ISSN 0503-1540

Tome 35 Novembre 1997 Numéro 4

1997 £ 11 B
H L B B ¥ =

La Société franco-japonaise
d’'océanographie
Tokyo, Japon



SOCIETE FRANCO-JAPONAISE D’OCEANOGRAPHIE

Cimité de Rédaction
(de o'exercice des années de 1996 et 1997)

Directeur et rédacteur: Y. Y AMAGUCHI

Comité de lecture: S. Aoki, M. HorikosHI, M. MATsUYAMA, M. MAEDA, M. OcHial T. YANAGIL S. WATANABE
Rédacteurs étrangers: H. J. CeccaLpl (France), E. D. GoLpeergs (Etats-Unis), T. R. Parsons (Canada)
Services de rédaction et d’édition: M. OcHial H. SATOH

Note pour la présentation des manuserits
La mer, organe de la Sociét franco-japonaise d’océanographie, publie des articles et notes originaux, des
articles de synthése, des analyses d'ouvrages et des informations intéressant les membres de la société.
Les sujets traités doivent avoir un rapport direct avec 'océanographie générale, ainsi qu'avec les sciences
halieutiques.

Les manuscrits doivent étre présentés avec un double, et dactylographiés, en double interligne, et au
recto exclusivement, sur du papier blanc de format A4 (21X29.7 cm). Les tableaux et les 1égendes des fig-
ures serount regroupés respectivement sur des feuilles séparées a la fin du manuscrit.

Le manuscrit devra étre présenté sous la forme suivante:
1° 11 sera écrit en japonais, francais ou anglais. Dans le cadre des articles originaux, il comprendra
toujours le résumé en anglais ou francais de 200 mots environs. Pour les textes en langues européennes.
it faudra joindre en plus le résumé en japonais de 500 letters environs. Si le manuscrit est envoyé par un
non-japonophone, le comité sera responsable de la rédaction de ce résumé.
2° La présentation des articles devra étre la méme que dans les numéros récents; le nom de l'auteur
précédé du prénom en entier, en minuscules; les symboles et abréviations standards autorisés par le
cometé; les citations bibliographiques seront faites selon le mode de publication: article dans une revue,
partie d'un livre, livre entier, etc.
3° Les figures ou dessins originaux devront étre parfaitement nettes en vue de la réduction nécessaire.
La réduction sera faite dans le format 14.5X20.0 cm.

La premiére épreuve seule sera envoyée a L’auteur pour la correction.

Les membres de la Société peuvent publier 7 pages imprimées sans frais d'impression dans la mesure
a leur manuscrit qui ne demande pas de frais d'impression excessift (pour des photos couleurs, par
exemple), Dans les autres cas, y compris la présentation d’'un non-membre, tous les frais seront 4 la
charge de l'auteur.

Cinquante tirés-a-part peuvent étre fournis par article aux auteurs a titre gratuit. On peut en fournir
aussi un plus grand nombre sur demande, par 50 exemplaires.

Les manuscrits devront étre adressés directement au directeur de publication de la Société: Y. Y
AMAGUcHI, Université des Péches de Tokyo, Konan 4-5-7, Minato-ku, Tokyo, 108 Japon; ou bien au

rédacteur étranger le plus proche: H, J. CeccaLpi, EPHE, Station marine d’Endoume, rue Batterie-des-
Lions, 13007 Marseille, France; E. D. GOLDBERG, Scripps Institution of Oceanography, La Jolla, California
92093, Etats-Unis; ou T, R, Parsons, Institute of Ocean Sciences, P.O.Box 6000, 9860W, Saanich Rd., Sidney,
B. C,, V8L 4B2, Canada.



La mer 35: 137-148, 1997
Société franco-japonaise d’oceéanographie, Tokyo

Development of benthic microalgal assemblages on an intertidal flat

in the Seto Inland Sea, Japan: effects of environmental variability

Paolo MAGNI® and Shigeru MONTANI®

Abstract : A bi-weekly survey lasting 13 months was carried out at low-tide on an intertidal
flat in the Seto Inland Sea, Japan. We monitored the environmental conditions at a river and
a low—tide shore-line stations and examined the factors affecting the development of benthic
microalgal assemblages. At the two stations, the physico-chemical parameters of both emerged
sediment (i.e. nutrient concentrations of the pore water) and the nearby low—tide water (i. e.
salinity and dissolved oxygen concentration) showed strong but similar short- (days) and
long—term (interannual) variability. However, the benthic microalgal standing stock was sig-
nificantly higher at the river station (240.5=121.1mg m % n=107) than at the low-tide shore
line station (121.9+41.4 mg m % n=108). Accordingly, estimated annual primary production
was 634 g Cmyr '(1.74£065gCm™day ") and 259 g Cm’yr ' (0.710.27g Cm*day "), re-
spectively. At the river station, more elevated than the low—tide shore-line station, the develop-
ment of benthic microalgal assemblages was significantly limited by the washout caused by
rainfall, but greatly enhanced during calm and fine weather. At the low—tide shore-line station,
the reduced emersion of the surface sediment and the hydrodynamic energy (tidal currents,
waves) were major factors responsible for keeping lower and less fluctuating microalgal
biomass. Comparable primary production by intertidal microalgae (447gC m™ yr™') and
phytoplankton in the Seto Inland Sea (285gC m * yr ') is discussed as evidence of the high pri-
mary productivity of the intertidal zone, most likely underestimated in light of the grazing

pressure by the macro—zoobenthos which is similarly abundant on this intertidal flat.

1. Introduction

The occurrence and the development of
intertidal communities of the microphyto
benthos, commonly represented by epipelic
and epipsammic diatoms (CoLuN and DIJKEMA,
1981; CoLynN and DE JonGE, 1984; DE JONGE,
1985), are regulated numerous physico—chemi-
cal parameters. Such parameters include : tem-
perature (CoLyN and BURT, 1975, ADMIRAAL,
1977a; ADMIRAAL and PELETIER, 1980; BLAN-
CHARD et al., 1996), salinity (ADMIRAAL, 1977b),
gas diffusion and nutrient fluxes (ADMIRAAL et
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al., 1982; WHILSHIRE, 1992), and organic enrich-
ment (PELETIER, 1996).

Along a tidal estuary, noticeable differences
in the benthic microalgal standing stock may
also depend on the elevation of the station,
which relates to the extent of the solar radia-
tion available for the photosynthesis
(ADMIRAAL and PELETIER, 1980; CoLJN and DE
JONGE, 1984; DE JoNG and DE JONGE, 1995) and
the influence of the atmospheric condition on
dessication and/or freezing of the emerged
sediment (ADMIRAAL et al., 1982) and flushing
away of epipelic diatoms with the rainfall.

Further variability is related to the tidal cur-
rents and waves which influence the immigra-
tion rate (STEVENSON, 1983) and cause resu
spension and transport of the microphy-
tobenthos (Moss and RouND, 1967, CADEE and
HEGEMAN, 1974; DE JONGE and VAN DEN BERG,
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1987, GRANT et al., 1988). Accordingly, physical
sorting and grain—size composition of the sedi-
ment have been demonstrated important fac-
tors controlling the dynamics of the species
composition of benthic diatoms (DE JONGE,
1985) and the microalgal biomass (CoLyN and
DukeMa, 1981; DE JoNG and DE JoNGE, 1995), re-
spectively.

All these physico—chemical and abiotic vari-
ables, along with the grazing pressure by the
macro—zoobenthos (NIcOTR], 1977; LorPEz and
LEvVINTON, 1987; BiaNcHI and RICE, 1988; SMITH et
al., 1996), are likely to affect the benthic
microalgal biomass independently from ex-
pected seasonal patterns which may justify an
estimation of the annual microphytobenthic
production on the basis of relatively few Chl a
samples distributed over the year (CADEE and
HEGEMAN, 1977; CoLuN and DE JONGE, 1984).
MACINTYRE and CULLEN (1996) recently sug-
gested that the optimal use of resources to
quantify the microalgal productivity would
focus on between—day rather than within—day
(PINCKNEY et al., 1994) variability.

In light of such a variability, during the pre-
sent study we made an intensive sampling ef-
fort (two times per week for 13 months) in
order to assess the short-time (days) and sea-
sonal environmental variability of an intertidal
flat during low—tide in the Seto Inland Sea, and
to examine the factors affecting the develop-
ment of the microphytobenthos. A total of
more than a hundred samples were collected at
two stations, which allowed a more reliable es-
timation of the annual primary production.
Values of annual primary production by the
microphytobenthos reported from other
intertidal flats and by the phytophankton in
the Seto Inland Sea are compared and dis-
cussed within the frame of an integrated
project which aims at quantifying the dynam-
ics of biophilic elements (i.e. carbon, nitrogen
and phosphorus) in this estuary and to assess
the roles played by producers (microphyto
benthos) and consumers (macrobenthos) on
the processes.

2. Study area
The investigations were carried out at a river
station (Stn.A) and a low-—tide shore-line

the Seto Inland Sea

34°21'N =

A
——
, S
Tsumeta River Kasuga River Shin River
4 I I
| ‘ 134SE | | 0200 400m |
’ 1 P —— |
Fig. 1. Study area and location of the sampling

stations.

station (Stn. B4) of an intertidal flat in the Seto
Inland Sea, south-western Japan (Fig. 1). The
mean tidal range is ca. 2 m.

The backwards Stn. A was more elevated
and sheltered than Stn. B4, and was located
about 1.1 km from the low—tide shore-line. The
surface sediment emerged at a tidal level of
about+140 cm. Stn. B4 was located near the
low—tide shore—line, between the LWL (low
water level) and the ELWL (extreme low
water level), and therefore more exposed to the
hydrodynamic energy of tidal currents and
waves. The surface sediment emerged at a tidal
level of about+70 cm.

Both stations were few ten meters away from
the Shin River, which formed, during the low
tide, a shallow pool (20 to 50 cm in depth) at
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Stn. A and a reduced stream (20 to 50 cm in
depth) at Stn. B4. The stream was flowing di-
rectly toward the low-tide shore-line and pro-
gressively mixing with intertidal and subtidal
waters.

