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In order to study the mechanism of the bloom formation of Noctiluca scintillans, the relationship
between the variation m the abundance of N. scintillans and environmental factors was examined in
the coastal waters of Sagami Bay, Fapan. Hydrographic (temperature, salinity, water stability),
biological (chlorophyll a concentration, zooplankton biomass) and meteorological (ranfall, wind
velocity, wind direction) factors were investigated from 1997 to 2004. For all years, the abundance
of N. saintillans started to increase _from March and reached a maximum in spring between April
and May. The abundance in 1997 and 2000 was relatively high compared to the other years while
the abundance in 1998 and 2004 was relatively low. A steprise multiple linear regression analysis
showed that the wind direction and ramfall were significantly correlated with the variation in the
abundance of N. scintillans. Our results suggest that bloom formation can be separated into a three-
step process: (i) initial increase in the abundance of N. scintillans attributed to an increase mn
optimum hydrographic and biological factors, (iv) N. scintillans ts then accumulated by convergence
of seawater by the factors of low rainfall and wind and (1) swarmer-effects suggested enhanced
bloom formation. Accumulation s considered to be a key trigger in this process of the formation of

large-scale blooms.

INTRODUCTION

The large heterotrophic dinoflagellate Noctiluca scintillans 1s
one of the most common “red tide” organisms. Noctiluca
santillans is a widespread organism and the blooms occur
from spring to summer in temperate and tropical neritic
waters all over the world. The seasonality of N. scintillans
bloom formations has previously been proposed to be regu-
lated by a variety of environmental factors such as hydro-
graphical and biological factors (Elbrachter and Qi, 1998).
Temperature and salinity are variable factors in estu-
aries and coastal waters and are determinant factors of

population dynamics for many phytoplankton species.
The growth rate of N. scintillans is generally affected by
temperature and salinity but V. seintillans is known to be a
eurythermal and euryhaline organism (Elbrachter and
Qi, 1998). Previous studies showed the optimum tem-
perature and salinity ranges for N. scintillans were wide
and differed between regions (Morton and Twentyman,
1971; Kuroda, 1978; Huang and Qi, 1997; Tada e/ al.,
2004). Thus, it is difficult to clarify the influence of
temperature and salinity alone on the bloom formation
of V. scintillans.
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Auvailability of phytoplankton as prey is also one of the
mmportant factors for the variation in abundance of
N. saintillans (Elbrachter and Q1, 1998). Noctiluca scintillans
blooms are also known to occur after diatom blooms
(Kiarboe, 1998; Tiselius and Kiorobe, 1998; Dela-Cruz
et al., 2002). Huang and Qi (Huang and Qi, 1997)
reported a negative relationship between the abundance
of N. scintillans and chlorophyll @ concentrations during
blooms. However, inversely, a positive relationship
between N. scintillans and phytoplankton biomass has
been reported (Schaumann et al., 1988; Painting et al.,
1993). These conflicting reports possibly result from the
time lag that happens to occur between predator effects
on prey concentrations in field studies. Noctiluca. scintillans
is also a phagotrophic species feeding on bacteria, detri-
tus, protozoans, copepod and eggs of copepod and fish as
well as phytoplankton (Kirchner et al., 1996; Nakamura,
1998; Quevedo et al., 1999; Strom, 2001). The contribu-
tions of qualitative and quantitative prey items to
N. scintillans bloom remains only partly understood and
are not yet clearly established.

Noctiluca scintillans is a large-sized dinoflagellate and
can be categorized in the same size range with micro-
to meso-zooplankton communities (Elbrachter and O,
1998). Further, N. scintillans also possibly affect zooplank-
ton communities by competing for food resources
(Nakamura, 1998). For example, N. scintillans biomass
corresponded to more than 90% of the zooplankton
during bloom periods (Murray and Suthers, 1999;
Miyaguchi et al., 2000). Thus, N. scintillans blooms subse-
quently overcome zooplankton biomass by feeding on
their eggs and competing for food
(Nakamura, 1998; Quevedo et al., 1999).

