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Small-scale meander as the trigger of the Kuroshio Large Meander

Yutaka NAGATA ", Shozo YosHIDA * and Kouichi Fujita™**

Abstract: Small-scale meanders of the Kuroshio are often generated just off Cape Toi. It has been
believed that the small-scale meanders usually travel eastward and that some of the meanders
are suddenly developed into the Large Meander of the Kuroshio just after passing by Cape
Shinomisaki (the tip of the Kii Peninsula). This scenario of the initiation of the Large Meander
was usually derived from the analysis of the Prompt Report of the Oceanographic Condition
published bimonthly by the Hydrographic Department of Maritime Safety Agency (YosHIDA
1961, SHoj1 1972, KawaBse 1980 and FujiMmoro et al., 1988) However, by re-analyzing series of the
Report, we found that the eastward propagation occurs only for the eastern margin of the mean-
der and the western margin usually stays just of Cape Toi : namely, the east-west width of the
meander is increased. Just after the eastern margin passes Cape Muroto, a small but strong small-
scale eddy is generated in the eastern part of the elongated meander and is cut off. The rapid
development of the eddy takes place in the area just of the Kii Channel, and then it moves
eastward to pass by Cape Shionomisaki and to form the Large Meander of the Kuroshio. It

should be noted that any meander of “small-scale” was never detected off Shikoku.
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Fig.l.

Standard lines where the position (the distance from the coast) of the Kuroshio axis

was determined from the Prompt Report of the Oceanographic Condition published bi-
monthly by the Hydrographic Department of Maritime Safety Agency. (FujTa, 1997)
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Fig.2. The variation of the position of the Kuroshio axis on each standard line shown in Fig. 1. The dis-

tance (km) measured from the coast is taken in the ordinate. The thick curve indicates the one-year
running averaged position. The horizontal black and white bars in bottom column indicate the pe-
riod of the large meander path and that of the straight path, respectively : the identification of the
flow path in the upper column is based on the description in the Prompt Report, and that in the
lower column was made by Fuyita. Four large meander events(a, b, c and d) were defined by Funta
in the period from 1975 to 1994. (Fuira, 1997)
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Fig. 3. Variation of the Kuroshio path to the
south of Japan in the period from July to
December, 1986 (cited from the Prompt Re-
port of Oceanographic Condition). (A) indi-
cates the first half of the month and (B) the
second half of the month. The arrows indi-
cate surface current vectors measured by
GEK. The distribution of the arrows demon-
strates roughly that of the oceanic observa-
tions in each period.



BRI TORIBRER & L T O/NMEFT

123

N — R = —yine / b
Shikoku Kii Channel?, /r - ”}gé’ lik?"" j/ﬁ—‘f s
‘}"\g Pﬁi{;“;‘_‘__ - 5.9 ‘-L\"S’~\\\ )
Tosa B / . \./ 7/ A 3 - — ]
- =a Bay Al / ( *»_E;r_;, — Ay o]
I ~ . v, P
s | v N T e
) » '3/4:,/ § ) \ . // — hae
&' = u/ _7 " , /,/
& s 4 / !
" . /
€\\ ‘%_4 I(n\' b /',///// \.. A\ >~ ]
b L4 43 {lae oF 1 I [
- N
} .:) 7’
o d
< e T oy £ 14 / -: [] :o:lk:
. /(zxf. ,l Y §. . 1 r- S d —-‘-%’.:»::1.325‘““
4 / -:: I:: Ialy k:
e L — < / =
) Aug. 22-Aug. 81 M Aug. 81-Sop. 16 lr
bie. 'S s e o e - 5 2|

Fig.4. Detailed oceanic conditions to the south of Shikoku and the Kii Peninsula in the periods
from Aug. 22 to Aug. 31 (left figure) and from Aug. 31 to Sept. 15, 1986 (right figure) (cited
from the Regional Prompt Report of Oceanographic Condition published bimonthly by the

5" Maritime Safety Headquarter).
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Fig.5. Same as in Fig. 4 except in the periods from Oct. 16 to Oct. 31 (left figure) and from Nov.

1 to Nov. 5, 1986 (right figure)
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Fig. 8. Evolution of the Kuroshio path prior to the generation ot the Large Meander of the
Kuroshio in the period from March to August, 1959 (upper figure), and that from January
to July, 1969 (lower figure). A : Cape Toi, B : Cape Ashizuri, C : Cape Muroto, D :
Cape Shionomisaki, E : Cape Daio, F : Bungo Channel, G : Tosa Bay, and H : Kii Channel.

(SHoy, 1972)
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Fig. 9. Evolution of the Kuroshio path prior to the Large Meander of the Kuroshio in the pe-
riod from March to July (left figure) and in August, 1975 (right figure). Dashed lines indi-
cate the position in the first half of the month, and full lines indicate that in the second half.

