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Abstract

Toxric algal blooms began to huve significant impacts on doeveloping-country nquaculture in the 1970s,
ncluding toxicshollfish and mass mortalities of fish und shrimp. Bused on the experiencesofdeveloped countrios,
the potential exists in the waters of developing countries for u wide range of presently unrcecorded toxins as well
as other cffects of algal blooms. The implications of these hazards ave discussed. Their cconomic impact, which
extends beyond the aquatic scctor, is also discussed. Management measures used in both developed and
developing countries at the industry as well as the government level are described and assessed. Finally, evidence

of a relationship between red tides nnd aquaculture is discussed.,

Introduction

Many scientistsbelieve that visible algal
blooms or red tides are environmental
indicators in as much as there is a strong
correlation between the number ofred tides
and the degree of coastal pollution or use of
coastal waters for aquaculture (see e.g.,
Anderson 1989; Lam and Ho 1989; Okaichi
1989; Seliger 1989; Smayda 1989).

Potentially nuisance blooms in the sea
have been around for a long time. Captain
Cook observed Trichodesmium blooms in
the Coral Sea in 1770 and along with his
crew suffered ciguatera poisoning in the
New Hebrides in 1774 (Hallegraeff 1990).
Thefirst paralyticshellfish poisoning report
on the Pacific coast of north America wasin
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**The topic of apparent increases in blooms has been
pursucd in recent reviews by HallegraefT(1 992, 1993)
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1793 during explorations by Vancouver in
British Columbia (Conte 1984). The

naturalist Poeppig was the first to record a -

red tide in Chile, in 1827. Darwin saw the
next one there in 1835 (Unesco 1982).

In recent years, there appears to have
been a rapid global increase in red tides
which is reflected, according to Anderson
(1989), in the increase in countries
represented at the international meetings
on toxic dinoflagellates, from three at the
first such meeting in 1974, 17 at the second
in 1978, 22 in the third (1985), to 27 in the
fourth (1989).** New occurrences havebeen
reported in a variety of locations at each
meeting. A new directory of experts in the
fields includes over 390 persons from 42
countries (White 1990a).

Whether the blooms are increasing or
not,therehasbeenarapid growthofrelevant
literature. Thel63referencesinthepresent
review, for example, while by no means

915



No. articles/year

Fig.1.Growthofliterature ascited in this review. Circles arethree-year running averages. The curve represents

literature doubling every 2.25 years.

constituting a bibliography, exemplify the
literatureexplosion. A plotofthe publication
dates (Fig. 1) shows that over 50% come
from 1989 and 1990; the curve suggests a
doubling of the annual literature output
every 2-2.5 years over the past two decades.
For comparison, aquaculture literature
output doubled every five years from 1960
to 1980 (Maclean 1986).

- Oneofthefeaturesofthese algalblooms
is a shift over the yeurs from generally
benign diatom blooms to flagellate blooms,
possibly associated with decreased Si:Pand
N:Pratios, in part due to coastalenrichment
from pollution and river-borne nutrients
according to Smayda (1989). The flagellates
include most of the toxic forms. Lam and Ho
(1989) pointed out a clear shift from diatom-
todinoflagellate-dominated phytoplankton
in Tolo Harbour, Hong Kong, as the waters
became more polluted. Red tides there have
increased dramatically also (IMig. 2). As Zou
et al. (1985) pointed out, “A red tide can be
looked upon both as a product and as a
process in the eulrophication of estuarine
and coastal ecosystems.”

At the most recent international
conference on toxic marine phytoplankton
(Granéli et al. 1990), the influence of human
activities was debated. In the conference
overview, Taylor (1990) stated that “some
blooms are plainly in response to
eutrophicationbutothersare equally plainly
not.” The following careful recommendation
was approved and conveyed to the
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IMig. 2. Annual number of red-tides in Tolo Harbour,
Hong Kong, nnd human population levels in Hong
Kong from 1976 to 1986. From Lum and Ho (1949).
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International Oceanographic Commission,
Paris: “The conference participantsreached
a consensus that some human activities
may be involved in increasing the intensity
and global distribution of blooms and
recommended that international research
efforts be undertaken to evaluate the
possibility of global expansion ofalgalbleoms
and man’sinvolvementinthisphenomenon”
(Granéli et al. 1990, p. 517).

From the point of view of aquaculture,
toxic algal blooms can be considered as part
of the environment in which this sector is
presently developing.

The coastal zone in many developing
countriesisbecominga majorfocusofattention
to environmental managers in view of the
largelyuncontrolleddevelopmentstakingplace
there, entailingmassivedestructionofnatural
habitats(Chua, thisvol.)The Groupof Experts
on the Scientific Aspects of Marine Pollution
(GESAMP) stated that “at the end of the
1980s, the majorcauses ofimmediate concern
in the marine environment on a global basis
are coastal development and the attendant
destruction of habitats, eutrophication,
microbial contamination of seafood and
beaches...” (GESAMP 1990). Thus, it is the
coastal environment of developing countries
wherewecanexpecttoscedramaticinereases
in toxic algal blooms. The recent spreading of
redtidesin the Indo-Pacific(Maclean1989a),
forexample,maybeonlyapreludetoworsening
problems ahead.

Meanwhile, that environment itselfis in
all probability undergoing changes such as
atmospheric temperature increases and
changing relative sea levels (Stewurt et al.
1990), associated withglobal climaticchanges
which may mask, reinforce or negate some of
the more local pollution/enrichment effects.
We are dealing then with a growing problem
in which there may be so many contributing
factors - both primary and secondary - that it
may be impossible or impractical to attempt
to isolate any one cause or group of causes.

In the developing world, most of the
interest in and workshops about harmful

algal blooms (and, coincidentally over 80% of
world aquaculture production) have been in
Asia, and have happened fairly recently. A
1954 symposium on plankton in the Indo-
Pacificmadeno mention ofred tidesorharmful
algalspecies(FAO/Unesco1954), Toxicblooms
of Pyradinium inPapuaNew Guinea in1972,
western Borneo in 1976 and 1980 and in the
Philippines in 1983 (Maclean 1989b); fish
kills in Hong Kong beginning in 1980 (Wong
and Wu1987); and anunprecedented red tide
indinhaeBay, Korea (Park et al. 1989), raised
enough concern for two regional meetingsin
1984 (White et al. 1984; CSIRO 1985). The
incidents in Hong Kong, Korea and the
Philippines all involved aquaculture losses
whichcontinuetothe present. The Pyrodinium
situation wassufficiently alarmingtowarrant
a special workshop in 1989 (Hallegraeff and
Maclean1989).In Latin America, aworkshop
on red tides on the Pacific coast was held in
1982 (Unesco 1982). There are no reports of
similaractivitiesin Africa. Attheinternational
level, two conferences in 1987 specifically
addressed the impact of algal blooms on
aquaculture (Dale et al. 1987; Jensen 1988).

