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Article spécial n° 5

Marine chemistry or chemical oceanography*

Egbert K. DUURSMA**

Is mearine chemistry really an independent
discipline, with its own goals and its own scien-
tific satisfaction, or is this just a fiction? Whether
marine chemistry is a subdiscipline of biological,
geological or physical oceanography is little
debated, but this question is certainly worth
asking. Oceanographic institutes know that
when they attract young chemists into the field
of marine chemistry, a number of them will
sooner or later become disappointed as they
experience that they are not carrying out the
kind of science for which they thought they had
been educated. This happens particularly with
chemists who consider chemistry to be the
science of synthesizing new chemical products,
in connection with the study of the molecular
structures of compounds and the determination
of their physicochemical properties. Such dis-
appointment seems to occur mostly with newly
graduated chemists who not have the slightest
notion of what the sea actually is and certainly
know nothing about its unstable surface which
renders them sea-sick.

Fortunately there remain a few young chemists
who stay in their new chosen discipline and
become dedicated to the oceans and their marginal
seas. Their reason for doing so, however,
requires further reflection. They will not go on
to synthesize new substances and rarely will
carry out research on molecular structures of
individual compounds. Hence, the question
remains, what their major achievements in
chemistry will be, and what the highlights in
the general advancement of marine science in
fact are.

* Received January 16, 1986

#* Delta Instituut Voor Hydrobiologisch Onderzoek,
Vierstraat 28, 4401 EA Yerseke, Nederland
Comm. Nr. Delta Inst.: 4-337

In the early days of marine chemistry the
chemist started as an analytical chemist, whose
achievements were connected with the develop-
ment of analytical techniques and their applica-
tion in the various conditions encountered in
doing and participating in ocean research. Marine
chemistry as such was a basic part of either
physical, geological or biological oceanography.

In order to avoid being no more than tech-
nicians for these disciplines, the chemists called
themselves chemical oceanographers, with the
emphasis on the second term. Many chemical
oceanographers of the first days such as Herman
WATTENBERG (G), HW. HArRVEY (UK), Kurt
KaLLE (G) and Norris RAKESTRAW (USA)
were pioniers in the science of understanding
the basic processes of water-mass movements
and the cycles and budgets of substances in the
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sea. These were essential for oceancgraphy in
the early years.

With the improvements of modern analytical
techniques and the specialization of education in
marine chemistry, the role of chemists has be-
come much more sophisticated. This, however,
at the risk of losses for the impact to studies of
other oceanographical disciplines.

Marine chemistry has partly become a speciali-
zation in itself, and most satisfactory studies
can already be done in no more than 1m/ of
sea water. Nevertheless these specializations
remain almost entirely analytical. The impact
of the results of such studies on the functicning
and structure of oceanic geochemical and eco-
logical systems remains restricted in value or is
indeed absent.
a technician in this case of one’s own discipline
is always present, in spite of the fact that the
marine chemist is able to identify dozens of
peaks from the computerized read-out of his
analytical equipment, and his results and manu-
scripts may be generously accepted for publication
in cne of the well-cited journals. Although
scientists from other disciplines, in particular
biclogy, may wonder what the value of such
studies really is, the reward for the marine
chemist is many citations.

The danger of becoming simply

For these other marine scientists this is, how-
ever, not without concern. Marine biologists,
physicists and geologists cannct make progress
in their own science without good chemical data.
A problem arises when they try to produce these
data themselves; this is not the most effective
way of working, and there is a loss of accuracy
in analysis and interpretation of results. Oceans,
marginal seas and estuarine ecclogy studies
require the combined efforts of many disciplines,
including those of geochemists, biochemists and
microbiologists. In this sense, environmental
chemistry is a better term than marine chemistry
or chemical oceancgraphy, although each one
keeps its own value.

The question remains, however, what is the
‘glue’ which can bind the efforts of other dis-
ciplines with those of marine chemistry, and
thus increase the impact of the chemical research

carried out in the sea. The answer is the same

as that given by the chemical oceanographers
of the first days: try to understand processes,
on a micro-scale within organisms, sediment and
water, or on a macro-scale within water masses,
taking into account time, space and state of
equilibrium. There is no doubt that this is of
multi-disciplinary interest, although the regard
in which the articles is held by the scientific
world may require more time.
mono-disciplines are particularly good in self-
defence and the citaticn scores of their publi-
cations are usually higher than those of authors
who try to broaden their own field of research
over the boundaries of different disciplines.

In many instances, where marine chemists
have been involved with other disciplines, the
initiative for cooperative inter- or multidisciplinary
studies has been taken by the cther disciplines.
Why is this the case? Obvicusly, as already
stated, biological, physical and geological ocea-

Specialists in

nography requires chemical data and the scientists
in these disciplines have been forced to take
steps to secure it in the best possible manner.
But perhaps chemists have been too self-content,
or perhaps too shy, to take the initiative them-
selves to broaden their frontiers over the boun-
daries of their discipline?

I personally think that it is time for us to
take this step, and to venture beyond our boun-
daries, particularly in the field of aquatic ecolog-
ical research, studies on diagenesis in geclogy
and sedimentology, and modelling of transfer
and transport processes with respect to physics.
Overlapping and competition may cccur, but is
this not always to the profit of science?

Oceanography, in whatever scientific compart-
ment it is carried out, is in its parts as well as
Geographi-
cally, it concerns 709 of our globe, and the

in its entirely a tremendous study.

problems of one country with regard to fishery,
pollution, ecosystem protection and exploitaticn
are those of the other.
tists over the whole world; gocd scientific articles

This unifies many scien-

from their hands are recognized without regard
to nationality or creed. Let us trust that it
will remain like this and that both marine
chemistry and chemical oceanography will have
a great future.
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Frequency response of fresh water content in shelf waters*

Tetsuo YANAGI** and Tetsuya OHBA***

Abstract:

The frequency response characteristics of the variation of fresh water content in

shelf waters to that of river discharge on the shelf is estimated by data analysis in the Bungo
Channel, Huga-Nada, Tosa Bay and the Kii Channel in the south western part of Japan.

The river discharge has a prominent variability with a period of one year.

The amplitude

ratios of the seasonal variations of fresh water content to those of river discharge change
from 0.5 month to 0.9 month and phase differences of the seasonal variation of fresh water

content to those of river discharge change from 0.3 month to 6 months in those areas.

1. Introeduction

In recent years human activity spreads its
industrial field from the coastal area to the shelf
sea area as the coastal area has already no suf-
ficient space. It is urgent to clear the character-
istic variabilily of oceanic condition on the shelf

sea for the harmonic development with human
The input of {resh
water into continental shelf waters alters the

activity and nature there.

physics, chemistry, biology and sediments in the
shelf waters. The runoff waters are also the
main source of pollution in shelf waters. How-
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Fig. 1.

Map of the Bungo Channel, Hyuga-Nada, Tosa Bay and the Kii Channel.
Salinity observed stations are shown by black dottes.

Major rivers are also shown.

Thin full line shows the bottom contour and numbers the depth in meters. Broken

line shows the drainage area.

* Received August 10, 1985
** Department of Ocean Engineering, Ehime Univer-
sity, Matsuyama 790, Japan
k% Asia Air Survey Co. Ltd., Funako 568, Atsugi
243, Japan
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ever, the behavior of fresh water flown into the
shelf sea has been little known.

This paper is concerned, by data analysis,
with the frequency response characteristics of the
variation of fresh water content in the shelf sea
waters to that of river discharge from the land
and backward inner coastal sea in the Bungo
Channel, Hyuga-Nada, Tosa Bay and the Kii
Channel in the south western part of Japan.

2. Data analysis

The Bungo Channel, Hyuga-Nada, Tosa Bay
and the Kii Channel (Fig. 1) situated in the
south western part of Japan are classified into
two types of continental shelf sea. The Bungo
Channel ard the Kii Channel have inner coastal
sea, Seto Inland Sea, at the back of them,
whereas Hyuga-Nada and Tosa Bay abut on the
land.

Salinities were observed every month from
1977 t0 1981 at Om, 10m, 20 m, 30 m and 50 m
depths at 22 stations in the Bungo Channel, at
30 stations in Huga-Nada, at 20 stations in Tosa
Bay and at 27 stations in the Kii Channel by
Ehime, Ooita, Miyazaki, Kochi, Tokushima and
Wakayama Prefecture Fisheries Observatories.
Salinities from the sea surface to 50 m depth at
each station were averaged by a depth weighting
method. The fresh water content F in each
area is estimated every month by the equation,

F:2<SO”SZ')><V¢.
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Fig. 2. Seasonal variation of representative

salinity in the open ocean which is obtained
by averaging salinity at 50 m depth at Stn. 4
off Toi in Hyuga-Nada shown by open circle
in Fig. 1 from 1977 to 1981.

Here So means the representative salinity in the
open ocean, S; the depth average salinity at the
station 7 and V; the water volume occupied by
the station . Sy is made equal to the salinity
at 50 m at Stn. 4 off Toi in Huga-Nada, which
is shown by open circle in Fig. 1, because it
usually showed the highest salinity in these areas.
Since the salinity at 50 m at Stn. 4 shows a
prominent seasonal variation, monthly values
shown in Fig. 2 are used for S, in the following
analysis.

The river discharge over the coastline is esti-
mated by summing the mothly discharges of the
first-class rivers, whose discharge are gauged
every day, and those of small rivers. The dis-
charge of small river is estimated by multiplying
the discharge of neighboring first-class river by
some factor. This factor is determined by the
drainage area ratio of small river to the neigh-
boring first-class river. The effects of direct
precipitation on the shelf waters and evaporation
from the sea surface of shelf wates are neglected,
because they have nearly the same volume flux.
Moreover the fresh water movements from one
area to another area are neglected, because the
most fresh water are moved away at the open
end of each area by the strong Kuroshio which
flows along the coast of Kyushu, Shikoku and
Honshu Islands.

River discharge and fresh water content in
each area are obtained every month from 1977
to 1981 and the average and standard deviation
values are calculated (Table 1). Normalized
monthly variations of river discharge and fresh
water content with the average and standard
deviation values in each area are shown in Fig.
3. River discharge has one prominent peak in
a year and the local maximum fresh water

Table 1. Average and standard deviation values
of river discharge and fresh water content in
each area from 1977 to 1981.

Fresh water discharge Fresh water content

(km®/month) (km?®)

Ave. S.D. Ave. S.D.
Bungo 2.50 1.71 4.07 2.48
Hyuga  1.51 1.24 2.58  2.91
Tosa 0.88 0. 66 1.31 1.58
Kii 2.37 1.20 3.51 0.91
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Fig. 4. Average seasonal variations of river discharge (full line) and
fresh water content (broken line) from 1977 to 1981.

content occurs several months after that of river
discharge. The average seasonal variations of
river discharge and fresh water content are
obtained by averaging monthly values from 1977
to 1981 and shown in Fig. 4. The maximum
river discharges occur in June or July, the rainy

season in Japan. On the other hand, the maxi-
mum fresh water contents occur in July or
September in the Bungo Channel, Hyuga-Nada
and Tosa Bay, and in January in the Kii Channel
only.
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Fig. 5. Auto-correlation coeflicients of river discharge and fresh

water content variations.

3. Response function

We consider a linear system model which has
one input (river discharge) and one output (fresh
water content) in each area. The output signal
is represented by the following convolution
integral of the input signal,

y(t)zgjxu—r»h(c,)dc, @D

Here, v(z) denotes the fresh water content, x(f)

the river discharge and A(r) the unit response
function of each area. The oceanic character-
istics of each area is represented by the unit
response function A(7). There are four methods
to estimate A(r); (1) the direct method (e.g.
HiNo, 1977), (2) the correlation method (e.g.
BoX and JENKINS, 1976), (3) the integral transfer
method (e.g. FUJITA, 1982) and (4) the cross
spectral method (e.g. HINO, 1977). Here the
correlation method is used for estimating the
unit response function for its high precision and
simplicity. -

At first the auto-correlation coefficients of
variations of river discharge and fresh water
content are calculated in each area as shown in
Fig. 5. The seasonal variations seem to dominate
except for the fresh water content in the Kii

BUNGO KII

(cross correlation coef.)

(corss correlation coef.}

f 5 0. 10

(month)

HYUGA TOSA

(cross correlation coef.) (cross correlation coef.)

5 5

) Um 10 10
(month) (monthy
o5 -5

3
d

Fig. 6. Cross-correlation coefficient between river
discharge and fresh water content variations.

