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INTRODUCTION

Nixon (1995) defined the term ‘eutrophication’ an
increase in the rate of supply of organic matter to an
ecosystem. In coastal seas, elements of nitrogen and
phosphorus are also simultaneously supplied, and
loadings of the elements into the seas due to human
activities have caused deterioration of the water qual-
ity. Howarth et al. (1996) assembled nitrogen budgets
in 14 regions of watersheds flowing into the North
Atlantic Ocean, and estimated total nitrogen export in
all of the major rivers draining into the ocean. Gabric &
Bell (1993) summarized eutrophication and its symp-
toms in many coastal seas. One of the most notorious
symptoms of eutrophication is massive growth of
bloom-forming algae in the phytoplankton. For ex-
ample, Phaeocystis blooms, due to elevated nutrient
levels, have been reported in the southern North Sea

(Cadee & Hageman 1986) and the Irish Sea (Gowen
et al. 2000). Food web structure and function may
depend on abundance and activity of dominant phyto-
plankters. It is therefore important to elucidate the
mechanisms of dominance by a certain phytoplankton
species.

Nutrients often have major regulatory effects on
phytoplankton abundance and composition (Hecky &
Kilham 1988, Howarth et al. 1988, Fisher et al. 1995),
and previous studies have demonstrated that nitrogen
(Ryther & Dunstan 1971, Twomey & Thompson 2001),
phosphorus (Chaudani & Vighi 1982, Holmboe et al.
1999, Diaz et al. 2001, Yin et al. 2001,) or silica (Egge &
Aksnes 1992, Del Amo et al. 1997) may limit phyto-
plankton abundance and determine the dominant phy-
toplankters. Ratios of the elements are particularly
important (Hecky & Kilham 1988, Howarth et al. 1988).
For example, decreases in Si:N ratios of coastal seas
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due to decreases in the supply of silicate caused by
dam construction, or increases in nitrogen supply from
waste discharge, may impose Si limitation on phyto-
plankton in coastal seas and a shift of the dominant
phytoplankton from diatoms to flagellates (Billen et al.
1991, Humborg et al. 1997). Riegman et al. (1992)
noted that not only elevated nutrient levels but also
shifts in nutrient ratios were the reasons for Phaeocys-
tis blooms in the southern North Sea. Limiting nutri-
ents determining dominant phytoplankters may vary,
depending on each system. Hence, the limiting nutri-
ents should be examined in each coastal sea.

The Uwa Sea is a Japanese coastal sea to the west of
Shikoku Island (Fig. 1). Its trophic status is variable
due to water intrusions, but is normally oligotrophic
(Kawabata & Satake 1992, Koizumi & Kohno 1992,
Koizumi et al. 1997). Also, the sea is the largest and
most productive area in Japan used for cultivation of
the pearl oyster Pinctada fucata martensii. This oyster
is a suspension feeders whose main food is phyto-
plankton. It has been shown that diatoms of appro-
priate sizes and have high nutritional value for adult
oyster growth may be their most important food
(Sawano 1950, Ohta 1959, Kuwatani 1965), although
some diatom species such as Nitzschia and Coscino-
discus are inappropriate (Numaguchi 1996). Thus, to
clarify which elements may limit the abundance and
growth of phytoplankton, and which phytoplankters
dominate in relation to nutrient supply, is important in
this sea, not only from theoretical (food web structure
and function) but also from practical (fisheries and
eutrophication management) points of view.

In the present study, we followed seasonal changes
in the abundance and species composition of phyto-
plankton in a bay of the Uwa Sea and simultaneously
conducted nutrient enrichment bioassays to determine
nitrogen, phosphorus and silica limitation on abun-
dance and growth rate of the phytoplankton. In previ-

ous bioassays using community cultures of coastal
phytoplankton assemblages, results have been sepa-
rately analyzed based on abundance, growth rate, pri-
mary production, enzymatic activity or tracer uptake
(Hecky & Kilham 1988, Fisher et al. 1995). Hence, the
present study examined the synergistic estimation of
limiting nutrients using abundance and growth rate of
phytoplankton.

MATERIALS AND METHODS

The present study was conducted in Uchiumi Bay,
which is used as a pearl farm (Fig. 1). There is no
inflowing river or stream into the bay. The monthly
monitoring was conducted at the Ub station (33° 2’ N,
132° 28’ E; ca. 53 m) (Fig. 1), from May 2000 to May
2001. Water temperature was vertically determined
using a Chlorotech profiler (Alec Electronics, ACL-
208-DK), and a 9.2 l water sample was collected from
2 m depth with a 6 l Van-Dorn water sampler.

