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Abstract
The understanding of the dominance of one species with respect to others is a pertinent challenge in HAB growth dynamics studies and the
nutrient supply mode is one of the factors potentially involved. The competition for phosphorus (P) between a toxic species, Alexandrium
minutum, and a non-toxic species, Heterocapsa triquetra, was studied (1) along a gradient of P depletion, (2) testing different P depletion degrees
before a single PO4 supply and (3) experimenting different PO4 supply frequencies. In conditions of PO4 depletion, H. triquetra stopped growing
after two days both in monospecific and mixed batch cultures whereas A. minutum grew progressively from day 2 until the end of the experiment.
This time-lag growth of A. minutum is associated to its ability to store P intracellularly and then mobilize it for cell division when P depletion
becomes severe. Heterocapsa triquetra outcompeted A. minutum when it was submitted to less than three days of P depletion before the pulse. In
contrast, A. minutum outcompeted H. triquetra after more than three days of depletion. This transition was related to the capacity for A. minutum
to increase its cell PO4 uptake rate in a higher proportion to face potential PO4 supply. As a result of this physiological acclimatation to
P starvation, A. minutum consumed the whole PO4 pulse supplied after 3 to 10 days of P depletion. This resulted in a reduction of H. triquetra
growth. These two acclimatations were confirmed in a P limited semi-continuous culture experiment testing several PO4 supply frequencies
(1, 2, 4, 6 day intervals). These experiments revealed that A. minutum is a “storage specialist” species for P, which uptakes PO4 pulses for luxury
consumption, survives depletion periods and, then, utilizes P for cell growth. In contrast, H. triquetra is more a “velocity adapted” species, which
utilizes PO4 just after supply to increase their cell division rate.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction
In the competition between phytoplanktonic species, different factors and intrinsic properties can interplay: allelopathic
mechanisms (Arzul and Gentien, 2005), nutrient acquisition
modalities (Gaedeke and Sommer, 1986; Ghosh et al., 1999;
Sommer, 1984), light gradient (Huisman et al., 1999), selective
predation from zooplankton (Guisande et al., 2002), parasitism
(Erard–Le Denn et al., 2000; Park et al., 2004), life cycle
properties… For one species, the success of proliferation results
from a particular conjunction between several factors, becoming
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favourable at one time and one place (Anderson et al., 2002;
Smayda and Reynolds, 2001).
Intrinsic properties of harmful species are particularly
studied because of their capacity to proliferate in coastal waters
and their economical impacts on human activities. For these
species, the challenge is to identify and evaluate the most
important factors affecting their growth dynamics. Alexandrium
minutum and Heterocapsa triquetra are known to reach very
high concentrations (N 106 cells l– 1) to the detriment of other
coexistent species (Erard–Le Denn, 1991; Kononen et al., 2003;
Labib and Halim, 1995; Lindholm and Nummelin, 1999;
Litaker et al., 2002a; Vila et al., 2005). Proliferations of
A. minutum are of particular concern because of its ability to
produce paralytic shellfish poisoning (PSP) toxins. This species
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Fig. 1. Diagram of batch culture experiments (A and B) including monospecific cultures of Alexandrium minutum (Am) and Heterocapsa triquetra (Ht) and mixed
cultures of both (Am + Ht).

is, therefore, frequently responsible for harmful algal blooms
in coastal waters (Usup et al., 2002; Vila et al., 2005; Yoshida
et al., 2000). Conversely, H. triquetra is non-toxic but it
significantly contributes to the total phytoplankton biomass and may be harmful, due to its ability to form dense
blooms (Lindholm and Nummelin, 1999; Litaker et al., 2002a).
Heterocapsa triquetra was reported to be associated with
Alexandrium species on several occasions, such as with
A. minutum in the estuary of Penzé, northern Brittany, France
(Morin et al., 2000), or with A. tamarense in the eastern coast of
USA (Anderson and Stolzenbach, 1985) and Hong Kong
waters (Lu and Hodgkiss, 2004). Heterocapsa triquetra is
therefore a potential competitor of Alexandrium species in
natural assemblages. Investigations on the competition
between these species both in monospecific and mixed cultures
are crucial to better understand their specific ecological niches
in terms of growth potential. Such experiments would also
provide information on physiological parameters, such as
growth and nutrient uptake processes, useful for the calibration
of ecophysiological (cell quota based) models for these species.
Among the different factors, which may affect the competition between H. triquetra and A. minutum, previous studies
evaluated their allelochemical potential. Some reported that
A. minutum, as other Alexandrium species, exhibit allelopathic
properties (Fistarol et al., 2004; Tillmann and John, 2002). In