Channel. The cross-correlation coefficient be-
tween the variations of river discharge and fresh
water content in each area is shown in Fig. 6.
The correlation is not so high in the Kii Channel
only. The unit response function is estimated
by the correlation method as,

7 }
Czy(T)ZSOh(U)-Cm(T—v)d77. 3-2)
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Here, C.y(r) denotes the cross-correlation co-
efficient between the variations of river discharge
x(t) and fresh water content y(¢), T the obser-
vation period and Ci.(r) the auto-correlation
coefficient of the variation of river discharge.
Equation (3-2) in finite difference with unit time
of one month is written in matrix form,

C2:(0), Cua(1), - , Cox(m) [ A0) ™ C.y(0)

Coll), 2 Came) || WD) | | Col)

Caalm), Coe(m1), ~Cas(@h(m)d L Cay(m)
(3-3)

where m is taken as 7 months for the Bungo
and Kii Channels, 6 months for Tosa Bay and
5 months for Hyuga-Nada from Fig. 5. The
unit response function A(z) is obtained by solving
the linear simultaneous equations (3-3). The
estimated discrete unit response function is shown
in Fig. 7. The characteristics of frequency
response of the variation of fresh water content
to that of river discharge, which has the vari-

1 BUNGO

1 KII

e

01234567 012345867

{month) (month)
1.1 HYUGA 1. TOSA
————
012345 01234586
(month) (month)

Fig. 7. Estimated unit response function. Broken
line denotes the approximated analytical func-
tion to the discrete estimated one.

ability with wide range of frequency, is known
by the Fourier transform of unit response func-
tion. However, it is very difficult to carry out
the Fourler transform of the discrete unit response
function. Therefore the discrete unit response
function is approximated by a simple analytical
function. The principle of approximation is as
In the Bungo Channel and the Kii
Channel which have the inner coastal sea at the
back of them, the unit response function is
expressed by the summation of exponential
functions and solution of diffusion equation as

follows:

2 A
h(T)=72 anpe” "+ —=¢ B/, (3-4)
n=1 vz
In Hyuga-Nada and Tosa Bay abutting on the
land, the unit response function is expressed by
the summation of exponential functions as

h(t)= ZZZ aneon", (3-5)
n=1
Coefficients an, br, A and B are obtained by the
nonlinear least square method (Quasi Marquart
method). The analytical forms of unit response
function are obtained as

Bungo ]Z(T) =0.065 ¢79-2477 - 0.062 e~0.246¢

+0' 21_1_6—-0.610/1"
T
Kii h(z)=3.378 ¢713-087 —3 (049 ¢6-5237
@6—5.111/7 s
T
Hyuga A(z)=0.231¢702%74(.301 ¢704087 |

Tosa  A(r)=0.600 01007 —~(),349 ¢=0:9%0¢
3-6)

They are shown by broken lines in Fig. 7. The
variation of fresh water content estimated by
Eq. (3-1) with the analytical form of wunit
response function (3-6) and observed river dis-
charge is shown in Fig. 8. The coincidence
between the variation of estimated fresh water
content and that of observed one is fairly good
except for the Kii Channel.

The amplitude ratio and phase difference be-
tween the variation of river discharge and that
of fresh water content are estimated by Fourier
transform of the analytical form of unit response
fuhction;
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h(z)= Z ane”bnt 4 ie’B/T
VT

‘H<w_g (5 anertre Lo evior a

= Z} ane~bnt gt gr
0 n
+Agwi—-e‘3/f e~iot dr
%

anbn . wany
— — o~ v2Bo
B PRSI i Jwe
(cos 2Bw—sin v2Bo),

@-D

where H(w) denotes the frequency response
Therefore, the amplitude ratio |H(w)|
and phase difference ¢(w) are

function.

|H(w)| = vHp¥w)+Hrw), (3-8)
$(w)=tan™" < H’f“’; ) (3-9)
anbn A i
HR(w>—§w+b >t —Z)e v 2Bw l
(cos v 2Bw—sina/ 2Bw) s 3-10
Wanp
Hiy(w)= 77: m .

The estimated amplitude ratio and phase differ-

ence in each area are shown in Fig. 9. As for

BUNGO

(month)

-~ Observed value
-+ Calculated value

5. HYUGA

0.
(month)
-2 - Observed value
----- Calculated value

the prominent seasonal variation, the Bungo
Channel has the largest amplitude ratio of about
0.9 month; the amplitude of seasonal variation
of fresh water content in the Bungo Ceannel is
obtained by multiplying the amplitude of river
discharge to the Bungo Channel by 0.9 month.
The amplitude ratios of seasonal variation in
Hyuga-Nada, Tosa Bay and the Kii Channel are
0.8 month, 0.5 month and 0.5 month, respec-
tively. The phase difference of seasonal variation
in the Bungo Channel, Hyuga-Nada, Tosa Bay
and the Kii Channel are 0.5 month, 0.3 month,
0.3 month and 6 months, respectively. These
values will be useful for comparing these areas
from the viewpoint of the resistivity of shelf
waters against the pollution and of the pro-
ductivity of shelf waters.

4, Discussion

The difference between full line and broken
line in the amplitude ratio and the difference
between full line and 90° in the phase difference
in Fig. 9 show the openness of each area, be-
cause the broken line and 90° represent the
amplitude ratio and the phase difference of a
closed basin, respectively. The opennes of each
area relates to the water exchange ability, which
depends on the flow system in each area. For
example, the tidal currents are dominant in the

5. KII

-2 — Observed value
*« Calculeated value
5.
0. 2
(month)
-2.

- Observed value
----- Calculated value

Fig. 8. Observed fresh water content (full line) and estimated one (broken line)
with the approximated unit response function.
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Bungo and the Kii Channels because of their
shallowness and of presence of the inner coastal
sea at the back of them. On the other hand,
tidal currents are not dominant, but flows of
other types such as frontal eddies are dominant
in Hyuga-Nada and Tosa Bay. The Bungo
Channel has the most closed character among
the four areas for the input signal with one-year
period but Hyuga-Nada and Tosa Bay have
more closed character than the Bungo Channel
for the input signal with several-month period.
The tidal current works as a strong stirrer for
the fresh water input with several-month period
but does not for the fresh water input with
one-year period.

Although the Kii Channel shows the peculiar
characteristics of amplitude ratio and phase
difference, the cross-correlation coefficient is low
as shown in Fig. 5, so that the reliability of
frequency response function of the Kii Channel
is fairly low. The salinity observation area of
the Kii Channel (Fig. 1) is narrow, because the
Kii Channel has three large rivers along its
coastline while the Bungo Channel has no large
river along its coastline. More salinity data are
needed in wider area and in longer period for
estimating the accurate frequency response func-
tion of the Kii Channel.

There are many elementary physical processes
in shelf waters such as tidal current, density-
driven current, wind-driven current. They are

influenced by the irregularities of horizontal
geometry and bottom topography of shelf area.
Some standard measures are needed for compar-
ing characteristics of continental shelf area
governed by different composite physical
processes. In this context, the frequency response
function is one of useful measures. Moreover,
it will be able to predict the time variation of
concentration of any man-made contamination
from land in shelf waters if the frequency response
function is correctly given.
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Distribution of fragile particles in the sea determined
by measurements by the Coulter Counter*

Masahiro KAJIHARA**

Abstract: In view of fragility of macroscopic aggregates the coefficient of variation (ratio of
standard deviation to mean particle number) for disintegrated particles in samples subdivided
from a water sampler was obtained. The coefficient was compared with the coefficient for
glass powder samples. The ratio of the two coefficients was used to denote the fragility of
particles.

Measurements were made on a variety of waters of 23 layers from the Bering Sea and
Funka Bay, Hokkaido. Fragility had no relationship to temperature, salinity, or nutrients,
but was correlated to the concentration of total volume of particles. The ratio of smaller
to the total particle number that was clearly shown in the slope of hyperbolic distribution of
particles played an important role in fragility. Fragility was high under oceanographic con-
ditions that seemed to supply fine particles from the seabed as a resuspension. When the
concentration of total volume of particles was small, it appeared that fragility was dominated
by the composition of materials in aggregates. Comparison of the measured total volume of
particles with the assumed volume of macroscopic aggregates suggested that most of particles

in the sea is in a state of aggregation.

1. Introduction

Some particulate materials in the sea are formed
into aggregates. These aggregates range in size
from microscopic (RILEY, 1963, 1970) up to
several millimeters (SUZUKI & KATO, 1933;
ALLDREDGE, 1972, 1976; TRENT et al., 1978;
SHANKS & TRENT, 1979), and occasionally,
enormous aggregates are observed (TSUJITA,
1952; JANNASCH, 1973; HAMNER et al., 1975).
They have been reported not only in surface
layers but also in deep layers (DIETZ, 1959;
COSTIN, 1970; MANHEIM et al., 1970; SILVER
& ALLDREDGE, 1981; ALLDREDGE & COX,
1982). Primarily because of their chemical compo-
sitions and their high sinking rates, the role of
large aggregates in the sea as carriers for par-
ticulate and - dissolved materials (ALLDREDGE,
1979; SHANKS & TRENT, 1979), as a food
source (HAMNER et al., 1975), and as a removal of
materials by sedimentation (SHANKS & TRENT,
1980), has recently attracted special intérest.
However, with increasing size, these aggregates

* Received May 14, 1985

** Research Institute of North Pacific Fisheries,
Faculty of Fisheries, Hokkaido University, Mina-
to, Hakodate, Hokkaido, 041 Japan

become too porous and fragile (KAJIHARA, 1971)
to be collected intact by traditional shipboard
methods. It is known that aggregates are partly
disintegrated when trapped in a water sampler,
although no information is available on the
relationship between the in situ size of intact
particles and the size of those trapped in the
sampler. The size distribution of particles in
sampled water is undoubtedly the result of a
balance between two forces, the cohesive force
of the aggregates and destructive forces such
as pressure variations during the closing of a
sampler. However, some of the broken particles
in sampled water may still hold the state of
aggregates due to the imbalance of the two
forces. Since the concentration of aggregate
particles is low, the distribution of aggregates
in the sampler will not be uniform. In addition,
if other unnatural forces such as shock during
rinsing of the water sample from the water
bottle, are applied, the aggregates will further
disintegrate. To determine the amount of
aggregates, | obtained the coeflicient of variation
(ratio of standard deviation to mean particle
number) for replicate samples of suspended parti-
cles in samplers. The results are discussed with
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respect to the occurrence of fragile particle and
dissolved and particulate materials in the sea.

2. Methods

The number of particles counted by a Coulter
Counter is not truly representative of the total
number present because of coincident passage
through an aperture and the subsequent concen-
tration of particles in the water sample (SHELDON
& PARSONS, 1967). If the particle is solid or
does not disintegrate, however, the precision of
reproducibility for the replicated measurements
on the same sample, or measurements on some
subdivided samples from a well-mixed water,
show a definite count fraction that depends
on the number of particles counted.
fragile particles exist in the water sample, and
if they are selectively trapped in some bottles
of water that are subdivided from the initial
sample, then the numbers and sizes of particles
in each bottle will show, after their subsequent
disintegration, different distributions depending
on whether fragile particles are present or not in
a given aliquot. The coefficient of variation
(CV), or the measure of reproducibility of parti-
cle counts in subsamples, will be different from
the CV for a sample in which the particles
consist of evenly dispersed solids only. Thus,
it may be possible to determine the existence of
fragile particles in the sea by comparing the CV
of suspended particles in seawater with that of
solid particles used as a standard for count re-
liability. As solid particles, glass powder was
made by crushing a piece of glass and removing
larger particles by water-sieving in electrolyte
(ISOTONE).

For obtaining the different concentration of
suspended particles, a vertical profile of beam

If some

attenuation coefficient was measured and ex-
amined before water sampling, and then sea-
water was collected with a 7-/ Van Dorn bottle.
Seawater in the sampler was split into ten 300-
ml/ polyethylene bottles. Before counting par
ticles with the Coulter Counter (model TA-1I),
the bottles were shaken and allowed to stand
just long enough to remove bubbles.
ments were made from a 250-m/ round beaker,
with stirring until just before counting. Particle
counts are affected by strong radiated noise,
which is not eliminated by. using a metal shield

Measure-

around the sample stand of the Coulter Counter.
Miscounts also arise both from plugging of the
aperture and from the forced displacement of
mercury in a manometer due to rolling of the
ship. In order to check for miscounts, attention
was paid to the total counts and the required
time for counting; three or more measurements
for each subsample of the bottles were performed.
All sets of counts at each station were com-
pleted within a few hours in the Bering Sea and
within 10 hours at Funka Bay, Hokkaido, after
collection of water samples.

The aperture orifice used was 100 ym in dia-
meter and water volume for the measurement
sucked into the manometer of the instrument
was 0.5m/. The beam attenuation coefficient
was measured by an in situ transmittance meter
(Martek, model XMS), and nutrients and par-
ticulate organic materials were analysed by an
Auto Analyzer (Technicon) and a CHN Analyzer
(Hitachi), respectively.

3. Results

Standardization of the CV. Ten concentrations
of glass powder in water (ISOTONE) were pre-
pared, and thirty measurements were performed

~log C = -1,92 log (CV) + 2.34
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Fig. 1. Standardization of the coefficient of vari-

ation for glass powder, determined with the
Coulter Counter (model TA-1).
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for each concentration. The CV was then calcu-
lated for two cases, one by the raw measured
values in each concentration, and the other by
the same data but with ten sets of three measure-
ments. The relationship between the CV and
the mean particle number is shown in Fig. 1.
The mean counts less than 1 and greater than
10* were omitted from the data. Total data
points in each case were 110.

When using the mean of three measurements,
the CV tended to be smaller than those obtained
from n=30, as the fluctuations of particle
number were diminished. Regression lines calcu-
lated from the least squares method were as
follows:

log C=—2.08log (CV)+4.12; n=30, (1)
log C=—1.921og (CV)+3.54; n=10, (2)

where C and CV are the mean particle number
and the coefficient of variation, respectively.
Equation (1) was calculated from the raw
measured values and equation (2) was from the
ten sets of the mean of three measurements.
The correlation coefficient for the former was
0.99 and that for the latter was 0.97. The
experimental results almost agreed with the
error relationship for sample counts theoretically

TEMPERATURE  (°C)

325 33.0 335 340
SALINITY {*foo)
Fig. 2a. Temperature-salinity diagram for the
upper 200m layer in the Bering Sea.

predicted (FRIEDLANDER et al., 1981). The
regression line obtained by SHELDON and PAR-
SONS (1967) was located between the two lines
in Fig. 1.
over ten, their CV value becomes larger than
the present result for n=10, and the larger the
particle number becomes, the closer their line
gets to the present one for n=30, which is
caused by the high slope of their line.
Description of oceanographic conditions. The
nature of suspended particles in seawater depends
on the water mass characteristics. As is evident
from the temperature-salinity diagram (Figs. 2a
and 2b), the stations located in the Bering Sea
and Funka Bay are influenced by a variety of
water masses. DBering Sea station 79045 was
situated in the region of the Alaskan Stream
water, with the surface layer diluted by water
from the coast. Station 79055 was occupied by
coastal water of slightly low salinity, and the
vertical profiles of both temperature and salinity
show the presence of strong convection. Stations
79065, 79069 and 79075 were situated in the
region of the Bering Sea source water (OHTANI,
1973; COACHMAN & CHARNELL, 1979).

