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Evidence for an increasing incidence and
severity of Harmful Algal Blooms in the

southern Benguela region

Vanessa C. Stephen* and Philip A.R. Hockey*"

Harmful Algal Blooms (HABs) may lead to catastrophic mortality
over arange of trophic levels and impact on fisheries, local species’
populations, conservation management and the health of both
livestock and humans. Consequently, any increase in frequency
and/or toxicity of these events is of concern. Recently this concern
has been realized, with reported increases in the frequency of HABs
from all continents except Antarctica. This reported rise is supported
by data from the Benguela coast of western South Africa, where,
since 1930, there has been a significant increase in the frequency of
HABs and a slightincrease in their average severity. There has been
a sixfold increase in the number of HABs per decade since the 1960s,
with the period 1990-2005 experiencing the greatest number of
blooms, as well as the most severe in terms of associated mortality.
The recent occurrence of previously unrecorded HAB-causing
species in this region may go some way to explaining this trend, and
further implies that the increase is unlikely to diminish in the near
future.

Introduction

In 1832, Charles Darwin recorded a discolouration in the water
off the coast of Chile,' the result of a high density of the
phytoplankton Mesodinium rubrum,” a ciliate also recorded in the
southern Benguela region and implicated in faunal mortality.’
Such phytoplankton accumulations in this nutrient-rich
upwelling system typically develop during mid to late summer,
and form what were previously known as ‘red tides’, now more
accurately described as Harmful Algal Blooms (HABs). These are
differentiated from normal productive phytoplankton accumu-
lations by an associated mortality of fauna and/or flora.
HAB-forming plankton have been present for millions of years,*
butare fairly rare: less than 2% of the approximately 5000 marine
phytoplankton species are known to be toxin producers,
although an increasing number are being recognized as toxin
producers, due mainly to expanded research effort.>”

There have been many misinterpretations about the causes
and consequences of HABs. For example, a large fish mortality
caused by abloom in Gordon’s Bay, near Cape Town, in 1931 was
attributed to seismic activity following an earthquake in New
Zealand.® More recently, a correspondent wrote that ‘This (red)
scum consists of protozoa cells and seems unable to thrive in
cold water, so I do not think there is that grave danger here that
exists on the Mexican Gulf Coast where the water is warm.
Having the Benguela current passing near our shores around
the Cape precludes these protozoa from multiplying’.” How-
ever, the north-flowing Benguela Current is a nutrient-rich
upwelling centre, driven by strong southeasterly summer
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winds,'*"" and is precisely the reason why HABs occur in this

region so frequently.

During blooms, extreme phytoplankton concentrations may
cause mortalities across several trophic levels, regardless of
whether the plankton themselves are toxic. Toxic blooms, gener-
ally comprising dinoflagellates or diatoms,” impact either when
the phytoplankton are filtered as food by shellfish, resulting in
accumulation of toxins and their subsequent transfer up the
food chain (e.g. by Alexandrium catenella'), or when toxins are
released directly into the water (e.g. by Karenia cristata®). During
non-toxic blooms, mortality results either from eutrophication
and subsequent anoxia, or from mechanical damage to gills.

Decomposition of high densities of phytoplankton increases
bacterial activity and reduces water oxygen content. Occa-
sionally, anoxia leads to the death of all biodiversity within the
affected region, such as the black tide event which occurred in St
Helena Bay (18°03'E; 32°78'S) in 1994." In the northern Philip-
pines in 2002, intensively cultured milkfish Chanos chanos experi-
enced mass mortality through anoxia caused by a Prorocentrum
minimum bloom." Protoceratium reticulatum (formerly Gonyaulax
grindleyi) has also been implicated in a number of fish mortalities
along the southern Benguela region through anoxia.® Several
anoxia events in the southern Benguela region have led to mass
‘walkouts’ of commercially important west coast rock-lobster
Jasus lalandii.” During 1990-1999, there was a 24-fold increase
in estimated tonnage of stranded rock-lobsters on the South
African west coast compared with the previous 30 years,"”
suggesting a possible increase in the severity as well as the
frequency of such events.

Many marine phytoplankton have spiny protrusions which
lodge in fish gills, indirectly reducing oxygen uptake efficiency
through an overproduction of mucus, which may lead to
death.”In 1972, in Japan, a bloom of the raphidophyte flagellate
Chattonella antiqua killed US$500 million worth of farmed
yellowtail Seriola quinqueradiara.”” In the southern Benguela
region, the haemolysing Karenia cristata [misidentified as
Gymnodinium mikimotoi in South Africa (G.M. Hallegraeff,
in litt.)] has been implicated in fish mortalities.>"

There has been growing concern in recent years that both the
frequency and toxicity of blooms are increasing.>***" Studies
along the U.S. coastline, since 1972, suggest a growing frequency
of HABs, an extension in their geographical range and the occur-
rence of previously absent toxic organisms such as Pfiesteria
piscicida, discovered in 1991.” Along the Texas coast, the period
1996-2002 experienced the most HABs since records began in
1935.%

There was a general increase in dinoflagellate blooms in the
Baltic Sea between 1979 and 1999,” possibly a result of mild,
ice-free winters promoting the growth of dinoflagellates over
diatoms.* On the Russian Pacific coast there has also been an
increase in species richness and range sizes of potentially toxic
species, including Alexandrium spp.>*
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Table 1. The HAB severity index and its rationale.
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Severity score Rationale
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Low mortality — few deaths of one species or genus.

Relatively low mortality affecting more than one species. Fairly localized event.
Medium to high mortality affecting several species and/or occurring over a large area.
Very toxic or eutrophic event, often over a large area, with associated mass mortality.
Extreme toxic event. Mass mortality across every trophic level — a black tide event.

Along the Chinese coast, 460 HAB events were recorded
between 1933 and 2001, with a marked rise in the number of
blooms between 1952 and 1998: the frequency of HABs more
than doubled between 1980 and 1998 in the South and East
China Sea.*®” Between 1988 and 2001, HABs expanded to an
average of 500 km’ per event, from an average of <100 km’ prior
to 1981.%% In the same region, Tolo Harbour in northeast Hong
Kong experienced a marked increase in HABs after 1980, a
period of enhanced urban development and nutrient loading
from untreated sewage and industrial wastes.”” Since 1987,
improvement in water quality has reduced the number of HABs
from a peak of 39 in 1988 to 19 in 1997.%

Despite these records, long-term data sets are rare, the longest
being from the Bay of Fundy in Canada, which has been moni-
tored since 1944.* Consequently, determining whether these
changes are part of a natural process or one exacerbated by
human activity rests on a number of assumptions, not least the
effort of past documentation of HAB occurrences.

Because global evidence indicates increases in HAB incidences
as well as changes in the organisms causing them, this study
compares HAB instances along the southern Benguela region
from the South African/Namibian border (16°48'E; 28°53’S) south
to Betty’s Bay (18°96'E; 34°37’S), to assess whether this area has
followed the same general pattern.

