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Abstract. In Japan, a paralytic shellfish poison (PSP) event caused by Gymnodinium catenatum Graham,
a naked, colonial and PSP dinoflagellate, was first reported from Senzaki Bay, western part of the Sea of
Japan in 1986. Since then, the geographical distribution of this species seems to have expanded through
West Japan. To clarify the possibility of its migration being due to anthropogenic agency the historical oc-
currence of G. catenatum in Japanese coastal waters was examined; core sediments that preserve an histor-
ical record of this species were collected from several coastal areas where it had been observed. From the
cores collected from Imari Bay, smaller spherical cysts ornamented with fine reticulated structure and with
epicystal archeopyle are found which are probably different from Gymnodinium nolleri. Low cyst concen-
trations of G. catenatum in these cores may have resulted from such a characteristic physiological feature as
chain formation of its vegetative form. The earliest occurrence of this species was recorded in sediment of
Omura Bay dated to ca. 1700 A.D. This fact strongly suggests that the occurrence of G. catenatum in Japan

is natural and that it has not been artificially introduced from different areas.

Key words: Gymnodinium catenatum, PSP, dinoflagellate cyst, harmful algae, recent sediment

Introduction

For understanding the expansion mechanism of
harmful marine micro-algae, occurrence histories of
these organisms are important and useful. Under this
concept, several stratigraphical studies on harmful
species have been conducted so far (e.g., Furio et al.,
1996; McMinn et al., 1997, 2001). Mainly two different
theories concerning the expansion of harmful species
have been presented. According to Furio et al. (1996)
the intensive blooms of Pyrodinium bahamense var.
compressum since the late 1980’s, in Manila Bay, Phil-
ippines, are probably due to oceanographic environ-
mental changes. This is based on the fact that only a
few resting cysts of P. bahamense var. compressum
were recovered from sediments dated to around 1958.
On the other hand, McMinn et al. (1997) concluded
that since the cysts of Gymnodinium catenatum Gra-
ham from Tasmania, Australia, were first detected in

sediments from around 1975, which is just before this
species started producing intensive blooms, Tasma-
nian G. catenatum might have been artificially intro-
duced from other arecas.

Gymnodinium catenatum, a naked, colonial dinofla-
gellate, is known to be a causative species of PSP (par-
alytic shellfish poison). Toxic events derived from
this species were first reported in Spain in 1976, and
then expanded worldwide (Hallegraeff, 1993). There-
after, the geographical occurrence of G. catenatum
has increased, mainly in subtropical to tropical coastal
waters (Viquez and Hargraves, 1995; Hodgkiss and
Yang, 2001). In particular, Tasmania, Australia was
first affected by PSP from this species in 1986. At
that time, since this species had never been described
from Australian coastal waters, Hallegraeff (1992)
suggested that it might be introduced in Tasmania
from other regions by ballast waters.

In Japan, a PSP event caused by G. catenatum was
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first reported from Senzaki Bay in the western part of
Japan (Ikeda et al., 1989). Since then, the geographical
distribution of this species seems to have expanded
throughout West Japan (Matsuoka and Fukuyo, 1994;
Red Tide Division in Nansei National Fisheries Re-
search Institute, 1998). Simultaneously, PSP events
related to this species have also increased in West Ja-
pan. However, Matsuoka and Fukuyo (1994) men-
tioned that this species was reported but not described
from Omura Bay, West Kyushu under the name Gym-
nodinium As by lizuka in 1968.

The purpose of this study is to clarify the historical
occurrence of G. catenatum in Japanese coastal waters
based on the fossil evidence recorded in recent sedi-
ments and to seek its possible migration mechanism.

Material and methods

In total, 11 sediment cores were collected from
Omura Bay, Nagasaki Bay, Imari Bay and Ariake
Sound in West Kyushu, Hiroshima Bay in the Seto In-
land Sea, and Matoya Bay in Ise Bay, Central Japan,
where vegetative cells and resting cysts of Gymnodi-
nium catenatum have been known to occur (Figures
1, 2; Matsuoka and Fukuyo, 1994). The core samples
from Omura Bay, Nagasaki Bay and Ariake Sound
were collected by divers, and the samples from Imari
Bay, Hiroshima Bay and Matoya Bay were taken with
a handy piston corer developed by Nanba ez al. (1998).
These core samples were sliced every 1 cm or 2 cm
and kept in a refrigerator.

Extraction of dinoflagellate cysts from the samples
followed the methods of Matsuoka and Fukuyo
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Figure 1. Map showing the reported occurrences of Gym-
nodinium catenatum (vegetative cells and cysts) (Matsuoka and
Fukuyo, 1994; Red Tide Division of Nansei National Fisheries
Research Institute, 1998) and the sampling locations in West Ja-
pan of the present study.

