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Abstract: The Seto Inland Sea is the largest enclosed coastal sea in Japan and is also a major fishing ground includ-
ing aquacultures of fish, bivalves and seaweeds. The incidents of red tides dramatically increased in frequency and scale
in the Seto Inland Sea along with serious eutrophication in the 1960s and 1970s. The maximum incident of 299 was
recorded in 1976, but the incident has since shown a clear decreasing trend, reaching about 100 per year in the late
1980s by virtue of regulation by law, and this level has been maintained thereafter with the level of nutrients supporting
red tide occurrences. The “Law Concerning Special Measures for Conservation of the Environment of the Seto Inland
Sea” was legislated in 1973 and industrial loading was decreased to half the level of 1972. The important red tide or-
ganisms causing huge fishery damages by fish-kill are Chattonella antiqua, C. marina, C. ovata and Heterosigma
akashiwo (Raphidophyceae), and Karenia mikimotoi and Cochlodinium polykrikoides (Dinophyceae). The maximum
fishery damage (death of 14.2 million yellowtails) was 7.1 billion yen (about US $60 million) caused by C. antigua in
Harima-Nada in 1972. In 1988, a novel red-tide dinoflagellate species Heterocapsa circularisquama appeared for the
first time, and has repeatedly killed both natural and aquacultured bivalves, with the highest damage of 3.9 billion yen
to cultured oysters in Hiroshima Bay in 1998. Among the important red-tide organisms, C. antiqua, H. circularisquama
and C. polykrikoides are rated as extremely harmful species that can easily reach the warning level of fishery damage by
consuming only small amounts of nutrients. In toxic blooms, the dinoflagellate Alexandrium tamarense has become
dominant in the Seto Inland Sea in the spring season, causing toxicity in short-necked clams and cultured oysters al-
most every year. Many countermeasures have been applied for harmful algal blooms in Japan. Laws for the regulation
of water quality have been most effective in decreasing red-tide occurrences. No physical and chemical controls have
been successful except for clay treatments. Clay spraying has been investigated and implemented in Kyushu and Korea
for the removal of C. polykrikoides red tides. As environment-friendly mitigation strategies for red tides, biological con-
trols using algicidal bacteria and viruses are proposed. A new finding of the abundant existence of algicidal bacteria on
the surface of seaweeds suggests that co-culturing fish and seaweed is a prevention strategy for harmful algal blooms by
virtue of the continuous release of many algicidal bacteria to the surrounding seawater. The artificial development of
seaweed beds would also be effective as a prevention strategy for red tides.
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Shikoku in Japan (Fig. 1), and was first designated as “Seto

Introduction Inland Sea National Park” in 1934 by virtue of the elegant
The Seto Inland Sea is the largest enclosed coastal sea and beautiful scenery stretching over a wide area. Most of
with many islands surrounded by Honshu, Kyushu and the area is less than 50 m deep (mean depth, 38 m). The

Seto Inland Sea covers an area of about 2.3X10*km? and
* Corresponding author: Ichiro Imai; E-mail, imailro@kais.kyoto-u.ac.jp holds about 8.8X10'' m? of seawater (Table 1). The climate
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Fig. 1. The Seto Inland Sea.

Table 1. Characteristics of the Seto Inland Sea, Japan

Area 23203 km?
Mean depth 38m
Volume 8.8x10'"'m?
Islands 1015
Precipitation 1000-1600 mm yr ™!
River (class A and B) 664

Run off 5.0%10"m3 yr-1
Water temperature 8-26°C
Population 3.0X107

6Xx10° tonyr™!
3X10° tonyr™!

Fishery production
Aquaculture production

is mild with an average temperature of about 15°C. The
coastal regions bordering the Seto Inland Sea (12% area of
Japan) are inhabited by about 30 million people, about 24%
of the total population of Japan. The Seto Inland Sea re-
ceives water from 664 rivers (class A and B), and
5x10"m? water flows into the sea every year. Osaka Bay,
northern Harima-Nada and northern Hiroshima Bay are the
heavily eutrophicated areas with dense populations and
heavy run off through big rivers.

The Seto Inland Sea is a major fishing ground with a
yearly total production of about 6X 10° tons in recent years.
Aquaculture production by the cultivation of fish, bivalves
and seaweeds regularly occupies about half of the total fish-
ery production. This is a characteristic point of fisheries in
the Seto Inland Sea. Many red-tide incidents have recurred
in the Seto Inland Sea, and have caused serious fishery
damage to cultured fish and bivalves in aquacultures
(Iwasaki 1989, Okaichi 1997, Imai et al. 1998b). Here we
describe the history of eutrophication and the occurrence of
harmful algal blooms, discuss the characteristics of repre-

sentative red-tide organisms in the Seto Inland Sea, and
summarize the current situation of countermeasures for red
tides and mitigation strategies, especially using microor-
ganisms.

