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The Global Ecology and Oceanography of Harmful
Algal Blooms (GEOHAB) programme was initiated in
1999 by the Scientific Committee on Oceanic Research
(SCOR) and the Intergovernmental Oceanographic
Commission (I0C) of UNESCO to develop aresearch
programme on the ecological and oceanographic
mechanisms underlying the population dynamics of
harmful algal blooms (HABS). The end goal of this
programme isto allow the development of observation
systemsand modelsthat will enable prediction of HABS,
thereby reducing their impacts on the health of humans
and marine organisms, as well as their economic and
social impactson societies.

The GEOHAB Implementation Plan (GEOHAB,
2003) specifiesthe formation of Core Research Projects
(CRPs) related to four ecosystem types—upwelling
systems, fjords and coastal embayments, eutrophied
systems, and stratified systems.

Thisreport summarizesthe Open Science Meeting
(OSM) heldin April 2004 and providesthe proceedings,
progress and synthesis of research efforts on the study
of HABs in fjords and other coastal embayments. At
this OSM, participants had the opportunity to present
and discuss research findings in a variety of coastal
embayments and to begin the development of aresearch
agenda for coordinated studies. The meeting served to
identify interested participants and research regions and
to bring together the international community to design
core research. Meeting participants discussed a wide
variety of research topics related to HABs in these
coastal systems, which the Core Research Committee
distilled into seven key questions:

— Arethere definable adaptive strategies that
characterize HAB speciesin confined and
semi-confined systems?

— What istheimportance of life history transitions
and cyst distributionin bloom initiation and
mai ntenance — endogenous seed beds versus
exogenousintroduction?

— How do physical dispersion and aggregation
processes within a semi-confined basin affect
HAB growth and distribution?

— What istherelative contribution of nutrient flux
and supply ratiosto HAB dynamicsin eutrophic
versus non-eutrophic coastal embayments?

— What isthe importance of spatial scale and
retention time in the expression and effects of
alel ochemicalg/toxinsin semi-confined
systems?

— How do embayment morphol ogy, bathymetry
and hydrodynamic flux affect HAB dynamics?

— Arethe effects of anthropogenic activities (e.g.
aguaculture) and global climate change on
HAB dynamics magnified in enclosed and
semi-enclosed embayments?

Our understanding of and ability to predict HABs
in coastal embayments over the next 5-10 years will
reflect the extent to which this GEOHAB CRP can
answer these questions. The practical implementation
of Core Research activitiesin coastal embayments has
advanced sincefield work wasinitiated in 2005.

The OSM programme, including thelist of participants
and abstracts, can be found at: www.geohab.info
(Research Activities, Core Research Projects, Fords
and Coastal Embayments).
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The GEOHAB Science Plan (2001) and
I mplementation Plan (2003) provide the background and
justificationfor the GEOHAB programme. The purpose
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Fig. 1. OSM meeting poster

of this document is to follow-on from the
Implementation Plan to describe in greater detail the
research that will be conducted for the GEOHAB Core
Research Project (CRP) — HABs in Fjords and
Coastal Embayments. It will serve asafoundation for
continued planning and will be augmented asresearchis
planned and funded, results are obtained, and new
guestions are formulated. This report is based on a
planning meeting held with international expertsonHABS
inthese environments.

The GEOHAB SSC convened an Open Science
Meeting on Harmful Algal Bloomsin Fjordsand Coastal
Embaymentsin Vifiadel Mar, Chile (April 26-29, 2004)
under the co-direction of Allan Cembella (Alfred
Wegener Institute, Germany) and Leonardo Guzman
(Instituto de Fomento Pesquero, Chile) (Fig. 1). The
objectives of thismeeting werefourfold: 1) tointroduce
the GEOHAB approach to Core Research to the
international community; 2) to foster the devel opment of
national andinternational linksto GEOHAB, specificaly
to Core Research; 3) to review and assess existing
knowledge and future prospects for research on HABs
in coastal embayments, and 4) to initiate the devel opment
of an action plan for implementation of the Core
Research Project. An international panel of experts
participated asthe Core Research Project Co-ordinating
Committee to plan the research agenda, in conjunction
with several members of the GEOHAB SSC.

Theinvitationtothe OSM wasissued to al prospective
participantsin the emerginginternational Core Research
Project; however, strong participation from LatinAmerica
was particularly noteworthy. More than 60 participants
attended at least part of the meeting, which featured 11
key lectures, 28 posters presented by participants and
an extensive and lively discussion and question periods
following each theme. To stimulate maximal scientific
interaction, all posterswere presented orally.

The programme was opened with short welcome
addresses from Chilean dignitaries, including
representatives of the Comité Oceanogréafico Nacional
of Chile, the SCOR Executive Director and the 1OC
HAB Programme Executive Secretary. After the
conclusion of the plenary key lectures, theme break-out
workshop groups were formed to discuss comparative
approaches and integration of physical versushbiological
and chemical factors, and the incorporation of
hydrodynamic and ecosystem modelsinto thisresearch
framework. A series of recommendations and



considerations emerged from these theme workshop
groups, such as key importance of physical constraints
in determining hydrodynamics and species outcomesin
coastal embayments and the significance of benthic-
pelagic coupling. The critical importance of water
residence timewas also noted. On the day following the
closure of the plenary meeting, the co-convenors met
with the GEOHAB Chairman, the international Core
Project Coordinating committee, and representatives of
the GEOHAB SSC to plan the research agenda and to
prepare this report. Specific issues addressed included:
1) identification of key processes and mechanisms that
must be studied in such ecosystems to define HAB
dynamics; 2) determination of the key questions and
working hypotheses; 3) consideration of opportunities,
differencesand commonalitiesto be addressed in studies
of coastal embayments; 4) discussion of potential key
field study sites where research could be implemented;
and 5) possibilities and constraints for national and
international funding support for research initiatives.
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Summaries of the poster presentations of the OSM
are provided on the GEOHAB Web site under the sub-
link to the CRP on Fjords and Coastal Embayments (see
www.geohab.info — Documents).

The GEOHAB Scientific Steering Committee (SSC)
isgrateful for thegenerousfinancial and logistica support
for this meeting from the Intergovernmental
Oceanographic Commission (I0C); Scientific Committee
on Oceanic Research (SCOR); U.S. National Science
Foundation (Division of Ocean Sciences); Comité
Oceanografico Nacional (CONA); and Gobierno de
Chile, through Subsecretaria de Pesca (SUBPESCA)
del Ministerio de Economia, Fomentoy Reconstruccion,
and Servicio Hidrograficoy Oceanografico delaArmar
dade Chile (SHOA) and Comisién Nacional de Investi-
gacion Cientifica 'y Tecnoldgica (CONICYT). The
programme officers, Edward Urban (SCOR, Executive
Director) and Henrik Enevoldsen (I0C HAB Programme
Coordinator), as well as the local Chilean organizing
committee, provided much-appreciated contributions.
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GEOHAB Core Research Projects address the goals
of the GEOHAB Science Plan, and are conducted as
specified in the Implementation Plan. The CRP on
HABs in Fjords and Coastal Embayments will
identify key HAB speciesin these systemsand determine
the ecological and oceanographic processes that
influence their population dynamics. The physical,
chemical and biological processes that define or
characterise these systems will be identified and the
response of HAB species to these processes will be
guantified. The prediction of HABscan beimproved by
integrating biological, chemical and physical studies
supported by enhanced observation and modelling.
Models for HABs must be developed to support
fundamental research and to provide prototypes of early
warning and predictive capabilities. The use of
observation technol ogies can provide auseful comparison
of predictionswith observations.

In accordance with the GEOHAB strategy, the
approach of the CRP is comparative from the cellular
to the ecosystem level. Research that is
interdisciplinary, focusing on theimportant interactions
among hiological, chemical, and physical processeswill
be fostered. Research will also be multifaceted as the
problems relating to HABs in fjords and coastal
embayments are complex and interactions and processes
occur over a broad range of scales. Finally, research
will be international in scope to encompass the global
issues of HAB events and benefit from the skill and
experience gained by HAB investigators world-wide.

The GEOHAB CRPs are built on the premise that
understanding the ecology and oceanography of HABS
will benefit from a comparative approach, whereby
the characteristics of various ecosystems are described,
defined and classified with respect to their similarities
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and differences. In most cases, rigorous experimental
controlsare not feasiblein such ecosystem studies, even
in small-scale systems. As an alternative, where such
controls are not available, the comparative approach is
the method of choice, and represents a potentially
powerful alternative for drawing scientific inference
regarding HABs. Although fjords and coastal
embayments comprise a wide spectrum of apparently
heterogeneous ecosystems, the comparative approach
offers the basis for scientific inference via recognition
of informative patterns of naturally occurring temporal
and spatial variations. Comparisonswith respect toHABS
will first incorporate the grouping of species found
primarily or exclusively in coastal embayments, as a
preliminary attempt to define functional groups based
upon habitat characteristics. Attempts will be made to
define the fjords and coastal embayments subject to
HABs according to their hydrographic regimes,
bathymetry and nutrient status as a prerequisite for the
development of a classification scheme, similar to that
available for estuaries in eastern North America.
Comparison of the extent to which HAB speciesrespond
inasimilar way within these various systemswill allow
for the establishment of criteriato estimate probabilities
for their occurrence and abundance, and for determining
the oceanographic processes that influence their
popul ation dynamicsand community interactions. Equally
important is the identification of coastal systemswhich
may appear to be similar but nevertheless contain
dissmilar HAB speciesor groupings. Findly, comparative
studieson theresponse of harmful algaeto perturbations
within small-scale semi-enclosed coastal systems will
assistinidentification of robustnessand stability of HABS
and in evaluating the importance of divergences from
predicted responses.



Fjords and coastal embaymentsare highly diversein
terms of size, depth, isolation from the open coast and
hydrodynamic regime, among other characteristics. Such
ecosystems do, however, share common features that
distinguish them from open coastal systemsor offshore
upwelling zones. Their relative degree of enclosure may,
for example, favour the development and retention of
blooms. Study of the similaritiesand differencesof HAB-
impacted fjords and coastal embayments should help
identify the major processes influencing population
dynamics of HABs. Four factors stand out as
characteristic of these semi-enclosed environments: the

importanceof 1) residencetime, 2) exchangewith outside
waters, 3) amount of freshwater from river run-off,
melting glaciers and rainfall, and 4) increased pelagic-
benthic coupling in relatively shallow areas. A more
detailed description of fjords and coastal embayments,
of harmful algal blooms occurring within these systems,
and of methods for detection and surveillance of these
bloomswas published by Cembellaet al. (2005) involume
18(2) of Oceanography, ajournal of The Oceanography
Society (Fig. 2). Readers are strongly encouraged to
consult this text (www.tos.org/oceanography/issues/
issue_archive/vol_18.html).

