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Abstract. The present description dfichodesmiunspp. population dynamics and associated
environmental variables is the first one using iy @hort sampling interval (2-3 days). Such a
strategy allows a fine description of changes imvig) the population density and characteristics. It
also lends itself to interpreting those changemfpast environmental conditions. During the two
surveys, 2 and 5 month-long, erythraeundominated th& richodesmiunpopulation, with
temporary occurrence 0f. thiebautiiand five blooms could be described. These evesaed at
temperatures > 24°C and followed, in all casesatat soluble reactive phosphorus and chlorophyll
a enrichments, with a 3-7 day time lag. Low windeshé< 4m &) was not a prerequisite for
Trichodesmiunbloom developments as long as temperatures ex¢@61€. As abundance
increased during the bloom, so did the numberlafients (trichomes) in colonies and their
buoyancy, leading to a clear positive biomass gradrom the bottom to the surface. A simple
model, using variable growth rates, showed trichaseent would be responsible for 87-99% of
concentrations at 0.5m, witfrichodesmiunmet growth rates ranging from 0.11 to 0.38 Binally,
rapid trichome density declines could be ascriloedutrient depletion and massive surface death

following ascent.

1. Introduction

High surface concentrations of the chain-formiragdirophic cyanobacteri&ichodesmiunspp.
have drawn attention, not only for their spectacakaracteristics, but also for their potential
toxicity (Landsberg, 2002, ) and contribution te tarbon and nitrogen cycles in oligotrophic
regions via diazotrophy, i.e. di-nitrogenjjNixation (Karl et al., 2002). Such natural phereana,
called "blooms" in most references, have often deserved in the south-west Pacific, both in the
open ocean (Dupouy et al., 2000) and coastal &4deases et al1982), as well as in other parts of

the tropical belt (Capone et al., 1997). While maaysative mechanisms for bloom development
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have been proposed in the past (Sellner, 19973tWéack reliable descriptions of past
environmental conditions that triggered their imee The word "bloom" itself remains imprecise
and is generally understood as corresponding td eap intense growth, as it does for other
phytoplankters, although it is now admitted thagragation may be responsible for many observed
surfaceTrichodesmiuntoncentrations. One of the reasons for such waioéds is that many reports
are based on instant observations, no account peavided on past characteristics, biomass and
vertical distribution of th@richodesmiunpopulation, as stressed by Carpenter.g2ai04).
Therefore, the understanding of bloom dynamicsaus$es would benefit from high frequency
observations of both cyanobacteria and environnhgatébles over the water column.

Such a strategy, involving very frequent sampbnga long period of time can virtually be made
in coastal areas, only. Present knowledge, howeslgrpn rather low frequency observations with
sampling being made every 7 — 15 days (Lugomedd ,€2002), 1 month (Post et al., 2002) or 10 —
15 days (Muslim and Jones, 2003). While correlatioatween simultaneous datalorchodesmium
densities and environmental variables could beesddd in these studies (Post et al., 2002; Muslim
and Jones, 2003), effect of potential bloom triggard environmental conditions that are required
for bloom developments were not clearly proved bhseaio information was collected in the few
days preceding the start of the blooming eventtk®same reason, causes of high surface
aggregations remained hypothetical for lack of lgghporal resolutiosurveys offrichodesmium
density along the water column, so that discrimngabetween effects of growth, vertical migrations
and physical aggregation was impossible. Such dereions led to organizing “high” frequency
sampling at the entrance of the Bay of Ste MarieuiNea, New Caledonia) with two surveys made
during the austral spring and summer, as both ssase reported to be favourable for bloom
development. Surveys lasted for 2.5 (Survey I: oBer - 19 December 2003) and 5 months
(Survey II: 15 November 2004 - 12 April 2005) witbld measurements made at the same station,

three times per week.
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Here, we describe thEichodesmiunpopulation, the changes in filament (trichome)silign
degree of aggregation in colonies and verticafitistion during bloom development. From such a
description and observed biovolume increase ratesyill show that high surface concentrations are
due to growth and trichome ascent. Further, patehtoom triggers and favourable environmental
conditions, will be identified from monitored enemmental variables that prevailed between 2 and 7
days before. These variables were selected, takiagccount results of the Muslim and Jones
(2003) study in a similar shallow coastal sitele Great Barrier Reef (GBR, Australia):
meteorology (wind strength and rainfall), hydroldggmperature and salinity), dissolved inorganic
nutrients, turbidity, a proxy of suspended sedirmeand chlorophyll, in addition to phytoplankton
and zooplankton composition. Finally, one of thealriticism of conclusions based on a solitary
station deals with the effect of spatial heteroggren time-series data. This point will be
considered taking into account observations madealt&aneously at the entrance and 2.0 km off the

bay.

2. Materials and methods

2.1. Sampling sites and general conditions (Fig. 1)

The study site, Sta. SM (22°18.86' S - 166°27.9%i& 1), was visited every Monday,
Wednesday and Friday, between 07:00 and 09:00.e/Atel station is away from inhabited areas
and from urban inputs, it is protected from thevarkng SE trade winds and swell. A second
station, Sta. O (22°19.80’ S — 166°28.48’ E) wasted in 2004-2005, weather permitting for

comparison. Water column depth is 12 m and 28 nstas SM and O, respectively.

2.2. Meteorologyhydrology, and water sampling
Meteorological data were recorded at Faubourg Blankleteo-France Station, 4.2 km away

from the entrance of the Bay of Ste Marie.
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CTD profiles (1 m to bottom) were obtained witBeaBird® SBE 19 probe, fitted with pressure,

temperature, salinity, turbidity, fluorescence &fbtosynthetic Available Radiation (PAR) sensors.
Water samples were collected with 5 L-Niskin ettt 0.5, 4, 7, and 10 m in 2003 and 0.5, 3, 6,
and 10 m in 2004-2005. Niskin bottles were siphanetie laboratory on land for nutrient and

pigment analyses aridichodesmiunabundance, within one hour of sampling.