In this review, I have attempted to
consolidate information on the nature of the
potential huzards, the extent of the algal
bloom -problem in developing-country
aquaculture and, despite the uncertainty of
future environments, some likely future
scenarios.

Causative Organisms

The algae under consideration come
from the Cyanophyta, cyanobacteria;
Chrysophyta, chrysophytes; Pyrrhophyta,
dinoflagellates; Raphidophyta, chloromo-
nads, Bacillariophyta, diatoms; and
Prymnesiophyta, prymnesioids-a mixture
of primitive eukaryotes and prokaryotes .
(Taylor 1985). Some authors use classes
rather than phyla to describe these
organisms (e.g., Hargraves et al. 1989;
Fukuyo et al. 1990) and the taxonomy of
individual species as well as of groups



remainsunderrevision (e.g.,several papers
in Granéli et al. 1990).

Largerdinoflagellates commended most
attention at earlier workshopsbutinrecent
years the importance of other groups - the
raphidophytes, particularly Chattonella;
chrysophytes, especially the brown tide
Aureococcus; the prymnesiophyte
Chrysochromulina;and the cyanobacteria -
hasbeenrecognized. The picoplankton (0.2-
2.0 mm or bacteria-sized cells), have been
found to be a source of blooms and toxins;
they include small flagellates and
cyanobacteria. These organisms bloom
seasonally in coastal waters at densities
orders of magnitude higher than larger
forms, viz up to 1091 vs.10%1" (Hargraves
et al. 1989). Often the picoplankton are the
dominant primary producers in the sea
(Sieburth and Johnson 1989).

There is no comprehensive list of
causative species and their number is
certainly still growing. Taylor (1990) gave a
current “minimum list” of well-established
harmful marine phytoplanktonspecies(i.e.,
excluding those which have been associated
with oxygen depletion or gill clogging) as
follows: dinoftagellates 27; chloromonads 5;
chrysophytes 1; prymnesioids &;
silicoflagellates (chrysophytes) 1; and
diatoms 4. The most recent list from Japan
includes 300 freshwater and marine algal
species including “not only causative
organisms of red tide but also toxic species
and organisms which are associated with
other dominant species in red tides along
Japanese and Southeast Asian coastal
waters” (Fukuyo et al. 1990). Shumway
(1990)lists about 44 toxic algae which affect
shellfish. Some 12 genera of Cyanophyta
have been implicated in producing acute
lethal toxins (Carmichael et al. 1990).

Toxic Products
The various toxins produced by these

algae (and by a variety of other marine
organisms) have in common the property of
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modifying the functions of ion channels
across cell membranes. On this basis, toxins
can be grouped into three types: activators,
stabilizers and occluders (Strichartz and
Castle 1990).

Toxins affecting or potentially affecting
aquaculture operations include activators
such as the toxins causing neurotoxic
shellfish poisoning, diarrheic shellfish
poisoning, ciguatera and domoic acid, and
occluders such as the paralytic shellfish
poisons (saxitoxins) tetrodotoxin and
anatoxins (Dale et al. 1987; Carmichael et
al. 1990; Strichartz and Castle 1990). A list
of the better known toxins is given in Table
1,

Neurotoxic Shellfish Poisons

Eight polyethertoxins, collectively called
brevetoxins, are presently known to be
produced by the dinoflagellate
Gymnodinium breve, the Florida red tide
organism (Shimizu 1989). The toxins are
potentfish killers and in aerosol form cause
human respiratory irritation. They also
cause a mild form of poisoning, similar to
ciguatera, and of similar chemical structure
to the ciguatoxins in humans ingesting
contaminated shellfish. A bloom in North
Carolinaat the end of1987 caused closure of
150,000 ha of shellfish groundsand lowered
the crop value by $2 million (Tester and
Fowler1990). There seem to be noreports of
hazards from this alga in other waters.

Diarrheic Shellfish Poisons

Diarrheic shellfish poisoning (DSP) in
humans is caused by ingesting shellfish
which have accumulated toxins from
dinoflagellates of the genus Dinophysis or
the benthic dinoflagellate Prorocentrum
lima. Elever polyether toxins have been
identified from shellfish in three groups -
okadaic acid and derivatives
(dinophysistoxins); pectenotoxins; and
yessotoxin (Yasumoto and Murata 1990).
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Table 1. Properties of various algal toxins.

LD;,
mg/kg
Number Molecular intrnperitoncal
Generic name known weight Effcet mousc assny Source
Brevetoxins 8 870-970 Potent 60 (rats) Shimizu (1989)
ichthystoxins Poli ct al. (1990)
NSP
Saxitoxins 17 ~300 PSP 10 Hall et al. (1990)
Anatoxins 2 165, 252 Neurotoxic 20.200 Carmichacl ct al. (1990)
poisoning of
animals, fish
Hepatotoxing 8-10 800-1,000  Hcpatoenteritis 30-1,000 Carmichacl et al. (1880)
Diarrheic shellfish 1 Nonlethal intestinal 100-770 Yasumoto and Murata (1990)
toxins disorders (LDg,)
Domoic acid 1 811 Gastrointestinal . Todd (1990)
disorders, memory
loss
Ciguatoxins 2 1,100 Gastrvintestinal, 045 Frelin et al. (1990)
cardivvascular and

neurological dis-

orders

Symptomsinhumansaregastrointestinal
and not fatal. DSP was only recognized in the
mid-1970s and was probably previously
confused with bacterial spoilage. However,
recent reports (e.g., Dale et al. 1987;
Shumway 1990) show that DSP is a
significant problem in Europe and Japan,
with incidences also in Australia, Chile,
India and New Zealand. Dinophysis spp.
are cosmopolitan phytoplankters, so the
potential for problems elsewhere is high,
and closures of shellfish farms may be
longlasting. For ‘nstance, musselsinSweden
remained toxic almost continuously from
October 1984 until summer 1986 (White
1988).

