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Supra 36 water in the Pacific Ocean®

Takashi ICHIYE™" and Ping CHANG ™"

Abstract: In the eastern South Pacific east of 180 longitude and north of 30°S, high saline
water with salinity 36 psu was found near and above 200m during JAPACS 1991 Cruise in
Jan-March. In the whole Pacific Ocean this is the only water with that salinity range.
Levirus (1982) salinity charts and TsucHiva’s (1968) thermosteric charts indicate that water
with the surface salinity above 36 psu between 150°W and 100°W may subduct at 130°W
between equator and 10°S. Further subduction and sinking of high salinity water is helped
by downwelling Ekman pumping south of the equator west of 160°E. The equation balanc-
ing horizontal advection and the vertical diffusion with its simple solution is applied to ver-
tical salinity profiles at 4°S and 5°S of 160°W and 180°, yielding vertical diffusion

coefficients order of 10™*m?*/s.

1. Introduction

During analysis of hydrographic data collected
in JAPACS Cruise 1991 in the tropical Pacific
Ocean by JAMSTEC we noticed that water with
salinity above 36 psu was found only in sections
of 160° W and 180°, but not 160° E nor east of it.
The water was limited south of 3°S and to the
depth of near and above 200 m (ANDO, et al.,
1992, hereafter referred as AIM). Watermass
census according to temperature and salinity by
WORTHINGTON  (1982) indicates water of
salimity above 36 psu, belongs to rare species,
forming only 16 X 10° km® of the total global
ocean water of 1320.5X10° km®. We called this
water Supra 36 Water or S36W, sometimes sim-
ply SW. In the Pacific Ocean, SW exists only in
the South Pacific. It seems worthwhile to exam-
ine this water, because the water is a good
tracer as is the Mediterranean Outflow in the
Atlantic. It also yields an example of formation
of a watermass in the mid ocean.

2. Formation of SW in the South Pacific Ocean

Classical studies of MONTGOMERY (1958) and
CocHRANE (1958) on T-S relations respectively
on the world ocean and the Pacific Ocean demon-
strated that in general salinity is less for the
same temperature and depth in the Pacific than

* Recieved November 7, 1992,

** Department of Oceanography, Texas A&M
University, College Station, Texas 77843,
USA.

in the Atlantic Ocean.

High salinity water is produced at the surface
layer in the ocean, in general. This feature of sa-
linity difference between the oceans can be seen
in climatological salinity distributions at the
surface and at 150 m layer from charts prepared
by Levitus (1982) (computer reproductions for
40°S—40°N are shown in Fig. 1.) These indicate
that in the Pacific and Indian Oceans the SW is
found only in the South Pacific Ocean and in a
limited area of northwest Bay of Bengal off the
mouth of Persian Gulf, whereas in the Atlantic
Ocean the SW is in both hemispheres and occu-
pies much wider areas.

Table 1 indicates the area of the SW at the
surface and 150 m determined from LEVITUS
(1982) charts shown in Fig. 1. It is noted that
the SW area is larger at 150 m than at the sur-
face in the South Pacific Ocean, whereas in the
South Atlantic the SW area at 150 m shrinks to
half of the surface SW area. Later we will show
that in the South Pacific Ocean subduction of
the surface high salinity water is extensive and
also downwelling due to Ekman pumping that
extends westwards from near the eatern

Table 1. Areas of SW 36 from Levirus (1982)
(unit 10° km?®).

Surface at 150 m
South Pacific 61.5 100
N. Atlantic 248 308
S. Atlantic 141 71
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Fig. 1. Climatological salinity at 0 m and 150 m from Levitus (1982), modified
for 40°N to 40°S.
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Fig. 2a and 2b. Salinity at 0 and 75 m subtracted the average over the Pacific between 40°N
and 40°S based on Levitus’(1982) data.
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Full lines with hatch in Fig. 3a: Salinity at Om from Levrrus (1982). Shortdashed lines in Fig. 3 a:
Sensible heat flux (k cal/cm’/year) from Bupyko (1974). When divided by 600, the number equals

evaportation minus precipitation in ecm/cm®/year.

boundary to beyond 160° E, though the surface
SW region is limited only east of 160°W. In the
North Atlantic Ocean the Mediterranean out-
flow may contribute to extend the SW area at
150 m particularly through Supra 37 Water be-
tween 20°N and 30°N.

In order to show locations of high salinity
water more clearly, salinity anomalies are de-
termined from LeviTus (1982) data by sub-
tracting the average of from 40°S and 40°N and
over the Pacific Ocean at 0 m and 75 m and plot-
ted in Fig. 2a and 2b, respectively. The latter
depth is chosen to represent anomalies independ-
ent on atmospheric influences. These figures in-
dicate positive anomalies dominate in the
tropical South Pacific over the North Pacific
with the difference of maximum values by 1.2
psu for both depths.

3. The surface SW and its subduction

In order to visualize formation of the surface
SW area and its subduction, salinity and depth
of 400 cl/t surface are shown from TSucHIYA
(1968) in Fig. 3a and 3b respectively. These

figures indicate that the 400 cl/t surface out-
crops in the eastern part of the tropical South
Pacific.

In Fig. 3a the surface salinity contours from
LeviTus (1982) are overlaid in the outcropped
area together with the sensible heat flux con-
tours from Bupyko (1974) in kecal/cm?/year.
The numbers in BUDYKO contours almost equal
evaporation minus precipitation in cm/cm?/year
when divided by 600. If surface salinity is pro-
duced simply by difference of evaporation (E)
and precipitation (P) as in a standstill water
body, then high salinity area and high E-P area
should coincide. However, Fig. 3a indicates that
the center of the high salinity area is about 530
km south of the high E-P area. This is specu-
lated as a result of the Ekman pumping and sur-
face current as discussed later.

In the context of ventilated thermocline mod-
els (LUYTEN et al, 1983), the SW is forced
downwelling by the Ekman punping in the out-
cropped region. The pumping velocity at the
bottom of the upper Ekman layer w, is given by:
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where 7T, and 7, are eastward and northward

0

components of the wind stress, respectively and
Wr— a—y

fis the Coriolis parameter.
The distribution of w, is shown in Fig. 4. The
downwelling region of Ekman pumping extends
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Fig. 6. Salt anomalies flux by Ekman pumping. (The mean salinity is taken from 5°S to

30°S and 120°E to 80° W, flux unit is ps

zonally from the east coast to 160°E with a de-
creasing width of velocity above 0.2x10 ®cm/s,
though within 5°latitude of the equator equa-
tion (1) is not applicable because of f being close
to zero. The westward extension of the dow-
nwelling zone explains the same pattern of the
SW at the 400 cl/t surface together with the ef-
fect of the westward subduction flow. The
depth and the salinity at 300 cl/t surface are
shown in Fig. 5a and 5b, respecitvely. Also, in
Fig. 5a salinity at 150m is shown from LEvVITUS’
(1982) chart. )
When the surplus salinity is defined at S-S,
where S is the surface salinity averged over the
South Pacific Ocean, the surplus salinity flux
F, due to the Ekman pumping is expressed by
F.=[w,(8~8)do @
the integral represents the whole surface of the
South Pacific Ocean. Excess salinity flux chart
is shown in Fig. 6, where reference depth of S
and Sis taken at 50 m instead of surface because
the Ekman pumping w, can be computed only at

u x 10°cm/s.)

this depth.

4. Mixing of the high salinity core

As Fig. 3a indicates, the salinity values in the
core of the SW decreases downstream as the
water is advected. This suggests that mixing
processes are occurring, though subduction
thermocline models are based on non-dissipative
flow. By use of decrease of salinity in the core
we can estimate the eddy diffusivity there.

