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Aerial and Submarine Spectral Solar Energy Distributions
and Optical Characteristics of the Waters
in the Bering Sea during the Summer*

Kanau MATSUIKE, Yoshihiko NAKAMURA and Masataka HAGA**

Abstract: In the KH-78-3 Cruise of the Tokyo University’s Hakuho-Maru for a period from
5th July to 22nd August, 1978, we carried out a series of measurements of aerial and sub-
marine spectral irradiance and optical characteristics of the water in order to evaluate (1) the
distribution of insolations attained on the surface and the relation between insolation amounts
and weather conditions, (2) the spectral irradiance distribution of visible lights attained on
the sea surface, (3) the underwater spectral and total irradiance distribution, and (4) optical
characteristics of the water. The results are summarized as follows.

(1) The total insolation attained on the surface of the Bering Sea during the summer is
560 cal/cm?/day under clear skies and 200 cal/cm?/day under overcast skies. The ratio of
visible light energy to the total insolation is about 40% and hardly changes with weather
conditions. There exists a fairly close relation between the cloud amount and the insolation
expressed by Q=Q,(1—0.024 C"**) where Qo stands for the possible insolation and Q for
the actual insolation.

(2) The underwater spectral distribution patterns depend significantly on the location of the
station. The different waters observed are evaluated by Jerlov’s Optical Classification (1968)
as follows: Intermediate Type between Ocean Types II and III in the northern part of the
North Pacific Ocean and in the deep sea area of the Bering Sea, Coastal Type 3 in the deep
sea area close to the continental shelf and in the continental slope sea area, and Ocean Type
III in the continental shelf area. .

(3) A high-turbidity water layer having a beam attenuation coefficient of 1.3 to 1.8 m™! is
uniformly distributed from the surface to a depth of 20 m, but the attenuation coefficient
strikingly decreases in the underlying layer 20 m thick which constitutes a turbidity boundary
layer in the deep sea area close to the continental shelf. This boundary layer is considered
as a compensation depth. The relative irradiance of the total lights distributed in this depth
is 0.3 % of that of the surface water and the underwater irradiance for each spectral light
of blue (484 nm), green (572 nm), and amber (681 nm) are 0.5%, 5.5% and 0.02% of each
individual irradiance at the surface water, respectively. On the other hand, the turbidity
hardly varies with depths in the continental shelf sea area and is rather small from the surface
to the deep layer and then, slightly increases in the bottom layer showing a value of 0.3 to
0.4m™'. The correlation between the turbidity and the amount of suspended matter can be
expressed by an equation of y=0.53 £+0.14 where y stands for the beam attenuation coefficient
(m™) and z for the amount of suspended matter (mg/l). The correlation coefficient obtained
is 0.85.

1. Introduction . and conducted a series of observations in order

The authors participated in the KH-78-3 to find the aerial and submarine spectral solar
Cruise of the Tokyo University’s Hakuho-Maru energy distributions and the optical character-
for a period from 5th July to 22nd August, 1978 istics of the waters in the Bering Sea and in

* Recieved October 31. 1978 the nothern part of the North Pacific Ocean.
** Tokyo University of Fisheries, Minato-ku, Tokyo, The study presented herein constitutes a part
108 Japan of studies on “‘productivities of marine life and
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circulations of substances’’ in these sea areas
well-known as a good fishing ground with high
productivity and considered to be the most
interesting waters from the point of view of the
optical oceanography.

The optical observation data of these areas
are scanty. Only presentations by KAWANA
(1975) and OTOBE et al. (1977) are available.
The former examined the vertical and horizontal
distributions of beam attenuation coefficients
by a submarine turbidity meter (650 nm) and
classified the waters of the Bering Sea into
four different types. The latter made an optical
observation of the underwater irradiance in the
Bering Sea using an irradiance meter equipped
with a broad band filter (650 nm) and scrutinized
the irradiance attenuation coefficient in its re-
lation with the transparency and the volume of
suspended matters.

2. Instrument and observation method
(1) Insolation

Measurements of the total and spectral inso-
lation were continuously made at every station
by an Eppley actinograph and a spectral actino-
graph which were installed on a wing near the
top of the stern mast and connected to a CDR
12A high sensitive recorder. The sensing unit
of the spectral actinograph consists of a collector
with five interference filters of 358 nm (band
pass of 509 points 21nm), 451 nm (10 nm),
538 nm (9 nm), 630nm (10 nm) and 720 nm (11
nm), each combined with silicon photocells.
(2) Submarine irradiance

Measurements of the underwater spectral
irradiance were made at Stas. 3, 4, 6, 8, 11,
14, 21, 25, 28 and 34 by an underwater spectral
irradiance meter equipped with eight interference
filters of 375nm (band pass of 509 points
19.5nm), 427 nm (11 nm), 484 nm (11 nm), 513
nm (10 nm), 572nm (12nm), 622nm (11 nm),
650 nm (12nm) and 681nm (10nm), and a
photo multiplier (R 636).
(3) Beam transmittance

Measurements of the beam transmittance
were made at every station by using an XMS
in-situ transmissometers (Martek) with blue
(wavelength of gravity center: 486 nm) and red
(610 nm) filters. The pass length of the instru-

Fig. 1 Map showing the observation stations.

ment is 1 meter.

3. Observation stations

Figure 1 shows the locations of the stations.
Stations 4, 6, 8, 9 and 34 are located in the sea
area deeper than 3,000 m. Stations 10, 11, 13,
26, 28, 30, 32 and 33 are located in the area on
the continental slope inclining from a depth of
50m to 200 m. Stations 14, 15, 16, 18, 23 and
25 are located in the area on the continental
shelf 30 m deep.

4. Insolation attained on the sea surface, and
relation between climate and insolation
Figure 2 shows the insolation attained on the

sea surface in the Bering Sea and the northern
part of the North Pacific Ocean from 14th July
to 11th August.
daily insolation estimated by numerical inte-
gration.

The insolation is affected considerably by
weather conditions. The daily weather distri-
bution during daytime hours measured from
sunrise to sunset is shown in Fig. 3. So far
as this observation period is concerned, the
foggy or/and rainy weather conditions occupy

Numerical figures represent
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Fig. 2 Insolation during the cruise. Numerical
figures represent daily insolation estimated

by numerical integration.
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Fig. 3 Distrbution of weather during daytime

hours measured from sunrise to sunset in
the Bering Sea in summer of 1978.

almost 289, of the total daytime observation
hours. Of the remaining 72 %, 52 % is over-
cast weather having a cloud amount of more
than Grade 8, 129 is partly cloudy or cloudy
weather having a cloud amount between Grades
3 and 7, and 8% is fine weather having a cloud
amount of less than Grade 2.

When the sunshine is obstructed by clouds
only (Fig. 4), there exists a fairly close relation
between the cloud amount and the insolation
expressed by

Q=0Q0(1-0.024 C*%)

Where, “Q,”’ stands for ‘‘possible insolation’’,
“Q” for “C” for
““cloud amount’. But, no obvious correlation
is observed between them under foggy and/or
rainy weather.

“‘actual insolation’’, and

Figure 5 exhibits a typical example showing
how the daily insolation varies with time under
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Fig. 4 Relation between the reduction ratio of
insolation, (Qo—Q)/Qo, and cloud amount
when sunshine obscured only by clouds.
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Q : Actual insolation
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Fig. 5 Insolation during daytime hours measured
from sunrise to sunset under clear skies

on Aug. 1 and overcast skies on July 27.

each of clear and overcast weather conditions.
Data used as a typical example of clear weather
was obtained from measurements conducted on
1st August at Lat. 58°N and Long. 153°W,
while data of overcast weather was obtained on
27th July at Lat. 61°N and Long. 173°W.

The graph shows the daily insolation to be
560 cal/cm?/day under clear skies, which coin-
cides with the Matsuike’s (1970) calculated
result of the possible insolation. In contrast,
the daily insolation under overcast skies is
200 cal/cm?/day which equals about 36% of
the insolation under clear skies.

5. Spectral distribution of insolation
Figures 6-1 and 2 show the spectral insolation
in a range of visible lights under clear and

C¢3)
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Fig. 8-3 Underwater spectral distribution of
downward irradiance at Sta. 8.

overcast skies.

Energy of the visible light obtained from the
graph is 200 cal/cm?/day under clear skies while
it is 80 cal/cm?/day under overcast skies. The
ratio of the visible light energy to the total
insolation is about 409%, and hardly changes
with weather conditions.

6. Distribution of underwater spectral and
total irradiance

Figure 7 shows the distribution of under-
water spectral irradiance at Sta. 3 in the
northern part of North -Pacific Ocean. Figs.
8-1, 2 and 3 show the distributions at Stas. 4,
6 and 8 in the deep sea area of the Bering
Sea. Fig. 9 shows the distribution at Sta. 11
in the continental slope area and Fig. 10 the
distribution at Sta. 14 in the continental shelf
area.

The spectral irradiance attenuation coefficients
of different wavelengths in the upper layer are
listed in Table 1.

According to Jerlov’s Optical Classification
(JERLOV 1968), the waters mentioned above are
Intermediate Type between Ocean Types II
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Fig. 9 Underwater spectral distribution of
downward irradiance at Sta. 11.
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Fig. 10 Underwater spectral distribution of
downward irradiance at Sta. 14.
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Table 1. Spectral irradiance attenuation coefficients in the upper layer
375nm 427nm 484nm 513nm  572nm 622nm 650nm 681l nm

Sta. 3 0-20m 0.23 0.12 0.10 0. 098 0.12 0.36 0.43 0.49
Sta. 4 0-30m 0.16 0.14 0.078 0. 098 0.13 0.38 0.42 0.53
Sta. 6 0-10m 0.39 0. 30 0.26 0.27 0.24 0.45 0.50 0.56
Sta. 8 0-20m 0.36 0.36 0.26 0.20 0.15 0.35 0.41 0.43
Sta. 11 0-10m 0.36 0.39 0.30 0.24 0.17 0.39 0.49 0.54
Sta. 14 0-10m 0.29 0.20 0. 096 0. 087 0.10 0.29 0.36 0.42

cal/cm?/day cal/cm?/day

Fig. 11-1 Distribution of underwater solar
energy in fine weather.

and IIT at Sta. 3 in the northern part of the
North Pacific Ocean and at Sta. 4 in the deep
sea area in the Bering Sea, Coastal Type 3 at
Stas. 6 and 8 in the deep sea area in the Bering
Sea and Sta. 11 in the continental slope sea
area in the Bering Sea, and Ocean Type III at
Sta. 14 in the continental shelf sea area.
Based on the insolation amounts attained on
the sea surface and underwater spectral trans-
mittance, energies under
different weather conditions are calculated, as
shown in Figs. 11-1 and 2, using solar energy
reflection rates given by COX and MUNK (1956).
As seen in Figs. 11-1 and 2, the underwater
solar energies in these areas are fairly different
from each other depending on the location of
the area, even if the same insolation amount
attains on the sea surface. For example, the
amount of underwater solar energy at a depth
of 10m at Sta. 11is only 1/3 of that at Sta. 3.
It is easily understood from Figs. 8, 9 and 10
that the transmittance peak appears for a wave-
length of 480 nm at Sta. 4 located in the south
edge of the Bering Sea, while the corresponding
peak shifts to 570 nm at Sta. 8 located close to

underwater solar

Sta. 7 80
/

Fig. 11-2 distribution of underwater solar
energy in overcast weather.

the continental shelf. This tendency is exhibited
more clearly at Sta. 11 located in the continental
At Sta. 14 in the continental
shelf sea area, however, the light transmittance
peak goes back to 520nm. The shift of the
transmittance peak is attributed to the fact that
the spectral light attenuation is large for short

slope water area.

waves.

BURT (1958) and KALLE (1966) clarify that
the underwater light absorption by organic
suspended and/or dissolved organic matters
increases as the wavelengths of underwater
spectral light become shorter. According to-
them, the difference in the spectral distribution.
between these areas indicates that organic
suspended and/or dissolved organic matters are
very abundant in the sea area close to the
shelf but not abundant in the
continental shelf sea area.

continental

7. Turbidity (Beam attenuation coefficient)
Figures 12, 13-1, 2, 3, 14 and 15 show the
vertical distributions of beam attenuation co-
efficients at Sta. 3 in the northern part of the
North Pacific Ocean, at Stas. 4, 6 and 8 in the.

C6)
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deep sea area in the Bering Sea, at Sta. 11 in
the continental slope sea area, and at Sta. 14
in the continental shelf sea area, respectively.
The aforementioned hypothesis on the amount
of organic matters built up in terms of the
underwater spectral distribution is verified as
follows, when reexamined in terms of the
underwater turbidity distribution. At Sta. 6 in
the deep sea area close to the continental shelf,
the high-turbidity of 1.3 m™! is uniformly distri-
buted in the whole layer from the surface down
to a depth of about 20m, but the turbidity
decreases so strikingly in the underlying layer
about 20 m thick that a sharp boundary layer is
formed. There is a very clear water of 0.1 m™!
underneath this boundary layer. Similar tur-

(m)

Fig. 12 Depth profile of beam attenuation
coefficient at Sta. 3.