Methods

Incidences of HABs in the southern Benguela region were
collated from reports in the main Cape newspapers, The Argus
and The Cape Times, from 1930 to 2005, for the summer period
January-April, when the frequency and magnitude of HABs in
the southern Benguela region is greatest."” Because all newspapers
had to be examined in unindexed microfilm, these searches were
necessarily restricted to the times of year when HABs are most
likely to form. The decision to include published data about
HABs occurring at other times of year was made based on the
assumptions that a) the most severe events would have been
reported (even if not in newspapers), and b) the probability of
such events being unreported remained constant throughout
the study period. Data for the periods 1930-1946 and 1974-1985
were extracted from The Argus and The Cape Times, respectively.
Data for the period 1947-1973 were obtained from the Argus
oceanography clippings files, covering each month of the year.
Fifteen of 29 incidences reported in newspapers were not used
in analyses, as no associated mortality was reported and these
could therefore not be categorized as HABs. Incidences between
May and December, reported elsewhere in the literature and on
the Internet, were included in analyses.

There are uncertainties associated with analysing ‘data’” drawn
from media articles. In the early to mid-20th century, some inci-
dences of HABs in the southern Benguela region may have been
unreported, particularly along the northern coastline where
human population density was low (although dependent on
fishing). In the absence of reports, we assumed that had such
incidences occurred, there was at most limited associated

mortality and these events would not impact on detecting any
trend in increasing severity of HABs; indeed, if anything, their
exclusion would work against detecting such a trend. Further
south, within the Table Bay and False Bay areas immediately
adjacent to Cape Town, we assumed that the majority of inci-
dences would have been reported. When local media headlines
such as, “The Queen goes for a walk’ and “‘Woman dies in hospital ®
are commonplace, it seems unlikely (although admittedly not
impossible) that a large mortality event or dramatic water discol-
ouration would go unreported.

Reporter subjectivity (regarding exaggeration of an event and
its mortality) was deemed unlikely to be significant. Prior to the
1960s, the events were poorly understood and their cause was
undetermined. Blooms were reported factually as unusual
phenomena attracting spectators through displays of extreme
coloration or bioluminescence in response to wave action.
Following discovery of the link between blooms and aquatic
mortality or toxicity (and particularly human mortality), events
were reported as shellfish consumption warnings, usually quot-
ing an expert. For this reason, human mortality was notincluded
in the analysis because later events would not have had the same
impact due to a conscious avoidance of potentially contaminated
seafood. Estimates of tonnage of rock-lobster strandings may be
inaccurate to some degree, but all estimates were made by
government marine inspectors, therefore error in estimation is
assumed to have been consistent.”

Because mortalities associated with HABs are mostly reported
qualitatively, or at best subjectively estimated quantitatively, it is
difficult to rank the severity of events using strictly quantitative
criteria. We opted in preference to base such a ranking on a
combination of the number of individuals affected, diversity of
taxainvolved, and geographical area influenced by abloom. The
lowest-ranking events thus affected few individuals of few
species and/or were highly localized (events scoring 1 out of a
possible maximum of 5; Table 1). At the other end of the continuum
were events resulting in large-scale mass mortality (only one
such event, a black tide in St Helena Bay in 1994, qualified for
inclusion in the highest-impact category). The severity scale is
almost certainly non-linear, but available data make it impossible
to assess the extent of this non-linearity. What is almost certain is
that the categorization used underestimates the impact of large
events relative to small ones. Basing our analyses on an implicit
assumption of a linear index is thus a conservative approach in
as much as infrequent and severe events will not have a dispro-
portionately large effect on the analyses.

Results

HAB incidences in the southern Benguela region

The 33 HAB events in the southern Benguela region over the
period 1930 to 2005 have been concentrated in two distinct
"hotspots’, around Elands Bay in the north and False Bay in the
south (Table 2, Fig. 1).

At least 26 phytoplankton species, both toxic and non-toxic,
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have been identified as likely to cause mortal-
ity in the southern Benguela region through
blooming (Table 3). Because many HAB inci-
dents were recorded only from media arti-
cles, it was not possible in every incidence to
isolate the predominant organism responsi-
ble. Additionally, the assumption is not made
in Fig. 1 that organisms not shown in an area
do not occur there, simply that they have not
been dominant in blooms causing mortality
in that area.

Apart from Alexandrium catenella and Nocti-
Iuca scintillans, which occur throughout the
region, the dominant HAB-forming species
differ greatly between the two HAB ‘hot-
spots’ (Table 4). Furthermore, the past 15
years have seen several species responsible
for the formation of HABs being recorded in .
the southern Benguela region for the first
time (Table 3). Because cell counts have been
made only since 1991, it is possible, perhaps
likely, that several species recorded for the
first time recently may have been present for

LAMBERTS BAY
ELANDS 8A
St. HELENA

SIMONS TOWN

‘FALSE BAY

AGULHAS

much longer. However, some recently
recorded species almost certainly were not
previously present: these include species with effects directly
deleterious to humans (such as the aerosol toxin released by
Karenia cristata®), or those with obvious and dramatic effects on
the ecosystem (for instance, the ‘brown tides” caused by
Aureococcus anophagefferens™).

There is a slight but insignificant upward trend (r = 0.24, P =
0.20) in the severity of HAB events in the southern Benguela
region (Fig. 2). While the 1990s experienced an exceptional num-
ber of rock-lobster strandings as well as the greatest frequency of
HAB events on record, lack of a statistical long-term trend in
HAB severity is due, in part, to the continuing occurrence of low-
severity HABs.

Prior to the 1960s, HAB frequency in the southern Benguela
region averaged one event per decade. This changed signifi-
cantly (r = 0.73, P = 0.002) after 1960, when HAB frequency
increased to an average of 6.2 incidents per decade (Fig. 3). The
six-year period 2000-2005 experienced the highest frequency of
HABs on record, almost equalling the frequencies in the entire
1990s, that experienced the most severe (average of 2.8 out of a
maximum possible of 5.0) and highest frequency of events in a
single decade. Indeed, the period 1995-2005 experienced 15
HABs (Fig. 3), with an average severity of 2.4. The overall pattern
is mirrored by the subset of data from Table Bay (Fig. 4), pre-
sumed to be the most comprehensive (see Methods). HAB fre-
quency in Table Bay remained stable until the 1960s, when there
was a slightincrease in frequency, followed by alarge increase in
the frequency of both toxic and non-toxic events from the 1990s.
The Table Bay sample size is small relative to the full data set, but
the trend is nonetheless marginally significant (r = 0.50, P =
0.06).

Toxic and non-toxic HABs may both be detrimental to
biodiversity, and in the southern Benguela region both have
been recorded with increasing frequency (toxic: » = 0.64, P =
0.01; non-toxic: r = 0.70, P = 0.004 — Fig. 5). Non-toxic HABs were
rarely recorded before 1960, with no events reported within the
timeframe analysed in this study, either because there was insuf-
ficient knowledge of phytoplankton species at the time for mor-
talities to be attributed to non-toxic events, or because bloom
densities have increased since1960.

Fig. 1. Frequency of HABs in the southern Benguela region, 1930-2005.