Accumulation of buoyant cells caused by convergence

resources

of surface seawater is suggested as one of the factors
leading to N. scantillans blooms or aggregations
(Elbrachter and Qi, 1998). At Tai Tam Bay on the
southern coast of Hong Kong, the southerly winds fol-
lowing typhoons were responsible for concentrating the
red tide on beaches in July (Morton and Twentyman,
1971). In Mirs Bay and Port Shelter around the northern
region of Hong Kong, the prevailing northeast monsoon
winds promoted the formation of a bloom of N. scintillans
(Yin, 2003). In the German Bight when the bloom of
N. scintillans was observed in August 1984, the north-
westerly winds from the North Sea toward the German
littoral were considered important (Schaumann et al.,
1988). In the same area, the southeasterly winds from
the German littoral toward the North Sea were known to
be dominant from April to July, and the accumulation
leading to the bloom of N. scintillans seemed not to occur
during these periods (Uhlig and Sahling, 1990). The
accumulation trigger is thought to be influenced by
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wind direction and topography at each region including
the condition of surface seawater change by meteorolo-
gical factors such as rain, wind velocity, wind direction,
tide and ocean current (Smayda, 1997; Dela-Cruz et al.,
2003). Therefore, not only are the relationship between
N. seintillans and hydrographic and biological factors sig-
nificant, but also meteorological factors influencing the
accumulation of the cells are crucial factors in bloom
formation.

Annual variations in the abundance of N. scintillans
have also been reported (Uhlig and Sahling, 1990;
Huang and Qi, 1997; Pithakpol e al., 2000).
Observations for twenty years in the German Bight
showed annual oscillation with three-year intervals in
the abundance of N. scintillans. During this study it
was found that a year with relatively high abundance
is followed by two years of relatively low abundance
(Uhlig and Sahling, 1990). Among the three years
from 1990 to 1992 in the coastal waters of Hong
Kong, the abundance of N. scntillans in 1990 was
relatively high compared with that in 1991 and 1992
(Huang and Qi, 1997). In the Seto Inland Sea of
Japan from 1995 to 1998, the abundance of N. scin-
tllans in 1995 and 1998 were relatively high com-
pared with other years (Pithakpol e al., 2000). Thus,
the abundance of V. scintillans shows temporal varia-
bility spanning from seasons to years. Blooms of .
scintillans have been reported to correlate with envir-
onmental factors but the initial trigger of the large-
scale bloom formations have not specifically been
attributed to the any particular condition. The cause
of the large-scale bloom formation in coastal embay-
ments is still controversial.

Sagami Bay, located in central Japan, forms an
embayment with its mouth opened toward the Pacific
Ocean (Fig. 1). The bay hydrography is primarily
related to fluctuations of the Kuroshio Current axis
and to water originating from the Sagami and
Sakawa rivers as well as water from Tokyo Bay
1977). The coastal waters of
Sagami Bay consist of surface water from the center
of the bay and these river waters (Nakata, 1985).
Shore-parallel foam lines associated with changes in
water coloration are often observed in the coastal

(Hogetsu and Taga,

waters of the bay. The accumulation of shore-parallel
foam suggests a possible convergence of marine and
river water while the associated change in water col-
oration suggests that the convergence delineates a front
between two water masses (Shimode et al., 2005).
Because of the variety of water masses, many organ-
isms co-occur in Sagami Bay and these organisms
cause the biota of the bay to be diversified. Noctiluca
seintillans has been known to appear in Sagami Bay for
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Fig. 1. The location of the sampling site, St. M in Sagami Bay. Asterisk indicating the site of Odawara Office of the Japan Meteorological Business
Support Center, which is monitoring the meteorological factors used in this study. Photograph shows a massive Noctiluca scintillans bloom which

occurred along Manazuru Peninsula in May 2000.

many decades (Nakata, 1985; Miyaguchi et al., 2000).
Blooms of the species have been observed almost every
year monitored (Fig. 1). However, there is presently
little known about the trigger mechanism of the
bloom formation in the bay and it is difficult to isolate
the controlling factors of the variability in the abun-
dance of N. scntillans.