2.3. Nutrients and pigments

Nutrients were analyzed on Hg&reserved samples from 0.5 and 6-7 m. Nitrates]NO
concentrations were determined by colorimetry usifigechnicofi auto-analyzer and standard
techniques (Strickland and Parsons, 1972), exoepN®; < 0.1uM, when the “high sensitivity”
procedure of Raimbault et al. (1990) was used.8eleactive phosphorus (SRP) concentrations
were measured with a CEEICE 1011 (10cm length-cell) spectrophotometer,gitiie molybdenum
blue reaction (Murphy and Riley, 1962).

Chlorophylla (Chl a) was measured on the < 20 and > 20 um size frectiball sampled depths,
except for the > 20 um fraction in 2004-2005, whealyses were only made at 3 and 10 m. For the
< 20 pm Chl, 200m| were prefiltered through a 20 pm nylon enrand collected on Whatnfan
GF/F filters. For the > 20 um fraction, the wholisiih bottle content was filtered through a 20 pum
screen and gently rinsed off with filtered seawatgio GF/F filters. All filters were stored in liggu
nitrogen until analysis within less than 2 weekisl £was extracted in methanol and measured by

fluorometry as described by Le Bouteilkgral.(1992).

2.4. Trichodesmium abundance and biometry

Trichodesmiunwere collected on 20 um nylon screen from thd taiatent of Niskin bottles
(mean volume: 5.74 L) and transferred to a “sediaten cell” with 5% formaldehyde. When
trichomes did not sink, a few drops of pure acaticl were added to the cell, in order to lower

solution gy and break gas vesicles (Carpenter and CarmichH2@5)1Microscopic examinations and
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enumeration were made 24 h later using a Editmovert inverted microscope. Enumeration
considered free trichomes and fusiform (tuft) apllesical (puff) aggregates, usually called
“colonies” in the literature. The number of trichesnper colony was recorded and the volume of
each trichome was calculated from its measurediiesugd diameter, assuming a cylindrical shape
for the organism. In this papdriichodesmiumabundance has been expressed in terms of total
number of trichomes (i.e. free and in colonies)ljie (trich. L), or as trichome biovolume per
litre (un™ L™). Integrated values have been computed by thezmgal method. While trichome
density and biovolume are closely related (FigdRE to the fact that biovolume data includes
trichome numbers, biovolume is often preferred gév/es a better estimate of the biomass.

Two species ofrichodesmiunwere identified according to Carpenter and Caraeti1995)
and Janson et al. (1995). Individual cellsTothiebautiGomont are more long than wide and the
trichome has a convex apex wher&asrythraeunthrenberg cells are more wide than long and the
trichomes have a flat apek. erythraeunctolonies are usually darker th@inthiebautiicolonies
(Carpenter et al., 1993). Such morphological déifieles between the two species have also been
confirmed by genetic finger prints ®fichodesmiunspp. sampled in different areas of New
Caledonia, considering the hetR and rrs encodin88& rDNA genes, the internal transcribed

spacer (ITS) of the 16S-23S rDNA region and a hyigielrated palindrome, HIP1 (Trottet, 2003).

2.5. Trichodesmium C, N and chlorophylt@ntents

Plankton nets (35-um mesh), towed at 1 m belovstiniace, were the source of 18-75 colonies
hand-picked, using a plastic inoculation loop, tradsferred onto 25 mm Whatman GF/F filters for
Chla measurements, or on pre-combusted filters for ca(@9 and nitrogen (N) analyses.

Filters for Chla measurements were stored in liquid nitrogen amdlyaad as described above.
For C, N determinations, filters were dried at 6@l kept in a dessicator until analysis with a

Integra-CN PDZ EUROPA mass spectrometer. Singlerses were also selected for carbon
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assimilation and nitrogen fixation experiments gsiC and™N techniques (data not shown here,
but reported in Le Borgne et al., 2006).

Carbon, N and CHd contents are expressed per colonyfgahd per trichome (tricH). Since
analyses were made on colonies originating fromktan nets, the mean number of trichomes per
colony was obtained from microscopic observatidraliquots originating from the same catches

and processed as described before.

2.6. Microphytoplankton (>20um) and Macrosetellaiatlance

Counts of the major phytoplankton taxa were coretiicin samples from 2004-2005 survey.
Selected taxa were diatoms, dinoflagellatesBmchodesmiunspp. The two specific
Trichodesmiunspp. grazers, copepolfacro- andMicrosetellaspp. (Roman, 1978; O'Neil and
Roman, 1994) were all enumerated on all samplesy Were grouped into théfacrosetelld
taxon, sinceMacrosetella graciligs the most abundant species in both our samph$agoons of

the west coast of New Caledonia (Binet, 1984).
2.7. Trichodesmium biovolume net increase and aadpecific growth rates

Using observedrichodesmiunbiovolume increased) Vi, exponential net increase rates, ki (in
d™), can be calculated at depth, zi:

AVi = Vi - Voi With Vi =V, e '= ki = In(V5i/Vo,)/(t; - t) 1)

where V; is the maximum biovolume of a peak period at tthand \,;, at the initial timed¢

Biovolume-based doubling time,d’(in d), is equal to:

d'ai = In(2)/ki = In(2) (k - L)/(IN(V+i/Vo,)) (@)
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The carbon-specific growth rate for 0.5m depths.g was obtained frorffC primary
productivity and elemental composition measuremenégle on colonies in 2004-2005 (data

presented in Le Borgne et al., 2006). Calculatmig: o s used the following equation:

gCos=In((Co+pc)/Co) 3)

where Co is the initial carbon concentratipg,s the daily rate of carbon fixation, and time is

understood as one day.

2.8. Data processing

Non-parametric and Gaussian statistics were usédwing Snedecor and Cochran (1967).
Bravais-Pearson and Spearman's rank correlatidficests arer andrs, respectively, with level of
significance shown by * and ** for p<0.05 and p<Ddignificance, respectively;is the number of
data per series, the standard deviation apdthe probability of rejection in the Wilcoxon andrs

tests.

