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Abstract: Blooms of the dinoflagellate Gymnodinium mikimotoi were investigated in the Suo-Nada
inshore waters in the western Seto Inland Sea, Japan, during the summers of 1992 and 1993. In 1992,
a bloom of G. mikimotoi (>1000 cells mI~') occurred following temperature stratification of the water
column associated with the appearance of low dissolved oxygen (<50% of saturated concentration)
and a marked increase in NHj in the bottom water {14-15 July). In 1993, a marked increase in NHj in
both surface and bottom water and an increase of the G. mikimotoi population were observed follow-
ing mixing of the water column induced by strong wind (20 ms™") of a typhoon (11 August). Blooms
of the organism (2500 cells mI~"} occurred in nearshore coastal areas one week after mixing during
frequent rainfall, when a pycnocline was formed in the middle layer (18 August). Bioassay experi-
ments in 1993 showed that the marked increase in NH; in the bottom water was favorable for growth
of G. mikimotoi. River loading of NOj after rainfall did not directly stimulate the growth of G. mikimo-
toi. The following scenario was suggested: (1) release of NH; and other micronutrients by biological
regeneration at the sea bottom stimulate population development of G. mikimotofs; {(2) such release
occurs following two different events, strong stratification of the water column accompanied by the
appearance of low oxygen concentrations in the bottom layer, and a mixing of the water column in-
duced by strong wind; (3) after mixing of the water column, stratification allows the development of

G. mikimotoi blooms.
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Introduction

Gymnodinium mikimotoi is an unarmored marine di-
noflagellate and one of the noxious red tide flagellates caus-
ing mass mortalities in cultured and wild fish and shellfish
populations in western Japan (Honjo 1987, 1994; Matsuoka
et al. 1989; Yamaguchi 1994). This species was first re-
ported as Gymnodinium sp. type-"65 (lizuka & Irie 1966).
Thereafter it was named G. nagasakiense (Takayama &
Adachi 1984). Recently this has been proposed to be a syn-
onym of G. mikimotoi Miyake et Kominami ex Oda
(Takayama & Matsuoka 1991). Also this species is thought
to be closely related to the European type Gyrodinium aure-

Corresponding author. Bon Kimura; e-mail, kimubo@tokyo-u-fish.ac.jp

olum Hulburt (Hallegraeff 1993). A bloom of G. mikimotoi
was first reported in 1965 at Omura Bay, on the western
coast of Kyushu Island, Japan (lizuka & Irie 1966). Since
then the blooms have occurred nearly annually during the
summer along the coasts of various regions of western
Japan, including the Suo-Nada Sea on the eastern coast of
Kyushu Island. During the summers of 1985 (Matsuoka et
al. 1989) and 1991, red tides covered a wide area of shore-
line in and around the Suo-Nada Sea including the Iyo
Nada Sea (western Seto Inland Sea), causing serious dam-
age to aquaculture. Although the frequency of large-scale
red tide events has gradually been decreasing since the late
1980s due to effluent controls, local blooms of this alga still
occur frequently during the summer, particularly nearshore.
Motile cells of this species are also observed in the winter
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{Nakata & lizuka 1987, Terada et al. 1987; Itakura et al.
1990) and throughout the year (Honjo et al. 1990).

In earlier investigations, lizuka & Irie (1969) and lizuka
(1972) proposed two hypotheses to explain the initiation of
G. mikimotoi blooms in Omura Bay: rainfall for July
blooms and either anoxic bottom water or bottom water
having low oxygen concentrations for September blooms.
Particularly frequent occurrences of September blooms
have been limited to regions in the vicinity of the anoxic
central part of the bay, and lizuka (1972) suggested a close
relationship between bloom development and the appear-
ance of anoxic bottom water. In a recent study in the Suo-
Nada Sea, Tamori et al. (1991) hypothesized that many G.
mikimotoi blooms that occurred in this area were initiated
in the inshore and southwestern region. Also, a following
study (Koizumi et al. 1994) revealed that the red tide ex-
panded offshore into other regions of the Suo-Nada Sea
through diffusion of the upper mass as a consequence of the
breakdown of stratification in the inshore area. Aside from
this information on the timing and location of bloom occur-
rence and the mechanisms of diffusion, little is known
about the causative nutritional and environmental condi-
tions for the initial increase in cell density of G. mikimotoi
in inshore waters.

