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ABSTRACT: From 22 April to 19 June 1990, 7 stations located off La Rochelle, France, from near-shore
(‘bassin Marennes-Oléron’) to offshore waters (50 m depth contour) were visited 8 times, with the aim
of determining whether the toxic dinoflagellates Dinophysis spp. increase in cell density in nutrient-
poor offshore water, in nutrient-rich inshore waters, or both, and to determine their vertical distribution
in relation to stratification. Temperature stratification developed offshore, but not inshore. In April, few
Dinophysis spp. were present offshore and none inshore. In late May, up to 15 x 10% cells 1! were
recorded in the 10 to 15 m layer offshore, whereas inshore waters contained only a few cells 1! In late
May, a short period of wind partly modified the vertical structure, and Dinophysis spp. concentration
fell, increasing again when marked stratification was again established. Through the strait, flood-tide
currents moved Dinophysis spp. cells to the inshore area, and ebb-tide currents brought some of them
back out. No relationship was found between Dinophysis spp. growth and availability of dissolved
nutrients. We concluded that: (1) stratification of sufficient magnitude (At > 5 °C) and duration (> 2 wk)
are the factors necessary for Dinophysis spp. cell increase, and (2) inorganic nutrient input of terrestrial

origin does not directly promote their growth.

INTRODUCTION

There is provocative evidence (Anderson 1989,
Smayda 1990) of recent significant increases in algal
biomass and production, as well as of changes in
community structure and species distribution, in many
inshore waters. The evidence also suggests that blooms
of toxic species are becoming more frequent, particu-
larly of the genus Dinophysis whose harmful effects are
now recorded worldwide (e.g. Yasumoto et al. 1980, Kat
1983, Stamman et al. 1987, Belin et al. 1989, Karuna-
sagar et al. 1989, Park 1991). On the contrary very little
is known about the nutrients and other environmental
conditions which favour increase in cell density in
Dinophysis spp.

Dense populations of dinoflagellates are considered
to be favoured by the relative absence of turbulence
(Margalef 1975, 1978, Sournia 1982, Paerl 1988,
Sommer 1988), leading to blooming in predominantly
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warm, stratified waters from late spring to early
autumn (Smayda 1980). The few reports on Dinophysis
spp. blooming are consistent with such assumptions:
peak cell-density values of D. fortii along the coast
of Ibaraki region, Japan, (Iwasaki & Kusano 1985,
Iwasaki 1986) and D. acuminata, D. acuta and D. nor-
wegica in the Sognefjord, Norway, (Séchet et al. 1990)
were recorded in June or July, when the temperature
had significantly increased and the stratification of the
water column was established. However, cells of
D. fortii, undetectable in winter, have been observed in
the Mutsu Bay as soon as the temperature of surface
water exceeded 8 °C (Ozaka 1985).

So far, there have been no data to show clearly
whether relatively dense populations of any Dino-
physis spp. result from active growth, from mass
transport and accumulation, or from both. Moreover,
several results are conflicting. In immersed tanks,
Brockmann et al. (1977) observed growth of D. acumi-
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nata leading to maximum cell densities when
macronutrients were still available, and Clément
(1985) reported peak densities of the same
species in nutrient-rich water of the '‘Mor-Braz’
(French Atlantic coast). While these findings
suggest that density increases can take place by
nutrient uptake and growth, similar peak densi-
ties of D. acuminata were observed in nitrate-
free and phosphorus-poor water of nearby
Vilaine Bay (Lassus et al. 1985), and other Dino-
physis spp. in both offshore and inshore waters
along the French Atlantic coast (Lassus et al.
1989). Igarashi (1985) and Iwasaki (1986) have
also demonstrated that D. fortii grows first in off-
shore waters and is transported to coastal bays
by currents, and Haamer et al. (1990), according
to results of transplantation experiments of
mussels along the Swedish coast, hypothesized
a similar mechanism for most of the toxic plankton.
In the light of these findings, a research program was
carried out in the vicinity of La Rochelle on the French
Atlantic coast, to answer the following questions:
(1) What environmental conditions lead to increases
of cell density? (2) Does growth occur first in offshore
waters, inshore populations resulfing from movement
from offshore? (3) What nutrient source, if any, is the
most closely related to Dinophysis growth? (4) Sub-
sequently, does coastal eutrophication increase Dino-
physis biomass? The first data, obtained in May 1989,
indicated that Dinophysis spp. numbers increase
mostly in stratified and nutrient-poor offshore waters
(Delmas et al. 1990). However the increase recorded
was too small to allow this to be stated conclusively.
We therefore repeated this research in April, May and
June 1990, after elimination of redundant sampling
stations.

