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Abstract

The VAHINE mesocosm experiment was designed ggén a diazotroph bloom and to
follow the subsequent transfer of diazotroph detingrogen (DDN) in the rest of the foodweb.
Three mesocosms (50%riocated inside the Nouméa lagoon (New Caledo®ayth West
Pacific) were enriched with dissolved inorganic glworus (DIP) in order to promote; N
fixation in these Low Nutrient Low Chlorophyll (LNL) waters. Initially, the diazotrophic
community was dominated by diatom diazotroph assioris (DDAs), mainly by
Rhizosolenia/Richelia intracellularis, and byTrichodesmium, which fueled enough DDN to
sustain the growth of other diverse diatom spearesSynechococcus populations that were
well adapted to limiting DIP-levels. After DIP féization (1 uM) on day 4, an initial lag time
of 10 days was necessary for the mesocosm ecosystestart building up biomass. Yet
changes in community structure were already obsexigring this first period, with a
significant drop of bothSynechococcus and diatom populations, whilrochlorococcus
benefited from DIP-addition. At the end of thissfiperiod, corresponding to when most added
DIP was consumed, the diazotroph community changastically and became dominated by
Cyanothece-like (UCYN-C) populations, which were accompanida monospecific bloom
of the diatomCylindrotheca closterium. During the second period, biomass increased harp
together with primary production anc fixation fluxes near tripled. Diatom populatiorzs
well asSynechococcus and nano-phytoeukaryotes showed a re-increasedew@e end of the

experiment, showing efficient transfer of DDN tonngiazotrophic phytoplankton.
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1. Introduction

Atmospheric dinitrogen (N fixation by marine planktonic diazotrophic orgsmis is a
major source of new N to the ocean, and this psotegarticularly important in sustaining
primary productivity in oligotrophic N-limited emanments at low latitudes (Capone et al.,
2005). On a global scale »¥ixation estimates converge around 140 *+ 50 Tg'N@ruber,
2004). The increase in primary productivity throwtjazotroph derived nitrogen (DDN) has
been shown to increase carbon (C) export to défthté et al., 2013). Diazotrophs have also
been seen to contribute directly to C export (Soardiam et al., 2008; Karl et al., 2012) and
together these processes are capable of signiffaamacting the biological C pump (Dore et
al., 2008; Karl et al., 2012). A wide variety otaiophic organisms are able to fix atmospheric
N>, from picoplanktonic and nanoplanktonic sized sgfiidar cyanobacteria (termed UCYN)
to the heterocyst diazotrophs in symbiotic assmmavith diatoms (DDAs) and to the larger
filamentous colonies affrichodesmium. Each group possesses different growth antiXdtion
potential uptake rates and responds differentlgrteironmental factors, depending on their
ecological niches.

If No-fixation rates are routinely measured in the dhgphic ocean, much less is known
about which organisms contribute to this proceswealsas the fate of this newly fixedz
the planktonic community. The VAHINE (VAriabilityfowertical and tropHIc transfer of fixed
N2 in the south wEst Pacific) mesocosms experimerst designed to address this particular
issue, and to determine the primary routes of fesref DDN along the planktonic food web.
This project aimed at following the dynamics of iazdtroph bloom and investigate the
evolution of the rest of the planktonic communibeterotrophic prokaryotes, pico-, nano-
micro-phytoplankton and zooplankton) during thisdrh event in order to determine whether
the DDN rather benefited the classical food wethermicrobial loop, as well as following the
evolution of fluxes and stocks of biogenic elemekRisally, the VAHINE experiment was
designed to determine whether a diazotrololom would increase the C export fluxes to depth.

Due to inherent logistical difficulties in answagithese questions, that is to follow a
naturally occurring diazotroph bloom in the operar and quantify the fate of DDN as well
as C transfer to depth, a new approach involvingaoesms deployment was carried out in this
project. A set of three replicate large-volume @@.n¥) mesocosms equipped with sediment
traps at their bottom end were deployed in a ptetearea of the Nouméa lagoon in New

Caledonia (South West Pacific), a site known ferviarm oligotrophic waters favorable to
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recurrentlrichodesmium blooms (Rodier and Le Borgne, 2010) and charasdrby high N
fixation rates (Bonnet et alnder rev.).

Lagoon waters in Nouméa are known to be primariinhNted (Jacquet et al., 2006;
Torréton et al., 2010), which would favor the grbwif diazotrophic organisms, but DIP
availability was also suggested to exert the ult@r@ntrol on N-input by MNfixation in the
western side of the South Pacific Ocean (Mouted.eR005; 2008). After isolation of the water
column inside the mesocosms, DIP was added to sesocosm in order to stimulate a
diazotroph bloom event. The VAHINE experiment sgstelly allowed to follow a 2-phase
diazotroph succession, associated to some of ginesi N-fixation rates measured in the South
West Pacific and composed of a succession of variazotrophic organisms: DDAs were
abundant during the first half (P1) of the expernin@p to day 14), while unicellular:Mixing
cyanobacteria from Group C (UCYN-C) dominated tha&zdtroph community during the
second half (P2) of the experiment (days 15 to(88%cribed in details in Turk-Kubo et al.,
2015). In support of the other main results pre=sgmnt this VAHINE special issue, this paper

presents the evolution of the phytoplanktonic comityustructure during this experiment.

2. Material and Methods

2.1. Mesocosms

Three large volume mesocosms were deployed inNdrCLecosystem at the entrance
of the Nouméa lagoon (New Caledonia) located 28oknthe coast (22°29.1'S— 166°26.9'E)
in 25 m deep waters (Fig. 1). This system is utigeinfluence of oceanic waters coming from
the South through the open shelf, which then é&edtlagoon, pushed by trade winds and tidal
currents through various openings of the barrief (®uillon et al., 2010). The mesocosms
consisted of three enclosed polyethylene and \aogtate bags equipped with sediment traps
at bottom. The mesocosms approximate height wam,\sith an opening of 4.15 fand a
total volume of ca. 50 #n(see Guieu et al., 2010 and Bonnet et al., 2016ulb technical
description of the mesocosms). Mesocosms were gegplon January 122013 by scuba
divers and left opened to stabilize the in-bag wetdumn for 24h. Mesocosms were enclosed
the following day (day 1), and the experiment wasried out between January™and
February 4 for 23 days. In order to alleviate potential DIRMliation of diazotrophic
organisms, the three mesocosms were homogeneaersijzéd with 0.8uM DIP on the

evening of day 4 (see Bonnet et al., 2016 for 8gtanarking the start of P1 (PO corresponding
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to the period prior to fertilization between dagrid 4).