The purpose of this study was to examine the relation-
ship between the blooms of N. scintillans in Sagami Bay

and environmental factors in order to determine the
characteristics of bloom formations. Our goal was to
utilize multiple measurements from the bay, including
meteorological data, to resolve the complex processes
that initiate and sustain bloom formations. We have
continually monitored the seasonal and annual variations
in the abundance of N. scintillans at several stations in the
coastal waters of Sagami Bay for the past eight years as
part of an ongoing cooperative research between Soka
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University and Yokohama National University. The
long-term time-series research has made it possible to
extract the significant factors influencing the variation
and mechanisms which regulate and trigger large-scale
blooms of V. scintillans.

METHOD

Study area

The present study was conducted at Station M (St. M)
near the Manazuru Peninsula, Sagami Bay (Fig. 1). St. M
is situated about 2 km north of Manazuru Peninsula
(35 09'49"N, 139 10'33"E, depth 120 m). St. M was
selected to examine the seasonal and annual variation
in net-zooplankton as a long-term station for cooperative
research between Soka University and Yokohama
National University. St. M is a key temperate sampling
station in Japan that has methodically been studied for
variability in environmental factors, bio-optics variabil-
ity, and distribution and abundance of plankton due to
its relatively high productivity and biodiversity
(Kuwahara et al., 2000; Nagao et al, 2001; Shimode
et al., 2005).

Sampling

Samplings were carried out approximately once a
month from 1997 to 2004, usually before noon
(10:00-12:00 local time) aboard the R/V Tachibana
of the Manazuru Marine Laboratory, Yokohama
National University. Surface seawater was collected
by means of a bucket while seawater from 10, 20,
30, 40 and 60 m depths by 5 L Niskin bottles. Net-
samples were collected by vertical towing from 50 m
depths to the surface using 0.45 m diameter plankton
net with a 180 pm mesh size.

Hydrographic, biological and meteorological
factors

The environmental factors, temperature, salinity and
water stability as hydrographic factors, chlorophyll «
concentration and other-zooplankton biomass as biolo-
gical factors and rainfall, wind velocity and wind direc-
tion as meteorological factors were investigated from
1997 to 2004.

Temperature was measured with a mercury thermo-
meter and salinity was determined with a light-refrac-
tion salinometer (SHIBUYA model S-10). Water
density was estimated as sigma-t (o). Water stability
was calculated by, E = 1/0 A X do/dD, where E is
water stability, O 15 the average density of seawater
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and do/dD is the density vertical gradient (Mengesha
et al., 1998).

The seawater was filtered onto Whatman glass fiber
filters (Type GF/F) and placed into a 20 mL brown vial
containing 10 mL N, N-Dimethilformamide (DMF) for
chlorophyll @ extraction (Suzuki and Takahashi, 1990).
Chlorophyll @ concentration was measured using the
Turner Design fluorometer, Model 10-AU. Net-samples
were filtered onto pre-combusted (500 C for 2 h)
Whatman glass-fiber filters (Type GF/A) and frozen.
Later, frozen samples were dried at 60 C, 24 h in an
oven (EYELA NDO-600ND). Measurements of ash free
dry weight and organic carbon and nitrogen were per-
formed with the method described by Hirota and Szyper,
(1975) and Nagao et al. (2001) using the carbon—hydro-
gen—nitrogen (CHN) analyzer (FISON  model
NAI1500NCS), the balance (SARTORIUS MC5) for
weighting of samples, and the oven (ISUZU STR-28K)
for combustion. Other-zooplankton (>180 pm) biomass
was estimated by subtracting the carbon biomass of V.
scintillans (see below) during this study period from each
monthly carbon biomass of the net-samples.

Rainfall (mm), wind velocity (msec™ ') and wind direc-
tion were obtained from the Japan Meteorological
Business Support Center at the Odawara Office,
Kanagawa, Japan (35 15'01"N, 139 09'03"E). The
wind direction data were expressed as numerical resi-
duals by the relationship between the directions and the
angles.

