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Abstract

During an intense (up to 33 X 10° cells L~1) Alexandrium minutum bloom in the Penzé estuary (France), total
NO,, NH,, and PO, requirements of the bloom were, respectively, 184, 25, and 20 wmol L-*, with peak uptake
rates of 43, 6, and 4.8 pmol L-* d-*. The measured ambient concentrations of NH, and PO, were far short of this
peak demand, whereas those of NO, were far in excess, indicating that NO, supply is important for sustaining the
bloom. Comparison of the measured NO, uptake rates with advective fluxes indicates that a reduction of NO,
concentrations in river waters to <200 pmol L~-* would be necessary to contain the bloom in the Penzé estuary.
The role of NO, was restricted to sustenance of the bloom, whereas warm conditions resulting in a water column
stability seem to have triggered the bloom, and a self-shading, probably coupled with a phosphorus limitation,

caused its decline.

Because of their impact on the economy of culture fish-
eries and human health at local and regional scales, inci-
dences of blooms of toxic dinoflagellate Alexandrium spp.
and the conditions leading to their recurrence have drawn a
wide scientific interest in the last two decades. While a sta-
bility of the water column induced by thermal (Giaccobe et
a. 1996) or haine (Cannon 1990) stratification or a me-
chanical accumulation, as at the front (Townsend et al.
2001), provides a physical setting for arapid increase in cell
numbers, several environmental factors could trigger and
sustain the blooms. Successful germination of cysts (Garces
et al. 1999), seasonal temperature maximum (Erard-Le Denn
1997), reduction of salinity (Anderson et al. 1983), abundant
light (Rasmussen and Richardson 1989), a large supply of
inorganic nutrients from allochthonous sources (Anderson et
al. 2002), and high dissolved organic nitrogen and phospho-
rus loads (Glibert et al. 2001) are some such factors. Inci-
dences of toxic blooms near sources of river waters (Halle-
greeff et al. 1988) and, in recent years, near sites of
agricultural (Desalos 1999) and urban wastewater discharge
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(Cannon 1990), high concentrations of ambient nutrients and
high NO,/PO, ratios (Hessen et a. 1997) have led to the
conclusion that a large initial stock of dissolved inorganic
nitrogen (N), especialy nitrate, would be needed to sustain
the bloom through its life cycle. Whether the high ambient
nutrient concentrations are in fact adequate to support mas-
sive Alexandrium blooms, however, still remains unan-
swered, mainly because the absolute N and phosphorus (P)
requirements of a bloom are not known.

Alexandrium minutum appeared for the first time in the
Brittany estuaries in the late 1980s (Erard-Le Denn 1997).
The Morlaix Bay (48°5'—45'N; 3°49'-59'W), and in partic-
ular the Penzé estuary draining into it, is the most affected,
with the bloom recurring amost every year around June
(Desalos 1999). This predictability gave us an opportunity
to measure N- and P-uptake rates of the bloom during the
course of its full cycle, along with other physical, chemical,
and biological parameters. With these data, we intend to an-
swer three questions: What are the total N and P require-
ments of a bloom?; can the alochthonous supply (in the
present case, the Penzé river waters) satisfy these require-
ments?; and, to what extent should this supply be reduced
if the bloom were to be prevented from fully developing?

Material and methods

Our previous observations in 1997 and 1998 (Morin et al.
2000) showed that the A. minutum bloom in the Penzé es-
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Table 1. Environmental parameters at sites of highest cell densities of A. minutum in the Penzé estuary.
Cdl density Temp NO, NH, PO,
Year (X 10° LY ({®)] Salinity (wmol L-%) (nmol L-%) (wmol L-%)
1997 18 17.3 277 187 36 29
1998 0.6 16.3 28 526 115 25
1999 33 18.9 26.1 274 0.4 15

tuary usually occurs in June. Hence, nine samplings, with a
frequency of 2 d when the bloom was in progress, were
made between 25 May and 5 July 1999. During each sam-
pling, samples were obtained from a 1-m depth in waters of
~26 salinity (located by measurements with a portable Sea-
bird CTD), in which location the development of the bloom
was at its maximum (Erard-Le Denn 1997; Morin et al.
2000). On each sample, the following measurements were
made: cell counts, concentrations of chlorophyll a (Chl a),
particulate organic nitrogen (PON), nitrate, ammonium and
phosphate, uptake of nitrate, ammonium, and phosphate, and
regeneration of ammonium.

