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Abstract. Some dinoflagellate species have shown differentl Introduction
physiological responses to certain turbulent conditions. Here

we investigate how two levels of turbulent kinetic energy dis- Many laboratory studies have investigated the sensitivity
sipation ratess(= 0.4 and 27 crs) affect the PSP toxins  to small-scale turbulence by phytoplankton (reviews by
and ecdysal cyst dynamics of two bloom forming species,Thomas et al., 1997; Peters and Maéa2000; Berdalet and
Alexandrium minuturandA. catenella The most Striking re- Estrada, 2005) Dinoﬂage”ates appear as the group Showing
sponses were observed at the highenerated by an orbital 3 diversity of particular responses to this, not well understood
shaker. In the cultures of the two species shaken for morgset, environmental factor. The available data indicate that
than 4 days, the cellular GTX(1+4) toxin contents were sig-the direct effect of turbulence is species-specific and depen-
niﬁcantly lower than in the still control cultures. & minu- dent on the experimenta| conditions (Berda|et and Estrada,
tumthis trend was also observed in the C(1+2) toxin content.1993; Sullivan and Swift, 2003; Berdalet et al., 2007), al-
For the two species, inhibition of ecdysal cyst production oc-though direct comparison between studies is not straightfor-
curred during the period of exposure of the cultures to stir-yard (Peters and Marrés2000). Some studies have found
ring (4 or more days) at any time during their growth curve. positive (or indifferent) biological responses (Berdalet and
Recovery of cyst abundances was always observed when tusstrada, 1993; Sullivan and Swift, 2003; Havskum et al.,
bulence stopped. When shaking persisted for more than 4005: Havskum and Hansen, 2006). Many others reported
days, the net growth rate significantly decrease@.imin-  negative effects that, in general, point to the interference of
utum (from 0.25£0.01 day* to 0.19+0.02 day ') and the  small-scale turbulence with cell division and life cycle pro-

final cell numbers were lower (ca. 55.4%) than in the still cesses (including migration) (e.g., Berdalet, 1992; Pollingher
control cultures. IrA. catenellathe net growth rate was not  and zemel, 1981; Yeung and Wong, 2003).

markedly modified by turbulence although under long expo- ;g ying of experimental studies have been inspired on
sure to shaking, the cultures entered earlier in the stationf

: S he observation that the occurrence of dinoflagellate red tides
ary phase and the final cell numbers were significantly lower,g ¢ 0 roq by relatively calm weather and water column sta-
(ca. 23%) than in the control flasks.

. . bility coinciding with particular water circulation patterns
The described responses were not observed in the expe(é g., Wyatt and Horwood, 1973; Margalef et al., 1979;
iments performed at the low turbulence intensities with anPc.)IIi-r’lgher and Zemel. 1981: Berman and Shteiman 199é)
orbital grid system, where the population development WaS,jthough they also d(’avelop,in frontal zones (Estra’da and
favoured. In those conditions, cells appeared to escape frorgIaSCO 1979; Smayda and Reynolds, 2001). Given the

the zone ,Of the mflgence of the grids and concentrated Inecological and socioeconomic importance of dinoflagellate
calmer thin layers either at the top or at the bottom of theblooms, it is important to study the different factors that

containers, . . . _ can modulate their dynamics. Although the laboratory ap-
This eqqphysmlo_gmal study provides new evidences abouf)roaches will never mimic nature, they can help to ascer-
the sensitivity to high levels of small-scale turbulence by i, e underlying mechanisms of cell responses to particu-

two life cyF:Ie ! elated processes, toxin productlon and €Mar factors that cannot be separated from the rest of forcings
cystment, in dinoflagellates. This can contribute to the un- - the field

derstanding of the dynamics of those organisms in nature. . . .
The aim of the present study was to increase the informa-

