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INTRODUCTION

The ability of harmful dinoflagellates to perform ver-
tical migrations represents a key feature of their bloom
dynamics. Their capacity to move vertically in the
water column allows them to access the deep nitrogen
pool at night or to avoid high surface irradiance during
the day (Cullen & Horrigan 1981, Heaney & Eppley
1981, Passow 1991, MacIntyre et al. 1997). In addition,
the interplay between their migration pattern and
regional circulation shapes their spatio-temporal distri-
bution (Anderson & Stolzenbach 1985, Donaghay &
Osborn 1997). Understanding the migratory pattern of
dinoflagellates is thus crucial if we are to understand,
and eventually model, their physiology and ecology.

Vertical migration patterns have been described for
many dinoflagellate species. Gonyaulax polyedra
(Heaney & Eppley 1981), G. catenata (Passow 1991)
and Gymnodinium splendens (Cullen & Horrigan
1981) migrate to the subsurface during the day to avoid
high surface irradiance, especially when nitrogen-
limited. Some of these species and others (Prorocen-
trum minimum, P. micans, Ceratium furca, Olsson &
Granéli 1991; Alexandrium tamarense, MacIntyre et
al. 1997) exhibit vertical migrations to deeper layers
during the night to take up nitrogen. This migratory
behavior can be controlled by phototaxis, geotaxis, diel
rhythms or cellular nutritional status (Cullen & Horri-
gan 1981, Passow 1991, MacIntyre et al. 1997). There
are important differences in migration patterns and
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their control factors among dinoflagellates, so site- and
species-specific investigations are a prerequisite in
order to fully understand their ecophysiology. 

Dense toxic blooms of Alexandrium tamarense occur
every summer in the St. Lawrence estuary (eastern
Canada), resulting in paralytic shellfish poisoning
episodes (Blasco et al. 2003). These blooms are gener-
ally confined to nutrient-poor brackish water plumes
(Therriault et al. 1985, Weise et al. 2002), suggesting
that vertical migrations to the deep nitrate reservoir
are essential for their development and maintenance.
We know from a laboratory study that an A. tamarense
strain from the St. Lawrence estuary has the capacity
to cross the thermocline and to migrate down to the
deep nitrogen reservoir when nitrogen-deficient (Mac-
Intytre et al. 1997). However, such migratory behavior
has never yet been observed in the field. During their
laboratory study, MacIntytre et al. (1997) found that
vertical migrations of A. tamarense were controlled by
phototaxis, diel rhythms and the nutritional status of
the cells. The direct extrapolation of the results
obtained by MacIntyre et al. (1997) to field conditions
is hazardous since other dinoflagellate species have
already showed different migration patterns in situ
than in vitro (Passow 1991). The existence of such
behavior in situ in the St. Lawrence estuary would
have important consequences on the dynamics of A.
tamarense blooms. First, it would give A. tamarense an
advantage over other phytoplankton species in the
nitrogen-poor surface waters of the estuary during the
summer. Second, as hypothesized by Fauchot et al.
(2005), the ability of A. tamarense to perform nocturnal
vertical migrations in situ and acquire nitrate at depth

may push this species towards phosphate limitation in
surface waters. Finally, the interactions between verti-
cal migrations and the estuarine circulation prevailing
in the St. Lawrence estuary are likely to affect the dis-
tribution of the blooms and, thus, the geographical
extent of their impacts.

The main objective of this study was to determine
whether Alexandrium tamarense could perform verti-
cal migrations to the deep nitrogen reservoir during
the course of a 48 h survey while a bloom was taking
place in the St. Lawrence estuary. In addition, the
nutritional status of the A. tamarense population near
the surface was determined at the onset of the study
during a set of onboard nutrient addition experiments.

MATERIALS AND METHODS

Survey (48 h). The survey was conducted in the NE
part of the Lower St. Lawrence estuary near Baie-
Comeau, from 7 to 9 July 2000 (Fig. 1) onboard the
C.C.G.S. ‘Martha L. Black’. The day before, the area
was surveyed to locate a patch of Alexandrium
tamarense. Then, a drifter was deployed to track the
water mass containing the A. tamarense population.
The drogue was located at a depth between 3 and 5 m.
The trajectory followed by the drifter during the 48 h
survey is presented in Fig. 1, from 7 July at 08:00 h to
9 July at 09:00 h.