Harmful Algal Blooms

and their

Assessment

n Fjords and

Coastal Embayments

BY ALLAN D. CEMBELLA, DIEGO A. IBARRA, JORGE DIOGENE, AND EINAR DAHL

ﬂzmm_gmp@f | Wol.18, No.2, June 2005

Fig. 2. Title of publication by Cembella et al. in Oceanography 18(2)158-171 Used with permission from The Oceanography

Society.
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Overview

B. Representative Systems
for Comparison

1. The Chilean Fjordal Systems (SE
Pacific)

Thefjordsand channel systemsin Chileencompassa  region reflects the relatively recent glaciations that
vast areafrom43to 55°Sincluding theLosLagos,Aysen  occurred from 40000 to 10000 years BP. At present,
and Magellan regions (Fig. 3). Geomorphologically, this  numerous glaciers continue to flow into the sea,

=4 LOCATION MAP
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;
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7300w

Fig. 3. Map of Chile, including areas of interest in Los Lagos (top left) and Magellan regions (bottom left), along the fjordal
system. The Aysén region extends between the Los Lagos and Magellan regions. The Francisco Coloane marine park is
located off Paso Inglés. The maps were produced using ARC Editor 9.3, Environmental Systema Research Institute (ESRI).
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particularly in the southernmost area of Chile. In gene-
ral, humanimpactson thefjordal systemsaregreatest in
the northern area, where human populations are the
largest. These fjordal ecosystems are subject to awide
spectrum of climate regimes and oceanographic features,
and thusadiversity of HAB eventsand different species
are observed along thislatitudinal gradient. The coastal
marine ecosystems support avaried wild fin-fishery and
shellfish industry, in addition to providing a propitious
environment for aquaculture, with higher productivity and
more intense cultivation in the northern area.

In the northern extreme of the fjordal system (Los
Lagos region, see Fig. 3, top left), Bahia Yates, Bahia
Calbuco and Estero Yaldad are among several
strategically significant embaymentsthat may be affected
by HABs. They are located near Puerto Montt and
Reloncavi Sound, in asector of Chiloélsland inner sea.
This area is influenced by numerous small population
centres active in wild harvest fishing and aquaculture
(salmon and mussel culture). Seno Ballena, BahiaMussel
and Bahia Nash are in the austral zone of this system
(53°S), near the Pacific Ocean (Fig. 3, bottom left). The
austral sites are located in the protected marine area
adjacent to the recently created (2003) Francisco
Coloane Marine Park. This ecologically diverse and
productive sector is almost unpopulated and it is

Region of Los Lagos
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Region of Aysén

characterized by extractive fishing and a few salmon
culture centres, as well as the migratory route of
humpback whales (Gobierno de Chile, 2006).

Marine phycotoxins and HABs have been found in
the northern and southern areas, although paralytic
shellfish poisoning (PSP) is more frequent and higher
toxicity valuesare detected in southernlocalities, at sites
located inthe Aysén and Magellan regions (Figs. 410 6),
particularly sincethe 1990s. Inthenorthernfjordal region
near Chiloé Island, in addition to the sporadic detection
of PSP toxins, those associated with diarrhetic shellfish
poisoning (DSP) and amnesi ¢ shellfish poisoning (ASP)
have al so been detected, with the diarrhetic toxinsbeing
more frequently present (Guzmén et al., 2002; Suarez-
Islaet al., 2002). In some areas, such as Chiloé Island,
PSP and DSP toxins can be detected simultaneously in
mussel samples (Garciaet al., 2004). Thereisevidence
that domoic acid (ASP toxin) is present at trace levels
al aong thefjordal system, particularly during autumn
(L. Guzmén et al., unpublished data). Pectenotoxinsand
yessotoxins have also been detected (L. Guzman et al.,
unpublished data).

Bathymetric and hydrological features vary among
the embayments of the Chiloé region. While the 40 m
deep BahiaYatesisstrongly stratified over thefirst 20 m,
the other two bays present ahomogeneous surface layer

Region of Magellan

Fig. 4. Concentration maps of Alexandrium catenella (from surface to 10 m) for the period between May 2006 and February
2007 for various localities in the regions of Los Lagos, Aysén and Magellan (L. Guzman et a., unpublished data).
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over thetop 10 (Bahia Calbuco) or 20 m (Estero Yaldad).
Surface summer temperatures are around 15to 18°Cin
al threebays, but surface salinity ismuch lower (between
2.5-6.5psu) in Bahia Yatesdueto strong river discharge.
Phytoplankton productivity isvery highin Bahia Yates
(Lunven et al., 2004). Phytoplankton is typically
dominated by diatoms in all these bays, but naked
dinoflagellate blooms have been observed at Estero
Yaldad during autumn, a period during which
phytoplankton popul ationsare numerically dominated by
thisgroup (Vidal et al., 2006).

DSP toxins have been sporadically detected in the
above-mentioned localities of the northern area. The
species considered responsible for these events is
Dinophysis acuta, but D. acuminata could also be a
primary source of these toxins. PSP toxicity has been
recently detected in thisregion, and has been found more
frequently since the beginning of 2002 along the east
coast of Chiloéldland, from Canal Dal cahueto the south.
Estero Yaldad has been affected by PSP toxins, but not
Bahia Calbuco. The primary source organism is
Alexandrium catenella. Since the 2002 PSP toxin
outbreak, detected concentrations have been low, below
the mouse bioassay regulatory level, and alwaysoccurred
during spring and summer. Bloomsof A. catenella have
been observed in spring and summer or during autumn.
In December 2006 and January 2007 a short bloom of

Region of Los Lagos
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A. catenella (up to 10200 cells |, Guzman et al., 2007)
occurred over four weeks, associated with a PSP toxin
outbreak (reaching 619 pug STX eg. 100 g* shellfish mest)
and affecting the southernmost area of Chiloé Island.
Recently abloom occurred in the same region between
mid-March and mid-April 2009, reaching densitiesof 800
cells It and 1422 pg STX eg. 100 g* (L. Guzmén et
al.,unpublished data). Domoic acid, the toxin associated
with ASP, has been detected occasionally at trace
concentrations at the end of summer and in autumn. The
primary source of this toxin is assumed to be Pseudo-
nitzschiacf. australis(Vidal et al., 2006). Other harmful
or potentially toxic species also present include
Alexandrium ostenfeldii, Protoceratium reticulatum,
and Pseudo-nitzschia cf. pseudodelicatissima, the first
two mostly in Aysén and the Magellan regions (Guzman
et al., 2007).

Thelocalitiesin the Magellan region present different
bathymetric and hydrological conditionsin comparison
to sites located around Chiloé Island. Bahia Mussel,
located on Isla Carlos 111, is a bay of approximately 3
kmin length by 2 m inwidth, with amaximum depth of
90 m, which isdirectly influenced by the water of Paso
Inglés. This bay is highly productive, as evidenced by
frequent observations of humpback whales feeding in
thearea. Thewater columnisvery homogeneousinterms
of both temperature (near 7-8°C) and salinity (30-31 psu)

Region of Magellan

8
2
:

&

Fig. 5. Maps of PSP levels along the regions of Los Lagos, Aysén and Magellan, for the period between May 2006 and
February 2007 (L. Guzman et al., unpublished data). Values are monthly averages for mussels collected from 5 to 10 m.
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between the surface and 30 m depth. Phytoplankton is
numerically dominated year-round by diatoms, although
the presence of Alexandrium catenella stands out,
typically between October and December at
concentrationslessthan 3000 cells| (Fig. 4). Since 2002,
PSP toxicity values have been as high as 3200 ug STX
eg. 100 g* shellfish tissue, but values are normally less
than 300. Spring, summer and autumn are the seasons
with highest probabilities for PSP toxin outbreaks.
Corresponding relative abundance of A. catenella cells
israther low — not higher than level 3 (onascale of 8),
in spite of the fact that high PSP toxin values have been
detected (Figs. 5 and 6). The presence and abundance
of A. catenella are apparently not a good proxy for the
toxin levelsin mussels (Guzman et al., 2005).

Bahia Nash shows winter and summer temperatures
and sdlinitiesvery similar to thosefound in BahiaMussdl,
and very homogeneous over the approximately 50 m deep
water column. Phytoplankton is numerically dominated
by diatoms. PSP toxicity has also been detected in this
bay, but toxicities are not as high as in Bahia Mussel.
Since 2002, PSP toxicity has never exceeded 600 pg
STX eg. 100 g* in shellfish and frequently values are
lower than 100. This is associated with a rather low

Region of Los Lagos

Regular

Abundant

Wery Abundant
BN Extremety Abundant
Wl Hyper Abundant

€. Carrera dei Chivato
| Castilo.
| Palumoe
€. Darwin

& Jul 06

3- 20 May 06
17 Oct - 8 Nov 06

4 Fab -3 Mar 07

a
Fia. Baker
| Adest - Roca Lobo
I Orlebar

L Scout

14 Jur -
15 Jub - 17 Aug 06

24 Auxg - 16 Sep 06
23 Sep - 10 021 06

16 Mov - 5 Dec 06

s0wc06-aJanor | I

&
5
=
]

relative abundance of A. catenella cells, not higher than
level 2 (Guzméanet al., 2005).

Seno Ballenaisapproximately 15kmlong andtypically
lessthan 1 km wide (no bathymetry available), anditis
characterized by aglacier at the head of the fjord and a
tal sill, at lessthan 3 mwater depth, located approximately
7 kmfrom the glacier. Thesill dividesthe sound in two
regions. Between the glacier face and the sill, depths
aretypically lessthan 100 m, temperatures arelower in
the top 5 m (6-7°C) and salinities are aso rather low
(22-29 psu). From the sill to the sea, depths increase to
more than 200 m, and temperatures and salinities are
higher (7.5°C and 30-31 psu). Tidesaremixed, with semi-
diurnal predominance and typically range about 2 m.
Hydrographic information is available from Valle-
Levinson et al. (2006). The areais characterized by a
tidal pumping mechanism transporting saltier water over
thesill and freshwater renewal landward of thesill. Tidal
intrusion fronts and plume-like fronts are evident to the
sill. Water with oceanic salinity can be advected to the
near-surface from depths of approximately 30 masflood
flows accelerate from approximately 10 cm s?, seaward
of the sill, to approximately 60 cm s? at the sill crest.
Theplunging of salty water over thesill createsdramatic
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Fig. 6. Maps of relative abundances for Alexandrium catenella along the regions of Los Lagos, Aysén and Magellan for the
period between May 2006 and February 2007 (L. Guzmén et al., unpublished data). Values are averages of 6 vertical net

tows from surfaceto 20 m.
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tidal intrusion fronts only afew tens of metersfrom the
sill crest and pumping of salt with every flood period.
During ebb periods, thelow salinity waters derived from
theglacier and asmall river near the glacier converge at
thesill crest. After some mixing, the buoyant watersare
released within athinlayer (~3 m deep), led by aplume-
like front that can remain coherent for a few hundred
meters seaward of thesill (Valle-Levinson et al., 2006).
Phytoplankton is numerically dominated by diatoms,
whereas A. catenella is rare, reaching only very low
concentrations, less than 100 cells It at 5 m depth.
Consequently, this sound is rarely affected by PSP
outbreaks, in contrast to BahiaMussel and BahiaNash.