Latitude North

MATERIALS AND METHODS

The sampling area comprised 3 zones (Fig. 1): (1) an
island-enclosed basin (‘bassin de Marennes-Oléron’)
whose waters are enriched in nutrients by 2 rivers (the
Charente and the Seudre} and which supports impor-
tant oyster and mussel installations, (2) a strait (‘pertuls
d'Antioche’) separating this enclosed bay from (3) the
open sea. On part of the transect from the mainland
coast to offshore water (here investigated out to a
depth of 50 m), occurs a trench {(maximum depth 50 m).
Separating this trench from the open sea is water of at
least 25 m depth.

Two research vessels were used: the 'Cote d'Aqui-
taine' (Centre National de la Recherche Scientifique,
CNRS) and the 'Gwen-Drez’' (Insitut Frangais de
Recherche pour I'Exploitation de la Mer, [IFREMER}.
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Fig. 1. Study area and positions of sampling stations off La Rochelle,

France

Stns 1 to 5 and Stn 7 were situated along the transect.
Two others (Stns 6 and 8) were also worked (Fig. 1). All
were visited 8 times, at approximately weekly intervals
from 21 April to 19 June. In addition, a 72 h standing
station was worked in the 'bassin’ at both the western
limit of the Charente plume (Ravail et al. 1987) and the
northern limit of shellfish culture installations (Stn 2).

At each station, a vertical profile of salinity and
temperature (CTD ECO 36 probe, Meerestechnike
Elektronik) was recorded. Samples for further analyses
were mostly taken in the thermocline layer and the
mixed upper layer.

Samples for nutrient analysis were kept at —-20 °C.
Analyses were done with a Skalar automatic analyser;
analytical protocols were those of Strickland & Parsons
(1972) for NO3, NO,, PO, and SiO3, and Koroleff (1976,
1983) for NH, and urea, respectively. Fluorescence of
methanol-extracted chlorophyll a and phaeopigments
(Yentsch & Menzel 1963, Holm-Hansen & Riemann
1978) was measured on board with a Turner 112
fluorometer. Samples (2 1) for phytoplankton cell
counting were preserved with a lugol-formol mixture,
then concentrated to 250 ml and treated according to
Utermohl (1931), with sedimentation columns of 20 ml.

RESULTS

Variations observed from late April to mid June, and
from inshore to ofishore waters

Over this period, the surface temperature increased
markedly; from 11.6-11.9 °C (22 April) to 16.6-18.8 °C
(31 May). However, short periods of wind and turbu-
lence led to some slight, temporary decreases; on 19
June, for instance, the range of temperatures had
decreased to 14.6-17.4 °C. In inshore waters (Stn 1;
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Fig. 2. Typical temperature vertical profiles inshore (Stn 1), at
entrance to strait (Stn 5) and offshore (Stn 7) from 22 April
to 19 June
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Fig. 3. Temperature differences within the thermocline (At)
inshore (Stn 1), in strait (Stn 3), at entrance to strait (Stn 5) and
offshore (Stns 6, 7 and 8) from 22 April to 19 June

