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INTRODUCTION

Mass mortalities of bivalves occur every year in
many places around the world due to various diseases
(Pass et al. 1987, Friedman et al. 1991, Davis & Barber
1994, Chou et al. 1998). Diagnosed diseases are often
secondary effects that follow deterioration of the nor-
mal environmental conditions (Pass et al. 1987, Chou
et al. 1998), although the actual mass mortalities of
bivalves are generally caused by infectious agents,
such as bacteria (Pass et al. 1987, Friedman et al. 1991)
and viruses (Chou et al. 1998). To understand the pre-

disposing causes of the mortalities, it is important to
determine the ambient conditions prevailing at the
time and place of the mass mortality event (Fukushima
1970, Yamaguchi & Hasuo 1977). Extensive culture of
the pearl oyster Pinctada fucata martensii occurs in
Yusu Bay and Uchiumi Bay, Ehime Prefecture, Japan,
and mass mortalities have occurred at these same sites
every year since 1994, causing loss to the pearl indus-
try. Such mass mortalities have also occurred in other
bays in West Japan, and pathological investigations
have been conducted to determine the cause (Suzuki
et al. 1998, Kurokawa et al. 1999, Miyazaki et al. 1999).
These studies have suggested that the mass mortalities
were partly due to infectious disease.

In the present study, we investigated the relation-
ships between some environmental factors such as
water temperature, chlorophyll a concentration and
phytoplankton composition and Pinctada fucata mar-
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tensii survival at several depths in 2 bays in order to
further understand the cause of the observed mass
mortalities.

MATERIALS AND METHODS

We carried out experiments in Yusu Bay and Uchi-
umi Bay, Shikoku west coastal area, Ehime Prefecture,
Japan (Fig. 1). Yusu Bay is located within Uwajima Bay
where the pearl oyster Pinctada fucata martensii and
many other species of fish are extensively cultured.
Uchiumi Bay is on the south side of the Yura Peninsula
and open to Bungo Channel, where fish culture is rare.
The water depths at the study sites in Yusu Bay and
Uchiumi Bay are ca 50 and 60 m, respectively.

The experimental equipment and the densities of
Pinctada fucata martensii placed in cages and bags

were the same as these used in the actual pearl oyster
culture method; the height of an oyster is ca 1 to 2 cm
at the beginning of the culture and ca 6 to 7 cm after
1 yr. P. fucata martensii were collected on Japanese
cedar leaves from 1 to 10 m depths at Uchiumi Bay
from June to August, 1997 (Tomaru et al. 1999). They
were cultured in blue nylon mesh (1 × 1 cm) cages
(30 × 30 cm) at 2, 5 and 30 m in both Yusu Bay and
Uchiumi Bay. At both sites, 4 oyster cages containing
100 oysters each were suspended at each depth from
September 1997 to January 1998. The 100 oysters
from the cages at each depth were randomly sub-
sampled and weighed. After weighing, we returned
the oysters to their cages. Fouling organisms were re-
moved with a knife every month from all the oysters.
From January to March 1998, 8 cages (50 oysters
cage–1) were monitored while 13 cages (ca 30 oysters
cage–1) were monitored from March to June 1998 in
both bays.

In June 1998, we picked out 100 Pinctada fucata
martensii at random from the oysters at each depth,
and put them into 2 vertical bags (60 × 80 cm) at a
density of 50 oysters bag–1. From June 1998 to Febru-
ary 1999, all survivors for the sample month were
weighed. The wet weight of each oyster was deter-
mined with an electronic balance once a month from
September 1997 to February 1999. The number of
dead oysters was also counted. Percentage survival
(PS) and cumulative mortality (CM) were calculated as
follows:

PS (%) =  PSB × [NL/(NL + ND)]
CM (%) =  100 – PS

where PSB is the percentage survival of the previous
month, and NL and ND are, respectively, the number of
living and dead oysters in the current month.