(m)
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20 1

40

60 E

80 1

100 1

120 1
(m)

L L

Fig. 13-1 Depth profile of beam attenua-
tion coefficient at Sta. 4.
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Fig. 13-2 Depth profile of beam attenua-
tion coeflicient at Sta. 6.
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Fig. 13-3 Depth profile of beam attenua-
tion coefficient at Sta. 8.
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Fig. 14 Depth profile of beam attenuation
coefficient at Sta. 11.
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bidity boundary layers are also present at Sta. 8
near the continental shelf and at Sta. 11 on the
continental slope. At at Sta. 14 located in the
continental shelf sea area, however, the turbidity
shows a small value of 0.35m~! and slightly
increases with depths.

There is a close relation between the beam
attenuation coefficient and the amount of the
suspended matters. Its correlation coefficient
is more than 0.85 (Fig. 16). This relation can
be expressed by

y=0.532+0.14,
where y is the beam attenuation coefficient (m™1)
and z is the amount of suspended matter (mg/I).
It might be parenthetically remarked that the
amount of suspended matter was measured by
E. TANOUE of Nagoya University.

The above discussion allows to confirm that
the high turbidity in the sea area close to the
continental shelf is mainly caused by organic
suspended matters and that the water abundant
in organic suspended matters is limited from
the surface down to a depth of about 20 m,
whereas the organic suspended matter is not
abundant in the continental shelf sea area,
the amount being almost constant from the

(m™)
0 02 0.4 06
0 T T

20
{m)

Fig. 15 Depth profile of beam attenua-
tion coefficient at Sta. 14.

O 2 L L 1 1 L

0 05 1.0 15 20: 2.5 (mgl/l)

Fig. 16 Relation between the beam attenuation
coefficient and the amount of suspended
matters.

surface down to the bottom.

The boundary layer about 20m deep between
the high and low turbidity waters is considered
as a compensation depth. The underwater
irradiance of the total light in this layer is
0.3% of that in the surface water. The under-
water irradiance for each spectral light of blue
(484 nm), green (572nm) and amber (681 nm)
is 0.59%, 5.59% and 0.02% of each individual
irradiance at the surface water, respectively.

To find possible causes of high productivity
in the sea area close to the continental slope,

Sta.4 € 89101 13 w15 6 NOME

100 |

\o_/
-
-

150

()

Fig. 17 Vertical profile of water temperature
(°C) from Sta. 4 to Sta. 16.
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0 50 100 NM.
e

150
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Fig. 18 Vertical profile of salinity (%) from
Sta. 4 to Sta. 16.
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Fig. 19 Vertcal profile of density (¢;) from
Sta. 4 to Sta. 16.
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temperature, salinity and density distributions
are shown in Figs. 17, 18 and 19, respectively
(Preliminary Report of the Hakuho-Maru
Cruise KH-78-3, Ocean Research Institute,
University of Tokyo, 1979).

It is worthwhile to mention here that the
sea area close to the continental shelf is enriched
by the effect of low-salinity coastal water to be
a high-productive area. On the contrary, the
continental shelf sea area is not abundant in
organic suspended matters, which should be
interpreted as follows.

The coastal water is hardly replaced with the
external off-shore waters because of its shallow-
ness, so that the nutritive salts are not suf-
ficiently supplemented after used up for the
high production in spring, and then poor pro-
ductivity of marine life is brought about.

In other words, the high productive season
had come to a termination in those days when
the observation was conducted in this sea area,
and the propagation of marine life was under
control due to the phenomenon called ‘‘exhaus-
tion.”’

It is worthwhile to notice that the depth of
the turbidity boundary layer does not agree
with that of the seasonal thermocline, but is
located above it.

It should be useful to compare the optical
characteristics of the waters in the Bering Sea
with those in other oceans for more detailed
review of the optical structures of different waters
in relation to the distributions of temperatures,
salinities and densities. These problems will
be discussed in other occasions.
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BEBOEIRERNOGHN20mBEITTHY, ThUEIRABCBERBDT S, COBEOBR
&3 Compensation depth &&E 2 b5, ZOEIDHEFBEIILYETEEON 03% ThHD,

S B RACHES & Blue (484nm) T 0.5%, Green (572nm) T 5.5%, Amber (681 nm) T
0.02% &Lisdh, —HREM EOWE TR, LEsOBEE CREAEEMN L, L LHIBERS
THRT2EARH D 0.3~04m™), BELBBYE L OBRIIKRRTHRbIN, HEREIZ 0.85
Thb, y=0.563x+0.14, y: Beam attenuation coeficient (m™), =z: BEHE (mg/l),

U EDRZHRBRICKBRS L FELOSFHEMZ TERT 5 &, KEMCERE L BRO LB
BO2EAERRESEROLTWVREKOBERLICL 25D ThH D, KEM LOEEEREREADR
BRBEN DR RIC KT 2EEERCHEDR I REEOWBAR IRV LT L 5D & ik
INd,
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Accumulation of Ni from the Environmental Sea Water
and Sediments by Various Marine Organisms*

Akira KURATA**, Yoichi YOSHIDA** and Fumio TAGUCHI***

Abstract: The accumulation of Ni was studied in the tissues of various marine organisms
collected from the Sea of Aso which has long received the Ni pollution. The accumulation
of Ni in different kinds of organisms collected from the Ni-polluted area was compared with
that of organisms collected from the unpolluted area. In the Ni-polluted areas, Ni was
accumulated extremely in several kinds of seaweeds and shellfishes, and also accumulated
appreciably even in the tissues of a few kinds of fishes. The accumulation pattern of Ni in
seaweeds was very different. The highest level of concentration factor of Ni was observed
in Enteromorpha prolifera and Grateloupia filicina, and it was 1750 and 860, respectively.
A relatively high concentration factor of Ni was also observed in a seagrass, Zostera marina,

and it was 1690. An appreciable amount of Ni was accumulated in Tapes (Amygdala) japonica
which is the most famous and important fish-catch in these areas, but the concentration factor

was not so high.

1. Introduction

Previously, we have reported the distribution of
Ni-tolerant bacteria in sea water and sediments
in the Sea of Aso which has long received
industrial waste water containing Ni from a
metallurgical factory (KURATA et al., 1977). It
is supposed that various coastal organisms
including seaweeds, seagrasses, invertebrates
and vertebrates have also received waste water
containing Ni and have accumulated Ni in their
tissues from the environmental waste water and
sediments in this area.

NISHIKAWA (1969) reported the acute lethal
toxicity of Ni for carps and GILMAN (1962)
reported that the cancer was caused by the
intramuscular injection- of Ni in rats. The
distribution of  heavy metals, such as' Cd, Hg,
Cu, Zn and Pb, in the coastal sea waters and
sediments and the accumulation of such metals

* Received November 3, 1978
This work was supported by a Grant-in-Aid for
Scientific Research (No. 976116) from the Ministry
of Education, Science and Culture, Japan.

** Department of Fisheries, Faculty of Agriculture,
Kyoto University, Kitashirakawa-Oiwake-cho,
Sakyo-ku, Kyoto, 606 Japan

*#* Kyoto Senior High School of Fisheries, Joshi,
Miyazu City, 626 Japan

from sea water by various marine invertebrates:
have been investigated by many researchers
(PHILLIPS, 1976).
been published concerned with the trend and
degree of Ni accumulation from sea water by
various marine organisms and the toxicity of Ni

However, few reports have

as a pollutant for them in the coastal environ-
ments of the sea.

In the present paper we attempted to elucidate
the Ni accumulation from the environmental
sea water and sediments by various organisms
in the coastal areas of the Sea of Aso which
has received the Ni pollution from a metallurgi-
cal factory and to compare the result with that
in an unpolluted area.

2. Materials and methods
(1) Samples of organisms

This study was made with various organisms
including netplankton, seaweeds, seagrass, in-
vertebrates and vertebrates collected from the
Sea of Aso, Miyazu Bay and Kunda Bay of
Kyoto Prefecture. The samples were collected
at designated stations shown in Fig. 1 in summer
of 1972. The collected samples were immedi-
ately chilled and carried to the laboratory and
frozen at —20°C till the assay procedure.
(2) Determination of Ni in samples

11>
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Samples were dipped into the artificial sea
-water and rinsed, dried roughly, and then
reduced completely to ashes by heating with
nitric acid. Ni contained in the ashes was
extracted and determined according to the
method described in a previous paper (KURATA,
1974) using an atomic absorption spectrophoto-
meter (Hitachi model 208). For each kind of
organism several samples were analyzed and
the values obtained were averaged.

(3) Calculation of concentration factor of Ni

Concentration factor of Ni in organisms was
calculated according to the formula described
by ICHIKAWA (1961).

3. Results and discussion
The data obtained by an atomic absorption

|

St.3
X

St4
Sea of Aso %
Miyazu Bay

. Wakasa Bay
St7
i 0 30km 1km

Fig. 1. Location of the sampling stations in
the Sea of Aso and Miyazu Bay.

Table 1.

The concentrations of Ni in sea

water of the investigated area.

. Depth Concentration of Ni
Station (m) (ug/D)

1 0.5 23.0

9 0.5 17.0

5 16.0

0.5 22.0

3 5 13.0

8 29.0

0.5 12.0

6 5 14.7

14 14.0

7 0.5 7.5
Table 2. The concentrations of Ni in sediments

of the investigated area.

. Core depth  Concentration of Ni
Station (ecm) (#g/g dry matter)

1 0~ 2 1,890
0~ 2 700

2 6~ 8 56
12~14 49

0~ 2 630

3 6~ 8 53
12~14 51

0~ 2 31

6 6~ 8 25
12~14 20

7 0~ 2 12

Table 3. Comparison of the concentrations of Ni in netplankton and various

-aquatic- organisms collected from the Ni-polluted and unpolluted areas.

Concentration of Ni (#g/g dry matter)

Organism Polluted area Unpolluted area
St. 4 St. 5 St. 6 St. 7
Netplankton 115 — 63 32
Enteromorpha prolifera 400 — — 4
Ulva pertusa 8 4 — 3
Grateloupia filicina 88 4 — 3
Sargassum fulvellum 79 — — 6
Zostera marina 220 80 — -
Tapes (Amygdala) japonica 56 11 — 4
Muytilus edulis 77 11 — —
Neanthes diversicolor 57 — — 6

(12)
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spectrophotometer for the concentration of Ni
in sea water and sediments in the investigated
areas are shown in Tables 1 and 2. Stations 1,
2 and 3 were located in the Sea of Aso which
has long received industrial waste water con-
taining Ni from a metallurgical factory, and
their sediments showed a comparatively higher
concentration of Ni than those at Stations 6
and 7. The surface layer of sediments at Station
1 which was located closely near the discharge
site of Ni showed an extremely high concen-
tration of Ni. It is said that the concentration
of Ni in sea water and sediments in the coastal
areas of our country is about several pg/l and
about 50 ug/g dry matter or so, respectively
(SUGIMURA, 1972). Judging from the value,
it is thought that the concentration of Ni in sea
water in Miyazu Bay has been affected to some
extent by the Ni discharge from the Sea of
Aso. Recently, HUTCHINSON (1974) reported
that 5104 pg/g dry matter of Ni was contained
in heavily polluted soil near a smelter in Canada.

The concentrations of Ni in various marine
organisms including netplankton, seaweeds,
seagrass and invertebrates are shown in Table
3. The values for the samples collected from
the Sea of Aso and Miyazu Bay where sea water
has been polluted by Ni are compared with
those for the samples from Kunda Bay where

Table 4.

water has not been polluted. Zostera marina
and Mytilus edulis could not be collected near
Station 6. The concentrations of Ni in the
cells of netplankton and other aquatic organisms.
which were collected from the Ni-polluted areas
were relatively high as compared with the
samples of the same kinds of organisms which
were collected from the Ni-unpolluted area. Ni
was accumulated in the cells of the former to
the extent of 2.6 to 100 fold as compared with
the latter. Niwas accumulated in Enteromorpha
prolifera in an extremely high concentration.
It is supposed that this extremely high level of
Ni accumulation in this alga may be due to the
fact that this aquatic organism has the relatively
large external surface area for its weight com-
paring with the other organisms. It is also
supposed that this alga was probably growing
actively in this season and taking up actively
various kinds of dissolved nutrients including
heavy metals for its growth. Except for Ulva
pertusa, the Ni accumulation was higher in
seaweeds and seagrass than in invertebrates.
BRYAN (1973) reported very high level of Ni
accumulation in scallops collected from the
English Channel near Plymouth; the maximum
was about 150 p#g/g dry tissue of kidney. But,
generally the Ni accumulation in scallops ranged

from 3 to 110 pg/g dry tissue, and it was

Comparison of the concentrations of Ni in the tissues of several marine

fishes collected from the Ni-polluted and unpolluted areas.