Figure 2. Morphology of Gymnodinium catenatum in dif-
ferent life stages. 1. Living cyst filled with fresh protoplasm oc-
curring in surface sediment. 2. Empty cyst after germination dur-
ing laboratory incubation experiment showing a large chasmic
archeopyle. 3. Planktonic cell germinated from the cyst (1). 4.
Vegetative stage making a chain composed of four cells, in a
week after germination. These cells were originally the single
cyst collected from Imari Bay. (scale bars: 15 pm)

(2000). Approximately 2 g of each sample were placed
into an acid-resistant 100 ml beaker. To remove cal-
cium carbonate, ca. 10% diluted hydrochloric acid was
added, and to dissolve silicate substances ca. 35% hy-
drofluoric acid was used. After rinsing the samples
with pure water, they were sieved through two stain-
less steel screens of 120 um and 20 um opening size.
The concentrated residue on the 20 um screen was
suspended in 10 ml distilled water and kept in a vial.
A 1-0.5 ml aliquot of the refined samples was pro-
vided for observation under an inverted microscope
(Olympus IX70). All cysts encountered during scan-
ning of the samples were identified and counted. For
calculating the relative frequency of the cysts of G.
catenatum, cyst concentration in each sample was ini-
tially taken as cysts per wet sediment volume, and was
subsequently calculated to give final concentrations in
cysts/g dry weight sediment. The data of G. catenatum
cyst concerntrations in samples of Omura Bay and Na-
gasaki Bay were originally provided by Kim and Mat-
suoka (1998) and Matsuoka and Kim (1999) respec-
tively. In these reports, the cyst concentration of each
species was represented in wet sediment volume, how-
ever, there is no difference between the relative abun-
dance of G. catenatum cysts measured in cysts per
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gram dry sediment and those measured in cysts per
wet sediment volume.

Age assignment of core sediments

For estimating depositional ages of the core sedi-
ments, sedimentation rates of these core samples in
average were measured by 2°Pb concentration (e.g.,
Jeter, 2000). Technical support for ?!°Pb measurement
in each of the core samples was provided by Teledyne
Isotope Co. LTD. After establishing sedimentation
rates for the core samples, the depositional ages for
the analyzed samples were estimated.

Results

Sedimentation rates of core samples (Table 1)

From Omura Bay, two core samples were provided
for the study; OMB-1 (sampling site: 32°54'N,
129°50' E, water depth 21 m), the core is 99 cm long,
consisting of olive grey homogeneous silt with very
small shell fragments and the sedimentation rate is
2.7 mmjyear, and OMB-2 (sampling site: 32°50'N,
129°58'E, water depth 9 m), the core is 76 cm in
length, consisting of homogeneous olive grey silt with
shell fragments, and the sedimentation rate is 2.1 mm/
year. 5 cm interval samples of these cores were pro-
vided for analysis. From the upper 10 cm of sediment,
every 1 cm interval was analyzed.

Table 1. List of sedimentation rates of core samples provided
for this study and the oldest occurrence of Gymnodinium catena-
tum cyst in each core. Each sedimentation rate was estimated by
measurements of 2!°Pb.

Oldest
occurrence of
Gymnodinium
Sedimen- catenatum
tation Sample
Station rate depth Age
Location No. (mmj/year) (cm) (A.D))
Omura Bay  OMB-1 2.7 90-91 ca. 1660
OMB-2 2.1 55-56 ca. 1730
Nagasaki Bay NGB-1 9.9 70-71 ca. 1920
NGB-2 43 55-56 ca. 1850
Imari Bay IMB-1 3.2 60-61 ca. 1810
IMB-2 2.4 50-51 ca. 1780
Ariake Sound ARK-3 5.8 18-19 ca. 1970
Hiroshima HRB-1 9.3 79-80 ca. 1870
Bay HRB-3 3.6 44-45 ca. 1920
Matoya Bay  MTB-1 55 30-31 ca. 1940
MTB-2 4.1 68-69 ca. 1830

From Nagasaki Bay, two core samples were used for
the study; NGB-1 (sampling site: 32°41’N, 129°49'E,
water depth 26.3 m), the core is 86 cm in length, con-
sisting of homogeneous greenish olive sandy silt to
greenish grey silty sand with shell fragments, and the
sedimentation rate is 9.9 mm/year, and NGB-2 (sam-
pling site: 32°40’ N, 129°48'E, water depth 25 m), the
core is 60 cm long, consisting of homogeneous grayish
olive sandy silt in the upper 40 cm and greenish grey
silty sand with many shell fragments in the lower part,
and the sedimentation rate is 4.3 mm/year. 5 cm inter-
val samples were used for analysis.