Fig. 1), the temperature increase always involved the
whole water column, as tidal mixing prevented any
stratification (Figs. 2 & 3). In the offshore area (i.e. Stns
6, 7 and 8; Fig. 1), however, the water column stratified
in late April, and between 10 May and 19 June a
thermocline was established with At = 3.5 to 5.5°C
(Fig. 3; At =temperature at the base of the upper mixed
layer minus the temperature of the bottom layer).
Some CTD records showed a sharp thermocline
(Fig. 2). Temperature vertical profiles in areas between
the 2 extremes showed intermediate and variable
values. However, the thermocline at stations both
between the strait (pertuis d’Antioche} and mainland
coast and in the strait always remained weak
(At £2.3°C; Fig. 3). Outside the strait, 2 stations (4 and
5) with only ca 25 m deep water also showed variable
values of At. Only Stns 6, 7 and 8, all in deep water (25
to 50 m), showed consistently similar values of At.
Offshore (Stns 5 to 7), the reservoir of nitrogenous
nutrients (XN) did not decrease significantly; within
the 20 m upper layer, it always remained around
2 umol N 17! [Fig. 4; the 20 m upper layer was used as
a basis for integrated 'available’ nutrient levels be-
cause previous results of Delmas et al. (1990) indicated
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Fig. 4. Total dissolved nitrogen (XN = NO, + NO, + NH, +

Urea) and SiO; concentrations in the upper layer (0 to 20 m

integrated values) measured inshore (Stn 1), in strait (Stn 3),

at entrance to strait (Stn 5) and offshore (Stn 7) from 22 April
to 19 June
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that most Dinophysis spp. cells occurred in that layer].
Nevertheless, the respective importance of the differ-
ent chemical forms changed greatly. While in late April
NO; + NO; represented 76 % of total available nitro-
gen (i.e. NO; + NO; + NH, + Urea) and there was no
detectable urea, by late June, NO; + NO; represented
38 %, NH, 6 % and urea 56 % of the total, 2 pmol N 171
At all other stations, the early spring nutrient concen-
trations started higher and a significant decrease
occurred during the spring, but also with no exhaus-
tion of the reservoir. Inshore waters always remained
far richer than offshore waters: the lowest average
values of 2N concentration was 8 uM near the main-
land coast, against 2 uM in the open sea. Moreover,
NO, + NOj represented 95 % of IN in late April, and
still 75 % in late June. Silicate evolved quite differ-
ently: after an initial decrease, concentrations of SiO;
increased significantly for about 1 mo (10 May to
8 June) and then decreased again (Fig. 4). Nearshore
waters were also far richer in silicate than offshore
waters. Phosphorus concentrations were rather scat-
tered, except in nearshore water where they always
remained within the range 0.12 to 0.24 uM, and in
the open sea (Stns 5 to 8) phosphate was at times
undetectable (data not shown).

The chlorophyll a content of the euphotic layer
showed a pattern in offshore waters quite different
from that inshore. Offshore (e.g. Stn 7; Fig. 5), the max-
imum content was recorded in late April; the chloro-
phyll a concentration then decreased and remained
low. In water close to the mainland and in the strait,
mean 0 to 20 m concentrations of chlorophyll a were
high in early May (3 to 10 May), then a decrease
followed, with a minimum in late May (inshore) and
early June (strait) after which algal levels increased
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Fig. 5. Chlorophyll a concentration in the upper layer (0 to

20 m integrated value), measured inshore {Stn 1), in strait

(Stn 3), at entrance to strait (Stn 5) and offshore (Stn 7} from
22 April to 19 June

again. In the strait, this second growth period led to
modest chlorophyll a concentrations when sampling
ended. In inshore water, growth was faster (Fig. 5).