Ni content (#g/g dry matter)

Organism and tissue a/b
St. 12 St. 7P

Acanthogobius flavimanus Muscle 11.0 2.0 5.5
Tribolodon hakonensis hakonensis Muscle 6.0 1.0 6.0
Leiognathus equulus Intestine 490.0 13.3 36.8
Muscle 11.0 1.3 8.5

Fugu niphobles Gill 3.0 0.7 4.3
Muscle 1.4 2.7 0.5

Bone 7.5 2.7 2.8

Mugil cephalus Gill 104.0 5.0 20.8
Muscle 17.0 2.3 7.4

Bone 20.0 1.3 15.4

Mpylio macrocephalus Gill 21.0 5.3 4.0
Liver 2.7 2.7 1.0

Muscle 1.7 1.3 1.3

Bone 9.0 2.0 4.5

(13)
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~ Table 5.

The accumulation of Ni in the tissue of several organisms

as compared with the other heavy metals content.

Organism (collected from the Ni
polluted and unpolluted areas)

Ni

Metal content (¢g/g dry matter)

Fe Co Cu Pb Cd
Enteromorpha prolifera (a)* 400 1650 12 10 6.4 0.1
(b)y** 4 2875 19 5 12.0 0.7
(a)/(b) 100 0.6 .6 2.0 0.5 0.1
Grateloupia filicina (a) 88 2700 8 1 16.0 1.6
(b) 3 700 14 5 8.0 0.6
(a)/(b) 29.3 3.9 0.6 0.2 2.0 2.7
Sargassum fulvellum (a) 79 2400 3 6 6.4 2.4
(b) 6 1800 3 9 9.0 1.6
(a)/(b) 13.2 1.3 1.0 0.7 0.7 1.5
Neanthes diversicolor (a) 57 7000 8 16 9.6 2.4
(b) 6 4200 3 72 21.0 1.6
(a)/(b) 9.5 1.7 2.7 0.2 0.5 1.5
Mytilus edulis (a) 77 559 5 7 4.8 1.2
(b) 11 110 5 9 6.4 0.6
(a)/(b) 7.0 5.1 1.0 0.8 0.8 2.0
Mugil cephalus (Gill) (a) 104 400 6 9 19.2 3.8
(b) 5 4 3 8 7.1 0.6
(a)/(b) 20.8 9.1 2.0 1.1 2.7 6.3
* Collected from the Sea of Aso which is the Ni-polluted area.
** Collected from Kunda Bay which is the Ni-unpolluted area.
Ni
~,Cu
,-:Pb

ﬁFig.IZ. Relative accumulation of Ni, Cu, Pb,

Cd, Fe and Co in Sargassum fulvellum
collected from the Sea of Aso (solid line)
and from Kunda Bay (broken line).
Content of the heavy metals in the latter
- samples are illustrated as hexagon.

Fig.

145

3. Relative accumulation of Ni, Cu, Pb,
Cd; Fe and Co in Neanthes diversicolor
cellected from the Sea of Aso (solid line)
and from Kunda Bay (broken line).
Content of the heavy metals in the latter
samples are illustrated as hexagon.
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almost the same level as that in Tapes (Amyg-
dala) japonica, Mytilus edulis and Neanthes
diversicolor in the present study. The Ni
accumulation in different tissues of several
marine fishes collected from the Ni-polluted
and unpolluted areas is shown in Table 4. The
highest concentration of Ni was observed in
the intestines of Leiognathus equulus. The
concentration of Ni was relatively higher in
gills of Mylio macrocephalus and Mugil cephalus
than in the other tissues. The concentration
of Ni in various tissues of the fishes collected
from the Ni-polluted area was generally higher
than that of the fishes collected from the un-
polluted area. Much amount of Ni as detected
1in the gills of M. cephalus might be accumulated
directly from the environmental sea water of
the high concentration of Ni.

The accumulation of Ni was compared with
that of other heavy metals in the tissues of
several organisms as shown in Table 5. Content
of 6 kinds of heavy metals was determined and
compared with each other in the tissues of
organisms which were collected from the Ni.
polluted and the unpolluted areas. In the cases
of Co, Cu and Pb, there were no great differ-
ences between the concentration of heavy metals
in the tissue of different kinds of organisms
collected from the polluted area and that of the
unpolluted area. While the concentration of
Ni in the tissue of all kinds of organisms
.obtained from the polluted area was considerably

higher than that of the unpolluted area, and
100 fold Ni was accumulated in the tissue of
E. prolifera collected from the polluted area as
compared with that from the unpolluted area.
This suggests undoubtedly that the pollution of
only Ni discharged from a metallurgical factory
has long been progressing in the polluted area
and that Ni has been taken up and accumulated
obviously in the tissue of various marine organ-
isms more or less under such environmental
circumstances in the area. The Niaccumulation
in the cells of S. fulvellum and N. diversicolor
is shown more clearly in Figs. 2 and 3 in com-
parison with the other kinds of heavy metals.

Biological accumulation of Ni by various
marine organisms collected frém the Ni-polluted
area is shown in Table 6 as the concentration
factor. The concentration factor ranged from
90 to 1750 in these organisms. It was con-
siderably high in E. prolifera and Z. marina.
In the Ni:polluted area, the concentration factor
of Ni of seaweeds and shellfishes, such as E;
prolifera, Grateloupia filicina, M. edulis and
T. (Amygdala) japonica, was higher than that
of fishes, such as M. cephalus and Acantho-
gobius flavimanus. This tendency of Ni accumu-
lation in different kinds of organisms in this
area suggests that direct uptake of Ni from
the environmental sea water and accumulation
in the tissue of these organisms like netplankton,
seaweeds, seagrass and shellfishes are more
active than the accumulation in the tissue of

Table 6. Concentration factor of Ni in various marine organisms collected from the Sea of Aso.

Organism and tissue

Ni content Concentration

(#g/g dry matter)  (pg/g wet matter) factor™
Enteromorpha prolifera 400 32.0 1750
Zostera marina 200 31.0 1690
Mytilus edulis 17.9 980
Grateloupia filicina 15.7 860
Tapes (Amygdala) japonica 56 15.6 850
Sargassum fulvellum 79 14.9 810
Netplankton 115 11.5 630
Neanthes diversicolor 57 6.3 340
Mugil cephalus (Muscle) 17 4.1 220
Acanthogobius flavimanus (Muscle) 11 2.3 130
Ulva pertusa 8 1.6 90

was used for the calculation.

The averaged value of Ni concentration of sea water in the Sea of Aso was 18.3 mgg/m!, which

(15)
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fishes which seem to take up and accumulate
Ni mainly through the food chain. PENTREATH
(1973) reported that the concentration factor of
Co in stomach and digestive gland of M. edulis
was 10,500. But the concentration factor of
Ni in marine organisms was not demonstrated
in his report. While BROOKS et al. (1974)
reported the concentration factor of Ni of the
terrestrial plants in New Caledonia and it was
at very low level. The concentration factor of
heavy metals in marine organisms must be
different both with the kind of metals and with
the kind of organisms under varying environ-
mental circumstances. It was reported by
GILMAN (1962) that a single intramuscular in-
jection of Ni sulfide and Ni oxide induced
primary rhabdomyosarcoma and primary fibro-
sarcoma in rats. However, we could not find
any symptom of sarcoma in the tissues of
fishes which were collected from the Ni-polluted
areas and accumulated a relatively high level
of Niin their tissues. The concentration factor
of Ni in 7. (Amygdala) japonica, one of the
most important and famous fish-catch in the
area concerned, was not so high.
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Short Internal Waves on the Margin of the
Continental Shelf of the East China Sea*

Akio MAEDA**

Abstract: Time series of temperature and current were taken during 3 days in the winter
of 1975 on the margin of the continental shelf of the East China Sea. A current meter was
moored at 82m beneath the sea surface and another at 96m. The vertical gradient of
temperature is gentle at those depths, especially very small at 96 m. A five-cycle oscillation
with a period of about 25 minutes is present in the temperature and velocity field. It is
suggested,. by the phase relation between the temperature and the current components as well
as a theoretical analysis by the W.K.B. approximation applied to the vertical distribution of
water density, that the 5-cycle oscillation should be the first mode internal waves propagating
to the northeast parallel to the mean current and the Kuroshio in this region. The time
series obtained by eliminating the tidal components Ms; and K; from the raw time series
shows a random variation almost all over the measurement period except during the 5-cycle
oscillation. A spectrum analysis was applied to the randogn variation. The random velocity
field is anisotropic at both depths. The principal axis of the current ellipse of short period
fluctuations of velocity is nearly parallel to the Kuroshio axis at 82m and almost perpendi-
cular to it at 96 m. The random current variation perpendicular to the Kuroshio axis plays
an impartant role in processes of horizontal mixing of the shelf water with the Kuroshio
water. The spectra of temperature and current at 82m show significant peaks at a period
of 27 minutes. It is also the case with the temperature spectrum at 96 m.

1. Introduction

The Kuroshio water changes its character in
the course of the continental slope of the East
China Sea (NITANI, 1972). The change is
made by mixing of the shelf water with the
Kuroshio water. However, our knowledge so
far obtained is mainly based on the water mass
analysis, and not on the direct current measure-

ments. For the present, no material enough

to deploy the current meter array for a very

long period is available. Then, as a first step,
an observation by moored current meters is
made near the margin of the continental shelf
for a short period, which allows us to have
insight into the mechanism of the mixing result-
ing from the fluctuation short enough to be
resolved.

Short period fluctuations of temperature have

* Recieved November 3, 1978

** Department of Marine Civil Engineering, Faculty
of Engineering, Kagoshima University, 1-21-40
Koorimoto, Kagoshima, 890 Japan

been studied by measurements in many regions,
and are considered to be caused by turbulent
motions (BYSHEVEND et al., 1971) or by internal
waves (HHALPERN, 1971; MAEDA, 1974). Turbu-
lent motions can carry mass, though internal
waves can not. Because the mixing is associ-
ated with the mass transport, it is crucial to
make clear whether the fluctuation is caused
by turbulent motions or internal waves. To-
gether with the current measurement, tempera-
ture measurements by thermometers incorpo-
rated in the current meter are planned in order
to obtain phase relations between the tempera-
ture and current components, which should be
useful for the present study if the coherences
between them are high.

A distinct cyclic oscillation in a more or less
random temperature record is observed, without
current measurement, in the seasonal thermo-
cline in several regions (ZIEGENBEIN, 1969, 1970;
HALPERN, 1971; MAEDA, 1974). In this regard,
too, the information on the current supplement-
ing the information on the temperature should
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be useful: if such an oscillation is due to
internal waves, those informations should indi-
«cate the direction of the wave propagation.
Previous data suggest that the isotherms and
‘isohalines run nearly parallel to the mean axis
of the Kuroshio at the moored station. So, the
fluctuation component perpendicular to the
Kuroshio axis is more effective in the transport
of heat and salinity than that parallel to it.
“This can be studied by phase relations between
the current components and the temperature.

‘2. Observation and description of its results

Two current meters were moored at 82m
and 96m below the sea surface at Sta. A
(27°40’N, 125°30’E) 110 m deep (Fig. 1). Station
A is some 270km distant from Okinawa to
‘the northwest. The measurement was made
-every 5 minutes during about 3 days from 19th
‘to 22nd February 1975. In parallel with the
measurement, STD cast was made at intervals
of 3 hours on board of the R.V. Hakuhomaru
(Ocean Research Institute, University of Tokyo)
during 2 days from 19th to 20th February till
‘the cast was ceased because of a stormy wind.

A temperature section of the Kuroshio was
observed by XBT nearly along the line from

30N .
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Fig. 1. Stations of observation. STD and XBT
casts were made at Stas. 1 (28°N, 125°E)
through 23 (26°44’N, 126°42’E) which are
shown by symbols ®. Current measurements
were made at Sta. A (27°40’N, 125°30'E).

&
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°°%qu23 Qkinav

25N

Sta. 1 (28°N, 125°E) to Sta. 23 (26°44’N,
126°42’E) till 23rd February after the recovery
of the current meters. The stations were
occupied at intervals of 5 miles. When the
vessel was returning to Sta. 1, STD and XBT
casts were alternately made at approximately
the same stations as before.

The axis of Kuroshio is situated near Sta. 17
at 20 miles distant from the margin of the
continental shelf (Figs. 2 and 3). Station A is
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Fig. 2. Temperature section of the Kuroshio.
A thermal front exists between Stas. 7 and 8.
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Fig. 3. Temperature section of the Kuroshio
(returning). The thermal front shifts to an
area between Stas. 6 and 7.
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53 miles distant from Sta. 17 by a thermal
front. The current meter is in the lower part
of the thermocline (Fig. 4). The mean vertical
gradient of temperature is about 1.5%x1072°C/m
at 82m and 0.9 X 1072°C/m at 96 m, respectively.
The mean Viisild frequency is about 3.36x 10!
min~! and 1.97x 107! min~! at those depths,
respectively.