Discussion

HAB incidences in the southern Benguela region

After the severe bloom in Gordon’s Bay in 1962, which killed
over 100 tonnes of fish and large numbers of invertebrates, it was
reported that mass mortalities due to HABs were rare along the
South African coast.’® In fact, the 1960s was the decade when
HAB eventsin this region became more frequent (Fig. 3), particu-
larly in the Elands Bay area. Since 1960, the frequency of HABsin
the southern Benguela region has increased 6-fold.

Although the frequency of HABs along South Africa’s west coast
has increased, the locations within which they have occurred
has remained unchanged since 1930 (Table 2). However, within
the Elands Bay and False Bay hotspots, several HAB-forming
species have been reported for the first time since 1985 (G.
Pitcher, pers. comm). For example, diarrhetic shellfish poisoning
was unknown on the South African coast prior to 1991, when
an incident was attributed to Dinophysis acuminata," a species
present in the 1994 St Helena Bay black tide." Early records of
HABs report A. catenella and N. scintillans as the predominant
species (Table 2). However, since 1960 several new toxic and
non-toxic species have predominated. Since 1988, Karenia cristata
and Dinophysis acuminata have been recorded for the first time in
False Bay, and Ceratium spp., Aureococcus anophagefferens and
Heterosigma akashiwo have been recorded for the first time
around Elands Bay (Table 4).

Until recently, the picoplankton Aureococcus anofagefferens was
largely confined to the northeastern U.S.: it was discovered off
Rhode Island in 19857 and has subsequently spread to many
American bays,” where it has had major impacts on species
abundance and diversity, e.g. in Narragansett Bay in Rhode
Island, the bays of Long Island in New York, and in New
Jersey.”** This species first appeared in Saldanha Bay in the
southern Benguela region in 1997* and recurred in 1998 in the
adjacent Langebaan Lagoon (Table 2). Because this species can
remain viable for up to 30 daysin ships’ ballast tanks,*** thereis a
danger that it will be transported to other sheltered bays along
the coast. Persistent shading by this species devastates eelgrass
(Zostera spp.) beds and causes starvation and recruitment failure
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Table 2. HAB occurrences along the South African west coast, 1860—2005.

Date Severity Location Organism Associated mortality (and notes)
1869* 1 Stumpnose Bay Noctiluca scintillans Geelbek fish Atractoscion aequidens >
1876* 1 Papendorp Alexandrium catenella? Black mussels Choromytilus meridionalis.*®
1877* 1 Elands Bay A. catenella? Black and white Donax serra mussels.®
1888* 2 Simonstown A. catenella Chacma baboons Papio ursinus and white mussels.”*
1901* 2 St Helena Bay A. catenella Tons of sardines Sardinops sagax, hundreds of seabirds (cormorant spp.'%%3).
1907* 2 False Bay (Simon’s Town) N. scintillans Fish and shellfish.5%7
1907* 2 Saldanha Bay Unknown Thousands of fish through anoxic conditions.'®
1923* 3 St Helena Bay (Velddrif) Unhnown Mussels, fish and rock-lobster Jasus lalandii.®®
1931 2 Gordon’s Bay A. catenella? Thousands of fish.5'
1948 2 Blauberg A. catenella Mussels, birds.™
1958 1 Paternoster A. catenella Black mussels.'
1962 3 False Bay Gonyaulax polygramma 100 t of fish,'%
1963 3 St Helena Bay (Velddrif) ‘Reddish brown’ Last reported 40 years previously. Killed white mussels, large galjoen
Dichistius capensis, geelbek, sharks, and small rock-lobster.%
1966 2 Elands Bay Protoceratium reticulatum Hundreds of thousands of white mussels;'®*€ ‘greatest mortality in 10 years’."®
(=Gonyaulax grindleyi)
1967 1 False Bay — Kalk Bay to N. scintillans Dead fish “but not unusual amount’.%5¢
Millers Point
1967 1 Saldanha Bay Unknown Millions of krill.%
1967 2 Elands Bay A. catenella Entire white mussel population.'
(to north of Olifants River)
1973 1 Velddrif Prorocentrum minimum White mussels.
1974 1 Elands Bay P, reticulatum White and black mussels.>”'°
1976 1 Gordon’s Bay Gymnodinium spp. Hundreds of a wide variety of fish — mechanical damage.”'%5667
1978 4 Saldanha Bay A. catenella, Mesodinium Kelp gulls Larus dominicanus, Hartlaub’s gulls L. hartlaubi, African black
rubrum oystercatchers Haematopus moquini: walkout of crabs.>4°
1980 2 Elands Bay A. catenella 5 million mussels.'*5”
1988 2 False Bay Karenia cristata (formerly Thousands of fish, also gastropods, chitons, octopus and starfish. First record
identified as Gymnodinium cf. of this species in the southern hemisphere.®”
mikimotoi.)
1989 35 Betty’s Bay K. cristata 30 t abalone Haliotis spp., fish, octopus.®”
1993 25 Lamberts Bay Ceratium lineatum, 10 t rock-lobster walkout."”
Prorocentrum micans
1994 5 St Helena Bay P micans, Ceratium furca, Black tide: total mortality, incl. 60 t rock-lobster, 1500 t fish. '+
A. catenella, Dinophysis
acuminata
1995 1 False Bay Gymnodinium spp. Abalone larvae; caused toxicity in mussels. Also produced aerosol toxin.%
1996 2 Walker Bay K. cristata Abalone larvae.'
1997 4 Elands Bay C. furca; C. lineatum 1700 t rock-lobster walkout'”"® (Marine and Coastal Management, unpubl. data).
1997 3 Saldanha Bay Aureococcus anophagefferens Brown tide: growth arrest in oysters & mussels; some fish and seaweed
mortality.'®%
1997 1 St Helena Bay A. catenella Sardines.'
1998 3 Langebaan A. anophagefferens Brown tide. Growth arrest in oysters & mussels; some fish mortality,
extensive algal mortality.'®7!
1999 3 Elands Bay A. catenella 200 t rock-lobster walkout'”7? (Marine and Coastal Management, unpubl. data).
2000 2 Blauberg A. catenella? 30 million mussels washed ashore.”
2002 2.5 Elands Bay Ceratium dens, C. furca, 10 t rock-lobster walkout (Marine and Coastal Management, unpubl. data).
C. lineatum, Dinophysis fortii,
G. polygramma, P micans,
P, reticulatum, Scrippsiella
trochoidea
2002 4 Elands Bay Prorocentrum triestinum 600 t rock-lobster walkout (Marine and Coastal Management, unpubl. data).
2002 2 Lamberts Bay Unknown Shellfish poisoning.™
2003 2 Table Bay Alexandrium minutum Shellfish poisoning. First record of this species on the South African
coast (www.hab.org.za).
2004 2 Saldanha Bay Heterosigma akashiwo Mortalities not extensive though large shoals of disorientated fish in the
shallows.”
2005 Blauberg Unknown Shellfish poisoning.”
2005 2.5 Doring Bay to Cape Agulhas A. catenella? Shelifish poisoning.”

*Not used in analyses as newspapers were not checked over this period.
? Assumed species from description.
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Table 3. Toxicity and associated mortality of potential HAB-forming phytoplankton in the southern Benguela region. This table does not include all species present in the
southern Benguela region, but focuses on those most likely to be implicated in a HAB.

