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Distributions of Temperature, Salinity and Turbidity
in the Antarctic Ocean*

Tsutomu MORINAGA**

Abstract: In the FIBEX (First International BIOMASS Experiment) navigation of the T/S
Umitaka-Maru, Tokyo University of Fisheries, from November 11, 1980 to March 11, 1981,
observations of turbidity (beam transmission) were carried out simultaneously with those of
temperature and salinity in the upper layer of the Antarctic Ocean both along 125°E and
160°E from 53°S to 65°S. The beam attenuation coefficient of the Sub-Antarctic Surface
Water was 0.24-0.26 m™ which is approximately twice that of the Kuroshio, while in the
Antarctic Surface Water (Summer Water) it was 0.10-0.22 m™', indicating the seawater being
clear. In the upper layers of 0-50 m deep, particles smaller than 2.0 ym in size were abundant
in the water near the Antarctic Convergence Zone, while in the water near the Antarctic
Divergence Zone particles larger than 8.0 #m were abundant. The concentration of suspended
matter was 0.20-0.30 mg/!/ in the former and 0.40-0.50 mg/! in the latter. High turbidity
layers were observed near the thermocline in the area north of 60°S and near the halocline in
the southern area. In such high turbidity layers a proper correlation was found between the
vertical stability of watermass and the gradient of turbidity with depth. This suggests that
the vertical gradient of density plays an important role in the formation of the high turbidity
layer. This kind of optical study is very useful to explain the complicated mechanism of
such oceanic fronts as the Antarctic Convergence and Divergence Zones.
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Table 1. The ranges and mean values of beam attenuation coefficient (m™")

water zones.

Mean value is the average for 0-10 m layer.

Depth(m)

Depth(m)

in five

Sub-Antarctic Antarctic Antarctic Zone Antarctic Antarctic Zone
Leg Depth Zone Convergence north of A. D. Divergence south of A. D.
(m) Range Mean Range Mean Range Mean Range Mean Range Mean
1 0- 50 0.06-0.28 0.18 0.13-0.38 0.27 0.10-0.34 0.19 0.04-0.15 0.06 0.04-0.14 0.10
50-100 0.05-0.36 0.16 0.10-0.40 0.27 0.06-0.24 0.15 0.04-0.14 0.08 — —
2 0- 50 0.21-0.26 0.21 0.18-0.19 0.18 0.11-0.20 0.17 0.04-0.05 0.04 0.08-1.00 0.33
50-100 0.08-0.25 0.19 0.13-0.26 0.18 0.13-0.36 0.22 —— — 0.04-0.90 0.18
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Turbidity Distributions near Oceanic Fronts in the
Coastal Region of the East China Sea*

Kanau MATSUIKE**, Kuniaki OKUDA*** and Kengo UEHARA¥***

Abstract: Characteristic features of the turbidity distribution in the coastal region of the
East China Sea and the Yellow Sea were investigated on the basis of sectional observations
across fronts and supplementary surface measurements on a cruise made in September 1981.
One of the major sources of the high turbidity in the surveyed area was the outflow of the
turbid Yangtze River water. The outflow of the Yangtze River, which was highly stratified,
spread toward east, and its offshore boundary was formed by a distinct front near 123°E.
Near the front the outflow had a thickness of about 5m, and, across the frontal zone about
1km wide, the salinity and the beam attenuation coefficient at the water surface changed,
with strong negative correlation, from 23.8 % to 29.8 % and from 3.8 m™' to 1.7m™", respec-
tively. Significant changes were also found in the composition and the size distribution of
suspended matters. Another major source was the upward diffusion of the bottom sediments
by the tidal stirring. It was dominant in both the East China Sea and the Yellow Sea, but
its influence on the turbidity distribution was different between the East China Sea and the
Yellow Sea. In the East China Sea where the seasonal thermocline remained, the turbid
layer was confined to depths below the seasonal thermocline, while in the coastal region of
the Yellow Sea, where the seasonal thermocline had disappeared, the turbidity was very high

(>2.0m™") up to the water surface.

1. Introduction

Recent development of optical methods has
enabled us to measure in situ concentrations of
suspended matters rapidly and continuously.
The measurements by use of a transmissometer,
especially those combined with temperature and
salinity measurements enable us to compare
distributions of suspended matters with other
physical features, and can provide useful infor-
mation for understanding the movement of
suspended matters. Such measurements were
made, for example, by DRAKE (1971) for in-
vestigating the intrusion of near-bottom turbid
continental shelf water into offshore water, and
by MATSUIKE and MORINAGA (1977) for de-
tecting the turbid coastal water trapped within
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the Kuroshio Water.

In the present study we describe observa-
tional results of the turbidity, temperature and
salinity distributions in the coastal regions of
the East China Sea and the Yellow Sea, with
emphasis on the offshore area of Yangtze River,
where the high salinity EKast China Sea water
was in contact with the low salinity Yellow Sea
water near 32°N, and the outflow of Yangtze
River covered surface thin layer west of about
123°E. The characteristics of water in this
area varied both horizontally and vertically,
forming distinct fronts of different types. So
far very few studies have been done on these
small-scale features.

2. Methods of observations

The data were collected on the 24th cruise
of Umitaka-Maru from Sept. 4 to Oct. 1 in
1981. Figure 1 shows the location of the obser-
vation stations and the main cruise tracks, on
which surface measurements of the turbidity,
temperature and salinity were made continuously
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121° 122°

124° 125°

Fig. 1. Location of hydrographic stations and main cruise
tracks along which surface measurements were made.

for water pumped up from a depth of about
4m. The cruise S; was made from Sept. 10
to 11, S, from Sept. 12 to 13, S; from Sept.
17 to 18 and Ss on Sept. 25. Sectional obser-
vations were made along A, B and C sections.
The A-section consists of 12 stations (from Stn.
5 to Stn. 16) spaced at about 2.1km intervals,
B-section 11 stations (from Stn. 17 to Stn. 27)
spaced at about 9.2km intervals and C-section
5 stations (from Stn. 1 to Stn. 4 and Stn. 28)
spaced in average at 42.6km intervals. The
A-section was observed in the period from 10h
to 15h on Sept. 23 and B-section from 7h to
14h on Sept. 24. For C-section the observa-
tions from Stn. 1 to Stn. 4 were made on Sept.
11 and those at Stn. 28 on Sept. 25.

The turbidity was measured by using a trans-
missometer which measures transmittance of
beam with centroidal wavelength 460nm over

path length of 50cm (surface measurements),
and also by using an XMS in-situ transmisso-
meter (Martek Co., Ltd.; centroidal wavelength
486 nm) with a pass length of 1m (sectional
observation). The former was calibrated to fit
the measurements by the latter. In the sectional
observations the transmissometer, a temperature
sensor and a salinity sensor were fixed with
each other for the measurements being made at
the same location. Concentrations of suspend-
ed matters were measured by the filtration of
sampled waters by using 0.45ugm pore-size
Millipore filters, and the size distributions by a
Coulter Counter (Coulter Electronics Inc.). The
beam attenuation coefficient a(m™!) versus the
concentration of suspended matters SS(mg//)
was confirmed to fit a straight line, a=0.63SS
+0.16 (Fig. 2).
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Fig. 2. Beam attenuation coefficient @ (m™) versus
concentration of suspended matters SS (mg/l).

3. Gross features of near-surface salinity and
turbidity distributions

Gross features of near-surface salinity and
turbidity were examined by the surface measure-
Figure 3 shows isohalines and the
location of high turbidity regions where «a is
larger than 2m~! (hatched region). Some dis-
tinct fronts were identified by abrupt changes
of S (spatial variations of temperature were
rather small over the surveyed area). The
locations of the observed fronts are indicated
by xxx in the figure. In order to show small
features, records of temperature T(°C), S and
« along S; and S; in the region south of 33°N
are presented in Figs. 4a and b, respectively.
In Fig. 4b the record of a is lacked in some
portions, which is due to the extremely high
turbidity beyond the measurable range of the
instrument used (a<<12m™1).

The near-surface water was found to be
classified into several types in terms of salinity.
Characteristic features in the distributions of
water types and the near-surface turbidity are:
(a) The salinity is highest in the southeast of
the studied area (Region I in Fig. 3) with the
values ranging from 33.6 to 34.1%. The water
of similar salinity is found rather persistently

ments.

33°N

(320

31°

I

122° 123° 124°E

Fig. 3. Near-surface salinity and turbidity distri-
butions. Shaded regions represent the areas
where the beam attenuation coefficient a is
larger than 2.0m™, and the symbols xxx

locations of salinity fronts.

in the coastal regions of the East China Sea
(SU et al., 198]1; FUKASE, 1975; SAWARA and
HANzZAWA, 1979).
with similar values of salinity as the East China
Sea Water (ECSW). As shown in Section 4,
ECSW is also found in Regions III and IV
below the surface lower salinity water.

(b) The salinity is nearly uniform (S=32.0%)
in the north of the studied area (Region II).
Similar values of salinity were found also in
the regions north of 33°N. Hereafter, this
water is called as the Yellow Sea Coastal Water
(YSCW).

(¢) The salinity is lower than 32%c in the South-
west of the studied area (Region III). The
abrupt decrease in the values of salinity on
approaching the mouth of the Yangtze River
(Fig. 4b) indicates that the low salinity in this
region is associated with the outflow of Yangtze
River. This water is called hereafter as Yangtze
River Diluted Water (YRDW) according to
SU et al. (1981).

(d) The salinity ranges from 32.0 to 33. 0% in
the middle part of the studied area. The water

Hereafter, we call the water
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Fig. 4. Temperature T (°C), salinity S

along Sy (a) and S; (b). The record o

(%0) and beam attenuation coefficient « (m™")
f « is lacked in some portions in (b) due to the

high turbidity beyond the measurable range of the instrument used (<12 m™).

in this region is considered as the mixture of the
above three water types. This water is called
hereafter as Coastal Water off Yangtze River,
or simply as Coastal Water (CW).
(e) The turbidity is particularly high in the
coastal region of the Yellow Sea north of 31°50’'N
and also in the region of YRDW. In the
coastal region of the Yellow Sea a turbid band
was found to intrude into the offshore region
along 32°N as shown by YAN e al. (1981)
using satellite images.

The characteristics of water and also the
circulation patterns in the East China Sea and
the Yellow Sea significantly vary in time as-

sociated with the horizontal mixing processes
and the air-sea interaction processes (SU et al.,
1981; MAO and GUAN, 1981). Therefore, the
above-mentioned features may not be persist-
ent, but may show only synoptic features in
the observation period. However, the follow-
ing two facts found in our observations seem
to be worth noting. One is that in coastal
regions of the Yellow Sea the front of the
turbid water does not necessarily imply the
front of a water type with characteristic values
of temperature and salinity. As seen from
Figs. 4a and b, the turbidity is much higher
on S; than on Sy, indicating the presence of a
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distinct turbidity front between S; and Ss.
However, the values of T and S are nearly
same between S; and S;, and when the ship
crossed turbidity fronts on S;, no particular
changes of T and S were observed. According
to L1 and L1 (1981), the Yellow River had dis-
charged into the Yellow Sea near 34°N till

1885, and a great amount of silt and clay has
been deposited in the shallow regions of the
Yellow Sea. The density stratification is very
weak or absent in the region shallower than
about 20m even in summer (GUO, 1981), pre-
sumably by the effect of the tidal stirring. The
high turbidity in the shallow region of the
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Fig. 5. Vertical sections along A-section; (a) temperature (°C),
(b) salinity (%) and (c) beam attenuation coefficient (m™).
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Yellow Sea 1s predicted to be due to the bottom
sediment dispersed up to the water surface by
tidal stirring. The other fact is that the water
of high salinity (S>33.0%) extends as far as
about 32°N, even near the coast where the
water depth is less than 20 m.
Fig. 4b, the values of S on S; increase from
31. 5% near 32°03'N to 33.0%c near 31°50’N,
suggesting that the high salinity ECSW under-
lies YRDW occupying the surface layer, and
is advected northward beyond the mouth of the
Yangtze River; in the deeper regions of the
East China Sea east of about 124°E, prevailing
northward flow has been confirmed by INOUE
(1975). This northward flow in ECSW may
affect the dispersion of the fresh water and the
terrigenous matters discharged by the Yangtze
River and the movements of the suspended
matters near the bottom.

