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ABSTRACT: In situ germination rate (cells m™2 d™') and cyst deposition rate (cysts m™* d~!) were moni-
tored for Scrippsiella spp. dinoflagellates (mostly S. trochoidea) in Onagawa Bay on the northeastern
Pacific coast of Japan, using a ‘germinating cell trap/sampler’ and sediment traps, respectively. Sea-
sonal relationships of each rate to the abundance of vegetative cells in the water column were investi-
gated. Germination of the cysts on the surface sediment occurred throughout the year, but the germi-
nation rate varied seasonally and was strongly correlated with temperatures of the bottom water and
the sediment, indicating that temperature is a principal factor controlling germination. Blooms
occurred prior to the increase in germination rate in July, indicating that bloom initiation is not neces-
sarily a direct consequence of mass cyst germination. Seasonal changes in recruitment ratio (ratio of the
germination rate to standing crops of the vegetative cell population in the water column} revealed that,
compared to summer, a large part of the winter population of vegetative cells was contributed by cyst
germination but increased germination during periods of warmer temperatures contributed little to the
bloom population—on the contrary, spring and summer populations appeared to be largely derived
from vegetative growth. Sexual reproduction and encystment of Scrippsiella spp. in natural popula-
tions seemed to be enhanced by serial, short-term depletion of nutrients during summer. Large encyst-
ment events appeared to result in bloom termination. These findings elucidate the population dynam-
ics of Scrippsiella spp. in Onagawa Bay. An annual budget of seed population was also calculated.
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INTRODUCTION

Many dinoflagellates living in marine and fresh-
water environments have been recorded as producing
resting cysts during their life histories. The significant
function or role of such cysts has been emphasized by
many studies (e.g. Wall 1971, 1975, Anderson & Wall
1978, Dale 1983, Anderson 1984). The concept that the
cysts act as 'seed populations' or 'seed beds' in their
population dynamics (Prakash 1967, Wall 1971, Stei-
dinger 1975) is now widely accepted.

Important processes in the dynamics of the seed pop-
ulation are additions due to deposition of new cysts
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formed in the upper water column, advection of old
cysts by mixing of sediment, and losses due to the mix-
ing of sediment and to degradation, predation, senes-
cence and cyst germination. Originally, this hypothesis
was summarized by De Statio (1989) for animal egg
banks. The magnitude of each process can vary both
spatially and temporally. Among these processes,
addition and loss due to mixing and movement of sed-
iment do not significantly alter the population of cysts.
The processes that are directly responsible for sea-
sonal changes of the cyst population, and therefore the
vegetative population, are loss due to germination and
addition due to deposition. Germination is thought to
be responsible for the initiation of blooms (e.g. Dale
1983) and bloom termination a direct result of cyst
deposition (Anderson 1984). Therefore, direct mea-
surements in situ of these 2 processes are indispens-
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able in studies on population dynamics of cyst-forming
dinoflagellates.

The photosynthetic dinoflagellate Scrippsiella tro-
choidea (Stein) Loeblich III is the most dominant spe-
cies among cyst-forming dinoflagellates in Onagawa
Bay in northeast Japan (Ishikawa 1992). The physiol-
ogy and biochemistry of various life history stages of
this species, including cysts in a laboratory setting, are
well documented (Wall et al. 1970, Watanabe et al.
1982, Binder & Anderson 1986, 1987, 1990, Lirdwitaya-
prasit et al. 1990, Meksumpun et al. 1994, Uchida
1994). In contrast, information about the ecology of
Scrippsiella in nature is lacking. Ishikawa & Taniguchi
(1994) have speculated seasonal behavior of Scripp-
siella spp. (mostly S. trochoidea) in Onagawa Bay on
the basis of both incubation experiments involving
cysts collected from the bottom sediments and field
observations of vegetative cells in the water column.