Ciguatoxins
Ciguatoxins are a group of disparate

polyethertoxins which causethe well-known
illness in humans, ciguatera, from eating

various tropical reef fish. The two major
toxins are ciguatoxin (of which there are
two “species”) and maitotoxin. A third
compound, scaritoxin, may be a form of
ciguatoxin, while new “minor toxins” have
recently been discovered (Legrand et al.
1990). Another different polyether toxin,
palytoxin, has been found responsible for
poisonings by triggerfish and xanthid crabs
(Yasumoto and Murata 1990). The poisons
are detected via mouse bioassay.

The benthic marine dinoflagellate
Gambierdiscus toxicus, the major alga
responsible for ciguatera, has now alsobeen
found to form toxic blooms onits macroalgal
substrate. Population explosions of the alga
in Tahiti after some 10 years of relative
dormancy were closely associated with
toxicity in the grazing surgeonfish
Ctenochaetus striatus (Bagnis et al. 1990),
Gambierdiscus showed clear seasonal
populationtrendsin Queensland, Australia



(Gillespie et al. 1985), but no such trend in
Tahiti (Bagnis et al. 1985).

There are no records of ciguatera from
farmed fish but the toxins could become
important if ranching of tropical reef fish
becomes practical and even for farming
tropical carnivorous fish in marine
enclosures, where they have access to small
prey entering the enclosures.

Paralytic Shellfish Poisons

These poisons are produced by a number
of marine dinoflagellates as well as by the
predominantly freshwater cyanobacteria
Aphanizomenon flos-aquae.Aphanizomenon
produces aphantotoxins which have been
found to be identical to saxitoxins (Shimizu
et al. 1990). The best known dinoflagellate
toxin producers are: Gonyaulax spp. now
calledAlexandrium spp. (Balech1985), which
haveexhibited toxic bloomsalmostallaround
the world in tropical and temperate waters
(e.g., Taylor and Seliger 1979; Anderson et
al.1985; Okaichietal. 1989a); Gymnodinium
catenatum which causes PSP in Australia,
Europe, Japan and Venezuela (Hall et al.
1990); and Pyrodinium bahamense around
Southeast Asia, the South Pacific (Maclean
1989d) and recently several countries along
thePacificcoast of central America(F. Rosales-
Loessener 1989, pers. comm.).

Eighteenclosely-related “saxitoxins”have
beendiscoveredandafurthersixmay possibly
be found in future, based on the molecular
structureofthe group. Theknown*“saxitoxins”
include saxitoxin per se, neosaxitoxin and
several gonyautoxins and decarbamoyl
saxitoxins (Yasumoto et al. 1984; Hall et al.
1990). Several ofthesecompoundsindifferent
proportions are found in the various algae
andtheirconsumers;eachalgal speciesexhibits
a unique toxin “profile”.

Saxitoxins accumulate mainly in filter-
feeding bivalves, which in general are not
lethally affected by them, and pass along
thefoodchain. The consumersinclude some
gastropods, which prey on bivalves and
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become toxic, and also humans who are
poisoned, sometimes fatally from paralytic
shellfish poisoning (PSP). There are, of
course, other pathwaysthrough zooplankton
to fish and marine mammals, as well as to
birds. Humans have contracted PSP by
eating planktivorous fish (see below). The
symptoms in humans are neurological,
gastrointestinal and respiratory disorders
(e.g.,Pastoretal. 1989). Timely respiratory
support prevents death. Thereis noproven
antidotealthoughthe Philippinefolk remedy
of drinking coconut milk and brown sugar
was reported to be effective in reducing
toxicity of crude toxins (Gacutan 1986).

Amnesic Shellfish Poison

This form of intoxication in humans
from eating bivalves was first reported in
late 1987 in eastern Canada, when
consumers of cultured mussels, Mytilus
edulis, developed gastrointestinal disorders
accompanied by short-term memory loss.
There were some deaths. Unlike in other
forms of algal poisoning, the neurological
damageis permanent(Addisonand Stewart
1989; Smith et al. 1990; Todd 1990).

The toxin was found to be domoic acid,
a neurotoxic amino acid, detected by mouse
bioassay and high-performance liquid
chromatography (HPLC). The source was
apparently a bloom of the diatom Nitzschia
pungens. Agricultural run-off was suspected
as the cause by Smith et al. (1990), whereas
Addison and Stewart (1989)did notdiscount
the possibility that theintensiveaquaculture
in the area may have been a cause of the
bloom,

So far this toxin has not been found in
developing countries. N. pungens, however,
is aubiquitous coastal species(Fukuyoetal.
1990).

Tetrodotoxin

Tetrodotoxin (TTX), best known for its
dramatic effectson consumers of fugu puffer
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fish, is also found in other fish, frogs, newts,
octopus, gastropods, starfish, crabs,
flatworms, zeoplankton, algae and bacteria
(Vibrio spp. and several other genera)(Jeon
et al. 1986; Narita et al. 1987; Tamplin
1990). As with saxiloxins, it is possible thut
bacteria are the primary producers of
tetrodotoxin, which then accumulates up
the foodchain (Narita et al. 1987; Tamplin
1990). Tetrodotoxin is not known to be
associated with any dinoflagellate blooms,
butisusuallydiscussedinthe sameforaand
has implications for aquaculture.

There are four tetrodotoxin toxins -
tetrodotoxin itself being the best known,
They are detectable by mouse bicassay and
several more sophisticated biologicalas well
as chemical techniques (Onoue et al. 1984;
Tamplin 1990).

Pufferfish are farmed in Japan (and
may be potential export crops in Asian
developing countries). Saito et al. (1984)
found that pufferfish from farms in several
localitiesinJapan wereall nontoxic. Toxicity
was found only in wild-caught specimens.
Not all pufferfish species are toxic. Those
that are have very high resistance to
interperitoneal administration of the toxins
(minimum lethal dose of 300-7560 mouse
units (MU)Y/20-g body weight), compared to
1-20 MU for nontoxic pufferfish species
(Saito et al. 1985b). The toxin seems to be a
biological defense agent for the pufferfish
(Saito et al. 1985¢). Human poisonings are
through ingestion of fugu or by beingbitten,
in the case of the Australian blue-ringed
octopus.