Cell numbers

Collected net-samples were concentrated through a sieve
(100 pm), poured into 50 mL glass vials and preserved
with borate-buffered formaldehyde (5% final concentra-
tion). The cells numbers of V. scintillans in the net-samples
were counted and the cell diameters of 100 randomly
chosen cells were measured from each sample under a
stereomicroscope.

Cell volume, carbon content and biomass

In order to estimate the biomass of N. scntillans, the
regression equation between the cell volume of V. scintil-
lans and carbon content of the cell was calculated. The
cell volume was calculated on the assumption that N.
santillans cells are spherical (Hillebrand et al., 1999).
About 300 cells of N. scintillans were sorted and washed
by filtered seawater three times to eliminate other phy-
toplankton and zooplankton species. The cells were
gently filtered onto pre-combusted 25 mm Whatman
glass-fiber filters (Type GF/F). The carbon contents
were measured as described above. The relationship
between the cell volume and the carbon content is
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Fig. 2. Monthly average of hydrographic factors from 1997 to 2004;
temperature (a), salinity (b) and water stability (c). Vertical bars denote
standard deviation.

obtained as the logarithm equation, C = 0.24 x Log.V—
3.71 (n =9, P< 0.01), where C is the carbon content per
single cell of N. scintillans (g C cell™ ") and V is the cell
volume (um” cell ™).

Statistical analysis

The hydrographic factors; temperature and salinity, and
biological factor, chlorophyll a, were calculated as the
average of 0, 10, 20, 30, 40 and 60 m depth-
mtegrated value for the month throughout the study
period. To investigate the hydrographic, biological and
meteorological factors characteristics of each year, the
residuals were calculated by subtracting the correspond-
ing monthly average of the whole study period from each
monthly data. For ranking the significance between the
abundance of N. scintillans and hydrographic, biological
and meteorological factors, a stepwise multiple linear

BLOOM OF NOCTILUCA SCINTILLANS IN THE COASTAL WATERS OF SAGAMI BAY

regression analysis was carried out by using the
REGRESSION function of analysis tool in EXCEL,
Microsoft® (Godhe e al., 2001; Dela-Cruz et al., 2002).
In order to avoid the fact that there are different magni-
tudes of the different factors, all factors were normalized.

RESULTS

Variation in hydrographic, biological and
meteorological factors

The average water temperature varied between 14.5 C
in February and March, and 22.8 C in September (Fig.
2a). The temperature increased from April to September
The average salinity fluctuated between 33.6 in
September and 35.9 in January (Fig. 2b). The salinity
decreased from April to July during the rainy season.
The average water stability ranged from 0.0001 in
January to 0.0025 in September (Fig. 2c).

For the monthly average of biological factors, chlor-
ophyll @ concentration ranged from 0.4 mg m™” in
December and January to 2.4 mg m° in May (Fig.
3a). The average other-zooplankton biomass varied
between 2.8 mg C m ™ in January and 20.3 mg C m~’
in April (Fig. 3b). Two peaks of the other-zooplankton
were observed in April and August

For the monthly average of meteorological factors,
rainfall ranged between 52.9 mm in December and

a

= 6 r
ET
£E
£E
=
&}

< 30 r
it b
R
=& 20
g
N »
;g
£ 10
o =

0

JFMAMJJASOND
Month

Fig. 3. Monthly average of biological factors from 1997 to 2004;
chlorophyll @ (a) and other-zooplankton biomass (b). Vertical bars
denote standard deviation.
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Fig. 4. Monthly average of meteorological factors from 1997 to 2004;
rainfall (a), wind velocity (b) and wind direction (c).Vertical bars denote
standard deviation.

274.0 mm in October (Fig. 4a). The rainfall tended to be
high from August to October during the rainy season
when typhoons frequently approach the temperate area
around Japan. Wind velocity varied between 0.9 m sec ™"
in November and 1.6 m sec” ' in March and April (Fig.
4b). Wind velocity decreased from May to October The
wind directions were from the southwest from January to
March and shifted to the southeast after April (Fig. 4c).

