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Abstract: The initial development of Gymnodinium mikimotoi blooms in Gokasho

Bay was investigated over a period of five years (1991-1995) to verify the site of ini

tial appearance of this species. Motile cells of this species initially appeared in the

western inlet of the bay each year over the period of the investigation. The pattern

of appearance of this species may be a clue to the establishment of a monitoring

system for G. mikimotoi red tides. The seawater exchange rate was estimated for

three inlets of the bay. The results show that the seawater exchange rate was the

lowest in the western inlet of the bay. We conclude that weak seawater exchange in

the west inlet of the bay permits the initial appearance of G. mikimotoi cells at this

site.
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Introduction

Gymnodinium mikimotoi Miyake et Kominami ex Oda is one of the most representative red-

tide causing species found in Japan. This species has caused serious economic damage to the

mariculture offish and shellfish around Japan (Honjo 1994). Therefore it has become urgent

to establish an effective monitoring system and to develop predictive techniques for red tides

caused by this species in embayments around Japan. To this end, it is necessary to examine

the ecology of the organism, particularly in its initial phase of population growth and its rela

tionship to the physical mechanisms of dispersion within embayments. If the initial site of

bloom formation of the red-tide organism can be determmined, then monitoring the phyto-

plankton species at this site may allow the prediction of red-tide outbreaks. Takeuchi et al.

(1995, 1997) studied the growth of the G. mikimotoi population in Tanabe Bay, and reported

that red tides caused by this species first appear in the innermost part of this bay. The distribu

tion of red tide blooms of this species was found to be closely related to seawater currents

within the bay. Furthermore, they concluded that the occurrence of G. mikimotoi red tides de

pended on the seawater exchange rate in Tanabe Bay. Toda et al. (1994) examined the effect of
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water exchange on the population growth of G. mikimotoi (=G. nagasakiense) in an inlet of

Gokasho Bay, and found that the cell density of this species was correlated to the seawater ex

change rate of the inlet. Thus, the seawater exchange rate seems to affect population growth of

G. mikimotoi in embayments.

In this study, we investigated the distribution and abundance of G. mikimotoi in Gokasho

Bay during the period of its initial occurrence at high concentrations over a 5-year period in

order to verify the initial site of appearance of blooms of this species. Moreover, the seawater

exchange rate for each inlet in this bay was calculated using a reservoir model (Toda et al.

1990, 1994) in order to examine its correlation to the distribution of motile cells of G. miki

motoi in the early stages of population growth.

Materials and Methods

Sampling of seawater and counting of phytoplankton cells

Seawater samples were collected at 16 coastal stations (Fig. 1A) in Gokasho Bay, Mie Pre

fecture, from May to September during the 1991 to 1995 period. Sampling was usually con

ducted at 10-d intervals at four depths (0, 2, 5 and 10 m for Stns 2-4, Stns 6-13, and Stn 16,

and for the other stations at depths of 0, 2 and 5 m and also at 1 m above the bottom.). Cell

counts were conducted under a light microscope for a 100-jUl seawater subsample on a

Sedgewick-Rafter slide.

Estimation of seawater exchange rate

The bay was divided into four parts as shown in Fig. IB. The rate of seawater exchange be

tween each inlet (II—LV) and the central area (I) was estimated using a box model (Fig. 1C) as

suming that the seawater in each inlet is perfectly mixed and the volume of the seawater is

Fig. 1. A. Monitoring stations (1-16) for Gymnodinium mikimotoi

cells in Gokasho Bay. B. Division of Gokasho Bay into four areas

(1-1V); the rate of seawater exchange was estimated for three inlets

(II—IV); salinity was measured at 12 stations indicated by closed

quadrangles. C. Schematic diagram of the box model; refer to the

text for the meaning of the symbols.
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steady.