We have recently developed and used a sampling
device, the 'germinating cell trap/sampler’, to collect
germinating cells of dinoflagellate cysts in surface sed-
iments (Ishikawa et al. 1995) in order to monitor germi-
nation of Scrippsiella trochoidea cysts in situ from the
bottom sediment in Onagawa Bay. In addition, we also
monitored cyst deposition in the bay using sediment
traps. The results obtained are discussed in this paper
with regard to: (1) factors controlling germination of
the cysts, (2) seasonsal relationships between the ger-
mination pattern of the cysts in situ and the vegetative
population in the water column, and (3) the seasonal
relationship between the deposition of newly formed
cysts from the water column and the vegetative popu-
lation in the water column. The data presented eluci-
date the population dynamics of S. trochoidea and

Fig. 1 Location of the sampling
l J station in Onagawa Bay, Japan

allow us to construct an annual budget of the cyst pop-
ulation in sediments in Onagawa Bay.

MATERIALS AND METHODS

Since not all Scrippsiella cysts occurring in Onagawa
Bay are S. trochoidea (Ishikawa & Taniguchi 1993), the
vegetative cells in the water column should be consid-
ered Scrippsiella spp. However, other species of
Scrippsiella constitute only a fraction of the Scripp-
siella cysts in the sediment, and therefore the collec-
tive name Scrippsiella spp. is almost synonymous with
S. trochoidea (cf. Ishikawa & Taniguchi 1994).

Water sampling. Sampling was conducted at Stn A
(38°26.27'N, 141°28.00'E) in the innermost part of
Onagawa Bay (Fig. 1). While a few small streams pour
into the area, nutrient-rich waste water from several
sea food factories on the shore of the bay has led to sig-
nificant eutrophication in the bay. The average water
depth at Stn A was 17 m and the bottom sediment was
fine mud. All sampling was done before noon (08:00 to
12:00 h)

Water samples were collected with a Van-Dorn sam-
pler at depths of 0, 5 and 10 m and at 0.5 m above the
bottom, 3 to 7 times a month from October 1992 to Jan-
uary 1994 and once a month from February to April
1994. Nutrient concentrations and vegetative cell
counts of Scrippsiella spp. were determined at each
depth. Samples for nutrient analyses (NO,;, NO,, NH,
and PO,) were filtered through a Whatman GF/F glass-
fiber filter and the filtrates were frozen until later
analysis on a TRAACS 800"™ autoanalyzer (Bran
Luebbe Co., Ltd). Samples for cell counts were fixed by
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adding borax buffered formaldehyde at a final concen-
tration of 2%. Depending on the density of cells, a 50 to
100 ml aliquot of these samples was settled in a Uter-
mohl chamber for at least 12 h and the cells counted
under an Olympus IMT-2 inverted microscope at 200x
magnification. The cell densities were plotted against
their respective depths and the area enclosed by this
vertical distribution line was then integrated to obtain
an estimate of the integrated vegetative population
(cells m™?).

Water and sediment temperature. Vertical profiles
of temperature at Stn A were recorded by a DBT (Dig-
ital Bathythermograph) during the period from Octo-
ber 1992 to April 1994. The temperature of the sedi-
ment was measured at ca 1 cm depth, once a month, by
the same method described in Ishikawa & Taniguchi
(1994).

Germination in situ. Sampling of germinating cells
in situ was carried out monthly at Stn A from February
1993 to January 1994 using the 'germinating cell
trap/sampler’ (Ishikawa et al. 1995). The trap/sampler
consists of an inverted vessel of 36 1 capacity which
covers a known area of the sea bottom (0.09 m?) and a
magnet pump with an intake hose which samples the
water and plankton entrapped in the vessel. The sides
of the vessel are covered with a fine mesh to remove
plankton from the water sucked into the vessel by
pumping. It was deployed from a surface platform and
allowed to settle on the sea bottom. Germinated and
entrapped plankton were pumped up at a constant rate
of 18 1 min! for 7 min daily on 5 consecutive days. The
plankton were collected with a hand net of 10 pm mesh
size. The collected sample (ca 500 ml) was transferred
into a sample bottle and fixed with borax buffered
formaldehyde at a final concentration of 2 %. The sam-
ples were then kept at 5°C in the dark until analysis.

A 1/20 to 1/4 aliquot was taken from each of 5 sam-
ples and settled in a Utermohl chamber for at least 12 h
before counting. Vegetative cells were then counted
under an epifluorescence inverted microscope (Olym-
pus IMT-2 + REF) at 200x magnification. The counts
for every ith sample were converted into the cell num-
ber sampled by a 7 min pumping on ith day (C,) and
then total cell number entrapped by the trap/sampler
on ith day (N,) was calculated by the following equa-
tion.