tion on the sensitivity to small-scale turbulence of two red-
Correspondence tdz. Berdalet tide forming dinoflagellatesAlexandrium catenellgWhe-
(berdalet@icm.csic.es) don and Kofoid) Balech andlexandrium minutunidalim,
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with special emphasis on the modulation of toxin and cystby M. Delgado from the Tarragona Harbor, NW Mediter-
production dynamics. The two organisms are reported taranean) belongs to the ICM culture collection. Non-axenic
bloom in coastal areas (e.g. Halim, 1960; Delgado, 1990;stock and experimental unialgal cultures were maintained
Honsell et al., 1995; Hallegraef et al., 1998; Vila et al., in a temperature controlled room under identical temper-
2001a, b). A previous study combining both field and ature (20C+1°C), irradiance (12@molphotonnr?s-1,
laboratory work (Sullivan et al., 2003), hypothesized that12:12 h LD cycle, light period starting at 08:00 a.m.) and cul-
A. catenellaactively concentrated at depths with low turbu- ture media (f/2-enriched seawater without silicate addition,
lence and shear. In another experimental study (Berdalet eBuillard, 1975; seawater of salinity 38 obtained from Blanes
al., 2007), high turbulence intensity decreased the growttBay -NW Mediterranean-, 1 km offshore at a 5m depth).
of A. minutumand interfered somehow with cyst produc- Turbulence was generated with either an orbital shaker or a
tion, although a clear conclusion was not drawn and the auvertically oscillating grid system. The orbital shaker was op-
thors mentioned the need of further tests. Dinoflagellatesrated at 120 rpm and a displacement of 30 mm. We used 4-I
have complex life cycles that include alternation of resting spherical (Florence) flasks (containing 3 | culture medium).
stages (cystsenso latd and vegetative cells, with benthic An averages of 27 cnfs 2 (2.7x10-3 Watt kg™ 1) was cal-

or planktonic phases, respectively (e.g. Wyatt and Jenkinculated from the equation legs —8.667 + 5.05F, where F
son, 1997; Gaies et al., 2002). In turn, cysts can be sexu-is frequency in Hz. This equation was derived from data
ally formed from the fusion of haploid gametes (producing acquired with a side-looking acoustic Doppler velocimeter
a diploid planozygote that subsequently undergoes encystiNDVlab, Nortek AS, Rud, Norway) for a range of oscillat-
ment) or asexually from ecdysis of a vegetative cell (loss ofing frequencies and positions within the flask (Guadayol et
flagella and cell wall). In general, sexually and asexuallyal., 2007%). The power spectra from the velocity time se-
formed cysts are considered, respectively, resting and temries were analysed to calculatausing the linear regression
porary cysts. Different factors can trigger encystment andmethod developed by Stiansen and Sundby (2001). The os-
excystment after latency, but the mechanisms involved andillating grids device, as described by Dolan et al. (2003),
the role of cysts in the dynamics of blooms in nature are notwas designed by one of us (F. Peters). The grids were made
well understood. BothA. minutumandA. catenellaare het-  of stainless steel coated with a plastic polyamide, had a di-
erothallic species (Yoshimadzu, 1984; Figueroa et al., 2007ameter of 11.9 cm, a 0.38 cm bar thickness and a mesh size
and are reported to produce ecdysal cysts in clonal strainof 1.42 cm. We used 2-| cylindrical Plexiglas containers, an
Further, exposure to small-scale turbulence has been reportaabcillating frequency of 9.1 rpm and a stroke of 10 to 11 cm.
to cause poor sexual encystmentAn tamarensgAnder-  An average of 0.4 cnfs 3 (4x 102 Wattkg1) was calcu-

son and Lindquist, 1985), inhibition of sexual cyst produc- lated following Peters and Gross (1994), considering a drag
tion in Akashiwo sanguineélynan, 1993, as indicated in coefficient of 0.7 for the grid.

Thomas et al., 1997) and Berippsiella lachrymosgSmith  Experimental vessels were inoculated after several trans-
and Persson, 2005), and increase of cellular toxin content iffers of exponentially growing stock cultures to new media.
A. fundyensgJuhl et al., 2001). The initial cell concentration was around 400 cells fnior

In this study we chose two experimental setups that wereA. minutumand 65 cells mt! for A. catenella The cultures
used previously in other studies performed in our labora-were allowed to reach exponential phase before turbulence
tory with A. minutumand other species (Berdalet, 1992; was started. Turbulence was applied during the exponen-
Berdalet and Estrada, 1993; Havskum et al., 2005; Berdaletial phase Exponentia), the stationary phas&fationary or
et al., 2007) with the aim of allowing direct comparison be- during both phasesAfwayg of the growth curve (Table 1).
tween data. High turbulence was produced in 4-1 sphaericaln each experiment, two flasks remained under still condi-
flasks containing 3 | of medium agitated by an orbital shaker.tions throughout the entire experime@antrol). All treat-