History of eutrophication

In the 1960s, the coastal region of the Seto Inland Sea
played a leading role in contributing to the explosive eco-
nomic growth of Japan, resulting in extremely heavy
amounts of pollutants and serious eutrophication. Figure 2
shows the pollutant loads of COD (Chemical Oxygen De-
mand), total phosphorus and total nitrogen in the Seto In-
land Sea. In 1973, the “Law Concerning Special Measures
for Conservation of the Environment of the Seto Inland
Sea” was enacted, and “Total Pollutant Load Control” was
established to reduce the total quantity of organic pollutants
in terms of COD from factories, sewage treatment plants,
etc. The enactment of this law was triggered by a red tide of
Chattonella antigua (Hada) Ono, which caused the largest
economic loss by the mass mortality of cultured yellowtails
(7.1 billion yen) in the summer of 1972. As a result of this
law, the quantity of COD dumped in the Seto Inland Sea,
which was 1700 tons per day in 1972, had been reduced to
717 tons per day by 1999 (Ministry of the Environment
Government of Japan & the Association for the Environ-
mental Conservation of the Seto Inland Sea 2001). In the
case of total-P, total load control was implemented from
1979, and loading has actually decreased (Fig. 2). Effluent
control of total-N was established in 1996, and the loaded
N was also reduced in 1999 (Fig. 2).

The long-term monthly monitoring of water quality has
continued by the Fisheries Technology Institute, Hyogo Pre-
fecture, in the northeastern half of Harima-Nada (21 sta-
tions) since 1973 (Manabe et al. 1994). Figure 3 shows
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Fig. 2. Pollutant loads of COD, phosphorus, and nitrogen in the
Seto Inland Sea. Open columns show the loads from households
and others, and dotted columns show the industrial loads (from the
Ministry of the Environment Government of Japan & the Associa-
tion for the Environmental Conservation of the Seto Inland Sea
2001).

long-term changes in COD and inorganic nutrients (NH,-N,
NO,-N, NO;-N, DIN, PO,-P, SiO,-Si). COD had decreased
from 2.5mgL ™" or higher to about 1 mgL ™' by 1985 and
has remained around this level. Ammonium (NH4-N) also
decreased and has remained at a low level. Dissolved inor-
ganic nitrogen (DIN: NH,-N+NO,-N+NO;-N) generally
showed a decreasing tendency from 1973 to 1984, and has
since remained at around 4 uM in the surface and middle
(10 m) layers. Phosphate (PO,-P) also showed a decreasing
tendency to 1984, gradual increasing to 1992, remaining at
a stable level of around 0.4 uM in the surface and middle
layers until today. The SiO,-Si level of the surface and mid-
dle (10 m) layers has shown no general tendency and fluctu-
ated between about 5 and 10 uM, and that of the bottom
layer fluctuated between about 10 and 15 uM.

Harmful algal blooms

In eutrophicated coastal areas, microalgal populations
grow densely and sometimes form algal blooms with water
discoloration. Some microalgal species have a negative ef-
fect on marine organisms as a result of bloom formation.
These microalgae are called “harmful algae”, and the phe-
nomena of increasing populations of harmful algae are des-
ignated as harmful algal blooms (HABs) (Hallegraeff
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Fig. 3. Long-term changes in COD (mgL~') and nutrients
(uM) in the north-eastern part of Harima-Nada, the Seto Inland
Sea (solid lines: surface, dashed lines: 10 m, dotted lines: bottom)
from April 1973 to March 2000. Data were treated by 12-month
moving average process.

1993). Four types of HABs are summarized in Table 2. Bio-
mass blooms are composed of basically non-toxic species;
however, blooms can grow so dense that they indiscrimi-
nately kill fish and invertebrates due to oxygen depletion as
a result of decomposition (Hallegraeff 1993). In toxic
blooms, their potent toxins are accumulated mainly in bi-
valves through the food chain, and those toxins cause a va-
riety of gastrointestinal and neurological illnesses in hu-
mans by the consumption of toxin-contaminated bivalves.
Shellfish poisoning can occur under low cell densities of
toxic species without water discoloration. Noxious red tides
are non-toxic to humans, but harmful to fish and inverte-
brates causing mass mortalities, especially in intensive
aquaculture in coastal areas. Diatom blooms have a nega-
tive impact on “Nori” (Porphyra, red alga) aquaculture in
coastal areas between autumn and spring by bleaching Por-
phyra thalli, which lowers the quality and price of Nori
products (Manabe & Ishio 1991, Nagai 2000). Since Nori is
a big aquaculture industry in Japan, diatom blooms are an
economically nuisance in Nori aquaculture areas during the
seaweed-growing season. It is very difficult to estimate the
fishery damage (monetary amount) of Nori bleaching in
aquaculture by diatom blooms and of bivalve aquaculture
harvest regulation due to toxic blooms. In the Seto inland
Sea, eutrophication is closely linked to red tides especially
of noxious and biomass bloom types.

Red-tide occurrences and fishery damages

In 1960 and 1965, the beginning of the high-growth pe-
riod of Japanese economy, the total incident of red-tide oc-
currences was less than 50 per year in the Seto Inland Sea
(Okaichi 1997). Figure 4 represents the occurrences of red
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Table 2. Types of harmful algal blooms in the coastal sea (after Hallegraeff 1993, modified by adding diatom blooms against Porphyra

aquaculture).