Thereislittle information on cyst beds compared to
that on vegetative cells. Highest cyst concentrationshave
been found at Canal Quitralco (77 £ 16.6 cystsml?) in
theregion of Aysénand Canal Ballenero (73 £ 19.5cysts
ml-Y) in the southern area of the Magellan region (not
shown but near the bottom right corner of the Magellan
region map in Fig. 3); other regions show low cyst
concentrations (Lembeye and Sfeir, 1997, 1999a1999h).

Alfacs and Fangar bays are the two coastal
embayments of the Ebre Deltain Spain, and are among
the most prominent embayments in the northwestern
Mediterranean Sea. These embayments have been
formed through riverine sedimentary processes in
conjunction with estuarine and oceanographic factors.
A tentative comparison of Alfacs Bay in the early 18"
Century with its present configuration illustrates the
geomorphological evolution of thisbay (Fig. 7), whichis
undergoing continuous change. Regardless of possible
misinterpretations due to mapping errors in the 18"
Century, definitive changes are evident, such astheriver
mouth position and the size of embayments and inner
lagoons. In the present configuration, the Ebre Deltais
bisected by the Ebre River emerging into the
Mediterranean Sea at the eastern part of the delta. The
Ebre Estuary delivers into the Mediterranean a mean
freshwater flow of approximately 426 m? s* (datafrom
1960-1990) (Ibéafez et al., 1996).

The dominant coastal currents are southwesterly. An
estuarine salt wedge enters the Ebre River with a
maximum saline intrusion of 32 km. The Ebre Estuary
sediment input to the delta has been reduced in the 20"
Century by the construction of the Flix (1945), Ribarroja
(1967) and Mequinenza (1964) dams, respectively
situated 123, 137 and 170 km up-river. Dam construction
inthe 1960s has resulted in an estimated 99% reduction
in sediment transport in the Ebre River (from 3.0 x 10’
Mt y?* to 0.1-0.2 x 10° Mt y?) (Ibéfiez et al., 1996).
Freshwater runoff into the Mediterranean Sea and
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sediment input (north and south of the Ebre mouth) are
important processes that, in conjunction with coastal
currents and winds, define the present and evolving
configuration of Alfacs and Fangar bays, such as the
depth and width of the bay mouths and the width of the
narrow threads of sand barriers.

AlfacsBay, on the southern side of the Ebre Delta, is
50 km? with a 3-km wide mouth, and a maximum water
depth of approximately 6 m. The mouth is oriented to
the southwest and thus is exposed to the dominant
southwesterly windsin theregion, but it is protected by
the Montsia M ountains agai nst the strong northwesterly
winds descending through the Ebre valley. Fangar Bay,
on the northern side of the Ebre Delta, has a water
surface area of 12 km? and a 1 km wide mouth, with a
maximum water depth of approximately 4 m. Sincethe
mouthisfacing northwest, it isthusexposed to both strong
northwesterly winds from the Ebre valley and to strong
northeasterly and easterly windsfrom the open sea. Due
to its location within the Ebre Delta, Fangar Bay is
essentially protected from the dominant southwesterly
windsintheregion.

Coastal currents, wind, and freshwater input from
agriculture (mainly ricefields), affect circul ation patterns
and thus the retention time of water and phytoplankton
within these bays. Asahypothesis, it may be suggested
that these physical factors primarily determine the
dynamicsof harmful algal blooms. Presently, thereisno
defined model that explainswater circulation withinthese
bays and the retention time of water has not been
precisely estimated. Theinfluence of freshwater runoff
from agricultural activity into the bays, 228 x 106 méyr+
into Fangar Bay and 365 x 10° m® yr into Alfacs Bay
(Camp and Delgado, 1987), has been described as an
important driving force that would accelerate water
exchange between the open sea and the bay at the time
that freshwater is released from the rice fields into the
bays.

Both bays are active sites for production of mussels
(Mytilus galloprovincialis) and oysters (Crassostrea
gigas) from raftsthat arefixed to the bottom of the bay.
The estimated annual productionin 2004 for mussalswas
approximately 1700 metric tonsand for oysters850 metric
tons. In addition, thereis an active production of clams
(Ruditapes decussatus and Ruditapes philippinarum)
within both bays. The embayments are monitored
comprehensively for the presence and concentrations
of harmful microalgae, and marinetoxins, microbiological
(bacteria) components, organohal ogenates, heavy metals
and dioxins in molluscs. Established in 1991, the
monitoring programme hasindicated the presence of the
toxinsassociated with DSPand PSP in bivalves, aswell
as the causative organisms in both Fangar and Alfacs
bays. Speciesof dinoflagellatesthat have been linked to



DSP events and which are regularly present in these
bays include Dinophysis sacculus and D. caudata. In
addition, D. rotundata and the benthic okadaic acid-
producing species Prorocentrum lima have also been
described. Alexandriumminutumisresponsiblefor PSP

events within these bays (Delgado et al., 1990). Other
speciesof thisgenus have also been found inthese bays,
including A. tamutum, A. insuetum, and A.
pseudogonyaulax. The ichthyotoxic species
Karlodinium veneficum and K. armiger are present in
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Fig. 7. The Ebre Delta, NW Mediterranean. 18" Century engraving (top panel, J. Diogene, private collection) and photograph
from space (bottom panel), courtesy of the Earth Sciences and Image Analysis Laboratory, NASA Johnson Space Centre.
Url: eol.jsc.nasa.gov and reproduced from Cembella et a ., 2005, Oceanography, vol. 18, no. 2, page 159, url: www.tos.org/
oceanography/issues/issue_archive/18 2.html. Alfacs and Fangar bays are located respectively at the left and right sides of
the Ebre Delta.
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Alfacs Bay (Garcés et al., 2006; Ferndndez-Tejedor et
al., 2007) and were previously referredtoinAlfacsBay
as Gyrodinium corsicum, causing fish kills during fall-
winter months (Delgado and Alcaraz, 1999; Garcés et
al., 1999; Fernandez-Tejedor et al., 2004). Since 2003
the blooms of these species occur in spring-summer
months (Diogéne et al., 2008), with maximum
concentration at about 4 m depth (IRTA, unpublished
data). Pseudo-nitzschia spp. are regularly present in
the baysand in 2008, ASPtoxinswerefound in bivalves
but without identification of the toxin-producing species
(IRTA, unpublished data).

The monitoring programme, which has evolved in
parallel with international programmes on HABs and
Spanish and European Union regulations in shellfish
production areas, is presently strongly linked to ongoing
research projects on harmful microalgal dynamics and
the identification of marine toxins. Weekly monitoring
for environmental dataand harmful microalgae givesa
reliable picture of the species of harmful algae present
within these bays and accompanying water conditions
(Figs. 8 and 9). Strong water temperature fluctuations
year-round result in differences of 20°C between winter
and summer, with maximaup to 30°C. These conditions
have an effect on bival ve physiology and bloom dynamics
and can lead to anoxic conditionsin summer. Freshwater
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runoff from adjacent rice fields next to the Ebre baysis
responsiblefor salinity fluctuationsin surface waters.
Interestingly, in spite of the proximity of Fangar and
Alfacs bays within the Ebre Delta system and their
apparently similar environmental conditions, the HAB
speciespresent, their bloom dynamicsand related events
arevery distinct between these respective embayments.
Asan example, Fangar Bay, although much smaller than
Alfacs Bay, receives a similar freshwater flow from
agricultural activity, resulting in stronger salinity
fluctuations and increased water exchange with outer
waters. This may have a profound influence on HAB
population dynamics. The differencesin geomorphol ogy
and wind exposure between the bays offer potential for
other comparisons. In Alfacs Bay, the sand barrier is
somewhat inefficient to separate the inner waters of
these baysfrom the open Mediterranean Seasince strong
easterly winds generate waves that break through the
narrow sand barrier. Theplasticity in the bay boundaries
determines water exchange between the bays and open
sea. This may have immediate consequences on the
incidence and dynamics of harmful microalgae (both
vegetative cellsand resistant forms such ascysts) within
the bays. Additionally, environmental forces (mainly
winds) and human activity in the Ebre Delta, such as
agricultural activity, artificial control of freshwater runoff
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Fig. 8. Temperature, salinity, dissolved oxygen and chlorophyll a concentration in surface (ca 1 m) and bottom (ca 5 m)
waters at the central station within Alfacs Bay during 2004 (M. Fernandez, unpublished data).
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Fig. 9. Maximum cell concentration of selected HAB species in Alfacs Bay during 2004 (M. Fernandez, unpublished data).
Note that the abundance of Pseudo-nitzschia spp. isin cells ml-%, while the units for the other three species are cells |

into the bays, nutrient inputs, etc., may also play an
important rolein harmful algal dynamicsin these bays.

Three regions are of major interest for HABS in
eastern Canada: the St. Lawrence marine system
(estuary and gulf), the Bay of Fundy and the coastal
embayments in Nova Scotia. DSP and ASP toxins are
occasionally present, but the major toxic events are
associated with PSP, In the Bay of Fundy, Alexandrium
fundyense is the magjor toxic species present, while
elsewhere, A. tamarense and less importantly, A.
ostenfeldii, dominate (Levasseur et al., 1998). In the
St. Lawrence, harmful algal blooms can be observed
throughout the marine part of the estuary and inthe Gulf
of St. Lawrence, notably along the south shore of the
Gaspé Peninsula. Blooms of Alexandrium in the St.
Lawrence marine waters are highly toxic: 1000 cells |
are sufficient to cause shellfish harvest closure (> 80 ug
STX eg. 100 g* tissue: Blasco et al., 2003).The spatial
scale of the St. Lawrence marine system is large
compared to other fjordsand coastal embaymentsaround
theworld: itistheworld' slargest estuary, spreading more
than 1500 km from the Saguenay Ford to the Atlantic
Ocean (Fig. 10). Mgjor features include large amounts
of freshwater drainage from the Great Lakes and St.
Lawrence River, ice cover for severa months of the
year, shallow troughs and adeep (300 m) channel bringing

Atlantic water far inland. Water circulation isessentially
estuarine, but it is complicated by the large size of the
system, with mesoscale eddies and cross currents that
can last afew weeks (Koutitonsky and Bugden, 1991).
Windsand freshwater runoff are considered key forcings
for setting up blooms, retaining them generally closeto
major rivers that flow into the St. Lawrence, and
dispersing them around. A recent biological-physical
coupled model illustratestheimportance of thesefactors
(Fauchot et al., 2008). Although the large-scale picture
is relatively well described, understanding of bloom
dynamicsinside smaller local baysisgenerally lacking,
particularly with respect to the connection between
blooms in the water column and cysts in the seabed.

