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BENEFITS TO SOCIETY 1

HARMFUL ALGAL BLOOMS IN EUROPEAN MARINE AND
BRACKISH WATERS

Microalgae in marine and brackish waters of Europe regularly cause «harmful effects», considered
from the human perspective, in that they threaten public health and cause economic damage to
fisheries and tourism. These episodes encompass a broad range of phenomena collectively referred to
as «harmful algal blooms» (HAB). They include discoloration of waters by mass occurrences of
microalgae (true algal blooms that may or may not be «harmful»), toxin-producing species (toxic
«blooms» that may be harmful even in low cell concentrations), and several organisms, which are
protists but normally referred to as algae. A broad classification of HAB distinguishes three groups of
organisms: 1) the toxin producers, which even with low biomass can contaminate seafood, causing
sickness and death in humans eating the seafood, or sickness and death in the shellfish and fin-fish
themselves; 2) the high-biomass toxin producers (cyanobacteria), which can have similar harmful
effects; and 3) the high-biomass bloom species, which can cause either anoxia that indiscriminately
kills off marine life, or unpleasant foam or gelatinous masses that are a nuisance for tourists who may
develop allergic skin reactions after bathing.

BENEFITS TO SOCIETY

Harmful Algal Blooms (HAB) affect the marine ecosystems in several ways leading to economical
losses and/or health problems for humans. They also cause structural changes in the natural food webs
that may be indirectly linked to human well being.

Research directly addressing the causes of HAB development in different parts of Europe will provide
a basic knowledge that will indicate counter measures necessary to return marine and coastal waters
affected by human impact back to more pristine conditions. The suite of countermeasures may well be
very different in different parts of Europe. For example, water and airborne inorganic/organic nutrients
can play a very different role in different marine waters.

A decrease in both the number of HAB and their intensity will reduce the harmful effects on fisheries
and aquaculture, and reduce disturbance of marine ecosystems with the less known effects on the parts
of the food web not directly exploited by humans. However, these effects should not be disregarded,
since the structure of marine food webs are very intricate and disturbances on levels other than fish or
shellfish may as well in the end also affect human interests,

A change in the water quality of marine waters leading to re-establishment of more pristine food webs
would also mean that shellfish and fish harvested or caught for human consumption would be safer
concerning the content of algal toxins. This would both improve the quality of food for humans and
free some of the resources otherwise used for monitoring and surveillance of algal toxins in food
products. Fish kills occurring in aquaculture could also be minimised (e.g. reducing insurance costs to
the producers), which would lead to a more stable economy for fish and shellfish farmers with fewer
hazardous events that today can mean substantial economical losses in aquaculture industry.

A decrease in the frequency of HAB causing large biomasses floating ashore would also be of
importance for recreation and tourism in many European countries. Clean beaches with clear water as
opposed to large masses of floating algal scum and gelatinous substances will prevent significant
economical losses for the tourist industry such as those observed in the Mediterranean, the North Sea
coasts and in the Baltic.
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A general increase in the objective knowledge on the causes/occurrences of HAB will also be
beneficial for the public awareness of the associated problems. This should help to moderate
the overreactions due to often poorly informed media information that regularly occurs today.

Goals of EUROHAB (European Initiative on HAB research)

In order to consider the possibilities of reducing the occurrence and impact of harmful algal blooms in
Europe, there is an urgent need to understand the mechanisms by which they are harmful.

The goals of EUROHAB are:

® To define the unique characteristics of some HAB species that enable them to outcompete and
dominate the plankton communities.

e To distinguish between natural causes versus anthropogenic impact (overenrichment of
nutrients and metals by eutrophication, overfishing, global warming) on the bloom formation
and toxicity of harmful algae (HA).

* To understand the interactions between HAB and the food web which determine the outcome
of HAB.

» To develop databases in order to establish the extent to which HAB are increasing in frequency
and extent.
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SUMMARY

Harmful algal blooms and nutrients

Although we know that some harmful algal species have bloomed over centuries, and others even
thousands of years before, both scientists and the public are concerned that the size and frequency of
these blooms have increased. Such evidence is found e.g., in the Baltic Sea and the northern Adriatic.
In addition to increased algal biomass production, there is an increasing number of reported
exceptional blooms (often toxic) of dinoflagellates, flagellates and cyanobacteria (blue green algae),
during the past 15-20 years for most European marine waters. Toxic algal blooms have caused
problems in European marine waters. They may be catastrophic to the ecosystem, causing mass
mortality of fish and even (for cyanobacteria) seabirds or mammals. The Chrysochromulina polylepis
bloom in the Kattegat-Skagerrak, in 1988, covering marine waters belonging to Denmark, Sweden and
Norway, damaged the entire marine biota.

Blooms of toxic phytoplankton may also break the food chain, by not being grazed by zooplankton.

From the human point of view, toxic blooms are undesirable because they (i) poison commercially
important shellfish and humans eating the shellfish, (ii) cause large scale fish kills (e.g., in
aquacuiture), and (iii) foul waters in recreational areas (inflicting economic losses on the tourist
industry).

Some of the microalgae involved in these blooms are widely occurring species throughout most
European countries, whereas others are only known to occur in a specific sea. For example, Diarrhoeic
Shellfish Poisoning (DSP), is an illness that causes diarrhoea and vomiting in humans who have
ingested mussels that have been feeding on a microalgae that occurs in most European waters. In
contrast, the species causing multi-million dollar losses to the tourist industry over the past decade
have more restricted distributions (e.g., those producing enormous accumulations of mucous in the
northern Adriatic, and those producing skin irritating toxins in the bathing areas of the Baltic).

One of the key questions still to be answered is how to distinguish natural causes versus anthropogenic
impact on the occurrence of HAB. Several anthropogenic forces might be considered to be involved in
the formation of HAB. Among them are: eutrophication; disruption of the marine food chains by
overfishing; increase in the mobilisation of essential or inhibiting trace metals to microalgal growth,
and intensive aquaculture in certain sensitive marine areas.

Eutrophication of marine and enclosed brackish waters is a problem of major concern not only in
Europe but also throughout the world. Human activities have significantly increased the input of
nitrogen and phosphorus to estuarine and marine waters over the last 50 years. The nitrogen load to the
North Sea has increased by a factor of 2.5 from 1950 to 1980 whereas phosphorus seems not to have
increased.

Traditionally, scientists and water quality managers have focused on terrestrial, anthropogenically
generated sources, such as agricultural runoff, wastewater and groundwater discharge, as dominant
nutrient inputs. However, recent studies suggest that we need to include atmospheric deposition in the
budget of anthropogenic nutrient inputs. In Europe, whereas marine nutrient loading is increasing,
national and international authorities have targeted agricultural, municipal and industrial wastes for
reduction and improved treatment. In contrast, atmospheric emissions, specifically rainwater
containing N compounds, are not controlled and have increased greatly over the past 4 decades. It has
recently been estimated that for the north-western European shelf, atmospheric deposition of N may
exceed estuarine exports.

In the Baltic Sea region, 80% of atmospheric deposition originates from the British Isles, and Western
and Southern Europe (France, Benelux, Germany). Atmospheric and terrestrial nutrient inputs in the
Mediterranean appear to have increased about 3-fold in the 1960-1983 period.
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For some parts of Europe, lowering of the pH in soils due to acid precipitation disrupts terrestrial and
fresh water ecosystems. Acidification is not a problem in seawaters due to their strong buffering
capacity. However, acidification in soils increases the mobility and leaching of essential or inhibiting
trace metals to algal growth. The input of metals such as iron, copper, aluminium, manganese, cobalt
to marine waters has increased several fold in the last decades. Some of these metals have been
connected to HAB occurring in different European seas.

The increase in precipitated atmospheric nitrogen deposition, directly on the sea surface and
secondarily by river runoff, added to the relatively constant phosphorus load is a very important factor
for the increase of algal blooms seen in European marine waters.

Another important aspect to consider is that evidence is accumulating that shows the production of
toxins by algae is not only related to genetic inheritance but is also affected by external factors, such
as nutrient concentrations. Many of the most toxic species, e.g., the species producing Paralytic
Shellfish Poisoning (PSP), sometimes deadly to humans, increase their toxin content several fold when
grown in media with low phosphorus and high nitrogen concentrations. Thus even if eutrophication
might not be involved in the increase of HAB, the blooms might have become more toxic due to the
higher input of nitrogen to European marine waters.

Why is there a need for co-ordinated research on HAB in Europe?

Many countries share European marine waters, and there are no physical barriers dividing the waters
among them. Even if certain countries are not sharing the same sea, currents are continuously
transporting water masses from one country to the next. Thus, a HAB population in one country might
be triggered by nutrients originated in another country. Nutrients are also transported by winds.
Another process possibly triggering HAB is the transport of merchandise by shipping. The amount of
ballast water in large modern ships potentially contains seed populations of harmful algae enough to
initiate a bloom in another marine area when discharged in exchange for cargo.

EUROHAB is formulated to generate the required research to manage better the effects of
toxic/harmful marine microalgae in the marine and brackish waters of the EU.

During the past years, The European Commission has funded a number of initiatives on harmful algae,
ranging from specific workshops to different projects included in programmes of the Commission.
These projects usually have addressed specific problems related to a particular species or to a specific
geographic location. For example, NUTOX, DOMTOX, Project on Ballast waters and COMWEB
(MAST III Programme) focused on monitoring and control of harmful toxic algal blooms, EHUX and
MEICE, focused on algal physiology, EULIT and CLEAN, on controlling factors of harmful blooms
dynamics, NIRO on the modelling of algal bloom formation, as well as BASIC, PHAEOCYSTIS and
EROS 21 (ENVIRONMENT&CLIMATE Programme). In each maritime country of the European
Union, considerable efforts are devoted to harmful algal bloom monitoring and related research. Some
European countries also have developed national plans. However, the somewhat limited scale of these
observations allows very few general conclusions to be drawn.

European scientists participate actively in various international groups and fora where research on
harmful algae is discussed and ideas exchanged. With the establishment of an increasing number of
national (EU and non-EU), regional, and international initiatives, it becomes increasingly important to
gather and focus the many national efforts in Europe.

The programme GEOHAB has been recently initiated by IOC, SCOR and ICES with very similar aims
to those of EUROHAB but on the global scale.

Since HAB have been identified as a major problem by the Coastal-GOOS, the Health of the Oceans
(HOTO), and the Living Marine Resources (LMR) panels, and have been associated with a switch in
the links between nutrients, primary production, zooplankton and fisheries which are the topic of
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GLOBEC, there is a need to collate and disseminate data and information on HAB from these
programmes

This need for European co-ordination especially applies to HAB, since research on this subject does
not yet allow a theoretical generalisation. It is therefore hazardous and often unjustified to apply
results obtained in a given area and a given species to another situation.

To our knowledge, no reports on the trends of Harmful Algal Events are available at the European
scale. This information would be a highly valuable contribution towards determining management
options of the problem. The first step towards collecting and archiving a database of harmful events
has already been accomplished (e.g. of decadal events, see Fig. 1). EUROHAB provides the
framework for the next step, through a co-ordinated action of the different EU countries that would
facilitate trend analysis.

« No toxin detected
« One time (one year)
© 2-5 times
® 6-10 times

© No toxin detected
* One time (one year)
® 2-5 times
©6-10 times

-

¥
L ®

 J

Fig. 1. Locations on different European coasts where shellfish was found with high levels of
PSP or DSP toxins (left panel) and occurrences of animal and plant mortalities (right panel),
both between 1987 and 1996. (Courtesy of ICES-IOC WGHABD and IFREMER, C. Belin)

If we are to understand the basic scenarios leading to harmful algal events, there is an urgent need to
compare situations in different European countries. This would allow for more rational planning for
research based on the important processes already known and the identified gaps. Strategies aiming at
better management of harmful algae problems can most efficiently be developed through collaboration
between national teams and comparison of their results. This can only be achieved through a generic
action spanning many years.

All the factors. stated above point to the advantage of an integrated European research effort to
document the reasons for the different HAB occurring in our marine waters, as a basis for designing
responsible strategies for better management of marine resources. A strong, integrated research
programme would speed up this process. Participating in the EUROHAB initiative will be of major
significance for European countries. It will also stimulate a major advancement in the management
and mitigation of the effects caused by harmful microalgae.
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Gaps in knowledge

Although a great deal is known about the ecology and physiology of harmful algae and of harmful
algal blooms, major gaps still exist in our understanding of the factors controlling the population
dynamics of harmful algae. Why and how harmful algae blooms develop is not understood at present.

Research requirements

The ultimate objective is to predict and if possible mitigate the development of HAB. The following
areas of research need to be addressed:

e Small and large-scale laboratory experiments, enclosure and field studies of HA are needed to
gain knowledge of the growth characteristics and toxin production,

e To determine the importance of inorganic nutrients (such as nitrogen, phosphorus and metals)
loading to marine waters on the influence of HAB and their toxicity in the different European
seas.

e There is a-need to develop new methods in order to identify and quantify HAB-species in
natural communities.

® More research is needed to establish the role of dissolved and particulate organic matter on the
structure of the plankton community in order to obtain more insight in the extent to which
dissolved organic matter influences the formation of HAB.

¢ Development of good methods to measure in situ grazing rates on harmful algae in order to
better define the role of grazing in the selection for these species.

» Systematic experimental foodweb studies on the scale of mesocosms can help resolve the role
of grazing in the formation of HAB.

e The complicated interactions of harmful algal species with the rest of the foodweb can not be
understood without the use of ecosystem models, based on known physiological properties of
the main organisms and chemical and physical forces.

» Detailed toxicological experiments, performed on ecologically relevant organisms, can give a
better understanding of the effect of dissolved toxins on the plankton community.

¢ To understand bloom phenomenon, there is a need to establish long term plankton monitoring
studies, using both intensive field sampling and remote sensing (by aeroplanes and satellites),
focusing on bloom initiation, development, composition, duration and consequences.

¢ Studies of microfossils archived in bottom sediments can provide information on blooms in
relation to environmental changes (e.g., due to climate, eutrophication, etc.) before the present
day.

e There is a need to identify sites of introduction of HAB-species from ballast water from larger
ships and to evaluate the dimension of the problem for Europe.

® Characterisation of newly discovered toxins and development of detection and analytical
methods are needed, in order to achieve a better knowledge of the different types of toxins.
Identification of potential new toxin producers is also needed.

e Determination of the enzymatic processes involved in the metabolism and elimination of HAB
toxins from shellfish.

¢ More research is needed to understand the overall importance of stratification, low turbulence,
surface winds and irradiance for the initiation and the development of blooms for the occurrence
of many HAB.

o There is a need to improve the knowledge on HAB species physiology in order to understand
their competitive ability in relation to other species.

e There is a need of reference culture collections throughout Europe, with access for European
scientists, in order to perform comparative studies between regions.

¢ There is a need to investigate the possible strategies to mitigate HAB. Possible strategies
involve biological control (bacteria, viruses, zooplankton grazing), or flocculants (clay
minerals) that will remove harmful algal cells from the water column.
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Harmful Algal Blooms in European marine waters

In recent years, Europe has experienced the harmful effects of algal blooms that have seriously
threatened public health, and caused enormous economic losses to fisheries and tourism.

1.1.1 Sickness and death of human beings

From 1946 to 1963 in Obidos, Portugal, collective poisoning occurred, including seven human
deaths (Franca 1991).

In 1976 people were hospitalised for PSP in several European countries after eating mussels
exported from Galicia, Spain (Fraga 1987).

During the past twenty years, human deaths and large-scalc outbreaks of sickness have been
avoided in Europe, due to the establishment of effective monitoring programs. However, the
threat remains, because toxic algal species found along most of the coasts of Europe regularly
cause acute sickness, sometimes fatal, in other parts of the world.

1.1.2 Economic losses to fisheries

In 1988, a massive bloom of Chrysochromulina polylepis in Scandinavian waters caused heavy
mortalities of farmed fish and total collapse of the natural community (Rosenberg et al. 1988,
Underdal et al. 1989).

Periodic banning of shellfish from the markets has caused heavy economical losses for the
shellfish industry. In 1995, for instance, several mussel raft areas were closed to harvesting in
Ria de Pontevedra, Galicia, for more than 40 weeks due to persistent DSP and ASP outbreaks
(Report from the Galician Monitoring Center, 1996), while along the French Atlantic coast,
1000 tons of mussels died together with a large variety of wild life due to a bloom of
Gymnodinium mikimotoi (Arzul et al. 1995).

1.1.3 Economic losses to tourism

In the Adriatic Sea, in 1989, algal blooms caused massive amounts of unsightly mucilage to
float on the sea near beaches (Penna et al. 1993) resulting in heavy reductions in tourism for
years, with correspondingly severe economic losses to the region.

Similarly, in the Mallorca Islands, blooms discolouring the sea caused a major impact on the
local tourist industry (Delgado et al. 1997).



8 EUROHAB

e [t is important to note that even HAB restricted to rather small areas are damaging for countries,
which attract tourism by recognition of their pristine waters.

1.2 Are harmful algal blooms increasing?

HAB are an ancient phenomenon; there is a
scientific record of such events from Venezia in
1729 (Fonda Umani et al. 1989), and several
records from early European settlers in North
America (Dale and Yentsch 1978). However, the
striking increase in reports of HAB during the past
decades has caused increasing scientific and
public concern. Determining the extent to which
the frequency and intensity of harmful blooms is
increasing is one of the main questions to be
answered by research in this field.

Evidence for increase in frequency, duration and
extent of some HAB:
e Satellite imagery has shown the extension
of the cyanobacterial bloom in the Baltic
Sea from 1982 to 1993 (Kahru et al. 1994).
e Examples of discoloured waters affecting
tourism appear to be a recent phenomenon.

Other factors contribute to the observed

increase in reported HAB:

e The greatly increased capability for
detection, especially of monitoring systems,
which record the presence in marine waters
of potentially-harmful species and/or the
presence of toxins in commercial shellfish
to a far greater extent than before

Fig. 2. Fish cage farm struck by a sudden
bloom of the toxic algae Chrysochromulina
(Anonymous 1998). fmlylep.is. Toxic alg'al bloom shaYe caused.ﬁsh kills

; . in various countries. About 35 salmonid farms

e The changes in c.ultural habits. Shellfish are o0 pit by a large scale toxic algal bloom in

presently eaten in summer when they are  gcandinavia. Over a few days Swedish and

more likely to be contaminated, where Norwegian farmers suffered economic losses of

previously they were not. about 7 million dollars. Some 130 Norwegian

e Aquaculture. Altogether, the demand for farms, with a commercial value of more than 85

farmed sea food has greatly increased; US dollars had to be relocated to fjords not

farmed sea food represents at present 23% affected by the bloom. Photo: O. Tollesby,

the total captures of fisheries (Rana 1997), AMBIO, 1989: 18(4). (Authorised publication by
and this contribution is expected to increase courtesy of Elisabeth Kessler, Editor-in-chicf)

greatly (Pedini and Shehadeh 1997).

Whereas wild fish are often able to swim away to avoid harmful blooms, caged fish are

particularly vulnerable.
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Fig. 3. Mucilage in the Northern Adriatic Sea after the algal bloom in 1989. Surface
accumulation (left panel) and a diver and a piece of mucilage (right panel). Photograph provided
by courtesy of Dr. Attilio Rinaldi.

1.3 The role of human activities

Human activities can contribute to the increase of HAB by:

e Introduction of alien species, via (i) deballasting of large boats (Hayes 1998, Hallegraeff 1998)
or (ii) transportation of living shellfish (Honjo et al. 1998).

e Heavy selective fishing, which decreases grazing upon herbivores (Botsford et al. 1997, Pauly et
al. 1998), with subsequent alleviated losses for phytoplankton (Verity and Smetacek 1996); in
summer, when potentially toxic species represent a significant fraction of the community, lack
of grazing might contribute to the built up of a bloom.

e Changes in the amount and composition of the nutrient reservoir due to various types of loading
(sewage discharge, transfer of air pollution, agricultural runoff). For instance, changes in N:P:Si
ratios will favour nonsiliceous species, including most harmful species (Schollhorn and Granéli
1996, Sandén and Hakanson 1996).
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e Reduction of the natural hydrodynamic regime by building dams on rivers, walls in harbours, or
artificial harbours, which provide refuges for phytoplankton growth and sediment for
accumulation of cysts as seedbeds. e.g.,, in France, a dam built on a river where once tides
provided a bi-daily flushing soon generated a retention zone where noxious events have

occurred since (Merceron 1987).
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Fig. 4. Schematic view of two kinds of anthropogenic influences on HAB formation: effect of
nutrients (upper panel) and overexploitation of commercial fisheries (lower panel).
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1.4 Research needs for Europe

Experience in Europe to date shows critical gaps in HAB research.

e Accurate identification in real time is needed for species responsible for observed HAB e.g., it
took days before Chrysochromulina polylepis was identified as the responsible organism for the
1988 bloom in Scandinavian waters (Kaas et al. 1991).

o Identification of some still inadequately identified toxins. For instance, the toxic cyanobacteria
Microcystis aeruginosa produces a range of lipids compounds which inhibit fish gills; none has
been hitherto characterised (Bury et al. 1998).

e Adequate time series measurements must cover all stages of bloom development (e.g.,
previously, measurements of environmental factors have been concentrated during or after a
bloom, missing vital information regarding early (= potentially causative) stages of the bloom).
A limited number of critical stations should be established for long-term monitoring to establish
trends.

e The effects of the HAB should be understood for the whole ecosystem; this can be achieved
only by using different approaches and further integration of data in models.

e Understanding the fate of toxins (detoxification).

e Scientists from all European countries should establish a culture collection of HAB species.

1.5 Responsible management of marine resources -

The overall goal of such research is to provide a sound scientific basis for utilising marine resources,
such as fisheries and tourism, with minimum risk of damage to public health and the natural
environment. Hence, some practical questions should form the framework for European research on
HAB.

Belgium

Fig. 5. Satellite image of the Dutch coastal area, showing a calculated chlorophyll a in a
Phaeocystis-dominated bloom (colour), overlaid with chlorophyll a measured (isolines and values)
from a research cruise during May 1986. Photo courtesy of Remote Sensing group at CCMS
Plymouth Marine Laboratory. (see also Holligan et al. 1989)

1.5.1 Can we give adequate warning of HAB?

Previous research has provided few simple models allowing to give a range of probability for the
appearance of harmful events. For instance, the toxic dinoflagellate Dinophysis fortii was shown to
appear in the Inland Sea of Seto, in Japan, as soon as the temperature of water exceeded 8°C (Ozaka
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1985). In the Galician rias, after reversals of the wind circulation and subsequent downwelling events,
Gymnodinium catenatum populations from shelf waters are advected to the coast where they
congregate. Satellite pictures show the warm surface waters approaching the coast, and the cold water
band disappearing (Fraga et al. 1988). The Galician Monitoring Centre uses these patterns and the
satellite pictures as a predicting tool: sampling is done in offshore warm water by means of a rosette
coupled to a helicopter. When G. catenatum populations are present in surface waters, it is assumed
that a few days later they will be "pushed" into the rias, and thence a sudden PSP outbreak will
probably take place (Pazos and Maneiro 1998). Using all available data in order to provide such tools
would help users of the coastal zone.

1.5.2 Can we prevent HAB?

At present the answer is clearly “ no ”, because bodies of water are too large, and we lack basic
understanding of the causes of HAB. However, in a limited number of situations, attempts are
possible. For instance, increasing turbulence by e.g., destruction of installations or enlargement of
channel linking a pond to the open sea can greatly diminish the risk of HAB appearance in some low-
turbulence waters. In the long term, any decision aiming to restore more pristine environments would
help to diminish some HAB risks. Reduction of loading of nutrients from terrestrial origin is the most
obvious; in the Black Sea, for instance, reduction of agricultural activities of bordering land has led to
a significant decrease of HAB occurrence (Lancelot et al. 1998). However, this solution would not
apply in the many other cases where harmful events are not related to high biomass of the responsible
species. For them, prevention is unclear at the moment.