Since the data available are rather crude, it is
not possible to determine details of dissipative
processes but it may be adequate to estimate an
order of magnitude of such parameters. Conven-
tional models of eddy diffusion depend on the
gradients of materials, and only the vertical
gradients of salinity can be estimated from the

observed data, with some confidence. There-
fore, only the vertical diffusion coefficient is
treated.
A diffusion-advection equation
08 _i( Qﬁ)
dx 0z K 0z 3
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Table 2. Depth differences Ah (in m) for AS=0.2
psu above and below salinity maximum deter
mined from CTD profiles.

o above Az= T7.8%£2.5
at 180 below Az= 88%2.8
0w above Az= 8.7£2.5
at 1607w below Az=13.1+1.3

is integrated vertically in the core of the SW,
where U is the advection velocity, K is the eddy
diffusivity and z is the vertical axis positively
upward. Integration of (3) with z from z=2z
(lower boundary) to z=z (upper boundary) and
averaging with depth leads to

o x5 ). (&5, @

where the bar indicates the vertically averaged
values, h is the thickness of the core layer and
suffices 1 and 2 represent the upper and lower
boundary, respectively. The differential at the
upper and lower boundary in equation (4) can be
replaced with the difference AS/ Az to use ob-
served salinity distributions. By taking AS=0.2
psu from AIM and using cross sections at
160°W and 180° sectionally averaged values of
vertical salinity gradients determined from the
data are listed in Table 2. Although accuracy of
0S/ 0x determined from the data is far from
perfect because of a large distance between
160°W and 180° the value of K from equation
(4) is given by

K=Ux1.37%x10"*(in m?¥/s) 5)

with U between 0.1m/s and 0.5m/s, K is of the
order of 107°m*/s which is much larger than mo-
lecular diffusivity of 2X10°m?*/s (SVERDRUP et
al, 1945) but reasonable as the eddy diffusivity
estimates by others.

Other estimates by curvefitting of an analyti-
cal form to vertical profiles of the observed sa-
linity based on a model (CRaNK, 1956) are
presented in Appendix. Both estimates indicate
that the eddy diffusivity is in practical terms
small and the subduction may be treated as non-
dissipative processes except in frontal areas.

5. Conclusion
Since publication of the ventilated thermo-

SALINITY (psu)
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Fig. 7. An example of salinity profile at 5°S
160° W with CTD (Jan. 20, 199D).

cline model by LUYTEN et al. (1983), a number
of papers were published both on theoretical and
descriptive sides of the subjects. These papers
are based on nondissipative dynamics of geo-
physical fluid. However, the diffusive processes
are certainly working in the eastern side of the
South Pacific Ocean in the formation of above
36 salinity water, because the thickness of the
salinity core increases and the maximum salin-
ity decreases westwards as the subducted water
with the high surface salinity is advected.

The JAPACS 1991 cruise data are inadequate
to study such processes, particularly because too
large longitudinal distances between two
meridional sections and also distances from the
subduction (subcropping) longitude.
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Si at 160°W, 4°S(S:=86.10 psu, z0=180 m),

Sy at 160°W, 5°S(S8,=36.15 psu, zo=180 m),

Ss at 180°W, 4°S(S8,=36.08 psu, 2:=180 m),

Si at ISOOW, 5°S(S8,=36.18 psu, z20=190 m).

Open symbols for positive z—z, and closed
symbols for negative z—zo.
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Appendix

Estimates of K from diffusion equation
Distribution of salinity S advected by current

U in x-direction with diffusivity K is given by

(CrANK, 1956)

_ M Z](Z‘ZU)E
S_27r (K(x—x)/U]"**P [ }

- 4K(x—x)
A

where M is total salt initially concentrated at
z=zo and at the source point x=zx,.

Vertical profiles of salinity from CTD data
during JAPACS 1991 were used to determine the
coefficient of (z=2z¢)%in (A) or

a'=U/4K(x—x,) B

by plotting In (S/Sy), against(z—z0)?, where S
is salinity at z=z.. The latter can be determined
as a depth of maximum salinity. The longitude
%, 1s assumed as the subduction point, though

salinity maximum there is not so sharp as the
plane source indicated by the theoretical curve
of equation(A). Fig. 8 indicates the plot of In
(8/Sw) versus (z—2z0)% for S profiles at 160° W.

Two profiles at 160° W are used for a that is
at 5°S and 4°S, whereas 2 is at 180°W for both
latitudes where Fig. 7 indicates an example of S
at 5°S. The value of K determined from the av-
erage of 5°S and 4°Sis 5.5+3.4xX10 *m¥s for U
=10"'m/s. The SD is from different ranges of
curve fitting in | z—zo | . This is the same order
of magnitude as the one determined from the av-
eraged vertical gradient of salinity equation
(5), though number is about 4 times of (5).

The same method applied to 180° profiles of
latitude 5°S (2,=190m) and 4°S(20=180 m)
yields 4.6 3.1 X10°m/s. These values may be
less reliable than those at 160° W, because the
distance between the supposed source longitude
and the actual stations is too large. However,
the order of magnitudes of K are within a range
of other estimates.
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Underwater visibilities in different optical
type water mass of the oceans®
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Tsutomu MORINAGA **, Akihiro IMAZEKI**, Hisayuki ARAKAWA
and Takashi KOIKE™"*

Abstract: In order to find how much the range of fish’s vision is affected by the oceanic
environmental conditions such as optical properties and turbidities of sea water, the rela-
tionships between the underwater optical environments and the tuna’s visual perception
limits for the different branch line leaders or the small fish as bait were investigated by
means of taking the case of tuna longlining gear.

The intensities of underwater spectral irradiance in every tuna fishing ground of the
world extremely vary with sea regions and depths of water. According to the Jerlov’s
optical classification of oceanic water mass, each water type of the Coral Sea in the Pacific
Ocean, the western region of the Mediterranean Sea and the Andaman Sea in the Indian
Ocean corresponds to Type IA to IB, IB, and II to III, respectively. When the steelwire-
strand leader, of which specifications are 1.7mm in multifilament diameter, #28 and 3X3
plys, and the nylon-gut leader are 2.0mm in monofilament, #150 are set into water of those
sea regions, the ranges of tuna’s vision are 4.3, 3.6 and 2.7m for the former, and 1.2, 1.1 and
0.9m for the latter in each of the above-mentioned sea regions, respectively; and, in case of
a piece of mackerel having its fork-length of 200mm, the ranges become 41, 28 and 16m, re-

spectively.

1. Introduction

MORINAGA et al.(1990) introduce a study on
the analysis of a phenomenon that the catch rate
is fairly improved by applying a certain mate-
rial to the fishing gear during their experimen-
tal tuna longlining operations in the Indian
Ocean. In the first place, as the starting point
of tuna’s food-searching behaviours and their
reactions to the fishing gear, the greatest dis-
tance at which tuna can be see each of the fish-
ing gear or the small fish as bait is investigated
through the survey conducted simultaneously
with those fishing operations. As a results, it is
known that the distance at which tuna can see
the leader of branch line varies with the materi-
als applied to it; that such the distance for the
leader made of nylon-gut is shorter than that
for the leader made of steelwire-strand,

* Received December 8, 1992
** Tokyo University of Fisheries, 5-7 Konan 4-
chome, Minato-ku, Tokyo, 108 Japan
Faculty of Bioresources, Mie University,
Kamihama-cho 1515, Tsu, Mie, 514 Japan

* %

suggesting that the improvement in catch rate
mentioned above attributes to this reason.

The traditional studies along the field of fish-
ing technologies are concentrated on the fish’s
behaviours including their ecological investiga-
tions, but any efforts to solve the problems
what are caused a certain action of fish are not
developed at all. For example, it is not seldom
that the only one kind or type of fishing gear is
used in every sea region without paying an at-
tention to different underwater environmental
conditions from region to region, wasting effi-
ciencies in catch rate and operating cost. One of
major objects of this study is, however, to find
how much underwater visibilities are varied
with the oceanic environmental conditions such
as optical properties and turbidities of sea
water. Based on this concept, the distributions
of underwater irradiance in different sea regions
were obtained through the observations in the
wide range of oceanic waters. Furthermore, the
relationships between the underwater optical en-
vironments and the ranges of tuna’s visual
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Table 1. The list of observation stations.