(KAWABE, 1980)



BRI ORIRBIR & U TO/MErT 127

N C
Bql
oY :;
S0 5 =
4 VV'; ::
33.5 = e
7 i’{gj‘“r’, /:, 3 z 4 Y|
5T TR N\BEE 1 — D
P T S TN\ T e s >
l/ d T~ 'Mh# T > ' » e
¥ /' - ’} " "7 s 1 K
o N k| N S =
LY % 2y Z 8 =
33.0 e YA 1' ﬁ '{/1’ {l ’/.’/ Il?
" :“5 ? Edd V 2. el
° w‘ v ;f ;/ //
E t Pa ,_k’ 1 ph 4
b N s
At
Al -~
.
325 133 134 135 E
Fig. 10. Current distribution at the depth of 10m on Aug. 20-22, 1997 measured by ADCP.
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Cape Ashizuri, B : Cape Muroto, C : Kii Channel, D : Cape Shionomisaki. (Courtesy of the
5™ Maritime Safety Headquarter ;: NAGATA et al. 1999)
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Fig. 11. Example of the current distribution of the Bifurcation Current along the southwest
coast of the Kii Peninsula; Measured by ADCP on board of the R/V Seisuimaru of the Mie
University on June 24-25, 1997 (TAKEUCHI et al., 1998¢). The current direction along the line
nearest to the coast is changed just off Susami : NWW to the west and SEE to the east of
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Fig.12. Evolution of the Kuroshio path just before the generation of the Large Meander of the
Kuroshio in late May of 1998 deduced from NOAA HRPT images. Attached numbers indi-
cate the dates of the observation : 1 indicates May 20, 2 May 21, 3 May 22, 4 May 26 and 5
May 31. (Courtesy of TAKEUCHL).
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Regional variations in the winter chlorophyll @ and primary
productivity of micro-, nano- and pico-phytoplankton
fractions in the Bering Sea basin

Akihiro SHIOMOTOQ®, Masaaki NANBA** and Keiichi MiTo***

Abstract: Regional variations in chlorophyll @ concentrations and primary productivity of
micro-(10-200 £ m), nano-(2-10 xm)and picophytoplankton (<2 ¢ m)fractions were measured
at the surface in the Bering Sea basin from January to March 1993. Chlorophyll a concentrations
of micro-, nano- and pico-phytoplankton fractions were 0-0.3, 0-0.09 and 0.1-0.4 ©g 17", respec-
tively. Primary productivity of the three phytoplankton fractions was respectively 0-0.45, 0-0.53
and 0.04-0.37 g C17' h™". In the eastern region, chlorophyll a concentration of the three frac-
tions was more than 0.2, 0.06 and 0.3 ¢ g 17, and primary productivity more than 0.2, 0.4 and 0.3
1ng C17'h™', respectively. The chlorophyll a concentration and primary productivity of the
three fractions were lower in the western and central regions than in the eastern region, and
rather uniform in the western and central regions. We conclude that for the eastern region,
their growth rates, nutrient availability and zooplankton grazing pressure were unlikely to be
related to their high chlorophyll a concentrations and primary productivity. In the eastern re-
gion, the Alaskan Stream with water of a low density flowed into the upper layer across the
Aleutian Islands. The inflow formed a shallower upper mixed layer in the eastern region and
this shallower upper mixed layer leads to a net positive production of the three phytoplankton
fractions. We therefore suggest that the inflow of the Alaskan Stream causes an increase of
micro-, nano- and pico-phytoplankton and hence their high chlorophyll @ concentrations and

primary productivity in the eastern region.

1. Introduction

Regional variations in chlorophyll ¢ concen-
tration and primary productivity have been ob-
served in the summertime Bering Sea basin
and shelf break areas (Kawamura, 1963 ;
TanicucHl, 1969 ; McRov et al., 1972 ; Sao et al.,
1979) and the high values were observed in the
eastern region and the shelf break front.
Tanicuchr (1969) suggested that sporadic water
turbulence and vertical mixing induced by

* National Research Institute of Far Seas Fish-
eries, 7-1 Orido 5-chome, Shimizu-shi,
Shizuoka, 424-8633 Japan

** Kagawa University, 2393 Ikenobe, Miki-cho,
Kida-gun, Kagawa, 761-0701 Japan

Ishigaki Tropical Station, Seikai National
Fisheries Research Institute, 148-446 Fukai-
Ohta, Ishigaki-shi, Okinawa, 907-0451 Japan

* * %

storms play an important role in the high val-
ues. On the contrary, wintertime chlorophyll a
concentration and primary productivity were
measured in the eastern region (McRoy et al.,
1972). Primary productivity was one order of
magnitude smaller in the winter than in the
summer, whereas chlorophyll a concentration
in the winter was about 20% of that in the sum-
mer on average. Little is known about regional
variations in the biomass and productivity of
the phytoplankton community in the winter-
time Bering Sea basin.