Nitrate and PO, were measured in a Technicon autoana-
lyzer (Tréguer and Le Corre 1975) and NH, by the indo-
phenol blue method (Koroleff 1970), with analytical preci-
sions of =0.1 pmol L-* for NO, and =0.02 pmol L-* for
the other two nutrients in the range of concentrations mea-
sured. Samples meant for measurements of PON, Chl a, and
N uptake were prefiltered through 200-p.m mesh. Particulate
matter for PON was recovered on preignited Whatman GF/F
filter pads, and the PON content was measured in a Perkin-
Elmer model 240 elemental analyzer (coefficient of variation
5%). Chl a was measured fluorometrically in a Turner De-
signs fluorometer, with a precision of =0.05 pg L-*. Phy-
toplankton cell counts of Lugol-preserved samples were
made with an inverted microscope. Along with CTD mea-
surements of temperature and salinity, the photosynthetically
active radiation (PAR) was measured with a quantum sensor
(Biospherical Instruments) mounted on the CTD.

Nitrate and NH, uptake rates were measured with *SN—
labeled substrates and NH, regeneration, using the isotope
dilution method. Tracers with 99% >N enrichment were add-
ed at ~10% of ambient concentrations, but not at concen-
trations lower than an absolute concentration of 0.02 pmol
L-*. The amount of tracer added was between 10.7% and
13.6% of the total dissolved NH, pool and between 9.4%
and 11.9% of the total dissolved NO, pool. Samples dis-
pensed in polycarbonate bottles were incubated under sim-
ulated in situ conditions for 2—-3 h around local noon. At the
end of the incubation, a fraction of the sample was filtered
through 30- and 15-um filters, and the remaining sample was
placed directly onto preignited GF/F filter pads. Fractional
filtration was done in order to obtain a realistic estimate of
N uptake by A. minutum, which is normally distributed in
the size range of 1627 pm (Erard-Le Denn 1997).

NH, from the filtrate was recovered by diffusion in basic
pH (8.5). Ratios of **N:*N were measured in an emission
spectrometer (Sopra Instruments, model GS1), and the N-
uptake rates were calculated using the equation of Dugdale
and Wilkerson (1986). Uptake rates of NH, were corrected
for isotopic dilution (Glibert et al. 1982), with the dilution

factor ranging from 1 to 1.4 (average 1.1). NH, regeneration
rates were calculated either with the equation of Glibert et
al. (1982) or that of Laws (1984), depending upon whether
the NH, concentrations of the incubation medium remained
unchanged or not.

Uptake of P was measured with P by inoculating the
samples with H,*#PO, (1 wCi L~%). Unlike the N uptake, only
two fractions (total and <10 pm) were considered. The ex-
perimental design was also modified so that each time, P
uptake was measured in samples with natural ambient con-
centrations and those enriched with NaH,PO, at 32 wmol P
Lt Theratio V. : V.. indicates the degree of P limitation,
if any. All P-uptake measurements were done in triplicate.
As the half-life of *P was short, the initial radioactivity was
measured from aliquots withdrawn immediately after the ad-
dition of labeled P After an incubation period of 3—4 h, the
samples were filtered successively onto 10- and 0.6-pm Nu-
cleopore filters. The radioactivity retained on the filters was
measured in a Packard Tricarb 1600 TR scintillation counter.

Results

A. minutum in the Penzé Estuary showed a preference to
salinities greater than 20, with the greatest densities mea-
suring between 26 and 28 (Table 1). From a few thousand
cells per liter on 9 June, the bloom attained the highest con-
centration of 33 X 10° cells L~* on 22 June, and by the end
of June, this value had declined to less than 50 X 103 cells
Lt (Fig. 1). A. minutum was contained mostly in the 15—
30-pum fraction and at the peak of the bloom constituted
~90% of the cell counts in this fraction. At its peak, A.
minutum dominated more than 60% of the total cell counts,
with the remaining cell counts composed of Nitzschia lon-
gissima (12%) and Chaetoceros sp. (23%). The decline of
the A. minutum bloom was accompanied by a nanoplankton
bloom (148 X 108 cells L=t on 5 July).