In order to measure the chlorophyll concentration,
200 to 400 ml of each water sample was filtered
through a 0.2 µm Nuclepore filter to retain seston. The
filter was placed in a glass test tube and 6.5 ml of N, N-
dimethylformamide was added to extract the chloro-
phyll, the quantity of which was then determined by
the fluorometric method (Moran & Porath 1980). A
500 ml portion of the water sample was fixed with acid
Lugol’s solution at a final concentration of 1%, and
phytoplankton were concentrated by natural sedimen-
tation. Phytoplankton cells were enumerated with a
Fuchs-Rosenthal type haemocytometer under a micro-
scope at 200× or 400× magnification. At least 3 aliquots
were counted.

A 100 ml portion of the water sample was filtered
through a 0.2 µm filter (Millipore), and the filtrate was
used for chemical analyses of nutrients. The dominant

form of nitrogen at 2 m depth was
nitrate, and levels of ammonium and
nitrite were negligible relative to nitrate
(data not shown). Concentrations of
nitrate nitrogen were determined using
HPLC (Matsui et al. 1997). The concen-
tration of dissolved inorganic phosphate
(DIP) was determined by the method of
Murphy & Riley (1962).

To examine which element limited the
abundance and growth rate of phyto-
plankton in the bay, we conducted
bioassays from June 2000 to May 2001.
An 8.2 l portion of the water sample was
filtered through a 200 µm mesh plank-
ton net (NXX 7) to remove >200 µm zoo-
plankton before 500 ml aliquots of the
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Fig. 1. Location of the study site and station (Stn Ub, d)
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filtrate were then poured into 16 × 500 ml polycarbon-
ate bottles. The nutrients used were NH4Cl (N),
NaH2PO4·12H2O (P) and Na2SiO3·9H2O (Si) at final
concentrations of 30, 2 and 30 µmol element l–1,
respectively, and a single supplement of 1 nutrient was
added to each of 2 bottles. Mixed supplements were
also used: N+P, N+Si, P+Si and N+P+Si added to
duplicate bottles. The remaining 2 bottles served as
the control. The 16 bottles thus prepared were incu-
bated at 2 m depth near the shore of Uchiumi Bay.
Chlorophyll concentration on Day 0 was determined
using 200 ml portions of the 200 µm plankton net fil-
trate, and chlorophyll concentration in the bottles was
followed over 1 wk using 30 to 100 ml subsamples
taken every day.

In the bioassays, we also examined nutrient limita-
tion on abundance and growth rate of phytoplankton
using chlorophyll concentration. Ratios of the maxi-
mum chlorophyll concentrations (Rchl) between the
control and nutrient supplemented systems were cal-
culated as follows: Rchl = Cnut/Cctrl, where Cnut and Cctrl

are the maximum chlorophyll concentrations in the
nutrient supplement bottles and the control bottles,
respectively. Growth rate of the phytoplankton was

also calculated from changes in chlorophyll concentra-
tion: µ = (lnCt – lnC0)/t, where µ is growth rate of phyto-
plankton; C0 and Ct are chlorophyll concentrations at
Day 0 and time t (d). We determined ratios of growth
rates (Rgro) between the control and nutrient supple-
ment systems as follows: Rgro = µnut/µctrl, where µnut and
µctrl are the growth rates in the nutrient supplement
and control systems, respectively. In the systems with a
single supplement of each nutrient, the one with the
largest ratio greater than 1.1 was regarded as the
limiting element (Table 1).

RESULTS

The water column at the station was thermally strat-
ified from May to September 2000, vertically isother-
mal from October to April 2001, and again thermally
stratified from May 2001 (Fig. 2A).

Nitrate concentrations (Fig. 2B) were relatively high
in June and between September and December 2000
(5.0 to 9.8 µmol N l–1), while those between January
and March remained low (<2.0 µmol N l–1). In the sum-
mer of 2000, the frequency of the bottom intrusion,
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N/C P/C Si/C N+P/C N+Si/C P+Si/C ALL Limitation