In a two-year (1992, 1993) study in the Suo-Nada Sea, as
part of a monitoring program set up by both national and
regional agencies, we investigated environmental condi-
tions favoring the formation of blooms of G. mikimotoi in
nearshore coastal waters.

Materials and Methods
Investigation area

The Suo-Nada Sea is a large enclosure of water sur-
rounded by the main island of Japan (Honshu) and by
Kyushu Island, with an outlet to the Japan Sea consisting of
a narrow strait (Fig. 1). In the study area, located nearshore
in shallow water (less than 15 m), the effect of offshore cur-
rents from the open sea (Pacific Ocean) is relatively weak,
resulting in a muddy bottom. Although the water is only
about 8 to 14m deep in this area, the marked increase in
water temperature in late July generally involves tempera-
ture stratification, with At of up to 3°C. These factors often
lead to oxygen deficient water at the sea bottom in this area,
and this is easily disturbed by mixing of the water column
(Tamori et al. 1991; Kamizono 1997). The concentration of
dissolved inorganic nitrogen (DIN) is generally low, rang-
ing from 0.2 to 10 pg-at I”', with an average of 2 ug-at 1"'.
The average PO}~ is 0.1 ug-at I”', being undetectable at
times. Overall, the level of eutrophication in the Suo-Nada
Sea is generally low compared to other Japanese coastal
areas with frequent red tide incidents (Endo et al. 1987).

The site selected for this study, Stn 11, was located 3 km
(depth: 8 m) off the coast of Yukuhashi-city on Kyushu Is-
land (Fig. 1). The station is in a region where red tides have
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Fig. 1. Study area showing sampling stations in the Suo-Nada
Sea. Star indicates location of Stn 11.

been recorded frequently since monitoring began in 1973.
Outbreaks of red tides in the Suo-Nada Sea are believed to
originate from populations present in nearshore areas, in-
cluding Stn 11 (Tamori et al. 1991; Koizumi et al. 1994).
Other stations were also used for monitoring Gymnodinium
mikimotoi to give a geographic distribution of the blooms
along the coast (Fig. 6).

Sampling

Sampling was performed at weekly intervals, unless oth-
erwise noted, from late May to late August in 1992 and
1993. On each sampling occasion, a vertical profile of
salinity and temperature was recorded with an STD (Aleck
Electronics Co. Ltd., AST1000M). Further analyses were
conducted on samples of surface water (0.5-m depth) and
bottom water (1 m above the sea bottom). Samples for de-
termination of dissolved oxygen concentrations were col-
lected in 100-ml Winkler bottles. Seawater samples for nu-
trient analysis were filtered through Whatman GF/F glass-
fiber filters and stored frozen for analysis of ammonium
(NH;/NH,, hereafter referred to as NH}), combined nitrate
and nitrite (NO; +NOj3, hereafter referred to as NO3), and
for orthophosphate (PO}™) concentrations using a Techni-
con Auto Analyser TRAACS-800. Particulate organic car-
bon and nitrogen concentrations were assessed on filtered
samples (Whatman GF/B, precombusted at 450°C for 2h)
using an autoanalyzer (Sumitomo Chemical Co. Ltd., NC
80) . Chlorophyll a was measured by spectrophotometric
analysis of particulate material collected on glass-fiber fil-
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Fig. 2. Variation in rainfall and wind velocity in the Suo Nada coastal area during the summers of 1992 and 1993. Shaded areas

indicate the period of Gymnodinium mikimotoi blooms.

ters (GF/C) by gentle suction and extracted into 90% ace-
tone. The data for wind and rainfall were obtained from the
Fukuoka Fisheries and Marine Technology Research Cen-
ter, which is situated on the coast of the Suo-Nada Sea
about 7km from Stn 11. The population density of G. miki-
motoi was evaluated by counting the cells in the samples
using a hemocytometer.