3. Materials and methods
3-1 Sampling procedure and meteorological pa-
rameters

Sampling activities always started from Stn.
B4. We monitored salinity (YSI portable
salinometer), temperature and dissolved oxy-
gen concentration (UK 2000 portable D.O.
meter) of low—tide water close to the two sta-
tions. Emerged sediment samples were ran-
domly taken at 7-8 spots of each station using
acrylic core tubes (3 cm i.d.) gently pushed by
hand into the sediment. Surface (0-0.5 cm) and
sub—-surface (0.5-2 cm) layers were carefully
sliced off the sediment. Sediment samples from
the same layer were pooled together and
brought to the laboratory within 2 hours for
chemical analysis. Sampling was carried out at
low—tide twice a week from July 1993 to July
1994.

Data of daily rainfall and solar radiation
were obtained from the Takamatsu Meteoro-
logical Agency Station, located near the
intertidal flat under investigation.

3-2 Sediment treatment

In the laboratory, pigments were extracted
from duplicate subsamples of wet sediment
(ca. 1 g) using 90% acetone. After 24 hrs of
darkness at 4°C, extracts were analyzed for Chl
a and pheo—pigments by spectrophotometer,
before and after acidification with IN HCI, re-
spectively, according to LORENZEN's (1967)
method, as described in PARSONS et al. (1984),
where the volume of water is substituted by
the dry weight of the sediment, expressed in
grams. From the same pool of fresh sediment,
acid—volatile sulfide (AVS) content was deter-
mined in duplicate subsamples (ca. 1g) with an
AVS test column (Gastec, Model 201L and
201H). Values were expressed as ¢ g g ' and
mg g !, respectively, and corrected for porosity,
as measured by the water content (obtained
after drying sediment subsamples at 105°C for
20 hours). The remaining sediment was then

centrifuged at 3,000 rpm for 20 min. The ex-
tracted pore water was filtered on small filters
(0.45 pum) fitted to a 10 ml syringe and the ob-
tained dissolved phase was stored at—20°C for
later analysis of NH.*-N and (NO;™+NO, )-N.
Nutrients were determined with a Technicon
autoanalyzer H, according to STRICKLAND and
Parsons (1972). Not all the samples collected
for pigment analysis were analyzed for nutri-
ents due to the insufficient amount of ex-
tracted pore water.

For the particle—size determination of the
sediment, 0 to 10 c¢cm in depth core samples
were collected at each station. They were
freeze—dried and sieved on 2 mm, 1 mm, 500
Lm, 2560 g m, 125 #m and 63 4 m mesh-—size
sieves. Particle-size composition was expressed
as a percentage of the dry weight of each frac-
tion.

4. Results
4.1 Physico—chemical parameters

Low-tide water temperature (Fig. 2a) varied
from 5.2°C (December 18, 1993) to 34.8°C (July
20, 1994) recorded at Stn. A and Stn. B4, respec-
tively. It highly correlated with the tempera-
ture of emerged surface sediment (r*=0.973 at
Stn. A and r?=0.980 at Stn. B4, data not shown;
annual mean, =S.D, in Table 1). Noticeable
interannual differences were found, which cor-
responded to solar radiation higher in July 1994
than in July 1993 (Fig. 2b).

Low-tide water salinity (Fig. 3a) strongly
fluctuated over both few days and the long pe-
riod. The significant increase of salinity from
the summer 1993 to the summer 1994 was
caused by the progressive decrease of the rain-
fall, highest between July and early October
1993 (Fig. 3b). Values ranged from 0.1 psu (Stn.
A, July 2, 1993) to 31.6 psu (Stn. B4, April 20
and May 14, 1994) and were slightly lower at
Stn. A than at Stn. B4 (Fig. 3a, Table 1).

Low-tide water dissolved oxygen (D.O.) con-
centration (Fig. 4a) widely fluctuated. At Stn.
A, it varied from 2.0 mg 17" (22.0% saturation,
December) to 16.7mg 17! (2325% saturation,
May 18). At both stations, D.O. concentration
showed a decreasing trend from mid—-summer
to autumn, but progressively increased from
late—winter to early-—spring, often resulting
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Figs. 2a and b. Low-tide water temperature (a) re-
corded during each sampling occasion at Stns. A
and B4 and daily solar radiation (b) obtained
from the Takamatsu Meteorological Agency sta-
tion where the intertidal flat is located.

oversaturated. D.O. concentration appeared to
some extent influenced by the seasonal fluctua-
tions of temperature (Fig. 2a) and solar radia-
tion (Fig. 2b). A significant difference between
Stns A and B4 was found in July 1994 (Fig. 4a),
with a mean of 6.0 1.8 mg 17" and 10223 mg
17!, respectively.

At the surface sediment (0-0.5 cm), acid
volatile sulfide (AVS) level (Fig. 4b) was
complexively lower at Stn. A (mean of 0.0256*
0.047 mg g than at Stn. B4 (mean of 0.039+
0.031 mg g7'). At Stn. A, it ranged from 0.001
mg g (July 16, 1993) to 0.371 mg g ' (July 8,
1994). At Stn. B4, it varied from 0.003 mg g
(February 23, 1994) to 0.176 mg g ' (July 24,
1993). At both stations, no clear seasonal pat-
tern was found. However, AVS level was less
fluctuating at Stn. A, in spite of a sharp peak in
July 1994 (Fig. 4b), while it varied the most at
the less emerged Stn. B4 (Fig. 4b).

a
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q}--©-- Stn. B4

Salinity (psu)
[\
S

J
'93 '94
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Figs. 3a and b. Low-tide water salinity (a) recorded
during each sampling occasion at Stns. A and B4
and daily rainfall (b) obtained from the
Takamatsu Meteorological Agency Station
where the intertidal flat is located.

Fig. 5 shows the grain size composition of the
sediment layer 0-10 cm at Stns A and B4. At
both stations the sediment was sandy. How-
ever at Stn. A, the percentage of the fine (250
-0.063 mm) and mud (<{0.063 mm) fraction was
significantly higherthan that at Stn. B4 (87.4%—
3.29% at Stn. A and 8.4%-1.5% at Stn. B4, respec-
tively). The higher percentage of small-parti-
cle fraction at Stn. A went together with a
higher water content (Table 1).

Table 1 reports the mean concentrations (=%
S.D.) of dissolved inorganic nitrogen (DIN)
[NH:*-N and (NO;~+NOQO, )-N] in the pore
water of the surface layer (0-05 cm) of the
sediment. (NO;~+NO. )-N concentration was
slightly higher at Stn. A, but overall, no signifi-
cant difference in DIN concentration between
the two stations was found.
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Table 1. Average (£S.D.) of the physico-chemical parameters of low-tide water and the sur-

face (0-0.5cm) sediment of Stns. A and B4.

Water ] ___ Sediment
Temp Sal D.O. Temp. W.C. Amm. Nitr.
49 (psu) (mg/1 9] (%) (M) (eM)
Stn. A 196 16.4 8.1 192 334 116.6 86
S.D. (7.1 (£7.8) (+2.8) (+8.2) (+11.2) (£65.8) (8.1
n. 109 107 109 107 107 71 66
Stn. B4 19.5 18.4 8.3 19.1 25.5 99.1 53
SD. (+7.6) (+83) (£24) (£78) (£7.6) (£50.3) (+28)
n. 109 107 109 107 108 50 41
O Stn. B4
—e— Stn. A oh
o s:: B4 S 301 — 0.25-0.125
. = 1-2
" 2
- )
o0 =~ 20 1
E & >2
o g 0.125 - 0.063
N = - 125 - 0.
A 6k § 10
4 &
2 0-
OIJlA'SrO‘NID'J'F'MﬁTI\'MIJlJ Particle diameter (mm)
'93 '94 Fig. 5. Grain size composition of the 0-10 c¢m
layer of the sediment at Stns. A and B4.
04 b the ratio between the sediment particle bulk
" |[—e—st. A density and the total vulume, where the maxi-

-=0-- Stn. B4

AVS (mng g')
o o
[3%) W

o

0.0 4

Figs. 4a and b. Low-tide water dissolved oxygen
concentration (a) and emerged surface
sediment-volatile sulfide level (b) recorded
during each sampling occasion at Stns. A
and B4.

4-2 Photosynthetic pigment contents
Chlorophyll a and pheo-pigment contents
were obtained as a 4 g g™ of dry sediment.
They were then converted g g' to mg m™
by accounting the bulk—density of the sedi-
ment particle as 25 g cm™* (MONTANI and
OcHAIcHI, 1984). A factor f was obtained from

mum value of 1 is for an hypothetical sediment

with 0% of pore water. Thus, this ratio changed

depending on the different water content of
each sample, not corrected for salinity, and var-

ied from 0.14 (water content 70.9%) to 0.69

(water content 15.3%).

The conversion equation was :

1. surface (0-0.5 cm) : mg m~? Chla=5000cm
‘m2x25 gemP*xfxmg g ' Chla
(or pheo—pigments)

2. sub-surface (05-2 cm) : mg m~? Chla
=15000 cm®* m **25 g cm **f*xmg g
Chla (or pheo—pigments)

Square regression lines of Chlorophyll a plots

were :
for Stn.A : y(mgm™?)=25x( ¢ gg")
+454 (r*=0.696, n=107) at the surface and
y=124x+356 (r?=0917, n=105) at the
sub-surface; for Stn. B4 : y=54x+8.1 (r?
=0.793, n=108) at the surface and
y=168x+16.1 (r*=0.736, n=108) at the
sub-surface (plots not shown).
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Figs. 6a and b. Chlorophyll a content (expressed as mg m ™2 of dry sediment) of the surface (0
0.5 cm) and the sub-surface (0.5-2 cm) at Stns. A(a) and B4 (b).

Square regression lines of pheo—pigment plots

were :
for Stn. A : y(mgm2)=23x (ug g™")
+62.4 (r*=0.842, n=107) at the surface and
y=126x+674 (r>=0.868, n=105) at the
sub-surface; for Stn. B4 : y=5.8x+7.1 (r?
=(.762) at the surface and y=15.8x+485
(r*=0.708, n=108) at the sub- surface
(plots not shown).

4-3 Chlorophyll a and pheo-pigment distribu-

tional patterns

Chlorophyll a content of both surface (0—0.5
c¢m) and sub-surface (0.5-2 cm) sediment was
complexively higher at Stn. A than at Stn. B4
(Figs. 6a and b). Mean Chl @ content (as a sum
of the two layers) was 2417121 mg m ? and 122
+41.4 mg m~? at Stns A and B4, respectively.