Semi-diurnal and diurnal components pre-
dominate in the current fluctuations measured
at 82m and 96m, but not in temperature
fluctuations. The magnitude and direction of
the predominant components are estimated by
the method of least squares on the assumption
that those periods were of M, and K, tide.
The results are shown in Table 1. The direc-
tion is clockwisely counted from the north.
The both tidal components elliptically rotate in
clockwise direction at both depths. We shall
discuss no more about the tide, because our
interest is in shorter period fluctuations, and in

La mer, Tome 17, N° 1 (1979)

addition to it, the measurement period is too
short to study the tides. The time series
obtained by filtering out the components of
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Fig. 4. Mean vertical distributions influencing
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Table 1. Tidal currents and mean currents.
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tidal periods are shown in Fig. 5.

The current and temperature oscillate with a
period about 25 minutes (0.251 c.p.m.) at 82 m
from 6:00 to 8:00 on 20th February, though
they irregularly fluctuate at other times (Fig. 5).
The amplitude of the eastward component u is
about 6 cm/s and that of the northward com-
ponent v is about 3cm/s. Because the both
.components are in phase, the azimuth a of
horizontal oscillations can be easily calculated
from a=tan~!u/v=tan~'2, where a is clock-
wisely counted from the north. The result,
a=63°, indicates nearly the direction of the
.average current (Table 1). We can suppose
that these periodic oscillations may be due to
internal waves. So, it will be valuable to make
-theoretical considerations about the mechanisms
.of internal waves.

3. Theoretical consideration on the periodic
oscillations
Taking the horizontal axis x positive toward
the direction of propagation of internal waves
.and the vertical axis z positive downward, we
have the vertical velocity w by internal waves

w=a(z) cos(k x—w-+t), (1

‘where a(z) is the amplitude at z below the sea
surface, k¥ the wave number, w the angular
frequency and ¢ the time. On substituting (1)
for the two dimensional equation of continuity
for an incompressible fluid, the horizontal
velocity v -becomes

=2 a0, (2)
‘The integral constant is disregarded because it
is not important to our discussion. Because
the vertical gradient of temperature is very
large compared with the horizontal one, the
conservation equation of temperature will be
.approximated by

00 a0
W+<§§>.w:0" (3)

by ignoring the mixing of heat, where 6 is the
‘temperature and <d0/9z) is the time mean of
‘the vertical gradient of temperature. Substi-

tuting (1) for (3) and integrating with respect
to time, we have

g:% . <%z—>-a-sin(k-x*w‘t): (4)

where the integral constant is also disregarded.
The oscillations of current are out of phase
with those of temperature at 82 m. Accordingly,
the relation of amplitude between the tempera-
ture and the current must be

1 da 1,00
(=% &) (a<Ea)<0
Because k>0, >0, and (40/02)<0, we have

da da®
7{;-“<0 so that ~E<O. (6)

Relations (6) show that the absolute value of
amplitude of vertical velocity increases upward
at 82 m.

The vertical distribution of amplitude depends
on the mode of internal waves. The vertical
distribution of relative amplitude can be approxi-
mated from the vertical distribution of density
(ECKART, 1960). The approximation gives the
wave number corresponding to each mode.
This is very accurate for higher modes, but
not so for lower ones. Then, the lower modes
determined by this method must be tested by
some other methods.

If we put a(z)=A-sinS(z), the W.K.B.
approximation gives the following relation be-
tween the Viisild frequency N(z), the frequency
of internal waves w and the wave number,

km (22
S(z2)—S(z)= - Sz (N¥(2)—0?)'/2dz
=(m+Dr, (7)

where m is the mode number, kn the wave
number of mode m and 4 the error resulting
from the various approximations involved in
(7). The mode number m gives the number
of the maximums of wave amplitudes in the
layer between z; and =z, which are selected as
follows,

N(z)=N(z2)=w and o<N(z) for 21<2<xz;.

The error 4is small for large m. The numerical

c21)
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Fig. 6. Vertical distributions of temperature
and Viisdld frequency during the periodic oscil-
lations. The temperature and the Viisild
frequency are averaged over 6:00 to 9:00 on
20th.

Table 2. Wave numbers km, lengths Lm and
phase velocities cm calculated by the W.K.B.

Mode km Lm cm
No. (X107*em™) (x10*cm) (cm/sec)
1 3.83 1.64 10. 94
2 7.66 0.82 5.47
3 11.49 0.55 3.65
4 15.32 0.41 2.73
5 19.15 0.32 2.19

integration of (7) gives the wave number Fkn,
that is, the wave length Ln, and the relative
vertical distribution of the amplitude of % for
each mode. The lower limit z; of integration
is chosen to be 55m and the upper limit 2
92 m, both determined from the averaged distri-
bution N(z) during the oscillations and the
angular frequency w=0.251 c.p.m. (Fig. 6). The
numerical integration was made for the first
mode to the fifth. The result is given in Table
2. According to equation (2), the term 1/kn-
dan/dz at 82m can be estimated from the
amplitude of horizontal velocity. Because the
amplitude of horizontal velocity is 6.71 cm/s in
our measurement, we have
1 dan

T 7= =6.71(cm/s). (8)

z=82m

On the other hand, the quantity 1/kn-dan/dz
at 82m can be also determined from the vertical
gradient of the amplitude of internal waves
together with the wave numbers k» shown
in Table 2. Because the W.K.B. approxi-
mation gives the relative vertical distribution

-2 -1 0 1 g(cm/s)

50
60r
70+

80r....... 82 m -l

90r

100 +

(m)

Fig. 7. Vertical distributions of amplitude of
vertical velocity calculated for the first three
modes. The amplitudes are given 1.2cm/s.
at 82m which is obtained from the vertical
gradient of temperature and from the amplitude
of temperature fluctuations.

Table 3. Amplitudes of horizontal velocity
calculated from the observed amplitude of
temperature and from the wave numbers
shown in Table 2.

Mode No. 1 2 3
1/km+dam/dz (cm) 5.91 1.75 0.99

of the amplitude of vertical velocity for each:
mode, the absolute amplitude of vertical velocity
at an arbitrary depth is determined from that
at 82 m. By using Eq. (3), the amplitude of
vertical velocity at 82 m can be obtained from
the temperature amplitude 0.2°C at 82m and
the vertical gradient of temperature 0.07°C/m
at 82m. Figure 7 shows the resulting vertical
distribution of the amplitude of vertical velocity
for the first three modes. The term 1/kn-
dam/dz is calculated for the first three modes:
and shown in Table 3. Table 3 shows that
the calculated amplitude for the first mode takes
the value nearest to the measurement one (Eq.
(8)). Moreover, Fig. 7 shows' that the first
mode also satisfies the relation (6). Conse-
quently, the repeating oscillations are interpreted
as first mode internal waves.

4. Spectrum analysis

The B-T analysis is applied to the time
series obtained eliminating the tidal components..
Figures 8-a and 8-b show the spectra of the
temperature and the two components of the
current velocity at 82m and 96m. These
spectra are estimated with 18 degrees of freedom..
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The spectra of temperature and current at
82 m show significantly higher energy level in
the range between the 12th frequency (0.024
c.p.m.) and the 22nd (0.038 c.p.m.) than in the
other frequency range. Precisely, the peak is
found at the 18th frequency (0.036 c.p.m.) for
the temperature and at the 19th (0.038 c.p.m.)
for the current which are equivalent to the
period of 26.3 minutes and 27.8, respectively.
The peak may be subject to some effect of the
periodic oscillations mentioned above. However,
though such periodic oscillations are not detected
at 96 m, the temperature spectrum at 96 m has
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Fig. 8-a. Spectra of temperature and current
fluctuations at 82 m.
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Fig. 8-b. Spectra of temperature and current
fluctuations at 96 m.

also a significant peak at the 18th frequency.
The current spectra at 96 m have a peak, though
not very significant at the 18th frequency.

Figures 9-a through 9-c show the coherences
between the temperatures and the current
components at the two depths, and Figs. 10-a
through 10-c show the phase differences. The
coherence between the eastward and the north-
ward components at 82m is far over the level
which gives the limit of the probability of
O-correlation in 959% confidence (Fig. 9-a).
According to the very high level of the co-
herence, the phase difference between the two
components is reliable and nearly 0 degree
(Fig. 10-a). The energy level of the eastward
component is nearly equal to that of the north-
ward component at 82m (Fig. 8-a). The
equalities of the phase and of the energy density
show that the horizontal velocity varies approxi-
mately along the line running from the south-
west to the northeast, parallel to the average
current (Table 1).

The phase difference between the two com-
ponents at 96 m is also reliable because of the
coherence between them higher than the 0-level
(Fig. 9-a). The phase difference is about 180
degrees (Fig. 10-a). According to the phase
difference and the equality in the energy levels
of the two components at 96 m (Fig. 8-b), the
horizontal current at 96 m varies mainly along
the line running from the southeast to the
northwest, perpendicular to the variation line
at 82m. These features suggest the complexity
of the current field near the front.

The vertical structure of the current field
should be estimated from the phase relations
between the currents at different depths, if the
coherence between them is higher than the
O-correlation level. The coherence between the
eastward component at 82 m and the northward
component at 96m is over the level in the
frequency range from the 15th (0.03 c.p.m.) to
20th (0.04 c.p.m.) (Fig. 10-b). The phase dif-
ference in this frequency range is reliable. This
is only 0 to 10 degrees in this range (Fig. 10-b).
The difference between the northward com-
ponent at 96m is 160 to 180 degrees in the
same frequency range in which the coherence
between them is slightly over the O-level. If

(23)
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temperature at 96 m and others.

the phase difference is reliable, the fluctuations
in this range at 82m flow to the northeast,
while those at 96 m flow to the northwest, that
is to say, the axis of current fluctuations counter-
clockwisely rotates with increasing depth.

The coherences between the temperature and
the two current components at 82m are over

Continental Shelf of the East China Sea 25

the level in the frequency range from the 12th
to 22nd where the temperature and the two
components take higher energy densities than
those on either side of the range (Fig. 8-a and
Fig. 9-b). The phase of temperature differs by
160 to 180 degrees from the phases of the two
components (Fig. 10-¢). This means that the
current flows to the southwest at 82m when
the temperature rises. If the higher energy
densities of temperature and of the two com-
ponents at 82m are caused by internal waves
of the first mode with the frequency range
from the 12th to 22nd, the phase relations
indicate that the internal waves will propagate
to the northeast.

The phase difference between the temperature
and the northward component at 92 m is reliable
in the frequency range from the 8th (0.016
c.p.m.) to the 10th (0.020 c.p.m.), and takes 0
to 20 degrees (Figs. 9-c and 10-c). The phase
difference between the temperature and the
eastward component at 96 m is also reliable in
the range from the 9th (0.018 c.p.m.) to the
11th (0.022 c.p.m.) and takes 160 to 180 degrees.
Consequently, the temperature rises when the
current flows to the northwest. If the tempera-
ture and current fluctuations in this range at
96m should be due to vertical displacements
of the sea water by internal waves, those at
82 m will show higher coherence between the
temperature at 82m and the current velocity
at 96 m because the vertical gradient of tempera-
ture is sharper at 82m than at 96m. The
station of the current measurement is only 5
miles distant from the thermal front to the
northwest (Figs. 2 and 3). The front reaches
down. to the bottom and may be nearly parallel
to the Kuroshio axis. Therefore, the fluctuations
of ‘the horizontal current are able to produce a
considerable part of the temperature fluctu-
ations. Because the temperature near the
station increases toward the southeast, the
temperature at the station will rise when the
current flows to the northwest and vice versa.
Actually, the observed phase relation coincides
with this tendency. If the fluctuations are
mainly due to turbulent motions, they will play
an effective role in the transport of heat and
salt.

(25)
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5. Discussion

The present observation does not make
thoroughly clear the mechanism of internal
waves of short periods, because the measure-
ments of temperature and of current are made
unexpectedly at the lower part, not in the
central part, of the thermocline which was
unusually shallower in that time than the thermo-
cline estimated from previous data. The tidal
period M; and K; predominate in the fluctu-
ations of current at the both depths. The tidal
current may be due to the surface mode, be-
cause the tidal period does not appear in tempera-
ture fluctuations.

Though the temperature and filtered current
records randomly vary in almost all over the
measurement period, the periodic oscillation
continues for about 2 hours with a period of
25 minutes. According to the phase relation
between the temperature and the current and by
the application of the W.K.B. approximation,
the periodic oscillations are probably due to the
first mode internal waves. The first mode
waves may be propagating to the northeast,
that is the mean current direction, although
the determination of their propagation direction
lacks an accuracy because of the uncertainty
of the determination of mode.