Sampling at the drifter. The sea was calm during
the sampling period and, in order to prevent distur-
bances to the vertical structure of the water column
and the behavior of Alexandrium tamarense, the

main ship stayed away (more than
2 km) from the drifter, and samples
were collected from a zodiac inflat-
able boat. In addition, the engines of
the zodiac were turned down when
approaching the buoy. Every 2 h dur-
ing the survey, a shallow (0 to 40 m)
CTD cast was made and water was
sampled at 5 depths (between 2 and
12 to 18 m) using Niskin bottles.
From July 8 at 03:30 h onwards, an
additional water sample was col-
lected at the surface with a bucket.
This extra sampling depth was added
following the visual observation of
high phytoplankton abundance very
close to the surface. Water samples
were transported to the main ship in
2 l carboys where subsamples were
immediately taken for nutrient deter-
mination and A. tamarense enumera-
tion.
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Fig. 1. Drifter trajectory with the location of the different samplings in the 
St. Lawrence estuary during the 48 h survey, from 7 July 2000 at 08:00 h to 

9 July 2000 at 09:00 h
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Nutrient addition experiment. In order to determine
the initial nutrient status of the Alexandrium
tamarense population in the patch, a suite of incuba-
tion experiments was performed with subsurface
water (2 m) collected at the drifter at the first sampling
time of the 48 h survey (7 July at 08:00 h), using a
rosette equipped with Niskin bottles. Potential grazers
of A. tamarense were removed by gentle pre-filtration
with a 53 µm mesh. The pre-filtered sample was
then separated into 4 duplicate treatments: (1) control
(no addition), (2) phosphate addition (Na2HPO4 +
NaH2PO4 added at a final concentration of 20 µM),
(3) nitrate addition (KNO3 added at a final concentra-
tion of 60 µM) and (4) nitrate + phosphate addition
(KNO3 and Na2HPO4 + NaH2PO4 added at final con-
centrations of 60 and 20 µM, respectively). All sub-
samples were incubated in Whirlpak bags of 500 ml
volume (Nasco), in an on-deck incubator under in situ
temperature and light conditions. The incubations
lasted between 8 and 10 d. For each treatment, 2
Whirlpak bags were taken from the incubator every
day and sub-samples were collected for A. tamarense
enumeration and nutrient determination. Different
bags were used for each sampling time in order to
ensure that the data were independent.

Alexandrium tamarense enumeration and growth
determination. Water samples were preserved with
acid Lugol for later identification and enumeration of
A. tamarense cells using the Utermöhl technique
(Lund et al. 1958). The net growth rate of the A.
tamarense population during the incubations was cal-
culated during the period of exponential growth fol-
lowing the equation:

μ =  ln (Bt/Bt0)/(t – t0) (1)

where μ is the net growth rate (d–1), and Bt0 and Bt are
A. tamarense abundance (cells l–1) at the beginning of
the incubation and at the end of the exponential
growth phase, respectively. Cells were enumerated
once a day and since exponential growth lasted from 1
to 4 d in the incubations, our growth rate estimates rely
on 2 to 5 data points.

Nutrient analysis. Subsamples of 5 ml were filtered
through 0.7 µm Acrodisc filters (Pall-Gelman), frozen
at –80°C in acid-cleaned polypropylene cryogenic
vials and analyzed for nitrate + nitrite, nitrite, and
phosphate concentrations using a Technicon Autoana-
lyzer (Technicon Instruments).

Light measurements. Incident photosynthetically
available radiation (PAR) was recorded at least every
2 h over the entire survey using a QSR-240 surface
reference PAR sensor (Biospherical Instruments). A
QSP-200 underwater PAR sensor was used on 8 July to
determine PAR penetration at each sampling at the
drifter.

Statistical analysis. A non-parametric analysis of
variance (Kruskal-Wallis) was used for the comparison
of the mean growth rates measured in the 4 treatments
(Zar 1984). The null hypothesis (H0) stipulates that
averages are equal between treatments. The analysis
of variance was completed by Dunnett’s test (Zar
1984), allowing the identification of averages that are
significantly different from the control. In all tests,
statistical significance was set at α = 0.05.