In Uchiumi Bay individual oysters could be identified
and followed throughout the experiment. Oyster deaths
were recorded and grouped into 6 groups: Group A,
oysters dead in September; Group B, oysters dead
in October; Group C, oysters dead in November;
Group D, oysters dead in December; Group E, oysters
dead in January; Group F, oysters which survived the
study period (Tables 1 & 2). We calculated the average
weight each month of oysters in each group (WD) and
those which survived throughout the study period (WS),
and the percentage of WD to WS was determined to
give the relative weights of those which died.

At both stations water temperature was measured at
each depth with a profiler Chlorotech (Alec Electronics
Co., ACL-208-DK), and a 50 ml water sample from
each depth was filtered through 0.2 µm pore Nucle-
pore filters to retain seston. The chlorophyll a content
of the seston was determined by the fluorometric
method (Rami & Porath 1980). Integrated water tem-
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Fig. 1. Location of the study sites
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peratures (WT) and chlorophyll a concentrations (Chl)
were calculated based on this monthly data:

I = ∑(i = 1 ~ N )
(WT or Chl)

i

where I and N indicate the integrated water tempera-
ture or chlorophyll a concentration and the number of
month, respectively.

A 500 ml water sample taken at 2 m depth in Uchi-
umi Bay was fixed with acid Lugol’s solution at a final
concentration of 1% every month during the present
experiment, and concentrated to 1000 times by natural
sedimentation. Phytoplankton thus concentrated was
enumerated with a haemocytometer under a micro-
scope.

RESULTS

Water temperatures at 2, 5 and 30 m began rising
about March, peaked in August to September, then
declined throughout February in all bays (Fig. 2).
Water temperature in Uchiumi Bay was 2 to 3°C higher
than that of Yusu Bay during October to February
(Fig. 2) at all depths. The minimum water temperatures
were 14 and 16.4°C in March, and maxima were 27.9
and 26.5°C in August, in Uchiumi Bay and Yusu Bay,
respectively. The maximum water temperature at 30 m
occurred in September in Yusu Bay and October in
Uchiumi Bay.

Chlorophyll a concentrations in Uchiumi Bay (Fig. 3)
began rising in May, peaked in November 1998 (5.1 to
5.9 µg l–1) at 2 and 5 m depths and in September 1998
at 30 m (3.7 µg l–1) then declined through January 1999
(0.3 µg l–1). Chlorophyll a concentrations in the surface

layer were usually higher than the concentration at
30 m during the experiment. In Yusu Bay, the chloro-
phyll a concentrations at 2 and 5 m gradually increased
from March 1998, decreased from June to July or
August, and temporarily increased in September 
(12.9 to 15.0 µg l–1), then decreased again (Fig. 3). At
30 m chlorophyll a concentration temporarily in-
creased in September 1998 and remained relatively
high during November 1998 to February 1999, despite
being equal to or lower than that of the surface layer
concentrations (Fig. 3).

Dominant phytoplankton species during the experi-
ment in Uchiumi Bay (Fig. 4) were Chaetoceros spp.,
Skeletonema spp. and Nitzschia spp. The density of
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Table 1. Pinctada fucata martensii. Group classification of the
oysters which were dead in September, October, November,
and December 1998, and in January 1999 and those which 

survived  throughout the study period in Uchiumi Bay

No. of identified Month of Group
oysters death

1 Sep A
2 Dec D
3 Survived F
4 Sep A
5 Oct B
6 Nov C
7 Oct B
8 Survived F
9 Jan E

10 Dec D
11 Survived F
12 Sep A
13 Nov C
14 Oct B

Table 2. Number of Pinctada fucata martensii in groups A, B, 
C, D, E, and F

Depth (m) A B C D E F

2 21 7 4 10 0 33
5 29 12 3 10 1 34

30 17 14 24 9 0 34

Fig. 2. Water temperature at 2, 5 and 30 m in Yusu Bay (d) and
Uchiumi Bay (s) from September 1997 to February 1999
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Chaetoceros spp. temporarily increased between Sep-
tember and October 1997 (4 to 90 cells ml–1), decreased
through December 1997 before sporadically increas-
ing again up to August 1998 (1000 cells ml–1), and then
decreased again through January 1999 (0.1 cells ml–1)
(Fig. 4). The seasonal density pattern of Nitzschia spp.
was almost the same as that of Chaetoceros spp.
throughout the experiment, as was that of Skeleto-
nema spp. until March 1998, after which time this spe-
cies declined earlier and increased later than the other
2 species. In July 1998 and January 1999 we could not
detect cells of Skeletonema spp. (Fig. 4).