From Imari Bay, two core samples were pre-
pared for the study; IMB-1 (sampling site: 33°21'N,
129°45'E, water depth 32.1 m), the core is 61 cm
long, comprising homogeneous greenish grey silt with
small shell fragments, and the sedimentation rate is
3.2 mm/year, and IMB-2 (sampling site: 33°19'N,
129°50' E, water depth 5 m), the core is 51 cm in
length, comprising homogeneous greenish grey to
dark grey silt, and the sedimentation rate is 2.4 mm/
year. 5 cm interval samples were provided for analy-
sis. From the upper 10 cm of sediment, 1 cm interval
samples were analyzed.

From Ariake Sound, one core sample was used for
the study, ARK-3 (sampling site: 33°21'N, 129°45'E,
water depth 3 m), the core is 100 cm long, consisting
of homogeneous dark olive grey silt with small shell
fragments, and the sedimentation rate is 5.8 mm/year.
5 cm interval samples were provided for analysis.
From the upper 10 cm of sediment, samples were ana-
lyzed every 1 cm.

From Hiroshima Bay, two core samples were
prepared for the study; HRB-1 (sampling site:
34°13.8'N, 132°31.6' E, water depth 19.7 m), the core
is 81.5cm long, comprising homogeneous lightly
brownish grey sandy silt with shell fragments con-
centrated around 20 cm depth, and the sedimenta-
tion rate is 9.3 mm/year, and HRB-3 (sampling site:
34°14.3'N, 132°27.4' E, water depth 24.3 m), the core
is 63 cm in length, comprising homogeneous greenish
dark grey silt at the upper part with small shell frag-
ments and semi-hard grey silt at the lower part, and
the sedimentation rate is 3.6 mm/year. 5 cm interval
samples were provided for analysis. From the upper
10 cm of sediment, samples were analyzed every 1 cm.

From Matoya Bay, two core samples were prepared
for the study; MTB-1 (34°40'N, 136°52'E, water
depth 13 m), the core is 59 cm long, consisting of olive
grey sandy silt to silt with small shell fragments in
the upper 20 cm and of homogeneous grey silt in the
lower part, and the sedimentation rate is 5.5 mm/
year, and MTB-2 (sampling site: 34°50'N, 136°53'E,
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water depth 11 m), the core is 69 cm in length, consist-
ing of homogeneous dark grey silt with shell frag-
ments, and the sedimentation rate is 4.1 mm/year.
5 cm interval samples were provided for analysis.
From the upper 10 cm of sediment, samples were ana-
lyzed every 1 cm.

Occurrence of G. catenatum cysts in core sediments
(Figure 3, Table 2)

In Omura Bay, based on the sedimentation rates,
2.7 mm/year at OMB-1 and 2.1 mm/year at OMB-2,
the depositional age of the lowest part in both cores
is approximately 350 years before 1994 A.D. In the
core taken at OMB-1, cysts of G. catenatum occurred
at 70-71 cm, 75-76 cm, 85-86 cm and 90-91 cm
depths. In the core taken at OMB-2, G. catenatum
cysts were observed at 55-56 cm and then continu-
ously upward with low abundance (1-3% in total di-
noflagellate cysts).

In Nagasaki Bay, according to a sedimentation rate
of 9.9 mmy/year at NGB-1, and 4.3 mm/year at NGB-2,
the depositional ages of the base of the cores are ca.
90 years and ca. 140 years before 1995 A.D., respec-
tively. In both cores, G. catenatum cysts occurred
in very low frequency, mostly less than 1%, and the
earliest occurrence was dated back to ca. 120 year at
NGB-2. However, in the middle to upper part of the
cores, G. catenatum cysts were not observed.

In Imari Bay, a sedimentation rate of 3.2 mm/year
at IMB-1 and of 2.4 mm/year at IMB-2 evidenced that
the lowest part of the core is approximately 190 years
old at IMB-1 and approximately 210 years old at IMB-
2. In the core taken at IMB-2, the relative frequency
of G. catenatum cysts is highest (ca. 8% of total dino-
flagellate cysts) in three depth ranges. In the core
taken at IMB-1, the relative frequency of G. catena-
tum is very low, less than 2%, but cysts occurred con-
tinuously to the upper part of the core. The earliest
record is dated back ca. 210 years.

In Ariake Sound, since the sedimentation rate for
ARK-3 is 5.8 mm/year, the age of the earliest occur-
rence of cysts is approximately 30 years before the
present time. In the core of ARK-3, the relative fre-
quency of G. catenatum cysts is highest (ca. 3.8% in
total dinoflagellate cysts) in the core and usually less
than 2%.

