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INTRODUCTION

Nitrogen (N), phosphorus (P) and silicon (Si) may
potentially limit phytoplankton growth and primary
productivity in aquatic systems (e.g. Ryther & Dunstan
1971, Schindler 1977, Howarth 1988, Conley & Malone
1992, Pitkänen & Tamminen 1995). For many years, N
was commonly believed to be the most important nutri-
ent regulating the primary productivity in marine sys-
tems, while P limitation prevailed in freshwater sys-
tems (Howarth 1988). However, P limitation has also
been reported in estuaries and coastal areas (Harrison

et al. 1990, Turner et al. 1990, Thingstad et al. 1998,
Labry et al. 2002), as well as in some oceanic regions
(Krom et al. 1991, Karl et al. 1997). In estuarine and
coastal regions, which are characterized by seasonally
varying mixtures of fresh and seawater, there is evi-
dence for seasonal and spatial variations in the limiting
nutrient (D’Elia et al. 1986, Rudek et al. 1991, Del Amo
et al. 1997).

A number of techniques have been employed in the
past to determine factors limiting phytoplankton pro-
ductivity (e.g. Howarth 1988, Beardall et al. 2001). The
nutrient concentrations and ratios in the water in
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which the phytoplankton are growing are usually a
logical starting point in detecting which nutrient may
limit phytoplankton productivity. This approach alone
could not give definitive conclusions about the actual
limiting nutrient for phytoplankton productivity, be-
cause of the role of cellular nutrient storage and the
turnover from nutrient regeneration (e.g. Currie &
Kalff 1984, Smith et al. 1985, Dodds & Priscu 1990).
However, this approach has been used as a latent
index of nutrient limitation (Boynton et al. 1982, Justic
et al. 1995, Del Amo et al. 1997). Bioassay experiments
have been used as the dominant approach for examin-
ing nutrient limitations in estuaries and coastal waters
(Ryther & Dunstan 1971, D’Elia et al. 1986, Fisher et al.
1999, Holmboe et al. 1999). This technique includes
addition of nutrients to bottles containing the phyto-
plankton assemblage, and then measurement of its
effects on growth or production by monitoring bio-
mass, chlorophyll (Chl) or isotope uptake in compari-
son with controls.

Sagami Bay, situated on the eastern coast of Japan,
covers an area of 2700 km2 (Fig. 1). Nutrients are sup-
plied to the bay through the upwelling of deep seawa-
ters, the inflow of the eutrophic waters from the Tokyo
Bay and the outflows from the 2 main rivers (Sakawa
and Sagami) and other rivers. The eutrophic waters are
mixed with the Kuroshio Current (oligotrophic waters)
flowing into the Sagami Bay. The counterclockwise
currents along the coast are dominant in the bay,
although the circulation patterns change rapidly corre-
sponding to the distribution of the Kuroshio Current
(Hirano et al. 1977, Iwata 1985). Kamatani et al. (2000)
reported that the concentrations and ratios of nitrate,
phosphate and silicate measured in the middle of the
Sagami Bay from 1993 to 1994 were similar to those
observed in 1978. Hence, they concluded that the
increase in nutrients due to coastal eutrophication is

washed out to the open ocean by the presence of
strong currents in the bay. However, since Sagami Bay
adjoins very populated areas, large amounts of
eutrophic waters from the rivers and Tokyo Bay flow
into the coastal regions. The area of the present study,
located on the western side of the bay, is particularly
influenced by the eutrophic waters from the rivers.
Earlier work conducted in the coastal regions during
the period from 1995 to 1999 showed that the propor-
tions of phytoplankton blooms observed between May
and July increased as compared to those reported dur-
ing the 1960 to 1980s (Satoh et al. 2000, Toda et al.
2000). There is no study assessing the relationship
between nutrient conditions and phytoplankton bloom
dynamics.

We present a study of the nutrient limitation of pri-
mary productivity during the spring-summer blooms in
2000 in the coastal regions of the Sagami Bay using 2
approaches: (1) concentrations and ratios of dissolved
nutrients, and (2) bioassay experiments. The purpose
of the present study was to determine the nutrients
which are limiting primary productivity. The study of
nutrient limitation of primary producers is important
for water quality management in coastal environments
because increasing the supply of a limiting nutrient
may lead to severe eutrophication and deterioration of
the water quality.