At Stn. A, strong temporal (rather than sea-
sonal) variability was found. Chl a content var-
ied from 91.2 mg m (August 3, 1993) to 708
mg m~? (November 24, 1993) (Fig. 6a). From
July to early October, the period of maximum
precipitation rate (Fig. 3b), Chl a content was
low and comparable to that of Stn. B4 (Fig. 6b).
In mid-November, in spite of decreasing tem-
perature (Fig. 2a) and solar radiation (Fig. 2b),
but in coincidence with a reduced rainfall (Fig.
3b), a sharp peak occurred (Fig. 6a). From De-
cember to mid-February, Chl a content tended
to decrease again, showed wide short-term
(days) fluctuations, but remained constantly
higher than that at Stn. B4 (Fig. 6a and b).
From late February to March, at still low tem-
perature (Fig. 2a) but with a progressive in-
crease of solar radiation (Fig. 2b) and little rain

(Fig. 3b), Chl a content significantly increased
again. From April to the end of June, a new de-
crease occurred, which coincided with a more
intensive rainfall (Fig. 2c) as also revealed by
arapid decrease of low—tide water salinity (Fig.
2d). During this period, as in summer 1993, Chl
a content was similar to that found at Stn. B4
(Figs. 6a and b). In July 1994, atmospheric con-
ditions were the most favourable for the devel-
opment of the microphytobenthos. Indeed,
during warm (Fig. 2a) and irradiated (Fig. 2a)
days with no rain (Fig. 3b), a new sharp in-
crease occurred (463 mg m~ in July 22). How-
ever, the Chl a content at this time was not as
high as that found in late-autumn and early
spring (Fig. 6a).

At Stn. B4, Chl a content ranged between 39.3
mg m~2 (June 24, 1994) and 333 mg m~? (July
12, 1994) (Fig. 6b). The microalgal biomass re-
mained constantly lower tha at Stn. A, and was
rather uniform in spite of the strong changes of
the environmental conditions which signifi-
cantly affected the microalgal development at
Stn. A. A slight increase occurred between Feb-
ruary and March, at the surface sediment. In
mid—July 1994, with the significant improve-
ment of the meteorological conditions (Figs. 2b
and 3b), a remarkable peak was found. How-
ever within few days, Chl a content was again
as low as during the whole investigated period.

Pheo—pigment content (Figs. 7a and b) was
generally higher than Chl a content. It aver-
aged 414+218 mg m ?and 251 +84.1 mg m (as
a sum of the surface and sub-surface layers) at
Stns A and B4, respectively.

Wide temporal fluctuations were found at



Benthic microalgal assemblages on intertidal fiat

a

& 1200 Stn. A
E 1000 1[® surface
80 O Sub-surface
E 8001
E 6001
E
.20 400 1
I
2 2001
£

0

J ASONDIJ FMAMIJ J
93 94

00 a
7
& Surface
£ 6007 —&— Stn. A
é‘) 500 --0o-- Stn. B4
é 400 1
£ 3001 L.
3. 2001 ° oAt
PR S
8 1001 & o o
=) 0 : ‘ ' .
0 50 100 150 200 250
Chl a (mg m2)
b
@1000 Sub-surface July '94
g 41— Stn. A e ® L4
S
= 6001
5
Eo 4001 o eog o a5 ©
N
$ 2001
=
~ 0 . ‘ ‘
0 100 200 300 400 500
Chl a (mg m2)

Figs. 8a and b Correlation between Chlorophyll a
and pheo-pigment content at the surface (0—
0.5 cm) (a) and the sub—surface (0.5-2 cm)
(b) sediment of Stns. A and B4. Square re-
gression lines were significant at Stn. A (¢’
=0.816 at the surface and r*=0.843 at the sub
surface), but not at Stn. B4 (r*=0.210 at the
surface and r*=0.045 at the sub-surface). At
Stn. A, some samples of July 1994 (delimited
in the circle) were rather deviating from the
linear correlation and excluded from the
plots. See Discussion.
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Figs. 7a and b. Pheo-pigment content (expressed as mg m~* of dry sediment) of the surface
(0-0.5 cm) and the sub—surface (0.5-2 cm) at Stns. A(a) and B4 (b).

both stations. Pheo—pigment content varied
from 143 mg m* (August 3, 1993) to 1192 mg
m 2 (July 22, 1994) at Stn. A and from 84.8 mg
m * (August 3, 1993) to 6565 mg m~ (July 22,
1994) at Stn. B4. Plots of Chl a against pheo—
pigment at both the surface (Fig. 8a) and the
sub-surface (Fig. 8b) indicated that the tempo-
ral variations of Chl @ and pheo-pigment con-
tent (Figs. 6 and 7) were rather parallel at Stn.
A (r?=0.816 and r*=0.843 at the surface and the
sub-surface, respectively), but not at Stn. B4
(r*=0.210 and r*=0.045 at the surface and the
sub—surface, respectively). At Stn. A, some
samples collected in July 1994 were also deviat-
ing from a significant correlation (Figs. 8a and
b) due to an exceptionally high content of
pheo-pigments in respect to that of Chla (Figs.
6a and 7a).

4-4 Primary production

Primary production by the microphytoben-
thos was estimated on the basis of the mean
(£S.D.) monthly content of Chl g, assuming
that the top 0-0.5 cm layer (surface sediment)
was photo-syntetically competent. Monthly av-
eraged light intensity incident on the sediment
surface and photosynthetically available for
the microphytobenthos was calculated as the
sum of that fully available during the emersion
period of the surface sediment and that partly
available during the submerged period. For the
submerged period we used an attenuation
coeffcient of 0.6 Due to the differences in eleva-
tion between the two stations, the mean hours
per day photosyntetically—available (including
both periods of sediment emersion and
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submersion) varied from 6.9 to 9.1 hours and
from 6.1 to 8.0 hours, at Stn. A and Stn. B4, re-
spectively. On the basis of the production rate
values reported by previous studies on
microphyto-benthos (CoLin and DE JONGE,
1984) and phy-toplankton (HARRISON and
PLATT, 1980), factors of 2 (December to Febru-
ary), 2.5 (September to November and March
to May) and 3 (June to August) were used as
a minimum production rate per unit of Chl a
(mg Cmg Chla ' h™) in attempt not to overes-
timate of the annual primary production by the
micro-phytobenthos of this intertidal flat.

At Stn. A, microalgal primary production
varied from 1.21+027 ¢ C m™® day' (May
1994) to 327%=1.49 g C m™* day '(July 1994).
Annual primary production was634gCm ?yr~".
At Stn. B4, on the other hand, it varied from
046+0.14 ¢ C m? day ' (December 1993) to
1.71+2091 g C m~* day ™ (July 1994). Annual
primary production was 259 g C m™ yr~",

5. Discussion
5-1 Environmental variability and development of
benthic microalgal assemblages

The intensive and prolonged sampling effort
enabled us to assess the short-time (days) and
interannual variability of the physico-chemical
parameters of low—tide water and emerged
sediment and to examine possible differences
between two stations as related to the develop-
ment of the microphytobenthos. The constant
low—tide status of samplings minimized possi-
ble misunderstanding of the results due to the
high daily variability related to a complete
tidal cycle (MONTANI et al., 1998).

Plots of water and sediment temperature
against Chl a (not shown) showed a broad dis-
tribution, with neither significative seasonal
patterns nor differences between the stations
(Table 1). On the other hand, temperature and
solar radiation played an important role in de-
termining a remarkable interannual variability
(between July 1993 and July 1994, Figs. 2a and
b) in the microphytoventhic development
(Figs. 6a and b) at both stations. Temperature
and solar radiation also affected the degrada-
tion rate of the primary products. It was par-
ticularly evident at Stn. A where the pheo
pigment content, relative to that of Chl a, was

higher during the warm and irradiated July
1994 than during the microphytobenthic
blooms of autumn and spring (Figs. 6a and 7a).
This fact resulted in values exceptionally devi-
ating from the significant correlation found at
this station between Chl a and pheo—-pigments
(Fig. 8a and b).

Salinity of low—tide water nearby the two
stations (Fig. 3a) was rapidly influenced by the
rainfall (Fig. 3b). Due to vicinity of the spots
where sediment samples were collected, we
infer that such variations were also representa-
tive of the temporal variations of the salinity of
the pore water during low-tide, a factor possi-
bly affecting the development and species com-
position of the microphytobenthos (ADMIRAAL,
1977b). Salinity was slightly but not signifi-
cantly lower at Stn. A (Table 1), as it was more
distant from the low—tide shore—line and rela-
tively less affected by high-salinity water.
Besides the strong short-term (days) fluctua-
tions, a significant increasing trend of salinity
from the summer 1993 to the summer 1994 was
found, which indicated that interannual differ-
ences were more marked than seasonal ones, as
strongly related to the rainfall (Figs. 3a and b).

Dissolved oxygen concentration (Fig. 4a)
was enhanced by high solar radiation (Fig. 2b)
and limited by the deterioration of atmospheric
condition (i.e. rainfall, Fig. 3b) at both stations
(average and S.D. in Table 1). A more distictive
decline of D.O. concentration occurred at Stn. A
in November 1993 and July 1994 (Fig. 4a) in co-
incidence with an increase of AVS (Fig. 4b)
and pigment (Figs. 6a and 7a) content. We as-
sume that the shallow low—tide water we moni-
tored nearby the emerged sediment was
rapidly influenced by the in situ benthic proc-
esses of oxygen production by the micro-
phytobenthos and oxygen uptake due to the
decay of plant material, respectively.

At the sediment level, (NO; +NO, )-N con-
centration was only slightly higher at the back-
ward of Stn. A (Table 1), as relatively more
affected by the river runoff which has been
found a major source of nitrate+nitrite nitro-
gen to this tidal estuary (MONTANI et al., 1998:
MaGNl  and MONTANI, submitted to J.
Oceanogr.). However, dissolved inorganic ni-
trogen concentration was com-plexively
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similar at the two stations (Table 1), indicating
no nutrient limitation for the development of
the microphytobenthos at Stn. B4.