Species Type

Toxin(s)

Associated mortality

Alexandrium catenella Dinoflagellate

A. minutum Dinoflagellate

Ceratium dens Dinoflagellate

C. furca Dinoflagellate
C. fusus Dinoflagellate
C. lineatum Dinoflagellate
Dinophysis acuminata Dinoflagellate
D. fortii Dinoflagellate
D. hastata Dinoflagellate

D. rotundata Dinoflagellate

Gonyaulax polygramma Dinoflagellate
G. spinifera

Karenia cristata (formerly
identified as Gymnodinium
cf. mikimotoi)

Dinoflagellate
Dinoflagellate

Akashiwo sanguinea (formerly  Dinoflagellate
Gymnodinium sanguineum)
Gyrodinium zeta Dinoflagellate
Gyrodinium sp. Dinoflagellate

Noctiluca scintillans Dinoflagellate

Prorocentrum balticum Dinoflagellate
P micans Dinoflagellate
P minimum Dinoflagellate

¢1-c4 toxins, saxitoxins and gonyautoxins.”®"

Ichthyotoxin production reported in cultured media of
A. catenella.®® First species linked to paralytic shellfish
poisoning (PSP).

PSP gonyautoxins.®

Non-toxic — causes oxygen depletion at high densities.”

Non-toxic — causes oxygen depletion at high densities.®
Non-toxic — causes oxygen depletion at high densities.®
Non-toxic.”

Okadaic acid.®%"

Dinophysistoxins1 and 2, and okadaic acid.®”*°

Okadaic acid.*

Okadaic acid and dinophysistoxin.#” North American strains

non-toxic.®
Non-toxic.®

Probably non-toxic.*

Indication of haemolytic and ichthyotoxic substances.?4.

Gymnodimine extracted from shellfish in Southland,
New Zealand: produces mortality in both laboratory
mice and fish.*

Toxic, but toxin yet to be determined.*®
Non-toxic (T. Probyn, pers. comm.).

Toxic, but toxin yet to be determined.”*

Non-toxic, but accumulates and excretes toxic levels of
ammonia.®

Unconfirmed, although possibly toxic.'%

Assumed non-toxic.'® However, suspected to excrete
substances inhibiting diatom growth, but apparently
without affecting organisms at higher trophic levels.'®

Controversy over toxicity affecting organisms higher up

Shellfish, fish, wide variety of seabirds; instances of Chacma baboons
Papio ursinus,*® domestic cats Felis catus and Alaskan sea otters
Enhydra lutris.®'

Mammals, birds and fish.33* Widespread toxic species first recorded in
South Africa in Saldanha Bay, 2003 (www.hab.org.za).

Mass rock-lobster strandings in South Africa (Table 2) (Marine and
Coastal Management, unpubl. data)

Fish deaths, mass rock-lobster strandings in the Benguela."

Harms invertebrate larvae, but mechanism unknown.®

Rock-lobster strandings.!”

Shellfish. First reported in South African in 1991 (www.hab.org.za).

Shellfish poisoning.™ First reported in South Africa in 1991
(www.hab.org.za).

Shellfish.*®
Fish and shellfish.&”

Massive fish and invertebrate kills due to anoxia and high sulphide and
ammonia levels 549"

Shellfish mortality through anoxia.”®?
Fish, gastropods, chitons and other marine invertebrates .5

Oysters.”

No associated mortality but high biomass blooms indicate a potential for
anoxia (T. Probyn, pers. comm.).

Fish and mussels.%-%
Linked to massive fish and marine invertebrate kills.'®1!

Fish.”
Shellfish.>1% Cormorants Phalacrocorax spp. off the coast of Chile.'®

Shellfish poisoning documented in Japan, Portugal, Norway and USA.'"”

the food chain.'””

Protoceratium reticulatum Yessotoxin.'%®

(formerly Gonyaulax grindleyi)

Dinoflagellate

Peridinium sp. Dinoflagellate Non-toxic.®

Scrippsiella trochoidea Dinoflagellate Non-toxic.”

Pseudonitzschia australis Diatom Domoic acid.”

Heterosigma akashiwo Raphidophyte Gill clogging through increased mucous secretion. Probably

contains haemolytic substances, e.g. polyunsaturated fatty

In Hong Kong, incidence strongly linked to increased human population
and consequent nutrient loading.*

Shellfish, squid, holothuroids, rock-lobsters, sucker fish
Chorisochismus dentex.®

Fish.®

Large fish kills (together with H. akashiwo).”

Birds and marine mammals.“”-'® Common in the Benguela, but with no
sign of toxin (www.hab.org.za).

Large fish kills.” Present in both northern and southern Benguela region,
but not yet linked to mortalities. '

acids."®""" Possibleproduction of superoxide radicals."?

Aureococcus anophagefferens  Pelagophyte ‘Dopamine-mimetic compound’.”"131™

Causes brown tides. Occurs at high densities, when shading affects
fish, crustaceans and algae.*” First recorded in the southern Benguela
region in 1997.%

in bivalves.”* The establishment of this species in Saldanha Bay
and Langebaan Lagoon is of concern both economically and
ecologically, as this is not only an important area for bivalve
cultivation® but for South Africa’s most endangered marine
mollusc, Siphonaria compressa, which is endemic to Langebaan
and Knysna lagoons, where it is dependent on the eelgrass
Zostera capensis.**

Conservation concerns: other mortalities associated
with HABs

In addition to fish and invertebrates, many bird species world-
wide have been affected by HABs, including European shags

Phalacrocorax aristotelis, common guillemots Uria aalge,* terns
Sterna spp.,* brown pelicans Pelecanus occidentalis,” and
Magellanic penguins Spheniscus magellanicus.*

At Penguin Island, Lamberts Bay, South Africa, between 1997
and 2002 HABs were the fourth most important cause of seabird
mortality and the primary cause of mortality for gulls Larus spp.
and terns (A.J. Williams and V.L. Ward, unpubl. data). The
majority of common terns Sterna hirundo that died on Penguin
Island did so soon after their arrival following southward migra-
tion (A.J. Williams and V.L. Ward, unpubl. data). Newly arrived
migrant birds are considered particularly susceptible to HAB
toxins, having depleted energy reserves and hence reduced
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Table 4. Spatial distribution of HAB-causing phytoplankton in the southern
Benguela region.

Plankton species Elands Bay StHelenaBay SaldanhaBay Table Bay False Bay

A. catenella
C. furca

P micans

P, triestinum
S. trochoidea
C. lineata

P reticulatum
D. acuminata
P minimum
M. rubrum

N. scintillans
A. anophagefferens °

H. akashiwo °

D. fortii °

A. minutum °

K. cristata °
G. polygramma °

Severity
w

1930 1940 1950 1960 1970 1980 1990 2000 2010

Year

Fig. 2. Severity of HABs in the southern Benguela region in relation to year of occur-
rence.

immunity to toxins.*

A toxic bloom of A. catenella in Saldanha Bay in 1978 caused a
53% mortality among the local African black oystercatcher
Haematopus moquini population,” a species classified as globally
near-threatened.” This event was first erroneously attributed to
Mesodinium rubrum,” a non-toxic species.