Changes of the concentrations of Chl a, PON, NO,, PO,,
and NH,, (Figs. 2, 3) occurred, as expected, when a massive
phytoplankton bloom developed. Chl a and PON increased,
respectively, from 10 wg L=* and 30 wmol L-* before the
bloom to 80 pg L=t and 210 pwmol L-* on 22 June. This
increase (62—-64%) was observed mainly in the 15-30-pm
fraction. Nitrate concentrations decreased through 45 pmol
L%, but those of PO, decreased only marginaly, by 0.2
pwmol L~ Even at the peak of the bloom, residual concen-
trations of NO, were in excess of 200 wmol L1, leading to
NO,: PO, ratios of >100. Such high residual concentrations,
especialy of nitrate, are unusual and different from those
noted in other areas in which the water column becomes
stripped of its nutrients at the peak of the bloom. Concen-
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Fig. 1. Changes in cell densities of A. minutum during the
bloom in 1999.

trations of NH,, however, decreased more than an order of
magnitude, from about 8.8 to 0.35 wmol L.

The bloom development was accompanied by a sharp in-
crease in N uptake, from 600 nmol L-* h-* on 14 June to
3,700 nmol L-* h=* on 22 June (Fig. 4a,b). Ammonium up-
take constituted 30—70% of total N uptake until A. minutum
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Fig. 2. Changes in concentrations of &) chlorophyll a and b)
PON during the A. minutum bloom.
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Fig. 3. Changes in ambient concentrations of a) nitrate, b) am-
monium, (c) phosphate, and (d) DIN : DIP ratios during the A. min-
utum bloom.

cell concentrations reached 1 X 106 L. As the intensity of
the bloom began to increase, NH, was rapidly replaced as
an N source by NO, (85-91% of total N uptake), and only
when the bloom began to decline did the proportion of NH,
uptake increase again. Nitrate, therefore, was essential to
sustain the bloom. Ammonium regeneration rates (100-125
nmol L=t h=*) during the bloom (Fig. 4d) were not substan-
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Fig. 4. Changes in @) nitrate-uptake rate, b) ammonium-uptake rate, c) phosphate-uptake rate,
d) ammonium regeneration rate, €) ratio of uptake of saturation to trace uptake of phosphate, and

f) N:P uptake ratios.

tially higher than those noted before the bloom (77-93 nmol
L-* h-%). Even the addition of NH, regenerated to the am-
bient concentrations of NH, during the bloom; the latter
could not have supported more than a few hours of uptake.

Phosphorus uptake also increased sharply with the bloom
development, from 15 to 380 nmol L-* h-* (Fig. 4c). The
V e - Ve Fétios remained generally close to 1 until a few
days before the peak of the bloom, when the ratio increased
to above 30 (Fig. 4e). Nitrogen (NO, plus NH,) : P ratios of
uptake rates normalized to Chl a were consistently above 15
during the entire course of the bloom (Fig. 4f).

Discussion

Blooms of A. minutum have been known to occur often
in nutrient-rich coastal waters such as ports, estuaries, and
bays (Delgado et al. 1990; Townsend et al. 2001), indicating
a relationship between sudden and excessive N (and P) load-
ing and initiation of the bloom. In the Morlaix Bay, however,
nutrient loading is not a critical parameter for initiation of
the bloom. Brittany estuaries are a classical example of
heavy application of N fertilizers in the hinterland and of
their runoff into the lower rivers, estuaries, and coastal wa-
ters (Desalos 1999), with NO, content of river waters in

excess of 500-600 pmol L-* and N:P ratios ranging from
65 in summer to >300 in winter, as far back as the 1980s
(Wafar 1981). Nitrate content of the river watersis generally
greater than 400 pmol L-* even in summer (Wafar 1981),
and in the salinity range within the estuary where A. minu-
tum blooms, it was higher than 150 wmol L=t in June. Al-
most al A. mimutum blooms in the Brittany coastal area
have been known to occur toward the end of spring, sug-
gesting an important role for temperature (Desalos 1999).
Our measurements (Morin et al. 2000) showed that peak cell
densities occurred at water temperatures of >16°C (Table 1)
with a proportionality worth mentioning. The data for 1999
also show clearly that the bloom rapidly develops when the
tide tends toward neap and the stability index (Aot/Az) of
the water column increases sharply and remains at this level
for several days (Fig. 5b). Warm conditions coupled with
high water column stability, and not nutrients, would there-
fore favor initiation of A. minutum blooms in the Brittany
estuaries. As vegetative cells were rarely seen in other
months, the seed population for the bloom could only have
come from the resting cysts (>100 (g dry sediment)~?) (Er-
ard-Le Denn et al. 1997), and the cue for their germination
could have been the warm temperature, comparable with the
16°C threshold observed by Cannon (1993), along with a
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Fig. 5. Changes in &) surface incident radiation (vertical bars)
and % incident PAR (closed circles) at 1-m depth during the A.
minutum bloom and b) tidal heights (line) and the stability index
(circles).

stimulation by light (Anderson et al. 1987) that downwells
to the sediment level in the Penzé estuary at this time of the
year. In fact, surface-incident radiation levels were the high-
est (>2,500 J cm~?) for several days before the bloom got
underway (Fig. 5a).