In Hiroshima Bay, based on a sedimentation rate of
3.6 mm/year for HRB-1, the age of the lowest part of
the core is approximately 125 years before. In the core
taken at HRB-1, the relative frequency of G. catena-
tum cysts is high (ca. 2% of total dinoflageliate cysts)
and usually less than 1%.

In Matoya Bay, according to the sedimentation

rates of 5.5 mm/year at MTB-1 and 4.1 mm/year at
MTB-2, the earliest occurrence of G. catenatum was
recorded at ca. 1840 A.D. and 1855 A.D., respectively.
In summary, the relative frequency of G. catenatum
cysts in analyzed samples is always very low, less than
8% even in the case of the highest abundance, in com-
parison with other cysts of autotrophic species, such as
Spiniferites bulloideus and Protoceratium reticulatum.

Discussion

Cyst morphology of Gymnodinium catenatum

After the first report of the cyst of G. catenatum by
Anderson et al. (1988), two morphologically similar
cysts were found; non-toxic Gymnodinium nolleri (El-
legard and Moestrup, 1999) (Figure 4) and non-toxic
Gymnodinium microreticulatum (Bolch et al., 1999).
Ellegard and Moestrup (1999) pointed out that fossil-
ized cysts previously identified as G. catenatum in
sediments from the North Sea by Dale et al. (1993)
were not the cyst of G. catenatum but rather G. nolleri,
because there was no record of vegetative cells of G.
catenatum so far in the area. These three cysts, with
fine reticulation on the surface, have a brownish cyst
wall and only differ from each other in their cyst diam-
eters. Bolch et al. (1999) clarified that the cyst of G.
microreticulatum is the smallest, approximately 30 pm
in diameter, the cyst of G. catenatum is the largest,
approximately 50 um in diameter, and the cyst of G.
nolleri is intermediate, approximately 40 pm in diame-
ter, although diameters of these cysts overlapped each
other. Additionally, G. microreticulatum has a differ-
ent, transsulcal archeopyle from the latter two, which
have an epicystal archeopyle. More recently Bolch
and Raynolds (2002) reexamined the morphology of
microreticulate dinoflagellate cysts collected from var-
ious sites from Australia, the Black Sea, Italy, Hong
Kong and Uruguay, and showed different cyst diame-
ters for these three species; G. catenatum (36—62 pum),
G. nolleri (25-40 um), and G. microreticulatum (17—
29 um).

In sediments of Imari Bay, fine reticulate cysts with
different diameters [40-60 um (Figure 4-1) and 20-
30 um (Figure 4-2)] were observed. The smaller cysts
have diameters in the range of G. nolleri, but the veg-
etative cell of G. nolleri has never been observed in
plankton samples in the bay. Furthermore, the envi-
ronmental conditions, in particular water temperature,
between Imari Bay and the North Sea are different,
more than 25°C in Imari Bay and less than 20°C in
the North Sea in summer. These smaller cysts are not
identical with G. nolleri, and probably belong to a dif-
ferent species. An undescribed dinoflagellate whose
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Table 2. Relative frequency of Gymnodinium catenatum cyst in total dinoflagellate assemblages.

Omura-1 (% )/Depth (cm) 0-1 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 15-16 20-21