9

Number of HABs

0
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Fig. 3. Frequency of HABs in the southern Benguela region for the period
1930-2005.
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1980 1990 2000 2010

If the observed trend of increasing HAB severity is correct, the
consequences could be severe for several regionally endemic
bird species (Table 5), especially those that breed colonially.

Marine mammals have also experienced HAB-related mortali-
ties, including whales, dolphins, Florida manatees Trichechus
manatus,”? and monk seals Monachus monachus.” Deaths of
terrestrial animals have also been reported, including cats,
chickens, and baboons.'”” Additionally, human deaths and
severe illness were reported from the southern Benguela region
as early as 1888.%

Quo vadis?

As yet, no single cause can be identified to explain the global
increase in HABs. A popular explanation for the recent range
expansions of several species is dispersal by shipping ballast
water. Because the use of ballast water far predates the recent
spread of HABs, and the Cape of Good Hope is an important
global port, it is surprising that so many species have been
recorded only in the last 20 years, although this could be linked
to the initiation of cell counts in 1991. Some species may have
been transported in ballast water for decades, but were detected
only when they formed noticeable blooms.* Other species are
seen to be recent arrivals, such as A. anophagefferens: in this case
ballast water is implicated as the most likely vector.

In sheltered bays along the southern Benguela region, nutrient
input from sources such as sewage outlet pipes may become
localized, fuelling blooms. In line with this prediction, HAB
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Fig. 5. Relative frequencies of toxic and non-toxic HABs in the southern Benguela
region for the period 1930-2005.
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Table 5. Avian species potentially at risk from more frequent and severe toxic blooms in the southern Benguela region.

Species IUCN status®

Diet"

FAfrican black oystercatcher Haematopus moquini Near-threatened

Endemic*

African penguin Spheniscus demersus Vulnerable
Endemic

Bank cormorant Phalacrocorax neglectus Endangered

Endemic

Crowned cormorant P. coronatus Near-threatened

Endemic

Cape gannet Morus capensis Vulnerable

Endemic

fHartlaub’s gull Larus hartlaubii Least concern

Endemic

}Arctic tern Sterna paradisaea Least concern

Intercontinental migrant

FCommon tern S. hirundo Least concern

Intercontinental migrant

Damara tern S. balaenarum Near threatened

Breeding endemic

}Sandwich tern S. sandvicensis Least concern

Intercontinental migrant

FSwift tern S. bergii
Endemic subspecies; local migrant

Least concern

Mussels and limpets.

Fish, crustaceans, squid.

Fish, crustaceans including rock-lobsters, and octopus and molluscs.
Small fish, molluscs and polychaetes.

Fish, incl. anchovy Engraulis encrasicolus and sardines Sardinops
sagax.

Fish, molluscs incl. mussels, and crustaceans and polychaetes.
Small fish and crustaceans.

Small fish and crustaceans.

Small fish, including anchovy.

Surface-dwelling fish; some crustaceans and molluscs.

Pelagic shoaling fish.

+ Known mortality caused by HABs in the southern Benguela region* (A.J. Williams and V.L. Ward, unpubl. data).

*Endemism status refers to southern Africa.

frequency in Table Bay has increased significantly since 1930
(Fig. 4): during the same period, the human population around
Table Bay increased almost 3-fold from 301 450 in 1936 to 827 200
in 2001 (Statistics South Africa (2005), in litt.). Additionally,
in 2004 alone, the Western Cape received about 1.5 million
tourists.”” Despite this apparently corroborative evidence, the
fact that the same pattern of increasing HAB frequency has
occurred along the open coast, where human population
densities are low, suggests that other factors, as yet unidentified,
are controlling the incidence of HABs.

While cause cannot as yet be convincingly determined, there
has been and continues to be an increasing trend in the
frequency of both toxic and non-toxic HABs along the South
African west coast. Recent events suggest that the average
severity of HABs is also increasing, although as yet the very
conservative approach used in analyses in this study suggests
that this trend is only approaching significance (P = 0.14). If the
suspected non-linearity of our severity index is anything more
than minor, what is currently a statistically insignificant finding
may well represent biological reality.

Because of the economic dependence of the South African
west coast on fisheries and tourism, these trends have economic,
conservation and health implications. The recent discovery of
several previously unrecorded HAB-forming species suggests
the situation may worsen. If the trend of increasing severity is
correct, the consequences could be severe, not only for species
of conservation concern (Table 5), but also for commercially
exploited species such as rock-lobster (Table 2), stocks of which
have yet to recover from their decline in the late 1990s, following
a succession of HAB-related walkouts.*

We thank Grant Pitcher and Trevor Probyn for critical comments, valuable
suggestions and taxonomic updates; and the National Research Foundation and
Department of Science and Technology for partial funding.

Received 3 November 2006. Accepted 29 June 2007.

1. Darwin C. (1845). Diary of the Voyage of H.M.S. Beagle, ed. J. Murray, pp. 15-17.
Ward Locke, London.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hart TJ. (1934). Red ‘water-bloom’ in South African seas. Nature 130, 459—460.
Horstman D.A. (1981). Reported red-water outbreaks and their effects on
fauna of the west and south coasts of South Africa, 1959-1980. Fish. Bull. S. Afr.
15, 71-88.

McMinn A. (1989). Late Pleistocene dinoflagellate cysts from Botany Bay, New
South Wales, Australia. Micropaleontology 35, 1-9.

Hallegraeff G.M. (1993). A review of harmful algal blooms and their apparent
increase. Phycologia 32, 79-99.

Hallegraeff G.M. (1995). Harmful algal blooms: a global overview. In Manual on
Harmful Marine Microalgae, eds G.M. Hallegraeff, D.M. Anderson and A.
Cembella, pp. 1-22. UNESCO, Paris.

Landsberg J.H. (2002). The effects of Harmful Algal Blooms on aquatic organ-
isms. Rev. Fish. Sci. 10, 113-390.

Anon. (1931). Mystery of dead fish. The Cape Argus (Cape Town), 24 February,
13.

Anon. (1963). ‘Red Peril’ can cause a vast carpet of dead fish. The Cape Argus
Special (Cape Town), 7 August, 8.

Pitcher G. (1998). Harmful Algal Blooms of the Benguela Current. Sea Fisheries
Research Institute, Cape Town.

Kudela R., Pitcher G., Probyn T., Figueiras E, Moita T and Trainer V. (2005).
Harmful Algal Blooms in coastal upwelling systems. Oceanography 18,184-197.
Pitcher G.C. and Calder D. (2000). Harmful algal blooms of the southern
Benguela Current: a review and appraisal of monitoring from 1989-1997. S. Afr.
J. Mar. Sci. 22, 255-271.

Hansen G., Daugbjerg N. and Henriksen P. (2000). Comparative study of
Gymnodinium mikimotoi and Gymnodinium aureolum comb. nov. (= Gyrodinium
aureolum) based on morphology, pigment composition, and molecular data.
J. Phycol. 36, 394-410.