1) Biomass red tides (Biomass blooms): Biomass red tides are basically harmless water discolorations; however, they sometimes become so
dense under exceptional conditions that they indiscriminately kill fish and invertebrates due to oxygen depletion.
Causative species: Gonyaulax polygramma, Noctiluca scintillans, Scrippsiella trochoidea, Trichodesmium erythraeum

2) Toxic blooms: Toxic blooms cause shellfish poisoning and fishfood poisoning as a result of the accumulation of toxins contained in mi-
croalgae through the food chain. Low cell densities (<1 cell mL ") can bring about shellfish poisoning.

Poisoning and causative species

-Paralytic Shellfish Poisoning (PSP): Alexandrium tamarense, A. catenella, A. tamiyavanichii, A. minutum, Gymnodinium catenatum, Pyro-

dinium bahamense var. compressum

-Diarrhetic Shellfish Poisoning (DSP): Dinophysis fortii, D. acuminata, D. caudata, D. mitra, D. rotundata, Prorocentrum lima
-Amnesic Shellfish Poisoning (ASP): Pseudo-nitzschia multiseries, P australis, P delicatissima

-Neurotoxic Shellfish Poisoning (NSP): Karenia brevis
-Ciguatera Fishfood Poisoning: Gambierdiscus toxicus

3) Noxious red tides: Red tides of this type are non-toxic to humans, but harmful to fish and invertebrates, especially in intensive aquacul-

ture sites, causing mass mortalities.

Causative species: Chattonella antiqua, C. marina, C. ovata, C. verruculosa, Heterosigma akashiwo, Heterocapsa circularisquama,
Karenia mikimotoi, Cochlodinium polykrikoides, Chrysochromulina polylepis, Prymnesium parvum

4) Diatom blooms: Diatoms are usually important as primary producers; however, diatom blooms have a negative impact on ‘Nori’ (Por-
phyra) aquaculture between autumn and spring by bleaching Porphyra thalli, which lowers the quality and price of Nori products.
Causative species: Eucampia zodiacus, Coscinodiscus wailesii, Chaetoceros spp., Skeletonema costatum, Thalassiosira spp., Rhizosole-

nia imbricata
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Fig. 4. Occurrence of red tides in the Seto Inland Sea from 1967 to 2004. Closed columns indicate incidents with fishery dam-

age such as fish-kills.

tides (incidents per year) in the Seto Inland Sea from 1967
to 2004 (Fisheries Agency of Japan 2000, 2005). The total
incident was 48 in 1967, showing a clear increment to the
maximum value of 299 per year in 1976. The law for envi-
ronmental conservation for the Seto Inland Sea was enacted
in 1973 as mentioned previously. After the peak in 1976,
the incident showed a clear decreasing trend to around 100
per year, and this level has been maintained so far.

The distribution of red-tide areas in the Seto Inland Sea

from 1960 to 2000 is decennially shown in Fig. 5. In 1960,
there were few red-tide incidents (18 cases), and the areal
scale was small. In the 1970s and 1980s, large-scale red
tides had frequently occurred, especially in the summer sea-
son. In extreme cases, a red tide covered almost the whole
area of the sea, such as Osaka Bay, Harima-Nada, Hiuchi-
Nada, and Suo-Nada. In the 1990s and thereafter, the scale
and period of red tides appeared to become smaller and
shorter except for a novel and peculiar dinoflagellate
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Fig. 5. Decadal changes in the distribution of red-tide areas in
the Seto Inland Sea.

species (Heterocapsa circularisquama Horiguchi, later in
detail).

The representative organisms of noxious red tides in the
Seto Inland Sea are Chattonella antiqua, Chattonella ma-
rina (Subrahmanyan) Hara et Chihara, Chattonella ovata
Hara et Chihara, Heterosigma akashiwo (Hada) Hada ex
Hara et Chihara (Raphidophyceae), Noctiluca scintillans
(Macartney) Kofoid, Karenia mikimotoi (Miyake et Komi-
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Fig. 6. Number of red tides (open circle) and those with fishery
damage (closed circle) caused by Cochlodinium polykrikoides,
Chattonella spp., Karenia mikimotoi, Heterosigma akashiwo, Het-
erocapsa circularisquama, and Noctiluca scintillans in the Seto
Inland Sea from 1973 to 2004.

nami ex Oda) Hansen et Moestrup, Cochlodinium
polykrikoides Margalef and H. circularisquama (Dino-
phyceae). The top three most noxious species in the order
corresponding to the amount of fishery damage are C. anti-
qua, K. mikimotoi and H. circularisquama in the Seto In-
land Sea. Figure 6 illustrates the number of red tides and
those with fishery damage caused by the red-tide organisms
mentioned above from 1973 to 2004, according to the data
of the Fisheries Agency of Japan (2000, 2005). Karenia
mikimotoi, H. akashiwo and N. scintillans showed a high
number of red-tide occurrences in the Seto Inland Sea in
the 1970s; however, these species decreased in incident
thereafter. Red tides of C. antiqua and C. marina were
commonly observed in the 1970s and 1980s, but they de-
creased in the 1990s and thereafter; however, Chattonella
red tides have shown a reviving trend in recent years, newly
joining C. ovata. The long-term and general trend is de-
creasing tendency except for H. circularisquama, which
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Fig. 7. Fishery damage to aquaculture caused by noxious red tides in the Seto Inland Sea from 1970 to 2004. Illustrations indi-
cate causative microalgae responsible for >80% of total damage of each year. C: Chattonella spp. (C. antiqua, C. marina and C.
ovata), K: Karenia mikimotoi, H: Heterocapsa circularisquama, G: Gonyaulax polygramma, Coc: Cochlodinium polykrikoides.