Gonyaulacoid 4455 3128 3239 2655 3944 3870 3242 3026 2545  34.62 4372 5843
Gymnodinioid 2079 2559 2864 2832 3199 2087 1872 2410 27.68 2821 1775 16.85
Protoperidinioid 3465 4313 3897 4513 2857 4043 4886 4564  46.88  37.18 3853 24.72
total 100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Gymnodinium catenatum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Omura-2 (%)/Depth (cm) 0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10  10-11 15-16
Gonyaulacoid 30.71 19.86 1628  28.00 2143 3060 33.13 37.58 4140 4522 5259 6446
Gymnodinioid 2126 18.44 1512 1467 1735 2090 1375 1529 1529 783  19.26 6.61
Protoperidinioid 48.03 61.70 68.60 57.33 6122 4851 5313 4713 4331 4696 2815 2893
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Gymnodinium catenatum 0.00 0.00 2.33 2.67 0.00 0.75 0.00 0.00 0.00 0.00 0.00 0.00
Nagasaki-1 (% )/Depth (cm) 0-1 5-6 10-11  15-16 20-21 25-26 30-31 35-36 40-41 45-46 50-51 55-56
Gonyaulacoid 3375 30.08 38.68 5098 5541 4328 5680 66.53 6939 6595 69.00 70.24
Gymnodinioid 2625 33.08 3491 2092 17.57 9.24 6.40 4.08 4.76 8.11 6.55 7.14
Protoperidinioid 40.00 36.84 2642 2810 27.03 4748 3680 2939 2585 2595 2445 2262
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Gymnodinium catenatum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nagasaki-2 (%)/Depth (cm) 0-1 5-6 10-11 14-15 20-21 25-26 31-32 35-36 40-41 4445 50-51 55-56
Gonyaulacoid 3878 25778 41.06 3793 2951 41.18 4157 47.06 5357 6296 6757 58.94
Gymnodinioid 1735  29.69 1921 6.90 4.10 9.56 2.25 9.80 1.79 1.23 1.80 11.26
Protoperidinioid 4388 4453 3974 5517 6639 4926 56.18 4314 4464 3580 30.63  29.80
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Gymnodinium catenatum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.90 0.66
Matoya-1 (% )/Depth (cm) 0-1 5-6 10-11  15-16 20-21 25-26 30-31 3536 40-41 45-46 50-51 55-56
Gonyaulacoid 6431 6656 6298 7225 6337 57.82 6341 71.88 7515 6950 7935 7292
Gymnodinioid 6.17 2.92 4.39 1.98 8.34 4.51 4.26 331 2.10 4.42 2.45 211
Protoperidinioid 29.52 3052 32,63 2577 2830 37.67 3233 2481 22775 2607 1820 2498
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Gymnodinium catenatum 0.15 0.00 0.00 0.00 0.00 0.00 0.23 0.00 0.00 0.00 0.00 0.00
Matoya-2 (%)/Depth (cm) 0-1 5-6 10-11  15-16 20-21 25-26 30-31 35-36 40-41 45-46 50-51 55-56
Gonyaulacoid 57.89 7234 5697 7328 7251 6998 7149 6520 7898 6773 7648 7227
Gymnodinioid 2.10 0.83 1.88 1.49 1.22 1.31 1.51 1.37 0.68 1.01 2.40 1.99
Protoperidinioid 40.01  26.83  41.15 2523 2628 2871 27.00 3343 2034 3126 2113 2574
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Gymnodinium catenatum 0.23 0.28 0.94 0.48 0.00 0.00 0.22 0.00 0.24 0.50 0.23 0.25
Imari-1 (%)/Depth (cm) 0-1 1-2 2-3 5-6 10-11  15-16 20-21 25-26 30-31 3536 4041 45-46
Gonyaulacoid 47.60  52.80 61.17 59.59 6218 5952  63.14 64.08 6466 6396 6030 64.93
Gymnodinioid 5.67 2.97 4.45 2.85 2.42 4.51 3.21 2.21 1.76 2.72 3.92 1.97
Protoperidinioid 46.73 4423 3439 3756 3540 3597 3366 3371 33.58 3333 3578  33.09
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Gymnodinium catenatum 0.44 0.89 0.98 0.18 0.56 0.61 0.41 0.22 0.39 0.42 0.49 0.20
Imari-2 (% )/Depth (cm) 0-1 5-6 10-11  15-16 20-21 25-26 30-31 3536 40-41 45-46 50-51
Gonyaulacoid 31.37 46.80 4571 48.46 5235 5448 6290 6475 6313 7030 6545
Gymnodinioid 9.41 1330 1476  12.86 18.84  12.65 6.14 4.85 5.24 4.65 4.30
Protoperidinioid 59.22 3990 3952  38.68 2881 32.88 3097 3040 31.63 2505  30.25
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Gymnodinium catenatum 0.00 3.94 1.90 7.72 4.71 491 1.02 1.09 1.43 0.59 2.15
Hiroshima-1 (%)/Depth (cm) 0-1 4-5 9-10  14-15 19-20 24-25 29-30 34-35 39-40 44-45 49-50 54-55
Gonyaulacoid 36.72 37.04 29.69 2407 2874 2737 1888 22,69 2199 2384 2387 2045
Gymnodinioid 391 6.48 4.89 9.27 8.39 7.90 5.65 7.09 9.93 596  12.70 9.86
Protoperidinioid 5937 5648 6541  66.67 6287 6474 7547 70.22  68.07 7020 6343  69.69
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1060.00 100.00 100.00
Gymnodinium catenatum 0.78 2.32 1.13 1.24 1.19 0.53 2.37 4.26 2.83 0.00 0.75 0.76
Hiroshima-3 (% )/Depth (cm) 0-1 4-5 9-10  14-15 19-20 24-25 29-30 34-35 39-40 4445 4950 54-55
Gonyaulacoid 2992 17.84 2676  41.05 4628 4218 5322 4235  50.30 4429 50.02 50.63
Gymnodinioid 551 3334 8.33 8.62 1020 1224 5.64 7.29 4.61 8.39 5.37 9.26
Protoperidinioid 64.57 48.82 6491 5033 43,52 4558 41.14 5035 4509 4733 4461 4011
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Gymnodinium catenatum 0.79 0.46 1.76 1.98 0.70 0.68 0.00 1.46 0.00 1.78 0.00 0.00
Ariake Sea-3 (%)/Depth (cm) 0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 12-13
Gonyaulacoid 32.88 2766 31.82 29.17 1486 2826 27.62 3279 33.01 2899 29.13 3383
Gymnodinioid 0.00 2.13 3.64 3.33 2.70 4.35 2.86 3.28 7.77 1.45 0.00 3.01
Protoperidinioid 67.12 7021 6455 6750 8243 6739 6952 6393 5922 6957 70.87 63.16
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Gymnodinium catenatum 0.00 0.00 1.82 0.00 0.00 0.00 1.90 0.00 3.88 0.00 0.00 0.00
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25-26  30-31 35-36 4041 4546 50-51 5556 6061 6566 70-71 75-76 80-81 85-86 90-91  95-96
7985 8209 7439 7740 6643 7400 8664 7296 6410 5973 6506 6633 6305 5234  66.98
672 522 1159 1096 1500 600 611 1116 1333 1239 843 804 1034 2809 6.5
1343 1269 1402 1164 1857 2000 725 1588 2256  27.88 2651 2563 2660 1957  26.98
100.00  100.00  100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  100.00
0.00 000 000 000 000 000 000 000 000 133 241 000 148 298  0.00
20-21  25-26  30-31 3536 4041 45-46 5051 55-56 60-61 6566 70-71  75-76