This setup and shaking intensities guaranteed turbulent conments were done in duplicate. The responsé.cfatenella
ditions in the whole container and provided the large volumesto the turbulence generated by the orbital shaker was studied
needed for the appropriate sampling of biological parametersn two experiments (Table 1). In the first one, 4 treatments
(in particular, toxin concentration) while at the same time al- were applied and only samples for microscopic observations
lowed direct comparison to previous experiments. A lowerwere obtained. In the second one, with only two treatments
level of turbulence intensity was achieved with a vertically- (Control and Alwayg, we also sampled for toxin analyses.
oscillating grid system and 2-| cylindric vessels. Samples for microscopic cell observations and toxin analy-
ses were taken at noon (12:00 p.m.). Because cells showed

2 Materials and methods 1Guadayol,O., Peters, F., Stiansen, J. E., Ma&a€., and
] ] ] ] Lohrmann, A: Evaluation of oscillating grids and orbital shakers
The clonal strain ofAlexandrium minutun(strain IEO — a5 means to generate isotropic and homogeneous small scale turbu-

AL1V) was provided by the Vigo Oceanographic Cen- lence in laboratory enclosures commonly used in plankton studies,
ter (Spain) and that ofAlexandrium catenella(isolated  in review, 2007.
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Table 1. Net exponential growth rateg( day™1) and final biomass yield (cells mt) in each treatment of the 5 experiments performed in

this study. “n” indicates the number of replicates considered for every calculation. For the estimaiowg @fdicate the duration of the
exponential growth phase (Expon. duration, days) considered for the calculations of the regression line and its associated standard error an
adjusted multiple%; “p” indicates the degree of significance of the heterogeneity of the slopes tests (analysis of covariance) run to compare
the growth rate during the shaking period with that of @ntrol (unshaken) ones. A comparison between the final yield obtained at the end

of each experiment under turbulent conditions and the still ones is indicated as the T/S% percentage.

Effect on growth rate Effect on final cell numbers
Turbulent Expon.
Experiment Treatment duration n duration (day™) err r p n cells ml™* err %TIS
(days) (days)
A. minutum Control none 4 5-13 0.25 0.01 0.983 2 8458 825
Orbital Exponential 5-9 2 513 0.23 0.01 0.988 0.704 2 8142 258 96.3
27 cm?s™® Stationary 11-15 2 7317 333 86.5
Always 5-21 2 513 0.19 0.02 0.945 0.000 2 4690 130 55.4
A. minutum. Control none 2 0-10 0.26 0.01 0.994 2 7725 158
Grids Always 4-14 2 010 0.28 0.01 0.986 0.077 2 9813 263 127.0
0.4 cm?s™®
A. catenella. Control none 4 513 0.21 0.01 0.934 2 2228 597
Orbital shaker I Exponential 4-8 2 5-9 0.21 0.01 0.899 0.375 2 2066 161 92.7
27 cm%s® Stationary 12-16 2 2047 522 91.9
Always 4-21 2 5-9 0.23 0.06 0.620 0.392 2 549 49 247
A. catenella. Control none 2 010 0.23 0.02 0.954 2 3425 700
Orbital shaker Il Always 4-21 2 010 0.20 0.01 0.959 0.105 2 739 61 216
27 cm’s®
A. catenella. Control none 4 011 0.31 0.01 0.970 2 4820 330
Grids Exponential 3-7 2 011 0.33 0.01 0.983 0.096 2 5016 4 104.1
0.4 cm%s’ Stationary 11-15 2 5625 1350 116.7
Always 3-20 2 011 0.35 0.01 0.991 0.001 2 7233 133 150.1