Online at www.botany.uwc.ac.za/Envfacts/redtides

Azanza R.V, Fukuyo Y., Yap L.G. and Takayama H. (2005). Prorocentrum
minimum bloom and its possible link to a massive fish kill in Bolinao,
Pangasinan, Northern Philippines. Harmful Algae 4, 519-524.

Grindley J.R. and Nel E.A. (1970). Red water and mussel poisoning at Elands
Bay, December 1966. Fish. Bull. S. Afr. 6, 36-55.

Cockroft A.C. (2001). Jasus lalandii‘walkouts’ or mass strandings in South Africa
during the 1990s: an overview. Mar. Freshwater Resources 52, 1085-1093.

Bell G.R. (1961). Penetration of spines from a marine diatom into the gill tissue
of lingcod (Ophiodon elongatus). Nature 192, 279-280.

Okaichi T. (1989). Red tide problems in the Seto Inland Sea, Japan. In Red Tides:
Biology, Environmental Science and Toxicology, eds T. Okaichi, D.M. Anderson and
T Nemoto, pp. 137-142. Elsevier, New York.

Anderson D.M. (1995). Toxic red tides and harmful algal blooms: a practical
challenge in coastal oceanography. Rev. Geophysics 33, 1189-1200.

Smayda T (1990). Novel and nuisance phytoplankton blooms in the sea:
evidence for a global epidemic. In Toxic Marine Phytoplankton, eds E. Granéli,
B. Sundstrom, L. Edler and D.M. Anderson, pp 29-40. Elsevier, New York.



230

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Magana H.A., Contreras C. and Villareal TA. (2003). A historical assessment of
Karenia brevis in the western Gulf of Mexico. Harmful Algae 2, 163-171.
Wasmund N. and Uhlig S. (2003). Phytoplankton trends in the Baltic Sea. ICES
J. Mar. Sci. 60, 177-186.

Wasmund N., Nausch G. and Matthaus W. (1998). Phytoplankton spring
blooms in the southern Baltic Sea — spatio-temporal development and
long-term trends. J. Plankton Res. 20, 1099-1117.

Konovalova G.V. (1989). Phytoplankton blooms and red tides in the far east
coastal waters of the USSR. In Red Tides, Biology, Environmental Science and
Toxicology, eds T. Okaichi, D.M. Anderson and T. Nemoto, pp. 97-100. Elsevier,
New York.

Konovalova G.V. (1993). Harmful dinoflagellate blooms along the eastern coast
of Kamchatka. Harmful Algae News 4, 2.

OrlovaT, Selina M.S. and Stonik I.V. (1998). Distribution of harmful microalgae
in Peter the Great Bay, the Sea of Japan, Russia. In Harmful Algae, eds B.
Reguera, J. Blanco, M.L. Fernandez and T. Wyatt, pp. 86-87. Xunta de Galicia,
10C, Paris.

Zhou M.J,, Li].,, Luckas B., Yu R., Yan T, Hummert C. and Kastrup S. (1999). A
recent shellfish toxin investigation in China. Mar. Pollut. Bull. 39, 331-334.
Zhao D., Zhao L., Zhang E and Zhang X. (2004). Temporal occurrence and
spatial distribution of red tide events in China’s coastal waters. Human
Ecological Risk Assessment 10, 945-957.

Lam C.W.Y. and Ho K.C. (1989). Red tides in Tolo Harbour, Hong Kong. In Red
Tides: Biology, Environmental Science and Toxicology, eds T. Okaichi, D.M.
Anderson and T. Nemoto, pp. 49-52. Elsevier, New York.

Hong Kong Governmental Environmental Protection Act (1998). Chapter 6,
Section G.

White A.W. (1987). Relationship of environmental factors to toxic dinoflagellate
blooms in the Bay of Fundy. Rapport Processes verbaux Réunion Conseil
International pour Exploration du Mer 187, 38-46.

The Argus (1936). City Late Edition. January 14, January 16.

Botes L., Smit A.J. and Cook PA. (2003). The potential threat of algal blooms to
the abalone (Haliotis midae) mariculture industry situated around the South
African coast. Harmful Algae 2, 247-259.

Probyn T, Pitcher G., Pienaar R. and Nuzzi R. (2001). Brown tides and maricul-
ture in Saldanha Bay, South Africa. Mar. Pollut. Bull. 42, 405-408.

Grindley J.R. and Taylor EJ.R. (1962). Red water and marine fauna mortality
near Cape Town. Trans. R. Soc. S. Afr. 37, 111-130.

Bricelj VM. and Lonsdale D.]. (1997). Aureococcus anophagefferens: causes and
ecological consequences of brown tides in U.S. mid-Atlantic coastal waters.
Limnol. Oceanogr. 42, 1023-1038.

Maryland Department of Natural Resources Tidewater Ecosystem Assessment
Division (2005). Online: www.dnr.state.md.us/coastalbays/bt_results.html.
Cosper E.M., Dennison W.C., Carpenter E.J., Bricelji VM., Michell ].G.,
Kuenster S.H., Colefish D. and Dewey W. (1987). Recurrent and persistent
brown tide blooms perturb coastal marine ecosystem. Estuaries 10, 284-290.
Shumway S.E., Barter J. and Sherman-Caswell S. (1990). Auditing the impact of
toxic algal blooms on oysters. Environ. Audit. 2, 41-56.

Popels L.C. and Hutchins D.A. (2002). Factors affecting dark survival of the
brown tide alga Aureococcus anophagefferens (Pelagophyceae). J. Phycol. 38,
738-744.

Doblin M.A., Popels L.C., Coyne K.J., Hutchins D.A., Cary S.C. and Dobbs EC.
(2004). Transport of the Harmful Bloom Alga Aureococcus anophagefferens by
oceangoing ships and coastal boats. Appl. Environ. Microbiol. 70, 6495-6500.
Herbert D.G. (1999). Siphonaria compressa, South Africa’s most endangered
marine mollusc. S. Afr. J. Sci. 95, 77-79.

Angel A., Branch G.M., Wanless R.M. and Siebert P. (2006). Causes of rarity and
range restriction of an endangered, endemic limpet, Siphonaria compressa.
J. Exp. Mar. Biol. Ecol. 330, 245-260.

Coulson J.C., Potts G.R., Deans LR. and Fraser S.M. (1968). Mortality of shags
and other sea birds caused by paralytic shellfish poison. Nature 220, 23-24
Ward VL. and Williams A.]. (2004). Coastal killers: causes of seabird mortality.
Bird Numbers 13, 14-17.

Work TM., Beale AM., Fritz L., Quilliam M.A., Silver M., Buck K. and Wright
J.L.C. (1993). Domoic acid intoxication of Brown Pelicans and cormorants in
Santa Cruz, California. In Toxic Phytoplankton Blooms in the Sea, eds T]. Smayda
and Y. Shimizu, pp. 763-768. Elsevier, Amsterdam.