RESULTS

Environmental conditions during the 48 h survey

Vertical profiles of temperature and salinity during
the 48 h survey are presented in Fig. 2. The structure of
the water column was characterized by a surface
mixed layer delimited by a thermocline located
between 10 and 18 m. Oscillations of the depth of the
thermocline probably resulted from tidal waves. No
obvious halocline was observed in the upper 18 m of
the water column. Temperature and salinity in the sur-
face mixed layer varied between 10 and 13°C, and 26.5
and 29.5 psu, respectively. Very calm weather condi-
tions prevailed during the survey, with wind speed
never exceeding 13 km h–1. T–S diagrams for different
depth layers are presented in Fig. 3. These diagrams
show that the same water mass was followed at the
depth of the drogue (between 3 and 5 m; Fig. 3b). A
different, cooler water mass passed over the drogue at
the end of the afternoon of 7 July (circled data in Fig.
3a,b, see also Fig. 2a). The advection of this water mass
had little influence on our results since most Alexan-
drium cells had already migrated to deeper layers at
that time (between 15:30 and 20:00 h; Fig. 4c). The T-S
diagrams also show that we followed the same water
mass below the drogue (5 to 10 m, Fig. 3c). The T-S
diagram for the thermocline layer (10 to 15 m, Fig. 3d)
is more difficult to interpret; however, there was little
change in salinity in this layer during the survey.

Nitrate and phosphate concentration profiles are
presented in Fig. 4a,b. Nitrate concentrations were
very low in the mixed layer (<0.2 µM above 10 m), with
the nitracline around 12 m. Phosphate concentrations
were also very low in the mixed layer (<0.4 µM above
12 m). According to our deeper samplings on 8 and
9 July, the phosphacline was located around 16 m,
deeper than the nitracline.

Alexandrium tamarense migratory behavior

Alexandrium tamarense cells exhibited vertical
migrations to deep layers during both nights of the
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survey (Fig. 4c). Cells began to descend before sunset,
at around 16:00 h on 7 July and 18:00 h on 8 July. They
reached at least 12 m, the depth corresponding to the
thermocline and nitracline. During the second night,
high A. tamarense concentrations were measured
down to 18 m (Fig. 4c). The depth of the thermocline
and nitracline was also deeper on this day, probably
due to the passage of a tidal wave. The vertical distrib-
ution of A. tamarense may thus have also been partly
affected by this tidal wave. A. tamarense cells spent
~8 h in the deep layer (>10 m) on both nights. Their
ascent began after 04:00 h, approximately when the
sun rose. Based on the displacement rate of the peak in
A. tamarense concentrations on the vertical axis, the
migration speed of A. tamarense was estimated at 1.8
to 2 m h–1. Our results show that only part of the A.
tamarense population migrated to deep layers. This is
visible on the first night, but is even more apparent on
the second night when additional subsurface samples
were collected (Fig. 4c). At the end of the afternoon of
the second day, 20% of the population which had
accumulated at ca. 4 to 6 m during mid-day, migrated
back to the surface and stayed there during the night,
while 40% descended to the deep layer. 

The migratory pattern of Alexandrium tamarense
described above can best be seen in Fig. 5, where the
temporal changes in cell abundance are presented for
different depth intervals. A. tamarense cells first con-
centrated close to the surface in the early morning until
06:00 h (Fig. 5a). Then, the cells tended to avoid the
surface and concentrated in the subsurface layer
(Fig. 5b), and later on in the intermediate layer, with
maximum concentrations at around 5 m (Fig. 5c). In the
evening, A. tamarense concentrations increased both
in the surface and deep layers (Fig. 5a,d). Cell abun-
dance in the deep layer increased abruptly between
20:00 and 22:00 h, and then suddenly decreased on
both nights. This decrease was not accompanied by an
increase in cell abundance in shallower layers, sug-
gesting that A. tamarense cells probably migrated
deeper than the maximum sampling depth (12 and
18 m on the first and second nights, respectively). This
hypothesis is supported by the fact that, during the sur-
vey, the A. tamarense abundance, integrated over the
4 layers, decreased (Fig. 6), especially during the
nights and despite the fact that we increased the max-
imum depth of our sampling on the second night of the
survey. However, we cannot rule out the possibility
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Fig. 2. Vertical profiles of (a) temperature (°C) and (b) salinity 
during the survey. The grey bars indicate night hours

Fig. 3. T–S diagrams for the whole survey for (a) the surface layer
from 0 to 3 m; (b) the subsurface layer from 3 to 5 m; (c) the inter-
mediate layer from 5 to 10 m; and (d) the deep layer from 10 to
15 m. The circled data correspond to measurements made on 
7 July between 15:40 and 19:50 h. The solid lines represent 

constant density lines
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that thin layers of A. tamarense may have been missed
out by our discrete sampling.