As seen from

4. Tubidity sections across fronts

Sectional observations were made along A-,
B- and C-sections. As seen from Fig. 3, the
A-sectoin transects a front between YRDW and
CW, the B-section a front between CW and
ECSW and the C-section fronts between ECSW
and YSCW.
characteristic features found in the turbidity
sections.
(1) A-section

This section was taken so as to transect per-
pendicularly the front on the basis of the sur-
face measurements made prior to the sectional
The station intervals are about

In this section we describe the

observations.
2. 1km.
Figures 5a, b and ¢ show the temperature,
salinity and turbidity sections, respectively. In
the salinity section a distinct front is identified
between Stns. 12 and 11. The width of the
frontal zone is about 1 km, and the salinity at
the water surface changes from 23. 8%0 to 29. 8%
across the front. On the onshore side of the
front, the water with salinity lower than 30%o
occupies near-surface layer of a thickness of
about 5m, and, within the layer, the salinity
increases abruptly with the depth, in contrast
that the surface layer on the offshore side is
well mixed. A seasonal thermocline is found
at a depth of 20 to 30 m, and the high salinity

ECSW (S=33.7%) lies below the seasonal
Isopleths of T and S are raised
upward from Stn. 9 to Stn. 5, which may sug-
gest the local occurrence of the upwelling.
Turbid water with a>1.0m™! is found near
the water surface and also below the seasonal
thermocline where ECSW occupies. The region
of high turbidity near the water surface well
corresponds to that occupied by YRDW; the
region of a>1.0m™!
S<31.0%. In the frontal zone surface values
of a decrease offshore from 3.8m™! to 1.7m™".

thermocline.

corresponds to that of

The surface values of @ and S are inversely
well correlated as shown in Fig. 6, suggesting
that the high turbidity near the water surface
is mainly due to the terrigenous matters dis-
charged by the Yangtze River.

The thickness of the turbid water below the
seasonal thermocline is about 30m, and near
Stns. 6 and 7 where isopleths of T and S are
raised upward, it attains up to more than 40 m.
In the turbid layer a abruptly increases on
approaching the bottom, while T and S remain
nearly constant, which indicates that the high
turbidity near the bottom is not due to the
advection, but is the local suspension of bottom
sediments by the intense tidal stirring; a cur-
rent measurement at 31°50’N, 124°00'E
(NAGATA et al., 1981) suggests that, in this
region, the intensity of tidal current is more
than 1 knot and the semidiurnal component

dominates. In the seasonal thermocline values

35 T T T
S=-2650 +338
r=0.97

30+

S (%o0)
25F
20 L L L
0 10 20 30 40
o {my

Fig. 6. Beam attenuation coefficient « (m™")
versus salinity S (%0) at the water surface
along A-section.
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of a decrease abruptly upward, which may be
attributed to the effect of stable stratification
in the seasonal thermocline since the stable
stratification has an effect to suppress the occur-
rence of the turbulence and the associated
vertical diffusion of suspended matters.

The water of extremely low turbidity (a<C
0.5m™!) with a thickness of 5 to 15m is found
near the top of the seasonal thermocline. This
low turbidity layer seems to be maintained by
some particular mechanism, since, as shown
later, the turbid YRDW contains inorganic
matters in a considerable proportion, which
implies that suspended matters are transported
from the turbid surface layer downward by

139

settling. This low turbidity layer may be due
to the combined effect of the suppression of the
upward diffusion of suspended matters in the
seasonal thermocline and the advection of ECSW
below the turbid YRDW mentioned in Section
3, since the turbidity of ECSW is very low
except in near-bottom layer, as will be shown
in Section (3).
(2) B-section

The temperature, salinity and turbidity sec-
tions are shown in Figs. 7a, b and c, respective-
ly. As seen from the salinity section, CW with
salinity lower than 33. 0% occupies surface layer
on the onshore side of the front near Stn. 23.
Surface measurements indicate that the width

22
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N w
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60
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Fig. 7.

Vertical sections along B-section; (a) temperature (°C),
(b) salinity (%) and (c) beam attenuation coefficient (m™).
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of the frontal zone is about 6km, and the
salinity changes from 32.6% on the onshore
side to 33.4% on the offshore side across the
front. A seasonal thermocline is found at a
depth of 20 to 40m, and the high salinity
ECSW (5>33.8%) lies below the seasonal
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[nd
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~
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F40

-50

60

DEPTH(m)

Fig. 8. Vertical sections along C-section; (a)
temperature (°C), (b) salinity (%0) and (c) beam
attenuation coefficient (m™).

thermocline as in A-section.

The turbidity of CW is nearly constant (a=
0.8m™!) between Stns. 17 and 22, and decreases
offshore from 0.8 m™! at Stn. 22 to 0.5m™ at
Stn. 23, indicating the presence of turbidity front.
In contrast with YRDW, however, the location
of the turbidity front is found significantly on the
onshore side of the front identified in the salinity
Near the salinity front the turbidity
is uniform (a=~0.5m™!). The turbidity is also
high (a>1.0m™!) below the seasonal thermo-
cline. The turbidity distribution near the sea
bed significantly varies along the section, which
may reflect the spatial variations of the prop-
erties of bottom sediments and also the change
of the intensity of tidal current in the observa-

section.

tion period.
(3) C-section

The temperature, salinity and turbidity sec-
tions are shown in Figs. 8a, b and ¢, respective-
ly. The distributions in the region between
Stns. 28 and 1, obtained by measurements 14
days apart, are drawn by dashed lines. The
isopleths between Stns. 28 and 2 are determined
by interpolation. The high salinity ECSW
(S>>33.7%0) occupies the region south of Stn. 2
and the low salinity YSCW (S=32.0%) the
region north of Stn. 4. Near Stn. 28 CW
with salinity lower than 33.0% lies near the
water surface. In the region north of Stn. 2
the temperature and salinity are vertically
uniform presumably associated with the intense
tidal mixing and also with the wind mixing.
Two fronts, which intersect the bottom, are
found near Stns. 2 and 4. Near Stn. 2 the
temperature front is more distinct near the
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Fig. 9. Surface measurements of temperature
T (°C), salinity S (%) and beam attenuation
coefficient @ (m™) from Stn. 1 to Stn. 4.
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bottom than the surface. The width of the
front near Stn. 2 is about 20km, and, across
the front, the salinity and the temperature near
the bottom change by 1.0°C and 0.6%, re-
spectively.

Except in the near-bottom layer, the turbidity
of ECSW is very low (0.2<<a<<0.5m"™!). The
values of @ are comparable with those in the
low turbidity region found in A-section (Fig.
5¢). The values of @ become to increase north-
ward near Stn. 2 where a front is formed and
the seasonal thermocline disappears. At just
north of Stn. 2, @ exceeds 1.0m™! at any depth
from the water surface to the bottom. In this
area « increases downward monotonously from
the water surface to the bottom, while T and
S are vertically uniform. This suggests that
the high turbidity in this area is brought about
by the upward diffusion of the bottom sedi-
ments, and it even affects the turbidity distri-
bution near the water surface.

The surface measurements between Stns. 1
and 4 (Fig. 9) show some features smaller than
the station intervals. The near-surface values
of @ and S show small scale variations with
negative correlation, which may reflect the com-
plicated advection processes in the frontal zone
between ECSW and YSCW. In Section 3 the
presence of a turbid band intruding along 32°N
toward east was shown (Fig. 3). The turbid
band may result not only from the local sus-

Sta. No.
13
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pension of bottom sediments by the intense tidal
stirring but also from the advection of turbid,

less saline water from the near coast as noted
by YAN et al. (1981).

5. Properties of suspended matters

The water sampling was made at the surface
along A-section and along C-section at some
depths. The concentration of total suspended
matters SS, the concentration of inorganic
matters IOM (=SS -COM) and the particle
size were examined.

Figure 10 shows SS, COM and IOM at the
water surface along A-section, indicating that
not only SS but also the composition of sus-
pended matters significantly varies across the
front lying between Stns. 11 and 12. On the
onshore side of the front (Stns. 12-16) IOM/
COM is nearly 1 but is about 0.5 on the off-
shore side (Stns. 5-11).
tributions

The particle size dis-
significantly vary across the
As seen from Fig. 11, the frequency of
particle size larger than 5pgm decreases from 35
to 409, on the onshore side to 10 to 159% on
the offshore side.

The measurements along C-section are sum-
marized in Table 1. At Stn. 28, where the
measurements were made at various depths, SS
is large in the near-surface CW and also in a
near-bottom layer, and very small in the inter-
mediate layer occupied by clean ECSW (Fig.

also
front.

16 15 14

» [¢)]
T T

N
-

Concentration(mg/t)

-

0

Fig. 10. Distributions of suspended matters at the water surface along A-section.
SS, COM and IOM (=SS—COM) indicate the concentration of total suspend-
ed matters, the concentration of combustible organic matters and the concentra-

tion of inorganic matters, respectively.
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Fig. 11. Size distributions of suspended matters at the water surface aloﬁg A-section.

The concentration of suspended matters

SS(mg/1), the concentration of inorganic matters
IOM (mg/!) and mean size d (#m) for C-section.

Stn.  Depth SS IOM d
no. (m) (mg/l)  (mg/l) (#m)
28 1.4 0.6 11.17
1.7 0.7 9.98
10 1.1 0.5 9.36
19 0.5 0.1 5.62
28 0.8 0.1 5.25
38 0.4 0.1 5.24
47 2.6 2.1 4.22
57 4.6 3.6 5.08
1 0 0.7 0.2 8.55
2 0 0.9 0.2 5.71
3 0 2.1 1.1 4.89
4 0 3.1 1.7 4.23

8c). The present results indicate that these
variation in SS are caused mainly by the vari-
ations of IOM. In particular, in the near-
bottom layer, SS is very large and is composed
almost of IOM (Table 1). The mean diameter
d is about 10 #m in CW and nearly constant
(about 5pm) below a depth of 20m. The sur-
face values of SS become to increase northward
near Stn. 2. The increase of JOM, in particular,
between Stns. 2 and 3 is quite abrupt. The
values of d decrease northward, and at Stns. 3
and 4 they were about 5p#m through the whole
depth.

6. Summary

The characteristic features of the turbidity
distribution in the coastal regions of the East
China Sea and the Yellow Sea were described,
with special attention to the relation between
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the turbidity distribution and the water type
distribution. In the coastal regions of the East
China Sea and the Yellow Sea there are two
major sources of the turbidity; discharge of the
turbid Yangtze River, and bottom sediments
suspended and diffused by the tidal stirring.

The outflow of the Yangtze River (YRDW)
spread toward east, and a distinct front was
formed near 123°E. Near the front the YRDW
about 5m thick was highly stratified. Across
offshore the frontal zone about 1km wide, the
salinity and the turbidity varied from 23.8%
to 29.8% and from 3.8m™! to 1.7m™!, re-
spectively, preserving the strong negative cor-
relation, and the ratio of the concentration of
inorganic matters to that of organic matters
from 1.0 to 0.5. This front seems to define
the offshore boundary of the region where the
prominent source of the turbidity is the ter-
rigenous matters discharged by the Yangtze
River, because no distinct negative correlation
was found in water with salinity of about 32. 6%
(CW) occupying just offshore side of YRDW,
though the turbidity (=0.8m™') was consider-
ably higher than that of the more saline water
(ECSW) occupying the offshore side of the
front of CW.