contrast, H. triquetra is not known to have allelopathic or
hemolytic activities, nor to inhibit competitors by direct cell
contact, as it was reported for the morphologically analogous
species Heterocapsa circularisquama (Oda et al., 2001; Uchida
et al., 1999). The preliminary studies of Erard–Le Denn et al.
(2003) on competition between H. triquetra and A. minutum
(strain AM89BM) did not detect any allelopathic effect between
the two species during their exponential growth phase (culture
filtrate method). However, an effect was observed when
the culture filtrate of each species in stationary phase was
used as new medium for the other target species. Arzul et al.
(1999) reported similar results working on the same strain of
A. minutum against C. gracile and K. mikimotoï. Thus, when
considering the capacity of A. minutum and H. triquetra to
grow together exponentially, allelopathy does not seem to be an
important factor in competition between the two algal species.
Among the other factors possibly involved, light is probably
not a key factor. Dinoflagellates are able to migrate in the water
column to fulfil their light energy demand and avoid high
surface irradiance during the day (Fauchot et al., 2005; Passow,
1991). Phototactic movements of H. triquetra was observed
in the field (Anderson and Stolzenbach, 1985; Litaker et al.,
2002b) and in culture (Braarud and Pappas, 1951). Natural
A. minutum populations were found to have vertical migratory
behaviour closely correlated to the light-dark cycle (Labib and
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Halim, 1995). In contrast, the nutrient supply mode is known to
affect the species composition of phytoplankton assemblages
(Sommer, 1984), including those with dinoflagellates (Yamamoto and Hatta, 2004). Numerous studies have been conducted
to test this hypothesis, of effect of nutrient supply on multispecific
cultures or natural assemblages in freshwater environments
(Gaedeke and Sommer, 1986; Ghosh et al., 1999; Sommer,
1984). There are few surveys on multispecific cultures of marine
species, particularly harmful ones. Riegman et al. (1996) reported
that H. triquetra, in mixed cultures containing dinoflagellates and
Prymnesiophyceae, was a good competitor in the case of excess
nutrients whereas it was sensitive to PO4 limitation. Alexandrium
tamarense was a poor competitor under both nutrient limited and
repleted conditions. Davidson et al. (1999) demonstrated that, in
N and Si limited conditions, the lowest cell density and cell
volume were observed for A. minutum in competition with a
diatom and a flagellate. Furthermore, Erard–Le Denn et al. (2003)
showed that H. triquetra always outgrew A. minutum in the case
of excess nutrients, regardless of salinity and light conditions. The
one and only experimented condition under which A. minutum
outcompeted H. triquetra involved a severe 10 day PO4 limitation
period followed by a PO4 pulse.
The aim of the present study was to explore more deeply the
importance of PO4 supply mode in presence of two species in
competition, A. minutum and H. triquetra in cultures. Different
phosphorus (P) depletion conditions, followed by a single PO4
supply, as well as different PO4 supply frequencies, were tested.
The first conditions were experimented in batch cultures to gradually reach a gradient of P depletion. Conversely, PO4 supply
frequencies were tested in semi-continuous cultures with the same
dilution rate for all cultures. Under these conditions, nutrient
supplies other than PO4 were always renewed (every day) and were
never depleted such as expected in batch. The observed responses
in batch and semi-continuous cultures were evaluated in terms of
growth rate, phosphate uptake and phosphorus storage ability.
2. Material and Methods
2.1. Strain and culture conditions
Alexandrium minutum (AM89BM) and Heterocapsa triquetra
(HT99PZ) were isolated in northern Brittany (France) from the
Morlaix estuary in 1989 and the Penze estuary in 1999. Both
strains were routinely grown in sterilized (autoclaved 20 min at
120 °C) prefiltered natural seawater enriched with f/2 medium
(Guillard and Ryther, 1962). For the present study, cultures were
grown at 18 °C, at a salinity of 27, with an overhead illumination of 200 μE m− 2 s− 1 in a 14:10 light/dark (L:D) cycle.
Each sampling was carried out 5 to 6 hours after the beginning of
the light phase.
2.1.1. Batch culture experiments
A first experiment on monospecific and mixed cultures
was conducted (experiment A, exp. A). This experiment was
then partly replicated for monospecific cultures (experiment B,
exp. B) to measure additional parameters (Fig. 1). For both experiments, cells were preconditioned twice in a medium containing the

Fig. 2. Evolution of A. minutum (Am) and H. triquetra (Ht) cell concentrations in the
“PO4 depleted” monospecific cultures (a, exp. A and B) and mixed cultures (b, exp.
A). Symbols linked with full line correspond to exp. A and with dashed line to exp. B.
Error bars illustrate the standard deviation corresponding to culture triplicates.