The Funka Bay water is characterized by
periodical inflowing of two major water masses,

As the particle number increases

r)
I
\
\

TEMPERATURE

2!1!L"IIY|1?'Y"

325 33.0 335 340
SALINITY ®/o0)
Fig. 2b. Same as Fig. 2a, except for Funka Bay,
Hokkaido.



14 La mer 24, 1986

5000 F
C =103 C = -2.08 log (CV) + 4.12
000F N\~
1000 £
500 F .
s \
b 200~ ° %\ Stn. 79065
[=s] =
E 100E
= 50
= o) .
w20+ N
Q
= 10 o %
< B
o H o
b o zanmpled froem 70 o \o
(n = 12)
2r e : sanpled from 20 m \
1k (1 = 20) © o
Do vt oo
1 2 5 10 20 50100

cv (%)

Fig. 3. Relation between the coefficient of vari-
ation and the particle number, obtained from
replicate measurements for the water in one
bottle.

a cold and low saline water mass originating
from the Opyashic, and the warm and saline
Tsugaru warm water water mass from the
The waters that enter the bay are
affected mostly by meteorological effects and
runoff from land, while they are resident in the
bay (OHTANI, 1979).
carried out during the inflowing season of
At Stn. 80711, an in-
trusion of Tsugaru warm water appeared in a
layer centered at 60 m depth, just above the
resident Oyashio water near the sea bottom.
At Stn. 80819, the inflowing Tsugaru warm
water spread over the bottom layer under
50 m depth. The intrusion in the upper layer
(temperature, 17.23°C, salinity, 33.45%.) was
stronger than that in July (temperature, 14.62°C,
salinity, 33.13 %o).
was seen in both the concentrations of nutrients
and of particulate organic matters (Table 1).

The CV resulting from the
replicate measurements for the same subsample
from one bottle, sampled from 20m (n=20)
and 70m (n=12) depths at Stn. 79065, was

Kuroshio.

The measurements were

Tsugaru warm water.

The contrast of water masses

Field observations.
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Fig. 4. Deviation of the coefficients of variation

from the standard line (n=10) in the Bering
Sea and Funka Bay.
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Fig. 5. Relationship between the particle size
and the fragility of particles, calculated from
the data for Fig. 4.

in fair agreement with the relation in the case
of n=30 for glass powder (Fig. 3). This means
that the accuracy of the CV in a well-stirred
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sample was within the mechanical error of the
instrument. However, the relation between the
particle number and the CV obtained from data
for ten subsamples divided from one Van Dorn
bottle gave a quite different tendency in the
result; Z.e., the CV tended to deviate more with
increasing particle number (Fig. 4). This figure
shows all the data from the Bering Sea and
Funka Bay, and the regression line inserted in
the figure is for the case of n=10. Each parti-
cle number is the mean of three measurements.

To estimate the deviation for the CV for
n=10 in each size, the ratio of the measured
CV (CVn) to the CV obtained with glass powder
(CVs) was plotted (Fig. 5). On the whole, the
deviation of ratios was greater in the smaller
size range, showing that fragile aggregates were
trapped selectively in some subsamples and sub-
sequently broken into smaller particles, causing
the CV increase. As an indicator of the
fragility of particles, the CVn/CVs in the range

to

Table 1.

15

of 2.62-3.17 pm (the smallest size range in the
present measurement, mean diameter 2.82 gm),
is given in Table 1.

Although there were wide variations in temper-
ature, salinity and nutrient concentrations in the
waters, fragility showed no direct relationship
to them. However, fragility tended to increase
with the total volume of particles 2.52-40.3 ym
(V1) in size, which were calculated from the
sum of particle volume in each size. In this
case, the correlation coefficient » was 0.49.
Similarly, correlation was weak (r=0.17) be-
tween fragility and the beam attenuation coef-
ficient @, and also weak (r=0.26) between fragility
and the particulate organic carbon POC. The
factors Vi, @ and POC are all properties of
particulate matter suspended in the sea, but «
is a value defined as the sum of the absorption
coefficient and the total scattering coefficient of
both water and particles suspended in the water

(JERLOV, 1976), whereas POC 1is only the

Dissolved and particulated organic matters, beam attenuation coefficient

a, mean volume of particles between sizes 2.52 pm and 40.3 pm in sea-
water per 0.5m/, and fragility CVm/CVs at 2.82 #m.

Station Date Depth Temp. Sal. NO.” NO;~ PO, C N @ Vi CVm/CVs
(m) (°O (gm) (pm) (em) (2gC/D) (pgN/D) (m™") (X10°zm®)
79045 July 12, °79 10 7.95 32.71 0.17 7.1 0.74 196 35 1.26 619.6 5.95
(55°48'N, 168°54’W) 20 7.86 32.80 0.26 9.8 0.94 494 58 0.61 183.1 3.26
40 427 52 0.23 122.7 4.55
79055 July 15, °79 10 7.32 32.05 0.056 0.2 0.56 755 53 0.53 125.4 7.18
(59°00'N, 168°00'W) 20 7.02 32.06 .03 0.3 0.50 712 44 0.55 156.6 4.85
30 6.97 32.02 0.06 0.2 0.61 626 49 0.56 211.7 5.99
79065 July 20, '79 20 7.40 32.98 0.30 18.4 1.63 292 44 0.46 203.3 2.23
(57°00'N, 177°02W") 30 6.39 33.02 0.17 14.7 1.44 447 55 0.32 176.4 3.82
70 198 35 0.16 47.9 7.88
79069 July 22, °79 10 7.71 32.96 (.18 13.6 1.14 195 34 0.45 171.9 2.73
(58°00’N, 179°00'W) 30 6.39 33.02 0.27 15.9 1.36 146 22 0.39 137.4 2.15
100 3.05 33.16 0.08 21.9 1.79 118 24 0.12 36.5 5.44
79075 July 30, °79 10 7.27 32.99 0.18 15.4 1.42 202 42 0.36 82.6 2.34
(52°59’N, 179°01’'W) 30 6.76 33.00 0.18 12.0 1.42 190 42 0.32 84.3 2.45
50 5.13 33.10 0.26 18.8 1.59 133 24 0.32 79.2 3.83
80711 July 11, ’80 30 9.09 32.99 0.09 1.4 300 62 0.29 503.7 12.40
(42°06'N, 140°56"W) 50 8.48 32.54 0.33 2.0 301 72 0.27 102. 6 1. 59
65 8.50 33.85 0.44 4.2 207 55 0.62 131.7 3.91
75 5.20 33.40 0.71 10.8 337 84 1.20 184.3 8.16
80819 Aug. 19, '80 0 18.0 32.47 0.03 0.9 174 38 0.30 66.2 2.38
(42°06'N, 140°56'W) 30 13.93 33.18 0.03 0.5 219 45 0.31 49.2 4.57
50 8.23 33.19 0.19 1.1 184 44 0.27 51.7 2.33
70 8.17 33.86 0.54 9.9 181 39 1.02 59.0 4.25
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concentration of organic carbon in particulate
Thus, the correlations might become
weak especially in @ and POC, depending upon
the water mass.
Distributions of finer particles. Since the aper-
ture orifice used was 100 pm in diameter, and
counts than 2.52 gm particles were
omitted, the particle sizes presented here were
confined to those from 2.52pm to 40.3 pm.
However, particles of size less than 2.52 pm are
most abundant in seawater, and therefore may
contain information about the size composition
of fragile particles.

It is known that the size distribution of sus-
pended particles in seawater follows a hyperbolic
distribution,

matter.

smaller

N=kX™, (3)

where N is the cumulative number of particles
larger than a given size X, and k and m are
constants (BADER, 1970). This relationship also
fitted the present data, including disintegrated
particles. In this case, N was taken as the
cumulative particle number of the mean of ten
sets of subsamples; the distributions were then
plotted on log-log plots (Fig. 6). The patterns
were convex in most cases; however, that at
Stn. 79055 located in a region of strong con-
vection, and that near the sea bottom in Funka
Bay (Stns. 80711 and 80819), appeared concave.
In a few cases, the two segments did not cross
each other, if examined in detail, although they
were nearly one straight line. McCAVE (1975)
discussed the hyperbolic distribution of particles
offered by Sheldon, and noted that in shallow
layers above 200m, the distributions consisted
of two or more segments, while below 200 m
most of them fitted one straight line. The
patterns MCCAVE discussed were convex in
shallow layers. Concave patterns were seen in
data collected around the Galapagos Island
(CARDER et al., 1971).

Table 2 shows a summary of slopes 7 in each
segment and their applicable sizes. Although
the slopes of the lines ranged widely from 1.12
to 6.30, most slopes were within the range 2.0~
4.0. Steep slopes in the larger sizes may be
spurious due to small particle number. For the
hyperbolic distribution of particle number, the
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Fig. 6. Selective size distributions of the cumu-

lative particle number. The numbers in paren-
theses indicate the depth of sample at the
station.
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Fig. 7. The fragility of particles as a function

of the concentration of total volume of particles
(p.p.m. by vol.). Solid line was calculated
from all data, and dot-dash line from data ex-
cluding solid circles.

volume of particles (assumed spherical) (V) con-
tained between sizes X, and X is (BRUN-COTTAN,
1971),

- X
V:__Il“ﬁ_[x~m+3] for m%3, (4)

6(1’1’1—*3) Xo
; X

V:——ﬂ[logXJ for m=3. (5)
2 X,

Thus, if the slope m obtained in the small size
range holds in the range of smaller particles,
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Table 2. Slopes of straight line segments m; and their applicable size ranges in
hyperbolic distributions, cumulative number of particles N at a size of
2.82¢#m, and mean volumes of particles V: between sizes 1pm and
2.82 um, calculated from samples of 0.5ml volumes.
Station Depth m; Range me Range ms Range N V.
(m) (¢m) (pm) (#m) (X10*#m?)
79045 10 1.62 <5.2 1.12 5.2-11.8 4.55 >11.8 1974.5 16.9
20 2.13 <11.9 3.88 11.9-17.7 6. 30 >17.7 1216.8 17.5
40 2.57 <6.4 2.12 >6.4 614.7 13.5
79055 10 3.66 <8.2 2.34 8.2-23.3 4.78 >23.3 2026.7 119.5
20 3.05 <9.1 2.01 9.1-23.5 4.03 >23.5 1777.7 60. 6
30 2.91 <8.2 2.26 8.2-22.0 4.08 >22.0 1895. 3 56.9
79065 20 2.57 2.70 * 4.40 >19.1 2264.6 49.6
30 2.84 * 2.61 * 3.55 >27.9 2083.9 58.7
70 2.96 <1l4.1 4.88 >14.1 569. 3 17.9
79069 10 2.84 <28.5 4.10 >28.5 1794.2 50.5
30 2.88 1531. 4 44.7
100 2.91 377.1 11.3
79075 10 3.04 <18.2 4.13 >18.2 971.8 32.8
30 3.02 <16.1 3.92 >16.1 1080. 5 35.8
50 2.87 <15.8 3.97 >15.8 956. 1 27.7
80711 30 2.47 <14.4 2.86 >14.4 3762.6 75.1
50 2.82 <14.5 2.37 >14.5 801.8 22.1
65 3.10 <8.4 2.09 >8.4 1124.1 40.1
75 3.49 <12.8 2.10 >12.8 2651.4 134.2
80819 0 2.55 <4.1 1.76 4.1-10.2 3.75 >10.2 511.8 11.0
30 2.49 <19.6 3.30 >19.6 331.8 6.8
50 2.67 <19.0 3.44 >19.0 549.5 13.2
70 3.91 <9.1 2.94 6.1-15.5 3.66 >15.5 1482.0 109.2

* Two segments do not cross each other.

the volume of particles ranging from 1pgm to
2.82 ym (V) could be calculated as in Table 2,
where 2.82 ym is the geometric mean diameter
for the size range 2.52-3.17 pm. Although the
correlation coefficients between fragility and Vi
and V: were 0.49 and 0.45, respectively, the
correlation coefficient between fragility and (V:
+Vs) or between fragility and the concentration
of total volume of particles ranging from 1 pm

to 40'3 pm was 0.57 (Fig. 7).

4. Discussion

According to direct observations of macro-
scopic aggregates of marine snow by SCUBA
diving, concentrations were 1.9-27.7 /7! (longest
dimension >0.5mm) (TRENT et al., 1978).
0-3.277%, 0-8/7' (longest dimension >3 mm)
(ALLDREDGE, 1979), 0.7-14.0 /7! (longest dimen-
sion >1mm) (SHANKS & TRENT, 1980) and

0.1-1.177' (longest dimension >3 mm) (ALLD-
REDGE & COX, 1982). Thus, it is recommended
to sample marine snow by the 7- Van Dorn bot-
tle. Marine snow is not the only fragile class of
particles suspended in seawater; colony-forming
phytoplankton, fragile cells and skeletal materials
also might be disrupted by the Coulter Counter
technique, and thus become a source of smaller
particles, although these planktonic particles are
undoubtedly one of the main components of
marine snow. An increase of smaller particles
in seawater is of no necessity for increasing in
fragility in the smaller size ranges. Fragility
increases only when particles in the sampler in
low concentrations are broken apart by stirring
prior to measurements by the Coulter Counter,
and are disrupted unevenly among - the
subsample bottles.