Observation Position

Ocean Region
Kuroshio
Pacific Ocean Off-Hawalii region
Coral Sea

Andaman Sea
Central region
Western region

Indian Ocean
Atlantic Ocean
Mediterranean Sea

33°54.5' N 139°34.0'E
19°59.9'N 139°53.7 W
25°00.7"S 163°00.0'E

6°05.3' N 96°40.8' E
23°43.0'N 33°09.0' W
38°15.2'N 7°48.2'E

Table 2. The specifications and inherent contrasts of objective things.

Branch line Material Diameter Inherent contrast
Wire leader # 28, 3X3 plys 1.7mm 6.3
Nylon leader # 150, Monofilament 2.0 mm 1.1
Horse mackerel* Dorsal fin**" 250 mm*"” 16.0

" Bait ** Hooking method ~*" Fork length

perception for the different leaders or the small
fish as bait were investigated by means of tak-
ing the case of tuna longlining gear.

2. In situ observations and optical properties of
objects

The observations of underwater irradiance,
which was regarded as one of representative fac-
tors to denote the underwater environmental
conditions evaluated from an optical point of
view, were carried on twice-one was in the win-
ter of 1990-91 and the other was also in the win-
ter of 1991-92-by the Umitaka-maru, Research
and Training Boat of Tokyo Universities of
Fisheries. As the observation stations shown in
Table 1, the positions of these stations are dis-
tributed over a wide range of different oceanic
regions covering the Pacific, Indian, Atlantic
Ocean, and the Mediterranean Sea. Among the
regions mentioned above, those in the Pacific,
Atlantic Ocean, and the Mediterranean Sea coin-
cide with the sea regions of tuna longlining op-
erations reported by Tavyama(1980).

A spectral radiant irradiance meter, type SR-
8, manufactured by Ishikawa Sangyo Co., Ltd.
was used for the observations of underwater
irradiance and each spectral irradiance of such 8
wave lengths as 443, 481, 513, 554, 599, 664, 683,
and 709nm was measured. The practical surveys
were carried on at every depth of 0, 5, 10, 15, 20,
25 and 30m around the sun’s meridian passage
time.

A branch line including a leader with hook and
a small fish as bait were chosen as the objective

things in the observations. In respect to the op-
tical properties of those things, the numerical
values obtained by MORINAGA et al.(1990)
through their water-tank experiments were also
applied to this study (refer to Table 2).

3. Results and discussion
3-1. Distributions of underwater irradiance

Fig. 1 shows the distributions of relative val-
ues of irradiance. Among all the sea regions in-
vestigated, such two regions as the Coral Sea in
the Pacific Ocean and the Andaman Sea in the
Indian Ocean are chosen as the examples of the
excellent underwater environments of which
water has an outstanding optical trans-
mittance. A common optical feature to both re-
gions is that the wave length of the best light
transmittance is 481 nm of blue light and the
worst one is 709nm of red light. Furthermore, it
is also common to those two regions that a cer-
tain wavelength range of spectral lights tends to
decrease their transmittance from shorter wave
lengths towards the longer ones according to
such order as 554, 599, 664, and 683 nm. These
optical characteristics are also seen at every ob-
servation station.

A water layer in which light transmittance de-
creases to 10% of its value in the water surface
locates in the depth of 90m for the spectral light
of 481 nm, 33 m for 554 nm, and 4m for 709 nm
in the Coral Sea. And each corresponding value
in the Andaman Sea 1s 25 m, 20.5 m and 3.2 m,
respectively. This means that the transmittance
of each spectral light considerably varies with
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Fig. 1. Depth distribution of spectral relative irradiance in the Coral Sea and the Andaman Sea.

the sea regions as well as the wave lengths.
Fig. 2 exhibits the distribution of spectral
light energies classified by depth in the same sea
regions as those in Fig. 1. In comparison of both
diagrams, there are little differences in light at-
tenuation rates on the longer wavelength side
than around 550 nm, while those on the shorter
wavelength side are very large. The cause for
such phenomena attributes to the attenuation
due to light absorption of sea water itself so far
as the longer wavelength side is concerned, while
that in case of the shorter wavelength side is due
to light absorption as well as scattering by sus-
pended matters and dissolved substances in sea

water. This suggests that there are much differ-
ences in quantities of suspended matters and dis-
solved substances in different sea regions.

An optical classification of oceanic water
mass is brought forth by JErRLOV (1951, 1976) as
a result of his global-scale observations of un-
derwater spectral irradiance in the different
oceans in the world. According to his study,
there are 5 types of oceanic water mass in the
world which are designated as I, IA, IB, Il and III
in order of the better light transmittance. For
instance, the values of attenuation coefficient
for irradiance, of which wave length is 475 nm,
in each watermass type are expressed as 0.018
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Fig. 2. Distributions of spectral light energies by depth in two sea regions.

Table 3. The values of attenuation coefficient for downward irradiance in each sea region.

Wave Length (nm)

Location

443 481 513 - 554 599 - 664 7 683 709

Kuroshio 3.50 3.29 4.62 7.34 22.9 39.9 45.8 57.5
Off-Hawaii region 2.88 2.81 3.93 7.03 22.8 40.1 45.4 61.0
Coral sea 2.74 2.95 3.97 6.93 22.4 39.5 45.4 56.6
Andaman Sea 10.3 9.42 9.76 11.2 27.6 45.8 53.6 65.0
Atlantic Ocean 2.88 2.74 4.08 6.83 22.8 39.5 45.4 57.1
Mediterranean Sea 4.59 4.39 5.53 7.92 23.7 41.0 46.8 59.0
(X107'm ™9

m~! for water type I, 0.025 m~' for 1A, 0.033
m ! for IB, 0.062 m~* for Il and 0.116 m "' for III,
respectively. All the measurements obtained
through the above-mentioned observations for
this study are closely examined on the basis of
the optical classification by JeErLov (1976)
(refer to Table 3). Thus, it is concluded that
each type of oceanic water mass in the Kuroshio
region, the off-Hawaii region, and the Coral Sea
region of the Pacific Ocean, the Andaman Sea
region of the Indian Ocean, the central region of
the Atlantic Ocean, the western region of the
Mediterranean Sea almost coincides with the

dJerlov’s Type IB, IA, IA to IB, Il to I, IA and IB,
resepectively.

3-2. Ranges of fish’s visual perception for ob-
jects

Whether a fish can visually percept an object
submerging in the sea or not is decided by such
three factors as the size of the object, its con-
trast to the background, and brightness in the
water (NAKAMURA, 1989).

An apparent size of any submerged objects
visually percepted is decided by a visual angle
(i.e. an observation direction angle) at an obser-
vation position. The apparent size of the object
is related to the visual angle by the following
equation,

D=2 orutan((p/z) ..................... (1)

where D stands for dimensions of the object, r
denotes a distance from the observation posi-
tion to the object, and ¢ indicates the visual

angle or the observation direction angle of the
object.
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Fig. 3. Relation between apparent contrast and visual angle with regard to a wire leader and a small

fish.

Symbols @, [, A and O denote the Coral Sea, the off-Hawaii sea region, the Mediterranean
Sea and the Andaman Sea, respectively. Broken lines A and B show inherent contrast of 6.3 for
the steelwire-strand leader and 16.0 for the small fish as bait, respectively. The lines X and Y ex-
hibit the relationships between visual angle at the limit of discrimination and apparent contrast.
Points a and b stand for the positions crossed with the lines X and Y, respectively.

It is introduced by DuNTLEY (1963) that the
inherent contrast of the submerged object is re-
lated to its apparent contrast by the following
equation,

C(r)=C(o)exp(— a+r)+*Bb(0)/Bb(r)

where C(r) stands for an apparent contrast at a
distance r from the object, C(0) denotes an in-
herent contrast at a position of the object, a is
a beam attenuation coefficient, and Bb(0) and
Bb(r) are values of radiance from backgrounds
at the position of the object and at a distance r
from the object, respectively.

Furthermore, with regard to underwater
brightness, it is considered on the assumption
that the environment is favoured with the suffi-
ciently bright conditions.

