 cellules.l '). Le développement des principales espéces de Tintinnides comme Fauvella
ehrenbergi, Tintinnopsis spp et Stenosemella nivalis est associé aux poussées de Dinophysis
acuminata, Alexandrium spp et Prorocentrum lima. Cette "hypothése trophique” a été testée
par des classifications hiérarchiques qui ont permis d'identifier des associations spécifiques
entre les espéces de Tintinnides dominantes et de Dinoflagellés susceptibles d'étre nuisibles.

Keywords : Tintinnids; Dinoflagellates; Specific Association; SW Mediterranean

1. INTRODUCTION MARGALEF, 1982; LAVAL-PEUTO et al., 1986;
Les Tintinnides sont considérés comme un CARIOU et al., 1999). Certains d’entre eux sont
maillon trophique primordial entre les petits considérés par STOECKER et GUILLARD (1982) et
producteurs primaires (algues nanoplanctoni- RASSOULZADEGAN et al. (1988) comme des
ques et microplanctoniques) et les producteurs prédateurs exclusifs de Dinoflagellés.
secondaires et tertiaires (CONOVER, 1982; Les Tintinnides, mieux connus que les autres
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ciliés, en raison de leur lorica, (LAvAI-PEUTO
et BROWNLEE, 1986) sont quantitativement
moins nombreux dans les écosystémes
pélagiques(LAVAL-PEUTO et al., 1986; ABBOUD~
ABI SAAB, 1989, 2002; DOLAN et MARRASE, 1995;
DoLAN, 2000; DOLAN et GALLEGOS, 2001).

En raison de leur petite taille com-
prise généralement entre 20 et 200 pm, ils
appartiennent au microzooplancton (CONOVER,
1982; HARRIS et al., 2000) et constituent des
proies non négligeables pour des organismes
zooplanctoniques tels que les Copépodes, les
Cladocéres, les Chaetognathes, les Tuniciers,
certaines Scyphoméduses ainsi que les larves de
Poissons (CONOVER, 1982; KENTOURI et
DivaNacH, 1986; Avukal, 1987, GIFFORD et
DAGG, 1991; GRAIN et al., 1994).

Les données en  Mediterranége  Sud
Occidentale, notamment pour la baie de Tunis
et les lagunes de Ghar El Melh et de Tunis Sud
restent fragmentaires en ce qui concerne les as-
semblages spécifiques de Tintinnides et de
Dinoflagellés. Ainsi, dans la baie de Tunis, une
&tude hydrologique antérieure a montré qu'il
existe un gradient nutritif croissant depuis la
région sud-ouest vers le secteur nord-est,
associé 4 un important développement de
Tintinnides dans la zone eutrophe proche de la
ville de Tunis (DALY YAtia, 1998; Souiss! et
al., 2000). Les Dinoflagellés ont fait 'objet de
quelques travaux récents du point de vue
taxonomique (DALY YaHIA-KEFI et DALY
YAHIA, 1997 ; DALY Yanuia- KEFI et al., 2001a)
et écologique (ROMDHANE et al, 1998 ; DALY
YAniaA-KEFI et al., 2001b) et qui concernent
surtout la baie de Tunis. Les travaux sur le
microzooplancton et plus particulierement sur
les Tintinnides sont plus rares et relatifs a la
lagune de Ghar El Melh (BEN FREDJ et al.,
2001).

La présente étude se propose de combler cette
lacune et d’effectuer un suivi annuel de la
taxonomie et de la dynamique des Tintinnides,
dans la baie de Tunis et dans deux milieux
lagunaires environnants (les lagunes de Ghar
El Melh et de Tunis Sud), en paralléle avec une
analyse des associations spécifiques entre
Tintinnides hétérotrophes et Dinoflagellés
autotrophes, ces derniers étant potentiellement
nuisibles.

Notre choix des compartiments trophiques
pré—cités répond aussi bien a4 une
problématique  scientifique  que  socio—
économique. En effet, le domaine des ressources
marines et lagunaires en terme de péches est un
secteur socio—économique clé en Tunisie. La
production de la péche est sujette en Tunisie
comme d’ailleurs en Maéditerranée et dans
I’Océan mondial 4 un déclin en raison d'une
surexploitation associée a des captures de
tailles de plus en plus petites ("fishing down").
Parallélement en Tunisie depuis une vingtaine
d’année, les milieux lagunaires Tunisiens
subissent une importante eutrophisation
d’origine anthropique et naturelle. Cette
derniére semble étre associée a des mortalités
massives de poissons sauvages (DALY YAHIA
KEFT and DALY YaHIA, 1997 ; ROMDHANE et al,
1998). Déterminer quels sont les facteurs
susceptibles d’exercer un contrdle dans la
dynamique des efflorescences de Dinoflagellés
représente une priorité essentielle dans de tels
écosystémes ot les activités de péche sont
développées depuis longtemps.

2. MATERIELS ET METHODES

La zone d’étude fait partie de I'’ensemble du
golfe de Tunis, compris entre 10°10" et 11°5" de
longitude est et 36°38" et 37°10" de latitude
nord, et situé au sud de la mer Tyrrhénienne,
dans le bassin Siculo—Tunisien, sur lequel il
s’ouvre largement sur prés de 75 miles de cotes
(figure 1). Sa limite géographique nord—est est
représentée par une radiale joignant Cap
Farina au Cap Bon (figure 1).

La baie de Tunis, située au sud du golfe de
Tunis, communique directement dans sa région
ouest avec la lagune de Tunis Sud. Plus au
nord, la lagune de Ghar El Melh s’ouvre sur le
littoral ouest du golfe de Tunis (figure 1).

Les caractéristiques géographique,
bathymétrique et physico—chimique des trois
biotopes étudiés ainsi que les stations
d’échantillonnages sont indiquées sur la figure
1 et le tableau 1.

La température et la salinité des eaux de sur-
face sont mesurées, mensuellement, a 1'aide
d’un salinométre de terrain type WTW LF196
muni d’une sonde de température.

Les échantillons mensuels de plancton sont
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Fig. 1.
des lagunes de Ghar El Melh et Tunis Sud.

Tableau 1. Caractéristiques générales des différents biotopes étudiés.

Tempéra-

Tempéra-

Situation géographique et emplacement des différentes stations d’étude au niveau de la baie de Tunis et

o Superficie Profondeur Période Nombre de  ture ture Salinité  Salinité
Milicux ) moyenne o . moyenne moyenne
(Km?) ; d'étude stations moyenne moyenne o .
(m) N . minimale maximale
minimale maximale
. . - - 13,2°C 28,9°C 36,81 37,87
Baie de Tunis 360 15 1993-1994 17 Ganvier) (a0it)  (octobre) (aot)
. ) 13°C 34°C 24,5 40,2
Lac Sud de Tunis 13 035 1996 1997 10 (Ganvier)  (aofQt)  (février) (aofit)
Lagune de  oos . 10,4°C 27,4°C 32,8 42,24
Ghar El Melh 30 ! 1994-1995 3 (Ganvier)  (aott)  (février) (aofit)

prélevés a l'aide d’une bouteille Ruttner (21
pour l'analyse quantitative ct & I’aide d’un petit
filet & plancton de forme conique (55 ¢ m de
vide de maille) utilisé pour I'étude qualitative
en traits horizontaux de surface en milieu
lagunaire, en raison de leur faible profondeur
moyenne (Tableau 1) et en traits verticaux
fond-surface dans la baie de Tunis. Les
&chantillons prélevés respectivement au cours
des années 1994, 1995 et 1997 au niveau de la
Baie de Tunis, de la lagune de Ghar El Melh et
de la lagune de Tunis Sud, sont immédiatement
fixés au formol neutralisé au borate de soude

(29%) puis conservés dans une chambre froide
a l'obscurité et & une température de 4°C
jusqu’a 'analyse microscopique .

La méthode standard de sédimentation
d'Utermshl (UTERMOMHL, 1958) est utilisée sur
microscope inversé (Leitz) pour l'identification
et le comptage des Dinoflagellés et des
Tintinnides. Sachant qu’il existe une perte
significative du nombre de cellules dans les
gchantillons fixés au formaldéhyde (STOECKER
et al, 1994 ; GIFFORD et CARON, 2000), une
analyse statistique du volume aliquote
permettant une stabilisation du nombre
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d’individus comptés par échantillon a été
réalisée pour chaque écosystéme et un volume
de 25ml a été choisi pour le comptage des
Dinoflagellées et des Tintinnides. Aprés
sédimentation de I'échantillon & analyser,
I'ensemble des protistes contenus dans la
chambre de comptage sont identifiés et
comptes.

L’analyse taxonomique des Tintinnides
utilise les travaux de JORGENSEN (1924), de
Kororp and CAMPBELL (1929; 1939), de BALECH
(1959) et de MARSHALL (1969) basés sur la
structure de la lorica et tient compte des
derniers travaux de systématique, édités par
Lavar-Pruro (1977; 1981; 1983), GRAIN et al.
(1994) et DE PUYTORAC et al (1993), qui
expliquent  lU'importante variabilité  phé-
notypique de ces organismes.

Les Dinoflagellés quant a eux ont été identi-
fiés spécifiquement dans plusieurs travaux ant
érieurs par DALY YAHIA KEFI et DALY YAHIA
(1997), DALY YaAHIA-KEFT et al (2001a) et
DALy YAHIA-KEFT et al. (2001b). Suites aux
mortalités massives de poissons sauvages dans
divers écosystémes lagunaires tunisiens (DALY
Yania-KEFI et DALY Y AHIA, 1997 ; ROMDHANE
et al, 1998), et afin de mieux comprendre les
phénomeénes enregistrés, seules les espéces
autotrophes susceptibles d’étres nuisibles ont
été prises en considération dans ce travail.

Afin de détecter les associations entre
Tintinnides hétérotrophes et Dinoflagellés
autotrophes des classifications hiérarchiques
permettant d’aboutir a des dendrogrammes ont
été réalisées sous le logiciel d'analyses
statistiques STATISTICA en utilisant la
méthode d’agglomération basée sur la moyenne
pondérée des groupes associés. Pour chaque
site, la matrice de données brutes représentant
les abondances des espéces sélectionnées de
Tintinnides et Dinoflagellés (p colonnes) en
fonction des dates d’échantillonnage (n dates)
a été composée. Nous avons calculé la matrice
des corrélations (r de Pearson) entre toutes les
dates aprés transformation logarithmique des
données brutes. Par la suite la simple transfor-
mation arithmétique (1-r Pearson) donne une
matrice de distances entre espéces (pXp) qui a
été utilisee pour réaliser la classification
hiérarchique. Le dendrogramme obtenu est

particulier et correspond & un corrélogramme.

3. RESULTATS

Hydrologie

Le cycle de la température montre un mini-
mum en janvier (13,2°C) et un maximum en
aofit (28,9°C) au niveau de la baie de Tunis.
[écart annuel de la température des eaux est
plus important en milieu lagunaire en raison de
la faible profondeur enregistrée (Tableau 1). Si
la salinité moyenne des eaux marines de la baie
de Tunis est largement influencée par les eaux
Atlantiques (Soursst et al., 2000), les écarts
halins saisonniers sont beaucoup plus
importants. Ainsi, dans les deux lagunes
considérées, les minima sont enregistrés en
hiver aprés de fortes pluies tandis que les
valeurs les plus élevées ont dépassé 40 psu en
saison estivale, au cours du mois d’aolt
caractérisé par les plus fortes températures de
lair et la plus forte insolation.

Il apparait donc qu’au point de vue physico—
chimique, les milieux lagunaires environnants
beaucoup plus instables, amplifient les varia-
tions climatologiques et anthropiques locales,
en raison de leur confinement et de leur faible
profondeur moyenne.

Analyse systématique

Du point de vue qualitatif, 61 espéces de
Tintinnides ont été inventoriées dans la baie de
Tunis, 15 espéces dans la lagune de Ghar El
Melh, et seulement 12 dans le Lac Sud de Tunis
(Tableau 2).

Du point de vue spécifique, quel que soit le
milieu considéré, les deux genres les plus
représentés ont été Tintinnopsis et Favella
(Tableau 2). Les espéces correspondantes telles
que Favella ehrenbergi (CLARAP:DE et
LACHMANN, 1858), Tintinnopsis beroidea
(STEIN, 1867) et T. campanule (EHRENBERG,
1840) sont d'aprés MaRrsHALL  (1969),
RASSOULZADEGAN (1979), ABBOUDABI SAAB
(1989) et MopiGH et CastaLpo (2002) cosmo-
polites, ubiquistes, biens adaptées aux milieux
néritiques cotiers. Ces espéces semblent aussi
tolérer les milieux lagunaires fermés sujets a de
grandes variations abiotiques.

Les Dinoflagellés ont été quant a eux bien
représentés dans lensemble du complexe
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Tableau 2. Inventaire taxonomique comparé des Tintinnides dans les trois milieux d'études.