heterogeneous distributions in the flasks it was necessary transferred to amber injection vials and stored coltiC(5
carefully mix them in order to obtain representative samplesin the HPLC auto-sampler until injection. Extracts of tox-
The sphaerical still flasks were gently swirled and all the 2-lins were analyzed with the HPLC procedures described by
cylinders (shaken or not) were turned upside down 10 timesOshima (1995), based on post-column oxidation with peri-
odic acid and fluorescence detection. Toxins were separated
Cell abundances were estimated using a Sedgewick-Raftesn an Agilent Technologies Zorbax-SB C8 (250.6 mm
or a sedimentation chamber (Utesti, 1958), dependingon . d.) column fitted with a BetaBasic C8 Javelin precolumn.
the cell density of the Sample, after fixation with LUgOI'S io- The HPLC equipment (Thermo Separation Productsy San
dine solution. Net exponential growth rates(day '), as  jog, CA, USA) was tested and calibrated with toxin stan-
defined by Guillard (1973), were calculated as the slope ofjards obtained from the NRC (Hallifax, Canada), includ-
the regression line of In(N) versus time (t), where N was thejng GTX1&4-b, GTX2&3-b, STX-d, dcSTX, STXdiAc and
estimated cell concentration. Cyst identification was baset\eo-b. Due to the lack of standards for N-sulfocarbamoyl-
both on the external morphology and subsequent staining of 1-hydroxysulfate toxins (C1 to C4) these compounds were
a subsample with Calcofluor White M2R (Fritz and Triemer, converted to their carbomate analogues with a hydrolization
1985). For paralytic shellfish toxin (PSP) analysis, 100 tostep (1 ml acetic acid extract plus 1 ml HCI 0.4 N and boiled
300 ml of culture were required for detection. Due to this at 100C for 15 min), which were Subsequenﬂy quantified
required sample volume, sampling could only be done atjuring a second HPLC run.
the beginning (from the mother culture) and at the end i comparison of treatments over time for the different pa-
the 2-l vessels of the vertically oscillating grids setup. In gmeters was done using the non-parametric Kruskal-Wallis
those experiments sampling could only be done at the betest (Motulsky, 2003). Growth rates were compared by test-
ginning (from the mother culture) and at the end in the 2-ljng for the heterogeneity of the slopes (analysis of covari-

vessels of the vertically oscillating grids setup. The sam-ance). Statistical analyses were conducted with Systat 5.1.2
ples were concentrated by vacuum filtration (—25 kpa) ontofg; Macintosh.

25 mm GF/F filters (Whatman, Kent, UK). Filters were sub-

sequently blotted on filtration paper until no humidity was

observed in the latter (Latasa et al., 2001), wrapped in alu3 Results

minium foil and stored frozen (-2&) until extraction. The

filters were extracted in 2.0 ml 0.05 M analytical-grade aceticTable 1 summarizes the results of net growth rate and final
acid, using an ice-cooled cell-homogenizer (EdmuridiiBr  cell numbers estimated in the different treatments for the 5
Vibrogen, Tubingen, Germany). Extracts were subsequentlyexperiments. Note that the estimation of growth rates under
centrifuged (23559, 15min at°8) to remove cell debris still conditions include 4 replicates, corresponding to the 2

and filter fragments. Particle-free aliquots (1.0 ml) were Control flasks and to the 2 vessels that were kept unshaken
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Fig. 1. (ax Temporal changes iA. minutumcell numbers in the  Fig. 2. Temporal changes in the cell numbéa3, the toxin content
unshakerControl (white symbols) and the turbulengdwaystreat- (b andc) and the ecdysal cyst abundances in the second experi-
ment (black symbols). The turbulence treatment was done with arment performed withA. catenellain the orbital shaker with only
orbital shaker between days 5 to 21 (Table 1). The temporal changelvo treatmentsGontrol and Always Table 1). Vertical bars indi-

of the other two shaken treatmenExponentiandStationary Ta- cate the standard error of the mean, and the shaken period of each
ble 1) were not significantly different from those of timntrol treatment is marked by the double arrow horizontal line.

ones and are not shown for claritgh): Temporal changes in the
GTX(1+4) toxin content in th€ontrol and theAlwaystreatments.
(c)to (f): Temporal changes in ecdysal cysts abundances (expressed

as percentage of the total cell numbers) in each treatment of the e)}_umcultures exposed to turbulence for more than 4 days (

periment. Vertical bars indicate the standard error of the mean, andV@ystreatment, Table 1, Fig. 1a) grew significantly slower
the shaken period of each treatment is marked by the double arrod0-19£0.02 day') than their Control (0.2£0.01 day™).
horizontal line. The two species showed slightly lower final cell numbers
when shaken for 4 days either during the exponential or the
stationary phase, namely between 86.5% and 96.3% of the
during the exponential period and subsequently stirred durabundances obtained in tkntrol cultures (Table 1). The
ing the stationary one (i.eStationarytreatment). Table 2 lowest final cell concentrations were estimated inAhgays
contains the statistics of the comparison of the toxin contentreatments, 55.4% in th&. minutumexperiment (Fig. 1a)
and the percentage of cyst abundances between the differeand 24.7% or 21.6% in the ones with catenella(Fig. 2a).
shaken treatments in each experiment with their correspond- The toxin content of both, thé\. minutumand the

ing Control. A. catenellastrains, consisted mainly of the isomer pair
GTX1 and GTX4, plus minor amounts of C1 and C2. At the
Experiments with the orbital shaker beginning of the experiment with. minuturits C(1+2) and