Based on the above descriptions, Fig. 3 is ar-
ranged to show the relation between the appar-
ent contrast and the visual angle G.e.
observation direction angle) resulted by the use

of equations (1) and (2). The two object things
discussed in the diagram are the steelwire-
strand leader and the small fish as bait. Be-
sides, the diagram is arranged on the basis of
such assumptions that the Bb(0)/Bb(r) of the
equation (2) is evaluated as 1, and the value
(a) of beam attenuation coefficient is esti-
mated to be 3 times as much as the attenuation
coefficient for downward irradiance (TYLER,
1968). The values of beam attenuation coeffi-
cient of which wave length is 481 nm, in each sea
region are calculated to be 0.078 m ' in the Coral
Sea, 0.084 m ™' in the off-Hawalii sea region, 0.13
m ' in the Mediterranean Sea, and 0.28 m ' in
the Andaman Sea, respectively.

According to Fig. 3, if the visual angles to see
the steelwire-strand leader become smaller (i.e.
if the distances from the observing position to
wire leader become longer), the values of appar-
ent contrasts would become gradually smaller
than those along the broken line A, showing the
successive contrast reductions. In case of the
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Table 4. The ranges of tuna’s vision for the branch line leaders and small fish as bait in each sea region.

. Visibilities
. . Beam attenuation .
Oceanic region coofficient Wire Nylon Mackerel
(D:1.7mm) (D:2.0mm) (1.:250mm, H:70mm)
Coral Sea 0.078 m™! 4.3 m 1.2m 41 m
Off-Hawaii region 0.084 1.2 39
Mediterranean Sea 0.13 1.1 28
Andaman Sea 0.28 1.96 16

Letters D, L and H denote diameter, fork length and body height, respectively.

small fish as bait, the apparent contrasts also
show a similar reducing tendency. But, since the
size or thickness of the branch line itself is very
small, such a tendency is affected by the back-
ground near the object and scattering lights due
to suspended particles existing in the light path
as introduced by MORINAGA et al.(1985). The
visible range is controlled by the two elements
of visual angle and apparent contrast. Accord-
ing to the NAKAMURA’s method (1989), a lim-
ited visible range in the clear water is obtained
by means of regarding the line visual acuity as
0.90 which is 5 times as much as the visual acu-
ity of skipjack tuna (SCHWASSMANN, 1974) and
the contrast threshold as 0.05 (HESTER, 1968)
and shown by the straight line X in the diagram.
Thus, the line X exhibits the relationship be-
tween visual angle at the limit of discrimination
and apparent contrast, its right-upper side is the
visible part and its left-down side is the invisible
part. The respective intersection, ai, a., as and
as of the line X and the curved line of the fishing
gear expresses the visual angle and apparent
contrast for the visible limit in each sea region.
On the other hand, in case of the small fish as
bait, the limit of visible range is obtained by
means of regarding the visual acuity of skipjack
tuna to be 0.18 (NAKAMURA, 1968) and the con-
trast threshold to be 0.05 and exhibited by the
line Y. The respective intersection, bi, bs, bs and
bs of the line Y and the curved line of the bait in
each sea region is shown in the diagram for the
same purpose as the case of the fishing gear.

3-3. Underwater visibilities in different optical
type water mass
Table 4 shows the limits of underwater dis-
tances at which a fish can see the branch line and
the bait in each sea region. Those visible dis-
tances in the Coral Sea which has the clearest

water as proven through the underwater
irradiance observations are greatest, comparing
with other sea regions, indicating 4.3m for the
wire leader, 1.2m for the nylon leader, and 41m
for a piece of mackerel as bait. But, these visi-
ble distances in turbid water of the Andaman
Sea which locates not a long way off the coastal
water become considerably shorter showing al-
most 65% to 80% for the leader and approxi-
mately 40% for a mackerel as bait, of those
values in the Coral Sea. Such the visible dis-
tances in the Bay of Bengal of the Indian Ocean
are introduced by MORINAGA et al. (1990) for
the fishing gear and the small fish as bait of
which specifications are identical with those of
this study, informing that the values in the Bay
of Bengal are identical with those in the Medi-
terranean Sea. According to the above descrip-
tions, it is understood that the visible distances
from a fish to a certain object considerably vary
with the underwater optical environments.

So far as the underwater optical environment
is concerned, it comes to be known through Fig.
2 that the blue light is most prominent in the
spectral light composition at the layer from 50
m to 100 m deep. This is considered to be related
to the discovery, which 1is introduced by
KoBavamst (1962) and KAWAMURA et al.
(1981), that the greatest sepctral sensing value
of tuna’s eye is found in the spectra of which
wave lengths are more or less 490 nm.

As for a galvanized steelwire filament and a
monofilament of nylon-gut as materials of the
leader, NAKAMURA et al. (1991) reported re-
cently that both have the values of spectral re-
flection radiance in the wavelength range from
380 to 760 nm, but they are nothing to do with
the wave length, and the reflection rate of the
former is larger as much as almost 5 times of
that of the latter. It is also revealed by them
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that the greater part of hues (i.e. almost 90%)
for a colored steelwire-strand leader provided
with a rust-preventive coating is a red color.
This phenomenon coincides with the fact proven
by MORINAGA et al. (1992) that, so far as
visibilities of any objects in clear sea water, the
red colored object is harder to see than the blue
or green colored ones. Such an aspect of affairs
can be satisfactorily proven also from a view-
point of improvement in catch rate of tuna. As
for the hues of the bait fish in opposition to the
case of fishing gear, the blue-tone colors of
small bait-fish’s skin are theoretically more use-
ful because of their longer range of sight. It can
be said, therefore, that each skin color of mack-
erel and saury which are used nowadays for tuna
longlining operations through a varied experi-
ence meets well with such a requirement.
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Variability in the flux of rapidly sinking particles at the Chirikov

Basin of the northern Bering Sea in summer 1988*

Hiroshi Sasaki™’, Hiroshi HATTORI*?, Osamu MATSUDA **,
Atsushi TANIMURA ** and Mitsuo FUKUCHI*®

Abstract: A time-series sediment trap was deployed at 13 m above the bottom at the
Chirikov depocenter (about 50 m depth) of the northern Bering Sea from 20 June, 1988 to 24
September, 1988. Twelve consecutive samples were collected with a time interval of 8 days.
According to the physical conditions (temperature, current speed and direction) around
the trap site, the deployment period can be separated into three distinct short periods,
phase I (from 20 June to 7 August), phase II (from 7 August to 31 August) and phase III
(from 31 August to 24 September). Averaged daily carbon flux was higher in phase I (490
mgC m ™) than those in phase II (425 mgC m ™ and in phase [II (439 mgCm ™). In phase,
northward flowing and cold Bering Shelf Anadyr Water (BSAW) induced to produce
autochthonous large sinking particles (LG) around the trap site and also carried
allochthonous small particles (SM) from the south. In phase II, when the cold BSAW and
warm Alaskan Coastal Water (ACW) occurred alternatively, LG fraction decreased possi-
bly due to the less influence of BSAW. In phase III, BSAW replaced ACW, and LG fraction
increased again, though the fecal pellet composition of LG were quite different from that in
Phase I. The LG increase in phase IIl was primarily attributed to a fall phytoplankton

bloom and intensified herbivorous grazing acitivities.

1. Introduction

The continental shelf of the northern Bering
Sea has been recognized as an area of high ma-
rine production at several trophic levels
(McRroy et al., 1972; SAMBROTTO et al., 1984),
because the advection of oceanic water from the
basin of the Bering Sea is primarily responsible
for the high biomasses of the shelf area
(SPRINGER and ROSENEAU, 1985; SPRINGER et
al., 1989: GREBMEIER et al., 1988). The benthic
biomass, in particular, at the Chirikov Basin of
the northern Bering Sea is extremely high, which
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indicates the close coupling between pelagic sedi-
mentation of organic matter and high abun-
dance and biomass of benthic fauna
(GREBMEIER et al., 1988; GREBMEIER et al.,
1989; GREBMEIER and McCRrOY, 1989). This has
been verified by sediment trap studies in this
area (FUKUCHI et al., 1993).

A preliminary report of the last study with a
time-series sediment trap (96-day deployment)
showed that considerable amount of organic
particles sank onto the bottom, and the high
flux continued for about 3 months in summer.
From the data of a short-term trap deployment
(1 day), sinking particles were dominated by
zooplankotn fecal pellets, marine snow-like par-
ticles and diatom cells (FukucHI et al., 1993).

