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Abstract

Paralytic shellfish poisoning (PSP) is a recurrent and widespread problem in the Gulf of Maine
(GOM) caused by the dinoflagellatdexandrium fundyens8looms have been the subject of more
than a decade of investigatidghrough the ECOHABSOM and GOMTOX research programs.
Multiple largescale field surveys have provided data that were combined with mooring observations,
satellitetracked drifters, and numerical model simulations to document the complex dynawics of
fundyenseblooms within this region. A conceptual modeloffundyenseloom dynamics and PSP
toxicity in the region is summarized here, highlighting key physiological, behavioral, and
environmental or oceanographic factors underlying blooms. A numericdélni@as also been
developed and evaluated against cruise observations and other data. The status of those modeling
efforts is discussed, including recent efforts to provide seasonal forecastdurfdyensdloom
magnitude, and neaeal time hindcastsna forecasts of use to resource managers.

Introduction model simulations to document the complex

Paralytic shellfish poisoning (PSP) toxicity is a dynamics of blooms within this region.

recurrent and widespread problem in the Gulf
of Maine (GOM; Fig. 1), affecting vast
expanses of the regior
shellfish (Shumwayet al. 1988; Anderson
1997). Toxcity is not uniform, but instead tagpes ) Pty
reflects Alexandrium fundyensegrowth and I
toxin accumulation in several separate zones or . ~ =
habitats defined by circulation patterns and the - f
Gulf of Maii

of f sho!

temporal distribution of the dinoflagellate i
(Anderson 1997). This biogeographivelisity K
in A. fundyensblooms has been the subject of
sustained investigation through the ECOHAB
GOM (Andersoret al. 2005d) and GOMTOX
(www.whoi.edu/gomtoy/ research programs.
A series of largescale field sweys provided
data that were combined with mooring
observations, drifter tracks, and numerical

Fig.1. Map of Gulf of Maine showing ocean
currents

! Both A. tamarensend A. fundyenseccur in the @If of them, and only detailed analysis of the thecal plates on
Maine region. We consider these to be varieties of the same individud cells can provide this resolution. Thigist practical
species (Anderson et al. 1994; Brosnahan et al. 2010). Neither fr field samples. Accordingly, for this study, the narke
antibody nor oligonucleotide probes can distinguish between fundyenses used to refer to both forms.
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This paper highlights maj features and the EMCC, while others deposit cysts in the
mechanisms underlying the widespread, coastal mid-coast Maine seedbed. In subsequent years,
blooms that can close hundreds of kilometers of these latter cysts (combined with vegetative
coastline for shellfish harvesting. A numerical cells from populations within the EMCC)
model that provides realistic simulations of inoculate WMCC blooms that cause toxicity in
these blooms is also presented, emphasizingwestern portions of the Gulf and in offshore
progress towards shorterm (weekly) and  waters as well. Toxicity in southerly and
seasonal (annual) forecasts of bloom dynamics wesern regions of the GOM such as
and toxicity. Massachusetts Bay is regulated by coastal
current transport, with northeasterly winds
accelerating the alongshore and cross shor
movement of the populations (Anderson et al.
A dominant feature underlyind. fundyense  2005a).

regional bloom dynamics the Maine Coastal Hind : qf . f

Current or MCC (Fig. 1; Lyncht al. 1997)- a Indcasting and forecasting efforts

composite of multiple segments and branch A coupled physical/biological model oA.
points. The two major transport features in this fundyensegopulation dynamics in the Gulf of
system are the eastern and western segments oMaine has been developed that is consistent
the MCC, hereafter termed the EMCC and with the above conceptual model (e.g.,
WMCC. Conceptual models &. fundyense  McGillicuddy et al. 2005; Andersonet al.
bloom dynamics withithe MCC have been 2005c; Heet al. 2008; Li et al. 2009). The
provided by Andersonet al. (2005c) and modelis initiated from largescale maps of cyst

The Alexandrium fundyense conceptual
model

McGillicuddy et al. (2005). distribution, with germination rates
. — : T parameterized through laboratory experiments.
PR O O Ay F 5 Likewise, the growth of the resulting vegetative
fif Lo cells is regulated by light, temperature, and
} }’ s salinity, again parameterized ugitaboratory
$S g I r:s cultures. In a novel application of this model,
o ot observations were combined with model

hindcast simulations to identify the dominant
factor leading to a 2008. fundyensdloom
considered to be the largest in at least three
decades (Heet al. 2008). Andersonet al.
(2005b) proposed three factors to explain the
historic 2005 outbreak: 1) high abundance of
resting cysts that provided a large inoculum; 2)
storms with strong northeast winds that carried
toxic cells towards, and along the coast; 8hd
Fig.2. Map of cyst beds abundant fresh water runoff, providing macro
and micrenutrients, a stratified water column,
and an alongshore (towards the southwest)
transport mechanism. These factors were
evaluated using a sensitivity analysis that
utilized field observations ithe A. fundyense
population dynamics model (H al.2008). A
snapshot from the 2005 hindcast simulation that
used the 2004 cyst data (hereafter termed the
centr al hindcast) i
regionalscale characteristics (Fig. 3A).
Recently germiated cells swimming upward
from the western GOM and BOF cyst seedbeds
are evident in vertical transects. Germinated
cells inoculate the coastal current system,

42°00'

40" 15'
N 73730 71745 70700 68" 15' 66° 30"

Key features in the models are two large cyst
i s e e d-lreednstiie Bay of Fundy and the
other offshore of migdtoast Maine (Fig. 2;
Andersonet al. 2005c). Cysts germinate from
the BOF seedbed, causing recurrent coastal
blooms that are seHeeding with respect to
future outbreaks in that area. In effect, the BOF
is an incubator for localized populations in that
area, but the incubator is lgglas cells escape
into the EMCC, where they bloom, particularly
at the distal end of that coastal current, where
waters warm and stratify (Townseret al
2001). Some cells travel south and west with



which flows from northeast to southwest and
then spreads offshore in the south. Lasgale
chaacteristics of the simulation are generally
consistent with field observations.

Initial conditions of the three sensitivity
experiments were identical to the central
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finding that is of significant importaecin
terms of bloom managemeamd forecasting in
the region.