MATERIALS AND METHODS

Sampling procedures. Seawater samples were col-
lected from depths of 0, 2, 5, 10 and 15 m at a sam-
pling site (35° 09’ 30’’ N, 139° 09’ 25’’ E, depth 20 m)
near the Manazuru Peninsula located in the Sagami
Bay at about 09:00 h every second day between April
19 and July 30, 2000 (Fig. 1). The water temperature

30

35o 09'N

139o 09'E139o 08'E

35o 10'N

35o 08'N

Manazuru Marine Laboratory

Manazuru 
Peninsula

1.0 km0 Sampling site

139o10'E
Sagami Bay

Izu 
Peninsula

Japan Sea

Pacific Ocean

139o 10'E

Tokyo 
Bay

139o 00'E 139o 30'E

35o00'N

R. Sagami

R. Sakawa

Fig. 1. Location of sam-
pling site in Sagami Bay,

Japan



Fujiki et al: P limitation during phytoplankton blooms

was measured with a mercury thermometer immedi-
ately on collection of the samples. Water samples
were prescreened through a 333 µm mesh to elimi-
nate debris, and immediately transported to the Man-
azuru Marine Laboratory, Yokohama National Univer-
sity (Fig. 1). Salinity was measured using an inductive
salinometer at the laboratory. Precipitation was mea-
sured every day during the investigated period with a
rain gauge placed on the roof of the Manazuru
Municipal Office.

Chlorophyll a concentration. Duplicate subsamples
of >100 ml were filtered onto Whatman GF/F glass
fiber filters for analysis of Chl a pigment. Each filter
was extracted with N,N-dimethylformamide in the
dark at 4°C for 24 h (Suzuki & Ishimaru 1990). Chl a
concentration was determined fluorometrically on a
Turner Design fluorometer according to Holm-Hansen
et al. (1965).

Nutrient analysis. Dissolved inorganic nutrient sam-
ples were filtered through Millipore Millex filters (pore
size: 0.22 µm). The concentrations of nitrate + nitrite,
phosphate and silicate were measured on the filtrate
using a nutrient autoanalyzer (Bran + Luebbe, AACS-
II Compact System). 

Using the combination of nutrient concentrations
and ratios, the possibility of nutrient limitation can be
assessed (Fisher et al. 1988, Dortch & Whitledge 1992,
Justic et al. 1995). If the ambient concentration of a
nutrient is less than the upper range of the half-satu-
ration constant for uptake, phytoplankton is limited by
that nutrient (Fisher et al. 1988). According to Dortch
& Whitledge (1992) and Justic et al. (1995), when con-
centrations of dissolved inorganic nitrogen (DIN;
nitrate, nitrite and ammonium), phosphate and silicate
are <1.0, 0.2 and 2.0 µM, respectively, they are then
considered limiting. For estimating which nutrient
will be depleted first, we calculated the molar ratios of
nutrients. Based on Dortch & Whitledge (1992) and
Justic et al. (1995), we applied the following criteria:
(a) Si limitation if Si/P < 10 and Si/DIN < 1; (b) N limi-
tation if DIN/P < 10 and Si/DIN > 1; (c) P limitation if
Si/P > 20 and DIN/P > 20. However, if the concentra-
tion of the particular nutrient is greater than the half-
saturation constant for uptake, then limitation by the
nutrient is ruled out. If concentration of that nutrient
is less, then probable limitation is suggested (Dortch
& Whitledge 1992). Ammonium concentration was not
measured in the present study. According to Hattori
(1977), seasonal variation of ammonium concentration
in water less than 50 m deep in the Sagami Bay was
0.1 to 3 µM and averaged 0.5 µM, and ammonium
was a prevailing component of DIN when the concen-
tration of DIN was low. Hence, for this study, we
assumed that ammonium concentration was 0.5 µM
for assessing nutrient limitation.