The relationship between the depth of the Alexan-
drium tamarense maximum concentration (first 6 m
only) and light intensity for 8 and 9 July is presented in
Fig. 7. Our results show that, on 8 July, the maximum
concentration of A. tamarense cells was never exposed
to light intensities greater than 300 µmol photons m–2

s–1 since the cells gradually descended in the water
column as incident light increased (Fig. 7a,b). The
same pattern was observed on 9 July; A. tamarense
cells started to migrate downwards when incident light
exceeded 300 µmol photons m–2 s–1. It is also clear from
Fig. 7 that the almost complete avoidance of the sur-

face layer by A. tamarense cells between 13:30 and
15:30 h on 8 July (Fig. 4c) corresponded to the period of
maximum incident light intensity (~2000 µmol photons
m–2 s–1). The cells also started to move back towards
the surface as surface light intensity decreased.

Alexandrium tamarense growth rate and nutrient
addition experiments

Results from the incubation experiments are pre-
sented in Fig. 8 and Table 1. The surface water used for
the nutrient addition experiment was characterized by
relatively high Alexandrium tamarense concentrations
(>1800 cells l–1) and very low nitrate and phosphate
concentrations (0.35 and 0.18 µM, respectively;
NO3

–:PO4
3– = 1.9). A. tamarense net growth rates

were very low in the non-amended treatment (0.08 ±
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Fig. 4. Temporal variations of the vertical profiles of (a) nitrate
(µM); (b) phosphate (µM); and (c) Alexandrium tamarense
concentrations (cells l–1) during the 48 h survey. The dots indi-

cate sampling depth. The grey bars indicate night hours

Fig. 5. Alexandrium tamarense. Temporal evolution of the
integrated abundance in (a) the surface layer; (b) the subsur-
face layer; (c) the intermediate layer; and (d) the deep 

layer. The grey bars indicate night hours



Mar Ecol Prog Ser 296: 241–250, 2005

0.09 d–1). Phosphate addition significantly stimulated
A. tamarense net growth rate (>0.6 d–1) over a very
short burst, while nitrate addition resulted in an
increase in the duration of the growth phase (4 d) along
with a small, but not statistically significant, stimula-
tion of the net growth rate (0.22 d–1; Fig. 8b–d and
Table 1). The nitrate + phosphate addition induced an
increase in both the duration of the A. tamarense
growth phase (7 d) and in its net growth rate (>0.3 d–1);
however, the growth rate was lower than in the
phosphate addition experiment and not significantly
different from the control. The evolution of the nutrient
concentrations during the experiments (Fig. 8b,c) indi-
cates that the short duration of the growth phase fol-
lowing phosphate addition could have been due to
nitrate limitation (nitrate levels were <0.2 µM when A.
tamarense growth stopped), while the termination of

A. tamarense growth following nitrate addition could
have been due to phosphate limitation (phosphate lev-
els were below the detection limit from Day 6 on). This
is supported by the continuous growth observed when
nitrate and phosphate were added together (Fig. 8d).
Consequently, during the incubation experiments,
phosphate availability appeared to control the A.
tamarense growth rate, while nitrate availability con-
trolled the duration of the growth phase and, thus, the
biomass yield. This result gives additional support to
the hypothesis proposed by Fauchot et al. (2005),
which stipulates that A. tamarense growth may be lim-
ited by phosphate in the St. Lawrence estuary during
red tide events. Combining the 2 data sets (1998 and
2000, see Fauchot et al. 2005), we found a Ks (phos-
phate concentration at which the A. tamarense growth
rate is one half the maximum rate) of 0.26 µM.

DISCUSSION

This study presents the first field
evidence of the ability of Alexandrium
tamarense to perform vertical migra-
tions. Our results confirm the hypothe-
sis of Passow (1991), who stated that
vertical migrations of autotrophs can
have 2 independent goals: (1) noctur-
nal migrations between the euphotic
zone and deep nitrogen-rich layers to
accumulate the necessary nitrogen for
growth, and (2) daytime migrations
within the euphotic zone to avoid
harmful light intensity close to the sur-
face. Here, we discuss the patterns
and timing of these daytime and
nighttime migrations, the different
factors that may control them and their
ecological implications for A. tama-
rense in the St. Lawrence estuary.