An example of a local bay with an important
aquaculture activity is Gaspé Bay, located at the eastern
margin of the Gaspé Peninsula in Quebec (eastern
Canada) (Fig. 10), and opening on the Gulf of St.
Lawrence. The inner harbour (average depth: 20 m) is
separated from the outer bay by a500-m wide sand bar.
Three rivers empty into the bay: the Dartmouth, York
and Saint-Jean rivers. Temperature and salinity
conditions, as well as enhanced protection afforded by
surrounding mountains, have favoured the devel opment
of aguaculture since 1990. In 2003, commercia mussel
cultures covered more than 300 ha, with an annual
harvest of 30 tons. Maximum harvesting capacity for
the whole bay has been assessed at about 50 times that
amount. Local jobsrelated to thisactivity represent 30%
of al jobsin aguaculture in the Gaspé region. The pro-
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vincial research laboratory of the Ministére de
I" Agriculture, des Pécheset del’ Alimentation du Québec
holds two aguaculture parks covering 50 ha within the
bay, and the M aurice-Lamontagne I ngtitute (Department
of Fisheries and Oceans Canada, DFO) maintains a
monitoring station at Penouille, intheinner harbour.

Recurrent blooms of harmful algae, namely A.
tamarense, limit shellfish harvesting to the period outside
the months of June to October. The seasonal maximum
abundance of thistoxic dinoflagellate generally occurs
in June, but a secondary maximum is often observed at
the end of August (Blasco et al., 2003). The toxigenic
species A. ostenfeldii often co-occurs with A.
tamarense and is present in Gaspé Bay (Levasseur et
al., 1998). Toxinsdiffer between these two species, with
spirolides present in A. ostenfeldii, in contrast to PSP
toxinsin A. tamarense. The distribution of resting cysts

of Alexandrium spp. was examined in 1988 in surface
sediments (top 5 cm) of the Estuary and Gulf of St.
Lawrence aswell asin Gaspé Bay. Cyst concentrations
in the bay were generally <250 cysts cn®, with lower
concentrations than in coastal regions of the lower
Estuary or Gulf of St. Lawrence (Turgeon et al., 1990,
Fig. 11).

Higher concentrations found at the mouth of the bay
suggest that Alexandrium blooms inside the bay have
an external origin, from water entrained into the bay by
the Gaspé Current (a coastal jet current bordering the
Gaspé coast), but this has not been tested yet. Blooms
inside the bay tend to occur earlier than in the lower
estuary or thegulf, suggesting local initiation (from bottom
cysts) rather than advection. Cyst concentrationsin the
sediment, measured in 1997, showed high and variable
valuesat sediment depthsbetween 5and 10cm (Fig. 12).

Fig. 10. Photograph (top, from www.douglastown.net/bai e-sud-ouest-zoom.jpg) and map (bottom) of the Gaspé Bay region,
located at the eastern end of the Gaspé Peninsula (eastern Canada) (from S. Roy, unpublished).
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This cyst increase is thought to reflect a local bloom
which took place in July that year (DFO monitoring at
Penouille, E. Bonneau, personal communication).
Sediment (and cyst) resuspension events are caused by
storms, due to therelatively calm conditions inside the
bay, with bottom currents around 5-10 cm s* and tidal
reworking affecting only thetop 1-2 cm of sediment (Roy
et al., 1999). A predicted increase in storm frequency
for Eastern Canada associated with climate change
(‘From Impacts to Adaptation: Canada in a Changing
Climate 2007" (http://www.adaptation.nrcan.gc.cal))
suggests that cyst resuspension may occur more
frequently in the future, possibly resulting in more-
frequent PSP events.

Concerning other HABS, no shellfish contamination
by DSP toxins has been found in Gaspé Bay (L evasseur
et al., 2001), even though three potential DSP toxin
producers (Dinophysis acuminata, D. norvegica and
D. rotundata) are occasionally present in low abundance
(Blasco et al., 1998). DSPincidents have been reported,
however, from lagoons of the Magdalen Islands in the
nearby Gulf of St. Lawrence, likely associated with the
presence of Prorocentrum lima and P. mexicanum
(Levasseur et al., 2003). The diatom Pseudo-nitzschia
multiseries, responsible for the Prince Edward Island
domoic acid contaminationin 1987, has not been detected
in the bay. Two other potentially toxigenic Pseudo-
nitzschia species, P. seriata and P. delicatissima, are
present in other regions of Québec, but no ASP
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Fig. 11. Map of Alexandrium spp. cyst distribution in the top
5 cmof sediment in Gaspé Bay (modified from Turgeon, 1989,
M.<c. thesis from Université du Québec a Rimouski, Figure
9, page 31).
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Fig. 12. \ertical distribution of A. tamarense cystsin sediment
collected in Gaspé Bay in 1997 (S. Roy, unpublished data).

contamination has been detected in Gaspé Bay (Couture
etal., 2001). Interest in developing a GEOHAB-related
study in Gaspé Bay stemsfromtherelatively small size
and protected character of this bay, the presence of
governmental aquaculture parksthat could be accessible
for research purposes and more than 10 years of HAB
monitoring by DFO, with continued interestinmaintaining
this database in the future. In addition, physical
oceanographic conditions have been well studiedinthis
bay (e.g., Pettigrew et al., 1991) and a hydrodynamic
model has been developed (V.G. Koutitonsky, personal
communication).

The Skagerrak and the southern coast of Norway are
downstream from the North Sea and the Baltic
(Kattegat). Water bodies of different origin enter and
influence the area, mainly as a result of shiftsin wind
conditions, and create high hydro-physical and chemical
variability in the surface layer of the Skagerrak. Figure
13 shows a simplified, genera picture of the current
patterns. The Jutland Water Current (JWC) may have
skewed N: P proportions above the Redfield ratio dueto
elevated nitrogen (nitrate) values. The Norwegian
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Coastal Current (NCC) starts in the eastern Skagerrak
and flows westward as a large, stratified current with
low-sdlinity water, mainly of Baltic origin, asthetop layer.
The upper 30 m of the NCC outside Arendal is mainly
influenced by JWC and Baltic Water (BW) coming via
the Kattegat (Aure et al., 1998). Easterly winds
accelerate the NCC and force it closer to the southern
coast of Norway, whereas westerly winds retard the
NCC and forceit off the coast and thereby cause wind-
driven near-shore upwelling and anti-clockwise
recirculation of upper layersinthe Skagerrak. Theregion
is characterized by strong seasonal variations in
temperature, light and nutrient conditions.

Inthisregion, the small Fladevigen Bay (<1 knv, with
amaximum depth of 20 m, Fig. 13) is representative of
semi-exposed baysheavily influenced by the NCC. Water
exchange with the NCC is efficient, with a mean flow
westwards along the Skagerrak coast. Phytoplankton
assemblagesaretransported by thiscurrent. Algal blooms
in Fladevigen Bay are thereby typically advected, and
sometimes concentrated to high densities alongshore at
the surface due to onshore currents. The phytoplankton
assembly sampled in Flgdevigen Bay is a proxy for
abundance aong the coast within the NCC (Dahl and
Tangen, 1993; Dahl and Johannessen, 1998).

The Institute of Marine Research (IMR) has
performed regular monitoring of HABsin the Skagerrak
and in Flgdevigen Bay since the 1980s. The
phytoplankton sampling frequency in Flgdevigen Bay has
been three times per week. Environmental parameters
such as temperature, salinity and nutrients are sampled
about every second week at Station 2 (Fig. 13). Results
of the monitoring both support short-term warnings
(«predictions») of risk of harmful events and generate
datafor scientific purposes. For example, long-term data
on selected harmful species and environmental
parameters are used in statistical analyses to elucidate
potential ecological and oceanographic mechanisms
underlying bloom dynamics. Such dataare also essential
for tuning and eval uation of modelsand for comparative
studies of harmful algal bloom dynamics in different
countries.

Many harmful blooms have occurred along the
southern coast of Norway over the last few decades
(Dahl and Tangen, 1993; Dahl and Johannessen, 2001;
Dahl et al., 2005) and some toxic events are recurrent.
Some of these species are ichthyotoxic and may create
dense blooms with relatively high biomass and thereby
kill fish, while othersusually occur in low numbers, but
aretoxic, and may cause accumulation of algal toxinsin
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Fig. 13. Smplified picture of the general circulation in the Skagerrak (Aure et al., 1998). Flgdevigen Bay indicated as
Sation 1 in theinset islocated along the southern coast of Norway in Arendal municipality. AW = Atlantic Water, CNSW =
Central North Sea Water, JCW = Jutland Coastal Water, BW = Baltic Water, NCC = Norwegian Coastal Current (map from

E. Dahl, unpublished).
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bivalve shellfish. Toxins associated with DSP and PSP,
accumulated in mussels above quarantine levels, are
major recurrent problems along the Norwegian coast.
Occasionally, pectenotoxins, yessotoxins, azaspiracidsand
domoic acid have also been found in mussels at levels
abovethe quarantinelimit.

Common harmful algal taxafound in Fladevigen Bay
are Alexandrium spp. (A. tamarense and A.
ostenfeldii), Dinophysis spp. (D. acuminata, D. acuta
and D. norvegica), Protoceratium reticulatum,
Karenia mikimotoi, Chrysochromulina spp.,
Pseudochatonella farcimen and Pseudo-nitzschia spp.
In Figure 14, the «normal» seasona occurrence for
Dinophysis spp. is shown as an example of data
available.
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Fig. 14. Temporal succession of three Dinophysis speciesin
Fladevigen Bay (Skagerrak) based on data for the period
1989-2008. The thick lines are weekly medians, the dotted
lines arethefirst and third quartiles and the red areas show
the «normal» annual variation of the three Dinophysis
species. Reproduced from Cembella et al., 2005,
Oceanography, vol. 18, no. 2, page 163, url: www.tos.org/
oceanography/issues/issue_archive/18 2.html.