As mentioned above, the present study is a
preliminary step. There should be some diffi-
culties in carrying out a more substantial study
as a next step. The precise determination of
the direction of the wave propagation requires
a finer vertical spacing of the temperature and
current measurements. The direction can be
also determined by temperature time series
obtained at three points located on a horizontal
plane in the thermocline, whose accuracy mainly
depends on how accurately one can keep the
horizontal distance between the stations which
should be short enough compared with the
wave length to be dealt with. Because the
wave length is generally short (Table 2), its
maintenance is difficult in deep open ocean.
We shall overcome these difficulties in the near
future.

The coherence between the temperature and
the current is higher than the level of the O-
correlation in the range from 0.03c.p.m. to

0.04 where the spectra of temperature at the
both depths and of current at 82m rise. The
spectrum rise is thought due to internal waves.
propagating to the northeast. In this case, the
precise determination of their mode is also
important to the precise determination of their
direction.

The current fluctuations at 82 m predominate
in the direction parallel to the mean current in
all the frequency range considered. On the
contrary, the fluctuations at 96 m predominate
in the direction perpendicular to it. The pre-
pendicular fluctuations are thought to play an
important role in mixing of the Kuroshio water
and the shelf water in this season. It is neces-
sary to ascertain whether the fluctuations per-
pendicular to the passage of the Kuroshio are:
present irrespective of the time or not.
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Sur POndulation Linéaire le long de la Cote Circulaire
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Résumé:

Pour rechercher sur 'ondulation progressive qui se propage le long de la cote

circulaire, on transforme les équations fondamentales ecrites en coordonnées cylindriques

en une paire de deux équations différentielles.

au large de la cote circulaire.

La solution donne les profils de I’ondulation
L’auteur a donneé par ailleurs une remarque dans le cas ol

Peffet de la rotation de la terre est négligeable comme dans le cas de 1’expérience hydrau-

lique.
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Eunicid Polychaetous Annelids from Japan—III*

Tomoyuki MIURA**

Résumé:
décrites.

des soies aciculaires bidentees de couleur jaune.

Cing espeéces appartenant aux genres FEunice, Marphysa et Nematonereis, sont
Trois espéces sont nouvelles pour la faune japonaise.

Eunice gracilicirrata posséde
E. cf. investigatoris est caractérisé par les

branchies développées dans les parapodes antérieurs ainsi que dans les parapodes postérieurs.
Deux spécimens juvéniles récoltés & Kominato sont identifiés & Marphysa conferta. Les deux
espéces Eunice afra et Nematonereis unicornis sont communes dans les eaux peu profondes de

la région indo-pacifique.

1. Introduction

In the present study, five species belonging
to the three genera Eunice, Marphysa and
studied. Three of them,
Eunice gracilicirrata, E. cf. investigatoris and
Marphysa conferta, are newly added to the
Japanese fauna.

We are deeply indebted to Director Dr. Lucien
LAUBIER of the Centre Océanologique de
Bretagne, Brest and Dr. Kristian FAUCHALD
of Smithsonian Institution, Washington for their
critical reading of the manuscript. We wish to
express our thanks to Dr. Minoru IMAJIMA of
National Science Museum, Tokyo and Professor

Nematonereis are

3. Description

Dr. Tatsuyoshi MASUDA of Tokyo University
of Fisheries, Tokyo for their valuable advice.
Thanks are also due to Dr. Kazuhiro KONNO
of Hirosaki University, Hirosaki, who donated
us some specimens examined in this study.

The collections are deposited in the National
Science Museum, Tokyo.

2. Materials and methods

Each specimen examined is presented here
under the heading ‘“Material”’> description of
each species. The details for this section are
given in a preceding report (MIURA, 1977a).

Family Eunicidae SAVIGNY, 1818
Genus Eunice CUVIER, 1817
Eunice afra PETERS, 1817

(Fig. 1, a-n)

Eunice afra:

CROSSLAND, 1904, pp. 289-296, pl. 20, figs. 1-5; OKUDA, 1937, pp. 276-278, figs. 18-19;

HARTMAN, 1944, pp. 110-111, pl. 6, figs. 135-139; OKUDA, 1940, p. 17; IMAJIMA and HARTMAN, 1964,
p. 250; FAUCHALD, 1970, pp. 16-18, pl. 1, figs. h-i.

Material
A B C D E F G H I J
E 180 Apr. 17, 1976 Ishigaki 7.5 16-1 200-1 21-1 233 5 6.0 CS
E 181 v 10.0 16-1 190-1 23-1 207 5 5.5 SC
Description: Two specimens were collected coral rock.

at Kabira, Ishigaki Island, in intertidal dead

* Received December 15, 1978
** QOcean Research Institute, University of Tokyo,
15-1, Minamidai-1, Nakano-ku, Tokyo, 164 Japan

A complete worm measures 125 mm long by
6.0 mm wide including parapodia with 233
setigers. The body is cylindrical anteriorly
with numerous white dots. The fourth setiger

(33)



34 La mer, Tome 17, N° 1 (1979)

is colorless (Fig. 1, a). The prostomium is
shallowly incised in front. The two oval eyes are
outside the inner lateral antennae. The five
antennae are irregularly annulated; the central
longest one is two and a half times as long as
the prostomium and has eight articulations, the
inner lateral ones are almost equal to the central

h i

in length and in number of articulations, the
outer lateral ones are one and a half times as
long as the prostomium and have three to five
articulations. The first peristomial ring projects
forward on both ventro-lateral sides and is three
times as long as the second one. A pair of
short, irregularly annulated peristomial cirri are

—2mm | ayhq

05 mm °
plmm = 4.
¥ 0.1 mim Z,h

002mm

—_— i~k

Tmm 1L,m

Fig. 1. Eunice afra Peters, 1817. a. Anterior end in dorsal view. b, The same, in lateral

view. ¢, First parapodium, in anterior view.
g, Subacicular hook.

f, Parapodium 200.

d, Parapodium 16.
h, Aciculum.

e, Parapodium 49.
i, Pectinate seta. j, Com-

pound falciger. k, Capillary seta. 1, Maxillae, in dorsal view. m, Mandibles, in ventral

view. n, Posterior end, in dorsal view.
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Eunicid Polychaetous Annelids from Japan—III 35

-as long as the prostomium (Fig. 1, b).

The ventral cirrus of the first parapodium is
simple, digitiform and the dorsal one cylindrical
(Fig. 1, ¢). Several anterior setigers have two
-acicula per parapodium (Fig. 1, d). Each pos-
terior parapodium has an aciculum and a sub-
acicular hook (Fig. 1, e-f). The rounded setal
lobe always projects beyond the presetal lobe.
Branchiae start from setiger 16 with a single
or more filaments. The number of filaments
increases rapidly, the maximal is five at about
setiger 50 (Fig. 1, e), then it gradually decreases
until the posterior end. The posterior branchial
filament forms a simple papilla on the dorsal
cirrus (Fig. 1, ).

The dark subacicular hooks are bidentate and
hooded (Fig.1,g). They are first present from
setigers 21-23 and occur singly in a parapodium.
Both teeth are directed distally. The acicula are
stout and have dark blunt ends (Fig. 1, h). Each
pectinate seta has asymmetrical extensions and
15 or more inner teeth (Fig. 1,i1). The com-
pound falcigers are bidentate and hooded (Fig.
1, ). Both teeth are directed obliquely upward.
The cutting margin of each hood has 20-25

serrated minute teeth. The stem has 15-20
rows of short spines. Capillary setae are bilim-
bate (Fig. 1, k).

The maxillary formula is Mx. I=1+1 (for-
ceps), Mx. [I=4+4, Mx. III=(5-6)+0, Mx.
IV=34+(6-9), Mx. V=1+1 (Fig. 1, ). The
maxillary carriers are twice as long as wide.
The mandibles are long and slender with oval
calcified bodies (Fig. 1, m). The distal cutting
edge has 7-10 lines. The shaft is more than
five times as long as wide. The pygidium has
two anal cirri (Fig. 1, n).

Discussion: The arrangement of branchia
is variable. According to FAUCHALD (1970),
Eunice afra includes forms with branchiae from
setigers 11-20 and a maximum of nine filaments.
The Japanese form was noted by IMAJIMA and
HARTMAN (1964), as having branchiae from
setigers 15-16 and a maximum of six filaments.
The specimens from Ishigaki are considered as
belonging to E. afra especially as described from
Japan.

Distribution: Indo-Pacific area and West In-
dies in shallow waters; Southern Japan.

Eunice gracilicirrata (TREADWELL, 1922)

(Fig. 2, a-1)
Leodice gracilicirrata TREADWELL, 1922, pp. 149-150, figs. 36-38, pl. 5, figs. 1-8.
Material
A B C D E F G H 1 J
E 193 Apr. 16, 1976 Ishigaki 6.2 3-1 239-1 56-1 343 8 4.2 scC

Description: One complete specimen separated
in two pieces was collected at Kabira, Ishigaki
Island in intertidal dead coral rock. The two
pieces combined measure 140 mm long by 6.0
mm wide with 343 setigers. Some anterior and
posterior setigers are cylindrical and the middle
ones flattened. The prostomium is bilobed in
front. The two small eyes are outside the
inner lateral antennae and are nearly triangular
with concave upper margins. Prostomial an-
tennae are irregularly annulated; the central
one with twelve annulations is two and a half
times as long as the prostomium, the inner
lateral ones are almost equal to the central, the
outer ones with seven to eight annulations are
twice as long as the prostomium. Peristomial

cirri are long, slender and reach beyond the
anterior margin of the prostomium. The first
ring is twice as long as the second one (Fig. 2,
a). The first one does not project forward on
the ventro-lateral sides (Fig. 2, b).

Parapodia are characterized by their very long
dorsal cirri. The dorsal cirri are three to five
times as long as the ventral cirri. The annu-
lation of dorsal cirri is distinct in the anterior
parapodia (Fig. 2, c-e), and indistinct or absent
in the remaining parapodia (Fig. 2, h-j). Ven-
tral cirri are digitiform in the anterior few para-
podia (Fig. 2, c-d), with proximal pads in the
middle parapodia (Fig. 2, e-g), and are simple
cones in the posterior parapodia (Fig. 2, h-j).
Branchiae start from setiger 3 with single

(35)
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slender filament (Fig. 2, d). The number of
filaments increases rapidly, the maximal number

is eight at about parapodium 40, thereafter it
decreases gradually and is five at setiger 100.

k

same, in lateral view.

o Il

Fig. 2. Eunice gracilicirrata (Treadwell, 1923).

c, First parapodium, in anterior view.

Amm

2mm b

yAmm g

0.5mm .
L]
005mm.

—_ e lm

O1mm

003mm

——k

a, Anterior end, in dorsal view. b, The
d, Parapodium 3.

e, Parapodium 15. f, Parapodium 30. g, Parapodium 70. h, Parapodium 120. i, Para-

podium 200. ], Parapodium 240.

k, Subacicular hook.

seta. n, Pectinate seta. o, Capillary seta.

1, Aciculum. m, Compound
p, Maxillae, in dorsal view. q, Mandibles,

in ventral view. r, Posterior end, in lateral view.
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Eunicid Polychaetous Annelids from Japan—III 37

four at setiger 120 (Fig. 2, h) and one at setigers
180-240 (Fig. 2,1). Far posterior parapodia lack
branchiae (Fig. 2, j).

Yellow subacicular hooks are first present
from setigers 56-58 and occur singly in a para-
podium. They are bidentate and hooded, the
two teeth are equal in size and at right angles
to each other (Fig. 2,k). Two yellow acicula
occur on each parapodium, their tips are stout,
slightly curved and project from the setal lobes
(Fig. 2, 1). Compound falcigers are bidentate
and hooded, the appendage long,
the two teeth are widely separated, the hood
has six to twelve rows of short spines; the shaft
seven to ten rows on the cutting side (Fig. 2,
m). Pectinate setae have seven to eight inner
‘teeth and asymmetrical lateral extensions (Fig.
2, n). Capillary setae are slender and limbate
(Fig. 2, o).