Weekly and annual forecasts

The model has been used to produce-nea

hindcast in all respects except: experiment 1 time quasioperational nowcasts and forecasts

utilized the 1997 cyst map instead of 2004
experiment 2 was forced by winds from a more
typical year (2004) instead of the strong
downwellingfavorable winds of 2005;
experiment 3 used riverine discharge from a
typical year (2004) instead of the anomalously
large discharge of 2005.

(B) 1997 Cyst Map

Fig. 3. Bloom predictions based on a. hind
casting;b.cyst beds; c. wind forcing; d. riverine
discharge.

This sensitivity analysis suggested that high
cyst abundance in the WGOM was the main
cause of the 2005 bloom. Wind forcing was an
important regulator, in the for of both

episodic bursts of northeast winds and the
downwellingfavorable  mean  condition,

causing onshore advection of offshore
populations. Anomalously high river runoff

for 2006 - 2010. Each of these synoptic
simulations was initiated usingragional map
of A. fundyensecyst abundance in the GOM
(e.g., Andersoret al. 2005c) obtained in the
winter before the next bloom season. Each
year, weekly model updates were made
available to a listserve of more than 150
managers and other officials arstientists
involved with PSP outbreaks in the
northeastern US.  These weekly updates
allowed the listserve members to go to a
website where they could view the latest model

si mul at i on sAlegahdriumbhl@om, year

extended one week forward in timeing
weather forecasts. An example forecast can be
seen at
http://omglnx3.meas.ncsu.edu/yli/08forecast/di
no_08.htm Forecasts were also sent to
researchers at sea to aid in the plannhig
sampling activities. Readers are also
encouraged to visit the forecasting web site
cited above to scrutinize the comparisons
between simulated and predictadfundyense
concentrations in 2008 as one example of the
skill of the model. Other analyse$ model

skill are given in Stoclet al. (2005) and Heet

al. (2008). The reception for this information
has been highly positive, as it gave managers a
view of the entire bloom in the Gulf through
weekly updates during the bloom season. This
information was complementary to shellfish
toxicity measurements made on a weekly basis
at scattered locations along the coast. Seasonal

enhanced alongshore transport near the coastor annual forecasts have also been made. This

These and other results demonstrast thodel
simulations initiated fromA. fundyensecyst
distributions capture largecale seasonal

effort began when a cyst survey in late 2007
revealed that cyst abundance offshorenid-
coast Maine was 30% higher than in fall 2004,

patterns in the distribution and abundance of just prior to the historic bloom of 2005. Those

vegetative cells. Cyst abundance is a-mster
predictor of regional bloom magnitude the
following year in te WGOM, suggesting that

cyst maps are shown in Fig. 4. The 2008 field
season thus offered an exceptional opportunity
for testing the hypothesis that the magnitude of

cyst abundance may hold the key to interannual the bloom inthe western Gulf of Maine is set
forecasts of PSP severity, recognizing that other by the abundance of resting cysts. In advance

factors will determine the extent of population
growth and delivery to shore. This is a major

of the bloom season, the coupled physical
biological model was used to make a seasonal


http://omglnx3.meas.ncsu.edu/yli/08forecast/dino_08.htm
http://omglnx3.meas.ncsu.edu/yli/08forecast/dino_08.htm

60

forecast using an ensemble of scenarios basedAll of the simulations indicated a severe bloom
on archived hydrographic simulafis from in the western GOM, on par with the historic
2004-2007 model runs. bloom of 2005. A press release was issued
(http://www.whoi.edu/page.do?pid=9779&tid
=282&cid=4121&ct=162). This information
was used by resource managers in staffing
decisions in advance of the bloom and was seen
by many as a major factor in the controlled and
moderate response of the public and press
during the outbreak, and thus in the reduced
econanic impacts compared to the 2005 event.
The seasonal forecast was confirmed when a
major bloom occurred, extending from Maine
through New Hampshire and much of
Massachusetts, leading to federal emergency

and transport. Although the hindcasts for 2004 assistance to these three states because of the
2007 did not span the range of all possible failed fishery".

outcomes, they provided contrasting conditions This seasonal forecast of the 2008 outbreak is a
including one with strong downwelling  major breakthrough, as it represents the first
favorable winds and anomalously high river prediction of a red tide or HAB on a regional
discharge in May (2005) and one with near scale, and speaks to the advanced nature of our
climatological conditions (2004). They also understanding of theA. fundyensebloom
spanned the range from major PSP outbreak dynamics irthe GOM, and to the sophistication
(2005) to moderate (2006, 2007) to low (2004) and accuracy of our numeriaabdel.

levels of regional toxicity. For 2009, a "moderately large" outbreak was
48 ™ forecast, based on the cyst abundance observed
2004 . in fall, 2008

A y J (http:/www.whoi.edu/page.do?pid=24039&tid
=282&cid=56567). This forecast was generally
accurate, since the toxicity was more limited in
scale than in the previous year, extending only
to the middle of Massachusetts Bay. However,
a resurgence of toxicity in Junand July
occurred in Maine, leading to very high and
prolonged toxicity in that state. This second
wave of toxicity could not have been
anticipated in the seasonal forecast, and
reflected unusual wind patterns in June and

The ensemble forecast was made available to
resource managers on the web at
http://omglnx3.meas.ncsu.edu/yli/simulation_n
ew/08forecast/dino_08.htmThe simulations
were initialized with zero cell concentration
throughout the domain and the cyst map
prescribed from fall 2007 observations. Each
member of the ensemble was based on the
hydrodynamic hindcast for each specific year,
which affected the almdance and distribution

of A. fundyensecells through environmental
influences on germination, growth, mortality,
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July.
45t For 2010, the forecast thatas issued was
similar to that for 2008i . e . , a. Ansi