The budgets of water mass and salinity in each inlet (/=2,3,4) are as follows:

(0

and

VrdQdt=C&u-C/Qn. (2)

Here, C,- is the average salinity in the inlet /, C, the average salinity in the central sea area, V.t

the volume of the inlet i, F( the freshwater inflow into the inlet /, Qu the flux of water from the

central sea area into the inlet /, and Qn the flux in the opposite direction, i.e., flux out of the

inlet /. If the salinity C, and C, are observed at an interval dt and the freshwater inflow F( is

estimated from meteorological data, then we can estimate these fluxes using the following

equations:

Q (3)

and

QxrQn-P,' (4)

The dimension of the flux is volume per unit time, and

(5)

Tj is the residence time, which denotes the average time the fluid spends in the inlet / before

entering the central area. Further, the reciprocal of the residence time, \/Tt, is the ratio of

water flux (Qn) from the inlet / into the central area in relation to the volume (F() of the inlet /.

In this paper we refer to l/7j as the seawater exchange rate.

Temperature and salinity were measured at lm depth intervals at 12 stations (Fig. IB)

using an STD once a month from January 1991 to December 1995.

C, and C, in equation (3) were estimated by calculating the average, weighted from the ob

served salinities and the volumes for which the stations in each inlet were representative.

Using meteorological data, the fresh water supply Ff in equation (3) was calculated by the

following equations (Toda et al. 1990, 1994):

Fi=Ri+Pi+Ei (6)

Ri=\000,fAi (7)

P^lOOOrfl, (8)

Er5A\lW(ew-eJB, (9)

Here, Rt is the river discharge (m3 h"'), P, the net precipitation on the inlet surface (m3 h~'), £,

the freshwater loss by evaporation (m3 h"1) in the inlet /, r is precipitation (mm h~l),/the run

off rate (0.64), A, the area of the drainage basin (km2), Z?( the surface area of the bay (km2), W

wind speed (m s"1), ew the saturated vapor pressure (mb), and ea the vapor pressure (mb). Pre

cipitation (r), vapor pressure (eu), and wind speed (IV) values were from measurements by the

Regional Meteorological Station (/-, ea\ AMeDASS 53296, W: AMeDASS 53256).

Results

Figures 2 and 3 show the locations and densities of blooms corresponding to the initial ap

pearance of Gymnodinium mikimotoi cells in each year from 1991 to 1995 in Gokasho Bay.
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Fig. 2. Fluctuation of cell densities and the distribution of Gymnodinium mikimotoi in

Gokasho Bay from 1991 to 1992.
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Cell densities at each station are expressed as mean values for the water column. G. mikimotoi

cells first appeared during June-July, and increased in number from July to August in the bay.

During daytime most cells of this species concentrated in the middle layer (2-5 m depth)

while in the early developmental stage of the bloom.

In 1991 (Fig. 2A), cells of G. mikimotoi initially occurred at Stn 11 on 1 July and remained

at densities of less than 10 cells ml"1 until 12 July. Then, the cell density increased and the

area of distribution expanded rapidly to cover the whole bay by 30 July.

In 1992 (Fig. 2B), G. mikimotoi appeared at Stn 11 on 11 June and remained at low cell

densities for several days as observed in 1991. The area of distribution of this species in the

bay subsequently continued to expand until 10 July. However, the cell density of this species

in 1992 was low compared to the other years.

In 1993 (Fig. 3A), cells of G. mikimotoi were initially observed at Stns 10 and 14 on 18

June. Following this, cells of this species were detected at Stns 11 and 14 on 30 June, and at

Stns 5, 6 and 13 on 9 July. However, cells were not observed at any of the monitoring stations

in the bay on 20 July, but reappeared on 20 August with the cell density increasing until 30

August.

In 1994 (Fig. 3B), G. mikimotoi cells initially appeared at Stns 9 and 11 on 10 June. The

cells of this species were not observed on 21 June. However, they were detected again on 30

June, and the cell density of G. mikimotoi continued to increase gradually, expanding its area

of distribution to cover the whole bay.