Sampling occurred every day at 7 am at three t@eledepths (1, 6 and 12 m) in each
mesocosm (hereafter called M1, M2 and M3) fromadfptm moored next to them and water
was collected in large 50 L carboys using a Teflamp connected to PVC tubing. To ensure
quick processing of samples, the carboys were imatedyl transferred to the R/Xis moored
0.5 nautical mile from the mesocosms or to thenidliaboratory setup for this occasion on the
Amédée Island located 1 nautical mile off the mesats. The seawater surrounding the
mesocosms (hereafter called lagoon waters) wasledrapery day for the same parameters at

the same three depths.
2.2.Sample collection and analyses methods

2.2.1. Determination of chlorophyll a (Chl a) concentrations
Chlorophyll a (Chla) concentrations were determined from 0.55 L wa@mples
filtered onto 25 mm GF/F Whatman filters in thesimesocosms and outside at all sampling
depthslin situ Chla concentrations were determined by fluorometryrafiethanol extraction
(Herbland et al., 1985), using a Turner Design ribneeter (module # 7200-040, Chl

extracted-acidification) calibrated with pure @Ghdtandard (Sigma).

2.2.2. Determination of phycoerythrin (PE) concentrations

Water samples (4.5 L) were filtered onto 0.4 um Nucleeppolycarbonate membrane
filters (47 mm diameter) and immediately frozenliouid nitrogen until analysisin the
laboratory, particles retained on the filter were resuspended in a 4 mL glycerol-phosphate
mixture (50/50) after vigorous shaking, according to the in vivo method (Wyman, 1992).
The PE fluorescence excitation spectra were recorded between 450 and 580 nm
(emission fixed at 605 nm), using a Perkin Elmer LS55 spectrofluorometer and emission
and excitation slit widths adjusted to 5 and 10 nm, respectively (Neveux et al., 2009). As
this method was developped for sm@thechococcus cells, potential packaging effect could
occur when measuring PE in larger cells suchlashodesmium, but this remains to be
documented. Estimates of phycoerythrin were obtafnem the area below the fluorescence
excitation curve, after filter blank subtractiore Bnalyses were made only at 6 m-depth in the

three mesocosms and in lagoon waters.
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2.2.3. Pico- and nano-phytoplankton enumeration by flow cytometry

Samples for flow cytometry were collected from eaeltboys corresponding to each
mesocosms and lagoon waters at the three depth8 mL cryotubes, fixed with 200 pL of
paraformaldehyde solution (2 % final concentratidiash frozen in liquid nitrogemand stored

at -80 °C. Flow cytometry analyses were carriedadthe PRECYM flow cytometry platform

(https://precym.mio.univ-amu.jrusing standard flow cytometry protocols (Marieket 1999)

to enumerate phytoplankton. Samples were analyged) @ FACSCalibur (BD Biosciences,
San Jose, CA). Briefly, samples were thawed at remnperature in the dark and homogenized.
Just before analyses, 2 um beads (FluoresbritePdG/science) used as internal control to
discriminate pico-plankton (< 2 um) and nano-plank> 2 um) populations, and Trucolft
beads (BD Biosciences) used to determine the volama¢yzed, were added to each sample.
An estimation of the flow rate was calculated, vinaig 3 tubes of samples before and after a
3 min run of the cytometer. The cell concentrati@s determined from both Trucolftbeads
and flow rate measurements. The red fluoresc&it@LP, related to Chd content) was used
as trigger signal and phytoplankton cells were atigrized by 3 other optical signals: forward
scatter (FSC, related to cell size), side sca8&Q, related to cell structure), and the orange
fluorescenc€580/30 nm, related to phycoerythrin content). $&veusters were resolveide.
Synechococcus, Prochlorococcus, pico- and nano-phytoeukaryotes. Another cluspgreared

in the nano-planktonic class-size as a stretcheddcbf highly dispersed red and orange
fluorescence. Its positioning on the cytogram saggéhat this cluster corresponded to a
gradient of particules comprised between 2 andr20ipcluding a mix of live and dead cells
embedded in aggregates, mucus and maybe polletasrdiashown)All data were collected

in log scale and stored in list mode using the Qa#ist software (BD Biosciences). Data

analysis was performesposteriori using SUMMIT v4.3 software (Dako).

2.2.4. Micro-phytoplankton enumeration by microscopy

Samples for micro-phytoplankton enumeration anchtifieation were collected in each
mesocosms at mid-depth (6 m) in 250 mL amber ddatites and fixed with 5 mL neutralized
formalin. Samples were stored in the dark and @tutitil analysis. Diatoms and dinoflagellates
were identified and counted in an Utermdhl chandmea TE-2000 Nikon inverted microscope
following Utermohl, (1931). Sedimented volume wasaverage 140 ml but ranged between

100 and 180 ml depending on cell density.

2.2.5. Biomass conversions
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The different groups were converted to carbon lasrn order to present an estimated
overview of the relative dynamics of each grougoMphytoplankton C was computed using
average values compiled from a global ocean dagalhas 60 fg C pelProchlorococcus cell,
255 fg C peiSynechococcus cell and 1319 fg C per pico-phytoeukaryote celli{@nhuis et al.,
2012). Nano-phytoeukaryotes were assimilated fghare of 4 um diameter and converted to
C using Verity et al. (1992), which was equivalemtlO pg C per nano-phytoeukaryote cell.
Unfortunately the cellular sizes were not measutedng diatoms cell counts, thus diatoms
were converted to C using average size data cothfoleeach species from a global ocean
database (Leblanc et al., 2012). Results are threreinly meant to present relative evolution
of diatoms during the main phases of the experiraadtshould be interpreted with caution.
Finally, dinoflagellates were converted by assitm them to a 30 um sphere (which

corresponds roughly to observations) and using Mefideuer and Lessard (2000).
2.2.6. Diazotroph abundances and targeted diazotroph community succession