Algal bioassay experiments

Bioassay experiments were performed in 1993 to evalu-
ate the growth potential of G. mikimotoi in coastal surface
and bottom water. Within 3 h after the water samples had
been collected and maintained in sterilized 500-ml Pyrex
glass bottles on ice, they were filter-sterilized through a
0.22-um membrane filter (Millipore filter GS). An axenic
culture of G. mikimotoi was kindly provided by Dr Mineo
Yamaguchi (Nansei National Fisheries Research Institute).
Prior to the bioassay experiments, the alga was incubated in
1/2.5 diluted SWM-3 medium (Chen et al. 1969; Ito & Imai
1987). The culture medium consisted of aged natural sea-
water (29 to 31 psu, filtered through Whatman GF/C glass-
fiber filters) enriched with 800uM NaNO,;, 40uM
KH,PO,, trace elements and vitamins. One hundred-ml Er-
lenmeyer flasks (precombusted for 1 h at 450°C) were used
as bioassay vessels. One tenth-ml aliquots of the precul-
tures in exponential phase were inoculated into 40-ml sea-
water samples collected on each sampling occasion (aver-
age initial cell numbers; 12+6cellsml™', nutrient carry-
over; N, 2.0 uM; P, 0.1 uM). Samples were taken at regular
intervals (2-3 d), and celis were enumerated with a hemo-
cytometer. After confirmation of the growth (7-14d of in-
cubation), 1-ml aliquots of these preadapted cultures were

further inoculated into another set of 40-ml filter-sterilized
seawater samples which had been stored at 4°C in the dark.
We calculated the amount of nutrient carry-over after the
2nd transfer from precultures to be acceptable to determine
accurately the growth potential of the Suo-Nada Sea coastal
waters. Considering that the average nutrient levels in the
Suo-Nada Sea are ca. 2 uM of N and 0.1 uM of B, the effect
of nutrient carry-over on the bioassay method (nutrient
carry-over was 0.05 uM of N, and P, 2.5X1073 uM of P)
was minimal. All the cultures were incubated at 25°C, in a
12h light: 12h dark cycle, with average light intensity of
150 uEm™%s~!. Samples were taken at regular intervals
(2-3d), and cells were enumerated as described above.
Total experimental time was determined by the length of
time required for the algal populations to achieve maximum
yield. This time was generally about 8-14 d. Triplicate cul-
tures were used for growth measurements and the data rep-
resent the mean values of the maximum yield.

Results
Physical parameters

In 1992, the average rainfall per month (174.5 mm) dur-
ing the period from June to August (Fig. 2) was lower than
that calculated from data during the same period over the
previous 5 years (1987 to 1991) (199.6 mm), and the aver-
age salinity (32.0 psu) (Fig. 3) was higher than the average
value for the previous 5 years (31.1 psu). The wind velocity
was generally below 10ms™', though it reached 17ms™!
on 4 August and 30ms~' on 8 August with the passage of
two typhoons (Fig. 2). During July, both the surface and
bottom water temperature increased markedly (Fig. 3). A
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strong temperature stratification, indicated by the tempera-
ture difference between surface and bottom water, formed
throughout July and was broken up by the typhoon on 4
August (Fig. 3). On 14 July, as temperature stratification
was beginning, oxygen-deficient water appeared at the sea
bottom (Fig. 3).

In 1993, the average rainfall per month (378.5 mm) (Fig.
2) during the period from June to August was almost twice
as much as that calculated from the data from 1987 to 1991.
The salinity declined throughout this period (Fig. 3), and
the average salinity (29.9 psu) during this period was lower
than that calculated from 1987 to 1991. The wind velocity
was generally below 10ms™', except on 10 August when,
with the passing of a typhoon, it reached more than

20ms™' (Fig. 2). The water temperature did not increase
markedly throughout the summer (Fig. 3), due to the high
frequency of rainfall. A pycnocline formed from 18 to 24
August (Fig. 3) following frequent rainfall (Fig. 2). Al-
though not low enough to be classified as oxygen deficient
(<50% of the saturated concentration), the bottom water
did not contain high levels of dissolved oxygen (60-80% of
the saturated concentration) throughout the summer (Fig.
3). A marked decrease in dissolved oxygen in the bottom
water was observed on 24 August, associated with the
salinity stratification (Fig. 3).
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Nutrients

In 1992, peaks in NH}, NOj, and PO}~ concentrations in
the surface water occurred on 24 June (Fig. 4) following
heavy rainfall the day before (Fig. 2). These inorganic nu-
trients were introduced by river inflow as indicated by the
slightly increased difference in both temperature and salin-
ity between surface and bottom water on this date (Fig. 3).
On 14 July, conspicuous peaks in NH; and PO;" concen-
trations occurred in the bottom water (Fig. 4) following
temperature stratification and the accompanying appearance
of oxygen-deficient water (Fig. 3). The stratification at this
time is speculated to be due to a marked increase in water
temperature (Fig. 3). A significant portion of the DIN was
NHj; NOj was almost undetectable in the bottom water
(Fig. 4).

