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Uptake of Ni by Marine Bacteria and Algae*

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

Abstract: The uptake ratios of Ni by marine bacteria and algae were examined. In the
medium containing Ni ranging from 1 to 500 mg//, approximately maximum 0.05% and 0.07 %
of added Ni were taken up by two bacterial strains for 6 hr. The uptake ratio of Ni by
bacterial strains in the medium was rather higher at lower concentrations of Ni than at higher
concentrations. The amount of Ni taken up by two algal strains Stichococcus sp. and Thalas-
siosira sp. increased in proportion to the concentration of Ni up to 50 mg/! only under the
light condition, but it rather decreased at the concentration of 100 mg// of Ni. The maximum
amount of Ni taken up by two algal strains was 3.7 % and 3.2% of added Ni respectively.
The uptake ratio of Ni by algae was considerably higher in comparison with that by bacteria.
However, in both cases of bacteria and algae, the uptake ratio was highest at the concen-
tration of 10mg/l of Ni. The CO: assimilation activity of Stichococcus sp. was rather
enhanced in the presence of low concentration levels of Ni, while that of Thalassiosira sp.

was not accelerated at all.

1. Introduction

Heavy metal pollution has proceeded ex-
tensively in the coastal areas and it has become
The distri-
bution of heavy metals in coastal seawaters and
bottom sediments has been investigated by many
researchers, and the heavy metal content in
several kinds of invertebrates in the coastal
regions has also been examined by many work-
ers. In spite of these recent studies, the up-
take of heavy metals by marine microorganisms
and phytoplankton in the coastal environments
has not been made clear yet. In the previous
paper (KURATA et al., 1977), the authors re-
ported the Ni pollution and the distribution of
Ni-tolerant bacteria in water and sediments in
the Sea of Aso which has long received industrial
waste water containing Ni from a metallurgical
factory.

In the present study, an attempt has been
made to elucidate the uptake of Ni by marine

a serious social problem in Japan.
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versity, Oiwake-cho, Kitashirakawa, Sakyo-ku,
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bacteria and unicellular algae in relation to their
nutritional and physiological condition.

2. Materials and methods

(1) Basal medium for bacterial strains

A slightly modified ZOBELL 2216 medium
(ZOBELL, 1946) was used as a basal medium for
the bacterial strains, which has the following
composition: polypeptone 5.0 g; KH:PO4 0.05 g;
FeSO4-7H,O 0.05g; agar 12g (except for the
liquid medium); in seawater 1000 m/; pH7.6.
The bacterial strains used were isolated from
the bottom sediments of the Sea of Aso and
were Ni-tolerant as described in the previous
paper (KURATA et al., 1977).

(2) Uptake of Ni by marine bacteria

The bacterial cells preincubated in the basal
medium were harvested and washed by centrifu-
gation several times with sterilized artificial sea-
water. After the adjustment of cell density, the
cells were suspended in the sterilized artificial
seawater containing varying concentrations of
Ni and incubated for 6 hr at 20°C. Then, the
bacterial cells were reharvested and washed
again thoroughly several times by centrifugation.
After washing, the pellets of bacterial cells were
used directly for the determination of Ni.

(8) Basal medium for marine algae

1)



50 La mer, Tome 18, N° 2 (1980)

A slightly modified ESP-medium (PROVASOLI,
1964) was used as a basal medium for algal
strains. The composition of the basal medium
is shown in Table 1. Incubation of algae was
carried out at 20°C under the illumination of
fluorescent lamps (ca. 3000 lux).

(4) Uptake of Ni by marine algae

Preincubated algae in the basal medium were
treated in the same way as the case of bacteria.
However, the algal cells were harvested finally
by filtration with glass fiber filters of 0.45 #m

Table 1. Composition of the basal
medium for algae

Autoclaved seawater 1000 mZ

ES enrichment* 20 pH7.6

*ES enrichment
NaNO; 350 mg
Nas-glycerophosphate 50 mg
Fe-EDTA 2.5mg
SIT metal solution™* 25 ml
Thiamine 0.5mg
Biotin 5 g
Vitamin Bis 10 pg
Tris buffer 500 mg

to 100m/ of DW

**SIT metal solution
Br (as Na™) 100 mg
Sr (as Cl7) 20 mg
Mo (as Na salt) 5 mg
Rb (as CI") 2 mg
Li (as CI0) 2 mg
I (as K%) 0.1 mg

to 100 m/ of DW

LZL
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Growth (OD)

porosity. After drying, Ni was extracted from
the algal cells on the filters and determined.
Glass fiber filters used for the filtration had
been pretreated with HNO;.

(5) Determination of Ni

Ni taken up by bacterial or algal cells was
extracted with HNO; (10%) and the amount
was determined by an atomic absorption spectro-
photometric method described in the previous
paper (KURATA, 1974).

(6) Measurement of the CO; assimilation

activity of algae ,

After the aseptical adjustment of cell density,
the preineubated algal cells were inoculated to the
sterilized artificial seawater containing varying
concentrations of Ni and 1 pCi of *C-NaHCOs
was added. After 4 hr incubation at 20°C under
the light condition, the algal cells were harvested
by filtration, eluted with HNOj;, CO. gas was
removed by boiling and the radioactivity of the
solution was measured with a liquid scintillation

counter (Aloka, Model LSC-502).

3. Results and discussion

(1) Effect of Ni on the bacterial growth

The growth of several Ni-tolerant bacteria in
the basal medium containing varying concens
The growth
of all of the bacterial strains in the basal medium
was affected by the addition of Ni and the cell
yield of each strain in the medium after 80 hr

trations of Ni are shown in Fig. 1.

0 100

200

300 400

Concentration of Ni (mg/l)

Fig. 1. Growth inhibition of 7 strains of Ni-tolerant bacteria after 80 hr incubation
in the ZOBELL 2216 medium containing varying concentrations of Ni at 20°C.
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Uptake of Ni by Marine Bacteria and Algae 51

incubation at 20°C was decreased gradually in
proportion to the amount of Ni added. One
strain failed to grow in the medium containing
400 mg/! of Ni, but two strains grew well in
the same medium. About 220 bacterial strains
isolated from the seawater and the bottom sedi-
ments of the Sea of Hiuchi which has long
received extensive heavy metals pollution could
not survive in the medium containing 300 mg// of
Ni, as reported in the previous paper (KURATA
and YOSHIDA, 1978). Therefore, these bacterial
strains isolated from the Sea of Aso were par-
ticularly more tolerant to Ni than those from
the Sea of Hiuchi.

(2) Uptake of Ni by marine bacteria

The uptake of Ni by two bacterial strains in
the medium containing varying concentrations
of Ni was examined and the results obtained
were shown in Fig. 2. Uptake of a considerable
amount of Ni by the bacterial cells in the cul.
tures of two strains was clearly observed. How-
ever, the uptake pattern by two strains in the
medium containing Ni ranging {from 1-500 mg/
was different. Approximately 24 and 32 pg ofy
Ni were taken up finally by two strains in the
period of 6 hr in the medium containing 500 mg/

32

N
~

Ni uptake (ug/culture)
o o

0 L 1 1 1 1 1
1 5 10 50 100 500

Concentration of Ni(mg/l)
Fig. 2. Ni uptake by two strains of Ni-tolerant
bacteria (¢#g/50 ml of culture, OD of which
being 0.2) for 6 hr at 20°C.

of Ni and these correspond to 0.05% and 0.07 %
of the total amount of Ni in the culture, re-
spectively. The uptake ratio of Niin the medium
was rather higher at low concentrations of Ni
than at high concentrations in both strains.