a4t fundyensebloom was anticipated since even
more cysts were documented in late 2009 than
were present in 2007, immediately before the
largescale 2008 outbreak
(http://www.whoi.edu/page.do?pid=24039&ti
d=282&cid=6958%. This forecast was,
however, not borne out by the subsequent
0 bloom that year. Relatively small sections of
the Maine coast were closed because of
_ toxicity, with no closures in coastal New
Fig.4. Cyst maps for 2004 and 2007. Hampshire or Massachusetts. GOMTOX
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research cruises documented very Idw to shellfish industry and resource managers,
fundyensecell abundances in both nearshore and thatin general, provide a context against
and offshore waters of the GOM, so the issue which blooms and toxicity observations can be
was not a lack of onshore transport, but rather viewed. Looking back, one can highlight the
the overd lack of a bloom. Our working information needs and analytical approaches
hypothesis is that a mesoscale GOM water that can help other countries or regions develop
mass change occurred that lies outside the similar models for HABs and theivaters. First
envelope of observations from the six years and foremost, one needs a detailed
used as the basis of the 2010 ensemble forecastunderstanding of the hydrography of the area
under investigation, including adjacent waters
that influence the localized flows. Major
current systems need to be identified and
characterized, as well as thepisodic
movements of water associated with storm
runoff, upwelling, downwelling, and other
factors. Moored instruments and survey cruises
are needed to characterize this hydrography to
provide data to numerical models that are
critical in the developmertf an understanding
of HAB dynamics. Initially, the numerical
models should focus entirely on the physics of
the region, but ultimately, biological elements
can be added (e.g. Stoekal.2005) that can be
very useful in understanding HAB dynamics.
For a cystforming HAB species like
Alexandrium fundyensenuch of the biological
model formulation has already been
accomplished, and can be adapted to the strains
of this or related species in a different area
following laboratory studies to derive growth
rate and germination rate as a function of
temperature, light, and salinity. More
sophisticated efforts might include nutrient
uptake kinetics, as this can be useful in
forecasting the decline of blooms in the
locations where cysts will be formed and
deposited This is important as the initial
condition for physical/biological models for
cystforming species. Grazing may need to be
considered as well, but this is a difficult issue to
parameterize in any detail. In our formulations,
we have utilized a mortalityate that varies with
temperature according to ad@ormulation (He
Overview et al. 2008). It is simplistic, but thus far, does

The conceptual and numerical models an adequate job with bloom termination

described herein are a result of more than aludging from the match between —our
decade of detailed study oh. fundyense simulations and ob_servatlons._ Thl_s is one
dynamics over a large area iretGOM. The ~ €Xample where a sinfgp approximation can
models are extraordinarily useful research and "€Place a complex submodel and still provide
management tools that help to guide decisions 2cceptable simulations.

about closures and-@penings of harvest sites, Another key feature in the development and
support forecasts and predictions that are of useapplication of conceptual models like that

This hypothesis is currently being evaluated
usng GOMTOX survey data for 2010, satellite
measurements of ocean color, as well as
moored observations from instrumented buoy
networks (McGillicuddy et al. in prep.)
Preliminary analyses suggest that the deep
basins of the GOM were fresher and warmer
thanwas observed in prior years. This water
mass anomaly would have affected
intermediate and surface waters, the latter
being where A. fundyenseresides.  For
example, surface waters were several degrees
warmer than in 2008, when a la§yefundyense
bloom took place. Stratification, nutrient
concentrations, grazers, and other factors
critical to A. fundyensgrowth could all have
been affected. Should we be able to deduce the
mechanisms responsible for the lack of a bloom
in the WGOM in 2010, those proses could
then be included in the population dynamics
model. Furthermore, we note that the water
mass changes mentioned above relate to the
largescale circulation of the northwest
Atlantic, and therefore are observable months
in advance of théA. fundyese season using
moored instruments in ocean observing
systems. Therefore, it is conceivable that
forecasts can be made taking into account this
type of variability. It is indeed fortunate that
GOMTOX cruises were scheduled for 2010, as
this will allow usto understand the factors that
prevented a bloom and thereby allow us to
improve our model.
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described here is the documentation of the Anderson, D. M., Kulis, D.M., Doucette, G.J. ,
nutrient environment that the HAgpecies will Gallager, J.C., Balech, E., 1994. Mar. Biol. 120,
occupy. Survey cruises will provide largeale 467-478.

snapshots of the nutrient fields, but these Anderson, D.M., B.A. Keafer, W.R. Geyer, R.P.
change constantly, and are quickly out of date. ~ Signell, and T.C. Loder. 2005a. Toxic
We have found it useful to utilize Alexandrium blooms in the western @ of
ficli matol ogical o or | omMgnet Ehe pplurgey advegligne hyppliesis i e n
fields for the modetig efforts. These have been ~ revisited. Limnol. Oceanogr. 50(1): 3345.
derived for the GOM region on the basis of Anderson, D.M., Keafer, B.A., McGillicuddy, D.J.,
numerous shipboard surveys conducted Mickelson, M.J., Keay, K.E. Libby, P.S,
throughout the years, with those data being Manning, J.P., Mayo, C.A., Whittaker, D.K,,
compiled and related to parameters such as Hickey, J.M., He, R., LynchD.R. & Smith,
temperature and salinity. The development of ~ K.W. (2005b). DeefSea Res. Il 52(}21):
climatological mtrient fields is thus an 2856:2876.

important priority for those wishing to develop AAnderson, D'M"I Stock, C.A.,hKeafer, B.A.,
models in a particular region. However, as II?/IrOGn%ImOdd N%Sgn’K ”A" MTJTpS.OE;A 2"
demonstrated in 2010 in the GOM, there may MC t'l 'C\;J 2%’05' 5 N gr, = a}lrg'z’ 1),
be years in which the nutrient fields differ artin, J. ( c)DeepSea Res. (zal).

dramatically from the climatology 25222542
Anderson, D.M., Townsend, D.W., McGillicuddy,
Our numerical mdel for A. fundyensen the D.J. & Turner, J.T. (eds). (2005d). DeSpa

GOM will undoubtedly be refined and modified Res. 11 52: (121): 23652876.

through time. In its present form, however, it is Brosnahan, M.L., D.M. Kulis, A.R. Solow, D.L.
already proving very useful as a management Erdner, L. Percy, J. Lewis, and D.M. Anderson.
tool and as a means to communicate the nature 2010. DeegSea Res. |1 57¢3): 175189.

of the HAB phenomenon to the public, the He,R., McGillicuddy, D.J., Anderson, D. & Keafer,
press, and to agency officials. Development of ~ B. (2008). J Geophys. Res113, C07040,
such models for HABs in other regions requires d0i:10.1029/2007JC004602.

a Systemic approach Whereby the key LI, Y., He, R., MCGI”ICUddy, Jr., DJ,
hydrographic and biological features of the  Anderson, D.M. & Keafer, B.A. (2009).
system are identified, characterized, and  Cont Shelf Res. 29(17): 20@982.

ultimately modeled. Conceptual models and Lynch. D.R., Holboke, M.J& Naimie, C.E. (1997).
numerical models are best formulated in MC((;(i)lﬂz:.u?jZ)e/If ieS-D1§: 61}80” DM, Lynch
parallel, as each provides information and P Sl M y eV '
insights to the other. Effective managementand ~ D:R. & Townsend, D.W. (2005peepSea Res.