N, = C/(1 - Rt)

where Rt, 1s cell density in the trap/sampler just after
pumping relative to that just before pumping, which
could be obtained by the theoretical equation (Eq. 2)
in Ishikawa et al. (1995), i.e. ¢ *°°° = 0.03 in this case.
The product of N; and Rt; is the residual cell number
carried over to the next pumping. Then, the number
of the newly germinated cells from the bottom be-

tween the (i-1)th and ith days (G,.;) was calculated
by subtracting the cell number carried over (N;_; x
0.03) from N, i.e.

G, = N=N,_, x0.03

Finally G,_; was converted into daily germination
rate (cells m™? d™"). The mean of the germination rates
obtained for 5 days is given below as monthly average
germination rate.

Sinking cysts. Sinking cysts were collected with 2
cylindrical sediment traps moored at 2 and 10 m above
the bottom at Stn A. The sediment traps were 53 cm in
height and 14.5 ¢m in inner diameter, making a col-
lecting area of 165 cm®. The basic configuration of the
traps is given by Sasaki & Nishizawa (1981). The sam-
pling chamber on the bottom of the trap was split into
6 equal compartments. The collection at 2 m above the
bottom was made during the period from October 1992
to April 1994, and that at 10 m above the bottom from
April 1993 to April 1994, The traps were filled with
3.4 % NaCl solution just before deployment without
addition of preservatives. The traps were deployed for
4 days per month during the first half of this study
period, i.e. from October 1992 to the beginning of
August 1993. Throughout the latter half of the study
period the traps were moored continuously and sam-
pling chambers were emptied successively at intervals
from several days to 1 month.

A 1/2to 1/12 aliquot of the sample was sonicated and
sieved through a 100 pm mesh screen onto a 20 pm
mesh screen. The sieved fraction (20 to 100 pm) was
suspended in 20 ml of filtered sea water containing
borax buffered formaldehyde at 2 %. From this suspen-
sion, a 0.25 to 0.5 ml aliquot was spread over a slide
glass and intact cysts of Scrippsiella spp. counted
under an Olympus BH-2 microscope at 100x magnifi-
cation. Counts were carried out in triplicate for each
sample to calculate the number of cysts deposited per
day (cysts m2dY).

Data analysis. The recruitment ratio (d™') was cal-
culated as follows: the germination rate (cells m™? d™")
was divided by the standing crop of vegetative cells
in the water column (cells m™2). The standing crops
(the total integrated cell number throughout the
entire water column) were expressed as a mean
value for the corresponding days of the in situ germi-
nating cell collections. Annual germination from the
bottom was calculated by linear integration of the
monthly average germination rates obtained through-
out the period from February 1993 to January 1994.
The annual cyst deposition at 2 m above the bottom
was obtained by summing a linearly integrated value
of monthly depositions from February to August 1993
and that of the daily depositions from August 1993 to
January 1994.
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RESULTS
Environmental conditions

Thermal stratification at Stn A was evident from May
to September but not from October to April (Fig. 2).
Temperature in the water column was lower than 10°C
from January to April in both 1993 and 1994. Tempera-
ture at 0 m (the surface) reached 10°C in April/May
1993 and further increased to the seasonal maximum of
21.3°C by the beginning of September 1993. Seasonal
changes in temperature of the sediment and at 0.5 m
above the bottom showed a similar trend, with temper-
ature values lower than 10°C from January to May 1993
and increasing to the seasonal maxima of 18.3 and
19.0°C, respectively, by early September 1993. The sea-
sonal minima of the sediment temperature in March
1993 and the surface water temperature in February
1993 were 7.1 and 6.4°C, respectively.

Concentrations of total nitrogenous nutrients (NOz+
NO,+NH,} and phosphate (PO,) at Stn A changed sea-
sonally in a similar fashion, being generally high in
cold seasons (October to February/March) and low in
warm seasons (March/April to September) (Fig. 3A, B).
The lowest values observed in warm seasons in the
upper 2 layers (0 and 5 m depth) were 0.3 uM for nitro-
gen and 0.0 uM for phosphate, while several spikes
emerged. The concentrations in the 2 deeper layers
(10 m below the surface and 0.5 m above the bottom)
were relatively high, varying from 0.4 to 12.3 uM for
nitrogen and 0.1 to 1.3 pM for phosphate. Generally,
nutrients were sometimes depleted in the upper layers
during the warm seasons but never in the 10 m and
bottom layers.

