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During July 2006, a cruise was carried out in the Northern Bay of Biscay (off Brittany, France) to study meso-
and microscale patterns of phytoplankton distribution. Moderate concentrations (102–103 cells L−1) of
Dinophysis acuminata were constrained to specific depths (upper layers above the pycnocline) at stations
with lower surface salinity (34.5) and steep temperature gradients (18–13.5 °C between 4 and 7 m depth)
within the Loire and Vilaine river plumes. On board incubations revealed a healthy D. acuminata population
at the biomass maxima with 89% of viable (FDA-treated) cells and moderate division rates (up to 0.10 d−1).
Despite its good physiological condition, the population of D. acuminata declined rapidly to undetectable
levels during the second leg of the cruise.
A 3D Lagrangian Particle-Tracking Model (3D LPTM) was used to simulate the transport of D. acuminata cells in
the Loire and Vilaine river plumes from15 June to 30 July. This 3D LPTMmodelwas coupled to aMARS3D (Model
for Applications at Regional Scale)model previously calibrated andvalidated for the region.Model results suggest
that physical processes alone could explain the dispersion of the D. acuminata population within the area. The
application of a 3D-LPTM model shows how individual based model approaches are valuable to identify
Dinophysis spp. transport pathways and reproduce retention/dispersion patterns observed in the field.
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1. Introduction

Seasonal blooms of Dinophysis acuminata associated with DSP
(Diarrheic Shellfish Poisoning) outbreaks have been nearly annual
features in different regions of the Northern Bay of Biscay, especially
the Bay of Vilaine (BV) and south Brittany (Delmas et al., 1992; Xie et
al., 2007).

Changes in D. acuminata concentrations result from the balance
between gains (growth and physical accumulation) and losses
(grazing, mortality and physical dispersion). Knowledge of the
variations of these parameters is thus fundamental to understanding
the processes leading to Dinophysis bloom dynamics. Although some
attempts have been made to understand D. acuminata population
dynamics in this area (Xie et al., 2007), little is known about the
processes that trigger the decline of D. acuminata populations. In
contrast, physical factors (temperature and salinity gradients;
transport) have been identified as key controls of the initiation and
distribution of Dinophysis blooms at a regional scale. Delmas et al.
(1993) suggested that D. acuminata blooms originate offshore and are
later transported to coastal areas of the BV by currents. This
hypothesis was tested by Xie et al. (2007) who used a 3D model to
explore the role of offshore retention areas and their subsequent
advection to the coast in promoting coastal DSP outbreaks. These
authors concluded that small-scale eddies and their inshore advection
were related to the beginning of the Dinophysis spp. season in the BV.
Other studies in the region have shown that D. acuminata populations
are mainly concentrated around marked temperature and salinity
gradients in the water column (Gentien et al., 1995; Maestrini, 1998;
Marcaillou et al., 2001; Lunven et al., 2005). Density gradients have
been proposed to affect bloom development (Maestrini, 1998), but
their real impact in the field remains poorly understood. Horizontal
confinement of D. acuminata blooms in the Loire and Vilaine river
plumes has also been reported by Marcaillou et al. (2001).

Understanding of D. acuminata dynamics requires an integrated
strategy that includes not only observations but alsomodelling. Models
can help to identify the key processes in D. acuminata population
dynamics and they are essential tools to understand its complexity. A
thorough understanding of the physiological status of the population
and of the bloom's intensity, geographical extent, duration, and decline
is needed for the ultimate prediction of HAB dynamics.

http://dx.doi.org/10.1016/j.jmarsys.2010.05.011
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3D Lagrangian particle-trackingmodels (3D LPTMs) and individual
based models (IBM) have been used by oceanographers during the
past two decades to explore processes that influence the transport of
eggs and developing larval stages of invertebrates and fish (Gallego
et al., 2007). 3D-LPTMmodels can provide new insights into physical–
biological interactions that affect plankton dispersal, growth and
survival and enhance our understanding of plankton population
variability and structure (North et al., 2009). Previous studies have
shown how the application of this kind of models has helped to
explain the transport/retention of fish larvae in Iberian shelf waters
(Santos et al., 2007).