In the present measurements,

ten

the fragility
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CVm/CVs of 2.52-3.17 pm ranged from 2.15
to 12.40 (Table 1). The average particle counts
of ten subsamples per 0.5m/ in each case
were 716 and 1528, respectively, i.e., CV; at
these counts were 2.27 and 1.53, as is evident
from Eq. (2), and CVm were 4.48 and 19.00.
This means that there are significant differences
in the standard deviations of particle numbers
among the 250-m!/ subsamples, which are 9.35
X 10% and 133.5x10% in the size range between
252 pm and 3.17 #gm. If the calculation of
standard deviations is extended to the full range
of 2.52-40.3 ym, these differences become 23.4
x10% and 247.9%x10%. Although a major as-
sumption remains that fragile planktonic particles,
much more abundant than fragile aggregates,
are divided into ten subsamples with even dis-
persion, macroscopic aggregates and/or their
broken pieces at water sampling might contribute
as a main cause for the large variation of
fragility.

Fragility increases in proportion to the volume
of particles contained in seawater. Thus, aggre-
gates are apt to be formed when there are high
concentrations of particulate materials; however,
the correlation was not as good as expected.
This may be due to the fact that fragility is
affected not only by the concentration of particu-
late materials, but also by the nature of the
aggregates themselves. Fragility was high in
samples at Stn. 79055 and near the seabed in
Funka Bay, where the distribution patterns
were concave. The pattern signifies that the
ratio of the number of smaller particles to total
particle number in these samples was high,
compared to the ratio in the distribution patterns
of convex or one straight line relationships. In
view of the oceanographic conditions in the
region sampled, some of the smaller particles
were possibly transported from the seabed as a
result of resuspension. When macroscopic aggre-
gates settle on the seabed, they will be broken
by bottom shear stress and by collision with
moving particles on the seabed. The particles
thus produced are small both in size and weight
and are therefore easily transported upward by
turbulent diffusion. Some resuspended particles
will aggregate onto other aggregates or will
aggregate among themselves. In either case,
the smaller particles transported from the seabed

play an important role in the resulting high
fragility. At Stn. 79045 in the Alaskan Stream
water region, the fragility at 10 m depth was
high, but the increase in values was not as high
as expected from the concentration of total
volume of particles. At this depth, the slope m;
was extremely low, which meant that the ratio
of the number of smaller particles to the total
particle number was very low. I cannot explain
exactly why such a low slope occurred, but it
appeared to relate to weather conditions. Several
days before the present measurements, there
were strong winds. Under such weather con-
ditions, rough seas tend to produce organic
aggregates due to bubbe dissolution (JOHNSON,
1976), which may adhere to and thus consume
smaller particles. If there was an imbalance
between removal of smaller particles due to con-
sumption and the supply of them at surface
layers, a low slope would be formed. The
amount of fragility also might be affected by
the concentration of smaller particles in the
opposite case.

Fragility was comparatively high at 70 m depth
at Stn. 79065, at 100m depth at Stn. 79069,
and at 30 m depth at Stn. 80819, despite the
low concentration of total particle volume.
These zones of high fragility might be caused
by the selective trapping of fragile particles into
a limited number of subsamples, or they might
relate to higher ratios of POC and PON to the
total volume of particles (V14 V3). Specifically,
fragility might be changed by the composition
of materials in the aggregates. Mucous materials
produced by zooplankton provide a particularly
suitable nucleus for the gradual accumulation of
small particles (ALLDREDGE, 1979). If the data
from Stns. 79045 (10m), 79065 (70 m), 79069
(100m) and 80819 (30m) different from the
other data were excluded from the calculations,
the correlation coefficient between fragility and
the concentration of total volume of particles
increases to 0.85 (Fig. 7).

The total valume of particles ranging from
1um to 40.3 p#m in size, calculated both from
results of the Coulter Counter measurements and
with the assumption of hyperbolic distribution
was 47.8-636.5x 10° pm?® (mean 200.5X 10% ym?)
per 0.5 m/ of seawater, z.e., 9.56-127 X 107 pm? /™1
(mean 4.01x108% #m?®/™!), On the other hand,
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if there were macroscopic aggregates of marine
snow with 3mm in diameter having 99 ¢, poro-
sity, the volume of solid portion would be 1.4X
108 pm®. Consequently, if the total volume of
particles is the result of the disintegration of ma-
rine snow, its concentration would be 0.7-9.177*
(mean 2.977Y).
sea do not consist only of marine snow, the
above calculations overestimate marine snow
abundance, whereas, particles larger than 40.3 gm
in size were out of the range of my measure-
ments, the above calculations understimate it.
Although the technique for estimation of the
concentration of marine snow as discussed here
is certainly rough, the result agrees well with
in situ observation described earlier. I thus
suggest that most of the particulate matter sus-
pended in the sea is in the form of aggregates.
This is supported by measurements by TRENT
et al. (1978) showing a high ratio of the pigment
concentration in aggregates to that in the sur-
rounding seawater.

It is believed that high fragility results from
the existence of large aggregates in seawater
taken by water samplers. The presence of low
fragility, however, does not always imply the
reverse situation, because fragility does not in-
crease if the aggregates are broken into a large
number of fine particles and are evenly dispersed
in the sampler. Consequently, fragility is not
an indicator for the concentration of macrcscopic
aggregates themselves. It is true, however,
that the fragility provides information about the
existence of aggregates, probably of macroscopic
size.

This work was supported by a grant No.
503032 from the Ministry of Education, Culture
and Science, Japan. This is Contribution
Number 166 from the Research Institute of
North Pacific Fisheries, Hokkaido University.

Since suspended particles in the
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Deep water property variations below about 4000 m
in the Shikoku Basin*

Hideo SuDO**

Abstract: Time series of spatial distributions of potential temperature and dissolved oxygen
concentration below 3800m in the Shikoku Basin during 1975-1983 are described. It seems
likely that there is a steady or unsteady northward flow below about 4000 m along the western
boundary of the basin; possibly it circulates clockwise off the continental slope slowly moving
upward and renewing the deep basin water. In 1976-1977 an anomalously cold deep or bottom
water with corresponding high oxygen values intruded into the basin. However, a remarkable
increase in dissolved oxygen that occurred up to 3000m or less in 1980-1982 was accompanied
only by a subtle decrease in potential temperature. The direct source of such an anomalously
cold or oxygen-rich deep water can be traced at least 15°N; at 4000m level it may travel
from 15°N to 30°N in about one year. The transient sharp decrease in dissolved oxygen that
took place at least below 2000m in the eastern area north of 20°N during the period of the
second half of 1981 to early 1982 must be connected with the occurrence of the southward
shift of the Kuroshio path in November 1981.

1. Introduction

The Shikoku Basin is a small basin with depths
of 4000 to 5000 m located in the northeastern
corner of the Philippine Sea. It shapes like a
triangle. It is bounded on the north by the
continental slope running from west-southwest
to east-northeast. The eastern boundary is the
Izu-Ogasawara Ridge of less than 3000m in
depth. On the southwest, though the bottom
topography is much complicated, the Kyushu-
Palau Ridge extends southward separating the
Philippine Basin from the Shikoku Basin. To
the south it connects with the West Mariana
Basin at 25° to 26°N (Fig. 1).

It is considered that the deep water below
about 4000 m in the Shikoku Basin has entered
the West Mariana Basin through a rift (about
11°N, 141°E) southwest of the Mariana Ridge
and has spread northward. The sill depth is
estimated to be about 4500 m. The uniformity
in deep water properties below a depth of 4500
to 5000 m in the Shikoku Basin has implied that
the water renewal is less significant within a
few hundred to a thousand meters of the bottom.

* Received October 19, 1985

*#* Department of Marine Environmental Science and
Technology, Tokyo University of Fisheries, 5-7
Konan 4, Minato-ku, Tokyo, 108 Japan
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Fig. 1. Bottom topography south of Japan and
the division of the Shikoku Basin used in Figs.
2 and 3. Area symbols and boundaries are as
follows:

132°40’E [AJ 134°20’E [B] 136°00’E [C]
137°40’E [DJ] Izu-Ogasawara Ridge,
24°20’N [7] 25°40’N [6] 27°00'N [5] 28°20'N
[4] 29°40’N [3] 31°00’N [2] 32°20’N [1]
continental slope.
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A few direct current measurements and CTD
observations suggest that there is a cyclonic
gyre below about 3000m in the northern part
of the Shikoku Basin (FUKASAWA et al., 1985).

In 1976, to cope with the southward detour
of the Kuroshio path, the Hydrographic Depart-
ment, Maritime Safety Agency, started regular
hydrographic casts down to about 3000 m or
more in the area south of Shikoku and Kii
Peninsula. Though the vertical sampling at
every 500 m was not adequate to the analysis,
it was shown that below about 4000 m the water
was apparently cooler for a time in 1976-1977
(SUDO, 1982). Unfortunately, salinities obtained
from some cruises might include excessive
systematic errors for the deep water. Therefore,
in the present analysis, an attempt is made to
examine mainly temperature and dissolved oxygen
variations below about 4000 m in the Shikoku
Basin.

2. Distribution of potential temperature and
dissolved oxygen collected below 3800 m
The quarterly hydrographic survey on R.V.

Takuyo or Shoyo of the Hydrographic Depart-

ment has been carried out in the area north of

28°N between 132°E and 139°E since 1976.

Neither fixed sections nor fixed stations have

not been set. For every cruise hydrographic

casts were made usually on about 30 stations,
among which less than 20 had casts extending
to depths greater than 3000 m and about ten or
less to 4000 m or more. A section along 137°E
has been occupied by R.V. Ryofu Maru of the

Japan Meteorological Agency in winter since

1967 and repeated in early summer since 1973.

In general, its deep hydrographic casts down to

4000 m or more were made at every five degrees

of latitude and occasionally at every cone degree

north of 28°N for summer cruises. For both
routine observations, vertical spacing was usually

500 m for depths greater than 2000 m. In addi-

tion, there are some availabie hydrographic data:

Hakuho Maru Cruise KH-75-5 in September-

October 1975 (OCEAN RESEARCH INSTITUTE,

1978), INDOPAC Expedition Leg II in May

1976 (SCRIPPS INSTITUTION OF OCEANOG-

RAPHY, 1978) and Kaiyo Maru cruises in May

1978 and May 1979 (Supo, 1979). These

samples were closely spaced in vertical, at every

200 to 300 m or less.

It is advisable to interpolate observed values
neither vertically nor horizontally for the present
analysis because of sparse samples and of uni-
formity of properties of the Pacific Deep and
Bottom Water (the Common Water). For the
examination of the horizontal distribution of
water proparties, the basin area with bottom
depths greater than 3800m for the north of
24°20’N is divided into 20 parts by every 1°20’
of latitude and every 1°40’ of longitude centered
at 31°N, 136°E (Fig. 1). For each of them
potential temperatures and dissolved oxygen
values sampled at depths of 3300 m to the bottom
are shown symbolically according to ranges of
observed values (Figs. 2-3).

The reversing thermometer yields the in situ
temperature to an accuracy of about +0.02K in
routine use. The conversion of in situ tempera-
tures to potential temperatures was made through
the table showing adiabatic cooling values against
depth ranges (SUDO, 1985, Table 6); it adds
the round off error of +0.005K to the measure-
ment error. Therefore, the class interval of
0.02K used in Fig. 2 may be too small for
areas or cruises of sparse samples.

An anomalously low potential temperature
(£1.18°C) was detected at 3922m, 29°04'N,
137°00’E in May 1977 (1.18°C, C4 in Fig. 2)
for the first time in the north of 27°N except
for 1.18°C at 4083 m, 32°55/N, 137°36’E in May
1976 (C1). The former had a high oxygen value
of 3.60mll-! (C4 in Fig. 3). In 1976 deep
hydrographic observations for the north of 27°N
were made only once (along 135°40’E, B areas,
in November) or twice (along 137°30’E, C areas,
in May and November). In May 1976 the
potential temperature was 1.21°C or more below
3800 m along 137°30’E except for the above-men-
tioned Cl sample. Half a year later all of the
samples collected below 3800 m along the same
longitude showed a significant drop of 0.02-0.03K
(1.19-1.20°C); along 135°40’E it was 1.19-1.21°C
excepting only one sample north of 32°N (B2).

In May 1977 all of the samples taken below
4200 m indicated 1.20°C or less and three of
four stations had anomalously low temperatures
and high oxygen values: 1.16°C, 3.64mll™! at
4393 m, 30°41’N, 133°59’E (A3), 1.17°C, 3.82
mll™' at 4373m, 28°00'N, 137°15’E (C5) and
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1.18°C (no oxygen value) at 4284 m, 28°40’N,
137°28'E (C4). Because of lack of observations
in B areas it is uncertain whether they formed
a single cold water mass. In September all of
the samples taken below 4000m along 135°E
between 28°N and 32°N had low temperatures
of 1.16-1.18°C (B2-B4), while along 136°30'E
the temperature below 4000m was 1.24°C at
29°00’N (C4) and 1.19°C at 29°23'N (C3). The
lowest potential temperature observed in the
Shikoku Basin during 1975-1983 was 1.16°C
that appeared at least twice in 1977. They are
the above-mentioned A3 sample in May and at
4123 m, 31°56’N, 135°05’E (B2) in September.
In November 1977 samples below 3800 m were
taken only at three stations along 136°40’E north
of 30°20'N (C2-C3). It is to be noted that
none of the stations located north of 29°40’N,
east of 136°E (C1-C3) throughout 1977 yielded
an anomalously
(£1.18°C).

In 1978 only two deep stations were occupied
along 137°E (C4 in February) before May. In
May-July every deep water sample taken below
3800 m north of 27°N was warm (1.21-1.25°C)
except one near the bottom in the southeastern
part (1.20°C at 4186 m, 28°01’N, 138°01'E, D5).
In September 1978 a low temperature of 1.19-
1.20°C was observed at five of ten stations. In
November an anomalously low potential temper-
ature (1.17°C) was obtained at about 4000 m
along 137°E north of 30°N (C1-C3). It should
be kept in mind that all of the deep waters
sampled below 4200 m were considerably warmer
(1.22-1.27°C) than those at a depth of about
4000 m or less. It is probable that a single cold
water mass a few hundred meters thick, centered
at about 4000 m depth, was embedded in the
deep water north of 30°N. This was the first
appearance of the anomalously cold water to the
north of 29°40’N, east of 136°E except for that
in Cl area in May 1976.