equivalent of 25% of the concentrations present in f/2 medium
for phosphate (9 μM) and nitrate (220 μM) and concentrations
present in f/2 medium for the other nutrients. For experiment A,
A. minutum and H. triquetra cells were inoculated either alone
(monospecific culture, single batch) or together (mixed culture,
triplicate batch) in 4.5 L batch cultures containing no phosphate and
200 μM nitrate. The initial cell concentration of each species was
500 cells ml− 1. These cultures are named hereafter “PO4 depleted”
cultures (Fig. 1). Cell and PO4 concentrations were monitored 1, 2,
3, 5, 7 and 10 days after inoculation. For each sampling date, a
subsample (400 ml) was also transferred to a 1 L flask and was
submitted to a 4 μM PO4 supply (KH2PO4). These latter cultures
are named “PO4 pulsed” cultures (Fig. 1). Cell and PO4 concentrations were monitored once a day for 8 days. For experiment B,
additional parameters, such as intracellular C, N, P contents and cell
volume, were measured on monospecific cultures (triplicate batch),
at 1, 2, 3, 4, 5, 7 and 10 days after inoculation. These cultures are the
“PO4 depleted” cultures of exp. B (Fig. 1).
The cell division rate was used as the reference for the
specific growth rate in the rest of the manuscript i.e. measured
as increase in cell densities. This allows to consider the possibility of a time delay between phosphate uptake and subsequent
increase in cell concentration, as it is the case for phytoplankton
growth in a varying nutrient regime (Collos, 1986; Davidson
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et al., 1993). The cell specific growth rate (μ) was calculated by
plotting logarithm of cells versus time and determining the slope
according to the least squares criterion. A minimum of three
sampling points was included in the calculation. The initial cell
PO4 uptake rate in the “PO4 pulsed” cultures was calculated
from the difference in PO4 concentrations between day 0 and
day 1 divided by mean cell concentration.
2.1.2. Semi-continuous culture experiments
Cells were preconditioned in 4 L monospecific batch cultures
containing concentrations for PO4 equivalent to one fourth of f/2
medium concentrations for 10 days (concentrations equivalent
to f/2 medium for other nutrients). They were then submitted to a
semi-continuous mode with the same medium for 10 days, at a
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dilution rate of 0.15 d− 1 (renewal once a day, 5 hours after
the beginning of the light phase). Cells were then inoculated in
2 L cultures containing no phosphate and f/2 conditions for all
other nutrients. The initial (day 0) cell concentration was 4500
cells ml− 1 for each species. Four frequencies (every 1, 2, 4
or 6 days) of PO4 supply were then tested and for each frequency,
1 monospecific culture of each species as well as 2 mixed
cultures (replicates) were prepared. From day 1, the cultures
were daily renewed at 0.15 d− 1 with f/2 medium except for PO4
concentrations. The latter were adjusted proportionally according to the period of supply: 9, 18, 36 and 54 μM PO4 for 1, 2, 4 or
6 day intervals. The corresponding concentrations in the cultures
just after supply considering the dilution rate, were 1.35, 2.7, 5.4
and 8.1 μM PO4. Under these conditions, the dilution events

Fig. 3. Evolution of QP, QC, QN (a, b, c), C:P, N:P and C:N (d, e, f) atomic ratios in the “PO4 depleted” monospecific cultures (exp. B) of A. minutum (Am) and
H. triquetra (Ht) versus the PO4 depletion time. Error bars illustrate the standard deviation corresponding to culture triplicates.
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were the same for all cultures and PO4 quantities received by
these cultures were well-balanced. The only difference between
the cultures was the frequency of PO4 supply.
For each dilution event, the cultures were gently stirred to
ensure the homogeneous distribution of cells before automatic
medium removal with a peristatic pump. Then, the new medium
was added manually. Gentle circular manual movement was
preferred to magnetic stirring, which could alter the physiological
state of A. minutum cells through the induction of cell Carbon
stress (works of Probert, 1999, on the same strain). A dilution rate
of 0.15 d− 1 was chosen, since it was a good compromise between
P limited conditions and sufficient renewal of the medium. Cell
and PO4 concentrations were measured in the withdrawn volume
and monitored daily as well as the intracellular P content in
monospecific cultures. Cell specific growth rates were calculated
from day to day using the exponential growth equation and taking
into account the dilution rate of the cultures.
2.2. Analyses
For A. minutum and H. triquetra enumerations, samples were
fixed with a few drops of Lugol's iodine and cells were counted
with an inversed optical microscope (Utermöhl method). A
mean cell diameter was determined for monospecific cultures on
fixed cells using an image analyser coupled to an optical
microscope (user software developed by Ifremer). The method
consists in measuring several lengths of a cell at various angles
from the horizontal axis. A mean length value is calculated,
providing an equivalent spherical diameter (ESD) compatible
with the calculation of the cell volume as a sphere. Such cell ESD
determination was considered appropriate since the shape
of A. minutum was considered sub-spherical (Balech, 1989),
spherical (Probert, 1999), or ellipsoidal (Hillebrand et al., 1999)
and that of H. triquetra as two symmetrical cones (Hillebrand
et al., 1999). 100 cells were analysed for each replicate culture.
Samples for PO4 determination were very carefully filtered on
glass fiber filters (Whatman GF/F) with a syringe filtration
system. PO4 were analysed on an autoanalyser AACE Bran and
Lubbe (Tréguer and Le Corre, 1975). Samples for particulate C,
N, and P were filtered on precombusted (12 h at 400 °C) 25 mm
Whatman GF/D filters and filters were deep frozen (−20 °C).
Particulate C and N were analysed on a CN VarioEL III Elementar
analyser after carbonate removal (Aminot and Kerouel, 2004).
Particulate phosphorus was determined using high temperature
method (Solorzano and Sharp, 1980). C, N and P cell quotas (QC,
QN, QP) were obtained by dividing particulate C, N, P by the
corresponding cell number taking into account filtered volumes.