TN Y I 52(19-21): 26982714.
mitigation of HABs are greatly facilitated by -
these efforts. McGillicuddy, Jr., D.J., Townsend, D.W., He, R.,
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Interannual variability in Alexandrium spp. cyst densities in Cork Harbour,
|l rel and and itdés relation to bl

CosgroveS, 006 C ® nhRathaille, A.N, Touzet, N., Evans, I., and Raine, R.

The Martin Ryan Institute, National University of Ireland, Galway, University RGatlyay
Ireland.;Cossie_sarah@hotmail.com

Abstract

The distributions ofAlexandriumcysts in the sediments of Cork Harbour, Ireland, hbgen
investigated since 200&yst densities oA.minutumand A.tamaensewere examined during the
winter dormant season in the North Channel of Cork Harbour, where blooms are known to initiate.
The means and variances of the horizontal cyst distribution in the top 1 cm of sediment in the North
Channel were compared bewveyears, and the data were also analysed in conjunction with the
maximum observed vegetative cell déies in subsequent summeréie results show a decreasing
trend in cyst densities since 2003. An analogous decreasing trend in the maximum obsemed bloo
cell density was also apparent since 2004 when an excepiiandriumbloom (5*1C cells 1)
occurred.The potential of the winter cyst density in controlling the intensity of summer blooms is
discussed.

Introduction profiles of cultures isolated from the estuary
have indicated that the causative organisi is
minutum(Touzetet al 2007a). Isolates had a
toxin profile of the two potent gonyautoxins
GTX2 and GTX3 which have been

Shellfish  aquaculture is a significant
component of the economy tiie southwest
coast of Ireland (Parsons 2006). The
occurrence of Harmful Algal Blooms has i ;
hindered the development gf the industry, in charactgrlstlc of contaminated stock (Fuety
particular through contamination of shellfish al. 1998; Touzeet al 2007).

with algal biotoxins (McMahon and Silke The life cycle ofAlexandriumhas a resting cyst
1998) . Cor k Har b otur stage, inrnmbithastatd i6 can ovenwnger or stay
industrialised harbour located on the southern dormant f@ several years in adverse conditions
Irish coast, has a history of episodic (Andersonet al. 1997). Excystment into the
contamination of shellfish with Paralytic planktonic  vegetative form initiates
Shellfish Toxins, and blooms &lexandrium Alexandrium blooms. Knowledge of the
spp. can occasionally reach high cell density distribution and cyst density is therefore
(ca. 1§ ml't; Ni Rathaille 2007). The first potentially vital information if the effects of
documented outbreak occurred in 1987, and toxic Alexandriumblooms ae to be managed
subsequently there have been frequent bans omand mitigated. This study examined the
shellfish harvesting in the area. Notable variation in the distribution and density of
exceptions have been the years 1999 and 2001 Alexandriuncysts in Cork Harbour since 2003.
Cork Harbour is the only site in the Republic of
Ireland where PSP ctamination has occurred,
and toxin contamination usually occurs Cyst surveys were carried out in the netstern
betwveen miedune to mieduly. The section of Cork Hebour known asthe North

Alexandriungenus is large (=28 species) and to Channel (Figure 1)t is in this part of the estuary,
date A r:i%utum A gtar(narense and) A which has dimensions 8 km by 0.5 km, where
ostenfeidii have ’bee.n identified  in C(.)rk Alexandriumblooms initiate and where the highest

.. dinoflagellate cyst densities cabe found (Ni
Harbour (Touzeet al 2008). twas originally  pahaille 2007)Subtidal sedimentsamples were

thought thatA. tamarensevas the causative  gptained using a manually operated Ekman Birge
organism of these toxic events. However, toxin hottom sampler (HydroBios, Kiel)Triplicate sub

Materials and Methods
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samples of surface sediment were taken from this a lagoon situation along the north shore. The
using sawn off 50 ml syringes that were filled to the other three locations were where gyres exist on
depth of the sediment in the samplentertidal ebb and flood tids near the mouth of the

samples were collected from the shoreline ~hannel. Cysts can be regarded as passive

manually, also using 50 ml core syringes. The . : S
. . . positively buoyant particles within the water
o
sediment was kept in the dark at 4° C until further col umn, and i ght be ex,

analysis in the laboratp. In order to quantify the "

number of cysts in the sediment, the surface 1 cm of S hadowsbo, anal ogous to
eachsediment core was removed, mixed to ensure (Wyatt 2003).

homogeneity, and from this a measured, weighed Gyre
volume (usually 0.4 ml) was put into a beaker of = ° j
water, ultrasonicated, and the cysts were extracted £ 2} e /’ . e
- Gyt Gyre

3
E-1
1|

using density gradient centrifugation with sodium om
polytungstate. Prior to 2007 Ludox was used for = - =

the density gradient. The numberAiexandrium Longitude (W)

cysts was counted using a Sedgwitifter cell at Fig. 2. Locations where increasédexandriumcyst
x100 magnificationCyst surveys were carried out densities have been recorded, North Channel, Cork

between mieSeptember and midpril when Harbour.