1.5.3 Can we alleviate the consequences of an HAB already progressing?

Some attempts have been made in Japan and Korea: spreading of clay in order to flocculate the toxin-
producing species (Honjo 1994), spreading of surfactant to protect farmed fish against algal toxins
(Ono et al. 1998). However, such attempts to eliminate the harmful population should be viewed with
great caution, because ultimately the entire natural community could be damaged.
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2. ALGAE PRODUCING TOXINS ACCUMULATING IN THE
FOOD WEB

2.1 Introduction

Several marine phytoplankton species are known to be potent toxin producers (Fig. 6, Table 1). In
order for these toxins to have harmful effects, these species do not need to be present in concentrations
sufficient to discolour the water. Toxins may be passed through, accumulated and concentrated in the
food chain, thus affecting predators (including man). Of particular concern in this regard is the
accumulation of toxic species by shellfish which can cause human health problems, leading to the
closure of shellfish-fisheries at certain times of the year in all coastal European countries (Fig. 7).
Additionally the potential effect of toxin transfer through marine food chains is a concern, especially
where they may impact on commercially important larval fish,
The questions that are prominent in the minds of managers and scientists are:

» Why are there seasonal, interannual and geographic variations of toxic events?

e Can toxin production, acquisition by marine organisms and persistence be understood and

predicted?
e Can shellfish be made safe for human consumption once contaminated with microalgal toxins?
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Fig. 6. Comparison of dose necessary to kill humans by algal produced toxins (PSP and
cyanobacterial toxins) and other known poisons. (Redrawn from Error! Reference source not
found.seagrant/ issues/PSP/PSP.pdf)
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2.2 Organisms

2.2.1 Current Knowledge

There are some 20 known phytoplankton species producing toxins that accumulate in the food web.
Organisms of this nature, with their effects, are listed in Table 1. The table shows those toxic species
known to occur in Europe and also those species that are known to be toxic in other parts of the world
and have been recorded as occurring in Europe (Lassus 1988).

In characterising HAB and managing their consequences and routine monitoring for harmful species,
there is a need for precise identification of organisms. In this regard it is important that within the
community a pool of taxonomic expertise is maintained. It is obviously important to be able to
distinguish potentially toxic organisms in the phytoplankton assemblage. However, there is a further
level of difficulty imposed by the need to distinguish closely related species with different toxin
production capabilities. For example, in Table 1 the Pseudo-nitzschia group contains 5 toxic species
and there are other morphologically similar Pseudo-nitzschia species that are non-toxic. These various
species require cumbersome preparation before they can be distinguished on microscopes. This is a
time consuming process and cannot be undertaken on a routine basis. Molecular probes are being
developed for Pseudo-nitzschia (Fig. 8), however; they are not yet robust enough for routine
monitoring work. The inability to distinguish potentially toxic from non-toxic species routinely is an
impediment to investigation of HAB; it is also a problem for those undertaking monitoring.

e T

gy | In the scallop shellfish toxins tend
"—.____.~ | tobe concentrated in the liver. The
mantle and the edible roe may be toxic,
while the edible adductor muscle is
rarely toxic.

Fig. 7. Dissected scallop showing the edible parts where algal toxins accumulate. Photo
courtesy of Tom McKinnes, Fisheries Research Services, Aberdeen, UK.

Most of these toxic species produce a suite of compounds of varying toxicity at different stages of
their cell cycle and species of the same genus can produce a different range of compounds and hence
exhibit varying toxicity characteristics and hazards. The situation is made more complex by the
apparent lack of some HAB strains within the same species to produce toxin. Toxin content is our
primary concern with regard to these particular HAB species due to their potential to accumulate in
shellfish and cause illness in human consumers of contaminated food products. Again our inability to
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distinguish between toxic and non-toxic cells reduces the effectiveness of our research into HAB and
our monitoring programmes.

Marine phytoplankton have a variety of life histories and of particular note in these toxic organisms is
the fact that many of them have a resting stage as part of their life cycle (Fig. 9). Resting stages fall to
the sediments, and it is here that many species reside for much of the year. The possession of a resting
stage is not a prerequisite for HAB formation but their prevalence in harmful species suggests that it
may offer some competitive advantage. These resting stages are important in providing the inoculum
for blooms and can also be a mechanism for removing cells from the population. Their role in bloom
initiation and decay means that a thorough understanding of life cycles is critical to our understanding
of the dynamics of HAB.

Syndrome | Type of toxin Species Symptoms
Paralytic Saxitoxin, Alexandrium tamarense Headache, dizziness, nausea
Shellfish Neosaxitoxin Alexandrium catenella tingling paralysis
Poisoning and other Alexandrium minutum
(PSP) derivatives
Diarrhoeic Okadaic acid, Gymnodinium catenatum Diarrhoea, nausea, vomiting,
Shellfish Dinophysis Dinophysis acuminata abdominal pain; hepatotoxic
Poisoning toxins Dinophysis acuta Dinophysis cardiotoxic, chronic exposure
(DSP) caudata Dinophysis mitra may promote tumour formation
Dinophysis norvegica in the digestive system
Dinophysis rotundata
Dinophysis tripos
Dinophysis sacculum
Prorocentrum delicatissima
Prorocentrum lima
Prorocentrum tepsium sp. indet
Prorocentrum seriata
Amnesic Domoic acid Pseudo nitzschia multiseries Nausea, vomiting, diarrhoea,
Shellfish Pseudo nitzschia abdominal cramps, dizziness,
Poisoning pseudodelicatissima Pseudo hallucinations, confusion,
(ASP) nitzschia australis Pseudo shorterm memory loss seizures
nitzschia seriata
Neurotoxic | Brevetoxins Gymnodinium breve Chills, headache, diarrhoea,
Shellfish vomiting and abdominal pain,
Poisoning muscular, aches, dizziness,
(NSP) anxiety, sweating and peripheral
tingling
Cyanobac- | Nodularins, Nodularia spumigena Weakness, recumbence, pallor,
terial toxins | Microcystin, Microcystis spp. Anabaena spp | vomiting, vomiting, diarrhoea.
Saxitoxin, Aphanizomenon flos-aquae Death occurs due to pooling of
Neosaxitoxin New species blood in the liver and respiratory
arrest

Table 1. Different harmful algal species, their toxins and its effects.

HAB species display different behavioural strategies for survival, growth and bloom formation.
Motility is one of several behavioural traits. The flagellate species (for example Alexandrium spp.,

Dinophysis spp.) have a range of swimming abilities, which they may exploit in a variety of ways in
bloom formation. For example, some species (4lexandrium spp.) migrate through the water column
on a daily basis, exploiting surface sunlight during the day and deep nutrients by night. Yet other
species (Dinophysis spp.) use their swimming behaviour to maintain their position in a narrow layer of
the water column. The ability of a particular species to interact in these ways with physical features,
such as pycnoclines, fronts or internal waves may be of prime importance for the competition of HAB
species with other algae. The formation of chains by bloom species seems likely to be another
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behavioural trait, conferring the dual advantage of increased swimming capacity and a decreased
likelihood of grazing (Fig. 10 B). These behavioural strategies are only known from a small number of
species, they remain to be elucidated for the majority of HAB species.

HAB species can also have nutritional strategies, which enable them to out-compete other microalgae.
Some autotrophic species (Alexandrium catenella) appear to use dissolved organic nutrients while
others (Dinophysis spp.) rely on mixotrophy to supplement their carbon requirements. These
phenomena are only known for a few species but their potential importance in bloom dynamics mean
that they need to be investigated for all HAB species.

2.2.2 Gaps in knowledge

Over the last 20 years toxins have been newly discovered in several species, for example Yessotoxin
in Protoceratium reticulatum (Yasumoto and Satake 1998). It is probable that further species exist
with such capabilities. It is important that monitoring agencies remain aware of this possibility and
that the research community is able to respond with appropriate investigations (for example taxonomy
and toxin profiling of the species concerned).

Some information is available on the mechanisms of toxin production of toxic HAB species held in the
laboratory, however, our knowledge and understanding of field populations is poor. In addition, with
current methodology, it can be difficult to determine full toxin profiles (e.g., of Dinophysis and
Pseudo-nitzschia species). Furthermore, there are no standards for some toxins (e.g., Yessotoxin)
available in Europe.

Fig. 8. A ribosomal RNA-targeted oligonucleotide specific for Pseudo nitzschia pungens f.
multiseries, applied to a natural sample. A transmitted light micrograph is shown at the left
panel. A chain of needle-like diatoms that could be either P. pungens f. pungens (non-toxic) or P.
pumgens f. multiseries (toxic) is seen, in addition to other non-toxic plankton. The two forms of
P.pungens are indistinguishable using transmitted light microscopy. However, when the same
frame is viewed using epifluorescence microscopy (right panel) the fluorescein labelled rRNA
probe (green) is visible, identifying the Pseudo-nitzschia chain as a P.pungens f. multiseries-the
toxic variety linked to amnetic shellfish poisoning. Photo provided by D. Anderson (courtesy of
C. Scholin and K.Buck)
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To facilitate environmental studies into the mechanism of toxin production and accumulation in
shellfish the biosynthetic pathways of toxin production; the physiological regulation of toxin
accumulation in cells and the genes involved need to be elucidated. Investigation into the latter is
complex as HAB associated with toxin production generally have an associated bacterial microflora
and may have virus infection, the role of which has not been determined.

The life cycles of a few toxic species have been documented (e.g., Alexandrium tamarense,
Gymnodinium catenatum) but the distinction of the various life-cycle stages is difficult and time
consuming by conventional means. In laboratory culture the manipulation of a species through these
stages is usually achieved by nutrient deprivation. However, it is not clear what internal cell processes
are truly responsible for triggering these transitions. There have been very few studies of these
processes in the environment because of the difficulty in distinguishing the life-cycle stages. Further,
the factors causing life-cycle changes in the environment are not clear. In the field, resting stage
formation in some species has been noted even during apparent nutrient sufficiency.

It has been documented for Alexandrium
tamarense and Gymnodinium catenatum that the

resting stage (cyst) is toxic. Toxin containing sexual

: : - reproduction
cysts may be an important transport mechanism of vegetative
toxins to the sediments and to benthic marine reproduction e
organisms. However, cysts have very robust cell
walis and the efficiency of transfer of the toxins
from cysts to benthic organisms is not known. It is N o

possible that some benthic organisms will simply
pass cysts through their digestive systems and
expel them in their faeces.

The physiological requirements and tolerances of ' dorr\r}zfmcy
species for environmental variables, such as \;}’Ea”i’{ -
temperature, salinity, turbulence, light and A
nutrients can determine species distribution and cyst

responses to changing environments. Relatively
few HAB species have been characterised with
regard to these variables. All HAB species must
be characterised in this respect if we are to
understand and predict their distribution and
occurrence in natural waters.

To carry out much of this research we require cultures of HAB species. There has been great progress
in this area but it is clear that many of these species are fastidious and difficult to maintain in the
laboratory. Whereas many of the autotrophic HAB species can be maintained in culture, others
(notably the Dinophysis species) have not been successfully maintained under laboratory conditions.
This highlights our lack of knowledge of the maintenance requirements of these organisms. It is
obviously necessary in order to complete a number of goals in this research (taxonomy, life cycle
research, physiological requirements) that culture collections are improved, expanded and made
widely available.

Fig. 9. Life cycle of the dinoflagellate
lodinium polyedrum.

2.2.3 Research needs and justification
To improve the efficiency and effectiveness of monitoring programmes and to ensure they remain up
to date and to improve our understanding of the variability of toxin production and to allow us to
predict toxin production, research programmes are required to address:
e The development of rapid and cost effective means of identifying potentially harmful species
and their toxicity.
¢ The investigation of newly discovered toxic species. Including the taxonomy of the species
concerned (allowing accurate identification for monitoring) and the isolation and
characterisation of unknown toxins and production of toxin standards for method and inter-
calibration
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e The establlshment of the toxm content of restlng stages of all toxnc specnes and the mvestlgatlon
of the passage of toxins from resting stages to benthic marine organisms
In order to understand and better forecast bloom dynamics, our understanding of the life cycles of
toxic species and their physiological requirements needs to be improved. Research should focus on:
e The collection, isolation and maintenance of cultures of HAB species
e The development of robust, simple, functional probes to follow physiological changes inside
cells in order to determine the factors triggering life-cycle transformations.
e The development of tools to rapidly identify life-cycle stages and the investigation of life cycles
of toxic species in the laboratory and in the field
e The investigation of the behaviour of HAB in natural waters or at least in more in-situ like
cultures.
The sediment stock of cysts provides a record of species that have occurred in the area. One issue that
is of concern is whether toxic events are increasing in frequency. In suitable sites (with little
bioturbation) long term changes in the populations of toxic species could be investigated. This has
been done for Gymnodinium catenatum (Dale et al. 1993). By sampling strategic sites throughout
Europe a baseline could be established in order to determine trends in event occurrence in future years.
Research should address:
o The investigation of changes in cyst-forming species in recent sediments as indicators of change
in bloom frequency.
e The establishment of a European baseline of strategic sites for the monitoring of cyst stocks in
order to follow potential future change of bloom frequency.

2.3 Community interactions

2.3.1 Current knowledge

The growth of HAB species takes place within the pelagic community composed of a large number of
other organisms interacting in many ways. The success of the HAB species will not only depend on
growth, but also on the results of these interactions with other organisms in the plankton community,
such as competition for resources, chemical conditioning of the water by previous organisms,
predation or diseases. In order for the HAB species to be successful, its growth rate must exceed the
sum of all of the loss processes. Many HAB species do not have especially high growth rates
compared to other phytoplankton species. Their success seems instead to be based on survival
strategies, such as swimming behaviour, resting stage production, release of allelopathic substances
and grazing resistance.

2.3.2 Gaps in knowledge

Factors affecting phytoplankton growth are light and nutrients, for which there is competition among
members of the community. For a few toxic species the nutrient uptake rates and general
requirements are known under laboratory conditions, however, there is very little information on the
performance of toxic species under natural conditions in the presence of other species.



TOXINS ACCUMULATING IN THE FOOD WEB 19

It has been noted that some phytoplankton species produce compounds that are detrimental to their
competitors (allelopathy), again this potential is only known for a few of these species and has not
been investigated for most.

There are a variety of mechanisms for reducing the numbers of toxic cells, of which grazing is
probably the most important in the early part of bloom dynamics. We have some evidence for toxic
species that they have adaptations to avoid being grazed. For example Alexandrium species may be
bioluminescent, which leads to a reduction in grazing rates. We also know that some species
(Alexandrium spp., Dinophysis spp.) are poor food for predators, either because of their toxin content
or because of their poor nutritional qualities. However, for many of these species we are not certain
even what organisms are capable of feeding on them so much remains to be investigated in this area.

Fig. 10. A cell of the DSP producing dinoflagellate Dinoplysis acuta (70 pm length) (A) and
two PSP toxin producing species: Gymnodinium catenatum (cell diameter: 40 pm) (B) and
Alexandrium tamarense (diameter: 30 pm) (C), and (D): A. tamarense cyst (length: 60 pm).
Photos: (A, C) Christina Esplund-Linquist and Edna Granéli, (B) courtesy of M. Teresa Moita,
(D) courtesy of Yasuwo Fukuyo.

Changes in higher trophic levels, such as over exploitation of piscivorous (fish eating) fishes, will lead
to an increase of zooplankton-eating fish and consequently a higher predation pressure on the
zooplankton, which are consuming the phytoplankton. If this results in a significant reduction or the
zooplankton stock, the grazing pressure on phytoplankton will be relaxed. Thus, changes in higher
trophic levels can lead to a release of phytoplankton (among them HAB species), from zooplankton
grazing.

In the later stages of a phytoplankton bloom, two phenomena have been noted that can be important in
reducing species numbers, often in a dramatic fashion. These are parasites and bacterial or viral
infections. Like other phytoplankton, HAB species can have species-specific parasites or viruses that
can be an important factor responsible for the termination of HAB. There is very little information
available on these phenomena.

Most of the field studies on HAB species have focused on the toxic species and very little information
has been gathered on the other components of the plankton community at the same time. The
consequence is that there is hardly any information available on how the HAB species interact with the
rest of the community under natural conditions.
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2.3.3 Research needs and justification

To better understand and forecast bloom dynamics, research needs to focus on:
¢ Field and mesocosm studies including all components of the plankton community (from viruses
and bacteria to zooplankton and fish) in order to place HAB in their community context
e Experimental work into specific interactions between HAB species and their predators,
parasites, viruses and phytoplankton competitors in order to understand the most important
factors involved in the respective HAB species success in forming blooms and the processes
behind the termination of blooms.

2.4 Physical and chemical conditions leading to HAB formation.

2.4.1 Current knowledge

The characteristics of the organisms and their interactions within the community are fundamental to
determining whether or not they grow. However, all of these processes are set in the context of a
wider, hydrodynamic picture. Microalgae (whether toxic or not) are governed by the water body in
which they are contained. The nature and history of that water body and its movements are a crucial
key to unlocking the puzzles of HAB formation.

2.4.2 Gaps in knowledge

There is a broad understanding of the biological and physical processes that govern HAB. However,
the interaction of the biology, physics and chemistry as it affects microalgae occurs over a wide range
of scales. From the movement of a water body containing a HAB from offshore to inshore to the
microturbulence that prevents cells from dividing successfully. Our understanding of the detailed
interactions of these various scales is poor, especially with regard to the selection of a particular
species (possibly a toxic one) over others. Much of our understanding has been derived from field
sampling programmes that have employed bulk measures of phytoplankton (for example chlorophyll)
and their activity (for example oxygen). It is clear that these will never tell the whole story and in
particular can never address the question of why one species instead of another, which is fundamental
to our understanding of HAB. To answer this question and generate realistic data to assist in
modelling, field programmes and mesocosm experiments need to be able to undertake detailed
sampling over large and small scales. At present this generates numbers of samples which are
unrealistic for analysis by conventional means.

2.4.3 Research needs and justification
To improve our understanding of HAB and to allow development of realistic models to allow
forecasting of such events, research programmes are required to address:

» The development of continuous methods for identification of planktonic organisms

e The definition of small scale processes and their effects on different HAB species

e The initiation, growth and termination of HAB over wide scales

2.5 Aquaculture, fisheries and human health.
2.5.1 Risk Assessment

2.5.1.1 Current Knowledge

Toxic groups such as ASP, PSP and DSP accumulate in a range of shellfish and adversely effect a
variety of organisms including humans. Examples of the latter include food poisoning outbreaks in a
number of European countries. Organisms as diverse as copepods, birds and whales may also be
affected. Therefore these toxins influence public safety, fisheries, wild life and aquaculture. The
effects of toxic HAB on aquaculture and fisheries is primarily economic in terms of availability of
stocks, the feasibility of marketing the produce and in maintaining the local economy. Risk
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assessment, which leads to risk management, can lead to improved protection and utilisation of
resources by both industry and regulators. An example of risk assessment in terms of consequences to
human health include assessing the following; the likelihood of human exposure, routes of exposure,
extent and frequency of exposure, chronic and acute effects, and avoidance of exposure.

2.5.1.2 Gaps in knowledge

In the field of HAB risk assessment has been carried out for determining safe levels of microcystins in
drinking water but it has not been effectively applied to other HAB toxins. There may be sufficient
information to carry out risk assessment for some toxic compounds, for example those involved in
PSP, but this information has not been assessed and applied. Unfortunately there are several toxin
groups where the information required doing a risk assessment is not available.

2.5.1.3 Research needs and justification
Several research issues need to be addressed:

Human Health.
A detailed review on toxicological data available for established toxins must be compiled in order to

summarise knowledge on hazard characteristics, exposure levels, adverse health effects and to assess
if current information is good enough to develop risk assessment programmes. Gaps in knowledge
must be summarised and research programmes designed to provide the information required. Detailed
investigation of the toxicology, including chronic and acute effects of new compounds and toxin
groups where information is insufficient to allow risk assessment.

e Research programmes to support efforts to find the causative organisms of new toxins and
assess their frequency of distribution within member states.

e Support for a social research programme to improve public information and avoid media
misrepresentation.

Agquaculture.

e Investigations into the survival of different life stages of causative organisms of toxic HAB in
shellfish in order to define criteria for stock transfer;

o Development of methodology to assess the risk of toxic HAB in the selection of new
aquaculture sites this could include the development of cyst survey methods and applications in
the context of estimating the potential risk of toxic species in a new site.

e Evaluation of the economic cost of harvesting closures due to HAB toxins in relation to industry
value and national monitoring programmes.

Fisheries
e Develop risk assessment strategies and methodologies to ensure the safety of products from

wild fisheries;
¢ Investigate programmes to determine if toxic HAB pose a threat to commercial fisheries by

adversely effecting fish larvae.
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Syndrome Type of toxin Abbreviation Marine organisms affected
Paralytic Shellfish Saxitoxin, Neosaxitoxin [STX Mussels, clams, sea scallops,
Poisoning (PSP) Gonyautoxin-1 bis 4 NEO oysters, gastropods, lobsters

N-Sulfocarbamoy- GTX 1to4 crabs, herring, mackerel
Itoxins B1+2,Cl1to C4 salmon, menhaden, sandlance
Decarbamoyl-toxins e.g., dcSTX, whales, sea birds, squid,
dcNEO zooplankton and other
benthic invertebrates like
sponges
Diarrhoeic Shellfish Okadaic acid, OA Mussels, mackerel, finfish
Poisoning (DSP) Dinophysis toxins DTX-1to3
Amnesic Shelifish Domoic acid DA Mussels, anchovies, sea
Poisoning (ASP) birds, scallops
Neurotoxic Shellfish Brevetoxins A PbTx-1,7,10 Scallops, clams, oysters,
Poisoning (NSP) Brevetoxins B PbTx-2,3,5,6,8,9 Itunicates, sea turtles, dolphins
Cyanobacterial toxins Neurotoxins: Anatoxin,
Hepatoxins:
? so far unknown toxins  |Microcystins Nodularin

Table 2. Toxins and affected marine organisms.
2.5.2 Quality control and quality assurance

2.5.2.1&2 Current Knowledge and gaps in knowledge

Quality control of products requires that they meet set standards, which in the case of HAB toxins are
defined in Council directive 91/492. However, inconsistencies in these standards exist, particularly in
the definition of compounds belonging to some of the toxin groups e.g., DSP. This makes the
establishment of quality control criteria difficult. Related to quality control is the issue of quality
assurance i.e., defining the quality of the data generated. This incorporates processes that range from
sampling design to sample analysis. Quality assurance programmes are currently in operation
throughout the EC for the measurement of trace metals in fish/sediment e.g., the QUASIEME
programme. This was initially established using EU funding and led to the stage where participant
laboratories regularly analyse contaminated samples, prepared by the central laboratory and their
performance is evaluated. Similar systems have not been applied in relation to toxic HAB. However,
the basis of such a programme for shellfish toxicity testing could be established as the result of a
recent BCR programme. This programme produced shellfish material contaminated with two of the
PSP toxins. Knowledge gained in this project could provide the basis of a research programme, which
develops processes to allow the preparation of the range of material required to run such a programme
as QUASIEME. However, such a programme would also have to incorporate initial research on the
effects of differences in sampling criteria, frequency, storage and storage conditions of samples.
Similar programmes for phytoplankton analysis would require initial research into similar criteria to
that described for shellfish.

2.5.2.3 Research needs and justification

» Implement research to investigate effects of changing sampling criteria, frequency, storage and
transport conditions on toxicity and phytoplankton measurements.

e Implement research to allow the development of a programme analogous to QUASIEME to
establish and evaluate quality assurance in toxicity testing and the detection of toxic HAB
species in both research and monitoring,

¢ Evaluate the toxicological of compounds and establish quality control criteria.

This research will assist in the provision of effective quality control and assurance must be addressed
in order to provide the accuracy, precision of data generated between European countries and effective
protection of public health, fisheries and aquaculture.
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2.5.3 Fate and effect of toxins in marine organisms

2.53.3.1&2 Current knowledge and gaps in knowledge

HAB cells are food for herbivorous marine organisms. The endotoxins of the microalgae are ingested
and accumulated in the grazers, sometimes affecting them negatively, but sometimes the grazers
appear unaffected by the presence of toxins and will thereby act as a vector transferring toxins to other
components of the food web.

In the first case, zooplankton behavioural changes and even lethal effects have been observed when
copepods have been feeding on, for example, Alexandrium and Dinophysis species. The effects of
HAB toxins on other grazing organisms, such as plankton-eating fish and shellfish larvae are,
however, almost totally unknown. Not only are acute lethal effects on different organisms to be
expected, but also sublethal effects, which might affect processes, such as reproductive success.