AISIOINIDI‘JIFIMIA]

depth in the sediment at Stn A
in Onagawa Bay. Bottom here
1994 means 0.5 m above the bottomn

Seasonal change in abundance of vegetative cells

Vegetative cells of Scrippsiella spp. always occurred
at Stn A during the study period except on a few
occasions in November and December 1992 (Fig. 4).
In 1993, the total integrated cell number in the water
column (from the surface down to 0.5 m above the
bottom) increased markedly from 1.4-3.2 x 10° cells
m~?in April/May to the summer maximum of 3.9 x 108
cells m™ in mid-July 1993. The abundance was gen-
erally around 107 to 10% cells m? until early October
1993 and then decreased sharply to around 10° cells
m~2 by late October. The abundance was low in the
winters of 1992/1993 and 1993/1994, around 10° to
10° cells m™

Seasonal change of germination in situ

Germination of Scrippsiella spp. from the bottom
sediment occurred throughout the year, but the germi-
nation rate varied seasonally (Fig. 5). The rate was low,
from 444 to 942 cells m™ d°! during the period from
February to June 1993, increasing from July to October
up to the seasonal maximum of 7758 cells m™ d°!, with
a slight decrease in August. It decreased rapidly in
November and remained relatively low until January
1994.

The recruitment ratio was always very low; even at
the maximum in December 1993 the ratio was 2.19 x
1072 d"! (Fig. 6). The seasonal trend of the recruitment
ratio was generally opposite to that of the vegetative
cells, being low when vegetative cells were abundant
and vice versa.
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Fig. 4 Scrippsiella spp. Seasonal change in integrated num-
ber of vegetative cells throughout the water column (from the
surface to 0.5 m above the bottom) at Stn A in Onagawa Bay

Seasonal changes in cyst deposition rate

The seasonal trend in deposition rate of Scrippsiella
spp. cysts was similar at 2 and 10 m above the bottom
(Fig. 7). Though cyst deposition occurred almost con-
stantly throughout the study period, the deposited
cysts were especially abundant at both depths from
the beginning of September to the middle of October
1993, when 2 peaks in the deposition rate were distin-
guished. The first peak was observed in the first half
of September with the annual maxima of 3.16 x 10°
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Fig. 5. Scrippsiella spp. Seasonal change in germination rate
of cysts from the surface sediment at Stn A in Onagawa Bay.
Bars represent +SD

and 3.14 x 10° cysts m™> d'! at 2 and 10 m above
the bottom, respectively, The second peak occurred
from the end of September to the middle of October
with secondary maxima of 8.29 x 10* and 1.19 x 10°
cysts m? d”! at the 2 respective depths. In other sea-
sons, deposition rates were generally on the order of
10% cysts m™2 d-! at both depths. The deposition rate at
2 m above the bottom in the period from December
1992 to June 1993 was the lowest, with a value below
0.35 x 10% cysts m™? d-!. Most of the cysts deposited
were S. trochoidea.
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Seed population budget

Annual germination irom the botlom and
cyst deposition at 2 m above the bottom were
0.73 x 10° cells m 2 yr'! and 6.49 x 10° cysts
m~? yr!, respectively. This result indicates
that about 9 times more cysts were deposited
than germinated on an annual basis at Stn A.