Abundance, cell volume and biomass of
N. scintillans

The abundance of N. scintillans started to increase from
March and reached a maximum in spring between April
and May throughout the study period (Fig. 5a). After reach-
ing a maximum, the abundance abruptly declined and
remained low from June to December Abundance of M.
scintillans showed variation from year to year. The abun-
dance in 1997 and 2000 was higher compared to the other
years while the abundance in 1998 and 2004 was relatively
low. The maximum abundance was 6.1 x 10°cells m ™~ in
May 2000. The minimum cell volume was 2.5 x 107 um® in
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April 2004 and the maximum was 3.7 x 10° pm® in
February 2002 (Fig. 5b). The largest cell volume of N.
scintillans was frequently observed between February and
March and then decreased gradually from April to June.

The biomass of . scintillans showed a maximum in the
spring between April and May throughout the present
study period (Fig. 6). The highest biomass was 294 mg C
m™~? in May 2000. The biomass in 1997 and 2000 was
relatively high compared with other years. During the
bloom period in spring, the biomass of N. scintillans over-
whelmed the other-zooplankton biomass during the
entire study period, except in 1998 and 2004.

Deviation of hydrographic, biological and
meteorological factors from the monthly
averages

The temperature residuals were relatively high in 1998, and
were low in 2000 (Fig. 7a). During most of 1998, the salinity
residuals were lower than zero (Fig. 7b). The residuals of the
water stability were high in the summer of 2000 and the
lowest residuals were observed in 1998 (Fig. 7c).

From 1997 to 1999, the residuals of chlorophyll a were
high and the residuals tended to be lower after 2000 (Fig.
7d). The residuals of the other-zooplankton were high in the
spring before N. scantillans blooms of 2000 and 2001 while
low residuals were recorded in 2003 and 2004 (Fig. 7e).

The rainfall residuals were high in 1998 and 2004, and
were relatively low in 1997 and 2000 (Fig. 7f). The wind
velocity residuals were high during the spring in 1997 and
2000 and were low during the other years (Fig. 7g). Wind
direction was normalized to the south-southeast. The resi-
duals of wind direction were zero in spring 1997 and 2000
and were high in spring 1998 and 2004 (Fig. 7h).

Multiple linear regression analysis

The multiple linear regression equation was estimated as,
D =-0.20 Wd-0.14 R+0.12 B+0.04 Chl.z-0.70 (Table I),
where D is the abundance of N. scintillans, Wd is wind
direction, R is rainfall, B is the biomass of the other-zoo-
plankton and Chla is the concentration of chlorophyll a.
The regression coefficients of meteorological factors were
higher than that of other factors. Coeflicient of correlation of
the multiple linear regression equation was 0.73.

DISCUSSION

Seasonal variation in abundance of
N. scintillans

In the present eight-year study, the seasonal variation in
abundance of V. scintillans in the coastal waters of Sagami
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Fig. 5. Abundance (a) and the cell volume (b) of Noctiluca scintillans from 1997 to 2004. Vertical bars denote standard deviation.
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Bay, Japan, showed a similar pattern every year. The
seasonal bloom was observed during the spring, particu-
larly in May (Table II). The seasonal variation patterns
were consistent with patterns previously reported in
other coastal waters. (Uhlig and Sahling, 1990; Huang
and Q1, 1997; Pithakpol ez al., 2000). Omori and Hamner
(1982) pointed out that high abundance at a single sta-
tion may not be representative of larger areas. The long-
term study in the German Bight suggested the spatial
distribution of V. scintillans follows a gradient with highest
abundances near the coast and decreasing abundances
from the German littoral toward the North Sea, but the
seasonal variation in N. scntillans abundance showed
similar patterns at a majority of the sampling stations
(Uhlig and Sahling, 1990). In the coastal waters of
Sagami Bay, we have also conducted investigations in
Manazuru Port (St. A) and at a sampling station of 20 m
(St. G.). Results of the present study indicated the seaso-
nal and annual variation in the abundance of V. scintillans
was also similar to the results of the two other stations
(unpublished result). Therefore, the present study of St.
M was considered a reliable representation of the overall
relationship between N. scintillans and environmental fac-
tors in the coastal waters of Sagami Bay.