The abundances of specific diazotrophic phylotypas determined using quantitative
polymerase chain reaction (qPCR) targeting a compoof the nitrogenase geneiff)
associated to nine diazotrophic phylotypes. BriéBly L water samples were collected at each
depth each day and filtered through 25 mm2Supor® filters (Millipore, Billarica, CA),
using peristaltic pumping. Filters were flash-froze liquid nitrogen, then stored at -80°C and
shipped on dry ice back to laboratory. Diazotropklptypes targeted were regrouped for this
study into the unicellular groups A (UCYN-A1+UCYN2} B (UCYN-B) and C (UCYN-C),
the gamma proteobacterigZ47744A11), the colonial filamentous non heterbdgeming
cyanobacteria Trichodesmium) and last the heterocyst-forming diazotrophic symts
associated with diatoms (DDASs). These include thimlsonts Richelia sp. associated to
Rhizosolenia species (het-1)Hemiaulus species (het-2) and the symbior@alothrix sp.
associated t€haetoceros species (het-3). Results are presented in nunfl@ftd copies L
for each phylotype and cannot easily be convedextliular abundance because there is very
little information about the number aifH copies per genome for each diazotroph target. For
a full description of the methods used, refer tokTKiubo et al. (2015).

2.2.7. Nutrients

Samples for dissolved inorganic phosphorus (DIRjate (NG ) and total nitrogen (TN)

6
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concentrations were collected in 40 mL glass bettled stored at -20°C before analysis.

Concentrations were determined using a segmerdechihalyzer according to Aminot and

Kérouel (2007). The detection limit was 0.01 uM f&60; and 0.005 uM for DIP
respectively. Dissolved Organic Nitrogen (DON) waderived after substracting PON
measurements from TN measurements, with a precsidh5 pM. PON samples were
collected by filtering 1.2 L on precombusted (45@fg and acid washed (HCI 10%) GF/F
filters and analyzed according to Pujo-Pay and Rairt (1994), with a detection limit of
0.06 uM for PON. Samples for NHwere collected in 40 mL glass bottles and analyzed
by the fluorescence method according to Holmes ét299) on a trilogy fluorometer. The

detection limit was 0.01 pM.
2.2.8. Nitrogen fixation rates

Samples for nitrogen fixation measurements werlectald in 4.5 L polycarbonate bottles and
amended witi®N2-enriched water according to Mohr et al. (2010}teAR4h, samples were
filtered on combusted (450°C, 4h) GF/F filters atared at -20°C. Filters were then dried at
60°C for 24h prior to analysis using a Delta plusssspectrometer (Thermo Fisher Scientific)
coupled with an elemental analyzer (Flash EA, Therfisher Scientific) for PON
concentrations and PONN enrichment determinations. Th&N enrichment of the Npool
was measured by Membrane Inlet Mass Spectromeaterding to Kana et al. (1994) and was
found to be 2.4 + 0.2 atom%. Fluxes were calculatedording to the equation given in
Montoya et al. (1996). For a full description o tmethod used, refer to Berthelot et al. (2015b).

2.2.9. Primary production rates

Samples for primary production were collected in rBQ bottles and amended with
H4COs and incubated for 3 to 4h on a mooring line clogbe mesocosm at the same sampling
depth. Samples were filtered on 0.2 um polycarlfiérs and placed into scintillation vials
with 250 pL of HCI 0.5 M. After 12h, 5 mL of ULTIMASold MV scintillation cocktail were
added to each vial before counting on a PackardCarb ® 2100 TR scintillation counter.

Primary productivity was calculated according touo et al. (2002).

3. Results
3.1. Pigment distribution



230

235

240

245

250

255

Chlorophylla (Chl a) remained low (close to 0j&y L) during the first 14 days of the
experiment in all three mesocosms (Fig. 2) andlamto the lagoon waters. A significant
increase, which was not observed outside of mesasagas observed by day 15 in all 3
mesocosms, which characterizes the beginning ageébend phase (P2). M1 and M2 behaved
more closely with similar doubling in average cartcations to around 0.4g L, but with a
few peaks at higher concentrations (up top@yat in M1, and up to 1.Qg L'tin M2 on day
18). M3 showed a similar trend but with a highecregase of Chla, with an average
concentration of 0.Jig L™ during P2, and a higher peak value of dgdL"! on day 21.

Following the DIP-addition, PE remained close titiahvalues in all three mesocosms
(close to 0.1ug L) and lower than in lagoon waters until day 11 (Bjg PE concentrations
then increased to an average of 2Lt in M1 and M2, with daily variations, but increased
up to a higher average concentration (3.1 in M3 during P2, with a peak value of 11
Lt on day 19. Lagoon concentrations remained lowan th M3, but slightly above M1 and
M2 during the first 15 days (Oj2g L), and increased to parallel M3 concentrations betw
day 20 and 22.

3.2. Pico- & Nano-phytoplankton distribution

The numerically dominant organism in the phytoptankcommunity during the
experiment wasSynechococcus (Fig. 4), whose abundances ranged between 16 0680 an
285 000 cells mtt (min and max values for all mesocosms). During &flyndances were
initially high but decreased steadily right afteesncosm enclosure, in order to increase again
only several days after DIP addition. The averaggcentrations during P1 (day 5-14) in all
three mesocosms was 54 000 cells’mhd it nearly doubled during P2 (day 15-23) to 506
cells mL. Synechoccocus increased more strongly after day 15, but theelsirqncrease was
observed in M3 with a peak value on day 19 clos28®000 cells mi.

Prochlorococcus (Fig. 5) showed intermediate abundance values (€80cells mLY).
In contrast taSynechococcus, they were initially low during PO (close to 10000ells mLY),
but increased strongly right after DIP additiorthie three mesocosms. Apart from this similar
initial response, the evolution of this group wassl reproducible between mesocosms, with
different patterns observed. A net decrease wasredd by day 10 in M1, while abundances
peaked on this same day in M2 and were intermedid#3. Overall abundances were almost
twice as low in M1 (4 600 to 23 400 cells flLthan in M2 and M3 (8 400-10 000 to 42 900-

43 500 cells mtY). Prochlorococcus were more abundant towards the end of the expatime
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all mesocosms (>20 000 cells Ml.but with a much higher number in M3 on day 24Q900
cells mLY).