Unites systématiques

Blale de Tunis

Lac Sud de Tunis

agune de Ghar El Melh

Codonaria cistellula (Fol, 1884)

Codonella galea Haeckel, 1873

Codonella nationalis Brandt, 1906
Codonellopsis ecaudata (Brandt, 1906)
Codonellopsis morchella Jorgensen, 1924
Codonellopsis orthoceras (Haeckel, 1873
Codonellopsis tessellata (Brandt, 1906)
Cyttarocylis cassis (Haeckel, 1873)
Cyttarocylis magna (Bramdt, 1906)
Dadayiella bulbosa (Brandt, 1906)
Dictyocysta lepida Ehrenberg, 1854
Epiplocylis acuminata (Daday, 1887)
Eutintinnus fraknoi (Daday, 1887)
Eutintinnus lusus undae (Entz, 1885)
Eutintinnus macilentus (Jorgensen, 1924)
Eutintinnus sp

Favella azorica (Cleve, 1900)

Favella ehrenbergi (Clarapéde et Lachmann, 1858)
Favella markuzowskii (Daday, 1887)
Favella meunieri Kofold et Campbell, 1929)
Favella serrata (Moblus, 1887)
Helicostomella edentata (Fauré-Frémlet, 1908)
Helicostomella kiliensis (Lachmann, 1906)
Helicostomella subulata (Ehrenberg, 1833)
Leprotintinnus bottnicus (Nordqvist, 1890)
Leprotintinnus sp

Metacylis jorgensenii (Cleve, 1902)

Metacylis sp

Parafavella sp

Parundella grandis Kofold et Campbell, 1929
Petalotricha ampulla (Fol, 1881)
Petalotricha major Jorgensen, 1924
Proplectella claparedei (Entz, 1885)
Rhabdonella elegans Jorgensen, 1924
Rhabdonella henseni Brandt, 1906
Rhabdonella spiralis (Fol, 1881)

Salpingella acuminata (Clarapéde et Lachmann, 1858)
Salpingella decurtata Jorgensen, 1924
Salpingella gracilis Kofold et Campbell, 1929
Salpingellasecata (Brandt, 1896)
Steenstrupiella steenstrupii (Clarapéde et Lachmann, 1858)
Stenosemella nivalis (Meunier, 1910)
Stenosemella ventricosa (Clarapéde et Lachmann, 1858)
Tintinnopsis berotdea (Stein, 1867)
Tintinnopsis brandti (Nordquist, 1890)
Tintinnopsis butschli Daday, 1887
Tintinnopsis campanula (Ehrenberg, 1840)
Tintinnopsis cincta (Clarapéde et Lachmann, 1858)
Tintinnopsis cyathus Daday, 1887
Tintinnopsis fimbriata Meunier, 1919
Tintinnopsis lobiancoi Daday, 1887
Tintinnopsis major Meunier, 1910
Tintinnopsis radix Imhof, 1886

Tintinnopsis strigosa Meunler, 1919
Tintinnopsts tubulosa Levander, 1900
Tintinnopsis undella Meunier, 1910
Tintinnopsis urnula Meunler, 1910
Tintinnopsis inquilinum (O.F.Muller, 1776)
Undella hyalina Daday, 1887

Xystonella lohmani (Brandt, 1906)
Xystonella treforti (Daday, 1887)
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Fig. 2. Variations saisonniéres de I'abondance (cell.1™") des Tintinnides et des Dinoflagellés. A : dans la lagune
de Ghar El Melh, B : dans le Lac Sud de Tunis, C : dans la baie de Tunis. (Les lignes verticales indiquent
I'erreur standard : ES)
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Tableau 3. Code spécifique des dinoflagellés et des tintinnides.

Dinoflagellés

o CO(’ie’ﬁi

Unités systématiques

Tintinnides

Unités s;stématiques

" Code

Alexandrium spp ALEX.SPP

Codonella galea HAECKEL 1873 CODO.GAL

Dinophysis acuminata Claparde et

DINO.ACU  Codonellopsis ecaudata (BRaxpT 1906) CODO.ECA
Lachman 1859
Dinophysis caudata Saville-Kent 1881  DINO.CAU  Diclyocysta lepida EHRENBERG 1854 DICT.LEP
_Dinophysis sacculus STev 1883~ DINO.SAC  Eutintinnus fraknoi (Daday 1887) EUTI.FRA
Gonyaulax spp GONY.SPP  Eutintinnus lusus undae (Entz 1885) EUTI.LUS
Gonyaulax verior Sournia 1973 GONY.VER FEutintinnus sp EUTLSP
Gymnodinium mikimotot Miake el <, Favella ehrenbergi (CLARAPEDE et N
Kominami ex Oda 1935 GYMN.MIK LACHMANN 1858) FAVE.EHR
%gégmodzmum sanguineum IHIRASAKA GYMN.SAN  Favella spp FAVE.SPP
Gymnodinium sp GYMN.SP {gzlégostomella kiliensis  (LACHMANN HELLKIL
Gyrodinium spirale Koromn et Swrzy GYRO .SPI Leprotintinnus bottnicus (NORDQVIST LEPR.BOT
1921 - 1890)
Peridinium guinquecorne Abé 1936 PERLQUI  Leprotintinnus sp LEPR.SP
Prorocentﬁrrum lima (EHRENBERG) PROR.LIM  Metacylis sp MET A SP
Dodge 1975 I
Prorocentrum mexicanum Taffal 1942 PROR.MEX  Stenosemella nivalis (Meunter 1910) STEN.NIV
Prorocentrum minimum  (Pavillard)  ppp vy Tintinnopsis butschlii Daday 1887 TINT.BUT
SCHILLER 1933 ] o - -
Tintinnopsis campanula (EHRENBERG TINT.CAM
B B 1840)
B - Tintinnopsis sacculus BRANDT 1896 TINT.SAC
Tintinnopsis spp TINT.SPP

aquatique étudié, avec 158 espéces recensées
dans la baie de Tunis (DaLy YaHiA-KEFI et
al., 2001a). Parmi ces espéces, 28 se retrouvent
au niveau de la lagune Sud de Tunis et 33 dans
la lagune de Ghar El Melh (DALY YAHIA -
KEFI et DALY YaHIA, 1997).

Distribution quantitative et associations
spécifiques entre Tintinnides et Dinoflagellés

Les densités numériques des Tintinnides
totaux (figure 2) ont montré d’importantes
fluctuations mensuelles avec :

- dans la lagune de Ghar El Melh au cours de
I’année 1995 (figure 2A), une densité moyenne
annuelle de 62,3 cellules.l ! oscillant entre un
minimum en avril de 4,2 cellules.l™ (ES=1,4)
et un maximum & la fin du printemps qui
atteint 276 cellules.l ™ (ES=79,9).

dans la lagune de Tunis Sud (figure 2B),
milieu plus confiné et trés pollué, la moyenne
annuelle a été durant l'année 1997, de

223,1 cellules.l ', avec une poussée estivale de
Tintinnides de 224,9 cellules.] ' (ES=102,3) en
juillet, suivie par un développement hivernal
atteignant 1452,5 cellules.l ' (ES=1380,2) en
janvier et chutant a 547,5 cellules.l'
(ES=205,4) en février. Le minimum a &té relevé
en novembre avec 6,3 cellules.l ' (ES=3,2).

— dans la baie de Tunis (figure 2C), I'année
1994 se caractérise par deux périodes de fortes
abondances: la premiére en avril-mai, avec des
densités respectives de 138,1 cellules.] ' (ES=
34,1) et 105,5 cellules.]™! (ES=22,3); la deuxie
me en novembre—décembre avec respectivement
100,6 cellules.]™! (ES=19,4) et 92 cellules.l™’
(ES=18,2).

Les corrélogrammes obtenus, sur la base des
Tintinnides dominants et des Dinoflagellés
autotrophes susceptibles d’étre nuisibles (Tab-
leau 3), montrent l'existence d’associations
entre les espéces de ces deux groupes
planctoniques qui pourraient s’expliquer par
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Fig. 3.
niveau de la baie de Tunis.

0,3

0.4 0,5 0,6 0,7

1 - r Pearson

0.8
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Fig. 4.
niveau de la lagune de Tunis Sud.

des relations trophiques.

En adoptant une coupure au seuil de 0,5
(figure 3) huit assemblages spécifiques ont été
identifiés au niveau de la baie de Tunis. Quatre
d’entre eux (A3, A4, A5 et A8) regroupent des
espéces de Dinoflagellés et de Tintinnides. C’est
ainsi que Prorocentrum lima (EHRENBERG)

0.5

0.6 8.7 0.8

1 -r Pearson

Corrélogramme représentant les associations spécifiques (Tintinnides-Dinoflagellés toxiques) au

Dodge 1975, P. mexicanum Tafall 1942 et
Gymnodinium sanguineum HIRASAKA 1922
sont associés & Stenosemella nivalis (MEUNIER,
1910), Tintinnopsis sacculus BRranDT, 1896
et FEutintinnus sp (A3). Au contraire,
Prorocentrum minimum (Pavillard) SCHILLER
1933 n’est corrélé qu'avec Codonella galea
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Fig. 5.
niveau de la lagune de Ghar El Melh.

HARCKEL, 1873 (A4).

Le corrélogramme obtenu pour la lagune de
Tunis Sud (figure 4) met en évidence quatre
groupes d’espéces dont deux (Bl et B3) sont
pluri-spécifiques. L’association Bl, la plus
remarquable, regroupe les Dinoflagellés
Alexandrium spp HarLiv 1960, Gymnodinium
sp STEIN 1878 et Prorocentrum minimum avec
les Tintinnides Favella spp, Leprotintinnus
bottnicus (NORDQVIST, 1890), Codonella galea
et Codonellopsis ecaudata (BRANDT, 1906).

Enfin, dans la lagune de Ghar El Melh, trois
assemblages dont deux pluri-spécifiques (C1
et C2) ont été mis en évidence (figure 5).
[association spécifique C1 regroupe
Alexandrium spp et Gymnodinium sanguineum
avec Tintinnopsis spp, Codonellopsis ecaudata
et Dictyocysta lepida EHRENBERG, 1854.

Il faut toutefois éliminer de ces associations
Gymnodinium sanguineum dont la taille
moyenne dépasse le diamétre oral des diffé
rentes espéces de Tintinnides auquelle elle est
associée. Il en est de méme pour Dinophysis
caudata que 'on retrouve dans l'association A8
(figure 3). La présence de ces deux espéces
résulterait plutét de leurs préférences
environnementales.

Corrélogramme représentant les associations

0.3 0.4 0.5 0.6 0.7

1 —r Pearson

spécifiques (Tintinnides Dinoflagellés toxiques) au

4. DISCUSSION

Comparé a d’autres écosystémes cotiers, la
Baie de Tunis avec 62 espéces de Tintinnides
apparait plus riche que la Baie d’Alger, la Baie
de Villefranche Sur Mer, la Baie de Mali Ston
en Adriatique Sud ou encore la Baie de d’lzmir
en mer Egée (Tableau 4). De plus c’est sur le
littoral Est méditerranéen (cotes Nord
libanaises) que le nombre de Tintinnides le plus
élevé a été enregistré avec 90 espéces et s’oppose
a certains  écosystémes estuariens ou
lagunaires confinés et pollués comme la lagune
de Tunis Sud et 'estuaire de Bahia Blanca avec
respectivement seulement, 13 et 11 espéces
inventoriées. Les travaux réalisés par DOLAN
(2000) sur l'ensemble de la meéditerranée, en
période printaniére confirment l'existence d'un
gradient croissant d’Ouest en Est aussi bien du
nombre d’espéces que de l'indice de diversité
spécifique H’ des Tintinnides. Toutefois, le
nombre de 16 espéces récoltées dans la lagune
de Ghar El Melh est relativement faible et
apparait proche de celui enregistré dans le golfe
de Marseille (TRAVERS, 1973). Cependant, selon
TrAVERS (1973) le nombre d’espéces recensées
dans son travail ne refléte pas la biodiversité
des Tintinnides dans cet écosystéme cotier.

Les résultats, obtenus dans notre étude,
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Tableau 4. Analyse comparative du nombre d’espéces et de l'abondance des Tintinnides dans quelques éco-
systémes du Bassin Méditerranéen et de 1'Atlantique (*espéces communes).

Ecosystemes étudiés Nombre d’espéces

Abondance moyenne Densités maximales
(cellules.] )

(cellules.]™™) Auteurs

Etang de Thau 21

75,7 276,6 Lam-Hoai (1997)

Estuaire de Bahia Blanca 1 9300 Barria De Cao et

(Argentine) ) _al. (1997)
Golfe de Marseille 15* 375 2000 TrAVERS (1973)

” - i 7 - RASSOULZADEGAN
\1llc—fr(1nc%16 sur Mer ) ) 24 146,5 1000 (1979) 7
S CARIOU et al.

~fre /] I

Ville-franche sur Mer 40 B 40 500 (1999)
Baie d'Alger 42 8,1 30,6 Vitiello (1964)
Mé:dlterraneevQcmden’talg et 90 25 115 DoLaN (2000)
Orientale (milieu océanique)
Adriatique Sud y 95 e 7
(Baie de Mali Ston) 60 14,5 1495 Krsinic (1979)
Adriatique Est (Dalmatie) 33 123,3 Krsinic (1977)

. Abboud-Abi-Saab
Liban du Nord 90 10,9 39 (9002)

~ . . Lakkis and Novel-
Coteihbanalses B 35 - 200 Lakkis (1983)

. . v Koray and Ozel
Baie d'Izmir 44 - - (198
Baie de Tunis 62 49,1 138,1 Présent travail
Lac Sud de Tunis 13 223,1 1452,5 Présent travail
Lagune Ghar El Melh 16 62,3 276 Présent travail

mettent aussi en évidence qu'en milieu
lagunaire les pics de densités de Tintinnides
observés sont largement supérieurs a ceux
enregistrés Plusieurs hypothéses
peuvent expliquer ce phénoméne :

—Les conditions physico—chimiques,
trophiques, ainsi que le confinement et le faible
hydrodynamisme des milieux lagunaires
opposé a I'importante turbulence constatée
dans la baie de Tunis, favoriseraient la
croissance et la production des Tintinnides
dans ces biotopes.