Oyster growth rates during the whole study period
at 2 and 5 m, in both bays, were almost the same,
ca 75 mg oyster–1 d–1. The pattern of growth at both
bays was similar from the beginning of the culture
period until March 1998 (Fig. 5). In Yusu Bay, the
oysters at 2 m grew particularly well from July 1998
to January 1999, and those at 5 m from June to Octo-
ber 1998. The growth rate of the oysters at 30 m in

Uchiumi Bay was almost constant (51 mg oyster–1 d–1)
and somewhat higher than the growth rate of those at
the same depth in Yusu Bay (35 mg oyster–1 d–1).
Unfortunately, we could not observe the oysters at
30 m in Yusu Bay after October 1998 because the net
slipped away.

The percentage survival of the oysters at 2 and 5 m in
Uchiumi Bay gradually declined from December 1997
to August 1998, then suddenly decreased steeply from
September 1998 to January 1999 (Fig. 6). There was a
similar but less pronounced pattern of decline at the
same depths in Yusu Bay (Fig. 6). The adductor muscle
of the fresh dead oysters at both sites usually had
turned a red-brown color. After September 1998 the
percentage survival at 2 and 5 m in Yusu Bay was
higher than in Uchiumi Bay and, at the end of the
experiment, was ca 50% in Yusu Bay but approxi-
mately 30% in Uchiumi Bay. At 30 m, in Uchiumi Bay,
survival decreased steeply at the start of the experi-
ment to 65% in February 1998. It then decreased only
slightly from March to August before decreasing rapidly
again after September 1998. Such a remarkable initial
decrease in survival was not detected at 30 m in Yusu
Bay; here a gradual decline occurred between Decem-
ber 1997 and October 1998.

The relationship between cumulative mortality and
integrated water temperature from August 1998 to
the end of the experiment was significant with logistic
regression analysis (p < 0.01) (Fig. 7), whereas that
between cumulative mortality and integrated chloro-
phyll a concentration was not significant (p > 0.05).

The relative weight of oysters in each group that
died (see ‘Materials and methods’) when compared to
survivors tended to decrease from June 1998 to the
month before death (Fig. 8), indicating that the physio-
logical state of the oysters whose weight was reduced
became worse during the study period.
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Fig. 3. Concentrations of chlorophyll a at 2, 5 and 30 m in
Yusu Bay (d) from May 1998 and Uchiumi Bay (s) from 

September 1997 to February 1999

Fig. 4. Cell densities of the dominant phytoplankton, Chaeto-
ceros spp. (s), Skeletonema sp. (h) and Nitzschia spp. (d),
respectively, at 2 m in Uchiumi Bay from September 1997 to 

February 1999
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DISCUSSION

Bivalve activity and mortality are affected by various
environmental factors, e.g. water temperature (Wid-
dows 1973, Numaguchi & Tanaka 1986), toxic algal
blooms (Shiokawa et al. 1966, Shumway et al. 1990,
Numaguchi 1994, Fukuyo 1998), food availability
(Toyoshima et al. 1958, Widdows 1978, Numaguchi
1995a,b), and synergistic effects from these factors
(Yamaguchi & Hasuo 1977, MacDonald & Thompson
1985).

The physiological activity of bivalves is generally
controlled by water temperature. The oxygen con-
sumption of Pinctada fucata martensii increases con-
sistently with water temperature from 13 to 28°C
(Uemoto 1968). Above this temperature the survival
rate decreases with increasing temperature when the
oxygen consumption of the oyster suddenly increases

(Uemoto 1968, Itoh 1976). P. fucata martensii becomes
dormant below 13°C (Kobayashi & Tobata 1949). In the
present experiment, since water temperatures were all
within the range at which P. fucata martensii can grow,
it is likely that water temperature did not directly affect
mortality.