The Swedish west coast consists of open coast,
embayments, fjords and archipel agos along the eastern
boundaries of the Kattegat and the Skagerrak in the
northeast Atlantic Ocean (Fig. 15). Characteristics of
the area are that the tidal amplitude is less than 30 cm
and the water mass is strongly stratified. The Kattegat
surface water is strongly influenced by the outflow of
brackish water from the Baltic Sea, which forms a
surfacelayer with asalinity of about 15 psuin the southern
part. Surface salinity increases northward along the coast
to about 25 psu in the northeastern Skagerrak. Water
originating from the North Sea is found below a
pronounced ha oclineat adepth of about 15 m. Thesdinity
inthe deep water rangesfrom 32 to 34 psu. The Kattegat
and the Skagerrak have mean depths of 23 m and 210
m, respectively. In the fjords, local conditions such as
sills and freshwater input from rivers change the gene-
ral pattern. Anthropogenicinput of nutrients hasresulted
in eutrophication in several areas. Oxygen depletionin
the Kattegat isacommon event in autumn and some of
thefjords have more or less permanent oxygen-depl eted
deep water. In contrast, in the Byfjorden (Fig. 15),
reduction of input of inorganic nitrogen through water
treatment has resulted in reduced biomass of
phytoplankton and bottom-water oxygen concentrations
have increased.

Algal blooms are common and, in general, natural
phenomenain the area. The diatom spring bloom usually
occurs at the end of February or in March. The biomass
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Fig. 16. The dinoflagellate Dinophysis acuta, probably the
major contributor to diarrhetic shellfish toxinsin bluemussels
(Mytilus edulis) in the Skagerrak area. Scanning electron
micrograph with artificial colour. Photo by Bengt Karlson.

of phytoplankton usually reachestheyearly peak during
the spring bloom, and since zoopl ankton such as copepods
grow slower than the diatoms, alarge part of the spring
bloom ends up on the seafloor where filter feeders and
other benthic animals utilize this resource. Diatoms,
dinoflagellates and other flagellates often form blooms
during therest of the growing season, but biomassisin
general lower since zooplankton feed on the blooms. In
May-June blooms of flagellatesharmful to fish and other
organisms have occurred in several years. In 1988,
Chrysochromulina polylepis formed a devastating
bloom. Chattonella cf. verruculosa (possibly
conspecific or identical to Pseudochattonella farcimen)
caused fish killsin 1998 and al so bloomed in 2000, 2001
and 2006. The coccolithophorid Emiliania huxleyi
formed spectacular bloomsin the North Sea-Skagerrak
area in May-June for several years, but this alga is
harmless. In 2004 the bloom reached the Bohus coast
and thewater was discol oured turquoise from the calcite
plates covering the algal cells. During summer, small
cyanobacteria (1 um in diameter) dominate production

but in general biomassis|ow. In autumn cyanobacteria
commonly occur along with ancther diatom bloom.

Blooms of the diatom genus Pseudo-nitzschia
frequently occur in the Skagerrak and the Kattegat.
Several species from this genus produce domoic acid
and cause Amnesic Shellfish Poisoning (ASP). Thetoxin
has been detected in shellfish in Denmark and Norway.
In Denmark, levels above the regulatory limit were
detected in 2004. The dataset on amnesic shellfish toxins
in blue mussels in Sweden is very small. The most
important harmful algae for mussel harvesting occur in
low cell numbersand do not form high-biomass blooms.
Along the Swedish west coast the most potent toxins
are produced by Alexandrium species, some of which
produce PSP toxins. Alexandrium spp. are regularly
found along the Bohus coast, most often in late spring.
Other toxin-producing dinoflagellates include
Lingulodinium polyedrum and Protoceratium
reticulatum. These two species are known to produce
yessotoxins, which are toxic to mice following
intraperitoneal injection of lipophilic extracts containing
yessotoxins, but are not considered a serious health risk
for humans after ingestion of yessotoxin-contaminated
shellfish (Blanco et al., 2005).

DSPisthe predominant threat to mussel farmersand
consumers in Sweden. The phytoplankton species in
Sweden that have been linked to DSP bel ong to the genus
Dinophysis, namely, D. acuminata, D. acuta, and to a
minor extent D. norvegica and D. rotundata.
Dinophysisspp. arerelatively large planktonic organisms
that occur year-roundinthearea. Cell numbersare most
often below 1000 cells|?. In the Skagerrak, D. acutais
apotent producer of both okadaic acid (OA) and DTX1
(Fig. 16). D. acuminata from the region usually produ-
cesonly OA evenif this species has been shownto bea
producer of DTX1 in other regions. D. norvegica has
never been shown to produce DSP toxins in the
Skagerrak region and D. rotundata usually occurs at
numbers too low to contribute to the problem. Most
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Fig. 17. Long-termdata on diarrhetic shellfish toxinsin blue mussels (Mytilus edulis) in the Kolj6 Fjord indicating substantial
year-to-year variation (Karlson et a., 2007) (used with permission from the Swvedish Meteorological and Hydrological

Institute).
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Fig. 18. Vertical distribution of Dinophysis spp. (D. acuta
and D. acuminata) in the Kolj6 Fjord sampled on October 15
with a hose and a pump. Data produced by Odd Lindahl,
Marie Johansen, Bengt Lundve and Joakim Strickner (used
with permission).

attempts to correlate the occurrence of Dinophysis
abundance and the concentration of diarrhetic shellfish
toxinsin mussels (Fig. 17) have failed, except on short
timescalesand for specific sites(e.g. Godheet al ., 2002).
One explanation might be the considerable variation of
toxin content per Dinophysis cell. Lindahl et al. (2007)
reported an inverserel ationship between the popul ation
density of D. acuminata and the toxin content per cell.
Another is the characteristic feature of Dinophysis
blooms, that is, theformation of dense patchy populations
inthermoclinesor pycnoclines.

Other planktonic organismsthat may cause shellfish
toxicity also occur along the Bohus coast. The area has
been extensively studied in research projects and long-
term monitoring programmes are run by local
organisations. Physical and biogeochemical modelsaso
exist for the area. A physical model isrun operationally
by the Swedish M eteorol ogical and Hydrological Indtitute.

Three more areas lend themselves to GEOHAB
studiesin different ways: 1) thefjordal system north of
theisland of Orust, 2) the Gullmar fjord, and 3) Laholm
Bay. In the fjordal system north of theisland of Orust,
high abundances of different Dinophysis species are
very common and have been shownto occur inthin layers
(Fig. 18). Thesystemisof special interest because anoxia
events occur regularly. This may influence cyst-
producing dinoflagellates. Furthermore, the phytoplankton
community in part of thefjord system may be controlled
by benthic suspension feeders, such as bivalves. Thus,
changes in feeding activity among these benthic
organismsmay cause changesin thefrequency of HABs.
Finally, physical oceanographic characteristicsinthearea
have been modelled in different ways, thereby providing
acontext for modelling the development of HABS.

The Gullmar fjord has atruesill partly controlled by

0 200 400 600 800 1000 1200 1400 1600 1800 2000 the conditionsin the Baltic current, where high-resolution

monitoring isperformed from amaooring with aprofiling
instrument platform (Fig. 19). Input from the River
Oreskilsalven influences the fjord. The freshwater
contains high concentrations of humic substances and
may dramatically affect the light regime in the fjord
(Lindahl and Hernroth, 1983). The Kristineberg Marine
Biological Research Station is situated at the mouth of
thefjord and the Bornd oceanographic station islocated
intheinner part. Both are about 100 yearsold, indicating
that the areaiswell investigated and that alot of back-
ground data are available. Automatic profiling devices
are now used to collect measurements enabling the
detection and follow-up of harmful algal species. High-
resolution data from such a profiling mooring system
(with sensors mounted on a vertical profiling device;
Karlson, 2006) deployed in the fjord are illustrated in
Figure 20.

Thelarge embayment of Laholm Bay in the K attegat
is prone to oxygen-depleted deep water. This
phenomenon partly results from the hydrographic
conditionssince apycnoclineisoften present only afew
meters above the seafloor. High-biomass algal blooms
of non-toxic generasuch asthe dinoflagellate Ceratium
spp. fall to the seafl oor in thissmall volume of water and
bacterial decomposition of the algae results in anoxia.
This phenomenon may be exacerbated by nutrient
enrichment (Granéli, 1992).

Fig. 19. A profiling device (older version) for automatic
measurements of salinity, temperature, and chlorophyll a
fluorescence, turbidity, oxygen and nitrate concentrations
deployed in the coastal current of the Gullmar fjord (photo
by Sverker Skoglund, OceanOrigo AB, used with permission).
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Fig. 20. Salinity (psu), temperature (°C), oxygen concentration (ml 1), suspended particulate material (SPM, mg 1%,
chlorophyll a fluorescence (relative units) and nitrate concentration (mmol 1) in Gullmar Fjord (2002), investigated with
high vertical and temporal resolution using a profiling mooring. The data illustrate the short-term dynamics and show that
an algal bloom occurred after nitrate was introduced to surface water. Data from the EU project OAERRE by Arneborg and
co-workers. See Arneborg (2004) and Final OAERRE Report no. EVK3-CT1999-0002 (url: www.lifesciences.napier.ac.uk/
OAERRE/Report.htm).
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Fig. 21. Maps of Cork Harbour, Ireland (R. Raine, unpublished). The River Lee flows through Cork Harbour (see bottom

map, top left corner).

Cork Harbour is situated on the southern coast of
Ireland (Fig. 21). It is a mussel and Pacific oyster
(Crassostrea gigas) production region. At theinner end
of the estuary isthe city of Cork (pop. 250000) sited on
the River Lee, adesignated salmonid river, whichisthe
main freshwater input to the estuary.