The phytoplankton community is composed
of various size fractions and the size structure
has a marked influence on the ecosystem (e.g.,
Parsons et al., 1984b). Moreover, each size frac-
tion has specific controlling factors for fluctua-
tion in biomass (Harrison and TureiN, 1982). It is
thus necessary to determine the biomass and
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Location of the sampling stations in the Bering Sea from January to March 1993. Open

circles indicate the stations for measuring chlorophyll a concentration and primary
productivity at the surface and solid circles, the stations for the CTD casts. Numbers

indicate the depth in meters.

productivity of size-fractionated phytoplank-
ton, and examine the controlling factors for
each fraction to explain the controlling factors
for fluctuations in the phytoplankton commu-
nity. SisurtH ef al. (1978) divided phyto-
plankton into three size fractions : microplank
ton >20 um, nanoplankton 2-10 #m and pico-
plankton <2 um. Here, we reter to the 10-200,
the 2-10 and the<{2 um size fractions as micro-,
nano- and pico-phytoplankton, respectively.
We determined the regional variations in chlo-
rophyll a concentration and primary produc-
tivity of these phytoplankton fractions in the
wintertime Bering Sea basin and examined the
factors causing their regional variations.

2. Materials and methods

This study was carried out from January to
March 1993 during a cruise of the Kaiyo Maru
of the Fisheries Agency of Japan (Fig. 1). Sur-
face seawater was collected 8-10 a.m. using an
acid-cleaned plastic bucket. Samples were
sieved through a 200 xm mesh screen to re-
move large zooplankton.

Chlorophyll a concentration was determined
by fluorometry according to Parsons et al
(1984a). Total chlorophyll @ was determined
in samples filtered through 47mm Whatman

GF/F filters. Size-fractionated chlorophyll a
was measured in samples obtained as follows :
seawater samples were filtered through 2 and
10 um pore size Nuclepore filters and then the
filtrates were refiltered onto 47 mm Whatman
GF/F filters(<2 and <10 um fractions). The
filters were stored frozen at —20°C until analy-
sis ashore. Pigments were extracted in 90% ace-
tone and fluorescence was measured with a
Hitachi F-2000 fluorophotometer. Calibration
of the fluorophotometer was performed with
commercially prepared chlorophyll a standards
from Wako Pure Chemical Industries, Ltd.
(Tokyo). Chlorophyll a concentrations of the
2-10 and 10-200 gm fractions were obtained
from the differences between the <10 and <2
um fractions and between the total and <10
um fraction, respectively.

Primary productivity was determined by the
BC method (Hawma et al., 1983). The tracer ex-
periments were started within 1 h after sample
collection. The seawater samples (1-1) were dis-
pensed into six acid-cleaned 1-1 polycarbonate
bottles and enriched by an addition (1-ml) of
Nah ®CO; (99 atom% °C ; Shoko Co. Ltd.,
Tokyo)to about 10% of the total inorganic car-
bon in ambient water. Incubations were con-
ducted under sunlight and cooled with near-
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Fig. 2. Regional variations in temperature (°C) (a), salinity (b) and nitrite +nitrate concen-
tration (£ M) (c¢) at the surface and the depth of upper mixed layer (m) (d).

surface seawater for 3-4 h. Fractionation of size
classes was carried out immediately after incu-
bation. Two samples were directly filtered
through precombusted (450°C for 4 h) 47mm
Whatman GF/F filters(total). Two of the re-
maining four samples were filtered through
Nuclepore filters with a pore size of 2 ym and
the other two with pore size of 10 um. The fil-
trates were refiltered onto 47mm Whatman
GF/F filters (<2 and <10 gm fraction). Par-
ticulate matter on the Whatman GF/F filters
was rinsed with prefiltered seawater. Filters
were stored frozen at — 20°C until analysis
ashore. They were treated with HCl fumes for
4 h to remove inorganic carbon and completely
dried in a vacuum desiccator. The isotopic ra-
tios of **C to '*C and particulate organic carbon
were determined through infrared absorption
spectrometry using a JASCO EX—130 S'*CO.
analyzer (Japan SpectroscopicCo.,Ltd., Tokyo ;
cf., SatoH et al., 1985). Total inorganic carbon in
the water was measured with an infrared ana-
lyzer (Shimadzu TOC 5000). Primary produc-
tivity was calculated according to the ezuation
described by Hama et al.(1983). Sizefractionated
primary productivity was estimated in the
same manner as the chlorophyll a concentra-

tion. Repeatability of the tracer experiment
was 7.3% as the coefficient of variation for nine
replications.