Nevertheless there was a significant relationship
(p < 0.01) between cumulative mortality and integrated
water temperature from August 1998 to the end of the
experiment (Fig. 7). This suggests that there was some
indirect relationship between the mass mortality of
Pinctada fucata martensii after August 1998 and water
temperature during the period.

Percentage survival of the oysters gradually de-
creased after August 1998, and after October 1998
survival in Yusu Bay was higher than in Uchiumi Bay
(Fig. 6), suggesting that the environmental conditions
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Fig. 5. Pinctada fuccata martensii. For surviving oysters: wet
weight per oyster at 2, 5 and 30 m for Yusu Bay (d) and
Uchiumi Bay (s) from September 1997 to February 1999

Fig. 6. Pinctada fuccata martensii. Percentage survival at 2, 5
and 30 m (s, d and h, respectively) in Yusu Bay and Uchiumi 

Bay from December 1997 to February 1999

Fig. 7. Relationship between the integrated water tempera-
ture and cumulative mortality of Pinctada fuccata martensii
from August 1998 to February 1999 at 2 and 5 m for Yusu Bay 

(Y) and 2, 5 and 30 m for Uchiumi Bay (U)
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in Uchiumi Bay were less favorable than those in Yusu
Bay. It has been shown (Kurokawa et al. 1999) that
mass mortality of Pinctada fucata martensii is caused
by a disease that changes the color of their adductor
muscles to red-brown. Pathological studies of the
affected oysters showed unusual conditions in their
digestive glands and that the disease was caused by an
infectious agent (Kurokawa et al. 1999). In the present
experiment, the color of the adductor muscle of the
oysters was also red-brown, which suggests that the
mass mortality have was also caused by the same
infectious disease. Therefore, we suggest that there
might be some relationship between the infectious dis-
ease and the water temperature during August 1998 to
February 1999. We are not, however, able to elaborate
on the relationship between the disease and water
temperature on the basis of the results of the present
experiment.

Toxic algal blooms which usually consist of dinofla-
gellates or Raphidophyceae have caused mass mor-
tality of bivalves (Shumway 1990, Shumway et al. 1990,
Fukuyo 1998). For example, high concentrations of
sulfide, produced by anoxic water as a result of to de-
composition of Gonyaulax polygramma, bring about

mass mortality of Pinctada fucata martensii (Koizumi
et al. 1996). The algae Chattonella antiqua (Okaichi
1987), Gymnodinium breve (Shimizu 1987), and Hete-
rocapsa circularisquama (Matsuyama et al. 1995, 1997),
due to their toxicity, induce mortality of bivalves. We
did not, however, have toxic algal blooms in either
bay during the present experiment. Thus, it is unlikely
that toxic algae were responsible for the mortality of P.
fucata martensii in our study.

Shinomiya et al. (1997) suggested that the cause
of the mass mortality associated with the red-brown
colored adductor muscle in autumn (September to No-
vember) was starvation. Even when starved, Pinctada
fucata martensii can survive using reserves such as
glycogen for about 2 mo at water temperatures of 15 to
28°C, but the weight of the oyster does not increase
during such a period (Numaguchi 1995a). Prolonged
food deficiency for more than 2 mo causes high mor-
tality of P. fucata martensii (Numaguchi 1995b). When
starving, the whole body weight of P. fucata martensii
decreases before they die (Numaguchi 1995a,b), which
is similar to the results of the present experiment
(Fig. 6) in which the average weight of the senescent
oysters gradually decreased up to the month before
they died (Fig. 8), and this suggests that the mass mor-
tality in the present experiment was due to starvation.