The suspension and diffusion of bottom sedi-
ments by the tidal stirring was dominant in
both the East China Sea and the Yellow Sea,
but its influence on the turbidity distribution
was different between the East China Sea and
the Yellow Sea associated with the difference
in the vertical density structures. In the East
China Sea, the upward diffusion of bottom sedi-
ments was strongly suppressed in the seasonal
thermocline, and the turbid water was confined
below the seasonal thermocline. In the coastal
region of the Yellow Sea, on the other hand,
the temperature and salinity were vertically
uniform, and the bottom sediments were con-
sidered to be diffused up to the water surface.
The effect of tidal stirring was very intense in
the onshore region shallower than about 25m
from about 32°N to 34°N. In this area distinct
color fronts were found, but across them the
salinity and temperature showed no particular
variations, which indicates that in the coastal
region of the Yellow Sea the turbidity front

does not necessarily coincide with the salinity
or the temperature front.
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Relative Yields of Marine Algae Grown in
Heavily Nutrient-enriched Seawater*

Serge Y. MAESTRINI** and Eliane GONZALEZ-RODRIGUEZ***

Résumé: Valeurs relatives de la biomasse produite par des algues marines cultivées dans de
I’eau de mer fortement enrichie en nutriments. Six algues marines ont été cultivées dans de
I’eau de mer, enrichie soit avec des produits de laboratoire soit avec des produits industriels.
Avec les produits de laboratoire, la biomasse maximale est obtenue avec environ 1.700 #g-at. I™*
d’azote, les autres éléments étant présents a des concentrations équilibrées, alors qu’avec les
composés non raffinés de qualité industrielle cette méme biomasse est obtenue dans une gamme
allant de 250 & 1.000 ug-at.I”" d’azote et des valeurs 10 fois moindres de phosphore. Dans
I'ensemble, les enrichissements les moins concentrés conduisent aux meilleurs rendements et
au minimum de gaspillage en nutriments. Tous aspects confondus, l'usage de 500 pg-at./™!
d’azote et 50 pg-at.l”' de phosphore est le meilleur compromis pour la production massive

d’algues unicellulaires marines.

Abstract: Six marine algae have been grown at different concentrations of nutrients, either
provided by laboratory-grade or industrial-grade compounds. The absolute maximum biomass
was obtained at approximately 1,700 #g-at.I”' nitrogen and other nutrients at balanced levels
with laboratory-grade compounds, and within 250-1,000 gg-at.Z™! nitrogen and 1/10 phosphorus
with industrial-grade compounds. On the whole, the lowest concentration led to the best use
of nutrients and minimum waste. Authors assess that the use of concentrations of 500 pg-at./™
nitrogen and 50 g#g-at.l”' phosphorus industrial-grade compounds is an acceptable compromise

for controlled mass cultures.

1. Introduction

The mass production of algae has been hitherto
most frequently devised with the prerequisite of
getting a high value of the ratio biomass pro-
duction/volume of culture vessel (e.g. pertaining
to marine strains: UKELES, 1965, 1973; CANZO-
NIER and BRUNETTI, 1975; Droor, 1975;
GUILLARD, 1975; FLASSH, 1978; HELM et al.,
1979; SPECTOROVA et al., 1981/1982; TROTTA,
1981). Otherwise, since the culture equipments
have been experimentally operated or have
supported a limited high-cost shellfish produc-
tion, little attention has been paid to the finan-
cial cost of inorganic compounds used to enrich

* Received March 28, 1983
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Agquaculture de L’Houmeau, Case .5, 17137
Nieul-sur-Mer, France

**#% Instituto de Pesquisas da Marinha, 28910 Arraial
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the water. However, the possible and hoped
development of aquaculture, either at a high-
rate and industrial size or at low-rate and rural
size (see e.g. SOEDER, 1980; ARRIGNON, 1982),
will critically require (i) the availability of low=
cost algal nutrients and (ii) the need of knowl-
edge of concentrations which lead to the lowest
nutrient losses.

Some attempts to provide low-cost nutrients
have been based on human or bioindustrial
waste recycling (RYTHER et al., 1972; DE PAUW
and DE LEENHEER, 1979) or artificial upwelling
of deep nutrient-rich water (ROELS et al., 1971;
MOREIRA DA SILVA, 1971; NEVE et al., 1976).
Waste nutrients which are in fact a byproduct
of water reclamation are cheap, but they are
not free from contamination. On the contrary,
deep waters are clean and could be a suitable
source for aquafarming, were it not that con-
venient sites are quite rare. Thus, that brings
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us back to the use of inorganic compounds for
enrichment of seawater.

The use of industrial-grade compounds for
preparing algal-culture media is not at all a
novelty, indeed (LOOSANOFF and ENGLE, 1942;
VOSKRESENSKY and YURINA, 1965; UKELES,
1980; SPECTOROVA et al., 1981/1982; WITT
et al., 1981). On the contrary, little attention
if any has been paid, so far, to the efficiency
of biomass production versus nutrient enrich-
ment. In other words, losses of nutrients result-
ing from luxury uptake and/or subsequent ex-
cretion, or unbalanced respective concentrations
have been neglected; see however BOYD and
MusiG (1981).

The researches reported below were based
upon the aim of pointing out the best concen-
tration for nutrient enrichment of sea water.

2. Materials and methods

Six algal species routinely maintained in axenic
conditions were used: one Bacillariophyta: Phaeo-
dactylum tricornutum BOHLIN; one Chlorophyta:
Chlamydomonas palla BUTCHER; one Crypto-
phyta: Rhodomonas lens PASCHER and RUTT-
NER; one Eustigmatophyta: Monallantus salina
BOURRELLY; and two Haptophyta: Isochrysis
galbana PARKE and Pavlova pinguis GREEN.

The cultures were made in test tubes, 22X
220 mm, containing 20 m/ medium. They were
incubated at 18°C constant temperature and
illuminated with fluorescent tubes especially
devised for plant culturing, with 14 h illumi-
-nation and 10 h darkness and =~6,000 lux. The
growth was followed by daily measurement of
optical density at 600 nm. All cultures were
made in duplicates.

Two sets of nutrient enrichments were made:
(i). The Conway medium (WALNE, 1966), at 0.5,
1, 1.5, 2 and 3 fold concentrations; which re-
sulted in 585, 1,170, 1,750, 2,340 and 3,500 pg-at.
1-! NOs-N, respectively, and other nutrients at
balanced levels. (ii) A mixture of industrial-
grade compounds: Ammonium nitrate COFAME®
33.5%, Superphosphate COFAMFRF 189 and
Iron-sequestrene Fredilom® 138 (EDDHA-Fe)
6 %:; this mixture was used at different concen-
trations in order to obtain respectively 250, 500,
750, 1,000 and 1,500 pg-at.l™! nitrogen, and

phosphorus and iron at balanced levels. The
nitrogen/phosphorus ratio always had a value
of 10, in order to obtain cells showing a status
of nutrient satiety (HEALEY, 1975, 1978).
Because optical density is questionable for
absolute biomass estimation, the yield coefficient
(unit optical density per unit nitrogen) has been
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computed as relative yield versus the one ob-
tained with regular Conway medium or a similar
nutrient concentration.

3. Results

All the cultures behaved smoothly. The lag
phase was short, if any. Figure 1 depicts a
typical set of experimental data.

The highest nutrient concentration did not
necessarily induce the highest algal biomass,
except for Rhodomonas lens (Fig. 2). With
Pavlova pinguis, the maximum biomass was
obtained for N=1,750 ug-at./~! and other nutri-
ents at balanced levels; then the biomass de-
creased. For three other algae, Isochrysis gal-
bana, Monallantus salina and Phaeodactylum
tricornutum, the maximum biomass was also
shown at the same value, but there was not a
decrease; the biomass remained at a plateau.
The Chlorophyta Chlamydomonas palla pertain-
ed to an intermediate case between Rhodomonas
lens and the group of the former three algae.

Plotting the relative yield coefficient values
against the concentrations clearly
demonstrated that the more concentrated the
nutrients the lesser the biomass produced per
unit number of nutrient provided (Fig. 3). The
Haptophyta Pavlova pinguis, whose biomass

nutrient
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Fig. 3. Relative yield coefficient, as percent of
the one obtained with the regular Conway
medium, of three marine algae grown at in-
creasing nutrient concentrations depicted by
the nitrogen concentration.

has decreased with highest nutrient concen-
trations, shows the most drastic decrease of the
On the contrary, the curve
belonging to Rhodomonas lens has the slightest
slope. Curves of other algae range between
these two extremes.

The respective behavior of the same test algae
was notably different when grown at increasing
concentrations of N+ P+ Fe-sequestrene provided
Chlamydo-
monas palla showed a maximum biomass for a
nitrogen concentration ranging from 750 to 1,000
pg-at.l™'; at higher concentrations the biomass
decreased dramatically (Fig. 4). For Rhodo-
monas lens the biomass increase was quite pro-
portional to the nutrient-concentration increase.
Contrariwise, the respective maximum biomass
of Isochrysis galbana, Monallantus salina and
Pavlova pinguis was maximum with the lowest

yield index values.

with industrial-grade compounds.

nutrient concentration (250 ug-at.l"! nitrogen)
and decreased sharply at the double value, and
then decreased slowly. With Phaeodactylum
tricornutum, the biomass increased up to the
500 pg-at.[~' nitrogen concentration and then
also slowly decreased.

The respective curves of relative yield index
versus nutrient concentration better depict the
waste of nutrients at higher concentrations
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Fig. 4. Relative growth, as percent of growth
in Conway-like concentration, of four marine
algae grown at different nutrient concentrations
depicted by the nitrogen concentration.
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tration, of three marine algae grown at in-
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(Fig. 5). As a matter of fact, with Monallanius
salina and the two other companion species,
the production of biomass is drastically more
efficient at the lowest nutrient concentrations;
the decrease of the yield is quite fast, indeed,
down to half the value with 500 #g-at./™* nitro-
gen and 3 fold less with the maximum concen-
tration involved. With Rhodomonas lens the
shape of the curve depicts a slow and continuous
rate of decrease of the yield index wvalue.
Chlamydomonas palla showed an increase from
250 to 500 pg-at.l™! nitrogen, then a sharp de-
crease, down to 359% of the one obtained with
a Conway-like concentration (=1,170 pg-at./™?
nitrogen).

4. Discussion

For all the tested species, the maximum yield
could be enhanced by increasing 1.5 fold the
nutrient concentration of the Conway medium
(WALNE, 1966) prepared with laboratory-grade
compounds; only one alga, Rhodomonas lens,
allows an increase up to 3 fold the regular
concentration. That is, however, far lower than
the concentration used by SPECTOROVA et al.
(1981/1982): 18 mg-at.l”! NO3;-N and other

nutrients at balanced levels, for the high-density
culture of the marine flagellate Dunaliella
tertiolecta. Unfortunately, the parameter these
authors used, namely dry weight, and the one
we used do not allow a comparison of results
and to assess whether the use of such huge
quantities of nutrients led to a subsequent in-
crease of biomass. However CHU (1943), who
grew an array of six algal species including
Chlorophyta and diatoms at increasing nitrogen
concentrations up to 6.1 mg-at./~!, brought data
which demonstrated that the biomass of all
species, but one, was maximum within a range
of 494-757 ng-at.l”! NO;-N, and the exceptional
species at 1,221 pg-at.[™'; all extra added nitro-
gen was wasted. WITSCH and HARDER (1961)
had an evidence that increasing three fold the
initial nitrogen concentration of the medium
where they grew Chlorella pyrenoidosa only
slightly increased the final standing crop (cell
density and dry weight). That is not surprising,
indeed, since they used huge quantities of
nutrients: 5.5 mg-at./”' NO3;-N, whereas BER-
LAND et al. (1973) later demonstrated that the
biomass yielded is no longer proportional to
nutrient concentration when the latter is very
high. Thus, with the diatom Skeletonema costa-
tum non-linearity is observed with concentration
above 40 pg-at./™! nitrogen.

