Plankton Biol. Ecol. 47 (2): 73-79, 2000

plankton
biology & ecology

¢ The Plankton Society of Japan 2000

Summer phytoplankton bloom in Manazuru Harbor,

Sagami Bay, central Japan

Fumio SatoH, Kot HamAsAKkI', TATSUKI TODA & SATORU TAGUCHI

Faculty of Engineering, Soka University, 1-236 Tangi-Cho, Hachiouji 192-8577, Japan
'Present address: Faculty of Applied Biological Science, Hiroshima University, 1-4-4 Kagami-yama. Higashi-Hiroshima

739-8528. Japan
Recieved 26 July 1999; accepted 26 April 2000

Abstract: Chlorophyll-a (Chl-a) concentration and carbon fixation rate in pico- (2.0-0.2 um: Pico) and
total- (<183 um: Total) particle fractions were determined weekly for surface water in Manazuru Har-
bor, Sagami Bay, Japan from May 1995 to March 1997. Nitrate and silicate showed the highest and
lowest concentrations, respectively, in summer. Distinct summer increases in Chl-a concentration
was observed for both size fractions with a low contribution by the Pico fraction to the Total
(15+6.6%). The surface phytoplankton population responded to a 3-4-d period of continuous precipi-
tation (>200 mm) by increasing Chl-a concentrations to higher than 40 mgChl am™2 during the period
leading to warmer water temperatures in both the summers of 1995 and 1996. Carbon fixation rates
reached the maximum value of 13mgC m~3h~" during the Chl-a peak in summer. However, the maxi-
mum photosynthetic rate (2.8 mgC [mgChla]l™'h™'} was observed one week earlier than the Chl-a
peak. These abrupt increases were due to larger phytoplankton such as the dinoflageliate Ceratium
furca rather than the picoplankton, which were usually dominant in a stratified shallow mixed layer

with low nutrient concentrations.
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Iintroduction

Phytoplankton populations generally show an abrupt in-
crease in spring and fall in temperate coastal waters
(Taguchi et al. 1977; Maita & Odate 1988; Cloern 1991;
Falkowski & Raven 1997). The standing stock of phyto-
plankton is usually relatively low in summer due to a shal-
low surface mixed layer caused by increases in surface
water temperature leading to low nutrient supply (e.g., Mc-
Carthy et al. 1977). One of the most persistently dominant
group of phytoplankton in these periods are the picoplank-
ton (Joint & Pomeroy 1983; Douglas 1984; Takahashi et al.
1985; Joint et al. 1986; Sondergaard et al. 1991; Iriarte &
Purdie 1994; Hamasaki et al. 1999). Another dominant
group is various red tide forming species that sporadically
appear under similar conditions in summer (Anderson
1997). Their ecological success is dependent upon their life
histories, which include a cyst stage (Loeblich & Loeblich
1984; Donoghay & Osborn 1997). However their high lev-
els of abundance are not maintained throughout the sum-
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mer. The summer bloom is distinguished from the spring
and fall blooms based on its size and duration (Takahashi et
al. 1977).

Nearshore waters in Japan occasionally receive heavy
runoffs of freshwater due to precipitation by seasonal
storms in summer. High precipitation may increase the ver-
tical stratification of a water column and provide ample nu-
trient supplies from runoff to the surface water layer. A sud-
den supply of nutrients, particularly nitrate, is usually re-
sponded to by large phytoplankton such as diatoms (Barber
& Smith 1981). Under enhanced oceanographically stable
conditions dinoflagellates may dominate when nutrients are
supplied (Huntsman et al. 1981; Thomas & Gibson 1990).
Dinoflagellates such as Ceratium firca (Ehrenberg) Cla-
parede & Lachmann have been observed not only inside
Manazuru Harbor but also along the coast of Sagami Bay in
summer (Kikuchi, personal communication). Extensive
blooms of this species were reported along the Pacific coast
of central Japan in 1997 (Machida et al. 1999). This species
has also been reported to form red tides along the west
coast of North America (Rensel & Prentice 1980).

In this study size-fractionated Chl-a¢ concentrations and
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Fig. 1. Location of the sampling station in

Pacific Ocean Manazuru Harbor, Sagami Bay, Japan.

carbon fixation rates of the phytoplankton population were
determined weekly from 1995 to 1997 to identify the per-
sistent occurrence of summer dinoflagellate blooms in the
nearshore waters of Manazuru Harbor.

