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Abstract

Alexandrium tamarense is a toxic dinoflagellate known to produce neurotoxins cause paralytic shellfish poisoning to human
and marine animals. To understand the growth dynamics of 4. tamarense, the seasonal changes in 4. tamarense vegetative cells
and environmental factors were evaluated using monthly field observations at two fixed stations in Osaka Bay, Japan, from Janu-
ary to May 2008. Additionally, a bioassay with axenic 4. tamarense clonal cultures was performed to determine the growth
potentials and growth-limiting nutrients of seawater samples collected during the field observations. The density of 4. tama-
rense increased from February to April, and depletions of dissolved phosphate and silicate were observed in the surface layer dur-
ing this period. The bioassay showed that phosphorous limitation occurred at the surface water of one station during March and
April, while nitrogen limitation occurred in the bottom water. Moreover, at the other station, the growth potentials of the bottom
water were higher than those of the surface water during February and April. Thus, the differences of nutrient availabilities
between surface and bottom water during spring in Osaka Bay potentially allow A4. tamarense to grow with nutrients uptake from

bottom water by vertical migration.
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Introduction

Paralytic shellfish poisoning (PSP) is a marine toxin dis-
ease, caused primarily by the consumption of poisoned
bivalves that afflicts humans and marine mammals. PSP
significantly impacts human health and fisheries of cultured
and wild bivalves. The toxic dinoflagellate Alexandrium
tamarense (Lebour) Balech, which has a worldwide distribu-
tion, is among the most harmful algae that cause PSP (Hal-
legraeft, 1993 ; Lilly et al., 2007). In Japan, 4. tamarense
shellfish poisoning has mainly occurred in the Tohoku and
Hokkaido regions since the 1970s.  In addition, the contami-
nation of bivalves by A. tamarense toxin has occurred in the

Seto Inland Sea, including Osaka Bay, after the 1990s (Imai et
al., 2000).

Osaka Bay is a semienclosed and highly eutrophicated
embayment, located in the eastern part of the Seto Inland Sea,
with an area of approximately 1,450 km”. The eastern part
of the bay has a flat bottom, with a mean water depth of
approximately 15 m, and its innermost portion occasionally
shows strong stratification due to water runoff from the Yodo
River (Fig. 1; Joh, 1986 ; Fujiwara and Nakata,
1991). Yamamoto (2004) reported that A. tamarense has
occurred in this area since the 1990s, and the alga has since
been monitored by the Osaka Prefectural Fisheries Experi-
mental Station. Yamaguchi et al. (1996) also demonstrated
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that A. tamarense/catenella (Whedon & Kofoid) cysts were
widely distributed in the bottom sediments of the bay. These
reports indicate that 4. tamarense inhabited Osaka Bay prior
to the 2000s but did not form the dense blooms that cause
shellfish poisoning in excess of the regulatory level (4 MU g
edible portion ; notification by Ministry of Health, Labour
and Welfare could available on http://www.mhlw.go.jp/topics/
syokuchu/poison/animal_09.html). A. tamarense blooms
occurred at 3.7 X 10" cells L " in the eastern regions of Osaka
Bay in spring 2002, and a PSP toxicity of 18.0 MU g was
detected in Manila clams collected from these regions (Yama-
moto, 2004). In spring 2007, 4. tamarense formed massive
blooms of 7.27 X 107 cells L', which caused red tides
(Yamamoto et al., 2009).  Since 2007, high toxin contamina-
tion levels of bivalves due to an excess of this species have
frequently occurred in the eastern part of the bay during the
spring. These facts strongly suggest that environmental con-
ditions in the eastern part of the bay favor the growth of A4.
tamarense.