WEBB (1970a) reported that the Co-tolerant
strain of Aerobacter aerogenes was resistant
also to Ni in the medium containing adequate
amounts of Mg, and that the parent strain of
A. aerogenes took up about 30 # moles/mg dry
wt. organisms of Ni for 20 hr at 28°C. Uptake
of Ni by the marine bacterial strains shown in
Fig. 2 was considerably higher in comparison
with that by the strain of A. aerogenes reported
by WEBB (1970b). Removal of added Zn and
Cd from solution by bacteria was reported by
MCLERRAN and HOLMES (1974). About 20%
of %Zn added to the cultures was directly as-
sociated with the bacterial cells and 85 9% of
657n was removed from solution by the bacteria
in the period of 120 hr because of the active
production of H,S. CHOPRA (1971) reported
that significant amount of Cd was taken up by
the Cd-sensitive strain of Staphylococcus aureus
but little amount was taken up by Cd-resistant
strain. This result is quite different from the
results obtained with the Ni-tolerant bacteria in
the present study. The difference may be due
to the kind of heavy metal as a pollutant or the
classificational characteristic of bacteria. Further
cytological and taxonomical studies on these
resistant strains are desirable.

(3) Effect of Ni on the algal growth and

CO; assimilation

Inhibition of the growth of algae by varying
concentrations of Ni is shown in Figs. 3 and 4.
A green alga Stichococcus sp. was more tolerant
to Ni than a diatom Thalassiosira sp. and an
obvious growth of the latter was not observed
in the presence of 10mg// of Ni. However,
the higher the Ni concentration in the medium,
the more elongated the period of lag phase of
growth of these organisms. According to the
study by ERICKSON (1972), the growth of
Thalassiosira pseudonana was inhibited markedly
by Cu in unenriched seawater and the number
of cells of the alga decreased to approximately
1/10 in 72 hr at the concentration of 30 #g/l of
Cu. According to; the study by MONAHAN
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(1976), two species of Scenedesmus and a species
of Ankistrodesmus were tolerant to 1mg/l of
Pb, and the tolerance of Scenedesmus obrusius-
culus to Pb in the phosphate-limiting medium

Ni

06} A 0
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02f — %
ol— e ——%———¥§ 510

0 4 8 12 16 20

Days
Fig. 3. Growth of Stichococcus sp. (A) and
Thalassiosira sp. (B) in the varying concen-
trations of Ni at 20°C under the illumi-
nation of fluorescent lamps.

N
o
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o
o

was doubled with the supply of phosphate. As
shown in Figs. 3 and 4, Stichococcus sp. and
Thalassiosira sp. grew well even in the medium
containing 8 mg/l of Ni. It may be due to the
enough supply of phosphate in the medium or
the eminent tolerance to Ni of these algal strains,

Influences of Ni concentrations on the CO,

0.6
D 04}
e
£
2
o
S 02+
O ] 1 | 1
0 4 8

Concentration of Ni (mg/l)

Fig. 4. Growth inhibition of Stichococcus sp. (O)
and Thalassiosira sp. (®) as a function of Ni
concentrations in the ES medium at 20°C under
the illumination of fluorescent lamps in 20 days.

Relative CO, assimilation activity (%)

Ll

o

(@]

50 100

Concentration of Ni (mg/l)

Fig. 5. Relative CO; assimilation activities of Stichococcus sp. (O) and
Thalassiosira sp. (@) in varying concentrations of Ni for 4 hr at
20°C under the illumination of flucrescent lamps.
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Ni uptake (x102 Mgl/culture)

Concentration of Ni (mg/l)

Fig. 6. Ni uptake by Stichococcus sp. (O, A) and Thalassiosira sp. (@, /) (#g/10 ml
of culture, OD of which being 0.12) in varying concentrations of Ni for 4 hr at
20°C under the light (solid line) and dark (broken line) conditions.

assimilation by the algal strains are shown in
Fig. 5. The CO; assimilation activity of Sticho-
coccus sp. was accelerated in the presence of Ni
and it was doubled in the presence of 10 mg/!
of Ni. On the contrary, the activity of Thalas-
siosira sp. was hardly affected by the presence
of Ni.

(4) Uptake of Ni by algae

The results of the Ni uptake by Stichococcus
sp. and Thalassiosira sp. in the sterilized saline
containing varying concentrations of Ni for 4 hr
are shown in Fig. 6. The amount of Ni taken
up by two algal strains increased in proportion
to the concentrations of Ni up to the concen-
tration of 50 mg/l of Ni, but it rather decreased
at the concentration of 100 mg/l of Ni. How-
ever, the uptake ratios of Ni were highest at
the concentration of 10mg/l/ of Ni in both
algae, and those of Stichococcus sp. and Thalas-
siosira sp. were 3.7% and 3.2% respectively.
The uptake ratios of Ni by algae were con-
siderably highr in comparison with those by
bacteria shown in Fig. 2. In the present ex-
periments, the highest uptake ratios of Ni by
algae and bacteria were shown at the same
concentration of 10mg/l of Ni. It is a very
significant problem both for inquiring the bio-
logical mechanisms of Ni uptake by different

kinds of microorganisms and for trying the Ni
removal by using the Ni-tolerant microorganisms
At any
rate, Ni was taken up actively by different kinds
of marine microorganisms even at relatively high

from the human living environment.

concentrations. From the results, the removal
of Ni using various kinds of microorganisms in
the polluted environments may be expectable
from the commercial point of view in near

future.
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A Mass-Culture Method for Artemia salina
Using Bacteria as Food*

Kimiaki YASUDA** and Nobuo Taca**

Abstract: The present experiments were carried out to clarify the relative food value of
bacteria and to develop a method for the mass-culture of Artemia using bacteria as food.
By performing screening tests on various bacteria as available food for Artemia larvae, the
B-9 strain of Acinetobacter sp. was found to be effective. Larval culture using the bacterial
strain and Chlamydomonas sp. as food for estimation of relative food value indicated that the
B-9 strain food value is slightly less than that of Chlamydomonas sp. Several culture con-
ditions were examined to test the feasibility of utilizing bacteria for mass-culture. The results
showed that the most effective culture condition was a food mixture of the B-9 strain at a
concentration of 10°/ml and Chlorella sp. at 10°/ml, with a density of Artemia of 5 indiv./ml

and a culture temperature of 20°C.

1. Introduction

Nowadays, in many countries, the following
live foods are being used for mariculture pur-
poses: Rotifer, Artemia, Daphnia, Moina,
Polyphemus, and Gammarus (JHINGRAN and
GOPALAKRISHAN, 1974). Artemia is the most
frequently used and the most convenient form
among these organisms, as it is possible to
readily obtain various sizes of larvae which can
be fed to predators of different size, whenever
necessary.