During summer 2006, a three-week multidisciplinary cruise was
conducted to describe the fine-scale physical and biological structure
of the water column and to study meso- and microscale patterns of
phytoplankton distribution in the Northern Bay of Biscay. Simulations
from a 3D LPTM (Ichthyop; Lett et al., 2008) were used to analyze the
influence of physical transport on the distribution of a D. acuminata
population during late stages of the bloom frommid June to the end of
July 2006. This work represents the first application of a 3D LPTM
model to study the decline of a harmful dinoflagellate (D. acuminata)
bloom located in the Loire and Vilaine river plumes, off Brittany (Bay
of Biscay).

2. Material and methods

2.1. The study area

The northern Bay of Biscay is located in the northeastern Atlantic
off the Brittany coasts (France) (Fig. 1). This part of the Bay receives
fresh water from the Loire and Vilaine rivers whose watershed areas
(128800 km2) account for 95% of the total catchment area of the
northern Bay of Biscay. Haline stratification is strong from February to
June in response to high river runoff and relatively low vertical
Fig. 1. (A) Map of Western Europe and location of the Northern Bay of Bisca
mixing; thermal stratification occurs between May and mid-Septem-
ber in a ∼50 m thick layer, whereas the water column remains
thermally homogenous from January to the beginning of April (Lazure
and Jegou, 1998). Winds show an annual cycle whose main
characteristic is the spring (late March) shift from southwesterly to
west-northwesterly winds (Lazure et al., 2008).

2.2. REPHY data

Concentrations of D. acuminata throughout the year were obtained
from the French HAB monitoring programme (REPHY, IFREMER)
database (http://www.ifremer.fr/envlit/surveillance/rephy.htm).
Hydrobios bottle samples (5 m depth) were collected biweekly at 7
different stations in the BV. In this programme, phytoplankton
quantitative analyses are carried out according to the Utermöhl
(1931) method. Samples are counted after sedimentation (4 h
minimum) of 10 mL columns under an inverted light microscope
(IX70 Olympus) fitted with 100×, 200× and 400× objectives and
phase-contrast optics. Early warning on the presence of harmful
species was obtained from the observation of phytoplankton net-haul
samples.

2.3. Cruise sampling overview

Studies were carried out on board R/V Thalassa from 6 to 22 July
2006. Sampling stations from the first (6–12 July) and second (13–22
July) legs of the cruise are shown in Fig. 2 and Table 1. To obtain
qualitative information on phytoplankton distribution, vertical plank-
ton net (20-µm mesh; 20 m depth) hauls were collected at each
station. Plankton net samples were examined immediately on board
under a Nikon ECLIPSE TE2000-S inverted microscope at 100× and
400× magnification.
y. (B) Location of the Bay of Vilaine (BV) in the Northern Bay of Biscay.

http://www.ifremer.fr/envlit/surveillance/rephy.htm


Fig. 2. Spatial distribution of sampling sites in the Northern Bay of Biscay during the first (A, B) and the second legs (C, D) of the survey.

Table 1
Temporal distribution of sampling sites in the Northern Bay of Biscay during the first
and the second legs of the survey.

Leg 1 Leg 2

Date (July) Sampling stations Date (July) Sampling stations

06 1–4 13 38
07 5–10 14 39–41
08 11–15 15 42–45
09 16–21 16 47
10 22–28 18 57–63
11 29–33 19 64–68
12 34–37 20 71