Hepatotoxins

Anabaena and some other
predominantly freshwater cyanobacteria -
Microcystis aeruginosa, M. viridis,
Nodularia spumigena and Oscillatoria
agardhii - produce hepatotoxins, short
peptide toxins which affect the liver and are
also acutely lethal to animals (Carmichael
et al. 1990). Six chemically related

hepatotoxins are known which have about
one-fifth the toxicity of saxitoxins and
account for most of the cases of animal
poisonings from freshwater cyanobacteria
(Gorham and Carmichael 1988).

Todutethercure noconfirmedinstunces
of human death from these sources, but
allergic and gastrointestinal problems are
known and pets, livestock and wildlife,
including fish, have been killed.

Toxicity problems from freshwater
cyanobacteria have been recorded in
Australia, Bangladesh, China, (12 countries
of) Europe, India, Israel, Japan, Latin
America, North America, South Africa,
Thailand and the USSR (Carmichael et al.
1990). These countries are a fair cross-
section of the globe and it is likely that in
others, especially developing countries, the
problemhas notbeenfully recognized. Some
of the species, e.g., Anabaena flos-aquae,
Microcystis aeruginosa and M. viridis, are
ubiquitous (Fukuyo et al. 1990). Microcystis
is reported to dominate continuously
warmer, shallow, eutrophic waters such as
Indian temple ponds and Lake George in
Uganda (Stirling and Dey 1990).

Anatoxins

Anatoxins are a group of neurotoxins
produced by the freshwater cyanobacteria
Anabaena flos-aquae. Six compounds have
beenisolated whichhave from one-twentieth
to one-half the potency of saxitoxins
(Carmichael et al. 1990). They can be
detected by mouse bioassay and HPLC. The
toxins are lethal. No antidotes are available
(Gorham and Carmichael 1988).

Cytotoxing

Carmichael etal.(1990) noted that some
freshwater cyanobacteria produce a variety
of bioactive compounds of much lower
toxicity to humans, collectively called
cytotoxins, which cause dermatitis or
irritation on contact. They can be lethal to



mice, when administered interperitoneally.
These authors pointed out that the various
neurotoxic, hepatotoxic and dermatotoxic
compounds produced by cyanobacteria are
a direct and growing threat to animal and
human water supplies.

Other Harmful Effects
Oxygen Depletion and Gill Clogging

Blooms of many algal species are not
toxic in themselves but cause mortalities
through oxygen depletion when blooms
collapse. Intheory this situation could apply
to almost all algal bloom species. Some
examples of these problems are given in
Table 2.

Oxygen depletion in eutrophic ponds at
nightisa wellknown consequence of“excess”
algal biomass, but similar problems are
emerginginopenmarine waters. Forexample,
in the southern Kattegat between Denmark
and southern Sweden, “Oxygen deficits
resultingfrom decomposition ofalgal matter,
with the ensuing death of fish and other
animals, consitute a regular environmental
problem there” (Dahl et al. 1989).

Gill clogging due to mucus secretion
was thought to be a major factor in fish kills
caused by several flagellates (White 1988).
However, species mentioned by White (1988)
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have been found to act through toxin
production. One, the dinoflagellate
Gyrodinium aureolum was found to kill
seawater acclimatized rainbow trout
(Oncorhynchus mykiss) by causing
degeneration of gill tissue. Involvement of
toxin(s) was presumed (Roberts et al. 1983).
There is recent evidence of toxin production
by the chloromonad Heterosigma akashiwo
(R.J. Gowen, pers. comm.), also noted by
White(1988)as causingonly mucus clogging
of gills.

Somelargerdinoflagellates with spinous
skeletons, such as Chaetoceros convolutus,
C. concavicornum and C. danicus, can cause
physical damage to gills, such that fish die
of asphyxiation; this may become a scrious
problem for fish farmers (R.J. Gowen, pers.
comm.).

The massive mortalities of farmed
yellowtail (Seriola quinqueradiata) in the
SetoInland Seaof Japanby thechloromonad
Chattonella are due to gill damage and
productionby thealgae ofhighlyunsaturated
fatty acids which decrease the pH of the
fish’s blood, making gas exchange difficult
(White 1988),

Nutrient Stripping

Uno and Sasaki (1989) report that
diatom blooms affect nori (Porphyra tenera)

Table 2. Examples of algal species/situations causing anoxichypoxic conditions in aquaculture facilities in developing

countries.
Species Country Commentary Scurce
Cyanobacteria
Trichodesmium erythraeum Thailand (Gulf} Extensive fish kills in farms ~ Suvapepun (1989)
Microcystis sp. Philippines (Laguna de Bay)  Fish kills in fishpens Ronquillo (1987)
Dinoflagellates
Noctiluca sp. Philippines (Manila Bay) Deaths of fish in cages, Ronquillo (1988)
mussels oysters, shrimp
and crabs
Noctiluca and other genera Hong Kong Fish kills in farms Wong and Wu (1987);

Lam ang_Y_'ip (1990)
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seaweed culture in Japan. Seasonal blooms
of Eucampia, Chaetoceros and Nitzschia
strip the seawater of nutrients, resultingin
fading of dark brown color of the seaweed
and loweringits commercial value. Anindex
of photosynthetic activity per unit biomass
has been developed which gives a 2-4 week
warningtogrowers(Yamamoto and Fujisaki
1989).

Discoloration

A bloom of the ubiquitous ciliate
Mesodinium rubrum was reported to have
caused red discoloration of oysters (Ostrea
edulis) in the Netherlands (Kat 1984). The
author noted previous incidents of orange
discolorationinoystersinlItaly, pink oysters
in Texas caused by a bacteria, blue-green
oysters in France caused by a diatom and
green oysters in Greece caused by
coccolithophorid.