Next in order of abundance, pico-phytoeukaryoteged between 500 and 7 500 cells
mL* on average (Fig. 6). They were present during B9 abundances > 2 000 cells mhbut
decreased right after DIP addition. They remaimedbw abundances mainly until day 18,
where they increased in all mesocosms (up to >03@0s mL?Y), but with twice as many cells
(> 7 000 cells mt}) in M3 than in M1 and M2. Pico-phytoplankton shaeore contrasted
responses in the three mesocosms in the tranggadod between day 10 and 15, with an
increase in abundance in M1, stable values in MRaadecrease in M3.

Finally nano-phytoeukaryote abundances were betw86rand 3 700 cells miL(Fig.
7). They were generally lower during PO (<1 000sceiL!) and seemed to respond to DIP
addition with a small increase in numbers followdtay 4. No clear pattern can be derived from
their distribution during the experiment but fogeneral increase over the last few days (after
day 20) and higher abundances in M3 (> 3 000 cglls"), similarly to what was already

observed foSynechococcus and pico-phytoeukaryotes.

3.3. Diatom community structure

The dominant micro-phytoplanktonic organisms duriing experiment were diatoms
(Fig. 8), which abundances ranged from 5 700 toG@Bcells ! in all mesocosms. They were
initially high during PO, despite large variationstween mesocosms already on day 2. They
seemed to increase slightly right after DIP addito day 5 (except in M1) and then decreased
during P1 in all mesocosms until day 10-11, whesythgain started to grow, building up to
bloom values (100 000 cells}). around day 15-16 in the three mesocosms (on gedvéice
as large in M1 than in M2 and M3).

The diatom community was composed of a diverse naslsge, which changed
significantly over the course of the experimentrirday 2 to day 12, the diatom community
structure was diverse but very reproducible betweesocosms, despite near triple differences
in abundances. Diatoms were initially numericallpmdnated by Chaetoceros spp.
(Hyal ochaete and Phaeoceros), which together accounted for 25 to 36 % of thtaltdiatom
abundances (Fig. S1¢haetoceros spp. remained the most abundant group a coupdievy
longer in M3, until day 14. In this first periotgptocylindrus sp. was the second next most
abundant genera contributing to 21 to 33 % to wittbms in average over the 9 first days, and
decreased to 16 % from day 10 to 12, and then rexddbelow 10 % until the end of the

experimentCerataulina spp.’s abundance was third next in M1, with 15 a2&6 contribution

9
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in the first 5 days, but was below 5 % in the otharesocosm®acteriastrumspp.’s abundance
was third next in M3 with 12% over the first 7 daysile it remained below 5 % in the two
other mesocosms. Finallfhalassionema spp.’s contribution was close to 10 % over th&t fir
days in all three mesocosms, and decreased strafighyday 7.

From day 10 to day 18-1@ylindrotheca closterium, which was inferior to 2 % of diatoms
in the first few days, increased dramatically ihthfee mesocosms and represented between
33 and 86 % of the diatom abundances, even reabeimgeen days 15 and 17 > 95 % of total
abundance. After days 18-19, their contributionrelased again in favor davicula spp.,

Chaetoceros spp.,Leptocylindrus spp. andGuinardia spp.

3.4. Dinoflagellate distribution
Dinoflagellates average abundance over the expatimas ca. 3 000 cells, an order

of magnitude inferior to diatoms. Dinoflagellatesried from 1 000 to 11 700 cellstl(min
and max values for all mesocosms) and increasegltisii(by a factor of 1.3 on average over
the three mesocosms) between P1 and P2, but thisage was more pronounced in M3 on
days 16-17. Average dinoflagellate abundance wss3ato 4 times lower in M1 (1400 cells L
1y compared to M2 (3400 cells}).and M3 (4 400 cells't). The numerically dominant species
were from theGymnodiniumyGyrodinium group.

3.5. Biomass distribution of the phytoplanktonic community
The main phytoplanktonic groups were converted tudinass and averaged for each

day of sampling for all mesocosms and all deptlg. (D). Given the assumption used for C
conversion (see methods section), these figuresrdyemeant to give a rough estimate of C
allocation between groups, yet it has the meritnimediately convey the weight contribution
of each group, otherwise difficult to infer fromuaitlance numbers.

Diatoms were the main contributors to phytoplankibhiomass (66 %) during PO (day
2), while Synechococcus was the second largest contributor (19 %), folldwey nano-
phytoeukaryotes (9 %). Nano-phytoeukaryotes raeddtiitomass showed the strongest increase
during P1 (from 9 to 17 %), followed [8ynechococcus (from 19 to 23 %) and dinoflagellates
(from 2 to 8 %) while diatoms decreased (from 664% %). During P2 Synechococcus
continued to increase (to 28 %) and diatoms toeds® (to 40 %) while all other groups
remained fairly stable. The evolution @&frochlorococcus contribution to biomass was

negligible over the course of the experiment amdaiaed below 2 % during the 3 periods.

10
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3.6. Diazotroph community distribution

The evolution of the targeted diazotrophic commurst presented as the number of
nifH copies [ and as averages over the two main periods fornargkoverview of their
relative dynamics (Fig. 11), since the evolutiorthe diazotrophic community on a daily basis
during the experiment is described at length ircttrapanion paper of Turk-Kubo et al. (2015).
Important differences were observed between P1RihdThe diazotroph community was
initially dominated by the Het-1 groujRichelia/Rhizosolenia association) with 1.3x2mifH
gene copies 1, followed byTrichodesmium with 2.0x1d nifH copies ! and by UCYN-A
with 1.7 x1@ nifH copies L} The Het-2 groupRichelia/lHemiaulus association) was less
abundant (9.5xTnifH copies L), while the other groups (UCYN-24774A11, UCYN-B,
Het-3 in decreasing order) were negligible in ataurog (0 to maximum1 300fH copies LY).
During P2, the four dominant groups (Hetftichodesmium, UCYN-A, Het-2) all decreased
in abundance by a factor X3.7, X1.5, X1.6 and Xe3pectively. The two least abundant
groups UCYN-B, Het-3) during P1 increased only bfew hundrednifH copies L (with
maximum values of 600ifH copies ). On the other hand the UCYN-C group showed a
drastic increase (more than 10-fold) from 1.3%di®H copies [ (P1) to 1.2x1®nifH copies
L (P2).