3. Results

3.1. Trichodesmium population dynamics: abundawesijcal distribution and net increase rates
Trichodesmiunspp. were always present, at least at one of thelsd depths and made almost
the totality of the pelagic filamentous cyanobaetdfatagnymenespp. being quasi-absert.
erythraeumwas the dominant species in 2003 (99.0% of th&bgounts) and 2004-2005 (83% of
the 10,650 counts) with. thiebautiimaking the remainder.
Amidst a background of low trichome concentratiseveral periods of abrupt increase and
decline were observed during the two surveys (F@nad 4). When the abundance exceeded 5

trich.L™ for at least two consecutive sampling times @-8.days), trichomes were considered as
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thriving. Given the sharp variations, the term ‘toi@’ will be used hereafter even though it is not
quite appropriate, in the sense thatThehodesmiummever dominated the microphytoplankton,
contributing a maximum of 27.7% of microphytoplaskicounts.

Five blooms were observed with various featuresrsarized in Table 1. Each bloom was
characterized by one peak abundance, except in 20G$ the 3 consecutive maxima were
interpreted as belonging to the same bloom (seeuBsson). Peak amplitudes were variable from
one event to another and that of February 20080adth low, was considered as a bloom because
trichome densities were above 3 for 3 weeksT. erythraeunwas responsible for most of the
blooms, except in December 2004 and February 20@#swontribution off. thiebautiiwas
significant. A striking point was the vertical disution during the blooms, with a clear positive
gradient of trichome densities from deep to shallepths (Fig. 3 and 4).

During the peak periods, the exponential net eeerate, ki(equation 1), ranged from 0.19 to
1.51 d* at 6-7 and 10m and from 0.52 to 3.29at 3-4 and 0.5m (Table 2). These ki values were
higher than carbon-specific growth rates,og,calculated fromt°C uptake rates at 0.5m: 0.12-0.17
d* (Le Borgne et al., 2006). Exponential net increase calculations from biovolume variations
were not possible outside the peak periods, wilaitban-specific growth ratesg g5 provided by
the*C uptake method were low, 0.022 dn average (range: 0.017 — 0.05%).d

Finally, density variations were synchronized ahthe same magnitude at stations SM and O
(Fig. 4) except from February 2005 on, when highrechodesmiundensities were often found at
the latter site. Growth rates, estimated from'ffeexperiments at both stations were similar (Le

Borgne et al., 2006).

3.2. Trichodesmium population features: trichonze stdegree of aggregation and chemical
constituents
For both surveys, biovolume per trichome displageite a large range (Table 3), their length

variability was greater than the width one andhiebautiitrichomes were significantly longer than
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those ofT. erythraeun{p< 0.001). There was no significant size differeheaveen trichomes from
0.5 and 6 m, as well as from Sta. SM and O (nowvsh@nd between 2003 and 2004-2005 for both
species.

During the two surveyd richodesmiunpopulation consisted mostly of free trichomes £652
and 63t 15 % in 2003 and 2004-2005, respectively) andrgekin tuft morphology prevailed
(98% of the total number of colonies). Tufts wepgitally small, made of 2 to 34 trich. olvhile
puffs of T. thiebautiiwere made up of 7 to 123 trich. ¢olAs the number of free trichomes
increased during the peak periods, so did the nuoflteéchomes in colonies, leading to a
significant correlation between the two forms (840.Fig. 5). Regression curves between densities
of trichomes in colonies and free trichomes weteutated for each of the two periods, using a
semi-log scale in order to take the anormal distrdm of the free trichomes into account (Fig. 5).

Trichodesmiuntarbon, nitrogen and Ghtontent data, presented in Table 4, were quitaiiay,
likely due to different physiological or trophicasts of filamentous cyanobacteria. Based on
trichome densities and Calcontent,TrichodesmiunChl a was estimated as accounting for no more
than 21% of total Chd. Atomic C/N ratio averaged 6.2 (range: 4.6 - 7adyalue close to the slope
(6.75) of the C versus N regression ling<0.96,n=10) and to the Redfield ratio.

To sum up, present surveys evidenced a shallogrécal distribution, higher growth rates and
more trichome aggregation in colonies duringchodesmiuniblooms. These are the result of

environmental changes that are now considered.

3.3. General environmental conditions and causddadm developmen(&ig. 6 and 7)

Both surveys started in austral spring, a seasaracterized by settled SE trade winds (> 6n.s
and low rainfall. Sea temperature increased graduatil the beginning of February (Survey II),
reaching 29°C. Amidst this increasing trend, wipgyiods induced lower sea temperature and
higher salinity in spring. In summer and autumnyéeer, effect of wind on salinity was the

opposite, wind being associated to heavy rainfallgight by tropical depressions, Kerry being one
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of them in January 2005. Their major effect wahhiginfall on the mainland and resulting lower
lagoon salinity (<35.00).

Nutrient concentration increases followed locahfall, as recorded at Noumea Met station in
most instances. When they did not, they could lee dither to regional precipitation, not necesgaril
recorded by coastal stations, or to wind eventditggto resuspension of shallow sediments and
associated benthic nutrients (Muslim and Jones3R0e latter interpretation might indeed explain
the nitrate peaks of November 2003 (Fig. 6) anddd&005 (Fig. 7) and the peak of SRP of
January 2005, that took place during windy periwdb no rainfall.

These increases in nutrient concentrations wetraeaessarily followed by total Chlpeaks for
reasons probably linked to vertical mixing or tracetal inhibitions, as discussed later for
TrichodesmiumMicrophytoplankton contributed 15.9%+ 8.0;n = 119) to total Cha (>20 pm +
<20 um) in 2003 and 8.0% € 7.2;n = 130) in 2004-2005. Their main peak period ocadiin
February 2005, following January nutrient inputsy(F7). Diatoms dominated the
microphytoplankton, contributing 82% of the couatsl dinoflagellates made most of the remainder
(11%).

Trichodesmium systarted thriving at a water temperature, rangiog 24.2 to 28.6°C (Fig. 6
and 7). The vertical temperature gradient was égitom one bloom event to the other (0.05 to
0.84°C) and, therefore, did not seem to affeathodesmiundevelopment. The same conclusion
may be drawn for the vertical salinity gradient ethranged between 0.00 and 1.00.