In 1993, a single peak in NH] and two peaks in NO; oc-
curred in both surface and bottom water during the summer
period (Fig. 4). The first peak in NOj concentration and the
sole peak in NH} concentration occurred on 11 August, the
day after the passage of the biggest typhoon of the season,
with a wind velocity of more than 20ms™' (Fig. 2). Al-
though NOj was also detected, a significant portion of the
DIN in the bottom water was NHj at this time. The second
peak in NOj concentration in both surface and bottom
water and a conspicuous peak in PO}~ concentration in the
bottom water occurred on 24 August (Fig. 4), following fre-
quent rainfall from 14 to 24 August (Fig. 2) and accompa-
nying the appearance of oxygen-deficient water (Fig. 3).
There was a change in the composition of the DIN between
11 and 24 August as indicated by the fact that almost no
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NHj was detected on 24 August. During this period salinity
decreased markedly in the surface water, leading to strong
salinity-based stratification (Fig. 3). Nitrate (NO3) was ap-
parently introduced by river inflow. The extremely low oxy-
gen concentration (Fig. 3) accounts for the high PO}~ con-
centration in the bottom water on this date.

Population increase of Gymnodinium mikimotoi

In 1992, a localized bloom of G. mikimotoi (14 July) and
a small population increase (4 August) were observed dur-
ing the summer at Stn 11 (Fig. 5). The two peaks in chloro-
phyll-a concentration in the surface water (Fig. 5) were at-
tributed to the G. mikimotoi population alone, since virtu-
ally no other species of phytoplankton were present during
the blooms (data not shown). During other periods, diatoms
were the dominant group of phytoplankton, usually ac-
counting for more than 90% of total chlorophyll a (data not
shown). The bloom on 14-15 July was associated with a
marked increase in NH; (Fig. 4) and a decrease in dis-
solved oxygen (to below 50% of the saturated concentra-
tion, Fig. 3) in the bottom water, following temperature
stratification of the water (Fig. 3). The population density
of G. mikimotoi reached 1000 cellsml~' on the next day (15
July, see Fig. 6A), resulting in a typical red tide. On 15 July,
the surface water turned dark brown, although no fish or in-
vertebrate deaths were reported. On 16 July, decay of the
bloom proceeded rapidly, with cell density dropping to less
than 10 cellsml~' (data not shown).

Another significant increase (ca. 100cellsml™') of G.
mikimotoi occurred at Stn 11 on 4 August 1992 (Fig. 5) in
turbulent water stirred up by a typhoon with wind velocity
of 15ms™! (Fig. 2). The sampling was done as the typhoon
was approaching the area. At that time, the water column
was already turbulent and the research vessel had to return

July August

July August

September

bloom
{Aug.18)

Fig. §. Variation in chlorophyll a
and number of Gymnodinium miki-
motoi cells in the surface (O) and
bottom (@) water at Stn 11 in the
Suo Nada coastal area during the
summers of 1992 and 1993. Shaded
areas as in Fig. 2.

Aug.1 Aug.24
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to shore because of increasing wind strength. Stratification
was completely eliminated at the time of sampling as indi-
cated by a lack of temperature and salinity differences be-
tween the surface and bottom water (Fig. 3) and by the high
dissolved oxygen content in the bottom water (Fig. 3).
Gymnodinium mikimotoi was detectable in high numbers at
this time (Fig. 5). During the following period, from 4 to 25
August, no further population development of G. mikimotoi
was observed (Fig. 5) despite a gradual increase in NHJ,
NO;3, and PO;~ concentrations in both surface and bottom
water (Fig. 4). During this period, another typhoon passed
through (8 August), with a wind velocity of more than
30ms™' (Fig. 2).

In 1993, while Stn 11 was not the central area of the G.
mikimotoi bloom, population densities at the surrounding
stations in the Suo-Nada Sea indicated that the bloom de-
veloped between 11 and 18 August (Fig. 6B) during which
time frequent rainfall was observed nearshore. The highest
count (2500 cells ml™') was obtained on 18 August at a sta-
tion located 10km south of Stn 11 (Fig. 6B). At this time,
salinity-based stratification was forming in this region (Fig.
3), and G. mikimotoi occurred throughout the southern part
of the Suo-Nada Sea (Fig. 6B). The population increase of
G. mikimotoi was initiated on 4 August and became more
rapid on 11 August (Fig.5), the day after the strong turbu-
lence caused by the large typhoon (Fig. 2). The G. mikimo-
toi population was apparently in the process of developing
on 11 August (Fig. 5). The maximum count for the in situ
G. mikimotoi population (37cellsml™!, Fig. 5) and a
marked increase in chlorophyll a (Fig. 5) was observed in
the surface water on 18 August, when red tides occurred in
surrounding areas (Fig. 6B). It was not clear why the cell
count for G. mikimotoi was low (37cellsml™") at Stn 11
relative to the chlorophyll-a concentration (Fig. 5). Since
we could not find any other dominant phytoplankton
species on this date (data not shown), one possibility was
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that cells of G. mikimotoi had been lysed by the time of cell
counting.