7475 8607 7647 7886 7647 7563 8197 7241 6917 6389 6513 7348

1010 410 840 976 588 588 574 603 833 148 658  3.79

1515 984 1513 1138 1765 1849 1230 2155 2250 2130 2829 2273

100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  100.00

101 000 08 081 000 08 000 08 000 000 000 000

60-61 65-66 70-71 75-76 79-80  85-86

7151 7857 7778 7937 6650 5870

753 079 185 135 178 76l

2097 2063 2037 1928 3173 3370

100.00  100.00  100.00  100.00  100.00  100.00

000 000 037 000 000 000

59-60

67.83

0.00

32.17

100.00

0.00

58-59

77.52

4.19

18.29

100.00

0.00

60-61 6566 6869

7548 7455 77.09

214 142 131

2238 2403 21.60

100.00  100.00  100.00

105 047 026

50-51  55-56  60-61

68.61 6499  67.97

047 134 149

3091 33.66  30.54

100.00  100.00  100.00

024 038 0.0

59-60 64-65 69-70  74-75  79-80

1543 1478 2046 1980  27.50

639 397 758 396 578

7818 8125 7197 7624  66.72

100.00  100.00  100.00 100.00  100.00

000 171 077 000 094

55-56

51.80

2.85

4535

100.00

0.00

1415 15-16  16-17 18-19 1920 2021 2526 3031 40-41 50-51 60-61 70-71 80-81 90-91  100-
3365 4058 3729 3857 7115 47.83 5657 5981 6316 6393 6022 6778 7163 6406 7234
38 58 847 571 385 761 808 187 175 000 108 000 000 156 213
6250 5362 5424 5571 2500 4457 3535 3832 3509 3607 3871 3222 2837 3438 2553
100.00  100.00  100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  100.00
0.00 000 000 143 000 000 000 000 000 000 000 000 000 000  0.00
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Figure 4. Reticulate cysts of two different diameters: 1.
Cyst of Gymnodinium catenatum Graham collected from Imari
Bay, 2. Smaller cyst of Gymnodinium sp. collected from Imari
Bay. The morphological difference is present only in cyst diame-
ter of these similar two reticulate cysts.

smaller cysts are ornamented with fine reticulation
and which possesses an epicystal archeopyle possibly
inhabits West Japan.

Low concentration of the cyst of Gymnodinium cate-
natum

Matsuoka and Fukuyo (1994) suggested that the
cyst concentration of G. catenatum in sediments is
very low in comparison with other red-tide-causing di-
noflagellate species. McMinn et al. (1997) illustrated
the vertical profile of the abundance of G. catenatum
cysts in core sediments collected from Tasmania, Aus-
tralia. In these cores, the occurrence of the cyst was al-
ways less than 2% of the total cyst population. Simi-
larly, the relative frequency of G. catenatum cysts was
always very low (less than 8% in the case of the high-
est abundance) during this study, in comparison to
other cysts of autotrophic species such as Spiniferites
bulloideus and Protoceratium reticulatum. Gymnodi-
nium catenatum is a chain-forming species and easily
forms a colony consisting of more than eight cells.
This can lead to a large number of vegetative cells in
surface waters. Although the cyst-forming process of
this species is not yet fully understood, the following
interpretation is possible: during the cyst-forming pro-
cess, a single cell separating from a chain is provided
in sexual reproduction. In culture conditions, cells
forming a chain can survive only for a while after sep-
arating, however, they do not act as gametes in sexual
reproduction. During a bloom, most of the cells of G.
catenatum make chains and only a few single cells be-
come gametes. Therefore, cyst formation might be
very low in spite of a large population of motile cells
as a result of asexual reproduction.