DISCUSSION
Factors controlling cyst germination

Temperature has previously been indicated
as the primary environmental factor control-
ling germination of dinoflagellate cysts (Dale
1983, Pfiester & Anderson 1987). Cysts of
Scrippsiella spp. collected from Onagawa
Bay can germinate at temperatures between
5 and 25°C, which completely covers the
annual temperature range (5 to 21°C) in the
sediment and bottom layer of the water col-
umn in the bay (Ishikawa 1995). The optimal
range for germination is around 15 to 20°C
and germination rates at 5°C are very low
(Ishikawa 1995). Germination rates in situ
(Fig. 5) changed seasonally in parallel with
the temperature of the bottom water and
sediment (Fig. 2), showing a response to tem-
perature similar to that observed experimen-
tally. Abundance of living cysts in the top
1 cm of the sediment at Stn A was almost
constant, being on the order of 102 cysts cm™
during the study period (Ishikawa 1995).
Therefore, the seasonal trend in germination
rate is probably unaffected by cyst abun-
dance in the sediments. Temperature is
therefore the dominant factor controlling in

Cyst deposition (X104 cysts m2 day'1)
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situ germination of Scrippsiella spp. cysts. On the
other hand, there were a few disagreements in sea-
sonal trend between temperature (Fig. 2) and germi-
nation rate (Fig. 5). For example, although the sedi-
ment temperature exceeded 10°C in June, the
germination rate did not increase. The rate decreased
in August when the sediment temperature was within
the optimal range (15.8°C). Furthermore, despite the
sediment temperature still exceeding 15°C, the rate
decreased dramatically in November. Ishikawa &
Taniguchi (1994) suggest that the in situ germination
of Scrippsiella spp. cysts in Onagawa Bay may be
regulated by lowered saturation of dissolved oxygen
(DO) during thermally stratified periods. This could
explain the decreases in germination observed during
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Fig. 7. Scrippsiella spp. Seasonal changes in cyst deposition monitored
by sediment traps at 2 and 10 m above the bottom at Stn A in Onagawa
Bay. Shaded and open columns represent cysts of S. trochoidea and

other Scrippsiella species, respectively. Bars represent +SD
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stratified seasons (June and August). However, the
marked decrease in November cannot be explained
by low DO, since the water column was vertically
mixed, as indicated by a homogeneous temperature
distribution. Nor can it be explained by immaturity of
cysts, since most cysts were formed before the first
half of October (Fig. 7} and had already exceeded
the mandatory dormancy period of ca 4 wk (Binder
& Anderson 1987). It is possible that Scrippsiella
spp. possesses an endogenous annual germination
rhythm, as reported for cysts of Alexandrium tama-
rense (Anderson & Keafer 1987) and Chattonella spp.
(Imai et al. 1989, Imai 1990), which may depress the
in situ germination rate of S. trochoidea cysts in late
autumn (November-December).

Germination in situ and vegetative population

Vegetative cells of Scrippsiella spp. sampled at Stn A
might include those transported from other localities in
the bay. However, Stn A is located in the inner harbor
where effects of advection and exchange of water are
small. Additionally, it has been found that the diatom
flora in the harbor is independent from that outside
(Inouye pers. comm.), indicating that the populations
at Stn A are largely native to the harbor water. De Sta-
tio (1989, 1990) has shown for certain cladoceran and
copepod species in a freshwater pond that the timing
and magnitude of emergence from the sediment differ
significantly with depth. However, considering that the
germination of Scrippsiella spp. cysts in the bottom
sediment appears to be controlled mainly by tempera-
ture, and the seasonal trend in sediment temperature
is almost identical at all stations scattered over the bay
(Ishikawa 1995}, it can be assumed that the seasonal
pattern of germination is similar throughout the bay. It
is, therefore, reasonable to assume that spatial varia-
tion in germination is small.

[t is interesting that the germination rate remained
low in April and May (Fig 5) when blooms of Scripp-
siella spp. began in the upper water column (Fig 4).
Temporal discrepancies were also observed between
the seasonal maximum of the vegetative population
{July) and the seasonal peak of germination (October).
The seasonal trends in the recruitment ratio (Fig 6)
and abundance of vegetative cells (Fig. 4) were gener-
ally opposite, indicating that cysts do not contribute
significantly to the bloom magnitude, but that blooms
are formed largely as a result of vegetative growth. In
contrast, the higher recruitment ratio in winter months
indicates that a comparatively large part of the winter
population of vegetative cells originates from cyst ger-
mination during winter (Fig. 6}. However, the magni-
tude of the winter population cannot be explained only

by recruitment of germinated cells, since the recruit-
ment ratio even at the maximum in winter was very
low, 2.19 x 107 d°'. Previous laboratory experiments
have demonstrated that vegetative cells of S. tro-
choidea cannot grow at 5°C but some of the cells sur-
vive over 30 d, and positive growth of the cells occurs
from over 10°C up to at least 25°C (Ishikawa 1995).
Considering that the minimum temperature in winter
was above 6°C (Fig. 2), a part of the vegetative popula-
tion must survive from the previous blooms and may
grow slowly during the winter season, contributing to
the winter population.