In summer season, physical oceanographic re-
gime in the northern Bering Sea includes 3 water
masses; Anadyr Water (AW), Bering Shelf
Water (BSW) and Alaskan Coastal Water
(ACW). These water masses are defined by
T/S profiles and were characterized following
bottom water properties: AW (S>32.5, T=
—1.0 to 1.5°C) on the western side of the Sea,
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Fig. 1. Location of mooring station for time-series sediment trap experiment (64°58.62' N,
169°10.08" W) at the Chirikov Basin of the northern Bering Sea. Shaded area indicates the
main depocenter of the Basin (GREBMEIER et al., 1988).

BSW (S=31.8 to 32.5, T=0 to 1.5°C) in the mid-
dle region, and ACW (S8<(31.8, T>4°C) near
the Alaska coast (CoACHMAN et al., 1975;
GREB-MEIER et al., 1988; DEAN, et al., 1989).
BSW and ACW are distinct in water properties
and form a well-defined frontal zone, while AW
and BSW are less distinct. The two water
masses (AW and BSW) with a combined water
properties is called as Bering Shelf-Anadyr
Water (BSAW).

These complicated physical properties of wa-
ters in the northern Bering Sea can display a
variability of biological processes over rela-
tively small spatial and temporal scales. Thus,
an understanding of frequencies, magnitude and
spatial-temporal scales of particle flux varia-
blity is important to model biological produc-
tivity with reference to physical and chemical
water properties.

In the present study, a time-series sediment
trap were deployed at the main depocenter of the
Chirikov Basin of the northern Bering Sea in
summer 1988. This experiment was conducted to

understand the possible influences of physical
water conditions on the sedimentation processes
of particulate organic matter flux at the
Chirikov Basin area. This paper deals primarily
with variabilities of large sinking materials in-
cluding fecal pellets and zooplankton captured
in the trap at the main depocenter of the north-
ern Bering Sea.

2. Materials and Methods

The experiments were conducted at a station
(64°58.62' N, 169°10.08" W) located at the main
depocenter of the Chirikov Basin in the northern
Bering Sea at the depth of 49 m (Fig. 1), during
the cruises of ISHTAR Leg I, 1988 of R/V T. G.
Thompson and ISHTAR Leg IV, 1988 of R/V T.
Washington. The moored time-series sediment
trap, described by FukucHI et al. (1993), was
situated 13 m above the bottom to reduce the in-
fluence of sediment resuspension. The trap was
designed to collect 12 consecutive samples with a
collection interval of 8 days from 20 June 1988
to 24 September 1988 (Table 1). Neutralized
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Table 1. Sampling intervals of time-series sedi-
ment trap experiment conducted at the Chirikov
Basin in the northern Bering Sea, 1988.

Sampling period

Sample No. . .
opening closing
1 12:00 20 June — 12:00 28 June
2 12:00 28 June — 12:00 6 July
3 12:00 6 July — 12:00 14 July
4 12:00 14 July — 12:00 22 July
5 12:00 22 July — 12:00 30 July
6 12:00 30 July —12:00 7 Aug.
7 12:00 7 Aug. —12:00 15 Aug.
8 12:00 15 Aug. — 12:00 23 Aug.
9 12:00 23 Aug. — 12:00 31 Aug.
10 12:00 31 Aug. — 12:00 8 Sept.
11 12:00 8 Sept. — 12:00 16 Sept.
12 12:00 16 Sept. — 12:00 24 Sept.

formalin in filtered sea water (ca. 10% v/v)
served for sample preservation during deploy-
ment.

Collected materials with the time-series sedi-
ment trap were splitted into two aliquots; one
was used for batch analyses of organic carbon
and nitrogen (FUKUCHI et al., 1993), and the
other for the size fractionation analyses of the
present study. Particles in this study were fur-
ther divided into two fractions, Large-sized par-
ticle fraction (LLG), and Small-sized particle
fraction (SM), according to a procedure as fol-
lows. Particles with a small volume of seawater
(ca. 50 ml) was gently injected into a settling
column (approximate size of 50mm X 500mm)
with 3.29 NaCl solution. The particles were
separated into two fractions, LG with higher
sinking rates and SM with lower sinking rates,
after a given period of time. The settling col-
umn was exposed to cold condition (about 4°C)
in the laboratory.

The sinking rate to differentiate two particle
fractions was calculated under the following as-
sumptions. The maximum northward current
speed (daily mean) near the station is 35 cm
sec™! (R. TRIPP, personal communication). The
horizontal expansion of the main depocenter is
about 50 km, which is roughly estimated from
the distribution range of dense benthic biomass
(GREBMEIER and Mcroy, 1989). The approxi-
mate location of the trap mooring site was in
the center part of the depocenter. Then, for
large particles which start sinking at the outer

edge of the depocenter to reach the bottom (ca.
50 m) at the mooring site, the minimum sinking
rate is calculated to be approximately 60 m d ™.
The sinking rate of LG fraction is >60 m~' and
that of SM fraction <60 m~".

Although this separation procedure is quite
preliminary, the LG fraction is expected to be an
approximate indication of autochthonous parti-
cles in the water column above the depocenter.
Since LG fraction represents the minimum esti-
mate of the autochthonous materials, SM frac-
tion probably include both of auto-chthonous
and allochthonous materials, the latter of which
would mostly come from the south with north-
ward current.

Sample particles separated were used for Par-
ticulate Organic Carbon (POC) determinations,
orgnic matter analyses (sterols), inorganic
matter analyses, and microscopic examinations
of fecal pellets, zooplankton and phyto-
plankton. The present study covers only results
of POC, fecal pellets and zooplankton.

Zooplankton swimmers larger than about 1
mm were removed carefully from LG fractions
and were examined for the species compositions
and abundances. Aliquots of LG fractions were
used for examinations of large fecal pellet (ca.
>0.1lmm) compositions and abundances under a
disecting microscope. POC contributions of
fecal pellets were estimated based on a conver-
sion factor of pellet volume to carbon according
to the data of JoHANNES and SaTom1 (1966).
Aliquots of LG and SM fractions were filtered
through GF/F glass fiber filters and were ana-
lyzed for POC with a Infra-red gas analyzer
(Horiba LIA-2) as described by SASAKI and
Nisarzawa (1989).

3. Results
Particulate flux

The POC flux at 13 m above the bottom of the
depocenter revealed a relatively small fluctua-
tion between sampling intervals, where a factor
of about 1.7 difference was found (Fig.2).
Fluxes of LG fractions varied in the range of 127
to 271 mgC m *d "' with a mean flux of 205 mgC
m~*d"'. SM fluxes were in the range of 138 to
342 mgC m~*d~' with a mean flux of 257 mgC
m’d "}, being slightly larger than those of LG.
The relative contribution of LG increased
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Variability of downward flux of particulate organic carbon (POC) at the Chirikov

depocenter. Trap-collected particles were classified into two groups: Large-sized particle frac-
tion (LG) and Small-sized particle fraction (SM), according to their sinking rates.

towards the end of the mooring period.

Microscopic observations of LG showed that
the dominant component were two different
types of fecal pellets; cylindrical pellets and el-
liptical pellets. The fecal pellet fluxes in terms
of POC were shown in Figs. 3-a & b. While the
cylindrical pellets mostly occurred in the 1st
half of the mooring period, the abundance of el-
liptical pellets increased towards the end of the
period, particulary between 16 September and 24
September. In two fecal pellet types, large pel-
lets (1 mm) predominated in carbon contribu-
tion to small pellets (0.1-1mm). Few fecal
pellets and zooplankton swimmers were ob-
served in the SM fractions which were domi-
nated by diatoms (SASAKI et al., 1992).

POC contributions of total fecal pellet (cylin-
drical and elliptical pellets) of LG fractions
showed that the relative abundance of total pel-
lets varied between a sampling interval (Fig. 3-
¢). In two periods of 14 July to 30 July and 16
September to 24 September, estimated carbon
contributions of total pellet accounted for
about 100% of the measured total LG carbon.
In other periods, LG fractions were mainly com-
posed of both fecal pellets and marine snow-like
particles possibly derived from appendicularion
houses as suggested by FURKUCHI et al. (1993).