In 1995 (Fig. 3C), cells of G. mikimotoi were first detected at Stn 11 on 30 June. However,

the cells were subsequently not observed from 11 to 20 July. Afterwards the cell density of

this species increased at the western sites, and by 18 August blooms occurred throughout the

whole bay.

Figure 4 shows the monthly changes in the seawater exchange rate (1/77) f°r eacn m'et (Fig-

1B) of Gokasho Bay. In this figure, the estimated seawater exchange rate is plotted only when
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Fig. 3. Fluctuation of cell densities and the distribution of Gymnodinium niikimotoi in Gokasho

Bay from 1993 to 1995.
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Fig. 4. Monthly changes in the seawater exchange rate in the three inlets of Gokasho Bay.

the salinity differences between C, and C, are larger than 0.05 psu, which is the lowest limit of

accuracy for a salinometer (Toda et al. 1990). The seawater exchange rates were low in inlet

III. The seawater exchange rates in this inlet were less than 1 d"1 throughout the investigation

period except for in October 1993. In contrast, the seawater exchange rates were highly vari

able in inlet II and IV, fluctuating from 0.15 to 3.45 d"1 for inlet II and from 0.15 to 3.24 d"1

for inlet IV The monthly mean of the seawater exchange rates over the 5-year period is shown

in Fig. 5. It is clear that the mean seawater exchange rates of inlet II and IV did not differ

greatly from each other, and remained at higher levels compared to inlet III. As shown in Fig.

4, periods of higher exchange rates were observed in both spring and autumn. In contrast, the

water exchange rate was lower in winter and summer. A bimodal pattern in the seawater ex

change rate seems to be the case in each inlet.

Discussion

The present study showed that most cells of G. mikimotoi were concentrated in the median

layers in early stages of their growth. This vertical distribution pattern in this species has been

documented in several previous studies (Honjo et al. 1990; Yamaguchi 1994; Takeuchi et al.

1995).

■O Inlet II -*■ Inlet III e Inlet IV

M J J

Month

Fig. 5. Monthly mean

values of the seawater ex

change rate over five years

in the three inlets of

Gokasho Bay.
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The cells of G mikimotoi initially appeared in the western inlet of the bay that includes Stn

11 (Fig. 1A,B) in each year. Takeuchi et al. (1995, 1997) reported that G. mikimotoi initially

increases to red-tide-causing levels in the innermost part of southern Tanabe Bay and then the

blooms spread over the whole bay. The fact that cells of this species initially appear and/or

cell densities increase at a particular area within an embayment may be important in the moni

toring of red tides of this species. Early detection of G. mikimotoi cells at these particular

areas may allow predictions on red tide formation and timing within a bay.

In the present study, we used a one-reservoir model for the calculation of the seawater ex

change rate, assuming that the seawater in each inlet was perfectly mixed. This model is justi

fiable in the present case since G. mikimotoi does not stay in a specific layer of seawater all

day, but undergoes diel vertical migration (Honjo et al. 1990; Koizumi et al. 1996). However,

a two-layer model should be developed in the future to allow more detailed studies by incor

porating the vertical migration pattern of this species. The seawater exchange rates were cal

culated based on diiferences in salinity between two adjacent areas. It is possible that the per

centage error increased when differences in salinity were too small. Therefore, care should be

exercised when dealing with high values for seawater exchange rates in this study. However,

the seawater exchange rate for inlet III is obviously lower when compared to the other two in

lets (II, IV). This study shows that G. mikimotoi cells first appear in the western inlet where

the seawater exchange rate is the lowest of the three inlets in Gokasho Bay. Toda et al. (1994)

reported that in situ changes in G. mikimotoi cell densities in Gokasho Bay closely correspond

to theoretical cell densities calculated using the seawater exchange rate and growth rate deter

mined by Yamaguchi & Honjo (1989) with the assumption that population growth was not

limited by nutrients or light. Hayakawa et al. (1996) also speculated that the increase in G.

mikimotoi cell density in Tanabe Bay is strongly aifected by the rate of seawater exchange.