Fukushima (1970) reported that phytoplankton com-
position was important for the survival of Pinctada
fucata martensii and that mortalities occurred when
algae of the genus Nitzschia (Bacillariophyceae), which
is an inedible food for P. fucata martensii, dominated.
In contrast, mass mortality did not occur when Chaeto-
ceros, Thalassionema, Bacteriastrum and Rhizosolenia,
all of which are edible food for the oyster, were domi-
nant (Fukushima 1970). In the present study, there
were high densities of Nitzschia spp. (>100 cells ml–1),
which accounted for ca 30 to 50% of the phytoplankton
density in Uchiumi Bay during August to November
1998 (Fig. 4), and the mass mortality of P. fucata
martensii occurred at that time. This is similar to the
results of Fukushima (1970) and suggests that food
limitation and starvation were important factors con-
tributing to the mass mortality of P. fucata martensii
in the present study, at least in Uchiumi Bay. During
the mass mortality event, the abundance of edible
phytoplankton Chaetoceros spp. available to the oyster
was almost the same as that available to Nitzschia spp.,
but it might not have been enough to sustain the activ-
ity of P. fucata martensii.

Based on the above, we suggest that the mass mor-
tality of Pinctada fucata martensii may be explained
by the following hypothesis, at least in Uchiumi Bay.
When Nitzschia spp. dominated in the culture area, the
health of the oyster deteriorated due to food limita-
tion and high water temperature (25 to 27°C). Subse-
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Fig. 8. Pinctada fuccata martensii. Percentage of the average
weight of the oysters classified as Group A (s), Group B (d),
Group C (h), Group D (J), Group E (n), and Group F ( )
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quently, the digestive glands of P. fucata martensii
were attacked by an infectious agent. The oyster was
thus unable to assimilate food and the resulting mor-
tality was due to nutritional deficiency. Nonetheless,
we do not have data on phytoplankton composition
and density in Yusu Bay, so this hypothesis needs to be
treated with some caution.

Even during the high mortality period from August
1998 to January 1999, the surviving oysters grew well,
at 75 and 150 mg whole body weight oyster–1 d–1 in
Uchiumi and Yusu Bay, respectively (Fig. 5). These
Pinctada fucata martensii growth rates were similar to
those of oysters from other bays where there was no
mass mortality and the chlorophyll a concentration was
very similar (Seki 1972, Numaguchi 1994). This sug-
gests that the oysters which survived are resistant to
the disease, but it is unclear why, according to the
results of the present experiment, survivors grew at a
normal rate throughout the mortality period. Further
experiments are necessary to fully understand the
survival of these oysters.

The percentage survival of the oysters at 30 m in
Uchiumi Bay decreased rapidly during the initial win-
ter of 1997 to 1998, whereas that of oysters in Yusu Bay
did not (Fig. 6). During that period, there was no dif-
ference in water temperature with depth in Uchiumi
Bay (Fig. 2) and the concentration of chlorophyll a at
30 m was almost same as that at 30 m in Yusu Bay
(Fig. 3). Hence, water temperature and food avail-
ability do not appear to be associated with this decline.
We do not know if the adductor muscle of the survivors
at 30 m depth in Uchiumi Bay has a red-brown color or
not. Neither can we explain the steep initial decrease
in the percentage survival at 30 m in Uchiumi Bay from
the results of our study.

In the present study, we have proposed a hypothesis
which needs further experimental analysis. We sug-
gest that the mass mortality of Pinctada fucata mar-
tensii was primarily induced by unusual or suboptimal
environmental conditions, such as food limitation, al-
though infectious disease was the final cause of oyster
death. Continuous monitoring of various environmen-
tal factors in the culture areas is necessary if we are to
understand the relationship between an occurrence of
bivalve disease and environmental conditions.

Acknowledgements. We thank K. Furuya, S. Sakiyama, K.
Yano, Y. Matsuyama and the staff of the Yusu Fisheries
Cooperative Association, and K. Nakagawa, Y. Ishikawa, K.
Hyodo and the staff of the Uchiumi Institute of Oceanic and
Fishery Science for permission to use their support facilities
for our research. We are also grateful to the graduate and
undergraduate students Y. Kuma, S. Ebisuzaki, N. Udaka,
W. Nishio, A. Murabe, T. Ohgaki and E. Nakashige from
our laboratory for their technical assistance. This work was
partly supported by a Grant-in-Aid from the MESSC, Japan
(11490025).