Of the few cells of Dinophysis spp. counted in late
April, almost all occurred in offshore waters (Fig. 6). A
single high concentration (400 cells 17!) was recorded
outside the strait (Stn 5). On 3 May, still outside the
strait, a narrow sub-surface layer hosted a population
whose concentration varied between 240 and 390 cells
1"%. By mid May, this patch had extended over the
whole study area, and a layer of higher concentration
(1000 to 5000 cells 1-!) had appeared between 8 and
15 m depth in offshore waters (Stns 5 to 8).

At the end of May, another significant increase in
Dinophysis spp. density had occurred over the whole
area, but with large differences depending on both
distance offshore and depth. In the entrance to the
strait (Stn 5), from surface to ca 10 m in depth, the
concentration of Dinophysis spp. ranged from 5000 to
10000 cells 17, and peaked at nearly 15000 cells 17!
between 10 and 15 m depth. This 5 m layer with the
highest cell density was also present towards the open
sea, but at different depths: 24 to 29 m at the most off-
shore station (Stn 7, 23 n mile from Stn 5), and O to 10 m
in the southwest (Stn 6, 14 n mile from Stn 5). In the
northwest area (Stn 8), the concentration remained
low, with the highest recorded value 2910 cells 17} In
the strait (Stns 2, 3, 4), Dinophysis spp. concentrations
remained lower by 1 order of magnitude, with the
highest recorded value 1150 cells 1-! The shape of the
vertical distribution was similar to that offshore, how-
ever, with few or no cells in the upper 3 m, highest
values (200 to 1000 cells 17!) between 3 and 12 m, and
few or no cells deeper than 12 m. In the waters closest
to the shore (Stn 1), few or no Dinophysis spp. occurred
at any depth.

By June 8, after a period of high wind in early
June, At values offshore had declined, Dinophysis
spp. concentration was far less stratified, and values
exceeding 10000 cells 1-! no longer occurred. In inshore
waters (Stns 1 and 2), concentrations had declined
below 100 cells 17!, and no cells at all were seen in
either surface or bottom waters from near shore (Stn 1).
In the strait entrance and in open-ocean waters, densi-
ties ranging from 1000 to 5000 cells 17! still occurred,
and in this area cells were still more numerous in the
18 to 22 m layer, while densities as high as 2330 cells
17! also occurred in the upper 10 m at the outer Stn 7,

On 19 June when sampling ended, the stratified ver-
tical distribution formed in late May was still present.
Outside the strait {Stn 5) there were 6240 cells 17! in
the 0 to 3 m upper layer; their concentration decreased
with depth, with only 680 cells 17! in near-bottom
water. In the offshore waters (Stn 7), few cells were
present in the upper layer, while from 5 to 20 m depth,
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Fig. 6. Dinophysis spp. Cell density along the transect from the coast (Stn 1) to the open sea (Stn 7) from 22 April to 18 June. Data
of offshore Stns 6 and 8 which were not on the transect are indicated but not directly taken into account in drawing isopleths

the concentration ranged between 500 and 1100 cells
1-! and again there were hardly any cells below 22 to
25 m. In the strait entrance, the strait and inshore
waters, Dinophysis spp. were present at 200 to
1000 cells 1! from the surface to 15 m depth. Lowest
values were recorded in nearshore water (Stn 1).

Short-term variations in inshore water (Stn 2)

At the limit of salinity influence by the Charente River
(Stn 2), the flood-tide drove offshore-like waters towards

the coast, whereas the ebb-tide drove them back out to
sea. Within the 0 to 10 m upper layer, salinity thus oscil-
lated smoothly between highest and lowest values with
the tidal cycle (Fig. 7). The Dinophysis spp. concentration
in these waters also fluctuated in phase with salinity: at
low tide, few were present in low-salinity waters (i.e. ca 10
to 60 cells 1}); on the contrary, at high tide, higher values
(>200 cells 17! were recorded in high-salinity waters.
Salinity and Dinophysis spp. concentration also
varied with tidal amplitude; on a mean-amplitude tide
(coefficient 85), they both followed the tide wave
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closely; at spring tides (coefficient 97), variations were
smooth but values indicated that offshore water was
now driven back less by the ebb current.