The maxillary formula is Mx. I=141 (for-

is rather

mandibles are stout and rather short, the
distal cutting edges have 19-20 lines (Fig. 2, q).
The pygidium has two long dorsal and two
short ventral cirri, the dorsal one is seven to
eight times as long as the ventral one (Fig. 2, r):

Discussion: Eunice gracilicirrata resembles
E. armillata (TREADWELL, 1922) and they have
by HARTMAN
E. gracilicirrata has branchiae with a

been considered synonymous
(1956).
maximal number of seven filaments from setiger
3 to about the 125th parapodium from the pygi-
dium, whereas E. armillata has a maximal
number of two filaments from setiger 6 to the
10th parapodium from the pygidium. The dorsal
cirri of E. gracilicirrata are long and slender
instead of short and stout as in E. armillata. The
present author considers that E. gracilicirrata
The specimen from Ishigaki
agrees with E. gracilicirata with respects to the
branchial distribution and of the shape of dorsal

is a valid species.

ceps), Mx. II=7+8, Mx. II[=6+0, Mx. IV= cirri.
5410, Mx. V=1+1. The maxillary carriers Distribution: Suba Harbor, Fiji; Southern
are concave at the distal ends (Fig. 2, p). The Japan.
Eunice cf. investigatoris FAUVEL, 1932
(Figs. 3 and 4, a-o)
Eunice investigatoris FAUVEL, 1932, pp. 137-138, fig. 19, a-f.
Material
A B C D E F G H 1 J
E 216 Fukaura, 30 m depth 22.5 8-3 169-1 40-1 169 23 10.0 AF
E 217 o 22,0 9-2 163-11 42-1 163 25 10.0 AF
251
204 . .
._E 154 corme
% . - --o . o ®
& 104 . .
E: AR " v
=2 5 - .o .
0 T t T T 1
8 50 100 150 200
THe NumMBER OF THE SETIGER
Fig. 3. Branchial distribution in specimen E 216 of Eunice cf. investigatoris Fauvel, 1932.
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38 La mer, Tome

Description: Two specimens were collected
from Fukaura, North-west coast of Honshu in
30 m depth. Specimen E 216 has a parchment-

ol
Fig. 4. Eunice cf. investigotoris Fauvel, 1932.
parapodium, in anterior view.
{f, Parapodium 70.
h, Aciculum.

¢, Parapodium 8. d, Parapodium 20.
g, Parapodium 150 in anterior view and the branchia in lateral view.
i, Subacicular hook. ‘j; Notoacicular seta.

17, N° 1 (1979)

like tube partially covered with small gravels,
and measures 290 mm long by 10 mm wide for
169 setigers.

Both specimens lack some caudal

S5mm a

lmm

0.2mm 1.
O01lmm k.1
0.05mm m
Tmm "
2mm n,0

a, Anterior end, in dorsal view. b, First:

e, Parapodium 40.

k, Pectinate seta. 1, Capillary-

seta. m, Compound falciger. n, Mandibles, in ventral view. o, Maxillae, in dorsal view..

(38)



Eunicid Polychaetous Annelids from Japan—III 39

segments. The coloration could not be described
The body is cylindrical
anteriorly and relatively flattened posteriorly.

The prostomium is deeply notched in front
and is twice as wide as long. The two rounded
eyes are outside the inner lateral antennae.
There are five occipital antennae; the central
one with twelve annulations reaches the anterior
margin of setiger 4, the inner lateral ones with
ten annulations reach the middle of setiger 3,
the outer ones with seven to eight annulations
reach the anterior margin of the
peristomial ring. The anterior part of the first
peristomial ring overlaps the posterior part of
the prostomium and is projected forward on
lateral sides. The second ring has a pair of
cirri as long as the first ring and they have
five annulations. The peristomial rings combined
are wider than long (Fig. 4, a).

The first parapodium has a cylindrical dorsal
cirrus, a digitiform ventral one and a few setae
(Fig. 4, b).
stouter than the branchial filaments or stems
in all branchial setigers. The ventral cirri bear
anteriorly basal swellings (Fig. 4, ¢-f) and are
simple and digitiform posteriorly (Fig. 4, g).
The setal lobes are rounded with small papillae
in the supracicular portion (Fig. 4, c-e). Bran-
chiae are first present from setiger 8 with three
filaments (Fig. 4, ¢). The number of branchial
filaments increases to eight to 12 on setigers
26-33, then decreases to one to three on seti-
gers 55-94, thereafter it increases again to 20-23
on setigers 130-154 and decreases again to five
to six in the posterior end of the incomplete
specimen. The exact distribution of branchial
filaments is given in Fig. 3. The branchiae

on alcoholic specimens.

second

The dorsal cirri are longer and

anterior to setiger 100 are directed parallel with
the dorsal cirri and the posterior branchiae at
a right angle to the cirri (Fig. 4, d-g).

Each parapodium has one to three dark acicula
(Fig. 4, h). The subacicular hooks are present
from setiger 40 as a single seta. They are dark,
bidentate and hooded (Fig. 4, i). Notoacicular
setae inside of the base of the dorsal cirrus,
are slender and number four to five in a bundle
(Figt 4, j). FEach pectinate seta has lateral
asymmetrical extensions and about eight inner
teeth (Fig. 4, k). Capillary setae are long,
slender and limbate (Fig. 4,1). Compound falci-
gers are bidentate and hooded; the hood has
10-12 serrations on the cutting edge, the stem
has many short spines in 30-50 rows (Fig. 4, m):

The pharyngeal apparatus is black. The
mandibles have stout shafts and the calcified
bodies with more than 20 lines (Fig. 4, n). The
maxillary supports are long. The maxillary
formulais Mx. I=1+1, Mx. 1I=5+6, Mx. III
=8+0, Mx. IV=5+9, Mx. V=1+1 (Fig. 4, o):

Discussion: Eunice investigatoris shows a
bi-modal distribution of branchiae. Such distri-
bution was mentioned by FAUVEL (1932) for
this species and for E. antennata (SAVIGNY,
1820). E. antennata can be distinguished from
this species in that it has yellow, tridentate
subacicular hooks.

Branchiae were present from setiger 8 or 9 in
our specimens and from setiger 6 in the original
material of E. investigatoris. The maximal num-
ber of branchial filaments on the anterior part
is about ten in our specimens and were 18-20
in Fauvel’s.

Distribution:
30 m.

Persian Gulf, 45m; Fukaura,

Genus Marphysa QUATREFAGES, 1865
Marphysa conferta MOORE, 1911 (juvenile)
‘ (Fig. 5, a-j)
Marphysa conferta MOORE, 1911, pp. 252-254, pl. 16, figs. 29-34; HARTMAN, 1944, p. 129; 1961, p. 83;

FAaucHALD, 1970, pp. 59-60.

Material
A B C D E F G H I J
E 198 July 31, 1976, Kominato 1.7 8-4 17-5 18-1 70 5 1.3 SC
E 199 ' 1.7

7-3 16-3 16-1 34 5 1.3 AF
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Description: Two juvenile specimens were
collected from a subtidal rocky shore of Ko-
minato. They lived in the roots of Phyllospadix
japonica. A complete
4.7mm long by 1.3mm wide for 70 seitgers.
The body is cylindrical and colorless except for
the black eyes. The prostomium is rounded
anteriorly and longer than wide. There are
three occipital antennae; all of them are smooth
and do not reach beyond the anterior margin of
the prostomium. The two eyes are outside the
paired antennae. The first peristomial ring is
U-shaped in dorsal view and slightly longer
than the second one (Fig. 5, a).

The dorsal cirri are cylindrical and slender.
The ventral cirri have proximal pads. The setal
lobes are triangular. The postsetal lobes are
conical and higher than the setal lobes in the
parapodia anterior to setiger 20. Ten pairs of
branchiae are present. They start at setiger 7
or 8 with three to four filaments (Fig. 5, b).
The maximal number of filaments is five.

specimen measures

Yellow acicula are present singly in a para-
podium (Fig. 5, ¢). Subacicular hooks are
yellow, bidentate and hooded (Fig. 5, d). They
start at setigers 16-18 and occur singly in a
parapodium. Compound falcigers are bidentate
and hooded (Fig. 5, e).
are absent.

Compound spinigers
Fach pectinate seta has asym-
metrical lateral extensions and six to eight inner
teeth (Fig. 5, f). Capillary setae have numerous
spines on their cutting margins (Fig. 5, g).
The mandibles have long shafts and their
cutting edges have three lines (Fig. 5, h). The
maxillary carriers are long and have narrow
basal wings. The maxillary formula is Mx.
I=1+1, Mx. II=6+6, Mx. III=6+0, Mx.
IV=4+10, Mx. V=1+1 (Fig. 5, i). The pygi-
dium has a pair of anal cirri (Fig. 5, j).
Discussion: Marphysa conferta as originally
described by MOORE (1911) measures 24 mm
long for 57 setigers. Our specimens are juve-
nile in that they have only three antennae. The
larger one measures 4.7 mm long for 70 setigers.

C

Fig. 5. Marphysa conferta Moore, 1911 (juvenile).
a, Anterior end, in dorsal view. b, Parapodium
16, in anterior view. ¢, Aciculum. d, Sub-
acicular hook. e, Compound falciger. f, Pecti-
nate seta. g, Capillary seta. h, Mandibles, in
ventral view. i, Maxillae, in dorsal view.
j, Posterior end, in dorsal view.

According to FAUCHALD (1970), two species
are characterized by the presence of the branchia
limited to an anterior region of the body, the
presence of compound falcigers and the absence
of compound spinigers. M. adenensis GRAVIER,
1900 has branchia from setiger 13 to setiger 29.
M. conferta has branchiae from setiger 8 to
setiger 16 (X-XVII after MOORE). The present
specimens fit with M. conferta in that they
have branchiae from setiger 7 or 8 to setiger
16 or 17.

Distribution: off Brockway Point, Santa Rosa
Island, 69.5-73.3m; California; Kominato,
Japan.

Genus Nematonereis SCHMARDA, 1861
Nematonereis unicornis (GRUBE, 1840)
(Fig. 6, a-g)
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Nematonereis unicornis: FAUVEL, 1923, pp. 412-413, fig. 162, h-n; OKUDA, 1937, pp. 290-291, figs. 36-37;
1938, p. 96; IMAJIMA and HARTMAN, 1964, pp. 260-261; IMAJIMA, 1967, pp. 432-433; 1968, p. 31,
pl. 12, fig. f; WU ez al., 1975, p. 84, fig. 6, 1-9.

Material
A B C D E F G H 1 J
E 211 July 31, 1976, Kominato 1.4 — — 11-1 — 23 0.8 AF
E 215 Sep. 7, 1976, Kominato 2.2 — — 15-1 — 42 0.7 AF

Fig. 6. Nematonereis unicornis (Grube, 1840).
a, Anterior end, in dorsal view. b, Parapodium
15, in anterior view.
Subacicular hook.

c, Pectinate seta. d,
e, Compound falciger. f,
Maxillae, in dorsal view. g, Mandibles, in
dorsal view.

Description: Two incomplete specimens were
collected from intertidal rocky areas of Ko-
minato. Specimen E 211 measures 3.5 mm long
for 23 setigers. The body is filiform. The
prostomium is rounded anteriorly with two
reddish brown, oval eyes near the posterior
margin. There is a smooth occipital antenna
shorter than the prostomium. The peristomium
consists of two apodous rings (Fig. 6, a). The
parapodia are uniramous (Fig. 6, b).

The supracicular setae consist of long capil-
laries and pectinate setae. Each pectinate seta
has nine to ten inner teeth and asymmetrical
extensions (Fig. 6, ¢). Subacicular hooks are
bidentate and hooded (Fig. 6, d). They occur
singly in a parapodium. The acicula are dark
and bluntly tapered. The compound falcigers
are bidentate, hooded and distally curved (Fig.
6, e).

The maxillary formula is Mx. I=1+1, Mx.
II=6+5, Mx. [I1=4+0, Mx. IV=5+6, Mx.
V=1+1. The maxillary carriers are very long
(Fig. 6, f). The mandibles are bigger than the
maxillae and not calcified. FEach mandible has
a dark long support laterally (Fig. 6, g).

Discussion: Nematonereis unicornisis a small
and common species in the shallow waters of
Indo-Pacific area.

WU et al. (1975) reported two epitokous
specimens collected from Yong-xing Island, the
Xisha Islands.

Distribution:  Indo-Pacific area;
ranean Sea; Japan.

Mediter-
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Biological and Ecological Studies on the Propagation
of the Ormer, Haliotis tuberculata LiNNAEUS

II. Influence of Food and Density on the Growth of Juveniles*

Yasuyuki KOIKE**, Jean-Pierre FLASSCH*** and Joseph MAZURIER***

Résumé:

Des expériences d’élevage des jeunes ormeaux européans, Haliotis tuberculata, au

sujet de I'influence du régime alimentaire et de la densité d’élevage sur la croissance ont été
effectuées pendant 112 jours (du 30 avril au 20 aofit, 1975) au Centre Océanologique de Bre-

tagne, CNEXO, a Brest, France.

Pour P’alimentation des jeunes ormeaux, les trois espéces d’algue commune sur la cote
bretonne ont été utilisées en expérience par espéce ou en conditions de matériaux mélangés,
et a ’état frais ou séché, ainsi que les deux types d’aliment artificiel.

La densité du naissain dans un bac d’élevage a été choisie en six étapes de 83 a 5000

par métre carré de picce.

Les trois espéces d’algue fraiche (Rhodymenia palmata, Ulva lactuca, Laminaria digitata)

sont utilisables pour ’alimentation des jeunes.

Mais Rhodymenia palmata s’avére ’espéce la

plus efficace a ’état frais et la seule qui convient a I'état séché.

L’aliment artificiel est eficace pour la croissance des jeunes, mais il serait souhaitable
pour I’élevage intensif, qu’il conserve sa forme et ses qualités pendant quelques jours.