- Les kystes de Tintinnides qui s’accumulent
d’années en années semblent beaucoup plus
protégés en milieu lagunaire qu’en milieu
marin ouvert.

-L’importante variabilité annuelle et spatiale
enregistrée par divers auteurs dans le bassin m
éditerranéen doit étre prise en compte dans ce

en mer.

travail, d’autant plus que les trois écosystémes
ctudiés ont été prospectés a différentes années.
En effet, le tableau 4 montre, qu’aussi bien le
nombre d’espéces de Tintinnides recensées dans
divers écosystémes cotiers méditerranéens ou
atlantiques, que les densités moyennes ou
maximales enregistrées varient fortement. C'e
st ainsi que dans la Baie de Villefranche Sur
Mer, les densités moyennes annuelles ont
diminué considérablement aprés réduction
des émissaires d’égouts dans la rade
(RASSOULZADEGAN, 1979 ; CARIOU et al, 1999).

Les périodes d’abondances des Tintinnides
dans les trois biotopes &tudiés sont apparues
assez différentes. Il semble que ces différences
résultent d'une forte variabilité saisonniére liée
aux conditions environnementales propres a
chaque écosystéme. Cette variabilité concerne
I’'abondance des proies principales de
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Tintinnides, les Dinoflagellés, mais aussi de
leurs prédateurs et en particulier de deux
espéees de scyphoméduses trés prolifiques
depuis ces dix derniéres années, Rhizostoma
pulmo  (Macrr, 1778) et Cotylorhiza
tuberculata (MACRI, 1778) (données non
publiées). En effet, les figures 2A, 2B et 2C
montrent clairement que les blooms de
Dinoflagellés ont généralement lieu au cours
des périodes de développement des Tintinnides.
Ceci nous permet donc de suggérer une relation
de cause a effet, & condition de tenir compte de
la taille moyenne des populations de
Dinoflagellés associés a la taille moyenne du
diamétre oral des Tintinnides qui les

contrdlent.
Il ressort nettement de ce travail que, le plus
souvent, chaque espéce de Dinoflagellés,

susceptibles d’étre nuisibles, est associée 4 un
ou plusieurs Tintinnides. De plus, la
dynamique de ces Dinoflagellés apparait
beaucoup mieux contrdlée en milieu marin
qu'en milieu lagunaire. Ainsi, le nombre de
prédateurs potentielsest relativement plus élevé
pour un méme dinoflagellé en milieu marin.
Toutefois, certains Dinoflagellés comme
Dinophysis sacculus STEIN 1883 et Gyrodinium
spirale (Bergh) KoroiD et Swezy 1921 forment
au niveau de la baie de Tunis, des entités mono

spécifiques et ne sont associés & aucune espéce
de Tintinnides.

Les résultats obtenus nous permettent de
comprendre la fragilité de plusieurs lagunes
tunisiennes, ot des phénomeénes d’eaux colorées
associés ou non & des mortalités de poissons,
s’observent réguliérement en saisons
printaniére et estivale (DaLy YAHIA-KEFT et
DALY YAHIA, 1997 ; ROMDHANE et al., 1998). 11
apparait clairement que la dynamique des
espéces de Dinoflagellés nuisibles  ou
susceptibles de I'étre est contrdlée par un ou
plusieurs Tintinnides. Toutefois, certains
maillons de la chaine semblent fragilisés.

Ce travail nous a permis de préciser
I'importance des ciliés Tintinnides au sein du

microzooplancton des milieux néritiques.
En effet, nous constatons aprés s’étre
basé sur la dynamique des principaux

Dinoflagellés nuisibles de la baie de Tunis,
I'importante structuration du compartiment

microzooplanctonique et particuliérement le
contrdle effectué par les Tintinnides sur les
populations de Dinoflagellés. Ils jouent ainsi un
role non négligeable dans le transport et
le transfert de matiére et d’énergie 4
partir des producteurs primaires jusqu’aux
consommateurs de deuxiéme ordre qui
sont essentiellement représentés par les
organismes du mésozooplancton (CONOVER,
1982; MARGALEF, 1982).

A Tissue de cette étude, certaines associa-
tions spécifiques peuvent &tre considérées
comme des relations prédateurs—proies car elles
s’observent dans les trois écosystémes étudiés,
mais aussi car le diamétre oral des Tintinnides
considérés correspond au spectre de taille des
Dinoflagellés. C’est ainsi que le tintinnide
Codonella galea semble étre le prédateur
de Prorocentrum minimum (A4 et B1). De
méme, Codonellopsis ecaudata consommerait
préférentiellement Alexandrium spp(Bl et C1).

Les milieux lagunaires et néritiques
tunisiens sont donc propices au développement
et a l'étude des ciliés Tintinnides. Leurs pro-
portions élevées dans le zooplancton total (25
a 95%), ainsi que les densités atteintes en pé
riode de blooms montrent qu’ils constituent la
base de la chaine alimentaire hétérotrophe. Le
confinement naturel, l'eutrophisation el la
pollution croissante de ces lagunes en
raison des déchets urbains et industriels
ont progressivement entrainé une diminution
de la diversité spécifique des Tintinnides
ainsi que l'ensemble des autres groupes
zooplanctoniques (DALY YAHIA et DALY YAaHIA
-KEFI, 2004 ; DALY YAHIA et al., 2004).
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Tintinnids (Ciliophora, Tintinnina) and Dinoflagellates
(Dinophyceae) associations in the Bay of Tunis and two
adjacent lagoons: Ghar El Melh and Tunis South
(S W Mediterranean).

Mohamed Néjib DaLy Yanial), Ons DaLy Yania-KEFI, Sami Souisst,
Fadhila MAAMOURI and Patricia AIssa.

Abstract : We present here a study of Tintinnids and potentially harmful autotrophic
dinoflagellates through monthly sampling of the Bay of Tunis and two associated lagoons:
Ghar El Melh and Tunis South. We found that from the qualitative point of view the popula-
tions of tintinnids found in lagoons are a subset of those inhabiting the nearby marine environ-
ment. 62 species of tintinnids were found in the Bay of Tunis, 16 species in the lagoon of Ghar
El Melh, and only 13 in the lagoon of Tunis South. All species found in lagoons were present
in the Bay of Tunis. The density of tintinnids is higher in the lagoons (Tunis South: 223.1
cells liter ' ; Ghar El Melh: 62.3 cells.]™) than in the open sea (Bay of Tunis: 49.1 cells.]™).
Blooms of the principal tintinnids species such as Favella ehrenbergi, Tintinnopsis spp and
Stenosemella nivalis are associated with Dinophysis acuminata, Alexandrium spp and
Prorocentrum lima. In order to test this hypothesis, hierarchical classifications were realised
and allowed the identification of specific associations between the different species of dominant
tintinnids and the potentially harmful dinoflagellate species.
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Sedimentation rate of dioxins from the mid-1980s to 2002 in a
sediment core collected off Ishinomaki in Sendai Bay, Japan

Yutaka OKUMURA'”, Hiromitsu NaGAsakA”, Youichi KoHNo?,
Takashi Kamiyama”, Toshiyuki Suzukr”, and Yoh YAMASHITA"

Abstract : The vertical distribution of dioxins in a sediment core was investigated to elucidate
historical trends of dioxins (polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans
and coplanar polychlorinated biphenyls) discharged into Sendai Bay, Japan, from the mid-
1980s to 2002. Polychlorinated dibenzo-p-dioxins (PCDDs) accounted for approximately 85% of
total dioxins. The predominant dioxin congeners in the sediment, 1.3.6.8-tetrachlorodibenzo-p-
dioxin (1,3,6,8-TeCDD), 1, 3, 7, 9-TeCDD, and octachlorodibenzo-p- dioxin (OCDD), accounted
for 79% of total PCDDs. The source of dioxins deposited off Ishinomaki in Sendai Bay from the
early 1980s to 2002 was mainly impurities in pesticides (chloronitrophen and
pentachlorophenol). Sedimentation rates of total dioxins were 161.2 pg g ' year ' during 1992~
2002 and 172.6 pg g ' year ' during 1981-1992. Thus, the rate during 1992-2002 was slightly
lower than that during 1981-1992, and the dioxin sedimentation rate decreased slightly upward
in the core. Furthermore, the sedimentation ratc of suspended solids off Ishinomaki,
0.112 g cm * year ', tended to be lower than those measured in other Japanese ports. The aver-
age water content and ignition loss to 60 cm depth were 49.46 £3.9% and 6.5 *+0.6% (average
£8D), respectively. These data suggest that inorganic suspended solids from rivers contrib-

uted more to sedimentation in Sendai Bay than in other Japanese ports.

Keywords : PCDD/Fs, Co-PCBs, sediment core, historical trend, Sendai Bay

1. Introduction

Chemicals emitted from the terrestrial envi-
ronment are carried to the marine environment
both by rivers and via the atmosphere
(TAKADA 1997). Chemicals reaching the sea are
dissolved in seawater or adsorbed onto sus-
pended solids. Those adsorbed onto suspended
solids then sink to the sea bottom and accumu-
late in the bottom sediments. Therefore, sedi-
ments are monitored to investigate pollution
by heavy metals (MATSUMOTO and YOKOTA
1978) and polyeyelic aromatic hydrocarbons

1) Tohoku National Fisheries Research Institute,
Fisheries Research Agency, 3-27-5 Shinhama,
Shiogama, Miyagi 985-0001, Japan

2) Metocean Environment Inc., Riemon 1334-5,
Ooigawa, Shida, Shizuoka 421-0212, Japan

3) Japan Food Research Laboratories, 6-21-6
Nagayama, Tama, Tokyo 206-0025, Japan

4) Kyoto University, Fisheries Research Station,
Nagahama, Maizuru, Kyoto 625-0086, Japan

(HanDpA and OnTa 1983) and to evaluate his-
torical trends in dioxin concentrations (SAKAI
et al. 1999, KANNAN et al. 2000, MASUNAGA et
al. 2001b, YAO et al. 2002) and other chemicals
(YAMASHITA et al. 2000) and pollution sources,
from the point of view of risk assessment. Fur-
ther, sedimentation rates of suspended solids
are calculated so that chemical fluxes in the
marine environment can be estimated
(MaTsuMOTO 1983, TaNiMOTO and HOSHIKA
1994, KANAT et al. 1997).

Marine sediments in Sendai Bay have been
studied to monitor pollution by dioxins
(OKUMURA et al. 2003) and to evaluate histori-
cal trends in dioxin concentrations (OKUMURA
et al. 2004). However, the surface layers of the
sediment core used for the study was mixed,
preventing the accurate determination of the
historical trend of dioxins in Sendai Bay from
the mid-1980s to 2002. Therefore, to comple-
ment the estimate of the historical trend of
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Fig. 1. Location of the sampling site off Ishinomaki in Sendai Bay.

dioxins in Sendai Bay obtained previously, we
investigated dioxin concentrations from the
mid-1980s to 2002 in another sediment core
from Sendai Bay. Moreover, because sedimen-
tation rates of suspended solids are known to
vary in different parts of the bay (MINISTRY OF
LaND, INFRASTRUCTURE AND TRANSPORT,
GOVERNMENT OF JAPAN 2001), we also investi-
gated the sedimentation rate in another part of
Sendai Bay.

In this study, density, ignition loss, water
content, and *Pb and *"Cs concentrations in a
sediment core collected off Ishinomaki in
Sendai Bay were determined, and the sedimen-
tation rate of the suspended solids was calcu-
lated. The properties of sediment in Sendai Bay
were then compared with data from other parts
of Japan. Finally, dioxin concentrations in
sediment deposited from the mid-1980s to 2002
were analyzed by high-resolution gas chroma-
tography /high-resolution mass spectroscopy
(HRGC/HRMS) in order to clarify trends in
the sedimentation rate of dioxins during that
period.

2. Materials and Methods
2.1. Sampling

A sediment core approximately 80 cm long
was collected with a sediment core sampler
(¢ 20cm X 100cm) from a sampling site in

Sendai Bay (lat 38°21" N, long 141°23" E) on
September 19, 2002 (Fig. 1). To protect con-
tamination during sample transfer, the sedi-
ment core sampler was tightly sealed and then
transferred from the sampling site to the labo-
ratory. In the laboratory, the core was sliced
into 2-cm segments, depending on depth. After
the outer surface of the sediment, the part
which had been in contact with the core sam-
pler, was removed, samples were refrigerated
or frozen in glass bottles that had been washed
with n-Hexane until use.

2.2. Analysis of density, ignition loss, and wa-
ter content

Density (JAPAN INDUSTRIAL STANDARD
1999a), ignition loss (JAPAN INDUSTRIAL
STANDARD 1999b), and water content (JAPAN
INDUSTRIAL STANDARD 2000) of the sediments
were determined according to methods de-
scribed by the Japan Industrial Standard. The
methods are as follows.