GTX(1+4) contents were, respectively, 0.46 fmol céland
In general, exposure to the higlintensities generated by the 12 fmol cell-1. Those values peaked on day 5 and decreased
orbital shaker did not significantly modify the exponential afterwards with some oscillation until the end of the experi-
growth rate of the shaken treatments compared to that of thenent in all treatments. There were not significant differences
unshaken ones (Table 1, Figs. 1a and 2a). OnlyAthminu- (Table 2) between the contents of the two toxin estimated in

Biogeosciences, 4, 55867, 2007 www.biogeosciences.net/4/559/2007/
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Table 2. Statistics values of the comparison between the toxin content and the cyst abundances of each turbulent treatment with its cor-
responding stillControl, for each of the 5 experiments performed in this study. U: Mann-Whitney non-parametric analysis of variance; p:
degree of significance; n: number of data included in the statistical test. The tests compared the data during the shaking period of each
treatment and the corresponding days of @wntrol. However, in the experiments with the oscillating grids, the comparison of the toxin
contents was done only on the last day of each experiment.

Effect on Cx toxin Effect on GTX toxin Effect on % cysts
Turbulent
Experiment Treatment  duration U p n 6] p n U p n
(days)
A. minutum Control none
Orbital Exponential 5-9 100 0564 8 13.0 0.149 8 32.0 0.006 12
27 cm’s Stationary 11-15 10.0 0.564 8 7.0 0.165 6 32.0 0.006 12
Always 5-21 83.5 0.505 28 151.5 0.014 28 196.0  0.000 28
A. minutum. Control none
Grids Always 4-14 1.000 0439 4 4.0 0.121 4 30.0 0.131 20
0.4 cm’s™
A. catenella Control none
Orbital shaker I  Exponential 4-8 no data no data 64.0  0.001 16
27 em’s” Stationary 12-16 64.0  0.001 16
Always 4-21 467.0  0.000 44
A. catenella. Control none
Orbital shaker II Always 4-21 130.5 0.001 24 134.0 0.000 24 215.0  0.000 30
27 cm’s”
A. catenella. Control none
Grids Exponential 3-7 2.00 1.00 4 2.00 1.00 4 16.0  0.021 8
0.4 cm’s™ Stationary 11-15 2.00 1.00 4 2.00 1.00 4 12.0 0.248 8
Always 3-20 3.00 0431 4 3.00 0.431 4 142.0  0.598 32

the Control and in the flasks shaken during the exponentialU=196.0, p=0.0001, compared to the % of cysts from days 6
or the stationary phase, nor in the C(1+2) levels estimated irio 21 in theControl).

the Alwaystreatments. Only the GTX content in tidways The same general trend was observed in the two exper-
flasks was significantly higher (19t£2.2 fmolcell1; n=14; iments withA. catenella In the first experiment with this
mean=+ SEM) than in theControl (26.9+2.4 fmol celf 2, species, the cyst numbers in tBentrol flasks contributed
n=14; Fig. 1b, Table 2). Overall, the range of the two toxins 15.3%+3.1 (n=32) of the total cell numbers along the whole
measured irA. minutum considering the whole data set was experiment. During the shaking periods, the percentage
0.94+-0.05 fmol celt* and 21.3:1.3 fmol cel! (n=57). of cysts dropped significantly (Table 2) with values around

The toxin levels ofA. catenellawere several times higher 1-17£0-3 (n=8) ir; theExponential 7.8%t1.6 (n=8) in the
than that ofA. minutum(Figs. 2b and c). At the beginning of S_taponqr)@nd 1.69:0.3 (h_%) in theAIwaystre_:atments_. A
the experiment the C(1+2) and GTX(1+4) contents were, re_S|m|Iar figure was found in the second experiment (Figs. 2d

spectively, 26 fmol cefil and 156 fmol celfl. As illustrated ~ 2nd €, Table 2), concerning tigwaysand theControl cul-

in Figs. 2b and c, the levels of the two toxins in this speciestures'

were significantly lower (Table 2) in th&lwaystreatments
(109.2£9.2 fmol cel"* GTX(1+4) and 19.81.9 fmol cell*