Heterocapsa triquetra cell concentrations increased until day 2, and
then stabilized or decreased, whereas A. minutum cells kept on
growing. We observed similar growth curves in the mixed cultures
(Fig. 2b), where A. minutum reached higher cell concentrations
than H. triquetra after day 3. Less than 20% standard deviation was
obtained when triplicate cultures were conducted (mixed cultures of
exp. A and monospecific cultures of exp. B), indicating a relatively
low variability of responses. In addition, temporal evolutions of cell
concentrations in mixed and monospecific cultures of exp. A and B
were similar. However, higher cell concentrations and no lag phase
were observed during exp. A compared to exp. B. These differences
might be explained by a higher inoculum for exp. A than for exp. B
(630 against 383 ± 42 cells ml− 1 for A. minutum and 570 against
493± 100 cells ml− 1 for H. triquetra). Furthermore, the natural
seawater used for cultures (Atlantic seawater) was collected at two
different times. Even if the addition of inorganic nutrients was
identical, the composition and concentration of dissolved organic
matter of these natural seawaters were probably different. This
might have also contributed to the difference in responses between
the two experiments.
Therefore, our results show that there was no significant
difference between the response of each species in the mixed
cultures and their response in isolation (exp. A). Each species
adjusted similarly to depleted conditions, regardless of the
presence of other species.
3.1.1.2. Quotas QP, QC, QN and cell volume evolution (exp. B).
In the “PO4 depleted” cultures of exp. B, the temporal evolution of
A. minutum QP showed a slight increase during the lag phase

3. Results
3.1. Batch culture experiments
3.1.1. The “PO4 depleted” cultures (exp. A and B)
3.1.1.1. Cell concentrations and growth rate evolution. The
temporal variations in cell concentrations in the monospecific
“PO4 depleted” cultures were similar for exp. A and exp. B (Fig. 2a):

Fig. 4. Evolution of the cell volume (a) and normalized QC (i.e. QC per unit of
cell volume) (b) in the “PO4 depleted” monospecific cultures (exp. B) of
A. minutum (Am) and H. triquetra (Ht) versus the PO4 depletion time. Error bars
illustrate the standard deviation corresponding to 300 analysed cells.
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followed by a strong decrease between days 2 and 3 and a slower
decrease later on (Fig. 3a). In contrast, H. triquetra QP did not
exhibit important variations. The minimum values were reached on
day 10 for both species and were similar (6.5± 0.6 pgP cell− 1 for
A. minutum and 6.1 ± 0.4 pgP cell− 1 for H. triquetra). However the
QP range was larger in A. minutum cells (6.5 to 23 pgP cell− 1) than
in H. triquetra cells (6.1 to 9.2 pgP cell− 1). For both species, QC
and QN increased and then stabilized (Fig. 3b, c). Alexandrium
minutum QC was on average 1.5 times higher than H. triquetra QC
throughout the depletion period. In these monospecific cultures, the
higher concentrations of A. minutum cells compared to H. triquetra
cells after day 4 (Fig. 2a) is, therefore, also accompanied by a higher
A. minutum C biomass.
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The initial (day 0) values of QC, QN and QP for H. triquetra
cells were approximately half those of A. minutum cells. Thus
their initial C:N, C:P, and N:P ratios were not significantly
different (Fig. 3d, e, f). The decrease in QP until the end of the
experiment resulted in an increase of C:P and N:P ratios for both
species, the highest values being reached by A. minutum. In
A. minutum cells, the C:N ratio decreased during the lag phase
and then increased during the growth phase. In contrast,
H. triquetra C:N ratio increased during the growth phase and
decreased during the saturation phase.
Flat size distributions resulted in large standard deviations in
cell volumes (Fig. 4a). However, our results show that cell
volumes tended to increase after day 4 for A. minutum and from

Fig. 5. Evolution of A. minutum (Am) and H. triquetra (Ht) cell concentrations in the “PO4 pulsed” mixed cultures after 1, 2, 3, 5, 7 or 10 day exposure to a PO4
depleted medium (exp. A). Error bars illustrate the standard deviation corresponding to culture triplicates.
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Fig. 6. Evolution of specific growth rate μ (a, c) and stationary phase cell concentrations (b, d) of A. minutum (Am) and H. triquetra (Ht) in the “PO4 pulsed” mixed
(a, b) and monospecific (c, d) cultures (exp. A) versus the previous PO4 depletion time. Error bars correspond to 95% confidence interval.