4. Discussion

Following the DIP addition on the evening of daytde VAHINE experiment was
characterized by two distinct phases regardingemitavailability, primary and heterotrophic
bacterial production fluxes (Berthelot et al., 201%an Wambeke et al., 2016) and the
dynamics of the diazotrophs community as identibgdjuantitative polymerase chain reaction
(qPCR) in Turk-Kubo et al. (2015). This experimsuatcessfully triggered the development of
a large diazotroph community, evidenced by the omeas N-fixation fluxes which were
among the highest ever reported for oceanic sys(Bmsnet et al., 2016). The first 10 days
following the DIP fertilization (P1) were dominatethinly by DDASs, coupled with average N
fixation rates over the three mesocosms of 10.BHfnol N Lt d?, while the following 9 days
(P2) were dominated by the unicellulag-fiking cyanobacteria from group C (UCYN-C)
which resulted in a near tripling of averagefiXation rates (27.3 + 1.0 nmol NLd?) and a

more moderate increase in primary productivity,cshrincreased from 0.9 to LBnol C L1
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! between P1 and P2 (Berthelot et al., 2015b) (F&). A concomitant strong increase in
average Chh concentrations was observed, which nearly trigtech 0.20 to 0.54 ugt
Similar primary production andNixation rates as well as Chlconcentrations were observed
in the lagoon waters and the mesocosms duringRBllkparameters clearly increased during
the second period inside the mesocosm experimant XE), reflecting a delayed effect (~10
days) on the planktonic community, presumably a&édoy the combination of both DIP
addition and turbulence reduction due to the emiea of the water column. Results are
discussed following this two-phase characterizatainthe evolution of the biological

compartment over the course of the experiment.

4.1. Initial phytoplankton community composition during PO (day 0-4)

The experiment started in LNLC waters, charactedrizg low (< 50 nM) DIN and DIP
concentrations (Fig. 13), moderate DSi (1.4 uM) kvd Chla (0.2 pg L) (Berthelot et al.,
2015b). Primary production was on average low (Ol C L d1) while nitrogen fixation

was elevated (17 nmol Nid™?).

Diatoms were an important part (> 50%) of the ppldoktonic biomass over the first few
days (Fig.10, 14). This was surprising given thghhi oligotrophic nature of the water mass,
but can be explained by the presence of microptam&tdiazotrophs which could have
stimulated the growth of other diatoms by inditeahsfer of DDN. The diazotroph community
analyses indicate that DDAs (in particular the hBhizosolenia bergonii/Richelia association)
were dominant at the beginning of the experimenyd #hat other diazotrophs such as

Trichodesmium and UCYN-A were also present.

Within the pico-phytoplankton size-clasSynechococcus was the dominant organism,
representing 85 % of the C biomass, whieochlorococcus and pico-phytoeukaryotes
represented 5 and 10 % respectively. This relalheation of biomass between these three
groups remained stable throughout the experimetfit wery little variations (SD < 4% on all
groups). A previous study conducted in the Noumésgoon waters, showed that
Synechococcus was dominating ovelProchlorococcus over most of the DIN range and that
pico-phytoplankton remained a negligible comporméiiis size-class, which is consistent with
our findings (Jacquet et al., 200&@nechococcus was the most abundant group initially and
16S data showed that these high abundances wengaimad in the Nouméa lagoon but that
they crashed in M1 after mesocosm closure andduiiP addition (Pfreundt et al., 2016a).
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This was the case in all three mesocosms (Fign@&ur system, both DIN and DIP were low,
and the competitive advantage held3ggechococcus could derive frontheir ability to replace
phospho-lipids in their cell membrane by sulfolpiduring P-limitation (Van Mooy et al.,
2009). Even if other groups such arochlorococcus, UCYN-B (Crocosphaera),
Trichodesmium and some diatom species are also able to perfoensame replacement of
membrane lipids to save on cellular P demand (VaroWMet al., 2009), it seems that
Synechococcus was the most efficient organism using this subtih metabolism to resist P-
stress in our initial conditions (Pfreundt et 2016b). This group was probably also benefiting

from DDN to circumventn situ DIN limitation.
4.2. Phytoplankton community composition during P1 (day 5 - 14)

In the period following DIP addition, productiorufles remained very close to lagoon
waters (Fig. 12) similarly to nutrient stocks (Fig). Average primary production increased
from 0.4 to 0.umol C L't d* while N fixation actually decreased slightly (from 17 @rimol
N L d1). DIP addition however impacted phytoplankton camity of both diazotrophs and
non diazotrophs which started to depart from ih¢@nditions as described below.

The DIP addition did not seem to immediately altexr main diatom species distribution,
which remained fairly stable from day 2 to day &y¢-8, S1). However, it seems that diatom
concentrations, after a rapid surge on day 5 inaMi@ M3 corresponding to higher DIP levels
in these mesocosms compared to M1, decreasedisagmiy until day 9 in all mesocosms (Fig.
8, 10). As a potential mechanism, the DIP addittonld have stimulated diatom growth
initially, which would have then pushed diatom®iht-limitation if DDN was not sufficient to
sustain this sudden increase in growth, and coale lmesulted in this initial decline in cell
numbers. Another hypothesis could be that the veatieimn enclosure, by reducing turbulence
or by increasing the predator-prey encounter oeties, could have been detrimental to the

accumulation of diatoms during the first few days.