DISCUSSION

The concentration of Dinophysis spp. increased most
rapidly from mid to late May. At that time, the spring
bloom of other algal components (Fig. 5) had already
greatly reduced the nutrient (nitrogen) reservoir in all
parts of the study area, yet it was nowhere exhausted
(Fig. 4). In addition, the maximum cell concentrations
were recorded in the nutrient-poorest offshore waters
(Stns 5, 6 and 7, 31 May; Fig. 6), whereas inside the
basin (Stns 3 and 2) cells were less abundant by at least
1 order of magnitude. Moreover, Dinophysis spp.
rarely increased in abundance in the estuarine plume
water relative to winter concentrations, despite the
presence of terrestrial nutrients (Stn 1), and several
samples contained no cells at all.

All included, there was no relationship between
concentration of Dinophysis spp. and the availability
of dissolved nutrients. River-borne nutrients from
agricultural and domestic origins thus did not promote
growth of the local Dinophysis spp. population in the
inshore area. Nevertheless, since in the Seine plume
(France) peak cell densities of Dinophysis cf. acumi-
nata have been observed to parallel increased nitrate
concentration (Lassus et al. 1991), indirect stimulating

effects of inorganic nutrient richness should be con-
sidered as a possibility.

That no relationship was found between the biomass
of Dinophysis spp. and nutrient concentration conflicts
with previous assumptions about the nutritional re-
quirements of Dinophysis spp. (Menesguen et al. 1990).
Some of these assumptions have recently been shown to
be incorrect. For instance D. hastata and D. schuettii
(Hallegraeff & Lucas 1988), as well as D. rotundata
(Hansen 1991) are now known to be phagotrophic.
Nevertheless, most Dinophysis spp. contain chloroplasts
(Hallegraeff & Lucas 1988, Schnepf & Elbrachter 1988)
which a photosynthetic capacity (Durand Clément et al.
1988, Hallegraeff & Lucas 1988), and ability to take up
inorganic nutrients. No experimental evidence, how-
ever, yet exists to support such an assumption, mainly
because of failure to culture these organisms.

Some recent data suggest mixotrophic nutrition for
some of those species with chloroplasts. Jacobson (in
press) found that 13 % of Dinophysis dacuminata cells
showed vacuoles containing ingested particules, to-
gether with well-developed chloroplasts. Granéli et al.
(in press) have furthermore demonstrated incorpora-
tion of inorganic '“C by D. acuminata and D. norvegica
in the light, but suggest that dissolved organic sub-
stances released by autotrophic plankton or phago-
trophy may provide additional sustenance at night.
Nevertheless, the nutritional requirements of D. acumi-
nata and the nutritional factors which sustained its
growth in the water we studied still remain unknown,
while those of D. acuta, D. caudata, D. sacculus and
D. tripos have been never studied at all.

Prior to the large increase in Dinophysis spp. con-
centration, marked stratification of the water column
had established offshore. Above the entrance to the
strait (Stn 5), where nearly 5000 cells 1-! were counted
on 15 May (Fig. 6), the temperature difference across
the thermocline (Af) had reached 3.5°C since late
April. Furthermore, by late May At had increased
to 4.4 °C and the Dinophysis spp. concentration to
15000 cells 17*. The link with the stratified conditions
seems well established, since at Stn 5 Dinophysis spp.
concentration fell to the 10000 cells 1! range when the
water column was partly destratified (i.e. Af = 2.1 °C)
by a short period of wind (8 June), but increased again
when stratification re-established (19 June). There was
a quite good correlation (r? = 0.63; n = 21) between the
depths at which the peak Dinophysis spp. concentra-
tions and the respective depths of the middle of the
thermocline were recorded (Fig. 8).