C(1+2), n=12) than in thé:ontroll(169.7i9.2_fmo| celr* Exposure to the low turbulence intensity generated by the
GTX(1+4) and 32.&1.2fmol cell™* C(1+2), n=21). vertically oscillating grids favoured the population develop-

Cyst abundances (expressed as % of the total cell numment of the two species (Figs. 3a and b, Table 1). In the
bers) tended to progressively increase inAhminutum Con-  A. catenellaexperiment both, the net growth rate and the fi-
trol cultures from the exponential to the stationary phasenal cell numbers increased with the duration of the shaking
(Fig. 1c). A sudden decrease in the cyst numbers were obperiod (Table 2). After 2 days of shaking, visual inspection
served when the cells were shaken for 4 days either duref the containers seemed to point towards an accumulation of
ing the exponential (Fig. 1d) or stationary (Fig. 1e) phasescells at the top and the bottom of the containers, suggesting
In those shaking periods, the percentage of ecdysal cystthat dinoflagellates could have possibly escaped turbulence
were significantly lower compared to the corresponding dayssince the grid did not reach the ends of the cylinders. At the
(days 5-9 and 11-15, respectively) of the experiment in thebottom, the aggregation areas conformed to the geometry of
Control (Table 2). Immediate restoration of cyst abundancesthe grids, i.e. with cells concentrated forming empty squares.
occurred at the cessation of shaking in the two treatmentsAggregates homogeneously distributed at the bottom of the
In the Always flasks, significantly lower cyst proportions re- cylinders were also observed in the still treatments, when
mained during the whole agitation period (Fig. 1f, Table 2, they entered the stationary phase.

Experiments with the vertically oscillating grids

www.biogeosciences.net/4/559/2007/ Biogeosciences, 4 58592007
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A. minutum A. catenella The experiments with grids showed inconclusive results
concerning the cellular content of both GTX(1+4) and
C(1+2), since samples could only be taken on the first and
the last day (Figs. 3c and d). There were no significant dif-
ferences between each shaken treatment and the unshaken
ones on the last day of each experiment (Table 2).

The dynamics of the cyst abundances was similar between
)t the different treatments (Figs. 3e to h). In the unshaken-
trol (Figs. 3e and f) they remained below the 10% or the
5% in A. catenellaandA. minutum respectively, and tended
30 500 to increase (up to the 30% or the 12%, respectively) when
| c. Toxin GTX(+) | d. Toxin the cultures entered the stationary phase. In general, turbu-
“or lence did not significantly modify this trend (Table 2), ex-
cept in theExponentialtreatment of theé\. catenellaexper-
iment, where the cyst abundances were significantly lower
than in theControltreatment during the shaking period (days
4-7, Table 2). When turbulence stopped, cyst abundances in-
creased and reached similar levels than inGbatrol.
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4 Discussion
251
20| The experiments using the vertically oscillating grids were
o performed at intensities (ca. 0.4 cfs~2) considered to nat-
urally occur in the upper 10 m of the ocean under storm
events (MacKenzie and Leggett, 1993; Kigrboe and Saiz,
1995; Petersen et al., 1998). The much highgenerated
in the orbital shaker (27 cfs~3) would be even higher than
those associated with intense wind conditios2@ms?,
30 o Aways % b Atways Granata and Dickey, 1991; MacKenzie and Leggett, 1993;
sf wl Kigrboe and Saiz, 1995), and would only be experienced by
cells in the surf zone or rocky intertidal. Our experimen-
tal values ofs were large, both in intensity and persistence,
compared to Mediterranean turbulence events (Guadayol and
Peters, 2006), although 4-day sustained events of 0(?4tin
do occur sometimes. Thus we chose this duration for some
experimental conditions during either the exponential or the
0 4 6 8 10 12 14 0 3 5 7 9 11 13 1517 20 . . .
Time (day) Time (day) stationary phase of the growth curve. The physiological re-
sponses at this time scale also served to compare with the
Fig. 3. Temporal changes in the different parameters estimated iirénds under still control conditions and under longer peri-
the experiments performed with the vertically oscillating grids in 0ds of exposure to shaking (1617 days). The turbulence
A. minutum(a, ¢, eandg) andA. catenellab, d, f andh). For sim- ~ generated is also qualitatively different for each laboratory
plicity, only the cell numbers and % cyst abundances of@be-  setup as it is different from field turbulence (Peters and Re-
trol and theAlwaystreatments of thé\. catenellaexperiment are dondo, 1997). With their limitations, but also with their par-
shown; the dgscription of thE.xponentiaIandStationarycultures ticular advantages, these experimental conditions may help
can be found in the text and in Table 2. (a) and (b) correspond 1q, yqcertain the underlying mechanisms of cell adaptations.