Tainting

Tainting of fish from algal blooms is
another factor to be considered. Earthy
tainting offreshwaterfish flesh with geosmin
was noted by Stirling and Dey (1990) as an
effectofdecomposingblooms. From personal
experience, tainting is a seasonal problem
in tilapias in Laguna de Bay, Philippines,
attributed by some researchers to blooms of
Microcystis aeruginosa but by others to
actinomycetes (de Guzman 1990). A
shipment of pond-grown penaeid shrimp
from Ecuador wasunmarketable asaresult
ofintense mustyflavorfromgeosmin, caused
by cyanobacteria (Lovell and Broce1985). A
bloom of the diatom Rhizosolenia chunii in
southeastern Australia in 1987 caused a
strong bitter flavor in cultured and wild
bivalve molluscs. Over a seven-month
period, some 500 tonnes of mussels worth
about $1 million werediscarded (Parryetal.
1989).

Insummary, many toxins are produced
byalgae whichinblooms can render bivalve

molluses toxic to humans. Some toxins can
be fatal to humans - the paralytic shellfish
poisons (PSP) and amnesic shellfish poison
- while others, diarrheic and neurotoxic
shellfish poisoning, are milder but severe
enough to close fish farms and fisheries for
long periods. Human intoxication from fish
containing PSP toxins has been known as
well as from fish containing the more
common ciguatera toxins. Fish and other
organisms can be killed or even if they
survive have their growth and fitness
reduced by micro-algae via neurotoxins
(anatoxins, brevetoxins, hepatotoxins and
PSP toxins) as well as gill-clogging
mechanisms and bloom-induced hypoxic or
anoxic conditions. Finally, some algal bloom
species can cause off-flavors and
discoloration in various aquatic organisms.

Economic Impact

Economists seem rarely to have turned
their attention to red tides. Yet the losses
caused by blooms can be large, especially by
developing-country standards. A list of
estimated lossesfrombloomsto mainly north
AmericanandJapanese shellfishindustries
given by Shumway (1990) shows figures
ranging from $0.1 million to an astounding
$430million. Theseinclude fisheries as well
asfarms. Maclean (1989c)divided econormic
impact into three facets: occasional acute
episodes; chronicsituations;and permanent
closures.

Acute Bloom Situations

Inoccasionclacutesituations, thepublic
is taken by surprise and large numbers of
people are affected by contaminated
organisms. The number of persons affected
ranges usually from 50 to 300, asin the first
outbreaksof PyrodiniuminSabah,Malaysia
(Ting and Wong 1989), the Philippines
(Gonzales 1989a), and Guatemala (Rosales-
Loessener1989); of domoicacid poisoningin
eastern Canada (Todd 1990); and of



neurotoxicshellfish poisoningin NewJersey,
USA (Tester and Fowler 1990). In the
Philippines, a second acute Pyrodinium
episode occurred in 1987 (four years after
the first) and resulted in over 200 cases of
illness (Maclean1989b). Suchillnessaffects
the resource rent from the fishery or
aquaculture sector to some extent. The full
impacts of blooms appear rarely to have
been determined but are probably much
larger than published figures imply.

A good example in the developing-
country aquaculture context is the first
outbreak of mussel (Perna viridis) poisoning
in Manila Bay, Philippines, in 1988:

In August and Scptember 1988, the first
autbreak in Manila Bay cccurred. Thanks
to the media, the whole scafood industry
nearly ground to a halt, while mussel
growers even tried to implicate freshwater
products in an offort to offsct the swing by
consumerstotilapias and other freshwater
organismsl All fish markets in Manila were
depressed forover three months, similar to
thecase in San Francisco in 1980, Manila's
scafood market handles 35%ofthe nation's
landings. Thus, the lusses were lurge, up o
$300,000/dny at the height of the seare,
Jupan and Singupore bunned shrimp
imports from the Philippines for an
unknown pericd (although they wereclean),
which would have meant lossesof $500,000/
day if the produce was not subscquently
sold. Losscs by mussel growers for a three-
month poriod were more modest, about
$950,000 in all” (Maclcan 1989¢).

Eventhevinegarindustry was affected,
because mussels are usually eaten with a
vinegar-based sauce. Quite probably, the
prices of unaffected commodities such as
poultryrosein response to the general scare
on seafoods.

This “halo effect” (Shumway 1990) of
red tide outbreaks into other sectors of the
economy is not confined to developing
countries; examples from developed
countries are given by Maclean (1989¢) and
Shumway (1990). Misinformation in the
media is a common cause.

As far as losses to aquaculturists
themselves is concerned, there are few data
fromdevelopingcountries. Thaifishfarmers
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lost some $1.16 million worth of fish in 1983
when a huge Trichodesmium bloom in the
Gulf of Thailand collapsed, causing anoxic
conditionsalongthecoast(Suvapepun1989).
Mussel farmers in Manila Bay lost about $1
million worth of (condemned) produce during
the1988 Pyrodiniumbloomsthere(Maclean
1989¢). The single mussel farm in Brunei
lost most of its crop which fell from the
farm’s longlines during a long ban on
marketing in 1988 due to high PSP levelsin
shellfish. Thisinvolved totallosses, including
expenses in growing the crop, of about $0.1
million (Jaafar et al. 1989). A pond shrimp
kill by an unknown dinoflagellate in Hupei
and Shandong provinces of China in 1989
caused a financial loss of 300 million yuan
(US$1=5.3 yuan) (Ger Guo Chang, pers.
comm.),

Chronic Bloom Situations

In chronic red tide situations, large
losses may still occur, a good example being
the 71 billion yen loss of cultured yellowtail
in the Seto Inland Sea of Jupan in 1972 and
previous and ongoing lesser but significant
annual losses there (Fig. 3) (Okaichi 1989).
However, in chronic situations, the public
eventually recognizes that only particular
aquatic products are at risk, thus reducing
the “haloeffect”. Costs of regular monitoring
become part of the annual loss of resource
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Fig. 3. Red tides in the Scto Inland Sca, 1968-1986.
Afler Okaichi (1989).
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rent. These costs may be $10,000-50,359 per
year per affected area based on some recent
examples (Maclean 1989¢c). A Canada-wide
program of collection, testing, enforcement,
managementandinformationdissemination
for the shellfishindustry costsover $1 million
per year (Pirquet 1988 cited in Shumway
1990).