The G. mikimotoi population at Stn 11 (Fig. 5) did not
respond to the marked increase in NOj either in the surface
or bottom water nor PO}~ in the bottom water on 24 Au-
gust (Fig. 4), both of which were thought to have been in-
troduced by river inflow.

Bioassay experiments

Bioassay experiments were performed to evaluate the
growth potential of algae in coastal waters in 1993. On 11
August the growth potential of G. mikimotoi reached a
maximum (surface water, 445 cells ml™'; bottom water,
215 cellsml™"), indicating that water conditions were favor-
able for vigorous growth of the organism (Fig. 7). This in-
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Fig. 7. Variation in growth potential of Gymnodinium mikimotoi

in the surface (O) and bottom (@) water at Stn 11 in the Suo Nada
coastal area during the summer of 1993. Shaded areas as in Fig. 2.

crease in growth potential corresponded with the marked
increase in NH; and NOj concentrations in the bottom
water (Fig. 4). On 18 August (the date of the red tide
nearshore) a decrease in growth potential (Fig. 7) and NHj
concentration in the bottom water (Fig. 4) was observed
compared to one week earlier. It was assumed that nutrients
had already been consumed by the G. mikimotoi population
at the time of sampling. Growth potential did not change
with the marked increase in NO; and PO}~ concentrations
on 24 August (Fig. 4). The growth potential of G. mikimo-
toi in the surface and bottom water on this date was low
(Fig. 7).

Discussion

The present study suggests that nutrient richness in the
benthic zone, as indicated by increases in NHj, should be
considered a major indicator of the development of local
populations of Gymnodinium mikimotoi nearshore in the
Suo-Nada Sea. Numerous investigations have presented the
hypothesis to explain the initiation of the dinoflagellate
blooms in coastal waters. Although some local blooms in
coastal areas were apparently due to the advection of
blooms initiated in offshore areas (Delmas et al. 1992),
most studies have suggested that the availability of terrestri-
ally-derived nutrients account for the local growth of di-
noflagellates (Hallegraeff 1993; Rudek et al. 1991). Ni-
trogenous nutrients have been considered to be one of the
major factors controlling the occurrence of many dinofla-
gellate blooms (Chang & Carpenter 1985; Paerl et al.
1990). In estuarine and coastal waters, nitrogen loading has
been suggested as a potent growth-stimulating nutrient
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source (Rudek et al. 1991). Nitrogen limitation during sum-
mer appeared to be a general phenomenon in Chesapeake
Bay (Fisher et al. 1992; Harding 1994). Lagoonal character-
istics in a shallow tidal estuary in summer have been docu-
mented by Litake et al. (1987), where they suggested that
nitrogen was primarily supplied as NH; by biological re-
generation in summer and by river inflow in winter. As for
physical characteristics, the literature shows that physical
features such as wind-driven currents, tides, upwelling and
downwelling, and water stratification are major controlling
factors in red-tide formation (Paerl 1988). Particularly, the
roles of vertical and horizontal water-column stability have
been emphasized (Chang & Carpenter 1985; Delmas et al.
1992). Stratification has been considered an important fac-
tor in building up populations of Gyrodinium aureolum in
the English Channel and the Baltic Sea (Holligan 1979) and
in a Long Island estuary (Chang & Carpenter 1985). Strati-
fication has been shown to help maintain patches of dinofla-
gellates near the pycnocline (Delmas et al. 1992). Qur ob-
servation on 14 July 1992 indicates that a marked decrease
in dissolved oxygen concentration in the bottom water ac-
companied water temperature stratification (Fig. 3), which
was closely associated with the G. mikimotoi red tide at Stn
11 (Fig. 5). Furthermore, a marked increase in NH} con-
centration in the bottom water (Fig. 4) on the same day im-
plies that NH; was generated by biological decomposition
of organic matter which had accumulated on the sea bot-
tom. The increase in NH; concentration is speculated to re-
sult mainly from benthic biological regeneration, because
(1) we did not find any increase in NH] concentration in the
surface water on this date (Fig. 4), and (2) a very high
chlorophyll-a concentration (Fig. 5), and POC and PON
concentrations (Fig. 4) in the bottom water had been ob-
served one week earlier (7 July), suggesting an accumula-
tion of sedimented phytoplankton in the bottom water. Im-
mediately after mass sedimentation of diatoms, the sedi-
ment transiently releases NH; at a high rate (Jensen et al
1990). Also, rapid bacterial turnover of urea into NH} has
been suggested (Therkildsen & Lomstein 1994). Ouchi (Hi-
roshima Fisheries Experimental Station, pers. comm.) has
found a close relationship between the development of G.
mikimotoi blooms and NH; increase in the bottom water in
Hiroshima Bay. In early studies on G. mikimotoi blooms,
lizuka (1972) suggested that the release of micronutrients
from a reductive sea floor accompanied by the appearance
of anoxic bottom water following strong water stratification
events could be one reason for the blooming of G. mikimo-
toi in Omura Bay. Also, Hirayama & Numaguchi (1972) re-
ported that the growth of this species was promoted by an
extract from anaerobically decomposed bottom mud from
Omura Bay. In the present study, the decrease in dissolved
oxygen concentration in the bottom water was unlikely to
be the result of the breakdown of the G. mikimotoi bloom
because the algal population was still in the process of de-
veloping (ca. 250cellsml™'). The population density
reached 1000cellsml™' on the next day (15 July). These