21 75,77
22 78–79
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Measurements in the water column were carried out with the
high-resolution IFREMER particle size analyzer profiler (IPSAP),
capable of simultaneous resolution of physical and optical structures
at small scale (see Gentien et al., 1995; Velo-Suárez et al., 2008 for
details). The IPSAP profiler includes a fluorescence sensor (Seapoint
Sensors, Inc., Exeter, New Hampshire, USA) attached to a SBE25 CTD
probe (Sea-Bird Electronics, Washington, USA) coupled to an in situ
particle size analyzer (Gentien et al., 1995). The latter is needed as
guidance for sampling, since it detects specific particle profiles,
helping to distinguish between layers with abundant organic
aggregates and those with dinoflagellates in the 36–64 µm size
fraction. The SBE25 probe allows real time data acquisition of standard
parameters, such as depth, temperature, salinity, chlorophyll-like in
vivo fluorescence and photosynthetically active radiation (PAR). The
CTD fluorometer was calibrated with laboratory cultures of the
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Table 2
Depth of D. acuminata cell maxima at each station where its concentration in the whole
water column reached 100cells L−1 during the first leg of the cruise (06–12 July).

Station Day Sampling hour
(GMT)

D. acuminata
cells L−1

Depth
(m)

8 07 July 12:30 304 7
9 07 July 15:30 148 1.7
20 09 July 21:00 933 4
21 09 July 23:30 707 4
23 10 July 04:00 603 16
26 10 July 01:00 487 1
31 11 July 12:30 1002 2.25
37 12 July 12:00 632 2
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diatom Chaetoceros gracile using the trichromatic method for
chlorophyll determination according to Aminot and Kerouel (2004).
IPSAP datawere post-processed to obtain average values every 50-cm.

A rosette (12 5-L Niskin bottles) attached to the IPSAP profiler was
used to sample at the exact depth of the sensors. At each station, the
IPSAP profiler was lowered at a speed of 0.3 ms−1, allowing an
accurate assessment of the hydrological characteristics of the water
column and the detection of water layers with distinct characteristics.
During the up-cast, the instrument was stopped and two Niskin
bottles were closed at the depths where structures of interest
(fluorescence and particle loadmaxima, pycnocline, and other density
discontinuities) were detected. After retrieval of the profiler, water
samples from each bottle were immediately well mixed and aliquots
taken for biological analysis.

From each depth, a 2 L sample was gently concentrated through a
20 µm mesh and the filtered material resuspended in a volume of
approximately 20 mL; 3 mL of this concentrate were poured into a
sedimentation slide for in vivo observations and for a quick rough
estimate of Dinophysis abundance. For quantitative analyses of micro-
phytoplankton, two kinds of samples were taken: (1) unconcentrated
and (2) 2 L seawater samples concentrated through 20 µm filters, that
were further resuspended in a final volume of 30 mL (factor=66.6).
Samples were preserved in acidic Lugol's solution and analyzed under
an inverted microscope (Nikon ECLIPSE TE2000-S) according to the
Utermöhl (1931) method. Phytoplankton abundance was determined
to species level when possible. Concentrations of smaller and more
abundant species were estimated from two transects counted at 400×
magnification (detection limit: 40cells L−1) after sedimentation of
25 mL aliquots of the unconcentrated samples. In the case of less
abundant species (including Dinophysis spp.), specimens from the
whole chamber were enumerated at a magnification of 100× after
sedimentation of 3 mL aliquots of the concentrated samples. In the
last case, the detection limit in cell counts was 5cells L−1.
Fig. 3.Weekly distribution of Dinophysis spp. during 2006 in the BV (data from REPHY).
The extension of the Dinophysis season is highlighted with an arrow and the period
when cruise sampling was carried out is marked as a shadowed area.
2.4. D. acuminata in vivo observations and incubation experiments

On board observations of the physiological status of D. acuminata
from live samples were performed under a Nikon ECLIPSE TE2000-S
inverted microscope (Nikon Instruments Europe B.V., The
Netherlands) with Differential Interference Contrast (DIC) and
epifluorescence under a blue filter set (excitation 450–490 nm,
emission 520 nm LP). Snapshots were taken with a Nikon D70 camera
coupled to the microscope at magnifications of 100× and 400×.
Observations included annotations on chlorophyll (red) and phyco-
erythrin (orange) autofluorescence in D. acuminata and detection and
frequency of cells parasitized by Amoebophrya spp., which exhibited a
characteristic green autofluorescence.