Bioassays. To assess nutrient limitation of primary
productivity during the phytoplankton blooms, the
bioassay experiments were carried out every 8 d from
May 1 to July 28, 2000. Subsamples collected from the
surface water at about 09:00 h were transferred into
4 l polycarbonate bottles. The bioassay treatments
included the addition of 26.4 µM NaNO3, 2.52 µM
NaH2PO4 or 36.7 µM Na2SiO3, along with controls
without nutrient addition. Duplicates were made for
each treatment. The addition of nutrients were done
according to Holmboe et al. (1999), so that the concen-
trations were nearly 2-fold compared to the maximum
concentrations observed at this location during the
spring-summer of the previous year. The bioassays
were incubated under natural surface light for 24 h
with addition of 13C-NaHCO3 (final 13C atom% in dis-
solved inorganic carbon was ~10%; Hama et al. 1983).
The bottles were floated in the aquarium and gently
shaken by hand every 4 h during the incubations.
Water temperature was controlled to the surface water
temperature at the sampling site. After the incubation,
duplicate aliquots of >200 ml were filtered through
pre-combusted (450°C, 4 h) GF/F filters. The filters
were stored at –20°C until analysis. The filters were
treated with HCl fumes for 2 h to remove carbonate
and dried at 54°C over 12 h. The concentration of par-
ticulate organic carbon and the isotopic ratios of 13C
and 12C were measured by a mass spectrometer (Finni-
gan MAT, TracerMAT) combined with an elemental
analyzer (Fisons, Instruments NA-1500). Primary pro-
ductivity of phytoplankton was calculated according to
Hama et al. (1983). The nutrient limitation was as-
sessed by comparing primary productivity of each
treatment with the controls.

Short-term bioassay experiments of nutrient addi-
tions have some shortcomings. Healey (1979) showed
that bioassay experiments over several hours did not
stimulate phytoplankton productivity because of de-
lays of the response to nutrient additions. For this rea-
son, short-term bioassay experiments with natural
phytoplankton for monitoring nutrient limitation in
coastal waters have been run for more than 15 h for the
phytoplankton to physiologically adapt to nutrient
additions (Nyholm & Lyngby 1988, Holmboe et al.
1999). However, physical long-term enclosure of a nat-
ural phytoplankton assemblage for more than 1 d can
have noxious effects upon the physiological perfor-
mance and result in changes in the species composi-
tion of the phytoplankton assemblage (e.g. Venrick et
al. 1977). Thus, short-term bioassay experiments of this
study were carried out for a 24 h time period.

Statistical analysis. Tests for differences between
means were carried out using t-tests (Kyplot 3.0,
Kyence). The level of significance was set as p < 0.05
for all statistical analyses.
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RESULTS

Abiotic factors

As the season progressed from spring to
summer, water temperature increased from
15°C in late April to 26°C at the end of July
(Fig. 2b). The water column was substantially
homogeneous until the end of May and fre-
quently stratified from June. The highest
value of precipitation was 120 mm. It was
measured on July 7 at the end of the rainy sea-
son, which extends from the middle of June to
the beginning of July (Fig. 2a). Continuous precipita-
tion with a total amount of 113 mm was recorded dur-
ing the period from June 11 to 14, at the beginning of
the rainy season. Salinity varied ranging from 28.7 to
35.6 PSU and was below 33 PSU during the rainy sea-
son (Fig. 2c).

There was a large temporal variation in dissolved
inorganic nutrients. The highest nitrate + nitrite
(19.2 µM) and silicate (31.2 µM) concentrations were
measured on July 10 after heavy rainfalls (Fig. 2d,f).
The influence of precipitation on nitrate + nitrite and
silicate concentrations was indicated by significant re-
lationships in which the concentrations were highest
when the salinity was lowest and declined with increas-
ing salinity (p < 0.001, Fig. 3a,c). In contrast, the highest
phosphate concentration (0.64 µM) was observed
on June 22 although it did not rain from June 17 to
22 (Fig. 2a,e). There was no significant relationship
between salinity and phosphate concentration (Fig. 3b).