To measure density, refrigerated samples
were air-dried overnight, and then the air-dried
samples were ground with a mortar and pestle.
The sediment powder was transferred to a
pycnometer, and distilled water to approxi-
mately two-thirds of the total pycnometer vol-
ume was added. The pycnometer was warmed
in a vessel containing hot water, bubbles in the
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pycnometer were removed, and then the
pycnometer was removed from the hot water
and left at room temperature. Distilled water
was added until the pycnometer was full. Then
the pycnometer was weighed on an analytical
balance (ms g), and the temperature of its con-
tents was recorded
(T°C). The sample was then removed from the
pycnometer and dried overnight at 110 °C in a
dryer. Dried samples were cooled in a
desiccator at room temperature and then
weighed on an analytical balance (m, g). The
density of the sediment was calculated as fol-
lows:

o.=m./[m.+ (m.—my)] X p (1) €Y

where o, is the sediment density (g/cm®),
m. is the weight of the pycnometer containing
a full volume of distilled water without the
sediment (g), and p. (1) is the density of dis-
tilled water at 7°C (g/cm?).

To measure water content, relrigerated sam-
ples were weighed on an analytical balance (m.
g) and then dried overnight in a dryer at 110°C.
After the dried samples had cooled in a
desiccator to room temperature, they were
weighed on an analytical balance (m, g). The
water content in a sediment sample (w %) was
calculated as follows:

w=_(m.—ma /mq X100 (2)

To measure ignition loss, refrigerated sam-
ples were placed in a crucible and dried over-
night in a dryer at 110 °C. Dried samples were
cooled in a desiceator to room temperature and
weighed on an analytical balance (m. g). Then,
the samples were heated at 800 °C in an electric
furnace for 6 h, cooled in a desiccator to room
temperature, and weighed on an analytical bal-
ance (m, g). Ignition loss in the sediment sam-
ple (L; %) was calculated as follows:

L= [(m.—my) /m.] X 100 €)

Humid density (H. g/cm®) was calculated as
follows:

H, = 1/[w/100 + 1 —w)/100/ p,] 4)
Interstitial water (I, %) was calculated as
follows:

L = w/100xH, 6))

Cumulative weight (C. g/cm’) was calcu-
lated as follows:

C. = (100—1)/100% p.Xd, (6)
where d, is depth of the sample (cm)

2.3. Analysis of *"Pb and "Cs concentrations

"Ph and "Cs activities in samples were de-
termined by the methods of MAaTSUMOTO
(1986). Briefly, refrigerated samples were
weighed on an analytical balance, air-dried
overnight, and ground with a mortar and pes-
tle. The sediment powder was transferred to a
crucible and then ignited in an electric furnace.

Lead from the ignited sediment samples was
dissolved in nitric acid in an Erlenmeyer flask.
The lead solutions were filtered, and lead sul-
fate was extracted from the filtered lead solu-
tion by electrodeposition. The extracted lead
sulfate was allowed to stand for 40 days, and
then the S-emitter (*“Bi, 1.1 MeV) in lead sul-
fate was measured for 24 h with a low-
background gas-flow counter (8-spectrometry;
OXFORD, Lb4100-W). **Pb concentrations
were corrected by using the count of the 8-
emitter standard (712 Bq, Japan Radioisotope
Association) for ™Ph.

In addition to **Pb derived from **Rn in air,
“Pb is also found in sediment (supported
“4Ph). Supported (background) *Pb is a decay
product of the *Ra found in water and sedi-
ment not including *"Pb in the suspended sedi-
ments that settled from the sea surface to the
sea floor. Accordingly, excess “Pb (*'Pb ex)
was calculated as total “'Pb - supported “"Pb.
Here, background *°Pb concentrations (sup-
ported *"Pb) were calculated by averaging the
"Pb concentrations in sediments from depths
of 16-30, 34-36, 38-40, 44-46, 4850, 62-64, and
76-78 cm.

The sedimentation rate of cumulative weight
Sr was calculated as follows:

S, =(0.693/22.2)/ IS (D

where S is the slope of the line describing
the relationship between log **Pb ex and
cumulative weight (Fig. 2; —0.278). 0.693 is a
disintegration coefficient of *'Pb. 22.2 (year) is
a half-life of “Pb.
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Fig. 2. Relationship between cumulative weight and
“Pb ex in the sediment core collected off
Ishinomaki in Sendai Bay. **Pb ex was calcu-
lated as the *"Ph activity concentration of each
2-cm sediment sample less the average **Pb ac-
tivity (0.63+£0.017 dpm/g) of sediments at
depths of 16-30, 34-36, 38 40, 44-46, 18-50, 62—
64, and 76 78 cm (used as the background or
supported activity).

¥(Cs (662 keV) in air-dried sediments was
also measured with a low-background gas-flow
counter (7-spectrometry; EG & G ORTEC,
GMZX-25190) and corrected by the count of the
y-emitter standard (mixture of ““Cd, “Co, "Ce,
“Cr, ®Sr, ¥Cs, "Mn, *Y, “Co, Japan Radioiso-
tope Association) for ¥'Cs.

2.4. Analysis of PCDDs, PCDFs, and Co-PCBs

(dioxins)

Concentrations of polychlorinated dibenzo-
p-dioxins  (PCDDs) and polychlorinated
dibenzofurans (PCDFs) with 4-8 chlorine sub-
stitutions and those of coplanar polychlori-
nated biphenyls (Co-PCB) congeners in the
sliced surface sediment samples were deter-
mined by the method of the Environmental
Agency (MINISTRY OF THE ENVIRONMENT 2000),
as in the previous study (OKUMURA et al. 2004).

The detection limits for the tetra-, penta-,
hexa-, hepta-, and octachlorinated PCDD/F
congeners in the samples were 1, 1, 2, 2, and 5
pg/g dry weight (dw), respectively. The detec-
tion limits of Co-PCBs in the samples were 1
pg/g dw. We observed that the concentrations
of the congeners were lower than the detection
limits in the blank test.

3. Results and Discussion
3.1. History of the sediment core determined
from *Pb and ¥'Cs activities

o]
L
o

10-12

depth (cm)

12-14

14-16

16-18

18-20

0 10 20
137
Cs(Ba/kg)

Fig. 2. Vertical distribution of "CS activity in the
sediment core.

“Ph ex values decreased from 2 to 16 cm
depth and were significantly correlated with
cumulative weight (+# =0.91, p<0.05; Fig. 2).
We therefore interpreted the layer from 2 to 16
cm depth as not mixed. The sedimentation rate
in the layer was calculated [rom the relation-
ship between cumulative weight and *"Pb ex as
0.112 g cm * year ' (Eq. 7).

¥Cs activity was detected at 10-12 em depth
and above (Fig. 3). Two peaks were observed,
at 2-4 and at 6-8 cm depth, and from 2 to 8 em
depth, the activity was higher than 10 Bq/g.
We attributed the first *'Cs activity, at 10-12
cm depth, to the detonation of atomic bombs at
Hiroshima and Nagasaki in 1945 and to early
nuclear testing (e.g., at Bikini Atoll in 1954);
thus, we considered the sediments at 10-12 ¢m
depth to have been deposited from the mid-
1940s to the early-1950s. We attributed the
peak in ¥'Cs activity at 6-8 cm depth to atmos-
pheric nuclear testing carried out during the
1960s and thus dated those sediments to
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Table 1 Properties of the sediment core (0—60cm depth) from off Ishinomaki.

depth avarage mean period time of sediment water ignition humid interstitial cumulativ
age date of age deposition density content loss density water e
(em) (year) (date) (years) :::;; (g/cm® &) %) (g/cm®) (%) (g/cm?
equationlequation2equation3equation4 equationb equation6

0-2 4.9 1997 9.7 2002-1992 254 59 7.2 1.33 78.51 0.55
2-4 15.1 1986 10.7  1992-1981 254 56 75 1.36 76.38 1.69
4- 6 25.5 1976 10.2  1981-1971 250 575 7.8 1.34 77.18 2.86
6- 8 35.8 1966 104 1971-1961 2.51 56.9 7.7 1.35 76.83 401
8-10 46.2 1955 105 1961-1950 2.60 56.7 714 1.36 77.28 519
10-12 571 1944 11.3 1950-1939 2.53 542 71 1.38 74.95 6.41
12-14  69.2 1932 13.0 1939-1926 254 495 6.9 1.44 71.33 171
14-16 825 1919 13.6 1926-1912 253 477 6.7 1.46 69.77 9.26
16-18 959 1906 13.1 1912-1899 2.60 494 6.7 1.45 71.76 10.76
18-20 109.0 1893 13.1  1899-1886 2.52 491 6.6 1.44 70.88 12.23
20-22 2.54 48 6.6 1.46 70.07 13.73
22-24 2.57 47 6.2 1.48 69.52 15.27
24-26 2.57 48.5 6.4 1.46 70.78 16.81
26-28 2.53 471 6.2 1.47 69.28 18.34
28-30 2.59 475 6.2 1.48 70.08 19.89
30-32 2.50 43.6 58 1.51 65.90 21.52
32-34 2.58 455 58 1.50 68.28 23.19
34-36 2.56 471 6 1.48 69.52 24,78
36-38 2.64 476 6 1.48 70.56 26.34
38-40 2.59 499 6.8 1.44 72.06 27.84
40-42 2.55 472 6.3 1.47 69.54 29.34
42-44 2.50 472 6 1.46 69.11 30.89
44-46 257 48.3 6.3 1.46 70.60 32.42
46-48 2.58 48.6 6.2 1.46 70.93 33.93
48-50 2.50 46.3 6.1 1.48 68.32 35.47
50-52 2.54 46.7 6.1 1.48 68.97 37.05
52-54 2.50 48.2 6.1 1.45 69.94 38.59
54-56 2.52 48.3 6.5 145 70.15 40.09
56-58 2.52 47.7 6.5 1.46 69.71 41.61
58-60 2.58 475 6.3 1.47 69.98 43.15

approximately that time. We related the peak
at 2-4 ecm depth to the accident at the Cherno-
byl nuclear power plant in 1986, so we inter-
preted those sediments to have been deposited
in the 1980s.

Assuming that the sediment at 2-4 cm depth
was deposited in 1987 [cumulative weight 1.69 g
cm *; Fig. 2; sedimentation period from the
surface, 15.1 years (1.69/0.112) ], then the time
of deposition of the sediment at 10~12 cm depth
can be calculated as 1945 [cumulative weight
6.41 g cm % Fig. 2; sedimentation period from
the surface, 57.2 years (6.41/0.112); 1987 — (57.2
—15.1)=1945] by using the sedimentation rate
obtained from the *"Pb activities. Thus, the pe-
riods of deposition determined from the "Cs
activity peaks agree with those calculated by
using the sedimentation rate determined from

1'Ph activities.

3.2. Sedimentation rate, water content, and i1g-
nition loss in Sendai Bay in comparison with
those in other areas of Japan
The sedimentation rates off Ishinomaki and

off Yamoto in Sendai Bay were 0.112 g cm *

vear ' (this study) and 0.314 g em * year '

(OKUMURA et al. 2004), respectively. The sedi-

mentation rate off Ishinomaki was approxi-

mately one-third that off Yamoto. Thus, the
sedimentation rate in Sendai Bay varies by lo-
cation. Various sedimentation rates have been
reported for different parts of Japan by other

studies (all values are expressed as g cm *

year ') : 0.116 =0.063 (n="5; average =S.D.),

Funka Bay near Hokkaido; 0.26 =0.12 (n=23),

Sakai-Izumi  Port; 0.22 = 0.17 (n=3),
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Yokohama Port; 0.335 (n=1), Nagoya Port;
0.341 (n=1), Nagasaki Port; and 0.552 (n=2),
Osaka Port (MINISTRY OF Lanp, I
NFRASTRUCTURE AND TRANSPORT, GOVERNMENT
oF JapraN 2001); 0.2+0.091 (n=6), Harima-
Nada (HosHIKA et al. 1983); and 0.27=0.11 (n
=T7), Tokyo Bay,
(FOUNDATION FOR PROMOTING PERSONAL
MOBILITY AND ECOLOGICAL TRANSPORTATION
2001). Excluding values from Sendai Bay, the
average sedimentation rate is 0.24 g cm ’
yvear '. The sedimentation rate off Ishinomaki
was lower than this average and similar to that
reported for Funka Bay.

The average water content of sediment from
the surface to 60 cm depth off Ishinomaki in
Sendai Bay was 49.46 +3.9% (average =S.D.,
Table 1). The value off Yamoto in Sendai Bay
is 47.01 £4.6% (OKUMURA et al. 2004). The av-
erage reported water content (%) of sediments
from Nagoya, Osaka, Nagasaki, Yokohama,
and Sakai-Izumi ports 1s 50.1£6.7, 58.6 £ 7.9,
58.86.8, 59.5+10.2, and 63.15.0, respectively
(MINISTRY OF LAND, INFRASTRUCTURE AND
TRANSPORT, GOVERNMENT OF JAPAN 2001). The
average water content of sediments from
Sendai Bay (off Ishinomaki and Yamoto), less
than 5096, is therefore lower than those of sedi-
ments from other Japanese ports.