The mixture N+P+ Fe-sequestrene prepared
with industrial-grade compounds is not at all
convenient, as far as maximum biomass is con-
cerned. As a matter of fact, Rhodomonas lens
was the only alga showing a continuously in-
creased biomass at increasing concentrations of
Chlamydomonas palla showed an
increased biomass up to the Conway-like concen-
tration (iZ.e. 1,000 pg-at.l”! nitrogen) and then
a decrease. For the four other species, the
respective maximum biomass pertained to lower
concentrations: 500 pg-at./™! nitrogen for Phaeo-
dactylum tricornutum, and 250 pg-at./™! nitrogen
for Isochrysis galbana, Monallantus salina and
Pavlova pinguis (Fig. 4). Published data in this
field are rare, and thus any comparison is
difficult. However, WITT et al. (1981) stated
that ‘‘excessively high nutrient concentrations
such as 12mg N// and 2.4 mg P/l did not lead
to growth inhibition’’; yet these concentrations

nutrients.
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are not really high, since 12 mg./™! nitrogen=
857 pg-at.l”!, and 2.4 mg.l~! phosphorus=80 ug-
at.[”!. The origin of this unexpected inhibition
of crop production is probably due to an excess
of inorganic micronutrients which act at low
concentrations (BERLAND et al., 1976) and which
are brought by unpurified compounds; unfortu-
nately no information was obtainable from the
manufacturer and no analysis could be done to
confirm this hypothesis.

For either laboratory-grade or industrial-grade
compounds the respective algal biomass produced
per unit atom of nutrient added (=yield co-
efficient) decreases at increasing concentrations
of nutrients. However, there are some species
differences: the decrease is continuously slight
for Rhodomonas lens (Figs. 3 and 5), continu-
ously sharp for Paviova pinguis (Fig. 3), or
sharp from the lowest concentration to inter-
mediate concentrations and then slight for
Monallantus salina (Fig. 5).

Thus, on the whole, the lowest concentrations
lead to the best use of nutrients by algae; the
waste is minimum. However, the absolute
maximum biomass is obtained with an approxi-
mate concentration of e.g. 1,700 pg-at.[™! nitro-
gen and other nutrients at balanced levels
according to WALNE (1966) with laboratory-
grade compounds, and within 250-1,000 #g-at./™!
nitrogen with industrial-grade compounds. The
final choice is therefore a matter of compromise.

Since (i) the industrial-grade compounds are
much cheaper than chemically refined items and
thus are solely convenient for large-scale enrich-
ment, (ii) the yield index is maximum or slightly
decreased for 500 pg-at.[”! nitrogen, except for
only one species, (iii) the absolute maximum
biomass is maximum or slightly decreased at
this same value, and (iv) other results have

brought the evidence that Fe-sequestrene is:

frequently  useless (GONZALEZ-RODRIGUEZ,
1982), we think using concentrations of 500 pg-
at.l”! nitrogen and 50 pg-at./”' phosphorus is
an acceptable compromise for controlled mass
culturing of marine algae.

Further researches will be needed to investi-
gate the cell status of algae grown in such a

medium.
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Vertical Distribution of Euphausiids
in Sagami Bay, Central Japan®

Yuichi HIROTA**, Takahisa NEMOTO** and Ryuzo MARUMO***

Abstract: The vertical distribution of adult and juvenile euphausiids in Sagami Bay, Central
Japan, was studied. Species belonging to the genus Euphausia such as E. nana, E. similis,
E. recurva and E. tenera were dominant in Sagami Bay, and the maximum abundance was
observed between depths of 300 and 350 m during the day, and between 10 and 50 m during
the night. Distribution depths of E. similis and Nematoscelis gracilis became deeper with
increase in body size; at night E. similis of 5 to 10 mm long was found between 30 and 75 m
depths but one of 15 to 20 mm long was found between 100 and 200 m. The depth of maxi-
mum abundance for each FEuphausia species was constant throughout the night. ‘‘Midnight
sinking” and ‘‘dawn rise’’ were not observed in the present study. Vertical segregation of
species within the same genus was clear for Euphausia and Stylocheiron; E. similis and the E.
gibba group (E. pseudogibba and E. hemigibba) were distributed deeper than other Euphausia

species such as E. tenera, E. nana and E. recurva at night. The vertical distribution of
Stylocheiron species became deeper all day in the following order: S. carinatum—S. suhmii

—S. affine—S. longicorne—S. elongatum.

1. Introduction

Euphausiids are divided into three groups,
epipelagic, mesopelagic and bathypelagic species
according to their vertical ranges (BRINTON
1962). Several reports indicate that larger indi-
viduals of a species are distributed at greater
depths than smaller individuals (EINARSSON 1945,
PONOMAREVA 1959, MAUCHLINE 1960, WIBORG
1971, ANTEZANA 1978). Some species demon-
strate diurnal vertical migration while other
species are non-migrant. Residence time of
migrant species in the epipelagic zone at night
varies with species, some occurring in the
epipelagic zone throughout the night while some
occurring at night before midnight and others
occurring after midnight (ROGER 1971, ANTE-
ZANA 1978). There is a clear tendency for
vertical segregation among species within one
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genus (such as Stylocheiron) which do not ex-
hibit diurnal vertical migration (BAKER 1970,
BRINTON 1979).

It is thought that the factors influencing the
vertical distribution and migration of euphausiids
are light intensity, water temperature, dissolved
oxygen content and the vertical distribution of
food (LEwis 1954, BODEN and KAaMPA 1965,
BrINTON 1967, 1979, YOUNGBLUTH 1975,
1976).

This study reports on the vertical distribution
of euphausiids including (1) changes in the depth
of occurrence according to size, (2) diurnal
vertical migration and (3) vertical segregation
of species within the same genus, in Sagami
Bay where seasonal variation in water temper-
ature is large.

We would like to thank the captains and
crews of the R. V. Tansei Maru and the R. V.
Hakuho Maru of the Ocean Research Institute,
University of Tokyo, for their kind assistance
in the collection of material.

2. Materials and methods
The samples were obtained in Sagami Bay
during five cruises of the R.V. Tansei Maru
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and the R. V. Hakuho Maru of the Ocean
Research Institute, University of Tokyo (Table
1, Fig. 1). An MTD net with a mouth dia-
meter of 0.56 m and a mesh size of 0.33 mm
(MoToDA 1971) was towed horizontally for

about 30 minutes. Samplings were generally

Table 1. Data on MTD net collections in
Sagami Bay.

Cruise Section Date Time

KT-77-13 S-4 Sept. 15-16, 1977 22:28-01:10
KT-78-15 S-2 Sept. 10, 1978 10:32-11:04
S-2 Sept. 04, 1978 22:35-23:20
S-4-1 Sept. 07, 1978 12:34-15:10
S-4-2  Sept. 07, 1978 19:00-19:36
S-4-3  Sept. 07, 1978 21:18-21:56
S-4-4  Sept. 07-08, 1978 23:37-00:18
S-4-5 Sept. 08, 1978 02:11-02:47
S-4-6 Sept. 08, 1978 04:14-04:49
S-4-7 Sept. 08, 1978 05:25-05:59
KH-78-5 S-1 Dec. 11-12, 1978 22:02-00:10
S-3-1 Dec. 16, 1978 12:35-13:05
S-3-2 Dec. 16, 1978 15:38-16:08
S-3-3 Dec. 16, 1978 17:26-17:56
S-3-4 Dec. 16, 1978 19:28-19:58
S-3-5 Dec. 16, 1978 21:30-22:13
S-3-6 Dec. 17, 1978 00:04-00:38
S-3-7 Dec. 17, 1978 02:37-03:09
S-3-8 Dec. 17, 1978 04:31-05:04
S-3-9 Dec. 17, 1978 06:26-07:00
S-3-10 Dec. 17, 1978 10:13-10:43
KT-79-11 S-2 July 16, 1979 03:40-04:10
KT-80-4 S-2 Mar. 15, 1980 11:32-13:08
S-2 Mar. 15, 1980 21:15-22:55

358
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Fig. 1. MTD net sampling stations in
Sagami Bay from 1977 to 1980.

1983

operated between the surface and 400 m depth.
Depth of the net was estimated from records
of Time-Depth meter (Yanagi Instrument Co.,
Ltd.) installed on the triangular frame or from
the wire angle during towing. A flowmeter
(Rigosha & Co., Ltd.) was installed in the
mouth of each net to estimate the volume of
water filtered.
100 to 800 m?.

The samples were preserved in 5-109%; buf-
fered formalin sea water immediately after
collection. Juveniles and adults were sorted and
identified. Biomass of each species (expressed

Filtered volume ranged from

as wet weight) was measured with a precision
balance (Mettler P-120 type).
Temperature was measured with a mechanical

BT or digital BT.

3. Results

1) Hydrography

Vertical profiles of water temperature in July
1979, September 1978, December 1978 and
March 1980 are shown in Fig. 2.
temperature varied considerably within a year,
between 25°C in September and 14°C in March.
A seasonal thermocline clearly existed between
20 and 60 m in July and September, but dis-
appeared in December and March.

Surface

No seasonal

Temperature { °C )

4 6 3 10 12 1416 18 20 22 28 26 28
s T

300~

Depth ( m )

400 |-

July 15, 1979 Sta. S-2
—-=---Sept. 7, 1978 Sta. S-4

500 |-

~=-=Dec. 17, 1978 Sta. S-3
--Mar. 15, 1980 Sta. S-2

600 &

Fig. 2. Vertical profiles of water
temperature in Sagami Bay.
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change in the temperature of the waters deeper
than 150 m was evident.

2) Vertical distribution of euphausiids

In the daytime, euphausiids were most abun-
dant between 300 and 350 m depths in September
1978, December 1978 and March 1980. (In July
1979, no samples were collected in the daytime.)

153

During the night they were most abundant at
10m in July and September and at around
50 m in December and March (Fig. 3).

Fig. 4 distribution of
euphausiid biomass expressed as wet weight.

shows the vertical

Biomass of euphausiids was greatest between
300 and 400 m in the daytime, whereas at night it

July 1979 Septenber 1978 December 1978 March 1980
Sta.S-2 Sta.S-4-1 Sta.S-4-4 Sta,$-3-10 Sta.S-3-5 Sta.$-2
Number per 1000 "’
0 1000 12000 1000 0 1000 2000 5000 1000 0 1000 1000 0 1000
T T T T Y T T T T T T T f T r T T T 1 T T T T 1
0
[ 3 .
100
200
7 300
5
=
&
400
500+ o—o0Pay
e—aeNight
600%
Fig. 3. Vertical distribution of euphausiid numbers in Sagami Bay.
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Fig. 4. Vertical distribution of euphausiid biomass (wet weight) in Sagami Bay.
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showed a bimodal distribution in July and Sep-
tember. The depths of maximum abundance
were observed at 10 m and 100 m in July and
at 10m and 200 m in September. About 95%
of euphausiid biomass at the shallower maxi-
mum consisted of Euphausia nana and E. recurva
and 879, of the biomass in the deeper maxi-
mum consisted of E. similis.

Euphausia species formed 66.7 % of the total
euphausiids in the four sample series and were
followed by Nematoscelis species occupying
14.5 9.

Biomass of euphausiids in the winter season
(December and March) was far less than that
in the summer season of July and September.
On average, Euphausia species formed 68.7 %
of total euphausiid biomass in these four samples
and Nematoscelis species 25.8 %.

8)  Vertical distribution of each euphausiid

species

In this study, 33 species belonging to 8 genera
were collected from Sagami Bay (Table 2).
Seasonal occurrence varied with species.

Euphausia recurva occurred mainly in Sep-
tember and December. Juveniles and adults of
this species were most abundant at a depth of
about 300m in the daytime and at 10m at
night in September and between 30 and 40 m
in December at night.

Euphausia nana was a dominant species in
Sagami Bay and occurred all year round (Fig.
5). In the daytime, juveniles were mainly dis-
tributed between 200 and 300 m and adults at
about 300 m. At night, most juveniles and adulst
were distributed between 0 and 30m, but in
September 1978 adults were widely distributed
between 0 and 200 m without any clear maxi-
mum concentration.

Euphausia similis was found all year round
in Sagami Bay (Fig. 6). In the daytime, juve-
niles occurred between 300 and 350m and
adults were distributed below 350 m depth. At
night, there were maximum concentrations of
juveniles at a depth of 40 m in December, 50 m
in March, 100 m in July and 200 m in September.
Thus, the depth of maximum abundance of this
species largely changed in accordance with season
with a tendency that the vertical distribution
was shallower in winter than in summer. In

Table 2. A list of euphausiid species collected
in Sagami Bay.