Phosphate concentration was below the half-saturation
constant for uptake in 53% of the samples, whereas sil-
icate and DIN (nitrate + nitrite + ammonium) concentra-
tions were below the half-saturation constant in only 14
and 6.5%, respectively (Table 1). Furthermore, accord-
ing to the more stringent criteria of combining nutrient
concentrations and ratios, probable P limitation oc-
curred in 25% of the samples in this study (Table 1).

Biomass

Chl a peaks with values over 10 mg
m–3 were observed 5 times during the
period of sampling (Fig. 2g). Four
peaks in May to June were found at
the depth of 0 to 2 m, but the other
peak in July was measured at the
depth of 5 m. Based on the spatial and
temporal variations in Chl a concentra-
tion, we divided the phytoplankton
blooms into 5 phases, indicated by
Roman numerals in Fig. 2g. The divi-

sions based on the Chl a concentration were supported
by the results of microscopic examination of samples
collected in conjunction with this study (Aono 2001,
Miyaguchi 2003). The phytoplankton assemblages in
phase II were dominated by dinoflagellates, Ceratium
furca and Ceratium fusus. Phytoplankton assemblages
during the other phases were dominated almost
entirely by diatoms such as Nitzschia spp., Thalas-
siosira spp. and Chaetoceros spp. In addition, a high
population density of Noctiluca scintillans, a hetero-
trophic dinoflagellate, was observed during May.

During the course of spring and summer, increases of
Chl a concentration were observed after nutrient input to
the bay (Fig. 2d–g). Nutrient concentrations decreased
with increasing Chl a concentration. For instance, the
concentrations of silicate, DIN and phosphate at 0 m on
May 21 were 7.50, 4.07 and 0.11 µM (Si:N:P = 69:38:1),
respectively, when the highest concentration of Chl a
(23.1 mg m–3) was observed (Table 2). The phosphate
concentration decreased below the half-saturation con-
stant for uptake. At the depth of Chl a peaks it was low
enough to indicate probable P limitation in all phases,
except in phase IV (PO4 = 0.44 µM) (Table 2). 

Bioassays

In the 12 bioassay experiments, Chl a-specific prim-
ary productivity of controls without nutrient addition
varied about 3.6-fold and ranged from 14.7 to 52.8 mgC
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Table 1. Percentage of all samples (n = 275), in which nutrient concen-
trations and ratios suggest nutrient limitation, using 2 criteria to assess
limitation. All concentrations in µM; all ratios on molar basis. DIN: 

dissolved inorganic nitrogen (nitrate, nitrite, ammonium)

SiO4 DIN* PO4

Nutrient concentrationsa 14.3 6.5 52.7
Nutrient concentrations and ratiosb 4.9 2.0 25.0

aSi limitiation: SiO4 < 2; N limitation: DIN < 1; P limitation: PO4 < 0.2
bSi limitiation: SiO4 < 2, Si/P < 10, Si/N < 1; N limitation: DIN < 1,
Si/N > 1, N/P < 10; P limitation: PO4 < 0.2, Si/P > 20, N/P >20

Table 2. Concentrations and ratios of dissolved nutrients observed at the depth 
of Chl a peaks in 5 phases

Phase Date Depth Chl a Concentrations (µM) Ratio Probable
(m) (mg m–3) SiO4 DIN PO4 Si N P limitation

I May 7 2 15.0 4.55 1.87 0.06 80 33 1 P
II May 21 0 23.1 7.50 4.07 0.11 69 38 1 P
III May 31 0 12.4 4.85 3.41 0.13 37 26 1 P
IV Jun 22 2 17.5 12.1 9.02 0.44 28 21 1 –
V Jul 12 5 11.0 5.06 3.38 0.14 36 24 1 P

:

:
:
:
:
:

:

:
:
:
:
:
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Fig. 2. Temporal variations in (a) daily precipitation (mm), (b) temperature (°C), (c) salinity (PSU), (d) nitrate + nitrite (µM),
(e) phosphate (µM), (f) silicate (µM) and (g) chlorophyll a (mg m–3) at the sampling site from April 19 to July 30, 2000. (g) Phyto-
plankton blooms are divided into 5 phases based on the spatial and temporal variations in Chl a concentrations. y: days on 

which bioassay experiments were carried out
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mgChl a–1 d–1 (Table 3). The mean Chl a-specific pri-
mary productivity was significantly lower when P was
limiting (27.2 ± 10.8 mgC mgChl a–1 d–1) than when
P was not limiting (41.3 ± 8.77 mgC mgChl a–1 d–1). In
the 12 bioassay experiments, phytoplankton assem-
blages responded differently to the nutrient treatments
(Table 3). Compared to the controls, the relative pri-
mary productivities of nitrate and silicate additions
were 102 ± 8.8 and 101 ± 5.3%, respectively. The ni-
trate and silicate additions gave no responses, except
on June 2. Concentrations of silicate, DIN and phos-
phate on June 2 were 0.91, 0.95 and 0.05 µM, respec-
tively, and all concentrations were below the half-
saturation constant for uptake. The relative primary

productivity in case of phosphate addition was
118 ± 17%, and there was considerable temporal vari-
ability in the bioassay results for phosphate addition.
On May 9 and 25, June 2 and July 20 and 28 when Chl
a-specific primary productivity of controls was lower
than 30 mgC mgChl a–1 d–1 and phosphate concentra-
tion was below the half-saturation constant for uptake,
the phosphate addition caused over 20% gain of
primary productivity compared to the controls. The
largest increase was observed on May 25, with the pri-
mary productivity gaining over 51%. The mean relative
primary productivities were significantly different
(p < 0.01) for the P-limited (1.30 ± 0.15) and P-unlimited
bioassay experiments (1.05 ± 0.08).

DISCUSSION

In this study, occasional increases in freshwater dis-
charge due to precipitation resulted in large loadings
of N and Si to the coastal waters but not P (Fig. 2a,d–f).
As high concentrations of phosphate were observed
several times at the bottom layer, phosphate may have
been primarily supplied by release from the coastal
sediment. The available P in the system was quickly
used up by phytoplankton with excess of N and Si
supplied by river outflow. Consequently, increase in N
and Si driven by precipitation created P deficiency in
the coastal regions of the Sagami Bay. This interpreta-
tion agrees with the consideration by Howarth (1988)
that the variation in nutrient limitation is dependent on
different nutrient loading ratios.

Phytoplankton assemblages had consumed and ex-
hausted phosphate in the coastal regions since phos-
phate concentrations measured during almost all Chl a
peaks were low enough to indicate probable P limita-
tion (Table 2). In this study, an additional approach to
determine nutrient limitation was conducted with the
bioassay experiments, which provides information
about actual nutrient limitation of the primary produc-
tivity. Until now, some studies demonstrated P limita-
tion in estuaries and coastal regions using long-term
bioassay experiments of several days (Harrison et al.
1990, Fisher et al. 1999, Labry et al. 2002). Short-term
bioassay experiments carried out by Holmboe et al.
(1999) revealed that the primary productivity following
phosphate addition in P limited estuary increased by
20% compared to the control. In the present study, the
relative primary productivity following phosphate ad-
ditions increased over 20% when phosphate concen-
tration was below the half-saturation constant for
uptake (Table 3). In 4 out of 5 occasions, nutrient limi-
tation verified by the bioassay experiments corre-
sponded well with the nutrient limitation predicted
from the concentrations. On June 2, when all 3 nutri-
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ents were below the half-saturation constant for up-
take, all the nutrient additions caused a rise in the pri-
mary productivity. When phytoplankton productivity is
limited simultaneously by several nutrients, combined
nutrient addition produces significantly higher pro-
ductivity response than a single nutrient addition (Ger-
hart & Likens 1974, Elser et al. 1990, Fisher et al. 1999).
As primary productivity on June 2 was limited by the
3 nutrients, the productivity response to the single
nutrient addition may have declined.