The average ignition loss from the surface to
60 em depth off Ishinomaki in Sendai Bay was
6.5 £0.6% (average =S.D., Table 1). That off
Yamoto in Sendai Bay is 5.8 £0.9% (OKUMURA
et al. 2004). The average reported ignition loss
(%) of sediments from Nagoya, Osaka, Sakai-
Izumi, Yokohama, and Nagasaki ports is
6.842.1, 84%15, 83208, 9.6£3.5, and 16.0
+3.3, vrespectively (MINISTRY OF LAND,
INFRASTRUCTURE AND TRANSP()RT,
GOVERNMENT OF JAPAN 2001). The average ig-
nition loss, like the average water content, is
lower in Sendai Bay than in other Japanese
port sediments.

Water content and ignition loss are consid-
ered indicators of organic matter content. Be-
cause sediments in Sendai Bay had lower water
content and ignition loss than those reported
for sediments from other Japanese ports, the
ratio of inorganic matter to organic matter in
Sendail Bay sediments is inferred to be higher

than that in sediments of other Japanese ports.
We infer that inorganic suspended solids from
rivers dominantly contributed to sedimenta-
tion in Sendai Bay.

3.3. Composition of dioxins in the sediment
core

The average of total PCDDs in sediments at
04 em depth (deposited from the early 1980s to
2002) accounted for 85% of the total dioxin
concentration (Table 2). The dominant PCDD
congeners were tetrachlorodibenzo-p-dioxin
(1, 3, 6, 8-TeCDD), 1, 3, 7, 9-TeCDD, and
octachlorodibenzo-p-dioxin (OCDD), which to-
gether accounted for 79% of the total PCDD
concentration. PCDFs accounted for 5% of the
total PCDD + PCDF concentration. Although
Co-PCBs accounted for 10% of dioxins, PCB
£ 118, the most abundant Co-PCB congener, ac-
counted for 54% of the total Co-PCB concentra-
tion. PCB # 105, the next most abundant Co-
PCB congener, accounted for 19% of the total
Co-PCB concentration. PCB # 81 and PCB #
169 concentrations were below the detection
limit.

1, 3, 6, 8-TeCDD and 1, 3, 7, 9-TeCDD derive
from impurities in chloronitrophen (CNP), and
OCDD derives from impurities in
pentachlorophenol (PCP), pesticides used from
the 1960s to the 1990s (CNP) and to the 1970s
(PCP) in Japan (YAMAGISHI et al 1981,
MASUNAGA et al. 2001a). Shipments of CNP
products to Miyagi Prefecture, the so-called
granary of Japan, were higher than those to
any other prefectures in Japan during this pe-
riod (JAPAN PLANT PROTECTION ASSOCIATION
1963-1995). It is clear that the major source of
the dioxins deposited from the early 1980s to
2002 in Sendai Bay, as reported in this study as
well as previously (OKUMURA et al. 2003, 2004),
was impurities in CNP and PCP. However, the
total shipment volume of CNP products was
higher than that of PCP products in Miyagi
Prefecture (JAPAN PLANT PROTECTION A
SSOCIATION 1963-1995). Consistent with that
observation, 1,3,6,8-TeCDD + 1,3,7,9-TeCDD
concentrations in sediment of Sendai Bay re-
ported previously by OKUMURA et al. (2003,
2004) were also higher than OCDD concentra-
tions. However, it is difficult to explain why, in



sedimentation rate of dioxins from the mid-1980s in Sendai Bay 39
Table 2. Dioxin concentrations in the sediment core sampled from off Ishinomaki in Sendai Bay.
0-2cm 2-4cm 0-2cm 2-4cm
1997 1987 1997 1987
(2002-1992) (1992-1981) (2002-1992) (1992-1981)
conc. * conc. * conc. * conc. *
conc. conc. conc. conc
/year /year /year /year

1368~TeCDD 330 340 420 393  12368/13478-PeCDF ND. - 1 0.1
1379-TeCDD 150 155 210  19.6  12478-PeCDF 1 0.1 1 0.1
1378-TeCDD 1 0.1 1 0.1 12479/13467-PeCDF N.D. - N.D. -
1369/1247/1248-TeCDD 4 0.4 6 0.6  12467-PeCDF N.D. - ND. -
1268-TeCDD 1 0.1 2 0.2  14678/12347-PeCDF N.D. - ND. -
1237-TeCDD N.D. - 1 0.1 13469-PeCDF N.D. - N.D. -
1234/1246/1249/1238-TeCDD 4 0.4 4 04  12348/12378-PeCDF 1 0.1 1 0.1
1236/1279-TeCDD 2 0.2 2 0.2  12346-PeCDF ND. - N.D. -
total TeCDDs 492 50.7 646 604  12379-PeCDF N.D - N.D. -
12468/12479-PeCDD 17 1.8 21 2.0 12367-PeCDF N.D. - N.D. -
12368-PeCDD 59 6.1 76 7.1 12469/12678-PeCDF N.D. - N.D. -
12478-PeCDD N.D. - 1 0.1  12679-PeCDF N.D - N.D. -
12379-PeCDD 23 2.4 217 25  12369-PeCDF N.D. - N.D. -
12469/12347-PeCDD 2 0.2 2 0.2  23468-PeCDF 4 0.4 5 05
12378-PeCDD N.D. - 1 0.1 12349-PeCDF N.D - N.D. -
total PeCDDs 101 10.4 128 12.0  12489-PeCDF N.D - N.D. -
123468/124679/124689-HxCDD 25 2.6 29 2.7 23478-PeCDF N.D - N.D. -
123679/123689-HxCDD 13 1.3 15 14  12389-PeCDF N.D. - N.D. -
123678-HxCDD 3 0.3 3 0.3  23467-PeCDF 1 0.1 1 0.1
123469-HxCDD N.D. - N.D. - total PeCDFs 9 0.9 13 1.2
123789-HxCDD 3 0.3 4 0.4  123468-HxCDF 2 0.2 3 03
123467-HxCDD N.D. - N.D. - 134678/134679-HxCDF N.D. - 2 0.2
total HxCDDs 44 4.5 51 4.8 124678-HxCDF 4 04 5 0.5
1234679~-HpCDD 69 7.1 79 74  124679~HxCDF N.D. - N.D. -
1234678-HpCDD 48 4.9 49 4.6 123478/123479-HxCDF 3 0.3 2 02
total HpCDDs 117 121 128 12.0  123678-HxCDF N.D. - N.D. -
OCDD 590 60.8 600 56.1 124689-HxCDF 2 0.2 3 03
total PCDDs 1344 138.6 1653 145.1  123467~HxCDF N.D. - N.D. -
1368-TeCDF N.D. - N.D - 123679-HxCDF N.D - N.D. -
1378/1379-TeCDF N.D. - N.D. - 123469/123689-HxCDF N.D - N.D. -
1347-TeCDF N.D. - N.D. - 123789-HxCDF N.D. - N.D. -
1468~TeCDF N.D. - N.D. - 123489~HxCDF N.D. - N.D. -
1247/1367-TeCDF N.D. - N.D. - 234678-HxCDF N.D. - 2 0.2
1348-TeCDF N.D. - N.D. - total HxCDFs 11 1.1 17 1.6
1346/1248-TeCDF N.D. - N.D. - 1234678-HpCDF 10 1.0 11 1.0
1246/1268-TeCDF N.D. - N.D. - 1234679-HpCDF N.D. - N.D. -
1478/1369/1237-TeCDF N.D. - N.D. - 1234689-HpCDF 12 1.2 14 1.3
1678/1234-TeCDF N.D. - N.D. - 1234789-HpCDF N.D. - N.D. -
2468/1238/1467/1236-TeCDF 11 1.1 15 1.4  TOTAL HpCDF 22 2.3 25 23
1349-TeCDF N.D. - N.D. - OCDF 19 2.0 20 1.9
1278-TeCDF N.D. - N.D. - total PCDFs 72 7.4 90 8.4
1267/1279-TeCDF N.D. - N.D. - total PCDD/Fs 1416 146.0 1643  153.6
1469-TeCDF N.D. - N.D. - 3,3'4,4~TeCB(#77) 12 1.2 15 1.4
1249/2368~TeCDF N.D. - N.D. - 3,4,4'5-TeCB(#81) N.D. - ND. -
2467-TeCDF N.D. - N.D. - 3,3'4,4' 5-PeCB(#126) 1 0.1 1 0.1
1239-TeCDF N.D. ~ N.D. - 3,3'4,4'55-HxCB(#169) N.D. - N.D. -
2347-TeCDF N.D. - N.D. - total non-ortho PCBs 13 1.3 16 1.5
1269-TeCDF N.D. - N.D. - 2,3,3',4,4-PeCB(#105) 27 2.8 40 3.7
2378-TeCDF N.D. - N.D. - 2,344 5-PeCB(#114) 1 0.1 2 0.2
2348-TeCDF N.D. - N.D. - 2,3'4,4' 5-PeCB(#118) 81 8.4 110 103
2346-TeCDF N.D. - N.D. - 2'3.4,4 5-PeCB(#123) 6 0.6 5 0.5
2367-TeCDF N.D. - N.D. - 2,3.3',4,4' 5-HxCB(#156) 10 1.0 17 1.6
3467-TeCDF N.D. - N.D. - 2,3,3',4,4' 5'-HxCB(#157) 3 0.3 3 0.3
1289-TeCDF N.D. - N.D. - 2,3'4,4' 55-HxCB(#167) 5 0.5 7 0.7
total TeCDFs 11 1.1 15 14 233,4455-HpCB(#189) 2 0.2 4 04
13468~PeCDF N.D. - N.D. - total mono—ortho PCBs 135 139 188 17.6
12468-PeCDF 2 0.2 4 04  total Co-PCBs 148 153 204 191
13678-PeCDF N.D. - N.D. - total dioxins 1564 161.2 1847 172.6
13479-PeCDF N.D. - N.D. - total TEQ 1.711 0.2 2.94 0.3

*: The average annual dioxin concentrations (conc./year) were calculated by dividing dioxins cancentration (conc.) by period of age of
each layer in Table 1. The values of conc./year were rounded off to one decimal place.



40 La mer 43, 2005

this study, the 1,3,6,8-TeCDD + 1,3,7,9-TeCDD
concentration in the sediment was the same as
that of OCDD at 24 ¢m depth, and lower than
that of OCDD at 0-2 cm.

Major sources of Co-PCBs are thought to be
PCBs in electrical insulating oil (KANNAN et al.
1987, TAKASUGA et al. 1995) and in fly ash and
exhaust gases from incinerators (Czuczwa and
Hrres 1984, SAKAI et al. 1993). In Kanechlor, a
PCB mixture used in Japan, PCB % 118 and
PCB # 105 are the major congeners (TAKASUGA
et al. 1995). Thus, the dominant Co-PCB conge-
ners in sediments from Sendai Bay corre-
sponded to those in this PCB product. PCB #
169, which is derived from combustion (YAO et
al. 2002), was below the detection limit in sedi-
ments from Sendai Bay. From these findings,
we infer that the major source of Co-PCBs in
Sendai Bay from the early 1980s to 2002 was
PCB products and that combustion was much
less important.

3.4. Dioxin concentrations from the early 1980s

to 2002

Dioxin concentrations in Sendai Bay in-
creased from the mid-1930s and reached a
maximum Jlevel in the 1987 (OKUMURA et al.
2004). However, accurate determination of di-
oxin concentrations in sediments from the late-
1980s could not be measured in that study
because the sediments from the late-1980s to
2002 were mixed. In this study, the average
concentration in the 1992-2002 layer was 34.0
pg g ' year ' for 1,3,6,8-TeCDD, 15.5 pg g '
vear ' for 1,3,7,9-TeCDD, 60.8 pg g ' year ' for
OCDD, and 161.2 pg g ' year ' for total dioxins
(Table 2). The values in the 1981-1992 layer
were 39.3 pg g ' year ' for 1,3,6,8-TeCDD, 19.6
pg g ' year ' for 1,3,7,9-TeCDD, 56.1 pg g
year 'for OCDD, and 172.6 pg g ' year ' for to-
tal dioxins.

Degradation of dioxins is thought to occur
by sunlight or in anaerobic environments by
aquatic microorganisms (SINKKONEN and
PAASIVIRTA 2000). For example, the half-lives
of dioxins in sediments are generally more
than 100 years in the Baltic Proper (KJELLER
and RAPPE 1995), about 35 years in Lake Shinji,
Japan (MASUNAGA et al. 2001b), and 600 days
in Lake Mendota,USA (CLAUDIA and

MATSUMURA 1978). Although half-lives of di-
oxins vary with the aquatic environment or the
specific congener, it is reasonable to suppose
that fewer dioxins have been degraded in the
19922002 layer for the shorter residence time
in the sediment than in the 1981-1992 layer. De-
spite the influence of degradation on the dioxin
concentrations, the average annual concentra-
tion in the 1992-2002 layer was slightly lower
than that in the 1981-1992 layer. In general, the
dioxin sedimentation rate increased upward
from the mid-1930s, reached a maximum in the
mid-1980s, and then decreased slightly upward
from the (OKUMURA et al 2001) mid-1980s to
2002.