The averaged carbon contribution of fecal pel-
lets to mean LG fraction were 49 % through the
entire observation period.

Trap-collected zooplankton

Table 2 shows the list of zooplankton cap-
tured in LG fractions of the sediment trap.
They were classified into four representative
groups; oceanic species, coastal species, cos-
mopolite and others, according to SPRINGER et
al., (1989). Oceanic and coastal species were oc-
cupied by copepods. A predominant animal in
numerical abundance was a small cosmopolite
copepod, Pseudocalanus spp. Few benthic ani-
mals, such as Cumacea, were found in the trap
samples.

Variabilities in abundance of trap-collected
zooplankton other than cosmopolite copepod
Pseudocalanus spp. are shown in Fig. 4. On the
average, trap-collected zooplankton was domi-
nated by oceanic copepods except for the period
of 8 September to 24 September, and coastal co-
pepods (Calanus marshallae) occurred as a low
percentage of the total population through the
period. A high relative abundance of the oceanic
group possibly indicates an occurrence of water
mass transported from the southern Bering Sea
where the oceanic copepods originally inhabited.
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(0.1-1 mm and > 1 mm), (o):

sum of cylindrical and elliptical fecal pellet fluxes (PELLET-

TOTAL), and measured fluxes of LG fraction (LG).

Typical oceanic copepods, primarily Neocalanus
cristatus, N. flemingeri, Eucalanus bungii were
abundant (C>50% of total zooplankton) from
the end of June to middle of August. However,
the copepod abundance obtained in this study
(inds. sample™") may not show the exact animal
density in the water mass, primarily because of
the avoidance of animals from the trap, and the
degree of influence of northward current on the

advective particle transportation can not be
quantitatively estimated.

Current flow

The eight-day mean current flow at 24 m
depth near the sediment trap site at the Chirikov
basin was generally northward along the axis in
the range from 5 to 19 cm™' (Fig. 5-b; R.
TRIPP, personal communication). The 8 day
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Table 2. Representative species of four groups
of zooplankton communities in the LG fractions
of trap samples.

GROUP
OCEANIC SPECIES

SPECIES

Neocalanus cristatus
N. plumchrus
Eucalanus bungii
Metridia pacifica

COASTAL SPECIES
COSMOPOLITE
OTHERS

Calanus marshallae

Pseudocalanus spp.

Polychaeta
Chaetognatha
Cirripedia
Cumacea
Amphipoda(Gammaridea)
Decapoda larvae
Appendicularia
Copepoda
Scorecithricella minor
Acartia tumida
Oithona spp.
Euterpina spp.
unidentified

mean current speeds are inevitably smaller than
the daily maximum speed mentioned before (35
cm ™). The period of 8 day corresponds to the
collection interval of the sediment trap. The

eight-day mean water temperature were in the
range of 0.4 to 5.1°C (Fig. 5-a). The current
speed, direction and water temperature data
show a marked fluctuation between the sam-
pling interval, which may be related to the pas-
sage of a frontal zone between BSAW and ACW.

4. Discussions

Rapidly sinking particles should represent the
agents transported vertically from the upper
productive layers to depths as forms of rela-
tively large fecal pellets and marine snow (e.g.
ANGEL, 1984; FowLER and KNAUER, 1986).
However abundances, qualities and variabilities
of particles transported with advective water
movements (allochthonous particles) can not be
related to biological processes in the upper lay-
ers. Since the Chirikov basin area is in very
complicated water conditions, it is necessary for
trap-collected particles to be primarily sepa-
rated as autochthonous rapidly sinking particles
(LG in this case) and allochthonous small parti-
cles (SM).

The current data (Fig. 5) showed that the wa-
ters at the trap site during the period of sample
Nos. 1 through 6 (from 20 June to 7 August) is
in low temperature, and in continuous and
strong northward current which is possibly

%
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Fig.4. Variability of zooplankton abundance collected in the LG fractions, and contributions of oce-
anic copepods to total zooplankton. Total zooplankton includes oceanic copepods (Oceanic sp.),
coastal copepods (Coastal sp.) and other zooplankton (Others) (see Table 2).
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Variabilities of 8-day mean water temperature (a) and current velocities both of northward

(CV: NORTH) and eastward (CV: EAST) components at the Chirikov depocenter (TRIPP, per-
sonal communication). The period of 8-day corresponds to the collection interval of time-series

sediment trap.

BSAW. From Nos. 7 through 9 (from 7 August
to 31 August), water temperature increased to 4
to 5°C, and the current speeds and directions
were relatively unstable. This may indicate an
alternative occurrence of surrounding water
masses including cold BSAW and slightly warm
ACW 1in the transition zone. From Nos. 10
through 12 (from 31 August to 24 September),
water temperature is high (about 4°C), and con-
tinuous and weak northward current were ob-
served. This stream corresponds to ACW.
According to these water conditions, the whole
observation period can be separated into three
short period; phase I (Nos. 1 through 6), phase
II (Nos. 7 through 9) and phase III (Nos. 10
through 12).

Average parameters of sediment trap mate-
rial in three phases at the Chirikov depocenter
were summarized in Table 3. Average water

temperatures and current speeds were recalcu-
lated from the data in Fig. 5.

In phase I, an average total POC flux (490
mgC m *d™') was higher than those in other
phases. The flux of LG fraction was fairly high
and the contribution of LG to total POC (42%)
was slightly less than that of SM fraction
(58%). Fecal pellets, a typical autochthonous
source accounted for about 50% of LG POC.
Fecal pellets obtained in this phase were mostly
cylindrical forms.

Possible producers of these cylindrical pellets
were relatively large oceanic copepods, such as
N. flemingeri and/or N. cristatus, primarily be-
cause these pellets occurred in general accor-
dance with the oceanic copepods mentioned
above (Fig. 4, Table 3). This was supported by
a previous study (SASAKI et al., 1988), showing
that the same-sized cylindrical pellets were
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Table 3. Average parameters of sediment trap material at 36 m depth in three phases at the Chrikov
depocenter in the northern Bering Sea. Average water temperature and current velocities at 24 m depth
were recalculated from the current flow data (Tripp, personal communication).

Phase I I 111 Mean
Date 20 June~7 Aug 7 Aug~31 Aug 31 Aug~24 Sept
Sample No. 1~6 7~9 10~12 1~12
Water temperature (°C) 0.76 3.65 4,08
Current velocity (cm sec™)
Eastward component 2.68 —2.06 2.90
Northward component 16.06 10.31 9.21
Flux of LG fraction
POC (mg m™*d™) 205 162 247 205
Fecal pellet POC (mg m ™ *d™") 103 37 158 100
CFP™' POC (mg m™*d™" 101 25 12 60
EFP** POC (mg m*d™ ") 2 12 146 40
Fecal pellet contribution to
total LG POC (%) 50.2 22.8 64.0 48.8
Flux of SM fraction
POC (mg m~*d™") 285 263 192 257
Total Flux (LG+SM) 162
POC (mg m~*d ™) 490 425 439 444
Contribution of LG (%) 41.8 38.1 56.3 55.6
Contribution of SM (%) 58.2 61.9 43.7 ’
Trap-collected Zooplankton
Number of oceanic copepods
(No. trap ™ 34.7 16.7 7.3
Contribution of oceanic copopods
to total zooplankton ™’ 66.8 50.0 25.7

“'CFP: Cylindrical Fecal Pellet
“*EFP: Elliptical Fecal Pellet

“total zooplankton: zooplankton number except for small copepods (Peudocalanus spp.)

actually egested by oceanic calanoid copepods
(e.g. C. cristatus, C. plumchrus).

Based on these results; fairly high auto-
chthonous production and advective inputs of
allochthonous particles were strongly influenced
by the northward flowing BSAW during the pe-
riod of phase I. The northward current (BSAW)
carried abundant nutrients to allow for high pri-
mary production and as a consequence it fol-
lowed the high animal acitivities (auto-
chthonous production) (SPRINGER et al., 1989).
This strong current concurrently carried
allochthonous organic matter from the south
onto the shallow Chirikov basin during summer
season.