Nutrients, on the other hand, would be essential for main-
tenance of the bloom. The high ambient concentrations and
uptake rates of NO, relative to those of NH, and the high
Ve - Viace Fétios of P uptake during the peak of the bloom
indicates that among the three nutrients, it is the supply of
NO, that maintains the bloom. With our data on N uptake,
it is possible to calculate the amount of NO, that would be
required to support the bloom, provided it could be dem-
onstrated that the bloom developsin situ and is not a product
of mechanical accumulation, as has been suggested at times
(Garces et al. 1999). This was done by calculating, with the
doubling rate of 0.45 d-* obtained for a strain of A. minutum
from these waters (Erard-Le Denn 1997), the increase in cell
numbers from an initial density of 0.13 X 10° cells L=* on
9 June and comparing them with the actual counts. The enu-
merated densities were lower than the predicted ones (Fig.
6), indicating that in situ growth to concentrations in excess
of 30 X 10° cells L' is possible, provided there is no lim-
itation from external factors. The doubling rate calculated
with our data was 0.43 d-*. Thisis comparable with the 0.45
d-* (Erard-Le Denn 1997) and 0.47 d-* (Piumsomboon et al.
2001) obtained from exponentially growing cultures of A.
minutum.

The total N and P required to support a bloom of this size
can be calculated with our data on uptake rates. At the peak

rates of 103.6 X 10-¢ and 10.7 X 10~ nmol cell-* h-%. As
the samples for P-uptake measurements were not fraction-
ated in a similar way, the total P uptake was scaled down
to the proportion of the N uptake in the 15-30-wmol L-*
fraction and then divided by the density of A. minutum cells
in this fraction. This gave a P-uptake rate of 11.4 X 10°©
nmol cell -t h-,

Nitrate, NH,, and PO, required by the bloom was calcu-
lated as

t=n
DIN(P) = >, Ct X v
t=0

where n is the duration of the bloom (from 0.13 X 10¢ cells
L=t on 9 June to 0.5 X 10° cells L=* on 30 June), Ct is the
concentration of cells on a given day, and v is the uptake
rate d-*. Ct was calculated with a doubling rate of 0.43 d—*
until the bloom was at its highest density and with a decay
constant of —0.52 (r2 = 0.97; n = 4) when the bloom was
on the decline. Conversion of the hourly rates of uptake to
daily rates was done with a factor of 12 for NO, and PO,
and a factor of 16 for NH,, the latter giving allowance for
the reduced dark uptake.

Total NO, and NH, requirements for the bloom, respec-
tively, were in the order of 184 and 25 pmol L%, with peak
values of 43 and 6 pmol L-* d-* (Fig. 7). In the case of R,
it was 20 pwmol L2, with peak uptake rate of 4.8 wmol L-*
d-*. Although the measured ambient NH, and PO, concen-
trations fall far short of this peak demand, ambient NO, con-
centrations were greatly in excess at any time (Fig. 3).

The collapse of the bloom could not have been caused by
alack of N. The N: P concentration ratios were, even at the
peak of the bloom, around 100, and the biomass-normalized
N: P uptake ratios were, except for a single instance after
the bloom, up to two times greater than the Redfield ratio,
indicating a large sufficiency of N. Nor could a lack of sta-
bility of the water column have been the cause, since the
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Fig. 7. Predicted quantities of nitrate, ammonium, and phos-
phate required for the A. minutum bloom.

stratification was still marked beyond peak bloom growth.
The PAR measured at 1 m below the surface, however, de-
creased dramatically, from about 50% at the beginning of
the bloom to about 1-2% two days after the peak cell density
(Fig. 5d). Thiswas much less than a PAR of 10% of incident
radiation needed for dinoflagellate growth (Maclsaac and
Dugdale 1972) and implies that self-shading could have been
the cause of the decline. Phosphorus could also have played
arole sincethe V.. : V. ratio of P uptake increased to 25
at the peak of the bloom from near-unity in the early stages
of the bloom. Besides, even though the changes in the con-
centrations of PO, during the bloom were not substantial,
the PO, that was available (1.44 wmol L) at the peak of
the bloom could not have been adequate to satisfy the de-
mand (4.8 wmol L=t dY).