In the case of transferring of toxins, the most well known example (and probably the one with most
economical impact) is the accumulation of toxins in molluscs (mussels and oysters) and the
concomitant effects on humans who consume them. However, there is evidence that toxin transfer to
humans can also occur via the ingestion of other marine animals such as fish, crabs and lobsters.
Besides the lethal effects of the toxins on humans, lethal effects have also been observed on other
mammals, such as whales, domestic animals and birds (Anderson 1994).

The extent of accumulation, metabolism and depuration of HAB toxins once ingested is known to
various degrees depending on the accumulating species. For instance, little is known about
accumulation of toxins in zooplankton and fish, but more is known about the accumulation of different
toxins in shellfish.

Filter feeding bivalves and gastropods molluscs concentrate HAB toxins to different extents and for
different periods depending on the species, which means that data from one species may not
necessarily be extrapolated to another. The reason for this variability is largely unknown, however,
the level of toxicity could depend on several factors: toxin content of the HAB species ingested, the
proportion of toxic cells represented in the total food available for the animal, environmental
conditions and intrinsic factors. One of the most studied toxin groups are the paralytic shellfish toxins
where uptake and detoxification experiments have been undertaken and in some instances models of
toxin kinetics proposed. However, these studies relate to a limited number of species and little is
known about the enzymatic mechanisms involved in the metabolism and detoxification processes.
Even less is known about the mechanisms for the other two main groups of toxins (ASP and DSP
toxins). Understanding of the processes is essential in our quest to develop management systems for
contaminated shellfish.

2.5.3.3 Research needs and justification

e Research on toxin accumulation, detoxification and biotransformation rates in exploited
shellfish species.

e Development of commercial systems for the cleansing of shellfish once contaminated with
toxin.

e Development of accurate, rapid and user friendly methods for toxin analysis in shellfish to be
performed at aquaculture sites.

e Determination of the enzymatic processes involved in the metabolism and elimination of HAB
toxins, particularly for those commercially important species where detoxification is extremely
slow (for example scallops).
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2.5 Benefits

Furthering our understanding of the seasonal, interannual and geographic variations in toxic events;
the variability of toxin production, acquisition and persistence in organisms and their potential for
detoxification will lead to:

Improved health protection of shellfish consumers

Rational planning of shellfish collection and marketing

Scientifically based assessment for aquaculture site selection

Innovation in traditional marketing practices (e.g., removing organs with unsafe levels of toxins,
industrial processing and treatment of moderately toxic seafood to obtain toxin free products
with good organoleptic properties.

Modification of existing legislation on toxicity criteria of seafood products according to new
results of toxicological studies

Harmonisation and standardisation of ongoing monitoring programmes will lead to better
exploitation of available data at a European scale

Design of more cost-effective monitoring programmes applying more automated techniques for
cell identification and toxin detection

Sound and basic information to provide key points for consideration in future environmental
impact evaluation of coastal modifications
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3. FISH KILLING SPECIES

3.1 Introduction

Several HAB species are non-toxic to humans, but may harm natural ecosystems and kill farmed fish
with serious economical consequences for the aquaculture industry. The species causing fish kills are
not a uniform group, but include members from different algal classes. The dinoflagellates
Gymmnodinium mikimotoi, G. corsicum and G. galatheanum, members of the haptophyte genera
Chrysochromulina and Prymnesium (Edvardsen and Paasche 1998), the raphidophyte Chattonella
spp., Fibrocapsa japonica and Heterosigma akashiwo, H. inlandica, the silicoflagellate Dictyocha
speculum, and finally the diatoms Chaetoceros convolutus and C. calcitrans all form fish killing algal
blooms in European marine waters. Gymnodinium mikimotoi was first recorded in European waters in
1966 and has since then formed recurrent blooms from the Spanish Atlantic border in the south to
western Norway in the north, causing death to about 3000 tons of farmed fish and about 900 tons of
mussels (Moestrup 1994). The first recorded toxic bloom of a Chrysochromulina species occurred in
1988 (Dahl et al. 1988), when C. polylepis formed an extensive bloom in Skagerrak and Kattegat. The
bloom caused death of a wide range of marine organisms in addition to 900 tons of farmed fish. In
1991 Chrysochromulina leadbeateri killed 600 tons of farmed salmonids in Lofoten in Northern
Norway. Chrysochromulina-blooms with minor fish-kills have occurred in northern Europe as well.
Prymnesium spp. has recurred yearly since 1989 in a fjord system in western Norway where it has
killed about 1500 tons of farmed fish. The raphidophytes Chattonella spp. and F. japonica were
recorded in Europe in 1991. The first fish kills due to this newly found species were recorded in 1998,
where a large bloom of Chatonella aff. verruculosa caused extensive fish kills in the North Sea -
Skagerrak area. Heterosigma akashiwo killed fish off the Brittany coast in 1994, and farmed fish off
the south coast of Portugal in 1997.

Aim: To develop a better understanding of HAB responsible for fish kills in order to limit their
impacts, and to seek commonalties within these species to establish possible functional groupings.

3.2 The organism

3.2.1 Current knowledge

3.2.1.1 Taxonomy

Is crucial to know the precise taxonomic identity of the causative organism of a harmful bloom in
order to apply knowledge from previous similar blooms to the species at hand. The majority of the 50
Chrysochromulina species that are described occur in European waters (Green and Leadbeater 1994),
and many more species await description. Blooms of Chattonella species have been recurrent in
European waters since 1991. These species differ morphologically from those that regularly form toxic
blooms in Japan. Most of the ichthyotoxic (fish-killing) species are difficult to preserve and to
identify.

3.2.1.2  Life history

Knowledge on the life history for these fish-killing species is fragmentary. Sexual reproduction has
been demonstrated in some dinoflagellates, raphidophytes and haptophytes, but appear to have been
lost in other species within the same groups. Some species of Chrysochromulina and Prymnesium
produce both haploid and diploid cells, suggesting that they have a sexual haplo-diploid life cycle
(Edvardsen and Paasche 1998). Chattonella marina and C. antiqua from Japan can reproduce sexually
and produce cysts that may seed the next bloom. The life cycle of the raphidophytes in Europe have,
however, not been studied. The life history in the ichthyotoxic dinoflagellates (G. mikitomoi) is
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practically unknown. Information on the role of the alternate phases in the life cycle of these species is
crucial in order to understand and predict the bloom development.

sy

Fig. 11. Cells of fish killing microalgae: left panel: Chrysochromulina polylepis (diameter:
8um), middle panel: Gymnodinium mikimotoi (diameter: 20 pm), and right panel: Prymnesium
parvum (diameter: 8 pm). Photos Christina Esplund-Lindquist and Edna Granéli.

3.2.1.3  Behavioural strategies and physiology

Fish-killing species are photosynthetic. Growth rate in response to environmental factors such as
salinity, temperature and light have been examined for some of these species. Many (e.g., Chattonella
spp., C. polylepis and P. parvum/patelliferum) appear to be eurythermal and euryhaline, adapted to
variable conditions, typical for coastal water. The growth requirements for trace metals have been
studied for some of the species. The Raphidophytes appear to have a strong demand for iron, whereas
the growth of C. polylepis is promoted by additions of selenium and cobalt, and the growth of G.
mikimotoi is similarly promoted by additions of selenium. A number of fish Kkillers, like
Chrysochromulina spp., Prymnesium spp. and Gymnodinium galatheanum are able to feed on bacteria
and other protists i.e. they are mixotrophic. This mode of nutrition may be an advantage forcompeting
other phytoplankton species.

All the fish killing species are flagellates with the ability to swim and many species show phototactic
behaviour. Vertical migration (e.g., Chattonella spp., Gymnodinium mikimotoi, tropism), attachment
of cells to surfaces such as macroalgae (e.g., Prymnesium) are additional behaviour strategies that
have been demonstrated in some species. These features may be of advantage in the competition for
substrates e.g., in stratified waters with low nutrient concentrations above the pycnocline and high
below.

3.2.1.4 Toxins and toxicity

Ichtyotoxic species produce toxins that can be exudated from the cell into the surrounding water. In
some cases, toxins produced by organisms e.g., Gymnodinium spp., Prymnesium increase the cell
membrane permeability and disturb ion balance in cells of a wide range of organisms (e.g., fish, other
algae). These toxins are very labile and they do not appear to accumulate in the food chain. The
chemical structure of toxins in Prymnesium parvum, and Gymnodinium mikimotoi have been
examined to a limited extent (Yasumoto et al. 1990). The character of toxins in other species, such as
in raphidophytes and Chrysochromulina polylepis is practically unknown.

3.2.1.5  Dynamics of toxin production

Growth conditions influence toxin production in many algae. The toxicity can be promoted by nutrient
limitation (e.g., Chrysochromulina and Prymnesium). The high toxicity sometimes observed in nature
has been difficult to reproduce in the laboratory. Unknown factors may influence toxin production of
these species in nature.
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3.2.2

Research requirements

e Rapid and accurate methods to identify and enumerate fish killing species in nature. Further
information on ultrastructure, morphology and genetics of these species is needed in order to
improve their identification and understand their phylogenetic affinities.

e Determination of the role played by alternate phases of the life cycle. To what extent do cysts or
benthic stages occur? Which environmental factors are involved in the shift from one cell type
to the other? What is the role of the different life cycle stages in the bloom formation of these

algae?

e To what extent are growth requirements met by natural concentrations of nutrients and
tracemetals such as iron, selenium and cobalt etc for fish killing species? To what extent can
their behaviour strategy be to an advantage in the competition for nutrients?

e There is a need to identify the toxins in fish killing species, examine the biosynthetic pathways
and their mode of action. What causes the variability of toxin cell content?

Type of toxin

Effects

Species

Symptoms

irritating substances
(unknown)

physical damage of the
gills, inhibiting oxygen
uptake .

Chaetoceros concavicornis
Ceratium fusus
Gymnodinium mikitomoi
(= G. nagakiense)
Gyrodinium aureolum
Noctiluca scintillans
Chrysochromulina leadbeateri,
C. polylepis

Phaeocystis pouchetii
Chatonella antiqua

C. marina

abrasion of the gills
epidermis, clogging
of the gills by excess
mucous produced in
response to irritating
substances, stripping
of the protective
mucous layers

harmful chemicals,

physiological damage to

Chrysochromulina leadbeateri

malfunction of the

neurotoxins, hemolytic or | gills, major organs, C. polylepis brain and heart due to
blood agglutinating intestine, respiratory or Prymnesium parvum blood hypoxia, tissue
substances (unknown) circulatory systems, Prymnesium patelliferum and blood cell decay,
interfere with Chatonella antiqua fish death
osmoregulation. C. marina
unknown acute toxicity Heterosigma carterae fish death
(= H. akashiwo)
unknown acute toxicity C. polylepis fish, phytoplankton,

copepods, see-stars
death

Table 3. Toxins involved in fish kills and their symptoms.
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Community interactions

Blooms of fish killing species are a result of complex interactions between the organisms in planktonic
community, such as bacteria, other algae, zooplankton (see Fig. 12).

3.3.1

3311

Current knowledge

Competition for substrates

Fish killing alga species will compete with other algae and bacteria for inorganic and organic
substrates. Work with multi-species cultures in the laboratory suggest that Chrysochromulina polylepis
grows fast relative to others when the nitrogen sources is NH," or humic acids are under limiting
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conditions. Also C. polylepis thrives well under phosphorus limitation. To what extent these abilities
are a general feature for fish killing species is not known. Apart from using dissolved nutrients, some
of the fish killing species (Chrysochromulina polylepis, Prymnesium spp., Gymnodinium
galatheanum) have been shown to feed on bacteria and other protists, i.e. they are mixotrophic. This
may be the reason why C. polylepis grows well under P-limiting conditions. The role played by
mixotrophy in bloom formation and persistence is unknown.

3.3.1.2  Allelopathy

Toxins produced by fish killing algae can affect their competitors like other algae and bacteria (termed
allelopathy). This has been shown for the prymnesiophytes Chrysochromulina polylepis and
Prymnesium parvum and for the dinoflagellate Gymnodinium mikimotoi. We know very little about the
allelopathic effects of these algae. It is to be expected that allelopathic effects will depend upon the
cell concentration and the cell toxin content of the toxic algae. The cell toxin content can be quite
variable, depending on ratios of inorganic limiting nutrients; it depends also on the phase of growth
(see above). Thus, fish killing algae will affect other algal species only under certain circumstances.
There is a clear need to study these allelopathic interactions in much more detail in order to determine
its potential role in bloom dynamics in nature.

3.3.2 Grazing

Potential predators of fish killing algal species include a variety of different protist groups (flagellates
and ciliates) and metazooplankton. Fish Kkilling species like Gymnodinium mikimotoi and
Chrysochromulina polylepis have been shown to be a poor food for most predators (copepods and
protistan grazers) when supplied as the only food source. At high cell concentrations, the predators
mortality rate generally increase due to exudation of toxic substances. Experiments with mixed
assemblages of fish killing algae and other non-toxic species have shown that the fish killing species
actually can be a good food source for the zooplankton. The experiments also indicated that the
predators could not avoid ingestion of toxic species. To what extent this is a general feature is
unknown.

In one case a fish killing algal species has been shown to be a good food source for a specialised
predator. That was in the case of the heliozoan Heterophrys marina, which is able to sustain growth
when fed Chrysochromulina polylepis in monoculture in low algal concentrations (Tobiesen 1991).
However, when supplied with dense suspensions of C. polylepis, this predator was killed by exudates
excreted by the alga to the medium.

333 Infections

Viruses and pathogenic bacteria that lyse prymnesiophytes and raphidophytes have only been
described recently. A number of studies have shown that the mortality of algae due to such pathogens
is host-specific. In one case, the crash of a natural bloom of the raphidophyte Heterosigma akashiwo
was reported to be due to a virus. Apart from virus also some algicidal bacteria have been found that
lyse the raphidophytes Chattonella antiqua and Heterosigma akashiwo and the dinoflagellate
Gymnodium mikimotoi. Two types of algacidal bacteria have been found. The first type excretes
compounds into the water that kill the algae. The second type does not excrete such compounds into
the water, but attacks the algal cells directly. Although parasitic protists are known to parasitise algae,
no studies exist that have described parasites of fish killing species. Thus, identifying the various
pathogens of fish killing species is a major challenge for future research. Also, we need to study the
role of pathogens in the termination of fish killing blooms.
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Fig. 12. Food web interactions including fish killing phytoplankton species.
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3.3.4 Research requirements
e To what extent do external nutrient sources and their elemental composition favour blooms of
fish killing species? Does mixotrophy play a role?
e What is the role played by toxins in determining in bloom dynamics?
e What role does specific grazers and pathogens play in the various stages of the blooms?
¢ Identify functional similarities among fish killing algae that will allow generalisations that can
be used for modelling of bloom development.

3.4 Physical and chemical factors leading to the developments of HAB

An estimation of the effects of chemiical and physical control variables on the development of a
harmful event requires the integration of the knowledge on the species into realistic models of coastal

circulation.

3.4.3 Current knowledge

3.4.3.1  Physics interact with biology at different scales.

At mesoscale, a population is transported, may be retained into confinement zones (small-scale eddies)
and may grow at different rates depending on residency times of water. These processes are crucial in
determining blooms events: they can be simulated through local hydrodynamical models, using real
(and not averaged) meteorological time-series coupled with simple phytoplankton models.

Most of these HAB species have the ability to move vertically +/- 10 meters per day. They can either
migrate according to a dial periodicity or, in stratified water columns, be confined into thin-layers
embedded into the pycnocline (Gentien 1998). The causes leading to this situation are unknown.
However, it appears that migration provides an advantage over other species, allowing uptake at night
of nutrients in deeper water and use of the internal pools in the light at surface during the day.
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Restriction of the population into pycnocline thin-layers may provide an advantage in confining
dynamically the population, or in providing the best compromise for the species in terms of nutrition,
environmental conditions and, possibly, growth factors. Understanding of the formation and
maintenance of these thin-layers will provide the best compromise for defining growth of the
population, such definitions being required for a correct formulation of a population dynamics model.
Algal cells are affected by direct mechanical strain on their membranes due to dissipation of small-
scale turbulence in the viscous range and due to collisions with other particles. It has been
demonstrated that some species can be arrested in their cell cycle due to turbulence with a negative
effect on the growth rate. When two cells collide, they may remain together and present a higher
sedimentation rate. This process leads to an increased mortality rate. These processes are very
important when considering population dynamics because growth and mortality are the prominent
processes to be considered in this context. However, it is not possible to extrapolate from the results
obtained on few species to the entire range of fish-killing species.

Mixotrophy (i.e., the ability for a cell to meet its nutritional requirements using various substrates) has
been recently documented for only few species (Jones et al. 1993). Simulations based solely on
inorganic nutrients nutrition are invalid in the case of mixotrophic species.

In order to determine to what extent, substrate may control the population development of a given
HAB species, it is necessary to know what are its nutritional preferences, which may be depend on the
cell history and environment. Shifting from one to another substrate implies changes in biochemical
pathways (e.g., enzymatic induction, requirement for another enzymatic cofactor, etc.) which need to
be documented for each species of interest. The use of this recently acquired knowledge into
simulations of population dynamics scenarios requires mathematical formulation of preferences and
adaptations to different substrates. This is only possible through extensive experimental work.

344 Research requirements
e Develop experimental procedures for studying the effect of small-scale turbulence on HAB
growth and mortality rates
Determine factors leading to the establishment and maintenance of thin-layers
Encourage the development of coupled physical-biological 3D-realistic model
Quantify, formulate and parameterise the processes related to mixotrophic ability.

35 Research Benefits
The understanding of the control of HAB by forcing should allow:
* to develop an understanding of the population dynamics by simulation of essential processes
(e.g., growth, mortality, behaviour, etc.),
to establish an operational model of HAB by successive approaches of increasing complexity,
to estimate the relative influence of various human activities on the development or on the
occurrence of HAB.
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4. High-Biomass HAB (HB-HAB)

4.1 Introduction: problems and occurrences in Europe

High-biomass HAB are massive nearly-monospecific algal blooms that, although non-toxic, induce
adverse effects on the marine ecosystem: foam accumulations, anoxia with associated mass mortality
of benthic macrofauna, reduced yields of harvestable marine resources, and loss of the recreational
value of coastal regions (Smayda 1997). There is mounting evidence that at least some of these
negative impacts are the visible manifestations of disruptions of the marine food web due to the
eutrophication-induced unbalance between biomass production and consumption by the higher trophic
levels. Non-silicified phytoplankton generally dominates these blooms, although some diatom-HB-
HAB have also been reported. HB-HAB occur in nearshore coastal waters, and are induced by

quantitative and qualitative changes in nutrients (N:P:Si but also the balance between organic nutrient
and inorganic nutrient) driven by natural variability and/or anthropogenic activities. Some of HB-HAB
like the well-known colonial haptophyte Phaeocystis sp. are recurrently blooming in the Barents Sea,

Norwegian fjords, and in the continental coastal waters of the North Sea (Lancelot et al. 1987). In the
latter eutrophicated area, Phaeocystis colonies are recurrently succeeding the spring diatoms and are
sustained by nitrate remaining after the decline in diatoms. The most visible harmful effect of
Phaeocystis-HAB is the deposition of thick layers of odorous foam on the beaches bordering the North
Sea (Fig. 13). Other HB-HAB, like the mucilage-producing phytoplankton of the Adriatic Sea or the

summer bloom events in the northwestern Black Sea are more episodic. Although the link between

cultural eutrophication and HB-HAB has still to be assessed, records of bloom occurrence in the north-
western Black Sea show a decrease of bloom events correlating with the reduced usage of fertilisers in
agriculture caused by the economic pressure faced by many of the countries around the Black Sea
since 1991. Visible positive signs of ecosystem recovery accompany this decrease in bloom events.

Fig. 13. Two examples of HB HAB. HB-HAB have a negative impact on recreational activities
by producing mucilage or odorous foam in the water and on the beaches. Phaeocystis mucilages
are also affecting aquaculture by clogging the gills of shellfish. Their impact on fisheries is mostly
indirect by clogging the fishermen’s nets. Accumulation of Phaeocystis mucus on a Netherlands
beach in June 1986 (left panel) Photo: M.Veldhuis. AMBIO, 1987: 16(1). (Authorised publication
by courtesy of Elisabeth Kessler, Editor-in-chief) And a colour enhanced satellite photograph of
an algal bloom in the Adriatic in the summer of 1989 (right panel). Photo: NASA.
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Considering the high variability of HB-HAB events and their nuisances, we need to develop a
common integrated environmental methodology combining monitoring, process-level and modelling
studies to assess, compare and predict HB-HAB bloom events within European marine waters in
response to natural and anthropogenic forcing.

4.2 Causative organisms

4.2.1 Current knowledge

There are some recurrent well-documented HB-HAB species such as Phaeocystis sp. in northern
European waters, and episodic HB-HAB species from a wide range of taxa. Most of the episodic HB-
HAB species are dinoflagellates but also some diatom species and cyanobacteria might cause HB-
HAB (Smayda 1997).

The taxonomic position of most of the HB-HAB species is known. There are considerable problems
associated with the molecular diversity of different species. It is also unclear whether there is
exchange of genetic information between different HB-HAB species occurring along the European
coastline. The molecular diversity of some species is remarkably low between geographically isolated
populations whereas for other species, a high genetic variability is established even within one
population.

Probably the best-studied HB-HAB species in European waters is Phaeocystis (Lancelot et al. 1987);
information from other species of interest is scarcer. Most of the HB-HAB species are permanent
residents in marine waters occurring, however, at low abundance for most of the time with outbursts
under specific conditions reaching high biomass within a short period of time. It is known that marine
sediments are the seeding grounds for the water column and that a number of planktonic organisms are
producing resting spores.

Little is known about the mechanisms responsible for the successful inception and development of
HB-HAB. There is information available on the competition of some phytoplankton species in relation
to the overall nutrient availability and the ratio between different nutrient species (Riegman et al.
1990). Diatoms, for instance, appear to be better competitors than non-siliceous phytoplankters if all
nutrients (N:P:Si) are stoichiometrically well balanced. Non-silicified HAB species are sustained by
nitrogen and phosphorus sources, but generally do not seem to have a competitive advantage over
diatoms as long as silicate is available. Phaeocystis sp. develops mucilaginous colonies when nitrate is
the dominant nitrogen source (Lancelot 1995). Other HAB species have developed mixotrophy, which
combines the autotrophic and heterotrophic mode in order to fulfil their energy and nutrient
requirements (Granéli et al. 1997).

One type of major harmful events linked to HB-HAB are those resulting from the production of
mucilaginous polysaccharides, either directly like the polysaccharide-producing phytoplankton of the
Adriatic Sea (Herndl 1992), or indirectly after disruption of ungrazed Phaeocystis colonies (Lancelot
1995). Both produce large amounts of polysaccharides, which subsequently accumulate in the
environment with related nuisances (visible nuisance to people, clogging of fish gills, anoxia, etc.).
Some observations suggest that the mucilage production is related to an unbalanced availability of
nitrogen and phosphorus (Herndl 1992).

4.2.2 Gaps in knowledge

¢ The diversity of the phytoplankton species under different environmental conditions and in
different areas sensitive to HB-HAB is still poorly understood. Especially the link in diversity
between these sensitive areas and the adjacent areas needs to be investigated

* Generally, the molecular diversity within a given population of HB-HAB and between different,
occasionally geographically more separated populations has not been thoroughly studied. The
role of horizontal gene transfer is an important issue, however, because it determines the genetic
plasticity of the species of interest.

e Only limited information is available on the role of resting cells in the formation of
phytoplankton blooms and on the development of HB-HAB in particular. The role of the
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sediment as a seeding reservoir for the water column deserves more attention. Only recently, the
appropriate molecular tools became available to determine the resting spores on a species level.
The abundance and survival conditions of these resting stages need to be known. The
importance of ballast water from cargo ships for introducing new species, or increasing blooms
needs to be determined. Generally, the life history of the HB-HAB species is only poorly
known, with the possible exception of Phaeocystis sp.

e There is detailed enough information available from lab studies for only a rather limited number
of potential HB-HAB species to allow characterisation of these species as opportunistic or
overspecialised. Detailed studies are needed for a larger set of potential HB-HAB species to
determine whether one of the above-mentioned strategies prevails.

e The mechanisms leading to the excessive formation of polysaccharides are not well understood
despite progress made in recent years. It is essentially unknown whether rapid shifts from
oligotrophic to eutrophic conditions or vice versa, or shifts in the nutrient ratios trigger the
polysaccharide production and release by HB-HAB species.