Several studies have examined the relationships between A.
tamarense blooms and environmental conditions in Osaka
Bay. Yamamoto et al. (2009) reported that low dissolved
inorganic nitrogen (DIN) and dissolved inorganic phospho-
rous (DIP) concentrations occurred at the surface layer during
the 2007 A. tamarense bloom in the eastern part of Osaka
Bay. Itakura et al. (2002) also reported the depletion of DIP
and dissolved silicate levels during 4. tamarense bloom peri-
ods in Hiroshima Bay of the Seto Inland Sea. These authors
proposed that the exhaustion of inorganic nutrients by diatoms
in the winter caused the depletion of nutrients preceding the 4.
tamarense blooms during spring. Moreover, Yamamoto et
al. (2002b) regarded phosphorous as a liming nutrient for A4.
tamarense growth in Hiroshima Bay. From these prior stud-
ies, nutrient availabilities under low nutrient concentrations
were thought to be important in understanding favorable envi-
ronmental conditions for 4. tamarense growth in Osaka Bay.

Yamamoto et al. (2010) reported that A. tamarense prac-
ticed diel vertical migration at a fishing port in Osaka Bay and
suggested that 4. tamarense cells might supplement NO,-N
and NO;-N intake from the bottom water. The importance
of vertical migration and nitrate availability in deeper water
for the growth of this species has also been suggested by labo-
ratory experiments (Maclntyre et al., 1997) and by field
observations in the St. Lawrence estuary, Canada (Fauchot et
al., 2005). Moreover, Yamamoto et al. (2002b) simulated
competition between 4. tamarense and the nontoxic diatom
Skeletonema costatum in Hiroshima Bay using a numerical
model that considered DIP uptake by A. famarense from the
bottom water after vertical migration ; the results indicated
that A. tamarense could form blooms even if DIP concentra-
tions were low. Therefore, low nutrient concentrations in
surface waters and greater nutrient availability in bottom
waters, as accessed by diel vertical migration, most likely play

important roles in the succession of A. famarense in Osaka
Bay during the spring. ~ Although prior studies in Osaka Bay
have reported on the DIN and DIP depletion of the surface
water during 4. tamarense blooms and the diel vertical migra-
tion of this species (Yamamoto et al., 2009 and 2010), the
nutrients that limit the growth of 4. tamarense in surface
waters and the ability of 4. tamarense to supplement these
growth-limiting nutrients from bottom waters remain unclear.

To clarify the favorable environmental conditions for 4.
tamarense growth, the nutrient dynamics in the surface and
bottom waters in the eastern part of Osaka Bay were exam-
ined during the 4. tamarense bloom period. Field observa-
tions were performed monthly to assess the environmental
conditions in the surface and bottom waters during the A.
tamarense bloom period, including water temperature, salin-
ity, DIN, DIP, dissolved silicate, chlorophyll a (Chl a), and
other phytoplankton. Moreover, to evaluate the growth
potentials and growth-limiting nutrients in the surface and
bottom waters, a bioassay with axenic 4. tamarense clonal
cultures was performed using seawater samples collected dur-
ing the field observations.

Materials and Methods
Field observations

Monthly seawater sampling was performed at two fixed
stations (Sts. 11 and 13) in the eastern part of Osaka Bay from
January to May 2008 (Fig. 1). The estuarine circulation
from the inner part of Osaka Bay primarily spreads to the
south along the east coast of the bay (Joh, 1986 ; Fujiwara
and Nakata, 1991). The seawater samples were collected
with a Kitahara water sampler at depths of 0, 5, and 10 m dur-
ing the daytime (13 :00-15:30), and the samples were
stored in 500-mL acid-rinsed polyethylene bottles on
ice. The salinity and water temperature were measured
using a CTD (ACL215-DK, JFE Advantech Co. Ltd.).
Upon their return to the laboratory, the seawater samples were
immediately filtered through a GF/F glass fiber filter (What-
man), and the filtrates were stored at —30°C until analy-
sis. The concentrations of dissolved inorganic nutrients,
including DIN (NH,~N+NO,-N+NO;-N), PO,-P, and SiO,-
Si, were measured using a continuous flow analyzer (Swatt,
BL TEC K.K.) according to the methods of Strickland and
Parsons (1968).  The detection limit for all nutrients was 0.01
pM.  All equipment for the nutrient analyses was rinsed with
3 N hydrochloric acid prior to use.