ALZZ%”?_F%P;?? be expected foe in the dormant ¢ characteristic water movement patterns
P ' could influence the distribution of the cysts
within the sediment. Figure 3 illustrates the

s ®e . 4 variation with time in the mean observed
7 e R Alexandium restingcyst densities in the North
. < idm Channel. It is evident that densities never
O atude ) g achieved as great a value as was found in the

Fig. 1. Distribution of Alexandriumcyst densities, ~ winter of 2003/2004.A. minutuncystdensities
North Channel, April 2010. Units are in cysts g dry of up to 1680 cysts . g dry wt sediméntere
sediment. found during the winter of ZIB/2004, with a
mean value of 437 cysts . g dry wt sediment

_ _ In the following September, after the summer
The most recent survey carried out ei April bloom, the highest count recorded for this
2010 involved thirteen sampling sites, thrée o species was 301 (mean 88) cysts . g dry wt
which were intertidal (Figure 1). Cyst densities gediment. A similar pattern was observed for
of A. tamarenseanged from 80 cysts . gdry A tamarensecyst densities, although counts
wt sediment. Cyst densities oA. minutum  \yere relatively lower thai. minutum(Table
were more variable and generally higher in the 1) Maximum and mean recorded densities of
range of 580 cysts . g dry wt sedimeht 956 and 302 cysts . g dry wt sedimein the
Higher cyst densiéis were found in the western  inter of 2003/2004 fell to 239 and 54 cysts .
(inner) end of the North Channel (Figure 1). g dry wt sediment respectively in Satember
Mean cyst densities of. tamarenseand A. of 2004.

minutumwere 11 and 38 cysts'gespectively.  when these data were plotted against observed
These data can be compared with those alexandrium vegetative cell densities, the
obtained during the dormant season in previous decrease in Alexandrium cyst densities
years(Table 1). A decline ifh. tamarens@nd  corresponded with a decrease in the vegetative
A. minutumcyst densities is evident in years el densities after the winter period of 2003
proceeding 2003. Results from the annual 2004. A bloomof 620,000 cells 1 was
surveys identified six locations containing gopserved in the western half of the N. Channel
notably increased cyst densities (>mean + in the summer of 2004. Yet during the same
2*s.d) during the annual dormant season period in 2005, the maximum count recorded

(Figure 2). These were located in the regions of \yas only 31,000 celfil With the exception of
the North Channel with the most retention near the year 2009 cell densities were recorded

the furthest east and west of the channel and ingnnyaly, but never peaked aboBBp00cells™.

Results
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The data derived from four subsequent winter
cyst surveys and summer bloom sé&gd all
showed low densities of both species (Table 1;
Figure 3).

Table 1. A. ramarense and A minwwem cyst density data {cysts/g dry sediment),
Morth Channel {2003-2010)

Dormant Diate A ramarense A mingrum
Scason
max  mean  sd max  mean  sd
200372004 22-250ct 2003 959 302 132 1680 437 325
0-12 Mar 2004

200472005 21 Oct 2004 239 54 T 301 88 91
20052006 16 Sept 2005 264  E8 85 175 96 64
LR 3-5 Oct 2006 213 75 51 - - -
20082009 Oct 2008 247 108 &9 140 39 32
2009010 67 Apr 2010 20 11 5 Th 38 23
Discussion

The monitoring of HABs is crucial in order to
provide enough information to predict bloom
events and, if possible, their intensity. There
are, however, relatively few time sesiof cyst
surveys. In the Gulf of Maine, studies have
been carried out oAlexandriumblooms for
over two decades. In 2005, a massie
fundyenseébloom occurred there. It has been
suggested, through modelling, that the bloom
intensity was linked toraunusually high cyst

density, which had been measured the previous

autumn (Heet al 2008). Furthermore, these
observed high cyst levels reflected deposition
from an autumn bloom oA. fundyensehat
occurred in late 2004 (Andersenal 2005). A
paralel case can be made for the situation in
Cork Harbour. In September 2003, cell
densities ofAlexandriumof the order 20,000
cells I* were observed in samples in the North
Channel (Ni Rathaille 2007). Such levels
would be unusually for this time of yeaThe
late summer bloom could have deposited fresh
cysts causing increased densities in the
sediment, as measured in October of that year
which then promoted a laeg bloom the
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following spring.No SeptembeAlexandrium
bloom has however been observedcsi and
cystdensities have remained lov@n the other
hand, the 200Alexandriumbloom is known to
have provided a substantial number (ca. 5000
cm?) of cysts to the western section of the
North Channel through direct measurement
with sediment traps (NRathaille 2007). Such
high levels were not evident in the autumn cyst
survey of 2004. This could have been due to
their burial, export or some may even have been
lost through germination after a mandatory
dormancy periodncreasing the cyst density b

a factor of two in a model oAlexandrium
blooms in Hiroshima Bay did not alter the
bloom intensity but did bring the timing
forward by about a week (Yamamoto and Seike
2003). It might be expected that if
environmental conditions were favourable then
planktonic cell numbers would be more
influenced by the speed of vegetative
reproduction than by excystment rate. If the
size of the inoculum of cells (provided by
excystment) is not important, then substantial
blooms could occur in any year. There has no
however been a substantial bloom of
Alexandriumin Cork Harbour since 2004.
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Abstract

Phytoplankton records during the last decade in Southern Chit&%4 § show thatAlexandrium
catenellablooms are recurrerttavean annual frequency in the ateetweerd 3 Uan85 U006, b
sporadic (2002, 2006 vy &@0489200b.et Weeane |@altodms

associatedvith the presence dParalytic Shellfish Poison (PSP) in molluscslhe temporal and
geographical distribution byA. catenelladuring each event seems to be associated with the
characteristics of different sectasfthe study area. &narkable hydrographic and meteorological
differencesccurin this vast geographical ard@ased on biological, toxicological, hydrographic and
meteorological information generated during 2009, the structure and interrelationshipsrdédec
variables are analyzed to identify key variables linked .teatenellablooms, which will serve to
generate explanaty models for these phenomena.

Introduction organism and the third is associated with

Phytoplankton records during the last decade in advectio.rglmp})lhenom?na ar"lqushea’r“‘p[obably

the fjordsof Southern Chile (#*-55° S.L.) show
that Alexandrium catenella blooms are
recurrent, have an annual frequenigtween
430%M65U00 06 ocBur spobadidlly
(2002, 2006 and 2009) along latitudes of i
4 2 Uahd463 U2 0 6 . These bl 7
associated withParalytic Shellfish Poisors
(PSP) in sentinel mollusc§Guzman et al., : ‘
1975, 2007, 2009). The temporal and 7| _&&
geographical distributioaf A. catenelladuring e =
each event seems to be associatedthe :
featuresof different sector®f the study area. 7
Remarkable hydrographic and meteorological
differences can be fod in this vast ‘
geographical area. At least three important -
physical phenomena that affeét catenella
abundance and distribution have been
identified. The first refers to abundance
gradients of this dinoflagellate, frequently
found in fjords and channetonnected to the
continental shelf, showing an abundance -
increase from the head to the mouth of the fjord
(Guzman et al. 1975), the second is related to
dispersion phenomena forced by winds, tides
and currents that spread the motile stage of this

Fig. 1. Sa~m([')ling a‘r‘e‘éforced by windsv,v tides and
currents that lead to a local higher dinoflagellate

Pagou, P. and Hallegraeff, G. (eds). Proceedings of tHidntdrnational Conferencen Harmful Algae.
International Society for the Study of Harmful Algae and Intergovernmental Oceanographic Commis:
UNESCO 2013
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concentration generating toxicity hotspots, such as
the Magellan region (Guzam et al., 2002, 2009).