Overall, the above mentioned physico-chemi-
cal parameters were not significantly different
at the two stations as to explain the differences
in development of the benthic microalgal as-
semblages.

Within the abiotic sphere, two factors re-
sulted more distictive. Firstly, the different ele-
vation between the two stations. Stns A and B4
emerged at a tidal level of ca.+140 and+70cm,
respectively. This fact was also indicated by a
generally lower AVS level at Stn. A than at
Stn. B4 (Fig. 4b and Table 1), as an evidence of
a longer exposure of the surface sediment to
the atmosphere. Assuming that photo-inibition
is almost absent in benthic microalgae
(ADMIRAAL and PELETIER, 1980; PELETIER et al.,
1996), the higher elevation of Stn. A, and thus
a better availability of solar radiation for the
photosynthesis, favoured a higher micro-
phytobenthic production. Our results support
previous studies which showed higher stand-
ing stock of the microphytobenthos at higher
elevation (ADMIRAAL and PELETIER, 1980; COLIIN

and DE JoNGE, 1984; DE JoNG and DE JONGE,
1995). On the other hand, the higher elevation
of Stn. A also resulted in a faster degradation
of Chl ¢ into pheo—pigments during warm and
irradiated days, such as in July 1994 (Figs. 8a
and b). Such a high pheo—pigment content co-
incided with a significant and unusual increase
of AVS level as a result of the enhancement of
anaerobic decomposition processes due to de-
caying microphytobenthos.

As related to the station elevation, the rain-
fall more strongly influenced the microphyto-
benthos standing stock at Stn. A. Rather than
causing differences in salinity between the two
stations, it appeared to be a major factor in lim-
iting the blooming and/or precluding the exis-
tence of a stable microalgal vegetation (CoLIJN
and DE JoNGE, 1984) during the summer 1993
and the late spring 1994 (Fig. 8a), as a possible
result of a continuous washout (CoLN and
DiKEMA, 1981). Indeed at Stn. A, the Chl «
peaks of November, early spring and July 1994
occurred after minor rain and in coincidence or
following days of fine weather. Neither

dessication nor freezing of the sediment was
observed during the course of this investiga-
tion.

A second abiotic factor significantly diver-
gent between the two stations was the grain
size composition of the sediment. As stated by
DE JoNG and DE JonGe (1995) the clay content
is generally used to define the hydrodynamic
energy (tidal currents and waves) of a loca-
tion, a parameter difficult to measure. An area
with low hydrodynamic energy will result in a
smaller grain—size composition due to an easier
settlement of the silt—clay particles. Accord-
ingly, the sediment at Stn. A had a higher silt
clay content than that Stn. B4 (Fig.5), as it was
more distant from the low—tide shore-line and
less affected by the tidal currents and waves. A
better water retention by smaller particles at
Stn. A resulted indeed in a higher water con-
tent (Table 1). Differently, the bigger particle
size of the sediment of Stn. B4 indicated an area
with higher hydrodynamic energy. Thus, the
processes of resuspension more strongly lim-
ited the primary production of the microphyto-
benthos at this station (DE JONGE, 1985; DE
JONGE and VAN DEN BERGS, 1987). The different
impact of the tidal currents on the physical
sorting of the sediment (CoLlN and DIJKEMA,
1981; DE JONG, 1985) further contributed to de-
termine the differences in Chl a content be-
tween the two stations, according to previous
studies which found a good positive correlation
between silt-clay percentage and pigment con-
tents (CoLyN and DijKEMA, 1981; DE JoNG and
DE JONGE, 1995).

5-2 Benthic microalgal standing stock, primary

production and consumers

Both the surface (0-0.5 cm) and the sub-sur-
face (0.5-2 cm) layers of the sediment were
used to calculate the standing stock of the
microphytobenthos, according to DE JONGE and
CoLiN (1994) who showed that only 35% to
60% of the total biomass of the microphyto-
benthos is taken into account, if only the top
0.5 cm are used. In this study, Chl a content of
the sub-surface (0.5-2 cm) sediment was
reduced to 54.8+19.6% and to 67.4121.1%, at
Stn A and B4 respectively. We agree with DE
JoNGE and CoLpN (1994) that accounting the
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0-2 cm layer, rather than the 0-0.5 cm layer, will
result in a more accurate estimation of the
microphytobenthic standing stock, a certain
food resource for the macro— zoobenthos
(NicoTr1, 1977, Lopez and LEVINTON, 1987,
BiaNcHI and RicE, 1988; SMITH et al., 1996). At
Stn. A, also pheo—pigment content was lower at
the sub—surface (78.2+206%). Differently, at
Stn. B4 it was higher (132.4%39.3%). This facts
may be related to the hydrodynamic energy
and the particle size of the sediment which al-
lows a faster penetration of microalgal material
into the sediment at Stn. B4.

Primary production by the microphytoben-
thos was estimated assuming the top 0-0.5 cm
layer of the sediment as photo-synthetically
competent (DE JONGE and CoLIIN, 1994) in spite
of a deeper presence of vital cells due to physi-
cal factors, migration (PINCKNEY et al., 1994)
and bioturbation (BRANCH and PRINGLE, 1987).

Both Chl ¢ standing stock and annual pri-
mary production were generally higher than
those reported for the Ems-—Dollard estuary,
Dutch Wadden Sea (CADEE and HEGEMAN, 1977;
Es VaN, 1982; CoLiN and DE JONGE, 1984), and
the Western Scheldt estuary, SW Netherlands
(DE JonG and DE JONGE, 1995). On the Western
Scheldt estuary, the contribution of the
microphytobenthos on the total primary pro-
duction was estimated at least as 17% (DE
JoNGE and DE JONGE, 1995). In our study, annual
primary production by the microphytobenthos
(634 gCm~2yr 'and 259 gC m 2yr !, at Stns.
A and B4 respectively) was higher or similar to
that reported by the phytoplankton in the Seto
Inland Sea (285 gC m ? yr~', mean euphotic
depth 27.2 m) (TADA, 1997). The present study
indicated the high productivity of the inter-
tidal zone, most likely underestimated on the
light of the grazing pressure by the macro—
zoobenthos which is similarly abundant on the
intertidal flat under invenstigation.

Besides the differentiated development of the
benthic microalgal assemblages along the estu-
ary, as related to abiotic factors (i.e. station ele-
vation and sediment gran—size composition),
further studies are in progresses to quantify
the effects of the grazing pressure by the
macro—zoobenthos on the microphytobenthic
standing stock and primary production. Since

April 1994, we extended the investigations on
the seasonal changes of abundance and faunal
composition of the benthic communities quan-
titatively. Stn. A is inhabited by brachyuran
feeding on the surface sediment, while at Stn. B
4 the filter feeder bivalves Ruditapes
philippinarum and Musculista senhousia are
dominant (MAGNI et al., in preparation). It is
likely that an important food source for the fil-
ter feeders is represented not only by organic
materials from the water column, but also by
epipelic and epipsammic microphytobenthos
resuspended with sediment particles
(NumacucHl, 1990). We suggest that not ac-
counting the potential primary production of
the microphytobenthos, as that masked by the
grazing effect of the consumers, would lead to
a significant underestimation of the autotro-
phic benthic processes of this intertidal flat.
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Size of suspended particles caught by Manila clam,
Ruditapes philippinarum

Hisayuki ARAKAWA®, Toshihide YAOITA", Takashi KOIKE **
and Tsutomu MORINAGA **

Abstract: The sizes of suspended particles caught by common Manila clam and the shell-
length variations in the selection of particle sizes were investigated using a Coulter Counter.
A total of 450 samples were examined under 4 different shell lengths, viz. 5, 10, 20, and 30mm.
The simulated feed suspensions were either the phytoplankton Paviova lutheri (average size
3.5 um) or pulverized pellet powder (average size 3.7 #m), which is used as artificial feed for
abalone. The percent catch rate was based on the proportion of particles reduced from the ini-
tial number. The particle sizes examined were in the range 2.2 to 45.2 £ m.

The catch-rates of adult clam (shell length of 30mm) under vigorous filtration indicated
nearly constant particle size selection when they were maintained for 60 minutes in the sea
water containing 3 X 10° pellet particles/ml. When the particle concentration increased to 6 X
10°/ml, however, the catch rates of sizes less than 15 um decreased to almost a third of the
above mentioned concentration. A similar reduction was noted when the exposure was for 180
minutes. Furthermore, the catch rates for particle sizes more than 5 um increased by almost
20% when pellet was replaced with phytoplankton.

When Manila clam of different shell lengths were kept for 60 minutes in the sea water con-
taining 3 X 10° particles/ml, the catch rates of 5 mm clams for the entire range of particle sizes
were almost uniform, showing an average value of 0.68% +h~'. When their shell lengths in-
creased to 10 mm or 20mm, the catch rates for the larger sizes appeared to increase. Thus the
larger clams, among the sizes examined, seeks intentionally larger suspended particles to meet

their growth requirements.

1. Introduction

The bivalve Manila clam, Ruditapes
philippinarum, is found abundantly in the
coastal waters all around Japan. Since it feeds
on suspended particles, it is considered as one
of the important benthos from the view-point
of cleaning or purifying sea water (AKIYAMA,
1985; AovyaMa and Suzuky, 1997). The growth of
the clam’s natural larvae as well as the artifi-
cially introduced seed-shells is influenced by
not only such environmental factors as coastal
water properties, bottom materials, and preda-

* Department of Ocean Sciences, Tokyo University
of Fisheries, 5-7, Konan 4, Minato-ku, Tokyo 108,
Japan

** Faculty of Bioresouces, Mie University, Kami-
hama-cho, Tsu-shi, Mie 514, Japan

tors but also their feeding itself. Particularly,
the latter is considered to exert the most seri-
ous influence on the clam’s growth in their
early stages.

A great deal of information exists on the feed
and filtration of bivalves. For instance, those of
oyster reported by LOOSANOFF and ENGLE
(1947), KusuNok! (1977a,b,c) and RISGARD
(1988). Information on sea mussel has been pro-
vided by JPRGENSEN (1949), UMEZU et al. (1967)
and Lucas et al. (1987) and others. These
authors investigated the quantities of sus-
pended particles caught by oyster and mussel
according to particle sizes.