day 1 to day 5 for H. triquetra (Fig. 4a). It corresponded to a
slight decrease in normalized QC (i.e. QC per unit of cell
volume) for A. minutum, whereas for H. triquetra, normalized
QC remained stable after day 2 (Fig. 4b).
3.1.2. The “PO4 pulsed” cultures (exp. A)
3.1.2.1. Cell concentrations and growth rate evolution. A
pronounced shift from a H. triquetra dominance was observed in
the “PO4 pulsed” cultures (Fig. 5), after 1 to 2 days of P depletion
to an A. minutum dominance after 3 days of P depletion. Our
results reveal three different growth patterns, depending on the
duration of the depletion period (Figs. 5 and 6a, b, Table 1). First,
after 1 to 2 days of P depletion and pulse, H. triquetra outgrew
A. minutum. Second, after 3 to 5 days of depletion and pulse, the
growth rates of the two species were not significantly different.
However, the exponential growth phase was longer and, thus,
the stationary phase mean cell concentrations were higher in
A. minutum than in H. triquetra. Third, after 7 to 10 days of
depletion and pulse, A. minutum outgrew H. triquetra.
Conversely, in the monospecific “PO4 pulsed” cultures,
H. triquetra always exhibited higher growth rates and higher
cell concentrations in stationary phase compared to A. minutum,
regardless of the duration of the P depletion period (Fig. 6c, d,
Table 1). For all monospecific cultures, the growth rate
decreased during the first three days of depletion and, then,

increased until day 7. These results show that the cells adjusted
favourably to depleted conditions from day 3 to the end of the
experiment (Fig. 6c, Table 1).
3.1.2.2. PO4 concentrations and initial cell PO4 uptake rate
evolution. In monospecific cultures, H. triquetra totally
consumed the 4 μM PO4 pulse in more than 1 day (between 2
to 4 days) regardless of the duration of the previous depletion
period (data not shown). In contrast, in mixed or monospecific
cultures, A. minutum took several days to deplete this PO4 pulse
after only 1 or 2 days of depletion. After 3 days of depletion, the
pulse was consumed in less than 1 day (data not shown). After
Table 1
Mean specific growth rate ± 95% confidence interval of A. minutum and
H. triquetra in the “PO4 pulsed” mixed and monospecific cultures versus the
previous PO4 depletion time (exp. A)
PO4 depletion
time (d)

1
2
3
5
7
10

A. minutum growth rate
(d − 1)

H. triquetra growth rate
(d − 1)

monosp.

mixed

monosp.

mixed

0.63 ± 0.11
0.47 ± 0.13
0.28 ± 0.04
0.44 ± 0.05
0.71 ± 0.13
0.54 ± 0.09

0.42 ± 0.09
0.35 ± 0.08
0.30 ± 0.04
0.45 ± 0.06
0.51 ± 0.07
0.47 ± 0.06

0.80 ± 0.17
0.73 ± 0.22
0.50 ± 0.22
0.70 ± 0.14
0.78 ± 0.10
0.75 ± 0.16

0.65 ± 0.08
0.54 ± 0.10
0.41 ± 0.10
0.44 ± 0.16
0.36 ± 0.09
0.14 ± 0.17
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3.2. Semi-continuous culture experiments

Fig. 7. Evolution of the initial cell PO4 uptake rate in the “PO4 pulsed”
monospecific cultures of A. minutum (Am) and H. triquetra (Ht) versus the
previous PO4 depletion time (exp. A). After three days, A. minutum PO4 uptake
rate was underestimated (dotted line) as the sampling time interval (24 h) was
too long to estimate an actual uptake rate.

1 day of P depletion, H. triquetra exhibited the highest cellular
PO4 uptake rate (Fig. 7). However, from 2 to 5 days of
depletion, A. minutum cellular PO4 uptake rate increased and
exceeded H. triquetra uptake rate. Moreover, after three days,
A. minutum PO4 uptake rate was underestimated (Fig. 7, dotted
line) since the sampling time interval (24 h) was too long to
estimate an actual uptake rate.

3.2.1. Cell concentrations and growth rate evolution
In the monospecific cultures, H. triquetra reached higher cell
concentrations than A. minutum in all conditions whereas, in
the mixed cultures, A. minutum always outgrew H. triquetra
(Fig. 8). This outcome occurred earlier when the PO4 supply
interval was shorter (1 and 2 days against 4 and 6 days; Fig. 8).
In the monospecific cultures for 1 and 2 day intervals, cell
concentrations increased exponentially as in batch culture mode
after a lag period. Then, both species concentrations reached a
steady state starting at day 10. Their respective mean growth
rates (0.21 d− 1 and 0.19 d− 1 for A. minutum; 0.16 d− 1 and
0.16 d− 1 for H. triquetra) were close to the theoretical growth
rate at steady state (0.16 d− 1) which was calculated from the
dilution rate (D) and the theoretical formula [-ln(1-D)]. For the
4 and 6 day intervals, cell density in the monospecific cultures
increased and oscillated after the second pulse. Heterocapsa
triquetra cells increased immediately 24 h after each pulse,
while A. minutum cells increased more progressively or showed
a 1 to 2 day delay before increasing (Fig. 8). No cell density
fluctuation was detected in the mixed cultures. Alexandrium
minutum cells kept increasing whereas H. triquetra cells
progressively decreased. For all cultures, PO4 became undetectable after day 4 (data not shown). Thus, after day 4, the
PO4 pulses were not visible anymore in the ambient PO4 concentrations 24 hours after supply.