For the area north of 27°N the occurrence of
the anomalously cold water with a potential
temperature of 1.18°C or less was limited in the
period 1976-1978. As for the cold water sampled
in May 1976, it is impossible to give any inter-
pretation because of a small number of obser-
vations throughout 1975 to 1976.

It seems unlikely that the anomalously cold

low potential temperature

water entered the northeastern part of the basin
(C1-C3) directly from the south. A possible
explanation is that the area north of 29°N with
bottom depths exceeding 4500 m, the northern
part of which is called the Nankai Trough, is
mostly limited to the area near the western
periphery of the basin (Fig. 1). TIts northeastern
end reaches about 32°40’N, 136°40’E (C1). This
suggests that the deepest basin water circulates
clockwise and the old near-bottom waters found
in November 1978 must have invaded from the
north.

North of 27°N the cold water with a potential
temperature of 1.21°C or less was not found in
1979 with the exception of two stations (1.20°C
at 3817m and 1.21°C at 4312m, 28°0l'N,
138°10'N, August, D5; 1.21°C at 4282m,
29°51’N, 133°50’E, November, A3).

Few deep stations were taken in 1980. In
July~-September the potential temperature observ-
ed below 3800 m north of 27°N was ail 1.19-
1.22°C. Four of eight stations showed a low
value of 1.19-1.20°C (three at 28-30°N along
137°E, C3-C5; one in the western part, 31°19’N,
133°41’E, A2). Though it is uncertain whether
they formed a single cold water mass, this seems
to indicate the second intrusion of the cold
water mass into the basin. This is not so
intense as the previous one in 1976-1977. In
November the potential temperature below 3800 m
was 1.22°C or more except for one sample
(1.19°C at 4443 m, 30°00’N, 137°31'E, C3).

In 1981-1982 seven samples for the area north
of 27°N had a low potential temperature of
1.19-1.20°C; three were at 30-31°N along
133°40'E (A3, at 3950 m, May 1981, at 4370 m,
September 1981 and at 4126 m, August 1982);
the other four were discretely distributed south
of 30°N (at 3962m, 30°00'N, 137°21I'E, May
1981, C3, at 4276 m, 28°59'N, 135°37'E, Sep-
tember 1981, B4, at 3875 m, 28°20’N, 138°00’E,
May 1982, D5 and at 4262 m, 29°02'N, 136°58’E,
July 1982, C4). The two which occurred in
May 1981 may be the remnants of the cold
water inflow in 1980.

The deep hydrographic casts carried out in
the Shikoku Basin by the Hydrographic Depart-
ment ended with the cruise in February-March
1983. For the period after that only the Ryofu
Maru data along 137°E were available. From
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these fewer observations, a cold water with a
potential temperature of 1.20°C or less was not
detected after November 1982.

The accuracy of dissolved oxygen values is
estimated tc be about +0.05ml1~!. High oxygen
concentrations (=3.70ml1™!) were observed in
the deep water of the Shikoku Basin at least
twice for the period 1975-1983 (Fig. 3). In 1977
those high values were obtained separately
along 137°E: 3.75mll-! at 3949 m, 31°12'N,
March (C2), 3.82mll~! at 4373 m, 28°00’N,
May (C5) and 3.72mll™! at 4593 m, 25°00’N,
July (C7). The second one of the above,
which had an extremely high value, was taken
at 177m of the bottom, accompanied by an
anomalously low potential temperature (1.17°C).
Nine of ten samples of high values (=3.60mll™)
had low potential temperatures (£1.20°C).
This suggests that the above oxygen-rich waters
were the fresher, cold bottom waters invaded
from the south.

The second increase in deep water oxygen
concentration occurred corresponding to the
intrusion of the cold deep or bottom water in
the second half of 1980 to the first half of 1981.
Its beginning was presented by the Ryofu Maru
station at 25°N, 137°0l’E in July 1980: 1.20°C,
3.62mll"! at 3927 m, 1.18°C, 3.65 ml 1! at 4422
m and 1.17°C, 3.72mll™* at 4918 m (at 192m
of the bottom). Though deep stations occupied
in January-May 1981 were limited to two areas
north of 30°N, along 133°40’E (A2-A3) and
along 137°00’E or 137°20/E (C1-C3), only one
of 17 samples for the north of 29°N was a little
poor in oxygen concentration (3.54mll™!) and
three showed high values (3.71-3.76 ml1~!); all
of the values below 4000 m were 3.64mll™* or
more. This oxygen increase on a large scale
did not continue until summer. Only one of 13
stations taken north of 28°20’N in July-September
1981 yielded a high oxygen concentration (=3.60
mll™) and four out of 16 did in November-
December.

In March 1982 ten stations were made along
133°50’E (A2-A3), along 135°50’E (B1-B4) and
along 137°50’E (D1-D4); high oxygen values
(3.63-3.80ml1-!) were obtained except for the
southernmost one (29°12'N, 137°48’E, D4). For
the major part of the northern area (e.g., A2,
B3, and D2) high values of 3.60-3.71mll™!

were continuously or intermittently observed
until November 1982 or March 1983. In par-
ticular, in the northwesternmost area (A2) all
of the measurements below 4000 m in 1981-1982
were more than 3.60mll-!. On the contrary,
none of three hydrographic casts carried out at
25°N, 137°E during July 1981-July 1982 showed
such a high oxygen concentration. Therefore,
it seems unlikely that the oxygen increase in
March 1982 was due to the deep water invasion
directly from the south. Possibly the oxygen-
rich bottom water having entered the basin in
the spring of 1981 ascended by several hundred
meters and appeared in the northeastern area
of the basin at some time of the autumn of 1981
to the spring of 1982. However, available hydro-
graphic data fail to give definite and reliable
information on the cause of this oxygen increase.

In 1983 the deep water below 3800 m at 25°N,
137°E (C7) indicated a significant increase in
dissolved oxygen, but its effect on the Shikoku
Basin water is unknown.

It is shown from a comparison between Fig.
2 and Fig. 3 that higher oxygen values are not
always accompanied with lower potential temper-
atures for the deep basin waters. Each of divided
areas given in Fig. 1 mostly has only one to
three samples for the same cruise. Therefore,
if for each of divided areas the potential temper-
ature-dissolved oxygen relation is plotted by the
present data from various cruises, it must be
widely dispersed because of systematic errors,
even if they are small. Nevertheless, in the
southernmost part of the 137°E section (C7)
both properties have some inverse correlation.

Though stations are limited to the northern
area of the basin, the data taken from R.V.
Thomas Washington in June-July 1971 (SCRIPPS
INSTITUTION OF OCEANOGRAPHY, 1977) are
very useful to examine the relation for the deep
water of the Shikoku Basin because of a large
number of samples. There is a distinct relation
between both properties for the area of 31°00'-
32°20/N and 134°20/-136°00’E (B2); north of it
(B1) the correlation is discernible as well (Fig.
4). For other three areas (A2, Cl and C2) the
relation hardly exists. Besides, about half of
the B2 samples had low potential temperatures
of less than 1.20°C and all of them showed high
oxygen values of more than 3.60mll™'. The
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Thomas Washington in June-July 1971. Area
symbols are shown in Fig. 1.

distribution is most scattered in A2 area and
most concentrated in Cl1 area. These imply
that the deep or bottom water mass which has
entered the Shikoku Basin from the south will
reach the northwestern part of the basin at an
early stage. After that it slowly spreads clock-
wise in the northern area at least north of 31°N
splitting into cold or oxygen-rich water patches
(Bl, A2 and C2) and mixing mainly with the
overlying basin water (C2 and C1).

3. Deep water property variations along 137°E

To trace the origin of the anomalously low
temperature and the high oxygen concentration
in the deep water of the Shikoku Basin, both
property values interpolated for the 4000 m depth
at 30°, 25°, 20° and 15°N along 137°E are
plotted as a time series during 1976-1983 (Figs.
5-6). At 25°N interpolated values for 4500 m
are also plotted because the bottom depth is
several hundred meters geater than that at 30°N
or 20°N. In addition, vertical distributions of
properties below 2400 m at four stations along
137°E are depicted (Figs. 7-9).

The 4000 m potential temperature at 30°N,
137°E, which was usually 1.22-1.23°C, dropped
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Fig. 6. As in Fig. 5 except for dissolved oxygen.

to 1.18-1.19°C in September 1977-May 1978
and in May 1981, while it rose to 1.25°C in
January 1982 (Fig. 5). Though the rise seems
to have occurred concurrently at stations of 30°
to 20°N, temperature falls were not always clear
at 25°N and south. The 4500 m temperature
at 25°N was usually 1.19°C, occasionally rising
to more than 1.20°C, but it was not below
1.18°C. The 4000 m temperature fluctuated
with a range of about 0.05K at 25°N and south.

It is a surprise to find that there appears to
be a definite inverse correlation between the
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4000 m potential temperature at 20°N and that
at 15°N. The sea bottom at 15°N, 137°E and
vicinities, where a depression is formed, is several
hundred meters greater than that at 20°N and
vicinities. Figure 7 shows that a cold bottom
water mass with a potential temperature of
1.15°C or less always lay to a thickness of more
than several hundred meters at 15°N, 137°E,
though observations were scarce below 4000 m.
Its thickness varied greatly. Therefore, the
upper portion of the water mass accumulated on
the depression may be forced periodically or
sporadically to move and be replaced by a warmer
water mass. This is a plausible explanation of
the correlation of 4000 m potential
temperatures between at 20°N and 15°N shown
in Fig. 5, but it cannot be verified owing to the
insufficiency of observations. A noticeable undu-
lation of isotherms is illustrated below 4000 m
at 25°N, 137°E; however, its potential temper-
ature rarely dropped to less than 1.18°C. Itis
probable that the cold bottom water flows north-
ward on the western flank of the basin, west of
137°E, at 25°N.

The time series of dissolved oxygen concen-
tration for 4000 m at 30°N, 137°E resembles
that at 20°N rather than that at 25°N (Fig. 6).

inverse



Deep water property variations in the Shikoku Basin 29

As mentioned above, the northward flow of the
deep water must have avoided the station at
25°N, 137°E where the bottom depth is greater
than that at both sides (20°N and 30°N) along
the longitude. The inverse correlation of 4000 m
oxygen values between at 20°N and at 15°N is
not so conspicuous as that for potential tempera-
tures. The peak presented at 15°N in July 1980
seems to have propagated northward and to
have reached 30°N in May 1981, being away
from 137°E at 25°N. If the case occurred, it
travelled from 15°N to 30°N at a rate of about
0.06 m s7*. For the potential temperature both
of maximums shown in January 1979 and in
January 1981 at 15°N seem to have reached
30°N a year later (Fig. 5); the average travelling
speed was about 0.05ms~!, if the movement
existed. A layer of more than several hundred
meters of the bottom at 15°N, 137°E was occu-
pied by an oxygen-rich bottom water with a value
of 3.70 ml 17! or more as well as the cold bottom
water (Fig. 9).

The salinity variation seems to be much compli-
cated (Fig. 8).

to systematic measurement errors, because iso-

It may be to a certain extent due

halines undulate greatly in the upper waters as
well. A noteworthy feature in Fig. 8 is the
salinity decrease that occurred concurrently at
15°N and north in January 1981.

4. Salinity and dissolved oxygen variations
on the isothermal surface

Since the oxygen variation did not always
correlate with the temperature variation in the
deep or bottom water of the Shikoku Basin,
the temperature-oxygen relation must have varied
appreciably in the basin. But this is difficult to
examine because water property ranges are small
and measurement errors are relatively large at
greater depths. To find variations in property
relation, isothermal surfaces for potential temper-
atures of 1.3°C and 2.0°C were selected (Figs.
10 and 11).

For 1.3°C surface (at a depth of about 3000-
3300 m), both salinity and dissolved oxygen
distributions show similar periodical variations
after 1978, being maximum values from late
1979 to early 1980 and in 1982. For 2.0°C
surface (at a depth of about 1700-2000 m), the
salinity variation is similar to that for 1.3°C;
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Fig. 10. Salinity on the isothermal surfaces for
potential temperatures of 2.0°C and 1.3°C in
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though dissolved oxygen values were dispersed
after 1981, they were generally high in 1982-
1983 except for the southeastern part (29-30°N,
137-138°E).

The dissolved oxygen maximums in 1982 for
1.3°C surface occurred early in 31-32°N, 135-
136°E area (included in B2 area shown in Fig.
1) and late in 32-33°N, 138-139°E area (included
in D1-D2 areas). Therefore, it may be concluded
that they were brought through the oxygen
increase in the lower water, probably the marked
oxygen increase in January-May 1981 (A3 and
C3 in Fig. 3). If it had propagated from the
south, it tock about two years to get to a depth
of 3000m in the northeastern corner of the
Shikoku Basin from a depth of 4000 m at 15°N,
137°E. It seems likely that this oxygen increase
had an effect on the upper water up to 2000 m
or less in the northeastern part of the basin.
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On the contrary, a sudden drop in the second
half of 1981 on both isothermal surfaces took
place down to the bottom north of 20°N at the
same time (Figs. 6 and 9). The decrease was
remarkable east of 137°E. Though Fig. 6 indi-
cates the 4000 m oxygen minimums at 30°N
and 25°N in January 1982, the differences from
the preceding values are small. This transient
sharp decrease in dissolved oxygen for fixed
potential temperature values on an extensive
scale both horizontally and vertically may be
related to the occurrence of the southward detour
of the Kuroshio path in November 1981.