Systemic limitation
June 2000 1.6 0.9 1.0 6.3 2.6 1.3 11.1 N
July 2000 0.8 3.0 0.9 6.7 0.9 2.8 12.4 P
August 2000 0.9 0.9 0.9 4.1 1.1 0.9 8.0 ND
September 2000 1.4 1.1 1.1 5.5 1.7 1.3 6.3 N
October 2000 0.8 1.0 0.9 0.9 0.8 1.0 0.9 ND
November 2000 1.5 0.9 1.0 4.2 1.4 1.0 3.8 N
December 2000 1.8 1.4 1.5 2.8 2.3 2.1 3.6 N
January 2001 1.0 1.0 1.2 1.4 1.2 1.1 1.3 Si
February 2001 1.5 1.1 1.1 6.2 1.5 1.0 8.3 N
March 2001 1.4 0.7 0.9 2.4 1.5 0.8 3.1 N
April 2001 1.6 0.8 0.6 2.1 1.1 0.7 1.9 N
May 2001 1.4 0.9 1.1 2.9 1.4 1.1 4.3 N

Growth rate limitation
June 2000 2.3 0.2 0.7 10.5 3.0 1.3 14.6 N
July 2000 0.9 2.6 0.7 2.4 0.6 2.7 2.5 P
August 2000 1.9 0.4 0.9 4.1 2.1 0.6 4.9 N
September 2000 1.0 1.1 1.2 1.5 1.2 1.3 1.4 Si
October 2000 1.0 0.9 0.4 0.8 1.5 3.0 1.0 ND
November 2000 1.0 0.9 0.9 1.2 1.1 0.9 1.1 ND
December 2000 1.0 0.9 1.0 1.0 1.0 1.1 1.0 ND
January 2001 0.3 1.0 1.5 1.0 0.7 0.9 0.6 Si
February 2001 1.7 0.9 1.2 2.4 1.3 0.6 2.5 N
March 2001 1.5 0.4 0.7 1.3 0.9 0.7 1.4 N
April 2001 1.0 1.0 0.9 0.9 0.8 0.9 0.8 ND
May 2001 1.2 1.3 1.2 2.3 1.1 1.1 1.9 P

Table 1. Ratio between control and nutrient supplement systems for maximum chlorophyll concentration (systemic limitation) and
growth rates (growth-rate limitation). Abbrebiations of nutrient supplements: C, control; N, nitrogen ; P, phosphorus; Si, silicate;
N+P, nitrogen and phosphorus; N+Si, nitrogen and silicate; P+Si, phosphorus and silicate; ALL: all the nutrients. In the ‘Limita-
tion‘ column, for the systems with single supplement of each nutrient, the largest ratio higher than 1.1 was regarded as the 

limiting element. ND: not determined



Mar Ecol Prog Ser 258: 43–50, 2003

which is where deep, cold water slips through just
above the continental shelf and is a major nutrient sup-
ply in the Uwa Sea (Takeoka et al. 2000), was higher
than in average years (H. Takeoka pers. comm.), and
there were blooms of red-tide dinoflagellates such as
Chattonella and Gymnodinium in another bay of the
Uwa Sea (S. Nakano unpubl.). In the present study, the
high nitrate concentrations detected were probably
due to nutrient supplies from the bottom intrusion
(H. Takeoka pers. comm.). An unusually high nitrate
concentration (42.3 µmol N l–1) was detected in May
2001, probably due to nitrate input from heavy rainfall.

The seasonally changing pattern of DIP was clear
(Fig. 2C) relative to that of the nitrate concentration
(Fig. 2B). High phosphate concentrations remained
between October 2000 and January 2001, except in
November (0.9 µmol P l–1), and phosphate concentra-
tions in all other months were lower than 0.9 µmol P l–1.

Chlorophyll concentration fluctuated with a maxi-
mum of 4.7 µg l–1 in May 2001 (Fig. 3A). The dominant
phytoplankters throughout the study period were the

diatoms Nitzschia spp. (Fig. 3B) and Chaetoceros spp.
(Fig. 3C), although dinoflagellates (Fig. 3D), domi-
nated by Gymnodinium sp., were also abundant
in August 2000 and May 2001. Other abundant
phytoplankton taxa are as follows: Prorocentrum
(Dinophyceae) in August 2000, Stephanopyxis (Ba-
cillariophyceae) in November 2000, Thalassionema
(Bacillariophyceae) in November and December 2000,
Rhizosolenia (Bacillariophyceae) in December 2000
and May 2001, Eucampia (Bacillariophyceae) in Feb-
ruary 2001, Thalassiosira (Bacillariophyceae) in Feb-
ruary 2001, Leptocylindrus (Bacillariophyceae) and
Lauderia (Bacillariophyceae) in May 2001.
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Fig. 2. Seasonal changes in (A) vertical profiles of water tem-
perature, (B) concentrations of nitrate and (C) phosphate at 