Shumway S.E., Allen S.M. and Boersma PD. (2003). Marine birds and harmful
algal blooms: sporadic victims or under-reported events? Harmful Algae 2,1-17.
Hockey PA.R. and Cooper]J. (1980). Paralytic shellfish poisoning —a controlling
factor in black oystercatcher populations? Ostrich 51, 188-190.

BirdLife International. (2004). Threatened Birds of the World — CD ROM. BirdLife
International, Cambridge.

Bossart G.D., Baden D.G., Ewing R.Y., Roberts B. and Wright S.D. (1998).
Brevitoxicosis in manatees (Trichechus manatus latirostris) from the 1996
epizootic: gross, histologic and immunohistochemical features. Toxic. Path. 26,
276-282.

Walsh C.J., Luer C.A. and Noyes D.R. (2005). Effects of environmental stressors
on lymphocyte proliferation in Florida Manatees, Trichechus manatus latirostris.
Vet. Immunol. Immunopath. 103, 247-256.

Gilchrist J.D.E (1914). An inquiry into fluctuations in fish supply on the South

South African Journal of Science 103, May/June 2007

54.

55.

56.

57.

58.
59.
60.

61.
62.
63.
64.
65.

66.

67.

68.
69.

70.
71.

72.
73.

74.

75.
76.

77.
78.

79.
80.
81.
82.
83.

84.

85.

86.

87.

Research Articles

African coast. Mar. Biol. Rpt 2, 8-35.

Lilly E.L., Kulis D.M., Gentien P. and Anderson D.M. (2002). Paralytic shellfish
poisoning toxins in France linked to a human-introduced strain of Alexandrium
catenella from the western Pacific: evidence from DNA and toxin analysis.
J. Plankton Res. 24, 443-452.

South African Tourism — Strategic Research Unit (2005). 2004 Annual Tourism
Report.

Melville-Smith R. and van Sittert L. (2005). Historical commercial West Coast
rock lobster Jasus lalandii landings in South African waters. Afr. J. Mar. Sci. 27,
33-44.

Schwimmer D. and Schwimmer M. (1968). Medical aspects of phycology.
In Algae, Man and the Environment, ed. D. Jackson, pp. 279-358. Syracuse
University Press, Syracuse, NY.

Anon. (1876). Local and general, column 2. Cape Times (Cape Town), 27 June, 3.
Anon. (1977). Local and general, column 1. Cape Times (Cape Town), 1 May, 3.
Anon. (1963). Thousands of fish die in the ‘red tide’. The Cape Argus City Late
(Cape Town), 22 November, 2.

Anon. (1931). Fish Hoek’s gleaming sea. The Cape Argus (Cape Town), 19 Feb.,
16.

Anon. (1966). Red tide hits Elands Bay. The Cape Argus (Cape Town), 27
December, 5.

Grindley J.R. and Nel E.A. (1968). Mussel poisoning and shellfish mortality on
the west coast of South Africa. S. Afr. ]. Sci. 64, 420-422.

De Jager B. (1967). False Bay red tide is not a menace. The Cape Argus City Late
(Cape Town), 21 August, 3.

Anon. (1967). Millions of krill wash ashore. The Cape Argus (Cape Town), 10
November, 9.

Brown P.C., Hutchings L. and Horstman D.A. (1979). A red-water outbreak and
associated fish mortality at Gordon’s Bay near Cape Town. Fish. Bull. S. Afr. 11,
46-52.

Horstman D.A., McGibbon S., Pitcher G.C., Calder D. and Hutchings L. (1991).
Red tides in False Bay, 1959-1989, with particular reference to blooms of
Gymnodinium spp. Trans. R. Soc. S. Afr. 47, 611-628.

Underhill G. (1994). Red Tide off city — shellfish warning. Cape Times (Cape
Town), 22 March, 1.

Pitcher G. and Matthews S. (1996). Noxious Gymnodinium species in South
African waters. Harmful Algae News 15, 1-3.

Anon. (1997). Kreef stap uit in Elandbaai. Die Burger (Cape Town), 8 April, 1.
Steenkamp W. (1998). Smelly black tide unlikely to spread. Cape Times (Cape
Town), 6 May, 3.

Gosling M. (1999). Crayfish on the march. Cape Times (Cape Town), 16 April, 1.
Cosgriff M. (2000). Red Tide kills 30m mussels. Independent Online, 2 June.
http://www.whoi.edu/redtide/notedevents/foreign/SouthAfrica/South
Africa_6-2-00.html

Oliver L. (2002) Toxic red tide moves in on Lamberts Bay. The Sunday
Independent Online. October 25 at http://www.iol.co.za/index.php?click_id=
14&art_id=ct20021025210634838R300518&set_id=1

Wyatt T and Zingone A. (2004). Cape Agulhas. Harmful Algae News 27, 1-7.
Environmental Writer. (2005). Now toxic tide hits the Peninsula. Cape Times
(Cape Town), 27 April, 1.

Ndenze B. (2005). Toxic red tide hits coast. Cape Times (Cape Town), 15March, 1.
Schantz E.J., Lynch J.M., Vayvada G., Matsumoto K. and Rapoport H. (1966).
The purification and characterization of the poison produced by Gonyaulax
catenella in axenic culture. Biochemistry 5, 1191-1195.

Prakash A., Medcof J.C. and Tennant A.D. (1971). Paralytic shellfish poisoning
in Eastern Canada. Bull. Fish. Res. Bd Canada 177, 87.

Ogata T. and Kodama M. (1986). Ichthyotoxicity found in cultured media of
Protogonyaulax spp. Mar. Biol. 92, 31-34.

De Gange A.R. and Vacca M.M. (1989). Sea otter mortality at Kodiak Island,
Alaska, during summer, 1987. ]. Mammal. 70, 836-838.

Oshima Y., Hirota M., Yasumoto T, Hallegraeff G.M., Blackburn S.I. and
Steffensen D.A. (1989). Production of paralytic shellfish toxins by the dino-
flagellate Alexandrium minutum Halim from Australia. Nippon Suisan Gakkaishi
55, 925.

Hallegraeff G.M., Steffensen D.A., Wetherbee R. 1988. Three estuarine Austra-
lian dinoflagellates that can produce paralytic shellfish toxins. J. Plankton Res.
10, 533-541.

Hallegraeff G.M. (1991). Aquaculturists’ Guide to Harmful Australian Microalgae.
Fishing Industry Training Board of Tasmania/CSIRO Division of Fisheries,
Hobart.

Mijares A.J., Sevcik C., Barboza C.A. and Saavedra].A. (1985). Ichthyotoxism by
a paralytic toxin produced by marine dinoflagellates of the genus Ceratium:
relationship to fraction f isolated from the sponge Tedania ignis. Toxicon 23,
221-233.

Cembella A.D.(1989). Occurrence of okadaic acid, a major diarrheic shellfish
toxin, in natural populations of Dinophysis spp. from the eastern coast of North
America. J. Appl. Phycol. 1, 307-310.

Lee ].S., Igarashi T. Fraga S., Dahl E., Hovgaard P. and Yasumoto T. (1989).
Determination of diarrheic shellfish toxins in various dinoflagellate species.
J. Appl. Phycol. 1, 147-152.