Materials and Methods
Sampling

Surface seawater samples were collected at ca. 1200h
with a bucket in Manazuru Harbor (35°08.9'N, 139°09.1'E;
maximum depth, 5.5m) in Sagami Bay on a weekly basis
from 26 May 1995 to 25 March 1997 (Fig. 1). The shape of
Manazuru Harbor approximates that of a rectangle 0.53 km
long and 0.17km wide. The watershed adjacent to Man-
azuru Harbor covers 1.4 km?, about 4 times the area of the
harbor, and no major tributaries enter the harbor. Surface
temperature was measured with a mercury thermometer
and salinity was obtained using a refrectometer. Collected
water samples were prescreened through 183-yum nylon
mesh to eliminate large zooplankton and debris, and
brought back to the laboratory. Precipitation was measured
every day during the sampling period with a rain gauge lo-
cated on the roof of the Manazuru Municipal Office
(35°09'15"N, 139°08'26"E).

Chlorophyll @ and nutrient analysis

Duplicate subsamples of 100 ml each were filtered seri-
ally through 2.0-um polycarbonate filters and Whatman
GF/F glass fiber filters for analysis of chlorophyll concen-
trations in the 2.0-0.2 um size fraction (Pico fraction). Fur-
ther subsamples of 100 ml each were filtered onto GF/F fil-
ters to determine the total chlorophyll concentrations (Total
fraction). A vacuum pump at <100 mm Hg pressure was
employed for the filtration (Li & Dickie 1985). Each sam-
ple collected on a filter was extracted in N,N-Dimethylform-

amide (DMF) at 4°C for 24 h (Suzuki & Ishimaru 1990).
Chlorophyll concentration was determined fluorometrically
on a Turner Design fluorometer using procedures described
in Holm-Hansen et al. (1965). Nitrate and silicate concen-
trations of the samples collected from 26 May 1995 to 30
November 1995 were measured using a calorimetric
method as described in Strickland & Parsons (1972). The
samples from 6 December 1995 to 26 March 1997 were an-
alyzed on a Bran+Lubbe AASC Il Autoanalyzer (Parsons
et al. 1984). Intercalibration between the two methods con-
firmed results to be comparable.

Carbon fixation rate

Subsamples were also collected for the measurement of
carbon fixation rates using stable '*C isotopes (Hama et al.
1983). Subsamples were dispensed into 4-liter black and
clear polycarbonate bottles which were incubated with 118-
um *C-sodium bicarbonate within 3 h of sampling. Incuba-
tions were made in the laboratory at an irrandiance of
150 uEm™2s™" on a I12L: 12D cycle provided by cool-
white fluorescent lamps. This irradiance was employed to
provide a light-saturated photosynthetic rate. Incubation
temperature was 20°C which was equal to the annual mean
of surface seawater temperature at the site in the present
study. After the incubation, duplicate aliquots of 200 ml
were filtered onto GF/F filters precombusted at 450°C for
4h to determine the bulk carbon fixation rate. Parallel du-
plicate aliquots of 300 ml prefiltered through 2.0-um poly-
carbonate filters were also filtered onto precombusted GF/F
filters to determine the carbon fixation rate for the Pico
fraction. Each sample captured on GF/F filters was dried at
54°C for 12h. The concentrations of particulate organic
carbon and the isotopic ratios of '*C and '*C were deter-
mined by a Finningan TracerMat mass spectrometer com-
bined with a Fisions NA 1500 CNS elemental analyzer.
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Fig. 2. Temporal variation of abiotic factors and nutrient conc-
netrations in Manazuru Harbor, Sagami Bay from May 1975 to
March 1977. A. Temperature (O), salinity (®) and precipitation
{bar); dotted line indicates the annual mean of seawater tempera-
ture. B. Silicate (@) and nitrate (O).

Carbon fixation rate was calculated using the procedures
described in Hama et al. (1983). After the incubation,
chlorophyll samples were also taken. The photosynthetic
rate (mgC [mgChla]™'h™') for the Total- and Pico frac-
tions were calculated using the Chl-a concentrations for
each fraction at the end of the incubations.

Results
Abiotic factors

The water temperature ranged from 11.8 on 31 January
1996 10 28.8°C on 23 August 1995, and salinity from 24.0
on 6 July 1995 to 38.0 PSU on 24 January 1996 (Fig. 2A).
The highest value of precipitation on one single day was
191 mm and was measured on 12 August 1996 at the end of
the period of warming surface water temperatures. The
largest value for continuous precipitation amounted to 261
mm and was measured during the period from 3 to 5 July
1995 (Fig. 2A). The second largest value for continuous
precipitation amounted to 191 mm and was observed during
the period from 6 to 9 July 1996. Decrease in salinity larger
than 4 over the course of one week occurred during these
continuous periods of heavy precipitation. These decreases
in salinity occurred during the period of warming surface
temperatures.