4.2.3 Research needs and justification

e Long-term data on the population dynamics should be re-evaluated and information from
different long-term data sets compiled in order to identify common trends between sites
sensitive to HB-HAB. Monitoring programs should be continued and exchange of information
between European countries re-enforced. Long-term data sets are essential for the identification
of common trends in areas sensitive to HB-HAB. Efforts to establish and continue long-term
data sets are therefore necessary.

e Cultures of HB-HAB should be established and provide the basis for studying the organisms of
interest. The genetic variability within and among different populations should be determined.
The establishment of a culture collection is the basis for concerted scientific research on HB-
HAB. Organisms of interest should be sent to a central culture collection site. The determination
of the genetic variability of individual cells within a given population and between different
populations is essential if monitoring and control of HB-HAB species by molecular tools is to
become feasible.

e Research is needed on the abundance and survival characteristics under different conditions of
resting stages of HB-HAB species. The environmental conditions leading to the formation of
resting stages should be determined, and their relation to the survival rate of these resting stages.
Of particular interest is also the grazing pressure (or the absence of it) on the resting stages and
the conditions under which they develop. Ballast water as a source for introduction of new
species, and critical increase of existing seedbeds has to be evaluated. Modern cargo ships carry
vastly greater amounts of ballast water that is more frequently exchanged. This means also
increased transfer of potentially HB-HAB species into areas where either they were not present
before, or they were present in lower amounts. Since this represents a potential hazard to coastal
environments, research is urgently needed in this area.

e The role of coastal sediments as a seeding ground for marine plankton has been suggested for
many years, and promising new methods for identifying some of the species, which produce
particular resting spores, should help in addressing this important question. Knowing the life
strategy and the conditions under which resting spores are formed and remain viable offers the
potential to combat the occurrence of HB-HAB species at least in specific, highly affected areas.

e Detailed studies under defined lab conditions are needed to determine the competitive
capabilities of HB-HAB species compared to their natural competitors. This approach provides
essential information for predictive models.

e One key question is: What makes a HB-HAB species successful? We need to know for each.
HAB species of interest its nutrient stoichiometry and the mechanisms regulating
photosynthesis and nutrient (ammonia, nitrate, phosphate, silicate) uptake rates. We also need to
assess the occurrence of unique nutritional mixotrophic strategies combining autotrophic /
osmotrophic / heterotrophy.
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* Another key question is: What factors are triggering the polysaccharides production and are that
a common property of HB-HAB species? We need to know for each mucilage-producing HB-
HAB species of interest, the radiation and nutrient conditions, which may be involved in
polysaccharide production. The production of polysaccharides by HB-HAB species is one of the
main causes of nuisance in marine environments, and it has diverse effects on the functioning of
marine ecosystems.

4.3 Community interactions

4.3.1 Current knowledge

HB-HAB are characterised by the dominance of mono- to oligospecific blooms of phytoplankton.
Possible selective factors leading to such a development of HB-HAB might include the competition
for inorganic nutrients during the onset of the blooms. The inorganic nutrient load received by
European marine seas has considerably increased over the past decades (Hallegraeff 1993, Wulff et al.
1990). Efforts to reduce the inorganic nutrient load have been successful in certain regions. However,
there are, long-term data sets available showing that the ratio of the major nutrients (nitrogen,
phosphorus, silicate) has changed over the last 25 years, partly as a consequence of efficient reduction
of the phosphorus input (Cadée and Hegeman 1993). Thus, in a number of areas there is a notable shift
from a nitrogen- to a phosphorus-limited system, while in other regions, a decline in the N:P:Si ratio
has been found. There is accumulating evidence that large areas of the European coast, particularly the
Mediterranean Sea, are P-limited. Competition for nutrient species determines the development of
specific populations.

Competition for organic nutrients could also be important. Generally, autotrophic organisms are
considered to take up nutrients in inorganic forms. There is, however, considerable evidence that
phytoplankton (including HAB species) express ectoenzymatic activity to cleave phosphate both from
organic P and N-compounds. The utilisation of dissolved (DOM) and colloidal organic matter (COM)
by phytoplankton has not yet received adequate attention (Carpenter et al. 1995). This nutritional
strategy might be particularly important for HAB species under conditions of unbalanced nitrogen and
phosphorus supply. A considerable number of these species are considered mixotrophic. It has been
shown that mixotrophic flagellates take up colloidal and particulate organic matter.

Developments of HAB can be interpreted as a major disturbance of the traditional food web structure
(Buskey et al. 1997). The biological control mechanisms of HB-HAB species are, at least temporarily
offset. Possible mechanisms causing the inefficient grazing of non-toxic HAB species are:

o The bloom period is short enough to minimise grazing loss to mesozooplankton due to delayed
response in mesozooplankton activity caused by their longer generation time. Especially in
enclosed marine systems with a restricted exchange of water and under low turbulence
conditions, nutrients derived from point-sources (locally restricted) can lead te sporadic blooms
even under overall oligotrophic conditions (such as frequently observed in bays along the
Adriatic coast) (Herndl 1992).

e HB-HAB species might be poorly edible for indigenous mesozooplankton because of
inadequate size; poor food quality or inhibiting compounds stored intracellularly (Buskey et al.
1997). This unpalatibility can be uniformly active or selectively inhibit grazing by specific
zooplankton species, which could lead to alterations in the grazing food web structure.

¢ Increase in the viscosity of the water (by the excessive release of polysaccharides) might affect
the locomotion, sensing and rhapdorial feeding on phytoplankton by mesozoooplankton. This
increase in viscosity is thought to impair the gas exchange across gill surfaces in fish. Although
this has been suggested for some time already, there are only a few measurements on viscosity
alterations of the water column due to intensive blooms.

e Production of infochemicals (allelopathy) might cause reduced or complete inhibition of
mesozooplankton grazing. There are several compounds known from specific phytoplankton
species such as ‘acrylic acid release (in Phaeocystis sp.), or co-metabolites. One might assume
that the production of such compounds might lead to selective advantages of the species
producing them over other phytoplankton species.
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It is known for about a decade now that viruses are an important and dynamic component of
marine food webs. Viruses are abundant in all coastal areas (but are also present offshore)
reaching abundances of 10° ml*. As far as we know now, virus-host systems are species-
specific.

It might well be that the increased production of polysaccharides represents a protective shield
for the HAB species.

A number of HB-HAB produces nuisance material in the form of polysaccharidic substances. This
mucoid material is frequently remarkably resistant to bacterial degradation. It has been shown that
under nutrient-limiting conditions phytoplankton release more than 50 % of the photosynthetically
fixed carbon into the ambient water (Herndl 1992). These polysaccharide fibrils are coagulating under
low-turbulence conditions forming marine snow and, in specific European coastal areas, mucilage
(marine snow aggregates) is formed to which microorganisms adhere. Due to their buoyancy, these
aggregates can remain suspended in the water column for a considerable period of time and eventually
sediment to the bottom covering vast areas of the benthic biota, causing mortality especially among
the filter- and suspension-feeding macrofauna community.

4.3.2 Gaps in knowledge

Knowledge concerning possible large-scale alterations in the inorganic nutrient load of
European marine waters is limited. Existing data sets should be more thoroughly investigated.
In coastal areas with limited water exchange and under low-turbulence conditions, point sources
of nutrients might be important and lead to the development of HB-HAB.

The extent to which mixotrophy occurs in HB-HAB species is also poorly known. It might offer
a selective advantage over exclusively autotrophic species especially under nutrient limited
conditions. Therefore, more systematic investigations are required to determine the selective
role of mixotrophy on the formation of HB- HAB. Moreover, distinction should be made
between the uptake of COM and bacterioplankton. It might well be, that bacterivory is a more
efficient strategy to combat N or P limitation than feeding on colloidal organic matter because
of the higher N and P content of bacteria.

The apparent lack of grazing pressure on HB-HAB by mesozooplankton is obvious although the
exact causes are unknown for most cases and certainly diverse. Moreover, the general
biochemical composition of the HB-HAB species and its relation to zooplankton grazing
pressure and zooplankton development deserves more attention. Viscosity alterations in marine
systems due to the production of polysaccharides by HB-HAB is essentially unknown as is the
role of infochemicals as a means of communication between the potential prey and its predator.
It is an intriguing question why the viruses are not more efficiently controlling the hosts, i.e. the
mono- to oligospecific HB-HAB species. Given the high biomass reached in this type of HAB,
one might assume that the contact rate between viruses and their host species is rather high
which would make the control of these HAB by viruses efficient.

The production of polysaccharides by HB-HAB and its accumulation in the water column
shows large interannual variability. Despite considerable efforts to determine the coagulation
and degradation of this material, a number of intriguing questions still remain to be answered.
There is an urgent need for innovative approaches to determine the chemical characteristics of
the material in the water column and its sedimented counterpart over the time of occurrence in
order to elucidate the reasons for its refractory nature

4.3.3 Research needs and justification

One of the most important unanswered questions is: Why do some specific phytoplankton
species reach high biomass levels, thereby causing harmful effects to the system, while others
do not?

Research is needed to determine the long-term trends in the inorganic nutrient composition
along the European coast and its possible role in the occurrence of HB-HAB. Particularly, the
relation between the diatom vs. non-silicified bloom-species to N, P, and Si availability has to
be investigated more intensively.



36

EUROHAB

The extent to which changes in the nutrient ratios (N:P:Si) affect the phytoplankton species
composition in general and the development of HB-HAB in particular needs to be investigated.
Mixotrophy as a strategy to overcome nutrient-limitation and outcompete potential competitor
species has to be investigated. There, distinctions should be made between feeding on COM and
particulate organic matter (most likely bacteria). Is COM taken up at similar efficiencies as
bacteria and what is the threshold level for feeding on bacteria for different mixotrophic
species?

Inorganic nutrient ratios critically determine the composition of phytoplankton blooms
including HB-HAB. The potential importance of mixotrophy in the development of at least
some HB-HAB has received little attention thus far. Information on threshold levels of food
concentration, and on the role of COM is urgently needed, since there is increasing evidence
that a number of HB-HAB species are mixotrophic.

The selectivity of zooplankton species feeding on HB-HAB needs to be investigated including
determinations on developmental rates of zooplankton species fed with different HB-HAB
species as compared to non-HB-HAB species.

Viscosity alterations of seawater from HB-HAB should be compared with the viscosity under
non-bloom conditions. The influence of viscosity on feeding by micro- and mesozooplankton
should be investigated as this increase in viscosity might alter the food web structure.

While there is knowledge available on the selectivity of zooplankton species feeding on
phytoplankton virtually nothing is known on the viscosity alterations of seawater when HB-
HAB are present. These viscosity alterations, however, might have a tremendous effect on the
microbial food web as well as on the mesozooplankton.

The release of infochemicals by HB-HAB species should be investigated since it might be an
additional mechanism for HB-HAB species to avoid or reduce predation and thereby become
numerically dominant over other indigenous phytoplankton species.

Research should focus on the role of viruses in controlling HB-HAB. Particularly, attention
should be paid to the protective mechanisms of HB-HAB species to inhibit or suppress viral
infection or lysis.

Only recently has the role of viruses in marine systems been addressed. While the general
importance of viruses in the marine environment has been established to soime extent their
interaction with HB-HAB needs to be elucidated. Based on what we know thus far, one would
suggest efficient control of this high biomass due to high encounter rates with viruses. Since this
is obviously not the case counteracting mechanisms are obviously operating.

Why do microorganisms colonising these aggregates not degrade the polysaccharidic material?
Is P- and/or N limitation influencing bacterial degradation rates of this material? Obviously,
these polysaccharide fibrils undergo abiotic modification rendering the material refractory for
microbial degradation. Polysaccharidic material efficiently adsorbs metals and charged
molecules, thereby influencing the hydration stage and consequently the degradability of the
material. Detailed chemical analysis linked with microbiological studies is needed to improve
our knowledge on the factors limiting degradation of this material.

Polysaccharide aggregates and mucilage concentrate on boundary layers such as pycnoclines
and eventually sediment to the bottom occasionally covering large areas. Microbial activity and
the associated oxygen consumption of the sedimented matter covering the bottom cause the
sediment underneath to become anoxic, leading ultimately to higher phosphate release out of the
sediment which, in turn, stimulates production. These sedimentation events might affect also
areas not directly under the influence of HAB due to lateral transport of mucilaginous material.
Thus monitoring of the prevailing current patterns in coastal areas along with the dynamics of
coastal HAB is required as well as information on the factors influencing the degradability of
the material.
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Fig. 14. The eurythermal and euryhaline genus Phaeo'cystis is one of the most widespread
marine haptophytes, with most species sharing the ability to produce nearly monospecific blooms
in many nutrient-rich environments. Its unusual heteromorphic life cycle, which alternates
between gelatinous colonies and different types of free-living cells (vegetative non-motile,
vegetative flagellate and microzoospores), sets it apart from other members of the class (photo
(right panel) courtesy of Veronique Rousseau (left panel), AMBIO, (Authorised publication by
courtesy of Elisabeth Kessler, Editor-in-chief)).

4.4 Prediction of HB-HAB.

4.4.1 Current knowledge

The frequency and extent of HB-HAB events are often correlated to the increasing human pressure on
the marine environment. Human-induced changes are, however, occurring against a background of
natural changes. Adequate prediction and management of HAB require an understanding of these two
causes of ecosystem change. Our present inability to separate human-induced from natural changes
results from the lack of adequate baselines and uncertainty as to whether observed changes are local,
regional or on a broader scale. Adequate spatio-temporal monitoring in combination with
paleoceangraphic studies and the development of coupled hydrodynamical-biological models on
appropriate spatio-temporal and trophic resolution levels are necessary to resolve these deficiencies.
Because historical data on phytoplankton successions are often limited, paleoceanographic analysis of
sediment records using adequate biomarkers is an appropriate tool to assess the historical impact of
nutrient changes on the marine environment. For instance, opal measurements in sediment records
have been of great value to reconstruct fluctuations in diatoms in Lake Ontario back to 1700 and relate
them to human perturbations; and fossil dinoflagellate cysts have proved useful for tracing some
phytoplankton changes resulting from cultural eutrophication (Dale et al. in press), industrial pollution
(Setre et al. 1997), and climatic change (Thorsen and Dale 1998).

Mechanistic models describing carbon, nitrogen, phosphate and silicon cycling are available or
presently developed. These models should be applied to HB-HAB dominated ecosystem over seasons
and years and related to the physical (meteorological) and nutrient forcing. These models constitute a
useful research tool for analysing HB-HAB dominated-ecosystem properties, in particular their
resistance to destabilisation. Such biological models have to be based on the best knowledge available
on mechanisms driving HAB. When validated, these models are of great value to predict HB-HAB
events and to determine the measures to be taken to counteract HB-HAB and/or their harmful
consequences. Such high-trophic resolution ecosystem models have been already developed for some
recurrent HB-HAB ecosystems as the Phaeocystis-dominated ecosystem of the coastal North Sea
(Lancelot and Billen 1985) and could be implemented for other recurrent HB-HAB ecosystems.
Long-term individual monitoring programmes have a long tradition around the European coast.
However, most of them are isolated, and there has been little comparison between data sets. Adequate
monitoring programmes are of prime importance to monitor changes in HB-HAB and collect suitable
data for model validation. The ability of long-term monitoring programmes to detect and characterise
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changes in the marine environment will be best realised if a consensus is reached on the data to be
collected and if the data are examined in a concerted manner. A comparative approach is scientifically
more sound to detect broad-scale changes and distinguish them from local changes.

4.4.2 Research needs and justification

e We need to apply qualitative and quantitative cyst analysis to the sediment record in order to
trace back phytoplankton successions in relation to climate and human-induced changes.

o Although relevant ecological models are under development in many HB-HAB areas there is no
unique mechanistic model able to predict HAB events in marine systems.

e There is a need to synthesise results from process-level research (from a conceptual and
comparative view) in order to highlight some generic mechanisms behind HB-HAB that could
lead to the formulation of a conceptual, predictive biological model of HB-HAB.

e There is an urgent need to implement a co-ordinated network of research on HB-HAB in key
strategic marine areas of contrasting morphodynamics, climatic conditions and watershed
characteristics. The monitoring programme should include traditional physico-chemical and
biological data but should also be a platform for testing new in situ instrumentation, in situ
taxonomic and functional probes as well as use information provided by remote sensing.

4.5 Research benefits

It is a recognised national and international task to secure sustainable use and development of the
European marine and coastal zone for future generations. Coastal nations will have to face significant
costs related to the management of coastal areas in the future and society will have to cover the costs
in the long term. The need is for a comparative integrated research approach combining interactively
existing historical time-series, newly designed monitoring, laboratory and field process-oriented
studies and biological modelling. This will provide information on basic concepts leading to the
development of HB-HAB, despite the variability of HB-HAB phenomena. Furthermore this
knowledge is expected to provide tools to predict HB-HAB development as a function of natural and
human-induced variability. These tools can be used, in turn, to provide guidelines for the
establishment of an economically feasible and sustainable management practice for marine waters - a
practice, which will cover both marine resources and environmental perspectives. This should have a
positive economic and environmental impact for society through more cost-effective counter
measures.



CYANOBACTERIAL BLOOMS 39

5. CYANOBACTERIAL BLOOMS AND TOXINS

5.1 Introduction

A history of human and animal health problems associated with cyanobacterial blooms in European
brackish and marine waters exists. This includes early reports of human deaths and illnesses along
Swedish, German and Polish coasts after eating fish harvested from lagoons with cyanobacterial
blooms (Haff Disease) and more recent cases of dog deaths on Swedish and Finnish coasts and cattle
and dog deaths on the Baltic and North Sea coasts of Germany (e.g., Berlin 1948, Gussmann and
Bicks 1985, Nehring, 1993). Such poisonings are consistent with an established syndrome of human
and animal illnesses and deaths after exposure to, and ingestion of, cyanobacterial cells and toxins
from freshwater, estuarine and marine sources (Codd 1998; Sivonen 1998).

The cyanobacteria which can dominate such blooms in the Baltic Sea and in nutrient-enriched
brackish waters elsewhere in Europe, e.g., Portugal and England, include genera and species with a
high, but variable, capacity for toxin production, including Nodularia spumigena, Aphanizomenon
Sflos-aquae, Anabaena spp. and, in places, Microcystis aeruginosa, which is more frequently found in
freshwaters. The toxins of brackish and marine cyanobacteria include potent hepatotoxins,
neurotoxins, skin-irritatory compounds and cytotoxins (Codd 1998, Sivonen 1998).

Marine and brackish water cyanobacterial blooms have additional adverse socio-economic effects in
European environments, affecting the amenity value of coastal areas and causing economic losses to
recreation, tourism and aquaculture (Lindholm 1998). This section presents information on hazards
presented by cyanobacterial blooms in European marine and brackish water environments identifies
gaps in knowledge on the causes and consequences of such blooms and the toxins produced, and
identifies research needs required to manage these problems.

Fig. 15. A chain of the cyanophyte Nodularia spumigena, which forms blooms in the Baltic Sea
during late summer (chain width: 10 pm). Photo Christina Esplund-Lindquist and Edna Granéli.

5.2 Cyanobacteria and their toxins

5.2.1 Current knowledge

In the open Baltic Sea, Aphanizomenon and Nodularia annually form mass populations in late July
early August. In the coastal areas, freshwater species, such as Microcystis, Anabaena,
Gomphosphaeria and Oscillatoria/Planktothrix can form regional blooms. Cyanobacterial blooms
from the Baltic Sea have been tested for toxicity since 1985 and toxic blooms have been detected
every summer. By strain isolation and studying the toxins from bloom samples, it was found that
strains of Nodularia spumigena were responsible for the toxicity of the blooms and that the toxin
involved was nodularin, a hepatotoxic cyclic pentapeptide. Non- toxic Nodularia isolates from the
Baltic Sea also exist (Sivonen et al. 1989). However, they cannot be distinguished from the toxic
isolates by morphological characters. Nodularin-containing blooms also occur in brackish water
locations on the English coast. The few isolates of Aphanizomenon so far obtained from the Baltic Sea
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have been non-toxic, although toxic Aphanizomenon blooms occur elsewhere. Estuaries and associated
brackish waters in e.g., Germany, Poland and Latvia have had blooms of Anabaena and Microcystis
and estuaries in Portugal, Microcystis aeruginosa.

The taxonomy of the cyanobacteria is under revision. In the future, it will be increasingly based on
molecular and genetic characters, in addition to the traditional structural and biological features.
Several Nodularia species have been described from the Baltic Sea based on morphological
characters. The taxonomic status of Aphanizomenon species is uncertain, but two species have been
suggested to be present in the Baltic Sea. The only information on the genetic diversity of Baltic Sea
cyanobacteria is a report of two genotypes of Nodularia, detected in the southern Baltic proper in the
end of July 1996 (Hayes and Barker 1997).

Cyanobacteria are prokaryotic organisms capable of plant-type photosynthesis. Nodularia,
Aphanizomenon and Anabaena are filamentous nitrogen-fixing genera. Oscillatoria/Planktothrix is a
filamentous, non-nitrogen fixing assemblage. Microcystis and Gomphosphaeria are colonial,
unicellular cyanobacterial genera. Specific features of these members of the plankton, which increase
their ability to form blooms, include: the use of gas vacuoles to regulate buoyancy, the ability to store
phosphorus and nitrogen and the capacity of some genera are to fix nitrogen from the air into
biologically useful ammonia for growth. Some cyanobacteria develop resting spores (akinetes), which,
in general, are induced by deprivation of phosphorus. 4phanizomenon and Nodularia are both
nitrogen-fixing genera, and by obtaining all their demands of nitrogen and carbon from the air,
phosphorous might be the limiting factor for these species. High temperatures and stable conditions
appear to favour the growth of these cyanobacteria. The role of organic matter, from river runoff, in
the regulation of the growth and production of toxins by bloom-forming cyanobacteria is under
investigation.

Molecular genetic tools have been developed for a relatively small number of filamentous
cyanobacteria (Thiel 1994), although none of these are bloom forming species. There is however no
obvious reason to suspect that these tools cannot be applied to one or several bloom-forming
cyanobacteria in marine and brackish water environments.

It is well established that cyanobacteria can produce potent toxins. Cyanobacteria are known to
produce several types of toxins: hepatotoxins and neurotoxins. Like other Gram negative bacteria, they
may also contain lipopolysaccharide cell layers, which may be pyrogenic (causing fever) and toxic.

L <5 3
Fig. 16. Photo of a chain of the cyanophyte Aphanizomenon sp., isolated from the Baltic Sea
(chain width: 5 pm). Photo courtesy of Christina Esplund-Lindquist and Edna Granéli.

Cyanobacterial hepatotoxins include cyclic peptides called microcystins (heptapeptides) and nodularin
(pentapeptide). The peptides contain novel amino acids, D-amino acids and methylated amino-acids.
Over 60 different microcystin variants have been characterised from cyanobacteria. Microcystins and
nodularin inhibit important cell-regulating enzymes namely serine/threonine specific protein
phosphatases. The hepatotoxins are readily transferred into liver cells via bile acid carriers, so that
lethal doses in vertebrates cause death by haemorrhaging into the liver tissue. The toxins can also be
taken up and accumulate in a range of aquatic food web organisms, including plankton-grazers,
aquatic plants, molluscs and fish. Microcystins and nodularin, are also potent tumour promoters. The
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most frequently found cyanobacterial toxin in brackish water environments in Europe is nodularin,
produced by Nodularia in the Baltic Sea. Laboratory studies have shown that highest amounts of
hepatotoxins are produced under conditions that also favour growth (Sivonen 1996), and that the
availability of phosphorous might be a limiting factor for the growth and toxin production of Baltic
Nodularia (Lehtimaki et al. 1997). Microcystins produced by Microcystis aeruginosa and other
cyanobacteria in freshwaters are occasionally found in estuaries and brackish waters in Europe.

Several cyanobacterial neurotoxins are known, including anatoxin-a, homoanatoxin-a, anatoxin-a(s)
and saxitoxins. Around 20 different saxitoxin variants have been described from cyanobacteria.
Cyanobacterial neurotoxins block neurotransmission and cause death in acute doses by respiratory
paralysis. These toxins are commonly associated with freshwater blooms in Europe, and although not
(yet) found in Baltic studies, their presence in other brackish and marine waters cannot be excluded,
especially where such waters receive discharge from eutrophic rivers.