The total POC flux in phase II slightly de-
creased to 425 mgC m *d ", and contributions of
LG fraction and fecal pellets were apparently

less than those in other phases. The decrease of
LG fraction suggests the low autochthonous
particle production primarily due to the de-
crease of influence of nutrient rich BSAW. On
the other hand, no marked decrease of SM was
found in this phase, possibly indicating that
fairy high advective water movements still re-
mained and they transported particles from sur-
rounding waters including northward flowing
BSAW.

In phase III, BSAW was replaced by ACW.
Both of LG flux and fecal pellet flux were high-
est through the whole period, indicating the in-
tensified autochthonous production. The
increase of autochthonous sinking particles may
be related to a fall bloom of phytoplankton
which was observed using a time-series water
sampler deployed with the same mooring system
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(TaNIGUCHI, personal communication). The
fall bloom allowed to enhance fecel pellet pro-
duction of herbivorous zooplankton.

Fecal pellets dominated by fresh, large (1
mm) and elliptical pellets were the most impor-
tant component of sinking particles, in contrib-
uting at least 36% of total POC flux. The
producers of these fecal pellets, however, were
not specified among the trap-collected
zooplankton communities in this phase. No
marked occurrence of the large fecal pellet pro-
ducers were found in the net-collected
zooplankton communities when the trap was re-
covered (HATTORI et al., 1991; FukucHI et al.,
1993).

The compositions of zooplankton in a given
location was a reliable indicator of the occur-
rence of the associated water mass in the north-
ern Bering Sea as described by SPRINGER et al.
(1989). For example, no marked increase of oce-
anic copepods collected in the trap was found in
phase III, which supported the water mass re-
placement occurred between phase I and phase 11
in the physical processes of BSAW entering into
the Chirikov basin area.

Average total carbon flux through the period
in the present study (462 mgC m *d"') was
slightly lower than that reported previously
(501 mgC m *d ') which was obtained using
another aliquot of the same trap sample
(FukucHr et al., 1993). The small difference
between two aliquots is owing to the zooplank-
ton carbon contribution, representing an aver-
age capture rate of zooplankton into the trap
(39 mgC m~*d™*). The present data show exact
particle flux, because most of large zooplankton
swimmers were excluded from the LG samples.

Average fecal pellet contribution was 101 mgC
m *d "', accounting for 22% of total flux and
about 5 % of primary production (2 gCm~d ™",
ROBIE et al., 1991). The relative contribution of
pellets is not prominent, compared with those in
the other shallow productive seas (DUNBAR and
BERGER, 1981; KNAUER and MARTIN, 1981;
SasAKI and Nisuizawa, 1981; WEFER et al.,
1988). For example, BODUNGEN et al., (1987)
showed that > 909 of sinking particles at 100 m
was krill fecal pellets, which approximately cor-
responded to 20% of daily primary production
during austral spring at a station (JV 85) in the

Bransfield Strait, Antarctica. The last result
suggests that the heavy grazing pressure of krill
on the primary producers regulates the size of
the downward particulate flux during austral
productive season.

In the present study area, relatively low fecal
pellet contribution may indicate that high pri-
mary production at the northern Bering Sea in-
duced by advective nutrient supply is not
controlled severely by herbivorous zooplankton
(SPRINGER et al., 1989) and provides rich foods
for benthic animals (GREBMEIER et al., 1988;
GREBMEIER and Mcroy, 1989; FukucHI et al.,
1993).

Large biogenic particle flux, LG contribution
including fecal pellets and zooplankton in this
case provide a primary information on the rela-
tive 1mportance of autochthonous sources
among the sedimenting material onto the bot-
tom in the shallow waters in which an advective
water movement is important in carrying many
kinds of particles.
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Reaction of dace, Tribolodon hakonensis, toward the movement of light curtain®

*

Young-il AN

and Takafumi ARIMOTO**

Abstract: Reaction of dace Tribolodon hakonensis toward the movement of light curtain
was studied in the circular channel. A light curtain was created by a sideways beam pro-
jector through a 1 mm slit of the center drum,and was rotated at five different speeds (4.7,
6.8,9.4,12.4, 17.3 cm/sec) with four levels of lighting voltage (40, 60, 80, 100 V). The results

are as follows:

(1) The fish showed a tendency of escape behaviour by keeping a position in front of the
moving light curtain,while an optomotor reaction was not clearly observed under any con-
ditions. (2) The escape behaviour was more typical inder the stronger contrast conditions
of ight curtain. (3) Under the weaker contrast conditions, the escape behaviour was more
apparent at the slower movement of light curtain.

1. # 5
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Fig. 1. Experimental apparatus with the light curtain projector, which is driven by a motor.
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Fig. 2. Relation between relative radiance and distance from the center of light curtain, according
to the input voltage of incandescent lamp (25W).
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Fig. 3. Classification of behavioral patterns of
fish to the rotating light curtain.
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Fig. 4. Main patterns of fish reaction to the light
curtain for each rotation. Left and right
hatching show the behavioural succession
for two and over three times, respectively.
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Fig. 5. Relation between the rounding number of
fish and that of the light curtain, in case of
continuous escaping, for 5 min. The lines
represent the average trend for five trials in
each lighting condition. Plots on the 45°
line mean the complete escaping reaction
through 5 min. observation.
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Fig. 6. Rounding rate of fish for the rounding
speeds of light curtain according to the
lighting voltage, for the continuous escap-
ing and following behaviours, for 5 min.
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Fig. 7. The reaction of fish for the various round-
ing speeds of light curtain for 5 min., ac-
cording to the lighting voltage, in case of the
temporary following and escaping beha-

viour.
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Fig. 8. The reaction of fish for the various round-
ing speeds of light curtain for 5 min., ac-
cording to the lighting voltage, in case of the
counter swimming against the light curtain.
too OB SHIC 5 ROVHEE L - TH B EHE
HEEMBVESICRBBUREREHEBRNS b,
FHEEREDEE, 35X PO/PME VA0V, 60V O
ST REERDEDT 2N R O N, BRELT
SEMICT Y RS X FOKEWVEOV, 100V DA TE
WK O [EEHASEEIN S B RS R S e,
T, REOBRKTHE—EHFEICHET S E 0D



BTS2 71 OIS 35

HEcxd LT, NROBE) & [Eh RNtk L fodgemlet «
SBHEDIEX B DT 2 R EER I 2 EIA &

LTk, ToORMARBEREFig. 6ICRmLi, 2 ¥
b5 R AN WA TIREREEE OB X b [E
OEERSHDT BHEENALNDE, —FH, IV TR
bASKE VRET RIS EIERIE VY, HEOZE(L
R L T—EDBMIE R SN - T,

3 & R RICER LIEAIL > W, FOTEN 1
Bk Ui - s Rl AR S LIELIEA S
h, TOEEO--HHER, —HEBOMEEFig. T
FEwt, —ERBRERKISEEEINCDEp 7o, 3 v
b5 R FHBANEVEHTROMINT AEAESS - T, &
Fo—WERER RIS > W TIDER#EELRIca Y F 5 R b
ext L C iR s s -7z, Jhiel T, #
HEANDHERITEN 2 Fig. 8 IcA 5N 5 & 5 IRl
DI X > TELHED, vy IRAPHRELKR
ShTDREL BAERANA LN, THhbba P52
FAUNE WOV, 60V DE54 180V, 100V X b Bk
BN A EIC KW T WA T EZRL TV, TDT L
i3 Fig. 6 CRIGMOBEERIEAD L T it L T
BO, KRBOEHIC L > THEEOMEKRTEINELR
5T EERLTVS,