Theestuary isamajor port, both for container traffic
and with a car ferry terminal to France and the United
Kingdom, and also harbours the naval base and
headquarters of the Irish navy at Haulbowline. Thelevel
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of industrialisationin Cork Harbour, athough not ashigh
as 20 years ago, is still amongst the highest in estuarine
areasin Ireland, and includesanumber of large chemical
and pharmaceutical plants around the upper and lower
harbour. Ireland’ sonly ail refinery issituated at Whitegate
in the lower harbour. At low water, extensive areas of
mud and sand-flats are exposed, particularly around
Lough Mahon, near Monkstown and Whitegate, and in
the North Channel.
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Fig. 22. The North Channel of Cork Harbour. a) Hydrographic features indicating its retentive nature; b) the salinity front
present at the western end of the channel at high tide together with Alexandrium cell densities during a toxic bloom; and c)
a temperature-salinity plot of data from the whole of Cork Harbour showing the separation of the western and eastern
channels (map from R. Raine, unpublished, and data courtesy of Ni Rathaille, 2007).
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Hydrographically, the estuary can be splitinto western
and eastern sections. On aflood tide, water coming in
fromthe seasplitsinto two; one branch flowswest along
themain channel through thewest passage and ontowards
Cork. A second branch flows towards the east, through
the East passage and into the North Channel. Thereisa
slack tidal circulation in the region to the south east of
Cobh. A physical model exists which mimics the
circulation in Cork Harbour. Thisis atwo-dimensional
depth integrated model and is a modified form of the
model DIVAST (Depth Integrated Vel ocities and Solute
Transport) which isrun by Marcon Computations Ltd.,
Gaway.

The main HAB problem in Cork Harbour is from
Alexandrium and contamination with PSP toxins.
Alexandriumbloomsarelocalized in the North Channel
duetoitsretentive nature, which isevident from several
hydrographic features, including temperature-salinity
characteristics and amarked front at the western end of
the North Channel at high tide; at low tide thisentrance

4.5

isdry (Fig. 22). Three species of Alexandriumoccur in
the North Channel, a non-toxic A. tamarense, A.
minutum which produces GTX2 and GTX3, and a
spirolide-producing A. ostenfeldii.

The dynamics of Alexandrium blooms are closely
linkedto physica forcing, principaly tidd dilution. Dilution
ratesvary considerably and arerelatively high at spring
tideswhen thetidal rangeislarge when compared with
mean water depth (Fig. 23). Valuesare compatible with
the maximum Alexandrium specific growth rate of
0.5 d?, derived from laboratory measurements using
strainsisolated from the area. The maximum achievable
in situ growth rate is less than this due to high light
attenuation of the water and, prior to June, cool water
temperatures experienced in the North Channel. It has
been calculated that, in the absence of tidal flushing, in
excess of 10 days would be required to form a toxic
bloom of around <10* cells I** of A. minutum. Thus,
blooms do not materialise with average or equinoctial
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Fig. 23. Tidal dilution in the North channel, Cork Harbour, Ireland. a) Spring-neap tidal variation in tidal range throughout
the year. The example given isfor 2004. Note the low spring tides (maxima) in June (source: United Kingdom Hydrographic
Office); and b) net tidal dilution in the western section of the North Channel, Cork Harbour as a function of tidal range. The
data, courtesy of Ni Rathaille (2007), are derived from 2D hydrodynamic model runs for Cork Harbour, and observing the
depletion in concentration of neutrally buoyant passive particles from the North Channel. The model applied is a depth-
integrated vertically averaged solute transport model and details can be found in Ni Rathaille (2007). The maximum growth

rate of Alexandrium minutum is shown in comparable units.
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spring tides, and it isonly in June, when smaller spring
tides and correspondingly smaller tidal flushing rates
occur, that blooms can develop. Coupled with an
observed seasonal in situ excystment whichismaximum
inlate spring and minimal inautumn (Ni Rathaille, 2007),

Alexandrium blooms alwaysinitiate after thefirst spring
tidein June (Fig. 24). The degree of physical forcingis
aso reflected in the dynamics of all three Alexandrium
species, whicharevirtualy identical to each other through
summer (Touzet and Raine, 2009).
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Fig. 24. Observations of Alexandrium cell densities in the North Channel, Cork Harbour, Ireland in a) 2004, b) 2005 and c)
2006. Data are average val ues derived from a minimum of seven sampling stations and are plotted with tidal range. Note that
blooms always arise after the first spring tide in June (arrowed). Also included are outputs from a simple growth model
showing changes in cell biomass calculated as the balance between growth (as a function of temperature and irradiance)
and export (tidal dilution) (Raine et a., 2009). Details of the model can be found in Ni Rathaille (2007).
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The highest priority research activities for
understanding HAB dynamics in fjords and coastal

em

bayments were discussed at the CRP workshop and

have been subsequently refined. The following list of
key questions was established:

A

B.

C.

30

Are there definable adaptive strategies that
characterize HAB species in confined and semi-
confined systems? An ecologically based
classification of the different speciesfoundinfjords
and coastal embayments should be carried out based
on their adaptation to the multiple sub-habitats
characteristic of such ecosystems. This should be
donewith consideration of thetype of connection that
dominates the confined or semi-confined system:
oceanic, land or sediment, and depending on
morphology, depth and circulation. Thefunctional role
of morphological, physiological, behavioural andlife-
history characteristics, at thecellular level, should be
included inthisclassification of HAB speciesin coastal
embayments.

What is the importance of life history transitions
and cyst distribution in bloom initiation and
maintenance — endogenous seed beds versus
exogenous introduction? The seeding strategies
employed by HAB species within coastal systems
should be identified. Transitions between the
vegetative cycle and sexual cycle and a cycle
involving the formation of short term temporary
(pellicular) cysts, small-sized cells or aggregates
(often in response to short-term environmental
fluctuations) need to beidentified and understood for
each study site. Establishment of the sites of HAB
initiation and characterisation of environmental
influences on the life history stages of HAB species
isapriority in devel oping apredictive capability.

How do physical dispersion and aggregation
processes within a semi-confined basin affect HAB
growth and distribution? The influence of small-
scale physical processeson the growth and dispersion
of HAB species should be determined. Thin layers
of phytoplankton (and often also of their grazers)
frequently occur under calm conditions that may be
encountered in fjords and coastal embayments (e.g.
Bjarnsen and Nielsen, 1991; McManuset al., 2003).
Thisvertical structure needsto be taken into account
for field sampling. Turbulent mixing determinesmuch
high-frequency environmental fluctuation and in so

doing can control nutrient, irradiance, and
phytoplankton patchiness, andisalso known to affect
plankton growth rates and other physiological aspects.
Varying responses in terms of the succession of
specieswithin and between embayment systemswill
allow inferences of the propertiesregulating species
succession and the development of HABS.

D .What is the relative contribution of nutrient flux

and supply ratios to HAB dynamics in eutrophic
versus non-eutrophic coastal embayments? The
nutritional physiology of target species should be
investigated as related to the natural variation in
nutrient signals. Although time-series field
measurements of nutrient concentrations can provide
valuable insight to nutrient dynamics, provided that
trans-boundary fluxes are quantified, direct
measurements of regeneration and assimilation rates
also need to be performed using isotope tracer
methods. These measurementswill serveto provide
meaningful input to biogeochemical modelsthat can
be employed in a predictive manner when coupled
with the primary hydrodynamic forcing typical of
fjords and coastal embayments. Organic forms of
nitrogen and phosphorus should also be considered,
sincethey can play animportant rolein the dynamics
of particular species, as exemplified by the growth-
promoting role of humic acids for Alexandrium spp.
(Gagnon et al., 2005).

E.What is the importance of spatial scale and

retention time in the expression and effects of
allelochemicals/toxins in semi-confined systems?
The production of allelochemicals— biologically ac-
tive components liciting specific responsesin target
organisms— may be animportant mediator of intra-
and inter-specific interactionsand may play arolein
chemical defence of cells. Other hypothetical
functionsof allelochemicalsincludeacritical rolein
cell-to-cell communication, involving processes such
as sexuality and life history transitions (Wyatt and
Jenkinson, 1997), chemotaxis and apoptosis
(«programmed cell death»). Therole of phycotoxins
in chemical defence against predators or algal and
bacterial competitorsremainslargely unresolved, and
their function asallelochemicalsisincreasingly under
scrutiny (Cembella, 2003). Concentration of toxin-
producing cellsof aHAB population into athin layer
would facilitate the development of an effective



concentration against target organisms, via creation
of a«toxic cloud». In partially enclosed embayments
and fjords that can act as retention zones for
allelochemical -producing microal gae, the opportunity
for enhanced concentration and hence intensified
allelochemical activity may be offered via «quorum
sensing» asobserved in bacterial populations. Inany
case, a potential disadvantage or «trade-off»
associated with the formation and maintenance of
HAB populationsinthinlayersor other retention zones
is the problem of auto-inhibition or auto-toxicity
resulting from excretion or leakage of the
allelochemical into the surrounding medium (e.g.
Gentien et al., 2007). At thetermination of the bloom,
larger quantities of these endogenous metabolites
would be released via cell lysis and decay.
Nevertheless, it is expected that the deleterious
consequences of this bulk release may be more
dramatic upon grazers and competitors within the
retention zone than upon the producing organisms.

. How do embayment morphology, bathymetry and
hydrodynamics affect HAB dynamics? The fjords,
inlets, estuaries, and coastal areaswhere HABsoften
occur are frequently characterized by complex
geometry and bathymetry which canincludeislands,
barriers, creeks and intertidal wetlands. These
geometric features can create multi-scale physical
processes such asvertical mixing, lateral dispersion,
complex tidal currents and internal tides, high-
frequency internal waves, eddies, and estuarine-shelf
interaction. Thereisaclear need to better understand
and model these complex multi-scale water transport
and mixing processes. In addition, the resolution of
the hydrodynamic models should match the spatial
and temporal variation scales at which HABs occur.

Altogether, this will definitively contribute to the
understanding and modeling of HABs (see also
section V.E. Co-ordination of Modelling Activities).

G.Are the effects of human activities (e.qg.

aquaculture) and global climate change on HAB
dynamics magnified in enclosed and semi-enclosed
embayments? More specifically, does the increased
reliance on coastal aguaculturefor proteinsfromthe
sea increase the risk of HAB events? Do these
activitiesdirectly or indirectly affect the distribution
of harmful microalgae? Is grazing on HAB species
altered in aguaculture sites due to the presence of
farmed organisms or epibenthos fixed on these? Al
these questions can best be addressed by careful lo-
cal investigation of site-specific consequences of
introduction of new aguaculture stock and therisk of
human transfer of alien species (including those of
HABS) into coastal regimes, for example, viaballast
water discharge. Ports and harbours are particularly
vulnerable and can act to seed HAB events in
adjacent confined waters of embayments. Efforts
must also be made to determine whether or not
climate indicators can be identified as predictors of
HAB events in coastal embayments. Research is
required to relate the effects of climate change, and
associated variation in the predominant physical and
chemical forcing mechanisms, on HAB species and
communitiesthat typify coastal environments. Action
could be taken to accurately define the specific data
and samples to take in upcoming years, in order to
«optimize» the toolsfor analysisto be conducted by
future generations on theimpact climate change may
have on HAB events in coastal ecosystems, on a
large-scale basis.
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According to the GEOHAB Implementation Plan,
Framework Activities are those activities that are not
research, but which will facilitate the implementation of
GEOHAB. They serveto enhance the value of research
by ensuring consistency, collaboration, and
communication among researchers.