Nitrate concentrations ranged from 0.86 um on 6 July
1996 10 43 uM on 6 July 1995, with a mean value (*one
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Fig. 3. Temporal variation of Chl-a concentrations of the Total
(®) and Pico fractions (O) (A) and the relative contribution of the
Chl-a concentration of the Pico fraction to the Total concentration
(B) in Manazuru Harbor, Sagami Bay from May 1975 1o March
1997.

standard deviation) of 11+8.4 um (Fig. 2B). Silicate con-
centrations ranged from 6.1 uM on 19 August 1996 to
52uM on 6 July 1995, with a mean concentration of
20x9.8 um. Both the highest and lowest nutrient concentra-
tions were observed in summer.

Chlorophyll-a concentration

Chl-a concentrations of the Total fraction ranged from
0.19mgChlam™ on 4 April 1996 to 59 mgChlam™ on 6
July 1995 and those within the Pico fraction ranged from
0.057 mgChlam™ on 4 April 1996 to 11 mgChlam™ on 6
July 1995 (Fig. 3A). Peak concentrations were almost 15
times higher than the maximum concentrations (about
4mgChlam™) at a station in the center of Sagami Bay
(35°07’'N, 139°22'E) observed by Noda & Ichimura (1967).
The definition of “bloom™ has not yet become well estab-
lished in the literature (see Smayda 1997). However, a dis-
tinct summer bloom, revealed by exceptionally high Chl-a
cocentrations, higher than the usual high level of about
20mgChlam™?, was observed in July in both 1995 and
1996. Those blooms mainly consisted of the dinoflagellate
Ceratium furca (Taguchi, unpublished data). The shortest
and longest axis of those cells were 35+4 and 175224 um
(n=50), respectively (Hirano, unpublished data). This
species was almost totally confined to the fraction larger
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Fig. 4. Temporal variation of carbon fixation rate of the Total
(®) and Pico fractions (O) (A) and the relative contribution of the
carbon fixation rate of the Pico fraction to the Total carbon fixa-
tion rate (B) in Manazuru Harbor, Sagami Bay from May 1995 to
March 1997,

than Pico during the present study. The contribution of the
Pico fraction to Total Chl-a¢ concentration varied between
5.3% on 20 June 1995 and 69% on 15 February and 4 No-
vember 1996 (Fig. 3B). ’

Carbon fixation rate

Carbon fixation rates ranged from 0.091 mgCm™>h™' on
4 April 1996 to 13mgCm™>h™' on 26 June 1996 for the
Total fraction, and from 0.037mgCm ™ h™' on 4 January
1996 to 1.5mgCm™>h~! on 26 June 1996 for the Pico frac-
tion (Fig. 4A). Peak values did not differ greatly from the
5-10mgCm™>h~' reported from offshore stations in
Sagami Bay (Noda & Ichimura 1967). Percent contribution
of Pico to Total varied from 7.2% on 30 May 1996 to 65%
on 4 December 1995 (Fig. 4B), with a mean value of
31*=16%. Secasonal changes in the Pico contribution to
Total carbon fixation rate were similar to those for Chl-a
concentration.

Photosynthetic rate ranged from 0.15mgC [mgChla]™'
h™' on 17 September 1996 to 2.8 mgC [mgChla]™'h™' on
18 June 1996 for the Total fraction, and from 0.083 mgC
[mgChla]™'h™' on 7 February 1996 to 1.5mgC
[mgChia]l™'h™' on 18 June 1996 for the Pico fraction (Fig.
5). These maximum values are within the range reported
for the surface phytoplankton population of Sagami Bay
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Fig. 5. Temporal variation of photosynthetic rate of the Total
(#) and Pico (O) fractions in Manazuru Harbor, Sagami Bay from
December 1996 to March 1997.

(Noda & Ichimura 1967; Shimura & Ichimura 1972). These
maximum photosynthetic rates for the Total and Pico frac-
tions on 18 June 1996 occurred one week earlier than the
summer peak in Chl-a concentrations. At that peak the pho-
tosynthetic rate was relatively low, being about 0.3 mgC
[mgChla]™'h™' for the Total fraction and 0.8mgC
[mgChla]™' h™! for the Pico fraction.