Euphausiaceae

Euphausiidae
Thysanopoda monacantha ORTMANN, 1893
Thysanopoda tricuspidata MILNE-EDWARDS, 1837
Thysanopoda aequalis HANSEN, 1905
Thysanopoda obtusifrons G. O. SARS, 1883
Thysanopoda orientalis HANSEN, 1910

Pseudeuphausia latifrons (G. Q. SARS, 1883)

Euphausia mutica HANSEN, 1905
Euphausia diomedeae ORTMANN, 1894
Euphausia recurva HANSEN, 1905
Euphausia pacifica HANSEN, 1911
Euphausia nana BRINTON, 1962
Euphausia similis G. O. SARS, 1883
Euphausia tenera HANSEN, 1905
Euphausia gibboides ORTMANN, 1893
Euphausia sanzoi TORELLI, 1934
Euphausia pseudogibba ORTMANN, 1893
Euphausia hemigibba HANSEN, 1910
Tessarabrachion oculatum HANSEN, 1911
Thysanoessa gregaria G. O. SARS, 1883
Nematoscelis difficilis HANSEN, 1911
Nematoscelis tenella G. O. SARS, 1883
Nematoscelis gracilis HANSEN, 1910
Nematoscelis microps G. O. SARS, 1883

Nematobrachion flexipes (ORTMANN, 1893)
Nematobrachion boopis (CALMANN, 1905)

Stvlocheiron carinatum G.O. SARS, 1883
Stylocheiron microphthalma HANSEN, 1910
Stylocheiron suhmii G. O. SARS, 1883
Stylocheiron affine HANSEN, 1910
Stylocheiron elongatum G.O. SARS, 1883
Stylocheiron longicorne G.O. SARS, 1883
Stylocheiron abbreviatum G.O. SARS, 1883
Stylocheiron maximum HANSEN, 1908

the South Pacific Ocean, SHEARD (1953) de-
scribed E. similis as being distributed between
25 and 50 m during the night while GRIFFITHS
(1979) stated that this species was distributed
between 200 and 400 m at night. The vertical
range of occurrence of E. similis in the present
study is intermediate between the ranges in
SHEARD’s and GRIFFITHS’ studies.

Euphausia tenera occurred in Sagami Bay the
whole year round (Fig.7). In the daytime,
juveniles and adults were distributed between
200 and 400 m, while at night they came up to
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10 m in July, December and March and to 30 m
in September. BRINTON (1979) reported that
E. tenera was mainly distributed between 200
and 350 m in the eastern tropical Pacific in the
daytime. This agrees with our results. YOUNG-
BLUTH (1975) showed that juveniles and adults
of E. tenera were distributed between 350 and

July 1979

155

650 m, a level somewhat deeper than our results,
during the day in the central waters of the
YOUNGBLUTH (1976)
also showed that the depth of occurrence of E.
pacifica in coastal waters off California was
shallower than in ocean waters.

eastern South Pacific.

He speculated
that in coastal regions in which a high standing

September 1978 December 1978 March 1980
Sta.s-2 Sta.S-4-1 Sta.S-4-4 Sta.$-3-10  Sta.S-3-5 Sta.s-2
Night bay Night Day Night bay  Night
Number per 1000 m3
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Fig. 5. Vertical distribution of Euphausia nana (numbers) in Sagami Bay.
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Fig. 6. Vertical distribution of Euphausia similis (numbers) in Sagami Bay.
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crop of phytoplankton occurs, light penetration
is lower and E. pacifica comes up into shallower
depths as a result. The daytime distributions
of E. tenera in Sagami Bay and the eastern
tropical Pacific, where phytoplankton standing
crop is high, were shallower than in the central
waters of the eastern South Pacific where the
standing crop is lower. Thus, the result of
this study supports YOUNGBLUTH’s hypothesis.
Nematoscelis gracilis occurred in Sagami Bay

1983

the whole year round (Fig. 8). In the daytime,
small juveniles occurred in the upper 100 m and
large juveniles between 100 and 400 m, while
adults were distributed between 300 and 400 m.
At night, juveniles occurred in the upper 100 m
layer. Adults occurred between 100 and 200 m
in September and December and between 100
and 400m in March. BRINTCGN (1979) found
that in the daytime some juveniles of N. gracilis
were present in the upper 100m and others

July 1979 September 1978 December 1978 March 1980
Sta.S-2  Sta.S-4-1 Sta.S-4-4 Sta,S$-3-10 Std.S-3-5 Sta,$§-2
Night Day Night Day Night Day Night
Number per 1000 w?
0 50 50 0 50 .100 500 0 50 100 150 500 00 50 100 150 200
~ T T T T T T T T T T T T T T T
op r>
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2
8 300f
400 < Juveniles
— Adults
vUUL
Fig. 7. Vertical distribution of Euphausia tenera (numbers) in Sagami Bay.
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Fig. 8. Vertical distribution of Nematoscelis gracilis (numbers) in Sagami Bay.
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Fig. 9. Vertical distribution of Nematoscelis microps (numbers) in Sagami Bay.
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Fig. 10. Vertical distribution of various size classes of Euphausia similis
in Sagami Bay at night, Size indicates total length.
between 200 and 400 m. 4)

Nematoscelis microps appeared in Sagami Bay
all year round (Fig.

niles were found between 100 and 400 m and

adults were found

400 m. At night, juveniles were distributed in
the upper 200m, and adults in the shallower

layers between 100

dividuals remaining between 200 and 400 m.

vertical distribution
9). In the daytime, juve-

mainly between 300 and of the year.

and 200 m, with some in-
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Relation between size of euphausiids and

Fig. 10 shows the vertical distributions of E.
similis at night according to size in each season
Most of smaller individuals (5-10
mm) were found between 30 and 75m and
those of 10-15mm were also distributed be-
tween 30 and 80 m. Those of 15-20 mm and
20-25 mm were found in the deeper layers be-
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tween 100 and 200 m. In general, distribution
depths of E. similis at night became deeper
with increase in size. Similarly almost all juve-
niles of Nematoscelis gracilis moved into the
upper 50 m during the night, while adults re-
mained at depths greater than 100 m as shown
in Fig. 8. The tendency that larger individuals
of N. gracilis remain in deeper layers than
smaller ones was very clear. In contrast, the
vertical distribution of juveniles of three species
of the genus Euphausia (E. recurva, E. nana
and E. tenera) was the same as that of adults.

5)  Diurnal vertical migration of euphausiids

We carried out an intensive sampling (10
sampling periods distributed over 24 hours) in

Dec, 16, 1978
12 14

La mer 21, 1983

December 1978 to examine the diurnal vertical
migration of euphausiid species. The results
for Euphausia tenera are shown in Fig. 11.
Both juveniles and adullts of E. tenera were
found between 250 and 350 m in the daytime.
They began to ascend to the surface half an
hour before sunset (16:31) and reached the
upper 50m an hour after sunset. The speed
of ascent was more than 1m/min, and then
they stayed in the surface layer (above 50 m)
till 03:00hr. The depth of the 509 level of
distribution ranged from 18 to 34 m (Table 3)
and the depth of maximum abundance was be-
tween 8 and 20m. By sunrise (06:44) they
were descending and the depth of 50 % level

17, 1978

Dec,

T T T T

100+

(m}

Denth

woo b

500 -
Fig. 11.

(No./1000m*) at Stn. S-3 in Sagami Bay.

depth of maximum abundance of E. tenera.

Table 3.
at Stn. S-3 on December 16-17, 1978.

Diurnal variation of vertical distribution of juveniles and adults of Euphausia tenera
.Closed circle: sampling depth.. Open circle:

Sunrise: 06:44. Sunset: 16:31.

Diurnal variation of vertical distribution of juvenile (Ju.) and adult (Ad.) euphausiids

Values are depth (m) for the 50 % level of popu-
lations obtained from a plot of cumulative percent against depth.

Sampling time

12:35 15:38 17:26 19:28 21:30 00:04 02:37 04:31 06:26 10:13
-13:05 -16:08 ~17:56 -19:58 -22:13 -00:38 -03:09 -05:04 -07:00 -10:43

Euphausia mutica Ju. +Ad. 317 186
Euphausia recurva Ju. -+ Ad. 329 185
Euphausia nana Ju. +Ad. 335 282
Euphausia similis Ju. 335 367
Euphausia tenera Ju. +Ad. 317 217
Nematoscelis gracilis Ju. 329 123

30
27
23
39
18
35

24 37 34 32 47 154 300
31 38 37 40 49 184 329
27 25 34 29 51 160 328
47 40 47 49 62 200 315
27 27 34 23 49 149 315
24 16 14 14 56 112 68
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of distribution laid at about 160 m. By three
hours after sunrise, they were again in the 250
to 350 m layer.
than 1 m/min.
of other euphausiid species such as E. nana, E.
mutica and E. recurva was similar with E.

The descending speed was more
The pattern of diurnal migration

E. nana, E. mutica and E. recurva
also occurred between 250 and 350 m during
the day and began to ascend by half an hour

tenera.

before sunset and to descend before sunrise.
The distribution depths of these three species
from 17:30 to 03:00 hr were consistent accord-
ing to species. The depths of the 509 level
during the night were 23 to 34 m for E. nana,
24 to 37m for E. mutica and 27 to 40m for
E. recurva (Table 3).

Fig. 12 shows the diurnal vertical migration
of Euphausia similis. Juveniles of this species
occurred between 300 and 350 m during the day.
They came up to the surface and remained
there from an hour after sunset to two hours
before sunrise and then descended at sunrise to
a depth of about 200 m. The depth of the 50%
level at night was from 39 to 49 m. Juveniles
of Nematoscelis gracilis occurred in the surface
layer between 21:30 and 03:00 hr, with the 50 %
level around 15 m (Table 3).

6) Vertical segregation of species within the
same genus

Species of Euphausia were vertically segregated
according to species during the night at Stn.
S-3 in December 1978. The depth of maximum
abundance of E. tenera was between 10 and 20
m, E. nana between 20 and 30 m, E. mutica
and E. recurva between 30 and 40 m, the E.
gibba group (E. pseudogibba and E. hemigibba)
between 30 and 50 m and E. similis between
40 and 50m (Fig.13). In March 1980, the
depth of maximum abundance was 11 m for
E. tenera, 33m for E. nana and 55 m for E.
Thus, vertical distribution of Euphausia
species during the night became deeper in the
following order: E. tenera—E. nana—E. mutica,

similis.

E. recurva—E. gibba group, E. similis. In
September 1977 and 1978, however, the vertical
segregation of Kuphausia species at night was
not clear, E. tenera, E. nana, E. mutica and
E. recurva occurring at similar depths (Fig. 13).
In summary, E. tenera, E. nana, E. mutica and
E. recurva were separately distributed when a
seasonal thermocline was absent, while they
were not clearly separated when a marked
seasonal thermocline was present in winter.
Fig. 14 shows the vertical distribution of

Dec, 16, 1978 Dec. 17, 1978
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Fig. 12. Diurnal variation of vertical distribution of juveniles of Euphausia similis (No./1000

m? at Stn. S-3 in Sagami Bay.
maximum abundance of E. similis.

Closed circle: sampling depth. Open circle: depth of
Sunrise: 06:44.