Several studies have attempted to clarify the
nutritional preferences of Arzemia. TERAMOTO
and KINOSHITA (1961) fed the shrimp on
Wakamoto*** bread yeast, and the dried residue
of acetone-butanol fermentation. KUSAKABE
(1964) found that wheat flour mixed with soy-
bean powder was a very effective food for the
shrimp. Furthermore, cultures of some kinds
of unicellular Chlorophyceae, Chrysophyceae,

* Received September 18, 1979

** Ocean Research Institute, University of Tokyo,
Minamidai 1-15-1, Nakano-ku, Tokyo, 1964 Japan
Present address of K. YASUDA: Water research
Institute, Nagoya University, Chigusa-ku, Nagoya,
464 Japan

A commercial drug made of cultures of several
types of commonly used molds on cereal germs,
and enrichediwith active lactobacilli and dried
yeast.

*okok

Cryptophyceae, and diatoms have successfully
been fed to shrimp (PROVASOLI ez al., 1959;
GILCHRIST, 1960; NIMURA, 1963; LASKER,
1966; TAKANO, 1967). However, experiments
on bacteria as food for the shrimp have been
rare (SEKI, 1966).

The purpose of the present investigation was
to clarify the relative food value of various
strains of marine bacteria and to develop a
method for the mass-culture of Artemia using
bacteria as food. The shrimp used in the ex-
periments was Artemia salina LEACH, dried
eggs of which were obtained commercially
through the Shintoa-Koeki Co, Ltd. from Cali-
fornia, U.S.A. The experiments were carried
out at the Tamano Marine Station, Japan
Fisheries Farming Association (JFFA), and at
the Marine Microbiology Laboratory, Ocean Re-
search Institute, University of Tokyo, during
the period from May to October, 1977,

2. Materials and methods
Screening of isolates as food Screening tests of
potential food for Artemia larvae were carried
out on isolates of 12 strains of bacteria and one
strain of yeast. The isolates were collected
from cultures of microbial flock using equip-
ment of the Tamano Marine Station, JFFA.
The culture vessel was a 500-m/ cylindrical
beaker, containing 400 m/ sterilized seawater,

C7)
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at room temperature of about 20°C, with
aeration. A cylindrical net (100 gm mesh size),
sterilized with 709 ethanol, was aseptically
placed on the beaker. Then, 100 nauplii of
Artemia hatched germ-free by the method of
PROVASOLI et al. (1959) were transferred into
the net. The isolates were grown to late
logarithmic phase in Medium 2216E broth
(OPPENHEIMER and ZOBELL, 1952), and the
cultures were harvested by centrifuging at 4,000
X g for 15 min. Packed cells were added to the
culture vessel to obtain a concentration of 10%/m/.
After the nauplii had fed on the isolates for 4
hours, the net with the nauplii was removed
and held in a beaker containing 400 m/ sterilized
seawater for 20 hours.

This was repeated every 24 hours for one
week, and during the experimental period the
numbers of surviving larvae were recorded.
Estimation of food value Determinations were
made of the food value for Artemia larvae of
three kinds of food, including the B-9 and P
strains confirmed by the screening test as the
most suitable foods, and Chlamydomonas sp.
reported by SICK (1976) to be the most efficient
food. The experimental procedure was the same
as that mentioned above. Arbitrary concen-
trations of food were set at 5x10°/m/ for

100‘
:\i \\ Vibrio spp.
i
3 501
§ \ ~
S A
3 S~
O“I T T T T T T 1
100992
o ()
fq-: \. Pseudomonas spp.
© \
— 507 \
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>
: \ “
o4__. e -
0 4 5 6 7
T:me (days)

Fig. 1.

Chlamydomonas sp. and 10%/ml for the two
bacterial strains. 200 newly hatched nauplii
were accomodated in each. The experiment
was continued for 11 days, and during this
period the numbers of survivors, body length
and body weight of the larvae were observed.
Mass-culture of Artemia The B-9 strain (con-
firmed by the screening test as the most suitable
food for Artemia larvae), the microbial flock
(produced by the method of IMAMURA and
Sucrita (1972)), and Chlorella sp. (cultured at
Tamano Marine Station) were used as food for
large scale larval culture.

The experiments were divided into four steps.
In the first step, arbitrarily chosen culture con-
ditions were set up as follows; culture density
of the larvae was 1 indiv./m/, water temperature
was 20°C, and food species were supplied inde-
pendently at concentrations of 107/m/ of Chlo-
rella sp., 105/ml of the B-9 strain, and 108/m/
of the microbial flock.

In the second step, to examine whether a
combined microbial food was more suitable,
four combinations of food concentrations were
selected. The B-9 strain (10%/m/) was combined
with Chlorella sp. at 10%/ml and 107/m/, and
the microbial flock (108/m/) was also combined
with Chlorella sp. at 108/m/ and 107/m/. Water

100'°§g\._,

Acinetobacter spp.

o
o\
4 ¢——e B-9 strain
\ o——-o

° P strain

O—I T T Y T
1007"&2
\A Chromogenic bacteria
o and Yeast
0~
0- '_&.\\ Yeast
0 1 2 3 4 5 6 7
Time (days)

Effect of different bacterial and yeast strains as food on the survival rate of Artemia.
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temperature and larval density were 20°C and
1 indiv./ml, respectively.

The third step in the investigation was carried
out to determine the most suitable density for
mass-culture. Four kinds of larval densities
were selected at 1, 5, 20 and 50 indiv./m/. The
larvae were cultured on the mixed food of the
B-9 strain (108/m/) and Chlorella sp. (10%/ml)
with a larval density of 5 indiv./ml, which was
confirmed by the third series of experiments
as the most suitable.

The culture vessel for the experimental mass-
culture of Artemia was a 500/ capacity square
slate tank, into which 500/ of sand-filtered
seawater was added. A rate of aeration was
1//min., and a continuous illumination of 200
lux was provided by fluorescent light. Agitation
was provided by an agitator in order to prevent
precipitation of the food and the larval faecal
pellets, and further to raise food value. The
cultures of the B-9 srtain, the microbial flock
and Chlorella sp. were harvested by continuous
centrifuging, and washed cells were re-suspend-
ed in their respective larval culture tanks.
This feeding was carried out every 24 hours.
The larval culture was continued for 12 days,
and during the experimental period the number
of survivors, body length and body weight of
the larvae were observed.

100
)
)
-
©
—
o i
2
>
3
3
wn
0-, - ,
0 10
Day

Fig. 2. Comparative effect of two strains of
bacteria and Chlamydomonas sp. as food on
the survival rate of Artemia. O, Chlamy-
domonas; @, B-9 strain; /\, P strain; A,

blank.

3. Results

Selection of bacterial strain as available food
As a result of the screening tests of the isolates
as available food, 2 strains of Acinetobacter spp.
(P and B-9) were found to be effective (Fig. 1).
Especially effective was the B-9 strain, in which
the survival rate of the cultured larvae was
approximately 60 9% . Survival of larvae fed on
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Fig. 3. Comparative effect of two strains of
bacteria and Chlamydomonas sp. as food on
the increase in body length of Artemia. O,
Chlamydomonas; @, B-9 strain; /., P strain;
A, blank.
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Fig. 4. Comparative effect of two strains of
bacteria and Chlamydomonas sp. as food on
the increase in body weight of Artemia. O,
Chlamydomonas; @, B-9 strain; /\, P strain;
A, blank.
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Fig. 5. Effect of different microbial foods, supplied independently, on theisurvivalirate

and body length increase of Artemia.
per ml.
flock (10%/ml);

Table 1.