Viability assays of D. acuminata cells were carried out with
specimens stained with fluorescein diacetate (FDA; Sigma Chemicals,
St. Louis, MO, USA). Previous studies with different vital/mortal stains
(i.e. SYTOX-Green, Trypan Blue, Calcein-AM) had shown FDA to give
the best results with natural populations of D. acuminata (Gónzalez-
Gil, pers. commun.).

The FDA stock solution of 5 mg mL−1 was dissolved in dimethyl
sulfoxide (DMSO) and stored at −20 °C. Viability tests were made on
samples where D. acuminata concentration was higher than
100 cells L−1 (Table 2). A portion of the previously concentrated live
sample (ca. 3 mL) was transferred to a sedimentation chamber and
stained with 5–10 µL of the FDA working solution (5 µM final
concentration) and incubated in the dark for 15 min. Viable cells
showed green fluorescence after excitation with blue light. Red
fluorescence was not considered as an indication of viability since
chlorophyll a in dead cells may autofluoresce after cell death (Gentien,
1986). Percentages of positive and negative binding were estimated
after scanning of at least 100 cells of D. acuminatawhenever possible.
For the incubation experiments, 5 L of seawater was concentrated
by reverse filtration (Dodson and Thomas, 1978) through a 20 µm
mesh to a final volume of about 250 mL. They were maintained in the
incubation chamber on board—at 15±1 °C with a 16:8 light: dark
photoperiod—in glass cylinders coated with aluminium foil, except
the last few centimeters near the top, to enhance accumulation of
healthy swimming dinoflagellates in the upper illuminated portion as
described inMaestrini et al. (1995). D. acuminata cells concentrated in
the upper portion of the cylinders were siphoned out and individually
picked with microcapillary pipettes under 25× and 100× microscope
magnification. Each cell was transferred two to three times to slides
with filtered-sterilized seawater (0.2 µm Millipore filters, Millipore
Corp. Bedford, MA) and finally placed (individual cells and groups of 5
cells) in culture-plate wells of 0.2 mL containing 150 µL of filtered
seawater (FSW) from the same depth of collection. Incubations were
examined daily to record the number of cells on each well.

Estimates of division rates (μ) were obtained according to:

μ =
LnNf−LnN0

t
ð1Þ

where μ (d−1) is the specific division rate, Nf and N0 are the final and
initial cell numbers (cell/well) and t is time (d).

2.5. The model

The MARS3D hydrodynamical model (Lazure and Dumas, 2008)
for the Northern Bay of Biscay was used to simulate the hydrody-
namics in the study area. Model simulations extended from the
French coast to 8°W and from the northern Spanish coast to Southern
England. The horizontal mesh size used had a resolution of 4 km, and
30 vertical levels were considered with a finer resolution near the
surface. The simulation was forced by real conditions of tide, river
runoff, heat fluxes and wind using data from the Arpège model of the
French Met Office. The model was spun up for 1 year (2005) prior to
simulation of the observation period. The model reproduced the main
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Fig. 4. (A) Horizontal distribution of D. acuminata cell maxima in the Northern Bay of Biscay during the first leg of the survey (6–12 July 2006). (B) Detail of the D. acuminata
horizontal abundance in the BV (6–12 July 2006).
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structures detected by remote sensing and in situ measurements of
the BV during the study time-window.

A Lagrangian individual particle-tracking 3D-model—Ichthyop (Lett
et al., 2008)—was used to simulate advection and dispersion of virtual
Dinophysis populations in the study area. Environmental conditions (3D
field of currents, temperature and salinity) between 15 June and 30 July
were provided by archived simulations of MARS3D configured for the
northern Bay of Biscay. In the BV, two areaswere defined: Area 1, which
extended from 47.8°N to 47.2°N and from 2.8°W to 2.1°W and roughly
corresponds to station 31 from the first leg of the cruise (Fig. 2); and
Area 2, which represented the entire BV (Fig. 1), from 46.7°N to 47.8°N
and from 2°W to 3.3°W. To test the effect of physical factors on cells
transport, the cell movement was defined as that of passive particles.
Two sets of simulations were carried out. In the first set, each
simulation consisted of a release of 5000 particles homogeneously
distributed within Area 1 every 5 days from 15 June to 30 July (0–
20 m depth). Each simulation lasted 10 days. The proportion of
particles retained was estimated every 2 m depth from the surface
(0 m) to 20 m. Retention was estimated for Areas 1 and 2, and
particles that moved out of Area 2 were disregarded.