4. & %=
HEEHNIGIC & 2 BEHKERET 2 BT, BE
FEAEEEEE LTHVWABANS %, FlAE, Bt
5 (1979a) B=vY=Ric>\T, MEEEE L TKE
PICHEERE Lo K % 12.6~45.2cm /sec THIEBE) X ¥
CERRIGEBHE L, (KRN THENRIFIHREES)
RIGOEHENE I EEREL TV S, ko
(1973) 1Z/KFECHIE A 12em/sec DHEE THE = #,
h vy FATvBINOBENCH L TEEEKT S LE
WL TWE, L LEAS (1953), & (1978)
Ehid, 49~1050cm/sec & S TILAEBB S €158,
HRHSTEMEC AL MESNTVS, TOLD
CEREBRIGEEC T LT, SENMHOHECRE
HEREEARERS LS GEL, 1975, AEBRTH
W724.7~17.3cm/sec & W I HEO B EHEE 130.9~3.5
B.L./secic#4 L, ZhE TOEBERHISICHET S
EETHREIEANH 1 ~4B.L./sec (BT - fth,
1979a, 1979b; F# b « ¥iBE, 1972; 3 L - 1A, 1973; H
F, 1975; Paviov, 1967) ORBEHEBEEE L LV
fWELTH B, Lrl, KERTIRE OBERMFCK
LThw 74 REEEHRE LAY SN 5 B/TEIIR

=%, DUAEMSRICL 3 EEZ SN A EBHTE AR
Lo COBEED—> &L THRBHAEOEVES TS
N3,

FFERY oy ML BKBICBH SN EEOE - A8
DOEENEZ b b, /Nl (1989) B=T7YVIiL>WT,
JBEBED E — sEDSHVIREE T RBET 2 Ba I iatZ
RETEHELTVWE, #0fh, BHHIEE L TINET
OEBRTHEI TV ARV EILXHE (BK-FE,
1953), &L (B8, 1978), Z b o X¥ (PATRICK
et al, 1985; Sacer and Hocurr, 1987) &N b
HOERTOWEBOEEAVTL S0, BHT 3O
DY — AER—REI D T, £, LTTiCBY SRS
747y OBRNERICO VT, MEKEeEERBEEL
FBAIIBL FEE - BNEME- TR, KO
RIS, BELE ORI EAT B NS
<, BUAKBEEKCHMT AERENA OGN ZLT,
ERAtEABHI LSRRI ORI LEFDNEIL -
7z GtE -8, 1973) CEdWMESN TV S

WICHFE D B SN 2O HRIIC DWW T, BeN-
Yamr (1976) &Nikonorov (1971) (ZEEHFD A ENIC
&> TRERMOBWETETH » CTHADKIEERT C
LAEERLTVWS, $HbL, BRI > TKEJICK
CHEF AR, KPTICLELIRE bs0EMA
ER IR L aa it K CEZ 2REENHLEN S,
WYISOEEARIRT 2 L OEBEMAERLTVWS, =
U2 ZAHKHED FEOBEER IS U TRBRERTE
Ut (AIC - #b, 1979a) 45, /Kio {lih o R
FoBEcs L TRAOKIGER L (BT - i,
1979b) T &b ZOEKNEBARSD A D,

—F, BEEHRLTIERHELFTREOI VS
2 M AEWD B ETEVBRRIBEHAETE S I LA
SN TWABA (Suaw, 1965; Paviov, 1967), AEERIC
HWIOEREEHE T Y b 5 2 N HHROIBA I ERERIG
A% R LT, PLEOEED SARBRTHVBEDLE
Fw e LR E LTIER L, [EEbEKITES
MEINLBDEEZ LN, TOXDEPKERILBWT
BHOTHAHIHET 2 FRELTENTHELEZON
5%,

5. B O

BEpLEcdT sy 71 ORIGERHNS fcn/NIDOH
KB AR CTEREIT- oo EREMHE L TREHS
RO AHEIF 440, 60, 80, 100 V D 4 BRBEE L, ki
BEEEA4.7, 6.8, 9.4, 12.6, 17.3cm /sec @ 5 BfEIE



36 La mer 31, 1993

ftx®i,

1. 9741 EDEBITHH L THREEFHRIG LAY
5N 5B & O [BEEREREE R LT

2. NEDOI VTR PSRV TR AZ > >
7o

3. DI Vb FRIBFVEHTIE, KROBE
HE DR WA I OIEEER DL H - o,

X it

ANTHONY, P. D. (1981): Visual contrast thresholds
in the cod Gadus morhua L. J. Fish Biol., 19,
87-103.

BB % FHE--HL £ 1979)  AOoHEE
Bb & IV, BEDEHICH T 5= V< ROfT
g BUKKIFFHE, 66, 23-35.

BB % FHE-HLE FE A979) : AOREE
UL EEE V. RBORICd 3 = Vv 201TE
BUKKHFFTHRE, 66, 37-46.

BeN YaMmi, M. (1976): Fishing with light. Fishing
News Books Ltd., London, pp. 38-48.

Inoue, M. (1967): Observation on the swimming
speed of fish in an annular trough— I . Effect of
visual screen on goldfish. La mer, 54, 237-243.

FE e mEERE (1972) RO BEEEKIG &Rk
1. MEEE:ERIG. BKAPIE#RE, 58, 9-16.

HE EEAELR QD A7 FA 7V DITFIC
B sLERKIZOWT. 54, 11, 4554,

FHE £ Q975 HEEHNG L BHOTE. O A,
13, 79-90.

Jones, F. R. H. (1963): The reaction of fish to mov-
ing background. J. Exp. Biol., 40, 437-446.
it Bg (1989) : Wikeoticxdd 5 7 = Y DITEIKIGIC

B9 2850, —EAAMERCE, 2, 23-53.

BEUREEER - B =T# (1953) : M H =D —
I #RoMELFEHRIC>WT, HKEE, 18, 26-29.

Fok et BB MA 78 (1990) ¢ N A NEI
B 5 £ AERBEORMO/KTEEIER] 55,
28, 117-122.

Nikonorov, 1.V. (1971): Methods of continuous
fishing. Israel Program for Scientific Trans-
lations Ltd., pp.20-43.

PArRTRIDGE, B. L. (1982): The structure and func-
tion of fish schools. Scientific American, 246,
90-99.

Parrick, P. H., A. E. Curistie, D. R. Sacer, C.H.
Hocurr and J., Jr. Stauvrrer (1985): Re-
sponses of fish to a strobe light/air-bubble
barrier. Fish. Res., 3, 157-172.

PavLov, D. S. (1967): The optomotor reaction of
fish. FAO Fish. Reports, 62, 803-808.

SAGER, D. R. and C. H. Hocurt (1987): Estuarine
fish responses to strobe light, bubble curtains
and strobe light/bubble-curtain combinations
as influenced by water flow rate and flash fre-
quencies. Fish. Res., 5, 383-399.

Suaw, E. and A. Tucker (1965): The optomotor
reaction of schooling carangid fishes. Anim.
Behav., 13, 330-336.

g R (1978) : BEPLEORMEI TEICKIT TRE
SV, HKEE 44, 869-874.



La mer 31: 37-39, 1993
Sociéte franco-japonaise d’oceanographie, Tokyo

ML S il o &I >0 T
Pk B

On historical tsunamis at Susami-ura in Wakayama Prefecture”

Shigehisa NAKAMURA **

Abstract: This work is a notice on historical tsunamis at Susami-ura in Wakayama Prefec-
ture. There has been a little description kept in Susami-ura, even though it is located to face
the northwestern Pacific. In fact, only briefings of the past tsunami hazards are found. The
author studies these brief descriptions for evaluation of the present tsunami protection

works on the coast.
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Fig.1. A schematic cross-section of Shimoji in Susami.
1) The section is taken on a line from Manpukuji to the shoreline(along a line of ENE-WSW on the
map in which the recent leveling result is included at the 1963 revision by Susami Country).

2) Akiba is a hill of 70.8m high(above T. P.).

3) Manpukuji has been used for a most convenient refuge.
4) The notation *JR’ is for the location of the rail road of the Kisei Line of JR Nishinippon Co.
5) Shimoji in Susami is a main block of residences.

6) One of the traffic is the national 42nd highway.

7) The area of the mound (mesh mark) is the estimated corss-section of the tsunami-barrier con-
structed in the first half of 1700s just after the 1707 tsunami ovent.
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