Initial density of Artemia was one individual
Cultivation temperature was 20°C. O, B-9 strain (10%/mf);
A\, Chlorella sp. (10"/ml);

®, microbial
A, non-addition of food.

Effect of different food microorganisms, supplied independently or

mixed, on the growth coefficient and survival rate of Artemia salina,

cultured in a mass-culture tank.

Food density (cells/mi)

B-9 Microbi ggfﬁlya Temp. Growth** A
- icrobial Chlorella (ind. /m) (°C) coefficient (%)
str. flock
10° — — 1 20 0. 05897 24
— 108 -— 1 20 0. 05800 0
— — 107 1 20 0. 05073 30
— — - 1 20 0. 01503 0
10° — 10¢ 1 20 (1) 0.06172* 50
(2) 0.06375* 48
108 — 107 1 20 0.06132 45
— 108 10° 1 20 0.04671 24
— 108 107 1 20 0. 05840 40
108 — 10¢ 5 20 (1) 0.06593* 54
(2) 0.06941* 58
108 — 10° 20 20 0. 03068 20
10° — 108 50 20 0. 02286 9
10° — 10¢ 5 28 0.07195 38

*

Results of the two different experiments.
Regression coefficient of the curve obtained by
the time from the start of culture.

o

the P strain was about 30% up to 7 days,
whereas using the other strains, the larvae
could not survive during this
period.

Estimation of food value Larval culture using
these two strains (P and B-9) with Chlamy-
domonas sp. as a control, was carried out.
Survival rate of larvae fed on Chlamydomonas
sp. was 31%, on B-9 was 269, and on P was

experimental

plotting the ratio of the logarithm of body length to

9% (Fig.2). The increase in body weight and
body length of the larvae was greatest for the
larvae fed on B-9, followed by Chlamydomonas
fed larvae, and growth using the P strain was
negligible (Figs. 3 and 4). The individuals
forming eggs in the ovarium numbered, at 11
days, four with B-9, two with Chlamydomonas
sp., and none with the P strain.

The above results show that the B-9 strain
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is of slightly less value than Chlamydomonas
sp. as available food for Artemia larvae.
Conditions for mass-culture To obtain large
yields of Artemia larvae for practical mariculture
purposes, it is necessary to use a large scale
tank with an open system. The present ex-
periments were carried out using a 500~/ slate
tank to examine the possibility of using bacteria
as food for further mass-culture of Artemia.
Shown in Fig. 5 are the results of the first
investigation, in which the survival rate of the
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Fig. 6.
of Artemia.
shown in Fig. 5.

and Chlorella sp. (107/ml).
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Fig. 7.

Effect of Artemia density on their

larvae fed on Chlorella was highest, and increase-
in body length of larvae fed on the B-9 strain
was greatest. Larvae fed on the microbial flock
had almost all died by the 6th day, although the
growth coefficient was equal to that of the
larvae fed on B-9 (Table 1). The growth co-
efficient is the regression coeflicient of the curve
obtained by plotting the ratio of the logarithm
of body length to the time from the start of
culture.

In the second examination, as shown in Fig.
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Effect of combined microbial foods on the survival rate and body length increase
Initial density of Artemia and cultivation temperature are the same as
C, mixture of B-9 strain (10%/m!) and Chlorella sp. (10°/mi); @,
mixture of B-9 strain (10°/ml) and Chlorella sp. (107/ml);
flock (10%/m?) and Chlorella sp. (10°/mi);

/\, mixture of microbial
A, mixture of microbial flock (10%/mi)
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survival rate and body length increase.

Artemia was cultured on a mixture of B-9 strain (10%/ml) and Chlorella sp.

(108/ml) at 20°C. O, 1 indiv./mi;
indiv./ml.

®, 5 indiv./m/;

A\, 20 indiv./ml; A, 50
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Fig. 8. Effect of cultivation temperature on the survival rate and body length increase
of Artemia. Artemia (5 indiv./ml) was cultured on a mixture of B-9 strain (10°/mJ)

and Chlorella sp. (10°/ml).

6, the highest values for survival rate and body
length increase were found in the larvae fed on
the mixture of the B-9 strain (108/ml) and
Chlorella sp. (108/ml).

From the results of the third examination, it
is clear that the culture density of 5 indiv./ml
produced the highest survival rate and growth
coefficient (Fig. 7).

Furthermore, larval cultures at 20°C and 28°C
indicated that survival rate was higher at 20°C
and growth coefficient was the reverse (Fig. 8).
‘This result suggests that mass-culture of Artemia
as food for mariculture purposes is better carried
out under low temperature conditions to increase
survival, especially as Arzemia eggs are becoming
increasingly expensive.

4. Discussion

The results of the screening tests indicate that
even in closely related species of bacteria there
are differences in availability as food for Artemia
larvae. This conclusion agrees closely with the
data derived from studies of feeding experiments
by PROVASOLI ef al. (1959) in that Tigriopus and
Artemia display a diverse ability to utilized
different species of algae as food, and that this
selectivity does not depend on the size of the
food organism, as one organism may be nutri-
tionally suitable, and the other unsuitable. The
B-9 strain, which has a slightly lower food

O, cultured at 20°C; @, cultured at 28°C.

value than Chlamydomonas sp., was suitable for
the larvae of the brine shrimp. Though our
results provide experimental support for the
belief that bacteria are available as food for
marine animals (REISWIG, 1975; RIEPER, 1978),
we consider microbial flocks which are made
nutritionally more valuable by attaching an
available protozoa or unicellular algae better as
larval food for mariculture purposes than aggre-
gates formed by the available bacterium alone.

Concerning the simple food experiments, it is
not clear why the larvae fed on tie microbial
flock produced by the method of IMAMURA and
SUGITA had almost all died by the 6th day
even though their growth coefficient was equal
to that of the larvae fed on the B-9 strain.
Although there is no concrete nutritional evi-
dence, we may speculate as to the reason as
follows. One hypothesis which is supported by
the results of the mixed food experiments is
that the growth coefficient and survival rate of
the larvae fed on the mixture of the microbial
flock (108/ml) and the Chlorella (107/ml) are
higher than those of the ones fed on Chlorella
or the microbial flock only; that is, the larvae
fed on the microbial flock received nutritional
supplements from Chlorella.

On the other hand, the growth coefficient and
survival rate of larvae fed on the mixture of
the B-9 strain and Chlorella were higher with
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a low concentration of Chlorella than with a
high concentration, in contrast to the microbial
flock and Chlorella. This result could have
two explanations in that i) the relative food
value of Chlorella is lower than that of Chla-
mydomonas sp. (SICK, 1976) or ii) high concen-
trations of Chlorella prevent the growth of
Daphnia (RYTHER, 1954). Apart from the
nutritional interpretation, the result that the
food value was higher in mixed food than in
simple food is explained by the finding of
HaNAOKA (1977) that ammonia accumulated
in a closed system of cultivation is absorbed by
Chlorella; that is, nutrient recycling in the tank
was carried out by Chlorella.