observations are in agreement with previous studies, i.e., G.
mikimotoi blooms after oxygen deficiency (lizuka 1972)
and after an increase in NH (Ouchi, pers. comm.) in the
bottom water. A connection between algal blooms and pre-
ceding anoxic events over a wide area of sea floor was also
observed on the Swedish west coast (Graneli et al. 1989).
We did not find an external source of nutrients on 14
July, so during this period it appears that G. mikimotoi grew
and maintained its population by vertical migration, taking
up NHj and other micronutrients from the sea bottom.
Strong stratification creates a distinct advantage for dinofla-
gellates over less motile phytoplankton taxa, since dinofla-
gellates can migrate vertically to deeper nutrient-rich water
at night. It has been reported that G. mikimotoi undergoes a
nocturnal downward migration at velocities of between 1.3
(Honjo et al. 1990) and 1.7mh™' (lizuka & Irie 1966). A
more recent study (Koizumi et al. 1996) revealed that this
species can migrate vertically more than 20 m daily at ve-
locities of about 2.2mh™'. We did not measure the process
of vertical migration in the present study. However, since
the water was only about 8 to 14m deep in the study area,
G. mikimotoi may have exhibited a similar pattern of verti-
cal migration and stayed on or near the sea floor during the
night for nutrient uptake as suggested by Honjo (1994).
Another increase in NHj concentration occurred in the
bottom water in 1993 (11 August, Fig. 4), the day after
strong mixing of the water column by a passing typhoon
(Fig. 2). Results of algal growth potential experiments indi-
cated that the growth potential of G. mikimotoi in the bot-
tom water increased markedly on this date (Fig. 7). In a re-
cent study in Gokasho Bay, Iwata et al. (1997) also ob-
served a high growth potential of G. mikimotoi in the bot-
tom water 2 to 8 weeks earlier than the development of
blooms of this species. In the present study, the bloom in
1993 was formed after a period of rainfall on 18 August
(Figs 2, 6B), one week after the marked increase in NHj
concentration and the growth potential in the bottom water.
These observations suggest that a wind-induced increase in
NHj concentration and algal growth potential near the sea
floor stimulated the population of G. mikimotoi to develop.
It has been shown that windy conditions will reduce, and
sometimes eliminate, the possibility of a dinoflagellate
bloom (Hartwell 1975) regardless of nutrient enrichment
conditions. Among the microalgae, dinoflagellates appear
to be the most sensitive to growth inhibition by small-scale
turbulence (Thomas & Gibson 1990). Honjo et al. (1990)
found that most G. mikimotoi cells occurred at depths of 5
to 10 m at densities of 107 to 10°cellsml™"! in the daytime in
Gokasho Bay and indicated that the ability to maintain the
population in the middle layer at low cell densities might be
important in avoiding frequently unfavorable conditions. In
the present study, a population of G. mikimotoi developed
despite a strong typhoon on 10 August 1993, indicating that
the species has tolerance for strong winds during the early
stage of population development and adapts well to turbu-
lence where nutrient concentrations are relatively high.
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However, the combination of wind strength, depth of water
column and population size seems to be important in shal-
low waters. In the present study, no G. mikimotoi popula-
tion was detected following a powerful typhoon with wind
velocity of more than 30ms™' (8 August 1992, Figs 2, 5).
Hence, the G. mikimotoi population apparently disappears
during extremely strong wind conditions in shallow coastal
areas.