The Chl @ from the phytoplankton collected on the filters
was extracted with 90% acetone, and the concentrations were
measured using a fluorometer (10AU005, Turner Designs).
For the enumeration of A. tamarense and the dominant phyto-
plankton species, a portion of the seawater samples was fixed
with formaldehyde at a final concentration of 0.37% and con-
centrated 10-fold using the settling method (Utermohl,
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1958). A. tamarense cells were counted for the samples
from 0, 5 and 10 m in depth, while the dominant phytoplank-
ton species was determined for the 0 m samples. The identi-
fication and counts of the dinoflagellates were performed with
an epifluorescence inverted microscope (ECLIPSE TE200,
Nikon) under UV light (350 nm) excitation after staining the
thecal plates with calcofluor-white according to the methods
of Fritz and Triemer (1985). The identification and counts
of the other dominant phytoplankton were also performed
with an inverted microscope (ECLIPSE TE200,
Nikon). Species identification was performed according to
the methods of Tomas (1997), and the detection limit for A4.
tamarense was 3.3 X 10 cells L.

Bioassay experiments with A. tamarense

The strain of A. famarense used for the bioassay was origi-
nally isolated from Osaka Bay in 2007, and an axenic clone
culture was established following the swimming method of
Imai and Yamaguchi (1994). This culture was maintained in
modified SWM-3 medium (Chen et al., 1969 ; Imai et al.,
1996 ; autoclaved at 121°C for 20 min) at 15°C, with a 12-h
light : 12-h dark cycle and a light intensity of 110-130 pmol
photons m s

Preincubation was performed twice, as described by Nishi-
jima and Hata (1991) and Kimura et al. (1999), to prepare the
nutrient-starved culture. During the first preincubation, 1
mL of axenic 4. tamarense culture was inoculated into 100
mL of 1/20-diluted modified SWM-3 medium. The culture
was grown for 17 days until it reached the stationary
phase. The second preincubation was performed by inocu-
lating 1 mL of each culture from the first preincubation into
100 mL of 1/100-diluted modified SWM-3 medium. Simi-
larly to the first preincubation, A. tamarense was incubated

9

Table 1. Contents and final concentrations of the
added nutrients to seawater samples for the
bioassay. *P-I metals contain H;BO; (100
uM), MnCl,-2H,0 (3.5 uM), ZnCl, (0.4
uM), CoCl,*6H,0 and CuCl,-2H,0 (0.1
uM).  **S-3 vitamins contain vitamin
B,-HCI (0.05 mg L"), Ca-pantothenate (0.01
mg L), nicotinic acid (0.01 mg L"), p-ami-
nobenzonic acid (1.0 pg L), biotin (0.1 pg
L"), inositol (0.5 mg L), folic acid (0.2 ug
L"), thymine (0.3 mg L"), vitamin B, (0.1
ngl).

Abbreviation Added nutrients Final conc.

+none Only Ultrapure-water

4N NaNO, 200 uM

+P NaH,PO, 10 M

+Si Na,SiO; 10 yM

FeEDTA
Na,SeO, 02nM
Na,MoO, * 2H,0 10 nM
P-1 metals *
Na,EDTA 3uM

02 uM

+trace elements

+vitamins S-3 vitamins *x

Concentrations of each added nutrients was set for one-
tenth of modefied SWM-3 medium

for 14 days until it reached the stationary phase. Acid-rinsed
polycarbonate bottles (Nalgene Nunc) were used for the pre-
incubations. The seawater for the preincubations was col-
lected from Osaka Bay in April 2008.

Seawater samples collected from 0 and 10 m in depth at
Sts. 11 and 13 from January to April 2008 were used as the
experimental media for the bioassay. The seawater samples,
having been prefiltered through a GF/F filter after the field
samplings, were then sterilized through a sterile 0.2 pm poly-
ethersulfone syringe filter (Minisart, Sartorius). A 3.6-mL
aliquot of each sterile seawater sample was dispensed into a
polystyrene sterile test tube (13-mm diameter X 100-mm
length, Evergreen Scientific). In addition, 0.4-mL aliquots
of nutrient solutions (+none, +N, +P, +trace elements, or
The contents and final
concentrations of the nutrient-added media are shown in
Table 1.