A calm period (mean wind speed < 4 1) preceded development Bfichodesmiunblooms,
except in January 2005 (Fig. 7) when the bloontestieeind continued during a windy period (mean
wind speed before the bloom commenced: 7.3)niIs this case, however, temperature was > 26°C.
In the other instances, windy periods did previaithodesmiungrowth, as observed in November-
December 2003, for example. Higher turbidity wassystematically associated with wind speed
and rather low turbidity was the rule most of timeet. We conclude turbidity, as measured by the

CTD sensor, is not a good descriptor of bloomingaditions.
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Trichodesmiunalways (5/5 cases) throve after nutrient gN&RP) and Chh concentration
increases, that occurred within 3-7 days beforg#ak abundance (Fig. 6 and 7). Since it happened
in all 5 cases, its occurrence was significantn(segt ap< 0.10). In addition, amplitude of the peak
abundance at 0.5 m was significantly correlated (0.879*) with NQ concentration at the start of
the bloom (Fig. 8), but not with SRP.

In order to test the nutrient and Ghirigger hypothesis, we have considered whethefadheir
increases were followed by blooms. During the twwsys, there were only two exceptions (5-7
November 2003 and 10-14 January 2005) when nuteiemthments did not lead to any
development. In those two cases, the nutrientaGhtreases were followed by windy periods (Fig.
6 and 7) which could, therefore, prevent bloom ttgwaent. However, as seen previously, the wind
factor alone may not explain the second exceptlanyary 2005) since temperature was >26°C. A
lower than usual salinity may be the direct oriiadi reason for the lack dfichodesmiunbloom as
it was also for the lack of microphytoplankton bass increase at the same period (Fig. 7).

In summary, according to the present observatidegelopment of richodesmiunblooms
would follow nutrient and Chd concentration increases with a 3-7 day lag, pedi@mperature is
>26°C and no heavy and sustained rainfall occure.Seme conditions apply to > 24°C

temperatures, as long as wind speed is low (< )m s

4. Discussion

4.1. Sampling strategy: are conclusions drawn fiora station valid?

Study ofTrichodesmiunpopulation dynamics employed high frequency samgpdit Sta. SM,
assuming the same watermass and planktonic populatre sampled for a long enough period.
This implies a rather long residence time, whichupported by the study of Jouon et al. (2006).
Thus, the "e-flushing time", a proxy of the watesidence time, is 15-25 days at the entrance of the

bay, for a ~8 m'$(15.5 knots) SE wind velocity, and longer, of a®yrfor lower wind speeds.
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Besides, no significant tide effect was evidenesgecially in terms of salinity at 1m depth, beeaus
water exchanges proceed from both the south aneltsteof Sta. SM (Fernandez et al., 2006). Note
also thafTrichodesmiundensity and environmental parameter variatior&tat SM displayed no
erratic trends, at least at a period of a weekpftears, therefore, that this station lent itseH t
satisfactory temporal description.

Moreover, present observations were representatittee surrounding lagoon waters, as seen for
the following parameters: (Tyichodesmiunspp. densities and microplankton abundance an0.5
were in a fair agreement at the two stations elenghTrichodesmiundensities became higher out
of the bay from February 2005 on. (2) Proportiohthe twoTrichodesmiunspecies or of other
microphytoplankton taxa were not significantly diént at Sta. SM and @nhd (3)Trichodesmium
spp growth rates, as provided by tH€ method, were similar at the two stations. Allstae
arguments support the view of a reasonable sgairabgeneity in the sampled area, which is the

prerequisite to temporal variation descriptions.

4.2. Trichodesmium population characteristics

Density as compared to other studi@&sgchomes have been observed systematically gine
two surveys and appeared to be a component ofstined phytoplankton population, as happens in
the GBR where they would occur in 83% of the sasiplenes, 1992). However, they never made
the bulk of the phytoplankton at Sta. SM, with thehl a accounting for no more than 21% of the
total. Similar contributions were reported by Letebnd Karl (1996) and Dupouy et al. (2000) for
the open ocean of the tropical Pacific althougihérgralues (11- 62%) were found in the Atlantic
by Carpenter et al. (2004).

MaximumTrichodesmiunabundances (240 and 244 trich-ih 2003 and 2004, respectively)
reported in this study, are rather modest comp@réiaose found in the literature (Table 5) and this
may be explained by differences in both methodsesnvitonmental conditions. Use of a 20um

mesh, trichome transfer from the silk into the seshtation cell, insufficient trichome sinking
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(Lugomela et al., 2002) or use of a 5.74 L samphiatjle instead of a net (Chang, 2000) may be

reasons linked to the methodology. In additionsen¢ results refer to samples at 0.5m while some
of the reported densities in the literature refethie very near-surface (i.@m), where much higher
concentrations could be associated with discolowra@rs and accumulations along fronts or
Langmuir cells. It remains some of the high deasifound in literature refer to subsurface maxima
(e.g. 12-24 m of Carpenter et al., 2004) and ntéovery top surface, leading us to look for
environmental-related reasons. Thus, an elementiméygrowth of the filamentous cyanobacteria
and it is probably not dissolved iron, given itsysignificant concentrations in the SW lagoon,
ranging between 2 and 5 nM (unpublished data). 8 kekies are much above 1 nM, the
concentration given by Sanudo-Wilhelmy et al. (20@8 areas of non Fe-limited diazotrophy in the
Atlantic ocean. Phosphorus, however, could beithiéihg element of primary production,
considering that its two possible sources are pghargfs depleted: runoffs from lateritic soils ofsthi
part of New Caledonia (Tenor&t al.,2005) and exchanges with the surrounding oligttiopcean
(Van Den Broeck et al., 2004). This limitation adeixplain both the modest trichome density
maxima and the low Clal (< 1 mg ni®) concentrations (Fig. 6 and 7). Lastly, the obsédipositive
and significant correlation found between trichcane diatom densitiesg(F 0.395**; n = 41)
would suggest no negative effect of the main corepoof the microphytoplankton on
Trichodesmiumin conclusion, modest trichome density maximghefpresent study might result
from a combination of different factors, the mamedeing possibly phosphorus limitation.