Fig. 8. Evolution of A. minutum (Am) and H. triquetra (Ht) cell concentrations in the semi-continuous monospecific (square) and mixed (circle, +) cultures, to which
PO4 was added every 1, 2, 4 or 6 days. Weak A. minutum cell concentrations at 13 days over 1 and 2 day intervals were probably artefacts because of incomplete
homogeneisation. Arrows indicate the day of PO4 supply. One-day intervals are not illustrated. Error bars illustrate the standard deviation corresponding to culture
replicates.
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Fig. 9. Evolution of QP in the monospecific semi-continuous cultures of A. minutum (Am) and H. triquetra (Ht) to which PO4 was added every 1, 2, 4 or 6 days. High
A. minutum QP at 13 days over 1 and 2 day intervals were probably overestimated since incomplete homogeneisation may have generated abnormally low cell
concentrations. Arrows indicate the day of PO4 supply. One-day intervals are not illustrated.

3.2.2. QP evolution
For all monospecific cultures (Fig. 9), QP initially increased
during the lag period, then decreased during the exponential
phase. The evolution of QP confirmed that the same steady state
was reached for 1 and 2 day periods. A relatively stable QP was
observed after day 10 with a mean value of 6.7 ± 0.9 pgP cell− 1
for A. minutum (n = 16) and 4.1 ± 0.4 pgP cell- 1 (n = 18) for
H. triquetra. For 4 and 6 day periods, A. minutum and
H. triquetra QP increased the day after the pulse, with a greater
mean increase factor, for A. minutum (2.1) than for H. triquetra
(1.5). QP reached a maximum value of 21.5 pgP cell− 1 for
A. minutum and 18.3 pgP cell− 1 for H. triquetra.
4. Discussion
This study shows that A. minutum dominates H. triquetra
in three situations, (1) in conditions of moderate to severe
P limitation, (2) when a PO4 pulse succeeds to moderate or
severe P limitation and (3) when PO4 pulses are regularly (1 to
6 day intervals) added to a P limited medium. However, before
definitively drawing conclusion on the effect of the PO4 supply
mode on the competition between the two species in the present
experiments, the absence of other processes, which could have
affected the response of both species, will be discussed. Then,
the physiological processes, which can explain the dominance
of A. minutum in conditions involving P limitation will be
analysed. Finally the ecological advantages of these physiological abilities for A. minutum will be explored.