La densité convenable en cas d’élevage intensif est estimée entre 2500/m? et 3750/m?.

1. Introduction

The techniques for the artificial propagation of
juvenile abalones have been developed in the last
ten years in Japan and presently one-year-old
juveniles are produced in great numbers and
Nevertheless it
appears that the commercial demand for juve-
niles is also increasing.

released in many regions.

Concerning the mass production of abalone
juveniles, for the period from the spawn to the
seedlings for restocking, it is generally completed
in one year. During this process, there are
many problems which still remain to be solved
from the view point of mariculture, for instance,
the prime cost of production or the possibility
of the condensed rearing.

* Received December 11, 1978

** Centre Océanologique de Bretagne (Aquaculture),
CNEXO, 29273-Brest cedex, France
Present address: Laboratory of Animal Ecology,
Tokyo University of Fisheries, Minato-ku, Tokyo,
108 Japan

#% Centre Océanologique de Bretagne (Aquaculture),

CNEXO 29273-Brest cedex, France

Reports have been given concerning the food
and rearing density for juveniles or young
abalones which are very important factors for
mass production. INO (1952), SAKAI (1962),
KikucHI (1964), KIKUCHI et al. (1967) and
SHIBUI (1972) showed the influence of various
algae on the growth of juveniles and young
Haliotis discus discus and H. discus hannai.
OGINO and OHTA (1963), OGINO and KATO
(1964) and SAGARA and SAKAI (1974) carried out
experiments on the artificial diet for H. discus
discus and H. sieboldii. TOYAMA et al. (1975)
examined the most suitable rearing density for
the mass production of young H. discus discus.

As for the ormer, H. tuberculata, in Europe
trials for the mass production of juveniles were
started in 1973 at Centre Océanologique de
Bretagne (CNEXO-COB) in France. And basic
studies of larval development and growth of
juveniles up to 14 months were published in a
previous report (KOIKE, 1978).

The present authors carried out tank rearing
experiments of 4-month-old ormer juveniles
for 112 days (Apr. 30-Aug. 20, 1975) at the

(4395
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Centre Océanologique de Bretagne, with a view
to examining the influence of food and density
on the growth of juveniles. This study reveals
some interesting facts new to science.

2. Material and methods

The juveniles used for the experiments origi-
nated from artificial spawning at the Centre.
They were born in December 1974 and reared
with Tetraselmis suecica and diatoms until April
1975. Their average size was 7.2 mm in shell
length.

Tanks used for experiments were made of
polyethylene, rectangular in shape, and 60 x40
X25cm in size. Each tank was supplied with
filtered running water and aeration. The water
temperature (20°C=+0.5°C), current (1Z/min.)
and aeration (0.4 //min.) were kept constant
throughout the experiments.
the issue pipes were covered with nets with a
mesh size of 450 ¢ so as to prevent juveniles as
well as foods from escaping. Pieces of vinyl
chloride pipe (12cm in diameter, 10 cm long)
were cut into quarter sections and were used
as shelters for the juveniles.

The openings of

Table 1. Composition of artificial diets.
Artificial diet No. 1

Tetraselmis suecica 60 %
Sodium alginate 20%
Dextrin (a starch) 159
Dried yeast 2%
Vitamin mixture 2%
Mineral mixture 1%

Artificial diet No. 2

Extract of soya bean
Dried yeast

Wheat germ

Bran

Medicago spp.
Skim-milk

Roughage

Vegetable oil
Mineral mixture
Vitamin mixture

Protein 219%
Cellulose 3.5%
Lipid 3.5%
Mineral 17 %

Table 2. Rearing conditions (food and density).
Food

Name of food A:&Z‘;‘”' g;egi
Rhodymenia, fresh Rf 150
Rhodymenia, dry Rd 'y
Ulva, fresh Uf "
Ulva, dry Ud '
Laminaria, fresh Lf .
Laminaria, dry Ld »
Rhodymenia+ Ulva+

Laminaria, fresh Mf* .
Rhodymenia+ Ulva+
Laminaria, dry Md ys
Artificial diet No. 1 Al 'y
Artificial diet No. 2 A2 '
Density

D0 D1* D2 D3 D4 D5

20 150 300 600 900 1250
83 625 1250 2500 3750 5000

Items

No. of ormers
Density (No/m?)

* Same rearing condition (Mf=D1)

Three species of algae were used for the food
of the juveniles; Laminaria digitata (Phaeo-
phyta) which occurs below the level of mean-
low-water neaps, Rhodymenia palmata (Rhodo-
phyta) which occurs mainly at the level of
mean-low-water neaps and Ulva lactuca (Chloro-
phyta) which is widely distributed in the middle
littoral zone. They were fed to the juveniles in
both fresh and dried forms, either individually
or mixed. In addition, two artificial diets
were prepared as shown in Table 1. No. 1 is a
modification in composition of the artificial diet
tested by OGINO and KATO (1964) in which
the fish meal (609%) was replaced by dried
Tetraselmis suecica. No. 2* was produced by
Mr. J. J. SABAUT of G.I.E E. R.N. A.,
Service Pisciculture-Aquaculture.

For the experiments of rearing density, six
densities were chosen in the range of 83/m?
—5000/m2. The juveniles were fed with the
above-mentioned three species of fresh algae in
mixed.

All the different experimental conditions are
shown in Table 2. A total of 15 different
conditions were separated into 15 sections.

* Further detail in composition rate of materials
was not informed to the authors.
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Furthermore, another 15 sections having the
same food and density conditions (abbreviations
with prime mark in Fig. 2) were prepared and
were placed in the reverse order so as not to
have big differences in natural light intensity
(Figs. 1 and 2).

Shell length and body weight of the juveniles
were measured every two weeks during the

experiments. The sample numbers to be
measured were calculated as follows:
When a random sample x(xi, 2, ..., x) is

taken from a finite population N without re-
placement and the population variance is un-
known, the confidence interval of the population
mean at the level of confidence coefficient 1 —«
is [2—e, Z+¢€],

N—n 2
where 8—tn—1<0€>\/ ’j\‘/;jl‘ . _n— s (1 )
f:l%xf, u?= 1 8 (xi—2)%
ni=1 n— l i=1
The formula (1) can be solved for n;
2 e Nog?
_ 1(0() U ( 2 )

T W=D (@)

As u? obtained from the preliminary sampling
was between 1.02 and 2.0%, we take 2.02 for

L

45
u?; moreover, when a=109%, #,_1(a)=1.65 and
€=0.5 mm.

10N
N
7 H10

Therefore, n= (3)

From the formula (3), the numbers of the
sample are determined as follows:

n=20 from the tanks of 20 juveniles

n=230 from the tanks of 150 juveniles

n=40 from the tanks of more than 150

juveniles

Food was given every two days at 16 h 00
after its weight and the weight of any remaining
food had been measured. The values based
on the results of these measurements are ex-
pressed as follows;

2FL—-F2+C)

% 100

Daily rate of feeding (%)= TX(Wo + W2) ’
0

where F1 is initial weight of food, F2 weight
of remaining food, C corrective value (increase
or decrease in weight of food for experimental
conditions with no juveniles), 7 days of rear-
ing, Wi initial weight of juveniles and Wt final
woight of juveniles.

Efficiency of food conversion (%)
Increment of weight

" Total food consumption

The values are expressed after the weights of
both food and juveniles have been converted to
dry weight.

3. Results
1. Influence of food

1-A. Mortality

The number of dead ormers and the mortality
rates are shown in Table 3. The mean mor-

Fig. 1. A set of experimental tanks. tality rates taken on the 14th and 28th day
Ld Rf Ud A2 | Md [ DO ' D2 D3 D4 D5 D1 Al Uf Rd Lf
2400 | 2600 | 2600 | 2200 | 1850 ‘ 1500 | 1200 | 850 700 600 500 480 440 420 360
L | Rd’ Uf’ , Al | DI’ | D5 | D4’ | D3’ | D2’ | DO’ | Md’ | A2’ | Ud’ | Rf’ | Ld’
1600 ; 1700 | 1700 | 1500 | 1300 | 1050 | 1000 | 1150 | 700 600 ~ 500 \ 460 440 380 380
Fig. 2. Arrangement of the tanks. See Table 2 for abbreviation of food. Figures show

the intensity of light in lux over each tank measured on the 20th June at 16 h 00.
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Table 3. Number of dead ormers under different food conditions during the experiment.
See Table 2 for abbreviation of food.

"‘5;;;\1:3‘31 Rf Uf Lf Mf R4 Ud Ld Md Al A2 Total Mortality (%)
0- 14 10 11 10 7 35 10 18 8 15 — 124 4.6
15- 28 5 15 12 7 5 7 13 8 20 — 92 3.4
29- 41 0 8 1 1 5 3 0 6 4 — 28 1.0
42- 56 1 1 1 0 0 1 2 1 0 2 9 0.3
57- 70 0 0 0 2 0 0 0 0 1 2 5 0.2
71- 84 o 1 1 3 3 o o 1 2 3 14 0.5
85- 98 0 0 1 0 0 1 2 3 1 0 8 0.3
99-112 1 0 0 0 0 2 0 0 2 0 5 0.2
Total 17 36 26 20 48 24 35 27 45 7 285 9.5

Mortality in i _ _

o) 83 112 8.7

Table 4. Mean shell length (mm) of young Haliotis tuberculata reared under different
food conditions during 112 days. See Table 2 for abbreviation of food.

Date;;i\da;\ﬁio\d\ Rf Uf  Lf Mf Rd Ud Ld Md Al A2
Apr. 30, 75 0 7.07 7.27 7.19 7.12 6.9 7.38 7.03 7.22 7.49  —
May 14 4 7.62 7.52 7.55 7.67 7.45 7.5 7.30 7.57 7.54  —
May 28 28 816 7.95 815 7.89 7.84 816 7.61 7.85 7.86 = —
Jun. 10 4 896 875 874 9.13 8.68 865 7.75 840 851  9.00
Jun. 25 56 10.13 9.68 9.26 9.80 9.37 869 7.94 9.67 88  9.60
Jul. 9 70 11.35 10.57 10.56 11.15 10.49 9.55 852 10.37 9.46 1111
Jul. 23 84 12,49 11.81 10.79 12.20 1137 10.54 9.2 11.07 10.24 12.14
Aug. 6 98 13.75 12.47 12.02 13.24 11.99 11.18 9.82 11.66 11.20 13.45
Aug. 20 112 14.58 13.57 12,86 13.95 13.64 12.14 10.15 12,87 12.12 14.11

’ 0 20 40 §0 80 100 1200 20 40 §0 80 100 120
Fig. 3. Growth in shell length (ordinaté, mm) of young Haliotis tuberculata, reared under
different food conditions (cf. Table-2) during 112 days (abscissa). I: Ormers fed on fresh
seaweeds and artificial diet No. 1. II: Ormers fed on dried seaweeds and artificial diet
No. 2.
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Table 5. Rate of growth in shell length and body weight of young Haliotis tuberculata
reared under different food conditions. See Table 2 for abbreviation of food.

Items 8 3 *
= S 2 S S

= o~ 1<) - o

’ L= - 5L R

=g T ot R B~ o5 S 5B

32 g8 22 ZE g2 EE 0 eS 3

28§58 a =2 £ =y Fe 2§

—= g o 573 — % g2 el g g o

e [T p~=! ) O = O .0 =

=E g ¥ g™ = 53 5= 28 €3

Food AR =8 p=g= S 5B = .8 AL =L
Rf 10.13 4.45 23.5 156.5 325.0 111.3 1. 105.4
Uf 9.68 3.89 21.5 140.0 238.5 91.3 4.1 43.0
Lf 9.26 3.60 20.8 115.0 191.5 89.2 2.2 76.3
Mf 9.80 4.15 22.7 148.0 264.5 95.7 4.4 39.4
Rd 9.37 4,27 24,4 125.0 260.0 111.4 2.0 141.8
Ud 8.69 3.45 21.3 108.0 151.5 75.1 3.7 42.9
Ld 7.94 2.21 14.9 70.0 83.5 63.9 4.1 32.9
Md 9.67 3.20 17.7 133.5 178.5 71.6 — —
Al 8.89 3.23 19.5 99.5 158.5 85.3 — —
A2 9.60 4.51 25.2 136.5 320.5 125.8 1.9 103.8

* Converted into dry weight

were 4.6 and 3.4 9, respectively, but the rate
decreased gradually and kept constant at less
than 1 9% during the 56th-112th day. The mor-
tality with fresh algae (8.3%) was lower than
that with dried algae (11.2%), and the mortality
with artificial diet (8.7 %) was in between.