GEOHAB CRPs are coordinated by the GEOHAB
SSC through the establishment of separate sub-
committees for each CRP composed of SSC members
and leaders of CRP activities. The sub-committees will
primarily work by correspondence, but may also meet
on an opportunistic basis and whenidentified resources
allow for meetings to address major planning and co-
ordination issues. The subcommittee for each CRP will
work with the GEOHAB SSC to encourage scientific
networking and co-ordinate research activities and
resources.

An important aspect of international activities like
GEOHAB is the sharing of scarce resources among
participating nations. Such sharing makes possible
research activities of a scale and breadth that are not
otherwise feasible, and thereby enable the comparison
of ecosystems of asimilar type in different parts of the
world. The CRP on HABs in Fjords and Coastal
Embayments will promote the application of national
resources, in terms of scientific expertise, sampling
platforms and equipment to the key research questions
identified in this document. GEOHAB has already
initiated the sharing of expertise and development of an
international research community on the CRP topic by
supporting the OSM. GEOHAB will continueto promote
sharing of expertise by creating a CRP Subcommitteeto
helpimplement thisresearch plan. Presently, international
GEOHAB activitiesare sponsored primarily by funding
from10OC, SCOR (through grantsfromthe U.S. National
Science Foundation), and National Oceanic and
Atmospheric Administration. Development of the CRP
will depend onincreased funding from other national and
internationa organizations.

GEOHAB will identify, and draw the attention of
responsi ble bodiesto opportunitiesfor co-ordination of
resources that will add value to ongoing and planned
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research. Individuals involved in studying each key
guestion will beresponsiblefor devel oping plansrelating
to the sharing of expertise and equipment and how they
will contributeto the continued coordination of the CRP,
Collaboration among CRPs is encouraged. In the case
of the CRPon HABsin Fjordsand Coastal Embayments,
therewill be coordination with theresearch underway in
the other CRPs, notably on Eutrophication and on
Stratification, as the work involved in these CRPs is
frequently in coastal regions.

GEOHAB and the CRP Subcommitteewill encourage
the publication of resultsfrom the CRPinrelevant peer-
reviewed scientific journals, with appropriate reference
to the relation of the research to GEOHAB. In addition
to this publication in the primary scientific literature,
GEOHAB will seek to disseminate both current
developmentswithin the programme and research results
more broadly to the worldwide community of managers
and scientistsinterested in HABs. Harmful Algae News
isdistributed regularly by the IOC and isavailable as a
forum to communicate news of GEOHAB activitiesand
research results. It istheresponsibility of each CRP sub-
committee to announce events, calls for proposal
contributions, availability of core research working
documents and results, and summaries of these, in
Harmful Algae News and through the GEOHAB Web
site.

The CRP Subcommitteewill promotetheinvolvement
of individuals from the major targeted ecosystems
described in this report but also will assist in building
uponthisnucleusof key study sitesby adding new project
elements, comparativelocationsand scientific teamsand
expertise. The CRP will also assist the scientific teams
working on the different questions and technologies to
work together. Successful conduct of research on this
topic will requirethe pooling, coordination, and joint use
of several different types of measurement platformssuch
as ships, moorings for in situ observations and satellite
or aircraft-based remote data, when applicable to small
embayments and fjords.

Thecollectivevaue of dataisgreater than its dispersed
value and comparative research requires effective data
sharing among scientists working in different regions;
therefore, datamanagement and exchange areimportant



components of GEOHAB CRPs. The development of
an appropriate GEOHAB data management plan is a
fundamental and critical activity uponwhich theultimate
success of GEOHAB will depend, and GEOHAB has
worked with other international marine research projects
to develop basic guidelines for data management and
sharing (see www.scor-int.org/DataM gmtActivity.htm).
Each CRP will need to develop its own specific plan,
conforming to the principles adopted by GEOHAB.

GEOHAB applies a decentralised data management
and distribution system with a centralised index. The
components will include a comprehensiveinventory of
databases relevant to GEOHAB, as well as meta-data,
with links to their locations and contact persons. Each
CRP will create an inventory of data and data products.
All investigators should be prepared to share their data
and data products with other investigators in their
research projectsas soon aspossible, and with the general
scientific community within two years from the time
those data are processed, and should recognise the
«proprietorship» (rightstofirst publication or authorship)
of data acquired from other investigators. Each
GEOHAB CRP should address the long-term archival
of observationa dataand dataproductsto ensurealasting
contribution to marine science. Datawill be shared with
the Harmful Algal Information System (HAIS,
www.iode.org/haedat/), which will, when fully
established, consist of accessto information on harmful
algal events, harmful algae monitoring and management
systemsworldwide, current use of taxonomic names of
harmful algae, and information on biogeography of
harmful algal species. Supplementary components
include an expert directory and abibliography. TheHAIS
isbeing built in cooperation with the World Register of
Marine Species (WoRM S, www.marinespecies.org), the
International Council for the Exploration of the Seas
(ICES, www.ices.dk), the North Pacific Marine Sciences
Organization (PICES, www.pices.int) and the
International Society for the Study of Harmful Algae
(ISSHA, www.issha.org). The Harmful Algae Events
Database (HAEDAT, www.iode.org/haedat/) isa meta
database containing records of harmful algal events.
HAEDAT contains records from the ICES area (North
Atlantic) since 1985 and from the PICES area (North
Pacific) since 2000. IOC Regional networks in South
America and North Africa are prepared to contribute.

Specification of protocol swithin elementsof the CRP
will ensure that data generated are reliable and
compatible, thereby facilitating synthesisand modelling.
Each key question will require measurement of
somewhat different parameters, although for each

guestion, aset of parameters should be measured in each
region. Likewise, the CRP will include a set of core
parameters (along with standard measurement protocol s)
that will be measured in each location. Thisinformation
will makeit possibleto draw inferences across systems,
to construct models of HABs in fjords and coastal
embayments, and to contribute information that will be
useful for other CRPs.

Recommendations on methods and measurementswill
be disseminated through the GEOHAB Web site. The
methods adopted to ensure quality control and the
protocol sused for datacollectionwill befully documented
ininformation files (meta-data) accompanying data sets.
Well-defined, internationally agreed descriptions of
methodswill be adopted where possible. Whererequired,
the GEOHAB SSC will initiate Framework Activities
that lead to the development of appropriate protocols
and methods to ensure data collection in a uniform
manner for comparative studies. GEOHAB investigators
retain the primary responsibility for quality control and
assurance.

GEOHAB encourages a «training through research»
approachthat offersopportunitiesfor student participation
infield work and instructionin marineresearch disciplines
relevant to HABs. Exchange of post-doctoral fellows
and senior scientistsare equally important for the CRPs.
Training activitiesthat would benefit GEOHAB research
will be organised by the GEOHAB SSC and proposals
for specific training activities can be submitted to the
SSC for endorsement as GEOHAB activities.

Models based on frequent monitoring have aready
been developed for a number of the sites identified as
key field sites for the CRP on Fjords and Coastal
Embayments. These need to be compared and tested
for other sitesor for different years. These models need
to take into account import and export of material from
the embaymentsor fjords, asthisoften influences nutrient
supply and growth of HAB species or their retention
inside the embayments. M odel s should also incorporate
variousfunctiona groupsin an ecosystem-type approach.
This requires a good knowledge of the relationships
between HAB speciesand biotic (e.g. vertical migration,
grazing) and abiotic (e.g. stratification, mixing, advection)
factorscontrolling their growth and popul ation dynamics.
Models also need to couple a benthic sub-model (see
life-history transitions) and a pelagic sub-model (bloom
in the water column) to a physical circulation model.
Functional-based models should be compared to
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individual-based modelsto identify the best predictors of
HAB events. As stated earlier (Section IV.F.),
hydrodynamic modelsshould resolve complex multi-scale
water transport and mixing processes with a similar
resolution of the spatial and temporal scales at which
HABs occur. A state-of-the-art model will require (1)
grid flexibility to resolve complex coastline and
bathymetry, (2) mass conservationto accurately simulate
volume and mass transports, (3) both hydrostatic and
non-hydrostatic dynamicsto capturelarge- to small-scale
physics, (4) proper parameterization of vertical and latera
mixing to produce realistic stratification, (5) modular
design to alow easy selection of the essential model
components needed in different applications and multi-
domain nesting, and (6) ability to use awide variety of
input data, especially as real-time atmospheric and
coastal ocean measurements become more available.

Thehydrodynamicsinthismode asorequirescoupling
fully with surface wave and sediment processes to
resolve the realistic embayment morphology and
morphology-induced change of the water movement. A
good candidate for such amodel isan unstructured-grid
finite-volume coastal ocean model (Fig. 25). There are
many open-source code unstructured-grid hydrodynamics
models available for HAB studies. Examples include

FVCOM (finite-volume) (fvcom.smast.umassd.edu),
ADCIRC (finite-element) (www.adcirc.org), ICOM
(finite-element) (amcg.ese.ic.ac.uk/
index.php?title=I COM). FV COM (Finite-Volume Coastal
Ocean Model) isaprognostic, unstructured-grid, finite-
volume, free-surface, 3-D primitive equation ocean model
(Chenetal., 2003, 2006a,b, 2007), whichisparticularly
interesting in the context of HAB studies in coastal
regions. A Smagorinsky (1963) formulation is used to
parameterize the horizontal diffusion and turbulent
vertical mixing is calculated with the General Ocean
Turbulence Model (GOTM) libraries (Burchard, 2002).
FVCOM featuresanumber of optionsand components,
including (1) non-hydrostatic dynamics (NH-FVCOM),
(2) a3-D sediment transport module (called FV COM-
SED), (3) 4-D nudging and Kalman Filters for data
assimilation, (4) an unstructured-grid version of the
Simulating Waves Nearshore (SWAN) surface wave
model (caled FVCOM-SWAVE), (5) the Generalized
Biologica Module (GBM) that allow usersto select either
apre-built biological model (suchasNPZ, NPZD, etc.)
or construct their own biological model using the pre-
defined pool of biological variablesand parameterization
functions, and (6) aset of water quality models. FV COM-
SWAVE and FVCOM-SED have been coupled into

Common boundary

Fig. 25. Illustration of multi-domain nesting approached in structured grid (finite-difference) models (upper panel) and
unstructured grid (finite-volume or finite-element) models (lower panel; both panels from C. Chen, unpublished). The
structured grid model requires an interpolation at nesting boundary to match two domains, while with common cells at the
boundary, an unstructured grid model can ensure the mass conservation and also avoid numerical energy accumulation due
to grid mismatching at nesting meshes. The unstructured grid nesting allows the model to be run under different physics for
large- to small-scal e processesin various subdomains. For moreinformation, seethe website: http//fvcom.smast.umassd.edu/

research_projects/NECOFSindex.html
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FVCOM to simulate the impact of wave-current
interactions on sediment transport and water currents
(with eventua inclusion of dinoflagdllate cysts). A nesting
software module is built into FVCOM that alowsit to
run simultaneously multi-sub-regional F¥ COM domains
through nesting with theregional FVCOM (Fig. 26). The
modular approach used in FVCOM will facilitate the
addition of HAB dynamics and the development of a
forecast model system for the spatial and temporal
evolution of aHAB.