Although these experiments were intended to
provide criteria for the mass-culture of Artemia
using bacteria as food, the data concerning the
culture density, growth and survival rates of
the larvae seem as yet insufficient.
use bacteria or microbial flock practically as
food for mariculture purposes, further infor-
mation about bacterial behavior in the culture
tank will be necessary. We anticipate that
bacteria will be found to be useful not only as
food but also as biological controlers of fish
disease and activators of the rate of nutrient
regeneration.

Hence, to
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Determination of Biogenic Silica in Marine Sediment*

Akiyoshi KAMATANT**

Abstract: A technique for determining biogenic silica in sediment was studied by modifying
the existing chemical methods. The improved procedure involves the use of 40m! of 5%
Na;COs; solution for 100-minute digestion of less than 50 mg of sediment at 100°C. The
content of biogenic silica in sediments can be estimated by subtracting non-biogenic silica,

calculated from the extracted

aluminum concentration, from the total amount of extracted

silica. This technique is much simpler and quicker than other techniques. The improved
method was applied for demonstrating the vertical distribution of biogenic silica in a core

from the central part of the Bering Sea.

1. Introduction

Determination of biogenic silica in seawater
and sediments is one of the important factors
in studying silica balance in oceans and also in
the estimation of paleoproductivity. A number
of methods for determining biogenic silica in
sediments have been reported, but the methods
still remain as a frustrating problem. Included
among these are X-ray diffraction (GOLDBERG
1958, CALVERT 1966), infrared spectroscopy
(CHESTER and ELDERFIELD 1968) and chemical
solution (BEZURUKOV 1955, VAN ANDEL 1968,
JoNEs 1969, HURD 1973) methods. These
developed techniques do not given consistent
results even for the same sample. EISMA and
VAN DER CAAST (1971) disclosed that X-ray
method suffered from the disadvantage by the
presence of minute amount of clay minerals or
cations. The method using infrared spectroscopy
is interfered by the presence of more than 59
quartz in sediments, and requires a time-con-
suming modification to the technique. More-
over, if the biogenic silica : quartz ratio is less
than 3:1, it is not possible to determine the
biogenic silica content by this method. LEINEN
(1977) proposed a method; opal content of deep
sea sediments could be estimated by subtracting
non-biogenic silica, calculated from the aluminum
and magnesium contents in the sediment, from
the total silica content of the sample. However,

* Received October 29, 1979
** Tokyo University of Fisheries, Konan-4, Minato-
ku, Tokyo, 108 Japan

he suggested there that the method had not
been validated for nearshore sediments which
are rich in terrigenous debris and also in such
clays having significantly more aluminum than
most pelagic deposits.

A more promising approach for determining
biogenic silica in sediment is based on a chemical
solution method; alkaline solution method pro-
vides a simple and quicker substitute, an ex-
tracting method of this type has been studied
and an improvement was made in the existing
chemical methods. In addition, it has provided
a method for correcting the amount of silica
released from clay minerals. The improved
method was applied for demonstrating the ver-
tical distribution of biogenic silica in a core
sample from the Bering Sea.

2. Samples and analytical methods

Two kinds of biogenic silica were used to
ascertain the most suitable extracting condition;
diatomaceous earth which was collected from
the bed buried in the upper-pliocene in Makkari,
Hokkaido and silicious sponge from the littoral
zone of Onagawa, Miyagi Pref. The bulk of
the diatomaceous earth, prior to the experiments,
was suspended in a solution of 2N HCI to
decompose carbonate in it with slight warming.
Clay minerals were separated from the diatom
valves by decantation. The refined diatom valves
were recovered by filtration, washed with dis-
tilled water until free from acid. Finally they
were dried at 105-110°C and stored in a desic-
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cater. In this sample Nitzschia sp. was domi-
nated. Silicious sponge was thoroughly digested
at 100°C with concentrated nitric acid and
hydrogen peroxide to remove organic matter.
The refined silica spicules, after washed with
distilled water until free from acid, were pre-
served for the experiments.

The core sample, which was collected from
the central part of the Bering Sea by Hakuho
Maru cruise, was cut at suitable intervals (6 cm),
dried at room temperature and ground with an
agate mortar. The pulverized samples were
subjected to the improved analytical method.

Reactive silica extracted by alkaline solution
was measured by silica-molybdate colorimetric
method as described in the previous paper
(KAMATANTI 1971). For the determination of
the total amount of biogenic silica suspended in
alkaline solution, suitable small aliquots of the
suspension put into a platinum crucible and the
water was evaporated gently. The residue was
fused with anhydrous sodium carbonate. After
dissolving the cake in distilled water, the solution
was used for the determination of reactive silica.

Aluminum extracted by alkaline solution was
determined fluorometrically using Pontachrom
Blue Blak R (PBBR), which was the original
method utilized by WEISSELER and WHITE
(1946). A portion of the extracted solution
containing suitable amount of Al was neutralized
with 0.5 N HCI, and buffered to the optimum
pH of 4.9, followed by the addition of hydroxyl-
amine to eliminate iron interference. After the
addition of PBBR reagent, the fluorescence
measurement was made within the first 2-5
hours using Hitachi Fluorescence Spectrophoto-
meter. ‘

3. Selection of extracting conditions

The amount of silica released from sample
must be affected by the extracting conditions
such as concentration of alkaline solution,
temperature, digestion time and the volume
ratio of sample to solution. Alumino-silicates
in sediments should also set free silica from
their lattices in the course of the treatment with
alkaline solution.

Effect of digestion time: To find out the
optimum digestion time, a predetermined amount

of diatom valves or sponge spicules were put
into the alkaline solution and mixed well to-
gether. Forty milliliters of the mixture were
divided into each 50 ml polycarbonate tube. A
series of the tubes, stoppered with caps, was
placed in a water bath kept at 100°C. The
tube was taken from the bath at intervals,
swirled gently by hand and immediately dipped
into a running water basin in order to cool to
room temperature. After removal of remains
by centrifugation, the reactive silica in the super-
natant was measured by the above method,
and the results are given in Fig. 1. The dis-
solution rate is greatly influenced by the nature
of the extracting solution; 5% NayCOs solution
takes long time for changing the silicious sponge
spicule to soluble form, while the strong alkaline
solution (1.0 N NaOH) can solubilize quickly
the rigidly silicified spicule by 40-minute diges-
tion. Diatom silica dissolves completely even by
60-minute digestion with 5% Na»COs solution.

Dissolution of clay minerals and quartz: To
evaluate the amount of silica and aluminum
that could be released from clay minerals in the
course of digestion, four common clay minerals—
montmorillonite, kaolinite, illite and chlorite-
were subjected to the above digestion procedure.
The amount of silica and aluminum released
are different among the clay minerals (Table 1).
In the case of 40-minute digestion with 1.0N
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Fig. 1. Dissolution of biogenic silica as a function
of digestion time. Biogenic silica of 40mg
was suspended in 40ml of alkaline solution.
-A-, sponge spicule; -®-, diatom wall.
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Table 1. Chemical analysis, and SiOs and Al:Os
extracted. from clay minerals by alkaline

digestion.
Kaoli- . Chlo- Montmo-
nite Ilite rite rillonite Quartz
Chemical analysis* (%)
SiOs 46.29 44.92 29.09 51.62 99.99
Al:Os 37.66 36.19 21.82 24.31 —

Si02/AlO; 1.23 1.24 1.33 2.12 —

40-minute digestion with 1.0 N NaOH (mg/g)
Si0q 80.1 22.4 2.5 35.2 8.1
AlOs 117 32.4 1.9 16.9 —
Si0s/ALOs 0.7 0.7 1.3 2.1 —
100-minute digestion with 5% Na:CO; (mg/g)
SiO. 5.78 6.43 1.64 6.75 3.96
AlOs 3.21 3.94 0.93 1.92 —
Si02/AlLOs 1.8 1.6 1.8 3.5 —

* These components were determined by the current
method used for mineral analysis (e.g. EASTON
1972).