LITERATURE CITED

Chou HY, Chang SJ, Lee HY, Chiou YC (1998) Preliminary
evidence for the effect of heavy metal cations on the sus-
ceptibility of hard clam (Meretrix lusoria) to clam birna-
virus infection. Fish Pathol 33:213–219

Davis CV, Barber BJ (1994) Size-dependent mortality in
hatchery-reared populations of oysters, Crassostrea vir-
ginica, Gmelin 1791, affected by juvenile oyster disease.
J Shellfish Res 13:137–142

Friedman CS, Beattie JH, Elston RA, Hedrick RP (1991) In-
vestigation of the relationship between the presence of a
Gram-positive bacterial infection and summer mortality of
the Pacific oyster, Crassostrea gigas Thunberg. Aquacul-
ture 94:1–15

Fukushima K (1970) Mass mortalities of Japanese pearl oyster
Pinctada fucata martensii in Matoya Bay and Gokasho
Bay. Shinjugijutsu- Kenkyukai-Kaiho 9:1–21 (in Japanese)

Fukuyo Y (1998) Red tides. In: Hirano T (ed) Marine coastal
environment. Fuji technosystem, Tokyo, p 466–474 (in
Japanese)

Itoh K (1976) Relations of oxygen consumption and ammonia
nitrogen excreted to body size and to water temperature
in the adult of pearl oyster, Pinctada fucata (Gould). Bull
Natl Pearl Res Lab 20:2254–2275 (in Japanese with Eng-
lish abstract)

Kobayashi S, Tobata M (1949) Studies on culture of pearl. II.
Activity of pearl oyster in winter (1). Nippon Suisan
Gakkaishi 14:196–202 (in Japanese with English abstract)

Koizumi Y, Kohno J, Matsuyama N, Uchida T, Honjo T (1996)
Environmental features and the mass mortality of fish
and shellfish during the Gonyaulax polygramma red tide
occurred in and around Uwajima Bay, Japan, in 1994.
Nippon Suisan Gakkaishi 62:217– 224 (in Japanese with
English abstract)

Kurokawa H, Suzuki T, Okauchi M, Miwa S, Nagai S, Naka-
mura K, Honjo T, Nakajima K, Ashida K, Hunakoshi S
(1999) Experimental infections of a disease causing mass
mortalities of Japanese pearl oyster Pinctada fucata
martensii by tissue transplantation and cohabitation.
Nippon Suisan Gakkaishi 65:241–251 (in Japanese with
English abstract)

MacDonald BA, Thompson RJ (1985) Influence of tempera-
ture and food availability on the ecological energetics of
the giant scallop Placopecten magellanicus. Mar Ecol Prog
Ser 25:279–294

Matsuyama Y, Nagai S, Mizuguchi T, Hujiwara M, Ishimura
M, Yamaguchi M, Uchida T, Honjo T (1995) Ecological
features and mass mortality of pearl oysters during red
tides of Heterocapsa sp. in Ago Bay in 1992. Nippon
Suisan Gakkaishi 61:35–41 (in Japanese with English
abstract)

Matsuyama Y, Uchida T, Honjo T (1997) Toxic effects of the
dinoflagellate Heterocapsa circularisquama on clearance
rate of the blue Mytilus galloprovincialis. Mar Ecol Prog
Ser 146:73–80

Miyazaki T, Goto K, Kobayashi T, Kageyama T, Miyata M
(1999) Mass mortalities associated with a virus disease
in Japanese pearl oysters Pinctada fucata martensii. Dis
Aquat Org 37:1–12

Numaguchi K (1994) Growth and physiological condition of
the Japanese pearl oyster, Pinctada fucata martensii
(Dunker, 1850) in Ohmura Bay, Japan. J Shellfish Res
13:93–99