Discussion

In temperate coastal waters the stratified shallow surface
mixed layer in summer is usually characterized by nutrient-
limited conditions and dominated by small-sized phyto-
plankton such as the Pico fraction (Joint & Pomeroy 1983;
Douglas 1984; Takahashi et al. 1985; Joint et al. 1986; Son-
dergaard et al. 1991; Iriarte & Purdie 1994; Jacquet et al.
1998). Abundance of the Pico fraction is reportedly con-
trolled by water temperature in temperate coastal waters
(Odate 1989; Miyazono et al. 1992; Iriarte & Purdie 1994)
but not nutrient concentrations (Kousa 1991). In this cases
a close coupling exists among the different compartments
of the microbial loop (Azam et al. 1983; Kudoh et al.
1990). However, the well documented characteristics of
temperate coastal waters have been perturbed by a distinct
regional climatic event, particularly in the nearshore re-
gions in the present study. Heavy rain storms and typhoons
usually pass through the present area every summer. As
storms approach the coastal area, upwelling occurs by
wind-induced mixing (Zeeman 1985; Furnas et al. 1988;
Fogel et al. 1999). This upwelling, as well as an increase in
water temperature, could enhance the excystment of di-
noflagellates from inshore cysts, usually at the bottom
depths shallower than 100 m, to seed the surface population
(Abbott & Albee 1967). Storms also provide heavy rain that
can contribute to the formation of a pycnocline containing
ample nutrients from runoff although the effect of precipita-
tion can not be expected to be of event-scale because of the
ratio (about 4) of watershed to harbor area in the present
study. However, nitrate reached 40 M in the surface water
several times during the present study. Stratification due to
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pycnocline has been recognized as a precondition for the
development of dinoflagellates (Donaghay & Osborn
1997). Once a storm passes, quiescent periods, influxes of
runoff, and sunny days often follow. All these factors tend
to increase vertical stratification. A shallow thermocline
was often observed during these periods in the present
study area (data not shown). Consequently the seeded pop-
ulation could form a layer of high concentration above the
pycnocline. When vertical mixing in the pycnocline de-
creases to the point where directional swimming motion
relative to the water can overcome the vertical dispersive
effects of small-scale mixing, then swimming behavior
alone could serve to concentrate dinoflagellate cells such as
Ceratium furca into such a layer, as suggested by Donagahy
& Osborn (1998). This effect may be enhanced by local
growth of those motile cells that make brief excursions into
deeper waters to take up nutrients (Eppley et al. 1968;
Cullen & Horrigan 1981) and by suppression of grazing
(Gentien & Arzul 1990).

A portion of the Pico fraction that would have spread
throughout the water column due to the vertical mixing dur-
ing storms can also bloom above the pycnocline under simi-
lar favorable conditions. They can reach densities higher
than 10mgChlam™?, as observed in the present study. The
small size of plankters in the Pico fraction provides a large
surface area to volume ratio that must be beneficial for nu-
trient uptake (Banse 1976). However, in some respects they
are not as flexible in their nutrient-gathering abilities as
motile cells such as Ceratium furca, since they lack swim-
ming ability and therefore utilize only nutrients at the depth
in which they exist.

Chl-a concentrations in summer during the present study
reached the maximum values following heavy precipitation,
although the apparent relationship between the peak in Chl-
a concentrations and nutrient concentrations is different be-
tween 1995 and 1996. The response of phytoplankton to in-
creased nutrient supply could be faster than the one week
interval between samplings adopted during the present
study. Summer blooms were only able to be detected by
sampling every two days in Saanich Inlet, Canada (Taka-
hashi et al. 1977). As also pointed out by Nielsen et al.
(1990), standard coarse-scale sampling methods have prob-
ably prevented the detection of, or led to underestimation of
peak concentrations in layered blooms. High precipitation
of 191 mm within a single day was observed on 12 August
1996 but it may not have lasted long enough to concentrate
phytoplankton cells above the pycnocline and enhance phy-
toplankton production. Alternativly the seed population
may already have been exhausted during earlier period of
heavy precipitation since a period when water temperatures
warmed considerably has passed.

Chl-a concentrations during the summer phytoplankton
bloom in nearshore waters were considerably higher than
those reported for the offshore waters of Sagami Bay (Noda
& Ichimura 1967; Shimura & Ichimura 1972), although the
photosynthetic rate was similar. The area of the summer

phytoplankton bloom can be estimated as 10% of the total
surface area of Sagami Bay (2,700-km’ surface area) since
a narrow band (2-km width) of these blooming plankton
along the coast (130-km length of shoreline) has been ob-
served during summer (Kikuchi, personal communication).
The annual surface primary production for the bloom band
can be estimated as 6 gC m > year™' from the present study.
The annual primary production of about 1.8 gCm™ year™
reported for the surface waters of Sagami Bay (Aruga
1977) increases by about 20%. However, this value has to
be considered to be a first order estimation pending further
studies.

One of the more complicated aspects of dinoflagellate
dynamics is that summer blooms of dinoflagellates such as
Ceratium firca are known to exhibit specific vertical struc-
tures in coastal water colums (Eppley et al. 1968; Taguchi
1982; Franks & Anderson 1992). Information on more de-
tailed spatial and temporal scales is required to fully under-
stand the dynamics of summer dinoflagellate blooms, for
example, the analysis of satellite image (Cullen et al. 1997).
Such efforts will facilitate estimating the contribution of
bloom-forming dinoflagellates to the total primary produc-
tion of Sagami Bay.
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