Although DDAs dominated the diazotroph communityinig P1, they however did not
dominate the diatom community as a whokhizosolenia bergonii (associated toR.
intracellularis) represented less than 2 % of the diatom bionmasially, i.e. before DIP
addition and increased to only around 8 % of thetadn biomass during P1, which was
otherwise dominated by the very lafggeudosolenia calcar-avis (10 to 90 um diameter, 200
to 800 um lengthhich has a disproportionate impact on biomasgiteesery low cellular
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abundance. This diatom is known as an “S-strate@®ynolds, 2006) i.e. it is a large, slow
growing species adapted to high nutrient stresshagidlight level and is usually found in very
small mixed layer depths and in very low nitratéers. The rest of the dominating diatom flora
during the first 9 days of P1 was also comprisedpafcies known to thrive in warm nutrient
poor waters such aSerataulina, Guinardia and Hemiaulus genera, while the numerically
dominantChaetoceros and Leptocylindrus species were more ubiquitous and fast growing
species (Brun et al., 2015). The relative high alamee of diatoms other than DDAs and S-
strategists in these nutrient depleted waterseabéginning of the experiment could have been
fueled by secondary release of DDN (Mulhollandlet2z®04; Benavides et al., 2013; Berthelot
et al., 2015a). During this first period, the m#jo(over 50 %) of N-fixation was associated
to the > 10 um size-fraction (Bonnet et al., 2046yl was most likely the product of both
Richelia and Trichodesmium but it cannot be determined which of these groegogributed
most to the nitrogen uptake flux and subsequent D&BAse. Only one diatom cell count is
available for the lagoon waters on day 16, bubitfems that diatom community structure
outside the mesocosms remained similar to ouralraisemblage, composedGifaetoceros,

Leptocylindrus andGuinardia as well ag*seudosolenia calcar-avis.

A significant shift was observed within the diataommunity after a few days during the
second half of P1. The numerically dominant grou@leaetoceros spp. was gradually replaced
by the small pennate diato8ylindrotheca closterium, initially present in all mesocosms but
in low abundance. Despite this dramatic increaselimumbers leading to a near monospecific
bloom at the transition period between P1 and IR2 owerall diatom biomass yet decreased
due to the small size of this pennate speciesrdstiagly, the climax ofC. closterium was
synchronous with an increase in UCYN-C populatitret was not observed in the lagoon
waters at any time and where the diazotroph comiywn@imained characterized by an
increasing amount of DDAs and decreasing UCYN-Aypatons (Turk-Kubo et al., 2015).
Both UCYN-C andC. closterium populations closely followed the staggered dee@@a®DIP
as well as a small increase in temperature intteetmesocosms (Berthelot et al., 2015) hinting
to bottom-up control of these groups. This solifaeynate diatom is found worldwide in both
pelagic and benthic environments. It is likely tlitatdominance occurred through a better
adaptation to the shift in abiotic factors occugrin the mesocosms from day 5 and on, i.e.
much higher DIP level, decreased turbulence, asasetmall increases in both temperature
and salinity around day 9 in all mesocosms, whiehenaccentuated during P2 (Bonnet et al.,

2015). In a previous study involving perturbatiotperiments in small volume microcosms
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conducted in high latitude HNLC (High Nutrient La@hlorophyll) waters in the Bering Sea
and in New Zealand, it was also shown that a sirdpleddition was able to induce a very
rapid shift fromPseudo-nitzschia spp. toCylindrotheca closterium community through subtle
interplays in both their affinity for this trace mé(Leblanc et al., 2005). It is likely that this
rather small and lightly silicified species cande@sidered as an opportunist species with high
growth rates, allowing it to rapidly outcompeteathiatoms when abiotic conditions become
favorable. In support of this hypothesis, massiwvetbpments ofC. closterium have
previously been observed durifig chodesmium blooms in the South West pacific as well as
in the near shore waters of Goa in western Indievé3sy et al., 1978; Bonnet et aihder
rev.). One hypothesis for this recurrent co-occurreméeC. closterium with various
diazotrophic groups would be that this diatom sgebias a better immediate affinity for DDN,
probably in the form of Nk, than other diatoms.

Several studies have previously demonstrated &@weldpment of diatoms as well as
dinoflagellates following N release Ayichodesmium spp. (Devassy et al., 1978; Dore et al.,
2008; Lenes and Heil, 2010; Chen et al., 2011; Boret al.,under rev.). In contrast,
dinoflagellates here only showed a moderate ineréawards the middle of the experiment
(days 16-17) in M3 and an increase in the lastdays in M2 but no clear trend could otherwise
be detected (Fig. 9), and their biomass remainedathstable over the course of the experiment
(Fig. 10). It is however possible that dinoflagiagrowth may have been stimulated by DDN,
but that their biomass was kept unchanged by sulesg¢@razing, or that their mixotrophic
regime allowed them to exploit changes in the di@sborganic pool or go over to phagocytosis
(Jeong et al. 2010).

In the pico-phytoplankton communitgynechococcus and pico-phytoeukaryotes exhibited
very similar dynamics, with a distinct drop aftelPRaddition and a re-increase with a higher
degree of variability between the three mesocosam the middle of P1 approximately (Figs.
4, 6, 13). A likely explanation would be that theprted to benefit from DDN and increased
growth rates again only once the UCYN-C populastarted to increase. On the other hand,
Prochlorococcus clearly benefited from the DIP-addition (Fig. ®jth a strong increase in cell
numbers in the beginning of P1, which yet only lssin a relative increase of 1 % to
phytoplankton biomass (Fig. 10). Nano-phytoeukagptvhich were low initially increased
right after DIP addition and continued to incretmegards the end of P1 (Fig. 7) probably also
thriving on DDN.
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4.3. Phytoplankton community composition during P2 (day 15 to 23)

The second period of this mesocosm experiment sdanajor changes compared to
P1. The introduced DIP was rapidly consumed durihgFig. 13) allowing a strong build-up
of biomass (Chh and PE) together with a near tripling of-fikation rates (27 nmol Nt d?)
which were significantly superior to lagoon valuesjch also increased but more moderately
(Fig. 12). This evolution is likely due to the stifation of a different diazotroph community
inside the mesocosm, with highes-fikation rates, which in turn increased DDN releand
resulted in a larger consumption of all inorganitrients compared to outside waters (Fig. 13).

This second phase, corresponding approximatelyhéo moment when DIP was
completely consumed (to less than 0.1 uM), wasadhearized by an important shift in the
diazotroph community. Differences between the mesms and lagoon waters were
evidenced, the first being dominated by UCYN-Gydnothece), followed by het-1 (more
abundant in M1) andrichodesmium (more abundant in M3) while the latter were still
dominated by DDAsTrichodesmium and UCYN-A (Turk-Kubo et al., 2015). The UCYN-C
cells (around @um) grew in the mesocosms and rapidly achieved iifieestnifH gene copies
values for all diazotrophs during P2, while mosientgroups diminished (Fig. 11), most notably
het-1 (Turk-Kubo et al., 2015).