Sunset: 16:31.
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Fig. 13. Depth of maximum number of Euphausia species at night in Sagami Bay.
Upper: Stns. S-4 (KT-77-13), S-2 and S-4-4 (KT-78-15), Lower: Stns. S 34,
S-3-5, S-3-6 and S-3-7 (KH-78-5).
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Fig. 14. Vertical distribution of individual numbers of six Stylocheiron species in Sagami Bay.
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Stylocheiron species. Individual numbers of
Stylocheiron species were few in Sagami Bay
and there were, at most, only about 100 inds/
1000 m®. In order to examine their vertical
distributions, seven series of data (Stn. S-4-1
to Stn. S-4-7) in September 1978 and nine
series (Stn. S-3-2 to Stn. S-3-10) in December
1978 were summed to calculate average distri-
butional profiles. Adults of Stylocheiron cari-
natum in September 1978 were abundant be-
tween 20 and 40 m, S. affine at 80 m, S. longi-
corne at 160 m and S. elongatum between 260
and 280 m. Juveniles occurred at the same
depths as adults. In December 1978, juveniles
and adults of Stylocheiron carinatum were most
abundant at 40m, S. suhmii between 90 and
110 m, S. affine between 110 and 140 m and S.
longicorne at 190m. S. microphthalma were
few in individual number, below 4 inds/1000 m?,
and occurred above 100m in September and
December. Thus, vertical depths of occurrence
for Stylocheiron species differed according to
species and became deeper in the order S. cari-
natum—S. suhmii—S. affine—S. longicorne—S.
elongatum.

4. Discussion

In this study, a tendency that larger individuals
distribute in deeper layers than smaller ones was
found on FEuphausia similis and Nematoscelis
gracilis. This tendency has been also found
on Meganyctiphanes norvegica in the North
Atlantic by EINARSSON (1945) and MAUCHLINE
(1960). ROGER (1971) also reported a similar
result for nine tropical species of euphausiids.
MAUCHLINE (1960) concluded that temperature
and salinity had no effects on this tendency.

QOur results indicate that each species of
Euphausia and Nematoscelis occurred at constant
depth throughout the night. But ESTERLY
(1914) found that the individual number of
Euphausia pacifica and Nyctiphanes simplex
occurring at the surface during the night was
KANAEVA and PAvVLOV (1976) also
CUSHING (1951)
pointed out that the phenomena of ‘‘midnight
sinking’’ and ‘““‘dawn rise’” were found in ESTER-
LY’s (1914) data. ROGER (1971) indicated that
there are three types in behavior of euphausiid

variable.
reported similar findings.

species migrating in the epipelagic zone at night,
i.e. first type occurring throughout the night,
second type occurring during the night after
the midnight and third type occurring during
the night before the midnight. ANTEZANA
(1978) reported that several species such as
Euphausia eximia occurred in the 0 to 40m
layer throughout the night, while E. tenera was
found in the 0 to 40 m layer during the night
before midnight and in the 40 to 80 m layer
during night after midnight. In this study, six
euphausiid species, E. tenera, E. nana, E. mutica,
E. recurva, E. similis and N. gracilis did not
show clear ‘“‘midnight sinking’’ and ‘‘dawn rise”’

We found that the vertical segregation of
Euphausia species at night was clear in winter,
The E. gibba group was
consistently distributed deeper than E. tenera,
E. nana, E. mutica and E. recurva throughout
the year in Sagami Bay. In the eastern Pacific,
however, BRINTON (1967) reported that E.
hemigibba was abundant in the 0 to 20 m layer
in which E. recurva and E. brevis were also
abundant. The above results suggest that the
vertical range of occurrence of Euphausia species
varies with season and region. YOUNGBLUTH
(1975) suggested that an important factor affect-
ing the vertical distribution of euphausiids is the
vertical distribution of their food. Euphausia
species in Sagami Bay are considered to be

but not in summer.

omnivorous and to feed primarily on micro-
plankton including tintinnids, foraminiferans,
copepods, dinoflagellates and diatoms (PONO-
MAREVA et al. 1962, NEMOTO 1967, WEIG-
MANN 1970, PONOMAREVA 1976).
we do not know the detailed vertical distribution
of euphausiid food in Sagami Bay and therefore
can not compare it with the distribution of
euphausiids. .

There was also vertical segregation among
Stylocheiron species in Sagami Bay. BAKER
(1970) reported that non-migrants such as species
of Stylocheiron showed a tendency to segregate
vertically according to species within the same

However,

genus and the distribution depth became deeper
in the order S. suhmii—S. affine—S. longicorne
—S. elongatum in the North Atlantic Ocean.
BRINTON (1979) noted that the habitats of
Stylocheiron species became deeper in the order
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S. carinatum—S. affine—S. maximum and S.
longicorne in the eastern tropical Pacific. The
vertical distribution of Stylocheiron species in
Sagami Bay is in agreement with the results of
BAKER (1970) and BRINTON (1979).
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Photosynthesis and Productivity of the Cultivated
Monostroma latissimum Population*

Miyuki MAEGAWA** and Yusho ARUGA™**

Abstract:

Photosynthesis and productivity of the cultivated Monostroma latissimum popu-

lation were studied outdoors by using a large assimilation chamber which continuously moni-
tored the oxygen concentration in water. Standing stock, solar radiation and photosynthetic
rate were measured during 25 days in November-December. Increment in standing stock,
daily gross production (Pg), net production (Pn), respiration, Pn/Pg ratio and energy efficiency
of Pg and Pn were compared during the measurement period.

1. Introduction

The primary production in offshore areas of
the sea is mainly carried out by phytoplankton,
whereas in coastal areas the seaweeds play an
Estima-
tion of the primary productivity of seaweeds
has generally been based on the measurements
Thus,
a considerable amount of knowledge on photo-
synthesis and respiration of seaweeds has been

important role as primary producers.
of photosynthesis and respiratory rates.

accumulated from an ecological point of view
(DoTy 1971, YOKOHAMA 1973, MAEGAWA and
ARUGA 1974, KING and SCHRAMM 1976, BUESA
1977).  Population photosynthetic activity is
especially important for estimating and/or ana-
lyzing production of a ceaweed population.
There are, however, relatively few studies of
the population photosynthesis of aquatic plants
in relation to their environmental factors (ODUM
1956, EDWARD and OWENS 1962, IKUSIMA
1966, 1967, SATOMI et al. 1966, MAEGAWA
1980). The causal appreciation of the primary
productivity in coastal ecosystem seems im-
possible without appropriate information on the
photosynthetic characteristics of seaweed popu-
lations.

* Received April 25, 1983. Partly presented at the
XIIT International Botanical Congress, Sydney,
Australia, 21-28 August 1981.

** Faculty of Fisheries, Mie University, Edobashi,
Tsu, 514 Japan

*** Laboratory of Phycology, Tokyo University of

Fisheries, Konan-4, Minato-ku, Tokyo, 108 Japan

In a previous paper (MAEGAWA 1980) the
method of measuring population photosynthesis
and respiratory rates of cultivated Monostroma
population was reported in relation to various
weather conditions. Under natural conditions
the solar radiation seems to be one of the most
important factors in determining population
photosynthesis. In the present study, a further
investigation of the population photosynthesis
of cultivated Monostroma latissimum was carried
out continuously for 25 days in the earlier stage
of the cultivation season, and the relationship
between the photosynthetic production and the
increment of standing stock was investigated.

2. Material and Methods

The material used in the present study was
a green alga Monostroma latissimum (KUTZING)
WITTROCK, which is mostly cultivated in Japan
with a method similar to that of red algae Por-
phyra (MIURA 1975). The study was carried
out in Fisheries Research Laboratory, Mie Uni-
versity, located on Zagashima Island in Ago
Bay, Mie Prefecture (34°16’N, 136°48’E). A
cultivation net for the study was seeded arti-
ficially on September 9, 1979, and reared in a
cultivation ground in Ago Bay, where the sea-
water has been influenced only little with river
water but was eutrophicated by sewage. The
net for Monostroma cultivation was made of
synthetic fibers, and was about 18 m long and
On November 1, 1979, the culti-
vation net with young M. latissimum f{fronds

1.2m wide.
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was cut into ten parts with a size of about
77cm by 60cm each, and they were spread in
frames for measuring photosynthesis, respiration,
standing stock and loss. Then, they were set
in floating baskets (100x80x30cm) covered
with small mesh nets (4x4mm) to keep the
fronds detached from the cultivation net by
wave action. The M. latissimum population
thus prepared was cultivated with a floating
facility at a depth of 10cm.

The population photosynthesis and respiration
were measured with a large assimilation chamber
(MAEGAWA 1980), which continuously monitored
the oxygen concentration in water (Fig. 1). In
the present study a flow meter was employed
for measuring the volume of fresh seawater
flown into the assimilation chamber, and the
volume was regulated at a constant level of
3//min. The measurements were carried out
from November 7 to December 1, 1979.

a d
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{l-r-} H - |

— 71
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0 10 20cm
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Fig. 1. Diagrams showing principal components
of the apparatus (upper) and the assimilation
chamber (lower) for measuring population
photosynthesis of Monostroma. a, Oz electrode;
b, analyzer unit; c, recorder; d, water pump
for drawing; e, flow meter; f, Monostroma
population; g, water pump for stirring.

The standing stock and detached fronds were
measured every five days. Fronds detached by
wave action were picked up from floating
baskets. For the measurement of standing stock,
ten pieces of net yarn (10-15cm long) were
cut out of the net, rinsed quickly with fresh-
water, dried overnight at 80°C, and picked out
from the net yarn to obtain the dry weight.

Solar radiation was measured with a Robitch
type actinometer (Tokyo Keiki Co.) set up close
to the assimilation chamber, which responded
to the irradiance of whole spectrum.

3. Results

Figure 2 shows the changes in water temper-
ature measured at 9:00 a. m. in the assimilation
chamber. The water temperature lowered from
about 21°C on November 7 to about 16°C on
November 23, the level being maintained until
December 1.

The photosynthetic and respiratory rates
(g02/m? net area/hr) were calculated from the
difference in oxygen concentration between in-
flow and outflow seawater, the volume of inflow
seawater and the diffusion rate of oxygen from
water surface (cf. MAEGAwWA 1980). Photo-
synthesis and respiration were computed every
30min. from the continuous records. The ob-
tained diurnal changes of photosynthesis and
respiration were illustrated in Fig. 3 together
with the diurnal changes in solar radiation
(kcal/m?/hr) averaged every 30min. Changes
in the photosynthetic rate showed a trend similar
to those in solar radiation. On fine or cloudy-
fine days (November 7, 8, 11, 12 and 13) in
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Fig. 2. Changes of water temperature measured
daily at 9:00a.m. in the assimilation chamber.
November 7 to December 1, 1979,
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population and the solar radiation.

the earlier period of measurement, the diurnal
changes in photosynthetic rate were not associ-
ated with those in solar radiation in the range
over 300 kcal/m?/hr (30cal/cm?/hr). On rainy
days (November 10 and 18) the photosynthetic
rate was depressed by low solar radiation. On
a fine day (November 30) a maximum photo-
synthetic activity of 2. 12 gOs/m?/hr was reached
at 515 kcal/m?/hr at noon. Respiratory rate,
which was kept almost at a constant level
throughout the night, was 0.04 gOz/m?/hr in
the earlier period of measurement and gradually
increased to 0.13 gOy/m?/hr in the later period.

Figure 4 shows relationships between the solar
radiation and the photosynthetic rates obtained
at an interval of 30 min. throughout the day,
corresponding to net photosynthesis-light curves.
As for the respiratory rate, the values averaged
throughout the night was employed. As ex-
pected from the diurnal changes in Fig. 3, the
photosynthetic varied rather smoothly
with solar radiation. On November 7, 8, 11,

rates
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Relationships between the net production of Monostroma latissimum

November 7 to December 1, 1979.

12, 13 and 24 (fine and cloudy-fine days) the
light-saturation of photosynthesis was observed
(Fig. 4). On the other days, no light-saturation
was observed up to the highest solar radiation
of 500 kcal/m?/hr on fine days.