Research Articles

88. Larsen J. and Moestrup @. (1989). Guide to Toxic and Potentially Toxic Marine
Alguae. The Fish Inspection Service, Ministry of Fisheries, Copenhagen.

89. Yasumoto T. (1990). Marine microorganisms toxins — an overview. In Toxic
Marine Phytoplankton, eds E. Granéli, B. Sundstrom, L. Edler and D.M.
Anderson, pp. 3-8. Elsevier, New York.

90. Taylor EJ.R., Fukuyo Y. and Larsen J. (1995). Taxonomy of harmful dino-
flagellates. In Manual on Harmful Marine Microalgae, eds G.M. Hallegraeff, D.M.
Anderson and A. Cembella, pp. 283-317. UNESCO, Paris.

91. Koizumi Y., Kohno J., Matsuyama N., Uchida T and Honjo T. (1996). Environ-
mental features and the mass mortality of fish and shellfish during the
Gonyaulax polygramma red tide occurred in and around Uwajima Bay, Japan, in
1994. Nippon Suisan Gakkaishi 62, 217-224.

92. Forbes J.R. 1990. Massive bloom of Gonyaulax spinifera along the west coast of
Vancouver Island. Red Tide Newsl. 3, 2-3.

93. Seki T, Satake M., Mackenzie L., Kaspar H.E and Yasumoto T. (1996).
Gymnodimine, a novel toxic imine isolated from the Foveaux strait oysters and
Gymmnodinium sp. In Harmful and Toxic Algal Blooms, eds T. Yasumoto, Y. Oshima
and Y. Fukuyo, pp. 495-498. Intergovernmental Oceanographic Commission
of UNESCO, Paris.

94. Oda M. (1935). The red tide of Gymnodinium mikimotoi Miyake et Kominami
n. sp. (MS) and the influence of copper sulfate on the red tide. Zool. Mag. 47,
35-48.

95. Kim H.G,, Park J.S., Fukuyo Y., Takayama H., An K.H. and Shim J.M. (1995).
Noxious dinoflagellate bloom of an undescribed species of Gyrodinium in
Chungmu coastal waters, Korea. In Harmful Marine Algal Blooms, eds P. Lassus,
G. Arzul, E. Erard-Le-Denn, P. Gentien and C. Marcaillou-Le-Baut, pp. 59-63.
Lavoisier, Paris.

96. Braarud T. (1957). A red water organism from Walvis Bay (Gymmnodinium
galatheanum n.sp.). Galathea Deep Sea Expedition, 1, 137-138.

97. Pieterse E and Van der Post D.C. (1967). The pilchard of Southwest Africa.
Oceanographical conditions associated with red-tides and fish mortalities in
the Walvis Bay region. Invest! Rep. SWA. Mar. Res. Lab. 14, 1-125.

98. Nielsen M.V. and Stremgren T. (1991). Shell growth response of mussels
(Mytilus edulis) exposed to toxic microalgae. Mar. Biol. 108, 263-267.

99. Okaichi T and Nishio S. (1976). Identification of ammonia as the toxic principle
of red tide of Noctiluca miliaris. Bull. Plankton Soc. Japan 23, 75-80.

100.Aiyar R.G. (1936). Mortality of fish of the Madras coast in June 1935. Current
Science 4, 488-489.

101.Bhimachar B.S. and George P.C. (1950). Abrupt set-backs in the fisheries of the
Malabar and Kanara coasts and ‘red water” phenomenon as their probable
cause. Proc. Indian Acad. Sci. 31, 339-350.

South African Journal of Science 103, May/June 2007 231

102.Steidinger K.A. (1979). Collection, enumeration and identification of
free-living marine dinoflagellates. In Toxic Dinoflagellate Blooms, eds D.L. Taylor
and H.H. Seliger, pp. 435-442. Elsevier/North-Holland, New York.

103.Granéli E., Wallstrom K., Larsson U., Graneli W. and Elmgren R. (1990).
Nutrient limitation of primary production in the Baltic Sea area. Ambio 19,
142-151.

104.Uchida T. (1977). Excretion of a diatom inhibiting substance by Prorocentrum
micans Ehrenberg. Jap. ]. Ecol. 27, 1-4.

105.Pinto].S. and Silva E.S. (1956). The toxicity of Cardium edulum L. and its possible
relation to the dinoflagellate Prorocentrum micans Ehr. Notas Estud. Instituto de
Biologia Maritima 12, 1-20.

106.Avaria S. (1979). Red tides off the coast of Chile. In Toxic Dinoflagellate Blooms,
eds D.L. Taylor and H.H. Seliger, pp. 161-164. Elsevier, New York.

107.Heil C.A., Gilbert PM. and Fan C. (2005). Prorocentrum minimum (Pavillard)
Schiller. A review of a harmful algal bloom species of growing worldwide
importance. Harmful Algae 4, 449-470.

108.Satake M., Ichimura T, Sekiguchi K., Yoshimatsu S. and Oshima Y. (1999).
Confirmation of yessotoxin and 45, 46, 47-trinoryessotoxin production by
Protoceratium reticulatum collected in Japan. Natural Toxins 7, 147-150.

109.Work TM., Bar B., Beale A.M., Fritz L., Quilliam M.A. and Wright J.L.C. (1992).
Epidemiology of domoic acid poisoning in brown pelicans (Pelecanus
occidentalis) and Brandt’s cormorants (Phalacrocorax penicillatus) in California.
J. Zoo Wildl. Med. 24, 54-62.

110.Shimda M., Murakami TH., Imahayashi T, Ozaki H.S., Toyoshima T. and
Okaichi T. (1983). Effects of sea bloom Chatonella antique on gill primary lamellae
of the young yellowtail, Seriola quinqueradiata. Acta Histochem. 16, 232-244.

111.Chang EH, Anderson C. and Boustead N.C. (1990). First record of Heterosigma
(Raphidophyceae) bloom with associated mortality of cage-reared salmon in
Big Glory Bay, New Zealand. N.Z.]. Mar. Freshwater Res. 24, 461-469

112.Yang C.Z., Albright L.J. and Yousif AN. (1995). Oxygen-radical mediated
effects of the toxic phytoplankter Heterosigma carterae on juvenile rainbow trout
Oncorhynchus mykiss. Diseases of Aquatic Organisms 23, 101-108.

113.Bricelj VM. and Kuenstner S.H. (1989). Effects of the ‘brown tide’ on the
feeding, physiology and growth of bay scallops and mussels. In Novel
Phytoplankton Blooms, eds E.M. Cosper, V.M. Bricelj and E.J. Carpenter,
pp. 491-509. Springer-Verlag, Berlin.

114.Gainey L.E and Shumway S.E. (1991). The physiological effect of Aureococcus
anophagefferens (‘brown tide’) on the lateral cilia of bivalve molluscs. Biol. Bull.
181, 298-306.

115.Hockey PA.R., Dean WR.J. and Ryan P.G. (eds)(2005). Roberts — Birds of Southern
Africa, 7th edn. Trustees of the John Voelcker Bird Book Fund, Cape Town.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AmazoneBT-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.01000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 800
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00500
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