Several methods are available to detect and analyse cyanobacterial toxins. Bioassays include mouse
bioassay, brine shrimp and other invertebrate tests, the use of freshly isolated mammalian and fish
hepatocytes (Bell and Codd 1996). Mosquito larvae and plant seedlings have also been p-  sed,
although these methods are of low sensitivity and specificity. Additional toxin detection pi ures,
with high sensitivity and specificity, are being developed. These are based on immunodiagnostic and
enzyme-based principles and offer minimum detection levels below health guideline concentrations.
Chemical methods are also being developed for the detection and analysis of cyanobacterial toxins,
including separation by high-performance liquid chromatography, gas chromatography and capillary
electrophoresis and identification by UV-spectrum, amino acid analysis, mass spectrometry and
nuclear magnetic resonance The lack of quantitative analytical standards for cyanobacterial toxins
(especially for nodularin and the numerous microcystin and saxitoxin variants) limits the efficient
application of several biological and chemical analysis methods for the toxins in marine and estuarine
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5.2.2 Gaps in knowledge

e The taxonomy of toxic bloom-forming cyanobacteria is inadequate to provide understanding of
the growth dynamics and relative abundance of cyanobacterial sub-groups in natural
populations in marine and brackish waters. And there is no complete genetic characterisation.

e Genetic characterisation of marine and estuarine cyanobacteria, to support environmental
research and water quality management, is lacking.

e The nutrient uptake kinetics for major nutrients, which support harmful marine cyanobacterial
blooms (inorganic phosphorous and combined nitrogen), are not known.

e We do not know why cyanobacteria produce toxins.

e The genes and enzymes responsible for cyanobacterial toxin production and their regulation are
not understood. (Toxic and non-toxic species cannot be distinguished by microscopy.)

e Analytical methods to measure the growth rates of filamentous cyanobacteria species in bloom
samples are lacking.

e The effects of land-derived organic substances on coastal and marine bloom-forming
cyanobacteria are not known.

e The over-wintering strategies of Anabaena, Aphanizomenon and Nodularia in the Baltic Sea are
not known?

e The mechanisms that trigger akinete formation and germination are unknown.



42 EUROHAB

e The existence of unrecognised populations ~of toxin-producing cyanobacteria, e.g.,
picoplanktonic and benthic forms, and toxins in estuarine and marine waters is an unknown
factor.

3.2.3 Research needs and justification

Further research is needed to improve the taxonomy and to better understand the physiology of bloom-
forming cyanobacteria in estuarine and marine environments The ultimate goal is to predict and
mitigate the development of harmful cyanobacterial blooms. The following areas of research need to
be addressed:

e A polyphasic taxonomic approach is needed to identify the species that produce harmful
cyanobacterial blooms and toxins.

e Strain-specific markers should be developed, in order to identify potential toxin-producers in
natural populations.

e Small- and large-scale laboratory experiments, enclosure and field studies of cyanobacteria are
needed to provide knowledge of growth characteristics and toxin production.

e Genes and enzymes involved in cyanobacterial toxin production should be identified and are
necessary for the understanding of the function and regulation of these toxins. This knowledge
is also needed for designing molecular tools to detect toxin-producers and provide a possible
rationale for variations in toxin production by blooms.

e Characterisation of emerging toxins and development of detection and analytical methods are
also needed in order to achieve a better understanding of the different types of toxins, their
health and biological significance, and abundance.

* Molecular genetic methods, including DNA transfer systems, should be developed for harmful
bloom-forming cyanobacteria, in order to investigate the function and regulation of genes
involved in growth, toxin production, and other cellular processes.

e The impact of dissolved organic matter, which is introduced into marine and brackish
environments from land, on cyanobacterial growth and toxin production, must be further
investigated in order to evaluate the risk of harmful blooms as a result of high nutrient loading
from rivers.

* Studies on the occurrence and distribution of akinetes and vegetative cells on a long-term (year
to year) basis, is needed to understand the survival strategies of cyanobacteria between bloom
seasons.

5.3 Community interactions

5.3.1 Current knowledge

The ability of brackish water and marine cyanobacteria to compete for resources with other groups of
phytoplankton is not well understood. Specific growth rates of harmful cyanobacteria are usually
lower in comparison with other algal bloom-forming groups. However, certain specific physiological
characteristics may provide cyanobacteria with adaptive advantages under some environmental
conditions. The ability to fix atmospheric nitrogen allows some cyanobacteria to compete successfully
when dissolved nitrogen is in limited supply, by using a nitrogen source that cannot be used by other
phytoplankton. Additionally, the relatively high storage capacity of cyanobacteria for phosphorus and
nitrogen can result in a competitive advantage under fluctuating nutrient ‘concentrations. When
inorganic nutrients are in short supply, many phytoplankton species are able to utilise nutrients (e.g.,
nitrogen or phosphorus) bound to organic compounds. Whether marine and estuarine bloom-forming
cyanobacteria are able to utilise organic nutrients remains to be investigated. The role of dissolved
organic matter in the outcome of competition for nutrients between cyanobacteria and other
phytoplankton is unknown. Trace elements (especially iron) can limit the growth of some genera of
marine cyanobacteria (Wilhelm 1995).

In general, cyanobacteria are known to be good competitors for light in comparison with other
phytoplankton groups. In addition to photoadaptation and pigment content regulation, buoyancy
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regulation can be a specific advantage for cyanobacteria when light levels are sub-optimal (Walsby
1994). Furthermore, floating cyanobacterial layers can reduce the availability of light for other
phytoplankton. The possibility that harmful cyanobacterial species directly inhibit the growth of other
phytoplankton by means of bio-active compounds also exists. The algicidal properties of
cyanobacterial toxins and other compounds have been recognised in freshwaters. So far, there is no
clear evidence that this kind of interaction plays a determining role in bloom development in marine or
brackish environments.

Although competition for resources may have an important role in structuring natural phytoplankton
communities, the occurrence of cyanobacterial blooms might be additionally explained by relatively
low loss rates compared to those of other phytoplankton. Decreased grazing losses could be caused by:
lack of grazers that feed on cyanobacteria (possible cause: cascade effects from overfishing);
avoidance of cyanobacteria by herbivores (due to e.g., poor palatability of cyanobacterial cells,
possibly caused by their toxicity and/or size selection); and/or direct harmful effects on grazers by
cyanobacterial toxins. Cyanobacterial toxin concentrations in aquatic environments can affect several
trophic levels in brackish water food webs due to poor edibility and food quality of bloom species
(Paerl 1996). Moreover, the high sensitivity to these toxins of certain groups of organisms (e.g.,
protozoa, rotifers) may lead to disturbances of processes including the microbial loop, with effects on
other organisms e.g., crustaceans (Christoffersen 1996) and on nutrient regeneration in the water
column. On the other hand, floating layers of cyanobacteria are usually associated with a large variety
of micro-organisms, including micro and mesozooplankton. This suggests that possible negative
effects may be species-specific. Microorganisms associated with cyanobacterial blooms, may even
provide a mutualistic type of interaction. Products of cyanobacterial carbon and nitrogen fixation are
partly excreted and may be used by heterotrophic bacteria, which may, in return, provide the
cyanobacteria with certain growth factors. On the other hand, negative effects of freshwater
cyanobacteria on heterotrophic bacteria have been observed. This may also occur in marine or
brackish waters, when senescent cells release toxins to the environment. Because senescent cells
remain trapped in the floating layer, released toxins may affect the functioning and structure of the
associated microbial community. The high density of organisms within these communities makes
them especially susceptible to viral, bacterial or fungal infection. The roles of microbial pathogens and
parasites on the termination of cyanobacterial blooms in estuarine and marine waters are not well
understood so far.

In cyanobacterial aggregates, different biologically mediated nutrient transformations (e.g., nitrogen
fixation, ammonium and nitrate assimilation, ammonification, nitrification, denitrification and
phosphorus remineralisation) may take place. However, the relative roles of nutrient recycling versus
anthropogenic nutrient loading in marine cyanobacterial bloom development and maintenance are
unknown.

Cyanobacterial toxins can be transferred to higher trophic levels in food chains and affect e.g.,
vertebrates, but little is known about their accumulation, transformation and possible detoxification
mechanisms in estuarine and marine communities. Filter-feeding shellfish can ingest quantities of
toxic cyanobacteria, e.g., Nodularia, sufficient to present acute toxicity to mammals. Fish can be
affected by the toxins through the gastro-intestinal tract and the gills. Evidence indicates that
freshwater fish have been killed by cyanobacterial toxins (Rodger et al., 1994) raising the possibility
that cyanobacterial toxins may be transferred to humans if fish or shellfish, which have been
contaminated through the food chain, are consumed. Objectionable tastes and odours, caused by
cyanobacterial products, can be imparted to fish and crayfish in freshwaters. To what extent the
palatability of fish from brackish or marine waters can be negatively influenced by cyanobacterial
metabolites is not yet known.
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5.3.2 Gaps in knowledge

What role does competition for resources (light, nutrients) play in the formation of harmful
cyanobacterial blooms in marine and brackish waters?

What is the significance of the ability to use dissolved organic matter as a nutrient source in the
development of harmful cyanobacterial blooms in marine and brackish waters?

How do harmful cyanobacteria affect phytoplankton-grazers? If there are negative effects of
harmful cyanobacteria on grazers, does a reduced grazing loss help to explain the mass
occurrences of harmful cyanobacteria?

What are the effects of known cyanobacterial toxins and other bioactive compounds on the
wider phytoplankton community?

Can cyanobacterial toxins and other bioactive products provide a competitive advantage for
cyanobacterial bloom-formers?

What is the importance of nutrient transformation in cyanobacterial bloom formation and
maintenance? Do cyanobacteria populations promote a net input of nitrogen into the marine
system?

Can cyanobacterial toxins be transferred to higher trophic levels in food webs and affect marine
top carnivores, e.g., piscivorous fish, seals, piscivorous birds etc.?

What roles do microbial pathogens and parasites of phytoplankton (viruses, bacteria, fungi,
protozoa) exert during the initiation, persistence and decline of harmful cyanobacterial blooms?

5.3.3 Research needs and justification

Systematic experimental growth studies (continuous and semi-continuous cultures, and
competition experiments) should be carried out in order to better understand the competitive
abilities of harmful cyanobacterial in brackish and marine waters.

More research is needed to determine the role(s) of organic substances in the structure of the
plankton community; in order to determine whether dissolved organic matter influences the
formation and/or the toxicity of harmful cyanobacterial blooms.

Reliable methods need to be developed to measure in situ grazing rates on harmful
cyanobacteria in order to better define the role of grazing in the selection for these species.
There is a need for quantitative studies on the uptake, accumulation and fate of cyanobacterial
toxins in marine and estuarine food webs, using native aquatic organisms exposed to natural
levels of toxins.

Nutrient transformations in nutrient aggregates need to be quantified in order to understand the
role of nutrient recycling versus anthropogenic nutrient loading in cyanobacterial bloom
development and maintenance.

Systematic experimental food web studies at the mesocosm scale are needed to resolve the role
of grazing in the formation of harmful cyanobacterial blooms

The complex interactions between harmful cyanobacterial species and other members of the
marine and estuarine food webs cannot be understood without the use of ecosystem models,
based on known physiological properties of the constituent organisms.

Detailed toxicological studies, from population to molecular level, and performed with
ecologically-relevant assemblages and organisms, are needed to provide better understanding
of the effects of dissolved cyanobacterial toxins on the plankton community.
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5.4 Chemical and physical environment

5.4.1 Current knowledge

Several experimental studies and field observations show a positive correlation between heavy
cyanobacterial bloom occurrence and water temperature, calm weather conditions and strong
stratification. Generally, these factors increase the time during which the plankton community can
develop, leading to a top-down controlled system and a selection towards inedible and/or toxic
species. In apparent conflict with this, exceptional cyanobacterial blooms have also been observed in
late autumn in some coastal regions of the Baltic Sea. Furthermore, discharges of blooms of
Microcystis spp., originally formed in European rivers, have occurred into estuaries without obvious
reference to weather conditions.

The different light optima of algal bloom species may partly explain their abundance and survival at
particular water depths, and mechanisms including the accumulation of photosynthetic ballast and
formation/collapse of gas vacuoles, explaining vertical distributions of different species have been
revealed for cyanobacteria (Oliver 1994).

Due to the competitive advantage provided by nitrogen fixation, nitrogen-fixing cyanobacterial
populations are particularly responsive to phosphate availability and growth conditions are assumed to
be better if the ratio of dissolved inorganic nitrogen to phosphorus (DIN:DIP) in water is low. In the
Baltic Sea, cyanobacterial blooms form during periods when nutrients are the main limiting factor for
phytoplankton growth. There is evidence that nitrogen-rich nutrient loading from land and the internal
loading of mainly phosphate from the oxygen-depleted water layers and sediments control the areal
distribution of blooms in this sea area. Thus the most intense blooms of nitrogen-fixing cyanobacteria
occur in areas where the DIN:DIP ratio below the seasonal thermocline is lowest (Kononen and
Leppinen 1997). In coastal zones the development of blooms of non-nitrogen-fixing cyanobacteria
(e.g., Microcystis, Ocillatoria) or nitrogen-fixing species with high preference for other inorganic
nitrogen-sources (e.g., Aphanizomenon) is obviously related to nitrogen and phosphorus loading from
the land.

The impact of small-scale turbulence may affect cyanobacterial blooms both directly and indirectly.
Turbulence may cause physical damage to cyanobacterial filaments, which would partly explain why
these blooms are most intense in calm weather conditions. On the other hand, small-scale turbulence is
known to increase the aggregation of marine particles. Cyanobacterial aggregates are known to be
sites of high diversity of microbial organisms (bacteria, ciliates, and other algae) (Bursa 1968): thus
turbulence may have an effect on community interactions.

Cyanobacteria can form HAB with high biomass and all hydrophysical processes affecting vertical
nutrient transportation (including mixing, upwelling, intrusions and frontal activity) have an impact on
their bloom formation (Kononen et al. 1996).

5.4.2 Gaps in knowledge

e For a better understanding of the survival strategies of cyanobacterial species in different light
regimes and fluctuating light conditions, which in some cases are modified by hydrodynamic
events, information is needed about the response of cyanobacteria to differences in irradiance,
light quality and fluctuations in these factors. As cyanobacteria often form blooms extremely
high irradiance; we need to better understand the mechanisms, which they employ to avoid and
protect against photoinhibition and to repair photoinhibitory damage.

o There is inadequate knowledge the role of nitrogenous nutrients in the population dynamics of
marine and brackish water nitrogen-fixing cyanobacteria, or of the capability of cyanobacteria
to leach nutrients from organic substrates.

e Information is lacking on the relationships between ambient nutrient concentrations, ratios and
fluxes and the bloom dynamics of marine non-nitrogen fixing cyanobacteria.
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Fig. 17. Real colour satellite image (CZCS) of the Baltic Sea showing a Nodularia spumigena

bloom in August 1983. Courtesy of Remote Sensing Group at CCMS Plymouth Marine
Laboratory.

Very little is known about the effect of small scale turbulence on cyanobacterial growth,
physiology and aggregate formation and the consequent effects on community interactions.

No quantitative information is available on vertical nutrient fluxes caused by various
hydrodynamic processes through pycnoclines.

The importance of nutrient fluxes between marine and estuarine sediments and water in
relation to loading from land and atmosphere is not known.

We do not know where, when and under which environmental conditions cyanobacterial
akinetes are deposited and germinated and how near bottom currents distribute them in marine
and estuarine environments.

No tools for prediction of the accumulation of cyanobacterial rafts in different coastal regions
are available.

5.4.3 Research needs and justification

Research is needed on the following:

effects of small-scale turbulence on cyanobacterial growth and aggregate formation.

the influence of mixing on fluctuations in the light regime and how cyanobacteria versus other
phytoplankton respond to this in marine and estuarine waters.

hydrodynamic mechanisms near the sea bottom, that may resuspend and transport
cyanobacterial akinetes up into the euphotic layer

mechanisms that affect nutrient flows between sediment and water, the vertical movement of
nutrients, and the quantitative importance of these intrusions in total nutrient flow for the
development and persistence of cyanobacterial blooms.

the mechanisms of cyanobacterial raft accumulation in coastal regions and the ability to predict
accumulation.
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5.5 Research benefits

The research needs identified on the production, properties, significance and control of harmful
cyanobacterial blooms are part of the overall aims of the EUHAB Plan to meet Fifth Framework
objectives, with reference to Europe’s estuarine and marine waters. Specific benefits with reference to
cyanobacterial blooms include:

effective prediction of the production, magnitude, potential toxicity, distribution and duration of
blooms through understanding of the genetic diversity, growth physiology and population
biology of cyanobacteria, with reference to the hydrology of their environment.

understanding of the relative importance of natural and anthropogenic nutrient loading as causes
of cyanobacterial bloom formation, leading to rational decision-making on nutrient discharge
policies and HAB reduction.

understanding of the toxicity of blooms, enabling the formulation of appropriate policies for
health protection, based on hazard characterisation, knowledge of exposure levels and risk
assessment. Decision-making to benefit would include policies on the recreational ¢ of
beaches and coastal waters, and shellfisheries affected by cyanobacterial blooms.

understanding of the environmental significance of cyanobacterial toxins to contribu.. to the
formulation of appropriate measures and standards for the protection of biodiversity.

knowledge of the molecular, toxicological and pharmacological actions of cyanobacterial toxins
and related compounds with potential medical and industrial applications.
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6. Field studies of physical-biological interactions

6.1 Introduction

HAB phenomena occur in natural systems, which involve a variety of climatologically and
meteorologically driven hydrodynamical processes. These processes occur within a broad range of
spatial and temporal scales. A schematic presentation of the important scales determining the
cyanobacterial blooms in the Baltic Sea is given as an example in Fig. 18.

TIME w®
days

d
century 105* ‘ﬂ 2 phosphorus
< loadi
\},&\;% - ’(.\)6 oading
decade 104 /areal extension of
the low oxygen/
W i\cﬂ anoxic bottom layers
year 103 5‘660» nutrient \}\'c‘,
loading -,{\Q
mixing (\\.\
2 upwelling,
season 10 ",'rvj,?t's e
small-scale eddies \)\'{\eﬂ\
bul .
day 10! nutrietri::tr u::g::ic \)\Q,\&\%
ER A SPACE
minute 103 2
.l >
M
10° 102 10? 104 10° 106 metres
cell aggregate hydrographical basin whole sea
ydrograp
regimes

Fig. 18. A schematic presentation of the spatio-temporal scales of mechanisms regulating
cyanobacterial blooms in the Baltic Sea (Redrawn from: Kononen and Leppiinen 1997).

It is not possible to understand the bloom dynamics without investigating possible links between the
species’ ecophysiology and the hydrodynamical processes forcing its population dynamics. Field
studies are necessary to extrapolate the information obtained from laboratory and mesocosm
experiments to the natural scale of any HAB. It is essential that the design of field experimentsis
based on analysis of meteorological time scales and spatio-temporal scales of crucial hydrodynamical
events.

The impact of small-scale turbulence may affect HAB species both directly and indirectly (Kiorboe
1993). Turbulence may cause physical damage of cells, colonies or filaments. It is known to effect
growth and mortality of some dinoflagellate species. On the other hand, small-scale turbulence is
known to increase aggregation of marine particles, e.g., cyanobacterial aggregates are known to be
sites of high diversity of microbial organisms (bacteria, ciliates, other algae), thus turbulence may
have an effect on community interactions. Simulating turbulence in mesocosms has serious
limitations. Therefore it is essential to validate in vitro experiments on the effect of turbulence by field
observations of turbulence and physiological indexes of the species of interest. Very little is known
about these processes.

Mixing in the upper layer creates fluctuations in the light regime experienced by HAB species. These
fluctuations are connected to stratification patterns and meso-scale dynamics of water masses (e.g.,
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buoyant plumes). These differences in level and fluctuation of the irradiance may select for some
species, including HAB species.

Many HAB species concentrate around the pycnocline in very thin layers down to the 0.5 meter scale
(Gentien et al. 1995). The factors governing the establishment, maintenance, and dispersion of these
layers are largely unknown. It has been shown in a few cases that the confinement into thin layers
limits the diffusion of the population therefore allowing a build up of high cell density. It is crucial to
determine what are the reasons leading to this aggregation. They probably involve a compromise
situation between physical, chemical and behavioural characteristics. They may result from sensitivity
to high shear, chemotropism or specific growth factor and avoidance strategies of grazers. These
questions have to be clarified by multidisciplinary field studies.

In the mesoscale, hydrodynamical processes affect vertical nutrient transport and horizontal transport
of HAB populations. Several observations of enhanced production across hydrophysical boundaries
suggest that mixing due to various processes (hydrodynamical fronts, eddies, upwelling, intrusions
etc.) creates non-nutrient-limited growth conditions for pelagic ecosystems. There are examples
showing that certain HAB benefit from these hydrodynamical processes. Accumulations of motile
HAB species are often found in frontal convergence zones, due to the ability of motile species to
maintain their position in the surface layer through swimming. In several systems, such as the Iberian
upwelling system, the increase or decrease of HAB may not be related to growth, but to physical
accumulation/ dispersion process (Figueiras et al. 1998). These mechanisms can only be revealed
through multidisciplinary field studies.

Hydrodynamic processes near the bottom affect the resuspension and transport of resting stages (cysts
of dinoflagellates, akinetes of cyanobacteria) of HAB species. These processes determine location of
the seed beds and inoculation efficiency of HAB from a given cyst/akinete density.

6.2 Research questions

e How does the small-scale turbulence affect growth, physiology and aggregate formation of
HAB species and how do these effects modify community interactions of HAB?

¢ How does mixing regulate the fluctuations in the light regime, and how do HAB species vs.
other phytoplankton respond to this?

e What are the physical, chemical and behavioural characteristics leading to the formation,
maintenance and dissipation of subsurface thin layers of HAB?

e What are the hydrodynamical mechanisms near the sea bottom, which may resuspend and
transport resting stages of HAB species?

e Which are the time spans of mechanisms that affect the accumulation and dissipation of HAB?

e Which are the mechanisms that affect nutrient flows between sediment and water, and on
vertical transport of nutrients, and what is the quantitative importance of these intrusions in the
total nutrient flow for HAB?

6.3 Benefits

The parameterisation of critical processes and the scenarios of the HAB dynamics arising from
multidisciplinary field studies are a major input for model development. Comparative
multidisciplinary field studies in different systems in European waters will provide evidence regarding
the relative importance of anthropogenic impact vs. natural variability of HAB.
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7. Tools and Technology

7.1 Introduction

Harmful Algal Bloom species, with the exception of those generating high biomass, are relatively
minor components of the plankton. The natural occurrence of HAB species is often episodic and
highly unpredictable. Toxicity can be expressed at relatively low cell abundances, often with a
catastrophic impact on the ecosystem as a whole. At such low abundances, identification, isolation and
estimation of the species present and the toxins they produce can be very difficult and time
consuming. Moreover, strains brought into culture tend to lose their toxicity in a relatively short time.
Polymorphism and indistinguishable life cycle stages among HAB species are more the rule than the
exception. All of these factors pose great difficulties to the scientific community dealing with HAB
species and limit the effectiveness of routinely applied techniques in marine plankton (HAB) research.

Molecular biological tools have, however, greatly enhanced our ability to identify species, to
determine the expression of genes regulating key cellular processes, and to estimate gene flow and
distribution of species in time and space. We are only just beginning to see routine and innovative uses
of these methodologies as applied to HAB species and their interactions with other members of the
community.

Modemn techniques to determine and quantify the production and fate of the various toxins produced
by HAB are evolving rapidly. Unfortunately, they still have not reached the stage of routine
application for laboratory or field use where toxins may have a selective effect on certain organisms
comprising in the pelagic or benthic food web.

Remote sensing from airborne or spaceborne sensors can provide on-line information at a range of
spatial and temporal scales relevant to HAB. A first sensor (SeaWiFS) is currently available and more
are to come. Nevertheless, low abundance, sub-surface blooms and large cloud cover in particularly
the northern parts of Europe limit the usefulness of this approach. In this respect (automated) detectors
in drifting buoys should provide additional information/data.