Shipments of CNP and PCP to Miyagi Pre-
fecture were highest in 1975, when 4700 t of
CNP products were shipped, and in 1970,
when 3100 t of PCP products were shipped
(OKUMURA et al. 2004). In 1970, the amount of
PCBs used in Japan reached a maximum of
11,100 t (Tarsukawa 1972). Therefore, the
maximum concentrations of 1,3,6,8-TeCDD +
1,3,7,9-TeCDD, OCDD, and Co-PCBs in the
sediment did not correspond in time to the peak
period of shipments of CNP and PCP products
or to the period of maximum use of PCBs (Ta-

le 1). Comparing our data with data collected
elsewhere in Japan, the maximum concentra-
tion of TeCDDs, OCDD, and Co-PCBs in Lake
Shinji (MASUNAGA et al. 2001b) and Tokyo Bay
at 35°33" N and 139°55" E (Y A0 et al. 2002), and
of total PCDD/Fs in Lake Biwa-South (SAKAI
et al. 1999), were reported from sediments de-
posited before the 1980s. Although the timing
of the peak period of shipments of CNP and
PCP to each prefecture differed slightly, the
maximum concentrations of TeCDD, OCDD,
and Co-PCBs in these sediments tended to cor-
respond to the peak period of shipments of
CNP and PCP products and of PCB use. The
time trends of dioxins in Lake Biwa and Tokyo
Bay varied with the sampling site. The maxi-
mum concentration of OCDD in Tokyo Bay
(35°35" N and 139°55" E) was reported from
sediments  deposited  during  1979-1981
(YAMASHITA et al. 2000). The maximum con-
centrations of 1,3,6,8- and 1,3,7,9-TeCDD and
total PCBs in Tokyo Bay at 35°35" N and
139°55" E (Yamashita et al. 2000) and the
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maximum total PCDD/F concentrations in
Lake Biwa-North and the Yodo River offshore
region (SAKAI et al. 1999) were in sediments de-
posited after the 1980s. The maximum concen-
trations of dioxins in these sediments therefore
did not correspond in time to the peak period of
shipments of CNP and PCP products or of PCB
use. The dioxin distribution in Sendai Bay
most closely resembled the distributions at
these latter sites.

Shipments of CNP and PCP to Miyagi Pre-
fecture were higher weight than those to any
other prefecture in Japan (OKUMURA et al.
2004). The period of maximum concentrations
of 1,3,6,8-TeCDD + 1,3,7,9-TeCDD, OCDD, and
Co-PCBs in the sediment of Sendai Bay did not
correspond to the peak period of shipments of
CNP and PCP products and of PCB use, but
was later. It is possible that the dioxin sedi-
mentation rate increased upward in the core.
However, from this study, it is clear that the
dioxin concentration per year in the 1992-2002
layer was slightly lower than that in the 1981-
1992 layer. Dioxin concentrations in the sedi-
menl ol Sendai Bay, as well as those in
sediments  elsewhere reported previously
(SAKAT et al. 1999, Yamashita et al. 2000), may
gradually decrease in the future. Although the
degradation rate of dioxins in sediments of
paddy fields and rivers in Miyagi Prefecture
and in Sendai Bay is not clear, degradation
may have an important role in decreasing di-
oxin concentrations in sediment of Sendai Bay.
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Assessment of fine-scale parameterization of
deep ocean mixing
using a new microstructure profiler

Kanako YoroTA", Toshiyuki HiBrya™, Maki Nagasawa”, and Shogo TAKAGL™”

Abstract : Although global mapping of deep ocean mixing is essential for accurate modeling of
global overturning circulation, each direct measurement using a microstructure profiler takes
at least several hours so that it is difficult to extend it to the whole basin. To overcome this dif-
ficulty, some kind of empirical formula which can predict diapycnal diffusivity in terms of fine-
scale parameters is desirable. In the present study, we carried out direct measurements of
dissipation rates in the deep ocean at four locations (38°N, 31°N, 28°N, and 22.4°N) on the ship
track from Dutch Harbor {the Aleutian Islands) to Honolulu using TurboMAP-DI (the first
domestic microstructure profiler for the deep ocean) to examine the validity of GREGG's empiri-
cal formula (GrREGG, 1989), one of the most widely used fine-scale parameterization. The dissipa-
tion rates directly measured by TurboMAP-D1 were compared with those estimated by
incorporating XCP data into GREGG's empirical formula. We find that GrRrga's empirical for-
mula tends to overestimate the dissipation rates except at 38°N, although the depth profiles of
the dissipation rates are relatively well reproduced. It turns out that the empirical formula pro-
posed by HENYEY et al. (1986) which takes into account latitudinal dependence provides much
better fit to the directly measured dissipation rates. This warns us that dissipation rates in the
deep ocean predicted using GREGG's empirical formula might exhibit spurious latitudinal distri-

bution.

Keywords :
parameterization

1. Introduction

The climate is formed through the interac-
tions among the atmosphere, oceans, and land
surfaces. One cycle of global ocean overturning
circulation is about 1500 years. To predict the
long-term climate change, it is absolutely nec-
essary to construct an accurate global over-
turning circulation model.

In the equilibrium state of the interior ocean,
the structure of internal wave field whose ver-
tical scales range from 10 km to 10 m is known
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to be well described by the GARRETT-MUNK
model spectra (GARRETT and Munk, 1975;
Cairns and WILLIAMS, 1976). The energy sup-
plied from winds and tides at large scales cas-
cades down to small scales to induce deep ocean
mixing. Turbulent mixing in the lower
thermocline, in particular, plays an important
role in transferring heat from the sea surface
down to the deep ocean, reducing the density of
cold deep waters and hence causing upwelling
of them. Although global mapping of deep
ocean mixing is essential for accurate modeling
of overturning circulation, each direct meas-
urement using a microstructure profiler takes,
at least, several hours so that it is difficult to
extend it to the whole basin. To overcome this
difficulty, some kind of empirical formula is
desired to predict diapycnal diffusivity in terms
of fine-scale parameters which are much easier
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to observe.

Turbulent mixing in the deep ocean is
thought to be strongly linked with the inten-
sity of fine-scale vertical shear as well as den-
sity stratification. Since the distribution of
fine-scale vertical shear and density stratifica-
tion can be measured over a large area even
within a limited available ship time using ex-
pendable current profilers (XCPs) and expend-
able conductivity, temperature, and depth
profilers (XCTDs), global mapping of
diapycnal diffusivity becomes possible so long
as the reliable empirical formula is available.

Among the existing parameterization,
"GREGG's empirical formula" (GREGG, 1989) is
most widely used. GREGG's empirical formula is
originally based on the results of eikonal calcu-
lations by HENYEY et al. (1986) given by

S]O
\N7 / Sear

= F(f, N)< > [Wkg '] (D

with  F(f, N) = 8.1x10°/N; cosh”(‘;—f)

where <( ) denotes the average over large
spatial and temporal scales; € is the dissipation
rates of turbulent kinetic energy; [ is the
Coriolis parameter; Ny=3 cycles per hour (cph)
is a reference buoyancy frequency; Sy is the 10
m scale vertical shear; Sey is the corresponding
vertical shear in the GARRETT and MUNK inter-
nal wave field (GARRETT and MUNK, 1975;
CAIRNS and WILLIAMS, 1976). It should be noted
that, because of the f dependence of the rela-
tionship (1), the predicted energy dissipation
rate diminishes as the latitude decreases (sce
Figure 1 of GREGG et al., 2003).

GREGG (1989) carried out simultaneous
measurements of turbulent energy dissipation
rates (¢) and 10 m-scale vertical shear (Sp) at
six locations between 11.5° N and 42" N off both
coasts of the continental United States. Al-
though these microstructure measurements
were limited to, at most, the top 950 m, insuffi-
clent to assess the parameterization of deep
ocean mixing, he found no appreciable latitu-
dinal dependence of € and showed that the best
fit to the observed vertical profile of € was at-
tained by reducing the relationship (1) to

Table 1 : The locations of microstructure measure-

ments.

‘ ] ‘ Latitude | Longitude
2003 St.1 | 38.00N 165.00W
August | St.2 | 31.00N 162.84W
Hawaii | St.3 | 28.00N 160.59W

St.d | 22.40N 158.45W
NN SN -
(=25 F (fues Ny )\ 10 ) [Whe ™'

In the present study, based on the micro-
structure data from the surface down to well
below the thermocline obtained using the first
domestic microstructure profiler for the deep
ocean, we examine the validity of the GREGG's
empirical formula (2). First, we carried out di-
rect measurements of dissipation rates down to
a depth of ~1600 m on the ship track from
Dutch Harbor (the Aleutian Islands) to Hono-
lulu. Then, the directly measured dissipation
rates were compared with the dissipation rates
estimated by incorporating XCP data into
GREGG's empirical formula.

2. Observations

The [ield experiments were carried out at
four locations listed in Table 1 on the ship
track of Oshoro-Maru, the training vessel of
the Faculty of Fisheries of Hokkaido Univer-
sity in August 2003 (Figure 1). During the
cruise, we measured energy dissipation rates
using TurboMAP-D1, buoyancy frequency us-
ing XCTDs, and vertical shear using XCPs.
During each microstructure measurement, we
deployed three sets of XCPs and XCTDs.

The instrument package called TurboMAP-
D1 (about 2 m long with diameter 0.3 m; see
Figure 2 ) is a free-rising, internally recording,
first domestic microstructure profiler for the
deep occan with a shear probe, an FP0O7 (tem-
perature sensor), a pressure sensor, and an ac-
celerometer which can measure turbulent

du

parameters (2 and 25) as well as hydrographic
parameters (temperature and depth). The ac-
curacy of the shear probe is £5% with a reso-
lution of 10 * s ', while the accuracy of P07 is

0.01°C with a resolution of 10 *C. TurboMAP-
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Figure 1 : The ship track of Oshoro-Maru and the locations of field experiments.

. .
Figure 2 : A view of TurboMAP-DI1.

Nasmyth
spectrum
|

e =2266-009, k_ = 24.13
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Figure 3 : The Nasmyth universal spectrum (green) corresponding to € = 2.28 X 10"° Wkg ' fitted to the observed
shear spectrum (blue) for the vertical warenumber band shown by the two red dash-dot lines.
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D1 weighs 73 kg in the air, but because of the
syntactic foam on the main body, it weighs —1
kg in the water. To minimize the body's vibra-
tion thereby permitting low-noise turbulence
measurements, a brush is attached near the end
of the instrument. Also attached on the instru-
ment is a pinger which enables us to locate
TurboMAP-D1 throughout the field observa-
tion.

First, TurboMAP-D1 is lowered at a speed of
1.5 ms™ using a winch. When it is lowered
down to a depth of ~1600 m, the releaser works
to separate TurboMAP-D1 from the winch.
Then, TurboMAP-D1 starts uprising freely at
a speed of ~0.4 ms™ while recording the
microscale vertical shear up to the sea surface.
Each microstructure measurement takes about
120 minutes including the recovery of the in-
strument. Using the microscale shear data, we
can calculate the local energy dissipation rates
given by

15 [ouY
€= 7”( 0z > @)
where v is the kinetic viscosity (OSBORN,
1980).

The raw data from TurboMAP-D1 is lowpass
filtered. Then, the vertical shear spectrum is
calculated using FFT. The FFT length 1s 512
points and 100 points are overlapped. Then, to
give one spectrum for the various depth range,
the spectrum for all the segments are averaged.
The uncontaminated wavenumber range is de-
termined excluding vertical wavenumbers > 10
cpm where the instrumental noise is enhanced
and several spikes caused by the instrument's
pressure case occur. By fitting Nasmyth spec-
trum to the observed vertical shear spectrum
(OaKEY, 1982), energy dissipation rate is
evaluated (see Figure 3).

The XCP, on the other hand, is a free-fall in-
strument, which can measure horizontal veloc-
ity relative to a depth-independent constant
from the sea surface down to a depth of ~1600
m by sensing the electric field induced by
seawater's horizontal movement in the earth's
magnetic field.

Using XCP data, the vertical wavenumber
Froude spectra calculated for each depth bin
are compared to the corresponding GM76

model (GARRETT and MUNK, 1975; CAIRNS and
WILLIAMS, 1976). The spectrum is not meaning-
ful at vertical wavenumbers more than 0.04
cpm because of the uncorrelated instrument
noise (NAGASAWA et al., 2002). Therefore, we
calculate the Froude number variance by inte-
grating the Froude spectrum up to k.=0.04
cpm. This means that, instead of Sy, Ss is used
as a measure of shear level at high vertical
wavenumbers in GREGG's empirical formula
(equation (2)).

3. Results

Figure 4 shows the comparison between the
energy dissipation rates measured directly by
TurboMAP-D1 (€ru.) and the dissipation rates
estimated by incorporating the XCP data into
GREGG's empirical formula (€c.e). We can see
that GREGG's empirical formula tends to over-
estimate the dissipation rates except at 38" N,
although the depth profiles of the dissipation
rates are relatively well reproduced. This re-
minds us the fact that, although GREGG's em-
pirical formula is essentially based on HENYEY's
eikonal calculations (HENYEY et al. 1986), it
does not take into account the dependence on
latitudes.

Figure 5 shows the comparison between
€ravo and the dissipation rates estimated by in-
corporating the XCP data into the HENYEY et
al's empirical formula (equation (1)) (emws).
We can see that, compared t0O €crgg, €nwr shows
much better agreement with €ru.. Table 2
shows vertically averaged ratio of €gwee to
€rwve and that of €pwr 10 €1ume. Obviously, €creg
is overestimated at all the stations, whereas
€uwr seems to be rather underestimated, rang-
ing from 0.6 X €rume t0 1.1 X €turto.