Specific composition. T. erythraewmas the dominant species with temporary occurrehde
thiebautii The two species have distinct morphometric charetics and they displayed much
higher length variations at Sta. SM (Table 3) ttieose reported by Post et al. (2002) in the Gulf of
Agaba: 300 - 800 um fdr. erythraeunmrand 1000 - 2000 um far. thiebautii

T. erythraeundominance at Sta. SM, as in the GBR lagoon (Jdi8&2; Muslin and Jones,
2003) or the Tanzanian coast (Lugomela et al., 2@¥ceson and Fay, 1981), the Mississipi

plume (Eleuterius et al., 1981) or the Bresiliaasts (Satb et al., 1963) might lead to the conafusi
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it would be found more often in coastal areas thathiebautii This seems to be corroborated by
observations made in the open ocean off the east cd New Caledonia, whefe erythraeum
makes only 20-25% of thErichodesmiunfilaments, whileT. thiebautiiandT. tenuewould make
40-45% and 30% of the total, respectively (Tendz@)6).Actually, each of the two species is able
to prevail in the open ocean. ItTis erythraeumn the Coral Sea antl thiebautiiin the Caribbean
Sea (O’'Neil et al., 1996 J,. thiebautiiin the Kuroshio area (Saino and Hattori, 1980) tued
Atlantic (Carpenter et al., 2004), blit erythaeunin the north Indian Ocean (Capone et al., 1998).
Therefore, it seems unlikely that dominance oftihe species would rely on the "hemisphere" as
suggested by Capone and Carpenter (1999), but @hehysiological and/or environmental
conditions, such as those prevailing in rathereddosoastal areas, that seem to be more appropriate
to T. erythraeumSuch a feature may be explained by a lower diapbtc capacity of this species
(Carpenter et al., 1993), which would imply itsference for less oligotrophic areas thHan
thiebautiy on the one hand, and by less resistance of @isol@s to pressure, which means less
adaptation to deep environments, on the other f@arpenter et al., 1993).

Contribution of trichomes in colonies to totdost (98%) of the colonies were of the tuft type
and made of < 20 trichomes, on average. Similarbauswere found fof. erythraeunby
Bryceson and Fay (1981) and Capone et al. (1998)respectively, 5.5-10 and 10-30 trich. tol
But Carpenter et al. (2004), Letelier and Karl @p&nd Post et al. (2002) reported numbers > 100
for bothT. erythraeunandT. thiebautii

Also variable in the literature is the proportimithe number of aggregated trichomes to total
number of trichomes, or "bundleness" (Brycesonkang 1981): ratios <20% were observed in the
North Pacific (Saino and Hattori, 1980 ; Leteliad&arl, 1996) and in the Atlantic (Orcutt et al.,
2001 ; Tyrell et al., 2003) while bundleness ranfyeth 25 to 90% off the Tanzanian coast
(Bryceson and Fay, 1981) and in the tropical Ataf@arpenter et al., 2004). Such variability is
discussed by the latter authors and could origiftate damages to the colonies during the sampling

and sorting processes, too small a sampled volan#or a "fundamental difference in the state of
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trichomes" between the different regions. Furtecutt et al. (2001), Fu and Bell (2003b) and Bell

et al. (2005) suggest there would be more of fieedmes during the optimum growth phase, and
more aggregation during the non optimum phasescEdf wind speed and related water turbulence
on bundleness is invoked by Bryceson and Fay (188d)would be negative, although the present
work does not support such a view, with bundlemetdower than usual during the windy January
2005 peak. More simply, present observations @iguggest bundleness would follow encounter
probability law, i.e. the higher the trichome dépsihe higher the probability, thus agreeing it
view of Carpenter et al. (2004) of density-reldbeahdleness. But, whatever the factors involved in
colony formation, high bundleness seems to be &@tTrichodesmiunblooms and responsible for
higher nitrogen fixation rates (Saino and Hatt@8Q; Bryceson and Fay, 1981; Letelier and Karl,

1998; Capone, 2001).

4.3. Trichodesmium bloom features: respective rofeagowth and ascent

A striking result in the present study and manyeotublications, is the intensity of
Trichodesmiundensity increases, which appear to be inversédyae to depth (Table 2): the
shallower the level, the greater the increase. B\ae doubling times d; calculated on biovolume
increases at 0.5, 3 -4 and 6-7 m (Table 2), arehrshorter than those reported in the literature fo
growth (Table 6), while d'1o at 10 m are in good agreement. From these obsamsatve conclude
d’a 10 mainly result from growth and g of shallower depths, result from growth plus aeoth
process. The latter is very likely the trichomeesgaue to their positive buoyancy, a process which
delivers them more or less rapidly to the surfacthay grow and which would explain the observed
vertical density gradient from the bottom to theface (Fig. 3 and 4). Inversely, this gradient @nn
be ascribed to trichome sinking because microsaalpservations showed healthy trichomes at all
depths and no or few trichomes were retrieved dinsent traps of the 2003 survey (Le Borgne et

al., 2004).
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Trichodesmiunpositive buoyancy is well known afid erythraeunhas been reported more
buoyant thaT. thiebautii(Carpenter et al., 1993; Lugomela et al., 2002jctvwould explain the
modest increases of February 2005 at 0.5 m whéniebautiicontribution was significant. Such
positive buoyancy, linked to the presence of gascles (Capone et al., 1997), is different fromt tha
governing daily up and down vertical motion, witleld/ariations of the carbohydrate to protein ratio
(Villareal and Carpenter, 2003).

In order to test whether trichome biovolume inse=a{A Vi) observed during the bloom periods,
resulted from both their net growth (Gi) and ascéit from deeper levels and in order to estimate
the respective contributions of the two processesiised a simple model. Provided spatial
heterogeneity is negligible, as compared to tempa@ndability (see 4.1.), observelVi at depth zi,

betweendand t (see eqn (1)) may be ascribed to the sum of Gikand
AVi=Vii—=V,i=Gi+Aie AVi—(Gi+A)=0 (4)

tf )
with Gi = z Voie? " At, gi, being the exponential net growth rag, the time interval.

t=to
Corresponding doubling timead is equal to: g; = In(2)/gi. Now, assuming trichome ascent, Ali,

would proceed at the same pace as growth andtgebsame along the water column, Ai will be the

Zi tf zi .
integral of Gi with depth: Ai=) GiAz=) > V,ie¥ At Az, wherélz is the difference

712 o 712
between two sampled depths and 12 m, the Sta. $kh.de

Calculations of Ai and Gi have been made for 8i5m, with the followingAz: 12-10 m, 10-7
m, 7-4 m, 4-0.5 m in 2003 and 12-6 m and 6-0.5 20@4-2005. We solved equation (4), and
considered the realism of computed doubling tirdgs,s (Table 7). Except for the December 2004
event, d osvalues (1.82 - 6.45 d) are within the range ofdbebling times in the literature (Table
6) and include the December 2003 biovolume doulilmg at 10m, &k 10 = 2.9 d (Table 2). The

December 2004 lowady 5 value (0.53 d) may be ascribed to an underestariatgal biovolume,
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V0,05, Which is used in equation 4. Estimates gsaAnd G s show that most (87 to 99%) of

biovolume increase observed at 0.58Mj 5), would be due to #. Ascent contribution variability
might be linked to the mixing intensity of the watelumn, as illustrated by the windy January 2005
bloom, which had the lowest ascent contributiorb(&&).