Similar to the restrictions causing limitations in bio-chemical analysis, field-modelling attempts should
address the specific character of HAB. The presence of life cycles and species-specific behaviour
implies severe restrictions on most available models.

The aim of this chapter is to identify and improve the tools and technology that are necessary to
address issues at the cellular/organismal up to the ecosystem level as related to HAB development.

7.2 Cellular/Organismal

7.2.1 Taxonomy

7.2.1.1 Hdentification

Problem: Identification of the species causing a HAB event is the first critical step needed to design or
implement effective management and mitigation strategies. Many harmful algal species closely
resemble benign or other harmful algae that respond very differently to environmental conditions and
human-derived changes in the marine ecosystem. Accurate identifications still remain extremely time-
consuming and difficult because traditional procedures are limited to analysis of cellular features using
light or electron microscopy. These ‘classical’ techniques generally do not consider (1) that genetically
distinct but morphologically similar lineages may have overlapping geographic distributions or (2) that
many harmful algae are remarkably polymorphic, often with species previously regarded as separate,
being different morphs of the same species. Comparison of identifications with different techniques
often fail to take account of these features, which generally occur as species cross gradients of salinity,
nutrient availability, temperature and other factors.

Existing Technology: Light microscopy, including epifluorescence, Nomarski and phase contrast
procedures, is useful to determine certain cellular features, but generally can be insufficient for species
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identifications. Scanning electron microscopy can be used on its own or in conjunction with other
techniques to identify some harmful species. For weakly armoured dinoflagellates (having thin
deposits or ‘plates’ of cellulose beneath surface membranes), standard techniques do not reveal the
cellular features needed for identification with scanning electron microscopy. For very small
organisms, such as (harmful) haptophytes, transmission electron microscopy is required. New
techniques, such as confocal microscopy, are also useful in discerning the presence and three-
dimensional structure of internal cellular features that may aid in identification. Recently, DNA and
RNA probes, cell-surface antibodies and other molecular and biochemical techniques have also come
into more widespread use for identification of a limited number of harmful algal species. These
techniques should be used collectively to verify and cross-corroborate identifications made using
classical procedures.

Future Needs:

e Establish a network of expert taxonomists to aid in species identifications when HAB events
occur,

e Test whether harmful algae of similar appearance that have been classified as separate species
using classical procedures are, in fact, distinct species or ecotypes,
Develop molecular probes and other techniques to identify all life history stages,
Genotype all local populations,
Utilise Artificial Neural Networks and image analysis systems to determine morphological
features that provide optimal discrimination.

7.2.1.2 Cultures

Problem: Our current state of knowledge concerning HAB is mainly based on laboratory cultures and
these are not representative of natural populations. Much of what is known about controlling
influences of environmental conditions, nutrient, pollution, and other factors on the growth and
toxicity of harmful algal species has been derived from work with these species in laboratory cultures.
Our ability to make rapid progress in gaining insights about the growth, physiology, and controlling
influences on some harmful algal species has been greatly impeded from the use of culture collection
material that is not maintained to yield virulent toxic populations. Moreover, it is essential that
reference material from HAB is identified, characterised, validated, securely deposited, maintained in
a virulent form and made available for research and regulatory purposes.

Existing Technology: Culture collection centres, in general, have been created to provide algal
cultures for research to better understand algal physiology, growth and responses to changing
environmental conditions. However, many harmful algal species lose their ability to produce toxins
after prolonged culture conditions. Isolates should be obtained on a frequent basis if it is demonstrated
that species lose toxicity under culture conditions. Subjection of harmful algal species to highly
artificial culture conditions over time also prevents normal transformations among life history stages,
so that life histories of these species remain, for the most part, poorly understood. Confusion is created
when the eco-physiological responses of harmful algal species from old, aberrant cultures conflict with
those obtained from fresh isolates of the same species. Furthermore, nearly every clonal isolate of a
single species has demonstrated variability in each phenotypic expression tested. Culture collections
generally supply unialgal, non-clonal cultures, with species identifications that may be erroneous,
making them unacceptable for HAB type of eco-physiological work.

Future Needs:

e Ensure that the facilities and means are available to provide clonal algal reference collections of
known identification and demonstrated virulence or continued toxin-production capability,
Re-check all toxic clones for continued virulence or capacity to produce toxins,

Obtain fresh isolates of species that cause HAB, or are harmful to aquaculture or other human
uses of European marine waters on a regular basis,

» Develop culture techniques that simulate in situ growth conditions so that the algal species are
able to complete life history transitions,
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¢ Maintain archived samples from HAB events in European waters and from the higher trophic
levels that they contaminate.

7.2.2 Molecular Biology

7.2.2.1 Phylogenetic affinities

Problem: Certain harmful algal taxa, such as the Alexandrium tamarense species complex, Pseudo-
nitzschia spp., Phaeocystis spp., Chrysochromulina polylepis and Prymnesium spp. have been
extensively characterised using molecular genetic method (Scholin et al. 1995, Medlin et al. 1994,
Edvardsen and Medlin 1998, Larsen and Medlin 1997). In these studies, fine scale genetic resolution
reflecting geographic origin of strains has resulted in the redefinition of morpho- species vs. genotypic
species in nearly every case. However, these kinds of data are totally lacking or insufficient for most
other HAB species. There undoubtedly remains many species complexes, relict floras and cryptic
species yet to be resolved among harmful algae, especially in European waters.

Existing Technology: Sequence data from coding and non-coding regions of the genome are routinely
used to reconstruct phylogenetic affinities. Data from ribosomal RNA genes are especially suitable for
the design of species-specific gene probes. As an alternative, mono- and polyclonal cell-surface
antibodies can distinguish between closely related species. Although rRNA and antibody probes are
available for some taxa (Box 1.7, see review in Medlin and Simon 1997 and various papers in Reguera
et al. 1998), a platform that allows for a routine automated application of these probes to identify HAB
species in field and laboratory studies is not yet available (Tyrrell et al. 1997, Miller and Scholin
1998). There are also limited data on the applicability/sensitivity of these gene probes in field
situations when target numbers are low or cells are senescent (Rhodes et al. 1998).

Future Needs:
o Continue/enhance efforts to characterise key HAB species using molecular methods,
o Accelerate the application of these new methods of taxon identification for routine laboratory
and field use,
o Enhance precision and sensitivity of the molecular probes.

7.2.2.2 Isolation of toxin genes

Problem: Although toxin production is a key feature of nearly all HAB species, some algal toxins
remain unknown or poorly characterised chemically, such as those from Pfiesteria or
Chrysochromulina. There is no biosynthetic pathway completely defined for any toxin. No gene or
suite of genes directly involved in toxin production has been isolated (but see Taroncher-Oldenburg
and Anderson 1998). The determination of the genetic basis for toxin production will provide a better
understanding of the mechanisms involved and the reasons for toxin production by the alga.

Existing Technology: Novel methodologies, such as differential display of messenger RNAs, offer
exciting possibilities to isolate genes/proteins that are preferentially expressed during maximum
periods of toxin production in the cell cycle. These methods are labour intensive requiring the
establishment of subtraction libraries and the sequencing of all genes differentially expressed.

Future Needs:
¢ Characterise unknown toxins biochemically,
e Isolate and characterise genes involved in toxin production,
» Develop functional gene probes for any toxin gene identified to determine when toxin genes are
being expressed
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Fig. 20. Detection of saxitoxin (STX) in natural Alexandrium sp. blooms in the waters of the
Orkney Islands and the Firth of Forth (May-June 1998): Comparison of fast fluorimetric assay
(FFA) with HPLC. Linear regression ( = 0,916) of relative fluorescence units (RFU) as
measured by FFA (Exc. 333 nm, Em. 390 nm) versus STX concentration as measured by HPLC
(Gerdts et al., 1999; TEPS-Project, courtesy of Gunnar Gerdts).

7.2.2.3 Genetic Diversity:

Problem: Little is known of the genetic diversity of marine phytoplankton populations and how it
changes in space and time, except for a limited number of allozyme studies and RAPD fingerprinting
analyses (see review in Medlin and Simon 1997). These studies have shown extensive genetic
diversity on both temporal and spatial scales for some species. Such data underline the point that no
single clone can be considered truly representative of an algal species. Thus, we are unable to provide
estimates of how the population dynamics of HAB species are controlled or influenced by fluctuating
levels of genetic diversity.

Existing Technology: At present, studies on microalgal genetic diversity must rely on the
establishment of extensive clonal isolates. This requirement has undoubtedly hampered the advance of
our knowledge in this area and obviously will bias estimates of genetic diversity and gene flow
because of the selective nature of culturing. Nevertheless, these cultures are essential to establish the
tools necessary for population genetic studies. Microsatellites, a single locus fingerprinting technique,
are quickly replacing isozymes and RAPDs as the tool of choice for studies of genetic diversity.
Presently, these tools can only be used with considerable amounts of target DNA available from

culture material.

Future needs:
¢ Develop population genetic markers for key HAB species,
e Develop means of applying these molecular techniques to single cell isolates.

7.2.3 Cellular composition and physiology

7.2.3.1 Analytical Chemistry: toxin detection, quantification and standards

Problem: Several techniques exploiting characteristic molecular features of marine toxins are available
for both field and laboratory work. Nevertheless, problems still exist with respect to reproducibility,
sensitivity, and comparability of different assays. It is therefore mandatory to improve the selectivity
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and sensitivity of existing methods of toxin analysis. Furthermore, new and rapid toxin specific
methods need to be developed for fieldwork.
Although several marine toxin standards are commercially available, there is a need for certified
reference materials. These should not only be chemically pure but also be calibrated against a standard
biological test, such as the mouse bioassay. In addition, regular intercalibration exercises are required.
Existing Technology: In the analytical chemistry of HAB toxins, detection and quantification may be
accomplished by (1) analysis of effects on biochemical systems, (2) selective extraction followed by
spectroscopic analysis, (3) non-selective extraction followed by selective spectroscopic analysis and
(4) extraction followed by chromatographic separation. The first three approaches are more or less
non-specific. Whereas the first allows for the determination of total toxicity or rather total activity
against a target system, the next two provide an assessment of total toxin concentration in terms of a
reference compound.
(1) Enzyme inhibition tests are routinely applied for several toxins. However, when these are to be
used for quantification of toxin concentration/activity, matrix effects have to be taken into
consideration and standard additions performed. Furthermore, non-selective enzyme inhibitors can
bias these tests. These tests can be performed either in batch mode using suitable model substrates or
via appropriate bio- or enzyme sensors. Fluorescence detection increases the sensitivity of the assay by
orders of magnitude.
(2) Selective extraction of toxins is rarely feasible because in living cells a wide range of compounds
of similar chemical nature is present.
(3) Selective detection of toxins in extracts usually requires some kind of sample clean-up to avoid
interference from co-extracted matrix compounds and should only be used as a first attempt to test for
toxins.
(4) So far all marine phytoplankton toxins that have been structurally characterised have been shown
to be either of high molecular weight or highly polar in nature. Yet in nature, toxins are preseat in
mixtures rather than single compounds. Thus, the method of choice for chromatographic separation is
high performance liquid chromatography (HPLC), although gas chromatographic separation (after
suitable derivatisation) of some toxins has been described.
Standardised HPLC protocols with UV or electrochemical detectors exist for ASP, PSP and DSP
toxins as well as for cyanobacterial and other toxins. For extracts derived from biological samples,
usually a clean-up step is necessary prior to HPLC analysis. Derivatisation techniques to enhance
detectability or specificity in detection have so far not been exploited to any great extent in toxin
HPLC, although pre- and post-column reactions have been employed in some cases. Other detection
systems not investigated include light scattering or infrared detectors.
Although the combination of HPLC and a mass spectrometer is generally not used in routine analysis,
this technique is so far the only one that will provide unambiguous identification of the compounds of
interests. In all other cases positive identification requires either a second HPLC run under different
conditions or another detection system. Capillary zone electrophoresis (CZE) might eventually
become a feasible alternative/addition to HPLC analysis. Biomarkers, e.g., pigments, fatty acids or
steroidal compounds, can be used as an alternative approach for species identification. This approach
assumes that the toxic species produces these specific compounds throughout its entire life cycle.
Future Needs:
e Develop biosensors that allow unattended deployment for longer time, e.g.,, moored or drifting
automatic surveillance systems,
e Develop biosensors for ion channel blocking compounds because a number of phytoplankton
toxins act on ion channels,
e Develop sequential extraction methods coupled with an intermediate derivatisation that
changes e.g., polarity to increase selectivity of total analysis,
Develop toxin analysis for shipboard operation,
e Characterise unknown toxins using sophisticated HPLC techniques coupled with mass
spectrometry,
o Develop and calibrate international toxin standards.
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Fig. 21. Innovating techniques: viability of plankton can be examined on the level of
individual cells, e.g., by examining cell wall permeability using DNA-specific dyes (Veldhuis,
unpublished results). In healthy cells, dye can not enter the cell (top panel). In contrast, in cells
with reduced viability dye passes the cell wall membrane and DNA in the nucleus is stained

(bottom panel).

7.2.3.2 Biological Assays: toxin detection and quantification

Problem: In several cases biological assays are to be preferred over chemical assays. They are easier,
often cheaper to apply, do not require complex instrumentation and can handle large number of
samples. Nevertheless, they never can replace the need for detailed chemical analyses. All existing
methods are laboratory-based and there is an urgent need to develop and adapt these methods for on-
line (field) implementation requiring a minimum amount of laboratory skills.

Existing Technology: PSP can be measured using three different bioassays. The mouse neuroblastoma
cell assay is a functional assay based on the detection of sodium channel blocking activity. Two other
methods include a receptor binding assay based sodium channel blocking activity and an ELISA
system. DSP is measured using a protein phosphatase assay, cell cyto-toxicity assays or ELISAs.
Finally, ASP is measured using a receptor binding technique (functional assay) or ELISA.

Future needs:
e Construct biosensors for field operations additional to laboratory-based methods

e Construct biosensors based on probes for the genes coding the various toxins.

7.2.3.3 Eco-physiology

Problems: A major problem associated with HAB is their low abundance relative to that of the total
plankton. This severely limits the use of bulk measurements to assess the specific role of HAB in the
ecosystem. The inability to maintain representative cultures of toxic species are a limiting factor in all
analyses and stresses the need for tools for single cell analyses.
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Existing Technology: Several techniques are available, such as flow-cytometry, CLM and “image in
flow” microscopy, but none of these are as yet widely applied. Standard or specially designed flow
cytometers can detect rare cell events in mixed communities or large cells (chains and colonies) in
marine phytoplankton. Species selective probing is of additional value to this type of classification
(Vrieling and Anderson 1996). Sorting options and ‘image in flow” systems allow accurate
identification.

Moreover, there has been significant progress in determining (in situ) growth rates on the level of
individual species applying the mitotic index or DNA-cell-cycle methods (Van Bleijswijk and
Veldhuis, 1995). With the exception of Phaeocystis or dense populations of cyanobacteria, the low
cell abundance of certain HAB species may reduce the usefulness of these methods.

Similarly, a wide variety of functional probes and stains are presently available to determine the
cellular chemical composition, physiological status (nutrition), enzyme activity, info-chemicals etc. at
the single cell level. These assays can be used to examine the direct effect of stress factors on the
species of interests or the impact of this species on the ecosystem (e.g., phytoplankton-bacteria-
viruses-parasite-interactions, Veldhuis et al, submiited).

Future Needs:
» Develop inexpensive and easy to handle detection systems for identification and sorting in the
field,
e Improve and develop single-cell-based analyses for rapid detection of physiological status in
laboratory and field applications.

7.3 Ecosystems

7.3.1 Detection/Monitoring

Problem: In order to improve our understanding of HAB dynamics at the ecosystem level, factors
affecting their initiation and development need to be measured at a wide range of temporal and spatial
scales. To develop early waming systems to guide scientific sampling, to enable avoidance or
mitigation strategies, or to inform management decisions and so reduce the socio-economic impact,
there is a need to integrate and further refine a number of existing tools and monitoring technologies.
Existing Technology: Remote sensing from airborne or spaceborne sensors can provide repeated
observations at a range of spatial and temporal scales relevant to HAB. Ocean colour, the spectral
variation of light reflected out of the sea surface, can be related to near-surface phytoplankton pigment
concentrations through the selective absorption of downwelling sunlight by the algae. The first
operational ocean colour sensor, SeaWiF$S, was launched as recently as August 1997 and new sensors
such as ESA’s MERIS and NASA’s MODIS are due for launch in the next few years and will provide
improvements and continuity in ocean colour observation. Ocean colour data have been used for
observing high biomass blooms such as Phaeocystis globosa off the Dutch coast, but in many cases
toxic blooms cannot be distinguished from the phytoplankton community and they also may occur in
subsurface layers. Satellite data can be affected by cloud cover, particularly in northern European
regions, and may provide insufficient resolution in marine environments: these limitations can be
partly overcome by airborne sensors. Satellite SST images can show the physical environment of
HAB, distinct water masses with different phytoplankton population and phenomena, such as eddies
of current that may advect HAB into regions of concern.
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Fig. 22. Remote sensing from airborne or spaceborne sensors can provide repeated

observations at a range of spatial and temporal scales relevant to HAB. This example shows a
bloom of Chatonella verruculosa indicated by the red colour off Denmark and Norway, in May
1998. Courtesy of NASA SeaWIFS, processed by Remote Sensing Group at CCMS Plymouth
Marine Laboratory.

Future needs

Monitor algal scattering, absorption, fluorescence for characterising photosynthetic properties of
water with in situ bio-optical sensors, and to partly overcome cloud cover problems with remote
sensing and to detect sub-surface blooms,

Utilise opportunities of continuous or repeated near-real time monitoring on moorings, drifters
or ships of opportunity.

Address problems associated with differentiation of phytoplankton pigments, coloured
dissolved organic matter or suspended particles using bio-optical models or neural network
approaches, '

Develop further algorithm for retrieval of bio-optical parameters,

Investigate biological-physical or composite algorithms with multi-parameter sensors,

Develop data assimilation tools for remotely sense of data on surface winds, roughness, surface
elevation, and rainfall or surface irradiance to provide inputs to models investigating the
initiation and development of a bloom,

Integrate diverse data from different sources e.g., satellite and in situ together with model output
into decision support systems.

7.3.2 Ship board

Problem: Research vessels have been used in the past mainly for collecting samples for HAB research.
Fortunately, there is presently more emphasis on the functional aspect of the ecosystem, so more
experimentation is to be performed at sea. An intensified use of research vessels may bridge the gap
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between the more general information acquired from remote sensing systems, the necessary
meteorological, physical, chemical and biological data and the laboratory experiments within HAB.
Up to now there are only a few approaches on-board ship, to estimate the abundance and in situ
concentration of PSP-toxins by HPLC-analysis (Hummert et al. 1999; Fig. 23). These first results
emphasise the importance of this approach, a real-time estimation of the complexity of HAB
(occurrence, toxic species, trigger mechanisms and interactions between the different trophic levels.
Existing Technology: Currently, an entire suite of oceanographic techniques is available for water
column and benthic research. Different fields of research sufficiently cover the full need for basic
physical, chemical and biological measurements. These include (1) CTD probes for hydrographic data
and chlorophyll determinations for monitoring depth profiles of phytoplankton, (2) Recorder for
meteorological, hydrographic, oceanographic data, (3) Sampling systems for water and sediments, (4)
Specific sampling systems for planktonic organisms, (phytoplankton, bacteria, filter feeders and meso-
zooplankton) (5) Light microscopy for taxonomic studies of algae zooplankton, filter feeders, (6) PSP
toxin analysis in phytoplankton and filter feeders by HPLC, ELISA, and by a new fast fluorimetric
assay (FFA) (Gerdts et al.; 1999a, details in Fig. 20), (7) Drifters for drift experiments, which may
lead to answers of the origin of the blooms, (8) Sediment traps for studies of cyst occurrence.

Future needs: .

¢ Request more extensive ship time for rapid response with a (inter)national, multi-disciplinary
research teams,

e Adapt currently used land-based laboratory techniques for specific conditions on research
vessels,

e Use flow cytometry systems with cell sorters, coupled with in situ hybridisation techniques for
on-board community analysis of algal blooms and its associated bacterioplankton,

e Develop new techniques, devices, and fast and specific assays for detection and analysis of
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Fig. 23. Ship board measurements of toxin production of field population of toxic
Alexandrium sp. bloom and associated microbial community structure.
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7.3.3 The use of C stable isotopes for in situ monitoring of algal bloom development.

Problem: One nutrient frequently over-looked in the study of HAB is carbon dioxide (CO2). As
blooms occur the concentration of dissolved inorganic carbon (DIC) will decline. Whereas the relative
decline in DIC may not be great compared to other nutrients, it can, in otherwise nutrient replete
cultures, influence growth rates and the photosynthetic physiology and hence the cellular requirement
for other nutrients. This process is very common in laboratory culture of marine phytoplankton, where
cell densities are often orders of magnitude higher than in the natural environment. To be able to relate
laboratory observations to field data, it is absolutely necessary that the conditions of cell culture more
realistically reflect the natural environment, i.e., we need to ensure that laboratory cultures are
maintained under near normal air-equilibrium (Johnston and Kennedy 1998).

Existing Technology: Whereas measurements of pH and alkalinity are useful indicators of the
carbonate system, they cannot be used as an in situ measure of photosynthetic status of a bloom. Mass
spectrometric analysis of DIC and the cellular organic carbon gives a measure of the fractionation of
the photosynthetic process. It is possible to estimate the specific growth rate from the concentration of
dissolved CO; and the fractionation observed between source and product Be/MC. This relationship
appears to be fairly robust for light and nutrient-limited diatom laboratory cultures.

Future needs:
e Compare isotopic methods of estimating growth rates with traditional methods and more
recently developed methods,
o Use stable isotopes to ensure laboratory cultures are maintained in a physiologically useful
state,
e Apply stable isotope techniques to monitor the development of HAB in mixed water and sub-
surface HAB in stratified waters.

7.3.4 Community Interactions

Problem: Generally, interactions between members of the plankton community are poorly understood
because most of the organisms involved are micro-organisms and therefore escape direct observation.
There is now some scattered evidence that these interactions are far more complex than simple
predator-prey relationships. Micro-organisms have a diverse, though poorly recognised, array of
chemically communicating with other organisms. In the light of harmful blooms one might expect
intensive signalling of specific organism groups. Essentially, production and release of toxins or
excessive polysaccharide production can also be seen as a release of a chemical signal by a particular
organism targeted against another organisms.

A major future topic is the elucidation of the natural community structure of algal blooms and its
associated bacterioplankton. Within this complex unresolved questions are (i) the role of bacteria in
producing toxins by themselves, (ii) effects of bacteria on the algal toxicity, (iii) effects of bacteria on
HAB dynamics and algal growth, (iv) taxon-specific relationships between bacteria and toxic algal
strains.

Existing technology: To study competition for nutrients, laboratory studies are usually performed
using batch, semi-continuous or continuous culture techniques. These cultures can be xenic or axenic.
A number of plankton species cannot be grown under axenic conditions indicating their dependence
on interactions with other organisms (mainly bacteria).

Grazing experiments with algae can be performed by a variety of techniques, such as using radiotracer
techniques, serial dilution series, or fluorescent-labelled organisms coupled with flow cytometry. The
preferred method depends on the organisms involved and on the specific questions addressed. These
methods can generally be used for bacterio- as well as phytoplankton and mixo- or autotrophic
protists.

Denaturing Gradient Gel Electrophoresis (DGGE) profiling provides a sensitive tool to determine
taxa-specific relationships between bacteria and algae. DGGE data of a toxic Alexandrium bloom in
waters of the Firth of Forth and the Orkney’s strongly suggest stable bacterial communities associated
with toxic algal blooms (Gerdts et al. 1999b; Fig. 24).
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Fig. 24. DGGE analysis of 16S rDNA fragments indicate stable bacterial communities
associated with a toxic Alexandrium sp. bloom east of Firth of Forth (May 1998) obtained after
PCR amplification with the eubacterial primers P2 and P3 (negative image). Fraction <3 pm >
0,2 pm. Lane 1: E. coli J53 (positive control); Lane 2 - 12: Different stations (Gerdts et al., 1999;
TEPS-Project). Courtesy of Gunnar Gerdts.