2 m depth in Uchiumi Bay, Japan

Fig. 3. Seasonal changes in (A) chlorophyll concentration and
cell densities of (B) Nitzschia spp., (C) Chaetoceros spp.
and (D) dinoflagellates at 2 m depth in Uchiumi Bay, Japan
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In the bioassays analyzed by the ratios between con-
trols and nutrient supplement systems for maximum
chlorophyll concentration, nitrogen addition enhanced
phytoplankton growth on 8 of the 12 dates (Fig. 4A,
Table 1), suggesting nitrogen limitation. Phosphorus
limitation was obvious only in July 2000, though it was
suggested in 4 cases (Fig. 4A, Table 1). Silica limitation
was suggested in January 2001 (Fig. 4A, Table 1).
More enhanced growth was detected in the bottle
given a combined supplement of nitrogen and phos-
phorus (Fig. 4B, Table 1).

In the bioassays analyzed by the ratios for phyto-
plankton growth rate, only 4 cases of nitrogen limita-
tion were found, phosphorus limitation was again clear
in July 2000, and silica limitation was detected in

September 2000 and January 2001 (Fig. 5A, Table 1).
The effects of the combined nutrient supplements
were not clear from examination of the phytoplankton
growth rates (Fig. 5B, Table 1), in contrast to those
evident from the maximum chlorophyll concentrations
(Fig. 4B, Table 1).

DISCUSSION

There are 2 types of nutrient limitation: systemic and
growth rate limitations. Fig. 6 shows a schematic
expression of the result of the nutrient supplement
experiment. Phytoplankton abundance would reach
N1 in the control system, while phytoplankton in the
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Fig. 4. Concentrations of chlorophyll in bottles enriched with
nutrients and controls. Vertical bars indicate a difference 

between duplicates

Fig. 5. Growth rates of phytoplankton in bottles enriched with
nutrients and controls. Vertical bars indicate difference 

between duplicates
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nutrient supplement system would reach a higher
abundance (N2). This suggests systemic limitation on
phytoplankton growth (Paasche & Erga 1988, Cullen
1991). In contrast, a higher growth rate would be
detected in the nutrient supplement system than in the
control, suggesting growth-rate limitation (Goldman
et al. 1979, Paasche & Erga 1988). In the Monod type
relationship between nutrient availability and popula-
tion growth rate, if phytoplankon under nutrient limi-
tation are in Phase I (Fig. 6), the population growth rate
of phytoplankton in this phase would be stimulated
when a limiting element is supplied. In this case, if it
is under grazer-free conditions, the maximum abun-
dance of phytoplankton would also become higher
after supplementation of a limiting nutrient. Hence, in
the present study we expected both phytoplankton
growth rates and maximum chlorophyll concentrations
in the nutrient supplement systems to be higher than

those in the control. However, systemic limitation was
more frequently detected than growth rate limitation
(Table 1) in the present study. In systemic limitation,
the maximum abundance of phytoplankton would
become higher with supplementation of limiting nutri-
ents, while the growth rate would be constant (Fig. 6).
Thus, this case is possible when the growth rate of
phytoplankton is saturated at the ambient nutrient
concentration (Fig. 6). In the present study, if we con-
sider nitrogen limitation, systemic limitation without
growth-rate limitation was found in September, No-
vember and December 2000, and April and May 2001
(Table 1). This result suggests that the nutrient levels
in those months were sufficient for phytoplankton
growth. Indeed, nitrate concentrations were relatively
high in these months (Fig. 2A). Thus, it is likely that the
phytoplankton of Uchiumi Bay in those months was
subjected mainly to Liebig-type systemic limitation,
since there was plenty of nitrate for them in the ambi-
ent water. Furthermore, we detected both systemic
and growth-rate limitations of nitrogen on the phyto-
plankton in June 2000, and February and March 2001
(Table 1), and nitrate concentrations in these months
were also low (Fig. 2A). For phosphorus, both systemic
and growth-rate limitations were found in July 2000
(Figs. 4 & 5) when the DIP concentration was low
(Fig. 2C). Hence, severe nutrient limitation or defi-
ciency should be found when both systemic and
growth-rate limitations are detected simultaneously,
while phytoplankton are under moderate nutrient
limitation in the case where only systemic limitation
is detected. For silica limitation, both systemic and
growth rate limitations were detected in January 2001
(Figs. 4 & 5, Table 1), suggesting severe nutrient limi-
tation or deficiency of silica on phytoplankton. Unfor-
tunately, we cannot examine the results together with
seasonal changes in silicate concentration, we did not
determine silicate concentration in the present study.