At the transition between P1 and P2, the developroEJCYN-C was paralleled by a
drastic change in diatom community structure, whimdcame almost monospecifically
dominated byC. closterium. It seems however that this stimulating effect wasdurable, as
this C. closterium bloom started to crash rapidly (most significantiyM1), from day 19-20,
which was accompanied by a shift in species digtion, with the return of th€haetoceros
spp. and the appearanceNdvicula spp. One hypothesis regarding this sharp decling. o
closterium towards the end of the experiment could be toprdoentrol by grazers, leading to

a shift towards less palatable diatom species.

In the mesocosms, UCYN-C rapidly aggregated irfdhm of large aggregates (from 100-
500 um) and Berman-Frank et al. (2016) showed WY N-C abundances were positively
correlated to transparent exopolymer particles (jTE€&dhcentrations, which could hint to a
direct production by these organisms. Moreoer]osterium has also been associated to large
mucilage aggregate formations in the Mediterran@mjdek et al., 2005) and it is known to
produce TEP under nutrient stress (Alcoverro e2800). Thus, both the dominating diatom
and the UCYN-C could have produced the TEP andfdt precursors leading to the formation
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of these large aggregates in the mesocosms, wiscited in an important contribution (22%
of POC) of UCYN-C to export in the mesocosm trapardy the second phase (Bonnet et al.,
2015).

Interestingly, Synechococcus increased again strongly during P2 (Fig. 14), shgwts
greater competitive advantage over other pico-gigitkton groups in the P-limited and DDN
rich environment by reducing its P cellular demand use up the newly available DDN. This
hypothesis was supported by gene expression dyesafromm metatranscriptomic analysis
which showed thaBynechococcus (but notProchlorococcus) was expressing genes for sulfo-
lipid biosynthesis proteins over the course of ékperiment whenever it was abundant, and
also increased transcript accumulation forsNitdnsporters towards the end of the experiment
(Pfreundt et al., 2016b). Another competitive adage is its mixotrophic character, as
Synechococcus cells are also able to assimilate amino acids (Wambeke et al., 2016). Based
on its genome, Palenik et al. (2003) have also shthat Synechococcus is clearly more
nutritionally versatile and a ‘generalist companedh its Prochlorococcus relatives, likely

explaining its success in this experiment.

In the last few days, the evolution of populatiom$13 departed strongly from the other
mesocosms, with higher primary productivity;-fiking fluxes and biomass accumulation,
originating from the larger development 8fnechococcus, pico-phytoeukaryotesbut also
Trichodesmium populations, which may have been favored by tbeet DIP decrease and the
slightly higher salinities measured in this mesoct@®mpared to the other two. The PE signal
showed a strong increase only in M3, and was likelinly driven by this increase in
Synechococcus andTrichodesmium, which were in much higher abundance in this mesac
It is likely that the PE accumulation was not sachnaorrelated to the increase in UCYN-C, as
relatedCyanothece strains did not show any PE signal in culture (oconpers. Rodier) and

because their contribution to biomass was rathatlsm

The evolution of dinoflagellates, overall dominatey cells < 50 pum belonging to the
Gymnodinium/Gyrodinium spp. mix, showed no distinct patterns betweenri®lR2 (Figs. 9,
10, 14) and no reproducible trends between mesa;@sidetailed previously. Dinoflagellates
are comprised of autotrophs, heterotrophs as wgethixotrophs, which makes it difficult to
relate their dynamics to bottom-up control fact@msd is more likely reflecting the result of
biological interactions with other groups.
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5. Conclusion

The VAHINE mesocosm enclosure experiment and sulesegDIP-addition in coastal
LNLC waters inside the Nouméa lagoon successftligéered a succession in the diazotroph
community that stimulated both primary productior a&xceptionally high Mfixation rates
after a lag time of approximately 10 days comparedfluxes observed in the surrounding
lagoon waters. A distinctly different planktonicnemunity developed inside the mesocosms,
which were generally well replicated despite slitiing and concentration variations of the
different groups observed. A diverse diatom comryuwias initially (PO) dominant in these
nutrient limited waters, and was most likely fuelsdDDN release by present DDAs (namely
Rhizosolenia/Richelia), Trichodesmium and UCYN-A. Synechococcus was the other main
component of phytoplankton and is known to holdmpetitive advantage at limiting P levels
with its ability to replace phospho-lipids by sulfpids as well as use Nfifrom DDN.

After DIP addition, the average Calconcentrations did not show any increase for
another 10 days, yet shifts in the community stmectvere observed during this first period
(P1). Both Synechococcus and pico-phytoeukaryotes populations dropped while
Prochlorococcus clearly benefited from the sudden P availabiltiatoms, after an initial surge
on the day following P addition without changesammunity structure rapidly decreased and
started to re-increase only after a week. Betwegnld and 15, a monospecific bloom@f
closterium developed, closely coupled to the apparition of WEE populations, both
following the staggered decrease in P-availabifitthe three mesocosms. The association of
C. closterium blooms during other diazotroph bloom events hasadly been recorded in
previous studies and indicates that this diatongcispecould be very efficient in using up DDN
while P levels are still sufficient.

The second period (P2), when DIP was again depltes defined by an important
increase in Chh, associated to increases in primary productionreeat tripled N-fixation
rates. These changes were coupled to importarts shifthe diazotroph community, which
became dominated by UCYN-C, which rapidly aggregjégnechococcus, diatoms and nano-
phytoeukaryotes abundances re-increased towardsnitheof the experiment, revealing an
efficient transfer of DDN to these groups, thisdifueled by UCYN-C rather than by DDAs
andTrichodesmium.

In conclusion, we show that the elevategHiXation rates, stimulated by a DIP-
fertilization in enclosed mesocosms in LNLC wateesefited the entire planktonic community

with clear stimulation of both diazotrophic and rdiazotrophic groups mainly observed by
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Synechococcus and diatom species other than DDAs, which hasr dlaglications for the
efficiency C export fueled by DDN.
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Figurelegend:

Fig. 1: Location map of mesocosms deployment offilNéa in New Caledonia.

Fig. 2: Total Chla in pug L at each of the three depths (1, 6 and 12m) ireadd mesocosm
(M1, M2 and M3) and outside of mesocosms (OUT).

Fig. 3: Total phycoerythrin in pglat the intermediate depth (6 m) inside each mesnand
in the control area outside of mesocosms.