Material and Methods

During 2009 27 biological, toxicological,
hydrological and meteorological variables were
monitored under a quasionthly sampling
scheme along 151 stations located in southern
Chile between 41° and 55° S (Figl).
Quantitative phytoplankton was obtained by
hose sampling from two layers (surface to 10m
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Table 1.Principal Component Analysis statistics.

% explained % explained | Determinant Kaiser
variance firs{ variance secon| correlation | Meyer
component| component Olkin
Corcovado Gulf
24,99 | 18,67 | 7,84*10°| 0,73
Moraleda Channel
26,93 | 12,61 [6,56*10°] 0,77
Strait of Magellan
31,69 | 18,15 | 2,11*10° | 0,81

Results for the analyzed sectors show that air
and surface water temperatures are correlated

and 10m to 20m depths) and qualitative ith phytoplankton and consequently with

phytoplankton was sampled by vertical hauls
between surface and 20m using a 23um net.
Toxicological information was obtainetom

harmful phytoplankin abundance. This
correlation is primarily due to higher irradiance
during Spring and Summen contrast, surface

bivalves by mouse bioassay (PSP and DSP) andggjinity shows a close association with species

HPLC (ASP). Hydrographic information and
oxygen were obtained by CTD and
meteorological data were measured with a
thermal anemometer and weather stations. The
data were sorted, transformed to base 10
logaithms and analyzed wusing principal
components analysis (PCA) without rotation.
The study area was divided into 3 sectors:
Corcovado Gulf (37 variables), Moraleda
Channel (35 variables) and Strait of Magellan
(16 variables). Variables were: Relative
abundanes ofA. catenella Dinophysis acuta

D. acuminataPseudenitzschia cf. australis.

cf. pseudodelicatissimaA. ostenfeldii and
Protoceratium reticulatumbesides G Index,
phytoplankton species richness, transparency,
air temperature, air pressure,ind speed,
cloudiness, wind direction, PSP, diarrhetic
shellfish poison (DSP), surface, 5m, 10m and
20m water temperatures, salinities and oxygen
concentrations, and phytoplankton abundance.

Results and Discussion

PCA results show that the proportioh the
explained variance for the first two components
in the three analyzed situations is between 39.5
and 49.8%. However the eigen values of the
significant variables are above 0.75 reflecting a
strong association between them. The principal
PCA results B8 summarized in Table 1 and
Figs. 24.

richness and phytoplankton abundance.

Corcovado Gulf

Component 2
@

Component 1

= D, acutn D. acuminata

® A ostenfeldii

* A
P. australis

catenella
® P. pseudodelicatissima
= Index G

Wind speed

Surface waler lemperature

+ P. reticulatum
Transparency
PSP

Water salinity at Sm

on specics

1 salinity

= Water salinity at10m = Phytoplankton abundance

Fig. 2. Results of principal component analysis
appied to information of Corcovado Gulf.

At a more localized levethe Corcovado Gulf
show that surface water temperature
associated with species richness and
phytoplankton abundance, but not always with
harmful taxa abundances since Pseude
nitzschiaspecies show a stronger relationship,
in contrast to dinoflagellates speciesfor which
this relation is less clea®alinity is associated
to microalgal diversity. During Spring and
Summer, along the Moraleda Channel the air
temperatures related tovater tenperature and
favours freshwaterninputs due to snowand ice
melting affecting surface salinity and water
transparencgue to @rticulate matteinput, but
transparency iglsoaffected by phytoplankton
abundance. Apparently, freshwater runoff

is



favoursalsothe phytoplankton development, as
is shown byPCA reflecting a increase of
species richnesand phytoplankton abundance,
including an increment of harmful taxa
concentrations. As was expectéd catenella
relative abundance segregates together with
PSP oncentrations.

Moraleda Channel
-
405
°
~ o
- 4
£ .,
g Oa e
s 0.5 0 0.5 |
o
0.5 +
X
o
Component 1
* A catenclla D, acuta D. acuminata
P. australis X P, pscudodelicatissima ® A, ostenfeldii
4 P, reticulatum = Index G = phytoplankton species richness.
Tranparency Air temperature Air pressure
Wind speed + Cloudiness ® Wind direction

PSP
* Water temperature at 10m

= Surface water temperature = Water temperature at Sm

Water temperature at 20m A Surface water salinity

* Water salinity at § X Water salinity at 10m ® Water salinity at 20m

4 Phytoplankton abundance

Fig. 3. Results of principal component analysis
applied to information of Moraleda Channel.

In the Strait of Magellan, althougemperature
shows the narrowest variability, the air and
water temperatuseare positively correlated to
speces richness and phytoplankton abundance,
as well as, to the relative abundancesAof
catenella, D. acuminata, P. cf. austrafindP.

cf. pseudodelicatissima

Conclusions

The meteorological and hydrographic forcing
affects the geographical distribution f oA.
catenellaand also other harmful speciegith

air temperature and watelemperaturesthe
most important The greatesabundance oA.
catenella occus when the rest of the
phytoplankton is also more abundant.
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Strait of Magellan

Component 2
-]
]

0.5 ]
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Fig. 4. Results of principal componergnalysis
applied to information of the Strait of Magellan.
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Abstract

Since 1972Alexandrium catenelland Paralytic ShellfishPoison (PSP)are known from Magellan
Strait, beingsporadic and restricted the Magellan regioantil 1990.Afterwards recurrent annual
blooms and PSP outbresaind a northern expansioocurredA. catenellavas detecteth the Ayseén
region in 1992 and in BB in the southeastf Chiloé Island In October 2009 it reached its most
northerndistributonat Cal buco (41A486S; 73A106W) and wa
Island.The blooms PSP outbreaksshow different annual pattereacompassing vageographical
areas|In its northen area of distribution, they are sporadigaching densitiesf 1,000 celld and a
toxicity of 1,419 ug STX eq. 100gshellfish meat. In the southern areansities have beerp to
53,800 cellst, toxicity hasreached27,159 pgnevertheless the highest densities, 1,132,200Icells
1 the highest relative abundaneesl the greatesteanPSPlevels have been observed in theioag
of Aysén.The interannual variabilitgnd its wide geographic coverageludingsectors and periods
with higher probalbities to detect the microalgandPSP, suggeshat the bloom initiations and PSP
outbreaks are of climaticoceanographic origin.