The algal bioassay results suggested that NHj itself was
never the sole limiting and thus stimulating physiological
factor for G. mikimotoi. Although we did not conduct sup-
plementary experiments for the bioassay, the much lower
yield obtained by the bioassay of G. mikimotoi compared to
that calculated from the minimum cell quota of N for this
species (Yamaguchi 1994) supported this hypothesis. The
dissolved inorganic nitrogen concentration (NO;+NO; +
NHj}) in the surface and bottom water at Stn 11 on 11 Au-
gust 1993 was 5.5 and 7.4 ug-at N 17! (Fig. 4) which was
calculated to support 1400 and 1890 cells ml~' respectively,
while the yield actually obtained in the bioassay experi-
ments was 445cellsml™" and 215 cellsml™', respectively
(Fig. 7). These calculations indicate that it was unlikely that
G. mikimotoi was nitrogen limited. Similar values for phos-
phorus indicate that it is also not a limiting factor in the
Suo-Nada Sea. We speculate that there exist heretofore
unidentified micronutrients present at times near the sea
floor which limit or stimulate the growth of G. mikimotoi.
Hirayama & Numaguchi (1972) have shown that hot-water
extracts from anaerobically incubated bottom mud from
Omura Bay promoted the growth of G. nagasakiense (=G.
mikimotoi) and in particular, the extracts from summer mud
showed much stronger activity than extracts from winter
mud. Ishimaru et al. (1989) has emphasized that selenium
was an essential factor in the initiation of blooms of this
species. We believe that the release from the sea floor of
both NH; and some other micronutrients co-stimulated the
development of the bloom. Our findings to date do not
allow further speculation on this point.

Both the algal bioassay and the in situ population data
presented in this study suggest that an inflow of NOj after
rainfall per se was not a direct factor stimulating the in-
crease of the G. mikimotoi population. The low growth po-
tential of G. mikimotoi in both the surface and bottom water
on 24 August (Fig. 7), despite the extremely high NO; and
PO~ concentrations (Fig. 4), support the above assump-
tion. Other studies (Delmas et al. 1992; Prego 1992) also
show that inorganic nutrient input of terrestrial origin does
not directly promote the growth of dinoflagellate popula-
tions inshore. Paerl et al. (1990) suggested that nitrogen
supplied directly by rainfall is capable of enhancing estuar-
ine and coastal phytoplankton production. Chang & Car-
penter (1985) suggested that high nitrogenous nutrient
availability in a Long Island estuary is a prerequisite for
blooms of Gyrodinium aureolum. River loading of humic
substances and the release of NH} was suggested to play an
important role in algal blooms in an area off the Swedish

coast (Carlsson et al. 1993). We have observed that G. miki-
motoi blooms occur much more frequently inshore (<10m
water depth) than off-shore in the Suo-Nada Sea (data not
shown). Since G. mikimotoi utilizes both NO3 and NH; in a
laboratory culture system (Yamaguchi 1994), it is likely
that certain micronutrients related to the growth of G. miki-
motoi were absent in the river inflow. We believe eutrophi-
cation from river inflow to be a prerequisite for G. mikimo-
toi blooms, but it does not trigger the blooms directly.

Our results suggested that blooms of G. mikimotoi could
occur at relatively low salinities (Fig. 3). The blooms on 18
August 1993 occurred in the middle of a period of frequent
rain (Figs 2, 6B). This was in agreement with other studies
(Yamaguchi & Honjo 1989; Itoh et al. 1990). Yamaguchi
(1994) has shown that the range of salinity tolerable for
growth of this species was wide; ranging from 15 to 30 psu,
being optimum at 25 psu (25°C) for maximum growth rate
and at 30psu (20°C) for maximum cell yield. The wide
salinity range was similar to that which Chang & Carpenter
(1985) found for Gyrodinium aureolum on field observa-
tions in a Long Island estuary. Also, Itoh et al. (1990) sug-
gested that blooms of G. mikimotoi are most likely in years
of relatively high rainfall and low amounts of accumulated
sunlight intensity, based on 15 years of field data from the
Suo-Nada Sea (1973-1987). This hypothesis was supported
by the observations of the bloom in 1993. However, the
bloom on 14 July 1992 was apparently not related to rain-
fall and salinity decrease, but rather, to oxygen deficient
water near the sea floor. Therefore, rainfall and salinity de-
crease may account for a part of the bloom occurrence in
these areas, but are by no means the only environmental
factors that determine the bloom development of this
species in the Suo-Nada Sea. A study in another area
(Gokasho Bay) (Honjo 1987) also suggested that rainfall
events and salinity decreases in coastal waters were un-
likely to be the sole explanation for the development of
blooms of this species.