In this type of calculation applied to peak pesiotthe growth rates (gi) varied from one peak
abundance to anothery(g= 0.11 — 0.38 d). They varied also between non bloom and bloom
periods, as illustrated by the carbon-specific ghomates, provided b{C uptake measurements.
Indeed, a ratio of 5.1 - 7.4 (see Results) betvikeom and "normal” periods may be computed,

leading us to the next question: what is the orajigi variations leading to bloom developments?

4.4. Causes dfloom developments: favorable conditions and tnigge

These may be shared into necessary conditions valimlv blooms to occur, and triggers that
effect gi. The latter have been identified as mutrincreases during the 3-7 preceding days for all
the blooms, which supports observations made bpebaer and Price (1977), Bell et al. (1999),
Muslim and Jones (2003) regarding a phosphatetedfet Lugomela et al. (2002) about nitrate-
related blooms. Because diazotrophy is phosphdependent (Sanudo-Wilhelmy et al., 2001; Fu
and Bell, 2003a; Mills et al., 2004), the role @dyby SRP in bloom developments seems to be
obvious. Less straightforward, however, may loak NQ; increase effect on diazotrophic
cyanobacteria growth. In fact, di-nitrogen fixatigrusually low or absent when other nitrogenous
compounds are available since it is high energyatelimg and repressed by NtMulholland and
Capone, 2000; Karl et al., 2002). At Sta SM, veny 1°N, fixation rates were indeed measured on
Trichodesmiuntolonies during the March-April 2005 bloom (Le Boe et al., 2006), suggesting
most of their nitrogen needs were fulfilled by atbempounds. Ammonium and very small
dissolved organic nitrogen (DON) molecules, whioh @leased or produced by the microbial loop,
seem to be the best candidates, although suckeastat cannot be proved for a lack of

measurements.
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Then we get to the following scenario which fitsservations at Sta SM. Observed &hl
increases are very quick responses tg MPuts. Part of the Cla increases may be due to diatoms,
which have a higher NQuptake capacity than most phytoplankters (Sarétal., 2005), and likely
respond immediately to nutrient inputs and leadigiver concentrations of ammonium and small
DON molecules through bacterial remineralizatiod amicrozooplankton grazing. These are taken
up eventually by filamentous cyanobacteria with A@time-lag between NOncreases and
Trichodesmiunbloom initiation. The direct relation betwe&nchodesmiunand diatom densities
reported before may therefore be interpreted may.

The nutrient-related scenario suffers a troubirgeption: the most important nutrient increase
of the two surveys, in January 2005, was followedby Trichodesmiunmor by
microphytoplankton development, while the wholeaanas invaded by waters of lower than usual
salinity. The salinity may not be incriminatpdr se considering maximurnirichodesmiungrowth
occurs in the 30 - 37 psu range (Fu and Bell, 20B28H et al., 2005). It may rather indicate
important terrigenous inputs of suspended sedin@msheavy metals and their possible inhibition
of microphytoplankton (includingrichodesmiumgrowth. Inhibition could proceed through light
limitation due to a heavy load of suspended pa&gicNo significant increase in turbidity (data not
shown) was observed, however. Different could leehtavy metals inhibitory effect and Fernandez
et al. (2006) have shown Fe, Ni, Cr, Co, Mn, Cu 8ndre issued from laterite weathering, and
carried along from several estuaries, south of Neai(e.g., La coulee, Fig. 1). There may be also an
impact of the amount and type of organic mattemfterrigenous origin, on the microphytoplankton,
although this topic has not been documented, yet.

Bloom triggers work, provided necessary conditiaresmetj.e. appropriate iron concentration,
temperature and wind velocity. As seen above, isgrobably non limiting in the present study, but
sunny and calm weather conditions may be necess@gyas invoked in the past by many authors
(Eleuterius et al., 1981; Jones et al., 1992; 8ellbh997; Lugomela et al. (2002) ; Muslim and

Jones, 2003 ; Carpenter et al., 2004). Howevem gatather is not sufficient a condition because
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there may be blooms during long periods of wind|lastrated by the January 2005 event. Based on
this example, when temperature was ~ 26°C, we adedhat blooms may occur during windy
periods, only if sea temperature is above thisstiwll value, thus confirming the Carpenter and
Capone (1992) analysis on bloom conditions. Invgréelow 26°C, a low wind velocity appears to
be necessary for bloom development. The minimunpé&sature for them to occur is 24°C in the
present study, which is less than the 25°C thresbbChen et al. (2003). Combination of wind and
temperature effects can be interpreted as thetrafstwo antagonist actions on growth rates,
positively correlated to temperature and negatit@hyind induced-mixing. It follows that, when
temperature reaches a threshold value, its effegrawth will overcome the negative effect of

mixing.