The seasonal changes in the dominant phytoplank-
ton (Fig. 3) were different from those of the nutrients,
and seemed to be independent of seasonal changes
in limiting elements (Table 1). Since, as mentioned
above, the phytoplankton in Uchiumi Bay are mainly
subjected to systemic limitation (Table 1), which indi-
cates moderate nutrient limitation, the results shown in
Fig. 3 and Table 1 are reasonable. Hence, we had to
examine another environmental variable which may
control phytoplankton succession at the study site.
During the period of thermal stratification from May to
September (Fig. 2A), high cell densities of Nitzschia
(Fig. 3A) were detected, and cell densities of dinofla-
gellates (Fig. 3C) increased from May 2000, reaching
their maximum in August 2000. It is likely that the
growth of the dinoflagellates partly depended on
water temperature. One might think that thermal strat-
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Fig. 6. Simplified diagrams of (A) systemic and growth-rate
limitations for phytoplankton and (B) a Monod type relation-
ship between phytoplankton growth rate and nutrient avail-
ability. Phytoplankton abundance would reach N1 in the con-
trol system, while phytoplankton in the nutrient supplement
system would reach a higher abundance (N2). In the Monod
type relationship (B), phytoplankton under nutrient limitation
are in Phase I, while Phase II indicate that phytoplankton are 

under nutrient replete conditions
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ification is favorable to the growth of Nitzschia. How-
ever, it is well known that diatoms become dominant in
a well-mixed water column (Reynolds 1993, 1994). In
another monitoring, we found that high abundance of
Nitzschia distributed in the surface mixing layer of
Uwa Sea during thermal stratification (T. Hashimoto &
S. Nakano unpubl.). Thus, the high abundance of
Nitzschia during the thermal stratification period in the
present study was probably limited within the surface
mixing layer. By contrast, the diatom did not dominate
(Fig. 3A) during the destratified period of October 2000
to March 2001 (Fig. 2A), although the water column
during the period was mixed at 2 m depth as well as
that of the stratified period (Fig. 2A). Hence, it is likely
that the growth of Nitzschia during the stratified
period was also partly due to the increase in water
temperature. The light environment is also one of the
most important factors affecting phytoplankton eco-
logy. Unfortunately, we did not determine light inten-
sity in a water column in the present study. Studies on
the relationship between vertical distribution of domi-
nant phytoplankters and the light environment should
be conducted in future.

The main food of Pinctada fucata martensii is micro-
zooplankton, meroplankton and some species of large
copepoda are also eaten (Ohta 1959). The size of edible
food for the adult pearl oyster is between 2.5
(Kuwatani 1965) and 360 µm (Ohta 1959), and it has
been reported that the main phytoplankton eaten are
diatoms such as Chaetoceros, Leptocylindrus, Rhizo-
solenia and Skeletonema (Fukushima 1970, 1972).
The diatom Nitzschia is indigestible for this oyster,
although it can be ingested (Numaguchi 1996). Thus,
the mortality of the oyster increases when Nitzschia
dominates for a long period in the culture area
(Fukushima 1970, 1972, Tomaru et al. 2001, 2002). In
the present study, high densities of Nitzschia were
detected in June, July and September 2000 and May
2001 (Fig. 3A), which suggests that the food environ-
ment was not favorable for the pearl oyster in the bay
in those months. In Uchiumi Bay, mass mortalities of
P. fucata martensii have occurred almost every year
since 1994, and pathological investigations have been
conducted to determine the cause (Suzuki et al. 1998,
Kurokawa et al. 1999, Miyazaki et al. 1999). However,
the physiological condition of the oyster would also
be affected by food limitation. Tomaru et al. (2001)
hypothesized that P. fucata martensii was weakened
by starvation because of the dominance of inedible
food such as Nitzschia, and that it then contracted
an infectious disease resulting in mortality.

In the present study, we have successfully demon-
strated systemic and growth rate limitations on the
phytoplankton in relation to external nutrient levels,
using the Monod type equation of numerical response.

However, the succession of dominant phytoplankton
species could not be explained by seasonal changes in
the levels of limiting elements and nutrients. Water
temperature is one of the important environmental
factors determining phytoplankton succession, and
factors such as mixing condition and grazing pressure
remain to be examined. Further studies on the ecology
of phytoplankton are also needed for better manage-
ment of the pearl oyster cultivation in Uchiumi Bay.
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