After the second preincubation, a 0.1-mL aliquot of A.
tamarense culture was inoculated into each experimental
medium, and the cells were incubated until maximum growth
was recorded. The growth was monitored by measuring the

+vitamins) were added to the media.

in vivo Chl a fluorescence using a fluorophotometer
(10AUO005, Turner Designs) every other day. Culturing was
performed in triplicate for each medium.

Statistical analysis of the bioassay

The A. tamarense cells in the experimental tubes were enu-
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merated after the maximum growth measurements, and a sig-
nificant simple regression line was determined for in vivo Chl
a fluorescence and A4. tamarense cell density (r = 0.998, p <
0.001). Using this regression line, units of maximum
growth were converted from in vivo Chl a into cell density.
The maximum growths of the +none treatments were
regarded as the growth potentials of A. tamarense and are
shown in Fig. 4. To clarify the differences in the growth
potentials of the seawater samples between months and
depths, multiple comparisons were conducted using Tukey’s
test and the t-test, respectively.

To detect significant differences in the maximum growths
among the media with added nutrients for each seawater sam-
ple, multiple comparisons were performed using Dunnett’s
test. Differences at p < 0.05 were considered signifi-
cant. When the maximum growth of a nutrient-added
medium was significantly higher than that of the comparable
+none treatment, the added nutrients were regarded as the
growth-limiting nutrients in the seawater sample. The
results of the bioassay to identify the growth-limiting nutri-
ents are shown in Fig. 5. The maximum growths are indi-
cated as the relative growth (%) compared to the growth of
the blank (+none treatment) as 100% in each seawater sam-

ple.

Results
Field observation

Water temperature ranged from 8.7°C to 15.1°C and
reached its lowest value between February and March. The
salinity varied from 30.0 to 32.8 psu (Fig.2). The thermo-
cline and halocline clearly developed at both stations in April
between 0 and 5 m. The inorganic nutrient concentrations at
both stations and for all depths were highest in January
(Fig. 2). The total average concentrations were 16 uM for
DIN, 0.63 uM for PO,-P, and 14 uM for SiO,-Si.  In Febru-
ary, all concentrations significantly decreased, with total aver-
age concentrations reaching 5.1 uM for DIN, 0.09 pM for
PO,-P, and 0.48 uM for SiO,-Si (Fig. 2). From March
through April, all inorganic nutrient concentrations, particu-
larly those of PO,-P and SiO,-Si at 0 and 5 m in depth, were
comparatively low (PO,-P, 0.02-0.05 uM ; SiO,-Si, <0.01-
1.5 uM). However, the concentrations of PO,-P and SiO,-
Si at 10 m in depth (PO,-P, 0.07-0.26 uM ; SiO,-Si, 1.7-7.4
uM) were relatively higher than at 0 and 5 m during March
and April. During March and April, the DIN concentrations
at 0 and 5 m at St. 11 (1.6-2.1 uM) were much lower than
those at St. 13 (4.4-12.8 uM). In May, all nutrient concen-
trations, except those of PO,-P, increased at all depths and
stations ; the total average concentrations were 5.7 uM for
DIN, 0.20 uM for PO,-P, and 13.1 uM for SiO,-Si (Fig. 2).

Figure 3 shows the monthly changes in the cell densities of
A. tamarense and Chl a concentrations at 0, 5, and 10 m at