In the second set, Ichthyop simulations were used to evaluate the
trajectory and the retention–dispersion pattern of 1000 virtual particles
from 9 to19 July. Particles were uniformly released in Area 1 between 2
and 5 m, i.e. the depth range where D. acuminata concentration was
highest during the first leg of the survey (see Section 3.5). As in the first
set of simulations, particles leaving Area 2 were considered to be lost.

image of Fig.�4


Fig. 5. Surface horizontal distribution of (A) salinity, (C) temperature and (E) particle loadmeasured with the IPSAP profiler in the study area from 6 to 12 July. Triangles in A, C and E
indicate sampling points during the first leg. Vertical distribution of (B) salinity, (D) temperature and (F) particle load along a transect off the Loire estuary (shown as a line in panel
A). D. acuminata maxima (cells L−1) and their location in the water column are also marked in panels B, D, and F.
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Toachieve realistic simulations, thenumber of particles releasedwas
chosen to be proportional to the maximum concentrations of D.
acuminata observed on June and July 2006 for the first and second
sets of simulations respectively. A sensitivity analysis was carried out to
determine whether or not enough particles were being used in each
Ichthyop set of simulations. A number of ensemble simulations with
different number of particles (100, 500, 1000, 2000 and 5000) were
performed. Each ensemble simulation was repeated 30 times to avoid
the possible effect of randomness in the particle release process. The
analysis of variance (ANOVA) was used to evaluate the statistical
differences among ensemble simulations and determine the optimal
number of particles to release. ANOVA results showed that there were
not significant differences (pb0.05) in retention given by the different
ensemble simulations. Therefore, the output of Ichthyopusing 5000 and
1000 particles was representative of the sets of simulation statistics.

3. Results

3.1. Seasonal distribution of Dinophysis during 2006

The seasonal occurrence of Dinophysis spp. in the BV in 2006
showed a rather wide temporal distribution. The Dinophysis growth
season started by the end of April (Fig. 3) and 2 weeks later, on 15May
2006, Dinophysis populations reached 2300cells L−1. The highest cell
densities (6200cells L−1) were recorded on 19 June 2006, but at the
end of June, D. acuminata concentrations declined sharply below
1000cells L−1. After that, only isolated peaks in D. acuminata
abundance were detected on 10 July (1200cells L−1), 31 July
(3100cells L−1), and 07 August (1800cells L−1). The cruise sampling
(6–22 July) was carried out 2 weeks after the seasonal maximum,
when Dinophysis numbers were decreasing. At the beginning of
September 2006, D. acuminata was no longer present in significant
numbers in the BV.

3.2. Dinophysis spp. distribution during the cruise

During the first leg of the cruise (6–12 July), offshore concentrations
ofDinophysis spp. were extremely low (b50 cells L−1) but higher values
(up to 500cells L−1)were found in the River Loire and Vilaine plumes at
stations with a high particle load, lower surface salinity and steep
vertical gradients of temperature (Figs. 4 and 5). Sea surface
temperature (SST) estimated from satellite images on 12 July revealed
a positive anomaly of 2.98 °C relative to a 22-year (1986–2008) time
series (courtesy of Nausicaa, IFREMER). Temperature values obtained
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Fig. 6. Vertical distribution of D. acuminata at station 31 (BV) on 11 July 2006.

Fig. 8. An FDA-treated field sample. (A) The black arrow indicates metabolically-active
cell of D. acuminata in DIC micrograph, and (B); yellow arrow indicate non
metabolically-active cells with weak fluorescence or with no fluorescence at all.
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from the CTD casts exceeded 19 °C at surface and exhibited strong
horizontal and vertical gradients in the study area (Fig. 5).