the temporal changes in cell numbers. (c) and (d) show the cell cons . . L oy . .
centration of the C(1+2) and the GTX(1+4) on the first day and atThe fo"owmg dIS(.IUSSIOI’.] Is developed within a physiological
ontext with no aim to directly extrapolate to nature.

the end of each experiment. (e) and (f) display the changes in th& ;
cyst abundances of the stillontrol and (g) and (h) correspond to ~ BOth the net growth rates and the final cell numbers of
the Alwaystreatments. Vertical bars indicate the standard error ofthe two species increased when mixed at the lowesten-
the mean, and the shaken period of each treatment is marked by tHity with the vertically oscillating grids for 4 or more days.
double arrow horizontal line. With the same setup and similar experimental design and tur-
bulence conditions, different species-specific responses have
been observed: while the net growth ratesOodyrrhis ma-
rina (Havskum, 2003) and dEeratium tripos(Havskum et
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al., 2005) decreased, the one FrRgilidium subglobosum Reynolds, 2001) and dinoflagellates selectively accumulate
was not affected (Havskum et al., 2005) and thatlefero-  in thin layers (e.gA. catenellaas observed by Sullivan et al.,
capsa triquetrawas favoured (Havskum and Hansen, 2006).2003). In our present study, the inhibition of the net pop-
In this last study, those authors suggested that turbulence fatlation development observed #& catenellaand A. minu-
cilitated gas exchange and avoided excessive pH increase tum during the long exposure to high turbulence intensities
the experimental vessels allowing higher cell numbers tharcould be a combination of a direct alteration of the vegeta-
in the still flasks. This mechanism could have operated alsdive cell division and the interference with the ecdysal cyst
in our experiments, where the two species concentrated efformation. Our observation also indicates that high turbu-
ther at the top or the bottom of the cylinders where the gridslence was not a factor that induced the asexual encystment of
did not pass. There, cells could proceed with their life cyclethese two species. On the contrary, ecdysal cysts must be an
relatively undisturbed, including cyst formation (see below). essential phase of the life cycles of these organisms playing a
Given that dinoflagellates managed to escape from the mixedhajor role in population dynamics of certain dinoflagellates
zone, we cannot conclude that low turbulence stimulated di-and requiring stability of the water column to proceed.
noflagellate growth nor suggest any hypothesis for natural Regarding toxins, the results in the two experiments with
conditions. The noticeable result here is that the two speciethe orbital shaker are opposite to those for fundyense
were likely sensitive to the tested turbulence intensity, as theythat increased its cellular toxin content when exposed to
swam away from it and chose preferentially calm zones.  0.1cnfs 3 in Couette devices (Juhl et al., 2001). Likely,

In contrast, it is not possible to escape from the turbulencedifferences in the physiological state of the cultures and/or
generated by the orbital shaker. However, the decrease in thiie experimental setup and design used in each study have
net growth rate irA. minutumand the lowest final numbers conditioned these opposite responses. In consequence, it is
in the two species were only observed when shaking lastetioo soon to draw general conclusions and the question about
for more than 4 days. Those trends were similar to thoseahe possible effect of turbulence on toxin production contin-
described in previous studies wihh minutumunder simi-  ues to be an open one.
lar experimental conditions (Berdalet et al., 2007) and with  Certainly, detailed studies focussing on the link between
A. catenellaconducted at of ca. 10* and ca. 1cras3 small-scale turbulence and the different aspects of the life
generated by horizontal rods oscillating in 20-I tanks (Sulli- cycle of dinoflagellates will shed further light to understand
van and Swift, 2003). In the two studies, shaking lasted forthe dynamics of this phytoplankton group in nature.

1-2 weeks. Overall the data indicate that even the highest
intensities and persistence levels of turbulent conditions tha@
can be generated naturally, would have no lethal effects orz
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