In the present study, temperature and salinity during
the spring around May was considered the optimum
range from 15.2 to 17.8 C and salinity 34.9-35.3, respec-
tively. Previous studies reported the optimum tempera-
ture and salinity range for V. scintillans to be 10-28 C and
28-36, respectively and differed greatly between study
areas (Morton and Twentyman, 1971; Kuroda, 1978;
Huang and Qi, 1997; Tada et al, 2004). In Sagami
Bay, V. scintillans blooms appear to prefer lower tempera-
ture and higher salinity relative to those found in pre-
vious studies. Huang and Q1 (1997) and Tada ez al. (2004)
reported the high abundance of N. scintillans correlated
with temperature at each sampling site. However, tem-
perature and salinity were not significantly correlated
with the variation in the abundance of N. scntillans in
the present study. Rainfall was high between June and
October, and was low during the bloom period of V.
sentillans in Sagami Bay (Fig. 4a). In Dapeng Bay of
Hong Kong, the abrupt decline in salinity due to heavy
rain caused a sharp decrease in the abundance of N.
santillans (Huang and Q1, 1997). During the terminal
period of N. scintillans bloom in Sagami Bay, not only
the decline in salinity but also the dispersion of the patch
by means of heavy rainfall was thought to be one of the
contributing factors ending the bloom of N. scintillans.

The average water stability at St. M in the present
study increased from 0.0001 in January and reached a
maximum 0.0025 in September (Fig. 2c). Water stability
in the Seto Inland Sea varied from 0.0005 to 0.0035 and
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showed a peak in June and August during the period of
N. scitillans bloom (Kuroda, 1990). High water-column
stability 1s known to contribute to the variation of phy-
toplankton composition, abundance and patch formation
(Kuroda, 1990; Mengesha et al., 1998; Garibotti et al.,
2003). However, water stability was not correlated with
the variation in the abundance of N. scntillans in the
present study and its range was relatively low compared
with the Seto Inland Sea. The water stability in Sagami
Bay changes rapidly from high to low corresponding to
the distribution of the Kuroshio Current and the inflows
of the fresh water originating from the Sagami and
Sakawa rivers (Hogetsu and Taga, 1977; Nakata, 1985).
Although N. scintillans abundance did not directly corre-
late to water stability conditions, it is clear that the
transition from low to high stability contributes to
bloom formations.

Diatom blooms appeared from March to May in
Sagami Bay and were often observed in the body of V.
seintillans. The contribution of diatoms to total chloro-
phyll @ was particularly high when peaks of chlorophyll a
were observed (Satoh et al., 2000), and microscopic
examination showed that the diatoms were mainly com-
posed of Nitzschia spp., Thalassiosira spp. and Chaetoceros
spp. (Fujiki et al., 2003). These diatoms were considered
the main prey item of N. scntillans and may be a
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contributing factor to the increase in the abundance of
N. seintillans during the initial phase of its bloom. During
the period, the cell density possibly became high to some
extent by increase of the growth rate under the favorable
food conditions. However, neither a positive nor a nega-
tive relationship was observed between the abundance of
N. semtillans with chlorophyll a concentration in the pre-
sent study. In order to estimate the contributions of prey
items to N. scintillans bloom, detailed information of the
component of its prey items and the time lag in predator
effects on prey concentrations are hereafter necessary to
be collected in field studies.