4. Summary

In the present study, we have examined the
validity of GREGG's empirical formula (GREGG,
1989), one of the most widely used fine-scale
parameterization to predict energy dissipation
rates in the deep ocean. First, we have carried
out direct measurements of dissipation rates in
the deep ocean at four locations (38" N, 31" N,
28° N, and 22.4° N) on the ship track from
Dutch Harbor (the Aleutian Islands) to
Honolulu using TurboMAP-D1, the first
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Figure 4 : Depth profile of energy dissipation rate € at each location. The solid line shows €ru. Superimposed by
circles, triangles and squares are €., calculated using the data from the first, second and third XCP de-

ployment, respectively.
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Figure 5 : As in Figure 4 but for the comparison between ron and €mr.

domestic microstructure profiler which can REGG's empirical formula.
reach down to a depth of ~1600 m. The dissipa- We have found that GREGG's empirical for-
tion rates directly measured by TurboMAP-D1 mula tends to overestimate the energy dissipa-

have been compared with the dissipation rates tion rates except at 38" N, although the depth
estimated by incorporating XCP data into G profiles of the dissipation rates are relatively
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Table 2 : Comparison between the vertically averaged
ratio of €y t0 €rur. and that of €xwr to Enue.

LatitUde[o N] €Gregg /6Turbo 6HWF/ET?M'bc'
38 1.46 0.66
31 2.73 1.07
28 3.07 0.97
224 2.52 0.64

well reproduced. Much better agreement with
the directly measured values has been attained
using HENYEY et al.'s empirical formula which
takes into account latitudinal dependence of
dissipation rates in the deep ocean. This warns
us that dissipation rates in the deep ocean pre-
dicted using GREGG's empirical formula might
exhibit spurious latitudinal distribution.

The result of the present study is offered as
an important contribution toward the global
mapping of deep ocean mixing which is indis-
pensable for accurate modeling of global
thermohaline circulation.
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Deep Western Boundary Current along the eastern slope
of the Kerguelen Plateau in the Southern Ocean: observed by
the Lowered Acoustic Doppler Current Profiler (LADCP)

Yoshihiro NARUMI®, Yuji KAwAMURA™, Tomoko Kusaka*, Yujiro KiTADE®

and Hideki Nacasgima*

Abstract : The Deep Western Boundary Current (DWBC) is considered to flow northwestward
along the eastern slope of the Kerguelen Plateau in the Southern Ocean. SPEER and FORBES
(1994) estimated the volume transport of DWBC at 6 SV (1SV=10° m*/s) northwestward based
on the assumption of a level of no motion at 2500 dbar depth. However, there is no evidence of
an existence of such a level in the deep sea over the plateau. To clarify the transport of the cur-
rent, we tried to observe the current profile by using the Lowered Acoustic Doppler Current
Profiler (LADCP) and CTD at a section that crosses isobaths of the plateau. The cross sec-
tional transport is estimated at 10 SV northwestward from the LADCP data, and is about 1.7
times larger than that by SPEER and Forses (1994) . The geostrophic transport is estimated
from the CTD data by adjusting a reference level in order that the total transport coincides
with that calculated from the LADCP data. The baroclinic and barotropic transports are esti-
mated at 5 SV southeastward and 15 SV northwestward, respectively.

Keywords : LADCP, the Kerguelen Plateau, Deep Western Boundary Current (DWBO),

Geostrophic Transport

1. Introduction

The Antarclic Bottom Water (AABW) is
produced around the Antarctica. The main
three areas in which AABW is produced are
considered to be the Weddell-Enderby Basin,
the South Pacific Basin and the South Indian
Basin. The origin of AABW in the South In-
dian Basin is recognized as the continental
shelf and continental slope is located at the re-
gion off Adélie Land. The behavior of this wa-
ter is influenced by topographical effect of
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ocean floor, e.g. the Princess Elizabeth Trough
and the Kerguelen Plateau.

The AABW in the source region off the
Adélie Land (ADLBW: Adélie Land Bottom
Water) flows westward along the continental
slope (e.g. MANTYLA and REID, 1995; ORrsI ¢! al,
1999; BINDOFF et al., 2000), and is prevented by
the Princess Elizabeth Trough and some of this
turn northwestward along the Kerguelen Pla-
teau. SPEER and FORBES (1994) investigated the
Deep Western Boundary Current (DWBC)
along the eastern flank of the Kerguelen Pla-
teau {rom its geostrophic shear and water mass
properties. Then this water mass flows to the
north of the Antarctic Divergence, and turns
eastward due to the influence of the Antarctic
Circumpolar Current (ACC) and some of this
water forms recirculation (BINDOFF el al.,
2000). OrsI et al. (1999) also suggested these
flow fields based on the horizontal density dis-
tribution of the Southern Indian Ocean. SPEER
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Fig. 1. Locations of CTD and LADCP observation stations (circles) along A-line (Bold line). Contour obtained
from ETOPO2 bathymetric data are depicted every 1000 m. Numerals attached to contour stand for depth
in m. Shaded areas show depth less than 500 m.

and FORBES (1994) estimated the geostrophic Lowered Acoustic Doppler Current Profilers
transport of bottom water at 6.0 SV north- (LADCP) observations by Training and Re-
westward from the hydrographic observation. search Vessel Umitaka-Maru in February 2003.
The estimated geostrophic transport of DWBC In this paper we first describe water mass prop-
is about 48.9 SV northwestward on the bases of erty from hydrographic data, and then current

LADCP referenced velocity (DONOHUE et al., distribution by LADCP. Finally, we discuss the
1999). But they don't mention about the cur- velocity field and transport of results and con-
rent profiles in detail. Thus, it is important clude with a brief summary.

that we investigate oceanographic structure
and water properties at the region of the 2. DATA

Kerguelen Plateau as a part of circulation of Hydrographic observation points (Fig. 1)
AABW at the Southern Indian Ocean. were provided along the line (A-Line) crossing

We provided an observation line crossing the the Kerguelen Plateau followed the study of S
Kerguelen Plateau and carried out Conductiv- PEER and ForBES (1994). The T/R Vessel

ity-Temperature-Depth profilers (CTD) and Umitaka-Maru departed from Port Luis on 3
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January 2003, and arrived at the first observa-
tion point (Station A1) on 9 January. Observa-
tions from Station Al to Station A8 were
carried out for three days.

Temperature and salinity were measured by
using Sea-Bird Electronics CTD. Salinity of
bottle samples water were measured by using
the Guildline AUTOSAL. Then, the conductiv-
ity sensor of CTD was calibrated against these
bottle samples salinity data. Potential tem-
perature (0 ), density in situ (o)), potential
density (0s) and density at 4000 dbar (o.)
were calculated from the pressure, the tem-
perature and the calibrated salinity by using
the equation of state, UNESCO (1981).

Ocean current velocity was measured by us-
ing LADCP, produced by RD Instruments,
placed in the frame of CTD. The direction data
of LADCP were corrected with International
Geomagnetic Field Model 2000, because the cur-
rent direction data measured by magnetic com-
pass placed in LADCP have azimuth deviation
from that by gyrocompass. Next, in order to
minimize the effect of CTD motion, we got rid
of the data when pitching or rolling is greater
than 5 degree. Finally, zonal and meridional ve-
locitics are estimated by inverse solutions
(VISBECK, 2000) every 20 dbar vertically.

3. Results
3.1 Water properties

Fig. 2 shows potential temperature—salinity
relation for each station. The low salinity
water covered the surface layer, are known as
the Antarctic Surface Water (AASW) defined
for the water properties of salinity (S) less
than 34.0 with potential temperature ( 6 )
—1.84°C< 0 <2.00°C (BINDOFF et al., 2000) or po-
tential density (o,) less than 27.6 (ORslI et al.,
1999). The cold AASW (8 <0.5°C) is found be-
tween Station Al and Station A5, but not at
Station A7 and Station AS8; the difference be-
tween warmer and colder classes of AASW are
easily seen on Fig. 2 (a) in the potential density
(27.2<04<27.6).

Below AASW, the warm and saline water
mass that occupies most of the deep layers
above the Antarctic Bottom Water (AABW) is
the Circumpolar Deep Water (CDW). In the
layer of CDW, the saltiest water (S>34.73)

originated from the North Atlantic Deep Wa-
ter (NADW) is found at all stations except at
Station A5 as also shown in Fig. 3 (b). SPEER
and FOrRBES (1994) suggested that the salinity
field was dominated by the salinity maximum
of old NADW. The isopycnal of ¢,=27.79 (ORsI
et al., 1995; R, 1989) or ¢,=27.80-27.81
(HeEYywoobD et al., 1999) follows about the salin-
ity maxima of the NADW that enters the ACC
from the north in the southwestern Atlantic
Ocean (REID, 1989). Water column is classified
into the upper layer and the lower layer charac-
terized Upper CDW (UCDW) and Lower CDW
(LCDW), respectively (SPEER and FORBES,
1994) . Details are shown in section 3.2.

Next, in bottom water, the Antarctic Bottom
Water (AABW) whose salinity (8) is
34.65<S<34.72 at potential temperature (6) of
—0.4°C< 6 <0.0°C (BINDOFF et al., 2000) and o,
>46.04 (Oris et al., 1999) is distributed at all
stations except Station Al. A little warmer and
fresher water mass (—0.1°C< 8 <0.5°C) is lo-
cated between Station A2 and Station A4 (near
the Kerguelen Plateaw) is different from that is
located between Station A5 and Station A8
(near the South Indian Basin). This difference
is due to the fact that the water of the shore re-
gion is fresher and warmer than that of the ba-
sin region. In contrast, the property is same in
the deeper region from Station A2 to Station
A8 at the potential temperature colder than
—0.1°C.

Robpman and GorpoN (1982) indicated that
the property of AABW in the eastern side of
Kerguelen Plateau was different from that in
the western side, and the potential source of
Weddell Sea Bottom Water from the Weddell-
Enderby Basin across the Princess Elisabeth
Trough is negligible. The AABW whose salin-
ity is lower than 34.68 formed off Adélie Land
(ADLBW: Adélie Land Bottom Water) flows
cyclonically along the southern and western
rims of the South Indian Basin (MANTYLA and
REID, 1995). Orst ef al. (1999) defined the bot-
tom water the coldest and freshest (6 <—1.0
‘C and S<34.64) in the southwestern Weddell
Sea, the warmest and saltiest (—0.6°C< 8 <0.3
°C and S>34.72) in the northwestern Ross Sea,
and the intermediate properties (—0.8C< 6
<—0.4°C and 34.62<5<34.68) off the Adélie
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Land (140°-150°E). The AABW in this obser-
vation indicates same properties of that off the
Adélie Land (ADLBW) by ORsI et al. (1999).
Moreover, BINDOFF et al. (2000) also defined
that property of ADLBW was 6 <0.5°C at salin-
ity 34.66<S<34.68, and the sea water is in the
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present study.

Comparing the properties of AABW in this
observation with that in the previous observa-
tions mentioned above, there are slight differ-
ences in the water properties. ORsI et al. (1999)
indicated that deep water properties in this
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region was 6 =—0.5°C and S>34.67 at the bot-
tom. SPEER and FORBES (1994) also described
that the deepest water properties converged on
6 =--0.5°C and S=34.675 to the bottom. But the
water property is a little warmer and saltier.
SPEER and FORBES (1994) indicated that ob-
served AABW was warmer and saltier than
that of previous observation by GORDON et al.
(1982) at the same density field below 0°C. Con-
sequently, we compare the water properties by
SPEER and FORBES (1994) (referred by their
Fig. 5) with those in our observation (Fig. 2).
In so far as what we compare these figures at
the same density field below 0.0°C, the AABW
in our observation is a little warmer and
fresher than that by SPEER and FORBES (1994),
and is almost similar to that by GORDON ef al.
(1982). SPEER and FORBES (1994) assumed the
difference suggesting that the AABW sources
varied along the southern boundary off the
Antarctic as far east as the Ross Sea with the
time scale of 20 years or less. Nevertheless their
assumption remains a matter for speculation;
the differences mentioned above are possible
due to the historical changes.

3.2 Distribution of water mass

Fig. 3 shows vertical distribution of potential
temperature, salinily, o, and g, or 0. The wa-
ter mass colder than 0.0°C is distributed near
70dbar between Station Al and Station A6 as
shown in Fig. 8 (a). This water is the coldest in
this region; the temperature is lower than
—0.4C between Station A2 and Station A3, es-
pecially lower than —0.8°C at Station A6. In
addition, a couple of lens-like temperature
structure exists about 70 dbar depth between
Station Al to Station A6. This coldest water is
not distributed between Station A7 and Station
A8. The contrast between two groups also can
be clearly seen in Fig. 2 (a). The warmest wa-
ter lies around 500 dbar depth. ORsI et al.
(1995) described that at the position of the
southern ACC front there is a distinct tempera-
ture gradient along the 6 -maximum of the
UCDW, as it shoals southward to near 500 dbar
(6>1.8C). As the water property distribution
is clearly different between Station A6 and Sta-
tion AT, the existence of the southern ACC
front is suggested.