4.5. Decline origin

One of the striking points in the two surveys, wasbrevity of the bloom decline phase, as for
the growing one. Decline may be ascribed to madytalnd to a recruitment diminution due to a
growth rate slowdown as for any population, everugh they might have common origins. In the
present study, most blooms ended with very lowientrconcentrations ( <0.030 uM N@t the end
of the December 2003 and February 2005 events @@B3& uM SRP for those of February and
April 2005), which suggests nutrient exhaustiorrespnts one of the decline causes, as mentioned
already by Lenes et al. (2005) and Moutin et &08). This process could reduce growth rates, in a
way opposite to the nutrient increase effect dbsdriabove, or induce mortality through a
"Programmed Cell Death" (PCD) pathway (Berman-Frein&d., 2004, 2007). Viral lysis (Ohki,
1999) and PCD, caused by other factors than ntigepletion, as listed by Berman-Franck et al.
(2004), are other possible processes. Inversdbnse grazing is likely excluded, considering the
low Macrosetella densities that were observed and their ladklationship with trichome
concentrations. But the present observations ohdme ascent and surface accumulation during

bloom periods with no obvious sinking or downwargration do not exclude massive destruction
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by solar radiation as infra-red or ultra-violet sayndependently of other processes. The solacteffe
is likely linked to the sea surface agitation, watimore rapid destruction during calm sea and low
wind conditions. On the whole, apart from trichomm@l lysis or PCD, abrupt decay could be the
result of ascent to the very top surface, solairdeson and lack of new trichome formation for

nutrient exhaustion.

4.6. Summary of Trichodesmium bloom dynamics estriitedby the November - December 2003
event

A summary of present conclusions on the bloom énigng factors (nutrient concentration
increases), necessary conditions (combination nfl\eind temperature effects) and causes of bloom
decay can be illustrated by the Nov-Dec 2003 ev&ittough it was made of three peak
abundances, the following description shows it waly one event (Fig. 6).

An increase in nutrient concentrations was obskorel9 - 21 November for N@nd 17
November for SRP. At that time, water temperatuas around 24°C and development could not
start before the wind velocity diminished. This meed on the 23 and was likely responsible for
the observed trichome density and biovolume ineréatween 21 and 28 November. On 29
November, while temperature was now 25°C, but st#6°C, the wind started blowing again, which
resulted in the first trichome density diminutioetlween 28 November and>&cember. The wind
slowed down between 4 and 5 December, allowingremdtichodesmiunincrease with a peak on
the 8". Calm weather conditions lasted until thd"1allowing trichome ascent and mortality at Om
with the resulting biovolume decrease at all depttsveen 5 and 8 December and a small
development between 10 and 12 December, once tatnpehad reached 26°C. The bloom ended

when NQ became exhausted (< 0.005 pM at 0.5m)fricen the 18, on.

5. Conclusion
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516 Photosynthetic filamentous cyanobacteria offthehodesmiungenus, display the same

517 physiological processes as the other co-occuriytpplankton and have the same requirements. In
518 particular, dissolved nutrients are primarily inwedl in their growth processes. But the present
519 surveys have shown major differences, with vergstensity variations and changes in the

520 cyanobacterial vertical distribution during the dras, both being the result of the trichome positive
521 buoyancy. This characteristic has two consequeritemost of the biomass accumulation will

522 happen at Om and not in the water column; (2) dheg have reached the very top surface,

523 trichomes will remain there, and eventually be as&d. In addition, because of their toxicity, the
524 grazing control of th@richodesmiunpopulation appears to be restricted to a few ggetke

525 harpacticoid copepods (Hawser et al., 1992) ansktheere not abundant in the studied area. These
526 two features of th@richodesmiunpopulation dynamics, i.e. effects of positive balogy and low

527 grazing losses, make it quite different from whapens to the rest of the phytoplankton

528 community. Such a statement, however, is basedseareations of &. erythraeundominated

529 population, which is known to be more buoyant ass Idiazotrophic thah. thiebautii.Therefore,
530 bloom causes and characteristic§ ofhiebautiipopulations might be different to some extent and
531 would deserve a similar study, related to the tbxissue, this species being considered as more

532 toxic thanT. erythraeun(Sellner, 1997; Landsberg, 2002).
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Tables

Table 1

Main characteristics of the fiverichodesmiunerythraeumblooms (* denotes presenceTof

thiebautij).

Number of Difference Total Maximum Maximum

Period peaks in time evolution duration (d) at0.5m at6-7m

at6and 0.5 m (trich. LY (trich. L)
24 Nov - 14 Dec 2003 3 No 18 238.7 47.4

13 - 20 Dec 2004* 1 at 6m, 2 d before 7 244.6 20.7

3 -14 Jan 2005 1 No 11 815 14.8

4 - 18 Feb 2005* No 14 10.1 19.4

29 Mar - 7 Apr 2005 1 at 6m, 4 d before 9 156.5 344,




Table 2
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Exponential net increase rates (ki if) @nd corresponding doubling times dh d) in parentheses,

from changes inTrichodesmiunpopulation biovolume, at different depths (equagid and 2).

T. erythraeum T. erythraeum T. thiebautii
2003 2004-2005
10m 7m 4m 0.5m 6m 0.5m 6m 0.5m

24-30 Nov 0.36 043 0.36 13-12 Dec 039 329 151 220
1.9 (2.6) (1.9 (2.8) (0.2) (0.5 (0.3)

3-9 Dec 0.24 0.68 0.61 0.72 3-14 Jan 0.98 1.13

29 (@0 (@1 (1.0 (0.7)  (0.6)
11-14 Dec 0.15 0.40 4-18 Feb 0.19 052 023 094
4.6) (1.7) 3.7 (13 (29 (0.7

29 Mar - 4 Apr 0.67  0.59

(1.0 (1.2




Table 3
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Sizes ofT. erythraeunandT. thiebautiiduring the 2003 and 2004-2005 surveys at Sta S&ard

+ standard deviations, and range (in parenthefske parameters for observations.

Width Length Volume
(m) (m) (10°unt)
T. erythraeum
2003 0.5m-10m 11.0+0.6 477+190 45.3+20.7
n= 2612 (5.5 - 22.0) (56-1489) (5.3-426.1)
2004-2005 05m-6m 10.5+1.4 550+ 344  48.4+ 34.8
n= 6362 (5.5 - 22.0) (60 —2675) (4.1 - 448.6)
T. thiebautii
2003 0.5m-10m 11.3+2.3 822+ 499 67.1+26.0
n=8 (8.2 - 16.5) (440 -2031)  (25.6-96.9)
2004-2005 0.5m-6m 57+1.0 847+440 22.0+16.4
n=1618 (5.5 - 11.0) (57 -3386)  (1.3-186.4)




Table 4
Trichodesmiuntarbon, nitrogen and chlorophwglicontent of the 2004-2005 survey: means,

standard deviations (sd) and ranges.