was first detected in 1995 in the Seto Inland Sea (Hi-
roshima Bay), although this species caused the first red tide
in 1988 in Uranouchi Inlet, Pacific coast of Shikoku. Red
tides of C. polykrikoides have appeared to increase in recent
years, although there are only 5 incidents per year or lower.
In the Seto Inland Sea, a bloom of this species was first no-
ticed in Harima-Nada in 1985 (Yuki & Yoshimatsu 1989).
Heterosigma akashiwo and N. scintillans form red tides
more frequently but rarely cause fishery damage in general.
On the other hand, red tides of Chattonella spp. (C.
antiqua, C. marina and C. ovata), K. mikimotoi, H. circu-
larisquama and C. polykrikoides tend to accompany fishery
damage more frequently.

Figure 7 represents fishery damage to aquaculture from
1970 to 2004 caused by noxious red tides and the causative
organisms responsible for >80% damage of each year in
the Seto Inland Sea according to data from the Fisheries
Agency (2000, 2005). Chattonella spp. (C. antiqua, C. ma-
rina and C. ovata) are the most harmful red-tide organisms
as indicated by Fig. 7. In the summer of 1972, C. antiqua
killed 14.2 million cultured yellowtails, worth about 7.1 bil-
lion yen in Harima-Nada, which is the worst record in
Japan. During the period between 1990 and 2002, fishery
damage by Chattonella was lower than 0.1 billion yen per
year, but Chattonella red tides revived to make fish-kill in
the Seto Inland Sea in 2003 and 2004. Karenia mikimotoi
has continuously caused fishery damages since 1979 in the
Seto Inland Sea. The killing of oysters in the Seto Inland
Sea by the dinoflagellate H. circularisquama first occurred
in Hiroshima Bay in 1995, and again in 1997. Heterocapsa
circularisquama caused the mass mortality of oysters worth
3.9 billion yen in 1998 in Hiroshima Bay, which was the
second worst fishery damage in the Seto Inland Sea. As a

long-term trend, however, the total damage amounts appear
to be showing a decreasing tendency except for the 1998
case by H. circularisquama. A red tide by the dinoflagellate
Gonyaulax polygramma Stein in 1994 is a case with a large
fishery damage of 0.8 billion yen in the Seto Inland Sea
(Koizumi et al. 1996a). Fish-kills by C. polykrikoides have
been observed in the Seto Inland Sea since 1985 (Yuki &
Yoshimatsu 1989), but the damage and red-tide scales have
been smaller than those by other species; however in the
summer of 2004, fish-kills by C. polykrikoides first ex-
ceeded 0.1 billion yen (0.16 billion yen) in Iwamatsu Bay
in Ehime Prefecture in Bungo Channel, the Seto Inland Sea
(Fisheries Agency 2005). This species is notorious for the
immense harmfulness of its fish-kills in the Kyushu area
(the largest damage of 4 billion yen in Yatsushiro Sea in the
summer of 2000) and especially in Korean coastal waters
(largest damage of 76.4 billion won in the summer of 1995,
Yoon 2001, Kim et al. 2002), and hence more attention
should be paid to monitoring C. polykrikoides in the Seto
Inland Sea.

Characteristics of representative red-tide organisms

Table 3 shows the first detection of red tides and notes on
the origin of the five main red-tide organisms in the Japan-
ese coastal sea. Chattonella spp. (C. antiqua, C. marina and
C. ovata) have a cyst stage in their life cycle (Imai & Itoh
1986, 1987, 1988, Yamaguchi et al. personal communica-
tion about C. ovata). Empty cysts of Chattonella spp. can
be commonly observed by the primulin-staining method
(Yamaguchi et al. 1995) from deep sediments from 1950 or
before (Montani 2000). This is before the eutrophication
period, or the high-growth period of the Japanese economy;
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Table 3. First occurrences of red tides and notes on the origin of the representative red-tide organisms in the Japanese coastal sea.

Notes

Speceis First red tide (year)
Chattonella antiqua Hiroshima Bay (1969)
Karenia mikimotoi Ago Bay, Gokasho Bay (1933)

Tokuyama Bay (1957)
Heterosigma akashiwo Bingo-Nada (1966)
Heterocapsa circularisquama Uranouchi Inlet (1988)

Cochlodinium polykrikoides Yatsushiro Sea (1975)

Hidden flora*
Inherent red-tide species

Hidden flora
Introduced species (?)
Hidden flora and/or transported species by Tsushima Current

* These species have inhabited at low cell densities before the occurrence of red tide (Smayda 2002).

therefore, Chattonella spp. are considered to be originally
“hidden flora” (Smayda 2002), which have usually inhab-
ited at low cell densities since ancient times.