The one exception was on July 12 when phosphate
concentrations were below the half-saturation constant
for uptake, while Chl a-specific primary productivity of
controls was as high as 46.3 mgC mgChl a–1 d–1 and
the primary productivity following phosphate addition
showed no response. This exception may have been
due to the role of cellular P storage (e.g. Gotham &
Rhee 1981, Vincent 1981, Currie & Kalff 1984). As tem-
poral variability in the responses to phosphate addi-
tions was observed, we divided all bioassay data into
2 periods based on before and after Chl a peaks in the
5 phases; the pre-bloom period (May 1, 17, June 10, 18,
July 4, 12) and the post-bloom period (May 9, 25, June
2, 26, July 20, 28) (Table 4). During the pre-bloom
period, primary productivity of all nutrient treatments
compared to the controls remained constant and there-
fore nutrient limitations were not likely to occur. Phos-
phate additions on the post-bloom period caused a
positive effect on primary productivity compared to
the controls, and the primary productivities following
phosphate additions were significantly different in
pre-bloom and post-bloom periods (p < 0.05). Thus, the
results showed that the primary productivity in the
post-bloom period was limited by phosphate.

As a common feature in many coastal ecosystems,
the onset of the high productive period is driven by
physical factors, such as freshwater discharge and
increase of light availability (Legendre et al. 1986,
Peterson 1986, Tsuda et al. 1994, Del Amo et al. 1997).
At a sampling site on the eastern coastal side of the
bay, Furota (1980) observed a positive linear relation-
ship between Chl a concentration and water column
stability as also described by Sverdrup et al. (1942). In
this study, the water column stability of >0.1 kg m–2

was observed at the 4 peaks of Chl a except on May 21
(data not shown). The increase in Chl a concentrations
was observed after about 2 to 6 d following freshwater
discharge by precipitation (Fig 2a,g). However, in the
middle of June, Chl a concentration remained low
despite the large addition of nutrients by heavy precip-
itation. The reason may be due to the shortage of light
(the mean daily irradiance of 23.2 mol m–2 d–1, see
Fujiki et al. 2003). These results suggest that the devel-
opment of phytoplankton blooms in the coastal regions
probably requires increased light availability and a
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Table 3. Nutrient concentrations on dates for bioassay experiments and the variation of primary productivity following the nutri-
ent additions. The mean (±SD) for each parameter was calculated for all samples when P was limiting and when P was not 

limiting, using ambient PO4 < 0.2 µM as an indicator

Date Concentrations (µM) Control +Si +N +P
SiO4 DIN PO4 (mgC mgChl a–1 d–1) (normalized to control)

May 1 11.9 8.66 0.49 40.2 1.01 1.09 1.07
May 9 3.00 1.66 0.05a 29.7 1.06 0.99 1.38
May 17 2.94 6.01 0.26 52.8 0.99 0.99 1.02
May 25 7.85 2.68 0.09a 28.5 1.03 1.04 1.51
June 2 0.91a 0.95a 0.05a 14.7 1.14 1.24 1.31
June 10 15.8 7.36 0.25 49.8 1.03 1.03 0.97
June 18 18.0 5.69 0.55 39.4 0.96 0.96 1.15
June 26 10.9 7.34 0.46 29.0 0.97 0.96 0.97
July 4 23.0 3.89 0.22 36.5 1.00 1.03 1.13
July 12 10.7 4.42 0.11a 46.3 0.96 0.99 1.07
July 20 11.0 1.20 0.06a 20.9 0.97 0.88 1.30
July 28 6.98 1.87 0.15a 23.0 0.95 1.02 1.22

P-limited 6.74 ± 4.08 2.13 ± 1.27 0.09 ± 0.04 27.2 ± 10.8 1.02 ± 0.07 1.03 ± 0.12 1.30 ± 0.15
P-unlimited 13.8 ± 6.87 6.49 ± 1.66 0.37 ± 0.14 41.3 ± 8.77 0.99 ± 0.02 1.01 ± 0.05 1.05 ± 0.08
aLess than the half-saturation constant for uptake (SiO4 = 2 µM; DIN = 1 µM; PO4 = 0.2 µM)

Table 4. Comparisons of relative primary productivity (%,
normalized to controls) between pre-bloom and post-bloom
periods. All bioassay data were divided into 2 periods based
on before and after Chl a peaks in the 5 phases. Pre-bloom
period; May 1, 17, June 10, 18, July 4, 12. Post-bloom period; 

May 9, 25, June 2, 26, July 20, 28. NS: not significant

Addition Pre-bloom Post-bloom p (t-test)

Nitrate 101 ± 4.4 102 ± 12 NS
Phosphate 107 ± 6.7 128 ± 18 <0.05
Silicate 099 ± 2.6 102 ± 7.0 NS
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stabilized water column, subsequent to the nutrient
additions by precipitation.