Instances in which an increase in dissolved organic nitro-
gen (DON) component may have favored development of
some blooms have been reported (Anderson et al. 2002). We
have not measured DON concentrations in Penzé river wa-
ters during the bloom but consider, based on two observa-
tions, that it is unlikely that DON or any of its assimilable
forms could have been important in sustaining the bloom in
the present case. In the first instance, the increase of PON
(~180 wmol L-*) during the bloom was, giving alowances
for loss by sedimentation, on the same order as consumption
of inorganic N (210 pmol L-1). In the second instance, initial
availability of DON for uptake is not as important as that of
NO,—DON concentrations in the freshwater segment of the
adjacent Morlaix River waters draining the same agriculture
basin in previous years (Wafar 1981), or in the salinity range
of 25-35 within the Morlaix estuary during the study period
(Colobert-Le Floch 2001), were at no time higher than 10—
20% of those of NO,. Apart from the fact that the DON
concentrations were too low to support the N requirements
of the bloom, it is also unlikely that the bloom could have
used al the DON fractions, since many of the DON com-
pounds are highly refractory and are not readily used by
phytoplankton (Anderson et al. 2002). A continuous replen-
ishment of inorganic N, especially NO,, would therefore be
required to reconcile the difference between the calculated
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Fig. 8. Comparison of nitrate required by the A. minutum bloom
and the quantities of nitrate supplied to the bloom at varying initial
(50 pmol Lt to 200 wmol L-%) concentrations in Penzé river wa-
ters.

quantity of NO, required for the bloom (184 pmol L-%) and
the apparent decrease in the ambient concentrations of NO,
(45 pmol L-%) from the beginning to the end of the bloom.

The increase in the concentrations of NO, within a unit
volume of the estuarine water on mixing with river water
during the period of the bloom can be calculated as

t=n

[(RFt X Mt) + (V X CO/(RF + V)] — Ct

t=0

where RF is the river discharge rate, V is the basin volume,
and M and C are the concentrations of NO,, respectively, in
river and seawater.

V at atidal height of 3 m was computed as 1.8 X 10°
litersand C at t = 0 was taken as 3 wmol L2, a concentra-
tion typical of the coastal waters of Morlaix Bay in late
spring (Wafar 1981). Using the river discharge rates (1-2 m?
s 1) measured during the bloom period and varying the con-
centrations of NO; in river waters from 50 to 200 pmol L2,
quantities of net accumulation of NO, within a liter of es-
tuarine water can be generated (Fig. 8). Comparison of these
with total NO, utilization calculated for the bloom shows
that a substantial reduction in the concentration of NO; in
the river waters to below 200 pmol L-* would be necessary
if the bloom were to be contained. An assumption that is
implicit in these calculations is that the flushing of the es-
tuary is unimportant during the course of the bloom. Thisis
a reasonably tenable assumption, since the freshwater dis-
charge by Brittany rivers, especially in summer, is much
lower than the tidal prism volume, with flow ratios (of fresh-
water discharge in a tidal cycle to tidal prism volume), for
example, of the Morlaix River being on the order of 0.001
to 0.004 (Wafar 1981). With an average flow of 1 m3 st
from the Penzé river, about 21 d will be required for a com-
plete flushing, which is greater than the length of time need-
ed for the exponential growth phase of the bloom.

Fertilizer application on land is a major hon—point source
of N pollution to lower rivers, estuaries, and coastal waters
(Anderson et al. 2002). The Brittany estuaries are a pioneer
example of heavy input of N nutrients from fertilizer appli-
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cation in the hinterland) and their runoff into the coastal
waters, with NO, content of river waters in excess of 500—
600 pmol L-*and N : P ratios generally >100. Containment,
if not total eradication, of A. minutum blooms would be pos-
sible if a three- to fourfold reduction in NO, transported by
the river waters could be envisaged. Elsewhere, the scales
may not be the same as in Brittany rivers, but among the
factors that are known to initiate and sustain a toxic bloom,
control of the input of NO; is certainly within reach of cur-
rent technologies and management tools.
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