NaOH solution, one gram of chlorite releases
only 2.5mg SiO; and 1.9mg AlQOs;, whereas
the amounts of the both components released
from the other three clays are about one order
of magnitude higher than those released from
chlorite. Quartz also releases 8.1 mg SiO; per
one gram. On the other hand, the digestion
method with 59 NayCOj solution is showed to
be mild and the amounts of the released silica
and aluminum from clays are far smaller than
those obtained by the treatment with 1.0N
NaOH solution. Accordingly, the mild method
using 5% Na;COjs solution is a more promising
approach to the problem of determining biogenic
silica in sediments.

Ejffect of wvolume ratio:
periments were carried out to ascertain the
optimum amount of sediment for 40 m/ of 5%
Na;COj; solution. The tube, which contained
the accurately weighed sediments mixed with
40 m! of the solution, was subjected to 100-
minute digestion at 100°C. The relation be-
tween the amount of extracted silica and the
amount of suspended sediment shows good

The following ex-

linearity when up to 50 mg is suspended in
40 ml of the solution (Fig. 2). For each re-
gression line, the correlation coefficient between
the extracted SiO; and the sediment suspended
in the solution is r=0.999. The same trend

18.0F /

(mgqg)

SiC,

EXTRACTED

SAMPLE WEIGHT (mg)

Fig. 2. Relations between sample weight and
extracted silica. Each per cent in the pa-
rentheses shows the weight per cent of
biogenic silica added in sediment.

was also observed for the extracted aluminum.

In order to test the reproducibility of this
method five portions of a mixture sample (10%
of biogenic silica in sediment) were used for the
analytical procedure. When the mixture sample
of 50 mg was subjected to 100-minute digestion
in 40 m/ of the solution, the coefficient of vari-
ation obtained from these analyses was 2.1 %.

Method of estimating biogenic silica: The
diatomaceous earth used here was diagenated
(KAMATANI 1971, 1974) but dissolved completely
into the solution by 60-minute digestion, from
which most kinds of diatom silica walls in sedi-
ments are expected to be extracted quantitatively
by this method. Even in the case of sediments
rich in sponge spicule, the recovery of silica is
also belived at the level of 97 % by the 100-
minute digestion (refer to Fig. 1).

The amount of silica released from clay
minerals and quartz cannot be ignored for esti-
mating biogenic silica in sediments (Table 2).
It is therefore necessary to provide a suitable
method for correcting the amount of silica ex-
tracted from non-biogenic silica minerals.

The SiO;/Al;03 ratio in the extract by the
100-minute digestion with 59; NaysCQOs solution
ranged from 1.6 to 3.5. The range was fairly
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Table 2. Silica and aluminum extracted from
sediment, and biogenic silica (mg/g of dry

sediment).

Depth Total* Extracted Biogenic
(cm) SiOs Si0s Al:O3 Si0;
5- 10 682.7 428 0.34 427

15- 20 655.9 435 0.89 434

25- 30 655. 8 430 0.75 428

55- 60 632.0 421 0.69 419

75- 80 630.7 335 0.53 334

105-110 670.8 324 0. 67 322

135-140 634.9 376 0.64 374

216-221 670.8 144 0.60 142

271-276 634.9 78.5 1.14 75.7
310-316 632.9 220 0.75 218

351-356 558.1 156 2.69 149

376-381 513.0 99.6 3.16 91.7
396-401 474.6 61.4 3.72 57.6
416-420 434.9 94.6 2.79 87.9
446-451 445. 3 93.5 3.18 85.6
471-476 437.8 84.0 3.89 74,3
491-496 447.4 62.4 3.78 53.0
511-516 444.1 62.0 3.29 53.8
541-546 444. 3 58.4 3.34 50.1
564-569 453.9 61.3 3.78 51.9
594-599 448.1 57.6 4,28 46.9
614-619 451.9 78.4 4.18 68.0
644-649 454.9 79.3 3.09 71.6
679-684 463.7 60. 4 4.07 50.2
719-724 452.7 51.7 4.29 41.0
739-744 449. 4 46.2 2.84 39.1
T74-779 459.0 45.9 3.52 37.1
799-804 451.7 47.0 4,73 35.2
839-844 467.0 62.6 4.84 50.5
864-869 455.6 36.5 4,41 25.5

Sampling location: Latitude 57°07/00”’N, Longitude
176°56740""W.

* It was determined by the loss in weight that
occurred when the sample was treated with HF
and H»SO; (e.g. EASTON 1972).

in good agreement with those of the clay
minerals used in this experiment, and also the
similar ratios were found in oceanic suspended
matter (COPIN-MONTEGUT and COPIN-MONTE-
GUT 1972, BAKER and PIPER 1976) and in
continental crusts (KRAUSKOPF 1965). From
this, the amount of silica released from silica
minerals can be estimated approximately by
multiplying the amount of the extracted AlyOs;
by a factor of 2.5. The method is given by

SiO; (biogenic silica)
=38i0; (extracted)—2.5 Al;Os
where 2.5 Al,O;3 is the non-biogenic silica esti-
mated from the extracted Al,Os.

Biogenic silica in a core sample: Table 2
shows the vertical distributions of total silica,
extracted silica and aluminum, and biogenic
silica. The total silica shows slightly higher
values in the upper parts of the core than in
bottom parts, while the extracted silica content
decreases sharply with depth and the extracted
aluminum content increased gradually with
depth. As a result, the vertical profile reveals
that the content of biogenic silica decreases
exponentially with depth. The relationship be-
tween the biogenic silica content, C, and depth
of core, Z, is given by the following equation;

In C=5.974-0.003 Z

where C is represented in mg per one gram dry
sediment and Z in cm. The decrease of biogenic
silica with depth is ascribed to upward flux
after dissolution.

For calculation of the dissolution rate constant
from the vertical profile of biogenic silica, the
following assumptions were made: 1) the sedi-
mentation rate of biogenic silica was constant
throughout past years; 2) the decrease in bio-
genic silica with depth in the core will balance
the dissolution rate; and 3) the deposition rate
of sediment was ca. 20, 40, and 80 cm per 1000
vears (from the data of LISITSYN 1969). The
dissolution rate constants corresponding to the
above deposition rates were calculated to be
6.9x107°, 1.4%x10% and 2.7x107% per hour,
respectively. The values of these rate constants

~ are at least 4 to 5 orders of magnitude smaller

than those obtained from the acid-cleaned silica
walls (KAMATANI and RILEY 1979).