Surface temperature and salinity were meas-
ured with a thermometer and with an Auto
Lab salinometer. Surface nutrient concentra-
tions were immediately determined using a
Bran and Luebbe Auto Analyzer II. Vertical
profiles of temperature and salinity down to
1000 m were measured using a Neil Brown CTD
Mark II at different station locations from the
stations for measuring chlorophyll a concentra-
tion and primary productivity (Fig.l). The
depths of water at all stations except one CTD
station were deeper than 500 m (Fig. 1).

3. Results

A high-east and low-west trend was ob-
served in the surface temperature (Fig. 2a).
Surface salinity was relatively low in the east-
ern region and nearly uniform in the western
and central regions (Fig. 2b). Surface nitrite+
nitrate concetration were relatively low in the
eastern region (Fig. 2c). Water with a rela-
tively high temperature, low salinity and low
nutrient concentration was found in the east-
ern region. Based on temperature, salinity and
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Fig.3. Regional variations in chlorophyll @ concentrations (ug 1™') of the total (a), micro-
(10-200 #m) (b), nano- (2-10 um) (c¢) and pico-phytoplankton (<2 #m) (d) fractions

at the surface.

nutrient horizontal distributions (Fig. 2a, b, ¢),
this water originates from the direction of the
Aleutian Islands. The depth of the upper mixed
layer is defined as the depth where the vertical
sigma-t gradient was maximum. In the eastern
region mixed layer depths were shallower than
100 m, whereas 100-200 m in the western and
central regions (Fig. 2d).

Total chlorophyll a concentration at the sur-
face ranged from 0.12 to 0.70 ug 1~' throughout
the stations (Fig. 3a). The chlorophyll @ con-
centrations were more than 05 g 17" in the
eastern region. The concentrations were lower
than 0.4 xg 17! in the western and central re-
gions and generally 0.2-0.3 ug 17". Chlorophyll
a concentrations were rather uniform in these
regions. The chlorophyll ¢ concentrations of
the micro-, nano- and pico-phytoplankton frac-
tions were 0-0.3, 0-0.09 and 0.1-04 ug 1!, respec-
tively (Fig. 3b, ¢, d). The concentrations of the
three phytoplankton fractions exceeded 0.2,
0.06 and 0.3 ug 17, respectively, in the eastern
region, while they were generally lower than
0.15, 0.06 and 0.15 ug 17, respectively, in the
western and central regions ; ranging gener-
ally 0.05-0.15, 0.02-0.05 and 0.1-0.15g 177,

respectively. The chlorophyll a concentrations
of all three fractions were rather uniform in the
western and central regions, while the concen-
trations of the total and the three phyto-
plankton fractions were higher in the eastern
region.

Total primary productivity at the surface
ranged from 0.30 to 1.2 ¢g C1 ' h ! throughout
the stations (Fig. 4a). The primary productiv-
ity values were more than 1 ¢g C17'h™'in the
eastern region. The values were lower than 1
#g C17" h™'in the western and central regions
and generally 0.3-05 ©g C17' h™'. Primary pro-
ductivity was rather uniform in these regions.
The primary productivity of the three
phytoplankton fractions was 0-0.45, 0-0.53 and
0.04-0.37 ug C 17! h™', respectively (Fig. 4b, c,
d). In the eastern region values of the three
phytoplankton fractions were more than 0.2, 0.4
and 0.3 ug C17' h7, respectively. In the west-
ern and central regions values of the three frac-
tions were generally lower than 0.3, 0.2 and 0.2
©g Cl1'h, respectively, ranging generally 0.1-
0.3, 0.1-0.2 and 0.05-0.2 g C 17" h™', respec-
tively ; and for each fraction the primary pro-
ductivity was rather uniform. The primary
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Fig. 4. Regional variations in primary productivity (#g C17' h™) of the total (a), micro- (10
—200 um) (b), nano- (2-10 £m) (c) and pico-phytoplankton (<2 gm) (d) fractions at

the surface.

productivity of the total and each of the three
fractions was higher in the eastern region than
in the western and central regions, a pattern
similar to that of the chlorophyll ¢ concentra-
tion.