Heterosigma akashiwo is a cosmopolitan species in
coastal areas of temperate and subtropical countries (Honjo
1992, Smayda 1998). It has a cyst stage in its life cycle
(Imai et al. 1993b, Imai & Itakura 1999); hence, H.
akashiwo also appears to be originally a “hidden flora”
species. In the case of Karenia mikimotoi, it has the first re-
port of red tide in Gokasho Bay in Mie Prefecture, a Pacific
coastal embayment, in 1933, and in Tokuyama Bay, the
Seto Inland Sea, in 1957. Since K. mikimotoi formed nox-
ious red tides recurrently before the eutrophication period,
this organism is considered to be an inherent red-tide
species from ancient times.

The first red tide of the bivalve-killer dinoflagellate Hete-
rocapsa circularisquama was recorded in Uranouchi-Inlet
in 1988, and then in Fukuoka Bay in 1989 and in Ago Bay
in 1992 (Tamai 1999). These three embayments are not in
the Seto Inland Sea. Overwintering cysts have not been
identified yet. For this dinoflagellate, winter temperatures
of less than 15°C in the Seto Inland Sea and most of the
Japanese coastal sea are too low for this species to overwin-
ter (Yamaguchi et al. 1997); however, Shiraishi et al. (in
preparation) recently discovered H. circularisquama over-
wintering as motile vegetative cells in Uranouchi-Inlet, Pa-
cific coast of Kochi Prefecture. This species forms resistant
temporary cysts, and can be transferred with commercially
useful bivalves (Honjo et al. 1998). Recently, Iwataki et al.
(2002) reported new records of H. circularisquama in Hong
Kong, which caused red tides in 1986 and 1987. Therefore,
this species is suspected to have originally inhabited tropi-
cal coastal areas, and to have been introduced into the
Japanese coastal sea by warm currents and/or by the artifi-
cial transportation of pearl oysters and short-necked clams
for aquaculture (Matsuyama 1999).

Cochlodinium polykrikoides was reported to form the
first red tide to kill fish in the Yatsushiro Sea, western
Kyushu, in the summer of 1975 (Kumamoto Prefecture
1980). The growth response of C. polykrikoides was exam-
ined in different combinations of temperature and salinity
(Kim et al. 2004, Yamatogi et al. 2005, 2006). This species
prefers high temperature and salinity for optimum growth;
however, this alga exhibited some growth even at a temper-

ature of 10°C (Yamatogi et al. 2005, 2006). The lowest
water temperature is usually higher than 10°C in the coastal
waters of the south and west parts of Japan. Consequently,
C. polykrikoides might be able to overwinter in those
coastal areas, implying that this dinoflagellate was a “hid-
den flora” and began to cause red tides and kill cultured fish
in 1975. Matsuoka & Iwataki (2004) pointed out the two
type patterns of red-tide formation of this microalga: one is
the Tsushima Current-introducing pattern in western
Kyushu areas and the coast of the Sea of Japan, and the
other is the independent-occurrence pattern in the Seto In-
land Sea and Pacific coasts of Kyushu, Shikoku and Hon-
shu. In the former case, Miyahara et al. (2005) reported
small-scale red tides of C. polykrikoides along the coast of
the Sea of Japan such as Tottori and Hyogo Prefectures in
September 2003, and strongly suggested that seed popula-
tions of this microalga were transported to those coastal
areas by the Tsushima Current based on the image analyses
of water temperature and chlorophyll a by satellite observa-
tions. Consequently, two types of occurrence mechanisms
should be considered for C. polykrikoides red tides.
Yamaguchi et al. (2001) summarized the minimum cell
quota for N and P, and their ratios concerning important
red-tide flagellates C. antiqua, K. mikimotoi, H. akashiwo
and H. circularisquama. In the case of C. polykrikoides,
Kim (2003) reported the minimum cell quota of N and P. In
order to evaluate the degree of danger and harm of these
five representative red-tide species, the warning levels of
cell densities of C. polykrikoides and four other species
(Hiroshima Prefecture 1996) were converted to equivalent
levels of nitrogen and phosphorus (Table 4). The warning
cell density level of C. polykrikoides was tentatively deter-
mined to be 500 cells mL~!, according to the warning level
of Nagasaki Prefecture and the record of fish-killing at a
cell density of 221 cells mL~" (Kim 2003). Karenia miki-
motoi and H. akashiwo needed rather high amounts of N
and P to reach the warning levels; however, the diurnal ver-
tical migration ability of these species and their nutrient up-
take in deep layers would make it possible for them to accu-
mulate in the surface layer and form red tides in shallow
coastal areas (Yamochi & Abe 1984, Koizumi et al. 1996b).
On the other hand, C. antiqua, H. circularisquama and C.
polykrikoides can easily reach the warning level by con-
suming only small amounts of N and P (Table 4). We can



78 I. ImAl, M. YAMAGUCHI & Y. Hori

Table 4. Warning level of cell densities of five representative red-tide organisms, minimum cell quota, and equivalent nutrient level to

warning.
Speci Warning level Minimum cell quota (fmol cell ") N (uM) equivalent P (uM) equivalent
pecies (cellsml™") Nitrogen Phosphorus to warning level to warning level

Chattonella antiqua 100 7800 620 0.78 0.062
Karenia mikimotoi 5000 3130 250 15.7 1.25
Heterosigma akashiwo 50000 1440 95 72.0 4.75
Heterocapsa circularisquama 500 1100 89.4 0.55 0.045+
Cochlodinium polykrikoides 500 5250 370 2.63 0.185

here conclude that C. antiqua, H. circularisquama and C.
polykrikoides are extremely dangerous and harmful red-tide
organisms. To prevent and/or reduce fishery damage by red
tides, further developments of prediction techniques and
mitigation strategies are important and urgent (Okaichi
1997, Imai et al. 2001).