Where red tides have been recognized
as becoming chronic, interested parties in
both government and the private sector can
act more decisively. For example, in one of
the earlier salmon farming fish kills in
Norway, Tangen (1982) reported losses of 4
million Kroner from two farms due to
Gyrodinium aureolum in 1982. In 1988,
Norwegian farmers averted losses of $200
millionbytowing120farmsoutofthreatened
areas (Anon. 1988). Such strategies are
further discussed below.

Permanent Closures

Permanent closures mean anindefinite
loss of potentially high resource rents as
well as losses of protein. There are examples
of permanent and “near-continuous”
closuresin Canada(Taylorand Seliger1979;
White 1982). In developing countries, such

economic sacrifices may appear to be
untenable but could become necessary to
avoid loss of life. The west coast of Sabah,
Malaysia, is an area where there have been
several deaths from PSPinmost yearssince
1976, although red tides have only been
found on a few occasions (Ting and Wong
1989). Not only does the prospect of
developing a mollusc cultureindustry there
appear bleak but the Sabah government
recommends that people eat only small
quantities of shetlfish and that children
should not eat them at all, even during
“safe” periods(Wongand Ting1989). Similar
situations are likely to develop in other
Pyrodinium-aiTected areas, which include
many countries on both sides of the tropical
Pacific (see Table 6, p. 266).

A summary of the main actual and
potential “costs” associated with the above
conditions - acute, chronicand closed areas
- is given in Table 3. Evaluating many of
them and even prioritizing them in terms
of severity orimportance is a difficult task
but one which governments must face in
making management decisions. Only a
few of the cost factors lie within the
aquaculture sector, but most have a
bearing on its development.

Table 8. Actual and potential costs and losses associated with Pyrodinium red tides. Numbors represent relative
severity of each factor from least (1) to most (5) important. (Scurce: Maclean and Ross 1989)

Loss of life

Reduced price of uncontaminated seafoods
Cost of maintaining public awarcness
Reduced price of suspect scalood

Laoss of confidence by consumers

Loss of income by fishers, fishfarmers

Cost of publicizing and enforcing bans

Potential loss of resource use

Loss of tourism income (cral reel resources)
Loss of income by scafcod restaurants

—-e = EH DN AERID

Cost of resettlement in a chronic red tide situation (transmigration)

Cost of monitoring and research (personnel, cquipment, supplics)
Loss of condemned seafood (by fishers, fishmongers or agents)

Potential loss of business opportunities (aquaculture, fisheries)
Loss of wages of hired labor (fishers, fishmongers, drivers, ctc.)

Loss of incomo by victims, in medicine, time off work, hospitalization (sociocconomic costs)

Loss of foreign exchange earnings (private and government) through need Lo import und loss of export




Implications for Marinc and
Brackishwater Aquaculture

Estuarine and coastal environments
contain noxious algal species which have
affected virtually every type of aquaculture
operation. Bivalves react to the presence of
toxic dinoflagellates in a variety of ways as
summarizedby Gainey and Shumway (1988)
and Shumway et al. (1990). These include
shell valve closure; reduced filtration rate;
food selection; inhibition of byssus
production; change in oxygen consumption;
change in heart rate; neurophysiological
effects; and mortality. Presence and extent
of the responses depend on the algal and
bivalve species as well as the presence/
absence of prior exposure of the bivalves to
the dinoflagellates (Gainey and Shumway
1988). Some recent examples: the brown
tide chrysophyte Aureococcus
anophageffrens apparently caused
starvation of scallops and reduced feeding
in mussels (various papers in Cosper et al.
1989.); the diatom Rhizosolenia chunii
caused high mortality of shellfish in Port
Phillip Bay, Australia (Parry et al. 1989).

The implication of these data is that
bivalves are affected during algal blooms to
avaryingextentthat mayincludestarvation
and death. Kodama (1990) has taken the
furtherstep of suggestingthat bivalves may
become toxic by ingesting toxin-producing
bacteria directly in the absence of flagellate
blooms. Effects on the bivalves in this case,
if any, have yet to be determined.

Intramuscularinjectionsoftetrodotoxin
and paralytic shellfish toxins into a variety
of marine and freshwater clams showed the
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clams Lo be highly resistant with LD, ,/20-
g weight of over 300 MU for both types of
poison (Hwang et al. 1990), indicating that
these molluscs can accumulate high levels
of the toxins.

Toxic dinoflagellates which cause PSP
also affect fish. Fish larvae died rapidly on
adiet of Gonyaulax excavata (Alexandrium
tamarense) or of copepods which had been
eatingthedinoflagellates(White et al. 1989).
The authors calculated that a first-feeding
fishlarva(inthiscasered seabream, Pagrus
major) would need to eat only 6-11 G.
excavata cells for alethal dose. Zooplankton
are probably much more resistant; for
example, the dose of A. tamarense to kill
brine shrimp (Artemia salina) is 10 times
that required to kill mice on a weight-for-
weight basis (Betz and Blogoslawski 1982),

Toxicity of PSP to adult marine and
freshwater fish was investigated
experimentally by Saito et al. (1985a). For
most fish, lethal doses, administered
interperitoneally, were 1-10 times that for
the mouse [a 20-g mouse is the standard
biocassay animal (Horwitz 1990)]. However,
by oral administration, with a PSP solution
absorbed onto a commercial feed, the lethal
dose was much higher than by the
interperitoneal route. Three aquaculture
species were tested using both routes (Table
4).

Marine fish sampled had similar
responses to these freshwater species. The
authors concluded that fish were very
resistant to ingestion of PSP. However, the
toxin given in feed would probably have
elutedrapidly, such thattheoral tests above
might not be valid (S. Hall, pers. comm.).

Table4. MimimumIcthal doses(LD, ,,)of PSPin three aquaculture finfish species.

Data from Saito et al. (1985a)

LD, ,, MU/20-g body weight
Species Interperitoneal Oral
Cyprinus carpio 2.5 120
Salmo gairdneri (Oncorhynchus mykiss) 18 820-340
Oreochromis niloticus 25 >400
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Hwang et al. (1990) subjected a large
number offish, crustaceans and molluscs to
interperitonealinjections oftetrodotoxinand
saxitoxins. Minimum lethal doses (LD, ¢,/
20-g weight) for fish were similarfor thetwo
groupsoftoxins and to valuesfound by Saito
etal.(1985a). The various crabsand shrimps
tested were in many cases even more
susceptible with LD, ,, values of 0.5-5.0 MU;
shrimp were the most susceptible (0.6 MU).