The biomass of phytoplankton may have
much influence on regional variations in pri-
mary productivity of the three phytoplankton
fractions. Using chlorophyll ¢ concentration as
an index of the phytoplankton biomass, pri-
mary productivity per unit of chlorophyll a
may be taken as an indicator of activity for
phytoplankton productivity. Values of the
total phytoplankton ranged from 0.96 to 3.6 u©g
C ug Chla ' h™!' (Fig. 5a). The values were not
higher in the eastern region than in the west-
ern and central regions, a pattern dissimilar to
those for chlorophyll a¢ concentration and pri-
mary productivity. Values for the micro-, nano-
and pico- phytoplankton fractions were 0-13,
0-18 and 0.36-2.7 #g C ug Chla™ h™', respec-
tively (Fig. bb, ¢, d). Values for each of the
three phytoplankton fractions were not higher
in the eastern region than in the western and
central regions, as found for the total
phytoplankton. Remarkably high and low

values were found for the micro- and nano-
phytoplankton fractions at a few stations. The
value of the pico-phytoplankton fraction was
rather uniform throughout the stations.

4. Discussion

Results show that the biomass and produc-
tivity of the phytoplankton community were
relatively high in the eastern Bering Sea in
winter. Results further show that the micro-,
nano- and pico-phytoplankton fractions were
responsible for the relatively high biomass and
productivity. One might expect the occurrence
of factors in the eastern region that led to the
increase of these phytoplankton. We discuss
possible factors below.

Primary productivity per unit of chlorophyll
a for the three fractions did not tend to be
higher in the eastern region than in the west-
ern and central regions (Fig. 5b, ¢, d). Primary
productivity per unit of chlorophyll a is a
measure of the growth rate of phytoplankton
(LaLL1 and Parsons, 1993). Growth rates of these
phytoplankton fractions are unlikely to be
higher in the eastern region than in the west-
ern and central regions.
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Fig. 5. Regional variations in primary productivity per unit of chlorophyll a ( g C 1g Chla™
h™") of the toal (&), micro- (10-200 xm) (b), nano- (2-10 £m) (c¢) and pico-
phytoplankton (<2 um) (d) fractions at the surface.

Larger phytoplankton have a higher half-
saturation constant (Ks) for macronutrients
(MaLoNE, 1980). Parsons et al. (1984b) showed
that Ks may determine the minimum concen-
tration at which a species can grow. The Ks for
nitrate uptake of large phytoplankton (10-100
um cell size) is less than 5 ¢ M (Matrong, 1980).
Ambient concentrations of nitrite+nitrate at
the surface were more than the Ks value at all
stations (Fig. 2c) and thus macronutrients are
unlikely to limit the growth of the three
phytoplankton fractions in the Bering Sea
basin in winter.

Iron is an important micronutrient for phyto-
plankton (e.g., MarTiN and FirzwaTer, 1988).
The stations in the eastern region were located
near the Aleutian Islands (Fig. 1), and thereby
iron may have been a limiting factor for
phytoplankton in the western and central re-
gions but not in the eastern region. Iron limita-
tion lowers primary productivity per unit of
chlorophyll a (Greene et al., 1991 ; Barser and
Cuavez, 1991)and growth rate (CoaLk et al.,
1996a ; Bovyp et al, 1996), and establishes a
phytoplankton community dominated by
small cells (MArTIN et al., 1989 : Bovp et al.,

1996 ; CoaLE et al., 1996b). However, primary
productivity per unit of chlorophyll a for the
three fractions was not lower in the western
and central regions than in the eastern region
(Fig. 5b, ¢, d), and the percentage contribution
of pico-phytoplankton did not tend to be
higher in the western and central regions than
in the eastern region (Fig. 6). Iron may thus
fail to be a limiting factor for phytoplankton in
the Bering Sea basin in winter.

Opate (1994) showed a possible top-down
controlling system in the northern North Pa-
cific. According to Obpate (1994), when the
macrozooplankton grazing impact is intense,
the biomass of microzooplankton and net
phytoplankton (C>10 gy m cell size) is low,
whereas the biomass of pico-phytoplankton
(<2 um cell size) is high. Therefore, even
though zooplankton grazing impact is weak in
the eastern regin, the weak impact of
zooplankton grazing is not likely to cause a
high biomass of all three phytoplankton frac-
tions simultaneously.

According to Sverprur’s (1953) critical depth
model, net positive production of phyto-
plankton will occur in the water column if the
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critical depth is greater than the depth of mix-
ing, whereas no net production can take place
if the critical depth is less than the depth of
mixing. This model can be applied to fluctua-
tion of phytoplankton regardless of cell size.
The three fractions therefore will increase si-
multaneously if the upper mixed layer depth is
shallower than the critical depth.

OBatA et al. (1996) estimated the critical
depth to be shallower than 100 m in the Bering
Sea basin in winter. In this study, the upper
mixed layer depth was shallower than 100 m in
the eastern Bering Sea, whereas the depth was
100200 m in the western and central regions
(Fig. 2d). According to SverprupP’s (1953) criti-
cal depth model, it is expected that phyto-
plankton biomass will be increased in the
upper layer in the eastern region. As high chlo-
rophyll a concentrations of micro-, nano- and
picophytoplankton fractions were observed at
the surface in this region (Fig. 3b, ¢, d), we sug-
gest that the shallower upper mixed layer
depth in the eastern region leads to an increase
of the three phytoplankton fractions.