On the other hand, in inshore water (Stn 2), where
the water column was never stratified (Fig. 3),
Dinophysis spp. remained scarce. [t can therefore be
assumed that a well-established stratification of the
water column of sufficient duration is the key environ-
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mental condition promoting the increase of Dinophysis
spp. cell density in the study area. Similar findings by
Jones & Gowen (1990) and Raine et al. (1990) involving
other dinoflagellates support this assumption. More-
over, Raine et al. (1990), by comparing a thermally-
stratified bay and a salinity-stratified harbour area,
observed that only the thermally-originated stratifica-
tion favoured the accumulation and dominance of
dinoflagellates.

Turbulence can keep populations of non-motile cells
in the surface mixed photic layer, allowing them to
maintain their biomass when growth rate exceeds losses
due to grazing, sinking and diffusion (Platt et al. 1977).
Without turbulence, non-motile cells sink and the popu-
lation disappears, but motile cells can remain in the
euphotic layer and dominate (Margalef 1978, Bowman
et al. 1981, Jones & Gowen 1990). Turbulence also
specifically affects several physiological processes, such
as uptake capabilities (Pasciak & Gavis 1974, Gavis
1976) and thus partly control the nutrient-based com-
petition in natural assemblages, as experimentally
demonstrated by Estrada et al. (1987). All included,
dinoflagellates are the most sensitive to turbulence
(Thomas & Gibson 1990). By early May, when Dino-
physis spp. began to increase significantly in offshore
stratified water, reduction of turbulence and subsequent
sinking may therefore have eliminated most of the
nonmotile competitors; the highest chlorophyll a
concentration was in fact recorded near the bottom,
strongly suggesting sedimentation of species whose
biomass had been maximum in mid April.

Disappearance by sinking of most non-motile com-
petitors, however, is unlikely to be the sole explanation
for the cell density distribution we observed. Although
the vertical distribution of samples was not close
enough to show small-scale peaks of density, Dino-
physis spp. appear to have accumulated in a layer a
few metres thick situated between the top and the
bottom of the thermocline. That their maximum den-
sity was almost always recorded in the middle or the
underside of thermocline (Fig. 8) supports this hypo-
thesis, as do findings of Bjornsen & Nielsen (1991) who
used a decimeter-scale sampler and reported that in
the Kattegat (Denmark) some dinoflagellates were in
summer confined to a 1 m thick layer which contained
more chlorophyll than the rest of the water column.

The mechanism responsible for the observed vertical
distribution of Dinophysis spp. cells could be one or a
combination of the following: (1) sinking of senescent
cells and accumulation because the pycnocline acts
as a barrier (e.g. the 1988 Chrysochromulina polylepis
bloom; Maestrini & Graneli 1991), (2) growth might
be better due to decrease of stress originating from
turbulence (Thomas & Gibson 1990) or to (3) detrital
material produced in the surface-mixed layer which
can accumulate at the pycnocline (Sieburth 1991),
(4) active vertical migration may occur to meet nutrient-
rich water (Blasco 1978, Olsson & Graneli 1991 and
references therein) or (5) highest available photon flux
density (Rasmussen & Richardson 1989). Up to now,
however, there is no evidence to say which of these
mechanisms may have acted on the Dinophysis spp. we
observed.

The Dinophysis spp. appear earlier and at higher
concentrations in the open sea before they do near
shore and flood-tide currents carry them from offshore
to inshore waters, whereas ebb-tide currents carry
some cells back out (Fig. 7). This mechanism could
have an important practical consequence: mussels
grown on vertical ropes in those installations closest to
the open sea are likely to accumulate diarrhetic shell-
fish poison(s) before those grown near the coast. On
the other hand, it can be predicted that during stratifi-
cation of the water column, mussels grown on ropes
will concentrate more diarrhetic toxin at the thermo-
cline level than those placed near the surface. The new
open-sea mussel farms, whose number is growing in
France (Maestrini et al. 1990}, could therefore act as a
large-scale experiment if Dinophysis spp. continue to
bloom in the future.
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