Fig. 4: Synechococcus in cells mLt at each of the three depths (1, 6 and 12m) insabd
mesocosm (M1, M2 and M3).

Fig. 5: Prochlorococcus in cells mL! at each of the three depths (1, 6 and 12m) insadé
mesocosm (M1, M2 and M3).

Fig. 6: Pico-eukaryotes in cells mlat each of the three depths (1, 6 and 12m) ineséad
mesocosm (M1, M2 and M3).

Fig. 7: Nano-eukaryotes in cells mlat each of the three depths (1, 6 and 12m) insadé
mesocosm (M1, M2 and M3).

Fig. 8: Diatom genera/species abundance in cellatlthe intermediate depth (6 m) in each

mesocosm.
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Fig. 9: Total dinoflagellate abundance (in cell§ kt the intermediate depth (6 m) inside each
mesocosm.

Fig. 10 : Dynamics of the biomass of the main geocgnstituting phytoplankton communities
in biomass (diazotrophs not included) over the sewf the experiment fdrochlorococcus
(PROC), Synechococcus (SYN), pico-phytoeukaryotes (PICO), nano-phytoeyktes
(NANO), diatoms (DIAT) and dinoflagellates (DINO).

Fig. 11: Boxplots of targeted diazotrophs groupsifH gene copies tin the three mesocosms
during the two periods P1 and P2.

Fig. 12: Boxplots of primary production (in pmolL.c d%), No-fixation rates (in nmol N 1

1y and Chla concentrations (in pg1 in the three mesocosms (top panels) and in theola
waters (bottom panels) during the two periods RILR2&

Fig. 13: Boxplots of nutrients, DIP, NCDON in uM and NH" (in nM) in the three mesocosms
(top panels) and in the lagoon waters (bottom mklring the two periods P1 and P2.

Fig. 14: Boxplots of the main phytoplanktonic gretp cells [ in the three mesocosms during
the two periods P1 and P2.

Supplementary Figures:

Fig. S1: Main diatom genera/species compositio¥oinontribution at the intermediate depth

(6 m) in each mesocosm.

Fig. S2: Average (£SD) contribution to C biomass of the maroups constituting
phytoplankton communities (diazotrophs not incluydeder the course of the experiment
following the three periods PO, P1 and PZFarchlorococcus (PROC),Synechococcus (SYN),
pico-phytoeukaryotes (PICO), nano-phytoeukaryotd¢éANO), diatoms (DIAT) and
dinoflagellates (DINO).
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Figure 2 : Chla in pg L'* at each of the three depths (1, 6 and 12m) inside each mesocosm (M1, M2 and M3)
and outside of mesocosms (OUT).
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Figure 3 : Phycoerythrinin ug L at the intermediate depth (6 m) inside each mesocosm and in the control
area outside of mesocosms.
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Figure 4 : Synechococcus in cells mL™ at each of the three depths (1, 6 and 12m) inside each mesocosm
(M1, M2 and M3).
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Figure 5 : Prochlorococcus in cells mL? at each of the three depths (1, 6 and 12m) inside each mesocosm
(M1, M2 and M3).
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Figure 6 : Pico-phytoeukaryotes in cells mL? at each of the three depths (1, 6 and 12m) inside each
mesocosm (M1, M2 and M3).
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Figure 7 : Nano-phytoeukaryotes in cells mL™* at each of the three depths (1, 6 and 12m) inside each
mesocosm (M1, M2 and M3).
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Figure 8 : Diatom genera/species abundance in cells L' at the intermediate depth (6 m) in each mesocosm.
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Figure 9 : Total dinoflagellate abundance (in cells L) at the intermediate depth (6 m) inside each
mesocosm.
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Figure 10 : Dynamics of the biomass of the main groups constituting phytoplankton communities
(diazotrophs not included) over the course of the experiment for Prochlorococcus (PROC), Synechococcus
(SYN), pico-phytoeukaryotes (PICO), nano-phytoeukaryotes (NANO), diatoms (DIAT) and dinoflagellates
(DINO).
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Figure 11 : Boxplots of the main diazotrophs groups in nifH gene copies L* in the three mesocosms during
the two periods P1 and P2.
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Figure 12 : Boxplots of primary production (in umol C L't d'), nitrogen-fixation rates (in nmol N L' d'!) and in
Chl a concentrations (in ug L) in the three mesocosms (top pannels) and in the lagoon waters outside of
mesocosms (bottom pannels) during the two periods P1 and P2.
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pannels) and in the lagoon waters outside of mesocosms (bottom pannels) during the two periods P1 and

P2.



5e+7 3e+8 a 8e+6
a . o E B ;
- i | +8 4
= aeri ° 2 e : % 6e+6 - s
8 $ o )
= . 8O 2e+8 - ° ”
o 3et7 ° " Q
S > 3 .
Q O 2e+8 A > 4e+6
3 3 g
8 2e+7 A o >
5 8 le+8 ° 8
< f 8 * S 2646 |
O 1e+7 - < o s
o . & 5e+7 1 .
a ' 3
2
0 , , 0 : , 0 , :
1 2 1 2 1 2
G 4de+6 1.2645 14000
[
- d E
» 10645 1 12000 - o
8B 3e+6 a 4
~ ¢ y ° £ 10000 -
g ! " 8.0e+4 - [)
IS T < 8000
[} 17 b
[ ]
S 26 o T < 6.0e+4 | L
= * 2 =S 6000
2 4 S T
g g 40| T &
£ 1le+6 A i‘ =) bS] 4000 +
e £
% 2.0e+4 A T (a) 2000 -
z, E 3 i -
' ' 0.0 : : 0 , :
1 2 1 2 1 2

Figure 14 : Boxplots of the main phytoplanktonic groups in cells L'! during the two periods P1 and P2.
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Figure S1: Main diatom genera/species composition in % contribution at the intermediate depth (6 m) in
each mesocosm.
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Figure S2 : Average (+SD) contribution to C biomass of the main groups constituting phytoplankton
communities (diazotrophs not included) over the course of the experiment following the three periods PO,
P1 and P2 for Prochlorococcus (PROC), Synechococcus (SYN), pico-phytoeukaryotes (PICO), nano-
phytoeukaryotes (NANO), diatoms (DIAT) and dinoflagellates (DINO).
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