Vertical distribution of D. acuminata in BV showed that the
population was located between the surface and the upper pycnocline
(1–4 m depth; Table 2, Fig. 5) within a community dominated by
Fig. 7. Horizontal distribution of D. acuminata cell maxima in the Northern Bay of Biscay during the second leg of the survey (13–22 July 2006).
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Fig. 9. Incubations (5 cells Well−1) of D. acuminata from BV. Moderate growth:
μmax=0.10 d−1 was observed.
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other dinoflagellates (Prorocentrum micans, Ceratium fusus and
Gonyaulax diacantha). D. acuminata maxima were never found
associated with the chlorophyll a (Chl a) maxima. The maximum
concentration (1002cells L−1) was observed on station 31 at 2.25 m
depth (T=18.5 °C, S=33.8, Fluorescence equivalent to 0.85 µg Chl a
L−1) on 11 July (Fig. 6). At this point, the phytoplankton community
located at the Chl a maximum (15 m; F=14.5 µg Chl a L−1) was
primarily composed of the haptophyte Chrysochromulina sp., that
developed into a dense thin layer during the second leg of the cruise
(Farrell, 2010). The diatom assemblage was dominated by a mixture
of Leptocylindrus danicus, L. minimus and medium-sized Chaetoceros
spp. and a dinoflagellate assemblage dominated by Prorocentrum spp.
and ecdysal cysts of Fragilidium subglobosum.

The horizontal distribution of D. acuminata during the second leg
of the cruise (13–22 July) (Fig. 7) showed that, unlike during the first
leg, concentrations of D. acuminata during this period were very low
(b100 cells L−1) in the whole study area.

3.3. Physiological conditions of D. acuminata

No parasites were seen in any of the live samples observed by
epifluorescence.
Fig. 10. Percentages of retained particles obtained from Ichthyop runs in the BV from 15
June to 30 July 2006 in (A) Area 1 (sta 31) and (B) Area 2. Vertical bars mark when D.
acuminata reached its maximum concentration (data on 19 June from REPHY and on 11
July from cruise) in the BV. White isolines represent 5% and 35% of retention in A and B
respectively.
Most D. acuminata cells in FDA-treated samples appeared to be in
good condition, with branched, brightly autofluorescent (orange)
chloroplasts. The fraction of viable cells was higher than 89% in all
samples analyzed (Table 2). Therefore, a predominance of green-
fluorescing metabolically-active cells was observed although some
non metabolically-active cells with weak red or with no fluorescence
at all were also found (Fig. 8).

Individually picked cells of D. acuminata incubated in the well-
plates showed moderate growth (max. 0.10 d−1). At the beginning of
the experiment, D. acuminata cell numbers increased, but they
stopped dividing from day 4 onwards (Fig. 9).

3.4. Modelling simulations

Results from the first set of Ichthyop model simulations showed
that, on average, particle retention in Area 1(Fig. 10A) and Area 2
(Fig. 10B) increasedwith depth. The estimated retention in Area 1was
highest from 25 June to 5 July and from 12 to 20 July. Minimum values
of retention were at 0–5 m depth on 20–23 June and 10 July (b10%
retention). Although the minimum-retention periods in the whole BV
region (Area 2; Fig. 10B) coincided with those in Area 1 (0–5 m), the
proportion of retained particles in Area 2 (35%) wasmuch higher than
in the estimates for Area 1 (5%).

The second set of Ichthyop model simulations was used to study
the retention–dispersion pattern of the D. acuminatamaximum found
during the cruise at station 31 (2–5 m depth; Fig. 11). Retention
decreased from 95% on 10 July to 27% on 13–14 July in Area 1. The
analysis of particle trajectories revealed that, on 9–10 July, most of the
particles were still found in Area 1 (Fig. 11). The general southward
transport obtained on 11–14 July was in agreement with velocity field
estimated by MARS3D (Fig. 12). Simulations from MARS3D showed
the establishment of an eddy offshore of the estuaries (Fig. 12). Later,
on 15–18 July (Fig. 11E, F), the patch became less evident and spread
offshore and northwards. At the end of the simulation, only 7% of the
particles were retained in Area 1. However, as in the first set of
simulations, most particles remained, though dispersed, in Area 2 by
the end of the experiment.