Introduction an analysis ofA. catenellaand PSP temporal
and geographic patterns alorige Chilean
fiords and channels from May 2006 ttuly

2010.

Since October 1972Alexandrium catenella
blooms andPSP outbreaks atenown for the
Magellan regio{Guzman et al., 197%aSince
the nineties,blooms inceased in frequency,
annual toxicity outbreaks occurredand an
expanded distribution to the Northwas A total of 151 sampling sites have been
observed The microalga was detected the establishedbetween 41° and 55° §ig. 1).
region of Aysénin 1992 (Mufioz et al., 199p Sanpling sites are visited monthly in Spring,
and PSP in 1994Fuzman et al., 2002and in Summer and Autumn, and duringimér about
the region of Los Lago#,was detected in 1998 every 40 daysSamplingwas conducted since
in the soutlkast area of Chiloé Islandgmbeye May 2006 with gaps betweeMarch-October

et al.,, 1998 and PSP detectedin 2002 2007, OctobeNovember 2009 and January
(Mardones et al., 20)0Today thismicroalga 2010.The variables considered here aretreéa

is presat alongthe fjordsbetween 41 and 55° abundance and density Af catenellaand PSP
S, but PSP encompasses from 43° to 55° concentrations in bivalve mollusc&elative
(Guzméan et al., 20)0These facts triggered the abundance is estimatdtbm netsamples(23
initiation in May 2006 ofa phytoplankton and  pm), collected by vertical tows from 20 depth
marine toxin monitoring progranto protect to the surfaceAt each site three replicates
public health and minimise mpacts to two points are colected integrating a single
productive activitiesThis contribution presents  sample from the six haulRelative abundance

Material and Methods

Pagou, P. and Hallegraeff, G. (eds). Proceedirighen 14" International Conference on Harmful Algac
International Society for the Study of Harmful Algae and Intergovernmental Oceanographic Commis:
UNESCO 2013
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estimations aremade on sedimented samples
counting the microalgal vegetative phase.
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density peaks (Fgg24). The region of Aysén
and the Magellan region are the geographic

Details on relative abundance scale and its areas with greater persistence and spatial
estimations are presented in Guzman et al. (thiscoverage of blooms of. catenellaand PSP

proeeding) Density was estimated from
samples takewith a 2.5 diameter hoss two
strata: surface 10 m and 10 20 m deths.
Densitywas estimated bthe Utermohl (1958)
method.Paralytic Shellfish Poison (PSRjas
estimatedy mouse bioassay (A.0.A.A990)
in Aulacomya aterMytilus chilensisandVenus
antiqua and analyses conductedt the
Ministerial Regionals Secretariat for Health

74°0'0°W 72°0'0°W 70°0'0°W 68°00°W

Fig. 1. Sampling sites in the study area.

Results and Discussion

The relative abundance in comparison to
density estimates fok. catenellareflects more
appropriately variations in shellfish toxicities

outbreaks, the first presents on average highest
toxicities, but the highest records have occurred
in the Magellan region (Figs-2). This region
has the longest historical record, with toxicities
as high as 52.92Qg at the Magellan Strait
(Uribe et al.1995).

T 1000 000
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—&-psp | 100 000
=i Cell Density

+ 10000

+ 1000

R T N T
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Relative Abundance

+ 100
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Fig. 2. Interannual and seasonal variability of relative abundance and cell density for A. catenella
and shellfish toxicity (PSP) in Aysén region (2006-2010) (mean + standard crror)

In the region of Los Lagos, blooms and
outbreaks are sporadic, and preferably cover the
far southern and eastern coast of Chiloé Island,
not reaching densities, relative abundances and
toxicities as high as in the other regions (Fig. 4).
Also an increase with latitude of toxicity
highest records along the study area exists.
Previous to 2009). catenelleblooms and PSP
outbreaks were characterized by its initiation
during spring in the Magellan region, and one
or two months later the bloom and PSP
outbreak appeared in the region of Aysén, and
in some years reached the southern tip of Chiloé
island, 2002, 2006, 2009. However, during the
summer of 2009 (March) occurred a very
intense bloom ofA. catenellaand PSP toxic
outbreak covering almost all the Aysén region,
not affecting the Magellan region, which
subsequently, during spring presenteddc
bloom reaching the highest toxicities of that

but the three variables show similar tendencies, Period and independently on what was

particularly during periods of increase. Toxicity

happening in the region of Aysén, excluding its

peaks are preceded or coincident with relative Southernmost area. During 2010 the conditions
abundance peaks and in some occasions within microalga abundance and toxicity in bivalve



molluscs have been mildeFi@s. 24). There
are interannual differences, with periods of
toxicity levels andA. catenella abundance
relatively low (e.g. 2007), as well as periods of

intense blooms and PSP outbreaks with very

high toxicity and abundances of the microalga
(e.g. 2009)Figs. 24).
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Fig. 3. Interannual and seasonal variability of relative abundance and cell density for A. catenella
and shellfish toxicity (PSP) in Magellan region (2006-2010) (mean = standard error)

In the Aysén regioA. catenelldblooms usually
occur during summer (January to March) but
can occur also in Spring (October and
December), whereas in the Magellan region,
may occur in Spring, Summer and Fall,
depending on the sector ihig¢ region. In the

region of Los Lagos blooms have occurred only

in late Spring (December) and Summer
(January to March) (Figs-2). The microalga
is not present or appears at very low
concentrations during the winter months (July
August), but toxic shdish can be detected
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Conclusions

A. catenellablooms and toxicity outbreaks not
always coupled between regions and may even
show differences withineach region in the
distribution and abundance Af catenellaand
consequently in PSP distribution. The blooms
of the microalga and the PSP outbreaks show
interannual differences, characterized by mild
and intense periods. Within the Chilean fjords,
the exensive geographic coverage @.
catenellablooms associated to PSP outbreaks
suggests that climatic oceanographic factors are
responsible for the initiation of these
phenomena.
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Fig. 4. Interannual and seasonal variability of relative abundance and cell density for A. catenella
and shellfish toxicity (PSP) in Chiloé Island Southern area (2006-2010) (mean + standard error)
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Abstract