4.1. No effect of allelopathy, phagotrophy or planozygote formation
The present strain of A. minutum is known to have allelopathic properties against some species, such as Chaetoceros
gracile and Karenia mikimotoï and not against other, such as
Scrippsiella trochoïdea (Arzul et al., 1999). In the present
PO4 depleted conditions, the absence of allelopathy is supported
by the similar growth response observed for each species in
isolation and in mixed cultures. Therefore, the lack of allelopathic effect between A. minutum and H. triquetra observed
by Erard–Le Denn et al. (2003) during the exponential growth
phase in condition of excess nutrients is also supported in severe
PO4 depleted conditions. We suppose allelopathic processes did
not affect the competition in the intermediate P limited conditions of the semi-continuous experiments but we cannot totally
exclude it. Previous studies also reported that H. triquetra was
capable of phagotrophic uptake of some flagellates (Legrand
et al., 1998) and dinoflagellates (Litaker et al., 2002a). However, the fact that there was no effect of the co-occurrence of the
two species in the present PO4 depleted cultures supports the
absence of phagotrophy in these cultures, even though inorganic
P was lacking. In addition, cell engulfment was never observed
in the mixed batch and semi-continuous cultures, neither in field
samples of the Penzé estuary (north Brittany, France) where
both species coexist (Morin et al., 2000). Thus, our observations
suggest that allelopathy and phagotrophy did not affect the
competition between the present A. minutum and H. triquetra
strains.
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A cell volume enlargement was observed in the monospecific PO4 depleted cultures of H. triquetra (up to 62%) and
A. minutum (up to 68%). For A. minutum, a cell with a diameter
above 28 μm may be a planozygote (work of Probert, 1999 on
the same strain). In addition the induction of sexuality leading to
the formation of planozygotes was found to occur in P limited
batch cultures via the reduction of cellular N (Probert, 1999).
The occurrence of planozygotes in the present cultures would
change the calculation of the initial cell PO4 uptake rate, as a
planozygote is not equivalent to a single vegetative cell in term
of nutrient uptake capacity. However, A. minutum cells above
28 μm in diameter were detected only on day 10 and
represented 12% of the total population (data not shown).
There is, therefore, no significant effect of a potential induction
of sexuality in the present cultures. The difference with the
results of Probert (1999) could be linked to his use of a
multitube (25 ml volume) approach, which was more favourable to planozygote production than our sampling from
one large culture submitted to daily stirring (Anderson and
Lindquist, 1985). However, even if P limitation might have
affected N uptake during the growth phase compared with
C fixation (increase in particulate C:N ratio), cellular N were
always higher (N 150 pgN cell− 1 after day 1) than the threshold
level (around 100 pgN cell− 1) thought to be necessary for
gametogenesis. This confirms that the increase in A. minutum
cell volume was not related to the formation of planozygotes.
This cell enlargement was partly correlated to cell Carbon
quota (R2 = 0.531, p b 0.0001 for A. minutum and R2 = 0.761,
p b 0.0001 for H. triquetra). As cell volume normalized QC
slightly decreased, a greater degree of vacuolation could also, to
a lesser extent, explain this cell enlargement for A. minutum
(Flynn et al., 1996).
Consequently, our results show that the PO4 supply mode
affected the competition between A. minutum and H. triquetra
in the present experiments, with negligible effects of allelopathy, phagotrophy or gametogenesis.
4.2. Physiological abilities of A. minutum in conditions involving
P limitation
The present mixed batch experiments show that A. minutum
competed with H. triquetra most successfully after three days
of P depletion followed either by a single PO4 pulse or by
more severe P depletion. This shift was clearly the consequence
of favourable physiological acclimatations of A. minutum to
P intracellular stress. In the monospecific cultures, this stress
appeared as a sharp drop in its P cell content (QP).
A first acclimatation was an increase in the cell PO4 uptake
rate as highlighted by the evolution of the initial uptake rate
of the PO4 pulse with P depletion. Although both species
responded to this stress by a large increase, the increase
in cell PO4 uptake rate was higher in A. minutum than in
H. triquetra. When 4 μM PO4 were added to mixed cultures,
A. minutum monopolized the supplied PO4 for its growth,
while H. triquetra growth rate declined. These results show
that A. minutum has the capacity to drastically increase its
cell PO4 uptake rate to face potential PO4 supply. This
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ability represents a physiological advantage compared to
H. triquetra, when moderate to severe P limited conditions are
followed by a PO4 enrichment. This result was confirmed
when different PO4 supply frequencies were tested in semicontinuous mode. In the monospecific cultures, four days after
the beginning of the experiment, all the PO4 pulses were
consumed in less than 24 h and the P cell quotas were always
higher for A. minutum, suggesting a higher cell PO4 uptake
rate. In the mixed cultures, A. minutum always outgrew H.
triquetra. This dominance occurred earlier when the PO4
supply interval was shorter. In these latter conditions, PO4
concentrations after supply were lower and A. minutum cells,
with higher PO4 uptake rates, may have monopolized this PO4,
thus reducing H. triquetra growth. When the PO4 supply
interval was longer, particularly for 6 day interval, PO4
concentrations were higher after supply. The two species may
have shared this PO4 for their growth. They balanced their
growth rate with the dilution rate until finally A. minutum
prevailed against H. triquetra.
The ability of A. minutum to store P for a delayed or
progressive growth represents another favourable physiological
acclimatation of A. minutum. In PO4 depleted conditions, the
progressive growth of A. minutum during 10 days of depletion
corresponded to the use of stored P (strong decrease of QP).
In contrast, H. triquetra stopped growing after two days, which
corresponded to lower QP at the beginning of the experiment. In
the monospecific semi-continuous cultures, A. minutum cells
greatly increased their P cell quota 24 hours after the 4 and
6 day PO4 pulses with a subsequent delayed or progressive
growth thereafter. Alexandrium minutum is, therefore, capable
to store P, which can be then mobilized for growth. Conversely,
H. triquetra cells immediately used their uptaken PO4 to increase their cell growth rate.
The dominance of A. minutum in conditions involving
P limitation can, therefore, be explained by higher PO4 uptake
capacity than that of H. triquetra and the ability to store P and
use it later for growth.
4.3. Ecological advantages of P storage ability and high PO4
uptake capacity
P storage ability is commonly evaluated from the “luxury
coefficient” defined by Droop (1974). It corresponded to the
ratio between the maximum P cell quota (QPmax) determined in
non-limited P situations and the minimum P cell quota (QPmin),
or subsistence quota, determined in P limited conditions. From
the present experiments, the ranges of QP for A. minutum and
H. triquetra are respectively 6.5 to 23 pgP cell− 1 and 4.1 to
18.3 pgP cell− 1. The minimum value found here for A. minutum
Qp is lower than the one found by Probert (1999) (17 pgP cell− 1)
but close to the one measured by Bechemin et al. (1999) on the
same strain (5.9 pgP cell− 1). The maximum QP value is half of
the maximum value measured by Probert (1999) in P repleted
conditions (48 pgP cell− 1). To our knowledge, for H. triquetra,
no QP data exist in the literature. However, previous investigations on H. triquetra provided a maximum QP of 23.3 pgP cell− 1
in P repleted conditions (unpublished data). Finally, considering