Sts. 11 and 13. At both stations, A. tamarense was detected
from January to April and formed blooms from March to
April.  The maximum cell densities were 1.6 X 10" cells L'
atSt. 11and 3.9 X 10’ cells L' at St. 13. 4. tamarense was
initially detected in January near the detection limit (appro.
1.0 X 10 cells L' at both stations) and occurred at relatively
low densities (<4.0 X 10° cells L") in February. The cell
densities at both stations increased to over 1.0 X 10° cells L'
from March to April and then peaked in April (3.9 X 10 cells
L'atSt. 13and 1.6 X 10*cells L' at St. 11). 4. tamarense
was extensively distributed between 0 and 5 m during the
bloom periods. In May, after the bloom, 4. tamarense dis-
appeared from the water column. The Chl a concentrations
in January were relatively low, with an average concentration
of 1.8 ug L', but increased in February at all depths to 8.1-
18.4 pg L™ because of the winter diatom bloom, which
mainly consisted of Chaetoceros spp. (5.4 X 10°-6.5 X 107
cells mL") and Eucampia zodiacus (2.2 X 10°-3.2 X 10
cells mL"). After this diatom bloom, the Chl a concentra-
tion significantly decreased at both stations in March, averag-
ing 5.6 pg L, and then increased because of a dense bloom
of the genus Skeletonema at 0 m at both stations in
April.  Chl. a concentrations in this month ranged from 11 to
22 ug L', and the cell density of Skeletonema spp. varied
from 2.1 X 10" to 1.4 X 10* cells mL'.  During the sam-
pling period, diatoms were completely dominant, with cell
densities reaching 6.0 X 10°-1.4 x 10" cells mL"'. The
next most-dominant phytoplankton group was dinoflagel-
lates.

Bioassay

The seasonal changes in the growth potentials of the sea-
water samples collected at 0 and 10 m in depth from Sts. 11
and 13 in Osaka Bay during January to May 2008 are repre-
sented in Fig. 4. The growth potentials of 4. tamarense
ranged from 7.3 X 10* cells L' t0 9.6 X 10’ cells L. This
range exceeded the maximum cell density of A. tamarense
detected during the field observations. The growth poten-
tials in January were much higher than those of the other
months at both stations. No significant differences between
months were detected at either station during February to
May. A significantly higher growth potential at 0 m than at
10 m was only detected in January at St. 13.  Conversely, the
growth potentials at 10 m in February and April at St. 11, and
in May at St. 13, were significantly higher than those at 0 m.

Figure 5 presents the results of the bioassay with A. tama-
rense to identify the growth-limiting nutrients of the seawater
samples collected at 0 and 10 m in depth from St. 11 and 13
in Osaka Bay during January to May 2008. In January, the
main growth-limiting nutrient for A. tamarense was nitrogen
in all seawater samples except that from 0 m at St. 13, for
which the growth-limiting nutrients were nitrogen and phos-
phorous. Phosphorous limited A. famarense growths at all
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Fig.4. Results of the bioassay with Alexandrium tamarense to determine the growth potentials of seawater samples collected at 0
and 10 m in depth at Sts. 11 and 13 in the eastern part of Osaka Bay from January 2008 to May 2008.  An asterisk (*) indi-
cates a significant difference between growth potentials at 0 and 10 m (P <0.05).  Error bars indicate standard deviation.

depths and stations in February, except at 10 m at St.
11.  The growth of 4. tamarense in seawater samples from 0
m at St. 13 was limited by phosphorous from March to
May. By contrast, nitrogen limitation was observed in the
10 m samples from St. 13 during March to April. No nutri-
ent limitation was observed at St. 11 from March to April or
at O m at Sts. 11 and 13 in May. The growth-limiting nutri-
ent at 10 m at St. 13 in May was nitrogen.

Discussion

The depletion of inorganic nutrients, particularly DIP and
dissolved silicate, and the corresponding occurrences of A.
tamarense blooms have been widely observed at the surface
layer in the eastern part of Osaka Bay from March to April
(Figs. 2 and 3). Yamamoto and Tarutani (1999) performed
semicontinuous culture experiments and reported that the
phosphate concentration required for maintaining the maxi-
mum growth of 4. tamarense isolated from Hiroshima Bay
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asterisk (*) next to a nutrient-added medium indicates a significant increase of the treatment mean over that of the +none
treatment. Treatment means were analyzed using Dunnett’s multiple comparison test (P < 0.05).  Error bars indicate stan-
dard deviation. Data represent the means of n = 3 replicates.

was 0.12 pM. During the 4. tamarense bloom period in the
present study, the observed concentrations of DIP at the sur-
face layer were much lower than this value (Fig. 2). Fur-
thermore, the observed concentrations of dissolved silicate at
the surface layer from March to April (Fig. 2) were mostly
lower than the reported threshold silicate concentration (2
uM) required to sustain the highest potential growth rate of

diatoms (Egge and Aksnes, 1995). Consequently, the lack
of inorganic nutrients at the surface layer during the spring
was postulated to significantly limit the growth of A. tama-
rense and competitive diatoms in the bay.