With regard to studies on Hard clam and Ma-
nila clam, there are the reports of CHIBA and
OnsHiMA (1957), FURUKAWA(1961), NUMAGUCHI
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(1990), ToBA and MrvamMA(1993) and MUKAI
(1993). CuiBa and OHsSHIMA(1957) investigated
the influence of muddy water on the filtration
process of several bivalves including Manila
clam, and reported that their rates did not go
down even in the water suspended thickly
with bentonite particles. Recently, NUMAGUCHI
(1990) investigated the distributions of Manila
clam and the properties of suspended particles
around the river month in the Bay of Ariake,
and suggested that the particles selected as
feed were in the size range from 1.2 to 50 ym
and richly pigmented.

Apart from the work of ToBA and MiyaMA
(1993), there is very little information on the
size-preferences in selection of suspended parti-
cles by Manila clam, let alone the shell length
based selection. Therefore this study broadly
attempts to examine (1) the change of particle
catch-rates with time, (2) the quantity and
quality of those particles depending on filtra-
tion performance, and (8) to find out the sizes
of captured-particles in relation to the different
shell-lengths of the clam.

2. Materials and methods
2-1. Samples and materials

Artificial seed-shells (shell length : 5 and 10
mm) produced at Futtsu Branch of Chiba
Prefectural Fisheries Experimental Station, as
well as natural clams (shell length : 20 and 30
mm) collected from the Tokyo Bay were used
as the samples. A total of 450 clams were used
for the experiments and the observational
error in shell length was restricted to be less
than =0.1 mm. Each sample was kept from one
to three months in basin with filtered sea water
maintained at 21°C.

The feed particle suspensions were either ar-
tificial feed or phytoplankton. The artificial
feed employed in this experiment was a com-
mercial pellet manufactured by Halios Japan
Combination Feed Co. Ltd, for abalone. The pel-
let was finely ground and the resulting powder,
was mixed with sea water filtered through
millipore CP15 (pore-size 1 um), and later fil-
tering the suspension itself through a net of
mesh size 50 um, the average size of the result-
ing particle suspension being 3.7 um. On the
other hand, the phytoplankton Paviova lutheri
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Fig. 1. The particle size distributions of the
pellet and phytoplankton offered to the Ma-
nila clam.

Symbols [l and [ ] denote the particle sizes
of artificial feed (pellet) and phytoplankton
Pavlova lutheri, respectively.

was monocultured in a constant temperature
room, and was allowed to emigrate into the sea
water of the experimental basin, at the average
size of 3.5 um. The phytoplankton culture was
considered to include both clastic cells and ag-
glutinative forms. The particle size distribu-
tions of pulverized pellet and phytoplankton
are shown in Fig. 1.

2-2. Experimental methods

The experimental apparatus is illustrated in
Fig. 2. The experimental tank was cylindrical
in shape, and had a diameter of 15 ¢cm and
depth of 10 cm. This tank contained yet an-
other cylindrical-shaped inner container, 4 cm
both in dia. and depth, which held the bivalves.
A stirrer was provided to facilitate water circu-
lation.

The animals were deprived of food for 24
hours prior to the start of a series of experi-
ments. The number of samples under the shell-
lengths of b and 10 mm were forty and twenty
respectively, whereas for the 20 and 30 mm size
only individual clams were used. Artificial feed
particles were added to one liter of filtered sea
water so that it produced suspensions with
concentration of 1X10° 3X10° and 6 X 10° part-



Size of suspended particles caught by Manila clam 151

Experimental water tank

Container

N
o D

=

N

Bivalves
(Ruditapes philippinarum)

Fig. 2. Diagrammatic representation of the
experimental set up.

icles/ml while the test phytoplankton concen-
tration was 3 X 10° cells/ml. After leaving the
sample clam for 30, 60 or 180 minutes in the sea
water at the particle concentrations mentioned
above, the clam’s retainer on the bottom of the
vessel was taken out in order to avoid a possi-
ble contamination of the water with the clam’s
excrement.

The number of particles in the vessel was
measured with Coulter Counter Model ZM (ap-
erture size of 100 um). The objective particles
for the study were those in the range from 2.2
to 45.2 um. A control was employed simultane-
ously using the vessel without the experimen-
tal animals, and then the number of particles
were counted.

Almost soon after each clam was let into the
experimental container, it extended its
incurrent siphon and started vigorous filtra-
tion. The clam used in the present experiment
performed active filtration with the end of the
incurrent siphon opened (MuKAI, 1993).

The catch rate, Crw, is obtained using the fol-
lowing formula :

Ccwy—Cew

Cow 100 Q)]

1
Yoy — ——
Cro =

where, Cc, is the concentration of particles
without the clam, Ceq denotes the concent-
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Fig.3. Particle catch rates of adult Manila clam.
The solid squares are average values from
11 clams, along with standard deviations.

ration of particles (diameter at i-class : di) con-
tained in the water with the clam, t(Chour)
stands for the experimental period, and n is the
number of clams. Besides, the average diameter
of captured particle (D) is based on the follow-
ing formula :

2 di-Ndi

D="5Nai

@

Where, di stands for the diameter of particle-
size at i-class, and Ndi stands for the number of
particles at the diameter di.

3. Results
3-1. Particle Catch-Rates of Adult Clam
3-1-1. Changes with time

Figure 3 depicts the particle catch rate of the
clam in a state of motion, when it was kept for
60 minutes in sea water containing 3 X 10° pellet
particles/ml. The catch rates were 57.8%h"!
corresponding to the particle size of 2.8 um,
53.1%+h"! for 11.3 u m size, and 63.2% +h~! for
35.9 um. Speaking generally, they exhibited
catch rates within the range 50 to 60%-<h~"' for
particle size less than 25 um, but slightly higher
for those larger than that. Besides, the total vol-
ume of particles caught by adult was 0.031
mm®. From these results it could be concluded
that when the clam is in a state of motion, the
particle catch rate distributions are almost uni-
form over a wide range of particle sizes, the me-
dian value being approximately 60%h"".

Figure 4 depicts the change catch rates in re-
lation to the particle sizes, and the length of
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Fig. 4. Changes in the catch rates of adult clams
under varying experimental periods.

Symbols @, I, and A represent the rates

for periods of 30, 60, and 180 minutes, respec-

tively. Values are means of 6, 11, and 2 obser-

vations for periods of 30, 60, and 180 minutes.

exposure time. The experimental clams were
introduced into the sea water of 3X10° parti-
cles/ml, for durations of 30, 60, and 180 minutes.
The data for 60 minutes exposure is the same
as that in Fig. 3. The particle catch rates meas-
ured after being submerged for 30 minutes
were 35.6%°h™!, 47.0%<h "', and 62.6%+h~! cor-
responding to particle sizes of 2.8 um, 11.3 um,
and 359 um, respectively. These rates after
being left for 60 minutes were 57.8%+h ', 53.1
%-+h! and 63.2%*h"!, respectively; and after
180 minutes of submergence the values were
170%+h"", 25.3%+h™"', and 26.7%+h"!, respec-
tively. Thus, the average particle catch-rate to
the whole range of the particle sizes varied
widely when the clam was submerged for only
30 minutes. However there was uniformity in
the capture rates for the different size groups
when the clams were submerged for 60 minutes
(about 60% «h '), and 180 minutes (only
around 20%+h~"). The variation in the catch-
rates for the group exposed for the shortest
duration lacks a proper explanation.

3-1-2. Changes with particle quality and quantity

In order to investigate the influence of parti-
cle concentration on catch rates, adult clams
were treated as in the earlier description. Fig. 5
shows the particle catch rates classified by dif-
ferent particle concentrations. The results

i 1 A S W B N NS

2 3 45 10
DIAMETER (um)

o

20 30 4050

Fig. 5. Changes in the catch rates of adult clams
under different concentrations of the sus-
pended particles.

Symbols A, I, and @ denote concentra-
tions of 1 X 10°, 3 X 10°, and 6 X 10°
particles, ml, respectively. Values are
means of 3, 11, and 5 observations for the
concentrations 1 X 10°, 3 X 10°, and 6 X 10°
particles,”ml, along with their standard de-
viations.

under the conditions of 3X 10° particles/m] ex-
hibited in Fig. 5 are the same as those intro-
duced in Fig. 3. The catch rates for the range of
particle-sizes tested were approximately 40 to
509%+h"' for the particle concentration of 1X
10° particles/ml, and around 60%+h~' for the
higher concentration of 3 X 10° particles/ ml.
However, at the highest particle concentration
of 6 X 10° particles/ml, the catch rates were
greater for the large size particles. The values
were 21.2%+h ™! and 42.0% +h! for the particle-
sizes 14.2 ym and 45.2 um, respectively. On the
other hand, when the particle assimilation was
expressed on a volume basis, the ratios were
10 : 44 : 5.0 for the corresponding concentr-
ations of 1x10° 3% 10° and 6 X 10° particles/ml.
This is a clear indication that the sample clam
prefers larger particles.

Figure 6 shows the phytoplankton catch-
rates corresponding to the different cell-sizes
after allowing for 60 minutes in the test me-
dium. The results were compared with the
identical data of the pellet particle catch-rates
exhibited in Fig. 3. As mentioned earlier, the
catch-retes of the pellets was approximately
60% <h~!, irrespective of the particle sizes. The
phytoplankton cell catch rates, however, was
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Fig. 6. Changes in the catch rates of adult clams

when offered two different foods.

Symbols @ and [] represent pellet and
phytoplankton, respectively.

The corresponding sample numbers were
11 and 3 for pellet and phytoplankton. Stan-
dard deviations of the values are also indi-
cated.

50.3% +h ! for the cell-size of 2.8 ym and 62.3%-
h~! for 11.3 um size, indicating increased rates
for larger cells. It was noted that for both
phytoplankton and feed pellets, the catch rates
were uniform for particle sizes less than 5 gm,
but above this size the catch rates of
phytoplankton increased by approximately
209%. This result suggests that the mollusc
tends to discriminate the particle quality when
the particles are larger than 5 um.