Toxic blooms

Among the shellfish poisonings presented in Table 2,
paralytic shellfish poisoning (PSP) and diarrhetic shellfish
poisoning (DSP) have occurred in Japanese coastal waters
(Fukuyo et al. 2002). DSP toxin contamination of marine
shellfish such as scallops and oysters has commonly been
detected off the coast of the Hokkaido and Tohoku districts.
However, DSP toxin contamination has rarely been ob-
served off the coast of western Japan despite the abundant
existence of causative dinoflagellates of Dinophysis species
such as D. fortii Pavillard and D. acuminata Claparede et
Lachmann (Imai et al. 2003). This is an enigma to be
solved in the future.

PSP contamination in bivalves was occasionally reported,
mainly in short-necked clam, in the 1970s and 1980s (Fig.
8) in the Seto Inland Sea. The main causative organism was
Alexandrium catenella (Whedon et Kofoid) Balech (Dino-
phyceae). However, in the 1990s and thereafter, toxic algal
blooms and contamination of PSP toxins of bivalves have
markedly increased in frequency and scale in the Seto In-
land Sea and coastal areas of Kyushu and Shikoku of west-
ern Japan (Fig. 8) (Fukuyo et al. 2002, Kotani et al. 2004).
The major causative organisms are Alexandrium tamarense
(Lebour) Balech, 4. catenella and Gymnodinium catenatum
Graham (Dinophyceae). Alexandrium cysts play an impor-
tant role in the occurrences of toxic blooms (Anderson
1998, Itakura & Yamaguchi 2001). The common and abun-
dant existence of Alexandrium (A. tamarense and A.
catenella) cysts was confirmed in bottom sediments of the
Seto Inland Sea and coastal areas of Kyushu and Shikoku
(Yamaguchi et al. 1996, 2002, Kotani et al. 1998). There-
fore, the problem of PSP toxin contamination of bivalves by
Alexandrium spp. currently appears to have become estab-
lished in these areas.

The population dynamics of A. tamarense was elabo-
rately investigated in Hiroshima Bay, the Seto Inland Sea,

from April 1994 to December 1998 (Itakura et al. 2002).
PSP toxin contamination of bivalves has been occurring
there almost every year since 1992. Vegetative cells of 4.
tamarense were detected from January to June, and annual
maximum cell densities regularly reached 10°~10* cells L™!
in April or May every year. High germination success rates
of Alexandrium cysts were observed between December
and April each year (bottom water temperature=10.0—
16.5°C), suggesting the importance of cysts in initiating
Alexandrium (A. tamarense) blooms in Hiroshima Bay
(Itakura & Yamaguchi 2001). During the A. tamarense
bloom period, the water temperature ranged from 10.2 to
20.2°C, and SiO,—Si showed the annual lowermost concen-
tration in each year during this period. The persistent yearly
occurrence of vegetative cells of A. tamarense in Hiroshima
Bay can be reasonably explained by temperature and nutri-
ent conditions. The bloom of A. tamarense developed sub-
sequently to the diatom spring bloom along with the ex-
haustion of SiO,—Si by diatoms. The origin of 4. tamarense
in western Japanese coastal areas after the 1990s is un-
known at present, but there is a possibility that the introduc-
tion of bivalves from the northern part of Japan (4.
tamarense is common) was accompanied with cysts of 4.
tamarense (Furuhata et al. 1996) to the western Japanese
coastal areas. Human activities can cause eutrophication of
coastal waters and also help expand the distribution of
harmful algal species to unaffected areas. More careful
monitoring is needed in coastal environments.

Prediction and mitigation of noxious red tides

Prediction of red tides

The average economic loss associated with noxious red
tides is around 1.5 billion yen per year; therefore, it is im-
portant to predict red-tide occurrences of noxious species
killing fish and bivalves to reduce the negative impact on
the aquaculture industry. The objectives of prediction are
whether to expect the occurrence or not of red tides during
the year, and the species, timing and period, area, and scale
in the red-tide season. The prediction should be based on
information obtained by scientific investigations about the
mechanism of red-tide occurrence of each species. On the
other hand, long-term predictions have been attempted
using empirical relationships between red-tide occurrences
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Table 5. Countermeasures for impact prevention and reduction of red tides attempted in Japan (after Shirota 1989 and Sakata 2000, mod-

ified).