Figure 5. Typical Japanese ship in the Edo period. Most of
the oldest occurrence of Gymnodinium catenatum in core sam-
ples provided for this study was recorded in this period. The
original illustration from a Japanese stamp.

Gymnodinium catenatum as a natural species in
Japan

In Omura Bay, the earliest occurrence of this spe-
cies was recorded in sediment dated to ca. 1700 A.D.
In Nagasaki Bay, G. catenatum appeared around ca.
1870 A.D. In Imari Bay, the earliest occurrence of G.
catenatum was dated back to ca. 1825 A.D. The ear-
liest recorded occurrence of this species dates back to
the Edo period in Japan. At that time, the Japanese
government followed a policy of national isolation,
and the old Japanese ships (Figure 5) were made of
wood and did not employ ballast water tanks. There
is no possibility that Japanese G. catenatum could
have been artificially introduced within ballast waters
from other areas. This fact strongly suggests that the
occurrence of G. catenatum is natural in Japan.

More than ten years before, the geographical distri-
bution of G. catenatum in Japanese coastal waters was
reported by Matsuoka and Fukuyo (1994). Since then,
the appearance of this species has been investigated
(Red Tide Division of Nansei National Fisheries Re-
search Institute, 1998). This data shows that the areas
where G. catenatum now appears increased during the
1990’s, particularly in West Japan. Two possibilities
for this apparent increase can be considered; its distri-
bution really is expanding; or there are more records
of this species, even of small numbers of cells, because
increased interest in harmful algae has drawn more re-
searchers into looking for its presence.

Our results indicate that the latter is correct. The
increasing number of reports of G. catenatum in
Japanese waters is not due to artificial spread of its
distribution area, but rather to increased, intensive
monitoring for harmful algae. Increased occurrences
of this species are probably caused by environmental
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change in coastal areas, namely the progress of artifi-
cial eutrophication, change of current systems after
coastal construction, and change of the coastal ecosys-
tem, thereby creating a more favorable environment
for G. catenatum. The reason for the recent increase
of G. catenatum in Japanese coastal waters is different
from that in Australia where this species might have
been introduced from other regions by ballast waters
(Hallegraeff, 1992; McMinn et al., 1992).

Acknowledgements

We thank H.-J. Cho for her kind help in the collec-
tion and analysis of samples, and also to Lind B.
Joyce, Vera Pospelova and Hiroshi Kurita for their
critical reading of the manuscript and constructive
suggestions. This work was partially supported by a
Grant-in-Aid JSPS (Grant Number 13854006).

References

Anderson, D.M., Jacobson, D., Bravo, I. and Wrenn, J. H.,
1988: The unique, microreticulate cyst of the naked dino-
flagellate, Gymnodinium catenatum Graham. Journal of
Phycology, vol. 24, p. 255-262.

Bolch, C.J.S., Negri, A.P. and Hallegraeff, G. M., 1999: Gym-
nodinium microreticulatum sp. nov. (Dinophyceae): a na-
ked, microreticulate cyst-producing dinoflagellate, distinct
from Gymnodinium catenatum and Gymnodinium nolleri.
Phycologia, vol. 38, no. 4, p. 301-313.

Bolch, C.J.S. and Reynolds, M. J., 2002: Species resolution and
global distribution of microreticulate dinoflagellate cysts.
Journal of Plankton Research, vol. 24, p. 565-578.

Dale, B., Madsen, K., Nordberg, K. and Thorsen, T. A., 1993:
Evidence for prehistoric and historic “blooms” of the toxic
dinoflagellate Gymnodinium catenatum in the Kattegat-
Skagerrak region of Scandinavia. In, Smayda, T.J. and
Shimizu, Y. eds., Toxic Phytoplankton Blooms in the Sea,
p. 47-52. Elsevier Science Publishers, Amsterdam.

Ellegaard, M. and Moestrup, @., 1999: Fine structure of the
flagellar apparatus and morphological details of Gymnodi-
nium nolleri sp. nov. (Dinophyceae), an unarmored dino-
flagellate producing a microreticulate cyst. Phycologia,
vol. 38, no. 4, p. 289-300.