5. Discussion

Normal property values of the deep water of
the Shikoku Basin are not known definitely.
Prior to the deep hydrographic casts made by
the Hydrographic Department starting in 1976,
three special cruises for the survey of the Kuro-
shio were carried out in the northern part of the
basin during 1965-1975. For this reason a
comparison of historical data is made for the
north of 30°N (Table 1).

Within 250 m of the bottom or below 4500 m
the above three surveys indicates low mean

Table 1.

potential temperatures of 1.20-1.21°C with small
dispersion because of single cruises. The mean
for 1977 is slightly lower than the earlier means.
However, for the upper water, the difference
between the mean for the early three surveys
(1965-1975) and that for the late observations
(1979-1982) is only 0.01-0.02K; in 1976-1977
the upper water was remarkably cooler. The
lowest potential temperatures were 1.187°C
(doubtful) or 1.200°C in 1965, 1.17°C in 1971
and 1.20°C in 1975.

In the deep water below 3800 m there was a
considerable year-to-year variation in dissolved
oxygen concentration. Though it is difficult to
determine the normal absolute values, under the
normal condition the value within 250 m of the
bottom or below 4500 m seems to be about 0.04
ml1™! higher than that for the overlying water.
This difference was occasionally reduced with
larger increase in the upper water than in the
lowest water. Therefore, it may be reasonably
concluded that the state was normal in 1965,
1977, 1978 and 1983. The 1971 values were
apparently higher in dissolved oxygen and some-
what lower in potential temperature; possibly a
fresh bottom and deep water had flowed into

Potential temperatures and dissolved oxygen concentrations

below 3800 m north of 30°N in the Shikoku Basin.

Potential temperature

Dissolved oxygen

Within 250 m of

Above 4500 m and

Within 250m of Above 4500 m and

Year the bottom or above 250m of the bottom or above 250 m of
below 4500 m the bottom below 4500 m the bottom

No. Mean Std.dev. No. Mean Std.dev. No. Mean Std.dev. No. Mean Sid.dev.

obs. (°C) (K) obs. (°C) XK) obs. (ml1™Y) obs. (ml1™
1965[11 16 1.210 0.011 13 1.222 0.014 7 3.569 0.032 8 3.526 0.038
1971[2] 34 1.202 0.008 36 1.216 0.010 31  3.624 0.047 34 3.607 0. 052
1975[3] 6 1.207 0.005 8 1.221 0.006 5 3.518 0.058 8 3.488 0.059
1976 8 1.210 0.016 7 1.204 0.016 7 3.583 0.089 7 3.573 0.038
1977 9 1.199 0.021 10 1.203 0.019 8 3.575 0.064 10 3.538 0.084
1978 30 1.217 0.022 24 1.225 0.015 30 3.570 0.041 22 3.538 0.067
1979 5 1.236  0.011 22 1.238 0.013 5 3.532 0.077 23 3.495 0.055
1980 7 1.223 0.019 13 1.235 0.021 7 3.664 0.214 13 3.561 0.047

(6 3.585 0.045)*

1981 18 1.231 0.016 24 1.237 0.015 18 3.546 0.115 24 3.599 0.077
1982 13 1.228 0.011 18 1.237 0.018 13 3.641 0.074 19 3.571 0.096
1983 2 1.220 0.014 7 1.231 0.013 2 3.590 0.028 7 3.544 0.057

* a doubtful value of 4.14mll™? is excluded.

[1] CSK 31K001 (A#lantis II) (JAPAN OCEANOGRAPHIC DATA CENTER, 1966),

[2] ARIES Leg VI (Thomas Washington) (SCRIPPS INSTITUTION OF OCEANOGRAPHY, 1977),

[3] KH-75-5 (Hakuho Maru) (OCEAN RESEARCH INSTITUTE, 1978).
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the Shikoku Basin in the year or shortly before.
Such an oxygen-rich water intrusion occurred
in 1976 and in 1980-1982 as well, but the latter
was complicated owing to a transient decrease
in 1981. The reason why the oxygen value
decreased in 1975 and 1979 cannot be understood.

The direct source of the anomalously cold or
oxygen-rich water occasionally found below about
4000 m in the Shikoku Basin can be traced at
least to 15°N (Figs. 7 and 9). However, the
mechanism of its formation and spreading to the
north is still unknown. Such a shift in the
potential temperature-dissolved oxygen relation
as observed in the Shikoku Basin in 1980-1982
must have originated in the south. The signifi-
cant hydrographic response to modest short-term
climatic forcing has been pointed out for the
northern North Atlantic (e.g., BREWER et al.,
1983; SwIFT, 1984). However, the origin can-
not be found in the North Pacific because neither
the deep water nor the bottom water is not
formed there.

It is uncertain whether there exists a steady
deep circulation in the basin showing a wide
variation in water property or the basin flow is
sporadic and every time it happens the property
distribution is disturbed. Possibly both move-
ments coexist. One of the most probable deep
currents based on direct measurements in the
Shikcku Basin is a westward current above
several hundred meters of the bottom at the
northern edge of the basin along 136°15E
(FURASAWA et al., 1985) or 136°30'E (TAFT,
1978). But TAFT (Table 2 and Fig. 14a) pre-
sented an eastward bottom current of about
0.05m s™ at 32°40’E. The result of the present
analysis indirectly confirms the eastward current
below about 4000 m in the northern part of the
basin.

6. Conclusion

Below about 4000 m in the Shikoku Basin
there seems to be a steady or unsteady north-
ward flow along the western boundary; it circu-
lates clockwise off the continental slope slowly
moving upward and renewing the deep basin
water. In 1976-1977 an anomalously cold deep
or bottom water with a corresponding high dis-
solved oxygen concentration intruded into the
basin. However, a remarkable increase in dis-

solved oxygen that occurred below about 3000 m
in 1980-1982 was accompanied only by a subtle
decrease in potential temperature. The direct
source of such an anomalously cold or oxygen-
rich deep water can be traced at least to 15°N;
at 4000 m level it may travel from 15°N to 30°N
in about one year. The transient sharp decrease
in dissolved oxygen that took place at least
below 2000 m in the eastern area north of 20°N
during the second half of 1981 to early 1982
must be connected with the occurrence of the
southward shift of the Kuroshio path in No-
vember 1981.
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Early developmental stages of some
marine fishes from India

1. Nematalosa nasus, Sardinella clupeoides,
S. fimbriata, S. sirm and S. albella*

Pathrose BENSAN**

Abstract:

Among certain early developmental stages of twenty-five species studied during

1977-79, those of five Clupeiformes are described, most of them for the first time. These are
eggs, larvae and postlarvae of Nematalosa nasus, Sardinella clupeoides, S. fimbriata and
postlarvae of S. sirm and S. albella. Salient taxonomic features which may be of diagnostic

value are commented upon.

1. Intreduction

Among about 1,800 species of marine fishes
known te occur in India, the early developmental
stages of not even 109 is reported in sufficient
detail. Since an adequate knowledge on this
aspect is an essential prerequisite in judicious
management of the resources, it was found
essential to study and document them. In this
connection, eggs, larvae, postlarvae and/or juve-
niles of twenty-five fishes were studied during
1977-79 at Porto Novo on the southeast coast of
India, most of them for the first time. In the
present paper the early developmental stages of
five Clupeiformes are described. This Order
contributes to about 259, of total marine fish
production for India, from about sixty-five species.
But, the early developmental stages of most of
these species are either unknown or imperfectly
known.

2. Materials and methods

Material for the present study was drawn
from plankton collections off Porto Novo, at
11°30'N 79°46’E (Fig. 1), about 2km off Vellar
Estuary. Plankton net used was 1.5m long
and 0.5m wide at its mouth. Each type of
egg was separated based on diameter, pre-
sence or absence of oilglobules, nature of yolk,

pigmentation, etc. Representative stages were

* Received September 18, 1985.
** Centre of Advanced Study in Marine Biology,
Porto Novo, India.

790 BEEC

Fig. 1. Location (marked A) off Porto Novo
on the southeast coast of India from where
eggs, larvae, etc. of fishes in the plankton
were collected.

studied and sketched with the aid of a mirror
type camera lucida, in living condition. While
rearing eggs and larvae, growth of microorgan-
isms was minimised by adding Streptopenicillin
at a concentration of 25mg/100ml of water.
All larvae, postlarvae etc. were measured and
sketched after fixing. Total length was measured
from tip of snout or lower jaw to the tip of
caudal fin end or larval finfold.

Guidelines used for identifications are as
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followed by AHLSTROM and MOSER (1976, 1980,
1980). Some of the more important of these
are: similarities between ripe ovarian eggs and
planktonic eggs, oilglobules, nature of yolk,
extent of perivitelline space, pigmentation of
embryo, number and disposition of myomeres in
larvae in relation to adult vertebral condition,
etc. BLAXTER (1957) and HEMPEL and BLAXTER
(1961) have pointed out that in larvae of Clupea
harengus there were three or four myomeres
more than adult vertebral number. In such
cases, caution was applied to cross check identifi-
cations made, in relation to spawning season,
egg size, etc. The urostyle was counted as the
last vertebra/myomere in adults and larvae.
The terminology used to denote early develop-
mental stages is that by RUSSEL (1976).

3. Results and discussion

3.1. Nematalosa nasus (Bloch)

This fish is distributed all along Indian coasts.
It is also invariably met with in fish catches
from estuaries, lagoons, backwaters, etc. Apart
from a report of KOWTAL (1970) on the eggs
and early larvae of this species from Chilka Lake
(northeast India), nothing is known on early
developmental stages.

(a) Eggs (Fig. 2, A-C)

Eggs were collected in February and March
1978. These were pelagic, spherical, transparent
and ranged in diameter from 0.94 to 1 mm in
living conditicn. Each egg contained eight golden
yellow oilglobules ranging in diameter from
0.036 to 0.081 mm. The oilglobules were usually
found near the tail end of the embryo.
perivitelline space was present all around the
yolk. The yolk was spherical and vacuolated,
the vacuoles being fairly large in size.
egg ready for hatching (Fig. 2, C), a few black
pigment spots were noted on the dorsal side of
the embryo.

(b) Larvae (Fig. 2, D and E)

A just hatched larva measured 3mm (Fig. 2,
D) with a globular yolksac, prominent finfold
and ventrally placed oilglobules. The body
tapered towards caudal end, yolksac was rounded
off posteriorly and alimentary canal was almost
A series of black
pigment spots was present at the base of the
finfold dorsally. Thirty-five myomeres were pre-

A narrow

In an

straight except at the vent.

Fig. 2. Eggs, larvae and postlarvae of Nemata-

losa nasus. A, B and C: Eggs in three stages
of development. D: Newly hatched larva.
E: 4mm larva. [': 4.8mm postlarva. G:
6.7 mm in total length. H: 9mm. I: 10.6 mm.
All eggs were drawn in live condition. All
farvae and postlarvae were drawn from pre-

served specimens.

sent in the preanal region. Precise number
of mycmeres in postanal region could not be
ascertained due to imperfect nature of myosepta
there.

A second larval stage obtained by rearing and
measuring 4 mm (Fig. 2, E) had many progres-
sive features such as reduction of yolksac, for-
mation of pectoral finbud and movement of
dorsal pigments to above alimentary canal.
Position of the mouth was marked below eye
region.
below 35th myomere in this stage also. Myosepta
have become more organised than in the previous
stage in postanal region where about ten myo-
meres could be counted.

(¢) Postlarvae (Fig. 2, F-I)

Eyes were unpigmented and anus opened
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The earliest postlarva was reared in the
laboratory, 24 hours old and measured 4.8 mm
(Fig. 2, F). Yolk was fully utilised, mouth was
formed and eyes were partially pigmented.
Pectoral fin has become larger, pigmentation
along dorsal aspect of alimentary canal has be-
come more pronounced and opercular cleft has
developed. There were 34 preanal and 11 post-
anal myomeres.

Three postlarvae were collected from plankton
in March 1978. In 6.7mm stage (Fig. 2, G),
the body has become broader and larval finfold
has disappeared. Jaws have developed, eyes
were pigmented and pectoral fins had indications
of rays. Dorsal fin has developed between 23rd
and 27th myomeres with about six rays. Anal
fin was between 31st and 38th myomeres with
about ten rays.
indication of rays.

Caudal region also showed
There were 30 preanal and
15 postanal myomeres, the number and dis-
position corresponding to adult vertebral con-
dition. Pigmentation has become slightly reduced
from the previous stage, with only a few spots
in foregut region.

In & 9mm postlarva (Fig. 2, H), the progres-
sive changes were further development of all
the fins, an increase in pigmentation and develop-
ment of minute conical teeth in the jaws. Eight
rays were present in dorsal fin and about fifteen
in anal fin. One pigment spot was present
in front of opercular cleft, two posterior to pectoral
fin and six in foregut region. Besides, two spots
were present above midgut anteriorly, one pos-
teriorly and one above vent.

In 10.6 nm stage (Fig. 2, I), about sixteen
caudal and fifteen anal rays could be counted.
Pigmentation has increased; two pigments have
appeared at the base of lower caudal region,
two in front of operculum ventrally, two in pecto-
ral region, a series of four in foregut region,
one large pigment above midgut and another
above anus.

(d) Remarks

Identification of the present material as those
of N. nasus is based on coincident occurrences
of the eggs and postlarvae in plankton as well
as mature and spent specimens in fish catches
at Porto Novo; characters of the eggs and
larvae; and rearing of postlarvae in ponds at
Porto Novo. DELSMAN (1926b) assigned certain

eggs to this species from Java coast; but later
(DELSMAN, 1933a) changed his view. KOWTAL
(1970) identified the free eggs at first from
Chilka Lake, based on characters of ripe ova.
The two larval stages given in the present ac-
count show overall similarities to those described
by KOWTAL (1970). Eggs of the closely allied
species Anodontostoma chacunda (DELSMAN,
1933a) have a diameter of about 1mm and
contain 6-12 oilglobules. Besides, its larvae have
a lesser number of myomeres than in those of
N. nasus, in accordance with adult vertebral
number namely 41.