It has been suggested that cysts play an important
role in bloom initiation (Wall 1971, 1975, Anderson &
Wall 1978, Dale 1983, Anderson 1984). The evidence
obtained in this study, however, demonstrates that
high germination rates or synchronized mass germina-
tion of the cysts from the surface sediment is not nec-
essary for Scrippsiella spp. bloom initiation. The pres-
ence of vegetative cells in the water column 1is
important at the time when environmental conditions
become suitable for vegetative growth; the magnitude
of the subsequent bloom is dependent on vegetative
growth rather than recruitment of newly germinated
cells. This growth, in turn, is controlled by complex
factors such as water temperature, light intensity, con-
centration of nutrients, competition with other phyto-
plankters, and grazing by zooplankton. For example,
development of the vegetative population in the first
half of 1993 [Fig. 4) occurred as surface temperature
increased up to its seasonal maximum around 20°C
(Fig. 2), the optimal growth temperature observed in
the laboratory (Ishikawa 1995). Furthermore, the large
nutrient fluctuations at 0 and 5 m depth during warm
seasons (Fig. 3A, B) might have generated the wider
fluctuations of the vegetative population shown in
Fig. 4.

Although it has generally been said that cysts are
important for surviving unfavorable conditions for veg-
etative growth, cyst-formation itself is not necessarily
advantageous for proliferation in coastal waters after
environmental conditions improve. However, inces-
sant germination, even in unfavorable conditions, as
well as the broad temperature range for vegetative
growth of Scrippsiella spp., is highly advantageous for
building the large population, allowing it to dominate
over other populations in northern temperate coastal
waters such as Onagawa Bay, where environmental
conditions vary widely throughout the year. Such
incessant germination enables the vegetative cells to
immediately exploit the favorable growth conditions.
This is the most likely reason why S. trochoidea is the
most dominant dinoflagellate in Onagawa Bay and
why it dominates the world’s coastal oceans (cf. Wall et
al. 1970).
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Cyst deposition and the vegetative population

It is generally known that sediment traps measure
sinking flux at different efficiencies according to their
configuration (e.g. Gardner 1980a, b}. Furthermore,
the admixture of materials resuspended from the sur-
face sediment makes the interpretation of sedimenta-
tion processes complicated {(Matsuoka et al. 1989). The
use of sediment trap data for quantitative analysis has
serious problems in shallow sea areas. However, sedi-
ment traps are useful for qualitative analysis, such as
the timing and species composition of newly formed
cyst populations, or for relative measures of the magni-
tude of cyst formations between species (Matsuoka et
al. 1989). The following discussion of data obtained at
Stn A is to be understood largely in a relative sense.

As reported for many cyst-forming dinoflagellates
(Dale 1983, Pfiester & Anderson 1987, Hori 1993), the
cysts of Scrippsiella trochoidea are formed through
sexual processes (Watanabe et al. 1982, Watanabe
1993). Many factors such as temperature, day length,
irradiance and nutrient depletion have been studied as
possible triggers associated with sexuality and the
resultant encystment in dinoflagellates (cf. Pfiester &
Anderson 1987}. Among these factors, nutrient deple-
tion, especially nitrogen and/or phosphorus deficiency,
has been indicated to be the primary trigger for encyst-
ment (e.g. von Stosch 1973, Pfiester 1977, Anderson et
al. 1984, 1985, Sako et al. 1987, Chapman & Pfiester
1995). Watanabe et al. (1982) observed that the encyst-
ment of S. trochoidea was enhanced by nutrient limita-
tion, either of nitrogen or phosphate, but found that it
also occurred in nutrient-rich control cultures. Further-
more, light and temperature optima for the encystment
were the same as those for maximum vegetative
growth. In this study, nutrient concentrations in the
upper layer (0 to 5 m) were observed to fluctuate
widely in summer, but complete depletion rarely
occurred (Fig. 3A, B}, probably due to high nutrient
input to the innermost part of the bay from food facto-
ries on the shore. Rapid decreases in nutrient concen-
trations as well as extended periods of low N and P
concentration in the upper layers during the summer
may have gradually depleted cellular nutrient reserves
and enhanced sexual reproduction. As a result of this
nutrient depletion large cyst deposition events might
have been recorded from September to October 1993
when temperature was in the optimal range for growth
(Fig. 7).