A neritic isolate ofPseudenitzschia australiand an oceanic isolate Bf turgidulawere assessed

for rates of growth and primary production as a function of photosynthetic photon flux density
(PPFD). Maximal exponential growth rates were 1.44od P. australisand 1.00 @ for P. turgidula

and were attained at the highest PPFD examined (334 qumotka rif s). Maximum carbon(C)

uptake ratesRCm), determined via photosynthesis versus irradiance (PE) curves, were 0.707 ug C
(ug Chla)! h? for P. australisand 0.563 pg C (ug Ch)™? h! for P. turgidula Reduced carbon
uptake rates for theceanic P. turgidula isolate were not unexpected, as previous work has
demonstrated a reduced photosynthetic efficiency for this oceanic species. The higher growth rates

for the neritic specieP. australismay demonstrate an ability to adapt to rapidlyngiag coastal
environments, in contrast to the more invariant oceanic environment.

Introduction

Access to light is an absolute requirement for
phytoplankton metabolism and the synthesis of
organic molecules needed for their growth and
reproduction. Phogynthesis, as the essential
process needed for primary metabolism,
requires visible light (photosynthetically active
radiation [PAR]; 400700 nm wavelengths),
which in the natural environment is highly
variable on both temporal and spatial scales.
Here, weinvestigate the effects of light on the
exponential growth rate and primary
productivity in two species of the toxigenic
diatom genusPseudenitzschia i a neritic
isolate ofP. australisand an oceanic isolate of
P. turgidula Each speci esb
response is quantified using exponential
growth rate (1) and sheterm “C uptake
measurements (photosynthesis
irradiance [PE] curves) to derive parameters
which characterize the lightand dark

two Pseudenitzschia species isolated from
widely contrasting environmental habitats.

Materials and Methods

P. turgidula (unialgal strain NWFSC 254) was
collected at Ocean Station PAPA (OSP: 60
145 W) in the subarctic, northeast Pacific Ocean in
June 2006P. australis(unialgal strain 0771B) was
collected at Point Reyes, California in March 2007.
Maintenance of stock cultes, growth medium,
sample fixation and enumeration, chloropladind

in vivo fluorescence determination are described in
detail by Bill (2011). Briefly, all experiments were
conducted at 13°C (+ 0.2°C), illuminated on a 12:12
hr, light:dark cycle and ¢legrowth was monitored
twice daily for cell abundance anéh vivo
fluorescence. Specific growth rates for the eight
PPED tgs%eoov\gerx @etgr iﬁ‘e& for the exponential
portion of the growth curves using leasfuares
linear regression of the natural loganittof in vivo

VErsus fluorescence as a function of time. Prior to the PE

experiments, cultures of each species were
subdivided and grown for a minimum of two weeks

dependent reactions of photosynthesis, therebyunder suksaturating (50 pmol quanta-is') and

an assessment
to photosynthetic photon flux

gain ng
response

sgtygratingt (3% el quastp sy PRERsEPE
curves were obtained using sheetm (30 min)

densities (PPFDs). The present study provides incubations of NafCO; using a temperature

a comparative analysis of the effects of light on

controlled photosynthetron equipped with white
(halogen) light at 16 PPFDs betweei@ pmol
quanta it s'. The carbon uptake rates obtained
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from liquid scintillation counting of incorporated
14C were normalized to Chd concentration, and
fitted to the thregoarameter PE model of Platt and
Gallegos (1980) using a ndimear, leassquares
regression technique to obtain maximum carbon
fixation (P®y) and initial slope ).

Results

The maximum exponential growth ratesng)
obtained forP. australis (1.44 d) and P.
turgidula(1.00 d*) were observed at the highest
PPFD examined (334 pmol quantzst; Fig.

1). Both cultures exhibited a linear, positive
relationship etween growth rate and PPFD at
the lower PPFDs P. australisfrom 21 to 71
pumol quanta nt st andP. turgidulafrom 21 to

52 umol quanta Ms?. At PPFDs above these
ranges, the relationship between growth rate
and PPFD gradually plateaued, approaching
their respective saturation values. PPFD
saturation forP. australiswas approximately
200 pmol quanta f s* while P. turgidula
PPFD saturation was approximately 100 pmol
quanta it s?, indicating that PPFDs at or
above these irradiances should be used
achieve maximal growth rates in culture.

1.60
1.40 _—
1.20

1.00 / o N

p(dh

0.80 .
0.60
0.40

0.20

0 50 100 150 200 250 300 350

PPFD (umol quanta m? s't)

Fig. 1. The mean exponential specific growth rate
(u: db of replicate cultures (n=2) plotted as a
function of PPFD forP. australis ( P and P.

turgidula (3). Error bars are the range of replicates.

The PE cwes ofP. australisandP. turgidula
cultures grown under saturating (225 pmol
quanta it s1) and subsaturating (50 pmol
quanta it s't) PPFD are shown in Figure 2.
Cultures ofP. australispreviously acclimated
to saturating PPFD reached a maximumboa

73

(**C) uptake rateR®m) more than double than
that achieved forP. turgidula (0.707 and
0.316pug C(ug Chla)™ h'l, respectively). Sub
saturating PPFicclimated cultures ofP.
australisattained a lowelP®n of 0.572 g C (ug
Chl a)* h'! compared tdhe saturating PPFD
acclimated culture while the reverse was
observed forP. turgidula where the sub
saturating PPFEacclimated culture attained a
higherPB, of 0.563 pg C (ug Ché)? ht than
the saturating PPFBcclimated culture.

Fig. 2. Photosynthgis versus irradiance (PE)
curves: meanarbon t“C) uptake rate normalized to

Chl a as a function of PPFDor replicate (n=2)
cultures of A:P. australisand B: P. turgidula
acclimated to saturating
saturating PPFI¥3). Error bars are the range of
replicates.

Discussion

Maximum growth rates (fky attained at
saturating PPFD ranged from 1.29.44 d for
P. australisand from 0.92- 1.00 d* for P.
turgidula, and are similar to those reported
previously for strains of these two species
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