Author's personal copy

134

C. Labry et al. / Journal of Experimental Marine Biology and Ecology 358 (2008) 124–135

values from the present study and values from the literature on
the same A. minutum strain, the ranges of Qp for A. minutum and
H. triquetra are respectively 5.9 to 48 pgP cell− 1 and 4.1 to
23.3 pgP cell− 1. The corresponding QPmax / QPmin ratios are
respectively 8.1 and 5.7. There is no large difference between
these ratios and P storage ability of A. minutum is lower than the
storage ability observed for A. tamarense (36, cited in
Yamamoto and Tarutani, 1999). Furthermore, freshwater species
known to be competitive in P limited environments generally
exhibit ratios N30 (Ducobu et al., 1998; Spijkerman and Coesel,
1998). However, this comparison between QPmax and QPmin is not
ecologically relevant, indeed QPmax and QPmin values originated
from different growth situations (limited cultures or not, batch or
semi-continuous) and can not indicate storage capacity. In
addition, P storage capacity evaluated by the range of QP does
not systematically reflect the actual cell production based on this
nutrient stored (Spijkerman and Coesel, 1998). In contrast, the
present study demonstrates, for the first time, the capacity of
A. minutum to efficiently mobilize stored P for delayed growth.
The ability of H. triquetra to use immediately uptaken PO4 for
cell division is also clearly highlighted by our experiments.
Among the patterns of species behaviours in the competition
for nutrients - the term “behaviour” is preferred to “strategy” H. triquetra is a “velocity-adapted” species for P (Sommer,
1984), a “growth” response species (Collos, 1986), which utilizes PO4 just after supply to increase its cell division rate. Heterocapsa triquetra growth is, therefore, favoured in conditions
of excess nutrients as previously observed (Erard–Le Denn et
al., 2003; Riegman et al., 1996). Alexandrium minutum appears
more like a “storage specialist”, which uptakes PO4 pulses for
luxury consumption (storage), survives depletion periods and,
then, utilizes PO4 for cell growth. According to Collos (1986),
such behaviour is an ecological advantage when the nutrient
pulsing frequency is lower than the cell division rate.
Conversely, high frequency is favourable to species with a
strong coupling between growth rate and nutrient uptake such as
H. triquetra. As a consequence, in the present semi-continuous
mixed cultures, H. triquetra should have been favoured by 1 and
2 day intervals and A. minutum favoured by 4 and 6 day intervals.
However, surprisingly, A. minutum always dominated in all
interval cases. In this particular case of competition, the dominance of A. minutum is also explained by its higher capacity of cell
PO4 uptake, as explained in the previous section. Thus both
physiological abilities, storage and uptake capacity, must be taken
into account to understand the outcome of the competition.
Alexandrium species were reported to have low PO4 affinity
for growth (Frangopulos et al., 2004; Matsuda et al., 1999)
and uptake (Yamamoto and Tarutani, 1999), in contrast with
high PO4 affinity species, which are generally not dinoflagellates (Smayda, 1997). Alexandrium species should not be
favoured in P limited environments. However their storage
capacity balances this disadvantage, such as demonstrated here
for A. minutum and previously suggested for A. tamarense
(Yamamoto and Tarutani, 1999). It would allow these species
to take advantage of migration from poor to rich PO4 waters or
to benefit from isolated PO4 inputs. This is a substantial advantage to face interspecific competition.

5. Conclusion
The present study provides new information about competitive behaviours of A. minutum and H. triquetra under different
PO4 supply modes. In addition, the present investigations also
offer new parameter values of the growth, phosphate uptake and
storage processes of A. minutum and H. triquetra, which can be
useful for ecophysiological models. This study is the first to
present physiological parameters for H. triquetra, such as the
range of QC, QN, QP, C:P, C:N and N:P values, which had never
been measured before. Two favourable physiological acclimatations were highlighted from the present experiments for
A. minutum compared with H. triquetra: (1) the ability to
store P intracellularly and then mobilize it for cell division when
P depletion becomes severe and (2) the capacity to increase
its cell PO4 uptake rate in higher proportion, to face potential PO4 supply. Alexandrium minutum appears to be a
“storage specialist” and H. triquetra a “velocity adapted” species.
Heterocapsa triquetra is favoured in the case of excess nutrients,
whereas A. minutum is favoured, when P depleted conditions
alternate with P supplies. These physiological abilities of
A. minutum are additional advantages to face competition and
may partly explain their capacity to dominate the phytoplankton
community in situ and to form dense harmful blooms.
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