Stratification and wind mixing theory are not mutually
exclusive. It is likely that at different times of the year, dif-
ferent mechanisms control G. mikimotoi population devel-
opment. In the estuary of the Suo-Nada Sea where the
water depth is 7 m, temperature stratification of the water
column is likely in July when a rise in water temperature is
prominent. Since the water is shallow, however, there is
likely to be no difference in water temperature between the
surface and the bottom in August, thus temperature stratifi-
cation is less likely during this period. In addition, typhoons
are most likely to occur in August. A scenario can be drawn
for the initiation of blooms of G. mikimotoi in shallow and
muddy-bottom coastal areas, based on one or a combina-
tion of the following: (1) Temperature stratification favors
the development of blooms of G. mikimotoi, allowing the
organism to form and maintain patches. In particular,
strong stratification accompanied by oxygen-deficient bot-
tom water make for favorable growth conditions for organ-
isms releasing NH; and other micronutrients from the ben-
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thic zone. (2) Mixing of the water column induced by
strong wind could cause a release of NH and other mi-
cronutrients of benthic origin, creating conditions favorable
for initial G. mikimotoi population growth. In this case too,
temperature or salinity stratification, if they occur, encour-
age the species to bloom. The growth of G. mikimotoi could
be initiated by the increase in NH} and other growth-stimu-
lating micronutrients near the sea floor that are supplied by
benthic biological regeneration in shallow coastal areas.

The scenario stated above applies only to local blooms in
relatively nutrient-poor, shallow (less than 10-m depth) and
muddy-bottom coastal areas, where oxygen-deficient water
near the sea floor could easily form because of the low
porosity of the sediment, and disturbance of the mud sur-
face as well as vertical migration of G. mikimotoi to the
bottom zone is possible. In deeper (more than 10-m depth)
areas, different mechanisms may dominate in controlling G.
mikimotoi population development. We did not observe
blooms of G. mikimotoi at Stn 15 (14-m depth) or at other
deeper, offshore areas in the Suo-Nada Sea throughout the
two-year study period, although stronger stratification of
waters occurred in deeper sites in this area. Nutrient mea-
surement and bioassay experiments showed that both the
nutrient concentration and the growth potential of the bot-
tom water in these deeper areas (Stn 15) were much higher
than that in the shallow area (Stn 11) (data not shown).
Given the migration velocity of G. mikimotoi as reported
(lizuka & Irie 1966; Honjo et al. 1990; Koizumi et al.
1996), a calculation indicates that G. mikimotoi can migrate
to these deeper areas at midnight to uptake nutrients. How-
ever, our observations indicated that stratification at sites
deeper than Stn 15 (14-m depth) was not associated with a
population increase of G. mikimotoi throughout the study
period. It is tempting to interpret this as indicating that the
vertical migration of this species did not occur or at least
could not effectively contribute to the development of the
bloom and a more dynamic mixing of the water column in-
volving the bottom waters was necessary for the develop-
ment of the bloom in these deeper areas. It is, however, be-
yond the limit of this study to speculate on the exact mech-
anisms for the development of the bloom in these areas.
Further studies are needed to this effect. In any case, popu-
lations that develop inshore by the mechanism stated above
may spread to offshore areas by diffusion of the upper water
mass as a consequence of the breakdown of stratification
inshore, as suggested by Koizumi et al. (1994).

In conclusion, we have presented evidence that suggests
that an increase of NHJ in bottom water may play an im-
portant role in the development of local populations of G.
mikimotoi in nutrient-poor, shallow coastal areas like the
Suo-Nada Sea. In all likelihood, an NH} increase in bottom
water is not the sole cause of the blooms. To determine
whether monitoring NH} concentrations in bottom water
assist in predicting the occurrence of G. mikimotoi blooms,
further studies based on field-based observations are
needed.
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