The Kerguelen Plateau (70°-80°E) clearly
obstructs the path of the southern ACC front
and forces it farther to the south (ORSI ef al.,
1999). East of the plateau, the southern ACC
front turns sharply to the north forming a
boundary current along its eastern flank
(RopMAN and GoRDON, 1982; SPEER and
FORBES, 1994). Sparrow et al. (1996) suggested
by Fine Resolution Antarctic Model (FRAM)
that the southern ACC front moved northward
along the eastern side of the Kerguelen Plateau
to about 55°S. Orsl et al. (1995) described that
property indicators of the southern ACC front
were 6 >1.8C along 0-maximum at the depth
deeper than 500 dbar farther north of the front,
or 0 <0.0°C along 0 minimum at the depth
shallower than 150 dbar farther south of the
front. Such water properties are found between
Station A6 and Station AT.

Next, as shown in Fig. 3 (b), strong halocline
with 0 <0.0°C is found at 70 dbar depth between
Station Al and Station A6. The saltiest water
1s distributed around 500 dbar depth at Station
Al. On the other hand, it is found around 1200
dbar depth at Station AS8. Accordingly, a
strong salinity gradient exists between 500
dbar and 1200 dbar. This gradient also indi-
cates the existence of the southern ACC front.

Finally we describe the density distribution.
As shown in Figs. 3 (¢) and (d), the strong
pycnocline exists in the layer around 50 dbar
between Station Al and Station A6. In addi-
tion, a lens-like structure is conspicuous
around this depth between Station A3 and Sta-
tion Ab, and suggests an existence of cyclonic
eddy in this region. The strong horizontal gra-
dient is also found in the density field below 100
dbar off shore of Station A6. This suggests
that the southward flow exists off the southern
ACC front. In contrast, a weak but opposite
density gradient in the near-shore region is re-
markable. This means an existence of north-
ward flow.

We reconsider the previously described water
distribution from the perspective of water
property.

The coldest water in this region has the prop-
erty of the Antarctic Surface Water (AASW)
(—1.84°C< 6 <2.00°C, S<34.00) (BINDOFF et al.,
2000). Below the AASW, UCDW (27.35< 0,
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<27.75) (SIEVERS and NowLIN, 1984) lies be-
tween 100 and 1000 dbar. According to the pre-
vious studies, the isopycnal of ¢,=27.79 (ORsI
et al., 1995 Rem, 1989) or o,=27.80-27.81
(HEywooD et al., 1999) follows the saltiest
NADW. In this observation, the saltiest water
mass is found around the isopycnal 0,=27.80.
This isopycnal lies around 700 dbar between
Station A2 and Station A6, and lies around
1000 dbar between Station A7 and Station AS8.
Below UCDW, the LCDW lies above AABW
about 2500dbar. OrsI ef al. (1999) adopted the
0:=46.04-46.06 (Fig. 3 (d)) as a boundary be-
tween LCDW and AABW (ADLBW). ADLBW
(0 <05°C and 34.66<S<34.68) defined by
BINDOFF et al. (2000) is found between Station
A2 and Station A8 below LCDW.

3.3 Structure of the boundary current

In the vertical distribution of current shown
in Fig. 4, the northwestward boundary current
exists between Station Al and Station A4 over
the continental slope. Below 500 dbar, the west-
ward current speed higher than 10 em/s is ob-
served around 1500 dbar depth at Station A2,
and around 3500 dbar depth at Station A3.

Current flows almost along isobaths between
Station Al and Station A4, although the direc-
tion is northeastward above about 1500 dbar
between Station A3 and Station A4. Moreover
northward flow is observed at Station A5 from
bottom to surface, and northeastward extends
from Station A5 to Station A6. Such a compli-
cate current structure suggests the existence of
a cyclonic eddy, which is already found as a
lens-like structure in temperature and density
field between Station Al to Station Ab.

The northward current speed is the highest
at Station Ab, and averaged current speed from
surface to bottom is about 19 em/s. DONOHUE et
al. (1998) already pointed out that the core of
northward boundary current existed around
there. Current direction changes {from north-
ward to southward from bottom to surface be-
tween Station A6 and Station A7 where the
southern ACC front exists. The Southward
current velocity is more than 30 cm/s at 700
dbar of Station AT.

3.4 Geostrophic volume transport
Evaluating geostrophic current, it is impor-
tant that the current velocity at the reference
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level is negligible (SPEER and FORBES, 1994).
They estimated northwestward geostrophic
transports taking a reference at 2500 dbar
depth, and obtained the transport of —12 SV (1
SV=10" m’/s) between the reference level and
the surface, 6 SV between the refercnce level
and the bottom, and —6 SV in total. We first
follow their analysis and choose 2500 dbar
depth taking a reference level, and then, com-
pare the current fields and transports by
geostrophic calculation taking a reference of
level of no motion with those by the direct cur-
rent observations of LADCP.

As shown in Fig. 5, above the reference level,
the northwestward currents are estimated be-
tween Station Al and Station A2, and between
Station A4 and Station A5. In contrast to this,
southeastward current is estimated between
Station A2 and Station A3. Above the reference
level, the strong southeastward current is esti-
mated between Station Ab and Station A8, and
is larger than 30 cm/s at between Station A6
and Station A7 above 70 dbar. Below the
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Fig. 6. Cumulative geostrophic transports inte-

grated from Station Al to Station AS8. Positive
value indicates the northwestward transport.
Solid, dash-dotted and broken lines indicate the
transport between surface and bottom (total),
above 2500 dbar and below 2500 dbar, respectively.

reference level, northwestward current is esti-
mated at between Station A6 and Station AT.
The integrated transport (Fig.6) from Station
Al to Station A6 is about 0 sv above and below
the reference level (2500 dbar), and much
smaller than that between Station A6 and Sta-
tion A8 (Table. 1). The transport on the pla-
teau between Station Al and Station A6 is
smaller than that obtained by SprkR and F
ORBES (1994), because the northward transport
associated with the cyclonic eddy prevails be-
tween Station A2 and Station A3. Northwest-
ward transport exists between Station A6 and
Station A8 below the reference level. Compar-
ing this transport with their resolution; our es-
timate between Station A6 and Station A8 is
about 6 SV, and coincided with their estimate
(referred to their Fig. 4; the integrated trans-
port of northeastern part about 100 km from
reversals of transport below reference level,
SPEER and FORBES, 1994).

We compare geostrophic transport taking a
reference of level of no motion at 2500 dbar
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Table. 1. Northwestward geostrophic transports in
Sv (1 SV=10° m’/s) below 2500 dbar, above 2500
dbar and between surface and bottom, respec-
tively, as function of station (row) and
geostrophic reference technique (column).

Al-A6 A6-A8  Al-A8(total)
Jrom surface to bottom
LNM* 0.2 —9.5 9.3
LADCP** 38.0 —39.5 —1.5
above 2500 dbar
LNM* 0.3 —15.5 —15.2
LADCP** 28.0 31.5 —3.5
below 2500 dbar
LNM* -=0.1 6.0 5.9
LADCP™ = 100 T80 20

* Taking a reference of a Level of no motion
at 2500 dbar.
** Matching geostrophic transport with that
measured by LADCP between adjacent stations.
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Fig. 7. Vertical section along the section (A-line) of
current in ecm/s observed by LADCP. Contour
interval is 5 cm/s. Shaded areas indicate the
northwestward current. Locations of observa-
tion stations are the same as these in Fig. 3.

(Fig. 5) with LADCP data (Fig. 7). The
geostrophic transport taking a reference of
level of no motion indicates that the the north-
westward current is located between Station
A6 and Station A8. On the other hand, direct
current  observations of LADCP the
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Fig. 8. Vertical section of the geostrophic current
velocity in ecm/s. The current is estimated by
matching its total transport with that measured
by LADCP between adjacent stations. Contour
interval is 5 cm/s. Shaded areas indicate the
northwestward current. Locations of observa-
tion stations are the same as these in Fig. 3.

northwestward current indicated that DWBC
1s located between Station Al and Station A6.

The estimates based on a level of no motion
are only based on the baroclinic flows referring
to structure of density fields. DONOHUE ef al.
(1998) also suggested that the geostrophic
transports based on a level of no motion would
consequently underestimate the transport in
the DWBC. Geostrophic calculations only yield
velocity shear, and knowledge of the absolute
velocity at any depth is required to estimate
the barotropic component (HEYWoOOD ef al.,
1999).

Thus, 1in the present analysis, the
geostrophic transport is estimated by match-
ing its total transport with that by LADCP
data between adjacent stations (Fig. 8). The
current distribution shown in Fig. 9 is almost
similar to these by the direct current observa-
tions of the LADCP as shown in Fig. 8. The in-
tegrated transport from Station Al to Station
A6 measured by the LADCP is about 10.0=1.3
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SV (Table. 1). As mentioned ahove, SPEER and
FOrRBES (1994) and we estimate the DWBC
transport at 6.0 SV based on the level of no mo-
tion at 2500 dbar. Thus, our own estimate is
about 1.7 times larger than that by theirs. In
addition, the DWBC is located between Station
A6 and Station A8 by the geostrophic trans-
port estimate taking a reference of no motion
at 2500 dbar (Fig. 5), but that exist between
Station Al and Station A6 by the direct cur-
rent observations of LADCP (Fig. 7).

4. Discussion

In consequence of matching the geostrophic
fields to direct current observations by using
LADCP, we can estimate the barotropic and
baroclinic transports of DWBC. Barotropic
transports are evaluated by the surface flow of
the geostrophic current between adjacent sta-
tions by the method mentioned above. The
barotropic and baroclinic transports between
Station A6 and Station AT are about 19.3 SV

northwestward and 40.3 SV southeastward, re-
spectively, and show that the southeastward
transport of the ACC at the northern region of
the southern ACC front. The northwestward
barotropic and baroclinic transports are negli-
gible and 4.3 SV between Station A2 and Sta-
tion A3, and 4.4 SV and 1.0 SV between Station
A3 and Station A4, respectively. This indicates
the evidence of eastward flow due to the clock-
wige vortex around these stations. This vortex
also appears in the distribution of temperature,
salinity and density fields. A couple of lens-like
structure of temperature exists about 70 dbar
between Station Al and Station A6. In this re-
gion around 70 dbar, the constricted part of
temperature is located between Station A3 and
Station A4 and distributes saline and high-
density water; fresher and low-density water is
distributed in the other region. The barotropic
and baroclinic transports estimated are at 15.2
SV northwestward and 5.2 SV southwestward,
respectively, between Station Al and Station
A6 below 2500 dbar where the DWBC exists.
Accordingly, the geostrophic calculation based
on the level of no motion at the 2500 dbar gives
transports smaller than that based on direct
current measurement by LADCP, because the
barotropic transport at the level is not taken
into account.

DONOHUE et al. (1998) used the method simi-
lar to that in present study and estimated
transport below 500 dbar where potential tem-
perature is lower than 1.0°C. They estimated
the northwestward transport of 48.9+94 SV.
Our calculation for the same temperature
range and obtained the northwestward trans-
port of 22.3£4.1 SV, which is less than a half of
their estimation. Unfortunately, we cannot
compare the current distribution directly with
theirs, because they do not show the distribu-
tion in detail. But one of the reasons of the dif-
ference is probably due to difference of the
observation line and period.
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Information for Contributors

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

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

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

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

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

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

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

5. Manuscripts should be sent to

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

Manuscript Preparation

. General

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

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

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

. Details

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

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

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

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

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

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

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

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

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

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

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

9) Tables: Tables should be numbered consecutively and given a suitable caption on top and each table typed
on a separate shect.
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Notes originales
Short-term, seasonal, and tidal variations in the Yellow River plume
.............................................................................. Tetsuo &7ANAGI and Taka_aki HINO

Feeding habits of two sillaginid fishes, Sillago sthama and S. aeolus, at Sikao Bay,
Trang Province, Thailand ' ----- Prasert TongnunUI, Mitsuhiko SaNo and Hisashi KUROKURA

Associations Tintinnides (Ciliophora, Tintinnina) - Dinoflagellés (Dinophyceae) autotrophes
potentiellement nuisibles au niveau de la Baie de Tunis et de deux lagunes associées: Ghar
El Melh et Tunis Sud (Méditerranée Sud Occidentale)

--------------------------- Mohamed Né&jib DavLy Yania, Ons Dary Yania-KEFL, Sami SOUISSI,
Fadhila MAAMOURI et Patricia A1ssa

Sedimentation rate of dioxins from the mid-1980s to 2002 in a sediment
core collected off Ishinomaki in Sendai Bay, Japan
--------------------------------------------- Yutaka ORUMURA, Hiromitsu Nacasaka, Youichi Konno,
Takashi Kamrvama, Toshiyuki Suzuki, and Yoh YAMASHITA

Assessment of fine-scale parameterization of deep ocean mixing using a new microstructure
profiler «-reeeeeeee Kanako YoxoTa, Toshiyuki Hisiya, Maki Nacasawa, and Shogo TAKAGI

The Deep Western Boundary Current along the eastern slope of the Kerguelen Plateau
in the Southern Ocean: observed by the Lowered Acoustic Doppler Current Profiler (LADCP)
--------------------------------------------- Yoshihiro NaruM1, Yuji Kawamura, Tomoko Kusaka,
Yujiro KiTADE and Hideki NAGASHIMA
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