In the present study, the biomass of V. scintillans domi-
nated other-zooplankton biomass from April to May
throughout the study period except in 1998 and 2004.
The other-zooplankton biomass was generally high from
March to August but a decrease in the biomass was
observed in May (Fig. 6). During N. scntillans spring
blooms, the high abundance seemed to suppress the
other-zooplankton biomass. Noctiluca scintillans has been
known to feed on copepod eggs but copepod population
dynamics are not necessarily influenced by the predation
of their eggs (Daan, 1987; Quevedo e al, 1999).
Competition for food resources between N. scintillans
and zooplankton has also been hard to identify in pre-
vious studies because the grazing rate of N. scintillans is


http://plankt.oxfordjournals.org/

JOURNAL OF PLANKTON RESEARCH

VOLUME 28

NUMBER 3 | PAGES 313-324 | 2006

Table I:  Multiple linear regression analysis applied to hydrographic and meteorological factors against
the abundance of Noctiluca scintillans during the whole study period in Sagami Bay, Fapan

Factor Regression coefficient P r Overall P
0.73 <0.0001

Wind direction -0.20 0.0075

Rainfall -0.14 0.021

Other-zooplankton biomass 0.12 0.025

Chlorophyll a 0.04 0.073

Constant -0.70

apparently low compared to same-sized zooplankton
(Nakamura, 1998). Therefore, the ecological conditions
causing the decrease in the other-zooplankton biomass
by N. scintillans blooms are difficult to confirm.

The wind velocity increased in February and then
decreased from May to winter in Sagami Bay. The
wind directions were southwest from January to March
and shifted to south-southeast after April (Fig. 4c).
Accumulation is thought to be influenced by wind direc-
tion and topography of the region (Morton and
Twentyman, 1971; Schaumann et al., 1988; Uhlig and
Sahling, 1990; Yin, 2003). The wind from the south-
southeast usually blows from the mouth of Sagami Bay
toward Manazuru Peninsula (Fig. 1). Thus, the optimal
accumulation period of V. scintillans cells were considered
to occur in the spring season from April to May following
the period of increased winds.

The seasonal variation in the abundance of N. scintillans
was statistically more significant with relation to meteor-
ological factors than hydrographic and biological factors
(Table I). The multiple linear regression analysis showed
that the most significant meteorological factors relating to
the abundance of N. santillans were wind direction and

rainfall. These meteorological factors seemed to be directly
related to the variation in the abundance of V. scintillans.

Annual variation in abundance of
N. scintillans

In the present study, the abundance of N. scintillans
showed clear annual variation (Table II). Annual oscilla-
tions in the abundance of N. scintillans around Helgoland
Roads, Germany, occurred at three-year intervals (Uhlig
and Sahling, 1990). In this study, the abundance of V.
seintillans also indicated a similar oscillation; high abun-
dance in 1997 and 2000 and low abundance during
other years. Following this oscillation pattern, the year
2003 should have been a high abundance year but was
relatively low during April The relatively low wind velo-
city during the bloom period in 2003 may have influ-
enced a disturbance in the oscillation (Fig. 4).

During the period of high abundance of N. scintillans in
1997 and 2000, the rainfall residuals were lower than aver-
age and average wind velocity was high (Fig. 7g). Moreover,
the wind blowing from the south-southeast was frequently
observed in 1997 and 2000. During the bloom period of V.

Table II:Summary of the abundance of Noctiluca scintillans and meteorological factors during the bloom

period i Sagami Bay, Japan

Year Abundance of Noctiluca scintillans Meteorological factors during bloom period
Bloom period Maximum (x10° cells m~=) Rainfall (mm) Wind velocity (m sec™") Wind direction

1997 May 3.7 137 1.5 SSE

1998 April 0.1 349 1.4 SW

1999 May 1.4 219 1.5 SW

2000 May 6.1 43 1.5 SSE

2001 May 1.9 243 1.2 SSE

2002 May 0.9 189 1.6 ESE

2003 April 1.4 176 1.5 SSE

2004 April 0.1 135 1.6 WSE
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semtillans in 1997 and 2000, the winds from the south-south-
east and calm surface layers thereafter without any ecologi-
cal turbulence, such as heavy rain, may have forced the
cells of N. santillans to accumulate in the surface layer.
The calm surface layer condition may be a key factor in
forming and maintaining the high-density conditions of JV.
sentillans.