The seawater exchange rate was found to be lower in the summer in Gokasho Bay. The pres

ence of summer blooms of this species from 1991 to 1995 illustrates that the summer environ

ment of the bay during this period was suitable for the population growth of G. mikimotoi

cells.

Thus, seawater flow is considered to be an important factor determining the cell density of

G. mikimotoi in embayments. Honjo et al. (1991) showed that overwintering of G. mikimotoi

occurs in the motile form in Gokasho Bay. Motile cells of this species were observed in this

bay throughout the year in 1987 and 1988. The overwintering of G. mikimotoi motile cells has

also been reported in other embayments in western Japan (Nakata & Iizuka 1987; Terada et al.

1987; Itakura et al. 1990; Hosaka 1990; Baba et al. 1994). It is likely that overwintering

motile cells of G. mikimotoi act as seeds for bloom formation in summer (Honjo et al. 1991).

This supposition is supported by the life cycle pattern of this species. Overwintering hypno-

cysts of G. mikimotoi have not been found although sexual reproduction has been demon

strated (Ouchi et al. 1993; Takayama 1995). Many phytoplankton species are considered able

to survive unfavourable conditions as resting benthic forms (Pfiester & Anderson 1987; Imai

1990; Itakura et al. 1997). If motile cells that survive the winter become seeds for summer

blooms, overwintering cell stock acting as inoculi for bloom initiation may be more strongly

affected by the seawater exchange rate than other phytoplankton species that overwinter as

benthic forms such as hypnocysts or resting cells.

Seawater exchange rates are thus considered to play an important role in regulating the dis

tribution of G. mikimotoi cells in the early phase of bloom initiation in Gokasho Bay as well

as regulating seasonal changes in this species' abundance as reported previously (Toda et al.

1994). It is necessary hereafter to evaluate the form of population growth in G. mikimotoi in
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each inlet of the bay in order to develop a general technique for the prediction of red tides of

this species.

Acknowledgment

We wish to express our thanks to Dr M. Maeda for his critical reading of the manuscript.

Literature Cited

Baba, T., S. Hiyama, M. Kamizono, T. Etou, T. Iwao, Y. Hinoshita, Y. Koizumi, K. Takashima, T. Uchida & T.

Honjo 1994. Overwintering of motile cells of the red tide dinoflagellate Gymnodinium mikimotoi in the

western Seto Inland Sea. Bull. Plankton Soc. Jpn 41: 69-71.

Hayakawa, Y., T. Takeuchi, S. Yamamoto & O. Ishihashi 1996. Simulation of the Gymnodinium mikimotoi

bloom in Tanabe Bay 1990 based on a one-year box model. Nippon Suisan Gakkaishi 62: 598-613.

Honjo, T. 1994. The biological prediction of representative red tides associated with fish kills in Japan. Rev.

Fish. Sci. 2: 225-253.

Honjo, T., S. Yamamoto, O. Nakamura & M. Yamaguchi 1990. Annual cycle of motile cells of Gymnodinium

nagasakiense and ecological features during the period of red tide development, p. 165-170. In Toxic

Marine Phytoplankton (eds. Graneli, E., B. Sundstrom, L. Edler & D. M. Anderson). Elsevier, New

York.

Honjo, T., M. Yamaguchi, O. Nakamura, S. Yamamoto, A. Ouchi & K. Ohwada 1991. A relationship between

winter water temperature and the timing of summer Gymnodinium nagasakiense red tides in Gokasho

Bay. Nippon Suisan Gakkaishi 57: 1679-1682.

Hosaka, M. 1990. The occurrence of Gymnodinium nagasakiense Takayama et Adachi in Tokyo Bay, Japan.

Bull. Plankton Soc. Jpn 37: 69-75.

Imai, I. 1990. Physiology, morphology, and ecology of cysts of Chattonella (Raphidophyceae), causative fla

gellates of noxious red tides in the inland sea of Japan. Bull. Nansei Natl Fish. Res. Inst. 23: 63-166.