The termination of the Scrippsiella spp. bloom in
Onagawa Bay (Fig. 4) was also recorded when temper-
ature was still in the optimal range for the vegetative
growth. Anderson et al. (1983) suggested that a major
factor in the decline of Alexandrium tamarense blooms
is the switch from asexual to sexual reproduction to

form planozygotes, so the mass encystments men-
tioned above (Fig 7) could have resulted in the bloom
termination after early October 1993. The same ten-
dency has also been reported for A. catenella by
Takeuchi (1992). Therefore, it appears that the Scripp-
siella spp. populations may undergo depletion of cellu-
lar nutrient reserves due to rapid vegetative growth in
summer, so that by the end of this season the cells
become susceptible even to short-term drops in nutri-
ent concentration. Sexual reproduction is enhanced
and mass encystment terminates the bloom during the
optimal temperature period for growth. This life his-
tory strategy favors the deposition of large numbers of
cysts into the sediment as seeds for successive years
(cf. Nakahara & Sako 1987).

Annual budget of the seed population in Onagawa Bay

On an annual basis, the magnitude of deposition was
much larger than that of germination, suggesting that
the cysts will never be depleted in the sediment if veg-
etative cells continue producing cysts every year. The
abundance of living cysts in the top 1 cm of the sedi-
ment in February 1993, when observations of in situ
germination rate were begun, was almost 6.9 x 10°
cysts m 2 (Ishikawa 1995). On the other hand, total
annual germination from February 1993 to January
1994 was estimated as 0.73 x 10° cells m™2 yr !, Assum-
ing that losses from the seed population by degrada-
tion, predation, senescence, advection and vertical
replacement of sediment are negligible, the initial
stock was numerically equivalent to 9.5 times the
annual germination; in other words, cysts representing
9.5 yr germination were stocked in the top 1 cm. The
cysts are also distributed abundantly below 1 cm depth
and remain viable (Ishikawa 1992, 1995). If vertical
mixing of the sediment frequently extends to more
than 1 cm, the size of the stock Is considerably larger
This is direct evidence of the existence of a 'seed pop-
ulation' as suggested by Prakash (1967), Wall (1971)
and Steidinger (1975). Such a seed population allows
the species to survive through periods of unpredictable
conditions imposed upon the vegetative population by
predation by zooplankton and nutrient depletion.

CONCLUSIONS

The annual population dynamics of Scrippsiella spp.
in Onagawa Bay appear to be controlled by seasonal
variations of temperature in the surface layer and at
the bottom. The vegetative population in winter is sup-
ported not only by cells which have survived from the
previous summer but also by germination in winter,
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although the germination rate is low due to low tem-
peratures (6 to 10°C). The bloom is probably initiated
by these vegetative cells in April/May as surface tem-
perature increases to near 10°C. It must be noted that
this bloom occurs prior to the increase in germination
rate in July. Both existing vegetative cells and newly
germinated vegetative cells contribute to bloom initia-
tion, which reaches the seasonal maximum during the
period from July to September, when the surface tem-
perature is optimal for vegetative growth.

Although sexual reproduction and subsequent
encystment occur in the vegetative population
throughout the year, encystment is most active in the
period from September to October. This mass encyst-
ment is likely enhanced by short-term depletion of
nutrients during the summer period. The rate of germi-
nation from the surface sediment also attains a maxi-
mum in October. Nevertheless, germination is insuffi-
cient to replenish the loss of vegetative cells. On an
annual basis, the number of germinated cells from sed-
iment, 0.73 x 10° cells m™? yr™}, is 9 times lower than the
number of deposited cysts, 6.49 x 10° cysts m™2 yr;
an excess deposit of cysts into the seed population is
evident.
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