Noctiluca scintillans has been known to reproduce by binary
fission and the formation of flagellate swarmers (Zingmark,
1970). Zingmark (1970) proposed that the swarmers result
from meiosis in a gametocyte mother cell and that they
represent 1sogametes which fuse. The resulting zygote was
claimed to give rise directly to a vegetative cell, but this was
not convincingly proven (Schnepf and Drebes, 1993). More
recently, a new reproductive mechanism of V. scintillans was
proposed suggesting that the vegetative cell of V. scintillans
was programmed to become the swarmer-mother-cell after a
defined number of binary fissions (Sato e/ al, 1998).
However, if the released swarmers from swarmer-mother-
cells contact with and stimulate vegetative cells, the program
is reset and the vegetative cells continue to conduct binary
fissions. This suggests that an intensive multiplication of JV.
scintillans occurred in high-density conditions of the cells, as
the encounter rate between vegetative cells and swarmers
was high. In years such as 1997 and 2000 when accumula-
tion occurred during the spring, the vegetative cells of V.
scintillans may have continued to undergo binary fission,
resulting in the formation of large-scale blooms of V. scintil-
lans. During the spring period, the decrease in the cell volume
of N. scintillans was observed concurrent with an increase in
(Fig. 5b), suggesting that N.
may conduct binary fission actively during bloom formation.

Cell volume is also influenced by food availability and the
cells swell further upon starvation (Tiselius and Kierboe,
1998). When the cell volume is small (340450 pm), it is in
good nutritional status and high growth condition, while the
large cell volume (400-1200 pm) defines poor condition
(Murray and Suthers, 1999; Dela-Cruz e al., 2003). When
the cells are well fed, they tend to sink until digestion and

abundance scintillans

defecation have taken place (Omori and Hamner, 1982;
Tiselius and Kiorboe, 1998). In the present study, the varia-
tion in the cell volume corresponding to depth could not be
observed because the net-samples including N. scintillans
were collected by vertical towing from 50 m depths at St.
M. However, net-samples obtained by vertical towing from
15 m depths to the surface at discrete depth intervals of 5 m
at St. G showed that the abundance of N. scintillans was
usually higher in the surface layer than near the bottom
layer. The smaller cells of N. scintillans were distributed
homogeneously near the surface to the 15 m layer during
May (data not shown). During the spring at St. M, JV.
scintillans were also considered to be in good nutritional and
high growth condition in the coastal waters of Sagami Bay.

BLOOM OF NOCTILUCA SCINTILLANS IN THE COASTAL WATERS OF SAGAMI BAY

Our results suggest that bloom formation can be sepa-
rated into a three-step process: (i) initial increase in the
abundance of V. scintillans attributed to an increase in opti-
mum hydrographic and biological factors (temperature,
salinity, water stability and chlorophyll a), (i) N. scintillans
are then accumulated by convergence of seawater by the
factors of low rainfall and wind and (iii) swarmer-effects
suggested by Sato ¢t al. (Sato et al., 1998) enhance bloom
formation. Accumulation is considered to be a key trigger in
this process of the formation of large-scale blooms. Previous
studies concerning the bloom formation of V. scintillans have
been focused on analyzing the individual factors controlling
the variation in the abundance. Based on the findings of the
present study, large-scale blooms occur once following the
linkage and combination of environmental factors in the
three steps of the bloom formation. Thus, the environmental
factors regulating the population growth are different
between the phases of the bloom formation process. The
concept of bloom-phase formation mechanisms was applied
to other blooms of V. scintillans observed in other areas.

Further studies are required to establish a quantita-
tive method of the number of N. scintillans swarmers in
the water column in order to estimate accurately the
contribution of the swarmers to the bloom formation of
N. scintillans. In addition, it is necessary to estimate the
qualitative and quantitative influence of prey items and
competition with zooplankton on the variation in the JV.
scintillans for understanding the ecological significance of
the bloom formation in the costal ecosystem.
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