Future needs:
e Develop new technology to study infochemicals,
Develop functional probes for the gene expression of infochemicals,
Develop group and strain specific gene-probes for bacteria associated with algae,
Refine existing methods to determine grazing pressure,
Increase the used of DNA based detection methods (e.g., DGGE) to study community
interactions

7.3.5 Modelling

7.3.5.1 Physical/biological models

Problem: Physical/biological models have so far not been able to account for the effect of climatic and
hydrodynamic forcing in relation to ecosystems dynamics across temporal and spatial scales. The role
of climatic oscillations, such as El Nifio (ENSO) and the North Atlantic Oscillation (NAO) as a
possible climate forcing linked to HAB formation, occurrence and duration have not been considered.
Although 3D physical/biological models of HAB have been developed, they remain poorly resolved
spatially, and poorly constrained by data. The existing models can not be used for regional and
large/scale resolution and single modelling strategies can not provide a better understanding of
physical/biological coupled processes at different ecological scales.

Existing Technology: A number of models are currently available and in routine use. Circulation
models (GCM 2D, 3D) are mainly hydrodynamic models existing for different basins. Atmospheric/
Climatic models can be regarded as tools to investigate climate variability and prediction. Coupled
physical/biological models can help to understand and evaluate the coupling between physical and
biological processes, at different spatial and temporal scales relevant to specific studies.
Biogeochemical models have the potential to be coupled with GCM models and allow a comparison
with remote sensing data, as well as the study of biological/chemical processes at mesoscale levels.

Future needs: )

e Integrate existing Lagrangian circulation models with statistical models in order to use
information from time series data sets and allow to include biological information into physical
circulation models (Woods and Barkmann, 1994),

e Use acoustic data to investigate patch dynamics and the effect of turbulence and eddy dynamics
in HAB blooms duration and formation,
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e Improve and compare the outputs from existing purely mechanistic models with
phenomenological models,

¢ Improve high-trophic resolution ecosystem models by including hydrodynamic and chmate
forcing (Bryant et al. 1997, Heath et al. 1997),

e Develop nesting procedures to couple high-resolution physical/biological models with large-
scale GCM models.

7.3.5.2 Ecological models

Problem: The scenario of models used in ecological research covers a wide spectrum from purely
mechanistic to phenomenological models. There is a need to use the existing information from
long/short term time series data to improve our modelling effort. A novel approach is needed to take
into account both endogenous and exogenous dynamic factors at a population and community level.
The outputs from different modelling approaches has not been compared to allow a better
understanding of complex dynamics in HAB and improve our capability to make prediction about
HAB formation and duration at different temporal and spatial scales. Community analysis using
multivariate statistical methods to relate species-environment associations and trend analysis in
species composition have not been performed using the novel approaches that are available. Novel
modelling approaches have not yet been proposed for improving our knowledge in basic and applied
ecological HAB research leading to a better management of marine areas in a socio-economic and
ecosystems health context in relation to human health in Europe.

Existing Technology: A variety of models and their potential applications include: (1) Density-
independent population growth models in continuous time for problems concerning age structure at a
population level, (2) Density dependent growth models for understanding what factors may be
regarded as causes and consequences regulating population growth and presence of chaotic dynamics
and metapopulation models, (3) Single locus models with and without selection as potential tools for
studying polymorphism and life histories in relation to behavioural and evolutionary studies, (4)
Predator-prey models for elucidating predator-prey interactions as well as investigating complex
dynamics, (5) Nicholson-Bailey models for studying host-parasitoid interactions and what factors
allow them to persist, (6) Epidemic models for addressing questions concemning the duration of
epidemics and the persistence of diseases as well as understanding the dynamics of epidemics at a
population level, (7) Cell cycle and life cycle models for investigating the behavioural response to
nutrients uptake and availability, and (8) High-trophic resolution ecosystem models for studying of the
coupling between physical/chemical /biological processes and for studying food web dynamics, (9)
Multivariate statistical methods, such as Canonical Correspondence Analysis (CCA) and combined
CCA-PLS, for the analysis of species-environment associations, (10) statistical methods for detecting
trends in multispecies assemblages.

Future needs:

e Examine LTS full use for penodlcnty/chaotlc behaviour,

e Use existing time series data to investigate the presence chaotic dynamics and population
dynamics at a single species level (Ellner and Turchin 1995, Little et al. 1996),

¢ Fit models to long term and short term time series to detect periodicity, account for both
endogenous and exogenous factors and gain new information for setting up novel field and
laboratory experiments,

e Compare/calibrate spatial models with remote sensing to integrate ecological processes across
scale,

e Use non-linear nonparametric statistical methods to identify climatic and environmental
variables that could be used as predictor for the occurrence of HAB in oceanic, coastal and
brackish waters and to reduce statistical uncertainties of existing models,

¢ Improve the existing single locus models with and without selection to better understand the
maintenance of polymorphisms and frequency dependent selection (Hastings and Harrison
1994, Gavrilets and Hastings 1994),

* Investigate the possible use of predator-prey and metapopulation models in relation to HAB
population dynamics,
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Improve cell cycle models in relation to nutrient uptake and availability (Pascual and Caswell
1997),

Use Nicolson-Bailey models and epidemics models for studying host-parasitoid and pathogens
dynamics in HAB,

Use Atrtificial Neural Networks to identify variables that may be responsible for controlling the
fluctuations at a population level and their potential use as a predictive tool,

Use novel statistical methods for detecting trends in composition of phytoplankton assemblages
in relation to HAB occurrence,

Re-analyse existing historical data sets,

Combine novel modelling efforts in relation to ecosystem health, management of marine waters
and human health in Europe,

Use CCA-PLS methods to study species-environment relationships and predict the species data
from environmental data in accordance with a supposed causal flow in the sense that species
respond to the environment (Ter Braak and Juggins 1993),

Use novel statistical methods to extract trends in species assemblages (Solow 1994a, 1994b).
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8. MITIGATION OF HAB AND THEIR IMPACTS:
PRACTICAL APPLICATIONS OF FUNDAMENTAL
SCIENCE

8.1 Introduction

The goal of all HAB research is to protect public health, fisheries resources, ecosystem structure and
function, and marine aesthetics. This requires an understanding of the factors that regulate HAB
dynamics and how they cause harm, although by itself, this knowledge does not provide protection.
Management and mitigation strategies are needed to reduce impacts by avoiding the blooms or
minimising their effects (impact prevention), or by actions that directly target bloom populations
(control). Examples of impact prevention strategies include moving fish cages from the path of an
HAB, altering the chemical composition of fish food to reduce their susceptibility to a bloom, or
reducing pollution inputs in an effort to decrease the number or size of bloom events. Examples of
control efforts would be direct application of chemicals or biological control agents that kill or disrupt
HAB cells during blooms.

The term “mitigation” is broad and includes many different types of activities that can reduce HAB
impacts.  Scientists and society easily accept some of these activities, and others are highly
controversial. The former include bloom or toxin monitoring programmes, site selection for
aquaculture based on HAB incidence and the use of aquaculture species which have reduced
susceptibility to HAB.

The status of HAB mitigation science is uneven and inadequate in comparison to advances made in
terrestrial programmes to minimise terrestrial pest impacts (Anderson 1997). Some progress has been
made in protecting aquaculture resources from HAB. Much less attention has been given to mitigation
strategies for blooms that affect large areas or widespread resources.

This chapter identifies areas where fundamental research can potentially lead to HAB mitigation and
control strategies. There are clearly mechanisms in HAB that are critical elements of bloom dynamics,
which are logical areas to target for research. The main focus of EUROHAB should be on factors that
regulate bloom dynamics, but the rationale for that research should be to provide the scientific basis
for possible mitigation strategies. Practical aspects of designing and testing mitigation strategies are
beyond the immediate scope of EUROHAB, but would be a logical extension of its activities.

8.2 Impact prevention

One level of impact prevention relies on HAB detection and mapping, and the prediction of their
movements. The tools needed to accomplish these tasks described in Chapter 7. Here we highlight the
need for these technologies and provide practical justification for the research, which will bring them
to the application stage.

8.2.1 Prediction and early warning

8.2.1.1 Modelling

Some effects of HAB on living marine resources could be restricted or avoided if it were possible to
predict bloom occurrence or movement. This requires detailed understanding of bloom dynamics and
conceptual or numerical models of bloom transport. Bloom modelling and prediction capabilities are
not sufficient to achieve this goal at present, so there is a clear need to expand this capability. This
needs not only the development of 3-dimensional hydrodynamic models of areas subject to HAB
outbreaks, but also the incorporation of biological features into those models. Resolution of various
rate processes integral to population dynamics (e.g., input and losses due to growth, grazing,
encystment, excystment and physical advection) has not been accomplished, but is essential in model
simulations. Large-scale, 3-dimensional numerical models of each area impacted by HAB are needed
and these do not exist for most European waters. The end result is that despite the proven utility of
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models in so many oceanographic disciplines, there are no predictive models of HAB development,
transport and toxin accumulation in Europe.

We are not presently capable of predicting the occurrence, distribution, movement, toxicity, and
environmental response of HAB. There is therefore a clear need to develop realistic physical models
for regions subject to HAB events, and to parameterise these models with biological data needed to
simulate the behaviour and population dynamics of the relevant HAB species.

Monitoring and management systems for HAB and their toxins are not optimised to provide the data
needed for prediction or model development and the modes of action of some HAB toxins are not
sufficiently understood to guide intervention efforts on impacted fish or other resources. Furthermore,
functions that define the manner in which shellfish become toxic from given HAB are not known.

8212 Bloom detection

Management of resources impacted by HAB requires that toxic cells and blooms be detected and
mapped rapidly, accurately and over broad scales. At the simplest level, monitoring programmes can
accomplish this by detecting and enumerating toxic species using water samples and microscopic
observations. The EUROHAB programme recognises the need for accurate bloom detection through
plankton analysis and seeks to ensure that monitoring is recognised as an important element in HAB
mitigation strategies.

The standard monitoring approach by light microscopy is quite effective but can be limited by the
number of samples that must be examined, toxic or harmfu] species identification difficulties and the
time required for cell counts. To accelerate this process, molecular probes, which are specific for
HAB species are under development, but direct application to natural HAB populations, remain few
(Anderson 1997). These probes can be used in the laboratory and are amenable to automation, and
could be deployed on moorings for semi-continuous monitoring purposes. Clearly, additional
development effort is required to bring these powerful tools into full application in HAB detection.

Our ability to detect and track blooms of harmful algae over large scales is limited. Because detection
is an essential component of any early warning or prediction system, efforts must be directed to the
development of technologies to detect cells, blooms, or toxins on scales necessary for early waming
strategies to be implemented.

Optical sensors show great promise for in situ monitoring of HAB dynamics. Radiometric sensors on
moorings, profilers or undulating instrument packages can measure ocean colour and sunlight
penetration to characterise water components of, including phytoplankton. Instruments that measure
spectral absorption, scatter and fluorescence in situ can provide continuous information on algal
pigments with excellent spatial resolution. The potential for resolving certain taxonomic groups is
good, and specialised instruments with high spectral resolution may distinguish important species or
functional groups. Some instrument packages are commercially available, but their direct utility for
HAB remains to be proven.

Considerable development work on the optical properties of specific HAB and the instrumentation
needed to detect them are high priorities among efforts to develop early warning strategies.

On larger scales, satellite remote sensing has great promise in HAB mitigation if it could be used to
detect and map blooms over scales that are not possible with standard ship-based or mooring-based
observation programmes. Blooms can sometimes be identified by their optical properties, and water
masses containing blooms can be detected and followed through time using temperature or salinity
sensors. However, HAB detection using remote sensing remains an elusive goal because of the
limitations of available sensors, the lack of distinctive “optical signatures” for HAB species, and the
inability of existing algorithms to deal with the optical complexity of marine waters. There is great
promise, nevertheless, that should be exploited to achieve the goals of EUROHAB.



MITIGATION OF HAB 67

HAB are often sporadic in nature on restricted spatial and temporal scales, which will be missed by
traditional fixed-station, infrequent monitoring. An alternative approach is to use Continuous
Plankton Recorders (CPRs) on commercial ferry lines or other ships of opportunity (Chapter 5).
Coupled with the technologies of satellite imagery and optical moorings, CPR’s and research vessel
observations can provide means to observe surface and subsurface blooms with the resolution needed
for HAB detection. To fully exploit the CPR approach to early warning, we need: 1) technical
development of the methodologies as well as installations of towed nets and/or flow-through systems
on commercial ferries and moorings; and 2) data assimilation protocols, intercalibrations and
assessments. New communication technologies are also needed for information transfer from ships of
opportunity to the decision- makers.

8.2.1.3 Research needs and justification
In order to develop new and improve existing mitigation strategies it is reccommended that:

(a) Realistic physical models are developed for regions subject to HAB events. These models must be
parameterised with biological data needed to simulate the behaviour and population dynamics of the
relevant HAB species.

Justification: At present our capability to predict occurrences, distribution, movement, toxicity and
environmental response of HAB is very limited. Linking several independently operating research
efforts together that use different tools can greatly enhance our capability to develop improved
predictive models.

(b) Our limited ability to detect and track HAB over large scales is improved by directing research and
development efforts towards technologies that detect cells, blooms and toxins on scales necessary for
early warning strategies to be implemented.

Justification: Because detection is an essential component of any early warning or prediction system,
the need for these techniques is obvious. Existing tools are still too slow, time- consuming, inaccurate
and expensive to be used cost-effectively on a large scale and often are useful only to assist in reactive
monitoring.

(c) CPR approaches are being exploited on a trial/research basis to develop early waming systems
while specifically focussing on two priority areas: (1) technical development of the methodologies as
well as installations of towed nets and/or flow-through systems on commercial ferries and moorings;
and 2) data assimilation protocols, intercalibrations and assessments.

Justification: HAB should be observed at an early stage of development to prevent consequences.
Whereas CPRs do not provide data online but with a considerable time delay, linkages to other
recording systems may improve our understanding of area-specific frequencies of occurrences, which
is particularly helpful for identifying designated areas of ballast water exchange. New instruments,
such as the fast-repetition-rate fluorometer (FFR) can provide the link of observations of plankton
particles (cells, pigments, etc.) to growth process of the plankton community. The FFR may be used
on board ship, in vertical hauls or in undulating instrument packages.

8.3 Impact reduction

Another category of mitigation strategies involves those that seek to reduce HAB impacts through
actions which will take years or decades to show results (e.g., pollution reduction policies), and
sometimes through direct actions that target the affected resource (e.g., shellfish depuration
enhancement). These activities are far less controversial than direct bloom control and offer significant
benefits. Many require targeted research to bring them to full fruition, however.

8.3.1 Nutrient reductions

One of the explanations given for the increased incidence of HAB outbreaks worldwide is that these
events caused by increased pollution and nutrient loading in coastal waters. HAB species may increase
in abundance due to nutrient enrichment but remain as the same relative fraction of the total
phytoplankton biomass (i.e. all phytoplankton species are affected equally by the enrichment).
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Alternatively, a selective stimulation of particular HAB species can occur due to the changes in
nutrient supply ratios from human activities (Smayda 1990). Regardless of the mechanism, there is no
doubt that HAB have increased in certain European waters where pollution has also increased and
linkage is real, but less evident in areas where pollution is more gradual and unobtrusive.

It follows that that a reduction in pollution, or a change in the ratios in which major nutrients are
supplied to marine waters may lead to a decrease in HAB frequency or magnitude. An example of this
type of mitigation strategy was seen in the Seto Inland Sea of Japan, where pollution increased
nutrient loadings dramatically between 1970 and 1978, during which time visible red tides more than
tripled. Legislation was passed that mandated a reduction in industrial and domestic effluents, and
several years later, the number of red tides began to decrease. This example highlights the connection
between human pollution and HAB incidence. It is, however, not clear how may blooms actually
reflect this linkage.

Scientists are frequently asked whether a reduction in pollution or effluent discharges will result in a
decrease in HAB incidence. To address this important and common societal issue, we must first clarify
the relative importance of anthropogenic inputs in the development of specific HAB, since this will
directly determine the mitigation strategy to be applied. This requires laboratory and field
investigations of the response of HAB species and their associated communities to nutrient inputs.

Issues: We must determine how changes in the magnitude and elemental ratios of nutrient inputs to
marine ecosystems can influence ecological responses, especially those that favour HAB. This in turn
requires the characterisation of an organism’s response to the environmental factors that govern bloom
dynamics.

832 Transfer of HAB species (e.g., via ballast water and intentional introductions
through aquaculture)

8.3.2.1 Ballast water transmission
Ships have long been recognised as a major vector for the transfer of exotic and harmful organisms
(Rosenthal, 1980; Carlton, 1985). The intensity of shipping and the structure of fleets, however, have
changed greatly in the past decade. Recent invasions and population explosion of exotic species in
varjous parts of the world are causing environmental and economic damage (Carlton and Geller 1993,
Carlton et al. 1995).
Dredging in harbours and river estuaries has also changed tidal patterns in marine habitats leading to
increased chances for survival of exotic species. Risk assessment of ecosystem disruption by non-
indigenous species must consider new criteria for quantifying survival probabilities of exotics in order
to define appropriate management strategies to minimise these risks to coastal resource-users (e.g.,
aquaculture, fisheries and tourism). Reasons for growing concern also include the rapidly changing
patterns of human use of coastal habitats with increasing pressure on natural resources (Chamberlin
and Rosenthal 1996). Scenarios affecting the likelihood of ballast water-meditated biodiversity
changes in marine habitats that can result in the transmission of parasites, disease agents and HAB
species include:

¢ Increasing number of aquaculture activities (more sites at risk)
Increasing density of units near shipping routes (more chances for transfer)
Increasing sea traffic (number of ships and routes, larger critical mass)
Increasing speed of ships (shortened transfer time, higher survival chance)
Increasing size of ships (larger ballast volumes, more oxygen available)
Changing strategy of ballast water management (cleaner water) .
Changing human population density in the coastal zone (more activities)
Increasing poverty in small coastal communities (rapid local transmission)
Lack of satisfactory hygienic conditions in harbours (higher health risks)
Changing donor and receiving environments (often higher survival potential)
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A recent estimate indicates that 80% of the world's cargo is transported via ships and the volume of
ballast water released into coastal waters may be 10 to 12 billion tonnes per year. A minimum of about
3000 aquatic species is transferred by ballast water intercontinentally and daily. The transfer of
microalgae (including HAB) via ballast water is no exception. It has caused damage to a variety of
aquaculture operations and well-documented cases include species such as Scrippsiella trochoidea,
Cochlodinium sp., Gymnodinium galatheanum, Gymnodinium mikimotoi, and Prymnesium parvum)
Ballast water is mainly released in harbours or nearby areas. Inshore waters are the major areas where
aquaculture facilities are located. These are at particular risk and suffer when HAB species are
released in their vicinity, creating a scenario for bloom outbreaks.

Little is known about the fate of HAB species in receiving waters after different retention times in
ballast tank sediments. These sediments accumulate in the tank bottom, despite high flushing rates,
when ballast water is exchanged because the tanks are constructed with many baffles (for stability
reasons), offering numerous sites where sediments easily settle ( Fig. 25). At intervals, however, tanks
are emptied completely and sediments are washed out. Besides the risk of transferring viable cells,
concern is expressed that massive transfer of dormant cysts with ballast water sediment releases may
affect receiving waters with subsequent serious consequences to receiving ecosystems, nearby
aquaculture operations and local fisheries. Such harbours and designated ballast water exchange areas
in the open sea may become subsequent donor areas through other distribution mechanisms (e.g.,
boating, fishing gear, tides and currents). Little research has been done to evaluate the potential of

such vectors.

Fig. 25. Cross-section of an oil tanker, indicating various tanks dimensions, including ballast
water tanks, while also showing numerous baffles that provide extensive settling corners where
permanent cysts can be imbedded in the sediment.
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Concern is also raised to that so-called” "cosmopolitan” species of HAB may have different
physiological capabilities and, when released in a distant area, may give rise to massive growth within
the native population of the same species. There is a need to develop methodologies that study these
aspects of transfer consequences. The results will have drastic effects on management strategies to be
recommended for ballast water handling by the shipping industry.

Modern phytoplankton identification tools (e.g., RAPD-PCR, Bolchet al, 1998, see Fig. 26; Chapter
7) are under development in many countries. These will hopefully provide the means to study such
scenarios. Although the validity of the findings is presently controversially discussed, the example
presented in Fig. 26 is a visualisation of the possible utility of such tools in identifying the origin of
populations of the same species, which might have been introduced into different areas.
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Fig. 26, Identifying the variation among different global populations of Gymnodinium
catenatum.  Isolates of G catenatum were analysed by RAPD-PCR (Randomly Amplified
Polymorphic DNA - Polymerase Chain Reaction) and clustered to show similarities. With this
method it is possible to differentiate strains of different species and thus potentially document
and trace the source of accidental introductions of HAB species (modified after Boalch 1998).

Recent attempts to mitigate ballast water-meditated effects in coastal environments call foropen ocean
ballast water exchange. The IMO has prepared a voluntary guideline for this procedure, which was
adopted in 1993 (IMO 1993). The advantage is seen in the possibility that algae from inshore areas
may be less able to survive in offshore, generally low-nutrient environments, whereas offshore fauna
and flora may easily adapt to harsh near- and inshore conditions. Although this might be true to some
extent, the fact that large blooms of microalgae do occur offshore, covering huge areas, appears to be
ignored. Great concern is expressed that the suggested offshore ballast water exchange strategy will
not achieve its aim because of the likelihood of high biomass blooms of micro-algae occurring in the
designated exchange areas. So far, we have little information on their occurrence and distribution.

Research is needed to develop tools to guide the industry to areas where HAB are not present at times
when ballast water exchange is needed.
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8.3.2.2 Aquaculture as a vector of transfer of HAB

There are documented cases of unintentional introductions and transfers of non-indigenous algal
species via aquaculture in coastal and marine waters. Whereas most aquaculture activities e.g., finfish
farming, tight national regulations and international Codes of Practices (ICES and EIFAC, FAO) exist
in Europe to reduce the risks of transfer of associated fauna, the present regulations within the EU
dealing with live shellfish transfers are unsatisfactory and have already lead to additional transfers of
exotics with shellfish seed. No concern, however, has yet been expressed and few scientific studies
have been performed to assess the risk of HAB species transfer with the live transport of seed oysters.
Subsequent studies on the fate of these algae in the receiving waters are also lacking. Transfer of seed
oysters has become a common practice. The potential for local and regional consequences of non-
indigenous HAB species release in Europe is real and of growing concern to the mussel and oyster
farming industry, as well as to those concerned with the conservation coastal ecosystem communities.
There is a need to provide guidance through adequate research on the subject. Much can be learned,
however, from past events on shellfish disease transfers such as the MSX disease in Crassostrea
virginica along the Atlantic east coast of the United States and the introduction of Bonamia ostrae and
Marteillia fringens into European oyster farms. Little scientific information is available on similar
case histories related to HAB.

8.3.3 Riverine and watershed management

Watershed and riverine management may increase the periodic input of nutrients, trace elements,
metals, etc into coastal/estuarine nutrient regimes, favouring sporadic plankton growth. Operations
that aim to regulate water flow to the sea or waterflow direction (filtering effect of land omitted) may
increase the intensity of nutrient/trace elements etc pulses to the sea and thus affect marine HAB
dynamics. The timing of nutrient pulses may be critical to bloom development.

8.3.4 Aquaculture siting and operational guidance

Coastal fish farm siting is presently practised by selecting areas with appropriate hydrodynamic and
morphodynamic habitat characteristics through mass-balance modelling of nutrients whereas other site
selection criteria are concerned with determining oxygen budgets and sediment accumulation under
cages in relation to the size of the proposed operation. These criteria aim to minimise environmental
interactions between the farm and the local ecosystem and also consider the carrying capacity of the
entire system through predictive modelling (e.g., fjords in Norway and sea-lochs in Scotland). The
industry and regulatory authorities in several EU countries have made some progress in safeguarding
the industry whilst also protecting the environment through Coastal Zone Management policies (e.g.,
LENKA and MOM Programmes in Norway). However, few site selection strategies have included the
cysts of microalgae in the sediments of potential sites into site selection criteria (e.g., in Denmark and
Faroe Islands).