Postlarvae of N. nasus may be distinguished
from those of A. chacunda by the difference in
number and disposition of myomeres, the total
of which in the former is 45 and in the latter
is 41 (BENSAM, 1971). Postlarvae of Sardinella
gibbosa (S. jussien, BENSAN, 1970) have a total
of 45 myomeres; but could be distinguished
from the postlarvae of N. nasus by difference in
pigmentation pattern and delayed bifurcation of
caudal fin in N. nasus when compared to .S.
gibbosa. Postlarvae of S. fimbriata which have
45-47 vertebrae, differ from those of N. nasus
in the disposition of myomeres and pattern of
pigmentation vide section 3.3. of present paper.
Postlarvae of Chanos chanos (DELSMAN, 1926¢;
1929b; CHAUDHURI, et al., 1978; LIAO, et al.,
1979) differ from those of N. nasus in having a
parallel arrangement of muscle fibres, as against
crossed arrangement in the latter.

3.2. Sardinella clupeoides (Bleeker)

This species is observed in small quantities in
sardine fisheries of southeast and southwest
coasts of India. Till now no information is
available on the early developmental stages of
this fish.

(a) Eggs (Fig. 3, A and B)

Planktonic eggs were collected during February
and April 1978. These were pelagic, spherical,
transparent and ranged in diameter from 0.91 to
0.95 mm in living condition. Yolk was spherical,
colourless and vacuolated with diameters ranging
from 0.50 to 0.52mm in living condition. A
large perivitelline space was present and there
was no oilglobule. The embryo and yolk had
no pigmentation.

(b) Larvae (Fig. 3, C and D)

By rearing eggs in the laboratory, two stages
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Fig. 3. Eggs, larvae and postlarvae of Sardinella
clupeoides. A and B: Eggs in two stages of
development. C: 3.6mm larva. D: 4.5mm.
E: Postlarva of 10.2 mm total length. F: 13.1
mm. Both the eggs were drawn in live con-
dition. All the larvae and postlarvae were
drawn from preserved specimens.

in larval development were studied. In an
earlier stage measuring 3.6 mm (Fig. 3, C), the
body had a uniform depth behind yolk. There
were 38 preanal and about 5 postanal myomeres.
The larva was devcid of pigmentation. In a
later stage measuring 4.5 mm (about 32 hours
old) (Fig. 3, D), pigmentation has appeared in
the form of two series of spots along the ali-
mentary canal, one above the other. The lower
series was more prominent and almost continuous
from behind the yolksac till vent. The upper
series was at the dorsal aspect of the alimentary
canal and was discontinuous. A pigment was
present midlaterally above the vent and a partly
branching pigment about half way in postanal
region. In the snout a couple of pigments was
present and on the dorsa! side of eyes a few
pigments have appeared. Mouth was not yet

formed although yolksac was very much reduced.
There were 43 myomeres of which 37 were
preanal and 6 were postanal.

(¢) Postlarvae (Fig. 3, E and F)

Both the postlarvae were collected from
plankton during February 1978. In 10.2mm
stage (Fig. 3, E), the upper jaw showed minute
conical teeth and the lower jaw was slightly
longer than the upper. Pectoral fin has developed
and eyes were pigmented. In the foregut four
pigment spots and in the lower caudal region
three spots were present. Dorsal fin has de-
veloped between 24th and 31st myomeres with
about 7 rays. Caudal fin was somewhat club
shaped with about 12 rays. Anal fin was indi-
cated behind vent. There were 38 preanal and
5 postanal myomeres. In 13.1 mm postlarva
(Fig. 3, F), the body has become slightly cylind-
rical, head has become pointed and caudal fin
was forked. About 15, 18 and 7 rays could be
counted in dorsal, caudal and anal fins respec-
Pigmentation consisted of a short series
of black spots in the foregut, a few spots at the
base of upper and caudal lobes and a single
pigment above vent. Disposition of myomeres
has changed to 35 preanal and 8 postanal.

(d) Remarks

The size of ripe ovarian ova in comparison

tively.

with the size of yolk in early stages of embryonic
development has aided the identification of plank-
tonic eggs. As pointed out by MILLER (1952)
and AHLSTROM and MOSER (1980), in sardine
eggs the egg capsule develops only after the ova
come into contact with water and increases in
size thereafter. This is confirmed by the pre-
sence of 43 myomeres in the larvae hatching
out of the eggs, tallying with adult vertebraj
number. Eggs assigned by JouN (1951) to
Sardinella sirm had a diameter of 2.12mm and
did not have oilglobule. Eggs of S. clupeoides
differ from those of S. fimbriata (DELSMAN,
1926a; this paper, 3.3) in that the latter havea
diameter of 1.4-1.55 mm, yolk measured 0.8 mm
in diameter and an oilglobule is present. Eggs
assigned by DELSMAN (1926a) to S. leiogaster
ranged in diameter from 1.42 to 1.63mm with
yolk measuring about 1 mm; and those assigned
by DELSMAN (1933b) to Clupea perforata (S.
albella, WHITEHEAD, 1972) did not exceed 1.1
mm and had an oilglobule. An oilglobule is
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reported in the eggs of S. longiceps (NAIR, 1960)
and S. gibbosa (BENSAM, 1970), apart from other
differences.

While comparing the postlarvae of S. clupeoides
with those of S. gibbosa (BENSAM, 1970), lesser
pace of development in S. clupeoides than in S.
gibbosa becomes apparent. In early postlarvae
of the former species there are 37 myomeres as
against only 33 in early postlarvae of the latter
species. In later stages, preanal myomeres be-
come 35 in S. clupeoides and only 30 in S.
gibbosa. When compared to postlarvae of S.
dayi (BENSAM, 1973) also, the rate of growth
in S. clupeoides appears slower. This may be
seen from the fact that although almost the same
developmental features could be seen in 18.7 mm
postlarva of S. dayi (BENSAM, 1973) and 13.1 mm
postlarva of S. clupeoides, there is about 5mm
difference in linear growth. Besides, there is a
progressively developing anal fin in the former
which is absent in the latter.

3.3. Sardinella fimbriata (Valenciennes)

It is found in sardine catches off both east and
west coasts of India. DELSMAN (1926a) de-
scribed eggs, larvae and postlarvae presumed to
be of this species from Java Coast. BAPAT
(1955) and VENKATARAMANUJAM (1975) have
reported on the eggs from India. The present
section deals with a few eggs and postlarvae.

(a) Eggs (Fig. 4, A-D)

Eggs were collected in April 1978. These
were pelagic, spherical, transparent and varied
in diameter from 1.36 to 1.4l mm. Yolk was
vacuolated and ranged in diameter from 0.80
to 0.89 mm. Perivitelline space was wide. A
single golden yellow oilglobule of 0.102-0.109 mm
diameter was present. None of the eggs reared
in the laboratory has hatched out; but all were
found dead on the next morning.

(b) Postlarvae (Fig. 4, E-G)

In 11.4 mm postlarva collected during October
1977, larval finfold has disappeared, lower jaw
was a little longer than the upper and the latter
was provided with a few conical teeth (Fig. 4,
E). Dorsal fin has appeared above 28th to 33rd
myomeres, with about 11 rays. Caudal fin
showed an early stage of bifurcation with about
24 rays. Anal fin had about 7 rays. A series
of black pigment streaks was present above
alimentary canal, three spots ventrolaterally

towards the end of foregut, a single one towards
the vent, a few at the base of lower caudal lobe
and a couple of spots at the middle of caudal
base. There were 39 preanal and 7 postanal
myomeres. In a 12.3mm stage collected in
February 1978, the pigments in the mid and
hind gut regions have moved to a ventral
positions (Fig. 4, F), but those in the foregut
region and the one above anus have remained
in the same position. About 15 dorsal and
24 caudal rays could be counted.
disposition of myomeres remained the same as
in the previous stage. A much longer post-
larvae measuring 21.5mm (Fig. 4, G) was col-
lected during August 1977. The body has be-
come massive and deeper. There were about
21 dorsal, 28 caudal and 18 anal rays. Pelvic
fin has appeared below midgut in the form of a
few rays.

Number and

Pigmentation was in the form of
black spots along ventral side of alimentary
canal, at the bases of upper and lower caudal

1 P

Fig. 4. Eggs and postlarvae of Sardinella fim-
briata. A-D: Eggs in four stages of develop-
ment. E: Postlarvae of 1l4mm in total
length. F: 12.3mm. G: 21.5mm. All the
eggs were drawn in live condition. All the
postlarvae were drawn from preserved speci-
mens.’
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lobes and at the base of lower caudal peduncle.
In head region there was a sunken pigment
behind eye and another one in front of oper-
culum. Disposition of myomeres has changed
to 33 preanal and 13 postanal.

(¢) Remarks

The only other Indian sardine which has an
overall egg diameter similar to that of S. fim-
briata is S. longiceps. But, the latter was not
observed at Porto Novo during the present study
and is in fact rarely reported from the southeast
coast of India. This fact minimises the possi-
bility of the present eggs as belonging to S.
longiceps. Besides, diameter of yolk in the eggs
of S. longiceps is not less than 1 mm as observed
by DEVENESAN (1943), while it is only in S.
fimbriata that the yolk diameter is about 0.8 mm,
as pointed out by DELSMAN (1926a). Yolk in
the eggs assigned by DELSMAN (1933b) to S.
albella measured about 0.57 mm in diameter
and in the eggs identified as of S. gibbosa by
BENSAN (1970) measured 0.58-0.74 mm in dia-
meter. Such features aid in segregating the
eggs of S. fimbriata from those of allied species.

While describing some postlarvae from Java
Coast, DELSON (1962a) has opined that the
number of myomeres in them does not corre-
spond with adult vertebral number of S. fim-
briata and hence these could not belong to the
above species. But, the 22 and 27.5mm post-
larvae described by the above author had 34
preanal and 12 or 13 postanal myomeres, the
total number corresponding with adult vertebral
number of S. fimbriata and thus confirming his
identification. The 21.5mm postlarva in the
present section when compared to the 22 mm
stage described by DELSMAN (1926a) shows lack
of preventral pigmentation in the latter. Such
a condition exists in the 27.5mm stage also
described by the above author. The total number
of myomeres in S. fimbriata, S. gibbosa, S. dayi
and S. longiceps being overlapping one another,
may not be of much use in separating their
postlarvae. But, differences in disposition of
myomeres between postlarvae in somewhat same
stages of development may be of some use in
species discrimination. Thus, the 11.4 mm post-
larva of S. fimbriata which is in the same stage
of development as 9.92 mm postlarva of S. gib-
bosa (BENSAM, 1970) differs in having 39 pre-

anal and 7 postanal myomeres as against 30
preanal and 15 postanal myomeres in the latter.
A comparison of the postlarvae of S. fimbriata
with those of S. day: (BENsAM, 1973) shows
that in some developmental features the latter
are quicker than the former, such as appearance
of ventral fin and rate of growth. Between the
postlarvae of S. fimbriata and those of S. longi-
ceps described by UNDP/FAO (1976), distribution
of pigments may be of use in their segregation
because in the 12.3 mm stage of the former pig-
ment spots in the mid and hind gut have occu-
pied a ventral position, whereas even in the
13.1mm stage of the latter species, pigment
spots have still occupied a dorsal position.

3.4. Sardinella sirm (Walbaum)

It is one of the three species belonging to the
subgenus Amblygaster, the other two being S.
clupeoides and S. leiogaster, vide WHITEHEAD
(1972). 1t is widely distributed in the Indo-
Pacific; and in India it is particularly found off
the southeast coast. DELSMAN (1926a) opined that
the egg “‘f’ collected from Java coast belonged
to this species. JOHN (1951) identified the eggs
from India. No information is available so far
on its postlarval history. In the present section
three postlarvae are described.

(a) Postlarvae (Fig. 5, A-C)

The earliest stage measuring 10.4 mm (Fig. 5,
A) was collected during September 1977. Preanal
width of the body was almost uniform. Lower
jaw was slightly longer than upper jaw, the
Two pigment
Dorsal

latter showing a few conical teeth.
spots were present in auditory region.

Fig. 5. Postlarvae of Sardinella sirm. A: 104
mm in total length. B: 13.4mm. C: 14.1 mm.
All the postlarvae were drawn from preserved
specimens.
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fin has developed above 23rd and 28th myomeres,
with about 12 rays. Bnal fin showed about 8
rays and caudal about 20 rays. A pigment spot
was present above anal region. There were 42
myomeres of which 31 were preanal and 11
postanal. A 13.4mm postlarva was collected
during September 1978 (Fig. 5, B). The major
change observed was an increase in pigmentation.
Posterior to the lower margin of eye a pigment
has developed; also a series of seven streaks in
the post-pectoral region. In the dorsal aspect
of midgut, behind the anal fin, in the caudal
peduncular region and in the base of the lower
caudal lobe, pigmentation has appeared. Dorsal
and anal fins showed about 15 and 12 rays
respectively.  The myomere disposition has
changed to 28 preanal and 14 postanal. A
slightly longer stage of 14.1 mm (Fig. 5, C) was
collected in July 1977. Apart from a slight
increase in pigmentation, no progressive change
was visible in this stage over the previous one.