Nocturnal vertical migrations of
Alexandrium tamarense to deep

nitrate-rich layers

Alexandrium tamarense vertical mi-
grations observed in the St. Lawrence
estuary are consistent with migratory
patterns previously reported for many
dinoflagellates species (Cullen & Horri-
gan 1981, Nishitani & Chew 1984, Ols-
son & Granéli 1991, Passow 1991) and
especially with the results obtained
during a laboratory experiment with
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Fig. 6. Alexandrium tamarense. Temporal variations in the integrated abun-
dance between the surface and 12 to 18 m, and the maximum sampling depth 

(the depth of integration). The grey bars indicate night hours

Treatment Initial Initial Net growth rate Maximum 
PO4

3– NO3
– (mean ± SD) growth phase

(µM) (µM) (d–1) (d)

Control 0.18 0.35 0.08 ± 0.09 2
PO4

3– addition 20.43 0.44 b0.64 ± 0.01b 1
NO3

– addition 0.18 a64.26a 0.22 ± 0.00 4
NO3

– + PO4
3– addition 18.87 55.10 0.36 ± 0.11 7

aNO3
– concentration on Day 1, because initial NO3

– concentration on Day 0
was not available

bSignificantly different from the control (p < 0.05)

Table 1. Alexandrium tamarense. Initial nutrient concentrations, net growth
rates and the duration of exponential growth phases during nutrient addition 

experiments
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an A. tamarense strain from the St. Lawrence estuary
(MacIntyre et al. 1997). A. tamarense cells began their
descent before sunset and they returned to the surface
after sunrise as previously observed in the laboratory by
MacIntyre et al. (1997).

Laboratory studies have already shown that dark up-
take of nitrate can support the growth of several dino-
flagellate species: Gonyaulax polyedra (Heaney & Epp-
ley 1981), Gymnodinium splendens (Cullen & Horrigan
1981), Prorocentrum minimum, P. micans, Ceratium
furca (Olsson & Granéli 1991) and an Alexandrium
tamarense strain from the St. Lawrence estuary (MacIn-
tyre et al. 1997). During the present study, the depth at
which A. tamarense reached maximum concentrations
during the night coincided with the depth of the nitra-
cline. Furthermore, despite a NO3

2–:PO4
3– ratio of 1.9 in

surface waters, the results of the nutrient addition ex-
periment indicate that the A. tamarense growth rate
may be phosphate-, not nitrate-limited. These results
suggest that A. tamarense cells were able to fulfill their
nitrogen requirement while migrating to the deep lay-

ers during the night. However, in contrast to the raphi-
dophyte Chattonella antiqua (Watanabe et al. 1991), the
uptake of nitrate and phosphate does not seem to be
synchronized in A. tamarense cells, maybe because
they do not migrate deep enough to reach the phospha-
cline and/or because they are not capable of dark phos-
phate uptake. Along with the cell maximum at depth
during the night, we also observed a peak concentra-
tion of A. tamarense in the surface layer. In their labora-
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Fig. 7. Alexandrium tamarense. Temporal variations in (a) the
depth of the maximum A. tamarense concentration and (b) the
incident light intensity and the light intensity at the depth of
the maximum A. tamarense concentration on 8 July and
during the morning of 9 July. #Maximum concentration in the
surface layer, not considering the deep A. tamarense maxi-
mum. ##These light intensities were estimated using the Kd

calculated from the light profiles measured at each of these
sampling times, since we had no light measurement at the
exact depth of the A. tamarense maximum concentration (4 m)