Furio, E.F., Fukuyo, Y., Matsuoka, K. and Gonzales, G.L.,
1996: The vertical distribution of resting cysts of PSP-
producing dinoflagellate Pyrodinium bahamense var.
compressum in Manila Bay, Philippines. In, Yasumoto,
T., Oshima, Y. and Fukuyo, Y. eds., Harmful and Toxic
Algal Blooms, p. 185-188, International Oceanographic
Commission of UNESCO.

Hallegraeff, G.M., 1992: Toxic dinoflagellates necessitate re-
strictions on Tasmanian shellfish stock movements. Tas-
mania Aquaculture Society Newsletter, July, p. 4.

Hallegraeff, G.M., 1993: A review of harmful algal blooms
and their apparent global increase. Phycologia, vol. 32,
p. 79-99.

Hodgkiss, I.J. and Yang, Z.-b., 2001: New and dominant spe-
cies from Sam Xing Wang, Sai Kung during the 1998 mas-
sive fish killing red tide in Hong Kong. In, Hallegraeff,
G. M., Blackburn, S.I., Bolch, C.J. and Lewis, R.J. eds.,
Harmful Algal Blooms 2000, p. 6265, International
Oceanographic Commission of UNESCO.

Tkeda, T., Matsuno, S., Sato, S., Ogata, T., Kodama, M., Fu-
kuyo, Y. and Takayama, H., 1989: First report on paralytic
shellfish poisoning caused by Gymnodinium catenatum
Graham (Dinophyceae) in Japan. In, Okaichi, T., Ander-
son, D.M. and Nemoto, T. eds., Red Tide: Biology, Envi-
ronmental Science and Toxicology, p. 411-414. Elsevier,
New York.

Jeter, H. W., 2000: Determining the ages of recent sediments
using measurements of trace radioactivity. Terra et Aqua,
no. 78, p. 21-28.

Kim, H.-S. and Matsuoka, K., 1998: Process of eutrophication
estimated by dinoflagellate cyst assemblages in Omura
bay, Kyushu, West Japan. Bulletin of Plankton Society of
Japan, no. 45, p. 133-147. (in Japanese)

Matsuoka, K. and Fukuyo, Y., 1994: Geographical distribution
of the toxic dinoflagellate Gymnodinium catenatum Gra-
ham in Japanese coastal waters. Botanica Marina, vol. 37,
p. 495-503.

Matsuoka, K. and Fukuyo, Y., 2000: Technical Guide for
Modern Dinoflagellate Cyst Study, v+29p. WEATPAC-
HAB/WEATPAC/IOC, Japan Society of the Promotion
of Science, Tokyo.

Matsuoka, K., Fukuyo, Y. and Anderson, D. M., 1989: Methods
for modern dinoflagellate cyst studies. In, Okaichi, T., An-
derson, D. M. and Nemoto, T. eds., Red Tide: Biology, En-
vironmental Science and Toxicology, p. 461-479. Elsevier,
New York.

Matsuoka, K. and Kim, H.-S., 1999: Process of eutrophication
in enclosed seas recorded in dinoflagellate cyst assemblage
and sediments—the case in Nagasaki Bay, west Japan—.
Fossils (Palaeontological Society of Japan), no. 66, p. 1-
15. (in Japanese)

McMinn, A., Hallegraeff, G. M., Thomson, P., Jekison, A.V.

‘ and Heijinis, H., 1997: Cyst and radionucleotide evidence
for the recent introduction of the toxic dinoflagellate Gym-
nodinium catenatum into Tasmanian waters. Marine Ecol-
ogy Progress Series, vol. 161, p. 167-172.

McMinn, A., Hallegraeff, G. M., Roberts, J., Smith, J., Lovell,
A., Jenkinson, A. and Heijinis, H., 2001: Recent introduc-
tion of Gymnodinium catenatum to Port Lincoln, South
Australia. In, Hallegraeff, G.M., Blackburn, S.1., Bolch,
C.J. and Lewis, R.J. eds., Harmful Algal Blooms 2000,
p. 477-480, International Oceanographic Commission of
UNESCO.

Nanba, K., Iida, T., Fukuyo, Y. and Matsuoka, K., 1998: A
handy piston core sampler for sediments in shallow water.
Fisheries Science, vol. 64, p. 985-986.

Red Tide Division in Nansei National Fisheries Research
Institute, 1998: Frequent occurrences of paralytic shellfish
poisoning caused by Gymnodinium catenatum in West Ja-
pan. Aqua Culture Magazine, vol. 35, no. 5, p. 92-93. (in
Japanese)

Vigues, R. and Hargraves, P.E., 1995: Annual cycle of poten-
tially harmful dinoflagellates in the Golfo de Nicoya, Costa
Rica. Bulletin of Marine Science, vol. 57, p. 467-475.

NI | -El ectronic Library Service