Indirect method
Regulation

Law concerning special measures for conservation of the environment of the Seto Inland Sea

Water pollution control law
Marine pollution prevention law
Regulation of agriculture chemicals
Remediation
Water quality: absorption of inorganic nutrients by algae

Bottom sediment quality: dredging, aeration, digging, applications of sand, clay, lime, purification by benthos (Capitella)

Fish culture technique

Using moist pellets as bait

Keeping the proper scale and density of fish
Emergency procedures

Transfer of net cages

Cessation of feeding

Direct method
Physical method
Physical shock: ultrasonic waves, electric current, air bubbling

Collection: suction, filtration, collection and centrifugation of surface red-tide water
Aggregation and sedimentation: clay, iron powder, macromolecular flocculant

Chemical method
Chemicals: hydrogen peroxide, organic acids, surfactants
Chemical reaction: ozone evolution

Biological method
Bivalves: oyster, etc

Zooplankton: copepods, ciliates, heterotrophic dinoflagellates, nanoflagellates

Algicidal bacteria
Algicidal viruses

and field parameters such as west winds in winter, the dis-
tance of the Kuroshio Current, the water temperature and
salinity in the Akashi Strait, etc. In the case of Chattonella
red tides in Harima-Nada of the Seto Inland Sea, the pre-
diction of occurrence was successful to some extent by
combining results assessed using several parameters.

Past countermeasures in Japan

Table 5 represents previous countermeasures for noxious
red tides attempted in Japan (after Shirota 1989 and Sakata
2000, modified). The countermeasures are roughly divided
into two categories, indirect and direct methods. Indirect
methods are basically significant for the prevention of red-
tide occurrences on a long-term scale. Laws were estab-
lished for the environmental conservation in the coastal
areas. Laws have been most effective for decreasing the di-
rect discharge of polluted wastewater into the coastal sea.
The resulting decreases of nitrogen and phosphorus in the
water and sediments, as mentioned before, have led to a de-
crease in the incidents and scales of red tides. The develop-
ment of fish culture techniques such as the “moist pellet” as
a substitute for raw bait, keeping proper scale and density
of fish in aquaculture sites, and transferring net cages from
red-tide areas were also effective for reducing the negative
impacts of noxious red tides. The most prevailing method is

still to cease feeding cultured fish just before and during red
tides, which reduces the mortality of fish in the cages, espe-
cially yellowtails.

As shown in Table 5, rather many direct methods had
been attempted before 1985, but no physical and chemical
controls were successful on the whole, as is the case for
Florida’s red tides in USA (Steidinger 1983). Thereafter,
these chemical and physical control options have received
little attention.

Clay spraying to control red tides

Shirota (1989) suggested one promising strategy that in-
volves the treatment of red tides with flocculants such as
clay, which scavenge particles including algal cells from
seawater and carry them to bottom sediments. The feasibil-
ity of clay treatment has been investigated in Japan, China,
South Korea, USA, Sweden and Australia (Kumamoto Pre-
fecture 1980, Maruyama et al. 1987, Shirota 1989, Sengco
& Anderson 2004). In Japan and South Korea, clay spray-
ing has already been employed to full implementation in
aquaculture sites during red-tide occurrences, especially of
Cochlodinium polykrikoides (Kim et al. 2002, Wada et al.
2002); however, further studies are essential to determine
the fate and effects of sedimented microalgal cells and tox-
ins on benthic animals and the collateral mortality of co-oc-
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curring planktonic organisms. The decomposition of sedi-
mented biomass and resulting oxygen depletion also need
to be examined (SCOR-IOC 1998).

Biological control of red tides

Chemical and physical controls of red tides are thought
to have indiscriminant effects on all organisms in seawater.
Biological controls are hoped to be milder and more envi-
ronmentally friendly for exterminating red tides. The bio-
logical control of red tides using grazers such as copepods,
bivalves and ciliates had been examined, but the results
were minimal because of the huge scale of red tides (Shi-
rota 1989). On the other hand, microorganisms such as
viruses and bacteria appear to be promising control agents
against red tides, as they can be abundant in marine ecosys-
tems, proliferate rapidly, and are sometimes host-specific
(SCOR-IOC 1998).

Red tide control by viruses

For some harmful algal bloom-causing species, infective
viruses have been isolated and confirmed in laboratory cul-
tures (Brussaard 2004, Salomon & Imai 2006). In the case
of red tides of Heterosigma akashiwo and Heterocapsa cir-
cularisquama, virus-induced mortality was demonstrated to
be an important factor contributing to the rapid termination
of red tides (Nagasaki et al. 1994, 2004). Viruses infectious
to microalgae are usually host specific. Tomaru et al.
(2004a, b) achieved gargantuan-scale investigations and
found that viral infectivity can be strain specific rather than
species specific in H. akashiwo and H. circularisquama.
Accordingly, a single clone of algal virus can not extermi-
nate a bloom of a specific microalgal species composed of
different ecotypes of clones with different sensitivity spec-
tra to viruses. However, viruses have extremely high repli-
cation ability and high host specificity (harmless to other
organisms), and are consequently worth investigating for
their possibility as a useful tool to prevent and exterminate
harmful algal blooms.