In situ, adult fish may be killed by
paralytic shellfish toxins during blooms.
Estimated doses of toxins in various fish
kills in Europe and north America (White
1984) were of the same order of magnitude
astheexperimental valuesinTable4. White
(1984) also found similar interperitoneal
lethal doses to those of Saito et al. (1985a)
and Hwang et al. (1990). He concluded that
fish are unable to tolerate even small
amounts of toxins in their bodies and hence
are unable to accumulate them.

Nevertheless, there have been cases of
PSPfromeatingplanktivorousfishinSabah,
Malaysia (Ting and Wong 1989); Papua
New Guinea (Maclean 1979) and the
Philippines (Estudillo and Gonzales 1984).
Samples tested shortly after capture in
Brunei Darussalam showed that the toxin
was confined to the digestive tract; the
intestines were full of Pyrodinium cells (De
Silva et al. 1989). It may be of interest that
when Oshima (1989) re-examined the
material after 18 months of storage, the
intestines showed low toxicity, while the
dorsal musculature was quite toxic.

Fishkillsby other toxic algae, nearly all
in fish farms, are widespread. Apart from
Chattonella, theraphidophyte Heterosigma
akashiwo has caused major losses of caged
fish in Japan and also in Europe since the
early 1970s (White 1988) and most recently
(1989) a NZ$ 12 million loss of salmon in
New Zealand (Hallegraeff 1990). Nontoxic
algae cause similar damage by creating
anoxic conditions (Table 2). Pyrodinium
has caused extensive mortality of marine
life during a decomposing bloom in Sabah,

Malaysia (Maclean 1989a). This Sabah
incident was around sheltered reefs while
reefs exposed to currents were undamaged
(E. Wood, unpubl. data).

A summary of recorded effects on
existingaquaculturefacilitiesindeveloping
countries is given in Table §. Although the
list is not long, it shows that there must
have been serious economic problems for
farmers - major lossés of shrimp in China
and on a smaller scalein Malaysia; fish kills
in Hong Kong, Singapore and Thailand;
and public health problems - Pyrodinium
hascausedhundreds ofillnesses and usually
several deaths during each outbreak.

It is worthwhile drawing attention to
the shrimp farming industry which despite
boom and bust cycles due to disease and
market idiosyncrasies, is a priority export-
oriented industry for many developing-
country governments in Asia (Bangladesh,
China, India, Indonesia, Malaysia, the
Philippines, Thailand, Vietnam) and Latin
America(Brazil, Ecuador, Mexico, Panama,
Peru), Cultured shrimp rose from2%to 22%
of total shrimp production between 1981
and 1988 (Liao 1990). As Table 5 shows,
therehasalreadybeenalargelossinshrimp
farms from algal blooms in China and
perhaps moderate losses in Malaysia. The
Philippines has experienced shrimp export
losses due to the “halo effect” as mentioned
above, whiledevelopment of shrimp farming
inBruneiDarussalam and Malaysia(Sabah)
is also threatened by the “halo effect”
(Maclean 1989c).

Alist of potential hazardsin developing
countries can be made by including (i) algal
species in areas where they have exhibited
toxicity to marine organisms which are not
cultured but which suggest similar toxicity
to or in potential aquaculture crops; and (ii)
the “sleepers”, planktonic algal species
known to be present in a locality but not yet
causing toxicity problems. Absence of
problems may be due to absence of blooms,
absence of aquaculture, absence of
phytoplankton surveys, absence of toxin



Table 5. Incidence of toxic algal problems in developing-country aquaculture.

Relationship to
Country (site) Algal species Effect Status aguaculture Source
Brunei Darussalam P. bahamense PSP Chronic since 1976 Losses to mussel farmer Jaafar et al. (1989)
Var. compressum
China (Hupei and Unknown Shrimp kill First record, 1989 80% shrimp in 2,000 ha Ger Guo-Chang (pers. comm.)
Shandong Prov.) of ponds killed
India (Tamil Nadu Unknown PSP First record, 1988 PSP, DSP found in ghellfish Baht (1981);
and Karnataka) harvesting beds, Karnateka Karunasagar et al. (1984, 1989)
Rep. of Korea 26 species Various Chronic, increasing “Severe damage” to farms Park et al. (1989)
(mainly Jinhae Bay)
Malaysia (peninsular) Chattonella marina Shrimp kill First report, 1985 Heavy losses in shrimp farms Khoo (1985)
Malaysia (Sabah) P. bahamense var. PSP Chronic since 1976 Experimental cultured oysters Ting and Wong (1989)
compressum toxic
Papua New Guinea P. bahamense PSP Maybe cyclic Experimental cultured oysters Maclean (1989d)
var. compressum toxic
Philippines P. bahamense PSp Increasing since Caused mainly by eating Gonzales (1989a)
var. compressum first record, 1983 cultured mussels
Singapore Cochlodinium Fish kills Occasional Mortality of groupers in Lim (1989)
Chattonella cages
Heterosigma
Taiwan (Tungkang) Probably PSP First record, 1986 Caused by eating cultured Hwang et al. (1989);
Alexandrium clams (Soletellina) Su et al. (1989)
tamarense
Thailand (Gulf) Various Fish kills Chronic, increasing Suvapepun (1989)
Venezuela Gymnodinium PSP Stifled developing nssel S. Hall (pers. comm.)
catenatum culture industry

$9T
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bioassays, or lack of recognition of a problem.
The list given in Table 6 is no doubt
incomplete.