With reference to operational guidance, few studies have been made to determine the fate and
understand the risk associated with HAB cysts accumulated in sediments under and around fish farm
cages. Modern aquaculture management strategies also consider site rotation (fallowing periods) to
allow for recovery of the benthos. Little consideration has yet been given to the interaction of HAB
species with these sediments during recovery periods or during harsh weather conditions when re-
suspension of sediments might occur.

Shellfish culture in EU waters is traditionally practised in many member states using the same sites
and areas for decades. New site allocations are occurring to some degree. So far, site selection criteria
do not include the frequency or density of occurrences of HAB. Whereas most sites are selected either
for best growth or best settling of seed, only a few studies exist (e.g., British Columbia) where Habitat
Suitability Indices have been developed on the basis of productivity and larval settling of oysters.
Further studies are needed to help the industry by incorporating the potential for HAB occurrence in
decision-making.

Existing regulations on the transfer of aquaculture species within the EU open market do not
sufficiently cover the need to control accompanying fauna and flora in shellfish such as seed oysters
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and mussels and this has somewhat weakened the tight protocol being developed over many years in
the ICES Code of Practice (ICES 1997). Little is known of the viability of HAB species transported in
shellfish for commercial practice (relaying of seed on culture grounds) or for market supplies (e.g., life
storage in harbours with flow-through systems). Season, transport conditions and storage time may
influence viability. Studies are needed to identify the potential risk of successful transfer of HAB
species with live shellfish to new areas. These would help to understand the effects of these practices
and to provide advice on mitigation strategies.

Finfish species produced by cage farming along coasts respond differently to HAB. When considering
new fish species as potential candidates for aquaculture, sensitivity to HAB should be included in the
criteria for species selection. Within the EU, interest has increased in developing "artificial reefs" as
coastal structures that serve many purposes in the Coastal Zone: extensive aquaculture, stock
enhancement, recreational fisheries, prevention of trawling in protected areas. Decisions for siting
such facilities in shallow waters should include HAB considerations.

With regard to toxins, several countries require extensive testing with adequate certification prior to
shipment of live shellfish. The industry in some countries is well aware of the benefits of control
mechanisms to maintain consumer confidence and prevent market disruption. However, toxin testing
is often costly, time-consuming and not yet straightforward to implement for all relevant toxins. When
precautionary closure is applied, this causes tension between farmers and regulatory authorities.
Delays in toxicity assessment cause loss of shelf life and therefore of value of the products, adversely
affecting the competitiveness of the European market. There is a need to develop rapid analytical
methods, preferably including low cost test kits for HAB toxins, which can effectively be used by the
industry and the control agencies in EU countries. Intercalibration of improved analytical tools will
also be required.

There is a need to improve HAB and environmental monitoring capabilities. The option of involving
the aquaculture industry directly in these exercises can be very useful. Aquaculture operations need to
monitor their environmental conditions on a regular basis for site management and regulatory
purposes. With some guidance, aquaculture operators can be trained to record valuable basic data on a
regular basis, which can assist researchers to obtain a broader picture on occurrences and events
outside or nearby their study area. One example where such monitoring is successfully practised is
British Columbia, Canada, (Gaines and Taylor 1986) where regulatory authorities, farmers and
scientists have worked closely with the best sources of expertise to bear on practical mariculture
problems.

Studies are also needed to assess the fate of permanent cysts in sediments under cages

8.3.5 Research needs and justification

Recommendation: Monitoring of HAB species should be expanded to involve aquaculture operations
for both shellfish and finfish directly, providing opportunities to gain better area coverage and high
frequency data.

Justification: Aquaculture in European coastal areas is growing rapidly, increasing the number of
stakeholders who are directly affected by HAB and who need effective advice to minimise their
effects. Involving farmers through training programmes and provision of equipment is one of the cost-
effective means to expand the database in support of long time- series studies being developed by
other programmes. Further, cooperation with the aquaculture industry would also largely remove the
tension between regulatory authorities and industry (marketing needs) once action has to be taken to
reduce human health risks.

Recommendation: Studies should be initiated to understand the fate of HAB cysts and other viable
units accumulated under cage farms, including the effects of fallowing periods and the potential of
cysts and other resting stages, for bloom inoculation under given environmental circumstances.

Justification: Although most new licences for cage culture systems require an EIA with predictive
modelling on benthic deposition of suspended solids in order to set limits on farm size to avoid anoxia
underneath cage flotillas while allowing for certain bioturbation, there is still a change that such
habitats may act as reservoirs for dormant cysts. Studies in this area should identify whether there is
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such a risk through cage farming while assisting to improve predictive modelling in order to minimise
the risk of bloom inoculation.

Recommendation: Aquaculture system design studies should be supported that allow for effective
control and collection of waste feed and faeces to reduce the accumulation of sediments, thereby
lessening the build up of conditions that support the accumulation and survival of HAB resting stages.

Recommendation: The potential of HAB species transmission in ship ballast water needs urgent
attention and studies need to be initiated to identify the dimension of the problem in Europe, while
addressing in particular (a) survival capabilities of species while in transit to EU waters and (b)
assessing the risk arising from ballast tank bottom sediments containing dormant cysts and other
resting stages of HAB.

Justification: ballast water volumes transmitted intercontinentally increase steadily. The intended
offshore ballast water exchange strategy presently promoted by IMO through MARPOL, seems not
only to reduce some risks associated with transfer but to pose new threats when carrying bloom
species to other areas. Studies should be initiated to follow the fate of HAB species after release into
new habitats, including inshore and offshore bloom species. The number of cysts in ballast tank
bottom sediments is astronomical.

8.4 Control

Control methodologies can be categorised as "direct” or "indirect" depending on whether the effort
targets the HAB specifically, or strives to reduce their impacts, such as through bloom prediction or
through alteration of pollution inputs, which can stimulate bloom growth. The latter have been
discussed above under impact prevention or impact reduction. General categories of direct control
include chemicals or additives to kill algal cells in the water column, physical removal of the cells by
mechanical means, flocculant addition to scavenge cells and transport them to the sediments, or
biological control via the introduction of a predator or other pathogenic agent which can destroy HAB
cells.

Direct control strategies are by far the most controversial means of mitigation, due to concerns about
environmental impact, as discussed above. As a result, very little research has been conducted in this
area. With increasing pressures from aquaculturists, regulatory agencies, and the general public to
reduce the impacts of HAB phenomena, it is important that aspects of direct control be explored at a
fundamental level. This will provide information needed to evaluate the efficacy of proposed
mitigation strategies. At present, these evaluations are based more on “gut-feeling™ reactions than on
sound science.

8.4.1 Biological control

Predation and mortality of HAB species are critical elements of bloom dynamics, but are also routes to
explore for potential control strategies. Zooplankton, which graze on HAB species, have been
proposed for bloom control (Shirota 1989). Zooplankton grazing rates have been investigated in
laboratory and field studies several HAB species, but this knowledge needs to be expanded. Similarly,
studies on bivalve filtration rates and long-term effects of HAB species upon bivalve feeding
behaviour are needed to elucidate aspects of HAB dynamics and to identify opportunities to exploit
these predator-prey interactions to mitigate or control blooms. For example, the establishment of
populations of benthic filter feeders might be an effective strategy to control populations of HAB in
certain areas.

Viruses could be highly specific and effective control agents. They are abundant in marine systems,
replicate rapidly and tend to be host-specific, suggesting that a single algal species could be targeted -
the ultimate "magic bullet”". In reality, however, viruses are sometimes so host-specific that they are
unable to infect different genetic strains of the same host species, and we know that HAB can be
genetically heterogeneous. Clearly, the nature of viral-HAB interactions needs to be explored, not
only with respect to the impacts on bloom dynamics in natural waters, but also in the context of
control or mitigation.
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Similarly, a variety of parasites infect marine phytoplankton, including HAB species. As with the
viruses, a key issue is that of host specificity, but this is an area where little is known with respect to
HAB species. Resolution of these specificity issues is needed.

Bacteria could also be employed to control HAB (Doucette et al., 1998). An intriguing example is a
Gymnodinum mikimotoi - killing bacterial strain, which exhibits strong and specific algicidal activity.
Cultures of G. mikimotoi were completely destroyed within 24-38 hours of exposure to the bacterium
due to an unknown "killing substance” produced in response to exudates from the dinoflagellate. The
compound's algicidal activity was restricted to G. mikimotoi and another closely-related species but
had no effect on other algae tested. Studies of such bacteria have thus far been confined to basic
investigations of the nature of the interaction. No field applications have yet been attempted.

Issues: It is clear that members of the planktonic microbial community as well as larger grazers (both
planktonic and benthic) can have profound impacts upon HAB population dynamics, but wehave little
knowledge of the underlying mechanisms, nor do we have quantitative estimates of their impacts on
bloom dynamics. Such knowledge is critical to our understanding of HAB, but is also necessary if
these approaches are to be explored for mitigation. A scientific assessment of the feasibility of
biological control of this type requires investigations into HAB population dynamics, with emphasis
on these microbial-and grazer-mediated mortality or loss factors.

8.4.2 Physical/chemical control

The only large-scale application of a chemical to control an HAB was in 1957 when copper sulphate
was spread over 16 square miles of a red tide bloom in the Gulf of Mexico (Rounsefell and Evans
1958). Evaluation after the fact led to the conclusion that the treatment was too expensive and non-
specific. Chemical control has been largely ignored ever since because of strong environmental
objections and negativism and a conviction that a "magic chemical bullet" that will somehow kill only
a specific, targeted HAB species probably does not exist. This line of inquiry should not be dropped
entirely, as chemicals are used successfully in the attack on terrestrial pests, especially in the context
of integrated pest management, in which biological and chemical approaches are used in tandem to
minimise the impacts of each. Similar strategies might someday be useful against HAB.

One control strategy that has considerable promise involves the use of flocculants - materials that,
when added to water, precipitate and scavenge co-occurring particles as they fall to the sediments
below (Shirota 1989). The surface charge on phytoplankton cells attracts them to opposite charges on
the flocculants, forming aggregates, which will eventually fall to bottom sediments. Removal
efficiencies of 95-99% have been achieved in laboratory cultures using clay, and small- and large-
scale field trials near fish farms have also been successful, though not well-documented. The prospects
for this mitigation strategy look good, but considerable research is first needed, especially at the
ecosystem or community level. Critical unknowns include the fate and effects of sedimented cells and
toxins on bottom-dwelling animals and the collateral mortality of co-occurring planktonic organisms.
Other direct bloom interventions should also be considered. Physical removal of cells from the water
using screens or air sparging is possible using a number of different devices, but none are presently
capable of this at a scale applicable to most HAB. Development efforts at this engineering level may
lead to improvements in capabilities and ultimately to practical applications on natural blooms in the
future.

Issues: A number of physical/chemical strategies have potential for HAB mitigation, but considerable
development effort is needed to bring these to the application stage. There is also a need to assess the
ecological and environmental effects of these strategies as well.

8.5 Conclusions

It is evident that our ability to mitigate the impacts of HAB is limited and inadequate at present. To
enhance this capability in the future, we first need to increase our understanding of the mechanisms
underlying HAB and the manner in which they affect ecosystems and fisheries resources. For
example, direct bloom control will not be possible without a thorough understanding of the critical
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“control points” of HAB population dynamics, which could be exploited in mitigation strategies.
Some HAB are small or localised, either permanently or during key stages of development. A
widespread marine bloom that would be neither economically nor logistically feasible to control
might, on closer inspection, be localised and accessible at an earlier point in time, such as at the stage
in an HAB organism’s life cycle when cysts germinate as a bloom inoculum.

In addition to this need for understanding of HAB dynamics, we must also invest in research on a
variety of methods for impact prevention (such as models and early warning systems) as well as for
impact reduction (depuration technologies, pollution control strategies). There are many different
types and scales of mitigation strategies, and all are poorly supported by fundamental research at this
time. Targeted studies are needed on many of the specific approaches, emphasising the fundamental
science behind the strategy. Studies of grazer- or pathogen-induced mortality as a factor in HAB
decline can provide information needed to determine whether direct biological control of an HAB
would ever be feasible. Useful and fundamental science can be targeted on these important questions,
leading ultimately to practical results. In this manner, the emphasis in EUROHAB will be on
investigations of solutions to HAB problems, not simply investigations of the problems.
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9. OTHER NATIONAL AND INTERNATIONAL ACTIVITIES

There are a large number of potential linkages with other international, national and regional
programmes and initiatives.

Indeed over the past ten years initiatives for improved understanding of the processes underlying
HAB occurrences, improved monitoring, management and mitigation, and improved training and
capacity building, have been taken at the national, regional and international level. These initiatives
vary significantly in impact and many of them are still in a preliminary phase. International activities
have in particular focused on enhanced HAB research and monitoring capabilities in developing

countries.

The HAB Programme of the Intergovernmental Oceanographic Commission (of UNESCO) includes
scientific, educational and operational elements. Concrete results are accessible at
http://ioc.unesco.org/iocweb/activities/ocean_sciences/oslr.htm.

Scientific working groups on HAB have in particular been established by, alone or jointly with the
I0C, the Scientific Committee on Oceanic Research (SCOR) and the International Council for the
Exploration of the Seas (ICES).

A new initiative is the international SCOR-IOC science programme called GEOHAB, the Global
Ecology and Oceanography of Harmful Algal Blooms. The scientific goal of GEOHAB is to:
determine ecological and oceanographic mechanisms underlying the population dynamics of harmful
algae, by the integration of biological and ecological studies with chemical and physical
oceanography, supported by improved observation systems. GEOHAB research projects will have to
be funded through national or regional funding sources.

Another relevant international undertaking is the establishment of the Global Ocean Observing System
(GOOS) a co-ordinated international system for gathering data about the oceans and seas in order to
meet the needs of the world community of users of the oceanic environment. Harmful Algal Blooms
(HAB) have been identified as a major problem by the Coastal (C-GOOS), the Health of the Oceans
(HOTO), and the Living Marine Resources (LMR) panels. In particular, the priorities of C-GOOS
include the design and implementation of HAB observation systems on regional to global scale.

A regional activity which is relevant in terms of strengthening monitoring networks and to provide
quality assured data is the phytoplankton network under HELCOM. Within this activity, a time series
of phytoplankton species composition, including HAB species, over the last two decades has been
collected from the open sea areas of the Baltic Sea. In addition to species data, the HELCOM data
include measurement data on several environmental factors relevant for HAB dynamics.

In the United States several funding agencies have joined forces to establish a programme on research
of harmful algae: ECOHAB (The Ecology and Oceanography of Harmful Algal Blooms)- A National
Research Agenda. This programme started in the autumn 1997, and is expected to run for a 10 years
period. The agencies supporting this research programme are: the National Science Foundation (NSF),
National Oceanic and Atmospheric Administration (NOAA), Environmental Protection Agency
(EPA), National Aeronautics and Space Administration (NASA), and Office of Naval Research

(ONR).

The Global Ocean Ecosystem Dynamics (GLOBEC) Program, established by SCO
1991, addresses the need to understand how changes in the global environm
abundance, diversity and production of animal populations comprising a maj L&)mpgnent of t
ocean’s ecosystems. HAB are often associated with a switch in phytoplankt
have significant effects on the trophic dynamics linking nutrients and
zooplankton and fisheries.
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The United Nations World Health Organisation (WHO) has prepared Guidelines for Safe
Recreational-water Environments. Guidelines are provided for health authorities and the general
public on the risk in coastal and fresh waters of human health hazards due to algal toxins as well as
precautionary measures. The Guidelines have been prepared by the European Centre for Environment
and Health, WHO Rome Division, and European expertise have contributed significantly to their
preparation.

Accidental transfer of HAB species by human activities have been addressed in conjunction with
general considerations on introductions of aquatic organisms. ICES has through its long-standing
‘Working Group on Introductions and Transfers of Marine Organisms’ developed an international
‘Code of Practice’ to minimise ecological risks arising from the introductions.

The International Office of Epizooties (IOE) has over the past years also been working with the
transfer of non-indigenous aquatic species. IOE has established a data-base including reference to
HAB species.

Transfer by ballast of ships of harmful aquatic organisms and pathogens, causing injury to public
health and damage to property and the environment has been recognised as a major problem
internationally. Harmful marine microalgae is-one group of organisms of concern in this respect.
Accordingly the International Maritime Organisation (IMO) has adopted international Guidelines for
the Control and Management of Ships' Ballast Water to Minimise the Transfer of Harmful Aquatic
Organisms and Pathogens (Resolution A.868(20)). IMO is currently preparing legally binding
provisions in this field.

The research proposed by EUROHAB would utilise, coordinate and expend the expertise developed
by European scientists within a number of recent and ongoing projects supported by the EU and
European science agencies. These projects include NUTOX, DOMTOX, Project on Ballast waters and
COMWEB (MAST III Programme) focused on monitoring and control of harmful toxic algal blooms,
EHUX and MEICE, focused on algal physiology, EULIT and CLEAN, on controlling factors of
harmful blooms dynamics, NIRO on the modelling of algal bloom formation, as well as BASIC,
PHAEOCYSTIS and EROS 21 (ENVIRONMENT&CLIMATE Programme).
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akinete
algicidal
allelopathy
allozyme
amino-acids

ammonification

antibody

aquaculture

artificial neural networks
autotrophic

benthos, benthic
bio-active compounds
bio-optical sensor

bioassay
bloom
brackish waters

capillary electrophoresis

cyanobacteria
cyst

cytotoxins
Decision Support System

denitrification
DNA
DNA-cell-cycle
DNA/RNA probes

estuary, estuarine
euryhaline

eurythermal

eutrophic
fecundation
filamentous
flow-cytometry
frontal activity

LIST OF TERMS

resting stage of cyanobacterial cell

causing algal mortality

negative interaction against functionally similar organisms

different variants of the same functional enzyme

group of organic molecules containing nitrogen - building blocks

for proteins

the recycling of nitrogen-containing organic compounds causing the
release of ammonium

a molecule produced by the immunosystem in direct response to an
antigen and which combines specifically and reversible with antigen
which caused its formation.

cultivation of aquatic organisms, e.g., fish, mussels, oysters

a rapid classification method for multivariate date

needing only inorganic nutrients for growth

life forms that are restricted to the bottom

compounds that have a negative effect on biological processes

a sensor that measures the optical properties of water with the
phytoplankton and associated detritus

quantitative procedures in which a given organism is used for assay
purposes. Used to measure trace amount of substances; this given the
fact that this substance is essential or harmful to the organism.

relative dense accumulation of algae

water with salinity of 2 - 10 per mille

analytical tool to separate dissolved substances on the basis of
electrical charge

bacteria with a plant-like way of live

a specialised microbial cell produced in response to adverse
environmental conditions or as a part of the normal life cycle

toxins that act on a cellular level

system that takes diverse information and sorts in order of relevance
to the topic under investigation. Some systems can query the nature or
lack of the information provided, and make weighted predictions
based on input information. An example is SimCoast.

a net removal of biologically available nitrogen by conversion of
nitrate to nitrogen gas

Deoxyribonucleic acid; contains the genetic code in every living
organism

the sequence of phases in genome size which constitute the cycle of
vegetative growth and cell division

short strands of genetic material complementary to target regions on
the DNA or RNA to recognise specific taxa

the gradual transition of fresh- to sea-water in a river outlet

a species is euryhaline when it can accomodate to a wide range of
salinities

a species is eurythermal when it can accomodate to a wide range of
temperatures

loaded with a high concentration of nutrients

reproduction capacity

thread-forming

procedure in which individual cell in suspension are characterized

the edge between two different water types
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functional gene probes

gas chromatography
gene flow

genotype

haplodiploid
haploid
hepatocytes -
hepatotoxins -
heptapeptides
heterotrophic

high-performance liquid chromatography

immunodiagnostic -

intrusion
life-cycle

lipopolysaccharide
mass spectrometry
mesocosm

methylated

microcystins
mixotrophy

mutualistic
neurotoxins
nitrification

nitrogen fixation

nodularin

nuclear magnetic resonance

organoleptic
pelagic

pentapeptide
phenotype

phototactic
phytoplankton
picoplanktonic
plankton

polymorphism

primer

probes that target gene expression either at the mRNA level or the
protein level

analytical tool to separate volatile substances on the basis of polarity
the exchange of genes between different populations

genetic constitution of an organism: i.e. the content of genetic
information, either in total or with respect to one or more particular
named alleles

having a life cycle consisting of haploid and diploid stages

having only one set of chromosomes

specialized liver cells

toxins acting on hepatocytes

polymer of six amino acids

using organic forms of nutrition

analytical tool to separate dissolved substances on
the basis of polarity

using diagnostic tool which specifically acts on certain molecules by
using antibodies

mixing of two different water types

the sequence of phases of a cell which constitute the cycle of
vegetative growth, cell division and sexual reproduction

polymer of sugars and fatty acids

analytical tool to separate substances on the basis of molecular mass
meso-scale experimental set-up (usually 100 - 1000 Iliters) for
microbial foodweb studies

containing a methyl (CHs-) group

toxins formed by the cyanobacterium Microcystis aeroginosa

the ability of a cell to meet its nutritional requirements using various
substrates (organic and inorganic nutrients, detritus and living
particles) together with photosynthesis

beneficial for all participants

toxins acting on the nerval system of animals

the bacteria-mediated conversion of ammonium to nitrite and finally
nitrate

the biochemical process where nitrogen gas from the atmosphere (N;)
is converted into a biologically available form

toxin formed by the cyanobacterium Nodularia spumigena

analytical tool

using sensory organs

the aquatic environment in deeper fresh or marine waters which is not
influenced by the bottom

polymer of five amino acids

the observable characteristics of an organism, either in total or with
respect to one or more particular named characteristics. The
phenotype of an organism is the manifestation of gene expression in
that organism.

the ability to detect and move along a gradient of light intensity
microscopically small organisms with a plant-like way of life

smallest plankton fraction (0.2-2 um)

free floating, usually microscopic, aquatic organisms living in the
pelagic environment

the ability of an organism to occur in two or more morphologically
distinct forms (morphotypes), depending on e.g., environmental
conditions or on the stage in the life cycle

piece of genetic material that acts as a “start code” for molecular
analyses of the genetic material
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protein phosphatases
pycnocline

pyrogenic
RAPD finger printing

RNA

serine

species-specific-gene probes
threonine

toxin

turbulence

upwelling

zooplankton

key enzymes that regulate the activity of other enzymes in cells of all
organisms.

in a water column, the pycnocline is the layer of maximum density
gradient

causing fever

Randomly amplified polymorphic DNA uses a single oligo-
nuclucoeotide primer to obtain fragments of DNA; the banding
patterns of these fragments represent a genetic fingerprint of an
individual

ribonucleic acid; a molecule that translates the genetic code (DNA) to
functional proteins

an amino acid

RNA or DNA oligonucleotide probes that recognise a single species
an amino acid

any poison derived from a plant, animal or microorganism

irregular motion of a fluid

the transport of nutrient-rich deep waters to the surface, where there is
enough light available for algae to grow

animal plankton
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APPENDIX 2. ACRONYMS

ANN artificial neural network

ASP Amnesic Shellfish Poisoning

CZCS Coastal Zone Color Scanner (NASA ocean colour 'proof of concept' satellite
mission 1978-86)

CZE capillary zone electrophoresis

DIC dissolved organic carbon

DNA Deoxyribonucleic acid: a nucleic acid consisting of deoxyribonucleotides each

which contains on of the bases adenine, guanine, cytocine or thymine. DNA is
repository of genetic information in all cells

DSP Diarrhoeic Shellfish Poisoning

ELISA enzyme-linked- immunosorbent assay

ENSO EI Nifio Southern Oscillation

ESA European Space Agency

ESA European Space Agency

GCM Global Circulation Model

HAB Harmful Algal Bloom(s)

HPLC High performance-liquid-chromatography

MAST Marine Science and Technology Programme

MERIS MEdium Resolution Imaging Spectrometer

MODIS MODerate-resolution Imaging Spectrometer

NAO North Atlantic Oscillation

NASA National Aeronautics and Space Administration

PSP Paralytic Shellfish Poisoning

RNA Ribonucleic acid: a nucleic acid consisting of ribonucleuotides, each which
contains on of the bases adenine, guanine, cytocine or uracil.

rRNA the ribosomal RNA: major component of the ribosome.

SeaWiFS Sea-viewing Wide-field of view Sensor

SST Sea Surface Temperature
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