Per colony Per trichome Ratio
Chla C N Chla C N CIN C/Chla
(ng) (ko) (ko) (ng) (ng) (ng) (mol/mol) (9/9)
Mean+ sd 7.84+5.16 1.25+0.29 0.20+0.12 0.44+0.26 103.&# 36.1 16.8 5.7 6.2+ 0.8 265.1+ 161.5

Range 241-149 0.79-1.57 0.15-0.39 0.17-0.92 61.5-191.0 10.7 - 28.0 46-7.4 87486.5




Table 5
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Trichodesmiunspp densities (as trich. 1) literature review (Note: references consideriopoy

abundance are not presented. Specific differenesieaT. erythraeun(®) andT. thiebautii(*) are

reported when available. m: mean value; max: mamnaalue.

Region Depth Density Author(s)
Sargasso and Caribbean 0 m (range) 0-49* Carpenter and Price (1977)
seas 15-200 m (range) 0-294*
Kuroshio (Japan) 0-100 m (max) 40 — 50000 SainoHattbri (1980)
Great Barrier Reef lagoon bloom (max) 50,000 Rewteland Gilmartin (1982)
Cleveland Bay (Australia) inshore "blooms" (m) 8515 Jones (1992)
offshore "blooms" (m) 3300

HOT Station (Hawaii) 0-45 m (range) 11-84 Letetiad Karl (1996)
Southwest tropical Pacific 0 m - Fiji (max) 10,000 Dupouy et al. (2000)

0 m New Caledonia ( max) 1000

Tanzania coast

0 m "bloom" (range) 38,000 - 120,00%

0 - 20 m (range) 0- 63,008
Gulf of Agaba 0-90 m (range) 0.05-2
South China Sea 0 m (m, range) 77 (0-962)
Magnetic island (Australia) surface (range) 9-102,000
15 m (m) 13,000

North and South Atlantic 7 m (m) 300

(max) 2200
Dampier Archipelago 0-20 m (m) 180C°
(Australia)
North tropical Atlantic "surface" (m) 222 — 292*

"surface", peak period (m) 2250 (up to 10867)*

Bay of Ouinné 0-45m(m) 0.7-17; 0.6 — 29*

(New Caledonia)

Loyalty channel

0 - 60 m (range) 0- 101f; 4 — 2450*

(New Caledonia)

Bay of Sainte Marie

0.5 m (range) 0- 246 ; 0—34*

(New Caledonia) 6 m (range)

0-47: 0—18*

Lugomela et al. (2002)

Post et200Q)
Chah €2003)

Muslim and Jones (2003)

Tyrell et al. 2003

Negri et al. (2004)

Carpenter et al. (2004)

Tendrio et al. (2005)

Tenorio (2006)

Present study
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Table 6

Literature reviewof Trichodesmiuntarbon-specific doubling times (d).

Temperature Doubling time

Reference Conditions
°C) (d)
Carpenter and Romans (1991) natural populatioogidal -subtropical Atlantic  26.5 - 28 1.8-18
Carpenter and Capone (1992) Review >27 3-6
Carpenter et al. (1993) natural populationg. erythraeum 26.5-28 3.8
T. thiebautii 3.0
Prufert-Bebout et al. (1993) Cultures 3.0*
Mulholland and Capone (2000) Cultures 2.2
natural populations 3.8-198
Orcutt et al. (2001) natural populations, Bermuda 2
Bell et al. (2005) Cultures 25+3 2.3-35
Mulholland and Bernhardt (2005) continuous culture 28 3-10
Le Borgne et al. (2006) natural populations, blo&ay of Ste Marie, 27 - 29 41-5.8
idem non-bloom conditions 27 -29 13.9-40.8

* inferred from their 0.23 division tigrowth rate
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Table 7

Values of the trichome exponential net growth (gtgs) and their corresponding doubling time
(da, 0.5) satisfying equation 4, for z = 0.5 m. Percenttabations of net growth (65 /A Vg 5) and

ascent from deeper levelsd&/ AV ) to observed biovolume increases at 0.54W, s.

Jos da, 05 Aod AVos God AVos
Period

dh (d) (%) (%)
24-28 Nov 2003 0.18 3.86 87.3 12.5
3-5 Dec 2003 0.38 1.82 97.6 2.4
10-12 Dec 2003 0.12 5.57 87.3 12.6
13-15 Dec 2004 1.32 0.53 98.2 1.8
3-5 Jan 2005 0.11 6.45 87.0 13.0

25 Mar - 4 Apr 2005 0.17 4.14 98.9 11
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Figure captions

Fig. 1. Sampling station locations at the entrgita. SM) and off (Sta. O) the Bay of Ste Marie.
Fig. 2. Trichodesmiunabundance as trichome numbers versus biovolumegdire 2003 and 2004-
2005 surveys. Slopes (b) of the linear regressaoas b= 44240 in 2003 and b= 45084 in 2004-
2005, respectively.

Fig. 3. Temporal variations if. erythraeunbiovolume at Sta. SM four sampled depths, during
Survey | (2003). NoteT. thiebautiidensities, contributing for <1% of the total, hane been
represented on the figure.

Fig. 4. Temporal variations ih. erythraeunandT. thiebautiibiovolume at Sta SM two sampled
depths, during Survey Il (2004-2005). Less frequdrstervations were made at Sta. O, 0.5 m

Fig. 5. Relationships between trichome in colonyayd free trichome (x) densities during the 2003
and 2004-2005 surveys.

Fig. 6. Temporal variations of environmental valésbandl richodesmiunspp. densities at Sta. SM
during Survey |. Temperature and salinity refeth® 1 m depth. Nitrate (N) Soluble Reactive
Phosphorus (SRP) and chlorophe/{[Chl a) concentrations are averaged through the 0-12 tarwa
column, wind velocities, on 24 h. Significant raitif(>10mm d") are indicated by vertical arrows.
Trichodesmiunspp. abundances are integrated over 10m.

Fig.7. Same as Fig. 3, but for Survey II.

Fig. 8. Trichodesmiunpeak amplitude versus nitrate concentration ab#genning of the five

blooms.
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