Numaguchi K (1995a) Effects of water temperature on cata-
bolic losses of meat and condition index of unfed pearl
oyster Pinctada fucata martensii. Fish Sci 61:735–738

67



Dis Aquat Org 44: 61–68, 2001

Numaguchi K (1995b) Influences of unfed condition on the
mortality of pearl oyster Pinctada fucata martensii. Fish
Sci 61:739–742

Numaguchi K, Tanaka Y (1986) Effects of temperature on
mortality and growth of the spat of the pearl oyster, Pinc-
tada fucata martensii. Bull Natl Res Inst Aquaculture 9:
35–39 (in Japanese with English abstract)

Okaichi Y (1987) Chattonella. In: Okaichi Y (ed) Science
of red tide. Kouseishakouseikaku, Tokyo, p 211–219 (in
Japanese)

Pass DA, Dybdahl R, Mannion MM (1987) Investigations into
the cause of mortality of the pearl oyster, Pinctada maxima
(Jamson), in western Australia. Aquaculture 65:149–469

Rami M, Porath D (1980) Chlorophyll determination in intact
tissues using N, N-dimethylformamide. Plant Physiol 65:
478–479

Seki M (1972) Studies on environmental factors for the growth
of pearl oyster, Pinctada fucata, and the quality of its pearl
under the culture condition. Bull Mie Pref Fish Exp Stn
1:32–149 (in Japanese)

Shimizu Y (1987) Dinoflagellate toxins. In: Taylor FJR (ed)
The biology of dinoflagellates. Blackwell Science, London,
p 282–315

Shinomiya Y, Iwanaga S, Yamaguchi T, Kouno K, Uchimura
Y (1997) Relationships between autumn mortality, glyco-
gen content, and carbohydrate metabolism enzyme activ-
ity in Japanese pearl oyster Pinctada fucata martensii.
Suisan Zoshoku 45:47–53 (in Japanese with English
abstract)

Shiokawa T, Tateishi K, Iizuka S, Irie H (1966) On the mass
mortality of benthic animals occurred in the season of red

water, 1962. Bull Fish Nagasaki Univ 21:45–58 (in Japan-
ese with English abstract)

Shumway SE (1990) A review of the effects of algal blooms
on shellfish and aquaculture. J World Aquacult Soc 21:
65–104

Shumway SE, Barter J, Caswell SS (1990) Auditing the impact
of toxic algal blooms on oysters. Environ Auditor 2:41–56

Suzuki S, Kamakura M, Kusuda R (1998) Isolation of birna-
virus from Japanese pearl oyster Pinctada fucata. Fish Sci
64:342–343

Tomaru Y, Kawabata Z, Nakagawa K, Nakano S (1999) The
vertical distribution of pearl oyster Pinctada fucata mar-
tensii spat in Uchiumi Bay. Fish Sci 65:358–361

Toyoshima T, Taniguchi T, Irie H, Zenitani B (1958) A study
on growth and environmental conditions of pearl oyster
(Pinctada martensii (Dunker)). Bull Fac Fish Nagasaki
Univ 6:97–105 (in Japanese with English abstract)

Uemoto H (1968) Relationship between oxygen consumption
by the pearl oyster and its environmental temperature.
Bull Natl Pearl Res Lab 13:1617–1623 (in Japanese with
English abstract)

Widdows J (1973) Effect of temperature and food on the heart
beat, ventilation rate and oxygen uptake of Mytilus edulis.
Mar Biol 20:269–276

Widdows J (1978) Combined effects of body size, food con-
centration and season on the physiology of Mytilus edulis.
J Mar Biol Assoc UK 58:109–124

Yamaguchi K, Hasuo M (1977) Relation between activity of
pearl oyster and seasonal changes of environmental fac-
tors in culture ground. Bull Natl Pearl Res Lab 21:
2315–2324 (in Japanese)

68

Editorial responsibility: Albert Sparks, 
Seattle, Washington, USA

Submitted: August 9, 2000; Accepted: October 26, 2000
Proofs received from author(s): January 17, 2001