Easily soluble biogenic silica walls disappear
in the course of sinking through the water
column, so that we may expect the silica walls
deposited in sediments to be more resistant to
solution than those from the water column. In
addition to this, the very small rate of dissolu-
tion in sediments must be influenced by the
low upward flux rate (HURD 1973, FANNING
and PILSON 1974, SCHINK et al. 1975) and by
the formation of protective matters by some

(18)



Determination of Biogenic Silica in Marine Sediment 67

tmetal ions which counteract solubilization effects
for solution (LEWIN 1961, DIGGER et al. 1964).
Probably, the degree of protection increases with
time (or depth). The mechanism and its rate
.of formation require further study.
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Normal Modes of Oscillation in Relation to Storm Surge
and Tsunami in Osaka Bay, Japan (1)*

Shigehisa NAKAMURA** and Harold G. LoOOMIS***

Abstract:

In order to study normal modes of oscillation of Osaka Bay, Japan, the authors

applied numerical scheme of finite difference method. An Osaka Bay model in this study has
an opening at Tomogashima Passage, and Akashi Strait and Yodo River are considered to be

closed. The bathymetry is taken from a nautical chart.
three modes are possible to appear in case of storm surge in Osaka Bay.

The result suggests that the initial
The twelfth mode

is quite similar in pattern to the resonant mode which was induced by an incident tsunami,
though it is accepted as a general that any of the higher modes can be scarcely expected in

a bay.
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Location of Osaka Bay covered by a grid system.
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(a) 1st mode, T=4.49 hr

(b) 2nd mode, T=1.87 hr

Fig. 3. The lowest three modes of oscillation of Osaka Bay.
(a) the first mode; (b) the second mode; (c) the third mode.
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Normal Modes of Oscillation in Relation to Storm Surge
and Tsunami in Osaka Bay, Japan (2)*

Shigehisa NAKAMURA** and Harold G. LooMIs***

Abstract: Normal modes of oscillation in the area including Osaka Bay and Kii Channel

were studied numerically by using Loomis’ method for determining normal modes of irregular
bodies of water with variable depth. The lowest four modes are 7.34, 3.43, 2.97 and 2.51
hours respectively, and those modes are illustrated to show their patterns of wave height
distribution in the area. Any one of these modes might appear if an incident disturbance has
an approximately same period to that of the mode, especially in case of a landfall storm
inducing a storm surge in the area of Kii Channel and Osaka Bay. Adding to the above, a
possible mode, which might be produced by an incident tsunami, is also considered in order
to have an understanding of the period at the peak of the tsunami spectra at Osaka.
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(a) 1st mode, T=7.34 hr (b) 2nd mode, T=3.43 hr

(c) 3rd mode, T=2.97 hr

Fig. 3. The lowest four modes of oscillation in Osaka Bay and Kii Channel.
(a) the first mode; (b) the second mode; (c) the third mode; (d) the fourth mode.
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Subsurface Chlorophyll Maximum in Winter at a
Station in the Western North Pacific Ocean*

Yukuya YAMAGUCHI** and Shun-ei ICHIMURA**

Abstract:

A marked subsurface chlorophyll maximum was detected in winter at the sub-

surface layer between 90 and 150 m in oligotrophic oceanic water of the western North

Pacific Ocean.

Chlorophyll concentration of this layer consisted about 50 % of the total

chlorophyll in the upper 150 m. Phytoplankton in the chlorophyll maximum layer exhibited
high photosynthetic activity and they contributed about 28.5 % of the primary production in

a 150 m~deep column.

1. Intredaction

The presence of the deep chlorophyll maximum
in the open ocean has long attracted attention
of marine biologists. The chlorophyll maximum
layer is usually found at the depth of 50 to 100 m
near or below the compensation depth in the
seasonal pycnocline and distributed over a wide
region of temperate and tropical oceans. The
concentration of chlorophyll in the maximum

layer is often several times higher than in the
upper mixed layer and its contribution to the
primary production could be significant.
Several researchers have proposed some pro-
cesses to explain the formation of the chlorophyll
maximum (e.g. RILEY et al. 1949, STEELE and
YENTSCH 1960, STEELE 1964, ANDERSON 1969,
1972, LORENZEN 1965, VENRICK et al. 1973,
JAMART et al. 1977) but the problem still re-
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unsettled and further information is
required for understanding the deep
phytoplankton dynamics.

mains

living

This paper reports some properties of a sub-
surface chlorophyll maximum found at one
station in the western North Pacific Ocean
during the cruise of R.V. Hakuho-Maru, Ocean

Research Institute, University of Tokyo, from
January to February in 1973.

2. Materials and methods

The data presented here were obtained on 18
and 31 January at St. 9 (19°58'N, 139°50’E)
and St. 14 (22°00’N, 125°51'E), respectively
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Fig. 2. Vertical profiles of temperature, salinity, density (sigma-t)
and chlorophyll a concentration at St. 9 and St. 14.
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(Fig. 1). The seawater samples were collected
by standard hydrographic casts with 10 liter
Van Dorn samplers from 9 depths at St. 9 and
8 depths at St. 14. Further samples were taken
by Rosette Multi Samplers (RMS-13) combined
with a Hytech 9006 STD system. The samplers
were attached 1.7m above the STD sensor.
Water samples were collected at 39 depths from
98 to 190 m at St. 9 and 27 depths from 65 to
176 m depth at St. 14. The concentrations of
chlorophyll @ in the water samples collected by
Van Dorn samplers were measured according to
the UNESCO procedure (SCOR-UNESCO 1966).
The samples for analyses of nutrients were
collected by general hydrographic casts using
Nansen samplers and measurements were made
of ammonia, nitrite, nitrate, phosphate and
silicate (OCEAN RESEARCH INSTITUTE 1975).
Photosynthetic activity of phytoplankton was
measured by the C method. Water samples
were incubated for 3 hours in 100 ml! Pyrex
glass bottles in a waterbath at a light intensity
of about 14 klux for Van Dorn samples and
about 1.8klux for Rosette samples from day-
light fluorescent lamps at 20+1°C. Dark carbon

0 02 04 06 08

assimilation was measured simultaneously to
correct the photosynthesis. After incubation the
samples were filtered through HA Millipore
filters, dried and their radioactivity determined
with a liquid scintillation counter (Beckmann
L.S-3155T).
measured in the samples suspended at respec-
tive depths from where the water samples had
been taken by Van Dorn casts. Incubation
lasted for a half day from midday to dusk.
Half day photosynthesis for each sample was
multiplied by two to obtain the whole daytime
photosynthesis (mg C/m?/daytime). Daily total
primary production was obtained from a photo-
synthesis-depth curve by graphic integration.