4. Discussion

The growing season of D. acuminata—defined in previous studies
to occur from April to September in the BV (Xie et al., 2007)—started
by the end of April in 2006, but finished unusually early, by the end of
July, i.e. 1 month after reaching its seasonal cell maximum (19 June).
Although high concentrations (N103 cell L−1) of Dinophysis spp. were
not found during the cruise, substantial information was gathered on
the physiological status of D. acuminata and on the conditions
associated with the bloom decline.

4.1. Effect of biological processes during the decline of the bloom

Several biological processes, such as mortality, arrested division,
encystment and parasitism, have been identified as key processes in
the decline of some dinoflagellate blooms (Zingone andWyatt, 2004).
Nevertheless, observations of various biological aspects of the D.
acuminata population during this cruise suggest that biological factors
were not likely the primary cause of the collapse of the population.

On board observations suggest that Dinophysis populations in the
area were healthy, with a high fraction (N89%) of viable cells.
Incubation experiments showed a moderate (0.1 d−1) division rate
for this species. No significant concentrations of potential grazers of D.
acuminata, such as heterotrophic dinoflagellates, were detected.
Parasitism has been recognized as an important control of some
bloom-forming dinoflagellates (Park et al., 2004; Montagnes et al.,
2008). Recently, D. acuminata has been reported to be one of themany
hosts for endoparasitic dinoflagellates of the genus Amoebophrya
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Fig. 11. Results from Ichtyop transport scenarios from 9 July to 18 July at 2–5 m depth. (A) Map of the northern Bay of Biscay showing Area 2. Position of particles after (B) 2-day, (C)
4-day, (D) 6-day, (E) 8-day, and (F) 10-day simulation are shown as black dots. Red box indicates the location of Area 1.
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(Salomon et al., 2009; González-Gil et al., 2010) and for that reason,
special attention was paid to detect infected D. acuminata cells during
this survey. Frequencies of infected cells were always below detection
limits, so parasitism by Amoebophrya was probably not a significant
loss factor.

Allelopathy can also play a role in bloom decline and algal
succession (Granéli et al., 2008). Among others, the allelopathic
effects of Chrysochromulina polylepis include an initial decrease in
growth rate of tested algae, followed by decline in their population
numbers (Schmidt and Hansen, 2001). In our study, the decline of D.
acuminata coincided with the onset of a Chrysochromulina sp. bloom
that formed a conspicuous thin layer in the pycnocline during the
second leg of the cruise (Farrell, 2010). Nevertheless, D. acuminata
populations were always located near the surface (0–4 m; Table 2),
well above the Chrysochromulina sp. cell maximum which was
observed around 15 m depth in the pycnocline.

4.2. Physical processes, physical–biological interactions, and modelling
results

The importance of water transport in the population dynamics of
Dinophysis spp. and the advection of shelf populations to coastal areas
has been described in several studies (i.e. Delmas et al., 1992;
Belgrano et al., 1999; Escalera et al. 2010). Physical driving forces,
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Fig. 12. Residual current field at mid depth on 13 July 2006 from MARS 3D simulations.
Vectors of currents are drawn for every fourth grid node.
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such as wind and/or currents that provoke accumulation–dispersion
of Dinophysis cells have been already reported by different authors
(Soudant et al., 1997; Koike et al., 2001; Koukaras and Nikolaidis,
2004). Soudant et al. (1997) explained D. acuminata abundance in
Antifer (Normandy, France) using a dynamic linear regression. They
concluded that the disappearance of D. acuminata cells in the area was
mainly driven by northeasterly winds that provoked cell dispersion
and by increased tidal forcing that induced D. acuminata dispersal by
dilution and water-masses movement. More recently, Dinophysis
events have been related to the onshore transport of an eddy, located
offshore in the BV (Xie et al., 2007), that may constitute a retention
area or “incubator” forD. acuminata. Xie et al. (2007) related increased
densities of Dinophysis spp. to retentive zones where horizontal
dispersion of the growing population was limited. Our results indicate
that, from 9 to18 July, the D. acuminata population located at 2–5 m
depth followed the movement of the Loire and Vilaine plumes.
Particles were transported southwards but the eddy located off the
Bay blocked offshore dispersion of particles until 16 July (Fig. 11,
Fig. 12). Therefore, simulations from this study agree with the
hypothesis of trapping of phytoplankton populations in the BV as an
important factor that drives D. acuminata dynamics (Xie et al., 2007).