Itakura, S., I. Imai & K. Itoh 1990. Seasonal occurrence of the noxious red tide dinoflagellate Gymnodinium

nagasakiense in Hiroshima Bay, Seto Inland Sea. Bull. Nansei Natl Fish. Res. Inst. 23: 27-33.

Itakura, S., I. Imai, K. Itoh 1997. "Seed bank" of coastal planktonic diatoms in bottom sediments of Hi

roshima Bay, Seto Inland Sea, Japan. Mar. Biol. 128: 497-508.

Koizumi, Y., T. Uchida & T. Honjo 1996. Diurnal vertical migration of Gymnodinium mikimotoi during a red

tide in Hoketsu Bay, Japan. 1 Plankton Res. 18: 289-294.

Nakata, K. & S. Iizuka 1987. A note on overwintering of a red tide dinoflagellate Gymnodinium nagasakiense

(Dinophyceae) in Omura Bay, Kyushu. Bull. Plankton Soc. Jpn 34: 199-201.

Ouchi, A, S. Aida, T. Uchida & T. Honjo 1994. Sexual reproduction of a red tide dinoflagellate Gymnodinium

mikimotoi. Fish. Sci. 60: 125-126.

Pfiester, L. A. & D. M. Anderson 1987. Dinoflagellate reproduction, p. 611-648. In The Biology ofDinofla-

gellates (ed. Taylor, F. J. R.). Blackwell Science, Oxford.

Takayama, H. 1995. Gymnodinium mikimotoi Oda ex Miyake et Kominami, p. 12-13. In An Illustrated Atlas

ofthe Life History ofAlgae—Vol. 3 Unicellular and Flagellated Algae (ed. Hori, T). Uchida Rokakuho,

Tokyo.

Takeuchi, T, T. Kokubo, Y. Tsuji & T. Honjo 1995. Growth of Gymnodinium mikimotoi population in Tanabe

Bay and change of distribution pattern of red tide by current. Nippon Suisan Gakkaishi 61:494-498.

Takeuchi, T, T. Kokubo & T. Uchida 1997. Environmental features of area where Gymnodinium mikimotoi

appeared and conditions for occurrences of the red tide in Tanabe Bay. Nippon Suisan Gakkaishi 63:

184-193.

Terada, K., H. Ikeuchi & H. Takayama 1987. Winter distribution of Gymnodinium nagasakiense (Dino

phyceae) in coastal waters of Suo-Nada, Inland Sea of Japan. Bull. Plankton Soc. Jpn 34: 201-203.

Toda, S., M. Sugiyama, T. Honjo, K. Ohwada, A. Asagawa, N. Tanaka, H. Sako, S. Kitamura, M. Awaji, T.

Ihkura, H. Kumada & S. Yamamoto 1990. Seasonal change of water exchange in Gokasho Bay and its

branch inlets. Bull. Natl Res. Inst. Aquaculture 18: 13-29.



Gymnodinium and Seawater Exchange 137

Toda, S., K. Abo, T. Honjo, M. Yamaguchi & Y. Matsuyama 1994. Effect of water exchange on the growth of

the red-tide dinoflagellate Gymnodinium nagasakiense in an inlet of Gokasho Bay, Japan. Bull. Natl Res.

Inst. Aquaculture. Suppl. 1: 21-26.

Yamaguchi, M. & T. Honjo 1989. Effects of temperature, salinity and irrandiance on the growth of the nox

ious red tide flagellate Gymnodinium nagasakiense (Dinophyceae). Nippon Suisan Gakkaishi 55:

2029-2036.

Yamaguchi, M. 1994. Physiological ecology of the red tide flagellate Gymnodinium nagasakiense (Dino

phyceae)—Mechanism of the red tide occurrence and its prediction. Bull. Nansei Natl Fish. Res. Inst.

27:251-394.