Red-tide control by algicidal bacteria

During the last two decades, algicidal bacteria have been
identified in marine coastal ecosystems and have received
attention concerning the termination of noxious red tides
(Imai et al. 1993a, Doucette et al. 1998, Sakata 2000,
Yoshinaga 2002, Mayali & Azam 2004, Salomon & Imai
2006). Temporal fluctuations of algicidal bacteria against
the red tide causing raphidophyte Heterosigma akashiwo
were studied in northern Hiroshima Bay, the Seto Inland
Sea, and the dynamics of H. akashiwo killers revealed a
close relationship with that of H. akashiwo populations
(Imai et al. 1998a, Yoshinaga et al. 1998). These results in-
dicate that algicidal bacteria (mainly members of 7y-pro-
teobacteria) are specifically associated with the termination
of H. akashiwo red tides (Yoshinaga et al. 1998). In the case
of population dynamics of Chattonella spp. and the algici-
dal bacterium Cyfophaga sp. in northern Harima-Nada, this

bacterium also increased, accompanying the decline of
Chattonella populations (Imai et al. 2001). Accordingly, al-
gicidal bacteria presumably contribute to the rapid termina-
tion of red tides in coastal seas.

Many strains of algicidal bacteria have been isolated
from various sites of Japanese coastal seas (Yoshinaga
2002). These bacteria were classified phylogenetically
using the SSU rDNA database. Many algicidal bacteria are
new species. Most algicidal bacteria are categorized into
two groups, Y-proteobacteria (mainly the genera Al-
teromonas and Pseudoalteromonas) and Cytophagal/Flex-
ibacter/Bacteroides (CFB) group (mainly the genus Cy-
tophaga) (Yoshinaga 2002, Mayali & Azam 2004), and a
few are y-proteobacteria (Imai et al. in press).

Seaweed beds: possible prevention strategies for red tides

As an unexpected aspect of the ecology of algicidal bac-
teria, it has newly been found that huge numbers of algici-
dal bacteria are attached to the surface of seaweeds such as
Ulva sp. (Chlorophyta) and Gelidium sp. (Rhodophyta)
(Imai et al. 2002). The maximum number of killers, about
10°-10°g™! (wet weight of seaweed), was detected for
Karenia mikimotoi, Fibrocapsa japonica and Heterosigma
akashiwo. Algicidal bacteria were also abundant in seawa-
ter collected in seaweed beds in Osaka Bay and Obama
Bay. Algicidal bacteria were isolated from the surface of
Ulva sp. and Gelidium sp. and surrounding seawater (Imai
et al. in press). This indicates the potential of seaweed beds
and surrounding seawater to prevent red-tide occurrences
by the killing function of algicidal bacteria continually re-
leased from the surface of seaweeds (Fig. 9).

Based on these findings, we can here propose a new pre-
vention strategy of red tides using macroalgae in aquacul-
ture areas. Co-culturing seaweeds such as Gelidium sp.
and/or Ulva sp. and fish such as red sea bream or yellowtail
is proposed to be effective in cage cultures (Imai et al.
2002). Many algicidal bacteria will be continually released
from the surface of macroalgae into seawater, and con-
tribute to reduce the cell density of phytoplankton, includ-
ing harmful species. Consequently, these bacteria presum-
ably play an important role in preventing the occurrence of
noxious red tides. This strategy may be effective in en-

Release of algicidal bacteria

of red tides

Fig. 9. Seaweed beds as sources of algicidal bacteria that help
prevent the occurrences of red tides in coastal areas.
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closed and small-scale inlets. The most excellent merit of
this strategy is that seaweed has no negative image for
aquaculture fishermen and consumers. Moreover, Ulva sp.
is actually being utilized as supplementary food for red sea
breams in some cage cultures in Mie and Ehime Prefectures
in Japan.

When we artificially develop and restore natural seaweed
beds in a large-scale plan, which have been lost in the past
by reclamation, these newly recovered seaweed beds pre-
sumably function as tools to prevent the occurrence of
harmful algal blooms by virtue of released algicidal bacte-
ria (Fig. 9). Furthermore, seaweed beds also serve as puri-
fying grounds of seawater by the absorption of inorganic
nutrients and as nursery grounds for important fishery re-
sources such as fish and invertebrates. It appears to be
worth investigating and discussing the implementation of
the artificial development or restoration of seaweed beds
around red-tide areas in the near future.

Future problems in the mitigation and control of red tides

No field trials of bloom control using viruses and algici-
dal bacteria have been attempted previously. Uncertainties
about host specificity, stability, and environmental impacts
such as the negative effects of these microorganisms on
higher organisms must be examined before their practical
utilization as tools for the prevention and control of noxious
red-tide occurrences. Costs and scales should also be con-
sidered for in situ implementation.

When algicidal viruses and bacteria terminate red tides,
huge amounts of organic matter would be released into
water environments. The resulting organic matter must
enter the marine food web mainly via microbial food web
components (Kamiyama et al. 2000). If not, such released
organic materials would most likely cause deterioration of
the coastal environment, especially the bottom layer
through e.g. anoxia. The fate of algicidal bacteria and
viruses such as grazing by protozoans should be investi-
gated after the termination of red tides by these microor-
ganisms. Studies on the ecology of the algicidal bacteria
and viruses with harmful algae should take into account
trophic interactions in the marine food web.
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