The bioassay experiment indicated that phosphorous limi-
tation occurred in the surface water, whereas nitrogen limita-
tion occurred in the bottom water collected from St. 13 during
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March and April (Fig. 5). Moreover, the bioassay revealed
higher growth potentials in the bottom water than in the sur-
face water from St. 11 in February and April (Fig. 4). These
results suggested that the bottom waters in the eastern part of
Osaka Bay contained excess nutrients during spring, which 4.
tamarense could gather using diel vertical migration to a
deeper layer at night. Fauchot et al. (2005) have reported
the diel vertical migration of A. tamarense from a depth of
2-4 m during the daytime to below the nutricline, formed at a
depth of over 10 m, during the nighttime in the St. Lawrence
estuary. The diel vertical migration of 4. tamarense has also
been observed at a station located in a fishing port of Osaka
Bay (water depth of 5 m) during an A. tamarense red tide
(Yamamoto et al., 2010). These reports support that A. tam-
arense is able to vertically migrate below the 10 m layer in
Osaka Bay. The maximum yields determined by the bioas-
say ranged from 7.4 X 10 cells L" to 1.4 X 10’ cells L in
the surface water during February to April (Fig. 4), when
nutrients concentrations were quite low. These yields were
approximately 5-10 times higher than the maximum cell den-
sity of A. tamarense (1.4 x 10" cells L") observed in the field
(Fig. 3). Therefore, A. tamarense could obtain sufficient
nutrients to bloom, as was observed during the field observa-
tions, but low nutrients concentrations limited its growth and
that of the dominant diatoms. In addition, 4. tamarense
growth potentials were expected to increase by approximately
threefold at St. 13 during March and April and by 1.7-to 1.9-
fold at St. 11 during February and April (Fig. 4), through uti-
lizing the nutrients in the bottom water for growth. These
growth potentials were estimated at 2.1 X 10°-4.2 X 10’
cells L, assuming that A. tamarense could fully utilize the
nutrients in the bottom water by diel vertical migra-
tion. These values reached approximately 35% to 70% of
the maximum cell densities observed at fixed stations by
Yamamoto et al. (2009) in Osaka Bay during the massive 4.
tamarense bloom period in 2007. The results of the bioas-
say suggested that the nutrient availability in the bottom water
in the eastern part of Osaka Bay during spring, accessible by
diel vertical migration, was potentially advantageous for the
growth of A. tamarense and contained part of nutrients neces-
sary for the species to develop a massive bloom.

The present bioassay identified different growth-limiting
nutrients and growth potentials between surface and bottom
water samples during the A. tamarense bloom period in most
cases, but no differences were observed among seawater sam-
ples collected from St. 11 in March (Figs. 4 and 5). This
observation implies that 4. famarense obtains the essential
nutrients necessary for growth by other mechanisms. For
example, Jeong et al. (2010) have reported that 4. tamarense
can ingest heterotrophic bacteria, pico-sized cyanobacteria, or
various nanophytoplankton such as haptophytes and crypto-
phytes. Tada et al. (2003) investigated the seasonal size
fractionation of phytoplankton in Osaka Bay and concluded

that pico- and nanophytoplankton occurred in all seasons and
accounted for 33% and 31%, respectively of the total Chl ¢ in
the bay. Although the present study did not consider the
contribution of particulate matter, including pico- and nano-
phytoplankton, to the growth of 4. tamarense, the intake of
such matter through phagotrophy by this species in the field
should be addressed in the future.