Warm (C>3°C) and low saline (<(33) water
was observed at the surface in the eastern Ber-
ing Sea (Fig. 2a, b). The Alaskan Stream which
flows westward along the southern side of the
Aleutian Islands flows into the upper layer in
the Bering Sea across the straits and passes of

. 50
170 160°W

the Aleutian Islands (Ounrany, 1965, 1970). The
winter surface temperature and salinity of the
Alaskan Stream are 3-4°C and lower than 33.0
(Onrany, 1970). In this study, the surface tem-
perature and salinity in the eastern region
were almost equal to the surface temperature
and salinity of the Alaskan Stream. Moreover,
the surface water of the Aaskan Stream has a
high temperature and low salinity, in other
words, a low density compared with the upper
water in the wintertime Bering Sea (Ouran,
1970). Accordingly, the upper mixed layer in
the eastern region was of water from the Alas-
kan Stream. We therefore suggest that the flow
of the Alaskan Stream into the upper layer in
the eastern Bering Sea caused the shallower
upper mixed layer in this region, and thereby
an increase in the micro-, nano- and pico-
phytoplankton fractions and hence their chlo-
rophyll a concentrations and primary produc-
tivity.
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Size distribution of phytoplankton community in

oligotrophic tropical coastal waters

Kuninao TADA*, Machiko YAMADA ", Akihiro TAKEMURA***
and Yoshikatsu NAKANO™ ™"

Abstract: The size distribution of the phytoplankton community in oligotrophic tropical
coastal waters at Okinawa, Japan was investigated. The chlorophylla (Chl @) concentrations in
surface seawater collected from 9 stations around Sesoko Island and determined using a
Whatman GF/F filter varied from 0.131 to 0.60 1 z gl™". The average contributions of the pico-,
nano-, and micro-phytoplankton to the total chlorophyll biomass in this study were 55%, 28%
and 17%, respectively. Due to the size distributions of Chl @ in the surface waters, our study
area was characterized as oligotrophic water because of its higher content of picoplankton (av-
erage 48%). Moreover our results revealed that picoplankton was mostly responsible for the
change in the Chl ¢ concentration and that microplankton also plays an important role in the
variation of the Chl a concentration, although the relative abundance of microplankton was

lower than that of picoplankton.

1. Introduction

It is well known that small cells of the
nanoplankton and picoplankton are widely dis-
tributed and are thought to account for a large
proportion of the total phytoplankton produc-
tion. CrismoLm (1992) reviewed phytoplankton
size and pointed out that the fractional contri-
bution of small cells to the standing crop in-
creases as the total chlorophyll decreases. Until
today, many studies have been conducted with
respect to the size distribution of the phyto-
plankton community in the oligotrophic open
ocean and eutrophic coastal waters (e. g. OpaTE
and Maita, 1988; IriarTE and Purbie, 1994; LEk et
al.,, 1996). However, very few studies as to the
phytoplankton biomass have been conducted
in the oligotrophic tropical coastal area, al-

“Kagawa University, Miki, Kida-gun, Kagawa
761-0795, Japan

** Kitakyusyu City Institute of Environmental
Sciences, Tobata-ku, Kitakyusyu 804-0082,
Japan
Sesoko Station, Tropical Biosphere Research
Center, University of the Ryukyus, Sesoko,
Motobu, Okinawa 905-0227, Japan

* % %

though much attention has been given to coral
reef area (e. g. DELESALLE et al., 1993).

In this study, we investigated the distribu-
tion of fractionated chlorophyll @ (Chl @) con-
centrations of micro-, nano- and picophyto-
plankton sizes in the tropical coastal waters
where Chl a concentrations were low. We
aimed to determine the relative importance of
the pico-, nano- and microplankton in the
oligotrophic tropical coastal waters.