Table 1 shows the summary of the present
investigation. Standing stock of Monosiroma
latissimum population was 21.31 g(d. w.)/m? at
the start of measurement, and increased to
107.3 g(d. w.)/m? at the end. Loss of fronds
from the cultivation net (estimated as detached
fronds) by wave action was a little (0.03-1.45
g(d. w.)/m2/5days) compared with the standing
stock. Daily solar radiation varied from 300
kcal/m?/day on a rainy day to 3590 kcal/m?/day
on a fine day. The photosynthetic productivity
varied with light condition and standing stock.
The maximum photosynthetic productivity of
14.9g0s/m?/day for gross production or 11.8
g0y/m?/day for net production was reached
under a solar radiation of 3120 kcal/m?/day on
November 30 at the later period of measure-
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ment. The respiratory rate was low, about 1
g0:/m?/day, at the beginning of measurement,
and it increased to about 3 g0s/m?/day at the
later period. The gross and net production and
the respiration expressed in gQ, were converted
to those in dry weight as 1g0; is equivalent
to 0.84g dry matter (IKUSIMA 1965). The
maximum daily gross and net production during
the measurement period were 12.5 and 9.9g
(d. w.)/m?/day, respectively, on November 30.
The Pn/P, ratio ranged from 0.08 to 0.82 ex-
cept for the negative value on November 18
when the solar radiation was the lowest. It
was higher on fine days and lower on cloudy or
rainy days, but was almost the same (0.73-
0.79) on fine days when the solar radiation was

over 3000 kcal/m?/day. The energy efliciency

Table 1.

was calculated for gross and net production,
assuming that the photosynthetic O, production
of 1g is equivalent to 3.5kcal (RYTHER 1956).
It varied from 0.5 to 2.5% for gross produc-
tion and from 0.1 to 1.8% for net production,
except for the negative value on November 18.

Figure 5 shows the daily gross production
and net photosynthetic activity on fine days in
relation to the standing stock of Monostroma
latissimum population. The net photosynthetic
activities 1n this figure approximately correspond
to the light-saturated net photosynthetic rates,
and increased linearly with increase in standing
stock. The daily gross production also increased
linearly with increase in standing stock. As
shown in Fig. 6, however, the photosynthetic
activity on a dry weight basis decreased with

Changes in standing stock, frond loss, solar radiation, gross production (Pg), net

production (Ppn), respiration (R), Pn/Pg ratio and energy efficiency of the cultivated
Monostroma latissimum population from November 7 to December 1, 1979

Standing

Solar Py Pn R Efficiency (%)
Date Stock Loss Radiation ———— Pn/Pg e
Hx *% ok ok # sk * ok B ok P Pn
Nov. 7 21.31+£3.43 2190 4.9 4.1 3.9 3.3 1.0 0.8 0.80 0.8 0.6
8 2560 1.6 3.9 3.8 3.2 0.9 0.7 0.82 0.6 0.5
9 710 2.8 2.3 1.6 1.3 1.1 1.0 0.58 1.4 0.8
10 350 1.3 1.1 0.1 0.1 1.2 1.0 0.08 1.3 0.1
11 32.54+2.07 0.03 3280 4.8 4.0 3.5 3.0 1.2 1.0 0.74 0.5 0.4
12 3160 5.5 4.6 4.2 3.5 1.3 1.1 0.76 0.6 0.5
13 3410 6.3 5.3 4.8 4.1 1.5 1.2 0.77 0.6 0.5
14 3590 6.4 5.4 4.9 4.1 1.5 1.3 0.76 0.6 0.5
15 3190 7.3 6.2 5.8 4,8 1.6 1.3 0.79 0.8 0.6
16 51.09+3.31 0.10 3310 7.4 6.2 5.6 4.7 1.8 1.6 0.75 0.8 0.6
17 1060 5.0 4.2 2.8 2.3 2.2 1.9 0.55 1.7 0.9
18 300 1.3 L.t ~-17 —1.0 2.5 2.1 ~0.89 1.5 —1.4
19 1680 6.4 5.4 3.9 3.3 2.5 2.1 0.61 1.3 0.8
20 3420 9.0 7.6 6.9 5.8 2.2 1.8 0.76 0.9 0.7
21 61.89%£8.02 0.23 1240 4.6 3.9 2.1 1.8 2.5 2.1 0.46 1.3 0.6
22 1260 5.1 1.3 2.6 2.2 2.5 2,2 0.51 1.4 0.7
23 1030 5.7 4.8 2.8 2.3 2.9 2.5 0.49 1.9 0.4
24 3240 10.3 8.7 7.5 6.3 2.8 2.4 0.73 1.1 0.8
25 950 4.8 4.0 1.9 1.6 2.9 2.4 0.40 1.8 0.7
26 78.25+6.89 0.93 1330 5.0 4.2 2.1 1.8 2.9 2.4 0.44 1.3 0.6
27 2280 12.2  10.3 9.2 7.7 3.0 2.5 0.75 1.9 1.4
28 880 6.0 5.0 2.7 2.3 3.3 2.8 0.45 2.4 1.1
29 1930 11.2 9.4 8.3 7.0 2.9 2.4 0.74 2.0 1.5
30 3120 14.9 12.5 11.8 9.9 3.1 2.6 0.79 1.7 1.3
Dec. 1 107.28%£5.72 1.45 1390 10.0 8.4 7.0 5.9 3.0 2.5 0.70 2.5 1.8
* g0s/m? * old.w.)/m? #**keal/m*/day
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increase in standing stock. The respiratory rate
on a dry weight basis was almost the same;
only a slight decrease was observed with in-
crease in standing stock.

Figure 7 shows the relationships between the
energy efficiency of gross production and the
standing stock. The energy efliciency was
higher on rainy and cloudy days than on fine
days. It was low at an early stage of the
growth and increased almost linearly with the
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Fig. 5. Relationships of the light-saturated net
photosynthesis and the daily gross production
of Monostroma latissimwm population to the

standing stock.
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the Monostroma latissimum population. (Lower)
Relationships of the maximum population photo-
synthesis and population respiration to the
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growth, i. e. with increase in standing stock.
The relationships were almost linear within the

range of standing stock concerned in the present

study.
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In Fig. 8 the cumulated net production was
compared with the increment of standing stock
plus loss of fronds. The cumulated gross pro-
duction was also shown. The cumulated gross
and net production during 25 days were 136.7
and 91.3 g(d. w.)/m?, respectively, while the in-
crement in standing stock plus frond loss amount-
ed to 88.7g(d. w.)/m?.  As can clearly be seen
in the figure, the net production agreed quite

well with the increment in standing stock.

4. Discussion

The estimation of primary productivity of
seaweeds in coastal ecosystem seems impossible
without appropriate information on the photo-
synthetic characteristics of seaweed populations.
In general, photosynthetic activity of seaweeds
has been measured with a single frond or only
a part of frond under stationary conditions. In
such measurements errors caused by the contain-
ment of frond sample in a bottle cannot be
negligible, and the resolution is limited by the
incubation period. In the present study, we
intended to estimate the primary production of
cultivated Monostroma population by using a
large scale assimilation chamber which contin-
photo-
synthesis and respiration under natural condi-

uously measures diurnal changes in

tions.

Diurnal patterns with a midday or afterncon
depression of photosynthesis have been reported
in phytoplankton populations (HARRIS and LOTT
1973, JAassBY 1978, MARRA 1978), freshwater
macrophytes (GOULDER 1970, HoucH 1974,
MCCRACKEN et al. 1975) and seaweeds (RAMUS
and ROSENBERG 1980). However, the result
of EDWARDS and OWENS (1962) obtained from
diurnal oxygen changes in a natural river show-
ed no obvious depression of photosynthesis.
SMITH (1981) also reported no depression of
diurnal photosynthetic pattern in Codium caroli-
nianum and Lodophora variegata calculated
from an in situ study. The photosynthetic rate
of cultivated Monostroma latissimum measured
with a single frond showed no depression at
light intensities as high as 100 klux during the
cultivation season (MAEGAWA and ARUGA 1974).
In the present measurements with cultivated
M. latissimum population, no midday or after-

noon depression of photosynthesis was observed
even on fine days (Fig. 3). This is also clear
from the curves illustrated in Fig. 4. It seems
that such an intertidal alga as Monostroma
latissimum is most tolerant to high light inten-
sity.

It was reported that the maximum standing
stock of cultivated Monostroma population could
reach 450-600 g(d. w.)/m? (MAEDA and OHNO
1972, MAEGAWA and ARUGA 1974). In the
present study, the standing stock of M. latis-
simum used for the measurements was 21.3-
107.3 g(d. w.)/m? (Table 1). These values were
observed in an earlier stage of the cultivation
season with higher relative growth rate (MAE-
GAWA and ARUGA 1974).

The half-hourly photosynthesis vs. solar radi-
ation plots (Fig. 4) show that the net photo-
synthetic rate on an area basis increases with
On fine
days, the net photosynthetic rate and the daily
gross production on an area basis increased
linearly with increase in standing stock (Fig. 5).
When plotted on a dry weight basis, however,
the light-saturated rates of photosynthesis de-
creased with increase in standing stock (Fig. 6).
The decrease in the photosynthetic rate seems
to be related with age of a frond (cf. MAEGAWA
and ARUGA 1974), and the effect of self-shading
seems to be quite small at this younger stage of
cultivated Monostoroma population.

The relationship between the energy efficiency
of gross production and the standing stock (Fig.
7) is almost linear within the range of standing
stock investigated.

solar radiation and also with growth.

The energy efficiency of
gross production reached 1.7% in the population
with a standing stock of 107 g(d. w.)/m? on No-
vember 30 (fine day), when the efficiency of
ret production was 1.3% (Table 1). In a pre-
vious paper (MAEGAWA 1980), it was reported
that the efficiency on a fine day was 1.6% for
gross production and 1.2% for net production
in the cultivated M. latissimum population with
a standing stock of 180 g(d. w.)/m2?. The energy
efficiency of cultivated M. [latissimum popula-
tions, particularly that of net production, is high
as compared with that of terrestrial plant com-
munities (cf. RYTHER 1956). It seems that the
maximum energy efficiency on a fine day of
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gross and net production of cultivated M. laiis-
stmum populations is at least 1.7% and 1.3%,
respectively, under field conditions.

There are many studies of photosynthetic
productivity of seaweeds, and the importance
of a close relationship between photosynthetic
productivity and increment in standing stock
has been recognized. However, only a few
investigations have been undertaken to obtain
appropriate information on the photosynthetic
production of seaweed populations (SATOMI et
al. 1967, MAEGAWA 1980). In the present
study the cumulated net production agreed quite
well with the increment in stock plus frond
loss as can clearly be seen in Fig. 8. This
would also indicate that the present measure-
ments of photosynthesis and respiration of the
Monostroma latissimum population were carried
out quite reasonably.

5. Summary

Diurnal changes in the population photosyn-
thesis of cultivated Monostroma latissimum were
investigated in relation to various weather con-
ditions and growth. The gross and net produc-
tion and their energy efficiency were estimated,
and the production was compared with the in-
crement in standing stock.

(1) Population photosynthesis and respiration
were measured outdoors by using a large as-
similation chamber which continuously monitored
the oxygen concentration in water. Measure-
ment was carried out continuously for 25 days
in November-December 1979 at the earlier stage
of cultivation season.

(2) Standing stock of M. latissimum popula-
tion was 21.3 g(d. w.)/m? at the start of measure-
ment and increased to 107.3 g(d. w.)/m?® at the
end. Solar radiation ranged from 300 to 3590
kcal/m?/day according to the weather condition
during the period of measurements.

(3) Diurnal changes in photosynthetic rate
showed a trend similar to those in solar radia-
tion. No midday or afternoon depression was
observed in the population photosynthesis even
on fine days.

(4) Daily gross and net photosynthetic pro-
duction of 14.9 and 11. 8 gO;/m?/day, respective-
ly, were reached under a solar radiation of

3120 kcal/m?/day in the later period of measure-
ments. Respiration rate was 0.04 gOs/m?/hr in
the earlier period of measurements and gradually
increased to 0.13 gOy/m?/hr in the later period.

(5) Energy efficiency ranged from 0.5 to
2.5%, for gross production and from 0.1 to
1.89, for net production except for the negative
values obtained on a day of the lowest solar
radiation. The P./Pg ratio ranged from 0.08
to 0.82, being higher on fine days and lower
on cloudy or rainy days.