Implications for Freshwater
Aquacuture

Thepotentialimpact of toxicfreshwater
algae on aquaculture in developing
countries, particularly in the tropics,
depends to a large extent on resolving the
paradox that: (a) lethal cyanobacterial
blooms are common in temperate
freshwaters;(b)resultinglosses offish crops

Table 6. Potential hazarde from varicus toxic algao to furmed ti

and human illnesses are rare; and (c) the
same algal species do not appear to be toxic
in the tropics. It is worthwhile reviewing
cyanobacteria toxicity before assessing its
possible impact on aquacullure,

The prevalence of toxic cyanobacterial
blooms can be gauged by a recent survey in
Finland (Sivonen et al. 1990) in which 44%
of 188 water bloom samples in fresh and
brackishwater during 1985 and 1986 were
found to be lethally toxic, containing either
hepato- or neurotoxins. The authors noted
that blooms were more commoninthesouth,
which was expected in view of the higher

q

'y insomed

Algal species Country (Loculity) 1lazard Source/Comments
Aphanisomenon spp. Many countries PSP in freshwator clams
CAationella spp. Many countries Pish kills e.g., Singapore (Lim 1989);
Philippines (Manila Bay) (Y. Pukuye,
pers. comm); India (Malabur coast)
(Subrahmanyan 1854)
Dinophysis spp. Many countries DSP in shallfish ©.g., several Dinophysis species in
Papua Now Quinca (Maclean 1888a);
Indoncsia (Ad publ. dutu); Cdlo
d'Ivoire (Dandenneau 1971);
Mediterrancan Egypt (Dowidar 1974);
Puerto Rico (Margalef 1957); Thailand
{Suvapepun 1989)
Gonyaulas monilata Ecuador Fish kills Unesco (1982); Rabbani et al. 1990)
Pakistan
(Arabian Sen)
Microcystis Many countries Hepatoentoritis in Inadequate data to determine risk
aeruginosa humans; fish kills
Protogonyaulax sp. Moxico (Gulh) PSP Described from Mexico; toxic isolates
Pyrodinium Costa Rica (Pucific) PSP in cullured shellfish Extensive Pyrodinium ved tidos cavsing
bahamense El Salvador PSP flinessos cn tho Pucific coast ¢f Contral
VRS. COmpressum Quatemala (Pacific) America, Novombar-Decomber 3989,
Mexico (Pacific) Pruvicus Nicaragua (Pacific) opisodos; also
in Gualemala (sco text)
211 PSP in shellfich Causativo crgunism unknown; most
probably Pyrodinium. Pive cases
batweon 1976 and 1983 (ltuj 1983)
Indonesin PSP in Nsh and Pyrodinium not confirmed, but prosumed
shellfish by Adnan (unpubl. data); deaths from
cating planktivorous fish, Sardinella »p.
and Selaroides sp. (Adnan 1984)
Pulau PSP in Pyrodinium Cultured by Harada et al. (1982)
Unknown p. India PSP in shellfish In coastal shellfish (Sogar ct al. 1888)
Singupore PSP in sholifish PSP occurred in mussels (Tan and Leo 1886)
Solomon Islands PSP, ciguatera PSP from oysters (Crassostrea spp.) aflects
2 per 1,369 population; ciguatera
“infreq and unprediciable® (Eason and
Harding 1987)
Thailand (Gul) PSP {Kodoma ¢t al. 1988)




population, industry, agriculture and

forestry there. Carmichael et al. (1990)

similarly stated that as waterbodies become
more eutrophic they support higher
productionofcyanobacteria. Cyanobacterial
bloom samples from 15 British freshwaters
over recent years have all been lethal
although mortalities to animals drinking
water were recorded on only two occasions
(Codd and Poon 1988).

The mode of ingestion of these toxins is
by drinking the contaminated water.
However, saxitoxins have been found in
freshwater clams (Y. Fukuyo, pers. comm.).
Thus, paralytic shellfish poisoning from
cultured freshwater bivalves is a distinct
possibility.

Toxicity levels per unit biomass of
cyanobacteria are known to vary widely
from week to week and even within an
individual bloom on a single occasion (Codd
and Poon 1988).

Another confounding feature is that
isolates of a single species may or may not
contain toxins (Codd and Poon 1988), a
feature shared with some dinoflagellates.
There is mounting evidence that, for
saxitoxins at least, the toxin source may be
bacterial symbiontsratherthanendogenous
(Kodama 1990; Tamplin 1990).

What triggers toxin production? Pro-
duction of toxins in a marine cyanobacteria
(Synechococcus sp.) varied with salinity,
temperature, lightintensity and mostinter-
estingly with growth phase; no toxins were
produced in the exponential growth phase
but appeared suddenly during the station-
ary phase (Mitsui et al. 1989). For several
dinoflagellate species, toxin production in
culturesduringtheexponentialgrowthphase
was found to increase at lower tempera-
tures as a result of lower growth rate (Hall
1982; Ogata et al. 1989),

Inwarmerlatitudes, cyanobacteriatend
to dominate in summer and when
waterbodies become more eutrophic;
Microcystis aeruginosa is frequently
dominant in wastefed fishponds (Colman
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and Edwards1987). Yetthere are noreports
of fish mortality from cyanobacterial poisons
in tropical waters such as Lake George
(Uganda) and tropical wastefed fishponds
(Colman and Edwards 1987).

There is limited evidence that higher
temperatures may suppresstoxin production.
For M. aeruginosa theoptimumtemperature
for toxin productionis about 25°C. The effects
of light intensity are ambiguous (Codd and
Poon 1988). The strains used in experiments
appear to be from temperate sources. Would
tropicalstrainsbehavedifferently? The tropical
bleoming cyanobacteria Cylindrospermopsis
(Anabaenopsis) raciborskii wasrecentlyfound
tobeseverelyhepatotoxic,apparently causing
a large outbreak of hepatoenteritis from a
tropical Australian reservoir (Hawkins et al.
1985). The authors noted thathepatoenteritis
is common in many tropical countries and
that C. raciborskii is one possible cause. The
species blooms in water warmer than 25°C,
although the toxicity tests of Hawkins et al.
(1985) were only at 25°C.

Testing at higher temperatures of
tropical freshwater blooms for toxicity and
effects on fish is needed to resolve these
issues. New reliable assay methods are
needed also (Codd and Poon 1988).

As far as growth of the cyanobacteria-
themselves is concerned, the optimum
temperatures may be higher than those
noted above. Overall maximum rates of
photosynthesis and growth are 25°C or
greater; 27.5-32°C for M, aeruginosa
(Roberts and Zohary 1987).

Toxicity to Fish

Phillips et al. (1985b) exposed rainbow
trout (Oncorhynchus mykiss) to a bacteria-
free culture of M. aeruginosa. The algae
proved to be harmless in this form,
presumably because the trout would not
ingest them, although the algal toxicity was
proven by intraperitoneal injections of
ultrasonically broken cellsfrom the culture,
which were lethal to the fish. The authors