2. Materials and methods

Oceanographic observations were made and
samples were collected at 6 stations (Stn Cl,
C2, E1, E2, O1 and 02; Fig. 1) by the R. V.
Merulina I on 28 May 1998. Surface seawater
samples were collected with a clean plastic
bucket at all sations. In addition, water samples
below the surface were collected using Van
Dorn bottles from several depths at Stn E1 and
02. Additionally, surface waters were collected
using a plastic bucket at the pier of the Sesoko
Marine Science Center, University of the
Ryukyus (Stn S), Toguchi port (Stn T) and
Motobu port (Stn M) on 27 May 1998. Water
samples for Chl a measurements were imme-
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Fig. 1. Sampling stations around Sesoko Island, Okinawa. ... shows a coral reef area.
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diately filtered through a Whatman GF/F filter
and preserved in N, N-dimethylformamide at
—20°C until analysis (Suzuki and Isummaru, 1990).
Additionally, the Chl a concentrations of three
size-fractionated samples (0.2-2.0 um, 2.0-20 zm
and >20 um) were measured using various fil-
ters which had different pore sizes using
Nuclepore filters (pore size: 0.2 um and 2.0 #m)
and a 20 um mesh screen (Tanaka Sanjiro Co).
Chl a concentrations were determined using
the fluorometric method of HoLm-HANSEN et al.
(1965) as described in Parsons et al. (1984), with
a fluorometer (Turner model 10—-AU). Phyto-
plankton samples were collected by horizontal
tows for about 10 minutes at Stn O2 and El
using the plankton net with a mesh size of
20 pm (HD-20) and 100 gm (XX13). Phyto-
plankton samples were fixed by Adachi solu-
tion (Apacur and Irik, 1980) and dominant
phytoplankton were determined under a mi-
croscope. Water temperature and salinity were
measured using a YSI Multiparameter Monitor-
ing System model 6000. Transparency was
measured using a Secchi disk.

3. Results

Stns O1, C1 and S were located in a coral reef
and the depths of their stations were very shal-
low (1.2 to 2.4m). Transparency was very high
at all stations and the bottom could be seen

from the boat at each station except for Stns
02 and El. The transparency was 24m at Stn
02 (the water depth was 34m) and 13m at Stn
El (the water depth was 17.7m). The water
temperature and salinity ware similar at all sta-
tions, although Stn E1 is located on the Manna
river estuaries (Table 1). Phytoplankton sam-
ples collected using the two types of nets at
Stns O2 and El1 were dominated by Tricho-
desmium (Cyanophyceae), Ceratium (Dino-
phyceae), Protoperidinium (Dinophyceae) and
Chaetoceros (Bacillariophyceae). The concen-
trations of Chl ¢ in the surface seawater, which
was determined using a Whatman GF/T filter,
varied from 0.131 to 0.601 £ g 1. In the horizon-
tal distribution of Chl a concentrations in the
surface seawater (0m), the Chl a concentra-
tions in Toguchi port (Stn T: 0.589 £ g 1Y) and
Manna river estuary (Stn E1: 0601 zg 17'; Stn
E2: 0467 g 1Y) were relatively higher.

The variations of size fractionated Chl a
biomass in surface waters was characterized by
the high contribution of picoplankton (Fig. 2).
In our size fractionated data, picoplankton ac-
counted for 48% of the total biomass in aver-
age value.

In the surface water at E1 where the total Chl
a was the highest (0.601 xg 1Y), the Chl a con-
centration of the microplankton was also high-
est (0.181 £ g 1" in Stn E1). In the vertical

Table 1. Water temperature, salinity and Chl a concentrations of surface seawater at sampling stations.

Chl a concentrations were determined using Whatman GF/F fillter.

Sampling depth W.T. Sal. Chla

station (m) ) (psw) (ugl™

Cl 0 25.74 35.09 0.267

C2 0 25.53 35.04 0.191

01 0 25.46 34.96 0.131

02 0 25.68 35.07 0.330

5 25.51 35.09 0.285

20 25.36 35.10 0.323

El 0 25.51 35.12 0.601

5 25.36 35.10 0.467

15 25.25 35.12 0.668

E2 0 25.70 35.11 0.467

S 0 nd. n.d. 0.234

Toguchi port 0 n.d. n.d. 0.589

Motobu port 0 n.d. n.d. 0.304

W. T; water temperature, Sal; salinity n.d; no data
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Fig. 2. Three size-fractionated concentra-
tions of chlorophyll @ at surface
seawater (Top) and their relative
abundance(bottom).

distributions of the three size-fractionated con-
centrations of Chl a at Stn El, the total Chl a
concentrations increased with depth and the
Chl a concentrations of the picoplankton also
increased with depth. At Stn 02, the total Chl a
concentrations and the relative abundance of
each of the three fractions of Chl ¢ was almost
vertically constant (Fig. 3).

4. Discussion
Comparison of the Chl a concenirations deter-
mined by different filters

In this study, four types of filters for the Chl
a determination were used, such as Whatman
GF/F filter, Nuclepore filters (pore size; 0.2 #m
and 2.0 #m) and a 20 £m mesh screen. When
comparing the Chl a concentrations using the
GF/F filter and 2.0 ym Nuclepore membrane,
all Chl e concentrations using the 0.2 ym

Chi a (ug I'Y)

Om Stn.E1
Sm
15m

0.0 0.2 04 0.6 0.8 1.0

Om

Sm\

20um >
O 2.0 - 20 ym

20m 0.2 - 2.0 ym

Fig. 3. Vertical distributions of three size-
fractionated concentrations of chloro-
phyli a at Stns E1 and O2.