Results from the first set of Ichthyop simulations also indicate the
key role of physical transport in D. acuminata population dynamics.
Simulations of minimum particle retention coincided with the
disappearance of the D. acuminata peaks detected on 19 June by the
monitoring programme (REPHY data; Fig. 3) and on 11 July during the
survey (Fig. 4). Moreover, maximum percentages of particle disper-
sion were found at the surface, where the D. acuminata cell maxima
were observed (Table 2, Fig. 6) during the cruise. On the other hand,
cruise observations showed that maximum concentrations of D.
acuminata were found in Area 1 on 11 July. In Area 1, maximum
particle retention given by model simulations corresponded to 12–20
July (Fig. 10). This retention pattern can explain the D. acuminata
maxima found in the study area during the survey and its later
dispersion and disappearance (Figs. 3 and 7).

Several studies in the BV have reported concentrated populations
of D. acuminata located around marked temperature and salinity
gradients (Gentien et al., 1995; Maestrini, 1998; Marcaillou et al.,
2001; Lunven et al., 2005). In contrast, results from this survey
showed that D. acuminata populations were mainly located in the
upper layers. It is surprising that the D. acuminata cell maximum was
located in the top 5 m, where a temperature anomaly of 2.98 °C
(relative to the previous 22-year mean value) was found, and where
the maximum wind-forced dispersion was estimated by the model.
The mechanisms that triggered this aggregation near the surface are
unknown, but it could well represent a dispersal phase, during late
stages of bloom development within the annual cycle of D. acuminata.
Escalera et al. (2006) described a seasonal trend in the vertical
distribution of D. acuminata in the Galician Rías (NW Spain) from
early growth starting in the pycnocline, to later stages nearer the
surface. These authors drew attention to high SST values as the cause
for the early decline of D. acuminata blooms in that area. Results from
this study support the hypothesis of a dispersal strategy, which might
be temperature-related, at the end of the D. acuminata growth season.

High dilution rates promoted by sea currents can be expected to
influence dinoflagellate life cycle transitions or even disperse them
completely (Zingone and Wyatt, 2004). Results from Ichthyop show
that although D. acuminata may have been dispersed from its bloom
location (Area 1), approximately 35% of the population remained in
the BV during the study period (Area 2; Fig. 10). Those cells still
present in the area were in good physiological condition, and may
have acted as the seed for the next D. acuminata peak, detected after
the cruise by REPHY (Fig. 3), followed by the disappearance of D.
acuminata at the beginning of August 2006.
5. Conclusions

The application of a 3D LPTM to the population dynamics of a HAB
species shows how such a model is able to reproduce D. acuminata
patches and dispersion patterns observed in the field. Comparisons
between survey data (D. acuminata concentrations) andmodel output
(% of virtual particle retention) were in good agreement (Fig. 4, Fig. 7
and Fig. 10), despite the simplifications used in the model (i.e. passive
particle movement). Model simulations together with biological
observations suggest that, in this case, physical factors (wind-
generated turbulence, advection, etc.) were a primary cause of the
rapid collapse of a HAB population. This study underscores the
importance of physical processes as a mechanism controlling the
decline of D. acuminata blooms in the BV and provides confidence to
set up, in the near future, a 3D LPTM of the population dynamics of D.
acuminata for this region.
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