In situ primary production was

3. Results

The profiles of temperature, salinity and den-
sity (sigma-t) are shown in Fig. 2. As can be
seen from the figure, the water columns were
well stratified and there was similar trend be-
tween the stations. Sharp pycnocline developed
from the depth of 90m at St. 9 and 80 m at
St. 14. The water temperature and salinity
within the upper mixed layer were 26.6°C and
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Vertical distributions of nutrients at St. 9 and St. 14.
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34.85% at St. 9 and 23.6°C and 34.69 %o at
St. 14, respectively. At St. 9 water masses
with high salinity of more than 35 % were
interposed in the thermocline and formed clear
pycnocline. The vertical distribution of ammonia,
nitrite, nitrate, phosphate and silicate are shown
in Fig. 3. Except phosphate, nutrient concen-
trations in the upper mixed layer at St. 14 were
higher than those at St. 9. The concentrations
of nitrite and nitrate in the mixed layer were
below the detection limit of the method at St.
9, but increased rapidly with depth at about
120 m in nitrite and at 150 m in nitrate, where
nitrite showed a noticeable peak. The concen-
tration of nitrite in the water immediately below
the mixed layer was much higher at St. 9 than
at St. 14. The water in the upper 100m at
the oceanic station 9 was very low in nutrients
but temperature and salinity at St. 9 were
higher than those at St. 14. Vertical distri-
butions of chlorophyll @ at both stations are
shown in Fig. 2. A marked subsurface chloro-
phyll maximum was located in a layer between
100 and 150 m with the maximum value of
0.15mg/m?® at St. 9, whereas no maximum was
detected at St. 14. The depth of the chlorophyll

Assimilation Number

maximum layer at St. 9 was closely related to
the depth of nitrite maximum in the pycnocline.
The total chlorophyll @ in the upper 150 m
was 12.9 mg/m? at St. 9 and 18.3 mg/m? at St.
14. Chlorophyll @ for depth from 90 to 150 m
was 6.4 mg/m? at St. 9 and it constituted about
50 9, of the total chlorophyll a for upper 150 m.

The depth profiles of primary production ex-
pressed per cubic meter at both stattions are
indicated in Fig. 4. At St. 9 production was
relatively high in the surface layer with a
maximum value of 0.91 mg C/m3/daytime at
20 m and below this depth it dropped rapidly.
In the subsurface layer a secondary maximum
was found at the depth of 125m. This peak
coincided well with a peak of subsurface chloro-
phyll maximum. Productivity at St. 14 increased
gradually in the upper mixed layer and reached
a highest value of 0.88 mg C/m?/daytime at the
depth of 75m, but in the pycnocline it de-
creased from 0.5 mg/m?/daytime at 100 m to
0.09 mg C/m?/daytime at 150 m. The daily
total primary production in a 150 m-deep column
was 54.9 mg C/m?/daytime at St. 9 and 85.3mg
C/m?/daytime at St. 14. The primary pro-
duction in the subsurface chlorophyll maximum
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Fig. 4. Profiles of primary productivity at St. 9 and St. 14.

The horizontal

bars indicate assimilation number measured in a waterbath under 14 klux.
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Fig. 5. Photosynthetic capacities of Rosette
samples measured under 1.8 klux at St. 9.
Vertical profile of chlorophyll a is also
indicated.

layer (100-150 m) at St. 9 was 15.6 mg C/m?/
daytime, thus it appears to contribute about
28.59, of the total production. Assimilation
number measured in a waterbath ranged be-
tween 0.37 to 0.90 mg C/mg Chl. a/hr at St. 9
and 1.05 to 1.87 mg C/mg Chl. a/hr at St. 14
for samples from the mixed layer but it was
only 0.09 mg C/mg Chl. a/hr for sample from
125 m at St. 14. It is interest to note that the
samples from the bottom of mixed layer at St.
9 indicated a relatively high photosynthetic
capacity under the low light condition. For
water samples collected at St. 9 by the Rosette
Samplers we measured photosynthetic capacity
in a waterbath and the results are indicated in
Fig. 5 with the vertical distribution of chloro-
phyll @. The values ranged mostly from 0.005
to 0.02mg C/m®/hr with the highest value of
0.028 mg C/m?/hr. Chlorophyll concentrations

in the Rosette samples could not be determined
because of the limited volume of water, so that
we were not able to evaluate assimilation number
for individual samples. However, the vertical
pattern of photosynthetic capacity in the region
of the subsurface layer was roughly proportional
to that of chlorophyll concentration measured
in Van Dorn samples. This suggests that
phytoplankton of subsurface chlorophyll maxi-
mum are photosynthetically active even under
low light conditions.

4. Discussion

Since RILEY et al. (1949) had discussed the
mechanism for formation of subsurface chloro-
phyll maximum, possible processes have been
presented by several investigators; accumulation
of phytoplankton settling from overlying water
(STEELE and YENTSCH 1960), increase in chloro-
phyll content in cells adapted to low light inten-
sity (STEELE 1964), differential grazing pressure
by zooplankton (LORENZEN 1965), combination
of several biological and physical processes
(VENRICK et al. 1973). ANDERSON (1969, 1972)
has shown that the chlorophyll maximum layer
consists of photosynthetically active cells adapted
to low light and is most likely a result of
phytoplankton growth at this depth. Data from
the present study suggest the view of JAMART
et al. (1977) wherein subsurface chlorophyll
maximum may be explained by two processes;
one is in situ growth of photosynthetically active
phytoplankton and the other is differences in
the buoyancy and sinking rate of phytoplankton
caused by variations in their nutrient conditions.

In the present study, a well-developed pycno-
cline is formed at both stations, St. 9 (oligo-
trophic water) and St. 14 (mesotrophic water),
and the concentration of chlorophyll ¢ in the
water column of upper 100m at St. 14 is at
least two times greater than that at St. 9. Under
such conditions, if the chlorophyll maximum is
assumed to be developing in pycnocline by
simple accumulation process of senescent phyto-
plankton sinking from overlying water, a more
pronounced maximum may be found at St. 14.
Nevertheless, a striking subsurface chlorophyll
maximum was present at St. 9 whereas a
maximum was absent at St. 14. Such difference
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in the vertical distribution of chlorophyll is
presumably attributed partly to difference of
nutrient conditions in the surface water. De-
pletion of nutrients, especially inorganic nitrogen,
in the surface layer may have brought a de-
crease in buoyancy of phytoplankton cells and
consequently cells would have to sink down-
wards (STEELE and YENTSCH 1960). When
cells reached nutrient-rich pycnocline, buoyancy
is probably increased and cells may be retained
at this depth. This process seems partly con-
tribute to formation of chlorophyll maximum.
Assimilation number for phytoplankton from the
mixed layer at St. 9 was very low compared
with the values at St. 14. Lower activity may
be associated with nutrient depletion.

Photosynthetic capacity of the water samples
collected by the Rosette samplers from the sub-
surface layer below 100 m showed relatively
high value at St. 9, while we could hardly
detect any activities at St. 14, except for a few
layers around 100 m depth. This fact suggests
that the subsurface chlorophyll maximum layer
at St. 9 consists of shade type phytoplankton.

The daily in situ production was estimated
to be 54.88 mg C/m? at St. 9 and 85.33mg C/m?
at St. 14. These values are less than one third
or half of those reported in the Kuroshio regions
(e.g. SAajo and ICHIMURA 1960, ARUGA and
Monsr 1962). Contribution of the chlorophyll
maximum layer to primary production is about
28.5% of the total production. This value
coincides fairly well with those reported by
ANDERSON (10-159%, 1972), VENRICK et al.
(7-20 9%, 1973) and SA1JO (20%, 1973). As
pointed out by ANDERSON (1972) the chloro-
phyll maximum layer appears to contribute
significantly to the primary production of the
open ocean.
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