The water temperature and salinity observed during the
sampling period were within the ranges at which 4. tama-
rense strains can grow (Watras and Chisholm, 1982 ; Yama-
moto et al., 1995 ; Yamamoto and Tarutani, 1997) and at
which blooms have been observed in Osaka Bay (Yamamoto,
2004 ; Yamamoto et al., 2009). Therefore, water tempera-
ture and salinity are not always the only important factors
controlling the growth of 4. tamarense. However, the water
stratification observed during the A. tamarense bloom period
was hypothesized to prevent the constant growth of diatoms
because of the lack of DIP and dissolved silicate in the surface
layer. Therefore, it is difficult for the species to maintain
constant populations. Under the conditions of water stratifi-
cation formed by a river water plume, 4. tamarense bloom
formations have been reported at the St. Lawrence estuary
and the Gulf of Maine (Therriault et al., 1985 ; Franks and
Anderson, 1992 ; Fauchot et al., 2008). Water stability also
contributed to the formation of 4. tamarense blooms in Hiro-
shima Bay (Itakura et al., 2002 ; Yamamoto et al., 2002a).
For these reasons, low nutrient concentrations in the surface
water and relatively shallow water stratification (10 m or less)
are important factors for the formation of A. tamarense
blooms.

The present study partially identified the nutrient condi-
tions leading to 4. tamarense bloom formation in Osaka Bay
during the spring (Fig. 2). Diatom blooms in late winter
usually occur under nutrient-enriched and moderate vertical
mixing conditions in the water column. In the present study,
high Chl a concentrations (Fig. 3) and a bloom of large dia-
toms, including Chaetoceros spp. and E. zodiacus, occurred
in February. This winter diatom bloom was hypothesized to
induce the heavy consumption of nutrients from January to
February. Large diatom blooms and the heavy consumption
of nutrients in winter have also been reported in Hiroshima
Bay before 4. tamarense blooming (Itakura et al., 2002).
Likewise, the decrease of nutrients and increase of Chaetoc-
eros spp. cell density in winter were observed before the
bloom formation of 4. tamarense in Osaka Bay in 2007
(Yamamoto et al., 2009). These previous studies also indi-
cated that the depletion of nutrients and water stratification
continued during late winter to spring. The continuous
depletion of nutrients in the surface water after a winter dia-
tom bloom is thought to be an important factor contributing to
the expansion of 4. tamarense blooms in the eastern part of
Osaka Bay, as has been observed in Hiroshima Bay. A lack
of nutrients limited diatom growth in the surface water, but
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the present study suggested that vertical migration below the
nutricline during the night enabled A. tamarense to grow
through the nocturnal uptake of nutrients in this deeper layer.

Throughout the world, eutrophication has caused numer-
ous environmental problems for coastal marine ecosystems,
such as harmful algal blooms and oxygen depletion (reviewed
by Rosenberg, 1985 ; Boesch and Rabalais, 1991). The
Seto Inland Sea of Japan, including Osaka Bay, is one of the
most eutrophicated areas in Japan, and serious damage to
fisheries due to harmful red tides of raphidophytes and dino-
flagellates has occurred since the 1970s (Imai et al., 2006).
The scale and number of these harmful red tides have recently
begun to decrease because of the success of water-purity con-
trols, such as regulatory laws and improvements in sewage
disposal facilities (Imai et al., 2006). The present study sug-
gested that recent occurrences of toxic A. tamarense blooms
in Osaka Bay have been highly related to the low conven-
tional (DIN and DIP) nutrient concentrations in the surface
water, as has previously been observed in Hiroshima
Bay. Moreover, different growth-limiting nutrients and
growth potentials were observed between the surface and bot-
tom waters during the A. famarense bloom period, suggesting
that the diel vertical migration ability of the species and its
uptake of nutrients in bottom waters have been advantageous
under low nutrient concentrations in recent years. Thus,
recent nutrients decrease potentially lead to the massive
occurrences of the toxic species while the decrease of red tide
occurrences.
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