Phytoplankton assemblages during the spring and
summer of 2000 were dominated mainly by diatoms
such as Nitzschia spp., Thalassiosira spp. and Chaeto-
ceros spp. (Aono 2001, Miyaguchi 2003). High silicate
concentrations characterized the coastal regions of the
Sagami Bay during this period. The mean silicate con-
centration during this period was as high as 6.56 ±
5.52 µM, and was higher than the half saturation con-
stant for silicate uptake in diatoms (2 µM). According
to Egge & Aksnes (1992), diatoms can continue to grow
as long as the silicate concentration is above 2 µM. As
the silicate concentration was >2 µM during most of
the study period, silicate was not limiting diatom
growth in this area. Therefore, diatoms dominate the
phytoplankton community in the coastal regions of the
Sagami Bay. The results of this study agree with the
consideration by Kamatani et al. (2000) that the suffi-
cient supply of silicate by the upwelling of sub-surface
waters and/or by the riverine waters is favorable for
the maintenance of diatom ecosystems in the Sagami
Bay. However, in the present study, regardless of the
high silicate concentration, the phytoplankton assem-
blages in phase II, when maximum Chl a concentration
was encountered, were dominated by dinoflagellates,
Ceratium furca and Ceratium fusus. Satoh et al. (2000)
reported that the blooms were mainly composed of
Ceratium furca in this coastal region. The reason for
Ceratium spp. dominance needs to be examined in
greater detail.

Phytoplankton productivity in the middle of the
Sagami Bay is particularly influenced by the upwelling
of deep seawaters or branches of the Kuroshio Current
(oligotrophic waters). The ratios of nutrients supplied
to the regions through the upwelling of deep seawaters
were approximately 25:15:1 (Si:N:P) (Kamatani et al.
1977, 2000). Thus, nitrate was the most deficient nutri-
ent during the main growth period of phytoplankton.
However, as the coastal regions were influenced
strongly by eutrophic waters, including large amounts
of nitrate and silicate, the phytoplankton productivity
was limited by phosphate. Moreover, the results of the
present study suggest that the phosphate distribution
in coastal regions of the Sagami Bay is one of the
important factors in controlling spring-summer phyto-
plankton bloom dynamics. Phytoplankton productivity
is generally regarded to be limited by nitrogen in
marine waters (Ryther & Dunstan 1971, Howarth 1988).
Turner et al. (2003a,b) recently reviewed data for dis-
solved inorganic nitrogen, dissolved inorganic phos-
phate and dissolved silicate in the world’s largest
rivers. They proposed that nutrient limitation of phyto-
plankton growth in estuaries and coastal waters is
moving towards a higher incident of P and/or Si limita-

tion as a result of increased N loading, and the change
in nutrient proportions will influence the growth and
composition of aquatic food webs. Our results probably
suggest that the coastal region of the Sagami Bay is
one of the aquatic systems with changing nutrient
proportions. 

The aquatic ecosystems in coastal regions are more
susceptible to anthropogenic disturbance and land-
source pollution than those of the open sea. Above all,
the eutrophication of costal waters can lead to increase
in the proportions of algal blooms, and result in the
degradation of water quality and the loss of habitat for
the biota. In the present study, we cannot conclude
that the variations of nutrient distributions relate to the
recent increase in proportion of phytoplankton blooms
in the coastal regions of the Sagami Bay (Satoh et al.
2000, Toda et al. 2000) because of the paucity of histor-
ical data on nutrient distributions in the coastal
regions. For assessing the relevance, more studies are
necessary to identify the sources and the supply rates
of P into the coastal waters. This identification can pro-
vide important information for the prediction of phyto-
plankton biomass and the management of aquatic
ecosystems in the Sagami Bay in the future.
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