GEOHAB will identify relevant existing modelling
activitiesthrough aTask Team that hastheresponsibility
to organise model inter-comparison exercises, including
comparison of predictive modelsfor HABs. It may also
be necessary to initiate new modelling activities. The
CRP Steering Committee will interact closely with the
GEOHAB Modelling Subcommittee, to ensure that the
results of the CRP are included in GEOHAB models
and that the CRP collects data needed to parameterize
GEOHAB models and create appropriate equations for
the models. An upcoming Report of the GEOHAB
Modelling Workshop developed in Galway (Ireland) on
June 2009 will be soon available on the GEOHAB
webpage.

GEOHAB existsin the context of several other large
international programmes and projectsthat study aspects
of global change that could be relevant to the CRP. Of
special strategic importance to the development of the
CRP on HABsin Fjords and Coastal Embayments will
be the linkages with the Land-Ocean Interactionsin the
Coastal Zone (LOICZ) project (www.loicz.org). Key
guestions must be addressed in relation to other
international efforts on the study of coastal processes,
particularly in relation to seeding strategies, nutrient
supply, and climateindicators:

— Seeding Strategies—Some HAB species, specifically
those that form cysts, are seeded from one HAB
event to another. Cysts typically fal to the seafloor
and stay there until they are resuspended or excysted,
sometimes for several years. Sampling of cystsin
sediments provides opportunities to study bloom
initiation, and possibly to correl ate bloomswith other
ocean conditionsthrough known pal eoceanographic
indicators. IMAGES (International Marine Aspects
of Global Change Study, www.images-pages.org) is
a sub-project of the Past Global Changes (PAGES)
project, and wasinitiated to respond to the challenge
of understanding the mechani sms and consequences
of climatic changes using oceanic sedimentary

records. IMAGES collects large-diameter cores in
many coastal areas of the world, specifically to exa-
mine pal eoceanographic conditions of the past 0 to
40000 years. The CRPwill seek opportunitiesto work
withIMAGESto analyze previoudly collected samples
and to relate cyst information with other
pal eoceanographic variables.

Nutrient Supply—L OICZ has compiled information
about the supply of macro-nutrientsfrom theland to
the ocean, information that could be useful to the CRP
in studying the rel ationship between nutrient supply
(amount, rate, timing, and sequence), type (inorganic
versus organic), and ratios, and HABs. The I0C-
affiliated Global Nutrient Export from Watersheds
(Global NEWS, marine.rutgers.edu/global news/
mission.htm) is developing nutrient export models,
fromriver loadsto quantitative assessments of coastal
ecosystemn health. Theplanned Globa Nutrient Export
from Watersheds 2, User Scenario Evaluation
(NEWS2USE) will focus on quantitative analysis of
impacts of nutrient loading and changing nutrient
stoichiometry in coastal ecosystems. Thisisof great
interest to several of GEOHAB’s CRPs, including
this one. The SCOR-IGBP Integrated Marine
Biogeochemistry and Ecosystem Research (IMBER,
www.imber.info) project develops a predictive
understanding of how marine biogeochemical cycles
and ecosystems respond to complex forcings, such
aslarge-scale climatic variations, changing physical
dynamics, carbon cycle chemistry and nutrient fluxes,
and the impacts of marine harvesting. Some of
IMBER’ sactivitiesmight provide useful input to the
CRP and in integration of activities among other
GEOHAB CRPs. The International Nitrogen
Initiative (INI, www.initrogen.org) isanother global
effort to examine the flows of nitrogen and related
problemsin several targeted regions of theworld. A
follow-up of thesevariousinitiativeswill befacilitated
by consultation with the CRP on HABsin Eutrophic
Systems, which focuses on the role of increased
eutrophication on the occurrence of HABs and their
harmful effects.

Climate Indicators—A programme of the World
Climate Research Programme called Climate
Variability and Prediction (CLIVAR, www.clivar.org)
is studying how climate oscillations, such as ENSO
and NAO, operate and are expressed in the ocean
and atmosphere. Theinfluence of climate change on
HAB dynamicsin fjords and coastal embaymentsis
of specia interest to this CRP, hence collaboration
with CLIVAR or other climate-related programmes
such as the Global Energy and Water Cycle
Experiment (GEWEX, www.gewex.org) would be
beneficial.
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Monitoring and Observation Systems—The Global
Ocean Observing System (GOOS, www.ioc-
goos.org) could provideimportant information for this
CRP insofar as GOOS provideslong-term continuous
monitoring in coastal areas. GEOHAB has linkage
with GOOS through 10C, which sponsors both
programmes.

Invasive Species—Following several aguaticinvasion
eventswith severe negativeinfluences and important
economic costs, the International Maritime
Organization (IMO) set up a series of guidelinesto
reduce this world-wide threat to coastal waters.
Several national programmes now examinethetypes

and abundance of organismsthat travel through ballast
water or sediment, or attached to ship hulls. These
programmes, such asthe Canadian Aquatic Invasive
Species Network (CAISN, www.caisn.ca) or the
international GloBallast programme
(globallast.imo.org) can provide information on
potentialy harmful invasive microal gae being brought
in through marinetransportation. Thisinflux of non-
indigenous species can affect the local dynamics of
harmful algae in several ways and will need to be
considered in future efforts to understand coastal
responses of harmful algae.



This document presents the basis for a comparative
research project of GEOHAB, with each of the seven
key questions being addressed by one or more teams of
scientistsfunded through national or international funding
mechanisms.

Several steps need to be taken following publication
of this plan, to ensure that the research is funded and
coordinated appropriately:

1. The plan must be disseminated to the interested
research community and to the national agenciesthat
fund HAB research. National GEOHAB committees
should help in this effort. This step will be most
effective if carried out by national scientists, but
SCOR and 10C will also help distribute the plan to
their member nations.

2. National and international teams of scientists must
propose research related to the key questions, and
affiliate their research to international GEOHAB, to
ensure that the CRP is coordinated.

The GEOHAB SSC provides international
coordination for the CRP through the following actions:

1. Establishment and operation of a GEOHAB CRP
Subcommittee on Fjords and Coastal Embayments.
This subcommittee is responsible to work with
scientists involved in the CRP to ensure that they
coordinate their research, using the same
measurement protocols, sharing data, and contributing
to model development. One or two members of the
CRP Subcommittee will be members of the
international GEOHAB SSC, to ensure a strong
linkage between the subcommittee and the SSC. The
work of the subcommitteewill be conducted primarily
by email.

2. Assistance from the GEOHAB Modelling
Subcommittee. The GEOHAB Modelling
Subcommittee will assist CRP scientists in locating
and applying appropriate physical-biological models
that can be applied in the coastal systems to HAB
research gquestions.

3. Work with the CRP Subcommitteetoidentify priority
targeted research.

4. Work with the Global Ocean Observing System
(GOOQOS) to ensure that GOOS observations are
available and useful to the CRP scientists.

5. Provide access to Harmful Algae News and the
GEOHAB Web siteto promote communication among
CRP scientists.

6. Provide assistance in tracking research planned,
funded, ongoing, and completed, including maintaining
metadata records of data holdings by individual
scientists and scientific teams.

7. Communicate with national and international funding
agencies about the need for funding for general and
targeted research.

Finally, several priority Targeted Research activities
need to be undertaken to enable scientific advances of
our understanding of HABs in fjords and coastal
embayments. The GEOHAB Implementation Plan de-
fines Targeted Research as research that «addresses
specific objectives outlined in the GEOHAB Science
Plan». Targeted Research may be solicited by the SSC
as the need arises from Core Research Projects.
Targeted Research includes, but isnot limited to:

— Studies on autecological, physiological, and
genetic processes related to harmful algae

— Studies on sub-grid formulations of physical,
chemical, and biological interactions affecting
harmful algal blooms

— Development and comparison of specific models
and observational systems

Targeted research differs from Core Research in
scope and scale. Whereas Core Research must be
comparative, integrative, and multi-faceted, Targeted
Research activities may be more tightly focused and
directed to a research issue or element. It is expected
that such studieswill facilitate thewider and larger-scale
studies. For exampl e, investigations on specific methods
for model comparisonsand inter-calibration are targeted
activities, valuableintheir ownright, yet are al so essentia
to conduct comprehensivefield studiesand modellingin
Core Research Projects.

Targeted research activities particularly needed for
the CRP on Fjords and Coastal Embaymentsinclude:

— Development of molecular probes for the detection
of toxigenic species and genes responsible for toxin
production

— Deveopment of molecular techniquesto identify HAB
life-cycle stages and the status/viability of cystsand
over-wintering stages

— Development of hiochemical indicators of non-cyst-
forming HABs

— Development of methods to trace encystment/
excystment eventsin thefield
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— Devedopment of HAB model sthat include encystment/
excystment

— Laboratory research on triggers of encystment and
excystment

— Laboratory/mesocosm studies of the behaviour and
toxin production of HAB speciesin simulated natural
conditions(including avariety of physical and nutrient
conditions)

— Improvement of methods for satellite, aircraft or
weather balloon detection of HABS, and expanded
development of in situ sensor systems (moorings,
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profilers, drifters, and autonomous vehicles, etc.)
particularly for the often small spatial scale of fjords
and coastal embayments

— Establishment of a collection of isolates of HAB
speciesfrom thetarget regionslinked to aFramework
Activity

— Documentation of the biogeography of target species
in coastal embayments over time

— Creation of a database of HAB events over timein
relation to climate cycles
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The extended abstracts of all OSM poster presentations have been posted on the GEOHAB Web site,
and can be found at the following Web address:

http://www.geohab.info/index.php?option=com_content&task=view&id=37&Itemid=66
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