(b)Y Remarks

Since the vertebral number in S. sirm (42) is
only one lesser than that in S. leiogaster and
S. clupeoides (43), this character alone may not
be of much use in segregating their postlarvae.
However, since spawning stock of S. sirm alone
was observed at Porto Novo during the period
when the above postlarvae were collected and
not spawning stock of S. leiogaster, it appeared
most probable that the present postlarvae be-
longed only to S. sirm. This is strengthened
by the one lesser number of myomere in this
species when compared to S. leiogaster. The
present postlarvae showed vital differences from
comparable stages of S. clupeoides given in the
present paper. Although the 10.2mm stage of
S. clupeoides and 10.4 mm stage of S. sirm are
almost of equal length, the former has a slender
body, club shaped caudal fin and is in a much
earlier condition of development than the latter.
Besides, the number of preanal myomeres in the
former is 38 but in the latter only 31. Similarly,
the 13.1 mm postlarva of S. clupeoides comparable
to 13.4mm stage of S. sirm in size, differs from
it in having 35 preanal myomeres as against
only 28 in the latter. Besides, pelvic fin was
quite prominent in 14.1 mm stage of S. sirm,
but not even indicated in 13.1 mm stage of S.
clupeoides, both of which showed many other

features in common. Postlarvae of S. sirm could
be segregated from those of Thryssa and Stole-
phorus (DELSMAN, 1929a; 1931) in having a
terminal mouth and a lower jaw slightly longer
than the upper, when compared to a prominent
snout and inferior mouth in these two genera.

3.5. Sardinella albella (Valenciennes)

Like many other species of Sardinella, S.
albella is widely distributed in the Indo-Pacific
and supports coastal fisheries at many centres
in India. DELSMAN (1933b) gave an account
of its eggs and larvae from Java Coast. CHACKO
and MATHEW (1956) reported on its embryonic
and larval development from the southwest coast
of India. In the present section, a few postlarvae
and an early juvenile are described, all collected
during September-October, 1977.

(a) Postlarvae (Fig. 6, A-C)

A 6.6 mm postlarva (Fig. 6, A) showed rem-
nants of larval finfold. Jaws were pointed, the
lower one longer than the upper.
pigmented black and pectoral fin was membra-
nous. Dosal fin has developed above 23rd to 30th
Caudal fin was

Pigmentation

Eyes were

myomeres, with about 14 rays.

paddle shaped, with many rays.
was sparse and consisted of a spot in the oeso-
phageal region, a group of three sunken ones
above midgut and three spots in the hindgut
region, of which two were above and one below
There were 34 preanal and 9 post-
In an 8.4 mm postlarva, anal

anal region.
anal myomeres.

Fig. 6. Postlarvae and a juvenile of Sardinella

albella. A: Postlarvae of 6.6mm in total
length. B: 8.4mm. C: 11.0mm. D: Juve-
nile of 19mm in total length. All the post-
larvae and the juvenile were drawn from pre-
served specimens.
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fin has become more prominent and pigmen-
tation has increased in the foregut, as a series
of six spots. Preanal myomeres have decreased
to 32 and postanal ones have increased to 11
(Fig. 6, B).

postlarva and juvenile measuring 11 mm (Fig. 6,

In a transitional stage between

C), the body has become wider and more massive.
There were about 14 dorsal, 10 anal and 20
caudal rays; and the caudal fin has become
forked. A pigment has appeared in the auditory
region; and a patch of sunken pigments is pre-
sent above midgut. Number and disposition of
myomeres remained the same as in the previous
stage.

(b) Juvenile (Fig. 6, D)

A single early juvenile measuring 19 mm was
cellected from the mouth of Vellar Estuary in
September 1977.
assumed a sardine like appearance.

Bedy has beccme massive and
About 15
rays could be counted in the pectoral fin. Caudal
fin showed about 28 rays, many cf which were
segmented. Anal fin has become longer and
showed about 21 rays.
at a level below the origin of dorsal fin, with

Pelvic fin has developed

Pigmentaticn was in the form
of a sunken patch behind the eye, a series be-
hind pectoral region, two small spots slightly
above the hind end of the series, a sunken spot
in front of pelvic region and two branching
chromatophores in front of it. On the dorsal
aspect of the alimentary canal, behind the pelvic
region, a series is present, ending with three
chromatophores in the anal region. Behind the
anal fin a sunken patch of pigments and behind

about six rays.

the urostyle a group of four closely placed pig-
ments could be seen. Caudal fin showed a few
pigments at the base. Preanal myomeres have
further decreased to 29 and postanal ones in-
creased to 14, although the adult disposition of
27 preanal and 16 postanal has not yet reached.

(¢) Remarks

S. albella was observed to spawn off Porto
Novo during April/May to September/October
period. The present postlarvae differ from those
of S. gibbosa (BENSAM, 1970), S. dayi (BENSAM,
1973), S. clupeoides (section 3.2 of present paper)
and S. fimbriata (section 3.3), in having a lesser
number of myomeres. It may be noted in this
connection that UNDOP/FAO (1976) have given
a vertebral number of 45 for S. albella from

the southwest coast of India. But, from the
southeast coast centres of Tuticorin (BENSAM,
1973) and Porto Novo in the course of 1977-
79, specimens of S. albella showed only 43
vertebrae. This is in agreement with the
observation of DELSMAN (1933b) that S. per-
Sorata (=8. albella, vide WHITEHEAD, 1972)
from Java Coast had 32-43 vertebrae only. In
having a total of 43 myomeres, the early post-
larvae of S. albella resemble those of Hilsa kelee
described by RAo (1973). But, in the post-
larvae of the latter, pigment series are present
along dorsal and ventral aspects of the ali-
mentary canal. But, such a condition is absent
in the postlarvae of S. albella.

Acknowledgements

The author expresses his sincere thanks to
Drs. R. NATARAJAN, S. DUTT and T. TAKITA
for offering valuable guidance and constructive
criticism.

References

AHLSTROM, E.H. and H.G. MOSEr (1976,: Eggs
and larvae of fishes and their role in systematic
investigations and in fisheries. Rev. Trav. Inst.
Peches marit., 40, 379-398.

AHLSTROM, E.H. and H.G. MOSER (1980): Charac-
ters useful in identification of pelagic marine fish
eggs. Calif. Coop. Oceanic Fish. Invest. Rep.,
21, 121-131.

AHLSTROM, E.H. and H.G. MOSER (1981):
view-systematics and development of early life

Over-

history stages of marine fishes: Achievements
during the past century, present status and sug-
gestions for the future. Rapp. P.-v. Réun. Cons.
int. Explor. Mer, 178, 541-546.

BapPAT, S.V. (1955): A preliminary study of the
pelagic fish eggs and larvae of the Gulf of Man-
nar and the Palk Bay. Indian J. Fish., 2, 231-
235.

BENsAM, P. (1970): Notes on the eggs, larvae and
juveniles of the Indian Sprat Sardinella jussieu
(Lacepede). Indian J. Fish., 13, 219-231.

BENsaM, P. (1971): On a few postlarval stages of
Anodontostoma chacunda (Hamilton). Indian J.
Fish., 14, 48-53.

BENSAM, P. (1973): On a few postlarval stages and
juveniles of the sardine Sardinella dayi Regan.
Indian J. Fish., 20, 148-156.

BLAXTER, J.H.S. (1957): Herring rearing-III The
effect of temperature and other factors on .myo-
tome counts. Mar. Res., 1957, No. 1, 1-16.



Farly developmental stages of some marine fishes from India 1. 41

CHACKO, P.I. and M.J. MATHEW (1956): Biology
and fisheries of the Sprat Sardinella albella (Cuv.
& Val.) in the west coast of Madras State. Govt.
Madras Fish. Stat. Rep. & Yearbook 1954-55,
103-108.

CHAUDHURI, H., J.V. JUARIO, J.H. PRIMAVERA,
R. SAMSON and R. MATEO (1978):  Observations
on artificial fertilization and the embryonic and
larval development of Milkfish Chanos chanos
(Forskal). Aquaculture, 13, 95-113.

DELsMAN, H.C. (1926a): Fish eggs and larvae from
the Java Sea 7. The genus Clupea. Treubia, 8,
219-239.

DELSMAN, H.C. (1926b): Fish eggs and larvae from
the Java Sea 8. Dorosoma chacunda. Treubia,
8, 389-394.

DELsMAN, H.C. (1926¢c): Fish eggs and larvae from
the Java Sea 10. On a few larvae of empang
fishes. Treubia, 8, 400-412.

DELsMAN, H.C. (1929a): Fish eggs and larvae from
the Java Sea 12. The genus Engraulis. Treubia,
11, 275-281.

DELsMAN, H.C. (1929b): Fish eggs and larvae from
the Java Sea 13. Chanos chanos (Forsk.). Treu-
bia, 11, 281-286.

DELsMAN, H.C. (1931): Fish eggs and larvae from
the Java Sea 17. The genus Stolephorus. Treu-
bia, 13, 217-243.

DELSMAN, H.C. (1933a): Fish eggs and larvae from
the Java Sea 22. Clupeoides lile (C.V.). Treubia,
14, 247-249.

DELsMAN, H.C. (1933b): Fish eggs and larvae from
the Java Sea 23. A few more Clupea eggs.
Treubia, 14, 249-254.

DEVANESAN, D.W. (1943): A brief investigation
into the causes of the fluctuations of the annual
fishery of the oilsardine of Malabar (Sardinella
longiceps), determination of its age and an account
of the discovery of its eggs and spawning grounds.

Madras Fish. Bull., 28, 1-38.

HEMPEL, G. and J.H.S. BLAXTER (1961): The ex-
perimental modification of meristic characters in
herring (Clupea harengus 1..). J. Oons. perm.
int. Explor. Mer, 26, 336-346.

JOHN, M.A. (1951): Pelagic fish eggs and larvae of
the Madras Coast. J. Zool. Soc. India, 3, 38-66.

KowTAL, G.V. (1970): A note on the early develop-
ment of Balangi Nematalosa nasus (Bloch) from
Chilka Lake. J. inland Fish. Soc. India, 2, 155-
157.

Liao, 1.C., J.V. Juario, S. Kumacal, H. NAKA-
JIMA, M. NATIVIDAD and P. BURI (1979): On
the induced spawning and larval rearing of Milk-
fish Chanos chanos (Forskal). Aquaculture, 18,
75-93.

MILLER, D.J. (1952): Development through the pro-
larval stage of artificially fertilized eggs of the
Pacific Sardine (Sardinops caerulea). Calif. Fish
& Game, 38, 587-595.

NAIR, R.V. (1960): Notes on the spawning habits
and early life history of the oilsardine Sardsnella
longiceps Cuv. & Val. Indian J. Fish., 6, 342~
359.

Rao, K.S. (1973): Eggs and early developmental
stages of Hilsa kelee (Cuvier). Indian J. Fish.,
20, 250-255.

RUsSELL, F.S. (1976): The Eggs and Planktonic
Stages of British Marine Fishes. Academic Press,
London.

UnbP/FAa0 (1976): Oilsardine larvae. UNDP/FAO
Pelagic Fishery Project (IND 69/596), Progr.
Rept. No. 15.

VENKATARAMANUJAM, K. (1975):  Studies on fish
eggs and larvae of Porto coastal waters. Ph.
D. Thesis, Annamalai University.

WHITEHEAD, P.J.P. (1972): A synopsis of the
clupeoid fishes of India. J. mar. biol. Ass. India,
14, 160-256.

4 v FEESBEORIRIFEE B

1. Nematalosa nasus, Sardinella clupeoides,
S. fimbriata, S. sirm and S. albella

Pathrose BENSAN

BEE: 197TE,D 1979 £ AT THERLZWD LE AR 6 BOMMR LR YR L %2, Nema-
talosa nasus, Sardinella clupeoides, S. fimbriata, S. sirm, S. albella DY, HETH 2, HE

RS OE RSB E I DOWTER A I 2 7,



La mer 24: 42-47, 1986
Société franco-japonaise d’océanographie, Tokyo

H A7 7 D B EITR A LI 513 5 i

B

BHIBIC O T

' AT

A note on sound speed fields around the Kuroshio south of Japan

Shigehisa NAKAMURA

Abstract:
in the sea.
around the Kuroshio area south of Japan.

shelf and coastal waters are also presented.

A theoretical model is presented for describing the vertical profile of sound speed
Some examples are given from temperature and salinity data obtained in waters
A striking difference in sound speed is found be-
tween a cold water mass and the axis of the Kuroshio.
In shallow waters the sound speed becomes fast

Vertical profiles of sound speed in

in August to September and slow in February to March.
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Fig. 1. Salinity, temperature and sound speed

at stations in and out of a cold water mass
around which the Kuroshio was meandering
(arrows show minima of sound speed). The
data was obtained on 12 to 14 October 1983
by Kobe Marine Observatory: solid circles
are for the station U3 in the cold water mass
(32.56N, 137.04E) at 23h on 12 October 1983
and open circles are for the station U8 outside
of the cold water mass (30.31N, 137.04E) at
00h on 14 October 1983.
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Fig. 2. Cross section of sound speed field (km/s)

on 12 to 14 October 1983 (after data by Kobe
Marine Observatory).
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Fig. 5. Vertical profiles of salinity, temperature
and sound speed in a coastal zone of (a) Okino-
shima, Tanabe Bay and (b) Shionomisaki. Solid
circles for September 1983 and open circles for
March 1983 (after data by Wakayama Fisheries
Research Station).
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Fig. 6. Annual variations of salinity, temperature
and sound speed at Shirahama Oceanographic
Tower Station (33°41.63'N, 135°20.88’E).
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On an acoustic precursor of the big tsunami

Shigehisa NAKAMURA

Abstract:
following a boom as an acoustic precursor.

According to ancient manuscripts,

a big tsunami arrives at the coast, sometimes
A hypothetical interpretation of the boom path-

way is proposed; there are combinations of the bottom geometry of the continental slope, the
vertical profile of sound velocity and the epicenter location favorable for the boom production

and its arrival to the coast.
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Table 1. Propagation time of disturbances accompanied by an underwater earthquake.
category speed B distance

seismic wave (P wave) 8km/s (for 100 km depth) 12.5 sec

acoustic wave in water 1500 m/s 67 sec

acoustic wave in atmosphere 331.45m/s (for 0°C, 1 atm. pres.) 303 sec

long gravity wave as tsunami 100 m/s (for about 1000 m depth) 1999 sec
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