3-2. Changes based on shell lengths of clam

The particle catch rates of the adult clam for
the particle-size range from 2.2 to 45.2 um were
more or less 60%+h !, and the average size of
the particles was 3.87 £ m. We further examined
the influence of different shell lengths, on the
particle catch-rates and their average diame-
ters. Fig. 7 shows the catch distribution rates
for clams of shell lengths 5, 10, 20, and 30 mm.
The data for the 30 mm shell length shown in
Fig. 7 has been adopted from Fig. 3. In case of
the shell length of 5 mm, the particle catch rate
was 0.80% +h ! corresponding to 2.8 um particle-
size, 0.66%+h ' to 11.3 um, and 1.1%+h"' to 35.9
um, respectively. Generally the catch rates
were almoest uniform for particle sizes less than
30 um, and the average value was 0.68%+h~". In
case of the 10 mm shell size, the catch rate for
the particle size of 2.8 um was 1.51%+h™!, that
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Fig. 7. Changes in the catch rates of clams de-
pendent on their shell lengths.
The graph for the shell lengths of 5, 10, 20,
and 30 mm are indicated as (a), (b), (¢), and
(d) in the figure. Values (£=SD) are means of
several repetitions ; a=8, b=9, c=4,d=11.

for 11.3 um was 1.28%+h"!, and that for 35.9 um
was 2.33%+h" ' ; and in case of the 20mm, the
catch rate for 28 um was 24%+h~"', that for
11.3 um was 20%+h ', and that for 35.9 um was
54% +h~'. The general tendency was that the
rate increased for the larger particle size. How-
ever, for the 30mm shell length group, the
catch rates were again uniform, being around
60%h "1, irrespective of the particle size. The
average size of particles caught by clams of
shell lengths b5, 10, 20, and 30 mm was 3.76, 3.80,
3.92, and 3.87 um, respectively. Therefore, con-
sidering the average particle sizes, it is evident
that the young clam tend to catch larger sizes
of suspended particles in accordance with their
growth.
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4. Discussion

Mukal (1993) investigated the relationship
between the volume of water filtered by Ma-
nila clam and their shell length when they
were either performing active filtration or not.
He reported that the clam in a state of motion
could filter more water as the shell length in-
creased, while the volume of water filtered in a
state of rest did not vary with shell length and
the amount was only a tenth of that in a state
of motion. Though the present observations
are based on clam in a state of motion, we have
also made observations when they were in a
state of rest, and found that the filtered vol-
umes varied remarkably with time and particle
size.

Most reports till date on the intake of parti-
cles by bivalves have based the filtration rate
calculations on the equation provided by
JBRGENSEN (1966) and CouGHLAN (1969) which
is as indicated below :

M Cl)

=7
T C,

6))

where, 7 is the filtration rate, M is the suspen-
sion volume, 7 is the number of samples, ¢ is the
time lapsed, C, C. are the initial and final parti-
cle concentrations.

In our study, the particle catch rates are ex-
pressed as a percentage reduced from the ini-
tial quantity, since the range of particle size
measured is broad and the sedimentation may
influence the actual availability of the parti-
cles.

AKIvaMA (1985), and Aoyama and SUZUKI
(1977) investigated the filtration rate of Manila
clam. They reported that the rate indicated the
value of 33.8 and 335 ¢ *gN~'<h"' respectively.
In this study, we calculated the filtration rate
of adult clam by equation (3) mentioned
above. The result based of the total volume of
particle caught by Adult is 370 £ «gN" "«h '.
This value is similar to afore-mentioned two re-
sults. However, we found out that the filtration
rate had a great variation on quality, quantity,
and size of particle. It can not be compared
with both values easily.

The particle catch rates of adult clam (shell-
length : 30 mm) were more or less 60%h™'

corresponding to the particle size range of 2.0
to 25 um; above which, it tended to increase
slightly.

Kusunokr (1965) studied the ingestion
mechanism of pearl oyster, using the carbon
particles of diameter 2.5 to 30 um, and reported
that the ingestion rates were greater for the
smaller particles. This is quite different from
the present observations on Manila clam.

In a related study on North—East American
bivalves, RiiscARD (1988) reported that when
the particle sizes less than 4 um were consid-
ered, the larger among them had higher catch-
rates, whereas no such difference in catch rate
was noted for the size group 5 to 10 um. An ear-
lier study by J@RGENSEN and GOLDBERG (1953)
on the filtration activity of Crassostrea virginica
found that particle-sizes of 1 to 2 um were
hardly captured, but those from 2 to 3 um was
filtered aplenty. Thus in comparison to
Crassostrea virginica, the clam seem to seize the
smaller suspended particles (<2 um).

In the present study we also noted the
changes in catch rates with time, higher values
being recorded after 60 minutes, in comparison
to a third of that value when they were ex-
posed for 180 minutes. But the catch rates for
larger particles increased. Mukai (1993) also
made time based observations on the active fil-
tration performances and found continuous al-
ternations between a state of motion and that
of rest, at different intervals from about some
minutes to several hours. In our experiments,
we visually inspected the samples to judge if
they were in a state of rest, and if found so, the
values were discarded for making necessary
corrections in the catch rate calculation. It is
therefore assumed that the filtration activity
continued through the experiments, and the
clam catch intentionally the larger suspended
particles with the lapse of time.

In a study on the relation between the con-
centration of suspended particles and the catch
rate, KusuNoki (1977¢) disclosed that oysters
mainly captured suspended particles which
were more than 3 um in dia. when there was an
abundance of the particles, but the capture size
dropped to 2 um when there was only fewer
number of suspended particles. This is similar
to the observations on Manila clam.
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CuiBa and OsHiMA (1957) reported that the
Manila clam caught both organic and inor-
ganic the suspended particles irrespective of
their quality, provided the particle-size ranged
from 3 to 4 um. In the current investigation em-
ploying both pellet and phytoplankton, there
were no differences in catch rates correspond-
ing to particle sizes less than 5 um, though it in-
creased remarkably above that size. Judging
from these results, it is considered that the Ma-
nila clam tend to catch indiscriminately the
particles less than 5 um in size, and above that
size they exhibit some preference. A study
probing the relation between the captured par-
ticle size and the shell length, by FurRukawa
(1961), revealed that hard clam with the shell-
length of 39.7 to 48.8 mm had a higher ability to
catch suspended particles than those of the
group 50.0 to 65.2 mm. However, the Manila
clam could catch intentionally the larger sus-
pended particles in accordance with their
growth.

In the present study, when the Manila clam
with the shell lengths of 5 to 20mm were ex-
posed to a particle concentration of 3xX10° pel-
lets/ml, the larger particles were found to be
captured by clams of greater shell-lengths.
This size preference by the clam noted in this
study could either be due the changes in the
gill characteristics or the experimental particle
concentration. This has to be examined further.
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Photosynthetic characteristics and primary productivity of

Introduction

phytoplankton in the Arabian Sea and the
Indian Ocean during the NE monsoon season

Toru HIRAWAKE", Takashi ISHIMARU " and Hiroo SATOH®

Abstract : Chlorophyll g distribution, photosynthetic characteristics and primary productivity
of phytoplankton were investigated in the Arabian Sea and eastern part of the Indian Ocean
during the NE monsoon season (January 1994). Concentration of chlorophyll a at surface wa-
ters varied from 0.05 mg m * in the South Equatorial Current region to 0.71 mg m °in the So-
mali Current region. Standing stock of chlorophyll ¢ within the euphotic zone ranged from 7.0
to 20.5 mg m ™% A clear subsurface chlorophyll maximum (SCM) was observed in the layer at
depth of 15 to 120 m that was 2-3 % penetration of the incident light. Depth of the SCM varied
according to depths of the euphotic zone and mixed layer. The amounts of chlorophyll a in the
SCM occupied more than 60% of the chlorophyll a standing stock within the euphotic zone.
Photosynthesis—Irradiance curves illustrated clear differences of photosynthetic characteris-
tics. Initial slope of the curve ( @) varied from 0.009 to 0.034 mgC(mg chl.a) 'h~'( zmol quanta
m~*s™") "' at the surface and from 0.002 to 0.208 mgC(mg chl. @) 'h™'(uzmol quantam™*s~")™!
at the SCM. The maximum value of a (0.208) indicaties the evidence of the dark adaptation of
phytoplankton at the most southern site. Both ¢ and maximal photosynthetic rate (P,..) were
very low at the SCM in the Equatorial Countercurrent region (Pn..—2.1 mgC (mg chl. a) '
h™!) and the South Equatorial Current(P,..=1.2 mgC(mg chl.a) ' h™'). These low values sug-
gested that phytoplankton at the SCM had lost their activity. Primary production varied
largely from 0.08 to 0.76 gC m~* day ~'. The maximum production was estimated in the Somali
Current region, that was attributed to the high ability of photosynthesis as shown on the P-1
curve. Light utilization index (¥') also indicated the large variance of water column quantum
yield within our studied area and high ability of production in the Somali Current region.

tion (IIOE; 1959-1965) by numerous research

The Arabian Sea and the Indian Ocean were
under the influence of monsoons. The mon-
soons, SW during June-August and NE during
December — February, and currents play a very
important role in determining the variability
of phytoplankton productivity and biomass
(KREY, 1973; YENTSCH and PHINNEY, 1993) . Pri-
mary productivity and biomass of phytoplank-
ton in these area were measured concentrically
during the International Indian Ocean Expedi-

* Department of Ocean Sciences, Tokyo University
of Fisheries, 5-7 Konan 4, Minatoku, Tokyo 108,
Japan

vessels. The level of primary production as the
results of the IIOE were reported by RYTHER et
al. (1966) in the western part of this region and
by Sarjo (1965) in the eastern part, and summa-
rized by Krey (1973) and Aruca (1973).

After the days of the IIOE, some investiga-
tions of photosynthetic characteristics, pri-
mary production and chlorophyll a standing
stocks in the Arabian Sea has been carried out
by ship or satellite (e.g. BANSE and McCLAIN,
1986; BANSE, 1987; YENTSCH and PHINNEY, 1993;
GOES et al., 1993; PANT, 1993; BROCK et al., 1993)
focused on the interested phenomena such
as upwelling and phytoplankton bloom.
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Fig.1. Map showing the position of sampling stations (@) in the Arabian Sea (Stns. 01-05)

and eastern part of the Indian Ocean (Stns. 06-17).