1-B. Growth of juveniles

The results of the measurement of shell length
and growth are shown in Table 4 and Fig.
3. The final shell lengths for each of the food
conditions varied from 10.2mm (Laminaria,
dry) to 14.6 mm (Rhodymenia, fresh) compared
with the initial shell lengths ranging from 7.0
to 7.5 mm. From the results of these measure-
ments, it was found that the rates of growth
before and after the 56th day were not the
same and the relationship between time in days
(T) and shell length (SL) was calculated, e.g.
in the case of juveniles fed on fresh Rhody-
menia:

SL=0.044T+6.930 (0-56th day)
SL=0.078T+10.313 (56th-112th day)

This tendency was apparent for juveniles reared
under all of the food conditions. From this
tendency and the rate of mortality, it can be
considered that juveniles needed about 2 months
to adapt themselves to the changes of food and

environment. Therefore, the feeding values

were compared using the results of measure-
ments obtained during the 56th-112th day, that
is to say, for the period after adaptation.

1-C. Foods and feeding rate of juveniles

Daily rate of feeding is shown in Table 5.
The highest rate (%) with fresh algae was for
Mixed (4.4), followed by Ulva (4.1), Laminaria
(2.2) and Rhodymenia (1.8). The highest rate
with dried algae was for Laminaria (4.1),
followed by Ulva (3.7) and Rhodymenia (2.0).
The order of Laminaria and Ulva for fresh and
dried conditions was reversed. A comparison
between the fresh and dried conditions of the
same algae showed that the feeding rate with
fresh was higher than with dry in the case of
Ulva and opposite were the cases of Rhodymenia
and Laminaria. The feeding rate with artificial
diet No. 2 was low (1.9), about the same level
as that with Rhodymenia.
ficial diet No. 1 as well as Mixed dry, amount
of the leftover could not be measured exactly
so that feeding rates were not calculated.

1-D. Growth rate of juveniles and efficiency

of food

The rates of growth in shell length and body
weight were calculated as monthly rates and are
shown in Table 5 and Fig. 4 together with the
efficiency of food conversion.

In the cases of arti-
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The highest rate of growth (%) in shell
length with algae in both fresh and dried con-
ditions was for Rhodymenia (fresh, 23.5; dried,
24.4), followed by Ulva (21.5; 21.3) and Lami-
naria (20.8; 14.9).
algae was lower than that for the species which
gave the highest rate when fed independently.
The rate of growth in shell length was higher
with artificial diet No. 2 (25.2) than with No. 1
(19.5). Moreover, it was higher than that for

The growth rate for mixed

L 1

40 §0 80 100 120 140

Fig. 4. Comparison of the monthly growth rate
(abscissa, %) in shell length (hatched) and body
weight (white), and the efficiency of food con-
version (dotted) of young Haliotis tuberculata
reared under different food conditions (ordi-
nate; cf. Table 2).

Table 6.

dry Rhodymenia (24.4) which gave the highest
rate among the algae.

The rates of growth (%) in body weight with
different foods followed the same tendency as
in the case of shell length; the highest was for
Rhodymenia (111.3; 111.4), followed by Ulva
91.3; 75.1) and Laminaria (89.2; 63.9). The
rate for artificial diet No. 2 (125.8) was also
superior to that for dry Rhodymenia (111.4)
which gave the highest rate among the algae
tested.

The efficiency of food conversion (25) in the
case of fresh algae was highest for Rhodymenia
(105.4), followed by Laminaria (76.3) and Ulva
(43.0), and lowest for Mixed (39.4). In the case
of dried algae, it was also highest for Rhodymenia
(141.8), followed by Ulva (42.9), and lowest for
Laminaria (32.9). The efficiency of artificial
diet No. 2 was very high (103.8) and nearly
the same as that for fresh Rhodymenia (105.4).
2. Influence of density

2-A. Mortality

The numbers of dead ormers and the mor-
tality rates are shown in Table 6. The mean
mortality rates taken on the 14th and 28th day
were 3.0 and 3.2 9, respectively, but the rate
decreased gradually and kept constant at less
than 19 during the 56th-112th day.
that the mortality rate showed the same tendency
as that for food condition. In comparisons
among the different densities, the mortality rates
were higher at densities of 83/m? (20%) and
3750/m? (15.4 %) than at the other densities at
which the rates were all less than 109, and
no special relationship was observed between

It is clear

Number of dead ormers under different density conditions during the experiment.

See Table 2 for the definition of density.

Dage Y o D1 D2 D3 D4 D5 Total Mortality (%)
0- 14 3 7 31 34 84 34 193 3.0
15- 28 4 7 21 16 80 73 201 3.2
29- 41 1 1 3 8 49 31 93 1.5
42- 56 0 0 0 1 27 18 16 0.7
57~ 70 0 2 0 2 11 6 21 0.3
71- 84 0 3 2 3 9 16 33 0.5
85~ 98 0 0 1 1 16 13 31 0.5
99-112 0 0 0 3 1 1 5 0.1
Total 8 20 58 68 277 192 623 9.8
Mortality (%) 20 6.7 9.7 5.7 15.4 8.0 - -
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mortality and density.

2-B. Density and growth of juveniles

The growths in shell length at different den-
sities are shown in Table 7 and Fig. 5. The
final shell lengths varied with different densities
between 14.5mm (83/m?) and 13.1 mm (5000/m?2),
and the growth rates between the 98th and 112th
day for the higher densities (3750/m?, 5000/m?)
were comparatively lower than those for the
lower densities.

The same tendency was observed in the
growth rates for the periods before and after

Table 7. Mean shell length (mm) of young
Haliotis tuberculata reared under different
density conditions during 112 days. See Table 2
for definition of density.

Das 2o Do D1 D2 D3 D4 D5
ays —

0 6.19 7.12 7.00 7.04 7.15 7.00
14 6.88 7.67 7.39 7.48 7.56 7.62
28 7.45 7.89 7.66 7.88 7.88 7.65
41 8.42 9.13 8.93 8.62 8.98 8.92
56 9.46 9.80 9.89 10.07 9.50 9.72
70 10.57 11.15 10.91 10.84 10.85 10.22
84 12.26 12.29 12.32 11.54 11.84 10.98
98 13.23 13.24 13.21 12.74 12.87 12.44
112 14.49 13.95 14.20 13.88 13.09 13.14

the 56th day from the calculation of the relation-
ship between time in days and shell length;
juveniles showed different growth rates in the
periods before and after the 56th day and they
needed about 2 months to adapt themselves to
the changes in environment. Therefore, the
influence of density on the growth of juveniles
was judged by using the results obtained after
the 56th day.

The rates of growth in shell length and body
weight with different densities tended to de-
crease with the increase in densities as shown
in Table 8 and Fig. 6. The monthly rates
(%) of growth in shell length with different
densities which are the most important rates
to be measured were as follows; 28.5 (83/mb?),
22.7 (625/m?), 23.3 (1250/m?), 20.3 (2500/m?2),
20.2 (3750/m?) and 18.8 (5000/m?).

4. Discussion

Juveniles used for the experiment needed
about 2 months to adapt themselves to the
changes in rearing conditions. The reason for
this was the disturbance caused by operations
such as removal from the collectors, measure-
ment, exposure to air during the preparation
of the experiments and also the changes in the

0 L 1 : L L ) ! i L ! L )
] 20 40 60 80 100 120 0 20 40 ‘80 80 100 120

Fig. 5. Growth in shell length (ordinate, mm) of young Haliotis tuberculata reared under
different density conditions (cf. Table 2) during 112 days (abscissa). I: Ormers reared
under lower density conditions. II: Ormers reared under higher density conditions.
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water current and the substrata to which they
were attached, all of which took place together
at the same time. In the case of mass production
it is desirable to minimize the severity of these
disturbances in order to obtain the best results.

From the feeding rate and efficiency values,
it is concluded that Rhodymenia, Ulva and
Laminaria in fresh forms can be used for the
food of juveniles, and Rhodymenia is the most
suitable from among these three species.

The rate of growth using mixed algae is some-
what lower than for the most effective alga
used individually and this result coincides with
that of SAKAI (1962). However, the ultimate
benefit of a mixed food supply may be derived
not only from its effect on maximization of
growth but rather from other considerations
such as availability of algal species in the
large quantities required for mass culture. This
is especially evident with regard to Laminaria
digitata, which, although it is not of the highest
food value, is most easily collected from rela-

Table 8. Rate of growth in shell length and
body weight of young Haliotis tuberculata
reared under different density conditions.
See Table 2 for definition of density.
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DO  9.46 5.03 28.5 120.0 344.0 153.6
D1 9.80 4.15 22.7 148.0 264.5 95.6
D2  9.89 4.31 23.3 146.0 301.0 110.4

D3 10.07 3.81 20.3 158.5 267.5 90.4
D4 9.50 3.59 20.2 138.5 227.5 88.0
D5 9.72 3.42 18.8 148.5 222.5 80.3

tively pure stands under natural condition.
Moreover, it seems that the abalones feed on
many species of algae in natural sea bed as
suggested by INO (1952), UnNo (1971) and
SHEPHERD (1973). Concerning these points, it
is considered that the mixed algae, mainly
based on Laminaria, are also effective for the
mass culture of young ormers.

In using the dried algae stocked as a food,
another factor should be considered. It is the
natural decrease rate of food in the water as
shown in Table 9. From the level of the de-
crease rate and efficiency, it can be considered
that only dried Rhodymenia is suitable as a
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Fig. 6. Relation between the rearing density
(abscissa, X1000/m?) and the growth rate (ordi-
nate, %) of young Haliotis tuberculata. Open
circles, monthly growth rate in body weight;
solid circles, monthly growth rate in shell
length.

Table 9. Decrease in weight (mg) of foods during 48 hours in the tank without ormers for
experimental control (calculated in dry weight). See Table 2 for abbreviation of food.

Uf Ld Rd Ud Al A2

 hems ——— 2w
Initial weight (W1) 4.6
Final weight (W2) 3.7
Decrease of weight (W1-W2) ’ 0.9
Rate (%) of decrease (le;lwz X ,100) 19.6

2.9 4.2 3.8 3.95 4.1 3.7 3.7
2.5 4.1 1.7 2.0 2.7 0.8 2.4
0.4 0.1 2.1 1.95 1.4 2.9 1.3

13.8 2.4 553 49.4 341 784 35.1
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dried alga for stocking use.

SAGARA and SAKAI (1974) reported that an
artificial diet can be used as food for mass pro-
duction of abalone juveniles. From the view
point only of the shell length growth rate, it may
be possible to say that the artificial diets tested
in the present experiments can be used as food
for juveniles. But in the case of mass produc-
tion, the natural decrease rate should be also
considered. From this point of view, it can
be suggested that only the food which has a low
natural decrease rate such as No. 2 (35.1%)
can be used, because foods which change and
break up easily as No. 1 does cause deterioration
of water quality and increase the amount of
work such as the cleaning of tanks and the ex-
change of water. Otherwise the structure of
the tanks must be designed (e.g. double bottom
tanks using net cages) so as to discharge the
leftover and dissolved food.

OGINO and KATO (1964) stated that abalone
required protein levels of about 20% in the
artificial diet. Concerning this point, the content
of protein in artificial diet No. 2 with a high
food value was 219, and this is almost the
same as Ogino’s.

To determine the most suitable rearing den-
sity for mass production, the total production
from a limited space and the management or
operation of the rearing system must be con-
sidered. Above all, the monthly rate of shell
length growth for juveniles of about 10 mm
should be more than 209;, based on the time
required to reach the final shell length. In
view of these considerations and the results of
the present experiments, the most suitable
rearing density for ormers of 7-10 mm can be
considered to be between 2500/m?-3750/m?2.
Nevertheless, the actual rearing density must
be decided based on the various rearing con-
ditions such as the tank system, variation of
food, initial size of juveniles and the amount
of production desired, etc.

5. Summary

Tank rearing experiments with juveniles of
Haliotis tuberculata to determine the influence
of food and density on the rate of growth of
juveniles were carried out during 112 days

(Apr. 30-Aug. 20, 1975) at Centre Océanologique
de Bretagne in Brest, France.
summarized as follows:

1) It is considered that after being removed
from collectors, juveniles need about 2 months
to adapt themselves to the changes of food and
environmental conditions.

2) The effects of feeding with three species
of algae in both fresh and dried conditions are
as follows; the highest rates of growth were
obtained with Rhodymenia, followed by Ulva
and the lowest was with Laminaria.

3) For the stocking of a supply of food,
using dried algae in mass production, only
Rhodymenia is suitable for this use among the
three species tested.

4) The rate of growth using mixed algae is
somewhat lower than for the most effective
alga used individually. But in case of mass
culture, the food of mixed algae mainly based
on Laminaria which 1is easily collected is
also effective.

The results are

5) Feeding with an artificial diet composed
mainly of mixed vegetable protein (extract of
soya bean, dried yeast, wheat germ, and bran,
etc.) produces a growth rate which is nearly
equivalent to that for Rhodymenia, the alga of
highest yield.

6) Artificial diets which can maintain their
shape and quality in water over a certain period
of time can be used as food for juveniles in
the case of mass production.

7) A rearing density of between 2500/m?2-
3750/m? is considered reasonable for the mass
production of juveniles.
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