(6) The cumulated net production agreed
quite well with the increment in standing stock
This would
indicate that the present measurements of popu-

during the measurement period.

lation photosynthesis and respiration were carri-
ed out quite reasonably.
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The Failure of Instruments Moored in the Deep Sea*

Keisuke TAIRA**, Shoji KITAGAWA** and Toshihiko TERAMOTO**

Abstract:

Four examples of the failure of deep sea instruments are described in order to

improve the mooring technique and the instruments: (1) The collapse due to water leakage.
During the mooring the water leaked into a pressure chamber without exhausting the air.
When it ascended at a high speed for recovery, the inflation of the trapped air broke the
chamber. We suffered the collapse of three Aanderaa current meters, two OAR radio trans-
mitters, and one TSK current meter. (2) The collapse due to failure of the depth capability.
Two Aanderaa current meters designed for 6,000 m depth were collapsed while they were
moored at 5,750 m layer. (3) The breaking of glass spheres. Three glass spheres were
collapsed due to creeping of an elastic tape between the coupled semispheres. (4) The mal-
function of an acoustic release. Water leakage caused the malfunction of an acoustic release
which had been moored in the Oshima-West Channel. The acoustic release was found off
Katsuura (Chiba) after drifting 28 days and the current meter was recovered off Hisanohama

(Fukushima) after drifting about 230 days.

1. Introduction

Since 1976, we have been engaged in deep
sea mooring of current meters in order to obtain
long time series at selected stations in the
Kuroshio south of Honshu (TAIRA and TERA-
MOTO, 1981) and in the deep seas east of the
Izu-Ogasawara Trench (TAIRA, TERAMOTO and
HORIBE, in preparation). The length of the
time series exceeds 1200 days to date at several
stations. Maximum depth of measurement is
nearly 6000m. The mooring observations re-
quire both the knowledge on the capability of
instruments and mooring gears and the technique
of operations (e.g., TAIRA, IMAWAKI and
TERAMOTO, 1976). Any failure of the mooring
should be investigated thoroughly in order to
improve the instruments and the mooring tech-
nique.

In this paper, we describe several case studies
on the failure of the instruments, which we
have suffered during our mooring observations.
A short description of the instruments and the
operational procedure is present in the section
2. The collapse of pressure chambers caused
by the inflation of the trapped air is described

* Received May 4, 1982
** Ocean Research Institute, University of Tokyo,
Nakano, Tokyo, 164 Japan

in the section 3. The failure of depth capability
is described in the section 4. The breaking of
glass spheres is described in the section 5. The
malfunction of an acoustic release and the re-
sultant drift of the mooring line are described
in the section 6.

2. Description of the mooring instruments
Figure 1 shows schematically a typical moor-
ing line of our current measurements. A radio
transmitter (Ocean Applied Research Inc., Model
ST-202, depth capability of 7000 m) was attached
to a buoy assembly (signal buoy). The signal
buoy, which was designed by the crew of the
R/V Hakuhomaru, was composed of the iron
frame and three glass spheres for floatation.
We used glass spheres of 17 inch diameter
manufactured by the Benthos Inc. and of 16
inch diameter manufactured by the Ocean Re-
search Equipment Inc. The hard hats contain-
ing the glass spheres were linked to iron chain
with U clamps (Fig. 2). A ring was adopted
to connect the chain to mooring rope. We
used the Kevler rope (Phillistrand, 6.25mm dai-
meter) and the Nylon Doubler rope (Teikoku
Sangyo Co., 12 mm diameter). We standardized
the length of the mooring rope: 50m, 100m,
200m and 400m. A mooring anchor (weight)
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Fig. 1. A schematic diagram of the mooring
line for current measurements.

was composed of steel bars for railroad. The
bars were 2m long (100kg/2m) and fastened
together by iron bolts.

We used Aanderaa current meters (Aanderaa
Instruments, Model RCM-5, depth capability of
6000 m). An acoustic release (Sea-Link, Model
255, depth capability of 6100m) was used for
recovery. We also used acoustic releases manu-
factured by the Nichiyu Giken Kogyo (Model
M for 2000m depth and Model L for 6000 m
depth) for the moorings in the Kuroshio. Lithium
batteries were used for a receiver of the acoustic
release, and.their life time was about one year.

We launched the mooring line in a procedure
of the “‘buoy first, anchor last”” (BERTEAUX
and WALDEN, 1969). The mooring rope was
reeled on a winch drum in an order from the
lower to the upper portions of the mooring line.
On launching, the rope was unwound at a speed
of 1m/s while the ship was steaming at about
4knots towards the mooring station. Glass
spheres, current meters and the acoustic release
were linked to the rope. on the poop deck.

Fig. 2. Launching of a current meter
from the R/V Hakuhomaru.

The mooring weight was hauled down when
the ship passed about one-third of the total
length of the mooring away from the station.

For recovering the mooring, an acoustic com-
mand signal was sent to the release from a
hydrophone hauled from the ship side. The
receivable range was about 15000 m. The ascend-
ing speed of the mooring was 1-2m/s (TAIRA,
IMAWAKI and TERAMOTO, 1976). Ship positions
determined by the Navigation Satellite System
or by the LORAN-C were usually so accurate
that the buoys came out in sight range.

3.  An explosive collapse due to water leakage

From December 1977 to February 1978, cur-
rent measurements at 5000 m layer were carried
out at five stations in the east of the Izu-
Ogasawara Trench (IMAWAKI, TAIRA and
TERAMOTO, in preparation).
ings was not recovered. Three of the current
meters were equipped with pressure sensors.

One of the moor-

A bottom plate was lost from a current meter
(Fig. 3). Two current meters from other sta-
tions were also collapsed: one was blowing out
the air after it had been retrieved on the deck,
and the other had a bottom plate obliquely
sliding out. The collapse was evidently caused
We found
that each recorder of the collapsed current
meter was stopped 20-30 hours after the de-
ployment. If we assume that flood to the level
of battery terminals caused the recorder to stop,
it would take 80-120 hours for the air trapped
in the chamber to balance with the ambient
pressure.
to the sea surface within one and half hour

by the inflation of the trapped air.

On recovery, the chamber came out
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from the 5000m depth. The air and water
trapped in the chamber could not be exhausted
so quickly that the pressure difference was
equilibrated. The chambers were collapsed easi-
ly by the inflation of the trapped air because
they were designed to persist externally exert-
ing pressure. The current meter without the
pressure sensor was not collapsed. We received
a letter after the cruise from the Aanderaa
Instrument for the warning of water leakage
from the pressure sensors due to misapplication
of an adhesive material (see also, HENDRY and
REINIGER, 1978).

We suffered explosive collapse of the end caps
of two radio transmitters. We found that elect-
ric erosion of the antenna terminals had caused
water leakage into the cases. The erosion might
be accelerated by the transmission of radio
waves in the water which was to be turned off
by the pressure switches.

In September 1975, a recording unit of a
current meter (Tsurumi Seiki Co., MTCM-5)
was lost after it had been moored at 300m
depth in Tosa Bay. The housing of the recorder
was composed of two plastic tubes, one attached
to the upper end-plate and the other attached
to the bottom end-plate. The latter one was
lost together with the recording unit. We could
not find any scratches which the crash due to
high pressure had to make on the other tube.
This brought us a conclusion that the loss might
be caused by an explosive force. We assume
that the loss was caused by the explosive col-

Fig. 3. The current meter recovered
without the bottom plate.

lapse.

4. The collapse due to failure of the depth
capability

Two Aanderaa current meters, one recovered
in July 1979 and the other in June 1980, were
collapsed as shown in Fig. 4. Both had been
moored at 5750 m depth. The central portion
of the chamber was flattened and the magnetic
tape was destroyed. In each case, another
current meter was recovered without collapse
from 5800m depth. The capability depth of
the current meters was not always large enough
for 6000 m. We asked the Aanderaa Instruments
to improve the capability. They began to deliver
current meters of a special model which had
been tested at 10500 psia (equivalent to 7370 m
water depth) in December 1981.

5. Breaking of the glass sphere
The glass sphere manufactured by the Benthos
Inc. is composed of two semispheres coupled

: A i
Fig. 4. The current meter collapsed by
the high pressure at 5,750 m depth.

Fig. 5. Breaking of a glass sphere: (A) Flakes
of glass were lost from the edge. (B) The
elastic tape creeping on the mating face.
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together in a vacuum chamber. When we re-
covered a mooring line, we found that one of
the glass spheres was broken as shown in Fig.
5. Flakes of glass were lost from the edge of
the semisphere and creeping of the elastic tape
between the semispheres was observed. The
hard hat containing the glass sphere was not
injured. The breaking was different from the
failure of depth capability, which we had suffered
once in the course of a wire test. The crash
made the glass sphere into fine powder.

We suffered the breaking of glass spheres
three times. Each of the moorings was deployed
in the summer season. The glass spheres were
stored on the ship deck long time before the
deployment. The heat and the ship’s vibration
might result in the creeping of the elastic tape.
The tape became soft at high temperature and
hard at low temperature. The creeping tape
would work as a solid wedge in the cold sea
water to break the glass sphere during the
descent to deep water.

6. Malfunction of an acoustic release and
the resultant drift of the mooring

Since February 1977, we have kept a moor-

ing of a single current meter in the Oshima-

T T T T T T Y T T 30N
138E 140E 145E

Fig. 6. The drift of a mooring line from the
Oshima-West Channel (marked by the dot) to
Katsuura where the acoustic release was found,
and to Hisanohama where the current meter
was found. A mean path of the Kuroshio was
adopted from the State of the adjacent seas of
Nippon, April-June 1980, Hydrographic Depart-
ment, Maritime Safety Agency.
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Fig. 7. Records of the current meter drifting from the Oshima-West Channel

to Hisanohama (see Fig. 6):

Upper panel; temperature (The start on 13

March 1980, Time mark 1 on 20 March, Time mark 2 on 24 April and

Time mark 3 on 12 November).

Middle panel; the eastward component of

velocity. Bottom panel; the northward component of velocity.
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West Channel by replacing every 2-10 months
(TAIRA and TERAMOTO, 1981). A mooring
line was deployed on 13 March 1980 at a station
(34°45'N, 139°15’E, 500 m deep). An Aanderaa
current meter was tethered with 200m long
rope and an acoustic release (Nichiyu Giken
Kogyo, Model M) to a mooring anchor. On
16 April 1980, the acoustic release was found
drifting together with two glass spheres off
Katsuura, Chiba (Fig. 6). The release had
accidentally actuated to disconnect the mooring
anchor. Examination at the factory revealed
that the sea water leaked through an O-ring
face had made a short circuit to fire the squib.
A standard model of the release works with a
three-month life time battery. However, the
release was sent back to the factory to be in-
stalled with a lithium battery of twelve-month
life time. An acid solvent was used for clean-
ing of the case.
plete and the erosion by the acid solvent caused
the water leakage during the mooing.

On 9 November 1980, the current meter and
the glass spheres were recovered from a fishing
net fixed off Hisanohama, Fukushima (Fig. 6).
The rotor of speed sensor was lost from the
current meter. We used five glass spheres
made by the Ocean Research Equipment. The
hard hat for the glass sphere was composed of
two pieces fastened together with three iron
eyelets.
from the hard hats because the eyelets were
eroded. The eyelets of one hard hats were tied
with rope. We make it a rule to refasten the
hard hats with extra bolts of stainless steel.

Washing away was not com-

Four of the glass spheres were lost

Figure 7 shows the record of the current
meter from 13 March to 12 November 1980.
The current meter had been moored at 300m
layer until 02h on 20 March (time mark 1 in
the upper panel), when the temperature in-
creased rapidly from 10.5°C to 17.0°C. The
current meter might be floating on the sea sur-
face until 16h on 6 May (time mark 2), when
the temperature decreased rapidly. Revolution
of the rotor was recorded until 16h on 6 May
(Fig. 7, middle and bottom panels). The re-
corded temperature was changing largely. The
current meter might be hanging from one glass
sphere and drifting northward on the sea bottom.

The fisherman fixed the net off Hisanohama
to catch the fish migrating from south. The
drift of the current meter from the Oshima-
West Channel showed that the Kuroshio water
was flowing northward along the eastern coast
of Honshu.
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