Nuclepore membrane, except for one sample at
Stn C1, were higher than those using the
GF/F filter (Fig. 4). Whatman GF/F filter is
made from the glass fibers and the average
opening of the filter is 0.7 um. Our result indi-
cated that the small phytoplankton pass
through the Whatman GF/F and that the Chla
concentration, which passed through the
Whatman GF/F, but were retained on the 0.2
um Nuclepore membranes, varied from 0 to 0.
302 1 g 174 Its fraction contributed up to 36% of
the total Chl a. Tacucm and Laws (1988) re-
ported on the content of microparticles which
passed through the Whatman GF/F but were
retained on the 0.2 um Nuclepore membranes
in Kaneohe Bay, Hawaii. Furthermore, Dickson
and WaEeeLER (1993) reported that the surface
Chl a concentrations measured with the 0.2 ym
Nuclepore filters were up to four-fold higher
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Fig. 4. Comparison of chlorophyll @ meas-
urements made with Whatman GF/F
fillters and Nuclepore fillter(pore size:
0.2 £m).

than those measured with the Whatman GF/F
filters. In contrast Cuavez et al. (1995) reported
that these two types of filters produce results
that differ only by a few percent. Our results
from tropical coastal waters indicated that
the small phytoplankton pass through the
Whatman GF/F and they can not be ignored.
Our results also suggested that filtration
through the widely used GF/F filters underes-
timated Chl @ concentration in tropical coastal
seawater.

Three size-fractionated concentrations of Chl a
The average contributions of the pico-, nano-,
and micro-phytoplankton to the total chloro-
phyll biomass in this study were 559%, 28% and
17%, respectively. Moreover the mean contri-
bution of the picoplankton size to the total
chlorophyll biomass in surface waters was
48%. On the other hand, vertical profiles of
three size-fractionated concentrations of Chlo-
rophyll ¢ from the two stations (Stns El and
02) showed that their relative abundances did
not widely change vertically (Fig. 38). It is
known that the fractional contribution of small
cells to the standing crop of phytoplankton in-
creases as the total chlorophyll decreases
(CusHoLm, 1992). Opate and Marra  (1988)

Fractionated Chl a, 0.2-2.0um ( pg 1-1)

Fractionated Chl a, 2.0-20 zm (g 1-)

Fractionated Chl a, > 20pm (xg 1-1)
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Fig. 5. Relationship between Chl a concen-
trations, total Chl ¢ concentration and
Chl a concentratins in 0.2-2.0 u m (a) 2.0
—20 ¢ m (b) and >20 £ m (c) fractions.
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showed that picoplankton was estimated to
constitute from 80% to 90% of the subtropical
waters in which the Chl ¢ concentrations are
low. On the other hand, it has been reported
that the picoplankton was estimated to consti-
tute up to 10% or 20% of the eutrophicated
area (IriarTE and Purpie, 1994; Larsson and
HacsTroMm, 1982). We conclude that our study
area is characterized by oligotrophic waters be-
cause of its higher contribution of pico-
plankton size (48%) than that of eutrophic
coastal waters (up to 10 or 20%).

Generally, nano- and picoplankton usually
dominates in oceanic systems, while the micro-
plankton show marked seasonal trends and
dominate when conditions became favourable
for diatom (e. g. Marta and Opatk, 1988). In the
marine environment picoplankton contribute
significantly to the total biomass of phyto-
plankton communities (Stockner, 1988) and
can be responsible for more than 50% in waters
where total Chl a concentration is less than
0.5 g 17" (IriaTE and Purpig, 1994). On the other
hand, Ropricuez and Guerrero (1994) reported
that the largeincreases in biomass consisted
mostly of nanoplankton (2.0 to 20 um) and this
generally represents some 50% of the Chl ¢ in
Malaga Bay, South Spain. Tabaet al. (1994) also
reported that the contributions of nanoplank-
ton (2.0 to 25 um) was 50% (average) in Hi-
roshima Bay, Japan and that the change in
nanoplankton fraction was reflected in the
total Chl a concentrations. In our size fractiona-
tion data the phytoplankton community was
dominated by picoplankton and the changes in
the picoplankton fraction was reflected in the
total Chl a concentration (Fig. 5a). The varia-
tion in the Chl a concentration of micro-
plankton also correlated with that of the total
Chl a concentration (Fig. 5¢), although the
variation in microplankton was small com-
pared to that of the picoplankton. Our results
indicated that microplankton also play an im-
portant role in the increase in the Chl @ concen-
tration, although picoplankton was mostly
responsible for the high Chl a.
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