Photosynthetic characteristics shown by Pho-
tosynthesis—Irradiance curve (P-1 curve) are
important factors controlling the photosyn-
thetic activity of phytoplankton in their natu-
ral environment (COTE and PLATT, 1984) and
the parameters are being used in models for es-
timating primary production from remotely
sensed data (e.g. PLATT et al., 1988). In the In-
dian Ocean, however, these parameters have
apparently not reported to date. New ocean
color sensors such as SeaWIFS and OCTS must
need the parameters that are not interpolated.

During the cruise of the T/V Umitaka-Maru
Il of Tokyo University of Fisheries in January
1994, we made a measurements of primary pro-
ductivity of phytoplankton in the Indian Ocean
included the Arabian Sea. In this paper, the
authors present the photosynthetic character-
istics and primary productivity of phytoplank-
ton during the NE monsoon season.

2. Material and Methods
A series of investigation was carried out on

the cruise from the Gulf of Oman to Fremantle,
Australia (Fig. D).

Water temperature and salinity were meas-
ured with a CTD (ICTD, FSI) : OCTOPUS sys-
tem (OCTO-Parameter Underwater Sensor;
ISHIMARU et al., 1984) at 17 stations. The sensor
of salinity was calibrated with salinometer.

Primary productivity of phytoplankton was
measured at 14 stations except Stns. 05, 06 and
08. Seawater samples for primary productivity
were collected using Van Dorn bottles from the
sea surface and from the depth of subsurface
chlorophyll maximum (SCM) recognized by
the data of in situ fluorometer equipped with
an OCTOPUS system. Additional water sam-
ples were collected using a Rossete Multi
Water Sampler equipped with an OCTOPUS
System for measurement of chlorophyll a
standing stock of phytoplankton.

For measurement of phytoplankton chloro-
phyll a, 200 ml of water sample was filtered
through glass fiber filter (Whatman GF/F, ¢
25 mm). The filter was immediately soaked in
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N, N-Dimethylformamide (DMF) and extrac-
ted pigments in the dark (Suzuki and ISHIMARU,
1990). Concentration of chlorophyll a was de-
termined fluorometrically with Turner Designs
10-005R fluorometer within a few days after
the soaking (PARSONS et al., 1984).

Photosynthetic activity of phytoplankton
was measured by the stable *C isotope method
(HAMA et al., 1983). Water samples were trans-
ferred into 2000 ml clear poly carbonate bottles.
After adding NaH"?CO; (approximately 109 of
total carbonate, ISOTEC Inc.), the samples
were incubated for 4 hours in water bath con-
trolled at surface water temperature under
natural light (full sunlight, 46, 21, 11, 6% and
dark). After the incubation, the water samples
were filtered through glass fiber (filters
(Whatman GF/F, ¢ 4Tmm) precombusted at
450°C for 4 hours. The filters were treated with
fume of HCl to remove traces of inorganic car-
bon, and the isotope ratios of “C and *C were
determined by infrared absorption spectrome-
try (SaTtou ef al.,, 1985) with a °C analyzer (EX
130, JASCO). The photosynthetic activity was
calculated by the equation of HaMA et al.
(1983), and the rate at each depth was calcu-
lated on the basis of P-I curve fit to the model
of ElLERs and PEETERS (1988) with a nonlinear
curve—fitting minimization that uses a Gauss—
Newton method. The equation of the model
takes the form :

p=I1/(al’+bl+c)

where p is photosynthetic rate, I is irradiance,
and a, b, and ¢ are the fitted parameters. Photo-
synthetic characteristics were calculated with
the formulas : initial slope (a ) =1/c¢, optimal
intensity (I.)=(c/a)*®, maximal photosyn-
thetic rate (Pma) = [b+2(ac)®*] ', and intensity
of onset of light saturation () =P/ a.

Photosynthetically available radiation(PAR)
was measured with a LI-190SB air quantum
sensor and a LI-192SB underwater quantum
sensor (LI-COR inc.), and recorded with an LI
1000(LI-COR inc.) quantum meter.

Primary production in water column was es-
timated by integrating the value multiplied the
photosynthetic rate by chlorophyll a concen-
tration at each depth over the entire euphotic
zone. Daily value of production was calculated

on the basis of integrated PAR during the incu-
bation period and during the whole day
(WETZEL and LIKENS, 1991).

3. Results
Hydrographic condition

Based on the surface currents (e.g. MOLINARI
et al., 1990), studied area was distinguished into
total of four regions : Somali Current region
(SC, Stns. 01-05); Equatorial Countercurrent re-
gion (ECC, Stns. 07-13); South Equatorial Cur-
rent region (SEC, Stns. 14-16); and West
Australian Current region (WAC, Stn. 17).

Spatial distributions of water temperature,
salinity and o-t in the upper 200 m of water
column are shown in Fig. 2a, Fig. 2b and Fig. 2c,
respectively. Although the salinity was homo-
geneous vertically, physical features indicated
the stratification between 50 and 130 m except
in the SC region. Especially, thermocline was
developed in the ECC region as illustrated in
Fig. 2a. The thermocline weakened at 10 °S
where ECC and SEC formed a front. Low salin-
ity band (<35 PSU) was observed at 10 °S
(Fig. 2b) and separated the high salinity water
mass. In the SC region, water mass was well
mixed. In contrast with low temperature (<26
°C) and high salinity (">36 PSU) near the Gulf
of Oman, warm (28 °C) and low saline (<34
PSU) water mass was observed along the west
coast of India.

Chlorophyll a distribution and photosynthetic
characteristics

Spatial distribution of chlorophyll ¢ concen-
tration in the upper 200m of water column is
shown in Fig. 2d, and the surface values and
standing stock of chlorophyll a for each region
are listed in Table 1. Chlorophyll ¢ concentra-
tion at the sea surface was low (0.05-0.71 mg
m ). The surface water from the SCC to WAC
regions had extremely low (0.05-0.09 mg m~?)
chlorophyll a concentrations. Although the
highest surface value (0.71 mg m~3) was ob-
served at Stn. 01 in the Somali Current region,
shallower station of the same region had rela-
tively low values.

Chlorophyll a standeng stock within the
euphotic zone ranged from 7.0 mg m~* at Stn.
15 in the SEC region to 20.5 mg m % at Stn. 01 in
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Fig. 2. Vertical sections of (a) water temperature, (b) salinity, (c) ¢~t, and (d) chlorophyll a
concentration in the Arabian Sea and the Indian ocean. Blank area denotes no data.
Table 1. Surface concentration and standing stock within euphotic zone of chlorophyll 4, pri-
mary production, solar radiation incident upon surface, and light utilization index in the
different regions showing range and mean. Values in parentheses are mean.
Chlorophyll a
. S . Solar -
Region . Standing Primary e
Station ([Snugr fr‘;ﬁ% Stocks2 prodgctionﬁ (rﬁgfl gl&;orﬁa Ef
- 774)"1M(mg m™?) (gCm™day ) "% dayh
Somali Current 01-05 0.19-0.71(0.40) 85-205(12.7) 0.28-0.76(0.45) 28.0-34.2(30.4) 0.88- 127(1 06)
Equatorial - - o . .
Countercurrent 07-13  0.09-0.14(0.12)  8.7-152(124)  0.09-0.20(0.14) 23.9-43.3(35.1) 0.22-0.63(0.36)
South Equatorial 1416 ,05-0.09(008) 7.0-130(10.)  008-0.11(0.10) 431-506(458) 0.18-0.29(0.22)
West Australian
Current 17 0.08 11.8 0.29 35.7 0.69
Average 0.19 12.0 0.23 36.1 0.55
C.V.(%) 89.7 27.3 80.8 21.1 67.6

*light utilization index(gC(gchla) ~'(mol quanta m ™% ")
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Fig.3. Depth of subsurface chlorophyll maximum, (Zsx; — @ — ), euphotic zone defined as 1%

penetration of incident light (Z..; —

—), and mixed layer (MLD; ---). Error bar shows a

range of the maximum. Blank area denotes no data.

the SC region. The averaged value in the SC re-
gion was relatiely higher (12.7 mg m~) than
those in the other regions. Although surface
chlorophyll a concentrations had a wide range
within the studied area (89.7% C.V.), variation
of standing stocks with region was small
(27.3% C.V.).

In the layer at depths of 15 to 40 m in the SC
region and at 50 to 120 m in the other regions,
distinct subsurface chlorophyll maximum
(SCM) was observed (Fig. 2d). Maximal
concentations at the SCM layer ranged 0.27—
0.99 mg m* in the SC region and 0.25-0.50 mg
m~ in the other regons. The SCM occupied
more than 60% of the chlorophyll a standing
stock (Table 1) within the euphotic zone. Com-
parison of peak depth and range of the SCM,
depth where PAR is reduced to 1% of the sur-
face (Z.. : euphotic zone depth), and mixed
layer depth (MLD) is shown in Fig. 3. In the
present study, range of the SCM is determined
on the basis of Gaussian Curve fit (LEWIS et
al., 1983; PLATT et al., 1988) modified by
MATSUMURA and SHioMOTO (1993), and MLD is
defined as the first depth at which the tempera-
ture is 1.0 °C less than that at 10m (Rao et al.,
1989). Peaks of the SCM were lower part of the

euphotic zone, that were 2-3 % penetration of
the surface light except Stn. 15. The SCM
changed its vertical distribution according to a
relative position of MLD and Z... In the SC re-
gion, mixed layer (41-86 m) included whole of
euphotic zone (34-58 m) and the SCM was ap-
proximately within the MLD and/or euphotic
zone. MLD in the ECC region was close to Z..
and turned upside-down where top and bottom
of the SCM (except Stn. 13 at about 10 °S where
is a front as mentioned above) were positioned
at above and at below of both depths, respec-
tively. In the SEC and the WAC regions more
southern than the front of 10 °S, Z.. was com-
pletely lower than MLD. The SCM in these re-
gions was distributed lower than MLD and
expanded up to extremely weak light layer
deeper than Z...

P-I curves at sea surface and SCM in the each
region and the parameters of photosynthetic
characteristics were shown in Fig. 4 and listed
in Table 2, respectively. P-1 curves illustrated a
clear difference of photosynthetic characteris-
tics between the surface and SCM, and between
the regions. All curves at the sea surface show
a weak photoinhibition, though, P.. of the sur-
face were 1.3-5.4 times as high as for the SCM.
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Table 2. Parameters showing photosynthetic characteristics of phytoplankton in different regions.