Fig. 8. Alexandrium tamarense. Temporal variations in abun-
dance of phosphate and nitrate during the nutrient addition
experiments for the different treatments: (a) control; (b) phos-
phate addition; (c) nitrate addition; and (d) nitrate + phos-
phate addition. Note the log scale for the y-axis. Arrows indi-
cate the periods during which A. tamarense net growth rates 

were calculated for each treatment (see Table 1)

a

b
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tory study, MacIntyre et al. (1997) also observed higher
cell concentrations at the surface along with a deep
maximum during the night under nitrate-depleted con-
ditions. Vertical migrations can be controlled by the nu-
tritional status of dinoflagellate cells (Kamykowski &
Yamazaki 1997, MacIntyre et al. 1997). The persistence
of a sub-population close to the surface at night, there-
fore, suggests that these cells were not nutrient-
stressed. In a nitrogen-depleted euphotic layer, this is
possible if newly divided A. tamarense cells are able to
store enough nitrogen at depth during the first night to
complete their cell cycle and divide. Collos et al. (2004)
found that A. catenella could take up enough nitrogen
in 2 h to satisfy its growth requirements for 24 h. Cullen
& MacIntyre (1998) reported that several phytoplankton
species migrate between the nutricline and surface
waters with a period of more than 1 d. As a conse-
quence, the periodicity of vertical migration for an A.
tamarense cell could be of the order of a generation
time. Energetically speaking, this strategy would be
economic (Kamykovzki & Yamazaki 1997); however, it
may still have a cost since A. tamarense cells at the
surface during the night coexist with potential grazers
that migrate to surface waters at night.

Vertical migrations are not only relevant in terms of
nutrient sources for Alexandrium tamarense growth,
they can also affect the advection of blooms and espe-
cially their retention time in the environment where
they develop (Anderson & Stolzenbach 1985). In that
respect, the presence of A. tamarense cells at the
surface during the night and the maximum depth that
the cells reach during their migration are important
parameters. During both nights of the survey, A.
tamarense cells reached the nitracline at 12 m. The
decrease in total integrated A. tamarense abundance
during the survey and especially during the night sug-
gests that A. tamarense might have migrated deeper
than 12 m. Our estimated swimming speed of A.
tamarense cells of ca. 2 m h–1 is in agreement with pre-
vious estimates for Gonyaulax polyedra and Ceratium
furca (Heaney & Eppley 1981), and Gonyaulax cate-
nata (Passow 1991). Considering a migration speed of
2 m h–1 over 15 h, we calculated that A. tamarense cells
could reach a depth of 15 to 20 m in 1 night. This must
be taken into account when trying to understand the
influence of advection on bloom development in the St.
Lawrence estuary. Given the estuarine circulation pre-
vailing in this system, phytoplanktonic species which
are able to migrate and, therefore, to spend part of the
day in deeper layers could be less affected by the
flushing of surface waters out of the estuary. We, there-
fore, hypothesize that the migration of A. tamarense
cells to deep layers during several hours of the day
might increase the residence time of the blooms in the
estuary.

Daytime vertical migrations: avoidance of high
light intensities

In addition to nocturnal migrations to deep nitrate
pools, we observed a downward movement of
Alexandrium tamarense cells from the surface layer
into the subsurface and intermediate layers in the
late morning and in the afternoon. A. tamarense cells
aggregated close to the surface only when incident
light intensity was lower than 300 µmol photons m–2

s–1. Above this threshold, the cells formed a subsur-
face maximum at a depth where light intensity was
around 300 µmol photons m–2 s–1 or lower. A.
tamarense seems, therefore, to actively avoid light
intensities higher than a specific threshold. This
behavior has already been described for several
dinoflagellate species (Cullen & Horrigan 1981,
Heaney & Eppley 1981, Passow 1991). However, in
the laboratory study of MacIntyre et al. (1997), A.
tamarense strain Pr18b from the St. Lawrence estu-
ary always aggregated close to the surface during
the day. This discrepancy is probably due to the rela-
tively low irradiance used during their experiment
(390 µmol photons m–2 s–1 at the surface). The value
of 300 µmol photons m–2 s–1 is comparable to the
light intensities at which Gonyaulax catenata
(100 µmol photons m–2 s–1, Passow 1991), G. polyedra
(150 µmol photons m–2 s–1, Heaney & Eppley 1981)
and Gymnodinium splendens (250 µmol photons m–2