Surface SCM
Region Station a Pre L I a P I 1
Somali Current 01-05 0034 116 938 338 0027 75 780 281
Equatorial Countercurrent 07-13 0.018 74 634 412 0.014 2.1 356 156
South Equatorial Current 14-16 0.014 6.5 954 458 0.002 1.2 693 496
West Australian Current 17 0.009 6.0 810 660 0.208 4.8 132 23

*initial slope (mgC(mg chl.@) 'h™' (umol quanta m™2 s~ ")~ "

**maximal photosynthetic rate (mgC(mg chl.a) 'h™")

toptimal intensity (#mol quanta m™% s™%)

‘intensity of onset of light saturation (umol quanta m™? s™')
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Fig.5. Primary production at each sampling station. Dashed lines separates the stations into

four current regions.

P,... was especially high in the SC region that
was 1.6-1.9 times at the surface (11.6 mgC (mg
chl.a) ' h ") and 1.6-6.3 times at the SCM (7.5
mgC (mg chl.a) ' h") as high as for the oth-
ers. a of the surface (0.034 mgC (mg chl. @)
h™ (gmol quanta m~%s™") ") in the SC region
is also highest value, that shows most produc-
tive surface water. As shown by the values of
I, (634-954 pmol quanta m~?s ") and I, (338-
660 umol quanta m~?® s™') of the surface,
phytoplankton at the surface was adapted to
strong insolation. While at the SCM,
photoadaptation to dark was not observed ex-
cept the WAC region. The SCM in the WAC
had high value of an a (0.208 mgC (mg chl
a) 'h™' (gmol quanta m~* s ')~!) showing
high activity at low light intensity. Although
I at the SCM in the ECC region was relatively
low (156 gmol quanta m~* s™%), low Pn.. (2.1
mgC (mg chl.a) ' h™') denies a dark adapta-
tion. Phytoplankton at the SCM of the SEC was
reduced its activity more than those in the
ECC. It appears that high /., and I, in this region
indicate light adaptation. But this is only a lost
of activity because of the remarkably low «a
(0.002 mgC(mg chl. a) 'h~' (g mol quanta m
s™D) ™) and P (1.2 mgC (mg chl.a)'h™").

Primary production and light utilization index
Distribution of daily primary production was

shown in Fig. 5, and the values for the each re-
gion were shown in Table 1. The studied re-
gions had a widely one order range of primary
production (0.08-0.76 gC m % day~"). The high-
est value of production was obtained in Stn. 01
in the SC region. Production in the SC region,
of which mean production was 045 gC m™
day ™' with the range of 0.28-0.76 gC m~* day ',
was 1.5-4.5 times in mean value as high as the
others. The waters in the ECC region were low
productive (0.09-0.20 gC m? day~Y), and more
oligotorophic water was observed in the SEC
region as shown in the value of primary pro-
duction (0.08-0.11 gC m~?day~"). Although the
WAC region keep close to the SEC region, that
had relatively high value (0.29 gC m * day ")
because of the high photosynthetic activity of
phytoplankton in the SCM layer.

Total water column light utilization index
(¥ : FaALKOWSKI, 1981) for each region was
shown in Table 1. ¥ was estimated from the
expression :

v :P/ (B . ]o)
where P is the daily primary production of
water column in gC m~* day /, B is the chloro-
phyll a standing stock in g chl. @ m™%, and I, is
solar radiation at the sea surface (Table 1) in
mol quanta m~*day '. Averaged value of ¥ for
all regions was 0.55 gC (gchla) ™' (mol quanta
m~?) ! with 67.6% (C.V.) of variation. In the SC
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region, mean value of ¥ was 1.06 gC (g chl.a) !
(mol quanta m~%) ! with the narrow range
(0.88-1.27 gC (g chl. @) 7' (mnol quanta m~2)~")
that is 15% in C.V,, and the value was the high-
est within the all studied regions. The index
¥ was fallen into the averaged value of 0.22 gC
(g chl. @) ' (mol quanta m~?) 'in the SEC re-
gion (26% C.V.), and relatively high in the
WAC region (0.69 gC (g chl. @) ™' (ol quanta
m~2) Y. In the ECC region, the highest vari-
ance of ¥ was observed (50% C.V.).

4. Discussion

Distinct physical features in the studied are
the front and the low salinity band which had
observed also during the IIOE (WYRTKI, 1971;
1973). WyrTkI (1973) suggested that the low
salinity band is characteristic of the front
formed at 10 °S and separates the high salinity
water mass of the northern Indian Ocean from
the subtropical high salinity water of the sub-
tropical gyre. Low saline water along the west
coast of India is also typical of the SC region.
This water mass marks the northward flowing
equatorial surface waters (ESW; GoOEs et al.,
1993) from the southwestern Bay of Bengal
(BRUCE et al., 1994). Surface salinity maps dem-
onstrated by WyRrTKI (1971) also showed the
intrusion of low—salinity water from the Bay of
Bengal into the Arabian Sea. Moreover, low
chlorophyll water mass observed in this region
was originated from the Bay of Bengal associ-
ated with the ESW (GoOEs et al., 1993).

Clear differences in chlorophyll distribution,
photosynthetic characteristics and primary
production were observed, that is according to
four regions distinguished by surface currents.
In the SC region of the Arabian Sea, these val-
ues were distinctly higher than those in
the other regions. Moreover a and P.. in this
region( @ =0.034, P... =116 at Surface; a =
0.027, P, =75 at SCM) was higher than
values : @ =0.017 mgC (mg chl. @) *h™* (umol
quanta m ? s ') ' (convert watts to mols of
quanta assuming 1W =46 gmol quanta s ')
and P,..=5.37 mgC (mg chl. @) 'h~' published
by SATHYENDRANATH ef al. (1996) in the Somali
Basin (southwest of Stn. 01). Similar to the
conditions in the Somali Basin during the NE
monsoon (January 1993) reported by VELDIUIS

et al. (1997), the MLD exceeded the Z... So that,
it is considered that the nutrients is supplied
enough to keep a high activity compared with
it in the other regions. The SC region in this
study is including the shallow waters, that is
also a reason of high a and Pn... However, pri-
mary production at the shallow stations (0.28—
0.41 gCm *day ') was lower than the result of
Somali Basin (VELDHUIS et al., 1997) because of
the low standing stocks.

In the ECC region, the MLD was closed to the
Z« and almost of the SCM was distributed
along the Z.. at depth more than 50m. The SCM
in the SEC and the WAC region were also
along the Z.. and entirely beneath the MLD
situated at approximately 50m. AS long as seen
in these results, the SCM was depended on
light intensity, but the dark adaptation was ob-
served only in the WAC and activity of
phytoplankton were very low as shown in the
values of a and Pu... in the ECC (a =0.014,
Pone:=2.1) and SEC (a =0.002, P,..=1.2). The
results of JitTs (1965) also illustrated that pro-
ductivity along the 110°E was infinitesimal at
the depth more than about 50m. Sajo (1965)
suggested from the results of the tank experi-
ments that the chlorophyll at the depth of the
SCM had almost lost their photosynthetic abil-
ity. He more implied that the SCM is not the re-
sult of the passive accumulation of senescent
phytoplankton but represents an accumulation
of actively growing phytoplankton (SArjo,
1973). The SCM in the ECC and the SEC ap-
peared in our study might avoid the nutrients
impoverished surface water mass and strong
solar radiation.

Distinct difference and variability in water
column light utilization index (¥ ) were ap-
peared in like manners of productivity and
P-1 curve parameters. The index means water
column averaged quantum yield for photosyn-
thesis and has been used as important factor of
productivity model estimate the depth-inte-
grated primary production (FALKOwWSKI, 1981;
PLATT, 1986; MOREL, 1991). The value of ¥
changes with a variety of environments
(PLATT, 1986) such as the values of FALKOWSKI
(1981) (W =0.43), YODER et al. (1985) (¥ =1.5),
CampBELL and O'REILLY(1988) (¥ =1.47), and

BALCH et al. (1989) (¥ =027). The averaged
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value obtained of our study (¥ =055) was
lower than the world—wide averaged value of
0.96 gC (g chl. @) ! (mol quanta m~» ' (BALcH
and BYRNE, 1994). However the value in the SC
region (¥ =0.88-1.27) is relatively high within
values of the world oceanic waters (e.g.
FaLKowskKl, 1981), and same level as much as
the values by C based experiments in the So-
mali Basin (¥ =0.84-1.59; VELDHUIS et al., 1997)
in spite of the difference in the technique and
method that induces large error (BALCH and
BYRNE, 1994). In contrast with the SC region,
T in the SEC region (¥ =0.18-0.29) was one of
the lowest value in the world oceans. In case
we try to estimate the primary production of
water column from satellite derived data, it is
difficult to regard our studied regions as only
one area where has constant value of ¥, due to
its large variance. In other words, it was appro-
priate that a variable U and photosynthetic
characteristics (@, Pmes, Ik, I.) were ramified
into four region based on the surface currents.

Although we presented chlorophyll distribu-
tion, productivity and photosynthetic charac-
teristics of phytoplankton in the Arabian Sea
and the eastern Indian Ocean related to the
hydrographic condition and the light penetra-
tion, the obtained primary production data are
only shipboard estimates that are “point” or
“line”. It is hoped that the primary production
in this area will estimated in more broad—scale
from satellite to resolve the global carbon
cycle.

It is ideal that simple mathematical model is
utilized to estimate the integrate primary pro-
duction from remotely sensed data. The sim-
plest productivity models estimate primary
production as a function of sea surface chloro-
phyll (e.g. EPPLEY et al., 1985). This simplest re-
lationship for the Arabian Sea and the Indian
Ocean (HIRAWAKE et al., 1996) has a strong cor-
relation (r’=0.90 for the same dataset as this
study), but the model induced a large error in
the sites where primary production depends on
the standing stock within the SCM layer or
chlorophyll concentration was high. It is ex-
pected that a more complicated model is at-
tempted for such regions. Although the
complex approach also need information on

the photosynthetic characteristics, there was

very little about these parameters in our stud-
ied area, especially from the ECC to WAC re-
gion. It is clear that the photosynthetic
characteristics presented in this study are very
precious data on the next step in the primary
producton model.
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