s–1, Cullen & Horrigan 1981) have been reported to
accumulate. Cullen & Horrigan (1981) found that this
threshold corresponded to the saturating light inten-
sity for G. splendens photosynthesis. This suggests
that the saturating light intensity for A. tamarense
photosynthesis in the St. Lawrence estuary during
our study was ca. 300 µmol photons m–2 s–1. This is in
agreement with the laboratory study of Parkhill &
Cembella (1999) where the maximum growth rate of
A. tamarense clone Pr18b (isolated from the lower St.
Lawrence estuary) was recorded at a light intensity
of 230 µmol photons m–2 s–1, while some growth inhi-
bition was possible at 470 µmol photons m–2 s–1.
Overall, these results show that A. tamarense in the
St. Lawrence estuary adjusts to daily fluctuations in
light intensity using its motile capacity. This strategy
may allow A. tamarense cells to optimize their
growth since the energetic cost of swimming is low
(Richardson et al. 1983) and vertical migrations dis-
pense the cells from developing physiological adap-
tations to high irradiance levels (Passow 1991, Cullen
& MacIntyre 1998). Our results also confirm that
dinoflagellates are not strictly positive or negative
phototactic organisms, but that phototaxis may
depend on the time of day and light intensity (Blasco
1978).
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Nutrient control of Alexandrium tamarense
growth rate

The results from the nutrient addition experiment
show that the Alexandrium tamarense growth rate in
the St. Lawrence estuary may be limited by phosphate
as hypothesized by Fauchot et al. (2005). The low
NO3

–:PO4
3– ratio in surface waters, the observations of

vertical migrations to deep layers during the night and
the high affinity of A. tamarense for phosphate confirm
the hypothesis that the ability of A. tamarense to reach
deep nitrate pools pushes this species towards phos-
phate limitation in the St. Lawrence estuary. Adding
nitrate + phosphate led to a weaker (not significant)
stimulation of the A. tamarense net growth rate than
adding only phosphate. In the St. Lawrence estuary, A.
tamarense cells are probably adapted to taking up
nitrate in the dark at night, and phosphate during the
day. The difference in net growth rate between the
phosphate and nitrate + phosphate addition experi-
ments may result from the necessary adaptation of cel-
lular metabolism to the sudden and simultaneous
availability of nitrate and phosphate in the light. As
previously hypothesized by Fauchot et al. (2005), our
results suggest that the growth rate of A. tamarense in
the St. Lawrence estuary is controlled by phosphate
availability, while the biomass reached during a bloom
depends on nitrate availability and on the cells ability
to perform vertical migrations.

The Ks of 0.26 µM calculated from Alexandrium
tamarense growth rate data from this study and
another study in 1998 (Fauchot et al. 2005) is lower
than the Ks values of 1 and 1.68 µM reported for 2 other
A. tamarense strains (Frangópulos et al. 2004). This
apparent high affinity for phosphate exhibited by A.
tamarense in the St. Lawrence estuary could represent
an adaptation to the low-phosphate concentrations
encountered in surface waters where the cells develop
and to the ability of A. tamarense to use deep nitrogen
pools. 

CONCLUSION

Our results show that Alexandrium tamarense cells
perform vertical migrations in the St. Lawrence estu-
ary. This ability may give them an advantage over
other phytoplankton species since nocturnal migra-
tions to the nitracline may allow A. tamarense cells to
fulfill their nitrogen requirements even when nitrate is
exhausted in surface waters. Furthermore, during the
day, A. tamarense cells can avoid harmful light intensi-
ties close to the surface by migrating and concentrat-
ing at the depth of their optimal light intensity. How-
ever, the ability of A. tamarense to reach deep nitrate

pools pushes this species towards phosphate limita-
tion. Consequently, during an A. tamarense bloom in
the St. Lawrence estuary, the growth rate is apparently
controlled by phosphate availability in surface waters,
but the maximum biomass achieved depends on
nitrate availability, and thus partly on the ability of A.
tamarense to perform vertical migrations. The depen-
dence of A. tamarense growth on vertical migration
provides a new explanation for the well-known sensi-
tivity of this organism to vertical mixing. Previous stud-
ies already suggested that wind-induced mixing can
have a directly damaging effect on cellular growth
(White 1976, Juhl et al. 2001, Fauchot et al. 2005). Our
results show that, in addition, mixing could negatively
influence the development of A. tamarense blooms in
the St. Lawrence estuary by preventing the cells from
aggregating at the depth of their optimal light intensity
and accessing the deep nitrate pool at night. This may
partially explain the negative relationship observed
between A. tamarense abundance, growth rate and
wind speed observed in the St. Lawrence estuary
(Weise et al. 2002, Fauchot et al. 2005).
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